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Abstract

Synucleinopathies are a group of neurodegenerative diseases characterized by the accumulation of
insoluble, aggregated a-synuclein (aS) pathological inclusions. Multiple system atrophy (MSA)
presents with extensive oligodendroglial a.S pathology and additional more limited neuronal
inclusions while most of the other synucleinopathies, such as Parkinson’s disease and dementia
with Lewy bodies (DLB), develop aS pathology primarily in neuronal cell populations. a.S
biochemical alterations specific to MSA have been described but thorough examination of these
unique and disease specific protein deposits is further warranted especially given recent findings
implicating the prion-like nature of synucleinopathies perhaps with distinct strain-like properties.
Taking advantage of an extensive panel of antibodies that target a wide range of epitopes within
aS, we investigated the distinct properties of the various types of aS inclusion present in MSA
brains with comparison to DLB. Brain biochemical fractionation followed by immunoblotting
revealed that the immunoreactive profiles were significantly more consistent for DLB than for
MSA. Furthermore, epitope-specific immunohistochemistry varied greatly between different types
of MSA aS inclusions and even within different brain regions of individual MSA brains. These
studies highlight the importance of using a battery of antibodies for adequate appreciation of the
various pathology in this distinct synucleinopathy. In addition, it can be posited that if the spread
of pathology in MSA undergoes prion-like mechanisms, “strains” of a.S aggregated conformers
must be inherently unstable and readily mutable, perhaps resulting in a more stochastic
progression process.
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Leveraging an extensive panel of a-synuclein antibodies that targets a wide range of epitopes, the
authors provide evidence that multiple system atrophy a-synuclein inclusions display distinct
misfolded strain-like characteristics divergent from Lewy body diseases. The findings also indicate
that in multiple system atrophy a-synuclein prion-like strains are likely inherently mutable.

Introduction

Synucleinopathies are neurodegenerative diseases characterized by the aggregation of a.-
synuclein (aS) in the form of pathological inclusions in neurons, and in some diseases in
glia(1-6). In multiple system atrophy (MSA), aS-reactive inclusions are found primarily in
the cytosol of oligodendrocytes, termed glial cytoplasmic inclusions (GCIs), but may also be
less frequently found within neuronal cytoplasmic inclusions (NCIs) or neuronal nuclear
inclusions (NNIs)(7,8). In contrast, in other synucleinopathies, such as Parkinson’s disease
(PD) and dementia with Lewy bodies (DLB), aS pathology characteristically manifests as
Lewy body and Lewy neurite inclusions within neurons(3,9). In MSA, aS pathology
predominantly presents in the striatum, midbrain, pons, medulla, and cerebellum, with the
relative burden of disease varying per region with respect to the disease subtypes of olivo-
ponto-cerebellar atrophy (OPCA, MSA-C) or striatonigral degeneration (SND, MSA-P)(10-
12). In Lewy inclusion diseases, a.S pathology is stratified based on its involvement of
brainstem, limbic, and cortical structures, as well as amygdala and olfactory bulb (13).
Furthermore, as a clinical disease, MSA is consistently the more aggressive synucleinopathy,
with earlier age of onset and a median survival from date of onset of only 9 years. In
comparison, the Lewy Body diseases exhibit a wide variability of progression, in some cases
demonstrating a prodromal period lasting decades and a median post-diagnosis survival in
excess of a decade (14-16).

These distinctive differences between MSA and Lewy Body diseases suggest a significant
difference between the biochemical properties of their respective underlying aggregated
forms of aS. A growing body of in-vitro and in-vivo evidence supports the existence of such
a difference. a.S that polymerizes into fibrils found in MSA GCls possess a wider, more
tubular ultrastructure as compared with Lewy Body fibrillar aS, with additional evidence
suggesting that NCls and NNIs are also distinct pathological structures (1,7,8,17-19).
Gaining traction is the hypothesis that neurodegenerative diseases - including the
synucleinopathies - are in fact “prion-like proteinopathies,” wherein a substrate of aberrant,
misfolded proteins induce (“seed”) the formation and propagation of other aberrant,
misfolded proteins in a progressively magnified manner (4,20,21) This disease model lends
a theoretical scaffold for which to conceptualize the biochemical differences between MSA
and Lewy Body aS. As prion diseases include different “strains” of prion proteins, the
“prion-like proteinopathies” of MSA and Lewy Body diseases could represent different
“strains” of a.-synucleinopathy. Additionally, experimental evidence comparing seeding
capabilities of MSA and PD patient brain samples further supports the idea that the MSA a.S
strain represents a unigue entity (22-24).

Immunohistochemistry (IHC) for a.S represents one of the most commonly used adjunctive
tools used in the neuropathological assessment of the a-synucleinopathies in post-mortem
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human brain tissue. Currently, the same aS-antibodies are applied to the evaluation of both
MSA and the Lewy Body diseases. Given the growing evidence in support of distinctive
biochemical aS strains, a “one antibody fits all” approach to evaluating these diseases may
be inadequate. We previously described a panel of antibodies capable of targeting a wide
range of epitopes of a.S (25). These antibodies displayed various affinities for aS when
comparing synucleinopathies, and as such, represent a set of highly valuable reagents to
investigate modifications, structural or post-translational, which could contribute to or help
define individual aS strains. Utilizing this antibody panel exhibiting a diverse a.S epitope
repertoire, we set out to investigate MSA as a unique synucleinopathy by
immunohistochemically describing the disease in the context of aS-specific alterations.

Materials and Methods

Autopsy case material

Human brain tissue was obtained through the University of Florida Neuromedicine Human
Brain Tissue Bank according to protocols approved by the Institutional Review Board. Post-
mortem pathological diagnoses were made according to neuropathological criteria proposed
by the Neuropathology Working Group on MSA (26). Six MSA cases were studied that
included the two major pathological subtypes: striato-nigral degenerations (SND/MSA-P: 4
cases, ID #’s 1, 2, 3, and 5) and olivo-ponto-cerebellar atrophies (OPCA/MSA-C: 2 cases,
ID #’s 4 and 6). These were classified into the different subtypes based on clinical
presentation and distribution of a.S pathology burden (10-12). For immunoblot analysis and
comparison to MSA, controls were obtained from cerebellar white matter of three aged
patients without neurological disease. Cingulate cortex gray matter from three cases of DLB
and two aged patients without neurological disease were also obtained for comparison
(Table 1).

Immunoblotting analyses

Protein samples were resolved by electrophoresis on 15% polyacrylamide gels, then
electrophoretically transferred to 0.2um pore size nitrocellulose membranes in carbonate
transfer buffer (10 mM NaHCO3, 3 mM Na2CO3, pH 9.9, 20% methanol). Membranes
were blocked with 5% milk in Tris-buffered saline (TBS) for 1 hour, then incubated
overnight at 4°C with primary antibodies diluted in 5% milk/TBS. Following washing with
TBS, blots were incubated with HRP conjugated goat anti-mouse secondary antibodies
(Jackson Immuno Research Labs, West Grove, PA) diluted in 5% milk/TBS for 1 hour.
Following washing with TBS, protein bands were visualized using Western Lightning-Plus
ECL reagents (PerkinElmer, Waltham, MA) and images were captured using the
GeneGnome XRQ system and GeneTools software (Syngene, Frederick, MD).

Immunohistochemistry

Paraffin embedded, formalin fixed, sequential tissue sections were deparaffinized with
xylenes, and sequentially rehydrated with graded ethanol solutions (100-70%). Antigen
retrieval was performed by incubating sections in 0.05% Tween-20 in a steam bath for 60
minutes. Endogenous peroxidase activity was quenched with 1.5% hydrogen peroxide/
0.005% Triton-X-100/PBS for 20 minutes followed by a thorough wash in running water.
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Slides that received additional formic acid antigen retrieval were immersed in 70% formic
acid for 30 minutes at room temperature following quenching of endogenous peroxidase
activity and then washed in running water for 30 minutes. Slides that received additional
proteinase K antigen retrieval were immersed in 50 pg/mL PK (Roche Molecular
Biochemicals, Mannheim, Germany) in PK buffer (10 mM Tris-HCI, pH 7.8, 200 mM NacCl,
0.1% Nonidet-P40) for 1 h at 55 °C then washed in running water for 30 minutes. Sections
were blocked with 2% FBS/0.1 M Tris, pH 7.6 then incubated with primary antibody
overnight at 4°C. Following washing with 0.1 M Tris, pH 7.6, sections were incubated with
biotinylated horse anti-mouse IgG (Vector Laboratories, Burlingame, CA) diluted in 2%
FBS/0.1 M Tris pH 7.6 for 1 hour. Sections were then washed with 0.1 M Tris, pH 7.6, and
incubated with streptavidin-conjugated HRP (Vectastain ABC kit; Vector Laboratories,
Burlingame, CA) diluted in 2% FBS/0.1 M Tris pH 7.6 for 1 hour. Sections were washed
with 0.1 M Tris, pH 7.6, and then colorimetric development was completed using 3,
3’diaminobenzidine (DAB kit; KPL, Gaithersburg, MD). Reactions were stopped by
immersing the slides in 0.1 M Tris, pH 7.6, and sections were counterstained with Mayer’s
hematoxylin (Sigma Aldrich, St. Louis, MO). Slides were dehydrated with an ascending
series of ethanol solutions (70%-100%) followed by xylenes, and coverslipped using
cytoseal (Thermo Scientific, Waltham, MA). Inclusion pathology was observed and
qualitatively assessed by two independent observers and confirmed by a third.

Sequential biochemical fractionation of human nervous tissue

Tissues were frozen at —80°C and thawed on ice on day of processing. MSA samples were
retrieved from subcortical cerebellar white matter of cases 2, 3 and 4, and DLB samples
were retrieved from cingulate cortex gray matter. Control cases for cerebellar white matter
and control cases for cingulate cortex gray matter were retrieved from control patients
without neurological disease. As depicted in Fig. 1, nervous tissue was homogenized with 3
volumes per gram of tissue with high salt (HS) buffer (50 mM Tris, pH 7.5, 750 mM NacCl,
20 mM NaF, 5 mM EDTA) containing protease inhibitor cocktail (1 mM
phenylmethylsulfonyl fluoride and 1 mg/ml each of pepstatin, leupeptin, Ntosyl-L-
phenylalanyl chloromethyl ketone, N-tosyl-lysine chloromethyl ketone and soybean trypsin
inhibitor). The HS tissue homogenates then underwent sedimentation at 100,000 x g for 20
minutes and the supernatants were saved as the HS fraction. Pellets were resuspended in 3
volumes per gram of tissue with HS buffer with 1% Triton X-100 (HS/T buffer) and
centrifuged at 100,000 x g for 20 minutes. The supernatants were saved as the HS/T
fraction. The pellets were then homogenized in 3 volumes per gram of tissue with HS buffer
with 1 M sucrose and centrifuged at 100,000 x g for 20 minutes to float the myelin, which
was discarded. Pellets were homogenized in 2 volumes per gram of tissue with
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 5 mM
EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing protease inhibitors
and centrifuged at 100,000 x g for 20 minutes. Supernatants were saved as the RIPA
fraction. Pellets were then homogenized in 1 volume per gram of tissue with 2% SDS/4 M
urea by probe sonication and saved as the Urea/SDS fractions. Protein concentrations of all
fractions were determined by BCA assay using bovine serum albumin as the standard. SDS
sample buffer was added to sequential fractions which were incubated for 10 minutes at
100°C for the HS fraction or at room temperature for SDS/U fraction, and then frozen at
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-80°C. Equal amounts of protein (20 pg for HS and 10 pg for SDS/U fractions) were
resolved by SDS-PAGE and analyzed by immunoblot.

Mouse monoclonal antibodies 4A7 and 5D12 were generated against a synthetic peptide
(CTKQGVAEAAGKTKEGVLYVGS) corresponding to amino residues 22—-42 in human a.S
with an added N-terminal Cys generated as a service by Genescript and conjugated to Imject
maleimide activated mariculture keyhole limpet hemocyanin (mcKLH; Thermo Scientific,
Waltham, MA). Similarly, antibody 3H11 was generated with a synthetic peptide
(CKTKEGVVHGVATVAEKTKEQ) corresponding to amino residues 43-62 in human a.S
and conjugated to mcKLC. These antibodies were generated by immunizing mice and
procedures previously described in Dhillon et. al. 2017 (25). Other non-phospho-specific
antibodies SNL4, 9C10, 33A-3F3 and 94-3A10 were previously described (25,28). aS
phospho-Ser129 (pSer129) antibodies 81A and LS4-2G12 were previously characterized
(27,29,30) and EP1536Y was obtained from Abcam (Table 2).

To investigate the immunoreactive profiles of aS found within glial and neuronal inclusions
of MSA we utilized six cases of pathologically confirmed MSA and performed
immunohistochemistry on three brain regions commonly affected; cerebellum, pons, and
striatum (Table 1). These cases were probed with several a.S antibodies, with epitopes
spanning the a.S protein, and qualitatively graded based on staining intensity of GClIs, NCls,
and NNIs on a four-tiered scale, with “0” representing non-reactivity, “1” mild, “2”
moderate, and “3” representing the strongest level of reactivity (Table 2, Fig 2). Differences
in antibody reactivity profiles did not delineate MSA subtypes, nevertheless, GCI pathology
was most consistently detected with antibodies EP1536Y and 94-3A10. N-terminal
antibodies, with the exception of SNL-4, were the least immunoreactive for GCls.
Antibodies 4A7, 5D12, and 3H11 were generally less robust in detecting GCI pathology
across cases, were still capable of targeting NCls, but never identified NNIs. Antibodies
33A-3F3, 81A, and LS4-2G12 displayed a generally modest reactivity for GCls,
occasionally reaching qualitative grade 3 in pathology burden for select cases and brain
regions. Staining profiles for neuronal inclusion pathology proved to be markedly variable
between antibodies. With respect to the cerebellum, across cases, no NNIs were observed,
and NCls were sporadically detected by certain antibodies in cases 3, 4, and 5 (Fig. 2A).
Antibodies EP1536Y and 94-3A10, reliably detected GCls in the cerebellum of each case,
but were observed to highlight the NCls of different cases, indicating variations at specific
epitopes between cases with respect to neuronal inclusions. In the pons and striatum, NCls
and NNIs were generally more readily detectable, but variability between the cases in which
they were detected, as well as inclusion type (nuclear vs. cytoplasmic), was once again
apparent (Figs. 2B and 2C).

Antibodies SNL-4, 33A-3F3, 81A, and 94-3A10 were found to produce varying degrees of
nonspecific background staining across all brain regions and cases. Additionally, antibodies
SNL-4, 33A-3F3, 81A, LS4-2G12, EP1536Y, and 94-3A10 consistently detected gray
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matter neurites in the pons of cases 2, 3, 4, and 6. The pons of case 5 was not fully
retrievable during dissection, and ultimately consisted of predominantly middle cerebellar
peduncle, accounting for the lack of observable neurites and neuronal inclusions. Case 1,
which displayed a marked reduction in N-terminal immunoreactivity across brain regions,
was notably free of neurites within the pons. Neurites were also detected in the cerebellum
of every case except case 4 by antibody 81A. Antibody 81A was the only antibody that
revealed white matter axonal reactivity, attributable to its known cross reactivity with
neurofilament protein (30).

To better understand the protein alterations associated with varied histological
immunoreactivity on GCIs, cerebellar subcortical white matter was harvested from cases 2,
3 and 4 and subjected to sequential biochemical fractionation followed by immunoblotting
with select antibodies targeting epitopes that span the a.S protein (Fig 3). Cases 2, 3 and 4
correspond to lanes M1, M2, and M3, respectively. For comparison we also performed
similar analysis from the cingulate cortex of DLB patients with abundant Lewy pathology.
All the high salt (HS) soluble fractions from control, MSA and DLB patients contained a.S,
but only the SDS-urea fractions from MSA and DLB patients presented with a.S consistent
with the disease-specific aggregation of aS. Modified or aggregated forms of a.S migrating
as higher molecular mass species on SDS-PAGE were more readily detected with antibodies
within the N-terminal region of aS (Fig. 3). In addition, the banding pattern profiles for
these higher molecular species was more consistent for DLB extracts than for MSA.

Since the various epitopes were present to some degree in each biochemical fraction but in
many cases were not readily identifiable through IHC, we subjected MSA case 1 to
additional antigen retrieval with formic acid (Fig. 4 and Fig 5). Antigen retrieval with
proteinase K proved counter-productive, as it disrupted the tissue and prevented adequate
antibody detection (data not shown). With the addition of formic acid antigen retrieval, every
antibody showed an increase in staining intensity, and GCls that were previously
unappreciated by certain antibodies became readily detectable. Furthermore, additional
antigen retrieval revealed a greater burden of neuronal pathology, with both nuclear and
cytoplasmic inclusions that were previously undetectable by even our most proficient
antibody, 94-3A10. With such a profound effect on MSA pathology we conducted
comparative investigation of formic acid antigen retrieval on cingulate cortex tissue from the
three DLB cases utilized in the immunoblotting analysis with the relatively strongest
antibody 94-3A10, and one of our relatively weakest, 4A7 (Fig 6). Antibody 94-3A10 was
largely unaffected by additional antigen retrieval when observing Lewy bodies but detection
and relative burden of Lewy neurites was markedly enhanced. In contrast, without formic
acid antigen retrieval antibody 4A7 detected Lewy bodies mild to moderately and did not
identify Lewy neurites. With additional antigen retrieval Lewy body detection was increased
and Lewy neurites could be identified.

Discussion

We previously reported on the relative ability of our panel of antibodies to detect a.S
pathology in different models of synucleinopathy (25). These antibodies revealed significant
variation in the immunoreactive presentation of a.S across synucleinopathies, confirming
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previous reports on the biochemical distinctions that exist between the aS inclusions in
MSA and the a.S inclusions present in Lewy body diseases (31). To investigate this further,
we examined the cerebellum, pons, and striatum of six individuals with pathologically
confirmed MSA. Immunohistochemical analysis revealed substantial variation in aS protein
deposition across cases, and across different brain regions within individual cases.

In line with prior investigations we found GCls to be the predominant form of S pathology
(11,26,32,33). The only correlation with respect to MSA subtype and inclusion formation
can be found in striatal neuronal inclusions. Cases 1, 2, 3, and 5 are of the MSA-P subtype
while cases 4 and 6 were determined to be MSA-C. Throughout the cerebellum and pons no
stratification can be seen in terms of cell inclusion tropism or staining intensity with relation
to MSA subtype. In striatal sections however, neuronal inclusions can only be found in
MSA-P cases. This finding requires further verification as our relatively small sample size
likely does not represent the entire breadth of this disease, which has been shown to vary
substantially in previous reports (10,34,35). These striatal neuronal inclusions were not
completely detectable by any one antibody as a.S pathology burden varied widely, for
example case 1 was markedly less burdened by aS pathology with inclusions that were less
detectable.

The performances of antibodies 94-3A10 and EP1536Y were particularly notable,
demonstrating consistently robust reactivity for GCI a.S across all cases and brain regions.
While both antibodies had a tendency to produce a mild, nonspecific background blush, and
highlighted neurites in gray matter structures (most saliently in the pons), they did not show
cross-reactivity for axonal neurofilament such as that exhibited by antibody 81A (30). Every
antibody was adept at detecting varying forms of neuronal pathology but did so in case and
brain region dependent manner. 94-3A10 and EP1536Y consistently exhibited the highest
staining intensity for these relatively rarer inclusion types, providing for qualitatively easier
detection. It is interesting to note that while 94-3A10 and EP1536Y showed similarly robust
neuronal inclusion staining, for a given case in which both antibodies showed neuronal
pathology, the brain regions in which they detected neuronal pathology differed. These
results indicate that MSA neuronal a.S inclusions may in fact exhibit significant inclusion
variability between brain regions within even a single patient, such that in order to fully
appreciate the full extent of neuronal a.S pathology in MSA, the use of multiple a.S
antibodies with differential epitope specificities is necessary. In practical terms, these results
show that 94-3A10 and EP1536Y represent comparably robust immunohistochemical
markers of both glial and neuronal a.S inclusions in MSA, exhibiting improved specificity
for a.S pathology over antibody 81A with regard to their lack of cross-reactivity for axonal
neurofilament and reactivity to the diverse protein deposits.

Biochemical fractionation analysis of MSA cerebellar white matter and DLB cingulate
cortex gray matter revealed unique immunoblot protein banding profiles that showed
considerable variation between different types of synucleinopathies, but that were more
conserved for DLB while quite variable in patients with MSA. This variation could represent
disease dependent processes that cause recognizable alterations to specific epitopes, as
suggested by the distinctive banding patterns between diseases. Generally, N-terminal
antibodies displayed the greatest reactivity for higher molecular mass a.S species on SDS-
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PAGE but also presented with more discrepancies in staining intensity by
immunohistochemistry, indicating that this region of the protein undergoes disease specific
alterations that may differentiate the underlying pathogenesis of these two distinct
synucleinopathies.

While the trend towards the N-terminus being less immunoreactive was still apparent, the
use of additional antigen retrieval in the form of formic acid exposed the presence of the
entire a.S protein within GCIs. Moreover, these experiments revealed epitope modifications
that appear to differ between brain regions. This is exemplified by antibody 33A-3F3, which
detected a.S pathology in the cerebellum without formic acid but lost GCI reactivity to a
degree in the pons and became thoroughly absent in the striatum, requiring formic acid
antigen retrieval for adequate visualization (Fig. 5B). This would indicate that within a
single patient a.S undergoes modifications that differ between brain regions, such that
identifying one “protein strain” as the pathological culprit in a patient might not account for
all variations that have developed. There is evidence that suggests that the cellular
environment can be responsible for the formation of distinct strains of a.S, but as our data
demonstrates, pathology can vary substantially within the same brain region across patients
suggesting additional disease processes (24).

We previously described significant immunohistochemical differences between
synucleinopathies during our previous pathological assessments using an extensive panel of
aS antibodies, demonstrating that N-terminal a.S antibodies strongly detected Lewy body
inclusions while very weakly labelling GClIs (25). To complement these findings we
performed formic acid antigen retrieval on DLB cases with an N-terminal a.S specific
antibody (4A7) and a C-terminal aS specific antibody (94-3A10). Immunoreactivity of
Lewy bodies was not significantly increased with formic acid retrieval for 94-3A10 while
Lewy neurite labelling was somewhat enhanced. In contrast, we noted improved labeling of
Lewy bodies and Lewy neurites for 4A7, however this was not as striking as for MSA
pathology, suggesting disease-specific altered conformations or post-translational
modifications akin to prion-like strain properties.

For a given disease like MSA, current diagnostic tools do not address the variability of
which aS is capable, and as our findings suggest, not even within even a single patient. The
necessity for additional antigen retrieval in visualization of amyloid-g deposits in
Alzheimer’s disease patients has been previously established and current investigative
methods for detection of amyloid beta pathology now use these additional methods for better
appreciation of disease burden (36,37). Investigations of variability in aS pathology based
upon differing forms of antigen retrieval were conducted around the same time in Lewy
body diseases by Beach et al. (38) but as MSA likely represents a unique subset of
synucleinopathy diseases, and as the results herein suggest, future examination of a.S in
tissue samples from patients with synucleinopathy disease should include formic acid
antigen retrieval and several antibodies to fully visualize all aspects of pathology (38). While
our proteinase K protocol was ineffective, possibly due to its addition to a steam bath as
opposed to in lieu of one, this does not mean a thorough investigation of differing proteinase
K antigen retrieval methods will not reveal additional information.
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Our current findings may present matters to consider for those undertaking the task of
consolidating a stratification scheme to MSA, such as that which exists for the Lewy Body
diseases. Well-designed studies have investigated the distribution of MSA inclusions
throughout the human neuraxis across cases of variable disease duration and a.S burden, in
an effort to elucidate an orderly topographic progression (11,32,33). Our findings suggest
that the challenge of identifying an orderly progression of inclusions in MSA - from which a
grading construct may ultimately be derived - is further compounded by the limitations of
adopting approaches utilizing only a single antibody to identify oS pathology. To appreciate
the true total burden of MSA inclusion pathology, both glial and neuronal, it may in fact be
necessary to expand from the solitary lens of the pSer129 epitope. Additionally, the
limitation of a solitary epitope approaches may well have ramifications with respect to our
understanding of disease pathophysiology. Previous studies have noted that neuronal loss in
MSA correlates imperfectly with the presence of local neuronal inclusions, leading
investigators to infer that neuronal loss may rather be predominantly a result of glial white
matter pathology, both local and distant (19,39-41). Our findings, however, indicate that
neuronal inclusions “invisible” to pSer129 antibodies may be highlighted by antibodies
specific to different epitopes, such as 94-3A10, and additional antigen retrieval. Thus, areas
of neuronal loss thought to be devoid of neuronal inclusions may in fact show neuronal a.S
burden through an expanded antibody toolkit, modifying our understanding of pathologic
relationships within MSA.
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Figurel.
Sequential biochemical fractionation flow diagram.
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Figure 2. Immunohistochemical grading of aS pathology in different M SA cases.
A panel of aS antibodies was for the immunohistochemical staining of six confirmed cases

of MSA in the cerebellum (A), pons (B), and striatum (C). Glial cytoplasmic inclusions (red
bars), neuronal cytoplasmic inclusions (blue bars), and neuronal nuclear inclusions (green
bars), were graded on a qualitative assessment of staining intensity by two independent
observers and confirmed by a third. The findings are summarized as (0) absent, (1) mild, (2)
moderate, and (3) strong.
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Figure 3. Biochemical comparisons of aSimmunological profilesin MSA and DLB brain
specimens.

Immunoblot comparison of aS found in the cerebellum white matter of MSA case 2 (lane
M1), case 3 (lane M2), and case 4 (lane M3), with a.S found in cingulate cortex of three
confirmed DLB patients (D1, D2, and D3). Control samples C1, C2, and C3 come from
cerebellar white matter (WM) of patients with no neurodegenerative phenotypes, and control
sample C4 and C5 come from cingulate cortex gray matter (GM) of patients with no
neurodegenerative phenotypes. Samples were sequentially fractionated as described in
“Materials and Methods”. Soluble high salt compared to detergent insoluble and urea/SDS
samples from each case were loaded on separate lanes of SDS-polyacrylamide gels that were
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then analyzed by immunoblotting with the respective a.S antibodies as indicated above each
panel. The mobilities of molecular mass markers are indicated on the left of each blot. The
arrows on the right depict monomeric a.S.

Lab Invest. Author manuscript; available in PMC 2020 July 01.



1duosnuey Joyiny

Dhillon et al. Page 16

MSA
Case 1
3

> b N D b A0 > 9 NOOD A RN VR Q
R R T K SRR S SRS L e R I G R S A S IR A
> 9 ¥ NN @ ¥ WS & 9 D WV 07 (P

& & d N G S F KL X
Cerebellum Pons Striatum

Figure 4. Formic acid antigen retrieval of glial cytoplasmicinclusion pathology.
Immunohistochemical grading of glial cytoplasmic inclusion pathology in case 1 by a panel

of a.S antibodies in the cerebellum, pons, and striatum, comparing additional formic acid
antigen retrieval (blue bars), to standard steam bath (red bars). Qualitative assessment of
staining intensity was completed by two independent observers and confirmed by a third; the
finding are summarized as (0) absent, (1) mild, (2) moderate, and (3) strong.
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Figure 5. Representative immunohistochemistry of formic acid antigen retrieval on M SA tissue.
Immunohistochemical staining of MSA case 1 in the cerebellum, pons, and striatum, with

(+) and without (=) additional formic acid antigen retrieval utilizing antibodies 94-3A10
(A), 33A-3F3 (B), 3H11 (C), 4A7 (D), and 9C10 (E). Bar = 50 pm.
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Figure 6. Representative immunohistochemistry of formic acid antigen retrieval on DLB tissue.
Immunohistochemical staining of DLB case 2 in the cingulate cortex gray matter, with (+)

and without (=) additional formic acid antigen retrieval, utilizing antibodies 94-3A10 and
4A7. Arrows indicate Lewy bodies and arrowheads indicate Lewy neurites. Bar = 50 um.
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Table 2.

aS antibodies utilized in the studies with their respective epitopes.

Antibody

SNL-4

1F11 | 9C10

4A7 | 5D12

3H11

33A-3F3

81A

LS4-2G12

EP1536Y

94-3A10

Epitope

2-12

2-22

22-42

43-62

120-125

pSer129

130-140
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