View metadata, citation and similar papers at core.ac.uk

Acta Neuropathol (2014) 128:99-109
DOI 10.1007/s00401-014-1284-0

brought to you by .. CORE

provided by Crossref

ORIGINAL PAPER

Cutaneous neuropathy in Parkinson’s disease: a window

into brain pathology

Kathrin Doppler - Sonke Ebert - Nurcan Uceyler -
Claudia Trenkwalder - Jens Ebentheuer -
Jens Volkmann - Claudia Sommer

Received: 10 January 2014 / Revised: 1 March 2014 / Accepted: 5 April 2014 / Published online: 1 May 2014
© The Author(s) 2014. This article is published with open access at Springerlink.com

Abstract The deposition of alpha-synuclein in the brain,
the neuropathological hallmark of Parkinson’s disease
(PD), follows a distinct anatomical and temporal sequence.
This study aimed to characterize alpha-synuclein deposi-
tion in cutaneous nerves from patients with PD. We further
strived to explore whether peripheral nerve involvement is
intrinsic to PD and reflective of known features of brain
pathology, which could render it a useful tool for pathoge-
netic studies and pre-mortem histological diagnosis of PD.
We obtained skin biopsies from the distal and proximal leg,
back and finger of 31 PD patients and 35 controls and quan-
tified the colocalization of phosphorylated alpha-synuclein
in somatosensory and autonomic nerve fibers and the pat-
tern of loss of different subtypes of dermal fibers. Deposits
of phosphorylated alpha-synuclein were identified in 16/31
PD patients but in 0/35 controls (p < 0.0001). Quantifica-
tion of nerve fibers revealed two types of peripheral neu-
rodegeneration in PD: (1) a length-dependent reduction of
intraepidermal small nerve fibers (p < 0.05) and (2) a severe
non-length-dependent reduction of substance P-immunore-
active intraepidermal nerve fibers (p < 0.0001). The latter
coincided with a more pronounced proximal manifestation
of alpha-synuclein pathology in the skin. The histological

Electronic supplementary material The online version of this
article (doi:10.1007/s00401-014-1284-0) contains supplementary
material, which is available to authorized users.

K. Doppler (5<) - S. Ebert - N. Ugeyler - J. Volkmann -
C. Sommer

Department of Neurology, University of Wiirzburg,
Josef-Schneider-Str. 11, 97080 Wiirzburg, Germany
e-mail: Doppler_K@ukw.de

C. Trenkwalder - J. Ebentheuer
Paracelsus-Elena-Klinik Kassel, Klinikstr. 16, 34128 Kassel,
Germany

changes did not correlate with markers of levodopa toxicity
such as vitamin B12 deficiency. Our findings suggest that
loss of peripheral nerve fibers is an intrinsic feature of PD
and that peripheral nerve changes may reflect the two types
of central alpha-synuclein-related PD pathology, namely
neuronal death and axonal degeneration. Detection of phos-
phorylated alpha-synuclein in dermal nerve fibers might be
a useful diagnostic test for PD with high specificity but low
sensitivity.

Keywords Parkinson’s disease - Peripheral neuropathy -
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Introduction

In recent years, non-motor symptoms in Parkinson’s dis-
ease (PD) have received much attention, and PD is now
considered a multi-systemic disorder of the nervous system.
Deposits within neurons and neurites mainly consisting of
phosphorylated alpha-synuclein (p-alpha-synuclein) are the
neuropathological hallmark of the disease and are supposed
to initially occur within brain regions, such as the vagal,
glossopharyngeal or olfactory nucleus, receiving innerva-
tion from mucosal surface areas. From there, alpha-synu-
clein deposits spread in a characteristic stage-dependent
pattern [3]. Several studies have detected alpha-synuclein
deposits within structures of the peripheral nervous system
(PNS) like dermal nerve fibers, pharyngeal nerves, nerves
of the submandibular and minor salivary glands and nerves
and ganglia of the enteric nervous system [1, 2, 8, 15, 20,
24, 31, 38-40]. PD patients also have a reduced density of
small intraepidermal nerve fibers and diminished innerva-
tion of sweat gland and erector pili muscles [8, 40, 58].
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Table 1 Summary of

. . Patients with Parkinson’s Controls

demographic data of patients disease (n = 31) (n = 35)

and controls
Age (years) 65 (34-88) 59.9 (33-80)
Gender M=22,F=9 M=18,F=17
Duration of disease (years) 9 (0.3-27) -
UPDRS III 36 (9-92) -
NMS-score 31 (5-107) -
Hoehn and Yahr °I=3,°I1=9,°Ul=10,°IV=7,°V=1 -

Cumulative levodopa dose (g)

1,514 (0-17,495) -

Wang et al. [58] recently reported an association between
dermal alpha-synuclein deposition and reduced autonomic
innervation, using an alpha-synuclein-antibody that is not
specific to the phosphorylated form. The finding of alpha-
synuclein deposits in skin nerve fibers raises the possibil-
ity of a disease-related peripheral neurodegeneration in
PD. However, others found an association of the peripheral
neuropathy with cumulative levodopa intake and reduced
levels of vitamin B12 and B6, suggesting a pharmacotoxic
cause: either due to interactions of levodopa metabolism
with the methylation pathways of vitamin B12 or the inter-
ference of intestinal levodopa and vitamin uptake [5, 25,
37,43, 46, 53].

Here we hypothesized that loss of peripheral nerve fib-
ers was intrinsic to PD and that peripheral pathology might
reflect known features of neurodegeneration within the cen-
tral nervous system, which could potentially render skin
biopsy a useful tool for studying the pathogenesis of PD
and establishing a reliable pre-mortem histopathological
diagnosis of the disease.

Subjects and methods
Subjects

The study was approved by the Ethical Review Boards of
the University of Wiirzburg and the Medical Council of
Hessen and was conducted in accordance with the declara-
tion of Helsinki.

We included patients with idiopathic PD irrespective of
disease stage or therapy attending the in- or outpatient ser-
vices of the Departments of Neurology of the University
Hospital Wiirzburg or Paracelsus-Klinik Kassel between
2011 and 2012. Diagnosis of PD was based on the United
Kingdom Parkinson’s disease Society Brain Bank criteria
[23]. Patients with other common risk factors of periph-
eral nerve dysfunction like alcoholism, chemotherapy or
diabetes or reduced oral glucose tolerance were excluded.
As a control group, 35 healthy volunteers without any
sensory deficits or Parkinsonian symptoms were recruited
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from staff, relatives and patients with diseases that do not
affect peripheral nerves (e.g. glaucoma, cataract, transient
ischemic attacks). Controls were not allowed to have a his-
tory of diabetes, alcohol abuse, vitamin B12 deficiency,
or any other common cause of peripheral neuropathy.
Neurological examination was performed in all patients
to evaluate severity of disease and to assess symptoms of
peripheral neuropathy. Parkinsonian motor symptoms were
quantified using the Unified Parkinson’s disease scale part
IIT (UPDRS III) [17]. Disease staging was done by the
Hoehn and Yahr scale [21]. A detailed medical history,
including onset of disease, medication, family history and
alcohol consumption was recorded for each patient. Non-
motor symptoms and autonomic symptoms were assessed
by the German version of the non-motor symptom scale
(NMSS) [51]. Calculation of the individual cumulative
levodopa dose was based on patient interviews and medi-
cal records. Laboratory tests included electrolytes, renal
and liver function tests, whole blood and differential cell
counts, C-reactive protein, Vitamin B12, B6, homocysteine,
methyl malonic and folic acid levels. Demographic data of
all participants are summarized in Table 1.

Nerve conduction studies

Antidromic neurography of the sural nerve was performed
using surface electrodes following standard procedures
[26]. Outcomes were categorized based on our own nor-
mative data (SNAP amplitude >10 pV for age <65 years,
SNAP amplitude >5 pV for age >65 years, nerve conduc-
tion velocity >40 m/s for all ages).

Quantitative sensory testing (QST)

Quantitative sensory testing (Somedic, Horby, Sweden)
was performed according to a standardized protocol [45].
Six patients were excluded from QST due to cognitive defi-
cits or severe motor impairment, leaving QST results of
25 patients. All subjects were tested on the dorsum of the
foot and on the cheek of the same side while they were in a
medication “on”-state. Patients with asymmetric symptom
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distribution were examined on the more affected side. Gen-
der- and age-matched controls (£2 years) were recruited
for each patient. To compare data of patients and normal
controls, z-scores of the log transformed raw values of each
item were calculated [36].

Skin biopsy and immunohistochemistry

All patients and normal controls had skin punch biopsies
of the proximal and distal leg, back (Th12) and index fin-
ger. Biopsies were taken under local anesthesia using a
disposable punch with a diameter of 5 mm (leg and back)
or 3 mm (index finger) as previously described [33, 56].
Biopsies of the proximal and distal leg of one PD patient
and of the proximal leg of one control and the back of two
controls could not be used because of technical problems.
After fixation in 4 % paraformaldehyde, immunohisto-
chemical double labeling was performed on 50-pum frozen
sections using anti-PGP9.5 (Ultraclone, Isle of Wight, UK,
1:1,000) as an axonal marker and anti-MBP (Ultraclone,
Isle of Wight, UK, 1:800) as a marker for myelin using the
free-floating method with fluorescent secondary antibodies
(Dylight 1:400, Cy3 1:100, Dianova, Hamburg, Germany)
as described previously [47]. For staining with anti-cal-
citonin gene-related peptide (CGRP, Peninsula Laborato-
ries, San Carlos, California, USA, 1:500), anti-substance
P (SP, Immunostar, Hudson, Wisconsin, USA, 1:100) and
double immunolabeling with anti-phospho-alpha-synu-
clein (Covance, Princeton, New Jersey, USA, 1:500) and
anti-PGP9.5 conventional non-free-floating immunohisto-
chemistry of 20 um sections with Cy3 and Dylight as sec-
ondary antibodies was performed. Analysis of CGRP- and
SP-positive fibers was restricted to biopsies of the distal
and proximal leg and back. Cryo-conserved sections of
autopsy material of the substantia nigra of patients with
PD containing Lewy bodies were postfixed with 4 % para-
formaldehyde and used as a control for p-alpha-synuclein-
staining. P-alpha-synuclein-positive cases could be found
in each batch of staining and served as an additional
positive control. Double staining with antibodies against
anti-phospho-alpha-synuclein and anti-CGRP, anti-SP,
anti-vasoactive intestinal peptide (VIP, Peninsula Labora-
tories, San Carlos, California, USA, 1:500), anti-tyrosin
hydroxylase (TH, Synaptic Systems, Gottingen, Germany,
1:200) and anti-MBP was performed in all biopsies with
alpha-synuclein deposits to determine which subtype of
nerve fiber was affected. P-alpha-synuclein deposition was
studied in one section of each biopsy first. Since biopsies
from the back yielded the highest amount of nerve fibers
immunoreactive for p-alpha-synuclein, we then performed
serial sections of all initially negative biopsies of the back
from patients and controls and analyzed these in a sec-
ond step. The whole biopsy was cut in 20 um sections,

resulting in at least 30 sections per biopsy, and every
tenth section was double stained with anti-PGP9.5 and
anti-p-alpha-synuclein.

Fluorescence microscopy

All sections were analyzed using a fluorescence micro-
scope (Axiophot 2, Zeiss, Oberkochen, Germany) with
an Axiocam MRm camera (Zeiss) and SPOT software
(Diagnostic Instruments, Inc, Sterling Heights, Michigan,
USA). Photos were taken with a fluorescence microscope
(Ax10, Zeiss) with CARVII-system and Visiview software
(Visitron GmbH, Puchheim, Germany). The examiner was
blinded for the diagnosis of the biopsies. For the analysis
of intraepidermal nerve fiber density (IENFD) and quanti-
fication of myelinated fibers, sections immunostained with
anti-PGP9.5 as an axonal marker and anti-MBP as a myelin
marker were used. IENFD was determined on three con-
secutive sections following published counting rules [30].
Briefly, all nerve fibers crossing the border between dermis
and epidermis were counted and were determined as fib-
ers per epidermal length. IENFD of CGRP- and SP-posi-
tive fibers was assessed on separate sections, following the
same counting rules. To quantify myelinated nerve fibers,
the number of dermal nerve bundles per mm? containing at
least one myelinated fiber was counted in the entire section
excluding the subepidermal plexus as previously described
[11]. Statistical evaluation SPSS Statistics 21 software
(IBM, Ehningen, Germany) was used for statistical analy-
sis. Numerical data were compared using the non-paramet-
ric Mann—Whitney U test. Categorical data were tested by
two-sided Fisher’s exact test. For correlation analysis we
used Spearman’s correlation test. Analysis of covariance
(ANCOVA) was performed to check for an effect of gender
or age on reduction of IENFD. A significance level of 5 %
was applied.

Results

Patients and controls

Thirty-one patients with PD and 35 controls gave written
informed consent to participate in the study and to donate
skin biopsies. There was no significant difference in age
between patient groups and controls (Table 1). History and
neurological examination did not reveal a peripheral neu-
ropathy in any of the patients.

Cutaneous alpha-synuclein deposits

Colocalization of anti-PGP9.5 and anti-p-alpha-synuclein
(Fig. 1) in at least one dermal or epidermal nerve fiber,
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Fig. 1 Photomicrograph of a skin biopsy of a PD patient double stained with anti-PGP9.5 and anti-p-alpha-synuclein. Note colocalization
(arrows) of PGP9.5 (a, ¢) and phosphorylated alpha-synuclein (b, ¢) in a nerve fiber of the subepidermal plexus. Bar 50 pm

indicating p-alpha-synuclein deposition within nerves, was
found in 16/31 patients with PD, but in none of our normal
controls (p < 0.0001). Immunoreactivity clearly followed
the course of the nerve fiber; single positive dots were
not considered. The highest frequency of alpha-synuclein
deposits was found in biopsies of the back with 11 cases
(seven when using one section only), while there were six
cases in the proximal leg, four in the distal leg and five in
the finger, suggesting a decline in frequency from proxi-
mal to distal sites. Most deposits were detectable in auto-
nomic small fibers innervating blood vessels (eight cases),
sweat glands (four) or erector pili muscles (four), but
deposits were also present in dermal nerve bundles (two)
and somatosensory fibers of the subepidermal plexus and
of dermal papillae (four) and in intraepidermal nerve fib-
ers (two). P-alpha-synuclein deposits were never observed
in myelinated fibers. Deposits within autonomic fibers were
detected in patients of all disease stages, whereas the four
patients with involvement of somatosensory fibers were in
more advanced Hoehn and Yahr stages (3 and 4) and two of
them suffered from tremor-dominant PD, which is remark-
able because only three of 31 patients had tremor-dominant
disease. To evaluate whether p-alpha-synuclein deposits
were more frequent in certain subtypes of nerve fibers, we
performed double immunostaining of for p-alpha-synuclein
with SP, CGRP, VIP and TH in all p-alpha-synuclein-posi-
tive cases (Fig. 2). P-alpha-synuclein deposition was found
in all four subtypes of small nerve fibers but was most often
detected in TH-positive fibers: 58 % of fibers with alpha-
synuclein aggregates were TH-positive compared to 23 %
of SP-positive fibers, 24 % of VIP-positive fibers and only
17 % of CGRP-immunoreactive fibers.

Morphology of p-alpha-synuclein deposits in the skin
was identical to p-alpha-synuclein neurites in the sub-
stantia nigra of our positive controls: They formed an
irregular line that was sometimes interrupted but clearly
followed the course of the axon (Fig. 3). Irregularity
was not associated with axonal swelling of nerve fibers.
IENFD in the proximal leg was lower in patients with
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p-alpha-synuclein deposits (p = 0.045). A reduction of
distal IENFD was found in 7/16 patients with p-alpha-
synuclein deposition compared to 4/15 patients without
deposits (n.s.). P-alpha-synuclein deposits were found in
patients of all disease stages and all ages. Neither motor
(UPDRS III) nor non-motor symptom (NMSS) severity
differed between patients with and without p-alpha-synu-
clein deposits.

Quantification of epidermal and dermal nerve fibers

Quantification of small intraepidermal nerve fibers
revealed a moderate reduction of IENFD in biopsies of
the distal leg in PD patients compared to normal controls
(p = 0.016; Fig. 4; Table 2, Online Resource 1). This was
not an effect of gender or age (ANCOVA: p = 0.037).
IENFD of the proximal leg, back and finger did not differ
between patients and controls, suggesting length-depend-
ent small fiber involvement (i.e. only distal reduction of
nerve fibers while proximal IENFD is within the normal
range) in PD (Table 2, Online Resource 1). Numbers of
myelinated fibers were also reduced in a length-depend-
ent pattern (Table 2, Online Resource 1, p = 0.007). To
better characterize the type of nerve fiber loss, we also
quantified peptidergic fibers. SP-positive intraepidermal
nerve fibers were severely reduced in patients in the dis-
tal and proximal leg and back (Table 2, Online Resource
1, p <0.0001), suggesting non-length-dependent involve-
ment (i.e. distal and proximal reduction) of this small
fiber subtype. CGRP-positive intraepidermal fibers
showed a slight non-length-dependent reduction (Table 2,
Online Resource 1, distal leg p = 0.14, proximal leg
p = 0.03, back p = 0.007). To better understand the rel-
evance of nerve fiber loss in skin biopsies of PD patients,
the number of patients fulfilling published age- and gen-
der-controlled histological criteria of small fiber neu-
ropathy was determined [29]. Eleven patients (36.7 %)
showed distal IENFD below normal values compared to
eight controls (22.9 %).



Acta Neuropathol (2014) 128:99-109

Fig. 2 Photomicrographs of skin biopsies of PD patients showing be seen within TH-positive (a), SP-positive (b), CGRP-positive (c)
double labeling with anti-p-alpha-synuclein and anti-TH (a), anti-SP and VIP-positive (d) fibers of the dermis. Arrows mark colocalization.
(b), anti-CGRP (c¢) and anti-VIP (d). P-alpha-synuclein deposits can Bars 20 pm
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Fig. 3 Photomicrograph of p-alpha-synuclein immunolabeling of the substantia nigra of a PD patient (a) and of a skin biopsy of another PD
patient (b). Morphology of p-alpha-synuclein deposits of dermal nerve fibers (b) resembles CNS Lewy neurites (a). Bar 10 pm

Fig. 4 Photomicrograph of skin biopsies of the distal leg of a nor-
mal control (a) and a PD patient (b) stained with anti-PGP9.5. Note
numerous intraepidermal nerve fibers in (a, arrows) which are rare-
fied in (b). The broken line marks the border between epidermis and
dermis. Bar 50 ym

QST and nerve conduction studies
Comparison of QST data of PD patients and age- and gen-

der-matched normal controls did not reveal significant differ-
ences between groups (Fig. 5). Nerve conductions studies of
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the sural nerve revealed a reduction of SNAP amplitude in
7/29 PD patients. The median SNAP amplitude was 8.5 pV
(2.2-36.4 uV) in patients, reflecting slight impairment of
large nerve fibers in a subset of Parkinson’s patients (Table 2).
SNAP amplitude was negatively correlated with duration
of disease (Online Resource 1, p = 0.008, p = —0.42) and
age (p = 0.001, p = —0.50) and positively correlated with
IENFD of the distal leg (p = 0.002, p = 0.473). There was no
correlation between duration of disease and age.

Vitamin levels and clinical data

Serum levels of Vitamin B12, B6, homocysteine and methyl
malonic acid were measured to evaluate a possible role of
hypovitaminosis in the development of peripheral neurop-
athy. Reduced levels of vitamin B12 could be detected in
2/26 PD patients, but without elevated methyl malonic acid
levels arguing against a relevant B12 hypovitaminosis. Low
levels of vitamin B6 were found in two patients. We did not
find any correlation between IENFD, myelinated fibers or
SNAP and levels of vitamin B12, homocysteine, cumulative
levodopa intake, Hoehn and Yahr stage, UPDRS III, NMSS
or autonomic symptoms (determined by only evaluating the
autonomic items of the NMSS). A weak correlation was
present between levels of vitamin B6 and distal IENFD
(» = 0.05, p = 0.37), but the low contribution to the total
variance questions the clinical relevance of this finding.
IENFD of PD patients was negatively correlated
with duration of disease (Online Resource 1, p = 0.005,
p = —0.50). As there was no correlation between age and
duration of disease, this correlation can be considered an
effect of disease (partial correlation p = 0.038, p = —0.33).

Patients without levodopa therapy

To get further insight into whether levodopa therapy might
be responsible for the loss of small or large nerve fibers,
we examined a subgroup of early-stage patients (n = 6)
who had not been exposed to levodopa yet. There was
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Table 2 Median values and ranges of IENFD, myelinated fibers and SNAP of patients with Parkinson’s disease and controls

Parkinson’s disease
(n = 31) median (range)

Controls (n = 35)
median (range)

p value (Mann—
Whitney U test)

IENFD PGP 9.5 distal leg (fibers/mm)
IENFD PGP 9.5 proximal leg (fibers/mm)
IENFD PGP 9.5 back (fibers/mm)
IENFD PGP 9.5 finger (fibers/mm)

MF distal leg (bundles/mm?) 0.34 (0-1.88)
MF proximal leg (bundles/mm?) 0.66 (0-3.65)
MF back (bundles/mm?) 1.50 (0.54-6.37)
MF finger (bundles/mm?) 2.97 (0.55-8.16)
IENFD SP distal leg (fibers/mm) 0.43 (0-2.33)
IENFD SP proximal leg (fibers/mm) 1.13 (0-4.19)

IENFD SP back (fibers/mm)

IENFD CGRP distal leg (fibers/mm)
IENFD CGRP proximal leg (fibers/mm)
IENFD CGRP back (fibers/mm)

1.35 (0-3.81)
2.36 (0-4.84)

3.56 (0.8-8.6)
10.43 (0-21.63)
19.83 (7.43-36.26)

6.13 (0.95-15.4)

5.04 (3.31-17.2)

9.45 (6.1-15.27)

6.31 (1.09-15.16) 0.016
10.76 (2.49-18.61) 0.845
24.82 (13.56-37.81) 0.084
7.59 (1.26-17.2) 0.131
0.68 (0-1.84) 0.007
0.94 (0-6.37) 0.450
2.06 (0.59-6.98) 0.231
3.67 (1.23-11.13) 0.393
1.14 (0-4.75) <0.0001
1.58 (0.8-4.41) <0.0001
9.57 (1.9-17.23) <0.0001
1.71 (0-3.13) 0.143
2.81 (0.9-4.82) 0.034
13.51 (6.7-21.27) 0.007

SNAP sural nerve (uV) 8.5 (2.2-36.4)
MF myelinated fibers
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Fig. 5 Sensory profiles assessed with QST at the foot of PD patients
compared to normal controls (zero-line). Patients did not show any
significant difference in any QST item (CDT cold detection thresh-
old, WDT warm detection threshold, 7SL thermal sensory limen,
PHS paradoxical heat sensation, CPT cold pain threshold, HPT heat
pain threshold, MDT mechanical detection threshold, MPT mechani-
cal pain threshold, MPS mechanical pain sensitivity, DMA dynamic
mechanical allodynia, WUR wind-up ratio, VDT vibration detection
threshold, PPT pressure pain threshold)

no difference in IENFD, myelinated fibers or SP-positive
intraepidermal fibers between these subjects and patients
who had been treated with levodopa (Online Resource 1).
P-alpha-synuclein deposits were detected in two patients
without levodopa treatment.

Discussion
In the current study, we combined, for the first time, detec-

tion of p-alpha-synuclein, quantification of small and large
nerve fibers in skin biopsies and assessment of vitamin

B12 and B6 levels in PD patients. We found p-alpha-synu-
clein deposits in cutaneous nerves of 16/31 PD patients, a
moderate length-dependent reduction of small and large
nerve fibers and severe non-length-dependent reduction of
SP-positive fibers. In our cohort, low levels of B vitamins
were uncommon and we found no correlation between
cumulative levodopa intake and loss of nerve fibers, sug-
gesting that dermal nerve fiber loss, reduction of SNAP and
alpha-synuclein deposits were rather disease related than
caused by a toxic effect of drug therapy. These findings are
surprising with respect to recent studies describing a high
prevalence of peripheral neuropathy in PD (up to 55 %)
due to levodopa-related hypovitaminosis [5, 37, 43, 53, 54].
However, we did not preselect patients based on clinical
symptoms or electrophysiological signs of peripheral nerve
involvement unlike some previous studies, our cohort did
not include patients with clinical symptoms of peripheral
neuropathy, and even QST as a test for impaired small fiber
function was normal. Therefore, comparability concerning
vitamin levels and SNAP between our and former studies
is limited. However, the absence of patients with relevant
hypovitaminosis or other alternative causes of peripheral
neuropathy in our study is important as it allows us to
assume that involvement of peripheral nerves is intrinsic to
PD in our patients, which is a prerequisite for analyzing the
distinct features of PD related peripheral neuropathy.

To address the question whether pathology of the PNS
reflects central nervous system (CNS) pathology and
might be useful for the study of PD pathogenesis, we com-
pared our findings with known features of brain pathology
(Table 3). Morphological appearance of p-alpha-synuclein
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deposits in the skin did not differ from Lewy neurites
found in sections of the substantia nigra that served as
positive controls (Fig. 3). As described in the literature
they appeared thread-like and sometimes presented with
irregular varicosities [3]. Regarding the type of nerve fib-
ers involved in p-alpha-synuclein pathology, deposits were
restricted to unmyelinated fibers as reported in studies
of the CNS [4]. They were found in VIP-, TH-, SP- and
CGRP-positive fibers but were most frequent in TH-immu-
noreactive fibers. Alpha-synuclein deposits within SP-and
TH-immunoreactive neurons/fibers have been reported
in the CNS [7, 16, 28], and VIP- and TH-positive fibers
containing alpha-synuclein aggregates were found in the
enteric nervous system and in sympathetic ganglia [57].
In the brain, alpha-synuclein deposition is prevalent in the
autonomic vagal nucleus early in the course of disease [3].
Correspondingly, alpha-synuclein deposits were mostly
found in autonomic fibers in our study and by others [38,
58]. However, in contrast to previous studies, we also show
p-alpha-synuclein depositions in somatosensory fibers of
the subepidermal plexus and intraepidermal fibers, giving
evidence that alpha-synuclein pathology in the peripheral
nervous system is not restricted to autonomic fibers. All
four patients with somatosensory fiber involvement were
in an advanced stage of disease. This corresponds to obser-
vations of the CNS, where alpha-synuclein spreads to sen-
sory association areas at later stages of disease finally also
including nociceptive as well as sympathetic and parasym-
pathetic neurons of the spinal cord [3, 10]. The observa-
tion that alpha-synuclein deposition within somatosensory
nerve fibers was more often found in patients with tremor-
dominant PD needs to be addressed in further studies.

Length-dependent nerve fiber loss is generally assumed
to be the effect of a dying-back neuropathy due to axonal
damage, whereas non-length-dependent loss is supposed
to be caused by loss of sensory neurons in the dorsal root
ganglia (e.g. in ganglionitis) [18]. Predominant loss of SP-
immunoreactive intraepidermal nerve fibers in our patients
in a non-length-dependent pattern suggests anterograde
degeneration of SP-positive neurons in the dorsal root gan-
glia. This finding is paralleled by studies reporting loss of
SP-containing neurons and reduction of SP levels in the
CNS [14, 16, 19, 52]. Furthermore, SP-immunoreactive
neurons and nerve fibers have been found to be the major
site of alpha-synuclein deposition in colon biopsies and in
the olfactory system early in the course of PD [49, 55].

In spite of extensive research, the exact pathomechanism
leading to neurodegeneration in PD is still unknown. While
detailed knowledge of the involvement of different regions
of the brain in the course of disease has been gained in
recent years [3], the question where the neurodegenera-
tive process begins on the cellular level is still unanswered
[6]. Neuronal loss due to alpha-synuclein deposition,

nucleus, reticular formation, coeruleus complex [3, 13, 27,

44]
Evidence of impaired axonal transport [7] and primary degen-

eration of “long-range” projection neurons [4]

at later stages [3]

tivity [12, 16, 28]
Loss of SP-levels and SP-positive neurons [14, 16]

Autonomic structures at early stages, sensory association areas
Colocalization of Lewy bodies with TH- and SP-immunoreac-
Neuronal loss in substantia nigra, vagal/glossopharyngeal

Evidence of impaired axonal transport [7, 42]

Restricted to unmyelinated fibers [4]

CNS pathology

> damage to sensory neuron

nerve fibers => impaired axonal transport

CGRP-positive fibers
Retrograde neurodegeneration: length-dependent loss of intraepidermal

Antegrade neurodegeneration: non-length-dependent loss of SP- and

PNS pathology in skin biopsy

Restricted to unmyelinated fibers

Autonomic >> somatosensory small fibers
TH- >CGRP-, SP-, VIP-positive fibers
Marked loss of SP-positive fibers
Length-dependent loss of intraepidermal fibers

Table 3 Comparison of characteristic findings of the CNS and PNS in Parkinson’s disease

Potential pathogenetic mechanisms

p-Alpha-synuclein deposition
Loss of neurons/nerve fibers
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impaired axonal transport and mitochondrial dysfunction
are discussed. Based on alpha-synuclein deposits in skin
biopsies as well as quantification of nerve fibers, two pat-
terns of peripheral involvement could be differentiated
in our study: IENFD and myelinated dermal fibers were
reduced in a length-dependent pattern, whereas SP- and
CGRP-immunoreactive intraepidermal fibers showed a
non-length-dependent reduction. P-alpha-synuclein depo-
sition was more frequently found at more proximal sites
as already suggested in former studies [24, 38], reflecting
non-length-dependent distribution as well. Those two pat-
terns might correspond to two distinct neurodegenerative
processes currently discussed in PD brain pathology: (1)
programmed cell death mediating soma destruction and (2)
axonal degeneration [6]. The ongoing debate has been fos-
tered by the observed discrepancy between nigral cell loss
and striatal dopaminergic denervation in the early stages of
the disease.

Neuronal death is a characteristic feature of PD in the
CNS and death of peripheral neurons of the dorsal root
ganglia might be a correlate in the PNS resulting in non-
length-dependent peripheral nerve degeneration. So far, the
question whether p-alpha-synuclein directly leads to neu-
ronal death is still unresolved [9]. Alpha-synuclein deposits
in SP-containing neurons in the dorsal root ganglia or in
proximal neurites and their subsequent degeneration might
explain non-length-dependent loss of SP-positive intraepi-
dermal nerve fibers independent of duration of disease.
This notion might be worth to be further investigated in
post-mortem studies.

One of the general pathophysiological mechanisms
resulting in length-dependent damage of peripheral nerves
(as for example found in diabetic neuropathy) is impaired
axonal transport. Indeed, a number of studies provide evi-
dence of impaired axonal and mitochondrial transport
in PD in the CNS and PNS [7, 35, 50]. Altered axonal
transport proteins have been reported in the CNS of PD
patients [7]. Alpha-synuclein oligomers have been found
to disturb axonal transport, and more severe Wallerian
degeneration after nerve transection has been detected in
axons with alpha-synuclein deposition in transgenic mice
over-expressing alpha-synuclein, providing a possible link
between these two suspected pathogenetic mechanisms [32,
42, 50]. Distal alpha-synuclein deposition might induce ret-
rograde axonal degeneration, a notion which is supported
by the observation that alpha-synuclein aggregates in car-
diac autonomic nerves are more abundant in the distal part
of the nerve and precede aggregation in the corresponding
sympathetic ganglia [41]. Correlation between reduced dis-
tal IENFD and duration of disease in our patients is well in
line with impaired axonal transport and retrograde axonal
degeneration as it implies a slowly progressive degenera-
tion of nerve fibers with advancing disease.

P-alpha-synuclein depositions were equally found in
patients with early and late stages of disease indicating an
early involvement of cutaneous nerve fibers in PD. The
observation that alpha-synuclein aggregates in cardiac
autonomic nerves are more abundant in the distal part of
the nerve [41] provides evidence that skin as the most dis-
tal site of the peripheral nervous system is not only easily
accessible but might also provide an opportunity for early
detection of alpha-synuclein pathology [20]. Here we
found p-alpha-synuclein deposition in 16/31 PD patients,
but not in any normal control. The number of positive cases
is higher compared to former studies also using antibod-
ies specific against p-alpha-synuclein, probably because
biopsies of different sites were analyzed in our study and
our cryosections were thicker compared to other studies
that used paraffin-embedded material [24, 38]. Wang et al.
recently published a study analyzing alpha-synuclein depo-
sition within dermal nerve fibers using an alpha-synuclein
antibody that is not specific to the phosphorylated form.
They found an increase of alpha-synuclein in PD patients
compared to controls and an association between loss of
autonomic innervation and alpha-synuclein deposition.
This study is of great interest as it implies that the impact
of alpha-synuclein pathology in peripheral nerve fibers is
larger than so far suspected. However, the use of an anti-
body that is not specific for p-alpha-synuclein requires
complex immunohistochemical procedures with threshold
dilution of antibodies to detect a difference in the amount
of immunoreactivity between patients and controls and
the cut-off value to distinguish between physiological and
pathological conditions is not clear. Therefore, this method
does not seem suitable for application as a biomarker in
routine diagnostic work-up. Using conventional immuno-
histochemical staining procedures with an antibody spe-
cifically recognizing p-alpha-synuclein, we found immu-
noreactivity in 16 patients but not in any normal control,
allowing good specificity but low sensitivity for diagnostic
purposes. The high specificity compared to normal controls
makes it worthwhile to discuss a diagnostic value espe-
cially at early stages when a clinical diagnosis may still be
flawed by large uncertainties.

Our study has some limitations and further studies are
needed to determine the exact sensitivity and specificity of
skin biopsy as a diagnostic tool and to potentially improve
it using higher numbers of samples or by targeted sampling,
which would include hair follicles and sweat glands in each
biopsy. The present study provides data of a small but well-
characterized cohort of patients with a clinical diagnosis of
PD. When evaluating the frequency of cutaneous p-alpha-
synuclein deposition, we need to take into account that
diagnosis of PD in our patients is based on clinical symp-
toms and sensitivity of clinical diagnosis ranges between
70 and 90 % [22, 23, 34, 48]. Detection of alpha-synuclein
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in skin biopsies very much depends on whether autonomic
structures like sweat glands, vessels or erector pili muscles
are included in the skin section. Furthermore, the inclusion
of patients with atypical Parkinsonism would be of interest.

In summary, our data provide evidence for peripheral
neurodegeneration as an intrinsic feature of PD. P-alpha-
synuclein deposition was found in about half of all patients
and may be of diagnostic value, especially in early stages
of disease. We demonstrate a strong analogy between CNS
and PNS pathology concerning alpha-synuclein deposi-
tion, pattern of nerve fiber loss and evidence of impaired
axonal transport, implying that skin biopsy might be an
interesting “in vivo” method of studying the pathogen-
esis of PD. In addition to better accessibility compared to
autopsy material, skin biopsies could be taken longitudi-
nally to assess individual disease progression, which is a
principal shortcoming of any post-mortem study reflecting
the terminal stage of a disease. Based on our findings we
speculate that two independent mechanisms lead to periph-
eral neuropathy in PD, retrograde axonal degeneration due
to impaired axonal transport and anterograde degeneration
due to sensory neuronal cell death. Detection of phospho-
rylated alpha-synuclein in dermal nerve fibers might be a
useful diagnostic test for PD with high specificity but low
sensitivity.

Acknowledgments We thank Barbara Dekant for expert techni-
cal assistance and P. Riederer and C. Monoranu for providing brain
sections containing Lewy bodies as positive controls for alpha-
synuclein staining. The authors’ work was supported by a grant to
KD from the IZKF (interdisciplinary center for clinical research)
Wiirzburg.

Conflict of interest
of interests.

The authors declare that they have no conflict

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.

References

1. Beach TG, Adler CH, Dugger BN et al (2013) Submandibular
gland biopsy for the diagnosis of Parkinson disease. J Neuro-
pathol Exp Neurol 72:130-136

2. Braak H, de Vos RA, Bohl J et al (2006) Gastric alpha-synuclein
immunoreactive inclusions in Meissner’s and Auerbach’s plex-
uses in cases staged for Parkinson’s disease-related brain pathol-
ogy. Neurosci Lett 396:67-72

3. Braak H, Del Tredici K, Rub U et al (2003) Staging of brain
pathology related to sporadic Parkinson’s disease. Neurobiol
Aging 24:197-211

4. Braak H, Rub U, Gai WP et al (2003) Idiopathic Parkinson’s dis-
ease: possible routes by which vulnerable neuronal types may
be subject to neuroinvasion by an unknown pathogen. J Neural
Transm 110:517-536

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Ceravolo R, Cossu G, Bandettini di Poggio M et al (2013) Neu-
ropathy and levodopa in Parkinson’s disease: evidence from a
multicenter study. Mov Disord 28:1391-1397

Cheng HC, Ulane CM, Burke RE (2010) Clinical progression in
Parkinson disease and the neurobiology of axons. Ann Neurol
67:715-725

Chu Y, Morfini GA, Langhamer LB et al (2012) Alterations in
axonal transport motor proteins in sporadic and experimental Par-
kinson’s disease. Brain 135:2058-2073

Dabby R, Djaldetti R, Shahmurov M et al (2006) Skin biopsy for
assessment of autonomic denervation in Parkinson’s disease. J
Neural Transm 113:1169-1176

Del Tredici K, Braak H (2012) Lewy pathology and neurodegen-
eration in premotor Parkinson’s disease. Mov Disord 27:597-607
Del Tredici K, Braak H (2012) Spinal cord lesions in sporadic
Parkinson’s disease. Acta Neuropathol 124:643-664

Doppler K, Werner C, Henneges C et al (2012) Analysis of mye-
linated fibers in human skin biopsies of patients with neuropa-
thies. J Neurol 259:1879-1887

Dugger BN, Dickson DW (2010) Cell type specific sequestra-
tion of choline acetyltransferase and tyrosine hydroxylase within
Lewy bodies. Acta Neuropathol 120:633-639

Fearnley JM, Lees AJ (1991) Ageing and Parkinson’s disease:
substantia nigra regional selectivity. Brain 114(Pt 5):2283-2301
Fernandez A, de Ceballos ML, Rose S et al (1996) Alterations in
peptide levels in Parkinson’s disease and incidental Lewy body
disease. Brain 119(Pt 3):823-830

Folgoas E, Lebouvier T, Leclair-Visonneau L et al (2013) Diag-
nostic value of minor salivary glands biopsy for the detection of
Lewy pathology. Neurosci Lett

Gai WP, Halliday GM, Blumbergs PC et al (1991) Substance
P-containing neurons in the mesopontine tegmentum are severely
affected in Parkinson’s disease. Brain 114(Pt 5):2253-2267
Goetz CG, Tilley BC, Shaftman SR et al (2008) Movement disor-
der society-sponsored revision of the Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS): scale presentation and clinimetric
testing results. Mov Disord 23:2129-2170

Gorson KC, Herrmann DN, Thiagarajan R et al (2008) Non-
length dependent small fibre neuropathy/ganglionopathy. J Neu-
rol Neurosurg Psychiatry 79:163—-169

Halliday GM, Li YW, Blumbergs PC et al (1990) Neuropathol-
ogy of immunohistochemically identified brainstem neurons in
Parkinson’s disease. Ann Neurol 27:373-385

Hilton D, Stephens M, Kirk L et al (2013) Accumulation of
alpha-synuclein in the bowel of patients in the pre-clinical phase
of Parkinson’s disease. Acta Neuropathol 127(2):235-241

Hoehn MM, Yahr MD (1967) Parkinsonism: onset, progression
and mortality. Neurology 17:427-442

Hughes AJ, Daniel SE, Ben-Shlomo Y et al (2002) The accuracy
of diagnosis of parkinsonian syndromes in a specialist movement
disorder service. Brain 125:861-870

Hughes AJ, Daniel SE, Kilford L et al (1992) Accuracy of
clinical diagnosis of idiopathic Parkinson’s disease: a clinico-
pathological study of 100 cases. J Neurol Neurosurg Psychiatry
55:181-184

Ikemura M, Saito Y, Sengoku R et al (2008) Lewy body pathology
involves cutaneous nerves. J Neuropathol Exp Neurol 67:945-953
Jugel C, Ehlen F, Taskin B et al (2013) Neuropathy in Parkinson’s
disease patients with intestinal levodopa infusion versus oral
drugs. PLoS ONE 8:e66639

Kimura J (ed) (2001) Electrodiagnosis in diseases of nerve and
muscle: principles and practice. Oxford University Press, New
York

Kordower JH, Olanow CW, Dodiya HB et al (2013) Disease
duration and the integrity of the nigrostriatal system in Parkin-
son’s disease. Brain 136:2419-2431



Acta Neuropathol (2014) 128:99-109

109

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kuljis RO, Martin-Vasallo P, Peress NS (1989) Lewy bodies in
tyrosine hydroxylase-synthesizing neurons of the human cerebral
cortex. Neurosci Lett 106:49-54

Lauria G, Bakkers M, Schmitz C et al (2010) Intraepidermal
nerve fiber density at the distal leg: a worldwide normative refer-
ence study. J Peripher Nerv Syst 15:202-207

Lauria G, Cornblath DR, Johansson O et al (2005) EFNS guide-
lines on the use of skin biopsy in the diagnosis of peripheral neu-
ropathy. Eur J Neurol 12:747-758

Lebouvier T, Neunlist M, Bruley des Varannes S et al (2010)
Colonic biopsies to assess the neuropathology of Parkinson’s dis-
ease and its relationship with symptoms. PLoS ONE 5:e12728
Lee HJ, Khoshaghideh F, Lee S et al (2006) Impairment of
microtubule-dependent trafficking by overexpression of alpha-
synuclein. Eur J Neurosci 24:3153-3162

Li J, Bai Y, Ghandour K et al (2005) Skin biopsies in myelin-
related neuropathies: bringing molecular pathology to the bed-
side. Brain 128:1168-1177

Litvan I, MacIntyre A, Goetz CG et al (1998) Accuracy of the
clinical diagnoses of Lewy body disease, Parkinson disease, and
dementia with Lewy bodies: a clinicopathologic study. Arch Neu-
rol 55:969-978

Liu S, Sawada T, Lee S et al (2012) Parkinson’s disease-associ-
ated kinase PINK1 regulates Miro protein level and axonal trans-
port of mitochondria. PLoS Genet 8:¢1002537

Magerl W, Krumova EK, Baron R et al (2010) Reference data for
quantitative sensory testing (QST): refined stratification for age
and a novel method for statistical comparison of group data. Pain
151:598-605

Mancini F, Comi C, Oggioni GD et al (2013) Prevalence and
features of peripheral neuropathy in Parkinson’s disease patients
under different therapeutic regimens. Parkinsonism Relat Disord
20(1):27-31

Miki Y, Tomiyama M, Ueno T et al (2010) Clinical availability of
skin biopsy in the diagnosis of Parkinson’s disease. Neurosci Lett
469:357-359

Mu L, Sobotka S, Chen J et al (2013) Parkinson disease affects
peripheral sensory nerves in the pharynx. J Neuropathol Exp
Neurol 72:614-623

Nolano M, Provitera V, Estraneo A et al (2008) Sensory deficit in
Parkinson’s disease: evidence of a cutaneous denervation. Brain
131:1903-1911

Orimo S, Uchihara T, Nakamura A et al (2008) Axonal alpha-
synuclein aggregates herald centripetal degeneration of cardiac
sympathetic nerve in Parkinson’s disease. Brain 131:642-650
Prots 1, Veber V, Brey S et al (2013) Alpha-synuclein oligom-
ers impair neuronal microtubule-kinesin interplay. J Biol Chem
288(30):21742-21754

Rajabally YA, Martey J (2011) Neuropathy in Parkinson disease:
prevalence and determinants. Neurology 77:1947-1950

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Rinne JO, Rummukainen J, Paljarvi L et al (1989) Dementia in
Parkinson’s disease is related to neuronal loss in the medial sub-
stantia nigra. Ann Neurol 26:47-50

Rolke R, Baron R, Maier C et al (2006) Quantitative sensory
testing in the German Research Network on Neuropathic Pain
(DENS): standardized protocol and reference values. Pain
123:231-243

Santos-Garcia D, de la Fuente-Fernandez R, Valldeoriola F
et al (2012) Polyneuropathy while on duodenal levodopa infu-
sion in Parkinson’s disease patients: we must be alert. J Neurol
259:1668-1672

Saporta MA, Katona I, Lewis RA et al (2009) Shortened inter-
nodal length of dermal myelinated nerve fibres in Charcot-Marie-
Tooth disease type 1A. Brain 132:3263-3273

Schrag A, Ben-Shlomo Y, Quinn N (2002) How valid is the clini-
cal diagnosis of Parkinson’s disease in the community? J Neurol
Neurosurg Psychiatry 73:529-534

Shannon KM, Keshavarzian A, Dodiya HB et al (2012) Is alpha-
synuclein in the colon a biomarker for premotor Parkinson’s dis-
ease? Evidence from 3 cases. Mov Disord 27:716-719

Siebert H, Kahle PJ, Kramer ML et al (2010) Over-expression of
alpha-synuclein in the nervous system enhances axonal degenera-
tion after peripheral nerve lesion in a transgenic mouse strain. J
Neurochem 114:1007-1018

Storch A, Odin P, Trender-Gerhard I et al (2010) Non-motor
symptoms questionnaire and scale for Parkinson’s disease.
Cross-cultural adaptation into the German language. Nervenarzt
81:980-985

Tenovuo O, Rinne UK, Viljanen MK (1984) Substance P immu-
noreactivity in the post-mortem parkinsonian brain. Brain Res
303:113-116

Toth C, Breithaupt K, Ge S et al (2010) Levodopa, methyl-
malonic acid, and neuropathy in idiopathic Parkinson disease.
Ann Neurol 68:28-36

Toth C, Brown MS, Furtado S et al (2008) Neuropathy as a
potential complication of levodopa use in Parkinson’s disease.
Mov Disord 23:1850-1859

Ubeda-Banon I, Saiz-Sanchez D, de la Rosa-Prieto C et al (2010)
Alpha-synucleinopathy in the human olfactory system in Parkin-
son’s disease: involvement of calcium-binding protein- and sub-
stance P-positive cells. Acta Neuropathol 119:723-735

Ucgeyler N, Kafke W, Riediger N et al (2010) Elevated proinflam-
matory cytokine expression in affected skin in small fiber neu-
ropathy. Neurology 74:1806-1813

Wakabayashi K, Takahashi H, Ohama E et al (1990) Parkinson’s
disease: an immunohistochemical study of Lewy body-contain-
ing neurons in the enteric nervous system. Acta Neuropathol
79:581-583

Wang N, Gibbons CH, Lafo J et al (2013) Alpha-synuclein in
cutaneous autonomic nerves. Neurology 81:1604-1610

@ Springer



	Cutaneous neuropathy in Parkinson’s disease: a window into brain pathology
	Abstract 
	Introduction
	Subjects and methods
	Subjects
	Nerve conduction studies
	Quantitative sensory testing (QST)
	Skin biopsy and immunohistochemistry
	Fluorescence microscopy

	Results
	Patients and controls
	Cutaneous alpha-synuclein deposits
	Quantification of epidermal and dermal nerve fibers
	QST and nerve conduction studies
	Vitamin levels and clinical data
	Patients without levodopa therapy

	Discussion
	Acknowledgments 
	References


