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Abstract

The role of Lewy bodies, Lewy neurites and a-synuclein (aSYN) in the pathophysiology and
diagnosis of Parkinson’s disease (PD) is unclear. We used postmortem human tissue, a panel of
antibodies (Abs) and confocal microscopy to examine the three-dimensional neurochemical
anatomy of the nigrostriatal system. Abs were specific to truncated (ta SYN), phosphorylated and
full-length aSYN. The findings demonstrate the critical role of taSYN in initiating aggregation, a
role for other forms of aSYN in aggregate expansion, a reason for the wide variety of proteins
present in different aggregates, an explanation for the laminar appearance of aggregates described
historically using different methods, the existence of proximal greater than distal aggregation in
the vulnerable nigrostriatal pathway, the independent transport of different forms of aSYN as
cargo along axons and a possible sequence for the formation of Lewy bodies. Findings differed
between incidental Lewy body disease and PD only quantitatively. These findings have
implications for understanding the pathogenesis and treatment of PD.
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INTRODUCTION

The cause(s) and pathophysiology of Parkinson’s disease (PD) remain unclear (37, 38).
Contributions of age, genes, environment and lifestyle are suggested (8, 32, 50, 51). PD
varies in the clinical and pathologic descriptions (13, 57). Until specific subtypes are
defined, it may be preferable to use a term that includes variations, such as the Parkinson’s
disease phenotype (PDP), or restrict this term to pathologic descriptions (56).

Mutations and modifications in a-synuclein (aSYN) contribute to the risk of PD and various
disorders (1, 9, 11, 22, 23, 33, 34, 36, 39, 44, 53, 55). Wild-type aSYN can be harmful or
beneficial (9, 34, 45, 53). We describe the intracellular and intra-aggregate location for full-
length (flaSYN) and modified forms of aSYN and their regional distribution using
postmortem brain and demonstrate the critical role of truncated aSYN (ta SYN, truncated at
aa 119-124).

Incidental Lewy Body disease (ILBD) is suspected to be a pre-symptomatic state prior to PD
(2, 14, 15, 20, 27, 59). This notion is evolving as different features are assessed between
control (CTRL), ILBD and PD cases. Initially, assessment of dopamine markers was used
(2, 14, 15).We confirm ILBD as a precursor to PD having two steps both containing many
lesions similar to the PDP.

MATERIALS AND METHODS

Cases, tissue acquisition and processing

Formaldehyde-fixed paraffin-embedded (FFPE) tissue blocks or sections (5 um) or free-
floating fixed tissue sections (40 um) containing different regions of brain were obtained
from Robert Wood Johnson University Hospital, the Harvard/Mclean Brain Tissue Resource
Center (HBTRC, http://www.brainbank.mclean.org/), and the Banner Sun Health Research
Institute Brain Donation Program of Sun City, Arizona (3) (http://www.bannerhealth.com/
Research/Research+Institutes/Banner+Sun+Health+Research+Institute/Ways+to+Give/
Donation.htm). All cases were approved for research use by their respective institutions.
Only postmortem human tissue was used. Postmortem delay was generally less than 24 h.
Duration of fixation and tissue processing methods varied between institutions and cases.
Standard procedures for performing human brain autopsy were used. All cases received
standard neuropathologic examination of tissue sections from multiple brain regions using
hematoxylin & eosin (H&E) staining, special stains and immunohistochemistry (IHC) as
needed. Blocks containing the putamen (Put) and nucleus basalis of Meynert (nbM) were
obtained in the coronal plane. FFPE sections from the substantia nigra (SN) were obtained in
the transverse plane, whereas formalin-fixed free-floating sections were obtained in the
coronal plane.

FFPE tissue sections used for IHC were cut at a 5-mm thickness using a rotary microtome
and mounted onto charged slides. On the day of IHC, sections were deparaffinized by
immersion into xylene for 3 x 10 minutes at room temperature (RT), rehydrated by
transferring through graded alcohols (100% and 95% EtOH) to D,0.
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Three antigen retrieval (AR) methods were examined alone or in combination (4). Heat-
induced AR (HI-AR) occurred by incubation of sections in borate buffer (50 uM, pH 8.5) at
80°C for 60 minutes. Proteinase K (PK, Fermentas, Cat. # EO0491, Fermentas, Inc., Glen
Burnie, MD, USA) AR (PK-AR) occurred by incubation of sections with 0.6 U/mL of PK at
37°C for 30 minutes. The PK condition was selected to improve recognition of tyrosine
hydroxylase (TH) using either of two anti-TH Abs without resulting in significant distortion
of tissue or nuclear morphology (14, 15). More extensive PK treatment distorted the
appearance of nuclei and altered nuclear and cytoplasmic membranes. This treatment was
sufficient to eliminate ~95% of the recognition of a punctate soluble form of aSYN or
synaptophysin found in terminals and increased modestly the recognition of aggregated
forms of flaSYN or modified aSYN. When combined, PK was always used before HI-AR.
The formic acid (FA) method of AR (FA-AR) involved incubating tissue sections in 90% FA
at RT for 30 minutes (4). This treatment was sufficient to eliminate >90% of the recognition
of a punctate soluble form of aSYN, synaptophysin, ubiquitin and TH found in terminals or
axons, but does not impair the recognition of aggregations labeled with flaSYN, modified
aSYN or ubiquitinated proteins (UBs). The goal of our AR methods was to improve binding
of Abs to epitopes and not to determine which epitopes were sensitive or resistant to
treatment. Each Ab epitope likely has unique AR characteristics requiring additional and
extensive testing.

After AR, sections were blocked at RT for 30 minutes using 10% normal goat serum with
1% bovine serum albumin in carrier solution (0.3% triton X, in 50 uM phosphate buffer
(PB), pH 7.4). This carrier was also used for incubation with 1° and 2° antibodies (Abs).
Sections were incubated with 1° Abs (two or three simultaneously) at 4°C overnight and
with 2° Abs (two or three simultaneously) at RT for 90 minutes. Sections were then
counterstained using 1:1 000 000 4’,6-diamidino-2-phenylindole (DAPI) in PB. Finally,
Sudan black (0.5% in 70% EtOH) was used to reduce autofluorescence due to lipofuscin.
Sections were coverslipped using Prolong® Antifade (Molecular Probes, #P-7481, Eugene,
OR, USA).

Thick tissue sections were cut at 40 pm using a freezing/sliding microtome and stored in a
cryoprotectant with 0.1% sodium azide as a preservative at 4°C until use. On the day of
labeling, sections were transferred into netwells and serially transferred through different
solutions. The following sequence occurred. Sections were washed at RT in PB 3 x 10
minutes, then 3 x 20 minutes, blocked at RT in carrier as described above for 1 x 90
minutes, then incubated with 1° Abs (two or three simultaneously) at 4°C for 72 h, washed,
and incubated with 2° Abs (two three simultaneously) at 4°C for 24 h. Sections were then
washed and counterstained using 1:10 000 DAPI in PB 1 x 5 minutes. Sections were
mounted onto slides and coverslipped using Prolong® Antifade (Molecular Probes).AR was
not used as it has been previously shown not to be necessary for this tissue format (although
sensitivity can be a problem as often virtually all presynaptic terminals stain with Abs
against unmodified aSYN).

One FFPE section through the SN from each case was stained for H&E using an automated
stainer. IHC was performed on a subset of previously quantified cases to represent different
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severities of the PDP (Table 1). These cases were randomly selected from all cases
previously scored.

Mouse brain sections were used to verify certain neurochemical morphological features. All
mice were housed in a climate- and light-controlled (12/12 h light/dark, light on at 6 A.M.)
room at the University of Medicine and Dentistry of New Jersey. Food and water were
provided ad /ibitum. Animal use procedures were approved by the University of Medicine
and Dentistry of New Jersey Institutional Animal Care and Use Committee and were in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Mice were either euthanized by cervical dislocation or anesthesia followed by
perfusion depending on purpose. Mice that were perfused were anesthetized with either
Nembutal (75 pg/g, ~1.9 mg per 25 g mouse) or Avertin (240 ug/g, ~6.0 mg per 25 g
mouse). Nembutal was diluted to 5 mg/mL in saline and a volume of 0.375 mL was used,
and Avertin was diluted to 17 mg/mL in saline and a volume of 0.35 mL was used. After
anesthesia, the mouse was slowly transcardially flush perfused by hand with heparin/saline
(15 mL) and then fixation perfused with 50 mL of 4% paraformaldehyde (PFA) in saline.
The brain was removed and postfixed in 4% PFA for 24 h. Fixed brains were paraffin
embedded using an automated processor. Tissue sections were cut at 5 um, mounted on
charged slides and then used for IHC as described earlier.

At least eight cases from each group (CTRL, ILBD and PDP) received IHC. The cases used
for morphological counts were used for IHC. Each case had IHC performed in both the SN
and the Put in different experiments. The Put section was chosen to include the nBM.
Experiments included different subsets of the three groups with different combinations of 1°
Abs. Interpretation relied on verifying findings in multiple cases from different groups using
different experiments and combinations of Abs.

Quantitative SN assessments

We quantified various histological features in the SN using a single FFPE H&E stained
section. Each section contained the entire mid-portion of the SN from medial to lateral. The
level varied slightly from case to case. The entire SN was then outlined using
Stereolnvestigator (version 9, Microbrightfield Bioscience, Williston, VT, USA) with a
1,25% objective. After outlining, the region was divided into four quadrants (dorsolateral,
dorsomedial, ventrolateral and ventromedial) obeying visible clusters of neuromelanin (NM)
neurons as originally described (47). Counting was performed with a 20x objective, and a
40x objective was used as needed for visual verification. We used a counting frame of 325 x
250 um and the distance between frames was x. 650 um and y. 500 pm. These parameters
were empirically selected to achieve a random collection of data from ~60% of the area of
the SN and limit data collection time to ~2 h per case. Features counted or obtained
included: SN area (mm?2), # frames, area sampled (mm?2), NM containing neurons with a
nucleus and without an inclusion, NM+ cells without a nucleus, intraneuronal Lewy body
(LB, 1, 2 or >2), extraneuronal LB, pale body (PB), intraneuronal neurofibrillary tangle
(NFT), intraneuronal corticobasal inclusion, other intraneuronal inclusion, NM+
macrophage (NM+ MP), NM+ MP cluster (2-3, >4), free neuropil NM fragments per
counting frame (0, 1-3, 4-10, >11). Other parameters were derived from these measures.
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Reproducibility was achieved by training and repeat counting of the same slide. Values
reported represent the ~60% of the SN.

Commercial and proprietary Abs (Elan Pharmaceuticals, South San Francisco, CA, USA)
were used in this study (Supporting Information Table S1). Characteristics and specificity of
the three Elan Pharmaceutical Abs used in this report have been reported using IHC and
Western blotting (1). The Elan Ab ELADW101 was generated to recognize aSYN truncated
ataspl19, ELADW105 was generated to recognize aSYN truncated at asn 122 and JH22
11A5 was generated to recognize phosphorylation at serine 129. Each Ab was optimized for
use with FFPE tissue by using different Ab concentrations with different forms and
combinations of AR. When possible, the findings from one 1° Ab were compared to a
different 1° Ab to the same epitope (Supporting Information Table S1). The two anti-TH
Abs had similarities (identifying TH in TH+ neurons, dendrites and axons), and differences
(identifying TH in aggregates) in the epitope recognized. The two anti-flaSYN Abs had
similarities (identifying flaSYN in aggregates) and differences (identifying flaSYN in
synaptic terminals) in the epitope recognized. Colocalization of epitopes in an aggregate
using different 1° Abs was common and assisted in identifying structures. For most studies,
two 1° Abs made in different species were combined with DAPI. In some experiments, three
1° Abs made in different species were combined with DAPI. In general, all 1° Abs were
improved in their recognition of epitopes when using AR in FFPE tissue. The density of
epitopes (as visualized by brightness) was much greater in larger aggregated structures than
in smaller aggregated structures which turn was greater than in the soluble or nonaggregated
form of an epitope. As a result, image collection often exceeded the dynamic range of the
camera (16 bits) and both high- and low-abundant signals could not be collected at the same
time. This dramatic abundance range may be a feature unique to using fluorescence
detection methods and allow for detection of low-abundance protein.

Ab concentrations and AR methods were extensively tested prior to use reported in this
paper (Supporting Information Table S1). Variability was found between Abs, tissue blocks
and anatomical structures in the type of AR required. Interpretation of IHC using FFPE
always requires careful consideration and reporting of AR methods. The majority of Abs
used in human FFPE blocks benefited or required a HI-AR process, whereas only some Abs
required PK-AR. Only the Abs to TH benefited from having two retrieval methods (HI-AR
and PK-AR) used sequentially. Abs that recognized aggregated forms of aSYN generally
did not require AR, but were not harmed by AR and may have benefitted (4). The PK-AR
method had three potential effects. (i) It unmasked epitopes blocked by fixation and paraffin
embedding as previously reported (14, 15) and (ii) reduced background by presumably
digesting unrelated proteins to which the Ab might bind in a nonspecific manner. Finally, PK
also (iii) significantly reduced the specific labeling of a soluble form of aSYN recognized
by Abs to flaSYN (Sigma S5566 and Biomol, SA 3400) and to synaptophysin. FA-AR had
the effect of reducing Ab labeling to most epitopes except those presumably contained in an
aggregate. The goal of AR was to improve labeling and not to determine which epitopes or
structures were sensitive or resistant to its effects. The effectiveness of an AR method in

Brain Pathol. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prasad et al.

Page 6

each experiment was assessed by including a control slide where the effectiveness could be
determined.

The specificity of some Abs was determined by comparison with a different Ab to the same
epitope, and some Abs were made in a different species allowing simultaneous comparison
(Supporting Information Table S1). The specificity can also be inferred by neuronal
compartmental distribution or presence in aggregates. Both TH Abs colocalized in neuronal
cell bodies in the SN, neurites and axons in the SN and Put, and terminals in the Put. The
chicken (Chk) TH Ab also labeled the nuclei of many cells, which did not interfere with
interpretation. Both flaSYN Abs colocalized in some neuronal cell bodies in the SN,
terminals, neurites and axons in the SN and Put. Both labeled puncta in terminals
predominantly. Both Abs labeled a soluble PK- and FA-sensitive form in terminals and a
PK- and FA-resistant form in aggregates. The flaSYN Abs differed slightly in their response
to FA with the Biomol Ab being slightly more resistant to FA-AR. The taSYN Abs labeled
aggregates in terminals in the Put, axons and dendrites in the SN and Put, and intraneuronal
LBs and PBs in the SN and nbM. The taSYN Abs also occasionally labeled a non-aSYN
protein in both gray matter and white matter. All aSYN Abs also labeled the neuronal
cytoplasm in the SN and nbM in disease cases.

Image acquisition and processing

For inspection of sections, we used an Olympus Provis AX-70 microscope (Olympus
America Inc., Center Valley, PA, USA) equipped with the AX reflected light module
(halogen lamp housing, mercury burner power supply, collector lens and reflected light filter
slider), fluorescence filter cubes and the AX-REXBA excitation light balancer. We used the
following commercial filters available from Olympus (details of the dichroic mirror, exciter
filter and barrier filter can be found at http://www.olympusmicro.com/primer/techniques/
fluorescence/fluorhome.html) (i) U-MWU, ultraviolet range for DAPI, blue color; (ii) U-
MDAV/FI, DAPI/fluorescein isothiocyanate, for DAPI and Alexa fluor 488, blue and green;
(iif) U-MDAV/tetramethyl rhodamine iso-thiocyanate (TRITC), for DAPI and Alexa fluor
594, blue and red; (iv) U-MDA/FI/TRITC, for DAPI, Alexa fluor 488 and Alexa fluor 594,
blue, green and red. The spectral characteristics of the commercial Alexa fluorophores can
be obtained at http://probes.invitrogen.com/handbook/sections/0103.html. The AX-REXBA
can be used to balance the light intensity of the different fluorophores.

For image collection (single slice or stack of slices), an Olympus Fluoview FV10i (Olympus
America Inc.) confocal microscope was used. Images were obtained at 180-360x final
magnification, final resolution of 1024.1024 and an aperture of 1.0. Confocal images were
exported to Imaris (version 7.2.0, Build 22163, Bitplane AG, Zurich, Switzerland).

Images from each a montage reflect a confocal stack acquired at 1024 x 1024 pixels for each
channel independently. Distance between slices in a stack was 0.1 to 0.3 um. A sufficient
number of slices were acquired to image each structure demonstrated. Images are presented
as sections displaying information in three dimensions. There was no bleed-through between
channels for Alexa Ab labels. However, some lipofuscin might still be seen in all channels
even when masked using Sudan black.
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Statistical analysis

RESULTS

SigmaStat (SigmaStat for Windows, v 3.10, Systat Software, Inc., San Jose, CA, USA) was
used to perform one-way analysis of variance (ANOVA) to compare different measures
between groups when measures were normally distributed, or Kruskal-Wallis one-way
ANOVA if variances were unequal between groups.

A subset of CTRL (n = 8), ILBD (ILB (n = 10) and the PDP (n = 8) cases were randomly
selected from a larger group (n = 59 total) of previously quantified cases (Table 1). ILBD
was divided into those with (n = 6) and without (n = 4) active neurodegeneration. Active
neurodegeneration in the SN consisted of: (i) loss of NM+ neurons; (ii) presence of more
than 20 NM+ MPs; and (iii) more than one field with greater than 10 free NM fragments in
the neuropil. PDP cases were divided into moderate (n = 4) and severe (n = 4) neuronal loss.
Mean age (£ 25 = 0.00776, £= 0.988) did not differ between groups. The % of the SN area
sampled did not differ between groups (£ 25 = 02.293, P=0.093). Three morphological
features varied significantly: the number of NM+ neurons (H, = 20.131, £< 0.001), NM+
MPs (H4 = 15.939, P=0.003) and fields with >10 NM fragments (H, = 21.834, £< 0.001).

Abnormalities in both ILBD and the PDP cases were identified in each region examined
from the SN to Put and the nbM.

Cell bodies in the SN

Three types of abnormal neuronal cell body aSYN expression were found including brain
stem-type LBs (Figure 1A — D), PBs (or PB-like structures, Figure 1E — H) and neuronal
diffuse cytoplasmic accumulation (Figure 11 — L). The brain stem-type LB (in the SN and
nbM) had three identified concentric layers consisting of a central core, surrounded by two
distinct shells (inner and outer shell). Low to moderate levels of TH (see Supporting
Information Figure S1A), taSYN (see Supporting Information Figure S1B) and UBs (not
shown) were variably found in the central core. An inner shell consisted of an intense layer
of taSYN (Figures 1B and 2A) and lower levels of trapped proteins. This was surrounded by
an outer shell containing both flaSYN (Figures 1C and 2B, Supporting Information Figure
S5C) and paSYN (see Supporting Information Figure S1C). Brain stem-type LBs were
shaped like an elongated spheroid rather than a round sphere (Supporting Information Video
S1) and were not randomly distributed in a neuron, but located near the cell membrane of
one side. Up to eight brain stem-type LBs were seen in one cell (Supporting Information
Figure SIA-D). Brain stem-type LBs varied in diameter from~4 to 24 um and were smaller
when multiple were present in one neuron. A spiky periphery contained both flaSYN and
paSYN fibrils. Multiple brain stem-type LBs often appeared to be attached by their spiky
halos.

PB-like structures differed from brain stem-type LBs and neuronal diffuse cytoplasmic
accumulation in having some degree of macro-aggregation into a loose structure of variable
size and shape, but not being solid or concentric in neurochemical structure (Figure 1E-H,
Supporting Information Video S2). TH (Figure 1E) was reduced and variably present in the
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cytoplasm of PB containing neurons. A PB contained variable amounts of taSYN (Figures
1F and 2D), paSYN (Figures 1G and 2E), flaSYN (not shown) and UBs (not shown).
Greater variation in size and shape existed for PBs compared to brain stem-type LBs. The
cytoplasm of a neuron containing a PB also contained aggregated proteins elsewhere in the
cytoplasm and attached neurites.

Neuronal diffuse cytoplasmic accumulation occurred with the diffuse cytoplasmic increase
of different proteins either not normally present in a CTRL TH+ neuron such as paSYN and
ta SYN or present in a CTRL neuron at a much lower level such as flaSYN (Supporting
Information Figure S2B, Supporting Information Video S3) and UBs (Supporting
Information Figure S2E). Two types of cells with neuronal diffuse cytoplasmic accumulation
were observed. The first type had a granular appearance to Ab staining in the SN due to the
presence of proteins around NM granules (Figure 11 — L). The appearance was different in
the nbM (Figure 2G —I) and in lipofuscin containing neurons (normal autofluorescence
masked with Sudan black). The second type had Ab staining that appeared fibrillar and
needle shaped. The size of these fibrils was similar, but other larger shapes were seen which
might represent adherence of multiple fibrils. Neuronal diffuse cytoplasmic accumulation
was seen with the different proteins examined in this report including ta SYN (Figures 1J
and 2G), paSYN (Supporting Information Video S2), flaSYN (Figure 1K) and UBs (Figure
2H). TH expression was usually reduced or appeared trapped between NM granules (Figure
11, Supporting Information Video S2).

These three cellular lesions were observed to coexist in any combination. However, when
neurons contained a LB, they rarely were observed to contain the other two lesions. PBs
usually coexisted with neuronal diffuse cytoplasmic accumulation. Neuronal diffuse
cytoplasmic accumulation was more often found in ILBD cases. Quantification of cells
containing these lesions has not yet been performed. TH was usually reduced in the presence
of any cellular lesion compared to CTRL cases where TH was highly and diffusely
expressed (Supporting Information Figures S2A,D and 5A,D, Supporting Information Video
S3), albeit in cargo-like packages. Both flaSYN (Supporting Information Figure S2B) and
UBs (Supporting Information Figure S2E) were present in CTRL neurons, neurites, axons
and terminals, although not in the abundance or pattern seen in disease cases as described.

Dystrophic neurites in the SN

Dystrophic neurites were found in the SN (Figure 3), Put and nbM (Figure 2) in patients
with both the PDP and ILBD. The largest and most numerous dystrophic neurites were
found in the SN and nbM with many fewer and smaller dystrophic neurites in the Put from
the same case. The concentric laminar pattern found in dystrophic neurites was similar to
that found in some other dystrophic structures. Unlike a LB with three concentric layers, two
concentric layers were more likely. Dystrophic neurites had a core region surrounded by a
shell. Their more linear shape was due to the confining boundary of an axon or dendrite.
With continued expansion of the aggregate, the shape both enlarged and became more
angular and pleomorphic. The innermost portion contained UBs (Figure 3H), taSYN
(Figure 3A,D) and TH (not shown) surrounded by a shell of both paSYN (Figure 3B) and

Brain Pathol. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prasad et al.

Page 9

flaSYN (Figure 3E). TH could be found in any layer of a dystrophic neurite (Supporting
Information Video S4). TH could also be seen in the extending portion of a neurite.

Axonal lesions

Normal TH+ axons in the bundle surrounding and innervating the Put measure between ~0.5
and 1.2 ym in diameter (Supporting Information Figure S3). TH (and examined proteins) is
transported as cargo in a single file of cylinders measuring ~0.5-0.7 um in diameter with a
length of ~2 pm (Supporting Information Video S5). The length of the series of TH cargo
varied by axon (from ~5-30 um or longer), and only a fraction of the axons in this bundle
contained TH at a given time. UBs and flaSYN were occasionally transported between TH
cargo (Supporting Information Figure S3B,E).

Three types of lesions were found in TH+ axons from cases with the PDP or ILBD and not
seen in CTRL cases. These lesions were not quantified and were seen in all grades of

disease.

The presence of cargo containing taSYN (Figure 4B,F) or paSYN (Figure 4C)
was considered abnormal. Cargo containing these abnormal proteins resembled
cargo carrying normal protein in size and shape. When cargo carrying abnormal
protein became enlarged or aggregated, they were considered to become
dystrophic.

Dystrophic axons differed from normal axons in their neuro-chemical content,
enlarged diameter, tortuosity and the presence of aggregates containing different
proteins (Figure 4). As the severity of pathology increased from early ILBD to
late PDP, the number of axons with dystrophic features increased and the number
containing TH decreased. Dystrophic axons displayed less deviation from a
linear configuration compared to dystrophic neurites in the SN or nbM, possibly
related to spatial constraints imposed by the surrounding axons. When an axon
became dystrophic, cargo went from single file to side by side enlarging the
diameter of the axon and suggesting an attempt to bypass an aggregate.
Identification of distinct cargo also disappeared as the dystrophic process
progressed. Aggregates were judged to contain protein from roughly 2 to 15
cargos.

Dystrophic axonal aneurysms were seen in the axon bundle surrounding the Put
and resembled a brain stem-type LB having both a central core and a
surrounding halo (Figure 41 — P). However, this type of aggregate was
compressed in one dimension and appeared to protrude through a defect in the
wall of an axon. The neurochemical structure of a dystrophic axonal aneurysm
was similar to other types of aggregates having multiple concentric layers, with
the innermost core containing UBs (Figure 4K) and TH (Figure 41,M),
surrounded by taSYN (Figure 4N), which was surrounded by flaSYN (Figure
4J) and paSYN (not shown).Trans-port of TH cargo could be seen adjacent to
the dystrophic axonal aneurysm in an attached axon (Figure 41,M).
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Dystrophic neurites in the Put

Dystrophic neurites in the Put varied in length from short (~5 um) to long (~25 um), were
linear to curved and could retain their axonal nature by containing cargo. The diameter of
dystrophic neurites varied from slightly (1-2 um) to very (up to 6 um) enlarged compared to
a normal neurite (~0.5 um). The neurochemical structure of dystrophic neurites in the Put
resembled those in the SN and nbM differed only by being fewer in number and on average
smaller in size.

Dystrophic terminals in Put

The majority of TH+ terminals in the mouse striatum were found to colocalize with flaSYN.
TH was found in both distal branches of axons and terminals (Supporting Information
Figure S4A), whereas flaSYN (Supporting Information Figure S4B) was found to be
primarily restricted to the axon terminal. Axon terminals in the mouse striatum and human
Put were often disc shaped and parallel to the axon. Both flaSYN and the presynaptic
terminal protein synaptophysin were found to colocalize within terminals in the human Put
(Supporting Information Figure S4D-F).TH localization was confirmed in axons, distal
branches of axons and terminals (Supporting Information Figure S4G) (14, 15).As a soluble
form of flaSYN was sensitive to PK-AR and this method of AR was required (or highly
desired) for TH IHC using FFPE tissue, minimal colocalization of TH and flaSYN in CTRL
human tissue was observed.

Dystrophic terminals (Figure 5) were found in the Put and differed from dystrophic neurites
based on their three-dimensional shape and absence of identifiable cargo. Whereas
dystrophic neurites in the Put had a linear aspect due there axonal morphology, dystrophic
terminals were globular. The diameter and volume of either dystrophic structure could be
large, although the largest dystrophic structure in the Put was a dystrophic neurite. A three-
dimensional view was required to determine whether an aggregate was in a dystrophic
terminal or dystrophic neurite. Dystrophic terminals contained PK-resistant forms of aSYN
including taSYN (Figure 5B,F), flaSYN (Figure 5G,J) and paSYN (Figure 5K), and UBs
(Figure 5C). The origin of some of these dystrophic structures was dopaminergic, as TH was
occasionally found (Figure 5A,E).

Cell bodies in the nbM

The neuritic and most neuronal changes identified in the SN were also found in the nbM
including brain stem-type LBs (Figure 2A — C), PBs (Figure 2D — F), neuronal diffuse
cytoplasmic accumulation (Figure 2G — 1) and dystrophic neurites (Figure 2D — F). The one
exception was Marinesco bodies, which were not seen in the nbM as previously reported.

Other findings

The number of axons and neurites containing paSYN significantly exceeded those
containing taSYN in the SN, its axon pathway and the Put. The number and density of
axons, neurites and dystrophic neurites containing paSYN in the SN increased with
progression of disease from early ILBD to late PDP and always far exceeded those
containing flaSYN and taSYN. The number and density of dystrophic lesions increased,
whereas the number of NM+ neurons in the SN decreased with progression of disease.
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ta SYN was not seen in the absence of paSYN. Extracellular brain stem-type LBs were
observed in SN (Supporting Information Figure S1) and were more common in late ILBD or
early PD. The characteristic morphology and neurochemical anatomy of an extracellular
brain stem-type LB may change over the time they are present in the neuropil and subject to
degradation. Features we required for designation as an extracellular brain stem-type LB
included: (i) core stained for ta SYN (Supporting Information Figure S1F) and periphery
stained for flaSYN (Supporting Information Figure S1G), for paSYN (not shown); (ii) the
periphery becoming thinned and irregular; (iii) the absence of TH (Supporting Information
Figure S1E); and (iv) direct contact with a glial or MP nucleus (Supporting Information
Figure S1H). Dystrophic features were not limited to the SN, nigrostriatal pathway, Put or
the nbM Sections of the midbrain and Put from patients demonstrated widespread aSYN
abnormalities that could be seen in other white matter bundles, the pallidum and adjacent
cerebral cortex. One case belonging to the CTRL group was identified as a potential
precursor state prior to early ILBD. This case was found to have a type of inclusion or
aggregate near or within an axon hillock of a neuron that contained flaSYN (Supporting
Information Figure S5B) and UBs (Supporting Information Figure S5E), but not paSYN or
taSYN (not shown). This lesion was present in multiple TH+ neurons from this individual.
Some of these neurons also had nuclear Marinesco bodies which were labeled for UBs
(Supporting Information Figure S5E) and paSYN (Supporting Information Figure S5H), but
not flaSYN or taSYN (not shown). In addition, UBs were found aggregated in neurites
(Supporting Information Figure S5E) in a manner not seen in other CTRL cases. These very
mild abnormalities have been confirmed in one (out of nine) additional elderly CTRL cases
not part of this report. One additional ILBD case had paSYN+ Marinesco bodies.

DISCUSSION

Several important inferences about the PDP can be drawn from these results. (i) The
presence of taSYN in the core of different types of aggregates suggests it plays a critical
(possibly essential) role in aggregate formation. (ii) The mechanism of aggregate formation
may involve the cohesion or collapse of ta SYN fibrils when they reach a critical
concentration with entrapment of any intervening proteins, some of which are ubiquitinated.
This core of proteins differs quantitatively from its surrounding spherical shell of taSYN
which in turn is surrounded by a spherical shell of other forms of aSYN. This results in a
great diversity of proteins within aggregates (21, 29, 33, 43). This may also explain the
laminar appearance associated with histochemical, immunohistochemical and electron
microscopic descriptions of brain stem-type LBs (17, 18, 30). Expansion of aggregates may
be due to proteins that migrate around or happen to be near an aggregate and become
enmeshed in a spiky shell. (iii) There is a centrifugal pattern to aggregates in the nigrostriatal
system meaning the abundance of aSYN lesions is greatest in the SN and less distally in
axon pathways and projection regions. (iv) Different modified forms of aSYN are produced
in the soma of TH+ neurons, packaged and transported independently to terminals in the
Put. We speculate that only ta SYN may be capable of spontaneous aggregation /77 vivoin
humans and this may occur in cargo or after disruption or release from cargo. In disease
cases, numerous TH+ axons were filled with paSYN, but were not dystrophic. (v) The
formation of a brain stem-type LB may result from this sequence of events. First, there is
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either simultaneous or sequential cellular elevation of different forms of aSYN (flaSYN,
paSYN and taSYN) and other proteins. These may aggregate into protofibrils, fibrils and
other aggregated particles resulting in neuronal diffuse cytoplasmic accumulation. This may
be followed by their further aggregation leading to a PB and then a brain stem-type LB. This
sequence of events may result from axonal blockade due to an aggregate. Because of the
static nature of postmortem human tissue, following the evolution of these lesions is not
possible. Cycling may lead to the accumulation of multiple neuronal brain stem-type LBs.
(vi) All the findings suggest that ILBD is a presymptomatic phase leading to PD.

Adverse effects from truncation of aSYN have been identified (10, 22, 31, 36, 39, 42, 54).
ta SYN has a greater tendency to aggregate /n vitro than other forms of aSYN (36, 39).

ta SYN may be responsible for the initiation of aggregation /n vivo as none of the different
lesions were seen in its absence. How and why protein aggregation occurs is unclear (40, 46)
as is their contribution to cell death (46, 58).

Dystrophic neurites were reported in multiple regions and portions of the nigrostriatal
system in PD (5, 49). Detection depends on a variety of factors (4, 6, 7, 16, 49). However,
when using sections from different portions of the nigrostriatal system from the same cases
with different severities of disease, a topographic distribution was found with the SN having
by far the greatest number and size of lesions. One interpretation is that taSYN starts
aggregation and is not capable of extensive transport compared to flaSYN and paSYN. The
number and density of dystrophic lesions observed (quantitative assessments not yet made)
was inversely proportional to the number of DA neurons in the SN suggesting these
dystrophic lesions may not be the cause of neuronal death. It is possible that a portion of
flaSYN may also be modified upon arrival in a terminal. The similarities between Lewy
neurites and brain stem-type LBs in their neurochemical profile has been suggested (30) and
this concept is strengthened by these results.

Brain stem-type LBs (17-19, 26, 30, 35, 48) may have a pale halo and a darker core (33-35,
50-53). A recent study suggested that brain stem-type LBs have three concentric layers (30).
We suggest four concentric layers may be present resulting from their mechanism of
formation including a (i) core consisting of many proteins that are trapped by the formation
of a (ii) spherical shell of ta SYN fibrils which is surrounded by a (iii) spherical shell
consisting of both flaSYN and paSYN fibrils formed by their attraction to taSYN. A final
(iv) outer layer may consist of additional proteins including neurofilaments (30). Proteins
can be found in different or multiple layers by chance. Electron microscopic descriptions of
brain stem-type LBs report a granular dense core with a paucity of fibrils surrounded by
crisscrossing fibrils radiating from the dense core with intervening granular material. These
report are consistent with the neurochemical features described here (48). The size, shape
and laminar features of brain stem-type LBs were variable as described in both electron
microscopic descriptions (17) and here.

The mechanism leading to the formation of brain stem-type LBs has long been sought.
Others have speculated that the PB might be a precursor to the brain stem-type LB (12, 24).
Until /n vitro models exist, mechanisms will remain speculative. However, the progression
from neuronal diffuse cytoplasmic accumulation to PB and then brain stem-type LB is
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plausible. It is also possible that PBs and brain stem-type LBs form independently and are
related to varying concentrations or ratios of different forms of aSYN.

Whether ILBD represents a stage prior to PD has been debated (18, 59), although recent
work supports this notion (2, 14, 15, 20, 27, 28). Two stages of ILBD were identified in this
report with similarities to the PDP. All the morphologic lesions found in the PDP were found
in ILBD. The characteristics of TH+ neurons in the SN prior to ILBD are not known, but we
report changes that might occur. Identification of this stage may be essential for identifying
neurochemical abnormalities in vulnerable cells.

A model is proposed for aSYN and the morphological lesions present in the PDP (Figure 6).
This model does not specify either the upstream factors initiating these changes or the
downstream cause(s) of cell death. Others have speculated that inclusions may not be
responsible for cell death (52). Understanding these progressive changes in humans may be
necessary for successful interventions altering progression. Other pathways are likely
dysfunctional and contribute to cell death. This model proposes that flaSYN is the precursor
to paSYN which may be the preferred precursor to ta SYN. The neuronal increase in
flaSYN and/or paSYN may be a beneficial response to an adverse initiating factor (25).At
some point, truncation of aSYN begins progressive aggregation. This model suggests that
the identification of enzymes or pathways (lysosomal or proteasomal) resulting in aSYN
modifications might provide targetable interventions (11, 39, 41). Preventing the truncation
of aSYN might slow aggregation. This model and the different types of dystrophic lesions
are not unique to the PDP. However, determining why these lesions are more common in the
PDP may be critical to understanding their pathophysiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Lesions in the cell body of tyrosine hydroxylase+ neurons in the substantia nigra. At least

three types of neuronal lesions were found in the soma of TH+ neurons in PD and ILBD
cases. (i) The classic brain stem-type Lewy body (A-D) was seen to have multiple
concentric layers; an inner core that could be filled with variable amounts (often low) of
different proteins such as TH and UB (not shown), surrounded by a ring containing TH(A)
and taSYN (B), which was surrounded by a ring containing paSYN (not shown) and
flaSYN (C). Cells containing one or more brain stem-type Lewy bodies may or may not
have observable protein elsewhere in the cytoplasm using these Abs. (ii) A pale body-like
lesion (E-H) was found to contain a variety of proteins including TH (E), taSYN (F) and
paSYN (G) and other proteins (not shown). In contrast to a cell with a brain stem-type
Lewy body, the cytoplasm often contained these proteins having different aggregated oval to
linear shapes in various amounts which coalesced into a more solid type of aggregate not
having concentric layers. (iii) In neuronal diffuse cytoplasmic accumulation (I-L), the TH+
soma fills up with a variety of proteins including taSYN (J), flaSYN (K), paSYN (not
shown) and UB (not shown) while also reducing the level of TH (I). Any combination of
these three types of lesions may exist in a TH+ neuron. For this and similar montage figures,
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the large rectangle in the upper left portion of a panel is looking down on the tissue section
and represents the typical plane viewed. The narrow rectangle at the right displays a cross
section (orthogonal or perpendicular view)at the plane indicated by the vertical line(s) and
the narrow rectangle at the bottom displays a cross section (orthogonal or perpendicular
view) at the plane indicated by the horizontal line(s). Features contained within the lines can
be visualized in three dimensions for each labeled protein (indicated in upper left in color of
channel). Nuclei may or may not be shown in a field were labeled with DAPI and colored
light blue. The secondary Abs used for fluorescence emit light at a specific wavelength and
were pseudo-colored (Supporting Information Table S1). Scale bar shown in all confocal
figures. For three color/channel montages, the first three vertical panels represent a different
primary Ab and the last panel is a merged image. Each row represents a different tissue
section, location, lesion and set of Abs. The type of AR used indicated in merged image.
Images are best viewed digitally to allow zooming and panning.
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Figure 2.
Lesions in the nucleus basalis of Meynert. The neuronal and neuritic lesions found in the SN

of PDP and ILBD cases were also found in the nucleus basalis of Meynert, except for the
absence of Marinesco bodies and neuromelanin. The neurochemical and morphological
pattern for brain stem-type Lewy bodies (A—C), pale bodies (D-F), neuronal diffuse
cytoplasmic accumulation (G-1) and dystrophic neurites (D—F) were similar to those found
in the substantia nigra.
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Figure 3.
Dystrophic neurites in the substantia nigra. Dystrophic neurites had a laminar concentric

pattern similar to the brain stem-type Lewy body. The innermost portion contained taSYN
(A, D, G), UB (H) and TH (not shown) surrounded by paSYN (B) and flaSYN (E).
Dystrophic neurites in the substantia nigra were more numerous and larger compared to
those found in the Put from the same case.
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Figure 4.
TH+ axonal lesions in the axon bundle adjacent to the putamen. Three types of axonal

lesions were identified. (i) Abnormal cargo was present. When a dystrophic axon is still
narrow, cargo of a single protein of the expected size and shape travelling along the axon can
be seen (A-D and E-H). Cargo for TH (A, E), UB (G) and flaSYN (not shown) are
considered normal and seen in CTRL cases (Supporting Information Figure S2, Supporting
Information Video S5). The abundance of different cargo was not considered or quantified.
Cargo containing taSYN (B, F) or paSYN (C) was considered abnormal. (ii) A dystrophic
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axon was identified by its abnormal shape, contents and location. They have a
neurochemical profile similar to dystrophic neurites seen elsewhere, but were not as large as
those seen in the SN. Aggregates of different size could be seen within the axon and
contained taSYN (B, F), paSYN (C), UB (G), TH (A, E) and flaSYN (not shown). (iii)
Rarely seen was a lesion arising from an axon having an unusual morphology referred to as
dystrophic axonal aneurysms (I-L and M-P). These structures resemble an aneurysm with
massive dilation arising from a narrow tubular structure (axon). TH can be seen in cargo
attempting to bypass an aneurysm (I, M). The laminated structure consists of a central core
containing TH (I, M) and UB (K), surrounded by taSYN (N), which is then surrounded by
flaSYN (J) and paSYN (O). The amount of TH in axons from PDP cases was quite
variable compared to CTRL cases (Supporting Information Figure S3) and was often at a
reduced level (A, E, I, M).
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Figure 5.
Dystrophic TH+ terminals in the putamen. The dystrophic terminal was identified only in

the putamen. The shape of presumed dystrophic terminals differed from those seen in
dystrophic neurites in the SN, putamen and nBM. Dystrophic terminals were globular in
three dimensions. TH might (A, E) or might not (1) be present in a dystrophic terminal.
Other proteins found in dystrophic terminals included taSYN (B, F), flaSYN (G, J),
paSYN (K) and ubiquitinated proteins (UB, C).
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Figure 6.

Model of progressive changes in aSYN and morphological lesions. This model suggests
sequential changers in aSYN and morphological lesions that occur in vulnerable neurons of
the substantia nigra and nucleus basalis of Meynert. This model may not apply to all neurons
dying as it is not known if all neurons develop these lesions prior to their death. This model
posits an unknown initiating factor(s, gray box) that begins a cascade of changes in different
pathways over time whose elucidation should be a goal. The model does not speculate if the
changes identified are adverse, protective or incidental. Genetic background and mutations
may modify the pathway by increasing the expression of flaSYN or increasing the rate of
phosphorylation and/or truncation of aSYN. The model suggests where specific
interventions may act in the pathway to alter its course (colored arrows). The earliest
changes observed were in the level of and distribution of UB, an increase in the cellular level
of flaSYN and the formation of an aggregate in the axon hillock of a TH+ neuron. The
significance of these early changes is not clear. Subsequently, the expression of paSYN
occurs in the cell body, neurites and axons, followed by the production of taSYN leading to
aggregation and the formation of different lesions. Cell death may be unrelated to the aSYN
pathway and the lesions observed.
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