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Heparan Sulfate Proteoglycan Syndecan
Promotes Axonal and Myotube Guidance
by Slit/Robo Signaling

can (sdc), which encodes a conserved transmembrane
protein containing a heparan-sulfate-modified extracel-
lular domain [9, 11], shows zygotic patterns overlapping
all tissues affected in slit mutants and in domains directly
adjacent to regions of slit expression (Figures 1A–1D).
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Abteilung Molekulare Entwicklungsbiologie
Max-Planck-Institut für biophysikalische Chemie
Am Fassberg 11 If Sdc participates in the control of Slit/Robo signaling

and is not expressed in Slit-expressing cells, it is likely37077 Göttingen
Germany to be coexpressed with the Robo receptors. Robo2 and

Robo3 are expressed in a subset of the Robo-express-
ing axons [1, 3]. Thus, the anti-Robo antibody labels all
axons in which the three Drosophila Slit receptors areSummary
active. In order to localize the Sdc-expressing cells, we
generated Sdc-specific antibodies (see ExperimentalSlit, the ligand for the Roundabout (Robo) receptors
Procedures) to immunostain embryos in combination[1–3], is secreted from midline cells of the Drosophila
with anti-Robo antibodies. Specificity of the antibodycentral nervous system (CNS) [4]. It acts as a short-
staining is indicated by the absence of staining in homo-range repellent that controls midline crossing of axons
zygous sdc mutant embryos (data not shown) and byand allows growth cones to select specific pathways
panneural overexpression using the GAL4/UAS systemalong each side of the midline [1, 3]. In addition, Slit
[12]. Panneural Sdc expression was achieved with adirects the migration of muscle precursors and ventral
UAS-dependent transgene containing an sdc cDNAbranches of the tracheal system, showing that it pro-
(composed of the translated exons; sdc-RA [13]) in re-vides long-range activity beyond the limit of the devel-
sponse to the elav-GAL4-driver (Figure 1E). Figuresoping CNS [2, 5, 6]. Biochemical studies suggest that
1F–1H show coexpression of Sdc and Robo in the longi-guidance activity requires cell-surface heparan sulfate
tudinal axons from stage 13 onward. Sdc protein is alsoto promote binding of mammalian Slit/Robo homologs
expressed across the midline in positions correspond-[7, 8]. Here, we report that the Drosophila homolog of
ing to the commissural axons that lack Robo (FiguresSyndecan (reviewed in [9]), a heparan sulfate proteo-
1F–1H). The heparinase sensitivity of the mammalianglycan (HSPG), is required for proper Slit signaling. We
Slit/Robo interaction (see above), the molecular naturegenerated syndecan (sdc) mutations and show that
of Sdc, and its coexpression with Robo (and thus alsothey affect all aspects of Slit activity and cause robo-
with Robo2 and Robo3; see above) are consistent withlike phenotypes. sdc interacts genetically with robo
a role of Sdc in Slit signaling.and slit, and double mutations cause a synergistic

In order to test this proposal, we generated sdc mu-strengthening of the single-mutant phenotypes. The
tants by imprecise excision of a P element inserted inresults suggest that Syndecan is a necessary compo-
the first intron of the sdc gene (Figure 1I). We identifiednent of Slit/Robo signaling and is required in the Slit
two sdc mutations, the alleles sdc97 and sdc23, both lack-target cells.
ing the first exon, the transcription start site, and parts
of the first intron. In contrast to sdc97, the translation

Results and Discussion start site as well as parts of the signal peptide encoded
by the second exon are removed in the sdc23 allele (Fig-

Biochemical studies on mammalian Slit revealed that ure 1I; see legend for details). Both deletion mutants fail
members of this ligand family are capable of binding to to express the sdc transcript in all regions of the embryo
the HSPG Glypican, and that the in vitro interaction is where transcripts are detected in wild-type embryos.
sensitive to heparinase III treatment [7]. Furthermore, Furthermore, Sdc could not be detected by anti-Sdc
heparinase III treatment significantly reduced the bind- antibodies in the mutant embryos (not shown). These
ing of human Slit2 to Robo1-transfected cells and re- findings indicate that the newly generated sdc mutants
duced its biological activity [8]. In contrast to mammals, are either strong hypomorphic or amorphic alleles.
the Drosophila genome contains only a single Slit-cod- Homozygous sdc mutants were semilethal and
ing gene [10], which acts through three receptors: Robo, showed identical phenotypes in the CNS and in the
Robo2, and Robo3 [1, 3]. These receptors are expressed muscle pattern (see below). In order to unambiguously
in an overlapping set of axons of the longitudinal tracts demonstrate that the lack of sdc activity is responsible
that run parallel to the midline of the developing CNS for the mutant phenotype observed, we panneurally ex-
[1, 3]. In order to identify an endogenous HSPG that pressed Sdc-RA using the GAL4/UAS system (see
might participate in Slit signaling, we examined the ex- above) in sdc mutant individuals. Table 1 shows that
pression of HSPG-encoding genes by whole-mount in the neural phenotype of the mutants was rescued, indi-
situ hybridization, looking for HSPG encoding genes that cating that the mutant phenotype was caused by the
are expressed in patterns that include the expression lack of Sdc and that the transgene provides functional
domains of Slit and/or Robo. We observed that synde- Sdc activity.

In order to examine the possible defects in axonal
guidance and muscle patterning, we stained sdc mutant*Correspondence: gvorbru@gwdg.de
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Figure 1. sdc and robo Are Coexpressed in Domains Adjacent to slit

(A) In situ hybridization of a stage 11 wild-type embryo [24] showing sdc transcripts in tracheal pits and slit transcripts in the surrounding
epidermis.
(B and C) At stage 13 [24], sdc is expressed in CNS cells neighboring the slit-expressing midline glia cells.
(D) Sdc (red) in all axons at stage 14 and Slit (green) in midline cells.
(E) elav-GAL4 mediated Sdc (red) overexpression in all postmitotic CNS cells at stage 13 [24].
(F–H) Sdc (red) accumulation in all axons, including the commissures and Robo protein (green), confined to the longitudinal axons ([F], stage
13; [G], stage 14; and [H], stage 16 [24]).
(I) sdc encodes two protein variants due to differential splicing; (alternatively used exons in red). Position of the P element insertion (EP
G4752), the extent of the deletions of alleles sdc97 and sdc23, and the position of the epitope used for antibody production (arrowhead) are
marked. In sdc97, the first exon of sdc is deleted (nucleotides 1–132 of sdc-RA), whereas in sdc23 the first and second exons are removed
(nucleotides 1–420 of sdc-RA). White bar corresponds to 20 �m.

Table 1. Transgene-Dependent Rescue and Genetic Interaction of sdc, slit, robo, and robo2

Inner FasII-Positive Segments with
Muscles Crossing the Embryos Axons Crossing the Segments Additional LT Segments

Genotypef Midline per Embryoa Scored Midlineb (%) Scored Musclesc (%) Scored

sdc/sdc 1.1 20 17 209 nd �

sdc/sdc;UASsdc/elav-GAL4 nd nd 0 253 nd �

sdc/sdc;UASsdc/sim-GAL4 nd nd 19 198 nd �

robo/robo 0.6 20 100d 220 nd �

robo2/robo2 1.6 20 36 198 nd �

slit/slit 16 20 100e 220 nd �

robo, sdc/robo, sdc 1.4 20 100d 220 nd �

robo2, sdc/robo2, sdc 14 20 100e 220 nd �

robo, sdc/�, sdc 1.1 20 72 198 nd �

robo2, sdc/�, sdc 3.4 20 47 187 nd �

slit, sdc/�, sdc 2 20 95 209 nd �

sdc/� 0 20 0 209 0 204
slit/� 0 20 0.6 462 1 222
slit, �/�, sdc 0 20 3.3 451 3.4 272
perlecan/perlecan 0 20 0 209 nd �

dally/dally 0 20 0 198 nd �

a Embryo stages 13–15.
b Embryo stages 16 and 17, crossing axon bundles as thick as or thicker than normal FasII fascicles.
c Embryos stages 16 and 17.
d Inner FasII fascicles nearly fused, outer FasII fascicles largely unaffected.
e Complete collapse of all FasII fascicles into the midline.
f Alleles in Experimental Procedures.
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Figure 2. sdc Mutants Exhibit a robo-like
Phenotype

Ventral views of stage 16 [24] embryonic CNS
(stained with mAb 1D4 in [A], [C], [E], [G], and
[I]) and muscle patterns of stage 14 embryos
[24] (stained with anti-Mhc in [B], [D], [F], [H],
and [J]).
(A and B) Wild-type embryo showing the three
FasII-expressing longitudinal fascicles (A)
and the wild-type muscle pattern (B). Note
that none of the axon bundles and muscles
cross the midline.
(C and D) sdc mutant showing that the inner
fascicles (C) and single ventral muscles cross
the midline ([D], arrow).
(E and F) robo mutant showing that the inner
fascicles are combined, that they cross and
recross the midline (E), and that single ventral
muscles cross the midline ([F], arrow).
(G and H) robo2 mutant show axons (G) and
ventral muscles ([H], arrows) crossing the
midline.
(I and J) Panneural overexpression (see text)
does not affect axon (I) and muscle (J) pat-
terns. For quantitative aspects see Table 1.

embryos with both Fasciclin II (FasII; mAB 1D4) antibod- on gene expression and localization of the proteins (data
not shown). In addition, we asked whether panneuralies, which label three longitudinal axon tracts at each

side of the midline, and anti-Mhc antibodies, which visu- overexpression of sdc [12] interferes with axonal guid-
ance and the establishment of the muscle patterns.alize the muscle pattern. The comparison of sdc, robo,

and robo2 mutant phenotypes is shown in Figure 2 and Panneural sdc expression was strongly induced in trans-
gene-bearing wild-type embryos (see Figure 1E), butsummarized in Table 1. The results show that the lack

of sdc activity causes phenocopies of robo and robo2 no effect on the FasII-expressing axons (Figure 2I), the
commissures (data not shown), and the mytotube pat-mutants; i.e., it affects both midline guidance of axons

and the establishment of the muscle pattern (compare tern (Figures 2J) could be observed. Collectively, the
results suggest that in the absence of sdc activity, bothFigures 2D, 2F, and 2H). The defects in CNS axon guid-

ance were strikingly similar to robo2 mutants but less slit and robo expression as well as the production and
localization of the proteins were not affected, but thepronounced than in robo mutants (Figures 2C, 2E, and

2G; for details on robo mutant phenotypes see [1, 3, 14, effectiveness of the Slit signal is strongly reduced in
sdc mutants. In addition, panneural sdc overexpression15]). The muscle and CNS phenotypes were also weaker

than in slit mutants (Figures 3B and 3E), in which signal- does not interfere with Slit signaling.
In order to link embryonic Sdc requirement geneticallying through all Robo receptors is impaired.

We next asked whether sdc activity participates in to Slit/Robo signaling, we next asked whether sdc muta-
tions can enhance loss-of-function slit and robo pheno-the control of robo and/or slit expression, or vice versa,

by examining the strength and patterns of expression types. We found that the number of ventral muscles,
which cross the midline dorsal of the CNS in homozy-of each gene in sdc, robo, and slit mutant embryos. The

results showed that there was no crossregulatory effect gous sdc and robo2 single mutants, is significantly in-
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Figure 3. sdc Interacts Genetically with robo, robo2, and slit

(A–C) Ventral views of stage 14 embryos [24] stained with anti-Mhc antibodies. (D–F) and (I–L) Ventral views of stage 16 embryos [24] stained
with mAb 1D4. (G and H) Lateral view of stage 16 embryos [24] stained with anti-Mhc antibodies.
(A and D) robo2, sdc double mutants show an increased number of ventral muscles that cross the midline, resembling a slit-like phenotype
(A). Longitudinal axons collapse and form a single fascicle (D).
(B and E) In slit mutants most of the ventral muscles cross the midline (B), and all axons of the CNS collapse and form a single fascicle at
the midline (E).
(C and F) robo, sdc double mutants show a robo-like phenotype (crossing muscle marked by arrow in [C]).
(G) In wild-type embryos three longitudinal transverse muscles (LT) are present (arrows).
(H and I) In sdc slit transheterozygous embryos additional LT muscles (arrows in [H]) and midline crossings are observed (arrow in [I]).
(J–L) sdc mutants lacking one copy of robo (J), robo2 (K), or slit (L). Note axonal phenotypes similar to robo mutants (midline crossings in
nearly every segment). For quantitative aspects see Table 1.

creased in double mutant combinations of sdc and (Figures 3C and 3F; Table 1). The data suggest that
Robo can, in part, compensate for the lack of Robo2robo2 (Table 1), resulting in a muscle phenotype indistin-

guishable from slit (compare Figures 3A and 3B) and and vice versa and that Robo is more sensitive to re-
duced Sdc-dependent Slit activity than Robo2.homozygous robo, robo2 double mutants (data not

shown). In the CNS, the FasII-expressing longitudinal The results imply that sdc, slit, and robo are compo-
nents of the same genetic circuitry. We tested this pro-fascicles of robo2, sdc double mutants converged into

a single thick axon bundle at the ventral midline (Figure posal by genetic means, asking whether the gene activi-
ties interact in vivo. Loss of only one copy of sdc led to3D), resembling the effects seen with slit mutants (Figure

3E). Similar observations were obtained with the mAb the development of a normal muscle pattern, whereas
the simultaneous absence of one copy of both slit andBP102 against all CNS axons [16], showing strongly

condensed fascicles in robo2, sdc double mutant em- sdc in slit/�, sdc/� double heterozygous embryos
caused an increase in the number of longitudinal trans-bryos (data not shown). The synergistic strengthening

of both the muscle and the CNS phenotypes in robo2, verse muscles (compare Figures 3G and 3H; Table 1).
Furthermore, the number of FasII-expressing inner fasci-sdc double mutants, which are similar to a weak slit

mutant phenotype, indicates that only some Slit-derived cles that cross the midline (Figure 3I) is increased (3.3%)
as compared to slit heterozygous embryos (0.6%; Tablerepellent activity is received along the midline. In con-

trast to robo2, the robo mutant phenotype was not sig- 1). More clearly, homozygous sdc mutant embryos,
which also lack one copy of either robo, robo2, or slitnificantly enhanced by the simultaneous lack of sdc
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(Figures 3J–3L), show an enhanced axonal guidance signaling across the cell membrane might involve the
Sdc-dependent organization of microdomains within thedefect with multiple midline crossings of the fascicles

(72%, 47%, and 95%, respectively; Table 1), a pheno- target cell membrane as has recently been proposed
for vertebrate Sdc proteins (reviewed in [9]).type very similar to the robo mutant. These results estab-

lish that Sdc acts in the same genetic circuitry as Slit
Experimental Proceduresand the Robo receptor family and represents a critical

component of the Slit/Robo signaling pathway.
Fly StrainsAxonal expression of Sdc suggests that its activity is
Wild-type Oregon R and elav-GAL4 were obtained from the Blooming-

required in the Robo-expressing Slit target cells. In order ton stock center. roboQ1-15 and slit2 mutants were kindly provided by
to test this inference, we performed cell-specific rescue Barry Dickson, the sim-Gal4 and the leak1 (robo2) stock by Christian
experiments by expressing Sdc from either an elav- Klämbt, dally�P-527, trolNull (perlecan) by Aaron Vogt, and the EP G4752

by Ulrich Schäfer. EP G4752 was used to generate sdc mutants byGAL4 or a sim-GAL4 driven UAS transgene in Robo-
mobilizing the P element insertion [20]. Subsequent analyses wereexpressing neurons and Slit-expressing midline cells,
according to standard procedures described earlier [18].respectively. The axon guidance defects of the sdc mu-

tant were entirely rescued by Sdc expression in neurons,
Transgenic Flieswhereas no rescuing activity was seen in response to
The EST LD08230 (corresponds to the sdc-RA transcript [13]) was

Sdc expression in midline cells (Table 1). These findings cloned into pUAST [12], and transgenic lines were generated [21].
indicate that sdc activity is not required for the produc-
tion and/or secretion of Slit, but in the reception and/ Staining of Embryos
or the transmission of the signal in the target cells. Whole-mount fluorescent in situ hybridization and antibody staining

were performed as described [22, 23]. Rabbit anti-Mhc (1:2000;The results present evidence that axonal and myotube
kindly provided by D. Kiehart) and mouse mAB 1D4 (1:15; Develop-guidance in Drosophila require the transmembrane
mental Studies Hybridoma Bank; DSHB) and anti-Slit (1:5; DSHB)HSPG Sdc and that Sdc is an essential component of the
and anti-Robo (1:10; DSHB) were used as primary antibodies, goat

Slit/Robo signaling pathway. Our findings are consistent anti-mouse and anti-rabbit (coupled to biotin, 1:500; Vectastain or
with earlier results showing that heparinase III treatment with Alexa 488 or 546 1:500; Molecular Probes) were used as sec-
both weakens the Slit/Robo interaction and the biologi- ondary antibodies. Images were taken with the Zeiss Axiophot and

laser-scanning microscopes.cal effect of Slit signaling in mammalian cell culture [8],
but is surprising in the light of the demonstration that

Antibodiesmammalian Slit associates with the HSPG Glypican [7].
Polyclonal anti-Sdc antibodies against the peptide NNSYAKNANNWe therefore also examined dally [17] and perlecan mu-
REFYA (corresponding to carboxy-terminal 15 amino acids of the

tations [18] for potential interaction with Slit/Robo sig- intracellular portion of the protein [13]) were raised in rabbits and
naling and found no effect (Table 1). In addition, we did affinity purified. Specificity was demonstrated by lack of anti-Sdc
not detect any defects in sdc mutants reminiscent of antibody staining in sdc mutant embryos and detection of ectopic

Sdc expression sites when induced in response to the GAL4/UASimpaired Hedgehog, Wingless, or FGF signaling (P.S.
system [12] (see text).and G.V., unpublished data), pathways previously shown

to be sensitive to the levels of other HSPGs (reviewed
Acknowledgmentsin [19]). Furthermore, Slit signaling in sdc mutants is also

impaired in other tissues including the tracheal system
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