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a-Synuclein, which is present as a small, soluble, cytosolic protein in healthy subjects, is
converted to amyloid-like fibrils in diseases such as Parkinson’s disease (PD), dementia with
Lewy bodies (DLB), and multiple system atrophy (MSA). Bulk synthesis of purified a-synu-
clein has made it more convenient to study the nature of the normal protein and the mech-
anism of its conversion to an abnormal form in vitro and in vivo. Synthetic a-synuclein fibrils
and pathological a-synuclein from diseased brains can act as triggers to convert normal
a-synuclein to an abnormal form via prion-like mechanisms. In this article, we describe
the experimental pathologies of a-synuclein both in vitro and in vivo in human and animal
models. Prion-like spreading of abnormal a-synuclein from cell to cell can account for the
progression of these a-synucleinopathies.

a-Synuclein is a relatively small, cytosolic pro-
tein containing 140 amino acid residues. It is
abundantly expressed in the brain, where it
is located in presynaptic nerve terminals
(Maroteaux et al. 1988; Uéda et al. 1993). The
N-terminal region (residues 7–66) consists
of five imperfect repeats, each 11 amino acids
in length, with the consensus sequence
KT(A)KE(Q)G(Q)V (Fig. 1). The tandem re-
peats are continuous, except for a four-amino-
acid stretch between repeats 4 and 5. The re-
peat region has been assumed to form an
amphipathic a-helix by binding to phos-
pholipid. The C-terminal region (amino acids
96–140) is negatively charged and hydrophilic
(Fig. 1). Expression of a-synuclein has been
detected not only in the brain but also in other
tissues, including the placenta, lungs, kidneys,
and heart. The protein is also abundantly pres-

ent in blood cells. Its physiological role has
not been fully elucidated, but studies with
knockout mice suggest that a-synuclein is in-
volved in regulation of dopamine release and
transport (Abeliovich et al. 2000; Chandra
et al. 2004).

The identification of a missense mutation in
the a-synuclein gene SNCA in pedigrees of Par-
kinson’s disease (PD) sheds light on the nature
of Lewy bodies (Polymeropoulos et al. 1997),
and subsequent immunohistochemical work
with anti-a-synuclein antibodies has revealed
that a-synuclein is the major component of
Lewy bodies (LBs) and Lewy neurites (LNs) in
PD and glial cytoplasmic inclusions in multiple
system atrophy (MSA) (Spillantini et al. 1997;
Baba et al. 1998; Wakabayashi et al. 1998; Spil-
lantini et al. 1998a; Goedert 2001). Thus far,
genetic studies indicate that six missense muta-
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tions (A30P, E46K, H50Q, G51D, A53T, and
A53E) in SNCA are associated with familial
forms of PD and dementia with Lewy bodies
(DLB) (Fig. 1) (Polymeropoulos et al. 1997;
Krüger et al. 1998; Zarranz et al. 2004; Appel-
Cresswell et al. 2013; Lesage et al. 2013; Pasanen
et al. 2014). In addition, multiplications (dupli-
cation and triplication) of SNCA are associated
with inherited forms of PD and DLB (Singleton
et al. 2003; Chartier-Harlin et al. 2004; Ibáñez
et al. 2004), indicating that an increased level of
intracellulara-synuclein contributes to onset of
familial disease.

Immunohistochemical and ultrastructural
studies of a-synuclein in the brains of patients
with PD, DLB, MSA, and other neurodegen-

erative diseases have demonstrated that a-sy-
nuclein is deposited as filamentous or fibrous
structures of �5–10 nm diameter (Spillantini
et al. 1998b). Biochemical and protein chemi-
cal studies revealed that most of the pathologi-
cal a-synuclein recovered in a sarkosyl-insolu-
ble fraction is aberrantly phosphorylated at
Ser129 (Fig. 1) and also partially ubiquitinated
(Fujiwara et al. 2002; Hasegawa et al. 2002;
Anderson et al. 2006). Therefore, an antibody
to a-synuclein’s phospho-Ser129 (PS129) is
widely used to detect the abnormal form of
a-synuclein in diseased brains as well as in cel-
lular and animal models. Antibodies to ubi-
quitin and ubiquitin-binding protein p62 are
also useful for co-immunostainings with anti-
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Figure 1. Schematic illustration of the amino acid sequence of human a-synuclein. Five missense mutations
identified in familial forms of Parkinson’s disease (PD) or dementia with Lewy bodies (DLB) and an abnormal
phosphorylation site (Ser129) identified in pathological a-synuclein from diseased brains are shown.

Table 1. Structural and biochemical differences between normal and abnormal a-synuclein in the human brain

State Structure Solubility

Reactions to antibodies

PS129 Anti-Ub Anti-p62

Healthy (normal) Unstructured, long-range
interactions, ThioS (2)

Buffer-soluble P129 (2) Ub (2) p62 (2)

Disease (abnormal) Filamentous/fibrous,
cross-b, ThioS (þ)

Sarkosyl-insoluble P129 (þ) Ub (þ) p62 (þ)
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a-synuclein to distinguish the abnormal from
the normal form (Table 1).

CONFORMATIONAL CHANGES OF
a-SYNUCLEIN IN DISEASE CONDITIONS
Circular dichroism and Fourier transform in-
frared analyses have shown that a-synuclein is
a natively unfolded protein with little ordered
secondary structure (Weinreb et al. 1996; Uver-
sky et al. 2001). However, nuclear magnetic
resonance (NMR) analysis has revealed three
intramolecular long-range interactions between
(1) the highly hydrophobic region (residues
85–95) and the C terminus (residues 110–
130); (2) the C-terminal residues 120–130
and residues 105–115; and (3) the region
around residue 120 and the N terminus around
residue 20. Additionally, it is noteworthy that
parkinsonism-linked mutations greatly perturb
these specific tertiary interactions of native
a-synuclein (Bertoncini et al. 2005a,b).

Upon incubation at a high concentration at
37˚C with shaking, recombinant a-synuclein
in vitro assembles into fibrils that closely resem-
ble those in brains with PD and DLB, whereas
other synuclein family proteins (i.e., b-synu-

clein and g-synuclein) neither accumulate in
the brain (Spillantini et al. 1997, 1998) nor
form fibrils (Biere et al. 2000; Serpell et al.
2000). Sequence comparison and in vitro aggre-
gation experiments revealed that the 12 amino
acid residues (71–82), where the sequence dif-
fers between a- and b-synuclein, are essential
for the assembly of a-synuclein fibrils (Fig. 1)
(Giasson et al. 2001). During assembly, con-
formational change from a random coil to a
b-sheet structure can be observed. X-ray fiber
diffraction and electron diffraction analyses
have shown that the transition from a natively
unfolded to a cross-b-structure underlies the
assembly of a-synuclein into fibrils (Serpell
et al. 2000). Both the conformational change
of a-synuclein and its inhibition by certain
small molecules can be detected by epitope-
specific antibodies (Fig. 2) (Masuda et al.
2009; Yonetani et al. 2009). Antibodies to the
C-terminal region recognize monomers and
fibrils equally, whereas antibodies to the
N-terminal region react strongly with fibrils
but weakly with monomers (Fig. 2). Under
physiological conditions, a-synuclein is known
to populate an ensemble of conformations,
including conformers that are more compact
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Figure 2. Conformational changes detected by site-specific antibodies to a-synuclein. Multiple site-specific
antibodies (displayed above peptides corresponding to residues 1–10, 11–20, 21–30, 31–40, 41–50, 51–60,
61–70, 75–91, 104–119, and 131–140 of a-synuclein) (upper panel) were used for dot blot analysis of
a-synuclein monomer and fibrils (lower panel). Marked differences in immunoreactivity between the monomer
and fibrils can be seen.
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than expected for a random-coil protein (Syme
et al. 2001; Lee et al. 2004; Maiti et al. 2004). The
core of the fibril spans approximately residues
30–100 of a-synuclein (Miake et al. 2002; Der-
Sarkissian et al. 2003) and is believed to com-
prise five parallel b-strands that are separated by
flexible loops (Vilar et al. 2008).

IN VITRO MODELS OF PRION-LIKE
CONVERSION OF a-SYNUCLEIN

Both the establishment of a recombinant a-sy-
nuclein expression system in Escherichia coli and
the consequent availability of purified recombi-
nant protein in large amounts (Jakes et al. 1994)
greatly promoted in vitro and in vivo studies of
fibril formation and prion-like propagation of
a-synuclein, which have contributed to eluci-
dation of the pathogenesis of a-synucleinopa-
thies. However, if the original DNA sequence
of a-synuclein is used for bacterial expression,
�20% of the protein is mistranslated, with cys-
teine at position 136 instead of tyrosine, result-
ing from a combination of codon usage and
sequence context (Masuda et al. 2006). Native
a-synuclein has no cysteine among its 140 ami-
no acid residues; therefore, the Y136-TAT con-
struct should be used for bacterial expression of
human a-synuclein to avoid potential artifacts.
The fact that cysteine-less a-synuclein forms
fibrils by self-assembly indicates that the S–S
bond is irrelevant to amyloid-like fibril forma-
tion, which has also been speculated to be the
case for other proteins.

Recombinant a-synuclein readily assembles
into amyloid-like fibrils that share many of
the morphological, ultrastructural, and bio-
chemical properties of the fibrils present in
the human brain. When the protein is incu-
bated with shaking at a high concentration
(1–10 mg/mL) at 37˚C, most is transformed
into fibrils within a few days (Conway et al.
1998; Crowther et al. 1998; El-Agnaf et al.
1998; Serpell et al. 2000). However, at a lower
concentration without shaking, little or no fibril
formation is observed, and a prolonged period
is required for assembly. If preformed fibrils are
added to the monomer, fibrillization is promot-
ed, presumably because a nucleation process is

no longer required. Thus, the assembly is a nu-
cleation-dependent process. Not only wild-type
(WT) but also A53T fibrils have been reported
to act as nuclei for fibrillization of WT a-synu-
clein (Wood et al. 1999).

The A30P mutation has been reported to
slow the rate of formation of mature filaments
(Giasson et al. 1999; Narhi et al. 1999; Conway
et al. 2000; Li et al. 2001) and to promote oligo-
merization of soluble, nonfibrillar protofibrils
(Conway et al. 2000; Goldberg and Lansbury
2000). We investigated seed-dependent fibrilli-
zation of a-synuclein and found that the A30P
mutant forms fibrils slowly, but the seeding
effect is higher than that in the case of WT or
other mutant a-synuclein (Yonetani et al.
2009). Furthermore, the A30P-type fibril seeds
convert WT a-synuclein into A30P-type fibrils
(Yonetani et al. 2009). The results obtained in
this in vitro experimental model demonstrate
that an abnormal form itself can convert the
normal protein into an abnormal form. The
results also suggest that there are structural
and functional differences among thesea-synu-
clein fibrils. A recent neuropathological study
of the brains of patients with the A30P muta-
tion showed widespread occurrence of a-synu-
clein fibrils, which show similar ultrastructural
characteristics to LBs and are recovered in the
insoluble fraction (Seidel et al. 2010).

CELLULAR MODELS OF a-SYNUCLEIN
PRIONS

Prion-like conversion of intracellular normal
proteins into abnormal forms has been demon-
strated in cultured cells (Desplats et al. 2009;
Emmanouilidou et al. 2010; Nonaka et al.
2010a; Volpicelli-Daley et al. 2011). We found
that amyloid-like fibrils ofa-synuclein, tau, and
TDP-43 can be introduced into cells with trans-
fection reagents, where they convert the cor-
responding normal proteins into abnormal
forms, resulting in phosphorylated and ubiq-
uitinated aggregates in cells (Nonaka et al.
2010a,b, 2013). This method has enabled us to
evaluate the nucleation-dependent polymeriza-
tion of a-synuclein and other intracellular pro-
teins in neurodegenerative diseases.

M. Hasegawa et al.
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When cultured SH-SY5Y cells were treated
with preformed recombinant a-synuclein fibril
seeds in the presence of lipofectamine, phos-
phorylated a-synuclein was detected in the in-
soluble fractions, indicating that the fibrils were
incorporated into the cells. Upon introduction
of preformed fibril seeds into cells overexpress-
ing a-synuclein, abundant, highly filamentous

a-synuclein-positive inclusions, which are ex-
tensively phosphorylated and ubiquitinated,
were formed within the cells (Fig. 3A) (Nonaka
et al. 2010a). Furthermore, cells with inclusions
underwent cell death resulting from proteasome
dysfunction, which was monitored by green
fluorescent protein with a proteasome degrada-
tion signal (Nonaka and Hasegawa 2009; No-
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Figure 3. Conversion of normal a-synuclein protein to the abnormal form in cultured cells by transduction of
amyloid-like protein seeds. (A) Seeded aggregation of a-synuclein in SH-SY5Y cells overexpressing a-synuclein
upon transfection with preformed a-synuclein fibrils. Abundant phosphorylated a-synuclein aggregates are
formed, which resemble Lewy bodies in the brain, both morphologically and biochemically. (B) Schematic
illustration of molecular events associated with the formation of intracellular amyloid-like proteins.
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naka et al. 2010a). Similar seed-dependent ag-
gregation was demonstrated for tau and TDP-43
(Nonaka et al. 2010a, 2013). Thus, these models
provide evidence of nucleation-dependent and
protein-specific polymerization of intracellular
amyloid-like proteins in cultured cells.

Luk et al. (2009) also reported that a-synu-
clein monomers and fibrils (but not oligomers)
can be introduced into cells by a cationic-lipo-
somal protein transduction reagent. Desplats
et al. (2009) reported that a-synuclein is trans-
mitted by endocytosis to neighboring neurons
and neuronal precursor cells, forming Lewy-like
inclusions. Moreover, they showed that a-synu-
clein can be transmitted from affected neurons
to engrafted neuronal precursor cells in a trans-
genic (Tg) model of PD-like pathology (Des-
plats et al. 2009). Volpicelli-Daley et al. (2011)
also reported that, in primary neurons treated
with preformed a-synuclein fibrils, LN-like
pathology first developed in axons and then
propagated to form LB-like inclusions in peri-
karya. Additionally, they reported that accu-
mulation ofa-synuclein led to selective decreas-
es in synaptic proteins, progressive impairment
of neuronal excitability and connectivity, and
eventually neuron death (Volpicelli-Daley et
al. 2011).

The results clearly show that nucleation-
dependent polymerization of amyloid-like fi-
brils can occur inside cells, and the formation
of intracellular fibrils elicits a variety of cellu-
lar reactions, including hyperphosphorylation
and compromise of the ubiquitin proteasome
system. Although the significance of the hyper-
phosphorylation of these intracellular patholog-
ical proteins remains controversial, it is notable
that phosphorylation dramatically increases in
soluble fractions when a-synuclein fibrils are
introduced. It seems likely that phosphorylation
plays an active role in inducing the degradation
of these abnormal proteins.

Overexpression of a-synuclein or the mu-
tant itself does not induce amyloid-like fibrils in
cells, but if seeds are incorporated into the cells,
normal a-synuclein is converted to the abnor-
mal form in the seeds. The fibrils are toxic to
cells and are attacked by kinases, chaperones,
and proteases that form part of the cellular

defense system. However, the fibrils are not de-
graded, and fragmented fibrils can serve as fur-
ther template seeds. The cells try to remove the
fibrils by recruiting ubiquitin, lysosome, or au-
tophagy systems. However, because of their rig-
id structure, the fibrils cannot be degraded even
by proteasomes, and because of this dysfunc-
tion, cells with inclusions undergo cell death
(Fig. 3B).

ANIMAL MODELS OF a-SYNUCLEIN
PRIONS

The prion-like behavior of a-synuclein in vivo
was directly tested by injection of synthetic
a-synuclein fibrils or abnormal a-synuclein
from diseased brains into brains of Tg mice
overexpressing mutant a-synuclein or non-Tg
WT mice (Mougenot et al. 2012; Luk et al.
2012a,b; Masuda-Suzukake et al. 2013, 2014;
Watts et al. 2013; Recasens et al. 2014). These
experiments are similar to others that have been
performed to demonstrate the transmission of
prion diseases.

Intracerebral Injection of TgM83 Mice
Induces a-Synuclein Pathologies

TgM83 homozygous mice, which overexpress
human A53T-mutated a-synuclein, develop
motor signs with phosphosynuclein pathol-
ogies in the brain and spinal cord by �240 d.
Using TgM83 mice, Mougenot et al. (2012) in-
vestigated the possible in vivo transmission
of a-synucleinopathy. They prepared brain ho-
mogenate from ill TgM83 mice aged �360 or
�540 d, injected it into the brains of TgM83
mice aged �56 d, and compared these findings
to mice inoculated with brain homogenate from
healthy TgM83 mice aged 60 d. The mice in-
oculated with brain homogenate from an ill
mouse showed accelerated pathology and early
onset of motor clinical signs compared to mice
inoculated with brain homogenate from a
healthy or uninjected mouse (Mougenot et al.
2012). Luk et al. (2012a) also reported that
when younger mice are intracerebrally inoculat-
ed with brain homogenate from older Tg mice
showing LB/LN-like inclusions, the formation
of pathology and onset of neurological symp-
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toms are accelerated. Furthermore, they showed
that injecting synthetic recombinant human
a-synuclein fibrils had similar consequences,
indicating that a-synuclein fibrils are suff-
icient to initiate PD-like pathologies and trans-
mit disease in vivo (Luk et al. 2012a). How-
ever, these experiments do not rule out the
possibility that factors other than abnormal
a-synuclein in brain homogenate or synthetic
fibrils induce the acceleration of pathologies in
TgM83 mice. It is possible that mutant a-sy-
nuclein is predisposed to aggregate into LB/
LN-like inclusions by other stimuli.

Intracerebral Injection of Non-Tg WT Mice
Induces Pathology

Luk et al. (2012b) reported that in WT mice,
a single intrastriatal inoculation of synthetic
mouse a-synuclein fibrils led to cell-to-cell
transmission of pathological a-synuclein and
PD-like a-synuclein pathology in anatomically
interconnected regions. They also observed
progressive loss of dopamine neurons in the
substantia nigra (SN) (but not in the adjacent
ventral tegmental area) accompanied by motor
deficits (Luk et al. 2012a).

We injected recombinant human a-synu-
clein fibrils into the SN in the right cere-
bral hemisphere of healthy C57BL/6J mice.
At �450 d after inoculation, PS129-positive
structures, which were also positive for anti-
ubiquitin (Ub) and p62 antibodies, were ob-
served bilaterally throughout the brain (Fig. 4)
(Kuusisto et al. 2001; Masuda-Suzukake et al.
2013). Despite diffusion of exogenous a-synu-
clein fibrils to bilateral sides of the brain within
a few hours after injection, the pathology seems
to begin in the injected side of the brain and
spread to the noninjected side in a time-depen-
dent manner. In contrast, no PS129-positive
pathology was observed in the brains of mice
injected with soluble human a-synuclein. Im-
munoblot analysis with antibodies specific to
either human or mouse a-synuclein clearly
demonstrated that exogenous human a-synu-
clein is degraded, which is followed by an accu-
mulation of phosphorylated and ubiquitinated
forms of endogenous mouse a-synuclein that
are indistinguishable from pathologicala-synu-
clein in the DLB brain �90 d after inoculation
(Masuda-Suzukake et al. 2013). No such pa-
thology was detected in a-synuclein knockout
mice injected with a-synuclein fibrils, provid-

SN

Bregma –3.40 mmBregma –1.94 mm

Bregma 0.02 mm

Injection
Synthetic

α-synuclein fibrils

Bregma –0.58 mm
Striatum

Amygdala

Amygdala

Spreading of pathological α-synuclein in
WT mouse at ~450 days after injection

Hippocampus
PS129-positive, LB-like α-synuclein
inclusions in WT mouse ~90 days after
inoculation of synthetic α-synuclein fibrils

Hippocampus

Figure 4. Phosphorylateda-synuclein pathology and its distribution in wild-type (WT) mice inoculated into the
substantia nigra (SN) with synthetic a-synuclein fibrils at �450 d after inoculation. Widespread a-synuclein
pathologies were detected with the PS129 antibody. The pathology seems to begin on the injected side of the
brain and subsequently spreads to the noninjected side through the neural networks in a time-dependent
manner.
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ing further evidence that endogenous mouse
a-synuclein is converted into an abnormal
form via inoculation (Luk et al. 2012a; Ma-
suda-Suzukake et al. 2014).

Similar pathologies were observed in all of
the mice (100%) injected with mouse a-synu-
clein fibrils, whereas the efficiency of inducing
pathology by injecting human a-synuclein
fibrils was �90% (Masuda-Suzukake et al.
2013). Thus, mouse a-synuclein fibrils showed
slightly higher efficiency. It is well known that
prion propagation can occur across the species
barrier, and the efficiency of propagation de-
pends on the amino acid sequence of the prion
protein. In the case of a-synuclein, the healthy
mouse and human forms share a 95% amino
acid sequence homology. In vitro experiments
have also indicated that mouse a-synuclein fi-
brils promote fibrillization of soluble mouse
a-synuclein faster than human a-synuclein fi-
brils (Masuda-Suzukake et al. 2013).

Luk et al. (2012b) injected mouse a-synu-
clein fibrils into the striata of mice and observed
that the animals developed pathologies in vari-
ous brain regions together with neuronal loss
and motor deficits. When we injected human
or mouse a-synuclein fibrils into the SN, our
mice developed similar pathologies but did not
show significant neuronal loss or motor deficits.
To clarify the reason for these differences and
also to investigate where a-synuclein patholo-
gies develop and how they propagate, we intra-
cerebrally injected recombinant mouse a-synu-
clein fibrils into the SN, striatum (STR), and
entorhinal cortex (EC) of WT mice and com-
pared the spreading patterns and distribution of
pathology �30 d after injection (Masuda-Su-
zukake et al. 2014). In mice injected into the SN,
abnormal pathology only appeared in the cen-
tral nucleus of the amygdala and stria termi-
nalis. The amygdala is connected with the SN,
and the stria terminalis serves as a major output
pathway of the central nucleus of the amygdala.
In contrast, mice injected into the STR devel-
oped pathologies in the amygdala, the SN, and a
wide range of cortices. The STR has direct pro-
jections to the SN and amygdala, and many
parts of the neocortex innervate the STR. Inject-
ing fibrils into the EC induced severe phosphor-

ylated a-synuclein pathology in the EC, dentate
gyrus, hippocampal CA3 region, and septal
nucleus. The dentate gyrus receives projection
from the EC via the perforant pathway, and the
septal nucleus and fimbria have direct connec-
tions with the hippocampus. Fibril-injected
mice showed modest motor abnormalities com-
pared to monomer-injected mice at �90 d after
injection, although the motor deficits in our
mice seemed less severe than in those reported
by Luk et al. (2012b). These results suggest that
propagation of the pathology induced motor
clinical signs (Masuda-Suzukake et al. 2014).
Comparing the spreading patterns of a-synu-
clein in mice injected into the STR with those
in mice injected into the SN suggests that retro-
grade transport may be a dominant pathway
to spreading a-synuclein pathologies, although
the predominant direction that the pathology
spreads may depend on cell type or brain area.
These results show that the propagation of
pathological a-synuclein occurs along neural
circuits and involves transsynaptic transport,
and that the spread of a-synuclein pathology
in different brain regions induces different brain
dysfunctions.

Brain Samples from DLB or MSA Patients
Also Induced Pathologies

Pathological a-synuclein and brain homoge-
nates prepared from DLB or MSA patients
have similar prion-like properties when injected
into the brains of healthy mice or monkeys (Ma-
suda-Suzukake et al. 2013; Watts et al. 2013;
Recasens et al. 2014). We prepared a sarkosyl-
insoluble a-synuclein homogenate from DLB
brains and injected it into non-Tg mice. We
then investigated the pathology at �450 d after
injection. In the brains of these mice, PS129-
positive pathologies mostly resembled LN-
like structures (Masuda-Suzukake et al. 2013).
LB-like pathology was detected only in the
amygdala and piriform cortex. In the group of
mice injected with insoluble a-synuclein from
DLB brains, 50% developed phosphorylated
a-synuclein pathology in the injected side of
the brain, which is less than the percentage of
mice injected with recombinant a-synuclein fi-
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brils. Thus, these results demonstrate that inoc-
ulating healthy mice with either pure synthetic
recombinant a-synuclein fibrils or DLB brain
extracts can efficiently and reproducibly induce
LB/LN-like phosphorylated a-synuclein pa-
thology.

Watts et al. (2013) inoculated heterozygous
TgM83 mice with brain homogenates from two
pathologically confirmed MSA cases and found
that inoculated mice developed progressive
signs of neurological disease with an incubation
period of �100 d. The brains of MSA-inoculat-
ed mice exhibited prominent astrocytic gliosis
and microglial activation as well as widespread
deposits of phosphorylated a-synuclein that
were proteinase K–sensitive, detergent-insolu-
ble, and formic acid–extractable, providing ev-
idence that a-synuclein aggregates formed in
the brains of MSA patients are transmissible
(Watts et al. 2013; Prusiner et al. 2015). Inter-
estingly, appreciable levels of phosphorylateda-
synuclein deposition in oligodendrocytes did
not develop within the brains of MSA-inoculat-
ed bigenic mice, despite the predilection for
oligodendrocytic pathology of a-synuclein in
MSA (Watts et al. 2013). Similar results were

obtained in WT mice. Injecting sarkosyl-insol-
uble pellets from MSA brains into the brains of
WT mice induced a-synuclein pathologies sim-
ilar to those in mice injected with DLB samples
but not in oligodendrocytes (M Hasegawa and
M Masuda-Suzukake, unpubl.).

Why do mice injected with MSA brain ho-
mogenate develop neuronal a-synuclein pa-
thology similar to that in PD/DLB? There are
two possible explanations. One explanation is
that the expression level of a-synuclein in oli-
godendrocytes is much lower than the expres-
sion level in neuronal cells, and the conversion
does not occur in glial cells efficiently. If this is
so, why does a-synuclein pathology develop in
oligodendrocytes in MSA? Does this pathology
develop from outside these cells, or is there an
overexpression of a-synuclein in oligodendro-
cytes? Further studies are needed. The second
explanation is that inoculated abnormal a-sy-
nuclein is incorporated in neuronal cells but
not in oligodendrocytes because of the differ-
ences in their cellular characteristics. It is rea-
sonable to speculate that the molecular struc-
tures of cellular membranes and expression
proteins are different between neurons and glial

Normal

Abnormal proteins or protein
fibrils transmit from cell to cell
along the neuronal network

or glial network

Intracellular amyloid-like
protein interacts with normal
protein and converts it to the

same conformation

Amyloid-like

The same protein pathology spreads

Nucleus

N N N N

NN

N

N
N

N

Figure 5. Schematic illustration showing conversion of normal cytosolic protein into the abnormal form and its
cell-to-cell propagation along the neuronal or glial network.
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cells. It will be interesting to see whether abnor-
mal a-synuclein is produced in oligodendro-
cytes and propagated via the oligodendroglial
network if it is selectively introduced into oli-
godendrocytes.

Like the abnormal prion protein, intracellu-
lar amyloid-like protein interacts with normal
protein and converts it to the abnormal form.
The amplified abnormal proteins are transmit-
ted from cell to cell and propagate to various
brain regions. As a result, the identical abnormal
protein pathology expands. This spreading ac-
counts for disease progression (Fig. 5). These
results raise an important question: Are a-sy-
nuclein fibrils transmissible among individuals?
Sacino et al. (2014) recently reported that in-
tramuscular injection of a-synuclein fibrils
accelerated the appearance of a-synuclein pa-
thologies in the brains of TgM83 mice. How-
ever, mutant a-synuclein lacking the sequence
necessary for fibril formation also accelerated
the appearance of pathologies, suggesting that
some other factor may be involved in Tg mice.
We examined the phenomena by intranasally
or intraperitoneally administering synthetic
a-synuclein fibrils and the insoluble fraction
from DLB brain to WT mice. However, no
PS129-positive or p62-positive abnormal struc-
tures were detected �540 d after administra-
tion, even with highly sensitive immunohisto-
chemical staining, suggesting that abnormal
a-synuclein cannot pass through the nasal
mucosa or that it may take a long time for the
pathologies to develop in WT mice (Masuda-
Suzukake et al. 2013; M Hasegawa and M Ma-
suda-Suzukake, unpubl.).

CONCLUDING REMARKS

Experimental evidence shows that prion-like
conversion of normal a-synuclein to an abnor-
mal form and cell-to-cell transmission of the
abnormal form are key events in the spread of
a-synuclein pathologies and in the disease pro-
gression of a-synucleinopathies. Further stud-
ies in vitro and in vivo in human and animal
models will be useful to elucidate the progres-
sion mechanisms of a-synucleinopathies and
to evaluate therapies for these diseases.
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Ibáñez P, Bonnet AM, Débarges B, Lohmann E, Tison F,
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