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SUMMARY

Pruning of unnecessary axons and/or dendrites is
crucial for maturation of the nervous system. How-
ever, little is known about cell adhesion molecules
(CAMs) that control neuronal pruning. In Drosophila,
dendritic arborization neurons, ddaCs, selectively
prune their larval dendrites. Here, we report that
Rab5/ESCRT-mediated endocytic pathways are crit-
ical for dendrite pruning. Loss of Rab5 or ESCRT
function leads to robust accumulation of the L1-
type CAM Neuroglian (Nrg) on enlarged endosomes
in ddaC neurons. Nrg is localized on endosomes in
wild-type ddaC neurons and downregulated prior to
dendrite pruning. Overexpression of Nrg alone is suf-
ficient to inhibit dendrite pruning, whereas removal of
Nrg causes precocious dendrite pruning. Epistasis
experiments indicate that Rab5 and ESCRT restrain
the inhibitory role of Nrg during dendrite pruning.
Thus, this study demonstrates the cell-surface mole-
cule that controls dendrite pruning and defines an
important mechanism whereby sensory neurons,
via endolysosomal pathway, downregulate the cell-
surface molecule to trigger dendrite pruning.

INTRODUCTION

A critical step in the establishment of the mature nervous system
is selective removal of exuberant or unnecessary neuronal pro-
cesses without death of the parental neurons, referred to as
pruning (Luo and O’Leary, 2005). In mammals, neurons located
in the cortical layer V (O’Leary and Koester, 1993) and hippocam-
pal dentate gyrus (Bagri et al., 2003; Riccomagno et al., 2012)
prune inappropriate and exuberant axon branches to form
proper connectivity. In Drosophila, many neurons selectively
prune their larval dendrites and/or axons during metamorphosis
(Schubiger et al., 1998; Truman, 1990). In the CNS, mushroom
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body (MB) y neurons eliminate their dorsal and medial axon
branches via local degeneration and glia-mediated engulfment
(Awasaki and Ito, 2004; Lee et al., 2000; Watts et al., 2003). In
the peripheral nervous system, dorsal dendritic arborization
(dda) neurons, ddaD/E (class I) and ddaC (class IV), specifically
prune their larval dendritic arbors with axons intact and regen-
erate adult-specific dendrites (Kuo et al., 2005; Williams and Tru-
man, 2005), whereas ddaF neurons (class lll) undergo apoptosis
during the first day of metamorphosis (Williams and Truman,
2005). In C. elegans, excessive neuronal processes connecting
two AIM interneurons are eliminated during the larval stages
(Kage et al., 2005). Thus, neuronal pruning is a common strategy
to remodel the developing nervous systems across species.
Drosophila ddaC sensory neurons have emerged as an attrac-
tive model to study cellular and molecular mechanisms of
dendrite-specific pruning. In response to a late larval pulse of
the steroid-molting hormone 20-hydroxyecdysone (ecdysone),
dendrite pruning is initiated in ddaC neurons, involving severing
of proximal dendrites, rapid fragmentation of detached den-
drites, and clearance of dendritic debris (Figure 1A; Kuo et al.,
2005; Williams and Truman, 2005). The ecdysone receptor
(EcR-B1) and its coreceptor Ultraspiracle act together with two
epigenetic factors Brahma and CREB-binding protein to activate
the common downstream gene sox74 and induce the onset of
dendrite pruning (Kirilly et al., 2009, 2011). Other molecules and
pathways, such as ubiquitin-proteasome system (Kuo et al.,
2006; Wong et al., 2013), caspases (Kuo et al., 2006; Williams
et al., 2006), Ik2/Kat60L (Lee et al., 2009), Mical (Kirilly et al.,
2009), headcase (Loncle and Williams, 2012), calcium signaling
(Kanamori et al., 2013), and the insulin pathway (Wong et al.,
2013), also regulate dendrite pruning in ddaC neurons.
Endocytic pathways regulate turnover and homeostasis of
cell-surface receptors and attenuation of signaling pathways in
unicellular and multicellular organisms (Raiborg and Stenmark,
2009; Zerial and McBride, 2001). Ubiquitinated membrane pro-
teins are endocytosed from the plasma membrane to endocytic
vesicles, which are fused with early endosomes. The key small
guanosine triphosphatase Rab5 regulates formation, fusion,
and sorting of early endosomes. Early endosomes are further
transported via several downstream trafficking routes, one of
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Figure 1. Rab5-Dependent Early Endocytic Pathway Is Critical for Dendrite Pruning in ddaC Neurons

(A) A schematic representation of dendrite pruning in ddaC neurons.

(B-F) Dendrites of wild-type (B), Rab5°N-expressing (C), Rab5°N and GFP-Rab5-coexpressing (D), Rab52 MARCM (E), and Rab52 rescue (F) ddaC neurons at WP
and 16 hr APF stages. Red arrowheads point to the ddaC somas.

(G) Quantification of the average number of primary and secondary ddaC dendrites.

(H) Quantification of the total length of unpruned ddaC dendrites.

Error bars represent SEM. The scale bar represents 50 um. See genotypes of fly strains in Supplemental Experimental Procedures. See also Figure S1.
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which is maturation into multivesicular bodies (MVBs) (or multi-
vesicular endosomes) in a process dependent on the endosomal
sorting complexes required for transport (ESCRT) (Figure S1A
available online). MVBs subsequently form late endosomes
and fuse with lysosomes to degrade their contents (Figure S1A;
Rusten et al., 2012). In postmitotic neurons, endocytic pathways
play important roles in a number of cellular and physiological
processes, such as axon guidance, dendrite morphogenesis,
synaptic vesicle trafficking, synaptic plasticity, and neuronal
migration (Dittman and Ryan, 2009; Kennedy and Ehlers, 2006;
Yap and Winckler, 2012). Endocytosis and endosomal trafficking
regulate dendritic growth and branching pattern in Drosophila
sensory neurons during larval stages (Satoh et al., 2008; Swee-
ney et al., 2006; Yang et al., 2011). Loss of Rab5 leads to simpli-
fied dendrite arbors in ddaC neurons (Satoh et al., 2008),
whereas loss of the ESCRT components causes increased
branching complexity along the proximal-distal axis in the class
IV da neurons (Sweeney et al., 2006). It has been proposed that,
at the larval stages, Rab5-containing endosomal cargoes pro-
mote branch formation, whereas the ESCRT complex can facil-
itate lysosomal degradation of the endosomal cargoes, thereby
inhibiting branch formation (Satoh et al., 2008). In contrast, endo-
cytosis also regulates collapse of axonal growth cone during
axon guidance by removal of cell-surface membrane receptors
(Fournier et al., 2000), for example, semaphorin3A-induced
endocytosis of neuropilin1 (Castellani et al., 2004). However, to
our knowledge, a cell-autonomous role of endocytic pathways
in remodeling neurons has not yet been documented in
Drosophila. Moreover, a functional link between endocytic path-
ways and cell-surface molecules in regulating neuronal pruning
remains unknown.

Here, we report that Rab5-dependent early endocytic and
ESCRT-dependent MVB maturation pathways play crucial roles
in dendrite pruning of ddaC sensory neurons. We have further
identified the Drosophila L1-type cell adhesion molecule (CAM)
Nrg, which is downregulated by Rab5 and ESCRT in ddaC neu-
rons prior to dendrite pruning. Nrg plays an inhibitory role in
dendrite pruning of ddaC neurons. Thus, this study demon-
strates an important role of endocytic pathways in downregulat-
ing Nrg to facilitate dendrite pruning in sensory neurons.

RESULTS

Rab5-Dependent Early Endocytic Pathway Is Critical for
Dendrite Pruning

In a large-scale RNAI screen searching for regulators of ddaC
dendrite pruning (Y.W., H.Z., and F.Y., unpublished data), we
isolated two independent RNAi transgenes, v103945 and
v34096 (Dietzl et al., 2007), corresponding to the same gene
Rab5. RNAi knockdown of Rab5, via the class IV da neuron driver
ppk-Gal4 (Grueber et al., 2003), led to consistent dendrite-prun-
ing defects in the majority of ddaC neurons at 16 hr after pupar-
ium formation (APF) (n = 16 and 15, respectively; Figure S1B;
data not shown). In contrast, all larval dendrites were completely
pruned in the control neurons at this stage (n = 20; Figure S1B).
Rab5 converts between an inactive guanosine diphosphate
(GDP)-bound form and an active guanosine-triphosphate-bound
form (Zerial and McBride, 2001). We therefore expressed
Rab5%**N, a dominant-negative and GDP-bound form of Rab5

(hereafter referred to as Rab5°N; Entchev et al., 2000), in ddaC
neurons. The expression of Rab5PN, via four copies of ppk-
Gal4 driver, resulted in prominent dendrite-severing defects
with the persistence of 5.2 primary and secondary dendrites at
16 hr APF and 963 pum of unpruned dendrites in ddaC neurons
(n = 19; 100%; Figures 1C, 1G, and 1H), which were rescued
by coexpression of GFP-Rab5 (n = 20; Figures 1D, 1G, and 1H).

To further confirm the requirement of Rab5 function for
dendrite pruning, we generated homozygous mosaic analysis
with a repressible cell marker (MARCM) clones (Lee and Luo,
1999) using the null allele Rab52 (Wucherpfennig et al., 2003).
On average, 8.3 of primary and secondary dendrites and
1,286 pm of unpruned dendrites persisted in Rab5? mutant
ddaC clones by 16 hr APF (n = 15; 100%; Figures 1E, 1G, and
1H). The larval dendrites in all Rab5? clones were present by
24 hr APF (n = 8; data not shown) and eventually removed by
32 hr APF (n = 7; data not shown), presumably due to extensive
migration and apoptosis in the abdominal epidermis on which
the dendrites elaborate (Williams and Truman, 2005). The
dendrite-pruning defects in Rab5? ddaC neurons were rescued
at 16 hr APF by reintroduction of Rab5 (n = 6; Figures 1F, 1G,
and 1H). We then examined the potential involvement of
Avalanche (Avl), an early endosomal syntaxin (Lu and Bilder,
2005), which also regulates early endosomal fusion (Jahn et al.,
2003). Interestingly, ddaC MARCM clones of the null allele av/’
exhibited consistent dendrite-pruning defects in all mutant neu-
rons by 16 hr APF (n = 5; Figure S1C). Thus, the early endocytic
regulators Rab5 and Avl are required to promote dendrite prun-
ing in ddaC neurons. Consistent with the previous studies (Satoh
et al., 2008), elaboration of high-order dendritic branches was
severely affected in Rab5P" or Rab52 mutant ddaC neurons (Fig-
ures 1C and 1E). The numbers of primary and secondary den-
drites at the white prepupal (WP) stage were also reduced in
these mutant ddaC neurons (Figure 1G). To rule out the possibil-
ity that the Rab5°" dendrite-pruning defect is a secondary effect
of the initial morphology defect, we induced Rab5PN expression
at the early third instar larval stage using the Gene-Switch sys-
tem, which did not affect initial ddaC dendritic morphology (Fig-
ure S1D). Dendrite-pruning defects were observed in the
Rab5PN-expressing ddaC neurons derived from RU486-fed ani-
mals (50%; n = 32; Figure S1D), in contrast to no pruning defect
observed in nonfed animals (n = 22; Figure S1D). In addition to
ddaC neurons, wild-type ddaD/ddaE neurons also pruned their
larval dendrites by 19 hr APF (n = 20; Figure S1E). In contrast,
all ddaD/ddaE neurons derived from Rab5° MARCM clones re-
tained most of their larval dendrites by 19 hr APF (n = 3; Fig-
ure S1E). Wild-type ddaF neurons are eliminated by apoptosis
during early metamorphosis (Williams and Truman, 2005). Inter-
estingly, ddaF neurons derived from either Rab5? or avl’ mutants
were eliminated by 16 hr APF (n = 3 and 4, respectively; data not
shown), similar to wild-type neurons (n = 5).

Collectively, Rab5-dependent early endocytic pathway is
required for the regulation of dendrite pruning, but dispensable
for apoptosis, in sensory neurons during early metamorphosis.

ESCRT-Dependent Endosomal Maturation Is Important
for Dendrite Pruning

We next investigated potential involvement of MVB maturation, a
trafficking route downstream of early endosomes, in ddaC
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dendrite pruning. MVB maturation is dependent on the ESCRT
complexes (Rusten et al., 2012). We examined several core com-
ponents of the ESCRT complexes, such as Vps28 (ESCRT-I
complex), Vps32 (also known as Shrub/Snf-7; ESCRT-IIl com-
plex), and Vps4 (AAA ATPase required for disassembly of the
ESCRT-IIl complex). MARCM analyses of the null allele
Vps32%° (Vaccari et al., 2009) exhibited dendrite-severing de-
fects in 87% of ddaC mutant clones (n = 23) and fragmentation
defects in the rest of clones (data not shown). On average, 4.4
of larval dendrites and 796 pum of unpruned dendrites were still
present at 16 hr APF (Figures 2B, 2E, and 2F) and eventually
removed by 32 hr APF (n = 10; data not shown). ddaC MARCM
clones of Vps285°, a null or strong allele (Vaccari et al., 2009),
showed consistent dendrite-severing defects (62%; n = 13; Fig-
ure S2A) and fragmentation defects in the rest of clones (data not
shown). The expression of Myc-tagged Vps32 or Vps28 rescued
the dendrite-pruning defects in Vp32%° (n = 6; Figures 2C, 2E,
and 2F) or Vps282° (n = 3; Figure S2A) MARCM ddaC neurons
at 16 hr APF, respectively. Moreover, overexpression of the
dominant-negative construct Vps32-GFP (also known as
Shrub-GFP; Sweeney et al., 2006) also caused similar severing
defects in ddaC neurons (75%; n = 24; Figure S2A), resembling
the Vps32 loss-of-function phenotype. The expression of the
Vps4 dominant-negative construct (Vps4®N), which abolishes
the AAA ATPase activity (Rusten et al., 2007), also led to reten-
tion of larval dendrites attached to ddaC neurons (n = 25; 72%;
Figures 2D, 2E, and 2F). ddaC neurons derived from various
ESCRT mutants exhibited dendritic overbranching phenotypes
near their somas at WP stage (Figures 2B, 2D, and S2A), similar
to that reported in vps32/shrub mutants (Sweeney et al., 2006).
Moreover, via the Gene-Switch system, we induced Vps4PN
expression at the late larval stage, which did not affect initial
dendrite morphology at WP stage (n = 16). Importantly, the
dendrite pruning defects were observed in the Vps4®N-express-
ing ddaC neurons derived from RU486-fed animals (75%; n = 24;
Figure S2B), in contrast to no pruning defect in nonfed controls
(h = 15). Mutant ddaD/ddaE neurons, derived from Vps282°
(100%; n = 3), Vps32%° (100%; n = 4), or Vps4®" (100%; n =
28), retained some of their larval dendrites attached by 19 hr
APF (Figure S2C). These ESCRT components, like Rab5, are
dispensable for ddaF apoptosis (data not shown). Consistent
with these observations, Rab5 and the ESCRT complexes are
dispensable for EcCR-B1 upregulation during the larval-pupal
transition (data not shown). Thus, the ESCRT complexes, like
Rab5, are required to regulate dendrite pruning, rather than
apoptosis, in sensory neurons.

Taken together, Rab5/ESCRT-dependent endocytic path-
ways play cell-autonomous roles in the regulation of dendrite
pruning in ddaC neurons.

Loss of Rab5 or ESCRT Function Leads to Formation

of Enlarged Endosomal Compartments and Aberrant
Ubiquitinated Protein Deposits in ddaC Neurons

We next attempted to understand cellular mechanisms by which
the endocytic pathways regulate ddaC dendrite pruning. We uti-
lized the early endosomal marker Avl and the early/MVB endoso-
mal markers Hrs/Vps28 to examine the distribution and size of
endosomes in wild-type and mutant ddaC neurons. Wild-type
ddaC neurons showed weak and discrete puncta of endosomal

Developmental Cell

Endocytic Downregulation of Nrg Triggers Pruning

compartments positive for Avl (n = 8; Figure 3A) and Hrs (n = 8;
Figure 3D). In contrast, both Rab5? and Rab5°N mutant ddaC
neurons exhibited drastic aggregation of Avl (n = 4 and 12,
respectively; Figures 3B and S3A), Hrs (n = 5 and 14, respec-
tively; Figures 3E and S3A), and Vps28 (data not shown) signals
in two or three intracellular structures with full penetrance, sug-
gesting an enlargement of endosomes. Interestingly, these
abnormal endosomes were also colabeled by the anti-ubiquitin
antibody (n = 9 and 26, respectively, Figures 3B and S3A; wild-
type, n = 8, Figure 3A). Moreover, Avl and ubiquitin staining re-
vealed more robust accumulation of endosomal compartments
and protein aggregates in Vps32%° MARCM (100%; n = 4; Fig-
ure 3C), Vps4PN-expressing (100%; n = 10; Figure S3A), or
Vps2859 MARCM (100%; n = 4; Figure S3A) ddaC neurons. Simi-
larly, Hrs (n = 3, 10, and 3, respectively; Figures 3F and S3A) and
Vps28 (data not shown) also labeled a number of enlarged endo-
somes in various ESCRT mutant ddaC neurons. These data
indicate that loss of Rab5 or ESCRT function disrupts normal dis-
tribution of endosomal compartments and removal of ubiquiti-
nated proteins in ddaC neurons. We coexpressed Rab5°N with
Vps4PN in ddaC neurons, which resulted in two or three enlarged
endosomes positive for Avl, ubiquitin, and Hrs (Figure S3A),
indistinguishable from Rab5°" alone, suggesting that Rab5 is
epistatic to Vps4. Thus, Rab5 and the ESCRT complexes regu-
late endosomal trafficking and removal of ubiquitinated proteins
in ddaC neurons. Moreover, when Rab5°N or Vps4PN expression
was induced at the late larval stage via the Gene-Switch system,
we also observed colocalization of enlarged endosomes with
robust ubiquitin (Ubi) aggregates at 6 hr APF (Figure S5A). The
percentages of these enlarged endosomes are 62% in RabsPN
(n = 13) and 79% in Vps4®" (n = 19) mutant neurons, correlating
with their pruning phenotypes (50% and 75%, respectively) in
Figures S1D and S2B. We observed smaller or weaker endo-
somes with lower Ubi aggregates at WP stage in these Rab5°"
or Vps4PN mutant neurons (Figure S5A).

We then confirmed whether these enlarged endosomes are
incompetent for lysosomal fusion. We first used lysosome-asso-
ciated membrane protein 1 fused to GFP (LAMP1-GFP), a
marker labeling both late endosomes and lysosomes. LAMP1-
GFP was separately distributed in wild-type ddaC neurons
(n = 12; Figure 3G). In contrast, LAMP1-GFP accumulated on
the enlarged ubiquitin-positive endosomes in Rab5°N (100%;
n = 20; Figure 3H) or Vps4®" (100%; n = 10; Figure 31) ddaC neu-
rons, suggesting that the identity of these structures is either
MVB/late endosome or lysosome. To specifically label lyso-
somes, we made use of the fluorescent LysoTracker, a mem-
brane-permeable dye labeling highly acidified lysosomal
compartments. In wild-type ddaC neurons, the LysoTracker
staining marked lysosomes also positive for LAMP1-GFP
(n = 13; Figure 3J). In contrast, the LysoTracker dye failed to
stain the enlarged LAMP1-positive endosomes in Rab5°N
(n = 8; Figure 3K) or Vps4PN (n = 10; Figure 3L) ddaC neurons,
suggesting a failure of fusion between late endosomes and lyso-
somes. Thus, the formation of the enlarged endosomes in Rab5
or ESCRT mutant ddaC neurons are possibly due to impaired
membrane invagination and abnormal endosomal maturation
(Lloyd et al., 2002). Thus, the endolysosomal pathway is disrup-
ted in mutant ddaC neurons devoid of Rab5 or ESCRT function,
resulting in drastic protein accumulation. In addition, loss of
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Figure 2. ESCRT-Dependent Endosomal Maturation Is Important for Dendrite Pruning in ddaC Neurons
(A-D) Dendrites of wild-type (A), Vps32%° MARCM (B), Vps32%° rescue (C), and Vps4PN-expressing (D) ddaC neurons at WP and 16 hr APF stages. Red

arrowheads point to the ddaC somas.

(E) Quantification of the average number of primary and secondary ddaC dendrites.

(F) Quantification of the total length of unpruned ddaC dendrites.

Error bars represent SEM. The scale bar represents 50 um. See genotypes of fly strains in Supplemental Experimental Procedures. See also Figure S2.

Rab5 or ESCRT function did not disturb distribution of the mito-
chondrial marker Mito-GFP (Figure S3B), the cis-Golgi matrix
protein GM130 (Figure S3C), and the ER marker KDEL
(Figure S3D).

Taken together, Rab5/ESCRT-dependent endocytic path-
ways actively regulate protein turnover in ddaC neurons.

Cell-Surface Molecules Nrg, Robo, and N-Cad Robustly
Accumulate on the Enlarged Endosomes in Rab5 or
ESCRT Mutant ddaC Neurons

Endocytosis of cell-surface receptors has been reported to be an
important mechanism for attenuation of various signaling path-
ways during development (Ceresa and Schmid, 2000). In

Developmental Cell 30, 463-478, August 25, 2014 ©2014 Elsevier Inc. 467
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Wild type Vps3265 Figure 3. Loss of Rab5 or ESCRT Function Leads to Formation of

Enlarged Endosomal Compartments and Aberrant Ubiquitinated
Protein Deposits in ddaC Neurons

(A-C) The distribution of Avl and ubiquitinated protein deposits in wild-type (A),
Rab5? (B), or Vp32%° (C) MARCM ddaC neurons.

(D-F) The distribution of Hrs protein in wild-type (D), Rab52 (E), or Vp32%° (F)
MARCM ddaC neurons.

(G-1) The distribution of LAMP1-GFP in wild-type (G), Rab5°N (H), or Vips4®N (1)
ddaC neurons.

(J-L) The distribution of LysoTracker in wild-type (J), Rab5”" (K), or Vps4PN (L)
ddaC neurons. ddaC somas are marked by dashed lines.

Error bars represent SEM. The scale bar represents 10 um. See genotypes of
fly strains in Supplemental Experimental Procedures. See also Figure S3.

Avl

Drosophila imaginal discs, loss of Rab5 or ESCRT function
causes accumulation of receptors/ligands on enlarged endo-
somes and upregulation of their downstream signaling path-
ways, including Notch, Wingless, Dpp, epidermal growth factor
receptor, TKR, PVR, or Hedgehog (Herz et al., 2006; Lloyd
et al., 2002; Lu and Bilder, 2005; Thompson et al., 2005; Vaccari
and Bilder, 2005). Surprisingly, both Rab5 and ESCRT are not
required to modulate these signaling pathways during ddaC
dendrite pruning. First, their known receptors/ligands did not
accumulate on enlarged endosomes in Rab5”", Vps4PN, or
Vps329° ddaC neurons (Table S1; data not shown). Second,
several major downstream effectors or LacZ reporters examined
were not affected in Rab5”™ or Vps4PN ddaC neurons (Table S1;
data not shown). Finally, attenuation of these signaling pathways
did not suppress or enhance Rab5”N-associated ddaC dendrite
pruning defects (Table S2; data not shown).

To identify cell-surface molecules that are accumulated on the
enlarged endosomes in Rab5 or ESCRT mutant ddaC neurons,
we conducted an antibody-based screen using a number of
monoclonal antibodies against transmembrane proteins,
commercially available from DSHB. Among 45 transmembrane
proteins examined, Nrg, Roundabout (Robo), and N-cadherin
(N-Cad) exhibited prominent accumulations on the enlarged en-
dosomes in Rab5 or ESCRT mutant ddaC neurons. The neuron-
specific isoform of Nrg (known as Nrg180), which is specifically
O/E Rab5”N  OJE Vps4PN  detected by the BP104 antibody, was localized at somas, den-
drites, and axons of ddaC (n = 10; Figure 4A) and other da neu-
rons at the wandering third instar larval (wL3) stage in wild-type
(Yamamoto et al., 2006; Yang et al., 2011). Importantly, Nrg ex-
hibited robust aggregation on the enlarged endosomes in
Rab5PN or Rab52 MARCM mutant ddaC neurons with full pene-
trance (n = 14 and 12, respectively; Figures 4B and 4C), colocal-
izing with the early endosomal marker Avl (Figures 4B and 4C)
and ubiquitin (data not shown). In addition to the endosomal
accumulation, we also observed 1.5-fold increases in Nrg pro-
tein levels around the soma cortex at wL3 stage (Figures 4B
and 4C), presumably due to clog up of Nrg on the plasma mem-
brane. The endosomal Nrg aggregates are specific, as Nrg RNAI
knockdown completely eliminated the Nrg signals from Avl-pos-
itive endosomes in Rab5”N ddaC neurons (n = 5; Figure 4D).
Thus, these data indicate a severe defect in endosomal traf-
ficking of Nrg in Rab5 mutant ddaC neurons. In contrast, Robo
and N-Cad were accumulated on the enlarged endosomal com-
partments, but not on the cell surface, in all Rab52 MARCM (n = 3
and 3; Figures S4A and S$4B) or Rab5°N (Figures S4C and S4D)
mutant ddaC neurons, whereas both proteins were weakly
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Figure 4. The Cell-Surface Molecule Nrg Robustly Accumulates on the Enlarged Endosomes in Rab5 or ESCRT Mutant ddaC Neurons
The distribution of Nrg and Avl in wild-type (A), Rab5°N (B), Rab5? (C), Rab5PN expression with nrg RNAi knockdown (D), Vp32%° (E), Vps4PM (F), or Vps4PN
expression with nrg RNAi knockdown (G) ddaC neurons. ddaC somas are marked by dashed lines. Error bars represent SEM. The scale bar represents 10 um.
See genotypes of fly strains in Supplemental Experimental Procedures. See also Figure S4 and Tables S1 and S2.

expressed without detectable membrane-associated signals in
the wild-type neurons (n = 10 and 10; Figures S4A and S4B).
These Robo or N-Cad aggregates were eliminated by their
respective RNAi knockdowns in Rab5” ddaC neurons (n = 6
and 6, respectively; Figures S4C and S4D). Likewise, Nrg,
Robo, and N-Cad exhibited more robust accumulations on the
endosomal compartments in all Vps32° MARCM (n = 8, 3,
and 5, respectively; Figures 4E, S4A, and S4B), Vps4PN-express-
ing (n = 10; Figure 4F; data not shown), or Vps282° MARCM
(n =6, 3, and 5, respectively; Figures S4A and S4B; data not
shown) ddaC neurons at wL3 stage. Nrg RNAi knockdown effi-
ciently eliminated endosomal Nrg signals in Vips4PN ddaC neu-
rons (n = 10; Figure 4G). In contrast, other membrane proteins,
mCD8GFP and the CAMs integrins, were not enriched on the
enlarged endosomes in Rab5°" or Vps4P" ddaC neurons (Fig-
ure S4E; data not shown).

Thus, Rab5 and ESCRT-mediated endocytic pathways regu-
late proper distribution of the cell-surface molecules Nrg,
Robo, and N-Cad in ddaC neurons.

Nrg Is Localized on Endosomes in Wild-Type ddaC
Neurons and Downregulated prior to Dendrite Pruning
We next investigated the dynamics of Nrg, Robo, and N-Cad
proteins in wild-type ddaC neurons at various stages of dendrite
growth and pruning. Interestingly, Nrg, rather than Robo and
N-Cad, was dramatically redistributed from plasma membrane
to endosomal compartments before the onset of dendrite prun-
ing (Figures 5A, 5B, and 5C; data not shown). In wild-type ddaC
neurons, Nrg was localized around the cortex of the somas, den-
drites, and axons at wL3 and WP stages (n =17 and 10, respec-

tively; Figures 5A and 5B). The onset of dendrite pruning
occurred approximately at 6 hr APF with many swellings forming
along the dendrites, whereas the majority of the dendrites were
still attached to the ddaC somas (Figures 5C and 6l; Kirilly
et al., 2009). Importantly, Nrg was redistributed to numerous
intracellular punctate structures at 6 hr APF in all ddaC neurons
(n=15; 100%; Figure 5C), occurring concomitantly with its dras-
tically reduced intensity in the somas, dendrites, and axons at
6 hr APF (Figure 5D). GFP-2xFYVE, which predominantly marks
early endosomal compartments (Wucherpfennig et al., 2003),
was used to determine whether Nrg-positive puncta are distrib-
uted on early endosomes. At wL3 and WP stages, Nrg protein
was primarily localized on the plasma membrane and exhibited
little overlap with GFP-2xFYVE puncta in the cytoplasm (n = 32
and 27; Figures 5E and 5F). However, Nrg-positive puncta
were predominantly colocalized with GFP-2xFYVE signals at
6 hr APF in ddaC neurons (n = 30; Figure 5G). We observed
the redistribution of Nrg on GFP-2xFYVE-positive endosomes
as early as 3 hr APF (data not shown). Moreover, many Nrg
puncta were also colocalized with the late endosome/lysosomal
marker LAMP1-GFP in ddaC neurons at 6 hr APF (n = 10; Fig-
ure S5C), suggesting that Nrg may be transported toward late
endosomes for lysosomal degradation. We also observed that
early endosomes were often positive for LAMP1-GFP in ddaC
neurons at 6 hr APF (n = 10; data not shown), suggesting a pro-
gressive transition from early to late endosomes (Rink et al.,
2005). Thus, Nrg is distributed on the endosomal compartments
in ddaC neurons prior to dendrite pruning.

We next ascertained whether Nrg levels are elevated in Rab5
and ESCRT mutant ddaC neurons at 6 hr APF prior to the onset
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Figure 5. Nrg Is Localized on Endosomes in Wild-Type ddaC Neurons and Downregulated prior to Dendrite Pruning
(A-C) The dynamic distribution of Nrg in ddaC neurons at wL3 (A), WP (B), and 6 hr APF (C).

(D) Quantification of Nrg immunostaining intensity.

(E-G) The distribution of Nrg and GFP-2xFYVE in ddaC neurons at wL3 (E), WP (F), and 6 hr APF (G) stages.
(H-J) The distribution of Nrg in wild-type (H), Rab5°N (l), or Vps4°" (J) ddaC neurons at 6 hr APF. White arrowheads point to apoptotic ddaF neurons also labeled
by the stronger ppk-Gal4 driver (Chr Il). ddaC somas are marked by dashed lines, axons by arrows, and proximal dendrites by curly brackets. ddaE somas are

marked by asterisks.
(K) Quantification of Nrg immunostaining intensity.

Error bars represent SEM. The scale bars in (A) and (H) represent 20 um, and the scale bar in (E) represents 10 um. See genotypes of fly strains in Supplemental

Experimental Procedures. See also Figure S5.

of dendrite pruning. Notably, Nrg protein levels were dramati-
cally increased in the neuronal compartments of Rab5°V
(n = 19; Figure 5l) or Vps4PV (n = 18; Figure 5J) ddaC neurons
at 6 hr APF, compared to the wild-type controls (n = 11; Fig-

ure 5H). At 6 hr APF, we also observed Nrg enrichment on the
cell surface (3.2-fold increase) and the enlarged endosomal
compartments in Rab5°N ddaC neurons (Figure 5I), similar to
that at wL3 stage (Figure 4B). Moreover, Nrg puncta were
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completely colocalized with LAMP1-GFP and robustly accumu-
lated on these enlarged late endosomes in all Rab5PN or Vips4PN
mutant neurons (n = 12 and 10, respectively; Figure S5C; data
not shown), indicative of a severe defect in endosomal distribu-
tion or trafficking of Nrg. When Rab5°N or Vps4PN expression
was induced at the late larval stage via the Gene-Switch system,
we also observed robust accumulations of Nrg on enlarged en-
dosomes at 6 hr APF in Rab5”" (62%; n = 13) or Vps4®" (79%;
n = 19) mutant ddaC neurons (Figure S5B). At WP stage, we
observed no or little accumulation of Nrg on endosomes in
Rab5PN (n = 20) or Vps4®" (n = 5) mutant ddaC neurons (Fig-
ure S5B). Given that Nrg is drastically distributed on endosomes
in wild-type ddaC neurons at 6 hr APF, these observations
further suggest active endosomal trafficking of Nrg before the
onset of dendrite pruning. In contrast, downregulation of Nrg ap-
pears not to occur in the CNS neurons. Whereas the endosomal
compartments were enlarged and ubiquitin-positive (Figure S5D;
data not shown), no Nrg aggregates were observed in mutant
MB vy neurons (Figure S5D) or ventral nerve cord (VNC) neurons
(data not shown) devoid of Rab5 or Vps4 function, suggesting no
or little endocytosis and turnover of Nrg in the CNS neurons.
Thus, these results indicate a specific requirement of Nrg down-
regulation in ddaC sensory neurons before the onset of dendrite
pruning.

Taken together, the L1-type CAM Nrg is downregulated in
ddaC neurons via the endolysosomal pathway in ddaC neurons
prior to dendrite pruning.

Overexpression of Nrg Alone Is Sufficient to Inhibit
Dendrite Pruning in ddaC Neurons

Given that Nrg is downregulated via Rab5/ESCRT-dependent
endocytic pathways prior to dendrite pruning, we next investi-
gated whether overexpression of Nrg inhibits ddaC dendrite
pruning and phenocopies Rab5 or ESCRT mutants. Importantly,
Nrg overexpression alone is sufficient to inhibit dendrite pruning
in ddaC neurons, similar to those in Rab5 or ESCRT mutants.
When the neuron-specific Nrg isoform (Nrg180) was overex-
pressed at lower levels via either of two independent nrg
transgenes, namely UAS-Nrg (Islam et al., 2003) and UAS-Nrg-
EGFP (Enneking et al., 2013), ddaC neurons exhibited consistent
dendrite-severing (38% and 38%, respectively) or severe frag-
mentation (42% and 54%, respectively) defects at 16 hr APF
(n = 24 and 24, respectively; Figure S6B). High-level expression
of Nrg (n = 23; Figure 6B) or Nrg-EGFP (n = 24; Figure 6C) re-
sulted in stronger dendrite-severing defects (87% and 90%,
respectively) with the persistence of 4.0 and 3.9 primary and sec-
ondary dendrites attached to ddaC somas (Figures 6G and 6H).
Overexpressed Nrg was distributed in the somas, dendrites, and
axons of ddaC neurons at 6 hr APF (data not shown). Overex-
pression of Nrg in either glia or epidermal cells did not enhance
the dendrite-severing defects caused by overexpression of Nrg
within ddaC neurons (n = 39 and n = 46; data not shown), sug-
gesting that homotypic interaction of Nrg between ddaC neuron
and glia/epidermal cells may not be important for the regulation
of dendrite pruning. As a control, neither Robo nor N-Cad over-
expression resulted in any pruning defects in ddaC neurons
(n = 16 and 16, respectively; data not shown), underscoring a
specific role of Nrg among these cell-surface molecules in inhib-
iting dendrite pruning. Thus, these overexpression results further

support the notion that downregulation of Nrg is a prerequisite
for triggering dendrite pruning in ddaC neurons.

The extracellular domain (ECD) of Nrg contains six immuno-
globulin (Ig) and five Fnlll domains whereas its intracellular
domain (ICD) contains FERM-binding domain, ankrin-binding
domain (ABD), and PDZ-binding domain (PBD) (Figure S6A).
Overexpression of the truncated Nrg protein lacking the entire
ICD (Nrg”'°P), like the full-length Nrg, led to dendrite-pruning de-
fects in ddaC neurons (n = 16; Figures 6D, 6G, and 6H). Similarly,
overexpression of NrgEP |acking the ABD domain (n = 24; Fig-
ure BE) or Nrg*ABP+PBD |acking both ABD and PBD domains
(n = 31; Figure 6F) also inhibited ddaC dendrite pruning (Figures
6G and 6H). These data suggest that the ECD of Nrg is important
for its function in inhibiting dendrite pruning, whereas the ABD
and PBD domains are dispensable.

Loss of nrg Function Results in Precocious Dendrite
Pruning with Intact Axonal Architecture in ddaC

Neurons

Because initiation of ddaC dendrite pruning requires Nrg down-
regulation, we assessed whether loss of nrg function results in
dendrite pruning at an early time point. We generated homozy-
gous MARCM clones using the previously reported null allele
nrg™ (Hortsch et al., 1990) and compared them with wild-type
clones from the FRT19A control. At 6 hr APF, wild-type ddaC
neurons retained the majority of their larval dendrites (n = 29; Fig-
ure 6l). An average of 10.1 primary and secondary dendrites
were connected to their ddaC somas (Figure 60). Importantly,
all nrg’# MARCM ddaC neurons, which eliminated Nrg protein
(n = 5; wild-type, n = 10; Figure S6C), exhibited precocious
dendrite-pruning defects (n = 47; Figures 6J and 60). Only 1.6
of primary and secondary dendrites remained attached to the
nrg™ ddaC somas (Figure 6J). Severing and removal of ddaC
dendrites in nrg’# ddaC neurons occurred at 4 hr and 5 hr APF
(Figure S6D). Thus, loss of nrg function leads to ddaC dendrite
pruning occurring at the earlier time point. Formation of major
dendrites was slightly affected in nrg’* mutant ddaC neurons
(n = 35; Figure 6J), whereas elaboration of high-order dendrite
branches was apparently reduced (n = 3; data not shown), similar
to that in nrg RNAI knockdown (Yang et al., 2011). We also
observed that all nrg™# mutant ddaC neurons exhibited compart-
mentalized calcium transients between 4 and 4.5 hr APF (n = 9;
100%; Movie S2), whereas only 25% of the wild-type neurons
showed calcium transients during the same period (n = 12;
Movie S1). Because compartmentalized calcium transients act
as temporal and spatial cues to trigger dendrite pruning (Kana-
mori et al., 2013), the earlier occurrence of calcium transients
further supports the precocious pruning phenotype in nrg’
mutants.

We next conducted a rescue experiment to confirm the spec-
ificity of the precocious pruning phenotype caused by loss of nrg
function. To this end, we utilized a Pacman-based genomic
rescue transgene P[nrg_wt] to express Nrg protein at the endog-
enous level (Enneking et al., 2013) in nrg”* MARCM ddaC neu-
rons (n = 5; Figure S6C). Importantly, the expression of Nrg fully
rescued the precocious pruning phenotype (n = 10; Figures 6K
and 60) and restored the dendritic morphology in nrg™# ddaC
neurons (n = 11; Figures 6K and 60). We also conducted the
rescue experiment with the genomic rescue transgene P
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[nrg 41g3+4] deleting the extracellular Ig domains 3 and 4, which
completely disrupt the Nrg homotypic interaction (Enneking
et al., 2013). Plnrg4ig3+4] fully rescued nrg’#-null mutant in
terms of the premature pruning (n = 8; Figures 6L and 60), sug-
gesting the Nrg homotypic interaction might not be important for
inhibiting dendrite pruning. Interestingly, the genomic rescue
transgene P[nrgAABD+PBD] lacking both ABD and PBD do-
mains (n = 14; Figures 6M and 60), Plnrg4ABD] lacking the
ABD (n = 13; data not shown), or P[nrg 4PBD] lacking the PBD
(n = 10; data not shown) fully rescued the nrg’# mutant pheno-
type. Moreover, overexpression of Nrg®'°P lacking the entire
ICD partially but significantly rescued the nrg’# premature prun-
ing phenotype (n = 12; Figures 6N and 60), suggesting that the
ECD of Nrg is important for its function in stabilizing dendrites
and/or inhibiting pruning, likely via its adhesive property.

To rule out the possibility that Nrg plays a general role in sta-
bilizing axonal and dendritic architectures in ddaC neurons, we
investigated whether loss of nrg function affects the connectiv-
ity between the ddaC axonal termini and the VNC. Interest-
ingly, all the axonal termini of nrg’* ddaC neurons (n = 14;
Figure 6Q) exhibited normal morphology and proper connec-
tion with the VNC at 6 hr APF, similar to those of wild-type neu-
rons (n = 11; Figure 6P), suggesting that Nrg is dispensable for
stabilization of the axonal structure and connectivity in ddaC
neurons.

Collectively, these results indicate an important role of Nrg in
stabilizing the dendrites, but not the axons, in ddaC sensory
neurons.

Rab5 and ESCRT Restrain Nrg Function to Promote
ddaC Dendrite Pruning

We further investigated whether robust accumulation of Nrg in
Rab5 or ESCRT mutant ddaC neurons is functionally relevant
to the dendrite-pruning defects. To this end, we tested whether
attenuation of nrg function could suppress the dendrite-pruning
defects in Rab5 or ESCRT mutant ddaC neurons. Importantly,
the expression of two independent nrg RNAi transgenes, both
shown to efficiently eliminate Nrg proteins (Figure 4D; data not
shown), drastically mitigated the dendrite-pruning phenotypes
in Rab5P" ddaC neurons (Figures 7B-7E). Compared to 4.5 pri-
mary and secondary dendrites in the Rab5°N control (n = 30;
Figures 7A and 7D), the expression of either of nrg RNAi con-
structs resulted in an average of 0.6 and 0.6 primary and sec-
ondary dendrites connected to the Rab5”N ddaC neurons,
respectively (n = 14 and 16, respectively; Figures 7B, 7C, and
7D). Moreover, the severing of major dendrites, an initiation
step of dendrite pruning, also occurred in the suppression ex-

periments (Figure S7A). Consistently, Nrg knockdowns, via
these nrg RNAI transgenes, also significantly suppressed the
dendrite-pruning phenotypes in Vps4”N ddaC neurons (n = 23
and 31, respectively; Figures 7G-7J), compared to the Vps4°V
control (n = 39; Figures 7F, 71, and 7J). Notably, Nrg RNAi knock-
downs in Rab5”" ddaC neurons displayed 28% (no. 1) and 38%
(no. 2) penetrance of the severing defects, compared with 93%
penetrance in the Rab5PN control. Similarly, Vps4PN ddaC neu-
rons with either of Nrg knockdowns (33% and 42%, respec-
tively) showed lower penetrance of the severing defects than
the Vps4PN control (72%). In contrast, RNAi knockdown of either
Robo or N-Cad, which also eliminated their respective proteins
(Figures S4C and S4D), failed to suppress the Rab5°" or Vjps4PN
dendrite-pruning phenotypes at 16 hr APF (n = 20 and 16,
respectively; Figure S7D; data not shown). As a control, Nrg,
Robo, or N-Cad knockdowns did not lead to dendrite-pruning
defects in ddaC neuron at 16 hr APF (data not shown). More-
over, when Rab5°N or Vps4PN was overexpressed in nrg’™
mutant ddaC neurons, we did not observe any precocious
dendrite-pruning defects at 6 hr APF (n = 12 and 11, respec-
tively; Figure S7B; data not shown), compared to the nrg’
mutant neurons (Figure 6J). Thus, these data suggest that Nrg
is unlikely the only target for Rab5 and ESCRT. Knockdown of
Nrg significantly suppressed the dendrite-pruning defects in
EcRPN (n = 47), Brm®N (n = 28), or CBP RNAi ddaC neurons
(n = 24; Figure S7C), suggesting that nrg acts downstream of
these genes during pruning.

Moreover, overexpression of either Nrg or Nrg-EGFP caused
significant enhancement of the Rab5”N or Vps4PN dendrite-
pruning defects at 16 hr APF. Compared to 4.2 primary and sec-
ondary dendrites in the Rab5°" control (n = 47; Figures 7K and
7Q), Nrg (n =41; Figures 7L and 7Q) or Nrg-EGFP (n = 38; Figures
7M and 7Q) expression resulted in an average of 5.8 or 6.0 pri-
mary/secondary dendrites attached to the Rab5”" ddaC neu-
rons, respectively. Moreover, Nrg or Nrg-EGFP expression
significantly enhanced the Vps4DN-pruning phenotypes.
Compared to 1.3 primary and secondary dendrites in the Vjps4PN
control (n = 16; Figures 7N and 7Q), Nrg (n = 22; Figures 70 and
7Q) or Nrg-EGFP (n = 20; Figures 7P and 7Q) expression caused
strong enhancement of the Vps4P" dendrite-pruning phenotype
with an average of 3.3 or 5.9 primary/secondary dendrites
attached. Consistently, Nrg or Nrg-EGFP expression also signif-
icantly enhanced the Rab5°"- or Vips4PN-pruning phenotypes in
terms of the total length of unpruned dendrites (Figure 7R).

Thus, these epistasis results demonstrate that Rab5 and
ESCRT restrain the inhibitory function of Nrg to facilitate dendrite
pruning in ddaC neurons.

Figure 6. Overexpression of Nrg Alone Is Sufficient to Inhibit Dendrite Pruning, whereas Loss of nrg Function Results in Precocious Dendrite

Pruning with Intact Axonal Architecture in ddaC Neurons

(A-F) Dendrites of wild-type (A), O/E Nrg (B), O/E Nrg-EGFP (C), O/E Nrg*'°P (D), O/E Nrg**EP (E), or O/E Nrg**BP+PEP (F) ddaC neurons at 16 hr APF.
(G) Quantification of the average number of primary and secondary ddaC dendrites.

(H) Quantification of the total length of unpruned ddaC dendrites.

(I-N) Dendrites of ddaC neurons from wild-type (FRT 19A) (I), nrg’* MARCM (J), nrg’# with Nrg expression (K), nrg’# with Nrg*'9®+* expression (L), nrg"* with

AABD+PBD AICD

Nrg expression (M), and nrg™# with Nrg

expression (N) at WP and 6 hr APF. Red arrows point to proximal severing of the dorsal dendrite branches.

(O) Quantification of the average number of primary and secondary ddaC dendrites.

(P and Q) Axonal termini of wild-type (P) and nrg’# (Q) at 6 hr APF.

Error bars represent SEM. The scale bar in (A) represents 50 pm and in (P) represents 25 um. See genotypes of fly strains in Supplemental Experimental Pro-

cedures. See also Figure S6.
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Figure 7. Rab5 and ESCRT Restrain Nrg Function to Promote ddaC Dendrite Pruning

(A-C) Dendrites of Rab5°N ddaC neurons coexpressing the Mical™*®" control (A) or Nrg RNAi no. 1 (B) or no. 2 (C) at 16 hr APF.
(D) Quantification of the average number of primary and secondary ddaC dendrites.

(E) Quantification of the total length of unpruned ddaC dendrites.

(F-H) Dendrites of Vps4®" ddaC neurons coexpressing the Mical™N**" control (F) or Nrg RNAi no. 1 (G) or no. 2 (H) at 16 hr APF.
(I) Quantification of the average number of primary and secondary ddaC dendrites.

(J) Quantification of the total length of unpruned ddaC dendrites.

(K-M) Dendrites of Rab5°N ddaC neurons coexpressing the Mical™*®" control (K), Nrg (L), or Nrg-EGFP (M) at 16 hr APF.

(N-P) Dendrites of Vps4PN ddaC neurons coexpressing the Mical™*®" control (N), Nrg (O), or Nrg-EGFP (P) at 16 hr APF.

(Q) Quantification of the average number of primary and secondary ddaC dendrites.

(R) Quantification of the total length of unpruned ddaC dendrites.

Error bars represent SEM. The scale bar represents 50 um. See genotypes of fly strains in Supplemental Experimental Procedures. See also Figure S7.
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DISCUSSION

A Cell-Autonomous Role of the Endocytic Pathways

in Dendrite Pruning

Endocytic pathways profoundly regulate turnover and homeo-
stasis of various cell-surface adhesion proteins and guidance re-
ceptors in the developing nervous systems (O’Donnell et al.,
2009; Sann et al., 2009). Perturbation of endocytic pathways
often leads to a variety of neurodegenerative diseases, such
as frontotemporal dementia, amyotrophic lateral sclerosis,
Alzheimer’s disease, lysosomal storage diseases, and Nie-
mann-Pick disease (Nixon et al., 2008). In Drosophila, the endo-
lysosomal pathway is activated in neighboring glia to engulf
degenerating axon/dendrite fragments for their subsequent
breakdown during pruning, suggesting a non-cell-autonomous
role (Awasaki and Ito, 2004; Han et al., 2011; Watts et al.,
2004). Here, we report that Rab5 and the ESCRT complexes,
two key endocytic regulators, cell autonomously promote
dendrite pruning in ddaC neurons. Consistent with our findings,
the endocytic pathways also play a cell-autonomous role in axon
pruning of MB vy neurons (O. Schuldiner, personal communica-
tion). How do Rab5/ESCRT-dependent endocytic pathways
facilitate dendrite pruning in ddaC neurons at the cellular level?
Here, we have identified a cell-surface adhesion protein, namely
the L1-type CAM Nrg, as a target of Rab5/ESCRT-dependent
endocytic pathways.

An Inhibitory Role of Nrg in Dendrite Pruning

Drosophila Nrg and the mammalian L1-type CAMs regulate
axonal growth and guidance (Hortsch et al., 1990; Maness
and Schachner, 2007), synaptic stability and function (Enneking
et al., 2013; Godenschwege et al., 2006), and axon/dendrite
morphogenesis (Goossens et al., 2011; Yamamoto et al.,
2006; Yang et al., 2011). Mutations in the human L1 CAM
gene have been reported to cause a broad spectrum of
neuronal disorders (Kenwrick et al., 2000; Maness and Schach-
ner, 2007). In this study, we identified the Drosophila L1-type
CAM Nrg as the key cell-surface molecule that inhibits dendrite
pruning in ddaC neurons. The extracellular domains of the L1-
type CAMs can regulate cell-cell adhesion via homophilic
and/or heterophilic interactions, whereas their intracellular do-
mains can link the proteins with F-actin/spectrins to stabilize
the cytoskeletal architecture (Hortsch, 2000). In C. elegans, a
ligand-receptor complex of cell adhesion molecules containing
the nematode Nrg homolog controls dendrite-substrate adhe-
sion to stabilize and pattern dendritic arbors in certain sensory
neurons (Dong et al., 2013; Salzberg et al., 2013). In Drosophila,
Nrg-mediated cell adhesion plays an essential role in stabilizing
synapse growth and maintenance at the larval neuromuscular
junction (Enneking et al., 2013). Likewise, Nrg may also mediate
adhesion of the dendrites to their adjacent epidermis to stabilize
the dendritic architecture in ddaC sensory neurons, whereas
downregulation of Nrg may reduce dendritic adhesion/stability
and result in disassembly of dendrites. Consistent with the po-
tential adhesive role, our structure-function analysis indicates
that the ECD of Nrg is important for its function in stabilizing
dendrite and/or inhibiting dendrite pruning in ddaC neurons.
The fact that overexpression of the ICD-deleted Nrg protein
partially rescued the nrg’# mutant phenotype suggests that, in

addition to the adhesion function of the ECD, the ICD of Nrg
may recruit cytoskeletal components to stabilize dendritic
branches in ddaC neurons. We therefore favor the model that
the adhesive role of Nrg is a potential mechanism for inhibiting
pruning in ddaC sensory neurons.

Another major class of CAMs, integrins, were shown to regu-
late dendrite-substrate interactions and anchor ddaC dendritic
arbors to the extracellular matrix (Han et al., 2012; Kim et al.,
2012). However, unlike Nrg, integrins do not accumulate on
enlarged endosomes in Rab5 or ESCRT ddaC neurons, implying
that integrins are not regulated by Rab5/ESCRT-dependent en-
docytic pathways in ddaC neurons (this study). Moreover, other
cell-surface molecules Robo and N-Cad, albeit regulated by the
endolysosomal pathway in motor neurons (Keleman et al., 2002),
photoreceptors (Williamson et al., 2010), or sensory neurons (this
study), are dispensable for normal progression of dendrite prun-
ing in ddaC neurons. Thus, this study highlights an important role
of the L1-type CAM Nrg in inhibiting dendrite pruning of ddaC
sSensory heurons.

Interestingly, loss of nrg function causes precocious dendrite
pruning without affecting the axonal integrity and connectivity
in ddaC neurons, underscoring a specific requirement of Nrg in
stabilizing the dendrites, but not the axons. Downregulation of
Nrg may reduce dendritic adhesive properties of ddaC sensory
neurons and thereby make the dendritic architecture more sus-
ceptible to pruning. It is conceivable that Nrg-independent
mechanisms may be utilized to protect the axonal structure
from the pruning machinery in ddaC neurons. Moreover, both
nrg loss of function and gain of function did not affect axon prun-
ing in MB y neurons (data not shown), further supporting the
conclusion that Nrg plays a specific role in dendrite pruning in
ddaC sensory neurons. Future studies may elucidate whether
and how Nrg mediates its dendritic adhesive properties to inhibit
dendrite pruning.

In summary, we show that Rab5/ESCRT-dependent endo-
cytic pathways facilitate dendrite pruning of ddaC neurons by
downregulating the Drosophila L1-type CAM Nrg during early
metamorphosis. We demonstrate the role of the cell-surface
adhesion protein Nrg in inhibiting dendrite pruning in ddaC sen-
sory neurons. Thus, this study opens the door for further studies
of the functions of cell-surface molecules in the regulation of
dendritic adhesion during neuronal remodeling.

EXPERIMENTAL PROCEDURES

Fly Strains

The following fly stocks were used in this study: Rab5% (M. Gonzalez-Gaitan),
Vps282° (D. Bilder), Vps32%° (D. Bilder), avi’ (D. Bilder), UAS-GFP-Rab5
(M. Gonzalez-Gaitan), UAS-Rab5”N (M. Gonzalez-Gaitan), and UAS-Vps4PN
(H. Stenmark). The details about the fly strains can be found in the Supple-
mental Information.
Generation of UAS-Nrg*'°P? and Nrg*ABP+PBP Transgenes

The GATEWAY pTWF vector containing a fragment of the nrg cDNA (encoding
amino acids [aas] 1-1,157 and aas 1-1,223) were constructed, and several
transgenic lines were established by the Bestgene.

MARCM Analysis of ddaC Neurons

We carried out MARCM analysis, dendrite imaging, and quantification as pre-
viously described (Kirilly et al., 2009). See the Supplemental Information for the
details.
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Statistical Analysis

Statistical significance was determined using two-tailed Student’s test. Error
bars in all experiments represent SEM. Significance was defined as ***p <
0.001, **p < 0.01, *p < 0.05, and not significant (n.s.) in all graphs.

Time-Lapse Calcium Imaging

Calcium imaging was performed with microLAMBDA spinning disk using a
microscope (Plan Apo oil objective; 40x numerical aperture = 1.4; Nikon)
equipped with a spinning-disk confocal unit Yokogawa CSU-X1 (Yokogawa)
and a sCMOS digital camera (ORCA-Flash4.0, Hamamatsu Photonics).
GCaMP3 fluorescence was collected from eight to ten optical sections at
1.5 um thickness (exposure time 150-180 ms) without interval. Obtained im-
ages were analyzed using Metamorph (Molecular Devices) and Fiji software
(Schindelin et al., 2012).

Dissection of Brains, Visualization of CNS Neurons, and MARCM
Mosaic Analysis

Late wL3 larval brains were dissected in PBS and fixed in 4% formaldehyde for
20 min. Brains were washed in PBS + 1% Triton X for three times for 10 min
each. For the clonal analysis study (MARCM), embryos were collected at
6 hr interval. The clones were induced in the first instar larvae with 1 hr heat
shock at 39°C. 201Y-Gal4 labels postmitotic y neurons.

Quantification of Inmunolabeling

To quantify the immunolabeling intensities of Nrg at wL3/WP/6 hr (Figure 5D),
soma/dendrite/axon regions were drawn on the appropriate fluorescent chan-
nel according to the GFP channel in ImageJ. After the background subtraction
(rolling ball radius = 50), we measured the mean gray value of Nrg in the marked
areas and normalized to that at wL3 stage. To quantify the ddaC/ddaE relative
immunolabeling intensities ratio of Nrg (Figure 5K), soma/dendrite/axon
regions were drawn on the appropriate fluorescent channel according to the
GFP channel in Imaged. After subtracting the background (rolling ball
radius = 50) on the entire image of that channel, we measured the mean
gray value in the marked areas in ddaC or ddaE on the same images and calcu-
lated their ratios. The ratios were normalized to corresponding average control
values and subjected to statistical t test for comparison. Graphs display the
average values of ddaC/ddaE ratios. The number of samples (n) in each group
is shown on the bars.

Quantification of ddaC Dendrites

Live confocal images of ddaC neurons expressing UAS-mCD8-GFP driven by
ppk-GAL4 were shown at WP, 6 hr APF, and 16 hr APF. The average number of
primary and secondary dendrites attached to soma was counted from wild-
type or mutant ddaC neurons. The total length of unpruned dendrites was
measured using Image J. The number of samples (n) in each group is shown
on the bars. Dorsal is up in all images.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, two tables, and two movies and can be found with this article
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