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results might be recapitulated in in vivo mouse models. Thus, we performed stereotaxic injections of α-Syn amy-
loid fibrils in Prnp+/+ and Prnp−/− FVB mice both in the Substantia Nigra pars compacta (SNpc) and in the stria-
tum. Quantification of DAB-stained sections revealed presence of PK-resistant α-Syn aggregates in Prnp+/+ and 
Prnp−/− mice 5 months post injection (mpi) (Fig. 2).

Injection of α-Syn amyloid fibrils in mice induced the formation of LB-like aggregates in different brain 
areas (Fig. 2a). In agreement with in vitro results, the data show that in general Prnp−/− mice accumulate less 
PK-resistant α-Syn aggregates in all areas analyzed (Fig. 2c,d). Notably, when Prnp+/+ mice were injected within 
the SNpc, α-Syn aggregates were significantly higher (Fig. 2c). More precisely, we observed an almost complete 
absence of α-Syn aggregates in the striatum of mice that do not express PrPC. While, the mapping of PK-resistant 
α-Syn deposits in Prnp+/+ mice revealed the presence of α-Syn aggregates in the cortex, striatum, thalamus and 
hippocampus (Fig. 2b). In Prnp−/− mice in all brain areas considered, α-Syn aggregates accumulate less (Fig. 2c). 
Phosphate-buffer saline (PBS) injections did not result in α-Syn aggregates accumulation in the two groups of 
animals. PK-resistant α-Syn was absent also in control animals.

Similarly, the stereotaxic injections in the striatum led to the formation of α-Syn aggregates in the brain. 
However, Prnp−/− mice accumulated lower amount of aggregates compared to Prnp+/+ mice (Fig. 2d). In 
the Prnp−/− mice, the number of α-Syn aggregates was significantly lower in four distinct brain areas (cor-
tex, striatum, thalamus and hippocampus) (Fig. 2d). Generally, Prnp+/+ and Prnp−/− animals inoculated 

Figure 1.  Uptake of mouse α-Syn amyloid fibrils in N2a cells and primary culture of hippocampal neurons. 
(a) Uptake quantification after 24 hours incubation with neuroblastoma (N2a) cells that express and that were 
ablated for the PrPC expression show that 82.1 ± 2.9% of N2a PrP+/+ are able to uptake α-Syn amyloid fibrils in 
comparison to only 31.8 ± 4.7% of N2a PrP−/− cells. Data are shown as mean ± SD (**P < 0.01, ***P < 0.0001 
for two-way ANOVA with Bonferroni’s posttests, N = 3 experiments with total of four hundred cells), (b) with 
relative orthogonal views of confocal images. Interaction accounts for 1.21% of the total variance; F = 0.66. 
(c) Non-sonicated and sonicated α-Syn amyloid fibrils (in red) co-localize with the endogenous membrane-
bound PrPC (in green) on the surface of neuroblastoma cells, while α-Syn fibrillar species did not even bind 
plasma membrane of N2a PrP−/− cells. Scale bars 15 μm. (d) Uptake quantification after 24 hours incubation 
with primary cultures of hippocampal neurons deriving from FVB Prnp+/+ and FVB Prnp−/− mice. A total of 
four hundred cells were counted. Data are shown as mean ± SD. Data were evaluated by unpaired Students’ t-
test. Statistical analysis is indicated as: **P < 0.01. (e) Representative images of control and α-Syn fibril-treated 
hippocampal neurons after 24 hours. On the left panels: in red, α-syn fibrils; in green, PrPC; and in blue, nuclei 
and cytoplasm (CellMask staining). On the right panels: in red, α-syn fibrils; in green, MAP-2; and in blue, 
nuclei and cytoplasm (CellMask staining). Scale bars represent 10 μm.
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within the striatum accumulated less α-Syn aggregates compared to those injected within the SNpc. In both 
cases the α-Syn-positive LB-like deposits were mainly ipsilateral; still, several α-Syn aggregates were present 
also in the contralateral regions to the injection site. α-Syn amyloid fibril injection in the SNpc induced strong 
front and hindlimb clasping in Prnp+/+ mice (3/3), while in the case of injection within the striatum only one 
Prnp+/+ mouse was clasping. On the contrary, clasping was never observed in Prnp−/− or control mice (0/3) 
(Supplementary Fig. S10).

Another hallmark of synucleinopathies is the presence of phosphorylated α-Syn deposits at residue S129 
(pS129)29. Immunohistochemical analysis for pS129-α-Syn revealed the presence of accumulation of phospho-
rylated α-Syn aggregates in both Prnp+/+ and Prnp−/− mice (Fig. 3a,b).

α-Syn amyloid injection and the ensuing accumulation were accompanied by astrogliosis that was more 
prominent in Prnp+/+ compared to Prnp-/- mice (Fig. 3c). In addition, α-Syn aggregates deposition was accompa-
nied by the gradual loss of tyrosine hydroxylase (TH) immunoreactivity, suggesting that α-Syn accumulation is 
linked to loss of DA neurons (Fig. 3d).

α-Syn amyloid fibrils lower PrPSc levels in scrapie-infected cells and in PMCA assay.  Our 
data illustrate the role of PrPC in facilitating the internalization of α-Syn amyloids. Several studies report the 

Figure 2.  Stereotaxic inoculation of sonicated α-Syn amyloid fibrils seeds the aggregation of endogenous 
mouse α-Syn in FVB mice. (a) Four different levels of CNS were considered for the counting of α-Syn deposits 
(olfactory bulb; striatum; motor cortex, M1, M2; hippocampus CA1, CA2, CA3; thalamus; amygdala; Substantia 
nigra; enthorinal cortex; brainstem). (b) Accumulation of PK-resistant α-Syn deposits in striatum, cerebral 
cortex, thalamus, and hippocampus in mice injected in Substatia nigra. Scale bar 50 μm. (c,d) Quantification of 
PK-resistant α-Syn deposits in all considered brain areas show that Prnp+/+ FVB mice are able to accumulate 
more α-Syn deposits compared with Prnp−/−. Prnp+/+ FVB mice accumulate more PK-resistant α-Syn when 
injected in the Substantia nigra (c), or in the striatum (d) compared to Prnp−/−. Data are represented as 
mean ± SD, for two-way ANOVA with Bonferroni’s posttests, N = 3 animals per group. For (c) interaction 
accounts for 27.82% of the total variance; F = 4.86. The P value is < 0.0001. For (d) interaction accounts for 
22.09% of the total variance; F = 5.57. The P value is < 0.0001). Red arrows show injection sites.
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importance of expression of PrPC in prion pathology30, 31. However, the role of PrPC in mediating PrPSc formation 
and its spread in the presence of α-Syn amyloids has never been described. Indeed, in two different assays of 
prion replication we observed lower PrPSc levels when recombinant α-Syn amyloids were added (Figs 4 and 5).  
More precisely, the supplement of α-Syn amyloids to cell culture that replicates the RML prion strain (ScN2a 
cell line) clear PrPSc levels after four days of incubation. In addition, through four subsequent passages no prions 
were detected. The treatment with various α-Syn amyloids decreased the PrPSc levels to different extent (Fig. 4a). 
Both, long non-sonicated α-Syn amyloids and those sonicated for 5 minutes had the most efficient inhibitory 
effect on prion replication in four further passages (Fig. 4b,c, Supplementary Fig. S11 confirms the inhibition also 
in immunofluorescence experiments). Importantly, in this context, it is worth noting that the monomeric α-Syn 
was not able to inhibit prion replication through passaging (Fig. 4b, uppermost panel). In order to check if this 
propriety was characteristic of only mouse α-Syn sequence we treated the ScN2a cells also with human WT α-Syn 

Figure 3.  Stereotaxic inoculation of sonicated α-Syn amyloid fibrils seed the aggregation of phosphorylated 
α-Syn in the CNS, leading to astroglia activation and loss of DA neurons in the Substantia nigra (5 mpi). (a,b) 
Immunohistochemical staining with an antibody against phosphorylated α-Syn revealed the presence of 
pathologic α-Syn deposits in the striatum of mice inoculated in the Substantia nigra, and in the striatum. Red 
arrows show the injection sites. Scale bars 25 μm. (c) Representative images of GFAP-immunostained samples 
show that there is a higher astroglial activation in α-Syn inoculated mice compared to PBS-inoculated or non-
inoculated controls. Scale bars 100 μm. (d) Tyrosine hydroxylase (TH) immunoreactivity quantification in 
Substantia nigra neurons show that seeded α-Syn pathology leads to loss of DA neurons after nigral or striatal 
inoculation. Values are given as means ± SD. Statistical significance was calculated by using two-way ANOVA 
followed by Turkey’s test. *P < 0.05, **P < 0.01, ***P < 0.001. (e) Representative mosaic images that cover 
Substantia nigra pars compacta and Ventral Tegmental Area (VTA) of WT mice inoculated with PBS (upper 
panel) or with α-Syn fibrils (lower panel) in the striatum.
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and all PD-related mutants. Human α-Syn sequence differs from mouse sequence in seven amino acids. These 
differences reflect in lag phases of fibril formation (all characterizations of human α-Syn proteins are reported 
in Supplementary Figs S12 and S13). Despite these differences in primary sequence, all human α-Syn amyloid 
proteins (WT and PD-related mutants) retain their PrPSc inhibiting properties, resembling mouse α-Syn amyloid 
protein (Supplementary Fig. S14b,c).

We checked also whether other amyloid forming proteins (like Aβ and tau fragment K18)) were able to clear 
PrPSc levels in ScN2a cells (Figs S15 and S16). Although, it is widely reported that Aβ binds PrPC still, it is not able 
to clear PrPSc in cell culture (Fig. S16).

We find that the clearance of PrPSc aggregates in cell culture is most likely due to the formation of C1 fragment 
together with N1 fragment (Fig. 5a). C1 and N1 fragment formation is a result of increased α-cleavage processing 

Figure 4.  Clearance of PrPSc from RML prion-infected cells in the presence of α-Syn amyloids. (a) PrPSc levels 
in ScN2a cells were measured by immunoblotting after four days of culture in the presence of different α-Syn 
preparations (monomeric and fibrillar α-Syn). (b) Western blot analysis of PK-resistant PrPSc in ScN2a cell 
lysates after treatment with monomeric α-Syn (grey arrow) or different α-Syn amyloids (short non-sonicated 
fibrils, red arrow; short sonicated fibrils, blue arrow; long non-sonicated fibrils, green arrow; long sonicated 
fibrils, magenta arrow) over four serial passages. (c) Quantification of three independent experiments. The 
values are shown as a percentage of PK-resistant form relative to total PrP/β-actin. β-Actin is a loading control. 
Data are represented as mean ± SD. Data were evaluated by unpaired Student’s t-test. Statistical analysis is 
indicated as: *P < 0.05, **P < 0.01, ***P < 0.001.
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of PrPC in the presence of α-Syn amyloids. This inhibitory effect on prion replication of mouse α-Syn amyloids 
was further analyzed also by a cell-free technique such as Protein Misfolding Cyclic Amplification (PMCA)32, 33. 
In particular, we assessed α-Syn amyloids ability to block prion replication using brain homogenate of Prnp+/+ 
FVB mice as a substrate and RML prion strain as a seed. The results show that in PMCA assay the α-Syn amyloid 
presence (in three different molar concentrations, 1:1, 1:3 and 1:10) reduced the rate of RML replication in two 
serial rounds of PMCA (Fig. 5d), while the replication of prions was present in control conditions (Fig. 5b,c).

Amyloid seeding assay (ASA)34 confirmed the data observed in ScN2a cells, and in PMCA experiments 
(Supplementary Fig. S17).

Figure 5.  Increased processing of the cellular PrP after treatment with mouse α-Syn amyloids, and the role of 
fibrils and monomeric α-Syn on cyclic amplification of PrPSc. (a) After PNGase F deglycosylation cell lysates 
of N2a cells treated with different α-Syn prep were separated by SDS-PAGE and PrP was immunoblotted 
with two Abs that recognize C-terminal part (W226 upper membrane), and N-terminal of the prion 
protein (SAF34 lower membrane), showing increased levels of α-cleavage product, C1 fragment. While, the 
immunoprecipitation of the medium with N-terminal Ab EB8 after four days of treatment show the other 
counterpart released within the medium, N1 fragment. β-Actin is a loading control. (b–d) Effect of α-Syn 
amyloid fibrils on conversion of PrPSc in two rounds of PMCA show the inhibition effect compared to control 
conditions where the monomeric α-Syn was used or only a buffer (PBS). The number of cycles of incubation-
sonication and the ratios α-Syn fibrils: PrPC are indicated. * = unspecific binding (white asterisk: uncomplete 
PK digestion).
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Discussion
Several independent studies described the accumulation of α-Syn pathology after intracerebral inoculation of 
recombinant α-Syn fibrils in wild type9, 10, and in transgenic mice7, 35, 36. However, the mechanisms through which 
exogenously injected fibrils enter the cells and through which insoluble α-Syn is transported to other neurons 
remain unknown. In this study we provide new insights of how the expression of PrPC in neurons may facilitate 
the accumulation and spreading of α-Syn aggregates. First, we found that higher percentage of N2a cells, that 
endogenously express PrPC, internalize α-Syn amyloid fibrils compared to N2a cells that were ablated for PrPC. 
Consistent with these observations, we observed higher internalization rate in primary cultures of hippocampal 
neurons deriving from FVB Prnp+/+ mice compared to Prnp−/− neurons. These findings suggested that PrPC may 
bind α-Syn amyloids and thus accumulate it in the cytoplasm. Indeed, in biochemical and biophysical experi-
ments we were able to show that this molecular interaction occurs. Our in vitro observations were also confirmed 
by in vivo experiments, where the Prnp+/+ mice presented abundant α-Syn pathology compared to Prnp−/− FVB 
mice, after intracerebral injection of α-Syn amyloids. Furthermore, Prnp+/+ mice showed increased levels of 
other key markers linked to LB pathology. Therefore, the potential function of PrPC in binding and mediating 
cell-to-cell spread of α-Syn amyloids offers an intriguing new role for PrPC and opens new venues of research.

However, scrapie load in cell culture decreased in α-Syn amyloid presence. The inhibitory effect we observed 
is most readily explained by α-Syn amyloid binding to PrPC on the cell surface, which blocks the docking of PrPSc 
template for further replication. Indeed, scrapie prions compete to bind PrPC, and we show here that this is also 
the case for α-Syn amyloids. On the other and the clearance of the pre-existent prions in cell culture could be 
explained by the increased processing of PrPC in the presence of α-Syn amyloids. α-Cleavage of PrPC is a process 
that yields two neuroprotective fragments37, 38, C1 fragment (18 kDa, after deglycosylation runs at 16 kDa) that 
accumulate at the plasma membrane, and N1 fragment (11 kDa) that is released in the medium. This processing 
has been shown to regulate physiological function of the prion protein generating biologically active fragments 
that can even modulate the course of prion progression. The latter is also shown to interfere with the neurotoxic-
ity of Aβ-oligomers. In this study we show that the amount of this soluble N-terminal fragment can be involved 
also in the α-Syn amyloid presence. Indeed, confirming our hypothesis the treatment with Aβ didn’t increased 
PrPC processing since we did not observe any formation of the two neuroprotective inhibitory fragments (N1 
and C1) and most importantly we could not observe any effect on PrPSc levels in its presence, like in the case of 
α-Syn amyloid treatment (Fig. 5a). On the other hand, the K18 fragment amyloids of tau protein (consisting of 
four repeats in the C-terminal half of the protein; all biochemical characterizations of tau fragment is reported 
in Supplementary Fig. S16) are able to increase the PrPC processing forming the inhibitory fragments (C1 and 
N1). Accordingly, K18 amyloids retain inhibiting capacity on scrapie aggregates in cell culture (Supplementary 
Fig. S16c). Indeed, we observed the increased formation of C1 fragment bound to the cell membrane and the 
N1 fragment released in the medium after treatment with α-Syn and K18 amyloids (Fig. 5a, and Supplementary 
Fig. S16f).

The present study indicates that PrPC might contribute to enhanced binding of α-Syn fibrils to the plasma 
membrane, in line with other studies reporting an increased level of binding between Aβ and PrPC during aging 
in several mouse models of Alzheimer’s disease. From the clinical point of view, there are several case reports 
describing the coexistence of prions and α-Syn deposits in sporadic (sCJD) and variant CJD (vCJD)39–43. When 
LBs develop in CJD patients the course of the disease is longer (3–4 years) compared to classical sCJD and vCJD 
(less than 1 year). In all described case reports, patients accumulate LBs and LNs in Substantia nigra and in cere-
bral cortex. Most likely, prion protein expressed at distinct levels of the CNS binds LBs and LNs and contributes to 
the cell-to-cell spread of the α-Syn pathology in CJD patients. At the same time, in these conditions the increased 
processing of the physiological PrP produces neuroprotective fragments that clear prion deposits. Consequently, 
the course of the CJD pathology is much longer in those patients that develop LB aggregates compared to those 
without LB deposits.

The observation that α-Syn amyloids can bind PrPC may have potential therapeutic application. In fact, anti-
bodies raised against PrPC are able to block prion replication efficiently by interfering with PrPC–PrPSc interac-
tion44. The same could be predicted for α-Syn pathology, antibodies against PrPC could prevent α-Syn amyloids 
binding to PrPC, thus precluding cell entry and spreading of synucleopathies.

Methods
Fibrillation of mouse α-Syn.  Prior to fibrillation, the protein was filtered with 0.22 μm syringe filter and 
the concentration was determined by absorbance measured at 280 nm. Purified mouse α-Syn (1.5 mg/mL) was 
incubated in the presence of 100 mM NaCl, 20 mM Tris-HCl pH 7.4 and 10 μM ThioflavinT (ThT). Reactions 
were performed in black 96-well plates with a clear bottom (Perkin Elmer), in the presence of one 3-mm glass 
bead (Sigma) in a final reaction volume of 200 μL. Plates were sealed and incubated in BMG FLUOstar Omega 
plate reader at 37 °C with cycles of 50 sec of shaking (400 rpm, double-orbital) and 10 sec of rest. ThT fluorescence 
measurements (excitation: 450 nm, emission 480 nm, bottom read) were taken every 15 min.

For cell culture experiments, fibrillation of the protein was performed as described above, but in the absence 
of ThT. After fibrillation, the reaction mixtures were ultracentrifuged for 1 h at 100,000 g (Optima Max-XP, 
Beckman) and re-suspended in sterile PBS, aliquoted and stored at −80 °C until use.

Cell culture.  Mouse neuroblastoma N2a cells were kindly provided by Prof. Chiara Zurzolo (Unité de 
traffic membranaire et pathogenèse, Institute Pasteur, Paris, France). ScN2a cells are clones persistently 
infected with the RML prion strain as described by Prusiner’s group (20). Cells were grown and maintained 
at 37 °C/5% CO2 incubator in minimal essential medium (MEM) + glutamax (Thermo Fisher Scientific Inc.), 
supplemented with 10% fetal bovine serum, 1% non-essential aminoacids, and, 100 units/mL penicillin and 
100 μg/mL streptomycin. 30000 cells/dish were cultured for treatments. N2aPrP−/− cells were kindly provided 
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