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Sensory neurons with common functions are often nonrandomly arranged and form dendritic territories in stereo-
typic spatial patterns throughout the nervous system, yet molecular mechanisms of how neurons specify dendritic
territories remain largely unknown. In Drosophila larvae, dendrites of class IV sensory (C4da) neurons completely
but nonredundantly cover the whole epidermis, and the boundaries of these tiled dendritic fields are specified
through repulsive interactions between homotypic dendrites. Here we report that, unlike the larval C4da neurons,
adult C4da neurons rely on both dendritic repulsive interactions and external positional cues to delimit the
boundaries of their dendritic fields. We identify Wnt5 derived from sternites, the ventral-most part of the adult
abdominal epidermis, as the critical determinant for the ventral boundaries. Further genetic data indicate thatWnt5
promotes dendrite termination on the periphery of sternites through the Ryk receptor family kinase Derailed (Drl)
and the Rho GTPase guanine nucleotide exchange factor Trio in C4da neurons. Our findings thus uncover the
dendritic contact-independent mechanism that is required for dendritic boundary specification and suggest that
combinatory actions of the dendritic contact-dependent and -independent mechanisms may ensure appropriate
dendritic territories of a given neuron.
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Precise patterning of the dendritic fields is essential for
the correct wiring of neuronal circuitry. In many cases,
after dendrites cover their territory, growth beyond the
boundaries of their territory is curtailed in order to pre-
vent any overlap of the receptive fields of neighboring neu-
rons and the consequent compromise of neuronal circuit
properties. Indeed, neuronal diseases characterized by the
formation of enlarged dendritic fields result in severe
mental retardation (Purpura 1975; Kaufmann and Moser
2000). Notwithstanding recent progress in our knowledge
of molecular mechanisms that promote dendritic elabora-
tion (Jan and Jan 2010; Puram and Bonni 2013), the cellular
and molecular mechanisms that restrain dendrite growth
to define appropriate dendritic boundaries are still poorly
understood.
In both vertebrates and invertebrates, contact-depen-

dent self-repulsion is likely a common mechanism for
dendritic boundary specification (Jan and Jan 2010; Zipur-
sky and Grueber 2013). One good example is the dendritic

tiling in retinal ganglion cells (RGCs) of the mammalian
retina, in which dendrites of RGCs of the same subtype
typically cover the whole retina with minimum overlap,
like tiles on a floor (Wassle and Boycott 1991; Masland
2012). Deletion of RGCs causes surrounding neurons to
reorient their dendrites toward the depleted area (Perry
and Linden 1982), suggesting that mutual repulsion be-
tween like dendritesmediates establishment of theRGCs’
dendritic boundaries. However, it has also been suggested
that certain types of RGCs can define their unique territo-
ries independently of the dendrite–dendrite contacts.
For example, in Brn3b−/− and Math5−/− retinas in which
only ∼10% RGCs are formed, the dendritic arbors of at
least two classes of surviving neurons are indistinguish-
able fromnormal in shape and size (Lin et al. 2004), raising
a possibility that, in addition to the dendritic contact-de-
pendent mechanisms, dendritic contact-independent
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mechanisms likely function to specify dendritic territo-
ries even in a two-dimensional (2D) space.

The Drosophila dendrite arborization (da) sensory neu-
rons provide a suitable system for the systematic analysis
of dendritic territory development (Parrish et al. 2007; Jan
and Jan 2010; Emoto 2012). Similar to mammalian RGCs,
dendritic arborizations of larval class IV da (C4da) neurons
are confined to the 2D space between the epidermis and
muscles, and the dendrites cover the whole epidermis in
a complete but nonredundant manner. Several lines of
evidence demonstrate that dendritic boundaries in larval
C4da neurons are defined by homotypic repulsion be-
tween neighboring dendrites. First, C4da dendrites dis-
play typical avoidance behaviors when two dendritic
branches meet at dendritic boundaries (Grueber et al.
2003; Emoto et al. 2004, 2006). Second, duplication of
C4da neurons resulted in a partitioning of the receptive
field (Grueber et al. 2003). Last, embryonic ablation of
C4da neurons caused the remaining C4da neurons to ex-
pand their dendritic fields to occupy the territory of the
ablated neurons (Grueber et al. 2003). Genetic studies in
C4da neurons have revealed that the contact-dependent
dendrite repulsions are mediated by multiple molecules,
including cell surface proteins (Gao et al. 2000; Hughes
et al. 2007; Matthews et al. 2007; Soba et al. 2007) and in-
tracellular signaling molecules (Emoto et al. 2004, 2006;
Koike-Kumagai et al. 2009; Matsubara et al. 2011).

During metamorphosis, the larval dendritic arbors are
completely replaced with adult-specific processes as a re-
sult of extensive pruning and subsequent regeneration of
dendritic trees (Kuo et al. 2005; Shimono et al. 2009; Yasu-
naga et al. 2010; Kanamori et al. 2015). In this study, we
investigated howadultC4da neurons rebuild the dendritic
territory and found that, unlike the larval dendrites, adult
C4da dendrites specify a dendritic boundary independent-
ly of dendritic contacts. Our genetic screen revealed that
Wnt5 derived from sternites, the ventral-most region of
the adult abdomen, is required for specification of the ven-
tral boundaries of C4da dendrites. We further show that
Wnt5 promotes dendrite termination on the periphery of
sternites through the Ryk receptor family kinase Derailed
(Drl) and the Rho guanine nucleotide exchange factor
(GEF) Trio in C4da neurons. Our findings thus reveal a
novel role of the Wnt5–Drl signaling pathway in the con-
tact-independent dendritic boundary specification and
raise a possibility that multiple distinct mechanisms
function in parallel to define the dendritic territories of
a given neuron.

Results

Dendritic field organization of adult C4da neurons

During metamorphosis, all three C4da neurons degrade
their larval dendrites, and two of them, the dorsal ddaC
neuron and the ventro–lateral v’ada neuron, subsequently
reconstruct adult-specific dendrites, while the ventral
vdaB neuron undergoes apoptosis (Fig. 1A; Kuo et al.
2005; Shimono et al. 2009; Yasunaga et al. 2010). To ex-
amine how the remaining two adult C4da neurons recon-

struct their dendritic territories on the epidermis, we
visualized dendrite organization of C4da neurons by using
the C4da neuron-specific pickpocket (ppk)-Gal4 driving

Figure 1. Larval and adultC4da neurons showdifferent coverage
of the body wall. (A) Schematic depictions of dendritic territories
of C4da neurons in two adjacent abdominal segments in the lar-
val and adult stages. The top line and the bottom dashed line cor-
respond to the dorsal midline (DM) and the ventral midline (VM),
respectively. (B1,B2) Live images of larval and adult v’ada neurons
in the ventral epidermis. (B1) Note that dendrites of v’ada neu-
rons show a complete coverage of the body wall. (B2) In contrast,
in adult flies, v’ada dendrites fail to cover the ventral regions. The
horizontal and vertical dashed lines indicate the ventral midline
(VM) and the segmental boundary, respectively. Bar, 200 µm.
(C,D) Quantification of the distance from the ventral midline to
the ventral-most dendritic terminals. (C ) The schema indicates
the way to measure the distance. The branches overshooting the
ventral midline provide minus values. (D) Error bars indicate the
standard error of the mean. The numbers below each bar indicate
n values.
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mCD8GFP (Kuo et al. 2005; Yasunaga et al. 2010; Kana-
mori et al. 2013). We focused on v’ada neurons that inner-
vate the ventro–lateral epidermis (Shimono et al. 2009;
Yasunaga et al. 2010), as the dorsal ddaC dendrites are dif-
ficult to image due to tanning of the cuticle. Similar to
the larval C4da neurons, adult v’ada neurons positioned
their lateral dendritic terminals around the segmental
boundaries, and two neighboring dendrites appeared to
cover completely the segmental boundaries (Fig. 1B1,
B2). To further examine the relative positions of the neigh-
boring dendrites in detail, we stochastically labeled v’ada
neurons with EGFP and mCitrine by using the Flybow
system (Hadjieconomous et al. 2011). This stochastic la-
beling experiment clearly showed that adult C4da neu-
rons in neighboring segments cover the segment
boundaries with dendrites in a complete but nonredun-
dant manner (Supplemental Fig. S1). In contrast, unlike
the larval dendrites, adult v’ada dendrites did not extend
to the ventral midline. Instead, growth of adult v’ada den-
drites terminated ∼20 µm away from the ventral midline
(larva, −33.8 µm ± 3.8 µm, n = 32; adult, 17.1 µm ± 4.8
µm, n = 32) (Fig. 1B1–D). As a result, the dendritic fields

of the two adjacent v’ada neurons were separated by ∼40
µm, and that space was not covered by C4da dendrites.
These data suggest that adult v’ada dendrites might use
different mechanisms to specify lateral and ventral
boundaries.

Ventral boundaries of adult v’ada dendrites are specified
independently of dendrite contacts

To test whether neighboring neurons affect the dendritic
boundary specification of adult v’ada neurons, we ablated
v’ada neurons in the early pupal stage by using the FLP-
out system that induces stochastic expression of the toxic
ricin A chain in C4da neurons (Smith et al. 1996). Figure
2B shows an example of a v’ada neuron at the abdominal
segment 4 (A4) whose neighboring neurons were ablated.
In this situation, both the width and the field size of the
v’ada dendrites were significantly expanded compared
with those of control v’ada neurons (field size: control,
21.9 × 104 µm2 ± 1.1 × 104 µm2, n = 6; ablation, 26.9 × 104

µm2 ± 1.1 × 104 µm2, n = 9; width: control, 273 µm ± 9
µm, n = 10; ablation, 352 µm ± 14 µm, n = 13) (Fig. 2A–

Figure 2. Neighboring neurons are required for
proper specification of the lateral boundaries but are
dispensable for the ventral boundaries in v’ada neu-
rons. (A,B) Lateral views of adult v’ada dendrites in
the A3–A5 segments of an adult ventral abdomen.
(A,A′) Dendrites of three v’ada neurons cover the
body wall completely but redundantly. (B,B′) Abla-
tion of neighboring v’ada neurons leads to expansion
of dendritic fields of the remaining neuron. Sternites,
the ventral-most epithelial region in the adult abdom-
inal segments, are labeled in yellow. Bar, 100 µm. (C,
D) Quantification of the dendritic field area (C ) and
the field width (D) of v’ada neurons in control and
cell-ablated abdomens. Error bars indicate standard
error of the mean. In C, P = 0.01. In D, P < 0.001. (E,
F ) Ventral views of adult v’ada dendrites in A3–A5
segments. (E,E′) Ventral boundaries of v’ada neurons
are established on the periphery of sternites. (F,F′)
The ventral boundaries are unaffected by ablation of
v’ada neurons in the contralateral hemisegments.
Magnified views of the blue boxed regions are shown
in E'' and F''. Sternites are labeled in yellow. Bars: E,
100 µm; E'', 50 µm. (G,H) Quantification of the dis-
tance from the ventral midline to the branch termi-
nals (G) and the total dendritic length within single
sternites (H) in control and cell-ablated abdomens.
In G, P = 0.486. In F, P = 0.669. (∗) P < 0.05; (∗∗) P <
0.01, unpaired Student’s t-test.

Wnt5 signaling in dendritic boundary specification

GENES & DEVELOPMENT 1765



D). These data suggest that the lateral boundaries of v’ada
dendrites are specified at least in part by repulsive interac-
tionsbetweenneighboringdendrites.Consistentwiththese
ablation data, time-lapse imaging of dendritic terminals at
the segmental boundary revealed the typical avoidance be-
haviorsofdendriticterminalswhentheymetatthesegmen-
tal boundaries (Supplemental Movie S1). In contrast to the
lateral boundaries, ablation of contralateral v’ada neurons
had no obvious effect on the relative position of ventral
boundaries of v’ada neurons (distance: control, 29.9 µm±
6.7 µm, n = 16; ablation, 22.8 µm± 7.5 µm, n = 15; length:
control, 349 µm± 45 µm, n = 16; ablation, 322 µm± 43
µm,n = 15) (Fig. 2E–H), suggesting that the ventral boundar-
iesofv’adaneuronscanbespecified independentlyofneigh-
boring dendrites. In both the control and the contralateral
ablated cases, the ventral boundaries were coincident on
the peripheral of sternites, the ventral-most epithelial re-
gion in the adult abdominal segments, which contains ar-
rays of mechanosensory bristles. These data together
suggest that dendritic territories of adult v’ada neurons
are specified by two distinct mechanisms: Ventral bound-
aries are specified independently of dendritic contacts,
whereas the lateral boundaries are established through re-
pulsive interactions between homotypic dendrites.

Sternites are required to specify the ventral
boundaries of adult v’ada dendrites

Adult abdominal segments are subdivided along the
dorso–ventral axis into a dorsal tergite, ventro–lateral
pleura, and a ventral sternite (Kopp et al. 1999). Given
that v’ada neurons positioned the ventral boundaries on
the periphery of sternites, we reasoned that sternites
might play a role in the establishment of the ventral
boundaries. Previous studies reported that the Wingless–
Frizzled signaling pathway promotes sternite identity in
the adult abdomen and that suppressing the Wingless–
Frizzled signaling in the pupal abdomen results in the
transformation of sternites into pleura (Shirras and Couso
1996; Kopp et al. 1999). To test the role for sternites in the
dendritic boundary specification, we induced somatic
clones mutant for both frizzled ( fz) and frizzled 2 ( fz2),
which are known as the major Wingless receptors in
the adult abdomen (Shirras and Couso 1996; Kopp et al.
1999), and successfully generated hemisegments in
which sternites were largely transformed into pleura (Fig.
3A,B). In the transformed hemisegments, the dendritic
fields of v’ada neurons expanded significantly toward the
ventral midline. Importantly, in both the control and
transformed cases, the dendritic boundaries of v’ada neu-
rons were consistent with the periphery of sternites (Fig.
3A,B). It is thus likely that sternites are required for correct
positioning of the ventral boundaries of v’ada dendrites.

Wnt5 derived from sternites restricts the ventral
boundaries of v’ada dendrites

Given that sternites likely play a role in boundary forma-
tion, we reasoned that sternites might provide a critical
signal for v’ada dendrites to restrict dendritic territories.

To uncover the potential factors derived from sternites,
we carried out a genetic screen, focusing on genes that
encode secreted molecules and their receptors (Supple-
mental Table S1). Among the 37 genes tested, Wnt5
(also calledDwnt3) mutants showed robust defects in ven-
tral boundary formation. Although wild-type dendrites
formed their ventral boundaries on the periphery of ster-
nites, dendritic territories of Wnt5 neurons expanded sig-
nificantly toward the ventral midline, and dendrites of
two v’ada neurons seemed to cover the whole ventral epi-
dermis (distance: wild-type, 20.1 µm ± 4.7 µm, n = 36;
Wnt5, −13.0 µm ± 6.6 µm, n = 24; length: wild-type, 778
µm ± 63 µm, n = 18; Wnt5, 2188 µm ± 107 µm, n = 12)
(Fig. 4A–D). Interestingly, two v’ada dendrites seemed to
tile a sternite with an obvious boundary at the ventral
midline (Fig. 4B), suggesting that repulsive interactions

Figure 3. Sternites are required to specify the ventral boundaries
of v’ada dendrites. (A) Ventral views of sternites in control adult
flies. Transmitted bright field (top), v’ada dendrites and sternites
with bristles (middle), and traces (bottom) are shown. (B) Epithe-
lial clonesmutant for both fz andDfz2 induce partial transforma-
tion of sternites into pleura. The dendritic fields of v’ada neurons
are extendedmedially.We examinedmultiple clones in bothwild
type (n = 7) and fz Dfz2 (n = 5) and found consistent results. Note
that in both the control and transformed cases, the ventral bound-
aries of v’ada dendrites are established on the periphery of ster-
nites. Arrowheads indicate the ventral midline. Bar, 100 µm.
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between two v’ada dendrites likely specify the boundary.
Unlike mutants for the Wingless–Frizzled signaling path-
way (Fig. 3), sternites were correctly formed at the ventral-
most position in Wnt5 mutants, suggesting that Wn5 is
dispensable for sternite development. Indeed, no signifi-
cant difference was detectable in the number of bristles
and the average size of the sternites (Supplemental Fig.
S2G,H). In addition, neighboring Wnt5 dendrites seemed
to cover thewhole segmental boundary, which is indistin-
guishable from that in wild-type dendrites (Supplemental
Fig. S2A–D). Further quantitative analysis indicated that
the lengths and number of dendritic branches outside of
sternites were unaffected inWnt5mutants (Supplemental
Fig. S2E,F). Simultaneous observation of C4da dendrites
and the extracellular matrix (ECM) suggest that the den-
drite–ECM interaction was also unaffected in Wnt5 mu-
tants (Supplemental Fig. S2I,J). These data suggest that
Wnt5 plays a specific role in the establishment of the ven-
tral boundary of v’ada dendrites rather than general roles
in dendrite growth and branching.
To investigate temporal and spatial expression patterns

ofWnt5 in the pupal/adult abdomen,we generated a novel
Wnt5 reporter line in which EGFP is inserted into the first
exon of theWnt5 locus (Supplemental Fig. S3).We first ex-
amined EGFP expression in the pupal optic lobes, since
the anti-Wnt5 antibody detected high levels of Wnt5 in

the medulla of pupal optic lobes (Srahna et al. 2006). Sim-
ilarly, we found that the Wnt5-EGFP reporter was highly
expressed inmedulla neurons, and the expression patterns
were consistent with the anti-Wnt5 staining, confirming
that the Wnt5 reporter mimics expression patterns of en-
dogenous Wnt5 (Supplemental Fig. S3). Using this Wnt5
reporter, we next examined Wnt5 expression in the pu-
pal/adult abdomen. The larval abdomen is reorganized
during metamorphosis, and sternites are initially induced
∼60 h after pural formation (APF) in the ventral-most re-
gion of the pupal abdomen (Kopp et al. 1999). Consistent
with sternites functioning as the source for Wnt5, the
Wnt5-EGFP reporter signal became visible weakly in the
ventral-most abdominal regions ∼60 h APF, and the ex-
pression levels were gradually increased as the pupa devel-
oped to the adult (Fig. 4E). By the 1-d adult stage, EGFP
expression was eventually concentrated to the peripheral
region of sternites (Fig. 4E). Remarkably, double staining
of Wnt5-EGFP and v’ada dendrites revealed that Wnt5 ex-
pression is consistent with the ventral boundaries of v’ada
dendrites (Fig. 4F1,F2). Taken together, these data suggest
that Wnt5 is a sternite-derived factor that specifies the
ventral boundaries of adult v’ada dendrites.
To further investigate the role of Wnt5 in dendrite

boundary specification, we assessed whether ectopic
Wnt5 might affect dendritic boundaries in larval v’ada

Figure 4. Wnt5 derived from sternites is
required for ventral boundary specification
of v’ada dendrites. (A,B) Ventral views of
v’ada dendrites in wild-type (A,A′) and
Wnt5 mutant (B,B′) adult flies. A trace of
Wnt5 dendrites in a sternite is shown in
B''. Note that Wnt5 neurons expand den-
dritic fields ventrally and cover the whole
sternites. Both images were taken in 5-d
adult flies. (C,D) Quantification of the dis-
tance from the ventral midline to dendritic
branch terminals (C; P < 0.001) and the total
dendritic length within single sternites (D;
P < 0.001) in wild-type and Wnt5 mutant
flies. (E) Wnt5-EGFP expression in abdomi-
nal epithelial cells. Representative images
in late pupae (60 h after pural formation
[APF]; left), 0-d adults (middle), and 1-d
adults (right) are shown. Arrowheads indi-
cate the ventral midline. (F1,F2) Expression
patterns of Wnt5-EGFP (F1) and v’ada (F2)
dendrites in 1-d adults. The outline of the
sternites is indicated by the dashed line.
Bars: A,B,F, 50 µm; E, 100 µm. Error bars in-
dicate standard error of the mean. (∗∗) P <
0.01, unpaired Student’s t-test.
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neurons. Unlike the adult peripheral tissue, no obvious
Wnt5-GFP expression was detectable in larval epithelial
cells, whereas larval v’ada neurons express Drl receptor
(Supplemental Fig. S4D,E). We ectopically expressed
Wnt5 in the larval epithelial cells aroundwhichC4da den-
drites establish lateral boundaries and found that v’ada
dendrites were significantly excluded from the region
where ectopicWnt5 was highly expressed, whereas no ob-
vious growth defect was observed in the region without
ectopic Wnt5 (Supplemental Fig. S4A–C). These data sug-
gest that Wnt5 is necessary and sufficient to specify C4da
dendrite boundaries.

Wnt5 promotes dendrite termination
on the ventral boundary

HowmightWnt5specifytheventralboundaryofv’adaden-
drites on the appropriate position? One possibility is that
dendrites initially innervate intosternites, followedbyspe-
cific retractionor pruningof thedendritic branches that in-
nervate into sternites, since dendrite pruning/retraction is
often observed in developing mammalian sensory circuits
to refine dendritic fields (Wong and Ghosh 2002; Emoto
2011). An alternative scenario is that Wnt5might prevent
dendritic branches from innervating sternites. To distin-
guish between these possibilities, we first measured the

ventral extent of v’ada dendrites during the first 5 d of
adult development in wild-type and Wnt5 mutants. At
eclosion, no significant difference was observed in both
the distance from dendritic terminals to the ventral mid-
line (Fig.5A)andthedendrite lengthwithinsinglesternites
(Fig. 5B) inwild-type controls andWnt5mutants.Over the
next 24 h, wild-type neurons appeared to reduce dendrite
growth, whereas Wnt5 dendrites grew continuously at
least during next several days (Fig. 5A,B). Thus, v’ada den-
drites appear to avoid sternites, as they initially arrive at
the periphery of sternites without going through a notice-
able period of invasion followed by retraction/pruning.

To further examine this model, we imaged single v’ada
dendrites of live wild-type controls andWnt5mutants for
48 h, starting at the time of eclosion. At the 0-d adult
stage, many of the terminal branches reached the periph-
ery of sternites in both the wild-type control and Wnt5
mutants (Fig. 5C). Over the next 24 h, Wnt5 dendrites
grew into sternites, while wild-type dendrites persisted
at the periphery of sternites (Fig. 5C). Quantification of
the branch dynamics revealed that dendrite extension
was significantly reduced in the wild type over the 48 h,
whereas branch extension was much less affected in the
Wnt5 mutants compared with wild type (median: 36 µm
for 0–1 d and 19 µm for 1–2 d in wild type; 48 µm for 0–
1 d and 38 µm for 1–2 d in Wnt5) (Fig. 5D). In contrast,

Figure 5. Wnt5 promotes dendrite termination in
v’ada neurons. (A,B) Quantification of the distance
from the ventral midline to the branch terminals (A)
and the total dendritic length within single sternites
(B) in wild type (light-green bars) and Wnt5 mutants
(dark green bars) in the early adult stages. Error bars
indicate standard error of the mean. The numbers be-
low each bar indicate n values. (∗) P < 0.05; (∗∗) P <
0.01, unpaired Student’s t-test. (C ) Live images of sin-
gle dendrites from 0- to 2-d adults in wild-type (top)
and Wnt5 mutant (bottom) neurons. Bars, 50 µm.
(D) Quantification of the changes in branch length
in wild-type (light green) and Wnt5 (dark green) den-
drites during the 0- to 2-d adult stages. Box plots indi-
cate the median (black line), the 25th and 75th
percentiles (box), the data range (whiskers), and outli-
ers (circles). Outliers are defined as data points greater
than the 75th percentile of all data points plus 1.5
times the interquartile range. (∗) P < 0.05; (∗∗) P <
0.01, Mann-Whitney U-test. (E) Schematics of den-
dritic boundary specification for wild type and Wnt5
mutants.
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no significant difference was detected in the dendrite re-
traction between the wild-type controls and Wnt5 mu-
tants during the 48 h (median: 18 µm for 0–1 d and 17
µm for 1–2 d in wild type; 20 µm for 0–1 d and 15 µm for
1–2 d inWnt5) (Fig. 5D). These observations are consistent
with the scenario thatWnt5 dendrites are able to grow and
retract normally but are specifically defective in termina-
tion on the periphery of sternites (Fig. 5E).

Drl and Drl-2 receptor kinases in v’ada neurons
mediate Wnt5-dependent boundary determination
in a redundant manner

Wnt5 typically acts through cell surface receptors on tar-
get cells (Fradkin et al. 1995, 2010; Yoshikawa et al. 2003;
Kikuchi et al. 2007). To identify the functional Wnt5 re-

ceptors required for dendrite boundary specification in
v’ada neurons, we examined nine potential Wnt5 recep-
tors and found that mutants for the Ryk receptor family
kinase Drl-2 showed a weak but significant defect in the
boundary specification of v’ada dendrites (distance: wild
type, 31.9 µm ± 5.2 µm, n = 28; Drl-2, 8.8 µm ± 5.1 µm, n
= 26; length: wild type, 808 µm ± 92 µm, n = 14; Drl-2,
1176 µm ± 93 µm, n = 13) (Fig. 6A,C,E,F; Supplemental
Table S1). Mutants for Drl, the other member of the Dro-
sophila Ryk receptor kinase family, also showed weak
boundary defects (distance: drl, 29.6 µm ± 6.1 µm, n = 28;
length: drl, 1000 µm ± 106 µm, n = 14) (Fig. 6A,B,E,F). We
thus next examined drl Drl-2 double mutants and found
robust boundary defects, which were comparable with
those in Wnt5 mutants (distance: drl Drl-2, −13.0 µm ±
4.9 µm, n = 26; length: drl Drl-2, 1847 µm ± 85 µm, n =

Figure 6. Drl receptor kinases are required
for ventral boundary specification in v’ada
neurons. (A–D) Ventral views of v’ada den-
drites in wild-type control (A) drl mutants
(B),Drl-2mutants (C ), and drl Drl-2 double
mutants (D). Bars, 50 µm. Arrowheads indi-
cate the ventral midline. (E,F ) Quantifica-
tion of the distance from ventral midline
to dendritic branch terminals (wild-type
vs. drl, P = 0.990; wild-type vs. Drl-2, P =
0.016; wild-type vs. drl Drl-2, P < 0.001,
one-way ANOVA with Tukey’s multiple
comparison test) (E) and the total dendritic
length within single sternites (wild-type vs.
drl, P = 0.472; wild-type vs.Drl-2, P = 0.042;
wild-type vs. drl Drl-2, P < 0.001, one-way
ANOVA with Tukey’s multiple compari-
son test) (F ). (G) Quantification of the dis-
tance from the ventral midline to dendritic
branch terminals (drl Drl-2 vs. drl Drl-2
UAS-drl, P = 0.100; drl Drl-2 vs. drl Drl-2
UAS-Drl-2, P = 0.333, one-wayANOVA fol-
lowed by Dunnett’s test). (H) Quantifica-
tion of the total dendritic length within
single sternites (drl Drl-2 vs. drl Drl-2
UAS-drl, P = 0.004; drl Drl-2 vs. drl Drl-2
UAS-Drl-2, P = 0.001, one-wayANOVA fol-
lowed byDunnett’s test). (I1–I3) A schemat-
ic of the v’ada dendrites and sternite in the
wild-type adult abdomen. (I1) Drl expres-
sion was visualized with drl-GAL4 UAS-
mCD8GFP in a 1-d adult. Magnified views
of the blue boxed region and the orange
boxed region are shown in I2 and I3, respec-
tively. C4da neurons are marked with ppk
promoter-driven CD4tdTomato. Error bars
indicate standard error of the mean. The
numbers below each bar indicate n values.
(∗) P < 0.05; (∗∗) P < 0.01.
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13) (Fig. 6D–F). Similar toWnt5mutants, drl Drl-2 double
mutants showed no significant defects in the lateral boun-
dary formation (Supplemental Fig. S5A–H). These results
suggest that Drl and Drl-2 function together to establish
the ventral boundaries of v’ada dendrites.

To examine whether Drl receptors could function cell-
autonomously in v’ada neurons to specify the ventral
boundary, we performed rescue experiments by express-
ing drl or Drl-2 in drl Drl-2 double-mutant neurons. Ex-
pression of either drl or Drl-2 driven by ppk-Gal4 fully
rescued the boundary defects in drl Drl-2 double-mutant
neurons (distance: drl Drl-2, −8.6 µm ± 5.4 µm, n = 16;
+UAS-drl, 14.7 µm ± 11.3 µm, n = 14; +UAS-Drl-2, 8.4
µm ± 9.1 µm, n = 12; length: drl Drl-2, 1828 µm ± 98 µm,
n = 8; +UAS-drl, 1187 µm ± 111 µm, n = 7; +UAS-Drl-2,
1064 µm ± 166 µm, n = 6) (Fig. 6G,H; Supplemental Fig.
S6), indicating that Drl and Drl-2 act cell-autonomously
and redundantly in v’ada neurons to specify the ventral
dendritic boundaries. Consistent with this notion, RNAi
knockdown of drl andDrl-2 in C4da neurons caused boun-
dary defects similar to those in drl Drl-2mutants (Supple-
mental Fig. S5I,J).

Finally, we examined expression patterns of Drl recep-
tors by using the Gal4 enhancer trap in drl that has been
shown to mimic the expression pattern of drl to drive ex-
pression of GFP (Moreau-Fauvarque et al. 1998). In adult
peripheral tissues, drl expression was specifically ob-
served in C4da neurons but not in abdominal muscle fi-
bers and epithelial cells, including sternites (Fig. 6I1–I3),
further confirming that Drl receptors function in adult
C4da neurons to specify the ventral boundaries. We fur-
ther examined intracellular distribution of Drl by express-
ing Drl::GFP in C4da neurons. Drl::GFP seemed to be
localized evenly in dendritic arbors as well as axons and
the soma (Supplemental Fig. S7).

Rho GEF Trio and Rho1 act with the Wnt5–Drl signaling
pathway to specify dendrite boundaries

In many contexts, the Ryk receptor family kinases act
through their intracellular domains (Fradkin et al. 2010).
Consistently, we found that Drl without the intracellular
domain failed to rescue the boundary defects in drl Drl-2
double-mutant neurons (length: 1727 µm ± 151 µm, n =
8) (Fig. 6H), indicating that the intracellular domains of
Drl receptors are required for their functions in dendritic
boundary specification. Previous studies suggest that
Wnt5 signals at least in part through the canonical Wnt
signaling pathway (Shimizu et al. 2011). The Src family ki-
nases are also suggested to associate and functionwithDrl
receptors in axon guidance (Wouda et al. 2008). We there-
fore examined whether attenuation of the canonical Wnt
signaling pathway or Src kinase signaling could affect ven-
tral boundary formation and found no significant defects
(Supplemental Table S2).

The Rho GTPase GEFs and GAPs (GTPase-activating
proteins) function downstream from many receptors to
regulate neurite dynamics by controlling the actin cyto-
skeletons (Luo 2000; Dickson 2001; Bashaw and Klein
2010). In the Drosophila genome, 21 potential Rho

GAPs and 20 RhoGEFs are present (Bernards 2003). To ex-
amine whether Rho GEFs or GAPs might be involved in
the dendritic boundary specification, we screened all po-
tential Rho GAPs and GEFs by using RNAi knockdown
in neurons and found significant boundary defects in adult
v’ada dendrites following knockdown of the Rho GEF trio
(Supplemental Table S3). To further confirm this, we con-
ducted MARCM (mosaic analysis with a repressive cell
marker) analysis to generate trio homozygous mutant
clones in a heterozygous background (Lee and Luo 1999).
We found that trio mutant clones showed significant
boundary defects in v’ada dendrites (distance: control,
40.0 µm ± 5.1 µm, n = 13; Trio, −7.3 µm ± 12.1 µm, n = 13;
length; control, 447 µm± 37 µm, n = 13; Trio, 620 µm ±
92 µm, n = 13) (Fig. 7A,B,D). These boundary defects in
trio MARCM clones were fully rescued by expression of
the trio gene in v’ada neurons (distance: 41.1 ± 8.6 µm, n
= 13; length: 460 ± 53 µm, n = 13) (Fig. 7C–E), indicating
that Trio functions autonomously in v’ada neurons.

To investigate whether Trio and Drl receptors might
function in the same genetic pathway to regulate ventral
boundary formation, we assayed for genetic interactions
between trio and the Wnt5–Drl signaling genes and found
that transheterozygous combinations of mutations in trio
together with Wnt5 caused significant boundary defects,
whereas heterozygosity for each of the genes had no
detectable effect on boundary formation (Supplemental
Fig. S9). Similarly, transheterozygous combinations of
trio and drl Drl-2 caused significant boundary defects
(Supplemental Fig. S9). Thus, Trio and the Wnt5–Drl sig-
naling genes interact genetically to specify dendritic
boundaries in v’ada neurons.

Trio could function as a GEF for both Rho1 and Rac1 in
a context-dependent manner (Bateman and Van Vactor
2001; Schmidt and Debant 2014). To distinguish between
these possibilities, we overexpressed the dominant-nega-
tive version of Rho1 or Rac1 specifically in the pupal/
adult C4da neurons by using the Flip-out technique
(Kanamori et al. 2013). We found that neuronal expression
of the dominant-negative Rho1 caused significant boun-
dary defects similar to those seen in Wnt5 mutants,
whereas no obvious boundary defect was apparent follow-
ing expression of the dominant-negative Rac1 (Sup-
plemental Fig. S10), suggesting that Trio specifies the
dendrite boundary through Rho1 activation.

To further examine whether Wnt5–Drl might signal
through the Trio–Rho1 pathway to specify the dendritic
boundary in v’ada neurons, we next investigated whether
overexpression of Trio or a dominant active version of
Rho1 in v’ada neurons could rescue theWnt5 loss-of-func-
tion phenotypes. We found that overexpression of Trio in
v’adaneurons significantly rescued thedendritic boundary
defects in Wnt5 mutants (distance: Wnt5, −3.8 µm ± 4.2
µm, n = 32; Wnt5 UAS-Trio, 8.0 µm ± 4.3 µm, n = 36;
length:Wnt5, 1846 µm ± 115 µm, n = 16;Wnt5 UAS-Trio,
1434 µm ± 125 µm, n = 18) (Fig. 7F–K). Similarly, overex-
pression of the constitutively activeRho1 inWnt5mutant
v’ada neurons completely rescued the boundary defects
(distance: Wnt5 UAS-Rho1-CA, 26.6 µm ± 7.6 µm, n = 16;
length: Wnt5 UAS-Rho1-CA, 1333 µm ± 251 µm, n = 8)
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(Fig. 7I–K). Importantly, overexpression ofTrio or the dom-
inantactiveRho1 inwild-typev’adaneuronscausednosig-
nificant defects in the ventral boundary specification of
v’ada dendrites (Fig. 7J), suggesting that Trio and Rho1 ac-
tivities do not simply arrest dendritic growth and/or
branching in adult v’ada neurons; rather, Trio and Rho1
specifically promote dendrite termination on the periph-
ery of sternites downstream from theWnt5–Drl signaling.
Taken together, our findings indicate that Wnt5–Drl sig-
naling promotes dendrite termination at least in part
through the Trio–Rho1 pathway in adult v’ada neurons.

Discussion

Dendritic territories of sensory neurons in the same func-
tional class are often organized in stereotyped patterns.
Previous studies have established that dendritic boundar-

ies of the larval C4da sensory neurons in Drosophila are
predominantly established through mutual repulsion be-
tween neighboring dendrites (Grueber et al. 2003; Emoto
et al. 2004). In this study, we showed that, unlike the lar-
val neurons, adult v’ada neurons establish the ventral
boundaries independently of neighboring neurons (Figs.
1, 2). Furthermore, our genetic ablation data, in which
transformation of sternites to pleura caused the ventral
boundaries toextendventrally (Fig. 3), indicated that stern-
ite-derived factors are required for the ventral boundary
specification (Fig. 3). In contrast to the ventral boundary,
v’adaneurons requiredadjacentneuronstodefine the later-
al boundaries, like the larval v’ada neurons (Figs. 1, 2).
Thus, v’ada dendrites establish the lateral boundaries
through the dendritic contact-dependent mechanism,
whereas the ventral boundaries are specified by the con-
tact-independent mechanism.

Figure 7. Trio and Rho1 promote dendrite
termination downstream from Drl recep-
tors. (A–C ) Ventral views of v’ada dendrites
in wild-type control (A) and trioE4.1 (B) and
trioE4.1 with a UAS-trio transgene (C )
MARCM clones. Arrowheads indicate the
ventral midline. (D,E) Quantification of
the distance from the ventral midline to
the dendritic branch terminals (D) and the
total dendritic length within single ster-
nites (E). Note that we quantified the den-
dritic length of single neurons. Error bars
indicate standard error of the mean. The
numbers below each bar indicate n values.
In D, control versus trioE4.1, P = 0.002;
trioE4.1 versus trio rescue, P = 0.002, one-
way ANOVA followed by Tukey’s HSD
test. In E, P = 0.124, one-way ANOVA. (F–
I ) Ventral views of v’ada dendrites in wild-
type control (F ), Wnt5 mutants (G), Wnt5
mutants with a UAS-Trio transgene (H),
and Wnt5 mutants with a UAS-Rho1-CA
transgene (I ). (J,K ) Quantification of the dis-
tance from the ventral midline to dendritic
branch terminals (J) and the total dendritic
length within single sternites (K ). The
numbers below each bar indicate n values.
In J, control versus UAS-trio versus UAS-
Rho1-CA, P = 0.115, one-way ANOVA;
Wnt5 versus Wnt5 UAS-trio, P = 0.081;
Wnt5 versus Wnt5 UAS-Rho1-CA, P =
0.001, one-way ANOVA followed by Dun-
nett’s test. In K, control versus UAS-trio,
P = 0.228; control versus UAS-Rho1-CA, P
= 0.005, one-wayANOVA followed byDun-
nett’s test; Wnt5 versus Wnt5 UAS-trio, P
= 0.031; Wnt5 versus Wnt5 UAS-Rho1-
CA, P = 0.039, one-way ANOVA followed
by Dunnett’s test. (∗) P < 0.05; (∗∗) P < 0.01.
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The cellular mechanisms underlying contact-depen-
dent and -independent boundary determination seem to
be distinct. Our time-lapse observations demonstrated
that dendritic terminals of adult v’ada neurons remained
dynamic to avoid each other at the lateral boundaries
even after they established the boundaries (Supplemental
Movie S1). This is consistent with the previous report that
dendrite boundaries of larval C4da neurons are defined by
continuous avoidance behaviors of terminal branches
(Emoto et al. 2004). In contrast, in the ventral boundaries,
adult v’ada neurons exhibited reduced dendrite dynamics
after reaching the boundary on the periphery of sternites
and eventually arrested dendrite growth (Fig. 5). There-
fore, the contact-independent boundary specification ap-
pears to be mediated by dendrite termination, whereas
the contact-dependent mechanism is likely mediated by
homotypic repulsion. These two mechanisms appear to
act independently, since no obvious defects were observed
in lateral boundary formation in v’ada dendrites mutant
forWnt5 and drl despite the fact that the ventral boundar-
ies were significantly impaired (Figs. 4, 6).

Recent studies have identified multiple repulsive sig-
naling pathways that function in dendrite patterning of
vertebrate and invertebrate neurons, including sema-
phorin/plexin (Polleux et al. 2000; Matsuoka et al. 2012;
Sun et al. 2013), Dscams (Matthews et al. 2007; Soba
et al. 2007; Fuerst et al. 2009), protocadherins (Lefebvre
et al. 2012), Netrin/DCC/UNC-5 (Smith et al. 2012), and
Slit/Robo (Furrer et al. 2007; Gibson et al. 2014). We
thus examined potential roles of the repulsive factors in
the ventral boundary specification of v’ada dendrites
by using genetic mutants or RNAi knockdown, but, to
our surprise, none of them showed obvious defects in
v’ada dendrite boundary specification (Supplemental Ta-
ble S1). Instead, using an unbiased genetic screen,we iden-
tified Wnt5, a secreted member of the Wnt family
proteins, as the critical factor derived from sternites (Fig.
4). We also identified the Ryk receptor family kinases
Drl and Drl-2 as the receptors for Wnt5 in v’ada neurons
(Fig. 6). These data have demonstrated that Wnt5–Drl sig-
naling plays an essential role in the ventral boundary spec-
ification of v’ada dendrites.

How does Wnt5–Drl signaling specify the dendritic
boundary at the stereotyped position? In the mouse spinal
cord, Wnt5a is expressed by the cells surrounding cortico-
spinal tract axons inagradient along theanterior–posterior
axis, and this Wnt gradient repels corticospinal axons
down the spinal cord (Liu et al. 2005). In the present study,
we found thatWnt5expression in theventral epithelium is
dramatically changed during the pupal/adult stage (Fig.
4E).Wnt5expressionwas initially visible in epithelial cells
around the entire sternite regions at ∼60 h APF, but Wnt5
production was gradually restricted to the peripheral
region of sternites during the adult stages. In contrast,
Drl receptors seemed to be expressed in v’ada neurons
throughout the larval-to-adult development at the same
level (Fig. 6I). Thus, the spatial and temporal control of
Wnt5 expression likely defines the appropriate positioning
of the ventral boundary. In addition, our studies using a
novel Wnt5 reporter indicated that the ventral dendritic

boundaries of v’ada neurons are coincidentwith the places
where Wnt5 is produced (Fig. 4F). Therefore, in spite of its
diffusive nature, Wnt5 seems to exert its influence on
v’adadendrites in thevicinityof theprotein source.Recent
studies indicate that Wnt5a contains multiple lipid modi-
fications, including palmitoylation, and that the lipidation
of Wnt5a protein is critical for its functions (Kikuchi et al.
2007). It is thus possible that Wnt5 proteins secreted from
sternitesmightbeanchoredtocellmembranesornearby in
theECMtoproduce a sharpboundary for v’adadendrites at
the precise regions. Collectively, it appears likely that the
spatiotemporally regulated expression aswell as the short-
range action enableWnt5 to define a sharp dendritic boun-
dary at the appropriate timing and positioning.

In the nervous system, Wnt5–Drl/Ryk signaling acts as
both attractive and repulsive cues for axons and dendrites
presumably through distinct downstream targets, includ-
ing Src family kinases and CaMKII (Wouda et al. 2008;
Hutchins et al. 2011; Wu et al. 2014). Our time-lapse ob-
servations revealed that adult v’ada neurons terminate
dendrite growth specifically on the periphery of sternites,
where Wnt5 is locally produced, without obvious attrac-
tive or repulsive responses to the Wnt5 source (Figs. 4,
5). Thus, Wnt5–Drl signaling might limit dendrite growth
on the periphery of sternites rather than function as at-
tractive/repulsive cues for v’ada dendrites. Consistent
with this scenario, neither Src kinases nor CaMKII was re-
quired for the dendrite boundary specification (Supple-
mental Table S2). Instead, we identified the Rho GTPase
GEF Trio and Rho1 as the novel downstream factors
that mediateWnt5–Drl signaling in dendrite termination.
This idea is supported by the following lines of evidence.
First, reduction of Trio or Rho1 activity in v’ada neurons
caused dendrite boundary defects similar to those ob-
served in Wnt5 mutants (Fig. 7; Supplemental Fig. S10).
Second, Wnt5 and drl mutations showed a strong genetic
interaction with trio mutations in the dendrite boundary
specification of adult v’ada neurons (Supplemental Fig.
S9). Third, overexpression of Trio or the constitutively ac-
tive Rho1 in Wnt5 mutant neurons partially rescued the
boundary defects of v’ada dendrites (Fig. 7). This model
is consistent with previous reports that loss-of-function
mutations in Rho1 and Trio causeDrosophilamushroom
body neurons to overshoot their dendritic territories,
whereas constitutively active Rho1 expression results in
a reduction of dendritic fields (Awasaki et al. 2000; Lee
et al. 2000). It is also possible that Trio–Rho1 might func-
tion in parallel to the Wnt5–Drl signaling in C4da neu-
rons. How Wnt5 activates Trio–Rho1 signaling remains
to be elucidated. Given that the intracellular domain of
Drl receptor kinases is indispensable for dendrite boun-
dary specification (Fig. 6G,H), Trio could be activated
through the intracellular domain of Drl receptors, includ-
ing the tyrosine kinase domain. Interestingly, recent re-
ports indicate that Trio is phosphorylated at multiple
tyrosine residues and that the tyrosine phosphorylations
appear to be essential for its Rho GEF activity (DeGeer
et al. 2013; Sonoshita et al. 2014). It is thus of interest to
test whether Trio could be phosphorylated in response
to Wnt5 signals in v’ada neurons.
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Developing neurons in the mammalian brain often ex-
tend their dendritic arbors into a three-dimensional (3D)
space and thus have to establish distinct dendritic bound-
aries within different environments. Therefore, although
mutual repulsion is the most effective way to specify den-
dritic boundaries when dendrites are confined to the 2D
space, multiple systems, including dendritic contact-de-
pendent and -independent mechanisms, are probably re-
quired to specify distinct dendritic boundaries in the 3D
space. Given that we showed the critical role of Wnt5–
Ryk signaling in the contact-independent mechanism
for specifying dendritic boundaries in v’ada neurons, it is
of great interest to investigate whether theWnt5–Ryk sig-
naling might play a significant role in establishing the
dendritic territories in the 3D space, including the mam-
malian cortex, as well as in the 2D space, such as retinas.
It is worth noting that both Wnt5a and Ryk receptor ki-
nases appear to be expressed in the specific layers of the
cortex, the olfactory bulb, and the retinas of the develop-
ing mouse brain (Allen Brain Atlas, http://www.brain-
map.org).

Materials and methods

Drosophila genetics

Fly stocks and crosses were maintained on standard medium at
25°C unless otherwise stated. The following strains were used:
ppk-GAL4, ppk>y+>GAL4 (Kanamori et al. 2013), UAS-Wnt5,
UAS-drl, UAS-drlΔICD, UAS-Drl-2, UAS-trio, Wnt5D7 (null al-
lele),drlR343 (null allele),Drl-2E124 (null allele), and trioE4.1 (strong
hypomorphic allele). UAS-Rac1-N17, UAS-Rho1-N19, UAS-
Rho1-V14, drl-GAL4PGAL8, ppk-CD4tdTomato, and UAS-
mCD8GFP were obtained from the Bloomington Drosophila
Stock Center and Kyoto Drosophila Genetic Resource Center.
To express the ricin proteins in v’ada neurons, we crossed

hsFLP122; UFWTRA19/TM6B flies to yw; ppk-Gal4, UAS-
mCD8GFP flies. The offspring between third instar larval stage
and 24 h APF were heat-shocked for 15–30 min at 38°C and dis-
sected at the 15- to 20-d adult stage.
To generate sternite clones, we crossed ppk-Gal4, UAS-

mCD8GFP, hsFLP122; FRT 2A/TM6B flies to yw; fzHS1 fz2C1

FRT 2A/TM2 flies.
For the rescue experiments, we crossed ppk-Gal4 UAS-

mCD8GFP; drlR343 Drl-2E124/CyO flies to the following stocks:
(1) w; drlR343 Drl-2E124/CyO; UAS-drl/TM6B, (2) w; drlR343 Drl-
2E124/CyO; UAS-Drl-2/TM6B, and (3) w; drlR343 Drl-2E124/CyO;
UAS-drlΔICD/TM6B. These rescue experiments were carried
out at 18°C.
For MARCM analysis, v’ada MARCM clones were generated

and examined as described previously (Morikawa et al. 2011). Fe-
males of hsFLP122, ppk-GAL4 UAS-mCD8GFP; tub-GAL80
FRT2A/TM6Bwerematedwithmales of the following genotypes:
(1) trioE4.1 FRT2A/TM6B, (2)UAS-trio; trioE4.1 FRT2A/TM6B, and
(3) yw, FRT2A.

Generation of transgenic flies

We generated the Wnt5-EGFP construct from CH322-141N12
(BACPAC resources) in attB-P[acman]-ApR. CH322-141N12 con-
tains the entire Wnt5 locus plus 5 kb of upstream sequence. We
introduced an EGFP-stop/Kmr cassette after the ATG start codon
of Wnt5 using the recombineering technique as described (Ven-
ken et al. 2006). Potential recombinants were selected on chlor-

amphenicol and kanamycin, and the correct targeting of the
cassette was verified with PCR. The construct was then intro-
duced into theVK00027 landing site on the third chromosomeus-
ing ϕ-C31 integrase (BestGene, Inc.).

Immunohistochemistry

Immunostaining of Drosophila abdominal cuticles was per-
formed as described (Yasunaga et al. 2010). Briefly, abdominal cu-
ticles were dissected and fixed in 4% paraformaldehyde in PBS
for 30–60 min at room temperature followed by blocking for
60 min in PBS containing 0.3% Triton X-100 and 5% normal
goat serum. Tissues were stained with mouse anti-GFP (1:1000;
3F6, Wako), rabbit anti-GFP (1:500; polyclonal, Medical and Bio-
logical Laboratories), and/or rat anti-CD8a (1:100; Caltag). Imag-
es were taken on a Leica TCS SP8 confocal microscope (Leica)
and adjusted for brightness and contrast with Adobe Photoshop
(Adobe Systems).

Quantitative analysis

For visualization of dendrites, we labeled v’ada neurons with
UAS-mCD8GFP under the control of ppk-GAL4 and imaged
GFP fluorescence in living animals by mounting them in silicon
oil (Shin-Etsu) except for Figures 4F and 7G, where immunostain-
ing or the ppk-CD4::tdTomato reporter was used. Maximum pro-
jections of Z-stacks were used in all cases. The dendrite length
was measured by using the ImageJ plug-in NeuronJ (National In-
stitutes of Health). For the quantitative analyses, we focused on
the v’ada dendrites in segments A3 and A4, since these neurons
exhibit similar and consistent dendrite branch lengths and
branch points. For quantification of the total branch length
and the branch points, we measured the total branch length of
the ventral half of the dendritic fields because the dorsal half
partially overlaps with the dendritic fields of the other ppk-pos-
itive neurons in the same segment. Dendritic fields were defined
by a polygon that connected the distal-most dendritic tips
(Grueber et al. 2003). For the quantification of the total length
of dendritic branches within single sternites, sternites were vi-
sualized by taking advantage of their autofluorescence in the
green channel. The distance from the ventral midline to the
ventral boundaries of C4da dendrites was measured as the dis-
tance between the midline and the dendritic terminals located
most ventrally.

Statistical analysis

All statistical analysis was performed with Systat 13 (Hulinks,
Inc.). For two-sample comparisons, unpaired Student’s t-tests
were applied. For comparisons among more than two groups,
one-way ANOVA tests were used and followed by Dunnett’s
and Tukey’s tests, as indicated in the figure legends.
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