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Neurons sometimes completely fill available space in their receptive
fields with evenly spaced dendrites to uniformly sample sensory or
synaptic information. The mechanisms that enable neurons to sense
and innervate all space in their target tissues are poorly understood.
Using Drosophila somatosensory neurons as a model, we show that
heparan sulfate proteoglycans (HSPGs) Dally and Syndecan on the
surface of epidermal cells act as local permissive signals for the den-
dritic growth and maintenance of space-filling nociceptive C4da neu-
rons, allowing them to innervate the entire skin. Using long-term
time-lapse imaging with intact Drosophila larvae, we found that
dendrites grow into HSPG-deficient areas but fail to stay there.
HSPGs are necessary to stabilize microtubules in newly formed
high-order dendrites. In contrast to C4da neurons, non–space-filling
sensory neurons that develop in the same microenvironment do not
rely on HSPGs for their dendritic growth. Furthermore, HSPGs do not
act by transporting extracellular diffusible ligands or require leuko-
cyte antigen-related (Lar), a receptor protein tyrosine phosphatase
(RPTP) and the only known Drosophila HSPG receptor, for promoting
dendritic growth of space-filling neurons. Interestingly, another
RPTP, Ptp69D, promotes dendritic growth of C4da neurons in parallel
to HSPGs. Together, our data reveal an HSPG-dependent pathway
that specifically allows dendrites of space-filling neurons to inner-
vate all target tissues in Drosophila.
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The sensory or synaptic input of a neuron is greatly influenced
by the morphological characteristics of its dendritic arbor.

Different neurons in the same tissue and extracellular microen-
vironment can develop drastically different dendrite morphol-
ogies. While some neurons grow simple dendritic trees with
sparse and stereotypic branches, some others are capable of
completely and adaptively occupying large receptive fields with a
high density of dendrites. The phenomenon of a neuron filling its
receptive field with dendrites, sometimes referred to as dendritic
space-filling, depends on two intrinsic properties of the neuron:
(i) a capacity to grow copious high-order dendrites, and (ii) re-
pulsions among homotypic dendrites to keep neighboring
branches at an optimal distance. Notable examples of space-
filling neurons include cerebellar Purkinje cells (1), retinal gan-
glion cells (RGCs) and amacrine cells that innervate the inner
plexiform layer of the vertebrate retina (2, 3), zebrafish so-
matosensory neurons that innervate the skin (4), and class IV
dendritic arborization (C4da) neurons on the Drosophila larval
body wall (5). By completely and evenly covering their 2D target
domains, these neurons are able to uniformly sample sensory or
synaptic information across the receptive fields (6).
The developmental regulation of space-filling likely relies on

both intrinsic properties of a neuron and the extrinsic environ-
ment in which it grows. Indeed, a number of neuronal intrinsic
factors have been identified that specifically regulate space-
filling of neurons. These factors include transcription factors that
collectively determine the neuronal identity and bestow upon
neurons the capacity to elaborate exuberant neurites (7, 8),

motor proteins and components of the secretary pathway that
control the number and position of high-order dendrites (9–12),
and an amino acid transporter that allows neurons to grow total
dendritic length beyond a certain threshold (13). In contrast to
intrinsic control of dendritic growth, extracellular regulation of
space-filling is more mysterious. Although guidance cues are
known to target neurites of some space-filling neurons to the
correct spatial domains (14, 15), how neurites interact with the
extracellular microenvironment to fill the receptive field once there
is more elusive. In particular, whether dendritic space-filling re-
quires unique extracellular permissive signals is currently unknown.
Heparan sulfate proteoglycans (HSPGs) are good candidates

for extracellular regulation of space-filling, because they are re-
quired for the functions of a large number of extracellular sig-
naling molecules and because HSPGs are ligands for neuronal
receptors. HSPGs are membrane and extracellular glycoproteins
that contain heparan sulfate (HS) glycosaminoglycan (GAG)
chains attached to the protein core (16). With the negatively
charged HS chains serving as binding sites for many secreted
ligands such as growth factors, morphogens, and axonal guiding
molecules, HSPGs are required for the extracellular transport
and full biological activities of these ligands (17). In addition,
HSPGs are ligands for leukocyte antigen-related (LAR) mem-
bers of the receptor protein tyrosine phosphatase (RPTP) family.
HS chains can bind the Ig ectodomains of LAR and induce LAR
clustering (18). In the nervous system, HSPGs and LAR together
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regulate axon guidance, synaptogenesis, and axonal regeneration
after injury (19, 20). In contrast to the known involvement of
HSPGs in axon guidance and outgrowth (15, 18), the roles of
HSPGs in dendrite morphogenesis are only beginning to be
understood. In Caenorhabditis elegans, UNC-52/Perlecan, a se-
creted HSPG in the basement membrane, indirectly regulates
dendritic growth and branching of PVD sensory neurons through
patterning hypodermal-derived adhesion signal SAX-7/L1CAM
(21). However, whether target tissue-derived HSPGs directly
regulate dendritic patterns of specific neurons and how HSPGs
affect the cytoskeletal and membrane trafficking machinery in
neurite growth and guidance remain to be answered.
Drosophila C4da neurons are a good model system for in-

vestigating mechanisms of space-filling. C4da neurons extend
dendrites mostly between the basal surface of epidermal cells
and the ECM (22, 23). Distinct from other non–space-filling da
neurons, larval C4da neurons have a high capacity for growing
dynamic, high-order dendritic branches (5, 24). This capacity is
essential for C4da neurons to fill the space on the rapidly
expanding larval body wall during development (25) or to in-
vade empty receptive fields caused by the loss of neighboring
neurons (5, 26). Here we identify epidermis-derived HSPGs as
a permissive signal uniquely required for dendritic growth and
maintenance of space-filling C4da neurons. This neuronal type-
specific permissive role is carried out redundantly by two dis-
tinct classes of HSPGs, the Syndecan and the glypican Dally.
Using a long-term time-lapse live imaging method, we found

that HSPGs are not required for extension or branching of
high-order dendrites but rather stabilize dynamic dendritic
branches by promoting microtubule stabilization. Furthermore,
we present evidence that this HSPG-dependent dendritic
growth is not mediated by extracellular ligands diffusing along
the epidermal sheet or by potential HSPG receptors in the
RPTP family. Our results therefore reveal critical mechanisms
by which the extracellular microenvironment specifically regu-
lates dendritic growth of space-filling neurons.

Results
C4da Neurons Require Epidermis-Derived HSPGs for Local Dendritic
Growth. To determine whether the space-filling property of C4da
neurons is regulated by extracellular signals, we first asked
whether target tissue-derived HSPGs contribute to the dendritic
growth of C4da neurons by disrupting enzymes that are specifi-
cally required for the biosynthesis of HS GAG chains (16).
Among these enzymes are HS-glucosamine N-sulfotransferase
Sulfateless (Sfl), HS polymerase Brother of tout-velu (Botv), and
two HS copolymerases, Tout-velu (Ttv) and Sister of tout-velu
(Sotv or Ext2). Because C4da dendrites innervate epidermal
cells, we knocked down sotv (Fig. 1B), ttv (Fig. S1B), and sfl (Fig.
S1C) by RNA interference (RNAi) using a pan-epidermal driver
Gal4A58. Compared with the control (Fig. 1A), all of these ma-
nipulations resulted in drastic reductions of C4da dendrites
within the intrasegmental area at late third instar [96 h after egg
laying (AEL)] as measured by the dendrite density (defined as

Fig. 1. Epidermis-derived HSPGs are required for
local growth of C4da dendrites. (A and B) DdaC
neurons in the Gal4A58 control (A) and an animal
expressing Gal4A58-driven sotv RNAi (B). Red dots
outline the MASs. (C–G′) DdaC neurons in the Gal4hh

control (C and C′) and animals expressing sfl RNAi
(D and D′), ttv RNAi (E and E′), sotv RNAi (F and F′),
and botv RNAi (G and G′) in the hh domain. Blue dots
outline hh domains (Upper). Lower panels show hh
domains (green) and C4da dendrites (magenta). (H–J)
Quantification of total dendrite density (H), terminal
dendrite density (I), and terminal dendrite number
(J) in hh domains. ***P ≤ 0.001; ANOVA and Tukey’s
HSD test. (K–M′) Epidermal MARCM clones of wild
type (K and K′) and ttv63 (L–M′). Arrows point to a
ttv63 epidermal clone at the MAS (M and M′). Merged
panels show epidermal clones in green and C4da
dendrites in magenta. (N) Quantification of terminal
dendrite density in epidermal MARCM clones. ***P ≤
0.001; Student’s t test. (O and O′) A ddaC neuron in an
animal expressing membrane-tethered DSulf1 in the
hh domain. Blue dots outline the hh domain, and red
dots outline a one cell diameter-wide area anterior to
the hh domain (O).Gal4hh-expressing cells are in green,
and C4da dendrites are in magenta (O′). (P) Quan-
tification of total dendrite density in the one cell
diameter-wide area anterior to the hh domain. *P ≤
0.05; ***P ≤ 0.001; ANOVA and Tukey’s HSD test. (Q)
A diagram showing the effects of expressing ttv
RNAi and membrane-tethered DSulf1 on epider-
mal HSPGs. Knockdown of ttv leads to the loss of
HSPG GAG chains only on RNAi-expressing cells (dark
blue), while membrane-tethered DSulf1 removes 6-O-
sulfates of HSPG GAG chains on both DSulf1-
expressing cells and cells directly contacting them
(light blue). For all quantifications, each circle repre-
sents a neuron. The numbers of neurons are indicated.
Black bar, mean; red bars, SD. (Scale bars, 50 μm.)
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dendritic length per unit area) (Fig. S1D). The reductions are
most evident in high-order dendrites, as reflected by the signif-
icant decreases of the terminal dendrite density (Fig. S1E) and
the terminal dendrite number per unit area (referred to as ter-
minal dendrite number hereafter) (Fig. S1F). Also associated
with these manipulations are more dendrites around tendon cells
at the anterior and posterior borders of each segment (outlined by
red dots in Fig. 1B). Tendon cells are muscle attachment sites
(MASs) and express very low levels of Gal4 in Gal4A58. The den-
drite phenotypes were consistent for all three C4da neurons in each
hemisegment, but for simplicity, we focused on the dorsal ddaC
neuron in this study. These data demonstrate that the dendritic
growth of C4da neurons requires substrate-derived HSPGs.
HSPGs could promote dendritic growth by modulating global

gene transcription in neurons or by regulating local dendritic
sprouting. To distinguish between these possibilities, we knocked
down sfl, ttv, sotv, and botv using Gal4hh, which is expressed in a
stripe of epidermal cells located at the posterior side of each
segment (Fig. 1 D–G). We predict that if HSPGs regulate tran-
scription in neurons, knockdown in the hh-expressing cells
should have no or global effects on dendritic growth in the entire
dendritic field. However, if HSPGs promote dendritic growth
locally, the effect on dendrite growth should be restricted to the
hh domain. Strikingly, knockdown of each of the four genes in hh
epidermal cells led to a more dramatic reduction of dendrites
(Fig. 1H) compared with pan-epidermal knockdowns (Fig. S1D).
In particular, sflRNAi, ttvRNAi, and sotvRNAi almost completely
eliminated high-order dendrites from the hh domain (Fig. 1 I and
J). In these domains, only “naked” primary dendritic branches
persisted (Fig. 1 D–F). Importantly, the dendrite reductions were
only observed in the hh domain. These results strongly suggest that
epidermis-derived HSPGs locally and posttranscriptionally pro-
mote the innervation of receptive fields by C4da dendrites.
Two additional lines of evidence further suggest that the

dendrite reductions were due to defects of HS rather than RNAi
off-target effects. First, ttv RNAi in the hh domain caused a
reduction of HS staining (Fig. S1 G–H′′). Second, using mosaic
analysis with a repressible cell marker (MARCM) (27) in which
ttv63 homozygous mutant epidermal cells were generated in an
otherwise ttv63 heterozygous background, we observed a cell-
autonomous loss of terminal dendrites on ttv63 mutant epider-
mal cells (Fig. 1 L–N) compared with wild-type epidermal clones
(Fig. 1 K, K′, and N). ttv63 clones in tendon cells also inhibited
dendritic growth locally (arrow in Fig. 1 M and M′), suggesting
that dendritic innervation at the MASs requires HSPGs too.
As HSPGs play important roles in epidermal cell patterning and

differentiation during embryogenesis, one concern of our experi-
ments is that the lack of dendrites on HSPG-deficient cells may be
due to defects of epidermal cells. We examined the morphological
characteristics of epidermal cells including adherens junctions,
septate junctions, focal adhesions, and the ECM. Knockdown of ttv
or sotv by Gal4hh did not alter the expression levels or subcellular
localizations of the adherens junction marker E-cad (28) (Fig. S1 I
and I′), the septate junction marker Nrg (29) (Fig. S1 J and J′), the
focal adhesion maker Mys (30) (Fig. S1 K and K′), and an ECM
component Vkg (23) (Fig. S1 L and L′), suggesting that the above
genetic manipulations did not cause obvious morphological defects
of epidermal cells.
We further asked whether C4da dendrite innervation depends

on the modification state of HS chains. HS activity requires sul-
fation of its disaccharide units at 2-O and 6-O positions (31). A
secreted endosulfatase Sulf1 can effectively remove 6-O sulfate
from extracellular HSPGs (32). We overexpressed a membrane-
tethered Sulf1 (33) in hh cells and observed a nearly complete loss
of high-order dendrites on the expressing cells (Fig. 1 H–J, O, and
O′). This dendrite reduction is as strong as in the knockdown of HS
synthesis genes, suggesting that HS mediates most, if not all, of the
activity of HSPGs. However, we noticed a distinction between

Sulf1 overexpression and knockdown of HS synthesis genes in a
one cell diameter-wide area anterior and adjacent to the hh do-
main (outlined in red dots in Fig. 1O). In these areas, the total
dendrite density was increased in knockdown of HS synthesis genes
such as ttv but reduced in Sulf1-overexpressing animals (Fig. 1 O
and P). The cell-autonomous loss of dendritic coverage on ttv
RNAi-expressing epidermal cells is consistent with the idea that
HS synthesis is only affected in the RNAi-expressing cells (Fig.
1Q). In contrast, plasma membrane-located Sulf1 on hh-expressing
cells can potentially act on the wild-type cells directly contacting
Sulf1-expressing cells (Fig. 1Q) and cause nonautonomous den-
drite reduction. Together, our results indicate that HS on the
epidermal surface is required for local innervation of epidermal
cells by space-filling C4da dendrites.

HSPGs Are Specifically Required for the Dendritic Growth and Maintenance
of Space-Filling Sensory Neurons. The dendrite reduction associated
with HSPG deficiency observed at the late third instar larval stage
could be due to a lack of dendritic growth or a failure to maintain
existing dendrites. To distinguish between these two possibilities, we
examined control and Gal4hh > ttv RNAi animals at younger larval
stages, including the beginning of the first instar (24 h AEL), the
beginning of the second instar (48 h AEL), and early third instar
(72 h AEL). Compared with the control (Fig. 2 A–C), ttv RNAi (Fig.
2 D–F) caused dendritic reduction as early as 24 h AEL. The re-
duction became more severe at 48 h AEL and 72 h AEL (Fig. 2 G
and H). These data demonstrate that HSPGs are required for den-
drite growth of C4da neurons.
To determine if HSPGs are continuously required to maintain

dendrites, we investigated the effects of late removal of HSPGs
by controlling Sulf1 overexpression using temperature-sensitive
Gal80 (Gal80ts) (34). Animals were allowed to develop at 18 °C
to suppress Gal4 activity until early third instar and then shifted
to 28 °C to induce Sulf1 expression in the hh domain for 24 h.
Although dendritic patterns were indistinguishable between the
control and hh > Sulf1 before the temperature shift, Sulf1 induction
caused dramatic dendrite reduction (Fig. 2 I–L). The Sulf1-
expressing regions contained few high-order dendrites, suggesting
that HSPG removal caused regression of earlier high-order den-
drites. However, late induction of Sulf1 led to a relatively weaker
dendrite reduction (i.e., more low-order dendrites) compared with
that caused by early and persistent Sulf1 expression (Fig. 2 K and
L). This result suggests that some dendritic branches had been
stabilized before Sulf1 induction and they persisted with late HSPG
removal. Together, these data suggest that HSPGs are required to
maintain high-order dendrite branches but not those that are
already stabilized.
The Drosophila peripheral nervous system (PNS) has four

classes of da sensory neurons with overlapping dendritic fields
(35), with C4da as the only space-filling neurons. We wondered
whether HSPGs are required for the arborization of the other
three classes. We examined the dendritic patterns of dorsal class
I da neurons ddaD and ddaE (Fig. S2 A–C), the ventral class II
da neuron ddaB (Fig. S2 D–F), and dorsal class III da neurons
ddaA and ddaF (Fig. S2 G–K) in epidermal knockdown of ttv.
Pan-epidermal knockdown of ttv caused a slight reduction of
class I ddaD dendrites and a slight increase of class I ddaE
dendrites (Fig. S2C). Pan-epidermal knockdown of ttv also
caused a mild increase of class II ddaB dendrites (Fig. S2F). For
C3da neurons, knockdown of ttv in the hh domain did not affect
the dendrites of ddaF but mildly reduced the total dendritic
length, terminal dendritic length, and total terminal dendrite
number of ddaA within the hh domain (Fig. S2 I–K). These data
demonstrate that although HSPGs can mildly influence the
dendrites of class I–III, the dendritic growth of these neurons
during larval development does not rely on HSPGs. Therefore,
HSPGs are specifically required for the dendritic development of
space-filling C4da neurons.
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Sdc and Dally Play Partially Redundant Roles in Promoting C4da
Dendritic Growth. Drosophila has four HSPG core proteins,
including two GPI-anchored glypicans [Division abnormally
delayed (Dally) and Dally-like (Dlp)], one transmembrane syn-
decan (Sdc), and one secreted perlecan (Trol) (16). We next asked
which HSPG core proteins are necessary for C4da dendritic
growth. We focused on glypicans and the syndecan, as they are
more commonly involved in signaling than perlecans (17).
Knockdown of either dally (Fig. 3 B and B′) or Sdc (Fig. 3D andD′)
caused a mild dendrite reduction (Fig. 3 I and J), while dlp
knockdown had little effect (Fig. 3 C, C′, I, and J). Knockdown of
trol did not produce obvious dendritic defects either. The lack of
strong phenotypes in these experiments may be due to poor
knockdown efficiency or functional redundancy among HSPGs. To
evaluate these possibilities, we first tested the efficiency of RNAi in
knocking down endogenous or overexpressed HSPGs in epidermal
cells. Imaging of protein trap lines Sdc-GFP (Fig. S3 A and A′),
dally-YFP (Fig. S3 D and E), and dlp-YFP (Fig. S3F) showed that
larval epidermal cells express all three HSPGs with the expected
membrane localization. Sdc-GFP (Fig. S3 A and A′) and Dally-YFP
(Fig. S3D) were efficiently knocked down in cells expressing their
corresponding RNAi constructs. For dlp, we coexpressed UAS-dlp-
GFP with either UAS-dally-RNAi (as a negative control) (Fig. S3 B
and B′) or UAS-dlp-RNAi (Fig. S3 C and C′) in the hh domain.
Dlp-GFP was strongly expressed in the presence of dally RNAi but
is absent when coexpressed with dlp RNAi. While dlp RNAi is
effective in suppressing Dlp-GFP expression, it had no detectable
effect on Dally-YFP expression (Fig. S3E). These data demon-
strate that HSPG knockdowns are effective and RNAi constructs
for dally and dlp are specific.
We next tested whether HSPGs act redundantly to promote

C4da dendritic growth by knocking down dally, dlp, and Sdc in all
possible combinations. Knockdown of both dally and Sdc in

epidermal cells (Fig. 3 G and G′) almost completely blocked
high-order dendritic growth (Fig. 3 I and J), mirroring the phe-
notypes of sfl, ttv, and sotv knockdown (Fig. 1). In contrast, the
additional knockdown of dlp did not enhance the dendritic re-
duction in dallyRNAi (Fig. 3 E and E′), SdcRNAi (Fig. 3 F and F′),
or dally Sdc RNAi (Fig. 3 H and H′), indicating that Dlp does not
play a significant role in C4da dendritic growth. Together, these
results demonstrate that Dally and Sdc play partially redundant
roles in promoting C4da dendrite development.

HSPGs Stabilize High-Order C4da Dendrites at Least Partially by
Promoting Microtubule Stabilization. C4da neurons are unique
among da neurons in that they continuously sprout new branches
to innervate unoccupied epidermal space during development.
To understand the molecular mechanism and neuronal speci-
ficity of HSPG-dependent dendritic growth, we first investigated
how growing C4da dendrites behave when encountering HS-
deficient epidermal cells. Addressing this question required long-
term live imaging of C4da dendrites. However, common meth-
ods for immobilizing and mounting Drosophila larvae generally

Fig. 2. HSPGs are specifically required for dendrite development of C4da
neurons. (A–F) DdaC in the Gal4hh control (A–C) and Gal4hh-driven ttv RNAi
(D–F) at three developmental stages. (G and H) Quantification of terminal
dendrite density (G) and terminal dendrite number (H) in hh domains. **P ≤
0.01; ***P ≤ 0.001; Student’s t test. (I and J) DdaC in the control (tubP-Gal80ts;
Gal4hh) (I) and an Sulf1-expressing animal (tubP-Gal80ts; hh > Sulf1) in which
Sulf1 expression was induced by temperature shift (TS) (J). Both genotypes were
subjected to TS. (K and L) Quantification of dendrite density (K) and terminal
dendrite density (L) in hh domains of Gal4hh control, hh > Sulf1 (TS), and hh >
Sulf1 (constant expression). ***P ≤ 0.001; ns, not significant; ANOVA and
Tukey’s HSD test. For all quantifications, each circle represents a neuron. The
numbers of neurons are indicated. Black bar, mean; red bars, SD. (Scale bars,
10 μm in A and D, 35 μm in B and E, and 50 μm in the rest of panels.)

Fig. 3. Sdc and dally play partially redundant roles in promoting dendritic
growth of C4da neurons. (A–H′) DdaC in the Gal4hh control (A and A′) and
animals expressing dally RNAi (B and B′), dlp RNAi (C and C′), Sdc RNAi
(D and D′), dally dlp RNAi (E and E′), dlp Sdc RNAi (F and F′), dally Sdc RNAi
(G and G′), and dally dlp Sdc RNAi (H and H′) in the hh domain. Blue dots
outline hh domains (Upper). Lower panels show Gal4hh-expressing cells in
green and C4da dendrites in magenta. (I and J) Quantification of terminal
dendrite density (I) and terminal dendrite number (J) in hh domains. *P ≤
0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, not significant; ANOVA and Tukey’s HSD
test. For all quantifications, each circle represents a neuron. The numbers of
neurons are indicated. Black bar, mean; red bars, SD. (Scale bars, 50 μm.)
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cause animal lethality within 30 min and thus do not permit live
imaging long enough for capturing both short-term dendrite
dynamics and long-term changes of dendritic patterns. There-
fore, we developed a method of long-term time-lapse imaging for
Drosophila larvae (SI Methods). This method allows for contin-
uous live imaging of da neurons in partially immobilized larvae
for longer than 10 h. Using this method, we examined the den-
drite dynamics of C4da neurons in animals expressing ttv RNAi in
hh epidermal cells between 72 h AEL and 84 h AEL. Our time-
lapse analyses show that the high-order C4da dendrites are
highly dynamic at the border of HS-deficient zones (Fig. 4A and
Movie S1). Instead of halting at the border, growing dendritic
tips could extend tens of microns into the HS-deficient zone. In
addition, the primary dendrites that persisted in the HS-deficient
zone also sprouted many new branches during the course of the
time lapse. The presence of high-order dendrites in the HS-
deficient zone during the time-lapse imaging is also demon-
strated by plotting the locations of dendrite endings in all frames
(Fig. 4A′). However, high-order dendrites in the HS-deficient
zone were transient, and there was no obvious net increase of
the total dendrite length or the terminal dendrite number during
the imaging (Fig. 4A′′). We imaged 55 neurons and observed
consistent results.
C4da dendrites are known to be dynamic during early third

instar (24). Indeed, our time-lapse data revealed that high-order
C4da dendrites in the control region were active in exploratory
behaviors including extension, retraction, turning, and branching
(Movie S1). Dendrite-dense control regions often did not exhibit
robust net dendrite growth within a few hours (Fig. 4A′′), likely
due to the inhibitory effect of homotypic dendritic repulsion (26,
35). To rule out the possibility that high-order C4da dendrites
are intrinsically unstable and therefore cannot permanently in-
vade empty spaces at this stage, we did similar time-lapse ex-
periments, except that we additionally laser-ablated the ddaC
neurons on the right side of the larva between 48 and 60 AEL.
The ablation presented the ddaC neurons on the left side with an
empty, but otherwise wild-type, territory at the dorsal midline.
Such HS-positive empty territory does not impose homotypic
repulsion onto dendrites and therefore is a better internal con-
trol for the HS-deficient zone. In these experiments, although
high-order dendrites at the dorsal midline were still very dy-
namic, dendritic arbors gradually expanded into the empty
wild-type spaces (Fig. 4 B–B′′ and Movie S2). In contrast, there
was no net growth of dendrites into HS-deficient zones in the
same experiments, even though high-order dendrites in wild-type
empty zones and HS-deficient zones were similarly dynamic from
frame to frame (Fig. 4B′′). We imaged 16 neurons and observed
consistent results. These data strongly suggest that HSPGs are
not required for short-term dynamics of C4da dendrites but are
necessary to stabilize growing dendrites.
An important mechanism of dendrite stabilization is micro-

tubule stabilization and bundling by microtubule-associated
proteins (MAPs) (36). A hallmark of stabilized microtubules in
da dendrites is the presence of Futsch, the Drosophila MAP1,
which is restricted to stable neuronal microtubule bundles (37).
To further investigate how HSPGs stabilize growing dendrites,
we examined the distribution of Futsch in C4da dendrites using
the antibody 22C10 (37). Futsch was detected in the primary
dendrites that persisted in the HS-deficient zone (cyan arrow-
heads in Fig. 4 C–C′′), consistent with these dendrites being
stabilized. In contrast, the high-order C4da dendrites at the
border of the HS-deficient zone lacked detectable Futsch
staining (yellow arrowheads in Fig. 4 C–C′′). The correlation
between epidermal HS deficiency and the lack of bundled mi-
crotubules in high-order C4da dendrites supports the idea that
HS may stabilize growing dendrites by promoting microtubule
stabilization and bundling. To further investigate the dynamics
of bundled microtubules in C4da neurons, we expressed GFP-

Jupiter in C4da neurons and simultaneously knocked down ttv
in hh-expressing epidermal cells. Jupiter is a Drosophila MAP
(38), and its distribution upon exogenous expression in da
neurons matches that of Futsch. In this experiment, we ablated
ddaC neurons on one side of the larva so as to induce long-term
dendritic growth of the remaining ddaC neurons. Over the
course of 10 h, we indeed observed gradual appearance of
GFP-Jupiter in newly stabilized dendritic branches at the bor-
der of the empty, wild-type space (cyan arrowheads in Fig. 4 D
and D′) (100%, n = 10). In contrast, GFP-Jupiter was never
detected in the high-order dendrites that straddled the border
of the HS-deficient zone (yellow arrowheads in Fig. 4 D and D′).
Together, these data suggest that HSPGs promote C4da dendritic
growth at least partially by stabilizing newly formed dendrites
through microtubule stabilization and bundling.
To further understand the impact of HS deficiency on mi-

crotubule dynamics in C4da neurons, we also examined mi-
crotubule growth behaviors using EB1-GFP (39), which binds
growing microtubule plus ends. As EB1-GFP is difficult to
detect in terminal dendrites, we mainly focused on the primary
dendritic branches in the HS-deficient zone (Fig. S4 A and B).
We noticed a slightly more variable and decreased speed of
EB1-GFP comets (Fig. S4C) and a mild increase of the fraction
of anterograde comets (Fig. S4D) in HS deficiency but no dif-
ference in comet frequency (Fig. S4E) or duration (Fig. S4F).
These weak effects suggest that changes in microtubule growth
dynamics probably are not a major cause of the dendritic re-
duction in HS deficiency.

Dendritic Growth of C4da Neurons Does Not Involve HSPG-Mediated
Transport of Diffusible Signaling Molecules. HSPGs regulate activ-
ities of many growth factors and formation of morphogen gra-
dients (16, 17). In particular, HSPGs are necessary for the
restricted diffusion of extracellular signaling molecules from
signal-producing cells to signal-receiving cells (40–42). There-
fore, a plausible model for the role of HSPGs in dendritic growth
is that they mediate the action of a signaling molecule that is
secreted by a subset of epidermal cells and diffuses along the
epithelial sheet. This model has at least two predictions. First,
the location of HSPG knockdown relative to the source of the
signal should influence the severity of the dendritic growth de-
fect. For example, HSPG knockdown in signal-producing cells
should block spreading of the signal and reduce dendritic growth
in surrounding wild-type regions. Second, a patch of wild-type
epidermal cells completely surrounded by HS-deficient epider-
mal cells should not receive the signal and hence show reduction
of high-order dendrites. To test the first prediction, we knocked
down ttv in two additional domains in the dendritic field (Fig. 5
A–D′). R10C12-Gal4 drives expression in a patch of epidermal
cells on the lateral body wall that overlaps with the border of
ddaC and lateral C4da v’ada (Fig. 5 A and A′). R16D01-Gal4
drives expression in a stripe of epidermal cells in the middle of
the segment (Fig. 5 C and C′). Knockdown with either driver
caused a strong reduction of terminal dendrites in the RNAi-
expressing domains (Fig. 5 E and F) but no apparent dendritic
loss in neighboring wild-type regions. These results suggest that
the action of the presumptive HSPG-mediated signal is not
location-dependent.
To test the second prediction, we generated random epider-

mal clones that expressed ttv RNAi using the “Flp-out” technique
(43). We made a highly efficient epidermal Flipase (Flp) that
turns on expression in most epidermal cells and leaves islands of
wild-type epidermal cells completely surrounded by RNAi-
expressing cells (Fig. 5 H–K′) at various locations in the den-
dritic field (Fig. 5G). Surprisingly, terminal dendritic densities
significantly increased, rather than decreased, in all wild-type
clones surrounded by ttv RNAi-expressing cells compared with
similar clones surrounded by wild-type cells (Fig. 5L). The lack
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of dendritic reduction in clones surrounded by HS deficiency
strongly suggests that the dendrites do not receive the growth-
promoting signal through HSPG-mediated extracellular diffu-
sion. Instead, similar to membrane HSPGs, this signal is likely
produced by and associated with every epidermal cell.

Ptp69D but Not Lar Is Required for Dendritic Growth of C4da Neurons.
The effects of HSPGs on axonal outgrowth and guidance are
mediated by LAR members of the RPTP family in mice, zebrafish,
and Drosophila (15, 18, 44). Both Sdc and Dlp are known ligands
for Drosophila Lar (44, 45). We therefore wondered if HSPGs
promote C4da dendritic growth by acting together with Lar on the
neuronal membrane. Besides Lar, Drosophila has another Ig-
containing RPTP, Ptp69D. Although Ptp69D belongs to a differ-
ent class of RPTP from Lar (46), we also tested its role in C4da
dendritic growth under the assumption that Ptp69D Ig domains
may interact with HS in a similar way to those of Lar. We first
examined Lar and Ptp69D expression by generating transcriptional
reporters using the Trojan-exon Gal4 strategy (47). We converted
MiMIC cassettes inserted between coding exons of Lar and
Ptp69D into 2A-Gal4 insertions (Fig. S5A), which are predicted to
be spliced into all isoforms and produce in-frame Gal4 proteins. In
this way, we generated Gal4 drivers under the endogenous regu-
latory control of Lar and Ptp69D loci. Using a membrane marker
UAS-CD4-tdGFP and a nuclear marker UAS-RedStinger, we found
that Lar is expressed in a subset of epidermal cells and in all classes
of da neurons (Fig. 6 A–A′′). At the late third instar stage, Ptp69D
is primarily expressed in C3da and C4da neurons but is also weakly
and variably expressed in C1da and C2da neurons (Fig. 6 B–B′′).
At earlier larval stages, we only observed CD4-tdGFP labeling of
C3da and C4da neurons (Fig. S5 B–B′′). The expression patterns of
Lar and Ptp69D suggest that they could play a role in dendrite
development of C4da neurons.
To determine if Lar and Ptp69D are important for dendritic

growth of C4da neurons, we generated mutations for each of
them using CRISPR/Cas9 (48) (Fig. S5 A and C). Lar3and Lar13

are large deletions that remove parts of the extracellular domain,
the transmembrane domain, the first intracellular phosphatase
domain, and parts of the second phosphatase domain and are
thus predicted to be null alleles. Ptp69D10 carries an indel that
shifts the reading frame in the second phosphatase domain and
therefore may behave as a hypomorph. Ptp69D14 carries a
reading frame-shifting indel in the first extracellular Ig domain
and thus is predicted to be null. We generated MARCM clones
for Lar13 in C4da neurons (Fig. 6D) but did not detect dendrite
defects (Fig. 6J and Fig. S5 D and E) compared with the control
(Fig. 6C). Lar3/Lar13 transheterozygotes (Fig. 6H) did not show
defects in terminal dendrite density (Fig. 6J) but exhibited slight
increases in total dendrite density (Fig. S5D) and terminal den-
drite numbers (Fig. S5E). In contrast, Ptp69D10 and Ptp69D14

C4da mutant neurons generated by MARCM (Fig. 6 E and F)
showed strong reductions of the terminal dendrite density (Fig.
6K). Transheterozygotes of Ptp69D14 and Df(3L)8ex34, a de-
ficiency that deletes the entire Ptp69D locus (49), showed more
consistent dendrite reduction (Fig. 6 I and K and Fig. S5 F and
G). We did not detect statistically significant differences in the
terminal dendrite number between wild-type and Ptp69D mutant
neurons generated by the MARCM technique (Fig. S5G), possibly

Fig. 4. HSPGs stabilize high-order C4da dendrites by promoting microtu-
bule bundling. (A) Selected frames from a time-lapse series showing ddaC
dendrites (magenta) at the border of ttv RNAi-expressing epidermal cells
(green). Yellow arrows indicate terminal branches temporarily invading the
HS-deficient zone. Times (HH:MM) are relative to the first frame. (A′) Pro-
jection of dendrite endings over time with ending locations in each frame
temporally color-coded (early, magenta; late, yellow). The blue line indicates
borders of HS-deficient regions. Arrowheads point to dendrite endings in
the HS-deficient region. (A′′) Net changes in dendrite length and terminal
dendrite numbers (relative to the first frame) in HS-positive (“control,” or-
ange lines) and HS-deficient (“ttv RNAi,” blue lines) regions at each time
point. (B–B′′) Time-lapse imaging of ddaC dendrites next to an HS-deficient
region (Gal4hh > ttv RNAi) on the right and an empty wild-type epidermal
region on the top. (B) Dendritic patterns of the first frame (magenta)
and the last frame (green). Times (HH:MM) are relative to the first frame.
(B′) Projection of dendritic endings over time. The dendritic pattern and
the border are from the last frame. The green overlay indicates a wild-type
epidermal region (control), which was empty in the first frame, and the
blue overlay indicates the HS-deficient region (ttv RNAi). (B′′) Dendrite dy-
namics in control (orange lines) and ttv RNAi (blue lines) regions at each time
point. Graphs on Left show net changes in dendrite length and terminal
dendrite numbers relative to the first frame. Graphs on Right show frame-to-
frame changes in dendrite length and terminal dendrite numbers. The
control and ttv RNAi regions show similar sizes of frame-to-frame changes in
the early part of the time lapse, but later the control region displays greater
frame-to-frame changes due to the more dendrites accumulated in the
control region. (C–C′′) Immunostaining of 22C10 in Gal4hh > ttv RNAi. Yellow
arrowheads point to 22C10-negative terminal dendrites at the border of the
HS-deficient zone. Blue arrowheads point to 22C10-positive primary branches
within the HS-deficient zone. The merge (C′′) shows hh-expressing cells in
blue, 22C10 staining in magenta, and C4da dendrites in green. (D and D′)

Time-lapse snapshots of ddaC dendrites that are next to an HS-deficient
region (Gal4hh > ttv RNAi) on the right and an empty wild-type region on
the top. Times 0 h and 10 h are shown in separate and merged panels. D
shows dendritic patterns and D′ shows GFP-Jupiter that labels bundled mi-
crotubules in the dendrites. Yellow arrowheads point to GFP-Jupiter–nega-
tive terminal dendrites at the border of the HS-deficient zone. Blue
arrowheads point to newly stabilized high-order dendrites that are invaded
by GFP-Jupiter at 10 h. (Scale bars, 25 μm.)
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due to the more variable phenotypes of MARCM clones than
neurons in the whole-animal mutant. Together, these data dem-
onstrate that Ptp69D, but not Lar, is required for dendrite de-
velopment of C4da neurons.

Ptp69D and HSPGs Function in Separate Genetic Pathways. Because
both Ptp69D and HSPGs are involved in dendrite development
of C4da neurons, we next wanted to know whether they function
in the same genetic pathway and, in particular, whether Ptp69D
is the neuronal receptor for epidermal HSPGs in promoting den-
dritic growth. Because of the lack of a dominant active Ptp69D
allele that can enhance dendritic growth when overexpressed and
the difficulty to simultaneously knock down HSPGs in epidermal
cells and express transgenes in C4da neurons, we investigated the
epistatic relationship of HSPGs and Ptp69D by knocking down

epidermal HSPGs in the Ptp69D mutant background. If Ptp69D is
indeed the receptor for HSPGs, the combined loss of HSPGs and
Ptp69D should be phenotypically similar to the loss of Ptp69D
alone; but if HSPGs and Ptp69D function in separate pathways,
loss of both of them should have combined effects. Pan-epidermal
knockdown of sotv in Df(3L)8ex34/Ptp69D14 transheterozygotes
(Fig. 7B) exhibited stronger dendrite reductions than either sotv
RNAi (Fig. 1B) or Df(3L)8ex34/Ptp69D14 (Fig. 6J) alone, as shown
by further reduced terminal dendrite density (Fig. 7D) and termi-
nal dendrite number (Fig. 7E). In addition, the average length of
terminal dendrites further decreased in the loss of both Ptp69D and
epidermal sotv (Fig. 7C). Phenotypically, Ptp69D mutant neurons
in epidermal knockdown of sotv exhibited characteristics of wild-
type neurons in sotv knockdown, such as more crowded dendrites
at the MAS (Fig. 7B), which is not predicted to occur if the
HSPG function depends on Ptp69D. Therefore, these data
show that the loss of both HSPGs and Ptp69D has combined
effects on dendrite development.
We then tested whether Ptp69D requires Ig domains for its

function. As RPTPs are known to rely on their Ig domains to
interact with HS (18), the Ig domains should be important for
Ptp69D function if it is the receptor for HSPGs. We compared

Fig. 5. HSPGs do not promote dendritic growth by transporting diffusible
signals. (A–B′) DdaC in an R10C12-Gal4 control (A and A′) and an animal
expressing R10C12-Gal4–driven ttv RNAi (B and B′). (C–D′) DdaC in an
R16D01-Gal4 control animal (C and C′) and an animal expressing R16D01-
Gal4–driven ttv RNAi (D and D′). Blue dots in A–D outline Gal4-expressing
cells, and A′–D′ show Gal4-expressing cells in green and C4da dendrites in
magenta. (E and F) Quantification of terminal dendrite density (E) and
terminal dendrite number (F). ***P ≤ 0.001; Student’s t test. (G) DdaC in a
control animal with anterior (a), dorsal (d), posterior (p), and ventral (v) lo-
cations in the dendritic field indicated. (H–K′) DdaC dendrites in animals
expressing ttv RNAi in random epidermal patches, showing wild-type epi-
dermal cells surrounded by RNAi-expressing epidermal clones in anterior (H and
H′), dorsal (I and I′), posterior (J and J′), and ventral (K and K′) regions of the
dendritic field. Blue dots in H–K outline wild-type epidermal cells. H′–K′ show
RNAi-expressing cells in green and C4da dendrites in magenta. (L) Quantifica-
tion of terminal dendrite density in wild-type epidermal cells surrounded by
control and ttv-RNAi–expressing epidermal clones. ***P ≤ 0.001; Student’s
t test. For all quantifications, each circle represents a neuron. The numbers of
neurons are indicated. Black bar, mean; red bars, SD. (Scale bars, 50 μm.)

Fig. 6. Ptp69D but not Lar is necessary for C4da dendritic growth. (A–A′′)
Lar-expressing cells at 96 h AEL labeled by Lar-Gal4–driven membrane
marker CD4-tdGFP and nuclear marker RedStinger. (B–B′′) Ptp69D-express-
ing cells at the wandering stage (120 h AEL) labeled by Ptp69D-Gal4–driven
CD4-tdGFP and RedStinger. Ptp69D-expressing neurons are labeled in B and
B′. (C–F) DdaC MARCM clones of wild type (C) and Lar13 (D), Ptp69D10 (E),
and Ptp69D14 (F). Insets show MARCM clones labeled by tdTom (C and D)
and mCD8-GFP (E and F). (G–I) DdaC in a control animal (G), a Lar3/Lar13

transheterozygote animal (H), and a Ptp69D14/Df(3L)8ex34 animal (I). (J and
K) Quantification of terminal dendrite density in genotypes indicated. ns,
not significant; ***P ≤ 0.001; ANOVA and Tukey’s HSD test. For all quanti-
fications, each circle represents a neuron. The numbers of neurons are in-
dicated. Black bar, mean; red bars, SD. (Scale bars, 50 μm.)
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the ability of a full-length Ptp69D and a version of Ptp69D
lacking both Ig domains (50) (Ptp69DΔIg) to rescue C4da den-
drite defects in the Df(3L)8ex34/Ptp69D14 background (Fig. 7 F
and G). Neuronal overexpression of Ptp69D completely rescued
the total dendrite density (Fig. 7H) and terminal dendrite density
(Fig. 7I) and largely rescued the terminal dendrite number (Fig.
7J). Surprisingly, Ptp69DΔIg rescued Ptp69D mutant neurons as
well as did the full-length version (Fig. 7 H–J). These data
demonstrate that Ig domains are dispensable for the function of
Ptp69D in regulating dendritic growth and are inconsistent with
the idea that Ptp69D is a receptor for HSPGs.
Finally, we investigated the possibility that Lar and Ptp69D may

be redundant in mediating HSPG function. Such a possibility
predicts a stronger phenotype in the loss of both Lar and Ptp69D
than that of Lar or Ptp69D mutant alone. To examine C4da neu-
rons lacking both Ptp69D and Lar, we knocked down Ptp69D in the
Lar3/Lar-Gal4 background. The Trojan-exon Lar-Gal4 is predicted
to truncate the Lar transcript (Fig. S5A) and therefore should
behave as a null allele. Lar3/Lar-Gal4 did not differ from the
control, except showing a slight reduction in dendrite density
(Fig. S6 A, B, and E–G). Ptp69D knockdown by Lar-Gal4 (Fig. S6
C and E–G) also mirrored the dendrite reduction phenotype of
Df(3L)8ex34/Ptp69D14 (Fig. 7 H–J). Importantly, removing Lar in ad-
dition to Ptp69D knockdown did not enhance the dendrite reduction
(Fig. S6 D–G). Combined with the HSPG–Ptp69D epistatic analysis
and Ptp69D rescue experiments, these results demonstrate that nei-
ther Lar nor Ptp69D is a receptor for HSPGs and Ptp69D regulates
C4da dendrite development in a pathway independent of HSPGs.

Discussion
How neurons interact with substrates to fill a receptive field is an
unsolved problem. Previous studies have demonstrated the im-
portance of dendrite spatial restriction and homotypic repulsion
in spreading dendrites and preventing branch overlaps of the same
neuron (self-avoidance) and neighboring like-neurons (tiling) (6,
23, 51). Although much has recently been learned about molecular
mechanisms of dendritic spatial restriction and homotypic re-
pulsion (52–54), the roles of the extracellular microenvironment in
space-filling remain poorly understood. In particular, it is un-
known whether dendritic innervation of target tissues by space-
filling neurons in vivo requires neuronal type-specific extrinsic sig-
nals, even though earlier work suggested that RGCs have an intrinsic
capacity for establishing space-filling patterns in vitro (3). Here we
demonstrate that Drosophila space-filling C4da neurons rely on two
HSPGs of distinct types, the Syndecan and the glypican Dally, as
redundant local permissive signals for their innervation of the skin,
while other somatosensory neurons do not require HSPGs for their
dendritic growth. Consistent with the neuronal-type specificity,
HSPGs stabilize dendritic microtubules and thus dynamic high-order
dendritic branches of C4da neurons. Surprisingly, HSPGs promote
C4da dendritic growth neither through transporting extracellular
diffusible signals nor by interacting with Lar. Interestingly, another
RPTP, Ptp69D, regulates the growth of C4da high-order dendrites
through an HSPG-independent pathway. Our study, therefore, re-
veals an HSPG-dependent pathway specific for the dendritic growth
of space-filling neurons.

A Model for HSPG-Dependent Dendritic Growth of Spacing-Filling
Neurons. Our results demonstrate that the HS chains of Dally
and Sdc on the surface of epidermal cells serve as extracellular
permissive signals for dendritic growth of C4da neurons. How-
ever, unlike many other contexts in which HSPGs regulate neural
development, Lar is not required for the HSPG-dependent den-
dritic growth. This observation raises the question of whether HS is
the sole permissive signal or if it functions together with other
extracellular ligands. Our results strongly suggest that for the
HSPG-dependent growth, dendrites do not receive morphogen-
like molecules that diffuse from specific locations of the epidermis.

Consistent with this conclusion, we have failed to rescue the loss of
high-order dendrites in HSPG deficiency by epidermal over-
expression of many secreted and HS-dependent ligands, including
Slit and members of Wnt, BMP, and EGF families. Instead, the
cell-autonomous loss of dendrite coverage on HS-deficient epi-
dermal cells indicates that the dendritic growth-promoting signal is
present and attached to each individual epidermal cell. Therefore,
we propose two possible scenarios (Fig. 8): (i) The HS chains of
Dally and Sdc interact with and activate a novel receptor located
on the dendritic membrane, or (ii) HS activates a neuronal re-
ceptor by acting as a coligand for a membrane protein expressed by
all epidermal cells or for a secreted molecule that tightly adheres to
the epidermal surface by binding HS. In both scenarios, the acti-
vation of the neuronal receptor leads to downstream signaling
events that stabilize microtubules. Ptp69D regulates dendritic
growth in a separate pathway. This model does not exclude the

Fig. 7. HSPGs and Ptp69D act in different genetic pathways. (A and B) DdaC
in a Gal4A58 control (A) and a Ptp69D14/Df(3L)8ex34 animal expressing
Gal4A58 > sotv RNAi (B). (C–E) Quantification of average terminal length
(C), terminal dendrite density (D), and terminal dendrite number (E) in geno-
types indicated. (F and G) DdaC in animals expressing ppk > Ptp69D (F) and
ppk > Ptp69D-ΔIg (G) in the Ptp69D14/Df(3L)8ex34 background. (H–J) Quanti-
fication of total dendrite density (H), terminal dendrite density (I), and terminal
dendrite number (J) in genotypes indicated. For all quantifications: ns, not
significant; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ANOVA and Tukey’s HSD test.
Each circle represents a neuron. The numbers of neurons are indicated. Black
bar, mean; red bars, SD. (Scale bars, 50 μm.)
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possibility that there may be other diffusible growth factors that can
influence the global pattern of the C4da dendritic arbor.

The Mechanism of Neuronal Type-Specific Roles of HSPGs in Regulating
Dendritic Growth. An important finding of our study is that HSPGs
are specifically required for dendritic growth of C4da neurons.
As space-filling neurons, C4da neurons possess highly dynamic
high-order dendrites that undergo constant branch turnover. By
developing a long-term live-imaging method, we were able to
continuously monitor the dynamics of larval da dendrites for more
than 10 h. This method revealed that HSPGs are not required for
transient dendritic extension or branching. Instead, HSPGs sta-
bilize newly formed and existing high-order branches and enhance
long-term dendritic growth at least partially by promoting micro-
tubule stabilization and bundling. The effects of HSPGs on mi-
crotubule bundling may be direct or indirect, and HSPGs may
have additional effects on other molecular processes that regulate
long-term growth of dendrites, such as actin cytoskeleton stability
and vesicular trafficking. Nevertheless, our data suggest that for
C4da neurons to expand the dendritic arbor or to fill a receptive
field, dendrite stabilization is an essential step.
The Drosophila larva has four classes of multidendritic da neu-

rons. Unlike C4da neurons, other da classes lack highly branched
high-order dendrites and do not fill their receptive fields. During
larval development, once the initial dendritic territory is estab-
lished, the size of dendritic arbors of da neurons expands in pro-
portion with the overall larval body size (25). For non–space-filling
da neurons, the dendritic arbor maintains its shape and expands
mostly by elongating existing dendrites. However, space-filling
neurons have to generate new branches to invade the space cre-
ated during body expansion. Therefore, HSPG-dependent stabili-
zation of newly formed dendrites not only serves as a mechanism
for C4da neurons to sense and elaborate dendrites into the correct
spatial domain but may also underlie the neuronal type-specificity
of HSPGs in regulating dendritic growth.
Coexistence of space-filling and non–space-filling neurons in

the same tissue is also common in vertebrates. For example,
basket cells grow sparse dendrites in the molecular layer of the
cerebellum, the same tissue where Purkinje cells extend expan-
sive and numerously branched dendritic arbors (55). It will be
interesting to find out whether Purkinje cells also require neu-
ronal type-specific permissive signals for arbor growth.

Cell-Nonautonomous Increase of Dendrites Induced by HSPG Deficiency.
Our experiments also revealed an unexpected cell-nonautonomous
increase of dendrites induced by HSPG deficiency. Knockdown of
ttv in the hh domain caused an increase of dendrites on epidermal
cells anterior to the hh domain (Fig. 1P). Similarly, wild-type epi-
dermal clones completely surrounded by ttv RNAi-expressing epi-
dermal cells showed higher terminal dendrite density than similar

clones surrounded by wild-type epidermal cells (Fig. 5L). In ad-
dition, pan-epidermal knockdowns of sotv, ttv, and sfl byGal4A58 all
led to increases of dendrites at MASs (Fig. 1B and Fig. S1 B and
C). These results demonstrate that when innervation in one spatial
domain is blocked by HS loss, the dendrite density is increased in
nearby permissive domains. A tantalizing interpretation is that
C4da neurons may have an intrinsic “drive” to elaborate a certain
length of dendrites and the lack of dendrites in HS-deficient zones
is compensated by a dendrite increase in other areas. We found
that neurons lacking dendrite coverage in the hh domain, or in the
middle of the segment (driven by R16D01-Gal4), as a result of HS
deficiency are similar to Gal4-only control neurons in total dendrite
lengths, supporting this hypothesis. Two other possible mechanisms
may also explain the results. In the first one, HS loss in one epi-
dermal region may somehow increase the concentration of the
dendrite growth-promoting signal on neighboring wild-type epi-
dermal cells. In the second, HS deficiency may trap intracellular
dendrite growth-promoting organelles, such as Golgi outposts (9),
to dendrite segments covering nearby wild-type epidermal cells. It
will be interesting to distinguish these possibilities in the future.

Conserved and Diverse Roles of HSPGs in Insect and Vertebrate Space-
Filling Neurons. C4da neurons are analogous to the trigeminal
sensory neurons and Rohon–Beard (RB) neurons of zebrafish in
that they are all space-filling somatosensory sensory neurons that
innervate the skin (4, 14). Consistent with the conclusion that
HSPGs play a permissive, but not instructive, role, C4da dendrites
do not misroute to other areas in the absence of HSPGs. Instead,
they can extend and branch into HS-deficient zones but fail to be
stabilized. In contrast, HSPGs seem to play a different role in ax-
onal morphogenesis of zebrafish space-filling neurons: They func-
tion as attractants to direct growing sensory axons of RB neurons
to the skin, and loss of HS in the skin leads to misrouting of axons
to internal tissues (15). This apparent difference may be related to
zebrafish neurons having alternative but disfavored substrates (i.e.,
internal tissues), whereas Drosophila C4da neurons cannot in-
nervate tissues other than the epidermis. To some extent, the in-
crease of C4da dendrites outside the HS-deficient zone may be seen
as resembling the misrouting phenotype of zebrafish RB neurons.
On the other hand, the pathways through which HSPGs reg-

ulate neurite outgrowth of Drosophila C4da neurons and zebra-
fish RB neurons are clearly distinct. Zebrafish RB neurons
express two LAR homologs, PTPRFa and PTPRFb, which act as
redundant receptors for HS to control the guidance of sensory
axons (15). The interaction between these LAR proteins and
extracellular HS is essential as mutations of the HS-interaction
motif in the Ig domains of the LARs abolish their ability to re-
spond to HS (15). In contrast, the Drosophila Lar does not play a
detectable role in dendritic growth of C4da neurons. Although
the Ig-containing RPTP Ptp69D is expressed in da neurons and is
required for high-order dendritic growth of C4da neurons, it does
not function in the same pathway as HSPGs. Therefore, it appears
that HSPGs can regulate neurite growth of different types of space-
filling neurons through different downstream signaling pathways.
These similarities and distinctions raise several interesting ques-
tions. First, does the HSPG–PTPRFa/PTPRFb pathway control
axon guidance of RB neurons through stabilizing microtubules in
selective branches? Second, do HSPGs regulate space-filling in-
dependent of LAR proteins in other neuronal systems? Lastly, do
HSPGs play any role in neurite growth of vertebrate non–space-
filling neurons that exhibit dynamic branch turnover? Answering
these questions will broaden our understanding of the roles the
extracellular microenvironment plays in neuronal morphogenesis.

Methods
Snapshot live imaging of dendritic morphology of da neurons was performed
as described previously (23). For long-term time-lapse imaging, larvae at the
right stage were glued to a coverslip using a UV-sensitive glue (NOA 61;

Fig. 8. A model for the roles of HSPGs and Ptp69D in dendritic growth. A
diagram showing Dally and Sdc and their potential interactions with an
unknown ligand and an unknown neuronal receptor. Ptp69D functions in a
parallel pathway. See Discussion for details.
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Norland) and then mounted on a chamber constructed with aluminum. See SI
Methods for details of fly stocks, molecular cloning, generation of CRISPR
mutants and transcription reporters, MARCM, RNAi, immunohistochemistry,
live imaging, image analysis, and quantification.
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