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Abstract.
Background: Evidence supports a role for the gut-brain axis in Parkinson’s disease (PD). Mice overexpressing human wild
type �–synuclein (Thy1-haSyn) exhibit slow colonic transit prior to motor deficits, mirroring prodromal constipation in PD.
Identifying molecular changes in the gut could provide both biomarkers for early diagnosis and gut-targeted therapies to
prevent progression.
Objective: To identify early molecular changes in the gut-brain axis in Thy1-haSyn mice through gene expression profiling.
Methods: Gene expression profiling was performed on gut (colon) and brain (striatal) tissue from Thy1-haSyn and wild-type
(WT) mice aged 1 and 3 months using 3′ RNA sequencing. Analysis included differential expression, gene set enrichment
and weighted gene co-expression network analysis (WGCNA).
Results: At one month, differential expression (Thy1-haSyn vs. WT) of mitochondrial genes and pathways related to PD
was discordant between gut and brain, with negative enrichment in brain (enriched in WT) but positive enrichment in gut.
Linear regression of WGCNA modules showed partial independence of gut and brain gene expression changes. Thy1-haSyn-
associated WGCNA modules in the gut were enriched for PD risk genes and PD-relevant pathways including inflammation,
autophagy, and oxidative stress. Changes in gene expression were modest at 3 months.
Conclusions: Overexpression of haSyn acutely disrupts gene expression in the colon. While changes in colon gene expression
are highly related to known PD-relevant mechanisms, they are distinct from brain changes, and in some cases, opposite in
direction. These findings are in line with the emerging view of PD as a multi-system disease.

Keywords: Parkinson’s disease, brain-gut axis, gene expression profiling, alpha-synuclein

INTRODUCTION

Parkinson’s disease (PD) is a significant source of
disability and morbidity among the aging population.
Current therapeutic approaches largely treat motor
symptoms. By the time motor symptoms occur, 50%
of dopaminergic neurons have been lost [1]. Stud-
ies in rodent models support Braak’s hypothesis that
PD may begin in the gastrointestinal (GI) tract [2–4].
Human studies also strongly indicate involvement of
the GI tract in patients with PD, including a high
prevalence of GI symptoms, prodromal constipation,
and the presence of Lewy type synucleinopathy in the
colon of these patients [5]. Improved understanding
of early changes in the gut in PD may lead to identifi-
cation of gut-biomarkers for early diagnosis as well as
gut-directed therapies targeting the premotor phase.

Mice overexpressing human wild-type
�−synuclein (haSyn) under the neuron-specific
Thy1 promoter (Thy1-haSyn) are a well-established
model of PD [6]. In this model, haSyn expression
begins at about 1 month. At three months there
is microglial activation in the striatum, which is
the earliest brain region affected in this manner
[7]. A gastrointestinal phenotype, characterized by
prolonged distal colonic transit, is evident at three to
five months [8, 9].

To identify pathways that are dysregulated in early
disease, we performed gene expression profiling by
RNA sequencing of the gut and the brain from young
(1 and 3 months) Thy1-haSyn and wild type (WT)
mice. We chose to study regions that are affected

early in this model—the striatum and the distal
colon. Our analysis of these data used a quantitative
genome-wide approach, including gene set enrich-
ment analysis (GSEA) [10, 11] and weighted gene
coexpression network analysis (WGCNA) [12]. Our
findings demonstrate that ubiquitous neuronal over-
expression of haSyn elicits robust changes in gut gene
expression. These changes are thematically related
to PD; however, they are distinct from concurrent
changes in the brain. We present functional annota-
tion of gene networks involved in this response and
discuss gut alterations induced by alpha-synuclein
overexpression in the context of PD pathology. We
anticipate that these data, together with user-friendly
networks accessible on the Network Data Exchange
[13], will be a valuable resource in identifying novel
therapeutic targets along gut-brain axis for PD.

METHODS

PD mouse model

Thy1-haSyn and WT mice were generated by
breeding female BDF1 background mice het-
erozygotic for the Thy1-aSyn transgene on the
X-chromosome (developed by E. Masliah, UCSD)
with wild-type male BDF1 mice (Charles River, Hol-
lister, CA) [6, 14]. In this model, haSyn expression
begins at about 1 month. At three months, there is
microglial activation in the striatum, which is the
earliest brain region affected in this manner [7]. In
addition, prolonged distal colonic transit is evident
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at three months [8, 9]. Thy1-haSyn mice show a
progressive phenotype, with motor deficits charac-
teristic of PD occurring around 14 months [6]. In
order to identify early changes, mice at one and three
months of age were used in this study. Male mice
are used because the transgene is located on the X
chromosome, and female mice exhibit a variable phe-
notype likely due to random X inactivation [15]. The
genotype of all mice was determined at 21 days and
verified at the end of the study with polymerase chain
reaction (PCR) amplification analysis of tail DNA.
Animal care was conducted in accordance with the
United States Public Health Service Guide for the
Care and Use of Laboratory Animals, and procedures
were approved by the Institutional Animal Care and
Use Committee at the University of California Los
Angeles (UCLA).

RNA sequencing

Mice were deeply anesthetized with sodium
pentobarbital [100 mg/kg, intraperitoneal] and tran-
scardially perfused with 0.1 M phosphate buffered
saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, 1.47 mM KH2P04, pH 7.4). Brain and
colon were both quickly removed and simultane-
ously dissected by team-members experienced in
tissue preparation of gut or brain. A 5 mm seg-
ment of distal colon (distal extent 5 mm from anus)
was stored in RNAlater (Invitrogen, Carlsbad, CA)
or frozen directly on powdered dry ice. Coronal
blocks of the striatum were micro-dissected using
an acrylic mouse brain slicer matrix with 1.0 mm
coronal intervals (Mouse Brain Matrix, AL-1175;
Roboz Surgical Instrument Co., USA) and frozen
on powdered dry ice. All samples were stored at
–80◦C. Distal colon and striatum were homog-
enized in QIAzol and an RNeasy Plus kit was
used to purify the RNA (Qiagen). A Quant-iT™
RiboGreen™ RNA Assay Kit (Fisher Scientific) was
used to determine the quantity of RNA. For sequenc-
ing, samples were normalized to a concentration of
25 ng/ � L. RNA quality (RNA integrity number > 9
for all samples) was confirmed by Agilent TapeS-
tation capillary electrophoresis. RNA sequencing
(RNA-seq) was performed in the UCLA Neuro-
science Genomics Core Laboratory. A QuantSeq 3′
FWD cDNA library synthesis kit (Lexogen, Vienna,
Austria) was used to reverse transcribe the RNA [16].
Multiplex DNA sequencing was performed using an
Illumina HiSeq 4000 instrument with single-strand
65nt sequence reads following standard manufacturer

protocols. Samples yielded > 3 million reads. Mean
(standard deviation) unique read rates were 72.0%
(4.24%) in the colon and 30.5% (4.78%) for striatum
[17].

A limitation of 3’ single-end sequencing in mouse
brain is the high abundance of non-coding brain cyto-
plasmic RNA (BC1) [17], which is polyadenylated
and resulted in a large number of multi-mapping reads
(mean, sd: 65.8%, 4.3%) in the striatum. Following
correction for sequencing artifacts (described below),
the number of multi-mapping reads did not corre-
late with the top five principal components for gene
expression (Supplementary Figure 1 in Supplemen-
tary File 1). Genes (n = 25) containing BC1 in the
3’ region are shown in Supplementary Table 1 (in
Supplementary File 1).

Generation of normalized counts and removal of
sequencing artifacts

BBDuk was used to trim adapter and polyA
sequences, as well as low quality nucleotides from
de-multiplexed raw reads (FASTQs) [18]. STAR
RNA-seq aligner (v2.7.0e) [19] was used to align
trimmed reads against the mouse genome (GRCh38,
GENCODE release MM22) and generate gene level
counts. Initial processing included retention of genes
with counts of at least 5 in 30% of samples and
removal of sample outliers using standardized sample
network connectivity (Z < 2) [20]. Count data were
prepared for linear modeling with the getVarianceS-
tabilizedData function in the DESeq2 package for R
[21]. The Picard Tools suite was used to generate
sequence-level metrics for quality control [22], which
were combined with count information from the
alignment and summarized by principal component
analysis (Supplementary Table 2 in Supplementary
File 1). The sequencing artifacts that affected the
top four principal components of normalized expres-
sion were removed by linear regression as described
previously [23] (Supplementary Table 3 in Supple-
mentary File 1). For differential expression analysis,
normalization and removal of sequencing artifacts
was performed for each tissue and time point (colon
at 1 and 3 months, striatum at 1 and 3 months) to
improve detection of genotype-related differences.
However, for gene set enrichment analysis (GSEA)
and weighted gene coexpression analysis (WGCNA),
the time points were analyzed together in each tissue
to increase sample size.
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Differential expression analysis

The Linear Models for Microarray Analysis
(limma) package in R v3.6.1 was used to determine
differential gene expression [24, 25]. A two-sided
adjusted-p value threshold (Benjamini-Hochberg)
of 0.05 determined statistical significance. Expres-
sion of the haSyn transgene was measured with an
nCounter (NanoString Technologies, Seattle, WA)
probe targeting the human alpha synuclein trans-
gene. A set of six genes was validated with qPCR
using SYBR green signal detected on a CFX384 (Bio-
Rad Laboratories, Hercules, CA) in 15 Thy1-haSyn
and 12 WT at 1 month. Primers and SNCA probe
sequences are shown in Supplementary Table 4 (in
Supplementary File 1). Stratified rank-rank hyperge-
ometric overlap to identify concordant and discordant
overlap in differential expression was performed
using the hypergeometric method in the RRHO2
package in R [26]. Genes were ranked by p-value and
effect size/direction (-log10(p value)*sign(effect)).

Gene set enrichment analysis (GSEA)

GSEA was performed with processed expression
data as the input against the KEGG, GO and hall-
mark gene sets obtained from Molecular Signatures
Database (v7.0) using default parameters in GSEA
v4.0 [10, 11, 27, 28]. The GSEA-recommended FDR-
q value cutoff of 0.25 was used to determine statistical
significance. To compare enrichment across tissue,
expression values from colon and striatum (the same
values used for WGCNA) were scaled and combined
into one matrix, which was used as the input for the
analysis. Enrichment results were visualized using
the Enrichment map add-on for Cytoscape v3.8 [29,
30].

Weighted gene co-expression network analysis
(WGCNA)

Network construction. WGCNA was performed in
R [12]. Genes on the X chromosome, which contains
the transgene, were excluded. For colon samples, a
signed network was constructed based on biweight
midcorrelations with a soft power threshold of eight.
The percent of outliers for biweight midcorrelations
was restricted to 5%. Module detection used a cut
height of 0.995, a minimum module size of 60, and
a deep split level of 1. Highly correlated modules
(>0.75) were merged. Analysis for striatum used the
same parameters except for a soft threshold power of

12 and restriction of outliers for biweight midcorre-
lations to 1%.

Module annotation and association with traits.
Overrepresented gene ontology (GO) terms were
determined using the hypergeometric function in the
GOstats package in R [31]. Visualization was per-
formed using Cytoscape v3.8 and the Clue GO add-on
for Cytoscape [30, 32]. Edge weights were derived
from the adjacency matrix used for WGCNA. Enrich-
ment for gene signatures from single cell sequencing
data was determined using the hypergeometric test.
Cell type signatures were obtained from the Panglao
and CellMarker databases [33, 34]. Analysis was
performed both with database entries from only tis-
sue relevant sources (“GI tract,” “Brain”) as well
as with other relevant contexts such as immune
cells and mesentery. Risk variant annotations were
obtained from the EMBL-EBI GWAS catalog. For
cell type and risk variant enrichment, a module
membership (MM, correlation with module eigen-
gene) threshold of 0.2 was used for inclusion in
the module. For GO enrichment, an MM thresh-
old of 0.6 was used initially. To improve annotation
of small and large modules, analysis was also per-
formed on all module genes and with thresholds
of 0.7 and 0.8. Association of MEs with traits was
evaluated initially by Pearson correlation. Univari-
ate and multivariate associations between module
eigengenes and genotype were determined with lin-
ear regression [35]. For age-associated modules, age
and the age*module interaction effect were also
included. Thy1-haSyn-associated modules in uni-
variate analysis (unadjusted p < 0.05) were included
in multivariate models. Co-linearity was assessed
prior to multivariate regression. Backwards stepwise
regression was used to determine the strongest pre-
diction model based on Akaike information criterion
(AIC). Due to the large differences in one and three
months in the colon and significant genotype*age
interaction effects, regression was also performed
separately by time point in the colon. Regression
models including both colon and striatum modules
were determined in the subset of sample with RNA-
seq data from both tissues [n = 10 Thy1-haSyn (4 1 m,
6 3 m), n = 6 WT (3 1 m, 3 3 m)].

Respirometry in freshly isolated colonic crypts

Isolation of crypts. Mice were euthanized with
isoflurane followed by cervical dislocation. Colons
were removed and everted, and crypts were dissoci-
ated by incubating in prewarmed 20 mM EDTA (Life
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Table 1
Greater differential gene expression between Thy1-haSyn and WT at 1 versus 3

months in both gut (colon) and brain (striatum) (FDR < 0.05)

Time Tissue n DEGs
Thy1-haSyn WT Up down

1 month Colon 9 7 367 336
Striatum 4 5 444 412

3 months Colon 9 7 137 143
Striatum 6 4 186 226

DEG, differentially expressed gene; Thy1-haSyn, alpha-synuclein overexpressing; WT, wild
type.

Technologies, Carlsbad, CA) in Hanks Balanced Salt
Solution without calcium and magnesium (Corning,
Corning, NY) at 37◦C in a water bath for 30 min.
Colons were then transferred to a conical tube con-
taining 30 ml cold HBSS and vortexed with eight 5-s
pulses. Fetal Bovine Serum (Sigma F4135, St Louis,
MO) was added to a final concentration of 10% and
the solution was centrifuged at 125 g for 3 min. Crypts
were washed in Seahorse ADF medium consisting
of Advanced DMEM/F12 (Corning, Corning, NY)
with 2 mM Glutamax (Gibco, Billings, MT) and 1%
penicillin-streptomycin (GenClone, San Diego, CA)
and then resuspended in Seahorse Assay Medium
composed of unbuffered DMEM (Sigma, D5030)
supplemented with 2 mM Glutamax, 1 mM sodium
pyruvate, 5 mM HEPES, and 15 mM glucose.

Respirometry. Oxygen consumption rates (OCR)
of freshly isolated colonic crypts were measured
as previously described with minor modifications
[36]. Crypts were seeded in 5-6 replicate wells at
a density of 150 crypts per well in prewarmed
Seahorse XF96 culture plates (Agilent Technolo-
gies, Santa Clara, CA), which had been incubated
with Matrigel (Corning) diluted 1 : 10 in Seahorse
ADF medium for 1 h at room temperature and then
overnight at 4◦C. The plate was centrifuged for
3 min at 125 g to bring the crypts to the base of
the wells. Prior to respirometry measurements, plates
were incubated for 30–45 min at 37◦C (without CO2).
OCR and extracellular acidification rate (ECAR)
were measured in a Seahorse XF96 analyzer. The
following compounds were used for injections dur-
ing the assay: 4 �M oligomycin A (Calbiochem,
San Diego, CA), 1.8 �M Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP; Sigma,
C2920), 4 �M antimycin A (Sigma, A8674), 4 �M
rotenone (R8875). After the assay, crypts were fixed
with 4% paraformaldehyde (Thermo Fisher Scien-
tific, Waltham, MA). Manual counts of the number
of crypts per well were used for data normalization.

Data analysis. We first excluded wells (one of
five replicates for three samples) that did not show
the appropriate response to the injections (e.g.,
where the following was not true for OCR measure-
ments: OCR after FCCP > basal OCR > OCR after
oligomycin > OCR after Antimycin A/Rotenone).
Calculations used standard protocols and are shown
in a schematic in Supplementary Figure 2 (in Sup-
plementary File 1) [37]. The number of wells per
sample is shown in Supplementary Table 5 (in Sup-
plementary File 1). One well was excluded prior to
normalization because it was an outlier among repli-
cate wells (>1.5 times the interquartile range above
the third or below the first quartile). Two samples
contained a well for which the crypt count for nor-
malization was an outlier. As crypt count was strongly
associated with maximal OCR strongly (F = 84.2,
p < 2 × 10–16, estimate for OCR 0.83, p = 9 × 10–11),
we imputed crypt count for two wells where crypt
counts were outliers. Following normalization, an
additional four outlier wells were removed.

Statistical analysis

Except where noted, samples sizes are those shown
in Table 1, group differences were determined with t-
tests, and two-sided p-values were used to determine
statistical significance. All measurements shown are
from distinct samples. Where shown, adjusted p val-
ues were determined with the Benjamini-Hochberg
method unless otherwise noted. For respirometry, lin-
ear regression was used to determine the effect of
genotype, age and the genotype*age interaction on
calculated measures (e.g., basal respiration). Time
series data was analyzed with general additive models
using the ‘mgcv’ package in R.[38, 39] The signif-
icance of the time*genotype interaction effect was
determined by a likelihood ratio test comparing the
model fit with and without this term.
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Fig. 1. Top differentially expressed genes. Heat map of scaled expression for the top 50 genes with NCBI IDs in each tissue and time
point. Rows are clustered by distance. Lower case letters identify individual animals for which matched (gut, brain) samples are present. All
differentially expressed genes are provided in a supplement. Samples sizes are shown in Table 1. Thy1-haSyn, alpha-synuclein overexpressing;
WT, wild type.

RESULTS

Differential gene expression in Thy1-haSyn vs.
WT is prominent at one month of age

To identify early changes in gene expression, we
performed RNA sequencing of the gut and the brain
at one month of age, corresponding to the onset of
haSyn expression, and at three months of age. At
three months of age, Thy1-haSyn mice show stri-
atal microglial activation and prolonged distal colonic
transit [7–9]. The number of differentially expressed
genes (DEGs) comparing Thy1-haSyn vs. WT in the
gut (distal colon) and brain (striatum) at each time
point is shown in Table 1. Heat maps of the top 50
genes with NCBI IDs are shown in Fig. 1. The number
of DEGs between Thy1-haSyn and WT was greater
at one month than at three months in both the gut
and the brain. Top differentially expressed genes for
each tissue and time point are provided in Supple-
mentary File 2). Three of six selected differentially
expressed genes were also differentially expressed
(one-sided p < 0.05) by qPCR (Supplementary Fig-

ure 3 and Supplementary Table 6, in Supplementary
File 1).

The haSyn transgene is expressed in the colon

Pathological aSyn is present in the gut (enteric)
nervous system of PD patients [40, 41]. To con-
firm expression in our model, we created a custom
nCounter (NanoString Technologies, Seattle, WA)
probe matching the human-specific portion of the
alpha-synuclein gene (SNCA), which was unlikely
to be found in our 3’ reads. Human SNCA expres-
sion was apparent in the gut at both time-points,
indicating active Thy1 promoter in enteric neurons
(Supplementary Figure 4 in Supplementary File 1).

Dysregulation of PD genes in the gut and the
brain is discordant

Gene set enrichment analysis (GSEA) was used
to compare pathway and ontology enrichment in
Thy1-haSyn vs. WT. Gene sets enriched at the rec-
ommended threshold for GSEA (FDR q value < 0.25)
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Table 2
Gene set enrichment analysis

Gene set NES p FDR q

Colon, 1 month, enriched in Thy1-haSyn
Hallmark Oxidative Phosphorylation 1.75 0.02 0.02
KEGG Oxidative Phosphorylation 1.81 0.01 0.02
KEGG Butanoate Metabolism 1.77 0.01 0.03
KEGG Parkinson’s Disease 1.81 0.01 0.03
KEGG Huntington’s Disease 1.89 0.00 0.03
KEGG Alzheimer’s Disease 1.81 0.01 0.04
KEGG Drug Metabolism Cytochrome P450 1.56 0.02 0.20

Striatum, 1 month, enriched in WT
KEGG Oxidative Phosphorylation 1.88 0.00 0.02
Hallmark Oxidative Phosphorylation 1.80 0.02 0.02
KEGG Parkinson’s Disease 1.71 0.04 0.09
KEGG Starch and Sucrose Metabolism 1.58 0.04 0.13
GO Golgi Vesicle Budding 1.81 0.00 0.15
KEGG Ribosome 1.64 0.05 0.15
KEGG Huntington’s Disease 1.58 0.03 0.16
GO Anaphase Promoting Complex Dependent Catabolic Process 1.85 0.00 0.16
KEGG Proteasome 1.60 0.02 0.17
GO Negative Regulation of cAMP Mediated Signaling 1.73 0.00 0.17
GO Proton Transmembrane Transport 1.80 0.00 0.18
GO ATP Synthesis Coupled Electron Transport 1.73 0.05 0.18
GO Respiratory Electron Transport Chain 1.74 0.03 0.19
GO COPII Coated Vesicle Budding 1.74 0.00 0.21
KEGG Alzheimer’s Disease 1.51 0.05 0.22
GO Oxidative Phosphorylation 1.88 0.00 0.22
GO Protein K11 Linked Ubiquitination 1.69 0.00 0.23
GO Electron Transport Chain 1.70 0.00 0.23
GO Vesicle Targeting to From or Within Golgi 1.74 0.00 0.23
GO Vesicle Budding from Membrane 1.68 0.00 0.24
KEGG Arachidonic Acid Metabolism 1.46 0.03 0.24
GO Cytochrome Complex Assembly 1.76 0.00 0.25

Striatum, 3 months, enriched in WT
Hallmark Pancreas Beta Cells 1.73 0.00 0.02
Hallmark KRAS Signaling Down 1.39 0.08 0.20
Hallmark Fatty Acid Metabolism 1.41 0.07 0.20
Hallmark MTORC1 Signaling 1.37 0.01 0.20
Hallmark Oxidative Phosphorylation 1.40 0.15 0.22
Hallmark Glycolysis 1.34 0.06 0.22

Gene sets enriched at the recommended threshold for GSEA (FDR q-value < 0.25) are shown. There were
none meeting this threshold for the following: colon 1 month enriched in WT, colon 3 months enriched in
Thy1-haSyn or WT, striatum 1 and 3 months enriched in Thy1-haSyn. Enrichments with nominal p < 0.05 or
FDR q-value < 0.25 are provided in a Supplementary File. Thy1-haSyn, alpha-synuclein overexpressing; WT,
wild type; NES, normalized enrichment score.

[11] are shown in Table 2 and all gene sets
enriched with either FDR q value < 0.25 or nominal p
value < 0.05 are provided in a supplemental file (see
Supplementary File 3). We saw an opposite pattern
of enrichment for PD-relevant gene sets (KEGG-
Parkinson’s Disease, GO Oxidative phosphorylation)
in the gut and the brain at one month. In the striatum,
PD-relevant gene sets were enriched in WT, which
is expected, as expression of these genes is primarily
decreased in the brain in PD. However, in the colon,
these same gene sets were enriched in Thy1-haSyn
mice. Normalized enrichment scores for Thy1-haSyn
vs. WT are shown in Fig. 2.

To verify this discordant pattern of gene expres-
sion, we used stratified rank-rank hypergeometric
overlap (RRHO) [26]. RRHO identifies concordant or
discordant differential gene expression between data
sets by identifying enrichment of DEGs from one set
within DEGs from another. All genes were ranked by
-log10 p value multiplied by the effect sign (1/-1 for
upregulated/downregulated). Figure 3 shows unad-
justed p-values for overlap of DEGs between tissues
and between time points within tissue. At one month,
striatum and colon DEGs (Thy1-haSyn vs. WT) over-
lap, but these genes are upregulated in the colon and
downregulated in the striatum, similar to our GSEA
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Fig. 2. PD-relevant gene sets have opposite enrichment in colon and striatum. Normalized enrichment scores are shown for Thy1-haSyn
vs. WT in colon and striatum at one and three months. Sets shown are selected from those that are significant for any comparison at the
GSEA-recommended significance cutoff of FDR q value < 0.25 (Table 2). Each circle represents a gene set with the quadrants corresponding
to the different tissues and time points. The shading of the quadrant reflects the enrichment score in Thy1-haSyn vs. WT at that time in
that tissue, with darker shading indicating a larger enrichment score. Quadrants with a “+” represent positive enrichment scores while those
without this annotation are negative enrichment scores (gene set was enriched in WT). Samples sizes are shown in Table 1. Thy1-haSyn,
alpha-synuclein overexpressing; WT, wild type; NES, normalized enrichment score.

findings. Plots with adjusted p values (Benjamini-
Yekutieli) are shown in Supplementary Figure 5 (in
Supplementary File 1).

Gene expression changes in the gut and the brain
are statistically independent

Weighted gene coexpression network analysis
(WGCNA) was used to identify groups of highly cor-
related genes (modules). After filtering of genes with
low expression, WGCNA was performed on expres-
sion data from the colon (12,376 genes) and striatum
(10,353 genes). This yielded networks consisting
of 36 and 29 modules, respectively. Gene dendro-
grams as well as hierarchical clustering of samples
and modules are shown in Supplementary Figure 6
(see Supplementary File 1). Correlation of module
eigengenes (MEs, first principal component) with
genotype and time point are shown in Fig. 4 (modules
with significant associations) and Supplementary
Figure 7 (all modules, see Supplementary File 1).
Top enriched GO terms and cell type signatures for a

subset of modules are shown in Table 3. These mod-
ules have been given short names to improve clarity
of the manuscript; however, it should be emphasized
that clustering is unbiased and modules may repre-
sent a combination of processes rather than a single
pathway. Ontologies and cell type signatures for all
modules are available in a supplemental file (see
Supplementary File 4). Univariate followed by multi-
variate analyses, with backwards stepwise regression,
identified modules independently associated with
Thy1-haSyn vs. WT (Fig. 4 and Supplementary
Tables 7 and 8 in Supplementary File 1 ). In order
to determine whether changes in the gut were inde-
pendent of those in the brain, we performed multiple
regression combining both colon and striatum mod-
ules in the subset of mice with RNA sequencing data
for both tissues (Table 4). This subset was similar to
the full sample with regard to Thy1-haSyn-associated
modules (Supplementary Tables 9 and 10 in Supple-
mentary File 1). While striatum modules explained
the majority of variance, inclusion of the Gut-enteric
nervous system (Gut-ENS) module did marginally
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Fig. 3. Rank-rank hypergeometric overlap (RRHO) heatmaps. RRHO identifies concordant/discordant differential gene expression between
data sets by identifying enrichment of DEGs from one set within DEGs from another. All genes were ranked by -log10 p value multiplied
by the effect sign (1/-1 for upregulated/downregulated). The plot is a heatmap of unadjusted p-values for overlap of DEGs (Thy1-haSyn
vs. WT) between tissues and between time-points within tissue. For each plot, bright areas represent concordant (top right and bottom left
quadrants) and divergent (top left and bottom right quadrants) differential gene expression (Thy1-haSyn vs. WT) between colon and striatum
at one month (A) and three months (B), and between one month and three months in colon (C) and striatum (D). This analysis also shows
that patterns of differential expression are discordant in the colon and striatum at one month. In addition, while there is high concordance
between differential expression in striatum and 1 and 3 months, there is slight discordance in the colon. p-values are unadjusted; plots with
adjusted p values (Benjamini-Yekutieli) are shown in Supplementary Figure 4. Samples sizes are shown in Table 1.

improve the model fit (Likelihood Ratio Test: F = 4.1,
p = 0.048), suggesting that changes in the gut and
brain may be distinct. At one month, the model
included Brain-unfolded protein response (Brain-
UPR) and Gut-proteolysis, and the contribution of

Gut-proteolysis was significant (Table 4, Likelihood
Ratio Test: F = 21.1, p = 0.01). Selected modules were
visualized in Cytoscape (Fig. 5). Modules indepen-
dently associated with Thy1-haSyn status included
several that were upregulated and enriched for terms
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Fig. 4. Weighted gene coexpression network analysis (WGCNA). Correlation of module eigengenes with genotype and time point. Values
are Pearson correlation coefficients and Benjamini-Hochberg adjusted p-values. Only modules with significant correlations for Thy1-haSyn
vs. WT or 3 m vs. 1 m in Thy1-haSyn are shown. Darker shading indicates a stronger correlation and the direction of the correlation is
indicated by the sign of the correlation coefficient. Inter-modular connectivity and correlation of module eigengenes (MEs, first principal
component) with genotype and time point for all modules is shown in Supplementary Figure 6. Samples sizes are shown in Table 1. Thy1-
haSyn, alpha-synuclein overexpressing; WT, wild type; m, month; GF, growth factor; ECM, extracellular matrix; TOR, target of rapamycin;
resp., response; ox-phos, oxidative phosphorylation; org, organization.

related to metabolism and mitochondria, such as
Gut-mitochondrial quality control (Gut-mito-QC),
Gut-immune, and Gut-mitochondrial stress (Gut-
mito-stress), which mirrors gene set enrichment. The
Gut-mito-QC module contains hub genes involved
in mitochondrial quality control, including PTEN
induced putative kinase 1 (Pink1), which causes auto-
somal recessive PD, and ariadne RBR E3 ubiquitin
protein ligase 1 (Arih1), which triggers PINK1-
dependent mitophagy [42] and is present in Lewy
bodies [43]. Gut-mito-stress is enriched for terms
related to proapoptotic signaling and oxidative phos-
phorylation. It includes late endosomal/lysosomal
adaptor, MAPK and MTOR activators 2 and 4
(Lamtor2, Lamtor4), as well as coiled-coil-helix-
coiled-coil-helix domain containing 2 (Chchd2),
which causes autosomal dominant PD, and is

involved in regulation of apoptosis in response
to mitochondrial stress [44]. The combination of
enriched ontologies for Gut-proteolysis (upregu-
lated) and Gut-proliferation, which was colinear
with Gut-proteolysis but downregulated, support
increased proinflammatory signaling, proteolysis and
decreased growth factor signaling. Gut-proteolysis
hub genes include v-rel reticuloendotheliosis viral
oncogene homolog A (avian) (Rela, nuclear factor
kappa B p65), and cathepsin D (CtsD), which is the
main cathepsin involved in the lysosomal degradation
of aSyn [45, 46].

Although aSyn is expressed in neurons, Thy1-
haSyn-associated gut modules were either enriched
for, or contained markers for, non-neuronal cell
types, including epithelial cells (Gut-mito-QC,
Gut-immune), macrophages (Gut-immune: CD68,



E.J. Videlock et al. / Gut-Brain Axis RNA-seq in Thy1-haSyn Mice 1137

Table 3
Functional annotation of key modules

Module Name
(color, dira)

Annotation

Gut-ENS
(yellow, down)

GO Terms: negative regulation of RNA biosynthetic process (1.1e-04), positive regulation of nervous system
development (2.1e-04), negative regulation of peptidyl-lysine acetylation (5.8e-04), positive regulation of
oligodendrocyte differentiation (1.5e-03), negative regulation of TOR signaling (3.1e-03), blood vessel
remodeling (3.5e-03), gene silencing (4.2e-03), response to hypoxia (4.3e-03), modification of synaptic structure
(4.3e-03), cellular response to amyloid-beta (5.0e-03)
Risk genes: PD: Pam; IBD: Pla2g4a, Hif3a, Cpxm2

Brain-UPR
(red, down)

GO Terms: translational initiation (1.5e-03), response to unfolded protein (3.2e-03), cellular response to
interferon-gamma (0.006), reactive oxygen species metabolic process (0.01), lipid modification (0.018)
Cell signatures: Cajal-Retzius cell (0.023)
Risk genes: IBD: Slc2a13, Zfp831

Gut-proteolysis
(darkmagenta, up)

GO Terms: regulation of proteolysis (2.1e-04), ER to Golgi vesicle-mediated transport (1.3e-03), response to
radiation (0.006), regulation of inflammatory response (0.012), amide biosynthetic process (0.013)
Risk genes: PD: Fyn, Elovl7; IBD: Cdkal1, Rela

Gut-mito-QC
(violet, up)

GO Terms: purine-containing compound metabolic process (5.2e-07), respiratory electron transport chain
(3.2e-05), protein localization to mitochondrion (2.8e-04), ribonucleotide biosynthetic process (3.3e-04),
lysosomal transport (9.4e-04), heme biosynthetic process (1.2e-03), cellular response to oxidative stress
(1.5e-03), lipid metabolic process (1.7e-03), presynapse assembly (1.8e-03), response to bacterium (2.3e-03)
Cell signatures: Goblet cell (3.2e-06), Transit amplifying (TA) cell (9.7e-04), Enteroendocrine precursor cell
(0.021), Paneth cell (0.029)
Risk genes: PD: Slc44a4, Scarb2; IBD: Slc43a3, Capzb, Rpl3, Gatd3a, Tmem258, Sec11c, Commd7, Brd2,
Fads2, Fgfr1op, Gipc2, Tm9sf4, Notch21m, Zfp36l1

Gut-immune
(brown, up)

GO Terms: basic amino acid transport (5.5e-04), defense response to Gram-negative bacterium (6.8e-04),
digestive system development (0.007), calcium ion regulated exocytosis (0.008), positive regulation of extrinsic
apoptotic signaling pathway via death domain receptors (0.008), respiratory electron transport chain (0.012)
Cell signatures: Enterocytes (5.2e-03), Enteroendocrine precursor cell (0.025)

Gut-mito-stress
(sienna3, up)

GO Terms: cytosolic large ribosomal subunit (CC) (2.2e-06), inner mitochondrial membrane organization
(2.4e-04), purine nucleoside monophosphate metabolic process (2.7e-04), extrinsic apoptotic signaling pathway
via death domain receptors (4.3e-04), mitochondrial respiratory chain complex I assembly (1.5e-03), G
protein-coupled receptor internalization (1.8e-03)
Cell signatures: Transit amplifying (TA) cell (4.8e-06), Neurons (Tissue: Brain, 3.5e-03)
Risk genes: PD: Lamtor2; IBD: Ccdc85b, Ltbr, Pdlim4, Uqcr10

Gut-proliferation
(cyan, down)

GO Terms: DNA damage checkpoint (6.9e-06), cell cycle checkpoint (7.3e-04), epidermal growth factor
receptor signaling pathway (1.7e-03), negative regulation of proteasomal ubiquitin-dependent protein catabolic
process (2.8e-03), activation of JUN kinase activity (3.6e-03), regulation of stress-activated protein kinase
signaling cascade (4.1e-03)
Risk genes: PD: Qser1, Rabep2; IBD: Npepps, Cul1

Gut-lysosome
(greenyellow,
down)

GO Terms: lysosome (CC) (6.7e-04), response to growth factor (2.3e-03), phosphatidylinositol-mediated
signaling (2.6e-03), regulation of ion transport (3.0e-03), glycoprotein metabolic process (3.7e-03), protein
ubiquitination (4.2e-03)
IBD risk genes: Fap, Tlr4

Brain-Snca
(cyan, up)

GO Terms: regulation of calcium ion transmembrane transport (4.9e-04), regulation of cytoskeleton
organization (1.0e-03), cytoskeleton-dependent intracellular transport (2.8e-03), cell junction assembly
(3.9e-03), positive regulation of cell migration (0.006), regulation of mitotic sister chromatid segregation
(0.008), regulation of metal ion transport (0.009), protein depolymerization (0.01), positive regulation of nervous
system development (0.013), synapse assembly (0.014), positive regulation of JNK cascade (0.016), immune
response-regulating signaling pathway (0.016), Golgi vesicle transport (0.017)
Risk genes: PD: Snca

aThy1-haSyn vs. WT. Enriched gene ontology (GO), cell-type signatures, and risk genes for PD and inflammatory bowel disease (IBD) for
selected modules. P values shown are unadjusted. Cell-type signatures are only shown for enriched cell-types with adjusted p value < 0.1
where there was an overlap of >1 gene. Signatures shown here are from GI tract (colon) or Brain (striatum) related tissues unless specified
otherwise. GO terms are biological processes unless noted (e.g., CC, cellular component; MF, molecular function). Risk genes are from the
EMBL-EBI GWAS catalog. References and risk genes in additional modules are shown in Tables S11-S12 (see Supplement 1) Numbers in
parentheses are unadjusted P values. Ontologies and cell-type signatures for all modules are available in a supplemental file. ENS, enteric
nervous system; UPR, unfolded protein response.

Gpmnb, Emcn [47, 48]), enteroendocrine cells (Gut-
ENS: Pam), and Paneth cells (Gut-mito-QC: Fabp4,
Adipoq, Cfd, Agr2, Atg16l1 [49, 50]). While there

are no Paneth cells in the colon, Paneth-cell-like cells
may play roles in homeostasis and mucosal immune
responses [51, 52].
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Table 4
Combined colon and striatum module association with Thy1-haSyn

Predictors Striatum Colon Combined
Estimates CI p Estimates CI p Estimates CI p

All matched samples (n = 16)
(Intercept) 0.72 0.50, 0.93 <0.001 0.88 0.44, 1.33 0.001 0.82 0.63, 1.02 <0.001
age –0.3 –0.60, 0.00 0.051 –0.15 –0.75, 0.45 0.599 –0.42 –0.71, –0.14 0.009
Striatum modules
royalblue 0.53 –0.27, 1.33 0.175 0.41 –0.27, 1.08 0.204
Brain-UPR –1.41 –2.25, –0.58 0.003 –0.73 –1.67, 0.22 0.113
Brain-Snca 0.79 0.16, 1.42 0.018 0.65 0.13, 1.17 0.021
age*Brain-UPR –1.06 –2.12, 0.01 0.051
Colon modules
Gut-ENS –2.52 –4.63, –0.40 0.024 –1.38 –2.41, –0.35 0.015
age*Gut-ENS 3.17 0.04, 6.30 0.048 1.52 0.12, 2.91 0.036
R2/R2 adjusted 0.848/0.793 0.378/0.222 0.940/0.888

One month (n = 7)
(Intercept) 0.73 0.37, 1.09 0.003 0.5 0.26, 0.74 0.003 0.6 0.41, 0.79 0.001
Brain-UPR –1.91 –3.52, –0.31 0.028 –0.99 –1.94, –0.03 0.046
Gut-proteolysis 1.7 0.82, 2.59 0.004 1.25 0.49, 2.00 0.01
R2/R2 adjusted 0.653/0.584 0.831/0.797 0.945/0.917

Regression model following backwards stepwise regression based on Akaike information criterion (AIC). Thy1-haSyn-associated modules
(univariate, unadjusted p < 0.05) were included following assessment for co-linearity. For age-associated modules, age and the age*module
interaction effect were included. Analysis included the subset of samples with RNA-seq data from both tissues [n = 10 Thy1-haSyn (4 1 m,
6 3 m), n = 6 WT (3 1 m, 3 3 m)]. This subset was similar to the full sample with regard to Thy1-haSyn-associated modules (Supplementary
Tables 9 and 10). CI, confidence interval.

We further explored the independence of gut
changes in gene expression by constructing consen-
sus WGCNA networks. These consensus networks
contained modules that were present in both the
colon and striatum (Supplementary Figure 8 in Sup-
plementary File 1). One module (Supplementary
Figure 9 in Supplementary File 1), enriched for terms
related to mitochondria and aerobic respiration, was
upregulated in the colon but downregulated in the
striatum at one month and contained genes account-
ing for divergent GSEA results. Calculation of
module preservation between the tissue-specific and
consensus networks (Supplementary Figures 10 and
11 in Supplementary File 1) revealed that this module
was specific to the consensus network as it did not cor-
respond to a single module in the colon network. Gut
modules independently associated with Thy1-haSyn
in the combined gut-brain regression model were not
preserved in the consensus network, further support-
ing that these modules represent gut-specific biology.
Differences in the consensus and tissue-specific net-
works may partially be due to the smaller set of genes
(n = 9,052) expressed in both tissues.

Colon and striatum modules are enriched for PD
risk genes

We used the EMBL-EBI GWAS catalog to anno-
tate genes in loci associated with increased risk

of disease in GWA studies. In addition to PD, we
annotated risk genes for inflammatory bowel disease
(IBD) because of the epidemiological association
between IBD and PD in some studies [53–55] and
the presence of increased inflammation in colon
biopsies from PD patients [56–63]. Risk genes for
both PD and IBD were present in Thy1-haSyn-
associated modules for striatum and colon (Table 3,
Supplementary Tables 11 and 12 in Supplementary
File 1). Thy1-haSyn-associated modules signifi-
cantly enriched for PD risk genes (hypergeometric
test) included (p): Brain-neuron (0.001), gut-
ENS-precursors (0.029), and gut-cell-organization
(0.033).

Bioenergetic profiling suggests increased metabolic
demand in Thy1-haSyn colonic epithelium

To further test whether mitochondrial metabolism
was altered gut epithelial cells, we measured cel-
lular respiration of freshly isolated colonic crypts
from young (1–3 months) and adult (10–12 months)
Thy1-haSyn and WT mice (Fig. 6, Supplementary
Table 13 in Supplementary File 1). There were
main effects of both age and genotype on oxy-
gen consumption rate (OCR). OCR was decreased
in adult vs. young mice and in Thy1-haSyn vs.
WT (p < 0.005 for both). The genotype difference
was most pronounced in adult mice, though the
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Fig. 5. Key modules. Cytoscape networks of colon and striatum modules that were multivariate predictors of Thy1-haSyn. Selected
genes with module membership at least 0.6 are shown. Annotations were generated by the ClueGO Plugin [32]. While they
have a nominal p-value of <0.05, they are included for illustrative purposes only. Edge weights are from the WGCNA adja-
cency matrix and are proportional to line thickness. These networks are available on the Network Data Exchange (NDEx) at
the following urls: a) https://doi.org/10.18119/N94K65, b) https://doi.org/10.18119/N97C8S c) https://doi.org/10.18119/N98C9G, d)
https://doi.org/10.18119/N9RC9T, e) https://doi.org/10.18119/N9C320, f) https://doi.org/10.18119/N9GW37. Full WGCNA networks are
also available (urls under Data Availability).

https://doi.org/10.18119/N94K65
https://doi.org/10.18119/N97C8S
https://doi.org/10.18119/N98C9G
https://doi.org/10.18119/N9RC9T
https://doi.org/10.18119/N9C320
https://doi.org/10.18119/N9GW37
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Fig. 6. Increased oxygen consumption in Thy1-haSyn vs. WT colonic crypts. Oxygen consumption rate (OCR) of freshly isolated colonic
crypts was measured by a Seahorse XF Analyzer. (A) OCR traces from n = 3-4 mice per group. Samples sizes and replicate wells per sample
are shown in Supplementary Table 5. Error bars represent ± SEM. (B) Schematic indicating timing of injections and description of rates in
(C). m, months; Oligo, oligomycin; FCCP, carbonilcyanide p-triflouromethoxyphenylhydrazone; AA, antimycinn A; Rot, rotenone, Resp,
respiration, Non-Mito, non-mitochondrial respiration; Thy1-haSyn, alpha-synuclein overexpressing; WT, wild type.

interaction effect of age and genotype was not
statistically significant, likely due to sample size
(Supplementary Table 5 in Supplementary File 1).
Though only reaching statistical significance for non-
mitochondrial respiration (p = 0.03), in adult mice,
OCR was increased in Thy-haSyn vs. WT for all com-
ponents of the bioenergetic profile: basal respiration
(p = 0.09), ATP-linked respiration (p = 0.08), maxi-
mal respiration (p = 0.12), spare capacity (p = 0.19),
and proton-leak-linked respiration (p = 0.17). This
pattern suggests a state of overall increased metabolic
activity that can be associated with increased energy
demands [37]. Extracellular acidification rates mir-
rored OCR and were likely secondary to respiration
and not glycolytic activity (Supplementary Figure 12
in Supplementary File 1).

DISCUSSION

The main findings of this study are: 1) gene expres-
sion is dysregulated in both the gut and the brain

in Thy1-haSyn mice at one month of age, which
corresponds to the onset of haSyn overexpression,
2) gut and brain differential gene expression and
enrichment of PD-relevant pathways is highly diver-
gent at one month, and 3) gene expression and
preliminary functional analyses support altered mito-
chondrial metabolism in colonic intestinal epithelial
cells.

The results of this study support distinct gut and
brain responses to haSyn. This is best supported by
our regression analysis. If gut changes were sim-
ply a reflection of disease processes in the brain, we
would expect Thy1-haSyn associated modules from
each tissue to explain overlapping variance and to
be strongly correlated, but addition of gut modules
to the regression model significantly improved the
fit. In addition, Thy1-haSyn-associated modules in
the gut and brain were not highly correlated; rather,
the strongest Thy1-haSyn striatum module (red) cor-
related with colon modules that were enriched for
immune-related terms, which may implicate the gut-
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brain-immune axis in PD (Supplementary Table 14
in Supplementary File 1).

In cases where there was overlap in the genes that
were dysregulated, the direction of dysregulation was
opposite in the gut and the brain. In Thy1-haSyn mice
(predominantly at one month), PD-relevant gene sets
are downregulated (enriched in WT) in the brain but
are upregulated (enriched in Thy1-haSyn) in the gut.
The differences between gut and brain could be due to
greater cellular heterogeneity in the colon including
a smaller proportion of neurons; however, similarly
opposite patterns have also been reported, specifi-
cally between dopaminergic neurons isolated from
the enteric nervous system (ENS) and central nervous
system (CNS) in an MPTP model [64].

The genes accounting for the observed discor-
dant response are mostly related to mitochondrial
function. Mitochondrial dysfunction is strongly
implicated in the pathogenesis of both genetic and
sporadic forms of PD as well as in aging and
inflammatory bowel disease, both associated with PD
[65–68]. Aging-related changes in mitochondrial and
lysosomal pathways may contribute to increased dis-
ease susceptibility in aged animal models of disease
[2, 69, 70]. While differences in the mitochondrial
mass of enteric neurons from PD patients, and dif-
ferences in expression of mitochondrial genes in PD
colon biopsies have been previously reported [71,
72], we see evidence for alterations in epithelial cells
both from gene expression profiling and respirometry
in freshly isolated colon crypts. One possible func-
tional consequence of these alterations is impaired
intestinal homeostasis [73–76] resulting in reduced
barrier integrity, which is seen in PD [57–59, 61, 63].

Most of our findings of differential gene expression
between Thy1-haSyn and WT are at the one-month
time point. While this was true in both the gut and the
brain, the difference between genotypes was more
pronounced in the colon. We can understand what
accounts for the loss of differential expression at
three months by looking at patterns of differential
gene expression over time, which is best visualized
in the third and fourth columns of the heatmap in
Fig. 4 (“3 m vs. 1m” in Thy1-haSyn and WT). In
the brain, the genotypes show the same direction
of change from one to three months for all mod-
ules (modules increase or decrease in expression in
both genotypes). In contrast, there is a genotype x
time interaction effect for multiple gut modules—the
direction of change with time is opposite in Thy1-
haSyn and WT. In some cases, the lack of differential
expression at three months is due to normalization of

expression in the Thy1-haSyn mice between 1 and
3 months (expression in Thy1-haSyn becomes simi-
lar to WT); Gut-proteolysis is an example of such a
case. In other cases, apparent normalization is due to
WT expression ‘catching up’ with a persistent level
of expression in the haSyn from 1 to 3 months. The
former scenario can be thought of as an attenuation
of the response to aSyn over time, which has been
shown in other models of PD, including several using
gut-seeded aSyn preformed fibrils [2, 77, 78].

Importantly, this normalization of differential gene
expression over time is likely to represent attenua-
tion of an early response to the increase in haSyn.
Changes in gene expression resulting from pheno-
type progression are likely small at three months
but would be expected to increase over time. Early
changes in gene expression may represent adaptive
changes to clear aSyn. This may explain why, despite
increased gene expression differences in young mice,
functional metabolic differences are larger in adult
mice. Within our gene expression data, this is sup-
ported by increased proteolysis (Gut-proteolysis),
decreased mammalian Target of Rapamycin (mTOR,
Gut-TOR-signaling) signaling, and decreased growth
factor signaling (Gut-proliferation), as TOR signal-
ing is activated by growth factors. The combination of
these modules suggest signaling that may both pro-
mote and release inhibition of autophagy, which is
known to be an important protective mechanism in
response to aSyn [79, 80]. Pro-inflammatory signal-
ing (Gut-proteolysis) may also be protective, as acute
but not chronic colitis reduced the amount of aSyn in
mouse colon lysates [81]. In the same study, inflam-
mation downregulated aSyn in primary rat ENS but
not CNS cultures providing an additional example of
distinct PD-related mechanisms in the gut and brain
[81]. Our findings are in line with others in support
of the overall relevance of gut inflammation in PD.
Increased intestinal production of proinflammatory
cytokines as well as increased intestinal permeability
and enteric gliosis is evident in human PD [57, 59,
61, 63, 82, 83] and animal PD models [2, 61, 84–86],
and in rodent models, intestinal inflammation is asso-
ciated with microglial activation [87, 88], including
in PD models [61, 84]. In addition, GI inflamma-
tion and increased epithelial permeability affect the
severity or manifestation of PD phenotypes in rodent
models [61, 84, 89, 90]. It is not clear why we do not
see this dynamic response to haSyn (dysregulation at
one month with normalization at three months) in the
brain, but it is possible that it relates to the increased
immune regulation of the gut vs. the brain. It is also
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not clear what accounts for some normalization of gut
modules resulting from changes in WT from one to
three months, but this is potentially due to maturation
of the microbiome resulting in changes in both com-
position and metabolite production [91]. Our results
suggest that aSyn may disrupt normal changes in the
gut associated with age and the microbiome, both
factors associated with PD [92–94].

Two other studies have used unbiased approaches
to evaluate the gut in mouse models of PD and
showed functional enrichment of terms and path-
ways similar to those in our study, such as protein
ubiquitination [95], oxidative or cellular stress [95,
96], and apoptosis [96]. One study used a proteomic
approach to look at the prodromal phase of PD in a
mutated aSyn overexpression model (Thy1-SNCA-
A30P) [95]. Of proteins differentially expressed in
the colon, 138 were encoded by genes that were
detected in our study and 115 were matched in direc-
tion of dysregulation (Supplementary Table 15 in
Supplementary File 1). Nine were also differentially
expressed in the gut in our study at 1 month (S100a10,
Scgn, Endod1, Nsf, Mtpn, Tomm70a, Npepps, Pcbd1,
Glod4, p value < 0.1, adjusted for n = 115). Using an
unadjusted p value threshold of 0.05, an additional 13
and 5 were differentially expressed at one and three
months, respectively.

A limitation of the current study is the smaller sam-
ple size for the brain relative to the gut. While the
difference in sample size was by design (RNA was
collected from brain tissue of about half of the mice)
and not representative of bias, there was a notable
difference in the unique read rate between the tis-
sue with a much higher rate in the gut. This was
due to the presence of BC1 RNA. A BC1 removal
kit is currently recommended with 3’ sequencing in
mouse brain samples, but this was not available when
the current samples were sequenced. The decreased
sample size and decreased depth of sequencing owing
to the BC1 RNA may have contributed to reduced
ability to detect differences in the brain. This limi-
tation may account for the absence of strong signals
related to microglial activation, as striatal microglial
activation has been described in this mouse model
at three months (increased proportion of microglial
cells with larger diameters) [7]; however, increased
cell body diameter may not be reflected in gene
expression [97]. An additional limitation, potentially
influencing the analysis of the results, is that the sam-
ple numbers per group differ, and that the sample
size is limited for matched samples. Consequently,
we may not detect biologically meaningful gut-brain

interactions. An additional important consideration
is that we used bulk RNA sequencing and findings
can be due to changes in cell type composition. This
may be particularly relevant for comparison of time
points. Additional limitations are that we did not
confirm reported central pathology at three months,
that neither the gut nor the brain contain Lewy-type
pathologies at the timepoints studied [7, 9, 92, 98,
99], and that respirometry in young mice did not
distinguish between the time points studied in RNA-
sequencing.

Importantly, Thy1-haSyn mice have simultane-
ous overexpression of haSyn in the central and
peripheral nervous systems. Much recent research
has explored brain-first versus body-first hypothe-
ses of PD pathogenesis [100–102]. While evidence
supports the existence of both mechanisms, recent
evidence from humans strongly supports that these
are distinct paradigms of disease pathogenesis, and
that while disease my originate in the brain or the
periphery, it does not start simultaneously in both
places [103, 104]. This is a significant limitation to
the interpretation of results from the animal model
used in this study.

In conclusion, overexpression of aSyn results in
distinct changes in the gut and brain, and thus, our
findings add support to the view of PD as a multi-
system disease. Our findings suggest the presence
of gut-specific pathophysiologic mechanisms. Fur-
ther understanding of these mechanisms may lead
to the development of gut-targeted therapies, which
hold the promise of slowing progression of PD or
even stopping PD before debilitating motor symp-
toms occur.
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