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ARTICLE INFO ABSTRACT

Keywords: Mild cognitive impairment (MCI) is a common trait of Parkinson’s disease (PD), often associated with early
Alpha synuclein motor deficits, eventually evolving to PD with dementia in later disease stages. The neuropathological substrate
Oligomers

of MCI is poorly understood, which weakens the development and administration of proper therapies.

Iégrl:;{eq In an a-synuclein (aSyn)-based model of PD featuring early motor and cognitive impairments, we investigated
hippocampus the transcriptome profile of brain regions involved in PD with cognitive deficits, via a transcriptomic analysis
Cognition based on RNA sequencing (RNA-seq) technology.

Rats infused in the substantia nigra with human a-synuclein oligomers (H-SynOs) developed mild cognitive
deficits after three months, as measured by the two-trial recognition test in a Y-maze and the novel object
recognition test. RNA-seq analysis showed that 17,436 genes were expressed in the anterior cingulate cortex
(ACC) and 17,216 genes in the hippocampus (HC). In the ACC, 51 genes were differentially expressed between
vehicle and H-aSynOs treated samples, which showed N= 21 upregulated and N = 30 downregulated genes. In
the HC, 104 genes were differentially expressed, the majority of them not overlapping with DEGs in the ACC,
with N = 41 upregulated and N = 63 downregulated in H-aSynOs-treated samples. The Gene Ontology (GO) and
the Kyoto Encyclopedia of Gene and Genomes (KEGG) analysis, followed by the protein-protein interaction (PPI)
network inspection of DEGs, revealed that in the ACC most enriched terms were related with immune functions,
specifically with antigen processing/presentation via the major histocompatibility complex (MHC) class II and
phagocytosis via CD68, supporting a role for dysregulated immune responses in early PD cognitive dysfunction.
Immunofluorescence analysis confirmed the decreased expression of CD68 within microglial cells. In contrast,
the most significantly enriched terms in the HC were mainly involved in mitochondrial homeostasis, potassium
voltage-gated channel, cytoskeleton and fiber organisation, suggesting that the gene expression in the neuronal
population was mostly affected in this region in early disease stages.

Altogether results show that H-aSynOs trigger a region-specific dysregulation of gene expression in ACC and
HC, providing a pathological substrate for MCI associated with early PD.
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1. Introduction

Parkinson’s disease (PD) is defined as a movement disorder, featured
by the appearance of typical motor symptoms, including resting tremor,
bradykinesia, rigidity, and postural instability (Dauer and Przedborski,
2003). Even though motor symptoms remain central in PD diagnosis,
non-motor symptomatology has been increasingly recognized to heavily
weigh on the whole pathological evolution, enough for reconsidering PD
as a complex and systemic pathology (Sauerbier et al., 2017). Among
non-motor symptoms, hyposmia, constipation, mood changes, and REM
sleep behavior disorder (RBD) occur in the prodromal phase of the
disease, often preceding the diagnosis of motor PD. Cognitive distur-
bances also represent a frequent trait, being up to six times more com-
mon in individuals with PD than in the healthy population (Aarsland
et al., 2021). Cognitive deficits may appear in early motor disease as a
mild cognitive impairment (MCI), eventually evolving to dementia in
later disease stages (Aarsland et al., 2021; Severiano E Sousa et al., 2022;
Williams-Gray et al., 2009). While the neuropathological mechanism
underneath motor impairment has been extensively investigated clini-
cally as well as in preclinical PD models, the underlying mechanisms
leading to progressive cognitive impairment in PD remain far more
elusive. Yet, the identification of neuropathological features associated
with cognitive disturbances in the early motor phase of the disease is
pivotal to support early recognition and intervention for this invalid-
ating trait.

Most of the current knowledge on MCI pathology in PD comes from
clinical studies. These studies have suggested that, among limbic areas,
the cingulate cortex (ACC) and hippocampus (HC) subregions are mostly
involved in PD-related cognitive disturbances (Christopher et al., 2015;
Ekman et al., 2012; Osaki et al., 2009; Sawamoto et al., 2008). At the
molecular level, protein misfolding and deposition in limbic cortical
regions (Doorn et al., 2014; Kouli et al., 2020; Kovari et al., 2003;
Mattila et al., 2000), together with mitochondrial abnormalities (Gatt
et al., 2016), inflammatory changes (Edison et al., 2013; Kouli et al.,
2020; Williams-Gray et al., 2016) and genetic factors (Aarsland et al.,
2017; Collins and Williams-Gray, 2016) have been all investigated as
potential pathological contributors. Interestingly, in advanced PD pa-
tients the pathology in limbic areas correlated with the cognitive
decline, suggesting that Lewy Bodies (LBs) may predict the development
of PD with dementia (PDD) (Doorn et al., 2014; Kouli et al., 2020; Kovari
et al., 2003; Mattila et al., 2000). However, neocortical LBs are not
detectable in the early motor disease with MCI (Aarsland et al., 2021;
Braak et al., 2005; Muslimovic et al., 2005), leaving uncertain whether
and how the aSyn toxicity in these areas contributes to the MCI pa-
thology in PD. As regard to neuroinflammation, pathological microglia
and astroglia have been described in limbic brain regions by Positron
Emission Tomography (PET) studies in PD patients (Edison et al., 2013),
although this feature was not investigated in relation to cognitive
impairment (Doorn et al., 2014; Imamura et al., 2003; Wilson et al.,
2019).

Such a shortage of knowledge is largely related to the limited pre-
clinical investigation of cognitive impairment in PD, due to the poor
availability of suitable and validated preclinical models aimed at
establishing the neuropathological mechanisms of the disease. In recent
years, models based on the intracerebral infusion of pathological forms
of aSyn have been developed, which largely model the PD neuropa-
thology (Carta et al., 2020; Gomez-Benito et al., 2020). We have char-
acterised an aSyn-based rat model of PD, obtained by the intranigral
infusion of human oSyn oligomers (H-aSynOs), and featuring mild
motor and cognitive deficits (Boi et al., 2020; Fusco et al., 2017; Palmas
et al., 2022a). In such a model, we reported inflammatory events and
molecular/functional alterations in the ACC and in discrete HC sub-
regions, suggesting a role for pathological aSyn in cognitive impairment
(Palmas et al., 2022b). In addition, other studies have demonstrated the
spreading capacity of aSyn toxic species within the mouse brain across
anatomically distant regions, including cognition-related limbic areas
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(Luk et al., 2012; Sorrentino et al., 2017), although this was never
investigated in relation to PD symptoms.

Here, we sought to investigate the pathological mechanisms trig-
gered by the intranigral infusion of H-asynOs in the ACC and HC of rats
displaying MCI. Considering the uncertainty and likely multifactorial
etiopathogenesis of cognitive disturbances in PD, we used the tran-
scriptomic analysis based on RNA sequencing (RNA-seq) technology to
comprehensively approach the neuropathology in these cognition-
related brain regions. In recent years, RNA-seq technology has
emerged as an efficient high-throughput tool that produces a compre-
hensive and precise transcriptome profile, allowing the unbiased
simultaneous evaluation of multiple transcripts in a single experimental
sample. Previous studies using a similar approach have revealed sub-
stantial alterations in the transcriptome of brain tissue from PD patients
(Benoit et al., 2020; Cappelletti et al., 2023; Chi et al., 2019; Quan et al.,
2021) and animal models of PD (Li et al., 2019; Lyu et al., 2021). Spe-
cifically, the transcriptome profiling of the frontal cortex from PD pa-
tients reported a stage-dependent dysregulation of several signalling
pathways (Cappelletti et al., 2023; Xie et al., 2022). However, to our
knowledge, few studies have investigated whether and how aSyn may
affect the transcriptome of cognitive-related brain regions in preclinical
models of PD.

2. Material and methods
2.1. Animals and stereotaxic surgery

Male Sprague-Dawley rats (275-300 g, Envigo) were housed in
groups of three to four in standard conditions of temperature (21 + 1 °C)
and humidity (60%) under a 12 h light/dark cycle (lights on 7:00 A.M)
with standard diet and water available ad libitum. All procedures were
performed in accordance with the ARRIVE guidelines and with the
guidelines and protocols approved by the European Community (2010/
63UE L276 20/10/2010). Experimental protocols were approved by the
Italian Ministry of Health (authorization N. 766,/2020-PR).

At 3 months of age, rats were deeply anesthetized with Fentanyl (0.3
mg/kg) and medetomidine hydrochloride (0.35 mg/kg) and stereotax-
ically injected according to previous studies (n = 16) (Boi et al., 2020;
Palmas et al., 2022a). H-aSynOs were prepared as previously described
(Boi et al., 2020; Palmas et al., 2022a). 5 pL of H-aSynOs were infused
bilaterally into the SNpc (n = 8) (coordinates relative to bregma; —5.4
mm anteroposterior; + 1.9 mm from the midline; —7.2 mm beneath the
dura, according to Paxinos and Watson’s atlas (Paxinos and Watson,
2006) at the rate of 1 pL/min via a silica microinjector as previously
described (Boi et al., 2020; Palmas et al., 2022a). The injector was left in
place for an additional 5 min after infusion, and then slowly withdrawn.
Control animals (Veh, n = 8) received an equal volume of PBS (Fig. 1A,
created with BioRender.com).

2.2. Two-trial recognition test in a Y-maze

The effect of H-aSynOs infusion on spatial recognition memory was
assessed three-months post-surgery by means of a two-trial recognition
test in a Y-maze, as previously described (Palmas et al., 2022b). The
maze used in the experiment was made of three symmetrical arms of
equal size, each of them was randomly designated as the “start arm,” the
“novel arm,” and the “other arm.” The testing procedure involved
placing each rat individually in the “start arm” of the maze and con-
ducting two trials separated by a 1-h interval. During trial 1, the “novel
arm” was blocked by a guillotine door, while during trial 2, all three
arms of the maze were left open for exploration. Visual cues were placed
outside the walls of the maze to facilitate navigation by rats.

During trial 1 (10 min), rats were allowed to explore only the “start”
and “other” arms, with access to the “novel” arm being blocked. In trial 2
(5 min), rats were allowed to explore all three arms of the maze. Rat
behavior was videotaped and subsequently analysed in order to
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Fig. 1. Schematic illustration of the experimental timeline (A). Time spent in the novel arm (N) and in the other arms (O) in the Two-trial recognition test (B) by
vehicle-infused (n = 8) and H-aSynOs-infused rats (n = 8) (* p < 0.05 by two-way ANOVA followed by Tuckey’s post hoc test). Discrimination index measured by the
novel object recognition test (C) for vehicle-infused (n = 8) and H-aSynOs-infused rats (n = 8) (*** p = 0.001 by Unpaired Student’s t-test); ACC: anterior cingulate

cortex; HC: hippocampus.

determine the number of entries and the time spent in each arm. Spatial
recognition memory was evaluated by measuring the preference for the
“novel” arm compared to the combination of the “start” and “other”
arms, expressed as the number of seconds spent and entries performed in
the arms during the second trial (Ferreira et al., 2017).

2.3. Novel object recognition

Novel Object Recognition (NOR) test was carried out in an open field
arena (60 x 60 cm) under dim light and according to a previously
published protocol (Palmas et al., 2022b). Animals were all tested three-
months after H-aSynOs and Veh infusion. The task consisted of three
different sessions: habituation, familiarization and testing. During the
habituation phase, each rat was placed in the empty arena for 10 min.
Thereafter, rats were re-placed individually in the same arena contain-
ing two identical objects (10 min - familiarization phase, T1) before
returning to their home cages. After a 1-h interval, rats were placed
again in the test arena containing one familiar and one novel object (5
min - testing phase, T2). Each phase was videotaped and subsequently
analysed. Exploration of an object was defined as directing the nose to
the object at a distance <2 cm and/or touching it with the nose. Object
recognition was expressed by the discrimination index (DI) according to
the following formula: (Tn-Tf)/(Tn + Tf) (Tn = time spent exploring the
novel object; Tf = time spent exploring the familiar one). A DI value
greater than zero indicated that mice spent more time exploring the
novel object, suggesting recognition memory for the familiar object.

2.4. RNA isolation, library preparation and sequencing

Three-months after surgery, rats were deeply anesthetized, and

brains were carefully removed from the skull (n = 3 from each experi-
mental group). ACC and HC regions from both hemispheres were
dissected and pooled immediately afterward in a pre-cooled sterile Petri
dish on ice. The brain tissue was immediately transferred to an RNAse-
free Eppendorf tube, snap-frozen in liquid nitrogen, and stored at —80 °C
until RNA extraction. Total RNA was subsequently extracted using the
PureLink® RNA Mini Kit (Ambion #12183018 A) according to the
manufacturer’s instructions. The quantity and the integrity of isolated
RNA samples were evaluated using the Agilent 2100 Bioanalyzer (Agi-
lent Technologies, Palo Alto, CA, USA). RNA-seq libraries were prepared
with an Illumina® Stranded mRNA Prep, Ligation Kit (Illumina
#20040532) and IDT® for Illumina® RNA UD Indexes Set A, Ligation
(Illumina #20040553) according to the manufacturer’s instructions.

The RNA library concentration was measured using a Qubit® 2.0
fluorometer and successfully sequenced on an Illumina NovaSeq6000
(Illumina Inc., San Diego, CA, USA).

2.5. RNA-seq data analysis

RNAseq short reads quality has been evaluated with FASTQC
(v0.11.9) (Andrews, 2010) software (Supp Table 1), showing good
quality for all samples. Rattus norvegicus reference genome (primary
assembly, mRatBN7.2) was downloaded from ENSEMBL web site (htt
p://ftp.ensembl.org). Short reads were aligned to the reference
genome with STAR software (2.7.9a) (Dobin et al., 2013). Genes co-
ordinates (Rattus_norvegicus.mRatBN7.2.105.gtf) were downloaded
from ENSEMBL web site (http://ftp.ensembl.org) and gene expression
level was evaluated with HTSeq software (Anders et al., 2015) (0.11.3)
with the following command line: htseq-count -stranded = reverse
-mode = union -idattr = gene_id —type = exon.
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Potential latent confounders were visually investigated with Prin-
cipal Component Analysis (PCA) and inferred with the svaseq software
(Leek, 2014). Only genes showing at least 5 reads in the 25% of the
samples were analysed for differential expression (between vehicle and
H-aSynOs) with the DESeq2 software (Love et al., 2014) by using de-
faults settings. We performed differential expression both with and
without incorporating the svaseq confounders in the DESeq2 model.

In the downstream analysis, we used the model incorporating the
svaseq confounders. In both comparisons, in ACC and HC samples, only
one Surrogate Variable - SV - was identified by svaseq, thus the model
used was “Yg ~ SV; + treatment”, in which Yg is a vector of gene
expression of gene g, SV is the vector of the SV identified with svaseq,
and treatment is a vector indicating whether the sample was vehicle or
H-aSynOs.

We explored the contribution (correlation) of phenotypical and
technical variables to the SVs. We first confirmed that the SVs did not
correlate with the treatment vector (in ACC Pearson p-value = 0.6,
Spearman p-value = 1; in HC Pearson p-value = 0.8, Spearman p-value
= 0.75) supporting that the SVs captured unwanted sources of variation
while preserving the biological variation of interest (the treatment
vector).

We then correlated the SVs with the quality control metrics of the
RNAseq measurements (identified by FASTQC software and by STAR
software, reported in the “Log.final.out” file).

For the SV identified in ACC samples, we found nominally significant
correlation with a STAR metric regarding the number of unmapped
reads “too short” (Pearson % = 0.64, p-value = 0.0166) which varied
from 0.92 to 2.9 million of reads among the samples. For the SV iden-
tified in HC samples, we found nominally significant correlation with a
FASTQC metric related to the presence of a “WARNING” for over-
represented sequences (Spearman rho = —0.79, p-value = 0.034; Pear-
son r2 = 0.60, p-value = 0.042). The overrepresented sequence in
question was a poly-N, with abundance ranging from 0.11% to 0.8%.

FDR was computed with the Benjamini-Hochberg method. Because
the distribution of p-values was far from a uniform distribution, we
recomputed p-values with the fdrtools R package (Strimmer, 2008) and
the relative FDR with the Benjamini-Hochberg method. We considered
DEGs those genes at FDR 5%, without requiring a predefined fold change
threshold.

2.6. Gene ontology, KEGG pathway analysis and PPI network of DEGs

Gene Ontology (GO) is an ontology widely used in the field of bio-
informatics for annotating large scale genes and gene products (Harris
et al., 2004). It covers 3 aspects of biology: biological process (BP),
molecular function (MF), and cellular component (CC). The Kyoto
Encyclopedia of Genes and Genomes (KEGG) is a practical database
resource for genome sequencing and polymer experiment technology. It
is generated by molecular level information, especially macromolecular
datasets, which can be used to predict pathways in which a particular
gene is enriched (Kanehisa et al., 2017). GO analysis and KEGG analysis
were performed by g:Profiler toolset (Raudvere et al., 2019) (https://biit
.cs.ut.ee/gprofiler), used to analyse the enrichment of DEGs in the
database of GO and KEGG. Plots were generated with custom R scripts.
The Venn tool (http://bioinformatics.psb.ugent.be/webtools/Venn/)
was used to compose Venn diagrams for DEGs.

Protein-protein interaction (PPI) analysis of DEGs was based on a
STRING database (Szklarczyk et al., 2015) and Cytoscape software.

2.7. Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted using PureLink® RNA Mini Kit as described
above. The cDNA was synthetized using random primers and a reverse
transcription kit SuperScript™ III First-Strand Synthesis System (Cat#
18080-051, Invitrogen) according to the manufacturer’s procedure. RT-
gPCR was performed using Platinum SYBR® Green (Cat # 11744-100
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Invitrogen) on ABI PRISM 7900 thermocycler (Applied Biosystems,
Foster City, CA, USA).
The following primers were used:

RT1-DblI: Fw 5'AGAGTCGAGTGGAAAGCACA 3’-Rev
5'GAAGAGCAGACCCAGACGAT 3.

RT1-Da: Fw 5'GGTCAATGTCACCTGGCTTC 3-Rev 5
GGAATTTGCGGAAGAGGTGG 3.

CD74: Fw 5'AGGCCACCACTGCTTACTTC 3-Rev
5'CAGGTTTGGCAGATTTCGGA 3'.

RT1-Ba: Fw 5  ATCCAGAGGCCAGTACACAC 3-Rev 5
GTCAGTTGTCCAAACTCGGG 3.

CD68: Fw 5'AACAAAACCAAGGTCCAGGG 3'-Rev
5TACTGTGGCTCTGATGTCGG 3.

Gapdh: Fw 5'GGCTGCCTTCTCTTGTGACA 3'-Rev 5

TGAACTTGCCGTGGGTAGAG 3.

b-Actin: Fw 5TCAACACCCCAGCCATGTAC 3-Rev 5 TCCGGAGTC-
CATCACAATGC 3.

The target gene expression level was normalised to Gapdh and b-Actin
mRNA expression levels. RT-qPCR was performed in triplicate and the
analysis data was done using the DDCT method.

2.8. Immunohistochemistry

At the end of the behavioral testing, rats were anesthetized and
transcardially perfused in ice-cold 0.1 M PBS (pH 7.4) followed by 4%
formaldehyde (n = 5 from each experimental group). Thereafter, brains
were post-fixed overnight in the same fixative and stored in 0.1% NaN3-
PBS at 4 °C. Free-floating coronal brain sections of 40 pm thickness were
vibratome-cut at the level of the ACC (Bregma: +2.16 to +0.36).

For immunofluorescence analysis, ACC sections were pre-incubated
in BSA/normal donkey serum blocking solution and then immunor-
eacted with the following unconjugated primary antibodies: goat poly-
clonal anti Iba-1 (1:1000, Novus Biologicals), mouse monoclonal anti
CD68 (1:100, BioRad), rabbit polyclonal anti TGF-p (1:200, Abbiotec)
and rabbit polyclonal anti EEAT2/GLT-1 (glutamate transporter type 1,
1:200, Synaptic Systems). For fluorescence visualization of Iba-1 a two-
step indirect labelling protocol was used, while a three-step detection
was performed to increase the signal of CD68, TGF-$ and GLT-1 by
combining biotin SP-conjugated IgG (1:200, Jackson Immunoresearch)
and streptavidin—fluorescein (1:400, Jackson Immunoresearch). Sec-
tions were thereafter counterstained with DAPI (1:1000).

2.9. Confocal microscopy analysis

A spinning disk confocal microscope (Crisel Instruments, Rome,
Italy) was used for qualitative and quantitative analyses of Iba-1, CD68,
TGF-p at 63x magnification. For the colocalization analysis of CD68
within Iba-1+ cells, a stack from each dataset (40 images) was first
obtained. Thereafter, in the resulting stacks, 10 regions of interest for
the ACC (x = 700 pm; y = 700 pm; z = 40 pm) in each acquired section
and for each animal were randomly chosen, and the volume of the ele-
ments calculated. Specifically, three-dimensional isosurfaces were
created with the Surfaces module from both Iba-1 and CD68 channels. A
new channel was then generated from the colocalization, and a 3D
isosurface of overlapping areas was created.

For quantification of staining intensity of GLT-1, total cell and
background staining were measured using ImageJ software (NIH), and
the intensity of specific staining was calculated.

3. Results
3.1. H-aSynOs-induced cognitive deficits
Confirming previous studies, the intranigral infusion of H-aSynOs

induced a MCI within the memory domain that was significant three
months post-infusion (Palmas et al., 2022b) (Fig. 1B). Short-term
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memory was assessed by means of two different cognitive tasks: the two-
trial recognition test in a Y-maze and the NOR. Three months post-
intranigral infusion of H-aSynOs, rats developed a mild but significant
deficit in the spatial recognition memory, as revealed by a reduced
preference for the novel arm during the T2 in the two-trial recognition
task. Two-way ANOVA followed by Tuckey post-hoc test showed a
distinct preference for the novel arm by vehicle-infused animals,
expressed as the total time spent in the novel vs the other two arms
(expressed as the mean value between the time spent in the ‘entry’ arm
and in the ‘other’ arm; * p < 0.05 by two-way ANOVA followed by
Tuckey’s post hoc test). By contrast, H-aSynOs-infused animals spent a
similar amount of time in the different arms (Two-way ANOVA, fol-
lowed by Tuckey’ post-hoc test; p = 0.9217). No changes were observed
in the number of entries between arms (Fig. 1C), indicating that the
spatial memory impairment was not related to motor deficits.

Such an impairment to recognize novelty was also observed in the
NOR test (Fig. 1C). Specifically, H-aSynOs-infused rats were unable to
discriminate between objects and the unpaired Student’s t-test showed a
significant difference when comparing the DI of vehicle vs. H-aSynOs-
infused rats (t = 4154; p < 0.0010), suggesting a deterioration in
recognition memory of H-aSynOs-infused animals.

3.2. The H-aSynOs induced region-specific changes in gene expression in
ACC and HC

In rats infused within the substantia nigra with H-aSynOs and dis-
playing MCI, we performed the RNA-seq to characterise the tran-
scriptomic profile of the ACC and HC (Fig. 2).

757,859,290 paired-end reads were obtained altogether in the li-
brary, which corresponds to an average of 47,366,205.6 paired-end
reads per sample. We found that 17,436 genes were expressed in ACC
and 17,216 genes in HC.

ACC: differential gene expression analysis identified 51 genes that
were differentially expressed in the ACC between untreated and treated
samples. Of these genes, N = 21 were upregulated and N = 30 were
downregulated in treated samples (P-value <0.05 compared with the
untreated group (Fig. 2A and D).

HC: in the HC, we found 104 genes differentially expressed. N = 41
were upregulated and N = 63 were downregulated in treated samples (P-
value <0.05 compared with the untreated group, (Fig. 2 B and E). All the
DEGs, upregulated and downregulated in the two brain regions are also
presented in Supp. Table 1 and 2.

We further analysed the overlapped DEGs between the two brain
regions and only found 7 overlapping DEGs, namely Vps52, RT1-16CE,
Csrpl, Cryab, Slc7a5, Abcg2 and NA (Fig. 2C), suggesting that H-aSynOs
produced a largely different effect on the transcriptome profile of the
two brain regions.

3.3. GO and KEGG pathway analyses show different DEGs-functional
clusters in ACC and HC

Bioinformatics analysis using the Gene Ontology (GO) and the Kyoto
Encyclopedia of Gene and Genomes (KEGG) databases was applied to
interpret the related function of the differentially expressed genes. The
DEGs were classified into the three main categories: biological process
(BP), cellular component (CC) and molecular function (MF), after sort-
ing by P-value.

ACC. In the ACC several significantly enriched terms were found in
BP, CC and MF classes. Interestingly, in this brain region most terms
were related with immune functions, specifically with antigen process-
ing/presentation via the major histocompatibility complex (MHC) class
II (Fig. 3A).

HC. Unlike the ACC, the most significantly enriched BP terms in the
HC were mainly involved in anatomical structure development and
morphogenesis, neurogenesis and in fiber organisation, suggesting that
the neuronal population was mostly affected in this region. No
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significantly enriched MF terms were obtained in HC (Fig. 3B).

To explore the dysregulation at the level of signalling pathways, we
compared the KEGG pathways between the H-aSynOs-infused and
vehicle-infused rats. The KEGG pathway analysis is used to predict the
biological processes and phenotypic traits of genes. To analyse the
functional alterations in signalling pathways induced by H-aSynOs, the
DEGs of the ACC and HC were mapped versus a reference canonical
signalling pathway, via KEGG database analysis. According to a P value
< 0.05 as the standard, the DEGs in ACC were significantly enriched in
14 pathways, with the most significant pathways being “Antigen pro-
cessing and presentation” (Fig. 4). In contrast, not statistically enriched
KEGG pathway in HC was found.

Interestingly, the GO and KEGG analysis revealed several signifi-
cantly enriched terms in the ACC, most of them being related with im-
mune functions involved in antigen processing/presentation via the
MHC-II complex (encoded in humans by the HLA-DR genes) and in
phagocytosis, supporting a role for dysregulated immune responses in
PD cognitive dysfunction.

In particular, the GO:CC analysis showed a downregulation of the
MHC-II related genes Cd74, RT1-Db1, RT1-Da and RT1-Ba. The RT-qPCR
performed to validate these results confirmed the downregulated gene
expression in the ACC of H-aSynOs-infused rats (Fig. 5).

3.4. PPI analysis of DEGs in the ACC and HC

We sought to get more insight into the genes differentially expressed
in ACC and HC by further exploring them by PPI networks. One network
for each tissue (ACC and HC) was constructed (Fig. 6A and B) with the
input of 51 DEGs in ACC and 104 DEGs in HC respectively. In the ACC
the computed network comprised 14 nodes, 3 of which, corresponding
to genes SMAD3, CD68 and SLC1A2, had the highest node degree.
Specifically, SMAD3 resulted upregulated (log2FC = 0.28, p-value
1.12E-05), CD68 was downregulated (10g2FC = —0.99, p-value = 4.53E-
05) and SLC1A2 was upregulated (log2FC = 0.27, p = 2,42E-07).

In the HC the computed network comprised 41 nodes, 3 of which,
corresponding to genes KCNA1, CRYAB and VIM, had the highest node
degree. Specifically, KCNA1 (1og2FC = —0.15, p-value = 4.41E-07),
CRYAB (log2FC = —0.27, p-value = 5.13E-05) and VIM (log2FC = -0,3,
p-value = 5.86E-06) were all found downregulated.

3.5. Key proteins expression in the ACC

Since the PPI analysis revealed that the phagocytic marker CD68
owned the highest node degree within the network, the mRNA and
protein levels were further analysed and measured by RT-qPCR and IF to
identify the sourcing cell population in the ACC of H-aSynOs and Veh-
infused rats. Fig. 7A shows that CD68 mRNA expression was down-
regulated when measured by RT-qPCR. The IF colocalization analysis
revealed that protein levels were downregulated within microglial cells
in the ACC of rats infused with H-aSynOs as compared to Veh-infused
rats (p < 0.001 by Mann-Whitney non-parametric test). We also ana-
lysed the protein levels of GLT-1 (encoded by gene SLC1A2) and
confirmed the upregulation of this transporter in the ACC of H-aSynOs-
infused rats (p < 0.01 by Unpaired Student’s t-test).

Moreover, since SMAD3 is a main effector of the canonical signalling
of transforming growth factor (TGF)-p, and because TGF-f is highly
involved in PD and aSyn-oligomers toxicity (Diniz et al., 2020), we
analysed its expression via IF (Fig. 8). As shown in Fig. 8A-B, TGF-p
labelling was highly increased in ACC of H-aSynOs-infused rats as
compared to vehicle-infused rats (p < 0.0001 by Mann-Whitney non-
parametric test).

4. Discussion

The present study was aimed at identifying transcriptional modifi-
cations occurring in cognition-related brain regions in a
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neuropathological model of early PD based on the intranigral infusion of
H-aSynOs. That PD model has been previously characterised to feature
several symptomatic and histological hallmarks of early motor PD.
Three months after H-aSynOs infusion, rats display symptoms including
mild motor impairment underlain by a partial nigrostriatal degeneration
and phospho-aSyn deposits, concurrent MCI and neuroinflammation in
both motor and cognitive brain regions, altered electrophysiological
parameters in cognitive regions (Boi et al., 2020; Palmas et al., 2022b).

As a main finding of the present study, the infusion of H-aSynOs

within the SN triggered region-specific changes in the transcriptome
profile of distant regions such as the ACC and the HC, while inducing
MCI as shown previously. Among 17,436 genes expressed in the ACC
and 17,216 in the HC, respectively 51 and 104 were differentially
expressed in the PD condition, with roughly 40% being upregulated and
60% downregulated. Of note, only 7 DEGs overlapped between the two
regions, indicating that changes in gene expression induced by the H-
aSynOs were region-specific. Accordingly, the affected gene patterns
were referable to different functional clusters, as shown by the KEGG
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neuronal firing rate in these regions, without detectable protein aggre-
gates (Palmas et al., 2022b). Accordingly, in early motor PD patients
with MCI, aSyn deposits were not detectable in limbic regions (Aarsland
et al., 2021; Braak et al., 2005; Muslimovic et al., 2005). Moreover, a
recent RNAseq study in the frontal cortex from PD patients at different
Braak stages, reported an altered gene expression in early stages pre-
ceding clear LBs deposition (Cappelletti et al., 2023). aSynOs are small
soluble species, not detectable histologically, which may reach distant
cortical areas by a spreading process through the connectome (Luk et al.,
2012; Sorrentino et al., 2017).

The H-aSynOs triggered a dysregulation of immune functions in the
ACC. The DEGs analysis and the following GO and KEGG, and PPI
analysis revealed that several significantly enriched terms were found in
the ACC, most of them being related with immune functions involved in
antigen processing/presentation via the MHC-II complex (encoded in
humans by the HLA-DR genes) and in phagocytosis, supporting a role for
dysregulated immune responses in early PD cognitive dysfunction.
Specifically, we found that the expression of at least 4 components of the
MHC-II protein complex, namely RT1-Db1, RT1-Da, Cd74 and RT1-Ba
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Fig. 6. PPI network constructed with DEGs identified in ACC (A) and HC (B).
Only genes with at least one edge with other genes were shown.

pathway analysis used to predict the biological processes and pheno-
typic traits of genes. The KEGG analysis showed that the DEGs in ACC
were significantly enriched in 14 pathways, with the most significant
being “Antigen processing and presentation”. In contrast, genes involved
in neuronal functions were mainly affected in the HC, while there was
not statistically enriched KEGG pathway in this region.

The results demonstrate aSyn-dependent changes in cognitive
related regions, strongly suggesting a neuropathological role of aSyn
toxic species in MCI associated with early motor PD. Of note, we did not
detect any deposit of aggregated aSyn in the analysed cortical regions
(data not shown). In a previous study, we found that the same protocol
of H-aSynOs infusion induced both neuroinflammation and changes in

and the phagocytic marker CD68 were downregulated in the ACC three
months post-infusion of H-aSynOs. The PPI analysis confirmed a critical
role of CD68, which displayed the highest node degree in connection
with the MHC-II gene Cd74.

The MHC-II complex enables antigen presentation by antigen pre-
senting cells (APCs) to CD4+ T lymphocytes for adaptive immune re-
sponses, and in the brain is mainly expressed by microglia. It shuttles to
the lysosomal compartment within the cell, to be loaded with lysosome-
processed antigen for presentation at the plasma membrane (Dani et al.,
2004). CD68 is a lysosomal glycoprotein involved in the phagocytic
machinery, classically considered a marker of phagocytic microglia.
Accordingly, IF colocalization experiments performed in our study
showed an intracytoplasmic CD68 pattern in microglia of vehicle-
infused rats, consistent with the labelling of lysosomes, which was
almost absent in the ACC of H-aSynO-infused rats. Therefore, results
clearly demonstrate that H-aSynOs induce the dysfunction of a pivotal
clearing mechanism engaged by microglia to protect neurons from
dangerous signals, as it is the MHC-II/phagocytosis/lysosome machin-
ery. The pathological role of dysfunctional lysosomal pathways was
previously demonstrated in fibroblasts obtained from PD patients
bearing a GBA mutation (Garcia-Sanz et al., 2017, 2018). Moreover,
previous studies have shown a proinflammatory microglia profile in the
ACC of H-aSynOs-infused rats (Palmas et al., 2022b). Altogether, the
data indicate that a gain of inflammatory function and a loss of APC
function by microglia in the ACC is a neuropathological substrate of MCI
in our PD model. In line with our study interestingly, studies investi-
gating the role of MHC-II and microglial phagocytosis in PD have sug-
gested that their expression in motor-related brain regions is dependent
on the disease stage (Boi et al., 2020; Dijkstra et al., 2015; Durrenberger
et al., 2015; Harms et al., 2013; Lecca et al., 2018; Pisanu et al., 2014;
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C. Colocalized CD68 within Iba-1+ cells

Fig. 7. CD68 levels in the ACC of HaSynOs- and Veh-infused rats. (A) CD68 mRNA expression levels measured by RT-qPCR, normalised to the housekeeping gene

B-actin (*p < 0.05, by Unpaired Student’s t-test; n = 5 animals per group).

(B) Representative images of CD68 (yellow) colocalized with Iba-1+ cells (red). Magnification 63 x; scale bars: 20 pm (left); 5 pm (right). (C) Volume of colocalized
CD68 within microglial cells in the ACC. (***p < 0.001 by Mann-Whitney non-parametric test; n = 5 animals per group). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Rostami et al., 2020), showing an upregulation in early PD, but not in
later stages of the disease. Moreover, microglial cells exposed in vitro to
H-aSynOs gradually lose their phagocytic capacity (Boi et al., 2020).
Importantly, a recent study performing the transcriptome analysis of
frontal cortical areas from PD patients clearly showed disease stage-
specific changes of genes involved in immune responses (Cappelletti
et al., 2023). In line with our results and adding translational value to
our model, pathways involved in the innate response, included inflam-
matory cytokine production, were upregulated early in the disease,
while genes involved in adaptive immune responses such as antigen
presentation and in phagocytosis were found downregulated in later
neuropathological stages (Cappelletti et al., 2023). In addition, the gene
wide association (GWAS) analysis revealed 5 genes differentially
expressed at late PD stages and located near to a PD risk single nucle-
otide polymorphism, among which SCARB2, encoding for a scavenger
receptor gene, was differentially expressed in our model (Cappelletti
et al., 2023). Therefore, both innate and adaptive functions are dysre-
gulated by aSynOs; in the early disease pathogenesis microglia may be
immunologically reactive to cope with the danger, while they lose such a
defensive function in later stages maintaining the inflammatory profile.

Supporting a role of aSyn-induced immune responses in cognitive
deficits, aSyn pathology was shown in the ACC of PDD patients and
correlated with microglia activation and T-cell infiltration (Kouli et al.,
2020). Moreover, human imaging studies have shown an inflammatory
environment in limbic areas of patients affected by PDD (Edison et al.,
2013; Fan et al., 2015). Our results extend the accumulating reports of
aSyn-induced immune responses in motor-related areas in PD: aggre-
gated aSyn accumulates on microglia and is taken up into the auto-
phagosome compartment (Boi et al., 2020; Cao et al., 2012); CD4+ T
cells from PD patients specifically react to aSyn-specific MHC-II epitopes
(Lindestam Arlehamn et al., 2020; Sulzer et al., 2017); infiltrates of T

cells have been described in the mesencephalic tissue of PD patients and
of H-aSynO-infused rats (Brochard et al., 2009; Jung et al., 2021).

The PPI analysis indicated that SMAD3 and SLC1A2 (encoding for
GLT-1), were the other two network nodes with the highest degree of
connections. Both SMAD3 and SLC1A2 gene expression were upregu-
lated by H-aSynOs infusion in the ACC. SMAD3 is a main effector in the
canonical signalling of transforming growth factor (TGF)-p (Massagué
and Wotton, 2000). The GLT-1 is the main glutamate transporter on
astrocytes, on which it is exclusively expressed, and its levels are
dynamically regulated by neuroglial interactions and growth factors
such as the TGF-f (Koeglsperger et al., 2013). Of note, we found that
TGF-p was also overexpressed in the ACC of cognitively impaired rats.
Together with previous evidence of aSynO-induced astrocytosis in this
area, results suggest an astrocytic response in the ACC, involving a TGF-
B-mediated mechanism likely triggering the GLT-1 upregulation (Palmas
et al.,, 2022b). Previous studies have shown that aSyn oligomers
increased astrocytic GLT-1 levels via a TGF-p-mediated mechanism both
in vitro and in vivo in motor brain regions (Diniz et al., 2020). Moreover,
a dysfunctional astrocyte-controlled glutamate homeostasis impacted on
cognition in senescence and in neurodegenerative diseases (Todd and
Hardingham, 2020), and it was recently reported that astrocytic GLT-1
was upregulated in cognitive brain regions of aged mice (Matias et al.,
2023). Interestingly, besides the many genes involved in the immune
response, genes with a role in cellular activity were downregulated in
the ACC, including the GABRAS5 subunit of GABA receptor, which
regulation depends on the TGF-p/SMAD3 pathway. This finding is in line
with our previous report of suppressed firing frequency of pyramidal
cells in the ACC following H-aSynOs infusion (Palmas et al., 2022b).

H-aSynOs triggered a dysregulation of neuronal homeostasis mole-
cules in the HC. The intranigral infusion of H-aSynOs induced several
changes in gene expression in the HC, affecting different functional
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Fig. 8. TGF-p and GLT1 levels in the ACC of HaSynOs- and Veh-infused rats. (A) Volume of total TGF-p analysed in discrete regions of the ACC. (B) Representative
images of TGF-p (green) in the ACC of Veh (up) and HaSynOs-infused (down) rats. (C) Immunoreactivity of total GLT-1. (D) Representative immunofluorescence

images of GLT-1 (green) in the ACC of Veh (up) and HaSynOs-infused (down) rats. Magnification 63x; scale bars: 20 pm. (*
**p < 0.01 by Unpaired Student’s t-test; n = 5 animals per group). (For interpretation of the references to colour in this figure legend, the reader is

parametric test,
referred to the web version of this article.)

clusters than DEGs identified in the ACC. Of note, among the 7 over-
lapping DEGs between the two regions, none was involved in immune
responses, suggesting different H-aSynOs-triggered mechanisms. The
most upregulated genes in the HC were connected with mitochondrial
homeostasis, cytoskeleton, neurodevelopment and neurogenesis. Of
note, the Mcub gene was highly upregulated in HC of H-aSynOs-infused
rats. Mcub is part of the mitochondrial calcium transporter located in the
inner membrane and involved in calcium import. Therefore, results
indicate a dysregulation in mitochondrial calcium homeostasis with
increased calcium import. Mitochondrial dysfunction is a pathological
hallmark of PD in the early stage (Yan et al., 2013), and several studies
have demonstrated the involvement of pathological oSyn in

10

“*p < 0.0001 by Mann-Whitney non-

dysregulated mitochondrial homeostasis, morphology and function
(Hsu et al., 2000; Sohrabi et al., 2023). In a previous study, we have
shown that H-aSynOs induced mitochondrial morphological abnor-
malities in the mesencephalon (Boi et al., 2020). Moreover, recent
studies have demonstrated that aSyn is pivotal for calcium homeostasis
within the HC via the regulation of mitochondrial calcium intake, and
loss of the SNCA gene results in calcium overload and oxidative stress in
the HC associated with spatial memory impairment (Wang et al., 2023).

Among DGEs, members of the potassium voltage-gated channel were
highly dysregulated in the HC of parkinsonian rats. Specifically, the
potassium voltage-gated (Kv) channel modifier subfamily V was over-
expressed, while the KCNA gene was downregulated in the HC of H-
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aSynOs-infused rats. Of note, the PPI analysis displayed the highest node
degree in relation to the KCNA gene, encoding for potassium voltage-
gated channel Al. The Kv channel family in the brain plays essential
regulatory roles in both neurons, where it regulates neuronal excitability
(Chen et al., 2023; Misonou et al., 2005) and in glia, where the Kv
contributes to neuroinflammatory responses, being upregulated in pro-
inflammatory microglia in response to several stressors (Di Lucente
et al., 2018; Otuyemi et al., 2023; Sarkar et al., 2020). In PD models, Kv
alterations have been investigated in motor-related regions such as the
striatum and mesencephalon, and have been suggested to be responsible
for irregular striatal neuronal firing as well as to boost apoptosis and
neurodegeneration (Baranauskas et al., 1999; Chao et al., 2018).
Moreover, both in PD models and postmortem human PD brain, Kv was
upregulated in the mesencephalon by aggregated aSyn (Sarkar et al.,
2020). Although little is known on Kv alteration in cognition related
regions in PD, hippocampal Kv channels play a role in the altered
neuronal excitability underlying Alzheimer’s disease pathology and
memory impairment (Piccialli et al., 2022). Interestingly, by using the
database Gene Set Enrichment Analysis (GSEA) we found overlapping
DEGs between our PD model and studies in PD patients. Among these
genes, our study showed that the SLC7A5 gene was differentially
expressed, and the same gene was listed among DEGs in the PD brain
(Cappelletti et al., 2023). SLC7A5 is a membrane transporter that was
recently found altered in a mouse model of Alzheimer’s disease, likely
reflecting vascular alterations, but was never investigated in PD models
(Puris et al., 2023).

Furthermore, the PPI analysis revealed the highest node degree for
VIM (vimentin) and CRYAB (aB-crystallin), both cytoskeleton proteins
which play critical roles in cytoskeletal transport and pathological ag-
gregation/remodelling of neurofilaments, key aspects of PD pathology
(Lowe et al., 1992; Novak et al., 2022). We found that VIM was down-
regulated in H-aSynOs-treated samples. Of note, a reduced amount of
vimentin in skin fibroblasts and VIM expression in iPSC from patients
carrying parkin mutations have been previously reported and related
with the PD pathology (Novak et al., 2022; Siciliano et al., 2020).

5. Conclusions

MCI is a common trait often associated with early motor disorder in
PD, whose neuropathological substrate is yet poorly understood. We
presented a study largely informative on genes whose expression is
altered in cognition-related brain regions in a preclinical PD model
featuring the early motor PD stage with MCI. The investigation of DEGs
in ACC and HC revealed changes highly region-specific, showing that
gene patterns were referable to different functional clusters. While
innate and adaptive immune responses were mostly dysregulated in the
ACC, genes involved in mitochondrial homeostasis and generally
neuronal function were mostly affected in the HC. We suggest that sol-
uble aSynOs undergo pathological seeding and spreading through the
connectome, reaching areas distant from the infusion site, where they
elicit region specific changes in gene expression. Results provide novel
insights for the understanding of MCI neuropathology in PD.
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