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Abstract

Mutations of the retromer component Vps35 and endosomal kinase LRRK2 are linked to autosomal dominant forms of

familial Parkinson’s disease (PD). However, the physiological and pathological roles of Vps35 and LRRK2 in neuronal

functions are poorly understood. Here, we demonstrated that the loss of Drosophila Vps35 (dVps35) affects synaptic vesicle

recycling, dopaminergic synaptic release and sleep behavior associated with dopaminergic activity, which is rescued by the

expression of wild-type dVps35 but not the PD-associated mutant dVps35 D647N. Drosophila LRRK2 dLRRK together with Rab5

and Rab11 is also implicated in synaptic vesicle recycling, and the manipulation of these activities improves the Vps35 synap-

tic phenotypes. These findings indicate that defects of synaptic vesicle recycling in which two late-onset PD genes, Vps35 and

LRRK2, are involved could be key aspects of PD etiology.

Introduction

Vps35, a component of the retromer complex involved in Rab

GTPase-mediated vesicular transport, is a gene product respon-

sible for an autosomal dominant form of familial Parkinson’s

disease (PD) with middle or late onset (1,2). The complex of

Vps35 with Vps29 and Vps26 is implicated in cargo sorting and

membrane tubulation (3,4), and its function appears to be evolu-

tionarily conserved from yeast to human (5). The amino acid

residue where a missense mutation D620N was found in PD
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worldwide is conserved among species, including Drosophila.

Although the mutation Vps35 D620N itself is not affected in the

formation of the complex with Vps29 and Vps26, it impairs the

binding with the FAM21-containing WASH (Wiskott-Aldrich

Syndrome Protein and SCAR Homolog) complex (6), which

drives the F-actin-mediated tubule scission of endosomes (7,8).

LRRK2 is a kinase with multiple domains, including a

leucine-rich repeat domain, a small GTPase domain, a COR do-

main and a WD40 domain. The missense mutations of LRRK2

are responsible for late-onset PD. LRRK2 is localized in endo-

somes (9), which suggests its roles in membrane dynamics

(10–13). Drosophila has a copy of the orthologue of LRRK2 dLRRK,

which is also localized at the endosomes (14). The loss of dLRRK

causes the accumulation of enlarged early endosomes and ab-

normally expanded late endosomal and lysosomal structures

(15), whereas LRRK2/dLRRK is involved in the Rab5-mediated

early and Rab11-mediated recycling endosomal pathway, regu-

lating the turnover of a Notch ligand Delta (16). The roles of

LRRK2/dLRRK in neuronal synapses are also suggested, where it

is implicated in the morphogenesis of synapses and endocyto-

sis of synaptic vesicles (SVs) (17–22). The transgenic expression

of dVps35 rescues PD-associated mutant forms of LRRK2-

mediated dopaminergic neuronal loss in Drosophila (11,23),

whereas the colocalization of LRRK2 and Vps35 was not ob-

served in mammalian cultured cells in another study (24).

Therefore, the molecular mechanism underlying a suppression

effect of Vps35 in neurotoxicity caused by LRRK2 mutations re-

mains unknown.

Here, we report that synaptic endocytosis is regulated by the

close cooperation of LRRK2 and Vps35, in which Rab5 and Rab11

are involved. Our findings suggest that dysfunction of synaptic

dynamics is an early event of neurodegeneration in PD.

Results

dVps35 and dLRRK cooperatively regulate
synaptogenesis

We generated human Vps35 (hVps35) transgenic fly lines that

carry wild-type (WT) and pathogenic D620N mutant forms of

Vps35 with GAL4-responsible UAS sequences and dVps35 UAS-

transgenic lines for WT and D647N (DN, corresponding to

D620N in humans) (Fig. 1A). Because the homozygous null mu-

tation of the dVps35 gene leads to death in the prepupal stage

(25), we examined whether hVps35 functionally rescues the le-

thality of dVps35-null flies. Despite its evolutionarily conserved

property, ubiquitous expression of any forms of hVps35 using

the Da-GAL4 driver did not suppress the lethality, suggesting

that hVps35 does not act functionally in Drosophila. In contrast,

the ubiquitous expression of both dVps35WT and DN rescued

the lethality (Fig. 1B). Although it was suggested that both

Vps35WT and DN are incorporated in the retromer complex

with the same efficiency (7,8), overexpressed dVps35 accumu-

lated at most double at the protein level, which suggested that

only dVps35 incorporated in the retromer complex is stable.

Consequently, we expressed the dVps35 transgenes in the

dVps35 heterozygous or homozygous genetic background to an-

alyze the effects of the PD mutation (Fig. 1A).

It has been reported that dVps35 inactivation increases the

number of synaptic boutons of the neuromuscular junction (NMJ)

in larval motor neurons (26). A similar synaptic phenotype was

reported in dLRRK mutant flies (18). Supporting these findings,

immunosignals of dVps35 were localized in both the nerve termi-

nals and cell bodies of primary cultured neurons (Supplementary

Material, Fig. S1), which was similar to those of dLRRK (14). We

tested whether dLRRK modulates changes in the number of syn-

aptic boutons by dVps35 inactivation. As previously reported,

dVps35 inhibition led to increased numbers of type Ib synapse

boutons, which was suppressed by the introduction of

dVps35WT but not dVps35 DN (Fig. 1C and D) (26). The increase

in bouton number was observed by both neuronal and muscular

suppression of dVps35 (Supplementary Material, Fig. S2A and B),

while the postsynaptic property of the subsynaptic reticulum

(SSR) in the muscles was preserved based on Dlg and GluR2 ex-

pression (Supplementary Material, Fig. S2C). However, ultrastruc-

tural abnormalities were detected in dVps35-deficient SSR, where

extramembrane structures appeared in the reticulum lumen
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Figure 1. dVps35 and dLRRK regulate synaptogenesis. (A) Endogenous dVps35

expression and transgenic expression (Tg) of LacZ, dVps35WT and DN mutant in

the dVps351 or dVps35MH20 heterozygous or compound homozygous genetic

backgrounds were analyzed in adult heads. LacZ served as a control transgene.

Dots represent relative band intensities of dVps35 normalized to actin and

dashes represent mean values. n ¼ 3 independent experiments. A.U., arbitrary

units. (B) Eclosion percentages of dVps35�/� flies expressing WT or DN forms of

dVps35 or hVps35 by crossing dVps35þ/� flies harboring the ubiquitous Da-GAL4

driver and the indicated UAS transgenes. The total number of offspring obtained

by the crosses is indicated in the graph. †, lethal. Expected emergence ratio

(33.3%) in accordance with Mendelian laws is indicated by dashed lines. (C and

E) Synaptic morphologies of the NMJs in the larval motor neurons with the indi-

cated genotypes. dVps35 and dLRRK were expressed by the motor neuron-spe-

cific OK6-GAL4 driver. Scale bar, 20 lm. (D and F) Boxplots represent

quantification of the total numbers of type Ib boutons with the indicated geno-

types shown in c and e. L, LacZ; WT, Vps35WT; DN, Vps35 DN. n ¼ 7–20 (D), 6–20

(F) NMJs in 3-10 flies, *P<0.05 vs. dVps35þ/þ; dLRRKþ/þ, Dunnett’s test. OE,

overexpression.
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(Supplementary Material, Fig. S2D). This SSR phenotype appeared

to be largely suppressed by dVps35WT but not DN. Either in-

creased or decreased dLRRK expression caused an increase in

bouton number, which was suppressed by the removal of one

copy of the dVps35 gene (Fig. 1E and F). dVps35-deficient larvae

die at the 3rd instar stage, which suggests that maternal dVps35

transcripts support their early development. Indeed, specific but

reduced vesicular signals of dVps35 were still detected at the bou-

tons of dVps35-deficient larvae (Fig. 2A and B, Supplementary

Material, Fig. S2E), the size of which was smaller than a normal

control (Fig. 2A and C). However, the distribution of dVps35-

positive vesicular signals in synapse membrane regions de-

creased in dVps35-deficient larvae. The introduction of

dVps35WT and DN fully rescued the shrunk bouton phenotype,

whereas only dVps35WT facilitated the perimembranous locali-

zation of dVps35-positive vesicles (Fig. 2A and D). Approximately,

half of dVps35 vesicles localized around the synapse membrane

in dVps35þ/þ animals, and some of them bordered the synaptic

release region active zones (AZs) (white arrowheads in Fig. 2A).

Although the number of AZs in the terminal boutons was not

changed by dVps35 manipulation, ectopic expression of

dVps35WT promotes the localization of dVps35-positive vesicles

at AZs (Fig. 2A, E, F). These data suggest that dVps35 and dLRRK

are required for NMJ development and that dVps35-containing

vesicles partly border on the AZ, whereas the distribution of the

vesicles is altered by dVps35 DNmutation.

dVps35 is involved in SV dynamics

dLRRK is implicated in SV recycling, and the loss of dLRRK in-

creases with the appearance of large SVs and cisternal struc-

tures (20). Our above results and recent studies by other

groups suggest that dVps35 genetically interacts with dLRRK

(11,23), which prompted us to test the possibility that dVps35

also regulates SV dynamics. Ultrastructural analysis of

dVps35-deficient boutons revealed that SVs decreased in num-

ber and increased in size (Fig. 3A and B, Supplementary

Material, Fig. S3A). The appearance of cisternal structures also

increased in the periactive zones (Fig. 3A and B), which was

likely to derive from larger endocytic vesicles (Fig. 3C and D).

These SV defects closely resembled those of the dLRRK mutant

(20). The complementary expression of dVps35WT but not DN

in dVps35-deficient flies almost rescued these SV phenotypes

(Fig. 3A and B).

To estimate the effects of dVps35 on SV dynamics at the

boutons of larval NMJs, synaptic endocytosis activity (Fig. 3E

and F) and the SV reserve pool (Supplementary Material, Fig.

S3B) were visualized with FM1-43 lipophilic fluorescent dye and

a vesicular monoamine transporter (VMAT) with a pH-sensitive

fluorescent protein VMAT-pHluorin, respectively. The loss of

dVps35 impaired spontaneous endocytosis at synapse boutons

and reduced the amount of SV reserve pools, phenotypes that

were rescued by the introduction of dVps35WT but not DN

(Fig. 3E and F, Supplementary Material, Fig. S3B). Conversely,

the capacity for SV release was analyzed using VMAT-pHluorin

in dopaminergic (DA) neurons in adult brains (Supplementary

Material, Fig. S3C) (27). dVps35 heterozygous mutation and DA

neuron-specific dVps35 knockdown both exhibit defects in SV

release (Supplementary Material, Fig. S3C), which were again

rescued by the expression of dVps35WT but not DN

(Supplementary Material, Fig. S3C). Taken together, the above

results suggested that dVps35 regulates SV dynamics and the

PD-associated mutant does not function properly.

Loss of dVps35 affects neurotransmitter release

We next analyzed the electrophysiological properties of muscle

6 of control (w-) and dVps35 mutant 3rd instar larvae. Similar to

a previous report on a dLRRK mutant, the miniature excitatory

junction potential (mEJP) amplitude was increased by loss of

dVps35 (Fig. 4A) (18,20). The larger mEJP amplitude is likely due

to the larger SV size, as shown in Figure 3A and B, which would

contain more neurotransmitters, or could be due to postsynap-

tic SSR alterations. Both neuronal and muscular expression of

dVps35WT but not DN successfully suppressed the alteration of

the mEJP amplitude similarly to its whole-body complement,

which suggested that dVps35 regulates both presynaptic and

postsynaptic functions for neurotransmission (Fig. 4B). This

idea was further supported by the result that both motor neu-

ron- and muscle-specific knockdown of dVps35 resulted in in-

creased mEJP (Supplementary Material, Fig. S2B). The quantal

content, which represents the amount of neurotransmitter re-

leased from presynapses, was decreased in dVps35 animals

(Fig. 4C). In contrast, the amplitude of EJP and the paired pulse

ratio of the dVps35 mutant did not change compared to a nor-

mal control, similarly to the dLRRK mutant (Fig. 4C) (20).

Given that the lack of dVps35 affects both SV release

(Supplementary Material, Fig. S3C) and synaptic endocytosis

(Fig. 3E and F), we next performed high-frequency electrical stim-

ulation (5Hz for 10min) to analyze SV recycling capacity (Fig. 4D

and E). Spike amplitudes were mildly decreased during 10-min

stimulations in dVps35þ/þ larvae, which indicated that SV
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Figure 2. dVps35 is localized in the synaptic boutons. (A) Distribution of dVps35

in the distal synapse boutons of the indicated genotypes. dVps35 signals adja-

cent to the active zones (AZs) are shown (arrowheads). Scale bar, 2 lm. (B–F)

Boxplots show the number of dVps35 signals in the distal boutons (B), the bou-

ton size (C), the dVps35 localization ratio in the synapse perimembrane region
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dVps35 (F). n ¼ 5–8 larvae, F ¼ 5.74 (B), 4.47 (C), 21.01 (D), 3.07 (F), one-way

ANOVA with post hoc Tukey-Kramer’s test. *P < 0.05. There were no significant

differences between dVps35þ/þ and dVps35�/� in the comparison of four geno-

types. Transgenes were driven by the ubiquitous Da-Gal4.
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regeneration was achieved effectively. Loss of a copy of dVps35

caused a larger reduction ratio. The introduction of dVps35WT at

the endogenous level rescued this defect, whereas the introduc-

tion of dVps35 DN under the same condition appeared less stable

in proteins and did not rescue the EJP reduction of dVps35þ/� flies,

which indicates that dVps35 DN behaves as a loss-of-function

mutation in SV regeneration during high-frequency stimulation

(Fig. 4D and E, Supplementary Material, Fig. S4).

dVps35 and dLRRK regulate synaptic endocytosis
and SV regeneration through the Rab-mediated
endocytic pathway

Because dVps35 genetically interacts with dLRRK in synaptic

functions, we next examined the sublocalization of dVps35 and

dLRRK at the synapses by immunoelectron-microscopic analy-

sis (Fig. 5A–E). dVps35 immunosignals were distributed at the

edges of active zones (Fig. 5A and B), inside the boutons (Fig. 5C)

and in the SSR regions (Fig. 5D and E). dLRRK signals were lo-

cated inside of the boutons and the SSR rather than the plasma

membrane compartment, and few dLRRK signals colocalized

with dVps35, which suggested that dLRRK and dVps35 cooper-

ate sequentially at different sites to regulate SV dynamics

(Fig. 5C and E). dLRRK/LRRK2 regulates Rab5 and Rab11 in

Drosophila and cultured neurons (16,17,28,29). dVps35 was par-

tially colocalized with Rab5 and surrounded by Rab11 but not

Rab9 at the synapses (Fig. 5F). Supporting this observation,

hVps35 could associate with Rab5a/b and Rab11a/b, but not

Rab7 or Rab8A (Fig. 6A). The affinity of hVps35 for Rab5a/b was

similar between WT and DN mutant (Fig. 6B).

Membranes invaginated from the edges of the active zone,

which were thought to be endocytic intermediates of SV, were

frequently observed in dVps35-deficient larvae, implying an

endocytic defect of SV (Fig. 5G and H and Fig. 3C). Rab5 regulates

SV endocytosis (17,28,30), and the involvement of Rab11 in SV

dynamics was supported by altered SV morphology of the NMJs

expressing a dominant-negative form of Rab11 (Supplementary

Material, Fig. S5). Considering the above findings, we tested

whether Rab5 and Rab11 affect the dVps35 synaptic phenotypes.

Rab5 and Rab11 overexpression suppressed the overprolifera-

tion of type Ib boutons and restored the SV number of the

dVps35�/� larvae (Fig. 7A–C). Rab5, Rab11 and dLRRK overexpres-

sion leads to the suppression of the large SV appearance and a

reduction in the average SV size, likely due to the promotion of

the membrane tubulation and scission processes during SV re-

generation (Fig. 7B and C). Notably, the removal of a copy of

dLRRK also suppressed the reductions in SV number and large

SV appearance, implying a complex relationship between Vps35

and LRRK2 in the balance of their activities and synaptic context

(Fig. 7B and C).

The morphological rescue of synapse boutons of the dVps35

heterozygous larvae by dLRRK, Rab5 and Rab11 overexpression

prompted us to test whether the electrophysiological defects of

the dVps35 mutant could be suppressed by the manipulation of

these molecules. The manipulation of dLRRK activity in either

direction rescued the reduction of sustained neuronal activity

of dVps35þ/� larvae by high-frequency electrical stimulation

(Fig. 7D). Endophilin A (EndoA) is involved in an early event of

synaptic endocytosis and regulated by LRRK2-dependent phos-

phorylation (20,31). EndoA overexpression markedly rescued the

defects of sustained neuronal activity of dVps35þ/� larvae

whereas removal of a copy of EndoA failed to do so (Fig. 7E).

Similarly, Rab11 but not Rab5 or LacZ overexpression markedly

rescued it (Fig. 7F and G). In contrast, partial knockdown of

Rab5 completely rescued it although Rab5 knockdown in the

dVps35þ/þ genetic background mildly impaired the neuronal

activity (Fig. 7H and I). Collectively, these genetic tests suggest

that Vps35 contributes to the maintenance of a functional SV

pool downstream of Rab5 in a fine balance with LRRK2 and

EndoA activities and that the enhancement of the SV recycling

pathway by Rab11 overexpression improves synaptic defects

due to dVps35 loss.

Given that Vps35 maintains a harmonious control with Rab5

and dLRRK in the SV recycling, we next analyzed the neuronal

activity-dependent interactions of these molecules using in situ

proximity ligation assay to detect transient protein-protein in-

teractions. Specific interaction signals between dVps35 and

Rab5, which were observed when larvae were incubated with

both anti-dVps35 and anti-GFP antibodies, were detected in

dVps35WT-expressing larvae before and after synaptic stimula-

tions (Fig. 8A and B). In contrast, the dVps35 DN and Rab5 inter-

action tends to decrease before stimulation and almost

disappeared after stimulation (Fig. 8A and B), which was not

due to the changes of dVps35 levels at synapses (Fig. 8C and D).

The interaction signals in axons were observed both in

dVps35WT and DN flies even after stimulation (Fig. 8B, bottom).

Similar experiments were performed for dVps35-Rab11 or

dVps35-dLRRK interactions (Fig. 8E–G). Rab11 appeared to bind

to dVps35 constantly before and after synaptic stimulations

while there were no signals of dVps35-dLRRK interactions,

which was consistent with the immunoelectron-microscopic

observation that dLRRK and dVps35 signals are not colocalized.

The coordinated actions of dVps35 and dLRRK are
required for dopaminergic activity and survival

Although the dVps35þ/� flies expressing dVps35 DN failed to res-

cue the short lifespan phenotype of dVps35þ/� flies (Fig. 9A),

there was no evidence of DA neuronal loss by dVps35 DN ex-

pression in the dVps35þ/� and dVps35�/� genetic backgrounds

(Fig. 9B). We then examined whether the introduction of the

dVps35 mutant allele affects the development and the DA neu-

ron survival in dLRRK�/� flies. The dLRRK mutant allele e03680

was inherited in males at a Mendelian ratio so that �33% of

dLRRK homozygous mutants emerged when e03680 heterozy-

gous mutants balanced over the TM6B balancer chromosome

were inbred (Fig. 9C). The introduction of the dVps35 mutant al-

lele MH20 affected the dLRRK emergence ratio, whereby the ratio

was reduced to half by the heterozygous introduction of the

dVps35 mutant allele, which was lethal with the homozygous

introduction of dVps35 (Fig. 9C). Given that the concurrent loss

of dVps35 and dLRRK activities affected the survival, we next

examined whether the introduction of the dLRRK mutant allele

affected the DA neuron survival in the dVps35þ/� background

complementarily expressing dVps35WT or DN (Fig. 9D). The ex-

pression of dVps35WT or DN in the dVps35þ/�; dLRRKþ/� back-

ground did not affect DA neuron survival, whereas the loss of

DA neurons in dVps35þ/�; dLRRK�/� flies failed to be rescued by

dVps35WT expression, which was further exacerbated by

dVps35 DN (Fig. 9D).

To examine the possibility that DA neuronal functions are

disturbed before neuronal death in dVps35 mutant flies, we ex-

amined the sleep and arousal behaviors regulated by DA neuro-

nal function and related to sleep disturbance, one of the known

non-motor symptoms of PD (32). Impaired sleep behavior was

observed when dVps35 was inhibited in DA neurons using
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dVps35 RNAi, and a similar sleep phenotype was observed in

dVps35þ/� flies (Fig. 9E). The reduced sleep behavior of dVps35þ/�

flies was suppressed by DA neuron-specific expression of

dVps35WT; dVps35 DN further extended the sleep period com-

pared to dVps35WT (Fig. 9F).

The reduction of sleep behavior in dVps35þ/� flies was res-

cued by DA neuron-specific expression of Rab5, Rab11 and

dLRRK while the removal of a copy of the dLRRK gene failed to

do so (Fig. 9G). Impaired motor ability of dVps35þ/� larvae was

also rescued by the ubiquitous expression of dLRRK, Rab5 and

Rab11 or by the reduction in dLRRK activity (Fig. 9H and I).

Again, these results suggest that the manipulation of dLRRK,

Rab5 and Rab11 activities counteracts the endocytic hindrance

of SVs by reducing Vps35 activity.

Discussion

The identification of the retromer component dVps35 as a PD-

responsible gene has reinforced the idea that dysregulation of

membrane dynamics is an important etiology in PD. While

Vps35 is ubiquitously expressed as the retromer component,

missense mutations of Vps35 lead to late-onset PD. To under-

stand the effects of a PD-associated mutation of Vps35 in neural

tissues, we designed the transgenic expression of hVps35 and

Drosophila orthologues in Drosophila under the condition of re-

duced dVps35 levels, namely in the dVp35 heterozygous or ho-

mozygous genetic background. Despite the fact that Vps35 is

highly conserved from yeast to humans, hVps35 did not com-

plement dVps35 functions, which was consistent with a
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previous study (33). A dominant-negative function of hVps35 in

the retromer complex was also reported in yeast (34). Our find-

ings led us to caution others about the interpretation of the pre-

vious results using hVps35 transgenic fly models (33,35).

Vps35-linked PD is inherited as a dominant trait, which may

imply that the Vps35 DN mutation has a gain-of-function toxic-

ity. However, dVps35 DN overexpression did not exhibit DA

neuron loss throughout the lifespan and acted as a loss-of-

function allele in synaptic phenotypes, including morphological

features of synaptic boutons, phenotypes of SV dynamics and

electrophysiological properties when expressed in dVps35 het-

erozygous or a homozygous genetic background, consistent

with previous reports (33,36,37). Yet, dVps35 DN rescued the le-

thality of dVps35 null flies, suggesting that dVps35 DN is largely

functional except for coordinated neuronal functions and syn-

aptogenesis (33,38). A similar conclusion has been obtained in

Vps35 DN knock-in mice (37).

Our genetic analysis combined with histochemical and elec-

trophysiological approaches revealed that dVps35 in coopera-

tion with dLRRK regulates SV endocytosis in addition to

synaptogenesis. dVps35 immunosignals were mainly con-

densed in the edges of AZ and in the electron-dense region

(likely corresponding to the plasma membrane) of the postsyn-

aptic SSR in NMJs, while dLRRK immunosignals were localized

inside of the boutons and in the SSR more dispersedly, which

provided evidence of differences between dVps35 and dLRRK in

terms of their molecular roles. Consistent with the above find-

ings, dVps35-dLRRK-binding signals were negative in the prox-

imity ligation assay (PLA) of this study and hVps35 did not

interact with human LRRK2 in our immunoprecipitation assay

(data not shown).

There are several possible causes of increased mEJP ampli-

tude after dVps35 loss. An increase in the number of synapse

boutons after dVps35 loss could contribute to an increased

D

C

F

G H

25

50

0

*

E
Rab5 Vps35

Rab11 Vps35

Rab9 Vps35

A B

E

dV
ps

35
-/-

dV
ps

35
+/

+F
re

q
u
e
n
c
y
 o

f 
e

n
o

d
o

c
y
ti
c
 i
n

te
rm

e
d

ia
te

s
 (

%
)

*

B

Synapse

Mitochondria

Active zone

dVps35: 10 nm

dVps35: 5 nm

dLRRK: 10 nm

Figure 5. dVps35 is localized in the region of SV endocytosis. (A-E) Immunoelectron micrographs showing presynaptic terminals containing AZs (A and B) and mito-
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probability of neurotransmitter release, while an increase in SV

size by dVps35 loss may release more neurotransmitters at

once. Increased sensitivity in the postsynaptic field could also

account for this phenotype because the lumenal architecture of

the SSR was changed by dVps35 loss, albeit without significant

alteration of GluR2 or Dlg expression. The observation that pre-

synaptic- or postsynaptic-specific inactivation of dVps35 ex-

hibited the same mEJP phenotype suggests the contribution of

the above factors to this phenotype, even though presynaptic

inactivation showed a stronger phenotype.

Rab5 and Rab11, in addition to dLRRK, also regulate SV endo-

cytosis and recycling (20,39), and involvement of dLRRK/LRRK2

in Rab5 and Rab11 regulation is also possible in Drosophila and

rat cultured neurons (16,17). The manipulation of these activi-

ties improved the decline of high frequency stimulation-

mediated neurotransmission in dVps35þ/� larvae. Considering

the observation that the overexpression of Rab11 but not Rab5

rescued the neurotransmission defects by dVps35 loss, dVps35

could be involved upstream of Rab11. While Rab5 is implicated

in SV endocytosis, Rab11 is proposed to regulate the budding of

SV from the synaptic endosomes to regenerate SVs, although it

remains unclear whether dVps35 functions along with Rab11 in

the synaptic endosomes (39). In contrast, reduced Rab5 activity

or alteration of dLRRK activities ameliorated neurotransmission

defects by dVps35 loss. Considering the previous report that

both increased and decreased Endophilin A (EndoA) phosphory-

lation by dLRRK/LRRK2 impedes synaptic vesicle endocytosis,

appropriate activation/inactivation cycles of Rab5 and dLRRK ki-

nase and their balance might ensure efficient SV regeneration

linked to endocytosis (20). In this context, overexpressed or

inactivated dLRRK slows down the EndoA-mediated endocyto-

sis, which could suppress defects of the subsequent transport

steps caused by reduced dVps35 activity in synchronization

(Fig. 10). The overexpression of EndoA, which regulates mem-

brane scission along with Dynamin (40), suppressed defects in

high frequency stimulation-mediated neurotransmitter release

by dVps35 loss while reduced EndoA activity exacerbated

this phenotype. The observation suggests that EnodA is

also involved in LRRK2-Rab5-Vps35-independent endocytic

pathway (40).

We propose that dVps35 regulates SV endocytosis and re-

generation in collaboration with dLRRK, Rab5 and Rab11 based

on three pieces of evidence. First, the endocytic intermediates

on the edges of AZ (Fig. 5G and H) and 80–90nm 3, 3’-diamino-

benzidine (DAB)-positive vesicles (Fig. 3C), which is likely to be

the synaptic endosomes to regenerate SVs (41), were frequently

observed in dVps35-deficient synaptic boutons even under a

steady-state condition, suggesting that the speed of endocytosis

is reduced, and the activities of synaptic neurotransmitter re-

lease (Supplementary Material, Fig. S3C) and endocytosis
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(Fig. 3E and F) were functionally impaired in dVps35 mutant flies

(42). Second, dVps35-deficient flies had large SVs with cisternal

endosomal structures (Fig. 3A–D), similarly to Rab5-deficient or

dLRRK-deficient flies (20,28), and the SV phenotypes were res-

cued by dLRRK, Rab5 or Rab11 manipulation (Fig. 7). Third,

dVps35 was colocalized with Rab5 and Rab11 at synapses

(Fig. 5F) and hVps35 was associated with Rab5a/b and Rab11a/b

(Fig. 6), which are enriched in the SV fraction from rat brain (43).

Dysfunction and subsequent degeneration of nerve termi-

nals are commonly observed in a variety of neurodegenerative

diseases. To the best of our knowledge, this is the first study to

reveal the molecular roles of Vps35 in the presynapses, where

Vps35 DN behaves as a loss-of-function mutant, showing syn-

aptic activity-dependent dissociation of Vps35 DN from Rab5.

Supporting our findings, Vps35 DN homozygous knock-in mice

exhibit impaired striatal dopamine release stimulated by

potassium (37). Increases in the genetic analyses of familial PD

cases have led to the identification of causative gene mutations

and risk loci, which include a-Synuclein, LRRK2, Vps35, DNAJC13,

Auxilin, Synaptojanin 1, GAK, Vps13c and TMEM230 (44,45). These

findings suggest that alteration of membrane dynamics is a key

element of PD etiology. Focusing on whether these gene func-

tions converge with particular events of membrane dynamics,

including SV endocytosis and regeneration, in a DA neuron-

specific context is warranted.

Materials and Methods

Drosophila genetics

Fly cultures and crosses were performed on standard fly food

containing yeast, cornmeal and molasses, and the flies were
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Figure 8. Synaptic activity-dependent dissociation of the PD-associated dVps35 mutant from Rab5. (A) Number of dVps35-Rab5-binding signals obtained by a PLA in

each bouton of the NMJs before and after synaptic stimulation. (B) Representative PLA images (red, arrowheads) of the NMJs and the axons by using anti-dVps35 alone
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sities of dVps35 in the distal synapse boutons were not different among samples. Scale bar, 5 mm. n ¼ 7–10 synapse boutons from 3 larvae. (E) Number of dVps35-
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Figure 9. Manipulation of the SV endocytic pathway rescues defects of neuronal activity by dVp35 loss. (A) Lifespan analysis of flies with the indicated genotypes.

n ¼ 250 (dVps35þ/�), 151 (dVps35þ/�; WT), 157 (dVps35þ/�; DN vs. dVps35þ/�). P <0.0001 (dVps35þ/�; WT vs. dVps35þ/�), P<0.0001 (dVps35þ/�; DN vs. dVps35þ/�; WT), Log-

rank test. (B) The numbers of PPM1/2 and PPL1 cluster TH-positive neurons were estimated in 5- and 50-day-old adult flies with the indicated genotypes. n ¼ 10–17 flies.

No significance was noted among age-matched groups by one-way ANOVA. (C) Emergence rate of offspring by crossing dVps35þ/�; dLRRK�/� flies. Note that dVps35þ/þ;

dLRRK�/� female flies exhibit a more reduced ratio than expected, which was not affected by the removal of a copy of dVps35. *P < 0.05 vs. dVps35þ/þ; dLRRK�/�,

Dunnett’s test. The total number of offspring obtained by the crosses is indicated in the graph. †, lethal. (D) The numbers of PPM1/2 and PPL1 cluster TH-positive neu-

rons were estimated in 5- and 50-day-old adult flies with the indicated genotypes. n¼ 10 flies, F ¼ 22.79 (PPM1/2), 11.84 (PPL1), one-way ANOVA with post hoc Tukey-

Kramer’s test. *P < 0.05. (E) Sleep profiles over 3 days in the 12-h light:dark cycle condition are shown in LacZRNAi, dVps35RNAi and dVps35þ/� flies (left). The amounts of

sleep in the light and dark periods are graphed. n ¼ 16–32 flies, *P < 0.05 vs. LacZRNAi, Steel’s test. (F) Daily sleep behaviors of flies with the indicated genotypes.

Transgenes were expressed by TH-GAL4. n ¼ 9–32 flies, N.S., not significant according to Steel-Dwass test and other comparisons have significant differences (P < 0.05).

(G) Daily sleep behaviors of flies with the indicated genotypes. n ¼ 8–31 flies, *P < 0.05 vs. dVps35þ/þ, Dunnett’s test. Note that the Vps35þ/þ and Vps35þ/� data in F are

presented here to facilitate comparison across genotypes. Data in F and G were recorded at the same time. (H) Moving distance of 3rd instar larvae during 2min. n ¼

8–11 larvae each, *P < 0.05 vs. dVps35þ/�; LacZ, Dunnett’s test. (I) Moving tracks recorded over 2min for the indicated genotypes. Scale bar ¼ 50mm.
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raised at 25 �C. The w1118 (w–) line was used as a wild-type ge-

netic background. Complementary DNA (cDNA) for Drosophila

Vps35 (dVps35, provided by Drs. V.I. Korolchuk and C.J. O’Kane)

(26) and hVps35 (provided by Dr. M. Farrer) (36) were subcloned

into the pUAST vector, and UAS-dVps35 and hVps35 transgenic

lines were generated in the w– background. dVps35MH20 or

dVps351 was used as a null mutant allele of dVps35. All other fly

stocks and GAL4 lines used in this study were obtained from the

Bloomington Drosophila Stock Center, the Kyoto Stock Center,

the FlyORF, and the Vienna Drosophila RNAi Center and have

been previously described: dVps35MH20 (25); dVps351 (46); UAS-

dLRRK WT and dLRRKe03680 (14); dLRRK-Myc genomic rescue line

(47); dLRRK1 (15); UAS-VMAT-pHluorin (48); EGFP-Rab5 knock-in

line (49); UAS-dRab5 S43N (50); UAS-EGFP-WASH; UAS-RFP-Rab9

(51) and UAS-dParkin (27). Full details of Drosophila genotypes

used in this study are described in Supplementary Material,

Text S1.

Antibodies and plasmids

Rabbit anti-dVps35 polyclonal antibody was raised against re-

combinant His-GST-tagged dVps35 (form a, 687-803aa) pro-

duced in the E. coli strain BL21 harboring pCold II-GST-dVps35.

The antibodies used in the western blot analysis were as fol-

lows: anti-dVps35 (1:10,000), anti-V5 (1:5,000, Thermo Fisher

Scientific, 46-0705), anti-GFP (1:1,000, Abcam, ab6673), anti-Rab5

(1:1,000, Abcam, ab31261), anti-dParkin (1:3,000, in-house) (27),

anti-GAPDH (1:1,000, Bioss, 3E12), and anti-a-tubulin (1:5,000,

Sigma-Aldrich, DM1A). The antibodies used in immunocyto-

chemistry were anti-Drosophila Tyrosine hydroxylase (TH, 1:250,

in-house) (14), anti-dVps35 (1:250), anti-Bruchpilot (1:10,

Developmental Studies Hybridoma Bank (DSHB), nc82), anti-

Myc (1:10, Santa Cruz Biotechnology, 9E10), anti-GluR2A (1:10,

DSHB, 8B4D2), anti-Dlg (1:250, DSHB, 4F3), anti-Rab5 (1:100,

Abcam, ab31261), anti-GFP (1:200, Wako, 102-20461) and Alexa

Fluor594- (1:200) or DyLight649- (1:500) conjugated anti-

horseradish peroxidase (HRP) (Jackson ImmunoResearch, 123-

585-021 and 123-495-021). The mammalian expression plasmid

encoding hVps35-V5 was a kind gift from Dr. M. Farrer, and

plasmids for EGFP-Rab GTPases were described elsewhere (16).

Western blot analysis

Fly heads were directly homogenized in 20 ml of 3x SDS sample

buffer per head using a motor-driven pestle. After centrifuga-

tion at 16,000� g for 10min, the supernatants were subjected to

western blotting.

Lifespan assay and locomotor and sleep behavior assays

For the lifespan studies, approximately 20 adult flies per vial

were maintained at 25 �C, transferred to fresh fly food and
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Figure 10. Working hypothesis of the functions of dLRRK, Rab5 and Rab11 in SV dynamics. (A) Diagram of dVps35 in the SV dynamic regulation. dLRRK in cooperation

with EndoA regulates membrane retrieval from the synaptic membrane after SV fusion to the AZ. dVps35 in cooperation with Rab5 regulates the formation of vesicles

from the endocytosed membrane and transports the vesicles to the endosome-like structures (Endosome). After that, dVps35 in cooperation with Rab11 enhances SV

budding from the endosome-like structure, regenerating SVs. (B) dLRRK overexpression or removal slows down EndoA-mediated membrane retrieval from the synaptic

membrane, which facilitates coordination to the subsequent endocytosis step impaired by reduced dVps35 activity by synchronization. EndoA is also involved in a

LRRK2-Rab5-Vps35-independent endocytic pathway, which is suggested by an observation that EndoA overexpression but not EndoAþ/� suppressed the defects of

Vps35þ/� in high frequency stimulation. (C) Rab5 overexpression promotes the transport of endocytosed vesicles to the endosome-like structures, which is perturbed

by reduced dVps35 activity under a condition that induces rapid endocytic retrieval of SVs by a strong stimulus such as high frequency stimulation, while Rab11 over-

expression enhances SV budding from the endosome-like structures downstream of a step impaired by reduced dVps35.
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scored for survival every 2 d. To control for isogeny, the Da-

GAL4 driver line was backcrossed to the w- wild-type back-

ground for six generations. All dVps35 transgenic, knockdown

and mutant flies were generated in or backcrossed to the w- ge-

netic background and thus have matched genetic backgrounds.

Sleep and locomotor behaviors were recorded in an incuba-

tor (MIR-254, Panasonic Healthcare) using the Drosophila Activity

Monitoring system (Trikinetics), which monitors the activity of

individual flies in polycarbonate tubes (length, 65mm; inside di-

ameter, 3mm). Sleep was defined as a bout of 5 or more minutes

of inactivity. Behavior of single male flies preconditioned at

25˚C under a 12-h light:dark cycle condition for 3 days was indi-

vidually recorded (16 to 32 flies per experiment) for another

3 days. Daily sleep time was calculated with ActogramJ (http://

actogramj.neurofly.de/) and pySolo (https://www.pysolo.net/).

Larval motility

Third instar larvae were placed on the center of 2% agar plate.

Larval movements were recorded at 20 fps using a webcam

(Buffalo, BSW20KM11BK) and each 5 sec position of larvae were

traced by ImageJ software. Moving distance during 2min was

analyzed with MTrack2 plugin of ImageJ software.

Immunostaining and transmission electron microscopy
(TEM) analysis

The visualizations of synapse boutons, dVps35 and AZs in larval

motor neurons were analyzed by whole-mount immunostain-

ing as previously described (18). Synapse bouton counting and

signal colocalization were calculated using Imaris software

(Pitplane) and ImageJ software. Immunoelectron microscopy

(IEM) using ultrathin cryosections was performed as previously

described (52). Briefly, larvae fixed by immersion in 0.1 M phos-

phate buffer (pH7.2) containing 4% paraformaldehyde (PFA) at

4 �C overnight were immersed in 2.3 M sucrose in PB overnight

and plunged into liquid nitrogen. Approximately 60-nm thick

sections cut with a cryo-ultramicrotome (UC7/FC7, Leica) were

incubated with rabbit anti-dVps35 (1:10) and mouse anti-Myc

(1:10) at 4 �C overnight and then with donkey anti-rabbit IgG and

anti-mouse IgG conjugated with colloidal gold particles

(Jackson) for 1h. TEM and IEM images were obtained using an

electron microscope (Hitachi, HT7700).

FM1-43 dye imaging

Living 3rd instar larvae were dissected in Ca2þ-free HL-3 (pH 7.2)

solution and incubated for 5min in HL-3 containing 5 mM FM1-

43FX (Thermo Fisher Scientific) and 90mM KCl. Larvae were

then washed with Ca2þ-free HL-3 three times, and FM1-43FX

fluorescence incorporated into the synapse boutons was mea-

sured using a laser-scanning microscope system (TCS-SP5,

Leica).

Labeling of endocytosed vesicles by photoconversion

Living 3rd instar larvae were dissected in Ca2þ-free HL-3 (pH 7.2)

solution and incubated for 10min in HL-3 containing 10 mM

FM1-43 FX in the presence of 5mM Ca2þ. Larvae were then fixed

with 2.5% glutaraldehyde in phosphate buffered saline (PBS) for

15min, washed with PBS three times and incubated with

100mM ammonium chloride for 10min. After washing with PBS

three times, larvae were pre-incubated in DAB (1.5mg/ml in

PBS) for 10min, and illuminated under UV light through a 16x

objective from a 130 W mercury lamp for 40min. Preparations

were washed with PBS three times and TEM images were ob-

tained using an electron microscope (Hitachi, HT7700).

VMAT-pHluorin live imaging

VMAT-pHluorin live imaging was previously described (27).

Briefly, the DA release rates of neuronal fibers and terminals in

the whole brain region without the subesophageal ganglion

were calculated by normalizing the data with the fluorescence

intensity just after photobleaching using ImageJ software.

Electrophysiology

Third instar larvae were dissected in HL-3, and EJPs and mEJPs

from NMJs were recorded using an electrophysiological setup

equipped with Eclipse FN1 microscope (Nikon), a Multiclamp

700B amplifier (Molecular devices) and a Digidata 1550A data ac-

quisition system (Molecular Devices). Dissected larvae were in-

cubated in HL-3 containing 2.5mM (for EJP) or 0.375mM (for

mEJP) Ca2þ, and a recording electrode filled with 3 M KCl was in-

serted into muscle 6 of the A3 or A4 segment containing

NMJs. All data were analyzed using Mini-Analysis software

(Synaptosoft). Quantal content was calculated as mean EJP am-

plitude divided by mean mEJP amplitude as previously de-

scribed (18). High-frequency electrical stimulations (5 or 10Hz)

were performed for 5 or 10min to analyze the reduction ratio

during stimulations.

Immunoprecipitation

HEK293T cells, the source of which was described elsewhere

(53), were maintained at 37 �C with a 5% CO2 atmosphere in

Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich)

supplemented with 10% fetal calf serum (FCS, Gibco),

GlutaMax (Gibco), non-essential amino acids (Gibco), and 1%

penicillin-streptomycin. The plasmids were transfected using

Lipofectamine 2000 reagent (Thermo Fisher Scientific) according

to the manufacturer’s instructions. The total amount of trans-

fected cDNA was adjusted with vector DNA in every transfec-

tion experiment. All cells used in these experiments tested

negative for mycoplasma contamination.

HEK293T cells expressing EGFP-Rab with or without VPS35-

V5 were lysed in RIPA buffer (20mM Tris-HCl, pH7.4, 150mM

NaCl, 1% NP-40, 0.1% SDS, 2mM EDTA, and Complete protease

inhibitor cocktail (Sigma-Aldrich)). The soluble fraction was

subjected to immunoprecipitation with anti-V5 antibody at 4 �C

overnight. The antibody–antigen complex was retrieved by the

incubation of the lysate with Protein G Dynabeads (Thermo

Fisher Scientific) for 2h at 4 �C. Immunoprecipitates were

washed with RIPA buffer containing 200mM NaCl three times,

eluted with 3x sample buffer (150mM Tris-HCl, pH 6.8, 30% glyc-

erol, 6% SDS, 10% 2-mercaptoethanol) and analyzed by western

blotting.

PLA

Third instar larvae expressing ChR2-XXL and genes of interest

were dissected in HL-3 containing 2mM Ca2þ and incubated for

10min with or without light pulse stimulations by a 470nm

light emitting diode (16 mW/mm2, 10Hz). Larvae were fixed with

4% PFA in PBS and washed with 0.1% Triton-X 100 containing
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PBS three times. Preparations treated with immunoreaction en-

hancer (Can Get Signal immunostain solution A, TOYOBO) for

30min were further incubated with anti-GFP (1:200) and anti-

dVps35 (1:500) overnight at 4 �C. PLA were performed by using

Duolink kit (Sigma-Aldrich) according to a manufacturer proto-

col except for employing a more stringent wash condition of

10min four times.

Statistical analysis

The equality of variance in data was tested using Bartlett’s test.

For data with equal variance, the two-tailed Student’s t-test or a

one-way repeated measures analysis of variance (ANOVA) was

used to determine significant differences between two or

among multiple groups, respectively. If a significant result was

determined using ANOVA (P< 0.05), the mean values of the con-

trol and the specific test group were analyzed using a Tukey-

Kramer’s test. Steel-Dwass’s, Welch’s test, Steel’s test and

Dunnett’s test were used to determine significant differences

between two specific groups or among multiple groups of inter-

est. Randomization was used in each genotype, and data collec-

tion and analysis were not performed blind to the conditions of

the experiments.

Supplementary Material

Supplementary Material is available at HMG online.
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