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Alpha-synuclein oligomers and small nerve fiber pathology in
skin are potential biomarkers of Parkinson’s disease
Elena Vacchi 1,2, Camilla Senese1, Giacomo Chiaro3, Giulio Disanto3, Sandra Pinton1, Sara Morandi3, Ilaria Bertaina3, Giovanni Bianco3,
Claudio Staedler3, Salvatore Galati2,3, Claudio Gobbi2,3, Alain Kaelin-Lang1,2,3,4 and Giorgia Melli 1,2,3✉

The proximity ligation assay (PLA) is a specific and sensitive technique for the detection of αSyn oligomers (αSyn-PLA), early and
toxic species implicated in the pathogenesis of PD. We aimed to evaluate by skin biopsy the diagnostic and prognostic capacity of
αSyn-PLA and small nerve fiber reduction in PD in a longitudinal study. αSyn-PLA was performed in the ankle and cervical skin
biopsies of PD (n= 30), atypical parkinsonisms (AP, n= 23) including multiple system atrophy (MSA, n= 12) and tauopathies (AP-
Tau, n= 11), and healthy controls (HC, n= 22). Skin biopsy was also analyzed for phosphorylated αSyn (P-αSyn) and 5G4 (αSyn-
5G4), a conformation-specific antibody to aggregated αSyn. Intraepidermal nerve fiber density (IENFD) was assessed as a measure
of small fiber neuropathy. αSyn-PLA signal was more expressed in PD and MSA compared to controls and AP-Tau. αSyn-PLA
showed the highest diagnostic accuracy (PD vs. HC sensitivity 80%, specificity 77%; PD vs. AP-Tau sensitivity 80%, specificity 82%),
however, P-αSyn and 5G4, possible markers of later phases, performed better when considering the ankle site alone. A small fiber
neuropathy was detected in PD and MSA. A progression of denervation not of pathological αSyn was detected at follow-up and a
lower IENFD at baseline was associated with a greater cognitive and motor decline in PD. A skin biopsy-derived compound marker,
resulting from a linear discrimination analysis model of αSyn-PLA, P-αSyn, αSyn-5G4, and IENFD, stratified patients with accuracy
(77.8%), including the discrimination between PD and MSA (84.6%). In conclusion, the choice of pathological αSyn marker and
anatomical site influences the diagnostic performance of skin biopsy and can help in understanding the temporal dynamics of αSyn
spreading in the peripheral nervous system during the disease. Skin denervation, not pathological αSyn is a potential progression
marker for PD.
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INTRODUCTION
Parkinson’s disease (PD) is a neurodegenerative disease char-
acterized by the presence of pathologic alpha-synuclein (αSyn)
deposits in specific areas of the brain. In association with dementia
with Lewy bodies (DLB) and multiple system atrophy (MSA), it is
part of a spectrum of disorders, the synucleinopathies, character-
ized by intraneuronal aggregates of αSyn called Lewy bodies and
Lewy neurites (PD and DLB) and by glial cytoplasmatic inclusions
of αSyn (MSA)1,2.
PD is a multisystem disorder that involves both the central and

peripheral nervous system3. Indeed, while the overt phenotype of
PD is that of a movement disorder characterized by bradykinesia
in combination with at least one of rest tremor, rigidity, or postural
instability, several non-motor autonomic symptoms affect PD
patients in prodromal phases4. Typical examples are urinary and
gastrointestinal dysfunction, impaired sudomotor function, and
orthostatic hypotension. Accordingly, in the last decade, multiple
studies have shown evidence of αSyn deposits in peripheral nerve
tissues and organs, opening the possibility to access pathological
tissue in a minimally invasive way5–7. This is of utter relevance,
considering that the lack of antemortem biomarkers is a major
limiting factor for developing specific and effective disease-
modifying therapies for neurodegenerative disorders. Further-
more, the clinical heterogeneity of PD and the overlapping clinical
spectrum with atypical parkinsonisms (AP), namely MSA and AP
with tauopathies (AP-Tau), often prevent a proper diagnosis and

management of patients, especially in early phases8. In particular,
αSyn phosphorylated at Serine 129 (P-αSyn) has been detected in
colonic mucosa9, submandibular glands10, skin11–14, and heart15 of
patients with PD. More recently 5G4 antibody, a conformation-
specific monoclonal antibody with high reactivity for aggregated
forms of αSyn, and low reactivity for monomeric αSyn16–18, has
been successfully exploited in the skin14, submandibular glands19,
and colonic mucosa20. A systematic meta-analysis on in vivo αSyn
detection in peripheral tissues has demonstrated that skin biopsy
examination using anti-P-αSyn antibody has the best diagnostic
accuracy for PD21. Moreover, through intraepidermal nerve fiber
density (IENFD) measurement, skin biopsy allowed to demonstrate
and quantify small fiber neuropathy in PD14,22, which confirms the
observation of corneal small nerve fiber reduction in confocal
microscopy23. However, discrepancies of reported specificity and
sensitivity, diverse sites of skin biopsy, and lack of standardized
protocols, are major issues in using skin biopsy as a definitive
diagnostic tool for PD.
In this study, we exploited proximity ligation assay (PLA), a

highly sensitive and specific technique for oligomeric αSyn
detection (αSyn-PLA), in skin biopsies of PD in a longitudinal
study. PLA is based on proximity probes, composed of
oligonucleotide-conjugated antibodies, to recognize a couple of
specific targets in close proximity (<16 nm)24. αSyn-PLA assay
exploits a monoclonal antibody to αSyn with blocking activity on
the epitope and preferentially targets αSyn oligomers compared
to monomers and fibrils in vitro and binds to early not compacted
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lesions such us pale bodies, and only rarely to late compacted
Lewy bodies in patients’ brain25. This is of relevance since αSyn
oligomers are early and toxic species implicated in the pathogen-
esis and spread of disease26. The presence of αSyn oligomers was
previously detected by αSyn-PLA in the brain of postmortem PD25

and MSA27, in in vivo gastrointestinal tissues28, and very recently,
in skin biopsies of PD patients29. In particular, Mazzetti et al.
described αSyn-PLA within synaptic terminals of cutaneous
autonomic fibers in PD and healthy controls (HC), observing a
major expression of oligomeric αSyn in patients29.
This study aimed to (1) analyze oligomeric αSyn in the ankle and

cervical skin biopsies of patients with PD, MSA, AP-Tau, and HC; (2)
compare the diagnostic accuracy for PD of αSyn-PLA vs. P-αSyn
and vs. 5G4 antibody according to the anatomical site; (3) evaluate
pathologic αSyn and IENFD changes by skin biopsy longitudinally
at 2 years follow-up in PD.

RESULTS
Demographics and clinical data
Demographic characteristics and clinical assessments of the study
groups are summarized in Table 1. As expected, AP patients
showed a more severe disease than PD, measured by H&Y and
MDS-UPDRS, and a higher cognitive impairment, measured by
MMSE and MoCA. AP-Tau subjects were significantly older than HC
and more depressed than PD. MSA showed a greater autonomic
dysfunction measured by COMPASS-31.
After 24 months, 6 patients died (one PD, two MSA, and three

AP-Tau), 18 patients dropped out of the study (five PD, five MSA,
and eight AP-Tau). Twenty-four of the 30 PD patients underwent a
24-month follow-up analysis (T24) (Fig. 1). The six PD patients who
did not perform the T24 assessment were significantly more
affected than the rest of the PD group (H&Y, P= 0.050; MDS-
UPDRS-III, P= 0.031) (Supp. Table 1). Since few subjects with MSA
and none with AP-Tau performed the T24 evaluation, we did not
perform statistical analysis at T24 in these groups.

PD and MSA display a small nerve fiber pathology
PD and MSA showed a significant reduction of total and ankle
IENFD compared to HC (Table 1). A tendency towards a reduced
IENFD also at the cervical site was present in PD, even if not
significant, possibly due to a higher variability.

PD and MSA show high positivity for αSyn-PLA
The co-localization signal, defined as an αSyn-PLA signal within
the PGP9.5 positive nerves (Fig. 2a), was the most frequent, while
the dotted one, defined as the signal located in proximity to
degenerated nerve fibers or interposed between nerve fiber
breakpoints (Fig. 2a), was observed exclusively in PD and MSA, not
in AP-Tau or HC (Fig. 3a). In the MSA group, the dotted signal was
always observed in association with the co-localization signal,
while in the PD group 3, 3% of patients showed a dotted signal
only (Sup. Table 2).
The percentage of patients showing αSyn-PLA was significantly

higher in PD and MSA groups compared to HC and AP-Tau
(Fig. 3a–c and Sup. Table 2). Considering the two anatomical sites
separately, the cervical area allowed the differentiation between
PD and HC and AP-Tau (Fig. 3b). No differences were observed
between groups at the ankle site (Fig. 3c). MSA showed a higher
positivity at the ankle than at the cervical area (Fig. 3c). A double
positivity at both anatomical sites was observed only in PD and
MSA groups (16.7 and 11.1% respectively).
The majority of αSyn-PLA was detected in nerve fibers

surrounding autonomic structures. In 2 out of 30 PD patients,
the signal was observed in dermal nerve bundles. Most of the
signal was evident in SG innervation (Fig. 3d and Sup. Table 2): PD

and MSA group displayed a greater positivity compared to HC and
AP-Tau, considering both localization and the cervical site alone
(Fig. 3e). No differences between groups in PLA signal were
observed in MAP.
MSA displayed a greater area of αSyn-PLA signal within nerves

compared to PD (Fig. 3g–i and Sup. Table 3), especially at the
cervical site. No differences were observed in the number of αSyn-
PLA signals (Sup. Table 3).
Finally, the presence of αSyn-PLA was associated with the

diagnosis of PD and MSA by univariate logistic regression analysis
(Table 2). PD showed higher odds ratios compared to MSA, except
for αSyn-PLA in SG. Moreover, an association with PD diagnosis
was observed considering αSyn-PLA signal at cervical site only.

αSyn-PLA showed higher diagnostic accuracy for PD and MSA
than P-αSyn and αSyn-5G4
In addition to αSyn-PLA, subjects were investigated for P-αSyn and
αSyn-5G4. All markers were more expressed in PD than HC and
AP-Tau, but αSyn-PLA displayed higher sensitivity when consider-
ing both locations and the cervical area (Fig. 4a–c and Sup. Table
6). Within groups, no differences were displayed between the
three markers (Fig. 4d–f). The ROC curve analysis demonstrated
that αSyn-PLA had the highest AUC when considering both
locations or the cervical site (4g, h, j, k). Nevertheless, at the ankle,
only P-αSyn and αSyn-5G4 could discriminate between groups
(Fig. 4i–l), even if with a lower AUC than αSyn-PLA in the cervical
area. Finally, only αSyn-PLA allowed the discrimination between
MSA and HC, considering both anatomical sites together (Fig. 4m).

PD patients present a progression of denervation not of
pathological αSyn at T24
The comparison between subjects with PD at time point 0 (T0) and
after 24 months (T24), showed a significant reduction in total
IENFD, ankle IENFD, and cervical IENFD (Fig. 5a–c). No differences
in the percentage of patients positive for αSyn-PLA, P-αSyn, and
αSyn-5G4 were detected (Fig. 5d–f), but a slight reduction for all
markers at the cervical site and an increase of αSyn-PLA signal in
the ankle were noted. No significant changes in clinical scales and
LEDD were detected (Supp. Table 7).

IENFD is a progression marker for PD
Comparisons of skin biopsy parameters at T0 according to the
clinical state at T24 demonstrated that: (1) lower cervical IENFD
was measured in those presenting a progression of cognitive
decline at the MMSE scale and (2) lower ankle IENFD was observed
in the group presenting a progression of motor impairment at the
MDS-UPDRS-III scale (Fig. 5g, h). These results were confirmed by
logistic regression, showing that low cervical IENFD was associated
with an increased risk of developing a cognitive decline, while low
ankle IENFD was associated with an increased risk of developing
motor impairment at T24, after adjusting for age and LEDD
(Fig. 5i–k).

A skin biopsy-derived compound marker stratified subjects
according to the clinical diagnosis
A linear discriminant analysis model based on the IENFD and the
expression of αSyn-PLA, P-αSyn, and αSyn-5G4 at both sites at T0,
allowed the separation of subjects according to their clinical
diagnosis (Fig. 6a). Patients were discriminated with 77.8% of
accuracy: 26 out of 30 PD, and five out of nine MSA were correctly
diagnosed, while the discrimination between HC and AP-Tau was
more challenging (Fig. 6b). Subsequently, pairwise comparisons
were performed (Fig. 6c–h), showing high sensitivity (77.7–93.3%)
and specificity (66.6–100.0%) in the discrimination between two
groups at the time.
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DISCUSSION
We demonstrated that αSyn oligomers, detected in skin biopsy by
PLA, are significantly more expressed in PD and MSA patients than
in HC and AP-Tau and they yield a high diagnostic performance
for synucleinopathies. Furthermore, we documented that signifi-
cant denervation in both cervical and ankle sites occurs after two
years of follow-up in PD patients and that low IENFD at T0 is
associated with progression of disease at cognitive and motor
scales.
The observation of αSyn oligomers in skin peripheral nerves is

in accordance with previous studies in the postmortem brain of
Fig. 1 Flowchart of the study population. Study groups are shown
longitudinally in time.

Fig. 2 αSyn PLA, P-αSyn and αSyn-5G4 signals in skin. a Confocal images of a sweat gland (top) and muscle arrector pili (bottom) in skin
biopsy at the cervical site of a PD patient: in green the panaxonal marker protein gene product 9.5 (PGP9.5), in red αSyn oligomers detected
by proximity ligation assay (PLA) technique. The Co-localization signal of αSyn-PLA and nerve fibers (magnification on the left) was defined by
a yellow signal. The dotted signal (magnification on the right) was defined by an αSyn-PLA signal in the proximity of degenerating nerve
fibers, characterized by swelling and fragmentations, or interposed between nerve fiber breakpoints. Scale bar 50 µm.
b Confocal images of sweat glands in cervical skin biopsy of a PD patient. In red, on the left phosphorylated αSyn, and on the right
aggregated αSyn detected by 5G4 antibodies. Co-localization of P-αSyn/PGP9.5 and αSyn-5G4/PGP9.5 is shown in yellow. Scale bar 50 µm.
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PD patients demonstrating αSyn-PLA signal in neuroanatomical
regions usually mildly affected by pathology and in the absence of
Lewy bodies25. These results underline how the αSyn-PLA
technique specifically detects oligomers, which are supposedly
involved at early phases of pathology, preceding the formation of
insoluble aggregates in the brain. Notably, also in postmortem
brains of MSA, where the pathological hallmark is represented by
glial cytoplasmatic inclusions of αSyn, PLA methodology detected
a widespread distribution of αSyn oligomers in neurons, as well as
in oligodendrocytes27. Thus, albeit different molecular mechan-
isms of disease preferentially affecting glial cells are supposed to
be implied in MSA versus PD, our results of overexpression of
oligomeric αSyn in peripheral nerves in both groups are not
surprising. Similarly, to what has been demonstrated in brains27,
we observed larger colocalization areas of PLA signal within
nerves in MSA than in PD, suggesting a larger amount of
oligomeric αSyn in MSA, possibly reflecting different αSyn strains.
The finding of the positive αSyn-PLA signal also in the HC group,
even if in a nonsignificant low rate (10–20% depending on
considering one or two sites), deserves consideration. We
observed it mainly at the ankle, inside nerves, and never in
association with fragmented, degenerating axons (dotted signal),
differently from synucleinopathies. The presence of incidental

Fig. 3 αSyn-PLA signal is significantly more expressed in PD and MSA. a–c αSyn-PLA signal is higher in PD and MSA. d–f The signal is
observed mainly in the autonomic fibers surrounding SG and to a lesser extent MAP independently from the anatomical site. g–i The area of
intra-nervous oligomeric αSyn is significantly higher in MSA patients than PD, at both sites.

Table 2. Association between αSyn-PLA detection and clinical
diagnosis.

PD vs. HC P value Odd ratio 95% CI

Both localizations All structures 0.000 13.60 3.56–51.92

SG 0.023 4.500 1.23–16.49

Cervical All structures 0.002 13.08 2.58–66.28

SG 0.032 10.5 1.23–89.68

PD vs. AP-Tau P value Odd ratio 95% CI

Both localizations All structures 0.001 18.00 3.05–106.12

SG 0.038 10.000 1.134–88.167

MSA vs. HC P value Odd ratio 95% CI

Both localizations All structures 0.028 6.800 1.223–37.497

SG 0.014 9.000 1.550–52.266

MSA vs. AP-Tau P value Odd ratio 95% CI

Both localizations All structures 0.037 9.000 1.140–71.038

SG 0.018 20.000 1.676–238.630

P values < 0.05 are considered significant and shown in bold.
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Fig. 4 Comparative analysis and diagnostic performance of αSyn-PLA, P-αSyn, and 5G4. a αSyn-PLA presented the highest sensitivity for
PD and MSA at both locations and allowed the differentiation from HC and AP-Tau. b At cervical site αSyn-PLA and αSyn-5G4 showed higher
sensitivity than P-αSyn for PD. c In the ankle, P-αSyn and αSyn-5G4 were more sensitive for PD then αSyn -PLA. d–f Within groups no
differences were observed between markers, but αSyn-PLA showed a higher sensitivity for MSA than P-αSyn and αSyn-5G4. g–i ROC curve
analysis of PD vs. HC, j–l PD vs. AP-Tau, m MSA vs. HC. For each marker and location, AUC, sensitivity, and specificity are reported.
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αSyn pathology has been detected in brain autopsies of 10–20%
of subjects >70 years, without neurological diseases30. Roberts
et al. described a diffuse kind of αSyn-PLA signal in HC too, mainly
located in the neuropil around neurons and less frequently in the
white matter of brain areas usually affected by PD pathology25.
The neuropil is mainly composed of unmyelinated axons,
dendrites, and synapsis, which are very similar to the composition

of small fiber nerves, either unmyelinated C fiber or small
myelinated Aδ, present in the skin. Indeed, aggregates of αSyn,
are preferentially formed in projection neurons with very long,
thin unmyelinated axons, which are more susceptible to axonal
transport deficit, energetic/metabolic stress, mitochondrial failure,
and lack the trophic support of glial cells31. Finally, Mazzetti et al.
detected a nonsignificant quote of αSyn-PLA signal in skin

Fig. 5 PD patients present a progression of denervation not of pathological αSyn at T24 and IENFD predicts cognitive and motor decline.
a After 24 months PD patients showed a significant progression of intraepidermal denervation, b, c at both anatomical sites. d–f No significant
differences were observed in the percentage of positivity for αSyn-PLA, P-αSyn, and αSyn-5G4 but a slight reduction for all markers at the
cervical site and an increase of αSyn-PLA in the ankle are noted. g Patients with a worsening of MMSE scale at T24 showed a lower cervical
IENFD at T0; h while a lower ankle IENFD was present at T0 in patients with a progressive motor impairment at MDS-UPDRS-III scale.
i Univariate logistic regression analysis showed an association between cervical IENFD and MMSE, and between ankle IENFD and MDS-UPDRS-
III; ODD ratio and P value are reported. j, k Percentage of patients with cognitive and motor progression at T24 are represented according to
respectively cervical and ankle IENFD at T0.
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autonomic nerves of HC29. Thus, αSyn oligomers in HC may
represent aberrant oligomerization of αSyn at the synapses or
axonal transport of pathological species as a very early subclinical
event that may become more relevant with aging and/or external
toxic events in a susceptible population. However, our study
cohort is mainly composed of established PD with long disease
duration, and larger studies including prodromal phases of disease
using αSyn-PLA technology in skin biopsies are warranted.
The anatomical site providing the best differentiation between

PD vs. HC and AP-Tau is the cervical one while both anatomical
sites are required to differentiate HC and AP-Tau from MSA, in
which a higher presence of oligomeric αSyn at the ankle rather
than at the cervical site is shown, differently from PD. This is in line
with previous observations of a distal-to-proximal gradient of αSyn
aggregates in MSA32, possibly consequent of a different spreading
of αSyn oligomers, or because different αSyn strains have been
postulated in MSA versus PD33.
The dermal autonomic structures presenting most of the PLA

signal are SG in line with Mazzetti et al.29 followed by MAP. This
result is in accordance with previous work showing P-αSyn mainly
in SG of PD patients34. We found a similar major distribution of
oligomeric αSyn in SG also in MSA, while the distribution of P-αSyn
in autonomic or somatosensory nerve fibers in this group is more
debated in the literature and some authors have shown a
predominance of P-αSyn in somatosensory nerve fibers instead of
autonomic ones12. However, while αSyn oligomers are small
aggregates preceding the formation of fibrils in the early stages of
pathology, P-αSyn accumulates in Lewy bodies, and yet it is still
debated whether phosphorylation at Serine 129 enhances or
suppresses αSyn aggregation and toxicity35, as this could be a
later event in disease progression. Thus, αSyn-PLA and P-αSyn are
probably markers of different stages of the disease. A recent study
focused on αSyn content in MAP found that patients with Lewy-

body neurogenic orthostatic hypotension displayed higher con-
tent of αSyn in sympathetic noradrenergic nerves than MSA36.
Thus, based on the selection of different protein targets and
different anatomical sites, skin biopsy analysis can distinguish
between PD and MSA.
The comparative analysis of the diagnostic performance of

αSyn-PLA vs. P-αSyn and 5G4 in discriminating PD from HC and
AP-Tau has shown that αSyn-PLA displays the best accuracy when
considering both locations and the cervical site alone. This result
can also be explained by the fact that by detecting oligomers, the
early species in the aggregation pathway, PLA can bear more
sensitivity to early phases of disease than P-αSyn. However, P-αSyn
and 5G4, possible markers of later phases of the disease,
performed better when considering the ankle site alone. Thus,
the choice of pathological αSyn marker and the site of skin biopsy
influences the diagnostic performance importantly and can help
to understand the temporal dynamics of α αSyn seeding and
spreading in the peripheral nervous system during the course of
the disease. Of note, αSyn-PLA was the only technique yielding
discrimination between MSA and HC. These are remarkable results
for αSyn-PLA considering that a very recent study has shown that
P-αSyn detection in the skin has a higher diagnostic accuracy for
synucleinopathies than real-time quaking-induced conversion (RT-
QuIC) in the skin, a sensible and accurate technology to measure
prion-like self-aggregation of pathological αSyn37. However, our
results may be partially influenced by methodological issues, since
αSyn-PLA signal was analyzed by confocal microscopy while P-
αSyn and 5G4 were analyzed by fluorescence microscopy so that a
better resolution was guaranteed in the first condition. It should
be taken into account that in both cases the interpretation of
immunofluorescence findings is a complex process and requires a
trained pathologist.

Fig. 6 Skin biopsy-derived compound marker allows stratification of patients according to the diagnosis. a Canonical plot showing
patients according to the diagnosis. The model was built considering the presence/absence of αSyn-PLA, P-αSyn, αSyn-5G4, and
intraepidermal nerve fiber density (IENFD) at both anatomical sites. The axes of the plot (canonical components 1 and 2) were calculated from
weighted linear combinations of variables to maximize the separation between the four groups. Each subject is represented by a point.
b–h Confusion matrix reporting real and predicted diagnosis, accuracy, internal validation by the leave-one-out algorithm, sensitivity, and
specificity is reported for all groups and pairwise comparisons.
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We further confirmed the presence of a small fiber neuropathy
in PD and MSA, as observed in previous studies with skin
biopsy14,22,38. The neuropathy is not related to levodopa therapy
or vitamin B12 deficiency, and it is very likely secondary to the
neurodegeneration process39,40. More importantly, we showed
that denervation progresses in a significant way with disease
duration, even in a relatively short period of time (2 years), while
no significant changes in clinical scales or in pathological αSyn
amounts were detectable in this study. Furthermore, we demon-
strated that a lower ankle IENFD at T0 was associated with a
progression of motor impairment at the MDS-UPDRS-III scale and
that a lower cervical IENFD was associated with a progression of
cognitive decline at MMSE, independently from age and LEDD.
These findings are in line with brain pathology studies showing
that clinical symptoms in PD align with neuronal degeneration
rather than with the αSyn aggregation burden41. Thus, the
relevance of IENFD as a progression marker in PD is worthy of
further investigations in larger studies, because if the clinical
significance of IENFD changes is confirmed, skin denervation
could be considered as a proxy measure of neurodegenerative
events occurring in the brain and possibly an ancillary biomarker
in clinical trials. Moreover, the measure of IENFD by skin biopsy
bears the advantage of being easily and rapidly performed at low
cost, as well as being extensively studied and standardized in the
last twenty years for the diagnosis of small fiber neuropathy42,43.
Nevertheless, an important limitation of the current study is that
the most severely affected patients of the cohort were lost at
follow-up, potentially limiting the ability to evaluate more
aggressive forms with higher progression rates.
Of note, a compound marker based on all three markers for

pathological αSyn and IENFD was able to stratify patients with
high accuracy according to the diagnosis and to discriminate
between PD and MSA (84.6%), which is a major challenge in
clinical practice. In conclusion, skin biopsy represents a minimally-
invasive, easily-accessible, and repeatable source of biomarkers for
PD in vivo: multiple target epitopes of proteins involved in the
pathogenesis of the disease are detectable and it allows the
quantification of small fiber neuropathy through IENFD, which
represents a promising prognostic marker. A thorough evaluation
of multiple markers bearing complementary information and of
small fiber pathology by skin biopsy is advisable not only for the
diagnosis of PD in routine clinical practice but also for the future
development of more adequate biomarkers as surrogate end-
points in pharmacological clinical trials for PD.

METHODS
Patients’ recruitments
Thirty patients with idiopathic PD, 22 age and sex-matched HC, and 23 AP
were prospectively recruited from the movement disorders outpatient
clinic at the Neurocenter of Southern Switzerland in Lugano, from July
2015 to January 2021 as part of the NSIPD001 study14. Inclusion criteria for
PD were a clinical diagnosis according to the UK Brain Bank diagnostic
criteria44, disease duration of at least 2 years, no family history, and no
major cognitive impairment or major autonomic dysfunction symptoms in
the history. HC subjects were recruited among patients’ partners and
hospital staff without any known pathology. AP group included 12 patients
with probable MSA and 11 patients with possible AP-Tau, among which
eight with probable progressive supranuclear palsy (PSP) and three with
possible corticobasal degeneration (CBD). Inclusion criteria for AP were
based on published diagnostic criteria for MSA45, PSP46, and CBD47.
Exclusion criteria were co-morbidities causing peripheral polyneuropathies
(diabetes, renal failure, thyroid pathology, vitamin B12 deficiency, HIV and
HCV infection, Lyme disease, syphilis, acute or chronic inflammatory
diseases) and tumors. After 2 years (T24) PD and AP patients underwent a
follow-up clinical evaluation and a second skin biopsy (Fig.1).
The Cantonal Ethics Committee approved the study protocol, and all

enrolled subjects gave written informed consent to the study.

Clinical assessment
Disease severity was determined by the Hoehn and Yahr Scale (H&Y)48 and
the Movement Disorder Society Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS)49. Cognitive impairment was assessed with the Mini-Mental
State Examination (MMSE)50 and the Montreal Cognitive Assessment
(MoCA)51. Symptoms of autonomic dysfunction were rated with the
Composite Autonomic Symptom Score 31 (COMPASS-31)52. Mood
disorders were screened with the Beck depression inventory-II (BDI-II)53,
while REM sleep behavior disorder (RBD) with the RBD screening
questionnaire;54 olfactory function was tested with the Sniffin’ Sticks Smell
test (Burghart Messtechnik GmbH, Wedel, Germany). The levodopa
equivalent daily dose (LEDD) was calculated for all PD and AP patients55.

Skin biopsy
A 3-mm punch skin biopsy was performed on the clinically more affected
side, as previously described14,56. Each subject underwent skin collection at
two anatomical sites, namely at the C8 dermatomal level (cervical) and at
the distal leg, about 10 cm above the lateral malleolus (ankle). Skin samples
were fixed overnight at 4 °C in Paraformaldehyde-lysine-periodate (PLP)
2% fixative. The day after, skin samples were frozen and cut with a
cryotome to obtain 50-μm-thin tissue sections for free-floating immuno-
fluorescence analysis14,42. All the immunofluorescence staining were
manually performed by an operator blind to the clinical diagnosis

Intraepidermal nerve fiber density
Three non-consecutive 50-μm-thin tissue sections per localization per
patient were stained with the antibody against protein gene product 9.5
(PGP9.5; Abcam, Cambridge UK, 1:1000)56. Cell nuclei were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich, Saint Louis USA,
1:5000). According to published standard protocols42,57, PGP9.5 positive
nerve fibers, crossing the dermal-epidermal junction, were counted to
determine the linear IENFD. The length of the section was measured and
IENFD was obtained by dividing the number of fibers by the length of the
section and expressed as “number of fibers/mm”. IENFD was determined at
both ankle and cervical sites and total IENFD was calculated as the mean of
nerve densities at both localizations.

Direct proximity ligation assay (PLA)
Direct PLA was performed with the Duolink PLA kit (Duolink Kit Sigma
Aldrich, Saint Louis USA). Following the manufacturer’s instructions, the
oligonucleotides probes MINUS and PLUS were separately conjugated to
the mouse monoclonal αSyn antibody with blocking activity (anti-αSyn
211, 1 mg/mL, Abcam, Cambridge, UK)25. Three non-consecutive 50-μm-
thin tissue sections per localization per patient were washed in TBS and
then incubated for 2 h at room temperature in a freshly made blocking
solution (4% NGS, 1% Triton in TBS). Sections were incubated with αSyn-
PLUS and αSyn-MINUS probes (1:100 in PLA diluent) and rabbit anti-PGP9.5
antibody (Abcam, Cambridge, UK, 1:1000) for 1 h at 37 °C and then
overnight at room temperature.
The day after, the amplification reaction was performed by serial

incubation with (1) ligase enzyme diluted 1:40 in ligation buffer (Duolink
kit, Sigma Aldrich, Saint Louis USA) for 1 h at 37 °C; (2) polymerase enzyme
diluted 1:80 in the Amplification buffer (Duolink kit, Sigma Aldrich, Saint
Louis USA) and secondary antibodies AlexaFluor488 goat anti-rabbit
(ThermoFisher Scientific, Waltham USA, 1:700) for 2 h at 37 °C. Finally, cell
nuclei were counterstained with DAPI (1:5000 in PBS for 4 min) and section
slides were mounted with Vectashield (Vector Laboratories,
Burlingame, USA).
The specificity of the assay for αSyn-PLA was first assessed in paraffined

brain sections from PD and HC (Supp. Fig. 1). Serial negative controls
without oligonucleotide probes and amplification reaction enzymes were
also conducted (Supp. Fig. 1).

Confocal microscope analysis of αSyn-PLA
To increase the specificity of the analysis we considered only αSyn-PLA
signal within the nerves which colocalized with the axonal marker PGP9.5
(colocalization signal) or which was located in proximity to degenerated
nerve fibers, defined by axonal swellings and fragmentations or interposed
between nerve fiber breakpoints (dotted signal) (Fig. 2a).
Skin sections were first rated under an inverted fluorescence microscope

(Nikon Eclipse Ti-E, Tokyo, Japan). For each section, both somatosensory
and autonomic innervation were screened: intraepidermal nerve fibers,
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dermal nerve bundles, and autonomic structures (sweat glands [SG],
muscle arrector pili [MAP], and vessels). All SG and MAP were analyzed by a
Nikon confocal microscope using the NIS Elements 4.11.01 imaging
software. Serial pictures, every 2 μm on the Z-axis, were taken using a 20X
magnification. To avoid missing small amounts of signal within dermal
nerve bundles, we also analyzed at least three nerve bundles that were
randomly chosen at each anatomical site by confocal microscope. Every
single stack of all the obtained pictures was analyzed with ImageJ software
by two independent examiners, blinded to the clinical diagnosis. For each
image, we reported the presence/absence of signal. Structures were
defined as “positive” if showing αSyn-PLA. Anatomical sites were defined
as “positive” when at least one positive structure was present. The subjects
were defined as “positive” when they showed at least one positive site.
Negative subjects did not present PLA signals at any site. To assess the
anatomical distribution of PLA signal in each group, we also considered
ankle and cervical sites separately.

Quantification of αSyn-PLA
For each patient, the percentage of positive SG and MAP structures was
calculated. For each structure, the number of colocalization points was
counted and, if one subject showed signal in multiple structures and sites,
the sum of the points was considered. Finally, we calculated the area
occupied by αSyn-PLA signal normalized for the area of innervation. First,
the stacks on the Z-axis were merged, then the area of the structure (DAPI),
the area of innervation (PGP9.5), and the area of αSyn-PLA within nerves
were measured with the “freehand selection” tool. The area of innervation
was normalized for the area of the structure and then the percentage of
the innervation area occupied by αSyn-PLA signal was measured.

Phosphorylated alpha-synuclein and 5G4
immunofluorescence
Three non-consecutive 50-μm-thin tissue sections per localization per
patient were incubated overnight with antibodies against PGP9.5 (1.1000,
Abcam, Cambridge, UK), P-αSyn at serine 129 (1.1000, Wako Chemicals,
Neuss, Germany) or 5G4 (1.400, Analytik Jena Life Science, Jena,
Germany)56. The day after, sections were incubated with secondary
antibody AlexaFluor488 and AlexaFluor594 (ThermoFisher Scientific,
Waltham USA, 1:700), and counterstained with DAPI. All sections were
analyzed at a fluorescence microscope by two independent raters blinded
to the diagnosis. Colocalization of P-αSyn/5G4 and PGP9.5 was considered
as positive signal as previously described14.

Statistical analysis
Statistical analyses were performed with IBM SPSS Statistics 26.0 (IBM Corp.
Released 2019. IBM SPSS Statistics for Windows, Version 26.0. Armonk, NY:
IBM Corp). Variable distribution was assessed by the Kolmogorov–Smirnov
test. One-way ANOVA test with post hoc Bonferroni’s test for multiple
comparisons was used for normally distributed variables expressed as
mean ± standard deviation. Kruskal–Wallis’ test was applied to non-
normally distributed variables expressed as medians and interquartile
range. χ2 or Fisher’s exact tests were used for categorical variables
expressed as a percentage (%). Odds ratios (OR) were assessed by
univariate logistic regression analysis, while the area under the curve (AUC)
and the diagnostic performances of selected variables were obtained with
receiver operating characteristics (ROC) curves analysis. For matched
analysis (T0 vs. T24), non-normally distributed variables were analyzed by
Wilcoxon pairs signed-rank test, and categorical variables by McNemar
test. Associations between IEFND (cervical, ankle, and total) at T0 and
worsening of clinical characteristics (MoCA, MMSE, MDS-UPDRS-III) at T24
were tested using logistic regression models adjusted by age and LEDD,
with OR and 95% confidence intervals calculation (95% CI).
The linear discriminant analysis model was used to classify patients.

Canonical components 1 and 2 were calculated from weighted linear
combinations of variables (αSyn-PLA, P-αSyn, αSyn-5G4, and IENFD) to
maximize the separation between groups.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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