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Abstract

The main genetic risk factors for Parkinson’s disease (PD) are presently repre-
sented by variants in GBAI gene encoding for the B-glucocerebrosidase
(GCase). Searching for a peripheral biomarker that can be used for selecting
and monitoring patients in clinical trials targeting GBAI-associated PD
(GBAI-PD) is a current challenge. We previously demonstrated that
a-synuclein oligomers expressed as proximity ligation assay (PLA) score in
synaptic terminals of skin biopsy are a reliable biomarker for distinguishing
idiopathic PD (iPD) from healthy controls (HC). This cross-sectional study
investigates an unexplored cohort of GBAI-PD (n = 27) compared to 28 HC,
and 36 iPD cases to (i) analyze a-synuclein oligomers and quantify them
throughout PLA score, (i) investigate GCase expression in brain and synaptic
terminals targeting the sweat gland, (iii) unravel indicators that could differen-
tiate patients with specific GBAI mutations. PLA score discriminates GBAI-
PD from HC with sensitivity = 88.9% (95% CI  70.84-97.65),
specificity = 88.5% (95% CI 69.85-97.55), and PPV = 88.9% (95% CI 73.24—
95.90), AUC value = 0.927 (95% CI 0.859-0.996). No difference was found
between GBAI-PD patients and iPD, suggesting a common pathological
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1 | INTRODUCTION

Parkinson’s disease (PD) is a multisystem and multifacto-
rial disorder caused by a combination of genetic and
environmental agents [1] and characterized by aberrant
accumulations of the protein a-synuclein, a major constit-
uent of histopathological lesions in PD [2]. Genetic vari-
ants range from common alleles with low penetrance to
rarer highly penetrant ones [3]. Because of this multifac-
torial pathogenesis, PD is clinically heterogeneous and
characterized by high variability in the presentation of
motor and nonmotor symptoms [4].

The main genetic risk factors for PD are represented
by variants in the Glucosylceramidase beta 1 gene
(GBAI), which are associated with an increased risk in a
range between 5- and 8-fold [5, 6]. GBAI encodes the
B-glucocerebrosidase (GCase), a lysosomal enzyme
involved in glycosphingolipid metabolism, regulating pro-
cesses ranging from membrane properties modification to
autophagy [6]. Approximately, 300 GBAI mutations have
been described in Gaucher’s disease (GD, a lysosomal
storage disorder characterized by biallelic mutations in
GBAI), many of which are also found in PD [7]. Further-
more, some variants (p.N409S and p.L483P; legacy names
p-N370S and p.L444P, respectively) have high allelic fre-
quencies among PD patients. Other variants (p.E365K
and p.T408M; legacy names p.E326K and p.T369M,
respectively), even if not pathogenic for GD, have been
associated with an increased risk for PD [8, 9]. As for
genotype—phenotype correlations, multivariable analysis
adjusted for sex, age at onset, and disease duration indi-
cated that mutations causing a more severe GD phenotype
(e.g., p.L483P-related) were associated with a 3-fold
greater risk for dementia in PD patients, but similar mor-
tality risk when compared to less severe mutations [10-13].
Interestingly, a-synuclein aggregation and GCase reduc-
tion are mutually linked as revealed by studies performed
in different experimental models both in the central and
peripheral nervous system [14-16]. Functional loss of GD-

pathway based on a-synuclein oligomers. GCase score did not differ in GBAI-
PD, iPD, and HC in the synaptic terminals, whereas a positive correlation was
found between PLA score and GCase score. Moreover, a significant increase
in synaptic density was observed in GBAI-PD compared to iPD and HC
(P < 0.0001). Employing ROC curve to discriminate GBAI-PD from iPD, we
found an AUC value for synaptic density = 0.855 (95% CI 0.749-0.961) with
sensitivity = 85.2% (95% CI 66.27%-95.81%), specificity = 77.1% (95% CI
59.86%-89.58%), and PPV = 74.19% (60.53%-84.35%). The highest synaptic
density values were observed in p.N409S patients. This work points out to the
value of both PLA score and synaptic density in distinguishing GBA/-PD from
iPD and to their potential to stratify and monitor patients in the context of
new pathway-specific therapeutic options.

autonomic nervous system, biomarker, GBA1, Parkinson’s disease, skin biopsy, a-synuclein

linked GCase in neuronal cell models compromises lyso-
somal protein degradation, affects a-synuclein clearance,
and causes its accumulation, thus exacerbating cell
stress [16]. On the other hand, a-synuclein aggregates
inhibit the normal GCase activity in idiopathic PD (iPD)
brain, suggesting that GCase depletion may also contrib-
ute to the pathogenesis of iPD [16].

Recently, the search for a reliable biomarker on periph-
erally collected material (plasma and peripheral blood
mononuclear cells) provided evidence that glucosylcera-
mide levels in plasma could be used as a biomarker for
selecting and monitoring patients in clinical trials targeting
GBAl-associated PD (GBAI-PD; [17]). Furthermore, the
a-synuclein seed amplification assay for analyzing cerebro-
spinal fluid (CSF) was able to classify both iPD and
GBAI-PD with high sensitivity and specificity [18]. Besides
blood and CSF, the peripheral nervous system could repre-
sent an accessible and valuable source for the discovery of
novel biomarkers and for better unraveling pathogenic
mechanisms involved in PD [19]. We recently identified
a-synuclein oligomers in skin biopsy and demonstrated
that these aggregates are a reliable biomarker for distin-
guishing iPD from healthy controls (HC) [20].

In the present study, we focused on a cohort of
GBAI-PD patients aiming to: (i) understand if
a-synuclein oligomer accumulation is a common feature
also in PD patients with a strong genetic component,
(i1) investigate whether GCase expression changes in syn-
aptic terminals of autonomic structures in skin biopsies,
and (iii) unravel indicators that could differentiate
patients with specific GBAI mutations.

2 | METHODS
2.1 | Subjects

The population of the present cross-sectional study was
composed of 91 subjects: 28 HC, 36 iPD patients, and
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27 PD carriers of GBAI gene variants (see Table 1 for
details on demographic and clinical data). All subjects
were consecutively enrolled from March 2014 to March
2022 at the Parkinson Institute (Milan, Italy) by neurol-
ogists experienced in movement disorders and contrib-
uting to the Parkinson Institute Biobank [21]. The
diagnosis of PD was made according to the UK Brain
Bank criteria [22]. As exclusion criteria, we considered
a history of diseases or other conditions potentially
leading to peripheral neuropathy or general contraindi-
cations for performing a skin biopsy. Genetic analysis
was performed as previously described: DNA was
extracted from peripheral blood using a Chemagic Star
workstation (Hamilton, ON, Canada), and the genetic
analysis on the GBAI gene was performed with a com-
bination of different technologies, ranging from allele-
specific PCR [23] to exome sequencing [24]. To ensure
the homogeneous assessment of skin biomarkers among
the most common GBAI variants, specific subgroups
were also identified, that is, p.N409S (n=7) and
p.-L483P (n = 12). The remaining 8§ patients carried het-
erogeneous mutations (biallelic mutation p.N409S/
p-E365K, n = 1; biallelic mutation p.N409S/p.N409S,
n=1;p.Q401X, n = 1; c.73delC, n = 1; p.S38X, n = 1;
RecNcil, n = 1; p.D448H, n =1; p.E388K, n=1). In
iPD patients, mutations in GBA/ and other PD-related
genes were excluded. Patients and HC were balanced
for age and sex. The following clinical data were col-
lected for all patients: age at PD onset, disease dura-
tion, and levodopa equivalent daily dose (LEDD,
calculated according to [25]). The Unified Parkinson’s
Disease Rating Scale (UPDRS) [26] was administered,
and the severity of motor symptoms and disease staging
were assessed in the medication off state by movement
disorder specialists using the UPDRS part III and the
Hoehn and Yahr (HY) scale [27]. Other relevant data,
including the presence of hyposmia according to medi-
cal reports, probable REM sleep behavior disorder
(pRBD) according to a cut-off score 26 in the RBD
Screening Questionnaire (RBDSQ) [28], and constipa-
tion (following Rome III criteria [29]) were collected.
The presence of orthostatic hypotension (OH) was con-
firmed based on specific prescription patterns and/or
the detection during clinical examination of a fall of at
least 20 mmHg in systolic blood pressure (30 mmHg in
patients with supine hypertension) and/or 10 mmHg in
diastolic blood pressure within 3 min of standing [30].
Autonomic functions were further investigated using
the Composite Autonomic Symptom Score 31 (COM-
PASS-31) [31], a self-administered questionnaire
addressing several autonomic domains (orthostatic
intolerance, vasomotor, secretomotor, gastrointestinal,
bladder, and pupillomotor). Cognitive functions were
examined using the Mini-Mental State Examination
(MMSE) [32], the Frontal Assessment Battery
(FAB) [33], and the Montreal Cognitive Assessment
(MoCA) [34].

2.2 | Skin biopsy

Forearm skin biopsies were fixed in Zamboni solution
for 24 h at 4°C, then paraffin-embedded and sliced in
3-pm thick serial sections using a microtome (MR2258,
Histo-Line Laboratories, Milan, Italy), as previously
described [20]. Each sample was processed as follows:
(i) one section was stained with hematoxylin and eosin to
verify sweat glands presence; (ii) three sections underwent
proximity ligation assay (PLA) procedure to localize
a-synuclein oligomers and immunofluorescence staining
for synaptophysin and (iii) three sections underwent the
GCase tyramide signal amplification and synaptophysin
staining.

2.3 | Proximity ligation assay and
immunofluorescence

a-Synuclein oligomers were detected by a PLA commer-
cial Duolink kit (Sigma-Aldrich, St Louis, Missouri,
USA) according to the manufacturer’s instructions as
previously described [20, 35]. In detail, PLUS and
MINUS probes were directly conjugated to the rabbit
anti o-synuclein antibody S3062 (polyclonal antibody
directed against a synthetic peptide within aa 111-132
of human a-Synuclein, Sigma-Aldrich) to obtain
a-synuclein-PLUS and a-synuclein-MINUS probes
[20, 36, 37]. Once obtained, these were used in the PLA
procedure carried out together with classical immuno-
fluorescence as described in details in [20]. Briefly, after
deparaffinization and rehydration, sections were pre-
treated with 10% formic acid (10 min). After a 20-min
blocking step with 1% bovine serum albumin (BSA) in
0.01 M phosphate-buffered saline (PBS) plus 0.1% Tri-
ton X-100, sections were incubated with a-synuclein-
PLUS and a-synuclein-MINUS probes (1:100 in PLA
diluent) and mouse anti-synaptophysin (clone DakSy-
nap, 1:100; Agilent, Santa Clara, USA) for 2 h at 37°C.
The amplification reaction was accomplished and sam-
ples were counterstained with Hoechst 33342 (1:1000;
Life Technologies, MA, USA) for 10 min and mounted
using Mowiol-DABCO. Positive and negative controls
were performed as previously described [20]. The poly-
clonal anti a-synuclein antibody used for probe conjuga-
tion is a well characterized a-synuclein antibody able to
recognize monomeric o-synuclein in immunofluores-
cence assay. Indeed, its high specificity was previously
verified performing both the staining in a OlaHsd mice,
a substrain of C57BL/6J mice carrying a spontaneous
deletion of the SNCA gene [38], and the preadsorbtion
assay [36]. Furthermore, it exhibits also high sensibility
as revealed by its typical synaptic pattern in controls
and PD patients when used in immunofluorescence
assay, while the same antibody used in the PLA assay
does not recognize physiological synaptic a-synuclein,
but it marks the oligomeric forms in the immediate
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TABLE 1 Demographic, clinical, and skin biopsy data of GBAI-PD, iPD, and HC.

Variables GBAI-PD (N = 27) iPD (N = 36) HC (V= 28) P-value
Age at skin biopsy, years, mean (SD) 56.96 (10.15) 61.94 (9.68) 60.25 (11.03) 0.165*
0.052°
Sex (male), n (%) 15 (55.6%) 21 (58.3%) 12 (42.9%) 0.208°
1.0
Age at PD onset, years, mean (SD) 45.85(9.32) 54.39 (9.86) — 0.001°
Disease duration, years, median (IQR) 10 (10) 6 (11.25) — 0.019°
LEDD, median (IQR) 707 (550) 555.16 (618.75) — 0.232¢
HY scale
1-2, 5, n (%) 19 (70.4%) 23 (63.9%) — 0.563"
3-4, n (%) 8(29.6%) 9 (25%)
UPDRS I score, median (IQR) 2(4) 0.5(3) 0.051°¢
UPDRS II score, mean (SD) 12.14 (8.07) 7.10 (5.94) — 0.013°
UPDRS III score (off), mean (SD) 26.54 (13.06) 25.52(16.41) — 0.818°
UPDRS TV score, median (IQR) 44 34) — 0.178°
pRBD, n (%) 15 (55.5%) 13 (36.1%) — 0.136"
Hyposmia, n (%) 8 (29.6%) 12 (33.3%) — 0.561"
Constipation, 7 (%) 16 (59.2%) 28 (77.8%) — 0.134
Orthostatic hypotension, 7 (%) 14 (51.8%) 13 (36.1%) — 0.003"
COMPASS-31, orthostatic intolerance, mean (SD) 15.52 (9.45) 3.61 (7.50) 0(0) <0.0001¢
<0.0001°
COMPASS-31, vasomotor, mean (SD) 0.44 (0.85) 0.58 (1.13) 0.07 (0.38) 0.081¢
0.774¢
COMPASS-31, secretomotor, mean (SD) 3.37(3.70) 2.75(3.81) 1.64 (2.04) 0.376°
0.488°
COMPASS-31, gastrointestinal, mean (SD) 5.25(4.47) 3.89 (4.07) 3.29 (3.52) 0.147¢
0.184¢
COMPASS-31, bladder, mean (SD) 2.30 (1.68) 1.36 (1.44) 0.75(1.27) 0.001¢
0.024°
COMPASS-31, pupillomotor, mean (SD) 0.70 (0.87) 1.36 (1.31) 0.64 (0.83) 0.049¢
0.048°
COMPASS-31, total, mean (SD) 28.81 (11.76) 14.97 (11.75) 6.39 (5.37) <0.0001¢
<0.0001°
MMSE score, median (IQR) 27.60 (4.29) 26 (3.01) — 0.605¢
FAB score, median (IQR) 14.20 (7.50) 13.90 (2.40) — 0.682¢
MoCA score, mean (SD) 16.13 (5.73) 19.53 (4.60) — 0.073°
PLA score, median (IQR) 259 (394) 213.82 (256.04) 27.78 (75.81) <0.0001¢
0.429¢
Synaptic density, median (IQR) 0.048 (0.05) 0.018 (0.01) 0.017 (0.02) <0.0001¢
<0.0001°

Note: Significant P-values (P < 0.05) are highlighted in bold.

Abbreviations: COMPASS-31, Composite Autonomic Symptom Score 31; FAB, frontal assessment battery; HC, healthy controls; HY, Hoehn & Yahr scale; iPD,
idiopathic Parkinson’s disease; LEDD, levodopa equivalent daily dose; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; PLA,
proximation ligation assay; pRBD, probable REM sleep behavior disorder; UPDRS, Unified Parkinson’s Disease Rating Scale.

“ANOVA analysis GBAI-PD versus iPD versus HC.

*Independent samples r-test GBAI-PD versus iPD.

‘Mann-Whitney test GBAI-PD versus iPD.

9K ruskal-Wallis test GBAI-PD versus iPD versus HC.

°Fisher’s exact test GBAI-PD versus iPD versus HC.

fFisher’s exact test GBAI-PD versus iPD.
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vicinity of pale bodies in post-mortem human
brains [20, 37].

To detect GCase (Rab Mab EPR5142, KO validated,
directed against a synthetic peptide within human GCase
aa 50-150; Abcam, Milan, Italy) we used the tyramide
signal amplification system, as described in the supple-
mentary materials.

Images were collected at 60x magnification
(1024 x 1024). The sections were analyzed with a Nikon
spinning disk confocal microscope using a silicon-
immersion 40x objective. In addition, we used a spinning
disk super-resolution by optical pixel reassignment
(SoRa) technique using the silicon-immersion 100x
objective plus a resolution improvement of 2.8x. PLA
score was calculated as previously described [20]: the area
of PLA signal within synapses (synaptophysin-positive)
was normalized for synaptic density (synaptophysin-
positive area/total area of the sweat gland). Similarly, the
GCase score was calculated as follows: GCase staining
was measured inside synapses (synaptophysin-positive)
and normalized for synaptic density (synaptophysin-
positive area/total area of the sweat gland).

2.4 | Statistical analysis

Based on our previous work [20], we considered the dif-
ference in PLA score between PD and HC as the primary
outcome measure to calculate the sample size. Expecting
an effect size (Cohen’s d) of 1.18, a two-tailed type I
error = 5% and power = 90%, we estimated a sample
size of at least 17 patients in each group (“pwr” package,
RStudio 2022.07.2 + 576).

Variables were expressed as counts (percentages)
when categorical and as mean (standard deviation, SD)
or median (interquartile range, IQR) when continuous
according to the normality of distribution. The normal-
ity of data was assessed using the Shapiro-Wilk test.
Differences between groups were analyzed by ANOVA
(multiple groups) adjusting for relevant covariates and
the independent samples z-test (two groups) or the non-
parametric equivalents (Kruskal-Wallis and Mann-—
Whitney tests, respectively). Based on the assumption of
equal or unequal variances, Bonferroni or Games-
Howell post hoc corrections for multiple testing were
respectively applied. Comparison of categorical vari-
ables was assessed using Fisher’s exact test. To explore
biomarkers’ discriminatory power, a receiver operating
characteristic (ROC) curve analysis was performed,
obtaining the area under the curve (AUC) and signifi-
cance values. AUC interpretation was determined
according to Mandrekar and colleagues [39]. Optimal
cut-off values were established by coordinate tracing of
the ROC curve according to Youden’s index analysis.
Sensitivity, specificity, positive and negative predictive
values (PPV, NPV), were obtained. Correlations
between biomarkers and clinical data were investigated

using Pearson’s or Spearman’s analysis as appropriate.
Finally, non-collinear independent variables associated
with clinical symptoms were investigated using multi-
variable linear (continuous variables on either a normal
or log-transformed scale) and logistic (dichotomous)
regression analysis. All tests were two-tailed, and the
significance level was set to P < 0.05. Analyses were per-
formed using SPSS version 25 (IBM Corporation,
Armonk, USA), GraphPad Prism version 8 (GraphPad
Software Inc., San Diego, USA), and RStudio
2022.07.2 4+ 576.

3 | RESULTS

3.1 | PLA score as a biomarker to distinguish
GBAI-PD

In agreement with previous results [20], a-synuclein oligo-
mers were increased inside synapses surrounding sweat
glands using high-resolution microscopy in iPD
(Figure 1A-A") compared to HC (Figure 1C-C"). Here,
we revealed the presence of a-synuclein oligomers also in
GBAI-PD (Figure 1B-B”). The median values of PLA
scores were significantly higher in the GBA-PD than in
HC (P <0.0001; Table 1). This finding was confirmed
in univariate analysis (with log-transformed PLA score
used as dependent variable) and after controlling for the
effect of age and sex (adjusted P-value 0.00027;
Figure 1D). Notably, no difference was found between
GBAI-PD patients and iPD cases. Looking at the sub-
populations of GBAI-PD, we did not observe any signifi-
cant difference in mean PLA score between patients
carrying different mutations (Figure 1E). These results
were confirmed even when considering p.L483P versus
p-N409S mutations alone (P = 0.627). ROC curve analy-
sis, used to discriminate GBAI-PD from HC, showed an
AUC value = 0.927 (95% CI 0.859-0.996, P < 0.0001;
see Figure 1F). Using a cut-off >98.64, the sensitivity
was = 88.9% (95% CI 70.84-97.65), specificity = 88.5%
(95% CI 69.85-97.55), PPV = 88.9% (95% CI 73.24—
95.90), and NPV = 88.5% (95% CI 72.33-95.74). This
cut-off allowed the stratification of our cohort into two
groups: subjects with positive PLA score (PLA' 298.64)
and negative PLA staining (PLA™ <98.64). No signifi-
cant correlation was found between PLA score and con-
tinuous clinical variables (age at PD onset, UPDRS I-II-
ITI-IV, LEDD, disease duration, COMPASS-31, MMSE,
FAB, and MoCA scores). In the whole PD cohort, no
difference was observed in categorical variables (presence
of pRBD, hyposmia, constipation, OH, and HY staging)
between PLA" versus PLA™ patients. In the iPD sub-
group, all pRBD patients (N = 13) were PLA™, whereas
among those without pRBD, 7 (30.4%) were PLA™
(P = 0.034). However, multivariable logistic regression
analysis using age, sex, disease duration, PLA, and
genetic status as independent variables revealed that the
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FIGURE 1 «a-Synuclein oligomers in skin biopsies of GBAI-PD. (A-C") Confocal images of sweat glands show a-Synuclein oligomers (PLA

signal, green, A, A”, B, B”, C, C), synapses (synaptophysin staining, red, A, A/, B, B/, C, C'), and nuclei (Hoechst, blue, A-C”) in idiopathic PD
(iPD, A-A"), GBAI-PD (B-B"), and healthy controls (HC, C-C"). Squared insets in (A, B, C) are 2x magnified in A’, A”, B, B”, C’, C” (high
resolution image obtained by SoRa). Scale bar, 10 pm. (D) Univariate analysis to compare mean PLA score values between GBAI-PD, idiopathic PD
(iPD), and healthy controls (HC). Significant P-values (after Bonferroni post hoc correction and adjusted for age and sex) are shown. (E) PLA score
(log-transformed) in GBAI-PD subgroups. Significant P-values (ANOVA analysis with Games-Howell post hoc test) are shown. (F) ROC curve of

PLA score to discriminate between GBAI-PD and HC.

presence of pRBD was mostly associated with disease
duration (P = 0.054) and not with PLA staining.

3.2 | GCase and PLA score correlate in PD

Given the strict bidirectional pathogenic loop that
involves a-synuclein aggregation and GCase reduction in
cellular and mouse models [16], we wondered whether
GCase expression changes in synaptic terminals of auto-
nomic structures in skin biopsies of GBAI-PD where we

detected the specific increase of a-synuclein oligomers.
We first checked for GCase staining in post-mortem
human brains (Supplementary Figure S1) and found that
it decreased in iPD patients compared to controls, as pre-
viously reported [40], and localized also at the synapses.
Moving to skin biopsies, we found that GCase mostly
localizes between the epidermis and the Stratum Cor-
neum, in accordance with what has already been
reported [41]. To date, GCase expression within the
peripheral nervous system has not been investigated.
Here, in a subgroup of 35 PD patients (23 GBAI-PD,
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12 iPD) and 11 HC, we looked at GCase staining in the
synaptic terminals surrounding the secretory coils of
sweat glands and observed a diffuse and punctate pattern
in all analyzed groups. Interestingly, the GCase signal
seemed to be increased in GBAI-PD when compared to
both control subjects and iPD (Figure 2A-C; A", B”,
C"). Thus, we focused on the synaptic compartment, and
we observed that some synaptic terminals contained
GCase, as clearly visible using the intensity profile
(Figure 2A”", B”, C"). We performed the quantitative
analysis of the GCase expression inside synapses and nor-
malized for synaptic density to obtain the GCase score
and found no significant difference in GCase
score  between controls, GBAI-PD, and iPD
(Supplementary Figure S2). This result was confirmed
when considering all PD patients versus HC (P = 0.277).
Interestingly, when analyzing the whole PD population
(VN = 35), we found a direct correlation between PLA
score and GCase score (r = 0.390, P = 0.025), which was
mostly driven by the GBAI-PD subgroup (r = 0.479,
P =0.021). This correlation was not confirmed in iPD
(r=0.073, P =0.832) and HC (r = —0.385, P = 0.242).
Finally, we performed in the PD group multivariable
regression analysis using log-transformed PLA score as
the dependent variable and age, disease duration, genetic
status, and log-transformed GCase score as independent
non-collinear variables. We found that the GCase score
was the only variable significantly associated with PLA
score (f = 0.364, P = 0.044; Supplementary Figure S3).
No significant difference was detected when stratifying
the analysis according to different GBAI-PD mutations.
To explore a possible relation between GCase and
a-synuclein species other than oligomers, we performed
additional stainings for total, phosphorylated, and aggre-
gated, p-sheet containing a-synuclein. Looking at total
a-synuclein  inside the synapses (Supplementary
Figure SSA-A"), we observed no differences among HC,
iPD, and GBAI-PD (Supplementary Figure S5B). We
then analysed phosphorylated and aggregated species of
a-synuclein using the following specific antibodies and
dye: anti-S129 phosphorylated a-synuclein antibody; con-
formational 5G4 antibody that recognizes a-synuclein
aggregates including p-sheet conformation; and
Thioflavin-S that stains amyloid fibrils (Supplementary
Figure S6). As expected, both phosphorylated and aggre-
gated species of a-synuclein were clearly detected inside
Lewy bodies in post-mortem PD human brain
(Supplementary Figure S6A,C,E). However, skin biop-
sies from HC, iPD, and GBAI-PD did not show any

staining for phosphorylated a-synuclein (Supplementary
Figure S6B-B”), p-sheet containing aggregated
a-synuclein (Supplementary Figure S6D-D”), and amy-
loid fibrils (Supplementary Figure S6F-F”) inside the
synapses.

3.3 | The increase in synaptic density
identifies GBA-PD but not iPD

Although the GCase score resulted unmodified in
GBAI-PD, the increase of GCase signal prompted us to
investigate whether this finding could be caused by
changes in synaptic density. Indeed, a rough increase in
synaptophysin staining was observed in GBAI-PD
(Figure 2A”, B”, C"). Synaptic density was increased as
well in GBAI-PD compared to both iPD patients and
HC (Figure 2D; P < 0.0001; Table 1). This statistically
significant difference was confirmed in univariate analy-
sis (with log-transformed synaptic density used as the
dependent variable) and after controlling for disease
duration and age at PD onset (adjusted P < 0.0001).
ROC curve analysis was employed to discriminate
GBAI-PD from iPD, and we found an AUC value for
synaptic  density = 0.855 (95% CI 0.749-0.961,
P =0.000002; Figure 2E). A cut-off 20.023 showed a
sensitivity = 85.2% (95% CI  66.27%-95.81%), a
specificity = 77.1% (95% CI  59.86%-89.58%), a
PPV = 74.19% (60.53%-84.35%), and a NPV = 87.10%
(72.85%-94.44%) in detecting GBAI-PD. Notably,
looking at synaptic density in subpopulations of
GBAI-PD, we observed the highest values in p.N409S
patients (Figure 2F), the mild form of GBAI-PD.

The increase in synaptic density observed in
GBAI-PD could rely on a variety of mechanisms includ-
ing compensatory synaptogenesis in a context of synaptic
dysfunction and loss. We addressed this issue by using a
well-known marker of sprouting, namely growth associ-
ated protein 43 (GAP43) and looking at its distribution
at the synapse. The relative amount of GAP43 signal
within the synapses (Supplementary Figure STA-A") was
not significantly different among HC, iPD, and GBAI-
PD (Supplementary Figure S7B). Interestingly, the analy-
sis of the correlation between synaptic GAP43 and syn-
aptic density revealed an inverse correlation in HC
(r=-0.76; P =0.012) and iPD (r = —0.36; P = 0.30),
while a positive correlation was a specific feature of the
GBAI-PD subpopulation (r=0.51; P =0.13; Supple-
mentary Figure S7C).

FIGURE 2 Synaptophysin and GCase in skin biopsies. Confocal images showing synaptophysin (red), GCase staining (green) and nuclei
(Hoechst, blue) in sweat glands of controls (A-A""), GBAI-PD (B-B"), and iPD. Scale bar, 15 pm. Intensity profiles show the superimposition of
some peaks in a single z-plane along the designed line in A”, B”’, C"”. (D) Univariate analysis to compare mean synaptic density values between
GBAI-PD, idiopathic PD (iPD), and healthy controls (HC). Significant P-values (after Bonferroni post hoc correction and adjusted for age and sex)
are shown. (E) ROC curve analysis of synaptic density values suitably allowed the discrimination of GBAI-PD from iPD. (F) PLA score (log-
transformed) in GBA1-PD subgroups. Significant P-values (ANOVA analysis with Games-Howell post hoc test) are shown.
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Finally, we decided to explore the association
between synaptic density and clinical variables in the
overall PD population, and we observed a significant cor-
relation with the orthostatic intolerance subitem
(r=10.509, P <0.001; Supplementary Figure S4A) and
the total score of the COMPASS-31 (r=0.415,
P = 0.001; Supplementary Figure S4B). Besides, patients
with OH were most likely to have a synaptic density
>0.023 (73.1%, P = 0.02). Finally, we run multivariable
linear regression analyses using age, sex and disease dura-
tion as adjusting variables and synaptic density and
genetic status as alternate independent predictors. Synap-
tic density in the overall PD population and genetic sta-
tus were both associated with both the orthostatic
intolerance subitem and the total score of the
COMPASS-31. Nonetheless, the analyses showed that
the goodness of fit (using the Akaike information crite-
rion as a measure of the relative quality of a model for a
given set of data) of the models including synaptic density
or genetic status were substantially comparable for both
clinical outcomes.

4 | DISCUSSION

This study has a twofold importance. First, our results
reinforce the concept that a-synuclein oligomers could be
a reliable biomarker for distinguishing iPD from control
subjects [20] and show that the sensitivity is even higher
in the discrimination of GBAI-PD patients (88.9%). Sec-
ond, we added new information to the pathological path-
ways characterizing different subpopulations of PD
throughout the analysis of synaptic terminals targeting
the sweat gland. Here, we observe a positive correlation
between a-synuclein oligomers (PLA score) and GCase
expression (GCase score) in GBAI-PD cohort and report
that the GBAI-PD cohort exhibits an increase in synaptic
density compared to iPD. Notably, the highest values
were attributed to variant p.N409S, which is associated
with a mild form of GBAI-PD. Next, synaptic density
displays a moderate correlation with clinical assessment
of autonomic dysfunction in the overall PD population.

The increase of a-synuclein oligomers in GBAI-PD
skin biopsies was expected given that almost all the post-
mortem brains obtained from GBAI-PD present Lewy
bodies pathology [42]. Thus, the study of the peripheral
nervous system likely reflects what happens in the central
nervous system [19]. The common pathway of
a-synuclein aggregation in iPD and GBAI-PD has been
supported also by a very recent analysis of the CSF using
the a-synuclein seed amplification assay, which gave sim-
ilar results, obtaining the highest sensitivity in
GBAI-PD [18].

Focusing on the role of GCase in PD, evidence exists
that a-synuclein aggregation and GCase reduction are
mutually linked [16]. Previous studies in human brains
described a combination of reduced protein levels and

90f 13
Pathology

catalytic activity, mainly in the substantia nigra [15]. On
this basis, we expected a decrease in GCase protein levels
in the skin and in the synaptic terminals of the GBAI-PD
and iPD patients. Surprisingly, we observed an overall
increase of the GCase signal in the skin of GBAI-PD.
Given that GCase is a lysosomal ubiquitous enzyme that
plays important functions in regulating membrane prop-
erties but also extracellular roles beyond the lyso-
some [41], we may speculate that a compensatory
mechanism leads to GCase overexpression in the tissue
for counteracting its loss of enzymatic activity. Indeed,
GBAI mutations affect the endosomal-lysosomal path-
way and lead to the accumulation of crowded mem-
branes and dysmorphic organelles, that have already
been described in Lewy Bodies [43]. Interestingly, the
GCase staining observes in skin biopsy seems to resemble
the typical pattern of organelles such as lysosomes. How-
ever, we did not see any significant difference in the
GCase expression in the synaptic terminals targeting
the sweat gland. This discrepancy could be linked to the
compensatory sprouting leading to an enrichment of
newly formed fibers and, in turn, of GCase in the periph-
ery. To address this point, we evaluated the correlation
between synaptic density and GAP43, a sprouting
marker. In particular, the inverse correlation in HC sug-
gests that the sprouting decreases in case of high levels of
synaptic density, on the contrary, in GBAI-PD the
sprouting increases with the increase of synaptic density.
This phenomenon could be caused by dysfunctional syn-
aptic terminals in GBA-PD patients, probably caused by
the described vicious circle that links GCase reduced
activity and a-synuclein aggregation [16]. In fact, a direct
correlation was found in the GBAI-PD subgroup
between the GCase score and the PLA score, a finding
that supports the presence of a pathogenetic loop involv-
ing GCase and a-synuclein aggregation in the periphery.
Indeed, a previous study in cell and animal models [16]
demonstrated that GCase mutation leads to enzymatic
deficiency, that directly induces a-synuclein aggregation
by stabilizing soluble oligomers. The a-synuclein aggre-
gates exert an inhibitory effect on GCase activity engen-
dering a vicious circle. This self-propagating positive
feedback process proceeds until a pathogenic threshold is
surpassed, resulting in neurodegeneration. Given that,
GCase could be an attractive target for PD therapy, in
order to reduce a-synuclein aggregation also in the
peripheral nervous system of GBAI-PD.

Since a-synuclein aggregation is a complex process
that implies a spectrum of species [44], to get an insight
into the correlation of GCase with the process of aggre-
gation of a-synuclein in skin biopsies, we moved beyond
a-synuclein oligomers and studied other a-synuclein spe-
cies, from the monomeric to the aggregated ones. Inter-
estingly, we did not detect any difference in monomeric
a-synuclein among HC, iPD, and GBAI-PD, indicating
that it does not discriminate between patients and con-
trols. Furthermore, we did not observe the presence of
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aggregated B-sheet-containing forms, neither with confor-
mational antibody neither with specific dye. In addition,
we detect no phosphorylated a-synuclein in our samples.
If fibrils and greater assemblies are a later step in the
aggregation process, phosphorylation of a-synuclein has
also been suggested to feature more advanced stages
compared to a-synuclein oligomerization [45, 46], which
have been described as an early event in the pathology
[35, 47]. This could suggest that in our samples the aggre-
gation process of a-synuclein is at an early stage, or that
the intrinsic signal amplification of the PLA technique
lets us to unravel the presence of very low amount of olig-
omers that are not detectable by classical immunofluores-
cence. Not observing phosphorylated a-synuclein in our
samples might appear to contradict previous litera-
ture [48]. We cannot rule out the hypothesis that the
absence of phospho-synuclein staining in our specimens
may be explained by the selection of the forearm as the
biopsy site, together with the lower intra-patient sam-
pling in our procedure compared to other studies, as
already suggested [49, 50].

Interestingly, we observed that synaptic density,
related to the sweat gland secretory coil, in the overall
PD population shows a moderate correlation with clini-
cal assessment of autonomic dysfunction, particularly
with the total score of the COMPASS-31 and the ortho-
static intolerance subitem. This could be explained by the
frequent coexistence of excessive sweating and orthostatic
hypotension reported in the prodromal phase of PD [51]
and by the evidence that sweating is regulated by vasodi-
lation of the vessels surrounding the sweat glands secre-
tory coils [52]. Our results agree with a higher
dysautonomic burden in GBAI-PD compared to
iPD [53], even though the two groups could not be bal-
anced for age at onset and disease duration and these
confounders must be taken into account when interpret-
ing our results. However, the increase of synaptic density
in the overall GBAI-PD is unexpected. In fact, we previ-
ously reported sweat gland denervation in a higher per-
centage of iPD subjects compared to HC [20] and others
described in iPD patients intraepidermal nerve fiber
denervation and loss of autonomic nerves to sweat glands
and blood vessels [54]. Furthermore, the deposition of
phosphorylated a-synuclein in autonomic fibers was
greater in PD patients with autonomic failure [55]. The
involvement of the autonomic nervous system is often
affecting the cardiac and skin branches in parallel, as
proved by the high concordance between '?’I-meta-
iodobenzylguanidine ('**I-MIBG) myocardial scintigra-
phy and skin biopsy data [56]. Focusing on GBAI-PD,
I2.MIBG has been reported to be worse than in
iPD [57], whilst other studies showed similar uptakes [58].
This discrepancy can be caused by the heterogeneity of
the GBAI-PD variants analyzed. The peculiar profile
of autonomic dysfunction in GBAI-PD has been further
explored in recent research [59], which confirmed through
autonomic testing greater cardiovascular and sudomotor

dysautonomia in GBA1-PD compared with matched PD
control subjects.

The relationship between a-synuclein, skin denerva-
tion, and clinical features has yielded conflicting results
so far. On the one hand, higher ratios of a-synuclein were
found to be correlated with reduced sudomotor nerve
fiber and both HY scores and sympathetic/
parasympathetic function [60]. On the other, some works
reported no correlation with age, disease duration, or
severity of PD [61], as well as a uniform distribution of
phosphorylated a-synuclein not following the side with
greater motor impairment [62]. Indeed, in line with the
present results, we previously showed [20] high PLA
scores both in PD patients with and without autonomic
dysfunction and no significant association between PLA
and disease duration or the severity of motor features.
Several factors could explain these discrepancies in the
available literature. First, the moderate association
between autonomic symptoms and skin biopsy measures
is likely influenced by the use of questionnaires, which
may increase the bias of subjective reporting. Previous
research observed considerable discordance between
overall self-reported scores and electrophysiological test
abnormalities [63], as also confirmed in a recent
study [59]. Additionally, the prevalence of under-
recognized dysautonomia in PD is close to 50% [64].
Last, synaptic density and PLA score may reflect
dynamic measures with variable patterns over time and
in relation to disease progression. Indeed, synaptic remo-
deling (pruning and/or sprouting processes) could take
place in the sudomotor fibers and compensate for nerve
degeneration. Notably, the regeneration property of
peripheral nervous system fibers, including both sensory
and autonomic skin fibers, has been extensively
described [65] and a study by Jeziorska et al. used
growth-associated protein 43 (GAP43) to assess altered
nerve fiber regeneration in patients with PD [66]. There-
fore, it could be argued that compensatory synaptic
remodeling may have prevented the elucidation of the
exact relationship between peripheral denervation mea-
sures and the severity of autonomic symptoms.

This study has indeed some drawbacks, that is, (i) the
cross-sectional design which did not allow us to explore a
cause-effect relationship between skin biopsy measures
and clinical features; (ii) the lack of an instrumental
assessment of autonomic symptoms; and (iii) the presence
of unbalanced clinical and demographic characteristics in
iPD and GBAI-PD subgroups. Concerning the last, we
have partially addressed the effect of confounders in mul-
tivariable analysis.

5 | CONCLUSION

Collectively, our research suggests that the assessment of
a-synuclein oligomers and synaptic density in the skin
has the potential to provide a reliable, accessible, and
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accurate biomarker in iPD and GBAI-PD. Our findings
may carry preliminary implications for the understanding
of peripheral pathophysiological mechanisms underlying
nonmotor burden in GBAI-PD. A deeper understanding
of such mechanisms both in the prodromal and manifest
phase of GBAI-PD is of paramount importance to
address key questions about treatment response in the
expanding scenario of pathway-specific therapeutic
options, as well as to inform future strategies for more
precise patient stratification. In conclusion, we reported
the quantitative analysis of a-synuclein oligomers and
synaptic density in the skin as a biomarker of iPD and
GBAl-associated PD.
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