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Hippocampal synaptic failure is an early
event in experimental parkinsonism
with subtle cognitive deficit

Arantzazu Belloso-Iguerategui,’ Marta Zamarbide,* Leyre Merino-Galan,"*
Tatiana Rodriguez-Chinchilla,! Belén Gago,® Enrique Santamaria,*>
Joaquin Fernandez-Irigoyen,*> Carl W. Cotman,® ®G. Aleph Prieto,®’

Ana Quiroga-Varela™>*$ and Maria Cruz Rodriguez-Oroz'>38

SThese authors contributed equally to this work.

Learning and memory mainly rely on correct synaptic function in the hippocampus and other brain regions. In
Parkinson’s disease, subtle cognitive deficits may even precede motor signs early in the disease. Hence, we set out
to unravel the earliest hippocampal synaptic alterations associated with human a-synuclein overexpression prior
to and soon after the appearance of cognitive deficits in a parkinsonism model.

We bilaterally injected adeno-associated viral vectors encoding A53T-mutated human a-synuclein into the substan-
tia nigra of rats, and evaluated them 1, 2, 4 and 16 weeks post-inoculation by immunohistochemistry and immuno-
fluorescence to study degeneration and distribution of a-synuclein in the midbrain and hippocampus. The object
location test was used to evaluate hippocampal-dependent memory. Sequential window acquisition of all theoretical
mass spectrometry-based proteomics and fluorescence analysis of single-synapse long-term potentiation were used
to study alterations to protein composition and plasticity in isolated hippocampal synapses. The effect of .L-DOPA and
pramipexole on long-term potentiation was also tested.

Human a-synuclein was found within dopaminergic and glutamatergic neurons of the ventral tegmental area, and in
dopaminergic, glutamatergic and GABAergic axon terminals in the hippocampus from 1 week post-inoculation, con-
comitant with mild dopaminergic degeneration in the ventral tegmental area. In the hippocampus, differential ex-
pression of proteins involved in synaptic vesicle cycling, neurotransmitter release and receptor trafficking,
together with impaired long-term potentiation were the first events observed (1 week post-inoculation), preceding
cognitive deficits (4 weeks post-inoculation). Later on, at 16 weeks post-inoculation, there was a deregulation of pro-
teins involved in synaptic function, particularly those involved in the regulation of membrane potential, ion balance
and receptor signalling. Hippocampal long-term potentiation was impaired before and soon after the onset of cogni-
tive deficits, at 1 and 4 weeks post-inoculation, respectively. L.-DOPA recovered hippocampal long-term potentiation
more efficiently at 4 weeks post-inoculation than pramipexole, which partially rescued it at both time points.
Overall, we found impaired synaptic plasticity and proteome dysregulation at hippocampal terminals to be the first
events that contribute to the development of cognitive deficits in experimental parkinsonism. Our results not only
point to dopaminergic but also to glutamatergic and GABAergic dysfunction, highlighting the relevance of the three
neurotransmitter systems in the ventral tegmental area-hippocampus interaction from the earliest stages of parkin-
sonism. The proteins identified in the current work may constitute potential biomarkers of early synaptic damage in
the hippocampus and hence, therapies targeting these could potentially restore early synaptic malfunction and con-
sequently, cognitive deficits in Parkinson’s disease.
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Introduction

Parkinson’s disease is characterized by the degeneration of dopa-
minergic neurons in the substantia nigra pars compacta (SNpc),
leading to dopamine depletion in the striatum that heralds the mo-
tor abnormalities of the disease.! Although classically considered a
motor disorder, numerous non-motor symptoms are also evident
in Parkinson’s disease, some of which may even precede the onset
of motor manifestations.>® Among these, cognitive decline may
arise during the earliest stages of Parkinson’s disease, affecting ex-
ecutive functions and working memory, which could progress to
dementia in advanced stages of the disease.**

The presence of intracellular protein aggregates, of which one of
the main components is a-synuclein (a-syn), is a pathological hall-
mark of Parkinson’s disease.” Among the abnormalities associated
with cognitive decline in Parkinson’s disease, dysfunction of the
striato-frontal dopaminergic system in early stages, and the subse-
quent spreading of a-syn aggregates to limbic and cortical regions,
are particularly relevant.® The hippocampus is a structure of the
limbic system classically related to learning and memory, as
well as to emotion, decision-making and reward-related processes
through its connections with other limbic structures.””*° Multiple
functional and structural imaging studies have linked hippocampal
hypometabolism and atrophy with memory impairment and pro-
gression into dementia in patients with Parkinson’s disease.'>*?
In addition, altered dopaminergic function in the hippocampus is
associated with several neuropsychiatric and behavioural distur-
bances in Parkinson’s disease.’®> The mesolimbic dopaminergic
pathway from the ventral tegmental area (VTA) innervates the
hippocampus, where dopamine facilitates synaptic plasticity and
promotes long-term memory storage.”**** Interestingly, the dopa-
minergic neurons of the VTA are also affected in Parkinson’s dis-
ease with a varying degree of neuronal loss (31% to 77%).'®%
Importantly, the VTA contains not only dopaminergic, but also

populations of GABAergic and glutamatergic neurons that regu-
late local VTA dopaminergic neuronal activity. These neurons
also send long-range connections to limbic regions that include
the hippocampus, regulating reward-related, as well as learning
and memory processing.'®'® However, little is known about the
relative contribution of these dopaminergic and non-
dopaminergic projections from the VTA to the earliest events
that lead to hippocampal dysfunction and memory impairment
in Parkinson’s disease.®

Synapses are extremely dynamic structures that are constantly
being formed, eliminated and reshaped. Synaptic plasticity in-
volves the activity-dependent remodelling of synaptic transmis-
sion and it enables new information to be acquired.’’ Indeed,
long-term potentiation (LTP) in the hippocampus is widely recog-
nized as the cellular basis of long-term memory. In molecular
terms, hippocampal LTP depends on the activation of NMDA recep-
tors (NMDARs) and the subsequent insertion of AMPA receptors
(AMPARs) in the postsynaptic membrane, triggering a postsynaptic
excitatory response.’”?® Dopamine is a known modulator of
LTP"?*and dopaminergic receptors are located in the postsynaptic
density (PSD)?* where they interact directly with NMDARs.?*?% In
the hippocampus, dopamine enhances LTP by activating D1-like re-
ceptors (D1Rs and D5Rs),”"** thereby increasing AMPAR expression
at the cell surface.?® The role of D2-like receptors (D2Rs, D3Rs and
D4Rs) is less well understood and although D2Rs have been pro-
posed to facilitate LTP,?*** D3Rs and D4Rs have been shown to
both facilitate and inhibit LTP.3>7¢

Synaptic dysfunction is an early neurobiological event in the
development of Parkinson’s disease due to the accumulation of
a-syn in presynaptic terminals.?”-*® Alterations to proteins in-
volved in synapse organization and neurotransmitter regulation,
impaired dopamine release, deficient synaptic vesicle (SV) recyc-
ling and deficits in LTP have been described in the striatum,3?*?
and limbic regions like the hippocampus®**™® and prefrontal
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cortex*® of animal models and patients with advanced Parkinson’s
disease.

Therefore, our hypothesis is that abnormal a-syn accumula-
tion in dopaminergic and non-dopaminergic VTA neurons pro-
jecting to the hippocampus could negatively affect hippocampal
synaptic function, compromising their interactions within the
limbic system and ultimately leading to the appearance of mem-
ory deficits. Hence, our objectives here were to analyse the distri-
bution of a-syn overexpressed in the VTA neurons and the axon
terminals in the hippocampus as well as to evaluate the biochem-
ical and functional alterations in hippocampal synapses in a
model of parkinsonism before and soon after the onset of motor
and cognitive deficits. As such, we inoculated the SNpc of rats
with adeno-associated viral vectors (AAVs) overexpressing an
A53T-mutated ha-syn, inducing its expression in both the SNpc
and VTA. We then studied the distribution of the overexpressed
ha-syn and investigated the potential functional consequences
of its expression in the hippocampus.

Materials and methods

Adult male Sprague-Dawley rats (300 g, Charles River) were housed
under standard conditions (70% humidity, 22°C, regular 12 h light/
dark cycle) with ad libitum access to food and water. All experimen-
tal procedures were approved by the ethics committee for animal
research at the Biodonostia Health Research Institute (CEEA16/11;
ANIMA4-002) and CIMA-Universidad de Navarra (108-17), and
they were carried out following the guidelines of the Spanish
Government (RD53/2013) and the European Union Council
Directive (2010/63/EU). All efforts were made to avoid and/or allevi-
ate animal suffering and to reduce the number of animals used.

AAVs (AAV2/9-CMV-WPRE) inducing the overexpression of ei-
ther A5S3T ha-syn (3.9 x 10'® genomic particles/ml) or empty vectors
(EVV: 1 x 10 genomic particles/ml) were custom ordered from the
University of Bordeaux (France). The two experimental groups
(AAV-ho-syn or AAV-EVV) were subdivided according to the final
time point post-inoculation (p.i.: 1, 2, 4 and 16 weeks), conducting
a cross-sectional study. Rats were anaesthetized with isoflurane
in oxygen-enriched air (2%) and placed in a stereotactic head frame
(Stoelting). The AAVs were injected bilaterally into two points of the
SNpc (1ul per site, 0.2 u/min).*® The co-ordinates from Bregma
used were: (i) anteroposterior —4.9, lateral +2.2, ventral —7.7 mm,;
and (ii) anteroposterior 5.4, lateral +2.0, ventral 7.7 mm.*
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Motor function was evaluated using the adjusting stepping and the
open field tests (OFT), and cognitive performance with the object lo-
cation test (OLT) (n=8/group and time point, 1 and 4 weeks p.i.). In
the stepping test, the average number of adjusting steps taken
with each forepaw in either direction (adduction and abduction)
were analysed.* In the OFT, the total distance travelled (cm) and
the total velocity (cm/s) were evaluated over a 15 min exploration
time.* The OLT was performed after the OFT in the same arena
and considering the OFT as the habituation phase for the OLT.
During the first phase of the OLT, the animals were exposed to two
identical objects placed in the far corners for 5 min. In the test phase
(5 min later), one of the objects was moved to the opposite corner
and the animals were allowed to explore the arena for 5min
(Fig. 1A). The time spent exploring each object during the test phase
was measured and a discrimination index was calculated as follows:

Discrimination Index =

time exploring displaced object — time exploring stationary object

total exploring time

@

Between different tests and trials, the arena and objects were
cleaned with 70% ethanol to minimize any olfactory cues. The OFT
and OLT tests were video recorded using a camera mounted above
the arena, and an experimenter blind to the group and time point
analysed the data using the Ethovision X13 software (Noldus).

Animals (n=4/group and time point: 1, 2, 4 and 16 weeks p.i.) were
perfused transcardially with 4% paraformaldehyde in phosphate
buffer (pH 7.4), and their brains were removed, post-fixed overnight
and then transferred to a cryoprotective solution (pH 7.4). Serial
coronal sections (50 um thick) were collected and immunohisto-
chemistry and immunofluorescence were performed on free-
floating sections. Immunohistochemistry was performed on sec-
tions containing the SNpc/VTA and the hippocampus to evaluate
ha-syn expression, or the SNpc/VTA to evaluate tyrosine hydroxy-
lase (TH) expression. Images were acquired on an Aperio CS2 digital
pathology slide scanner (Leica Biosystems), and ha-syn immunor-
eactivity and the number of TH* cells in the SNpc/VTA were as-
sessed by densitometric analysis and stereology, respectively.*
Triple immunofluorescence staining was performed on sections
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Figure 1 Cognitive evaluation. (A) Schematic representation of the object location test (OLT). (B) Discrimination index before surgery (basal) and 1 and 4
weeks (w) post-inoculation (p.i.) in AAV-EVV and AAV-ha-syn animals. The values are represented as the mean + SEM and they were analysed with a
two-way ANOVA followed by Bonferroni’s post hoc test: *P = 0.084 versus AAV-EVV. No differences were found compared to the basal state in either the
AAV-EVV and AAV-ho-syn groups (n =8 for each group and time point). AAV = adeno-associated viral vector; EEV = empty vector; ha-syn = human
a-synuclein.
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containing the VTA to confirm the presence of ha-syn in dopamin-
ergic (TH*) and glutamatergic (vGlut2*) neurons, and double im-
munofluorescent staining was performed on sections containing
the hippocampus to elucidate the dopaminergic (TH*), glutamater-
gic (vGlut2*) or GABAergic (GABA*) nature of ha-syn* fibres. Images
were acquired on a Zeiss LSM 800 confocal laser microscope (Carl
Zeiss). See Supplementary material for further details.

Quantitative proteomics by SWATH-MS and
bioinformatics analysis

Animals (n=5/group and time point: 1, 2, 4 and 16 weeks p.i.) were
anaesthetized deeply and sacrificed, their brains were removed
quickly, and the hippocampus was extracted and immediately fro-
zen on dry ice for storage at —80°C. The synaptosomal fraction was
isolated from the hippocampal tissue and the samples were sub-
jected to sequential window acquisition of all theoretical mass
spectra-mass spectrometry (SWATH-MS), as described previously
by our group.* Significantly dysregulated regulatory/metabolic
pathways were identified using Metascape.*® The human and rat
a-syn interactome was obtained from the curated Biological
General Repository for Interaction Datasets (BioGRID: https:/
thebiogrid.org).*® The synaptic ontology analysis was performed using
the SynGo platform (https:/syngoportal.org).”® See Supplementary
material for details.

Fluorescence analysis of single-synapse LTP

After the behavioural studies, the animals (n=28/group and time
point: 1 and 4 weeks p.i.) were anaesthetized and sacrificed. Their
brains were quickly removed, the hippocampus was extracted,
and the synaptosome-enriched P2 fraction was isolated.
Synaptosomes were subjected to chemical stimulation of LTP
(cLTP), fluorescent labelling of postsynaptic GluA1l and presynaptic
neurexin-1p (Nrx1p), and analysis by flow cytometry, as described
previously.”® Cell membrane integrity was assessed through
Calcein AM staining (100 nM: Thermo Fisher Scientific, Cat. No.
65-0853-78). Additionally, the effect of the dopamine precursor
L-DOPA (30 pM: Sigma-Aldrich, Cat. No. D1507) and the dopamin-
ergic agonist pramipexole (PPX, 10 pM: Sigma-Aldrich, Cat. No.
D1237) on synaptic functionality was assessed. Samples were ac-
quired using a FACSCanto II System (BD Biosciences) and they
were analysed with FlowJo v10 software (FlowJo LLC). See
Supplementary material for more details.

High-performance liquid chromatography

The concentration of glutamate and GABA in the hippocampus was
determined by high-performance liquid chromatography (HPLC)
with electrochemical detection (DECADE: Antec Scientific) and
with a high-sensitivity analytic flow cell (VT-03). The electrode
was set at 0.7 V and the column used (Biophase ODS 5 mm, 4.6 x
150 mm) incorporated precolumn derivatization. The results were
expressed as ng/mg of wet tissue.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0 software
(GraphPad Software Inc.). The normality of the data distribution was
assessed using the Kolmogorov-Smirnov test and variance equality
with Levene’s test. Non-parametric tests were used when the data
did not meet the assumptions of the parametric tests. An unpaired
t-test or Mann-Whitney test was performed when comparing two
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independent groups. One-way ANOVA, two-way ANOVA, or a
Kruskal Wallis test, with either Tukey’s, Dunn’s or Bonferroni’s post
hoc tests, were performed when comparing multiple groups. The
group data are represented as the mean +standard error of the
mean (SEM) and statistically significant differences were set at
P<0.05.

Results

Motor dysfunction arises at 4 weeks post-inoculation
along with mild hippocampal-dependent cognitive
deficits

In the OLT, which specifically assesses hippocampal-dependent spa-
tial memory, the AAV-he-syn animals had a tendency towards im-
paired spatial memory at 4 weeks p.i. relative to the AAV-EVV
animals (P =0.084) (Fig. 1B). Although in the AAV-ha-syn animals there
was a progressive mild decline in spatial memory, that was not ob-
served in the AAV-EVV rats, this result was not statistically significant
(Fig. 1B). Moreover, the AAV-ha-syn animals had mild motor impair-
ment at 4 weeks p.i., taking fewer adjusted steps (P < 0.01), and travel-
ing less distance and slower in the OFT (P < 0.05) (Supplementary Fig.
1A and B). Thus, this animal model appears to be well suited to study
the molecular alterations in the prodromal stage (1 week p.i.) and at the
onset of behavioural deficits at 4 weeks p.i.

Human a-synuclein spreads from nigral to ventral
tegmental area neurons causing dopaminergic loss

Human «-syn overexpression was observed bilaterally in the SNpc
and the adjacent VTA from as early as 1 week p.i.,, and it had accu-
mulated significantly at 4 and 16 weeks p.i. (P <0.05 versus 1 week
p.i.) (Fig. 2A and Supplementary Fig. 1C). In the VTA, ha-syn was ob-
served within dopaminergic (TH*) and glutamatergic (vGlut2*)
neuronal somas and fibres (Fig. 2B). Owing to the technical difficul-
ties in staining GABAergic neurons, it was not possible to confirm or
exclude the presence of ha-syn in these neurons. A mild bilateral
loss of TH* cells was observed in the VTA from 1 week p.i. (42%
cell loss versus AAV-EVV, P < 0.05) (Fig. 2C) and as described previ-
ously,**® there was significant bilateral TH* cell loss in the SNpc of
AAV-ho-syn animals from 4 weeks p.i. onwards (31% versus
AAV-EVV, P <0.05) (Supplementary Fig. 1D).

Human o-synuclein is expressed early in the
hippocampus at dopaminergic and
non-dopaminergic axon terminals

We observed a progressive accumulation of ho-syn in the hippo-
campus from 1 week p.i. (Fig. 2D), and this was enhanced signifi-
cantly at 4 and 16 weeks p.i. within all the hippocampal subfields
(P<0.05 versus 1 week p.i.; Fig 2D and E). In the dentate gyrus
(DG), ho-syn expression was observed in the hilus from 1 week
p.i. and in the granular cell layer from 2 weeks p.i. In the CA1 sub-
field, we observed ha-syn accumulation in the stratum oriens, pyr-
amidal cell layer and stratum radiatum as early as 1 week p.i,,
whereas in the stratum lacunosum-moleculare (LMol) immunos-
taining became more prominent at 16 weeks p.i. In the CA3 region,
ha-syn was mainly observed in the stratum lucidum at 4 weeks p.i.,
expanding through the different layers at 16 weeks p.i.

We next carried out a qualitative assessment of the localization of
ho-syn within dopaminergic (TH*), glutamatergic (vGlut2*) and
GABAergic (GABA") projections to the hippocampus. Ha-syn accumu-
lated in dopaminergic and non-dopaminergic fibres from the earliest
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Figure 2 Histological characterization of the VTA and hippocampus. (A) Representative photomicrographs of human a-synuclein (ha-syn) staining in
the ventral tegmental area (VTA) in AAV-EVV and AAV-he-syn rats at 1, 2, 4 and 16 weeks (w) post-inoculation (p.i.). Scale bars: low magnification
photomicrographs = 1 mm and high magnification photomicrographs = 100 um. Relative optical density (ROD) quantification of ha-syn expression.
(B) Representative high magnification photomicrographs of ha-syn co-localization with tyrosine hydroxylase (TH) and vGlut2 staining in the VTA.
Scale bars = 5 pm. (C) Representative photomicrographs of TH staining in the VTA of AAV-EVV and AAV-hae-syn animals at 1, 2, 4 and 16 weeks p.i.
Scale bar = 300 pm. Bilateral quantification of TH* neurons. (D) Schematic representation of the anatomical regions of the hippocampus.
Representative photomicrographs of ha-syn stainingin AAV-EVV and AAV-ha-syn animals at 1, 2, 4 and 16 weeks p.i. Scale bar = 500 pm. ROD analysis
of ha-syn expression in the whole hippocampus. (E) Representative higher magnification photomicrographs of ha-syn staining in the DG, CA1 and CA3
regions of the hippocampus in the AAV-ha-syn animals at 1, 2, 4 and 16 weeks p.i. Scale bar = 200 pm. ROD analysis of ha-syn expression in DG, CAl and
CA3 regions. The different anatomical regions and layers of the hippocampus are indicated as follows: dentate gyrus (DG)—molecular layer (Mol),
granular cell layer (Gra), and hilus (Hil); CAl—stratum oriens (Or), pyramidal cell layer (Pyr), stratum radiatum (Rad) and stratum lacunosum-
moleculare (LMol); CA3—Or, Pyr, stratum lucidum (Lu) and LMol. All values are presented as the mean+ SEM and they were analysed using a
Kruskal-Wallis test followed by Dunn’s post hoc test: #P <0.05, %P < 0.01, %P <0.001, **%%P <0.0001 versus 1 week p.i.; *P <0.05, ¥¥P <0.01, ¥%$p <
0.0001 versus 2 weeks p.i.; *P < 0.05 versus AAV-EVV (n =4 for each group and time point). AAV = adeno-associated viral vector; EEV = empty vector.
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time points (1 and 2 weeks p.i.) (Fig. 3A). Specifically, ha-syn was de-
tected within all three types of projections in the hilus of the DG and
CAlregion from 1 week p.i., in glutamatergic and GABAergic fibres of
the granule cell layer in the DG from 2 weeks p.i., in dopaminergic and
glutamatergic fibres in the LMol of the CAl region at 16 weeks p.i., and
exclusively within glutamatergic fibres in the CA3 region from 4
weeks p.i. (Fig. 3A, summarized in Fig. 3B).

A total of 7958 individual proteins were identified by SWATH-MS
proteomics in hippocampal synaptosomes, of which 131 proteins
were significantly deregulated following AAV-ha-syn inoculation
when all time points were considered (1, 2, 4 and 16 weeks p.i.)
(Fig. 4A and B and Supplementary Table 1). Only a few proteins
overlapped between the different time points (Fig. 4B).

The earliest changes occurred at 1 week p.i., when 50 differentially
expressed proteins (DEPs) were found (Fig. 4A and B). Some of these
proteins were associated with transport along microtubules, cytosolic
transport, regulation of protein binding and ATP biosynthesis
(Fig. 4D). At 2 weeks p.i., 34 DEPs were detected (Fig. 4A and B),
mainly linked to actin filament-based movement and processes, pro-
tein localization to the membrane, the regulation of intracellular
transport or of adenosine diphosphate-ribosylation factor (ARF) pro-
tein signalling, signal release, postsynaptic organization or lysosomal
transport (Fig. 4D). At 4 weeks p.i., there were 16 DEPs identified
(Fig. 4A and B), although the ontology analysis did not reveal any
enrichment of a particular biological pathway. Finally, at 16 weeks
p.i., there were 28 DEPs (Fig. 4A and B), some of which were related
to the regulation of postsynaptic membrane potential, cation
homeostasis, cell surface receptor signalling, G protein-coupled re-
ceptor (GPCR)/Gi signalling or tRNA metabolism (Fig. 4D).

Based on a clustering analysis of the DEPs, only two proteins over-
lapped with the rat a-syn interactome and 12 proteins with the hu-
man interactome (Fig. 4C). Of note, most of these o-syn interactors
were altered by 1 week p.i. (MAP2K1, APP, CNP, INA, BCAS1, FBOX2,
SNCB and MAP2), and they are involved in the assembly of the synap-
ses, and in the regulation of synaptic transmission, the presynaptic
SVs and postsynaptic receptor trafficking (Supplementary Table 2).

When all the DEPs were considered, 24 proteins were mapped to
SynGO annotated genes. This in-depth synaptic gene ontology ana-
lysis revealed that changes in structural proteins occurred at the
presynaptic and postsynaptic levels from 1 week p.i., particularly
affecting the cytoskeleton and functionally active domains (the
presynaptic active zone and the PSD) (Supplementary Fig. 2 and
Supplementary Table 3). DEPs were also involved in functional bio-
logical processes like synapse organization, chemical synaptic
transmission, or SV trafficking, processes that are crucial for neuro-
transmitter release. In addition, several of these proteins were in-
volved in the regulation of the membrane potential at 16 weeks
p.i. (Supplementary Fig. 2 and Supplementary Table 2).

We evaluated LTP directly at synapses using fluorescence analysis
of single-synapse (FASS)-LTP, a method that enables cLTP to be
studied in isolated synaptosomes following NMDAR activation by
depolarization in the presence of the NMDAR co-agonist glycine
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(as first described by Prieto and coworkers,”>** and replicated by

others®). FASS-LTP identifies potentiated synaptosomes by flow
cytometry after surface labelling with antibodies specific to extra-
cellular epitopes of the GluA1 AMPAR subunit and Nrx1, a pre-
synaptic adhesion molecule stabilized at the membrane surface
by synaptic activity. GluA1l (postsynaptic) and Nrx1p (presynaptic)
double labelling ensures that intact synaptosomes that contain
both pre- and post-synaptic elements are analysed.

We evaluated cLTP at the onset of ha-syn expression in the SNpc/
VTA and hippocampus (1 week p.i.), as well as at the onset of a ten-
dency towards cognitive decline (4 weeks p.i.). In size-gated synapto-
somes, we first evaluated cell membrane integrity with Calcein AM
and found no differences between the different experimental
groups (Fig. 5A and Supplementary Fig. 3E and F). We next analysed
GluA1*/Nrx1p* events within Calcein® synaptosomes (Fig. 5A) and
as expected, there was an increase in GluA1*/Nrx1B* double-labelled
synaptosomes after cLTP stimulation in the AAV-EVV animals rela-
tive to the unstimulated basal state (% cLTP =175.3 +65.2 at 1 week
p.i.and % cLTP = 187.0 + 108.8 at 4 weeks p.i.). Notably, there was a de-
crease in cLTP in the AAV-ha-syn animals compared to the AAV-EVV
animals at 1 week (% cLTP=87.7+23.1; P<0.01) and 4 weeks p.i.
(% cLTP =75.0 +42.3; P < 0.01) (Fig. 5B).

Dopaminergic drugs influence hippocampal LTP by acting on
the dopaminergic receptors located in the PSD.™* Using FASS-LTP,
we evaluated the effect of two dopaminergic treatments (PPX and
L-DOPA). Exposing synaptosomes from AAV-he-syn animals to
PPX partially rescued cLTP at both time points relative to the vehicle
(% cLTP=120.0+30.5 at 1 week p.i. and % cLTP=117.4+70.5 at 4
weeks p.i.; P <0.05) (Fig. 5B), whereas L.-DOPA fully rescued cLTP in
the synaptosomes from AAV-ha-syn animals relative to the vehicle
at 4 weeks p.i. (% cLTP = 190.6 + 87.3; P < 0.05), but not at 1 week p.i.
when the cLTP was still diminished compared to AAV-EVV (% cLTP
=111.0+29.9; P<0.05) (Fig. 5B). Notably, recovery of cLTP in the
AAV-hoe-syn group was significantly greater at 4 weeks p.i. with
L-DOPA than with PPX (P <0.05) (Fig. 5B). On the other hand, PPX
but not L.-DOPA provoked a decrease in cLTP in the AAV-EVV group
atboth time points relative to vehicle (PPX: % cLTP =131.1 + 50.7 at 1
week p.i.and % cLTP =121.3 + 53.7 at 4 weeks p.i.; P < 0.05 versus ve-
hicle; .-DOPA: % cLTP=164.2 +74.4 at 1 week p.i. and % cLTP=
147.6 +73.54 at 4 weeks p.i.) (Fig. 5B).

A detailed analysis revealed that in the basal (unstimulated)
state, there was an increase in GluA1*/Nrx1p" synaptosomes in
the AAV-ho-syn animals relative to their corresponding AAV-EVV
controls at both time points (1 week p.i.: AAV-EVV GluA1*/Nrx1p*
=1.00+0.49 and AAV-ho-syn GluA1*/Nrx1B*=1.94+0.43, P<0.01
versus AAV-EVV; 4 weeks p.i.. AAV-EVV GluA1*/Nrx1p*=1.00 +
0.48 and AAV-ha-syn GluA1*/Nrx1B*=2.90 +2.22, P <0.001 versus
AAV-EVV) (Fig. 5C). At 4 weeks p.i., fewer GluA1*/Nrx1p* synapto-
somes were observed after cLTP stimulation than in the basal state
in the AAV-ha-syn group (1 week p.i.: GluA1*/Nrx1p*=1.67 +0.47
and 4 weeks p.i.: GluA1*/Nrx1p* =1.45+0.77; P < 0.01 versus basal)
(Fig. 5C). By contrast, there was a significant increase in the
GluA1*/Nrx1B* synaptosomes in the AAV-EVV group after cLTP
stimulation relative to the basal state at both time points (1 week
pi.: GluA1*/Nrx1p*=1.59+0.66, P<0.001 versus basal; 4 weeks
p-i.: GluA1*/Nrx1B"=1.78 +0.92; P=0.0616 versus basal) (Fig. 5C),
indicative of cLTP.

In the AAV-EVV group, incubation with PPX increased the basal
levels of GluA1*/Nrx1B* synaptosomes at both time points compared
to the vehicle (1 week p.i.: GluA1*/Nrx1p* =1.31 + 0.33, P < 0.05 versus
vehicle; 4 weeks p.i.: GluA1*/Nrx1p"=1.87 + 1.22, P < 0.05 versus ve-
hicle) (Fig. 5C). Despite the basal increase, after cLTP stimulation
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Figure 3 Expression of he-syn in dopaminergic (TH"), glutamatergic (vGlut2*) and GABAergic (GABA®) axon terminals in the hippocampus. (A)
Representative double immunofluorescence photomicrographs for human a-synuclein (ha-syn) and tyrosine hydroxylase (TH), vGlut2 or GABA in
the hilus and granular cell layer of the dentate gyrus (DG), pyramidal cell layer and stratum lacunosum-moleculare (LMol) of the CA1 region, or pyr-
amidal cell layer of the CA3 region. Scale bar = 10 um. Higher magnification photomicrographs of areas indicated by an asterisk are detailed in the bot-
tom right corner of each photo. Scale bar =5 pm (n = 4 for each group and time point). (B) Schematic representation of the co-localization of ha-syn with
TH, vGlut2 or GABA in the distinct hippocampal areas. W = weeks.
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Figure 4 Deregulated proteins in hippocampal synaptosomes. (A) Differentially expressed proteins (DEPs) at 1, 2, 4 and 16 weeks (w) post-inoculation
(p.i.) in the AAV-ho-syn animals compared to the AAV-EVV group. The colours indicate the fold change of the downregulated (grey) and upregulated
proteins (blue). (B) Cluster overlap of DEPs at different time points p.i. (C) Cluster overlap between the overall deregulated proteins and the a-syn inter-
actome of both rat and human. (D) Heat map showing the enriched biological pathways and gene ontology clusters at 1, 2 and 16 weeks p.i. No enriched
pathways were observed at 4 weeks p.i. The colour scale represents the statistical significance and the grey colour indicates a lack of significance (n=5
for each group and time point). AAV = adeno-associated viral vector; EEV = empty vector; ha-syn = human o-synuclein.
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Figure 5 Flow cytometry evaluation of hippocampal cLTP. (A). Top: Selection of the synaptosomal fraction based on size (FSC) and complexity (SSC).
Synaptosomal membrane integrity was evaluated by Calcein AM staining, and GluA1/Nrx1p staining was analysed within Calcein* events in the basal
state and after chemical long-term potentiation (cLTP) stimulation. Bottom: Representative GluA1*/Nrx18* double-positive events at the basal state and
after cLTP stimulation in the presence of the vehicle (distilled water), pramipexole (PPX) or L.-DOPA. (B) The cLTP (%) at hippocampal synaptosomes in
the presence of the vehicle (distilled water), PPX or .-DOPA at 1 and 4 weeks (w) post-inoculation (p.i.). (C) GluA1*/Nrx1p* double-positive values at the
basal state and after cLTP stimulation in the presence of the vehicle (distilled water), PPX and 1-DOPA at 1 and 4 weeks p.i. GluA1*/Nrx18* values were
normalized to the AAV-EVV vehicle condition for each time point, and all the values are represented as the mean + SEM, and assessed using two-way
ANOVA followed by a Tukey’s or Bonferroni’s post hoc test: “P < 0.05, *P < 0.01, *P < 0.001 versus basal; ®P = 0.0616 versus basal; *P < 0.05, *'P < 0.01, **P
<0.001 versus AAV-EVV; *P < 0.05 versus vehicle; *P = 0.0639 versus vehicle; °P < 0.05, £P < 0.01 versus PPX (n = 8 for each group and time point). (D) Total
glutamate and GABA content in the hippocampus at 4 weeks p.i. (n =5 for each group). The values are represented as the mean + SEM and assessed with
a Mann-Whitney U-test: no significant differences. AAV = adeno-associated viral vector; EEV = empty vector; ha-syn = human a-synuclein.
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there was an increase in GluA1"/Nrx1f" synaptosomes compared to
the basal state at 1 week p.i. (GluA1*/Nrx1p*=1.72+0.84, P <0.05
versus basal) and at 4 weeks p.i. (GluA1*/Nrx1p*=2.15=+1.09)
(Fig. 5C). .-DOPA had no effect on AAV-EEV animals, which showed
similar basal GluA1*/Nrx1p* levels to the vehicle (1 week
p-i.: GluA1"/Nrx1p*=0.86 +0.31; 4 weeks p.i.. GluA1*/Nrx1p*=0.81
+0.27) and increased levels of GIuA1*/Nrx1p* in cLTP-stimulated sy-
naptosomes compared to the basal state (1 week p.i.: GluA1*/Nrx18*
=1.57 +0.68, P <0.001 versus basal; 4 weeks p.i.. GluA1*/Nrx1p* =
1.46 +0.80; P < 0.05 versus basal) (Fig. 5C).

In the AAV-ha-syn animals, PPX partially reduced the basal
GluA1*/Nrx1p* levels at 1 week p.i. compared to the vehicle (1
week p.i.: GluA1"/Nrx1p*=1.47 +0.45, P=0.0639 versus vehicle; 4
weeks p.i.: GluA1*/Nrx1p* =2.37 + 1.90), but without rescuing cLTP
(1 week p.i.: GluAl*/Nrx1p"=1.70+0.48; 4 weeks p.i.: GluAl*/
Nrx1p*=2.09+1.68) (Fig. 5C). Incubation with 1-DOPA produced
similar results to the vehicle in the AAV-ha-syn rats at 1 week p.i.
(basal GluA1*/Nrx1p*=1.68+0.45, P <0.01 versus AAV-EVV; cLTP
GluA1*/Nrx1p* = 1.80 + 0.49), while it significantly rescued the basal
GluA1*/Nrx1p* levels at 4 weeks p.i. (basal GluA1*/Nrx1p*=0.72 +
0.30, P<0.05 versus vehicle; cLTP GluA1*/Nrx1p*=1.19 +0.38)
(Fig. 5C). A comparison between the two dopaminergic drugs
showed that synaptosomes incubated with .-DOPA had lower basal
levels of GluA1*/Nrx1p* than those exposed to PPX in the AAV-EVV
rats (P <0.01 and P < 0.05 versus PPX at 1 and 4 weeks p.i., respect-
ively), and in the AAV-ha-syn rats at 4 weeks p.i. (P <0.05 versus
PPX) (Fig. 5C).

The functional synaptic alterations observed were not accom-
panied by any change in the total glutamate and GABA content in
the hippocampus at 4 weeks p.. (glutamatex10® pg/mg of
tissue: AAV-EVV 16.45+4.60 and AAV-ho-syn 18.04 +3.06;
GABA x 10° pg/mg of tissue: AAV-EVV 4.51 +1.33 and AAV-ha-syn
3.91+1.43) (Fig. 5D). The dopamine levels in the hippocampus
were below the threshold for detection by HPLC.

Discussion

We studied here the early synaptic abnormalities in the hippocam-
pus induced by ha-syn overexpression in a model of parkinsonism
and its influence on cognitive performance. We show that after the
inoculation in the SNpc of AAVs driving ha-syn overexpression,
ha-syn accumulates in the SNpc and VTA, regions where dopamin-
ergic loss reaches 42%. To date, only a few studies have analysed
dopaminergic neuronal loss in the VTA of patients with
Parkinson’s disease at advanced stages,’®” and only one has shown
a correlation between the loss of dopaminergic VTA neurons and
cognitive impairment.”®® However, no studies have as yet been
undertaken at the earliest stages of the disease. In the MPTP monkey
model, there is a loss of dopaminergic neurons of the SNpc but also
the VTA prior to the appearance of parkinsonian motor signs.”” The
data obtained here suggest that this VTA degeneration may be an
early event leading to dopaminergic mesocorticolimbic pathway
dysfunction and the onset of cognitive decline.

In these studies, both dopaminergic TH* and glutamatergic
vGlut2® VTA neurons overexpress ha-syn. Both glutamatergic and
GABAergic neurons of the VTA are known to project to the hippo-
campus and they are involved in memory encoding, as well as
goal- and reward-directed behaviours.'® We assessed the distribu-
tion of ha-syn in the hippocampus by immunofluorescence and we
found that ha-syn spreads early into the hippocampus, mainly in
the hilus and granular cell layer of the DG but also, in the CA1 re-
gion, from as early as 1 week p.i,, areas involved in initial memory

A. Belloso-Iguerategui et al.

encoding and consolidation, and in retrieval, respectively.®
Furthermore, ha-syn was present in dopaminergic, glutamatergic
and GABAergic axon terminals, coinciding with the known projec-
tions from the VTA to the hippocampus,'®>?! yet not in cell bod-
ies. Hence, it would appear that ha-syn was not overexpressed in
hippocampal neurons but rather, that it spreads from neurons
located in other anatomically connected areas where the
AAV-hae-syn is overexpressed, such as the VTA. Although it is
known that dopaminergic cells are the most abundant in the VTA
(~65%), the predominant innervation reaching the hippocampus
from the VTA is glutamatergic (~66-85%)."®°° Accordingly, our re-
sults suggest that the hippocampal dysfunction in this model is
due to a combination of impaired interaction between dopamin-
ergic and glutamatergic projections from the VTA to the
hippocampus.

Concomitant with the onset of ha-syn expression in the hippo-
campus (1 week p.i.), alterations to the expression of structural and
functional proteins were demonstrated by proteomics and
FASS-LTP, suggesting that glutamatergic and dopaminergic synap-
tic function is impaired by the accumulation of ha-syn. Studies with
a-syn transgenic mice that have a widespread ha-syn pathology
showed alterations to the presynaptic and postsynaptic compart-
ments, and impaired hippocampal LTP, accompanied by well estab-
lished learning and memory deficits.**%**> However, in most of
these studies dopaminergic degeneration is not detected or the ni-
grostriatal and mesolimbic dopaminergic systems are not fully
characterized, key features of parkinsonism models. This study is
the first to describe synaptic alterations at the earliest time points
of ha-syn expression and at the beginning of cognitive decline in
an animal model with known dopaminergic loss. We used a trans-
lational method to study LTP on isolated synaptosomes, identifying
a subset of synaptosomes surface-labelled for both the postsynap-
tic GluA1 AMPAR subunit and presynaptic Nrx1p.°>**>>¢ The
changes in excitatory postsynaptic potentials evident through elec-
trophysiological recording of LTP depend directly on changes in the
density of postsynaptic AMPARs.??? This approach is suited to
screen multiple drugs in parallel and it can even be used with hu-
man brain samples from which viable synaptosomes can be effi-
ciently obtained.>®®” In our AAV-ha-syn animals, we observed
impaired hippocampal cLTP from 1 week p.i., due to the enhanced
basal GluA1 AMPAR expression in the postsynaptic membrane. It is
well known that glutamatergic transmission is crucial for synaptic
plasticity®® and that it is modulated by dopamine.?* Indeed, trans-
genic ha-syn mice exhibit basal hyperexcitability in the hippocam-
pus,®® and in vitro experiments show that a-syn inhibits LTP by
enhancing basal synaptic transmission through the overactivation
of NMDARs, which leads to a shift in AMPAR subunit composition.®’

We studied the effect of PPX and .-DOPA on cLTP and both treat-
ments, but especially L.-DOPA at 4 weeks p.i., restored hippocampal
cLTP in AAV-ho-syn animals by reversing the increase in the basal
levels of postsynaptic AMPARs. Dopamine receptors interact direct-
ly with NMDARs>?*° and AMPARs,®* and while D1-like receptor ago-
nists increase the phosphorylation of GluAl, those agonists of
D2-like receptors dampen this modification,®*®* an event that s es-
sential to increase AMPAR conductance and that targets these re-
ceptors to the PSD.®*®° In keeping with these effects, the AMPAR
levels recovered better following incubation with L-DOPA than
PPX. PPX is a D2-like receptor agonist with higher selectivity for
D3Rs,’® while 1-DOPA, once converted into dopamine, activates
both D1- and D2-like receptors.”* Therefore, the differential activa-
tion of dopamine receptors may explain the stronger effect of
L-DOPA over PPX in rescuing cLTP in AAV-he-syn animals at 4
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weeks p.i. Moreover, L-DOPA was previously shown to rescue hip-
pocampal LTP,*7>7% whereas PPX does not rescue LTP in the DG”*
of parkinsonism models. .-DOPA only rescued cLTP at 4 weeks
p.i., whereas PPX rescued cLTP at both 1 and 4 weeks p.i. This
may be due to the direct stimulation of the corresponding receptors
by dopaminergic agonists, while .-DOPA needs to be metabolized to
dopamine in the presynaptic compartment before it can be re-
leased and activate its receptors.”* Our proteomics results suggest
a functional alteration of the presynaptic compartment at 1 week
p.i., particularly in terms of intracellular trafficking and SV dynam-
ics, which could impair the metabolism of .-DOPA and the release
of dopamine from the presynapse. At 4 weeks p.i., only one deregu-
lated protein was involved in synapse function, so the presynaptic
alterations seem to be milder than at 1 week p.i., allowing the me-
tabolism of .-DOPA, dopamine release and the rescue of LTP.

Interestingly, PPX had a negative effect on AAV-EVV animals
compared to the vehicle, which is consistent with the inhibition
of hippocampal LTP by PPX in healthy animals seen previously.**
This effect could be due to the direct non-physiological overstimu-
lation of D2R-like receptors, specially D3Rs, which have an affinity
for dopamine more than 100-fold higher that of D1Rs and D2Rs”*
and they are abundant in the limbic system.”® This phenomenon
could partially explain why L-DOPA has a positive effect on cogni-
tion in most Parkinson’s disease patients whereas PPX is often as-
sociated with cognitive impairment.”®””

Accompanying the functional alterations, we identified changes
in the expression of several proteins involved in synaptic organiza-
tion and function soon after ha-syn overexpression (1 and 2 weeks
p.i.). To our knowledge, this is the first time the hippocampal prote-
ome has been analysed in parkinsonian animal models, especially
at such early stages. Altered expression of synaptic proteins was re-
cently described in the hippocampus of Parkinson’s disease pa-
tients at advanced stages,** yet no studies have been carried out
at the early stages of this disease. In the clustering analysis, only
a few DEPs overlapped between the different time points studied.
It must be considered that many of the DEPs participate in common
biological processes and that most a-syn interactors were identified
at 1 week p.i. Hence, the presence of ha-syn in hippocampal synap-
ses would initially appear to alter the expression of proteins that
directly interact with a-syn and, subsequently affect other proteins
involved in related biological mechanisms. Thus, ha-syn triggers a
chain reaction of pathological events in some biological pathways
that influence synapses in which several proteins are involved,
some in a more overarching manner, and others as part of a cascade
of dynamic events exerting a stronger effect at a certain point.
Many of the DEPs identified here participate in microtubule and ac-
tin cytoskeleton assembly and cytoplasmic transport. Intracellular
transport of cargo, such as SVs at the presynapse and neurotrans-
mitter receptors at the postsynapse, are key processes for correct
neurotransmitter exocytosis and the induction of a postsynaptic
response, respectively.”®”® Cytoplasmic trafficking is regulated by
Rab GTPases like RAB6B (upregulated at 1 week p.i.),2° and motor
proteins like the myosins MYH14 and MYOS5A (downregulated at 2
weeks p.i.),®"®? or kinesins like KLC2 (upregulated at 1 week
p.i.).%2% These proteins, together with other DEPs like INPP4A or
ANXA?7, participate in the delivery of AMPAR and NMDAR to the
PSD.8*8> Moreover, PRRT2 and SNAP29 (downregulated at 2 weeks
pi) modulate SV exocytosis®® and turnover,®”’ respectively.
Another major regulator of intracellular vesicle trafficking is the
ARF protein signalling pathway. IQSEC2 (downregulated at 2 weeks
p-i.) is an activator of ARF6, and it is involved in surface AMPAR re-
moval and the maintenance of long-term depression.®® Other
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crucial biological pathways are also deregulated at the earliest
time points. The mitochondrial ATP synthase subunit ATP5MF is
downregulated at 1 week p.i., suggesting a disruption of energy me-
tabolism at the synapse.?? Protein degradation through the lyso-
somal system may also be affected and VPS52, which participates
in protein sorting to lysosomes through the Golgi-associated retro-
grade protein complex,®® is downregulated at 2 weeks p.i.
Interestingly, loss-of-function mutations in VPS35, another mem-
ber of that family, are associated with inherited autosomal domin-
ant Parkinson’s disease cases.”’ Thus, the presence of ha-syn in
hippocampal synapses interrupts the SV cycle at different steps,
it hinders neurotransmitter receptor delivery and retrieval, and it
interferes with normal mitochondrial function and protein degrad-
ation, contributing to synaptic dysfunction.

In contrast to the early alterations, prolonged ha-syn accumula-
tion in the hippocampus is associated with a deregulation of neuronal
homeostatic processes, such as the regulation of the membrane po-
tential and of intracellular Ca®* levels at 16 weeks p.i. Ca** acts as a
second messenger in many signalling pathways that regulate morph-
ology, synapse formation, excitability, neurotransmitter release and
synaptic plasticity.®* Calmodulin (CALM3) is downregulated at 16
weeks p.i.,, and it is a Ca**-adaptor protein that regulates several
Ca?* channels, including NMDARs,”® and enzymes involved in synap-
tic plasticity such as CaMKII, calcineurin and PKA,” the latter also
being downregulated at 16 weeks p.i. A decrease in CALM3 expression
suggests that prolonged accumulation of ha-syn within the synapse
may lead to overall and persistent synaptic dysfunction. Moreover,
receptor-activated molecular signalling pathways are also deregu-
lated at 16 weeks p.i. Notably, two glutamate receptors are downregu-
lated at this time point, the GRIK2 kainate receptor and the GRM3
group Il metabotropic receptor. Recently, activation of group Il meta-
botropic receptors was shown to enhance the therapeutic benefits of
L-DOPA and alleviate the psychosis-like behaviour in 6-OHDA rats
and MPTP marmosets, suggesting these receptors to be potential tar-
gets for Parkinson’s disease treatment.”’

Some of the proteins identified here have been seen to be deregu-
lated in the hippocampus of patients with advanced Parkinson’s dis-
ease, including KRT1, KRT10, MAP2K1, PSD3, ARHGAP1, PRKACB,
CSRP1and DDX39B.* Notably, one of the most severely downregu-
lated proteins at 1 week p.i. is the amyloid precursor protein (APP), co-
inciding with the upregulation of other microtubule-associated
proteins like MAP2, MAP2K1 and STMNL1. In demented Parkinson’s
disease patients, co-morbid o-syn, amyloid-f and tau pathologies
are frequently evident in the hippocampus,®® suggesting that hippo-
campal synapses may be especially vulnerable to proteostatic altera-
tions of APP and microtubule-associated proteins. Significantly, such
protein alterations are not found in the striatum in this animal mod-
el* and thus, their deregulation might contribute specifically to cog-
nitive decline. Moreover, one of the most strongly downregulated
proteins at 2 weeks p.i. is LRP1, a member of the lipoprotein receptor
family that acts as a cargo receptor at the synaptic membrane and
that drives the ensuing endocytosis of its ligands including APP and
TAU%*'® and probably a-syn.’® This protein is diminished in the
hippocampus of patients with amnesic mild cognitive impairment®?
and Alzheimer’s disease,'® as well as in the substantia nigra of pa-
tients with Parkinson’s disease.'**

Some limitations of this study must be acknowledged. Our func-
tional and proteomic studies were performed on isolated hippocam-
pal synaptosomes with neurotransmitter heterogeneity. The
methods used to isolate specific populations of synaptosomes
require staining for surface markers of synapses and additional
processing time,'®>%® which would affect the viability of the
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synaptosomes and the functional assessment of cLTP. Moreover, the
immunofluorescent co-localization study was purely qualitative be-
cause we aimed to elucidate the nature of the VTA neurons and the
axon terminals in the hippocampus that contain ho-syn, rather than
quantifying the expression of these markers. Finally, the behaviour-
al assessment revealed a tendency towards memory decline that
was not statistically significant. However, many patients at the early
stages of the disease experience subtle cognitive changes that are
difficult to detect through global cognitive tests but that may be de-
tected with specific memory tests. In some cases, while the values
obtained do not reach statistical significance according to diagnostic
criteria,'” they are abnormal and noted clinically.’®® Our model re-
capitulates these mild deficits encountered in a relevant proportion
of patients at the onset of motor manifestations.

Overall, our results suggest that ha-syn provokes early patho-
logical changes to dopaminergic, glutamatergic and GABAergic
axon terminals in the hippocampus, which contribute to the abnor-
mal synaptic plasticity and cognitive deficits, and that can be
modulated by L-DOPA but not PPX. These pathological changes in
the hippocampus are probably due to early alterations to key pro-
teins involved in cytoskeletal assembly, intracellular transport
and SV dynamics crucial for neurotransmission. As such, our data
pave the way for the future development of synapse-targeted ther-
apies to enhance synaptic activity, specifically in the hippocampus,
and ultimately to improve and/or maintain cognitive performance
in Parkinson’s disease patients.

Data availability

An extended version of the ‘Materials and methods’ section is avail-
able in the Supplementary material. The SWATH-MS data and
search results files were deposited at the Proteome Xchange
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jpostdb.org),>®> under the identifiers PXD038793 for
ProteomeXchange and JPST001951 for jPOST. Additional data that
support the findings of this study are available from the corre-
sponding author upon reasonable request.
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