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ABSTRACT: Background: The role of the gut-
brain axis has been recently highlighted as a major
contributor to Parkinson’s disease (PD) physiopathol-
ogy, with numerous studies investigating bidirectional
transmission of pathological protein aggregates, such
as α-synuclein (αSyn). However, the extent and the
characteristics of pathology in the enteric nervous
system have not been fully investigated.
Objective: We characterized αSyn alterations and glial
responses in duodenum biopsies of patients with PD
by employing topography-specific sampling and con-
formation-specific αSyn antibodies.
Methods: We examined 18 patients with advanced PD
who underwent Duodopa percutaneous endoscopic
gastrostomy and jejunal tube procedure, 4 untreated
patients with early PD (disease duration <5 years), and
18 age- and -sex-matched healthy control subjects
undergoing routine diagnostic endoscopy. A mean of
four duodenal wall biopsies were sampled from each
patient. Immunohistochemistry was performed for anti-
aggregated αSyn (5G4) and glial fibrillary acidic protein
antibodies. Morphometrical semiquantitative analysis
was performed to characterize αSyn-5G4+ and glial
fibrillary acidic protein–positive density and size.
Results: Immunoreactivity for aggregated α-Syn was
identified in all patients with PD (early and advanced)
compared with controls. αSyn-5G4+ colocalized with
neuronal marker β-III-tubulin. Evaluation of enteric glial
cells demonstrated an increased size and density when
compared with controls, suggesting reactive gliosis.
Conclusions: We found evidence of synuclein pathology
and gliosis in the duodenumof patients with PD, including
early de novo cases. Future studies are required to evalu-
ate how early in the disease process duodenal pathology
occurs and its possible contribution to levodopa effect in
chronic patients. © 2023 The Authors. Movement Disor-
ders published by Wiley Periodicals LLC on behalf of
International Parkinson andMovement Disorder Society.

Key Words: neuropathology; alpha-synuclein; gas-
trointestinal biopsies; enteric nervous system;
Parkinson’s disease

Introduction

In Parkinson’s disease (PD), the role of the gut-brain
axis has been greatly highlighted by recent develop-
ments in both clinical and preclinical research.1-5

There is growing interest in the detection of α-syn-
uclein (αSyn) aggregates, the histological hallmark of
PD, in peripheral tissues,6 including the gastrointestinal
(GI) tract.7-10 Considering the involvement of the
enteric nervous system in the prodromal stages of PD
and its relationship with gut motility,11,12 the detection
of αSyn aggregation and its deposition in gut tissues is
of great relevance.13 Recent animal models suggested a
possible bidirectional transmission of αSyn pathology
that may originate either in the enteric nervous system
and spread toward the brain, or begin in the brain and
then spread toward the periphery; this has driven the
discussion about the so-called gut-brain axis.2,14,15

These findings have been supported by studies on
human postmortem samples,10 while in vivo human
studies reported heterogeneous findings in GI biopsies
(mainly gastric and colonic).16-18 Phosphorylated αSyn
(p-αSyn) at serine 129 residue has been considered the
most reliable marker to distinguish pathological
deposits from physiological protein. However, a con-
sensus has not been reached so far on which antibody
(anti-αSyn or anti–p-αSyn) should be used in peripheral
tissues to distinguish patients with PD from con-
trols,9,19,20 although antibodies specific for αSyn aggre-
gates have been used in a single study on colonic
mucosa with promising results.21 Specifically, the anti-
body, clone 5G4, can detect αSyn aggregates targeting
the sequence encompassing amino acids 46–53 of
αSyn.22,23 Recently, in an in vitro comparative analysis
of several αSyn targeting antibodies, αSyn-5G4 showed
high conformational specificity and strong immunore-
activity for all forms of αSyn aggregates with no reac-
tion toward αSyn monomers24 (Fig. S1). Furthermore,
αSyn-5G4 immunohistochemistry was more reliable in
identifying αSyn aggregates across synucleinopathies
compared with other αSyn antibodies and was also able
to detect astrocytic and oligodendroglial αSyn inclu-
sions in Lewy body disease.23,25

Furthermore, considerable attention has been drawn
to enteric glial cells (EGCs), which may play a critical
role in the cross-talk between inflammation and neu-
rodegeneration. According to available studies, EGCs
participate in the regulation of GI functions, playing a
key role in the pathophysiology of GI disorders.26,27

More recently, EGCs have emerged as critical players
in regulating GI function in PD, because higher levels of
expression for enteric glial markers (such as glial
fibrillary acidic protein [GFAP] and SOX10) were
reported in the GI tract of patients with PD, suggesting
enteric glial reaction. Conversely, levels of glial markers
were negatively related to PD disease duration,
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suggesting that EGC reaction is more relevant at disease
onset and decreases over time,28-30 but the precise
mechanism by which EGCs contribute to PD pathogen-
esis remains to be elucidated.
In this study, we aimed to investigate the histopatho-

logical changes in the enteric nervous system by charac-
terizing both αSyn aggregates and enteric glial
responses in duodenum biopsies of patients with PD
with extensive clinical and demographical
documentation.

Subjects and Methods
Subjects

Eighteen patients (12 males, 6 females; mean age,
65.2 years, 95% confidence interval [CI] 61.4–
69.0 years; mean disease duration, 11.3 years; 95% CI,
9.0–13.6 years) with advanced PD who required initia-
tion of levodopa carbidopa intestinal gel infusion were
enrolled for the study.31

All patients underwent percutaneous endoscopic
gastrostomy with jejunal extension placement; an aver-
age of four 3-mm3 duodenal-wall biopsies were sam-
pled in a topographically unrelated district to
percutaneous endoscopic gastrostomy with jejunal
extension placement. Along with the routine clinical
assessment (Movement Disorder Society–Unified
Parkinson’s Disease Rating Scale Parts I–IV and Hoehn
& Yahr scales), the Wexner Constipation Score32 was
also calculated (Table S1).
In addition, we also investigated four early untreated

subjects with PD (three males and one female; mean
age, 63.2 years, 95% CI, 50.5–76.0 years; mean disease
duration, 2.7 years, 95% CI, 0.4–5.1 years) with dis-
ease duration <4 years. Patients with early PD voluntar-
ily underwent screening diagnostic endoscopy with
biopsy collection.
Duodenal biopsies from 18 subjects comparable for

age and sex (9 males, 9 females; mean age, 68.6 years,
95% CI, 63.8–73.4 years) undergoing screening diag-
nostic endoscopy were included as healthy control sub-
jects (HCs). Notably, HCs were further evaluated
clinically and interviewed to exclude any manifestation
suggestive of PD or any other neurological disorder.
The study protocol received approval by the ethical

committee for clinical experimentation of Padua prov-
ince (protocol no. 0034435, 08/06/2020). Informed
consent for the use of biological samples was obtained
from all patients. All procedures on human tissue sam-
ples were carried out in accordance with the Declara-
tion of Helsinki.

Tissue Processing and Staining
Tissue samples were fixed in phosphate-buffered 4%

paraformaldehyde, embedded in paraffin, and sectioned

at the microtome (5-μm slices). Single- and double-
marker immunoperoxidase staining for aggregated
αSyn (monoclonal mouse, clone 5G4; Millipore), GFAP
(monoclonal rabbit; Dako Omnis), S100β (recombinant
polyclonal antibody, clone 16HCLC; ThermoFisher Sci-
entific), SOX10 (monoclonal antibody, clone 20B7;
eBioscience), β-III-tubulin (rabbit polyclonal; Bio-
Legend), PGP9.5 (rabbit polyclonal, ab15503; Abcam),
and neurofilament heavy polypeptide (RabMab Rabbit
mAb, clone EPR20020; Abcam) was performed on a
Dako EnVision Autostainer station according to the
manufacturer’s recommendations. Antigen retrieval was
performed on a PT-Link Dako Antigen retrieval station
using citrate buffer at pH 6 solution at 96�C for
15 minutes, followed by 1 minute in 95% formic acid
for the αSyn-5G4 antibody.
To validate and choose the suitable neuronal marker

in duodenum, we compared anti-β-III-tubulin, anti-
PGP9.5, and anti-Neurofilament heavy polypeptide
antibodies in peripheral tissues (duodenum and skin) of
the same case (Fig. S4).
Immunoperoxidase staining was repeated at least

three times to assure reaction consistency and was inde-
pendently evaluated by three morphologists blind to the
clinical findings. Controversies were resolved by
consensus.

Morphometrical Quantification
Photomicrographs were acquired under a Leica

DM4500B microscope (Leica Microsystems) connected
to a Leica DFC320 high-resolution digital camera
(Leica Microsystems) and a computer equipped with
software for image acquisition (QWin; Leica Micro-
systems) and analysis (ImageJ).33-35 Whole-section pho-
tomicrographs were acquired at 5� magnification,
while an average of four 20� magnification photomi-
crographs per available sample were acquired as cou-
nting fields and loaded into ImageJ software for
semiautomatic immunoreactivity quantification.
The area of the sections was quantified by manually

drawing the boundaries of the specimens. A maximum
entropy threshold was applied and manually adjusted
for each section to discern immunopositive elements
from background and negative tissue. Quality control
of the applied threshold was performed by an expert
morphologist by overlaying the thresholded images to
the original photomicrographs. Particle analysis was
done with a 0 to infinity px threshold to define immu-
nopositive elements quantity and total area occupied
within the digital image. For GFAP staining, the num-
ber of immunopositive elements was divided by the
total area of the sample to obtain a semiquantitative
measure of immunoreactive density within each section.
For αSyn-5G4 staining, because immunoreactive struc-
tures did not present as distinct elements with defined
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boundaries, total immunoreactive area (μm2) and % of
immunoreactive area (A%) were estimated per counting
field. Counting fields for each available sample were
treated as repeated measures and averaged per single
subject.

Immunofluorescence and Confocal Microscopy
Fluorescent immunohistochemistry was performed

manually. Antigen retrieval was performed on
deparaffinized tissue as in immunoperoxidase staining
methods. Tissue autofluorescence was quenched with a
50 mM NH4Cl solution for 10 minutes. Sections were
treated with permeabilization and blocking solution
(15% vol/vol goat serum, 2% wt/vol bovine serum
albumin, 0.25% wt/vol gelatin, 0.2% wt/vol glycine in
phosphate-buffered saline) containing 0.5% Triton X-
100 for 90 minutes before incubation of primary anti-
bodies. Primary antibodies were diluted in blocking
solution and incubated at 4�C overnight. Alexa Fluor
plus 488 goat anti-mouse secondary antibody (A32723;
Thermo Fisher Scientific) and Alexa Fluor plus 568
anti-rabbit secondary antibody (A-11011; Thermo
Fisher Scientific) were diluted 1:200 in blocking solu-
tion as described earlier and incubated for 60 minutes
at room temperature. Hoechst 33258 was used for
nuclear staining (dilution: 1:10,000 in phosphate-buff-
ered saline; Invitrogen) for 10 minutes. Slides were
mounted and coverslipped with Mowiol solution
(Novabiochem).36 Confocal immunofluorescence z-
stack images were acquired on a Leica SP5 Laser Scan-
ning Confocal Microscope using HC PL FLUOTAR
20�/0.50 Dry or HCX PL APO lambda blue 40X/1.40
oil objectives. Images were acquired at a 16-bit intensity
resolution over 2048 � 2048 pixels. z-stack images
were converted into digital maximum intensity z-projec-
tions, processed, and analyzed using ImageJ software.
The antibodies used for immunofluorescence were

the following: mouse anti-aggregated αSyn clone 5G4
(MABN389, 1:1000; Sigma-Aldrich), rabbit GFAP
(1:1000; Dako Omnis), mouse GFAP (1:1000;
Genetex); S100β (recombinant polyclonal antibody,
clone 16HCLC; ThermoFisher Scientific), SOX10
(monoclonal antibody, clone 20B7; eBioscience), and
rabbit β-III-tubulin (Poly18020; 1:10,000; BioLegend).

Statistical Analyses
Statistical analyses and visualizations were performed

using GraphPad Prism v.9. Nonparametric data were
analyzed with Mann–Whitney U test. Pearson’s correla-
tion analysis has been used to assess possible correla-
tions between αSyn expression in duodenum (after
passing Kolmogorov–Smirnov normality test) and clini-
cal characteristics, including motor and non-motor
scales, cognitive assessments, and main non-motor
symptoms of PD. Values are indicated as the median,

with significance as follows: *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.

Results
αSyn Pathology

αSyn-5G4 immunoreactive elements detected in duo-
denal specimens were classified according to morpho-
logical criteria into four groups: (1) compact and
globular immunoreactivities (Fig. 1A,B); (2) granular
cellular immunoreactivities (Fig. 1C,D), mostly resem-
bling cross-reactivity with resident mast cells; and (3)
dot-like immunoreactivities (Fig. 1E,F), which we inter-
preted as either cross-reaction with lipopigment staining
in the duodenal mucosa or as actual aggregated αSyn
deposits if colocalizing with neuronal structures via
immunofluorescent staining/double-labeled immu-
noperoxidase staining. These three morphologies were
found in both patients with PD and HCs. The fourth
morphology was observed as thread-like immunoreac-
tivities (Fig. 1G,H), which represented the most reliable
immunoreactivity type to discern patients with PD from
HCs. Immunofluorescent staining (Fig. 1I1,I2) and dou-
ble-immunoperoxidase staining (Fig. 1J,K) confirmed
the colocalization between αSyn-5G4 threaded immu-
noreactivities and β-III-tubulin, a pan-neuronal and
neuritic marker, indicating aggregated αSyn deposits in
duodenal nerve fibers of the mucosa and submucosa.
Similar thread-like immunoreactivities were also found
in the duodenal mucosa and submucosa of subjects
with early PD (Fig. 1L,M). Non-colocalizing immunore-
activity types 1–3 are displayed in Figure S3. Regardless
of morphology, immunoreactivity for aggregated αSyn
was absent (4/18) or barely detectable (14/18) (with
predominant globular or cellular immunoreactive
morphology) in HCs (Fig. 1N,O), whereas all duodenal
samples collected from both early and advanced PD
patients were characterized by marked (22/22; 100%)
immunoreactivity for aggregated αSyn (Fig. 1P,Q), dis-
playing one or more thread-like reactivities. Semiauto-
matic morphometric quantification for the burden of
aggregated αSyn immunoreactivity demonstrated statis-
tically significant higher immunoreactive tissue area in
patients with advanced PD compared with HCs
(****P < 0.0001; PD: mean % area: 1.58%, 95% CI,
1.40–1.75; HCs: mean % area: 0.18%, 95% CI, 0.09–
0.26) (Fig. 1R) and also in patients with early PD when
compared with age-matched HCs (**P < 0.01; patients
with early PD: mean % area: 0.80%, 95% CI, 0.13–
1.47; age-matched HCs: mean % area: 0.18%, 95%
CI, 0.05–0.31) (Fig. 1S).
We then defined the criteria for diagnosing PD-

related αSyn pathology with two parameters: (1) an
average morphometric area of aggregated αSyn burden
in at least three counting fields ≥0.26% (upper 95% CI
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FIG. 1. Legend on next page.
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of mean in HCs) of the total counting field (A%
> 0.26), and/or (2) at least a single unequivocal thread-
like profile detected by αSyn-5G4.
Application of the first parameter alone demonstrated

a sensitivity of 100.00% (95% CI, 81.47–100.00%),
specificity of 83.33% (95% CI, 58.58–96.42%), posi-
tive predictive value of 85.71% (95% CI, 68.11–
94.40%), and negative predictive value of 100% for
discerning manifest PD from HC. The calculated accu-
racy was thus equal to 91.67% (95%
CI, 77.53–98.25%).
Application of the second parameter alone demon-

strated a sensitivity of 100.00% (95% CI, 81.47–
100.00%), specificity of 94.44% (95% CI, 72.71–
99.86%), positive predictive value of 94.74% (95%
CI, 72.82–99.18%), and negative predictive value of
100.00% for discerning manifest PD from HC. The cal-
culated accuracy was thus equal to 97.22% (95%
CI, 85.47–99.93%).
The combination of both parameters demonstrated a

sensitivity of 100.00% (95% CI, 81.47–100.00%),
specificity of 100.00% (95% CI, 81.47–100.00%), pos-
itive predictive value of 100.00%, and negative predic-
tive value of 100.00% for discerning manifest PD from
HC. The calculated accuracy was thus equal to
100.00% (95% CI, 85.47–99.93%) and was higher
than the single parameters. Summary estimates of 5G4
immunohistochemistry as a diagnostic marker for PD
in duodenal biopsies are reported in Table S2.

GFAP Analysis and Enteric Gliosis
GFAP-immunoreactive elements presented as discrete,

round, immunoreactive cells localized predominantly
within the duodenal mucosa and submucosa (Fig. 2A,
C, high-magnification insets). S100β immunoperoxidase
and immunofluorescent staining (Fig. 2G–L) showed
colocalization between GFAP and S100β, indicating a
contextual expression of these markers in duodenal
EGCs of the mucosa and submucosa. Although we
detected instances of GFAP+/S100β� EGCs, we found
no instance of GFAP�/S100β+ structures. SOX10
immunoperoxidase and immunofluorescent staining
(Fig. 2M–R) showed sparse and sporadic cellular
immunoreactivities in the duodenal mucosa and submu-
cosa. Similarly to S100β, we found numerous instances

of GFAP+/SOX10� EGCs and rare instances of
GFAP�/SOX10+ cells. These findings suggest that
GFAP represents a broad marker for EGCs in the
human duodenal mucosa and submucosa and was thus
used for morphometrical quantification.
Morphometrical analyses demonstrated both

increased EGC density (PD mean: 95.2 � 32.6; HC
mean: 45.8 � 14.9; Fig. 2E) and increased cell size (PD
mean: 28.2 � 1.4 μm2; HC mean: 25.1 � 1.2 μm2;
Fig. 2F) in patients with advanced PD compared with
HCs (****P < 0.0001 for both cell density and size),
suggestive of local reactive gliosis.
Spearman’s rank correlation analysis between αSyn-

5G4 immunoreactive area, EGC density, and EGC cell
size in the duodenum in patients with advanced PD
showed a strong correlation (Rs = 0.751,
****P < 0.0001 and Rs = 0.741, ****P < 0.0001,
respectively; n = 36).

Correlation with Clinical Data
Pearson’s correlation analysis was performed between

αSyn-5G4 immunoreactive areas and collected clinical
data. Remarkably, a good correlation was found com-
paring αSyn-5G4 immunoreactive area and patients’
years of disease (R = 0.526; *P < 0.05; n = 22). No
other correlation was found with sex, motor severity,
global cognitive scales’ score, quality of life, and Move-
ment Disorder Society–Unified Parkinson’s Disease Rat-
ing Scale score. Interestingly, we found a trend of
increased aggregated αSyn distribution in patients who
complained of constipation (P = 0.058) (Wexner Con-
stipation Score); however, validation of this finding
requires a larger cohort as a prospective assessment
with validated instruments. Similarly, no significant cor-
relation was observed with the other variables exam-
ined, including other GI disturbances.

Discussion

In this study, we documented marked immunoreac-
tivity for aggregated αSyn and morphological changes
in EGC suggestive of reactive gliosis in the duodenum
of patients with PD, including a small number with
early PD. These data expand our knowledge on the

FIG. 1. αSyn-5G4 immunohistochemistry in duodenal biopsies. (A–I) 5G4 immunoreactivity types encountered in the duodenal mucosa. Globular immu-
noreactivities (A, B) and cellular reactivities (C, D), found in both patients with Parkinson’s disease (PD) and healthy control subjects (HCs), likely repre-
sent antibody cross-reactivity with resident mast cells. (E, F) Dot-like reactivities can be either ascribed to lipopigment deposits in the gastrointestinal
(GI) mucosa or represent actual 5G4 aggregated synuclein deposits in nerve fibers fragmented within the sectioning plane. (G–K) Threaded (thread-like)
reactivities encountered predominantly in patients with PD indicate α-synuclein aggregates in nerve fibers of the GI tract, as demonstrated by double-
label immunofluorescent staining for 5G4 aggregated synuclein and β-III-tubulin (G, H); a pan-neuronal and neuronal marker (I1, I2) double-label immu-
noperoxidase staining showed a similar pattern of colocalization at the level of β-III-tubulin-positive nerve fibers (J) and neurons in the submucosa (K).
5G4+ thread-like reactivities were also detected in patients with early PD (L, M). Overall, αSyn-5G4 immunoreactivity was lower in HCs (N, O) compared
with patients with PD (P, Q). Morphometrical quantification followed by Mann–Whitney nonparametric test shows statistically significant differences
between advanced PD and HC (****P < 0.0001; n = 18 for HC and n = 18 for PD) (R), as well as patients with early PD and age-matched HCs
(**P < 0.01; n = 10 for HC-age matched and n = 4 for early PD) (S).
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FIG. 2. Glial fibrillary acidic protein (GFAP)-immunoperoxidase-stained duodenal biopsies. (A, B) Healthy control subjects (HCs). (C, D) Patients with
Parkinson’s disease (PD). Scale bars: 15 μm; 50 μm (high-magnification insets). (E, F) Mann–Whitney nonparametric test shows statistically significant
differences between PD and HC in terms of both enteric glial cell size (E) and density (F) (***P < 0.001, ****P < 0.0001; n = 18 for HC and n = 18 for
PD). Enteric glial cells of the duodenal mucosa also express S100β (G–I) and SOX10 (M–O). Both markers colocalize with GFAP+ cells (J–L, P–R),
which represent the broadest marker for enteric glial cells in the human duodenal mucosa.
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involvement of the enteric nervous system in PD and
suggest the duodenum as a possible target for disease
detection in early PD. Unlike previous studies in the lit-
erature, we investigated αSyn pathology in anatomically
defined regions of the human duodenum, focusing on a
poorly investigated tract of the GI system and at the
same time reducing sampling-site variability often
affecting studies conducted on the colonic mucosa. Fur-
thermore, we investigated the role of EGC in PD while
also validating GFAP as a marker for enteric gliosis.
Our results also indicate that the αSyn-5G4 confor-

mation-specific αSyn antibody is a reliable marker of
pathology in PD. Although low or barely detectable
immunoreactivity for αSyn-5G4 was also found in HC,
marked differences with patients with PD were demon-
strated by morphometrical quantification. Furthermore,
morphological evaluation demonstrated thread-like
immunoreactivities as PD-specific findings; immunoflu-
orescent staining confirmed colocalization between
αSyn aggregates and neuronal markers (Figs. 1 and S5),
indicating synuclein aggregates in nerve fibers of the
duodenal mucosa and submucosa. αSyn-5G4 antibody
is reported to be specific for αSyn aggregates, because
monomeric synuclein is not detectable in vitro.24 Con-
versely, p-αSyn antibodies are not reliable to discern
between patients with PD and control subjects in gas-
tric and colonic mucosa specimens, thus significantly
limiting their usefulness.37,38 Unlike previous studies,
we have examined an anatomically defined region of
the small intestine, the duodenum, greatly restricting
the sampling-site variability present in colonic mucosa
studies. Moreover, the left half of the transverse colon
and the descending colon receive parasympathetic
innervation from the sacral nerves deriving from the
spinal cord, and not from the vagus nerve, and thus are
inherently biased and likely not relevant to the brain-
gut hypothesis of αSyn transmission. The localization
and density of αSyn aggregates in the average aging
population have not been documented to date, with
low quantities of aggregated αSyn possibly representing
a normal finding in aging subjects, as seen in this small
cohort.
GFAP-immunoreactive cell density and size were also

higher in patients with PD compared with HCs,
suggesting enteric gliosis. However, immunofluorescent
staining for αSyn-5G4 and GFAP antibodies did not
show colocalization between markers (Fig. S2). Con-
versely, αSyn-5G4 colocalization with neuronal marker
β-III-tubulin was found, indicating a preferential site for
αSyn aggregates. Challis et al.39 evidenced increased
myenteric EGCs volume and count in a mouse model
of αSyn preformed fibrils duodenal inoculation, similar
to our in vivo findings. According to the authors, αSyn-
preformed fibril inoculation induces reactive gliosis in
response to fibrils seeding, thus linking αSyn pathology
to EGCs reaction. Our study suggests a localized

response of EGCs in in vivo PD patients in line with the
current animal model studies, which is also supported
by the strong correlation between EGC values and
aggregated αSyn; however, the mechanisms underlying
this require further investigation in humans, with
regard to inflammatory and immunity processes
involved.40 Furthermore, we validated GFAP as a
marker for enteric gliosis by performing double-immu-
nofluorescent staining with S100β and SOX10, which
have been previously used to investigate EGCs in both
human and animal models.41

There was no correlation between patients’ clinical
characteristics, including cognitive scales and αSyn-5G4
distribution in the duodenum, suggesting that periph-
eral pathology is a disease biomarker but may not
reflect phenotypic variability. Inclusions of patients at
various disease stages may provide further insight into
the temporal dynamics of aggregated αSyn in the GI
tract, especially in the premotor phase of the disease.
Limitations of this study include the relatively small

sample size and few patients with early-stage PD. In
contrast, the strength of this study includes the prospec-
tive and systematic assessment of the patients and the
extensive recording of clinical data, which made the
correlations more reliable.
In conclusion, our data suggest that significant syn-

uclein pathology occurs in the duodenum of patients
with PD. For diagnostic evaluation, a combination of a
morphometric method (standardized for each labora-
tory), followed by multicentric studies to evaluate inter-
rater variability, and detection of a single thread-like
αSyn-5G4 immunoreactivity is recommended. Future
studies are warranted to confirm these findings in pro-
dromal subjects, ie, with REM behavior disorders, and
evaluate individuals with other synucleinopathies, in
particular, multiple system atrophy.
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ABSTRACT: Background: Pallidal deep brain
stimulation (DBS) effectively alleviates symptoms in
dystonia patients, but may induce movement slowness

as a side-effect. In Parkinson’s disease, hypokinetic
symptoms have been associated with increased beta
oscillations (13–30 Hz). We hypothesize that this
pattern is symptom-specific, thus accompanying DBS-
induced slowness in dystonia.
Methods: In 6 dystonia patients, pallidal rest recordings
with a sensing-enabled DBS device were performed
and tapping speed was assessed using marker-less
pose estimation over 5 time points following cessation
of DBS.
Results: After cessation of pallidal stimulation,
movement speed increased over time (P < 0.01). A
linear mixed-effects model revealed that pallidal beta
activity explained 77% of the variance in movement
speed across patients (P = 0.01).
Conclusions: The association between beta oscillations
and slowness across disease entities provides further
evidence for symptom-specific oscillatory patterns in the
motor circuit. Our findings might help DBS therapy
improvements, as DBS-devices able to adapt to beta
oscillations are already commercially available. © 2023
The Authors. Movement Disorders published by Wiley
Periodicals LLC on behalf of International Parkinson and
Movement Disorder Society.

Key Words: beta oscillations; bradykinesia; deep
brain stimulation; dystonia; GPi

Introduction

Dystonia is a hyperkinetic movement disorder that
responds well to deep brain stimulation (DBS) of the
globus pallidus internus (GPi).1-3 Recordings from
DBS-electrodes revealed that exaggerated low fre-
quency (LF) oscillations (3–12 Hz) in the GPi correlate
with dystonic symptom severity4 and are reduced by
acute DBS along with symptom alleviation.5 More
recently, pulse generators with sensing capacity became
available, demonstrating the stability over time of pal-
lidal LF-activity as biomarker of dystonic symptoms as
well as its suppression by long-term DBS.6 Given that
both beneficial and unwanted DBS-effects may develop
only after days or even months, the possibility of
chronic recordings is of particular interest in dystonia.
DBS-induced parkinsonian signs (e.g., decreased move-
ment speed) are such slowly developing side-effects
that are reversible upon cessation of pallidal DBS.7-11

Although it is still unknown whether DBS-induced
movement slowing in dystonia is accompanied by a
specific oscillatory pattern, movement speed12,13 and
bradykinesia14 in Parkinson’s disease (PD) patients
have been shown to correlate with subcortical acti-
vity mostly confined to the low beta band (Lbeta)
(13–20 Hz).15 One previous study showed that
dopamine-depleting medication increases pallidal Lbeta
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