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Parkinson mice show functional and
molecular changes in the gut long before
motoric disease onset
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Abstract

Background: There is increasing evidence that Parkinson’s disease (PD) might start in the gut, thus involving and
compromising also the enteric nervous system (ENS). At the clinical onset of the disease the majority of
dopaminergic neurons in the midbrain is already destroyed, so that the lack of early biomarkers for the disease
represents a major challenge for developing timely treatment interventions. Here, we use a transgenic A30P-α-
synuclein-overexpressing PD mouse model to identify appropriate candidate markers in the gut before hallmark
symptoms begin to manifest.

Methods: Based on a gait analysis and striatal dopamine levels, we defined 2-month-old A30P mice as pre-symptomatic
(psA30P), since they are not showing any motoric impairments of the skeletal neuromuscular system and no reduced
dopamine levels, but an intestinal α-synuclein pathology. Mice at this particular age were further used to analyze functional
and molecular alterations in both, the gastrointestinal tract and the ENS, to identify early pathological changes. We examined
the gastrointestinal motility, the molecular composition of the ENS, as well as the expression of regulating miRNAs.
Moreover, we applied A30P-α-synuclein challenges in vitro to simulate PD in the ENS.

Results: A retarded gut motility and early molecular dysregulations were found in the myenteric plexus of psA30P mice. We
found that i.e. neurofilament light chain, vesicle-associated membrane protein 2 and calbindin 2, together with the miRNAs
that regulate them, are significantly altered in the psA30P, thus representing potential biomarkers for early PD. Many of the
dysregulated miRNAs found in the psA30P mice are reported to be changed in PD patients as well, either in blood,
cerebrospinal fluid or brain tissue. Interestingly, the in vitro approaches delivered similar changes in the ENS cultures as seen
in the transgenic animals, thus confirming the data from the mouse model.
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Conclusions: These findings provide an interesting and novel approach for the identification of appropriate biomarkers in
men.
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Introduction
In Parkinson’s disease (PD), the loss of nigrostriatal dopa-
minergic neurons causes the hallmark motor symptoms of
muscle rigidity, tremor at rest, and bradykinesia [1]. In re-
cent years, early non-motor symptoms of PD have gained
attention; these include sleep disturbance, pain, depres-
sion, and constipation, and can occur more than 15 years
before clinical motor symptoms manifest [2]. Histopatho-
logical examination of postmortem PD brains has revealed
intraneuronal accumulations of misfolded α-synuclein,
termed Lewy bodies [3]. These Lewy bodies disrupt pro-
tein ubiquitination, cytoskeleton reorganization, synaptic
function and vesicle release, and increase oxidative stress
levels to promote PD pathogenesis [4]. Lewy bodies are
present not only in the central nervous system (CNS) but
also in the enteric nervous system (ENS) of the intestine,
so it is not only the brain but also the gut that is involved
in PD pathogenesis [5, 6]. In 2003, Braak et al. postulated
that neurotoxic α-synucleins may originate in the gut and
migrate to the brain via the vagal nerve [7, 8]. This theory
was recently supported by studies in animal models [9,
10], which confirmed that α-synuclein transport can be
purged by vagal nerve resection [11, 12]. Previous research
has shown that the crosstalk between the gut and the
brain during PD pathogenesis is mainly influenced by in-
testinal dysbiosis [13, 14]. This suggests that the gastro-
intestinal (GI) motility deficits associated with PD, such as
constipation, are caused by alterations in the microbial
composition of the gut, which disrupt gut microbiome
and gut-brain-axis may homeostasis and increase inflam-
mation and permeability of the gut [14–17]. These find-
ings indicate that PD originates in the gut, and that a
dysregulated gut contributes to PD symptoms. However,
changes in the ENS during PD onset have not been well-
described. To better understand the role of the gut in PD,
a more detailed investigation of the early phase of PD
within the gut is essential. The current study aimed to as-
sess early pathological changes associated with PD in the
ENS to identify biomarkers of pre-clinical PD. In recent
years, miRNAs have emerged as important regulators of
gene expression, cell differentiation, cell maturation, apop-
tosis, and immune responses [18]. They are present in cir-
culating body fluids [19] as well as gut mucosal tissues, so
they can be investigated by colonoscopy [20]. Abnormal
miRNA expression has been linked to many human dis-
eases, and miRNAs have been identified as diagnostic and
prognostic biomarkers for several disorders, including PD

[21, 22]. However, no PD-specific miRNAs have been
identified in the gut for the pre-clinical diagnosis of PD so
far [23, 24]. To address this, we studied functional and
molecular changes in ENS of A30P mice before onset of
PD symptoms to identify gut-related biomarkers for early
stages of PD.

Methods
Animals
α-synuclein-overexpressing transgenic A30P mice (Thy-
1-SNCA-A30P [25]), based on a genetic C57B6/J back-
ground and age- and sex-matched wild type (WT) mice
(postnatal day 2, adult 2 months and 12–13 months old)
were used in experiments. Two-month-old A30P mice
were defined as pre-symptomatic (ps)A30P mice and
were used in expression profiling experiments. Animals
were housed under specific pathogen-free conditions on
a 12 h light/12 h dark cycle according to german regula-
tions. For tissue dissections, adult mice were deeply
anesthetized with isoflurane (Piramal Critical Care) and
sacrificed by inhalation of an overdose. Newborn mice
were killed by decapitation. Animals were dissected ac-
cording to the guidelines of the local ethics committee
and in accordance with the animal protection laws in
Rhineland-Palatinate, Germany.

Gait analysis
Gait was assessed in adult A30P and WT mice (2
months and 12–13months old) using the Noldus Cat-
Walk XT system. The system consists of a 70-cm long
green illuminated glass runway. Above this corridor is a
lid with red LED lights to create a silhouette of the
mouse running in the corridor. Below the walkway, a
high-speed camera records the scattered light from the
paw prints, which is digitized and analyzed by CatWalk
XT software. The calibrated walkway was set to a 10 ×
20 cm area. Before the behavior test, mice were weighed.
Mice were allowed to walk in an unforced manner on
the glass plate at least five times in each experiment after
a minimum training period of five runs the day before
the experimental run. Mice that failed the training were
excluded from the study. Footprints were classified auto-
matically as right forepaw, right hindpaw, left forepaw,
and left hindpaw. For each experiment, correct paw la-
bels and footfall patterns were controlled, followed by an
automated analysis of wide-range parameters involving
spatial and temporal characteristics. After the gait
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analysis, the small intestine (SI) and the large intestine
(LI) of 2-month-old and 12–13-month-old A30P and
WT mice were removed and the gut lengths were
measured.

Tissue preparation
SI and/or LI segments from psA30P and WT mice (2
months, 12–13months old and/or newborn) were col-
lected in MEM-Hepes + 100 U/ml pencillin/100 μg/ml
streptomycin (P/S) and the mesentery was removed. For
full-thickness intestinal wall and whole-muscle layer
preparations from adult mice, the segments were flushed
with MEM-Hepes + 1% P/S to remove feces, followed by
muscle layer dissection. Parts of the intestines were used
to isolate the myenteric plexus (MP) for further studies.
Brains were removed completely and dissected and proc-
essed appropriately.

Isolation of the MP
Primary enteric cells, in particular MP from newborn
and adult mice, were isolated as previously described
[26, 27]. In brief, stripped muscle layers were cut into
small pieces and digested with 0.375 mg/ml Liberase
(Roche) and 0.2 mg/ml DNase (Roche) in Hank’s bal-
anced salt solution. Adult SI was incubated at 37 °C for
4 h and adult LI for 4.5 h. Thereafter, purified MP net-
works were washed two times with 0.01M phosphate-
buffered saline (PBS), frozen in liquid nitrogen, and
stored at − 80 °C for further experiments. Tissue from
newborn C57B6/J mice was digested for 2.5 h and MP
cells were dissociated for cell culture experiments by in-
cubation with TrypLE (Gibco) (2 × 6min at 37 °C) and
triturated into a single-cell suspension with 23G and
27G needles.

Isolation of the mesencephalon and the striatum
The mesencephalon was also isolated from psA30P and
WT mice along with the MP. The brain was separated
from the skin and the skull, and placed dorsal side up.
The mesencephalon was dissected using a scalpel blade.
A first cut was made adjacent to the inferior colliculi,
followed by a second cut of approximately 4 mm in a
rostral direction. The slice was placed with the rostral
side up and the mesencephalon was taken out without
including the hippocampus, cortex, or cerebellum. To
dissect the striatum, the whole brain was sliced frontally
in 2 mm sections, using a carbon steel razor blade. From
the section where the striatum was easily to identify, the
striatum was dissected with a fine tipped microscalpel.
Both, the mesencephalon and the striatum were snap-
frozen with liquid nitrogen and stored at − 80 °C for fur-
ther experiments.

Whole-mount preparations
Segments of full-thickness intestinal wall and the outer
muscle layer of psA30P and WT mice were stretched flat
and fixed on a Sylgard plate followed by fixation with 4%
paraformaldehyde for 2 h at 4 °C. Afterwards, samples
were washed three times with PBS for 10 min. Intestinal
wall samples were cut into 1 cm pieces, the muscle layers
were removed, and samples were stored in 0.1% NaN3 in
PBS at 4 °C for further experiments.

Dopamine ELISA
Total dopamine levels in the striatum of A30P and
C57B6/J mice (2 months and 12–13 months old) were
quantified using a chemiluminescent enzyme-linked im-
munosorbent assay (ELISA) dopamine kit (enzolifes-
ciences) according to the manufacturer’s instructions.
50 μl of each diluted (1:10 in 0.01M PBS) homogenized
sample was used for the ELISA analysis. Based on a
standard curve absolute dopamine values were deter-
mined, while only samples within the detection range
were used. To obtain the final dopamine content in the
sample, the used tissue and buffer volumes were factored
in as dilutions.

Paraffin immunofluorescence (IF-P)
For Paraffin Immunofluorescence the gut tissues were
fixed overnight with 4% formalin, dehydrated in a graded
rising alcohol series (70, 80, 90 and 100%, each 2x3min)
and embedded in paraffin wax. The paraffin embedded
tissues were cut into 5 μm slides (cross sections) and
stored at 4 °C.
Paraffin sections were deparaffinized in xylene substi-

tute (3x10min), and a graded series of descending alco-
hol (100, 90, 80 and 70%, each 2x3min), followed by
distilled water (2x3min) and TBST (5 min, 0.025%
Triton-X-100 in TBS). For antigen retrieval sections
were incubated with 0.01M citric acid (pH = 6.1) for 30
min using a steamer. Cooled down sections were rinsed
twice in TBST (0.025% Triton-X-100 in TBS) for 5 min
and blocked in 10% normal serum with 1% BSA in TBS
for 2 h at RT. Then primary antibodies (Supplementary
Table 1), diluted in TBS with 1% BSA, were applied and
incubated overnight at 4 °C. Again, samples were rinsed
in TBST (0.025% Triton-X-100 in TBS) for 5 min before
the secondary antibodies (Supplementary Table 1), di-
luted in TBS with 1% BSA, were added and incubated
for 1 h at RT. After washing three times for 5 min in
TBS sections were mounted with fluorescent mounting
medium.

GI motility recordings
Video recording with spatiotemporal mapping is a reli-
able technique for monitoring and displaying motility of
gut segments. To evaluate GI motility in psA30P and
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WT mice, a luminal perfusion setup was used as previ-
ously described by Schreiber et al. 2014 [28]. In brief, a
3.5-cm gut segment of the ileum and proximal LI were
dissected and the mesentery was removed. Then, the tis-
sue was fixed on Luer locks in an organ bath filled with
tyrode buffer (130 mM NaCl, 24.2 mM NaHCO3, 11 mM
glucose, 4.5 mM KCl, 2.2 mM CaCl2, 1.2 mM NaH2PO4,
0.6 mM MgCl2), gassed with carbogen to reach a stable
physiological pH 7.4. The perfusion bath was kept at
37 °C using a heat exchanger. Intestinal segments were
luminally perfused at a flow rate of 0.2 ml/min while the
height of the luminal efflux tubing relative to the water
level (3 cm) was set to a corresponding luminal pressure.
All preparations were allowed to equilibrate for 10 min
followed by a 10 min spontaneous motility period.
GI motility was assessed by video recordings at 25

frames/s. Videos were analyzed and quantified by
MotMap (www.smoothmap.org) and a custom written
LabVIEW program (LabVIEW 2019, National Instru-
ments). The video analysis software MotMap was used
to set 30 imaginary dots along a 2 cm gut segment on
the lower and upper border of the gut as seen in Fig. 3a.
The up and down movements of these dot pairs were
tracked automatically to calculate the positions to each
other for every frame, representing the amplitude of
gut activity (Δ). Before the analysis, the program auto-
matically applies a low frequency baseline correction to
each of the 30 sections to compensate for slow gut
movements. To validate amplitude changes, all values
were normalized to their initial diameter. The motility
data represent dilatations as positive values vs. the aver-
age diameter and contractions as negative values. Mo-
tility was converted to high-resolution spatiotemporal
heatmaps, while all values were specified in a color
range using the custom written LabVIEW software. Gut
contractions were counted using spatiotemporal heat-
maps. The mean interval was defined as the duration of
one contraction and one dilatation (Fig. 3a) and indi-
cates the corresponding frequency. The contraction
duration was calculated as the time between adjacent
leading edge to leading edge zero crossings. To sup-
press a noise-induced false triggering, a hysteresis
threshold was set at the order of 0.05 to 0.1 mm.
Each of the 30 dots over the 2 cm was separately ana-
lyzed by determining the duration of all full cycles
followed by averaging over all detected cycle dura-
tions. To determine the velocity of GI motility, slopes
of individual contractions were measured in the Lab-
View program by manually aligning a cursor over the
wave top, as shown in Fig. 3b. The program calcu-
lates the velocity from the start and end point of the
cursor. Together, mean intervals, contraction num-
bers, and contraction velocity provide information
about peristaltic activity.

Protein isolation for mass spectroscopy of the MP
Protein profiles of purified MP from SI and LI tissue ob-
tained from psA30P and WT mice were investigated by
mass spectroscopy. Harvested MP networks were thawed
and transferred into 0.1 μM PBS, containing 1:100 prote-
ase inhibitor (Roche) and nuclease mix (GE Healthcare),
and were vortexed. After five freeze-thaw cycles in liquid
nitrogen, samples were purified with the 2-D Clean up
kit (GE Healthcare). Pelleted proteins were resuspended
in 6M urea, 2M thiourea and 25 mM NH4HCO3 at pH
8. The protein concentration was measured using the 2-
D Quant kit (GE Healthcare). A total protein amount of
approximately 16 μg for the colon and 25 μg for the
small intestine was determined.
Mass spectrometry analysis was performed on a high-

resolution LC-MS system (Eksigent nanoLC 425 coupled
to a Triple-TOF 6600, AB Sciex) in information-
dependent acquisition (IDA) mode. HPLC separation was
performed in trap-elution mode using a Symmetry C18
column (5 μm particles, 0.18 × 20mm, Waters) for trap-
ping and a self-packed analytical column (75 μm× 150
mm, 3 μm particles ReproSil-PurC18-AQ) for separation.
A constant flow of 300 nl/min was used and the gradient
was ramped within 108min from 2 to 33% of HPLC buffer
B (buffer A: 2% acetonitrile, 0.1% formic acid; buffer B:
90% acetonitrile, 0.1% formic acid), then within 12min to
50% buffer B, followed by washing and equilibration steps.
The mass spectrometer was run in IDA mode and re-
corded one survey scan (250ms, 350–1500m/z) and frag-
ment spectra (70ms, 100–1400m/z) of the 25 most
intense parent ions (charge state > 2, intensity > 300 cps,
exclusion for 15 s after one occurrence), giving a cycle
time of 2 s. In total, 1044 different proteins were investi-
gated (Supplementary Table 2).
In the mass spectrometry-based proteomics workflow

followed here, the quantification of proteins depends on
the integration of quantitative information from several
independent tryptic peptides, which is derived from ex-
tracted ion chromatograms (XICs) obtained for each
peptide at the MS1 level. The quantitative information
derived is very reliable and more robust compared with
western blotting. We have demonstrated this recently by
comparing MS-based quantification with quantification
by western blots, where quantified changes were the
same, but MS-based quantification was associated with
less variance [29]. Hence, using a more inaccurate
method to validate a more accurate one seems
counterintuitive.
The yielded proteins were then analyzed and visualized

by Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) and Ingenuity Pathway Analysis
(IPA) software tool (QIAGEN Inc., https://www.
qiagenbioinformatics.com/products/ingenuitypathway-
analysis).
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Whole-mount immunostaining
Immunostaining and clearing procedures for the full-
thickness intestinal wall and muscle layer samples were
performed as previously described [30]. In brief, whole-
mount muscle layer and intestinal wall preparations of
LI specimens from psA30P mice and corresponding WT
were permeabilized for 4 h at 37 °C on a shaker with
permeabilization solution (0.01% NaN3 + 1% normal
donkey serum + 1% Triton-X-100 in PBS). Then, sam-
ples were blocked in blocking solution (0.01% NaN3 +
10% normal donkey serum + 0.1% BSA + 1% Triton-X-
100 in PBS) for 4 h at room temperature (RT) on a
shaker. Subsequently, samples were incubated with pri-
mary antibodies (diluted in blocking solution, Supple-
mentary Table 1) at 37 °C for 48 h using an orbital
shaker. After rinsing four times in PBST (0.05%
Tween20 in PBS) for 30 min, tissues were incubated with
respective secondary antibodies (1:500 in 0,01% NaN3

+

1% Triton-X-100 in PBS) overnight at 37 °C on an or-
bital shaker (Supplementary Table 1). Again, samples
were rinsed with PBST four times for 30 min and then
counterstained with DAPI (1:1000) for 2 h at RT. Sam-
ples were washed in PBS five times for 10 min at RT.
For the clearing procedure, Histodenz (Sigma) was di-
luted with melted N-methylacetamide (40% in PBS,
Sigma) to 86% (w/v) concentration and incubated at
37 °C until dissolved. Then 0.1% Triton-X-100 and 0.5%
1-thioglycerol were added to the clearing solution. After
being incubated in completed clearing solution for 1–5
min, the outer muscle layers were mounted in fluores-
cent mounting medium. Detection and image processing
were performed with CellObserver Z1 using the Apo-
Tome technology and Axiovision software (Zeiss). The
quantification of the immunofluorescence images was
performed using ImageJ software. To quantify the ex-
pression per picture section, fluorescence images were
converted to binary pictures, where the immunostained
areas were presented in white and the percentage of
positive area per picture section was calculated.
Full-thickness samples were incubated in completed

clearing solution overnight and imaged on a Leica SP8
confocal microscope (Leica Microsystems CMS GmbH,
Germany). For imaging, samples were positioned in a
glass-bottomed petri dish, submerged in the clearing so-
lution and covered by a golden ring with nylon mesh to
prevent the tissue from floating. 3-D renderings from in-
testinal wall samples were obtained using the 3-D
Viewer of the Leica LAS X software (Leica microsys-
tems, Wetzlar, Germany).

In vitro studies
Aggregation of A30P α-synuclein
The A30P α-synuclein (kindly provided by Hilal Lashuel)
was purified by size exclusion chromatography followed

by reverse phase chromatography, which ensures re-
moval of endotoxins. To create aggregated α-synuclein
peptides, 50 μM of endotoxin free A30P α-synuclein and
50 μM dopamine (Sigma) were diluted in 5 mM Tris-
HCl with 100 mM NaCl at pH 7.4 using low protein
binding tubes. The aggregation process was enforced by
permanent shaking for 3 days at 37 °C as previously de-
scribed [31].

Cell treatment with A30P α-synuclein
Dissociated MP cells from newborn mice were plated on
extracellular matrix (ECM) (Sigma)-coated coverslips
(40.000 cells/coverslip). Cells were maintained for 7 days
in differentiation medium consisting of DMEM/F-12
medium, 1% bovine serum albumin (BSA), 2% B27 with
retinoic acid supplement, 0.1% β-mercaptoethanol, P/S
and 10 ng/μl human glial cell-derived neurotrophic fac-
tor (Immuno Tools) before exposure to monomeric and
aggregated A30P α-synuclein. Culture medium was
replaced by medium with B27 without antioxidants, con-
taining 0.5 μM A30P α-synuclein in Tris-HCl. After α-
synuclein treatment for an additional 5 days, cells were
fixed with 4% formaldehyde for 15 min at RT and were
washed 3 times with 0.01M PBS. To determine cell via-
bility after α-synuclein treatment, a live-dead-assay was
performed. Cells were incubated with 1 μg/ml calcein
and 0.5 μg/ml propidiumiodide in 0.01M PBS for 15 min
at 37 °C and analyzed with the CellObserver Z1 and
Axiovision software (Zeiss). Total numbers of living and
dead cells were calculated per picture section.

Immunocytochemistry
Cells were fixed with 4% formaldehyde and perme-
abilized with 0.1% Triton-X-100 for 10 min, followed by
30min blocking in 0.01M PBS with 10% normal donkey
serum. Primary antibody incubation (Supplementary
Table 1) was performed for 1 h at RT in 0.01M PBS.
Samples were washed three times in PBS and further in-
cubated with respective secondary antibodies (1:500,
Supplementary Table 1) in 0.01M PBS for 1 h at RT.
Samples were washed three times in PBS and once in
distilled water. Cells were then mounted on slides with
fluorescent mounting medium with DAPI. Detection
and image processing were performed with CellObserver
Z1 using the ApoTome technology and Axiovision soft-
ware (Zeiss). To determine the ratios of Nefl and Calb2
positive cells to the total number of neurons, numbers
of cells positive for each protein were manually counted
and divided by the number of PGP9.5 positive neurons.

nCounter analysis
For miRNA profiling, total RNA (including small RNAs)
from the MP of the LI and the mesencephalon samples from
psA30P and WT mice was isolated with the miRNeasy
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Micro Kit (Qiagen). RNA was eluted in 10μl (50–100 ng/μl)
nuclease-free H2O. RNA quantity and quality were assessed
using the Qubit™ 4 Fluorometer (Qubit RNA HS Kit; Invitro-
gen) and the NanoDrop 2000 (Thermo Fisher Scientific).
Agilent Bioanalyzer 2100 (TotalRNA Nanokit) and miRNA
profiling was performed using the nCounter SPRINT system
(NanoString Technologies, USA, www.nanostring.com) at
the nCounter Core Facility of the University of Heidelberg
(Heidelberg, Germany, www.ncounter.uni-hd.de). For
miRNA library preparation and subsequent probe
hybridization using the mouse miRNA panel 1.5 (Supple-
mentary Table 3), 100 ng of total RNA was applied. Using
the standard nCounter miRNA assay protocol, expression
profiles of 578 mouse miRNAs derived from miRbase v.22
were determined. Only miRNAs with at least 100 counts
were considered as robustly expressed and included in differ-
ential expression analysis of psA30P vs. WT tissue. Data
were analyzed using the nSolver software version 4.0 (Nano-
String Technologies). Stably expressed housekeeping genes
such as beta-actin (Actb), beta-2-microglobulin (B2m), glyc-
eraldehyde 3-phosphate dehydrogenase (Gapdh), and riboso-
mal protein L19 (Rpl19) were used for data normalization.
To investigate a potential impact of the dysregulated miR-
NAs on target gene translation, the top-regulated miRNAs
were subjected to target gene prediction using mirWALK 3.0
integrating the algorithms of multiple miRNA target predic-
tion tools [32].
To gain further insight into the function of the most

dysregulated miRNAs and their targets, data were put
into biological context using the knowledge-based IPA.
IPA integrates selected data sets (in our case, miRNA
profiles and proteomics) with mining techniques to pre-
dict functional connections, protein networks, protein-
protein interactions, and related biological functions as
well as canonical signaling pathways. miRNA target filter
plus miRNA/target = protein pairing analysis were used
to identify co-regulated miRNA/target mRNA pairs.

Statistical analyses
For statistical analysis, GraphPad Prism Software 8 was
used. Normality of the sample populations was tested
with the Shapiro-Wilk test. For normally distributed
data, group differences were analyzed with the Student’s
t-test and the associated effect sizes with the Cohen’s
test [33] or two-way ANOVA. Data are displayed as
means ± SD and p-values ≤ 0.05 (*), ≤ 0.01 (**) and ≤
0.001 (***) were considered statistically significant.

Results
2-month-old A30P mice are pre-symptomatic (psA30P
mice)
Gait analysis has been used to show onset of obvious PD
manifestations in mice [34]. We analyzed ten gait pa-
rameters of A30P and wild type (WT) mice using the

CatWalk XT system. Animal footprints were automatic-
ally captured by the video camera of the system and
were further categorized into individual paws like right
forepaw (RF), right hindpaw (RH), left forepaw (LF), and
left hindpaw (LH) via the software (Fig. 1a). To
characterize pre-symptomatic PD or phenotype-
manifested PD in mice, we assessed the gait in two age
groups: 2 months old and 12–13 months old. Body mass
was not different between 2-month-old A30P and WT
mice, but 12–13-month-old A30P mice were signifi-
cantly heavier than age-matched WT mice (Supplemen-
tary Fig. 1). As expected, the older A30P mice showed
significant motor impairments in all tested parameters
compared to age-matched controls: maximum contact
area, terminal dual stance, body speed, body speed vari-
ation, run maximum variation (p ≤ 0.05, Fig. 1b and Sup-
plementary Fig. 2), base of support on front paws
(Fig. 1c), run duration (Fig. 1d), average speed (Fig. 1e)
and cadence (Fig. 1f). In addition, the older mouse group
displayed significantly extended stands (p ≤ 0.05, Fig. 1g–
j) and markedly changed footprint patterns from all
paws (Fig. 1k-n). In contrast, younger A30P mice
showed no significant changes in all investigated gait pa-
rameters compared with age-matched WT mice, indicat-
ing that these mice have a pre-symptomatic stage of the
disease. We also measured gut length in these mice. Gut
length did not differ between A30P and WT mice in
both age groups, but both intestines were significantly
longer in 12–13-month-old A30P and WT mice com-
pared with 2-month-old A30P and WT mice (Supple-
mentary Fig. 3).
To proof that 2-month-old A30P mice do not show a

significant PD pathology in the brain yet, we assessed
striatal dopamine levels of 2-month-old and 12–13-
month-old A30P and WT mice. Therefore, we isolated
the striatum of these mice and measured the dopamine
content using an ELISA (Fig. 2a). In the suspected pre-
symptomatic PD group (2 months old) we found no sig-
nificantly altered dopamine levels (475,23 pg ± 100,78)
compared with the corresponding WT (525,67 pg ± 57,
27), revealing no significant brain pathology at this time
point. The older A30P group instead, which also shows
motoric impairments in the CatWalk, displays signifi-
cantly reduced striatal dopamine levels (165,40 pg ± 64,
65; p ≤ 0.01) compared with the age-matched WT group
(332,38 pg ± 27,46) indicating a diseased brain.
But to give evidence for a pre-manifestation of PD in

the gut in the 2-month-old mice, we identified disease
causing overexpressed α-synuclein aggregates (human
A30P α-synuclein) in the small and the large intestine of
both, 2-month-old PD and WT mice, using Paraffin im-
munofluorescence. We were able to detect overex-
pressed human α-synuclein aggregates in the SI (Fig. 2c)
as well as in the LI (Fig. 2e) of A30P mice. Interestingly,
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the expression level is less prominent in the SI, while in
the WT mice no human α-synuclein could be found in
both intestines (Fig. 2b, d).
Based on these findings, the non-motor-impaired 2-

month-old PD group with intestinal but no brain α-
synuclein pathology, was defined as the pre-symptomatic
A30P mouse group (psA30P), and was used for further
investigations.

Altered GI motility in psA30P mice
To investigate the hypothesis that the gut is the first site
of PD manifestation, we compared GI motility patterns
in the SI and the LI of psA30P mice and age-matched
WT animals in isolated gut segments. We measured GI
movement using several parameters, including changes

in amplitude (Δ amplitude), number of contractions,
mean interval (Fig. 3a), and velocity of motions (Fig. 3b).
Both, the SI and the LI, had an isochronous motility

pattern in WT mice (SI: Fig. 3c,d; LI: Fig. 3j,k), whereas
psA30P mice showed a discontinuous outline with ex-
tended passive interphases (SI: Fig. 3e,f; LI: Fig. 3l,m).
In the SI, more contractions were observed in WT mice

(40.7 ± 2.6 contractions/min) than in psA30P mice (35.7 ±
3.6 contractions/min; p ≤ 0.05, Fig. 3g). Furthermore, the
movements of WT mice were significantly faster (14.7 ±
2.8 mm/s) than those of psA30P mice (9.2 ± 2.2 mm/s; p ≤
0.05, Fig. 3h). The mean interval was higher in psA30P
mice because of extended and variable interphases of
(0.50 ± 0.1 s) compared with WT mice (0.39 ± 0.7 s), but
this difference was not significant (Fig. 3i).

Fig. 1 CatWalk XT analysis of different aged A30P and wild type (WT) mice. (a) Individual paws were classified automatically with the CatWalk XT software as
right forepaw (RF), right hindpaw (RH), left forepaw (LF), and left hindpaw (LH). (b) Static and dynamic parameters were all significantly different in older A30P
mice compared with age-matched controls, while 2-month-old A30P and WT mice did not show any motoric disturbances. Base of support on front paws (c)
and run duration (d) were significantly increased in 12–13-month-old A30P mice, while the average speed (e) and cadence (f) were decreased. Stands of all
paws, including RF (g), RH (h), LF (i), and LH (j), were significantly augmented in 12–13-month-old A30P mice compared with WT animals. This was confirmed
by corresponding 2-D maps from WT (k,m) and A30P mice (l, n). Two-month-old A30P mice showed no motoric changes, which was confirmed by 2-D maps.
WT mice are shown in blue (n=4), A30P mice in red (n=5). 2-D maps determine the gait sequence of paw contact with the glass plate over time. * p≤ 0.05,
** p≤ 0.01, and *** p≤ 0.001 using ANOVA

Gries et al. Molecular Neurodegeneration           (2021) 16:34 Page 7 of 23



In the LI, WT mice exhibited 9.5 ± 2.4 contractions
(Fig. 3n) with an appropriate velocity of 0.9 ± 0.4 mm/s
(Fig. 3o) over a 10-min period. The number (5.3 ± 2.6
contractions per 10 min; p ≤ 0.05, Fig. 3n) and velocity of
contractions (0.3 ± 0.1 mm/s; p ≤ 0.01, Fig. 3o) were sig-
nificantly lower in psA30P mice. In addition, the mean
interval was significantly shorter in WT mice (69.1 ±
10.8 s) compared with in psA30P mice (104.4 ± 33.4 s;
p ≤ 0.05, Fig. 3p).
The reduced gut motility in psA30P mice can be visu-

alized in the video recordings (Supplementary Videos 1,
2, 3, 4); these videos show retarded activity, slower

contractions, and longer static phases in psA30P mice
compared with WT mice (Fig. 3).

Dysregulated protein expressions in the ENS of psA30P
mice
To investigate the role of the ENS in PD pathogenesis,
we dissected the myenteric plexus (MP) of the SI and
the LI in psA30P and WT mice. Whole protein was iso-
lated from the gut tissue, separated by high-performance
liquid chromatography (HPLC), and further analyzed by
mass spectroscopy.

Fig. 2 Striatal dopamine levels and intestinal synuclein aggregates in A30P and wild type (WT) control mice. (a) The amount of dopamine in the
striatum of 2- and 12–13-month-old A30P and WT mice was determined by an enzyme-linked immunosorbent assay (ELISA). In the younger
group (2 months) no changes were found in the striatal dopamine content, while the older A30P group exhibited significantly lower dopamine
levels compared with their age-matched controls mice. WT animals are shown in blue, A30P mice in red. Quantitative data are expressed by
means ± SD from segments of n = 6 for 2-month-old and n = 4 for 12–13-month-old PD and WT mice. ** p < 0,01 vs. wild type and control
respectively by Student’s t test and Cohen’s d (Supplementary Fig. 7a); ns = not significant. Detection of overexpressed aggregated human α-
synuclein (hu-synuclein) in the gut of 2-month-old mice revealed that there were no aggregates present in both intestines of the WT mice (b, d),
while several aggregates were found in the small (c) and the large intestine (e) of the A30P mice. For synuclein detection n = 5 for A30P and WT
were investigated
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The MP protein expression profile was different be-
tween psA30P and corresponding WT mice in the SI
(Fig. 4a) and LI (Fig. 4b). In total, 1044 proteins were de-
tected by mass spectroscopy; in 7% of proteins, expres-
sion was significantly altered in the SI (Fig. 4a,
Supplementary Fig. 4a, Supplementary Table 2) and al-
most twice as many proteins (14%) in the LI (Fig. 4b,
Supplementary Fig. 4b and Supplementary Table 2), in-
dicating a stronger and maybe even an earlier manifest-
ation of PD at this anatomical site. Proteins with
significant changes in expression were analyzed and vi-
sualized by Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING). Each dot represents a single
protein, while clustered proteins or proteins in the direct

neighborhood indicate a similar function (Fig. 4c and d;
Supplementary Fig. 4).
We used a Venn diagram to illustrate the distribution

of dysregulated proteins in the SI (74 proteins) and the
LI (147 proteins); 13 proteins were differentially
expressed in both tissues (Fig. 4e). Categorization into
groups by the STRING database yielded i.a. six different
functional clusters: actin and microtubule organization,
vesicle transport, calcium binding, ubiquitination, and
response to oxidative stress (Fig. 4f). Proteins in these
groups are known to be involved in PD pathogenesis in
mice and humans, mainly affecting the CNS [35–55].
This functional classification emphasized that more pro-
teins are dysregulated in the LI than in the SI. Therefore,

Fig. 3 Motility patterns during ex vivo luminal perfusion experiments in pre-symptomatic (ps)A30P mice and wild type (WT) controls. (a) Video recordings of
gut movements were analyzed with MotMap and LabView to determine alterations in amplitudes Δ, mean intervals and contraction numbers. (b) Schematic
illustration of the velocity measured by LabView. Spatiotemporal maps and corresponding 3-D MotMaps showed altered small intestine (SI) motility (c–f) and
large intestine (LI) motility (j–m). Less SI and LI motility was shown in psA30P mice compared with WT. The gut diameter in the heatmaps (pixel color) is
indicated on the y-axis, the time on the x-axis. Contraction numbers were significantly lower in the SI (g) and the LI (n) of psA30P mice compared with WT
controls. Mean intervals were slightly higher with more variation in the SI of psA30P mice compared with WT (i), while in the LI of psA30P mice mean intervals
were significantly prolonged compared with WT (p). Velocity was significantly decreased in the SI and LI of psA30P mice compared with WT (h, o). WT mice are
shown in blue, psA30P mice in red. Calculations were performed with LabView and GraphPad Prism 8. Quantitative data are expressed as means ± SD from
segments of n=7 psA30P mice and n=6 age-matched WT controls for mean interval and contraction numbers. For velocity determination, n=5 psA30P mice
and n= 5 WT mice were examined. * p≤ 0.05, and ** p≤ 0.01 using Student’s t test and Cohen’s d (Supplementary Table 7b), ns = not significant
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we focused all further investigations on the LI. We se-
lected three proteins with altered expression for detailed
examinations: neurofilament light chain (Nefl), vesicle-

associated membrane protein 2 (Vamp2) and calbindin 2
(Calb2). We chose these proteins because they have
already been implicated in PD pathology. For example,

Fig. 4 Mass spectroscopy of the myenteric plexus (MP) from pre-symptomatic (ps)A30P mice compared with wild type (WT) controls. Regulated proteins in
the MP of the small intestine (SI, a) and the large intestine (LI, b) were volcano plotted using GraphPad Prism 8 according to their statistical significance. Proteins
with significantly altered expression are shown in purple, proteins with non-significantly altered expression in black. Protein-protein interactions obtained from
the STRING database are shown for MP samples of the SI (c) and the LI (d). Neurofilament light chain (Nefl), vesicle-associated membrane protein 2 (Vamp2),
and calbindin 2 (Calb2) are highlighted with purple circles. (e) In total, 74 proteins were affected in the SI and 147 in the LI. Among these, 13 proteins were
changed significantly in both, the SI and the LI. The Venn diagram and the heatmaps were generated using GraphPad Prism 8. Here, only proteins with
significantly altered expression were included. Classified functional groups of regulated proteins in the gut (actin and microtubule organization, vesicle transport,
calcium binding, ubiquitination, and oxidative stress) are shown in (f). The intensity levels (percentage of normalized volumes) of the protein spots were shown
on a heatmap according to their expression levels. Individual rows represent single spots and graduated scale color codes from red (decreased expression
levels) to green (increased expression levels) and white (no altered expression levels). Each column represents data from n=4 independent experiments
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Nefl [56–58] and Calb2 [59–62] expression is altered in
the brain of humans with PD as well as in PD models,
but nothing is known about how these proteins are af-
fected in the gut during early stages of PD. In addition,
both, Nefl and Calb2 can co-localize with α-synuclein
[63, 64]. Several studies have shown a role for Vamp2 in
neurodegeneration [44, 46, 48, 65, 66], but no direct link
to PD pathogenesis has been described to date, although
Vamp2 does bind to α-synuclein [67].

Differential Nefl, Calb2, and Vamp2 expression in the ENS
of psA30P mice
To evaluate the expression of Nefl, Calb2, and Vamp2 in
the LI during pre-symptomatic early-onset PD, we per-
formed immunohistochemical stains on whole-mounts
of the LI from psA30P and WT mice (Fig. 5). Based on
our proteomic data and because of their pivotal role in
the ENS, we decided to see whether these proteins can
serve as biomarkers for early PD. Preliminary assess-
ments of the LI whole-mounts showed a significantly
smaller ganglionic area in psA30P mice than in WT
mice (Supplementary Fig. 5).
Nefl staining revealed a large number of myenteric

ganglia that were evenly distributed over the underlying
circular muscle layer. Nefl-positive cells were also fre-
quently encountered in the interconnecting strands run-
ning parallel to the circular muscle layer. These fibers
had a thinner and smoother morphology than those run-
ning longitudinally. In general, Nefl expression was
weaker in psA30P mice (8.4 ± 0.8%) than in WT mice
(18.6 ± 3.9%; p ≤ 0.001, Fig. 5a). Fiber density was espe-
cially reduced in the interconnecting strands. Consist-
ently, there were significantly fewer synaptic vesicles in
the muscle layers of psA30P mice (6.4 ± 1.6%) compared
with WT animals (18.3 ± 4.2%; p ≤ 0.01, Fig. 5b). Calb2
showed a prominent immunoreactivity in the cytoplasm
of neuronal soma and in axonal projections in both,
psA30P and WT mice. However, there was a signifi-
cantly higher Calb2 expression in WT mice (8.8 ± 1.5%)
than in psA30P mice (4.2 ± 0.86%; p ≤ 0.001, Fig. 5c).
Calb2 is expressed not only in the MP, but also in the
submucosal plexus, which is located in the submucosal
layer. Therefore, we imaged the whole gut in 3-D to in-
clude both plexuses, and confirmed the reduced Calb2
expression in psA30P mice (Fig. 5d).

Differential Nefl, Calb2, and Vamp2 expression in primary
ENS cells from an in vitro PD model
To verify the dose-dependent toxicity of the mutant
A30P α-synuclein protein on primary MP cells, we per-
formed a live-dead assay as a pilot experiment with dif-
ferent incubation times (not shown) using MP cells from
postnatal C57B6/J mice which were treated with
endotoxin-free monomeric and aggregated A30P α-

synuclein. Based on these results, we chose a concentra-
tion of 0.5 μM for the A30P α-synuclein, and an incuba-
tion time of 5 days for further experiments. A30P α-
synuclein administration lead to a significantly increased
number of dead cells for both (Fig. 6a), the monomeric
(163.20 cells ±37.54) and the aggregated form (75.32
cells ±35.52), while this reduction was much more severe
when enteric cells were exposed to the aggregated form
(reduction monomer: 38.83%, reduction aggregate:
71.77%) compared with the dopamine control (266.77
cells ±59.38) (Fig. 6a).
To quantify the total number of neurons after A30P α-

synuclein treatment, cultivated cells were stained with the
neuronal marker protein gene product (PGP) 9.5 (Fig. 6b,
c). The amount of neurons was significantly reduced
(18.43%) after addition of monomeric A30P α-synuclein
(WT: 203.54 ± 15.60 PGP9.5-positive cells; monomeric
A30P: 166.02 ± 26.06 PGP9.5-positive cells; p ≤ 0.05,
Fig. 6b,c) and even more significantly decreased (39.23%)
when exposed to the aggregated A30P α-synuclein form
(123.69 ± 17.43 PGP9.5-positive cells; p ≤ 0.001, Fig. 6b,c).
To further analyze the cellular effects of the more dam-
aging aggregated form of A30P α-synuclein on the expres-
sion of neuronal subtypes and synaptogenesis, additional
immunocytochemical stainings were performed for class
III beta tubulin (Tuj1), Nefl, Calb2, and Vamp2. The same
picture as for PGP9.5. appears with the Nefl stainings,
where we found significantly fewer Nefl-positive cells
(WT: 0.08 ± 0.02 ratio Nefl/PGP9.5; A30P: 0.06 ± 0.01 ra-
tio Nefl/PGP9.5; p ≤ 0.05, Fig. 6d and Supplementary Fig.
6a). An examination of synaptic vesicles revealed signifi-
cantly less Vamp2-positive signals for aggregated A30P α-
synuclein-treated cells per neuronal area (WT: 53.7 ±
11.1%; A30P: 24.7 ± 5.4%; p ≤ 0.01, Fig. 6e). Conversely, we
found nearly twice as many Calb2-positive neurons in α-
synuclein-aggregate-treated cells compared with the
unchallenged cultures (ratio Calb2/PGP9.5 WT: 0.09 ±
0.01; A30P: 0.2 ± 0.06, p ≤ 0.01, Fig. 6f and Supplementary
Fig. 6b), which might reflect the described higher resist-
ance of calbindinergic neurons to toxic impacts [68].

psA30P mice exhibit increased oxidative stress
In order to determine the oxidative stress levels in
psA30P mice we immunostained whole-mount muscle
layers of psA0P mice and corresponding WT with mal-
ondialdehyde (MDA), a marker for lipid peroxidation
representing oxidative stress, along with 4′,6-Diamidin-
2-phenylindol (DAPI), and PGP 9.5. As illustrated in
Fig. 7, there was no oxidative stress in terms of lipid per-
oxidation present in the WT (Fig. 7a,c), neither in the SI
nor in the LI. In contrary, an increased expression of
lipid aldehydes was located in the ENS ganglia in both,
the SI (Fig. 7b) and the LI (Fig. 7d), respectively, giving
evidence for oxidative stress in the gut of psA30P mice.
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Dysregulated miRNA expression in the ENS of psA30P
mice
To provide further knowledge into gene expression and
regulation of pathologic pathways in the ENS during PD,
we evaluated the possible regulating role of miRNAs.
Therefore, total RNA was isolated from the MP of the LI
and the mesencephalon, and was used to profile the
miRNA spectrum in psA30P and WT mice by means of a
NanoString nCounter® mouse expression assay (Supple-
mentary Table 3). Individual Volcano plots were applied

to identify differentially expressed miRNAs with statisti-
cally significance. As presented in the volcano plots, we
found 166 robustly expressed miRNAs (more than 100
counts) in the MP of the LI in psA30P mice (Fig. 8a) and
210 miRNAs in the mesencephalon (Fig. 8b) compared
with WT mice (Supplementary Tables 4 and 5). This dys-
regulation was statistically significant for 45 miRNAs in
the MP (Fig. 8a), and for only eight miRNAs in the mesen-
cephalon (Fig. 8b). Three miRNAs (miRNA-22, miRNA-
140 and miRNA-350) were differentially expressed in both

Fig. 5 Effect of A30P α-synuclein on neuronal markers in whole-mounts muscle layers from pre-symptomatic (ps) A30P mice. Distribution of neurofilament
light chain (Nefl) (a), vesicle-associated membrane protein 2 (Vamp2) (b) and calbindin 2 (Calb2) (c), in full thickness muscle layers of the large intestine (LI) in
psA30P and wild type (WT) mice. There were significantly fewer Nefl-, Vamp2-, and Calb2-positive cells in pre-symptomatic (ps)A30P mice than in WT mice.
Three-dimensional (3-D) images were made of full thickness intestinal walls immunostained for Calb2 (d) and confirmed the 2-D impressions (c) of muscle layer
stainings. WT mice are shown in blue, psA30P mice in red. Quantitative data were analyzed with ImageJ and are expressed as means ± SD from n=5
independent experiments using GraphPad Prism 8. Nefl and Calb2 expressions were calculated per picture section, Vamp2 expression was analyzed per
ganglionic area (class III beta tubulin (Tuj1) positive area). ** p≤ 0.01 and *** p≤ 0.001 using Student’s t test and Cohen’s d (Supplementary Table 7d). 3-D
images are presented using the depth-coding mode, where a depth color code corresponds to the position within the volume. The scale bar displays the
spatial distribution of the color coding. The serosal side of whole-tissue samples was set at 0μm and is depicted in blue. The top of the villi is displayed in red.
Images are shown as a top view
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tissues, while the fold changes of these miRNA expres-
sions were distinctly higher in the MP of the LI than in
the mesencephalon (Fig. 8c).
The top ten regulated miRNAs in the MP of the LI

with the highest fold change and the lowest p-value were
following miRNAs: miRNA-19a, 126-3p, 126-5p, 136-5p,

146a-5p, 210-3p, 301a-3p, 338-3p, 377-3p, and 1937c
(Supplementary Fig. 7 and Fig. 8a). In the MP of the LI
we observed various significant expression changes for
miRNAs that target Nefl, Vamp2, and Calb2, supporting
our idea that these proteins are potential biomarkers for
early-stage PD. Detailed examination of protein-miRNA

Fig. 6 Effect of A30P α-synuclein on enteric cells. For in vitro studies, myenteric plexus (MP) cells isolated from C57B6/J mice (postnatal day 2) were
treated with 0.5 μM monomeric and aggregated A30P α-synuclein for 5 days in vitro. This significantly reduced the number of living cells (a) and
protein gene product (PGP) 9.5-positive neurons (b, c), while the toxicity was more intense using the aggregated form. Addition of aggregated A30P
α-synuclein to the MP cells resulted in a significant reduction of Nefl positive neurons (d) and significantly less synaptic vesicles (e) compared with the
dopamine control, as well as in significantly more Calb2 positive neurons (f). For Nefl and Calb2 data are indicated as a ratio of Nefl and Calb2 to
PGP9.5 normalized to control. Calculation of Vamp2 expressions was restricted to neuronal (class III beta tubulin (Tuj1) positive) areas. Quantitative data
are expressed by means ± SD from five to seven independent experiments (N = 90 images per condition). Dopamine controls are shown in yellow,
monomeric α-A30P synuclein treated cells in pink and aggregated α-A30P synuclein treated cells in green. * p < 0,05; ** p < 0,01 and *** p < 0,001 vs.
dopamine control, respectively, by Student’s t test and Cohen’s d (Supplementary Table 7d) and ANOVA for grouped analyses
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clustering using mirWALK 3.0 [32] revealed that Nefl
(Fig. 8d, pink framed boxes) and Vamp2 (Fig. 8d, blue
framed boxes) are both targeted by ten miRNAs, and
Calb2 (Fig. 8d, green framed boxes) is clustering with
four miRNAs. All miRNAs were significantly upregu-
lated, while the corresponding proteins were all signifi-
cantly downregulated (Fig. 4f), thus implying a counter-
rotated expression. Two miRNAs, miR-22-3p and miR-
30c-5p, target all three selected proteins, Nefl, Vamp2
and Calb2.

miRNA dysregulation is consistent in mice and men
To determine the functional impact of miRNA dysregu-
lation on PD-associated protein networks, we performed
an IPA-based network analysis using all 45 upregulated
miRNAs and all 49 altered proteins from our defined
functional groups (Fig. 9). The majority of dysregulated
miRNAs were involved in the same pathways as the

proteins identified in our proteome analyses, such as
protein ubiquitination, calcium signaling, cell and oxida-
tive stress, synaptic transmission, and cytoskeleton as-
sembly. These data revealed 77 protein-miRNA
interactions, involving 25 proteins and 31 miRNAs, in
which the proteins were downregulated and the respect-
ive miRNAs were upregulated, as well as eight protein-
protein interactions. Nefl, Calb2, and Vamp2 clustered
extensively with several miRNAs. Thirty-one miRNAs
from all dysregulated miRNAs in psA30P mice have
been shown to be dysregulated in human PD tissues and
body fluids (Supplementary Table 6a), and 13 have been
implicated in PD in mouse, rat, and in vitro models
(Supplementary Table 6b). However, these miRNAs
were only investigated during clinical stages of PD and
in the CNS, and not during pre-symptomatic stages and
in the gut or MP like in the present study. In addition,
we detected 10 significantly dysregulated miRNAs in the

Fig. 7 Analysis of oxidative stress in pre-symptomatic (ps) A30P mice. The effect of overexpressed human α-synuclein on lipid peroxidation was
shown by whole-mount immunostainings of the small intestine (SI) and the large intestine (LI) from 2-month-old psA30P and wild type (WT)
mice. Tissues were stained with malondialdehyde (MDA, red) used as an oxidative stress marker, with protein gene product (PGP, green) 9.5 as a
neuronal cell marker and with 4′,6-Diamidin-2-phenylindol (DAPI, blue) for nuclear detection. In WT mice no oxidative stress levels were detected
in both intestines (a, c), while in psA30P mice the ENS was found to be markedly stressed by the presence of lipid aldehydes in both, the SI (b)
and the LI (d)
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MP of the LI in psA30P mice, which, to the best of our
knowledge, have not been associated with PD to date
(Supplementary Table 6c).

Discussion
PD is currently diagnosed based on motor impairments
that are only present during progressive stages of the
disease [69]. These clinical symptoms are caused by
Lewy bodies aggregating in the brain and by degener-
ation of dopaminergic neurons in the substantia nigra.
Up to 60–70% of these neurons are already lost when
the first motor symptoms appear [70]. The gold-
standard treatment for managing these motor symptoms
in advanced PD is oral administration of the dopamine
precursor levodopa (L-dopa). Although short-term oral

use of L-dopa is highly effective, long-term use is associ-
ated with several complications [71]. Thus, early diagno-
sis of PD combined with an efficient prophylaxis or
therapy that delays or even prevents PD is essential.
However, early diagnosis is challenging because biopsies
cannot be easily obtained from the brain to monitor the
progression of the disease over time. Early pathological
signs of PD have been reported in the ENS of patients,
suggesting that neurodegeneration may start in the gut
and spreads to the brain [7, 8].
Recent studies gave evidence that PD might be sepa-

rated into a PNS-first and a CNS-first subtype [72, 73].
The brain-first type is associated with a primary occur-
rence of the α-synuclein pathology in the brain and a
secondary spread to the ENS. The body-first type is

Fig. 8 miRNA expression analysis of 2-month-old pre-symptomatic (ps)A30P mice. Volcano plots show miRNA profiling in the myenteric plexus (MP) of
the large intestine (LI, a) and the mesencephalon (b) of psA30P mice compared with controls. Expression data for 578 miRNAs were generated by
nCounter NanoString analysis. In total, 166 miRNAs were expressed in the MP of the LI (a) and 210 miRNAs in the mesencephalon (b) with a minimum
of 100 counts. The left side represents the significance level of downregulated miRNAs and the right side the significance level of upregulated miRNAs.
Purple circles indicate significantly dysregulated miRNAs; black circles indicate miRNAs whose expression was not significantly altered. The horizontal line
in miRNA expression marks the threshold for the t-test p value (= 0.05). (c) In total, we identified 45 significantly upregulated miRNAs in the MP of the LI
and eight upregulated miRNAs in the mesencephalon of psA30P mice. Among them, three are expressed in the MP of the LI and the mesencephalon,
but with a higher fold change in the MP. (d) Box plots show regulated miRNAs in psA30P mice compared with wild types (WT) targeting neurofilament
light chain (Nefl, pink framed boxes), vesicle-associated membrane protein 2 (Vamp2, blue framed boxes), and calbindin 2 (Calb2, green framed boxes).
WT mice are shown in blue (n = 5), A30P mice in red (n = 6). Quantitative data are expressed as means ± SD using GraphPad Prism 8. * p≤ 0.05 and **
p≤ 0.01 using Student’s t test and Cohen’s d (Supplementary Table 7f)
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hallmarked by an initial contribution of the ENS, mostly
accompanied by non-motoric symptoms, followed by a
striatal dopaminergic dysfunction.
Based on this hypothesis, pathological analysis of the

GI tract may detect PNS-first PD early enough to apply
preventative therapies. In addition to motor impair-
ments, bowel disturbances have been described in PD
patients before clinical symptoms develop [74].
In our study we provide an assessment of ENS dys-

function early in PD pathogenesis in α-synuclein-
overexpressing transgenic A30P mice, presumably mir-
roring the body-first PD type. To identify early bio-
markers for PD within the gut, analyses were made
using A30P mouse PD model, which allows an investiga-
tion of pre-symptomatic stages unlike in human patients.
First we defined a pre-symptomatic (ps) stage of disease
in which the mice neither exhibited any motoric

impairments nor showed an imbalance of striatal dopa-
mine levels, as it is reported to take place during the
clinical peak of disease [25, 75]. When exploring the gait,
psA30P mice were inconspicuous, and aside from that,
they did not show reduced striatal dopamine levels [76],
therefore signifying a not yet diseased brain. However,
we demonstrated that these young mice have a diseased
gut possessing several α-synuclein aggregates or Lewy
bodies, in fact in both intestines. We propose that the
ENS of α-synuclein-overexpressing transgenic A30P
mice is more sensitive to A30P α-synuclein than the
CNS, confirming the assumption, that the A30P mice ei-
ther belong to the PNS-first PD category or that we do
not yet understand that additional triggers might be re-
sponsible for the development of one or the other form
of PD. The differences between the small and the large
intestine may be caused by the presence of microbiota in

Fig. 9 Ingenuity pathway analysis (IPA). IPA shows the relationships between altered miRNAs in the myenteric plexus (MP) of the large intestine (LI)
from pre-symptomatic (ps)A30P mice compared with wild type (WT) controls and their target proteins. IPA functional pathway analysis was used to
predict the top transcriptional regulators from differentially expressed proteins in murine PD models. miRNA target (protein) filter pairing analysis was
done in order to identify co-regulated miRNAs/target pairs. We identified 77 protein-miRNA interactions which involved 25 dysregulated proteins and
31 miRNAs and eight protein-protein interactions. These predictions are based on Ingenuity Pathway Knowledge Base (IPKB). Nefl is targeted by let 7i-
5p, miR-10a-5p, miR-22-3p, miR-23a-3p, miR-30c-5p, miR-99a-5p, miR-125a-5p, miR-126-3p, miR-126-5p, and miR-181a-5p; Vamp2 is targeted by let-7i-
5p, miR-10a-5p, miR-22-3p, miR-30c-5p, miR-99a-5p, miR-135a-5p, miR-338-3p, miR-350-3p, miR-377-3p, and miR-495-3p; Calb2 is targeted by miR-17-
5p, miR-22-3p, miR-30c-5p, and miR-495-3p
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the large intestine [14, 17]. This primary interface of mi-
crobial products with the ENS may trigger a prior start
in the gut and also accounts for the advanced pathology
in the large intestine compared with the small intestine.
Hence, 2-month-old mice were specified as pre-
symptomatic featuring a typical PD pathology in the gut,
but not in the brain.
A major finding of the present study is decelerated GI

motility in early PD, before motoric disturbances are de-
tected. Consistent with these findings, PD patients with
chronic constipation typically exhibit infrequent bowel
movements, impaired propulsive colonic motility, and
prolonged colonic transit with reduced rectal contrac-
tions [74]. Impaired colonic transit has already been de-
scribed in young α-synuclein-overexpressing animals
[77, 78], but besides the digestion speed no additional
dynamic parameters were reported. In our ex vivo ap-
proach it is also possible to ascertain more convincing
parameters, like number or velocity of individual con-
tractions or dilatations respectively, as well as intervals.
Additionally, it is known from biopsies that the LI is
more affected by Lewy bodies in the myenteric neurons
than the SI is [79, 80], reflecting our synuclein aggregate
stainings. These observations support our finding of a
stronger pathological effect in the LI than in the SI.
To provide evidence that the gut and ENS are involved

in PD onset, and to confirm that PD pathogenesis starts
in the gut, we investigated whether these functional
changes correspond to molecular or morphological ab-
normalities in the GI tract at this stage. Changes in pro-
tein and miRNA expression in body fluid samples and
post mortem brain biopsies from PD patients have im-
proved our understanding of PD pathology. PD-related
proteins are involved in several pathways including pro-
tein ubiquitination, oxidative stress, cytoskeleton devel-
opment, synaptic function and vesicle release, and
calcium binding [4]. Lowe et al. discovered that the ma-
jority of Lewy bodies in the brain contains ubiquitin
[50], which conjugates to other proteins to bring about
protein degradation [81]. In line with this, post mortem
studies have shown defective proteasome activity in PD
brains [82] that involve alterations in the ubiquitin-
proteasome pathway [40]. To the best of our knowledge,
dysregulation of proteins that regulate ubiquitination has
not been investigated in the ENS during early stages of
PD. In this study, we found that the expression of pro-
teins, responsible for protein folding and ubiquitination,
was altered in the MP of the SI and the LI. Of note,
these proteins were all involved in regulating the
ubiquitin-proteasome pathway [83].
Oxidative stress reflects the imbalance between the

production and detoxification of reactive species, involv-
ing oxygen species and nitrogen species. At the cellular
level, thiol redox homeostasis is maintained by the

thioredoxin/peroxiredoxin (Trx/Prdx) pathway or by
glutathione peroxidase (Gpx), which is part of the gluta-
thione (Gsh) pathway. A marker for oxidative stress in
PD postmortem brains is an increased level of hydroxyl
radicals, which reduces expression of neuroprotective
proteins like Trx1, glutathione-S-reductase (Gsr), and
Gpx [84]. Moreover, reduced expression of Prdx in the
brain has been linked to neurodegenerative diseases in-
cluding Alzheimer’s disease and PD [85]. We found evi-
dences for oxidative stress in the gut during early stages
of PD in the present study. Expression of neuroprotec-
tive proteins was significantly altered in the MP of
psA30P mice, for instance Gpx, Prdx2, Prdx4 and Gsr.
These changes coincided with significantly increased ex-
pression of several miRNAs, which are known to regu-
late these proteins. It is well known that increased
reactive oxygen species formation leads to tissue damage
and its dysfunction induced oxidizing lipids which gen-
erate highly reactive lipid peroxidation products, such as
peroxides and aldehydes. Massive amounts of malondial-
dehyde (MDA) can be found in the substantia nigra in
the postmortem brain of PD patients [86]. In several in-
dependent studies elevated levels of MDA were demon-
strated in the sera and plasma of PD patients [87–91].
Here, we also illustrated increased MDA levels outside
the brain, e.g. the MP of young psA30P mice displaying
enhanced oxidative stress in an early non-motoric stage
of disease in the gut.
These findings provide the first proof that oxidative

stress markers are strikingly dysregulated in the gut dur-
ing early PD, and that these proteins may represent
markers of early PD.
Cytoskeletal reorganization is required for neuronal

homeostasis and plasticity, and for responses to axon in-
jury and degeneration [35]. Disrupted post-translational
modifications of neurofilament proteins have been linked
to neurodegenerative disorders, including PD [56, 92].
Downregulation of neurofilament mRNA and proteins

is common in the brain of PD patients and PD animal
models [57, 58]. In agreement with these observations,
we found significantly reduced Nefl protein expression
in the ENS. In addition, we observed significant upregu-
lation of miRNAs that regulate Nefl [32, 93]. Globular
and filamentous actins are highly enriched in dendritic
spines and are regulated during synaptic plasticity by
actin-binding proteins (ABPs) [94]. ABPs, such as profi-
lin and the actin-related-protein 2/3 complex (Arpc4),
control actin polymerization and are dysregulated in
neurological brain disorders including PD [95, 96]. Here,
we showed that expression of profilin and Arpc4 is
markedly changed in the LI of psA30P mice, indicating
neurofilament disruption in the gut during early stages
of PD. Interestingly, profilin is known to cluster with
several miRNAs, e.g. miR-130a-3p and 132-3p, which
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were strongly upregulated in our psA30P model. Con-
sistent with these observations, profilin expression was
reduced in the MP of psA30P mice. In line with our
findings, miR-132-3p expression was increased in the
striatum of a symptomatic rotenone-induced PD rat
model [96]. We present evidence that cytoskeletal dis-
ruption also contributes to neurodegeneration in the
ENS during early stages of PD.
Dynactin is, as a part of the dynactin-dynein-complex

(DDC), responsible for axonal transport, and the passage
of cytoplasmic vesicles [97], and it affects α-synuclein
aggregation increases Lewy body formation in different
brain regions [98]. In this study, we found reduced
dynactin 2 expression in the MP of psA30P mice, sug-
gesting a reduced axonal transport of motor proteins in
the gut at early stages of PD. This assumption is
strengthened by upregulations of the counter-rotating
miRNAs, which cluster to the DDC and regulate the
same pathways [32, 99].
Different tau isoforms, like Mapt, are expressed in the

CNS and ENS, but their expression is not altered in the
ENS of PD patients with clinical symptoms [100]. Hall-
mark characteristics of prion diseases like PD are reduced
synapse numbers and reduced dendritic spine densities.
Boese et al. described a strong enrichment of several miR-
NAs including miR-136-5p, which targets Mapt, during
the pre-clinical phase of prion disease [101]. Relevant to
this, we report for the first time that Mapt is highly down-
regulated in the MP of the LI during the pre-symptomatic
stage of PD. This downregulation correlated with an in-
creased expression of miR-22-3p and miR-136-5p. Very
recently, deletion of Map6, which interacts with Mapt
[102] and was markedly decreased in our model, was re-
ported to cause muscle weakness and atrophy, reduced
calcium release, and alterations in the microtubule net-
work, mirroring the early motoric impairments observed
in the gut of α-synuclein-overexpressing mice [103, 104].
Interestingly, α-synuclein interacts with microtubules in
HeLa cells [105] and preferably with tyrosinated tubulin in
human mesencephalic neurons [106]. In agreement with
our in vitro results, A30P α-synucleins regulate the micro-
tubule network in PD. These mutated α-synucleins can
affect neuronal microtubule assembly, and their overex-
pression leads to microtubule dysfunction and nigral
neurite degeneration [107]. Our data imply that A30P α-
synuclein pathology also impacts the cytoskeleton of ENS
neurons during early PD.
Synaptic transmission is driven by Ca2+-dependent

vesicle soluble N-ethylmaleimide-sensitive factor attach-
ment (SNAREs), which allow synaptic vesicles to fuse to
the plasma membrane [108]. Ca2+-binding synaptotag-
mins (Syt) interact with the SNARE proteins Vamp2,
synataxin1 (Stx1), and synaptosomal-associated protein
25 (Snap25) for exocytosis [109]. Native α-synuclein,

which is a neuronal pre-synaptic protein, is involved in
the trafficking of synaptic vesicles and in vesicle exocyt-
osis [110, 111]. However, aggregated α-synuclein is cyto-
toxic and mediates synaptic dysfunction by preventing
the transport of synaptic proteins or the re-clustering of
synaptic vesicles, resulting in a reduced neurotransmitter
release [66, 112]. Misfolded α-synuclein co-localizes with
Vamp2 and promotes SNARE-complex assembly [67,
113], while α-synuclein triple-knockout mice show
neurological damage and reduced SNARE assembly
[114]. In our study, Stx1, Syt1, and Vamp2, which are all
involved in the synaptic vesicle cycle [115], were signifi-
cantly downregulated in the gut of psA30P mice. This
may explain the gut pathology observed in our psA30P
mice supported by our findings that miRNAs clustering
with Vamp2 are upregulated. This theory is also sup-
ported by the results of our in vitro experiments. Thus,
the reduced expression of synaptic vesicle proteins, to-
gether with increased expression of the miRNAs that
regulate them, may contribute to neuronal cell death in
pre-symptomatic PD.
In addition to its important role in synaptic transmis-

sion, calcium also plays a pivotal role in neurodegenera-
tion [116]. Intracellular Ca2+-dependent pathways
dramatically increase calcium levels, which can trigger
apoptotic cascades. Calcium-binding proteins (CaBPs)
maintain calcium homeostasis for neuronal survival
[117, 118]. CaBPs like calbindin-D (CalbD) and Calb2
are widely expressed in the CNS [119, 120] and the ENS
[121–123]. Different neuronal populations have variable
vulnerability to degeneration. Lack of CalbD in dopa-
minergic neurons increases susceptibility to PD; this is
further supported by the low percentage of CalbD-
positive neurons in advanced stages of PD [124]. Calb2
is expressed close to the plasma membrane and calcium
channels [125], so may be involved in calcium influx,
neuronal excitability, and neurotransmitter release [126,
127]. Moreover, Calb2 has been associated with other
neurological disorders including schizophrenia [128].
Here, Calb2 positive neurons were paradoxically in-
creased after acute α-synuclein exposure suggesting a
temporary higher resistance of these neurons compared
to other neuronal subtypes. However, a chronic expos-
ure reduced Calb2 neurons and implicated an increase
of miR-17-5p that regulates Calb2. It has been postu-
lated, that an increase of Calb2 expression indicates neu-
roprotective processes in early stages of PD [68]. Hence,
the increase of Calb2 in myenteric cultures might be a
first reaction to A30P α-synuclein, while a reduction of
Calb2 expression, as seen in whole-mount stainings of
psA30P mice, resembles later stages of PD and chronic
exposure to pathological A30P α-synuclein, where aug-
mented cell death has already occurred. Furthermore, it
has been reported, that an upregulation of miR-17-5p
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inhibits cell proliferation and induces apoptosis, while an
inhibition induces neurite outgrowth [129]. Based on
these findings, we postulate that Calb2 plays a crucial
role in PD development in the gut. Our hypothesis is
supported by previous findings that Calb2 expression is
reduced in neurons following 6-OHDA treatment in a
PD rat model [66, 67].

Conclusions
In the present study we identified for the first time early
functional and whole panel of molecular, gut-related bio-
markers that may detect PD during early stages of the dis-
ease, long before motoric onset of the disease. Nefl, Vamp2,
and Calb2, and their regulating miRNAs seem to be key
players in the initiation of the disease. These proteins and
miRNAs are mainly involved in cytoskeleton assembly, oxi-
dative stress, ubiquitin-proteasome degradation, synaptic
transmission, and calcium signaling, and may contribute to
intestinal dysfunction during early PD. In postmortem brains
and liquid biopsies from PD patients, which are derived from
a very late clinical stage of the disease, markers like PINK1,
Parkin, DJ1, and LRRK2 are dysregulated [130–132]. Hence,
these are rather more suitable markers for later stages of the
disease in the CNS. In the future, the ENS may serve as a
source for minimally invasive gut biopsies for early detection
of PD, which can be taken easily from human patients.
Therefore, our novel biomarkers may open up the possibility
of screening gut tissue to diagnose PD during its early stages,
which may facilitate the timely treatment or even prevention
of PD.
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