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α-Synuclein (α-syn) phosphorylation at serine 129 (pS129–α-syn) is substantially
increased in Lewy body disease, such as Parkinson’s disease (PD) and dementia with
Lewy bodies (DLB). However, the pathogenic relevance of pS129–α-syn remains con-
troversial, so we sought to identify when pS129 modification occurs during α-syn
aggregation and its role in initiation, progression and cellular toxicity of disease. Using
diverse aggregation assays, including real-time quaking-induced conversion (RT-QuIC)
on brain homogenates from PD and DLB cases, we demonstrated that pS129–α-syn
inhibits α-syn fibril formation and seeded aggregation. We also identified lower seeding
propensity of pS129–α-syn in cultured cells and correspondingly attenuated cellular
toxicity. To build upon these findings, we developed a monoclonal antibody (4B1) spe-
cifically recognizing nonphosphorylated S129–α-syn (WT–α-syn) and noted that S129
residue is more efficiently phosphorylated when the protein is aggregated. Using this
antibody, we characterized the time-course of α-syn phosphorylation in organotypic
mouse hippocampal cultures and mice injected with α-syn preformed fibrils, and we
observed aggregation of nonphosphorylated α-syn followed by later pS129–α-syn. Fur-
thermore, in postmortem brain tissue from PD and DLB patients, we observed an
inverse relationship between relative abundance of nonphosphorylated α-syn and dis-
ease duration. These findings suggest that pS129–α-syn occurs subsequent to initial
protein aggregation and apparently inhibits further aggregation. This could possibly
imply a potential protective role for pS129–α-syn, which has major implications for
understanding the pathobiology of Lewy body disease and the continued use of reduced
pS129–α-syn as a measure of efficacy in clinical trials.

Parkinson’s disease j α-synuclein j phosphorylation

Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) are both associated
with underlying Lewy body disease, which represents the second most common neuro-
degenerative disorder after Alzheimer’s disease (1, 2). The neuropathological hallmark
of Lewy body disease is the intracellular aggregation of the protein α-synuclein (α-syn)
into spherical cytoplasmic inclusions, termed Lewy bodies, but are also observed in
neuronal processes as Lewy neurites (LNs) (3).
α-Syn is thought to play a central role in the pathobiology of Lewy body disease.

Single-point mutations and genetic modifications affecting α-syn expression—through
duplications, triplications, or polymorphisms in its promoter—have been linked to
both idiopathic and familial forms of Lewy body disease (4–6). Nevertheless, neuro-
pathological studies utilizing pan–α-syn antibodies, recognizing both physiological and
pathological forms of the protein, do not consistently report a relationship between the
load of Lewy body pathology and clinical disease severity (2). To reconcile the apparent
importance of α-syn in Lewy body disease with the difficulty relating Lewy body
burdens in the brain to phenotypic severity, continued research has focused on the
identification of particularly disease-relevant forms of α-syn. α-Syn undergoes various
posttranslational modifications (PTMs)—including acetylation, nitration, ubiquitina-
tion, and glycosylation and phosphorylation at serine 129 (pS129)—increases from
∼4% under physiological conditions to 90% in Lewy body disease, suggesting it is
associated with the disease state (7–9).
Previous studies have reported that pS129 enhances intracellular aggregate formation

in SH-SY5Y cells (10), and mediates cell death through activation of the unfolded pro-
tein response pathway (11). Furthermore, studies in rodent models have suggested that
pS129 exacerbates the rate of pathological protein aggregation and deposition, with
subsequent negative effects on neuronal functioning (12). However, these studies are
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counterbalanced by others reporting a potentially neuroprotec-
tive function of phosphorylation in animal models (13, 14) and
cellular model systems (15). Additionally, studies have reported
neutral findings regarding pS129 modification as neither
enhancing nor diminishing cellular toxicity and α-syn aggrega-
tion (16, 17). Despite the uncertain pathogenic role of pS129
in Lewy body disease, antibodies against pS129 are widely
used, based on the putative view that they label a species of
α-syn that is particularly disease-relevant. These studies often
employ pS129–α-syn as a marker of the abundance of protein
inclusions to stage disease severity and evaluate the relationship
between its abundance and important clinical or pathological
variables, such as disease duration, phenotypic severity, or cell
loss (18). Such studies typically identify that pS129 abundance
throughout the brain correlates with disease severity (19–21),
though it remains uncertain whether phosphorylation precedes
protein aggregation or occurs secondarily to deposition of non-
phosphorylated α-syn, and whether pS129 is a key driver of
pathogenicity or simply a useful marker of a neurodegenerative
process (22, 23). Therefore, although there is a substantial liter-
ature on pS129 in Lewy body disease, there is continued con-
troversy regarding its potential contribution to disease states,
with numerous studies reporting discordant findings. Despite
contradictory findings regarding the disease-relevance of pS129,
it is widely viewed as a particularly disease-associated modifica-
tion, thus necessitating further research to address its impor-
tance for Lewy body disease.
To address the key questions regarding the pathogenic rele-

vance of pS129–α-syn, the present study aimed to undertake a
comprehensive and multidisciplinary project to address this
important and pressing question. The key aim of the study was
to better understand the role of pS129 in the natural history of
Lewy body disease, by determining when pS129 occurs in the
development of α-syn aggregates and how it affects the
aggregation-propensity and cytotoxicity of α-syn

Results

pS129 Inhibits α-syn Aggregation. As pS129–α-syn is most
abundant under disease conditions, we evaluated the effect of
pS129 on α-syn aggregation to determine whether this modifi-
cation influences the rate at which α-syn aggregates. Pure
monomeric α-syn was mixed with different concentrations of
pS129–α-syn (0 to 100%), incubated for up to 20 d, and
Thioflavin-S (Th-S) binding assay showed the aggregation at
various time points. As expected, the nonphosphorylated
monomeric α-syn aggregated gradually reaching ∼35,000 Th-S
counts after 20 d of incubation (Fig. 1A). In accordance with
previous studies (24), the sample containing 5% pS129–α-syn
exhibited a similar aggregation trend to the nonphosphorylated
sample (Fig. 1A). The sample with 20% of pS129–α-syn
showed a significant decrease in aggregation, given that the
reduction in Th-S fluorescence readings was more than 50%.
Moreover, fibril formation in samples containing 50% and
100% of pS129–α-syn was almost completely inhibited, with
Th-S fluorescence readings reaching ∼2,000 counts after 20 d
of incubation. Thus, these results indicate that phosphorylation
at S129 exerts an inhibitory effect on α-syn aggregation.

pS129 Has Reduced Ability to Seed the Aggregation of α-syn.
The inhibitory effect of pS129–α-syn on α-syn aggregation
prompted us to evaluate whether pS129–α-syn has an effect on
seeded aggregation of α-syn. We generated phosphorylated
monomeric and aggregated recombinant α-syn (SI Appendix,

Fig. 1 A and B) and confirmed phosphorylation of α-syn by
immunoblotting using anti-pS129–α-syn antibody (SI
Appendix, Fig. 1C). We also generated WT and pS129–α-syn
pure fibrils and pure seeds (preformed fibrils, PFFs) and charac-
terized these with Th-S fluorescence and electron microscopy
(SI Appendix, Fig. 1 D and E).

Addition of nonphosphorylated S129–α-syn (WT–α-syn)
PFFs (2 μM) to monomeric α-syn led to a dramatic increase in
Th-S fluorescence, suggesting increased fibrillization, compared
to monomeric α-syn alone (Fig. 1B). It is notable that, while
WT PFFs led to α-syn aggregation at 0.1 μM, the same con-
centration of pS129–α-syn PFFs did not induce aggregation
(Fig. 1C). For pS129–α-syn to seed aggregation in this system,
2 μM was required, but its rate of aggregation was still reduced
compared to WT–α-syn PFFs (Fig. 1B).

To complement our findings regarding seeded aggregation of
pS129–α-syn, we next asked whether seed-competent exoge-
nous PFFs could induce the aggregation of pS129–α-syn
monomer. However, we noted that pS129–α-syn monomers
failed to aggregate even after 48 h of incubation after adding
either WT–α-syn PFFs or pS129–α-syn PFFs. Taken together,
these findings suggest that pS129–α-syn has an inhibitory effect
on α-syn seeded aggregation (Fig. 1 D and E).

Inhibitory Seeding Effect of pS129–α-syn on Real-Time Quak-
ing-Induced Conversion Assay Using Brain Homogenates from
PD and DLB Cases and pS129–α-syn Impact on Aggregation
Kinetics. To further determine the ability of pS129–α-syn to
aggregate, we employed the real-time quaking-induced conver-
sion (RT-QuIC) assay of nucleation-dependent α-syn polymer-
ization (25). To seed aggregation in this assay, we used brain
tissue from temporal and frontal cortex samples of PD (n = 4)
and DLB (n = 4) cases with neuropathological confirmation of
Lewy body disease. To determine the ability of pS129–α-syn to
aggregate, we used pS129–α-syn as substrate in the RT-QuIC
assay and compared its aggregation capacity to WT–α-syn. In
contrast to WT–α-syn, which demonstrated robust aggregation,
pS129–α-syn showed reduced aggregation with a longer lag
time, decreased amyloid formation rate, and shorter FMAX

(maximum intensity of fluorescence) (Fig. 2 A–G and Table 1).
These data are consistent with pS129–α-syn having an inhibi-
tory effect on α-syn aggregation.

It is noteworthy that pS129–α-syn phosphorylation buffer
constituents, which include ATP and magnesium, did not
affect the rate of α-syn aggregation (SI Appendix, Fig. 2A), its
ability to seed α-syn aggregation (SI Appendix, Fig. 2B), and
nucleation-dependent RT-QuIC assay (SI Appendix, Fig. 2C).
It is interesting to note that Western blot analysis on TBS frac-
tions of PD and DLB lysates failed to detect pS129–α-syn (SI
Appendix, Fig. 3A). Additionally, immunodepletion of WT–α-
syn by 4B1 (SI Appendix, Fig. 3 B and C) in DLB brain lysates
demonstrated no evident of seeded aggregation as shown by
RT-QuIC assay (SI Appendix, Fig. 3D).

Moreover, possible interactions between phosphorylated Ser-
129 and other residues of α-syn and their effect on aggregation
kinetics were identified by molecular simulations reported by a
previous study (26). The conformer shown in Fig. 2H illus-
trates that phosphorylated serine at 129 might interact locally
with Lys-96 and Lys-97 (dashed lines in Fig. 2H), stabilizing
the loop between residues 96 and 129. In addition, it might
form long-range electrostatic interactions with the N terminal
(dotted line in Fig. 2H), which is highly positive, featuring as
many as 11 lysine residues. These interactions may increase the
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frequency of contacts between the C terminal and the N termi-
nal, already observed in the unmodified protein (26).

Addition of pS129–α-syn Monomers to Preformed Aggregates
in Cells Did Not Promote Seeding-Mediated Toxicity. We next
sought to evaluate the effect of pS129–α-syn aggregation on
cytotoxicity, as neurodegeneration is thought to be a key
disease-relevant sequela of α-syn aggregation. We determined
the cytotoxicity of pure PFFs (sonicated fibrils) and fibrils
(nonsonicated) (2, 5, and 10 μM) on BE (2)-M17 and
SH-SY5Y WT cells in the presence or absence of WT–α-syn
monomers. Both α-syn species affected cell viability in both BE
(2)-M17 and SH-SY5Y cells at all tested concentrations, as
shown in Fig. 3 A and B. Despite the fact that PFFs exhibited
more toxicity than fibrils, adding monomeric WT–α-syn
significantly exacerbated this effect (SI Appendix, Fig. 4) and
knockdown of α-syn with small-interfering RNA (siRNA) sig-
nificantly reduced this effect (SI Appendix, Fig. 5). Thus,
monomeric α-syn is vital for fibril- and seed-mediated toxicity.
Given the critical importance of α-syn monomers in mediat-

ing the toxicity of fibrils and PFFs, we next asked whether
pS129–α-syn monomers would also contribute enhanced cyto-
toxicity to BE (2)-M17 and SH-SY5Y WT cells. Monomeric
pS129–α-syn employed at a range of concentrations (0.31 to
20 μM) did not show toxicity in BE (2)-M17 cells (SI
Appendix, Fig. 6A) and SH-SY5Y cells (SI Appendix, Fig. 6B).
BE (2)-M17 and SH-SY5Y WT cells were treated with differ-
ent concentrations of either pure fibrils or pure PFFs (2, 5, and
10 μM) and after 1 h of incubation, monomeric pS129–α-syn
was added to the cells at a final concentration of 10 μM. As
shown in Fig. 3 C and D, pS129 monomers had no effect on the
viability of cells pretreated with various concentrations of pure
fibrils or PFFs, with the toxicity levels observed comparable to
the group treated only with pure PFFs or fibrils. Therefore, the
addition of WT monomers enhances the cytotoxicity of PFFs
and fibrils, but the pS129 modification abolishes this effect.

pS129–α-syn PFFs Are Less Potent in Seeding α-syn Aggrega-
tion in Cells. To further investigate the seeding efficiency of
α-syn PFFs in vitro, we used a stable cell line overexpressing
α-syn fused to EGFP (HEK293–α-syn–EGFP) under the cyto-
megalovirus promoter, to examine whether the exogenous addi-
tion of different α-syn PFFs affected the seeding of endogenous
α-syn. We treated cells with either WT–α-syn PFFs or with
pS129–α-syn PFFs at a final concentration of 100 nM and
incubated for 4 d and compared to control cells exposed to
vehicle only (PBS). Cells were then evaluated by microscopy
and the percentage of cells with intracellular accumulation of
α-syn–EGFP was counted. Interestingly, we found that the
internalized WT–α-syn PFFs resulted in a significant increase

of the α-syn–EGFP inclusions compared to control cells (Fig.
4A). In contrast, exposure of cells to pS129–α-syn PFFs caused
a significantly lower percentage of cells with α-syn inclusions
when compared to the WT–α-syn–treated cells, but yet signifi-
cantly higher than control cells (Fig. 4B).

Development and Validation of Specific Antibody against
Nonphosphorylated α-syn at Serine 129. Following the hybrid-
oma technology for monoclonal antibody development, a
mouse monoclonal antibody specific for WT–α-syn was gener-
ated, named 4B1. The isotype was determined as IgG1 and the
antibody was purified and thoroughly characterized. The specif-
icity of 4B1 for recombinant WT–, pS129–, or mutated
S129A–α-syn (with a substitution of serine 129 to alanine) pro-
teins was assessed by Western blot and demonstrated that 4B1
is specific for WT–α-syn and did not recognize pS129–α-syn
under these denaturing conditions (Fig. 5A). Furthermore, there
was no evident band when serine was replaced with alanine
(S129A–α-syn), indicating that S129 is an integral residue of the
epitope recognized by 4B1 (Fig. 5A). Syn-1 (mouse anti–α-syn,
BD Bioscience) and pS129 (in-house mouse anti pS129–α-syn
antibody) (27) antibodies were included as controls (Fig. 5A).
Given that monomeric α-syn undergoes different conformational
changes forming oligomers and amyloid fibrils (28, 29), we fur-
ther assessed the specificity of 4B1 antibody against different
conformations of the protein. Surprisingly, after extensive nonde-
naturing characterization using filter retardation assay (Fig. 5 B,
i), inhibition ELISA (Fig. 5 B, ii), and sandwich ELISA (Fig. 5 B,
iii), we found that 4B1 preferentially recognizes β-sheet–rich
structures (fibrils, ONE-, or HNE-oligomers) and did not recog-
nize the monomeric form of WT–α-syn. This suggested that the
epitope for 4B1 might be hidden in solution, and exposed under
these denaturing conditions. In order to confirm this observation,
we treated α-syn PFFs and fibrils with increasing concentrations
of denaturing buffer containing either SDS or urea. The treated
samples were subjected to a filter retardation assay using both
4B1 and syn-O2, which is specific for α-syn aggregates (27).
Additionally, the generic 11D12 mouse monoclonal anti–α-syn
antibody was used (27).

The results confirmed that 4B1 is specific toward α-syn
aggregates (PFFs and fibrils), as compared to low detection of
these samples after being treated with denaturing buffers (Fig. 5
B, iv). Additionally, filter retardation assay analysis showed that
4B1 specifically recognized WT–α-syn fibrils and did not label
β- or γ-syn fibrils (Fig. 5 B, v). F11 (mouse monoclonal anti-
α/β/γ synuclein antibody, Santa Cruz Biotechnology), E-20
(mouse monoclonal anti–γ-syn antibody, Santa Cruz Biotech-
nology) were included as control antibodies. Additionally, 4B1
recognized both human and mouse WT–α-syn fibrils to an
equal extent (Fig. 5 B, v). Immunofluorescence analysis on

Table 1. RT-QuIC kinetic parameters of the relative seeding activity for monomeric–α-syn/pS129–α-syn in frontal
and temporal regions extracted from PD and DLB cases

Seed Substrate Lag-phase ± SD Amyloid formation rate ± SD (1/h) FMAX (RFU × 103) ± SD

PDfrontal α-syn 26 ± 3.4 0.04 ± 0.005 180 ± 57
pS129–α-syn 94 ± 45 0.013 ± 0.008 69.8 ± 58.7

PDtemporal α-syn 19.8 ± 2.5 0.05 ± 0.006 199 ± 34.8
pS129–α-syn 104 ± 34 0.01 ± 0.003 32.2 ± 5

DLBfrontal α-syn 37.8 ± 6 0.027 ± 0.005 131 ± 93
pS129–α-syn 132 ± 31 0.007 ± 0.0019 27.7 ± 4

DLBtemporal α-syn 22.5 ± 4 0.045 ± 0.008 259 ± 0.571
pS129–α-syn 88 ± 45 0.013 ± 0.006 118 ± 99
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striatal brain sections from adult male α-syn knockout (KO)
mice and Western blot analysis on brain tissues from human
SNCA transgenic and SNCA-null mice showed no 4B1 reactiv-
ity in the KO tissues (Fig. 5 C and D).

WT–α-syn Is Predominant at Early Stages in a Seeding-
Dependent Aggregation In Vitro Model of HEK Cells. To fur-
ther examine when pS129 modification occurs during α-syn
aggregation, whether at early or late stages, in ex vivo and
in vitro models, we used the 4B1 antibody specific for
WT–α-syn.
Given the central role of seeding in inducing α-syn fibril

formation (30–32), seeding-dependent aggregation by
mutant S129A–α-syn PFFs, and the formation of insoluble
pS129–α-syn was studied in an in vitro HEK cell model
expressing α-syn. Consecutive transfection with WT–α-syn
and mutant S129A–α-syn PFFs led to the accumulation of
insoluble pS129–α-syn, indicating that pS129–α-syn is gen-
erated at later stages following PFFs treatment, particularly
after 24 to 48 h (SI Appendix, Fig. 7). In contrast, insoluble
WT–α-syn detected by 4B1 showed a gradual decrease in
expression, with the greatest effect at 48 h posttransfection
(SI Appendix, Fig. 7). Taken together, these findings suggest

that the levels of the two forms of α-syn protein are inversely
related, with insoluble WT–α-syn most abundant at early
stages and gradually decreasing, with pS129–α-syn being of
initial low abundance and gradually increasing commensu-
rate with the decrease in WT–α-syn.

Slice Culture Model Displays a Maturation of Aggregates with
Increasing Phosphorylation at S129 over Time. In order to
investigate the temporal development in expression of
pS129–α-syn in the α-syn aggregates, we employed a recently
described organotypic slice culture model where α-syn aggrega-
tion is induced by injection of S129A–α-syn PFF (33). Slices
were evaluated at time points ranging from 3 to 14 d following
induction of aggregation in order to compare the distribution
of WT–α-syn and pS129–α-syn over time (Fig. 6 A and B).
While the organization of WT–α-syn and pS129–α-syn was
rather homogeneous at early time points (Fig. 6A), epitopes
appeared to somewhat dissociate at late time points with evi-
dent cores of WT–α-syn surrounded by pS129–α-syn in pre-
dominantly cell body aggregates (Fig. 6B). Overall analysis of
the aggregates revealed a timewise decrease in both the mean
fluorescence intensity (MFI) of 4B1-staining and in the area
proportion of WT–α-syn in the aggregates compared to
pS129–α-syn staining (Fig. 6 C and D). Consistent with previ-
ous observations, these findings suggest that α-syn becomes
increasingly phosphorylated after initial protein deposition.

To further investigate how phosphorylation of α-syn corre-
sponds with aggregate maturation, aggregates were divided into
four groups based on morphology (SI Appendix, Fig. 8 A and
B). For the three types of LN-like aggregates (small, intermedi-
ate, and large LNs), increasing sizes corresponded well with a
concomitant increase in aggregate length, as measured by the
geodesic diameter (SI Appendix, Fig. 8 B and C). For cell body
aggregates, though, the geodesic diameter was smaller, as could
be expected from their less elongated structure. Regarding the
composition of the aggregates, small LNs constituted the vast
(count-wise) majority, regardless of the time point analyzed,
while the numbers of intermediate-sized LNs, large LNs, and
cell body aggregates increased with time (SI Appendix, Fig. 8 D
and E). Stratification of our earlier analysis of WT–α-syn MFI
and area proportion by aggregate morphology revealed signifi-
cant changes closely linked to aggregate type (Fig. 6 E and F).
Thus, changes in the proportion of WT–α-syn relative to
pS129–α-syn appear to occur alongside changes in aggregate
morphology putatively linked to maturation (Fig. 6G).

pS129–α-syn Occurs at a Late Stage in Mice Injected with
PFFs. To investigate the association between α-syn aggregate matu-
ration and pS129–α-syn, mice were injected with α-syn PFFs and
subjected to immunohistochemical evaluation of 4B1 compared to
pS129. Early stages following PFF injection were characterized by
aggregated WT–α-syn with relatively little pS129–α-syn (Fig. 7A).
However, at later time points, pS129–α-syn became more evident
since most of the inclusions appeared phosphorylated at week 4
postinjection (Fig. 7A). Despite the abundant pS129–α-syn positive
inclusions, there were some 4B1+ aggregates, although to a lesser
extent. Additionally, we also suggest that small undetectable non-
phosphorylated aggregates may exist and maintain the pathological
seeding process. These small aggregates are obvious in our ex vivo
experiment as indicated in Fig. 6. Moreover, these results in a
rodent propagation model further suggest that pS129–α-syn occurs
secondarily to initial aggregation of WT–α-syn. In addition, nega-
tive control staining experiments including the application of only
the secondary antibody have been performed, as shown in SI

A

B

D E

C

Fig. 1. Effect of pS129 on α-syn aggregation and its ability to seed the
polymerization/aggregation of α-syn. (A) Monomeric α-syn was incubated in
the presence of various percentages (0%, 5%, 20%, 50%, and 100%) of
monomeric pS129–α-syn (final concentration 100 μM) for 20 d at 37 °C with
continuous shaking. Fibril formation was evaluated by Th-S fluorescence
(RFU). The assay was performed in triplicates, and the means ± SDs are
shown. (B and C) Monomeric WT–α-syn (100 μM) was incubated alone, with
(B) 2 μM or (C) 0.1 μM (final concentration) of pS129 PFFs or WT PFFs for 48
h. (D and E) Samples of monomeric pS129–α-syn (100 μM) were incubated
alone or with (D) 2 μM or (E) 0.1 μM (final concentration) of pS129 PFFs or
WT PFFs for 48 h. Fibril formation was evaluated by Th-S fluorescence
(RFU). The assay was performed in triplicates, and the means ± SDs are
shown. (*P < 0.05, **P < 0.01).
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Appendix, Fig. 10. Upon proteinase K (PK) treatment, the majority
of the 4B1 immunopositive accumulations in the ipsilateral dorsal
striatum at 2 wk post-PFF inoculation were PK resistant, as illus-
trated in Fig. 7B.

WT–α-syn Load Correlates Inversely with Disease Duration.
Immunohistochemical staining of PD dementia (PDD) and
DLB postmortem human brain tissue demonstrated that
WT–α-syn as labeled by 4B1 is found in LNs and Lewy bodies,
though its load is approximately fourfold lower than total α-syn
labeled by a pan–α-syn antibody (Fig. 8A). When normalized
to total α-syn levels, there was no significant difference in load
of 4B1 between PDD and DLB cases (P = 0.650); however,
pS129–α-syn when normalized to total α-syn was proportion-
ally higher in PDD cases (U = 53, P = 0.025). Furthermore,
4B1 expression in the amygdala was inversely correlated with
disease duration across all cases (rs = �0.440, n = 30, P =
0.015), but no relationship was observed between pS129–α-syn
and disease duration (P = 0.601) (Fig. 8B). It is difficult to
draw conclusions from the significance of these data given rela-
tionships were only identified between 4B1 and disease dura-
tion, and no relationships were observed between pS129–α-syn
and disease duration. We also explored whether 4B1 was pre-
dominantly present within the core of protein aggregates and
pS129–α-syn in the corona using immunofluorescence. Confo-
cal microscopy of immunofluorescent sections demonstrated
some accumulations that were positive for 4B1 but not
pS129–α-syn or vice versa, but no evidence of selective labeling
of the core of aggregates with 4B1 (Fig. 8C).
To determine whether the relationship between WT–α-syn

and disease duration was mediated by other variables, we also eval-
uated whether it was associated with age at onset or concomitant
Alzheimer-type pathology. We identified that 4B1 normalized to
total α-syn was not correlated with Braak Tau pathology stage
(P = 0.210) or Thal phase (P = 0.104); however, there was a sig-
nificant positive correlation between WT–α-syn and age at onset
(rs = 0.478, n = 30, P = 0.008). As age at onset was strongly cor-
related with disease duration (rs = 0.783, n = 30, P < 0.001),
one could speculate that the association between WT–α-syn and
age at onset is related to disease duration.

Discussion

Phosphorylation at serine 129 is one of the major PTMs of α-syn
(34), and is known to increase to 90% in Lewy bodies and LNs.
Based on the elevated expression of pS129–α-syn in Lewy body
disease pathology, this PTM has been assumed to play a central
role in the pathogenesis of Lewy body disease (35). However,
there are only a few studies evaluating its disease relevance, in part
due to a lack of robust tools for studying WT–α-syn. To better
understand the pathogenic relevance of pS129–α-syn to Lewy
body disease, we comprehensively evaluated the seeding propensity
and cytotoxicity of pS129–α-syn in a range of novel model sys-
tems, in addition to human postmortem brain tissue.

Contrary to the putative pathogenic role ascribed to pS129–α-
syn (12), but consistent with previous findings in a yeast model
(15), the present study demonstrated that pS129 modification
reduced the aggregation propensity and resultant cytotoxicity of
α-syn in vitro, and occurred secondarily to WT–α-syn aggregation
in in vitro, ex vivo, and in vivo models. It may be that this cellular
event of pS129 modification following WT–α-syn aggregation
indicates an inhibitory mechanism for α-syn aggregation or an
approach for degradation of the aggregates (14, 35). Furthermore,
the abundance of WT–α-syn inversely correlated with disease dura-
tion in postmortem samples, consistent with WT–α-syn being ele-
vated early in the disease process. Taken together, our findings
challenge the central pathogenic role ascribed to pS129–α-syn in
Lewy body disease, instead suggesting this disease-associated modi-
fication may occur secondarily to initial protein aggregation and
may even attenuate the cytotoxicity of α-syn (36).

In the present study, we report that the pS129 modification
inhibits α-syn aggregation into amyloid structures and has a
reduced ability to seed aggregation of α-syn as shown by Th-S
binding assay. Similarly, a previous study also demonstrated
that phosphorylation at serine 129 inhibits rather than pro-
motes α-syn fibril formation in vitro (24). Using the RT-QuIC
assay to evaluate aggregation propensity of α-syn, monomeric
WT–α-syn demonstrated higher seeding propensity than
pS129–α-syn monomers, which showed virtually no seeded
aggregation when seeded with frontal or temporal cortex brain
lysates from PD or DLB cases. Additionally, molecular simula-
tions suggested that pS129 may stabilize α-syn monomers, and

A B

C D

E F

G H

Fig. 2. Effect of pS129 on nucleation-dependent RT-QuIC assay and aggregation kinetics. The assay was performed using recombinant monomeric WT–α-
syn or pS129–α-syn used as substrates in A–D. PD and DLB frontal and temporal regions. When used as a substrate, monomeric WT–α-syn showed higher
seeding propensity compared to pS129–α-syn as shown by (E) shortest lag-phase, (F) highest aggregation rate, and (G) highest FMAX value reached at end of
the reaction. The amplification curves show the mean fluorescence in each time point with SE as shaded area. One-way ANOVA with Tukey’s multiple com-
parison testing was used for statistical comparisons (****P < 0.001; **P < 0.001; *P < 0.01; P < 0.05). (H) Putative interactions between phosphorylated Ser-
129 and Lys-96, Lys-97 (dashed lines), in addition to the N-terminal (dotted line), leading to an increase in the frequency of contacts between the C terminal
and the N terminal, already observed in the unmodified protein.
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thus resist further aggregation. When cytotoxicity was evalu-
ated, we noted that pS129–α-syn seeding had no effect on the
viability of neuroblastoma cells. Consistent with previous
results that pS129 attenuates the pathogenicity of α-syn by
inhibiting aggregation, in vitro cell models demonstrated con-
sistent results where, in contrast to WT–, pS129–α-syn reduced
α-syn seeded aggregation. Although there are conflicting results
in the literature regarding the aggregation propensity and cyto-
toxicity of pS129–α-syn compared to WT–α-syn, our findings
are in accord with some previous observations (15, 24, 37–39).
Contrary to our observations, another study reported α-syn
phosphorylation at serine 129 induces higher cytotoxicity in
neuroblastoma cell lines (40). Furthermore, another study
reported that rotenone treatment of SH-SY5Y cells caused cell
death and increased expression of pS129–α-syn that was ame-
liorated by blocking phosphorylation by substituting serine for
alanine (S129A) (11). However, it must be noted that rotenone
exposure alters the structure of α-syn, thus promoting aggrega-
tion but it is unclear the extent to which these aggregates reca-
pitulate what is observed in the human brain in Lewy body
disease (41).
As part of this study, we developed and thoroughly charac-

terized an antibody specific for the aggregated form of
WT–α-syn. Our antibody was employed to study the impact of
phosphorylation on α-syn seeding aggregation in established
HEK cell model, organotypic slice culture model, and in mice
brain sections that were injected with PFFs. In addition, this
antibody was studied in human postmortem brain tissue. In an
in vitro HEK cell α-syn–seeding model, insoluble WT–α-syn
was abundant mostly at early stages following PFF treatment
and gradually decreasing with time; on the other hand,
pS129–α-syn was gradually increasing. Data from the organo-
typic slice culture model showed a time-dependent decrease in

MFI of 4B1-staining and in the area proportion of WT–α-syn
in the aggregates compared to pS129–α-syn staining, proposing
that α-syn becomes increasingly phosphorylated after initial
protein deposition. Additionally, in mice injected with PFFs,
early stages following PFF injection were characterized by
aggregated WT–α-syn with pS129–α-syn more evident at later
time points. Moreover, in postmortem samples, 4B1 expression
in the amygdala was inversely correlated with disease duration
among all cases. Taken together, these findings suggest that
phosphorylation occurs subsequent to initial protein aggrega-
tion in several model systems. Although we demonstrated that
4B1 recognizes conformation-specific non–pS129–α-syn
(WT–α-syn) aggregates in a number of systems, it is impossible
to be sure that the same conformation is being labeled in
human postmortem brain tissue due to the potential impact of
epitope unmasking steps on protein structure or indeed due to
partial denaturation of conformations as part of the paraffin
wax-embedding process and heating sections prior to dewaxing.
Nevertheless, this does not change the fact that the antibody is
labeling WT–α-syn aggregates, it may suggest that the confor-
mation in Lewy body disease brains differs from that in model
systems. Future studies are warranted to precisely determine the
structural properties of WT–α-syn aggregates recognized by
4B1 in Lewy body disease brain samples.

The findings from all the α-syn–seeding model systems and,
to some extent, those from human brain tissue are consistent
with the proposition that initial α-syn aggregation is associated
with relatively low levels of pS129 but that this modification
increases with time and aggregate maturity. These observations
are consistent with a previous study of Lewy body structure
using advanced imaging that reported pS129–α-syn on the out-
side of lesions (42). As increasing aggregation of α-syn is
thought to be a characteristic of Lewy body disease pathology,
including Lewy bodies and neurites, it is tempting to speculate
that the inhibitory effect of pS129 on α-syn aggregation is
likely to attenuate its pathological effects. However, as high lev-
els of pS129–α-syn are observed in end-stage cases of Lewy
body disease, it would seem that this potential protective effect
of pS129 is not sufficient to fully protect the brain from neuro-
degeneration. Nevertheless, it is plausible to suggest that pS129
may mediate important individual factors, such as latency to
symptom onset and trajectory of motor or cognitive decline,
and future studies may wish to evaluate the potential role of
pS129 in arresting clinical decline.

Our present findings have major implications for under-
standing the pathobiology of Lewy body disease and the
therapeutic targeting of α-syn. It is reasonable to suggest
that therapeutic targeting of α-syn aggregates should be
focused on those that form early and are most associated
with pathological propagation and cytotoxicity. While
there is no doubt that pS129–α-syn is a useful and rela-
tively specific marker of Lewy body disease pathology, par-
ticularly when normalized to total α-syn levels (43),
WT–α-syn may be a better prognostic biomarker given that
it appears to precede pS129 modification and contributes
to propagation of pathology. Thus, in future studies, it will
be of interest to examine the extent of nonphosphorylated
α-syn aggregates and subsequent correlation with disease in
transgenic models of synucleinopathy. The present data
also highlight the importance of understanding the devel-
opment and progression of Lewy pathology over time, and
may assist in the design of future research studies to differ-
entiate distinct α-syn species with different pathogenic
roles. There is a pressing need to better understand the

A B

C D

Fig. 3. Effect of WT– and pS129–α-syn seeding on the viability of neuro-
blastoma cells. The effect of WT– and pS129–α-syn–seeding on the viability
of (A and C) BE (2)-M17-WT and (B and D) SH-SY5Y human neuroblastoma
WT cells was estimated by the MTT assay. (A and C) BE (2)-M17 and (B and
D) SH-SY5Y cells were treated with different concentrations of α-syn pure
fibrils or pure PFFs and 1 h after treatment, monomeric WT or pS129–α-syn
was added to a final concentration of 10 μM for 48 h (average of three
wells ± SD). The results are expressed as the percentage of the control
average (i.e., untreated cells) (***P < 0.001; **P < 0.01; *P < 0.05).
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temporal sequence of Lewy body formation, both for devel-
oping novel biomarkers and for understanding the cell biol-
ogy of α-synucleinopathies, and thus our observations may
stimulate further study into the pathogenic relevance of
pS129 and other PTMs of α-syn in Lewy body disease.
This is particularly important given the use of reduced lev-
els of pS129 as an endpoint in clinical trials of potential
disease-modifying drugs for Lewy body disease.
In conclusion, our findings from several approaches includ-

ing α-syn–seeding model systems suggest that pS129 modifica-
tion occurs secondarily to α-syn accumulation and appears to
reduce the cytotoxicity and aggregation propensity of α-syn
accumulations. These data have important implications for
understanding disease mechanisms, prognostic biomarker dis-
covery, drug development, and design of future neuropatholog-
ical studies.

Methods

In Vitro Phosphorylation of α-syn. As previously reported, full-length
recombinant human α-syn was expressed and purified (44). Purified
α-syn was phosphorylated at S129, as described previously (43). Briefly, 1 μg
of Polo-like kinase 2 (PLK2) protein was added to 1.44 mg/mL (100 μM) α-syn
in kinase reaction buffer (20 mM Hepes, 1.09 mM ATP, 2 mM DTT, 10 mM
MgCl2, pH 7.4). Reaction mixture was incubated at 30 °C for 24 h.

Seeded Polymerization Assay. The aggregation of monomeric WT– or
pS129–α-syn with or without addition of PFFs was conducted as previously
described (45). As described above, the PFFs (WT or pS129) were prepared by
fragmenting mature α-syn fibrils via sonication. Monomeric α-syn (100 μM) was
seeded with different PFF concentrations under incubation at 37 °C with continu-
ous shaking. The fibril formation was assessed by the Th-S binding assay.

RT-QuIC Assay. The RT-QuIC reaction buffer was composed of 0.1 M pipera-
zine-N,N0-bis (ethanesulfonic acid) (Pipes; pH 6.9), 0.1 mg/mL recombinant
α-syn and 10 μM thioflavin-T (Th-T). Reactions were performed in triplicates in a
black 96-well microplate with a clear bottom (Nunc) with 85 μL of the reaction
mix loaded into each well together with 15 μL of 0.1 mg/mL TBS-soluble frac-
tions. The plate was then sealed with a sealing tape (ThermoFisher) and
incubated at 37 °C for 120 h in a BMG FLUOstar OMEGA plate reader with inter-
mittent cycles of 1-min shaking (500 rpm, double orbital) and 15-min rest

throughout the indicated incubation time. Th-T fluorescence measurement,
expressed as arbitrary relative fluorescence units (RFU), was taken with a bottom
read every 15 min using 450 ± 10-nm (excitation) and 480 ± 10-nm (emission)
wavelengths. A positive RT-QuIC signal is defined as RFU more than 5 SD units
(RFU > 5 SD) above the mean of initial fluorescence at 120 h. The sample was
considered positive if two or more of the replicates were positive, otherwise the
sample was classified as negative. The relative seeding activities of the assayed
samples were presented by graphing fluorescence readouts against assay time.
For each sample, we calculated three quantitative measures that can be used to
analyze the RT-QuIC data: 1) the lag-phase (RFU > 5 SD); 2) the amyloid forma-
tion rate, expressed as the inverse (1/time to threshold) of the lag-phase (46); 3)
and the maximum fluorescence value (FMAX) measured at the end of the
RT-QuIC reaction. For RT-QuIC–negative samples, the lag-phase was assigned as
150 h.

Molecular Dynamics Modeling. For molecular dynamics (MD) modeling,
4,000 no-AcAS NMR structures (47) were clustered in six representatives, cover-
ing almost three-quarters of the protein’s conformations (48). One acetyl group
was manually added to the N terminus of each representative. Each representa-
tive was inserted in a water box using a 10 Å buffer zone of solvent around any
atom of the protein. The Amber ff99SB force fields (49) with ILDN modification
(50) and the TIP3P water model were used for the protein and for the solvent,
respectively. The systems were neutralized by adding 10 Na+ ions. Periodic
boundary conditions were applied. Electrostatic interactions were calculated
using the Particle Mesh-Ewald (PME) method. All bond lengths were constrained
by the LINCS algorithm and an integration step of 2 fs was set for all of the MD
calculations. Constant temperature and pressure conditions were achieved by
coupling the system with a Nos�e–Hoover thermostat (51) and an
Andersen–Parrinello–Rahman barostat. The systems were geometry-optimized
and then equilibrated at 300 K and 1 atm by performing 1 ns of MD-based
annealing and 1 ns of constant temperature MD. Next, each representative
underwent the replica exchange with a solute tempering (REST2) (52, 53)
-enhanced sampling method at room conditions. For each REST2 simulation, 32
replicas were generated in the temperature range from 300 to 500 K. Therefore,
a total of six 15-ns-long independent REST2 simulations were generated. We cal-
culated several properties from the protein’s conformational ensemble, obtained
by cumulating the six lowest temperature replica trajectories: 1) CSs and CD
spectra, using the SHIFTX (54) and the DichroCalc codes (55), respectively; 2)
RH, gyration radii (Rg), and compaction factors (CF) (56, 57). The structure
selected is the ones featuring the best agreement with the CSs, also showing
good agreement with CD and RH.
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Fig. 4. Effect of pS129–α-syn PFFs in seeding the aggregation of endogenously expressed α-syn–EGFP. (A) Treatment with α-syn PFFs in a concentration of
100 nM for 4 d. Representative images of cells under the different treatments. DAPI was used for nuclear staining. (Scale bar, 10 μm.) (B) Quantification of
the percentage of cells with inclusions (>200 cells counted per condition, four independent experiments; mean ± SD) revealed that pS129–α-syn is less
potent than WT–α-syn in seeding aggregation. Arrowheads refer to α-syn-EGFP inclusions, #: comparison WT PFFs to pS129–α-syn PFFs (**P < 0.01).
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Fig. 5. Purity and specificity of 4B1 toward WT–α-syn aggregates. (A) Fifty nanograms of recombinant WT–, pS129–, or S129A–α-syn was loaded on 15% SDS
gels and transferred to nitrocellulose membranes for Western blotting for 4B1, in-house pS129, and Syn-1. (B, i) Analysis of filter retardation using mono-
meric– (M) or fibrillar– (F) α-syn coated on nitrocellulose membranes and detected with 4B1, Syn-1, and Syn-O2. Reactivity of 4B1 toward different α-syn
aggregates including fibrils, ONE, or HNE (ii) 4B1 preincubated with monomers or ONE-oligomers and tested against precoated monomeric–α-syn in inhibi-
tion ELISA. (iii) Sandwich-ELISA showing the reactivity of 4B1 toward monomers or different α-syn aggregates. (iv) Specificity of 4B1 toward WT–α-syn aggre-
gates. PFFs and fibrils were treated for 6 h with increasing concentrations of denaturing urea and SDS, with 4B1 detecting the aggregated forms of α-syn. (v)
Filter retardation assessment for 4B1 reactivity toward α-syn fibrils. F11 detects α- or β-syn, whereas the antibody E20 detects γ-syn. Filter retardation analy-
sis of 4B1 reactivity toward human (H–α-syn) or mouse (M–α-syn) fibrils. (C) Ten micrograms of brain lysates from human SNCA transgenic (lanes 1 and 2)
and SNCA-null mice (lanes 3 and 4) were immunoblotted using antibodies specific to WT–α-syn (4B1) and total α-syn (Syn-1). Recombinant pS129–α-syn
(rpS129–α-syn, lane 5) and recombinant α-syn (rα-syn, lane 6) proteins were loaded (50 ng) as positive controls. Reimmunoblotting with β-actin antibody was
performed to normalize the amount of loaded proteins. (D) Immunofluoresence images of striatal brain sections from adult male α-syn KO mice, showing
no 4B1 or pS129 immunoreactivity in the tyrosine hydroxylase (TH, red) -positive dopaminergic fibers (63× magnification). (Scale bar, 50 μm.)
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HEK293–α-syn–EGFP Cell Line Generation. HEK293 cells were transfected
with a plasmid encoding human WT–α-syn fused to EGFP, at the C terminus,
driven by the cytomegalovirus promoter. The plasmid contained a selection
marker for the antibiotic geneticin (G418), which was used for the selection of
the stable transformants. Protein expression was confirmed by Western blot anal-
ysis and fluorescence microscopy. A clonal HEK293–α-syn–EGFP cell line was
selected and used for subsequent experiments. Cells were maintained in DMEM
media supplemented with 10% Fetal Bovine Serum Gold (FBS) (PAA) and 1%
penicillin-streptomycin (PAN). The cells were grown at 37 °C in an atmosphere
of 5% CO2. For the seeding experiments, cells were plated on 13-mm glass cov-
erslips in 24-well plates and incubated in 5% FBS-media. The following day,
α-syn PFFs were prepared in reactions of 150 μL per tube diluted in PBS, frag-
mented by sonication (53), and then added to cells at final concentration of 100
nM. Control cells were exposed to vehicle only (PBS). Cells were further incu-
bated for 4 d, washed with PBS, and fixed with 4% PFA for 20 min at room tem-
perature, followed by nuclei staining with DAPI (Sigma-Aldrich, D8417) (1:5,000
in DPBS) for 10 min. After a final wash, coverslips were mounted using Mowiol
(Sigma Aldrich) and subjected to fluorescence microscopy. The proportion of cells
with α-syn inclusions within the population was then determined by counting.
For quantification of aggregation, at least 200 cells were counted per variant
and per experiment. Images were acquired using a 63× objective, and analyzed
using LAS AF v.2.2.1 (Leica Microsystems) software.

Tissue Culture of HEK293 Human Embryonic Kidney Cells. WT HEK293
cells were grown in Dulbecco’s MEM-high glucose (Gibco) supplemented by
15% FBS (Gibco) and 1% penicillin-streptomycin (Gibco) and incubated at 37 °C
in a 5% CO2/95% air humidified incubator. After plating HEK cells overnight in
six-well plates, cells were transfected with 2 μg of WT–α-syn plasmid DNA by lip-
ofectamine 3,000 reagent (Invitrogen) (58). One group of α-syn expressing HEK
cells was similarly transfected again with 4 μg of mutant serine 129 to alanine
(S129A) PFFs the following day.

HEK cells were lysed, at 6, 12, 24, and 48 h post-PFFs transfection, initially
with 1% Triton X-100 in 50 mM Tris, 150 mM NaCl (pH 7.6) containing protease
and phosphatase inhibitors to obtain soluble fractions. The pellet was further
lysed with 1% SDS in 50 mM Tris, 150 mM NaCl (pH 7.6) with complete inhibi-
tors to attain insoluble fractions. Protein concentration was determined by BCA
protein assay (Pierce) prior to analysis on 12% SDS/PAGE and immunoprobing

with appropriate antibodies. These include monoclonal antibody against
pS129–α-syn (ab51253, Abcam), mouse monoclonal antibody against α-syn
Syn1 (BD Biosciences), and WT–α-syn (4B1) in addition to mouse monoclonal
antibody C4 against β-actin (Sc-47778, Santa Cruz Biotechnology) as a protein
loading control. Blots were subsequently incubated with horseradish peroxidase
conjugated with anti-rabbit and anti-mouse IgG (Jackson ImmunoResearch), and
proteins were detected with LiCOR system.

Organotypic Hippocampal Slice Cultures. Organotypic hippocampal slice
cultures were created from P7 C57Bl6/J mouse pups and injected with S129A-
mutated human α-syn PFFs, as previously described (33), and cultured according
to Stoppini et al. (59). At various time points, tissue was fixed according to
Gogolla et al. (60) and stored at 4 °C until all tissue had been collected. Slices
were permeabilized in 0.5% Triton X-100 in PBS and blocked in 10% BSA. Pri-
mary antibodies against pS129–α-syn (rabbit mAb D1R1R, Cell Signaling,
#23706; 1:1,000) and WT–α-syn (mouse 4B1, 200 ng/mL) were diluted in 5%
BSA and applied overnight at 4 °C. After washing 6× 15 min in 1× TBS + 0.3%
Triton X-100, secondary Alexa-Fluor antibodies (goat anti-mouse 488, #A11001,
and goat anti-rabbit 568, #A11036) were diluted 1:2,000 and supplemented
with DAPI (5 μg/mL; Th. Geyer) in 5% BSA and applied for 3 h at room tempera-
ture. Washing was repeated and slices were mounted using DAKO Fluorescent
Mounting Medium (Dako, S3023).

Immunofluorescence was evaluated on a Zeiss AxioObserver 7 inverted
microscope fitted with an ApoTome to increase z-plane resolution. For quantifica-
tion of the distribution of pS129–α-syn vs. WT–α-syn in aggregates, 63× images
covering the aggregates were taken (5 to 20 images per slice depending on the
amount of aggregation). Images were analyzed in Fiji (NIH) in order to compute
total phosphorylated and nonphosphorylated aggregate area proportions and
mean fluorescence intensity of pS129 aggregates and WT–α-syn aggregates, as
well as analyses stratified by aggregate morphology and subregion localization.
For each image, aggregates were first defined by their pS129-staining, with an
initial uneven background subtraction using the rolling ball algorithm (set to 50
pixels), followed by thresholding using the AutoThreshold plugin (method =
maxEntropy). Then, 4B1+ aggregates were defined inside the pS129-defined
aggregates, using the same steps as for pS129+ aggregates. Aggregates were
analyzed using the Extended Particle Analyzer in the BioVoxxel Toolbox (46) and
stratified by morphology (small, intermediate, and long LN-like plus cell body

BA
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Fig. 6. Analysis of α-syn aggregates in organotypic slice culture model after injection of S129A–α-syn PFF. (A and B) Representative 3D renderings from z-stack
acquisitions of aggregates in the organotypic hippocampal slice cultures at 3 d postinjection (dpi) of PFF (A) and 14 dpi (B), stained for WT–α-syn with 4B1 (green)
and pS129–α-syn with D1R1R Cell Signaling pS129 (red). (Scale bars, 5 μm.) Channel curves were adjusted to approximately equal maximum intensity of the two
stainings. (C) Relative MFI of WT– vs. pS129–α-syn staining in the total population of aggregates. (D) Area proportion of WT–α-syn in the total population of aggre-
gates. (E) Relative MFI of WT– vs. pS129–α-syn staining in each type of aggregate (small LNs, intermediate LNs, large LNs, and cell body inclusions), all time points
collapsed. (F) Area proportion of WT–α-syn in each type of aggregate, all time points collapsed. (G) Schematic illustration of the putative maturation of aggregates
with changing morphology. All graphs are displayed as mean ± SEM, normalized to the first bar (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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aggregates). The exact parameters defining each type of aggregate can be found in
SI Appendix, Fig. 8A. The various aggregate types were counted at each time point,
and for each aggregate, its length was approximated using the geodesic diameter
from the MorphoLibJ-plugin in Fiji (47). Finally, mean fluorescence intensity of
pS129 and 4B1 inside the aggregates was computed. A total of 31 slices were used
for analysis, and more than 5,000 aggregates were included in the analysis.

Representative images were taken as z-stacks on the 63× objective, and
three-dimensional (3D) renderings were made in Zen 2.3 (Zeiss). For the 3D ren-
derings, channel curves for pS129 (red) and 4B1 (green) were adjusted so that
maximum intensity was approximately equal between the two channels, to avoid
any variance in staining distribution due to differences in antibody dilutions,
affinity, or microscope imaging settings. Thus, distinctions in pS129- and 4B1-
staining should reflect actual differences in epitope distribution, although this
setup slightly underestimates pS129-staining of the aggregates.

WT Mice Injected with Recombinant α-syn PFFs. WT C57BI6 mice 2 to 4
mo old (Jackson Laboratory) were housed in the animal facility of the Biomedical
Research Foundation at the Academy of Athens in a room with a controlled light/
dark cycle (12-h light/12-h dark) and free access to food and water. Adult male

WT C57Bl6 mice were subjected to unilateral striatal injections under general
isoflurane anesthesia by an apparatus adjusted to the stereotaxic frame (Kopf
Instruments). Right dorsal striatum was targeted using the following coordinates
from bregma: anteriorposterior +0.5 mm, mediolateral �1.4 mm, and dorso-
ventral in two depths �3.2 mm and �3.4 mm according to mouse brain atlas.
A total of 2.6 μg (2 μL) of mouse recombinant α-syn PFFs were injected at a
constant flow rate of 0.3 μL/min. Equal volume of dPBS1X was used for control
animals. An interval of 5 min was maintained between the two dorsoventral
depths and the needle was slowly removed 5 min after the injection procedure
was completed. For immunohistochemical analysis, mice were transcardially per-
fused under isoflurane anesthesia, followed by ice-cold 4% PFA, 2 wk poststereo-
taxic injections. Following fixation, the brains were dehydrated by sequential
incubation in 15% and 30% sucrose, snap frozen in isopentane at �50 °C and
stored at �80 °C. Free-floating cryostat-cut coronal sections (30 μm) covering
the whole nigrostriatal axis were stained with antibodies against rabbit
pS129–α-syn (ab51253, Abcam), mouse 4B1, and rat DAT (MAB369, Millipore).
The sections were treated with antigen retrieval solution (citrate buffer, pH = 6)
at 80 °C for 20 min. To validate whether pS129+ α-syn accumulations were
PK-resistant, sections were incubated with PK (Sigma-Aldrich) 2.5 μg/mL in PBS
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for 10 min at 25 °C (Fig. 7B). Fluorescent images were obtained in a Leica SP5-II
confocal microscope. A protocol with sequential image acquisition was used. For
the quantification of 4B1 immuno-reactivity, raw confocal images of serial striatal
sections of PFF-inoculated mice were analyzed using the surface function of the
Imaris 9.1.2 software. The relative volume of the 4B1 surface area was normal-
ized to the total surface area of the image.

Experimental procedures using mice were carried out in accordance with the
institutional ethical rules and regulations of the Biomedical Research Foundation
at the Academy of Athens.

Immunohistochemistry and Immunofluorescence. Formalin-fixed paraffin-
embedded brain tissue from the amygdala was obtained postmortem from
patients with PDD and DLB (SI Appendix, Table S1). Sections (6 μm) were cut
and stained with 4B1 (250 ng/mL), in-house pS129 (100 ng/mL), or pan-α-syn
(5 μg/mL; KM51, Leica Novocastra) antibodies and detected using conventional
immunohistochemistry with Menarini MenaPath X-Cell Linked HRP detection
kits (Menarini Diagnostics). Regions of interest were imaged on a Zeiss A.1
microscope (Zeiss) from five (amygdala) regions and percentage area immuno-
reactive was evaluated using ImagePro software. The same regions were evalu-
ated on serial sections with different antibodies and compared between cases
and across sections, and compared to clinical data obtained during life.

Sections were dewaxed and rehydrated through a series of alcohol solutions
prior to epitope unmasking with PK (20 μg/mL in Tris-EDTA pH8 buffer) for 20
min at 37 °C. Sections were blocked with 10% normal goat serum in TBS-T for
1 h before overnight incubation at 4 °C in the primary antibody solution com-
prised of either 4B1 (Ms IgG1, 2 μg/mL), in-house pS129 (Ms IgG2a, 1 μg/mL)
and Abcam ab51253 pS129 (Rb IgG, 5 μg/mL). Secondary antibodies were
isotype-specific goat antibodies against mouse IgG1-546 (#A-21123), mouse
IgG2a-488 (#A-21131) or rabbit IgG-647 (#A27040; Thermo Scientific), as appro-
priate, and all were used at a dilution of 1:100 in 10% normal goat serum in
TBS-T for 1 h at room temperature. Sections were then washed and incubated in
1% Sudan Black B solution for 7 min at room temperature to eliminate auto-
fluorescence, prior to mounting with ProLong Gold antifade (Thermo Scientific).
Sections were imaged on a Leica SP8 confocal microscope (Leica).

Statistical Analyses. Using the GraphPad Prism software (version 8.3.0), statis-
tical analyses were done using the Student's t test when comparing two groups.
For comparison of three or more groups, statistical analysis was performed using

one-way ANOVA, followed by Tukey's multiple comparison test for the MTT cell
viability, Th-S, and RT-QuIC assays or Holm–�Sid�ak test for the organotypic hippo-
campal slice cultures. Correlational analyses for human postmortem data used
Spearman’s rank-order correlation coefficient, as data were unsuitable for para-
metric analyses. The data are presented as mean ± SD and represents results
from at least three independent experiments.

Data Availability. All study data are included in the main text and
SI Appendix.
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Fig. 8. Expression of WT- and pS129–α-syn in postmortem human brain tissue. (A) Representative staining of the amygdala of PDD (i–iv) and DLB (v–viii)
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