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Parkinson’s disease (PD) and related disorders are characterized by filamentous or
fibrous structures consisting of abnormal α-synuclein in the brains of patients, and
the distributions and spread of these pathologies are closely correlated with disease
progression. L-DOPA (a dopamine precursor) is the most effective therapy for PD, but
it remains unclear whether the drug has any effect on the formation and propagation
of pathogenic abnormal α-synuclein in vivo. Here, we tested whether or not L-DOPA
influences the prion-like spread of α-synuclein pathologies in a wild-type (WT) mouse
model of α-synuclein propagation. To quantitative the pathological α-synuclein in mice,
we prepared brain sections stained with an anti-phosphoSer129 (PS129) antibody
after pretreatments with autoclaving and formic acid, and carefully analyzed positive
aggregates on multiple sections covering the areas of interest using a microscope.
Notably, a significant reduction in the accumulation of phosphorylated α-synuclein
was detected in substantia nigra of L-DOPA/benserazide (a dopamine decarboxylase
inhibitor)-treated mice, compared with control mice. These results suggest that L-DOPA
may slow the progression of PD in vivo by suppressing the aggregation of α-synuclein
in dopaminergic neurons and the cell-to-cell propagation of abnormal α-synuclein.
This is the first report describing the suppressing effect of L-DOPA/benserazide on
the propagation of pathological α-synuclein. The experimental protocols and detection
methods in this study are expected to be useful for evaluation of drug candidates or
new therapies targeting the propagation of α-synuclein.
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INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disease after Alzheimer’s
disease, and is characterized by the appearance of Lewy bodies (LBs) and Lewy neurites (LNs).
Dementia with Lewy bodies (DLB) is also a progressive neurodegenerative disease, in which LBs
and LNs appear in the cortex (Goedert, 2001; Hasegawa et al., 2016). Mutations in the α-synuclein
gene SNCA were found to be associated with these diseases, and subsequent immunostaining
studies with antibodies demonstrated that α-synuclein is the major component of LBs and LNs
(Spillantini et al., 1997, 1998b; Baba et al., 1998). It is also the major component of glial cytoplasmic
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inclusions (GCIs) in multiple system atrophy (MSA) (Spillantini
et al., 1998a; Wakabayashi et al., 1998). α-Synuclein is a small
protein of 140 amino acids, which is localized in presynaptic
termini, and is involved in the maintenance of synapses
and in synaptic plasticity. However, in patients with these
α-synucleinopathies (PD, DLB, or MSA), abnormal filamentous
α-synuclein deposits with cross-β structure appear in the brain.
This α-synuclein is phosphorylated at Ser129 and partially
ubiquitinated (Fujiwara et al., 2002; Hasegawa et al., 2002).
Thus, phosphorylated α-synuclein represents the pathological
or abnormal form of α-synuclein, and it can be detected
with the PS129 antibody. Moreover, the spread of pathological
α-synuclein is closely correlated with disease progression; indeed,
the distribution pattern and spread of the pathologies are used
for staging of sporadic PD (Braak et al., 2003; Saito et al.,
2003). To date, six missense mutations in the SNCA gene and
the occurrence of gene multiplication have been identified in
familial forms of PD and DLB (Polymeropoulos et al., 1997;
Kruger et al., 1998; Singleton et al., 2003; Chartier-Harlin et al.,
2004; Ibanez et al., 2004; Zarranz et al., 2004; Appel-Cresswell
et al., 2013; Lesage et al., 2013). These pathogenic mutations have
various effects on fibril formation in vitro, either accelerating
fibril formation (Conway et al., 1998; Choi et al., 2004; Ono
et al., 2011; Ghosh et al., 2013) or resulting in the formation
of fibrils that are more fragile and easier to propagate than

wild-type (WT) fibrils (Yonetani et al., 2009). These results
suggest that intracellular amyloid-like α-synuclein fibrils can
cause PD and DLB, and the spread of α-synuclein pathology
in the brain is considered to be the underlying mechanism of
progression of these diseases. Indeed, recent experimental studies
have demonstrated that intracerebral injection of synthetic
α-synuclein fibrils and/or insoluble α-synuclein from diseased
brain converts normal α-synuclein into abnormal form, and
the abnormal α-synuclein propagates throughout the brain in a
prion-like manner in α-synuclein transgenic mouse (Luk et al.,
2012b; Watts et al., 2013), WT mouse (Luk et al., 2012a; Masuda-
Suzukake et al., 2013, 2014; Tarutani et al., 2016) and WT
marmoset (Shimozawa et al., 2017).

L-DOPA has been the gold-standard treatment for PD, since
the 1960s. It ameliorates the three major motor signs (resting
tremor, akinesia, and rigidity) of PD, although improvement of
tremor by L-DOPA is mild compared to other anti-Parkinsonian
drugs. Administration of a sufficient amount of L-DOPA, which
serves as a precursor of dopamine, can maintain motor functions
for a long time, leading to improved quality of life (QOL)
and prolongation of survival time of the patients. Despite the
effect of levodopa in reducing the symptoms of Parkinson’s
disease, concern had been expressed that its use might hasten
neurodegeneration. However, a multicenter, placebo-controlled,
randomized, dose-ranging, double-blind clinical trial, called the

FIGURE 1 | (A) Structures of L-DOPA and benserazide. (B) Schematic diagram of the experimental protocol of this study.
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FIGURE 2 | Preparation of brain sections for this study. (A) Mouse brain
matrices (Bio Research Center Co., Ltd.) used in this study. Arrows indicate
the positions where the cuts were made. (B) The cut blocks. (C) Serial frozen
sections of these blocks (20 µm thickness) were prepared using a microtome
and pooled in a 24-well dish.

Earlier versus Later Levodopa Therapy in Parkinson’s Disease
(ELLDOPA) study, demonstrated that the total scores increased
more in the placebo group than in all the groups receiving
levodopa. A strong dose–response benefit was detected during
the period, and the effect persisted through week 40 in the group
receiving the highest dose of levodopa (600 mg daily), indicating
that treatment with the higher dose of L-DOPA is beneficial (Fahn
et al., 2004). Thus, this study and numerous other studies have
established the effects of L-DOPA on the clinical symptoms of PD
and other diseases, as well as its side effects. However, it remains
to be clarified whether the drug has any effect on the in vivo
formation and propagation of pathogenic abnormal α-synuclein,
the key molecule in the pathogenesis and progression of the

disease. L-DOPA is normally administered with a dopamine
decarboxylase inhibitor, such as benserazide or carbidopa, to
prevent conversion of L-DOPA to dopamine in the bloodstream,
because dopamine cannot cross the blood-brain barrier. In this
study, benserazide was used to inhibit the decarboxylation to
dopamine and minimize the occurrence of extracerebral side
effects of dopamine.

The aim of this study was to investigate whether
L-DOPA/benserazide influences the in vivo aggregation of
α-synuclein and whether it can slow the propagation of
pathological α-synuclein. We present evidence that oral
administration of L-DOPA in combination with benserazide
reduced the accumulation of phosphorylated α-synuclein in
substantia nigra in a WT mouse model injected with preformed
synthetic α-synuclein fibrils. The results suggest that L-DOPA
may indeed work, at least in part, by inhibiting the propagation
of pathogenic protein in vivo.

MATERIALS AND METHODS

Preparation of Recombinant α-Synuclein
and Fibrils
Recombinant mouse α-synuclein and the fibrils were prepared
as described previously, with minor modifications (Masuda-
Suzukake et al., 2014; Tarutani et al., 2016). Briefly, purified
mouse α-synuclein (7∼10 mg/ml) was incubated at 37◦C in
a shaking incubator at 200 rpm in 30 mM Tris–HCl, pH
7.5, containing 0.1% NaN3, for 72 h. α-Synuclein fibrils were
pelleted by ultracentrifugation at 113,000 × g for 20 min,
washed with sterile saline, resuspended in sterile saline (pH
7.5), and sonicated for 3 min in a Cup Horn type sonicator
(Branson, SFX250) at 25◦C. Protein concentrations were
determined by HPLC.

FIGURE 3 | The brain regions evaluated in this study. Brain areas (striatum, amygdala, and substantia nigra) analyzed in this study are shown with their positions in
the mouse brain atlas.
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Intracerebral Injection of α-Synuclein
Fibrils and Oral Administration of Drugs
C57BL/6N WT male mice were used for this experiment.
Under anesthesia with ketamine hydrochloride (71.5 mg/kg,
i.p.) and xylazine (14.5 mg/kg, i.p.), the animals were injected
with 5 µL of 2 mg/mL mouse α-synuclein fibrils into the
striatum (bregma +0.5 mm, 2 mm, and 3.5 mm) in the
right hemisphere. Appropriate doses of viccillin and meloxicam
were administered perioperatively to reduce the incidence
of postoperative wound infections and for pain relief after
inoculation. L-DOPA and benserazide were weighed and
suspended in 0.3% carboxymethylcellulose (CMC-Na). The
suspension (containing 200 mg/kg of L-DOPA and 75 mg/kg of
benserazide) was orally administered by using an oral sonde once
per day for 28 days. After the 28-day treatment period, the mice
were deeply anesthetized with 1∼4% isoflurane and killed. The
brain was perfused with PBS, fixed with 10% formalin neutral
buffer solution for 7 days, and stored in 20% sucrose.

Quantitation of α-Synuclein Pathologies
in Mouse Brain
Eight brain slices for substantia nigra (bregma −2.8 ∼ −3.8),
eight slices for striatum (bregma +1.0 ∼ 0) and four slices
for amygdala (bregma +1.0 ∼ +1.5) at intervals of 100 mm
from each of 10 independent mice were evaluated in order to
cover the whole area of these brain regions. The sections were
placed on coated slide glasses (PLATINUM PRO, Matsunami
Glass Ltd.), dried, autoclaved at 105◦C for 10 min, treated
with 100% formic acid for 10 min, and stained with an
anti-phosphorylated α-synuclein rabbit monoclonal antibody to
phospho-Ser129 (PS129, Abcam, No. ab51253) and an rabbit
antibody to tyrosine hydroxylase (TH) (Millipore, No. AB152).
All experimental protocols were approved by the Animal Care
and Use Committees of Tokyo Metropolitan Institute of Medical
Science and Charles River Laboratories Japan, Inc., Statistical
analysis was performed by using the unpaired Student’s t-test.

RESULTS

A schematic diagram of the experimental protocol of this study
is shown in Figure 1. At 28 days after injection, the mice were
randomly divided to two groups (10 mice each), which were
given either saline or 200 mg/kg of L-DOPA and 75 mg/kg of
benserazide (Figure 1A). Saline or L-DOPA/ benserazide was
orally administered once per day for 28 days. After the 28-day
treatment period, the mice were killed, and phospho-α-synuclein
pathologies in the brain were examined (Figure 1B). We made
this experimental schedule to evaluate the effect on α-synuclein
propagation in vivo in a short period, because the injected fibrils
degrade by 1∼2 weeks and the pathological α-synuclein starts
to accumulate at 3∼4 weeks after injection in the condition.
To quantitative pathological α-synuclein in these mouse brains,
we carefully prepared the brain sections as shown in Figure 2.
Fixed brains were coronally cut into four blocks using mouse
brain matrices (Bio Research Center Co., Ltd.), and serial frozen

FIGURE 4 | Immunostainings of ipsilateral sides of striatum, substantia nigra,
and amygdala of mice with or without L-DOPA/benserazide treatment (A–F,
bar 100 µm) and quantitation of PS129-positive aggregates (G). The results
of quantitation of PS129-positive aggregates are shown in box-plots. Data are
presented as the median (horizontal bar) ± 25 and 75% quartiles (box) with
the maximum and minimum (whiskers). Data were analyzed by Student’s
t-test. N = 10 mice per treatment group. ∗∗p < 0.001.

sections of these blocks (20 µm thickness) were prepared using
a microtome (Figure 3). To cover the whole area of these brain
regions, eight sections at intervals of 100 µm were investigated
for evaluation of striatum (bregma+1.0∼ 0) and substantia nigra
(bregma −2.8 ∼ −3.8), and four sections at intervals of 100 µm
were used for evaluation of amygdala (bregma +1.0 ∼ +1.5).
The sections were pretreated with autoclaving and 100% formic
acid, and stained with anti-phosphorylated α-synuclein rabbit
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FIGURE 5 | Quantitation of TH-positive neurons in the right and left hemispheres of substantia nigra of mice with or without L-DOPA/benserazide treatment. (A)
Representative images of TH immunostaining of substantia nigra in mice injected with α-synuclein fibrils with or without L-DOPA/benserazide treatment. (B)
Box-plots of TH-positive cells in these mice. Data are presented as the median (horizontal bar) ± 25 and 75% quartiles (box) with the maximum and minimum
(whiskers). Data were analyzed by Student’s t-test. N = 8 mice per treatment group. ∗p < 0.05.

monoclonal antibody to phospho-Ser129 (PS129). After staining,
the areas of PS129-positive cells (µm2) in the ipsilateral sides of
striatum, amygdala and substantia nigra were quantitated with a
BZ-X Analyzer (BZ-H3C Hybrid Cell Count Software; Keyence),
using a Keyence BZ-X710 fluorescence microscope (Keyence) at
x10 magnification, with the same settings.

Abundant phospho-α-synuclein pathologies were observed
in striatum, substantia nigra, amygdala, cortex and various
other brain regions, which are brain nuclei or regions
providing direct input to striatum of mice injected with
recombinant mouse α-synuclein fibrils, even at 2 months
after injection, as expected (Figures 4A–F). The PS129-
positive aggregates in the injected hemisphere of striatum,
substantia nigra and amygdala were quantified and compared
(Figure 4G). In striatum, mice treated with L-DOPA/benserazide
showed no significant reduction in the amounts of phospho-
α-synuclein pathologies, compared with the controls. In
substantia nigra, however, the amounts of phospho-α-synuclein
pathologies were significantly reduced in mice treated with
L-DOPA/benserazide (p < 0.001). A reduction was also
observed in amygdala, although it did not reach statistical
significance (p< 0.1).

We also quantitated TH-positive neurons in the ipsilateral
and contralateral substantia nigra. TH immunochemical staining
and analysis were performed in the same way as phosphorylated

α-synuclein staining and analysis. In mice treated with saline,
TH-positive neurons in the ipsilateral substantia nigra were
significantly decreased compared to the contralateral region.
However, this decrease of TH-positive neurons was suppressed
in mice treated with L-DOPA/benserazide (Figure 5).

DISCUSSION

We and other groups previously showed that dopamine can
inhibit aggregation of α-synuclein in vitro (Masuda et al.,
2006; Ono et al., 2007, 2013), but it was not established
whether this is also the case in vivo. Therefore, the present
study was planned to investigate whether or not L-DOPA
inhibits α-synuclein aggregation and/or propagation in brains
of WT mice injected with preformed α-synuclein fibrils. Taken
together, the results strongly suggest that L-DOPA/benserazide
can suppress the aggregation of α-synuclein in substantia nigra
and/or the propagation of pathological α-synuclein in brains of
the mice, thus providing the first evidence that this treatment can
ameliorate α-synuclein pathologies in vivo. Specifically, phospho-
α-synuclein pathologies were significantly reduced in substantia
nigra of mice treated with L-DOPA/benserazide. A similar
tendency was also observed in amygdala, although not at the
injection site (striatum), suggesting that the propagation of
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α-synuclein from the inoculation site to the connected regions
is inhibited. These observations are consistent with the fact that
administration of the drugs was started 1 month after inoculation
of α-synuclein fibrils, when abnormal α-synuclein pathologies
had already been generated in striatum and were propagating
to substantia nigra, amygdala and cortex. We do not yet know
whether the treatment works on normal α-synuclein or inhibits
the transmission of abnormal α-synuclein. The nigrostriatal
pathway is one of the major dopaminergic pathways, and is
involved in movement. Indeed, loss of dopaminergic neurons
and accumulation of phospho-α-synuclein in the substantia nigra
region are major pathological features of PD. The finding that
L-DOPA/benserazide significantly reduced pathologies at this
location may indicate that L-DOPA or dopamine generated by
decarboxylation of L-DOPA directly binds to abnormal or normal
forms of α-synuclein and inhibits aggregation or indirectly
inhibits the conversion of normal α-synuclein to an abnormal
form in dopaminergic neurons. The excess amount of dopamine
may protect TH neurons from α-synuclein aggregates by altering
cell metabolism, such as protein synthesis, in TH-neurons.
Curiously, we noticed that the overall staining of TH-neurons
of mice treated with L-DOPA seemed to be weaker than that
in saline-administered mice. In fact, the levels of TH-positive
neurons in mice treated with L-DOPA/benserazide seemed to be
slightly reduced compared to those in control mice. A plausible
explanation for this is that the administration of L-DOPA reduces
the requirement for TH to produce L-DOPA from L-tyrosine
in the dopamine biosynthetic pathway, leading to an overall
decrease in expression. Interestingly, a decrease of dopamine
transporter in the striatum was observed in patients treated with
600 mg/day in ELLDOPA study (Fahn et al., 2004). In this study,
200 mg/kg/day L-DOPA was orally administered to mice. The
human-equivalent dose is about 970 mg/day (for 60 kg human)
by calculation based on body surface area (Nair and Jacob,
2016). The dose is ∼1.5 times higher than 600 mg/day but less
than the maximum dose (1500 mg/day). It is also possible that
L-DOPA/benserazide may have an effect on the expression or
total level of endogenous α-synuclein in TH-neurons, leading to
a reduced level of aggregation. Since anti-sense oligonucleotide
(ASO) therapies are expected to be effective against various
neurodegenerative proteinopathies by reducing the expression of
targeted proteins, it is important to know whether or not there
is any effect on the expression α-synuclein. Further studies will
be needed to clarify the effective doses and mechanisms involved.
We have not tested the efficacy of carbidopa, but it may have a
similar effect to benserazide, since carbidopa is also often used
with L-DOPA as an extracerebral decarboxylase inhibitor, and no
significant difference in therapeutic effects or adverse reactions
compared to benserazide has been reported. It will be interesting
to see whether other drugs used in PD therapy, such as dopamine
agonists or MAO-B inhibitors, also have similar effects on the
propagation of α-synuclein in this model.

In this study, we focused on the effect of L-DOPA on the
aggregation and propagation of pathological α-synuclein and did
not perform any behavioral tests. One of the reasons for this
was that it is difficult to detect motor dysfunctions of these WT
mice even at 3 months after injection of α-synuclein fibrils. Thus,

we cannot discuss the relationship between behavioral changes
of L-DOPA-treated mice and propagation of α-synuclein. To
investigate this issue, it would be helpful if biomarkers correlating
with propagation could be identified. The development of
sensitive and specific PET imaging probes for α-synuclein
would also be useful to monitor the distribution of pathological
α-synuclein. Although further studies are needed to examine
the effects of L-DOPA in uninjected mice and other PD animal
models, this α-synuclein transmission model using WT mice
reproduces similar lesions without the need for a nucleation
process, which is the rate-limiting step of these types of abnormal
protein aggregations. Therefore, this model is considered to be
suitable for evaluation of α-synuclein aggregation inhibitors,
PET ligands, and ASO. Our findings here provide evidence that
L-DOPA has an effect not only as a remedy for Parkinson’s disease
palliation, but also as a disease-modifying drug by inhibiting
α-synuclein aggregation and transmission, and further offer a
compelling molecular rationale for the fact that administration
of L-DOPA maintains motor functions for a long period, leading
to improvement of QOL and prolongation of the survival time of
PD patients. We believe that these findings and the mouse model
used here will be helpful for the discovery and evaluation of new
drugs to treat PD and related disorders.

CONCLUSION

Oral administration of L-DOPA/benserazide suppressed the
propagation of pathological α-synuclein to substantia nigra in
mice injected with mouse α-synuclein fibrils into striatum. We
present the first evidence that L-DOPA/benserazide ameliorates
α-synuclein pathologies in vivo, although functional mechanisms
of L-DOPA/benserazide treatment on α-synuclein pathologies
are still unclear. The experimental protocols and detection
methods used here are expected to be useful for evaluation of
drug candidates or new therapies targeting the propagation of
α-synuclein and other pathological proteins.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the supplementary files.

ETHICS STATEMENT

All experimental protocols were approved by the Animal Care
and Use Committees of Tokyo Metropolitan Institute of Medical
Science and Charles River Laboratories Japan, Inc.

AUTHOR CONTRIBUTIONS

AS designed the study, carried out the experiments, analyzed
the data, and wrote a draft of the manuscript. YF, MT, HK, YT,
and MS carried out the experiments and analyzed the data. S-iH
critiqued the manuscript. MH designed the study, analyzed the
data, and wrote the manuscript.

Frontiers in Neuroscience | www.frontiersin.org 6 June 2019 | Volume 13 | Article 595

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00595 June 13, 2019 Time: 18:46 # 7

Shimozawa et al. Suppression of Pathological α-Synuclein Propagation by L-DOPA/Benserazide

FUNDING

This work was supported by Grant-in-Aids for Scientific
Research Grant Number JP26117005 (to MH), JST CREST Grant
Number JP18071300 (to MH), AMED Brain/MINDS Grant
Number JP18dm0207019 (to MH), and a grant from Charles
River Laboratories Japan Inc. The funders had no role in study

design, data collection and analysis, decision to publish, or
preparation of the manuscript.

ACKNOWLEDGMENTS

We thank Mr. Richard Steele for editing the manuscript.

REFERENCES
Appel-Cresswell, S., Vilarino-Guell, C., Encarnacion, M., Sherman, H., Yu, I., Shah,

B., et al. (2013). Alpha-synuclein p.H50Q, a novel pathogenic mutation for
Parkinson’s disease. Mov. Disord. 28, 811–813. doi: 10.1002/mds.25421

Baba, M., Nakajo, S., Tu, P. H., Tomita, T., Nakaya, K., Lee, V. M., et al. (1998).
Aggregation of alpha-synuclein in lewy bodies of sporadic Parkinson’s disease
and dementia with lewy bodies. Am. J. Pathol. 152, 879–884.

Braak, H., Del Tredici, K., Rub, U., De Vos, R. A., Jansen Steur, E. N., and Braak,
E. (2003). Staging of brain pathology related to sporadic Parkinson’s disease.
Neurobiol. Aging 24, 197–211. doi: 10.1016/s0197-4580(02)00065-9

Chartier-Harlin, M. C., Kachergus, J., Roumier, C., Mouroux, V., Douay, X.,
Lincoln, S., et al. (2004). Alpha-synuclein locus duplication as a cause of familial
Parkinson’s disease. Lancet 364, 1167–1169. doi: 10.1016/s0140-6736(04)
17103-1

Choi, W., Zibaee, S., Jakes, R., Serpell, L. C., Davletov, B., Crowther, R. A., et al.
(2004). Mutation E46K increases phospholipid binding and assembly into
filaments of human alpha-synuclein. FEBS Lett. 576, 363–368. doi: 10.1016/j.
febslet.2004.09.038

Conway, K. A., Harper, J. D., and Lansbury, P. T. (1998). Accelerated in vitro fibril
formation by a mutant alpha-synuclein linked to early-onset Parkinson disease.
Nat. Med. 4, 1318–1320. doi: 10.1038/3311

Fahn, S., Oakes, D., Shoulson, I., Kieburtz, K., Rudolph, A., Lang, A., et al. (2004).
Levodopa and the progression of Parkinson’s disease. N. Engl. J. Med. 351,
2498–2508.

Fujiwara, H., Hasegawa, M., Dohmae, N., Kawashima, A., Masliah, E., Goldberg,
M. S., et al. (2002). alpha-Synuclein is phosphorylated in synucleinopathy
lesions. Nat. Cell Biol. 4, 160–164. doi: 10.1038/ncb748

Ghosh, D., Mondal, M., Mohite, G. M., Singh, P. K., Ranjan, P., Anoop, A.,
et al. (2013). The Parkinson’s disease-associated H50Q mutation accelerates
alpha-synuclein aggregation in vitro. Biochemistry 52, 6925–6927. doi: 10.1021/
bi400999d

Goedert, M. (2001). Alpha-synuclein and neurodegenerative diseases. Nat. Rev.
Neurosci. 2, 492–501. doi: 10.1038/35081564

Hasegawa, M., Fujiwara, H., Nonaka, T., Wakabayashi, K., Takahashi, H., Lee,
V. M., et al. (2002). Phosphorylated alpha-synuclein is ubiquitinated in alpha-
synucleinopathy lesions. J. Biol. Chem. 277, 49071–49076. doi: 10.1074/jbc.
m208046200

Hasegawa, M., Nonaka, T., and Masuda-Suzukake, M. (2016). alpha-synuclein:
experimental pathology. Cold Spring Harb. Perspect. Med. 6:a024273. doi: 10.
1101/cshperspect.a024273

Ibanez, P., Bonnet, A. M., Debarges, B., Lohmann, E., Tison, F., Pollak, P., et al.
(2004). Causal relation between alpha-synuclein gene duplication and familial
Parkinson’s disease. Lancet 364, 1169–1171. doi: 10.1016/s0140-6736(04)
17104-3

Kruger, R., Kuhn, W., Muller, T., Woitalla, D., Graeber, M., Kosel, S., et al. (1998).
Ala30Pro mutation in the gene encoding alpha-synuclein in Parkinson’s disease.
Nat. Genet. 18, 106–108.

Lesage, S., Anheim, M., Letournel, F., Bousset, L., Honore, A., Rozas, N., et al.
(2013). G51D alpha-synuclein mutation causes a novel parkinsonian-pyramidal
syndrome. Ann. Neurol. 73, 459–471. doi: 10.1002/ana.23894

Luk, K. C., Kehm, V., Carroll, J., Zhang, B., O’brien, P., Trojanowski, J. Q.,
et al. (2012a). Pathological alpha-synuclein transmission initiates parkinson-
like neurodegeneration in nontransgenic mice. Science 338, 949–953. doi: 10.
1126/science.1227157

Luk, K. C., Kehm, V. M., Zhang, B., O’brien, P., Trojanowski, J. Q., and Lee, V. M.
(2012b). Intracerebral inoculation of pathological alpha-synuclein initiates a

rapidly progressive neurodegenerative alpha-synucleinopathy in mice. J. Exp.
Med. 209, 975–986. doi: 10.1084/jem.20112457

Masuda, M., Suzuki, N., Taniguchi, S., Oikawa, T., Nonaka, T., Iwatsubo,
T., et al. (2006). Small molecule inhibitors of alpha-synuclein
filament assembly. Biochemistry 45, 6085–6094. doi: 10.1021/bi060
0749

Masuda-Suzukake, M., Nonaka, T., Hosokawa, M., Kubo, M., Shimozawa, A.,
Akiyama, H., et al. (2014). Pathological alpha-synuclein propagates through
neural networks. Acta Neuropathol. Commun. 2, 88. doi: 10.1186/s40478-014-
0088-8

Masuda-Suzukake, M., Nonaka, T., Hosokawa, M., Oikawa, T., Arai, T., Akiyama,
H., et al. (2013). Prion-like spreading of pathological alpha-synuclein in brain.
Brain 136, 1128–1138. doi: 10.1093/brain/awt037

Nair, A. B., and Jacob, S. (2016). A simple practice guide for dose conversion
between animals and human. J. Basic Clin. Pharm. 7, 27–31. doi: 10.4103/0976-
0105.177703

Ono, K., Hirohata, M., and Yamada, M. (2007). Anti-fibrillogenic and
fibril-destabilizing activities of anti-Parkinsonian agents for alpha-synuclein
fibrils in vitro. J. Neurosci. Res. 85, 1547–1557. doi: 10.1002/jnr.2
1271

Ono, K., Ikeda, T., Takasaki, J., and Yamada, M. (2011). Familial parkinson disease
mutations influence alpha-synuclein assembly. Neurobiol. Dis. 43, 715–724.
doi: 10.1016/j.nbd.2011.05.025

Ono, K., Takasaki, J., Takahashi, R., Ikeda, T., and Yamada, M. (2013). Effects
of antiparkinsonian agents on beta-amyloid and alpha-synuclein oligomer
formation in vitro. J. Neurosci. Res. 91, 1371–1381. doi: 10.1002/jnr.2
3256

Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra, A.,
et al. (1997). Mutation in the alpha-synuclein gene identified in families with
Parkinson’s disease. Science 276, 2045–2047. doi: 10.1126/science.276.5321.
2045

Saito, Y., Kawashima, A., Ruberu, N. N., Fujiwara, H., Koyama, S., Sawabe,
M., et al. (2003). Accumulation of phosphorylated alpha-synuclein in aging
human brain. J. Neuropathol. Exp. Neurol. 62, 644–654. doi: 10.1093/jnen/62.
6.644

Shimozawa, A., Ono, M., Takahara, D., Tarutani, A., Imura, S., Masuda-Suzukake,
M., et al. (2017). Propagation of pathological alpha-synuclein in marmoset
brain. Acta Neuropathol. Commun. 5:12. doi: 10.1186/s40478-017-0413-0

Singleton, A. B., Farrer, M., Johnson, J., Singleton, A., Hague, S., Kachergus, J., et al.
(2003). alpha-Synuclein locus triplication causes Parkinson’s disease. Science
302:841. doi: 10.1126/science.1090278

Spillantini, M. G., Crowther, R. A., Jakes, R., Cairns, N. J., Lantos, P. L.,
and Goedert, M. (1998a). Filamentous alpha-synuclein inclusions link
multiple system atrophy with Parkinson’s disease and dementia with
lewy bodies. Neurosci. Lett. 251, 205–208. doi: 10.1016/s0304-3940(98)00
504-7

Spillantini, M. G., Crowther, R. A., Jakes, R., Hasegawa, M., and
Goedert, M. (1998b). Alpha-synuclein in filamentous inclusions of
lewy bodies from Parkinson’s disease and dementia with lewy bodies.
Proc. Natl. Acad. Sci. U.S.A. 95, 6469–6473. doi: 10.1073/pnas.95.11.
6469

Spillantini, M. G., Schmidt, M. L., Lee, V. M., Trojanowski, J. Q., Jakes, R., and
Goedert, M. (1997). Alpha-synuclein in lewy bodies. Nature 388, 839–840.

Tarutani, A., Suzuki, G., Shimozawa, A., Nonaka, T., Akiyama, H., Hisanaga,
S., et al. (2016). The effect of fragmented pathogenic alpha-synuclein seeds
on prion-like propagation. J. Biol. Chem. 291, 18675–18688. doi: 10.1074/jbc.
M116.734707

Frontiers in Neuroscience | www.frontiersin.org 7 June 2019 | Volume 13 | Article 595

https://doi.org/10.1002/mds.25421
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1016/s0140-6736(04)17103-1
https://doi.org/10.1016/s0140-6736(04)17103-1
https://doi.org/10.1016/j.febslet.2004.09.038
https://doi.org/10.1016/j.febslet.2004.09.038
https://doi.org/10.1038/3311
https://doi.org/10.1038/ncb748
https://doi.org/10.1021/bi400999d
https://doi.org/10.1021/bi400999d
https://doi.org/10.1038/35081564
https://doi.org/10.1074/jbc.m208046200
https://doi.org/10.1074/jbc.m208046200
https://doi.org/10.1101/cshperspect.a024273
https://doi.org/10.1101/cshperspect.a024273
https://doi.org/10.1016/s0140-6736(04)17104-3
https://doi.org/10.1016/s0140-6736(04)17104-3
https://doi.org/10.1002/ana.23894
https://doi.org/10.1126/science.1227157
https://doi.org/10.1126/science.1227157
https://doi.org/10.1084/jem.20112457
https://doi.org/10.1021/bi0600749
https://doi.org/10.1021/bi0600749
https://doi.org/10.1186/s40478-014-0088-8
https://doi.org/10.1186/s40478-014-0088-8
https://doi.org/10.1093/brain/awt037
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1002/jnr.21271
https://doi.org/10.1002/jnr.21271
https://doi.org/10.1016/j.nbd.2011.05.025
https://doi.org/10.1002/jnr.23256
https://doi.org/10.1002/jnr.23256
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1093/jnen/62.6.644
https://doi.org/10.1093/jnen/62.6.644
https://doi.org/10.1186/s40478-017-0413-0
https://doi.org/10.1126/science.1090278
https://doi.org/10.1016/s0304-3940(98)00504-7
https://doi.org/10.1016/s0304-3940(98)00504-7
https://doi.org/10.1073/pnas.95.11.6469
https://doi.org/10.1073/pnas.95.11.6469
https://doi.org/10.1074/jbc.M116.734707
https://doi.org/10.1074/jbc.M116.734707
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00595 June 13, 2019 Time: 18:46 # 8

Shimozawa et al. Suppression of Pathological α-Synuclein Propagation by L-DOPA/Benserazide

Wakabayashi, K., Yoshimoto, M., Tsuji, S., and Takahashi, H. (1998). Alpha-
synuclein immunoreactivity in glial cytoplasmic inclusions in multiple system
atrophy. Neurosci. Lett. 249, 180–182. doi: 10.1016/s0304-3940(98)00407-8

Watts, J. C., Giles, K., Oehler, A., Middleton, L., Dexter, D. T., Gentleman, S. M.,
et al. (2013). Transmission of multiple system atrophy prions to transgenic
mice. Proc. Natl. Acad. Sci. U.S.A. 110, 19555–19560. doi: 10.1073/pnas.
1318268110

Yonetani, M., Nonaka, T., Masuda, M., Inukai, Y., Oikawa, T., Hisanaga, S., et al.
(2009). Conversion of wild-type alpha-synuclein into mutant-type fibrils and
its propagation in the presence of A30P mutant. J. Biol. Chem. 284, 7940–7950.
doi: 10.1074/jbc.M807482200

Zarranz, J. J., Alegre, J., Gomez-Esteban, J. C., Lezcano, E., Ros, R., Ampuero, I.,
et al. (2004). The new mutation, E46K, of alpha-synuclein causes parkinson and
lewy body dementia. Ann. Neurol. 55, 164–173. doi: 10.1002/ana.10795

Conflict of Interest Statement: YT and MS were employed by Charles River
Laboratories Japan, Inc.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Shimozawa, Fujita, Kondo, Takimoto, Terada, Sanagi, Hisanaga
and Hasegawa. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 8 June 2019 | Volume 13 | Article 595

https://doi.org/10.1016/s0304-3940(98)00407-8
https://doi.org/10.1073/pnas.1318268110
https://doi.org/10.1073/pnas.1318268110
https://doi.org/10.1074/jbc.M807482200
https://doi.org/10.1002/ana.10795
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Effect of L-DOPA/Benserazide on Propagation of Pathological α-Synuclein
	Introduction
	Materials and Methods
	Preparation of Recombinant α-Synuclein and Fibrils
	Intracerebral Injection of α-Synuclein Fibrils and Oral Administration of Drugs
	Quantitation of α-Synuclein Pathologies in Mouse Brain

	Results
	Discussion
	Conclusion
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


