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ABSTRACT OF THE THESIS

Dissecting effects of prodromal intestinal inflammation on the neurodegeneration and

neuroinflammation in a Parkinson’s disease model

by

Hannah Ting Espey

Master of Science in Physiological Science
University of California, Los Angeles, 2022

Professor Elaine Yih-Nien Hsiao, Chair

While Parkinson’s disease (PD) is a motor symptom disorder due to neurodegeneration
of dopaminergic neurons and accumulation of Lewy bodies in the substantia nigra (SN),
gastrointestinal dysfunctions are characteristic of prodromal PD. The most common monogenic
mutation for PD lies in the gene leucine rich repeat kinase 2 (LRRK2), which harbors a mutation
associated with IBD within the same locus.

By studying the PD-causing mutation LRRK2 G2019S in transgenic (Tg) mice, we
examined the effect that dextran sulfate sodium (DSS)-induced gut inflammation may have on
the neuropathology of PD. This includes dopaminergic neuron loss, microglial and lysosomal
activation, and alpha-synuclein (aSyn) aggregations in the SN.

We found prodromal DSS-induced colitis exacerbates and accelerates
neurodegeneration in LRRK2 G2019S Tg mice by 52 weeks of age. Prodromal colitis also
promotes microglial activation and lysosomal formation. Interestingly, 23-week-old males

showed increased aSyn aggregations in their microglia. Our data suggests that prodromal gut



inflammation exacerbates the severity and onset of neurodegeneration and promotes

neuroinflammation of PD driven by the LRRK2 G2019S mutation.
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Introduction

Parkinson’s disease (PD) is the 2" most common neurodegenerative disorder afflicting
an estimated 2-3% of the population 265 years of age, resulting in motor deficits such as
bradykinesia, rigidity, and tremor (Poewe, et al., 2017; Marras, et al., 2018; Van Den Eeden, et
al., 2003). There are available therapies such as dopamine substitution and deep brain
stimulation to alleviate some symptoms, but treatments to slow or stop the progression of PD
have failed thus far, pushing researchers to explore the mechanistic relationships between early
symptoms and the disease’s onset. PD is a motor symptom disorder characterized by the
degeneration of dopaminergic neurons and accumulation of Lewy bodies in the substantia nigra
(SN) that lead to alpha-synuclein (aSyn) aggregations, which is accompanied by inflammatory
microglia and lysosomes that normally engulf and degrade aSyn (Poewe, et al., 2017). While
PD is recognized by its motor deficits, gastrointestinal dysfunctions are a common symptom of
prodromal PD, up to 20 years before the disease is diagnosed (Poewe, et al., 2017).
Furthermore, patients with inflammatory bowel disease (IBD) have been reported to have a
higher risk of PD (Lee, Lobbestael, Vermeire, Sabino, & Cleynen, 2021; Peter, et al., 2018;
Villumsen, Aznar, Pakkenberg, Jess, & Brudek, 2019; Weimers, et al., 2016). Moreover, IBD
patients who were treated with anti-tumor necrosis factor (TNF)a medication, an anti-
inflammatory drug seeking to alleviate IBD symptoms, showed a reduced incidence of PD
compared to patients who did not receive treatment (Peter, et al., 2018), further highlighting a
potential relationship between the diseases.

A link has been discovered in the gene leucine rich repeat kinase 2 (LRRK2), wherein
mutations within the same locus have been associated with both PD and IBD (Lee, Lobbestael,
Vermeire, Sabino, & Cleynen, 2021). These findings raise the important question of how the PD
mutation LRRK2 G2019S may influence susceptibility to IBD and how the incidence of IBD

could impact the manifestation of PD. Understanding the relationships between genetic risk for



PD and gut inflammation could reveal new molecular targets that inform the development of
early interventions that are more effective for treating PD.

Most PD cases are idiopathic, but 15% are known to have genetic underpinnings. The
most common monogenic cause for late-onset PD is the autosomal dominant LRRK2 G2019S
mutation. This mutation induces hyperactivity of LRRK2 kinase, which leads to
hyperphosphorylation of Rab proteins and impaired autophagy and lysosomal formation (Hui, et
al., 2018; Alessi & Sammler, 2018; Takagawa, et al., 2018). Cellular models integrating the
LRRK2 G2019S mutation show defects in lysosomal activity and deficient clearance of aSyn,
which promotes its pathogenic aggregation (Obergasteiger, et al., 2020; Hu, et al., 2018). While
the causal mechanism of LRRK2 G2019S mutation is unknown, transgenic mice harboring the
human LRRK2 G2019S transgene exhibit progressive aging-dependent development of PD
pathology, including aSyn aggregation in the SN and degeneration of dopaminergic neurons
(Xiong, et al., 2018). These studies implicate the LRRK2 G2019S mutation as an efficient
mouse model of PD.

Furthermore, mutations within the LRRK2 locus suggest a link between IBD and PD.
The LRRK2 G2019S mutation has been reported to increase the risk of Crohn’s disease (CD) in
specific populations (Lee, Lobbestael, Vermeire, Sabino, & Cleynen, 2021). Other LRRK2
mutations, such as the N2081D mutation, have similarly been involved with increased risk of PD
and CD, but less strongly associated with PD.

Associations of gut inflammation with the LRRK2 gene can be modeled in mice via
experimental gut inflammation induced by sulfated polysaccharide dextran sulfate sodium
(DSS). DSS administration is the most widely used method to induce experimental colitis, a
common form of IBD, due to its ability to cause intestinal inflammation in the colon and
pathology analogous to that seen in ulcerative colitis. Further evidence of association between
gut inflammation and the LRRK2 gene was seen in mice overexpressing LRRK2, which were

more sensitive to DSS treatment (Takagawa, et al., 2018). However, the biological



consequences of LRRK2 mutations that induce hyperactivity in the kinase domain are unknown
in IBD.

DSS-induced gut inflammation has been seen to influence the manifestation in PD of
other mouse models. One recent study evaluated effects of DSS-induced gut inflammation in
aSyn Tg mice, finding that 92-week-old mice exhibited more substantial loss of dopaminergic
neurons in the SN at 18 months post recovery from DSS colitis (Grathwohl, et al., 2021). In
another study, wildtype mice exposed acutely to DSS colitis exhibited increased activation of
microglia in the hippocampus, suggesting that intestinal inflammation can cause
neuroinflammation (Carloni, et al., 2021). These prior data support the hypothesis that DSS-
induced gut inflammation promotes neurodegeneration and general neuroinflammation in the
brain. However, these effects have not yet been observed specifically in the SN within the
LRRK2 G2019S mouse model, which exhibits high face and construct validity for PD.

Based on these previous studies implicating LRRK2 mutations in PD and IBD, and
associating risk for IBD with increased risk for PD, we first asked i) does the LRRK2 G2019S
mutation for PD increase susceptibility to prodromal intestinal inflammation, and ii) how does
prodromal intestinal inflammation influence the severity and onset of PD driven by the LRRK2
G2019S mutation? My research will test the hypothesis that the LRRK2 G2019S mutation
increases susceptibility to intestinal inflammation and that early chronic gut inflammation
exacerbates or expediates PD neuropathology. Results from my study have the potential to
reveal important causal interactions between genetic risk for PD, intestinal inflammation, and
brain pathology. Because there are cross-cutting features seen in PD and in other
neurodegenerative diseases, findings from my research on the influences of gut inflammation
on PD neuropathology could further inform research on gut-brain and neuroimmune

contributions to Alzheimer’s disease or amyotrophic lateral sclerosis.



Materials and Methods
Mouse genotypes and maintenance

Male and female transgenic (Tg) mice expressing LRRK26201%%

and wildtype (WT) mice
on a C57BL/6 background were aged until 23 weeks or 52 weeks. All mice were maintained
with same sex littermates, or otherwise singly housed, and kept at a constant temperature with
maintained light/dark cycle. They were fed on standard rodent chow and water ad libitum. 52-
week-old mice: n=5 water-treated LRRK2 G2019S and WT mice, n=5 DSS-treated male and
female LRRK2 G2019S mice, n=4 DSS-treated WT female, n=6 DSS-treated WT males. 23-

week-old mice: n=5 water-treated and DSS-treated LRRK2 G2019S mice.

DSS-induced gut inflammation

Gut inflammation was induced in 9-13-week-old mice with 2% dextran sodium sulfate
(DSS) dissolved in water and provided ad libitum. In each round of DSS treatment, mice were
treated for seven consecutive days followed by normal water for another seven days. The mice
then had a seven-day recovery period, after which another seven days of treatment began until
three rounds of DSS treatment had been completed. Body weight was measured, and fecal
quality was examined for stool consistency and bleeding to evaluate the severity of gut
infammation induced by DSS treatment. A scoring system was utilized to convert weight loss
and stool quality into a clinical score that reflects the effect of DSS-induced chronic gut
inflammation. Body weight change, stool consistency, and stool bleeding were given a score 0-
4, where 4 reflects exaggerated symptoms. Combined individual scores make up the overall
clinical score of the animal per day of treatment. Control groups included age-matched male

and female LRRK2¢2%1°S gnd WT water treated mice.



Histology and Immunohistochemistry

Mice were deeply anesthetized by inhalation of isoflurane, and then transcardially
perfused with phosphate-buffered saline (PBS) and 4% paraformaldehyde (PFA) using a
micropump. Brains were dissected and post-fixed in 4% PFA for 24 hours before embedding in
optimal cutting temperature compound (OCT) and frozen in -80°C.

Standard cryostat procedures were used to cut brains in 25um thick coronal sections
targeting the SN and striatum and collected in PBS. Brain sections were then immunolabeled
using standard free-floating techniques by incubating with antibodies for tyrosine hydroxylase
(TH), ionized calcium binding adapter molecule 1 (IBA-1), CD68, and a-syn for later
visualization of dopaminergic neurons, microglia, lysosomes, and a-synuclein (a-syn)
aggregations, respectively. Samples were then incubated with suitable fluorophore-conjugated
secondary antibodies in 5% donkey serum. Nuclei were stained with DAPI using slide mounting
medium.

Primary antibodies used: TH: AvesLabs, THY, Chicken anti-mouse/hu/ra, 1:500. IBA-1:
Fujiflm Wako Chemicals, 019-1974, Rabbit anti-mouse, 1:1000. IBA-1: Fujifilm Wako
Chemicals, 011-27991, Goat anti-mouse, 1:1000. CD68 Bio-Rad, MCA1957T, Rat anti-mouse,
1:400. a-syn: Novus Biologicals, NBP2-61121, Rabbit anti-mouse, 1:500.

Secondary antibodies used: Alexa Fluor® 488 AffiniPure Donkey Anti-Rabbit (711-545-
152) 1:1000. Alexa Fluor® 594 AffiniPure Donkey Anti-Rat (712-585-153) 1:1000. Alexa Fluor®
647 AffiniPure Donkey Anti-Goat (705-605-003) 1:1000. Alexa Fluor® 647 AffiniPure Donkey
Anti-Chicken (703-605-155) 1:1000. DAPI: ThermoFisher, P36962, ProLong™ Diamond

Antifade Mountant with DAPI.

Confocal Imaging and Image Analysis
Confocal laser scan microscopy was utilized to acquire images of substantia nigra (SN)

of mouse brains using Zeiss confocal (LSM 700, 20x magnification) microscope and Zen Black



software. Only brains with well-defined TH-positive neurons in SN, as well as uniform SN
(Papathanou, et al., 2018; Thompson, Barraud, Andersson, Kirik, & Bjorklund, 2005; Paul, et al.,
2018), were imaged so each animal had 3-5 imaged sections for counting and analysis. Using
Fiji imaging software, SN area (Papathanou, et al., 2018; Thompson, Barraud, Andersson, Kirik,
& Bjorklund, 2005; Paul, et al., 2018) was outlined, and subsequent image analysis was
performed in the defined SN area. Average area of SN was 0.94 mm? for 52-week-old mice
(average per genotype and sex of 52-week-old mice: LRRK2 G2019S females = 1.04 mm?,
LRRK2 G2019S males = 0.91 mm?, WT females = 0.90 mm?, WT males = 0.89 mm?) and 0.93
mm? for 23-week-old mice (averages per genotype and sex of 23-week-old mice: LRRK2
G2019S females = 0.95 mm?, LRRK2 G2019S males = 0.90 mm?).

TH-positive cells were manually counted, ensuring that DAPI signal overlays with the
neuron cell body. Neuron counts were then normalized by SN area to generate neuron density.
IBA-1 positive cells and CD68-positive or aSyn-positive cells that were overlapping with IBA-1
positive cells were manually counted in the SN area to show the amount of activated microglia
with and without lysosomal formation. Only cells with clear IBA-1 signal, microglia morphology,
and DAPI overlay were counted. Positive CD68 signal in the SN was only quantified when within
the IBA-1 signal as puncta, signifying lysosomal formation within the microglia. Similarly,
positive aSyn signal in the microglia was only quantified puncta were present within the
microglia. All manual quantifications of IBA-1 positive-cells, positive-CD68 and aSyn puncta
within IBA-1 were normalized by SN area.

Mean fluorescence intensity (MFI) of IBA-1 and CD68-positive signals in the SN area
was calculated to show extent of microglia activation and lysosomal formation. Positive IBA-1
fluorescent signals in the SN were selected and quantified, and the background fluorescence of
the image subtracted to target only fluorescent signals of IBA-1. Background fluorescence was
subtracted to target only fluorescent signals of CD68. Quantifications were normalized by tissue

area to account for varying SN size. Similarly, MFI of aSyn within the SN and aSyn within the



IBA-1 signal was calculated to show the extent of aSyn presence in the entire SN area or when

engulfed by microglia, respectively.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism. Significance was determined
by two-way ANOVA, followed by Tukey’s post hoc test for multiple group comparisons.
Comparisons included interaction analyses of effect of genotype and treatment and genotype
and sex on brain pathology (TH-positive neurons, IBA-1 signal, CD68 signal, and aSyn signal).
All data are represented as mean +s.e.m. (standard error of the mean). *P < 0.05 was
considered statistically significant. **P < 0.01. ***P < 0.001. Notable non-significant (and non-

near significant) differences are indicated in the figures by “n.s.”.



Results
LRRK2 G2019S mutation increases susceptibility to prodromal intestinal inflammation

We used DSS to induce chronic intestinal inflammation at an early presymptomatic time
point in the LRRK2 G2019S mouse model. To mimic an early prodromal IBD, we treated 10-13-
week-old LRRK2 G2019S mice with three rounds of 2% DSS dissolved in drinking water, with
each round consisting of seven days of DSS treatment followed by seven days of normal
drinking water and a seven-day recovery period before beginning the next round (Fig. 1a). Over
each treatment period, we measured body weight, where reductions in body weight are a
common outcome measure that correlates with severity of intestinal inflammation. We also
evaluated stool quality for signs and severity of bleeding and diarrhea, which are characteristic
signs of gut inflammation. | used the scoring system developed by Wirtz et al. to convert weight
loss and stool quality into a clinical score that reflects the effect of DSS-induced chronic gut
inflammation (Wirtz, et al., 2017). Indeed, we observed that DSS induced weight loss and
abnormal fecal quality in both male (M) and female (F) wildtype (WT) mice, as expected,
demonstrating the effectiveness of this method on inducing gut inflammation (Fig. 1b, 1c).
Interestingly, both male and female LRRK2 G2019S mice exhibited exacerbated body weight
loss in response to acute intestinal inflammation due to DSS treatment. This was seen only in
the first round of DSS treatment; by the third round, there was no significant difference between
groups. This suggests that LRRK2 G2019S causes increased susceptibility to acute intestinal

inflammation, likely mediated by alterations in innate immune responses.

Dopaminergic neurodegeneration in SN is exacerbated by DSS-induced gut inflammation

To investigate the effects of gut inflammation on neurodegeneration, the SN area of
male and female WT and LRRK2 G2019S mice aged 52 weeks was examined for PD-related
dopaminergic neuron loss. TH-labeled dopaminergic neurons per area of SN were manually

counted to assess neurodegeneration in DSS- and water-treated mouse groups (Fig. 2). DSS-



treated LRRK2 G2019S mice had increased neurodegeneration compared to DSS-treated WT,
as seen through decreased TH-positive neuronal density in the SN (Fig. 2b). This demonstrates
a genotypic effect where LRRK2 G2019S shows increased neurodegeneration compared to WT
with induced gut inflammation. Water-treated WT and LRRK2 G2019S mice showed no
difference in dopaminergic neuron density (Fig. 2b), implicating DSS-induced gut inflammation
as the main driver for observed neurodegeneration in the SN. Comparing DSS- and water-
treated LRRK2 G2019S mice confirm this hypothesis; LRRK2 G2019S mice treated with DSS
had increased neurodegeneration compared to those treated with water. Interestingly, DSS-
treated LRRK2 G2019S males showed an increase in neurodegeneration compared with DSS-
treated WT males, whereas females showed no significant differences (Fig. 2c). These data
suggests that gut inflammation affects PD-related neurodegeneration of males more severely
than females. Altogether, the dopaminergic neurodegeneration results reveal that DSS colitis

exacerbates dopaminergic neurodegeneration in the LRRK2 G2019S mouse model.

Microglial activation and lysosome-positive microglia in SN are increased by DSS-induced gut
inflammation in LRRK2 G2019S mice

To investigate the effects of gut inflammation on neuroinflammation, microglia activation
and lysosomal formation within microglia were examined for PD-related increases in
neuroinflammation. Microglia activation was measured using mean fluorescent intensity (MFI) of
the IBA-1 signal, where a more intense fluorescent signal demonstrates an increase in
microglial activation (Fig. 3). DSS-treated animals showed increased MFI of IBA-1 in the SN
area for both WT and LRRK2 G2019S when compared with their respective water-treated
groups (Fig. 3b). DSS-treated mice show an increase in recruited microglia in both WT and
LRRK2 G2019S when compared to their water-treated cohort (Fig. 3c). No sex differences were

reported when comparing the genotypes within the same sex between and within treatments.



These results suggest that DSS-induced gut inflammation increases microglial activation in the
SN area.

Furthermore, lysosomal formation was measured using MFI of the CD68 signal when
present within the microglia, where a more intense fluorescent signal demonstrates an increase
in lysosomal formation (Fig. 4a, 4b). DSS-treated LRRK2 G2019S mice showed increased MFI
of CD68 in the SN area when compared with water-treated LRRK2 G2019S mice, suggesting
that DSS colitis increases lysosomal formation within the microglia of LRRK2 G2019S mice.

Microglia and lysosomal MFI were correlated, indicating that as microglia activation
increased, lysosomal formation increased (Fig. 4c). To assess if this was due to an overall
increase in microglia number or if it was due to an increase of lysosomal formation per
microglia, microglia with a positive lysosome signal was manually counted (Fig. 4a, 4d). DSS-
treated mice show an increase in CD68-positive microglia in both WT and LRRK2 G2019S
when compared to their water-treated cohort, mirroring the increases of microglia (Fig. 3c). No
sex differences were reported when comparing the genotypes within the same sex between and
within treatments. This data tells that there is an overall increase of lysosome positive microglia,
possibly to attempt to clear PD-related aSyn aggregations.

By analyzing microglia activation and lysosome formation in water- and DSS-treated
LRRK2 G2019S and WT mice, gut inflammation was found to increase both. This indicates that
PD-related neuroinflammation is exacerbated with DSS-induced gut inflammation as evidenced
by the increased amount of lysosomal-positive microglia and fluorescent intensities of microglia

and lysosomal markers.

Prodromal intestinal inflammation exacerbates onset of PD-related neuroinflammation in males
By investigating aSyn in the SN area, another aspect of severity of PD neuropathology
can be observed. Our colleague’s work assessing aSyn aggregation in the 52-week-old mice

showed that DSS-treated LRRK2 G2019S males have the highest aSyn deposits compared to

10



WT males, while there is no significance difference among females, which is also reflected in
the aSyn within the microglia. (Fang, Espey, Yu, Agirman, & Hsiao, in preparation for
publication). To assess if prodromal intestinal inflammation exacerbates the onset of PD-related
neuroinflammation, microglia and aSyn aggregation of LRRK2 G2019S mice were assessed at
an earlier time point of 23 weeks old rather than 52 weeks old. Microglia with a positive aSyn
signal were manually counted to examine any differences of neuroinflammation and aSyn
aggregation in water- or DSS-treated LRRK2 G2019S mice (Fig. 5a-5¢). There were no
differences in the amount of microglia or the aSyn-positive microglia between water- and DSS-
treated LRRK2 G2019S mice, revealing that at a younger age, there is no difference in the
overall amount of microglia recruited or the amount of microglia that uptake aSyn.

To assess aSyn accumulation in the SN, mean fluorescent intensity (MFI) was utilized,
where a more intense fluorescent signal represents an increase in aSyn aggregations (Fig. 5d-
5f). Within the entire SN area, there were no differences in MFI in water- or DSS-treated LRRK2
G2019S mice, indicating that the overall amount of aSyn aggregations present in the SN had no
difference (Fig. 5e, 5f). Interestingly, when aSyn MFI| was assessed for a positive signal only
within the microglial IBA-1 signal, DSS-treated males showed increased intensity compared to
water-treated males (Fig. 5a, 5d). This data suggests that while overall aSyn accumulation in
the SN is not different, males afflicted with DSS colitis uptake more aSyn in their microglia
compared to their water treated cohort.

By examining aSyn accumulation in a younger mouse model, we analyzed if aSyn would
be the factor that mediated observed brain pathology in the late time point. We saw that
prodromal intestinal inflammation exacerbates aSyn uptake in a male but not female LRRK2
G2019S DSS-colitis model but does not affect overall amounts of microglia or the amount of

microglia that uptake aSyn.
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Discussion

The major finding of this study supports the notion that the Parkinson’s disease (PD)-
causing LRRK2 G2019S mutation i) increases susceptibility to intestinal inflammation and that
ii) early chronic gut inflammation exacerbates and accelerates neurodegeneration, and possibly
expedites PD neuroinflammation. While the link between PD and inflammatory bowel disease
(IBD) has been shown through prodromal gastrointestinal symptoms in PD patients, the LRRK2
G2019S mutation, and previous PD mouse model studies, the questions of how these two
diverse organ systems are physiologically linked, and how gut inflammation may directly affect
the brain, remain.

The answer may lie in the widely developing field of gut-brain cross talk. Indeed, many
prodromal non-motor symptoms of PD involve the gastrointestinal system, and our results
support that the gut and the brain are in communication. Hallmark PD neuropathology includes
intraneuronal accumulations of alpha-synuclein (aSyn) aggregations, and previous studies have
found that these accumulations are also found in the gastrointestinal tract of PD patients
(Beach, et al., 2016; Braak, de Vos, Bohl, & Tredici, 2006; Shannon, et al., 2012). One
hypothesis, commonly referred to as the Braak hypothesis, proposes that aSyn present in the
gastrointestinal tract travels from the enteric to the central nervous system via the vagus nerve,
where it selectively destroys dopaminergic neurons in the SN (Herrera, Castafio, Venero, &
Machado, 2000; Braak, de Vos, Bohl, & Tredici, 2006; Svensson, et al., 2015; Chandra, Hiniker,
Kuo, Nussbaum, & Liddle, 2017; Kim, et al., 2019; Kuo, et al., 2010). Findings that support this
hypothesis demonstrate that aSyn misfolding and aggregation may begin in the gut and
propagate to the brain, resulting in PD-neuropathology. Other studies find that the Braak
hypothesis may only be true for certain types of PD, such as patients with a young onset and
long duration of motor symptoms, but the vast majority (an estimated 80-100%) fit the Braak

staging scheme (Jellinger, 2019).
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While the exact mechanism of aSyn exchange is unknown, one compelling idea involves
the gut microbiome’s interaction with the enteric nervous system. Dysbiosis in the gut
microbiome has been seen in human patients afflicted with PD, suggesting the gut’s role in the
disease and its phenotype (Scheperjans, et al., 2015; Unger, et al., 2016). In a mouse PD-
mouse model overexpressing aSyn, gut microbes were found to promote aSyn-mediated motor
deficits and brain pathology (Sampson, et al., 2016), indicating metabolites may play a causal
role. Popular contenders include short chain fatty acids (SCFAs), one of the main metabolite
products of the gut microbiome (Sanna, et al., 2019). They can exert neuroprotective effects in
the central nervous system (CNS) by upregulating neurotrophic factors (Wu, et al., 2008), and
they were found to be essential for mouse microglial function (Erny, et al., 2015). Furthermore,
in different mouse PD models, different types of SCFA demonstrated a protective effect against
dopaminergic neurodegeneration in the SN. Coupled with the finding that SCFAs are commonly
found to be reduced in fecal samples of PD patients (Unger, et al., 2016), SCFAs may be a
major metabolite from the gut that affects PD neuropathology in gut-brain crosstalk.

In our data, decreased dopaminergic neurons in a PD mouse model afflicted with DSS-
induced gut inflammation is a consistent finding (Grathwohl, et al., 2021). However, rather than
an artificially occurring PD model such as the aSyn Tg mouse, our mouse model utilizes a PD
pathogenesis that is naturally developing and based on the human genetic mutation in LRRK2,
which exhibits high face and construct validity for PD.

We assessed brain pathology at an earlier time point to assess the potential for DSS to
expedite, in addition to exacerbate, the onset of PD neuropathology. Most other studies use
mouse models aged 65 weeks or older to show neurodegeneration (Xiong, et al., 2018;
Grathwohl, et al., 2021), whereas our mouse model is 52 weeks old. We chose this age due to
our colleague’s finding that PD-related motor deficits were exacerbated in DSS-treated LRRK2
G2019S males by 52 weeks old (Fang, Espey, Yu, Agirman, & Hsiao, in preparation for

publication).
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We show significant neurodegeneration in DSS-treated LRRK2 G2019S mice aged 52
weeks, demonstrating the effect of gut inflammation on expediting the onset of PD
neuropathology. This is confirmed by our data showing no significant difference in dopaminergic
neuron loss between water treated WT and LRRK2 G2019S mice, which is too early a time
point for natural development of neurodegeneration without DSS-induced gut inflammation. We
demonstrate that the influence of prodromal intestinal inflammation not only exacerbates
dopaminergic neurodegeneration of the SN, but also accelerates the onset of PD-related
neurodegeneration driven by the LRRK2 G2019S mutation.

In addition to neurodegeneration, we found exacerbated PD-related neuroinflammation
by DSS colitis at 52 weeks old. Other studies have not examined for neuroinflammatory markers
of PD models undergoing gut inflammation specifically in the SN, the brain region where aSyn
aggregations are known to occur in PD, although studies have found increased
neuroinflammatory markers in other regions of the mouse brain with DSS colitis (Carloni, et al.,
2021). Our results show increased microglial activation, lysosomal formation, and lysosomal-
positive microglia within the SN of DSS-treated LRRK2 G2019S mice, indicating increased
neuroinflammation in the SN that was exacerbated by DSS colitis.

Autophagy in the brain utilizes lysosomes, along with other cellular mechanisms, to clear
aSyn aggregates. Autophagy and lysosome dysfunctions are known in PD (Tanji, Mori, Kakita,
Takahashi, & Wakabayashi, 2011). Our results show that mice with DSS-colitis have an
increase in lysosomal formation, however, this does not indicate the efficacy of lysosomal aSyn
clearance. Previous studies have shown that the LRRK2 G2019S mutation demonstrate a PD-
like neuropathology through aSyn accumulations and defects in lysosomal activity in cell lines
(Obergasteiger, et al., 2020; Hu, et al., 2018) as well as defects in autophagy in PD patients
with the LRRK2 G2019S mutation (Hui, et al., 2018). With decreased lysosomal activity shown

in cell lines (Obergasteiger, et al., 2020), perhaps the lysosomes are present but ineffective at
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clearing aSyn aggregates. Further analysis on aSyn aggregates present in the SN will need to
be assessed (Fang, Espey, Yu, Agirman, & Hsiao, in preparation for publication).

The sex difference in our study demonstrates that 52-week-old male LRRK2 G2019S
mice with DSS colitis had more severe neurodegeneration compared to male WT mice with
DSS colitis. When combined with our colleague’s behavioral data that PD-related motor deficits
were exacerbated in DSS-treated LRRK2 G2019S males (Fang, Espey, Yu, Agirman, & Hsiao,
in preparation for publication), we show that DSS-induced gut inflammation affects the male PD-
model more severely by 52 weeks of age. Incidence of PD in patients is twice as high in males
than females, (Gillies, Pienaar, Vohra, & Qamhawi, 2014), and our data demonstrates an
increased risk in males as well. We did not observe sex differences in response to DSS-induced
gut inflammation; some studies found a higher incidence of IBD among females (Nguyen,
Chong, & Chong, 2014), while others found no sex differences (Dahlhamer, Zammitti, Ward,
Wheaton, & Croft, 2015). Some of our data may seem to demonstrate trending differences
between males and females, but because of the vast physiological differences between sexes, it
is not appropriate to cross-compare these data (McCarthy & Arnold, 2011). To do so, a mouse
model such as the Four Core Genotypes Model should be utilized (Arnold & Chen, 2009).

Our PD mouse model shows no significant difference of neuroinflammation at 23 weeks
old, indicating this time point is too early to see PD-related increases in microglia or microglia
that uptake aSyn. However, and remarkably, 23-week-old males show an increase in aSyn load
per microglia. This may indicate that microglia are receiving aSyn from a source outside the SN,
or perhaps aSyn aggregates are more concentrated within the microglia than outside the
microglia in males due to defects in aSyn clearance. Considering our findings that males are
more severely affected by the PD phenotype when afflicted with gut inflammation, and our
findings that aSyn per microglia and within the SN is increased in male DSS-treated 52-week-
old mice as well, perhaps the onset of pathogenic aSyn accumulation occurs by 23 weeks in

males with DSS colitis. Further exploration should include assessments of dopaminergic
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neurodegeneration and aSyn accumulation in the colon and enteric neurons to assess the
effects of prodromal intestinal inflammation on the onset of neuroinflammation and
neurodegeneration.

One question that arises is whether increased chronic DSS severity itself induces more
severe neuropathology that was observed in our study. Because of our finding that DSS-treated
WT mice show no significant TH-positive neuron loss in the SN at 52 weeks old, it is likely that
early life gut inflammation alone does not induce PD-like pathology. To address the effects of
severe gut inflammation on neuropathology, a DSS titration should be administered in WT and
LRRK2 G2019S mice to determine if elevated severity of DSS colitis can sufficiently induce
neuropathology.

In summary, we show that modeling prodromal gut inflammation exacerbates and
expediates neurodegeneration, as well as promotes neuroinflammation, in the LRRK2 G2019S
mouse model. We demonstrate that male LRRK2 G2019S mice with prodromal gut
inflammation have increased aSyn aggregates in their microglia, indicating that pathological
aSyn aggregations may occur in response to prodromal symptoms. These results show a clear
gut-brain communication that involves the ability of early gut inflammation to worsen PD
neuropathology in genetically predisposed mice. These results may inform further research on
gut-brain and neuroimmune contributions to human PD, as well as other neurodegenerative

diseases such as Alzheimer’s disease or amyotrophic lateral sclerosis.
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Figure 1: Experimental colitis timeline and body weight results of male and female LRRK2 G2019S
and WT mice. | A. 10-13-week-old male and female LRRK2 G2019S and WT mice underwent three
rounds of 2% dextran sulfate sodium (DSS) treatment to induce chronic gut inflammation, during which
body weight and fecal quality measurements were taken to assess severity of gut inflammation. PD-
related motor deficits were observed through behavior tests at 35 and 50 weeks old and reported in a
colleague’s work (Fang, Espey, Yu, Agirman, & Hsiao, in preparation for publication). Mice were
sacrificed at 52 weeks old, and brains collected for substantia nigra (SN) visualization for PD-related
neurodegeneration and neuroinflammation analysis. B. Body weight measurement throughout the three
rounds of DSS treatment of male and female LRRK2 G2019S and WT mice. C. Clinical score during
acute DSS-induced intestinal inflammation, where a higher score represents more severe symptoms. |
Two-way ANOVA was utilized for multiple group comparisons. All data are represented as mean +s.e.m.
(standard error of the mean). *P < 0.05 was considered statistically significant.
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Figure 2: Decreased TH-positive neurons in SN of DSS-treated LRRK2 G2019S mice aged 52
weeks. | A. Representative images of SN of water- and DSS- treated WT and LRRK2 G2019S mice.
Magenta represents tyrosine hydroxylase (TH)-positive neurons, and blue represents DAPI stained
nuclei. Scale bar =300 ym. B. Manual quantification of TH-positive neuronal density in the SN of water-
and DSS-treated WT and LRRK2 G2019S mice per SN area. Two-way ANOVA demonstrated
significance of interaction of treatment and genotype (F(1,36) =3.321, P =0.0767) (Treatment (F(1,36)
=25.18, P <0.0001), Genotype (F(1,36) =0.03564, P =0.8513)). P-values were determined by Tukey’s
post hoc test (*P <0.05, ***P <0.0001, ns =0.066). C. Manual quantification of TH-positive neuronal
density in SN of DSS-treated male and female LRRK2 G2019S and WT mice per SN area. Significance
of genotype and sex was determined by two-way ANOVA (F(1,16 =3.108, P =0.0970) (Genotype (F(1,36)
=6.641, P =0.0203), Sex (F(1,36) =0.2158, P =0.06485)) followed by Tukey’s post hoc test (*P <0.05). |
All water-treated groups, n =5. DSS-treated LRRK2 G2019S male and female, n =5. DSS-treated WT
females, n =4. DSS-treated WT males, n =6. All data are represented as mean * s.e.m. (standard error of

the mean).
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Figure 3: Increased IBA-1 mean fluorescent intensity (MFI) in SN of DSS-treated WT and LRRK2
G2019S mice aged 52 weeks. | A. Representative images within SN of water- and DSS- treated WT and
LRRK2 G2019S mice. Green represents IBA-1-stained microglia, and blue represents DAPI-stained
nuclei. Scale bar =50 um. B. MFI of IBA1 in the SN of water- and DSS- treated WT and LRRK2 G2019S
mice. Two-way ANOVA determined significance of interaction of treatment and genotype
(F(1,36)=0.6125, P =0.4390) (Treatment (F(1,36) =30.88, P <0.0001), Genotype (F(1,36) =1.672, P
=0.2042)) followed by Tukey'’s post hoc test (*P <0.05, ***P <0.0001). C. Manual quantification of
microglia per SN area. Significance of interaction of treatment and genotype was determined by two-way
ANOVA (F(1,36) =0.1710, P =0.6817) (Treatment (F(1,36) =24.66, P <0.0001), Genotype (F(1,36)
=0.5225, P =0.4745)) followed by Tukey’s post hoc test (*P <0.05, **P <0.01). | All water-treated groups,
n =5. DSS-treated LRRK2 G2019S male and female, n =5. DSS-treated WT females, n =4. DSS-treated

WT males, n =6.
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Figure 4: Increased CD68 mean fluorescent intensity (MFI) and CD68-positive microglia in SN of
DSS-treated WT and LRRK2 G2019S mice aged 52 weeks. | A. Representative images within SN of
microglia (green) and lysosomes (red). Carrots point to CD68 as puncta within the IBA-1 signal. B. MFI of
CD68 in the SN of water- and DSS- treated WT and LRRK2 G2019S mice. Significance of interaction of
treatment and genotype was determined by two-way ANOVA (F(1,36) =3.801, P =0.0590) (Treatment
(F(1,36) =9.091, P <0.0047), Genotype(F(1,36) =1.178, P =0.2849)) followed by Tukey’s post hoc test
(**P<0.01, ns=0.97). C. Correlation graph of IBA-1 and CD68 MFI| of DSS-treated mice. D. Manual
quantification of CD68-positive microglia per SN area. Two-way ANOVA determined significance of
interaction of treatment and genotype (F(1,36)=0.2019, P=0.6559) (Treatment (F(1,36) =23.32, P
<0.0001), Genotype (F(1,36) =0.4635, P =0.5004)) followed by Tukey’s post hoc test (*P<0.05, **P<0.01).
| All water-treated groups, n=5. DSS-treated LRRK2 G2019S male and female, n = 5. DSS-treated WT
females, n = 4. DSS-treated WT males, n=6.
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Figure 5: DSS-treated LRRK2 G2019S males aged 23 weeks show increased aSyn uptake in
microglia. | A. Representative images of aSyn (green) within microglia (red) in the SN area. Scale bar
=50 pym. Carrots point to aSyn within the IBA-1 signal. B. Manual quantification of microglia per area in
SN area of DSS- and water-treated male and female mice. Significance of interaction of sex and
treatment was determined by two-way ANOVA (F(1,16) =2.105, P =0.1661) (Sex (F(1,16) =5.805, P
=0.0284), Genotype (F(1,16) =0.2348, P =0.6345)) followed by Tukey’s post hoc test (ns >0.05). C.
Percent aSyn-positive microglia in SN of DSS- and water-treated male and female mice. Significance of
interaction of sex and treatment was determined by two-way ANOVA (F(1,16) =2.509, P =0.1328) (Sex
(F(1,16) =0.02476, P =0.8769), Genotype (F(1,16) =0.02057, P =0.8877)) followed by Tukey’s post hoc
test (ns >0.05). D. Mean fluorescent intensity (MFI) of aSyn only within the microglia of the SN area. Two-
way ANOVA determined significance of interaction of sex and treatment (F(1,16)=4.100, P =0.0599) (Sex
(F(1,16) =7.340, P =0.0155), Genotype (F(1,16) =4.090, P =0.0602)) followed by Tukey’s post hoc test
(*P <0.05). E. Representative images of aSyn (green) within the SN (outlined) with dopaminergic neurons
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(magenta). Scale bar =300 um. F. MFI of aSyn in the entire SN area as shown in figure 5e. Significance
of interaction of sex and treatment was determined by two-way ANOVA (F(1,16) =0.06024, P =0.8092)
(Sex (F(1,16) =4.605, P=0.0476), Genotype (F(1,16) =0.09521, P =0.7616)) followed by Tukey’s post hoc
test (ns >0.05). | All DSS- and water-treated groups, n =5.
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