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SUMMARY

We report that DPP signaling is required for directed
tracheal cell migration during Drosophila embryogenesis.
Thefailure of tracheal cellsto receive the DPP signal from
adjacent dorsal and ventral cells results in the absence of
dorsal and ventral migrations. Ectopic DPP signaling can
reprogram cells in the center of the placode to adopt a
dorsoventral migration behavior. The effects observed in
response to ectopic DPP signaling are also observed upon
the tracheal-specific expression of a constitutive active DPP
type | receptor (TKVQ253D), indicating that the DPP signal
isreceived and transmitted in tracheal cellsto control their
migration behavior. DPP signaling determines localized

gene expression patterns in the developing tracheal
placode, and is also required for the dorsal expression of
the recently identified BRANCHLESS (BNL) guidance
molecule, the ligand of the BREATHLESS (BTL) receptor.
Thus, DPP playsadual roleduring tracheal cell migration.
It isrequired to control the dorsal expression of the BNL
ligand; in addition, the DPP signal recruitsgroups of dorsal
and ventral tracheal cellsand programsthem to migratein
dorsal and ventral directions.

Key words: decapentaplegic, cell signaling, cell migration,
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INTRODUCTION

During the development of multicellular animas, a large
number of cells originate at considerable distance from their
final site they occupy within the organism. To reach this site,
these cells have to migrate over other tissues or extracellular
substrates receiving and interpreting instructions from their
environment which guide them to their target. Such precise cell
movements are a prerequisite for the concerted devel opment
and the subsequent interconnection of tissues within develop-
ing organisms.

Many cell types are motile at some stage during their devel-
opmental history, such as cells of the nervous system, muscle
cells, primordia germ cells, and endothelial cells forming the
blood vessels. Although a coherent picture of how cells
generate force and mobility is beginning to emerge (Lauffen-
burger and Horvitz, 1996; Mitchison and Cramer, 1996), the
understanding of how mobility is regulated during develop-
ment is less advanced. Locally distributed signals dictating the
direction of migration are most likely molecules anchored to
the membrane of the migration surface, molecules associated
with the extracellular environment of the migration path or
diffusible factors. Receptors recognizing these guidance
molecules as attractive or repulsive must be expressed on the
surface of migrating cells and their activation should ultimately

lead to the intracellular changes that cause directiona
migration.

To unravel the mechanisms controlling guided cell
movements, genetic approaches have recently been initiated in
Caenorhabditis elegans and in Drosophila melanogaster (see
Montell, 1994; Howard, 1993; Cuelotti, 1994; Garriga and
Stern, 1994). In Drosophila, the developing trachea serves as
a model system to study directed cell migration. The tracheal
system develops from ten individual small bulges, the tracheal
placodes, which form in lateral positionsin the trunk segments
on either side of the embryo (for detailed descriptions, see
Campos-Ortega and Hartenstein, 1985; Hartenstein and Jan,
1992; Manning and Krasnow, 1993; Samakovlis et al., 1996).
Upon invagination of the tracheal cells, the complex branching
pattern of the tracheal system is established via cell migration,
extension and fusion in the absence of further cell division.
During this process, defined numbers of cells migrate out from
each placode as anterior branches and as ventral and dorsal
branches. The establishment of the tracheal network thus
requires that groups of cells are instructed with respect to
distinct routes which they have to follow. The highly stereo-
typed development of the tracheal system combined with the
powerful genetics of Drosophila should alow a molecular dis-
section of this process and lead to a better understanding of
how cells recognize and interpret migration cues.
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Mutationsin a number of genes have been reported to cause
abnormal development of the tracheal system. The breathless
(btl) gene is strictly required for tracheal cell migration and
encodes the Drosophila homolog of the fibroblast growth
factor receptor (Glazer and Shilo, 1991; Klambt et al., 1992).
In the absence of btl function, tracheal cell division as well as
general tracheal-cell fate appear to be unaffected, but tracheal
cells fail to migrate and, as a consequence, no branches are
formed. Interestingly, recent results indicate that the normal
activity of BTL in promoting cell migration requires a spatially
restricted FGF-like ligand, the product of the branchless (bnl)
gene (Sutherland et al., 1996). The dynamic expression pattern
of bnl at each position where a new branch will form and grow
out, combined with the results obtained in ectopic expression
experiments suggest that BNL acts as a chemoattractive
guidance molecule (Sutherland et al., 1996; Lee et al., 1996).

In contrast to mutations in the genes btl and bnl, mutations
in the two essential DPP receptor genes punt and thick veins
(tkv) have been found to affect exclusively the development of
certain branches of the tracheal system (Affolter et a., 1994;
Ruberte et a., 1995). Here we report that DPP playsadual role
during tracheal cell migration. On the one hand, DPP controls
the region-specific activation of bnl in the dorsal part of the
embryo. On the other hand, DPP expression dorsal and ventral
to the tracheal placode at the onset of migration instructs
groups of tracheal cells with respect to their migration
behavior. In the absence of DPP signaling, tracheal cells lose
their ability to migrate along the dorsoventral body axis.
Ectopic DPP signaling in the center of the tracheal placode
inhibits anterior migration, and reprograms cells to adopt a
dorsoventral migration behavior without interfering with bnl
expression. These results suggest that other factors in addition
to BNL dictate the direction of migration along the dorsoven-
tral axis; some of these factors might be recognized by tracheal
cells only upon the reception of the DPP signal.

MATERIALS AND METHODS

Drosophila strains

We used the tkvs"!! (Nisslein-Volhard et al., 1984), the punt13>
Qiirgens et al., 1984) and the punt® (Ruberte et al., 1994) aleles to
analyze DPP receptor mutant phenotypes. tkvs"™!! represents a null
allele, whereas punt135 and puntP behave as hypomorphic alleles. The
weaker ventral tracheal phenotype observed in punt as compared to
tkv is most likely due to the longer maternal perdurance of the punt
product. To generate the 1-eve-1, punt recombinant chromosome, the
punt” allele was used. hsGAL4 and UASdpp transgenic fly strains
were described by Ruberte et al. (1995); UASpunt, UASkv and
UASkvQ253D \ere described by Nellen et a. (1996), and kindly
provided by K. Basler and D. Nellen prior to publication. The 1-eve-
1 strain is described by Perrimon et al. (1991). Construction of
dominant negative sax was as follows. A fragment that encodes a
congtitutive active SAX protein, SAXQ263D was cloned as a Xhol-
Xbal fragment into the same sites in pUAST. The plasmid was cut
with Nhel and Spel and ligated with an oligonucleotide spacer that
contains stop codons in al frames and an internal Spel site for iden-
tification. This deletion removes the whole kinase domain and creates
aprotein of 261 amino acids. Transformants with single, double and
multiple insertion sites were obtained by injection. The line used in
this study contains several inserts on the second and third chromo-
some. Fly strains containing btl GAL4 constructs on the X, the second
or the third chromosome were kindly provided by Shigeo Hayashi

(Shigaet al., 1996). The btl promoter drives GAL4 expression in the
tracheal placode to high levels from late stage 10 on; no detectable
expression is observed in the cells surrounding the placode. However,
significant levels of GAL4 are also produced in the anterior and
posterior midgut primordium, leading to the induction of labial in
the endoderm upon the expression of dpp or tkv@233D, We also used
a fly strain containing a btlGAL4 construct on the second chromo-
some and aNLS GFP-lacZ fusion construct on the third chromosome
(Shigaet al., 1996); this allows the induction of GAL4 in the tracheal
system and tracheal development to be followed with the nuclear (3-
galactosidase.

Whole-mount in situ hybridizations

When DNA probes were used, in situ hybridization to whole-mount
embryos was performed as described by Tautz and Pfeifle (1989) with
minor modifications. When RNA probes were used, in situ hybridiz-
ation was done according to Hauptmann and Gerster (1994), but
without proteinase K digestion. In the experiments in which we
detected RNA and protein, the primary antibody was incubated (after
hybridization) with the anti-DI G antibody, and the secondary antibody
was added after the staining reaction for the RNA probe. Probes used
were derived from cDNAs of bnl (Sutherland et al., 1996; kindly
obtained from D. Sutherland and M. Krasnow), kni (Nauber et a.,
1988), and dpp (St. Johnson et a., 1990).

Immunostainings and microscopy

Embryos were immunostained according to standard procedures
(Ashburner, 1989), followed by the addition of a secondary antibody
conjugated with biotin or with alkaline phosphatase. The distribution
of the secondary antibody was revealed either by using horseradish
peroxidase ABC kit (Vectastain) or by staining for akaline phos-
phatase activity. A rabbit LAB antiserum was prepared as described
by Chouinard et al. (1991), and purified (U. Nussbaumer and M. A.,
unpublished). The SAL antibody was described previously (Kthnlein
et al., 1994). Anti-tracheal lumen mAb 2A 12 were obtained from C.S.
Goodman and N. Patel. To visualize B-galactosidase expression, a
monoclonal antibody (Promega) was used. In all cases, mutant
embryos were unambiguously identified using marked balancer chro-
mosomes or previously described mutant phenotypes. For light
microscopy, immunostained embryos were viewed in a Zeiss
Axiophot compound microscope using differential interference
contrast optics. For documentation, images were photographed on
EKTAR 100 (Kodak) film.

Heat-shock experiments

Embryos were collected overnight on grape-juice plates, submitted to
a heat-treatment at 38°C for 20 minutes, and alowed to continue
development for an additonal four hours at 25°C. Embryos were then
fixed and analyzed. To identify those embryos that contained both the
hsGAL4 and the UASdpp or UAStkv@253D constructs, respectively, we
used the purified polyclonal LAB antiserum. LAB protein is readily
induced in the midgut endoderm upon ubiquitous DPP signaling
(Ruberte et a., 1995). Asalready noted for LAB induction, the effects
of ectopic DPP on tracheal development depended entirely on the
presence of both the punt and the tkv gene products (see Ruberte et
a., 1995); no redirection of cell migration upon ectopic DPP
expression was observed in tkv mutants. When embryos were
analyzed 4 hours after heat treatment, only stage 12 and 13 embryos
which had previously received ubiquitous, high levels of DPP showed
tracheal cell migration defects. Stage 14 embryos in which DPP had
been expressed ubiquitously 4 hours earlier, in late stage 11
(monitored by the extended LAB expression in the endoderm),
showed only minor migration defects although they just completed
the predominant tracheal cell migration period. This demonstrates that
DPP induction after stage 11/early stage 12 had no effect on branch
formation athough high levels of DPP were present throughout the
major migration phase. These observations were confirmed by col-



lecting staged embryos (+/- 30 minutes). Embryos that received
ubiquitous DPP prior to stage 11 showed a dorsalization of the
epidermis and an enlargement of the tracheal placode aong the
anterior-posterior axis; no such dorsalization was observed when DPP
was induced at stage 11 or later stages; i.e. aterationsin tracheal cell
migrations occurred in the absence of adorsalization of the epidermis.

RESULTS

The two DPP receptors TKV and PUNT are required
for tracheal development

Embryonic lethal mutationsin the genes punt and tkv were first
identified by Nusslein-Volhard, Wieschaus and collegues by
the defects in closure of the dorsal epidermis in such mutants
(NUsslein-Volhard et al., 1984; Jirgens et al., 1984). Subse-
guent analysis of punt and tkv mutant embryos revealed that
they display a number of additional common defects in a
variety of tissues (Affolter et a., 1994; Brummel et a., 1994;
Nellen et al., 1994; Penton et al., 1994). In particular, both
mutations lead to distinct defects in the developing tracheal
system in the embryonic trunk region (Affolter et al., 1994;
Ruberte et a., 1995). In tkv mutants, the branches of the devel-
oping tracheal system which grow out in a dorsal direction
(dorsal branches; see schematic representation for nomencla-
ture used) are absent, and the branches which grow out
ventrally (ganglionic branches, lateral trunk) are severely
affected and do not form properly (Fig. 1D). The two major
branches which grow towards anterior (the dorsal trunk
anterior and the visceral branches), are largely unaffected and
develop normally during later stages of embryogenesis. In punt
mutant embryos, a similar phenotype is observed; no dorsal
branches develop and malformation of ventral branchesis also
seen occasionaly (Fig. 1C). Consistent with the observation
that the available punt aleles are thermosensitive and most
likely hypomorphs (Letsou et ., 1995), the frequency of these
ventral defects is increased at 29°C (data not shown; see
Materials and Methods). Thus, punt and tkv activities are
required for the establishment of the dorsal and ventral
branches of the developing trachea. Consistent with the genetic
requirement of punt and tkv for the proper development of the
tracheal system, both genes are transcribed in the tracheal
placode. punt is expressed ubiquitously throughout embryo-
genesis (Ruberte et al., 1995), while tkv transcription is turned
on strongly in the placode just prior to the invagination of the
latter and the initiation of tracheal cell migration (Affolter et
al., 1994).

DPP is expressed on the dorsal and ventral side of
the invaginating tracheal placode

It has previously been shown that the TKV and PUNT trans-
membrane serine-threonine kinase receptors are required in
concert to transduce the DPP signal, and that their functions
cannot be replaced by other known type | or type |l receptors
(Ruberte et al., 1995). In addition, the temporal and spatial
specificity with which DPP determines embryonic cell fates
appears to be controlled primarily by the restricted availability
of the DPP ligand (Ruberte et al., 1995). To gain insight into
how the DPP ligand might regulate tracheal cell migration
through TKV and PUNT, we analyzed the spatial distribution
of DPP with respect to the developing tracheal primordia.
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During the slow phase of germ band extension when tracheal
cells can first be identified using available markers, DPP is
expressed in a large band covering the entire dorsal ectoderm
(Fig. 2A,B). Somewhat later, but still prior to the invagination
of the tracheal primordia, DPP is expressed in a segmentally
repeated pattern in the lateral ectoderm aligned with the ventral
margin of the tracheal pits (Fig. 2D). Dorsa to the tracheal
placode, DPP is expressed along the entire anteroposterior axis
in the dorsal-most ectodermal cell. No DPP expression is seen
in tracheal cells of the placode and between the dorsal and
lateral expression domains. Thus, just prior to the initiation of
tracheal cell migration (Fig. 2E), DPP is expressed in ectoder-
mal cellslocated dorsally and ventrally of the tracheal placode.
Therefore, the lack of the dorsal and ventral branches in tkv
mutant embryos could result from a failure of the dorsal- and
ventral-most tracheal cells to respond to the localized source
of DPP, and this failure to transmit the DPP signal could sub-
sequently result in the inability to initiate cell migration along
the dorsoventral axis.

The most direct test for this hypothesis would be to examine
dpp mutant embryos for possible tracheal defects. However,
null mutations in dpp lead to a strong ventralization of the
embryo which results in the complete lack of the tracheal
anlagen. In addition, none of the numerous dpp alleles has been
shown to affect specifically the expression domains around the
tracheal placode. Therefore, due to the lack of such dpp loss-
of-function alleles, we have first focused our studies on artifi-
cially generated gain-of-function experiments which allow
tracheal defects brought about by ectopic activation of the DPP
signaling pathway to be examined.

Ectopic expression of DPP leads to altered tracheal
cell migrations

To test for a possible involvement of DPP in the control of
tracheal cell migration, we expressed DPP ubiquitously under
the indirect control of a heat-shock promoter and analyzed the
migration behavior of tracheal cellsfour hourslater using anti-
bodies outlining the tracheal tree. Ubiquitous DPP induction
at the extended germ stage, prior to the onset of tracheal cell
migration, leads to striking developmental alterations: tracheal
cells failed to migrate anteriorly resulting in the total absence
of the dorsal trunk and the visceral branches. Instead, al cells
remained associated with those migrating along the dorsoven-
tral body axis (Fig. 3B). Embryos which received the heat-
shock somewhat later, and therefore expressed ubiquitous
DPP during the active migration phase but only after placode
invagination and initiation of migration, did not show any
defects in cell migration (see Materials and Methods). This
suggests that DPP acts early at the placode stage to respecify
cells towards an altered migration behavior. Indeed, the
expression of DPP in the developing placode (see below)
causes the same change in the migration behavior (Fig. 3C,D).
Examination of older embryos that continuously express DPP
in tracheal cells from the placode stage on showed that not
only was anterior migration completely blocked but addition-
ally, supernumerary cells migrated towards the dorsal side of
the embryo and accumulated along the dorsal midline
(compare Fig. 3F with 3E).

Interestingly, the tracheal defects observed under conditions
of ectopic and ubiquitous DPP expression are reciprocal to the
aterations found in the DPP receptor mutants: whereas lack of
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dorsal branch
dorsal trunk
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Fig. 1. Tracheal cell migration defectsin the DPP receptor mutants
tkv and punt. The tracheal system of stage 14 embryosis followed
with the aid of the 1-eve-1 chromosome in wild-type (A,B), punt (C)
and tkv (D) mutant embryos. In punt mutants, all dorsal branches are
absent, and defects in the ventral branches are occasionally observed
when embryos are collected at 29°C. Dorsal branches (arrow) are
lacking in tkv mutants, and ganglionic branches and the lateral trunk
are severely affected (arrowheads). E shows a schematic
representation of atypical tracheal metamere of a stage 14 embryo.
The nomenclature used is adopted from Manning and Krasnow
(1993) with minor modifications.

DPP signaling results in a failure of tracheal cells to migrate
along the dorsoventral axis without significantly affecting
anterior migrations, ubiquitous DPP signaling suppresses
anterior migrations without interfering with dorsoventral
migration. These observations support the interpretation that in
wild-type embryos, dorsal and ventral tracheal cells which
receive the DPP signal respond to it by migrating along the
dorsoventral body axis, and that those cells that do not receive
the DPP signal adopt an anterior migration behavior.

DPP and its receptors act in tracheal cells

Altered cell migration in the absence of DPP signaling or under
ectopic DPP signaling could either be due to changes occurring
in tracheal cells themselves, to changes occurring in the envi-
ronment of the tracheal placode, or to a combination of both.
To test for a trachea cell-specific requirement for DPP
signaling, we expressed a congtitutively active form of the
TKV receptor (referred to as TKVQ253D; Nellen et al., 1996)
exclusively in tracheal cells, using a tracheal-specific GAL4
line (btIGAL4; see Shiga et al., 1996 and Materials and
Methods). The alterations in migration behavior we observed

Fig. 2. dpp is expressed in cells apposing the dorsal and ventral sides
of the tracheal placode. The tracheal placode is stained brown with
the tracheal marker 1-eve-1; dpp RNA isrevealed in blue using a
DIG-labeled RNA antisense probe. (A) Tracheal cells are already
detectable during germ band extension when dpp is still expressed in
the entire dorsal ectoderm. (B) dpp expression in this domain
subsequently fades, and is reinitiated in the dorsal-most cell and in a
lateral, punctuated stripe (C). Before and after the invagination of the
tracheal placode (D and E, respectively), dpp expression is detected
dorsal and ventral to the placode in ectodermal cells. In F, tracheal
cells have initiated migration.

were very similar to those seen after ubiquitous DPP
expression, i.e. no dorsal trunk developed, and numerous cells
migrated towards the dorsal side (Fig. 3G,H). Since TKVQ253D
actsin a cell-autonomous manner, and its localized expression
in tracheal cells aters their migration, we conclude that the
activation of the DPP signal transduction pathway in tracheal
cells at the placode stage programs these cells to migrate along
the dorsoventral body axis.

While these experiments confirm that the change in
migration in the presence of ectopic DPP signaling is a
(tracheal) cell autonomous effect, they do not determine
whether the loss of DPP signaling, which leads to a failure to
migrate dorsally and ventrally in tkv (and punt) mutant embryo,
isdueto aloss of DPP reception in tracheal cells. Since neither
tkv nor punt mutant aleles are available that specificaly
remove the expression of these DPP receptors in the develop-
ing tracheal system, we expressed a dominant negative version
of the DPP type | receptor saxophone (Brummel et al., 1994;
Nellen et al., 1994; Penton et al., 1994; Singer et al., 1997) in
the devel oping tracheal system and looked for the loss of dorsal
and ventral branches (i.e. resembling a tkv mutant phenotype).
We have consistently observed the loss of dorsal and ventral
branches upon the expression of the truncated version of the
SAXOPHONE receptor in wild-type embryos (Fig. 31,J). The
expression of a similar dominant negative form of the TKV



receptor resulted in the same phenotypes, but at a lower pen-
etrance (data not shown).

From these experiments, we conclude that the activation of
the DPP receptors in tracheal cells is necessary for their
proper migration behavior. Consistent with this interpretation,
and as presented in the next section, wefind that DPP signaling
controls gene expression in the tracheal placode in a manner
that reflects the different migration behaviors observed.

DPP signaling determines localized gene expression
patterns in the tracheal system

To characterize in more detail the aterations induced in
tracheal cells after loss of DPP signaling or after ubiquitous
DPP signaling, we analyzed, (1) the expression of a gene
specifically activated in the tracheal system in the dorsal trunk,
i.e. in a structure which is lost upon ectopic DPP expression,
and (2) the expression of agene activated in the dorsal and gan-

Fig. 3. Tracheal cell migration can be altered by ectopic
activation of the DPP signal transduction pathway. Whole-
mount embryos show the development of the tracheal system
using the 1-eve-1 marker chromosome (A-C,E,F) or anuclear
GFP-B-galactosidase fusion protein (D,G,H) both detected
with anti-3-gal actosi dase antibodies and shown in brown. In
the embryo shown in B, dpp was ubiquitously expressed under
the indirect control of a heatshock promoter, and the tracheal
system analyzed 4 hours after DPP induction. In the embryos
shown in C, D and F, dpp was expressed in tracheal cells
exclusively, with the aid of a btl GAL4 transgene (see Materials
and Methods). In the embryos shown in H, DPP signaling was
activated in tracheal cells by the expression of the UAStkvQ253D
construct with the driver line btl GAL4. Upon ubiquitous
expression of DPP during stage 11, the subsequent
development (B) of all anteriorly growing branches (dorsal
trunk, arrowhead; visceral branch, arrow) was inhibited
(compare B to the wild-type embryo in A). The same
phenotype was observed when dpp was expressed in the
developing tracheal placode (C,D). In stage 17 embryos, many
cells moved to the dorsal side of the embryo upon continuous
dpp expression in the devel oping tracheal system (arrow in F,
compare to E). The dorsal branches consist of 5to 7 cellsin
wild-type embryos (E,G; Samakovliset al., 1996); upon
ectopic DPP signaling, up to 25 cells can be integrated into the
dorsal branch (F,H and data not shown). The effects observed
upon the expression of dpp in the developing tracheal system
were similar to the effects observed upon the expression of the
UASkvR253D construct under the control of btl GAL4 (compare
H to B,C,D). Expression of a dominant negative version of the
DPP type | receptor SAX in the tracheal system leads to tkv-
like phenotypes (1,J). Tracheal development was analyzed
using the expression of dominant negative UASsax constructs
under the indirect control of btlGAL4. The outline of the
tracheal system was revealed using antibody 2A12. | showsa
ventral view, Jadorsal view of a stage 15/16 embryo.
Expression of the dominant negative SAX receptor leads to the
occasional absence of ganglionic branches (arrowheadsin 1) or
dorsal branches (arrowheads in J), reminiscent of tkv or punt
mutant phenotypes. In addition, misdirected dorsal branches
which cross the segment boundaries were observed at a high
frequency (see J). However, this phenotype was also observed
upon the expression of other gene products in the developing
tracheal system, and istherefore difficult to interpret. See also
Fig. 6 for additional illustrations of the tracheal phenotype
upon the expression of the dominant negative SAX receptor.
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glionic branches, i.e. structures lost in the absence of DPP
signaling.

spalt (sal) is strongly expressed in dorsal trunk cellsin stage
14 embryos and is necessary for the directed anterior migration
of these cells (Kuhnlein et a., 1994; Kuhnlein and Schuh,
1996; Fig. 4A). SAL is expressed in the dorsal trunk in punt
and tkv mutant embryos (Fig. 4C). However, embryosin which
the DPP signaling pathway has been activated in all tracheal
cells at the placode stage fail to accumulate SAL (Fig. 4E).
Thislack of SAL expression correlates with the absence of the
dorsal trunk upon ectopic DPP signaling.

In contrast to sal, the gene knirps (kni) is activated in the
developing tracheal system in al the branches (dorsal and gan-
glionic branch, lateral trunk anterior) which we propose to
develop under the control of DPP (Fig. 4B; Chen, Kihnlein,
Eulenberg, Vincent, Affolter and Schuh, unpublished). Inter-
estingly, and consistent with this proposal, kni expression is




2746 S. Vincent and others

Fig. 4. DPP regulates the expression of genes in subsets
of the tracheal cell population. The expression of sal
(A,C,E) was analyzed with a SAL specific antiserum,
the expression of kni (B,D,F) with akni antisense RNA
probe. Embryos shown are wild-type (A,B) or tkysr-!
(C,D). The embryos shown in E and F express the
constitutive active TKV Q253D receptor under the indirect
control of the btl enhancer (see Materials and Methods).
sal expression is normal in the absence of the zygotic
function of tkv (C), but absent from the tracheal system
of embryosin which DPP signaling is constitutively
activated in tracheal cells (E). In wild type embryos, kni
is expressed in the dorsal branch, the ganglionic branch,
the lateral trunk and the visceral branch (B). In tkv
mutant embryos, kni expression is completely lost in all
dorsal and ventral tracheal cells, but still detectable in
the visceral branches (D). All tracheal cells express high
levels of kni upon the activation of the DPP signaling

pathway (F).

lost in tkv mutants (Fig. 4D; kni expression only persistsin the
visceral branches of tkv mutants). More strikingly, kni
expression is turned on in al tracheal cells after congtitutive
DPPsignaling (Fig. 4F). Thus, kni represents a DPP target gene
in tracheal cells (see aso Discussion).

These results suggest that the phenotypes observed in the
loss- and gain-of-function situations are due to changesin cell
identities within the tracheal system, rather than to nonspecific
inhibition of certain migration behaviors.

DPP is also required for the correct expression of
the BNL ligand

To test whether directed migration requires the activation of
the DPP signaling pathway in tracheal cells exclusively, we
tried to rescue the tkv and punt tracheal defects by the
expression of UASkv and UASpunt transgenes, respectively,
using the tracheal-specific btlIGAL4 driver line. A rescue
should in principle be possible since the DPP ligand is still
expressed around the placode in tkv and punt mutants (Affolter
et a., 1994). However, in both rescue situations, we never
observed the migration of tracheal cells towards the dorsal
side of the embryo, and using lumen-specific markers, we
never observed the formation of dorsal branches (data not
shown). In addition, the expression of the constitutively active
TKV Q253D receptor under the indirect control of btlGAL4 does
not cause the formation of dorsal branches in tkv mutants
despite its ability to disrupt anterior migration (data not
shown; see Discussion).

The failure to rescue dorsal branch defects of tkv and punt
mutant embryos by the tracheal-specific expression of tkv,
tkv@253D or punt cDNA s suggests that DPP signaling might also
be required for the establishment of migration cuesin the envi-

Fig. 5. bnl expression is dtered in tkv and punt mutants. Embryos
shown are wild type (A,C,E), homozygous for puntP (B,D) or tkystr!!
(F). To visualize the tracheal cellsin the punt mutant background, we
used a punt, 1-eve-1 recombinant chromosome (see Materials and
Methods). In stage 11 punt mutant embryos, the dorsal spots of bnl
expression are dramatically reduced or virtually absent (arrow in B)
when compared to wild type (arrow in A). During germ band
retraction, dorsal expression of bnl is strongly reduced in punt
mutants (arrow in D) and not detectable in tkv mutants (arrow in F).
Lateral expression of bnl (arrowhead in E and F) is not affected in tkv
mutants (F).



ronment of the tracheal placode. BNL-dependent activation of
the BTL receptor is essential for tracheal cells to migrate, and
BNL is displaced in patches around the developing tracheal
placode (Sutherland et al., 1996). Therefore, we examined bnl
expression in tkv and punt mutants. As shown in Fig. 5, bnl
transcription is indeed affected in both DPP receptor mutants.
The dorsal-most patches of bnl expression which prefigure the
formation of the dorsal branches are severely reduced in punt
mutant embryos (Fig. 5B,D, compare with A,C) and absent in
tkv mutants (Fig. 5F). Therefore, and in addition to its tracheal -
specific function (see above), DPP signaling is also essential
for the proper spatial expression of the BNL ligand on the
dorsal side of the embryo.

DPP signaling can alter cell migration without
affecting BNL expression

The observed changes in cell migration upon the expression of
congtitutively active and dominant negative DPP receptorsin a
tracheal-cell-specific manner suggests that DPP signaling can
alter migration without affecting the expression of the guidance
molecule BNL. To confirm this, we have anayzed bnl
expression in both situations. Asshownin Fig. 3, dorsal branch
formation is partialy inhibited when DPP signaling is lowered
in the developing tracheal system by the expression of a
dominant negatively acting SAX receptor. This loss of dorsal
branches after the downregulation of the DPP signaling
pathway occurred without a concomitant change in the
expression pattern of bnl (Fig. 6A,B). The same observation
was made upon ectopic activation of the DPP signaling
pathway; tracheal cells did not migrate anteriorly despite the
presence of BNL in the appropriate position between the
tracheal metameres (Fig. 6C). These results confirm that DPP
mediated changes in tracheal cell migration occurred indepen-
dently of bnl expression. Therefore, bnl is not sufficient to

Fig. 6. DPP can alter cell
migration without
affecting bnl expression.
In A and B, bnl expression
is shown in embryosin
which a dominant negative
version of the SAX DPP
receptor has been
expressed under the
indirect control of the btl
enhancer (see Materials
and Methods). A dorsal
branch did not form
(arrow) despite the
presence of the dorsal spot
of bnl expression
(arrowhead). In C, bnl
expressionisshowninan
embryo in which the
dominant active

TKV Q253D receptor has
been expressed in the
tracheal placode. Cells did
not migrate anteriorly
(arrow) despite the
presence of bnl expression
in the appropriate position
(arrowhead).
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direct outgrows of tracheal branches, and tracheal cells need
additional signaling input to respond to the BNL ligand in an
appropriate manner.

DISCUSSION

DPP controls dorsoventral cell migration in the
Drosophila embryo

We have previously suggested that the close apposition of DPP
secreting cells dorsdlly and ventrally to the invaginating
tracheal placode locally activates the DPP receptor complex in
dorsal and ventral tracheal cellsand recruitsthem for migration
along the dorsoventral body axis (Affolter et a., 1994). This
suggestion was based on the tracheal phenotypes of tkv and
punt loss-of-function mutants, and on the expression patterns
of the DPP signaling molecule and its receptors (Affolter et al.,
1994; Ruberte et al., 1995).

We have now shown that DPP signaling is indeed required
in tracheal cells for their subsequent migration along the
dorsoventral body axis. Most strikingly, ectopic DPP signaling
can reprogram tracheal cells with the consequence that super-
numerary cells migrate towards dorsal positions (Fig. 3). DPP

anterior
(no DPP)

tracheal placode

Fig. 7. Tracheal cell migration is controlled by the local secretion of
DPP. During the invagination of the tracheal placode and prior to the
onset of tracheal cell migration, the dpp geneistranscribed along the
entire anteroposterior axis in the dorsal-most cell, and in lateral spots
anterior and posterior to the ventral limits of the placode (shown in
deep blue). Only ventral and dorsal tracheal cells are reached by the
secreted DPP molecule in the limited time span during which
tracheal cells respond to DPP with regard to their migration behavior.
The transmission of the DPP signal (schematically depicted as
PUNT/TKVACT) alows dorsal and ventral cells to migrate dorsally
and ventrally, respectively, directed by BNL and possible other
factors (see Discussion). Note that the arrows do not indicate a
chemoattractive role of DPP, but indicate the migration direction of
groups of cells. The determination of dorsal (and possibly ventral)
tracheal cellsislikely to occur after placode invagination. Asthe
cellsinvaginate, they maintain an epithelial organization continuous
with epithelial cells at the surface; therefore, the dorsal-most cells
before invagination are not identical to the dorsal-most cells after the
invagination process. These latter cells require the DPP signal and
induce kni immediately after invagination (data not shown).
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actsearly, before or during theinitiation of cell migration, since
the ubiquitous activation of the DPP signaling pathway during
the actual migration phase has no effect on the direction of
migration. Thus, DPP does not play a chemoattractive role but
appears to regionalize the tracheal placode selecting groups of
cells and programing them to adopt defined migration
behaviors during subsequent development (see Fig. 7). The
altered expression patterns of SAL and kni support this inter-
pretation. sal function, for example, is required for anterior
migration of dorsal trunk cells (Kiuihnlein and Schuh, 1996).
The suppression of sal by ectopic DPP signaling presumably
causes the failure of putative dorsal trunk cells to migrate
towards the anterior. However, it is important to note that
ectopic DPP signaling does not simply mimic the sal
phenotype. Many cells which have received the ectopic DPP
signa move dorsally (Fig. 3); in sal mutant embryos, no
increase in the number of cells moving dorsaly is observed,
but more cells are recruited to (or at least associated with) the
transverse connective and the spiracular branches (Kihnlein
and Schuh, 1996; unpublished observation).

Although it has not been possible to demonstrate directly
that the localized expression of DPP around the invaginating
placode is the relevant DPP source controlling tracheal cell
migration (DPP is expressed more broadly in the dorsa
ectoderm prior to placode formation), several observations are
in line with this interpretation: (1) in tkv mutants, defects are
only visible in dorsally and ventrally migrating cells; (2) DPP
signaling in the entire placode affects cells in the center, those
that would normally migrate towards anterior in the lateral
region of the embryos. These observations lead usto argue that
DPP signaling is only initiated in (and essential for) dorsal and
ventral tracheal cells (with respect to their migration behavior).
This strongly suggests that the dorsal and ventral sources of
DPP neighboring the tracheal placode, after its invagination,
control tracheal cell migrations.

A number of observations support the second prerequisite of
our model, namely that DPP controlled migration behaviors
require the activation of the DPP signaling complex intracheal
cells. (1) Trachea cell migration can be respecified by the
tracheal-specific expression of a constitutively active TKV
receptor. (2) Gene expression patterns in tracheal cells change
in both loss of and ectopic DPP signaling conditions, strongly
arguing that the DPP signal is received by the tracheal cells
themselves. (3) The expression of dominant negative forms of
the known DPP type | receptors in the tracheal primordium
induces phenotypes strongly resembling those observed in the
tracheal system of tkv (and punt) mutants (absence of dorsal
and ventral branches). (4) Expression of a UASkv construct
under the indirect control of btlIGAL4 in tkv mutants resulted
in the rescue of kni expression in dorsal and ventral tracheal
cells, despite the failure to rescue the dorsal migration
phenotype (data not shown). These results demonstrate that the
DPP receptors are needed in dorsal and ventral tracheal cells
for kni transcription and for proper cell migration.

TKV and PUNT are required for bn/ expression

It has recently been shown that a FGF signaling pathway
including bnl (encoding a homolog of mammalian FGF) and
btl (a FGF receptor homolog) specifies the tracheal branching
pattern by guiding tracheal cell migration. bnl is strictly
required for tracheal branching and is expressed dynamically

in clusters of cells surrounding the developing tracheal system
at each position where a new branch will form and grow out.
In addition, localized misexpression of bnl can direct branch
formation and outgrowths to new positions (Sutherland et al.,
1996). We have found that the dorsal patches of bnl transcript
are strongly reduced or absent in punt and tkv mutants, respec-
tively, suggesting that DPP controls the region-specific activa-
tion of bnl in the dorsal part of the embryo, presumably in
concert with other factors. The absence of bnl dorsally could
be due to an indirect effect, since DPP regulates transcription
of other genesin the dorsal ectoderm (see Affolter et al., 1994).

Although the absence of bnl dorsal to the developing placode
should by itself result in the lack of dorsal branches (as
observed in tkv and punt mutants), we argue (see above) that
DPP signaling is aso required cell-autonomously in the
trachea, resulting in the region-specific activation of the gene
kni, for example. Indeed, the absence of kni (and its functional
homolog kni-related; Rothe et a., 1992) in the developing
tracheal system leads to defects closely resembling those
observed in tkv mutants (Chen, Kiihnlein, Eulenberg, Vincent,
Affolter and Schuh, unpublished). Concerning this dual role of
DPR, it is worth mentioning that in the total absence of DPP,
the embryo fails to build tracheal anlagen altogether and is
strongly ventralized; this indicates that DPP has even earlier
functions in tracheal development than those described in this
work (see also de Celis et al., 1995).

DPP and BNL signaling are both required for
migrations along the dorsoventral axis

Our results demonstrate that DPP signaling is required in
dorsal and ventral tracheal cells for directed migration. In
addition, cells which do not normally migrate towards the
dorsal side of the embryo can be induced to do so upon ectopic
activation of the DPP signaling pathway. This suggests that
DPP signaling isrequired in addition to signaling viathe FGF
pathway for cells to move along the dorsoventral body axis.
This requirement for two different signaling pathways is high-
lighted by the lack of dorsal migration upon ectopic expression
of dominant negatively acting DPP receptors in tracheal cells;
despite the presence of the bnl ligand, cells fail to move
dorsally (Fig. 7). BNL as a proposed guidance cue is also
ignored by nearby tracheal cellswhen a constitutive active DPP
receptor is expressed in the trachea, with the result that cells
which would migrate anteriorly start to move dorsally.
Therefore, the bnl signal does not appear to be sufficient to
specify the direction of primary branch outgrowth. This partia
insufficiency has aready been observed by Krasnow and
collegues (Sutherland et al., 1996).

How does DPP influence the migration behavior of
tracheal cells?

How is the dual requirement for DPP and FGF signaling mol-
ecularly integrated in tracheal cells? Although there are
numerous possibilities, only two are discussed here in some
detail.

In afirst scenario, it is possible that DPP (maybe via KNI)
activates the transcription of genes encoding receptors for yet
to be identified guidance cues which help to direct tracheal
cells towards defined positions. Evidence for additional
factors has also been obtained in experiments in which con-
stitutive active BTL receptor fusions were expressed during



tracheal migration (Reichman-Fried et a., 1994), and upon
ectopic expression of the BNL ligand (Sutherland et al ., 1996).
In addition, it has been argued that the BTL receptor is
required only for the onset of tracheal migration, and not con-
tinuously throughout the migration phase (Reichman-Fried
and Shilo, 1995). This raises the possibility that tracheal cells
are guided by both by the spatially restricted expression of a
motogen (bnl) and by other guidance molecules which might
be distinct for different directions of migration (e.g. anterior,
dorsal, etc.).

In a second scenario, FGF and DPP signaling might be
required in concert (or sequentialy) for tracheal cells to
become motile and follow the dynamic expression of bnl
towards their target. This would imply that the motility of
tracheal cells is controlled by different factors in anteriorly
migrating cells (eventually by sal) and in cells migrating along
the dorsoventral axis (eventually by kni). This second scenario
is more difficult to reconcile with the observation that ectopic
DPP signaling in the center of the placode can reprogram cells
to adopt a dorsal migration behavior.

In both of these scenarios, the region-specific expression of
transcription factors is instrumental for tracheal cells to adopt
the proper migration behavior. The identification of the target
genes of these factors should provideinsight into the molecular
mechani sms through which tracheal cellsintegrate information
from their cellular environment and trandlate it into proper
migration behaviors.
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