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INTRODUCTION

Parkinson’s disease (PD) is an irreversible neurodegenerative disorder
characterised by a selective and gradual degeneration of the dopami-
nergic neurons in the substantia nigra (SN) pars compacta [1]. Lewy
pathology in PD includes Lewy neurites and Lewy bodies (LB), whose
main component is fibrillar a-synuclein (a-syn) [2]. Braak and col-
leagues hypothesised that PD pathogenesis may have an origin in the
enteric nervous system (ENS), gaining access to the brain through the
entire gastrointestinal (Gl) tract, including the axons of the myenteric
(Auerbach’s) plexus and/or the submucosal (Meissner’s) plexus via
postganglionic neurons [3]. The prospect that pathogenic a-syn may
spread from the gut to the brain to cause degeneration of the
nigrostriatal dopaminergic system is certainly attractive, and recent
data from experimental animals support this view. Hence, injections
of different forms of a-syn into the ENS wall of rodents and non-
human primates induce vagal spreading of a-syn pathology to the
dorsal motor nucleus of the vagus nerve (DMNV) [4-7]. These studies
highlight the potential involvement of the gut-brain axis in the spread
of a-syn pathology under human disease-like conditions, including PD.

Intriguingly, recent cohort studies have shown an association
between PD and inflammatory bowel diseases (IBDs) [8, 9]. IBDs are
common chronic intestinal diseases usually classified as ulcerative
colitis (UC) and Crohn’s disease (CD). A typical feature of IBD is long-
lasting systemic inflammation. Consequently, with all these prece-
dents, we wondered whether IBD is associated with the appearance
of pathogenic a-syn in the Gl tract and midbrain dopaminergic neu-
rons. To this end, experimental analyses have been performed using
human and animal models. Our results reinforce the importance of

the gut-brain axis as a pathway of pathological a-syn transmission.

METHODS
Animals and treatments
One hundred five male albino Wistar rats (200-300 g) were used for

these studies. The control group received tap water at the different

time points analysed. We have used an experimental UC model, based

aetiology. Additionally, we have analysed the effect of a DSS-based rat model of gut
inflammation to demonstrate (i) the appearance of P-a-syn inclusions in both Auerbach’s
and Meissner’s plexuses (gut), (i) an increase in a-syn expression in the ventral mesen-
cephalon (brain) and (iii) the degeneration of nigral dopaminergic neurons, which all are
considered classical hallmarks in PD.

Conclusion: These results strongly support the plausibility of Braak’s hypothesis and
emphasise the significance of peripheral inflammation and the gut-brain axis in initiating

a-syn aggregation and transport to the substantia nigra, resulting in neurodegeneration.

alpha-synuclein, inflammatory bowel disease, neurodegeneration, neuroinflammation, Parkinson’s

Key Points

e |IBD induces phosphorylation of a-synuclein in the
gastrointestinal tract.

e Animal model shows that gut inflammation induces
phosphorylation of a-synuclein in the midbrain.

e Gut inflammation may spread a-synuclein pathology to
the midbrain.

e |BD could be a risk factor for Parkinson’s disease.

on the oral administration of DSS (molecular weight 36-50 kDa; MP
Biomedicals) at a concentration of 5% (w/v) in drinking water. Rats
received different DSS regiments (28 and 63 days) depending on the
technique used (Figure S1a,b). A group of animals underwent bilateral
sub-diaphragmatic vagotomy (see the Supporting Information and

Figure Sic).

Human tissue samples

Human samples of inflamed colon were obtained from subjects
with UC (N = 6). Healthy colon was obtained from subjects (control)
who had undergone colonic resection to remove a tumour (N = 6)
(Table S1). Brain human tissue was obtained from subjects who
suffered (N = 8) or not (N = 8; control subjects) IBD and died from
different causes (see Table S2). More information is available in the
Supporting Information.

Human studies were approved by the corresponding ethic
committees (authorisation code: 2051-N-20). Informed consent was

obtained from all subjects.

Immunohistological evaluation

To study the status of microglial cells and dopaminergic neurons

immunological staining was performed after the different treatments
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(Figure S1). Incubations and washes were performed in Tris-buffered
saline (TBS) or phosphate-buffered saline (PBS), pH 7.4, and all work
was performed at room temperature (RT). The primary and secondary
antibodies used are listed in Table S3. Additional details of this tech-
nique are available within the Supporting Information.

Immunohistochemistry data analysis

Cells showing Iba-1 immunoreactivity were counted across five
sections per animal, systematically distributed through the SN
anterior-posterior axis (see Supporting Information). The number of
tyrosine hydroxylase (TH)- and Nissl-positive neurons in the SN was
estimated as detailed in the Supporting Information. For immunofluo-
rescence quantification, images were acquired using an inverted ZEISS
LSM 7 DUO confocal laser scanning microscope with the same laser
intensity and gain conditions. Images were quantified using Image-J
software (see the Supporting Information).

Dot blot

To corroborate the results obtained by immunohistochemistry dot
blot analysis was performed using 1 ug of tissue homogenate that
was spotted in 1-pL volume aliquots onto 0.45-um nitrocellulose
membrane. Membranes were blocked with blocking solution for 2 h
at RT and then incubated with primary antibodies (Table S3) in
blocking solution at 4°C overnight. After washing, membranes were
incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies in a blocking solution for 2 h at RT. The Amersham™
Imager 600 was used to detect HRP-conjugated secondary anti-
bodies using a chemiluminescent substrate (Biorad). Densitometry
analysis was performed using ImageJ software (see the Supporting

Information).

ELISA

ELISA was performed to study the status of peripheral inflammation
after DSS treatment. Fresh peripheral blood was collected from ani-
mals of the different treatment groups. Serum tumour necrosis factor
(TNF) and interleukin (IL)-1p concentrations were determined by using
a rat TNF alpha Uncoated ELISA and a rat IL-1p ELISA Kit (all from

Invitrogen) following the manufacturer’s instructions. The plates were

read on a Synergy HT multimodal plate reader (BioTek, Winooski, VT,
USA\) set to 450 nm (see the Supporting Information).

Magnetic resonance imaging (MRI) and regional
cerebral blood volume (rCBV) map calculation and
analysis

MRI allowed us to measure the effect of peripheral inflammation due
to DSS treatment on the permeability of the BBB. All MRI was
performed using a horizontal bore 9.4 T magnet with a Varian
DirectDrive™ (Agilent Technologies). Multi-parametric MRI was
performed, including the acquisition of Ti-weighted images pre- and
post-gadolinium-DTPA injection to assess blood-brain barrier (BBB)
integrity, and T,-weighted images to determine macroscopic changes
in tissue structure, as indicated in the Supporting Information.

rCBV maps were generated from time-series images acquired
during bolus injection of contrast agent and tracer kinetic analysis.
The rCBV maps were thresholded at a level that was equal to the
mean signal intensity plus two standard deviations of the signal inten-
sity of the prefrontal cortex (non-DSS-affected structure) as a refer-
ence. An in-house ImageJ plugin was used to generate the maps (see
the Supporting Information). For each animal, we performed post-pre
gadolinium-DTPA subtractions to generate a final map for each time
point and then compare absolute intensity throughout the time course
of the study.

Quantification of peripheral immune cell infiltration by
flow cytometry

Flow cytometry of SN was performed following a standard procedure
using Becton Dickinson Bioscience antibodies as shown in Table S4.
Cells were acquired in a FACSCanto Il employing the FACSDiva soft-
ware (Becton Dickinson Bioscience). Analysis was further conducted
using the FlowJo software program (FlowJo LLC). Additional details of
this technique are available within the Supporting Information.

Real-time quantitative reverse transcription PCR
(RT-qPCR)

The level of inflammatory mediators was measured by RT-PCR. p-actin

served as the reference gene and was used for sample normalisation.

FIGURE 1 Immunolocalisation of P-a-syn in the colon of human subjects with UC. (A) Schematic cross-section of the colon wall illustrating
the interconnected enteric plexuses, which contain neurons projecting to the mucosa, and vagal fibres. Colocalisation of P-a-syn and UCHL-1 in
the mucosal nerve fibres around a crypt (large arrows), in the submucosal nerve fibres (arrowheads) and ganglia (asterisks), and the neuronal
somas (asterisks) and nerve fibres (small arrows) of the muscular layer of a 36-year-old patient with UC. (B) Representative photographs of P-a-
syn staining in the mucosa (M), submucosa (SM) and muscularis externa (ME) from the colon of a control patient and a patient with UC. Neuronal
structures are indicated as in (A). Scale bars: 20 um (A) and 50 um (B). (C) Quantification of fluorescence intensity (as arbitrary units) measured in
the mucosa (M), submucosa (SM) and muscularis externa (ME); N = 4-6. Statistical analysis: Mann-Whitney U-test for independent samples, with
a = 0.05;* p < 0.05 and **, p < 0.01 comparing the UC with the control group.
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The primer sequences for all the parameters studied are shown in
Table S5. The cycle at which each sample crossed a fluorescence thresh-
old, Ct, was determined, and the triplicate values for each cDNA were
averaged. Analyses of RT-qPCR were performed using a comparative Ct
method integrated into a Bio-Rad System Software. Additional details of
this technique are available within the Supporting Information.

Fourier-transform infrared (FTIR) spectroscopy

This technique allowed us to measure p-sheet structures and there-
fore help us to undertake a quantitative analysis of the a-syn aggrega-
tion. Background spectra were collected from a clean area of the
same CaF, window. All measurements were made at RT. Brain
sections, 15 um thick, were cut on a cryostat (Leica CM 1850 UV) and
mounted onto CaF, windows (Crystran). Analysis of FTIR spectra was
performed using OPUS software (Bruker). The level of p-aggregation
of proteins in the tissue was studied in the left and right SN by calcu-
lating the peak intensity ratio between 1620 and 1630 cm™2, corre-
sponding to B-sheet structures, and the maximum corresponding
mainly to a-helical content at 1656 cm™. An increase in the 1620- to
1630-cm™~* component was considered a signature of B-sheet struc-
tures [10]. Additional details of this technique are available within the
Supporting Information.

Histological score of colon

Paraffin-embedded sections of the colon were stained with
haematoxylin/eosin. The analysis was performed in a blinded fashion
by a validated method [11]. Colonic damage was graded on a scale of
0-3 based on destruction of epithelium, dilatation of crypts, loss of

goblet cells, inflammatory cell infiltrate, oedema and crypt abscesses.

Statistics

After analysing data normality by the Shapiro-Wilk test, groups were
compared by one of the following tests when appropriated: the

Kruskal-Wallis test for k-independent measures, followed by

the Dunn's post hoc test; the Mann-Whitney U-test with a
Bonferroni correction for post hoc pairwise comparisons; the
Mann-Whitney test for two independent measures; the Friedman’s
test for k-related measures, with a Bonferroni correction for post hoc
pairwise comparisons; or the Student-Newman-Keuls method. The
hierarchical cluster analysis, followed by a k-means method, was used
for the analysis of human mesencephalic neurons (a = 0.05) using the
IBM SPSS 26 software. All measurements were taken from distinct
samples, except peripheral cell infiltration data, which were measured
in a pool of tissue (Figure 5A-C). The whiskers and boxes representa-
tions show quartile 1 (25%), quartile 2 (50%, median) and quartile
3 (75%), as well as the 5th and 95th percentiles.

RESULTS

Detection of P-a-syn in the gut of human subjects
with UC

We collected colon samples from six IBD subjects and six aged-
matched controls (Table S1). P-a-syn accumulation in the inflamed
colon of UC subjects was increased compared with controls
(Figure 1). P-a-syn showed a significant increase in all layers of the
colon wall (mucosa, submucosa and muscularis externa), compared
with control subjects.

The colocalisation of P-a-syn with Ubiquitin C-terminal hydrolase
L1 (UCHL-1) showed that P-a-syn was present in the ENS, in both
myenteric and submucosal plexuses of IBD subjects. P-a-syn was in
the mucosal nerve fibres around the crypts, in the submucosal neuro-
nal somas and nerve fibres, and the neuronal somas and nerve fibres

of the muscular layer.

Pathological forms of a-syn aggregates in the ventral
mesencephalon of human IBD brains

After establishing the existence of pathogenic a-syn in the inflamed
gut of IBD patients, we evaluated whether a transition from physio-
logical to pathological forms of a-syn (and therefore from healthy to

altered neurons) was evident in the brains of IBD subjects. In the

FIGURE 2 Analysis of mesencephalic neurons of healthy individuals and those affected by IBDs. (A-1) Photomicrographs from the SN of
healthy control (A-C) and IBD subjects (D-1) showing neurons belonging to each of the four clusters. The left panels show immunofluorescence
to P-a-syn (red), the central panels show fluorescence of thioflavin-S (green) and the right panels show bright fields with neuromelanin as dark
structures. The numbers denote clusters 1 to 4. Scale bar: 50 um. (J) Boxes and whiskers representation of the three parameters used. Statistical
analysis: Kruskal-Wallis test for k-independent measures followed by the Mann-Whitney post hoc U-test for pairwise comparisons with a
Bonferroni correction, with @ = 0.05. *, p < 0.05. (K) Three-dimensional representation of the neurons according to their values of P-a-syn,
thioflavin-S (TS) and neuromelanin (NM) expressed as mean intensity. The neurons from healthy individuals are shown in cyan and those from
individuals with IBDs in pink. (L) Three-dimensional representation of the neurons grouped in four clusters after a hierarchical cluster analysis
following a k-means method. (M) Colocalisation analysis of neuromelanin-positive neurons labelled with a-syn. (N) Colocalisation analysis of
neuromelanin-positive neurons labelled with P-a-syn. Results are mean + SEM of N = 3 IBD or control subjects and are expressed as a
percentage of dopaminergic neurons. Statistical analysis: Student-Newman-Keuls method, with a = 0.05, *p < 0.01. (O) Representative
immunohistochemical image (developed with DAB) from a patient of IBD, showing accumulation of a-syn (arrows). Scale bars: 40 um.

Abbreviations: C, control; UC, ulcerative colitis; CD, Crohn’s disease.
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human samples, dopaminergic neurons were first visualised by neuro-
melanin pigmentation. Early stages of a-syn pathology within nigral
dopaminergic neurons include neuromelanin-related depigmentation
and the appearance of ‘pale bodies’. Remarkably, although neurons in
the control subjects showed a normal pattern of neuromelanin
pigmentation, we found clear displacement of neuromelanin in some
neurons from the ventral mesencephalon in the eight IBD subjects,
which was associated with the presence of a-syn aggregates reminis-
cent of pale bodies, which appear as critical elements preceding LB
formation [12] (Figure 2 and Figures S2, S3, S4 and S5). The pathologi-
cal nature of the aggregates was demonstrated by the presence of
phosphorylated S129 a-syn, the form of a-syn most clearly associated
with human synucleinopathies. Neurons from control subjects showed
a normal pattern of a-syn, without inclusions. The expression of a-syn
and P-a-syn in dopaminergic neurons showed an increase of 7.5- and
3.4-fold, respectively, compared with control human subjects (Figure 2).

Because pathogenic a-syn includes insoluble aggregates, we evalu-
ated the levels of P-a-syn, thioflavin-S (insoluble aggregates) and neuro-
melanin in mesencephalic neurons from post mortem samples of
healthy individuals and IBD patients (Figure 2 and Figures S3, S4 and
S5). The hierarchical cluster analysis of these neurons suggested that
they clustered in four different groups showing a gradient from healthy
neurons characterised by low values of P-a-syn and thioflavin-S and
high values of neuromelanin (clusters 1 and 2) to neurons characterised
by high values of P-a-syn and thioflavin-S, and low values of neuromela-
nin (cluster 4), which could suggest altered functionality. Therefore, we
found a clear association between P-a-syn, the formation of insoluble
aggregates, and low levels of neuromelanin. Neurons from healthy indi-
viduals appear only in clusters 1 and 2, whereas neurons from IBD
patients are found in all the clusters, indicating a wide range of neuronal
functional states from healthy to damaged states in these patients.
Finally, we evaluated the nature of the observed pathologies by immu-
nostaining P-a-syn and ubiquitin on human brain sections (Figure S6).
Notably, we found an increase in ubiquitin staining in IBD patients
compared with controls. Furthermore, clear colocalisation was evident

between P-a-syn and ubiquitin, two Lewy pathology markers.

Phosphorylated a-syn in the gut of DSS-treated rats

We next wondered if inflamed gut in experimental animals triggers
a-syn pathology in the Gl system. We thus took advantage of a
28-day treatment with DSS in rats, an animal model of UC. Colon

sections from these animals showed a significant increase in P-a-syn
in the mucosa and muscular external layer of the colon compared with
controls (Figure 3). The colocalisation of P-a-syn with the pan-
neuronal marker UCHL-1 [13, 14] demonstrated that P-a-syn was
present in the ENS, in both myenteric and submucosal plexuses of rats
with DSS-induced colitis. P-a-syn was in the mucosal nerve fibres
around the crypts and the neuronal somas and nerve fibres of either
the submucosa or the muscular external layer.

RT-gPCR in DSS-treated rats showed an increase in TNF and
IL-18, whereas IL-6 showed no significant changes. Histological
damage of the colon of DSS-treated animals showed a significant
increase compared with control animals.

Serum levels of TNF and IL-1p significantly increased in animals
completing DSS treatment (Figure S7a,b), corroborating that this treat-
ment induced peripheral inflammation, an event associated, among
others, with BBB permeability and brain infiltration of immune cells.

To extend our study, we also tested the effect of DSS treatment
in a 63-day regimen. Gut analysis of a-syn pathology in the 63-day
treatment showed alterations similar to those found in the 28-day
treatment although the inflammatory markers in the colon were not

different from control animals (Figure S8).

BBB permeability and regional cerebral blood volume
(rCBV) changes induced by DSS in rats

A single cohort of six rats underwent DSS treatment (7 days) and
seven consecutive (daily) MRI sessions to assess BBB integrity. Day
O represented the basal state of the BBB integrity and, thus, any
MRI-based changes were compared with that time point thereafter
(Figure 4). Significant increases in rCBV within the SN were observed
at day 3 (2.8-fold compared with day 0), but no changes were found
in the striatum. However, BBB disruption (as demonstrated by an
increase in mean signal intensity on T;-weighted images) was found in
both the SN and striatum. BBB permeability increased in both regions
and peaked at day 4.

Peripheral immune cells infiltrate the brain of rats
treated with DSS

Immune cell infiltration into brain parenchyma was analysed by FACS
(Figure 5). 28-day DSS treatment increased the number of T

FIGURE 3 Immunolocalisation of P-a-syn and upregulation of pro-inflammatory cytokines in the colon of rats under 28-day treatment with
DSS. (A) Schematic cross-section of the colon wall illustrating the interconnected enteric plexuses, which contain neurons projecting to the
mucosa, and vagal fibres. Colocalisation of UCHL-1 and P-a-syn in the mucosal nerve fibres around a crypt (large arrows), in the submucosal
nerve fibres (arrowheads) and ganglia (asterisks), and the nerve fibres (small arrows) and ganglia (asterisks) of the muscular layer of a DSS-treated
rat. (B) Representative photographs of P-a-syn staining in the mucosa (M), submucosa (SM) and muscularis externa (ME) from the colon of control
(water) and DSS-treated rats. Neuronal structures are indicated as in (A). Scale bars: 20 um (A) and 50 um (B). (C) Quantification of P-a-syn
staining fluorescence intensity (as arbitrary units) measured in the mucosa (M), submucosa (SM) and muscularis externa (ME); N = 6-7. (D, E, F)
mRNA expression of TNF, IL1f and IL-6 quantified by RT-gPCR in the colon of control (water) and DSS-treated rats; N = 4-5. (G) Histological
score of the colon of control (water) and DSS-treated rats; N = 5-7. Statistical analysis: Mann-Whitney U-test for independent samples, with

a = 0.05;* p <0.05, **, p < 0.01 and ***, p < 0.001, comparing the DSS-treated with the control (water) group.
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FIGURE 4 MRIstudy of SN and striatum of rats under 28-day DSS treatment. Representative rCBV maps showing the signal coming from
the blood vessels within the SN area after O (A) and 3 days (B) of DSS treatment. Comparison of post-gadolinium T;-weighted images at day

0 (C) and day 4 (D) after DSS treatment show a clear enhancement within the SN 4 days after DSS treatment, suggesting changes in BBB
structure and permeability. Arrowheads point SN. Quantification of rCBV within the SN (E) throughout the 6 days of DSS treatment.

Quantification of the post-pre gadolinium-DTPA induced hyperintensity throughout DSS treatment within the SN (F). (G) Measurement of

gadolinium-DTPA enhancement comparing right vs left SN of DSS-treated rats. Representative rCBV maps showing the signal coming from the
blood vessels within the striatum area after O (H) and 3 days (I) of DSS treatment. Comparison of post-gadolinium T4-weighted images at day

0 (J) and day 4 (K) after DSS treatment. Quantification of rCBV within the striatum (L) throughout the 6 days of DSS treatment. Quantification of
the post-pre gadolinium-DTPA induced hyperintensity throughout DSS treatment within the striatum (M). (N) Measurement of gadolinium-DTPA
enhancement comparing right vs left striatum of DSS-treated rats. N = 6. Statistical analysis: Friedman'’s test for k-related measures followed by a
post hoc test for pairwise comparisons with a Bonferroni correction with a = 0.05. **, p < 0.01, compared with day O.
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lymphocytes at day 2, whereas the increase in monocyte infiltration
was significantly altered at day 4. Microglial cell number was also
increased at day 4 of DSS treatment. Further analysis by immunofluo-
rescence and dot blot demonstrated a significant increase in microglial
activation (Iba1), as well as numbers of CD4" and CD8"' T lympho-
cytes within the SN 3 days after DSS treatment (Figure 5).

Microglial activation in rats after treatment with DSS

The number of activated microglia/macrophages increased signifi-
cantly at day 3 (Figure 5) and returned to control levels after 28-day
DSS treatment; around 30% of cells retained the typical morphology
of chronically activated microglia. Assessment of microglial morphol-
ogy in the SN associated with different activation states in response
to DSS treatment showed a progression from quiescent microglia to
amoeboid-like activated cells (Figure S9).

We also studied the activation of microglial cells at the molecular
level by RT-gPCR for TNF, IL-1p, IL-6, arginase and IL-10, as well as
the expression of intercellular adhesion molecule (ICAM)-1 due to its
role in cell infiltration. Interestingly, we found significant DSS-
associated changes in the 28-day DSS treatment in all the mediators
studied (Figure 5).

Effects of DSS treatment on the ventral midbrain
of rats

Quantification of TH-positive neurons in the SN of each animal after
28-day DSS treatment revealed a reduced number on the right side
compared with the left side of DSS-treated animals and with control
animals (Figure 6); this was confirmed in sections with TH-
immunostaining and Nissl staining (Figure S10), indicating that
treatment with DSS causes unilateral damage in the right SN. Dopami-

nergic arborisation (measured as the TH-stained area) following DSS

JOURNAL OF THE BRI ALSOCIETY

treatment showed a decrease in the ventral mesencephalon
(Figure 6). In addition, the intensity of a-syn staining in the TH-
positive neurons was greater in the midbrain of DSS-treated rats as
compared with controls, suggesting that «-syn aggregation in the
brain could be affected under conditions of gut inflammation. We
could detect some a-syn inclusions associated with swollen, light TH
nigral degenerative fibres in response to DSS in both left and right SN,
although more abundant on the right side. We also measured the
abundance of B-sheet structures (presence of a-syn aggregates) in
the SN of rats subjected to 28-day DSS treatment by FTIR spectros-
copy, a typical feature of amyloid deposits. Contrary to control brains,
levels of B-sheet structures were significantly elevated in the right SN
from DSS-treated animals.

Further quantification of TH-positive neurons after a chronic
63-day treatment with DSS revealed that both the left and the right
SN were affected (Figure S11). To confirm the presence of patholog-
ical a-syn in the ventral mesencephalon, we analysed the presence
of P-a-syn by confocal microscopy. In control animals, a-syn staining
was diffuse corresponding to a classical presynaptic localisation
(Figure S12h-j). However, in DSS-treated animals, the presence of
a-syn aggregates was mostly evident in dopaminergic processes
(Figure S12k-m) but also in the soma (Figure S12g). This analysis
demonstrated the existence of P-a-syn dopaminergic neuritic inclu-
sions in response to chronic DSS treatment (Figures 1le and
12n-p). In addition, we analysed a-syn staining and dopaminergic
arborisation using an immunofluorescence approach regardless of
the hemisphere following chronic DSS treatment (Figure S11f).
Overall, a-syn staining increased in the ventral mesencephalon of
DSS-treated animals.

Vagotomy effects on the DSS treatment

Vagotomy of control and 28-day DSS-treated animals (Figure 7)
showed a clear protection of the dopaminergic system in vagotomised

FIGURE 5 Effect of the DSS treatment on the infiltration of peripheral cells into the SN and the activation of microglia in the ventral

mesencephalon of rats at both cellular and molecular levels. FACS analysis in the SN of control animals (water) and animals after 2 or 4 days of
DSS treatment. Graphs show the percentage of lymphocytes (A), monocytes (B) and microglial cells (C) in the tissue sample. The results shown in
the boxes and whiskers representations are expressed as a percentage of control from individual SN (N = 3 for the control and DSS 2 days
groups of lymphocytes; N = 4 for the rest of the groups). The line and scatter plots represent a pool of N = 6 SN. Peripheral cell infiltration after
3 days of DSS treatment was confirmed by immunofluorescence of Iba-1 for microglial cells (D, E, J) and of CD4" (F, G, K) and CD8" (H, I, L) for
lymphocytes. Scale bar: 50 um. Results are expressed as percentage of microglial area per field of view (FOV), and number of CD4" and CD8*
lymphocytes per mm?, respectively. Panels M and N show dot blot analysis as a percentage of control. Coronal sections showing Iba-1
immunoreactivity in the SN. (O) Control animals. (P) Animals after 3 days of DSS. Note that DSS treatment increased microglial activation after

3 days. (Q) Animals after 28-day DSS treatment. Asterisks point to round phagocytic cells. Scale bars: O-Q, 50 um. (R) Quantification of Iba-
1-positive cells in the SN of rats. Results are expressed as a percentage of control; N = 6 for all groups. Effect of DSS on the expression of TNF
(S), IL-1B (T), IL-6 (U), arginase (V), IL-10 (W) and ICAM-1 (X) mRNAs. mRNA expression in SN after 3 or 28 days of DSS intake was quantified by
RT-qPCR. No significant changes were found after 3 days of treatment with DSS. Expression levels of TNF, IL-1, IL-6, arginase, IL-10 and
ICAM-1 increased after 28-day DSS treatment. Results are expressed as a percentage of control values; N = 3-8. Statistical analysis for panels
A-C: Kruskal-Wallis test for k-independent measures followed by Dunn'’s post hoc test for pairwise comparisons with a Bonferroni correction,
with @ = 0.05. Statistical analysis for panels J-N: Mann-Whitney U-test for independent samples, with « = 0.05; *, p < 0.05 and **, p < 0.01
comparing the DSS with the control group. Statistical analysis for panels R-X: Kruskal-Wallis test for k-independent measures followed by
Dunn'’s post hoc test for pairwise comparisons with Bonferroni’s correction, with & = 0.05. *, p < 0.05 and **, p < 0.01, compared with the control
group. Abbreviations: DSS3d, 3 days of DSS; 28-day DSS, 28 days of DSS treatment.
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rats compared with sham-operated animals in terms of number of TH-
positive neurons and arborisation. We also found an increase in the
intensity of a-syn in TH-positive neurons in the midbrain from DSS-
treated sham-operated animals that was abolished in DSS-treated
vagotomised animals. Quantitative analysis in the colon showed a sig-
nificant increase of P-a-syn in the mucosa of sham-operated animals
treated with DSS that was prevented by vagotomy. In the muscular
layer, P-a-syn increased in the DSS-treated animals, both sham-
operated and vagotomised, compared with the control animals. DSS
treatment upregulated brain levels of inflammatory molecules such as
TNF, IL-1p and IL-6 as well as the anti-inflammatory cytokine IL-10
compared with control animals, an effect prevented by vagotomy;
arginase expression was not altered by DSS treatment. However,
vagotomy did not prevent the upregulation of ICAM-1 by DSS.

DISCUSSION

There is a vigorous debate within the PD community regarding the
possible onset of pathology in the ENS in a subgroup of patients
referred to as the ‘body-first’ subtype [15, 16]. Some argue that the
disease does not originate in the ENS, as no cases of isolated gut
Lewy pathology without CNS involvement have been documented
[17, 18]. However, several studies employing intragastrointestinal
injections of pathological a-syn fibrils have furnished compelling evi-
dence in support of the body-first hypothesis [7, 19]. Given that Gl
inflammation appears to play a role in both initiating and progres-
sing [20], we have analysed the GI tract of IBD human subjects to
determine whether pathological a-syn is formed during the disease.
Our analysis demonstrated the presence of pathogenic P-a-syn in
Auerbach’s and Meissner’s plexuses in the human inflamed colon.
Remarkably, these ENS locations matched those found in many PD
subjects, even at early stages [21], supporting the importance of gut
inflammation in promoting pathogenic a-syn aggregation in the Gl
tract, a potential route towards the brain. We also collected mesence-
phalic resections from different subjects affected by IBD and analysed
levels of a-syn phosphorylation at Ser129, which is a robust marker of

a-syn inclusion pathology. Thioflavin-S staining was also used to

JOURNAL OF THE BRI ALSOCIETY

detect insoluble fibril formation [22]. Hierarchical cluster analysis
identified four well-defined neuronal conditions in IBD subjects rang-
ing from healthy melanized neurons lacking P-a-syn aggregation to
highly depigmented neurons showing insoluble P-a-syn aggregates
highly reminiscent of pale bodies. To the best of our knowledge, this
is the first study demonstrating a-syn pathology within ventral
midbrain dopaminergic neurons from patients earlier diagnosed with
IBD and with an average age below 48 years. These stages of neuro-
nal changes resemble the different steps leading to LB formation [23].
Typical features of the stages preceding LB appearance are poorly
pigmented neurons containing a-syn cytoplasmic inclusions, similar to
those reported here, including pale bodies [24, 25]. Depigmentation
of nigral dopaminergic neurons is associated not only with early
stages of a-syn but also with later stages of degeneration with
obvious LB formation [26]. The same study also revealed that nigral
dopaminergic neurons of normal morphological appearance and no
characteristic pathology in PD exhibited significantly increased neuro-
melanin density [26]. These collective findings strongly suggest that
the depigmentation of nigral dopaminergic neurons is a consistent
feature observed throughout both the early and late stages of patho-
logical a-syn aggregation. Overall, analysis of the human samples
strongly supports the association between IBD and pathogenic a-syn
aggregates in the ventral mesencephalon and reinforces the emerging
association between gut disease and PD. The body-first hypothesis
posits that a-syn pathology may propagate through the vagus nerve
to reach the DMV and through sympathetic connections to the
coeliac or mesenteric ganglia, subsequently extending to the sympa-
thetic trunk and heart [15, 16, 19]. These investigations raise the
intriguing possibility that not only the vagus nerve but also the sympa-
thetic nervous system could potentially serve as a conduit for the dis-
semination of pathology to the CNS. Conducting systematic studies in
these areas in the future will be imperative to assess whether there is
an association between IBD and the presence of pathological a-syn in
the sympathetic system.

To delve into the molecular mechanism that could underlie the
spreading of pathogenic a-syn aggregation from the gut to the brain,
we took advantage of a rodent experimental UC model based on the
oral administration of DSS, a treatment that is known to induce a

FIGURE 6 Effects of the treatment with DSS on the dopaminergic system and dendritic arborisation and expression of a-syn in the rat
mesencephalon. TH immunohistochemistry illustrates a significant loss of dopaminergic neurons in the right SN from DSS-treated animals for
28 days (B) with respect to the control animals (A). Scale bars: 1 mm. (C) Quantification of TH-positive cells in the SN of rats. Results are
expressed as the number of TH-positive neurons per SN. N = 17 for the water group and N = 6 for the DSS group. Statistical analysis: The
Kruskal-Wallis test for k-independent measures followed by Dunn’s post hoc test for pairwise comparisons with a Bonferroni correction with
a = 0.05: *, p < 0.05 compared with the other groups. (D, E) Representative microphotographs of immunofluorescence for TH (grey) in control
(water) and DSS-treated rats. (F, G) Representative microphotographs of immunofluorescence for a-syn (red). The arrows indicate spots of
accumulation of a-syn. (H, 1) Merged images of TH and a-syn. The arrows indicate spots of accumulation of a-syn. Scale bars: 66 um.

(J) Quantification of a-syn and Hoechst intensity, and (K) arborisation using a section-by-section comparison between control and DSS-treated
rats of the mean fluorescence intensity for these markers and TH area in SN for arborisation. Results are expressed as a percentage of control
values for each parameter; N = 6-10. Statistical analysis: Mann-Whitney U-test for two independent samples, with @ = 0.05. *, p < 0.05
compared with the control group. (L) Histogram showing the levels of B-sheet structures (recorded as FTIR spectra) in the left and right SN of rats
treated with DSS for 28 days. Results are expressed as the ratio p-sheet structures/total proteins (1628/1656 cm™Y); N = 155 for the left side
and N = 155 for the right side (5 animals, 33 measures per animal for each side). Statistical analysis: Mann-Whitney U-test for independent
measures, with a = 0.05. P-value was 0.000 comparing the left with the right sides.
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strong gut inflammation. The gut analysis revealed pathogenic P-
a-syn aggregates in the mucosal nerve fibres around the crypts, neu-
ronal somas and nerve fibres of both the submucosa and the muscular
external layer, a common pattern found in PD patients [27]. Subse-
quently, we analysed different features typically associated with
peripheral inflammation. First, we performed MRI studies in rats under
DSS treatment and analysed cerebrovascular functions and BBB
integrity. Our results show that acute DSS induces a significant
increase in rCBV together with a progressive increase in BBB perme-
ability, in both the SN and striatum. Furthermore, changes in BBB per-
meability were accompanied by a significant upregulation of ICAM-1
mRNA levels in the SN, a cell adhesion molecule that participates in
the attachment of leukocytes to the vascular endothelium and its sub-
sequent extravasation [28]. Interestingly, this molecule has been sug-
gested to sustain inflammation [29] and it is upregulated in PD [30].
Interestingly, a recent study has shown that BBB leakage increased in
PD compared with control subjects with cerebrovascular disease and
healthy control subjects. A significantly higher Ktrans was found in PD
patients using dynamic contrast-enhanced MRI, and this was thought
to reflect a higher BBB leakage than in the control group [31]. Our
FACS, dot blot and confocal data suggested infiltration of peripheral
monocytes and CD4" and CD8" lymphocytes at 2-4 days of DSS
treatment when the BBB was altered. Interestingly, infiltrating cytotoxic
CD4" and CD8* lymphocytes have been also observed in the inflamed
SN of post mortem human PD [32, 33]. Analysis of microglia revealed
an early morphological activation in the ventral mesencephalon in paral-
lel with the BBB alteration, also mimicking PD features [34, 35].

We also analysed the integrity of the nigral dopaminergic system
and a-syn expression in the ventral midbrain in the 28-day DSS rat
model. Intriguingly, we found a loss of 40% of dopaminergic neurons
in the right SN but no significant loss within the left SN. Asymmetry
of dopaminergic neurodegeneration and subsequent lateralisation of
motor symptoms are distinctive features of PD compared with other
forms of neurodegenerative or symptomatic parkinsonism [36, 37].
However, the origin and role of this asymmetry in disease pathology
are still not well understood and many research works and reviews
have been published in recent years trying to provide a better
understanding of this phenomenon with controversial results. Thus,
although the a-Synuclein Origin site and Connectome (SOC) model
proposes that PD cases, in which pathology begins in the peripheral
autonomic nervous system (body-first subtype), would lead to more
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symmetric dopaminergic degeneration and less motor asymmetry [38],
some experimental models found an intriguing asymmetry [39-42].
This asymmetry correlates with the innervation of the vagus nerve to
the colon (right vagus nerve branch [43]) (Figure S13). In line with this
anatomical distribution, some recent papers have found that the right
branch of the vagus nerve affects preferentially the SN pars compacta
[44, 45]. All these data support our findings and led us to subse-
quently analyse the secondary structure of proteins including p-sheet
rich a-syn amyloid fibrils typically associated with LB and Lewy
neurites [46] by FTIR in the DSS model. This analysis suggests the
presence of f-sheet structures of a-syn that could eventually lead to
the formation of aggregates and their preferential distribution in the
right hemisphere of DSS-treated animals. Our results differ from other
animal studies with injection of seeds into the gut/peritoneum that
find symmetric alpha-synuclein pathology [47-49]. However, none of
these papers use an inflammatory DSS model to induce alpha-syn
misfolding/spreading. One possible explanation for the different
results found in these papers could be due to the different time points
assessed along with the above-mentioned asymmetry of the vagus
nerve, which branches specifically innervate different parts of the
gastrointestinal system, making it difficult to homogenise results that
come from different experimental approaches.

To further validate our data, a new cohort of vagotomised animals
underwent the DSS treatment. We found pathological P-a-syn in the
gut, but neither TH-cell degeneration nor a-syn overexpression in
the ventral mesencephalon. These results support the important role of
the vagus nerve in spreading pathogenic forms of a-syn from the
inflamed gut to the brain. Interestingly, vagotomy completely abrogated
the long-term DSS-induced activation of key inflammatory markers in
the ventral mesencephalon. However, an important non-mutually
exclusive feature of IBD and DSS-based models of UC is peripheral
inflammation. It is long known that systemic inflammation causes
microglial activation, cytokine production and selective death of nigral
dopaminergic neurons in different experimental models [50]. These
events may have a significant contribution to dopaminergic pathology
that needs to be further elucidated. Indeed, any condition accompa-
nied by peripheral inflammation, including IBD, could present a risk
factor for the significant neurodegeneration observed in PD [51].

Given the co-existence of gut and peripheral inflammation at the
end of the DSS model and its relatively short duration (28 days), we
decided to extend the duration of the DSS regime to a 63-day

FIGURE 7 Effect of vagotomy on the changes induced in rats by the 28-day treatment with DSS. Coronal sections of TH
immunohistochemistry showing the whole SN from (A) sham-operated and (B) vagotomised (Vx) animals, all of them treated with DSS.

(C) Quantification of TH-positive cells in the SN of rats. Results are expressed as the number of TH-positive neurons per SN; N = 5-7.

(D) Immunofluorescence shows an increase of a-syn in the SN of sham-operated animals treated with DSS that is reduced in the vagotomised
rats (E). Scale bars: 1 mm (A and B) and 30 um (D and E). (F) Quantification of the mean fluorescence intensity of a-syn, Hoechst and arborisation
(Arbor.) as mean TH area in the SN of rats. Results are expressed as a percentage of control values for each parameter; N = 5-10.

(G) Quantification of fluorescence intensity of P-a-syn (as arbitrary units) measured in the mucosa, submucosa and muscularis externa (muscular)
in the colon of rats; N = 5-11. Effect of DSS and vagotomy on the expression of TNF (H), IL-1p (I), IL-6 (J), arginase (K), IL-10 (L) and ICAM-1
(M) mRNAs. mRNA expression was quantified by RT-qPCR. Although DSS treatment increased the levels of these molecules in sham-operated
animals, this effect was abolished when animals were vagotomised; N = 3-11. Statistical analysis: Kruskal-Wallis test for k-independent
measures followed by Dunn'’s post hoc test for pairwise comparisons with a Bonferroni correction, with « = 0.05: *, p < 0.05 and **, p < 0.01.
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treatment. With this second model, we wanted to study the long-term
effects of a-syn pathology in the gut and brain under UC-related sys-
temic inflammation. Gut analysis of a-syn pathology showed alter-
ations similar to that found in the 28-day treatment. Further analysis
of the ventral midbrain revealed a significant loss of TH dopaminergic
neurons in both hemispheres. Therefore, we may conclude that in our
experimental models (28- and 63-day DSS models), we found lesions
of the nigral dopaminergic system that started unilaterally (28-day
subchronic model) and then spread bilaterally (63-day chronic model),
mimicking the natural progression of PD and a long-lasting o-syn
pathology.

Our study adds to different pieces of evidence supporting the
connection between IBD and PD (Figure S13) [9, 20, 52-54].
The demonstration of a-syn pathology in the gut and brain of IBD
patients supports the bottom-up pathology hypothesis, thus the
spreading of a-syn from submucosal neurons to the ventral midbrain,
via the vagal preganglionic innervation of the gut. The results of the
current study agree with epidemiological studies suggesting that trun-
cal vagotomy is associated with a decreased risk of PD [55, 56]. The
fact that only a small subset of IBD patients develop PD suggests that
gut inflammation is a miscellaneous of risk factors including
(i) bottom-up spreading of a-syn pathology, (i) systemic inflammation
causing BBB disruption, (iii) brain immune cell infiltration and
(iv) microglia activation. Overall, our study revitalises the predicted
importance of the Gl tract in starting PD pathology and paves the way
for different research strategies to define prodromal conditions and to

identify novel early biomarkers of PD.
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