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Brain injections of glial cytoplasmic
inclusions induce a multiple system
atrophy-like pathology
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Synucleinopathies encompass several neurodegenerative diseases, which include Parkinson’s disease, dementia
with Lewy bodies and multiple system atrophy. These diseases are characterized by the deposit of a-synuclein
aggregates in intracellular inclusions in neurons and glial cells. Unlike Parkinson’s disease and dementia with
Lewy bodies, where aggregates are predominantly neuronal, multiple system atrophy is associated with a-synu-
clein cytoplasmic inclusions in oligodendrocytes. Glial cytoplasmic inclusions are the pathological hallmark of
multiple system atrophy and are associated with neuroinflammation, modest demyelination and, ultimately, neu-
rodegeneration.

To evaluate the possible pathogenic role of glial cytoplasmic inclusions, we inoculated glial cytoplasmic inclusion-
containing brain fractions obtained from multiple system atrophy patients into the striatum of non-human pri-
mates. After a 2-year in vivo phase, extensive histochemical and biochemical analyses were performed on the
whole brain.

We found loss of both nigral dopamine neurons and striatal medium spiny neurons, as well as loss of oligodendro-
cytes in the same regions, which are characteristics of multiple system atrophy. Furthermore, demyelination, neu-
roinflammation and a-synuclein pathology were also observed. These results show that the a-synuclein species in
multiple system atrophy-derived glial cytoplasmic inclusions can induce a pathological process in non-human pri-
mates, including nigrostriatal and striatofugal neurodegeneration, oligodendroglial cell loss, synucleinopathy and
gliosis.

The present data pave the way for using this experimental model for MSA research and therapeutic development.
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a-syn = a-synuclein; DAT = dopamine transporter; DLB = dementia with Lewy bodies; GCI = glial
cytoplasmic inclusion; MSA = multiple system atrophy; NHP = non-human primate; SDS = sodium dodecyl sulphate;

SNpc = substantia nigra pars compacta

Introduction

Multiple system atrophy (MSA) is a rare, rapidly progressive neuro-
degenerative disease. It is clinically characterized by parkinsonism,
cerebellar impairment, autonomic dysfunction and pyramidal signs
in various combinations.! Patients with MSA are divided into the
cerebellar subtype, MSA-C, where the olivopontocerebellar system is
predominantly affected, and the parkinsonian subtype, MSA-P, with
predominant involvement of the nigrostriatal system. The overlap-
ping clinical features with Parkinson’s disease, particularly at early
disease stages, can challenge the differential diagnosis.

MSA belongs to the family of neurodegenerative diseases
termed synucleinopathies, along with Parkinson’s disease and de-
mentia with Lewy bodies (DLB). The pathological hallmark of synu-
cleinopathies is the formation of a-synuclein (a-syn)-positive
inclusions in brain cells. In Parkinson’s disease and DLB, these
inclusions are primarily localized in neurons and named Lewy
bodies. In MSA, these inclusions mostly occur in oligodendrocytes,
the myelin-producing cells of the CNS, and are called glial cyto-
plasmic inclusions (GCI).> The neuropathology of MSA includes
neuronal and axonal degeneration, mild oligodendroglial loss,**
myelin degeneration,’ astrogliosis and microgliosis.®

Few animal models exist to study MSA pathology.” These mod-
els mainly rely on the oligodendroglial overexpression of a-syn,
thus leaving a need for models that induce (i) pathology by
respecting the stoichiometric balance of a-syn expression; and (ii)
without imposing an oligodendroglial o-syn expression.
Transgenic mouse models have been developed that overexpress
human
a-syn under different oligodendrocyte-specific promoters: proteo-
lipid promoter (PLP),%° myelin basic protein (Mbp)™ and 2',3'-cyclic
nucleotide 3'-phosphodiesterase (Cnp)."' More recently, viral-
mediated overexpression of a-syn in rats and non-human pri-
mates has been proposed for modelling MSA pathology.'*'® The
injection of pathological forms of a-syn obtained from brain homo-
genates of a diseased animal or human patient has been used to
model synucleinopathies across species. To date, the toxic effects
of human-derived samples from patients with various

synucleinopathies have been assessed mostly for Parkinson’s dis-
ease, where Lewy bodies-enriched fractions derived from patients
have been used to induce a Parkinson'’s disease-like pathology in
both mice and non-human primates (NHPs).***® Until now, only a
few studies have aimed at using MSA patient-derived brain homo-
genates to evaluate the possible pathogenic role of GCIs. While
intracerebral injections of MSA patient-derived brain into trans-
genic o-syn overexpressing mice have yielded pathological out-
comes, no pathology was observed when these brain homogenates
were injected into wild-type mice.”"*® Importantly, no such study
has yet been conducted in NHPs.’®?' NHPs present the benefit of
being the closest species to humans in terms of their similarities
of dopaminergic neuron physiology (i.e. age-dependent accumula-
tion of neuromelanin), cerebral anatomy, glia versus neuron stoi-
chiometry, overall physiology and cognitive and social
behaviours,””%* as well as sensitivity to small patient-derived
aggregates, at odds with rodents.” In this pilot study, we extracted
MSA-derived GCI fractions, demonstrated their toxicity in an
in vitro assay, and injected them in both wild-type mice and NHPs.
We show that, 2 years after intrastriatal GCI injection, baboon
monkeys exhibited marked nigral and striatal neurodegeneration
and a loss of oligodendrocytes leading to demyelination and in-
flammation. Altogether, intracerebral injection of GCI material in
NHPs recapitulated key aspects of MSA neuropathology.

Materials and methods

Experiments were performed following the European Union direct-
ive of 22 September 2010 (2010/63/EU) on the protection of animals
used for scientific purposes. The Institutional Animal Care and
Ethical Committee of Bordeaux University (CE50, France) approved
mice experiments  under  licence number  #24246-
2020021916287618. The Institutional Animal Care and Ethical
Committee of Murcia University (Spain) approved NHP experi-
ments under licence number REGA ES300305440012.
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GCI purification was conducted as previously described in detail
for Parkinson’s disease Lewy bodies.'*®?® The samples were
obtained from brains collected in a Brain Donation Program of the
Brain Bank ‘GIE NeuroCEB’ run by a consortium of Patients
Associations: ARSEP (Association for Research on Multiple
Sclerosis), CSC (Cerebellar Ataxias), France Alzheimer and France
Parkinson. The consents were signed by the patients themselves
or their next of kin in their name, following French Bioethical
Laws. The Brain Bank GIE NeuroCEB (Bioresource Research Impact
Factor number BB-0033-00011) has been declared at the Ministry of
Higher Education and Research and has received approval to dis-
tribute samples (agreement AC-2013-1887). Human putamen was
dissected from fresh frozen post-mortem midbrain samples from
two patients with MSA-P exhibiting conspicuous striatal GCI path-
ology on neuropathological examination (mean age at death:
67.5+3.5years; frozen post-mortem interval: 17+4h; GIE Neuro-
CEB BB-0033-00011). Tissue was homogenized in 9vol (w/v) ice-
cold MSE (10 mM MOPS/KOH, pH 7.4, 1 M sucrose, 1 mM EGTA, 1
mM EDTA) with protease inhibitor cocktail (Complete Mini;
Boehringer Mannheim) with 12 strokes of a motor-driven glass/
Teflon homogenizer. For GCI purification, a sucrose step gradient
was prepared by overlaying 2.2 M with 1.4 M and finally with 1.2 M
sucrose in volume ratios of 3.5:8:8 (v/v).”” The homogenate was
layered on the gradient and centrifuged at 160 000g for 3h using an
SW32.1 rotor (Beckman). Twenty-six fractions of 500 ul were col-
lected from each gradient from the top (fraction 1) to bottom (frac-
tion 26) and analysed for the presence of a-syn aggregates by filter
retardation assay, as previously described, with 45 pl of each frac-
tion deposited.™ GCI-containing fractions from MSA patients were
those between fractions 21 and 23 (Fig. 1A). The amount of a-syn
in the GCI fractions was quantified using a human a-syn enzyme-
linked immunosorbent assay kit (#KHB0061; Invitrogen/Life
Technologies). Of the total fractions, the first patient represented
around 60% and the second represented around 40%.
Quantification by enzyme-linked immunosorbent assay indicated
that the GCI mix contained ~24pg of a-syn per microlitre. In all
cases, samples were bath-sonicated for 5min before in vitro and
in vivo injections.

Postnatally derived ventral midbrain cultures were prepared as
described.?® Briefly, cultures were prepared in two steps. In the
first step, rat astrocyte monolayers were generated as follows. The
entire cerebral cortex from a single rat pup (postnatal Days 1-2)
was removed, diced and then mechanically dissociated by gentle
trituration. The isolated cells were plated at a concentration of
80000 cells onto wells under which a laminin-coated coverslip was
affixed. The cells were housed at 37°C in an incubator in 5% CO,
and were fed on glial media. Once confluence had been attained,
fluorodeoxyuridine (6.7 mg/ml) and uridine (16.5mg/ml) were
added to prevent additional proliferation. In the second step, rat
pups aged between 1 and 2 days were anaesthetized, and 1-mm?
blocks containing ventral midbrain neurons were dissected from
1-mm thick sagittal sections taken along the midline of the brain.
Tissues were collected immediately into cold phosphate buffer
and were treated enzymatically using papain (20 U/ml) with
kynurenate (500 uM) at 37°C under continuous oxygenation with
gentle agitation for 2h. A dissociated cell suspension was achieved
by gentle trituration and was then plated onto the pre-established
glia wells at a density of 0.5-1.7 million neurons per well. Cultures
were maintained in specially designed neuronal media containing
27 uM fluorodeoxyuridine and 68 M uridine to control glial out-
growth and in 10 ng/ml glial cell-derived neurotrophic factor. They
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were incubated for a further 7-8 days before GCI-derived exposure.
Primary culture dopaminergic cells were exposed to 1pul of GCI
fractions for 24 h. Then, primary cultures were fixed in 4% parafor-
maldehyde, blocked and incubated with a primary rabbit anti-TH
(1:1000, Calbiochem, Cat#657012) and corresponding fluorescence-
conjugated secondary antibodies. All TH-positive neurons were
analysed by fluorescence microscopy and counted on each plate.

Wild-type C57BL/6] mice (3 months old) received 2 pl of either GCI
fractions (n = 10) or sucrose (n = 5) by stereotactic delivery to the re-
gion immediately above the right substantia nigra, to avoid mech-
anical lesion and to cover the whole substantia nigra (coordinates
from Bregma: AP =-2.9,L = +1.3, DV = -4.5) at a flow rate of 0.4 ul/
min and the pipette was left in place for 5min after injection to
avoid leakage as previously described.’**>?¢?° Mice were perfused
4 months after injection using 0.9% NacCl followed by 4% parafor-
maldehyde. Brains were then post-fixed for 24 h in 4% paraformal-
dehyde at 4°C, cryoprotected in gradient 20% sucrose in
phosphate-buffered saline (PBS) before being frozen by immersion
in a cold isopentane bath (-60°C) and stored immediately at -80°C
until sectioning for histochemical analysis.

Experiments were conducted as previously described>' at the re-
search animal facility of the University of Murcia (Murcia, Spain).
Adult female and male olive baboons (n = 38; Papio papio) ranging
from 3 to 14 years of age were housed in two multi-male multi-fe-
male exterior pens. Animals were fed fruits, vegetables and dry
food pellets twice a day before 9 a.m. and after 5p.m. Water was
available ad libitum. Allocation to experimental groups was
randomized. Three baboons were used for GCI injections and five
were untreated control animals. Intrastriatal injections of GCI frac-
tions were performed at two rostrocaudal levels of the motor stri-
atum (anterior commissure, -1 mm and -5 mm) under stereotactic
guidance as previously described.’™® The total injected volume
per hemisphere was 100 pl (2 injection sites with 50 pl each at 3pl/
min at each location site). After each injection, the syringe was left
in place for 10min to prevent leakage along the needle track.
Several parameters were monitored during the 2-year study,
including survival and clinical observations. At the end of the ex-
periment, all baboons were terminated with pentobarbital over-
dose (150mg/kg 1iv.), followed by perfusion with room-
temperature 0.9% saline solution (containing 1% heparin) follow-
ing accepted European Veterinary Medical Association guidelines.
Brains were removed quickly after death. Each brain was then dis-
sected along the midline and each hemisphere was divided into
three parts. The left hemisphere was immediately frozen by im-
mersion in a cold isopentane bath at -50°C for at least 5min and
stored at -80°C for biochemistry investigations. The right hemi-
sphere was post-fixed 1 week in 10 vol/tissue of 4% paraformalde-
hyde at 4°C, cryoprotected in two successive gradients of 20% then
30% sucrose in PBS before being frozen by immersion in a cold iso-
pentane bath (-50°C) during at least 5min and stored immediately
at-80°C until sectioning. No sample was excluded from analysis in
these studies.

Following a 4-h habituation phase performed one day before the
beginning of the observations, baboon behaviour was observed
outside the feeding and cleaning times, in random order at two
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Figure 1 Purified GCI from MSA patient brains induce neurodegeneration in mice. (A) Left: -Syn and ubiquitin (Ub) immunohistochemistry of striatal
post-mortem brain samples unravelling GCIs. Scale bar = 200 um. Middle: Schematic representation of the sucrose gradient fractionation procedure
used to purify GCI-containing fractions from freshly frozen post-mortem nigral brain tissue of two MSA-P patients. Right: Filter retardation assay
probed with a human specific a-syn antibody to assess the presence of insoluble a-syn aggregates in the different fractions obtained by sucrose gradi-
ent fractionation from freshly frozen post-mortem striatal brain tissue of MSA patients. The green rectangle indicates the GCI-containing fractions
selected to prepare the mixture used for GCI injections. (B) Scatter plots of tyrosine hydroxylase (TH) immunopositive rat mesencephalic cells treated
with 1l of GCI fractions for 24 h and expressed as a percentage of controls; P = 0.0002, t = 5.872. (C) Illustrative image (left) and quantification (right) of
TH immunopositive cells by stereological counting in the substantia nigra pars compacta (SNpc) of GCI-injected and control mice; P < 0.0001,
t=6.581. Scale bar = 100 um. (D) Illustrative image (top) and quantification (bottom) of TH immunostaining measured by optical density in the striatum
of GCl-injected and control mice, normalized by controls; P =0.2818, t=0.5926. Scale bar = 500 um. (E) Illustrative image (top) and quantification
(bottom) of Olig2 immunostaining in the striatum of control and GCI-injected mice expressed as surface threshold occupied by Olig2 normalized by
controls; P=0.0720, t=1.555. Scale bar =50um. The horizontal line indicates the average value per group + standard deviation (SD). Each dot
represents one mouse of the control (black) and GCI-injected group (green). Bootstrapped mean difference with 95% CI (error bar) is shown on the
right side of each graph. Comparisons were made using an unpaired t-test. *P < 0.05 compared to control animals. VEH = vehicle.
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time points (morning and afternoon) over 4-9 days (eight sessions
per group) as previously described.” On the first observational
time point (i.e. 1-month post-surgery), the habituation phase was
performed over 3 days, allowing the observer to recognize the ani-
mals individually. We used a scan-sampling method, appropriate
for time budgeting, in which behavioural parameters were
assessed every 5min during 2-h sessions, resulting in 192 scans
per individual.>*=? A unique trained observer blind to the experi-
mental conditions (S.C.; intra-observer reliability: Spearman rank-
order correlation R=0.987) collected the data live at the study’s
two time points: 1 and 24 months post-surgery. The observer stood
1 m away from the outdoor cages and focused on behavioural pro-
files rather than single items. Two repertoires were used: one
reports the interaction with the environment and one describes
the position within the environment, according to published pro-
tocols and data collection by the very same observer.’*? We
investigated the percentages of each item’s occurrence about the
total number of scans to obtain mean behavioural and postural
time budgets, body orientation and location profiles.

To assess the effect of GCI injections in both mice and monkeys on
dopaminergic neurons and fibres, TH, AADC (aromatic r-amino
acid decarboxylase) and DAT (dopamine transporter) immunobhis-
tochemistry were performed on striatal and/or SNpc sections as
previously described.'>'® For TH staining sections were selected in
the posterior striatum and serial sections (1-12 for monkeys and
1-6 for mice) of whole SNpc, AADC and DAT in the medial striatum
at the level of the anterior commissure. Sections were incubated
with rabbit monoclonal TH antibody (Millipore, MAB318, 1:5000),
rabbit polyclonal AADC antibody (Merck AB136, 1:1000) or rat
monoclonal DAT antibody (Merck MAB369, 1:1000) for one night at
room temperature and revealed the next day with the correspond-
ing peroxidase EnVision secondary antibody, followed by 3,3'-dia-
minobenzidine (DAB) visualization. SNpc sections were mounted
on gelatin-coated slides, counterstained with 0.1% cresyl violet so-
lution, dehydrated and cover-slipped. Striatal sections were
mounted on gelatin-coated slides, dehydrated and cover-slipped.
Striatal sections were analysed by optical density in the caudate
nucleus and putamen. The slides were scanned using Epson ex-
pression 10000XL high-resolution scanner and images were ana-
lysed using Image] open-source software (version 1.53) to compare
mean grey levels in the caudate nucleus and putamen. TH-positive
neurons of the SNpc were counted by stereology blind about the
experimental condition using a Leica DM6000B microscope
coupled with the Mercator software (Explora Nova, France). The
SNpc was delineated for each slide, and probes for stereological
counting were applied to the map obtained. Each TH-positive cell
with the neuron included in the probe was counted. The total
number of TH-positive neurons in the SNpc per hemisphere was
then assessed using the optical fractionator method.

Olig2 (oligodendrocyte transcription factor 2) and myelin immuno-
histochemistry were performed as previously described with
minor changes'? to assess oligodendroglial loss in the striatum of
mice and monkeys. Sections were selected in the medial to poster-
ior striatum and were incubated with mouse monoclonal Olig2
antibody (Merck, MABN5044, 1:1000) or rabbit monoclonal myelin
basic protein antibody (Abcam, ab218011, 1:5000) for one night at
room temperature and revealed the next day by an anti-mouse or
anti-rabbit peroxidase EnVision secondary antibody, respectively,
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followed by DAB visualization. Free-floating Olig2-stained sections
were mounted on gelatin slides, counterstained with 0.1% cresyl
violet solution, dehydrated and cover-slipped. Free-floating mye-
lin-stained sections were mounted on gelatin slides, dehydrated
and cover-slipped. Slides were scanned using the Panoramic
Scanner and analysed using the Mercator software (Explora Nova,
France). Olig2 slides were analysed using a surface threshold,
where the baseline detection signal was determined and then
applied on all slides. Myelin slides were analysed in two ways:
using surface threshold similarly to Olig2 staining and using optic-
al density measuring the mean grey staining in the white matter
in striatal sections. In addition, we measured the Nissl-cell count
in the putamen on Olig2-counterstained sections using stereology.

Pathological handling of synuclein was assessed in monkeys with a
mouse monoclonal antibody raised against human o-syn (syn211,
ThermoFisher, MA5-12272, 1:1000) and another against phosphory-
lated o-syn (clonellAS5, Elan, 1:5000), as previously reported.'*'
Briefly, selected sections at two rostrocaudal levels were specifically
identified and incubated in the same well to allow direct compari-
son of immunostaining intensity. Sections were incubated overnight
at room temperature with the aforementioned antibodies. The fol-
lowing day, the revelation was performed with anti-species peroxid-
ase EnVision system (Dako) followed by DAB incubation. Sections
were then mounted on gelatinized slides, dehydrated, counter-
stained if necessary and cover-slipped until further analysis. Grey-
level quantification or immunostaining-positive surface quantifica-
tion in 29 brain regions were performed as previously described.'>®
A heat map was generated using the data from grey-level quantifi-
cations in the different brain regions.*

Second, to assess the accumulation of total a-syn in cells in the
SNpc, staining was performed on serial sections (1-12) of SNpc,
corresponding to the whole SNpc.’® Sections were incubated in
monoclonal mouse Syn211 antibody for one night at room tem-
perature and revealed the next day using an anti-mouse peroxid-
ase EnVision secondary antibody followed by DAB visualization.
Syn211-positive cells were counted using the Mercator software
(Explora Nova, France). The SNpc was delineated for each slide,
and probes for stereological counting were applied to the map
obtained. Each Syn211-positive cell with the nucleus included in
the probe was counted. The total number of Syn211-positive neu-
rons in the SNpc was then assessed using the optical fractionator
method.

Inflammatory processes in striatal sections were measured as pre-
viously described">*® through GFAP/S-100 (Dako, Z0334/Abnova,
PAP11341) and Ibal (Abcam, ab5076) immunohistochemistry.
Striatal sections were incubated overnight with a mix of rabbit
antibodies raised against GFAP and S-100 for the astroglial staining
(respective dilutions 1:2000 and 1:1000), and with a goat anti-Ibal
antibody for the microglial staining (dilution 1:1000). These signals
were revealed with anti-species peroxidase EnVision system
(Dako) followed by DAB incubation. GFAP-S100 sections were
mounted on slides, counterstained in 0.1% cresyl violet solution,
dehydrated and cover-slipped. Sections stained by Ibal were
mounted on slides, dehydrated and cover-slipped. Sections
stained by GFAP-S-100 were numerized at x 20 magnification with
a NanoZoomer (Hamamatsu) and Ibal sections were numerized
using the Panoramic Scanner. All quantifications were estimated
by immunostaining-positive surface quantification at regional lev-
els with the Mercator software (Explora Nova, France).
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Tissue patches collected on 300-um thick cryostat-cut sections of
caudate nucleus and putamen (n = 5 patches per structure and ani-
mal) were extracted on ice using 100 pl of RIPA buffer [50 mM tris-
HCI (pH 7.4), 150 mM NaCl, 1.0% Triton X-100, 0.5% Na-deoxycho-
late, and 0.1% SDS| with a protease and phosphatase inhibitor
cocktail as previously described.’'® Lysates were incubated for
20min and then centrifuged at 14000rpm for 15min at 4°C.
Supernatants were collected, and the total amount of protein in
the lysates was assessed by bicinchoninic acid assay before stor-
age at-80°C.

Based on total protein concentrations from the bicinchoninic
acid assays, aliquots of tissue lysates corresponding to known
amounts of total protein per sample were prepared for each ani-
mal in Laemmli buffer (Tris-HCl 25mM pH6.8, glycerol 7.5%, SDS
1%, DTT 250 mM, and bromophenol blue 0.05%) for immunoblot-
ting experiments.

Tissue patches, collected as above (n=10 patches per structure
and per animal) were homogenized in Triton-X extraction buffer
(50mM Tris-base pH 7.6, 150mM NaCl, 1% Triton-X-100, 2mM
EDTA) containing protease and phosphatase inhibitors as previ-
ously described.’®®** The lysate was sonicated and then centri-
fuged (1200009 for 60min at 4°C) and the supernatant was
collected (Triton-X-soluble fraction). The pellet was then washed
three times with 1 M PBS/1% Triton-X, centrifuged (13000g for
15min) and resuspended in SDS extraction buffer (50 mM Tris pH
7.6, 150mM NaCl, 1% Triton-X-100, 0.5% Na-deoxycholate, 1%
SDS), sonicated and centrifuged (120000g for 60min at 4°C) and
the supernatant was collected (Triton-X-insoluble fraction).

Western blots were run in all conditions using 20 pg of protein sep-
arated by SDS-polyacrylamide gel eletrophoresis and transferred
to nitrocellulose membranes, as previously described.'>®
Incubation of the primary antibodies was performed overnight at
4°C with rabbit anti-phosphorylated-a-syn at Ser129 (1:5000,
Abcam EP1536Y), Synl (1:1000, BD Biosciences), Syn211 (1:1000,
ThermoFisher), TPPP/p25a (1:5000, Sigma). Anti-B-actin (1:2000,
Sigma) was used to control equal loading. Appropriate secondary
antibodies coupled to peroxidase were revealed using a Super
Signal West Chemiluminescent kit (Immobilon Western,
Chemiluminescent HRP substrate, Millipore). Chemiluminescence
images were acquired using the ChemiDoc + XRS system measure-
ment (Bio-Rad). Signals per lane were quantified using ImageJ (ver-
sion 1.53). A ratio (protein of interest normalized to B-actin protein
levels, then to Control values) of the signal on loading per animal
was performed and used in statistical analyses.

Tissue patches collected on 300-um thick cryostat-cut sections of
globus pallidus pars internalis (n = 5 patches per structure and ani-
mal) were prepared and analysed as previously described,™ homo-
genized in methanol/water (50:50% v/v), then centrifuged at
14 000rpm for 15min at 4°C.>®> The supernatant was aliquoted
and stored at -80°C until amino acid derivatization. Glutamate and
GABA content in the samples was measured by high-performance
liquid chromatography coupled with fluorometric detection (FP-
2020 Plus fluorimeter, Jasco) after precolumn derivatization with o-
phthaldialdehyde (OPA)/mercaptoethanol reagent*®  Thirty
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microlitres of OPA reagent were automatically added to a 28-pl
sample by a refrigerated autosampler kept at 4°C (Triathlon, Spark
Holland). Fifty microlitres of the mixture were injected onto a 5-
C18 Hypersil ODS column (3 x 100 mm; Thermo-Fisher) perfused
at 0.48 ml/min (Jasco PU-2089 Plus Quaternary Pump) with a mo-
bile phase containing 0.1 M sodium acetate, 10% methanol, 2.2%
tetrahydrofuran (pH 6.5). Chromatograms were acquired and ana-
lysed using ChromNav software (Jasco, Tokyo, Japan). Under these
conditions, the limits of detection for glutamate and GABA were
~1nM and ~0.5nM, and their retention times ~3.5min and
~18.0 min, respectively.

Double-immunofluorescent labelling was performed on striatal
sections to localize the accumulation of a-syn. Sections were per-
meabilized and blocked using normal donkey serum or normal
goat serum diluted in PBS 1x-Saponine 0.2% for 1h before being
incubated overnight in primary antibodies [mouse anti-CNPase
(1:1000, ab237961, Abcam) or mouse anti-NeuN (1:1000, MAB377,
Merck) and rabbit anti-a-syn (1:5000, MJFR1, ab209420, Abcam) or
rabbit anti-phosphorylated o-syn at Ser129 (1:2000, EP1536Y,
ab51253, Abcam)]. The next day, sections were incubated in sec-
ondary antibodies sequentially: first with donkey anti-mouse
Alexa 488 secondary antibodies, then with donkey anti-rabbit
Alexa 568 (x-syn) or Alexa 647 (pSyn) secondary antibodies. After
washing, sections were incubated with 10 uM of Hoechst staining
for 8min to colour the nuclei. Sections were mounted on non-
gelatinized slides and cover-slipped using fluorescent mounting
media without DAPI (Vector Labs). Images were acquired using a
Zeiss SP5 confocal microscope (x 63). Analysis of images was done
using Image] (version 1.53), with a macro designed to delineate in-
dividual cells, analyse particles within the cell and extrapolate the
count and size of puncta.

Principal component analysis was performed in Python (Python
software foundation v.3.7.4 available at https://www.python.org/)
and the scientific python stack: scipy (v.1.4.1),*” numpy (v.1.18.1),%®
matplotlib (v.3.3.3)*° and scikit-learn (v.0.22.1).

For all experiments, comparisons among means were
performed using raw data by using Student’s one-tailed unpaired
t-test (GraphPad Prism 9.0, San Diego, CA). Correlations between
variables were assessed with Spearman’s correlation analysis.
Statistical significance was set at P < 0.05.

The debate about the need to move beyond P-value is raging.
Data must now be analysed further with estimation graphics®
that put the emphasis on the effect size. Therefore, all data appear
as estimation graphics called ‘Gardner-Altman plots’: on the left of
each graph, data of vehicle (mice) or controls (NHP) and GCI groups
are presented as scatter plots showing the observed values along
with above-defined descriptive statistics (mean + SD). On the right
of each graph, a contrast graph using the difference axis to display
an effect size, here mean difference. Horizontally aligned with the
mean of the test group, the mean difference is indicated by the
black circle. The 95% CI of the mean difference is illustrated by the
black vertical line. The grey curve indicates the resampled distri-
bution of the effect size, given the observed data.

The data supporting the findings of this study are available from
the corresponding authors upon reasonable request.
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Injected GCIs induce MSA pathological features

Results

GCl-enriched fractions were obtained from two MSA patient
brains, containing conspicuous a-syn-positive and ubiquitin-posi-
tive aggregates (Fig. 1A). They were used to evaluate the patho-
logical consequences of injecting «-syn-containing putaminal GCI
extracts purified from MSA-P patients into the brains of wild-type
mice and NHPs. Fresh-frozen post-mortem striatal samples were
purified through differential ultracentrifugation using a sucrose
step gradient and tested for their a-syn immunoreactivity using fil-
ter retardation assay (Fig. 1A), as previously described.**®

GCI fractions were first tested in vitro on rat mesencephalic pri-
mary cultures. GCI fraction administration induced a significant
loss of TH-positive cells by over 50% (Fig. 1B), thereby demonstrat-
ing the toxicity of GCI fractions. This raised the question of
whether these fractions also have harmful effects in vivo. To test
this, wild-type mice received intranigral injections of GCI fractions.
Four months after administration, mice presented a significant
39+4.5% loss of dopaminergic neurons in the substantia nigra
(Fig. 1C), without losing dopaminergic fibres projecting to the stri-
atum (mean difference lower than 5%; Fig. 1D). Possibly owing to
the relatively short live phase, no significant loss of striatal oligo-
dendrocytes was observed, although a trend towards a decrease
was noticeable with an effect size of ~20% in Olig2 staining
(Fig. 1E). Overall, these results confirmed the toxicity of putaminal-
derived GCI fractions extracted from MSA patients onto substantia
nigra cells in wild-type mice and grounded the NHP experiment.

Following our in vitro and in vivo mice experiments, we aimed to
determine whether GCI fractions affected NHPs. GCl-injected
baboons were ethologically followed for 2 years after administra-
tion. We observed motor difficulties with an increase in the time
spent with their body oriented in the open environment, indicat-
ing anxiety-like behaviour and decreased time spent in the corri-
dor connecting the main aviary to the secondary, indicating
decreased motivation/locomotion®! (Supplementary Fig. 1A and B).
These subtle phenotypes are reminiscent of those displayed by
Lewy body-injected monkeys®® and suggest that GCl-injected mon-
keys might have been in a prodromal phase. Post-mortem examin-
ation 2 years after injection unravelled that GCI injection induced
a significant impairment of the nigrostriatal pathway with TH
immunoreactivity losses of 36% in the caudate nucleus (Fig. 2A-D),
18% in the putamen (Fig. 2A and E) and 40% in the substantia nigra
(Fig. 2A, F and G). AADC, the enzyme that decarboxylates L.-DOPA
into dopamine (Fig. 2H) and striatal DAT immunostaining were
also reduced (Fig. 2I) with a mean difference between groups of
~50% for both markers in caudate and putamen. GCI-injected
monkeys also presented a significant decrease of the density of
Nissl-positive cells in the putamen (Fig. 2J), suggesting a loss of
striatal medium spiny neurons. Together, these results reflect an
impairment and degeneration of the nigrostriatal pathway and
putamen.

Next, we performed dimensionality reduction using principal
components analysis (a multivariate analysis method). Projection
of individual points along PC1-PC2 demonstrated that neurode-
generation-related variables allowed clustering of controls and
GClI-injected animals in two opposite parts of the PC1-PC2 space
with no overlap (Fig. 2K). Most of the variance was captured by PC1
(70.3%), which showed high correlation values with most
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neurodegeneration-related variables (Supplementary Table 1 fea-
tures all raw data). Analysis of individual scores along the PC1 axis
showed significant differences between controls and GCI-injected
animals (Fig. 2L). Altogether, these results confirmed the harmful
impact of GCI fractions on the nigro-striatal pathway integrity in
monkeys.

Because both the substantia nigra and the striatum exhibited
neurodegeneration, we wondered whether these changes resulted
into functional changes into the basal ganglia network. Glutamate
levels slightly increased (~20%) while GABA content decreased in
GClI-injected monkeys (Supplementary Fig. 2A and B). This is con-
sistent with (i) an increased activity of the glutamatergic projec-
tion from subthalamic nucleus, i.e. the last relay nucleus of the
indirect pathway; and (ii) a decreased drive from the GABAergic
projection that composes the direct pathway.*! Both changes sign
an imbalance of striatofugal pathways, resulting from
neurodegeneration.

Given that MSA pathology is not only characterized by the loss of
striatal and dopaminergic neurons but also by oligodendrocyte
dysfunction and consequently myelin disruption, we evaluated
whether this could be observed at the striatal and white matter
levels in GCl-injected monkeys. Histochemical analysis of Olig2
staining showed a significant decrease in the caudate nucleus
and the putamen, in terms of both total surface and cell size
(Fig. 3A-F). No significant changes, but trends, due to the small
sample size, were observed in the white matter, with a mean dif-
ference in Olig2 staining of 60% (Fig. 3G-I). Our results suggested a
decrease in the total number and the size of striatal oligodendro-
cytes in GCl-injected monkeys. We next examined the myelin-
ation, one of the crucial roles of oligodendrocytes, using myelin
immunostaining in the putamen of GCI-injected and control ani-
mals. We observed a decrease in myelin immunoreactivity in the
white matter of GCI-injected monkeys (Fig. 3J-L).

Interestingly, the loss of putaminal oligodendrocytes correlated
positively with the loss of striatal dopamine fibres, DAT and AADC
staining (Supplementary Fig. 3A and B) and striatal cell density
(Supplementary Fig. 3C). Moreover, the oligodendroglial loss in the
white matter also significantly and positively correlated with
dopaminergic degeneration (i.e. loss of TH and DAT-positive fibres
in the putamen and caudate nucleus; Supplementary Fig. 3D-G).
These associations suggested the existence of striatal neurodegen-
eration affecting both the incoming dopamine fibres and the
striatofugal neurons concomitant with oligodendroglial neurode-
generation, thereby corroborating neurochemistry findings.

In MSA, TPPP/p25u is relocated from myelin sheaths to oligo-
dendrocyte cytoplasm and is a significant component of
GCls.»>*?3 We characterized variations in TPPP/p25u protein lev-
els in the putamen and caudate of GCl-injected monkeys, particu-
larly in the putamen with an increase of 25% (Fig. 3M and N).

In addition to oligodendrogliopathy, increased inflammation
via astrogliosis and microgliosis has been observed in human MSA
neuropathology.** We observed that they did not present a marked
inflammatory response as indicated by the absence of astrocytic
reaction, using the marker GFAP, and microglial proliferation,
using Ibal, in the striatum and the white matter (Supplementary
Fig. 4A and B). While GFAP staining also remained unaffected in
the entorhinal cortex, we observed local increase of microglial sur-
face staining in the entorhinal cortex of GCI-injected monkeys
(Supplementary Fig. 4A and B). Altogether these results suggested
that, in addition to the mesencephalic and striatal degeneration,
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Figure 2 Intrastriatal injection of GCI-derived fractions induces nigrostriatal neurodegeneration in the NHP brain. (A) TH immunostaining at striatum
and SNpc levels in control (n=5) and GCI-injected baboon monkeys (n = 3). Scale bars =5mm (striatum) and 200 um (SNpc). (B-E) Scatter plots of
mean grey TH immunostaining in the caudate nucleus; P = 0.0098, t = 3.159 (B), in the head of the caudate nucleus; P = 0.0042, t = 3.849 (C), in the tail
of the caudate nucleus; P = 0.0248, t = 2.452 (D) and in the putamen; P = 0.0488, t = 1.961 (E) in Control versus GCI-injected baboon monkeys, expressed
as a percentage of controls. (F and G) Scatter plots of TH staining in the substantia nigra by quantification of surface staining, expressed as a percent-
age of controls; P = 0.0054, t = 3.648 (F) and the number of TH-positive cells; P = 0.1475, t = 1.147 (G). (H) Illustrative images (left) and scatter plots (right)
of AADC immunostaining measured by optical density in the caudate nucleus; P = 0.0187, t = 3.573 and in the putamen; P = 0.0236, t = 3.259 of control
and GCI-injected NHPs and expressed as a percentage of controls. A green fire blue LUT (lookup table) was used to enhance contrast and highlight
the difference. Scale bar = 5mm. (I) lllustrative images (left) and scatter plots (right) of DAT immunostaining measured by optical density in the caud-
ate nucleus; P = 0.0147, t = 3.929 and in the putamen; P = 0.0105, t = 4.456 of control and GCI-injected NHPs and expressed as a percentage of controls.
A green fire blue LUT was used to enhance contrast and highlight the difference. Scale bar = 5mm. (J) Scatter plot representing the density of Nissl-
positive cells in the putamen of control and GCI-injected NHPs, expressed as a percentage of controls. P = 0.0405, t = 2.095. The horizontal line indi-
cates the average value per group + SD. Each dot represents one NHP of the control (black) and GCI-injected baboon monkeys (green). Bootstrapped
mean difference with 95% CI (error bar) is shown on the right side of each graph. Comparisons were made using an unpaired t-test. *P < 0.05 com-
pared to control animals. (K and L) Principal component (PC) analysis was applied on 11 neurodegenerative parameters (above). Each animal is repre-
sented by a dot in the new space created by PC1-2 (K). Histogram plot depicts mean values of PC1 scores for each experimental group; P = 0.0160 (L).
Each dot represents one NHP of the control (black) and GCI-injected baboon monkeys (green).
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Figure 3 Intrastriatal injection of GCI-derived fractions induces oligodendroglial loss and demyelination in the NHP brain. (A-C) Illustrative images
(A) and quantification (B and C) of Olig2 immunostaining measured by surface threshold; P = 0.0221, t = 3.346 (B) or surface size; P = 0.0310, t = 0.2911
(C) expressed as a percentage of controls, in the caudate nucleus of control and GCI-injected NHPs. Scale bar = 40 pm. (D-F) Illustrative images (D) and
quantification (E and F) of Olig2 immunostaining measured by surface threshold; P =0.0043, t=6.154 (E) or surface size; P =0.0124, t=4.190 (F),
expressed as a percentage of controls, in the putamen of control and GCI-injected NHPs. Scale bar = 40 um. (G-I) [llustrative images (G) and quantifica-
tion (H and I) of Olig2 immunostaining measured by surface threshold; P = 0.0552, t = 2.245 (H) or surface size; P = 0.1370, t = 1.336 (I), expressed as a
percentage of controls, in the white matter of control and GCl-injected NHPs. Scale bar = 40 um. (J-L) Illustrative images (J) and quantification (K and
L) of myelin immunostaining measured by optical density; P = 0.0140, t =4.004 (K) and surface threshold; P = 0.0036, t = 6.572 (L), expressed as a per-
centage of controls, in the striatum of control and GCI-injected NHPs. Scale bar = 5mm. The horizontal line indicates the average value per group +
SD. Each dot represents one monkey of the control (black) and GCI-injected baboon monkeys (green). Comparisons were made using an unpaired t-
test. *P < 0.05 compared to control animals. (M) Representative images (left) and quantification (right) of TPPP/p250 immunoblotting in the rostral pu-
tamen of control and GCI-injected NHPs; P = 0.0648, t = 2.075. (N) Representative images (left) and quantification (right) of TPPP/p25« immunoblotting
in the rostral caudate nucleus of control and GCI-injected NHPs; P = 0.2264, t = 0.8607. Each dot represents one NHP of the control (black) and GCI-
injected NHPs (green). Bootstrapped mean difference with 95% CI (error bar) is shown on the right side of each graph. Comparisons were made using
an unpaired t-test. *P < 0.05 compared to control animals. CTRL = control.
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accumulation of total a-syn in the NHP substantia nigra. (A) Heat map representing the surface threshold of a-syn (Syn211) and S129 phosphorylated
a-syn (Elan) immunostaining intensity in the brain of control and GCI-injected NHPs. The heat maps show all brain regions measured. From top to
bottom, for total a-syn: amygdala (amyg), caudate nucleus (cd), cingulate cortex (ctx cing), entorhinal cortex (ctx ent), insular cortex (ctx ins), pre-
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endogenous (middle inset) and phosphorylated (bottom inset) a-syn in the SNpc of control and GCI-injected NHPs. Scale bars = 5mm (top) and 50 pm
(insets). (C) Scatter plot of the number of a-syn-positive cells in the substantia nigra in control and GCI-injected NHPs; P = 0.0048, t = 3.746. The hori-
zontal line indicates the average value per group + SD. Each dot represents one NHP of the control (black), GCI-injected NHPs (green). Comparisons
were made using an unpaired t-test. *P < 0.05 compared to control animals. (D) Linear regression between surface threshold value of TH immunos-
taining and the number of a-syn-positive cells in the susbtantia nigra; F = 6.669, P = 0.0416, r* = 0.5264 for control or GCl-injected NHPs. Each dot rep-
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side of each graph. Comparisons were made using an unpaired t-test. *P < 0.05 compared to control animals. CTRL = control.

GClI-injected monkeys present an MSA-like oligodendroglial loss
and demyelination but only modest neuroinflammation.

GCI-containing fractions induce synuclein pathology
in non-human primates

To evaluate if GCI-induced neurodegeneration and oligodendrogli-
opathy were associated with synuclein pathology, we quantified
the levels of o-syn staining in 29 different regions of the basal gan-
glia and cortex (Fig. 4A and Supplementary Figs 5 and 6). While
total

a-syn accumulation was modestly affected in the investigated
regions (Fig. 4A, top and Supplementary Fig. 5), a-syn phosphory-
lated at $129 (pSyn—a pathogenic form)** accumulated differently
in GCl-injected baboons compared to controls (Fig. 4A, bottom and
B, bottom inset, and Supplementary Fig. 6). However, when looking
more closely at o-syn signal in the substantia nigra, we observed a
relocalization from a diffuse staining (typical of the physiological

presynaptic localization of the protein) to a cellular-like staining in
soma, represented by a significant increase (~50% effect size) in o-
syn-positive cells (Fig. 4B and C). Of interest, the number of nigral
a-syn-positive cells significantly and negatively correlated with
TH-positive cell surface staining in the substantia nigra, indicating
that the decrease in TH-positive cells is associated with an in-
crease in the number of a-syn-positive cells in the substantia nigra
(Fig. 4D). Biochemical investigations corroborated an increase of
pSyn in the putamen and caudate nucleus in GCI-injected mon-
keys (Fig. 5A and B). Furthermore, using sequential extraction of
Triton-X-soluble and -insoluble a-syn,** we detected higher levels
of Triton-X-insoluble monomeric and high molecular weight
forms of total a-syn (Fig. 6A and B) and pSyn (Fig. 6C and D) in the
putamen, but not the caudate nucleus. Triton-X-soluble fractions
were also enriched in high molecular weight forms of a-syn in the
putamen (Supplementary Fig. 7A and B). Concerning pSyn, mono-
meric forms were enriched in both the putamen and caudate nu-
cleus, whereas high molecular weight forms were only increased
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Figure 5 Total protein extracts of putamen and caudate nucleus reveal an accumulation of S129-phosphorylated a-syn after GCI injections.
(A) Representative images (top) and quantification (bottom) of total protein extracts of a-syn and S129-phosphorylated a-syn (pSyn) immunoblotting
using Syn1 and EP1536Y antibodies in the rostral, medial and caudal putamen (respectively, PuR, PuM, PuC) of control and GClI-injected NHPs (pSyn
PuR: P =0.0040, t=2607;, pSyn PuM: P=0.1263, t=1.413; pSyn PuC: P =0.3830, t=0.3258; a-syn PuR: P=0.1336, t=1.359; a-syn PuM: P =0.4120,
t=0.2426; a-syn PuC: P = 0.2169, t = 0.9016). (B) Representative images (top) and quantification (bottom) of total protein extracts of a-syn and S129-phos-
phorylated a-syn (pSyn) immunoblotting using Syn1 and EP1536Y antibodies in the rostral, medial and caudal caudate nucleus (respectively, CdR,
CdM, CdC) of control and GCI-injected NHPs (pSyn CdR: P = 0.0010, t = 10.27; pSyn CdM: P = 0.0016, t = 8.663; pSyn CdC: P = 0.4845, t = 0.0422; a-syn CdR:
P =0.2579, t = 0.7345; a-syn CdM: P = 0.3378, t = 0.4618; o-syn CdC: P = 0.3660, t = 0.3759). The horizontal line indicates the average value per group + SD.
Each dot represents one monkey of the control (black), GCI-injected NHPs (green). Bootstrapped mean difference with 95% CI (error bar) is shown on
the right side of each graph. Comparisons were made using unpaired t-test. *P < 0.05 compared to control animals. CTRL = control.
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Figure 6 Subcellular fractionation of putamen and caudate nucleus reveals an accumulation of triton insoluble forms of total and S129-phosphory-
lated a-syn after GCI injections. (A) Representative images (left) and quantification (right) of Triton-X-insoluble monomeric and high molecular
weight o-syn immunoblotting using Syn211 antibody in the rostral, medial and caudal putamen of control and GCI-injected baboon monkeys (14 kDa
a-syn PuR: P =0.0675, t=2.032; 14kDa oa-syn PuM: P =0.1816, t = 1.069; 14kDa a-syn PuC: P =0.2444, t=1.17; 55kDa a-syn PuR: P =0.1010, t = 1.628;
55kDa a-syn PuM: P = 0.2606, t = 0.7242; 55 kDa a-syn PuC: P = 0.0088, t = 4.769). (B) Representative images (left) and quantification (right) of Triton-X-in-
soluble monomeric and high molecular weight o-syn immunoblotting using Syn211 antibody in the rostral, medial and caudal caudate nucleus of
control and GCI-injected baboon monkeys (14 kDa a-syn CdR: P =0.1769, t = 1.095; 14kDa a-syn CdM: P = 0.0615, t = 2.13; 14 kDa a-syn CdC: P = 0.0882,
t=1.762; 55kDa a-syn CdR: P =0.0907, t=1.733; 55kDa a-syn CdM: P = 0.0865, t=1.781; 55kDa a-syn CdC: P = 0.4864, t = 0.03697). (C) Representative
images (left) and quantification (right) of Triton-X-insoluble monomeric and high molecular weight pSyn immunoblotting using EP1536Y antibody in
the rostral, medial and caudal of control and GCI-injected baboon monkeys (14kDa o-syn PuR: P =0.1113, t=1.534; 14kDa a-syn PuM: P = 0.1089,
t=1.555; 14kDa a-syn PuC: P = 0.4868, t = 0.0358; 100 kDa a-syn PuR: P = 0.0057, t =5.571; 100kDa a-syn PuM: P = 0.2647, t = 0.7092; 100kDa a-syn PuC:
P =0.1188, t = 1.472). (D) Representative images (left) and quantification (right) of Triton-X-insoluble monomeric and high molecular weight pSyn im-
munoblotting using EP1536Y antibody in the rostral, medial and caudal caudate nucleus of control and GCI-injected baboon monkeys (14 kDa a-syn
CdR: P =0.2203, t=0.8865; 14kDa o-syn CdM: P =0.0456, t=2.457; 14kDa oa-syn CdC: P =0.1114, t=1.533; 100kDa a-syn CdR: P =0.0007, t=11.35;
100kDa a-syn CdM: P = 0.2397, t = 0.8054; 100kDa a-syn CdC: P = 0.2089, t = 0.9373). The horizontal line indicates the average value per group + SD.
Each dot represents one monkey of the control (black), GCI-injected baboon monkeys (green). Bootstrapped mean difference with 95% CI (error bar) is
shown on the right side of each graph. Comparisons were made using unpaired t-test. *P < 0.05 compared to control animals. CTRL = control.
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in the caudate nucleus (Supplementary Fig. 7C and D). Altogether,
these results indicate a-syn buildup with both a change in cellular
staining and increased Triton-X-insoluble and -soluble protein ex-
pression in the striatum 2 years after GCI injection.

One of the hallmarks of MSA is the accumulation of a-syn in
oligodendrocytes. We determined the cell-type specificity and dis-
tribution of a-syn expression via immunofluorescence confocal
microscopy with the well-established oligodendrocyte marker
CNPase and the neuronal marker NeuN. In both controls and GCI-
injected monkeys, a-syn co-localized with CNPase in putaminal
oligodendrocytes (Fig. 7A), with a significant increase in the num-
ber and a decrease in the size of a-syn-positive puncta in GCI-
injected monkeys. This suggests that a-syn accumulates in oligo-
dendrocytes of GCl-injected primates, with more abundant
smaller puncta distributed in the oligodendrocyte. On the contrary,
a-syn puncta were rare in neurons, both in controls and GCI-
injected monkeys (Fig. 7B). In the remaining oligodendrocytes, co-
localization of pSyn and CNPase was observed in control and GCI-
injected animals, with a surprising decrease in pSyn puncta in
GCl-injected baboon monkeys (Fig. 7C). In neurons, pSyn was also
found in the cytoplasm of control and GCI-injected baboons
(Fig. 7D). Altogether, these results suggest an accumulation of -
syn in oligodendrocytes of GCI-injected monkeys, indicating a po-
tential first phase of MSA-related a-syn pathology induction.

Discussion

In this pilot study, we show that intracerebral injections of GCI-
enriched fractions in NHPs induce most of the disease-specific
aspects of MSA neuropathological features. Two years after stereo-
tactic striatal injections, baboon monkeys inoculated with GCIs
demonstrated subtle behavioural changes and neuropathological
evidence of MSA pathology, including loss of both dopaminergic
and striatal neurons, loss of oligodendrocytes in the putamen
along with demyelination, slight neuroinflammation and accumu-
lation of a-syn in oligodendrocytes compared to age-matched con-
trol monkeys. These observations suggest that, 2 years after
injection, the GCIl-exposed baboon monkeys were in an initial
phase of an MSA-like condition.

Mice experiments were aimed at qualifying the GCI fractions
based on dopaminergic neuron-induced toxicity. After 4 months
post-injection, the supranigral injection of GCI in C57BL6/] wild-
type mice led to dopamine neuron loss. Despite meeting the
qualification criterion set before NHP experimentation, one may
wonder why other parameters were not affected at 4months in
wild-type mice. There are few previous reports of MSA-derived
extracts injected in wild-type and transgenic mice. Interestingly, a
recent report showed that detergent-insoluble a-syn isolated from
MSA patients could also induce neuronal inclusions in C57BL6/
C3H wild-type mice at 3 months after striatal injection but failed to
generate an oligodendroglial pathology.” Other types of extracts,
i.e. brain homogenates instead of our GCI extraction procedure,
have also been tested, but they were administered to transgenic a-
syn-overexpressing mice. In this regard, intracerebral injections of
brain extracts from MSA patients in homozygous and hemizygous
TgM83 mice led to neurodegeneration and formation of a-syn-
positive inclusions after 3months.”"*®% Following this, another
study used injections of brain homogenates from sick M83 trans-
genic mice or human MSA patient extracts in TgM83 mice.*” This
study demonstrated that pathological a-syn accumulation in
transgenic mice was higher when inoculated with homogenates
from sick M83 mice than from MSA patient extracts. Unlike our
GClI inoculations, none of these injections induced neurodegenera-
tion or synucleinopathy in wild-type mice, regardless of the
inoculum.

BRAIN 2022: 145; 1001-1017 | 1013

MSA extracts have been by far less used than Parkinson’s dis-
ease extracts in an experimental setting. Notably, the o-syn
spreading and toxicity efficiency observed in different laboratories
depends strongly on several factors, including the biochemical
preparation of the inoculum, the injected quantity (in the micro-
gram-picogram range) and volume, the choice of mouse strain, the
brain areas of injection, the post-injection observational period
and the potential species barrier.”'84¢4” Interestingly, the litera-
ture using transgenic MSA mouse models based on a-syn overex-
pression is more profuse and provides interesting timing
considerations. The PLP-o-syn transgenic mouse model displays a
loss of dopamine neurons (predominant between 2 and 4 months
of age), together with age-related impairments that worsen when
striatal atrophy comes into play around 10-12 months of age.®**?
Besides, this model recapitulates the oligodendroglial accumula-
tion of insoluble o-syn as well as some dysautonomic features of
MSA only when mice reach 10-12 months of age.®*#%° Also, an-
other recent study where preformed fibrils of a-syn were injected
in both young and old wild-type C57Bl6/] mice showed
the presence of oligodendroglial o-syn aggregates starting at
12-18 months.?® Nonetheless, a recent study demonstrated the dif-
ference between the atomic structures of seeded assemblies
of recombinant human a-syn fibrils compared to that of human
a-syn extracts, also demonstrating the need for models using pa-
tient-derived extracts.®® Although follow-up studies would be
necessary to confirm this suggested time-related hypothesis, wild-
type mice receiving GCI extracts might likely require a more
extended survival period before manifesting signs of oligodendro-
gliopathy and demyelination in the striatum, as observed in NHPs.

One of the major unanswered questions in the field remains
what triggers the localization of GCIs in oligodendrocytes com-
pared to Lewy body formation in neurons.’’* Follow-up ques-
tions are whether, why, and how much o-syn accumulation in
oligodendrocytes would lead to neurodegeneration, as it undoubt-
edly occurs in MSA patients, in o-syn transgenic mice models and
in the current set of GCI-exposed NHPs. Various non-exclusive
mechanisms might be at work, such as (i) the relocalization of
TPPP/p25a in oligodendrocytes from the myelin sheath to the cyto-
plasm, which appears to be an early pathologic event that pre-
cedes o-syn aggregation®*?; (ii) the a-syn release from neurons to
oligodendrocytes through active or passive mechanisms®?; and (iii)
non-cell autonomous factors such as pro-inflammatory or envir-
onmental factors.>>*® In light of the ongoing debate, these cells
may produce much of the protein®’"*° and the intracellular and
the extracellular factors responsible for o-syn expression in oligo-
dendrocytes. In addition, further studies are needed to determine
to what extent conformational status and accumulation of a-syn
and pSyn end up in oligodendrocytes. No genuine GCIs were
observed in the present NHP experiments. Given the otherwise
convincing reported pathology, we posit that actual formation of
GCIs would take longer than the 2-year survival period imposed by
the experimental design. However, redistribution of pSyn accumu-
lation towards oligodendrocytes is present and, being concomitant
to other aspects of MSA neuropathology, including TPPP/p25a ac-
cumulation,®® we strongly suggest these animals model a pre-GCI
phase. This observation raises two consequences: it suggests that
MSA-derived extracts can induce oligodendroglial a-syn pathology,
irrespective of the controversy on the expression of a-syn itself by
oligodendrocytes. It further suggests that nigral and striatal degen-
eration precedes GCI formation, although linked to o-syn redistri-
bution in oligodendrocytes. Importantly, such redistribution was
not observed in NHPs injected with Lewy bodies. Taken together,
this provides additional pieces to the concept of disease-related
strains, which could discriminate between the occurrence of
Parkinson’s disease or MSA pathologies.
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Figure 7 Injection of GCI induces co-localization of total and S129-phosphorylated «-syn in oligodendrocytes and S129-phosphorylated a-syn exclu-
sively in NHP neurons. (A) Representative confocal microscopy images (left) and quantifications (right) of oligodendrocytes and o-syn immunostain-
ing, using CNPase and MJFR1 antibodies, respectively, in the putamen of control and GCI-injected NHPs. Scale bar = 20 um, inset scale bar = 10 pm.
Quantifications measured puncta of a-syn staining in oligodendrocytes (top) P = 0.007, t = 3.426; and the average size of these puncta (bottom) P = 0.003,
t=3.690. (B) Representative confocal microscopy images (left) and quantifications (right) of neuronal and a-syn immunostaining, using NeuN and
MJFR1 antibodies, respectively, in the putamen of control and GCI-injected NHPs. Scale bar = 20 pm, inset scale bar = 10 pm. Quantifications measured
puncta of a-syn staining in neurons (top) P = 0.2270, t = 0.7528; and the average size of these puncta (bottom) P = 0.2386, t = 0.7146. (C) Representative
confocal microscopy images (left) and quantification (right) of oligodendrocytes and phosphorylated a-syn immunostaining, using CNPase and
EP1536Y antibodies, respectively, in the putamen of control and GCI-injected NHPs. Scale bar = 20 pm, inset scale bar = 10 ym. Quantifications meas-
ured puncta of pSyn staining in oligodendrocytes (top) P = 0.0043, t = 2.788; and the average size of these puncta (bottom) P = 0.4757, t = 0.06138. (D)
Representative confocal microscopy images (left) and quantification (right) of neuronal and phosphorylated a-syn immunostaining, using NeuN and
EP1536Y antibodies, respectively, in the putamen of control and GCl-injected NHPs. Scale bar = 20 um, inset scale bar = 10 ym. Quantifications meas-
ured puncta of pSyn staining in neurons (top) P = 0.2297, t = 0.7435; and the average size of these puncta (bottom) P = 0.4788, t = 0.05344. The horizontal
line indicates the average value per group + SD. Each dot represents one cell of the control (black) or GCI-injected NHPs (green). Bootstrapped mean
difference with 95% CI (error bar) is shown on the right side of each graph. Comparisons were made using unpaired t-test. *P < 0.05 compared to con-
trol animals. CTRL = control.
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However, relying on a single snapshot at 2 years precludes a
dynamic understanding of the process. It prevents us from defin-
ing whether cell death promotes accumulation of a-syn in oligo-
dendrocytes or the contrary. What we can affirm, however, is that
abnormal handling of a-syn propagates from the putamen, i.e. the
location of intracerebral injection, to other brain regions, as can
be seen in the heat map (Fig. 4A) with progression to cortical
areas and the lateral dorsal nucleus. This suggests that GCI-
induced a-syn pathology can propagate in NHPs, as shown previ-
ously for Parkinson’s disease-derived a-syn species.'*®

While acceptable for an exploratory study, further studies
would require larger NHP cohorts to reach adequate statistical
power for all variables. An additional question deals with the na-
ture of the control arm of this exploratory study. We had to prede-
termine the experimental groups with a known number of
animals and make choices regarding the control groups at the be-
ginning of this large-scale study. Before our experiments on olive
baboons,*® only two studies reported on using this species to
model synucleinopathy and neurodegeneration.®*®* We thus faced
a lack of baseline parameters, for instance, references of dopamin-
ergic-related parameters.

The present study is the MSA component of a large effort to ex-
plore the impact of Parkinson’s disease and MSA patient-derived
o-syn aggregates in NHPs.™>'®?! Uninjected animals were there-
fore used as controls for multiple extracts, preventing the use of
other several additional control individuals, in agreement with the
3R principle. This choice was further validated a posteriori by the
discovery that, in NHPs but not in mice, a small amount of singular
small Parkinson’s disease-derived o-syn aggregates is as toxic as
larger Parkinson’s disease-derived amyloid fibrils present in the
Lewy bodies.’ Relevant to this issue, we did not inoculate animals
with immunodepleted a-syn or a-syn fractions denatured with for-
mic acid, as we previously showed that inoculation with a-syn
immunodepleted fractions did induce neither neurodegeneration
nor synuclein pathology.**

Overall, we here provide the proof-of-concept that MSA-derived
GCI fractions trigger a pathogenic process in rodents and NHPs.
This study widens exciting perspectives for understanding human
MSA pathology per se and across species within the normal a-syn
expression context. Further studies with more monkeys and differ-
ent time points of post-mortem analysis are needed to extend our
observations and appreciate the full scope of the phenotypes fol-
lowing GCI injections. These could also give insights into the con-
tribution of the oligodendroglial synucleinopathy in MSA
neurodegeneration to help solve the perplexing dichotomy of
Parkinson’s disease/DLB versus MSA.
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