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Summary

Heparan sulfate proteoglycans (HSPGs), a class of
glycosaminoglycan-modified proteins, control di-
verse patterning events via their regulation of growth-
factor signaling and morphogen distribution [1]. In
C. elegans, zebrafish, and the mouse, heparan sulfate
(HS) biosynthesis is required for normal axon guid-
ance [2–4], and mutations affecting Syndecan (Sdc),
a transmembrane HSPG, disrupt axon guidance in
Drosophila embryos [5, 6]. Glypicans, a family of gly-
cosylphosphatidylinositol (GPI)-linked HSPGs, are ex-
pressed on axons and growth cones in vertebrates,
but their role in axon guidance has not been deter-
mined [7, 8]. We demonstrate here that the Drosophila
glypican Dally-like protein (Dlp) is required for proper
axon guidance and visual-system function. Mosaic
studies revealed that Dlp is necessary in both the ret-
ina and the brain for different aspects of visual-sys-
tem assembly. Sdc mutants also showed axon guid-
ance and visual-system defects, some that overlap
with dlp and others that are unique. dlp+ transgenes
were able to rescue some sdc visual-system pheno-
types, but sdc+ transgenes were ineffective in rescu-
ing dlp abnormalities. Together, these findings sug-
gest that in some contexts HS chains provide the
biologically critical component, whereas in others the
structure of the protein core is also essential.

Results and Discussion

We examined the distribution of Dlp in the developing
visual system by using a monoclonal antibody [9] that
specifically recognizes Dlp in tissues [10]. In Drosoph-
ila, the adult eye is comprised of approximately 800
sensory units, or ommatidia, each with eight distinct
*Correspondence: selle011@umn.edu
photoreceptors, R1–R8. In the eye imaginal disc, Dlp
was found on photoreceptor cell bodies and on cells
within the morphogenetic furrow (Figures 1A and 1B).
Axons from R1–R6 terminate in the lamina, the first op-
tic ganglion (Figure 2A, arrow), whereas those from R7
and R8 project to the medulla (Figure 2A, arrowhead).
In the optic lobe, Dlp was present on photoreceptor
axons at the boundary between the lamina and adja-
cent tissues (Figures 1C, 1E, and 1E#, arrows) and along
the lamina plexus (Figures 1D and 1D#, asterisk). Dlp
was also observed in the medulla neuropil (Figure 1E,
arrowhead), medulla glia, medulla neuropil glia (Figures
1F, 1F#, G, and G#, arrowheads), neuroblasts of the pro-
liferative centers (Figure 1H), and in the mushroom
body neuropil (Figures 1H and 1I).

To evaluate the function of Dlp in axon guidance, we
used a photoreceptor-specific monoclonal antibody
(24B10) [11] to visualize photoreceptor projections in
dlp mutants. In 50% of dlp mutant hemispheres, the
lamina plexus was irregular and thickened (Figure 2B,
arrow). Additionally, 80% of dlp mutant larvae had fi-
bers that aberrantly crossed between ommatidial bun-
dles (Figure 2B, inset) and/or photoreceptor process
expansions outside the normal termination zone of the
lamina plexus (for phenotypic quantification, see Figure
S1A in the Supplemental Data available with this article
online). Examination of dlp mutant pupae revealed that
80% of optic lobes contain irregularities in the R7 and
R8 medulla termini (Figures 2D and 2E). We also ob-
served crossover of R7 axons to neighboring medulla
cartridges (w50%) and misrouting of R7/R8 axons
(w20%) (quantified in Figure S1B).

We assessed visual-system function in dlp mutants
by recording electroretinogram (ERG) profiles in adult
flies. A wild-type ERG is composed of the photorecep-
tor response generated by a light-induced depolari-
zation of the photoreceptor neurons and of the two
transient voltage changes, the “on-transient” and the
“off-transient” (Figure 2J), resulting from currents re-
lated to synaptic transmission during the initiation and
termination of the light stimulus [12]. dlp mutants
showed statistically significant defects in the photore-
ceptor response and in both on- and off-transients (Fig-
ure 2J,K), suggesting that Dlp is required for proper
photoreceptor currents and synaptic transmission.

Axon guidance in the visual system depends on pho-
toreceptor specification, as well as on glial-cell migra-
tion [13] and lamina-neuron differentiation [14]. Al-
though dlp mutants have reduced and roughened eyes,
thin sections of dlp eyes demonstrated that all photore-
ceptors are present and retain proper polarity in each
ommatidium (see Figure S2). Staining with several pho-
toreceptor-specific markers confirmed that dlp mutant
photoreceptors differentiate properly (Figure S3). Like-
wise, glial cells and lamina neurons were found in the
correct number and location in dlp mutants (Figure S4),
indicating that patterning defects of these critical cells
cannot account for the observed axon-guidance de-
fects.

Because Dlp is expressed in several visual-system
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Figure 1. Expression of Dlp in the Developing
Adult Visual System

All images are single optical sections of wild-
type tissues stained with anti-Dlp antibody
(red) and green fluorescent protein (GFP) ex-
pressed under control of either GMR-GAL4
(photoreceptors) or Repo-GAL4 (glia). (D#–
G#) show enlarged views of outlined regions.
(A) In the eye-antennal disk, Dlp is expressed
in the morphogenetic furrow (arrow), on dif-
ferentiated photoreceptor cell bodies (arrow-
head), and on photoreceptor axons exiting
at the optic stalk (asterisk).
(B) Higher-magnification view of posterior
portion of eye-antennal disc. Note the colo-
calization of Dlp with photoreceptor-specific
GFP (arrowhead).
(C) Lateral view of third-instar larval brain,
anterior to left. Dlp is primarily found on pho-
toreceptor axons along the boundary (ar-
rows) of the lamina (L).
(D–G) Dorsal-posterior view of third-instar
larval brains; lateral surface of optic lobe is
up. (D, D#) Dlp is observed on R1–R6 termini
at the lamina plexus (asterisks) and just be-
low the lamina plexus in the medulla glia (ar-
rowheads) (see [F] below). (E, E#) Dlp is
greatest on photoreceptors along the
boundary of the lamina (arrows, deeper focal
plane than in [D, D#]). Dlp colocalizes with
R7/R8 termini in the medulla (arrowheads)
and is also present broadly in this region
(see [G] below). (F, F#) Dlp is expressed in
the medulla glia (meg, arrowheads) but not
in the epithelial glia (eg) or marginal glia (mg)
(arrows), as evidenced by colocalization with
glia-specific GFP. Dlp is also on the lamina
plexus (asterisk). (G, G#) Dlp is found on the
medulla neuropil glia (mng) (arrowheads) in
the region of R7/R8 termination.
(H) Dlp is present on neuroblasts of the inner
and outer proliferative centers (ipc, arrows;
opc, arrowheads) and is highly expressed in
the mushroom body neuropil (MB in [H], ar-
row in [I]). Scale bars represent 50 microns.
elements and cell types, we conducted somatic mosaic p
astudies to determine which cells require dlp for visual-

system assembly. Using a method that generates p
rclones encompassing a majority of cells in the retina

[15], we observed crossover of axons between omma- u
otidial bundles (Figure 2C, arrowheads) and photorecep-

tor process expansions outside the lamina plexus (Fig- p
dure 2C, arrows) in 67% of animals with dlp mutant

photoreceptors projecting to a heterozygous brain (n = m
D33) (as opposed to 8% in wild-type “control” clones, n =

37). Conversely, R7/R8 termination defects were absent t
gfrom the medulla of 40 hr pupae with dlp mutant retinas

and dlp/+ optic lobes (Figure 2F). These results indicate
fthat Dlp is required in the eye to specify proper axon

guidance to the lamina, but not to the medulla. U
pThe photoreceptor-specific requirement for Dlp was

further evaluated via the mosaic analysis with a re- n
ressible cell marker (MARCM) technique to visualize
xons from small dlp mutant clones [16]. dlp mutant
hotoreceptors displayed ectopic axon outgrowths di-

ected away from their proper targets in the lamina (Fig-
res 2G, 2H, and 2I, arrowheads) (37% of dlp/dlp ax-
ns, n = 206; 11% of controls, n = 362). Ectopic axon
rocesses were four times more prevalent on axon bun-
les near the boundaries of the lamina than on those in
ore-central regions. This suggests that expression of
lp on photoreceptors may be important for the detec-

ion of repellant cues that prevent aberrant axon out-
rowth.
Finally, we evaluated the tissue-specific requirement

or Dlp in physiological function of the visual system.
sing a mosaic strategy that generated eyes com-
osed solely of dlp mutant photoreceptors [17], we did
ot see statistically significant defects in ERG record-
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Figure 2. Analysis of dlp in Visual-System
Assembly and Function

(A–B) Merged optical sections of photore-
ceptor-specific antibody staining (24B10)
in third-instar optic lobes, dorsal/posterior
view. (A) A dlp heterozygote showing wild-
type patterning of termini forming the lamina
plexus (arrow) and medulla projections (ar-
rowhead) is shown. (B) A dlp mutant with
thickening of the lamina plexus (arrow) and
crossovers between ommatidial axon bun-
dles (inset) is shown. R7/R8 termini in the
medulla are relatively unaffected (arrow-
head).
(C) Single optical sections from animals
where most photoreceptors are dlp mutant
but brains are dlp/+. Photoreceptor fibers
cross between ommatidial axon bundles (ar-
rowheads) and show process expansions
outside the lamina plexus (arrows).
(D–F) Single optical sections, 24B10 staining
of 40 hr pupal brains, dorsal view. (D) A wild-
type optic lobe is shown. Note the two dis-
tinct layers of R7 and R8 termini (labels) in
the medulla. (E) dlp mutant pupae have de-
fects in R7/R8 termini. (F) Homozygous dlp
mutant photoreceptors projecting to a het-
erozygous brain show normal R7/R8 termini.
(G–I) Merged optical sections showing indivi-
dual dlp/dlp or control (FRT2A) photorecep-
tor clones expressing GFP (red is 24B10).
Smaller panels (right) show enlarged views
of outlined regions. (G) Control photorecep-
tor-axon bundles take smooth, straight paths
to their targets in the optic lobe. (H) Some
dlp mutant photoreceptor axons deviate from

their proper path (arrowhead) and fail to reach the correct target. (I) Ectopic axon outgrowths (arrowheads) commonly project from dlp/
dlp photoreceptors.
(J) ERG traces from a heterozygous control and a dlp mutant. Note the absence of the “on-transient” (arrow) and the “off-transient” (arrow-
head) in the dlp mutant. The bracket shows photoreceptor response. Scale = 3 mV, 200 ms.
(K) Voltage measurements of ERG components in dlp heterozygote controls and dlp homozygous-mutant animals. The asterisk denotes
statistically significant difference (p < 0.05, Student’s t test). Scale bars represent 50 microns in (A) and (D) and 20 microns in (C).
ings compared to controls (n = 16, data not shown).
These results demonstrate that the ERG defects of dlp
mutants are produced by loss-of-function in the optic
lobe, not in the eye.

Drosophila Syndecan (Sdc) represents another class
of HSPG, and it is required for normal axon guidance
in the embryo [5, 6]. Antibody specific for Sdc [5] re-
vealed that this proteoglycan is present on photorecep-
tors in the retina (Figures 3A and 3B) and on photore-
ceptor projections to the optic lobe. Like Dlp, Sdc is
enriched throughout the lamina plexus (Figures 3C and
C#) and at the boundary between the lamina and adja-
cent tissues (Figures 3D and D#, arrowheads). Sdc im-
munoreactivity was also detectable at a low level on
cells just medial to the lamina plexus, the medulla glia
(Figure 3D, asterisk), but was absent from some Dlp-
expressing cells such as the mushroom body and the
medulla neuropil glia (compare Figure 3D to Figures 1E
and 1G, arrowheads).

Analysis of sdc null mutant larvae revealed that 50%
of optic lobes had photoreceptor-projection abnormali-
ties and/or lamina-plexus defects including gaps (29%)
and gross disorganization (21%, n = 28) (Figures 3E–
3G). Compared to dlp mutants, sdc mutants showed a
low penetrance of the lamina-thickening (4%) and lam-
ina-axon-crossover phenotypes (Figure S1C). Addition-
ally, some sdc mutants had R7/R8-axon misrouting in
the larval stage (Figure 3G, arrowhead). sdc mutant pu-
pae showed crossover of R7 axons between medullary
cartridges (100%, Figures 3H and 3I, insets) and de-
fective axon pathfinding to the medulla (86%, Figure
3J, n = 21) but a low penetrance of R7/R8-termini dis-
ruption (w10%, see Figure S1D), a phenotype common
in dlp mutants (80%–100%, Figure 2E, Figure S1B). As
is the case for dlp, sdc mutants do not show defects
in the specification of photoreceptors, glia, or lamina
neurons (Figures S2–S4), confirming that the above
phenotypes are not secondary to other overt patterning
deficiencies. Overall, dlp and sdc mutants share similar
axon-guidance phenotypes, but each has a largely dis-
tinct level of penetrance for a given defect.

Electrophysiological analysis revealed that sdc mu-
tants have grossly abnormal ERGs, with defective pho-
toreceptor depolarization and complete absence of
on- and off-transients (Figure 4I). These ERG abnormal-
ities—particularly the virtual loss of photoreceptor de-
polarization—are distinct from those found in dlp ani-
mals (Figure 2J). In addition, whereas dlp null mutants
have a reduced and roughened eye, sdc mutants do
not (Figures S2A–S2C). These findings are consistent
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Figure 3. Sdc Expression and Function in the
Developing Adult Visual System

(A–D) Anti-Sdc (red) and 24B10 (green) stain-
ing of wild-type third-instar eye-antennal
disc and optic lobe (single optical sections).
(C#) and (D#) show enlarged views of outlined
regions. (A–B) Sdc colocalizes with differenti-
ated photoreceptors (arrowheads) posterior to
the morphogenetic furrow (arrow). (C, C#)
Sdc is found throughout the length of the
lamina plexus (arrowheads). (D, D#) Sdc ex-
pression is greatest on axons at the bound-
ary of the lamina (arrowheads). These photo-
receptors do not colocalize with 24B10,
which only stains axons at more-mature
stages of development (unlike GMR-driven
expression of GFP as in Figure 1). Sdc is
present at low levels on cells of the inner and
outer proliferative centers (arrows), as well
as just below the lamina plexus where the
medulla glia are located (asterisks).
(E–G) Merged optical sections of 24B10
staining in third-instar larval brains. (E) sdc
heterozygous control (lamina plexus [arrow],
medulla [arrowhead]) is shown. (F, G) sdc
mutants with disruption of lamina plexus (ar-
rows) and with abnormal R7/R8 termini in the
medulla (arrowheads) are shown.
(H–J) 24B10 staining of 40 hr pupal brains
(single optical sections). (H) The wild-type
optic lobe is shown. R7/R8 projections from
each ommatidium (arrowhead on inset) re-
main in the same medulla cartridge. (I) sdc
mutant pupae show crossover of R7 termini
to neighboring cartridges (arrowhead on in-
set). (J) sdc mutant pupa with R7/R8-axon
projections that deviate (arrows) from the
proper route (arrowheads) to the medulla is
shown. Scale bars represent 50 microns.
with distinct molecular functions for Dlp and Sdc during s
cvisual-system assembly.

Sdc and Dlp are both heparan sulfate-modified pro-
rteoglycans, and Dlp expression is capable of limited

rescue of sdc axon-guidance abnormalities in the v
iembryo [5]. To determine whether these two cell-sur-

face molecules have overlapping functions in the visual a
csystem, we performed a series of rescue experiments.

With or without a GAL4 driver, dlp mutant animals bear- p
ring a UAS-dlp+ construct showed complete rescue of

pupal axon-pathfinding defects (Figures 4B and 4C) s
tand ERG abnormalities (data not shown), suggesting

that low levels of Dlp expression are sufficient to pro- (
svide the function necessary for normal axon guidance

and visual-system assembly. Despite this, ubiquitous p
sexpression of Sdc was unable to rescue the axon-guid-

ance abnormalities of dlp mutants (Figure 4D), demon- e
trating that Dlp and Sdc are not functionally inter-
hangeable during photoreceptor axon guidance.
We also tested the ability of UAS-dlp+ transgenes to

escue axon-guidance phenotypes of sdc mutant lar-
ae and pupae. Pupal sdc mutant phenotypes, includ-
ng misrouting of R7/R8 photoreceptors to the medulla
nd crossover of R7 to neighboring medulla cartridges,
ould be largely rescued with neuronal-directed ex-
ression of Sdc (Figures 4F and 4G). Conversely, neu-

on-specific expression of Sdc in sdc mutants was not
ufficient to rescue photoreceptor projection defects to
he larval lamina or the ERG abnormalities in adults
Figures 4J–4M and Figure 4I), suggesting that expres-
ion of Sdc in additional cell types is critical for com-
lete restoration of axonal patterning and visual-
ystem function. In contrast to the inability of Sdc
xpression to rescue dlp mutant phenotypes, neuron-
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Figure 4. Transgene Rescue of dlp and sdc Mutant Phenotypes

(A–H) 24B10 staining of 40 hr pupal brains (single optical sections). (A) dlp mutants have defects in R7/R8 photoreceptor termination in the
medulla (arrowheads). (B) Expression of UAS-dlp+ under control of ey-GAL4 rescues the medulla patterning defects of dlp mutants. (C) UAS-
dlp+ transgene rescue of medulla patterning in the absence of a driver is shown. (D) UAS-sdc+ is unable to rescue the medulla defects of dlp
mutants (arrowheads), even under ubiquitous expression driven by da-GAL4. (E) The wild-type optic lobe is shown. (F) sdc mutants show
misrouting of R7/R8 photoreceptor projections to the medulla (arrows). (G–H) Neuronal expression of UAS-sdc+ or UAS-dlp+ driven by elav-
GAL4 rescues axon misrouting and crossover defects in sdc mutants.
(I) sdc mutant ERG profiles show severe defects in photoreceptor depolarization and in on- and off-transients. UAS-sdc+ and UAS-dlp+ both
fail to rescue the ERG defects under neuron-specific expression. Scale = 3 mV, 200 ms.
(J–M) Projection of confocal sections (24B10 staining) in third-instar optic lobes. (J) A heterozygous control animal (lamina plexus [arrow],
medulla [arrowhead]) is shown. (K) An sdc mutant with defects in R1–R6 termination, including large gaps and expansions in the lamina
plexus, is shown. (L–M) sdc mutants are not rescued by neuronal expression of either UAS-sdc+ or UAS-dlp+.
Scale bars in (E) and (J) represent 50 microns.
specific expression of Dlp restored proper R7/R8 pho-
toreceptor projection to the medulla of sdc mutant pu-
pae (Figures 4E–4H). This rescue demonstrates that a
structurally distinct HSPG can provide some of the
functions normally served by Sdc.

In vertebrates, glypicans are expressed on axons and
growth cones in the developing nervous system (re-
viewed in [8]). Whereas previous findings have estab-
lished a function for glypicans in growth-factor signal-
ing (reviewed in [18–20]), their role in axon guidance
has not been reported. Consistent with the expression
pattern of Dlp on axons and glial cells of the developing
visual system, dlp mutants showed defects in photore-
ceptor projections to the lamina and medulla. Mosaic
analysis demonstrated that Dlp is required on photore-
ceptors for some, but not all, aspects of axon guidance,
serving functions in both peripheral and central compo-
nents of the visual system. dlp was not required in the
retina for normal electrophysiological responses to
light, indicating that the synaptic-transmission defects
in dlp mutant adults were due to loss of Dlp activity in
the optic lobes.

Comparison of sdc and dlp mutants as well as trans-
gene rescue experiments demonstrated that Sdc and
Dlp have some overlapping functions in visual-system
assembly but others that are unique. For example, pho-
toreceptor misrouting to the medulla in sdc mutants
can be rescued by neuron-specific expression of dlp+,
consistent with the capacity of dlp+ to rescue midline-
crossover defects in sdc mutant embryos [5]. In con-
trast to the ability of dlp+ transgenes to rescue sdc mu-
tants, UAS-sdc+ constructs were unable to rescue any
of the dlp mutant phenotypes, even under conditions
where very modest levels of Dlp rescued completely.
These findings show that Dlp functions cannot be read-
ily provided by another unrelated HSPG, and they argue
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that the conserved sequence elements of the Dlp core
protein are critical for these unique functions.

Effects of HSPGs on axon pathfinding have been
considered principally in the context of classical axon- 1
guidance pathways, Slit-Robo signaling in particular.
Although there is genetic evidence from mouse, Dro-

1sophila, and C. elegans that HSPGs affect Slit-Robo
signaling, there are many other possibilities. HSPGs
have been extensively characterized as molecules that
affect both morphogen signaling and distributions (re- 1
viewed in [1]). Recent studies demonstrating that the
classical morphogens Wnt, Hh, and BMP also play a

1bona fide role in axon guidance suggest the possibility
that HSPGs govern axon guidance by affecting mor-
phogen function or distributions during this process [21].

1

Supplemental Data
Detailed Supplemental Experimental Procedures and additional fig- 1
ures are available with this article online at http://www.current-
biology.com/cgi/content/full/15/9/833/DC1/.
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