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Abstract 43 

Cell-to-cell transmission of α-synuclein (α-syn) pathology is considered to underlie the spread 44 

of neurodegeneration in Parkinson’s disease. Previous studies have demonstrated that α-syn is 45 

secreted under physiological conditions in neuronal cell lines and primary neurons. However, 46 

the molecular mechanisms that regulate extracellular α-syn secretion remain unclear. In this 47 

study, we found that inhibition of monoamine oxidase-B (MAO-B) enzymatic activity 48 

facilitated α-syn secretion in human neuroblastoma SH-SY5Y cells. Both inhibition of 49 

MAO-B by selegiline or rasagiline and siRNA-mediated knockdown of MAO-B facilitated 50 

α-syn secretion. However, TVP-1022, the S-isomer of rasagiline that is 1,000 times less active, 51 

failed to facilitate α-syn secretion. Additionally, the MAO-B inhibition-induced increase in 52 

α-syn secretion was unaffected by brefeldin A, which inhibits endoplasmic reticulum/Golgi 53 

transport, but was blocked by probenecid and glyburide, which inhibit ATP-binding cassette 54 

(ABC) transporter function. MAO-B inhibition preferentially facilitated the secretion of 55 

detergent-insoluble α-syn protein and decreased its intracellular accumulation under 56 

chloroquine-induced lysosomal dysfunction. Moreover, in a rat model (male Sprague-Dawley 57 

rats) generated by injecting recombinant adeno-associated virus (rAAV)-A53T α-syn, 58 

intracutaneous administration of selegiline delayed the striatal formation of 59 

Ser129-phosphorylated α-syn aggregates, and mitigated loss of nigrostriatal dopaminergic 60 

neurons. Selegiline also delayed α-syn aggregation and dopaminergic neuronal loss in a 61 

cell-to-cell transmission rat model (male Sprague-Dawley rats) generated by injecting 62 

rAAV-wild-type α-syn and externally inoculating α-syn fibrils into the striatum. These 63 

findings suggest that MAO-B inhibition modulates the intracellular clearance of 64 

detergent-insoluble α-syn via the ABC transporter-mediated non-classical secretion pathway, 65 

and temporarily suppresses the formation and transmission of α-syn aggregates. 66 

 67 



 

4 
 

Significance statement 68 

The identification of a neuroprotective agent that slows or stops the progression of motor 69 

impairments is required to treat Parkinson’s disease (PD). The process of α-synuclein 70 

aggregation is thought to underlie neurodegeneration in PD. Here, we demonstrated that 71 

pharmacological inhibition or knockdown of monoamine oxidase-B (MAO-B) in SH-SY5Y 72 

cells facilitated α-synuclein secretion via a non-classical pathway involving an ATP-binding 73 

cassette transporter. MAO-B inhibition preferentially facilitated secretion of 74 

detergent-insoluble α-synuclein protein and reduced its intracellular accumulation under 75 

chloroquine-induced lysosomal dysfunction. Additionally, MAO-B inhibition by selegiline 76 

protected A53T α-synuclein-induced nigrostriatal dopaminergic neuronal loss and suppressed 77 

the formation and cell-to-cell transmission of α-synuclein aggregates in rat models. We 78 

therefore propose a new function of MAO-B inhibition that modulates α-synuclein secretion 79 

and aggregation. 80 

81 



 

5 
 

Introduction 82 

In individuals with Parkinson’s disease (PD), the administration of levodopa improves motor 83 

impairments and allows patients to engage in independent activities for longer periods of time 84 

than those who do not receive this treatment (Fahn et al., 2004; Poewe et al., 2010). However, 85 

the motor abilities of patients with PD eventually undergo severe deterioration (Cilia et al., 86 

2014). Thus, the identification of a neuroprotective agent that slows or stops the progression 87 

of motor impairments in PD is urgently needed. Motor impairments in PD are caused by a 88 

loss of dopaminergic neurons in the substantia nigra, which is the pathological hallmark of 89 

this disease. PD is also pathologically characterized by the presence of intracytoplasmic 90 

proteinaceous inclusions, known as Lewy bodies (LBs) and Lewy neurites (Eriksen et al., 91 

2003; Lee and Trojanowski, 2006). These inclusions are primarily composed of fibrillar 92 

α-synuclein (α-syn) aggregates (Spillantini et al., 1997). In PD, cell-to-cell transmission of 93 

α-syn aggregates is considered to underlie the spread of neuronal damage throughout the brain 94 

(Goedert et al., 2017; Steiner et al., 2018). Accumulating data indicate that α-syn can transfer 95 

between cells both in vitro and in vivo. Two hypotheses have been raised to explain the 96 

cell-to-cell transmission of α-syn. The first proposes that α-syn fibrils are transported by the 97 

intercellular trafficking of lysosomes via tunneling nanotubes (Abounit et al., 2016). The 98 

second hypothesizes that α-syn is secreted into the extracellular space as exosomes or free 99 

proteins via a non-classical pathway, independently of endoplasmic reticulum (ER)/Golgi 100 

transport (Jang et al., 2010). The presence of endogenous α-syn protein in human 101 

cerebrospinal fluid and murine interstitial fluid supports the physiological secretion of α-syn 102 

into the extracellular space (Borghi et al., 2000; Yamada and Iwatsubo, 2018). Extracellular 103 

α-syn plays a key role in the cell-to-cell transmission of its aggregates. However, it is unclear 104 

how α-syn secretion is regulated. It is also unknown whether the manipulation of this process 105 

can reduce the cell-to-cell transmission of α-syn and neurodegeneration. 106 
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     Monoamine oxidase (MAO)-A and MAO-B are enzymes that catalyze the oxidative 107 

deamination of monoamines in the outer mitochondrial membrane (Shih, 2004). Although 108 

MAO-B is mainly distributed in astrocytes, it is also expressed in dopaminergic neurons 109 

(Kang et al., 2018). In positron emission tomography, MAO-B expression increases slightly 110 

with aging in healthy individuals (Fowler et al., 1997). Additionally, MAO-B levels are higher 111 

in the brains of PD patients than in those of healthy controls (Kang et al., 2018). Previous 112 

studies have also demonstrated a pathological link between α-syn and MAO-B via the 113 

generation of the MAO-B enzymatic DA metabolite, 3,4-dihydroxyphenylacetaldehyde 114 

(DOPAL), in PD (Burke et al., 2008). Increased MAO levels promote the conversion of DA to 115 

DOPAL, leading to the production of ROS through the oxidation of DOPAL to its quinone 116 

derivative. DOPAL and its quinone derivative then stimulate α-syn oligomerization under 117 

oxidative conditions.  118 

In this study, we demonstrated that the inhibition of MAO-B enzymatic activity 119 

facilitated α-syn secretion into the extracellular space via the non-classical pathway in 120 

dopaminergic SH-SY5Y cells. The increased secretion of α-syn caused by MAO-B inhibitors, 121 

selegiline and rasagiline, was able to be blocked by probenecid, glyburide, and reserpine, 122 

which inhibit ATP-binding cassette (ABC) transporters (Andrei et al., 1999; Zhou et al., 2001; 123 

Flieger et al., 2003; Loebinger et al., 2008; Frye et al., 2009; Liu et al., 2014). Furthermore, 124 

SH-SY5Y cells treated with MAO-B inhibitior preferentially secreted detergent-insoluble 125 

α-syn protein with reduction in its intracellular accumulation under condition of lysosomal 126 

dysfunction induced by chloroquine. We also revealed that the inhibition of MAO-B by 127 

selegiline delayed the formation and cell-to-cell transmission of α-syn aggregates in rat 128 

models by recombinant adeno associated virus (rAAV)-mediated expression of α-syn. 129 

 130 

Material and Methods 131 
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Cell line, chemical treatments, siRNA transfection and LDH assay 132 

SH-SY5Y cell line stably expressing wild-type α-syn (wt-aS/SH #4) was maintained as 133 

described previously (Machiya et al., 2010). Reagents were purchased from Sigma unless 134 

otherwise stated. Selegiline was provided from FP Pharmaceutical Corporation. Rasagiline 135 

mesylate and TVP-1022 were purchased from Abcam and MedChemExpress, respectively. To 136 

assess effects of MAO-B inhibition on the α-syn expression, parental SH-SY5Y cells were 137 

treated with selegiline for 24 h. Also, parental SH-SY5Y cells were treated with 100 μM 138 

cycloheximide (CHX) in the absence or presence of selegiline for 24 h (Machiya et al., 2010). 139 

For ER/Golgi transport inhibition, wt-aS/SH cells were treated with 1 mM MAO-B inhibitor 140 

(selegiline or rasagiline) and 7 μM brefeldin A for 6 h. For ATP transporter inhibition, 141 

wt-aS/SH cells were treated with 1 mM MAO-B inhibitor and 10 μM probenecid for 24 h. 142 

Treatment with reserpine was performed for 24 h or 48 h. Also, the cells were pre-incubated 143 

in medium containing 5 μM glyburide for 24 h, and then incubated in medium containing 5 144 

μM glyburide plus 1 mM MAO-B inhibitor for 24 h. For lysosome inhibition, wt-aS/SH cells 145 

were treated with 1 mM MAO-B inhibitor and 100 μM chloroquine for 48 h. In all 146 

experiments, cells were treated with the same volume of vehicle as a control. 147 

For siRNA transfection, approximately 20% confluent cells in 6-well plates were 148 

transfected with siRNA oligonucleotides (final concentration at 10 nM, Silencer Select RNAi, 149 

Thermo Fisher Scientific) using RNAiMAX reagent (Thermo Fisher Scientific) according to 150 

the manufacturer’s protocol. We used 21 nucleotide-long siRNAs for knockdown of MAO-A 151 

(5′-GGACCAACCCAAAACAGAAtt-3′) or MAO-B 152 

(5′-GGACCAACCCAGAAUCGUAtt-3′). As a non-silencing control, the Silencer Select 153 

Negative Control #1 siRNA was used. At 72 h after transfection, the medium was discarded, 154 

and the cells were re-transfected with siRNA. At 48 h after the second transfection, the cells 155 

were used for chemical treatments. In siRNA transfection, cell viability was assessed using 156 
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Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc.) according to the manufacturer’s 157 

protocol.  158 

To assess cell membrane damage, LDH assay was performed using the Cytotoxicity 159 

LDH Assay Kit-WST (Dojindo Molecular Technologies, Inc.). Cells were treated with the 160 

same conditions as the corresponding experiments. As a positive control, lysis buffer 161 

containing Triton X-100 was added to cells. 162 

 163 

Preparation of cell lysates and conditioned media 164 

For preparation of cell lysates, cells were suspended in buffer A (20 mM Tris-HCl, pH 7.4, 165 

150 mM NaCl, 1% Triton X-100, 10% glycerol, 1  protease inhibitor cocktail [Roche 166 

Diagnostic], 1 mM EDTA, 5 mM NaF, 1 mM Na3VO4, 1  phosSTOP [Roche Diagnostic]), 167 

sonicated at 30W for 1 sec 5 times, and kept on ice for 30 min (Machiya et al., 2010). After 168 

centrifugation at 12,000  g for 30 min at 4°C, the resulting supernatant was collected and 169 

stored at −80°C until use. For preparation of conditioned medium (CM), wt-aS/SH cells were 170 

replaced from growth media to Opti-MEM (Thermo Fisher Scientific). To perform 171 

TCA-precipitation, collected CM was centrifuged at 6,000 × g for 5 min to remove cell debris. 172 

Immediately, CM was added with 1/4 volume of 100% TCA, incubated for 30 min on ice, and 173 

centrifuged at 14,000  g for 5 min. The pellet was washed three times with 300 μL of cold 174 

acetone, air dried, and dissolved in 100 μL of Laemmli’s sample buffer containing 2.5% 175 

β-mercaptoethanol.  176 

 177 

Fractionation of cells and conditioned media 178 

Cells were sonicated on ice in buffer A and centrifuged at 100,000  g for 30 min at 4°C 179 

(Arawaka et al., 2017). The supernatant was collected as 1% Triton X-100 soluble fraction. 180 

After washing pellets with buffer A, resultant pellets were dissolved in the equal aliquot of the 181 
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solution containing 8 M urea and 2% SDS and centrifuged at 100,000  g for 30 min. The 182 

supernatant was collected as 1% Triton X-100 insoluble fraction. To separate secreted proteins 183 

into 1% Triton X-100 soluble and insoluble fractions, TCA-precipitated pellet was 184 

sequentially extracted with buffer A and the solution containing 8 M urea and 2% SDS 185 

according to the same protocol as described above. 186 

 187 

Western blotting  188 

Equal amounts of denatured samples were subjected to SDS-PAGE on 13.5% polyacrylamide 189 

gels and then transferred to PVDF membranes (Millipore) as described previously (Sasaki et 190 

al., 2015). Briefly, the transferred membrane was incubated in phosphate-buffered saline 191 

(PBS) (10 mM phosphate, 137 mM NaCl, 2.7 mM KCl) containing 4% paraformaldehyde 192 

(PFA). After incubation, the membrane was washed in Tris-buffered saline (TBS) (25 mM 193 

Tris-HCl, pH 7.4, 137 mM NaCl, 2.7 mM KCl) containing 0.05% (v/v) Tween 20 (TBS-T) for 194 

10 min 3 times. The membrane was blocked by TBS-T containing 5% skim milk for 30 min, 195 

incubated in TBS-T containing 2.5% skim milk and primary antibody overnight at 4°C, and 196 

further incubated in the same buffer containing the corresponding secondary antibody 197 

overnight at 4°C. To visualize the signal, membranes were treated with ECL plus (Thermo 198 

Fisher Scientific) for detection of insoluble α-syn protein of cell lysates and α-syn of CM. In 199 

other signals, membranes were treated with ECL (Thermo Fisher Scientific). Signals were 200 

recorded using a CCD camera, VersaDog 5000 (Bio-Rad) or Fusion FX7 (Vilbert Lourmat). 201 

Levels of α-syn were estimated by semiquantifying band intensities with Quantity One 202 

software (Bio-Rad). The following antibodies were used: anti-α-syn (1: 2,500, Syn-1, BD 203 

Transduction Laboratories), anti-β-actin (1: 10,000, AC-15, Sigma), anti-MAO-A (1: 5,000, 204 

EPR7101, Abcam) and anti-MAO-B (1: 5,000, EPR7102, Abcam) antibodies.  205 

 206 
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Rat rAAV-mediated α-syn expression and transmission models 207 

Experiments using rats had been approved by the Animal Subjects Committees of Yamagata 208 

University (#27075) and Osaka Medical and Pharmaceutical University (#21002-A). We 209 

unilaterally injected 1.36 × 109 genome copies of the rAAV2-familial PD-linked A53T human 210 

α-syn vector into the substantia nigra of 9-week-old male Sprague-Dawley rats as described 211 

previously (Sato et al., 2011).  212 

Recombinant α-syn proteins were purified as described previously (Nonaka et al., 2005). 213 

To obtain α-syn preformed fibrils (PFF), purified α-syn proteins were incubated with agitation 214 

at 37°C in 30 mM Tris-HCl buffer (pH 7.4) for 18 days. Fibril formation was monitored by 215 

thioflavin-T assay. PFF were collected by centrifugation at 300,000 × g for 1 h followed by 216 

dilution in the sterilized Tris-HCl buffer with brief sonication. We unilaterally injected 1.09 × 217 

109 genome copies of the rAAV2-wild-type α-syn vector into the substantia nigra of 218 

9-week-old male Sprague-Dawley rats using Hamilton Neuro syringe. After two weeks of 219 

rAAV injection, the solution containing 10 μg of PFF was injected into the ipsilateral striatum 220 

at the following coordinates: 0.2 mm posterior to and 3.3 mm left of bregma and 4.7 mm 221 

ventral to dura. 222 

 223 

Immunohistochemistry and immunofluorescence  224 

Immunohistochemical staining was performed on free-floating sections as described previously 225 

(Sato et al., 2011). Briefly, rats were transcardially perfused with physiological saline followed 226 

by 4% PFA/PBS. Their brains were removed and post-fixed in 8% PFA/PBS containing 4% 227 

sucrose for 48 h. The brains were equilibrated stepwise with 7.5%, 15%, and 30% sucrose. 228 

These brains were coronally sectioned on a freezing microtome at a thickness of 30 μm. 229 

Sections were collected in ten series to be regularly spaced at intervals of 300 μm from each 230 

other. For immunohistochemical staining, sections were permeabilized with 0.1% Triton 231 
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X-100/PBS for 10 min and treated with 0.3% hydrogen peroxide for 5 min. After blocking in 232 

3% normal goat serum for 30 min, the sections were incubated with the primary antibody with 233 

gentle shaking at 4°C overnight. After washing, the sections were incubated with the 234 

appropriate biotinylated secondary antibody for 1 h, followed by avidin-biotin-peroxidase 235 

complex (Vector Laboratories) for 1 h. The sections were visualized using 236 

3,3-diaminobenzidine. The following primary antibodies were used: anti-human α-syn (1: 200, 237 

LB509, Thermo Fisher Scientific), anti-TH (1: 2,000, AB152, Millipore), anti-dopamine 238 

transporter (DAT; 1: 2,000, sc-1433, Santa Cruz Biotechnology), anti-GFP (1: 500, A11122, 239 

Thermo Fisher Scientific), and anti-Ser129-phosphorylated (pS129) α-syn (1: 200, 240 

EYPSYN-01, courtesy of Eisai) antibodies. 241 

For immunofluorescent staining, PFA-fixed sections were blocked with TBS-T 242 

containing 5% skim milk for 1 h, and then incubated with a mixture of anti-TH (1: 400, LNC1, 243 

mouse monoclonal, Cell Signaling Technology) and anti-pS129 α-syn (1: 500, rabbit 244 

monoclonal, EP1536Y, Abcam) antibodies overnight at 4°C. After washing, sections were 245 

incubated with a mixture of Alexa Fluor 488 donkey anti-mouse IgG (H+L) (1: 500, Jackson 246 

ImmunoResearch Laboratories) and Alexa Fluor 594 donkey anti-rabbit IgG (H+L) (1: 500, 247 

Jackson ImmunoResearch Laboratories) for 2h at RT. Images were acquired on laser-scanning 248 

confocal microscope (TCS SP8, Leica).  249 

 250 

Assessment of nigral cell number and striatal optical density 251 

To count nigral TH-positive neurons, we used sections covering the entire substantia nigra from 252 

caudal (bregma  −4.60 mm) to rostral (bregma  −6.60 mm) boundaries according to the rat 253 

brain atlas (Sato et al., 2011; Arawaka et al., 2017). This contained six to seven serial sections 254 

for each animal. After immunostaining, an unbiased stereological estimation was performed by 255 

an optical fractionator method using Stereo Investigator software (MicroBrightField). The 256 
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region of interest was traced and sampled using an Olympus BX50 microscope at 257 

magnifications of 4× and 20×, respectively. The counting parameters were the x-y sampling 258 

grid size (180×180 μm), the counting frame size (160×160 μm), the dissector height (6 μm), 259 

and the guard-zone thickness (3 μm). The obtained counts were verified to archive a 260 

Gunderson’s coefficient of error less than 0.10. 261 

To assess striatal dopaminergic nerve fibers, we measured their optical densities (Sato et 262 

al., 2011; Arawaka et al., 2017). After immunostaining, the nearest section to bregma was 263 

determined according to the rat brain atlas. We analyzed nine sections from  +1.2 mm to  –264 

1.2 mm relative to bregma. The optical densities of immunoreactive fibers were measured using 265 

Image J software (version 1.45s, National Institutes of Health). Nonspecific background 266 

intensities were simultaneously assessed by measuring the optical densities of cerebral cortical 267 

areas and were subtracted from the total values. 268 

 269 

Assessment of striatal Ser129-phosphorylated α-syn-positive aggregates 270 

To assess α-syn aggregates, we counted the number of pS129 α-syn-positive aggregates in the 271 

striatum (Sato et al., 2011; Arawaka et al., 2017). In sections stained with anti-pS129 α-syn 272 

antibodies, we analyzed the injected sides of three sections, including +0.3 mm, 0 mm, and –0.3 273 

mm relative to bregma, by the optical fractionator method using Stereo Investigator software. 274 

The region of interest was traced and sampled using an Olympus BX50 microscope at 275 

magnifications of 4× and 10×, respectively. By setting the x-y sampling grid size equal to the 276 

counting frame size (330×330 μm), we scanned the whole area of the striatum on the section. 277 

We counted dot-like, rod-like or round structures positive for anti-pS129 α-syn antibodies. 278 

These structures were morphologically defined as axonal swellings and dystrophic terminals. 279 

 280 

Cylinder test and measurement of striatal DA contents  281 
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At 8 weeks after viral injection, cylinder test was performed as described previously (Oueslati 282 

et al., 2013; Boix et al., 2015). The number of wall contacts was counted by one observer 283 

blinded to the treatment given and one non-blinded observer. Rats failing to reach 10 contacts 284 

were excluded from the analyses (Ztaou et al., 2016). The striatal DA contents were measured 285 

as described previously (Kasai et al., 2017). The left (lesioned side) or right (intact side) 286 

striatum was individually homogenized in 0.2 M perchloric acid containing 100 pg/μL 287 

isoproterenol as an internal standard. The homogenates were kept on ice for 30 min followed 288 

by centrifugation at 15,000 × g for 20 min at 4°C, and each supernatant was filtrated through 289 

a 0.45-μm filter membrane. The supernatants were stored at −80°C until measurement. The 290 

DA content was measured in a high-performance liquid chromatography-electrochemical 291 

detection system (Eicom Corp.). Each sample was injected into a C18 reverse-phase column 292 

(Eicompak SC-5ODS) conditioned at 25°C. The mobile phase comprising 0.1 M acetic 293 

acid-citric acid buffer (pH 3.5), 15% (v/v) methanol, 190 mg/L sodium 1-octanesulfonate, and 294 

5 mg/L ethylenediaminetetraacetic acid was delivered at a flow rate of 0.5 mL/min. The 295 

applied potential was set at +750 mV versus Ag/AgCl. The content of monoamines and their 296 

metabolites was calculated using standard curves. 297 

 298 

Statistics 299 

Statistical analysis was performed using the SPSS software (version 17, IBM). Comparison of 300 

two groups was performed by unpaired t-test. Multiple comparisons above three groups were 301 

performed by one-way or two-way ANOVA with Bonferroni’s post hoc test, when the 302 

variances were homogenous. In case of nonhomogeneity of variances, comparisons were 303 

performed by Welch-ANOVA with Games-Howell post hoc test. To analyze the data of pS129 304 

α-syn aggregates by two-way ANOVA, they were log-transformed to achieve homogeneity of 305 

variance. Ratios of the striatal DA contents in the intact and lesioned sides were analyzed by 306 
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one-way ANOVA with Tukey’s post hoc test. Data are expressed as means ± SD. P values < 307 

0.05 were considered statistically significant. 308 

 309 

Results 310 

Inhibition of MAO-B enzymatic activity modulates α-syn secretion in SH-SY5Y cells 311 

To explore the effects of MAO-B on α-syn metabolism in cells, we investigated whether 312 

MAO-B inhibition affected the expression of α-syn protein. In parental SH-SY5Y cells, 313 

treatment with MAO-B inhibitor selegiline did not alter the intracellular levels of endogenous 314 

α-syn (Fig. 1A). However, when the effects of selegiline on the metabolic fate of α-syn were 315 

assessed using a CHX-chase experiment, treatment with CHX for 24 h reduced the levels of 316 

α-syn protein to 0.67 ± 0.15-fold compared with those in untreated cells (p < 0.001), and the 317 

α-syn levels were further reduced by the addition of 1 μM (0.44 ± 0.14-fold reduction, p = 318 

0.022) or 1 mM (0.39 ± 0.16-fold reduction, p = 0.003) of selegiline (Fig. 1B). These findings 319 

suggest that selegiline facilitates the intracellular clearance of α-syn, and that this effect is 320 

weaker than that of α-syn protein synthesis. To test the possibility that selegiline might affect 321 

α-syn secretion in cells, we next examined α-syn protein levels in CM using wt-aS/SH cells. 322 

Treatment with selegiline for 24 h increased the extracellular levels of α-syn to 2.24 ± 323 

0.51-fold at 1 nM (p = 0.016), 3.25 ± 0.51 fold at 1 μM (p < 0.001), and 7.32 ± 0.34-fold at 1 324 

mM (p < 0.001) (Fig. 1C). β-Actin signals were not detected in CM, and treatment with 325 

selegiline did not alter extracellular LDH release (Fig. 1D). These findings indicate that α-syn 326 

signals in CM are not caused by contamination of intracellular proteins or cell membrane 327 

damage. Similar to selegiline, treatment with a different MAO-B inhibitor, rasagiline, 328 

significantly increased the extracellular levels of α-syn, to 2.08 ± 0.60-fold at 1 μM (p = 329 

0.008) and 2.69 ± 0.69-fold at 1 mM (p < 0.001) (Fig. 1E). In contrast, treatment with 330 

TVP-1022, the relatively inactive (approximately 1,000 times less active than rasagiline) 331 
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S-isomer of rasagiline, failed to increase α-syn secretion (Youdim et al., 2001) (Fig. 1F). 332 

Rasagiline and TVP-1022 did not affect extracellular LDH release (Fig. 1G). siRNA-mediated 333 

knockdown of MAO-B significantly increased α-syn secretion to 1.62 ± 0.34-fold (p = 0.014), 334 

while knockdown of MAO-A had no such effect (Fig. 1H). MAO-B knockdown did not affect 335 

cell viability. These findings indicate that the inhibition of MAO-B enzymatic activity 336 

modulates α-syn secretion. 337 

 338 

MAO-B inhibition modulates α-syn secretion via a non-classical pathway involving an 339 

ABC transporter  340 

α-Syn has been demonstrated to be secreted via a non-classical pathway (Jang et al., 2010). To 341 

explore whether MAO-B inhibition facilitates α-syn secretion via this pathway, wt-aS/SH 342 

cells were co-treated with MAO-B inhibitors and brefeldin A, which interferes with classical 343 

ER/Golgi transport (Jang et al., 2010). Selegiline- or rasagiline-induced increases in α-syn 344 

secretion were unaffected by 7 μM brefeldin A treatment (Fig. 2A,B). From experiments 345 

using pharmacological inhibition of ABC transporter by probenecid, glyburide, and reserpine, 346 

the secretion of non-classically secreted proteins including interleukin 1β (IL-1β), 347 

macrophage migration inhibitory factor (MIF), and Y-box protein-1 (YB-1) has been shown 348 

to involve ABC transporters (Andrei et al., 1999; Flieger et al., 2003; Loebinger et al., 2008; 349 

Frye et al., 2009). We therefore investigated whether MAO-B inhibition-induced α-syn 350 

secretion involved an ABC transporter. In wt-aS/SH cells, treatment with 10 μM probenecid 351 

for 24 h suppressed the increase in α-syn secretion caused by 1 mM selegiline (p < 0.001) or 352 

rasagiline (p = 0.049) (Fig. 2C,D). Similarly, treatment with 5 μM glyburide also reduced the 353 

increase in α-syn secretion caused by 1 mM selegiline (p = 0.002) or rasagiline (p < 0.001) 354 

(Fig. 2E,F). In these experiments, the intracellular levels of α-syn were not altered, and these 355 

chemical treatments did not affect LDH release (Fig. 2A–F). Additionally, treatment with 10 356 
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μM reserpine for 24 h significantly blocked α-syn secretion to 0.47 ± 0.13-fold compared 357 

with untreated cells (p = 0.030) (Fig. 3A). In MAO-B-knockdown wt-aS/SH cells, an increase 358 

in α-syn secretion was inhibited by reserpine (p < 0.001) (Fig. 3A). Treatment with reserpine 359 

also suppressed the increase in α-syn secretion induced by selegiline (p = 0.001) or rasagiline 360 

(p < 0.001) (Fig. 3B,C). However, intracellular α-syn expression and LDH release were not 361 

altered (Fig. 3A–C). These findings suggest that MAO-B inhibition facilitates α-syn secretion 362 

via the non-classical pathway, and that an ABC transporter is involved in this secretion. 363 

 364 

MAO-B inhibition preferentially facilitates the secretion of detergent-insoluble α-syn 365 

protein 366 

To investigate how selegiline affects the secretion of α-syn protein under stress conditions, we 367 

treated wt-aS/SH cells with 1 mM selegiline in the absence and presence of a lysosome 368 

inhibitor, chloroquine, at 100 μM for 48 h. We then fractionated the cells into 1% Triton 369 

X-100-soluble and -insoluble proteins. The intracellular levels of 1% Triton X-100-soluble 370 

α-syn protein were similar between selegiline- or chloroquine-treated cells and untreated cells 371 

(Fig. 4A). However, the intracellular levels of 1% Triton X-100-insoluble α-syn protein were 372 

significantly decreased to 0.52 ± 0.14-fold in selegiline-treated cells (p = 0.013), while they 373 

were increased to 1.71 ± 0.13-fold in chloroquine-treated cells (p = 0.001) (Fig. 4B). In cells 374 

co-treated with selegiline and chloroquine, selegiline treatment blocked the 375 

chloroquine-induced increase (p = 0.002). We next investigated the extracellular secretion of 376 

1% Triton X-100-soluble and -insoluble α-syn proteins. The extracellular levels of 1% Triton 377 

X-100-soluble α-syn protein were similar between the selegiline- or chloroquine-treated cells 378 

and untreated cells (Fig. 4C). In contrast, the extracellular levels of 1% Triton 379 

X-100-insoluble α-syn protein were significantly elevated to 10.95 ± 2.35-fold in 380 

selegiline-treated cells (p = 0.048) and 18.58 ± 5.57-fold in chloroquine-treated cells (p = 381 
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0.001). In cells co-treated with selegiline and chloroquine, the extracellular levels of 1% 382 

Triton X-100-insoluble α-syn protein were further elevated to 28.67 ± 6.47-fold (p = 0.044 383 

compared with chloroquine-treated cells) (Fig. 4D). In the LDH assay, treatment with 384 

chloroquine increased LDH release to ~30% of that of lysis buffer-treated cells, suggesting 385 

that chloroquine-induced membrane damage may affect the elevation of 1% Triton 386 

X-100-insoluble α-syn in CM (Fig. 4E). However, LDH release after co-treatment with 387 

chloroquine and selegiline was similar to that after treatment with chloroquine only, indicating 388 

that selegiline facilitated α-syn secretion without additional damage of cell membranes. These 389 

findings suggest that selegiline preferentially facilitates the secretion of detergent-insoluble 390 

α-syn protein under lysosomal inhibition, resulting in the prevention of intracellular α-syn 391 

accumulation. 392 

The effects of selegiline on the extracellular and intracellular levels of 1% Triton 393 

X-100-insoluble α-syn protein were significantly blocked by the addition of reserpine 394 

(extracellular levels, p = 0.026; intracellular levels, p = 0.021) (Fig. 5A). Conversely, the 395 

effects of 100 μM chloroquine on the extracellular and intracellular levels of 1% Triton 396 

X-100-insoluble α-syn protein were not significantly altered by the addition of reserpine (Fig. 397 

5B). These findings suggest that MAO-B inhibition preferentially facilitates the secretion of 398 

detergent-insoluble α-syn protein via the ABC transporter-mediated pathway, and this 399 

secretory pathway is distinct from one induced by lysosomal dysfunction. 400 

 401 

Effects of MAO-B inhibition on α-syn-induced dopaminergic neuronal loss in rats 402 

To elucidate the effects of MAO inhibition on α-syn-induced neurotoxicity in vivo, we 403 

injected rAAV-A53T human α-syn into the rat substantia nigra and repeatedly administered 404 

selegiline (10 mg/kg, subcutaneous injection once a day) to rats from 3 days before the viral 405 

injection to the day before sacrification (Fig. 6A). This dose of selegiline has been 406 
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demonstrated to inhibit both MAO-B and MAO-A activities in the rodent brain. In the 407 

vehicle-treated group, immunohistochemistry using the human α-syn antibody (LB509) 408 

showed that A53T α-syn was expressed in neurons of the substantia nigra pars compact and 409 

its surrounding area to a lesser extent at 2 weeks after viral injection (Fig. 6B). The 410 

immunoreactivities with LB509 antibody decreased at 8 weeks after viral injection, but they 411 

were seen in nigral neurons during the observation period. Also, nigral TH-positive neurons 412 

were gradually reduced after the rAAV-A53T α-syn injection (Fig. 6B). At 8 and 12 weeks 413 

after the viral injection, selegiline-treated rats had significantly higher percentages of 414 

remaining nigral TH-positive neurons compared with the vehicle-treated rats (p < 0.001 each) 415 

(Fig. 6C). Similarly, selegiline treatment significantly reduced the loss of striatal TH-positive 416 

fibers compared with vehicle treatment (p < 0.001 each). To examine whether the 417 

rAAV-mediated gene transfer itself causes artificial damage in this model, we performed an 418 

injection of rAAV-GFP into rats. The rAAV-mediated expression of GFP led to ~15% loss of 419 

nigral TH-positive neurons (Fig. 6D). However, it did not result in the progressive loss of 420 

nigral TH-positive neurons between 2 and 8 weeks after the viral injection. Similarly, the 421 

numbers of nigral DAT-positive neurons in rAAV-GFP rats were comparable between 2 and 8 422 

weeks after the viral injection.  423 

Eight weeks after the viral injection, the cylinder test was used to assess the effects of 424 

selegiline on motor impairment. In the vehicle-treated group, significant asymmetry of 425 

forepaw touches, with reduced use of the right side (contralateral to the viral-injected side), 426 

was observed in rAAV-A53T α-syn rats. Although the total forepaw touches were comparable 427 

between the vehicle- and selegiline-treated groups, the percentage of right paw touches to 428 

total paw touches in the selegiline-treated group was 1.94 ± 0.54-fold higher than that in the 429 

vehicle-treated group (t(12) = 2.945, p = 0.012, unpaired t-test), indicating that selegiline 430 

prevents A53T mutant α-syn-induced motor impairment (Fig. 6E). Treatment with selegiline 431 
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also increased the DA content in the lesioned and intact sides through the inhibition of MAO 432 

activity (Fig. 6F). The ratio of DA in the lesioned side to that in the intact side was 3.18 ± 433 

2.26-fold higher in the selegiline-treated group than in the vehicle-treated group (t(7.182) = 434 

2.429, p = 0.045, unpaired t-test), indicating that selegiline treatment leads to retained DA 435 

content in the lesioned side by preventing dopaminergic neuronal loss. 436 

 437 

Effects of MAO-B inhibition on the formation of α-syn aggregates in rats 438 

In this rat model, we next examined the number of pS129 α-syn-positive aggregates in the 439 

striatum. We defined α-syn aggregates as pS129 α-syn-positive dot-like, round, or rod-like 440 

abnormal structures in neurites. In this study, we did not assess α-syn aggregate formation in 441 

the substantia nigra because the overexpression of α-syn induced diffuse immunoreactivity to 442 

pS129 α-syn in the somata. At 2, 4, and 8 weeks after rAAV-53T α-syn injection, selegiline 443 

treatment reduced the formation of pS129 α-syn-positive aggregates to 0.53 ± 0.19 (p = 444 

0.023), 0.55 ± 0.19 (p = 0.018), and 0.54 ± 0.14-fold (p = 0.030), respectively, compared with 445 

vehicle treatment (Fig. 7A,B). However, this effect of selegiline was lost at 12 weeks after 446 

viral injection. These findings suggest that treatment with selegiline can delay the formation 447 

of striatal pS129 α-syn-positive aggregates. Immunofluorescent analysis of the striatum at 12 448 

weeks after viral injection demonstrated that pS129 α-syn-positive aggregates were formed in 449 

TH-positive neurons, supporting the relationship between the expression of α-syn and loss of 450 

nigrostriatal dopaminergic neurons (Fig. 7C).   451 

 452 

Effects of MAO-B inhibition on cell-to-cell transmission of α-syn protein in rats 453 

To assess whether MAO-B inhibition modulates the cell-to-cell transmission of α-syn, we 454 

injected rAAV-wild-type human α-syn into the rat substantia nigra, and then inoculated α-syn 455 

PFF into the ipsilateral striatum 2 weeks later (Fig. 8A). After 4 days, we began to administer 456 
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selegiline (10 mg/kg, subcutaneous injection) and repeatedly administered it once a day until 457 

the day before sacrification. At 6 weeks post-PFF injection, the number of striatal pS129 458 

α-syn aggregates in the selegiline-treated group was 0.55 ± 0.14-fold lower than that in the 459 

vehicle-treated group (p = 0.007) (Fig. 8B). However, at 8 weeks post-PFF injection, the 460 

numbers of pS129 α-syn aggregates were similar between the two groups (p = 0.704). The 461 

percentage of remaining nigral TH-positive neurons in the selegiline-treated group was 1.62 ± 462 

0.25-fold higher than that in the vehicle-treated group at 6 weeks post-PFF injection (p = 463 

0.001), but this effect was lost at 8 weeks post-PFF injection (p = 0.221) (Fig. 8C). The 464 

inoculation of TBS-soluble α-syn protein yielded a faint pS129 α-syn immunoreactivity 465 

around the needle insertion area, while the inoculation of saline did not (Fig. 8B). We also 466 

inoculated PFF into rats that were not injected with rAAV-wild-type α-syn. At 6 weeks 467 

post-PFF injection, these rats showed very few pS129 α-syn-positive structures in the striatum 468 

(Fig. 8B). This finding indicates that PFF facilitates the formation of pS129 α-syn aggregates 469 

by reacting with rAAV-mediated expression of wild-type α-syn in this rat model. Additionally, 470 

the reduction in nigral TH-positive neurons after inoculation with saline or TBS-soluble α-syn 471 

was significantly weaker than that after inoculation with PFF (Fig. 8C). These findings 472 

suggest that treatment with selegiline delays striatal PFF-stimulated aggregation and nigral 473 

dopaminergic neuronal loss during a short period.  474 

 475 

Discussion 476 

Although most secretory proteins are released via the classical ER/Golgi exocytotic pathway, 477 

some inflammatory mediators are known to be released via the non-classical 478 

ER/Golgi-independent pathway (Kim et al., 2018). These molecules commonly lack an 479 

amino-terminal or transmembrane signal peptide sequence for ER targeting. This 480 

non-classical secretion is insensitive to brefeldin A, which interferes with ER/Golgi transport 481 
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(Flieger et al., 2003; Frye et al., 2009). α-Syn lacks the ER target signal and is secreted in a 482 

brefeldin A-insensitive manner in SH-SY5Y cells (Jang et al., 2010). In this study, we found 483 

that the inhibition of MAO-B enzymatic activity facilitated extracellular secretion of α-syn via 484 

the brefeldin A-insensitive non-classical pathway in SH-SY5Y cells, and that an ABC 485 

transporter was involved in this pathway. Among several export machineries of the 486 

non-classical pathway, ABC transporter-mediated secretion has been identified in the release 487 

of IL-1β, MIF, and YB-1 (Andrei et al., 1999; Flieger et al., 2003; Frye et al., 2009). ABC 488 

transporter-mediated secretion includes non-vesicular and vesicular transports (Tarling et al., 489 

2013). In the non-vesicular transport, substrates are released from the cytosol to the 490 

extracellular space via cell membrane-embedded ABC transporters. In the vesicular transport, 491 

substrates are incorporated into vesicles, such as lysosomes, endosomes, and peroxisomes, via 492 

ABC transporters, and these vesicles export substrates into the extracellular space. It is 493 

unclear as to the transport system in α-syn secretion facilitated by MAO-B inhibition. 494 

However, ABC transporters are a potential target to control the clearance of misfolded 495 

proteins from neurons and brains (Abuznait and Kaddoumi, 2012). In the central nervous 496 

system, ABC transporters are localized at the different cell types including neurons, astrocytes, 497 

endothelial cells of the blood-brain barrier (BBB) and parenchymal cells. Previous studies 498 

have shown that ABC transporters contribute to the clearance of amyloid β peptides (Aβ) 499 

across the BBB, and alteration in expression and function of these transporters causes Aβ 500 

accumulation in the brain of Alzheimer’s disease (AD) (Abuznait and Kaddoumi, 2012). Also, 501 

approximately half of human ABC transporters are associated with ATP-dependent 502 

translocation of lipids or lipid-related compounds (Tarling et al., 2013). α-Syn binds 503 

phospholipids, and this interaction facilitates formation of α-syn fibrils (Comellas et al., 2012). 504 

Familial PD-linked mutant E46K α-syn has been shown to increase phospholipid binding and 505 

fibril formation (Choi et al., 2004). The interaction with lipids may increase the affinity of 506 
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α-syn to ABC transporters. We revealed that selegiline preferentially facilitated the secretion 507 

of detergent-insoluble α-syn with a decrease in its intracellular accumulation under 508 

chloroquine-induced lysosomal dysfunction, and these effects were blocked by reserpine 509 

treatment. These findings suggest that MAO-B inhibition stimulate the clearance of insoluble 510 

α-syn protein via the ABC transporter-mediated non-classical secretion pathway under 511 

pathological conditions (Fig. 9). Although the exact mechanisms underlying the effect of 512 

MAO-B inhibition on ABC transporter-mediated α-syn secretion are unclear, increased levels 513 

of MAO-B substrates may drive the secretion of α-syn. A previous study has reported that DA 514 

treatment promoted accumulation of α-syn oligomers in intracellular vesicles and stimulated 515 

the secretion of α-syn oligomers (Lee et al., 2011). The increase in DA contents by MAO-B 516 

inhibition may stimulate generation of misfolded α-syn protein, facilitating α-syn secretion 517 

via the ABC transporter-mediated pathway. Alternatively, MAO-B metabolizes 518 

β-phenylethylamine (β-PEA) more preferentially than MAO-A (Finberg and Rabey, 2016). 519 

β-PEA activates trace amine-associated receptor 1 (TAAR1), and this activation is coupled 520 

with the mobilization of intracellular calcium (Navarro et al., 2006; Rutigliano et al., 2017). 521 

Release of AD-related tau protein occurs in response to calcium influx-dependent changes in 522 

neuronal excitability in primary cortical neuron cultures (Pooler et al., 2013). α-Syn is also 523 

released in response to calcium influx (Yamada and Iwatsubo, 2018). These findings 524 

hypothesize that MAO-B inhibition may facilitate exocytosis of vesicles containing ABC 525 

transporters through the increase in calcium influx by β-PEA-mediated activation of TAAR1. 526 

It should be noted that α-syn secretion did not show a plateau by treatment with selegiline at 527 

high concentration. This may be explained by introducing a factor besides MAO-B inhibition. 528 

Pharmacological active metabolites of selegiline may additively enhance the effects of 529 

selegiline on α-syn secretion. Further studies are required to elucidate the relationship 530 

between MAO-B inhibition and facilitation of α-syn secretion. 531 
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MAO-B has been demonstrated to activate asparagine endopeptidase by direct binding 532 

to α-syn, and it facilitated generation of α-syn toxic fragments (Kang et al., 2018). 533 

Additionally, rasagiline attenuated nigrostriatal dopaminergic neuronal loss in rats injected 534 

rAAV-α-syn. To elucidate whether MAO-B inhibition affects α-syn aggregation in vivo, we 535 

investigated the effects of selegiline on α-syn aggregation and neurotoxicity in rats. We 536 

revealed that selegiline had protective effects against α-syn-induced neurotoxicity and delayed 537 

the formation of α-syn aggregates in the rats injected rAAV-A53T α-syn. A previous study has 538 

reported that selegiline delayed the fibril formation of α-syn by extending the lag phase of 539 

aggregation in vitro and proposed that selegiline interfered with early nuclei formation as well 540 

as fibril elongation, albeit to a lesser extent (Braga et al., 2011). It is therefore possible that 541 

selegiline reduces the formation of α-syn aggregates through its direct interaction with α-syn 542 

protein. However, in the present study, a suppressive effect of selegiline on the formation of 543 

striatal pS129 α-syn-positive aggregates was not observed at 12 weeks after the viral injection. 544 

This finding raises the following question: why was the suppressive effect of selegiline on 545 

α-syn aggregation attenuated in the advanced stages of α-syn pathology? It seems difficult to 546 

answer this question by considering the direct anti-aggregation properties of selegiline. The 547 

aforementioned study has also demonstrated that the inhibitory effect of selegiline was 548 

abolished by adding small fibril pieces as seeds into the aggregation reaction (Braga et al., 549 

2011). However, this result was inconsistent with our finding that selegiline delayed the 550 

cell-to-cell transmission of α-syn aggregates. This question may be explained by two 551 

possibilities. First, in vehicle-treated rats, the number of α-syn aggregates may be reduced as 552 

neuronal loss progresses, because LBs have been demonstrated to disappear with neuronal 553 

loss (Greffard et al., 2010). Alternatively, selegiline may be unable to resist the formation of 554 

α-syn aggregates in the advanced stages of α-syn pathology. Although there are no data 555 

demonstrating that MAO-B inhibition facilitates α-syn secretion in vivo, MAO-B inhibition 556 
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may lead to the spread of misfolded α-syn protein into the extracellular space. In support of 557 

this idea, secreted tau has been shown to enhance the propagation of tau pathology in 558 

transgenic mice (Wu et al., 2016). It is thus conceivable that MAO-B inhibition promotes 559 

cell-to-cell transmission of α-syn aggregates by facilitating the secretion of misfolded α-syn 560 

protein in the advanced stages of α-syn pathology. Conversely, this action of MAO-B 561 

inhibition may open a combination therapy with active and passive immunization against 562 

α-syn. Active immunization using α-syn mimicking short peptides persistently produced 563 

antibodies and reduced accumulation of α-syn oligomers in axons and synapses by activating 564 

microglial clearance in transgenic mouse models (Mandler et al., 2014). MAO-B inhibition 565 

may facilitate effective capture of extracellular α-syn by microglia and antibodies to block 566 

cell-to-cell transmission of α-syn pathology in PD. 567 

In summary, we have demonstrated that MAO-B inhibition affects the non-classical 568 

secretion of α-syn in vitro and potentially acts as a temporary suppressor of the accumulation 569 

and transmission of α-syn aggregates in vivo. Our results provide support for the concept that 570 

MAO-B inhibition may exert undescribed actions. 571 
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 710 

Figure legends 711 

Fig. 1. MAO-B inhibition facilitates α-syn secretion in SH-SY5Y cells.  712 

Western blots of TCA-precipitated CM and cell lysates are labelled by Syn-1 antibody. β-actin 713 

is used as a loading control. A, Parental SH-SY5Y cells were treated with selegiline for 24 h 714 

(n = 6). Cell lysates are blotted. Data were analyzed by Welch-ANOVA (F(3, 20) = 1.272, p = 715 

0.311) with Games-Howell post hoc test. B, CHX chase experiments of parental SH-SY5Y 716 

cells with and without selegiline. The intracellular levels of α-syn were analyzed by western 717 

blotting of cell lysates with Syn-1 antibody (n = 9) (F(4, 40) = 26.140, p < 0.001, ANOVA). C, 718 

Wt-aS/SH cells were treated with selegiline for 24 h. The extracellular levels of α-syn were 719 

analyzed by western blotting of CM with Syn-1 antibody (n = 4) (F(3, 12) = 159.338, p < 720 

0.001, ANOVA). D, Assessment of LDH release in selegiline-treated cells (n = 9). E, After 721 

treating wt-aS/SH cells with rasagiline for 24 h, CM and cell lysates were blotted (n = 6) (F(3, 722 

20) = 14.391, p < 0.001, ANOVA). F, After treating wt-aS/SH cells with TVP-1022 for 24 h, 723 

CM and cell lysates were blotted (n = 4) (F(3, 12) = 0.546, p = 0.660, ANOVA). G, 724 

Assessment of LDH release in rasagiline- and TVP-1022-treated cells (n = 9). H, MAO-A or 725 

MAO-B knockdown wt-aS/SH cells were incubated in Opti-MEM for 24. The extracellular 726 

levels of α-syn were analyzed by western blotting of CM with Syn-1 antibody (n = 6) (F(2, 727 

15) = 7.394, p = 0.006, ANOVA). Left upper and middle panels show blots of cell lysates with 728 

MAO-A and MAO-B antibodies, respectively. Right upper and middle panels show blots of 729 

CM and cell lysates with Syn-1, respectively. Left lower graph shows cell viability in 730 

knockdown cells (n = 4). (A to C, E, F, H) Graphs show the ratios of relative intensities of 731 
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α-syn signals to controls. (D and G) Graphs show LDH release ratios to lysis buffer-treated 732 

cells as a positive control. Data represent means ± SD. (B to H) Data were analyzed by 733 

one-way ANOVA with Bonferroni’s post hoc test. *p < 0.05; ** p < 0.01; *** p < 0.001. 734 

Control, Cont; cycloheximide, CHX; MAO-A, M-A; MAO-B, M-B; lysis buffer, Ly. buffer; 735 

rasagiline, Ras; secreted α-syn, Sec. αS; selegiline, Sel; TVP-1022, TVP. 736 

 737 

Fig. 2. MAO-B inhibition facilitates α-syn secretion via the non-classical ABC 738 

transporter-mediated pathway.  739 

Western blot analysis of TCA-precipitated CM and cell lysates with Syn-1 antibody. β-actin 740 

was used as a loading control. A and B, Effect of brefeldin A on MAO-B inhibitor-induced 741 

α-syn secretion. Wt-aS/SH cells were treated with 1 mM selegiline (A) or 1 mM rasagiline (B) 742 

in the absence and presence of 7 μM brefeldin A for 6h (n = 3 per group). C and D, Effect of 743 

probenecid on MAO-B inhibitor-induced α-syn secretion. Wt-aS/SH cells were treated with 1 744 

mM selegiline (C) (n = 4) (F(2, 9) = 65.197, p < 0.001, ANOVA) or 1 mM rasagiline (D) (n = 745 

3) (F(2, 6) = 10.362, p = 0.011, ANOVA) in the absence and presence of 10 μM probenecid 746 

for 24h. E and F, Effect of glyburide on MAO-B inhibitor-induced α-syn secretion. After 747 

pre-treating wt-aS/SH cells with vehicle or 5 μM glyburide for 24h, cells were treated with 1 748 

mM selegiline (E) (n = 3) (F(2, 6) = 77.896, p < 0.001, ANOVA) or 1 mM rasagiline (F) (n = 749 

3) (F(2, 6) = 64.275, p < 0.001, ANOVA) in the absence and presence of 5 μM glyburide for 750 

24h. C to F, Middle graphs show the ratios of relative intensities of α-syn signals to controls. 751 

A to F, Right graphs show LDH release ratios to lysis buffer-treated cells (n=6). Data 752 

represent means ± SD. Data were analyzed by one-way ANOVA with Bonferroni’s post hoc 753 

test. *p < 0.05; ** p <0.01; *** p <0.001. Brefeldin A, Bre; Glyburide, Gly; lysis buffer, Ly. 754 

buffer; probenecid, Pro; rasagiline, Ras; secreted α-syn, Sec. αS; selegiline, Sel. 755 

  756 
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Fig. 3. Effects of reserpine on MAO-B inhibition-induced α-syn secretion.  757 

Western blot analysis of TCA-precipitated CM and cell lysates with Syn-1 antibody. β-actin 758 

was used as a loading control. A, MAO-B knockdown wt-aS/SH cells were treated with 10 759 

μM reserpine for 24 h (n = 4) (F(3, 12) = 19.555, p < 0.001, ANOVA). Blots of cell lysates 760 

are labelled by Syn-1, MAO-B, and β-actin antibodies. B, Wt-aS/SH cells were treated with 1 761 

mM selegiline and 10 μM reserpine for 48 h (n = 3) (F(3, 8) = 26.584, p < 0.001, ANOVA). C, 762 

Wt-aS/SH cells were treated with 1 mM rasagiline and 10 μM reserpine for 24 h (n = 3) (F(3, 763 

8) = 26.760, p < 0.001, ANOVA). A to C, Middle graphs show the ratios of relative intensities 764 

of α-syn signals to controls. Right graphs show LDH release ratios to lysis buffer-treated cells 765 

(n = 5). Data represent means ± SD. Data were analyzed by one-way ANOVA with 766 

Bonferroni’s post hoc test. *p < 0.05; ** p < 0.01; *** p < 0.001. Lysis buffer, Ly. buffer; Not 767 

significant, NS; rasagiline, Ras; reserpine, Res; secreted α-syn, Sec. αS; selegiline, Sel. 768 

 769 

Fig. 4. Effects of MAO-B inhibition on secretion and intracellular accumulation of 770 

detergent-insoluble α-syn protein under lysosomal dysfunction. 771 

Wt-aS/SH cells were treated with 100 μM chloroquine and 1mM selegiline for 48 h. The 772 

levels of α-syn in 1% Triton X-100 soluble fractions of cells (A) (n = 4) (F(3, 12) = 0.081, p = 773 

0.969, ANOVA), 1% Triton X-100 insoluble fractions of cells (B) (n = 4) (F(3, 12) = 31.578, 774 

p < 0.001, ANOVA), 1% Triton X-100 soluble fractions of CM (C) (n = 4) (F(3, 12) = 3.058, 775 

p = 0.070, ANOVA), and 1% Triton X-100 insoluble fractions of CM (D) (n = 4) (F(3, 12) = 776 

27.908, p < 0.001, ANOVA) were analyzed by western blotting. β-actin was used as a loading 777 

control of 1% Triton X-100 soluble fractions of cells. Graphs show the ratios of relative 778 

intensities of α-syn signals to controls. E, Assessment of LDH release in selegiline and 779 

chloroquine-treated cells (n = 9) (F(3, 32) = 45.271, p < 0.001, ANOVA). Graphs show LDH 780 

release ratios to lysis buffer-treated cells. Data represent means ± SD and were analyzed by 781 
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one-way ANOVA with Bonferroni’s post hoc test. *p < 0.05; ** p < 0.01; *** p < 0.001. 782 

Chloroquine, Chl; conditioned medium, CM; lysis buffer, Ly. buffer; secreted α-syn, Sec. αS; 783 

selegiline, Sel. 784 

 785 

Fig. 5. Distinct involvement of ABC transporter between MAO-B inhibition- and 786 

lysosomal dysfunction-induced α-syn secretion.  787 

Western blot analysis of 1% Triton X-100 soluble fractions of CM (left upper blots of each 788 

panel), 1% Triton X-100 insoluble fractions of CM (right upper blots of each panel), 1% 789 

Triton X-100 soluble fractions of cells (left lower blots of each panel), and 1% Triton X-100 790 

insoluble fractions of cells (right lower blots of each panel) with Syn-1 antibody. β-actin was 791 

used as a loading control of 1% Triton X-100 soluble fractions of cells. A, Wt-aS/SH cells 792 

were treated with 1 mM selegiline in the absence and presence of 10 μM reserpine for 48 h 793 

(Comparison of secreted insoluble α-syn levels, n = 3, F(2, 6) = 16.883, p = 0.003, ANOVA; 794 

comparison of intracellular insoluble α-syn levels, n = 5, F(2, 12) = 38.356, p < 0.001, 795 

ANOVA). B, Wt-aS/SH cells were treated with 100 μM chloroquine in the absence and 796 

presence of 10 μM reserpine for 48 h (Comparison of secreted insoluble α-syn levels, n = 4, 797 

F(2, 9) = 52.850, p < 0.001, ANOVA; comparison of intracellular insoluble α-syn levels, n = 3, 798 

F(2, 6) = 46.223, p < 0.001, ANOVA). Graphs show the ratios of relative intensities of α-syn 799 

signals to controls. Data represent means ± SD and were analyzed by one-way ANOVA with 800 

Bonferroni’s post hoc test. *p < 0.05; ** p < 0.01; *** p < 0.001. Chloroquine, Chl; Not 801 

significant, NS; reserpine, Res; secreted α-syn, Sec. αS; selegiline, Sel. 802 

 803 

Fig. 6. MAO-B inhibition attenuates α-syn-induced dopaminergic neuronal loss in rats.  804 

A, Experiment schedule. Selegiline was resolved in saline before use. The selegiline solution 805 

was subcutaneously injected at a dose of 10 mg/kg once daily from 3 days before the viral 806 
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injection to the day before sacrification. As a control, the same volume of vehicle was 807 

simultaneously injected in a separate set of rats. Rats were sacrificed at 2 weeks (vehicle, n = 808 

5; selegiline, n = 6), 4 weeks (vehicle, n = 4; selegiline, n = 5), 8 weeks (vehicle, n = 4; 809 

selegiline, n = 4) and 12 weeks (vehicle, n = 8; selegiline, n = 4) after rAAV-A53T α-syn 810 

injection. B, Immunohistochemical analysis of rat midbrains injected rAAV-A53T α-syn. Left 811 

panels show anti-human α-syn antibody (LB509)-stained images at low (scale bar, 2 mm) and 812 

high magnifications (scale bar, 100 μm). Right panels show anti-TH antibody-stained sections 813 

(scale bar, 2 mm). C, Assessment of nigrostriatal dopaminergic neuronal damage by 814 

rAAV-A53T α-syn injection. Left graph shows percentages of the remaining nigral 815 

TH-positive neurons in the lesioned sides to those in the intact sides. A two-way ANOVA 816 

demonstrated significant main effects for the drug (F(1,32) = 26.901, p < 0.001) and for time 817 

(F(3,32) = 75.607, p < 0.001), with a significant drug × time interaction (F(3,32) = 8.814, p < 818 

0.001). In the vehicle-treated rats, the numbers of TH-positive neurons in intact sides were 819 

25,265.0 ± 1,306.5 and 21,855.8 ± 4,146.9 at 8 and 12 weeks after viral injection, respectively. 820 

In the selegiline-treated rats, the numbers of TH-positive neurons in intact sides were 821 

19,553.9 ± 3,387.2 and 21,484.0 ± 2,388.3 at 8 and 12 weeks after viral injection, respectively. 822 

Right graph shows percentages of the remaining TH-positive fibers in the striatum. A 823 

two-way ANOVA demonstrated significant main effects for the drug (F(1,32) = 75.728, p < 824 

0.001) and for time (F(3,32) = 141.373, p < 0.001), with a significant drug × time interaction 825 

(F(3,32) = 16.381, p < 0.001). D, Assessment of nigral dopaminergic neuronal damage by 826 

rAAV-GFP injection. Rats were sacrificed 2 and 8 weeks later (n = 5 per group). Graph shows 827 

percentages of remaining nigral TH or DAT-positive neurons in the lesioned sides to those in 828 

the intact sides. E, Assessment of motor impairment by rAAV-A53T α-syn injection (n = 7 per 829 

group). Cylinder test was performed at 8 weeks after rAAV-A53T α-syn injection. Left and 830 

right graphs show total forepaw touches and percentages of right paw touches to total paw 831 
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ones, respectively. F, Striatal DA contents at 8 weeks after rAAV-A53T α-syn injection (n = 7 832 

per group). Left and right graphs show the striatal DA contents and the ratios of DA contents 833 

in the lesioned sides to those in the intact sides, respectively. Data represent means ± SD and 834 

were analyzed by two-way ANOVA with Bonferroni’s post hoc test (C), unpaired t-test (E and 835 

right graph of F), and one-way ANOVA with Tukey’s post hoc test (left graph of F). Data 836 

represent means ± SD. *p < 0.05; ** p < 0.01; *** p < 0.001. Dopamine; DA; dopamine 837 

transporter, DAT; tyrosine hydroxylase, TH. 838 

 839 

Fig. 7. MAO-B inhibition delays the formation of pS129 α-syn aggregates. 840 

Rats were sacrificed at 2 weeks (vehicle, n = 4; selegiline, n = 6), 4 weeks (vehicle, n = 4; 841 

selegiline, n = 5), 8 weeks (vehicle, n = 4; selegiline, n = 4) and 12 weeks (vehicle, n = 8; 842 

selegiline, n = 4) after rAAV-A53T α-syn injection. A, Immunohistochemical analysis of 843 

striatal pS129 α-syn aggregates. Micrographs show pS129 α-syn aggregates of upper and 844 

middle portions of the dorsal lateral striatum at 4, 8 and 12 weeks after viral injection. Scale 845 

bar, 100 μm. B, Graph shows the number of pS129 α-syn aggregates. A two-way ANOVA 846 

demonstrated significant main effects for the drug (F(1,31) = 8.619, p = 0.006) and for time 847 

(F(3,31) = 162.594, p < 0.001), with a significant drug × time interaction (F(3,31) = 4.204, p 848 

= 0.013). Data were log-transformed and analyzed by two-way ANOVA with Bonferroni’s 849 

post hoc test. Data represent means ± SD. *p < 0.05. C, Immunofluorescent analysis of striatal 850 

pS129 α-syn aggregates at 12 weeks after rAAV-53T α-syn injection. Left and middle 851 

micrographs show the sections stained with anti-TH (green) and anti-pS129 α-syn (red) 852 

antibodies, respectively. Right micrograph shows the merged image. Arrowheads indicate TH- 853 

and pS129 α-syn-positive aggregates. Scale bar, 25 μm. 854 

 855 

Fig. 8. MAO-B inhibition delays α-syn aggregation in the rat transmission model. 856 
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A, Experiment schedule. At 4 days post-PFF injection, we began to subcutaneously administer 857 

selegiline (10 mg/kg) and repeatedly administered it once a day until the day before 858 

sacrification. As a control, the same volume of vehicle was simultaneously injected in a 859 

separate set of rats. Rats were sacrificed at 6 weeks (vehicle, n = 5; selegiline, n = 5) and 8 860 

weeks (vehicle, n = 5; selegiline, n = 6 for analysis of pS129 α-syn aggregation or n = 4 for 861 

analysis of nigral TH-positive neuron viability) after PFF inoculation. B, Effect of selegiline 862 

on the formation of pS129 α-syn aggregates in the rat transmission model. Micrographs show 863 

anti-pS129 α-syn antibody-stained striatal sections at 6 weeks after PFF inoculation and 8 864 

weeks after PFF, saline or purified soluble α-syn protein inoculation in rAAV-wild-type 865 

α-syn-injected rats, and at 6 weeks after PFF inoculation in non-rAAV-injected rats. Graph 866 

shows the number of pS129 α-syn aggregates. A two-way ANOVA demonstrated significant 867 

main effects for drug (F(1,17) = 6.279, p = 0.023) and for time (F(1,17) = 89.970, p < 0.001), 868 

with no significant drug × time interaction (F(1,17) = 3.890, p = 0.065). Scale bars, 100 μm. 869 

C, Graph shows remaining nigral TH-positive neurons. A two-way ANOVA demonstrated 870 

significant main effects for drug (F(1,15) = 14.379, p = 0.002) and for time (F(1,15) = 14.197, 871 

p = 0.002), with no significant drug × time interaction (F(1,15) = 3.746, p = 0.072). The 872 

numbers of TH-positive neurons in intact sides were 18,018.1 ± 1,749.9 and 15,060.1 ± 873 

1,690.8 at 6 weeks post-PFF injection in the vehicle- and selegiline-treated rats, respectively. 874 

Scale bars, 2mm. Data represent means ± SD and were analyzed by two-way ANOVA with 875 

Bonferroni’s post hoc test. ** p <0.01. α-Syn, αS; tyrosine hydroxylase, TH. 876 

 877 

Figure 9. A model of MAO-B inhibition effects on α-syn clearance.  878 

Many proteins are secreted via the classical ER/Golgi-dependent pathway, while α-syn is 879 

secreted via the non-classical ER/Golgi-independent pathway. Impairment of lysosomal 880 

degradation causes solubility change of α-syn protein from the soluble form to the insoluble 881 
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one, and promotes intracellular accumulation of insoluble α-syn. MAO-B inhibition 882 

preferentially facilitates secretion of insoluble α-syn into the extracellular space via the ABC 883 

transporter-mediated non-classical pathway. Consequently, MAO-B inhibition mitigates 884 

intracellular accumulation of insoluble α-syn. There are two candidate transport systems, 885 

non-vesicular (a) and vesicular transports (b), in the ABC transporter-mediated non-classical 886 

pathway.  887 
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