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The aggregation of proteins into oligomers and amyloid ﬁbrils is
characteristic of several neurodegenerative diseases, including Parkinson disease (PD). In PD, the process of aggregation of α-synuclein
(α-syn) from monomers, via oligomeric intermediates, into amyloid ﬁbrils is considered the disease-causative toxic mechanism.
We developed α-syn mutants that promote oligomer or ﬁbril formation and tested the toxicity of these mutants by using a rat
lentivirus system to investigate loss of dopaminergic neurons in
the substantia nigra. The most severe dopaminergic loss in the
substantia nigra is observed in animals with the α-syn variants
that form oligomers (i.e., E57K and E35K), whereas the α-syn variants that form ﬁbrils very quickly are less toxic. We show that
α-syn oligomers are toxic in vivo and that α-syn oligomers might
interact with and potentially disrupt membranes.

P

arkinson disease (PD) is the most common movement disorder, currently affecting approximately 2% of the population older than age 60 y. Prominent neuropathological
hallmarks of PD are the loss of dopaminergic neurons in the
substantia nigra (SN) region of the midbrain (1) and the presence of α-syn–containing intracellular inclusions: Lewy bodies
(LBs) and Lewy neurites (2). α-Syn, a 140-aa protein physiologically found in presynaptic terminals of neurons, is the major
ﬁbrillar protein in LBs and Lewy neurites in sporadic and
inherited PD. Moreover, point mutations (A53T, A30P, E46K)
and gene multiplications of human WT (hWT) α-syn are related
to rare familial autosomal-dominant forms of early-onset PD (3–
6), suggesting that increased gene dosage and aberrant protein
structure may accelerate disease onset and progression.
Recent reports indicate that the accumulation of α-syn can
result in the formation of intermediate-state oligomers, and
oligomers of different shapes and sizes have been described (7–
10). These oligomers interact with lipids, disrupt membranes (7,
8), and cause cell death in vitro (10, 11) and in nonmammalian
models, such as Caenorhabditis elegans and Drosophila melanogaster (12). However, we are aware of no previous direct in vivo
demonstration of the toxicity of α-syn oligomers in mammals.
We aim to establish a model that allows speciﬁc testing of the
effects of α-syn oligomerization in vitro and in vivo. To elucidate
the causal structure–toxicity relationship of these oligomeric
protein assemblies in a mammalian system, we designed
“conformation-trapped” mutants based on structural modeling
of α-syn ﬁbrils (13, 14). Structurally, amyloid ﬁbrils of α-syn are
composed of cross-β-sheets (15). Residues from approximately
30 to 110 of α-syn form the core of the ﬁbrils, whereas the approximately 30 N-terminal residues are heterogeneous and the
approximately 30 C-terminal residues are ﬂexible (13, 14, 16, 17).
Based on our structural model, recently developed from NMR
data, the core of α-syn ﬁbrils comprises ﬁve β-strands reminiscent
of a ﬁve-layered “β-sandwich” (14). Several loops adjacent to and
between the strands are conserved pseudorepeats containing
both Lys and Glu side chains (i.e., K32TKEG 36 N-terminal to the
proposed β1, K43TKEG47 between β1 and β2, E57KTKEQ62
between β2 and β3, and K80TVEG84 between β4 and β5, re4194–4199 | PNAS | March 8, 2011 | vol. 108 | no. 10

spectively). A salt bridge between D23 and K28 in a loop connecting two β-strands has been observed for Aβ(1–42) amyloid
ﬁbrils, and point mutations therein inhibit the formation of Aβ
(1–42) ﬁbrils (18, 19).
We hypothesized that, similar to the Aβ(1–42) amyloid protein, disruption of α-syn–speciﬁc salt bridges might affect the
structure and toxicity of α-syn. Accordingly, we designed mutations with the purpose of interfering with ﬁbril formation and
produced α-syn variants that speciﬁcally form oligomers but not
ﬁbrils; we show that the ability of α-syn to form oligomers in vitro
is accompanied by increased in vivo toxicity.
Results
Design and in Vitro Aggregation of hWt α-Syn and α-Syn Variants. To

be able to investigate α-syn–dependent oligomer toxicity in vivo,
we searched for oligomer-forming mutants. Therefore, we investigated the salt bridges between the β-strands of α-syn, speciﬁcally testing whether the introduction of Glu-to-Lys mutations
at positions 35, 46 (E46K is a familial variant), 57, 61, and 83,
which would prevent the formation of such salt bridges, might
interfere with the formation of α-syn amyloid ﬁbrils. By using
recombinant α-syn from preparations that followed an established puriﬁcation procedure (17) but omitted the precipitation
step by streptomycin sulfate (protocol B), we found that the
α-syn single-point mutants E35K and E57K showed a strongly
decreased tendency to form ﬁbrils compared with hWT α-syn, as
evidenced by time-resolved amyloid formation measured by
thioﬂavin T (Thio-T) binding (Fig. S1A). Neither variant E35K
nor E57K showed EM-visible amyloid ﬁbrils even after 1 y of
incubation, but they formed very pronounced ring/pore-like
structures (Fig. 1A). In contrast, hWT α-syn and the familial
α-syn variants (A30P, E46K, and A53T) formed amyloid ﬁbrils as
expected (Fig. 1A). By using a more rigorous puriﬁcation protocol (protocol A) that included a streptomycin sulfate precipitation step (Materials and Methods and SI Materials and
Methods), we found that both E57K and E35K variants formed
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Fig. 1. In vitro aggregation of hWT α-syn and α-syn variants. (A) EM of aged
α-syn and α-syn variants puriﬁed without the streptomycin sulfateprecipitation step (protocol B). (Scale bars: 500 nm.) Insets: Ring-forming
entities are shown. (Scale bar: 100 nm.) (B) Time-resolved SEC of α-syn variants: 20 mg/mL α-syn variants were solubilized and their size exclusion
proﬁles were measured immediately (day 0). Subsequently, after days 5 and
10, the samples of the corresponding monomer peak were again put on the
SEC column, revealing that E57K and E35K had the capacity to form
oligomers over time. For both α-syn variants, we show a 10-fold magniﬁcation of the oligomer peak at day 5. The decrease of the monomer peak in
E35K and E57K is because they aggregate into amyloids. For the other variants and hWT α-syn, no oligomer peak was observed. (C) EM image of the
oligomeric species from the experiment shown in B. (Scale bars: 500 nm.)
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pared the immunoreactivity of E57K protein versus control and
hWT α-syn by immunoblots with an oligomer-speciﬁc antibody
(A11; protocol A, Fig. S2) (22). In comparison with hWT α-syn,
a much stronger reactivity of the E57K variant to the oligomerspeciﬁc antibody A11 was detected on dot blots (Fig. S2A).
Western blot analysis indicated that E57K (Fig. S2B, protocol
A), and speciﬁcally the void peak of the SEC (fraction 16) of
E57K recombinant protein (Fig. S2 C and D), reacted strongly
with the A11 antibody at the level of α-syn oligomers (mostly
dimers and pentamers; Fig. S2E). In the in vitro cell-free system,
we have established a set of familial and structure-based mutants
that cover oligomer-promoting and ﬁbril-only states in vitro (Fig.
1), and we report here on their in vivo behavior.
Toxicity of hWT α-Syn and α-Syn Variants in the SN of LentivirusInjected Rats. To investigate if the α-syn mutants that favor olig-

omer formation are more toxic in vivo than the mutants that form
ﬁbrils more quickly, the toxicity of the α-syn variants was studied
in a rat model of synucleinopathies (23). This model is based on
injection of lentivirus expressing the α-syn variants into the SN.
Although partly limited by the fact that α-syn is overexpressed
locally, it is well suited to study direct short- to medium-term toxic
effects on dopaminergic neurons in an in vivo system.
Tyrosine hydroxylase (TH)-positive neurons were quantiﬁed in
rats 3 wk after viral injection into the right SN and were compared with the noninjected side (Fig. 2A). Injections of lentivirus
encoding the artiﬁcial variants E35K and E57K induced a signiﬁcant loss of TH expression. The decreases in TH-positive cells
for E35K was 50% (TH cell number, 2.7 × 103 ± 0.3 × 103) and
51% for E57K (TH cell number, 2.6 × 103 ± 0.2 × 103; Fig. 2 B
and C) compared with the uninjected sides. These decreases for
E35K and E57K were signiﬁcantly different from the GFP-only
group (P < 0.001; TH cell number, 4.6 × 103 ± 0.7 × 103). In
addition, signiﬁcantly fewer TH-positive cells were present in
the oligomer-forming mutants E35K and E57K compared with
the hWT α-syn–injected group (32% loss; TH cell number, 3.5 ×
103 ± 0.2 × 103; P < 0.05). The faster ﬁbril-forming mutant α-syn
(30–110) did not show a signiﬁcant decrease in TH-positive cell
numbers (9% loss; TH cell number, 4.3 × 103 ± 0.7 × 103; P >
0.05 vs. GFP-only group). The data were obtained by performing
cell counts for the entire SN by using a systematic, random
counting procedure and comparing lesioned and unlesioned SN.
The loss of TH-expressing cells caused by α-syn variant expression was more pronounced close to the injection site, as depicted
in Fig. 2 C and E. We then compared these results versus the
familial mutants. The rats injected with A30P (38% loss; TH cell
number, 3.0 × 103 ± 0.4 × 103) and E46K (40% loss; TH cell
number, 3.2 × 103 ± 0.4 × 103) did not differ signiﬁcantly from
those injected with E35K and E57K. A53T-injected rats (17%
loss; TH cell number, 4.3 × 103 ± 0.3 × 103) showed a signiﬁcant
difference in TH numbers compared with E35K and E57K (Fig.
2 D and E).
Consistent with the hypothesis that the oligomer-forming
mutants are more toxic, E35K and E57K induced the largest
TH-positive cell loss of all mutants studied. In summary, in the
lentivirus PD rat model, the following ranking scale from toxic to
nontoxic could be determined: E57K > E35K ≥ A30P ≥ E46K ≥
hWT α-syn > A53T ≥ α-syn(30–110) ≥ GFP only. A comparison
of brain tissue stained for the panneuronal marker (NeuN) and
TH revealed that, despite a signiﬁcant loss of NeuN-positive cells
(Fig. S3A), numerous nondopaminergic neurons survived inside
the lesioned area of the SN, indicating that the loss was more
severely affecting dopaminergic neurons. The percentage of THpositive cells among NeuN-positive cells was approximately 75%
in controls and decreased to 67% in hWT α-syn and 61% in the
E57K group (Fig. S3 A and C).
A more detailed analysis of the effect of α-syn variants in the rat
SN showed that E57K could lead to severe changes in neuron
morphology compared with hWT α-syn (Fig. 2 F–M). Speciﬁcally,
a dying back of neurites was observed in the E57K group (Fig.
2H), resembling the axonal pathology described in PD (24, 25). In
addition, the neurites contained larger lump-like appearances
within the E57K group than in the hWT α-syn (Fig. 2 K and M).
PNAS | March 8, 2011 | vol. 108 | no. 10 | 4195
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amyloid ﬁbrils with similar efﬁciency as the A53T variant (Fig. S1
B–D, protocol A). However, when the monomer fractions, relative to size exclusion chromatography (SEC) proﬁles obtained
from streptomycin sulfate-precipitated protein preparations
(protocol A), were used as starting material and subjected to
time-resolved aggregation of α-syn, only the E57K and E35K
variants formed oligomer peaks at the void volume at days 5 and
10 (Fig. 1B). The EM images in Fig. 1C show the oligomers from
the SEC fractions of Fig. 1B. They appear to be of a monodispersed nature with an estimated size of 100 nm, as measured
by dynamic light scattering, which is in agreement with the literature (Fig. S1E) (20).
We compared these oligomers to the ﬁbril-promoting variant
α-syn(30–110), which includes the amyloid core residues from
approximately 30 to 110 but lacks the aggregation-interfering Cterminal and N-terminal residues of α-syn (n ∼ 30) (14). Indeed,
α-syn(30–110) shows an accelerated growth of ﬁbril formation
compared with hWT α-syn (protocol A), and its ﬁbril conformation is similar to that of hWT α-syn ﬁbrils (Fig. 1A, protocol
B; and Fig. S1D, protocol A) (14). The biophysical properties of
the three artiﬁcial α-syn variants were also compared with the
familial α-syn mutants A30P, A53T, and E46K. In line with
previous observations (21), A30P formed amyloid ﬁbrils more
slowly and A53T formed them more quickly than hWT α-syn and
E46K, respectively (Fig. S1B, protocol A). To further conﬁrm
the presence of oligomers by an independent method, we com-

Fig. 2. Toxicity of hWT α-syn and α-syn variants in the SN of lentivirus-injected rats. (A) Injection paradigm: rats unilaterally injected with the different
lentiviral constructs in the SN. (B) Histograms representing the decrease in numbers of TH-immunoreactive (TH-IR) neurons in the SN relative to the contralateral side, as evaluated by stereology. The nigral dopaminergic neurons were labeled with TH (C and E). Note that the loss of TH-expressing cells caused
by α-syn variant expression was more pronounced close to the injection site (C and E). (B) Histogram representing the percentage of TH-positive neurons
compared with the noninjected side. The artiﬁcial mutants E35K and E57K led to a signiﬁcant decrease in TH-positive cells (**P < 0.001 vs. GFP and *P < 0.05 vs.
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Toxicity of hWT α-Syn and α-Syn Variants in Cell-Based Assays. To
test if the mutants that favor oligomer formation compared with
the mutants that form ﬁbrils are more quickly toxic in a cellbased system, we investigated cell death in a human mesencephalic immortalized neuronal cell line [Lund human mesencephalic (LUHMES) cells (28)] infected with the α-syn lentivirus.
The percentage of activated caspase-3/DAPI–positive cells was
analyzed. In the E35K and E57K groups (Fig. S5A, D, and E),
the percentages of activated caspase-3/DAPI–positive cells were
11.2% and 9.5%, respectively. We compared E35K and E57K
versus the mutants that form ﬁbrils faster and found that the
increase in cell death in both oligomerizing mutants was significantly higher than the increase in cell death in α-syn (Fig. S5C),
E46K, and A53T (Fig. S5A). α-Syn(30–110) did not lead to a
signiﬁcant increase in cell death compared with the GFP-only
group (Fig. S5B; P > 0.05).
The calcium inﬂux assay had been previously established to
monitor toxicity of α-syn oligomers (9). We asked if an increased
calcium inﬂux was present in the oligomerizing mutants E57K and
E35K compared with the mutants that form ﬁbrils faster. In differentiated LUHMES cells, we found that the most toxic mutant
was E57K, followed by E35K. Calcium inﬂux in the two oligomerforming mutants was signiﬁcantly higher than in α-syn and in the
familial mutants E46K and A53T (Fig. S5F), which is indicative of
cellular dysfunction caused by a stronger impact by E35K and
E57K. There was no signiﬁcant difference calcium inﬂux between
α-syn(30–110) and GFP only. The increased toxicity in E35K and

E57K was further substantiated by a signiﬁcant increase in cell
viability, as measured by a calcein assay. Compared with α-syn and
the familial mutants, the decrease in viable cells was signiﬁcant in
E35K and E57K compared with all other groups (Fig. S5G).
Taken together, the results of activated caspase-3 counts, calcium
inﬂux assay, and calcein assay indicated that the oligomer-forming mutants were more toxic than the mutants that formed ﬁbrils
faster. Speciﬁcally, these ﬁndings suggest that the oligomerizing
mutants E35K and E57K interfere more strongly with membranes
than the other α-syn mutants analyzed.
α-Syn Interaction with Membranes. As our cell-based assays suggested that oligomer-forming mutants might be involved in the
disruption of membranes, we next studied the interaction of the
oligomer-promoting mutant E57K with organic lipids and membranes. Ultrastructural studies were performed on recombinant
α-syn protein preparations that had been incubated with lipid
monolayers [according to a previously published study (9)]. EM
analysis showed that E57K mutants promoted the formation of
more ring-like structures when incubated with the lipid monolayer
in comparison with α-syn (Fig. S6C, protocol C). In this system,
A30P and α-syn(30–110) did not form ring-like aggregates at all.
In another experiment, the binding of α-syn variants to vesicles
made of brain-derived lipids (i.e., polar extract) and phosphatidylglycerol was investigated by liposome pull-down assays (Fig.
S6 A and B, respectively, protocol C). In agreement with previous reports, α-syn had a binding preference for anionic vesicles
(29, 30). Similar to the aforementioned lipid monolayer experiment, and in agreement with previous reports (31), A30P had
a low afﬁnity to both types of liposomes, which was attributed to
a possible disruption of the N-terminal helix that forms upon
protein binding to liposomes. The lack of the 29 N-terminal
residues of α-syn might also account for the low binding of α-syn
(30–110). In conclusion, the more toxic oligomerizing mutants,
E35K and E57K, displayed a slightly higher afﬁnity to bind liposomes in comparison with hWT α-syn, which might be indicative of a stronger reactivity with membranes.
Immunoblot Analysis of Aggregated α-Syn from Lentivirus-Injected
Brains. The toxicity of α-syn depends on the interaction with

membranes and lipids. As the oligomer-forming mutants are
more toxic and membrane binding than the mutants that form
ﬁbrils more quickly, we next studied the mobility of the different
α-syn mutants.
We performed immunoblot analysis on microdissected rat
SN extracted 1 wk after lentivirus injection. SDS-stable α-syn
oligomers, including dimers, trimers, and pentamers, were
present in the membrane fractions [Fig. 3A; note that quantitative Western blot analysis of α-syn(30–110) was not possible
because of the lack of a comparable antibody]. In particular, in
E35K and E57K, the α-syn trimers in the membrane fraction
were more abundant compared with hWT α-syn (Fig. 3 A and B).
These results could also be conﬁrmed with the use of a later time
point (3 wk), when E57K showed more SDS-stable oligomers
than hWT α-syn (Fig. S7D). As expected, no signiﬁcant differences were found in the soluble fractions, in which mainly
monomers were present (Fig. S7 A–C), indicating that the
oligomers were mostly found in the membrane fraction. When
comparing toxicity as analyzed by dopaminergic cell loss and the
presence of the trimer bands, increased cell loss was observed in
the mutants that had the largest number of trimers (Fig. 3C). To
further characterize the different multimer fractions, we com-

hWT α-syn in B and C). In contrast, no signiﬁcant loss of TH expression was observed with the lentivirus encoding for α-syn(30–110). (Values refer to means ±
SD; n = 4 animals per group). (Scale bars: 250 μm in C and E.) (D) Overexpression of the familial variants A30P and E46K signiﬁcantly decreased the number of
TH-immunoreactive neurons. E35K and E57K were signiﬁcantly decreased compared with A53T (*P < 0.001). (E) Representative brain slices showing the α-syn
variants A30P, E46K, A53T, and hWT α-syn. (F–M) Examples of TH/α-syn double-positive cells shown in the hWT α-syn (F–I) and E57K group (J–M) 1 wk after
lentiviral injection. Note the different TH morphology (green staining in F and H) in the hWT α-syn group, TH-positive cells with extended processes are visible
(F and H: merged images; TH staining, green; α-syn staining, red; DAPI, blue). (G and I) α-Syn staining in red. In the E57K group, only the cytoplasm of THpositive cells is visible, but their processes are rare. Some α-syn–positive cells colabel with TH. (J, K, L, and M) In addition, a difference in the morphology of the
dendrites of α-syn–positive neurons (TH-negative) was noticed, with larger clumping of the dendrites in the E57K group. (Scale bars in F–M: 20 μm.)
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The expression levels of the α-syn variants encoded by the various
lentiviral vectors were found to be similar by Western blot analysis
in 293T cells (Fig. S3F). Based on the expression analysis of human α-syn (Fig. S3G), the injected virus diffused from each of two
predetermined injection sites around the SN region.
The presented rat lentivirus model is in part artiﬁcial not only
because lentivirus encoding human α-syn variants is locally injected into rat brains but also because α-syn is potentially overexpressed. Under the CMV promoter used earlier, we estimated that
gene overexpression of human α-syn in comparison with endogenous α-syn is approximately eightfold higher in microdissected
rat SN (Fig. S4A). By using the weaker promoter, EF1α, the
overexpression could be lowered considerably; however, it still
exceeded the expression levels in cases of familial PD presenting
a triplication in the α-syn gene (5) (Fig. S4A). To test whether,
even at such lowered expression levels, E57K is more toxic than
hWT α-syn, SN TH-positive neurons were quantiﬁed in rats 3
and 9 wk after injection into the right SN of virus expressing E57K
or hWT α-syn under the EF1α promoter (Fig. S4 C–F). At 3 wk,
only minimal toxicity was observed for both E57K and hWT α-syn,
whereas at 9 wk, an increased toxicity for the E57K variant was
observed compared with hWT α-syn (Fig. S4 C–F). This experiment further indicates that E57K is more toxic to dopaminergic
neurons than hWT α-syn. In addition, it highlights a time-dependent and an expression level-dependent effect of α-syn toxicity.
Another important issue is whether the observed toxicity of
α-syn variants is speciﬁc or whether any protein aggregate expressed at high levels might be toxic in vivo (26). To further
strengthen this argument, a lentiviral construct encoding the prion
domain (aa 218–289) of the HET-s prion protein from the fungus
Podospora anserina, which forms infectious, nontoxic amyloid-like
aggregates, was generated (27). No signiﬁcant changes in TH cell
numbers were noticed when the HET-s lentivirus was introduced
into the rat SN, indicating that the HET-s aggregates were also
not toxic to dopaminergic neurons (Fig. S4B).

Fig. 3. Immunoblot analysis of aggregated α-syn from
recombinant protein and lentivirus-injected brains. Representative Western blots (A) depict the insoluble fraction of microdissected SN for the different groups
indicated after ultracentrifugation. Protein samples (20
μg) from two animals per group were run on denaturing
polyacrylamide gels along with the indicated amounts (in
ng) of puriﬁed recombinant hWT α-syn (protocol C). Blots
were probed with an anti–α-syn antibody (Upper) and an
anti-actin antibody (Lower) as loading control. The position of protein size markers (in kDa) is shown (Left). Note
that, in the insoluble fraction, extensive oligomeric bands
are present in the E57K mutant (A), whereas mostly
monomers are present in the soluble fraction. Quantitative ECL analysis with a Versadoc imaging system that
allows acquisition of data within a dynamical linear
range (B) revealed a signiﬁcant increase in the number of
trimers in the insoluble fraction of α-syn (B). The ratio is
calculated based on the actin loading and the immunoreactivity of the recombinant protein (h-WT α-syn). (C)
Structure–toxicity relationship of α-syn: correlation between percent decrease in TH-positive cells in the SN
upon lentiviral injection of α-syn variants (x axis) and
relative number of in vivo-derived trimers detected by
Western blot (y axis). Interestingly, a comparison between the 1-wk (Fig. 3A) and 3-wk time points (Fig. S7D)
indicated that the size of the SDS-stable oligomers
appeared to be time-sensitive.

pared recombinant protein (protocol A) and microdissected SN
after performing a SEC. By probing the fraction from the SEC
that in the previous characterization of A11-responsive oligomers had shown multimer bands (Fig. S2) with an α-syn antibody
(Fig. S8), we observed multimer bands under denaturing and
native conditions. Multimer bands were present under denaturing
and native conditions (Fig. S8B). Similar to the recombinant
material (Fig. S8B), SDS-stable α-syn monomer and multimers
were present in the void peak (fraction 16) of SEC of brain tissue
infected with E57K (Fig. S8 C and D). Hence, α-syn oligomers
composed of SDS-stable multimers were present in a cell-free
system, where they formed ring-like aggregates, and in vivo (Fig.
S8 C and D).
In conclusion, we have generated mutants that favored
oligomerization and compared them with mutants that formed
ﬁbrils more quickly. In vivo, the mutants that favored oligomerization induced increased dopaminergic loss (Fig. 2) and
neuronal cell death. The increased calcium inﬂux is indicative
of stronger interactions with cell membranes (Fig. S5). Furthermore, the mutants that favored oligomerization strongly
bound to lipid membranes and showed multimers when inmmunoblotted (Fig. S6).
Discussion
It has been proposed that preﬁbrillar oligomers, as opposed to
mature ﬁbrils, may represent the toxic species in PD (21, 32).
Although the presence of such annular protoﬁbrils in vitro has
been shown to alter membrane permeability, evidence of the
toxicity of oligomers in mammalian systems is still limited (11,
12). To address this issue, both ﬁbril-promoting and oligomerforming variants of α-syn were designed and analyzed biophysically, and their in vivo toxicity was investigated. Under certain in
vitro circumstances, both recombinant E35K and E57K variants
formed pronounced ring/pore-like structures, in contrast to hWT
α-syn, familial mutants, and the ﬁbril-promoting variant α-syn
(30–110) (Fig. 1).
In vivo, following lentiviral injection into the rat SN, we observed a decrease in dopaminergic cells in the rat SN, most
prominently for E57K and E35K, followed by the familial mutants
A30P, E46K, and hWT α-syn; in contrast, α-syn(30–110) did not
show any signiﬁcant toxic effect (Fig. 2 A–E). To strengthen the
observed qualitative correlation between in vitro oligomerization
and in vivo toxicity, immunoblot analysis was performed with
4198 | www.pnas.org/cgi/doi/10.1073/pnas.1100976108

dissected rat brain tissues 1 wk after lentivirus injection. In the
membrane fractions, SDS-stable α-syn trimers were more abundant in E35K- and E57K-treated animals compared, for example,
with hWT α-syn–infected animals (Fig. 3 A and B). As expected,
no signiﬁcant differences were observed among the various variants in the soluble fractions (Fig. S7 A–C). Overall, these ﬁndings
indicate that the toxicity observed in the rat synuclein model used
is related to a membrane-associated α-syn oligomer, with the
mechanism of toxicity being linked to alterations in the permeability and integrity of the cell membrane. In cell-based systems,
the oligomer-forming variant E57K induced high toxicity. In
particular, an increase in cell death and Ca2+ inﬂux and a decrease in cell viability, indicative of cellular and membrane dysfunction, were observed in a neuronal cell line (Fig. S5).
Both designed variants also displayed stronger reactivity to
the oligomer-speciﬁc antibody A11 (22) than hWT α-syn (shown
for E57K in Fig. S2). Starting with monomer entities, within 1
wk both variants showed the accumulation of large oligomeric
intermediates, in contrast to hWT α-syn, familial mutants, and
α-syn(30–110) (Fig. 1C). In the presence of membranes, within
a few hours, E57K formed considerably more ring-like aggregates
than hWT α-syn, the familial mutants studied, and the ﬁbrilpromoting variant α-syn(30–110) (Fig. S6C). In summary, under
various in vitro conditions, both the E35K and E57 variants
appeared to promote α-syn oligomer formation more prominently than hWT α-syn and the familial mutants, whereas α-syn
(30–110) formed ﬁbrils more quickly (Fig. 1 and Figs. S1 and S6).
Although, to our knowledge, this is the ﬁrst report to directly
link (artiﬁcial) membrane-associated α-syn oligomers to an increased loss of nigral TH-positive neurons in a murine model,
the presented ﬁndings are in line with previous data. There is
enhanced formation of oligomers in PD (33); in vitro α-syn
oligomers may interact with lipids and may disrupt or perforate
membranes (7–9, 21, 11) and cause cell death in cell systems (10,
11) and in nonmammalian models, such as C. elegans and D.
melanogaster (12). In addition, an increased release via vesiclemediated exocytosis, speciﬁcally for misfolded and damaged
α-syn, probably by exosomes in a calcium-dependent manner
(34), has been described (reviewed in ref. 35). Combining the
presented in vitro and in vivo experiments with our published
work on the potential toxicity of α-syn multimers (9), we suggest
that the in vivo-derived SDS-stable multimers may be the
building blocks for larger α-syn oligomers and that these species
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Methods
Recombinant Protein Expression. The hWT α-syn expression plasmid was a gift
of M. Goedert (University of Cambridge, Cambridge, United Kingdom). The
α-syn variants α-syn(30–110), A30P, E35K, E46K, A53T, E57K, E61K, and E83K
were constructed by site-directed mutagenesis (QuikChange kit; Stratagene)
and the mutations were conﬁrmed by DNA sequencing. The detailed preparations are described in SI Methods.
Lentiviral Vectors and Virus Preparation. DNA fragments containing the hWT
α-syn coding sequence (nucleotides 47–469 of GenBank accession no.
NM_000345) and variants were obtained by PCR from the corresponding
Escherichia coli expression plasmids (as described earlier) and cloned by restriction enzymes AgeI and PstI into the lentiviral transfer vector IRES-GFP
containing an internal ribosome entry site–GFP sequence located downstream of the α-syn gene. In this third-generation lentiviral vector, the CMV
promoter constitutively drives the expression of both α-syn and GFP.

Stereotaxic injections were delivered to two sites within the SN with the
following coordinates: anteroposterior, −4.8 mm, mediolateral, −2 mm, dorsoventral, −8.2 mm; and anteroposterior, −5.5 mm, mediolateral, −1.7 mm,
and dorsoventral, −8.2 mm, respectively, from bregma. Further information
is provided in SI Methods.
Tissue Culture Experiments. LUHMES cells were used for tissue culture experiments. They are a conditionally immortalized human neuronal cell line and
were a gift from M. Leist and D. Schols (28). The LUHMES cells were maintained
as described previously under a proliferative state with FGF-2 or under neuronal differentiation conditions (28). Activated caspase-3 cell counts, calcein
assay, and calcium inﬂux assay are described in detail in SI Methods.
Immunoblot Analysis. To analyze the distribution and levels of α-syn in the
brains of rodents injected with the lentiviral particles, as previously described, samples were lysed and extracts fractioned into soluble and insoluble fractions by ultracentrifugation (25). Twenty micrograms of protein
per lane were loaded into 4% to 12% SDS/PAGE gels and blotted onto PVDF
membranes. Membranes were incubated with rabbit polyclonal anti–α-syn
(1:1,000; Chemicon; Fig. 3 and Fig. S7) or mouse monoclonal α-syn antibody
(1:1,000; BD; Fig. S8) antibody, followed by secondary antibodies tagged
with HRP (1:5,000; Santa Cruz Biotechnology), and bands were visualized by
enhanced chemiluminescence and analyzed with a quantitative Versadoc XL
imaging apparatus (BioRad) that allows acquisition of data within a dynamic
linear range. Actin was used as a loading control. Immunoreactivity of the
recombinant protein was calculated relative to the actin signal (9).

Stereotaxic Injection and Tissue Preparation. Lentiviral particles (estimated
as 1.5 × 108 U/mL) were stereotaxically injected in the right SN of adult (age
3 mo) female Fisher F344 rats (Harlan Laboratories) weighing approximately 200 g as previously described (23). In brief, viral suspensions (2 μL
volumes) were injected with a 10 μL Hamilton syringe at a rate of 0.2 μL/min.
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cause toxicity by aggregation to the cell membrane. Not all
preﬁbrillar oligomeric species that are present are annular or
ring-like; therefore, there might be other oligomeric species
present and potentially involved in increasing toxicity.
In conclusion, the presented structure–toxicity relationship
study of human α-syn supports the notion that amyloid ﬁbrils are
not directly toxic, despite being present in the LBs, which are the
pathological hallmark of PD. Our ﬁndings implicate large α-syn
oligomers as the toxic species in PD. The model created here will
be an important tool to further understand the downstream
effects and molecular basis of oligomerization in synucleinopathies and to develop effective therapeutic strategies.

