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The Microtubule Plus End Tracking Protein
Orbit/MAST/CLASP Acts Downstream of the Tyrosine
Kinase Abl in Mediating Axon Guidance

toskeletal signaling is still elusive, much progress has
been made in identifying pathways and effector mole-
cules that control the rapid and initial response of actin
assembly to particular guidance factors (reviewed by
Dickson, 2002; Patel and Van Vactor, 2002). However,
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The actin networks that propel membrane protrusion240 Longwood Avenue
are thought to mount the initial response to guidanceBoston, Massachusetts 02115
information (e.g., Fan et al., 1993; Fan and Raper, 1995;
Lin and Forscher, 1993; O’Connor and Bentley, 1993).
Actin remodeling in the growth cone peripheral (P) do-Summary
main remains dynamic and unstable, allowing for rapid
changes in direction or cell contact. Microtubules areAxon guidance requires coordinated remodeling of ac-
also dynamic in the periphery, and their recruitment andtin and microtubule polymers. Using a genetic screen,
subsequent bundling to establish the central (C) domainwe identified the microtubule-associated protein Or-
of the growth cone represent a hallmark of directionalbit/MAST as a partner of the Abelson (Abl) tyrosine
growth (Tanaka et al., 1995; Suter and Forscher, 1998).kinase. We find identical axon guidance phenotypes
Consequently, as growth cones make guidance deci-in orbit/MAST and Abl mutants at the midline, where
sions in situ and select particular filopodia to define thethe repellent Slit restricts axon crossing. Genetic inter-
new direction of movement, it is the consolidation ofaction and epistasis assays indicate that Orbit/MAST
microtubule structures and concomitant dilation of filo-mediates the action of Slit and its receptors, acting
podia that are most predictive of a change in directiondownstream of Abl. We find that Orbit/MAST protein
(Sabry et al., 1991; Myers and Bastiani, 1993; Murray etlocalizes to Drosophila growth cones. Higher-resolu-
al., 1998). Indeed, perturbation of microtubule dynamicstion imaging of the Orbit/MAST ortholog CLASP in
has a dramatic effect on growth cone navigational be-Xenopus growth cones suggests that this family of
havior (Tanaka et al., 1995; Williamson et al., 1996; Dentmicrotubule plus end tracking proteins identifies a
and Kalil, 2001; Buck and Zheng, 2002).subset of microtubules that probe the actin-rich pe-

In the transition zone between the P and C domainsripheral growth cone domain, where guidance signals
of the growth cone, a specialized class of microtubulesexert their initial influence on cytoskeletal organiza-
extend and penetrate into the actin-rich perimeter. Re-tion. These and other data suggest a model where Abl
cent studies in growth cones and nonneuronal cellsacts as a central signaling node to coordinate actin
show that such “pioneer” microtubules enjoy an intimateand microtubule dynamics downstream of guidance
relationship with specialized actin structures that sup-receptors.
port individual filopodia and define the region between
P and C domains (Dent and Kalil, 2001; Schaefer et al.,Introduction
2002; Zhou et al., 2002), supporting theoretical models
that predict crosstalk between the two polymer net-

In order to establish an intricate yet specific network of
works (Hely and Willshaw, 1998). Consistent with this

neuronal connections, axons are guided from intermedi-
idea, pharmacological studies show that growth cone

ate to final targets by an assortment of attractive and microtubule structures and guidance are dependent on
repellent factors (reviewed by Dickson, 2002). The navi- actin dynamics (Zhou et al., 2002). Interestingly, nonneu-
gational response to such guidance cues depends on ronal studies suggest that a reciprocal signaling relation-
a complex and dynamic cytoskeletal machine within the ship exists at this cytoskeletal interface and that mole-
growth cone that is linked via signaling pathways to cules such as Rho family GTPases act to coordinate the
receptors at the cell surface. In essence, the growth dynamics of both actin and microtubules (e.g., Wittmann
cone acts as an exquisitely sensitive molecular com- et al., 2003). Signaling molecules or “nodes” that coordi-
pass, translating the spatial asymmetry of extracellular nate multiple downstream events are common in signal
cues into polarization of the cytoskeletal elements that transduction pathways (reviewed by Jordan et al., 2000).
determine the directional specificity of cell movement. While Rho family GTPases are well known for this capac-
Two major targets in this cell polarity machine are the ity (reviewed by Etienne-Manneville and Hall, 2002), ad-
microfilament networks that support the growth cone ditional classes of proteins are also likely to serve this
perimeter and the microtubule arrays that build the core function during axon guidance.
of the nascent axon (reviewed by Suter and Forscher, One excellent candidate as an axon guidance signal-
2000). While a comprehensive understanding of cy- ing node in Drosophila is the Abelson (Abl) protein tyro-

sine kinase (reviewed by Lanier and Gertler, 2000; Mo-
resco and Koleske, 2003). Abl is required for the*Correspondence: davie@hms.harvard.edu

1These authors contributed equally to this work. accurate guidance of both central and peripheral axon
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pathways (Wills et al., 1999a, 2002; Hsouna et al., 2003) Results
and modulates the function of several axonal receptors

Orbit/MAST Is Required for Accurate Midline(Elkins et al., 1990; Giniger, 1998; Wills et al., 1999b,
Axon Guidance2002; Bashaw et al., 2000; Crowner et al., 2003; Hsouna
We identified Orbit/MAST as a candidate partner of Ablet al., 2003; Liebl et al., 2003). Study of these signaling
in a screen outside of the embryo where we had firstpathways shows that Abl interacts genetically with a
defined a requirement for the kinase in axonogenesisnumber of intracellular effector proteins, including En-
(Wills et al., 1999a). In our retinal screen, overexpressionabled, Profilin, Trio, and the cyclase-associated protein
of orbit/MAST enhanced the AblGOF phenotype, sug-(Gertler et al., 1995; Wills et al., 1999a, 2002; Liebl et
gesting that these two proteins cooperate in vivo (J.R.,al., 2000).
K.S., H.L., and D.V.V., unpublished data). However, vali-So far, the majority of known Abl interactors control
dation of the screen required analysis of mutations inaspects of actin assembly. However, we have recently
orbit/MAST.discovered a new Abl interactor known to associate with

Orbit/MAST was initially identified as a maternal-microtubules, suggesting a link that might coordinate
effect lethal locus with defects in mitotic spindle andactin and microtubule dynamics. Genetic analysis has
chromosome morphology (Fedorova et al., 1997; Inoueidentified a number of MAPs that are necessary for axo-
et al., 2000; Lemos et al., 2000); however, zygotic mu-nogenesis, including Futsch/MAP1b (Hummel et al.,
tants display no defects in cell division, presumably due

2000), Short stop (Lee et al., 2000), and Pod-1 (Rothen-
to maternal stores of the protein required for oogenesis

berg et al., 2003). Although some of these effector pro-
(Maiato et al., 2002). We therefore examined indepen-

teins are targets for intracellular kinases (e.g., MAP1b; dent LOF alleles for zygotic phenotypes. Axon fascicles
Goold and Gordon-Weeks, 2001), none have been that are restricted to either side of the central nervous
shown to act downstream of specific axon guidance system (CNS) midline by Slit signaling can be visualized
factors. While the Semaphorin effector Collapsin re- at stage 17 with anti-Fasciclin II (FasII, Mab1D4). In late-
sponse mediator protein (CRMP; Goshima et al., 1995) stage wild-type embryos (stage 17), FasII is excluded
has been shown to bind Tubulin heterodimers and influ- from the midline (Figure 1A). However, in orbit/MAST
ence polymer assembly (e.g., Fukata et al., 2002b), the mutants, we discovered ectopic midline crossing, pri-
primary role of the CRMP family is thought to involve marily by the midline-proximal MP1 axon pathway (Fig-
membrane dynamics (e.g., Nishimura et al., 2003). ures 1B and 1C). This phenotype is qualitatively identical

We previously described a kinase-dependent gain- to that seen in Abl zygotic mutants (Figure 1D; Wills et
of-function (GOF) phenotype for Abl in the Drosophila al., 2002; Hsouna et al., 2003; note that loss of maternal
retina that displays sensitive genetic interactions with and zygotic Abl generates catastrophic axonal defects,
receptors in the Roundabout (Robo) family (Wills et al., underlining Abl’s central role in axonal development;
2002). Loss-of-function (LOF) studies confirm that Abl Grevengoed et al., 2001). Since the exclusion of FasII
plays a complex role in axon guidance at the midline, from axon commissures reflects a redistribution of pro-
where Robo receptors mediate the repellent action of tein that could be dependent on Orbit/MAST, it was

important to confirm the guidance defects with an alter-Slit (Bashaw et al., 2000; Wills et al., 2002; Hsouna et
native marker. Using a Tau-LacZ fusion protein underal., 2003). Moreover, there is an endogenous role for Abl
control of an Apterous promotor expressed in two me-in the retina, suggesting that this neural tissue can be
dial ipsilateral axons that never cross the midline (Figureused as a tool to identify additional classes of effectors
1E; Lundgren et al., 1995), we found frequent ectopicin the Abl pathway (Henkemeyer et al., 1987). Here, we
crossing of these axons in orbit/MAST mutants (Fig-describe one of the genes derived from an ongoing reti-
ure 1F).nal screen for modifiers of AblGOF: the MAP Orbit/MAST

In order to rule out the possibility that axonal defects(also known as Chromosome Bows [Chb]; Fedorova et
in orbit/MAST alleles result from some early failure inal., 1997; Inoue et al., 2000; Lemos et al., 2000), ortholog
cell division or fate acquisition in the CNS, we stainedof the vertebrate cytoplasmic linker protein (CLIP)-asso-
these homozygous mutants with markers of neuronalciated proteins (CLASPs; Akhmanova et al., 2001). Using
cell fate. The number and position of neurons appearedzygotic null alleles to escape a requirement during oo-
to be normal even in the strongest orbit/MAST alleles

genesis, we discover that Orbit/MAST is necessary for
(e.g., Figures 1G and 1H). We also checked the fate of

accurate axon guidance at the midline choice point. the midline glia that secrete Slit, but no abnormalities
Phenotypic characterization, genetic interactions, and were detected (see below). To prove that the orbit/MAST
genetic epistasis experiments suggest that this MAP axon defects represent a late, CNS-specific function of
acts downstream of Abl in the Slit repellent pathway, the gene, we expressed UAS-orbit(�) in mutant back-
consistent with its localization to axons and growth grounds under the control of postmitotic, neuron-spe-
cones. Parallel imaging studies in Xenopus growth cific GAL4 (elav-GAL4 and 1407-GAL4; Luo et al., 1994).
cones show that vertebrate CLASP identifies a subset Quantification of ectopic midline crossing in indepen-
of axonal microtubules that extend into the peripheral dent orbit/MAST mutants revealed an allelic series of
domain, where actin dynamics are known to influence guidance defects whose penetrance was consistent
microtubule behavior. Finally, we show that elevation of with the perdurance of some maternal protein (Figure
CLASP activity in Xenopus neurons reduces not only 1I). However, two independent transgenes successfully
microtubule advance but also growth cone translo- rescued the axon guidance defects of null orbit/MAST

alleles (Figure 1I, asterisks). Thus, Orbit/MAST is re-cation.
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Figure 1. Orbit/MAST Is Required for Guid-
ance and Lateral Position of CNS Axons

(A–D) Embryos of stage 17 were stained with
m1D4 antibody and dissected. Ventral-down
views are shown with anterior to left. The
scale bar equals 8 �m. (A) In wild-type, three
axon fascicles can be seen on each side of
the midline. (B) In orbit1 mutants, medial axon
fascicles merge (asterisk). (C) In MASTP4 mu-
tants, axons abnormally cross the midline (as-
terisks). (D) The midline crossing defects (as-
terisks) of Abl mutants are identical to those
of orbit mutants.
(E and F) Stage 17 embryos carrying a Tau-
lacZ transgene under the apterous (Ap) pro-
moter (ApC Tau lacZ) were stained with anti-
LacZ antibody and dissected. (E) In wild-type,
Ap neurons project their axons ipsilaterally
and do not cross the midline. Asterisk indi-
cates cell bodies of Ap neurons. (F) In orbit2

mutants, axons of Ap neurons abnormally
cross the midline (arrowhead).
(G and H) Embryos of stage 17 were stained
with anti-engrailed (blue) and m1D4 (brown).
(G) In wild-type, subsets of midline and neu-
ronal cells express engrailed. (H) In orbit4, en-
grailed-expressing cells are present in normal
numbers and positions, indicating that orbit
mutations do not affect cell fate determi-
nation.
(I) Quantification of ectopic midline crossing
is shown for an orbit/MAST allelic series
(wild-type, n � 200 segments; orbit2/orbit2,
n � 340; orbit1/orbit1, n � 240; orbit4/orbit4,
n � 640; MASTP4/MASTP4, n � 410). A strong
phenotype is rescued by panneuronal ex-
pression (elav-GAL4) of orbit cDNA trans-
genes (P[elav-GAL4], orbit2/orbit4, n � 100;
P[UAS-orbit�-GFP];P[elav-GAL4], orbit2/or-
bit4, n � 200; P[UAS-orbit�]; P[1407-GAL4],
orbit4/orbit4, n � 450).

(J) In wild-type, nascent posterior corner cell (pCC) pioneer axons extend anteriorly and ipsilaterally, slightly away from the midline. An asterisk
and arrows indicate cell bodies and axon trajectories of individual pCC neurons, respectively; a dotted line indicates the midline.
(K) In orbit (orbit4) mutants, pCC axons often orient toward the midline.
(L and M) Stage 17 embryos containing a Tau-myc transgene under the Semaphorin 2b promoter (Sema2b) were stained with anti-myc
antibody and dissected. Asterisk indicates cell bodies of Sema2b neurons. (L) In wild-type, Sema2b neurons cross the midline in a straight
vertical line before turning to follow a mediolateral axon fascicle. (M) In orbit mutants (orbit2), Sema2b neurons exhibit erratic trajectories both
approaching the midline (arrowhead) and along the longitudinal neuropil.
(N) Measurement of the distance between the left and right Sema2b fascicles reveals a highly significant inward shift in the lateral position
of these axon tracts in orbit2/orbit2 (double asterisks; n � 109) compared to wild-type and heterozygote controls (wild-type, n � 38; orbit2/�,
n � 52; p � 0.01; Student’s t test).

quired cell autonomously during neuronal differentiation (Figure 1K). This shows that Orbit/MAST is required for
accurate directional specificity of axon growth.for accurate axon guidance decisions.

The late-stage axon pathway defects in orbit/MAST In addition to controlling midline crossing of axons,
Slit repulsion determines the lateral position of longitudi-mutants suggest a failure in the repellent effects of Slit

on growth cone orientation. To be certain that the orbit/ nal axon fascicles within the CNS neuropil (reviewed by
Rusch and Van Vactor, 2000). We used a marker for aMAST phenotype reflects a loss of growth cone orienta-

tion and not simply a change in patterns of axon fascicu- mediolateral axon fascicle (Sema2b-Tau-myc; Rajago-
palan et al., 2000) to examine this later function of Slitlation, we inspected axon trajectories of pioneer neu-

rons before other axons were available to serve as a and its Robo receptors. In wild-type, Sema2b-positive
axons cross the midline, turn, and extend along asubstrate for fasciculation. At late stage 12, the posterior

corner cell (pCC) helps to pioneer the MP1 pathway straight longitudinal trajectory (Figure 1L). In orbit/MAST
mutants, a few Sema2b-positive axons meandered to-proximal to the midline (Thomas et al., 1984); pCC neu-

rites extend anteriorly and slightly away from the midline ward the midline from lateral positions (Figure 1M). How-
ever, measurement of the lateral separation of thesein wild-type (Figure 1J). In orbit/MAST homozygotes,

we find that the pCC often orients toward the midline, axon tracts reveals a significant inward shift in orbit/
MAST mutants (Figure 1N; p � 0.01). Together, our ge-sometimes crossing to meet its contralateral homolog
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Figure 2. Orbit/MAST Cooperates with Abl during Axonal Development

(A) Overexpression of orbit (EP3403, n � 280) or Abl (UAS-Abl�, n � 400) with an elav-GAL4 driver causes errors in axon crossing at the
midline assessed with anti-FasII staining. Embryos overexpressing Abl and orbit/MAST (n � 450) show a mild synergy at the midline.
(B) Loss of function in orbit/MAST or Abl causes ectopic midline crossing (wild-type, n � 200; orbit4/orbit4, n � 640; MASTP4/MASTP4, n �

410; Abl4/Abl4, n � 96; Abl2/Abl2, n � 102). A dramatic increase in midline crossing results from double loss of function of orbit/MAST and
Abl (MASTP4/MASTP4;Abl4/Abl4, n � 260; MASTP4/MASTP4;Abl2/Abl2, n � 170; orbit4/orbit4;Abl2/Abl2, n � 77), showing that the two genes cooperate
during midline guidance.
(C) Strong synergy between orbit/MAST and Abl is also observed in the intersegmental nerve b (ISNb) growth cone arrest phenotype. The
frequency of premature ISNb arrest increases dramatically in the double mutant (orbit4/orbit4;Abl2/Abl2, n � 365), compared to the single
homozygotes (wild-type, n � 108; orbit4/orbit4, n � 259; Abl2/Abl2, n � 279). In addition, the severity increases in the double mutant, where
ISNb arrest is observed at both early (muscle 6/7; choice point 1) and late (muscle 13; choice point 2) choice points in the ventral domain
(see arrows in [H–K]).
(D and E) The midline axon phenotype is much more severe in orbit/MAST,Abl double mutants compared to orbit/MAST (D) or Abl single
mutants. Arrowheads indicate ectopic midline crossing.
(F) When UAS-Abl� is overexpressed with elav-GAL4, ISNb axons often fail to enter the ventral target domain (muscles 7/6, 13, and 12),
leaving a subset of axons to innervate the targets (arrowhead). Once past their targets, the misguided ISNb axons often make contacts with
muscle 12 (“reach-back”; asterisks).
(G) Coexpression of Abl and orbit/MAST under elav-GAL4 slightly stronger phenotype.
(H) In wild-type, ISNb enters the ventral domain and passes through two choice points (arrowheads; muscle 6/7 and muscle 13; Van Vactor
et al., 1993) before innervating muscle 12.
(I) ISNb arrest at the muscle 6/7 cleft can occasionally be found in orbit mutants (orbit4 is shown).
(J) The same ISNb phenotype is observed in Abl mutants (Abl2 shown).
(K) In orbit/MAST,Abl double mutants (orbit, Abl2 is shown), ISNb axons arrest more frequently at both choice points. Scale bar equals 5 �m.

netic data demonstrate that Orbit/MAST performs a cell- 2003), it was important to test the polarity of genetic
interactions in the context of embryonic development.autonomous postmitotic function during growth cone

navigation. We first elevated Abl and Orbit/MAST levels alone or in
combination in postmitotic neurons. We found a mild
synergy between the two genes during midline guidanceOrbit/MAST and Abl Cooperate

during Axonogenesis that is consistent with cooperation. Interestingly, over-
expression of Orbit/MAST alone induces a low but sig-The interaction between Orbit/MAST and Abl in the ret-

ina predicted that these proteins might cooperate to nificant number of guidance errors at the midline (Figure
2A). Stronger interactions were observed through LOFmediate axon guidance choices. However, since Abl

plays both positive and negative roles in Slit signaling analysis. Double homozygous LOF mutants showed
substantially increased ectopic midline crossing com-(Bashaw et al., 2000; Wills et al., 2002; Hsouna et al.,
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Figure 3. Orbit/MAST Displays Sensitive Interactions with Slit, Robo, and Robo2

(A) Embryos that are transheterozygous for both orbit/MAST and slit2 (white box; slit2/�;orbit4/�, n � 550; slit2/�; MASTP4/�, n � 670) show
significant increase (p � 0.01) in ectopic midline crossing when compared to embryos that are heterozygous for single orbit/MAST or slit
alleles (wild-type, n � 200; MASTP4/�, n � 200; orbit4/�, n � 520; slit2/�, n � 720). As a control for the specificity of the interaction, embryos
that are heterozygous for capulet (capt10/�, n � 110) do not show any genetic interaction with orbit/MAST alleles (orbit4/�;capt10/�, n � 230;
MASTP4/�;capt10/�, n � 370).
(B) Compared to controls (wild-type, n � 200; roboGA285/�, n � 230; robo28/�, n � 200; robo31/�, n � 210; roboGA285,robo28/�,�, n � 190;
roboGA285,robo31/�,�, n � 230), the midline crossing phenotype of orbit4 is significantly enhanced by a single allele of robo (asterisk; roboGA285/�;
orbit4/�, n � 390; p � 0.01) but not robo28 (n � 300) or robo31 (n � 350). Heterozygosity in robo2 causes an additional enhancement of orbit/
MAST beyond the effect of robo alone (asterisk; roboGA285,robo28/�,�;orbit4/�, n � 370; p � 0.01), but this is not true of robo3 (roboGA285,
robo31/�,�;orbit4/�, n � 450), suggesting some specificity to receptor that is specialized for restricting midline crossing.
(C–F) Stage 17 wild-type and orbit/MAST null (orbit2) homozygous embryos were live dissected, stained with anti-Slit or anti-Robo antibodies,
and imaged with equal illumination and exposure times. Slit is expressed by midline glia and accumulates on axon surfaces within the neuropil
in wild-type (C); Robo is localized to the surface of longitudinal axons in wild-type (E). Normal levels and localization are seen for Slit (D) and
Robo (F) in orbit4 embryos.

pared to single mutant controls (Figures 2B and 2E), use the double LOF mutant to conclude that both pro-
teins act in a common pathway; however, the observedreminiscent of mutations in robo itself (Seeger et al.,

1993). Due to large maternal contributions of Abl and synergy does show that Abl and Orbit/MAST cooperate
during midline axon guidance.Orbit/MAST (Inoue et al., 2000; Lemos et al., 2000; Grev-

engoed et al., 2001; Maiato et al., 2002), even amorphic Since Abl is also required for motor axon pathfinding
in the periphery (Wills et al., 1999a), we compared inter-alleles are not zygotic null. Thus, it is not possible to

Figure 4. Orbit/MAST Is Required for Abl Kinase Function during Axon Guidance

(A) In late-stage embryos expressing elav-GAL4 alone, ISNb innervates the clefts between muscles 6 and 7 and 13 (arrowhead) and 12
normally. The scale bar equals 8 �m.
(B) In embryos overexpressing Abl (P[elav-GAL4],P[UAS Abl�] ), ISNb fails to innervate its target muscles and instead follows ISN (asterisks
mark the ISNb bypass phenotype in the ISN focal plane).
(C) The ISNb bypass phenotype of Abl GOF is suppressed in orbit/MAST LOF mutants (P[elav-GAL4], orbit4/P[UAS Abl�], orbit4). This embryo
has a normal innervation on muscle 13 (arrowhead) but still lacks an innervation on muscle 12.
(D) Quantification of the ISNb bypass phenotype in the genotypes shown in (A)–(C) reveals that bypass is significantly decreased (p � 0.01,
double asterisk) in embryos with reduced orbit/MAST activity compared to Abl GOF alone (P[elav-GAL4],P[UAS Abl�], n � 81; P[elav-GAL4],
orbit4/P[UAS Abl�], �, n � 172; P[elav-GAL4], orbit4/P[UAS Abl�], orbit4, n � 236).
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segmental nerve b (ISNb) morphology in double and
single mutants. Overexpression of Abl generates an
ISNb bypass phenotype where this group of axons fail
to enter their target domain (Wills et al., 1999b; Figure
2F). Coexpression of Abl and Orbit/MAST does enhance
the expressivity of phenotype slightly (e.g., Figure 2G),
but the effect is subtle. Once having entered the ventral
target domain, wild-type ISNb axons innervate the clefts
between muscles 6, 7, 12, and 13 (Figure 2H). In Abl
LOF mutants, ISNb stops short of its final targets, often
terminating at muscle 13 (Wills et al., 1999a; Figure 2J).
We observed a similar ISNb growth cone arrest pheno-
type at very low penetrance in orbit/MAST LOF alleles
(Figure 2I). However, comparison of these phenotypes
to orbit,Abl recombinant homozygotes revealed a strong
enhancement of ISNb arrest in double LOF mutants,
increasing the frequency of defects and shifting arrest
to a more proximal position at the muscle 6/7 cleft (Fig-
ures 2C and 2K). Thus, Abl and Orbit/MAST cooperate
during axon guidance decisions in multiple contexts.

Orbit/MAST Interacts with Slit and Multiple
Roundabout Receptors
Our analysis of CNS axons suggested that Orbit/MAST
is an effector in the Slit/Robo repellent pathway. To test
the hypothesis, we turned to the same genetic assay
that was used to identify Slit as the ligand for the Robo
receptor family (Kidd et al., 1999). While heterozygotes
lacking one copy of Slit or its receptors show very few
guidance errors at the midline choice point, transhetero-Figure 5. Orbit/MAST Localizes to Drosophila Embryonic Axons
zygotes that also remove one copy of a second geneand Growth Cones
in the pathway often reveal strong, synergistic pheno-(A–C) orbit/MAST in situ hybridization on wild-type embryos is

shown at mid and late stages: orbit/MAST is expressed in a broad types. Indeed, while orbit/MAST heterozygotes show
pattern at stage 10 and before (A); however, this expression be- no significant midline defects, very strong synergy is
comes restricted to the nervous system (ventral nerve cord and observed with mutations in slit (roughly 10-fold; Figure
central complex) at later stages (stage 13 in [B]; stage 17 in [C]).

3A). As a control for the specificity of the interaction,(D–F) Wild-type embryos of stage 17. Orbit protein predominantly
we examined embryos lacking different alleles of orbit/localizes to the CNS axons, accumulating on longitudinal, commis-
MAST and an allele of capulet (capt), an actin bindingsural, and exiting neuropil (D). In the same embryo and focal plane,

anti-Slit antibodies highlight the midline glia and the accumulation protein that shows strong interactions with both slit and
of secreted Slit on the neuropil surface (E). In control embryos, Abl (Wills et al., 2002). No synergy was observed be-
preimmune sera label soma but not axons (F). (G–I) Wild-type em- tween capt and orbit/MAST (Figure 3A). We then per-
bryos were stained with anti-FasII (mAb 1D4; green) and anti-Orbit

formed the same transheterozygote analysis with single(red) antibodies, imaged by confocal and Z-stack projections that
mutations in the repellent receptors; we found that orbit/were generated. SNa, ISN, ISNb, and ISNd motoneuron pathways
MAST enhanced robo (Figure 3B). Additional crossesare shown (G) as they grow past the ventral muscles (numbered in

[I]). Orbit protein accumulates in the growth cones of ISNb within revealed that orbit/MAST interacts with robo and robo2
the ventral target domain (H), showing less accumulation within the but not with robo3 (Figure 3B, see legend), consistent
ISNb axons as they approach the targets ([I] shows the merged with the specialization of Robo and Robo2 for midline
image of [G] and [H]; yellow indicates the Orbit signal that is con-

crossing (reviewed by Rusch and Van Vactor, 2000). Totained within the motor growth cones. Note: a 3D rendered movie
be certain that Orbit/MAST is not required simply forof this confocal stack is included in the Supplemental Materials
the expression or delivery of Slit and/or Robo protein,at http://www.neuron.org/cgi/content/full/42/6/913/DC1). Orbit also

accumulated in the ventral muscles (H). (J–L) Higher-magnification we compared staining in wild-type and orbit/MAST em-
views of another ISNb nerve (J) within its target domain show that bryos, but saw no obvious differences (Figures 3C–3F).
Orbit (K) is distributed in puncta along the axon and within the
growth cones (indicated by arrowheads in [K]). Orbit is also localized

Orbit/MAST Is Epistatic to the Abl Kinaseoutside the axons, within the muscle, near points of nerve contact
While all our data supported the model that Orbit/MAST(asterisks; muscles 6 and 7 are labeled). ([L] shows the merged

image of [J] and [K].) (M–O) Stage 16 embryonic CNS explants ex- is necessary for Abl function during axon guidance, we
pressing orbit-GFP with an elav-GAL4 driver were cultured on glass wanted a more rigorous test. If Orbit/MAST acts as an
coverslips (see the Experimental Procedures). Axons and growth effector of Abl, we would also expect orbit/MAST muta-
cones (asterisks) can be seen in differential interference contrast tions to be epistatic to an Abl GOF phenotype. The fact
(DIC in [M]), for comparison to staining with anti-Tubulin (Sigma

that Abl acts in both positive and negative capacitiesmAbDM1A) (N) or Orbit-GFP (O). Orbit localizes along the axons and
during midline guidance complicates the interpretationaccumuates in the growth cones. Scale bar equals 120 �m in (A)–(C),

15 �m in (D)–(F), 4 �m in (G)–(I), 2 �m in (J)–(L), and 10 �m in (M)–(O). of such an experiment within the CNS; however, Abl
plays a less complex role for ISNb motor axons (Wills
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Figure 6. Localization of GFP-CLASP in Xen-
opus Growth Cones

(A–C) GFP-CLASP expression in a growth
cone reveals CLASP localization to plus ends
of microtubules labeled with Rhodamine-
Tubulin ([A] shows DIC image; [B] shows dual
channel). The signal is most intense at the
microtubule tip ([B] inset), while lower levels
are detected along the length of microtubules
(GFP-CLASP alone in [C]; inset shows GFP-
CLASP signal intensity inverted). (D) Enrich-
ment of CLASP in growth cones. To calculate
the ratio of GFP signal between growth cone
and shaft for CLIP and CLASP, the dashes
detectable in 50 �m shaft and in the growth
cones were counted every 10 s and averaged
over 3 min. The ratio for GFP-CLASP-express-
ing neurons (n � 4) is significantly higher (p �

0.001) than the ratio in GFP-CLIP-170-ex-
pressing neurons (n � 5). (E and F) Kymo-
graphic analysis (see the Experimental Pro-
cedures) of GFP-CLASP and GFP-CLIP-170
dynamic localization in growth cones. DIC im-
ages above provide context. Dashed lines
show position of individual GFP-positive

dashes at the time point represented in the middle panel (this corresponds to the white horizontal line in the kymograph below). (E) In a GFP-
CLASP-expressing axon, GFP dashes are detected primarily in the growth cone, while dashes in the shaft are few and low in intensity. (F)
GFP-CLIP-170 confirms microtubule plus end tracking behavior in the growth cone and axon shaft (Stepanova et al., 2003). The average
velocity of GFP-CLIP-170 dashes in the shaft is 6.9 �m/min. Scale bar equals 10 �m (A); inset (B and C) is 10 �m wide.

et al., 1999b). When overexpressed under a strong post- ages after deconvolution shows that a substantial
amount of Orbit/MAST is contained within the growthmitotic neural GAL4 source, Abl generates an ISNb by-

pass phenotype (Figures 4B and 4D; neuronal expres- cone perimeter as defined by Fas II (Figures 5J–5L, ar-
rowheads). Interestingly, mesodermal Orbit/MAST pun-sion of GAL4 alone has no effect; Figure 4A). However,

when Abl is overexpressed in an orbit/MAST homozy- cta seemed to be most intense at sites of motor nerve
contact (Figure 5L, asterisks).gous background, the frequency of ISNb bypass drops

approximately 2-fold (Figures 4C and 4D). This indicates To confirm that Orbit/MAST accumulates in growth
cones, we expressed an Orbit/MAST-GFP fusion proteinthat Orbit/MAST acts genetically downstream of Abl in

embryonic growth cones. in neurons (see Figure 5 legend). This construct fully
rescues the orbit/MAST mutant defects (Figure 1). We
then made explants of the transgenic CNS and grewOrbit/MAST Localizes to Axons and Growth Cones
axons alone on a glass substrate (see the ExperimentalIf Orbit/MAST plays a direct role in axonal navigation,
Procedures). In this assay, Orbit/MAST localized alongwe would expect the protein to localize within growth
the axon and accumulated at the expanded tips of pro-cones. Previous characterization of Orbit/MAST expres-
cesses, correlating with the distal ends of axonal micro-sion focused on cell division; however, no description of
tubules (Figures 5M–5O). Taken together, these findingsOrbit/MAST expression in differentiating neurons exists.
demonstrate that Orbit/MAST protein is in the right loca-Using in situ hybridization, we asked if orbit/MAST is
tion to play a direct role in growth cone turning. However,transcribed in the CNS during the late embryonic stages
due to the small size of Drosophila growth cones, high-when axon pathways are constructed. At early stages
resolution images of Orbit/MAST subcellular localizationof development, orbit/MAST RNA expression is quite
and dynamics are difficult to obtain in this system. Thus,broad (e.g., Figure 5A). However, during the key stages
we turned to larger vertebrate growth cones for the nextof neuronal differentiation (stages 12 through 17), we
level of analysis.find that the signal accumulates in the developing CNS

(Figures 5B and 5C).
To investigate localization of endogenous protein, we Vertebrate CLASP Identifies a Subset of Growth

Cone Microtubule Plus Endsused anti-Orbit/MAST antibodies on the embryonic CNS
and found that it accumulates largely within the neuropil The vertebrate Orbit/MAST ortholog CLASP is known

to localize along microtubules and at their plus ends in(Figures 5D–5F), consistent with localization within ax-
ons and growth cones. To obtain higher-resolution im- nonneuronal cells (Akhmanova et al., 2001); however,

its behavior in vertebrate growth cones is unknown. Weages of growth cones that require Orbit/MAST, we
examined motor growth cones visualized with the mem- used GFP-CLASP fusion proteins that were expressed

in developing Xenopus spinal cord neurons to examinebrane marker FasII (Van Vactor et al., 1993). Orbit/MAST
localized along motor axon shafts as they extend CLASP localization and dynamics. GFP-CLASP accu-

mulated in comet-shaped dashes that localized to thethrough the periphery (Figure 5G–5I). Although Orbit/
MAST was also expressed in embryonic muscles (Figure tips of microtubules labeled with Rhodamine-conju-

gated Tubulin subunits in motile growth cones (Figure5H), three-dimensional reconstruction of confocal im-
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Figure 7. GFP-CLASP-Positive Microtubules
Interact with Actin-Rich Periphery

(A–D) Invasion of GFP-CLASP-positive mi-
crotubule plus ends into growth cone filo-
podia. (C) An overlay of multiple time points
reveals tracks of microtubule plus ends mov-
ing into filopodia (maximum projection of 14
frames spanning 72 s). (D) Time lapse show-
ing microtubule plus ends (green and blue
arrows) penetrating into the base of filopodia.
(E) GFP-CLASP-positive microtubules grow
toward the leading edge. In the inset time
series (red box defines expanded area for in-
set), three dashes (arrows) follow the same
track and buckle as they grow along the
membrane. Note that the microtubule that is
highlighted by the green arrowhead pauses
for 30 s without losing GFP-CLASP associa-
tion before resuming growth. (F) Growth cone
expressing GFP-CLASP and mRFP1-actin
(monomeric red fluorecent protein-1-actin).
In the inset time lapse, a microtubule tracking
along an actin bundle for 30 s is highlighted
by a white arrow. The lower panel shows
mRFP1-actin to visualize actin bundles ex-
tending into filopodia. Elapsed time is indi-
cated in seconds in the upper corner of each
inset panel. Scale bars equal 5 �m.

6B). Lower levels of GFP-CLASP were also seen along Further imaging of GFP-CLASP dynamics revealed
that CLASP identifies a subset of microtubules thatthe length of microtubules (Figure 6C) and diffusely in

the cytoplasm. When the numbers of CLASP-positive probe and penetrate the growth cone leading edge
where guidance signals influence actin assembly.dashes were compared in growth cones and axon

shafts, it was evident that CLASP was preferentially lo- Tracking of individual GFP-CLASP dashes showed that
some of the microtubule plus ends that accumulatecalized to the growth cone (Figures 6D and 6E; for

Quicktime movies of these and other imaging data, see CLASP extend into individual filopodia (Figures 7A–7D;
overlay of many time points in Figure 7C illustrates thethe Supplemental Data at http://www.neuron.org/cgi/

content/full/42/6/913/DC1), consistent with a function progressive movement into several filopodia). Often,
several microtubule plus ends were observed to followspecialized for axon growth or navigation. Another plus

end tracking protein, CLIP-170, showed far less prefer- the same path (Figure 7E), as if guided by actin struc-
tures in the periphery. Interestingly, we could see GFP-ence for the growth cone (Figures 6D and 6F) and high-

lighted the presence of microtubule plus end growth CLASP-positive microtubules bend and pause and then
conform to a novel path as they entered the growthalong the axon shaft (see kymograph at bottom of Figure

6F), as reported for CLIP-170 and EB-3 in Purkinje cells cone periphery (inset, Figure 7E), as was previously de-
scribed for pioneer microtubules interacting with actin(Stepanova et al., 2003). These findings suggest that

CLASP identifies a subset of microtubules within the filaments in the growth cone (Schaefer et al., 2002).
Indeed, when we imaged actin and GFP-CLASP simulta-growth cone.

The CLASP and CLIP-170 dashes both exhibited neously, we could see microtubules track along actin
bundles emanating from individual filopodia (Figure 7F).movement predominantly toward the growth cone lead-

ing edge (see kymographs in Figures 6E and 6F). Consis- Together, these data indicate that CLASP localizes to
the subcellular domain, where microtubule advance intotent with growing plus end tracking behavior, GFP-

CLASP dashes moved at an average of 9.7 � 2.1 �m/ the leading edge is controlled.
min, matching previously recorded microtubule growth
rates in Xenopus neurons (10.5 � 1.9 �m/min; Tanaka Elevated CLASP Impedes Growth Cone

Microtubule Advanceand Kirschner, 1991). Microtubules that underwent ca-
tastrophe and retracted lost their GFP-CLASP signal. The localization of CLASP to a subset of microtubule

plus ends that explore the growth cone periphery sup-Thus, the Orbit/MAST/CLASP protein associates prefer-
entially with dynamic microtubule domains. ports the model that CLASP activity directly mediates
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Figure 8. Increased CLASP Causes Looping and Decreased Growth of Microtubules

(A) Dual-channel image shows GFP-CLASP (green) and Rhodamine-Tubulin (red) at low levels of fusion protein expression (see text) at the
beginning of a time series. Inset shows higher-magnification view in which individual microtubules and GFP-positive dashes can be tracked
for relative position and growth. (C) Consecutive frames of a time-lapse movie (time in seconds is shown in upper right corner of each panel)
are shown in sequence, with the positions of three microtubule plus ends marked (colored arrowheads), relative to their original positions
(white arrowheads) at t � 120 s (D). (E) A longer time-lapse sequence shows the microtubule morphology and growth cone dynamics at high
levels of GFP-CLASP fusion protein expression. Note that the time series in (E) is longer than that shown in (A) and (C); however, there is less
forward movement of the growth cone. (F) Quantitative analysis of microtubule plus end advance rates and growth cone advance comparing
neurons with low (n � 7) and high (n � 6) GFP-CLASP expression levels. Only growth cones that still showed some degree of plus end
dynamics were included in this analysis (e.g., not the growth cone shown in [E]). This analysis shows that increased CLASP activity induces
a 2-fold reduction in plus end extension (p � 0.001) and is correlated with a reduced growth cone advance (p � 0.015). Scale bar equals 5 �m.

an important part of the repellent response. However, CLASP expression (Figure 8F). This correlated with a
reduced leading edge advance in growth cones dis-the finding that elevated CLASP activity stabilizes micro-

tubules in nonneuronal cells (Akhmanova et al., 2001) playing high CLASP-GFP expression (Figure 8F; com-
pare also time courses in Figures 8A and 8E). Thus,raised the question of how microtubule stabilization

might contribute to repulsion of the leading edge. While CLASP can impede microtubule growth toward the lead-
ing edge and cause the growth cone to slow down. ThisCLASP LOF was not possible in Xenopus neurons where

we could examine microtubule dynamics and morphol- supports our genetic data that place CLASP down-
stream of a growth cone repellent.ogy in detail, we decided to explore this question by

elevating CLASP activity. Using mRNA injection to con-
trol the amount of GFP-CLASP expression, we found Discussion
that low levels had no effect on the morphology or dy-
namics of growth cone microtubules (Figures 8A–8D). Growth cone navigation relies on the induction of cell

polarity events at the motile leading edge through intra-However, high levels of GFP-CLASP correlated with sev-
eral striking observations. In these growth cones (Figure cellular signaling downstream of asymmetrically distrib-

uted guidance cues. Although microtubule dynamics8E), microtubules failed to extend beyond the transition
zone and instead were found looping back into the C have been long appreciated as important for guidance

behavior, and several MAPs have been implicated indomain. Such microtubule looping has been noted in
paused growth cones (reviewed by Kalil et al., 2000). general axonogenesis, pathways that link such effector

proteins to specific receptors have been elusive (re-However, the most surprising feature came from a
quantitative analysis of the rates of microtubule exten- viewed by Dent and Gertler, 2003; Gordon-Weeks,

2004). Here, we describe the identification of Orbit/Chb/sion. For this, CLASP-expressing neurons were grouped
into low-expressing neurons and compared to high- MAST/CLASP (hitherto described as CLASP) as a part-

ner of the Abl tyrosine kinase in Slit-mediated growthexpressing neurons that still showed some degree of
microtubule dynamics. We found that microtubule ad- cone repulsion. While previous studies of CLASP family

proteins in nonneuronal cells revealed functions forvance was significantly slower in growth cones with high
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Figure 9. A Model for Orbit/MAST/CLASP Function during Growth Cone Orientation

(A) Genetic data indicate that Abl catalysis is required for the repellent activity of Robo receptors in response to the ligand Slit (Wills et al.,
2002; Hsouna et al., 2003), while also providing negative feedback to downregulate Robo function and/or localization (Bashaw et al., 2000).
As part of the downstream repellent response, which certainly includes other signaling factors, such as the GTPase Rac, that help to control
actin assembly (e.g., Fan et al., 2003), Abl cooperates with multiple effectors, including the actin binding protein Capulet (Capt; Wills et al.,
2002) and Orbit/MAST/CLASP (this study), suggesting that Abl simultaneously coordinates the dynamics of two major cytoskeletal systems
to achieve growth cone repellent guidance. (B) We propose that an asymmetric distribution of Slit induces an internal asymmetry of Abl kinase
activity. Since Orbit/MAST/CLASP activity is necessary for repulsion and cooperates with Abl in vivo, we also propose that its activation by
Abl acts to impede growth cone advance nearest the source of Slit, likely by shifting net microtubule extension (green) and thus the outgrowth
direction (turquoise arrow) away from higher levels of the repellent factor. (C) A model growth cone is faced with a gradient of repellent
signaling at the leading edge (purple). A fan of microtubules (blue lines) extend from the central (“C”) domain to the transitional (“T”) domain
to the actin-rich peripheral (“P”) domain. In response to high levels of repellent signaling, Orbit/MAST/CLASP (small circles) is activated
(orange circles) and acts to impede microtubule extension and leading edge advance near the source of the repellent factor, allowing the
growth cone to move forward in the direction of low repellent signaling and low Orbit/MAST/CLASP activation (green circles).

these microtubule effector proteins in mitotic spindle functional dissection. One theme to emerge from many
studies of growth cone guidance is that the cell biologydynamics and cell motility (reviewed by Maiato et al.,

2003), their role in neurons has been unknown until now. of directional navigation requires a coordination of many
different subcellular events (reviewed by Lee and VanOur genetic analysis reveals a postmitotic require-

ment for CLASP during the guidance of axons in multiple Vactor, 2003). This predicts the existence of signaling
proteins that can regulate the combined activities ofcontexts. At the midline, we find that CLASP is neces-

sary for accurate growth cone orientation away from the multiple effectors. Receptor-proximal factors fitting this
profile have been found in several repellent pathways.source of Slit and for lateral positioning of longitudinal

axon fascicles, suggesting a model in which CLASP acts For example, the guanine-nucleotide exchange factor
Ephexin mediates EphA4-dependent repulsion by acti-positively downstream of Abl as part of the repellent

response initiated by activation of Roundabout recep- vating RhoA and simultaneously inhibiting Rac and
Cdc42 (Shamah et al., 2001). The adaptor protein Grb4tors. Genetic interaction and epistasis experiments sup-

port this model. Moreover, protein localization studies displays coordinate interactions with a different cast of
players downstream of Ephrin-B, including the kinasein Drosophila and Xenopus growth cones indicate that

this role for CLASP is likely to occur near the leading Pak1, the Cbl-associated protein (CAP/Ponsin), and the
Abl-associated protein-1 (Abi-1), highlighting the diver-edge, where guidance cues exert their initial influence

on cytoskeletal remodeling. In contrast to CLIP-170, sity of potential effectors (Cowan and Henkemeyer,
2001).CLASP is enriched at microtubule plus ends within the

growth cone itself, suggesting a specialized role in neu- Through genetic analysis in Drosophila, the Abl tyro-
sine kinase has emerged as another key signaling centerronal cell biology. Indeed, CLASP-positive plus ends

penetrate the growth cone peripheral domain and track that is capable of coordinating multiple outputs (re-
viewed by Moresco and Koleske, 2003). Abl is both nec-along microfilament bundles into individual filopodia

proximal to the site of guidance receptor activation. essary and sufficient to define axon guidance behavior
(e.g., Wills et al., 1999a, 1999b, 2002; Bashaw et al.,Taken together, the genetics and cell biology suggest

a model in which Slit activation of the Abl kinase leads to 2000; Hsouna et al., 2003), suggesting that it acts high in
the signaling hierarchy. At the CNS midline, Abl interactsa CLASP-dependent inhibition of microtubule extension

favoring growth cone advance toward regions of low with Enabled and the cyclase-associated protein (Capu-
let) to control growth cone behavior (Bashaw et al., 2000;signaling activity (see below).
Wills et al., 2002). These Abl effectors are actin binding
proteins with different types of activity in cytoskeletalAbl Coordinates Multiple Cytoskeletal

Effector Systems dynamics (reviewed by Lee and Van Vactor, 2003). Abl
is also likely to regulate �-Catenin/Armadillo functionGrowth cone repellents play a major role in patterning

neuronal connectivity and restricting regenerative ca- (Loureiro and Peifer, 1998), which may be important for
the in vivo response to Slit (Rhee et al., 2002). Whilepacity within the CNS (reviewed by Schwab, 2000; Dick-

son, 2002), making repellent signaling a high priority for many studies on the cell biology of Abl family kinases
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have focused on actin effectors and Abl’s ability to bind the role of CLASP in growth cone repellent signaling.
Recent work indicates that Abl functions positively todirectly to actin polymers, recent work reveals that the

Abl-related gene (Arg) associates directly with microtu- support Slit/Robo-mediated axon repulsion at the mid-
line (Wills et al., 2002; Hsouna et al., 2003). This suggestsbules as well, thus placing it at the interface between the

two cytoskeletal arrays (Miller et al., 2004). Our genetic a model in which the polarity of cytoskeletal advance
within the growth cone reflects an asymmetry of Ablscreen and analysis of CLASP function in Drosophila

adds a new dimension to this picture, showing that Abl kinase activity in response to a graded distribution of
Slit. Since multiple lines of genetic evidence show thatcontrols both actin and MAPs in parallel (Figure 9A).
CLASP cooperates with Abl and acts genetically down-
stream of the kinase, we favor a model where CLASPCLASP and Growth Cone Microtubule Dynamics
helps to induce cytoskeletal events that are needed toCLASP family proteins fall into an intriguing group of
impede leading edge advance nearest the source of Slitmicrotubule-associated plus end tracking proteins
(purple in Figure 9B), thus allowing relative advance at(�TIPs; reviewed by Carvalho et al., 2003). While little is
sites most distant from the source (green in Figure 9B).known about their function in neurons, and their precise
This model predicts that elevation of CLASP activity willmechanism of action is still mysterious, accumulated
have a negative impact on growth cone extension andevidence suggests that �TIPs act to regulate microtu-
on microtubule advance. Our Xenopus overexpressionbule stability. For example, dominant-negative experi-
experiments satisfy this prediction (Figure 8).ments with CLIP-170 in nonneuronal cells suggest that

Since the entire growth cone perimeter must remainthis �TIP acts to reduce the frequency of rapid microtu-
competent to respond to asymmetrically localized repel-bule depolymerization (or “catastrophe”; Komarova et
lents in order to navigate through complex terrain, weal., 2002). While the impact of CLASP family function
anticipate that CLASP activity rather than its localizationhas not been determined using dynamic assays, overex-
will change in response to local kinase activation. Stud-pression of CLASP in COS cells increased the number
ies of the actin regulatory protein mammalian Enabledof stabilized microtubules (Akhmanova et al., 2001). Pre-
(Mena), which localizes to the tips of filopodia, suggestliminary RNA interference to remove CLASP in Drosoph-
an analogous mechanism downstream of cyclic nucleo-ila S2 cells indicates that this function has been con-
tide-gated kinases to control filopodium formation (La-served (A. Ghose, U.E, and D.V.V., unpublished data).
nier et al., 1999; Loureiro et al., 2002; Lebrand et al.,However, if an increase in stable microtubules comes
2004). Abl regulates both CLASP and Enabled duringat the expense of dynamic microtubule segments, then
axon guidance in Drosophila (Wills et al., 1999a; Bashawwe might predict a negative impact on the persistence
et al., 2000; this study), suggesting that independentof growth cone advance, based on existing pharmaco-
cytoskeletal effectors must be coordinated to achievelogical data (e.g., Tanaka et al., 1995; Dent and Kalil,
accurate navigational choices. In this regard, it will be2001; Buck and Zheng, 2002). This provides an attractive
interesting to ask how CLASP interacts with key factorsmodel to explain how CLASP can cooperate with Slit,
like the GTPase Rac1, which appears to be importantRobo, Robo2, and Abl during midline repulsion.
in midline guidance (e.g., Fan et al., 2003) and interfacesA growing number of MAPs have been shown to local-
with CLIP-170 in nonneuronal cells (Fukata et al., 2002a).ize to plus ends (reviewed by Carvalho et al., 2003),
While many assume that the immediate effectors in axonraising the possibility that �TIP protein complexes coor-
guidance are actin regulators, data from nonneuronaldinate multiple activities. In addition to the CLASP local-
systems suggest that microtubule dynamics can controlization in this study, the EB1 family member EB3 dis-
actin assembly from the inside out (reviewed by Rodri-plays �TIP behavior within the growth cone (Stepanova
guez et al., 2003).et al., 2003). Interestingly, the �TIPs EB1 and APC asso-

ciate with Short stop/Kakapo/MACF in Drosophila cells
(Subramanian et al., 2003). Short stop is known to bind Experimental Procedures
both actin and microtubule polymers, suggesting a role
in mediating interactions between the two polymer net- Additional methodological detail and references can be viewed in

the Supplemental Experimental Procedures at http://www.neuron.works (e.g., Lee and Kolodziej, 2002). Moreover, short
org/cgi/content/full/42/6/913/DC1.stop mutants display an ISNb motor axon phenotype

that is nearly identical to orbit/MAST and Abl loss of
function (Van Vactor et al., 1993). Other MAPs have also Genetic Strains, Crosses, and Manipulation
been implicated in mediating interaction between micro- Hypomorphic orbit alleles orbit1 and mastp4 and null orbit alleles

orbit2 and orbit4 were obtained from Drs. C. Sunkel and D. Glover.filaments and microtubules in developing axons (re-
Abl, slit, capt, robo, robo2, and robo3 alleles that were used wereviewed by Dehmelt and Halpain, 2004), suggesting that
previously described (Wills et al., 2002). To identify homozygousthis interface will be complex and highly coordinated.
embryos of the alleles above, TM6B Ubx-lacZ, CyO wg-lacZ, CyO

Future experiments will address whether other �TIP- actin5C-LacZ, and TM6B ubi-GFP balancers were used (provided
associated proteins also contribute to repellent signal- by Drs. K. Zinn, B. Dickson, and T. Schwarz). For double mutant
ing and whether all the �TIP proteins display similar analyses, orbit and Abl alleles were combined using ri and st as

markers. To analyze the behavior of identified neurons in orbit mu-activities in vivo.
tants, third-chromosome insertions of Semaphorin (Sema)2b-Tau-
myc (provided by Dr. B. Dickson) or Apterous-Tau-lacZ (ApC TauA Model for the Mechanism of Slit-Mediated
lacZ; provided by Dr. S. Thor) were combined onto orbit2 or orbit4

Growth Cone Turning chromosomes. For gain-of-function analyses, a postmitotic, neuron-
With a combination of in vivo genetic analysis and dy- specific driver, elav-GAL4, was used to direct expression of UAS-

Abl(�) and an orbit EP line (EP 3403).namic imaging, we can propose a working model for
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