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Parkinson’s disease (PD) is a neurodegenerative condition characterized by
the presence of intraneuronal aggregates containing fibrillar a-synuclein
known as Lewy bodies. These large end-stage species are formed by smaller
soluble protein nanoscale assemblies, often termed oligomers, which are

proposed as early drivers of pathogenesis. Until now, this hypothesis has
remained controversial, atleast in part because it has not been possible

to directly visualize nanoscale assemblies in human brain tissue. Here we
present Advanced Sensing of Aggregates—Parkinson’s Disease, an imaging
method to generate large-scale a-synuclein aggregate maps in post-mortem
human brain tissue. We combined autofluorescence suppression with
single-molecule fluorescence microscopy, which together enable the
detection of nanoscale a-synuclein aggregates. To demonstrate the use

of this platform, we analysed ~1.2 million nanoscale aggregates from the
anterior cingulate cortex in human post-mortem brain samples from
patients with PD and healthy controls. Our data reveal a disease-specific shift
inasubpopulation of nanoscale assemblies that represent an early feature
of the proteinopathy that underlies PD. We anticipate that quantitative
information about this distribution provided by Advanced Sensing of
Aggregates—Parkinson’s Disease will enable mechanistic studies to reveal
the pathological processes caused by a-synuclein aggregation.

Parkinson’s disease (PD) is a progressive neurodegenerative disorder
thatinitially causes the loss of dopaminergic neuronsin the substantia
nigra, resulting in amovement disorder consisting of tremors, brad-
ykinesia and rigidity'. The disease spreads over several years, affecting
multiple brain regions and resulting in dementia, neuropsychiatric,
autonomic and sleep disturbances”. Pathologically, PD is character-
ized by neuronalloss accompanied by the accumulation of microscale
a-synuclein aggregates called Lewy bodies and Lewy neurites. The mor-
phologies of these structures are typically either neuritic (~5-10 um
in length) or round (-5-20 pm diameter)?, and have been observed in
varying densities in different brain regions depending on the disease
stage*. Such structures form the basis of PD diagnostic staging criteria*”.
Further evidence implicating a-synucleinin PD arises from the observa-
tion that mutations or gene rearrangements in SNCA®™", the gene encod-
ingthe a-synuclein protein, cause early-onset autosomal dominant PD
and variants in the SNCA gene increase the risk of sporadic PD.

Protein aggregation occurs through the self-assembly of mono-
meric a-synucleininto small protein assemblies, which undergo growth
and structural conversion to soluble intermediate species, gradually
acquiring cross B-sheet structure' ¢, The smaller intermediary struc-
tures, including small fibrillar species and amorphous oligomers",
bridge monomers and the much larger fibrillar structures found in
Lewy bodies', are expected to contain tens to hundreds of monomeric
proteinunits”. Oligomers can have a variety of post-translational modi-
fications and conformations and contain a-helices and/or 3-pleated
sheets?® . In cell culture and animal models, it has been shown that oli-
gomers cause neurotoxicity and neuronal death consistent with PD*~°,
Oligomers have mainly been studied using recombinant protein, but
these aggregates are notidentical to the oligomeric assemblies found
inhumantissue, and different preparation protocols for recombinant
oligomers canlead toavariety of characteristics'®* >3, motivating stud-
ies on native proteins; proteins that are in their natural structure and
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functional confirmation. Detecting endogenous, small aggregatesina
post-mortem human brain has long remained elusive, primarily owing
toalack of sensitivity. Proximity-ligation assays (PLA) have verified the
presence of small a-synuclein aggregates by signal amplification'®**.
However, direct visualization of nanoscale assemblies in brain tissue
has, so far, not been possible, hindering our understanding of how
these species are distributed spatially and by size.

Here, we present an optical detection and analysis platform,
Advanced Sensing of Aggregates-Parkinson’s Disease (ASA-PD),
that can be used to quantify aggregate density, distribution and size
directlyinfluorescently labelled post-mortem humanbrain tissue. We
applied ASA-PDto characterize a-synuclein assembliesin large areas
of post-mortem tissue sections from patients with PD and matched
healthy controls (HCs). By enhancing the sensitivity of traditional
immunofluorescence techniques, combined with our analytical
approach, we have been able to detect and characterize over 1.2 mil-
lion a-synuclein aggregates. The entire dataset, metadata and analy-
sis toolset have been made available online (Data Availability*?°). In
addition to the microscale aggregates described by classical Lewy
pathology”, our data show that assemblies are present in both PD
and HC samples. Notably, PD samples contained a shifted subpopula-
tion of bright nanoscale assemblies largely absent from the HCs. The
presence of this ‘disease-specific’ shift was detected in PD cases from
different brain banks, disease stages, immunofluorescent labels and
antigen-retrieval methods. The presence of this subpopulation was
confirmed using a range of orthogonal analytical approaches. Our
findings are consistent with the hypothesis that misfolded a-synuclein
readily form a continuum of larger nanoscale aggregates that eventu-
ally giverise tothe microscale structures traditionally associated with
the disease. We visualized and quantified the distributions of measured
speciesinbraintissue, characterized their biochemical properties and
determined their distributionsin relation to several specific cell types
inthe human brain.

Results
Autofluorescence suppression and high-sensitivity microscopy
reveals nanoscale assemblies in human brain tissue
An overview of the ASA-PD pipeline is shown in Fig. 1. In brief, the
aim s to capture spatial data over the entire scale of structure sizes
most critical in PD, from individual cells to small aggregates (Fig. 1a).
Detailed descriptions of the sample preparation steps are describedin
the Methods. First, 8-um-thick brain tissue sections were mounted on
glass slides, stained and then processedin the five stages illustrated in
Fig.1b: (1) background suppression, (2) enhanced imaging, (3) feature
detection, (4) analytical computation and (5) spatial distribution analy-
sis, where the first two steps contain the experimental portion of our
workflow and steps 3-5 perform image-processing tasks and analysis.
Observing protein aggregates is relatively routine in in vitro
conditions®*°, but detecting small species in vivo poses a challenge
owing to the poor signal-to-noise ratio in tissue. High background
intensity, caused by tissue autofluorescence, acts as a noise floor that
obscures the presence of dimobjects such as oligomeric species. This
noise effectively implements a brightness filter that leaves only large
protein aggregates, with many attached fluorescent antibodies, as
detectable species. To reduce the high autofluorescence of human
brain tissue that inhibits sensitive imaging, we deployed Sudan Black
B (Fig. 2a), a fat-soluble diazo dye and well-known autofluorescence
quencher onuntreated brain tissue sections*. Under optimized condi-
tions, 10 min of incubation with 0.1% Sudan Black led to a93% reduction
inbackground autofluorescence for 561 nmlaser excitation (26 W cm™
illuminationintensity), corresponding toadecrease in median detected
photon counts from 4,400 + 1,040 photons + median absolute devia-
tion (MAD) to 333 £ 47 photons (Fig. 2b) (the background reduction
for other excitation colours (488, 561 nm), treatment times and con-
centrations are shown in Supplementary Fig. 1). Next, we repeated

this background suppression step on antibody-labelled samples and
evaluated various antibodies against multiple forms of a-synuclein
for specificity and detectability (Supplementary Figs. 2 and 3 and
Supplementary Table 1). The background reduction by Sudan Black
facilitated the reliable detection of small features in images with a
vastly improved signal-to-noise ratio for some of the antibodies tested,
asshowninFig. 2c.

To visualize the a-synuclein aggregates most associated with
PD, we used an antibody targeting phosphorylated a-synuclein at
serine 129 (hereafter called p-syn). This post-translational modifica-
tion promotes inclusion formation and/or toxicity in human cells*?,
Drosophila® and rodent models***. Further, p-syn forms the vast
majority of allinsoluble a-synuclein aggregates in the PD brain*¢. Given
thislink between p-syn and pathology in synucleinopathies, we tested
avariety of antibodies (Supplementary Table 1), including two com-
plementary antibodies targeting the pS129 epitope of a-synuclein
raised in two species (rabbit, AB_2270761, and mouse, AB_2819037).
The AB_2819037 antibody showed characteristic Lewy pathology in
both DAB and immunofluorescence staining and were shown to be
specific through substantial co-localization with asecond antibody for
total a-synuclein (AB_2832854) (Supplementary Fig.2). The final p-syn
antibody selection, AB_2819037, was selected because of (1) the degree
of coincidence of the p-syn antibody compared with total a-synuclein;
(2) co-localization with other disease-related proteins, such as ubig-
uitin and p62; and (3) the demonstration of antibody specificity for
human a-synuclein based on mouse tissue with the overexpression
or knockout of human a-synuclein®. Furthermore, we confirmed (via
electron microscopy and fluorescence imaging) that purified p-syn
canaggregateinvitro, and form B-sheet rich10-nmassemblies*®. These
recombinant p-syn protein aggregates can be detected by the same
AB_2819037 antibody (Supplementary Fig. 4).

One way to improve the signal-to-noise ratio beyond reducing
the overall background intensity is by improving the light-collection
efficiency of the imaging system. In most microscopes, the least effi-
cient step in light collection occurs at the objective lens of the micro-
scope and is encoded in the numerical aperture (NA). Using a high
NA objective lens has two main impacts: first, the NA scales with the
collectionangle of collected light* (Fig. 2d and Supplementary equa-
tion (3)), and thus, more photons from the sample are collected at
high NA. Second, increasing the NA improves the image resolution®”
(Supplementary equation (8)). For imaging in tissue, we deployed a
1.49 NA oil-immersion, 100x microscope objective lens often used in
single-molecule fluorescence applications®. The result is an overall
increase inthe signal-to-noise ratio for all objects, whichis particularly
important for the nanoscale assemblies that fall below the detectabil-
ity range for lower NA objectives (Fig. 2e), such as the air objectives
most often used in slide scanners for clinical applications™. Figure 2f
compares a 0.75 NA 40x air objective lens (top) with the 1.49 NA100x
oil objective lens used in this study (bottom) for the same tissue sam-
ple stained for phosphorylated a-synuclein and quenched with 0.1%
Sudan Black. The effect of background suppression and increased
light collection using a high NA are shownin Fig. 2g. Intheseimages, a
wide variety of object sizes become visible; which we divide into two
classes on the basis of their apparent size relative to the diffraction
limit. Specifically, we define ‘large’ as greater than the optical diffrac-
tion limit of visible light, spanning ~200 nm to tens of microns, and
‘nanoscale’ as objects below the optical diffraction limit (<200 nm).
The fluorescence signal from the latter manifests as small symmetric
puncta in the image. Three examples of the nanoscale objects that
becomevisible via ASA-PD are highlighted in Fig. 2g(i-iii). We refer to
the latter objects as protein assemblies.

Applying the ASA-PD protocol within tissue revealed hundreds
of detectable fluorescent puncta per field of view (FOV) (55 x 55 pm?)
in both PD and HC samples (Supplementary Fig. 5). To perform
statistically robust comparisons between samples, we developed
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Fig.1| ASA-PD. a, ASA-PD is animaging and analysis method for detecting
protein aggregates in tissue down to nanoscale aggregates. b, The five main
steps forimaging and analysis. Background suppression and enhanced
imaging improve the signal-to-noise ratio such that aggregates can be
detected and quantified in the analysis pipeline, including the spatial
distributions relative to cell-specific markers. BG, background. Panelsaand b
created with BioRender.com.

a computationally efficient method for detecting and quantifying
fluorescent species. This open-source analysis pipeline® facilitates
therapid processing of large image libraries, facilitating transparent,
shareable and verifiable results.

A schematicillustrating the analysis method and its validation is
shown in Fig. 3. In brief, the analysis pipeline identifies features in an
image, classifies them as either large aggregates or protein assemblies
and quantifies details such as brightness, size and position™. A detailed
description of the analysisis provided in Supplementary Information
Note 3.1 and Supplementary Figs. 6-12. Figure 3a shows a typical PD
image containing nano and microscale features. Microscale aggregates,
suchasLewybodies and Lewy neurites, are extremely brightin the data-
set. These objects can be segmented with asimple intensity threshold
after a background subtraction step (large-object pipeline in Fig. 3b
and Supplementary Fig. 7). As large objects sometimes extend over
multiple z-slices, the maskin each plane is multiplied by a segmented
maximume-intensity projection from the z-stack. Smaller aggregates
appear as dim, diffraction-limited puncta, and it is crucial to account
for local background heterogeneity for detection (small-aggregate
pipeline in Fig. 3b). To do so, we applied a bandpass filter to each
image which selects features on the scale of the diffraction limit**
(Supplementary Figs. 6 and 9). Next, a threshold was used to create
a mask containing only small objects. Objects with a footprint larger
than the diffraction limit*’ were reclassified as ‘large’ for subsequent
analysis. Finally, the large and small aggregate masks were compared,
and overlapping objects were removed from the nanoscale object data-
set. Figure 3c shows an overlay of the detected objects on the original
image, and a gallery of diffraction-limited punctais showninFig. 3d.

To evaluate the performance of the pipeline for detecting and
characterizing nanoscale assemblies, we simulated images of puncta
onnoisy backgrounds at various signal-to-noise levels based on empiri-
cally determined parameters (Supplementary Note 3.2, Simulations).
Inthe signal-to-noise range of our data, approximately ~4-8, the algo-
rithm’s sensitivity was >82%, with a precision of >94% (Fig. 3e,f). At the
same time, the relative error for estimating the local background per
punctaoutperformed nonlinear least-squares Gaussian fitting in this
low signal-to-noise regime where Gaussian fitting performed poorly
onaberrantly detected pixels, that s, false positives (Fig. 3g,h).

ASA-PDreveals a disease-specific shift in the nanoscale
population of a-synuclein assemblies

To characterize the distributions of a-synuclein in brain tissue, we
selected three PD brains (Braak stage 6) and three HC brains forimaging
(Supplementary Table 2). Tissue sections from the anterior cingulate
corticalgyrus were put through the ASA-PD process. At this point, three
principal regions within the grey matter were selected for investiga-
tion. At each of these regions, nine FOVs were captured in a3 x 3 grid
with a lateral separation of 150 um to avoid any spatial overlap (each
image covers 55 x 55 um?). In total, 17 axial planes were recorded using a
500 nmstep size (Fig. 4aand Methods). This process generated 13,770
high-resolution images (>41.6 mm?) that were manually validated to
ensure the sample wasinfocus and the tissue contained no notable tears
or defects. After this verification step, 12,028 images remained, 87.5%
of the original dataset (5,954 PD and 6,074 HC images). These images
were analysed as described inthe previous section to map large aggre-
gates (Fig.4c,d) and nanoscale assemblies (Fig. 4¢,f). Negative control
samples, lacking primary antibodies, were also tested using PD tissue
to quantify the degree of false positives caused by residual autofluo-
rescence and unbound secondary antibodies (Supplementary Fig.12).

From the ~12,000 images recorded across 30 tissue sections, we
obtained adataset containing more than125,000 large aggregates and
1,260,000 nanoscale assemblies®°. From the ~400 FOVs (-1.2 mm?),
from each patient sample, the average number of large aggregates
detected was ~tenfold higher in patients with PD than in the HC, with
26,314 +7712inPD and 3,866 + 408 in HC, respectively (Fig. 4d). These
aggregates were distributed over a broad range of sizes from 0.04 to
100 um?in PD and 0.04 to 1 um?in HC (Fig. 4g), where the aggregate
sizes associated with Lewy pathology essentially exclusively found
in PD samples, consistent with the original tissue classifications
(Supplementary Table 2). The total number of detected nanoscale
objects in PD and HCs were much more similar (Fig. 4g), with 682,826
and 582,026 objects, respectively (with densities 0.082 objects per
pm?for PD and 0.067 objects per pm?for HC).

While image resolution remains fundamentally diffraction-
limited, the high sensitivity of ASA-PD to dim puncta, coupled with
their relative sparsity, allows the detection of ~10 nm objects—far
below the diffraction limit. At this scale, the resolution obscures
aggregate sizes; however, for larger aggregates, where the size
and brightness can be measured, the two were strongly linearly
proportional, R?>>0.99 (Supplementary Fig. 13a). We, therefore,
characterized the distribution of nanoscale-object intensities as a
proxy for the approximate size of these assemblies (Fig. 4h). The
brightness distributions for all measured objects are shown in
Supplementary Fig. 13b together with the estimated number of
bound secondary antibodies, assuming each antibody contributes
~700 photons in our imaging conditions (Supplementary Fig. 14).
Relative to the HC, the median was larger for PD samples, 3,700
photons (MAD of 1,690) and 2,750 photons (MAD of 1,060), and
the distribution of brightnesses in PD samples was also broader,
characterized by itsinterquartile range (IQR) IQR;, = 4,280 photons
compared with IQRyc = 2,690 for HCs. To determine if the distribu-
tion tail was reproducibly different between PD and HC samples, we
defined abrightness threshold using the HC measurements (Fig. 4h).
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Fig.2|Background suppression and high-sensitivity microscopy in human
braintissue. a, Background suppressionis achieved with the autofluorescence
quencher Sudan Black (SB). b, Box plots showing the IQR and 5th-95th percentile
bounds of autofluorescence (AF) intensity before (median of 4,400) and after
treatment with 0.1% SB (median of 333). N =180 images per sample. ¢, Before
quenching, the fluorescence from Alexa Fluor 568 labelled small aggregates is
masked by the background autofluorescence. After quenching, small aggregates
can be easily visualized (both images excited at 561 nm, 26 W cm™2).d, A high

NA objective collects alarger amount of light from the sample. e, The modelled
signal-to-noise ratio forimaging punctate objects in post-quenched tissue

background at 100x magnification across a range of NAs of objectives. Only

at high NA (>1) large aggregates and oligomers become detectable. f, Images
of p-syn stained PD tissue with 40x magnification, NA = 0.75 (top) and 100x%,
NA =1.49 (bottom). Close-ups show that the same small aggregate is clearly
visible at high magnification and high NA. g, Images of p-syn stained PD tissue
with no background suppression and low NA (left), background suppression
implemented and low NA (middle) and background suppression implemented
and high NA (right). Several example puncta are shown in the closeups
(oligomers) after background suppression isimplemented and a high NA
objectiveis used.

The number of nanoscale objects above this threshold (10,280 pho-
tons, equating to~15bound secondary antibodies) is shown in Fig. 4i.
This data represents ~-10% of all measured PD assemblies but only
0.26% of those in HC (totalling 68,569 in PD and 1,518 in HC). The exist-
ence of this bright, disease-specific shift in the nanoscale population
was highly robust by ASA-PD and was observed consistently when
testing different a-synuclein antibodies, two different brain banks
(Queen Square Brain Bank for Neurological Disorders (QSBB) and Mul-
tiple Sclerosis and Parkinson’s Brain Bank (Imperial), 12 individuals

(6 PDand 6 HC), and using different antigen retrieval methods (for-
micacid and heat mediated epitope retrieval) (Supplementary Note
3.3, Supplementary Figs. 15-17 and Supplementary Tables 2 and 3).

Subpopulations of nanoscale a-synuclein assemblies are
detectable by biochemical methods

Our approach enables the direct visualization of nanoscale aggre-
gates that are typically challenging to detect. To further investigate
the nanoscale assemblies revealed by our approach and determine
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Fig.3|Aggregate detection pipeline. a, A typical sample image containing
features of various sizes and intensities, that is, Lewy neurites, micron-scale
aggregates and sub-diffraction-limit oligomers. b, The aggregate detection
pipeline for measuring large aggregates (top) and subdiffraction-sized features
(bottom). The large object pipeline combines the z-projected intensity data
with background-subtracted and threshold individual slices to generate a binary
mask. Small aggregates are identified using a Ricker wavelet filter that acts as a
bandpass, emphasizing small spots, which are then measured with a threshold
and sorted by the number of pixels above the background. Features larger than
the diffraction limit are reclassified as ‘large’ and features overlapping between
the two masks are removed from the small aggregate pool. ¢, The large (green)

and oligomer (blue) masks shown over the original image. d, The representative
oligomers detected from c. e-h, The quantification of the pipeline performance
using simulated images of diffraction-limited spots on a noisy background at
various signal-to-noise ratios. The grey shaded region represents the lower
quartile determined from experimental conditions, while the green and pink
shaded arearepresents the mean +s.d. The intensity and average background
values for all detected peaks in simulated images were estimated by quantifying
the pixel values around the detected peaks (pink curve) and by fitting a
symmetric two-dimensional-Gaussian function with nonlinear least squares
fitting (green). The presented values were obtained by averaging the mean and
s.d.withinthe IQR of the experimental CNR data (Q1=4.2,Q3=8.1).

if the fraction of bright nanoscale aggregates found in disease PD
tissue could be detected with orthogonal methods, we performed
PLA, enzyme-linked immunosorbent assays (ELISA), size exclusion
chromatography (SEC) and seed amplification assays (SAAs) in brain
tissue samples.

PLA candetect protein-proteininteractions using antibody-linked
DNA probes®*. When these probes are adjacent, they produce an
amplified signal that can be visualized using fluorescence micros-
copy (Supplementary Fig. 19a). This approach can be used to detect
nanoscale assemblies of a-synuclein by amplifying the signal from
a-synuclein 211 antibodies that are in close proximity. PLA was
performed on 13 brain sections from the anterior cingulate gyrus,
comprising six late Braak stage 5-6 PD and seven HC samples
(Supplementary Table 3), and imaged (20x magnification, NA 0.75).
Fourimages of the cingulate cortex were taken per sample and fluores-
cent puncta were quantified based on their intensity and a minimum
sizethreshold of 0.9 pum. Representative images and the puncta density
isshownin Supplementary Fig.19b,c plotted per sample. The average
number of puncta revealed an enriched population of aggregated
a-synuclein in PD samples compared with HC samples, consistent
with the ASA-PD data.

Next, brain lysates were fractionated using SEC to separate
soluble a-synuclein species by apparent molecular weight from the
Braak stage five or six PD, and HC donors (three PD and three HC;
Supplementary Fig.20a). This was followed by ELISA on the fractions to
quantify the absolute amount of aSyn per fraction. Fractions were then

subjected to the SAA, which allows the amplification and detection of
smallamounts of aggregates presentinasample. Recombinant human
monomeric a-synuclein was used for the amplification of templated
aggregation from pre-existing aggregates, and the kinetics of the
amplification reaction was monitored by Thioflavin T (ThT) binding
andincreaseinits fluorescence intensity.

The SEC-ELISA analysis revealed that total a-synuclein concentra-
tions differed across high and low molecular weight fractions by two
orders of magnitude but did not reveal statistical differences in the
total a-synuclein in PD compared with controls, suggesting a similar
amount of total protein (Supplementary Fig. 20b). The SAA revealed
that high molecular weight fractions (200 kDa to 5 MDa) from PD brains
had significantly shorter lag times, indicating the presence of seed
competent aSyn aggregates, compared with samples derived from
healthy brain tissue. Physiological (low molecular weight) fractions,
in contrast, showed no statistical differences in lag times between PD
and HC samples (Supplementary Fig. 20d,e). Comparisons between
high molecular weight and low molecular weight fractions could not
be made owing to altered a-synuclein concentrations. Therefore,
there is a relatively small amount of aggregated a-synuclein (accord-
ing to ELISA approx. 0.5% of total) both in physiological as well as
disease tissue. In PD tissue, however, there is an apparent conversion
of non-seed competent, or physiological, a-synuclein aggregatesinto
seed competent aggregates.

Finally, we validated the presence of Proteinase K-resistant fluo-
rescent puncta to assess whether the observed aggregates exhibited
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PD (Braak stage 6), respectively. g, The total number of a-synuclein aggregatesin

HCand PD tissues. The left panel shows oligomers (<0.04 pm?). The right panel
shows large aggregates (>0.04 um?). The typical Lewy neurites sizes (-5-30 um?)
and Lewy bodies (~30-300 um?) are shown for reference. h, Violin plot of
brightness of detected oligomers truncated at 1.5x IQR. Oligomers inHC had a
median of 2,750 photons (MAD of1,060) and of 3,700 photons (MAD of1,690)
for PD. The bright subpopulation of oligomers is shown in red for PD. i, The total
number of detected oligomers per patient above this brightness threshold,
10,280 photons. Error bars are variation in boundary rejection percentage per
patient, propagated. *P < 0.05.

distinct chemicophysical properties (Supplementary Fig. 21). Notably,
some bright punctapersisted after treatment, indicating ameasurable
degree of resistance to Proteinase K.

Collectively, the ASA-PD and amplification assay data confirm the
presence of a population of small, soluble protein assemblies in the
brain, which changesin PD samples, namely asubpopulation of bright
assemblies has distinctive chemicophysical properties, such as their
size and seed competence, and Proteinase K resistance.

Disease-specific assemblies are spatially heterogeneous
Inadditionto measuring object densities and size distributions, ASA-
PD canbe used to analyse spatial distributions (Fig. 5). To determine if
the heterogeneity reported for larger a-synuclein aggregates** extends
tonanoscale speciesin PD samples, we performed a spatial-clustering
test, which compares the likelihood of encountering assemblies as a
function of the distance from it* (Fig. 5a—c). Over 400 FoVs, 682,826
nanoscale objects were detected and characterized. On average, these
species were found to cluster relative to a complete spatial random
distribution. (Fig. 5f, blue); however, the disease-specific populations
exhibited a substantially higher degree of clustering (68,569 aggre-
gates; Fig. 5f, red).

ASA-PD canalso beusedtointerrogate the distance of objects to
cell-specific markers in co-stained samples. To do so, we co-stained
samples with a-synuclein and various cell markers, minimizing pho-
tobleaching and optimizing the signal of the nanoscale species. We
then quantified the density as a function of the proximity to the cell
markers (Fig. 5g-r). For some cell types, namely neurofilament (neu-
rons), P2RY12 (microglia) and GFAP (astrocytes), the disease-specific
species showed anincreased probability of being localized in proximity
toneurofilament (neurons), P2RY12 (microglia) and GFAP (astrocytes).

By contrast, disease specific species have a low probability of being
localized to the Olig2 marker (oligodendrocyte nuclei). This approach
can thus enable quantitative statistical analysis of differences of
disease-specific species density over large data sets.

Discussion

We have demonstrated the direct detection of single a-synuclein
assembliesin human post-mortem brain tissue and performed quan-
titative analysis of more than 1.2 million objects across 30 tissue sec-
tions (682,826 nanoscale assemblies detected across 18 PD tissue
sections, compared with 582,026 nanoscale assemblies detected
across 18 HC sections). The acquisition of this large-scale dataset
was made possible by the imaging component of ASA-PD, which is
a combination of background suppression and high-NA collection
of light thatimproves the signal-to-noise sufficiently to visualize
the dim signal from individual nanoscale aggregates. The analysis
pipeline that forms the detection step of ASA-PD allowed the sensi-
tive and precise detection of these dim signals, as well as the deter-
mination of cell-specificity from co-staining and cell segmentation.
The detection of small protein assemblies in post-mortem tissue is
sensitive to many experimental fluctuations, and therefore ASA-PD
was tested inarange of conditions, including the source of the brains
(from two independent brain banks, Supplementary Table 3) and the
traditional antigen retrieval methods (formic acid and heat mediated
epitope retrieval). We found that the most consistent detection of
oligomers was obtained using formalin-fixed paraffin-embedded
(FFPE) Braak stage 6 tissue sections from asingle brain bank, without
any formic acid antigen retrieval; however, broadly similar trends
were observed in all conditions tested (Supplementary Note 3.3 and
Supplementary Fig.15).
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In agreement with the classical studies of neuropathology in PD
post-mortem brains, we observed asix-fold increase in the number of
aggregates above the diffraction limitin PD with respect toHC samples,
anda2l-foldincrease for aggregates >5 pm?, thatis, aggregate sizesin
line with Lewy pathology*. Lewy pathology, consisting of Lewy bodies
and Lewy neurites, are microscale aggregates that are always found
in sporadic PD cases (and have been used to define the disease**®)
and are sometimes found in HC tissue, where it has been described as
incidental Lewy Body Disease”’. Such studies have described the pres-
ence orabsence of large Lewy aggregates, reporting an estimated level
of abundance as a marker of severity of Lewy pathology, which lacks
detailed quantitation. The technicaladvancesimplemented in ASA-PD
have allowed us to capture the broad size range of protein aggregates
containing phosphorylated a-synuclein and the quantification of their
sizes and frequency in human PD tissue.

With this large-scale dataset, we established that there is a con-
tinuum of aggregate sizes in the human brain, ranging from large
(microscale) to very small (nanoscale). Using ASA-PD, each stage of
the protein aggregation pathway present in disease brain can now be
measured. Importantly, there are notably fewer large aggregates com-
pared withsmall aggregates, as we measure a16-fold increase in small
aggregates below the optical diffraction limit compared with larger
onesindisease. Therefore, small aggregates are by far the more abun-
dantaggregate species, underscoring the need to determine the nature
oftheir link with PD, along-standing unanswered questionin the field.
Smallaggregates have been previously shownto beincreased inbrains
with Lewy pathology compared with controls®**°, and elevated levels
of oligomers have been detected in the cerebrospinal fluid of patients
with PD compared with controls, increasing with disease severity® .
Furthermore, aPLA-based approachrevealed awidespread distribution
of a-synuclein oligomersin disease braintissue, in contrast to canonical
microscale Lewy-related pathology®°.

ASA-PD revealed an abundance of nanoscale assemblies in both
control and PD tissue (equating to hundreds of points per cell). Their
presence in control and disease suggests that small a-synuclein aggre-
gates formunder physiological conditions, where their formationand
clearance are keptinbalance by the protein homoeostasis system. For
instance, the existence of a-synucleinas a tetramer or higher-order con-
formations has been previously reported in healthy-control samples
using biochemical approaches®. Furthermore, serine 129 phosphoryla-
tion (pS129) may arise under homoeostatic conditions in response to
synapse activity, being a reversible event that may regulate neuronal
activity®®. Activity-induced pS129 leads to conformational changes
that facilitate interactions with new binding partners at the synapse,
enabling a-synuclein to attenuate neurotransmission throughout regu-
lating neurotransmitter release®. The abundance of small assemblies of
phosphorylated a-synucleininboth healthy and PD brains would be in
keeping with these proposed physiological roles for pS129 a-synuclein.
Given the abundance of small assemblies in ASA-PD, and the known
physiological role of a-synuclein, it is possible that ASA-PD is detecting
a-synuclein assemblies at synapses, highlighting the potential for this
approachtolocalize different subpopulations of assembliesin future.

The large throughput enabled by ASA-PD makes it possible to
characterize the subpopulation of disease-specific species, which
representjust 9.7% of the total nanoscale assemblies. The existence of a
disease specific subpopulationin late-stage PD brain was supported by
amplification-based methods that further verified their presence. Fur-
thermore, characteristics of this disease-specific soluble population,
inparticular, their ability to exhibit prion-like activity and therefore be
seed competent was demonstrated for the higher molecular weight
disease specific species. Our results suggest that, in the progression of
PD, afraction of the physiological assemblies detectablein HC undergo
atransition to the disease-specific species detected in PD, consistent
with priorinvitro studies thatidentified ‘type A’and ‘type B’ oligomers,
respectively”"’. Once this transition has occurred, these objects, which

were detected at 21-fold higher frequency than the large aggregates,
may then ultimately aggregate further and become the fibrillar struc-
tures that are found in Lewy bodies and Lewy neurites. However, as
ASA-PD or SAA cannot resolve the underlying structural differences
between pre-fibrillar oligomers and short fibril fragments, further
investigation would be needed to confirm this theory.

Nevertheless this hypothesisis consistent with previous findings
of aggregation kinetics in vitro®’°7?, where a small proportion of
the total a-synuclein population, under pro-aggregation conditions,
will give rise to disease-specific, more toxic oligomers. Inin vitro sys-
tems and human neurons, the earliest oligomers formed are Protein-
ase K sensitive, relatively inert and non-toxic; during aggregation,
these oligomers undergo a transition to larger, Proteinase K resistant
forms™"7#"73 consistent with our observation of resistant aggregates
intissue. Thistransitionisassociated with structural conversion from
relatively disordered assemblies to highly ordered and toxic species
with the acquisition of B-sheet structure. It is the acquisition of this
B-sheetstructure thatisassociated with the propensity for theseinvitro
formed pathological oligomers to disrupt membranes and induce
toxicity inhuman neuronal systems™. Itis not yet clear how astructural
conversion to the disease-specific species may occur in the brain.
However, ASA-PD’s ability to detect a broad spectrum of aggregates
including the disease-specific subpopulation opens the door to further
investigate their structural properties, specifically changes in their
order, sensitivity to degradation and B-sheet structure”.

While microscale a-synuclein inclusions have been found pre-
dominantly in neurons in PD>%, less is known about smaller species.
Using a spatial analysis that captures both the distances between
assemblies and assembilies to cell boundaries, our data suggest that
the disease-specific species cluster inside or around cell types, includ-
ing neurons, astrocytes and microglia. As large (Lewy) aggregates are
principally located within neurons, it is possible that the observed
protein assemblies transition from their physiological state into the
pathological state (either by size or by structural conversion), where
they may precede the formation of the later stage Lewy bodies. How the
brighter, disease-specific species ultimately form Lewy bodies contain-
ing not only fibrillar a-synuclein but also neuronal lipid membranes
and organelles™”, is not known in vivo. Detailed cellular and subcel-
lular imaging of these assemblies as they transition from the bright
disease-specific species to fibrillar structures are needed to provide
information onthetrajectory of Lewy body formation withinneuronsin
the humanbrain, their heterogeneity and the components within them.

While this study has involved the analysis of over 1 million aggre-
gates, several limitations still pose further challenges:

First, the determination of aggregate sizes: we have not directly
measured the physical dimensions of the assemblies but inferred the
distribution of sizes on the basis of their relative integrated bright-
nesses. Above the diffraction limit (around ~200 nm), we observed a
stronglinear relationship between theintegrated brightness of aggre-
gates and their measured area. We hypothesize that this pattern per-
sistsbelow the diffraction limit as well. The linear correlation with area
suggests that microscale aggregates have numerous exposed epitopes
ontheirsurfaces, makingitunlikely for antibodies to penetrate deeply
inside the aggregates.

Second, the detection of a distinct aggregate class: we validated
the use of multiple antibodies and primarily used an antibody to the
serine 129 C-terminal phosphorylated form of a-synuclein. There-
fore, we cannot be certain that the shifted distributions and densities
observed in PD tissue are conserved for all a-synuclein assemblies.
Indeed, antibodies to multiple epitopes, including those targeting the
N terminus, have been shown to provide more detailed information on
other aggregate subtypes and locations in the brain’”,

Third, the detailed characterization of the disease-specific sub-
population: this will require super-resolution methods or electron
microscopy to visualize nanoscale structures. To use super-resolution
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Fig. 5| Spatial distribution of oligomers with respect to different brain cell
types. a, Anillustration showing example spot patterns with random, clustered
and dispersed underlying spatial distributions. b, The equation used here for
likelihood calculation. ¢, An example likelihood plot showing likelihood as a
function of radius for random, clustered and dispersed spatial distributions.

d, Anexample of an analysed FOV with an antibody stain for p-syn. e, The same
analysed FOV with detected oligomersinblue and red, with red serving to
highlight the disease-specific oligomers. f, A plot showing the likelihood of
oligomer-oligomer distances, with 95% confidence interval presented as the

shaded region, shows that all oligomers tend to spatially cluster, and that disease-
specific oligomers have a higher clustering tendency. g-r, Example FOVs stained
withantibodies for neurofilaments, P2RY12, GFAP and Olig2 (g, j, m and p), the
sameimages with labelled cells shown in green and disease-specific oligomers
highlighted inred (h, k, n and p) and a plot showing the likelihood of oligomer-
celldistances, with the 95% confidence interval presented as the shaded region,
which shows that disease-specific oligomers tend to cluster in or around neurons,
microgliaand astrocytes, while being dispersed from oligodendrocyte nuclei
(i,1,oandr).

methods, further signal-to-noise ratio improvement is needed. This
could include background reduction (for example, optical-clearing
techniques®’) combined with better sectioning (for example, confocal
microscopy or thinner tissue slicing).

Fourth, the extended coverage of brain regions: higher throughput
methods are also needed toincrease statistical confidencein biological
findings at the macroscopic scale of the brain. While high-throughput
methods with single-molecule sensitivity are possible, there are

currently no commercially available solutions, necessitating the use
of custom instruments.

We acknowledge the limited sample numbers in this study but
estimate from these data that an approximate two-order-of-magnitude
increasein throughputofthe ASA-PD method will enable the explora-
tion of different brain regions, encompass more cases and facilitate
large-scale automation, ultimately establishing a foundational aggre-
gation map of the PD brain.
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Conclusions and outlook

We designed ASA-PD, a platform technology for the large-scale imag-
ing of protein aggregates in brain tissue. We then demonstrated its
applicationto generate the largest dataset so far describing the distri-
bution of a-synuclein aggregates, their prevalence, and their spatial
location in the PD brain. Without this quantitative information, it has
been challengingto establish the nature of the link between a-synuclein
aggregation and PD. Although substantial evidence from model sys-
tems has implicated small a-synuclein assemblies in pathological
processes, it has remained unclear whether such processes are truly
relevantinthe disease. With ASA-PD, we identified asubpopulation of
small assemblies present in disease tissue. The ASA-PD platform can
thus be used to design mechanistic studies to understand how these
species are created. These studies will build on the ability of ASA-PD
toaddresstheregional and cellular microenvironments that promote
the development of disease-specific species, as well as the temporal
evolution of the end-stage Lewy body pathology from these objects.
Furthermore, integrating the ASA-PD dataset with other single-cell
and spatial RNA and protein technologies will allow the identification
of the key pathways and mechanisms associated with the cellular envi-
ronments that promote protein aggregation and Lewy body formation.
We also note that the ASA-PD method is widely applicable to other
neurodegenerative diseases, where the role of protein aggregation
remains largely unresolved.

Methods

Detailed protocols and software packages

The detailed protocols and software packages for single-molecule
slides for fluorescence microscopy®, free-floating mouse brain
immunohistochemistry®’, preparing tissue staining and imaging®
and feature-detection software® are available online.

Tissue selection

Post-mortem brain tissue was obtained from Queen Square Brain Bank
for Neurological Disorders (QSBB), University College London, and
Multiple Sclerosis and Parkinson’s Brain Bank, Imperial College London
(Imperial). Braak stage 3/4 PD cases (n = 3) were obtained from Imperial,
Braak stage 6 PD cases (n = 4;1for technical controls, 3 for main study)
from QSBB and three HCs from each brain bank to control for brain bank
processing effects (n = 6;3 from Imperial, 3 from QSBB) as highlighted
in Supplementary Table 2. Standard diagnostic criteria were used to
determine the pathological diagnosis. Case demographics for each
case are described in Supplementary Table 3.

Immunofluorescence tissue preparation

Then, 8-um-thick FFPE tissue sections from the cingulate cortex were
cutfromthe cases summarizedin Supplementary Table2 and described
in detail in Supplementary Table 3. These sections were loaded onto
Superfrost Plus microscope slides. FFPE sections were baked at 37 °C
for24 hand then 60 °C overnight. They were deparaffinized in xylene
and rehydrated using graded alcohols. Endogenous peroxidase
activity was blocked in 0.3% H,0, in methanol for 10 min to suppress
autofluorescence®*, All sections underwent heat-mediated epitope
retrieval for 10 minin citrate buffer (pH 6.0). Half of the sections were
additionally incubated in formic acid for 10 min before heat-mediated
epitoperetrievaltotest the optimal antigenretrieval conditions asthese
conditions are used routinely for diagnostic work and have worked pre-
viously in our experiments®. Non-specific binding was blocked with
10% dried milk solution in phosphate buffered saline (PBS). Tissue sec-
tions were incubated with primary antibodies anti-a-synuclein (LB509,
AB_28328541:100; phospho S129 rabbit polyclonal, AB_2270761,1:200;
phospho S129 mouse monoclonal, AB_2819037,1:500), anti-P2RY12
(AB_2669027,1:100), anti-neurofilament (RT-97, AB_2941917,1:200),
anti-Glial fibrillary acidic protein (GFAP) (5C10, AB_2747779,1:1000)
and anti-Olig2 (AB_5706661:100) for1 hat room temperature, washed

three times for five minutes in PBS followed by the corresponding
AlexaFluor (anti-mouse 488, AB 2534069/anti-mouse 568, AB 144696/
anti-rabbit 488, AB_143165/anti-rabbit 568, AB_143157 all at 1:200) for
1hatroomtemperature. Sections were keptin the dark from this point
onwards. Sections were then washed three times for 5 min in PBS and
incubated in Sudan Black (multiple concentrations and incubation
times were tested, as described in‘Background suppression’ section).
Sudan Black was removed with three washes of 30% ethanol before they
were mounted with Vectashield PLUS (Vector Laboratories, H-1900),
coverslipped (22x50 mm#1, VWR, 631-0137) and sealed with CoverGrip
sealant (Biotium, 23005) for imaging. Sections were stored at 4 °C
untilimaging.

Single-molecule secondary antibodies

Coverslips (24 x 50 mm, #1, VWR, 48404-453) were argon plasma
cleaned (Ar plasma cleaner, PDC-002, Harrick Plasma) for 30 min
before a trimmed gasket was placed on top (CultureWell™ Reusable
Gasket, 6 mm diameter, Grace Bio-Labs, 103280). Poly-L-Lysine (PLL)
(0.01% w/v PLL, Sigma-Aldrich, P4707) was placed in the wells for
30 min. The PLL was removed, the wells washed three times with PBS
(pH7.4,1x Gibco, Thermo Fisher Scientific,10010023), and the second-
ary antibody of choice was added (Alexa Fluor 568 goat anti-mouse—
AB_144696 or Alexa Fluor 568 goat anti-rabbit—AB_143157) atadilution
0f1:10,000 in PBS from 2 mg ml™ stock to a final concentration of
0.2 pg ml™. The antibodies were left in the wells for 5-10 s for sufficient
surface density before the wells were washed three times with PBS. PBS
(30 pl) was left in the wells for imaging. Images were taken over two
slides with 25 FOVs per slide.

Microscopy

Images of human post-mortem brain and single-molecule antibodies
were taken using a custom-built widefield fluorescence microscope
thathas beendescribed previously®. lllumination of the sample was by
a488 nmlaser (iBeam-SMART, Toptica) and a 561 nm laser (LaserBoxx,
DPSS, Oxxius), both of which had the same excitation alignment. Both
lasers were circularly polarized using quarter-wave plates, collimated
and expanded to minimize field variation. The laser lines were aligned
and focused on the back focal plane of the objective lens (100x Plan
Apo TIRF, NA 1.49 oil-immersion, Nikon) to allow for the sample to be
illuminated by a highly inclined and laminated optical sheet (HILO).
Emitted fluorescence was collected by the objective lens before pass-
ingthrough adichroic mirror (Di01-R405/488/561/635, Semrock). The
collected fluorescence then passed through emission filters dependent
ontheexcitation wavelength (FF01-520/44-25 + BLPO1-488R for 488 nm
excitation, LP02-568RS-25 + FF01-587/35-25 for 561 nm excitation, Sem-
rock). The fluorescence was then expanded (1.5x) during projection
onto an electron-multiplying charge-coupled device (EMCCD, Evolve
512 Delta, Photometrics). The EMCCD was operating in frame transfer
mode with an electron multiplication gain of 250 analogue-to-digital
units per photon.

Z-stacks of images were taken through the samples in 0.5 pm
steps with 17 steps per FoV covering a depth of 8 um. To reduce bias
in FoV selection, nine FoVs were recorded in a grid formation of 3 x 3
FoVs with 150 pm spacing, implemented with the ImageJ2*° Micro-
manager plugin®. Three 3 x 3 grids were recorded at three random
locations withinthe grey matter of each section, resultingin 27 z-stacks
per section.Imageswererecorded with1s exposure time ofthe EMCCD.
Images were recorded with a power density of 2.4 W cm™ (488 nm
excitation) and 25.9 W cm™ (561 nm excitation).

Camera calibration

To convert the pixel values from counts in analogue-to-digital units
to photons, aseries ofimages were recorded at differentillumination
intensities, including one taken under no light to measure the camera
(EMCCD, Photometrics, Evolve 512 Delta) offset”. Each intensity was
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capturedin 500 frames, resulting inatotal of 3,000 frames across the
six differentillumination levels. For every pixel, the mean and variance
was calculated across the 500 frames, generating six different variance
and mean values corresponding to the six illumination intensities.
The dark counts, thatis, the camera offset per pixel, were determined
as the mean pixel value in the dark frame. The camera gain per pixel,
expressed in photoelectrons per count, was determined by calculating
thesslopebetweenthe six variance and mean values per pixel, subtract-
ing the dark frame offset.

Feature detection

Custom code was written to detect both cells and a-synuclein aggre-
gates. Firstly, each z-stack was manually inspected to remove
out-of-focus images. For the aggregate channel, two binary masks
representing nanoscale and larger fluorescent objects images respec-
tively were created for each image using the following four steps: (1) the
positions of large objects were detected with a difference-of-Gaussian
kernel (0, =2 px, 0,=40 px) and Otsu’s threshold, (2) cellular autofluo-
rescence was removed using high-frequency filtering (Gpigh-pass = 5 PX),
and diffraction-limited-sized features were enhanced through Ricker
wavelet filtering (Og;cer = 1.1 pX); (3) bright spots within the image were
identified using an intensity threshold on ther basis of the top 2.5th
percentile of theimage; and (4) spurious pixels were removed from the
union of the two binary masks in step 1and 3 viamorphological open-
ing operation with a disk shape (radius of 1 px). The resulting mask is
thenseparated into nanoscale and non-nanoscale fluorescent objects,
where the threshold was 19 px, determined by 40 nm subdiffraction
limited fluorescent beads (40 nm, FluoSphere F10720). For the cell
channel, cell segmentation was achieved using the function described
inthefirststep of the aggregate-detection pipeline but using different
kernel sizes (0) dependent on cell type. For specific details of o values
used, see Supplementary Information Note 3.1. Allimaging data were
viewed in Image) and analysed and plotted using custom MATLAB
code and Origin.

Disease-specific definition

The disease-specific subpopulation was defined relative to the cor-
responding HC datasets after outlier removal on the basis of 1.5 times
the IQR. This corresponds to the ~99.7 brightness percentile of the
nanoscale assemblies identified in HC patients.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All unprocessed data®, processed data (binary masks, density and
intensity information)*, methods and detailed protocols are avail-
able online.

Code availability

Analysis codeis available online.
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brain samples of Male sex were used for the study. Further studies that use this method in more detail will endeavour to use
both Female and Male sexes to control for any biological differences between the two. The sex of the human post-mortem
samples were obtained from the pathology reports the brain banks issued when the tissue samples were received (Queen
Square Brain Bank for Neurological disorders, University College London and Multiple Sclerosis and Parkinson’s Brain Bank,
Imperial College London). All human post-mortem brain tissue provided has been donated with informed consent.

Reporting on race, ethnicity, or Data on race, ethnicity and other socially relevant groupings are not routinely collected by each of the brain banks the human
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other socially relevant tissue were obtained from. We therefore did not include these variables or describe these features within our study design or
groupings demographic table.
Population characteristics We have information about the age of death of all human post-mortem brain samples and the clinical and pathological

diagnoses these cases have based on the reports received from both brain banks. Our study design matched as close as
possible the age of the study groups being compared. The pathological diagnosis of each case were used to determine
whether the case was classed as having Parkinson's disease or a healthy control. The Braak staging criteria that stages the
level of alpha-synuclein pathology in the post-mortem brain was used to identify the severity of disease present within each
brain and cases were separated into early-mid stage Parkinson's disease (Braak stage 3/4) and late stage Parkinson's disease
(Braak stage 6). Other pathological scores for co-pathologies relevant to Alzheimer's disease or dementia (Braak and Braak
staging and Thal staging) were also obtained and used to select which cases were used within the study. The cases selected
for the study had the lowest staging of co-pathologies present.

Recruitment Human post-mortem brain tissue is donated to the relevant brain bank. Each brain bank has their own recruitment practices
for donors but this is not communicated when requesting the tissue.

Ethics oversight Ethical approval for the study was covered under the ethics granted for research on the brain tissue from the Local Research
Ethics committee of the National Hospital for Neurology and Neurosurgery (23/L0/0044).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample groups of 3 were used for each comparison group to control for any technical variability allowing anomalies within the data to be
determined. We focused the study design on comparison of technical sample groups as we were developing our method. Any differences
identified were used to refine the method. Biological variation between groups are being used as preliminary data and will be investigated in
more detail now the method is more established.

Data exclusions A quality control step was performed on automatically acquired images to reject out-of-focus data. No samples were excluded.

Replication The number of samples and patients are reported in table.

Randomization  From the samples we could have access to from each brain bank, we selected cases to control for confounding biological variables as much as
possible. Cases were not chosen randomly but were chosen to be age and sex matched between study groups. Healthy controls and late stage
Parkinson's disease brains were seperated based upon pathological staging scores. Randomisation of the images taken for each sample are

described in more detail within the methods section of the manuscript.

Blinding Sample were automatically analysed with the same processing pipeline using the same input parameters. Samples were not blinded.

Reporting for specific materials, systems and methods
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines X] D Flow cytometry
Palaeontology and archaeology X] D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants
Antibodies
Antibodies used All antibody details are listed in detail in Supplementary Table 4.
Validation AB_2270761 - Abcam statement. We have tested this species and application combination and it works. It is covered by our product

promise. doi: 10.1186/s40478-014-0164-0

AB_2819037- Abcam statement. We have tested this species and application combination and it works. It is covered by our product
promise. doi: 10.1038/srep42984

AB_2832854 - Each lot of this antibody is quality control tested by formalin-fixed paraffin-embedded immunohistochemical staining.
This antibody reacts with human, but does not react with rodent a-synuclein. The antibody recognizes amino acids 115-122 of human
a-synuclein. doi: 10.1073/pnas.1309143110

AB_2747779 - Abcam statement. We have tested this species and application combination and it works. It is covered by our product
promise.

AB_570666 - Merck. Evaluated by immunohistochemistry on glioblastoma. Immunohistochemistry (Paraffin): Representative lot data.
Anti-Olig2 (AB9610) staining pattern morphology in glioblastoma. Tissue was pretreated with TE Buffer, pH 9.0. Polyclonal antibody
was diluted to 1:500, using IHC-Select® Detection with HRP-DAB.

AB_2669027 - Merck Enhanced validation - orthogonal RNAseq. All Prestige Antibodies Powered by Atlas Antibodies are developed
and validated by the Human Protein Atlas (HPA) project and as a result, are supported by the most extensive characterization in the
industry.

AB_425904 - ThermoFisher Scientific Antibody Performance Guarantee. Tested in multiple applications. Immunoperoxidase of
monoclonal antibody to TARDBP on formalin-fixed paraffin-embedded human leiomyosarcoma tissue Antibody concentration is 3 pg/
mL

AB_310014 - Merck. Immunohistochemistry: This antibody has been reported by an independent laboratory to detect Tau (4-repeat
isoform RD4) in autoclaved paraffin brain sections. (De Silva, R., 2003;Togo, T., 2002)

AB_223647 - ThermoFisher Scientific Advanced Verification. This Antibody was verified by Cell treatment to ensure that the antibody
binds to the antigen stated. doi: 10.1038/s41596-023-00861-4

AB_2315524 - Dako. doi: 10.1016/j.ajpath.2017.10.021
AB_398152 - doi: 10.1093/jnen/nlad051

AB_144696, AB_143157, AB_143165, AB_2534069 - ThermoFisher Scientific Antibody Performance Guarantee. To minimize cross-
reactivity, these goat anti-mouse 1gG (H+L) whole secondary antibodies have been affinity purified and cross-adsorbed against bovine
1gG, goat IgG, rabbit IgG, rat IgG, human IgG, and human serum. Cross-adsorption or pre-adsorption is a purification step to increase
specificity of the antibody resulting in higher sensitivity and less background staining. The secondary antibody solution is passed
through a column matrix containing immobilized serum proteins from potentially cross-reactive species. Only the nonspecific-binding
secondary antibodies are captured in the column, and the highly specific secondaries flow through. The benefits of this extra step are
apparent in multiplexing/multicolor-staining experiments (e.g., flow cytometry) where there is potential cross-reactivity with other
primary antibodies or in tissue/cell fluorescent staining experiments where there are may be the presence of endogenous
immunoglobulins. Anti-Mouse/Anti-Rabbit secondary antibodies are affinity-purified antibodies with well-characterized specificity for
mouse/rabbit immunoglobulins respectively and are useful in the detection, sorting or purification of its specified target.
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field, report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

>
QD
5
(e
()
©
O
=
S
S
3
©
e}
=
>
(@]
wm
(e
3
3
Q
=

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

Authentication ngsbc%%;é//gg)./ authentication-procedures for-each-seedstock-used-or-novel-genotype-generated. Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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