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            Abstract
Misfolded protein aggregates represent a continuum with overlapping features in neurodegenerative diseases, but differences in protein components and affected brain regions1. The molecular hallmark of synucleinopathies such as Parkinson’s disease, dementia with Lewy bodies and multiple system atrophy are megadalton α-synuclein-rich deposits suggestive of one molecular event causing distinct disease phenotypes. Glial α-synuclein (α-SYN) filamentous deposits are prominent in multiple system atrophy and neuronal α-SYN inclusions are found in Parkinson’s disease and dementia with Lewy bodies2. The discovery of α-SYN assemblies with different structural characteristics or ‘strains’ has led to the hypothesis that strains could account for the different clinico-pathological traits within synucleinopathies3,4. In this study we show that α-SYN strain conformation and seeding propensity lead to distinct histopathological and behavioural phenotypes. We assess the properties of structurally well-defined α-SYN assemblies (oligomers, ribbons and fibrils) after injection in rat brain. We prove that α-SYN strains amplify in vivo. Fibrils seem to be the major toxic strain, resulting in progressive motor impairment and cell death, whereas ribbons cause a distinct histopathological phenotype displaying Parkinson’s disease and multiple system atrophy traits. Additionally, we show that α-SYN assemblies cross the blood–brain barrier and distribute to the central nervous system after intravenous injection. Our results demonstrate that distinct α-SYN strains display differential seeding capacities, inducing strain-specific pathology and neurotoxic phenotypes.
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                    Figure 1: α-SYN assemblies spread, but only strains cause Lewy-like pathology after injection in rat substantia nigra.[image: ]


Figure 2: α-SYN fibrils are the major toxic strain in vivo and cause synaptic impairment.[image: ]


Figure 3: α-SYN assemblies propagate in a strain-dependent manner.[image: ]


Figure 4: α-SYN strains cross the blood–brain barrier after systemic administration.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Characterization of α-SYN assemblies.
a–d, Electron micrographs of α-SYN monomers (a), oligomers (b), fibrils (c) and ribbons (d) used throughout this study. The scale bars represent 200 nm. e, Quantification of endotoxin amounts in different recombinant α-SYN preparations used throughout this study. Endotoxin levels were below 0.05 units per injection for all conditions. f–h, Mass spectrometry analysis of covalently labelled fluorescent wild-type (WT) α-SYN by MALDI-TOF. f, Unlabelled WT α-SYN (theoretical mass 14,460.1 Da); g, atto-550 WT α-SYN (average molecular ratio 1 atto molecule per α-SYN molecule) and h, atto-647 WT α-SYN (average molecular ratio 1 atto molecule per α-SYN molecule).


Extended Data Figure 2 Trans-synaptic spreading of fluorescently labelled α-SYN in rat striatum.
α-SYN assemblies were injected in rat substantia nigra (red injection spot) and were allowed to spread for 7 days to the striatum. Sagittal and coronal views are depicted in a and b, respectively. Representative confocal images of α-SYN spreading in c, dopaminergic neurons and d, striatal dopaminergic axons for α-SYN oligomers, ribbons and fibrils after 7 days. Reconstructed images from z-stack tiles of the dopaminergic neurons and axons in striatum were rendered into complete axonal reconstructions by tiling the entire set of z-stacks. Scale bar is 20 μm. The rectangle identifying Atto-550-tagged α-SYN is shown at a higher magnification in upper right corner of sections in lower panels. e, Representative confocal image of recombinant oligomeric Atto-550 labelled α-SYN uptake in medium spiny neurons (MSN) after injection in substantia nigra. White arrows indicate positive inclusions. f, Quantification of fluorescently labelled α-SYN DARPP-32+ MSN. Uptake is measured after 1 and 7 days for oligomers (n1 day = 1,674, n7 days = 2,118, nanimals = 3), ribbons (n1 day = 2,152, n7 days = 1,968, nanimals = 3) and fibrils (n1 day = 1,223, n7 days = 1,486, nanimals = 3). Oligomers show increased uptake rates compared to ribbons and fibrils (P < 0.001, P < 0.01, one-way ANOVA with Dunnet’s multiple comparison test for 7 day time point) and increases over time (###P < 0.001, one-way ANOVA with Tukey’s multiple comparison test). Error bars indicate s.e.m., scale bars indicate 20 μm. g, Correlation of spreading volume and trans-synaptic spread at 7 days. Oligomers show the highest spreading capacity compared to fibrils and ribbons using two independent techniques and experiments.


Extended Data Figure 3 Histopathological hallmarks after nigral inoculation of α-SYN strains.
a–c, Immunofluorescent staining in substantia nigra shows a, granular cytoplasmic, b, intracytoplasmic and c, nuclear Pα-SYN inclusions in dopaminergic neurons. Reconstructed images from z-stack tiles were rendered into complete reconstructions by tiling the entire set of z-stacks. Scale bars indicate 20 μm.


Extended Data Figure 4 Phosphorylation pattern of different α-SYN assemblies upon rAAV-driven α-SYN overexpression.
a, Inoculation of ribbons and fibrils result in increased amount of phosphorylated α-SYN cells in substantia nigra. Scale bar, 50 μm. b, Animals where α-SYN overexpression is rAAV-driven yield a total of 12,426 ± 1,288 cells with phosphorylated α-SYN (s.e.m, n = 4). A significant increase of cells with phosphorylated α-SYN is observed upon injection of ribbons and fibrils, to 22,254 cells ± 2,800 (s.e.m, n = 4) and 19,690 cells ± 1,803 (s.e.m, n = 4), respectively (P < 0.01, P < 0.05, one-way ANOVA with Dunnet’s multiple comparison test versus control, #P < 0.05, one-way ANOVA with Tukey’s multiple comparison test).


Extended Data Figure 5 Intracellular and extracellular electrophysiological recordings of early effects of α-SYN assemblies on the electrical properties of single neurons.
Rat primary cortical neurons, cultured ex vivo for over 4 weeks, displayed no significant alterations of the intrinsic electrical phenotype after exposure for 3–4 days to 1 µM of α-SYN assemblies. This was characterized by means of intracellular recordings, and analysed in current-clamp in terms of membrane passive properties (n = 32 cells), a, as membrane time constant, b, membrane apparent input resistance, c, resting membrane potential and e, as evoked excitable responses (n = 30 cells). By the same technique, the amplitude of d, excitatory spontaneous post-synaptic currents (PSCs) revealed a significant downregulation, recorded under voltage-clamp (n = 32 cells).


Extended Data Figure 6 α-SYN strains propagate after intracerebral inoculation.
a, Preformed α-SYN fibrils and ribbons resist 1% sarkosyl treatment and are pelleted upon sedimentation at 200,000g for 60 min at 25 °C in vitro. (T, total; S, Soluble; P, Pellet) b, Fibrils resist 1% sarkosyl treatment and persist more after striatal injections than ribbons or oligomers. Sarkosyl-insoluble α-SYN from animals inoculated fibrils or ribbons is phosphorylated. Mean and associated standard error was calculated from 3 independent quantifications of the intensities made using ImageJ on samples from two independent experiments.


Extended Data Figure 7 α-SYN strains recruit rodent α-SYN.
Seeding of endogenous α-SYN in rat brain by exogenous human ribbons, fibrils or diseased rat brain homogenates. PBS was inoculated to the control animal. The nature of α-SYN assemblies was assessed by western blot following native PAGE separation prior (−) or after (+) proteinase K (76 ng µl−1) treatment. a, Staining with rat-specific antibody (D37A6) detects endogenous α-SYN and b, staining with human-specific antibody (Syn211) detects exogenous injected α-SYN on a duplicate blot. Arrows indicate fibrillar α-SYN at the bottom of the gel well. The non specific band (*) is recognized by the secondary antibody. Representative image from 3 independent experiments is shown.


Extended Data Figure 8 α-SYN fibrils persist months after intracerebral inoculation.
a, α-SYN assemblies were injected in rat substantia nigra (red injection spot) and assessed 4 months later in striatum. b, Immunohistochemical analysis of rat striatum reveals clear human α-SYN+ inclusions colocalizing with dopaminergic axons. Representative image of fibrils is shown with detailed image in right upper corner. Right panel shows pseudocolour image of only human α-SYN. Scale bar indicates 30 μm. c, Quantification of different α-SYN strains in rat striatum by means of total fluorescent units. Fibrils appear to persist to a much higher extent compared to ribbons (###P < 0.001, one-way ANOVA with Tukey’s multiple comparison test, n = 4). Oligomers and brain homogenate show very low immunofluorescent staining for human-specific α-SYN. d, Fibrils appear as axonal inclusions and are abundantly present in striatum in contrast to ribbons after nigral injection. Oligomers and brain homogenate are not detected using the same human-specific antibody Syn211. Scale bar indicates 40 μm.


Extended Data Figure 9 α-SYN ribbons and fibrils spread across the central nervous system after intravenous administration.
Overview of human α-SYN (Syn211) inclusions in different areas of the central nervous system after intravenous injection of α-SYN oligomers, ribbons and fibrils. Scale bars indicate 50 μm.


Extended Data Figure 10 Intravenous injection of α-SYN strains leads to increased microglial response and distinct histopathological hallmarks in the spinal cord.
Quantification of human α-SYN (huα-SYN) density and Mac1/CD11b microglial response following intravenous administration of a saline solution or α-SYN oligomers, ribbons or fibrils in a, b, cervical, c, d, thoracic and e, f, lumbosacral segments (P < 0.05, one-way ANOVA with Dunnet’s multiple comparison test versus control, ###P < 0.001, ##P < 0.01, #P < 0.05, one-way ANOVA with Tukey’s multiple comparison test, n = 4). Error bars indicate s.e.m., white boxes and grey boxes indicate 60 and 120 days after intravenous injections, respectively. g, Immunohistochemical staining for growth associated protein 43 (GAP43), an early injury marker, shows a filamentous distribution for α-SYN ribbons and cellular distribution for α-SYN fibrils (white arrow heads). Scale bars indicate 50 μm.
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        Editorial Summary
Synuclein variants linked to different pathologies
Synucleinopathies are neurodegenerative disorders characterized by α-synuclein-rich protein deposits which include Parkinson's disease, dementia with Lewy bodies and multiple system atrophy. The discovery of α-synuclein assemblies with different structural characteristics has led to the hypothesis that different 'strains' could account for pathological differences between these different neurodegenerative diseases. This study reports that when different human α-synuclein strains — oligomers, ribbons or fibrils — are injected into rat brain in vivo, they propagate in a strain-dependent manner and cause different pathological and neurotoxic phenotypes. This work has implications for disease diagnosis and prognosis and for the prospects of developing therapeutic strategies tailored for specific synucleinopathies.
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