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A B S T R A C T

Background and objective: In 2004 we described the E46K mutation in alpha-synuclein gene (E46K-SNCA), a rare
point mutation causing an aggressive Lewy body disease with early prominent non-motor features and small
fiber denervation of myocardium. Considering the potential interest of the skin as a target for the development of
biomarkers in Parkinson's Disease (PD), in this work we aimed to evaluate structural and functional integrity of
small autonomic nerve fibers and phosphorylated alpha-synuclein (p-synuclein) deposition in the skin of E46K-
SNCA carriers as compared to those observed in parkin gene mutation (PARK2) carriers and healthy controls.
Patients and methods: We studied 7 E46K-SNCA carriers (3 dementia with Lewy bodies, 2 pure autonomic failure,
1 PD and 1 asymptomatic), 2 PARK2 carriers and 2 healthy controls to quantify intraepidermal nerve fiber
density and p-synuclein deposition with cervical skin punch biopsies (immunohistochemistry against anti
PGP9.5/UCHL-1, TH and p-synuclein) and sudomotor function with electrochemical skin conductance (ESC)
(SudoScan).
Results: All E46K-SNCA carriers had moderate to severe p-synuclein deposits and small fiber neurodegeneration
in different epidermal and dermal structures including nerve fascicles and glands, especially in carriers with Pure
Autonomic Failure, while p-synuclein aggregates where absent in healthy controls and in one of two PARK2
carriers. The severity of the latter skin abnormalities in E46K-SNCA were correlated with sudomotor dysfunction
(lower ESC) in hands (p=0.035).
Interpretation: These results together with our previous findings support the relevance of E46K-SNCA mutation
as a suitable model to study small fiber neuropathy in Lewy body diseases.

1. Introduction

In the last years, different authors have reported that alpha-synu-
clein aggregates, the main component of Lewy bodies, can be detected
within cutaneous autonomic small fibers of patients with Parkinson's
Disease (PD) [1,2]. It has been described that accumulation of synu-
clein-immunoreactive deposits is most prominent in sympathetic
adrenergic nerve fibers innervating the erector pili muscles but is also
present in sudomotor nerve fibers, i.e. sympathetic cholinergic fibers
[3]. Nonetheless, other studies have reported more prominent deposits

in nerve fibers of skin vessels [4]. Growing evidence supports the de-
tection of phospho-synuclein (p-synuclein) aggregates in cutaneous
nerve as a promising approach to improve the identification of patients
with synucleinopathies, including PD [1,4], pure autonomic failure
(PAF) [5], REM sleep behavior disorder (RBD) [6] or dementia with
Lewy Bodies (DLB) [7]. Several studies have quantified non-invasively
sudomotor function abnormalities in synucleinopathies with different
technological approaches such as quantitative sudomotor axon reflex
testing [8,9] or skin electroconductance (ESC) measurement tools
[10,11].
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Considering the great heterogeneity of idiopathic PD (iPD), the
study of pathophysiologically homogeneous genetic PD variants be-
comes of the utmost importance for the development of biomarkers in
iPD. In 2004 we described for the first time in the literature a family of
the Basque Country (Spain) with the E46K mutation, one of the known
missense point-mutations in the alpha-synuclein gene (SNCA) [12],
limited to specific families [13]. Experimental studies with E46K-SNCA
mutation have shown its strong tendency towards fibril formation and
its outstanding pathogenicity [14,15]. The clinical phenotype of E46K-
SNCA mutation is characterized by an early onset parkinsonism with
prominent non-motor features including dementia, autonomic dys-
function and sleep disturbances [16–18]. Neuropathological examina-
tion of the index case revealed extensive Lewy bodies and neurites in
cortical and subcortical structures of the brain, meeting the patholo-
gical criteria for DLB [16]. In addition to CNS involvement, the post-
mortem examination of the myocardium in two symptomatic carriers
[16] together with in vivo studies using autonomic functional tests and
myocardial metaiodobenzylguanidine (MIBG) scintigraphy [19,20]
support that E46K-SNCA mutation induces a prominent autonomic
neuropathy that affects small noradrenergic sympathetic fibers. On the
opposite side, Parkin gene mutation (PARK2) is associated to a disease
in which autonomic abnormalities and myocardial sympathetic de-
nervation are subtle [20,21] and Lewy bodies are virtually absent,
especially in homozygous PARK2 variants [22].

Except for a recent letter reporting pathological skin findings in two
PARK2 carriers [23], no studies have been published describing struc-
tural or functional correlates of small nerve fiber neuropathy in the skin
of genetic carriers of PD. In this work, we aimed to evaluate and de-
scribe the integrity of small autonomic nerve fibers and p-synuclein
deposition in the skin of E46K-SNCA carriers, with different phenotypes
and their correlation with sudomotor function. The study of E46K-
SNCA mutation carriers constitutes the ideal scenario to analyze the
presence of p-synuclein aggregates in the peripheral nervous system of
patients with PD, since this mutation induces a genetically defined
aggressive Lewy body disease with prominent autonomic failure, cog-
nitive and motor symptoms.

2. Material and methods

We performed a cross-sectional study of 7 E46K-SNCA carriers from
the same single family, 6 symptomatic (3 dementia with Lewy bodies, 2
pure autonomic failure (PAF) and 1 PD) and 1 asymptomatic, 2 carriers
of heterozygous PARK2 mutation and 2 healthy controls (HC). See
Table 1 for further details of individual participants. Participants were
recruited in the Department of Neurology of Cruces University Hospital.
The study procedures were approved by the regional Basque Clinical
Research Ethics Committee. All participants gave written informed
consent prior to their participation in the study, in accordance to tenets
of Declaration of Helsinki.

2.1. Skin biopsies

We obtained 4-mm diameter skin punch biopsies from the cervical
C7 region, under aseptic and anesthetic conditions, following re-
commendations by Donadio et al. [24]. Samples were fixed in 4% for-
maldehyde for 24 h, embedded in paraffin and serially cut into 5 µm
sections for immunohistochemistry.

2.2. Immunohistochemistry studies

Slides were oven-heated at 60 °C for 30min, immersed in Xylene
(5min, three times) and then rehydrated in decreasing ethanol con-
centrations (100%–95%, 70%–50%) and in distilled and tap water
(5min each). Endogenous peroxidase activity was inhibited incubating
sections in tap water with 0.02% hydrogen peroxide (H2O2) for 15min.
For antigen retrieval, sections were incubated in 0.01M citrate buffer, Ta
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pH 6.0, for 20min at 96 °C, in a PT module TS (Thermo Fisher
Scientific). Then, tissue sections were rinsed in 0.1M PBS (5min, three
times) and incubated overnight in DAKO antibody diluents (S2022)
containing the corresponding primary antibody: polyclonal antibody
against protein gene product (anti-PGP 9.5; 1/1000; AB1761: Millipore
Billerica, MA, USA) as a neuronal marker for skin innervation; mono-
clonal mouse antibody against tyrosine hydroxylase (anti-TH mono-
clonal mouse; 1:1000; MAB5280: Millipore, Billerica, MA, USA) for
noradrenergic fibre staining; monoclonal mouse antibody against
phospho-synuclein (anti-p-synuclein S129 monoclonal mouse;
pSyn#64, 1:2000, WAKO, Japan) as a marker of PD pathology. Samples
were rinsed three times for 5min in PBS and incubated for 30min at
room temperature with biotinylated goat anti-rabbit IgG (E0432, Dako,
Denmark) or biotinylated goat anti-mouse IgG (E0433, Dako, Denmark)
diluted 1:200 in PBS. Sections were developed using 3, 3′-diamino-
benzidine tetrahydrochloride with H2O2 (DAB Kit, Vector Laboratories)
and counterstained with Nissl. The sections were mounted on gelati-
nized slides, coverslipped with DPX mounting medium (BDH). Each
staining also included a negative control in which the primary antibody
was omitted.

2.3. Quantification of the skin nerve fiber density and synuclein deposits

Samples were viewed and digitalized with an Olympus BX-51 mi-
croscope equipped with an Olympus DP-70 digital camera at 60x
(Olympus, Denmark). For every case, we included 30 sections of the
sample, using a lens of 60× magnification, that were randomly digi-
talized and analyzed. We used a computer-assisted image analysis with
a macro of instructions to be executed in the software ImageJ (Wayne
Rasband, NH, USA). Intraepidermal nerves were counted when crossing
or originating at dermal-epidermal junction, branching in the dermis
out of the virtual line at the dermal-epidermal junction was excluded
from quantitation. Blinded and randomized quantification of all sam-
ples was performed by the same examiner (MCA) using the same mi-
croscope. Intra-observer agreement was evaluated by counting the
number of nerve fibers per area twice, one month apart. There was good
intraobserver reliability of PGP-ir measures. The results for epidermal
nerve fiber density were expressed as number of fibers/area. The degree
of p-synuclein deposits in nerve fascicles was quantified using a semi-
quantitative visual score: ‘absent’ (score 0); ‘+‘, slight (score 1); ‘++‘,
moderate (score 2); ‘+++‘, severe (score: 3).

Fig. 1. Anti-tyrosine hydroxylase (Anti-TH) staining of epidermis demonstrating the integrity of noradrenergic nerve fibres and anti-p-synuclein im-
munohistochemical staining of epidermis-dermis, skin glands and nerve fascicles demonstrating the degree and distribution of p-synuclein skin aggregates (arrows)
for E46K-SNCA carriers (A02, A06 and A07) with p-synuclein aggregates versus two cases with low or absent p-synuclein aggregates, one symptomatic PARK2 carrier
(P02) and healthy control (H01). Black reference lines within each image correspond to 50 μm.
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2.4. Sudomotor testing

Overall sudomotor function was evaluated with SudoScan device
(Impeto Medical, Paris France), which acquires non-invasively through
reverse iontophoresis ESC measures in hands and feet using two sets of
large-area stainless steel plate electrodes. ESC is expressed in micro-
Siemens (μS) and constitutes a surrogate measure of postganglionic
sympathetic (cholinergic) function. During testing, subjects were re-
quired to place their hands and feet on electrode plates for approxi-
mately 2min. We obtained separate average ESC measures for each
limb (right palm, left palm, right foot sole and left foot sole) as well as
the bilateral ESC averages for palms and foot soles. For this study, we
only used bilateral ESC averages for hands and feet as surrogate mar-
kers of overall sudomotor function. SudoScan has been used to test
sudomotor function, without any commercial interest. Further details
on SudoScan technology are detailed elsewhere [25]. This technique
was not conducted to analyze sympathetic cholinergic function, as it is
not appropriate for that and a more solid functional test should be used
for that purpose. It is important to stress here that ESC measurements
from SudoScan are not specific enough to ascertain the participation of
specific pathophysiological mechanisms, including loss of sudomotor
fibers, sweat gland atrophy, reduced number of sweat glands, or
glandular dysfunction caused by toxic, metabolic, or other disorders.

2.5. Statistics

We performed descriptive and correlation analyses for E46K-SNCA
carriers using the statistical software package SPSS 13 for Windows
(SPSS, Chicago, IL). Given the limited sample size, the correlations of
nerve fiber density with age, years of disease duration and p-synuclein
deposition scores were performed with the nonparametric Spearman's
rho test.

3. Results

The demographical and clinical features of study participants and
the results of the analysis of nerve fiber density, degree of p-synuclein
deposits and electrochemical conductance of the skin are displayed in
Table 1. All E46K-SNCA carriers had p-synuclein inclusions in cuta-
neous sympathetic fibers at different degrees of severity (Table 1, Fig. 1
and Fig. 2). All the samples had TH-immunoreactive nerve fibers, re-
vealing the presence of noradrenergic nerve fibers in skin samples.
Nerve fibers were identified surrounding sweat grands, hair follicles
and erector pili muscles. Interestingly, for those E46K-SNCA carriers
with clinical phenotypes suggesting a diffuse CNS involvement (e.g.
DLB and PD phenotypes) (A03, A05 and A07) the severity of p-synu-
clein deposits was rather heterogeneous, from mild to moderate, while
for those E46K-SNCA with manifestations restricted to the autonomic
nervous system (PAF) (A04 and A06) the degree of p-synuclein was
consistently high. Contrarily, healthy controls and one of the two
PARK2 carriers (P02) did not show p-synuclein inclusions in nerve fi-
bers. Fig. 1 illustrates representative images of anti-p-synuclein im-
munohistochemical staining of epidermal nerve fascicles in patients
with moderate to severe degree of p-synuclein deposition (A07, A02
and A06) and in participants without deposits (P02 and H01). Re-
garding the quantification of skin innervation, the number of healthy
controls is not enough to perform statistical comparisons between
groups. Nevertheless, following the descriptive purpose of the analysis,
we found a significant inverse correlation between nerve fiber density
and the degree of p-synuclein aggregates in the epidermis (r=−0.889,
p=0.002) (mean fiber density for severe p-synuclein aggregates: 9.02
fibers/area; moderate p-synuclein: 12.24 fibers/area; mild p-synuclein:
15.42 fibers/area; absent p-synuclein: 17,23 fibers/area). It is worth
mentioning that the density of nerve fibers was low and p-synuclein
deposition moderate to severe in the asymptomatic E46K-SNCA muta-
tion carrier (A02) (8.83 fibers/area and moderate degree of p-synuclein

deposits) and in the PARK2 mutation carrier (P03) who had an ex-
ceptionally long disease duration (30 years) (9.62 fibers/area and se-
vere p-synuclein). However, in the overall analysis the correlation with
nerve fiber density was not significant for age (r=−0.072, p=0.844)
or disease duration (r=−0.235, p=0.513) (see Fig. 3).

In terms of the evaluation of sudomotor function with SudoScan, we
found that compared to the healthy control the decrease of ESC in
patients was more pronounced in hands than in feet (average difference
of 11.89 μS in hands and 2.66 μS in feet). In general, patients with low
fiber density were those who had lower ESC values, especially in hands
(Table 1). In fact, there was a significant positive correlation between
ESC values in the upper extremities and nerve fiber density (r= 0.669,
p=0.035) or the degree of p-synuclein inclusions (r=−0.889,
p=0.002). Of note, for the asymptomatic E46K-SNCA carrier (A02)
and for the PARK2 patient (P02), despite the number of epidermal
nerve fibers (below 9 fibers/area), the ESC remained in normal ranges
both in hands and in feet (above 70 μS), which may suggest the ex-
istence of possible mechanisms of compensation for sudomotor function
in both cases.

4. Discussion

In this study, we provide for the first time, evidences of the ex-
istence of small fiber neuropathy in the skin of E46K-SNCA carriers, one
of the best known in vivo genetic models for PD and Lewy body dis-
orders. This small nerve fiber degeneration was accompanied in all
E46K-SNCA carriers by moderate to severe aggregates of p-synuclein in
skin, especially in patients with predominant autonomic features. In
opposition, p-synuclein aggregates were absent in healthy controls and
in one out of two PARK2 mutation carriers. Moreover, the severity of
fiber density and p-synuclein deposition in the skin of E46K-SNCA
carriers were correlated with the deterioration of sudomotor function as
measured by electroskin conductance, providing correspondence to our
results. All these findings, together with our previously published evi-
dences on autonomic myocardial denervation [16,19], support the re-
levance of E46K-SNCA mutation as a suitable model of small fiber
neuropathy related to p-synuclein pathology.

It is remarkable that we identified aggregates of p-synuclein and low
density of small nerve fibers in the skin also in young asymptomatic
E46K-SNCA carrier. We observed higher loads of skin p-synuclein in
those E46K-SNCA carriers with prominent dysautonomia, which is in
line with a recent study by Donadio et al. demonstrating wider p-sy-
nuclein deposits in autonomic skin nerves of iPD patients with ortho-
static hypotension [26]. Interestingly, in our study, the degree of p-
synuclein deposits in the skin of E46K-SNCA carriers with PAF (A04 and
A06) was consistently severe and accompanied by low fiber density.
Whereas for those patients with diffuse CNS involvement (DLB and PD
phenotypes) (A03, A05 and A07) the severity of p-synuclein aggregates
and skin denervation was heterogeneous. This may imply that the
progression of the pathogenic process is different between members of
the same family, leading to different phenotypes within the same gen-
otype, attending possibly to epigenetic factors. Nevertheless, these
findings suggest that the degree of small fiber neuropathy and p-sy-
nuclein pathology in the skin of Lewy body diseases might progress
together with neurovascular dysautonomia. Recently, the first results of
a prospective registry on PAF were published [27] estimating risk of
phenoconversion to PD or DLB. For our study participants, both E46K-
SNCA carriers with PAF phenotype had significant noradrenergic
sympathetic denervation in cardiac MIBG scintigraphy [16,19], ortho-
static hypotension and abundant p-synuclein aggregates in skin nerve
fibers without motor or cognitive abnormalities. One year later, one of
them (A06) developed smell loss and RBD.

Regarding the asymptomatic E46K-SNCA carrier (A02), p-synuclein
deposits were found in skin samples and they were accompanied by low
nerve fiber count per area. We hypothesize that the deposition of sy-
nuclein may occur prior to the development of any symptom,
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highlighting that the loss of fibers and the presence of synuclein ag-
gregates might be detected early in disease progression.

We also observed that small nerve fiber count and the degree of p-
synuclein deposition in the skin of E46K-SNCA carriers were positively
correlated with sudomotor dysfunction (ESC reduction) in hands. In
fact, differences in ESC between patients and healthy controls were
more pronounced in hands than in feet. SudoScan derived ESC mea-
sures have good correlation with skin nerve fiber density [28] and
display an optimal performance for discriminating controls from pa-
tients with small fiber neuropathy due to different conditions [29].
Several studies have been performed so far with SudoScan comparing
sudomotor function in controls and diabetic patients and, although with
some conflicting results, most of them demonstrated in diabetic patients
stronger sudomotor dysfunction (lower ESC values) in feet than in
hands [29], which is in opposition to our findings in E46K-SNCA car-
riers. Although different studies support that cutaneous small fiber
neuropathy in iPD is proportional to disease duration, follows left-right
progression and is related to severity of motor manifestations [30], few

have analyzed the precise topographical evolution of skin denervation
and its structural-functional correlates. Donadio et al. demonstrated p-
synuclein deposits in a proximal-distal gradient with the highest rate of
positivity in the cervical site [2], which potentially suggests the ex-
istence of a spreading phenomenon of p-synuclein. Thus, we hypothe-
size that the preferential dysfunction of small fibers in hands of E46K-
SNCA carriers may be related to the anatomical vicinity between cer-
vical spinal nerve roots and brainstem autonomic nuclei, according to
Braak staging.

One of the main limitations of the present study is related to the
small sample size. However, considering E46K-SNCA is unique and as
one of the best in vivo models for Lewy body diseases, we believe that
this study might provide relevant insights for the understanding of
small fiber neuropathy in iPD and may support the validation of skin
biomarkers for synucleinopathies.

Although p-synuclein skin deposits were absent in one out of two
PARK2 carriers, we observed severe p-synuclein aggregates in the skin
of the other PARK2 participant (P03). While homozygous PARK2

Fig. 2. Double immunofluorescence staining showing phospho-synuclein positive aggregates (a, d), Thioflavin S-ir aggregates (b, e). Merge images showing colo-
calization (c, f), in a SNCA-E46K carrier. Scale bar (a, b, c), magnification 100x (Image crop) (d, e, f).

Fig. 3. Scatter plot illustrating the correlation between electroconductance in hands and density of fibers, p-synuclein deposits and density of fibers and p-synuclein
deposits and electroconductance in hands.
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variants have been almost unambiguously associated to absent alpha-
synuclein deposits and Lewy body pathology, brain autopsy findings in
heterozygous PARK2 carriers have been conflicting [22]. In addition,
the existence of incidental Lewy body disease must be taken into con-
sideration, since it is present up to 25% of healthy subjects and at mild
degree in certain homozygous PARK2 cases. Moreover, since p-synu-
clein deposits tend to increase with age and disease duration in PD,
these factors might also explain the severe skin p-synuclein deposits
observed in the second PARK2 case (P03), who was relatively old and
had a markedly long disease duration. Regarding the methodology,
although the most commonly used technique calculates the linear
density of intraepidermal nerve fibers per millimeter of skin [31],
others have used alternative methods in order to allow an easier eva-
luation of dermal nerve fibers [32]. Moreover, immunohistochemistry
analyses were performed using anti-phospho-synuclein antibodies, fol-
lowing standardized neuropathological assessment, in a blind way.
Non-consecutive samples were used for immunohistochemical pur-
poses, to prevent over-quantification. In terms of p-synuclein peripheral
deposits, we performed Thioflavin-immunofluorescence staining
(Fig. 2) showing colocalization with p-synuclein deposits. In terms of
the location of skin punch-biopsies, the cervical site has been described
as the most sensitive [2]. Recent studies [33,34] show contradictory
results regarding its validity as a measure of autonomic function. Here
we use the ESC measurements as surrogates of sudomotor function, we
do not use this method as an autonomic function measure.

In summary, with this study we identified for the first time mod-
erate to severe small nerve fiber differences between patients, and p-
synuclein deposits in the cervical skin of all studied E46K-SNCA car-
riers, regardless of being symptomatic or asymptomatic. Moreover, the
nerve fiber density and p-synuclein aggregates in the cervical skin
significantly correlated with sudomotor dysfunction in hands. Future
studies on E46K-SNCA carriers to understand why patients with the
same mutation have different outcomes will open a window of oppor-
tunity to unravel PD pathophysiology and to develop future therapies.
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