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Abstract
Objective  Skin nerve fiber deposition of proteins can be strongly associated with neurodegenerative diseases, such as phos-
phorylated α-synuclein (p-SN) in synucleinopathies. Little is known about other neurodegenerative proteins, such as tau or 
β-amyloid, in skin nerve fibers of patients with Alzheimer’s disease (AD) and their link to underlying neurodegeneration. 
We therefore aimed for describing the presence and distribution of these proteins in the skin of patients with AD and non-
AD controls.
Methods  Skin biopsies were taken from 45 patients with AD (n = 23) and non-AD controls (n = 22). Nerve fibers were 
identified using antibodies against protein gene product 9.5 (PGP9.5), and protein deposits were evaluated with double-
immunostaining of β-amyloid 1-42 (Aβ1-42), p-SN, tau, and phospho-tau (p-tau).
Results  Skin nerve fiber Aβ1-42 was present in 7/23 (30.4%) patients with AD and 7/22 (31.8%) controls. p-tau was detected 
in 12/23 (52.2%) patients with AD and 9/22 (40.9%) controls. Tau was present in 19/23 (82.6%) patients with AD and 16/22 
(72.7%) controls. p-SN was detected in 12/23 (52.2%) patients with AD and 8/22 (36.4%) controls. Frequencies of deposits 
were not significantly different between groups and protein frequency did not correlate with severity of cognitive impairment.
Interpretation  Deposits of β-amyloid 1-42, p-SN, tau, and p-tau were detected in skin nerve fibers in both patient groups; 
however, qualitative assessment did not discriminate between AD and non-AD patients at this sample size. Future analyses 
of protein distribution and spreading in peripheral nerves may give new insights into the pathophysiology of neurodegenera-
tive diseases, but may require quantitative detection.
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Introduction

The global prevalence and incidence of patients diagnosed 
with Alzheimer's disease (AD) and other dementias have 
been steadily increasing with estimated 150 million peo-
ple affected in 2050. [1] This implicates huge challenges 
for the health care systems including patient care, novel 
therapies, and improved methods for early diagnosis of 

neurodegenerative diseases. The current diagnostics rely on 
clinical criteria, brain imaging, neuropsychological assess-
ment, and serum and CSF disease biomarkers, as tissue 
examination from brain biopsy is not normally available. 
[2] Some studies suggested that skin tissue could serve as 
a “window to the brain” as critical central nervous system 
(CNS) proteins, such as NMDA receptors or tau, are also 
expressed in the skin. [3, 4]

Based on the shared embryonic origin from the ectoderm, 
[5] neuronal and skin tissue may not only share similar pro-
tein expression, but mirror changes during degenerative 
diseases in the same way. Therefore, detection of proteins 
in the skin could represent an easily accessible peripheral 
biomarker of neurodegenerative diseases. In synucleinopa-
thies, detection of skin phosphorylated α-synuclein (p-SN) is 
a promising new approach for diagnosis and differentiation 
from other neurodegenerative diseases and controls. [6, 7]
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For other proteinopathies, such as tauopathies including 
AD, much less is known on tau and β-amyloid (Aβ) expres-
sion in the skin with inconsistent ability to discriminate 
between patients and controls. [8, 9] In this pilot study, we 
therefore aimed to investigate the distribution and staining 
patterns of different neurodegenerative proteins in the skin 
of patients with and without AD. We hypothesized that colo-
calization of tau and Aβ1–42 in nerve fibers is more com-
mon in patients with AD.

Methods

Patients

In total, 45 subjects were recruited from the memory clinic 
of the Department of Neurology at Charité Universitäts-
medizin Berlin, Campus Mitte. This study was approved by 
the Charité Ethics committee (number EA4/221/20) and all 
patients gave written informed consent prior to study inclu-
sion. Samples were handled with pseudonymized identifiers 
and investigators were blinded to the diagnosis.

Patients were diagnosed according to current clinical 
guidelines. [10] Severity of dementia was rated with the 
mini-mental state examination (MMSE) and classified as 
mild (MMSE 21–26), moderate (MMSE 10–20), or severe 
(MMSE <10). [11] The patients were grouped as follows: 
(1) patients with Alzheimer’s disease (n = 23) and (2) 
patients without AD (n = 22) including patients with affec-
tive disorders (n = 7), Parkinson’s disease (n = 2), Lewy 
body dementia (n = 2), frontotemporal dementia (n = 1), 
corticobasal syndrome (n = 1), CLIPPERS (n = 1), migraine 
(n = 1), myasthenia gravis (n = 1), dystonic tremor (n = 1), 
IgLON5 disease (n = 1), NMDAR encephalitis/MS overlap 
(n = 1), epilepsy (n = 1), cervical dystonia (n = 1), and 
stroke (n = 1).

Skin biopsy and fixation

All patients underwent a 3 mm skin punch biopsy after local 
anesthesia with 2% lidocaine from the lateral malleolus area, 
~10 cm above the ankle. The sample was placed in Zam-
bonis solution at 4 °C overnight, washed in 1x PBS and then 
placed in cryoprotectant solution (glycerol, Sörensen buffer, 
and water) at 4 °C overnight. Then, the samples were frozen 
and stored at −80 °C. The whole biopsy was cut into 50 µm 
sections using a cryostat. The sections that were used for the 
staining were immediately placed in 1x PBS.

Immunofluorescence staining and controls

The free-floating skin sections were double-immunostained 
using commercial antibodies. To visualize peripheral 

nerve fibers, two PGP9.5 antibodies were used (ab72911, 
monoclonal, mouse, Abcam, 1:500 and ab108986, mono-
clonal, rabbit, Abcam, 1:500). To investigate potential pro-
tein colocalization, antibodies against Aβ1–42 (bs-0107R, 
polyclonal, rabbit, Bioss Antibodies, 1:500), p-tau (AT8) 
(MN1020, mouse, monoclonal, Invitrogen, 1:500), tau 
(Ser262) (ab64193, rabbit, polyclonal, Abcam, 1:500), and 
p-SN (ab51253, rabbit, monoclonal, Abcam, 1:500) were 
used. As positive controls, brain tissue from the superior 
temporal gyrus of a patient with AD and skin tissue of two 
patients with PD were immunostained. Negative controls 
were brain tissue sections of a patient with amyotrophic lat-
eral sclerosis (ALS). For the systematic staining, four sec-
tions per antibody plus one control using secondary only 
were stained for each patient. The sections were blocked for 
one hour at room temperature and then incubated in the pri-
mary antibody dilutions overnight on a shaker at 4 °C. The 
next day, the sections were washed in 1x PBS and incubated 
light protected on a shaker in the secondary dilutions for two 
hours at room temperature. After the incubation, the sections 
were washed in 1x PBS and mounted on slides.

Confocal microscopy and evaluation

Each skin section was screened for immunopositive signal 
in the epidermis, sweat glands, arrector pili muscles (MAP), 
and hair follicles using confocal microscopy (Nikon A1Rsi+ 
laser-scanning confocal microscope). Single frame z-stack 
images were analyzed with consecutive 2 µm steps. A patient 
was counted as positive, if at least one nerve fiber had a 
positive co-staining. Criteria for a positive result were a 
completely co-localized strong signal and clear morphol-
ogy within the fiber tracking through at least two z-planes. 
Any areas of tissue damage as well as dot like artifacts 
were excluded and not considered as positive, as previously 
described. [12]

Statistical analysis

Statistical analyses were performed using SPSS version 
30.0 (IBM Corp) software for Windows. For the analysis of 
categorical variables, the 2-sided Fisher–Freeman–Halton 
exact test was performed. A significance level of p <0.05 
was assumed.

Results

We enrolled 45 patients with a mean age of 68.5 years 
(SD±10). The general characteristics of the populations 
are presented in Table 1. Patients were categorized into two 
groups: patients with AD (n = 23) and control patients with-
out AD (n = 22). Stainings were validated using positive 
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control tissue showing the typical neuropathological char-
acteristics, i.e., intracellular tau (Fig. 1a and extracellular 
β-amyloid (Fig. 1b-b’) in brain sections of an AD patient, 
and p-SN in the skin nerve fibers of a PD patient (Fig. 1c-e). 
Negative controls consisted of omission of the secondary 
antibody in skin sections (Fig. 1f) and absence of β-amyloid 
in ALS brain tissue (Fig. 1g).

In the systematic skin stainings of all patients, the four 
commercial antibodies labeled peripheral nerve fibers with 
different frequencies, as detailed below and summarized in 
Table 1. We frequently found overlapping presence of differ-
ent proteins in the same patient with 14/45 for two antibod-
ies, 12/45 for three antibodies, and 3/45 for all four tested 
antibodies. Interestingly, staining of keratinocytes of the 
epidermal layer was frequently seen (Fig. 2). We frequently 
found dot like artifacts in the lumen of sweat glands across 
all groups (not shown).

β‑Amyloid 1–42

Aβ1–42 deposits were detected in PGP9.5-positive nerve 
fibers in 14 of 45 subjects in both groups, with 7/23 (30.4%) 
patients in the AD group and 7/22 (31.8%) in the control 
group (Table  1). There were no significant differences 
between the groups. Frequency of deposits did not corre-
late with MMSE values (not shown). Aβ1–42 deposits were 
predominantly localized in sweat glands (12/14) (Fig. 2a-c’) 
but also in the subepidermal region (6/14) and arrector pili 
muscles (MAP) (2/14).

Homogeneous cytoplasmic staining for Aβ1–42 was seen 
in the epidermal layer of all patients (Fig. 2d) without dif-
ferences between the groups. Likewise, immunopositivity 
was detected in the cytoplasm of skin fibroblasts and in the 
epithelium of skin appendages (not shown).

p‑tau (AT8)

P-tau was observed in PGP9.5-positive nerve fibers in 20 of 
45 subjects, with 12/23 (52.2%) patients in the AD group 
and 9/22 (40.9%) in the control group (Table 1). There were 
no significant differences between the groups. Frequency of 
deposits did not correlate with MMSE values (not shown). 
Immunopositive signals were found predominantly in the 
subepidermal skin layers (16/20) (Fig. 2e-g’) followed by 
sweat glands (9/20) and MAP (3/20).

In the epidermal layer, p-tau staining showed either 
a cytoplasmic (Fig. 2h) or nuclear staining pattern of the 
keratinocytes. Cytoplasmic patterns were observed in 
5/23 (21.7%) in the AD group, 2/22 (9.1%) of the controls 
(Table 1). A nuclear pattern was observed in 10/23 (43.5%) 
patients in the AD group and 12/22 (54.6%) of the controls. 
Nuclear staining patterns were also found in fibroblasts or 
around blood vessels (not shown).Ta
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tau (Ser262)

Tau immunopositivity in peripheral nerve fibers was 
detected in 35/45 patients with 19/23 (82.6%) patients in 
the AD group and 16/22 (72.7%) of the controls (Table 1). 
There were no significant differences between the groups. 
Frequency of deposits did not correlate with MMSE values 
(not shown). Overlap with PGP9.5 staining was predomi-
nantly found in sweat glands (27/35) (Fig. 2i-k’) followed by 
subepidermal layer (16/35), MAP (4/35), and in one patient 
in nerve fibers surrounding the hair follicle (not shown).

All patients showed either a homogeneous cytoplasmic 
epidermal staining or the cytoplasm of single keratinocytes 
(Fig. 2l) with no differences between the groups.

p‑SN

p-SN deposits were detected in PGP9.5-positive nerve fibers 
in 20 of 45 subjects in both groups, with immunopositivity 
in 12/23 (52.2%) of the patients in the AD group and 8/22 
(36.4%) in the control group (Table 1). There were no statis-
tical differences between groups. Frequency of deposits did 
not correlate with MMSE values (not shown). Co-staining 
with PGP9.5-positive fibers was predominantly found in 
sweat glands (15/20) followed by nerve fibers of the MAP 

(9/20) (Fig. 2m-o’), subepidermal layer (4/20), and in one 
patient in fibers of the hair follicle.

Keratinocytes were often immunopositive following a 
nuclear (Fig. 2p) or cytoplasmic staining pattern. Nuclear 
patterns were observed in 15/23 (65.2%) patients in the AD 
group and 11/22 (50%) in the control group. Cytoplasmic 
patterns were observed in 12/23 (52.2%) patients in the AD 
group and 9/22 (40.9%) of the controls.

Discussion

The neurodegenerative disease-associated proteins Aβ1–42, 
p-tau (AT8), tau (Ser262), and p-SN were detected in skin 
nerve fibers and keratinocytes of patients with AD and non-
AD controls. However, frequency and distribution of all four 
proteins were not significantly different between both groups 
and no correlation with severity of cognitive impairment 
evaluated by MMSE was found. To our knowledge, deposi-
tion of Aβ1–42 has not been described before in skin nerve 
fibers, compared to the other neurodegenerative disease-
associated proteins.

Previous work on skin deposition of Aβ, p-tau, and tau 
resulted in inconsistent findings, potentially related to a 
number of different staining methods and antibodies. For 
example, Aβ was detected in skin nerve fibers and sweat 

Fig. 1   Antibody staining patterns in brain and skin tissue, a,b The 
gyrus temporalis superior of brain sections from a patient with Alz-
heimer‘s disease serves as positive controls for the immunofluores-
cence staining of neurons with intracellular tau tangles (a) and extra-
cellular Aβ1–42 plaques (b, enlarged in b‘). c-e Skin biopsy sections 
of a patient with Parkinson‘s disease shows PGP9.5-positive nerve 

fibers (c) colocalizing with abnormal neuronal p-SN (d, merged in e). 
f Negative control staining of the skin using the secondary antibody 
only. g In a disease control patient with amyotrophic lateral sclero-
sis, there was no Aβ1–42 plaque staining on brain sections. Scale bars 
indicate 100 µm in (a–b) and (f–g), and 20 µm in (c–e)
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glands of patients with AD and controls in one study, but 
without group differences. [13] Other work did not specify 
localization in nerve fibers, but detected Aβ deposits in the 
endothelium of dermal blood vessels and around the base-
ment membrane of patients with AD, vascular dementia, 
and elderly controls, but not younger controls. [9, 14] The 
amyloid precursor protein (APP) was not observed in the 
skin of AD patients and controls. [9, 15]

Only a few studies investigated tau and p-tau deposits 
in skin biopsies. While three studies detected tau (but not 
p-tau) using immunofluorescence (IF) in skin samples of 
patients with tauopathies and controls, [4, 16, 17], another 
study could not find tau in the skin of AD patients and 
controls. [18] The presence of tau along nerve fibers was 
demonstrated in patients with PD, multiple system atrophy 

(MSA), progressive supranuclear palsy (PSP), and corti-
cobasal syndrome (CBD) as well as healthy controls using 
IF, while only tau quantification by ELISA was able to dis-
criminate PSP/CBD as tauopathies from the other disease 
entities. The same study could not demonstrate p-tau using 
IF but with Western blot in patients with neurodegenerative 
disorders and healthy controls. [17] In contrast, p-tau (AT8) 
IF deposits were significantly more common in the nuclei of 
keratinocytes of AD patients compared to healthy and non-
neurodegenerative controls. The same study demonstrated 
cytoplasmic staining of keratinocytes using an antibody 
against p-tau (PHF) with no significant difference between 
groups. [8] AT8 positivity was also demonstrated in patients 
with PSP with significantly higher frequencies compared to 
healthy controls. [19]
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Fig. 2   Deposits of neurodegeneration-associated proteins in skin 
nerve fibers and epidermis in patients with neurodegenerative dis-
eases, a-c’ Aβ1–42 deposits (a) were detected in PGP9.5-positive 
nerve fibers (b, merged in c with higher-resolution insert in c’) 
around a sweat gland in skin biopsy sections, exemplarily shown in a 
patient with Lewy body dementia. d Cytoplasmic staining of Aβ1–42 
in keratinocytes in a patient with Alzheimer’s disease (blue, DAPI-
positive cell nuclei). e-g’ p-tau (AT8) (e) in subepidermal nerve fibers 
(f) of a patient with Alzheimer’s disease. h p-tau (AT8) also stained 

the cytoplasm of keratinocytes in an Alzheimer’s disease patient. i-k’ 
Tau deposits (i) in PGP9.5-positive nerve fibers (j) of a sweat gland 
in a patient with Alzheimer’s disease. l Tau-positive immunofluores-
cence in the cytoplasm of keratinocytes in a patient with affective dis-
order. m-o’ p-SN staining (m) colocalizing with nerve fibers (n) in an 
arrector pili muscle (m, dotted line) of a patient with Parkinson’s dis-
ease. p Nuclear staining pattern of p-SN in keratinocytes of a patient 
with Alzheimer’s disease., e, epidermis; d, dermis; dotted line (d, h, 
l, p) indicates epidermal–dermal junction. Scale bars indicate 50 µm
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In a recent study, p-SN was detected in 95.5% of 277 
patients with synucleinopathies including PD, MSA, demen-
tia with Lewy bodies (DLB), and pure autonomic failure 
(PAF), but only in 3.3% of 151 controls showing a high 
sensitivity and specificity. [7] Several studies demonstrated 
p-SN in CSF and p-SN deposits in peripheral tissues includ-
ing colon, submandibular gland, and skin. [20]

Our study demonstrated the common presence of several 
neurodegeneration-associated proteins in the skin of the 
same patients and across different disease groups, in line 
with previous findings. For example, PD patients showed 
immunopositivity to AT8, which was more frequent com-
pared to healthy controls. [19] In another study, p-SN skin 
deposits were detected in 7.7% of patients with the tauopa-
thies PSP and CBD. [21] Likewise in the brain, tau was 
present in ~50% of patients with PD and pathological synu-
clein in ~31.5–60.7% of patients with AD, [22–24] suggest-
ing similar overlapping patterns across compartments. This 
could explain higher levels of p-SN in our non-synucleinop-
athy patients. To our knowledge, we demonstrated the pres-
ence of p-SN in the skin nerve fibers of AD patients for the 
first time.

This study has several limitations. At the clinical level, 
the sample size was relatively small and the non-AD con-
trol group was heterogeneous and did not include healthy 
controls. In particular, AD pathology may have co-occurred 
in some non-AD subjects. This may have had an impact on 
the presence of neurodegeneration-associated proteins. For 
obvious reasons, diagnoses were clinical and no autopsy 
confirmation available. Another factor of bias may be the 
biopsy site. For example in the skin, p-SN follows a proxi-
mal-distal gradient with higher frequencies in the posterior 
cervical spine compared to thoracic spine regions and even 
lower frequency in the lateral malleolus area of the leg. In 
PD patients, 93% had p-SN-positive skin biopsies of the 
posterior cervical spine area, but only 17% in biopsies of the 
distal leg. [25, 26] Thus, using biopsies of the lateral malleo-
lus area in our study might have influenced the results, and 
a biopsy from the cervical spine area would have allowed 
evaluation of a possible gradient for the presence of tau, 
p-tau, and Aβ1–42.

As qualitative methods such as IF for tau detection did 
not discriminate between different diseases, quantitative 
methods such as ELISA might be required. [17] Along 
these lines, novel in vivo methods like seeding amplifica-
tion assays from skin including Real-Time Quaking-Induced 
Conversion (RT-QuIC) are promising new tools, for exam-
ple, in α-synucleinopathies [27] and tauopathies. [28, 29] 
These methods might likewise demonstrate aggregation and 
therefore probable pathogenicity which could help explain 
peripheral symptoms of neurodegenerative diseases. The 
distribution of neurodegenerative disease-associated pro-
teins in sweat glands, MAP, or hair follicles may influence 

autonomic dysregulations, [30] and the presence of these 
proteins in keratinocytes could potentially affect intraepi-
dermal nerve fiber loss and therefore the development of 
peripheral sensory neuropathies.

Taken together, detection of a spectrum of neurodegen-
erative disease-associated proteins is possible using skin 
biopsies, supporting clinical diagnoses of neurodegenerative 
diseases. With further research, skin biopsies may become 
helpful tools for understanding disease pathology including 
the peripheral distribution and the multi-step contribution to 
the development of neurodegenerative diseases.
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