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Abstract

Progressive rostral spread of Lewy body (LB) pathology is thought to reflect the clinical course of
Parkinson’s disease (PD) although several studies have suggested that LBs are not the toxic
species responsible for cell death. We investigated the relationship between nigral dopaminergic
cell loss, distribution and density of a-synuclein-immunoreactive LBs and duration of motor
symptoms in 97 patients with PD. Density of pigmented neurons was measured in a single section
of one half of the substantia nigra (SN) with delineation of the dorsal and ventral tiers whereas the
cortical and nigral LB densities were determined using a morphometric approach. The density of
nigral neurons was estimated to decrease by 2% each year after confirmation of the clinical
diagnosis of PD but showed marked heterogeneity with some PD patients with longer duration of
illness still possessing a significant number of preserved pigmented nigral neurons at the time of
death. An average 15% of surviving nigral neurones contained LBs and the age—adjusted
proportion of LB-bearing neurons appeared relatively stable throughout the disease duration. No
difference was observed in the age at death or duration of disease with respect to Braak PD stages.
The nigral neuronal density was unrelated to either the Braak PD stage or to cortical LB densities.
We conclude that nigral neuronal loss is slow and shows considerable variation in PD. Our data
also provides no support for a primary pathogenic role of LBs as neither their distribution nor
density was associated with the severity of nigral cell loss.
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INTRODUCTION

The pathological findings in Parkinson’s disease (PD) include a selective loss of dopamine-
producing neurons in the pars compacta of the substantia nigra (SN) and the presence of
intracytoplasmic aggregation of a-synuclein (aS) protein in the form of Lewy bodies (LBs)
in surviving neurons. Because some of these aS-immunoreactive (IR) inclusions are found
in the predilection sites of neuronal loss i.e., SN and locus coeruleus, it has been considered
that their presence is deleterious to neuronal survival. In addition to strong genetic support
for aS being crucial in the pathogenesis of PD, there are numerous in vitro and in vivo
studies that have shown post-translational modifications and other properties of aS leading
to increased protein aggregation to be intimately linked with neurotoxicity. However, it still
remains unresolved which “species” of the aS aggregation process we should be targeting,
and rather than the LBs, a number of “precursor LB” candidates have been proposed to be
neurotoxic including the synaptic aS aggregates and earlier species of aS fibrillization (i.e.,
oligomeric or protofibrillar aS) [1-4]. Some authorities now consider LBs to be innocent
bystanders or that they may represent a defence mechanism against the primary process
underlying nerve cell death [5-7].

In PD, the loss of neurones in the ventrolateral tier of the pars compacta of the SN appears
disproportionately high in comparison to the relatively small number of LBs and it seems
unlikely that every dying neuron first goes through a stage of LB formation [8]. In patients
with dementia with Lewy bodies (DLB) with widespread and extensive cortical LBs, no
correlation has been found between the number of LBs and neuronal loss in the temporal
cortex [9]. Large numbers of LBs are also found without substantial neuronal loss in some
elderly people who have died without evidence of neurodegenerative disease [10-13].
Conversely, there are no LBs in the premotor cortex where significant neuronal loss
selectively occurs in PD [14]. In vitro studies have suggested that over-expression of wild-
type aS protects against apoptosis [15, 16] and that neuronal death may occur prior to LB
formation in some neurons [17]. LB-containing neurons have been described to look
morphologically healthier (cell and nucleolar size) than neighbouring non-LB-containing
neurons [18] and it has been reported that majority of nigral neurons that die from apoptosis
are those without inclusions and thus may be dying before LB formation occurs [19].

Despite evidence indicating that LBs per se may not be harmful, their topographical
distribution is still considered to be an important determinant of PD-related clinical
symptoms [20-22]. The progressive spread of LB pathology from the brainstem to neocortex
has been suggested to reflect the clinical progression from prodromal to extrapyramidal
symptoms and finally to dementia [20-22]. Furthermore, the finding of LBs in long
surviving fetal mesencephalic neurons grafted into the striatum of PD patients [23] has led
to the notion that a “prion-like” mechanism involving permissive templating and autophagy
could be important in the pathogenesis of PD [24]. However, if the LB pathology spreads
rostrally into the neocortex, one might expect that PD patients in the later Braak PD stages
should be older than those in the preclinical stages. No such linear age dependence has yet
been observed [25, 26]. In addition, PD patients with longer disease duration might be
expected to have wider regional distribution and greater density of LB pathology, and some
correlation with the degree of pars compacta nigral cell loss should be found.
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In order to gain a clearer understanding of the progression of PD-related pathology, we have
investigated the relationship between pars compacta nigral cell loss, regional distribution
and density of aS-immunoreactive (IR) LB pathology and duration of PD in a large well-
characterized group of patients with PD.

MATERIALS AND METHODS

Case selection and clinical assessment

Ninety-seven patients who fulfilled Queen Square Brain Bank (QSBB) criteria for the
diagnosis of PD were identified from the records of donors to the QSBB for Neurological
Disorders, all of whom had received a pathological confirmation of the diagnosis between
2000 and 2008. The London Multicentre Research Ethics Committee (reference 08/
HO0718/54) has approved procedures for the donation of brains to the QSBB as well as
retention and access to clinical records.

We performed a systematic review of the case files. All patients had been regularly assessed
by hospital specialists (neurologists or geriatricians with a special interest in PD). Cases
were excluded if the medical records did not contain well-documented reports of the disease
course or if the brain material for the neuropathological assessment was inadequate. All
cases were genotyped and no monogenetic parkinsonism or LRRK2 and GBA mutation
carriers were included in the study.

Neuropathological assessment

After fixation in 10% buffered formalin (i.e., 3.6% formaldehyde), the brains were examined
by a neuropathologist and sampled in accordance with the standardised protocols of the
QSBB [27]. In compliance with established criteria for the neuropathological diagnosis of
PD [28], brain samples from selected regions were embedded in paraffin. For the aS
immunohistochemistry, 8 um-thick tissue sections were cut from three brainstem regions:
medulla with dorsal motor nucleus of vagus, pons with locus coeruleus and midbrain with
SN; from amygdala; and from five cortical regions: middle frontal gyrus, Brodmann’s area
(BA) 8/9; middle temporal gyrus, BA 21; inferior parietal lobule BA 40; entorhinal cortex
BA 28; and anterior cingulate gyrus BA 24. These sections were deparaffinised, rehydrated
and treated with formic acid for 15 min and pressure-cooked in citrate buffer at pH 6.0.
Following epitope unmasking, monoclonal antibody to a-synuclein (clone KM51, dilution
1: 1000; Novocastra; Newcastle upon Tyne, UK) was applied and incubated overnight at
+4°C. For detection, Histostain SP kit (Zymed, San Francisco, CA) was used with Romulin
AEC chromogen (Biocare Medical, Walnut Creek, CA).

Each case was classified according to Braak PD stage (ranging from 0 to 6) depending on
the topographic distribution of aS-IR inclusions seen in these 8um-thick sections [20]. In
addition, all compact intensely aS-IR LBs (not diffuse or punctate staining) were
systematically counted by two investigators (LP and CC) within the total thickness of five
cortical grey matter regions and in the SN and these counts were adjusted to the surface area
(LB/mm2) using Image-Pro Plus software package (MediaCybernetics, UK). Several LBs
within one neuron were counted as a single inclusion. In each case, the “total cortical LB
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density” was determined as the sum of counts in five cortical areas divided by a sum of
respective surface areas. The proportion of SN neurons with LBs was calculated by dividing
the total number of LBs by the total number of pigmented neurons in SN. All pathological
analyses were done blinded to the clinical data.

For the nigral cell counts, a single, transverse 20 pm-thick section of the midbrain was cut at
the level where the fascicles of the 3rd cranial nerve emerge from the midbrain and
demarcate the ventral tegmental area from the SN and stained with the Luxol fast blue/cresyl
violet method. This is an optimal section of midbrain as it permits the evaluation of pertinent
nuclear groups at that level, [28] and thus, all those cases where this anatomical landmark
(i.e., 3rd nerve) was not identified were excluded. Limits of each SN pars compacta were
outlined manually and further divided into ventral and dorsal tiers (Fig. 1a) at x20
magnification by using a Zeiss research microscope together with Image-Pro Plus software
package (MediaCybernetics, UK) [29]. The Image-Pro Plus software automatically divides
each manually outlined area into a number of non-overlapping counting squares of equal
size of 300 um x300 um where all neuromelanin-containing pigmented neurons with or
without a nucleus were identified and labeled manually using magnification x 200. When
the nucleus was not visible due to intense pigment deposition, neurons were identified on the
basis of their size and morphological features. The pars lateralis was excluded from the
analysis because in this region there is a considerable mixing of neuronal types. The total
number of counting squares was used to determine the surface area (x x 90 000 um? ~0.09
mm?2) and finally the neuronal density was expressed as neurons/mm2. Our non-stereological
study aimed to provide an estimate of nigral neuronal numbers and thus the Abercrombie’s
correction that requires the exact mean object height in the axis perpendicular to the section
plane and z-axis collapse was not used. SN is affected only minimally by tissue shrinkage
and the single section counting under proper conditions (i.e., well-defined cutting level,
constant section thickness) has been demonstrated to be as reliable as the disector method in
evaluating the neuronal loss from SN [30, 31]. The side of the brain selected for counting
SN neuronal numbers was random and depended on which side had been embedded in
paraffin (decision based on odd and even autopsy numbers).

Statistical analysis

Statistical analysis was performed using SPSS 17.0 software (SPSS Inc., Chicago, Ill). The
number of nigral neurons was counted twice by a single investigator (LP) in one quarter of
the cases (intra-rater reliability) and LB counts were assessed twice in all cases (inter-rater
reliability) by 2 investigators (LP, CC). Intra- and inter-rater reliabilities were examined
with intra-class correlation (ICC) coefficients that were >0.80 for all the ratings performed,
thus reflecting high reliability. Only the primary counts were used for the analyses. Group
comparisons were made using the two-tailed two-sample t-test, one-way analysis of variance
(ANOVA) or Kruskal-Wallis test, as appropriate. Bivariate correlations were assessed by
means of the Pearson (r) or Spearman non-parametric rank (rho) correlation coefficient.
Generalized linear models that allow the adjustment for the different confounding variables
were used to analyze the number of pigmented neurons and LBs. Since we were analysing
count data adjusted for area (mm?2) and the variances of these variables were much larger
than the corresponding means (i.e., overdispersed data), we fitted the regression model
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based on the negative binomial distribution. In these models, the dependent variable is either
the number of pigmented neurons or LBs and the offset a natural logarithm (In) of the area,
whereas different confounding variables are included in the model as covariates. The
estimated relative rate (ERR) was interpreted in a similar way to a relative risk and odds
ratio (i.e., as the estimated count per unit area for a unit increase in the value of the
covariate). The null hypothesis was rejected at the 0.05 significance level.

Study population

The 97 PD patients (63 male and 34 female) ranged in age from 40 to 92 years (mean 75.4,
SD 9.0 years). The mean age of onset of PD (defined as the retrospective report of first
symptoms) was 60.6 years (SD 11.1 years, range 36.5-84.2 years) and the mean duration of
illness 15.2 years (SD 7.0 years, range 4.1-31.2 years). Patients were segregated into five
groups depending on the duration of disease at death: 11 patients <5 years, 20 patients 6-10
years, 20 patients 11-15 years, 22 patients 16—20 years and 24 patients >20 years. There was
no significant correlation between duration of PD and age at death (r = =0.07, p = 0.51), but
there was significant negative correlation between age at onset and duration of illness (r =
-0.68, p < 0.001) i.e., later onset, shorter survival.

Neuronal loss in SN and duration of PD

The mean neuronal counts, area measurements and densities are given in Table 1. The
number and density of pigmented neurons correlated significantly with each other (r = 0.75,
p < 0.001). There was a negative linear correlation between both number (r =-0.31, p =
0.002) and density (r = -0.34, p = 0.001) (Fig. 2a) of pigmented neurons in the SN and
duration of PD. The fit of the linear model was similar that of the sigmoid (r = —0.36) and
quadratic (r = —0.35) models. A slightly better fit for the neuronal loss (r = —0.37, p < 0.001)
(Fig. 2b) was obtained with a negative exponential curve which was calculated with the
following equation: Density of neurons in SN = 10(1.22-0.01xduration of PD in years) Thjg
equation shows that the neuronal density in a given year is 0.98 times (i.e., 1070-01) the
neuronal density in the previous year. However, only 14% of the variation in the SN
neuronal density could be explained by duration of PD. Some PD patients with longer >21-
year duration of illness still possessed a fair number of pigmented nigral neurons (Fig. 1b,
c). There was also a significant difference in both the mean number (ANOVA, p =0.02, F =
3.14, df = 4) and the density (ANOVA, p = 0.006, F = 3.86, df = 4) of nigral neurons
between the duration groups (Table 2).

Using univariable models, the duration of PD was negatively (ERR = 0.98, 95% CI = 0.97-
0.99, p < 0.001) and the age at onset positively associated (ERR = 1.01, 95% CI = 1.00-
1.02, p = 0.003) with the density of pigmented neurons in SN. Age at death (p = 0.39) and
gender (p = 0.79) were not significantly associated with the nigral neuronal density. When
the subregions of SN were analysed separately, the neuronal density decreased over time
both in the dorsal (p < 0.001, ERR =0.98, 95% CI = 0.95-0.99) and ventral tier (p = 0.01,
ERR =0.98, 95% CI = 0.96-0.99). The multivariable model showed that the duration of PD
was negatively associated (ERR = 0.98, 95% CI = 0.97-1.00, p = 0.03) with the density of
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nigral neurons after adjustment for age at onset. The age at onset-adjusted decrease in the
density of pigmented neurons in time was found in the dorsal tier (p = 0.03, ERR = 0.98,
95% CI = 0.97-1.00) but not in the ventral tier (p = 0.25) of SN. In comparison to PD
patients with <5 years of duration (reference group) the density of nigral neurons
significantly decreased with 16-20 years (ERR = 0.72, 95% CI = 0.54-0.97, p = 0.03) and
>20 years (ERR = 0.68, 95% CI = 0.50-0.94, p = 0.02) of duration (Table 3). The two
earlier duration groups 5-10 years (p = 0.56) and 10-15 years (p = 0.27) showed no
significant difference.

Proportion of nigral neurons with LBs and duration of PD

The estimated proportion of nigral neurons with LBs was 14.9 + 1.3% (mean £ S.E.M),
ranging from 0.3% to 68%. The proportion of LB-bearing neurons was <30% in all cases
except in 10 “outliers”: in 3 of these (2 with duration of PD <5 years) the proportions were
>50% (68%, 61%, 53%) due to relatively high LB and low nigral neuronal numbers. There
was a negative correlation between proportion of LB-bearing nigral neurons (p =-0.31, p =
0.002) and duration of PD (Fig 2C). No significant difference was seen in the median
proportion of LB-bearing neurons between the duration groups (Kruskal-Wallis; p = 0.05)
(Table 2). The median proportion of nigral neurons with LBs was twice as high in the first 5
years and then remained relatively stable.

Univariable models showed that duration of PD (ERR = 0.97, 95% CI = 0.95-0.99, p =
0.02) and the age at death (ERR = 0.98, 95% CI = 0.96-1.00, p = 0.02) were significantly
negatively associated with the proportion of LB-bearing neurons. Age at onset (p = 0.78)
and gender (p = 0.61) were not significantly associated with the proportion of nigral neurons
with LBs. Age at death-adjusted duration of PD remained significantly negatively associated
(ERR =0.97, 95% CI = 0.95-0.99, p = 0.002) with the proportion of LB-bearing neurons.
The proportion of LB-bearing neurons in PD patients decreased by ~50% within the first 5-
year duration of illness and then seemed to plateau (Table 3). However, when we excluded
the 3 “outliers” with >50% of LB-bearing neurons, the observed significant associations
were lost (except when comparing >20-year to <5-year duration) and every age group
appeared to have a similar proportion of nigral neurons with LBs.

LBs and their relationship to duration of PD and neuronal loss in SN

There was a significant negative association between duration of PD and age-adjusted LB
densities in the temporal (ERR = 0.91, 95% CI = 0.86-0.96, p < 0.001), entorhinal (ERR =
0.93, 95% CI = 0.90-0.97, p < 0.001) and total cortices (ERR = 0.95, 95% CI = 0.91-0.98, p
=0.005) as well as in the SN (ERR =0.94, 95% CI = 0.92-0.96, p < 0.001) (Table 4). There
was also a significant difference in the median cortical LB density between the different
duration groups of PD (Kruskal-Wallis; p = 0.04) (Table 2). However, we found no
difference in the mean duration of PD between Braak PD stages (ANOVA, p=0.29 F =
1.26, df = 2). The mean duration of illness was 17.2 years in 4 patients with Braak PD stage
3, 16.4 years in 37 patients with stage 5 and 14.2 years in 56 cases with stage 6. In addition,
mean age at death did not differ between Braak PD stages (ANOVA, p =0.07, F = 3.86, df =
2).
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There was no significant correlation between total cortical LB density and the density of
nigral neurons (p = -0.03, p = 0.78). A positive correlation was found between the number
of pigmented neurons in the SN (p = 0.23, p = 0.03) and the total count of LBs within this
nucleus (Fig. 2D), i.e., more neurons, more LB-bearing neurons can be seen. Multivariable
model showed no association between total cortical LB (p = 0.94) and nigral neuronal
densities but a significant positive association was seen between nigral LB (ERR = 1.10,
95% CI = 1.05-1.15. p < 0.001) and nigral neuronal densities after adjustment for the age at
death (Table 4). We found no difference in either mean SN neuronal number (Kruskal-
Wallis, p = 0.36) or density (Kruskal-Wallis, p = 0.32) between Braak PD stages.

DISCUSSION

We have confirmed that both neuronal number and density in the SN in PD decrease over
time [32, 33] and that the best fit for nigral neuronal loss is a negative exponential curve.
Our neuronal counts in SN, especially in the dorsal tier, were higher than those reported in
the study by Fearnley and Lees carried out almost 20 years ago in the QSBB, despite similar
age and duration of PD [32]. This is likely to be due to differences in the technique of cell
counting and sub-division of SN. Furhermore, the sections were three times thicker in the
present study which is probably the single most important difference. Marked heterogeneity
was observed with some PD patients with longer duration of illness still possessing a fair
number of pigmented nigral neurons. One explanation could be that these individuals may
have had a higher number of nigral neurons to start with but it is perhaps more plausible to
suggest that the rate of nigral neuronal loss differs between patients. We have recently found
that nigral cell loss is less in benign tremulous Parkinsonism than in patients with PD
(Selikhova et. al., unpublished data). It is also possible that preterminal synaptic failure may
be the more critical pathogenic factor for bradykinesia rather than the neuronal loss per se
[34, 35].

Age at death appeared not to be associated with the nigral neuronal density, even in the
dorsal tier, which also contrasts with previous work [32, 36]. A lower age at onset and
longer duration of PD were both found to be associated with decreased neuronal numbers in
SN. We also observed an age of onset-adjusted association suggesting an average 2% loss in
the density of pigmented neurons in SN each year once clinical symptoms had appeared. In
comparison to the PD patients with up to 5-year duration of illness, the density of nigral
neurons in PD patients with 15-20 and >20 years of duration decreased by 28% and 33%,
respectively. The age at onset-adjusted negative association between nigral neuronal number
and duration of PD was restricted to the dorsal tier further emphasizing the possibility of
different time-dependent mechanisms of sub-regional nigral cell loss.

We found an average of 15% of nigral neurons to contain aS-IR LBs, a somewhat higher
figure than previous reports [37, 38]. In agreement with the findings of Greffard and
colleagues, we found that the proportion of LB-containing neurons remained relatively
stable throughout the course of the disease [37]. This could be explained by a passive “one-
pass” phenomenon whereby the LBs appear at the beginning of the disease and then
decrease at the same rate as nigral neurons are lost or alternatively that a dynamic “turn-
over” occurs with LBs continuously produced and destroyed at the same rate [37]. If the
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number of LB-containing neurons dying is balanced by the number of newly-created LB-
containing neurons, further studies are now needed to determine what happens to the LBs
when the host-neuron dies? What proportion of them remains lying free in the neuropil
analogous to “ghost tangles” (i.e., extracellular neurofibrillary tangles, NFT) that are seen in
Alzheimer’s disease [39] and how quickly are they degraded? aS-IR LBs have been
reported to be rather insoluble [40], albeit not as insoluble as tau-IR NFTSs, so they may be
more quickly removed compared to NFTSs that can survive in hippocampal neurons for 20
years [41]. In addition, if LBs do turn around, it needs to be established whether this only
occurs in the SN or also in other brain regions.

Greffard and colleagues estimated LBs to have a six-month life span (extending to 16
months for any type of aS-IR inclusions) based on the fact that they found twice as many
neurons dying each year compared to the proportion of LB-bearing neurons [37]. If we
apply the same mathematical modelling to our observations, we would conclude that LBs
survive for 7.5 years (15% of LB-bearing neurons/2% neuronal death per a year). It must be
remembered however that this calculation is based on the unproven assumption that
neuronal death only occurs in the LB-bearing neurons.

In common with some previous studies, our early (i.e., lower brainstem) versus advanced
(i.e., neocortical involvement) Braak PD stage cases showed no age differential [25, 26].
Furthermore, we found a decrease in the density of LBs in most regions over time
suggesting that cases of PD are unlikely to progress at the same rate [42]. The patients with
a shorter disease duration and an older age at onset may have a more malignant form of the
disease, with much faster progression as has been suggested recently [43, 44]. Recent work
has suggested that concomitant amyloid and tau pathologies are also important in
determining severity and time to cognitive deficit in PD (i.e., the rate of disease progression)
in addition to cortical LB burden [44].

The PD patients with a widespread distribution of aS pathology (i.e., higher Braak PD
stages) or higher cortical LB densities in our study did not show a decreased neuronal
density in SN in keeping with the reported weak link between the burden of aS-IR LB
pathology and clinical symptoms [10-13]. The only area where density of LBs positively
associated with cell loss was in the SN itself most likely indicating that the more neurons
there are the more LBs can be seen inside them. Greffard and colleagues have shown that
the number of nigral LBs was not correlated with nigral neuronal density, rigidity, akinesia,
UPDRS or duration of the disease [37]. We also failed to detect an inverted u-shape
distribution over time where the number of inclusions increases with the progression of the
disease until the neurons start to die further suggesting that these two phenomena are
unlikely to be linked in a direct causative chain.

The strict inclusion of a large number of PD patients for which clinical information was
available together with uniform and detailed counts of pigmented neurons at a well-defined
level of SN and comprehensive assessment of LB pathology throughout the brain represent
strengths of the present study. The retrospective nature of the study, the lack of a control
group or individuals with modest pathological burden (i.e., incidental Lewy body disease)
and the quantification of nigral cell numbers from only on one side of the SN are
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shortcomings of our study. In addition, as LB-containing neurons in most cases represent a
small fraction of the total neuronal count in the SN, there is almost certainly more variability
from slide to slide in their number than anticipated.

Despite the reasonably close correlation between neuronal density in SN and severity of
bradykinesia and rigidity in PD [33], our results suggest that nigral cell loss is gradual and
there is considerable variability which may explain the clinical heterogeneity. The observed
stability in the proportion of LB-containing nigral neurons throughout the disease duration
can be explained by either “one-pass” or “turn over” models. Neither of these paradigms
however unambiguously approve that LBs are noxious to their host cells. In our view, the
fact that neither the widespread regional distribution of LBs (i.e., Braak PD stages) nor
increased cortical LB densities were found directly linked with pars compacta nigral cell
loss lends support to the view that they are not the primary cause of the pathological process
leading to cell death in vulnerable regions in the brain in PD. Further studies focusing to
how Lewy neurites or presynaptic aggregates which make up the majority of aS pathology
relate to nigral cell and synaptic loss are therefore warranted.

Acknowledgments

A clinico-pathological study of this type is only possible because of generosity and goodwill of patients and their
families. This work was undertaken at UCLH/UCL who received a proportion of funding from the Department of
Health’s NIHR Biomedical Research Centres funding scheme. The work was also supported in part by the
Wellcome/MRC Parkinson’s Disease Consortium grant to UCL/IoN, the University of Sheffield and the MRC
Protein Phosphorylation Unit at the University of Dundee. The Queen Square Brain Bank (QSBB) for Neurological
Disorders is supported by the Reta Lila Weston Trust, the Progressive Supranuclear Palsy (Europe) Association, the
Multiple System Atrophy Trust and the Alzheimer’s Research Trust. We would like to thank Dr Olaf Ansorge for
his helpful comments and discussion of the pathological findings.

REFERENCES

[1]. Goldberg MS, Lansbury PT Jr. Is there a cause-and-effect relationship between alpha-synuclein
fibrillization and Parkinson’s disease? Nat Cell Biol. 2000; 2:E115-E119. [PubMed: 10878819]

[2]. Caughey B, Lansbury PT. Protofibrils, pores, fibrils and neurodegeneration: Separating the
responsible protein aggregates from innocent bystanders. Annu Rev Neurosci. 2003; 26:267-298.
[PubMed: 12704221]

[3]. Volles MJ, Lansbury PT Jr. Zeroing in on the pathogenic form of alpha-synuclein and its
mechanism of neurotoxicity in Parkinson’s disease. Biochemistry. 2003; 42:7871-7878.
[PubMed: 12834338]

[4]. Kramer ML, Schulz-Schaeffer WJ. Presynaptic aggregates, not Lewy bodies, cause
neurodegeneration in dementia with Lewy bodies. J Neurosci. 2007; 27:1405-1410. [PubMed:
17287515]

[5]. Bodner RA, Outeiro TF, Altmann S, Maxwell MM, Cho SH, Hyman BT, McLean PJ, Young AB,
Housman DE, Kazantsev AG. Pharmacological promotion of inclusion formation: A therapeutic
approach for Huntington’s and Parkinson’s diseases. Proc Natl Acad Sci USA. 2006; 14:4246—
4251. [PubMed: 16537516]

[6]. Olanow CW, Perl DP, DeMartino GN, McNaught KS. Lewy-body formation is an aggresome-
related process: A hypothesis. Lancet Neurol. 2004; 3:496-503. [PubMed: 15261611]

[7]. Tanaka M, Kim YM, Lee G, Junn E, lwatsubo T, Mouradian MM. Aggresomes formed by alpha-
synuclein and synphilin-1 are cytoprotective. J Biol Chem. 2004; 279:4625-4631. [PubMed:
14627698]

[8]. Terry RD. Do neuronal inclusions Kill the cell? J Neural Transm Suppl. 2000; 59:91-93. [PubMed:
10961422]

J Parkinsons Dis. Author manuscript; available in PMC 2014 October 14.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Parkkinen et al.

Page 10

[9]. Gomez-Isla T, Growdon WB, McNamara M, Newell K, Gémez-Tortosa E, Hedley-Whyte ET,

[10].

[11].

[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

Hyman BT. Clinicopathologic correlates in temporal cortex in dementia with Lewy bodies.
Neurology. 1999; 53:2003-2009. [PubMed: 10599772]

Parkkinen L, Kauppinen T, Pirttila T, Autere JM, Alafuzoff 1. Alpha-synuclein pathology does
not predict extrapyramidal symptoms or dementia. Ann Neurol. 2005; 57:82-91. [PubMed:
15562510]

Parkkinen L, Pirttila T, Alafuzoff 1. Applicability of current staging/categorization of a-synuclein
pathology and their clinical relevance. Acta Neuropathol. 2008; 115:399-407. [PubMed:
18297293]

Zaccai J, Brayne C, McKeith I, Matthews F. Ince PG MRC Cognitive Function, Ageing
Neuropathology Study, Patterns and stages of a-synucleinopathy: Relevance in a population-
based cohort. Neurology. 2008; 70:1042-1048. [PubMed: 18362284]

Markesbery WR, Jicha GA, Liu H, Schmitt FA. Lewy body pathology in normal elderly subjects.
J Neuropathol Exp Neurol. 2009; 68:816-822. [PubMed: 19535990]

Halliday GM, Macdonald V, Henderson JM. A comparison of degeneration in motor thalamus
and cortex between progressive supranuclear palsy and Parkinson’s disease. Brain. 2005;
128:2272-2280. [PubMed: 16014651]

da Costa CA, Ancolio K, Checler F. Wild-type but not Parkinson’s disease-related ala-53 —>Thr
mutant alpha-synuclein protects neuronal cells from apoptotic stimuli. J Biol Chem. 2000;
275:24065-24069. [PubMed: 10818098]

Lee M, Hyun D, Halliwell B, Jenner P. Effect of the overexpression of wild-type or mutant
alpha-synuclein on cell susceptibility to insult. J Neurochem. 2001; 76:998-1009. [PubMed:
11181819]

Saha AR, Ninkina NN, Hanger DP, Anderton BH, Davies AM. Induction of neuronal death by
alpha-synuclein. Eur J Neurosci. 2000; 12:3073-3077. [PubMed: 10971650]

Gertz HJ, Siegers A, Kuchinke J. Stability of cell size and nucleolar size in Lewy body
containing neurons of substantia nigra in Parkinson’s disease. Brain Res. 1994; 637:339-341.
[PubMed: 8180816]

Tompkins MM, Hill WD. Contribution of somal Lewy bodies to neuronal death. Brain Res.
1997; 775:24-29. [PubMed: 9439824]

Braak H, Del Tredici K, Rib U, de Vos RA, Jansen Steur EN, Braak E. Staging of brain
pathology related to sporadic Parkinson’s disease. Neurobiol Aging. 2003; 24:197-211.
[PubMed: 12498954]

Braak H, Rub U, Jansen Steur EN, Del Tredici K, de Vos RA. Cognitive status correlates with
neuropathologic stage in Parkinson disease. Neurology. 2005; 64:1404-1410. [PubMed:
15851731]

Beach TG, Adler CH, Lue L, Sue LI, Bachalakuri J, Henry-Watson J, Sasse J, Boyer S, Shirohi
S, Brooks R, Eschbacher J, White CL 3rd, Akiyama H, Caviness J, Shill HA, Connor DJ,
Sabbagh MN, Walker DG. Arizona Parkinson’s Disease Consortium, Unified staging system for
Lewy body disorders: Correlation with nigrostriatal degeneration, cognitive impairment and
motor dysfunction. Acta Neuropathol. 2009; 117:613-34. [PubMed: 19399512]

Li JY, Englund E, Holton JL, Soulet D, Hagell P, Lees AJ, Lashley T, Quinn NP, Rehncrona S,
Bjorklund A, Widner H, Revesz T, Lindvall O, Brundin P. Lewy bodies in grafted neurons in
subjects with Parkinson’s disease suggest hot-to-graft disease propagation. Nat Med. 2008;
14:501-503. [PubMed: 18391963]

Brundin P, Li JY, Holton JL, Lindvall O, Revesz T. Research in motion: The enigma of
Parkinson’s disease pathology spread. Nat Rev Neurosci. 2008; 9:741-745. [PubMed: 18769444]

Halliday G, Del Tredici K, Braak H. Critical appraisal of brain pathology staging related to
presymp-tomatic and symptomatic cases of sporadic Parkinson’s disease. J Neural Transm Suppl.
2006; 70:1-5. [PubMed: 17017515]

Kempster PA, O’Sullivan SS, Holton JL, Revesz T, Lees AJ. Relationships between age and late
progression of Parkinson’s disease: A clinico-pathological study. Brain. 2010; 133:1755-1762.
[PubMed: 20371510]

J Parkinsons Dis. Author manuscript; available in PMC 2014 October 14.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Parkkinen et al.

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].
[41].
[42].
[43].

[44].

Page 11

Trojanowski JQ, Revesz T. Neuropathology Working Group on MSA, Proposed
neuropathological criteria for the post-mortem diagnosis of multiple system atrophy. Neuropathol
Appl Neurobiol. 2007; 33:615-620. [PubMed: 17990994]

Dickson DW, Braak H, Duda JE, Duyckaerts C, Gasser T, Halliday GM, Hardy J, Leverenz JB,
Del Tredici K, Wszolek ZK, Litvan I. Neuropathological assessment of Parkin-son’s disease:
Refining the diagnostic criteria. Lancet Neurol. 2009; 8:1150-1157. [PubMed: 19909913]

Halliday, G. Substantia nigra and locus coeruleus. In: Paxinos, G.; Mai, JK., editors. The Human
Nervous System. 2nd edn. Elsevier Academic press; London, England: 2004. p. 449-463.

Ma SY, Collan Y, Royttd M, Rinne JO, Rinne UK. Cell counts in the substantia nigra: A
comparison of single section counts and disector counts in patients with Parkin-son’s disease and
in controls. Neuropathol Appl Neurobiol. 1995; 21:10-17. [PubMed: 7770115]

Ma SY, Réyttd M, Rinne JO, Collan Y, Rinne UK. Single section and disector counts in
evaluating neuronal loss from the substantia nigra in patients with Parkinson’s disease.
Neuropathol Appl Neurobiol. 1995; 21:341-343. [PubMed: 7494602]

Fearnley JM, Lees AJ. Ageing and Parkinson’s disease: Substantia nigra regional selectivity.
Brain. 1991; 114:2283-2301. [PubMed: 1933245]

Greffard S, Verny M, Bonnet AM, Beinis JY, Gallinari C, Meaume S, Piette F, Hauw JJ,
Duyckaerts C. Motor score of the unified Parkinson disease rating scale as a good predictor of
Lewy body-asscoaited neuronal loss in substantia nigra. Arc Neurol. 2006; 63:584-588.
[PubMed: 16606773]

Schulz-Schaeffer WJ. The synaptic pathology of (a-synuclein aggregation in dementia with
Lewy bodies, Parkinson’s disease and Parkinson’s disease dementia. Acta Neuropathol. 2010;
120:131-143. [PubMed: 20563819]

Tanji K, Mori F, Mimura J, Itoh K, Kakita A, Takahashi H, Wakabayashi K. Proteinase K-
resistant (a-synuclein is deposited in presynapses in human Lewy body disease and A53T a-
synuclein transgenic mice. Acta Neuropathol. 2010; 120:145-154. [PubMed: 20339856]

Ross GW, Petrovitch H, Abbott RD, Nelson J, Markesbery W, Davis D, Hardman J, Launer L,
Masaki K, Tanner CM, White LR. Parkinsonian signs and substantia nigra neuron density in
decedents elders without PD. Ann Neurol. 2004; 56:532-539. [PubMed: 15389895]

Greffard S, Verny M, Bonnet AM, Seilhean D, Hauw JJ, Duyckaerts C. A stable proportion of
Lewy body bearing neurons in the substantia nigra suggests a model in which the Lewy body
cause neuronal death. Neurobiol Aging. 2010; 31:99-103. [PubMed: 18457903]

Mori F, Nishie M, Kakita A, Yoshimoto M, Takahashi H, Wakabayashi K. Relationship among
alpha-synuclein accumulation, dopamine synthesis, and neurodegeneration in Parkinson disease
substantia nigra. J Neuropathol Exp Neurol. 2006; 65:808-815. [PubMed: 16896314]

Buée L, Troquier L, Burnouf S, Belarbi K, VVan der Jeugd A, Ahmed T, Fernandez-Gomez F,
Caillierez R, Grosjean ME, Begard S, Barbot B, Demeyer D, Obriot H, Brion |, Buée-Scherrer V,
Maurage CA, Balschun D, D’hooge R, Hamdane M, Blum D, Sergeant N. From tau
phosphorylation to tau aggregation: What about neuronal death? Biochem Soc Trans. 2010;
38:967-972. [PubMed: 20658986]

Pollanen MS, Bergeron C, Weyer L. Detergent-insoluble cortical Lewy body fibrils share
epitopes with neurofilament and tau. J Neurochem. 1992; 58:1953-1961. [PubMed: 1373181]
Morsch R, Simon W, Coleman PD. Neurons may live for decades with neurofibrillary tangles. J
Neuropathol Exp Neurol. 1999; 58:188-197. [PubMed: 10029101]

Selikhova M, Williams DR, Kempster PA, Holton JL, Revesz T, Lees AJ. A clinico-pathological
study of subtypes in Parkinson’s disease. Brain. 2009; 132:2947-2957. [PubMed: 19759203]
Halliday G, Hely M, Reid W, Morris J. The progression of pathology in longitudinally followed
patients with Parkinson’s disease. Acta Neuropathol. 2008; 115:409-415. [PubMed: 18231798]
Compta Y, Parkkinen L, O’Sullivan SS, Vandrovcova J, Holton JL, Collins C, Lashley T, Kallis
C, Williams DR, de Silva R, Lees AJ, Revesz T. Lewy- and Alzheimer-type pathologies in
Parkinson’s disease dementia: Which is more important? Brain. 2011; 134:1493-1505. [PubMed:
21596773]

J Parkinsons Dis. Author manuscript; available in PMC 2014 October 14.



syduasnuepy J0yINy Siapun4 DA adoing ¢

sidiiosnuelA JoyINy sispun4 DIAd adoin3 ¢

Parkkinen et al.

Fig. 1.
(a) Transverse level of the midbrain at the level of the 3rd cranial nerve showing how the

two tiers of substantia nigra pars compacta (dorsal, SNCd and ventral, SNCv) were depicted
(adapted from Halliday 2004). More ventrally positioned substantia nigra reticulata (SNR)
and dorsolaterally located pars lateralis (SNpl) are also indicated. (b, ¢) Photomicrographs
depicting the heterogeneity in the number of pigmented nigral neurons between two PD
patients with similar disease duration. (b) PD patient with 27.5 year duration; nigral cell
count 7.0/mm2, (c) PD patient with 27.0 year duration, nigral cell count 21.8/mm?. Arrows
point to the 3rd nerve fascicles. Luxol fast blue/cresyl violet. Scale bars: 200 um.

J Parkinsons Dis. Author manuscript; available in PMC 2014 October 14.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Parkkinen et al.

Density of nigral neurons (counts/mm?)

Proportion of nigral neurons with LBs

40004 , o r=-0.34
............. sigmoid p=0.001
— — = quadratic
30.00 linear
o
o ° o

20.00 1

10.00

0.00
00 100 200 300
Duration of PD (in years)
c
o rho=-0.29
p=0.003
60- °
o
o
o o
401 o o
o
o ° o
o
o o
204 o ©° o 2 °
0% oo coDo % o:" &
o_ o0 °° o S0’y Z"’ o
-] 0% °o° o o o ®
°°°°°o °gs °o°°°° °°°°°° oo
00 v T Or T
00 10.0 200 300

Duration of PD (in years)

Fig. 2.

Log density of nigral neurons

Number of nigral neurons

1.50

1.251

1.004
0.75
[e] o °°
0.50
00 100 200 300
Duration of PD (in years)
d
500 rho=0.23
2 8 p=0.03
400+ 00® 2 6
o °8 ) o o
] 040 o °
300 S g o s
®, 58 o °
oO o o OO
) ° &
2004 LI }’ . 5 o ©
0% goo °
:uoo % 50
o
100 e
o ‘:) 0© o
04— v T T v v T
0 20 40 60 80 100 120

Number of LBs in substantia nigra

Graphs depicting correlations between duration of Parkinson’s disease and (a) the density
and (b) log of the density of nigral pigmented neurons and (c) proportion of nigral neurons
with Lewy bodies. D shows correlation between the number of Lewy bodies and the number

of neurons in the substantia nigra.
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Table 1

Mean neuronal counts, area measurements and densities in total, ventral and dorsal tiers substantia nigra

Mean + SD pigmented neuronal Mean = SD area in mm?2 (range)  Mean * SD pigmented neuronal density
count (range) (count per mm?) (range)
Total SN 220 + 94 (60-471) 17.2 +4.8 (8.4-30.7) 13.0+5.4 (4.0-38.2)
Dorsal tier of SN 161 + 70 (57-364) 11.0 £ 3.0 (5.0-18.4) 14.9 + 6.3 (5.6-46.0)
Ventral tier of SN 60 + 39 (0-210) 6.3+2.2(1.5-12.3) 9.7 +5.8 (0-28.5)

SN = substantia nigra; SD = standard deviation.
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Table 2

Mean nigral neuronal counts and densities, and median proportion of nigral neurons with LBs and cortical LB
densities within duration groups

Duration group N Mean * SD nigral Mean + SD nigral neuronal Median proportion of Median cortical
neuronal count (range) density (count/mm?) (range) nigral neurons with LB density

LBs (%) (range)” (LB/mm?) (range)

<5 years 11 271 + 109 (87-457) 16.4 + 6.0 (7.3-26.5) 26.8 (6.0-68.0) 1.4 (0.1-6.6)
5-10 years 20 252 + 75 (101-407) 15.0 + 4.3 (8.3-24.0) 11.3 (3.0-39.0) 0.3 (0-5.1)
11-15 years 20 234 £ 99 (90-471) 13.8 £ 6.7 (6.0-38.2) 12.2 (3.0-29.0) 0.2 (0-1.3)
16-20 years 22 194 + 95 (60-384) 115+ 4.9 (4.0-24.1) 11.9 (0-44.0) 0.4 (0-5.2)
>20 years 24 182 + 79 (72-377) 10.6 + 4.0(4.1-21.8) 9.2 (2.0-61.0) 0.2 (0-1.9)
p value 0027 0.006 1 0.05F 0.04%

LB=Lewy body; SD = standard deviation.
Calculated by dividing the total number of Lewy bodies by the total number of pigmented neurons in substantia nigra.
TGroup comparisons were made using ANOVA

t . . .
Group comparisons were made using Kruskall-Wallis.
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Association of nigral neuronal density and proportion of nigral neurons with LBs with duration of PD

Table 3

Duration of PD

Nigral neuronal count/mmer

Proportion of nigral neurons with LBs

# . . .
different categories of duration are compared to the reference category of 1-5 years

TMultivariable model adjusted for age at onset

¢Multivariable model adjusted for age at death

m

=

=

-8 ERR (95% CI) p value ERR (95% CI) p value
(9>}

g <5 years 1# - 1# -
®) 6-10 years 0.92 (0.69-1.22) 0.56 0.53 (0.31-0.90) 0.02
o 0.68 (0.39-1.17)" 0.16"
>

=3 11-15 years 0.85 (0.64-1.13) 0.27 0.46 (0.27-0.79) 0.005
] * *
& 0.59 (034-1.02) 0.06
i—> 16-20 years 0.72 (0.54-0.97) 0.03 0.46 (0.27-0.79) 0.005
—*

-0 * *
o 0.60 (0.35-1.03) 0.06
Z >20 years 0.68 (0.50-0.94) 0.02 0.45 (0.27-0.75) 0.003
Q.) * *
g 0.51 (0.29-0.87) 0.01
w

(@)

=.
o

—

w

Page 16

*
results when 3 outliers with >50% proportion of LB-bearing neurons are excluded from the analysis. Cl = confidence interval; ERR = estimated

relative rate; LB = Lewy body; PD = Parkinson’s disease.
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Table 4

LB densities and their age-adjusted association to duration of PD and nigral neuronal density

Brain region

Mean = SD LB density (count per mm?) (range)

Duration of PD”

- . *
Nigral neuronal density

ERR (95% CI)

p value

ERR (95% Cl)

p value

Parietal cortex
Frontal cortex
Temporal cortex
Cingulate gyrus
Entorhinal cortex
Total cortex

Substantia nigra

0.1+0.3 (0-2.4)
0.3 +0.8 (0-4.6)
0.7 2.0 (0-13.5)
1.4+2.2(0-13.3)
1.6 £2.7 (0-18.6)
0.7 +1.2 (0-6.6)
1.8 +1.6(0.1-9.3)

0.97 (0.91-1.04)
0.95 (0.90-1.00)
0.91 (0.86-0.96)
0.97 (0.93-1.00)
0.93 (0.90-0.97)
0.95 (0.91-0.98)
0.94 (0.92-0.96)

0.39
0.05
<0.001
0.08
<0.001
0.005
<0.001

0.93 (0.83-1.05)
1.02 (0.91-1.14)
0.90 (0.90-1.09)
0.99 (0.94-1.05)
1.02 (0.96-1.09)
1.00 (0.94-1.06)
1.10 (1.05-1.15)

0.26
0.67
0.87
0.81
0.53
0.94
<0.001

*
Multivariable model adjusted for age at death. Cl = confidence interval; ERR = estimated relative rate; LB=Lewy body; PD = Parkinson’s
disease; SD = standard deviation.

J Parkinsons Dis. Author manuscript; available in PMC 2014 October 14.

Page 17



