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Brain region-specific spread of Lewy body pathology in synucleinopathies

is governed by a-synuclein conformations.
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The a-synuclein protein (aS) is the major constituent of pathological neuronal inclusions
both in Parkinson’s disease (PD) and Dementia with Lewy Bodies (DLB)1 with differential
brain region-specific pathology patterns and clinical presentations. Two hypotheses that
were recently put forward were either that of brain-region specific vulnerability or that of
different aS aggregates, “strains”, that would affect different brain regions via “prion-like”
spread. What governs these patterns, their hypothesized “prion-like” progression and
region-specific vulnerability to aS aggregation in different synucleinopathies is still largely
unknown. Data collected in the last decade suggests that aS can exhibit in different
conformations under physiological and/or pathological conditions, which in turn help

govern aggregation propensity. The cytosolic unfolded, monomeric form of aS (aSY

) is
aggregation-prone and can misfold into soluble, toxic oligomers, protofilaments, and
amyloid fibrils with self-templating propertiesz, while the cytosolic helically folded,
multimeric form (aSCH) resists disease-associated changes3 A,

It was demonstrated by our and other laboratories that mutations of SNCA leading to familial
Parkinson’s disease (fPD) and various genetic PD risk factors for developing sporadic PD
destabilize physiological, aggregation-resistant aS<">~1°,

To address the question of whether the equilibrium of oSV and oS also plays an important

3,11,12 . .
d™> '° multimer assay (using

role in sporadic synucleinopathies, we adapted our establishe
crosslinking and Western blot analysis of lysate) to frozen human post-mortem tissue (Fig. S1-
6). This protocol revealed a prominent cytosolic ~80 kDa and 14 kDa aS species (Fig 1a, Fig.
S2-4) as described previously'' ™. The two cytosolic aS species corresponded to a 86 kDa

helically folded homo-oligomer and a 14 kDa monomeric form, respectively, as confirmed by

Circular Dichroism (CD) spectroscopy, Multi-Angle-Light Scattering, Mass spectrometry and



Western blotting conducted on purified 14 kDa and 86 kDa species from human brain tissue and

HEK cells (Fig. 1b, Table S1, Fig. S5, Fig. S7-14).
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Fig. 1 Disturbed equilibria of cytosolic helically folded and unfolded physiological aS in PD
and DLB patients. a, Representative Western blot of aS" and aS“Y in controls, DLB and PD
patients. Each piece of brain was analyzed in duplicates (frontal cortex FC1 and FC2). The

crosslinking reaction was performed in technical triplicates alongside one non-crosslinked (PBS)

SCH

sample. The Western blot demonstrates reduced aS" to aS®V ratios in DLB and PD patients

compared to the control. DSG “+*“ = crosslinked sample. DSG “-“ = non-crosslinked sample.

Green = aS, red = DJ1. b, CD spectroscopy of immunoprecipitated and separated (size-exclusion

SCU

chromatography) aS“" and aS“Y from human frontal cortex control brain tissue. The oS



multimer from human brain exhibits an a-helical secondary structure of approximately 48 %. ¢,
Significant reduction of aS“/aSY ratio in the cingulate cortex comparing controls (n = 7) and
DLB (n = 7) patients. No significant alteration of the aS“"/aS“Y equilibria in the cingulate cortex
comparing controls (n = 7) and PD (n = 6) patients. d, Significant reduction of aS"/aS Y ratio in
the frontal cortex comparing controls (n = 19) to PD (n = 6) and DLB (n = 19) patients. e, No
significant alteration of the aS“"/aS“Y equilibria in the entorhinal cortex comparing controls (n =
7) to PD (n = 6) and DLB (n = 6) patients. f, No significant alteration of the aS“/aS“Y equilibria

in the striatum comparing controls (n = 6) to PD (n = 6) and DLB (n = 6) patients.

Next, we assessed the ratio of cytosolic helical and unfolded aS (aS“"/aSY) in four different
brain regions (entorhinal cortex (EC), cingulate cortex (CC), frontal cortex (FC) and striatum) of
28 age-matched individuals, classified as neurological controls, 22 DLB patients and 13 sporadic
PD patients (Fig. S15-16). We found that DLB patients exhibited a significant reduction of
aS“™/aS in the CC (p = 0.0007, Fig. 1d) and FC (p < 0.0001, Fig. le). PD patients exhibited a
significant decrease in the FC (p < 0.001, Fig. 1d). We did not observe significant changes
between patients and controls in the EC, a region typically affected by Lewy pathology earlier in
the disease course than neocortical regions (Fig. 1a), the striatum which served as a control
region (due to low Lewy body (LB) burden, Fig. 1e) or the internal control protein DJ1 (Fig.
S17). The evaluation of these findings with regard to clinical and neuropathological features
(summary Fig. S15) revealed a significant negative correlation between the reduction of the
aS“?/aSY ratio in FC or CC and aS Braak LB staging (FC r =-0.6, p < 0.0001; CCr=-0.4, p =

0.006) or McKeith staging (FC r=-0.6, p <0.0001; CC r=-0.4, p = 0.008, Fig. 2a-d).
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Fig. 2 Decreased oSM/aSC ratios correlate with LB pathology. a, Heatmap of Pearson
correlation coefficients. Controls were set to 0 for McKeith and Braak LB (LB) staging. b,
Significant correlation (Pearson correlation coefficient) of decreased aS“"/aSC ratios and
McKeith or LB staging in the frontal and cingulate cortex, respectively. ¢, Graph of correlated
samples (0S“"/aSCY ratios vs. McKeith). d, Graph of correlated samples (aS“"/aS“ vs. Braak
LB). LB = Lewy body, NFT = neurofibrillary tangle, CERAD = Consortium to Establish a
Registry for Alzheimer’s Disease, CC = cingulate cortex, EC = entorhinal cortex, FC = frontal

cortex, PMI = post-mortem interval.



We did not detect a significant correlation between the altered aS“"/aS“Y ratio and the Braak or
McKeith staging in the EC or the striatum (Fig. S18). A significant negative correlation exists for
disease duration and reduction of aS“"/aSV in the EC (Fig. S19), a region being early affected
in the course of the disease. Gender, age, post-mortem interval and the extend of Alzheimer’s
disease type neuropathological stages were not associated with the reduction of aS“"/aS“Y (Fig.
S20-24). Biochemical analysis via detergent fractionation and ELISA of PD patient tissue'*
exhibited significantly higher levels of pathology-associated, insoluble aS in early affected brain
regions (EC and CC) according to the classical caudal-rostral progression (Fig. S25) matching
the measured relative destabilization of aS“™ in these brain regions. DLB patients exhibiting
early cortical involvement display higher levels of pathological, insoluble aS in the FC (Fig.
S25).

Given the apparent region specificity of the aS“"

form, and the discussed “prion-like” spread of
pathological oS in a highly region-specific manner, we next evaluated the effect of aS“?/aSY
ratios on the susceptibility of a cell towards “prion-like” fibrillar aS (aS"). To determine the
“prion-like” aggregation resistance of aS", we performed a Thioflavin T-based aggregation
assay on purified and separated oS multimers and aS“Y monomers. On native non-crosslinked
aS“M (isolated from human erythrocytes) our assay showed that the aS" -in contrast to
monomeric oS- did not form ThT-bound fibrils (Fig. 3a). The addition of recombinant “prion-

like” aSF did stimulate the aggregation in the aSY monomer but not in the aS" multimer, hence

indicating that the cytosolic helical structure found in human brain is not susceptible to putative



“prion-like” spread. We examined the “prion-like” aggregation susceptibility of the
neuroblastoma aS fPD M17D cells by adding aS" to the growth medium and assessed the
amount of (Triton-X) insoluble aS found in the cell pellets by aS ELISA after 2 days of seeding.
While no differences in forming insoluble aS was found in cells expressing fPD mutations
without treatment (Fig. 3b), the addition of aS" to the growth medium led to a significant
increase of aggregated aS across all fPD mutations, indicating an increased “prion-like”
aggregation susceptibility compared to wild type (wt, Fig. 3c). This directly indicates that all fPD
mutations lead to greater susceptibility towards “prion-like” aggregation in neuronal cells while
their effect on spontaneous aggregation is comparatively small. In accordance with previous
published data °, we detected a decrease of aS“™/aS®Y in the lysate of M17D cells expressing
different familial PD SNCA mutations (A30P, G51D, A53T, E46K and H50Q, respectively)
compared to wt (Fig. 3d). The decrease of aS“"/aSY in these mutants correlated significantly
with the susceptibility towards “prion-like” aggregation as measured by insoluble aS in oS'-
seeded M 17D cells (p = 0.002, Fig. 3d). In contrast, M17D cells with higher expression ratios of
aS“?/aS Y exhibited decreased seeding and aggregation capabilities, indicating that increased

oS stabilization in neuronal cells is protective against “prion-like” propagation (Fig. 3d).
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Fig. 3 aSM is resistant to spontaneous or “prion-like” induced aggregation compared to
oSV and modulates “prion-like” propagation susceptibility in cellular models of disease. a,
Thioflavin T fluorescence assay monitoring the aggregation of recombinant aS“ and purified
aS“M from erythrocytes. Samples were 100 uM oS protein each, nutated at 37 °C. In samples that
were seeded, 10 nM recombinant fibrillar aS (aS") (i.e., 1:1000) was added. The oS multimer
demonstrated resistance to both spontaneous and seeded aggregation. b, M17D cells transfected
with wild type aS, or the fPD related mutations A30P, E46K, H50Q, G51D and A53T. Cells
with fPD mutations display equal amounts of insoluble aS. ¢, aS" -seeded M17D cells display

increased levels of insoluble aS. d, aS“" destabilization correlates significantly (Deeming



regression analysis) with susceptibility towards aS aggregation as measured by insoluble aS in

M17D after 2 days of seeding (P = 0.002). Cells were analyzed in biological triplicates.

To validate the association between the region-specific distribution and the proposed “prion-
like” spreading theory of aS, we carried out an analysis of 9 brain regions from 3 DLB and 3
sporadic PD patients with advanced neocortical Lewy pathology corresponding to Braak stage 6
(Table S2). The brain regions selected for the analysis reflect the typical temporal development
of LB pathology across the limbic and neocortical regions (Fig. 4). In all of these regions, control
patients showed equal aS“"/aS“Y ratios. However, aS“"/aS“Y ratios in PD patients were
decreased in early affected and increased in later affected regions resulting in a positive slope
(increasing trendline calculated across all 9 brain regions) of aS“"/aSY ratios (Fig. 4).
Interestingly, this pattern in the same anatomical regions was opposite for DLB patients,
indicating that the “path” laid out by local aS“"/aS®Y destabilization would lead to faster
progression from the brain stem towards the cortices. In summary, when the equilibrium of
aS“M/aSY is disturbed towards the aggregation-prone aS®Y, our data demonstrates that the

likelihood of fibril formation, and subsequently LB inclusions increases.
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Fig. 4 0SM/aSCY equilibrium is disturbed in PD and DLB patients suggestive of spreading
aS pathology. For each individual, 9 different brain regions were analyzed, reflecting the
temporal development of LB pathology across the limbic and neocortical regions. Amygdala,
cortex of the parahippocampal (PHG) and anterior cingulate gyri (ACQG) are affected earlier in
the disease course, followed by cortex of the insula, middle temporal (MTG), anterior middle
frontal gyri (AMFQG), and lastly with involvement of the cortex of inferior parietal lobule (IPL).
Heschl’s gyrus (Heschl) and cortex of the occipital lobe (OC) are typically spared from LB
pathology in PD or involved late in the disease course. Each brain region has been analyzed in
biological and technical duplicates and one non-crosslinked control sample. The linear trendlines

(slopes) across all 9 brain regions is depicted for each individual. a, In controls, there is a
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balanced level of physiological aS“"/aS“V. b, PD patients (Braak 6) exhibit lower aS“"/aSY
ratios in early affected regions according to the classical Braak staging. ¢, DLB patients exhibit
especially low aS"/aS Y ratios in later affected, neocortical regions, including Heschl’s gyrus
and OC. Note that the relative measured aS"/aSY levels, can be lower in individual control
cases compared to patients even though the difference is on average reversed. The schematics on
the left and right side describe the proposed model for the disequilibria of aggregated aS and
physiological, aggregation-resistant aS“".

Our study demonstrated that (i) oS

multimers are present in human post-mortem brain tissue
and exhibit a physiological, helical secondary structure, making them resistant to spontaneous as
well as “prion-like” amyloid aggregation. (ii) The disequilibrium of aS" and aS“ is brain
region-specific and associated with the spreading theory of aS. In PD, it reflects the regional
spread of LB pathology as proposed by Braak'”. In contrast, DLB patients exhibit especially low
aS“?/aSY ratios in the neocortical regions. These results are in line with current and previous
analyses in familial PD of in vitro and in vivo models on oS, especially the helical aS
tetramer”*'®!7. The disequilibrium of all aS" species in fPD models (putative 60 kDa, 80 kDa
and 100 kDa after SDS-PAGE) has previously been demonstrated®>*'®, Our study extends the
current knowledge on aS“", demonstrating the importance of the aS“"/aSY equilibrium in
healthy human brain tissue and the region-specific disturbance in sporadic PD and DLB patients.
Crucially, it provides a potential explanation for region-specific LB pathology in both PD and
DLB. Along with these findings, our results indicate that the absolute amount of aS might not be

detrimental per se. Rather, the equilibrium of physiological aggregation-resistant and

aggregation-prone forms of the aS protein is important. Even though our in vitro data here and a

11



recently published in vivo model'® indicate a causal role for aS" destabilization in
neurodegeneration, it remains unclear whether the shift in the equilibrium of aS“" and SV is a
primary or secondary event in synucleinopathies, or can be either. aS" destabilization could
possibly result in different physiological and pathological aS conformations in the human
patient. In addition, these aS conformations could differentially impact neuronal vulnerability by
aS“M destabilization in a region-specific manner'®*'. Therefore, we would reconcile the question
whether local neuronal vulnerability or “prion-like” aggregation spreading explains disease
progression patterns>>. The answer, implied here by our data, would be that both is the case,
since “prion-like” aggregation spread gets directed by local vulnerabilities. Our study focused on
limbic and neocortical regions in patients with DLB and PD with most advanced Braak stage 6
neocortical LB pathology. Non-classical PD patients, in which the LB pathology does not follow
the classical Braak LB staging, might not show the same disequilibria of aS“"/aSY. We also did
not present data on early affected brain regions, such as nucleus coeruleus, nucleus vagus or
substantia nigra, given the low availability of these tissues. Still,

our current findings provide a novel mechanism, in which the equilibrium of physiological
aggregation-resistant aS“" and physiological, aggregation-prone aSV is disturbed in sporadic
PD and DLB patients. We propose that a stabilization of physiological aggregation-resistant
oS in PD and DLB patients may be beneficial in slowing down the process of
neurodegeneration, analogous to efforts towards stabilizing transthyretin in familial amyloid
polyneuropathy”**. Beyond, the ratio of aS“"/aSY can be used as a biomarker of disease

progression.
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Figures
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Figure 1

Disturbed equilibria of cytosolic helically folded and unfolded physiological aS in PD and DLB patients. a,
Representative Western blot of aSCH and aSCU in controls, DLB and PD patients. Each piece of brain was
analyzed in duplicates (frontal cortex FC1 and FC2). The crosslinking reaction was performed in technical
triplicates alongside one non-crosslinked (PBS) sample. The Western blot demonstrates reduced aSCH to
aSCU ratios in DLB and PD patients compared to the control. DSG “+“ = crosslinked sample. DSG “-“ =
non-crosslinked sample. Green = aS, red = DJ1. b, CD spectroscopy of immunoprecipitated and separated
(size-exclusion chromatography) aSCH and aSCU from human frontal cortex control brain tissue. The aS
multimer from human brain exhibits an a-helical secondary structure of approximately 48 %. c,
Significant reduction of aSCH/aSCU ratio in the cingulate cortex comparing controls (n = 7) and DLB (n =
7) patients. No significant alteration of the aSCH/aSCU equilibria in the cingulate cortex comparing
controls (n = 7) and PD (n = 6) patients. d, Significant reduction of aSCH/aSCU ratio in the frontal cortex

comparing controls (n = 19) to PD (n = 6) and DLB (n = 19) patients. e, No significant alteration of the



aSCH/aSCU equilibria in the entorhinal cortex comparing controls (n = 7) to PD (n = 6) and DLB (n = 6)
patients. f, No significant alteration of the aSCH/aSCU equilibria in the striatum comparing controls (n =
6) to PD (n = 6) and DLB (n = 6) patients.
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b Significant correlation of aS%"/ a5 ratio and Lewy body

staging
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Decreased aSCH/aSCU ratios correlate with LB pathology. a, Heatmap of Pearson correlation coefficients.
Controls were set to 0 for McKeith and Braak LB (LB) staging. b, Significant correlation (Pearson

correlation coefficient) of decreased aSCH/aSCU ratios and McKeith or LB staging in the frontal and
cingulate cortex, respectively. ¢, Graph of correlated samples (aSCH/aSCU ratios vs. McKeith). d, Graph of
correlated samples (aSCH/aSCU vs. Braak LB). LB = Lewy body, NFT = neurofibrillary tangle, CERAD =
Consortium to Establish a Registry for Alzheimer’s Disease, CC = cingulate cortex, EC = entorhinal cortex,
FC = frontal cortex, PMI = post-mortem interval.



a ThT-aggregation assay b Amounts of insouble a3 in M17D fPD
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Figure 3

aSCH is resistant to spontaneous or “prion-like” induced aggregation compared to aSCU and modulates
“prion-like” propagation susceptibility in cellular models of disease. a, Thioflavin T fluorescence assay
monitoring the aggregation of recombinant aSCU and purified aSCH from erythrocytes. Samples were
100 uM aS protein each, nutated at 37 °C. In samples that were seeded, 10 nM recombinant fibrillar aS
(aSF) (i.e., 1:1000) was added. The aSCH multimer demonstrated resistance to both spontaneous and
seeded aggregation. b, M17D cells transfected with wild type aS, or the fPD related mutations A30P, E46K,
H50Q, G51D and AS53T. Cells with fPD mutations display equal amounts of insoluble aS. ¢, aSF-seeded
M17D cells display increased levels of insoluble aS. d, aSCH destabilization correlates significantly
(Deeming regression analysis) with susceptibility towards aS aggregation as measured by insoluble aS in
M17D after 2 days of seeding (P = 0.002). Cells were analyzed in biological triplicates.
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Figure 4

aSCH/aSCU equilibrium is disturbed in PD and DLB patients suggestive of spreading aS pathology. For
each individual, 9 different brain regions were analyzed, reflecting the temporal development of LB
pathology across the limbic and neocortical regions. Amygdala, cortex of the parahippocampal (PHG)
and anterior cingulate gyri (ACG) are affected earlier in the disease course, followed by cortex of the
insula, middle temporal (MTG), anterior middle frontal gyri (AMFG), and lastly with involvement of the
cortex of inferior parietal lobule (IPL). Heschl's gyrus (Heschl) and cortex of the occipital lobe (OC) are
typically spared from LB pathology in PD or involved late in the disease course. Each brain region has
been analyzed in biological and technical duplicates and one non-crosslinked control sample. The linear
trendlines (slopes) across all 9 brain regions is depicted for each individual. a, In controls, there is a
balanced level of physiological aSCH/aSCU. b, PD patients (Braak 6) exhibit lower aSCH/aSCU ratios in
early affected regions according to the classical Braak staging. c, DLB patients exhibit especially low
aSCH/aSCU ratios in later affected, neocortical regions, including Heschl’s gyrus and OC. Note that the
relative measured aSCH/aSCU levels, can be lower in individual control cases compared to patients even
though the difference is on average reversed. The schematics on the left and right side describe the
proposed model for the disequilibria of aggregated aS and physiological, aggregation-resistant aSCH.
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