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Summary

Parkinson’s disease (PD) is a neurodegenerative disease characterized pathologically by the formation of Lewy bod-
ies comprised mainly of a-synuclein. Assessment of skin synuclein has the potential as an excellent diagnostic
method with high sensitivity, specificity, and reproducibility that is also convenient and acceptable to patients. In
this review, we summarize findings regarding the characteristics of cutaneous nerve p-a-syn or a-syn deposits and
their correlations with clinical phenotypes in PD patients with and without orthostatic hypotension and LRRKz,
GBA, and SNCA gene mutations. This review can serve as a reference for the diagnosis and classification of PD
based on a-syn deposit patterns and to deeply explore its pathogenesis.
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Introduction

Parkinson’s disease (PD) is a common neurodegener-
ative disorder associated with «-synuclein (o-syn)
misfolding and aggregation, mitochondrial dysfunc-
tion and mitophagy, neuroinflammation, oxidative
stress, and neuromelanin pigmentation.” > The main
neuropathological characteristics of PD are Lewy bod-
ies (LBs) and progressive degeneration of dopaminer-
gic neurons in the substantia nigra.’> The principal
component of LBs is a-syn, 9o% of which is phos-
phorylated at Ser129, i.e., phosphorylated alpha-synu-
clein (p-a-syn).° The misfolding and aggregation of
a-syn are the major pathogenic events in PD. The
aggregation of a-syn is a complicated process involv-
ing the formation of oligomers, protofibrils, and
fibrils." Toxic oligomers may be the primary cause of
neurotoxicity but are not responsible for propagation,
as shown by in vitro studies.” Fibrils are the elements
that propagate in a prion-like manner.” Recently, the
potential for two-way propagation between the enteric
nervous system (ENS) and central nervous system
(CNS) was demonstrated.® Pathological biopsies or
autopsies of brain tissue from PD patients are not
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technically difficult, but are obviously not possible in
living patients. Accordingly, recent studies have
focused on peripheral tissues. Some studies have
found deposition of a-syn and p-a-syn in the cerebro-
spinal fluid (CSF). However, a meta-analysis con-
cluded there was no significant difference in total
a-syn between patients with PD and other synuclei-
nopathies or atypical parkinsonism. The sensitivity
and specificity for distinguishing total a-synuclein in
PD and controls were o-72 and o-6s, respectively,
and o-71 and 0-64 for oligomeric a-syn.° The detec-
tion of different pathology-related a-syn species may
be informative for diagnosis. There are reports of
a-syn and p-a-syn deposits in the skin of PD patients,
and p-a-syn deposits were found in the hand skin
nerves of PD patients in our study (unpublished,
Figure 1). Furthermore, we compared known patholo-
gies of the skin and CNS in PD (Table 1). The a-syn
staining patterns, p-a-syn deposition, and loss of neu-
rons/nerve fibers in the skin are similar to the CNS
pathology, and skin pathology may reflect CNS
pathology to some degree. Notably, there are p-a-syn
deposits in 82% of PD patients using freshly cut
serial skin sections, and among patients positive for
p-a-syn, 94% were also detected for truncated a-syn
(syn1os), 90% and 69% positive for aggregated o-syn
as detected by 5G4 and syn21r after PK digestion,
respectively, and 89% for oligomeric a-syn (ASyOs).
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Figure 1. a-syn deposits in the skin nerves of PD.

Confocal microscope (x400) study of a-syn deposits in the hand superficial dermal nerves which are stained with mouse protein
gene product 9-5 (PGP, Bio-Rad Cat# MCA4750, RRID: AB_2210503). a. Nucleus marked with DAPI (Abcam Cat# ab104139, RRID: no)
(blue), it is superficial derma (*); b. Skin nerves marked with PGP 9-5 (green); c. a-syn deposits marked with rabbit monoclonal ¢-syn
(Abcam Cat# ab51253, RRID: AB_869973) (red); d. Merged images, there are a-syn deposits in the superficial dermal nerves (arrow).
Scale bars: 50 um. These figures are taken by Di Wu and Yanjuan Wang, and all authors confirm originality of it and retain copyright

toit.

Also, it is positive for the same antibodies in the sub-
stantia nigra of one PD patient, whereas they are all
negative in normal control.”

It is usually difficult to distinguish PD from other
synucleinopathies including MSA, dementia with Lewy
bodies (DLB), and pure autonomic failure (PAF). The
nerve subtype, close skin annexes, and distribution pat-
terns of p-a-syn deposits may contribute to distinguish-
ing these conditions. It has been reported that MSA
shows p-a-syn mainly in subepidermal somatosensory
(i.e., non synaptic) fibers.’?* This finding differs from
IPD, DLB, and PAF, which showed p-a-syn deposits
mainly in autonomic fibers. Autonomic fibers are differ-
ently affected in IPD, showing p-a-syn deposits mainly
around skin vessels (SV) and PAF presenting with

widespread extension of deposits that also involve sweat
glands (SG) and muscle arrector pilorum (MAP).
Abnormal aggregates in autonomic annexes showed an
intermediate degree of extension in DLB.>° The differ-
ent patterns of p-a-syn distribution may help distin-
guish these conditions as follows: in PAF, there is
homogenous distribution of p-a-syn in proximal and
distal sites, whereas there is higher positivity of p-a-syn
in proximal sites, mainly Cy, in IPD and DLB.*°

This review article summarizes and further analyzes
the characteristics of a-syn and p-a-syn deposition in
the skin nerves of different PD subtypes and their corre-
lation with clinical symptoms and characteristics,
thereby providing a reference for diagnosing PD by
cutaneous synucleinopathy.
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Skin pathology

CNS pathology

a-syn staining pattern
tion, syn105, and AsyO5 antibodies'®

Restricted to unmyelinated fibers'’

VIP-, TH-, SP- and CGRP- positive fibers''

p-a-syn deposition

Loss of neurons/nerve fibers

cantly reduced'®

Marked loss of SP- positive fibers''

Immunoreactive for p-w-syn, 5G4, syn211 after PK diges-

Autonomic >> somatosensory small fibers'*

IENFD, MAL, [ETNFL/Area, and IETNFL/Length are signifi-

length-dependent loss of intraepidermal fibers'”

Immunoreactive for p-a-syn, 5G4, syn211 after PK diges-
tion, syn105, and AsyO5 antibodies'®

Restricted to unmyelinated fibers'?

SP- and TH- immunoreactive neurons/fibers' "'

Autonomic structures at early stages, sensory association
areas at later stages'®

loss of neurons in the substantia nigra, vagal/glossophar-
yngeal
nucleus, reticular formation, coeruleus complex'”
impaired axonal transport'®

Loss of SP- levels and SP- positive neurons'’

Intraepidermal Total Nerve Fiber Length.

Table 1: Pathologies in the skin and CNS of PD. IENFD: Intraepidermal Nerve Fiber Density, MAL: Mean Axonal Length, IETNFL:

PD with and without autonomic dysfunction
The non-motor features of PD include sensory dysfunc-
tion, sleep disorders, dysautonomic features, and neuro-
psychiatric symptoms. Autonomic dysfunction is
characterized by abnormal function of the cardiovascu-
lar, digestive, urogenital systems, and thermoregula-
tion, all of which seriously affect PD patients’ quality of
life. Orthostatic hypotension (OH) is the most common
cardiovascular autonomy dysfunction in PD patients
with a prevalence of 9-6%—64-9%.>" ** OH is not just
a complication of late-stage PD, but can also occur dur-
ing the premotor stages.** When patients with OH
change positions, they may experience orthostatic intol-
erance such as amaurosis, dizziness, blurry vision,
fatigue, loss of consciousness, and syncope, resulting in
falls and fractures. As a result, some patients are afraid
of moving and potential falls. This can have an additive
effect on motor symptoms, leading to muscle atrophy
and movement disorders. Furthermore, cerebral and
cardiac hypoperfusion can cause cerebral infarction,
cognitive impairment, coronary heart disease, heart fail-
ure, and arrhythmia, which affect PD patients’ quality
of life, aggravate the medical burden, and substantially
increase morbidity and mortality.*> PD patients with
asymptomatic OH are more likely than those without
OH to experience greater deterioration in daily activities
and quality of life.>® Therefore, it is vital to screen for
OH in all PD patients.

As a scientific and feasible diagnostic method, skin
biopsy can provide guidance for early diagnosis and
intervention of OH for PD patients. Donadio et al. stud-
ied 28 PD patients, including 14 patients with OH
(PD + OH) and 14 matched patients without OH (PD —
OH), and performed skin biopsy at proximal and distal
hairy sites. The proximal site was the cervical C7 para-
vertebral area and the distal sites were the thigh and dis-
tal leg. They found that the distribution of p-a-syn
deposits was more homogenous for PD + OH patients
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compared to PD— OH patients in all three areas. Specif-
ically, PD + OH patients showed a similar distribution
of p-a-syn deposits between proximal and distal skin
sites, whereas there was a pronounced proximal-distal
gradient in PD — OH patients. Furthermore, 90% of all
PD + OH skin samples showed p-a-syn deposits, while
only 38% of all PD — OH skin samples showed p-a-syn
deposits. The low percentage in PD — OH cases, namely
38%, may be the result of less p-a-syn-positive skin sam-
ples in the leg compared with the cervical Cy paraverte-
bral area and the thigh. These results indicate
differences in both the distribution and percentage of
skin samples showing p-a-syn deposits between
PD + OH and PD — OH patients. Notably, there was a
similar mean amount of p-a-syn deposits around skin
vessels in PD + OH and PD — OH patients. In contrast,
the deposits in the sweat glands, muscle arrector pilo-
rum, and skin plexuses of PD + OH patients were
much higher than those in PD — OH patients. These
findings support that PD + OH patients manifest wide-
spread extension of p-a-syn in cholinergic and adrener-
gic autonomic nerves, which is different from PD —
OH patients, indicating mainly restricted involvement
of vessel adrenergic nerves.”” Donadio et al. further
studied 25 MSA-P patients and 25 PD + OH patients
undergoing skin biopsy from the cervical area, thigh,
and leg. These results suggested a different distribution
of p-a-syn in the skin nerves of MSA-P + OH patients
(mainly affecting somatic nerves) compared with
PD + OH patients (mainly affecting autonomic nerves).
Interestingly, abnormal p-a-syn deposits were also
found in 18 MSA-P + OH patients (72%) with a distal-
proximal gradient (with the highest positivity in leg),
which is opposite to previous findings in PD — OH
patients. Although these findings should be confirmed
in a larger cohort, they suggest that skin biopsy could be
informative for discriminating synucleinopathies in OH
or healthy controls.*” Infante et al. evaluated a PD + OH
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patient 10 months after symptom onset undergoing
annual skin biopsy of the cervical Cy paravertebral area,
thigh, and distal leg. The first skin biopsy of the distal
leg revealed p-a-syn deposits in autonomic nerve bun-
dles of the deep dermis (40%) and autonomic nerve ter-
minals of muscle arrector pilorum (25%). The second
skin biopsy found p-a-syn deposits spread from auto-
nomic nerve bundles (5%) to adrenergic autonomic
nerves terminals of skin vessels (31%) in the thigh and
distal leg. The third skin biopsy demonstrated that p-
a-syn was widely involved in cholinergic and adrenergic
autonomic nerves terminals of sweat glands (40%) and
muscle arrector pilorum (29%), as well as nerve bun-
dles of the deep dermis (9%) in the distal leg, thigh,
and cervical area.” These findings suggest that, with
progression of the disease, there is decreasing p-a-syn
deposited in the dermis autonomic ganglia but increas-
ing p-a-syn deposited in autonomic nerve terminals. In
other words, in PD + OH patients, p-o-syn may display
widely centrifugal diffusion from autonomic ganglia to
nerve terminals. In this specific patient, p-o-syn depos-
its firstly involved the lumbar ganglia, which differs
from the reported involvement of the cervical
ganglia."3° This could relate to the fact that this patient
underwent skin biopsy at a very early stage and per-
formed the colocalization analysis of p-a-syn with multi-
ple autonomic markers.

Overall, these prior studies suggest that p-a-syn dis-
tribution is homogeneous in the skin of PD + OH
patients, but shows a proximal-distal gradient in PD —
OH patients. Furthermore, the distribution and percent-
age of skin samples displaying p-o-syn in PD + OH
patients were higher than those in PD — OH patients.
PD + OH patients manifest wider extension of p-a-syn
in more autonomic nerves compared to PD — OH
patients. Some patients in the prodromic stage of PD
suffer from autonomic non-motor symptoms including
orthostatic hypotension and sweating dysfunction. And
these symptoms suggest early pathology involvement of
skin nerves. Moreover, a significant increase in a-syn
oligomeric species within the synaptic terminals of
autonomic nerve fibers has been reported in the skin of
PD patients compared with controls using the proximity
ligation assay technique.’” In addition, a-syn oligomeri-
zation has been described as an early event in the
pathology,’** although toxic oligomers are not respon-
sible for propagation.’* Therefore, there may exist an
intracellular event in the situ skin that is not associated
with the propagation of a-syn from other organs. This
indicates that the pathogenesis may differ between
PD + OH and PD — OH, and that skin biopsy can help
differentiate them. The skin p-a-syn distribution pattern
and mechanism may also differ between PD patients
with and without autonomic dysfunction, such as dys-
function of the digestive and urogenital systems and
thermoregulation. Given the limited number of relevant
studies in this area, further research is warranted.

PD with different genetic mutations

An increasing number of studies have examined the
role and contribution of genetic factors in familial and
sporadic PD (sPD), concluding that a significant source
of PD risk is genetic.” Nalls et al. identified 9o indepen-
dent genome-wide significant risk signals by meta-anal-
ysis, including the common risk variants leucine-rich
repeat kinase 2 (LRRK2), glucocerebrosidase (GBA),
and SNCA.*°

LRRK2 gene mutations
LRRK2 mutation is the most common cause of familial
PD and a risk factor for sPD. LRRK2 variants have been
proven to cause autosomal dominant PD.>” In the Asian
population, the most frequent PD risk factor is
Gly2385Arg (G2385R, p.2385G>R) variant. In the Chi-
nese population it may increase PD risk by nearly two-
fold.® Both cellular and animal model studies have
found that LRRK2 plays a role in kinase activity and
may cause «a-syn to be phosphorylated.’® Kinase activity
is elevated in individuals with Gly2o19Ser or
llezo20Thr mutations, which cause PD via
“gain—of—function” or hyperactivity of LRRK2.#° Com-
pared with idiopathic PD (iPD) patients, patients with
the LRRK2 G2385R variant require a larger levodopa
equivalent dose and manifest a specific clinical profile
including gait dysfunction and postural instability,
motor fluctuations, fatigue, and rapid eye movement
sleep behavior disorders.*®

Preliminary work has explored the effect of LRRK2
mutation on the features of a-syn deposits in the skin.
Isonaka et al. examined 7 PD patients with LRRK2
mutations and 16 control participants without PD that
underwent skin biopsy of the C2 cervical area. Skin total
a-syn deposition was quantified using the a-syn tyrosine
hydroxylase colocalization index, which is based on
immunoreactive total a-syn and tyrosine hydroxylase (a
marker of adrenergic neurons) signal intensities. The
results showed significantly more intraneuronal total
a-syn depositions in skin sympathetic noradrenergic
nerve fibers of PD patients with LRRK2 mutations com-
pared to controls.” Total a-syn comprises the different
elements from p-a-syn in the pathology, and numerous
Lewy body and neurite like accumulations of a-syn
along with a diffuse neuropil signal were found when
staining for total a-syn (synz11) in PD brains.'” We
assume that staining for total a-syn and p-a-syn are
both meaningful. However, it is unclear which method
is more scientific, more feasible, or better reflects the
nature of the disease. Yang et al. performed skin biopsy
at the distal leg and cervical Cy paravertebral area in 12
LRRK2 G2385R carrier PD patients and 47 LRRK2
G2383R noncarrier PD patients. The results showed
that in G2385R noncarriers the positivity rate of p-a-syn
deposition at Cy was higher than that at the distal leg
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(33/47 (70-2%) vs. 17/47(36-2%), P=o-oo01], whereas in
G2385R carriers the rates were similar between Cy and
the distal leg [8/12 (66-7%) vs. 7/12 (58:3%), P=1-000].
Notably, the nonmotor symptoms scale (NMSS) score,
percentage of patients with rapid eye movement sleep
behavior disorders (RBD), and levodopa equivalent dose
(LED) were all higher in the G2385R carrier group than
the noncarrier group.”® However, there are no prior
studies about the correlation between p-a-syn deposi-
tion and clinical outcomes. These results may suggest
that the distribution pattern of skin p-w-syn in PD
patients with the LRRK2 G2385R variant is homoge-
neous, whereas PD patients without this variant show a
p-a-syn distribution with a proximal-distal gradient.
These differences suggest that PD clinical phenotype is
related to skin p-a-syn distribution patterns and could
thus hint at the presence or absence of LRRK2 mutation
in PD patients. Moreover, pathogenesis between PD
patients with and without LRRK2 mutations may differ.

GBA gene mutations

Heterozygous GBA mutations are thought to be the
most common and significant genetic risk factor for
PD.#"*?* Such mutations occur in 4—10% of all PD
patients*"*** and increase the risk of PD up to 20-
fold.** The gene GBA encodes the lysosomal enzyme
glucocerebrosidase (GCase) and its mutations may
result in the autosomal recessively inherited disorder
Gaucher disease. GCase is synthesized and glycosylated
in the endoplasmic reticulum, but is only active when
transferred to the acidic lumen of lysosomes.*> G BA var-
iants affect the development of PD through multiple
factors. For example, they may cause glucocerebrosidase
(GCase) functional loss, thereby damaging lysosomal a-
syn degradation. As aggregation of a-syn results in neu-
rotoxicity, this inhibits lysosomal activity of normal
GCase.*® Changes in the composition of cellular or lyso-
somal membranes and autophagy may contribute to
reduced GBA activity.*” GBA dysfunction has also been
shown to cause microglial and immune activation, and
the activation of microglia cells may play a role in
reduced striatal dopamine release and a-syn aggrega-
tion.*® There is a higher proportion of males with GBA
mutations than females, and GBA mutation carriers
have an earlier age of PD onset, more rapid progression,
more common non-motor symptoms, and reduced
survival.#"#+* Isonaka et al. reported skin a-syn deposi-
tion in the C2 cervical area of 6 PD patients with GBA
heterozygous mutations and 16 control participants.
They found that 83% of patients with GBA variants had
higher total a-syn deposition in the skin noradrenergic
nerves compared to controls.’® Doppler et al. performed
skin biopsy at the distal, proximal leg, paravertebral
back Thro, and neck Cy of 10 PD patients with different
GBA mutations (6 N370S, 3 E326K, 1 L444P) and 10
healthy controls. They found that p-«-syn deposition in
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PD patients was mainly distributed in autonomic fibers,
with vasomotor fibers showing predominant autonomic
involvement, and that p-a-syn deposition was not
restricted to one GBA mutation. No healthy control
showed p-a-syn deposition, whereas p-a-syn was found
in 60% of PD patients (3 N370S, 3 E326K), which is
comparable with rates in previous iPD reports using
similar protocols.*? These findings demonstrate that a
similar distribution and frequency of skin p-a-syn is
irrespective of GBA mutations.

SNCA gene mutations
The first single genetic mutation identified to cause
autosomal-dominant PD was for SNCA. Mutations in
the SNCA gene, which encodes the protein « -syn and is
located on human chromosome 4, may result in mis-
folding and aggregation of « -syn protein, damaging
neurons and intracellular ultrastructures including
mitochondria and the degradative system. Compared
with iPD, SNCA-mutated PD usually has an earlier age
of onset (<50 years), faster deterioration of motor symp-
toms, and conspicuous levodopa-responsiveness in the
early stage but less sustained alleviation of symptoms. It
may occur along with dementia, respiratory hypoventila-
tion, myoclonus, mental disorders, and seizures.**°
The E46K-SNCA mutation is strongly linked to fibro-
genesis and pathogenicity,”>* with particular clinical
manifestations of early-onset parkinsonism and obvious
non-motor features, such as dementia, autonomic dys-
function, and sleep disorders.”> > Isonaka et al. per-
formed C2 cervical skin biopsies of 2 PD patients with
SNCA mutations and 16 control participants, and found
that total a-syn deposition in noradrenergic nerves was
higher in PD patients compared to controls.”
Carmona-Abellan et al. studied 7 E46K-SNCA car-
riers, 2 PARK2 carriers, and 2 healthy controls. The
E46K-SNCA carriers included 3 cases with dementia
with LBs, 2 cases with pure autonomic failure, 1 PD
case, and 1 asymptomatic case. All participants under-
went skin biopsy of the cervical Cy region. The results
showed a distinctly inverse correlation between nerve
fiber density and the degree of p-a-syn aggregation
(r=—0-889, p=0-002). Moreover, in epidermal and der-
mal structures, all E46K-SNCA carriers showed moder-
ate to severe small fiber neurodegeneration and p-a-syn
deposition, which was particularly distinct in patients
with pure autonomic failure.”® Taken together, these
findings imply that autonomic nerves are affected by
abnormal synuclein deposition in E46K-SNCA carriers,
ultimately leading to autonomic failure.

Discussion

As summarized above, there is abundant evidence of
variation in p-e-syn deposits in the skin of PD patients
with autonomic dysfunction, LRRK2, GBA, and SNCA
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mutations. These differences may suggest different
pathogenesis in different subtypes of PD. In this review,
we examined possible pathological mechanisms, clini-
cal manifestations, and cutaneous synuclein deposition
in order to correlate cutaneous synuclein pathology
with clinical symptoms and features and deeply explore
the pathogenesis of PD. The relatively small sample
sizes of the studies is a notable limitation, and the find-
ings should be validated in larger samples. In the
future, the plantar skin of mouse model hind paws and
full-thickness three-dimensional (3D) skin models could
potentially help address this issue. Another limitation is
the lack of data of PD patients with dementia and DLB,
which is often difficult to differentiate. It should be
noted that some described studies of PD with genetic
mutations include healthy controls and lack the inclu-
sion of idiopathic PD patients. In addition, some of the
existing studies lack autopsy pathology to validate the
diagnosis.

According to the common pathogenicity, symptom
severity, significance of early diagnosis and other rea-
sons in different subtypes of PD, the above four types of
PD were selected. At present, there are few studies
about skin synuclein deposits in any other PD subtypes.
In future studies, the distribution and mechanism of
synuclein in PD patients with non-motor symptoms or
other genetic mutations, such as PARK2 or DJ-1, should
be considered.

Detection of p-a-syn by skin biopsy has numerous
advantages for the diagnosis of PD. Tsukita et al. used a
univariate random effect model to analyze 41 case-con-
trol biopsy studies. They assessed the biopsy sensitivity
and specificity of the skin, gastrointestinal tract, minor
salivary glands, and submandibular glands for diagnos-
ing PD utilizing native a-syn or p-a-syn antibody. The
highest specificity [1-00, 95% confidence interval (CI)
0-98-1-00] and relatively satisfied sensitivity (0-76, 95%
CI 0-69-0-82) were obtained for the skin.’” It is possible
that these results are related to the biopsy site and sam-
ple number. Compared with gastrointestinal tissue
biopsy under endoscopic surgery, submandibular tissue
biopsy, positron emission computed tomography, sin-
gle-photon emission computed tomography, or "3I-
MIBG myocardial scintigraphy, skin biopsy is easier to
perform, more acceptable to patients, and less expen-
sive. Donadio et al. performed an experiment in the
Wiirzburg and Bologna laboratories and demonstrated
that detecting p-«e-syn by skin biopsy is highly reproduc-
ible and technically reliable. Their sample included 21
PD patients, 1 patient with dementia with LBs, 11
patients with rapid eye movement sleep behavior disor-
der, 4 patients with multiple system atrophy, and 6
patients with small fiber neuropathy. Skin biopsy was
performed at the Cy paravertebral spine region and dis-
tal skin areas (thigh or leg). The researchers then ran-
domly selected 25 skin sections from Cy and 25 from
the distal areas for analysis at two laboratories in

different locations. The results indicated superb repro-
ducibility of the intra-laboratory analysis both in
Wiirzburg (concordance of classification 100% of sec-
tions: K=1; P<o-oo1) and Bologna (96% of sections;
K=0-92; P<o-oo1) laboratories. Moreover, the repro-
ducibility of the inter-laboratory analysis (90%; K=0-8;
P<o-001) was excellent.”® In conclusion, detection of p-
a-syn Dby skin Dbiopsy may be a potential PD
diagnostic method with higher sensitivity, specificity,
and reproducibility. It is also convenient to perform,
highly acceptable to patients, and facilitated to follow

up.

Outstanding questions

Synuclein has been detected in skin biopsy from PD
patients for more than a decade. However, biopsy of
skin nerves is only carried out at a few large hospitals.
Thus, there are difficulties that must be quickly resolved
to promote the clinical application of skin biopsy and
realize its value for PD diagnosis. Unified selection of
an antibody, biopsy site, fixative method, section thick-
ness, and other characteristics is still needed. Further-
more, neuropathologists to analyze biopsy results and
experimental technicians to perform biopsy procedures
are needed. In the near future, it is possible that skin
biopsy will become a widely recognized and high-quality
tool for the diagnosis of PD and other neurodegenera-
tive diseases.

Search strategy and selection criteria

Data for this review were identified by searching
PubMed using the search terms “Parkinson's disease”,
“skin biopsy”, “synuclein”, “orthostatic hypotension”,
“gene”, “LRRK2", “GBA”, and “SNCA”. Only articles
published in English between 2003 and 2021 were
included.
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