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DISEASES AND DISORDERS

Differential pathological dynamics triggered by distinct
Parkinson patient derived -synuclein extractsin
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The presence of -synuclein ( -syn) aggregates, such as Lewy bodies in patients with Parkinsons disease (PD),
contributes to dopaminergic cell death. Injection of PD patient derived -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 -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 -syn pathology. We demonstrate that distinct assemblies of -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 ndings identify pathogenic trajectories associated with large or small

istence of several possible concomitant pathogenic routes in PD.

INTRODUCTION

Characterizing animal models at di erent stages of disease progres-
sion is critical to understanding the course of neurodegenerative pa-
thologies such as Parkinsons disease (PD). While accumulation of
misfolded -synuclein (' -syn) is central to PD, its presence does not
always directly correlate with neuronal death. Other mechanisms
beyond -syn aggregation may, therefore, signi cantly contribute to
neurodegeneration in PD (1). In addition to calling Braaks hypothe-
sis into question (2), this nding urges the development of animal
models that replicate that speci c 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.  ese include
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-syn aggregates, suggesting the ex-

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

PD patient derived -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 -syn fractions
containing either the large aggregates (LA fraction, also known as
Lewy bodies) or the small aggregates (SA fraction, formed by solu-
ble -syn plus 10% aggregated -syn with adi erent amyloid struc-
ture) led to the same extent of dopaminergic neurodegeneration in
NHP but not in mice (14). e pathological pro le observed in this
2-year post striatal injection study suggested di erential 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.

is 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. eresults highlight distinct dynamics of pathogenic alterations
between the LA and SA groups, particularly a ecting 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 -syn extracts in a species closer to humans, 37 adult baboons
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(Papio papio) were allocated to a control group (n = 7), an LA group
(n=18), and an SA group (n =12), receiving 100 | 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 -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 -syn in SA fractions.

e current terminology, instead, accounts for the amyloid bril
structure (14). We reported that LA fractions (formerly LB) primar-
ily contain ~90% of large aggregated -syn brils, whereas SA frac-
tions (formerly noLB) are made of soluble -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) ( g. SLA) and by electron microscopy ( g. S1B)
con rmed structural di erences, which speci cally revealed the
presence of larger aggregates in LA samples compared to those in
SA samples. We con rmed that sonication for 5 min before injec-
tion disrupted LA into brillar fragments with an average size of
62.52nm( g.S1C). e -syncontentquanti ed by enzyme-linked
immunosorbent assay (ELISA) was 41.33 pg/ | for SA and 24.52 pg/

| for LA. To allow comparison between experimental groups, we
diluted both pools of fractions to the least concentrated pool (24 pg/
1) before in vivo injections.

To follow the pathology kinetics, experimental groups were ter-
minated at 6, 12, and 24 months a er 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 signi cant 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 con rmed the
lack of di erence in dopamine cell loss between the LA and SA
groups ( 15.1and 15.7%, respectively) (Fig. 1, D and E). e 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 yearsa er administration, LA- and SA-injected
baboons displayed signi cant striatal dopaminergic terminal loss in
the putamen (Fig. 1, F and G) and the caudate nucleus (Fig. 1,
Fand H).

At 12 months, both LA- and SA-injected groups showed similar
reduction in dopaminergic terminals (~17%), albeit only the LA
group reached statistical signi cance. is 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).  ekinetics between the LA and SA groups ( g.S2, Ato D)
appear to be very similar, although it remains to be determined now
whether distinct pathological mechanisms may be involved.

Cortical -syn pathology begins earlier in LA-exposed NHPs
We investigated the levels of total -syn (Fig. 2A) and -syn phos-
phorylated at serine-129 (pSyn) (Fig. 2B), taken as a surrogate
marker of -syn pathology within 17 brain regions (Fig. 2C). Total
-syn (Fig. 2, A and C) globally decreased over time, except in the
hippocampus. In the caudate nucleus, echoing the TH denervation
data, -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.24moand 15.65% for
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SA.24mo compared to that in control). A time-dependent increase
in total -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,Band C). e
entorhinal cortex (Fig. 2, F and G, and g. S3A), con rmed by bio-
chemical techniques ( g. S2E), and parahippocampal cortex (Fig. 2,
Hand I, and g. S3B) were signi cantly the most a ected 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 ( g. S3C). Together,
these results suggest that striatal injections of LAs and SAs induce
distinct temporal changes in -syn and pSyn levels, with earlier de-
velopment of pathology in LA-injected compared to that in SA-
injected animals.

Di erential pathological kinetics suggest an earlier startin
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, -syn related and non -syn related pathology end-
points (in several brain areas), and biological uid -syn measure-
ments. A wide array of techniques was used, including ethology,
immunohistochemistry, histology, biochemistry, synchrotron radia-
tion x-ray uorescence (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 signi cantly di ered 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 a er injection, the
LA and SA groups di ered from the control group for 5 and 11 vari-
ables, respectively, a di erence that rose to 44 and 31 variables, re-
spectively, at 24 months a er injection. Overall, this pattern is
suggestive of a progressive disease phenotype (Fig. 3C). Second, to
shed light on the di erent pathways a ected at each time point, we
grouped the variables into nine relevant categories (Fig. 3, D to F, and
table S1). Such data organization unraveled di erent patterns in LA-
and SA-exposed NHPs. It is interesting to notice the progressive
di erentiation between experimental and control groups over time,
with higher number of signi cantly di erent variable 24 months af-
ter surgery for the majority of the categories (Fig. 3D). Six months
a er injection, LA-injected baboons showed nigrostriatal neurode-
generation that was associated with a larger modi cation in soluble
-syn related compared to that in insoluble -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 -syn related variables; moreover, alterations in proteostasis-
related variables emerged (Fig. 3F). Twelve months a er injection,
the LA group showed larger nigrostriatal neurodegeneration which
was associated with a progressive increase in the number of solu-
ble and insoluble -syn related and basal ganglia dysfunction [i.e.,
-aminobutyric acid (GABA) and glutamate levels in Globus Pallidus
Internus (GPi)] variables (Fig. 3E). The number of soluble -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 m. (D) Repre-
sentative images and (E) quanti cation of TH-positive neurons by stereological counting in the SN of control and at di erent time points following intrastriatal injection
of LA and SA fractions from Parkinsons disease patients. Scale bar, 200 m. (F) lllustrative 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 di erence
with 95% con dence 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 -syn pathology following intrastriatal injection of LA and SA fractions from patients with Parkinson s disease. (A and B) lllustrative
image of (A) -syn and (B) serine-129 phosphorylated -syn (pSyn) staining. (C) Histological quanti cation in di erent brain regions of -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) -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) -syn and (G) pSyn immunostaining in the entorhinal cortex of control, SA-injected, and LA-injected animals. (H and 1) Inset of illustrative images
of (H) -synand (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
)20 m,and (Fand H) 100 m. mo, months.
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