Neurobiology of Disease 217 (2025) 107182

Neurobiology

Contents lists available at ScienceDirect

Neurobiology of Disease

journal homepage: www.elsevier.com/locate/ynbdi

ELSEVIER

Early alpha-synuclein accumulation, oxidative stress and inflammation in
the proximal colon of c-rel”” mouse model of Parkinson’s disease

Edoardo Parrella "¢, Michele Mario Gennari?, Giulia Abate *, Mariachiara Pucci?,
Tiziana Schioppa ¢, Daniela Bosisio ¢, Emanuela Tirelli °, Marina Benarese *, Gaia Vegezzi“,
Maria Grazia Silletti ?, Chiara Fritzsch ?, Daniela Uberti ?, Marina Pizzi > , Vanessa Porrini®
2 Department of Molecular and Translational Medicine, Division of Pharmacology, University of Brescia, Italy

Y Departmental Faculty of Medicine, Saint Camillus International University of Health Sciences, Rome, Italy

¢ Section of Innovation Biomedicine, Department of Engineering for Innovation Medicine, University of Verona, Verona, Italy
4 Department of Molecular and Translational Medicine, Division of Experimental Oncology and Immunology, University of Brescia, Brescia, Italy

ARTICLE INFO ABSTRACT

Keywords: A growing body of evidence links the gastrointestinal tract to Parkinson’s disease (PD) development. The
Parkir}son’s disease research by Braak and colleagues, based on analyzing post-mortem samples from PD patients, suggests that the
Intestine pathology begins in the gut and progresses to the brain. Our recent work shows that PD brains and PD PBMCs
11:141:)3: /Zr_l;:le ! display reduced DNA-binding activity of the NF-kB/c-Rel subunit, a neuroprotective transcription factor that
a-synuclein promotes brain expression of mitochondrial regulators such as B-cell lymphoma-extra-large (Bcl-xL), uncoupling
Inflammation protein 4 (UCP4), and manganese superoxide dismutase (MnSOD). Previous studies have also shown that male

mice lacking the NF-kB/c-Rel subunit (c-rel”” mice) develop age-related parkinsonian neuropathology linked to
both non-motor and motor symptoms. They exhibit a Braak pattern of a-synuclein (a-syn) deposition, beginning
with early gut involvement marked by constipation and a-syn accumulation in the distal colon from 2 months
old. Here, we further examine the progression of intestinal pathology in the proximal colon of c-rel”” male mice
which is connected to the brain via the vagus nerve, using microscopy, biochemistry, and multispectral opto-
acoustic tomography. At 2 months, a-syn and phosphorylated a-syn accumulation was detected in the myenteric
plexus of c-rel”” mice, with significantly greater accumulation at 10 months. Intestinal synucleinopathy was
accompanied by notable oxidative stress, evidenced by increased NADPH oxidase activity and higher levels of 3-
nitrotyrosine-modified proteins in the proximal colon. By 10 months, c-rel”” mice showed gut inflammation with
elevated interleukin-6 expression, infiltration of CD11b+Ly6G+ neutrophils, and increased oxygenated hemo-
globin in the proximal colon, along with colon shortening and loss of TH-positive neurons. These findings, in
addition to supporting the role of NF-kB/c-Rel dysregulation in PD pathophysiology, show that c-rel”” mice
develop progressive PD-like pathology in the proximal colon and provide an invaluable model for studying the
potential gut-to-brain spread of endogenous «a-syn via the vagus.

Oxidative stress

1. Introduction

Parkinson’s disease (PD) is the most common neurodegenerative
movement disorder, with a higher prevalence in men than in women
(Wooten et al., 2004; Balestrino and Schapira, 2020; Ben-Shlomo et al.,
2024). Main pathological features of PD are the loss of dopaminergic

neurons in the substantia nigra pars compacta (SNpc) and the accumu-
lation of a-synuclein (a-syn) (Poewe et al., 2017). This protein is nor-
mally expressed as a component of the central and enteric nervous
systems (CNS and ENS, respectively) (Bottner et al., 2012; Longhena
et al., 2019). However, in pathological conditions a-syn aggregates to
form insoluble fibrils that are the main constituents of Lewy bodies (LB)
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and Lewy neurites (LN), proteinaceous inclusions observed in the brain
of PD patients. Similarly, a-syn is detected at higher levels, also as LB-
like aggregates, in the intestines of PD patients (Aldecoa et al., 2015;
Gold et al., 2013; Shannon et al., 2012a; Shannon et al., 2012b; Hilton
et al., 2014; Braak et al., 2006; Forsyth et al., 2011; Stokholm et al.,
2016; Phillips et al.,, 2008). Importantly, some studies reported
abnormal a-syn accumulation in intestinal biopsies collected from sub-
jects up to 8 years prior to the onset of motor symptoms, indicating
enteric a-syn pathology as an early event in PD (Shannon et al., 2012b;
Hilton et al., 2014).

In addition to the well-known motor deficits, PD is characterized by
several non-motor symptoms that often precede the onset of movement
issues, including constipation, hyposmia, anxiety, depression and sleep
behavior disorders (Kalia and Lang, 2015). Among these non-motor
symptoms, constipation is one of the most common (Chen et al., 2015)
and one of the earliest indicators of the pathological processes that ul-
timately lead to PD, appearing even more than 20 years before disease
diagnosis (Savica et al., 2009; Postuma et al., 2013; Abbott et al., 2002).

The early appearance of intestinal dysfunction, together with the
abnormal a-syn deposition in the ENS observed before CNS neuro-
degeneration, have suggested that a-syn pathology may start in the gut
and then propagates to the brain (Dogra et al., 2022; Fitzgerald et al.,
2019; Perez-Pardo et al., 2017). Based on the topographical pattern of
LB deposition, and on the early involvement of structures providing
parasympathetic innervation to the gut, Braak and colleagues proposed
that a-syn pathology could spread from the ENS to the brain through the
vagus nerve (Braak et al., 2003; Hawkes et al., 2007).

Several mechanisms have been proposed to play a role in PD path-
ogenesis, including oxidative stress, inflammation, mitochondrial defi-
cits, and impaired autophagy (Poewe et al., 2017; Faustini et al., 2017).
Interestingly, the family of transcription factors Nuclear Factor-kB (NF-
kB) can regulate some of these molecular pathways (Bellucci et al., 2020;
Lanzillotta et al., 2015). NF-xB consists of five different subunits (p65/
RelA, RelB, c-Rel, p50, and p52) that combine to form homo- or heter-
odimers (Gilmore and Wolenski, 2012; Sarnico et al., 2012). c-Rel sub-
unit within the activated NF-kB dimers exerts a neuroprotective action
based on its positive regulation of genes involved in mitochondrial ho-
meostasis, including the B-cell lymphoma-extra-large (Bcl-xL) and the
uncoupling protein 4 (UCP4), or in scavenging reactive oxygen species
(ROS), such as the manganese superoxide dismutase (MnSOD) (Sarnico
etal., 2009). Our recent results, showing a reduction of the DNA-binding
activity of NF-kB/c-Rel in the SN and peripheral blood mononuclear
cells (PBMCs) from PD patients, suggest a possible pathogenic role for
this subunit in PD (Porrini et al., 2023).

In support of this, male mice lacking the NF-kB/c-Rel subunit (c-rel”
mice), a model of PD-like pathology (Baiguera et al., 2012), show a
lower expression of Bcl-xL, UCP4, and MnSOD in the SNpc, which is age-
dependent and displays a Braak-like pattern of ascending a-syn depo-
sition (Parrella et al., 2019). Alpha-syn accumulation is detectable in the
olfactory bulbs as well as in the dorsal motor nucleus of vagus (DMV)
and locus coeruleus (LC) at 5-7 months, while it becomes evident in the
SNpc at 12 months (Parrella et al., 2019). At this age, the a-syn pa-
thology is associated with a drop of dopamine transporter (DAT) in the
striatum and nigral inflammation (Parrella et al., 2019; Porrini et al.,
2017). At 18 months, c-rel”” mice develop loss of dopaminergic neurons
in the SNpc and dopaminergic terminals in the striatum, with accumu-
lation of iron and microglia activation (Baiguera et al., 2012). The pa-
thology progression is accompanied by the appearance of both non-
motor and motor symptoms, including hyposmia at 2 months, anxiety-
and depressive-like behavior at 12 months with apathy (Parrella et al.,
2019; Parrella et al., 2022), and motor deficits responsive to L-DOPA
administration at 18 months (Baiguera et al., 2012). We also reported
early involvement of the gut in the pathology associated with the c-rel”"
mouse model. Starting at 2 months of age, c-rel”” male mice show
reduced stool frequency and water content, two signs of prolonged
colonic transit time and decreased colon motility (Parrella et al., 2019).
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Interestingly, 2-month-old c-rel”~ male mice exhibit a-syn accumulation
in the myenteric plexus of the distal colon (Parrella et al., 2019), which
is the gastrointestinal region most involved in intestinal motility (France
etal., 2012). Finally, our recent findings revealed sex-related differences
in nigro-striatal degeneration and behavior of c-rel”” mice, with aged c-
rel”” females showing a minor reduction in striatal dopaminergic fibers
and not developing significant motor deficits or non-motor symptoms
such as constipation, hyposmia, depressive-like and apathetic behaviors,
compared to wild-type (wt) littermates (Parrella et al., 2025). The crel”
mouse model is therefore considered a relevant experimental model of
sporadic PD, reflecting multiple features of the human disease (Jiang
and Dickson, 2018; Dovonou et al., 2023; Lal and Chopra, 2024).

In this study, we demonstrate that the intestinal disease progression,
in terms of a-syn accumulation, oxidative stress, and inflammation oc-
curs also in the proximal colon of c-rel”” male mice, a gut region
innervated by the vagus nerve in both rodents and humans (Gonella
et al., 1987; Berthoud et al., 1991; Berthoud and Neuhuber, 2000). We
aimed to further characterize intestinal alterations in this specific region
to support future studies on the potential vagus nerve-mediated gut-to-
brain transmission of a-syn.

2. Material and methods
2.1. Mice model

C57BL/6 mice carrying the NF-kB/c-Rel gene null mutation (c-rel””
mice) were originally generated by inserting the neomycin cassette into
the fifth exon of the NF-kB/c-Rel gene (Liou et al., 1999). Insertion of
neomycin gene give the resistance to this antibiotic, which can be used
to make cellular line selectable. The c-rel”” and c-rel*/* wt mice were
housed in the animal facility of the Department of Molecular and
Translational Medicine of the University of Brescia. Animals were
maintained in groups of 2-4/cage in individual ventilated cages under
standard conditions (12 h/12 h light/dark cycles, humidity 55 %, room
temperature 22-23 °C). The cages were enriched with nesting material
and red mouse houses (Tecniplast). All mice had access to standard
laboratory chows (complete feed for mice and rats 4RF21, Mucedola)
and water ad libitum. All animal studies were approved by the Animal-
welfare body of the University of Brescia (Organismo Preposto al Ben-
essere degli Animali -OPBA-) and were in accordance with the Directive
2010/63/EU on the protection of animals used for scientific purposes.
All the procedures performed accomplished the ethical standards of the
University of Brescia. Only male mice were used in this study. A total of
37 animals were used in this study.

2.2. Tissue collection and colon length measurement

Different groups of wt and c-rel”” male mice were sacrificed by
cervical dislocation. The mouse colon was removed and its longitudinal
length from ileocecal junction to the anal verge was measured (Parrella
et al., 2025). Stool pellets were gently expelled from the colon, then the
tissue was cut longitudinally, cleaned with ice-cold Phosphate-Buffered
Saline (PBS) (Sigma-Aldrich), and divided into the proximal and distal
portions. Half of the proximal colon was frozen and stored at —80 °C,
half was processed for immunohistochemistry analysis.

2.3. Immunohistochemistry

Mice were anesthetized with chloral hydrate (400 mg/kg intraperi-
toneally, Sigma-Aldrich) and transcardially perfused with PBS (Sigma-
Aldrich) and 4 % (w/v) ice-cold paraformaldehyde (Immunofix, Bio-
Optica). Brains were collected, post-fixed and conserved in 30 % su-
crose. Coronal slices (30 pm) were cut with a cryostat to obtain serial
sections of the DMV (anterior-posterior —7.43 to —7.67 mm). Alpha-syn
and choline acetyltransferase (ChAT) immunolabeling coupled with
Hoechst staining was accomplished as follow: slices were incubated with
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anti-a-synuclein (1:200, BD Biosciences) and anti-ChAT (1:50, Sigma-
Aldrich) primary antibodies overnight at 4 °C, washed and then incu-
bated with Cy3 (1:1000, Jackson ImmunoResearch) secondary antibody
for 1 h at room temperature. After washing, slices were incubated with
biotinylated anti-goat antibody (1:200, Dako) and subsequently incu-
bated with Alexa Fluor™ 488 streptavidin (1:1000, Life-Technologies)
to amplify ChAT immuonoreactivity (see Table 1 for antibody details).
Cell nuclei were stained by incubating the sections with Hoechst
(1:3000, Sigma-Aldrich) for 3 min. Lipofuscin autofluorescence was
quenched by incubation with TrueBlack® (1:40, Biotium) for 30 s, and
coverslips were then mounted by using Vectashield mounting medium
(Vector Laboratories). Fluorescence labeling was acquired by using a
confocal microscope (LSM 900, Carl Zeiss). Images (1024 x 1024 pixels)
were then reconstructed using LSM Zen Blue Image Examiner (Carl
Zeiss). Alpha-syn and ChAT images were acquired in red and green as
false colors, respectively. Alpha-syn immunoreactivity was quantified
on digitized images using the FIJI (NIH) software (Parrella et al., 2019).
Briefly, a-syn-positive-area was normalized vs DMV area. For this study,
2-4 DMV sections from 3 to 6 mice were analyzed.

Samples of proximal colon from 2- and 10-month-old wt and c-rel””
male mice were fixed with 4 % (w/v) ice-cold paraformaldehyde
(Immunofix, Bio-Optica) for 2 h and then transferred to 30 % sucrose
solution. Coronal slices (20 pm thick) were cut at the cryostat and
mounted on Superfrost slides (Thermo Scientific). Alpha-syn and BIII-
tubulin immunolabeling coupled with Hoechst staining was accom-
plished as follow: slices were incubated with anti-a-synuclein (1:500, BD
Biosciences) and anti-pIII-tubulin (1:300, Sigma-Aldrich) primary anti-
bodies overnight at 4 °C, washed and then incubated with Cy3 (1:3000,
Jackson ImmunoResearch) and Alexa Fluor™ 488 (1:3000, Jackson
ImmunoResearch) conjugated secondary antibodies for 1 h at room
temperature (see Table 1 for antibody details). Cell nuclei were stained
by incubating the sections with Hoechst (1:3000, Sigma-Aldrich) for 3
min. Alpha-syn phosphorylated form in serine 129 (pSer-a-syn) and pIII-
tubulin immunolabeling coupled with Hoechst staining was performed
as follow: slices were incubated with anti-pSer-a-syn (1:600, Abcam)
and anti-III-tubulin (1:750, Promega) primary antibodies overnight at
4 °C, washed and then exposed to Cy3 (1:3000, Jackson ImmunoR-
esearch) and Alexa Fluor™ 488 (1:1000, Jackson ImmunoResearch)
conjugated secondary antibodies for 1 h at room temperature (see
Table 1 for antibody details). Cell nuclei were stained by incubating the

Table 1
List of primary antibodies used for immunohistochemistry, flow cytometry and
WB analysis.

Primary antibodies Working Source Catalogue
concentration number
. . 1:200-1:500 (IF) BD
anti-a-synuclein 1:250 (WB) Biosciences 610786
anti-pIII-tubulin 1:300-1:750 (IF) Sigma-Aldrich ~ T2200
anti-pSer-a-synuclein 1:600 (IF) Abcam 59264
anti-ChAT 1:50 (IF) Sigma-Aldrich AB144P
anti-CD45 antibody 1:100 (IHC) Bio-Rad MCA1031G
A . 1:300 (IHC) Merck
anti-TH antibody 1:2000 (WB) Millipore AB152
anti-CD45 BV605 1:100 (FACS) Biolegend #103155
anti-CD11b VioBright . Miltenyi
FITC 1:200 (FACS) Biotech #130-113-243
anti-F4/80 A Miltenyi
PercPVio700 1:100 (FACS) Biotech #130-118-466
anti-CD3 PE 1:100 (FAGS) Miltenyi #130-109-837
Biotech
anti-Ly6G APC 1:100 (FACS) Miltenyi #130-120-734
Biotech
anti-occludin 1:250 (WB) Invitrogen #71-1500
anti- zonula occludens ;) ) Invitrogen #33-9100
(ZO-1)
. Merck
anti-GAPDH 1:2000 (WB) #MAB374

Millipore
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sections with Hoechst (1:3000, Sigma-Aldrich) for 3 min. In both a-syn
and pSer-a-syn immunolabeling lipofuscin autofluorescence was
quenched by incubation with TrueBlack® (1:40, Biotium) for 30 s, and
coverslips were then mounted by using Vectashield mounting medium
(Vector Laboratories). Fluorescence labeling was acquired by using a
confocal microscope (LSM 510 META, Carl Zeiss). Images (1024 x 1024
pixels) were then reconstructed using LSM Zen Blue Image Examiner
(Carl Zeiss). In the a-syn immunolabeling, a-syn and IlI-tubulin images
were acquired in green and red as false colors, respectively. Alpha-syn
and pSer-a-syn immunoreactivity was quantified on digitized images
using the FIJI (NIH) software (Parrella et al., 2019). Briefly, a-syn and
pSer-a-syn surface and the number of a-syn and pSer-a-syn inclusions
were normalized vs the enteric ganglion area. For this study, 3-6 colon
sections from 3 to 5 mice, with an average of 6 fields per section were
analyzed.

CD45 immunolabeling was performed by incubating the slices with
anti-CD45 primary antibody (1:100, Bio-Rad) overnight at 4 °C. Colon
sections were then incubated with biotinylated secondary antibodies
(1:200, Vector Laboratories) and visualized by avidin-biotin-horseradish
peroxidase technique (ABC Elite; Vector Laboratories) using 3,3"-dia-
minobenzidine (ImmPACT™ DAB kit; Vector Laboratories) as chro-
mogen (see Table 1 for antibody details). Microscopy images were
acquired on Olympus BX43 microscope using Olympus DP74 digital
camera with cellSens Entry system. Numbers of CD45-positive cells on
histological stains were determined by manually counting positive cells
in five nonoverlapping fields of proximal colon in 3-5 samples per ge-
notype (Szabo et al., 2019; Mota et al., 2020).

TH immunolabeling was performed by incubating the slices with
primary anti-TH antibody (1:300, Merck Millipore) overnight at 4 °C.
Colon sections were then incubated with biotinylated secondary anti-
bodies (1:800, Vector Laboratories) and visualized by avidin-biotin-
horseradish peroxidase technique (ABC Elite; Vector Laboratories)
using DAB (ImmPACT™ DAB kit; Vector Laboratories) as chromogen
(see Table 1 for antibody details). Microscopy images were acquired on
Olympus BX43 microscope using Olympus DP74 digital camera with
cellSens Entry system. TH immunoreactivity was quantified on 3-8
colon sections (6 fields per section) from 4 to 6 mice using the FIJI (NIH)
software.

2.4. Preparation of intestinal protein samples

Lysate of mouse proximal colon was prepared by homogenization in
modified ice-cold RIPA buffer (150mM sodium chloride; 50mM Tris,
pH 7.6; 5 mM ethylenediaminetetraacetic acid and 1 % Triton X-100
including protease and phosphatase inhibitors) and then sonication for
1 min on ice. After 30 min, samples were sonicated for the second time
and then tissue and cell debris was removed by centrifugation at 4 °C for
20 min at 12,000g. Protein concentration was determined with Bio-Rad
protein assay according to the manufacturer’s instruction.

2.5. NADPH oxidase activity

NADPH oxidase (Nicotinamide adenine dinucleotide phosphate ox-
idase) activity was measured due to its capability to convert molecular
oxygen to anion superoxide through the oxidation of NADPH to NADP
plus H+. In a 96-well microplate, 35 pl of PBS (pH 7.4) and 5 pl of mice
colon protein extract were mixed. Then 5 pl of 0,1 mM NADPH was
added to the mixture. The reaction was monitored spectrophotometri-
cally by following the reduction in NADPH absorbance at 340 nm
through its consumption by NADPH oxidase. The activity of NADPH
oxidase was calculated as the concentration of NADP reduced by NADPH
oxidase per minute and normalized to the microgram of protein for each
sample (1M NADP/ug protein/min) (Pucci et al., 2021).
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2.6. Tissue 3-nitrotyrosine level

Free 3-nitrotyrosine (3-NT) as a marker of peroxynitrite generation
and oxidative stress was measured by enzyme-linked immunosorbent
assay (ELISA) as reported by Poles, M.Z et al. (Poles et al., 2018) with
some modifications. Briefly, 15ug of proximal colon protein extracts
were diluted in PBS 1 x pH 7.4 and coated on the ELISA microplate
overnight at 4°C. Bovine serum albumin (BSA)-3-NT Standard (Abcam,
Netherlands) was also coated at different concentrations ranging from
16 to 0.5 ng/ml to include a calibration standard curve. The next day
plates were saturated with 100 pl of blocking solution (PBS 1 x pH 7.4;
0.1 % TWEEN 20; 3 % BSA; 5 % Normal Goat Serum) for each well and
incubated for 1h at room temperature, followed by 2h incubation at
37°C with anti-3-NT antibody (Sigma-Aldrich) diluted 1:400. After
washing with PBST (PBS 1 x pH 7.4-0.5 % TWEEN 20), 0.1 mg/ml
secondary anti-mouse antibody conjugated with peroxidase (Dako Agi-
lent, Santa Clara, CA, USA) was incubated in each well for 1h at room
temperature. Finally, 100pl of 3,3,5,5-tetramethylbenzidine substrate
was added and the reaction was stopped with 100 pl of sulfuric acid 2M.
Optical density was measured using a microplate reader with a wave-
length of 450 nm. Nitrotyrosine content was normalized to the protein
content and expressed as 3-NT pg/ug protein tissue extract.

2.7. Flow cytometry

Lamina propria immune cells were isolated using the Mouse Lamina
Propria Dissociation Kit (Miltenyi Biotech). Briefly, colon was harvested
and cleaned of fat residue and feces. To obtain lamina propria cells
(LPCs), the colon was cut longitudinally and fragmented into pieces.
After multiple incubations at 37° with Pre-digestion and digestion me-
dium prepared as manufacture’s instruction, the lamina propria cells
were mechanically isolated using a GentleMACS dissociator. The
ensuing single-cell suspension was filtered by means of a 70-pm cell
strainer and prepared for cytofluorimetric analysis. After Fc blocking,
single-cell suspensions were stained with the following antibodies: CD45
BV605 (clone 30-F11), CD11b VioBright FITC (clone REA592), F4/80
PERCPVio770 (clone REA126), CD3 PE (clone REA641), Ly6G APC
(clone REA526) (see Table 1 for details). Subsequently, doublet exclu-
sion and gating on live CD45+ cells was performed. Cell viability was
determined by LIVE/Dead-405 nm (L34959) staining according to the
manufacturer’s instructions (Invitrogen); negative cells were considered
viable. The following subpopulations of CD45+ were identified:
CD11b+Ly6G+  (neutrophils), CD11b+F4/80+ (macrophages),
CD3+CD4+ and CD3+C8+ (T cells). Cells were analyzed on a MACS-
Quantl6 (Miltenyi) and analyzed with FlowJo software (RRID:
SCR_008520, Treestar).

2.8. Real-time quantitative reverse transcription-polymerase chain
reaction (qQRT-PCR)

Intestinal tissues derived from mice at 2 and 10 months of age were
processed for mRNA analysis. Total intestinal RNA was isolated using
TRI reagent (Sigma-Aldrich). Two pg of total RNA were reverse tran-
scribed using M-MLV reverse transcriptase (Promega). qRT-PCR was
conducted to analyze the gene expression of a pleiotropic pro-
inflammatory cytokine such as interleukin-6 (IL-6) and interleukin-
17A (IL-17A), a key intestinal pro-inflammatory marker. The murine
specific primers were shown in Table 2.

Amplification and detection were performed with the ViiA7 Real
Time PCR Detection System (Applied Biosystems). The reaction mix
contained 6 pl of SYBR Green Master Mix (Bio-Rad), 6 pmol of each
forward and reverse primer, and 2 pl of diluted cDNA. The samples were
run in duplicate, and the PCR program was initiated by 10 min at 95 °C
before 40 cycles, each one of 1 s at 95 °C and 30 s at 64 °C. The gene
expression levels were normalized to f-Actin expression and the data
were presented as the fold change in target gene expression. Relative
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Table 2
List of primers used for qRT-PCR.

Genes Primer sequences

for: 5-CCTACCCCAATTTCCAATGCT-3'

rev: 5-TATTTTCTGACCACAGTGAGGAAT-3'
for: 5-TCCAGAAGGCCCTCAGACTA-3'

rev: 5-TTCATTGCGGTGGAGAGTC-3'

for: 5-~AGCCATGTACGTAGCCATCC-3'

rev: 5-CTCTCAGCTGTGGTGGTGAA-3'

Interleukin 6 (IL-6)
Interleukin 17-A (IL-17A)

Actin (B-actin)

quantification was performed using the comparative Ct method (Pucci
et al., 2022).

2.9. ELISA

IL-6 (DY206-05; DuoSet ELISA human IL-6; R&D Systems) and TNF-
o (DY410; DuoSet ELISA human TNF-a; R&D Systems) were determined
by commercially available ELISAs (R&D Systems), following manufac-
turer’s instructions. The samples were run in duplicate. All absorbance
readings were measured at 450 nm using a Emax Plus microplate reader
(Molecular Devices). The concentrations of the cytokines (pg/ml) were
then normalized to intestinal total protein contents and expressed as pg/
pg protein tissue extract. TNF-o and IL-6 were assessed in 5 animals per
group.

2.10. Multispectral Optoacoustic Tomography (MSOT)

Intestinal inflammation was evaluated as colonic increase of
oxygenated hemoglobin (HbO,) levels using MSOT imaging (Bhutiani
et al., 2017). MSOT is an imaging technology which consist in illumi-
nating tissue with light derived from transient energy, this energy is
absorbed by tissue and result in a thermoelastic expansion. This give rise
to ultrasound waves that are detected and then form an image. Mice
were anesthetized with isoflurane (1.8 % at 0.8 1/min), and their
abdominal area gently shaved using an electrical razor, followed by the
application of depilatory cream (Veet) which was removed with a moist
gauze. The day after, the animals were anesthetized with isofluorane
(1.8 % at 0.8 1/min for mouse preparation; 1.8 % - 1.0 % to keep
respiration rate at 60-70 breaths per minute during imaging) and their
shaved skin covered with ultrasound gel (Comedical) for improved ul-
trasound coupling. Then mice were wrapped in a thin polyethylene
membrane, placed supine and imaged from the thorax to inferior pelvis
and translated using a linear stage to enable imaging of multiple
transverse slices with the MSOT inVision-128 small animal imaging
scanner (iThera Medical GmbH). Acquisition and post-processing were
carried out in viewMSOT 4.0.3.2 software (iThera Medical). Imaging
was performed with a step size of 0.5 mm illuminating the mouse with
ten arms of a fiber bundle to provide even illumination of a ring-shaped
light strip of approximately 8 mm width at wavelengths of 700, 730,
760, 800, 850, and 875 nm with 25 averages per wavelength, at a
repetition rate of 10 Hz with a wavelength tuning speed of 10 ms and a
peak pulse energy of 100 mJ at 730 nm. For ultrasound detection, a 128-
element ultrasound transducer with a center frequency of 5 MHz (60 %
bandwidth), organized in a concave array of 270-degree angular
coverage and a radius of curvature of 4 cm, was used. The acquired
images were reconstructed with a back projection algorithm using the
BP 4.0 in vivo preset to create cross-sectional images. Reconstruction
field of view was set to 25 mm (75 pm resolution), and reconstructed
images were then spectrally unmixed using the linear regression algo-
rithm for oxygenated- (HbO2) and deoxygenated hemoglobin (Hb).
MSOT values for colon HbO, were determined by region of interest
(ROI) analysis. Briefly, colon was identified through the comparison
with a mouse atlas (Micheau and Hoa, 2018). Four colon ROI of similar
surface were drawn every 4 mm and then interpolated to obtain the
volume of interest (VOI). The mean HbOs signal intensity within the VOI
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was calculated for 4-5 animals per group.
2.11. Colon motility

Colon motility was assessed in 2- and 10-month-old mice using the
one-hour stool collection assay (Parrella et al., 2019; Parrella et al.,
2025). Briefly, experiments were conducted in a dedicated quiet room
during the light phase, consistently between 10:00 and 12:00 AM. Mice
were individually transferred from their home cages to clean, empty
plastic cages [36 x 15.5 x 13.5 cm] without access to food or water for a
duration of one hour. Stool pellets were collected immediately following
expulsion and deposited into pre-weighed, sealed 1.5 ml microtubes
(Biosigma). The number of expelled pellets was recorded, and stool
frequency was expressed as pellets per hour, normalized to a 30 g body
weight. Tubes were weighed to determine the wet weight of the stool.
Pellets were subsequently dried overnight at 65 °C and reweighed to
obtain dry weight. Stool water content (%) was calculated as the dif-
ference between wet and dry weight, relative to the wet weight.

2.12. Western blot analysis

The levels of TH and tight junction proteins content in proximal
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colon extracts were evaluated by western blot technique. Briefly, total
protein extracts were resolved by 10 % and 4 %-12 % SDS PAGE gel and
transferred to a nitrocellulose membrane (Amersham). Membranes were
then incubated with anti-TH (1:2000, Merck Millipore), anti-occludin
(1:250, Invitrogen), anti-zonula occludens (ZO-1, 1:200, Invitrogen) or
anti-GAPDH (1:2000, Merck Millipore) primary antibody and secondary
antibodies coupled to alkaline phosphatase (AP) (1:2000, Promega) (see
Table 1 for antibody details). Imnmunopositive bands were visualized by
AP chemiluminescent substrate (Novex®, ThermoFisher). Gel analysis
was performed wusing the Gel Pro.3 analysis software
(MediaCybernetics).

2.13. Statistical analysis

Statistical analysis was performed with the GraphPad Prism soft-
ware. Data were expressed as mean + standard deviation (SD). Statis-
tical significance was accepted at the 95 % confidence level (p < 0.05).
Normal distribution of data was assessed with Shapiro-Wilk test. Com-
parisons between two groups were performed using the parametric two-
tailed unpaired Student’s t-test, or the nonparametric Mann-Whitney
test. Comparisons among more than two groups were performed using
the parametric multiple t-test followed by Sidak-Bonferroni multiple

Fig. 1. c-rel”” mice display progressive a-syn accumulation in the DMV. Representative photomicrographs displaying a-syn (red), ChAT (green) and Hoechst
(blue) immunofluorescence labeling in sections of DMV from 2-month-old wt (a-d), 2-month-old c-rel”” mice (e-h), 10-month-old wt (i-1) and 10-month-old c-rel”
mice (m-p). Measurement of the a-syn-positive surface (q and r) proved a significant increase of a-syn immunoreactivity in 10-month-old c-rel”~ mice in comparison
to wt (r), but not in 2-month-old c-rel”” (q). n = 3 animals per group in q. n = 5-6 animals per group in r. Results are expressed as mean + SD. *p < 0.05, d = 1.022,
95 % CI [-1.911, 70.520], t-test in f. ChAT-stained section showing the DMV area (s). Scale bar = 20 pm in a, scale bar = 200 pm in s.
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comparison test, or the non-parametric Kruskal-Wallis test followed by
Dunn’s multiple comparison test. Effect sizes are presented as partial eta
squared (ng) for ANOVAs, Cohen’s d (d) for t-tests and eta squared (nz)
for Mann-Whitney and Kruskal-Wallis tests. Where applicable, 95 %
confidence intervals (95 % CI) are reported in brackets using the format
95 % CI [lower bound, upper bound].

3. Results
3.1. c-rel”” mice show progressive a-syn accumulation in the DMV

We previously reported that c-rel”” mice display a prodromal syn-
drome and a Braak-like accumulation of a-syn, mimicking sporadic PD
(Parrella et al., 2019).

To investigate a potential gut-to-brain transmission of a-syn, we
assessed its accumulation in the DMV of c-rel”~ and wt male mice at 2
and 10 months of age by performing double immunolabeling for a-syn

2 months
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and ChAT (Fig. 1). In line with our previous findings, no significant
difference in a-syn-positive area was observed in the DMV of 2-month-
old animals, whereas a significant increase in c-rel”” mice was detec-
ted at 10 months when compared to wt littermates.

3.2. a-syn pathology progressively affects the myenteric plexus of
proximal colon in c-rel”” mice

Previous studies showed a marked immunoreactivity for both o-syn
and pSer-a-syn in the ENS of PD patients respect to control subjects.

To evaluate the progression of a-syn pathology in ENS of c-rel”” male
mice, we performed double immunolabeling for a-syn and pIII-tubulin, a
pan-neuronal marker, in the proximal colon of c-rel-~ and wt male mice
of 2- and 10-months of age (Fig. 2). We observed a-syn accumulation in
the colonic myenteric ganglia of 2-month-old c-rel’”" mice, that
increased in 10-month-old c-rel”” mice, as shown in Fig. 2a-h. Quanti-
fication of immunofluorescence signals confirmed a significant increase

10 months
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Fig. 2. c-rel”” mice display early and progressive a-syn accumulation in the myenteric plexus of proximal colon. Representative photomicrographs dis-
playing a-syn/plIII-tubulin/Hoechst immunofluorescence labeling in sections of proximal colon from 2-month-old wt (a), 2-month-old c-rel”” mice (b), 10-month-old
wt (¢) and 10-month-old c-rel”” mice (d). High magnifications of the areas in the squares in panels a, b, ¢ and d are displayed in e, f, g and h, respectively. Please note
the presence of a-syn-positive inclusions in the ganglia of c-rel”” mice (arrows in panel f and h). Measurement of the a-syn-positive surface (i and k), and the number
of a-syn inclusions (j and 1) normalized by the ganglion area proved a significant and progressive increase of a-syn immunoreactivity in c-rel”” mice in comparison to
wt animals. n = 4-5 animals per group. Results are expressed as mean + SD. *p < 0.05, 2 = 0.667, 95 % CI [19.59, 418.3], Mann-Whitney test in i. *p < 0.05, d =
1.100, 95 % CI [7.732, 464.100], t-test in k. *p < 0.05, d = 1.407, 95 % CI [71.160, 514.400], t-test in 1. Scale bars: in a, b, cand d = 20 pm; in e, f, gand h = 5 pm.
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in the a-syn surface/ganglion surface ratio at 2 and 10 months (Fig. 2i,
2k), and in the total number of protein inclusions/ganglion surface ra-
tios in the older mice (Fig. 21).

We then investigated the presence of the phosphorylated form of
a-syn by double immunolabeling for pSer-a-syn and BIII-tubulin in in-
testinal samples from 2- and 10-month-old animals (Fig. 3). The accu-
mulation of pSer-a-syn was already evident in the colonic myenteric
ganglia of 2-month-old c-rel”” mice and increased in 10-month-old an-
imals (Fig. 3a-h). This was confirmed by the increase in the pSer-a-syn
surface/ganglion surface ratio quantified at 2 and 10 months and the
number of protein inclusions/ganglion surface ratios at 10 months
(Fig. 3i-D).

Next, we evaluated the pSer-a-syn/a-syn ratio to investigate the
relative increase in a-syn phosphorylation between 2- and 10-month-old
c-rel”” mice. We did not observe any significant difference in the pSer-
o-syn/a-syn ratio in either 2- or 10-month-old c-rel”” mice compared
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with their wt littermates, suggesting that the increase in phosphoryla-
tion occurs along with endogenous accumulation of a-syn.
(Supplementary Fig. 1).

3.3. Progressive loss of TH in the submucosal and myenteric plexuses of
the proximal colon in c-rel”’” mice

Next, we investigated the relative amount of TH-positive neurons in
the submucosal and myenteric plexuses of the proximal colon in 2- and
10-month-old wt and c-rel ™ mice (Fig. 4). Our results showed a pro-
gressive reduction of TH immunoreactivity in c-rel”” mice, becoming
significant at 10 months (Fig. 4f). Western blot analysis confirmed
decreased levels of TH at 10 months in c-rel”” mice (Fig. 4g-j) These
findings are aligned with results from other experimental models of PD,
although inconsistent evidence have been reported in human samples
over the years (Costa et al., 2023).
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Fig. 3. c-rel”” mice display early and progressive pSer-a-syn accumulation in the myenteric plexus of proximal colon. Representative photomicrographs
displaying pSer-a-syn/pIlI-tubulin/Hoechst immunofluorescence labeling in sections of proximal colon from 2-month-old wt (a), 2-month-old c-rel”~ mice (b), 10-
month-old wt (¢) and 10-month-old c-rel”- mice (d). High magnification of the areas in the squares in panels a, b, ¢ and d are also provided (in e, f, g and h,
respectively). Please note the presence of pSer-a-syn-positive inclusions in the ganglia of c-rel”” mice (arrows in panel f and h). Quantification of the pSer-a-syn-
positive surface normalized by the ganglion area (i and k), and the number of pSer-a-syn inclusions (j and 1) confirmed a significant and progressive increase of pSer-
a-syn immunoreactivity in c-rel”~ mice when compared to wt littermates. n = 3-5 animals per group. Results are expressed as mean + SD. *p < 0.05, d = 1.864, 95 %
CI [21.490, 255.5001], t-test in i. *p < 0.05, d = 1.717, 95 % CI [26.88, 475.0], t-test in k. *p < 0.05, d = 1.881, 95 % CI [6.075, 425.200], t-test in 1. Scale bars: in a, b,

candd =20 pm; ine, f, g and h = 5 pm.
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Fig. 4. TH loss in proximal colon of c-rel”” mice. Representative images of anti-TH immunostaining (arrowheads) of proximal colon from 2-month-old wt (a), 2-
month-old c-rel”- (b), 10-month-old wt (¢) and 10-month-old c-rel”” male mice (d). Densitometric analysis revealed a significant reduction of TH-positive area in the
proximal colon of 10-month-old c-rel”" mice. Results are expressed as mean + SD. n = 4-5 animals per group in e. n = 5-6 animals per group, *p < 0.05, d =
—10.004, 95 % CI [-148.000, —13.4301, t-test in f. (g-j) Evaluation of the expression of TH was performed in total protein extracts from proximal colon of 2- and 10-
month-old wt and c-rel”~ male mice. Quantitative analysis of TH revealed a significant decrease in c-rel”” male mice at 10 months of age. n = 4-5 animals per group

in i. n = 7 animals per group in j. Results are presented as mean + SD. *p < 0.05, d = —2.319, 95 % CI [-69.380, —10.380], t-test in j.

3.4. Progressive oxidative stress is evident in proximal colon of c-rel”-
mice

The enzymatic activity of NADPH oxidase was performed to inves-
tigate whether a-syn accumulation could be associated with oxidative
stress. NADPH oxidases are a family of enzymes widely expressed in the
gut, that produce reactive oxygen species (ROS) in many cells and tis-
sues (Aviello and Knaus, 2017) (Bedard and Krause, 2007). In c-rel”-
mice, NADPH oxidase activity was already increased at 2-month-old
mice, but became statistically higher in 10-months-old mice when
compared to wt mice (Fig. 5a).

We also checked the colonic levels of 3-NT-modified proteins, a
biomarker related to nitrosative stress. 3-NT formation is caused by the
nitration of protein-bound and free tyrosine residues by peroxynitrite
molecules (Beckman, 1996) and it has been already found relevant in
the intestine (Poles et al., 2018). Interestingly, c-rel”” mice showed a
marked increase in the levels of 3-NT-modified proteins at 10 months of
age when compared with age-matched wt mice, while a positive trend to
significance could already be observed at 2 months of age (Fig. 5b).

3.5. c-rel”” mice show progressive low-grade intestinal inflammation
To test whether c-rel”” mice exhibited intestinal inflammation in the

proximal colon, we investigated several parameters, including immune
cells infiltration, cytokines expression and colonic macroscopic changes.
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At first, we examined the stromal infiltration of immune cells in the
proximal colon of 2- and 10-month-old mice by performing the immu-
nostaining for CD45, a general marker for innate and adaptative im-
mune cells (Fig. 6). We observed a significant increase of CD45-positive
infiltrating cells in the colon of 10-month-old c-rel” mice respect to wt
mice (Fig. 6d, 6f).

The evaluation of the immune cell populations in the lamina propria
from proximal colon was performed by flow cytometry. This analysis
confirmed an increasing trend in the number of CD45 positive cells of
10-month-old c-rel”” mice. (p = 0.06, Fig. 7a-c). Analysis of CD45-
positive cell subpopulation showed levels of colonic neutrophils signif-
icantly higher in c-rel”” mice (Fig. 7d-f), but no difference in the number
of macrophages, T lymphocytes, or specific CD4+ and CD8+ lympho-
cytes, when compared with wt mice (Fig. 7g-j).

Next, we examined the mRNA expression of specific interleukins
detected in intestinal tract such as IL-17A, an important marker in the
pathogenesis of the inflamed gut, and IL-6, which is a well-known pro-
inflammatory marker involved in the pathogenesis and exacerbation of
gut inflammation (Fujino et al., 2003; Matsunaga et al., 2009). While no
significant differences in the IL-17A gene expression were detectable, we
observed augmented levels of IL-6 transcripts in 2-months old mice and
significantly higher level at 10 months of age (Fig. 8a, 8b). Protein levels
of cytokines (IL-6 and TNF-a) were also measured by ELISA analysis.
ELISA showed only a trend for the increase of IL-6 and no increase of
TNF-« in c-rel”” mice (Fig. 8¢, 8d).

0.6 O wt
- o B c-rel”
£
2
° o
,_E' 0.4 o
[}
R o
i [{1 ?_({
=
=
=
0.0
Age (months) 2 10

Fig. 5. c-rel”” mice exhibit progressive pro-oxidant status of proximal colon. Colonic oxidative stress was investigated in 2- and 10-month-old wt and c-rel”
male mice by measuring NADPH oxidase activity (a) and 3-NT proteins levels (b). (a) NADPH oxidase activity measured in proximal colon protein extracts was
significantly higher in 10-month-old c-rel”" mice. n = 4-6 animals per group. Results are expressed as mean + SD. *p < 0.05, d = 1.396, 95 % CI [0.328, 2.395],
multiple t-test adjusted with Sidak-Bonferroni method. (b) Similarly, 3-NT protein levels measured by ELISA assay were significantly increased in the proximal colon
derived from 10-month-old c-rel”~ mice. n = 6-7 animals per group. Results are expressed as mean =+ SD. *p < 0.05, n? = 0.28, Kruskal-Wallis test followed by Dunn’s
multiple comparison test.
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Fig. 6. c-rel”” mice show immune cells infiltration in the proximal colon. Representative images of anti-CD45 immunostaining (arrowheads) of proximal colon
from 2-month-old wt (a), 2-month-old c-rel” (b), 10-month-old wt (c) and 10-month-old c-rel”" male mice (d). (e-f) Quantification of CD45-positive cells indicated
an increased infiltration of immune cells in the intestine of 10-month-old c-rel”” mice, which is not present in 2-month-old mice. n = 4-5 samples per group. Results

are expressed as mean + SD. *p < 0.05, n2 = 0.481, 95 % CI [5.000, 110.600],
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Fig. 7. Lamina propria immune cells population obtained from proximal colon was altered in 10-month-old c-rel”~ mice. Graphical representations of flow

cytometry analysis of CD45-positive cells from wt (a) and c-rel”” mice (b). Quant

ification of CD45-positive cells indicated an increased infiltration of immune cells in

the intestine of 10-month-old c-rel”” mice (c). Graphical representations of flow cytometry analysis of neutrophils (CD11b+Ly6G+) cells from wt (d) and c-rel”” mice
(e). Quantification of CD11b+Ly6G+ cells indicated an increased infiltration of neutrophils in the intestine of 10-month-old c-rel”” mice (f). Percentages of mac-
rophages (g), T lymphocytes (h), CD4+ lymphocytes (i) and CD8+ lymphocytes (j) are represented. n = 5 animals per group. Results are expressed as mean + SD. *p

< 0.05, d = 1.245, 95 % CI [-0.181, 6.701], t-test in f.

We also estimated gut morphological changes associated with
chronic low-grade intestinal inflammation, including shortening of the
colon in 4-6 and 10-13-month-old animals (Xu et al., 2008; Jin et al.,
2017). The measurement of colon length at sacrifice revealed no change
in younger mice but a reduction in c-rel”- mice of 10-13 months

(Fig. 9a). To confirm the increased gut inflammation, we performed
MSOT imaging in live animals. This technique showed increased levels
of oxyhemoglobin (HbO3) in 12-13-month-old c-rel”” mice (Fig. 9d), a
sign reported to correlate with colitis severity in a mouse model of in-
flammatory bowel disease (Hilton et al., 2014).
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Fig. 8. c-rel”” mice exhibit alteration in IL-6 expression. mRNA levels of IL-6 (a) and I 17A (b) and were measured in the proximal colon of 2- and 10-month-old
wt and c-rel”” mice. No differences in the levels of IL17A were found between wt and c-rel”” male mice neither at 2 nor at 10 months of age (b). Differently, c-rel”
mice displayed an increase of IL-6 mRNA, which was statistically significant at 10 months (a). IL-6 and TNF-« cytokines protein levels were evaluated in 10-month-
old wt and c-rel”” male mice using ELISA (c,d). No differences in the levels of these markers were found between wt and c-rel”". n = 6-7 animals per group in a and b.
n = 4-5 animals per group in ¢ and d. Results are expressed as mean + SD. *p < 0.05, 95 % CI [—3.686, —0.115], multiple t-test adjusted with Sidak-Bonferroni
method in a.
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Fig. 9. c-rel”” mice showed gut morphological changes associated with intestinal inflammation. Colonic inflammation was evaluated macroscopically by
measuring the longitudinal length of the colon (a) from the caecum to the anal verge. c-rel”” mice displayed colon shortening at 10-13 months, suggesting a chronic
inflammatory state of the intestine. n = 8-15 samples per group. *p < 0.05, '112) = 0.1063, 95 % CI [0.084, 1.600], two-way ANOVA followed by Sidak’s multiple
comparison test. Representative MSOT imaging of wt (b) and c-rel”- (¢) mice. Arrows indicate concentrated areas of HbO;, corresponding to colon inflammation (c).
Quantification of mean MSOT signal intensity for HbO, indicated higher HbO, levels in the colon of c-rel”- mice (d). HbO, MSOT results were normalized for VOI
values. n = 4-6 animals per group. Results are expressed as mean + SD. **p < 0.01, d = 3.014, 95 % CI [0.002, 0.006], t-test.

We previously demonstrated that c-rel”” male mice, aged 2 to 20
months, exhibited reduced stool frequency and stool water content in
the one-hour stool collection assay, indicative of early-onset con-
stipation (Parrella et al., 2019). To investigate whether reduced colon
motility was associated with underlying colon pathology, cohorts of 2-
and 10-month-old wt and c-rel”” male mice were first tested with the
one-hour stool collection assay before proceeding with gut analyses
(Fig. 10a, 10b). The results showing a decrease in stool frequency and
stool water content in c-rel”” mice at both 2 and 10 months confirmed
the reduced colon motility previously observed in this model (Parrella
et al., 2019).

Finally, we indirectly assessed intestinal barrier integrity by evalu-
ating the tight junction proteins ZO-1 and occludin levels (Fig. 11a,
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11b). Western blot analysis did not reveal any significant decrease of
tight junction proteins in the proximal colon of 10-month-old c-rel””
mice, indirectly suggesting that the intestinal barrier integrity is pre-
served at this age.

4. Discussion

In the present study, we report a progressive accumulation of both
a-syn and pSer-a-syn in myenteric plexus of the proximal colon of 2- and
10-months-old c-rel”- mice, which is paralleled by a-syn accumulation
in the DMV of 10-months-old c-rel”- mice. These data, together with
present and previous results showing intestinal constipation and o-syn
deposition in the distal colon of 2-month-old c-rel” mice (Parrella et al.,

stool water content (%)
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Fig. 10. c-rel”” mice display reduced colon motility. Colon motility was investigated in 2- and 10-month-old wt and c-rel”” male mice by measuring stool fre-
quency (a) and stool water content (b) through the one-hour stool collection assay. (a) Stool frequency normalized for 30 g of body weight (bw). (b) Stool water %. n
= 7 animals per group. Both the parameters were significantly reduced in 2- and 10-month-old c-rel”~ mice. Results are presented as mean + SD. *p < 0.05, ng =
0.378, 95 % CI [0.352, 6.105] and [0.409, 6.162], two-way ANOVA followed by Sidak’s multiple comparison test in a. *p < 0.05, ng = 0.402, 95 % CI [0.630,
10.430] and [1.241, 11.040], two-way ANOVA followed by Sidak’s multiple comparison test in b.
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Fig. 11. c-rel”” mice did not exhibit intestinal barrier alteration. Evaluation of the expression of tight junction proteins ZO-1 (a) and occluding (b) was per-
formed in total protein extracts from proximal colon of 10-month-old wt and c-rel”~ male mice. Quantitative analysis of ZO-1 and occludin did not reveal any
significant difference between wt and c-rel”” male mice. n = 4 animals per group in a. n = 4-5 animals per group in b. Results are presented as mean + SD.

2019), suggest that the a-syn accumulation in ENS of c-rel”” mice could
begin before the appearance of a-syn in the brain and before the onset of
motor symptoms. Interestingly, in another mouse model of PD (A53T
a-syn mice) a similar pattern of pathology progression, consisting in
early constipation and colonic accumulation of a-syn without concom-
itant CNS involvement has been described (Rota et al., 2019). Our data
are in line with Braak’s staging model and a body of evidence reporting
the presence of a-syn fibrils in intestinal biopsies from healthy patients
who were prone to develop PD later in life (Hilton et al., 2014).

To assess whether a-syn accumulation was associated with oxidative
stress in the proximal colon of the c-rel”” mice, we analyzed NADPH
oxidase activity and 3-NT-modified proteins in gut extracts. The oxida-
tive stress biomarkers were already detectable in the colon at 2 months
of age and they markedly increased at 10 months. These findings are
consistent with existing literature indicating that oxidative and nitro-
sative stress are closely associated with PD pathology, both in patients
and in animal models. For instance, Keeney and colleagues reported that
activation of neuronal and microglial NADPH oxidases significantly
contributes to disease development, as demonstrated in human tissues
and rotenone-induced rat models (Keeney et al., 2022). NADPH oxidase-
mediated oxidative stress was also observed in the proximal colon of 6-
hydroxydopamine rat model of PD (Garrido-Gil et al., 2018) and was
found to promote a-syn expression and aggregation in paraquat-based
cellular and animal models of PD (Cristovao et al., 2012). Similarly,
increased immunoreactivity of NADPH oxidase catalytic subunits has
been observed directly in the brains of patients with PD, supporting the
role of oxidative enzyme activation in disease progression (Belarbi et al.,
2017). Regarding protein modifications induced by oxidative stress,
Forsyth and colleagues documented elevated intestinal 3-NT staining in
the sigmoid intestinal mucosa of newly diagnosed patients compared to
healthy controls, suggesting early nitrosative stress in disease progres-
sion (Forsyth et al., 2011).

Members of NADPH-oxidase family are expressed all along the
gastrointestinal tract, in the epithelium, fibroblasts and smooth muscle
cells, but also in dendritic cells and professional phagocytes (Aviello and
Knaus, 2017; Bedard and Krause, 2007). Therefore, the enhanced
NADPH-oxidase activity in the intestinal tissue can be associated with
the infiltration of immune cells occurring at 10 months of age. Actually,
the analysis of cells positive for the pan-leukocyte marker CD45 revealed
an increased number of immune cells in the proximal colon of 10-month-
old c-rel”” mice. This in line with the increased gene expression of
PTPRC encoding the CD45 protein in colonic biopsies from PD patients
when compared to those from healthy subjects (Houser et al., 2021).
While flow cytometry analysis of the CD45-positive cell subpopulation
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in the lamina propria of c-rel”” mice did not reach statistical signifi-
cance, it revealed a trend consistent with the significant findings ob-
tained through immunohistochemistry, possibly due to differences in
methodological sensitivity. However, quantification of CD11b+Ly6G+
colonic neutrophils revealed a significant increase in 10-month-old c-
rel”” mice compared to wt littermates. Neutrophils act as a double-edged
sword in intestinal inflammatory processes: they play a critical role in
early pathogen clearance and tissue repair but can trigger harmful
inflammation when dysregulated (Schwab et al., 2007; Jorch and Kubes,
2017; Phillipson and Kubes, 2019; Drury et al., 2021). Their functional
impact thus largely depends on timing and recruitment to the inflam-
matory site. It is conceivable that the increase in neutrophils observed in
c-rel”” mice reflects a compensatory response to rising intestinal
inflammation, aimed at promoting homeostasis (Zhou and Liu, 2017).

To investigate molecular mediators contributing to intestinal
inflammation in c-rel”” mice, we assessed cytokine expression and
observed a significant increase in IL-6 mRNA levels in the proximal
colon. IL-6 promotes the proliferation and differentiation of lympho-
cytes into a pro-inflammatory type, worsening the gut inflammation
(Atreya and Neurath, 2005). Recently, the link between intestinal IL-6
expression and PD has been explored (Guo et al., 2020; Xiromerisiou
et al., 2023). The ascending colon of PD patients have shown increased
expression of pro-inflammatory cytokines including IL-6 (Devos et al.,
2013). The trend for the IL6 protein increase, despite the significant
increase in IL-6 mRNA in the colon of c-rel”” mice, may suggest a partial
occurrence of a post-transcriptional regulatory mechanisms, such as
mRNA sequestration or translational repression, as already observed in
other inflammatory contexts (Neininger et al., 2002; Paschoud et al.,
2006; Akira and Maeda, 2021). Several studies have demonstrated that
IL-6 hysteresis might result from the difference in complexity between
creating a mature mRNA and a functional secretory protein. While a
mature mRNA is produced in a relatively compact process, the synthesis
of a protein is a multi-step pathway that requires time for its maturation
and localization, including post-translational modifications and intra-
cellular transport (Jena, 2008; Liang et al., 2015).

The IL-17A expression showed only a trend to increase in the colon of
10-month-old mice, leaving open the possibility that a further up
regulation could progress only in later phases. Increased expression of
IL-17A has been observed in both intestinal and brain tissues of PD pa-
tients, highlighting its involvement in mucosal inflammation and im-
mune activation (Xiromerisiou et al., 2023; Perez-Pardo et al., 2019).

Despite the mild cytokine expression, starting from 10-13 months of
age, c-rel””” mice exhibited a colon shortening which serves as a hallmark
of inflammatory processes in intestinal diseases. Previous studies, such
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as those by Okayasu et al. (1990) and Yomogida et al. (2009), have
demonstrated that colon shortening is a morphological change that
correlates with the severity and chronicity of inflammation in colitis
models. It is associated with the tissue remodelling of gastrointestinal
tract in patients affected by ulcerative colitis and Chron’s disease.

Multispectral Optoacoustic Tomography (MSOT) analysis was also
performed in the colon of 10-months-old c-rel”~ mice. Being a non-
invasive technique able to provide real-time insights into tissue
oxygenation, hemoglobin levels and vascular changes, MSOT allows the
detection of parameters indicative of inflammatory processes. The
MSOT data revealed higher levels of HbO, in the colon compared to wt
mice, as detected in the more typical inflammatory bowel diseases
(Bhutiani et al., 2017).

Taken together, our data demonstrate that c-rel”” mice are prone to
develop a low-grade inflammatory state in the proximal colon. The
deletion of NF-kB/c-Rel leads to the spontaneous development of early
and progressive intestinal pathology, likewise that observed in PD pa-
tients, that correlates with the gut constipation detected from 2 months
onward (Parrella et al., 2019).

Several factors have been proposed to contribute to altered colon
motility and consequently to constipation in PD, including o-syn
accumulation-mediated degeneration of the ENS, gut neurotransmitter
imbalance, and gut microbiota dysbiosis (Xu et al., 2022). The loss of
TH-positive neurons and the low-grade inflammatory state in the
proximal colon of c-rel”” mice support a potential link between these
mechanisms and constipation.

The order in which oxidative stress, the inflammatory response and
a-syn accumulation occur and interact in the gut remains to be eluci-
dated yet. Though, it has been reported that o-syn accumulation,
inflammation and oxidative stress circularly regulate and sustain one
another (Kelly et al., 2014; Forsyth et al., 2011; Devos et al., 2013).
Evidence from preclinical models demonstrates that gut inflammation
together with a pro-oxidant state promote the accumulation of a-syn
followed by its aggregation (Kelly et al., 2014; Pan-Montojo et al., 2010;
Pan-Montojo et al., 2012; Shults, 2006). This process can establish an
auto-sustaining positive feedback loop that drives the spreading of
pathological a-syn (Lema Tomé et al., 2013; Houser and Tansey, 2017).

How NF-kB/c-Rel deficiency can trigger the aforementioned loop in
the gut may be attributed to the decreased expression of the NF-kB/c-
Rel-dependent genes, UCP4, MnSOD, and Bcl-xL (Chen et al., 2000;
Bernard et al., 2001; Pizzi et al., 2005; Sarnico et al., 2009; Ho et al.,
2012; Lanzillotta et al., 2015), which are involved in mitochondrial
homeostasis, ROS/RNS generation, and ROS/RNS scavenging, as
already observed in SN of c-rel/- mice (Parrella et al., 2019).

In line with evidence describing increased nitration and nitrosylation
of proteins, including o-syn, in PD (Duda et al., 2000; Giasson et al.,
2000; Yao et al., 2004; Chung et al., 2004), we detected a significant
increase of 3-NT-modified proteins in proximal colon at 10 months, with
a positive trend to significance at 2 months, in c-rel”" mice. Reactive
nitrogen species promote intracellular a-syn accumulation and aggre-
gation (Hodara et al., 2004). Thus, it can be speculated that dysfunction
of mitochondrial antioxidant system in c-rel”” mice may contribute to
enhance oxidative/nitrosative stress leading the a-syn pathology.

Of note, significant reduction of NF-kB/c-Rel DNA-binding activity
was evident in both SN of post-mortem PD brains and PBMCs of PD pa-
tients (Porrini et al., 2023). By supporting a role for NF-xB/c-Rel dys-
regulation in PD pathophysiology, our results demonstrate that c-rel””
mice recapitulate progressive PD-like pathology also in the proximal
colon, closely reflecting the prodromal enteric manifestations observed
in patients.

As a possible limitation of this study, it can be argued that c-rel””
model represents a specific genetic knockout that may not fully capture
the complexity or heterogeneity of idiopathic PD in humans, which in-
volves multifactorial genetic, environmental, and aging-related com-
ponents. This notwithstanding, the c-rel”” model provides a robust and
reproducible system for investigating the early involvement of the
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gastrointestinal tract in PD as well as the mechanisms driving a-syn
accumulation within the enteric nervous system. Furthermore, given the
rise of a-syn detected in the DMV of 5-7 month-old mice (Parrella et al.,
2019), it presents a valuable template to explore the hypothesis of gut-
originating, vagus-mediated a-syn propagation to the brain, a concept
with profound implications for early diagnosis, disease staging, and
therapeutic intervention. By capturing both the temporal and anatom-
ical aspects of gut involvement, the c-rel”” model stands out as a
powerful tool to advance translational research in PD and inform stra-
tegies for intercepting disease progression at its potential point of origin.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.nbd.2025.107182.
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