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Cell-to-cell transmission of a-synuclein (a-syn) pathology is considered to underlie the spread of neurodegeneration in Parkinson’s
disease (PD). Previous studies have demonstrated that a-syn is secreted under physiological conditions in neuronal cell lines and pri-
mary neurons. However, the molecular mechanisms that regulate extracellular a-syn secretion remain unclear. In this study, we found
that inhibition of monoamine oxidase-B (MAO-B) enzymatic activity facilitated a-syn secretion in human neuroblastoma SH-SY5Y
cells. Both inhibition of MAO-B by selegiline or rasagiline and siRNA-mediated knock-down of MAO-B facilitated a-syn secretion.
However, TVP-1022, the S-isomer of rasagiline that is 1000 times less active, failed to facilitate a-syn secretion. Additionally, the
MAO-B inhibition-induced increase in a-syn secretion was unaffected by brefeldin A, which inhibits endoplasmic reticulum (ER)/
Golgi transport, but was blocked by probenecid and glyburide, which inhibit ATP-binding cassette (ABC) transporter function. MAO-
B inhibition preferentially facilitated the secretion of detergent-insoluble a-syn protein and decreased its intracellular accumulation
under chloroquine-induced lysosomal dysfunction. Moreover, in a rat model (male Sprague Dawley rats) generated by injecting
recombinant adeno-associated virus (rAAV)-A53T a-syn, subcutaneous administration of selegiline delayed the striatal formation of
Ser129-phosphorylated a-syn aggregates, and mitigated loss of nigrostriatal dopaminergic neurons. Selegiline also delayed a-syn aggre-
gation and dopaminergic neuronal loss in a cell-to-cell transmission rat model (male Sprague Dawley rats) generated by injecting
rAAV-wild-type a-syn and externally inoculating a-syn fibrils into the striatum. These findings suggest that MAO-B inhibition modu-
lates the intracellular clearance of detergent-insoluble a-syn via the ABC transporter-mediated non-classical secretion pathway, and
temporarily suppresses the formation and transmission of a-syn aggregates.
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Significance Statement

The identification of a neuroprotective agent that slows or stops the progression of motor impairments is required to treat
Parkinson’s disease (PD). The process of a-synuclein (a-syn) aggregation is thought to underlie neurodegeneration in PD.
Here, we demonstrated that pharmacological inhibition or knock-down of monoamine oxidase-B (MAO-B) in SH-SY5Y cells
facilitated a-syn secretion via a non-classical pathway involving an ATP-binding cassette (ABC) transporter. MAO-B inhibi-
tion preferentially facilitated secretion of detergent-insoluble a-syn protein and reduced its intracellular accumulation under
chloroquine-induced lysosomal dysfunction. Additionally, MAO-B inhibition by selegiline protected A53T a-syn-induced ni-
grostriatal dopaminergic neuronal loss and suppressed the formation and cell-to-cell transmission of a-syn aggregates in rat
models. We therefore propose a new function of MAO-B inhibition that modulates a-syn secretion and aggregation.

Introduction
In individuals with Parkinson’s disease (PD), the administration
of levodopa improves motor impairments and allows patients to
engage in independent activities for longer periods of time than
those who do not receive this treatment (Fahn et al., 2004; Poewe
et al., 2010). However, the motor abilities of patients with PD
eventually undergo severe deterioration (Cilia et al., 2014). Thus,
the identification of a neuroprotective agent that slows or stops
the progression of motor impairments in PD is urgently needed.

Received Mar. 6, 2021; revised July 12, 2021; accepted July 15, 2021.
Author contributions: Y.N., S.A., and H.S. designed research; Y.N., S.A., H.S., A.S., T.S., K.T., and H.T.

performed research; Y.N., S.A., H.S., K.T., and H.T. analyzed data; S.A. wrote the first draft of the paper; Y.N.,
S.A., K.T., and T.K. edited the paper; Y.N., S.A., and H.S. wrote the paper.
We thank Kaori Koga and Tomomi Seino for preparing sections.
*Y.N., S.A., and H.S contributed equally to this work.
This is a cooperative study with FP Pharmaceutical Corporation. This work was designed independently of

FP Pharmaceutical Corporation. The authors declare no other competing financial interests.
Correspondence should be addressed to Shigeki Arawaka at shigeki.arawaka@ompu.ac.jp.
https://doi.org/10.1523/JNEUROSCI.0476-21.2021

Copyright © 2021 the authors

The Journal of Neuroscience, September 1, 2021 • 41(35):7479–7491 • 7479

mailto:shigeki.arawaka@ompu.ac.jp


Motor impairments in PD are caused by a loss of dopaminergic
neurons in the substantia nigra, which is the pathologic hallmark
of this disease. PD is also pathologically characterized by the
presence of intracytoplasmic proteinaceous inclusions, known as
Lewy bodies (LBs) and Lewy neurites (Eriksen et al., 2003; Lee
and Trojanowski, 2006). These inclusions are primarily com-
posed of fibrillar a-synuclein (a-syn) aggregates (Spillantini et
al., 1997). In PD, cell-to-cell transmission of a-syn aggregates is
considered to underlie the spread of neuronal damage through-
out the brain (Goedert et al., 2017; Steiner et al., 2018).
Accumulating data indicate that a-syn can transfer between cells
both in vitro and in vivo. Two hypotheses have been raised to
explain the cell-to-cell transmission of a-syn. The first proposes
that a-syn fibrils are transported by the intercellular trafficking
of lysosomes via tunneling nanotubes (Abounit et al., 2016). The
second hypothesizes that a-syn is secreted into the extracellular
space as exosomes or free proteins via a non-classical pathway,
independently of endoplasmic reticulum (ER)/Golgi transport
(Jang et al., 2010). The presence of endogenous a-syn protein in
human cerebrospinal fluid and murine interstitial fluid supports the
physiological secretion of a-syn into the extracellular space (Borghi
et al., 2000; Yamada and Iwatsubo, 2018). Extracellular a-syn plays
a key role in the cell-to-cell transmission of its aggregates. However,
it is unclear how a-syn secretion is regulated. It is also unknown
whether the manipulation of this process can reduce the cell-to-cell
transmission of a-syn and neurodegeneration.

Monoamine oxidase (MAO)-A and MAO-B are enzymes that
catalyze the oxidative deamination of monoamines in the outer
mitochondrial membrane (Shih, 2004). AlthoughMAO-B is mainly
distributed in astrocytes, it is also expressed in dopaminergic neu-
rons (Kang et al., 2018). In positron emission tomography, MAO-B
expression increases slightly with aging in healthy individuals
(Fowler et al., 1997). Additionally, MAO-B levels are higher in the
brains of PD patients than in those of healthy controls (Kang et al.,
2018). Previous studies have also demonstrated a pathologic link
between a-syn andMAO-B via the generation of theMAO-B enzy-
matic DA metabolite, 3,4-dihydroxyphenylacetaldehyde (DOPAL),
in PD (Burke et al., 2008). Increased MAO levels promote the con-
version of DA to DOPAL, leading to the production of ROS
through the oxidation of DOPAL to its quinone derivative. DOPAL
and its quinone derivative then stimulate a-syn oligomerization
under oxidative conditions.

In this study, we demonstrated that the inhibition of MAO-B
enzymatic activity facilitated a-syn secretion into the extracellu-
lar space via the non-classical pathway in dopaminergic SH-
SY5Y cells. The increased secretion of a-syn caused by MAO-B
inhibitors, selegiline and rasagiline, was able to be blocked by
probenecid, glyburide, and reserpine, which inhibit ATP-binding
cassette (ABC) transporters (Andrei et al., 1999; Zhou et al.,
2001; Flieger et al., 2003; Loebinger et al., 2008; Frye et al., 2009;
Liu et al., 2014). Furthermore, SH-SY5Y cells treated with MAO-
B inhibitor preferentially secreted detergent-insoluble a-syn pro-
tein with reduction in its intracellular accumulation under con-
dition of lysosomal dysfunction induced by chloroquine. We
also revealed that the inhibition of MAO-B by selegiline delayed
the formation and cell-to-cell transmission of a-syn aggregates
in rat models by recombinant adeno-associated virus (rAAV)-
mediated expression of a-syn.

Materials and Methods
Cell line, chemical treatments, siRNA transfection, and LDH assay
SH-SY5Y cell line stably expressing wild-type a-syn (wt-aS/SH #4) was
maintained as described previously (Machiya et al., 2010). Reagents were
purchased from Sigma unless otherwise stated. Selegiline was provided

from FP Pharmaceutical Corporation. Rasagiline mesylate and TVP-
1022 were purchased from Abcam and MedChemExpress, respectively.
To assess effects of MAO-B inhibition on the a-syn expression, parental
SH-SY5Y cells were treated with selegiline for 24 h. Also, parental SH-
SY5Y cells were treated with 100 mM cycloheximide (CHX) in the ab-
sence or presence of selegiline for 24 h (Machiya et al., 2010). For ER/
Golgi transport inhibition, wt-aS/SH cells were treated with 1 mM MAO-
B inhibitor (selegiline or rasagiline) and 7 mM brefeldin A for 6 h. For
ABC transporter inhibition, wt-aS/SH cells were treated with 1 mM

MAO-B inhibitor and 10 mM probenecid for 24 h. Treatment with reser-
pine was performed for 24 h or 48 h. Also, the cells were preincubated in
medium containing 5 mM glyburide for 24 h, and then incubated in me-
dium containing 5 mM glyburide plus 1 mM MAO-B inhibitor for 24 h.
For lysosome inhibition, wt-aS/SH cells were treated with 1 mM MAO-B
inhibitor and 100 mM chloroquine for 48 h. In all experiments, cells were
treated with the same volume of vehicle as a control.

For siRNA transfection, ;20% confluent cells in 6-well plates were
transfected with siRNA oligonucleotides (final concentration at 10 nM,
Silencer Select RNAi, Thermo Fisher Scientific) using RNAiMAX rea-
gent (Thermo Fisher Scientific) according to the manufacturer’s proto-
col. We used 21 nucleotide-long siRNAs for knock-down of MAO-A
(59-GGACCAACCCAAAACAGAAtt-39) or MAO-B (59-GGACCAAC
CCAGAAUCGUAtt-39). As a non-silencing control, the Silencer Select
Negative Control #1 siRNA was used. At 72 h after transfection, the me-
dium was discarded, and the cells were re-transfected with siRNA. At 48
h after the second transfection, the cells were used for chemical treat-
ments. In siRNA transfection, cell viability was assessed using Cell
Counting Kit-8 (Dojindo Molecular Technologies) according to the
manufacturer’s protocol.

To assess cell membrane damage, LDH assay was performed using the
Cytotoxicity LDH Assay Kit-WST (Dojindo Molecular Technologies). Cells
were treated with the same conditions as the corresponding experiments.
As a positive control, lysis buffer containing Triton X-100 was added to
cells.

Preparation of cell lysates and conditioned media (CMs)
For preparation of cell lysates, cells were suspended in buffer A [20 mM

Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 -
� protease inhibitor cocktail (Roche Diagnostic), 1 mM EDTA, 5 mM

NaF, 1 mM Na3VO4, 1� phosSTOP (Roche Diagnostic)], sonicated at
30W for 1 s 5 times, and kept on ice for 30min (Machiya et al., 2010).
After centrifugation at 12,000� g for 30min at 4°C, the resulting super-
natant was collected and stored at �80°C until use. For preparation of
CM, wt-aS/SH cells were replaced from growth media to Opti-MEM
(Thermo Fisher Scientific). To perform TCA-precipitation, collected
CM was centrifuged at 6000� g for 5min to remove cell debris.
Immediately, CM was added with 1/4 volume of 100% TCA, incubated for
30min on ice, and centrifuged at 14,000� g for 5min. The pellet was
washed three times with 300ml of cold acetone, air dried, and dissolved in
100ml of Laemmli’s sample buffer containing 2.5% b -mercaptoethanol.

Fractionation of cells and CMs
Cells were sonicated on ice in buffer A and centrifuged at 100,000� g
for 30min at 4°C (Arawaka et al., 2017). The supernatant was collected
as 1% Triton X-100 soluble fraction. After washing pellets with buffer A,
resultant pellets were dissolved in the equal aliquot of the solution con-
taining 8 M urea and 2% SDS and centrifuged at 100,000� g for 30min.
The supernatant was collected as 1% Triton X-100 insoluble fraction. To
separate secreted proteins into 1% Triton X-100 soluble and insoluble
fractions, TCA-precipitated pellet was sequentially extracted with buffer
A and the solution containing 8 M urea and 2% SDS according to the
same protocol as described above.

Western blotting
Equal amounts of denatured samples were subjected to SDS-PAGE on
13.5% polyacrylamide gels and then transferred to PVDF membranes
(Millipore) as described previously (Sasaki et al., 2015). Briefly, the trans-
ferred membrane was incubated in PBS (10 mM phosphate, 137 mM

NaCl, 2.7 mM KCl) containing 4% paraformaldehyde (PFA). After
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Figure 1. MAO-B inhibition facilitates a-syn secretion in SH-SY5Y cells. Western blottings of TCA-precipitated CM and cell lysates are labeled by Syn-1 antibody. b -Actin is used as a load-
ing control. A, Parental SH-SY5Y cells were treated with selegiline for 24 h (n= 6). Cell lysates are blotted. Data were analyzed by Welch-ANOVA (F(3,20) = 1.272, p= 0.311) with Games–
Howell post hoc test. B, CHX chase experiments of parental SH-SY5Y cells with and without selegiline. The intracellular levels of a-syn were analyzed by Western blotting of cell lysates with
Syn-1 antibody (n= 9; F(4,40) = 26.140, p, 0.001, ANOVA). C, wt-aS/SH cells were treated with selegiline for 24 h. The extracellular levels of a-syn were analyzed by Western blotting of CM
with Syn-1 antibody (n= 4; F(3,12) = 159.338, p, 0.001, ANOVA). D, Assessment of LDH release in selegiline-treated cells (n= 9). E, After treating wt-aS/SH cells with rasagiline for 24 h, CM
and cell lysates were blotted (n= 6; F(3,20) = 14.391, p, 0.001, ANOVA). F, After treating wt-aS/SH cells with TVP-1022 for 24 h, CM and cell lysates were blotted (n= 4; F(3,12) = 0.546,
p= 0.660, ANOVA). G, Assessment of LDH release in rasagiline-treated and TVP-1022-treated cells (n= 9). H, MAO-A or MAO-B knock-down wt-aS/SH cells were incubated in Opti-MEM for
24 h. The extracellular levels of a-syn were analyzed by Western blotting of CM with Syn-1 antibody (n= 6; F(2,15) = 7.394, p= 0.006, ANOVA). Left upper and middle panels show blots of
cell lysates with MAO-A and MAO-B antibodies, respectively. Right upper and middle panels show blots of CM and cell lysates with Syn-1, respectively. Left lower graph shows cell viability in
knock-down cells (n= 4). A–C, E, F, H, Graphs show the ratios of relative intensities of a-syn signals to controls. D, G, Graphs show LDH release ratios to lysis buffer-treated cells as a positive
control. Data represent mean6 SD. B–H, Data were analyzed by one-way ANOVA with Bonferroni’s post hoc test; *p, 0.05, **p, 0.01, ***p, 0.001. Control, Cont; cycloheximide, CHX;
MAO-A, M-A; MAO-B, M-B; lysis buffer, Ly. buffer; rasagiline, Ras; secreted a-syn, Sec. aS; selegiline, Sel; TVP-1022, TVP.
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incubation, the membrane was washed in Tris-
buffered saline (TBS; 25 mM Tris-HCl, pH 7.4,
137 mM NaCl, and 2.7 mM KCl) containing 0.05%
(v/v) Tween 20 (TBS-T) for 10min 3 times. The
membrane was blocked by TBS-T containing 5%
skim milk for 30min, incubated in TBS-T con-
taining 2.5% skim milk and primary antibody
overnight at 4°C, and further incubated in the
same buffer containing the corresponding sec-
ondary antibody overnight at 4°C. To visualize
the signal, membranes were treated with ECL plus
(Thermo Fisher Scientific) for detection of insoluble
a-syn protein of cell lysates and a-syn of CM. In
other signals, membranes were treated with ECL
(Thermo Fisher Scientific). Signals were recorded
using a CCD camera, VersaDog 5000 (Bio-Rad) or
Fusion FX7 (Vilbert Lourmat). Levels of a-syn were
estimated by semiquantifying band intensities with
Quantity One software (Bio-Rad). The following
antibodies were used: anti-a-syn (1:2500, Syn-1, BD
Transduction Laboratories), anti-b -actin (1:10,000,
AC-15, Sigma), anti-MAO-A (1:5000, EPR7101,
Abcam) and anti-MAO-B (1:5000, EPR7102,
Abcam) antibodies.

Rat rAAV-mediated a-syn expression and
transmission models
Experiments using rats had been approved by
the Animal Subjects Committees of Yamagata
University (#27075) and Osaka Medical and
Pharmaceutical University (#21002-A). We
unilaterally injected 1.36� 109 genome cop-
ies of the rAAV2-familial PD-linked A53T
human a-syn vector into the substantia nigra
of nine-week-old male Sprague Dawley rats
as described previously (Sato et al., 2011).

Recombinant a-syn proteins were purified as
described previously (Nonaka et al., 2005). To
obtain a-syn preformed fibrils (PFF), purified
a-syn proteins were incubated with agitation at
37°C in 30 mM Tris-HCl buffer (pH 7.4) for 18d.
Fibril formation was monitored by thioflavin-T
assay. PFF were collected by centrifugation at
300,000� g for 1 h followed by dilution in the
sterilized Tris-HCl buffer with brief sonication.
We unilaterally injected 1.09� 109 genome cop-
ies of the rAAV2-wild-type a-syn vector into the
substantia nigra of nine-week-old male Sprague
Dawley rats using Hamilton Neuro syringe. After
two weeks of rAAV injection, the solution con-
taining 10mg of PFF was injected into the ipsilat-
eral striatum at the following coordinates: 0.2
mm posterior to and 3.3 mm left of bregma and
4.7 mm ventral to dura.

Immunohistochemistry and
immunofluorescence
Immunohistochemical staining was performed
on free-floating sections as described previously
(Sato et al., 2011). Briefly, rats were transcardially
perfused with physiological saline followed by 4%
PFA/PBS. Their brains were removed and post-
fixed in 8% PFA/PBS containing 4% sucrose for
48 h. The brains were equilibrated stepwise with
7.5%, 15%, and 30% sucrose. These brains were coronally sectioned on a
freezing microtome at a thickness of 30mm. Sections were collected in
ten series to be regularly spaced at intervals of 300mm from each other.
For immunohistochemical staining, sections were permeabilized with
0.1% Triton X-100/PBS for 10min and treated with 0.3% hydrogen

peroxide for 5min. After blocking in 3% normal goat serum for 30min,
the sections were incubated with the primary antibody with gentle shak-
ing at 4°C overnight. After washing, the sections were incubated with
the appropriate biotinylated secondary antibody for 1 h, followed by
avidin-biotin-peroxidase complex (Vector Laboratories) for 1 h. The
sections were visualized using 3,39-diaminobenzidine. The following

Figure 2. MAO-B inhibition facilitates a-syn secretion via the non-classical ABC transporter-mediated pathway. Western
blot analysis of TCA-precipitated CM and cell lysates with Syn-1 antibody. b -Actin was used as a loading control. A, B,
Effect of brefeldin A on MAO-B inhibitor-induced a-syn secretion. wt-aS/SH cells were treated with 1 mM selegiline (A) or
1 mM rasagiline (B) in the absence and presence of 7 mM brefeldin A for 6 h (n= 3 per group). C, D, Effect of probenecid
on MAO-B inhibitor-induced a-syn secretion. wt-aS/SH cells were treated with 1 mM selegiline (C; n= 4; F(2,9) = 65.197,
p, 0.001, ANOVA) or 1 mM rasagiline (D; n= 3; F(2,6) = 10.362, p= 0.011, ANOVA) in the absence and presence of 10
mM probenecid for 24 h. E, F, Effect of glyburide on MAO-B inhibitor-induced a-syn secretion. After pretreating wt-aS/SH
cells with vehicle or 5 mM glyburide for 24 h, cells were treated with 1 mM selegiline (E; n= 3; F(2,6) = 77.896, p, 0.001,
ANOVA) or 1 mM rasagiline (F; n= 3; F(2,6) = 64.275, p, 0.001, ANOVA) in the absence and presence of 5 mM glyburide
for 24 h. C–F, Middle graphs show the ratios of relative intensities of a-syn signals to controls. A–F, Right graphs show
LDH release ratios to lysis buffer-treated cells (n= 6). Data represent mean6 SD. Data were analyzed by one-way ANOVA
with Bonferroni’s post hoc test; *p, 0.05, **p ,0.01, ***p ,0.001. Brefeldin A, Bre; Glyburide, Gly; lysis buffer, Ly.
buffer; probenecid, Pro; rasagiline, Ras; secreted a-syn, Sec. aS; selegiline, Sel.
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primary antibodies were used: anti-human a-syn (1:200, LB509,
Thermo Fisher Scientific), anti-TH (1:2000, AB152, Millipore), anti-do-
pamine transporter (DAT; 1:2000, sc-1433, Santa Cruz Biotechnology),
anti-GFP (1:500, A11122, Thermo Fisher Scientific), and anti-Ser129-
phosphorylated (pS129) a-syn (1:200, EYPSYN-01, courtesy of Eisai)
antibodies.

For immunofluorescent staining, PFA-fixed sections were
blocked with TBS-T containing 5% skim milk for 1 h, and then
incubated with a mixture of anti-TH (1:400, LNC1, mouse mono-
clonal, Cell Signaling Technology) and anti-pS129 a-syn (1:500,
rabbit monoclonal, EP1536Y, Abcam) antibodies overnight at 4°C.
After washing, sections were incubated with a mixture of Alexa
Fluor 488 donkey anti-mouse IgG (H 1 L) (1:500, Jackson
ImmunoResearch) and Alexa Fluor 594 donkey anti-rabbit IgG
(H 1 L) (1:500, Jackson ImmunoResearch) for 2 h at RT. Images
were acquired on laser-scanning confocal microscope (TCS SP8,
Leica).

Assessment of nigral cell number and striatal optical density
To count nigral TH-positive neurons, we used sections covering the
entire substantia nigra from caudal (bregma ;�4.60 mm) to rostral
(bregma ;�6.60 mm) boundaries according to the rat brain atlas (Sato
et al., 2011; Arawaka et al., 2017). This contained six to seven serial sec-
tions for each animal. After immunostaining, an unbiased stereological
estimation was performed by an optical fractionator method using
Stereo Investigator software (MicroBrightField). The region of interest
was traced and sampled using an Olympus BX50 microscope at magnifi-
cations of 4� and 20�, respectively. The counting parameters were the
x-y sampling grid size (180� 180mm), the counting frame size (160 -
� 160mm), the dissector height (6mm), and the guard-zone thickness
(3mm). The obtained counts were verified to archive a Gunderson’s coef-
ficient of error,0.10.

To assess striatal dopaminergic nerve fibers, we measured their
optical densities (Sato et al., 2011; Arawaka et al., 2017). After

Figure 3. Effects of reserpine on MAO-B inhibition-induced a-syn secretion. Western blot analysis of TCA-precipitated CM and cell lysates with Syn-1 antibody. b -Actin
was used as a loading control. A, MAO-B knock-down wt-aS/SH cells were treated with 10 mM reserpine for 24 h (n = 4; F(3,12) = 19.555, p, 0.001, ANOVA). Blots of cell
lysates are labeled by Syn-1, MAO-B, and b -actin antibodies. B, wt-aS/SH cells were treated with 1 mM selegiline and 10 mM reserpine for 48 h (n = 3; F(3,8) = 26.584,
p, 0.001, ANOVA). C, wt-aS/SH cells were treated with 1 mM rasagiline and 10 mM reserpine for 24 h (n = 3; F(3,8) = 26.760, p, 0.001, ANOVA). A–C, Middle graphs show
the ratios of relative intensities of a-syn signals to controls. Right graphs show LDH release ratios to lysis buffer-treated cells (n = 5). Data represent mean 6 SD. Data were
analyzed by one-way ANOVA with Bonferroni’s post hoc test; *p, 0.05, **p, 0.01, ***p, 0.001. Lysis buffer, Ly. buffer; Not significant, NS; rasagiline, Ras; reserpine,
Res; secreted a-syn, Sec. aS; selegiline, Sel.
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immunostaining, the nearest section to bregma was determined accord-
ing to the rat brain atlas. We analyzed nine sections from ;11.2 to ;–
1.2 mm relative to bregma. The optical densities of immunoreactive
fibers were measured using ImageJ software (version 1.45s, National
Institutes of Health). Nonspecific background intensities were simulta-
neously assessed by measuring the optical densities of cerebral cortical
areas and were subtracted from the total values.

Assessment of striatal Ser129-phosphorylated a-syn-positive
aggregates
To assess a-syn aggregates, we counted the number of pS129 a-syn-pos-
itive aggregates in the striatum (Sato et al., 2011; Arawaka et al., 2017).
In sections stained with anti-pS129 a-syn antibodies, we analyzed the
injected sides of three sections, including 10.3, 0, and –0.3 mm relative
to bregma, by the optical fractionator method using Stereo Investigator
software. The region of interest was traced and sampled using an
Olympus BX50 microscope at magnifications of 4� and 10�, respec-
tively. By setting the x-y sampling grid size equal to the counting frame
size (330� 330mm), we scanned the whole area of the striatum on the
section. We counted dot-like, rod-like or round structures positive for

anti-pS129 a-syn antibodies. These structures were morphologically
defined as axonal swellings and dystrophic terminals.

Cylinder test and measurement of striatal DA contents
At eightweeks after viral injection, cylinder test was performed as
described previously (Oueslati et al., 2013; Boix et al., 2015). The number
of wall contacts was counted by one observer blinded to the treatment
given and one non-blinded observer. Rats failing to reach 10 contacts
were excluded from the analyses (Ztaou et al., 2016). The striatal DA
contents were measured as described previously (Kasai et al., 2017).
The left (lesioned side) or right (intact side) striatum was individu-
ally homogenized in 0.2 M perchloric acid containing 100 pg/ml iso-
proterenol as an internal standard. The homogenates were kept on
ice for 30 min followed by centrifugation at 15,000� g for 20 min
at 4°C, and each supernatant was filtrated through a 0.45-mm filter
membrane. The supernatants were stored at �80°C until measure-
ment. The DA content was measured in a high-performance liquid
chromatography-electrochemical detection system (Eicom Corp.).
Each sample was injected into a C18 reverse-phase column
(Eicompak SC-5ODS) conditioned at 25°C. The mobile phase

Figure 4. Effects of MAO-B inhibition on secretion and intracellular accumulation of detergent-insoluble a-syn protein under lysosomal dysfunction. wt-aS/SH cells were treated with 100
mM chloroquine and 1 mM selegiline for 48 h. The levels of a-syn in 1% Triton X-100 soluble fractions of cells (A; n= 4; F(3,12) = 0.081, p= 0.969, ANOVA), 1% Triton X-100 insoluble fractions
of cells (B; n= 4; F(3,12) = 31.578, p, 0.001, ANOVA), 1% Triton X-100 soluble fractions of CM (C; n= 4; F(3,12) = 3.058, p= 0.070, ANOVA), and 1% Triton X-100 insoluble fractions of CM (D;
n= 4; F(3,12) = 27.908, p, 0.001, ANOVA) were analyzed by Western blotting. b -Actin was used as a loading control of 1% Triton X-100 soluble fractions of cells. Graphs show the ratios of
relative intensities of a-syn signals to controls. E, Assessment of LDH release in selegiline and chloroquine-treated cells (n= 9; F(3,32) = 45.271, p, 0.001, ANOVA). Graphs show LDH release
ratios to lysis buffer-treated cells. Data represent mean6 SD and were analyzed by one-way ANOVA with Bonferroni’s post hoc test; *p, 0.05, **p, 0.01, ***p, 0.001. Chloroquine, Chl;
conditioned medium, CM; lysis buffer, Ly. buffer; secreted a-syn, Sec. aS; selegiline, Sel.
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comprising 0.1 M acetic acid-citric acid buffer (pH 3.5), 15% (v/v)
methanol, 190 mg/l sodium 1-octanesulfonate, and 5mg/l ethyle-
nediaminetetraacetic acid was delivered at a flow rate of 0.5 ml/
min. The applied potential was set at 1750mV versus Ag/AgCl.
The content of monoamines and their metabolites was calculated
using standard curves.

Statistics
Statistical analysis was performed using the SPSS software (version 17,
IBM). Comparison of two groups was performed by unpaired t test.
Multiple comparisons above three groups were performed by one-way or
two-way ANOVA with Bonferroni’s post hoc test, when the variances were
homogenous. In case of non-homogeneity of variances, comparisons were
performed by Welch-ANOVA with Games–Howell post hoc test. To ana-
lyze the data of pS129 a-syn aggregates by two-way ANOVA, they were
log-transformed to achieve homogeneity of variance. Ratios of the striatal
DA contents in the intact and lesioned sides were analyzed by one-way
ANOVA with Tukey’s post hoc test. Data are expressed as mean 6 SD;
p, 0.05 was considered statistically significant.

Results
Inhibition of MAO-B enzymatic activity modulates a-syn
secretion in SH-SY5Y cells
To explore the effects of MAO-B on a-syn metabolism in cells, we
investigated whether MAO-B inhibition affected the expression of

a-syn protein. In parental SH-SY5Y
cells, treatment with MAO-B inhibitor
selegiline did not alter the intracellular
levels of endogenous a-syn (Fig. 1A).
However, when the effects of selegiline
on the metabolic fate of a-syn were
assessed using a CHX-chase experi-
ment, treatment with CHX for 24 h
reduced the levels of a-syn protein to
0.676 0.15-fold compared with those
in untreated cells (p, 0.001), and the
a-syn levels were further reduced by
the addition of 1 mM (0.446 0.14-fold
reduction, p = 0.022) or 1 mM (0.396
0.16-fold reduction, p = 0.003) of sele-
giline (Fig. 1B). These findings suggest
that selegiline facilitates the intracellu-
lar clearance of a-syn, and that this
effect is weaker than that of a-syn pro-
tein synthesis. To test the possibility
that selegiline might affect a-syn secre-
tion in cells, we next examined a-syn
protein levels in CM using wt-aS/SH
cells. Treatment with selegiline for 24 h
increased the extracellular levels of
a-syn to 2.246 0.51-fold at 1 nM (p =
0.016), 3.256 0.51-fold at 1 mM (p, 0.001),
and 7.326 0.34-fold at 1 mM (p, 0.001;
Fig. 1C). b -Actin signals were not detected
in CM, and treatment with selegiline did not
alter extracellular LDH release (Fig. 1D).
These findings indicate that a-syn signals in
CM are not caused by contamination of in-
tracellular proteins or cell membrane
damage. Similar to selegiline, treatment
with a different MAO-B inhibitor, rasa-
giline, significantly increased the extrac-
ellular levels of a-syn to 2.086 0.60-fold
at 1 mM (p = 0.008) and 2.696 0.69-fold
at 1 mM (p, 0.001; Fig. 1E). In contrast,

treatment with TVP-1022, the relatively inactive (;1000 times
less active than rasagiline) S-isomer of rasagiline, failed to
increase a-syn secretion (Youdim et al., 2001; Fig. 1F).
Rasagiline and TVP-1022 did not affect extracellular LDH
release (Fig. 1G). siRNA-mediated knock-down of MAO-B
significantly increased a-syn secretion to 1.626 0.34-fold
(p = 0.014), while knock-down of MAO-A had no such effect
(Fig. 1H). MAO-B knock-down did not affect cell viability.
These findings indicate that the inhibition of MAO-B enzy-
matic activity modulates a-syn secretion.

MAO-B inhibition modulates a-syn secretion via a non-
classical pathway involving an ABC transporter
a-Syn has been demonstrated to be secreted via a non-classical
pathway (Jang et al., 2010). To explore whether MAO-B inhibi-
tion facilitates a-syn secretion via this pathway, wt-aS/SH cells
were co-treated with MAO-B inhibitors and brefeldin A, which
interferes with classical ER/Golgi transport (Jang et al., 2010).
Selegiline-induced and rasagiline-induced increases in a-syn
secretion were unaffected by 7 mM brefeldin A treatment (Fig.
2A,B). From experiments using pharmacological inhibition of
ABC transporter by probenecid, glyburide, and reserpine, the
secretion of non-classically secreted proteins including

Figure 5. Distinct involvement of ABC transporter between MAO-B inhibition-induced and lysosomal dysfunction-induced
a-syn secretion. Western blot analysis of 1% Triton X-100 soluble fractions of CM (left upper blots of each panel), 1% Triton
X-100 insoluble fractions of CM (right upper blots of each panel), 1% Triton X-100 soluble fractions of cells (left middle blots
of each panel), and 1% Triton X-100 insoluble fractions of cells (right lower blots of each panel) with Syn-1 antibody.
b -Actin was used as a loading control of 1% Triton X-100 soluble fractions of cells. A, wt-aS/SH cells were treated with 1
mM selegiline in the absence and presence of 10 mM reserpine for 48 h (comparison of secreted insoluble a-syn levels,
n= 3, F(2,6) = 16.883, p= 0.003, ANOVA; comparison of intracellular insoluble a-syn levels, n= 5, F(2,12) = 38.356,
p, 0.001, ANOVA). B, wt-aS/SH cells were treated with 100 mM chloroquine in the absence and presence of 10 mM reser-
pine for 48 h (comparison of secreted insoluble a-syn levels, n= 4, F(2,9) = 52.850, p, 0.001, ANOVA; comparison of intra-
cellular insoluble a-syn levels, n= 3, F(2,6) = 46.223, p, 0.001, ANOVA). Graphs show the ratios of relative intensities of
a-syn signals to controls. Data represent mean 6 SD and were analyzed by one-way ANOVA with Bonferroni’s post hoc
test; *p, 0.05, **p, 0.01, ***p, 0.001. Chloroquine, Chl; not significant, NS; reserpine, Res; secreted a-syn, Sec. aS;
selegiline, Sel.
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interleukin 1b (IL-1b ), macrophage
migration inhibitory factor (MIF), and
Y-box protein-1 (YB-1) has been shown
to involve ABC transporters (Andrei et
al., 1999; Flieger et al., 2003; Loebinger et
al., 2008; Frye et al., 2009). We therefore
investigated whether MAO-B inhibi-
tion-induced a-syn secretion involved
an ABC transporter. In wt-aS/SH cells,
treatment with 10 mM probenecid for
24 h suppressed the increase in a-syn
secretion caused by 1 mM selegiline
(p, 0.001) or rasagiline (p = 0.049; Fig.
2C,D). Similarly, treatment with 5 mM

glyburide also reduced the increase in
a-syn secretion caused by 1 mM selegi-
line (p = 0.002) or rasagiline (p, 0.001;
Fig. 2E,F). In these experiments, the in-
tracellular levels of a-syn were not
altered, and these chemical treatments
did not affect LDH release (Fig. 2A–F).
Additionally, treatment with 10 mM re-
serpine for 24 h significantly blocked
a-syn secretion to 0.476 0.13-fold com-
pared with untreated cells (p= 0.030; Fig.
3A). In MAO-B knock-down wt-aS/SH
cells, an increase in a-syn secretion was
inhibited by reserpine (p, 0.001; Fig.
3A). Treatment with reserpine also sup-
pressed the increase in a-syn secretion
induced by selegiline (p= 0.001) or rasa-
giline (p, 0.001; Fig. 3B,C). However,
intracellular a-syn expression and LDH
release were not altered (Fig. 3A–C).
These findings suggest that MAO-B inhi-
bition facilitates a-syn secretion via the
non-classical pathway, and that an ABC
transporter is involved in this secretion.

MAO-B inhibition preferentially
facilitates the secretion of detergent-
insoluble a-syn protein
To investigate how selegiline affects the
secretion of a-syn protein under stress
conditions, we treated wt-aS/SH cells
with 1 mM selegiline in the absence and
presence of a lysosome inhibitor, chloro-
quine, at 100 mM for 48 h. We then frac-
tionated the cells into 1% Triton X-100
soluble and insoluble proteins. The intra-
cellular levels of 1% Triton X-100-soluble
a-syn protein were similar between sele-
giline-treated or chloroquine-treated cells
and untreated cells (Fig. 4A). However,
the intracellular levels of 1% Triton X-
100-insoluble a-syn protein were signifi-
cantly decreased to 0.526 0.14-fold in
selegiline-treated cells (p = 0.013), while
they were increased to 1.716 0.13-fold
in chloroquine-treated cells (p = 0.001;
Fig. 4B). In cells co-treated with selegi-
line and chloroquine, selegiline treat-
ment blocked the chloroquine-induced

Figure 6. MAO-B inhibition attenuates a-syn-induced dopaminergic neuronal loss in rats. A, Experiment schedule. Selegiline was
resolved in saline before use. The selegiline solution was subcutaneously injected at a dose of 10mg/kg once daily from 3 d before
the viral injection to the day before killing. As a control, the same volume of vehicle was simultaneously injected in a separate set of
rats. Rats were killed at twoweeks (vehicle, n=5; selegiline, n=6), four weeks (vehicle, n=4; selegiline, n=5), eight weeks (vehi-
cle, n=4; selegiline, n=4), and 12weeks (vehicle, n=8; selegiline, n=4) after rAAV-A53T a-syn injection. B,
Immunohistochemical analysis of rat midbrains injected rAAV-A53T a-syn. Left panels show anti-human a-syn antibody (LB509)-
stained images at low (scale bar: 2 mm) and high magnifications (scale bar: 100mm). Right panels show anti-TH antibody-stained
sections (scale bar: 2 mm). C, Assessment of nigrostriatal dopaminergic neuronal damage by rAAV-A53T a-syn injection. Left graph
shows percentages of the remaining nigral TH-positive neurons in the lesioned sides to those in the intact sides. A two-way ANOVA
demonstrated significant main effects for the drug (F(1,32) = 26.901, p, 0.001) and for time (F(3,32) = 75.607, p, 0.001), with a sig-
nificant drug� time interaction (F(3,32) = 8.814, p, 0.001). In the vehicle-treated rats, the numbers of TH-positive neurons in intact
sides were 25,265.06 1306.5 and 21,855.86 4146.9 at 8 and 12weeks after viral injection, respectively. In the selegiline-treated
rats, the numbers of TH-positive neurons in intact sides were 19,553.96 3387.2 and 21,484.06 2388.3 at 8 and 12weeks after viral
injection, respectively. Right graph shows percentages of the remaining TH-positive fibers in the striatum. A two-way ANOVA demon-
strated significant main effects for the drug (F(1,32) = 75.728, p, 0.001) and for time (F(3,32) = 141.373, p, 0.001), with a significant
drug� time interaction (F(3,32) = 16.381, p, 0.001). D, Assessment of nigral dopaminergic neuronal damage by rAAV-GFP injection.
Rats were killed two and eight weeks later (n=5 per group). Graph shows percentages of remaining nigral TH or DAT-positive
neurons in the lesioned sides to those in the intact sides. E, Assessment of motor impairment by rAAV-A53T a-syn injec-
tion (n= 7 per group). Cylinder test was performed at eight weeks after rAAV-A53T a-syn injection. Left and right
graphs show total forepaw touches and percentages of right paw touches to total paw ones, respectively. F, Striatal DA
contents at eight weeks after rAAV-A53T a-syn injection (n = 7 per group). Left and right graphs show the striatal DA
contents and the ratios of DA contents in the lesioned sides to those in the intact sides, respectively. Data represent
mean 6 SD and were analyzed by two-way ANOVA with Bonferroni’s post hoc test (C), unpaired t test (E and right
graph of F), and one-way ANOVA with Tukey’s post hoc test (F, left graph). Data represent mean 6 SD; *p, 0.05,
**p, 0.01, ***p, 0.001. Dopamine, DA; dopamine transporter, DAT; a-syn, aS; tyrosine hydroxylase, TH.
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increase (p = 0.002). We next investigated the extracellular
secretion of 1% Triton X-100-soluble and Triton X-100-in-
soluble a-syn proteins. The extracellular levels of 1% Triton
X-100-soluble a-syn protein were similar between the selegi-
line-treated or chloroquine-treated cells and untreated cells
(Fig. 4C). In contrast, the extracellular levels of 1% Triton X-
100-insoluble a-syn protein were significantly elevated to
10.956 2.35-fold in selegiline-treated cells (p = 0.048) and
18.586 5.57-fold in chloroquine-treated cells (p = 0.001). In

cells co-treated with selegiline and chloro-
quine, the extracellular levels of 1% Triton
X-100-insoluble a-syn protein were further
elevated to 28.676 6.47-fold (p=0.044 co-
mpared with chloroquine-treated cells; Fig.
4D). In the LDH assay, treatment with
chloroquine increased LDH release to
;30% of that of lysis buffer-treated cells,
suggesting that chloroquine-induced mem-
brane damage may affect the elevation of
1% Triton X-100-insoluble a-syn in CM
(Fig. 4E). However, LDH release after co-
treatment with chloroquine and selegiline
was similar to that after treatment with
chloroquine only, indicating that selegiline
facilitated a-syn secretion without addi-
tional damage of cell membranes. These
findings suggest that selegiline preferen-
tially facilitates the secretion of detergent-
insoluble a-syn protein under lysosomal in-
hibition, resulting in the prevention of in-
tracellular a-syn accumulation.

The effects of selegiline on the extracel-
lular and intracellular levels of 1% Triton
X-100-insoluble a-syn protein were sig-
nificantly blocked by the addition of re-
serpine (extracellular levels, p = 0.026;
intracellular levels, p = 0.021; Fig. 5A).
Conversely, the effects of 100 mM chloro-
quine on the extracellular and intracellular
levels of 1% Triton X-100-insoluble a-syn
protein were not significantly altered by
the addition of reserpine (Fig. 5B). These
findings suggest that MAO-B inhibition
preferentially facilitates the secretion of de-
tergent-insoluble a-syn protein via the
ABC transporter-mediated pathway, and
this secretory pathway is distinct from one
induced by lysosomal dysfunction.

Effects of MAO-B inhibition on a-syn-
induced dopaminergic neuronal loss in
rats
To elucidate the effects of MAO inhibition
on a-syn-induced neurotoxicity in vivo,
we injected rAAV-A53T human a-syn
into the rat substantia nigra and repeatedly
administered selegiline (10mg/kg, subcu-
taneous injection, once a day) to rats from
3d before the viral injection to the day
before killing (Fig. 6A). This dose of selegi-
line has been demonstrated to inhibit both
MAO-B and MAO-A activities in the
rodent brain. In the vehicle-treated group,
immunohistochemistry using the human

a-syn antibody (LB509) showed that A53T a-syn was expressed
in neurons of the substantia nigra pars compact and its sur-
rounding area to a lesser extent at twoweeks after viral injection
(Fig. 6B). The immunoreactivities with LB509 antibody
decreased at eightweeks after viral injection, but they were seen
in nigral neurons during the observation period. Also, nigral
TH-positive neurons were gradually reduced after the rAAV-
A53T a-syn injection (Fig. 6B). At 8 and 12weeks after the viral

Figure 7. MAO-B inhibition delays the formation of pS129 a-syn aggregates. Rats were killed at two weeks (vehicle,
n= 4; selegiline, n= 6), four weeks (vehicle, n= 4; selegiline, n= 5), eight weeks (vehicle, n= 4; selegiline, n= 4), and
12 weeks (vehicle, n= 8; selegiline, n= 4) after rAAV-A53T a-syn injection. A, Immunohistochemical analysis of striatal
pS129 a-syn aggregates. Micrographs show pS129 a-syn aggregates of upper and middle portions of the dorsal lateral stria-
tum at 4, 8, and 12 weeks after viral injection. Scale bar: 100mm. B, Graph shows the number of pS129 a-syn aggregates.
A two-way ANOVA demonstrated significant main effects for the drug (F(1,31) = 8.619, p= 0.006) and for time
(F(3,31) = 162.594, p, 0.001), with a significant drug � time interaction (F(3,31) = 4.204, p= 0.013). Data were log-trans-
formed and analyzed by two-way ANOVA with Bonferroni’s post hoc test. Data represent mean 6 SD; *p, 0.05. C,
Immunofluorescent analysis of striatal pS129 a-syn aggregates at 12 weeks after rAAV-A53T a-syn injection. Left and mid-
dle micrographs show the sections stained with anti-TH (green) and anti-pS129 a-syn (red) antibodies, respectively. Right
micrograph shows the merged image. Arrowheads indicate TH-positive and pS129 a-syn-positive aggregates. Scale bar:
25mm. Tyrosine hydroxylase, TH.
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injection, selegiline-treated rats had sig-
nificantly higher percentages of remain-
ing nigral TH-positive neurons
compared with the vehicle-treated rats
(p, 0.001 each; Fig. 6C). Similarly, sele-
giline treatment significantly reduced the
loss of striatal TH-positive fibers com-
pared with vehicle treatment (p, 0.001
each). To examine whether the rAAV-
mediated gene transfer itself causes arti-
ficial damage in this model, we per-
formed an injection of rAAV-GFP into
rats. The rAAV-mediated expression of
GFP led to;15% loss of nigral TH-posi-
tive neurons (Fig. 6D). However, it did
not result in the progressive loss of nigral
TH-positive neurons between two and
eightweeks after the viral injection.
Similarly, the numbers of nigral DAT-
positive neurons in rAAV-GFP rats were
comparable between two and eightweeks
after the viral injection.

Eight weeks after the viral injection,
the cylinder test was used to assess the
effects of selegiline on motor impair-
ment. In the vehicle-treated group, sig-
nificant asymmetry of forepaw touches,
with reduced use of the right side (con-
tralateral to the viral-injected side), was
observed in rAAV-A53T a-syn rats.
Although the total forepaw touches were
comparable between the vehicle-treated
and selegiline-treated groups, the per-
centage of right paw touches to total paw
touches in the selegiline-treated group
was 1.946 0.54-fold higher than that in
the vehicle-treated group (t(12) = 2.945,
p=0.012, unpaired t test), indicating that
selegiline prevents A53T mutant a-syn-
induced motor impairment (Fig. 6E).
Treatment with selegiline also increased
the DA content in the lesioned and intact
sides through the inhibition of MAO ac-
tivity (Fig. 6F). The ratio of DA in the
lesioned side to that in the intact side
was 3.186 2.26-fold higher in the selegi-
line-treated group than in the vehicle-
treated group (t(7.182) = 2.429, p=0.045,
unpaired t test), indicating that selegiline
treatment leads to retained DA content
in the lesioned side by preventing dopa-
minergic neuronal loss.

Effects of MAO-B inhibition on the
formation of a-syn aggregates in rats
In this rat model, we next examined the
number of pS129 a-syn-positive aggre-
gates in the striatum. We defined a-syn
aggregates as pS129 a-syn-positive dot-
like, round, or rod-like abnormal structures in neurites. In this
study, we did not assess a-syn aggregate formation in the sub-
stantia nigra because the overexpression of a-syn induced diffuse
immunoreactivity to pS129 a-syn in the somata. At two, four,

and eightweeks after rAAV-53T a-syn injection, selegiline treat-
ment reduced the formation of pS129 a-syn-positive aggregates
to 0.536 0.19-fold (p=0.023), 0.556 0.19-fold (p= 0.018), and
0.546 0.14-fold (p= 0.030), respectively, compared with vehicle
treatment (Fig. 7A,B). However, this effect of selegiline was lost

Figure 8. MAO-B inhibition delays a-syn aggregation in the rat transmission model. A, Experiment schedule. At 4 d post-
PFF injection, we began to subcutaneously administer selegiline (10 mg/kg) and repeatedly administered it once a day until
the day before killing. As a control, the same volume of vehicle was simultaneously injected in a separate set of rats. Rats were
killed at six weeks (vehicle, n= 5; selegiline, n= 5) and eight weeks (vehicle, n= 5; selegiline, n= 6 for analysis of pS129
a-syn aggregation or n= 4 for analysis of nigral TH-positive neuron viability) after PFF inoculation. B, Effect of selegiline on
the formation of pS129 a-syn aggregates in the rat transmission model. Micrographs show anti-pS129 a-syn antibody-stained
striatal sections at six weeks after PFF inoculation and eight weeks after PFF, saline or purified soluble a-syn protein inoculation
in rAAV-wild-type a-syn-injected rats, and at six weeks after PFF inoculation in non-rAAV-injected rats. Graph shows the num-
ber of pS129 a-syn aggregates. A two-way ANOVA demonstrated significant main effects for drug (F(1,17) = 6.279, p= 0.023)
and for time (F(1,17) = 89.970, p, 0.001), with no significant drug � time interaction (F(1,17) = 3.890, p= 0.065). Scale bars:
100mm. C, Graph shows remaining nigral TH-positive neurons. A two-way ANOVA demonstrated significant main effects for
drug (F(1,15) = 14.379, p= 0.002) and for time (F(1,15) = 14.197, p= 0.002), with no significant drug � time interaction
(F(1,15) = 3.746, p= 0.072). The numbers of TH-positive neurons in intact sides were 18,018.16 1749.9 and
15,060.16 1690.8 at six weeks post-PFF injection in the vehicle-treated and selegiline-treated rats, respectively. Data repre-
sent mean 6 SD and were analyzed by two-way ANOVA with Bonferroni’s post hoc test; **p , 0.01. a-Syn, aS; tyrosine
hydroxylase, TH.
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at 12weeks after viral injection. These findings suggest that treat-
ment with selegiline can delay the formation of striatal pS129
a-syn-positive aggregates. Immunofluorescent analysis of the
striatum at 12weeks after viral injection demonstrated that
pS129 a-syn-positive aggregates were formed in TH-positive
neurons, supporting the relationship between the expression of
a-syn and loss of nigrostriatal dopaminergic neurons (Fig. 7C).

Effects of MAO-B inhibition on cell-to-cell transmission of
a-syn protein in rats
To assess whether MAO-B inhibition modulates the cell-to-cell
transmission of a-syn, we injected rAAV-wild-type human
a-syn into the rat substantia nigra, and then inoculated a-syn
PFF into the ipsilateral striatum twoweeks later (Fig. 8A). After
4 d, we began to administer selegiline (10mg/kg, subcutaneous
injection) and repeatedly administered it once a day until the day
before killing. At sixweeks post-PFF injection, the number of
striatal pS129 a-syn aggregates in the selegiline-treated group
was 0.556 0.14-fold lower than that in the vehicle-treated group
(p=0.007; Fig. 8B). However, at eightweeks post-PFF injection,
the numbers of pS129 a-syn aggregates were similar between the
two groups (p= 0.704). The percentage of remaining nigral TH-
positive neurons in the selegiline-treated group was 1.626 0.25-
fold higher than that in the vehicle-treated group at sixweeks
post-PFF injection (p=0.001), but this effect was lost at
eightweeks post-PFF injection (p=0.221; Fig. 8C). The inocula-
tion of TBS-soluble a-syn protein yielded a faint pS129 a-syn
immunoreactivity around the needle insertion area, while the

inoculation of saline did not (Fig. 8B). We
also inoculated PFF into rats that were not
injected with rAAV-wild-type a-syn. At
six weeks after PFF injection, these rats
showed very few pS129 a-syn-positive
structures in the striatum (Fig. 8B). This
finding indicates that PFF facilitates the
formation of pS129 a-syn aggregates by
reacting with rAAV-mediated expres-
sion of wild-type a-syn in this rat model.
Additionally, the reduction in nigral TH-posi-
tive neurons after inoculation with saline or
TBS-soluble a-syn was significantly weaker
than that after inoculation with PFF (Fig. 8C).
These findings suggest that treatment with
selegiline delays striatal PFF-stimulated aggre-
gation and nigral dopaminergic neuronal loss
during a short period.

Discussion
Although most secretory proteins are released
via the classical ER/Golgi exocytotic pathway,
some inflammatory mediators are known to
be released via the non-classical ER/Golgi-in-
dependent pathway (Kim et al., 2018). These
molecules commonly lack an amino-terminal
or transmembrane signal peptide sequence for
ER targeting. This non-classical secretion is
insensitive to brefeldin A, which interferes
with ER/Golgi transport (Flieger et al., 2003;
Frye et al., 2009). a-Syn lacks the ER target
signal and is secreted in a brefeldin A-insensi-
tive manner in SH-SY5Y cells (Jang et al.,
2010). In this study, we found that the inhibi-
tion of MAO-B enzymatic activity facilitated

extracellular secretion of a-syn via the brefeldin A-insensitive non-
classical pathway in SH-SY5Y cells, and that an ABC transporter
was involved in this pathway. Among several export machineries of
the non-classical pathway, ABC transporter-mediated secretion has
been identified in the release of IL-1b , MIF, and YB-1 (Andrei et
al., 1999; Flieger et al., 2003; Frye et al., 2009). ABC transporter-
mediated secretion includes non-vesicular and vesicular transports
(Tarling et al., 2013). In the non-vesicular transport, substrates are
released from the cytosol to the extracellular space via cell mem-
brane-embedded ABC transporters. In the vesicular transport,
substrates are incorporated into vesicles, such as lysosomes, endo-
somes, and peroxisomes, via ABC transporters, and these vesicles
export substrates into the extracellular space. It is unclear as to the
transport system in a-syn secretion facilitated by MAO-B inhibi-
tion. However, ABC transporters are a potential target to control
the clearance of misfolded proteins from neurons and brains
(Abuznait and Kaddoumi, 2012). In the central nervous system,
ABC transporters are localized at the different cell types including
neurons, astrocytes, endothelial cells of the blood-brain barrier
(BBB) and parenchymal cells. Previous studies have shown that
ABC transporters contribute to the clearance of amyloid b peptides
(Ab ) across the BBB, and alteration in expression and function of
these transporters causes Ab accumulation in the brain of
Alzheimer’s disease (AD; Abuznait and Kaddoumi, 2012). Also,
approximately half of human ABC transporters are associated with
ATP-dependent translocation of lipids or lipid-related compounds
(Tarling et al., 2013). a-Syn binds phospholipids, and this

Figure 9. A model of MAO-B inhibition effects on a-syn clearance. Many proteins are secreted via the classical ER/
Golgi-dependent pathway, while a-syn is secreted via the non-classical ER/Golgi-independent pathway. Impairment of
lysosomal degradation causes solubility change of a-syn protein from the soluble form to the insoluble one, and promotes
intracellular accumulation of insoluble a-syn. MAO-B inhibition preferentially facilitates secretion of insoluble a-syn into
the extracellular space via the ABC transporter-mediated non-classical pathway. Consequently, MAO-B inhibition mitigates
intracellular accumulation of insoluble a-syn. There are two candidate transport systems, non-vesicular (a) and vesicular
transports (b), in the ABC transporter-mediated non-classical pathway.
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interaction facilitates formation of a-syn fibrils (Comellas et al.,
2012). Familial PD-linked mutant E46K a-syn has been shown to
increase phospholipid binding and fibril formation (Choi et al.,
2004). The interaction with lipids may increase the affinity of a-syn
to ABC transporters. We revealed that selegiline preferentially facili-
tated the secretion of detergent-insoluble a-syn with a decrease in
its intracellular accumulation under chloroquine-induced lysosomal
dysfunction, and these effects were blocked by reserpine treatment.
These findings suggest that MAO-B inhibition stimulate the clear-
ance of insoluble a-syn protein via the ABC transporter-mediated
non-classical secretion pathway under pathologic conditions (Fig.
9). Although the exact mechanisms underlying the effect of MAO-
B inhibition on ABC transporter-mediated a-syn secretion are
unclear, increased levels of MAO-B substrates may drive the secre-
tion of a-syn. A previous study has reported that DA treatment
promoted accumulation of a-syn oligomers in intracellular vesicles
and stimulated the secretion of a-syn oligomers (Lee et al., 2011).
The increase in DA contents by MAO-B inhibition may stimulate
generation of misfolded a-syn protein, facilitating a-syn secretion
via the ABC transporter-mediated pathway. Alternatively, MAO-B
metabolizes b -phenylethylamine (b -PEA) more preferentially
than MAO-A (Finberg and Rabey, 2016). b -PEA activates trace
amine-associated receptor 1 (TAAR1), and this activation is coupled
with the mobilization of intracellular calcium (Navarro et al., 2006;
Rutigliano et al., 2017). Release of AD-related tau protein occurs in
response to calcium influx-dependent changes in neuronal excit-
ability in primary cortical neuron cultures (Pooler et al., 2013).
a-Syn is also released in response to calcium influx (Yamada and
Iwatsubo, 2018). These findings hypothesize that MAO-B inhibition
may facilitate exocytosis of vesicles containing ABC transporters
through the increase in calcium influx by b -PEA-mediated activa-
tion of TAAR1. It should be noted that a-syn secretion did not
show a plateau by treatment with selegiline at high concentration.
This may be explained by introducing a factor besides MAO-B inhi-
bition. Pharmacological active metabolites of selegiline may addi-
tively enhance the effects of selegiline on a-syn secretion. Further
studies are required to elucidate the relationship between MAO-B
inhibition and facilitation of a-syn secretion.

MAO-B has been demonstrated to activate asparagine endo-
peptidase by direct binding to a-syn, and it facilitated generation
of a-syn toxic fragments (Kang et al., 2018). Additionally, rasagi-
line attenuated nigrostriatal dopaminergic neuronal loss in rats
injected rAAV-a-syn. To elucidate whether MAO-B inhibition
affects a-syn aggregation in vivo, we investigated the effects of
selegiline on a-syn aggregation and neurotoxicity in rats. We
revealed that selegiline had protective effects against a-syn-
induced neurotoxicity and delayed the formation of a-syn aggre-
gates in the rats injected rAAV-A53T a-syn. A previous study
has reported that selegiline delayed the fibril formation of a-syn
by extending the lag phase of aggregation in vitro and proposed
that selegiline interfered with early nuclei formation as well as
fibril elongation, albeit to a lesser extent (Braga et al., 2011). It is
therefore possible that selegiline reduces the formation of a-syn
aggregates through its direct interaction with a-syn protein.
However, in the present study, a suppressive effect of selegiline
on the formation of striatal pS129 a-syn-positive aggregates was
not observed at 12weeks after the viral injection. This finding
raises the following question: why was the suppressive effect of
selegiline on a-syn aggregation attenuated in the advanced stages
of a-syn pathology? It seems difficult to answer this question by
considering the direct anti-aggregation properties of selegiline.
The aforementioned study has also demonstrated that the inhibi-
tory effect of selegiline was abolished by adding small fibril pieces

as seeds into the aggregation reaction (Braga et al., 2011).
However, this result was inconsistent with our finding that sele-
giline delayed the cell-to-cell transmission of a-syn aggregates.
This question may be explained by two possibilities. First, in ve-
hicle-treated rats, the number of a-syn aggregates may be
reduced as neuronal loss progresses, because LBs have been dem-
onstrated to disappear with neuronal loss (Greffard et al., 2010).
Alternatively, selegiline may be unable to resist the formation of
a-syn aggregates in the advanced stages of a-syn pathology.
Although there are no data demonstrating that MAO-B inhibi-
tion facilitates a-syn secretion in vivo, MAO-B inhibition may
lead to the spread of misfolded a-syn protein into the extracellu-
lar space. In support of this idea, secreted tau has been shown to
enhance the propagation of tau pathology in transgenic mice
(Wu et al., 2016). It is thus conceivable that MAO-B inhibition
promotes cell-to-cell transmission of a-syn aggregates by facili-
tating the secretion of misfolded a-syn protein in the advanced
stages of a-syn pathology. Conversely, this action of MAO-B in-
hibition may open a combination therapy with active and passive
immunization against a-syn. Active immunization using a-syn
mimicking short peptides persistently produced antibodies and
reduced accumulation of a-syn oligomers in axons and synapses
by activating microglial clearance in transgenic mouse models
(Mandler et al., 2014). MAO-B inhibition may facilitate effective
capture of extracellular a-syn by microglia and antibodies to
block cell-to-cell transmission of a-syn pathology in PD.

In summary, we have demonstrated that MAO-B inhibition
affects the non-classical secretion of a-syn in vitro and poten-
tially acts as a temporary suppressor of the accumulation and
transmission of a-syn aggregates in vivo. Our results provide
support for the concept that MAO-B inhibition may exert unde-
scribed actions.
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