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TISSUE BIOMARKERS IN PARKINSON'S DISEASE AND
ATYPICAL PARKINSONISM.
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Abstract

Phosphorylated a-synuclein (phosaSYN), the pathological signature of Parkinson’s disease (PD), is not
confined to the central nervous system, but have also been reported in peripheral tissues. However,
the usefulness of aSYN/phosaSYN detection in tissues accessible to biopsies as a reliable biomarker
for prodromal PD remains unclear. A systematic review of studies using biopsies of skin, olfactory and
gastrointestinal (Gl) tissues was conducted to evaluate the sensitivity and specificity of both aSYN and
phosaSYN staining in PD and related disorders. In total 128 post-mortem and in vivo studies were reviewed.
Tissue was obtained from Gl tract/salivary glands, skin and olfactory mucosa/bulb. We concluded that skin
biopsy is an easy, minimum invasive approach which provides high specificity and good sensitivity for the
detection and differential diagnosis of synucleinopathies. Gl biopsies remain attractive in the detection of
synucleinopathies. However, a standardized methodology is essential to increase their diagnostic value.
The new promising assays could be incorporated in future cohorts, towards identifying the combinations
and relative contributions of the sensitivity amongst peripheral tissues.
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Ol BIOAEIKTEZ IZTQN XTH NOXzO MNAPKINZON KAI £TA
ATYINA MNMAPKINZONIKA ZYNAPOMA.

AbBavaoia AdsEoudn
A’ Neupoxeipoupyikn Kavikn EKIMA

MNepiAnyn

H evténion s pwopopudiwpévns a-cuvoukAeivns (phosaSYN), tns naBoyvwpovikhs npwieivns otn véoo
Mépkivoov (PD), bev nepiopietal oto Kevipikd veuplkd olotnpa, adnd enekteivetal Kal o€ NEPIPEPIKOUS
lotoUs. Qotdoo, N xpnolydtnta s avixveuons aSYN/phosaSYN o€ 1otous (npooPdoipous pe Ployies) ws
agiéniotou Piodeikin yia tov npocdiopioud tou npddpopou otadiou PD napauével acaphs. AieEnxn pia
ouoTtNpatKN avaokdnnon PeNetv ous onoies npaypatonoinBnkav Pioyies S€ppatos, 0opENTKOU Kal EViE-
pikou (Gl) 10100, wote va a§odoynBei n euaioBnaoia kai n g1dikdtnta oo s xpwons aSYN éoo Kkal s
phosaSYN otnv PD kal ous cuvageis diatapaxés. Luvonikd enavetetdotnkay 128 vekpOTOUIKES Kal in ViVo pE-
Agtes. O 1016s eANPON and tov yaotpeviepikd cwihva kal olefoydvous adéves, 1o 6EpUa Kal Tov 0opENTKS
Bevvoydvo/BonPo. Katanhtaue oto cupnépaoua ot n Biowia &éppatos gival pia eukonn, eAdxiotn enepfa-
UKA NPoogyyion, nou napéxel uynin eidikdtnta kal kanh euaioBnaia yia v avixveuon kai tn diagopikn Oi-
dyvwon twv cuvoukAegivonaBeiwv. O1 BIoYies TOU YAOTPEVIEPIKOU CUCTNHIATOS NAPAUEVOUV ENKUOTIKES OTNV
avixveuon twv ouvoukieivonaBeiv. Qotdoo, n koivh anodoxn pias tunonoinpévns peBobonoyias eival
anapaittn yia tnv augnon s diayvwotkns tous agias. O1 vées nonAd unooxopeves texvikés Ba ynopouoav
va evowpatwBouyv og pennovukés penétes. O npoadiopiopds evos cuvduacopoU SIaPOPETIKMY TEXVIKWDV Ola-
(POPEUKNAS EUaIoONGias oTous NePIPEPIKOUS 10TOUS, anotelsl avukeipevo penAovukns €peuvas.

Né€eis kA161a: Ployies NEPIPEPIKDV 10TV, CUVOUKNEIVONABEIES, yaotpeviepikh 006s, 6éppa, ooppntikéds BoARos/Bev-
voyovos

Introduction . e . s
tinize the existing literature for various limitations

In this review, we will present available studies
suggesting reliable biomarkers in peripheral tissues
for PD diagnosis and progression. We will focus on
Lewy bodies (LB) and Lewy neurites (LN) pathology
in skin, olfactory and Gl tissues. Further, we will scru-

of different studies on the potential of candidate
biomarkers.

Parkinson’s disease (PD) is a complex and progres-
sive neurodegenerative disease, the second most
common neurodegenerative disease of the elderly
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population. The PD prevalence is 0.5 to 1% in the
age group of 65-69 years, and it gradually rises with
the increasing age.!" The pathological hallmark of
PD is the intraneuronal accumulation of abnormal
-lamentous inclusions containing phosphorylated
a-synuclein (phosaSYN) as the major component of
Lewy bodies (LB) and Lewy neurites (LN).1?-3! Besides
CNS, LB/LN have also been detected in peripheral tis-
sues, mainly in the autonomic nervous system. These
findings allow in vivo minimally invasive procedures
for PD based on peripheral tissue biopsies, towards
providing a window to early potentially preclinical
diagnosis of PD, differential diagnosis among parkin-
sonian syndromes and thus putative neuroprotective
therapies during their prodromal phase.

Methods

We searched PubMed databases for publications
published until August 2023 using the search terms
Parkinson’s disease (PD), Dementia with Lewy bodies
(DLB), Multiple System Atrophy (MSA), Pure Auto-
nomic Failure (PAF), isolated Rapid eye movement
Behavior Disorder (iRBD), aSYN and phosaSYN pa-
thology, peripheral biomarkers, biopsy, skin, olfactory
system, salivary glands, gastric, enteric, esophagus,
stomach, small intestine, colon, rectum. Both post-
mortem and in vivo studies were included. Studies
which used techniques regarded as safe with an ac-
ceptable risk (i.e. absence of major adverse events),
were selected. Only studies in English were consid-
ered. Case reports were also excluded.

Studies performed on bronchial/lung or pericardiac
tissue were not included. The total number of cases
analyzed, and the derived data are presented com-
prehensively in tables separately for each peripheral
tissue system.

Results

Of 128 studies identified 34 were post-mortem,
89 in vivo investigations and 5 including both alive
patients and cadavers. Whilst most of the studies
included immunohistochemical detection of either
aSYN or phosaSYN, a number of them were pro-
cessed by other techniques (e.g. histological tinctori-
als, immunohisto- chemistry for nerve tissue epitopes/
neurotransmitters, transmission electron microscopy,
seeding amplification assays).

Skin

55 studies on skin biopsies were identifed; 45 in
vivol*48l 8 post-mortem*®-¢ and 2 including both
alive patients and cadavers 7 *l(table 1).

Detection of aSYN by western blot could not reveal
any diferences between PD patients and controls
aSYN.M It was confirmed by aSYN immunohisto-
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chemistry which showed immunoreactive signals
both in PD patients and in controls, whilst specicity
of phosaSYN was satisfactory, as there was absent
staining in controls.l'” The same study demonstrated
that PD patients with severe or longer disease dura-
tion or with autonomic dysfunction have a greater
deposition. They also observed that the deposition
was more in sympathetic adrenergic fibers than in
cholinergic ones. Further studies confirmed that the
deposition of phosaSYN was predominant in in the
cutaneous autonomic nerve fibers .7 11.12.23. 23 Using
the Proximity Ligation Assay (PLA) procedure Maz-
zetti et al., also detected the oligomeric form of a-
synuclein in autonomic nerve terminals in skin biopsy
for the first time.>*

A number of studies evaluated the morphology
and distributional pattern of different subtypes of
cutaneous nerves (e.g. intraepidermal/dermal, su-
domotor, pilomotor, vasomotor nerve bers).> 7.
15-17,19.21,25,26,44.521 Consistently, nerve ber density was
decreased in PD patients suggesting that cutaneous
nerve fiber loss may reflect both neuronal death and
axonal degeneration, adjacent to neurodegenerative
alterations observed in PD.[& 4. However, despite
these structural deficits electrophysiological findings
often appeared normal in these cases.['¥) One of the
afore mentioned studies was a 2- year longitudinal
study, and estimated the progression of PD. The au-
thors suggested the association of low intraepider-
mal nerve fibers density (IENFD) at baseline with an
increased risk of developing a cognitive decline and
motor impairment.?®4" Cervical cutaneous denerva-
tion has also been suggested as a potential biomarker
of PD progression.%

Sleep disorders and dysautonomia are the most
common non-motor features in synucleinopathies.
7 studies estimated Rapid eye movement Behavior
Disorder (RBD)!'® 21.22.32.34.38,42 and 5 pure autonomic
failure (PAF) in skin respectively.[':16.21.35 441 |n the
study of Doppler et al., patients with PD with or
without RBD and individuals with isolated RBD (iRBD)
were screened.?? Dermal phosaSYN deposition was
more frequently found (81.8% vs. 52.4%) in patients
with PD and RBD compared to PD patients without
RBD and was similar to patients with iRBD (79.1%).
Two other studies which included iRBD population
(without confirmed PD) showed that cutaneous
phosaSYN aggregation was detected in most of
them and was associated with greater autonomic
dysfunction .2 34 Therefore, dermal phosaSYN can
be considered a peripheral histopathological marker
of synucleinopathy representing prodromal PD.
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TISSUE BIOMARKERS IN PARKINSON'S DISEASE AND ATYPICAL PARKINSONISM.
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Donadio et al. were the first to publish that there
are differences in the innervation pattern and spa-
tial distribution of neuritic phosaSYN inclusions in
idiopathic PD and PAF.” They further proved that
besides the different pattern distribution there is
higher phosaSYN load in PD patients with orthos-
tatic hypotension.''™ The same authors who added
patients suffering from DLB and MSA in later studies,
stated that the distribution of phosaSYN deposits
was more homogenous for PD patients with ortho-
static hypotension compared to those without.'> 13
The localization and load differences of aggregates
led them to speculate that specific diagnostic traits
identify different pathogenesis among synucleinopa-
thies.?¥ More specifically, phosaSYN positivity dif-
fered among patients with synucleinopathies, being
mainly detected in autonomic fibers of PD, DLB, and
PAF, but detected in somatic fibers of the upper
dermis with relatively preserved autonomic inner-
vation in MSA .['6:26. 35 D| B-PAF showed the highest
load of deposits among synucleinopathies with a
widespread involvement of autonomic annexes.!>
41 In MSA there was noticed a distal-to-proximal
gradient of aSyn aggregates.''> 41 A reliable clinical
biomarker for MSA came up recently, by the detec-
tion of phosaSYN in skin Remak non-myelinating
Schwann cells (RSCs) as Schwann cell cytoplasmic
inclusions (SCCi), resembling brain and suggesting
that non-myelinated glial cells are also involved in
the MSA pathogenesis.l'”!

5 in vivo studies which included people with
tauopathies were identified.!'8 27. 23,4143, 47]

Rodriguez et al. using immunohistochemical
technigue and the antibodies against p-tau (PHF
and AT8) and a-syn reported that PHF values were
similar among the PD, PSP, and controls.”? AT8 was
significantly higher in both PSP and PD groups as
compared to controls whereas, a-syn values were
significantly higher in the PD group as compared
with both control and PSP groups.In line with their
previous work,they found the presence of both a-
syn and p-tau in the skin of PD patients not only in
the nervous tissue, but also in the keratinocytes of
the epidermis.?”! In a recent study, the use of PLA
revealed that aSyn oligomers (aSyn-PLA) were more
expressed in PD and MSA patients compared to Tau
ones and controls.“" Another study analyzed skin
biopsies of patients with PD and atypical parkin-
sonism (synucleinopathies and tauopathies) by im-
munofluorescence for p-aSyn, 5G4. PD and atypical
parkinsonism -synucleinopathies shared the features
of marked cervical denervation and the presence of
5G4. In contrast atypical parkinsonism-tauopathies
were normal.?? Similar results were described by two
other studies which described abundant phosaSYN
deposition in patients with PD and MSA but 0% and
7,7% in patients with tauopathies respectively.['8 43!
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We found 4 studies dealing with genetic factors in
PD.[20:33.42.44 Doppler et al. screened 10 PD patients
with 3 different glucocerebrosidase gene (GBA1)
mutations (six N370S, three E326K, and one L444P).
20l phosaSYN deposition was mainly detected in au-
tonomic nerve fibers, but also in somatosensory fib-
ers with N370S and E326K mutations. Nevertheless,
seems to offer the distribution and the frequency
was the same observed in patients without a known
mutation. Contrariwise, Isonaka et al. found that
83% of patients with GBA variants had higher total
a-syn deposition (phosaSYN was not detected) in the
skin noradrenergic nerves compared to controls.?!
In the same study he investigated the deposition of
a-syn in PD patients with pathogenic mutations in
SNCA, PRKN, LRRK2, and DJ1, in PD patients without
known mutations and healthy controls. According to
the researchers, SNCA, DJ-1, LRRK2, and GBA muta-
tions had substantial intra-neuronal a-syn deposition
in sympathetic noradrenergic nerves, but this find-
ing was not observed in biallelic PRKN mutations.
However, biallelic PRKN PD had mildly increased
a-synuclein deposition compared to controls. The
same year Yang et al. performed skin biopsy in 59
PD patients (12 LRRK2 G2385R carriers and 47 LRRK
G2385R noncarriers) and 30 healthy controls.*? He
reported that that the distribution of skin phosaSYN
in PD LRRK2 G2385R carriers had an homogeneous
pattern and this variant was linked with increased
prevalence of autonomic symptoms or RBD. PARK2
and SNCA E46K mutations were studied by Carmo-
na-Abellan et al in cohort including people with PD,
DLB, PAF, asymptomatic carriers and healthy controls.
The results of the skin biopsies revealed moderate
to severe phosaSYN deposits in E46K-SNCA carriers
which were correlated with sudomotor dysfunction.

Interestingly, Oizumi et al. performing an immuno-
histological analysis of skin biopsy specimens from PD
patients and controls suggested dermal macrophages
with phosaSYN deposits as useful biomarkers for PD
diagnosis. They also found that the total number of
macrophages was significantly positively correlated
with the number of macrophages with phosaSYN
deposits.3®

Gastrointestinal tract

Most studies (66 out of 129) have been performed
in the gastrointestinal tract (Gl) and it was the first
peripheral tissue to be evaluated towards identifying
PD pathology in 1960.5 Amongst the 66 studies
on the Gl; 42 were in vivo, 21 post-mortem® and
3 including both alive patients and cadavers® re-
spectively (table 2).

Salivary glands
Salivary glands appear as an attractive target for
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biopsies as the highest amount of aSYN aggregates
in the first autopsy studies was found in the sub-
mandibular gland.% ¢ Incisional biopsy of the sub-
mandibular gland which is one of the major salivary
glands (parotid, submandibular, sublingual gland)is
associated with an increased risk of adverse events.
Instead, numerous minor salivary glands are easily
accessible at the vestibular site of the lower lip.162
After the introduction of phosaSYN immunohisto-
chemistry techniques, Beach et al. reported subman-
dibular specimen stained positive in 39% of all cases
screened (i.e. dementia DLB, incidental LB disease
(ILBD) and Alzheimer’s disease with LB (ADLB)).[%
When the methodology of the process was improved
with multiple sections phosaSYN staining rate raised

to 93% in PD. When the same researchers replaced
the needle core biopsies with large submandibular
gland sections, phosaSYN immunoreactivity in nerve
increased from 90% to 100% in PD.[3In contrast, in
an in vivo study, a better sensitivity was reported us-
ing needle core biopsies of the submandibular gland
detecting phosaSYN immunoreactivity in 75% of
PD (compared to 7% minor salivary gland biopsies).
641 Biopsies of minor salivary glands in alive patients
demonstrate a great variability in phosaSYN stain-
ing rates (7% to 100%).14%% The in vivo and post
mortem studies which explored the LB pathology in
submandibular gland reported controversial results
(sensitivity rates from 42% to 75%).64 70-73]
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first to report esophageal LB in 9% and in 25% of PD
cadavers with dysphagia and achalasia respectively.
74 Staining for aSYN was positive in a range between
50% and 100% in 3 studies.’””-”®! Comparing differ-
ent studies of the last 4 decades, phosaSYN positivity
reached 93% in PD, when multiple slides of paraffin-
embedded and 80 Im frozen sections of esophagus
were examined, in a survey which obtained differ-
ent Gl tract segments from patients with different
synucleinopathies.? In the esophagus tissue most LB
were found in neurons immunoreactive for vasoactive
intestinal polypeptide (VIP).

The reports which explore stomach and small intes-
tine are 19.150.:51.59,60.74-77,79-89 aGYN staining was more
abundant in stomach (from 80% to 100%) compared
to other Gl tract specimens ' 8. %0 The rostro-caudal
gradient distribution in PD is confirmed by this find-
ing.% 7> 91 However, the phosaSYN pathology ranged
from 9,1% to 80%.[51 8089l

It is out of any question that colon and rectum are
the most studied segments of the Gl tract.>”

The accumulation and aggregation of aSYN in the
gut mucosa of PD patient has been confirmed by sev-
eral studies (table 2). Most of them reported that aSYN
aggregates are more frequent in PD patients (54,8%-
100%) compared to age-matched healthy controls
(4,3%-21,8%).185. 86,9293 |n contrast, Harapan et al.
and Antunes et al. argued that aSYN and phosaSYN
rates did not differ between PD and controls.®*%7! In
PD patients phosaSYN detection in the mucosa and
submucosa of colon and rectum rates from 14%-100%
in different studies.F® 0. 981901 Apparently, this vari-
ability could be partly attributed to the rostro-caudal
gradient of the colorectal Gl segment. A rather low
sensitivity of rectal biopsies (23%) is noticed compared
to biopsies taken from the ascending colon (65%).
[0 1t js noteworthy that deep submucosal biopsies
increase the chance to discover phosaSYN neurites
(45%) compared to conventional mucosal biopsies
(33%).°" Regardless the high heterogeneity, a system-
atic review and meta-analysis of 16 studies claimed a
high degree of association between gut a-synuclein
species and PD.1"%

5 in vivo studies estimated that LB pathology is pre-
sent in the Gl tissue of people up to 20 years prior to
the onset of motor symptoms.6%.81-83.85.941 |n contrast,
one post-mortem study highlighted the absence of
aSYNin 19% of people with LB pathology in brain.l'3!
Gl phosaSYN deposition was frequently found in pa-
tients with iRBD, providing histopathological evidence
that iRBD represents a synucleinopathy. Colonic and
submandibular, revealed moderate sensitivity (23,5%-
89%) to identify phosaSYN and very high specificity
(97%-100%) to distinguish iRBD subjects from con-
trols.1e8 71104 Nevertheless, Mangone et al. reported
the that minor salivary gland biopsies lack sufficient
accuracy to detect SYN species in salivary glands in

PD and in iRBD. In a survey performed and using the
anti-aggregated-Syn clone 5G4 antibody, they found
oligomeric aSYN deposits in 55.6% in PD, 7 in iRBD,
and 7 in 38.9% controls.’!

In a post-mortem study included pathologically con-
firmed PD, MSA patients and controls, aSYN immuno-
reactivity was observed in tissue samples in nearly all
cases of PD, but none in the control or MSA subjects.
61 aSYN immunoreactivity was less frequent in MSA
(16,7%) than in PD (55,5%) in an in vivo study which
examined submucosa and mucosa in colonic biopsies.
(1951 Chung et al. revealed similar rates of aSYN de-
posits when examined colon and stomach specimens
of PD and MSA patients.®”! 2 studies explored the
presence of phosaSYN in DLB. Iranzo et al. demon-
strated deposits of deposits of phosaSYN in 50% of
DLB patients (vs 54% of PD), and Gelpi et al. in 100%
of cases with clinicopathological diagnoses of DLB (vs
54% of PD).I°!. 68]

In a recent study it was described negative pho-
saSYN staining in the submandibular gland of patients
carrying PRKN pathogenic variants."® In another sur-
vey in which gastric and colonic mucosa biopsies were
obtained from PD patients and healthy controls, it was
shown that PD SNCA variants (SNCA SNP-rs11931074)
were associated with aSYN staining.['%”!

Olfactory (mucosa & bulb)

Evaluation of the olfactory bulb is necessarily re-
stricted to post-mortem examination in contrast to
olfactory mucosa which can be investigated in vivo.
We went through 11 post-mortem studies’8 108114
and three in vivol'™®, which used immunochemistry
techniques and seeding amplification assays (table
3). Post-mortem studies revealed a positive staining
rate for aSYN between 0%-100%, and for phosaSYN
between 75%-100%. In the only in vivo study using
olfactory mucosa phosaSYN was not detectable in
patients with PD.I"!

We also identified 5 recent studies which explored
a-synuclein seeding activity using the RT-QuIC assay."
5> 116-118 Herein, the findings were less heterogenous, as
the positive aSYN RT-QuIC was from 46,5% to 67,4%
for PD and 10% to 10,2% for controls in both in vivo
and post-mortem studies. In another study was shown
for the first time that RT-QuIC could detect aSYN ag-
gregates in olfactory mucosa of DLB patients with
sensitivity reaching 86,4%.1""® However, the rates of
positive results were reduced in two other studies who
included people with iRBD. The sensitivity for iRBD
versus controls was between 44,4% and 67%, while
the specificity was high (90%).52 117
Table 3. Biopsy studies of olfactory mucosa and olfac-
tory bulb.
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Discussion

Technical Issues: Which process? Which
immunohistochemical marker?

In the majority of the skin biopsy studies, samples
were derived from the trunk (C7-C8 C8 paravertebral
area) and lower limb (i.e. thigh;15 cm above the
patella and distal leg; 10 cm above the lateral malleo-
lus) which are considered the optimal biopsy-taking
sites. But what happens with people with prodromal
disease or unilateral motor symptoms? An unsolved
question concerns phosaSYN aggregates and their
preferential side of distribution. Does deposition
reflect the site of motor dysfunction? It was found
that in PD patients with unilateral disease 20% had
abnormal deposits only in the affected motor side,
60% in both sides and 20% only in the non-affected
side respectively. Regarding the spine topographical
distribution of skin phosaSYN, it seems that depos-
its displayed a uniform distribution between both
sides (and not following the motor dysfunction) in
unilateral patients. It was also demonstrated a spine
gradient with the cervical site expressing the highest
positivity compared to Th12.128 Furthermore, study
findings on phosaSYN in skin biopsies revealed that
the range of sensitivity depends on the biopsy site
(ranging from 31% in distal leg, to 100% in cervical
site).l'” However, according to other authors, the
biopsy site does not affect the potency of total aSYN
detection (90% sensitivity and specificity).?”!

Obviously, the detection rate of phosaSYN de-
pends not only on the exact biopsy site taken but
also on methodological differences using sections of
different tissue thickness. It was demonstrated that
double-immunostained 50 pum skin biopsy tissue
sections are superior to 20 and 10 pym tissue sec-
tions for the detection of phosaSYN. Apparently, the
greater volume of tissue analyzed and the improved
visualization of nerve fiber architecture increases the
sensitivity of the procedure.?® 40

Similarly, the amount of nervous tissue is usually
insufficient, in conventional colonic biopsies. There-
fore, the discovery of LB pathology is increased by
obtaining full-thickness sections of colon. Beach et
al. reported that the submucosa has the highest
prevalence of pathological LB staining, followed by
the muscularis and mucosa.l'"®! Notably, the distri-
bution of aSYN/phosaSYN varies between differ-
ent gut tissues, following a rostro-caudal gradient
pattern, resembling skin topographical allocation.
aSYN/phosaSYN burden shows highest levels in the
esophagus and lowest involvement of the distal co-
lon and rectum.®%577IMost of the in vivo studies
which obtained tissue from the gastrointestinal tract
have used immunohistochemistry techniques for
the detection of LB pathology. The vast majority of
them had a specificity and sensitivity less than 80 %

Archives of Clinical Neurology 33:2-2024, 38 - 67

regarding to PD. Moreover, the biochemical meth-
ods tested were not adequate for the prediction of
PD.[120.1211 More specifically, salivary glands, studies
showed higher sensitivity for needle core biopsies
obtained from the submandibular gland (56,2 %-
100%)7> #1221 \whereas biopsies from minor salivary
glands resulted in largely varying rates of positive
phosaSYN/aSYN staining (7%-100%) in PD.[64 66.69.
1231241 The heterogeneity of findings obtained from
these studies is complicated not only by differences in
immunocytochemical staining techniques, dissection
protocols, and subjects included (accuracy of clinical
diagnosis), but also by study design (cohort sampling
size and stratification, retrospective vs. longitudinal,
in vivo vs post-mortem).

The early and persistent accumulation of pho-
saSYN/aSYN in the Gl of patients with prodromal
PD supports the hypothesis that disease originates
from the colon. On the other hand, LB pathology is
present in colon in people who never developed the
disease when alive.l'% Borghammer et al. conducted
a focused re-analysis of two postmortem datasets,
which included large numbers of mild LB disease
cases. They observed that the pathologic process
starts in either the olfactory bulb or the ENS, but
rarely in the olfactory bulb and Gl simultaneously. The
above findings revise the dual-hit hypothesis of PD
which postulates that the pathologic process starts
from the olfactory bulb and dorsal motor nucleus
of the vagus nerve.l'?

The first neuropathological attempts towards iden-
tifying a reliable biomarker in synucleinopathies in
peripheral tissues started with the use of antibodies
against aSYN. We already know that aSYN is also
detectable in healthy people. Several studies have
shown that the frequency of positive aSYN staining
is varies reaching even 100% in healthy subjects and
is seems to be unlikely that all controls included were
affected by synuclein associated disease. (Tables 1-3).
[10, 52, 60, 78, 82-85, 93, 96, 99, 104, 126] |t was Underlined by BeaCh
et al. in 2013 that aSYN is one of the most abundant
proteins in neural tissue, and therefore positive aSYN
staining cannot be abnormal.®3 They suggested the
use of antibodies against phosaSYN. In the same
research work, they also proposed proteinase K pre-
treatment towards digesting normal aSYN and allow-
ing affected pathological phosaSYN inclusions to be
revealed.'” The most reliable immunohistochemistry
marker which distinguishes pathological deposits
from physiological aSYN is phosphorylated aSyn
(phosaSYN) at serine 129.Amongst the phosaSYN
antibodies tested, many researchers retrieved the
best results with the use of the monoclonal antibody
directed against peptide 124-134 including phos-
phorylated Ser129 (Wako Pure Chemical Industries
Ltd., Neuss, Germany).[128 129

The significance of aSYN phosphorylation is a mat-
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ter of debate. In vitro studies reported that pho-
saSYN impels the formation of inclusions. Only a
small amount of aSYN is phosphorylated in healthy
human brain and aSYN appears to be phosphorylated
as disease progresses.l'*! More interestingly, aSYN
oligomerization has been described as an early event
in the pathologic process, independent of the phos-
phorylation.l'3" Recently, aSYN targeting antibody,
aSyn-5G4 showed high conformational specificity
and strong immunoreactivity for all forms of aSyn
aggregates, reliability in identifying aSYN deposits
and was also able to detect astrocytic and oligoden-
droglial aSYN inclusions across synucleinopathies.
(100,132,133 1t s suggested that 5G4 deposits appear
at an early stage of the disease and they are less
detectable after the spread of neurodegeneration.
Additionally, they have a different distribution among
skin biopsy sites, compared to phosaSYN.?! Another
marker of the early stage of the pathology is PLA
which recognizes the oligomeric form of aSYN. PLA
does not reveal physiological aSYN and detects pa-
thology in the form of extensive diffuse deposition
of aSYN oligomers which are often localized, in the
absence of Lewy bodies.l'* With the use of PLA,
Mazzetti et al. first described, that aSYN oligomers
accumulate within synaptic terminals of autonomic
fibers of the skin in PD.P3 A combination of tests
run with phosaSYN, aSYN, aSYN-5G4A, aSYN-PLA,
and IENFD, will increase the diagnostic yield and
open new windows in understanding the temporal
events of aSYN spread.”"

Seeding amplification assays (SAAs) as the Protein
misfolding cyclic amplification (PMCA) and the real-
time quaking-induced conversion (RT-QuIC), were
originally developed to mimic prion replication.l'*>
1361 A meta-analysis study revealed that skin aSYN-
SAAs exhibited the highest sensitivity (0.92), which
was not different from that of cerebrospinal fluid
(CSF) (0.90),'37" and therefore, skin biopsies could
represent a valid alternative to CSF analysis.® Olfac-
tory mucosa aSYN-SAAs exhibited a lower sensitivity
compared to CSF and skin.['3”! However, RT-QuIC
sensitivity is significantly increased when nasal swab
is performed at different areas covered by olfactory
epithelium indicating that aSYN aggregates are pref-
erentially detected in olfactory areas with higher
concentration of olfactory neurons.!''® Additionally,
applying the method in diverse tissues (i.e. olfactory
as part of the central nervous system and skin as
peripheral nervous system), diagnostic accuracy could
increase.B? The high sensitivity, specificity of RT-QuIC
assay in skin specimens was confirmed by isolated
in vivo and post-mortem studies.B" 3238 33,571 Higher
a-synuclein seeding activity in RT-QuIC was shown
in patients with longer disease duration and more
advanced stage of disease and was correlated with
non-motor symptoms (i.e. RBD, cognitive decline,

constipation).?'- 38 Therefore, the method could be
useful not only for diagnostic reasons, but also for
monitoring disease progression.®* 7!

Classical LB are defined as round eosinophilic in-
clusions located in neuronal somata with hyaline
appearance.l'3® The pathological signature of LB
diseases has broaden with the advent of immuno-
histochemistry. Additional morphological features
have been described for LB/LN in the CNS (i.e. dif-
fuse, granular or pleomorphic intraneuronal struc-
tures or intra-neuritic dot-like structures and axonal
spheroids).['** The question which arises is if posi-
tive aSYN/phosaSYN staining of neuronal somata
or processes in peripheral tissues can be regarded
as and termed LB or LN, respectively. Thus, studies
on peripheral tissues should not only describe the
absence or presence of aSYN/phosaSYN immunore-
activity but also precisely depict the morphological
features resembling LB/LN-like structures.

Conclusions and future perspectives

This review of a combination of postmortem and
in vivo studies redefines the remarks of previous eval-
uations regarding optimal tissue source, technique
and immunohistochemical marker.['“% Skin biopsy is
an easy, minimum invasive approach which provides
high specificity and good sensitivity for the detection
and differential diagnosis of synucleinopathies. Gl
biopsies remain attractive in the detection of synu-
cleinopathies. However, a standardized methodol-
ogy is essential to increase their diagnostic value.
The new promising assays could be incorporated in
future cohorts, towards identifying the combinations
and relative contributions of the sensitivity amongst
peripheral tissues.

Review highlights.

* Phosphorylated a-synuclein (phosaSYN) is the
pathological signature of Parkinson'’s disease.

* phosaSYN is confined to the central nervous
system, but also to peripheral tissues.

e Studies on peripheral tissues should not only
describe the absence or presence of aSYN/
phosaSYN immunoreactivity but also depict the
morphological features resembling LB/LN-like
structures.

e The most reliable immunohistochemistry
marker which distinguishes pathological depos-
its from physiological aSYN is phosphorylated
asyn (phosaSYN) at serine 129.

¢ Cutaneous phosaSYN aggregation is detected
in most of iRBD population.
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Dermal phosaSYN can be considered a periph-
eral histopathological marker of synucleinopa-
thy representing prodromal PD.

phosaSYN is mainly detected in autonomic
fibers of PD and DLB.

In MSA phosaSYN is detected in skin Remak
non-myelinating Schwann cells (RSCs).

The in vivo and postmortem studies in subman-
dibular gland report controversial results.

The distribution of aSYN/phosaSYN varies be-
tween different gut tissues, following a rostro-
caudal gradient pattern.

In Gl tract, the submucosa has the highest
prevalence of pathological staining, followed
by the muscularis and mucosa.

RT-QuIC can detect aSYN aggregates in olfac-
tory mucosa in synucleinopathies with high
sensitivity.

A combination of tests run will increase the
diagnostic yield.

Useful points to clinical practice

PD diag- Differential diagnosis | Early diag- | Disease pro-
nosis among synucleinopa- | nosis gression
thies
Tissues skin + + - -
Gl ?
Olfactory mucosa - - - -
Techniques & | aSYN-5G4A
markers aSYN-PLA
aSYN-SAAs (RT-QuIC) + +
in Parkinson’s disease. Journal of neural transmis-
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