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SUMMARY

Oxygen delivery in many animals is enabled by the midline, Slit functions as a repellent for tracheal branches

formation of unicellular capillary tubes that penetrate  and this function is mediated primarily by Robo. Robo2 is

target tissues to facilitate gas exchange. We show that the necessary for the tracheal response to the attractive Slit
tortuous outgrowth of tracheal unicellular branches signal and its function is antagonized by Robo. We propose
towards their target tissues is controlled by complex local that the attractive and repulsive tracheal responses to Slit
interactions with target cells. Slit, a phylogenetically are mediated by different combinations of Robo and Robo2
conserved axonal guidance signal, is expressed in severalreceptors on the cell surface.

tracheal targets and is required both for attraction and

repulsion of tracheal branches. Robo and Robo2 are

expressed in different branches, and are both necessary for Key words: Tracheal branching, Cell migration, Robo, Slit,

the correct orientation of branch outgrowth. At the CNS  Drosophila

INTRODUCTION toward the CNS. The GB cells migrate ventrally along the
intersegmental nerve (ISN), but just before reaching the entry
Directed cell migration is essential in the development of manpoint into the CNS, they break their contact with ISN and turn
organs. Most of the known cell navigation signals have beeposteriorly to associate with the segmental nerve (SN)
identified from studies of migrating neurons responding tqEnglund et al., 1999). This substrate switch is promoted by
attractive or repulsive cues provided by surrounding glial othe expression adrift (aft), a bnl-induced gene required in
neuronal cells. In this study, we show that neurons and glia alsloe trachea for efficient entry into the CNS (Englund et al.,
steer the complex pathfinding of tracheal cells in the centrdl999). Inside the CNS, the GB1 cell extends over a distance
nervous system (CNS) @frosophila of about 50um, from the entry point into the CNS via four
The tracheal system develops from 20 clusters of ectodermdifferent neural and glial substrata to its target on the dorsal
cells, each containing about 80 cells. After invagination andide of the neuropil (Englund et al., 1999). During the first 20
without further cell division, each epithelial cluster extendgum of its journey inside the CNS, the GB1 cell moves its cell
sequentially primary, secondary, fusion and terminal branchdsody and nucleus along the exit glia, the SN and ventral
to generate the tubular network that facilitates larval respiratiolongitudinal glia towards the midline (Englund et al., 1999)
(Manning and Krasnow, 1993; Samakovlis et al., 1996a). Th@=ig. 1A). The rest of the path is covered by a long cytoplasmic
regular outgrowth pattern of the primary branches igrojection that turns dorsally at the midline and reaches the
determined by the localized expression of signaling factors idorsal part of the neuropil by the end of embryogenesis (Fig.
the surrounding tissues. Among these signals, Branchle4®,C). The signals that guide GB1 migration inside the CNS
(Bnl), a member of the Fibroblast Growth Factor family, firstare not known but the substrata that the GB contact along its
directs the outgrowth of multicellular branches to its site opath could potentially provide important guidance cues.
expression, and it then induces the activation of a set of We investigate the importance of glial substrata in guiding
terminal branching genes in the leading cells of the primarthe GB1 inside the CNS. By genetic ablation experiments, we
branches (Sutherland et al., 1996). Single terminal cells theshow that different glial cells provide distinct positional cues
form a unicellular branch, migrate over substantial distancet® the trachea. Longitudinal glia are first required for GB1
and finally stretch and bind to distinct parts of the target tissumigration towards the midline, whereas midline and channel
to facilitate respiration. A single terminal cell of eachglia are necessary for inhibiting it from crossing the midline
ganglionic branch (GB), for example, targets each hemiand to make it migrate dorsally through the neuropil. We show
segment of the embryonic ventral nerve cord (VNC). A clustethat Slit signaling plays a major role in the migration of the
of bnl-expressing cells just outside the CNS attracts the GB&B1 cell. Slit is produced by midline cells (Rothberg et al.,
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et al., 1998a) and Roundabout 2 (Robo2) (Rajagopalan et al.,
2000a; Simpson et al., 2000a) are both required in the trachea
independently of their function in axonal migration. The
analysis of the tracheabbo and robo2 mutant phenotypes
suggests that they may mediate different responses to the Slit
signal. These results provide a first insight into the signaling
mechanisms that guide the GB in the CNS, and identify an in
vivo system for the study of bi-functional role of Slit in
epithelial cell guidance at the level of single cells.

MATERIALS AND METHODS

Fly stocks

The following null or strong loss-of-function alleles were used:
slit/CyOactlacZ(Rothberg et al., 1990jpbc?>’9CyOactlacZ(Kidd
et al, 1998a), bprpkcnrobdCyOwglacZ (all provided by C.
Goodman)robo2-4§CyOwglacZ robo®A28%0bo2/CyOwglacZ(all
provided by B. Dickson) (Rajagopalan et al., 2000a), and
comn¥794TM3ubxlacZand comn®204TM3ubxlacZ(both provided by
C. Klambt) (Hummel et al., 1999).
The following GAL4 and UAS strains were used;C321c (on
U'.hrf'ci':' second chromosome, provided by A. Hidalgo) (Hidalgo et al., 1995);
45 ; Mz520 and Mz820 (on second chromosome, both provided by G.
! Technau) (Ito et al., 19958RF-GAL4(on third chromosome, K.
Guillemin, personal communicatioffl-GAL4 (Shiga et al., 1996);
elav-GAL4(#458); twi-GAL4 (#914) anden-GAL4(#233) (all three
from Bloomington Stock Center)JAS-lacZ(Brand and Perrimon,
%993);W;UAS-ricinAleOwg?“l:!acZ (Hidalgo et al., 1995){JAS-
robo (Kidd et al., 1998a)JAS-slit(Kidd et al., 1999) antJAS-comm
(Kidd et al., 1998b) (all three provided by C. Goodmé&S-robo
and UAS-robo2 (HA-tagged, both provided by B. Dickson)
(Rajagopalan et al., 2000b); ad&S-EGFPF/CyQwhich harbors an

nhanced GFP construct that is targeted to the cellular membrane
fprovided by R. Palmer) (Finley et al., 1998).

The enhancer trap markéreve-1(Tracheal 1), which was used to

S520GAIA

Fig. 1. Ablations of glial cells affect tracheal cell guidance.

(A-C) Confocal projections showing the morphology of the
ganglionic branch tip cell (GB1) visualized in green bylreve-1

lacZ cytoplasmic marker. Robo staining, in red, was used to mark th
longitudinal connectives. (A) At stage 15, GB1 has reached the
ventral side of the neuropil and has extended several cytoplasmic
processes. (B) At stage 16, GB1 turns at the CNS midline and
extends one cytoplasmic protrusion dorsally and posteriorly along
the dorsoventral channel glia to reach the dorsal side of the neuropi
The GB1 nucleus has reached its position just ventral of the
longitudinal connective. (C) By late stage 16, GB1 has extended visualize tracheal cells, has been described previously (Perrimon et
laterally and posteriorly on the dorsal side of the neuropil. al., 1991) ’ P y

(D) Schematic drawing showing a ventral view of three pairs of GBs™ )

and their path in the wild-type embryonic stage 16 nerve cord. InSid‘meunostaining

the CNS, GB1 (dark blue) contacts first the ventral longitudinal glia
(pale green). It turns before reaching the ventral midline and the
midline glia (red), and migrates dorsally at the midline in close
contact with channel glia (yellow). When GB1 reaches the dorsal
side of the neuropil, it associates with the dorsal longitudinal glia
(dark green) and extends laterally and posteriorly. The stalk cell of
the ganglionic branch, GB2 is shown in pale blue, longitudinal axon
tracts in brown and the borders of the CNS with broken lines.

(E-1) GBs are misrouted when longitudinal glia are ablated by the
expression oUAS-ricinA The tracheal lumen of stage 16 embryos is
shown in blue and the longitudinal and midline glia cells in E,F or
the longitudinal connectives in G-I in brown. (E) Longitudinal and
(F) midline glial cells are shown by the expressiobaS-lacZ

driven byC321c-GAL4and byMz520-GAL4respectively. (H) When
longitudinal glia are ablated GBs stall outside CNS (arrow) or turn t
migrate posteriorly before crossing the longitudinal tracts
(arrowhead). Ablation of midline glial cells leads to midline crosses
(I) of the GBs (arrows) and the longitudinal axon tracts (arrowhead)
(compare with G). All panels show ventral views, anterior is towards
the left. Scale bars: dm in A-C; 8um in E-I.

Embryo fixation, staining, light and confocal fluorescence
microscopy were as described (Samakovlis et al.,, 1996b). The
tracheal lumen-specific  antibody used was mAb2A12
(Developmental Studies Hybridoma Bank, University of lowa)
diluted 1:3. The anti-DSRF monoclonal antibody was mAb2-161
(1:2000) from M. Gilman (Ariad Corporation, Boston, MA). Rabbit
antiserum againsp-galactosidase (Cappel) was used at 1:1500.
Rabbit antiserum against Robo2 (from B. Dickson) (Rajagopalan et
al., 2000a) was used at 1:100 for immunofluorescence. The mouse
monoclonal antibodies against Robo (MAb13C9) (Kidd et al., 1998a)
and Fasciclin Il (mAb1D4) (Van Vactor et al., 1993) were used at
1:10 and 1:50, respectively (both from C. Goodman). Mouse
monoclonal against Slit (C555.6d) was diluted 1:10 (from B.
ODickson) (Rothberg et al.,, 1990). Rabbit antiserum against GFP
(Molecular Probes) was diluted 1:1000. Anti-HA mAb16B12
(Berkeley Antibody Company) was used at 1:1000 or 1:400. Biotin-,
Cy2- and Cy3-conjugated (Jackson Laboratories) and Alexa Fluor-
568- and -488-conjugated (Molecular Probes) secondary antibodies
were used at 1:300, 1:500 and 1:400, respectively. Embryo staging
was according to Campos-Ortega and Hartenstein (Campos-Ortega
and Hartenstein, 1985).

1988; Rothberg et al., 1990) and prevent GBs from crossingblations, rescue and gain-of-function experiments

the midline of the VNC. Slit is also required as an attractanthe aplation, rescue and gain-of-function experiments were carried
for the outgrowth of the primary, dorsal and visceral branchesut using the UAS-GAL4 system (Brand and Perrimon, 1993). For all
The Slit receptors Roundabout (Robo) (Brose et al., 1999; Kidthe UAS-GAL4 crosses mentioned below, embryos were collected for
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Fig. 2. Expression of Slit and its receptors during tracheal development. Confocal analysis of wild-type embryos carrying the UAS-EGFPF
marker expressed under the control of the tracheal-specific dtiv@AL4,double stained with anti-GFP to visualize the tracheal cells in green
and anti-Slit (A,B), anti-Robo (C) or anti-Robo2 (D,E) in red. (A) Slit expression at the ventral midline close to the ntiqicttegy tip cells

of the ganglionic branch (top) and at the dorsal side, in cells just underneath the migrating dorsal branches (bottaaw)d®@setkd lines
indicate the part of the tracheal dorsal branches that is out of focus. (B) Slit expression at the contacts of the gut pithleéuracheal
visceral branches (anterior is upwards). (C-E) Lateral views showing the expression of Robo and Robo2 in the invagiresiiogltsaat

stage 11 (C,D, top), the dorsal trunk and dorsal branch at stage 13 (C,D, bottom). (E) Robo2 expression in the growingréwsal

(F) Summary drawings of Robo and Robo2 expression in different branches (DB, dorsal branch; DT, dorsal trunk; VB, visberal branc

GB, ganglionic branch) at stages 12 and 16. At stage 12 (top) both Robo (black) and Robo2 (gray) are expressed in CEllsutfRiodda2

is also expressed in the DB and the VB. After stage 13, Robo is no longer detectable in the trachea, whereas Robo?2 iis BXpasssEdB

until the end of embryogenesis (bottom). Scale bausn & A-E.

6 hours at 20°C and then transferred to 29°C for 10 hours to maximiZéNS in embryos carrying ttieeve-1 lacAnarker, an enhancer
GAL4 activity and they were analyzed with mairkers accordingly. trap insertion into thetrachealess(trh) gene, which is

To %b{géeszg“?j' _ Ce”ls,WiUAﬁ_'”hC'nNCyOWg’ ;Ki&z_f“les ‘_’;’eé? | expressed in all tracheal cells from stage 11 (Perrimon et al.,
crosse cdriver in€, which expresses LALA In longitudinal 1991y - with antibodies againgtgalactosidase and Robo, a
glia, or toMz520 and Mz82Q express GAL4 in midline glia and 5 er for the longitudinal axons. At stage 15 GB1 enters the

channel glia in the CNS, respectively. Embryos were stained witl NS d miarat trall tendi broad cvtonl .
MAb2A12, antiB-galactosidase and mAb1D4 (which stains Fasciclin and migrates ventrally, extending broad cytoplasmic
rotrusions in different directions (Fig. 1A). These protrusions

ll-positive axons in the longitudinal connectives). To rescue thd el \ .
tracheal phenotypes o6bo?570 and robo2-48 mutants, we used the contact the ventral longitudinal glia on the ventral side of the

SRF-GAL4river, which expresses GAL4 in all tracheal terminal cellsnerve cord. At early stage 16, the GB1 cell comes close to the
from stage 13, to drive expression WAS-roboand UAS-robo2 In  midline but there it turns dorsally and posteriorly (Fig. 1B). By
addition, the reciprocal tracheal rescue andUA&robo and UAS late stage 16, GB1 has sent a long projection through the
robo2 tracheal gain-of-function experiments were made using thesghannel glial cells to reach the longitudinal glia at the dorsal
strains and embryos were analyzed with mAb2A12, mAb2-16kide of the neuropil (Fig. 1C) (Englund et al., 1999). The
(marks tracheal terminal cells), mAb1D4, mAb16B12 and_mAbl3C95tereotyped route of GB1 and its contact with different glial
To rescue theobo mutant CNS phenotypAS-robowas driven by = .15 suggested that its path may be dictated by its contacts or

elav-GAL4 which is expressed in all postmitotic neurons in the CNS.. :
For thecommgain-of-function experiment, we used tH&S-comm signals from its substrates. We used the UAS-GAL4 system

and thebtl-GAL4 driver, which expresses GAL4 in all tracheal cells (Brand and Perrimon, 1993) with glial specific GAL4 drivers
from stage 11. For thslit gain-of-function experiment in the CNS, t0 expres$acZor the toxin Ricin A gene (Hidalgo et al., 1995;
we usedC321c¢GAL4 and elav-GAL4strains to drive expression of Moffat et al., 1992) in specific subsets of glial cells. The effect
UAS-slit and to misexpreddAS-slitin the gut epithelium and in the of glial ablations on GB1 and axonal migration was analyzed
epidermis, we used thei-GAL4 anden-GALA4drivers, respectively. using a tracheal lumen-specific antibody, and the mAb1D4
(anti-Fasciclin 1) (Van Vactor et al., 1993) that stains the major
longitudinal axon tracts. The expression of theZ marker

RESULTS driven by the GAL4 strains used in these experiments was
mosaic: not all of the targeted glial cells in each neuronal hemi-

Ablation of glia affects ganglionic branch segment expressed the marker (Fig. 1E,F). Consequently, the

pathfinding expression of Ricin A and the ablations was also mosaic.

We analyzed the GBL1 cell extensions and migration inside the When we ablated longitudinal glia with tl@&321c-GAL4
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line (Hidalgo et al., 1995), 31% of GBs=112) stalled or At early stage 14 in the dorsal side of the embryo, two rows of
turned to migrate posteriorly before reaching the longitudinamigrating mesodermal cells that will form the larval heart
connectives (Fig. 1H and data not shown). The formation ofxpress Slit. These cardioblasts are in close proximity to the
longitudinal axon tracts as revealed by mAb1D4 staining waswvo leading cells of the tracheal dorsal branches (DBs), which
not detectably affected in these embryos, suggesting thatso migrate towards the dorsal midline and give rise to the
longitudinal glia might have a function in guiding the GB todorsal anastomosis (DB2) and the dorsal terminal branch
the ventral side of the neuropil and across the longitudindDB1) (Fig. 2A, bottom). Slit expression is also detected from
tracts. Ablation of midline glia using thdz520-GAL4ine (Ito  stage 13 on the surface of the midgut, at the sites of contact of
et al., 1995) caused a different phenotype. Nine percent of thiee growing tracheal visceral branches (VBs) (Fig. 2B). Finally
GBs (=112) crossed the midline, and 5% lingered along theve detected Slit in lateral stripes of epidermal cells adjacent to
midline or turned anteriorly (Fig. 11). Staining with mAb1D4 the growing dorsal trunk (DT) and dorsal branches from stage
showed that some axons of the longitudinal tracts also wef8 (data not shown). Are then the Slit receptors expressed in
crossing the midline (Fig. 1l). These results suggest thahe trachea? Robo staining can be detected in all tracheal cells
midline glia influence GB1 turning either through directas they invaginate from the epidermis already at stage 11 (Fig.
signaling or indirectly by affecting the structure of surrounding2C, top). Its tracheal expression is decreased by stage 13, when
axon trajectories. We have also expressed Ricin A it is only weakly expressed in the dorsal trunk (Fig. 2C,
subperineurial and channel glia using Me820-GAL4line  bottom). We were not able to detect any convincing expression
(Ito et al., 1995). In these embryos, 6% of GBs1@6) turned  of Robo in the trachea after stage 14, even when we analyzed
to migrate posteriorly before crossing the longitudinalserial optical sections of the GB1 cell along its path in the CNS
connectives and 8% lingered around the midline (data ndfFig.1 and data not shown). Robo2 is also expressed in all
shown). We did not observe any defects in the Fasciclin Iltracheal cells from stage 11 (Fig. 2D, top) and it then becomes
positive axons, suggesting that dorsoventral channel glia magstricted to the dorsal trunk and dorsal and visceral branches
provide an instructive landmark for the extension of GB1 fronby stage 13 (Fig. 2D, bottom; Fig. 2E) (Rajagopalan et al.,
the ventral to the dorsal side of the neuropil. 2000a). In contrast to Robo, which becomes undetectable in

In summary, the above results suggest that the different typése trachea by stage 14, Robo2 expression is stronger and is
of glia that become contacted by GB1 inside the VNC providenaintained as late as at stage 16 in the DB1 and DB2 cells at
distinct guidance landmarks for its migration. As the ablatiorthe dorsal midline (data not shown). Robo3 expression could
of longitudinal glia results in stalls or misroutings before thenot be detected in the trachea (Rajagopalan et al., 2000a). The
longitudinal tracts, these cells are likely to have an attractivexpression of Slit in tissues surrounding the developing trachea
function for GB1. The ablation of midline and channel gliaand the dynamic expression of its two receptors in different
leads to midline crossings and lingering, suggesting that thesecheal branches suggested a role for Slit signaling in tracheal
cells may provide both direct or indirect attractive andbranch outgrowth towards their target tissues.

repulsive landmarks. o o . o
Slit signaling is required for ganglionic branch

Expression of Slit and its receptors during tracheal turning at the midline

development Although we could not detect the expression of any of the
A major determinant of axonal pathways inside the CNS is thknown Slit receptors in the GBs, the abrupt turn of GB1 when
repellent signal Slit. Midline cells express Slit, a largeit comes close to the midline and the results from the midline
extracellular matrix protein (Rothberg et al., 1988; Rothberg etell ablation experiments prompted us to examine the potential
al., 1990) that functions both as a short- and long-rangele of Slit in the GB1 pathfinding. We first analyzeaho,
repellent, controlling axon crossing at the midline andobo2andslit mutant embryos double stained with antibodies
mesodermal cell migration away from the midline (Battyeagainst the tracheal lumen and a tracheal nuclear marker. We
et al.,, 1999; Kidd et al.,, 1999). In axon guidance, the Slialso studied embryos of these genotypes, double stained for the
repulsive signal is mediated by the Roundabout (Robdyacheal lumen and Fasciclin Il to correlate the tracheal and
receptors (Brose et al., 1999; Kidd et al., 1999; Kidd et alaxonal phenotypes in the same embryogobo mutants, all
1998b; Rajagopalan et al., 2000a; Simpson et al., 2000a:Bs migrated into the VNC and the position of GB1 nucleus
Different axons express different combinations of the threwvas not significantly affected (Fig. 3B). At the midline, 29%
receptors, which determine the distance of their projectionsf GBs (1=140) crossed and 26% migrated unusually close to
from the midline along the longitudinal fascicles (Rajagopalathe midline, where they stalled or turned to migrate dorsally
et al., 2000b; Simpson et al., 2000b). The midline crossin@Fig. 3B). The characteristic structure of the three longitudinal
phenotypes of GBs in embryos expressing Ricin A in the&onnectives in the same embryos was also severely disrupted
midline glia suggests that Slit signaling may also guide GBby loops of axons crossing the midline several times (Kidd et
in its turn away from the midline. We double stained embryosl., 1998a) (Fig. 3G). In contrast to axons, GB1 crossed the
expressing GFP under the control of the pan-traditt@AL4  midline only once and migrated along the longitudinal tracts
driver (Shiga et al., 1996), which drives expression of GAL%f the contralateral hemisegment. This phenotype suggested
in all tracheal cells from stagel1, with antibodies against GFfhat GB1 might not just passively follow the misrouted axons
and Slit or its receptors, and analyzed their expression tgnd argued that Robo might function as a repellent receptor in
confocal microscopy. The GB1 cell comes close to the midlin&B1 independently of its role in the neurons. It also suggests
source of Slit at early stage 16 but it then turns dorsally anthat robo is only required to prevent GB1 from crossing the
posteriorly at the midline (Fig. 2A, top). Slit is also expressednidline and not to repel it once it has entered. If the GB1
in several other tissues close to the migrating tracheal branch@henotype irrobo mutants is a primary effect caused by loss
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Fig. 3. Slit signaling is required for
ganglionic branch turning at the midline.
(A-M) Stage 16 embryos stained for the
tracheal lumen in blue and the GB1 cell
marker DSRF (A-E) or longitudinal
connectives (F-K) in brown. In wild-type
embryos (A), GBs turn posteriorly at the
ventral midline but imobo andslit
mutants (arrows in B and D) they cross
it. The fascicles of the longitudinal
connectives are separated in wild type
(F), but cross the midline iobo
mutants (arrows in G); iglit mutants (1),

. the fascicles are fused at the midline
- ,J (arrows). (L) Transgenic tracheal

expression oUAS-robo(anti-Robo

staining in brown) imrobo mutants rescues GBs from crossing the ventral
midline (arrowhead), whereas GBs with no detectable Robo expression still
cross (arrow). The axon phenotypedho mutant embryos is partially rescued
by transgenic expression 0AS-roboin all neurons with thelav-GAL4driver
(K), but GBs still cross the ventral midline (arrow in K). (Cydbo2 mutant
embryos, the GBs fail to enter the CNS (asterisk) and several of the GBs that do
enter stall or become misrouted (arrowhead). (H) The longitudinal axon tracts
are disrupted (arrows) and the outer fascicles fuse with the medial fascicles in
robo2mutants. (M) The GB failure to enter the CNSaho2mutants can be rescued by transgenic tracheal expresdidiSeafobo2with the
SRF-GAL4river. (E) GBs in the double mutamatbo, robo2fail to enter the CNS (asterisk) and cross the ventral midline (arrow) and the
longitudinal axons collapse along the midline (J). These phenotypes are very similar to the phenstiypestafts (D,l). Scale bar: 20m in
A-M.

of Robo in the trachea, it should be possible to rescue thtntrast to theobo mutant phenotype, these branches did not
phenotype by selectively expressindpoin GB1. We crossed extend to the contralateral longitudinal connectives, they
an UAS-robo transgene and &RF-GAL4driver construct, lingered around the midline instead. The most striking defect
which expresses GAL4 in all tracheal terminal cells, into thef robo2 mutants was that 46% of the branches were stalled
robo mutant strain. The anti-Robo antibody was used to detettefore reaching the midline turning point, and an additional
Robo protein deriving from the transgene. When Robo wa$1% of them did not even enter the CNS (Fig. 3C) suggesting
expressed in the GB1 afobo mutants fobo/robgUAS-  thatrobo2may be required earlier thaobo for the migration
robo/SRF-GALZ, none of the GBs crossed the midline (Tableof the GB1 cell towards the midline glia. We expressed a HA-
1; Fig. 3L). Instead, 91% of the GBs that expressed Robo itagged version of Robo2 in the GB1 cell under the control of
GB1 (h=118) turned to migrate posteriorly prematurely (Fig.the SRF-GAL4driver inrobo2* embryos to assess whether we
3L). In these tracheal rescussbo mutants, 12% of the GB1 could rescue the mutant phenotypes. The embryos were double
cells did not express any detectable Robo and 18% of thestined with antibodies against the tracheal lumen and HA to
cells crossed the midline (Fig. 3L). Thus, Robo expression iidentify branches expressingobo2 The number of GBs
the GB1 cells ofrobo mutants fully rescues the tracheal stalled outside the CNS was markedly reduced in these
crossing of the midline phenotype. In the reciprocalembryos (Fig. 3M), 1%nE220) compared with 11%m£160)
experiment, where expression BAS-roboin homozygous in robo2* mutants, suggesting thabo2is required in the GB1
robo mutant embryos was driven in all neurons by thefor its entry into the CNS. In the same experiment we did not
elav-GAL4 strain glav-GAL4+;robo/robgUAS-robd+), the  observe any reduction of the number of branches that cross the
crossing of Fasciclin ll-positive axons was significantlymidline, suggesting that this phenotype may be indirect or that
rescued (Kidd et al., 1998a) (Fig. 3K), but 21% of the GBghe expression levels of transgenic Robo2 protein imaihe2
(n=168) still crossed the midline (Tablel; Fig. 3K). We mutants where not optimal for rescuing this phenotype. In fact,
conclude, that Robo is required in the GB1 tracheal cell to
prevent it from crossing the CNS midline.

Roboz2 acts as a long distance Slit receptor in the axons Taple 1. Rescue ofobotracheal phenotype by expression
the lateral longitudinal fascicles (Rajagopalan et al., 2000z of an UAS+obo transgene
Simpson et al.,, 2000a). Iwbo2 mutants, the more distant
lateral fascicle is disrupted and its axons come closer to tf

Affected ganglionic

* (0,
midline and occasionally cross it (Rajagopalan et al., 2000: G?mtype branc_hes *)
Simpson et al., 2000a) (Fig. 3H). The analysis of the trache \r’ggg/%‘[’)i 28 g;ﬁg;
phenotypes of twaobo2 mutant allelesfobo2* and robo2, robo/robqUAS-robd/SREGAL4 0 (n=118)
produced similar results and revealed that the GB defects elav-GALA4/+;robo/robgUAS-roba/+ 21 (=168)

robo androbo2 mutants were different. Only 6%<160) of . o .
the branches crossed the midlineratho2* embryos and, in Ganglionic branches that cross the midiine.
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Fig. 4. Overactivation of the Slit signaling pathway in the
CNS can repel the ganglionic branches. (A-H) Stage 16
embryos stained to visualize the tracheal lumen in blue €
the longitudinal axons (in A,B,E,F) in brown. (B)¢domm
mutants, GBs turn to migrate posteriorly before they reac
the midline but after crossing the longitudinal tracts. The
longitudinal axon tracts are further apart presumably due ; ‘ . &r

the absence of commissures. (C) Ectopic expression of T S—— UAS; UASrobo2iSRFGAL4
in the GB1 cell (Robo staining in brown) using BRF- H

GAL4driver results in GBs turning posteriorly before they
cross the longitudinal tracts (arrow). GBs that do not
overexpress Robo migrate closer to the midline before
turning posteriorly (arrowhead). (D) Early turning of GB1
before the longitudinal axons (arrow) can also be seen ir
embryos with ectopic expressionrobo2 (embryos stained
for a HA-tagged Robo2 in brown). Several of the Robo2

-

ARt %2

overexpressing GBs still reach the midline (arrowhead) in contrast to all the GBs that turn prematurely when they overegpre€s R

(E) Ectopic expression of Slit in the longitudinal glia using@321c-GAL4driver leads to premature turning (arrow) and stalling (arrowheads)
of GBs. (F) Several GBs cross the ventral midline (arrows) in response to general tracheal misexpEssiongihg thebtl-GAL4driver.

(G) UAS-robo2overexpression in GB1 using tB&®F-GAL4driver cannot rescue the GB midline crossing phenotypebimmutants (arrows,

embryos stained for HA-tagged Robo2 and the tracheal lutdé&$:robooverexpression with the same driver can rescue the GB CNS entry
phenotype imobo2mutants (H; embryos stained for Robo-HA and tracheal lumen). Scale hamn 20A-H.

17% of the GB1s in these embryos turned prematurely beforecessary to decrease Robo expression on commissural axons
reaching the midline (Fig. 3M). thereby allowing them to cross the midline (Kidd et al., 1998b;
In slit mutants, the CNS axons enter the midline and remaiSeeger et al., 1993). Inomm mutants, Robo fails to be
there forming one large axon fascicle (Kidd et al., 1999downregulated, no axons cross the midline and as a result no

Rothberg et al., 1990) (Fig. 3I). When we looked at GBcommissures are formed (Fig. 4B).dammmutants, 97% of
pathfinding inslit mutant embryos, we found defects bothGBs (=140) stalled or turned to migrate dorsally and
outside and inside the CNS. Practically all GBs wereosteriorly prematurely, before reaching the midline (Fig. 4B),
misrouted, and branches did not migrate in the samsuggesting that Comm is also modulating the levels of Robo
dorsoventral plane. We found that 17% of GBs164) stalled  in the trachea. We hypothesized that if Robo is downregulated
outside or inside the CNS and that 37% crossed the midlifey Comm, then transgenic expressiorcofmmin the trachea
(Fig. 3D). The tracheal phenotypes iabo,robo2 double  might lead to downregulation of Robo in GB1 andamm
mutants were similar to the defectsstif embryos, 21% of the ‘gain-of-function’ phenotype where GB cross the midline. To
branches r{=140) stalled outside the CNS, 31% crossed théeest this, we crossetdAS-commflies to thebtl-GAL4 line
midline and 45% were misrouted (Fig. 3E). (Shiga et al., 1996). In these embryddAG-comm/+;btl-
This analysis indicates that Slit is an important regulator o6AL4/+) the longitudinal axon tracts looked normal but 17%
GB1 pathfinding towards and inside the CNS. Slit function i®f the GBs (=168) crossed the midline, 14% turned anteriorly
mediated in the trachea by the Robo and Robo?2 receptors. Taethe midline and 15% stalled prematurely (Fig. 4F). These
differences in tracheal phenotypesadbo androbo2 mutants, tracheal phenotypes are similar to the defects seeslitin
suggest that Robo2 functions as a long distance attractamuutant embryos and further argue for the role of Robo
receptor for Slit during GB1 migration towards the CNS,receptors in GB migration.
whereas Robo mediates the repellent function of Slit inside the To overexpressobo androbo2in GB1 cells, we used the

CNS, at the ventral midline. SRF-GAL4 driver and epitope tagged forms of receptor

. o o ) transgenesiJAS-roboHAand UAS-robo2HA which express
Ectopic activation of Slit signaling redirects GB1 similar levels of protein, as judged by immunohistochemical
away from the midline staining. These constructs were chosen to allow comparisons

To further dissect the function of Slit and its receptors in GBDf the different phenotypes caused by the overexpression of the
migration we studied the effects of over activation of theobo or robo2 in the trachea. INUAS-roboHASRF-GAL4
pathway by either drivinglit expression in longitudinal glia embryos, 55% of the HA-expressing GB$=104) turned
or manipulating the expression levelsrolbo androbo?2 prematurely to migrate posteriorly before coming close to the
Ectopic expression dflit in the longitudinal glia ©321c- midline, and 16% stalled at the level of the longitudinal tracts
GAL4/+;UAS-slit/+) causes stalls and premature turns in 37%Fig. 4C). The premature turning phenotype resembles the
of the GBs (Fig. 4E) suggesting that elevated leveldibare  tracheal defects itommmutants and argues for a midline
sufficient to inhibit and repel GB1 migration inside the CNS.repulsive function forobo in GB1. The same phenotype was
The longitudinal tracts in these embryos are formed normallgvident in embryos expressing an untagged versiddAS-
as judged by mAb1D4 staining (Fig. 4E). robo under the control of the same driver, but there 94% of the
Robo and Robo2 expression can be post-translationallRobo-expressing branchas=(04) were turning prematurely.
downregulated by Commissureless (Comm), a transmembraie UAS-robo2HA/SRF-GALémbryos, only 12% of the GBs
protein that is expressed on the CNS midline cells during thexpressing HAr{=105) turn to migrate posteriorly prematurely
formation of axon commissures (Tear et al., 1996). Comm if-ig. 4D). The quantitative differences in the turning phenotype
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of the overexpression experiments, taken together with tr
qualitative differences in the loss-of-function phenotypes fo
both receptors, suggest thabo2 plays a minor role in GB1
pathfinding inside the CNS and thabois the major repellent
receptor at the midline.

Robo can rescue robo2 but Robo2 can not rescue
robo phenotypes

To further separate the potentially different functionsobio

androbo2, we attempted to rescue the GB1 phenotype of on
mutant by ectopically expressing a transgene encoding tt
tagged form of the other receptor. Overexpression of Robo i
the GB1 cell ofrobo2 mutants (detected by staining against
HA) can partially rescue the entry into the CNS phenotypt

from 15% (1=238) inrobo2/robo2! embryos to 3.5%n123) Fig. 5. Slit signaling is required for the outgrowth of tracheal

in rescue embryosqbo2/robo%; UAS-roboHASRF-GALY brgnches ou%side ?he CI\?S. Lateral view 0? stage 16 embryos carrying
(Fig. 4H). Overexpression could also rescue the weak midlinghe copy of thd-eve-1 lacZnarker stained to visualize tracheal
crossing phenotype abbo2 None of the GBs crossed the cells and lumen. Irbo2(B) andslit (C) mutant embryos outgrowth
midline compared with the 6% midline crossing phenotype if the dorsal branches (DBs) is disrupted, resulting in missing
robo2/robo2*. In addition, robo overexpression infobo2  (asterisks) or short DBs. lbbomutants (A), DB outgrowth is not
mutants caused a gain-of-function phenotype with 50% of thaffected. Several of the GBsiiobo2 (E) andslit (F) mutants are
branches turning prematurely inside the CNS (Fig. 4H), similaghorter and misrouted (asterisksydbo mutants (D), GBs migrate

to the robo overexpression phenotype in wild-type embryos."emra”y as in wild-type embryos (arrow in D). Scale baru20in
Thus,roboexpression in the GB1 cellsmbo2mutant rescues

the CNS entry and midline crossing phenotypes. When Robo2

was ectopically expressed in GB1 mbo mutant embryos

(robo/robgUAS-robo2HASRF-GALY, it did not provide branches (Fig. 2B). Islit mutants, all primary visceral branches
substantial rescue activity. Twenty-two percent of GB441)  grew towards the gut but the migration of the secondary branches
still crossed the midline compared with 29%140) in the on the target appeared irregular in some embryos with occasional
robo mutant (Fig. 4G). In additionfobo2 overexpression projections extending more dorsally or ventrally along the
induced slightly fewer gain-of-function premature turns inmidgut (data not shown). The tracheal phenotypeslmd2
robomutants (7% compared with 11% in the wild type). Thesenutants were similar to the defectsshit embryos. Eighteen
results argue that althougbbo misexpression can substitute percent of the dorsal branches220) were stalled or missing

for the absence abbo2during the migration of GB1 towards in robo2embryos and 30% of the remaining branches that had
the CNS, overexpression abbo2 can not significantly extended towards the dorsal midline failed to fuse over the heart

substitute foroboin its repellent function at the midline. (Fig. 5B). In addition, as islit embryos, the outgrowth of the
GBs from the lateral trunk (Fig. 5E) was also sporadically

Functions of Slit and its receptors in other tracheal affected. We could not detect any primary branch outgrowth

branches phenotypes, imobo mutants (Fig. 5A,D). We have carefully

The dynamic expression of Slit in several tracheal targets arekamined more than 20 embryos from two differehb alleles

the branch-restricted expression @bo and robo2 during  and we conclude thabbo is not required for the migration of
tracheal development suggested an additional role of Slitacheal branches towards targets outside the CNS. itenyd
signaling in tracheal branches that do not target the CNS. Webo2 mutant embryo analyzed shows defects in the outgrowth
analyzedslit, robo androbo2embryos carrying the-eve-1 lacZ  of the dorsal branches and the extension of the fusion branches
marker, in order to visualize defects in tracheal cell migratiomver the dorsal midline, the expression pattern and mutant
and branching. In late stage Mt mutant embryos, the phenotypes ddlit androbo2mutants suggest that the expression
migration of the dorsal branches towards the heart was disruptexf. Slit outside the CNS provides an attractant signal for the
Twenty percent of the branches=-100) were either completely tracheal cells and that the tracheal receptor for this signal is
missing or stalled at various lengths (Fig. 5C). In addition, 289Robo2.

of the branch fusion events that interconnect the tracheal network o

of either side of the embryo over the dorsal midline were alsBctopic Slit attracts tracheal branches to its sites of

disrupted. Given the expression of Slit in the developing heafXpression

from stage 14, this phenotype suggests an attractive function frSlit is an attractive signal for the migration of the dorsal and
Slit in dorsal branch migration towards the dorsal midline of theisceral branches towards their targets, its ectopic expression
embryo slit embryos showed also defects in the migration of théen other tissues should attract tracheal branches towards the
GBs towards the lateral and ventral muscles and the CNS (Figew expression sites. We expresgédb-slitwith theen-GAL4

5F). Inslit mutants, the cells of the ganglionic branches appeareadtiver in stripes of epidermal cells along the dorsoventral axis
to be extending projections towards the muscles but thelocated above the growth tracts of the dorsal branches (Fig.
directions were random and they were falling back towards th@A). In these embryos, 23% of the dorsal trunk branches
lateral trunk (Fig. 5F). Slit protein was also detected along th@=340) that normally extend anteriorly and posteriorly to
developing midgut at the attachment sites of the viscerahterconnect the ten tracheal metameres on either side of the
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Fig. 6. Tracheal branches are attracted to sites of ectopic Slit expression. (A-J) Embryos stained to visualize the tracheatihubén and
stained for Slit (A,B) anft-galactosidase (D,E), to visualize the sites of ectopic Slif3agal expression. (A) Ectopic expression of Slit in
epidermal stripes, induced using greGAL4driver, disrupts the anterior and posterior elongation of the dorsal trunk (DT) branches (arrows in
B); the dorsal trunk appears to extend dorsoventrally alongrni@@AL4stripes. (C) Removing endogenous Slit expression results in a stronger
DT phenotype. (DB-Gal expression driven byi-GAL4shows that the driver directs UAS-transgene expression in the gut epithelia at stage13,
when the tracheal visceral branches (VBs) (E) start migrating towards and along the surface of the gut. The brokendsthantécatinal

cells of the VB that are in close contact with the gut. (H) In wild-type embryos, the VBs from metamere T2 and T4 migost¢he\waterior

part of the midgut. The T3 metamere does not form a VB. (l) Ectopic expressidiSeslitwith thetwi-GAL4driver can induce formation of
additional VBs from metamere T3 (arrow in I).rbbo mutants, the ectopic expression of Slit results in formation of additional VBs from T3
and also from other metameres (arrows in J,G; dorsal and lateral views, respectively). The increased level of brancinfezsptite to

ectopic Slit expression cannot be detectedlm2 mutants (F). Scale bars: pén.

embryo were affected (Fig. 6B). This defect became mor@/e then asked whether Robo2 exclusively mediates the

pronounced when we ectopically expres&diS-slitin the  attractant function of Slit. We directethS-slitexpression in the

engrailed stripes islit mutant embryos. Fifty-two percent of visceral mesoderm under tivé-GAL4driver inroboZ2 mutants.

the dorsal trunk fusion events were disrupted240); the We could not detect any new branches growing from trunk

dorsal trunk branches, instead of extending anteriorly ansegments T2 to T9 in the 25 embryos we examined (Fig. 6F),

posteriorly, seemed to elongate dorsoventrally along thsuggesting thatobo2 is necessary to mediate the tracheal

ectopic source of Slit (Fig. 6C). These results suggest thattractant function of Slit in the visceral branches. The analysis

endogenous Slit is required for the migration of the dorsabf UAS-slit overexpression in the visceral mesodernraibo

trunk branches and that ectopic Slit expressed on epiderm@lutant embryos revealed a surprising phenotype. 34% of the

stripes can redirect this migration to the site of its expressioembryos had extra visceral branches in the trunk segments.
To analyze the role of Slit and its receptors in the formatiomhese were either new branches deriving either from T3 and T9

of the visceral branches, we examined the phenotypes in tloe from bifurcations of the wild-type branches in the rest of the

visceral branches of embryos expressigs-slitin the midgut  metameres (Fig. 6G,J). As the percentage of new branches

visceral mesoderm and other mesodermal tissues under tineluced by Slit is threefold higher mbo mutants than in the

control of the twi-GAL4 driver (Fig. 6D,E). In wild-type wild-type, the results suggest thalbois an antagonist of Robo2

embryos, six out of the 10 tracheal metameres send visceialthe Slit-mediated attraction of the visceral branches.

branches towards the gut. The most anterior (T1) and posterior

(T10) metameres as well as trunk metameres T3 and T9 do not

extend any visceral branches (Manning and Krasnow, 1998)ISCUSSION

(Fig. 6H). Overexpression &fAS-slitin the visceral mesoderm ) o

generated new visceral branches from T3 in 11% of the embry&3gial cells provide landmarks for tracheal migration

(Fig. 61), indicating that overexpression it can attract the inside the CNS

migration of tracheal cells to the gut and generate new branchd$he morphology of GB1 allows the separation of its tour in the
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CNS in two parts. In the first part, starting at the entry pointauses GBL1 to stall or turn prematurely when it approaches the
into the CNS, GB1 extends broad filopodial projections andbngitudinal tracts. Thus, Slit functions as a bi-functional
moves its cell body and nucleus ~gfh towards the ventral guidance signal in the trachea. The tracheal phenotyi of
longitudinal glia. In the second part, the position of the nucleus primary and secondary branches are not fully penetrant,
remains fixed and the tracheal cell sends apB0 long emphasizing the importance of other signals in guiding the
extension that navigates first towards the midline and then turtiacheal branches to their targets. What is the relationship of
dorsally through a channel towards the dorsal longitudinal gligSlit to the known guidance cues? As Slit is required for the
We have previously shown that GB1 contacts different groupsutgrowth of some primary branches, one might have expected
of glial cells during its migration through the ventral nerve cordhat overexpression of Slit in the epidermisaoyGAL4would
(Englund et al., 1999). The results from genetic ablation opartially rescue the complete absence of tracheal branches in
different glial landmarks provided evidence for an instructivebnl mutants. We did not detect any branch outgrowtbrih

role of these substrates in steering GB1 migration anthutant embryos overexpressinglit (data not shown),
extension. In particular, the GB1 midline crossing phenotypsuggesting that the ability to respond to Slit requires the
observed after the ablation of midline glia argued for aactivity of the Bnl/FGF signaling cascade in the trachea. The
repulsive signaling mechanism that redirects the cell from itmost prominent primary branch phenotypesbf mutants is

route towards the midline. the sporadic lack of outgrowth of the dorsal branches.
] . . ) Dpp/TGH3 signaling is required for the outgrowth of these
Attractive and repulsive functions of Slit branches, suggesting that the localized strong expression of the

The elegant analysis of axonal guidance at the midline of thRobo and Robo2 receptors might be regulated by Dpp
fly CNS established the Slit repellent signal as majosignaling. The abundance Robo and Robo2 was, however,
determinant of axonal pathways (Kidd et al., 1999; Kidd et al.yunaffected in null mutants for the Dpp co-receptor, Thickveins
1998a; Rothberg et al., 1990). A gradient of Slit emanatingTkv), or in embryos overexpressing a dominant active form of
from the midline prevents axons from crossing the midlinelkv in the trachea (data not shown), suggesting that Dpp is not
through the activation of Robo receptors but it also functionkely to regulate the tracheal responses to Slit.
as a long range repellent to position axons in distinct lateral ) )
fascicles. This later function is mediated by the expression d?ifferent functions for Robo and Robo2 in the
different combinations of Robo, Robo2 and Robo3 on axonachea
that take distinct positions along the longitudinal tractdn CNS and muscle development Slit function is mediated by
(Rajagopalan et al., 2000a; Simpson et al., 2000b). the Robo receptors (Brose et al., 1999; Kidd et al., 1999; Kidd
Mammalian Slit can also function as a positive regulator oét al., 1998b; Kramer et al., 2001; Rajagopalan et al., 2000a;
axonal elongation and branching of sensory axons from the r&impson et al., 2000ajobo and robo2 are expressed in the
dorsal root ganglia (Wang et al., 1999) and more recently Slitachea and the tracheal phenotypesraifo,robo2 double
was found to play an attractive role for muscles during theimutant embryos were very similar to the phenotypeslibf
extension to muscle attachment sites on Bmesophila  mutants, indicating that the tracheal responses to Slit are
epidermis (Kramer et al., 2001). The molecular mechanisrmediated by Robo and Robo2. Robo and Robo?2 receptors can
behind the different responses to Slit remains unknowrform homo- and heterodimers in vitro (Simpson et al., 2000a)
Repulsion versus attraction could reflect a difference imnd the differences it their expression patterns suggests that
receptor subunit composition or variations in the cytoplasmithey might mediate different responses to Slit. Indeed, the
signal transduction machinery of the responsive cells. Theomparison of the phenotypes between the mutants for either
complex expression pattern of Slit on several tissues close td the two receptors genes revealed some intriguing
the growing tracheal branches together with the trachedifferences. Inrobo embryos, the GBs erroneously cross the
migration defects inslit mutants indicate that it plays an midline, suggesting thaslit signaling via robo mediate
important role in epithelial cell guidance. Lack of Slit affectsrepulsion away from the midline. fnbo2mutants on the other
the oriented outgrowth of the dorsal, visceral and ganglioniband, GBs fail to enter the CNS, suggesting that Robo2 may
primary branches, the cells of these branches either stall theirediate an attractive response to Slit. In addition, the stalls in
migration towards the Slit expressing target or they becomte migration of the dorsal branches detecteslitrembryos
misrouted. Overexpression of Slit with a mesodermal GAL4vere only found imobo2mutants; no stalling phenotypes were
driver is sufficient to attract new branches towards the gut andietected in the tracheal branches that did not target the CNS
overexpression of Slit on epidermal stripes running along thim robo mutants. There is also a difference between the
dorsoventral axis of the embryo redirects the anteroposteriphenotypes generated by overexpressiomobb and robo2
migration of the dorsal trunk branches along the new sites @verexpression of Robo in GB1 causes most of the branches
Slit expression. This re-orientation phenotype become® turn away from the midline prematurely. This phenotype is
stronger irslit mutants indicating that endogenalisprovides much weaker in embryos overexpressing Robo2, indicating
a migration cue for these branches. The analysis of loss-alhat Robo is a more potent repulsive receptor in the GB. In
function and overexpression phenotypes indicates that Slit isaaldition, tracheal overexpression of Robo2 cannot rescue the
chemoattractant for the outgrowth of several primary tracheabbo mutant GB phenotype, even though tracheal expression
branches towards their targets. of Robo can. This result further indicates that Robo and Robo2
The analysis of GB1 phenotypessiit mutants argues for a are not identical in their output and they cannot simply
repellent function at the midline. In the absence of functionasubstitute for one another.
Slit from the CNS midline 37% of the GB1 cells cross the To further investigate whether different receptor complexes
midline barrier and ectopic dflit on the longitudinal glia may mediate different responses to Slit, we took advantage of
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the phenotypes caused by overexpression of Slit in the gut. faund in the Robo receptors in various species (Rajagopalan et
wild-type embryos, ectopic Slit can attract new viscerahl., 2000a; Simpson et al., 2000a), motifs that are required in
branches to its site of expression. This attractive function dRobo for it to regulate midline crossing (Kidd et al., 1998a).
Slit requires Robo2, as overexpression of Slit with the same In addition to their function in neuronal guidance, vertebrate
driver did not induce branch outgrowthrobo2mutants. Robo  Slit homologs and their receptors are also involved in the
alone cannot mediate the attractive response to Slit in thmigration of leukocytes (Wu et al, 2001) and lung
visceral branches, instead it appears to function as atevelopment (Xian et al., 2001). The dual function of Slit
antagonist of the attractive signal mediated by Slit and Robo @ediated by different receptor complexes in the trachea may
in the visceral branches, because the number of new branchrepresent a general mechanism for its function also in other
induced by Slit irrobo mutants is three times higher than thesystems. The identification of downstream effectors of the
number of branches induced under the same conditions in wildifferent receptor complexes will help to elucidate the
type embryos. molecular mechanism that translates the Slit extracellular
Taken together these results suggest that there are qualitatgignals into attractive or repulsive responses.
differences between the cellular responses to Robo and Robo2
activation and that each receptor plays a unique role in the We are very grateful to B. Dickson, R. Palmer, C. Goodman, A.
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