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Abstract

The protein a-synuclein (asyn) forms pathologic aggregates in a number of neurodegenerative diseases including
Lewy body dementia (LBD) and Parkinson’s disease (PD). It is unclear why diseases such as LBD may develop
widespread asyn pathology, while in Alzheimer’s disease with amygdala restricted Lewy bodies (AD/ALB) the asyn
aggregates remain localized. The amygdala contains asyn aggregates in both LBD and in AD/ALB; to understand
why asyn pathology continues to progress in LBD but not in AD/ALB, tissue from the amygdala and other regions
were obtained from 14 cases of LBD, 9 cases of AD/ALB, and 4 controls for immunohistochemical and biochemical
characterization. Utilizing a panel of previously characterized asyn antibodies, numerous unique pathologies
differentiating LBD and AD/ALB were revealed; particularly the presence of dense neuropil asyn aggregates,
astrocytic asyn, and asyn-containing dystrophic neurites within senile plaques. Within LBD, these unique
pathologies were predominantly present within the amygdala. Biochemically, the amygdala in LBD prominently
contained specific carboxy-truncated forms of asyn which are highly prone to aggregate, suggesting that the
amygdala may be prone to initiate development of asyn pathology. Similar to carboxy-truncated asyn, it was
demonstrated herein that the presence of aggregation prone A53T asyn is sufficient to drive misfolding of wild-
type asyn in human disease. Overall, this study identifies within the amygdala in LBD the presence of unique strain-
like variation in asyn pathology that may be a determinant of disease progression.
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Introduction localized to the amygdala [3, 37, 73, 84, 102]. asyn

Aggregates comprised of the pre-synaptic neuronal pro-
tein, a-synuclein (asyn), are the major component in
Lewy body (LB) inclusions that pathologically define
Parkinson’s disease (PD) and Lewy body dementia (LBD)
[52, 96]; additionally 40-60% of Alzheimer’s disease
(AD) cases display LBs that are most commonly
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aggregates are not merely associated with these diseases
but in fact can have etiologic roles, whereby aggregation
promoting point mutations (A53T in particular) in the
SNCA gene encoding asyn have been discovered to
cause familial PD/LBD [15, 20, 83]. It is unclear what
factors prompt physiologic asyn to misfold and form
pathologic inclusions, however once formed these aggre-
gates are key to disease progression as they can likely
spread between cells and induce further pathology along
with resultant cellular toxicity in a prion-like fashion
[21, 54, 103, 110]. Prominent in synucleinopathies is the
occurrence of post-translational modifications of asyn
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which may influence the tendency of the protein to mis-
fold and aggregate; in disease, 90% or more of asyn
becomes phosphorylated at Ser129 and 10-20% may be-
come carboxy (C)-terminally truncated within LB
enriched extracts [2, 4, 53, 60, 62]. C-terminal truncation
of asyn in particular may be crucial, as these species ag-
gregate even more readily than disease-causal mutant
forms of asyn [16, 40, 41, 71, 72, 90, 93]. Another im-
portant modulator of asyn pathology in LBD and AD is
concurrent AD pathologic changes such as tau neurofib-
rillary tangles and AP plaques which are present at a
moderate to severe stage in the majority of LBD cases
and worsen clinical outcomes [43, 44, 97, 100]. Tau and
AP purportedly harbor prion-like properties similarly to
asyn and have in-vitro demonstrated the capacity to
cross-seed asyn aggregation [32, 38, 77, 95] which may
be evidenced in human disease by lesions containing
both misfolded tau and asyn within the same cell; these
co-localized aggregates are often within the medial tem-
poral lobe (MTL) of LBD patients [33, 46, 49, 88].

The prion-like spread model of asyn pathology is com-
plicated due to the presence of atypical synucleinopa-
thies that do not conform to typical staging schema of
caudal to rostral spread [11, 39, 48, 85, 100]; in particu-
lar, AD with amygdala predominant LB pathology (AD/
ALB) is especially confounding as extensive asyn aggre-
gates may be predominantly present within just one
brain region and lack evidence of initial pathology else-
where or continued spread to other regions [37, 100,
102]. Furthermore, different synucleinopathies appear to
have separate patterns of regional initiation and progres-
sion of pathology; asyn aggregation in the brain purport-
edly begins within autonomic medullary neurons in PD
temporally succeeded by mesencephalic and telence-
phalic regions which contrasts with LBD in which
olfactory and limbic structures may display extensive
pathology with minimal midbrain involvement [10, 48,
49, 52, 100, 112]. In addition to heterogeneity in patho-
logic progression, asyn aggregates can appear in a num-
ber of different morphologies in the same brain
including Lewy neurites (LNs), cortical LBs, classical
brainstem LBs with a clearly defined core and halo, and
other forms often distinct across anatomic regions [24,
36, 49, 105]. Separate types of Lewy pathology may cor-
relate with symptomatic progression differentially; for
example, it has been suggested that small, neuritic aggre-
gates of asyn present in the cortex predict symptomatic
severity superiorly to the presence of cortical LBs alone
[14, 59, 89]. Similarly, total burden of Lewy pathology
within the SNpc to include smaller neuropil aggregates
predicted the degree of striatal dopaminergic deficit
whereas counts of only brainstem type LBs did not cor-
relate with severity of dopaminergic loss [57]. The diver-
sity of pathologic presentations of synucleinopathies
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both between and within disease types has been noted
extensively in support of the notion that different
“strains” of pathologic asyn may occur [23, 79, 81].

If the prion-like hypothesis of asyn aggregation holds
true, then therapeutic approaches should focus on brain
regions not only in which aggregates initially form, but
as well those in which more fulminant “strains” occur
which may be evidenced by biochemically and histo-
chemically unique properties of asyn pathologies [23, 26,
80]. The amygdala is an optimal brain region to study in
relation to factors governing the transition of LB path-
ology from an incidental and localized finding as is the
case in AD/ALB [74, 86, 102] and possibly incidental
Lewy body disease (iLBD) [25, 30, 64] versus a toxic,
seemingly prion-like neurodegenerative disorder in LBD
and PD. Furthermore, the amygdala is uniquely vulner-
able in a number of neurodegenerative diseases as it is
afflicted early on in multiple disorders and prone to de-
velop concurrent pathologies [73]. This study aims to
define the biochemical and immunohistochemical differ-
ences in the intrinsic nature of Lewy related pathology
(LRP) within the amygdala in LBD compared with AD/
ALB to reveal the molecular alterations in pathologic
asyn aggregates associated with pathology that remains
localized in AD/ALB but not LBD. Additionally, the
LBD amygdala was compared with other brain regions
in LBD to probe for differences in pathology that may
underlie the early involvement of the amygdala com-
pared to the midbrain and higher cortical regions.

Materials and methods

Autopsy case material

Human brain tissue was obtained through the University
of Florida Neuromedicine Human Brain Tissue Bank in
accordance with institutional review board approval.
Post-mortem pathological staging and diagnoses were
made according to respective neuropathological criteria
for AD and LBD [42, 70]. Apolipoprotein E (APOE)
genotypes were determined by genotyping SNPs rs7412
and rs429358 using TagMan SNP genotyping assay
(ThermoFisher). For immunohistochemical studies,
sections from the cingulate cortex, amygdala, and mid-
brain of 9 formalin fixed cases of diffuse LBD and 9 for-
malin fixed cases of AD/ALB were used. Some studies
included midbrain and hippocampus sections from a
previously described patient with the SNCA A53T muta-
tion [27]. For biochemical fractionation and comparison,
frozen brain tissues from the medial temporal lobe,
amygdala, or cingulate cortex grey matter from 8 cases
of diffuse LBD, 2 cases of AD/ALB, and 4 controls were
used. In total, the case selection includes 14 sporadic
LBD, 1 familial PD/LBD, 9 AD/ALB, and 4 controls
without synucleinopathy (Table 1).
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Table 1 Autopsy case demographics
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Age at Onset  Age at Death  Pathology Diagnosis APOE  Braak Stage Thal Phase CERAD Score IHC Biochem
LBD
Case 1 71 81 LBD/AD/CAA €3/e3  V-VI 5 a ACM -
Case2 €0 68 LBD/AD/CAA €3/e4 VI 5 a ACM C
Case3 70 83 LBD/AD €3/e4 VI 5 3 ACM -
Case4 70 80 LBD/AD €3/e3 |l 3 2 ACM -
Case5 73 80 LBD/AD €3/e4 VI 5 a A CM MITL
Case 6 51 62 LBD/AD €3/e3 |l 5 (@] ACM -
Case 7 63 67 LBD/AD €3/e4 Il 4 a A CM A MTL
Case8 62 67 LBD/AD e3/e4 Il 3 al ACM -
Case9 84 90 LBD/AD €3/e3 Il 5 @) ACM -
Case 10 67 72 LBD/AD €2/e3 V-Vl 3 2 -
Case 11 59 66 LBD/AD/CAA €3/e4 IV 2 a -
Case 12 40 78 LBD/AD/CAA €3/e3 IV 3 (€] - MTL
Case 13 64 74 LBD/AD/CAA €2/e4 VI 5 @) - MTL
Case 14 62 68 LBD/AD ed/e4 vV 3 a - MTL
AD/ALB
Case 15 (>90) (>90) AD/CAA €2/e3 V-V 3 a ACM -
Case 16— 82 AD €2/e3 Il 3 @ ACM -
Case 17 58 63 AD €3/e3 VI 3 c3 ACM -
Case 18 75 83 AD/CAA e3/ed V 3 2 ACM -
Case 19 62 77 AD/PSP - Il 3 (@) ACM -
Case 20 57 64 AD/CAA €3/e3 V 5 (@] A CM MITL
Case 21 40 77 AD/CAA €2/e3 |l 2 2 A CM  MTL
Case 22 (>90) (>90) AD/CAA €3/e3 VI 4 a ACM -
Case 23 53 67 AD €3/e3 VI 3 c3 ACM -
Controls
Case 24 - 87 No neurological diagnosis €2/e3 0 0 0 - MTL
Case 25 56 67 FTLD-TDP €3/e3 0 0 0 - MTL
Case 26 - 82 Cerebrovascular arteriolosclerosis  €2/e3 |l 2 @ - C
Case 27 - 52 No neurological diagnosis €3/e4 |l 2 @ - @

LBD Lewy body dementia, AD Alzheimer’s disease, AD/ALB Alzheimer’s disease with Amygdala restricted Lewy bodies, CAA cerebral amyloid angiopathy, PSP
progressive supranuclear palsy, FTLD-TDP frontotemporal lobar degeneration with TAR DNA-binding protein 43 inclusions, APOE apolipoprotein E, A amygdala, C

cingulate cortex, M midbrain, MTL medial temporal lobe

Transgenic mouse tissue

Hemizygous M83 transgenic mice overexpress human
asyn harboring the A53T mutation and when intra-
muscularly seeded with pre-formed asyn fibrils they
accumulate pathologic inclusions that spread throughout
most of the neuro-axis [94]. Hemizygous M20 mice
overexpress wild type (WT) human asyn and when
intra-cerebrally injected with preformed asyn fibrils de-
velop extensive asyn pathology [91]. Paraffin embedded
sections from the brains of the M20 and M83 mouse
lines, induced to develop pathology, were obtained in
order to confirm the specificity of antibody 3H11.

Antibodies

Anti-phosphorylated Ser129 (pSer129) asyn rabbit
monoclonal antibody EP1536Y was obtained from
Abcam (Cambridge, MA). Antibodies 9C10 and 94-
3A10 are mouse monoclonal antibodies specific for N-
terminal (2-21) or C-terminal (130-140) residues of
asyn respectively [22]. Antibody 3H11 is a mouse mono-
clonal antibody raised against central residues (43-63)
of human asyn that does not react with asyn harboring
the A53T mutation [23, 92]. Antibody 5G4, a mouse
monoclonal antibody raised against central residues (44—
57) with high affinity for oligomeric asyn, was obtained
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from MilliporeSigma (Burlington, MA, USA) [56, 58].
Antibody 7F2 is a mouse monoclonal antibody generated
against the AT8 epitope specific for phosphorylated tau
particularly at pT205 [98]. Antibody 33.1.1 is a mouse
monoclonal antibody raised against AP residues 1-16
that detects AP plaques [69]. Other antibodies utilized
include polyclonal rabbit anti-glial fibrillary acidic pro-
tein (GFAP) from Dako (Santa Clara, CA, USA) and
polyclonal rabbit anti-vimentin (C-20) from Santa Cruz
(Dallas, TX, USA).

Expression and purification of recombinant asyn proteins
Recombinant WT or A53T human asyn were expressed
from the pRK172 plasmid containing the cDNA for the
SNCA gene as described previously [34, 107]. Constructs
were expressed in E.coli BL21 (DE3) and purified as pre-
viously described utilizing size exclusion and Mono Q
anion exchange chromatography [34]. Recombinant pro-
teins were diluted in pH7.4 sterile phosphate buffered
saline (PBS)(Invitrogen), and concentrations were deter-
mined using the bicinchoninic acid assay (BCA) from
Pierce (Waltham, MA, USA) with bovine serum albumin
(BSA) as the standard.

Biochemical fractionation

Unfixed frozen human tissue was thawed and samples
were retrieved from grey matter of the hippocampus and
surrounding MTL structures; when identified, the amyg-
dala was separately processed. For all cases, ~ 250 mg of
MTL or amygdala was homogenized within 3 mL/g tis-
sue high-salt (HS) buffer (50 mM Tris—HCl, pH7.5,
0.75M NaCl, 2mM EDTA, 50 mM NaF with a cocktail
of protease inhibitors) and sedimented at 100,000 x g for
30 min at 4°C. The HS supernatant was collected (HS
fraction) and insoluble material was re-suspended in 2
mL/g tissue HS buffer/1% Triton X-100. Re-suspended
material was again sedimented at 100,000 x g for 30 min
at 4°C and the supernatant was collected (HS/T frac-
tion). Pellets were homogenized in 3mL/g tissue HS
buffer/1 M sucrose and sedimented at 100,000 x g for
30 min at 4°C in order to remove myelin which was
discarded in the supernatant. Pellets were subsequently
re-suspended in 2 mL/g tissue radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris, pH 8.0, 150 mM NaCl,
5mM EDTA, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS) and sedimented at 100,000 x g for 30 min at
4.°C; supernatants were collected as the RIPA fractions.
Lastly, remaining insoluble material was homogenized in
1mL/g tissue SDS/Urea buffer (4 M urea, 2% SDS, 25
mM Tris—HCI pH 7.6), probe sonicated, and then stored
as the SDS/Urea fraction. The concentration of each
fraction was determined using the BCA assay with BSA
as the standard. SDS containing sample buffer was added
to sequential fractions and all samples were further
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boiled for 10 min except for the SDS/Urea fraction. Cin-
gulate grey matter was previously obtained and fraction-
ated similarly [23]. Fractions were stored at — 80 °C until
western blot analysis.

Immunohistochemistry

Immunostaining of the sections was performed using
established methods [26]. Paraffinized sections were
rehydrated and subsequent antigen retrieval was per-
formed in a steam bath for 60 min in a solution of modi-
fied citrate buffer (Target Retrieval Solution Citrate pH
6; Agilent, Santa Clara, CA). If indicated, additional anti-
gen retrieval was performed by exposing sections to 70%
formic acid for 20 min at room temperature. Endogen-
ous peroxidase was quenched by incubation of sections
in 1.5% hydrogen peroxide/0.005% Triton-X-100/PBS
solution for 20 min. Non-specific antibody binding was
minimized with a 2% fetal bovine serum (FBS)/0.1 M
Tris, pH 7.6 block solution; primary antibodies were di-
luted in block solution and applied to tissue sections at
4°C overnight. A mixture of biotinylated secondary anti-
body (Vector Laboratories; Burlingame, CA) and Impress
polymer secondary antibody (Vector Laboratories; Burlin-
game, CA) were similarly diluted in block solution and ap-
plied to sections for 1 h at room temperature. An avidin-
biotin complex (ABC) system (Vectastain ABC Elite kit;
Vector Laboratories, Burlingame, CA) was used to en-
hance detection of the immunocomplexes, which were vi-
sualized using the chromogen 3,3’-diaminobenzidine
(DAB kit; KPL, Gaithersburg, MD). Tissue sections were
counterstained with hematoxylin. Slides were digitally
scanned using an Aperio ScanScope CS instrument (40x
magnification; Aperio Technologies Inc., Vista, CA), and
images of representative areas of pathology were captured
using the ImageScope software (40x magnification; Aperio
Technologies Inc.). Semi quantitative assessment of LRP
was performed by two independent observers.

Immunofluorescence

Deparaffinization and antigen retrieval procedures were
identical to those used for immunohistochemistry. Sec-
tions were blocked using a solution of 5% milk/0.1 M
Tris (pH7.6) to prevent non-specific staining. There-
after, sections were incubated overnight (4°C) using
combinations of primary antibodies diluted in 5% FBS/
0.1 M Tris (pH 7.6) followed with subsequent incubation
for 1h at room temperature using secondary antibodies
(diluted in 5% FBS/0.1 M Tris, pH7.6) conjugated to
Alexa 647, 594, or Alexa 488 (Invitrogen). Nonspecific
fluorescence was quenched using 0.3% Sudan Black/70%
ethanol. Sections were stained with 5ug/mL 4',6-dia-
mindino-2-phenylindole. Sections were cover-slipped
with Fluoromount-G (SouthernBiotech) and visualized
using either an Olympus BX51 microscope mounted
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with a DP71 Olympus digital camera to capture images
at 20x magnification or an Olympus IX81-DSU spinning
disk confocal microscope equipped with a cooled
FluoView II charge coupled device (CCD) digital mono-
chrome camera.

Western blot analysis

For biochemical characterization of fractionated human
brain tissue, 20 ug of lysate from either the HS or SDS/
urea fractions were loaded onto 15% polyacrylamide gels
and resolved by SDS-PAGE, followed by electrophoretic
transfer onto 0.2 um pore size nitrocellulose membranes
(Bio-Rad, Hercules, CA), in carbonate transfer buffer
(I0mM NaHCO;, 3mM Na,COs3;, pH9.9) [29]. For
analysis of recombinant protein, 200 ng of WT or A53T
human asyn was analyzed. Membranes were blocked in
5% dry milk/Tris buffered saline (TBS) and incubated
overnight at 4 °C with primary antibody diluted in block
solution. After washing in TBS, membranes were incu-
bated with goat anti-mouse secondary antibody conju-
gated to horseradish peroxidase (Jackson Immuno
Research Labs, Westgrove, PA) diluted in 5% dry milk/
TBS for 1h at room temperature; immunocomplexes
were detected using Western Lightning-Plus ECL re-
agents (PerkinElmer, Waltham, MA) followed by chemi-
luminescence imaging (PXi, Syngene, Frederick, MD).

Quantitative analysis of immunohistochemical staining
Quantitation of staining positivity for total LRP was per-
formed on cingulate and amygdala sections from 9 LBD
cases. A modified form of a quantitation workflow was
used, in which for each section three squares of a uni-
form size (0.25 mm?) were placed within the regions of
densest pathology that were at least two box widths
apart [75]. Adjacent sections were used, and so boxes
were placed at nearly identical locations for sections
stained with the different antibodies and retrieval condi-
tions. The positivity within each box for each section
was analyzed using the positive pixel count algorithm
(Aperio) with intensity threshold values optimized for
each antibody to maximize pathology detection and
minimize background (Fig. 3). For a given antibody, the
same threshold values were used for all amygdala and
cingulate cortex sections as same day staining minimized
variability in background. For each LBD case, positivity
for each antibody with or without formic acid (FA) and
for the cingulate versus amygdala were determined.
Comparisons were made for positivity with different
antibodies and between the cingulate cortex and amyg-
dala using GraphPad Prism software with one-way
analysis of variance (ANOVA) and post-hoc analysis
using the Sidak multiple comparison test to individually
compare each region and antibody.
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Results

Pathological A53T asyn recruits WT asyn within
pathologic inclusions in familial PD/LBD

Unique conformationally or post-translationally modi-
fied strain-like forms of pathologic asyn that aggregate
readily, and further seed inclusion pathology may differ-
entiate rapidly progressive forms of synucleinopathy
from more innocuous conditions such as AD/ALB and
iLBD. In order to test the theory that an aggregation
prone form of asyn could induce endogenous physio-
logic asyn to form pathologic inclusions, sections of
hippocampus and midbrain were obtained from a Con-
tursi kindred patient in which familial PD/LBD devel-
oped due to a heterozygous A53T mutation in the
SNCA gene [27]. Antibody 3H11 which does not detect
asyn harboring the A53T mutation [92] was used to
label pathologic aggregates comprised of physiologic
WT asyn and compared with LRP seen by antibody
9C10 which binds both WT and A53T asyn (Fig. 1).
Western blot analysis of recombinant WT and A53T
asyn confirmed the specificity of each antibody (Fig. 1a).
Additionally, antibody 3H11 was further tested on trans-
genic mice containing pathologic aggregates comprised
of A53T human asyn (seeded line M83 [94]) or WT
human asyn (seeded line M20 [91]). As 3H11 does not
detect mouse asyn (that contains the A53T substitution)
or A53T human asyn, no pathology was revealed in the
M83 mice using 3H11 whereas extensive LRP was la-
beled in the M20 mice (Fig. 1b). In both the hippocam-
pus and midbrain of the Contursi kindred patient, 9C10
and 3H11 detected similar amounts of LRP indicating
that WT asyn was induced to misfold due to the pres-
ence of aggregates initially formed by A53T asyn and re-
cruited within pathological inclusions (Fig. 1c). These
results demonstrate that WT asyn can be induced to ag-
gregate due to the presence of a more aggregation prone
“strain” of asyn, presumably in a prion-like fashion.

The LBD and AD/ALB amygdala differ largely in burden of
neuropil pathology

In order to compare the immunohistochemical patterns
of LRP found within the amygdalas of LBD and AD/ALB
cases, 9 pathologically confirmed LBD cases were ob-
tained along with 9 cases of AD/ALB where concurrent
LRP is predominantly present within the amygdala upon
inspection of 14 different regions ranging from the me-
dulla to the frontal cortex (Tables 1 and 2). Sections
from the cingulate cortex, amygdala, and substantia
nigra pars compacta (SNpc) were obtained from each
case as these 3 regions are heavily affected in LBD and
provide confirmation that AD/ALB LRP is mainly local-
ized to the amygdala. The overall burden of LRP within
each region of each case was first studied using an anti-
body specific for pSer129 asyn (EP1536Y) which is a
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Fig. 1 LRP comprised of WT asyn detected by selective antibody 3H11. a Western blot of 200 ng recombinant WT or A53T human asyn protein
probed with antibody 9C10 (residues 2-21) or antibody 3H11 (residues 43-63); A53T asyn does not react with antibody 3H11. b
Immunohistochemical staining with antibody 3H11 or 9C10 in asyn transgenic mice. Using antibody 3H11, asyn aggregates are extensively
detected within line M20 mice overexpressing WT human asyn but not in line M83 mice overexpressing A53T human asyn demonstrating the
histochemical specificity of this antibody. Labeling with antibody 9C10 depicts asyn pathology in both types of asyn transgenic mice. Scale bar
50 um. ¢ Immunohistochemical staining of tissue from the midbrain and hippocampus of a familial case of PD/LBD due to a heterozygous A53T
mutation in SNCA. Antibody 9C10 detects both WT and A53T asyn and detects abundant pathology in both regions; Antibody 3H11 only detects

WT asyn but also labels many pathologic inclusions, indicating that WT asyn is recruited to aggregate by the presence of the A53T asyn
mutation. Arrowheads indicate LRP. All the sections depicted were treated with FA. Scale bar 50 um

marker of pathologic inclusion formation [2] (Fig. 2).
The presence of pSerl29 asyn-positive inclusions was
semi-quantitatively graded at 10x magnification on a
four-tiered scale, with “-” representing non-reactivity,
“+” mild, “++” moderate, and “+++” representing the
strongest level of reactivity (Table 2). Immediately evi-
dent is the paucity of LRP in the cingulate cortex and
SNpc of AD/ALB cases compared to parallel regions in
LBD cases. In AD/ALB, 1/8 cases had rare thread like
LNs in the SNpc with no LBs, and no cases of AD/ALB
demonstrated any LRP in the cingulate cortex. Com-
paratively, all LBD cases had extensive LRP in the cingu-
late cortex and SNpc including LBs and pSer129 positive
neurites; semi-quantitative grading for each region is
shown (Fig. 2, Table 2). Furthermore, dopaminergic
neuronal cell loss is not evident in the examined AD/
ALB cases as abundant neuromelanin-laden neurons are
present throughout the SNpc (10+ granulated neurons
per 10x visual field) whereas overt reduction in dopa-
minergic neuronal cells was apparent in the LBD cases
(1-5 granulated neurons per 10x visual field) (Fig. 2).
Within the amygdala, varied LRP was present in the
examined AD/ALB cases with 5/8 cases displaying 5-10
cortical LBs per visual field (10x magnification) in re-
gions of densest pathology while 3/8 cases had less
inclusions (Table 2). Comparatively, 5/8 LBD amygdala
cases had 5-10 cortical LBs in a similar visual field of
dense pathology and 3/8 cases had 10-20+ LBs.

Although regions of the AD/ALB amygdalas displayed
an LB load comparable to that of LBD amygdalas in the
regions of densest pathology, abundant neuropil threads
positive for pSer129 asyn were ubiquitous within LBD
cases but not to the same extent within AD/ALB cases
(Fig. 2). The extensive neuritic pathology within amyg-
dalas in LBD compared with amygdalas in AD/ALB may
represent an important difference between these condi-
tions, and aligns with the theory that large LBs serve to
sequester misfolded asyn while smaller neuritic aggre-
gates contain the more active species in disease patho-
genesis. Small synaptic aggregates of asyn have been
suggested as containing more toxic species compared
with asyn within compact LBs [14, 59, 89]. The nature
of this amygdala neuropil pathology in LBD was further
investigated with a panel of monoclonal antibodies
raised against asyn.

The LBD amygdala harbors extensive and unique
immunoreactive asyn pathologies compared with other
diseased brain regions and AD/ALB

Sections from the cingulate cortex, midbrain, and amyg-
dala from 9 LBD and 9 AD/ALB cases were utilized for
comparison of the immunoreactive profiles of LRP
amongst the differing brain regions using a panel of anti-
bodies and different antigen retrieval conditions. This
approach has been previously utilized to differentiate be-
tween distinct forms of LRP [22, 23, 26, 68, 80]. An N-
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Table 2 Semi-quantitative grading of pSer129 asyn pathology

pSer129 pathology

SNpc Amyg. Cing.
LBD
Case 1 ++ +++ +++
Case 2 +++ +++ +++
Case 3 ++ +++ +++
Case 4 +++ ++ +
Case 5 ++ ++ ++
Case 6 ++ + ++
Case 7 +++ +++ +++
Case 8 +++ +++ +++
Case 9 ++ ++ ++
AD/ALB

Case 15 - —/+ -
Case 16 - + -
Case 17 —/+ ++ -
Case 18 - +++ -
Case 19 - ++ -
Case 20 - ++ -
Case 21 - ++ -
Case 22 - + -
Case 23 - +++ -

Following immunohistochemical staining with antibody EP1536Y and no
formic acid retrieval, semi-quantitative grading was assigned to each LBD and
AD/ALB case for 3 separate regions (SNpc substantia nigra pars compacta, cing.
cingulate cortex, amyg. amygdala). The presence of pSer129 positive inclusions
was semi-quantitatively graded at 10x magnification on a multi-tiered scale,
with “-" representing non-reactivity, “—/+" very rare, “+” mild, “++” moderate,
and “+++" representing the strongest level of reactivity

terminal antibody 9C10 [22], a C-terminal antibody 94-
3A10 [22], and a central asyn antibody 3H11 [23] were
chosen for morphologic assessment and quantitative
analysis as distinct forms of pathologic asyn may have
differential exposure of various epitopes [8, 80] and/or
post-translational modifications such as truncation, ubi-
quination, or phosphorylation that can result in immu-
noreactivity differences [2, 76, 93]. Antibody 5G4 that is
preferential for oligomeric asyn [56, 58] and antibody
EP1536Y for pser129 asyn were also utilized. Addition-
ally, the reactivity of select antibodies was compared
with and without FA retrieval as unique species of
pathologic asyn are known to be preferentially detected
only in the presence of additional antigen retrieval tech-
niques such as formic acid exposure and proteinase K
digestion [5, 8, 23, 92, 105]. Staining positivity for each
antibody with and without FA was quantitated with a
modified Aperio based method [75] where threshold
values were determined for each antibody to maximize
pathology detection and minimize background (Fig. 3).

(2019) 7:142

Page 7 of 22

Quantification and morphologic assessment of staining
with each asyn antibody and no FA retrieval was per-
formed on cingulate cortex and amygdala sections for
each LBD case (Figs. 4, 5 and 6, Additional file 1: Figure
S1). For all antibodies used, there were no significant
differences in positivity between the cingulate cortex and
amygdala without FA; averaging the 3 antibodies used
the positivity in LBD cingulate cortices was 3.2 + 3.3%
and in LBD amygdalas it was 5.7 + 4.6%. Semi-quantita-
tive grading using pSer129 antibody EP1536Y without
FA retrieval also suggested no difference in the asyn
pathology burden between the cingulate cortex and
amygdala in examined LBD cases (Table 2). When FA
was used for antigen retrieval, detection of neuropil
pathology in the amygdala was greatly increased with all
antibodies which is reflected in the highly significant in-
crease in positivity of staining for 9C10, 94-3A10, and
3H11 (Figs. 3, 4 and 6). On average, the largest increase
in detection with FA was using the central asyn antibody
3H11 which went from a positivity in LBD amygdalas of
3.6+3.1% to 204 +11.4%, a roughly 6-fold increase in
detected pathology. Including all antibodies, positivity in
LBD amygdalas was 19.5+ 10.5% with FA compared to
5.7 £4.6% without. The LBD cingulate cortex sections
did not display this substantial increase in detected path-
ology when FA was included, and no significant differ-
ence in quantification of positivity was present with
tested antibodies with or without FA except for antibody
94-3A10 which had a more modest increase in detected
neuropil pathology (Figs. 3, 4 and 5). Including all anti-
bodies, positivity in LBD cingulate cortices was 7.3 +
7.0% with FA compared to 3.2 + 3.3% without. This pat-
tern of immunoreactivity suggests that this additional
asyn pathology within the LBD amygdalas may be
distinct from aggregates elsewhere in the brain, as may
be the case with glial asyn inclusions detected with FA
in multiple systems atrophy [23].

Panels of immunohistochemical sections are shown to
compare the distinct morphologies and scale of add-
itional LRP detected within the LBD amygdala using FA
treatment compared to without (Figs. 3 and 6). Within
multiple LBD amygdalas, a dramatic increase in detected
asyn pathology is appreciated even at low magnification
as thousands of neuropil aggregates (per 2x visual field)
become apparent with FA compared to without; this in-
crease in not seen in the cingulate cortex within the
same case (Fig. 3). Within examined LBD amygdalas at
high magnification, without FA all antibodies demon-
strate cortical LBs and asyn-positive neuropil threads
similarly to the cingulate cortex (Figs. 5 and 6). With FA
retrieval for all antibodies, the number of detected cor-
tical LBs (per 10x visual field) remains largely unchanged
in LBD amygdalas; the major increase in stained asyn
pathology is due to abundant asyn-positive neuropil
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Fig. 2 Comparison of LRP between LBD and AD/ALB. a Representative sections of the SNpc from 4 AD/ALB and 4 LBD cases stained with
pSer129 asyn antibody EP1536Y. Abundant LNs and LBs (red arrows) are seen within pigmented neurons in all LBD cases, however AD/ALB cases
display only rare examples of thread like neurites. Insets display LBs in pigmented neurons. b Representative sections of the amygdala from AD/
ALB versus LBD cases labeled with antibody EP1536Y. Cortical-type LBs are apparent in dense patches within amygdalas of either disease type,
however abundant thread-like neurites are more apparent in LBD cases compared with AD/ALB. Insets highlight cortical LBs or neurites. ¢
Representative sections of the cingulate cortex from AD/ALB compared with LBD using antibody EP1536Y. LRP is entirely absent in all examined
AD/ALB cases, whereas LBD cases display extensive LBs in deeper cortical layers and dot like inclusions in more superficial layers. Case numbers
are indicated in lower right corner. Scale bar 100 um

threads including processes with astrocytic morpholo-
gies, and dystrophic neurites within senile plaques
(Figs. 6, 7 and 8). For the LBD cingulate cortex sections,
at high magnification the addition of FA treatment does
not reveal as abundant unique pathologies as is the case

with the amygdala (Fig. 5); only a minor increase in
detection of asyn-positive neuropil threads is seen
(particularly with C-terminal antibody 94-3A10) and the
astrocytic inclusions and neuritic plaque findings are not
apparent. In the SNpc, brainstem LBs and engorged LNs
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Fig. 3 Significant brain regional difference in formic acid antigen retrieval of LRP. a Low magnification sections from the amygdala and cingulate
cortex of an LBD case labeled with antibody 9C10 (residues 2-21 asyn) without or with FA retrieval as indicated. FA retrieval had a major impact
in increasing staining of asyn aggregates in the amygdala compared with the cingulate cortex. Scale bar T mm. b A region of dense Lewy
pathology within the amygdala was used to optimize threshold values for positive pixel count analysis. All antibodies were tested to ensure
similar detection of pathology with minimal background as shown in bottom panel where red colored pixels are positive. Scale bar 50 um

were present in all LBD cases detected with all anti-
bodies (Fig. 5). Qualitatively, no additional burden or
type of asyn pathology was detected in the SNpc of LBD
cases with any antibodies when FA was used versus
without; similarly to the cingulate cortex, only a slight
enhancement of neuropil threadlike pathology may be
seen particularly with antibody 94-3A10 (Fig. 5). These
findings reinforce that abundant and unique forms of
pathologic asyn are present within the amygdala and
none of the other examined brain regions in LBD.

As the previously examined AD/ALB cases upon
semi-quantitative grading with pSer129 asyn antibody
EP1536Y displayed less baseline neuropil pathology
compared with LBD cases in the amygdala (Table 2), FA
antigen retrieval was performed on these sections as
well. Qualitatively, with FA retrieval there was no dra-
matic enhancement of neuropil pathology in the AD/
ALB amygdalas compared with the LBD amygdalas
(Fig. 6). Similarly to LBD, with all antibodies tested the
number of cortical LBs per 10x field remained constant
with or without FA; upon inspection a slight qualitative
increase in neuropil threads may be appreciated in the
AD/ALB amygdalas however it is not the multifold
quantifiable increase as is seen in LBD. Additionally,
asyn astrocytic inclusions and asyn-positive dystrophic
neurites within senile plaque findings in AD/ALB are
fewer compared to LBD. The midbrain and cingulate
cortex sections from the AD/ALB cases still had no
apparent asyn pathology using the tested panel of anti-
bodies (9C10, 3H11, 94-3A10, 5G4, EP1536Y) with or
without FA. These results suggest that the extensive
neuropil pathology present within the LBD amygdala is

unique not only regionally within LBD, but also distin-
guishes between LBD and AD/ALB.

Astrocytic asyn is distinctively common within the LBD
amygdala

The presence of asyn-positive astrocytes in synucleino-
pathies has been previously reported, and their presence
is thought to be particularly common within MTL struc-
tures [92]. Additionally, these astrocytes are reported to
contain asyn predominantly reactive to central asyn
antibodies in conjunction with FA retrieval and not N or
C-terminal antibodies [92]. Herein, the presence of these
asyn-positive astrocytes was compared between brain re-
gions within LBD and for LBD versus AD/ALB to deter-
mine whether the astrocytic burden of asyn contributes
to the unique enhancement of pathology within the LBD
amygdala upon FA antigen retrieval. Astrocytic asyn
pathology identified based on morphology was detected
with central asyn antibody 3H11 following FA antigen
retrieval (Fig. 7). Findings were confirmed using a separ-
ate central asyn antibody previously reported to detect
asyn-positive astrocytes in disease, 5G4 [56, 58]. For
each LBD and AD/ALB case, astrocytic asyn pathology
was semi-quantitatively graded at 10x magnification on a
four-tiered scale, with “-” representing non-reactivity,
“+” mild, “++” moderate, and “+++” representing the
strongest level of reactivity (Table 3, Fig. 7).

Within the LBD amygdala sections stained with 3H11,
in regions of dense pathology there were frequently 5+
cells (per 10x visual field) with an astrocytic morphology
positive for asyn staining (Fig. 7). Overall, 3/9 LBD cases
had frequent astrocytic asyn pathology, 5/9 LBD cases
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C 9C10vs. A9C10 -0.01677 No ns 0.9938
C 3H11vs. A3H11 -0.01334 No ns 0.9993
C 94-3A10 vs. A 94-3A10 -0.05026 No ns 0.0577
C 9C10 (FA) vs. ASC10 (FA) 0.1184 Yes <0.0001
C 3H11 (FA) vs. A3H11 (FA) -0.1595 Yes <0.0001
C 94-3A10 (FA) vs. A94-3A10 (FA)  -0.08306 Yes <0.0001
C9C10 vs. C 9C10 (FA) -0.01548 No ns 0997
C3H11vs. C 3H11 (FA) -0.02216 No ns 0.9435
C 94-3A10vs. C 94-3A10 (FA)  -0.09154 Yes <0.0001
A9C10vs. AIC10 (FA) -0.1171 Yes <0.0001
A3H11vs A3H11 (FA) -0.1683 Yes <0.0001
A94-3A10 vs. A 94-3A10 (FA) -0.1243 Yes <0.0001

Fig. 4 Quantitation of LRP in LBD brain regions across a panel of antibodies. a Three areas of dense pathology within the cingulate (C) or
amygdala (A) of LBD (N =9) cases stained with 3 different antibodies without or with (FA) retrieval were subject to positive pixel analysis; average
positivity and error bars (std) are displayed for each region and antibody without or with FA. All cases were averaged for each region and
antibody for comparison. Without FA retrieval, all antibodies detect similar amounts of LRP within the amygdala versus the cingulate cortex; with
FA retrieval a large increase in labeled amygdala pathology is evident with all antibodies whereas a lesser increase in pathology is seen in the
cingulate cortex and only with antibody 94-3A10. With FA retrieval, the average amygdala pathology burden is significantly greater than the
cingulate cortex for all antibodies. b A statistical summary of positivity comparisons for data presented in A. The average positivity for each
antibody between and within regions along with presence or absence of FA retrieval were tested for significant differences using one-way
ANOVA and the Sidak post-hoc multiple comparisons test. Mean difference is the absolute difference in positivity values




Sorrentino et al. Acta Neuropathologica Communications

(2019) 7:142

Page 11 of 22

9C10.(FA), * -
B e RN

LBD Cingulate )

Fig. 5 LRP in LBD SNpc and cingulate cortex is similarly detected across a panel of asyn antibodies. a Representative sections of the SNpc from an
LBD case labeled with 5 different asyn antibodies as indicted in the top, left corners without or with FA as indicated. Insets display LBs in pigmented
neurons. Within the SNpc, abundance of pathology is similar regardless of antibody used or antigen retrieval albeit with minor differences. Scale bar
50 um. b Representative staining of the cingulate cortex from an LBD case labeled with 5 different asyn antibodies without or with FA as indicated.
Insets display cortical LBs. Within the cingulate, pathology is similar for most antibody and antigen retrieval conditions. asyn-positive neurites are
slightly more apparent with FA retrieval or C-terminal antibodies, particularly 94-3A10 with FA which is reflected in the quantitative positivity analysis.
Scale bar 50 um. ¢ Sections from the cingulate of an AD/ALB case with no LRP were stained with 4 asyn antibodies without or with FA, as indicated.
Little to no positive staining was detected in the AD/ALB cingulate cortex with any of these antibodies. Scale bar 50 um
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had intermediate, and 1/9 had rare astrocytic asyn path-
ology (Table 3). Examples of asyn-positive inclusions
consistent with astrocytic morphology are shown for 4
different LBD cases and stained with 2 central asyn anti-
bodies (Fig. 7). Consistent with previous findings, asyn-
positive astrocytes were only readily apparent when the
combination of a central asyn antibody and FA retrieval
were used [92]; N and C-terminal antibodies 9C10 and
94-3A10 did not obviously label inclusions with an
astrocytic morphology in the LBD cases used. Although
astrocytic asyn inclusions have been noted in other stud-
ies to be rarely present in the SNpc and other brain re-
gions [92], upon inspection they were not nearly as
apparent within these regions compared to the amyg-
dala. Within AD/ALB amygdala sections, 3/8 cases dis-
played rare examples of asyn inclusions consistent with
astrocytic morphology when using a central asyn anti-
body with FA retrieval (Table 3, Fig. 6). These results
suggest that astrocytic asyn pathology is distinctively
common within the amygdala in LBD compared with
other brain regions and diseases, and additionally the
form of asyn present within these cells may be further
unique in the apparent reactivity only with central asyn
antibodies possibly due to N and C-terminal truncation
or other structural modifications to the protein.

Using double labeling immunofluorescence for asyn
with the central asyn 3H11 antibody alongside two

different astrocytic markers, GFAP or vimentin, the
nature of asyn within astrocytes in LBD was further in-
vestigated (Fig. 7). Within the LBD amygdala, frequent
co-localization of asyn was seen within astrocytic pro-
cesses in two separate cases. In particular, asyn labeling
was “granular” in astrocytes compared with the more
evenly labeled nearby neurites and cortical LBs (Fig. 7).
This granular pattern of staining suggests localization of
asyn aggregates to vesicular structures such as lyso-
somes. These results further suggest that unique asyn
aggregates are present within astrocytes, and these are
largely localized to the amygdala in LBD compared with
other brain regions and diseases with asyn pathology.

The amygdala in LBD contains frequent asyn aggregates
co-localized with other AD- associated amyloidogenic
proteins

The amygdala has early and heavy involvement in a
number of neurodegenerative diseases including AD
with pathologic tau neurofibrillary tangles and AP senile
plaques [73]. MTL regions such as the hippocampus and
particularly the amygdala have previously been noted to
develop co-pathologies that are not common in other
brain regions; for example, tau tangles and cortical LBs
have been labeled within the same neuron in these areas
[27, 46, 88, 113]. The presence of these co-pathologies
in the LBD amygdala was studied herein and
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Fig. 6 Comparison of LRP in the amygdala of LBD versus AD/ALB across a panel of asyn antibodies. a Representative sections of dense amygdala
pathology from a LBD case labeled with 5 different asyn antibodies without or with FA retrieval, as indicated. Insets display cortical LBs and asyn-
positive neurites. In the LBD amygdala, extensive neuritic pathology is detected for multiple antibodies when FA retrieval was used. The robust
increase in apparent Lewy pathology with FA treatment is mainly seen in neuritic and possible glial processes; the amount of cortical LBs per
visual field remain the same regardless of antibody or FA treatment. This immunohistochemical staining profile contrasts with the only modest
increase in detected pathology seen in the LBD SNpc and cingulate cortex. Scale bar 50 um. b Stained sections of amygdala pathology from an
AD/ALB case labeled with 5 different asyn antibodies without or with FA retrieval, as indicated. Insets display cortical LBs and asyn-positive
neurites. In the AD/ALB amygdala, neuritic pathology is modestly enhanced for multiple antibodies when FA retrieval is used; however, the
density of neuropil asyn staining pathology in LBD is not apparent in AD/ALB. Scale bar 50 um

qualitatively compared to other LBD brain regions and
to AD/ALB. Indeed, within the LBD amygdala there are
abundant examples of asyn immunoreactive dystrophic
neurites within senile plaques that were present in all
LBD cases examined; examples from four cases are
shown (Fig. 8). This finding was confirmed by double la-
beling analysis using an AP antibody 33.1.1 and pSer129
asyn antibody (Fig. 8). These asyn-positive senile plaques
in LBD are qualitatively far more common within the
amygdala compared to the cingulate cortex or SNpc; 2-3
asyn-positive senile plaques are apparent per 10x visual
field within regions of dense pathology in the amygdala
but are rarely, if ever seen in the cingulate cortex and the
SNpc. Senile plaques positive for asyn were present more
sparsely within AD/ALB. Additionally, as with most other
asyn pathologies in the LBD amygdala these asyn-positive
dystrophic neurites were best appreciated following FA
antigen retrieval. When double labeling for both hyper-
phosphorylated tau (pThr205) and pSer129 asyn, aggre-
gates of asyn and tau were commonly co-localized (Fig. 8).
Although this tau and asyn co-localization has been de-
scribed for neurofibrillary tangles and cortical LBs, many

dystrophic neurites within neuritic plaques contained both
asyn and tau upon inspection of double labeled LBD
amygdala sections (Fig. 8). Co-localization of pathologic
tau and asyn was mainly found within the LBD
amygdala and not commonly in the LBD cingulate
and SNpc. Co-pathologies with tau and Af may con-
tribute to unique asyn alterations present within the
amygdala in LBD.

Detergent insoluble asyn within the medial temporal lobe
in LBD is extensively modified

In order to better understand the unique histological
immunoreactivity of asyn within the amygdala in LBD,
sequential biochemical fractionation of frozen brain tis-
sue followed by western blot analysis with N-terminal
(9C10), C-terminal (94-3A10), and central asyn (3H11
and 5G4) antibodies was performed. The MTL was re-
trieved from multiple cases including 5 LBD, 2 AD/ALB,
and 2 controls without evidence of synucleinopathy
(Table 1). During tissue retrieval, for one case of LBD
the amygdala was able to be confidently identified within
the MTL and further isolated. For comparison, tissue
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Fig. 7 asyn astrocytic pathology is common in LBD amygdala. a Amygdala sections from 4 different LBD cases (1, 2, 7 and 8) were labeled with
central asyn antibodies either 3H11 or 5G4 along with FA retrieval. Typically, more than 5 cells with astrocytic morphology (depicted with
arrowheads) stained with these antibodies was readily observed per field; insets show examples for each case and each antibody. Although

astrocytic asyn inclusions may be present in other brain regions, they are only this densely abundant within the MTL, particularly the amygdala.
Cases are indicated in lower right corner. Scale bar 50 um. b Double labeling immunofluorescent analysis of LBD amygdala sections using central
asyn antibody 3H11 in conjunction with astrocytic markers GFAP or vimentin. Astrocytic asyn often appears as vesicular granules outlining 2-3

localization or form of aggregates. Scale bar 30 um

astrocytic processes as opposed to the more uniform asyn staining seen within nearby cortical LBs, suggesting a differing subcellular co-

from the cingulate cortex was also retrieved from 3 cases
of LBD and 2 controls without evidence of synucleinopa-
thy (Table 1). Following biochemical fractionation, the
HS fractions harboring soluble asyn and the SDS/urea
fractions containing the most insoluble, aggregated asyn
species were compared via western blotting analysis for all
aforementioned cases and brain regions (Figs. 9 and 10).
Within the HS fractions from the MTL, a single major
band is detected for all cases using all 4 antibodies at
~17kda which is monomeric full-length (FL) asyn (Fig. 9).
Although asyn has a predicted molecular mass of 14.4
kda, it is known to migrate at a larger apparent molecular
mass [108]. For LBD lysates, a qualitatively small decrease

in amount of HS soluble asyn is evident compared with
the controls and AD/ALB; this is most apparent with the
5G4 antibody. Additionally, minor truncation products
are visible particularly with N-terminal antibody 9C10
(Fig. 9). The HS fractions from cingulate cortex lysates for
LBD and control cases similarly display a single major
band which is monomeric FL asyn; minor amounts of
truncated asyn are also present in these lysates (Fig. 10).
The HS fractions did not reveal any significant differences
in the biochemical composition of asyn between the dif-
ferent brain regions and cases.

Within the SDS/urea fractions from the MTL, 4-5
major bands are present when probed using the various
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Fig. 8 asyn aggregates within the LBD amygdala often co-localizes with Alzheimer’s disease-type inclusion pathology. a Amygdala sections from
4 different LBD cases (2, 4, 7 and 9) stained with central asyn antibody 3H11 along with FA retrieval reveal abundant asyn dystrophic neurites
within AR senile plagues. These asyn-positive dystrophic neurites within AR plaques were common within the LBD amygdalas but rare in the AD/
ALB amygdalas examined. Cases are indicated in lower right corner. Scale bar 50 um. b Double labeled immunofluorescence microscopy of LBD
amygdala sections from 2 different LBD cases using rabbit monoclonal anti-pSer129 asyn antibody EP1536Y and mouse monoclonal anti-pThr205
tau antibody 7F2 or mouse monoclonal anti-AB antibody 33.1.1. Co-localization of tau and asyn aggregates was common in the LBD amygdala

both in neuronal cell bodies and processes. Scale bar 50 um

asyn antibodies. With C-terminal antibody 94-3A10,
monomeric FL asyn is detected in the SDS/urea fraction
prominently for 4/5 cases of LBD, with the greatest
amount present in the isolated LBD amygdala. For the 2
AD/ALB cases, only 1 had a modest amount of SDS/
urea monomeric asyn which was detected with all 4
antibodies. The 2 control cases contained minimal
amounts of SDS/urea monomeric asyn across all anti-
bodies. In addition to monomeric FL asyn, N-terminal
antibody 9C10 and central asyn antibodies 3H11 and
5G4 were able to detect 2—3 apparently truncated forms
of asyn within LBD MTL and amygdala fractions (Fig. 9).
These truncated species appear to be carboxy-truncated,
as they are not detected with the C-terminal antibody
94-3A10. Within the amygdala in particular, the heavier
major truncation band (T1) comprises a large portion of
all asyn within the fraction; indeed, antibody 5G4 which
is preferential for oligomerized asyn strongly detects the
T1 and FL bands extensively within the amygdala LBD
fraction (Fig. 9). Both the T1 band and lighter major
truncation band (T2) are present within 4/5 LBD MTL
fractions, whereas they are not seen in the AD/ALB or
control fractions with any of the 3 antibodies that can
detect carboxy-truncated asyn (9C10, 3H11, and 5G4).
Truncated asyn is not readily apparent within the SDS/
urea LBD cingulate cortex fractions, whereas the T1 and
T2 truncation bands are abundant in the LBD MTL and
especially the amygdala (Figs. 9 and 10). The presence of
carboxy-truncated asyn may play an important role in

differing pathologies between the amygdala and other
brain regions as carboxy-truncation alters important
biochemical aspects of asyn aggregation [93].

The SDS/urea fractions from the MTL also reveal
higher molecular mass asyn species abundant within the
LBD fractions but qualitatively less within control and
AD/ALB cases (Fig. 9). Major heavy bands M1 and M2
are approximately ~28 kda and ~ 36 kda respectively
which could represent ubiquinated forms of asyn [87].
Alternatively, these bands could be oligomeric asyn with
varying amounts of additional post-translational modifi-
cations which is stated to be the preferred target for
antibody 5G4 [56]. C-terminal antibody 94-3A10 does
not readily detect these high molecular weight bands,
whereas N-terminal antibody 9C10 and especially central
asyn antibody 3H11 may detect more asyn within these
bands than in the monomeric asyn band (Fig. 9). This
pattern of band reactivity for M1 and M2 may suggest
that the asyn species contained are modified in multiple
ways such as being both N and C-truncated. Further-
more, with antibodies 9C10 and 3H11 there are add-
itional minor amounts of heavy protein bands present in
the MTL but not the cingulate cortices of the control
cases (Figs. 9 and 10). In particular, asyn truncation
appears most abundant in the LBD amygdala fraction
compared with other fractions. These results suggest
that post-translational modifications to asyn within the
amygdala may underlie the unique immunohistochemi-
cal staining profile for the LBD amygdala.
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Table 3 Semi-quantitative grading of astrocytic asyn pathology

Astrocyte pathology

SNpc Amyg. Cing.
LBD
Case 1 - +++ -
Case 2 - +++ -
Case 3 - ++ -
Case 4 - ++ -
Case 5 - ++ -
Case 6 - + -
Case 7 - +++ -
Case 8 - ++ -
Case 9 - ++ -
AD/ALB
Case 15 - - -
Case 16 - - -
Case 17 - + -
Case 18 - + -
Case 19 - - -
Case 20 - - -
Case 21 - - -
Case 22 - - -
Case 23 - + -

Following immunohistochemical staining with central asyn antibody 3H11 and
formic acid retrieval, semi-quantitative grading was assigned to each LBD and
AD/ALB case for 3 separate regions (SNpc substantia nigra pars compacta, cing.
cingulate cortex, amyg. amygdala). The presence of astrocytic inclusions based
on morphology was semi-quantitatively graded at 10x magnification on a
multi-tiered scale, with “-" representing non-reactivity, “+" mild, “++"
moderate, and “+++" representing the strongest level of reactivity

Discussion

The amygdala may be uniquely prone to pathologic de-
velopments in a number of neurodegenerative diseases
[73]. Exemplifying this, neuritic senile plaques contain-
ing AP, tau, and asyn demonstrate the propensity for
pathologic aggregation to occur within the amygdala
(Fig. 8). Other studies have noticed unique relationships
between the amygdala and asyn; for example, injections
of pre-formed asyn fibrils into various mouse models at
differing locations invariably lead to amygdala pathology
[1, 7, 13, 65-67, 78, 91, 94], and the amygdala uniquely
displays immense upregulation of asyn in relation to
alcohol and opiate abstinence following addiction [114].
The studies herein demonstrate that pathologic asyn
within the amygdala in LBD is unique both in its immu-
nohistochemical properties and immunoblotting profile
which may differentiate aggregated forms of asyn in
LBD from the more innocuous AD/ALB. In particular,
the presence of aggregation prone carboxy-truncated
forms of asyn within the amygdala may play an initiating
role in the disease process as these species are able to
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misfold and induce endogenous FL asyn to also aggre-
gate [93]. Our investigations show using diseased human
tissue that endogenous WT asyn is induced to form
pathologic inclusions when driven by the more aggrega-
tion prone A53T asyn [15]; we postulate that a more
pernicious form of asyn (due to truncation or other
structural modifications) may play a similar role as
A53T asyn in sporadic synucleinopathies. The early in-
volvement of the amygdala in LBD along with sporadic
LRP often being entirely restricted to the amygdala indi-
cates that this brain region has the capacity to initiate
asyn misfolding and suggests that aggregation prone
forms of asyn are present and may originate in this re-
gion. It is difficult to identify and isolate the more dele-
terious forms of asyn from diseased human brain tissue,
but comparative immunohistochemical and immuno-
blotting asyn profiles amongst various LBD brain re-
gions and between LBD versus AD/ALB amygdalas
indicate that there is in fact unique pathological forms
of asyn ubiquitous within the LBD amygdala that dif-
fers from other brain regions and disease entities.

The pervasive amount of asyn neuropil pathology
present within the amygdala compared to other brain re-
gions has symptomatic relevance as a number of studies
have demonstrated the importance of these smaller
aggregates compared with larger LB type inclusions [14,
57, 59, 89]. It has been noted that neuropil pathology,
presumably a large portion of which are small pre-syn-
aptic aggregates, correlate more extensively with symp-
tomatic severity compared to LBs [14, 57, 59, 89].
Conversely, it has been observed that the abundance of
LBs restricted to the amygdala in AD/ALB have little to
no impact on prognosis [74, 86, 102]; our study suggests
that the relative sparsity of neuropil pathology in AD/
ALB even following FA retrieval compared with LBD
might be a key difference between these conditions.
Other studies have noted the prevalence of large cortical
LBs compared with neuropil pathology in AD/ALB as
well, strengthening the findings herein [45, 102]. It is
conceivable that structurally distinct forms of asyn may
have increased pathologic potency due to resistance to
degradation or sequestration, and/or from more exposed
amyloidogenic regions allowing faster prion-like tem-
plating of endogenous physiologic asyn [101]. Differen-
tial resistance to proteases is commonly used to
distinguish asyn strains [35, 80], and structurally distinct
mutant forms of asyn are noted to resist lysosomal deg-
radation [17]. Indeed, a pathologic correlate may exist
amongst PD and LBD subtypes with more rapid onset
and regionally diffuse pathology as it is suggested that
rate of aggregate formation is increased likely due to a
unique asyn species [19, 36]. It would be expected that
small pre-synaptic aggregates would predominate if a
more pathologically potent osyn was present, as
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Fig. 9 Immunoblotting comparison of asyn species in LBD and AD/ALB amygdala. High salt (HS) and SDS/urea fractions were obtained from the
MTL of 5 LBD cases (lanes 1-5), 2 cases of AD/ALB (lanes 6-7), 2 non-synucleinopathy controls (lanes 8-9), and for one LBD case the amygdala
was specifically isolated (lane 10). 20 ug of lysate for each case and fraction were subject to western blot analysis using a panel of 4 antibodies
which are indicated. In the HS fraction, all antibodies predominantly revealed full-length (FL) asyn in all cases. In the SDS/Urea fractions,
monomeric FL asyn is present in high amounts for 4/5 LBD cases (lanes 2, 3, 4, 5, and 10); 1 LBD and 1 AD/ALB case (lanes 1 and 7, respectively)
have an intermediate amount of FL asyn in this fraction and 1 AD/ALB case along with 2 controls (lanes 6, 8, and 9) have very little FL asyn in
this fraction. For the LBD cases, 2 prominent truncation bands are present for all antibodies except for C-terminal antibody 94-3A10 suggesting
these are carboxy-truncated forms of asyn (T1 and T2) in the SDS/urea fractions from the MTL in LBD but not controls or AD/ALB; the truncation
bands are strongest in the LBD amygdala. Additional higher molecular mass bands are prominent in LBD cases (M1 and M2); these bands are less
visible in AD/ALB or controls. The relative mobilities of molecular mass protein markers are identified on the left of the blots
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monomeric asyn is most abundant within the pre-syn-
apse which would be induced to aggregate at that
location and subsequent aggregates if resistant to
clearance would stay localized to this subcellular
location as opposed to sequestration through an aggre-
some-related process in a cytoplasmic LB which is one
theory for authentic LB formation [105]. Some proposed
models of asyn mediated toxicity and prion-like spread
center on dysfunction with axonal and dendritic pro-
cesses where these smaller aggregates are presumably
located and not the cell soma where large LBs are typic-
ally found [52, 104, 110]. Supporting the importance of
neuropil pathology, exposure of neurons to asyn fibrils
is known to induce axonal deficits before any overt cell
death [31]. Additionally, we and others have shown that
a portion of asyn-positive neuropil inclusion pathology
is within astrocytes which are themselves adversely af-
fected by asyn aggregates and may have their own role
in neurodegeneration and prion-like spread [12, 92]. In-
deed, when observing past reports of pathology in Con-
tursi kindred patients who have A53T human asyn, it
has been repeatedly noted that asyn-positive neuropil
threads and dot like inclusions are abundant while true
LBs are more sparse [27, 55, 111]. A pathologic presen-
tation of abundant asyn neuropil aggregates with fewer
LBs may be associated with a more aggressive disease
course; in light of our findings and prior observations, it
is likely that a distinct form of misfolded asyn may favor

the formation of neuropil pathologies which may be the
pathologic determinant of disease progression.

Why asyn misfolds into pathological aggregates re-
mains largely unclear, and what underlies the diversity
in the alleged strains of aggregated asyn is even hazier.
However, one major aspect of the amygdala that likely
plays a role in influencing strain diversity is the concur-
rence of tau and AP aggregates which may all interact
with monomeric or misfolded asyn to induce structural
alterations from which deleterious outcomes may result
[33, 50, 55, 73, 77]. Indeed, amongst PD cases with more
rapid development of dementia there is greater patho-
logic burdens of tau or AP [36, 52]; similar findings exist
for LBD where concurrent AD pathology burden is
highly predictive of symptomatic decline [43, 44, 52].
The asyn-positive senile plaques and co-localized tau
and asyn aggregates shown in this paper are highly
prevalent within the MTL and particularly the amygdala
[18, 46, 47, 88, 109]. In AD, interactions of A with tau
have been postulated to occur within the amygdala and
MTL, where induced conformational alterations in tau
may refine the misfolded protein’s pathologic properties
[73]. A similar phenomenon may occur in LBD, where
virtually all cases of LBD display AP plaques in the MTL
[52]; diversity in the AP aggregates may even underlie
progression of disease into AD versus LBD as it has been
observed that AP aggregates in LBD are comprised
mainly of the AB1-42 peptide and the ratio Ap1-42 to
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Fig. 10 Immunoblotting comparison of asyn species in LBD cingulate cortex. High salt (HS) and SDS/urea fractions were obtained from the cingulate
cortex of 2 control cases (lanes 1-2) and 3 LBD cases (lanes 3-5). 20 ug of lysate for each case and fraction were subject to western blot analysis using
a panel of 4 antibodies, as indicated. In the HS fraction, all antibodies demonstrate similar amounts of monomeric FL asyn except for one of the LBD
cases which had a diminished level. In the SDS/Urea fractions, monomeric FL asyn is present in high amounts for all LBD cases while the 2 controls
have almost no asyn in this fraction. Although higher molecular mass M1 and M2 bands are present in the cingulate SDS/urea fraction, truncation
bands T1 and T2 are not as apparent which represents a biochemical difference between asyn in the amygdala and MTL compared with cingulate

cortex. The relative mobilities of molecular mass protein markers are identified on the left of the blots

AB1-40 peptides is higher than in AD [61, 63]. AD/ALB
may represent off-pathway, attenuated LB pathology in-
duced by an AP strain more specific for tau misfolding;
conversely LBD is the opposite with its own attenuated
form of misfolded tau but more aggressive misfolded
asyn aggregates (Fig. 11). Although concurrent tau
pathology is less common than AP in diffuse LBD
[52], co-fibrils containing both asyn and tau have
been shown to occur which may have unique prion-
like properties and could themselves modulate patho-
logic progression [32]. Interactions between proteins
implicated in neurodegeneration are receiving increas-
ing study due to their possible role in promoting
strain diversity amongst the diseases, and the findings
herein reinforce that such pathologic interactions are
primed to occur in the amygdala where ample co-
pathologies are present amongst the spectrum of neu-
rodegenerative diseases [51, 73].

The extensive presence of specific post-translational
modifications of asyn in the amygdala and MTL is
another modality by which asyn in the amygdala could
be converted into a more potent form. Biochemical stud-
ies revealed that the MTL/amygdala harbored a larger
amount of high molecular weight asyn compared with
the cingulate cortex; these bands may represent ubiqui-
nated or oligomerized forms of asyn. In addition, the
presence of 2 major carboxy-truncated forms of asyn
within the MTL/amygdala but not the cingulate cortex
may be of importance. Regional specificity in calpain
and cathepsin expression and activity may underlie the
abundance of these truncation products in the amygdala
compared with other regions [28, 82]. In a previous
examination of a single case of familial PD/LBD, the
localized detection of major truncated asyn products
mainly to the amygdala was also observed which is in
line with our own results [55]. Truncated forms of asyn
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more sequestered and less pathogenic strain of asyn

Fig. 11 Diagram of pathologic determinants associated with further progression of asyn pathology. The diversity of asyn pathologies across
different brain regions in LBD is shown in orange while the more limited asyn pathology in AD/ALB is in blue (C = cingulate cortex, A=
amygdala, M = midbrain-substantia nigra pars compacta). In LBD, diverse asyn pathologies are most abundant within the amygdala where
common co-localization with tau and AB are seen along with dense asyn-positive neuropil aggregates including in glial processes that may
represent a less easily sequestered strain of asyn. In AD/ALB, asyn pathology is largely limited to large LB type inclusions that may represented a

are known to alter the prion-like and aggregative proper-
ties of asyn [93, 99], and their presence in the amygdala
may contribute to unique neuropil pathologies likely as
a component of asyn fibrils also comprised of FL asyn
and other post-translationally modified asyn proteins. In
particular, the very early involvement of the amygdala in
LBD and/or cases where only the amygdala has asyn path-
ology suggests that the amygdala has the capacity for ini-
tial asyn aggregation and not always necessarily prion-like
spread. These differences in prion-like activity could in
part be due to the large increase in aggregation propensity
truncation of the C-terminus imparts to asyn.

The amygdala is often considered to be a loosely re-
lated collection of separate nuclei with different func-
tions [73], and although regional variation in asyn
pathology was observed within the amygdalas the exact
nuclei involved were not distinguished; it has been previ-
ously noted that the central and accessory cortical nuclei
are the most heavily afflicted in advanced PD [9]. Never
the less, the findings of this study agree with an emer-
ging theory that the amygdala is critical in either the ini-
tiation of aggregation, or the conversion of pathologic
protein aggregates into more potent forms [73]. In

addition to cell autonomous factors such as neuro-in-
flammation and impaired lysosomal autophagy [6, 106],
the diversity of pathologic asyn species occurring within
the amygdala due to conformational changes, post-trans-
lational modification, or templating from other mis-
folded proteins such as AP should be a key target of
study to understand why asyn pathology may rapidly
progress (LBD) or stay localized (AD/ALB). Future stud-
ies should utilize appropriate combinations of retrieval
techniques and antibodies to maximize detection of
neuropil pathology that is seemingly more relevant to
disease, and incorporate assays to measure prion-lik