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Abstract
Immunohistochemical (IHC) a-synuclein (Asyn) pathology in pe-

ripheral biopsies may be a biomarker of Parkinson disease (PD). The

multi-center Systemic Synuclein Sampling Study (S4) is evaluating

IHC Asyn pathology within skin, colon and submandibular gland bi-

opsies from 60 PD and 20 control subjects. Asyn pathology is being

evaluated by a blinded panel of specially trained neuropathologists.

Preliminary work assessed 2 candidate immunoperoxidase methods

using a set of PD and control autopsy-derived sections from

formalin-fixed, paraffin-embedded blocks of the 3 tissues. Both

methods had 100% specificity; one, utilizing the 5C12 monoclonal

antibody, was more sensitive in skin (67% vs 33%), and was chosen

for further use in S4. Four trainee neuropathologists were trained to

perform S4 histopathology readings; in subsequent testing, their

scoring was compared to that of the trainer neuropathologist on both

glass slides and digital images. Specificity and sensitivity were both

close to 100% with all readers in all tissue types on both glass slides

and digital images except for skin, where sensitivity averaged 75%
with digital images and 83.5% with glass slides. Semiquantitative

(0–3) density score agreement between trainees and trainer averaged

67% for glass slides and 62% for digital images.

Key Words: Biomarker, Biopsy, Colon, Digital imaging, Parkinson

disease, Skin, Submandibular gland.

INTRODUCTION
Aggregation and/or post-translational modifications of

a-synuclein (Asyn) are currently thought to be an essential
link in the chain of events leading to Parkinson disease (PD).
Therapies have been initiated against Asyn pathology but at
present there is no biomarker with which to directly monitor
any in vivo Asyn changes that might be induced. Multiple
studies of unmodified Asyn in CSF have demonstrated only a
small reduction in PD and a large overlap with clinical control
subjects (1–3). The biofluids focus has shifted towards
oligomers, truncations, other post-translational modifications
and seeded aggregation assays. However, whether soluble
Asyn species in CSF mirror intracellular pathologic Asyn is
still unknown and there is still no large-scale confirmation of
the utility of these approaches. Efforts to develop a specific
imaging Asyn ligand have not yet been successful and it seems
that this may be more difficult than it was with amyloid and
tau tracers (4). Additionally, the biomarker search has been
handicapped by the lack of an accurate diagnostic gold stan-
dard for PD, especially for early-stage disease, when
neuropathology-confirmed studies have suggested (albeit with
relatively small subject and clinician numbers) that the

standard neurological examination may incorrectly categorize
between 35% and 47% of subjects (5, 6). Dopaminergic imag-
ing is likely to increase diagnostic accuracy but autopsy stud-
ies have found that approximately half of all misdiagnosed
subjects have progressive supranuclear palsy, multiple system
atrophy or corticobasal degeneration, all of which have a stria-
tal dopaminergic deficit (5–8).

As many congenital neurological diseases manifest in
the peripheral nervous system (PNS), and biopsies there yield
definitive histological diagnoses for some of these, more than
10 years ago the possibility was raised of an Asyn pathology-
based biopsy diagnosis and biomarker of PD. Reports of
Lewy-like pathology in the PD PNS date back at least to the
1960s (9–11), and the development of Asyn immunohisto-
chemical (IHC) methods in the late 1990s allowed this to be
explored and mapped with much greater sensitivity and preci-
sion. Concurrently, the presence of Asyn pathology in the PD
enteric nervous system became a candidate cause of the com-
mon gastrointestinal symptoms that often precede motor par-
kinsonism (12). Based on the presence of Asyn pathology in
the stomach, the vagus nerve and its medullary dorsal motor
nucleus, Braak and others hypothesized that causative Asyn
molecular changes may begin after exposure to an exogenous
agent followed by retrograde spread up the vagus into the
CNS (13, 14). This provocative concept, while still lacking a
convincing body of human autopsy evidence, stimulated an
urgent search for PNS Asyn, with objectives that quickly ex-
tended beyond clinical correlation to its possible etiological
and biomarker value. As colonoscopic cancer screening is
now performed on most middle-aged people in first-world
countries, there has been an intense focus on the colon, but
other sites have also been scrutinized, including skin, stomach,
esophagus, pharynx and salivary glands (15–24). The body of
literature generated, however, has been so widely discordant
as to threaten its credibility.

To address this, since 2013 the Michael J. Fox Founda-
tion for Parkinson’s Research (MJFF) has funded a series of
meetings and projects, ultimately leading to the conclusion
that blinded-panel histology evaluations with enforced blind-
ing were necessary to overcome interlaboratory disagree-
ments. Subsequently, 2 multi-investigator blinded-panel
evaluations of Asyn pathology clearly established its selective,
although inconsistent, presence in the PD colon and exclusion
from controls (25, 26). These projects also identified precise
morphological typing, sufficient tissue volume acquisition,
and specialized reader training as additional crucial elements
for future studies.

The MJFF is now funding the Systemic Synuclein Sam-
pling Study (S4), a monitored observational study of individu-
als at early, middle and late clinical stages of PD, as well as
normal control volunteers, each of whom are donating sam-
ples of cerebrospinal fluid, blood and saliva as well as biopsies
of skin, colon, and submandibular gland (27). The study will
determine whether biopsy sampling of Asyn tissue pathology
is a practical, safe and useful undertaking, and whether tissue
Asyn pathology correlates with biofluid measures taken from
the same subjects. This report will summarize the develop-
ment, selection and implementation of the methods to be ap-
plied in the biopsy component of S4.
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MATERIALS AND METHODS

Tissue Processing
Fixation, Epitope Exposure, and Sectioning.

For all 3 biopsy sites, much of the pioneering Asyn IHC
work was done on free-floating tissue preparations much
thicker than the usual clinical pathology format of 3–8 lm.
The Nantes group used thick whole-mounts of microdissected
submucosa (19, 20) while the Braak-Del Tredici group (13–
15), Arizona group (21) and the groups led by Freeman (28,
29) and Donadio (17, 30, 31) all have used free-floating sec-
tions ranging up to 100 lm. While these thick sections consti-
tute a much larger tissue sample volume and allow the flexible
and simultaneous investigation of multiple target molecules
in 3 dimensions, especially with confocal laser fluorescence,
the anticipated usage of the chosen S4 method as a biomarker
in clinical trials makes demands that are best suited by
standard-thickness, formalin-fixed, paraffin-embedded (FFPE),
immunoperoxidase-stained sections. These can be archived
without deterioration over a prolonged period of time as a per-
manent trial record, are easily shared, either as glass slides or
scanned images, and are the standard format for automated
immunostainers, allowing ease and reliability of replication,
even at multiple centers. Other fixation methods, such as Zam-
boni’s, have been favored by some laboratories, but no rigorous
comparisons of fixatives for Asyn pathology have been pub-
lished. In general, FFPE tissue often has less sensitivity for IHC
(32–34), principally due to the high temperature or other aspects
of paraffin infiltration that can result in masking of epitopes.
Fortunately for PD studies, FFPE material, even with very pro-
longed fixation durations, has been shown to retain strong and
selective immunoreactivity for Asyn pathology, especially in
combination with appropriate epitope exposure pretreatments,
such as formic acid, proteinase K or other proteases; the pro-
teases also serve another useful purpose in that they digest
unmodified Asyn that is abundant in normal PNS and CNS
tissue (35).

For S4, biopsies are placed in standard plastic cassettes
and fixed in commercially obtained 10% formalin (catalog
number 23-245-685, Fisher Scientific, Chicago, IL) at 4�C
overnight, while in overnight shipment to the Indiana Univer-
sity S4 Biorepository Core (see Supplementary Data Tissue
Methods for full details of tissue processing). Upon arrival at
the Biorepository Core, tissue cassettes are put through an au-
tomated tissue processor for further fixation, dehydration and
paraffin infiltration (paraffin catalog number 13-374-10,
Fisher Scientific). Following embedding, serial sections are
cut at 4 lm through the entire specimen, mounted on Fisher
brand positively charged slides (catalog # 12-550-15 Fisher
Scientific), consecutively numbered and stored at room tem-
perature. This is done to avoid having to resurface the paraffin
block repeatedly when additional sections are needed, losing
valuable and often limited biopsy tissue. The intent is to keep
unstained slides for usage in future studies as needed. Prelimi-
nary studies have shown that storage of unstained FFPE slides
of brain tissue for up to several years does not impair the den-
sity of pathological Asyn immunoreactivity, relative to newly
cut sections from the same paraffin blocks (data not shown).

Basic Histology Quality Assessment With H&E-Stained
Sections.

To assess for the suitability of S4 embedded tissue for
IHC staining, and to confirm the presence of essential tissue
components, 4 sections are taken through each paraffin-
embedded block, equidistant through the tissue specimen, and
stained with H&E, digitally scanned (Aperio, Leica Biosys-
tems, Kassel, Germany) and transmitted to the Pathology Core
lab at Banner Sun Health Research Institute. Tissue integrity,
cutting or staining deficiencies and the presence of any inci-
dental pathology, such as inflammation and neoplasm, are
noted. An image analysis program (Zeiss AxioVision, Ober-
kochen, Germany) is used to manually trace and measure, on
the slide with the largest tissue fragments, the cross-sectional
area of tissue components considered essential for their pos-
session of Asyn pathology. These critical tissue components
are the colonic submucosa, the dermis of the skin and the glan-
dular components (including stroma but excluding extragland-
ular tissue elements) of the submandibular gland. Based on
past experience with submandibular gland biopsies (22, 23), a
minimal cross-sectional area of 2 mm2 of critical tissue com-
ponents was defined as necessary for further IHC assessment
of slides from that tissue cassette. For colon, the area of mu-
cosa is also measured while for skin, additional areas mea-
sured include epidermis and hypodermis; these were not
considered essential for S4 inclusion, however.

Choice of Epitope Exposure Method, Primary Antibody
and Signal Development.

The great majority of studies of pathological Asyn have
utilized antibodies raised against Asyn without post-
translational modifications or Asyn phosphorylated at serine
129. At least some of the discrepant published results may be
due to differences in the epitopes recognized, in addition to
differences in the antigen retrieval procedure, the staining
method and the detection protocol, all which are critical com-
ponents of an IHC assay system. Antibodies raised against
unmodified Asyn may recognize multiple forms of Asyn, in-
cluding the large amounts that are normally expressed by
healthy neural elements. In FFPE material, prolonged formalin
fixation and hot paraffin embedding eliminates most normal
Asyn immunoreactivity (35) and this may be further reduced
or eliminated by digesting with proteinase K or other pro-
teases, while still preserving the more concentrated and less-
soluble pathological Asyn aggregates. Other approaches to the
problem of confounding normal Asyn have used antibodies to
purportedly pathology-specific, post-translational Asyn modi-
fications such as phosphorylated (36), nitrosylated or trun-
cated Asyn (37, 38). Although a clearly superior choice has
not been conclusively proven, much evidence favors the usage
of antibodies against Asyn phosphorylated at serine 129 (36,
39–42).

For S4, 2 earlier MJFF-sponsored, multicenter blinded-
panel studies had tested multiple IHC methods for pathological
Asyn on FFPE colonic tissue from biopsies (26) and autopsies
(25). Several of these methods had achieved very good to
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excellent results, and all of these used antibodies against phos-
phorylated Asyn. All but one utilized automated staining
machines. The method with the highest utility for identifying
autopsied PD versus control colon, developed by the Nantes
group (25), was chosen as 1 of 2 candidate methods for S4.
This was compared, in a final study documented here, to a
proof-of-concept method employing the 5C12 antibody against
unmodified Asyn (Prothena Biosciences, Dublin, Ireland). This
had been under development by the Roche Innovation Center
Munich (RICM), using the automated Ventana BenchMark

VR

platform, and was subsequently transferred to and analytically
validated by Targos Molecular Pathology GmbH (Table 1; see
Supplementary Data Tissue Processing for full details of the
5C12 method). Both methods employ protease-based epitope
exposure and signal development utilizing peroxidase-
mediated 3,30-diaminobenzidine (DAB) chromogen precipita-
tion (DAB obtained from Leica Biosystems, Kassel, Germany
for the Nantes method and from Ventana Medical Systems,
Tucson, AZ, for the method developed by RICM).

Selection, Training, and Role of Microscopic
Tissue Readers

Readers were selected on the basis of possessing medi-
cal certification in neuropathology and were either American
or Canadian board-certified. While any personnel with experi-
ence interpreting nervous system histology might be appropri-
ate, neuropathologists have received highly specialized
training, as well as formalized examination and certification,
in the diagnostic evaluation of peripheral nerve biopsies. Ad-
ditionally, the medical certification would be desirable if Asyn
IHC evaluation is eventually utilized in clinical trials moni-
tored by regulatory agencies. Three neuropathologists will in-
dependently view digital microscopic images of the S4
biopsies. One additional judge was chosen as an alternate. The
“trainee” judges (DGM, CLW, JS, and JFC) were instructed
by a “trainer” judge (TGB) with extensive experience in the
evaluation of Asyn PNS pathology. The training consisted of a
1 day in-person session as well as subsequent independent
blinded evaluation of a selection of photomicrographs, glass

slides and digitized glass slides. The instruction was princi-
pally directed at distinguishing specific from non-specific
staining (for examples, see Figs. 1, 2). Building on the prior
MJFF-sponsored studies in colon (25, 26), specific staining
was explicitly defined as that consistent with a neuronal mor-
phology and further supported by an appropriate anatomical
context, eg a stained fiber within a nerve fascicle (nerve bun-
dle) or closely applied to the abluminal surface of blood ves-
sels. Double-staining studies have previously confirmed the
neuronal identity of some types of presumptively specific
staining morphologies (25, 43).

For S4, 3 slides from each cassette will be immunos-
tained for pathological Asyn. Judges will view scanned digital
images of immunostained slides (Aperio, Leica Biosystems).
Digital images were found to be equivalent to glass slides in the
methods development for S4 (see below). Judges will remain
blinded, throughout S4, to subject group (PD vs healthy con-
trols) as well as to the decisions or opinions of all of the other
judges. The majority opinion of the 3 judges will be used for
the primary analysis, ie sensitivity and specificity of Asyn pa-
thology for the clinical diagnosis of PD versus control. This
will be based on a binary decision as to whether the biopsy ana-
tomical site is positive for Asyn pathology in at least 1 slide
from any of the tissue cassettes from that subject. A semiquanti-
tative density score (Fig. 3) derived from a grading template,
based on the highest density observed within each anatomical
site and microscopic compartment, will be assigned to each mi-
croscope slide. These will be correlated, in a secondary analy-
sis, with clinical measures of PD severity, including Movement
Disorders Society Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS) scores. Additional measures of Asyn pathology
density may be used in follow-up studies; these methods have
not yet been chosen but will likely include fractional measures
that employ total nerve fiber density as a denominator.

Final IHC Methods Comparison, Judge Training.
and Digital Image vs Glass Slide Comparison

For the final comparison of the 2 IHC candidate S4
methods, autopsy tissue from the Arizona Study of Aging

TABLE 1. Immunohistochemical Methods Tested

Primary Antibody Epitope Exposure Signal Development

Nantes p-synuclein monoclonal

MJF-R13 (8-8) ab168381

Abcam*

1:10 000 (17)

Leica†, Proteinase K for 15 minutes

(Bond Enzyme Pretreatment Kit)

Leica†, peroxidase blocking with Bond Enzyme

Pretreatment Kit; mixed DAB Refine

RICM a-synuclein monoclonal

5C12 (41)

Prothena‡

1 mg/mL

Ventana§ Protease 1

36�C, 12 minutes

Ventana Benchmark Ultra§;

Optiview DAB IHC Detection Kit

*Abcam, Cambridge, UK.
†

Leica Biosystems, Kassel, Germany.
‡

Prothena Biosciences, Dublin, Ireland.
§Ventana Medical Systems, Tucson, Arizona.
p-synuclein ¼ a-synuclein phosphorylated at serine 129; a-synuclein ¼ a-synuclein unmodified form; DAB ¼ 3,30 di-aminobenzidine. All slides were counterstained with hema-

toxylin. See Supplementary Data Materials for full description.
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and Neurodegenerative Disorders (AZSAND)/Banner Sun
Health Research Institute Brain and Body Donation Pro-
gram, www.brainandbodydonationprogram.org (44), was
taken from all 3 anatomical sites, skin (from posterior
scalp), colon and submandibular gland, from 6 subjects, in-
cluding 3 with PD and 3 controls (Table 2). The PD sub-
jects were deliberately selected on the basis of having had
previously demonstrated higher densities of submandibular
gland Asyn pathology. Two slides from each anatomical
site were stained with each method and these, a total of 36
slides, were used by the trainer neuropathologist (TGB,
“rater 1” in Table 3) and a second experienced neuropathol-
ogist (DGM, “rater 2” in Table 3) to compare the 2 finalist
methods. Following this, the same set of slides were used
for training and assessment of all trainee neuropathologists
(“raters 1–4” in Table 4) and to compare results for glass
slides versus digital images. All slide sets and digital
images were separately coded so that judges were not
aware of the subjects’ diagnoses or of their own decisions
for those subjects between regions or between glass slides
and digital images.

RESULTS

Comparison of the 2 Candidate IHC Methods
The performance of the 2 finalist methods is summarized

in Table 3. Although both provided clear definition of structures
consistent with neuronal pathology (fibers and puncta consistent
with axons and presynaptic terminals) in all 3 anatomical sites
(Fig. 1), and both were 100% specific in that no false positive di-
agnostic decisions were made, the 5C12 method was more sensi-
tive in skin (average of readers was 67% vs 33%), resulted in a
higher density of positively stained structures (1.95 vs 1.40,
mean score across all regions and both raters) and had a higher
rate of score agreement between raters (55.6% vs 38.9%, abso-
lute score agreement across all regions). On this basis, the 5C12
method was chosen for usage in the S4 study.

Comparison of the 4 Raters Using Both Glass
Slides and Digital Images

The slides stained with the 5C12 method, and their cor-
responding digital images, were used to compare the 4

FIGURE 1. Photomicrographs of autopsy sections immunohistochemically stained for pathological Asyn by the 2 compared
methods illustrating common types of non-specific staining. Specific versus non-specific staining morphologies have been
defined by their neuronal or non-neuronal appearance and empirically by their differential presence in normal control subjects
versus subjects with autopsy-confirmed PD or other Lewy body diseases. Immunoperoxidase reaction product is brown, the
counterstain is blue. Panels (A–E) are of sigmoid colon, (F–J) of skin from scalp, and (K–O) of submandibular gland. Most
staining features were seen with both staining methods. (A, B) Sigmoid colon stained with the 5C12 method (A) and the
Nantes method (B), showing non-specific DAB deposition on lumenal contents and within surface epithelial cells. (C) Mucosa
of sigmoid colon, depicting frequent melanin-containing macrophages (melanosis coli) within the lamina propria, a relatively
common non-specific finding (5C12 method). (D) Mucosa showing non-specific staining of epithelial cell nuclei; melanin-
containing macrophages are also present in the lamina propria (5C12 method). (E) Macrophages non-specifically stained
within the submucosa (5C12 method). (F, G) Non-specific staining of hair follicles ([F] with the 5C12 method, [G] with the
Nantes method). Also seen in (G) are non-specifically stained melanocytes in the epidermis. (H) Sweat glands with non-
specific staining of lumenal surfaces (arrow points to example; 5C12 method). (I) Collagen fibers (arrow points to an
example) in the dermis, non-specifically taking up DAB (Nantes method). (J) Macrophages in the dermis with non-specific
staining of cytoplasmic contents (5C12 method). (K, L) Diffuse, non-specific staining of cytoplasm of serous epithelial cells of
submandibular gland ([K] with Nantes method, [L] with 5C12 method). (M) Non-specific staining of lumenal contents
(arrow) of a duct within submandibular gland (5C12 method). (N) Non-specific DAB deposition on secretion (arrow) within a
submandibular gland duct (5C12 method). (O) Non-specific DAB deposition along the edge of a submandibular gland biopsy
(5C12 method).
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“trainee” raters to the “trainer” rater and to compare the per-
formance of reads in glass and digital formats (Table 4). In
terms of specificity, there were almost no differences between
raters, with either glass slides or digital images, as specificity
was 100% with all readers in all anatomical regions except for
1 reader who had 1 false positive decision with the digital
images. In terms of sensitivity, in submandibular gland and
colon, readers were almost all concurrent at 100% except for a
single reader who had 1 false negative decision in the colon
digital images. Sensitivity for skin was lower than for the other
anatomical regions. Two of the 4 raters for glass slides, and 3
of the 4 raters for digital images, had single false negative
decisions in all cases recording the same PD subject as falsely
negative. The aggregate of all density scores were slightly
higher on glass slides for trainee raters (overall mean 2.05 vs
1.85; p¼ 0.52), while for the trainer they were slightly higher
for the digital images (2.1 vs 2.2). In terms of agreement on
density scores between the trainer and trainee raters, the

overall agreement was slightly greater with glass slides than
with digital images (67% vs 62%, Table 5). The variability of
the grouped trainees’ agreement percentages with the trainer
was equivalent between glass and digital images (SDs of 28.0
and 31.6, respectively).

On the basis of the above comparisons, a decision was
made to use digital images for S4 histology judging. The usage
of digital images not only reduces the risk of loss or damage to
slides but also allows for simultaneous independent assess-
ment of the histology and consequently reduced time to have
completed assessments done by all 3 judges.

DISCUSSION
Biomarker efforts for PD have recently extended to pe-

ripheral tissue biopsy measures of Asyn pathology. Two
MJFF-sponsored multicenter studies of colon Asyn have indi-
cated that prior replication failures amongst a number of single

FIGURE 2. Photomicrographs of autopsy sections immunohistochemically stained for pathological Asyn by the 2 compared
methods illustrating common types of presumptively specific staining. Specific versus non-specific staining morphologies have
been defined by their neuronal or non-neuronal appearance and empirically by their differential presence in normal control
subjects versus subjects with autopsy-confirmed PD or other Lewy body diseases. Immunoperoxidase reaction product is brown,
the counterstain is blue. Panels (A–E) are of sigmoid colon, (F–J) of skin from scalp, and (K–O) of submandibular gland. Most
staining features were seen with both staining methods. (A) Several “beaded” fibers, consistent with axons, within the lamina
propria (5C12 method). (B, C) Short fibers and puncta, the former consistent with axons, the latter consistent with presynaptic
terminals or dystrophic neurites, within a ganglion of the submucosal plexus ([B] with the 5C12 method, [C] with the Nantes
method). (D) Short perivascular fibers (arrow) and puncta, consistent with axons, within the submucosa (5C12 method). (E)
Longer fiber, consistent with an axon, closely applied to the abluminal surface of a blood vessel within the submucosa (arrow;
5C12 method). (F, G) Fibers consistent with axons (arrows point to examples), within small nerve fascicles in the dermis ([F]
with Nantes method, [G] with 5C12 method). (H) Fiber consistent with axon (arrow) applied to the ablumenal surface of a
small blood vessel within a cluster of dermal sweat glands (5C12 method). (I) Fine fibers consistent with axons (arrow points to
an example) on the surface of an arrector pili muscle in the dermis (5C12 method). (J) Multiple fibers applied to the ablumenal
surfaces of dermal blood vessels; fibers running in parallel adjacent to 1 vessel are within a small nerve fascicle (5C12 method).
(K) Long fibers (arrow) applied to the ablumenal surface of a blood vessel within the submandibular gland (Nantes method).
Also seen are fibers running in parallel within a small nerve fascicle (arrowhead on left) and puncta presumptively representing
cross-sectioned axons within a nerve fascicle (arrowhead on right). (L) Fibers running in parallel within a small submandibular
gland nerve fascicle (Nantes method); 2 fibers have focal enlargements, consistent with dystrophic change (arrow). (M) Several
fibers consistent with axons amongst serous epithelial cells (5C12 method). (N) Long fiber(s) closely applied to the ablumenal
surface (arrow) of an arteriole within the submandibular gland (5C12 method). (O) Several large nerve fascicles within the
stroma of the submandibular gland, each with numerous immunoperoxidase-stained fibers consistent with axons (5C12
method).
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centers were very likely due to combinations of insufficient
tissue volume, attribution of specificity to non-neuronal mor-
phologies or inadequate training and experience of histology
judges (25, 26). These insights have guided the development
of histology methods for the S4 study, as described here.

The single most critical principle has been the definition
of specific staining as that which is consistent with a neuronal
morphology. While it is still possible that peripheral synu-
cleinopathy in PD may be found in other cell types, it seems
more likely that, as in other neurological disorders that may be

diagnosed by peripheral biopsy, the characteristic pathology
will be restricted to neural tissue elements.

The comparison of 2 IHC methods, developed by the
RICM and Nantes groups, somewhat surprisingly found the
former method, utilizing the 5C12 antibody against unmodi-
fied Asyn, as superior in sensitivity to the monoclonal used by
the Nantes group, against Asyn phosphorylated at serine 129,
while having identical specificity. The Nantes method had the
best performance of several antibodies in the recent MJFF-
sponsored multicenter study of autopsy colon Asyn pathology
(25). The method developed at RICM (see Supplementary
Data Methods section) utilizes the 5C12 antibody against
unmodified Asyn, directed against amino acids 120–140 (45).
While the phosphorylated form of Asyn is thought to be highly
specific for pathological deposition in Lewy pathology, as
mentioned, antibodies against unmodified Asyn may also be
employed, especially with FFPE tissue, as prolonged or heated
formalin-fixation and hot paraffin-embedding often eliminates
most normal Asyn immunoreactivity and pretreatment with
proteinase K or other proteases appears to eliminate any that
remains, while preserving the pathological Asyn aggregates

FIGURE 3. Template used by judges to grade the density of
presumptively specific fibers and puncta representing axons
and presynaptic terminals. Depicted is the appearance with a
40�microscope objective and 10� ocular magnification.

TABLE 2. Characteristics of Study Subjects

Age

Mean (SD)

Gender

(M: F)

PMI

Mean (SD)

Clinical

Symptoms

Years Mean (SD)

UPDRS

Mean (SD)

Unified Lewy

Stage Median

Lewy CNS

Total Score

Mean (SD)

PD (n ¼ 3) 81.0 (6.2) 1: 0 3.19 (1.1) 14.3 (11.2) 40.7 (17.9) IV 29.7 (0.6)

Control (n ¼ 3) 84.0 (7.0) 1: 0 3.36 (1.9) NA 9 (8.5) NA NA

PMI ¼ postmortem interval in hours; clinical symptoms ¼ symptom duration; UPDRS ¼ last motor score prior to death on the Unified Parkinson’s Disease Rating Scale (44);
Unified Lewy Stage ¼ brain stage of LTS according to the Unified Staging System for Lewy Body Disorders (39); Lewy CNS Total Score ¼ mean summary score of LTS density
in 10 standard brain regions (39).

TABLE 3. Diagnostic Performance Using Glass Slides for the 2
Tested Methods, With 2 Independent Blinded Raters, Using
Any Score >0 as the Definition of PD Diagnosis

Rater Sensitivity % Specificity % Density/

Agreement

Anatomical

Site

SMG COL SKIN SMG COL SKIN SMG COL SKIN

5C12

Rater 1 100 100 67 100 100 100 3 1.5 1.8

Rater 2 100 100 67 100 100 100 3 1.2 1.2

Both (mean) 100 100 67 100 100 100 3 1.35 1.5

Agreement

% (PD)

100 16.7 50

Nantes

Rater 1 100 100 33 100 100 100 2.83 1.9 0.08

Rater 2 100 100 33 100 100 100 2.5 1.0 0.08

Both (mean) 100 100 33 100 100 100 2.66 1.45 0.08

Agreement

% (PD)

66.6 50 0

The column headed by “Density/Agreement” lists the mean density scores (only PD
scores were used; scores for subregions were averaged) for each rater. Agreement is the
percentage of scores that were identical for the 2 raters.
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(35). This process needs to be tightly controlled and standard-
ized, however, to avoid also digesting pathological Asyn and
causing deleterious effects on the tissue specimen. As an anti-
body against unmodified Asyn had also proven superior for
identifying brain Asyn pathology, in an earlier multicenter
study (35), to several others including antibodies against phos-
phorylated Asyn, it is possible that Lewy pathology is only
partially composed of phosphorylated Asyn (46) and that
more epitopes are available for antibodies against unmodified

Asyn, allowing better sensitivity. However, the differences be-
tween the highest-performing methods, both in prior studies
(25, 35) and in the study reported here, were not large.

Although this blinded-panel assessment of Asyn pathol-
ogy was intended only to allow comparison of Asyn IHC
methods and digital imaging versus glass slides, the density
and prevalence ranking of the 3 anatomical sites, ie subman-
dibular gland, colon, skin, confirms that established by a much
larger autopsy study (21). The study also suggests that reading
of digital slide images will be suitable for future neuropathol-
ogy studies, confirming a similar conclusion reached by a
group assessing Alzheimer disease histopathology (47).

The most immediate usefulness of biopsies for periph-
eral tissue Asyn pathology, should sensitivity and specificity
be sufficiently high in typical clinical trial PD patients, would
be to improve subject selection for inclusion in trials of Asyn-
targeting agents in early-stage PD. Improving the diagnostic
accuracy with biopsy would result in more PD subjects and
fewer non-PD subjects being included in trials, allowing trials
to be performed with smaller subject numbers and less cost.
Although it is possible that subjects with multiple system atro-
phy (MSA) might have positive peripheral biopsies for Asyn
pathology, their inadvertent inclusion in a clinical trial would
most probably not significantly affect any measured outcomes
as MSA is much less common than PD; multiple system atro-
phy cases total only 2% of PD cases in the AZSAND autopsy
series (44).

Even if not used for subject selection, biopsy data could
be used to separate subjects into 2 groups, the positives and
the negatives, each with possibly different disease characteris-
tics, including perhaps a higher or lower probability of re-
sponse or toxicity to a new treatment, allowing differential
analyses that might save an otherwise negative trial.
A stratified analysis such as this might also be applied to bio-
markers being evaluated in parallel to biopsy, as peripheral tis-
sue evidence of Asyn pathology may prove to be a serviceable
surrogate for autopsy validation.

Perhaps the greatest promise for biopsies is as a direct
measure of the disease-associated molecular pathology. At
present there is no way to directly monitor the response to
anti-synucleinopathy agents, such as Asyn-directed immuno-
therapy. Repeat biopsies separated in time would provide a
means for this, provided that the natural history of peripheral
Asyn pathology is to increase or remain stable over time.
Orimo and colleagues have suggested that peripheral Asyn pa-
thology peaks early in disease and then progressively disap-
pears as nerve fibers die back (48). Fujishiro, Dickson and
colleagues, however, have published evidence that cardiac
Asyn pathology increases with disease duration and severity
(49). Beyond S4, the next priority would be to establish, with
serial biopsies over time, whether Asyn peripheral pathology
can be repeatedly and reproducibly measured in the same sub-
jects. Eventual autopsy of biopsied subjects would relate bi-
opsy findings to final diagnosis and CNS Asyn stage (39).

If the utility of detecting peripheral, pathological Asyn
in tissue biopsies for discriminating PD patients from corre-
sponding non-PD controls can be demonstrated in this and

TABLE 4. Comparison of Blinded Trainee Performance Versus
Blinded Trainer Performance, On Both Glass Slides and Digital
Images, Using Slides Stained With the 5C12 Method

Rater Sensitivity % Specificity % Density

Anatomical

Site

SMG COL SKIN SMG COL SKIN SMG COL SKIN

Glass slides

Trainee 1 100 100 100 100 100 100 3 1.75 2.25

Trainee 2 100 100 67 100 100 100 3 1.2 1.2

Trainee 3 100 100 100 100 100 100 3 1.7 1.3

Trainee 4 100 100 67 100 100 100 3 1.6 1.6

All trainees

(mean)

100 100 83.5 100 100 100 3 1.6 1.6

Trainer 100 100 67 100 100 100 3 1.5 1.8

Digital images

Trainee 1 100 100 67 100 100 100 3 1.3 1.4

Trainee 2 100 67* 100 100 67* 100 2.3 1.4 1.25

Trainee 3 100 100 67 100 100 100 3 1.6 1.1

Trainee 4 100 100 67 100 100 100 3 1.25 1.6

All trainees

(mean)

100 92 75 100 92 100 2.8 1.4 1.3

Trainer 100 100 100 100 100 100 3 1.5 2.1

*Corrected on blinded re-read with corrected sensitivity and specificity of 100%,
second read data used for density calculations.

TABLE 5. Agreement Percentage for Each of the 4 Trainees
Versus the Trainer, for Density Scores on Glass Slides and Digi-
tal Images and Each of the 3 Anatomical Areas, for PD Cases
Only, Stained With the 5C12 Method

Trainee 1 Trainee 2 Trainee 3 Trainee 4 All Trainees

Glass

SMG 100 100 100 100 100

COL 50 17 80 50 49

SKIN 42 50 60 58 52.5

Mean 64 56 80 69 67

Digital

SMG 100 33 100 100 83

COL 67 58 83 83 73

SKIN 25 25 17 50 29

Mean 64 39 67 78 62

Agreement is the percentage of scores that were identical between the trainee and
trainer.
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other clinical studies, the further development of this method
or an equivalent method into a diagnostic solution for PD clin-
ical decision making could be envisioned. This may ultimately
lead to a novel early diagnostic test or a companion diagnostic
assay to accompany anti-synucleinopathy treatments currently
under development. To this end, the current proof-of-concept
assays will need to be optimized and advanced further into an
in vitro diagnostic device whose design and manufacturing
process have been rigorously verified in elaborate analytical
studies to confirm assay precision and robustness as well as a
reproducible manufacturing procedure.
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