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Background: Secreted signaling proteins of the Wingless (Wg)/Wnt,
Hedgehog and bone morphogenetic protein (BMP)/Decapentaplegic (Dpp)
families function as morphogens to control growth and pattern formation during
development. Although these proteins have been shown to act directly on
distant cells in the developing limbs of the fruit fly Drosophila, little is known
about how ligand gradients form in vivo. Wg protein is found in vesicles in
Wg-responsive cells in the embryo and imaginal discs. It has been proposed
that Wg may be transported by a vesicle-mediated mechanism. 

Results: A novel method to visualize extracellular Wg protein was used to show
that Wg forms an unstable gradient on the basolateral surface of the wing
imaginal disc epithelium. Wg movement did not require internalization by
dynamin-mediated endocytosis. Dynamin activity was, however, required for Wg
secretion. By reversibly blocking Wg secretion, we found that Wg moves
rapidly to form a long-range extracellular gradient. 

Conclusions: The Wg morphogen gradient forms by rapid movement of ligand
through the extracellular space, and depends on continuous secretion and rapid
turnover. Endocytosis is not required for Wg movement, but contributes to
shaping the gradient by removing extracellular Wg. We propose that the
extracellular Wg gradient forms by diffusion. 

Background
Secreted signaling proteins of the Wingless (Wg)/Wnt,
Hedgehog and bone morphogenetic protein
(BMP)/Decapentaplegic (Dpp) families function as mor-
phogens to control growth and pattern formation during
development in a variety of organisms. In Drosophila, Wg,
Dpp and Hedgehog are secreted from localized sources
and have been shown to signal directly to distant cells in
the developing limbs, leading to the proposal that they
function as morphogens [1–5]. Cells close to the source
exhibit responses attributed to high levels of signaling
activity, whereas cells that are further away exhibit lower
threshold responses. In vertebrates, there are many dev-
elopmental contexts in which the homologous proteins are
thought to function as morphogens, though in most cases
the evidence is less direct [6–8]. The best characterized
example is Activin, which exhibits concentration-depen-
dent patterning effects and direct action at a distance
(reviewed in [9,10]). 

Morphogen activity can be modulated by locally increas-
ing or decreasing production of the ligand (for example,
see [1,3–5,11]). It has also been possible to modulate the
sensitivity of cells to a given level of ligand by changing
the level of receptor or the activity of downstream signal-
ing proteins ([12–17], reviewed in [18]). Other factors may
also modulate gradient formation in vivo. For example, a
number of proteins involved in the biosynthesis of proteo-
glycans appear to modulate sensitivity of cells to ligand or

ligand movement in vivo [19–24]. It is not clear at present
whether the proteoglycans whose synthesis depends on
these activities function in the Wg signaling pathway by
acting as coreceptors or more indirectly by modulating the
levels of the ligand. Attempts to visualize gradients of
secreted signaling proteins by antibody staining in situ
have met with limited success. Wg and Hedgehog pro-
teins can be visualized by antibody staining [4,25].
Antigen levels are higher in cells close to the source of
synthesis than in cells at a distance. Antibody staining has,
however, not been sensitive enough to detect levels of
ligand known to be biologically active in distant cells.

Here, we report a new method for visualizing the extracel-
lular Wg protein gradient. Using this method, we have
analyzed the properties of gradient formation in vivo. The
Wg gradient forms by rapid movement and rapid turnover
of extracellular ligand and depends on a continuous high-
throughput of Wg protein. Endocytosis is not required for
Wg movement, but contributes to shaping the gradient by
removing extracellular Wg. We propose that the extracel-
lular Wg gradient forms by diffusion. 

Results
An extracellular Wg gradient
Using conventional antibody labeling methods, Wg protein
has been detected in Wg-expressing cells at the dorsoven-
tral (DV) boundary of the wing disc and in an irregular
pattern of spots in nearby cells (Figure 1a; [4,13]). The
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intensity and number of spots decreases with distance from
the source of Wg, providing indirect evidence that Wg
protein forms a gradient across the disc. The conventional
antibody labeling protocol involves incubating anti-Wg anti-
body with fixed and permeabilized wing discs. When discs
were incubated with anti-Wg antibody before fixation, we
observed a gradient of Wg protein that appeared broader,
shallower and less punctate than that observed with the
conventional protocol (Figure 1b). Control experiments
showed that tubulin, an abundant intracellular protein, is
readily visualized using the conventional protocol, but was
not detected using the extracellular staining protocol
(Figure 1c,d). Thus, Wg visualized in this way reflects the
distribution of the secreted extracellular protein. 

The distribution of extracellular and conventionally
labeled Wg protein was compared by sequentially labeling
discs using anti-Wg antibodies produced in different
species. Most of the spots of Wg visualized at a distance
from the DV boundary by the conventional protocol did
not colocalize with extracellular Wg, suggesting that these
spots are vesicles containing Wg protein that has been
internalized by responding cells (Figure 1e). To deter-
mine what proportion of Wg protein is extracellular, intact
wing discs were treated with proteinase K. Digestion of
Wg was compared with digestion of Fasciclin II, a glycosyl
phosphatidyl inositol (GPI)-linked membrane protein,

and with cytoplasmic tropomyosin in immunoblots of total
disc extracts (Figure 1f). In the absence of detergent, Fas-
ciclin II was completely digested, and cytoplasmic
tropomyosin was not digested. Wg levels were reduced
considerably. Wg and cytoplasmic tropomyosin were com-
pletely digested when disc cells were permeabilized with
detergent during the protease treatment. These observa-
tions indicate that much of the Wg protein in the discs is
extracellular and accessible to protease digestion or to
antibody binding. The remaining Wg protein is presum-
ably intracellular.

The Wg gradient forms on the basolateral surface of the
disc epithelium
Imaginal discs consist of a single-layered sac of polarized
epithelial cells, with the apical surface of the cells oriented
towards the lumen of the disc (illustrated in Figure 2a).
The polarity of the epithelial cells can be visualized using
antibody to Coracle, which labels the junctional complex
that separates apical from basolateral surfaces (Figure 2b).
Using the conventional labeling protocol, most of the Wg
appeared to be concentrated above the nuclei, near the
junctional complex, in Wg-expressing cells (Figure 2b). In
contrast, extracellular Wg was mainly associated with the
basolateral surface of cells (Figure 2c). The pattern of
extracellular Wg labeling was the same in discs that were
deliberately cut open to disrupt the peripodial membrane
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Figure 1

An extracellular Wg protein gradient.
(a,b) Wing imaginal discs labeled with
mouse anti-Wg antibody using
(a) conventional and (b) extracellular labeling
protocols. The extracellular labeling method
involves antibody binding in tissue held at
about 0°C until fixation. Under these
conditions, it is unlikely that secretion or
endocytosis would continue; molecules that
happen to be free in solution would continue
to diffuse, however. To the extent that free
diffusion is responsible for Wg movement, it
would cause us to underestimate the
steepness and extent of the gradient.
(c,d) Wing discs labeled with anti-tubulin
antibody using (c) conventional and
(d) extracellular protocols. (e) Detail of the
wing pouch of a disc labeled with mouse
anti-Wg antibody using the extracellular
protocol (red), followed by rabbit anti-Wg
antibody using the conventional protocol
(green). The individual channels are shown
separately in white. Most of the spots of Wg
detected by conventional labeling were not
labeled with the extracellular protocol and so
appear green (arrows indicate some
examples). Spots of Wg that also labeled
with the extracellular protocol appear yellow-
orange. (f) Immunoblots of disc extracts
labeled for Wg, Fasciclin II (FasII) and

cytoplasmic tropomyosin (cTm). A dash
indicates that no proteinase K was added;
PK, discs were incubated with proteinase K;
PK + Tx, discs were incubated with
proteinase K plus Triton X-100 to
permeabilize cells. The upper panel was
probed with mouse anti-FasII antibody
(1:200) and mouse anti-Wg antibody

(1:100). The lower panel is the same sample
reprobed with rabbit anti-cTm antibody
(1:2,000). Quantitation indicated that the
Wg level is reduced to 40% when
normalized for loading to the cTm control in
the PK digest. Comparable levels of Wg and
cTm digestion were obtained in eight
independent experiments. 
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and ensure free access of the antibody to the lumenal
surface of the wing pouch (data not shown). The spots of
Wg visualized by conventional labeling in cells away from
the source appear to reflect vesicles of internalized Wg
protein (Figure 2b, arrow). 

The observation that extracellular Wg appears to be con-
centrated on the basolateral surface of Wg-expressing and
nearby cells prompted us to investigate whether Wg moves
across the apical (that is, lumenal) or basolateral surface of
the epithelium. To distinguish between these possibilities,
we made use of the observation that overexpression of the
Drosophila Wg receptor Frizzled 2 (Dfz2) causes accumula-
tion of Wg on cells at a distance from the DV boundary
[13]. Wg accumulation was compared in cells expressing
full-length Dfz2 and cells expressing the Wg-binding
domain of Dfz2 as a GPI-anchored protein (GPI–Dfz2).

Full-length Dfz2 is expressed uniformly on the apical and
basolateral surfaces of the epithelium (Figure 2e), whereas
GPI-anchored proteins localize to the basolateral surface of
the imaginal disc cells ([26,27]; S. Eaton, personal commu-
nication) and so can only accumulate Wg on the basolateral
surface (Figure 2f,g). In both cases, Wg accumulated to
high levels on the basolateral surface of the epithelial cells
but was absent from the region above the nuclei
(Figure 2e,g, asterisks), where most Wg protein was found
in Wg-expressing cells (arrowheads). These observations
suggest that the extracellular Wg gradient forms on the
basolateral surface of the wing disc. 

Dynamin-mediated endocytosis is not required for Wg
movement
The extracellular Wg gradient correlates with a graded
distribution of intracellular Wg vesicles. Does Wg inter-
nalization play a role in gradient formation? Previous
studies have suggested a role for shibire-dependent endo-
cytosis in Wg transport in the embryo [28,29]; shibire
encodes the Drosophila homolog of the GTPase dynamin
[30,31]. Dynamins have been implicated in the internal-
ization of clathrin-coated endocytic vesicles and in the
internalization of caveolae [32–35]. To determine whether
shibire-dependent vesicle traffic is required for Wg gradi-
ent formation, we examined Wg distribution in wing discs
carrying clones of shibirets1 mutant cells. Clones were
allowed to grow under conditions in which the tempera-
ture-sensitive Shibire protein is active (18°C). The larvae
were then shifted to 32°C for 3 hours to inactivate Shibire.
Under these conditions, punctate Wg was not observed in
the mutant cells using the conventional labeling protocol
(Figure 3a), indicating that dynamin activity is required
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Figure 2

Comparison of extracellular and intracellular Wg distribution.
(a) Schematic representation of a cross section of the wing imaginal
disc. The disc is a polarized epithelial sac. The apical surface of the
epithelium (ap) is directed towards the lumen. Junctional complexes
(jc) located near the apical surface separate the apical from basolateral
(bl) plasma membrane. The region of the epithelium that makes the
wing and body wall structures is pseudostratified. The tops and
bottoms of all cells are located at the same level, but nuclei are located
at different levels (see next panel). The gray shading represents the
wing pouch. (b) Optical cross section of a wing disc including the
stripe of Wg-expressing cells. Junctional complexes were visualized
with antibody to Coracle (Cor; green). Wg labeling with the
conventional protocol (con) is shown in red. Apical and basolateral are
indicated. Nuclei appear as unlabeled circles surrounded by thin rims
of cytoplasm. The nuclei appear to be stacked in layers because of the
close packing of the cells. Most of the Wg is apical to the nuclei in the
Wg-expressing cells. The arrow indicates a vesicle of internalised Wg
protein. (c) Optical cross section of a wing disc including the stripe of
Wg-expressing cells. The disc was labeled for intracellular Wg (con;
red) and extracellular Wg (ex; green). (d) Wg protein (red) visualized
with the conventional protocol in a disc overexpressing full-length Dfz2
(blue) in a stripe perpendicular to the endogenous Wg stripe using the
decapentaplegic (dpp) promoter to drive expression of the GAL4-
encoded transcriptional activator (dpp–GAL4). (e) Optical cross
section at the position indicated by the arrows in (d). The Coracle and
Wg channels are shown in the lower left panel, and the Dfz2 and Wg
channels in the lower right panel. Note that Dfz2 is expressed on the
apical and basolateral surfaces (above and below the junctional
complex). Wg accumulates below the junctional complex on
Dfz2-expressing cells. The arrowhead indicates the endogenous Wg
stripe where Wg is mostly above the nuclei. (f,g) Wg labeling in a disc
overexpressing GPI–Dfz2 under dpp–GAL4 control (lower arrow in
(f)). (g) Optical cross section at the position indicated by the upper
arrows in (f). Wg distribution appears comparable to that in cells
expressing the full-length receptor in both domains. In imaginal disc
tissue, GPI-anchored proteins localize mainly to the basolateral surface
of epithelium. This is the opposite to what is seen for internal epithelia
in Drosophila, for example, in the salivary gland and in the commonly
studied polarized epithelial cell lines of vertebrate origin where
GPI-anchored proteins localize mainly to the apical surface [26,27].
Consequently, GPI–Dfz2 can accumulate Wg only on the basolateral
cell surface. In (e,g), the asterisks indicate the ectopic Wg stripe and
the arrowheads indicate endogenous Wg expression.
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for Wg internalization. As an independent test of the
ability of the shibire mutation to block endocytosis under
these conditions, we monitored uptake of fluorescently
labeled DTAF–Transferrin in discs expressing the human
transferrin receptor in the posterior compartment. Inter-
nalized DTAF–transferrin formed spots in posterior cells
in heterozygous shibire/+ larvae at 32°C. In shibire mutant
discs at 32°C, DTAF–transferrin accumulated on the cell
surface and the number of spots of internalized
DTAF–transferrin was strongly reduced, indicating that
the block to internalization is effective in shibire mutant
discs (see Supplementary material). 

Although spots of internalized Wg were not seen in shibire
mutant cells, Wg was internalized by wild-type cells adja-
cent to the clone (Figure 3a, inset). The presence of Wg in
these cells may reflect movement of Wg across the mutant
tissue to reach wild-type cells. In support of this view, we
observed extracellular Wg on the surface of shibire mutant
cells (Figure 3c). The level of extracellular Wg was higher
than on nearby wild-type cells. The interpretation that Wg
can move across the shibire mutant tissue depends on the
assumption that extracellular Wg is not simply stabilized
in the shibire mutant tissue. To determine whether remov-
ing dynamin function stabilizes extracellular Wg, we
examined Wg distribution in shibire mutant discs. At 18°C,
extracellular Wg distribution in shibire mutant discs was
comparable to that in the wild type (Figure 3d). When

Shibire was inactivated at 32°C for 3 hours, little or no
extracellular Wg was detected (Figure 3e). This indicates
that extracellular Wg turns over rapidly when the entire
disc is shibire mutant. We conclude that the Wg on the
shibire mutant clones reflects Wg secreted by nearby wild-
type tissue that has moved across the clone and that the
local accumulation reflects impaired endocytosis. Thus,
dynamin-mediated internalization does not appear to play
a role in Wg transport in the wing disc. In contrast,
dynamin-mediated endocytosis appears to play a role in
removing secreted Wg from the extracellular space and,
therefore, may help to maintain a steep gradient. 

Dynamin activity is required for Wg secretion
The loss of extracellular Wg from homozygous mutant
shibire discs suggested that Wg secretion might be impaired
by removing dynamin activity. Conventional staining
showed an intense band of intracellular Wg accumulation
at the DV boundary under these conditions (Figure 4a,b),
which resembled the accumulation of Wg in clones of por-
cupine mutant cells (Figure 4e,f). The porcupine gene
encodes a protein that resides in the endoplasmic reticu-
lum and is required for post-translational processing and
secretion of Wg in the embryo [36,37]. Comparable Wg
accumulation was observed in shibire mutant clones that
include Wg-expressing cells (for example, Figure 3a). Wg
accumulated only in Wg-expressing mutant cells, even
when the clone was small and most of the surrounding cells
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Figure 3

Wg distribution in shibire mutant clones.
(a,b) Wg (green) visualized by conventional
labeling in discs carrying shibire mutant
clones. Cells mutant for shibire are marked
by the absence of β-galactosidase protein
(red). In (a), the arrows point to Wg
internalized in wild-type cells on the far side
of the shibire clone. The inset is a higher
magnification view to show the Wg-
containing vesicles in wild-type cells
immediately adjacent to the clone. Wg
expression is shown alone in the lower panel
and the clone is outlined. In control
experiments, larvae were treated for 3 h at
32°C, then shifted back to 18°C and allowed
to continue development. After 2 days of
recovery, no difference was observed in the
relative size of mutant clones and wild-type
twin spots compared with discs kept at 18°C
(56 clones in 10 discs at 18°C and 55 clones
in six discs at 32°C). This indicates that the
effects of transient shifts to the restrictive
temperature are fully reversible in wing tissue.
(b) Small clones that touch the margin also
accumulate Wg (arrows), even when mutant
cells were mostly surrounded by wild-type
cells that internalize Wg normally. (c) Wg
expression visualized by extracellular labeling
in a disc carrying a large shibire mutant

clone. Cells mutant for shibire are marked by
the absence of β-galactosidase (red). Wg
expression is shown separately below. Note
the accumulation of extracellular Wg on the
mutant cells (arrow). The level of Wg also
appeared to be somewhat higher in cells at
the DV boundary, perhaps reflecting an
incomplete impairment of Wg secretion in
this sample. (d,e) Wg expression in shibire

mutant discs incubated at 18°C or 32°C
before labeling with the extracellular protocol.
Extracellular Wg was reduced in shibire
mutant discs at 32°C. In this example, Wg
was not detectable. In approximately 50% of
mutant discs, a weak stripe of Wg could be
seen (as in (c)), perhaps reflecting
incomplete impairment of Wg secretion when
Shibire is inactivated.
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were wild-type (Figure 3b). No intracellular Wg accumula-
tion was seen in shibire mutant clones that abut but do not
include Wg-expressing cells (data not shown). As shibire
encodes the only Drosophila dynamin identified to date
[38], our results suggest that Shibire protein may have a
role in the formation of transport vesicles at the trans-Golgi
network, comparable to that reported for dynamin-2, one
of its vertebrate homologs [39]. If so, the traffic of vesicles
from the trans-Golgi to the plasma membrane might be
blocked in shibire mutant cells. Alternatively, blocking
Shibire-dependent endocytosis might impair membrane
traffic, and indirectly reduce Wg secretion. 

Rapid gradient formation following a reversible block to
Wg secretion
The temperature-sensitive defect in dynamin function
caused by the shibirets mutation is rapidly reversed by shift-
ing flies back to the permissive temperature (reviewed in
[38]). This provides a means to reversibly block Wg secre-
tion. The extracellular Wg gradient was depleted within
3 hours in shibirets mutant discs at 32°C (Figure 3), indicat-
ing that extracellular Wg is rapidly lost or degraded even in
the absence of endocytosis. Furthermore, internalized Wg
was almost entirely cleared from the disc by 3 hours at
32°C (Figure 4a,b). Shifting shibire mutant larvae back to
the permissive temperature provides the opportunity to
monitor the time course of gradient formation when Wg
secretion is reinitiated. With 15 minutes of recovery at
18°C, spots of internalized Wg protein could again be
detected across the disc (Figure 4c). By 30–60 minutes,
the Wg distribution resembled that in control discs kept at
18°C (Figure 4d), indicating that Wg protein had traveled

across the disc and been internalized by distant cells.
These observations indicate that Wg moves rapidly
through the tissue to form a gradient covering at least
50 µm in approximately 30 minutes. For comparison, in
Xenopus explants, the signaling protein Activin can form a
gradient over more than 250 µm by diffusion in a few
hours [40]. Thus, the rate of Wg movement is compatible
with diffusion through the extracellular space. 

Proteoglycans and extracellular Wg
Wg binds avidly to glycosaminoglycans [41]. Mutations
that affect glycosaminoglycan biosynthesis phenocopy
weak wg mutations and genetically interact with wg
mutant alleles [19–23]. Recent reports have implicated the
GPI-anchored proteoglycan Dally as a cofactor in Wg sig-
naling [22,23]. Dally might facilitate Wg signaling by
improving retention and movement of Wg along the baso-
lateral surface of the epithelium. We were unable to
detect a significant alteration in the distribution of extra-
cellular Wg in dallyP2 mutant discs (data not shown) or in
dallyP2 mutant clones (Figure 5a). Overexpression of Dally
using the patched (ptc) promoter to drive expression of the
GAL4-encoded transcriptional activator (ptc–GAL4) caused
little or no additional accumulation of Wg in cells near the
DV boundary (Figure 5b). This contrasts with the effects
of overexpressing Dfz2 using dpp–GAL4 (a weaker GAL4
driver; Figure 2d). These observations suggest that Dally
may have a relatively low capacity to bind Wg in vivo or
that it is present in excess, and that Dfz2 is the limiting
factor in Wg binding. Our observations strengthen the pro-
posal that Dally might serve as a coreceptor with Dfz2
[22,23], and suggest that Dally does not play a significant
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Figure 4

Reversible block of Wg secretion in shibire
mutant discs. (a,b) Wg expression in shibire
mutant discs incubated at 18°C or 32°C
before labeling with the conventional protocol.
At 18°C, the Wg distribution was equivalent
to wild type (see Figure 1). (b) Wg
accumulates in Wg-expressing cells. Punctate
spots of internalized Wg were not seen in
nearby cells in discs fixed after 3 h at 32°C.
(c) Wg expression in a disc shifted back to
18°C after 3 h at 32°C and allowed to
recover for 15 min before fixation. (d) Wg
expression in a disc allowed to recover for
60 min at 18°C before fixation. (e,f) Wing disc
with large porcupine mutant clones marked by
the absence of β-galactosidase protein (red).
Wg was visualized using the conventional
labeling protocol (green). (f) Detail of the large
clone in (e). The clone border is outlined. Wg
accumulates to high levels in Wg-expressing
cells within the clone (arrow in (e)). Spots of
internalized Wg are seen in the clone.
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role in shaping the Wg gradient. We also examined clones
of cells mutant for sugarless08310 and saw no effect on Wg
distribution (Figure 5c). These observations leave open
the question of whether other proteoglycans might con-
tribute to Wg gradient formation. 

Discussion
How does Wg protein move through the epithelium to
form a gradient? Comparison of the embryonic ectoderm
and the imaginal discs suggests that different mechanisms
may be used. In both tissues, Wg is thought to form a gra-
dient, and vesicles of Wg protein are found in cells near the
source of Wg production [4,42,43] (Figure 1). In the wing
imaginal disc, the Wg protein gradient is symmetric about
its source, but this is not the case in the embryonic ecto-
derm where Wg is asymmetrically distributed [43] and evi-
dence has been presented that posterior-ward movement
of Wg is actively limited by a Hedgehog-dependent
process [44]. It has been proposed that dynamin-mediated
internalization plays a role in Wg transport in the embryo,
where blocking Shibire activity causes accumulation of Wg
at its site of production and decreases its apparent range of
action [28,29]. Dynamins are required for internalization of
clathrin-coated endocytic vesicles as well as for internaliza-
tion of caveolae and so should disrupt both receptor medi-
ated endocytosis and internalization of some GPI-anchored
proteins (reviewed in [38]). Our results indicate that
dynamin-mediated endocytosis is not required for move-
ment of extracellular Wg. Rather, dynamin is required for
Wg secretion. This may reflect a function related to that
reported for vertebrate dynamin-2 [39], or may be a sec-
ondary consequence of reduced endocytosis. It is possible
that reduced secretion of Wg in the embryo might decrease

the apparent range of Wg movement. Recent studies on
Wg movement in the embryo also cast doubt on the pro-
posed role of dynamin in transport [45]. 

In the wing imaginal disc, Wg moves rapidly through the
tissue to form a long-range extracellular gradient. We favor
the model that gradient formation depends on diffusion of
Wg in the plane of the disc epithelium. Although our
results do not directly address this issue, we suggest that it
is important to constrain ligand movement to the surface
of the epithelial cell layer because of the folding of the
imaginal discs. The wing imaginal disc is relatively flat in
the wing pouch, so the effects of disc folding are less
apparent than in the leg disc. Data presented in the Sup-
plementary material illustrate how folding of the leg disc
epithelium poses a problem if gradient formation were to
occur out of the plane of the epithelial cell layer. Cells that
are at very different positions along the proximodistal axis
of the leg are brought into close proximity by the folding
of the epithelial sheet. Wg and Dpp have been shown to
act directly at a distance along the proximodistal axis, and
their activities are high in the center of the disc and
decrease toward the periphery defining a series of concen-
trically arranged domains of gene expression [46,47]. It is
difficult to imagine how graded responses to Wg and Dpp
in the leg disc would be possible unless the ligands are
constrained to form their gradients in the plane of the
epithelium. Extracellular Wg was also basolateral in the
leg disc (data not shown). 

We have presented evidence that formation of the extra-
cellular Wg gradient depends on continuous secretion,
rapid turnover and rapid movement of extracellular Wg on
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Figure 5

Dally and Sugarless (Sgl) do not affect the
extracellular Wg gradient. (a) Extracellular (ex)
Wg expression in dally– (dallyP2) mutant
clones. Wg is shown in green. Clones were
marked by the absence of the green
fluorescent protein (GFP, red). Wg
distribution was not affected in dally– mutant
cells (shown separately below). (b) Wg
expression (green) visualized by conventional
labeling (con) in discs overexpressing Dally
under ptc–GAL4 control. Very slight
accumulation of Wg was visible outlining cells
close to the DV boundary (arrow). There is no
effect on Distalless (Dll) or Dfz2 expression
(shown in blue and red, respectively).
(c) Extracellular Wg expression in sgl–
(sgl08310) mutant clones. Wg is shown in
green. Clones were marked by the absence of
GFP (red). Wg distribution was not affected.
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the basolateral surface of the disc epithelium. The Wg and
Dpp gradients form in a growing field of cells. Use of the
temperature-sensitive dynamin mutation to reversibly
block Wg secretion has allowed us to monitor the rate of
movement of Wg through the tissue. Wg can spread over
30–50 µm in approximately 30 minutes. This suggests that
formation of the long-range gradient can occur by diffu-
sion, independent of the rate of growth of the tissue. Evi-
dence has been presented that the Dpp morphogen
gradient forms more slowly. Although it has not been pos-
sible to directly monitor the rate of Dpp movement
through tissue, the rate can be inferred from the time
required to activate target genes as a function of distance
around a point source of Dpp. This has led to the proposal
that Dpp spreads slowly through the tissue, independent
of the rate at which it is synthesized, and raises the possi-
bility that Dpp might be spread in part by growth of the
tissue [14]. In the case of Dpp, cytonemes might provide
another means to regulate ligand transport [48]. The prop-
erties of these gradients have intriguing implications for
the relationship between pattern formation and size regu-
lation by diffusible morphogens in growing tissues. 

Materials and methods
Antibodies
The antibodies used were mouse anti-Wg [49], rabbit anti-Wg [13],
anti-Fasciclin II [50], guinea pig anti-Coracle [51], rabbit anti-Dfz2
(unpublished; provided by Susan Cumberledge), rabbit anti-cytoplas-
mic tropomyosin (unpublished; provided by Anne-Marie Michon and
Anne Ephrussi), rabbit anti-β-galactosidase (Cappel), and mouse anti-
tubulin (Sigma).

Fly strains
Fly strains expressing Engrailed–Gal4 [52], dpp–Gal4 [53] and
UAS–Dfz2–GPI [13] were used. UAS–Dfz2 (encoding full-length Dfz2)
was provided by M. Boutros and M. Mlodzik. UAS–hTf-R was con-
structed by cloning a cDNA encoding the human Transferrin receptor
into pUAST [54]. UAS–Dally was provided by Scott Selleck.

Antibody labeling 
For labeling extracellular proteins, larvae were dissected in ice-cold
Schneider’s M3 medium (Sigma) and incubated with antibody for
30–60 min on ice. Larvae were rinsed three times with ice-cold PBS
and fixed for 20 min in ice-cold PBS containing 4% formaldehyde. Sub-
sequent processing was the same as in the conventional antibody
labeling protocol (described in [4]). For extracellular labeling, antibod-
ies were used at threefold higher concentration than for conventional
labeling. Thus far, we have only had success using this protocol with
monoclonal antibodies. Fluorescent and HRP-conjugated secondary
antibodies were from Jackson labs. Westerns were developed with
Bioluminescence reagents (Amersham). 

Protease digestion of discs
For each sample, 20–24 discs were removed from larvae in ice-cold
PBS. Discs were incubated in 50 µl PBS for 12 min at 32°C. Where
indicated, proteinase K was added to 0.1 mg/ml and Triton X-100 to
0.5%. Reactions were stopped by adding three aliquots of 0.5 µl each
of 100 mM PMSF in isopropanol, before homogenization of tissue in
SDS sample buffer. 

DTAF–transferrin labeling
Tb+ larvae from a cross between shibirets1 females and
engrailed–Gal4/CyO; UAS–hTf-R/TM6B were incubated for 30 min at

32°C, dissected in Schneider’s medium at 32°C and incubated for
20 min at 32°C with DTAF–transferrin (5 µg/ml final concentration).
Samples were rinsed twice in PBS and fixed as for antibody labeling.
The results are shown in the Supplementary material. 

Genotypes of larvae for clonal analysis
The porcupine mutant clones were w f porcPB16 FRT18A/w P[w+,
arm–lacZ] FRT18A; HSFlp2/+. The dally mutant clones were y w
HSFlp1/+; dallyP2 FRT80B/ P{w+, UbiGFP] FRT80B. The sugarless
mutant clones were y w HSFlp1/+; sugarless08310 FRT80B/ P{w+,
UbiGFP] FRT80B. The shibire mutant clones were w shibirets1

FRT18A/w P[w+, arm–acZ] FRT18A; HSFlp2/+. Clones were induced
by heat shock treatment of first or second instar larvae for 45–60 min
at 38°C. For shibire mutant clones, larvae were allowed to grow at
18°C and were shifted to 32°C for 3 hours before fixation and anti-
body labeling.

Supplementary material
Supplementary material including a figure showing DTAF–Transferrin
labeling of shibire mutant wing discs, and a figure showing an optical
cross section of a leg disc to illustrate the folded arrangement of the
epithelium is available at http://current-biology.com/supmat/sup-
matin.htm.

Acknowledgements
We thank Sven Pfeiffer, J-P. Vincent and Suzanne Eaton for discussing
results before publication; Nipam Patel for suggesting the protocol for extra-
cellular labeling; Susan Cumberledge, Ann-Marie Michon, Anne Ephrussi,
Michael Boutros and Marek Mlodzik for providing unpublished reagents;
Norbert Perrimon and Scott Selleck for fly strains; Jurgen Benting and
Thomas Harder for reagents and help with experimental protocols; and Jun
Wu for Figure S2 in the Supplementary material.

References
1. Nellen D, Burke R, Struhl G, Basler K: Direct and long-range action

of a Dpp morphogen gradient. Cell 1996, 85:357-368.
2. Lecuit T, Brook WJ, Ng M, Calleja M, Sun H, Cohen SM: Two distinct

mechanisms for long-range patterning by Decapentaplegic in the
Drosophila wing. Nature 1996, 381:387-393.

3. Zecca M, Basler K, Struhl G: Direct and long-range action of a
Wingless morphogen gradient. Cell 1996, 87:833-844.

4. Neumann CJ, Cohen SM: Long-range action of Wingless organizes
the dorsal-ventral axis of the Drosophila wing. Development 1997,
124:871-880.

5. Strigini M, Cohen SM: A Hedgehog activity gradient contributes to
AP axial patterning of the Drosophila wing. Development 1997,
124:4697-4705.

6. Tickle C: Morphogen gradients in vertebrate limb development.
Semin Cell Dev Biol 1999, 10:345-351.

7. Dale L, Wardle FC: A gradient of BMP activity specifies dorsal-
ventral fates in early Xenopus embryos. Semin Cell Dev Biol 1999,
10:319-326.

8. Briscoe J, Ericson J: The specification of neuronal identity by graded
Sonic Hedgehog signalling. Semin Cell Dev Biol 1999, 10:353-362.

9. Gurdon JB, Dyson S, St. Johnston D: Cells’ perception of position in
a concentration gradient. Cell 1998, 95:159-162.

10. McDowell N, Gurdon JB: Activin as a morphogen in Xenopus
mesoderm induction. Semin Cell Dev Biol 1999 10:311-317.

11. Mullor JL, Calleja M, Capdevila J, Guerrero I: Hedgehog activity,
independent of Decapentaplegic, participates in wing disc
patterning. Development 1997, 124:1227-1237.

12. Chen Y, Struhl G: Dual roles for Patched in sequestering and
transducing Hedgehog. Cell 1996, 87:553-563.

13. Cadigan KM, Fish MP, Rulifson EJ, Nusse R: Wingless repression of
Drosophila frizzled 2 expression shapes the wingless morphogen
gradient in the wing. Cell 1998, 93:767-777.

14. Lecuit T, Cohen SM: Dpp receptor levels contribute to shaping the
Dpp morphogen gradient in the Drosophila wing imaginal disc.
Development 1998, 125:4901-4907.

15. Zhang J, Carthew RW: Interactions between Wingless and DFz2
during Drosophila wing development. Development 1998,
125:3075-3085.

16. Sanson B, White P, Vincent JP: Uncoupling Cadherin-based
adhesion from wingless signaling in Drosophila. Nature 1996,
383:627-630.

Research Paper  Wingless gradient formation Strigini and Cohen    299

bb10f31.qxd  04/14/2000  12:48  Page 299



17. Tsuneizumi K, Nakayama T, Kamoshida Y, Kornberg TB, Christian JL,
Tabata T: Daughters against dpp modulates dpp organizing activity
in Drosophila wing development. Nature 1997, 389:627-631.

18. Strigini M, Cohen SM: Formation of morphogen gradients in the
Drosophila wing. Semin Cell Dev Biol 1999, 10:335-344.

19. Binari RC, Staveley BE, Johnson WA, Godavarti R, Sasisekharan R,
Manoukian AS: Genetic evidence that heparin-like
glycosaminoglycans are involved in wingless signaling.
Development 1997, 124:2623-2632.

20. Hacker U, Lin X, Perrimon N: The Drosophila sugarless gene
modulates wingless signaling and encodes an enzyme involved in
polysaccharide biosynthesis. Development 1997, 124:3565-3573.

21. Haerry TE, Heslip TR, Marsh JL, O’Connor MB: Defects in
glucuronate biosynthesis disrupt Wingless signaling in
Drosophila. Development 1997, 124:3055-3064.

22. Lin X, Perrimon N: Dally cooperates with Drosophila Frizzled 2 to
transduce wingless signalling. Nature 1999, 400:281-284.

23. Tsuda M, Kamimura K, Nakato H, Archer M, Staatz W, Fox B, et al.:
The cell-surface proteoglycan Dally regulates Wingless signalling
in Drosophila. Nature 1999, 400:276-280.

24. The I, Bellaiche Y, Perrimon N: Hedgehog movement is regulated
through tout velu-dependent synthesis of a heparan sulfate
proteoglycan. Mol Cell 1999, 4:633-639.

25. Tabata T, Kornberg T: Hedgehog is a signalling protein with a key
role in patterning Drosophila imaginal discs. Cell 1994, 76:89-102.

26. Shiel MJ, Caplan MJ: Developmental regulation of membrane protein
sorting in Drosophila embryos. Am J Physiol 1995, 269:C207-C216.

27. Incardona JP, Rosenberry TL: Replacement of the glycoinositol
phospholipid anchor of Drosophila acetylcholinesterase with a
transmembrane domain does not alter sorting in neurons and
epithelia but results in behavioral defects. Mol Biol Cell 1996,
7:613-630.

28. Bejsovec A, Wieschaus E: Signalling activities of the Drosophila
wingless gene are separably mutable and appear to be
transduced at the cell surface. Genetics 1995, 139:309-320.

29. Moline MM, Southern C, Bejsovec A: Directionality of wingless
protein transport influences epidermal patterning in the
Drosophila embryo. Development 1999, 126:4375-4384.

30. van der Bliek AM, Meyerowitz EM: Dynamin-like protein encoded by
the Drosophila shibire gene associated with vesicular traffic.
Nature 1991, 351:411-414.

31. Chen MS, Obar RA, Schroeder CC, Austin TW, Poodry CA,
Wadsworth SC, Vallee RB: Multiple forms of dynamin are encoded
by shibire, a Drosophila gene involved in endocytosis. Nature
1991, 351:583-586.

32. van der Bliek AM, Redelmeier TE, Damke H, Tisdale EJ, Meyerowitz
EM, Schmid SL: Mutations in human dynamin block an
intermediate stage in coated vesicle formation. J Cell Biol 1993,
122:553-563.

33. Damke H, Baba T, Warnock DE, Schmid SL: Induction of mutant
dynamin specifically blocks endocytic vesicle formation. J Cell
Biol 1994, 127:915-934.

34. Henley JR, Krueger EWA, Oswald BJ, McNiven MA: Dynamin-
mediated internalization of caveolae. J Cell Biol 1998 141:85-99.

35. Oh P, McIntosh DP, Schnitzer JE: Dynamin at the neck of caveolae
mediates their budding to form transport vesicles by GTP-driven
fission from the plasma membrane of endothelium. J Cell Biol
1998 141:101-114.

36. van den Heuvel M, Harryman-Samos C, Klingensmith J, Perrimon N,
Nusse R: Mutations in the segment polarity genes wingless and
porcupine impair secretion of the wingless protein. EMBO J 1993,
12:5293-5302.

37. Kadowaki T, Wilder E, Klingensmith J, Zachary K, Perrimon N: The
segment polarity gene porcupine encodes a putative
multitransmembrane protein involved in wingless processing.
Genes Dev 1996, 10:3116-3128.

38. van der Bliek AM: Functional diversity in the dynamin family.
Trends Cell Biol 1999, 9:96-102.

39. Jones SM, Howell KE, Henley JR, Cao H, McNiven MA: Role of
dynamin in the formation of transport vesicles from the trans-
golgi network. Science 1998, 279:573-577.

40. McDowell N, Zorn AM, Crease DJ, Gurdon JB: Activin has direct
long-range signalling activity and can form a concentration
gradient by diffusion. Curr Biol 1997, 7:671-681.

41. Reichsman F, Smith L, Cumberledge S: Glycosaminoglycans can
modulate extracellular localization of the wingless protein and
promote signal transduction. J Cell Biol 1996, 135:819-827.

42. van den Heuvel M, Nusse R, Johnston P, Lawrence PA: Distribution
of the wingless gene product in Drosophila embryos: a protein
involved in cell-cell communication. Cell 1989, 59:739-749.

43. González F, Swales L, Bejsovec A, Skaer H, Martinez-Arias A:
Secretion and movement of the wingless protein in the epidermis
of the Drosophila embryo. Mech Dev 1991, 35:43-54.

44. Sanson B, Alexandre C, Fascetti N, Vincent JP: Engrailed and
hedgehog make the range of Wingless asymmetric in Drosophila
embryos. Cell 1999 98:207-216.

45. Pfeiffer S, Alexandre C, Calleja M, Vincent J-P: The progeny of
wingless-expressing cells deliver the signal at a distance in
Drosophila embryos. Curr Biol 2000, 10:321-324.

46. Lecuit T, Cohen SM: Proximal-distal axis formation in the
Drosophila leg. Nature 1997, 388:139-145.

47. Abu-Shaar M, Mann R: Generation of multiple antagonistic
domains along the proximodistal axis during Drosophila leg
development. Development 1998, 125:3821-3830.

48. Ramirez-Weber FA, Kornberg TB: Cytonemes: cellular processes
that project to the principal signaling center in Drosophila
imaginal discs. Cell 1999 97:599-607.

49. Brook WJ, Cohen SM: Antagonistic interactions between wingless
and decapentaplegic responsible for dorsal-ventral pattern in the
Drosophila leg. Science 1996 273:1373-1377.

50. Lin DM, Goodman CS: Ectopic and increased expression of
Fasciclin II alters motoneuron growth cone guidance. Neuron
1994, 13:507-523.

51. Ward RE, Lamb RS, Fehon RG: A conserved functional domain of
Drosophila coracle is required for localization at the septate
junction and has membrane-organizing activity. J Cell Biol 1998,
140:1463-1473.

52. Fietz MJ, Jacinto A, Taylor AM, Alexandre C, Ingham PW: Secretion
of the amino-terminal fragment of hedgehog protein is necessary
and sufficient for hedgehog signalling in Drosophila. Curr Biol
1995, 5:643-650.

53. Simmonds AJ, Brook WJ, Cohen SM, Bell JB: Distinguishable
functions for engrailed and invected in anterior-posterior
patterning in the Drosophila wing. Nature 1995, 376:424-427.

54. Brand A, Perrimon N: Targeted gene expression as a means of
altering cell fates and generating dominant phenotypes.
Development 1993, 118:401-415.

300 Current Biology Vol 10 No 6

Because Current Biology operates a ‘Continuous Publication
System’ for Research Papers, this paper has been published
on the internet before being printed. The paper can be
accessed from http://biomednet.com/cbiology/cub — for
further information, see the explanation on the contents page.

bb10f31.qxd  04/14/2000  12:48  Page 300


