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Abstract

Lewy body disorders (LBD), characterized by the deposition of misfolded a-synuclein (a-Syn), are clinically heterogeneous.
Although the distribution of a-Syn correlates with the predominant clinical features, the burden of pathology does not fully
explain the observed variability in clinical presentation and rate of disease progression. We hypothesized that this hetero-
geneity might reflect a-Syn molecular diversity, between both patients and different brain regions. Using an ultra-sensitive
assay, we evaluated a-Syn seeding in 8 brain regions from 30 LBD patients with different clinical phenotypes and disease
durations. Comparing seeding across the clinical phenotypes revealed that hippocampal a-Syn from patients with a cognitive-
predominant phenotype had significantly higher seeding capacity than that derived from patients with a motor-predominant
phenotype, whose nigral-derived a-Syn in turn had higher seeding capacity than that from cognitive-predominant patients.
Interestingly, a-Syn from patients with rapid disease progression (<3 years to development of advanced disease) had the
highest nigral seeding capacity of all the patients included. To validate these findings and explore factors underlying seed-
ing heterogeneity, we performed in vitro toxicity assays, and detailed neuropathological and biochemical examinations.
Furthermore, and for the first time, we performed a proteomic-wide profiling of the substantia nigra from 5 high seeder and
5 low seeder patients. The proteomic data suggests a significant disruption in mitochondrial function and lipid metabolism
in high seeder cases compared to the low seeders. These observations suggest that distinct molecular populations of a-Syn
may contribute to heterogeneity in phenotypes and progression rates in LBD and imply that effective therapeutic strategies
might need to be directed at an ensemble of differently misfolded a-Syn species, with the relative contribution of their dif-
fering impacts accounting for heterogeneity in the neurodegenerative process.

Keywords Alpha-synuclein - Lewy body disorders - Seeding capacity - Proteomics

4 Gabor G. Kovacs 4 Department of Laboratory Medicine and Pathobiology,
gabor.kovacs @uhnresearch.ca University of Toronto, Toronto, ON, Canada

. . . Krembil Brain Institute, University Health Network, Toronto,
Tanz Centre for Research in Neurodegenerative Disease y

(CRND), University of Toronto, Krembil Discovery Tower, ON, Canada
60 Leonard Ave, Toronto, ON M5T 0S8, Canada 6 Laboratory Medicine Program, University Health Network,

Edmond J. Safra Program in PD and the Morton and Gloria Toronto, ON, Canada

Shulman Movement Disorders Clinic, Toronto Western Present Address: Ken and Ruth Davee Department
Hospital, Toronto, ON, Canada of Neurology, Feinberg School of Medicine, Northwestern

Clinical Neuroproteomics Unit, Navarrabiomed, Hospital University, Chicago, IL, USA

Universitario de Navarra (HUN), Universidad Publica de
Navarra (UPNA), Instituto de Investigacién Sanitaria de
Navarra (IdisNa), Pamplona, Spain

@ Springer


http://orcid.org/0000-0003-3841-5511
http://crossmark.crossref.org/dialog/?doi=10.1007/s00401-022-02453-0&domain=pdf

168

Acta Neuropathologica (2022) 144:167-185

Introduction

Lewy body disorders (LBD) encompass Parkinson’s dis-
ease (PD), PD with dementia (PDD), and dementia with
Lewy bodies (DLB) [2, 25]. Deposition of a-synuclein
(a-Syn) into Lewy bodies (LB) and Lewy neurites (LN) is
the neuropathological hallmark of these clinically defined
conditions [25, 41, 58]. PD is the most common LBD char-
acterized by bradykinesia, rigidity, resting tremor, postural
instability, as well as various non-motor symptoms [41].
LBD patients with PD who develop dementia, typically
later in the disease course (applying the “one-year rule”
after onset of parkinsonism) are considered to have PDD.
On the other hand, LBD patients who first develop demen-
tia, with (or without) parkinsonism after 1 year of cogni-
tive or psychiatric symptoms are diagnosed with DLB [24,
34].

a-Syn is a 14 kDa unfolded and soluble cytoplasmic
protein enriched in presynaptic nerve terminals that
exists as either an intrinsically disordered monomer or
an a-helical tetramer [3, 5, 10]. Due to its intrinsically
disordered nature, a-Syn can adopt a variety of conforma-
tions, including B-sheet-rich structures [17]. Converging
evidence implies that in a-Syn-related pathologies, a con-
formational change (misfolding) of the a-Syn monomer
produces an aggregation nucleus (seed) which can recruit
endogenous a-Syn molecules and induce their aggregation
[46]. These a-Syn seeds can self-propagate and progres-
sively spread between inter-connected brain regions via
a variety of mechanisms of cell-to-cell transmission [11,
29] that are believed to generally follow a caudo-rostral
pattern [8].

A critical unknown in the basic biology of LBD is an
understanding of how the same protein, a-Syn, can be
associated with the clinically distinct phenotypes of PD,
PDD and DLB. Furthermore, the factors that determine
the observed neuroanatomical and cell type vulnerability,
such as variability in LB and LN distribution in LBD [8,
34] remain unresolved.

The recent generation of pure fibrillar a-Syn poly-
morphs with differences in structural and phenotypic
traits has led to the hypothesis that different a-Syn strains
may be in part responsible for the pathologic and clinical
heterogeneity in LBD [7, 14, 28]. The strain hypothesis
proposes that the misfolded protein conformation deter-
mines which disease a patient will develop [4, 61]. In
prion diseases, the kinetics of the prion protein misfolding
into each disease-causing conformation typically translates
into strain-specific differences in onset and course of the
disease [4, 17]. Understanding the structure and molecular
nature of these pathological polymorphs in diseased brains
will be crucial for the validation of the strain hypothesis
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in LBD and for the development of targeted therapeutic
interventions. A great leap in resolving the structure of
different protein aggregates has recently been provided by
advances in cryo-electron microscopy [53, 55, 66]. How-
ever, more widely accessible tools to assess the structure
and behaviour of the different pathological seeds in differ-
ent brain regions are still lacking.

One way to identify and study the behavior of potential
seeds is to investigate the seeding ability of different mis-
folded protein species isolated from diseased brains [40].
The underlying hypothesis of this kind of investigation
is that aggregates with a higher seeding ability are likely
to have a greater role in the spreading of pathology [40].

The property of self-propagation was exploited to estab-
lish seeding amplification assays (SAAs) for the detec-
tion of disease-associated prion protein (PrP) in human
Creutzfeldt-Jakob disease [1]. These SAAs, also known
as real-time quaking-induced conversion (RT-QulIC) and
protein misfolding cyclic amplification (PMCA), monitor
the seeds’ propensity to induce aggregation thus amplify-
ing a signal that can sensitively detect minute amounts of
these protein seeds using real-time detection of thioflavin
T (ThT) fluorescence at multiple timepoints [6, 52].

SAAs have been successfully repurposed to reliably
detect other amyloidogenic proteins, such as a-Syn and
Tau using a variety of biological samples [27, 31, 33, 46,
49]. Applying these assays to LBD brain homogenates,
Sano et al., reported that the a-Syn oligomeric forms,
and not the insoluble aggregates, were the active seed-
ing species that triggered the SAA reactions [50]. Can-
delise et al. observed different SAA kinetics in patients
with DLB compared to PD [9]. Moreover, they reported
biochemical differences between the a-Syn SAA end-prod-
ucts amplified from DLB and PD patients, suggesting the
existence of different a-Syn strains in these diseases [9].
More recently, Sokratian et al. found that, using a novel
SAA, an elevated a-Syn fibril activity in cerebrospinal
fluid corresponds to reduced survival in DLB [56]. Their
results showed a previously unknown heterogeneity of
fibril-templating activities in DLB that they postulate may
contribute to disease phenotypes [56].

However, to fully investigate this hypothesis, a compre-
hensive evaluation of the a-Syn seeding capacity across
the different brain regions affected in the different clini-
cal subtypes that encompass LBD is required. Thus, in
the present study, we systematically evaluated the a-Syn
seeding capacity in 8 brain regions from 30 LBD patients
with different clinical phenotypes and disease durations.
Furthermore, we performed in vitro toxicity assays, neuro-
pathological and biochemical examinations and have per-
formed the first substantia nigra (SN) proteotyping from
10 LBD patients with distinct a-Syn seeding capacities.
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Materials and methods
Human tissue samples

30 participants (11 females, 19 males) with LBD were
selected from the University Health Network—Neuro-
degenerative Brain Collection (UHN-NBC, Toronto,
Canada) based on a definite neuropathological diagnosis.
Age at death, sex and details of a complete neuropatho-
logic examination are provided in Supplementary Table 1
(online resource). Autopsy tissue from human brains were
collected with informed consent of patients or their rela-
tives and approval of the local institutional review board.
This study was approved by the University Health Network
Research Ethics Board (Nr. 20-5258). Prior to inclusion
in the study, a systematic neuropathological examination
was performed following established diagnostic criteria of
neurodegenerative conditions and co-pathologies [25]. The
contralateral hemisphere was sliced coronally at the time of
autopsy and immediately flash frozen and stored at — 80 °C.
Using a 4-mm brain tissue punch, microdissection of the
following regions was performed: anterior cingulate cortex,
middle frontal cortex, amygdala, hippocampus, middle tem-
poral cortex, SN, pons base, and cerebellar white matter, as
previously described [32]. All the punches were stored in
low protein binding tubes (Eppendorf, Hamburg, Germany),
immediately flash frozen and stored at — 80 °C.

Clinical data

Clinical charts associated with each case were indepen-
dently reviewed by movement disorders specialists. Data
was extracted including age of onset of motor features,
presenting motor phenotype, response to Levodopa, pres-
ence of functional surgery, motor complications (dyskine-
sias, fluctuations, recurrent falls), age of onset of cognitive
deficits, affected cognitive domains, presence of hallucina-
tions, age at which dementia documented, age of admis-
sion to long-term care, and age of death (Supplementary
Table 2, online resource).

Based on these data, cases were subdivided into four clin-
ically distinct groups: (1) motor predominant, corresponding
to typical PD (n=10, 5 females and 5 males); (2) onset of
motor and cognitive symptoms together or within 1 year,
corresponding to the “l-year rule” of DLB diagnosis [34]
(n=4, 1 female and 3 males); (3) cognitive predominant
with later emergence of parkinsonism, representative of
patients with cognitive impairment who may exhibit parkin-
sonism as an end-stage result of neurodegeneration or aging,
(n=9, 3 females and 6 males); (4) cognitive impairment
without any motor symptoms (n=7, 2 females and 5 males).

Rate of disease progression was determined by the
amount of time from the onset of symptoms to a state of
advanced disease. Advanced disease was characterized as
loss of physical independence due to postural instability/
recurrent falls, presence of dementia, or admission to long-
term care, whichever came first. Cases with progression to
an advanced state of disease within 3 years were character-
ized as having rapid/malignant progression (n=6). As some
of the clinical data from older charts was sparse, only cases
with robust documentation of the clinical timeline were
included in our consideration of disease rate progression.

Protein extraction

For the PBS-soluble fraction, 40-50 mg of frozen micro dis-
sected tissue was thawed on wet ice and then immediately
homogenized in 500 pl of PBS spiked with protease (Roche,
Basel, Switzerland) and phosphatase inhibitors (Thermo Sci-
entific, Waltham, MA) in a gentle-MACS Octo Dissocia-
tor (Miltenyi BioTec, Auburn, CA). The homogenate was
transferred to a 1.5-ml low protein binding tube (Eppendorf)
and centrifuged at 10,000 g for 10 min at 4 °C, as previously
described [12, 32]. The supernatant was collected and ali-
quoted in 0.5-ml low protein binding tubes (Eppendorf) to
avoid excessive freeze—thaw cycles. A bicinchoninic acid
protein (BCA) assay (Thermo Scientific) was performed
to determine the total protein concentration of all samples.
For cell culture experiments, PBS-soluble SN extracts con-
taining 100 ng of total a-Syn were pelleted at 150,000g for
30 min at 4 °C to sediment seeding species, as previously
described [12]. Pellets were subsequently resuspended in
50 pl of PBS and stored at— 80 °C until further use.

a-Synuclein seeding amplification assay (a-Syn SAA)

SAA reactions were performed in 384-well plates with a
clear bottom (Nunc, NY) as previously described [32, 33].
Briefly, full-length human recombinant a-Syn (Impact Bio-
logicals, Swarthmore, PA) was thawed from — 80 °C storage,
reconstituted in HPLC-grade water (Sigma, St. Louis, MI)
and filtered through a 100-kDa spin filter (Thermo Scien-
tific) in 500 pl increments. All reagents used in the reaction
buffers were purchased from Sigma. 10 pl of the biological
sample (5 pg of total protein from the PBS-soluble frac-
tion) was added to the wells containing 20 pl of the reaction
buffer (0.1 M PB, pH 8, 0.875 M Na,Citrate), 10 pl of 50 pM
ThT and 10 pl of 0.5 mg/ml of monomeric recombinant
a-Syn. In every plate, positive (1 pg of a-Syn preformed
fibrils (rPeptide, Watkinsville, GA)) and negative (deion-
ized water) controls were run. To ensure assay reproduc-
ibility, a coefficient of variation no greater than 20% was
confirmed when the positive control signals from different
runs were compared. The plate was sealed and incubated at
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42 °C in a BMG FLUOstar Omega plate reader with cycles
of 1 min shaking (400 rpm double orbital) and 1 min rest.
ThT fluorescence measurements (450 + 10 nm excitation
and 480 + 10 nm emission, bottom read) were taken every
15 min for a period of 72 h. Each sample was tested in quad-
ruplicate and the same positive and negative controls were
added to each plate.

Histological analysis

4 um thick formalin-fixed paraffin-embedded tissue sections
of neocortical regions, basal ganglia, thalamus, hippocam-
pus, amygdala, midbrain, pons, medulla oblongata, and cer-
ebellum, containing the 8 anatomical regions selected for
microdissection (see above) were examined. In addition to
Hematoxylin and Eosin-Luxol Fast Blue, a mouse monoclo-
nal antibody for aggregated a-Syn (5G4; 1:4,000 dilution;
Roboscreen, Leipzig, Germany) was used for immunohisto-
chemistry. To map the presence of co-pathology with other
neurodegenerative disease associated proteins, the follow-
ing mouse monoclonal antibodies were used: anti-tau ATS8
(pS202/pT205; 1:1,000 dilution; Thermo Scientific), anti-
phospho-TDP-43 (pS409/410; 1:2,000 dilution; Cosmo Bio,
Tokyo, Japan) and anti-Ap (clone 6F/3D; 1:50 dilution;
Dako, Santa Clara, CA). The EnVision detection Kit, Per-
oxidase/DAB, Rabbit/Mouse (Dako) was used to visualize
antibody immunoreactivity. For semi-quantitative analyses
of observed pathology and nigral degeneration, we used a
4-point scale: 0, absent; 1, mild; 2, moderate; and 3, severe,
as previously described [23, 32]. For the figure, images
were taken using Tissuescope™ and were cropped with the
HuronViewer™ (Huron, Saint Jacobs, Canada).

ELISA

Human «o-Syn Patho and total ELISAs kits (Roboscreen,
Leipzig, Germany) were used according to the manufac-
turer’s protocol and as previously described [26].

SDS-PAGE and immunoblotting

Gel electrophoresis was performed using 4-12% Bolt
Bis—Tris Plus gels (Thermo Scientific). Proteins were trans-
ferred to 0.45-pm nitrocellulose membranes for 60 min at
30 V. Proteins were crosslinked to the membrane via 4% (v/v)
paraformaldehyde incubation in PBS for 30 min at room
temperature, with rocking. The membranes were blocked
for 60 min at room temperature in blocking buffer (5% [w/v]
skim milk in 1 X TBST (TBS and 0.05% [v/v] Tween-20))
and then incubated overnight at 4 °C with primary antibod-
ies directed against amino acids 15-123 of the a-Syn protein
(1:1,000 dilution, ref: 610,786, BD Biosciences, Franklin
Lakes, NJ) [28, 39] or against a-Syn phosphorylated at
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Serine 129 (1:1,000 dilution, ref: 015-25,191, Fujifilm
Wako, Richmond, VA) diluted in the blocking buffer. The
membranes were washed three times with TBST and then
incubated for 60 min at room temperature with horseradish
peroxidase-conjugated secondary antibodies (1:3000 dilu-
tion, ref: 172—-1011, Bio-Rad, Hercules, CA) in the blocking
buffer. Following another three washes with TBST, immu-
noblots were developed using Western Lightning enhanced
chemiluminescence Pro (PerkinElmer, Waltham, MA) and
imaged using X-ray films. For quantification, grayscale
images were scanned and imported into Fiji/Image].

Thermolysin and proteinase K digestions

Protease digestions were performed as previously described
[28, 39], with minor modifications. A concentration of
25 pg/ml of thermolysin or of 20 pg/ml of proteinase K were
added to the PBS-soluble brain homogenates. Samples were
incubated at 37 °C with continuous shaking (600 rpm) for
60 min. Thermolysin digestions were halted with the addi-
tion of EDTA to a final concentration of 2.5 mM. Proteinase
K digestions were halted with a final concentration of 4 mM
PMSF. Samples were resuspended in 1 X LDS buffer (Life
Technologies, Carlsbad, CA) and analyzed by SDS—-PAGE
followed by immunoblotting, as described above.

Cell culture and treatment

iCell DopaNeurons (iDopa, Cellular Dynamic International,
Madison, WI) were thawed following company guidelines
(iCell DopaNeurons User’s Guide, Cellular Dynamic
International). Cells were plated in complete maintenance
medium (Cellular Dynamic International) on a poly-L-orni-
thine (ref: AO0O4C, Sigma) and laminin (ref: L2020, Sigma)
coated 96-well plate (ref: 655090, Greiner Bio-One; Krems-
miinster, Austria) at a density of ~4.5 x 10° cells per well.
iDopa cells were maintained and then treated with 2.5% v/v
PBS soluble brain homogenates on day in vitro (DIV) 6 and
8. Untreated cells were used as control. On DIV 10, cells
were prepared for immunocytochemistry or for cell viability
assays.

Toxicity assays

Cytotoxicity was determined by the presence of lactate dehy-
drogenase (LDH). Supernatant was collected at DIV 8 and
10, spun at 300 g for 5 min and stored at — 80 °C. LDH was
measured using the Cytotoxicity Detection Kit according to
the manufacturer’s instructions (ref: 11644793001, Roche,
Basel, Switzerland) and absorbance (ABS) was measured
at 490 nm and 600 nm using the SpectraMax i3 (Molecular
Devices, San Jose, CA). LDH values were calculated using
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the equation (ABS 490 nm—ABS 600 nm) sample—(ABS
490 nm—ABS 600 nm) average media blank (background).

Cell viability was determined at DIV 10 using the
CellTiter-Blue Cell Viability Assay according to the manu-
facturer’s instructions (ref: 8080, Promega, Madison, WI).
In brief, live cells were cultured with 20 ul of reagent and
100 pl of medium and incubated for 1 h in standard cell cul-
ture conditions. Fluorescence was measured at 560/590 nm
(Ex/Em) using the SpectraMax i3 (Molecular Devices).
Each biological sample was performed in triplicate for both
assays.

Immunofluorescence

Immunofluorescence was performed by first washing the
cells in PBS and then fixing with 4% PFA for 10 min at
room temperature. Cells were washed 3 times with PBS and
incubated in 2% BSA in PBS for 1 h and then in 0.1% Tri-
tonX100+ 1% BSA in PBS for 20 min, at room temperature.
Samples were incubated with anti-tyrosine hydroxylase (TH,
1:250 dilution, ref: ab137869, Abcam, Cambridge, UK) in
1% BSA in PBS at 4 °C overnight. The following day, cells
were washed with PBS and incubated with AlexaFluor-488
donkey-—anti-rabbit for 75 min at room temperature (1:500
dilution, ThermoFisher). Finally, cells were washed 4 times
in PBS and covered with ProLong Gold Antifade mounting
media with DAPI (ref: P36930, Invitrogen). Images were
obtained on a widefield microscope (Zeiss AxioObserver,
Oberkochen, Germany).

Mass spectrometry
Sample preparation

Using a 4-mm tissue punch, a microdissection of the SN
from 10 LBD patients was performed. Samples were
homogenized in modified RIPA buffer (2% SDS, 150 mM
NaCl, 50 mM Tris pHS8). Protein extraction was per-
formed by mechanical disruption using 1.6 mm stainless
steel beads in a Bullet Blender (NextAdvance, Troy, NY).
Samples were incubated at 60 °C for 30 min and clarified
by centrifugation. Tissue extracts were subjected to TCA
precipitation as previously described [20]. Washed pro-
tein pellets were solubilized in 800 pl of urea buffer (8 M
urea, 150 mM NaCl, 50 mM Tris pHS, 1X Roche complete
protease inhibitor). Protein quantitation was performed
using Qubit fluorometry (Invitrogen). 50 pg of lysate
from each sample was reduced with 14 mM dithiothreitol
at 25 °C for 30 min followed by alkylation with 14 mM
iodoacetamide at 25 °C for 45 min in the dark. Then, sam-
ples were digested with 2.5 pg sequencing grade trypsin
(Promega) at 37 °C overnight. The digest was cooled to
25 °C and terminated with 5 pl of formic acid and desalted

using solid phase extraction on a Waters Oasis HLB solid
phase extraction plate. Eluted samples were frozen and
lyophilized.

Data acquisition

10% of each digest was analyzed by nano LC-MS/MS with
a Waters NanoAcquity HPLC system interfaced to a Ther-
moFisher Fusion Lumos mass spectrometer (ThermoFisher).
Peptides were loaded on a trapping column and eluted over a
75 pm analytical column at 350nL/min; both columns were
packed with Luna C18 resin (Phenomenex, Torrance, CA)
and a 120 min gradient was employed. The mass spectrom-
eter was operated in data-dependent mode, with the Orbitrap
operating at 60,000 FWHM and 15,000 FWHM for MS and
MS/MS, respectively. The instrument was run with a 3 s
cycle for MS and MS/MS. Advanced Precursor Determina-
tion [16] was employed.

Data processing

Data were processed with MaxQuant version 1.6.14.0 (Max
Planck Institute for Biochemistry, Germany) [62]. The Max-
Quant output was further processed using the Perseus soft-
ware (version 1.5.6.0) [63]. Proteins with a cutoff threshold
value higher than 1.33 or lower than 0.77 were considered as
differential expressed proteins. All mass spectrometry data
files have been deposited to the ProteomeXchange Consor-
tium [64] (http://proteomecentral.proteomexchange.org)
via the PRIDE partner repository with the dataset identifier
PXD034441 and 10.6019/PXD034441. The identification
of significantly dysregulated regulatory/metabolic pathways
in the SN proteomic data set was made through Metascape
platform [68] using default settings (minimum overlap: 3,
minimum enrichment: 1.5, p <0.01). The functional pro-
tein association network analysis was performed using the
STRING tool [59].

Statistics

Statistical analyses were performed using GraphPad Prism
(v.9, San Diego, CA) with a significance threshold of
p=0.05. SAAs relative fluorescence responses were also
analyzed and plotted using the software GraphPad Prism
(v.9). Comparisons were made using unpaired two-tailed ¢
tests or one-way ANOVA with Tukey’s multiple compari-
sons test. Two-tailed Spearman r non-parametric correla-
tions were used to correlate different variables obtained from
single individuals using SPSS (v.25, Chicago, IL).
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Results
Mapping regional a-Syn seeding in LBD

To test our hypothesis that molecular diversity of a-Syn
exists in LBD, we studied 30 subjects with a neuropatho-
logical diagnosis of LBD (Supplementary Table 1, online
resource). Using an ultrasensitive a-Syn SAA, we ana-
lyzed 8 different brain regions from each subject to per-
form a detailed examination of a-Syn seeding across the
brains of each patient. We quantified 5 kinetic parameters
from each reaction: lag time, growth phase, T50 (which
corresponds to the time needed to reach 50% of maxi-
mum aggregation), ThT max, and area under the curve
(AUC) of the fluorescence response. Each kinetic param-
eter was calculated as the mean of the values obtained
from each quadruplicate. No significant differences were
observed in any of these 5 parameters between the posi-
tive and negative control samples run on all plates. We
defined the AUC as the seeding parameter of interest as
it incorporates all the kinetic features of each aggregation
reaction, including the speed and extent of aggregation.
The AUC values obtained from all 30 subjects included
were clustered by brain region and converted into scores
of seeding capacity ranging from O to 3 representing nega-
tive, low, intermediate, or high a-Syn seeding capacity
(Supplementary Table 3, online resource). Then, a heat-
map of a-Syn seeding was generated to illustrate diversity
in the seeding behaviour of a-Syn between the different
brain regions (Fig. 1a). We found that the seeding capacity

Not examined Neglanve 1 2 3

Fig. 1 Extensive heterogeneity of a-Syn seeding activity across dif-
ferent LBD brain regions. Heatmap of a-Syn seeding (a) assessed
by SAA. All the area under the curve (AUC) values obtained from
the subjects included in the study were clustered by brain region (b)
and converted into scores ranging from O to 3 to generate the heat-
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AUC (RFU)

from the amygdala-derived a-Syn was significantly higher
than the a-Syn derived from the rest of the regions exam-
ined, with the sole exception of the hippocampal-derived
a-Syn (p=0.9613), which displayed the second highest
seeding activity (Fig. 1b). The SN was the region with
the third highest a-Syn seeding capacity (Fig. 1b). When
the different cortices were evaluated, no differences in
a-Syn seeding capacity were observed between the mid-
dle frontal, middle temporal, and anterior cingulate cor-
tices (Fig. 1b). Finally, the two regions which displayed
the lowest seeding capacity were the pons base and the
cerebellum (Fig. 1b). No differences in the overall a-Syn
seeding capacity were found between male and females
(p=0.1227, Supplementary Fig. 1a, online resource).

LBD clinical subtypes present specific patterns
of regional a-Syn seeding

Having found evidence of differential a-Syn seeding activity
across different brain regions, we next evaluated whether this
regional diversity was consistent across different LBD clini-
cal subtypes. The clinical charts associated with each case
included in the study were independently reviewed by move-
ment disorders specialists (Supplementary Table 2, online
resource). Based on these data, the 30 cases included were
subdivided into four clinically distinct groups: (1) motor pre-
dominant, corresponding to typical PD (n=10); (2) motor
and cognitive onset together or within 1 year, corresponding
to the “1-year rule” of DLB diagnosis (n=4); (3) cognitive
predominant with later emergence of parkinsonism, repre-
sentative of patients with cognitive impairment who may
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map. The a-Syn seeding ranged from yellow (low) through orange
(medium) to red (high). Grey colored cortical regions indicate that
the region was not evaluated. Each dot in b represents an individual
biological sample measured in quadruplicate
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exhibit parkinsonism as an end-stage result of neurodegen-
eration or aging (n=9); and (4) cognitive only, without any
motor symptoms (n=7). All AUC values obtained from the
a-Syn SAA were clustered by disease subtype (Supplemen-
tary Table 3, online resource) and brain region and converted
into scores ranging from O to 3. Four heatmaps were gen-
erated to illustrate the regional diversity of a-Syn seeding
across the four different clinical subtypes (Fig. 2a—d). The
amygdala had the highest a-Syn seeding capacity in both
motor and cognitive predominant subgroups, whereas hip-
pocampal a-Syn had the highest seeding activity in those
patients with cognitive impairment without any motor
symptoms and those with an onset of motor and cognitive
symptoms together or within 1 year (Fig. 2a—d, Supplemen-
tary Fig. 2, online resource). The comparison of the seeding
capacity across the clinical phenotypes also revealed that
hippocampal a-Syn from patients with a cognitive-predom-
inant phenotype had significantly higher seeding capacity
than that derived from patients with a motor-predominant
phenotype (p =0.0018, Fig. 2f), whose nigral-derived a-Syn
in turn had higher seeding capacity, although not statistically
significant, than that from cognitive-predominant patients
(Fig. 2e).

To illustrate the typical profile of a-Syn SAA for LBD
subjects with a motor predominant phenotype or with cog-
nitive impairment without any motor symptoms, we plotted
SAA data from the hippocampus and the SN from one rep-
resentative motor and one cognitive case (Fig. 2g). When the
a-Syn seeding activity was compared between other regions,
no significant differences were found between the three cor-
tices examined across the different clinical subtypes. Fur-
thermore, the pons base and the cerebellum consistently dis-
played the lowest seeding capacity regardless of the clinical
phenotype (Supplementary Fig. 2, online resource).

In addition to the observed differences in the AUC among
the different brain regions, we also observed up to eight-
fold differences in AUC values among the 30 LBD subjects
within the same region (Fig. 1b). To test the hypothesis that
not only inter-regional but also inter-individual heterogeneity
in a-Syn seeding exists in LBD, all 30 LBD cases included
in our study were further subtyped into 3 groups: high (those
whose AUC values fell within the 3rd quartile), intermediate
and low seeders (those whose AUC values fell within the
1st quartile), according to their ability to misfold monomers
of recombinant a-Syn in vitro (Fig. 2h). To perform this
analysis, we chose to use the SAA data derived from the
SN as it is the most consistently affected region in LBD. To
assess whether these distinctions could be due to differences
in seed concentration or seed characteristics, we performed
end-point dilution of the SN PBS-soluble fraction from two
LBD cases classified as high and low seeders, respectively
(Supplementary Fig. 3, online resource). Regardless of the
amount of brain homogenate used to seed the a-Syn SAA

reaction, the seeding activity of the misfolded a-Syn from
the high-seeder LBD case was more potent than that from
the low-seeder LBD case. Interestingly, when we reviewed
the clinical charts from the high and the low seeders, we
found that all cases that had a rapid disease progression
(<3 years to advanced disease) were categorized as high
seeders based on their SN SAA (Supplementary Table 3,
online resource). No differences in the nigral a-Syn seeding
capacity were found between male and females (p=0.6796,
Supplementary Fig. 1b, online resource).

Nigral-derived PBS-soluble homogenates from high
and low seeders have different cytotoxic properties

To validate our a-Syn SAA results and to evaluate whether
the nigral homogenates derived from high and low seeder
patients have different cytotoxic profiles, we used human
dopaminergic neurons derived from induced pluripotent
stem cells iDOPA cells). We incubated these neurons
with brain extracts from 10 LBD patients (5 high and 5
low seeders as defined by the a-Syn SAA). No significant
differences in post-mortem delay were found between the
two groups of patients (p =0.9911, Supplementary Table 1,
online resource). We first indirectly titrated the amount of
nigral PBS-soluble brain homogenate required to exert some
degree of cytotoxicity in these neurons by measuring the
concentration of a-Syn. We tested 4 different concentra-
tions of nigral a-Syn (ranging from 0.2 to 2 ng, Supple-
mentary Fig. 4, online resource) derived from a single LBD
patient (LBD 14). We observed that the a-Syn concentra-
tion needed to produce a significant, but not total, cell loss
in this cell line ranged between 0.6 and 1.2 ng. Thus, in
further experiments the iDopa cells were exposed to 1 ng
of nigral derived a-Syn for 4 days (Fig. 3a). To evaluate
the cytotoxic effect of nigral-derived homogenates, we used
two different approaches. First, at day in vitro (DIV) 8 and
DIV 10 we measured the concentration of lactate dehydro-
genase (LDH), as damage of the plasma membrane results in
a release of this cytosolic enzyme into the surrounding cell
culture medium. When we measured extracellular LDH, we
found that at both DIV8 and DIV10 LDH was higher in the
cells treated with nigral homogenates derived from either
high or low seeder patients compared to control (untreated)
cells (p <0.0001, Fig. 3b). However, when we compared the
LDH levels between LBD patients, we found significantly
higher (p <0.0001) extracellular LDH expression from the
cells exposed to the nigral homogenates derived from the
high seeder patients (Fig. 3b). To corroborate these find-
ings, we performed a cell viability assay (CellTiter-Blue®)
at DIV10. We found a significant decrease in viable iDopa
cells exposed to nigral homogenates compared to control
(untreated) cells (p <0.0001, Fig. 3c). Furthermore, we
found a significant decrease in cell viability in iDopa cells
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Fig.2 Regional heterogeneity
of a-Syn seeding activity across
different LBD clinical subtypes.
Area under the curve (AUC)
values obtained from the a-Syn
SAA were converted into scores
ranging from O to 3 to generate
a-Syn seeding heatmaps. LBD
cases were then divided into
four clinically distinct groups: a
motor predominant, b cognitive
impairment without any motor
symptoms, ¢ cognitive predomi-
nant with later emergence of
parkinsonism, and d onset of
motor and cognitive symptoms
together or within 1 year. The
AUC values from the substantia
nigra (SN) (e) and the hip-
pocampus (f) from the motor
predominant and the cognitive
impairment only groups are
shown for comparative pur-
poses. g Aggregation curves of
a-Syn in the presence of nigral
and hippocampal homogen-
ates from a representative LBD
motor predominant subject and
representative LBD patient with
cognitive impairment without
any motor symptoms. Data are
mean of representative subjects
measured in quadruplicate. The
AUC values from the SN (h)
from all the subjects included in
the study are shown to display
the inter-individual a-Syn seed-
ing variability. Each dot in a—f
and h represents an individual
biological sample measured in
quadruplicate. Stars in h depict
the 5 LBD subjects selected as
high seeders and the asterisks
represent the 5 LBD subjects
selected as low seeders for
further examinations
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exposed to nigral homogenates derived from high seeders,
compared to those exposed to nigral homogenates derived
from low seeders (p <0.0001, Fig. 3c). At DIV 10, neurons
were fixed and immunostained using an antibody for the
dopaminergic neuronal maker tyrosine hydroxylase (TH,
Fig. 3d). We observed qualitatively that the iDopa cells
exposed to nigral homogenates derived from low seeders
were fewer and more dystrophic compared to untreated
dopaminergic neurons (Fig. 3d). Furthermore, iDOPA cells
in the wells treated with nigral homogenates derived from
high seeder patients were scarce (Fig. 3d). These results
extend the findings obtained with the a-Syn SAA and sug-
gest that the a-Syn and other cofactors present in LBD
patients possess not only a different seeding capacity but
also confer different cytotoxic properties.

Neuropathological and biochemical
characterization of nigral a-Syn from high and low
seeder LBD patients

As it is yet unknown what causes the a-Syn from a particu-
lar patient with LBD to drive higher vs lower seeding, our
next step was to perform a detailed neuropathological and
biochemical examination of the 10 patients (5 high seeders
and 5 low seeders, Supplementary Table 3, online resource)
used for the in vitro analysis. First, we evaluated whether
the heterogeneity of a-Syn seeding was reflected in the neu-
ropathological findings. To this end, we performed a semi-
quantitative evaluation of the a-Syn pathology in the SN
from these patients using the 5G4 antibody, which labels
disease-associated misfolded forms of a-Syn [26]. Interest-
ingly, there were no significant differences in the burden of
a-Syn pathology between the two groups of patients (Fig. 4).
Next, we assessed whether any differences in the pattern of
nigral co-pathology with other disease associated proteins
could be found between the two groups. The presence of
concomitant tau and A pathology was very similar between
high and low seeders (Fig. 4). Furthermore, no differences
in nigral degeneration were found: 2 low seeders and 1 high
seeder presented a mild nigral degeneration, 2 low seed-
ers and 2 high seeders had a moderate nigral degeneration,
whereas 1 low seeder and 2 high seeder presented a severe
nigral degeneration.

As the histological examination did not yield any differ-
ences between high and low seeders, we looked for further
biochemical and structural differences in the a-Syn derived
from the brain homogenates prepared from high and low
seeders. We quantified the amount of total and aggregated
a-Syn using ELISA. The 10 LBD cases had 2-3 ng of total
a-Syn per mg of tissue in the SN PBS-soluble fraction and
no differences in the overall amount of a-Syn were found
between high and low seeders (Fig. 5a). The amount of
aggregated a-Syn was quantified using the a-Syn Patho

ELISA. LBD cases had 5-200 pg of aggregated a-Syn per
mg of tissue in the SN PBS-soluble fraction. Interestingly,
the amount of aggregated a-Syn was significantly higher
(p=0.0079) in the low seeders compared to the high seed-
ers (Fig. 5b). To validate these results, and to correlate
the amount of total and aggregated a-Syn with its seeding
behavior in the SN, we quantified both total and aggregated
a-Syn in the SN from all the subjects included in the study
(Supplementary Fig. 5 a, c, online resource). We grouped
the cases by clinical subtypes and no differences in either
the levels of total or aggregated a-Syn between the 4 clini-
cal subtypes were found (Supplementary Fig. 5 b, d, online
resource). The total amount of a-Syn in the PBS-soluble
fraction did not correlate with the a-Syn seeding activ-
ity (p=0.271, r=—-0.05, Supplementary Fig. 6a, online
resource). However, the levels of aggregated a-Syn inversely
correlated with the a-Syn seeding activity (p=0.0169,
r=—0.4557, Supplementary Fig. 6b, online resource). We
then immunoblotted under denaturing conditions the nigral
PBS-soluble protein extracts from the high and low seed-
ers against total a-Syn (Fig. 5¢) and phosphorylated Ser129
a-Syn (Fig. 5d). No significant differences in banding pat-
terns were found between the subjects, but the quantification
of the phosphorylated Ser129 a-Syn immunoblot revealed a
trend in the high seeders to have more phosphorylated a-Syn
monomers (~ 14 kDa) than the low seeders (p=0.0549, Sup-
plementary Fig. 6¢, online material). No significant differ-
ences in the high molecular weight a-Syn species were found
between groups (p =0.1888, Supplementary Fig. 6d, online
material). To characterize the physical properties of a-Syn
in these SN PBS-soluble homogenates, we employed two
protease-sensitivity digestion assays that we have previously
used to define different conformations of a-Syn [28, 39].
Nigral homogenates were incubated with different concen-
trations of proteinase K (20 pg/ml) or thermolysin (25 pg/
ml). Although the protein extracts from the high and low
seeders had similar a-Syn (Fig. 5c) banding patterns when
immunoblotted under denaturing conditions, these patterns
significatively diverged among groups after treatment with
thermolysin (Fig. Se, p =0.0440, Supplementary Fig. 6e,
online material) but not after treatment with proteinase K
(Fig. 5f, p=0.3326, Supplementary Fig. 6f, online material).
These results indicate inter-individual differences in protease
sensitivity between the 10 subjects included and that the
a-Syn derived from the high seeder patients trended towards
being more resistant to thermolysin digestion.

SN proteotype remodeling between high and low
seeders

In our final experiment, we performed mass-spectrome-

try-based quantitative proteomics to elucidate the molecu-
lar mechanisms that might underly the differential a-Syn
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«Fig. 3 Nigral brain homogenates derived from high and low seeders
impart different levels of cytotoxicity in dopamine neurons. a Sche-
matic of experimental design, where human dopaminergic neurons
derived from induced pluripotent stem cells (iDOPA cells) were incu-
bated with PBS-soluble nigral derived homogeantes extracted from
10 LBD patients (5 high and 5 low seeders as defined in the a-Syn
SAA). To evaluate their cytotoxic profiles, b at day in vitro (DIV) 8
and DIV 10 the concentration of lactate dehydrogenase (LDH) was
measured, as well as, at DIV10 (c) a cell viability assay (CellTiter-
Blue®) was performed to estimate the number of viable cells. d Rep-
resentative confocal photomicrographs of iDopa cells incubated with
nigral brain homogenates derived from high and low seeders and
immunostained with and antibody for tyrosine hydroxylase (TH) were
acquired to complement the cytotoxic assays

seeding capacity observed in LBD. We analyzed the
nigral proteome of 10 LBD patients (including 5 high
seeders and 5 low seeders) which were previously used
for the in vitro experiments, and from which we had a
detailed neuropathological and biochemical characteri-
zation. Our proteomic analysis identified 2450 proteins
in the SN of these patients, of which 78 were differen-
tially expressed in high vs low seeders (Fig. 6a). From
these 78 differentially expressed proteins, 36 were more
highly expressed in the high seeders compared to low
seeders, whereas 42 were more highly expressed in the
low seeders compared to the high seeders (Fig. 6b). To
elucidate the molecular mechanisms and cellular com-
partments that differed according to a-Syn seeding capac-
ity, we first performed a subcellular mapping of these
differentially expressed proteins. We found that the inner,
lumen-facing, lipid bilayer of cellular organelles, as well
as the axons, the microtubules and the mitochondrial
matrix were significantly enriched subcellular compart-
ments (Fig. 6¢, Supplementary Table 4, online resource).
Furthermore, we conducted analyses to explore the dif-
ferential proteome distributions across specific pathways/
biofunctions (Fig. 6d). Proteins related to the mitochon-
drial oxidative phosphorylation (OXPHOS) system, as
well as proteins related to mitochondrial apoptosis were
differentially expressed between high and low seeders.
Furthermore, proteins linked to alterations in microtubule
cytoskeleton, as well as in lipid and amino-acid metabo-
lism were found to be significantly dysregulated in the
SN of these patients (Fig. 6d, Supplementary Table 5,
online resource). Finally, we performed a network analy-
sis to evaluate whether any of the significantly expressed
proteins had been previously associated with a-Syn in
the literature. Our analysis revealed that from the 78
dysregulated proteins, 10 proteins had been reported to
functionally interact with a-Syn (Supplementary Fig. 7,
online resource).

Discussion

Our multidisciplinary study has revealed several novel
aspects of the behavior of a-Syn in LBD. First, we have
provided evidence of a previously unrecognized intra-
regional heterogeneity in the seeding activity of a-Syn,
with seeding activity varying between different brain
regions of a given individual. Second, we describe region
specific differences in a-Syn seeding activity between dif-
ferent clinical phenotypes. We confirm that an elevated
a-Syn seeding activity correlates with higher cytotoxic-
ity and corresponds to a faster progression of the disease
in LBD. Finally, our proteomic analysis has identified a
significant disruption in mitochondrial function and lipid
metabolism in high seeder LBD patients compared to low
seeders patients.

LBD are clinically heterogeneous, and although the distri-
bution of LB and LN might correlate with the predominant
clinical features, the burden of a-Syn inclusions does not
fully explain the differences in clinical presentation and rate
of disease progression exhibited in LBD [13, 35]. Accumu-
lating evidence indicates that the conformational diversity
of a-Syn might explain the heterogeneity found in synu-
cleinopathies [18, 65]. As different strains of an increasing
number of proteins associated with neurodegenerative dis-
eases have been identified, there is an increasing understand-
ing that conformational diversity appears to be a phenom-
enon that is common to most neurodegenerative diseases
[40]. However, analysing the distribution and interaction
of different protein strains in diseased brains is extremely
challenging, as we have a limited understanding regarding
how different protein assemblies form and what species are
most associated with human disease [40]. In recent years,
mounting evidence has highlighted an important role of
amyloidogenic proteins present in soluble brain fractions in
seeding pathologic aggregation, rather than those proteins
in the larger-insoluble aggregates [50]. One way to identify
and study the behavior of potential seeds is to investigate the
seeding ability of different misfolded protein species isolated
from diseased brains in vitro [40]. The capacity to monitor
in real time how misfolded a-Syn templates the misfolding
of monomers has been exploited by several groups to gen-
erate SAAs that are able to measure a-Syn seeding kinet-
ics in a wide range of biological samples [9, 19, 31, 46,
47]. However, despite the great sensitivity and reliability of
these assays [48], there are some important methodological
aspects that need to be considered before a direct compari-
son between different a-Syn polymorphs or strains is per-
formed using SAAs. Several studies have demonstrated that
the selection of the right conditions to conduct the amplifi-
cation of the seeds is critical to the outcome [32, 35]. Thus,
a different microenvironment of the SAA reaction, different
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Fig.4 High and low seeders have similar neuropathological features.
Representative immunohistochemistry images for aggregated o-Syn
in the substantia nigra (SN) of the 10 LBD patients classified as high
seeders (HS 1-5) and low seeders (LS 1-5) as defined by the a-Syn
SAA. To evaluate the co-pathology present in these subjects, repre-

physical conditions for the aggregation, the use of a differ-
ent or mutant substrate, or any combination of these factors
can yield different results [9]. Indeed, the fact that the phys-
icochemical factors that govern the in vitro amplification
of a-Syn can be tailored to generate strain-specific reac-
tion buffers can be a great advantage for the development
of novel structure-based biomarkers for neurodegenerative
diseases [54], but also, the absence of seeding activity could
reflect the absence of seeds or might also reflect an inability
of the specific SAA conditions to support the amplification
of those particular seeds under suboptimal conditions [30].
Thus, in the present study, we conducted the a-Syn SAA
using a reaction buffer that has been previously validated for
the detection of a-Syn derived from both Multiple System
Atrophy (MSA) and LBD patients [33]. Using these vali-
dated assay conditions, our study has revealed a hierarchy
in the seeding activity of a-Syn in LBD such that a-Syn
derived from the amygdala has the highest seeding capacity
followed by the hippocampus and the SN. The fact that the
a-Syn extracted from one of the most-affected regions in
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sentative immunohistochemistry images of consecutive SN sections
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LBD, the SN, had less seeding capacity than a-Syn derived
from both the amygdala and the hippocampus, where less
LB and LN are found, could be explained by the circum-
stance that the a-Syn SAA was performed using the PBS-
soluble fraction. It is plausible that the seeding activity of
a-Syn could diminish over time as the more soluble seeding-
competent a-Syn species, present at earlier stages of disease,
become sequestered in larger insoluble aggregates at later
stages of the disease [12, 32]. Furthermore, earlier observa-
tions using different methodologies have also reported that
a-Syn pathology in LBD may be more widespread than can
be detected by conventional histopathology [45]. This is sup-
ported by our finding of high a-Syn seeding activity in the
LBD 29 SN, whose neuropathological examination revealed
that the a-Syn pathology was confined only to the amygdala.
Surprisingly, no differences in a-Syn cortical seeding capac-
ity were found in LBD patients, however this could be due to
the lack of inclusion of other telencephalic structures such
as the motor or the occipital cortices.
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Having defined regions, where a-Syn seeding capacity
was present in LBD, we chose to study the possible contri-
bution of seeding activity to heterogeneity in LBD clinical
subtypes. To this end, we subdivided our cohort of 30 LBD
patients into four clinically distinct groups: a motor predom-
inant group (corresponding to typical PD); a group whose
onset of motor and cognitive symptoms were co-incidental
or within 1 year, corresponding to the “one-year rule” of
DLB diagnosis [34], a group with a cognitive predominant
phenotype but with later emergence of parkinsonism, rep-
resentative of patients with cognitive impairment who may
exhibit parkinsonism as an end-stage result of neurodegener-
ation or aging, and finally a group of patients with cognitive
impairment without any motor symptoms. Interestingly, the
comparison of seeding activity across the clinical pheno-
types revealed that hippocampal a-Syn from patients with a
cognitive-predominant phenotype had significantly higher
seeding capacity than that derived from patients with a
motor-predominant phenotype, whose nigral-derived a-Syn
in turn trended towards a higher seeding capacity than that
derived from cognitive-predominant patients. Our observed
differences in the seeding behavior of a-Syn derived from
the nigra and hippocampus between motor and cognitive-
predominant patients supports several studies that highlight
that brainstem LBs contribute to motor symptoms [38],
whereas high densities of parahippocampal LBs are found
in demented PD and could even differentiate them from
non-demented PD cases with high sensitivity and specificity
[15]. However, the relative contributions and interactions of
LB and Alzheimer’s disease (AD)-related pathology in this
region to memory dysfunction needs to be elucidated [14,
25]. Further studies on the role of a-Syn in the hippocampus
of different synucleinopathies will need to be conducted, as
our group has also described a high a-Syn seeding capacity
in the hippocampus of MSA subjects [32]. Another interest-
ing finding of this study is the high a-Syn seeding capacity
found in the amygdala, as this region appears particularly
susceptible to neurodegenerative disease pathology [37] and
was also previously reported to have a high a-Syn seeding
capacity in MSA [32]. Indeed pathologic a-Syn within the
amygdala in LBD is unique both in its immunohistochemical
properties and immunoblotting profile [57] providing strong
support for further studies to fully elucidate the molecular
properties of a-Syn in this region.

In addition to the inter-regional a-Syn seeding heteroge-
neity, our study has also revealed the existence of inter-indi-
vidual heterogeneity in a-Syn seeding in LBD. We analyzed
nigral a-Syn seeding activity in all patients included in the
study, and then subclassified these cases into 3 groups: high,
intermediate and low seeders, according to their ability to
misfold recombinant a-Syn and following the same classifi-
cation that has previously been applied in MSA [32], DLB
[56] and AD [12] patients. Interestingly, when we reviewed

the clinical charts from the cases characterized as high seed-
ers, we found out that all the cases had a rapid disease pro-
gression (<3 years to advanced disease). However, further
multicentre studies will be required to validate whether a
high a-Syn seeding capacity detected with a SAA corre-
lates with a rapid disease progression or a shorter disease
duration.

To further study the characteristics of a-Syn with high
seeding activity and a-Syn with low seeding activity, that
might contribute to clinical heterogeneity in LBD, we
selected 5 LBD patients categorized as high seeders and
5 patients categorized as low seeders. In these 10 LBD
patients we performed in vitro cytotoxicity assays followed
by a detailed neuropathological and biochemical examina-
tion of the SN. To evaluate whether the nigral homogenates
derived from high and low seeder patients could exert differ-
ent cytotoxic properties, we used human dopaminergic neu-
rons derived from induced pluripotent stem cells. After we
incubated these neurons with brain extract derived from the
SN of these 10 LBD patients, we found a striking decrease in
cell viability in the neurons exposed to high seeder-derived
nigral homogenates compared to those exposed to nigral
homogenates derived from low seeders. However, one limi-
tation of this approach is that the extracts from LBD brains
also contained other proteins and lipids, in addition to the
pathological a-Syn. Thus, further studies where the a-Syn
is immunodepleted from the nigral derived homogenates
[42] are required to fully ascertain whether the differential
cytotoxic profile found between high and low seeder subjects
could have been the result of the action of other co-factors
present in the brain extracts.

A detailed neuropathological and biochemical examina-
tion was also performed to characterize the a-Syn present
in these same 10 LBD patients. First, we aimed to evalu-
ate whether the heterogeneity of a-Syn seeding behavior
was reflected in immunohistochemical findings. However,
no significant differences were found in the a-Syn burden,
or in the presence of concomitant tau or Af pathology,
between the two groups of patients. This lack of histologi-
cal differences between the two groups is consistent with
previous reports, where no purely immunohistochemical
feature distinct of rapidly progressive LBD cases has been
found [13]. The lack of histological differences supports the
theory that there might be molecular differences between
high and low seeders, as a comparable degree of neurode-
generation and amount of protein deposits are detected in
all cases, despite a remarkable difference in disease dura-
tion. Our study of biochemical and structural differences
in the a-Syn brain homogenates found no differences in the
overall amount of total a-Syn found between high and low
seeders; however, the amount of aggregated a-Syn was sig-
nificantly higher in the low seeders compared to the high
seeders. Furthermore, the levels of aggregated a-Syn were
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«Fig.5 Biochemical evaluation of a-Syn derived from high and low
seeders. a Amount of total a-Syn was quantified, using an ELISA
assay, in the substantia nigra (SN) of 10 LBD patients classified as
high seeders (HS 1-5) and low seeders (LS 1-5) as defined by the
a-Syn SAA. b Amount of aggregated a-Syn was quantified using the
a-Syn Patho ELISA assay in the same region and patients. ¢ Repre-
sentative total a-Syn (Syn-1 clone) and d Ser 129 phosphorylated
a-Syn (pSer-129a-Syn), immunoblots showing the banding pat-
tern from the SN PBS-soluble fraction. e Representative total a-Syn
(Syn-1 clone) immunoblots showing the thermolysin (TL) and f pro-
teinase K (PK), digestion of the SN PBS-soluble fraction

a b

6 28

pValue [-log10]
w6

00 08

04

? G0:0019866: organelle inner membrane
G0:0005874: microtubule

G0:0005759: mitochondrial matrix
G0:0030424: axon

— | G0:0031968: organelle outer membrane
G0:0005769: early endosome
G0:0019898: extrinsic component of membrane
G0:0034774: secretory granule lumen

0 2 4 6 8 10

10g10(P)

L ] GAMT
- g
b . & Al
: Ao
. ChHl
..“ o s LTP
MAPY
CCBL1
DP28
MTOR.
RNASE1
STXE
S
Al
s B
° T2
2 N 3 i H
Fold change
[log2(LowSeeders/HighSeeders)] D
GSTK:
AT
NUTF2
el
QR
TG

negatively correlated with the a-Syn seeding activity in the
SN, consistent with our previous findings in MSA patients
[32]. To evaluate whether any structural differences in a-Syn
could be found between high seeders and low seeders, we
used two different protease-sensitivity digestion assays
that differentiate protein conformations [28, 39]. We found
inter-individual differences in protease sensitivity between
the 10 subjects included, and although further studies with
a larger number of LBD patients are required, the a-Syn
derived from the high seeder patients appeared to be more
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GO:0006886: intracellular protein transport

R-HSA-2142753: Arachidonic acid metabolism

Fig.6 Substantia nigra proteome remodelling between o-Syn high
and low seeders. a Volcano plot indicating the statistically significant
differentially expressed proteins (DEPs) represented in red (upregula-
tion) and green (downregulation). b Heatmap representation showing

both clustering and the degree of change for the DEPs. ¢ Subcellular
mapping of DEPs. d Top 20 pathways and biofunctions significantly
enriched in the differential expressed proteome
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resistant to thermolysin digestion, analogous with what has
been described for tau protein in rapidly progressive AD
cases [12, 22].

Our data support the hypothesis that different biologi-
cally active conformers of a-Syn exist across LBD brains,
raising the intriguing possibility that different underlying
pathophysiological mechanisms might occur in different
subsets of patients, representing a biological basis for dif-
ferences in the clinical course. To test this exciting hypoth-
esis, we performed mass-spectrometry-based quantitative
proteomics and analyzed the nigral proteome of the 10 LBD
patients that were previously used for the in vitro experi-
ments, and from which we had a detailed neuropathological
and biochemical characterization. Our analysis found that 78
proteins were differentially expressed in high vs low seed-
ers. Interestingly, we found that the inner, lumen-facing,
lipid bilayer of cells organelles, as well as the axons, the
microtubules and the mitochondrial matrix were the most
affected subcellular compartments. Furthermore, an analy-
sis to explore the differential proteome distributions across
specific pathways/biofunctions revealed that the majority of
differentially expressed proteins were related to the mito-
chondrial OXPHOS system, a critical mitochondrial system
which is responsible for electron transport and generation
of the proton gradient in the mitochondrial intermembrane
space [60]. Our data also highlight several proteins related
to mitochondrial apoptosis and proteins linked to lipid and
amino-acid metabolism. The fact that several mitochondrial
processes are altered, as well as changes in lipid metabolism
and in the lipid bilayer of organelles is consistent with previ-
ous reports [51, 67]. Mitochondrial dysfunction is a well-
recognized initiating factor of dopaminergic neuronal degen-
eration and the interplay between mitochondria and a-Syn
plays a central role in neuroinflammation [44]. Although the
process of LB formation is not yet fully understood, binding
of a-Syn to lipid membranes is thought to be a key mediator
of oligomerization and aggregation of a-Syn [21, 36]. Inter-
estingly, lipid membranes can promote a-Syn aggregation,
and a-Syn oligomer species result in membrane permeabi-
lization, which can disrupt membrane integrity [43]. It is,
however, important to note that despite highlighting pro-
cesses consistent with current concepts of neurodegenerative
disease, a major limitation of the current approach is that
we are unable to determine whether the observed changes
in the proteome are a cause or a consequence of the differ-
ent a-Syn species found in each patient. Further studies will
need to evaluate the role of these differentially expressed
proteins found in the high seeders and the low seeders to
fully elucidate the mechanism or mechanisms that trigger
the development of a rapidly vs slowly progressive disease.

Our multi-disciplinary approach extends our understand-
ing of the contribution of a-Syn diversity to the pathology
of LBD, which was previously limited to that demonstrated

@ Springer

using conventional immunohistochemistry. Our work pro-
vides strong support for the concept of molecular subtyp-
ing of LBD. Using this novel and multi-pronged strategy,
we have revealed unexpected differences in seed-competent
a-Syn across a cohort of neuropathologically comparable
LBD brains. Understanding the relationship between the
seeding differences and biological activity of a-Syn will
be critical for future subclassification of LBD, which, as
proposed by our group for MSA [32], should go beyond the
conventional clinical and neuropathological phenotyping
and consider the structural and biochemical heterogeneity
of a-Syn present in these patients. Such an approach will
facilitate the development of new personalized therapeutic
strategies that might need to be directed at an ensemble of
differently misfolded seeding competent a-Syn species, with
the relative contribution of their differing impacts account-
ing for heterogeneity in the neurodegenerative process. Fur-
thermore, a deeper understanding of how physicochemical
factors influence the aggregation of different a-Syn strains
will provide support for the development of vitally needed,
rapid and structure-based assays for the future diagnosis of
LBD and other neurodegenerative diseases.
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