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Abstract
Cytonemes are types of filopodia in the Drosophila wing imaginal disc that are proposed to serve
as conduits in which morphogen signaling proteins move between producing and target cells. We
investigated the specificity of cytonemes that are made by target cells. Cells in wing discs made
cytonemes that responded specifically to Decapentaplegic (Dpp) and cells in eye discs made
cytonemes that responded specifically to Spitz (the Drosophila epidermal growth factor protein).
Tracheal cells had at least two types: one made in response to Branchless (a Drosophila fibroblast
growth factor protein, Bnl), to which they segregate the Bnl receptor, and another to which they
segregate the Dpp receptor. We conclude that cells can make several types of cytonemes, each of
which responds specifically to a signaling pathway by means of the selective presence of a
particular signaling protein receptor that has been localized to that cytoneme.

Cells in developing tissues are influenced by multiple signals that they process and integrate
to control cell fate, proliferation, and patterning. An example is in the Drosophila wing
imaginal disc, where cells depend on several signaling systems that are intrinsic to the disc.
Decapentaplegic (Dpp), Wingless (Wg), Hedgehog (Hh), and epidermal growth factor
(EGF) are produced and released by different sets of disc cells, and receipt of these signaling
proteins programs their neighbors to develop and grow. The mechanisms by which
morphogen signaling proteins influence target cells must ensure both specificity and
accuracy, and one possibility is that these proteins transfer at points of direct contact (1).
Imaginal discs are flattened sacs that have a monolayer of columnar cells on one side and
squamous peripodial cells on the other (Fig. 1, A and B). Many cells in wing discs make
filopodial extensions that lie along the surfaces of the monolayers, oriented toward
morphogen-producing cells (2). These extensions have been termed cytonemes to denote
their appearance as cytoplasmic threads and to distinguish them as specialized structures that
polarize toward morphogen-producing regions.

In wing discs dissected from third instar larvae, cytonemes can be seen as filaments
extending from randomly generated somatic clones (3) (fig. S1) engineered to express a
fluorescent protein such as soluble, cytoplasmic green fluorescent protein (GFP) (2, 4) or a
membrane-bound form such as mCD8:GFP (the extracellular and transmembrane domains
of the mouse lymphocyte protein CD8 fused to GFP) (5). To image disc cytonemes, we
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placed unfixed discs peripodial side down on a coverslip, covered them with a 1-mm-square
glass, and mounted them over a depression slide with the disc hanging from the coverslip
[details in (5)]. Because fluorescence levels in cytonemes were low relative to background,
recorded images were processed to increase intensity and were subjected to de-convolution
(3). Expression of CD8:GFP in wing disc clones revealed cytonemes emanating from both
the apical and basal surfaces of columnar cells, as well as from peripodial cells (whose
apical and basal surfaces could not be distinguished) (Fig. 1, A and B; fig. S1, A to C; and
table S1). Most cytonemes were perpendicular to the anterior/posterior (A/P) axis of the disc
and oriented toward the cells that produce Dpp at the A/P compartment border; others were
oriented toward the cells that produce Wingless at the dorsal/ventral (D/V) compartment
border (5). Disc-associated myoblasts also had filopodia (fig. S1D).

In the eye disc, cells in the columnar layer organize into ommatidial clusters as a wave of
differentiation [the morphogenetic furrow (MF)] passes from posterior to anterior (Fig. 1C)
[reviewed in (6 )]. A second axis, centered at the equator, is orthogonal to the MF and
defines a line of mirror-image symmetry where dorsal and ventral ommatidia are juxtaposed
[reviewed in (7 )]. The columnar cells divide during the third instar period but stop or divide
only once after the MF passes. We induced CD8:GFP expression in somatic clones and
examined the columnar cells. Whereas clones of six to eight cells were present on both sides
of the MF, only cells anterior to the MF had visible cytonemes. Cytonemes emanating from
these clones oriented either toward the axis defined by the MF or toward the axis defined by
the equator (Fig. 1, D and E). Single clones with cytonemes oriented both toward the MF
and toward the equator were not observed, and there was no apparent correlation between
clone position and cytoneme orientation or cytoneme length (Fig. 1C). Cells in the
peripodial layer of the eye disc also had cytonemes (fig. S1E).

The EGF pathway is a key signaling system for eye development [(8); reviewed in (9)], and
cells in the MF express the EGF protein Spitz [Spi (10)]. Because one of the two types of
anterior cell cytonemes extended toward the MF (Fig. 1D) and to explore the distribution of
membrane-bound receptor proteins, we induced clones that expressed an epidermal growth
factor receptor:GFP [EGFR:GFP (11)] fusion protein. Anterior cells expressing EGFR:GFP
had cytonemes that oriented toward the MF, and most of these cytonemes had fluorescent
puncta (Fig. 1F); no cytonemes that were marked by EGFR:GFP oriented toward the equator
(n = 125 clones). Other than their “furrow-only” orientation, the cytonemes marked by
EGFR:GFP were similar to those marked by CD8:GFP. In contrast, co-expression of
CD8:GFP with (nonfluorescent) EGFR marked both furrow-directed and equator-directed
cytonemes (fig. S1, G and H). Thus, expression of EGFR:GFP does not eliminate the
equator-directed cytonemes, suggesting that the specific localization of EGFR:GFP to
furrow-directed cytonemes is not a consequence of ectopic (over)expression of this fusion
protein.

Evidence that the furrow-directed cytonemes depend on Spi/EGF signaling was obtained by
expressing a dominant negative form of EGFR (12). Although EGFR is required for cell
proliferation in the disc, small clones expressing EGFRDN (12) were recovered that co-
expressed EGFRDN and CD8:GFP; in these clones, only cytonemes that appeared to be
randomly oriented were present (Fig. 1G), indicating that the long, furrow-directed
cytonemes (Fig. 1, D and F) may require EGFR signal transduction in the cytoneme-
producing cells.

Wing disc–associated tracheal cells also make cytonemes (13, 14 ). The transverse
connective (TC) is a tracheal tube that nestles against the basal surface of the wing disc
columnar epithelium and that sprouts a new branch [the air sac primordium (ASP)] during
the third instar period in response to Branchless (Bnl) expressed by the wing disc (Fig. 1, A
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and B, and fig. S1, I to K) (14 ). Tracheal tubes are composed of a monolayer of polarized
cells whose apical surfaces line a lumen. Expression of CD8:GFP throughout the trachea
(btl-Gal4 UAS-CD8:GFP) made it possible for us to detect GFP fluorescence in several
types of cytonemes emanating from the basal surfaces of the TC and ASP. Cytonemes at the
tip of the ASP (Fig. 1A and fig. S1K) (length range, 12 to 50 μm; average length of 23 μm)
contained the Breathless (Btl); the Drosophila fibrobast growth factor receptor (FGFR) and
appeared to contact disc cells that express Bnl (14). Short cytonemes (length range, 2 to 15
μm; average length of 8.5 μm) extended from the TC cells in the vicinity of the ASP (fig.
S1J and table S1).

We tested whether Dpp, Spi, Bnl, and Hh affected wing disc, eye disc, and tracheal
cytonemes differentially. Ubiquitous expression of Spi, Bnl, or Hh [induced by heat shock
(Fig. 2, A and C to E) (3)] did not alter the A/P-oriented apical cytonemes in the wing disc,
and, in the eye disc, the long cytonemes of the columnar layer were unaltered after
ubiquitous expression of Dpp, Bnl, or Hh (Fig. 2, F, G, I, and J, and table S2). In contrast,
long oriented cytonemes were absent in wing discs after ubiquitous expression of Dpp, and
only short cytonemes that appeared to be randomly oriented were observed (Fig. 2B).
Similarly, 0.5 to 3 hours after cSpi, a constitutively active form of EGF (15), was expressed
ectopically by heat shock induction, clones expressing CD8:GFP in the eye disc had many
short cytonemes that lacked apparent directional bias (Fig. 2H); in contrast to controls (Fig.
2F), no long cytonemes oriented toward the MF were observed. Cytonemes with normal
orientation and length (including MF-directed cytonemes) were present in eye discs that
were examined later, 8 hours after a pulse of cSpi expression (fig. S1F). To monitor EGFR-
containing cytonemes for sensitivity and responsiveness to Spi, we expressed cSpi by heat
shock induction and examined cells in clones expressing EGFR:GFP. After a pulse of cSpi
expression, the extensions oriented outward without apparent directional bias, and the
EGFR:GFP puncta were present in all cytonemes (Fig. 1, F and H).

To examine responses of the ASP tip cytonemes, we overexpressed Hh, Spi, Dpp, and Bnl
by heat shock and examined GFP-marked cytonemes at the ASP tip (Fig. 2, K to P; tables
S2 and S3; and fig. S2). No differences in number of cytonemes were detected until about 3
hours after heat shock. Four to 5 hours after heat shock, expression of Bnl increased the
number of tip cytonemes by ~2.6 times, and although most of the cytonemes were <30 μm,
the cytonemes >30 μm also increased (~3.2 times). Most of the long cytonemes in these
preparations were oriented in directions other than toward the cells that normally express
Bnl. The number of long cytonemes >30 μm did not change after overexpression of Hh, Spi,
and Dpp (0.6 to 0.8 times); the number of short cytonemes increased after Dpp
overexpression (~1.7 times) but not after overexpression of Hh or Spi.

Thus, the responses of apical wing disc cytonemes to overexpressed Dpp (Fig. 2, A and B),
of eye disc cytonemes to ubiquitous Spi (Fig. 2, F and H), and of ASP tip cytonemes to
exogenous Bnl (Drosophila FGF) (Fig. 2, K and N) (14) are similar. These results suggest
that the cytonemes we detected in the wing discs and eye discs may have orientations and
lengths that are dependent specifically on the respective sources of Dpp and Spi, whereas the
ASP may extend cytonemes in response to more than one signaling protein. These results
are, however, complicated by the heat shock mode of induction because both the cells that
expressed GFP (and extended marked cytonemes) as well as the surrounding cells expressed
the signaling proteins. To overcome this problem, we developed a method to induce two
types of somatic clones in the same tissue, one that expressed GFP and another that
expressed Dpp.

We used the GAL4 system to label cytonemes with CD8:GFP. Clones of GAL4-expressing
cells were generated with heat shock–induced flippase (FLP recombinase). The second type
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of clone expressed a Dpp:Cherry fusion and was generated with a variant Cre-progesterone
receptor recombinase that could be activated with a regime of heat shock and RU486 (3). By
adjusting the timing and strength of induction, we produced wing discs with small,
independent, and relatively infrequent clones. In discs with clones that expressed ectopic
Dpp as well as clones that expressed CD8:GFP, apical cytonemes tagged with GFP were
detected that oriented toward nearby Dpp:Cherry-expressing cells and not toward either the
A/P or D/V signaling centers (Fig. 2, Q and R) (n = 5). Such “abnormally directed”
cytonemes were never observed in control discs (n > 200). The abnormally oriented
cytonemes suggest that apical cytonemes in the wing blade respond directly to sources of
Dpp and that their orientation reflects extant sources of signaling protein.

To characterize the relationship between tracheal ASP tip cytonemes and FGF signaling
from the wing disc, we examined the distribution of Btl (FGFR) in ASP cells and in ASP
cytonemes. In preparations from larvae with tracheal expression of both CD8:GFP and
Btl:Cherry (btl-GAL4 UAS-CD8:GFP;UAS-Btl:Cherry), cytonemes were marked by
CD8:GFP, some of which had fluorescent Btl:Cherry puncta (Fig. 3A). Each ASP had only a
few long (>30 μm) cytonemes, most of which contained Btl:Cherry puncta. Few of the more
numerous short cytonemes (<30 μm) contained Btl:Cherry puncta. To characterize
Btl:Cherry after overexpression of Bnl, we focused on preparations obtained 1 to 2 hours
post-induction (genotype btl-GAL4 UAS-CD8:GFP/HS-Bnl;UAS-Btl:Cherry/Gal80ts),
because during this time interval the ASP morphology was close to normal but cytonemes
had changed (Fig. 3, D to J, and table S4). We did not focus on ASPs after longer
postinduction intervals because of major malformations to ASP morphology after 3 to 4
hours [fig. S3 and SOM; in contrast, changes to ASP cytonemes were not observed until 3 to
5 hours after overexpression of Bnl and CD8:GFP, and ASP morphology was normal at this
time interval for this genotype (Fig. 2)]. Long cytonemes with Btl:Cherry puncta were
present 1 hour after a pulse of Bnl expression (Fig. 3E); but 2 hours after the pulse, most
ASPs had no long cytonemes (Fig. 3F), and the number of short puncta-containing
cytonemes increased at the tip (Fig. 3F) and along the shaft of the ASPs (Fig. 3G). After
control heat shock or heat shock–induced expression of Dpp, the distribution of Btl:Cherry
puncta in the ASP tip cytonemes was similar to normal controls: Long cytonemes had
Btl:Cherry puncta, but most short cytonemes did not (Fig. 3, A to C, and table S4).

We also documented the distribution of Btl:Cherry in response to ectopic Bnl by imaging
the entire ASP at lower magnification (Fig. 3, H to J). These views show Btl-containing
puncta in the ASP cells and reveal an increase in number of puncta after induction of Bnl
expression (per 20 ASP cells, the approximate number of Btl:Cherry puncta at the tip were
80 at time t = 0, 435 at t = 1 hour, and 710 at t = 2 hours; in the middle region of the ASP
numbers were 61 at t = 0, 415 at t = 1 hour, and 750 at t = 2 hours). Two hours after Bnl
expression was induced, the number of cytonemes increased all around the ASP periphery,
and these cytonemes were densely populated with Btl:Cherry puncta (Fig. 3, H to J).

Because we found that the number of small cytonemes at the ASP tip may have increased
after ectopic Dpp expression (fig. S2 and table S3), we investigated whether the thickveins
(tkv) gene (16), which encodes a subunit of the Dpp receptor, is expressed in the ASP. We
detected expression of the tkv reporter, tkv-lacZ (P{lacW}tkv16713), in the ASP (fig. S4A).
When we expressed Tkv:GFP and Btl:Cherry together, Tkv:GFP and Btl:Cherry segregated
to separate tip cytonemes at the ASP tip (Fig. 3, K to M, and fig. S4, B to K). Whereas Tkv-
containing cytonemes were short (<30 μm), most of the Btl-containing cytonemes were
longer (three of four of the Btl:Cherry-containing cytonemes were longer than 30 μm), and
they lay in focal planes closer to the disc (Fig. 3K, fig. S4H, and table S5). These properties
were consistent in all preparations we examined in which both green Tkv and red Btl
cytonemes were intact (n = 29). Imaging these marked ASPs revealed that overexpressed
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Tkv:GFP and Btl:Cherry were present not only in the plasma membranes (as expected) but
also in separate puncta in the cell bodies (Fig. 3N and fig. S4, L to N). This shows that Tkv
and Btl receptors also segregated to separate locations in the ASP cell bodies.

Our findings suggest that the ASP has long cytonemes that are specific to Bnl and
specifically harbor Btl-containing puncta and that the ASP also has cytonemes that are
specific to Dpp and specifically harbor Tkv. Similarly in the eye disc, the presence of
EGFR:GFP in furrow-oriented cytonemes and not in equator-oriented cytonemes suggests
that cytonemes in the eye disc also selectively localize receptors (Fig. 1F). And as we
previously showed, apical cytonemes in the wing disc selectively localize Tkv (5). The
apparent ligand specificities and contrasting makeup of these cytonemes suggest a diversity
of functionally distinct subtypes: Cells appear to make cytonemes that respond specifically
to the Dpp, EGF, or Bnl signaling proteins. [The basal filopodia implicated in Delta-Notch
signaling in the wing disc (17 ) may represent yet another type.]

The mechanism that endows cytonemes with specificity for a particular signaling protein
cannot be based solely on tissue-specific expression of a receptor. Spi, Dpp, and Hh are
active in eye discs, but only changes in Spi signaling affected the furrow-directed
cytonemes. And in the wing disc, both the Hh and EGF signal transduction pathways are
active in cells at the A/P compartment border, but the apical cytonemes only responded to
overexpressed Dpp. Our findings that tracheal cells in the ASP respond to both Dpp and Bnl
and that the Tkv and Btl receptors are present in different cytonemes that the ASP cells
extend suggest that specificity may be a consequence of the constitution of the cytoneme,
not on which receptors the cells make. The mechanism that localizes receptors to different
cytonemes is not known, but because the marked receptors we expressed also segregated to
different intracellular puncta, the processes that concentrate these receptors in separate
locations may not be exclusive to cytonemes. There is a precedent for segregation of
proteins to different cellular extensions, neurons segregate proteins to dendrites or axons, so
extending projections with specific and distinct attributes may be a general property of cells.
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Fig. 1.
Oriented cytonemes in the wing and eye discs. (A) Representation of cytonemes on the
apical surface of the columnar layer of the wing disc (left) and of cytonemes at the basal
surface of the wing disc emanating from the ASP (right). bnl− and dpp-expressing regions
are in red and brown, respectively; the disc-associated Tr2 TC is partly external to the disc
basal lamina (dark green) and partly within the disc basal lamina [light green (12)]; ASP is
shown in light green; myoblasts, blue. (B) Drawings of third instar wing discs viewed from
the columnar epithelial side (left), viewed through to the basal side (right), and viewed in
cross section (middle). Positions of CD8:GFP-expressing clones cross-referenced (in
parentheses) to supporting online material (SOM) figure panels. (C) Drawing of third instar
eye–antennal disc with eye primordium to left, antenna primordium to right; equator, Eq;
area posterior to MF, P; area anterior to MF, A. Approximate locations of CD8:GFP-
expressing clones are shown [cross-referenced in parentheses to (D) to (H) and SOM figure
panels] in the columnar layer with cytonemes directed toward the morphogenetic furrow
(green), toward the equator (red), or in the peripodial layer (purple). Clones in
overexpression genetic backgrounds are shown with small circles. (D and E) Cytonemes
oriented toward the MF (D) or toward the equator (E) extended from anterior clones in the
columnar layer. (F) An EGFR:GFP-expressing clone in the columnar layer illuminated
puncta in cytonemes oriented to the MF. (G) A clone expressing CD8:GFP and EGFRDN

extended short cytonemes. (H) EGFR:GFP-containing cytonemes radiate in many directions
after ubiquitous expression of cSpi. In (D), and (F) to (H), MF is to left as indicated by
arrows, and equator is down, as indicated by arrow in (E). Scale bars, 5 μm.
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Fig. 2.
Ligand-specificity of cytonemes. Dpp, Spi, Bnl, and Hh were expressed ubiquitously by heat
shock 1/2 to 2 hours before imaging CD8:GFP in columnar cell clones in the wing disc (B to
E), in columnar cell clones in the eye disc (G to J), or 3 to 5 hours before imaging CD8:GFP
in ASPs in which expression was driven by btl-Gal4 (K to O). CD8:GFP larvae heat-
shocked although lacking the respective heat shock (HS) expression transgenes served as
controls [(A), (F), and (K)]. (P) Chart tabulating number of long (>30 μm, red) and short
(<30 μm, blue) cytonemes at the ASP tip (100-μm circumferential arc at the tip, average of
five specimens, error bars represent SD). (Q and R) Images from wing discs with
independent clones that express Dpp:Cherry (*) or CD8:GFP (green). Arrows point toward
A/P signaling center [(A) to (E), (Q), and (R)], toward the MF [(F) to (J )], or to long
cytonemes at the ASP tip [(K) to (O)]. Scale bars for (A) to (J ), (Q), and (R), 5 μm; for (K)
to (O), 30 μm.
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Fig. 3.
Dpp and FGF receptors segregate to separate locations in the ASP. (A to J) Expression of
Btl:Cherry and CD8:GFP driven by btl-Gal4 mark ASP cytonemes (green) with Btl-
containing puncta (red). [(A) and (B)] ASP tips from larvae lacking a HS transgene with (B)
or without (A) heat shock. (C) Btl:Cherry puncta in ASP tip cytonemes after ectopic
expression of Dpp. [(D) to (F) and (H) to (J)] Expression of Btl:Cherry and CD8:GFP
released from Gal80ts repression by temperature elevation (3) and subjected to heat shock
for the indicated times. (E) Image of ASP tip 1 hour after heat shock. (F) Image of ASP tip 2
hours after heat shock [also see table S4 and (3)]. (G) Image of one side of the ASP tube
between the TC and tip of (F). Arrowheads in (F) and (G) indicate short cytonemes
containing Btl:Cherry puncta. [(H) to (J)] Low-resolution (40×) images showing distribution
of Btl:Cherry after overexpression of Bnl. (F), (G), and (J) are images of the same
preparation. (K to N) Tip of ASPs expressing Tkv:GFP and Btl:Cherry driven by btl-Gal4.
(K) Two focal planes from z-sections in which Tkv:GFP-containing cytonemes were in a
focal plane (top) less proximal to the disc than those with Btl:Cherry (bottom). [(L) and (M)]
Projection images show distinct Tkv:GFP and Btl:Cherry–containing cytonemes at ASP tip.
(N) Image of mid-distal ASP. Arrows in (A) to (D) and (K) to (M) indicate long cytonemes
containing Btl:Cherry puncta. All images oriented ASP tip to right. Scale bars, 30 μm.
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