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Differential pathological dynamics triggered by distinct 
Parkinson patient–derived α-synuclein extracts in 
nonhuman primates
R. Kinet1†, M. Bourdenx1†‡, S. Dovero1, M. Darricau1, M.-L. Arotcarena1, S. Camus1, G. Porras1, 
M.-L. Thiolat1, I. Trigo-Damas2,3, S. Bohic4, M. Morari5, E. Doudnikoff1, M. Goikoetxea6, S. Claverol7, 
C. Tokarski7, N. Kruse8, B. Mollenhauer8,9, C. Estrada10,11, N. Garcia-Carrillo12, M. T. Herrero10,11,  
M. Vila3,13,14,15, J. A. Obeso2,3,16, E. Bezard1*§, B. Dehay1*§

The presence of α-synuclein (α-syn) aggregates, such as Lewy bodies in patients with Parkinson’s disease (PD), 
contributes to dopaminergic cell death. Injection of PD patient–derived α-syn in nonhuman primates has illus-
trated the exquisite vulnerability of primate dopaminergic neurons. Here, we aimed to elucidate the temporal and 
spatial pathological changes induced by two distinct α-syn pathogenic structures, having large or small sizes. To 
unravel the underlying molecular pathways, we conducted a proteomic analysis of the putamen and the entorhi-
nal cortex, two brain regions carrying notable α-syn pathology. We demonstrate that distinct assemblies of α-syn 
aggregates drive unique pathogenic changes that ultimately result in a comparable extent of nigrostriatal degen-
eration at the level of nigral dopaminergic neuron cell bodies and striatal dopaminergic terminals. More broadly, 
our findings identify pathogenic trajectories associated with large or small α-syn aggregates, suggesting the ex-
istence of several possible concomitant pathogenic routes in PD.

INTRODUCTION
Characterizing animal models at different stages of disease progres-
sion is critical to understanding the course of neurodegenerative pa-
thologies such as Parkinson’s disease (PD). While accumulation of 
misfolded α-synuclein (α-syn) is central to PD, its presence does not 
always directly correlate with neuronal death. Other mechanisms 
beyond α-syn aggregation may, therefore, significantly contribute to 
neurodegeneration in PD (1). In addition to calling Braak’s hypothe-
sis into question (2), this finding urges the development of animal 
models that replicate that specific disease feature. Over the last de-
cades, several nonhuman primate (NHP) models of PD have been 
characterized to better understand (3) and mimic as closely as possi-
ble (4) PD pathology progression and characteristics. These include 

the use of aged animals (5), toxins (6), viral vector–mediated gene 
delivery (7, 8), recombinant or patient-derived α-syn injections (9), 
or genetic modifications (10, 11),

PD patient–derived α-syn assemblies have been used as patho-
genic triggers in  vitro (12), in mice (13,  14) and NHPs (14–16), 
making it an inestimable tool for modeling PD. Previously, we 
showed that intrastriatal injection of patient-derived α-syn fractions 
containing either the large aggregates (LA fraction, also known as 
Lewy bodies) or the small aggregates (SA fraction, formed by solu-
ble α-syn plus 10% aggregated α-syn with a different amyloid struc-
ture) led to the same extent of dopaminergic neurodegeneration in 
NHP but not in mice (14). The pathological profile observed in this 
2-year post–striatal injection study suggested differential activation 
of cellular and metabolic pathways, underscoring the multifactorial 
nature and complexity of this synucleinopathy (14). However, a 
time-course study following LA and SA fraction injections is neces-
sary to support this claim further.

This study aimed to investigate the molecular mechanisms trig-
gered by the intrastriatal injections of patient-derived LA or SA 
fractions in the same NHP cohort at 6, 12, and 24 months postinjec-
tion, with in-depth analyses of more than 180 variables obtained 
from behavioral, histological, biochemical, transcriptional, and bio-
physical approaches applied to several brain areas for each individ-
ual. The results highlight distinct dynamics of pathogenic alterations 
between the LA and SA groups, particularly affecting synaptic mod-
ulation in the putamen and mitochondrial homeostasis in the ento-
rhinal cortex.

RESULTS
Striatal dopamine denervation kicks in earlier in 
LA-exposed NHPs
To determine the pathological dynamics induced by distinct patient-
derived α-syn extracts in a species closer to humans, 37 adult baboons 

1Univ. Bordeaux, CNRS, IMN, UMR 5293, F-33000 Bordeaux, France. 2HM CINAC, HM 
Puerta del Sur, Fundación HM Hospitales and CIBERNED and CEU-San Pablo Univer-
sity, Madrid, Spain. 3Center for Networked Biomedical Research on Neurodegen-
erative Diseases (CIBERNED), Instituto Carlos III, Madrid, Spain. 4Univ. Grenoble 
Alpes, Synchrotron Radiation for Biomedicine (STROBE), Grenoble, France. 5Depart-
ment of Pharmaceutical and Pharmacological Sciences, University of Padova, 
Padova, Italy. 6CIC NanoGUNE BRTA, Tolosa Hiribidea 76, 20018 Donostia-
San Sebastián, Spain. 7Univ. Bordeaux, Bordeaux Proteome, Bordeaux, France. 
8University Medical Center Goettingen, Institute of Neuropathology, Goettingen, 
Germany. 9Paracelsus-Elena-Klinik, Kassel, Germany. 10Clinical and Experimental 
Neuroscience Unit, School of Medicine, Biomedical Research Institute of Murcia 
(IMIB), University of Murcia, Campus Mare Nostrum, 30100 Murcia, Spain. 11Insti-
tute of Research on Aging (IUIE), School of Medicine, University of Murcia, 30100 
Murcia, Spain. 12Centro Experimental en Investigaciones Biomédica (CEIB), Uni-
versidad de Murcia, Murcia, Spain. 13Neurodegenerative Diseases Research Group, 
Vall d’Hebron Research Institute (VHIR), Barcelona, Spain. 14Department of Bio-
chemistry and Molecular Biology, Autonomous University of Barcelona (UAB), Bar-
celona, Spain. 15Catalan Institution for Research and Advanced Studies (ICREA), 
Barcelona, Spain. 16CEU, San Pablo University Madrid, E-28938 Mostoles, Spain.
*Corresponding author. Email: erwan.​bezard@​u-bordeaux.​fr (E.B.); benjamin.​dehay@​
u-bordeaux.​fr (B.D.)
†These authors contributed equally to this work.
‡Present address: UK Dementia Research Institute, University College London, 
London WC1E 6BT, UK.
§These authors contributed equally to this work.

Copyright © 2025 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 

D
ow

nloaded from
 https://w

w
w

.science.org on June 18, 2025

mailto:erwan.​bezard@​u-bordeaux.​fr
mailto:benjamin.​dehay@​u-bordeaux.​fr
mailto:benjamin.​dehay@​u-bordeaux.​fr
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adu6050&domain=pdf&date_stamp=2025-06-18


Kinet et al., Sci. Adv. 11, eadu6050 (2025)     18 June 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

2 of 19

(Papio papio) were allocated to a control group (n = 7), an LA group 
(n = 18), and an SA group (n = 12), receiving 100 μl of bilateral injec-
tion of PD patient–derived LA or SA fractions, respectively, in 
the putamen.

In our prior work (14), we extensively characterized those α-syn 
extracts from patients with PD, naming them LB and noLB (14). 
However, such nomenclature required amendment because we in-
correctly assumed the absence of aggregated α-syn in SA fractions. 
The current terminology, instead, accounts for the amyloid fibril 
structure (14). We reported that LA fractions (formerly LB) primar-
ily contain ~90% of large aggregated α-syn fibrils, whereas SA frac-
tions (formerly noLB) are made of soluble α-syn (90%) and ~10% of 
small amyloid structures not found in LA fractions (14). Moreover, 
ultrastructural examination of SA and LA fractions by atomic force 
microscopy (AFM) (fig. S1A) and by electron microscopy (fig. S1B) 
confirmed structural differences, which specifically revealed the 
presence of larger aggregates in LA samples compared to those in 
SA samples. We confirmed that sonication for 5 min before injec-
tion disrupted LA into fibrillar fragments with an average size of 
62.52 nm (fig. S1C). The α-syn content quantified by enzyme-linked 
immunosorbent assay (ELISA) was 41.33 pg/μl for SA and 24.52 pg/
μl for LA. To allow comparison between experimental groups, we 
diluted both pools of fractions to the least concentrated pool (24 pg/
μl) before in vivo injections.

To follow the pathology kinetics, experimental groups were ter-
minated at 6, 12, and 24 months after surgery (control, n = 7; LA, 
n  =  6 for each time point; and SA, n  =  4 for each time point) 
(Fig. 1A). Nigrostriatal integrity was assessed by tyrosine hydroxy-
lase (TH) staining, revealing a significant decrease in TH surface 
level in the substantia nigra (SN) of LA.24mo and SA.24mo groups 
compared to controls (Fig. 1, B and C), as previously reported (14). 
Stereological counts of TH-positive cells in the SN confirmed the 
lack of difference in dopamine cell loss between the LA and SA 
groups (−15.1 and −15.7%, respectively) (Fig. 1, D and E). The co-
variation of both endpoints in the LA and SA groups suggests that 
SN dopaminergic lesions are primarily localized within the dendrit-
ic arborization. Two years after administration, LA- and SA-injected 
baboons displayed significant striatal dopaminergic terminal loss in 
the putamen (Fig.  1, F and G) and the caudate nucleus (Fig.  1, 
F and H).

At 12 months, both LA- and SA-injected groups showed similar 
reduction in dopaminergic terminals (~17%), albeit only the LA 
group reached statistical significance. This phenotype, indicative of 
ongoing neurodegenerative processes, resembles a premotor stage of 
PD, characterized by less than the 45% loss of TH striatal innerva-
tion, at least below the threshold required for the onset of parkinson-
ism (17). The kinetics between the LA and SA groups (fig. S2, A to D) 
appear to be very similar, although it remains to be determined now 
whether distinct pathological mechanisms may be involved.

Cortical α-syn pathology begins earlier in LA-exposed NHPs
We investigated the levels of total α-syn (Fig. 2A) and α-syn phos-
phorylated at serine-129 (pSyn) (Fig.  2B), taken as a surrogate 
marker of α-syn pathology within 17 brain regions (Fig. 2C). Total 
α-syn (Fig. 2, A and C) globally decreased over time, except in the 
hippocampus. In the caudate nucleus, echoing the TH denervation 
data, α-syn progressively decreased from as early as 12 months in 
the LA group up to 24 months, ultimately reaching similar levels in 
both the LA and SA groups (−16.15% for LA.24mo and −15.65% for 

SA.24mo compared to that in control). A time-dependent increase 
in total α-syn was found only in the hippocampus, which was more 
pronounced in the SA group compared to that in the LA group 
(Fig. 2D). pSyn immunoreactivity increased, particularly in the cor-
tical areas of both the LA and SA groups. Such an increase, however, 
started as early as 6 months in the LA group (Fig. 2, B and C). The 
entorhinal cortex (Fig. 2, F and G, and fig. S3A), confirmed by bio-
chemical techniques (fig. S2E), and parahippocampal cortex (Fig. 2, 
H and I, and fig. S3B) were significantly the most affected areas (z-
score > 2). Transient elevations of pSyn were also observed in the 
hippocampus, although pSyn immunoreactivity peaked earlier in 
LA (6 months) than in SA (12 months) groups (fig. S3C). Together, 
these results suggest that striatal injections of LAs and SAs induce 
distinct temporal changes in α-syn and pSyn levels, with earlier de-
velopment of pathology in LA-injected compared to that in SA-
injected animals.

Differential pathological kinetics suggest an earlier start in 
LA-exposed NHPs
We conducted a thorough investigation of the LA- and SA-exposed 
NHP brains. We analyzed multiple pathology-related variables, in-
cluding endpoints related to nigrostriatal denervation, behavioral 
parameters, α-syn–related and non–α-syn–related pathology end-
points (in several brain areas), and biological fluid α-syn measure-
ments. A wide array of techniques was used, including ethology, 
immunohistochemistry, histology, biochemistry, synchrotron radia-
tion x-ray fluorescence (SR-XRF) spectrometry (Fig. 3A), which al-
lowed for the collection of 180 variables for each individual, as 
previously described (14) (see Fig. 3B for variable abbreviation no-
menclature and table S1 for individual data). We extracted the vari-
ables that significantly differed between the control and the LA or SA 
groups from this dataset. We plotted them over time (Fig. 3C), irre-
spective of the direction of the change. Six months after injection, the 
LA and SA groups differed from the control group for 5 and 11 vari-
ables, respectively, a difference that rose to 44 and 31 variables, re-
spectively, at 24 months after injection. Overall, this pattern is 
suggestive of a progressive disease phenotype (Fig. 3C). Second, to 
shed light on the different pathways affected at each time point, we 
grouped the variables into nine relevant categories (Fig. 3, D to F, and 
table S1). Such data organization unraveled different patterns in LA- 
and SA-exposed NHPs. It is interesting to notice the progressive 
differentiation between experimental and control groups over time, 
with higher number of significantly different variable 24 months af-
ter surgery for the majority of the categories (Fig. 3D). Six months 
after injection, LA-injected baboons showed nigrostriatal neurode-
generation that was associated with a larger modification in soluble 
α-syn–related compared to that in insoluble α-syn–related variables 
(Fig. 3E). Conversely, the SA group did not show neurodegeneration 
at 6 months, but larger changes in insoluble compared to that in sol-
uble α-syn–related variables; moreover, alterations in proteostasis-
related variables emerged (Fig. 3F). Twelve months after injection, 
the LA group showed larger nigrostriatal neurodegeneration which 
was associated with a progressive increase in the number of solu-
ble and insoluble α-syn–related and basal ganglia dysfunction [i.e., 
γ-aminobutyric acid (GABA) and glutamate levels in Globus Pallidus 
Internus (GPi)] variables (Fig. 3E). The number of soluble α-syn– 
related and pSyn-related variables increased. Similarly, although no 
overt parkinsonism was observed, behavioral abnormalities kicked 
in, notably social withdrawal [as reported in 24-month baboons; 
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Fig. 1. Distinct nigrostriatal neurodegeneration pattern is observed after intrastriatal injection of patient-derived LA and SA fractions. (A) The study plan in-
cludes injection of brain-derived LA and SA fractions with termination time points at 6, 12, and 24 months after surgery. (B) Illustrative images and (C) scatter plots of nigral 
tyrosine hydroxylase (TH) surface immunostaining in the SN of control and LA/SA-injected NHPs are expressed as a percentage of controls. Scale bar, 500 μm. (D) Repre-
sentative images and (E) quantification of TH-positive neurons by stereological counting in the SN of control and at different time points following intrastriatal injection 
of LA and SA fractions from Parkinson’s disease patients. Scale bar, 200 μm. (F) Illustrative images and (G and H) scatter plots of striatal TH immunostaining in control and 
LA/SA-injected non-human-primates are expressed as a percentage of controls. Scale bars, 5 mm. Data are expressed as means ± SD, the bootstrapped mean difference 
with 95% confidence interval (CI; error bar) is shown on the bottom part of the graph. Statistical analysis was performed using a two-sided permutation t test. *P < 0.05 
compared to control animals. mo, months.
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Fig. 2. Brain-wide analysis of α-syn pathology following intrastriatal injection of LA and SA fractions from patients with Parkinson’s disease. (A and B) Illustrative 
image of (A) α-syn and (B) serine-129 phosphorylated α-syn (pSyn) staining. (C) Histological quantification in different brain regions of α-syn and pSyn represented as a 
z-score from the control mean and SD heatmap, and statistical analysis was performed using a two-sided permutation t test. *P < 0.05 compared to control animals. 
(D and E) Inset of illustrative images of (D) α-syn and (E) pSyn immunostaining in the hippocampus of control, SA-injected, and LA-injected animals. (F and G) Inset of il-
lustrative images of (F) α-syn and (G) pSyn immunostaining in the entorhinal cortex of control, SA-injected, and LA-injected animals. (H and I) Inset of illustrative images 
of (H) α-syn and (I) pSyn immunostaining in the parahippocampal cortex of control, SA-injected, and LA-injected animals. Scale bars, (A and B) 8 mm, (D) 1 mm, (E, G, and 
I) 20 μm, and (F and H) 100 μm. mo, months.
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Fig. 3. Pathological-related variable differences between LA and SA groups. (A) Graphical representation of the different types of variables analyzed in this study 
including (1) dopaminergic degeneration, (2) behavioral assessment, (3) α-syn–related pathology, (4) non–α-syn–related pathology, and (5) putative biomarkers. 
(B) Guideline for variable naming. (C) Analyses of the number of variables significantly different from the control group show an increase over time for both groups. 
(D) Scatter plots displaying the number of significant variables (x axis) and the percentage of significant variables of each category, including proteostasis, S129 phos-
phorylated α-syn, soluble α-syn, insoluble α-syn, behavioral, basal ganglia dysfunction, neurodegeneration, α-syn in body fluids, inflammation parameters (y axis), and the 
different time points (6, 12, and 24 months) with different size and symbols (cross for LA and square for SA) reveals a difference pattern in LA (left) and SA (right) groups. 
(E and F) Pie-doughnut charts showing the relative proportions of each variable investigated in the LA (E) and SA (F) groups. The total ring size refers to the relative propor-
tions of variables investigated (n = 168) grouped by color category; the internal rings refer to the 6-month postinjection time point, the middle rings to the 12-month 
postinjection time point, and the external rings refer to the 24-month postinjection time-point groups. Significantly different variables in the LA and SA groups compared 
to those in controls at the three different time points postinjection (i.e., 6, 12, and 24 months) are represented in lighter color than nonsignificant ones. mo, months.
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(14)]. LA-exposed NHPs collected at 24 months further worsened, 
with even more variables being significantly affected compared to 
controls (Fig. 3E). SA-exposed NHPs also showed a rise in the num-
ber of significantly affected variables at 24 months, but only those 
related to soluble α-syn and degeneration (Fig.  3F). While both 
groups displayed a comparable extent of nigrostriatal degeneration at 
24 months, these data suggest an earlier start of the pathological pro-
cess in LA-exposed NHPs, with SA-exposed animals displaying a less 
mature pathological profile than LA-exposed ones.

Proteomic analysis of putamen and entorhinal cortex 
reveals mechanistic differences
After highlighting the different pathway time courses, we further 
studied the spatial response (local and distant) to LA and SA in-
jections and its modulation over time through unbiased mass spec-
trometry (MS)–based proteomics. Proteomic analysis was performed 
on two regions: (i) the putamen, which is the injection site and shows 
neurodegeneration (Fig. 1, F to H), and (ii) the entorhinal cortex, 
which is the region showing the most pronounced pSyn changes 
(Fig. 2G).

Pairwise comparisons in the putamen revealed that numerous 
proteins were differentially regulated under the various experimen-
tal conditions (Fig.  4A). Unlike the SA group, the number of up-
regulated proteins diminished over time (i.e., from 6 to 24 months) in 
the LA group compared to that in the control group (Fig. 4A). The 
number of down-regulated proteins peaked 24 months after injection 
in both experimental groups. LA and SA groups shared the most dif-
ferentially abundant proteins (DAPs) (18) at 24 months after injec-
tion, indicating a similar proteome profile at late stage (Fig. 4B). This 
similarity was confirmed by hierarchical clustering (Fig. 4C) because 
arranging the injection groups by time points revealed that, in the 
putamen, the core response is conserved irrespective of the type of 
α-syn injected. Protein-based clustering highlighted a major differ-
ence between early (6 and 12 months) and late (24 months) time 
points, reinforcing the results obtained on conserved DAPs (Fig. 4B).

Next, we used unsupervised dimensionality reduction [principal 
components analysis (PCA)] to capture proteome-wide variations 
across groups. PCA identifies principal components (PCs), or dimen-
sions, that represent coordinated variations in protein abundance and 
are ordered by the amount of variance they explain. We then corre-
lated these “proteomes axes” with previous experimental data. The 
Pearson correlation coefficient test revealed a strong correlation be-
tween PC3 values and many experimental neuropathology-related 
variables (Fig.  4D). PC3 also discriminated between experimental 
groups affected by PD patient–derived fractions and the other groups 
at 24 months (Fig. 4E), showing a divergent pattern at the 12-month 
time point (LA.12mo, 11.00%; and SA12.mo, −0.62%) (Fig. 4F). We 
selected the top 10% of proteins contributing to PC3, over the 95th 
percentile (n = 138) and under the 5th percentile (n = 138) (Fig. 4F). 
Gene ontology combined with network analysis showed that proteins 
involved in purine metabolism and synaptic organization were the 
most differentially expressed in the putamen, consistent with neuro-
degeneration events around the injection site (i.e., putamen) (Fig. 4, F 
and G) (19, 20).

The same analysis was performed on the entorhinal cortex pro-
teomic dataset. The number of up-regulated proteins increased pro-
gressively in the LA group, from 20 to 40 proteins up-regulated at 6 
and 24 months, respectively (Fig. 5A). A group of 22 DAPs, composed 
of 14 up-regulated and 8 down-regulated proteins, was conserved 

among the LA and SA groups at 12 and 24 months after injection, 
showing a similar maturation of the pathology (Fig.  5B). Also, the 
LA.12mo group shared more DAPs with the SA.12mo and SA.24mo 
groups than with the LA.24mo group, suggesting a different patholo-
gy trajectory for this group (Fig. 5B). The abundance of DAPs in the 
entorhinal cortex proteins was standardized as z-scores and hierarchi-
cally clustered (Fig.  5C). Group clustering showed similarities be-
tween the LA and SA groups 6 months after injection, and separation 
by α-syn–type injected after 12 months (when pathological α-syn 
starts to accumulate in this region; Fig. 2C). This highlights the differ-
ent cellular response engaged by the two types of α-syn aggregates. 
From a temporal standpoint, the LA group at 24 months was grouped 
with SA groups at 12 and 24 months, indicating a faster progression of 
α-syn pathology in the entorhinal cortex of the SA group and con-
solidating the data from conserved DAPs analysis (Fig. 5B).

To study the dataset by multidimensional analysis, we performed 
PCA and correlated the results with experimental variables. PC2 
correlated the most with the 180 pathological-related variables 
through the Pearson correlation (Fig. 5D). Furthermore, we could 
discriminate the patient-derived injection groups across time points 
(Fig. 5E). The explained variance of the PC2 revealed dynamic dif-
ferences among experimental groups (Fig.  5F). The LA group 
progressively increased from −23.27% at 6 months to 8.40% at 
12 months and to 11.68% at 24 months. The mean explained vari-
ance of the SA group rose from −14.88% at 6 months to 19.57% at 
12 months, settling to 15.96% at 24 months (Fig.  5F). To further 
disentangle in network analysis, we selected the 10% of proteins 
having more impact on the PC3 explained variance, i.e., over the 
95th percentile (n = 134) and under the 5th percentile (n = 134) 
(Fig.  5F). Unlike the putamen, the selection of multiple proteins 
from the entorhinal cortex PC2 is 10% related to the mitochondria 
and exocytosis process (Fig.  5G). This pattern is consistent with 
the central role of the mitochondria in caspase activation and cell 
death and distant spreading phenomenon involving α-syn exocyto-
sis (Fig. 5, F and G) (20, 21).

Alterations of synaptic markers in putamen occur early in SA
To validate our proteomic results, we explored the nature of dys-
regulated synaptic organization by measuring the expression of the 
postsynaptic density protein 95 (PSD-95) and the presynaptic den-
sity protein synaptophysin (22) in the putamen. PSD-95 expression 
levels (Fig. 6, A and B) showed a reduction in the LA groups com-
pared to that in controls at 12 months (−50.1%) and 24 months 
(−24.0%) after injection. Conversely, in the SA groups, PSD-95 ex-
pression levels were reduced at 6 months (−54.3%), 12 months 
(−55.9%), and 24 months (−60.4%), indicating fast and strong post-
synaptic alterations (Fig. 6B). Synaptophysin levels were unaffected 
in the LA groups (Fig. 6, A and C), whereas they gradually declined 
in the SA group at 12 months (−21.6%) and 24 months (−43.19%), 
suggesting a later decline in presynaptic elements following the rap-
id loss of postsynaptic compartments (Fig. 6B). Of interest, in the 
SA group at the latest time point (i.e., SA.24mo), PSD-95 levels neg-
atively correlated with aggregated α-syn measured by dot-blot in the 
putamen [coefficient of determination (R2) = −0.9817, P = 0.0183] 
(Fig. 6D), indicating that the increase in aggregated forms of α-syn 
is associated with a decrease in PSD95 expression. In addition, 
PSD95 expression positively correlated with three different α-syn 
soluble-related variables in the putamen (Fig. 6D). These findings 
suggest that changes in the expression levels of PSD95 may reflect 
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Fig. 4. Proteomic analysis of putamen protein samples shows differences in protein expression dynamics between the LA and SA groups over time. (A) Number 
of proteins significantly up-regulated or down-regulated in LA- and SA-exposed groups compared to control group. (B) UpSet plot of the differentially abundant proteins 
(DAPs) (n > 1) conserved in at least two groups, representing up-regulated (yellow) and down-regulated (blue) proteins in different groups. Each column corresponds to 
an experimental group set, and bar charts on top show the size of the set. Each row corresponds to a possible intersection: The filled-in cells show which set is part of an 
intersection. Also notice the lines connecting the filled-in cells: They show in which direction you should read the plot. (C) Heatmap and hierarchical clustering analysis 
based on changes in protein abundance compared to control. (D) Principal components analysis (PCA) of the proteomic dataset correlated with variables obtained from 
behavioral, histological, biochemical, transcriptional, and biophysical approaches. Pearson correlation between the individual scores in each principal component (PC) 
with the individual values of variable analysis, *P < 0.05. (E) Individual NHP values upon PC2 and PC3 drawing two clusters segregating animals injected 24 months before 
the others. (F and G) Network analysis of proteins under the 5th and above the 95th percentile of the PC3 (n = 300).
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Fig. 5. Proteomic analysis of entorhinal cortex protein samples shows differences in protein expression dynamics between the LA and SA groups over time. 
(A) Number of proteins significantly up-regulated or down-regulated in LA- and SA-exposed groups compared to controls over time show similar ending numbers with 
differences in first-time points. (B) UpSet plot of the DAPs (n > 1) conserved in at least two groups, representing up-regulated (yellow) and down-regulated (blue) proteins 
up- and down-regulated in different groups. (C) Heatmap of all protein expression significantly up-regulated or down-regulated compared to control in the entorhinal 
cortex. (D) PCA of the proteomic dataset correlated with variables obtained from behavioral, histological, biochemical, transcriptional, and biophysical approaches. 
Pearson correlation between the individual scores in each PC with the individual values of variable analysis, *P < 0.05. (E) Individual NHP values upon PC1 and PC2 draw-
ing two clusters segregating animals injected 24 months before from the others. (F and G) Network analysis of proteins under the 5th and above the 95th percentile of 
the PC2 (n = 300).
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the onset of synucleinopathy in the putamen, or at least the conse-
quences thereof. On the other hand, the down-regulation of synap-
tophysin expression in the SA.24mo group (Fig.  6E) negatively 
correlated with the expression of α-syn in the putamen, as revealed 
by quantitative polymerase chain reaction (qPCR; R2  =  −0.9862, 
P = 0.0138), immunoblot (R2 = −0.9815, P = 0.0185), and immu-
nostaining in the putamen (R2 = 0.9865, P = 0.0135). This indicates 
that the increase of α-syn is associated with a decrease of synapto-
physin expression levels in the putamen. Together, these findings 
support the relevance of our proteomic results and indicate that syn-
aptic disorganization preferentially affects the SA groups compared 
to the LA groups.

LA induces complex reorganization of mitochondrial activity 
in entorhinal cortex
Proteomic analysis of the entorhinal cortex highlighted differences 
in several mitochondria-related proteins between the LA and SA 
groups. To determine the potential mechanisms underlying mito-
chondrial alterations in the entorhinal cortex, we next analyzed 
translocase of the outer mitochondrial membrane complex subunit 
20 (TOM20) expression as a marker of mitochondrial mass due to 
its constitutive expression in the outer mitochondrial membrane 
(OMM) (23) and the two splicing forms of OPA1, namely, the short 
(S-OPA1) and the long (L-OPA1) forms. S-OPA1 is involved in re-
storing energetic efficiency (24), while L-OPA1 is mostly involved in 
mitochondrial fusion. Long and short forms of OPA1 complement 
each other to reconstitute mitochondrial morphology.

Immunoblot analysis of TOM20 revealed an opposite change 
in expression in the LA.24mo group (213.1% of control) and the 
SA.24mo group (45.3% of control) (Fig. 7A). TOM20 distribution 
was further assessed by immunofluorescence. No alterations were 
found in the LA groups. However, in the SA groups, a significant 
increase of TOM20 total surface was observed at 6 months (+14.9 μm2 
per cell) followed by a decrease at 12 months (−20.5 μm2) and 24 months 
(−13.9 μm2) (Fig. 7B), demonstrating a progressive reduction in mi-
tochondrial mass in the entorhinal cortex.

Further supporting the occurrence of mitochondrial alterations, 
we quantified the different OPA1 isoforms by immunoblot analysis 
(Fig. 7C). This method accurately depicts subtle changes in mito-
chondrial morphology, motility, and energy production (25–27). In 
the LA groups, S-OPA1 immunoblot levels were significantly de-
creased (−36.24%) only in the LA.24mo group compared to that in 
the control group (Fig. 7D), which might suggest a late mitochon-
drial energy deficit. This S-OPA1 decrease tends to correlate with 
histological pSyn assessment in the entorhinal cortex (R2 = 0.6552, 
P  =  0.051) (Fig.  7E). We observed that L-OPA1 significantly 
rose in the LA.12mo (+145.8%), SA.6mo (+142.5%), and SA.24mo 
(+133.8%) groups compared to that in controls, suggesting an 
enhanced mitochondrial fusion (Fig. 7F). Overall, the results ob-
tained in the LA groups indicate several mitochondrial alterations, 
including an increase in mitochondrial mass associated with a loss 
of energy efficiency at 24 months, likely due to an enhancement 
of mitochondrial fusion at 12 months. In the SA group, the results 
suggest mainly a progressive loss of mitochondrial mass.

Fig. 6. Biochemical and histological analysis of pre- and postsynaptic proteins. (A to C) Illustrative images (A) and scatter plots (B and C) of immunoblot analysis of 
postsynaptic protein (B) PSD-95 and (C) synaptophysin in the putamen of controls and LA- and SA-injected NHPs. (D) Correlation between PSD-95 immunoblot data and 
α-syn dot blot in LA.12mo (R2 = 0.9944, P = 0.0005), 56-kDa α-syn immunoblot in SA.6mo (R2 = 0.9576, P = 0.0214), monomeric α-syn immunoblot in SA.12mo (R2 = 0.9235, 
P = 0.0765), and aggregated α-syn dot blot in SA.24mo (R2 = −0.9817, P = 0.0183). (E) Correlation between synaptophysin immunoblot levels and α-syn levels in the puta-
men as measured by qPCR (R2 = −0.9862, P = 0.0138), immunohistochemistry (IHC) (R2 = 0.9865, P = 0.0135), and immunoblot (R2 = −0.9815, P = 0.0185) in the SA.24mo 
group. Data are expressed as means ± SD, and the bootstrapped mean difference with 95% CI (error bar) is shown on the bottom part of the graph. Statistical analysis was 
performed using the two-sided permutation t test. *P < 0.05 compared to control animals. WB, Western blot.

D
ow

nloaded from
 https://w

w
w

.science.org on June 18, 2025



Kinet et al., Sci. Adv. 11, eadu6050 (2025)     18 June 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 19

Fig. 7. Biochemical and histological analyses of mitochondrial markers reveal changes in dynamics between LA and SA groups. (A and B) Immunoblot of TOM20 
(A) and TOM20 immunofluorescence staining (B) analyses in the different experimental groups in the entorhinal cortex. Scale bar, 5 μm. (C to F) Entorhinal cortex (ENT) 
immunoblot analysis of internal mitochondrial membrane protein OPA1, including the short (S-OPA1) (D) and the long (L-OPA1) (F) forms, displaying a correlation be-
tween S-OPA1 and with pSyn IHC level in the LA.24mo group (R2 = 0.6552, P = 0.051) (E). Data are expressed as means ± SD, and the bootstrapped mean difference with 
95% CI (error bar) is shown on the bottom part of the graph. Statistical analysis was performed using a two-sided permutation t test. *P < 0.05 compared with control 
animals. mo, months.
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DISCUSSION
Here, we shed light on the complexity of the pathology induced by 
SA and LA forms of α-syn–enriched PD patient–derived fractions. 
We identified differential kinetics and mechanisms associated with 
the injection of SA and LA by performing an in-depth longitudinal 
characterization in a large NHP cohort. Using proteomics, we high-
lighted the shared and unique cellular responses associated with 
small or large α-syn aggregates. We observed that pre- and postsyn-
aptic changes depend on the fraction type. Also, mitochondrial al-
terations were observed in the entorhinal cortex, with a decreased 
mitochondrial mass in the SA groups and a mitochondrial complex 
activity reorganization in the LA groups.

Relying on our extensive pathological characterization covering 
180 behavioral, histological, and biochemical parameters applied to 
40 brain areas of interest combined with an unbiased comparative 
proteomics approach, we gained insight into a comprehensive map-
ping to elucidate the temporal and spatial pathological changes in-
duced by two distinct PD patient–derived α-syn pathogenic structures 
(14). We previously showed that small (SA) and large (LA) α-syn as-
semblies induce dopaminergic degeneration in NHPs 2 years after 
administration (14) without knowing (i) the precise kinetics of those 
neurodegenerative changes and (ii) the putative differential patho-
logical pathways involved. This longitudinal study shows that the do-
paminergic axonal depletion in the caudate nucleus appears early 
(i.e., at 12 months) in the LA-injected group (Fig. 1H), demonstrating 
an early pathological effect of highly enriched aggregated α-syn frac-
tions. This suggests a major impairment in the organization of the 
nigrostriatal projections, affecting consequently the dopaminergic 
cells located in the dorsal part of the SN, which project to the caudate 
nucleus (18, 28). Early dopaminergic depletion in the caudate nucleus 
correlates with the onset of cognitive symptoms such as depression 
and gait problems, reported in the literature (29) but not in our study, 
possibly because the striatal dopaminergic terminal loss in the cau-
date nucleus remained below the threshold of overt symptom appear-
ance (~50% of terminal loss) (30, 31).

To monitor pathological pseudo-progression, we quantified the 
regional burden of α-syn pathology at each time point, measuring 
pSyn as a surrogate marker. We observed an earlier rise of pSyn in 
the LA groups compared to that in the SA groups in multiple brain 
regions (Fig. 2C), except for the lateral dorsal nucleus of the thala-
mus, preferentially linked to behavioral impairment in patient with 
PD, such as freezing of gait (32). These findings reinforce the view 
that LA (Fig. 3E) and SA (Fig. 3F) may activate distinct pathogenic 
processes and dynamics over time, a concept developed in our ear-
lier study using a machine learning–based approach (14). This ap-
proach echoes a longitudinal study using striatal injections of α-syn 
preformed fibrils in mice between 2 weeks and 18 months. This 
study used whole-brain tissue clearing, high-resolution imaging, 
and a computational model for tracking both the origin and the 
propagation pathways of pSyn pathology from the striatum through 
multiple retrograde routes in the cortico-basal-ganglia-thalamo-
cortical loop (33), emphasizing that anatomical connectivity seems 
to be the main driver of α-syn spread, in agreement with others 
(34, 35).

In this context, our study provides an invaluable NHP dataset for 
a better understanding and characterization of the pathogenic pro-
cesses induced by the putaminal injection of small, mostly soluble, 
α-syn extracts (i.e., SA) or large, mostly aggregated, α-syn extracts 
(i.e., LA) derived from patient with PD. Recent research has revealed 

that more than one species of amyloid is present in neurodegenera-
tive disease brains, including PD (36, 37), where small non-fibrillar 
α-syn aggregates are the critical species driving neuroinflammation 
and disease progression (38). The presence of different amyloid 
structures allows to speculate that individual fibril conformations 
dictate different disease conditions, significantly complexifying any 
attempt at disease modeling. In the present study, we have identified 
at least two families of species derived from the same PD brains, 
named LA and SA, which are two distinct brain-derived amyloids 
based on the evidence of micro-infrared spectroscopy (14). We have 
demonstrated that each type of amyloid is associated with unique 
and specific pathological pathways (SA is linked to synaptic dys-
function, while LA is linked to mitochondrial reorganization and 
dysfunction). Despite their different mechanisms, both amyloids ul-
timately result in similar behavioral abnormalities, as predicted by 
comparable nigrostriatal denervation. Only a study on NHPs has the 
power to unravel this behavior, as mice are not sensitive to SA (14). 
This study suggests that patients likely harbor different amyloids that 
trigger distinct pathogenic pathways, converging to the same nigros-
triatal damage.

Our study included an unbiased exploration of the proteome of 
two selected brain regions, locally or remotely, affected by LA and 
SA. Proteomic analysis of the injection site (i.e., putamen) allowed 
us to discriminate protein clusters, explaining most of the differ-
ences between experimental groups focusing on the synaptic net-
work (Fig.  4F). To confirm the involvement of this pathway, we 
determined the expression of synaptophysin and PSD-95, validated 
pre- and postsynaptic markers, respectively, through immunoblot 
and immunofluorescent techniques. We show a synaptic network 
remodeling after 1 year in LA-injected animals, with the decreased 
levels (Fig. 6B) of PSD-95 correlating with the protein folding status 
of α-syn in the putamen (Fig. 6D), along with the decrease in pre-
synaptic synaptophysin elements (Fig. 6E). Our results are reminis-
cent of other in vivo and human postmortem studies showing that 
dopaminergic depletion decreases PSD-95 levels in the striatum 
(39) due to accumulating presynaptic α-syn aggregates (40). In ad-
dition, we observed a progressive decrease in striatal TH-positive 
dopaminergic fibers, which became significantly pronounced earli-
er in LA-injected compared to SA-injected animals (Fig. 1, G and 
H). This decrease positively correlates with the increase in pSyn lev-
els in the putamen (fig.  S2F) as well as in the caudate nucleus 
(fig.  S2G), potentially explaining the progressive postsynaptic 
changes observed in the different experimental groups. This is in 
line with evidence that overexpression of α-syn decreases synaptic 
vesicle motility in neurons (41, 42) and that elevation in α-syn con-
centration causes the clustering of synaptic vesicles (43). Further-
more, a longitudinal cerebrospinal fluid (CSF) biomarker study 
performed in patient with de novo PD showed a decrease in synap-
tic and neuroplasticity markers, such as pentraxins, and a correla-
tion with cognitive impairment (44).

We also conducted a proteomic analysis of the entorhinal cortex, 
a known site for major α-syn pathology burden in this model 
(Fig. 2C) (14). Such analysis allowed us to unmask predominantly 
mitochondrial alterations in this area following PD patient–derived 
fractions injection. The proteins explaining most of the PC2 vari-
ance, which discriminates between control and animals receiving 
patients-derived fractions at 6 months from those receiving it 
at 12 and 24 months (Fig.  5D), were mainly linked to oxidative 
phosphorylation processes (Fig. 5F). Mitochondrial dysfunction has 
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long been considered an important pathogenic factor in PD (45). 
Mitochondrial alterations following the use of α-syn–derived mate-
rial have been demonstrated in mice injected with preformed fibrils, 
leading to a decrease in mitochondria complex I activity, an increase 
in oxidative stress, and cell death (46). Here, we show a different and 
opposite pattern between the LA and SA groups at the latest time 
point concerning both the mitochondrial mass (Fig. 7A) and the cell 
surface occupied by TOM20 (Fig. 7B). This result indicates an im-
pact of α-syn pathology on mitochondrial function and activity. 
Such impact has been previously recognized through the demon-
stration that mutant α-syn aggregates in mitochondria and subse-
quently alters mitochondrial function, ultimately leading to toxicity 
(47). Adeno-associated virus (AAV)–mediated TOM20 overexpres-
sion has been shown to prevent α-syn–induced dopaminergic de-
pletion in a PD rat model overexpressing wild-type α-syn (48) and, 
hence, proposed as a therapeutic strategy. We investigated OPA1, a 
mitochondrial fusion protein with a role in cristae shaping (24). 
Disruption of OPA1 causes mitochondrial dysfunction (49). We 
show that OPA1 (and its splice variant) is affected over time, but 
only in the LA groups. The long form anchored to the inner mito-
chondrial membrane (IMM) mainly regulates mitochondrial mor-
phology and fusion. In contrast, the short form plays a role in the 
energetic functions of the mitochondria (50). Our data revealed mi-
tochondrial structural alterations at 12 months (Fig. 7F), which led 
to a drop in mitochondrial energy at 24 months (Fig. 7E), as evi-
denced by S-OPA1. This drop negatively correlates with pSyn accu-
mulation (Fig. 7F), indicating that the increase in pSyn is associated 
with a decrease in the soluble form of OPA1, which is also associated 
with a protective role in oxidative stress, improving cell survival. 
The TOM complex has been identified as a potential passive α-syn 
transporter through the OMM (51). α-Syn and pSyn are known to 
colocalize and interact with TOM20 (52), disrupting its interaction 
with TOM22 and leading to mitochondrial protein import damage 
(53). Hence, OPA1 dysregulation in the LA groups at 6 and 12 months 
may cause the rise of TOM20 expression at 24 months, facilitating 
IMM dysregulation by α-syn. A recent gene set enrichment analysis 
in patients with idiopathic PD revealed, on the one hand, a decrease 
in mitochondrial and bioenergetic processes and, on the other hand, 
greater mitochondrial alterations in patients with more severe 
motor symptoms (44).

Synaptic and mitochondrial deficits have been reported in post-
mortem PD brains. Transcriptomic analysis of pSyn-positive versus 
pSyn-negative neurons revealed a significant down-regulation of 
synapse- and mitochondria-related genes (54). Moreover, the same 
type of analysis in mice injected with α-syn preformed fibrils also 
showed a decrease in synaptic and mitochondrial gene expression 
(54), supporting our findings in NHPs regarding the dysregulation 
of these fundamental cellular mechanisms.

Our study has several limitations and areas that require further 
clarification. First, an objection might be raised regarding the con-
trol group not receiving any stereotaxic injection compared to the 
SA and LA groups. This investigation is part of a larger program 
studying the synucleinopathies in a large baboon colony living in an 
aviary, where some received not only putaminal injection (14), as 
described here, but also cortical injection (16) and enteric injection 
(15) of PD-patient derived fractions. Before these studies, only two 
reports have established synucleinopathy models in olive baboons 
(55, 56). Consequently, it was necessary to establish basic parame-
ters, such as the number of TH-positive cells in the SNpc or other 

dopaminergic and α-syn–related data. Considering these factors, 
the non-injected control group was deemed the most appropriate 
for our study. Another limitation may be that the potential synergy 
between these α-syn assemblies and their effects on other brain 
structures involved in PD pathogenesis, such as the SN, raphe nu-
clei, or olfactory nucleus, remains to be explored. This could un-
cover different cellular pathway impairments, highlighting the need 
for future studies. For example, varying the injection sites of patient-
derived fractions may influence pathogenic outcomes, as demon-
strated by the enteric administration of LA fractions in baboons (15).

From a translational perspective, developing more precise and ef-
fective treatments hinges on a detailed understanding of the distinct 
amyloid species involved and/or the pathogenic pathways activated. 
Our study unequivocally demonstrates that different α-syn species or 
aggregates of different sizes that coexist in the PD brain led to PD-like 
pathology. Identifying the different strains will contribute to define 
the biological subtypes of PD and guide the selection of therapeutic 
strategies, including immunization, small molecules targeting α-syn, 
aggregation inhibitors, and clearance enhancers. These findings could 
uncover previously unidentified therapeutic targets and offer the po-
tential for precision medicine approaches, with diagnostic tools de-
signed to distinguish and target different pathogenic entities in living 
patients.

MATERIALS AND METHODS
Ethics statement
Experiments were performed in accordance with the European 
Union directive of 22 September 2010 (2010/63/EU) on the protec-
tion of animals used for scientific purposes. The Institutional Animal 
Care and Ethical Committee of Murcia University (Spain) approved 
experiments under the license number REGA ES300305440012.

Purification of α-syn aggregates from human PD brains
α-Syn aggregates purification was conducted as previously described 
(13–16,  57). The data reporting the complete characterization of 
α-syn–derived fractions used for the injections were not included in 
this study but in our previous publication (14). The samples were ob-
tained from brains collected in a Brain Donation Program of the 
Brain Bank “GIE Neuro-CEB” run by a consortium of Patients As-
sociations: ARSEP (association for research on multiple sclerosis), 
CSC (cerebellar ataxias), France Alzheimer, and France Parkinson. 
The consent forms were signed by the patients themselves or their 
next kin in their name, following the French Bioethical Laws. The 
Brain Bank GIE Neuro-CEB (Bioresource Research Impact Factor 
number BB-0033–00011) has been declared at the Ministry of Higher 
Education and Research and has received approval to distribute sam-
ples (agreement AC-2013–1887). Fresh-frozen postmortem mid-
brain samples from five patients with sporadic PD, who exhibited 
noticeable nigral LB pathology upon neuropathological examination, 
were dissected (mean age at death, 75 ± 2.75 years; frozen postmor-
tem interval, 31.8 ±  7.45 hours; GIE Neuro-CEB BB-0033-00011). 
Briefly, tissue was homogenized in 9 volume (w/v) of ice-cold MSE 
buffer [10 mM Mops/KOH (pH 7.4), 1 M sucrose, 1 mM EGTA, and 
1 mM EDTA] with a protease inhibitor cocktail (cOmplete Mini, 
Boehringer Mannheim) using a motor-driven glass/Teflon dounce 
homogenizer for 12 strokes. For α-syn aggregates purification, a su-
crose step gradient was prepared by layering 2.2, 1.4, and, lastly, 1.2 M 
sucrose in volume ratios of 3.5:8:8 (v/v). The homogenate was placed 
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on the gradient and centrifuged at 160,000g for 3 hours using a 
SW32.1 rotor (Beckman). Twenty-six fractions of 1500 μl each were 
collected from each gradient from top (fraction 1) to bottom (frac-
tion 26) and analyzed for the presence of α-syn aggregates by filter 
retardation assay, as previously described (14). Further LB fractions 
were characterized further by immunofluorescence, α-syn ELISA 
quantification, and electron microscopy as previously described (14). 
For stereotactic injections, LB-containing fractions from patient with 
PD were combined in the same proportion (PD#1, fractions 19 and 
20; PD#2, fractions 19 and 20; PD#3, fraction 22; PD#4, fractions 17, 
18, and 19; and PD#5, fractions 20, 21, and 23). NoLB-containing 
fractions (i.e., fraction 3, at the beginning of the 1.2 M interface) de-
rived from the same patient with PD (which contain soluble or finely 
granular α-syn but lack large LB-linked α-syn aggregates) were ob-
tained from the same sucrose gradient purification. The amount of 
α-syn in the LB fractions was quantified using a human α-syn ELISA 
kit (no. KHB0061, Invitrogen/Life Technologies, Carlsbad, CA, USA) 
and is reported in (14). Briefly, α-syn concentration was measured, 
and both LB and noLB fractions were adjusted to 24 pg α-syn per 
microliter. We used the same SN-derived LB fractions for all the ex-
perimental groups in this large-scale study, i.e., striatum-, ENS-, and 
cortex-injected animals. Those SN-derived LB fractions have been 
fully characterized biochemically (14) and demonstrated their ability 
to induce neurodegeneration and α-syn pathology after either striatal 
[reminiscent of our princeps article; (13)] or gut injections. In all 
cases, samples were bath-sonicated for 5 min before in  vivo injec-
tions. Of note, in this article, we felt it would be more appropriate and 
accurate to modify the nomenclature to better understand the patho-
logical consequences of our results. LB and noLB fractions have been 
renamed by LA and SA, respectively.
Electron microscopy
Briefly, carbon-coated nickel grids were covered for 1 min with cor-
responding fractions of interest and then washed three times with 
distilled water. They were then washed again in distilled water and 
stained for 5  min with 2% uranyl acetate before being air-dried. 
Digital images were obtained with a computer linked directly to a 
charge-coupled device camera (Gatan) on a Hitachi H-7650 elec-
tron microscope. LA samples were bath sonicated for 5 min before 
the in vitro applications in the same condition as in vivo procedure. 
The length of amyloid fibrils and their fragments was manually mea-
sured through the ImageJ program.
Atomic force microscopy
AFM micrographs were acquired in the air on AFM 5500 Keysight 
in tapping mode from samples deposited on clean silicon wafers. 
Silicon tips from Bruker were used with a fundamental frequency of 
150 kHz and a spring constant of 5 N/m. The scan speed was be-
tween 0.2 and 0.4 ln/s. The LA images have 512 × 512 points per 
line, and the SA images have 262 × 256 points per line. The data 
were processed with Gwyddion 2.67. Silicon wafers (1 cm by 1 cm) 
were cleaned by sonication with isopropanol and rinsed with Milli-
Q water. Last, samples diluted with water to a concentration of 0.4 μg/
μl were deposited by drop casting (2 min) and posterior spin coating 
[2 min at 60 revolutions per second (rps)].

Animals and stereotactic injections
Animals were bred and housed in two multi-male, multi-female ex-
terior pens (Animal Facility of the University of Murcia, Murcia, 
Spain). They were studied in this environment over 2 years. Animals 
were fed fruits, vegetables, and monkey pellets twice daily before 

9:00 a.m. and after 5:00 p.m. Water was available ad libitum. Thirty-
seven healthy adult olive baboons (P. papio) (21 male and 16 female) 
were used in this study to reach statistically significant numbers 
while complying with 3R policy: young (1 to 3 years old, n = 7), adult 
(3 to 7 years old, n = 11), mature (7 to 14 years old, n = 11), and aged 
(20 to 22 years old, n = 8). Group sizes were chosen, assuming a one-
tailed α of 0.05, with a sample size of at least four per group, which 
provided >80% power to detect a difference between the treatment 
groups and the control group, using a Fisher’s exact test.

Animals were randomized into treatment or control groups. 
Eighteenth baboons were used for LA injections, 12 for SA injec-
tions, and 7 for untreated control animals. Intrastriatal injections of 
either LA or SA fractions were performed at two rostrocaudal levels 
of the motor striatum (anterior commissure, −1 and − 5 mm) under 
stereotactic guidance as previously described (58). The total injected 
volume per hemisphere was 100 μl (two injection sites with 50 μl 
each at 3 μl/min at each location site). After each injection, the sy-
ringe was left in place for 10 min to prevent leakage along the needle 
track. Several parameters were monitored during the 2-year study, 
including survival and clinical observations. Animals were moni-
tored regularly following recovery from surgery and euthanized 
(n = 6 for LA and SA n = 4) at various predetermined time points (6, 
12, or 24 months after injection) with pentobarbital overdose (150 mg/
kg, intravenously), followed by perfusion with room temperature 
0.9% saline solution (containing 1% heparin) in accordance with ac-
cepted European Veterinary Medical Association guidelines.

Immediately after death, the brains were extracted. Each brain 
was then split along the midline, and each half was further divided 
into three sections. The left half was promptly frozen by submerging 
it in isopentane at −50°C for a minimum of 5 min and then stored 
at −80°C. The right half was preserved for a week in a solution of 4% 
paraformaldehyde at 4°C, with a volume to tissue ratio of 10. It was 
then cryoprotected in two consecutive gradients of 20% and then 
30% sucrose in phosphate-buffered saline (PBS) before being frozen 
by submerging it in isopentane at −50°C for at least 5 min. It was 
then stored at −80°C until it was sectioned. CSF and blood samples 
(plasma, serum, and whole blood) were meticulously gathered from 
the 17 animals before euthanasia.

Histological analysis
Extent of lesion
To evaluate the integrity of the nigrostriatal pathway, an immuno-
histochemistry procedure for TH was carried out on sections of the 
SNpc and striatum. In brief, free-floating sections of 50 μm from a 
representative level of the striatum (anterior, medial, and posterior) 
and serial sections (1 of 12) corresponding to the entire SNpc were 
incubated with a mouse monoclonal antibody against human TH 
(1:5000; Millipore, MAB318) overnight at room temperature. This 
was then revealed by an anti-mouse peroxidase EnVision system 
(Dako, K400311) followed by 3,3′-diaminobenzidine (DAB) visual-
ization. The free-floating SNpc sections were then mounted on gela-
tinized slides, counterstained with a 0.1% solution of cresyl violet, 
dehydrated, and coverslipped. The striatal sections were simply 
mounted on gelatinized slides and coverslipped. The extent of the 
lesion in the striatum was quantified by measuring the optical den-
sity. The sections were scanned using an Epson expression 10000XL 
high-resolution scanner, and the images were analyzed using ImageJ 
open-source software to compare the gray level in each region of 
interest, namely, the caudate nucleus and putamen. TH-positive 
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cells in the SNpc were counted blindly with respect to the experi-
mental condition using a motorized Leica DM6000B microscope in 
conjunction with Mercator software (ExploraNova, France). The SN 
was outlined for each slide, and probes for stereological counting 
were applied to the resulting map (probe size was 100 μm by 80 μm 
spaced by 600 μm by 400 μm). Each TH-positive cell with its nucle-
us included in the probe was counted. The optical fractionator 
method was ultimately used to estimate the total number of TH-
positive cells in the SNpc of each monkey hemisphere. Additionally, 
we measured the Nissl cell count, the volume of the SN, and the 
surface occupied by TH in the SN to comprehensively characterize 
the pattern of dopaminergic cell loss in the SN. The “surface” is an 
additional quantification method used in tissue sections. For these 
analyses, a specific staining process was used to keep all tissues to-
gether in the same solution during the staining process. Then, high-
resolution whole-color slide images were first acquired with the 
three-dimensional Histech Panoramic Scanner at ×20 magnifica-
tion, with five layers in extended mode. Each image was opened us-
ing the offline MERCATOR PRO 7.12.3 software (Explora Nova, 
France), and all regions of interest were mapped. Brightness and 
contrast rules were applied to the red, green, and blue (RGB) pic-
tures to optimize details without any image saturation. The color 
thresholding tool was then used to select the threshold correspond-
ing to the brown color revealed by the DAB staining. The threshold 
was established on the basis of the staining intensity to detect the 
maximum DAB staining. The file of the threshold parameters was 
saved and applied to all measurements for each animal/staining. Be-
fore performing the quantification, the threshold was randomly ap-
plied to some images of different treatment groups to verify the 
accuracy of the settings. In each region, the software extracted the 
surface corresponding to the threshold defined. The surface param-
eter was lastly expressed as a ratio of the total surface of each area 
of interest.
α-Syn pathology
The evaluation of synucleinopathy was carried out using a mouse 
monoclonal antibody that was developed against human α-syn 
(syn211) and phosphorylated α-syn (1:5000; clone 11A5, Elan) (59–
66). In brief, chosen sections at two rostro-caudal levels were incu-
bated in the same well to enable a direct comparison of the intensity 
of the immunostaining. These sections were left to incubate over-
night at room temperature with the antibodies mentioned above. 
The next day, the revelation was carried out with an anti-specie per-
oxidase EnVision system (Dako), followed by an incubation with 
DAB. The sections were then mounted on gelatinized slides, dehy-
drated, counterstained if required, and coverslipped for further 
analysis. The quantification of the gray level or the surface quantifi-
cation of the immunostaining-positive areas in 40 brain regions 
(Fig. 2B) was carried out after NanoZoomer 2.0 HT scan and ana-
lyzed with Mercator software (ExploraNova, La Rochelle, France). 
In brief, the different regions were outlined, and a consistent color 
threshold was applied to all images to ensure comparability across 
experimental groups. The area detected relative to the threshold was 
then measured. The ratio of the total area of interest to the thresh-
olded area was lastly used to determine the percentage of the syn/
pSyn-stained structure within the area of interest (67). The z-score 
was calculated from the control group’s mean and SD for each stain-
ing of every region. Then, the control group’s mean was subtracted 
from the experimental group’s mean and divided by the SD of the 
control group. Briefly, first, we normalized every group and time 

point to our reference group by dividing individual values by the 
control means. Then, we expressed their “fold changes” as a z-score 
by subtracting the SD and dividing by the overall mean.
Mitochondrial markers
Sections were permeabilized for 1 hour in a 4% donkey serum/PBS 
blocking buffer containing 0.3% Triton X-100 (MilliporeSigma) 
and incubated overnight at 4°C with a rabbit polyclonal antibody 
raised against TOM20 (1:500; 11802-1-AP, Proteintech) diluted in a 1% 
donkey serum/PBS buffer. Following incubation with primary anti-
bodies, tissues were washed with PBS three times for 10 min and in-
cubated for 1.5 hours at room temperature with a donkey anti-rabbit 
coupled to an Alexa Fluor 488 (1:200; A-21206, Invitrogen). Slices 
were treated with Sudan Black B 0.1% in ethanol 70% to reduce auto-
fluorescence before slide mounting, and confocal observation with 
Leica DMI6000 TCS SP8 X at 63× oil magnification was performed.

Biochemical analysis
Total protein extraction and quantification
Immunoblot analyses were conducted on the putamen and entorhi-
nal cortex. Five tissue samples were extracted on ice using 100 μl 
of radioimmunoprecipitation assay (RIPA) buffer [50 mM tris-HCl 
(pH 7.4), 150 mM NaCl, 1.0% Triton X-100, 0.5% Na-deoxycholate, 
and 0.1% SDS] along with a protease inhibitor cocktail tablet (cOm-
plete Mini, Roche Diagnostics). The lysate was chilled on ice for 
20 min before being centrifuged at 14,000 rpm for 15 min at 4°C. The 
supernatant was then collected, and the total protein content in the 
lysates was determined using the bicinchoninic acid (BCA) Assay. 
The samples were subsequently stored at −80°C. Using the total pro-
tein concentrations determined from the BCA assays, aliquots of 
tissue lysates, which correspond to specific amounts of total protein 
per lane, were prepared for each animal. These preparations were 
made in Laemmli buffer (containing 25 mM tris-HCl with a pH of 
6.8, 7.5% glycerol, 1% SDS, 250 mM dithiothreitol, and 0.05% bro-
mophenol Blue) for the purpose of conducting an immunoblotting 
experiment.
Western blot analysis
Western blots were conducted under all conditions using 20 μg of 
protein that was separated by SDS–polyacrylamide gel electrophoresis 
(PAGE) and then transferred to nitrocellulose. The primary anti-
bodies were incubated overnight at 4°C with rabbit anti-OPA1 (1:1000; 
27733-1-AP, Proteintech), rabbit anti-TOM20 (1:1000; 11802-1-AP, 
Proteintech), and anti–α-syn (phospho-S129) (1:1000; EP1536Y, Ab-
cam) (68), and mouse anti–β-actin (1:10,000, A5441, Sigma-Aldrich) 
was used to ensure equal loading. Suitable secondary antibodies linked 
to peroxidase were revealed using a Super Signal West Pico Chemi-
luminescent kit (Immobilon Western, Chemiluminescent HRP sub-
strate, Millipore). Chemiluminescence images were captured using 
the ChemiDoc+XRS system measurement (Bio-Rad). The signals for 
each lane were quantified using ImageJ, and a ratio of signal on load-
ing per animal was calculated and used in statistical analyses. Synaptic 
markers analysis followed the same protocol, adding citrate antigen-
retrieval step pH 6 (S1699, Dako) on the nitrocellulose membrane be-
fore using rabbit antibody raised against PSD95 (1:1000; AB18258, 
Abcam) and mouse anti-synaptophysin (1:500; AB8049, Abcam).

Variable analysis
Behavioral assessment
Baboon behavior was monitored outside of feeding and cleaning pe-
riods for 4 to 9 days (eight sessions per group), in a random order at 
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two time points (morning and afternoon), after a minimum 4-hour 
habituation phase that was completed 1 day before the start of the 
observations. The habituation phase took place across 3 days on the 
first observational time point, which is 1 month after surgery, en-
abling the observer to identify each animal separately. During 
2-hour sessions, we examined behavioral parameters every 5 min us-
ing a scan sampling method that is suitable for time budgeting (69), 
yielding 192 scans per subject. To prevent missing data, additional 
observational sessions were carried out. At the two study time points, 
1 month and 24 months after surgery, a single trained observer [SC 
(Sandrine Camus); intraobserver reliability, Spearman rank-order 
correlation coefficient (r) = 0.987] recorded the data in real time. The 
distance between the observer and the outdoor cages was 1 m. In-
stead of concentrating on individual things, we used two repertoires, 
which, in accordance with published methods (70–72), reflect the 
interaction with the environment and describe the position within it. 
The percentages of each item’s recurrence in relation to the total 
number of scans were examined to derive location profiles, body ori-
entation, and mean behavioral and postural time budgets.
Quantitative polymerase chain reaction
After homogenizing SN samples in TRI reagent (Euromedex, France), 
RNA was extracted following a conventional chloroform/isopropanol 
procedure. RNA was prepared and examined using modified 
procedures (56). Using RevertAid Premium Reverse Transcriptase 
(Fermentas), oligo(dT), and random primers (all from Fermentas), 
cDNA was generated from 2 μg of total RNA. A LightCycler 480 Real-
Time PCR System (Roche, Meylan, France) was used to carry out 
the qPCR. For every sample, two qPCRs were run in duplicate using 
transcript-specific primers, 4 ng of cDNA, and a final volume of 10 μl 
of LightCycler 480 SYBR Green I Master (Roche). The NeuroCentre 
Magendie developed the Gene Expression Analysis Software Environ-
ment, an informatics application that was used to export and evaluate 
the PCR data. The reference gene was identified using the geNorm ap-
proach. The analysis of relative expression was normalized against two 
reference genes and adjusted for PCR efficiency. The reference genes 
used were eukaryotic translation initiation factor 4a2 (EIF4A2) and 
proteasome subunit beta type 6 (Psmb6). The comparative (2−∆∆Ct) 
approach was used to compute the relative expression level. The 
primer sequences are as follows: SNCA (CR457058), GGGCAAGAAT-
GAAGAAGGAGC (forward) and GCCTCATTGTCAGGATCCACA 
(reverse); Psmb6 (NM_002798), CAAGAAGGAGGGCAGGTG-
TACT (forward) and CCTCCAATGGCAAAGGACTG (reverse); and 
EIF4a2 (NM_001967), TGACATGGACCAGAAGGAGAGA (for-
ward) and TGATCAGAACACGACTTGACCCT (reverse).
Dot blotting analysis of α-syn
This method was used, as we had previously explained (13, 73). Fol-
lowing a 5-min heating period at 100°C, 20 μg of protein extract was 
diluted using a buffer consisting of 25 mM tris-HCl, 200 mM gly-
cine, and 1% SDS. The mixture was then filtered through an acetate 
cellulose membrane (Bio-Rad; 0.2-μm pore size) or nitrocellulose 
membrane. After saturating the membranes in 5% dry-skimmed 
milk in PBS, antibodies against α-syn (syn211; 1:1000), α-syn fibrils, 
and α-syn oligomers [Syn-O1; 1:10,000; (74)] were used to probe 
the membranes (supplied by O. M. A. El-Agnaf). The instructions 
for the Western blot Analysis section were followed when perform-
ing the revelation. Filter retardation assay of SA and LA fractions 
was probed with antibodies against α-syn (Syn211) recognizing 
amino acid residues 121 to 125 in both soluble and pathological 
α-syn (75), phosphorylated α-syn (1:1000; Abcam, EP1536Y), 

ubiquitin (1:1000; Sigma-Aldrich, U5379), p62 (1:1000; Progen, 
GR62-C), hyperphosphorylated tau (AT8; Thermo Fisher Scientific, 
MN1020), or Aβ (1:1000; clone 6F/3D, Dako), as previously re-
ported in (14).
SR-XRF microscopy
The synchrotron tests were conducted at the Diamond Light Source, 
Harwell Science and Innovation Campus (Didcot, UK), using 
300-mA currents in top-up injection mode and a storage ring with 
an energy of 3 GeV. The microfocus spectroscopic beamline (I18) 
was used for all SR-XRF microscopy investigations that are present-
ed in this article. Using a Si(111) monochromator, the micro-XRF 
elemental mapping was obtained at room temperature with an 
incident x-ray energy of 12 keV, yielding an x-ray photon flux of 
2 × 1011 photons/s. To ensure contamination-free samples and re-
duced x-ray scattering contribution, the SN of each animal was collected 
from free-floating sections and mounted onto an x-ray transparent, 
metal-free, 4-μm-thick Ultralene foil (SPEX CertiPrep, Metuchen, NJ, 
USA) that was fastened to a custom polyetheretherketone holder. 
A magnetic plate attached to the sample stage held the samples in 
place. Operating in the 90° geometry, the four-element Si drift Vortex 
ME4 energy-dispersive detector (Hitachi High-Technologies Science 
America) reduces the background signal thanks to its Xspress 3 pro-
cessing circuits. The 75-mm sample-to-detector distance was fixed. 
While the XRF spectra were being gathered, the sample was rastered 
in front of the incident x-ray beam at a 45° angle. Because of the low 
element concentration, a region of 500 μm by 500 μm within the 
SNpc was mapped for each sample, with a dwell period of 1 s per 
pixel and a step size that matches the beam size (5 μm). To calibrate the 
experimental parameters, a thin-film XRF reference material (AXO 
DRESDEN GmbH) and a thin (100 μm) pellet of the National 
Institute of Standards and Technology (NIST) standard reference 
materials SRM1577c (bovine liver material, NIST, Gaithersburg, 
MD, USA) were assessed. The next step involved quantifying the 
elements using PyMCA, an open-source software program that 
models the major composition, density, and thickness of both the 
sample and the reference material. The elemental concentration (mi-
crograms per gram of dry weight or parts per million) maps were 
created, the fluorescence spectra acquired from each pixel was 
fitted, and the average elemental concentration of the SNpc regions 
was found.
α-Syn in monkey biological fluid samples
The capture antibody MJFR1 (3 μl/ml; Abcam, Cambridge, UK) was 
coated onto multi-array 96-well plates [Meso Scale Discovery 
(MSD), Gaithersburg, MD, USA] for an overnight incubation at 4°C 
without shaking. The following day, 150 μl of PBS-T [PBS (Appli-
Chem, Darmstadt, Germany) mixed with 0.05% Tween 20 (Roth, 
Karlsruhe, Germany)] per well was used to wash the plates three 
times. The prevention of nonspecific protein binding was achieved 
through a 1-hour incubation period and shaking at 700 rpm of 150 μl 
of 1% bovine serum albumin (BSA; SeraCare Life Sciences, Milford, 
MA, USA)/PBS-T each well. Single-use aliquots of α-syn (1 μg/ml) 
kept at −80°C until needed were used to construct calibrators (sup-
plied by O. El-Agnaf), which ranged in concentration from 25,000 
to 6.1 pg/ml in sequential fourfold dilutions. A blank of 1% of BSA/
PBS-T was used. The following dilutions were used for the different 
specimens: 1 in 8 for serum, plasma, and CSF, and 1 in 10,000 for 
whole blood. Every dilution was made using 1% BSA/PBS-T. Following 
plate washing, 25 μl of the calibrator solution and diluted samples 
were added to the wells, and the incubation period was followed. 
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After a second washing of the plates, 25 μl of the Sulfo-TAG–labeled 
Syn1 antibody (BD Biosciences, Heidelberg, Germany) was added 
to each well as a detection antibody. The antibody was diluted 
to 1 μg/ml in 1% PBS-T. Using MSD Sulfo-TAG NHS-Ester (MSD), 
Sulfo-TAG labeling was carried out in accordance with the man-
ufacturer’s instructions. The incubation process lasted an hour 
at 700 rpm. After washing the plates, 150 μl of 2× Read Buffer (MSD) 
was applied, and an MSD Sector Imager 2400 was used to 
read the plates. Workbench software was used to analyze the 
data (MSD).
Neurotransmitter analysis
Brain patches were removed and placed in 1.5-ml Eppendorf tubes 
after being weighed and dissected on an ice-cold plate. After ho-
mogenizing the samples in a 50:50% v/v methanol/water mixture, 
the samples were centrifuged for 15 min at 4°C at 14,000 rpm. 
After being separated, the supernatant was kept at −80°C until 
amino acid derivatization. Following precolumn derivatization 
with o-phthaldialdehyde/mercaptoethanol (OPA) reagent, the glu-
tamate and GABA content of the samples was determined using 
high-performance liquid chromatography (HPLC) in conjunc-
tion with fluorometric detection (FP-2020 Plus fluorimeter, Jasco, 
Tokyo, Japan). A refrigerator autosampler maintained at 4°C auto-
matically added 30 μl of OPA reagent to 28 μl of sample (Triathlon, 
Spark Holland, Emmen, The Netherlands). A 5-C18 Hypersil ODS 
column (3 mm by 100 mm; Thermo Fisher Scientific, USA) was 
filled with 50 μl of the mixture, which was then perfused at a 
rate of 0.48 ml/min (Jasco PU-2089 Plus Quaternary Pump; Jasco, 
Tokyo, Japan) using a mobile phase that contained 2.2% tetrahy-
drofuran (pH 6.5), 10% methanol, and 0.1 M sodium acetate. 
ChromNAV software (Jasco, Tokyo, Japan) was used for the acquisi-
tion and analysis of chromatograms. GABA and glutamate had lim-
its of detection of around 1 and 0.5 nM, respectively, and retention 
periods of ~3.5 and 18.0 min.

Proteomic analysis
Sample processing protocol
Tissue patches from the putamen and the entorhinal cortex were 
collected on 300-μm-thick cryostat-cut sections (n = 5 to 10 patches 
per structure and animal). Patches were pooled and mechanically 
lysed on ice with 100 μl of RIPA buffer (50 mM tris-HCl, 150 mM 
NaCl, 1.0% Triton X-100, 0.5% Na-deoxycholate, and 0.1% SDS) 
with a protease and phosphatase inhibitor cocktail as previously de-
scribed. Lysates were incubated for 30 min and then centrifuged at 
15,000g for 15 min at 4°C. Supernatants were collected, and the total 
amount of protein in the lysates was assessed by BCA assay before 
storage at −80°C. Protein samples were solubilized in Laemmli buf-
fer, and 5 μg per sample were deposited onto SDS-PAGE gel (10% 
acrylamide) for separation, concentration, and cleaning purposes. 
After colloidal blue staining, bands were cut out from the gel and 
subsequently cut in 1 mm–by–1 mm gel pieces. Gel pieces were un-
stained in 25 mM ammonium bicarbonate 50% acetonitrile (ACN), 
rinsed twice in ultrapure water, and shrunk in ACN for 10 min. Af-
ter ACN removal, gel pieces were dried at room temperature, cov-
ered with the trypsin solution (10 ng/μl in 50 mM NH4HCO3), 
rehydrated at 4°C for 10 min, and lastly incubated overnight at 
37°C. Samples were then incubated for 15 min in 50 mM NH4HCO3 
at room temperature with rotary shaking. The supernatant was col-
lected, and an H2O/ACN/HCOOH (47.5:47.5:5) extraction solution 
was added to gel slices for 15 min. The extraction step was repeated 

twice. Supernatants were pooled and dried in a vacuum centrifuge. 
Digests were lastly solubilized in 0.1% HCOOH.
Nano–liquid chromatography–tandem MS analysis and 
label-free data analyses
Peptide mixture was analyzed on an Ultimate 3000 nanoLC system 
(Dionex, Amsterdam, The Netherlands) coupled to an Electrospray 
Orbitrap Fusion Lumos Tribrid Mass Spectrometer (Thermo Fisher 
Scientific, San Jose, CA). Ten microliters of peptide digests were load-
ed onto a 300-μm–inner diameter by 5-mm C18 PepMap trap col-
umn (LC Packings) at a flow rate of 10 μl min−1. The peptides were 
eluted from the trap column onto an analytical 75-mm–inside diam-
eter by 50-cm C18 Pep-Map column (LC Packings) with a 4 to 40% 
linear gradient of solvent B in 91 min (solvent A was 0.1% formic 
acid, and solvent B was 0.1% formic acid in 80% ACN). The sepa-
ration flow rate was set at 300 nl min−1. The mass spectrometer 
operated in positive ion mode at a 2.0-kV needle voltage. Data were 
acquired using Xcalibur 4.4 software in a data-dependent mode. MS 
scans (m/z 375 to 1500) were recorded at a resolution of R = 120,000 
(at m/z 200) and an automated gain control target of 4 × 105 ions col-
lected within 50 ms. Dynamic exclusion was set to 30 s and top speed 
fragmentation in higher-energy collisional dissociation (HCD) mode 
was performed over a 3-s cycle. MS/MS scans with a target value of 
5 × 104 ions were collected in Orbitrap with a maximum injection 
time of 54 ms and a resolution of 30,000 (at m/z 200). Additionally, 
only +2 to +7 charged ions were selected for fragmentation. Others 
settings were as follows: no sheath or auxiliary gas flow; heated capil-
lary temperature, 275°C; normalized HCD collision energy of 28%; 
and an isolation width of 1.6 m/z. Monoisotopic precursor selection 
was set to peptide and an intensity threshold was set to 2.5 × 104. 
Data were searched by SEQUEST through Proteome Discoverer 2.5 
(Thermo Fisher Scientific Inc.) against a Papio Anubis Reference Pro-
teome Set (UniProt 2021-03; 44,721 entries). Spectra from peptides 
higher than 5000 Da or lower than 350 Da were rejected. The search 
parameters were as follows: Mass accuracy of the monoisotopic pep-
tide precursor and peptide fragments was set to 10 parts per mil-
lion and 0.02 Da, respectively. Only b- and y-ions were considered 
for mass calculation. Oxidation of methionines (+16 Da), methionine 
loss (−131 Da), methionine loss with acetylation (−89 Da), and 
protein N-terminal acetylation (+42 Da) were considered as variable 
modifications, while carbamidomethylation of cysteines (+57 Da) was 
considered as fixed modification. Two missed trypsin cleavages 
were allowed. Peptide validation was performed using Percolator 
algorithm and only “high-confidence” peptides were retained corre-
sponding to a 1% false-positive rate at the peptide level. Peaks were 
detected and integrated using the Minora algorithm embedded in 
Proteome Discoverer. Proteins were quantified on the basis of unique 
peptides intensities. Normalization was performed on the basis of 
total protein amount. Protein ratios were calculated as the median of 
all possible pairwise peptide ratios.
Results processing
Proteomic data were processed using Python (Python software 
foundation v.3.9.7) and its scientific stacks: scipy (v.1.9.3), numpy 
(v.1.23.4), matplotlib (v. 3.6.2), and seaborn (v. 0.12.1). Only pro-
teins classified as “master protein” (i.e., proteins reviewed in the 
UniProt database), with more than one unique peptide and not 
included in a list of contaminant proteins (such as keratin, trypsin, 
and intermediate filament rod domain-containing protein types), 
were retained for the data analysis. Proteins that were differentially 
expressed were chosen on the basis of (i) a P value greater than 
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−log10(0.01) and (ii) a fold change of 0.5 or more. PCA was con-
ducted using the scikit-learn module after z-score normalization of 
intensity values. A correlation map between PCA values and neuro-
pathological assessments was created by performing a Pearson cor-
relation between the individual scores in each PC and the individual 
values of histological analysis. To ensure a consistent interpretation 
of the results, an outlier CTL-Tau animal was excluded from ento-
rhinal proteomic analyses because of its abnormal profile (com-
pletely separated from the other samples in the PCA analysis). The 
PC further analyzed in the network-type analysis was chosen on the 
basis of the positive or negative correlation with histological analy-
sis, the percentage of explained variance, the discrimination profile 
of PC scores between control and experimental groups, and the re-
sults obtained in network analysis. Network analysis of PCA results 
was carried out using Cytoscape (v.3.9.1), ClueGO (v.2.5.9), and 
CluePedia (v.1.5.9) with the top 10% proteins (below the 5th percen-
tile and above the 95th percentile) contributing the most to the 
selected PC. The MS proteomics data have been deposited to the 
ProteomeX-change Consortium via the PRIDE partner repository 
with the dataset identifier PXD055962.

Statistical analysis
Statistical analyses were performed with the Python DABEST pack-
age producing Gardner-Altman estimation plots type (76). The raw 
data are plotted on the upper axes. On the lower axes, mean differ-
ences are plotted as bootstrap sampling distributions. Each mean 
difference is depicted as a dot. Each 95% confidence interval is indi-
cated by the ends of the vertical error bars. Five thousand bootstrap 
samples were taken; the confidence interval is bias corrected and 
accelerated. Any P value reported is the probability of observing the 
effect size (or greater), assuming the null hypothesis of zero differ-
ence is true. For each permutation P value, 5000 reshuffles of the 
control and test labels were performed. Statistical significance is dis-
played from a two-sided permutation t test, *P < 0.05. To analyze 
treatment and time effect, comparisons were also performed using 
two-way analysis of variance (ANOVA) through GraphPad Prism 
8.0 (GraphPad Software Inc., San Diego, CA).

PCA was performed in Python (Python software foundation 
v.3.9.7) and its scientific stacks: scipy (v.1.9.3), numpy (v.1.23.4), and 
matplotlib (v. 3.6.2). Correlations between variables were assessed 
with Pearson’s correlation analysis.

Supplementary Materials
The PDF file includes:
Figs. S1 to S3
Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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