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SUMMARY
Parkinson’s disease (PD) is a neurological disorder characterized by motor dysfunction, dopaminergic
neuron loss, and alpha-synuclein (aSyn) inclusions. Many PD risk factors are known, but those affecting dis-
ease progression are not. Lifestyle and microbial dysbiosis are candidates in this context. Diet-driven gut
dysbiosis and reduced barrier function may increase exposure of enteric neurons to toxins. Here, we study
whether fiber deprivation and exposure to bacterial curli, a protein cross-seeding with aSyn, individually or
together, exacerbate disease in the enteric and central nervous systems of a transgenic PDmousemodel.We
analyze the gutmicrobiome,motor behavior, and gastrointestinal and brain pathologies.We find that diet and
bacterial curli alter themicrobiome and exacerbatemotor performance, as well as intestinal and brain pathol-
ogies, but to different extents. Our results shed important insights on how diet andmicrobiome-borne insults
modulate PD progression via the gut-brain axis and have implications for lifestyle management of PD.
INTRODUCTION

Lifestyle and environmental factors contribute to chronic neuro-

degenerative diseases, burdening socio-economic structures in

an ever-aging population.1,2 The incidence of Parkinson’s dis-

ease (PD), the second most common neurodegenerative dis-

ease, has increased over the last decades3 and will increase

further.4 Only 5%–10% of cases are familial.5 Because of the

protracted nature of this disease, years lived with disabilities

pose a significant burden on patients, their families, and soci-

ety.6 Genetic predispositions and environmental/lifestyle factors

contribute to PD onset and progression.7 Such disease-promot-

ing factors are exposure to chemicals (e.g., pesticides), head

trauma, physical activity, stress, and diet.8 Which factors modu-

late disease progression has only recently been investigated.9

Increasing evidence has highlighted the importance of diet in

PD progression. A fiber-rich Mediterranean diet (fresh fruits

and vegetables) reduces the risk for PD.10 Conversely, a ‘‘West-

ern’’ diet, with low amounts of fiber and high amounts of
Ce
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saturated fats and simple carbohydrates, increases risk for

different diseases,11,12 and in the case of PD, it accelerates

progression.13

How diet contributes to disease starts to be understood.9

Western diet has led to reduced gene expression related to com-

plex carbohydrate fermentation.14 In mousemodels, low-fiber or

fiber-free diets led to lower abundance of fiber-fermenting bac-

teria15 and higher abundance of mucus-foraging species like Ak-

kermansia muciniphila.16 Akkermansia plays opposing roles in

inflammatory (e.g., type 2 diabetes, atherosclerosis) versus

neurological diseases.17 Increased levels of A. muciniphila

were consistently found in patients with PD18 and were strongly

associated with mucus erosion in patients18 and mice.16

Pathogens typically originate from infectious agents19 but also

from commensal bacteria of the gut microbiome.20 Commensal

bacteria occupy the outer mucus layer of the colon and can

form biofilms.21,22 Even though there is no consensus on biofilm

formation in the healthy gut,23,24 it is observed in gastrointestinal

diseases. Prominent biofilm-forming species are Escherichia coli
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(E. coli) and Salmonella typhimurium, which both express curli, a

major biofilm component.20 Curli is an amyloidogenic protein that

has similarities to b-amyloid and a-synuclein (aSyn),25,26 and it

cross-seeds with aSyn.27,28 aSyn aggregates are present in the

gut of patients with PD.29–32 Braak and colleagues proposed

that aSyn aggregates in the enteric nervous system (ENS) pre-

cede those in the lower brainstem of the central nervous system

(CNS), and that aSyn propagates retrogradely in a ‘‘prion-like’’

manner, via the vagus nerve, to and throughout the brain.33

Because environmental factorsmodulating disease act in con-

cert, we investigated the effect of dietary fiber deprivation and

bacterial curli exposure, individually or combined, on a human

aSyn-overexpressing transgenic mouse. Our treatment protocol

primed the naive untreated microbiome with a ‘‘Westernized’’ fi-

ber-deprived diet,16 followed by exposure to curli-producing

bacteria.27 We analyzed the mice at gut microbial, behavioral,

gastrointestinal, and neuropathological levels. Overall, trans-

genic, but not wild-type mice, were susceptible to the different

challenges. In transgenic mice, we found that, while aSyn

overexpression was largely responsible for motor impairments,

fiber deprivation caused dysbiosis, with increased levels of

Akkermansia spp. and Bacteroides spp., sparking mucus

erosion, facilitating entry of enteric pathogens.16 This resulted

in increased PD-like pathologies, including increased motor

dysfunction, aSyn aggregation in the ENS and CNS, and nigros-

triatal degeneration. We believe that our study sheds light on

how a combination of internal and external pathogenic factors

drives PD-like pathologies in the CNS and ENS. Our findings

may have important implications for lifestyle adjustments that

could mitigate PD progression.

RESULTS

Thy1-Syn14 mice overexpressed aSyn in brain and gut
with regional differences
The model we used overexpresses human wild-type aSyn under

the transcriptional control of the Thy1 promotor, and it carries 13

copies of the transgene.34 Only protein levels in bulk brain tissue

have been reported.34 Thus, we first determined baseline gene

expression and protein levels of aSyn in the nigrostriatal pathway

and in the colon of naive 9-month-old mice. We hypothesized

that, at this age, the mice would already have developed PD-

like pathology (e.g., behavioral deficits, described below).
Figure 1. Thy1-Syn14 mice had pronounced alpha-synuclein and moto
(A) Relative mRNA expression levels for Snca (left) do not differ between Thy1

between ventral midbrain and dorsal striatum. SNCA (right) is only expressed in TG

Gapdh. Sample size: WT, n = 8; TG, n = 7.

(B) Relative densities from western blots for total aSyn (pan-aSyn) in the ventral m

See also Figure S1B. Sample size: WT, n = 6; TG, n = 8.

(C) Relative mRNA expression levels for Snca (left) do not significantly differ betw

colon regions. SNCA (right) is only expressed in TG mice at identical levels betwe

n = 6; TG, n = 8.

(D) Representative micrographs from immunohistochemical stainings showing t

animals, while pan-aSyn (top row panel, black arrows) is expressed in genotype

(E–G) Mice were tested at different ages for gross and finemotor skills by (E) inver

dependent increase inmotor deficits in TGmice. Each age groupwas a separate c

challenge study cohort. Sample size: 3MWT, n = 13; TG, n = 13; 6MWT, n = 7; TG

analyzed by Mann-Whitney U, corrected for FDR; *FDR < 0.05, **FDR < 0.01, ***
In our mice, mRNA level for the murine aSyn (Snca) gene (Fig-

ure 1A, left panel) did not differ between genotypes, but it was

significantly (p < 0.0001) higher in the dorsal striatum versus

the ventral midbrain. For the human aSyn transgene (SNCA) (Fig-

ure 1A, right panel), we only detected a signal in transgenic (TG)

mice, and those levels did not differ between the two regions.

When we stained for total aSyn, using an antibody (Figure S1A)

that detects both murine and human aSyn, we saw that aSyn

was present in both wild-type (WT) and TG mice in the dorsal

striatum as well as in the substantia nigra pars compacta

(SNpc). By western blot with that same antibody, we observed

a 2.91-fold increase (p = 6.67E�4) in the dorsal striatum and a

6.67-fold increase (p = 6.67E�4) in the ventral midbrain of TG

compared to WT mice (Figures 1B and S1B). Additionally,

aSyn protein levels were significantly higher in the dorsal stria-

tum compared to the ventral midbrain (WT: p = 1.52E�2; TG:

p = 1.55E�4; Figures 1B and S1B).

In the colon, which we split into proximal and distal parts,

we observed that the mRNA levels for Snca and SNCA were

much lower compared to those in the CNS (Figure 1C).

A possible explanation could be the lower neuronal density in

colon compared to brain. In the colon, only about 1% of all

cells are neurons,35 whereas ventral structures of the midbrain

(e.g., SNpc and ventral tegmental area) have an estimated

15%–20% neurons.36–39 Nevertheless, we observed that again

SNCA was only expressed in TG mice, and Snca was expressed

at significantly (p < 0.0001) different levels between proximal

and distal colonic regions but not between genotypes (Fig-

ure 1C). Additionally, we stained for human aSyn and total

aSyn (Figure 1D). The latter was expressed in mice of both ge-

notypes, while only TG mice expressed human aSyn (Figure 1D,

left bottom panel).

Based on our analysis, the Thy1-Syn14 model is an appro-

priate system to investigate the effect of environmental chal-

lenges delivered through the gut in the context of aSyn

overexpression.

Thy1-Syn14 mice exhibited progressive motor deficits
PD-like motor deficits were reported in different mousemodels of

the disease.40 We assessed grip strength, hindlimb reflexes, and

coordination/movement as measures of motor dysfunction in

naive cohorts of 3-, 6-, and 13-month (M)-old mice. For hindlimb

reflexes and coordination/movement assessments, we added
r impairment phenotypes
-Syn14 (TG, blue) and wild-type (WT, red) mice but are significantly different

mice and at identical levels in regions. Mice were 9months old. Normalized to

idbrain and dorsal striatum. Mice were 9 months old. Normalized to a-tubulin.

een TG and WT mice but are significantly different between proximal and distal

en regions. Mice were 9 months old. Normalized to Gapdh. Sample size: WT,

hat SNCA is detected only in enteric neurons (arrow, right lower panel) of TG

s. Scale bar: 25 mm.

ted grid, (F) hindlimb clasping, and (G) adhesive removal. All tests show an age-

ohort. Baseline results at 9months (M) served for the selection of this age for the

, n = 9; 9MWT, n = 35; TG, n = 37; and 13MWT, n = 6; TG, n = 6. Results were

FDR < 0.001, ****FDR < 0.0001. See Table S2.
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Figure 2. Longitudinal changes in microbial diversity and composition shifts were diet driven

(A) Boxplots illustrating alpha diversity for the two diets over time; both genotypes are shown separately. Low amount of dietary fiber (FD) reduced microbial

diversity significantly at week 2 in WT (p < 0.05) and TG (p < 0.001) mice. At week 2, we started gavages with E. coli. In TG mice, microbial diversity was again

significantly (p < 0.01) reduced at week 9. See also Figure S2A. Results were analyzed by Mann-Whitney U corrected for FDR; *FDR < 0.05; **FDR < 0.01;

***FDR < 0.001.

(legend continued on next page)
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the baseline results from our treatment cohort at 9 months of age

(see below).

For grip strength, wemeasured the hanging time to assess the

simultaneous four-limb grip strength. Grip strength gradually

decreased with age in TG mice (3M: 16.2 ± 9.88 s, p = 3E�4;

6M: 11 ± 9.39 s, p = 3E�4; 13M: 0.17 ± 0.41 s, p = 4.86E�7; Fig-

ure 1E), while it remained unchanged in WT littermates.

The hindlimb reflexes confirmed that the performance of TG

mice decreased with age (3M: p = 9.33E�3; 6M: p = 5.7E�2;

9M: p < 0.0001; 13M: p = 4E�3; Figure 1F), while WT littermates

remained unimpaired.

Finally, we tested mice for fine motor skills with the adhesive

removal test. We did not observe relevantmotor deficits in young

mice (3M and 6M; Figure 1G). At 9 and 13 months, we saw that

both sensitivity (time at touch, left panel) as well as coordination

(time at removal, right panel) were significantly delayed in TG

mice (time at touch – 9M: p = 7.57E�7, 13M: p = 0.057; time at

Removal – 3M: p = 0.016, 9M: p = 1.12E�6, 13M: p = 0.016).

Taken together, these data indicate that overexpression of

human aSyn drives progressive motor dysfunction in Thy1-

Syn14 mice.
Fiber deprivation induced PD-related microbiome
changes
Onset and progression of PD have been linked to environmental

factors,41–44 of which some, e.g., diet, impact the gut micro-

biome.45,46 Changes in gut microbial composition have been

described in patients with PD47–53 and in animal models.54–56 It

is unknown how these changes affect the progression of PD. Us-

ing 16S rRNA gene amplicon sequencing, our goal was to first

understand how the exogenous challenges affected, indepen-

dently or in combination, the gut microbiome in our mice. The

exogenous challenges were as follows:

(1 ) Diet: a normal fiber-rich (FR) or a fiber-deprived (FD) diet

(2 ) Gavages: PBS, curli knockout isogenic E. coli (DEC), or

curli-producing E. coli (EC)

We started by looking at how the challenges affectedmicrobial

diversity. We saw that the FD diet and TG challenges both

reduced inner-group diversity (alpha diversity) but that the

gavage challenges, PBS or E. coli (EC or DEC) (Figure S2A),

did not. Alpha diversity was lowest at week 2 (WT: p = 0.045;

TG: p = 6.1E�4) and week 9 (TG: p = 9.7E�3) in FD-challenged

and more strongly so in TGmice (Figure 2A). We did not observe

this microbial shift at weeks 5 and 6. A possible explanation is

that the initial treatment with E. coli at week 2 caused a transitory

disruption in the microbial balance. We made similar observa-

tions for beta diversity, where the diet challenge was the main

driver (adonis p = 0.001) of dissimilarities between groups (Fig-

ure S2B, middle panel). However, in contrast to alpha diversity,

the gavage challenges, PBS or E. coli (EC or DEC), also signifi-
(B) Non-metric multi-dimensional scaling (NMDS) representations of beta divers

observed a microbiome structure shift leading to two homogeneous clusters by

(C) Temporal distribution of relative abundance for the 12 most abundant taxa at

showed similar changes in relative abundance for the different taxa. Differences

Table S2.
cantly (adonis p = 0.001) contributed to microbial community

shifts (Figure S2B, right panel). This might have been due to

the PBS-gavaged mice having all been FD challenged. Hence,

solely the FD challenge drove the observed rapid shift in micro-

biome (Figure 2B). Already at week 2, the FD and FR groups, in-

dependent of the other challenges, formed two homogeneous

clusters, which, unlike the alpha diversity results, lasted until

the end of the in-life phase. Such a shift is indicative of dysbiosis.

Changes in the Firmicutes toBacteroidetes ratio, formerly a stan-

dard for microbial imbalance,57,58 showed significantly higher

levels of Firmicutes compared to Bacteroidetes in FD-chal-

lenged mice at the end of the in-life phase (week 9, Figure S3).

Abundance differences on the genus level were again driven

though the FD diet challenge (Figure S4A). When we focused

on our most relevant genera (Figure 2C), we observed that the

FD challenge led to higher levels in Intestinimonas, Odoribacter,

Colidextribacter, Rikenellaceae RC9 gut group and Akkermansia

and decreased levels in Lachnospiraceae NK4A136 group and

Lactobacillus over time (Figures 2C and S4A). Other taxa pre-

sented with a more fluctuating behavior over time (Figures 2C

and S4A).When compared to data frompatients with PD (Table 3

in Boertien et al.47), FD-challengedmice showed similar changes

in Akkermansia, Lachnospiraceae, Roseburia, and Prevotella-

ceae, while Lactobacillaceae and its genus Lactobacillus were

inversely altered (Table S1).

When we checked for the relative abundance of E. coli, the

species we gavaged with, we did not detect it in our 16S

rRNA gene amplicon sequencing data (not shown). We per-

formed a probe-based quantitative real-time PCR analysis,

revealing that fecal E. coli levels were significantly (Kruskal-

Wallis, p = 4.55E�12) increased in FD-diet-challenged mice

compared to mice on the FR diet (Figure S4B), as well as being

significantly (Mann-Whitney U test, false discovery rate [FDR] =

0.027) higher in mice gavaged with PBS compared to EC-chal-

lenged mice (Figure S4C) (independent of genotype and time

points). A possible explanation for higher fecal E. coli levels in

FD-diet-fed mice could be the inability of E. coli to implant in

the eroded outer mucus layer but still sufficiently so as to

have pathogenic effects (see below). Looking into how levels

changed over time, starting when we first gavaged animals

(week 2), we did see significantly higher levels of E. coli in

FD-diet-fed compared to FR-diet-fed mice (Kruskal-Wallis;

WT: week 5, p = 0.0366; TG: week 2, p = 0.00793; week 5,

p = 0.0267; Figure S4D), but we did not observe incrementally

increasing fecal E. coli levels. Similarly, in another study,27

E. coli administration induced PD-like pathologies without colo-

nizing the gut.

In summary, the FD challenge caused reduced gut microbial

diversity with changes in taxa associated with gut health and dis-

ease. Of note were reduced levels of Lactobacillus, a probiotic

genus,59,60 reported to have neuroprotective61 and gut-barrier-

integrity-enhancing functions,62 and of the Lachnospiraceae
ity for both genotypes (row) and the different time points (week, column). We

week 2 induced by the FD diet challenge. See also Figure S2B.

the genus level for weeks 0 (baseline), 1, 2, 5, 6, and 9. Both WT and TG mice

were observed between the diet challenge groups. See also Figure S4A and

Cell Reports 42, 113071, September 26, 2023 5



(legend on next page)

6 Cell Reports 42, 113071, September 26, 2023

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
NK4A136 group, which inversely correlates with risk for PD or

dementia.63 Additionally, Lachnospiraceae NK4A136 group

and Roseburia are important butyrate producers, promoting

proper gut barrier function.64 Together with higher levels of

mucin-foraging genera Akkermansia, Alistipes, and Bacter-

oides,16,65,66 the passage of pathogenic factors through the bar-

rier might be increased.

Microbiome-driven colonic mucus erosion in fiber-
deprived Thy1-Syn14 mice
Themucus layers of the colon have two basic functions: the inner

layer acts as a physical barrier to prevent pathogens from reach-

ing the gut epithelium, and the outer layer harbors commensal

bacteria interacting with the host.22 Increasing levels of mucin-

degrading bacteria, such as A. muciniphila and certain Alistipes

spp. and Bacteroides spp.,16 cause mucus thinning and thus

enable epithelial access for pathogens. In a pilot study

(Figures S5A–S5C), where we fed an FD diet to TG mice and

WT mice, we saw that, after 1 week, there was a rapid and sig-

nificant (FDR = 0.004; Figure S5C) erosion of the outer mucus

layer in FD-diet-fed mice, independent of their genotype. After

3 weeks, the outer mucus layer remained significantly (FDR:

0.036; Figure S5C) thinned in mice of both genotypes. The inner

mucus layer did not differ between the different conditions (Fig-

ure S5B). This initial observation showed how rapidly the outer

mucus erodes upon fiber deprivation.

In FD-challenged mice, similar to the pilot study, we did not

detect changes of the inner mucus layer (Figures S5D and

S5E). Our results for the outer mucus layer on the other

hand clearly showed that the FD challenge caused significant

(p = 1.15E�12) thinning of the outer mucus layer (Figure 3A).

The layer thickness decreased extensively by 49.1%–92.9%

in the FD diet group (Figure 3B). Hence, the habitat for specific

gut bacteria was reduced, which we expected to directly

affect microbial diversity. Therefore, we compared alpha di-

versity and mucus thickness using the Spearman’s rank test

(Figure S5F). We were specifically interested in dietary- or

transgene-driven associations. While we only saw moderate

dietary-driven correlations (FR: r = �0.47, p = 0.051; FD: r =

0.38, p = 0.087; Figures S5G and S5H), there was a significant

positive correlation between alpha diversity and mucus thick-

ness in TG mice (Figure 3C), indicating that the outer mucus
Figure 3. Fiber deprivation acting with curli induced gut mucus erosio

(A) Boxplot of outer mucus thickness measurements. The FD challenge caused a

Whitney U test, corrected for FDR; **FDR < 0.01; ***FDR < 0.001; ****FDR < 0.0001

DEC, n = 3; WT FD EC, n = 7; TG FD PBS, n = 2; TG FR DEC, n = 4; TG FR EC,

(B) Representative micrographs illustrating the differences in outer mucus erosio

(C) Scatterplot of a Spearman rank test comparing alpha andmucus thickness for

microbial diversity and mucus thickness in Thy1-Syn14 mice. See also Figure S5

(D and E) Boxplots illustrating protein levels of zonula occludens (ZO-1) (D) and rep

(220kDa) were normalized against Gapdh (57 kDa). In TGmice, we saw that the FD

FDDEC-challengedmice. Sample size:WT FDPBS, n = 1;WT FRDEC, n = 8;WT F

n = 5; TG FR EC, n = 7; TG FD DEC, n = 5; and TG FD EC, n = 6.

(F and G) Boxplots illustrating protein levels of colonic occludin (F) and represe

occluding (G). Relative optical density levels for both occludin fractions were nor

lower levels for both occludin fractions (55 kDa: p = 0.022; 25 kDa: p = 0.035) in FD

Whitney U test, not corrected for FDR. Sample sizes:WT FDPBS, n = 2;WT FRDE

TG FR DEC, n = 4; TG FR EC, n = 7; TG FD DEC, n = 7; and TG FD EC, n = 6. S
was more susceptible to FD-induced thinning when aSyn

was overexpressed.

Curli exposure and fiber deprivation disrupted gut
barrier integrity in Thy1-Syn14 mice
Our microbiome data indicated changes in gut-barrier-integrity-

relevant taxa. To assess gut barrier integrity, we looked at two

different tight junction proteins, zonula occludens-1 (ZO-1) and

occluding, by western blot. These tight junction proteins, form,

with others, a continuous barrier between epithelial cells that is

disrupted by pathological conditions,67–69 resulting in a ‘‘leaky

gut,’’ which has been described in patients with PD and other

diseases.70,71

Interaction of genotype and diet was the main driver of differ-

ences in ZO-1, which not quite reached significance (p = 0.0698,

by permutational multivariate analysis of variance). When we

investigated group differences for each genotype, we saw that

the FD EC challenge in TG mice had overall the lowest levels

of ZO-1, with notable (Mann-Whitney U test, before correction;

p = 0.03) lower levels than the FD DEC-challenged TG mice

(Figures 3D and 3E).

For occludin, we detected a band at 55 kDa (up to 65 kDa;

referred to as 55 kDa here) and another band at 25 kDa in our

gels (Figure 3G). This smaller isoform is most likely due to alter-

native gene splicing72,73 and has been observed in another

study.74 The 25-kDa isoform levels were significantly higher in

both WT (Kruskal-Wallis, p = 0.00335) and TG (Kruskal-Wallis,

p = 0.00483) mice compared to the 55-kDa form. We analyzed

the datasets for the 55-kDa and the 25-kDa occludin isoforms

separately (Figure 3F). For both, the genotype did not explain

group differences. Thus, we analyzed each genotype separately.

While in WT mice, occludin levels were quite variable, in TG

mice, we saw significantly (Mann-Whitney U test before correc-

tion for multi-comparison) lower levels of 55-kDa (p = 0.022) and

25-kDa (p = 0.035) occludin, respectively, after the FD EC

compared to the FD DEC challenges (Figure 3F). Thus, the level

of occludin was lowered by all treatments in TG mice compared

to the FD PBS control group, indicating that occludin is a sensi-

tive marker for gut barrier dysfunction (Figure 3F).

We can conclude that the EC challenge alone affects the gut

barrier integrity, but the effect is most pronounced when com-

bined with the transgene and the fiber deprivation challenges.
n and barrier leakiness

strong reduction in outer mucus thickness. Results were analyzed by Mann-

. Sample sizes: WT FD PBS, n = 3; WT FR DEC, n = 5; WT FR EC, n = 4; WT FD

n = 6; TG FD DEC, n = 6; and TG FD EC, n = 7

n between mice challenged with FR (top) and FD diet (bottom).

both genotypes separately, revealing a significant positive correlation between

.

resentative western blot gel images (E). Relative optical density levels for ZO-1

EC challenge resulted in significantly (p = 0.03) lower ZO-1 levels compared to

R EC, n = 6;WT FDDEC, n = 3;WT FD EC, n = 6; TG FDPBS, n = 2; TG FRDEC,

ntative western blot gel images showing both molecular weight isoforms of

malized against b-Actin (42 kDa). Particularly in TG mice, we saw significantly

EC- compared to FD DEC-challenged mice. Results were analyzed by Mann-

C, n = 7;WT FREC, n = 6;WT FDDEC, n = 3;WT FDEC, n = 4; TG FDPBS, n = 2;

ee Table S2.
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Figure 4. Curli-driven phosphorylated alpha-

synuclein aggregate formation in fiber-

deprived Thy1-Syn14 mice

(A) Representative microphotographs of pS129-

aSyn-positive structure containing ganglions in the

myenteric plexus of WT and TG (left to right) mice of

any treatment group (FD PBS to FD EC from top to

bottom). Qualitatively, in TG mice, pS129-aSyn-

positive structures after FD EC challenges seemed

larger and more numerous. Scale bar: 50 mm.

(B) Boxplot illustrating area occupied changes by

pS129-aSyn-positive structures in ganglions of the

myenteric plexus. Themost significant area increase

of pS129-aSyn-positive structures was seen in TG

FD EC-challenged mice. Results were analyzed by

Mann-Whitney U test, not corrected for FDR. Sam-

ple sizes: WT FD PBS, n = 4; WT FR DEC, n = 6; WT

FR EC, n = 4;WT FDDEC, n = 4;WT FD EC, n = 4; TG

FD PBS, n = 4; TG FR DEC, n = 5; TG FR EC, n = 7;

TG FD DEC, n = 5; and TG FD EC, n = 6. See

Table S2.
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Bacterial curli increased pS129-aSyn-positive
structures in the colonic myenteric plexus of fiber-
deprived Thy1-Syn14 mice
aSyn aggregation in the gut is detected in patients with

PD.33,75,76 To test for aSyn aggregation in the gut of our mice,

we used an antibody directed against phosphorylated Ser129

aSyn (pS129-aSyn). This type of antibody is commonly used to

detect aSyn aggregation in murine and human CNS77 and

ENS.78,79 We quantified pS129-aSyn-positive deposits in gan-

glions of the myenteric plexus positive for protein gene product

9.5 (PGP9.5), a neuronal cytoplasmic marker.80 Other pS129-

aSyn-positive structures in the submucosal plexus and submu-

cosa were irregular and mainly detected in TG mice. This, how-

ever, did not differ between the different treatment groups, and

we could not determine the cell types involved.

First, the staining showed that both WT and TG mice had

pS129-aSyn-positive signals in ganglions of the myenteric
8 Cell Reports 42, 113071, September 26, 2023
plexus (micrographs in Figure 4A). Quanti-

fication of these signals showed that only

TG mice exposed to the combined chal-

lenges of FD and curli-expressing E. coli

(FD EC) had increased levels of pS129-

aSyn in PGP9.5-positive ganglions (vs.

TG FD PBS: p = 0.019; vs. WT FR EC: p =

0.019; vs. TG FR EC: p = 0.008; vs. WT

FD DEC: p = 0.019; Figure 4B).

In summary, the strongest increase of

pS129-aSyn-positive structures occurred

in the myenteric plexus of the colon of TG

EC FD-challenged mice.

Bacterial curli and dietary fiber
deprivation combination
exacerbated motor deficits in Thy1-
Syn14 mice
At baseline, in 9-month-old TG mice,

we did already observe motor deficits.
Therefore, we examined if the challenges, individually or in com-

bination, exacerbated these deficits.

Three different tests were chosen to assess motor perfor-

mance: hindlimb clasping, grip strength, and adhesive removal.

At baseline, TG mice differed significantly from WT littermates in

the first two tests by showing age-related decline in performance

(Figures 1F, S6A, and S6B). These declines were not affected

by the other challenges and thus most likely driven by aSyn

overexpression.

The adhesive removal test was used to assess fine motor func-

tion. The test consists of measuring the latencies of touch and

removal, which at baseline were significantly (p < 0.0001) greater

in TG mice compared to WT littermates (Figure 1G). This was still

the case at the end of the 9-week challenge phase (p < 0.0001;

Figures 5A and S6C). Hence, aSyn overexpression was again

key in driving motor impairment. Additionally, EC-challenged TG

mice, independent of diet, showed increased latencies of touch



Figure 5. Challenges exacerbated motor impairment in a subset of

Thy1-Syn14 mice

(A) Boxplots illustrating the latency for removal in the different treatment

groups (x axis) forWT (red) and TG (blue)mice after 9weeks. The results shown

are for the first paw and the first replicate. TG animals took significantly

(Kruskal-Wallis, p < 0.0001) longer than WT animals to remove the tape. On a

group-by-group basis, TG mice took significantly longer than WT mice for the

FR EC and the FD EC challenge groups. Results were analyzed by Mann-

Whitney U test, not corrected for FDR; *p < 0.05; **p < 0.01. Sample sizes:

WT FD PBS, n = 4; WT FR DEC, n = 8; WT FR EC, n = 6; WT FD DEC, n = 5; WT

FD EC, n = 6; TG FD PBS, n = 4; TG FR DEC, n = 5; TG FR EC, n = 7; TG FD

DEC, n = 8; and TG FD EC, n = 7.

(B) Summary plot illustrating how the adhesive removal performance evolved

from baseline to endpoint in TGmice, plotting the time difference from touch to

removal. Only the FD EC group shows a performance drop for three out of six

mice. Note: for the TG FRDEC group, only onemouse performed normally and

is therefore not representative. Sample sizes: FD PBS, n = 3; FRDEC, n = 1; FR

EC, n = 5; FD DEC, n = 6; and FD EC, n = 6. See Table S2.
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and removal compared toWTmice (Figures 5A and S6C). Further,

we saw a noticeable increase in bothmeasures for a subset of TG

FD EC-challenged mice. To understand how the ability to remove

the adhesive tape changed over time, we (1) subtracted the time

of touch from the time of removal and then (2) compared ‘‘base-

line’’ to ‘‘endpoint’’ results. We found that, in the TG FD EC group,

three out of six mice had reduced coordinative ability to remove
the adhesive tape compared to their initial performance (Figure

5B). Thus, after groupingmice into categories, our results indicate

that the combination of the FD diet and curli exacerbated the mo-

tor phenotype in a subset of TG mice.

When we compared these results to our baseline assessment

of 13-month-old untreated transgenic mice, there was no signif-

icant difference. We believe that this could indicate that severity

of motor deficits may already have plateaued. They may be due

to expression of aSyn in the spinal cord as has been described in

models using the Thy1 promotor.81 Only the further increase

picked up in the sensitive adhesive removal test after FD and

EC challengemay be due to the loss of striatal TH-positive axons

and nigral TH-positive neurons (see below).
Bacterial curli increased pS129-aSyn-positive
structures in the nigrostriatal pathway of Thy1-Syn14
mice
All neuropathological analyzes were limited to TG mice, since

they had pre-existing PD pathologies and were susceptible to

the challenges. In a first step, we determined abnormal aSyn

structures in the nigrostriatal pathway. We quantified pS129-

aSyn-positive structures in the dorsal striatum and the SNpc.

We observed that the EC challenge was the main driver of

enhanced pS129-aSyn aggregation in both regions (Figure 6).

In the dorsal striatum, we measured significantly (p = 0.018)

higher levels of pS129-aSyn-positive structures in FR EC-chal-

lenged TG mice compared to the FR DEC group (Figure 6A,

top panel), a difference that was obvious upon viewing (Fig-

ure 6A, lower panels). In the SNpc, we saw that the impact of

the FD challenge was greater than in the dorsal striatum (Fig-

ure 6A). Both pS129-aSyn-positive cell body counts and

pS129-aSyn-positive structures with neurite-like morphology

were increased the most in FD EC-challenged mice (‘‘Cell

Body,’’ vs. FR DEC: p = 0.127; ‘‘Other,’’ vs. FD PBS: p = 0.109,

vs. FR DEC: p = 0.019, vs. FR EC: p = 0.072, vs. FD DEC: p =

0.13, Figure 6B, top panel). Qualitatively, pS129-aSyn-positive

structures observed in cell bodies appeared diffuse in the cyto-

plasm but more compact in the nuclei (Figure 6B, bottom panel,

white arrowhead). Importantly, nuclear aSyn aggregation has

been demonstrated in brains of patients with Lewy Boyd demen-

tia.82 However, in FD EC-challenged mice, we also found dense

pS129-aSyn-positive deposits in cell bodies (Figure 6B, bottom

panel, blue arrowheads). All other pS129-aSyn-positive struc-

tures that were not within cell bodies were of three different

types:

d Bead-like varicosities (Figure 6B, bottom panel, white ar-

row), similar to what has been observed in other in vivo83

and in vitro84 models and human postmortem brains85

d Spheroid-shaped structures (Figure 6B, bottom panel,

open arrow)

d Corkscrew-like spheroid structures (Figure 6B, bottom

panel, blue arrow), rare and only observed in FD EC-chal-

lenged TG mice

To test if the pS129-aSyn-positive structures observed after

challenges were composed of beta-pleated sheets, we per-

formed consecutive immunostaining for pS129-aSyn and
Cell Reports 42, 113071, September 26, 2023 9
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thioflavin-S (Thio-S) on select sections from challenged TGmice.

None of the pS129-aSyn-positive structures (Figure S7; first two

rows) stained positive for Thio-S. This observation was similar to

the one we made in the aSyn-preformed fibril injection model

(Figure S7; second row), where intracellular inclusions in the

SNpc (Figure S7; third row) and dorsal striatum (not shown)

were also Thio-S negative, despite significant loss of TH-positive

neurons in the SNpc and their striatal projections.86 This indi-

cates that Thio-S-positive inclusions are not a necessary feature

of PD-like neurodegeneration. To ensure that our consecutive

immuno-/Thio-S staining procedure detects pathologically

aggregated protein deposits, we confirmed presence of doubly

labeled deposits (amyloid beta and tau) in brain sections of

two models of Alzheimer’s disease (Figure S7; bottom two

rows). Which form of misfolded or aggregated aSyn is the major

pathological culprit in PD is still a matter of debate87 and beyond

the scope of this study.

In summary, it was primarily the EC challenge that increased

pS129-aSyn aggregation, a process that was exacerbated by fi-

ber deprivation.

Curli combined with dietary fiber deprivation drove
neurodegeneration in the nigrostriatal pathway of Thy1-
Syn14 mice
The loss of neurons in the SNpc and their projections to the dor-

sal striatum is a main pathological hallmark of PD.5 To detect

neurodegeneration in TG mice after the different challenges,

we stained against tyrosine hydroxylase (TH), an enzyme

involved in dopamine synthesis and a marker for dopaminergic

neurons and their projections, in both the SNpc and dorsal stria-

tum. Additionally, in the dorsal striatum, we stained for the

dopamine transporter (DAT), a marker for dopamine-cycling

synapses.

In the dorsal striatum, the combination of FD and EC chal-

lenges in TG mice resulted in significantly reduced TH-positive

projections when compared to the FR DEC (p = 0.029) and FR

EC (p = 0.04) groups (Figure 6C, top panel). For DAT, we

observed a similar pattern (Figure 6D, top panel). The FD EC-

challenged TG mice showed significantly reduced levels in

DAT when compared to FD DEC (p = 0.05) and strong trends

compared to the FD PBS and FR EC groups (Figure 6D, top

panel).
Figure 6. Curli-driven nigrostriatal alpha-synuclein aggregation and

deprivation

(A and B) Quantification and representative images of immunofluorescent pS129-

positive area occupied was increased by the EC challenge. The FD diet challen

50 mm) below illustrate the differences in pS129-aSyn accumulations between FR

n = 4; FR DEC, n = 5; FR EC, n = 7; FD DEC, n = 8; and FD EC, n = 8. (B) In the SNp

forms (right panel) based on cellular morphology. See STAR Methods for details

positive aggregates. For other structures (see details in themain text), FD exacerba

bar: 250 mm; right: zoom in, scale bar: 100 mm) below illustrate the different obse

forms in main text) in FD EC-challenged TG mice. Sample sizes: FD PBS, n = 4;

(C–E) Quantification and representative images for (C) TH and (D) DAT in the dorsa

a decrease in axonal and synaptic density. The representative high-magnification

row) and FD EC (bottom row) TG mice. Sample sizes: FD PBS, n = 4; FR DEC, n =

neurodegeneration independently of the diet. FD did however exacerbate the

average differences between FR DEC (top) and FD EC (bottom) transgenic animal

FD EC, n = 8. All results were analyzed by Mann-Whitney U test, not corrected f
Quantitation of TH-positive neurons (Figure 6E, top panel)

showed that the exposure to curli caused significant neuronal

loss (EC-PBS: FDR = 0.041; EC-DEC: FDR = 1.68E�4). FD

mice showed an exacerbation of this loss. The difference be-

tween the FR EC and FD EC groups showed a strong (p =

0.054) trend, indicating that the FD challenge led to an exacerba-

tion of curli-driven neurodegeneration and no evidence for cen-

tral, and only minimal peripheral, inflammation in Thy1-Syn14

mice after fiber deprivation and/or curli exposure.

Central, but also peripheral, inflammation is an intrinsic part of

PD pathogenesis.88 To assess inflammation in the brain, we

used staining for the microglial marker ionized calcium-binding

adapter molecule 1 (Iba1). Surprisingly, we found no evidence

for increased Iba1 staining in TG mice of any group compared

to their WT or treatment controls (Figure S8A).

To assess inflammation in the periphery, we measured calpro-

tectin in feces and a panel of chemokines and cytokines in

plasma. Calprotectin is secreted into the intestinal lumen by im-

mune and epithelial cells, and it is an inflammation marker for in-

flammatory bowel disease (IBD)89,90 or PD.46,91 We found a slight

but significant increase of calprotectin over time (WT –week 2, p =

0.025;week 6, p = 0.017; post-mortem [PM], p = 0.002; TG–week

1, p = 0.02; week 2, p = 0.003; week 6, p = 0.017; PM, p = 0.059),

driven by the FDdiet challenge (Figure S8B).When compared to a

colitis model,92 these values were greatly lower, indicating that, in

our model, gut inflammation was minimal.

Patients with PD have increased circulating inflammation

markers.88 Therefore, we tested plasma from a randomly

selected subset of mice from each group against a panel of 40

chemo- and cytokines. Surprisingly, TG mice, no matter the

challenges, had overall lower inflammation levels than WT mice

(Figure S8C).

We believe these surprising observations can be explained by

the probable expression of the human SNCA transgene in he-

matopoietic cells, known to express Thy1.93 This could suppress

their immune function, a phenomenon observed in other human

SNCA transgenic mice.94 We cannot exclude that a deeper

investigation may uncover signs of subtle inflammation in our

model. While inflammation certainly plays a role in initiating

and driving pathologies in PD and in many models thereof, our

result here indicates that, at least in some scenarios, it is not

necessary to exacerbate PD-like pathologies.
neurodegeneration in Thy1-Syn14 mice was exacerbated by fiber

aSyn stainings of the (A) dorsal striatum and (B) the SNpc. (A) The pS129-aSyn-

ge contributed to a lesser extent. The representative images (403, scale bar:

DEC- (top) and FR EC- (bottom) challenged TG mice. Sample sizes: FD PBS,

c, we distinguished between accumulations in cell bodies (left panel) and other

on quantification. In EC-challenged animals, we found increased pS129-aSyn-

ted the EC-induced pathology. The representative images (left: 103 tiles, scale

rved structures of pS129-aSyn-positive structures (see details on the different

FR DEC, n = 5; FR EC, n = 7; FD DEC, n = 8; and FD EC, n = 8.

l striatum and (E) TH in the SNpc. (C and D) FD EC transgenic animals exhibited

(40x, scale bar: 50 mm) images illustrate the differences between FR DEC (top

5; FR EC, n = 8; FD DEC, n = 8; and FD EC, n = 8. (E) In the SNpc, curli drove

pathology. The representative images (103; scale bar: 250 mm) illustrate the

s. Sample sizes: FD PBS, n = 4; FRDEC, n = 5; FR EC, n = 7; FD DEC, n = 8; and

or FDR. See Table S2.
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Figure 7. A multi-challenge-driven sequence of events for PD pro-

gression

(A) Radar plot of the total output for each challenge group in Thy1-Syn14 mice.

The center of the plot defines the treatment with the lowest and the outline the

one that showed the highest effect on Thy1-Syn14 mice. The combination of

FD and EC had the greatest impact on aSyn-overexpressing mice. View main

text for details.

(B) Putative sequence of events based on the results in this study. FD chal-

lenge leads to changes in the microbiome (dysbiosis), which affects gut barrier

integrity and consequently facilitates the interaction of curli with neurons in the

submucosa and plexuses. As a result, aSyn aggregates. This propagates to

the brain, where aSyn aggregation increases, accompanied by neuro-

degeneration in the nigrostriatal pathway and exacerbation of motor deficits.

See Table S2.
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Multi-factor-driven exacerbation of PD pathologies in
Thy1-Syn14 mice
To obtain an integrated view, parsing out the contribution of

each challenge to PD pathology progression, we generated a

radar plot. We simplified the output by classifying the results

of the different treatment groups from lowest to highest

(Figure 7A). We further split our findings over two categories

(brain and gut) and eight sub-categories (gut: alpha diversity

decrease, mucus foraging genera, lower gut barrier, lower

taxa gut barrier, mucus erosion, and aSyn aggregation (ENS);

brain: motor impairment, neurodegeneration, and aSyn aggre-

gation (CNS); Figure 7A).
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In TG mice, fiber deprivation was the underlying cause for

changes in the gut microbiome and barrier, while bacterial curli

drove enhanced aSyn aggregation in both ENS and CNS (Fig-

ure 7A). However, overall, the combination of the different chal-

lenges (TG FD EC) had the greatest effect on all PD-relevant pa-

thologies (Figure 7A).

We propose a sequence of events (Figure 7B), whereby

chronic dietary fiber deprivation leads to changes in microbial

populations, gut mucus erosion, and increased gut permeability.

The resulting higher exposure to amyloidogenic curli causes

increased aSyn aggregation in the ENS andCNS, leading to neu-

rodegeneration in the nigrostriatal pathway and exacerbation of

motor deficits.

DISCUSSION

While the identification of genetic and environmental factors that

modulate PD risk has progressed rapidly,95,96 less is known

about factors that modulate PD progression.9 Our findings pro-

pose a sequence of events, starting with diet-induced dysbiosis,

leading to reduced gut barrier integrity, which increases bacterial

amyloidogenic protein entry, and ultimately culminating in exac-

erbation of PD pathologies in ENS and CNS.

The impact of diet on microbial gut health has been widely re-

ported. Rodent studies reported rapid shifts inmicrobial gut pop-

ulations after fiber deprivation.15,16,97,98 Accordingly, our data

showed decreased diversity and altered abundances of many

PD-associated taxa when mice were fed an FD diet. The lack of

dietary fiber makes specialized taxa, which are equipped with

glycan-degrading enzymes, such as Akkermansia spp. or the

Bacteriodetes genera Alistipes spp. and Bacteroides spp.,65

switch to host glycans as energy resource, promoting mucus

erosion and pathogens susceptibility.16,65,99 Longer-term lack

of dietary fiber triggers a compensatory mechanism, increasing

mucin production, and re-establishing at least the inner mucus

thickness.15 In our study, only the outer mucus layer showed

treatment-induced thinning. The thin outer mucus layer was

associated with reduced bacterial diversity, possibly leading to

changes in host-microbe interactions. We further observed

reduced abundances of the butyrate-producing genera Lachno-

spiraceaea NK4A136 and Roseburia. Additionally, Lactobacillus,

whichwasalso reduced in FDmice,was shown to stimulate buty-

rate production by such bacteria.100 Recent studies showed the

impact of microbial metabolite changes on gut barrier integrity.

The metabolite butyrate, for instance, is essential in regulating

energy metabolism, proliferation, and differentiation of gut

epithelial cells, has anti-inflammatory properties, stimulates

mucin production, and, importantly, promotes gut barrier protec-

tion by stimulating expression of ZO-1, ZO-2, cingulin, and occlu-

din.64,101 Our findings on gut barrier integrity revealed the lowest

levels of tight junction proteins ZO-1 and occludin in TG mice

challengedby fiber deprivation and curli. This supports the notion

that these environmental challenges work in concert with

abnormal aSyn to promote a leaky gut barrier. In intestinal bi-

opsies from patients with PD, especially occludin was found at

lower levels, whereas ZO-1 was unchanged.102 Future studies

will have to parse out the effect of different environmental chal-

lenges on features of gut barrier integrity.
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Curli isabacterial proteinproducedbyEnterobacteriaceae. This

bacterial family is increased in patients with PD and is associated

with disease severity.103,104 Its role as an aSyn cross-seeding

agent, in thepromotionofaSynaggregation andworseningofmo-

tor symptoms, was documented in different models, such as

C.elegans,105 Fisher rats,27 andanother lineofaSyn-overexpress-

ingmice.28 Enhancedcurli exposure inPDcould be the result of its

secretionbyEnterobacteriaceae for biofilm formation covering the

intestinalmucosa. Thesebiofilms could formas a consequence of

excessive consumption of antibiotics.106 Interestingly, excessive

and repeated antibiotic consumption leads to enrichment of other

PD-relevant taxa such as A. muciniphila,107 and it is linked to PD

risk.108,109 Either gavaged27 or supplemented in a human fecalmi-

crobiota transplant,28 curli promotes PD pathologies, such as

aSyn aggregation, in gut and brain.

PD initiation and progression are modulated by numerous

external factors, for which an important entry point is the gut

and fromwhere abnormal aSyn can spread in a prion-likemanner

via the vagus nerve to the brain.33,110 One of the most obvious

factors is diet. A ‘‘Western’’ diet poor in fiberworsensPDprogres-

sion, whereas a FR diet delays it.13 In this study, using an aSyn

transgenic mouse model, we show how these factors work

together in worsening PD progression. Fiber deprivation shifts

the composition of the microbiome toward bacteria that harm

gut barrier integrity. Dysbiosis in PD promotes bacteria that

produce amyloidogenic proteins.111 We show that oral adminis-

tration of E. coli to aSyn-overexpressing mice exacerbates PD-

like pathologies, such as phosphorylated aSyn-positive struc-

tures and neurodegeneration, which are more pronounced in

mice fed an FD diet. Thus, our study indicates that, in the context

of initial PD-like disease induced by abnormal aSyn production,

PD pathologies are significantly precipitated by environmental

factors’ action through the gut and its microbiome.

An unexpected observation of our study was the absence of

substantial central and peripheral inflammation, whichwas prob-

ably due to aSyn transgene-mediated immunosuppression.

Indeed, hematopoietic cells express Thy1.93 Alpha-synuclein

overexpression in isolated microglia and peripheral monocytes

greatly reduces, in other aSyn overexpressing mice, the cytokine

release by these cells after exposure to lipopolysaccharide.94

We tentatively conclude that inflammation is not necessary to

exacerbate the PD-like pathologies we observed.

In conclusion, we propose a sequence of interacting events

involving exogenous and endogenous factors driving PD pro-

gression. We underline the importance of a balanced diet in

limiting that progression. As their ability to perform activities of

daily living declines over time,112 patients with PD may require

special assistance to ensure an optimal diet and oversight of an-

tibiotics’ use that could favor the proliferation of curli-producing

intestinal bacteria. Our study puts forth the idea of lifestyle adap-

tations to mitigate PD progression.

Limitations of the study
While our study sheds light on interactions between diet, loss of

gut barrier integrity, amyloidogenic protein of commensal bac-

teria, and the manifestations of PD pathologies, the underlying

molecular mechanisms of these interactions remain to be un-

covered. It is known that bacterial curli cross-seeds with
aSyn and thus can initiate a pathological cascade. But how

aSyn propagates and which misfolded form(s) of aSyn is/are

toxic, in particular in our model after challenges, is unknown.

There was no evidence of inflammation in the challenged

mice of this study, and the downstream pathological effects

of misfolded aSyn also need further investigation. The use of

a strong pro-inflammatory challenge, such as LPS or aSyn pre-

formed fibrils, in a study design similar to ours, followed by

investigation of mitochondrial, lysosomal, synaptic dysfunc-

tions, and of oxidative and inflammatory stress, may reveal a

more complete picture of how PD progression is modulated.

Finally, to strengthen the translational relevance of our findings,

future studies should include other PD models, ideally in mice

of various genetic strain backgrounds that are better models

of genetic diversity in human patients.
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36. Keller, D., Erö, C., and Markram, H. (2018). Cell Densities in the Mouse

Brain: A Systematic Review. Front. Neuroanat. 12, 83. https://doi.org/

10.3389/fnana.2018.00083.

37. Murakami, T.C., Mano, T., Saikawa, S., Horiguchi, S.A., Shigeta, D.,

Baba, K., Sekiya, H., Shimizu, Y., Tanaka, K.F., Kiyonari, H., et al.

(2018). A three-dimensional single-cell-resolutionwhole-brain atlas using
CUBIC-X expansion microscopy and tissue clearing. Nat. Neurosci. 21,

625–637. https://doi.org/10.1038/s41593-018-0109-1.

38. Zhang, J., Pho, V., Bonasera, S.J., Holtzman, J., Tang, A.T., Hellmuth, J.,

Tang, S., Janak, P.H., Tecott, L.H., and Huang, E.J. (2007). Essential

function of HIPK2 in TGFb-dependent survival of midbrain dopamine

neurons. Nat. Neurosci. 10, 77–86. https://doi.org/10.1038/nn1816.

39. Zhang, Y., Granholm, A.-C., Huh, K., Shan, L., Diaz-Ruiz, O., Malik, N.,

Olson, L., Hoffer, B.J., Lupica, C.R., Hoffman, A.F., and Bäckman,
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Antibodies

Chicken Polyclonal anti-Protein Gene Product 9.5 Abcam Cat# ab72910; RRID:AB_1269734

Chicken Polyclonal anti-tyrosine hydroxylase Abcam Cat# ab76442; RRID:

Mouse Monoclonal anti-Occludin Thermo Fisher SCientific Cat# 33–1500; RRID:AB_87033

Mouse Monoclonal anti-a-Synuclein, clone Syn211 Sigma-Aldrich Cat# S5566; RRID:AB_261518

Mouse Monoclonal anti-a-Tubulin antibody

[DM1A] - Loading Control

Abcam Cat# ab7291; RRID:AB_2241126

Mouse Monoclonal anti-Amyloid Beta (N) (82E1)

Ab Anti-Human

IBL-America Cat# 10323; RRID:AB_10707424

Mouse Monoclonal anti-Phospho-Tau (Ser202,

Thr205) - AT8

Thermo Fisher Scientific Cat# MN1020; RRID:AB_223647

Mouse Monoclonal anti-phospho Ser129

alpha-Synuclein

Prothena Cat# 11A5

Rabbit Monoclonal anti-Alpha-synuclein

(phospho S129) [EP1536Y]

Abcam Cat# ab51253; RRID:AB_869973

Rabbit Monoclonal anti-Gapdh Cell Signaling Cat# 5174S; RRID:AB_10622025

Rabbit Polyclonal anti-Ionized calcium-binding

molecule 1

FUJIFILM Wako Shibayagi Cat# 019-19741; RRID:AB_839504

Rabbit Polyclonal anti-tyrosine hydroxylase Millipore Cat# AB152; RRID:AB_390204

Rabbit Polyclonal anti-Zonula Occludens-1 Thermo Fisher Scientific Cat# 40–2200; RRID:AB_2533456

Rabbit Polyclonal anti-b-Actin Abcam Cat# ab8227; RRID:AB_2305186

Rabbit Polyclonal anti-a-Synuclein Sigma-Aldrich Cat# S3062; RRID:AB_477506

Rat Polyclonal anti-dopamine transporter Millipore Cat# MAB369; RRID:AB_2190413

Donkey anti-Goat IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 647

Thermo Fisher Scientific Cat# A-21447; RRID:AB_2535864

Donkey Anti-Goat IgG H&L (Alexa Fluor� 488)

preadsorbed

Abcam Cat# ab150133; RRID:AB_2832252

Goat anti-Chicken IgY (H + L) Secondary Antibody,

Alexa FluorTM 488

Thermo Fisher Scientific Cat# A-11039; RRID:AB_2534096

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 488

Thermo Fisher Scientific Cat# A-11034; RRID:AB_2576217

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 594

Thermo Fisher Scientific Cat# A-11032; RRID:AB_2534091

Goat anti-Rat IgG (H + L) Cross-Adsorbed Secondary

Antibody, Alexa FluorTM 647

Thermo Fisher Scientific Cat# A-21247; RRID:AB_141778

Horse Anti-Mouse IgG Antibody (H + L), Biotinylated Vector Laboratories Cat# BP-2000; RRID:AB_2687893

IRDye� 680LT Goat anti-Rabbit IgG Secondary Antibody Li-Cor Biosciences Cat# 926-68021; RRID:AB_10706309

IRDye� 800CW Goat anti-Mouse IgG Secondary Antibody Li-Cor Biosciences Cat# 926–32210; RRID:AB_621842

Bacterial strains

E. coli C600 UMich (M. Chapman) N/A

E. coli LSR6 (C600:DcsgDEFG; DcsgBA) UMich (M. Chapman) N/A

Chemicals, peptides, and recombinant proteins

SuperScriptTM III Reverse Transcriptase Invitrogen 18080093

iQTM SYBR� Green Supermix BioRad 1708880

Thioflavine S Sigma-Aldrich T1892
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Critical commercial assays

Qiagen RNeasy Plus Universal Mini Kit Qiagen 73404

S100A8/S100A9 (Calprotectin) ELISA kit Immundiagnostik AG K6936

Proteome Profiler Mouse Cytokine Array Kit, Panel A R&D Systems ARY006

Deposited data

16S rRNA gene amplicon sequencing raw data This paper PRJEB51988

Experimental models: Organisms/strains

Mouse: B6.D2-Tg(Thy1-SNCA)14Pjk Roche Pharma (through MTA) N/A

Oligonucleotides

csgA forward primer:: F 50-GCG-TGA-CAC-AAC-

GTT-AAT-TTC-CA-30
N/A N/A

csgA reverse primer: R 50-CAT-ATT-CTT-CTC-
CCG-AAA-AAA-AAC-AG-30

N/A N/A

csgB forward primer: F 50-CCA-TCG-GAT-TGA-

TTT-AAA-AGT-CGA-AT-30
N/A N/A

csgB reverse primer: R 50-AAT-TTC-TTA-AAT-GTA-

CGA-CCA-GGT-CC-30
N/A N/A

Snca forward primer: F 50-GAT-CCT-GGC-AGT-

GAG-GCT-TA-30
N/A N/A

Snca reverse primer: R 50-CT-TCA-GGC-TCA-

TAG-TCT-TGG-30
N/A N/A

SNCA forward primer: F 50-AAG-AGG-GTG-TTC-

TCT-ATG-TAG-GC-30
N/A N/A

SNCA reverse primer: R 50-GCT-CCT-CCA-ACA-

TTT-GTC-ACT-T-30
N/A N/A

Gapdh forward primer: F 50-TGC-GAC-TTC-AAC-

AGC-AAC-TC-30
N/A N/A

Gapdh reverse primer: R 50-CTT-GCT-CAG-TGT-

CCT-TGC-TG-30
N/A N/A

E. coli forward primer: F 50-CAT-GCC-GCG-TGT-

ATG-AAG-AA-30
Smati et al.113 N/A

E. coli reverse primer: R 50-CGG-GTA-ACG-TCA-

ATG-AGC-AAA-30
Smati et al.113 N/A

E. coli Taqman probe: FAM-TAT-TAA-CTT-TAC-

TCC-CTT-CCT-CCC-CGC-TGA-A

Smati et al.113 N/A

E.coli gBlock:

GGGCGCAAGCCTGATGCAGCCATGCCGCGTGTATGA

AGAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGGGGA

GGAAGGGAGTAAAGTTAATACCTTTGCTCATTGACG

TTACCCGCAGAAGAAGCACCGGCTAAC

Integrated DNA technology

(IDT)

234995349

16S rRNA Universal Prokaryotes forward primer: F 50-CGG-TGA-

ATA-CGT-TCY-CGG-30,
Bacchetti De Gregoris

et al.114
N/A

16S rRNA Universal Prokaryotes reverse primer: R 50-AAG-GAG-

GTG-ATC-CRG-CCG-CA-30
Bacchetti De Gregoris

et al.114
N/A

16S rRNA Universal Prokaryotes Taqman probe: Cy5-CTT-GTA-

CAC-ACC-GCC-CGT-C

Bacchetti De Gregoris

et al.114
N/A

16S rRNA Universal Prokaryotes gBlock:

AGTAATCGTGGATCAGAATGCCACGGTGAATAC

GTTCCCGGGCCTTGTACACACCGCCCGTCACA

CCATGGGAGTGGGTTGCAAAAGAAGTAGGTAG

CTTAACCTTCGGGAGGGCGCTTACCACTTTGTG

ATTCATGACTGGGGTGAAGTCGTAACAAGGTAA

CCGTAGGGGAACCTGCGGTTGGATCACCTCCT

TACCTTAAAGAAGCGTACTTTGCAGTG

Integrated DNA technology

(IDT)

234995351
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Software

ImageJ Schneider et al.115 https://ImageJ.nih.gov/ij/

R/Bioconductor R Core Team https://www.r-project.org/

Image Lab software BioRad https://www.bio-rad.com/en-lu/

product/image-lab-software?

ID=KRE6P5E8Z

Other

Teklad Costum Diet (Fiber deprived diet) Envigo TD.130343 (MD.130434)

Reusable Feeding Needles, 20G Fine Science Tools 18060–20

EDTA K3 coated blood collection tubes Sarstedt 41.1504.005

Potter-Elvehjem PTFE pestle and glass tube Sigma-Aldrich P7734
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Paul

Wilmes (paul.wilmes@uni.lu).

Materials availability
In this study no new materials have been generated.

Data and code availability
The 16S rRNA gene amplicon sequencing raw data can be accessed at https://www.ebi.ac.uk/ena/browser/home under the acces-

sion number PRJEB51988. This paper does not report original code. Access to all other information can be granted upon reasonable

request with the lead contact under paul.wilmes@uni.lu.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical Approval
All animal experiments were approved by the Animal Experimentation Ethics Committee of the University of Luxembourg and the

appropriate Luxembourg governmental agencies (Ministry of Health and Ministry of Agriculture) and registered under LUPA 2020/

25. Additionally, all experiments were planned and executed following the 3R guidelines (https://www.nc3rs.org.uk/the-3rs) and

the European Union directive 2010/63/EU.

Mice
The transgenic line B6.D2-Tg(Thy1-SNCA)14Pjk34,116 was used, referred to as Thy1-Syn14 or TG from here on forth. This line over-

expresses wild-type human aSyn under the transcriptional regulation of the neuron specific Thy1 promoter. As control animals, wild-

type (WT) littermates were used, and all TG were heterozygous for the transgene. All mice used were male, since we observed an

unexplained attrition of around 25% of female transgenic mice (untreated) between 4 and 5 months of age. For the characterization

of the line, different cohorts were used. For the experimental challenge cohort, 72 male animals, 36 TG and 36 WT littermates, were

used. They were singly-caged to avoid coprophagy, had access ad libitum to food andwater andwere exposed to a regular 12h-day-

night cycle. Animals were monitored twice a week. According to welfare guidelines, humane endpoints were set based on different

physical parameters, e.g., weight loss/gain, body temperature and coat condition. At the end of the in-life phase, themicewere anes-

thetized with a mix of 150 mg/kg ketamine + 1 mg/kg medetomidine and subsequently transcardially flush-perfused with 1X PBS.

Prior to perfusion, blood was collected from the right atrium.

During the in-life phase of the study, 10micewere either found dead in their home cage or reached a humane endpoint (Figure S9A).

This measure was in line with the animal welfare guidelines.

METHOD DETAILS

Experimental design
For the challenge study, 9-months old male mice were randomly assigned to 10 different treatment and respective control groups

(Figure S9A) and treated for a total of 9 weeks; 1-week dietary priming of the colon and additional 8 weeks combined diet and bac-

terial challenges (Figure S9B). Food, which was isocaloric (fiber-rich diet: 3.59 kCal/g; fiber-deprived diet: 4 kCal/g), was replaced
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every other week and the mice were gavaged with the respective bacteria or sham solution weekly. Body weight and overall health

was checked twice a week. Stool samples for microbiome analysis andmonitoring of basis grossmotor functions via hindlimb clasp-

ing and grip strength was also performed weekly (Figure S9B). After euthanasia, blood, brains and colons for molecular biology and

histology were collected.

Bacterial solution preparation and gavage
The E. coli strains used for treatment were C600 (EC) and its isogenic curli-operon knock-out C600:DcsgDEF; DcsgBA (DEC).25,27

Both strains were a kind gift from Matthew Chapman, University of Michigan. Expression/absence of curli operon was tested via

PCR using the following primer pairs: csgA_F-50-GCG-TGA-CAC-AAC-GTT-AAT-TTC-CA-30, csgA_R-50-CAT-ATT-CTT-CTC-
CCG-AAA-AAA-AAC-AG-3’; csgB_F-50-CCA-TCG-GAT-TGA-TTT-AAA-AGT-CGA-AT-30, csgB_R-50-AAT-TTC-TTA-AAT-GTA-

CGA-CCA-GGT-CC-3’. Additionally, curli protein expression was confirmed by Congo red staining (not shown). Both strains were

grown in Lennox broth under aerobic (5% CO2) conditions at 37�C agitating at 300rpm. Bacteria were resuspended in sterile PBS

for oral administration at 1010 CFU/mL

They were gavaged with 100mL of bacterial solution, or PBS for the gavage control groups, at a total bacterial load of 109CFUs.

Reusable stainless steel 20G feeding needles (Fine Science Tools, 18060-20) were used. Prior and in-between gavages, the feeding

needle was washed with filtered 70% ethanol and rinsed with sterile PBS. One group of feeding needles per treatment was used to

avoid cross-contamination. Importantly, the mice were not pre-treated with an antibiotic mix because 1) antibiotics have been shown

to prevent aSyn aggregation and be neuroprotective,117 and 2) measuring the impact of the fiber deprivation on a native microbiome

was an essential readout.

Tissue collection and preparation
Prior to the transcardial perfusion, up to 400mL of venous blood from the right atrium were collected in EDTA K3 coated collection

tubes (41.1504.005, Sarstedt), for plasma cytokine measurements. The tubes were gently inverted and then kept on ice. Plasma

was collected after centrifugation at 2000 x g for 10 min, transferred to RNase-free tubes and stored at �80�C.
After perfusion, the brain was placed on ice, and split along the longitudinal fissure into two hemibrains. For molecular biology an-

alyzes, one hemibrain was dissected into different regions of interest (striatum and ventral midbrain). The dissected regionswere then

put on dry ice and stored at �80�C. The other hemibrains were fixed for immunohistochemistry in 4% PBS-buffered paraformalde-

hyde (PFA) for 48 h at 4�C and then stored in PBS-azide (0.02%) at 4�C. Then, they were cut to generate 50mm thick free-floating

sections using the Leica vibratome VT1000 (Wetzlar, Germany), and sections were stored in a 1% (w/v) PVPP +1:1 (v/v) PBS/ethylene

glycol anti-freeze mix at �20�C until staining.

Colon samples for mucus measurements and histopathology were fixed in methacarn (60% absolute methanol: 30% chloroform:

10% glacial acetic acid) solution for 2–4 h, then transferred to 90% ethanol and kept at 4�C. Next, whole colon samples were first

transversally cut by hand with a microtome blade into 4-5mm long sections. Those pre-cut sections were then put into a histology

cassette while respecting the proximal to distal order. They were held in place in an ethanol-soaked perforated sponge. After 24h

post-fixation in 10% formalin, the samples were processed in a vacuum infiltration processor. Finally, all samples were embedded

in paraffin, and cut at 3mm on a microtome. If not processed immediately, the slides were stored at 4�C before being stained.

RNA extraction and RT-qPCR for midbrain and striatal aSyn characterization
From a separate cohort of 9-months old Thy1-Syn14 mice and corresponding WT littermates, we extracted RNA from dissected co-

lon and different brain regions using the Qiagen RNeasy Plus Universal Mini Kit (Qiagen, 73404). Briefly, 900mL QIAzol lysis buffer

(Qiagen, 79306) and three cold 5mm steel balls were added to each sample (previously stored at �80�C). In ice cooled racks, sam-

ples were homogenized at 20Hz for 2mins using the Retsch Mixer Mill MM400. Homogenates were transferred to new RNase clean

2mL tubes and left to rest for 5mins at room temperature (RT). 100mL gDNA eliminator solution was added and the tubeswere shaken

vigorously for 15 s. Then 180mL of chloroform was added and another strong shake was applied for 15 s. Homogenates were left to

incubate for 3mins at RT. Samples were then centrifuged at 12000 x g for 15min at 4�C. Five hundred mL of the upper aqueous phase

was collected and transferred to new 2mL RNase free tubes. Five hundred mL of ethanol was added to the supernatant and mixed by

inverting the tubes back and forth. RNeasymini spin columns were then loaded with 500mL of themix, centrifuged at 8000 x g for 30 s

at RT, followed by discarding the flow-through from the collection tube. This step was repeated once more. The spin columns were

then washed with two different buffers in three steps: one time with 700mL of RWT buffer and twice with 500mL of RPE buffer. At each

washing step, the columns were centrifuged at 8000 x g for 30 s at RT, and the flow-through was discarded. Columns were then

transferred to new collection tubes and spun at maximum speed for 1min. Finally, columns were transferred to an RNase free

1.5mL Eppendorf tubes. Fifty mL of RNase-free water was added to the columns to elute total RNA. RNA purity and quantity were

checked by spectrophotometry using the NanoDrop 2000 (ThermoFisher Scientific) and the Agilent 2100 Bioanalyzer, respectively.

Finally, RNA samples were stored at �80�C.
Themodel used in this study, Thy1-Syn14, carries a transgene for wild-type human aSyn (SNCA). To determine the levels of transcript

expression in comparison to endogenous murine aSyn (Snca), quantitative RT-PCR was performed on a separate untreated age-

matched male cohort (N = 15), using the following primer pairs: Snca F 50-GAT-CCT-GGC-AGT-GAG-GCT-TA-30, R 50-CT-TCA-
GGC-TCA-TAG-TCT-TGG-30, SNCA F 50-AAG-AGG-GTG-TTC-TCT-ATG-TAG-GC-30, R 50-GCT-CCT-CCA-ACA-TTT-GTC-ACT-T-30
22 Cell Reports 42, 113071, September 26, 2023
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and reference gene Gapdh F 50-TGC-GAC-TTC-AAC-AGC-AAC-TC-30, R 50-CTT-GCT-CAG-TGT-CCT-TGC-TG-3’. For the reverse

transcription of RNA to cDNA the SuperScript III RT reverse transcriptase from Invitrogen was used. Briefly, 1mL of oligo (dT) 20

(50mM) and 1mL of 10mMdNTPmixwas added to 1mg of total RNA. If needed, nuclease freewater was added to obtain the final reaction

volumeof 13mL. Themixturewas briefly centrifuged for 2-3s, heated at 65�C for 5min, and again chilled on ice for at least 1min. Another

mixture of 4mL 53 first strand buffer, 1mL RNaseOUT (RNase inhibitor), 1mL of 0.1M DTT, and 1mL of Superscript reverse transcriptase

(200 U/mL), was added. The final mixture was briefly centrifuged and incubated at 50�C for 1h followed by 15 mins at 70�C for enzyme

deactivation.80mLofRNase freewaterwereadded to the reactionmixture.TheobtainedcDNAwas thenplacedon ice for immediateuse,

or stored at �20�C for future use.

The qPCR reaction mix contained 2mL of cDNA, 10mM forward and reverse primers, 1X iQ SYBR Green Supermix (Bio-Rad) and

PCR grade water up to a volume of 20mL. Each qPCR reaction was run in duplicates on a LightCycler 480 II (Roche). The thermo

cycling profile included an initial denaturation of 3 min at 95�C, followed by 40 cycles at 95�C for 30 s, 62�C (annealing) for 30 s

and 72�C (elongation) for 30 s, with fluorescent data collection during the annealing step. Data acquisition was performed by

LightCycler 480 Software (version 1.5.0.39).

Protein extraction and western blot
For the mouse line characterization, where we used a separate cohort of 9-months old Thy1-Syn14 mice and corresponding WT lit-

termates, total protein was extracted as described before118,119 with minor adaptations. Briefly, fresh frozen (stored at �80�C)
dissected dorsal striatal and midbrain tissue was homogenized in a lysis buffer solution using a potter (Potter-Elvehjem PTFE pestle

and glass tube, Sigma-Aldrich, P7734). The lysis buffer volumes were adapted based on sample size (midbrain: 400mL; dorsal stria-

tum: 800mL). For protein extractions from colon samples of our treatment cohort mice, we used fresh-frozen samples and mechan-

ically disrupted them with a potter (Potter-Elvehjem PTFE pestle and glass tube, Sigma-Aldrich, P7734) and homogenized for 30s

with an electric pestle in 200mL of 0.5% SDS in PBS. Samples were spun at 750G for 15minutes to remove cellular debris.

From the characterization cohort, midbrain and striatal samples at 20mg of total protein and 5mLmolecular weight standard (Biorad,

Dual Color Precision plus (1610374)) were separated on 12% acryl SDS gels and transferred to a Nitrocellulose 0.45mm membrane

(Biorad, Trans-Blot Turbo Transfer, built-in Mixed molecular weight setting). For total aSyn, the polyclonal rabbit anti-pan-aSyn anti-

body (S3062, Sigma-Aldrich, 1:1000) was used, and, as internal reference, a monoclonal mouse anti-a-tubulin antibody (clone

[DM1A], ab7291, Abcam, 1:1000), followed by goat anti-mouse IRDyeR 800 CW (Li-Cor Biosciences, 926–32210, 1:10000) and

goat anti-rabbit IRDyeR 680LT donkey anti-rabbit (Li-Cor Biosciences, 926–68021, 1:10000) incubated for 1 h at RT incubation.

For the immunoblot detection of zonula occludens-1 and occludin, 10mg of proteins, and 5mL molecular weight standard (Biorad,

Dual Color Precision plus (1610374)) were separated on 12% acryl SDS gels and transferred to a Nitrocellulose 0.45mm membrane

(Biorad, Trans-Blot Turbo Transfer, built-inMixedmolecular weight setting). Membranes were washed 33 5min in PBS-Tween 0.1%

and blocked for 2 h RT in 5% non-fat milk diluted in the washing buffer. Membranes were then incubated overnight under gentle

agitation with primary antibodies monoclonal mouse anti-occludin (33–1500, Invitrogen, 1:2000) and the loading control polyclonal

rabbit anti-b-actin (ab8227, Abcam, 1:1000), or with the polyclonal rabbit anti-zonula occludens-1 (1:1000; Invitrogen 40–2200) and

its specific loading control monoclonal rabbit anti-Gapdh (5174S, Cell signaling, 1:1000) diluted in the blocking solution. After being

rinsed 3 3 10 min, membranes were incubated with anti-mouse 800CW (926–32210, Li-Cor Biosciences, 1:10000) and anti-rabbit

680LT (Li-Cor Biosciences, 926–68021, 1:10000) diluted in the blocking solution and washed twice for 5 min.

All protein supernatants were dosed using Bradford’s method assay (Biorad, 5000006). All imageswere captured using the LI-COR

Bioscience C-Digit Chemoluminescence scanner. Subsequent analysis was performed on ImageJ.

Microbial DNA extraction and 16S rRNA gene amplicon sequencing
For microbial DNA extraction from single fecal pellets, an adapted version of the IHMS protocol H120 was used. Fecal samples were

preserved in 200mL of a glycerol (20%) in PBS solution and stored at�80�C. Prior to the extraction, the samples were slightly thawed

and added 250mL guanidine thiocyanate and 40mL N-lauryl sarcosine (10%). The samples were then left at RT to fully thaw. Then,

500mL N-lauryl sarcosine (5%) were added before the fecal pellet was scattered and vortexed to homogeneity. Samples were

then shortly spun down and incubated at 70�C for 1h. Seven hundred fifty mL pasteurized zirconium beads were added to the tubes,

then put in pre-cooled racks and horizontally shaken for 7.5 mins at 25Hz in a Retsch mixer mill MM400. Fifteen mg polyvinylpyrro-

lidone (PVPP) was added and vortexed until dissolved. Then the samples were centrifuged at 20814 x g for 3mins. The supernatants

were transferred to new 2mL tubes and kept on ice. The pellet was washed with 500mLTENP (Tris, EDTA, NaCl and PVPP) and centri-

fuged at 20814 x g for 3mins. This step was repeated three times in total, and each supernatant was added to the previously new 2mL

tube. To minimize carryover, the tubes were centrifuged again at 20814 x g for 5mins, and the supernatant was split equally in two

new 2mL tubes. OnemL isopropanol (Merck) was added to each tube, andmixed in by inverting the tubes. After a 10min incubation at

RT, the samples were centrifuged at 20814 x g for 15mins. The supernatant was discarded, and the remaining pellet air dried under

the fume hood for 10mins. The pellet was then resuspended in 450mL phosphate buffer and 50mL potassium acetate by pipetting up

and down, before the duplicates were pooled and incubated on ice for 90mins. Then, the sample was centrifuged (20814 x g) at 4�C
for 35mins, the supernatant transferred into a new tube. Next, 2mL of RNase (10 mg/ml) were added. Then, the tube was vortexed,

briefly centrifuged, and finally incubated at 37�C for 30mins. Then, 50mL of sodium acetate, and 1mL of ice-cold 100% ethanol

(Merck) were added, and mixed in by inverting the tube several times. The sample was again incubated at RT for 5mins, and
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centrifuged at 20814 x g for 7.5min. The supernatant was discarded, and the newly formed pellet was subsequently washed three

times with 70% ethanol (Merck), and centrifuged at 20814 x g for 5mins. The supernatant was discarded each time. Finally, the clean

pellet was dried at 37�C for 15 min, then resuspended in 100 mL TE Buffer, and homogenized by pipetting. After incubation at 4�C
overnight, DNA quality and quantity were checked by Nanodrop 2000/2000c and Qubit 2.0 fluorometer (Thermo Fischer Scientific).

Samples were stored at �80�C until sequencing.

Five ng of isolated gDNA was used for PCR amplification using primers (515F (GTGBCAGCMGCCGCGGTAA) and 805R

(GACTACHVGGGTATCTAATCC)) specific to the V4 region of the 16S rRNA gene. For the first round of PCR, samples were amplified

for 15 cycles to avoid over-amplification. Six additional PCR amplification cycles were performed in the second round to introduce

sample specific barcode information. All samples were pooled in equimolar concentration for sequencing. Sample preparation and

sequencing were performed at the Luxembourg Center for Systems Biomedicine (LCSB) Sequencing platform using v3 2x300 nucle-

otide paired end sequencing kit for MiSeq.

Sample sizes per week:
Week

WT TG

FD PBS FR DEC FR EC FD DEC FD EC FD PBS FR DEC FR EC FD DEC FD EC

0 4 8 7 7 8 4 8 9 8 8

1 3 6 7 6 6 3 8 8 8 8

2 4 8 6 8 7 3 7 8 7 8

5 4 8 7 5 7 4 6 7 8 8

6 4 8 7 6 7 4 6 7 8 8

9 4 8 7 5 5 3 5 6 6 6
16S rRNA gene amplicon sequence analysis
Sequence analysis

Amplicon Sequence Variants (ASVs) were inferred from 16S rRNA gene amplicon reads using the dada2 package121 following the

paired-end big data workflow (https://benjjneb.github.io/dada2/bigdata_paired.html, accessed: September, 2020), with the

following parameters: truncLen = 280 for forward, 250 for reverse reads, maxEE = 3, truncQ = 7, and trimLeft = 23 for forward, 21

for reverse reads. The reference used for taxonomic assignment was version 138 of the SILVA database (https://www.arb-silva.

de).122

Microbial diversity and related statistics
Microbiome count data wasmanaged using the phyloseq R package.123 This package was also used to calculate the Shannon index

for alpha diversity and the Bray-Curtis dissimilarity based non-metric multidimensional scaling (NMDS) ordination for beta diversity.

Statistical significances of alpha diversity differences were evaluated with the Kruskal-Wallis test (overall comparison between all

groups) and the Wilcoxon Rank-Sum Test with false discovery rate correction for multiple comparisons (pairwise contrasts). For

beta diversity comparisons, the adonis PERMANOVA test from the R package vegan (Oksanen et al., 2020)124 was used. All diversity

comparisons were performed using ASV count data rarefied to the lowest number of sequences in a sample. Taxon-specific plots

(genus and family level) were made using relative abundances (% of taxa out of total).

E. coli quantitative Real-Time PCR (qRT-PCR)
DNA extracted from themice at weeks 0 (Baseline), 1, 2, 5, 6 and 9, were subjected to qRT-PCR to determine the presence and abun-

dance of E. coli. To achieve this, specific primer-probe sets were designed based on a priori knowledge of target sequences for the

gavaged E. coliwildtype strain and a universal 16S rRNA gene. The sequences and the respective primer-probe sets are listed in the

key resource table. GBlocks from IDT were used as positive controls, along with DNA extracted from the E. coli strain C600 that was

used for gavaging themice. Negative controls were established using DNAextracted from Fusobacterium nucleatum andClostridium

sciendens. No template controls were additionally used to assess any noise from primer-dimers. The levels of E. coli were obtained

by normalised Cq value based on the universal primer-probe set to account for the total bacterial load within each mouse.

Calprotectin ELISA
We measured calprotectin using the S100A8/S100A9 ELISA kit (#K6936, Immundiagnostik AG, Germany). In brief, fecal samples,

collected at week 1, 2, 6 and 9, as well as fecal matter from the proximal colon after the mice were sacrificed, were homogenized

1:10 (w (mg)/v (mL)) in extraction buffer by vortexing and subsequently centrifuged for 10 min at 30003 g. We transferred the super-

natant to a new microcentrifuge tube and used 100mL for ELISA assay. We then followed the protocol as per the provider. The data

was analyzed using the 4-parameter algorithm.
24 Cell Reports 42, 113071, September 26, 2023

https://benjjneb.github.io/dada2/bigdata_paired.html
https://www.arb-silva.de
https://www.arb-silva.de


Article
ll

OPEN ACCESS
Plasma cytokine measurements
Blood was collected as described above using K3 EDTA plasma tubes (41.1504.005, Sarstedt). After collection, tubes were inverted

up to 4 times. Plasma was isolated by centrifugation at 2000 x g for 10 min. We then transferred supernatants to newmicrocentrifuge

tubes and stored them at �80�C until further use.

For the cytokine measurements, we diluted the samples 1:10 in PBS. For the measurement we used a membrane-based antibody

array (ARY006, R&D Systems) and followed the provider’s protocol.

In brief, themembranes are first incubated for 1hr on a horizontal platform shaker in blocking buffer. During incubation we prepared

the samples by adding our diluted (1:10) plasma to 0.5 mL of array buffer 4 and added 15 mL of the Mouse Cytokine Array Panel A

Detection Antibody Cocktail to the samples. The incubation was kept for 1 h at RT. After this blocking step, we removed the blocking

buffer, added the sample mix onto the membranes and maintained the incubation overnight at 4�C on a horizontal platform shaker.

Finally, we washed the membranes twice and then added 2mL of a Streptavidin-HRP solution onto the membranes and incubated

them for 30 min. We washed the membranes again as before, then put the membranes between a sheet where we added 1mL of

Chemi Reagent Mix. All air bubbles were smoothed out and incubation was performed for 1 min. Excess buffer was removed, the

cover was reapplied and finally proteins of interest were revealed by chemiluminescence on a ChemiDoc XRS+ System (Bio-Rad,

Belgium). For the analysis of the signals, we used the Image Lab software (version 6.1.0 build 7) from Bio-Rad. We created a

mask, which was applied on eachmembrane to cover the same surface for each dot/protein (area fixed at 3.34 mm2). Pixels intensity

(mean value) of each cytokine was then established per membrane.

Alcian blue staining and outer mucus thickness measurements
We performed a first Alcian blue staining on a separate study cohort, which we challenged with the FD diet for either 1 week or

3 weeks. This staining was performed at the University of Michigan and microphotographs were taken at the Laboratoire National

de Santé (LNS) in Dudelange, Luxembourg. The Alcian blue stainings on the treatment cohort colon samples were performed at

the National Center of Pathology (NCP) of the Laboratoire National de Santé in Dudelange (Luxembourg). The sections were stained

for Alcian blue (Artisan Link Pro Special Staining System, Dako, Glostrup, Denmark) according to manufacturer’s instructions.

Five-10 images per section at 20x magnification were collected for each mouse. This resulted in up to 24 images per animal. The

criterion for the correct images was that the sections were cut at the correct plane level. This was determined by the orientation and

definition of the colonic crypts, which had to be fully visible pointing toward the colonic lumen. Only the outer mucus areas which

could clearly be distinguished from the inner mucus layer and the colonic content weremeasured. In ImageJ, the scale of each image

was adapted using the imprinted scale bar as reference and an average of 6 measure points, spanning the outer mucus layer, per

image were taken. The criteria as well as the analysis for the inner mucus measures were identical.

Immunofluorescent staining of colon sections
Sections were deparaffinized in xylene 33 5mins. Before proceeding to rehydration, the slides were checked for paraffin residues. If

not, the sections were treated another round with xylene. A three-step rehydration with 100%, 70% and 50% ethanol each twice for

10 min followed deparaffinization. After washing with dH2O, slides were treated with a citrate buffer (0.1M, pH6.0, +0.1% Tween 20)

for antigen retrieval at 80�C for 30-35mins. After letting the sections cool down for 20mins, the slides were again washed with dH2O

23 5mins. Next, endogenous peroxidase activity was quenched by incubating the slides in a 3%H2O2 methanol solution for 15 min,

followed by tissue permeabilization in PBS +0.4% Triton X-100 (PBS-T) + 1% BSA (2 3 10mins). Finally, unspecific antigen binding

was blocked by incubation with PBS-T + 5% BSA for 30–45 min. After washing again with dH2O, the tissue was circled with a hy-

drophobic Dako pen (S2002, DAKO), and the primary antibodies were added. They were incubated at room temperature (RT) for

2hrs, and then transferred to 4�C for overnight incubation in a humidified chamber. The following day, slides were washed briefly

with dH2O, then washed with 1% BSA + PBS-T 2 3 5mins, and finally rinsed with dH2O. Tissues were circled again with the hydro-

phobic pen and secondary antibodies were added. Slides were then incubated for 2 hrs at RT in the humidified chamber. Finally, they

were washed 3 3 5mins with PBS-T, and rinsed with dH2O. Excess water was removed by gentle tapping, and slides were cover-

slipped with DAPI Fluoromount-G (0100-20, SouthernBiotech).

To detect phosphorylated aSyn in the ENS, double staining using the following antibodies: polyclonal chicken anti-PGP9.5

(ab72910, Abcam; 1:1000), monoclonal rabbit anti-pS129-aSyn (ab51253, Abcam; 1:500) was used.

For the localization of total and human aSyn in the colon, primary antibodies used were a polyclonal rabbit anti-pan-aSyn (S3062

Sigma-Aldrich, 1:1000) and a monoclonal mouse anti-human-aSyn (clone 211, S5566, Sigma-Aldrich, 1:1000). The protocol was the

same except for the revelation steps. Briefly, after primary antibody incubation, slideswere incubatedwith the appropriate secondary

biotinylated antibody for 2 h. Next, theywere incubatedwith an avidin-biotin-complexmix for 1 h. After washing 23 10mins in PBS-T,

the revelation was done using 3,30-diaminobenzidine (DAB) and H2O2 for 3mins. The slides were finally washed in twice ddH2O for

2mins each and again once in dH2O for 2mins. As counterstain, the slideswere emersed 2 times in hematoxylin for 20s andwashed in

dH2O. A final rinse under tap water was done to intensify the colorization. All slides were again dehydrated (70% EtOH, 95% EtOH

and Xylene) and coverslipped using Merck’s Neo-Mount.
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Behavior
Hindlimb clasping

The method was adapted from.125 In brief, animals were taken by the tail near the base and suspended for 10 s. If both hindlimbs

stayed stretched and did not touch the abdomen for more than 50% of the suspension time, the mouse was scored 0. A score of

1 or 2 was given if one respectively both hindlimbs were retracted for more than 50% of the suspension time. If they were retracted

and touched the abdomen for the entire suspension time, a score of 3 was given. In the most severe cases, the animals twisted

around the vertical body axis or even rolled up to a so-called bat position. These caseswere given a score of 4. This test was repeated

weekly.

Grip strength

The grip strength test126 was performed using Bioseb’s grip strengthmeter (Vitrolles, France). This test was chosen for the challenged

cohort, since we expected the animals to vary in weight due to a potential diet impact. Weight fluctuations would have introduced an

unwanted bias in the inverted grid hanging test (see below). Animals were gently placed on a grid, allowed to grab onto it with all four

paws, and then gently pulled off in a continuous backwards motion by their tail. Technical triplicates were taken for each mouse.

Values were normalized to the weight of the respective mouse. The test was repeated weekly.

For the characterization of the Thy1-Syn14 line in different aged cohorts (3, 6 and 13 months), we performed a simplified version of

the inverted grid test to assess grip strength.127,128 Therefore, we measured the hanging time to assess the simultaneous 4-limb grip

strength, with a time cut-off of 30 s. Since for the same age and genotype, the mice did not vary in weight, no weight altering pro-

cedure influenced the weight and there was no external force involved, we did not have to normalize the hanging time values by the

respective weights of the mice.

Adhesive removal

The test was adapted from Bouet and colleagues.129 Briefly, animals were placed in a round transparent arena for 1 min as habitu-

ation. A piece of rectangular tape (33 5mm) was placed on each forepaw. The time was taken once the animals touched the bottom

of the arena. Then, the time of first touch and first removal was taken. The test was performed in duplicates, and performed at base-

line as well as at the end of the in-life phase. Replicates from mice that froze for at least 30 s, when we put them into the arena, were

removed from the analysis.

Immunofluorescent staining on free-floating brain sections
Immunofluorescent stainings on free-floating sections were performed following a standard protocol130 with minor adaptations.

Briefly, sections were washed in PBS +0.1% Triton X-100 (TX100) to rinse off the anti-freeze solution. Then, they were treated with

a permeabilization/peroxidase inactivation solution (PBS +1.5% TX100 + 3% H2O2) for 30mins, followed by 2 3 5mins washing. To

prevent unspecific antibody binding, the sections were incubated in 5% BSA +0.02% TX100 for 1 h. After a short washing step, sec-

tions were incubated with primary antibody(ies) diluted in antibody solution (PBS +2% BSA) over night at room temperature (RT) on

an orbital shaker. The next day, sectionswere washedwith PBS +0.1%TX100 to remove all excess first antibody. Sections were then

incubated with secondary antibody (+ antibody solution) for 2 hrs at RT on an orbital shaker under a light trap. Finally, sections were

washed with simple PBS (at least three times for 10mins) and then mounted on Superfrost (ThermoFisher Scientific) slides, left to dry

for up to 12hrs, and cover-slipped using the Fluoromount-G (Invitrogen) mounting solution.

The following antibodies were used: monoclonal rabbit anti-pS129-aSyn (Abcam, ab51253; 1:1000), monoclonal mouse anti-

pS129-aSyn (Prothena Biosciences Inc., 11A5; 1:1000), polyclonal chicken anti-tyrosine hydroxylase (Abcam, ab76442; 1:1000),

polyclonal rabbit anti-tyrosine hydroxylase (Merck (Sigma-Aldrich), AB152; 1:1000), polyclonal rat anti-dopamine transporter

(MAB369, Merck (Sigma-Aldrich); 1:1000), polyclonal rabbit pan aSyn (S3062, Sigma-Aldrich, 1:1000), monoclonal mouse human

aSyn 211 clone (S5566, Sigma-Aldrich, 1:1000) and rabbit anti-ionized calcium-binding adapter molecule 1 (Iba1) (1919741,

Wako, 1:1000).

Quantitative neuropathology
Sections were imaged using a Zeiss AxioImager Z1 upright microscope, equipped with a PRIORmotorized slide stage and coupled a

‘‘Colibri’’ LED system to generate fluorescence light of defined wavelengths, and a Zeiss Mrm3digital camera for image capture. The

complete imaging system was controlled by Zeiss’ Blue Vision software. All histological analyzes were performed blinded.

The quantification of TH-positive fibers and DAT-positive synaptic terminals was done as described before in.86 Briefly, two doubly

labeled (rabbit anti-TH and rat anti-DAT) sections were used. A total of 6 (3/section) 40x (223.8 3 167.7 mm2) pictures of the dorsal

striatumwere acquired using the optical sectioning systemApotome.2 (Zeiss). The percent area occupied of TH and DAT by intensity

thresholding was determined using ImageJ software and averaged for each mouse.

The quantification of TH-positive neurons in the SNpc has been described and the obtained results were shown to correlate with

stereological cell counts (see supplementary information in Ashrafi et al., 2017). Briefly, to estimate TH-positive neurons in the SNpc,

anatomically distinguishable levels were identified and applied to 7–12 fifty-micron sections/mouse. Then, 2x2 tiled pictures/section

were taken at 10X objective and converted into single Tiff files for image analysis. Next, the region of interest (ROI) of the area occu-

pied only by TH-positive neurons was outlined. After thresholding, the ROI occupied (in pixels) by TH-positive neurons was

measured. For each anatomical levels of the SN, up to 2 sections/level were measured. Single and/or averaged values/level were

finally summed up to one single representative value, the ‘‘cumulative SN surface’’ and converted to mm2.
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To quantify pS129-aSyn in the dorsal striatum (Double label: area reference marker polyclonal rabbit anti-TH; pS129-aSyn marker

monoclonal mouse 11A5), 40x images were converted to 8-bit and the threshold was automatically set to ‘‘MaxEntropy’’. Next, the

images were appropriately scaled from pixel to mm. Greater non-synaptic particles were excluded by selecting them using the

‘‘Analyze Particles’’ tool (Size (mm2): 30.00-Infinity; Circularity: 0.25-1) and adding them to the ROI Manager. Before measuring

the area occupied by pS129-aSyn-positive synapses, all images were again manually curated for wrongly selected areas. Finally,

the ROIs to be excluded were selected using the ‘‘XOR’’ tool from the ROI manager. This resulted in a final curated ROI for quanti-

fication of the percent area occupied by pS129-aSyn-positive synaptic areas.

To estimate pS129-aSyn positive aggregates in the SNpc (monoclonal rabbit anti-pS129-aSyn), the same ROIs as chosen for TH

quantification were used. In ImageJ, a virtual grid with a square area of 2500mm2 was overlaid. Pictures were then manually analyzed

for pS129-aSyn positive accumulations. Based on morphology, pS129-aSyn positive cell bodies (1 count = 1 cell body) and other

pS129-aSyn positive particles (number of particles per square) of non-cell shapes were counted separately. Finally, counts were

normalized per square (area of ROI/area of square) and summed up for all 4 zones (see TH quantification).

To quantify microglia, 3-4 sections for SNpc and 2 sections for the dorsal striatum, were doubly stained for TH and Iba1. For the

SNpc, microphotographs were acquired as described above the TH quantification. Due to reduced availability of tissue, we could not

acquire image for all different zones as described for TH quantification. We therefore pooled all images and focused on the ventral

downward-pointing region of the SNpc which contained TH-positive neurons. In ImageJ, the microphotographs were then overlayed

so that the orientation was the same for all images and after thresholding, the Iba1-positive relative area occupied (in %) of the ROI

occupied (in pixels) by TH-positive neurons was measured.

Double IF and thioflavin-S staining on free-floating sagittal brain sections
For immuno- and Thioflavine S (Sigma-Aldrich, T1892) double staining, fluorescent immunostaining was performed first, micropho-

tographs were taken, then Thio-S staining was performed as described.131 Two brain sections/mouse of the followingmice ormouse

models were used: 2 mice of this study with the highest aSyn inclusion load (for illustration purposes) after FD and E.coli treatment,

three 17-month-old transgenic mice overexpressing 4-repeat human tau mutated at G272V and P301S under the Thy1.2-promo-

tor,132 and three 20-month-old transgenic mice overexpressing mutated human amyloid protein precursor with two mutations linked

to familial Alzheimer’s disease (Swedish and Indiana mutations) under the PDGF-b promoter.131 Antibodies used were all mouse

monoclonals: 11A5 for pS129-aSyn (Prothena), AT8 for hyperphosphorylated tau (Invitrogen, MN1020), 82E1 for amyloid

beta (IBL-America, 10323), and used at 1:200. Secondary antibody was goat anti-mouse AlexaFluor 594 (Invitrogen, A-11032),

diluted 1:200.

For illustration of Thio-S signals, the same location (with the help of anatomical landmarks on brain sections) as chosen for antibody

signals was chosen (with the help of anatomical landmarks on the sections) for a second microphotograph. Pictures were taken with

the same microscope equipment as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the statistics of the 16S rRNA gene amplicon sequencing data see above. For all other measurements of the challenged mouse

cohort, the permutational multivariate analysis of variance (PERMANOVA, non-parametric multivariate statistical permutation) test

and the Kruskal-Wallis followed by the non-parametric Mann-Whitney U test for group comparison were performed. False discovery

rate (FDR) was used to correct for multiple comparison. However, in many cases the uncorrected p values were used to illustrate

noteworthy differences. We noted in figure legends and/or the main text, which test(s) was/were used and if, in case of the Mann-

Whitney U test, a correction for multiple comparison was applied.
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