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The development of multicellular organisms requires the well balanced and coordinated migration of many cell types. This is of particular
importance within the developing nervous system, where glial cells often move long distances to reach their targets. The majority of glial
cells in the peripheral nervous system of the Drosophila embryo is derived from the CNS and migrates along motor axons toward their
targets. In the developing Drosophila eye, CNS-derived glial cells move outward toward the nascent photoreceptor cells, but the molecular
mechanisms coupling the migration of glial cells with the growth of the eye imaginal disc are mostly unknown. Here, we used an enhancer
trap approach to identify the gene spinster, which encodes a multipass transmembrane protein involved in endosome–lysosome traffick-
ing, as being expressed in many glial cells. spinster mutants are characterized by glial overmigration. Genetic experiments demonstrate
that Spinster modulates the activity of several signaling cascades. Within the migrating perineurial glial cells, Spinster is required to
downregulate Dpp (Decapentaplegic) signaling activity, which ceases migratory abilities. In addition, Spinster affects the growth of the
carpet cell, which indirectly modulates glial migration.

Introduction
Any complex nervous system is built of neurons and glial cells. Its
correct formation crucially depends on a precise and well orches-
trated interaction of these cell types. Whereas neurons often re-
side at their birthplaces, glial cells migrate over long distances.
Thus, glial migration must be carefully matched to the corre-
sponding neuronal substrates (Klämbt, 2009). Glial migration is
extensively studied in Drosophila. During embryonic PNS devel-
opment, glial cells born in the CNS migrate outward along the
segmental nerves guided by diffusible signals and differential ad-
hesion (Sepp et al., 2000; von Hilchen et al., 2008, 2010; Silies and
Klämbt, 2010). During wing formation, peripherally born glia
follow sensory axons as they travel toward the CNS (Aigouy et al.,
2004, 2008). In contrast, within the developing visual system,
glial cells are born in the CNS and migrate outward to the form-
ing compound eye. Photoreceptor neurons are sequentially gen-
erated in the wake of the morphogenetic furrow, which sweeps
anteriorly over the eye imaginal disc. Thus, glial migration must
be closely coupled to eye disc development (Choi and Benzer,
1994; Rangarajan et al., 1999; Silies et al., 2007, 2010; Franzdóttir
et al., 2009).

Only few signaling pathways control neuronal differentiation
in the eye disc. The cytokine Unpaired is expressed at the poste-
rior end of the eye disc, where it inhibits Wingless expression and
triggers the formation of the morphogenetic furrow (Arbouzova
and Zeidler, 2006; Ekas et al., 2006; Tsai et al., 2007). Within the
Decapentaplegic (Dpp)-expressing morphogenetic furrow, neu-
rogenesis is initiated. Subsequently, neuronal cells start express-
ing Hedgehog (Hh), which activates Dpp further anterior and
thus pushes the morphogenetic furrow across the epithelium
(Treisman and Rubin, 1995). Both Hh and Dpp were also
suggested to regulate glial cell development in the eye disc.
Initially, Hh prevents precocious glial migration (Hummel et
al., 2002); in later stages, Hh stimulates glial proliferation and
motility, whereas Dpp induces glial proliferation (Rangarajan
et al., 2001).

The identification of different glial cell types in the developing
eye imaginal disc provided a first mechanistic model how glial
migration and disc maturation is coordinated. Only two sub-
perineurial glial cells, called carpet cells, cover the eye imaginal
disc. On these cells, the perineurial glial cells migrate toward the
morphogenetic furrow. At the anterior end of the carpet cell, the
perineurial glial cells first contact nascent photoreceptor axons,
which triggers the differentiation of the wrapping glia (Silies et al.,
2007, 2010; Franzdóttir et al., 2009).

Here, we report the analysis of spinster, which affects glial
migration onto the eye disc. Spinster mutants show glial overmi-
gration phenotype, which is modulated by genes required for
different aspects of endocytotic trafficking. We found increased
Dpp signaling in spin mutant glial cells. Accordingly, the spinster
mutant phenotype can be suppressed by reducing the Dpp sig-
naling strength specifically in the glia. Our data provide a mech-
anistic explanation how glial migration and progression of the
morphogenetic furrow in the eye disc can be coupled.
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Materials and Methods
Drosophila work
All Drosophila work was conducted according
to standard procedures. Flies were kept at
room temperature unless otherwise indicated.
The following fly strains were used: spin-Gal4,
spin �2b, UAS-spin-III (Sweeney and Davis,
2002), UAS-spin-I-V flies (Nakano et al.,
2001), SPG-Gal4 (Stork et al., 2008), PG-Gal4
(Y. Yuva-Aydemir and C. Klämbt, unpub-
lished results), c527- and Mz97-Gal4 (Hummel
et al., 2002), 15IIa (J. Eberhardt and C. Klämbt,
unpublished results), da-Gal4 (Wodarz et al.,
1995), repo-Gal4 (Sepp and Auld, 1999; Lee
and Jones, 2005), elav-Gal4 and ey3.5-Gal4
(FlyBase; Bloomington Stock Collection), the
393 exon trap insertion line was generated in a
screen in Münster, Germany (U. Lammel and
C. Klämbt, unpublished results), UAS-wgGFP;
UAS-dsh (K. Bartscherer, Heidelberg, Ger-
many), Tkv GFP (CPTI-002487; Flannotator).
All UASdsRNA flies were obtained from the
Vienna Drosophila RNAi Center (Vienna, Aus-
tria). Other stocks used in this study were ob-
tained from the Bloomington Stock Center
(Indiana University, Bloomington, IN). To
generate eye disc clones, FRT42D spinl(2)10403/
CyO males were crossed to hsflp; FRT42D
UbiGFP/Cyohshid females. Flies were trans-
ferred to a new vial each day and kept at 25°C.
Heat shock was induced at day 2 for 1 h at 37°C.

Mosaic analysis with a repressible cell marker
analysis. Mosaic analysis with a repressible cell
marker (MARCM) analysis was performed as de-
scribed by Lee and Luo (1999). Glial expressed flp
source was used to induce glial clones. Briefly,
FRT42D tubPGAL80; repoflp1C, repoactGFP
virgin females were crossed to either FRT42D
control flies or FRT42D spinl(2)10403 flies. Larvae
were dissected at the late third-instar stage.

Shibire ts1 experiments. UAS-shits1 flies were
crossed to the repo-Gal4 driver. Flies were kept
at 25°C for 3 d and were shifted to 31°C until
the mid-late third-instar larval stage.

Immunohistochemistry and in situ hybridization
Fixation and treatment of tissues for immunohistochemistry was per-
formed as described previously (Stork et al., 2008). All antibodies di-
rected against Drosophila proteins used in this study are known to detect
the endogenous expression pattern. Anti-Repo antibodies (Halter et al.,
1995; Lee and Jones, 2005) were obtained from the Developmental Stud-
ies Hybridoma Bank (Iowa City, IA). Other antibodies used were as
follows: anti-�Gal (1:1000; Cappel; MP Biomedicals), anti-green fluores-
cent protein (GFP) (1:500; Invitrogen), anti-�-Spectrin (1:250) (Hüls-
meier et al., 2007), anti-Spin (1:250) (Sweeney and Davis, 2002) (kind
gift from Sean Sweeney, York, UK), anti-Rab5 (1:200; Abcam), anti-Rab7
(1:200) (Chinchore et al., 2009) (kind gift from Patrick J. Dolph, Ha-
nover, PA), anti-Tkv (1:500) (Dudu et al., 2006) (kind gift from Marcos
González-Gaitán, Geneva, Switzerland), anti-HRP Cy5 (1:200; Di-
anova), anti-avl (Lu and Bilder, 2005) (1:500) (kind gift from David
Bilder, Berkeley, CA), and anti-phospho-Mad (1:500) (kind gift from
Peter ten Dijke, Leiden, The Netherlands). Fluorescently labeled speci-
mens were analyzed using a Zeiss 710 LSM; orthogonal sections were
taken using the Zen software of Zeiss. In situ hybridizations were per-
formed with digoxygenin-labeled probes according to standard proce-
dures. LysoTracker Red DND-99 (Invitrogen) in PBS was applied to
dissected third-instar larval eye discs (1:500 in PBS). After incubation
for 10 min and several washes, discs were fixed with 4% formaldehyde
and subsequently mounted in Vectashield.

Statistical analysis
To quantify the glial cell number, Repo-positive nuclei in the eye discs
were counted using the ImageJ program. The age of the discs was de-
duced from the number of photoreceptor rows. The Mantel–Haenszel � 2

test was used for all association tests. The change in the frequency of the
different glial migration phenotypic classes was compared with the fre-
quency of mutant phenotypes in homozygous spinP animals.

Results
Spinster expression in the eye disc glia
Ablation experiments have previously indicated that glial migra-
tion onto the eye imaginal disc requires a fully differentiated
carpet glial cell (Silies et al., 2007). To identify genes required for
the development of this cell type, we screened the expression of
enhancer trap lines previously selected for expression in the ner-
vous system (C. Klämbt, unpublished results). Among this col-
lection, the line 15IIa is associated with Gal4 expression in the
carpet glia (Fig. 1A). The corresponding transposon insertion
was mapped to the first intron of spinster, which encodes a 12-
pass transmembrane protein localizing to the late endosome or
lysosome (Nakano et al., 2001; Sweeney and Davis, 2002; Der-
maut et al., 2005) (Fig. 1D). Previously, a genomic DNA frag-
ment upstream of the first spinster exon was used to create a Gal4

Figure 1. Identification of the spinster gene. The figure shows third-instar eye imaginal discs stained for Repo (magenta), GFP
(A–C, green), Spinster (E–G, green), or HRP (B, G, blue). A, The spin-Gal4 insertion, 15IIa, activates expression specifically in the
subperineurial glial cells (arrowheads). B, C, The spin-Gal4 promoter fusion results in a more ubiquitous expression pattern,
including many eye disc cells as well as a subset of glial cells, including the carpet glial cells (arrowheads). D, The organization of the
spinster locus is depicted. The insertion of the different P-elements is indicated by triangles. The mutation spin�2b affects all known
spinster isoforms and is likely to represent a null allele. E, Spinster protein is expressed ubiquitously in a vesicular pattern within the
eye imaginal disc. F, No Spinster protein can be detected in homozygous spinl(2)10403 eye discs. G, G�, Spinster protein can be
detected in the glial cell layer (G�, arrowheads). The dotted line in G indicates the orthogonal section shown in G�. Scale bars: A–G,
50 �m; G�, 10 �m.
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driver strain that activates expression of effectors in the endoge-
nous spinster expression pattern (Nakano et al., 2001). When we
used this spin-Gal4 element to drive expression, we noted a
broader expression pattern. Within the eye imaginal disc, expres-
sion is seen in the forming photoreceptor cell clusters and a larger
subset of glial cells including the carpet cells (Fig. 1B,C). Like-
wise, broad spinster expression can also be detected by anti-
Spinster antibodies (Fig. 1E–G). The protein is found in vesicles
within neuronal and glial cells (Fig. 1E,G,G�). In spinster mu-

tants, the vesicular staining cannot be de-
tected anymore (Fig. 1F).

Spinster affects glial migration in the
eye disc
Given the glial expression pattern, we
initiated a phenotypic analysis. The hy-
pomorphic allele l(2)10403 carries an
insertion in the first spinster exon (Fig.
1 D). Homozygous l(2)10403 animals
die as pupae allowing determining the
eye disc phenotype. In wild type, glial
cells are born in the optic stalk and mi-
grate onto the eye imaginal disc during the
third-instar larval stage (Choi and Benzer,
1994; Rangarajan et al., 1999; Silies et al.,
2007). Glial cells move until they contact
the nascent photoreceptor axons two to
four cell rows behind the morphogenetic
furrow (Franzdóttir et al., 2009) (Fig. 2A).
Homozygous spinl(2)10403 (spinP) mutants
show several defects in eye disc morphology
and glial cell migration. The expressivity of
the spinl(2)10403 mutant phenotypes varies
and can be classified according to its se-
verity (Figs. 2B–E; 3, line 1). In 9% of the
imaginal discs, we noted a perpendicular
duplication of the morphogenetic furrow
and the corresponding field of photore-
ceptor neurons (class I) (Fig. 2B). This
phenotype was also seen when spinl(2)10403

was placed in trans to a chromosomal de-
ficiency covering the spin locus (Fig. 2G).
In the majority of the eye discs, the mor-
phogenetic furrow appeared to progress
relatively normally across the eye disc ep-
ithelium. In 62% of the discs, glial cells are
found anterior to the morphogenetic fur-
row and appear to migrate in a broad
stream onto the eye imaginal disc (class II)
(Fig. 2C). In 11% of the eye imaginal discs,
only a relatively thin stream of glial cells
overshoots anteriorly to the morphogenetic
furrow (class III) (Fig. 2D). In another 11%
of the eye imaginal discs, we noted an ecto-
pic positioning of glial cells anterior to the
position where they are found in wild type
(class IV) (Fig. 2E). Finally, 7% of the ho-
mozygous spinl(2)10403 eye imaginal discs ap-
peared wild type (wt) (data not shown). In
general, spinster mutant cell clones con-
tained more glial cells (Fig. 2I). This is in
particular apparent in young eye imaginal
discs with 0–5 rows of photoreceptor cells

and may indicate increased migration onto the eye disc (Fig. 2J)
( p � 0.027).

Spinster controls migration of the perineurial glial cells
The precise excision of the P-element in spinl(2)10403 animals re-
verted all eye disc phenotypes as well as the associated pupal
lethality, suggesting that the observed glial cell phenotypes are
attributable to disruption of spinster function. The P-element
insertion k09905 in the first intron of the gene (Fig. 1D) resulted

Figure 2. The spinster mutant eye disc phenotype. Third-instar eye imaginal discs stained for Repo (magenta), HRP (A–H, blue),
and GFP (H, H�, green). In wild-type larvae, glial cells populate the eye field but stay a few cell rows posterior to the morphogenetic
furrow (white dashed line). B–F, In homozygous spinsterl(2)10403 mutant animals (spinP), several phenotypes can be observed that
were grouped into four phenotypic classes. B, Class I mutants, A duplication of the eye field 90° to the normal eye field is observed.
Glial cells are spread over the entire disc but are generally associated to neurons. C, Eye discs with a broad stream of glial cells
crossing the morphogenetic furrow (arrow) were classified as class II mutants. D, In class III mutants, only a thin stream of glial cells
crosses the morphogenetic furrow. Ectopic migration is generally observed along the midline of the eye disc. E, In class IV discs, glial
cells move close to the morphogenetic furrow and often cross this landmark structure. F, The glial migration phenotypes can be
observed already in young eye imaginal discs. G, Eye disc morphology defects are observed in spinsterl(2)10403/Df(2R)JP6 mutant
animals. H, H�, To determine which cell type is affected by the spin mutation, we used the perineurial glial marker c527-Gal4.
Almost all ectopic positioned glial cells are perineurial glia. The dotted box in H is shown enlarged in H�. I, Quantification of glial cell
number in wild-type and homozygous spinsterl(2)10403 mutant animals. The number of the discs analyzed is indicated on the bars.
Error bars indicate SEM. Scale bar, 50 �m (all images are taken at the same magnification unless indicated).
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in class II and III glial overmigration
phenotypes in homozygosity and class I
phenotypes in trans to the deficiency
(data not shown). The presumed EMS
(ethyl methanesulfonate)-induced null
allele spin11F5 (which carries an early stop
at W114) and spin�58 both result in early
larval lethality and are considered to be
null alleles (Flybase, (Dermaut et al.,
2005). In trans to spinl(2)10403, they result
in the same range of phenotypes as ob-
served in spinl(2)10403/Df(2R)JP6 animals
(data not shown). Thus, the nature of the
spinster allele corresponds to the extent of
the glial migration defects.

Migration of glial cells can be divided
into two distinct phases. During the be-
ginning of the third-instar stage, glial cell
migration from the optic stalk to the eye
disc is inhibited (Hummel et al., 2002).
On initiation of morphogenetic furrow
formation, the glial cells migrate on the
extending carpet cell onto the eye disc ep-
ithelium. The glial cells are never found anterior to the morpho-
genetic furrow. In spinster mutants, the initial repulsion of glial
cells by the eye imaginal disc is disrupted, as already in early
third-instar spinster larvae, glial cells migrate far onto the undif-
ferentiated epithelium (Fig. 2F).

The eye imaginal disc harbors several distinct glial subtypes. To
test which glial cell type shows the ectopic migration, we expressed a
membrane-linked GFP variant in each glial subpopulation of spin-
ster mutants. The carpet glial cell, as detected by SPG-Gal4, was never
detected anterior to the morphogenetic furrow. In 2 of 50 cases,
we found single Mz97-positive wrapping glial cells anterior to the
morphogenetic furrow (data not shown). Thus, almost all ectop-
ically migrating glial cells appear to be c527-positive perineurial
glial cells (Fig. 2H,H�).

Spinster acts in the migrating glial cells
Glial migration onto the eye disc is triggered by eye disc-derived
signals. To determine in which cell type Spinster is needed for
normal glial migration, we first performed cell type-specific res-
cue experiments using full-length spin isoform-I cDNA under
UAS control (spin-I) (Fig. 1D) (Nakano et al., 2001). A weak
phenotypic rescue ( p � 0.014) is caused by the presence of UAS-
spin-I in the absence of any GAL-4 driver, suggesting that very
low levels of spinster expression are sufficient (Fig. 3, line 2).

For ubiquitous expression of spin-I, we used the da-Gal4
driver, which is expressed in all cells of the animal (Wodarz et al.,
1995). da-Gal4 also mediates strong spinster expression in all glial
cells (at a stronger level compared with repo-Gal4) (data not
shown) and rescues the glial migration and eye disc morphology
(Fig. 3, line 3) ( p � 0.001). In contrast, expression of spin-I in the
neurons (elav-Gal4) or in the eye disc epithelium (ey3.5-Gal4)
only meliorates the mutant phenotypes, suggesting that spinster is
required in glial cells (Fig. 3, lines 4, 5) ( p � 0.001; p � 0.020).
Indeed, pan-glial expression of spin-I significantly rescues the
migration phenotype to an extent comparable with what is ob-
served when we used the spin-Gal4 driver (Fig. 3, lines 6, 7) ( p �
0.001). To test which glial cell type is responsible for the mutant
spinster phenotype, we performed rescue experiments with c527-
Gal4 and Mz97-Gal4 driver strains, which drive expression in
perineurial and wrapping glial cells, respectively. Both driver

lines could mediate a weak phenotypic rescue (Fig. 3, lines 9, 10)
( p � 0.014 and p � 0.005), whereas expression of spin-I in the
subperineurial glial cells using SPG-Gal4 did not significantly
alter the spinster mutant phenotype (Fig. 3, line 11) ( p � 0.044).
In summary, these rescue data indicate that spinster acts in both
the eye imaginal disc and in glial cells to control glial migration.

The gene spinster encodes five alternatively spliced transcripts,
type I–V (Fig. 1D) (Nakano et al., 2001). Only pan-glial expres-
sion (repo-Gal4) of spin-I and spin-III, which share a common
exon 4, rescues the glial migration phenotype. spin-III rescues the
glial migration deficits somewhat better than spin-I. We failed to
detect any rescue after expression of spin-II or spin V (data not
shown). In summary, these data indicate that Spinster carrying a
protein domain encoded by exon 4 is required in glial cells to
allow normal glial migration during larval development.

Spinster controls glial differentiation
As mentioned above, ectopic migration in spinster mutants is
confined to the perineurial glial cells. However, in the spin mu-
tants, the morphology of the perineurial glial cells does not ap-
pear to be altered (Fig. 2H,H�). To better analyze the function of
spinster during glial development, we generated glial specific mu-
tant cell clones by using a repoFlp source as described previously
(Silies et al., 2007; Stork et al., 2008). The level of Flp activity is so
low that usually only one or two clones are detected in the eye
imaginal disc; thus, cell clones originate from a single recombi-
nation event. In general, spinster mutant MARCM clones were
larger compared with the wild type [six vs nine; p � 0.016 (n �
34 wild-type eye discs compared with 50 mutant eye discs;
Student’s t test)]. Moreover, less wrapping glial cells are found
in mutant clones compared with the wild-type clones, whereas
the frequency of the perineurial glial cells appeared higher
(Fig. 4C,D). The morphology of both cell types appeared nor-
mal and no migration phenotypes were evident (data not
shown). Only two labeled carpet cells were recovered, and on
loss of spinster function, the size of the carpet glia is reduced
(Fig. 4, compare A�, B�). Similar results were obtained when
we silenced spinster function in the different glial populations
by using RNA interference (RNAi). Knockdown of spinster
function in the perineurial glia (c527-Gal4) using a dsRNA

Figure 3. Rescue of the spin glial overmigration phenotype. Full-length spin isoform-I cDNA under UAS control was expressed
by ubiquitous driver da-Gal4, eye disc drivers ey3.5-Gal4 and GMR-Gal4, neuronal driver elav-Gal4, and glial drivers repo-Gal4,
c527-Gal4, Mz97-Gal4, and SPG-Gal4 in spinl(2)10403 homozygous mutant background. The phenotypic classes (I, II, III, and IV) are
as shown in Figure 2. The different genotypes used are indicated at the left. Number of the eye discs analyzed is indicated (n).
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construct that affects all five isoforms of spinster with no pre-
dicted off-targets results in mild migration deficits (Fig. 4 E,
arrows; compare with the smooth migration front in Fig. 4 A).

We have previously shown that the carpet glia restricts glial
migration in the eye disc and ablation of the carpet glia leads to

an early-onset overmigration phenotype
(Silies et al., 2007). The morphology of
the two carpet glial cells found in each eye
disc can be visualized by SPG-Gal4
UASCD8GFP (Fig. 4G). In spinster mu-
tants, the shape of the carpet glia is se-
verely affected and the carpet glia fails to
extend over the eye field (Fig. 4H,H�). In
general, the extent of carpet glia differen-
tiation correlates with the severity of the
glial overmigration phenotype shown in
the respective imaginal disc. Knockdown
of spinster in the carpet glia using SPG-
Gal4 results in a reduction of carpet glial
cell size that was somewhat less pro-
nounced compared with the spinl(2)10403

mutant (Fig. 4F). In addition, perineurial
glial cells migrated further compared with
wild type (Fig. 4F, arrows).

In conclusion, these data suggest that,
on the one hand, spinster is required
within the perineurial glial cells to ensure
fidelity of migration. However, spinster is
needed within the carpet cell to control its
growth over the eye disc. The defective
carpet cell in turn contributes to the dis-
rupted perineurial glial migration.

Spinster affects endocytosis
Spinster is a late endosomal/lysosomal pro-
tein, and previous studies showed the accu-
mulation of late endosomes/lysosomes in
the spin mutants (Sweeney and Davis 2002).
Moreover, the rate of the endosome-to-
lysosome transfer is reduced in spin mutant
garland cells (Dermaut et al., 2005). In spin-
ster mutant eye discs, we noted a dramatic
increase of acidic compartments such as
late endosomes, and lysosomes dramati-
cally increase in number and size com-
pared with the wild type (Fig. 5A–C). To
further characterize vesicle morphol-
ogy, early and the late endosomes were
stained with antibodies against the en-
docytic syntaxin Avalanche (Avl) (Lu
and Bilder, 2005) and the GTPase Rab7
(Lu and Bilder, 2005; Stenmark, 2009)
(Fig. 5 D, E), respectively. In spinster
mutants, early endosomes appear nor-
mal, whereas the late endosomes expand
in size and form a ring-like structure
around the acidic compartments (Fig.
5E, arrowhead).

The exact function of Spinster in vesicular
trafficking is not known, but it is implicated in
the late endosome-to-lysosome transfer or the
lysosomal degradation (Sweeney and Davis,
2002). To test whether the glial migration

phenotype observed in the spin mutant is linked to defects in the
vesicle trafficking, we studied additional gene functions known to be
required for the endocytic pathway (Table 1). A ubiquitous knock-
down of Eps15, which has a role in the formation of vesicle mem-
branes and hook, which is required for the maturation of

Figure 4. Spinster controls glial differentiation. A, B, Examples of MARCM clones of the wild type and spinl(2)10403. Clones were induced
by repo-flp1C. Glial cell nuclei are in magenta (Repo), neuronal membranes are in blue (HRP), and mutant clones are labeled with the
repo-Gal4::UAS-actGFP (green). The white dashed line denotes the morphogenetic furrow (mf). The outline of the carpet cell is indicated by
a green dashed line in A�, B�, and F�. A, A�, Wild-type carpet glia clone, One carpet glial cell covers the one-half of the posterior eye field. B,
B�, A carpet glia in a spin mutant clone is smaller in size. C, Glial cell subtypes in the eye disc are depicted as follows: (1) perineurial glial cells
in the optic stalk, (2) perineurial glial cells in the eye disc, (3) wrapping glia, (4) perineurial glial cells at the anterior leading edge, (5)
perineurial glial cells at the eye disc margin, and (6) carpet glia. D, The frequency of different glial cell types in the wild type and spinl(2)10403

mutant clones. Glial cell types are as in C. E, E�, E�, Expression of spindsRNA in the perineurial glial cells by c527-Gal4. Some perineurial glial
cells migrate ahead of the normally smooth migration front (arrows). F, F�, F�, Downregulation of Spin in the carpet glial cells leads to a
significant reduction in the carpet cell size. Note the irregular migration of glial cells at the migration front (arrows). G, Wild-type eye disc
with two carpet cells expressing GFP directed by the SPG-Gal4 driver. H, Carpet glia in the spin mutant eye discs are very small and do not
spreadovertheentireeyefield.H�showsthemagnificationoftheselectedregion(dashedbox)inH.Scalesbars:A,B,20�m;E–H,50�m.
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multivesicular bodies (Sunio et al., 1999),
results in glial overshooting in the eye
disc. Likewise, the knockdown of Rab7,
which affects the late endosome-to-
lysosome transfer (Vanlandingham and
Ceresa, 2009), and Blue cheese (bchs), a
lysosomal protein (Simonsen et al., 2007),
phenocopies the spin phenotype (data not
shown). The fact that only ubiquitous
knockdown using da-Gal4 resulted in glial
phenotypes may be attributable to insuf-
ficient expression levels or it may indicate
that expression in both the eye disc and
the glial cells is required.

To further test whether endosomal dy-
namics is required in glia, we assayed
whether a change in endosomal dynamics
modifies the spin mutant phenotype. The
protein hepatocyte growth factor-regulated
tyrosine kinase substrate (Hrs) mediates the
formation of intraluminal vesicles and mat-
uration of the late endosomes (Lloyd et al.,
2002). Reduction of the hrs gene dose in
a homozygous spinl(2)10403 background sup-
presses the spin phenotype, whereas reduc-
tion of Rab7 function, which is a key factor
in lysosome maturation, under the control
of spin-Gal4 appears to increase the pheno-
typic strength of spinster (Fig. 5F). Impor-
tantly, knockdown of Rab7 in a spinster
mutant background resulted in reduced vi-
ability, which allowed the analysis of only few eye imaginal discs.
These data suggest that spinster controls glial migration by regulating
vesicular trafficking, especially transfer through late endosomes to
lysosomes in glial cells.

Genetic analysis of spinster function
spinster likely controls glial migration through an unbalance of
protein degradation in the lysosome. Since the activity of several
signaling pathways known to be required for glial migration is
affected by the sorting of membrane receptors and ligands into
different endosomal compartments (Fischer et al., 2006), we as-
sayed their potential interaction with Spinster. Recently, we
could show that the eye disc glia expresses the FGF receptor
Heartless (Htl) whose activation is pivotal in controlling glial
development (Franzdóttir et al., 2009). However, no change in
Htl expression level or localization is detected in spinster mutants
nor did we detect changed MAPK (mitogen-activated protein
kinase)/[ERK (extracellular signal-regulated kinase)] phosphor-
ylation in spinster MARCM clones (data not shown). Likewise,
gene dose experiments did not reveal any genetic interaction be-
tween htl and spinster. We also did not observe any interaction
with components of the JAK (Janus kinase)/STAT (signal trans-
ducers and activators of transcription) signaling pathway
[Domeless (Dome) and Unpaired (Upd)] (Fig. 6A, lines 5, 6).

Hedgehog (Hh) mediates signaling through the membrane-
bound receptor, Patched (Ptc), which is expressed by differenti-
ating glial cells (Hummel et al., 2002; Murakami et al., 2007).
Moreover, hh mutants were shown to cause precocious migration
of glial cells into the eye disc (Hummel et al., 2002), suggesting
that spin and hh might genetically interact. However, a reduction
of the ptc gene dose by 50% (or hh) in a homozygous spinster

mutant background only slightly suppressed the glial overmigra-
tion phenotype (Fig. 6A, lines 2, 3).

The reduction of wingless (wg) significantly suppressed the
spinster glial phenotype (Fig. 6A, line 4). However, glial specific
silencing of several components of the wingless signaling pathway
[Frizzled and disheveled (dsh)] did not cause any glial migration
phenotype (data not shown). Glial-specific activation of wingless
signaling by repo-Gal4 driven overexpression of Disheveled (Pen-
ton et al., 2002) resulted in fewer glial cells, which migrate nor-
mally (data not shown). In contrast, panglial expression of
Wingless blocked migration into the eye disc but did also affect
neuronal development in the eye disc, suggesting that wingless
acts within the eye imaginal disc to control glial migration (data
not shown). A prominent candidate mediating this effect is Dpp
whose expression in the eye disc is closely connected to wingless
activity.

Enhanced Dpp signaling in spinster mutants
Endocytosis and lysosomal degradation can affect Dpp signaling
pathway through regulating both the Dpp morphogen gradient
and the turnover. In the Drosophila neuromuscular junction,
spinster mutants cause synapse overgrowth, which can be sup-
pressed by reducing the function of the Dpp receptors, Thick-
veins (Tkv), Saxophone (Sax), and Wishful thinking (Wit)
(Sweeney and Davis, 2002). In addition, glial cell migration in the
Drosophila eye imaginal disc is affected by Dpp signaling (Ranga-
rajan et al., 2001).

Indeed, the reduction of Dpp levels in a spinster mutant back-
ground led to a rescue effect (Fig. 6A, lines 8, 9). Moreover,
reduction of mad, which encodes a transcription factor down-
stream of Dpp receptors, efficiently suppresses the glial overmi-
gration associated with spinster mutants (Fig. 6A, line 7; D).

Figure 5. Accumulation of the late endosomes in spinster mutants. Acidic dye LysoTracker staining labels the late endosomes/
lysosomes (in magenta). A, Wild-type eye discs. B, In spin mutant eye discs, the number and the size of the acidic compartments
significantly increases. C, Ubiquitous expression of spin-I rescues the phenotype. D, E, Eye discs are stained with the LysoTracker
(magenta), Rab7 to label late endosomes (green), and Avalanche to label early endosomes (blue). D, Wild-type eye discs. E, spin
mutant eye discs. The number of Rab7-positive vesicles increases in size and they form a ring-like shape around the LysoTracker dye
(arrowhead). No change is observed in the early endosomes. F, Modification of the spinster mutant phenotype by the mutations in
genes affecting endocytosis (Rab7, p � 0.648, not significant; Rab11, p � 0.027, not significant; hrsD28, p � 0.0001, significant).
Scale bars: A–C, 50 �m; D, E, 10 �m.
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Heterozygous mutations of the type II Dpp receptors wit
and put and the type I Dpp receptors tkv and sax have no effect
on glial cell migration (data not shown). Reduction of the gene
dose of wit and put mutations does not modify the glial over-

migration phenotype associated with
homozygous spinster mutants, whereas
reducing the level of tkv and sax leads to
a significant suppression of the mutant
phenotype. Moreover, downregulation
of tkv function only in the glial cells us-
ing a UAStkvdsRNA construct has even
stronger rescuing abilities (Fig. 6 A, lines
10 –16; B, C). In summary, these data
demonstrate that, in spinster mutants,
enhanced Dpp signaling is causing the
glial overmigration phenotype.

Increase in Mad phosphorylation in
spin mutant glial cells
We next determined Dpp expression in
spin�2b/Df(2R)JP6 eye discs using a dpp-
lacZ enhancer trap. The dpp-lacZ shows
specific signal at the morphogenetic fur-
row in the wild-type discs mimicking en-
dogenous dpp expression (Flybase). In
spinster mutants, additional expression at
the lateral edge and at the dorsoventral
midline is detected (Fig. 7A,B,D,E). To
assay whether glial cells express the Tkv
receptor required to detect the different
levels of Dpp expression, we used a GFP
exon trap insertion (kindly provided by
Flannotator). The GFP-tagged Tkv is ex-
pressed prominently in the eye disc
proper (Fig. 7C,C�). Within the glial cell
layer, Tkv expression is found only in the
perineurial glial cell layer (Fig. 7C).

In the canonical Dpp signal trans-
duction pathway, the type II receptor
phosphorylates the type I receptor,
which in turn recruits and phosphory-
lates the transcriptional coactivator
Mad. Thus, phospho-Mad staining can
be used as a readout of Dpp signaling,

which is one of the master signaling pathways that directs eye
disc patterning (Affolter and Pyrowolakis, 2006). In wild-type
eye discs, phospho-Mad is detected in the morphogenetic fur-

Figure 6. Dpp signaling pathway mutants suppress the glial overmigration phenotype in the spin mutant eye discs. A, Genetic
analysis of the interaction of spinsterl(2)10403 (spinP) with different signaling pathways. The genotype, the number of eye discs
analyzed, and the statistical significance are indicated. B–D, Third-instar larval eye discs stained for Repo expression (magenta)
and HRP antibody (blue). B, Heterozygous tkv7 mutation in the spin mutant background rescues the migration defect. C, Down-
regulation of the tkv only in the glial cells suppresses the spinster glial overmigration phenotype. D, Heterozygous mad8-2 sup-
presses the spin phenotype. Scale bar, 50 �m.

Table 1. Genes involved in vesicle trafficking and their effect on glial cell migration in the eye imaginal disc

UAS da-Gal4 ey3.5-Gal4 repo-Gal4 Mutant

shits1 Early lethal Glial overmigration Glial overmigration ND
chcdsRNA Early lethal No eye disc Early lethal Early lethal
Eps15dsRNA Glial overmigration ND Wild type ND
hrsdsRNA Early lethal ND Fewer glial cells at 29°C hrsD28

Early lethal
hookdsRNA Glial overmigration Wild type Wild type hook1

Glial overmigration
Vps25dsRNA Wild type ND Wild type ND
Vps16dsRNA Early lethal ND Early lethal ND
Rab7dsRNA Glial overmigration Wild type Wild type ND
bchsdsRNA Glial overmigration ND Wild type ND
Rab11dsRNA Wild type ND Early lethal ND
orangedsRNA Wild type Wild type Wild type orange49 h

Wild type
rubydsRNA Wild type Wild type Wild type ruby1

Wild type

UASdsRNA or dominant-negative constructs were expressed using the Gal4 driver strains indicated. Crosses were done at 25°C; for shits1 expression, see Materials and Methods. ND, Not determined.
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row and in an anterior domain (Fig.
8 A). No phospho-Mad is detected in
glial cells (Fig. 8C,E). In spinster mutants,
the intensity of the phospho-Mad signal at
the morphogenetic furrow is slightly in-
creased when compared with wild type,
and the phospho-Mad-positive domains
appear enlarged and ectopic signal is de-
tected at the lateral edge of the disc (Fig.
8B). In addition to the eye disc expres-
sion, we detect robust phospho-Mad ex-
pression in many glial cells in the eye disc
and the optic stalk. Only the outermost
glial cells, the perineurial cells, express
phospho-Mad (Fig. 8D). The carpet cell
does not express phospho-Mad in spinster
mutants (Fig. 8F, asterisk).

In summary, spinster mutants show in-
crease Dpp expression in the eye disc,
which translates to increased Dpp activity
in the retinal glial cells as seen by the in-
crease of phospho-Mad expression.

Accumulation of Tkv in glial cells
The genetic interaction data and the in-
crease in phospho-Mad expression in glial
cells suggest that Spinster antagonizes Dpp
signaling. Spinster, which localizes to the
late endosome/lysosome, may downregu-
late Dpp signaling by stimulating trafficking
and lysosomal degradation of activated Dpp
receptors. In wild-type eye discs, Tkv local-
izes in a large vesicular structure in photore-
ceptor neurons (data not shown). In the
spinster mutants, additional Tkv expression
spots were detected in photoreceptor cells
(data not shown). The increase of Tkv ex-
pression was also noted in the eye disc glia
and within homozygous mutant cell clones
(data not shown).

To determine the nature of the Tkv-
expressing vesicular structures, we used
the GFP exon trap insertion 393. In this line, GFP expression is
found on Rab5-negative but Rab7-positive endosomes (Fig. 7F,G).
In wild-type eye discs, Tkv is not localized in 393-expressing ves-
icles (Fig. 7H). However, in spinster mutants, 393-positive endo-
somes develop large, ring-like structures surrounding the Tkv
signal (Fig. 7I). In summary, in spinster mutants, we note an
accumulation of the type I Dpp receptor Tkv in late endosomes.
The increase in Dpp receptor expression results in an increase of
Dpp signaling since reduction of tkv activity rescues the glial
migration phenotype of spinster mutants.

Discussion
During development of the nervous system, glia cell migration is
tightly regulated in time and space. Here, we have demonstrated
that, within the Drosophila visual system, glial migration requires
the late endosomal/lysosomal protein Spinster to restrict a migra-
tory stimulus provided by Dpp signaling. Spinster is crucially
involved in the coordination of eye disc growth and glial migra-
tion (Fig. 9). In spinster mutant eye discs, late endosomes accu-
mulate and a glial overmigration phenotype develops. This
migration phenotype can be modified by reducing the early to

late endosomal transfer or late endosome-to-lysosome transfer
through decreasing the levels of hrs. Moreover, the Dpp receptor
Thickveins accumulates in spinster mutant cells. Thus, Spinster
appears to antagonize Dpp signaling by facilitating the routing of
Dpp receptors toward the lysosome (Fig. 9E,F).

Retinal glial cells are born in the CNS and migrate onto the eye
disc through the optic stalk (Choi and Benzer, 1994). A reverse
migratory direction is taken by the photoreceptor cell axons,
which are born in the periphery and navigate toward the brain
through the optic stalk (Meinertzhagen and Hanson, 1993; Wolff
and Ready, 1993). Peripheral glial cells generally follow axonal
growth cones during their migration phase (Klämbt, 2009), and
thus within the developing Drosophila visual system, glial cells
have to be guided to the nascent photoreceptor axons by other
means. In Drosophila, this is accomplished by the carpet cells,
very large subperineurial cells that cover the entire eye field (Silies
et al., 2007). The carpet cell shields the navigating axons within
the stalk from the proliferating and migrating glial population
(Fig. 9C). At the beginning of eye imaginal disc development, the
carpet cell prevents precocious migration of glial cells onto the
eye disc in a process requiring early eye patterning genes and

Figure 7. Accumulation of the Tkv in the late endosomes in spin mutant eye discs. A, D, RNA in situ hybridization using Dpp cDNA
as a probe. A, Dpp expression is seen at the morphogenetic furrow in wild-type eye discs. B, Dpp-lacZ expression in wild-type
background. Dpp transcription (green) is restricted to the morphogenetic furrow. C, C�, Tkv expression in a wild-type eye imaginal
disc. C, Orthogonal view. Tkv is expressed in some bright spots within the glial cell layer (arrowhead). C�, Single confocal section at
the basal-most position as indicated by the arrow in C. Note the polar distribution of Tkv expression in glial cells (arrowhead). D, In
spinster mutants, Dpp expression levels are increased correlating with the disc overgrowth phenotype. E, Dpp-lacZ expression in a
spin�2b/Df(2R)JP6 background. Dpp transcription is seen at the lateral edge of the disc and also at the dorsoventral midline. F, The
exon trap line 393 labels the late endosomes. No colocalization of 393-associated GFP expression (green) and Rab5 (magenta) is
seen. G, In contrast, Rab7 (magenta) and 393-directed GFP expression (green) colocalize in many vesicles (white). H, In a wild-type
background, Tkv (magenta) is localized to late endosomes marked by the 393 GFP trap (Green). I, In a spinster mutant background,
393 GFP expression forms a ring-like structure around Tkv (arrows). Scale bars: A, B, 50 �m; F–I, 10 �m.
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Hedgehog signaling (Hummel et al., 2002). Ablation of the carpet
glia as well as disruption of, for example, early Hedgehog signal-
ing result in an overshooting glial migration (Silies et al., 2007).
As soon as the morphogenetic furrow is initiated, the carpet glial
cell starts to grow and extends anteriorly. However, the carpet cell
never reaches the morphogenetic furrow but stops to grow at a
few cell rows behind where nascent photoreceptor cell axons are
formed. Piggybacking on the carpet cell are the perineurial glial
cells that migrate toward the anterior edge of the carpet cell. As
soon as they come in contact with photoreceptor axons, they
drop from the carpet cell and now follow the sensory axon toward
the brain. Thus, two distinct phases of glial cell migration can be
defined. Initially, the carpet cell prevents precocious migration,
whereas in later phases of eye imaginal disc development the
carpet cells provide a permissive substrate for the migrating
perineurial glia.

Spinster is involved in the regulation of both of these migra-
tory phases and helps to coordinate the growth of the eye disc
with the migration of glial cells. The most dramatic consequences
of spinster mutants as seen in eye disc duplications are presum-
ably attributable to effects on Wingless and Dpp within the eye

disc. The broad glial overshooting phenotypes correlate with a
failure of the carpet cell to prevent early-onset, precocious glial
migration. The later glial overmigration phenotypes correlate
with late, carpet cell-independent, defects in the perineurial glia.
Thus, it is not surprising that, in contrast to panglial expression of
Spinster, glial cell type-specific expression is not able to rescue the
spinster overmigration phenotype (Fig. 3, line 7).

The size of the carpet glial cell is reduced in spinster mutants,
and MARCM analysis as well as cell type-specific RNAi experi-
ments indicate that spinster controls carpet cell growth cell auton-
omously. Directed expression of Hid or RicinA specifically in
carpet cells resulted in a reduced cell size and a concomitant
induction of ectopic glial cell migration (Silies et al., 2007). In
contrast, single spinster mutant carpet cells did not lead to a glial
migration defects, suggesting that the reduced carpet cell only
contributes to the glial overmigration phenotype. How spinster
controls the size of the carpet cells is currently unknown. Possi-
bly, within the carpet cell, spinster acts via hedgehog signaling.
Hedgehog bound to the Patched receptor is normally internal-
ized and degraded in lysosomes (Chen and Struhl, 1996;
González-Gaitán, 2003; Torroja et al., 2004). Moreover, Patched
is expressed in glial cells (Hummel et al., 2002) and Hh signaling
was suggested to prevent precocious glial cell migration through
a yet-unknown pathway (Rangarajan et al., 2001; Hummel et al.,
2002). However, mutations in different hedgehog signaling com-
ponents did not suppress the spinster phenotype and inhibition
of hedgehog signaling in glial cells did neither alter the morphol-
ogy of the carpet glia nor did they affect glial migration. Likewise,
activation of Hedgehog signaling through expression of PKAdsRNA

did not influence glial migration.
Within the carpet cells, Spinster most likely does also not

act through altered Dpp signaling, since no phospho-Mad ex-
pression was detected in the carpet cells. In contrast, we noted
enhanced Dpp signaling (Mad phosphorylation) in the mi-
grating perineurial glial cells. The analysis of additional mu-
tations affecting different aspects of intracellular vesicle
dynamics revealed the importance of endocytic processes in
TGF-� signaling. The block of Rab5 function causes a reduc-
tion in the range of Dpp target gene activation, and Rab5
overexpression causes increased Dpp signaling range (Entchev et
al., 2000). Hrs, a component of ESCRT complex, has been shown
to interact with Smad2 and participates in the recruitment of
Smad2 to the activated receptor (Miura et al., 2000). Hrs
seems to be involved in the constitutive ligand-independent
receptor turnover since Tkv accumulates at the cell membrane
even in the absence of Dpp (Jékely and Rørth, 2003). Hrs
downregulation suppresses the spinster glial overmigration,
possibly by inhibiting Tkv internalization and accumulation
in the endosomes. Within the cell, endosome-to-lysosome
transfer and subsequent lysosomal degradation also affects
Dpp signaling. Enhanced degradation caused by expression of
activated Rab7 reduces the Dpp signaling range, whereas the
inhibition of lysosome function with chloroquine leads to an
endosomal accumulation of ligands (González-Gaitán, 2003).
In addition, pan-glial expression of a dominant-negative Tkv
receptor, tkv�GS or tkvdsRNA, resulted in reduced glial migra-
tion and fewer glial cells (data not shown). Similar results were
obtained when we silenced put or mad expression using RNA
interference, demonstrating that the regulation of Dpp signal-
ing via controlling vesicle dynamics is required in glial cells to
ensure normal proliferation and migration.

Endocytosis and vesicle recycling is generally required in
migrating cells to dynamically remodel their adhesive contacts

Figure 8. Enhanced Dpp signaling in the spin mutant eye discs. Third-instar larval eye discs
stained for Repo expression (green), phospho-Mad (p-Mad) antibody (magenta), and HRP an-
tibody (blue). Wild-type and spinster mutant eye discs were stained in the same staining batch
and scanned at the same LSM settings. A, In wild-type discs, two stripes of p-Mad signal are seen
at the morphogenetic furrow. B, In spin mutants, the range of the p-Mad signal does not change
but the intensity is increased (arrow). C�, Enlarged view of discs. In the wild type, no p-Mad
signal is seen in the glial cells. D�, In spin mutants, p-Mad signal can be easily detected in glial
cells. E–F�, Orthogonal view in the optic stalk. Increased p-Mad signal is detected in the spin
mutant glial cells in the optic stalk. No increase is seen in the nucleus of the carpet cell, which can
be recognized by its large size (asterisk). A–F, p-Mad, Repo, and HRP staining. C’–F’, p-Mad and
anti-HRP staining. Scales bars: A, B, 50 �m; C–E, 10 �m.
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and locate active signaling receptors to
the front of the cell in response to extra-
cellular signals (Ulrich and Heisenberg,
2009). Integrins from the cell rear can be
relocalized to the leading edge, and dur-
ing border cell migration in the Drosoph-
ila ovary, spatial restriction of the receptor
tyrosine kinase signaling by endocytosis
ensures the localized intracellular re-
sponse to guidance cues (Jékely et al.,
2005; Ezratty et al., 2009). Likewise, glial
migration in the embryonic Drosophila
PNS is regulated by the fine-tuning of
Notch signaling by Numb-mediated en-
docytosis (Edenfeld et al., 2007). Thus,
endocytotic trafficking may affect cell mi-
gration through several pathways.

In spin mutants, enhanced Dpp signal-
ing is also observed in the eye imaginal disc
and the most extreme eye disc phenotype
appears as to be an induction of an ectopic
morphogenetic furrow perpendicular to the
normal furrow. Ectopic expression of the
Dpp in the eye disc or expression of acti-
vated Tkv in the glial cells increases glial cell
proliferation (Rangarajan et al., 2001). In
spin mutants, both increased Dpp expres-
sion and accumulation of Tkv are observed.
Since spin controls glial cell proliferation cell
autonomously, this is likely attributable to
the accumulation of Tkv in glial cells. In ad-
dition, enhanced Mad phosphorylation is
observed in spin mutants, especially in the
optic stalk glia. In agreement with this, the
increase in glial cell number is mostly noted
in the optic stalk. Interestingly, the function
of spinster in controlling glial differentiation
is also required in the wrapping glia. Loss of
spinster results in a reduced wrapping of ax-
onal membranes, which can be rescued by
reexpression of spinster in the wrapping glia
(Y. Yuva-Aydemir. and D. Engelen, unpub-
lished results). Thus, spinster function appears
to be needed to extend cellular processes dur-
ing migration and differentiation.

In conclusion, Spinster affects glial
migration on two different levels. Spin-
ster regulates carpet glia differentiation,
which indirectly affects early migration,
and subsequently, Spinster acts in the
perineurial glia to confer a general cell
motility signal.
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