1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Acta Neuropathol. Author manuscript; available in PMC 2017 March 01.

-, HHS Public Access
«

Published in final edited form as:
Acta Neuropathol. 2016 March ; 131(3): 393-409. doi:10.1007/s00401-015-1526-9.

Pathological a-synuclein Distribution in Subjects with
Coincident Alzheimer’s and Lewy Body Pathology

Jon B. Toledo!”", Pallavi Gopall, Kevin Raiblel, David J. Irwinl2, Johannes
Brettschneiderl-3, Samantha Sedor!, Kayla Watts!, Susana Boludal, Murray Grossman?,
Vivianna M. Van Deerlinl, Edward B. Leel, Steven E. Arnold?®, John E. Duda®, Howard
Hurtig?, Virginia M-Y Leel, Charles H. Adler’, Thomas G. Beach8, and John Q. Trojanowskil

1Department of Pathology and Laboratory Medicine, University of Pennsylvania
2Department of Neurology, University of Pennsylvania

3Department of Clinical Neuroanatomy and Neurology, University of Ulm
SDepartment of Psychiatry, University of Pennsylvania

5Philadelphia VA Medical Center, Philadelphia, Pennsylvania

"Department of Neurology, Mayo Clinic, Scottsdale, Arizona

8Civin Laboratory for Neuropathology, Banner Sun Health Research Institute, Sun City Arizona

Abstract

We investigated the distribution patterns of Lewy body related pathology (LRP) and the effect of
coincident Alzheimer disease (AD) pathology using a data-driven clustering approach that
identified groups with different LRP pathology distributions without any diagnostic or
researcher’s input in two cohorts including: Parkinson disease patients without (PD, n=141) and
with AD (PD-AD, n=80), dementia with Lewy bodies subjects without AD (DLB, n=13) and
demented subjects with AD and LRP pathology (Dem-AD-LB, n=308). This latter group
presented two LRP patterns, olfactory-amygdala and limbic LRP with negligible brainstem
pathology, that were absent in the PD groups, are not currently included in the DLB staging
system and lacked extracranial LRP as opposed to the PD group. The Dem-AD-LB individuals
showed relative preservation of substantia nigra cells and dopamine active transporter in putamen.
PD cases with AD pathology showed increased LRP. The cluster with occipital LRP was
associated with non-AD type dementia clinical diagnosis in the Dem-AD-LB group and a faster
progression to dementia in the PD groups. We found that 1) LRP pathology in Dem-AD-LB
shows a distribution that differs from PD, without significant brainstem or extracranial LRP in
initial phases, 2) coincident AD pathology is associated with increased LRP in PD indicating an
interaction, 3) LRP and coincident AD pathology independently predict progression to dementia in
PD, and 4) evaluation of LRP needs to acknowledge different LRP spreading patterns and evaluate
substantia nigra integrity in the neuropathological assessment and consider the implications of
neuropathological heterogeneity for clinical and biomarker characterization.
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Introduction

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly, followed by
dementia with Lewy bodies (DLB). If dementia precedes or appears within one year after
the onset of parkinsonian motor signs, the current convention based on consensus criteria is
that subjects are diagnosed clinically as DLB [34], while when the diagnosis of dementia is
more than one year after the onset of motor signs of Parkinson disease (PD), the clinical
diagnosis is PD dementia (PDD) [18,34]. A clear and objective distinction between DLB
and PDD, other than the timing of the appearance of cognitive versus motor impairments,
has not been established [1,32,45,2], while a recent publication has even suggested the two
entities be merged [5].

AD is diagnosed neuropathologically by the presence of threshold levels of phosphorylated
tau deposits in the form of neurofibrillary tangles (NFT) and dystrophic neurites as well as
deposits of amyloid beta (AB) aggregates in plaques and other forms of Af accumulations
[36]. Studies suggest that tau and AP pathologies appear to spread in a stereotypical manner,
i.e. from the medial temporal lobe to the neocortex for NFTs [7] and from the neocortex to
the brainstem and cerebellum for Af deposits [41].

Braak and colleagues proposed an a-synuclein staging systems for PD, which hypothesizes
that a-synuclein in the form of Lewy body and neurite related pathology (LRP) first appears
in the enteric nervous system, dorsal motor nucleus of the vagus nerve and the olfactory
bulb [9,10]. Based on this, LRP would mainly progress rostrally along the brainstem,
whereas the a-synuclein in the olfactory bulb would stay within its boundaries. However,
this initial staging system has not satisfactorily been able to classify a significant number of
cases [47,38,17,31], leading to continuing debates about how LRP truly progresses and
evolves [29,30,2]. This prompted other a-synuclein staging systems to be proposed for LRP
[31,47,2].

Similarly, diagnostic criteria for DLB classification based exclusively on the subdivision of
LRP into brainstem predominant, limbic and diffuse neocortical types or stages have been
proposed [34], but this classification missed an important number of cases with amygdala
predominant LRP without involvement of the brainstem as was later recognized [31]. All
these conflicting results indicate that there might be different and independent distribution
patterns.

We therefore hypothesize that LRP distribution might be related not only to the primary
LRP but also to the presence or absence of coincident AD pathology. We also expect that
these different groups differ in clinical phenotypes, integrity of the nigrostriatal pathway and
prognosis. To identify LRP distribution patterns, we applied an unsupervised data-driven
approach, hierarchical clustering, in each cohort that included all patients and was not
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influenced by clinical or neuropathological diagnosis, as diagnostic grouping was not used
in the clustering approach. Hierarchical clustering sequentially grouped the subjects with the
most similar characteristics (in our study neuropathological scores in the different studied
regions) and identified clusters that represent different pathology deposition patterns during
this agglomerative approach.

Subjects included in the study belonged to four different clinico-pathological groups: 1)
dementia subjects (excluding PDD) who met neuropathological criteria for AD and had LRP
that met criteria for DLB or did not have enough LRP for DLB (Dem-AD-LB group); 2) PD
subjects with or without dementia who did not meet neuropathological criteria for AD (PD
group); 3) PD subjects with or without dementia who met neuropathological criteria for AD
(PD-AD group); 4) DLB subjects who did not meet neuropathological criteria for a
concurrent AD diagnosis (DLB group).

Materials and Methods

Subjects and pathological assessments

Autopsy cases were selected from the Center of Neurodegenerative Disease Research
(CNDR) at the University of Pennsylvania [44] and the Arizona Study of Aging and
Neurodegenerative Disorders, part of the Banner Sun Health Research Institute Brain and
Body Donation Program (BBDP) [4,3]. The protocols for brain harvesting, selection of areas
to obtain tissue blocks (Supplementary Table 1) and staining and diagnostic procedures
followed have been previously reported in detail [4,44,3]. The center-specific histochemical
approaches are summarized in supplementary table 2.

Cases with a complete neuropathological study, including a-synuclein
immunohistochemistry (IHC), based on the protocols of each of the centers, were selected
for the study. Four groups of subjects were included in the study: 1) dementia subjects
(excluding PDD) who met neuropathological criteria for AD [13] and had LRP that met
criteria for DLB or did not have enough LRP for DLB (Dem-AD-LB group)[34]; 2) PD
subjects with or without dementia [15,18,25] who did not meet neuropathological criteria for
AD (PD group); 3) PD subjects with or without dementia [15,18,25] who met
neuropathological criteria for AD (PD-AD group); 4) DLB subjects [34,16] who did not
meet neuropathological criteria for a concurrent AD diagnosis (DLB group)(Table 1).

A neuropathological diagnosis of AD was established based on the presence of plaques and
tangles using the National Institute of Aging Reagan criteria [13,27]. We classified subjects
as having AD neuropathological diagnosis based on combined results from the CERAD
scoring system for neocortical neuritic plaque density (B or C)[35] and a distribution of NFT
that corresponded to a Braak NFT stage of I11-V1 [7,8], consistent with an intermediate or
high probability of dementia being due to AD [13]. Due to differences in staining techniques
applied in the CNDR (PHF-1) and the BBDP (Gallias) cohort (Supplementary Table 2)
different versions of the Braak staging criteria were applied [8,7]. Both staining approaches
are still recognized by the most current AD neuropathological diagnostic criteria [36,26].
Current AD neuropathological AD diagnostic criteria [36,26] were not used due to the
retrospective nature and large number of cases included in the study.
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The distinction between PDD and DLB was made based on the clinical presentation
[34,20,32]; if dementia preceded or appeared within one year after the onset of the
parkinsonian motor signs, the current convention based on consensus criteria is that subjects
are diagnosed clinically as DLB while when the onset of dementia is more than one year
after the onset of motor signs of PD, the clinical diagnosis is PDD.

Substantia nigra (SN) slides were scanned using the Aperio Leica Biosystems microscope
and nigra pigmented cell density was counted manually using 2 mm wide boxes centered in
the SN in transversal midbrain sections at the level of the red nucleus (Supplementary
Figure 1). For dopamine active transporter (DAT) IHC, formalin fixed paraffin embedded
sections of the post-commissural putamen were pretreated with citrate-based antigen
retrieval unmasking solution. The primary antibody, rat anti-dopamine active transporter
monoclonal antibody (EMD Millipore, MAB369, rat IgG2A kappa), was then added to
slides at a 1:500 dilution in the CNDR cohort. Slides were scanned using the Aperio Leica
Biosystems microscope and putamen percent-area DAT IHC staining was quantified using
HALO software. In cases with severe dopaminergic denervation of the putamen that
prevented the delineation of the total putaminal area in the DAT stained slide, we used slides
stained with Syn303 to quantify the total area of the putamen and asses that the putamen was
present.

Statistical analysis

For the comparison of the groups in the demographic table, ANOVA, Kruskall-Wallis and
Fisher exact tests were applied to analyze differences between quantitative normally and
non-normally distributed variables and quantitative variables, respectively. For the
comparison of the pathological scores, a semiquantitative ordinal grading scale (the Bruner,
Dette Munk test) was applied to handle tied values (which are not the case of the Kruskall-
Wallis test). The p-values were adjusted for multiple comparisons using the Bonferroni
correction for the non-hypothesis based comparisons. For the analysis of categorical
variables Fisher exact test and multinomial logistic regression were applied.

A hierarchical clustering method was used to identify different patterns of a-synuclein
distribution including all the subjects in each cohort together. This approach successively
groups subjects based on the similarity of the values across the studied variables (here LRP
scores in studied areas) which can be seen in the dendrograms (Supplementary figures 2—4).
In each step differences (the dissimilarity) between all subjects is calculated and then the
subjects/groups showing the smallest difference/dissimilarity are merged. Number of
clusters was selected based on the presence of a “knee” in the Hubert index and a peak in the
Hubert index and D-index second differences plots to detect groups of subjects that
represent common patterns of LRP deposition based on two large cohorts that represent the
whole spectrum of LRP. Two-tailed p-values below 0.05 were considered statistically
significant.
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A total of 308 Dem-AD-LB, 141 PD, 80 PD-AD and 13 DLB cases were included in the
study (Table 1). Dem-AD-LB presented the lowest percentage of male subjects and highest
percentage of APOE €4 carriers. When we evaluated the last clinical diagnosis of the studied
subjects, only four PD cases were clinically misdiagnosed. On the other hand most of the
Dem-AD-LB subjects were clinically diagnosed as AD dementia.

Unsupervised clustering of a-synuclein pathology in the CNDR cohort

For the initial clustering in the CNDR cohort, we included two limbic (amygdala and
cingulate cortex), two subcortical (putamen and thalamus), two brainstem (medulla and SN),
a combined medial temporal score (hippocampus and entorhinal cortex) and two neocortical
areas (frontal and angular cortex) to get a balanced representation of different systems. The
clustering analysis identified a four cluster solution in the CNDR cohort (Figure 1 and
Supplementary Figure 2): limbic transitional cluster 1, neocortical cluster 2, amygdala
cluster 3 and limbic predominant cluster 4.

The clinico-pathologically-defined groups were unevenly distributed among the clusters
(p<0.0001)(Table 3): the amygdala and limbic predominant clusters 3 and 4 were only
present in the Dem-AD-LB group, whereas the limbic transitional and the neocortical
clusters 1 and 2 were present in all the clinico-pathologically-defined groups.

The amygdala cluster 3 showed the lowest burden of pathology and was characterized by
LRP in the amygdala. Limbic LRP was shared by the limbic transitional and limbic
predominant clusters 1 and 4, although both clusters showed significant differences (Table
3). LRP was absent in the SN and very infrequent in thalamus, medulla and putamen in the
limbic predominant cluster 4, which only consisted of Dem-AD-LB cases, whereas the
aforementioned areas showed a moderate to severe pathology burden in the limbic
transitional cluster 1. Finally, the neocortical cluster 2 showed the highest burden of LRP,
extending to frontal and parietal cortices.

The neocortical cluster 2 was more frequent in the PD-AD than the PD group (OR=1.7,
p=0.004), whereas all DLB cases were included in the neocortical cluster 2, which was also
the largest, encompassing 48.3% of the subjects. We therefore performed an additional
clustering analysis, excluding areas that showed no variance in this cluster and including an
additional neocortical area which is affected in later stages (occipital cortex).

With this approach, we found three new clusters (Figure 1 and Supplementary Figure 3)
with frequencies that differed across the three clinic-pathological groups (p<0.0001)(Table
2). The neocortical occipital cluster 2B was mainly present in the Dem-AD-LB group and
PD-AD groups and the main differences when compared with the low burden neocortical
cluster 2A and moderate burden neocortical cluster 2C was the burden of LRP pathology in
the occipital cortex (Table 3). The low burden neocortical showed lower burden of
pathology in all neocortical areas and the cingulate cortex compared to the other two
neocortical clusters. Again, the PD group was most frequently in the cluster with the lowest
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amount of pathology (low burden neocortical cluster 2A) and the PD-AD group was
associated with a higher odds of being include in the occipital cluster 2B (OR=3.2, p=0.002)
and moderate burden neocortical cluster 2C (OR=2.8, p=0.005).

When we tested if APOE ¢4 carrier status was associated with any specific cluster, we
discovered that in Dem-AD-LB subjects it increased the odds of being classified in cluster
2B (adjusting for NFT Braak stage). Similarly APOE &4 carrier status was associated with
increased odds of being classified in clusters 2B and 2C in the PD and PD-AD groups
(adjusting for coincident AD diagnosis). The CERAD score and NFT Braak stages for the
different clusters are summarized in supplementary table 3.

Unsupervised clustering of a-synuclein pathology in the BBDP cohort

Olfactory bulb sections were available for 121 Dem-AD-LB, 63 PD-AD, 5 DLB and 44 PD
subjects in the BBDP cohort. Because of differences in sampling criteria (Supplementary
Table 1), there was no scoring available for lentiform, thalamus and hippocampus. Five
clusters were found in the BBDP cohort (Figure 2 and Supplementary Figure 3) with
different frequencies across the different clinico-pathological groups (p<0.0001, Table 2).
The clusters were generally similar to those in the CNDR analysis (Supplementary table 5).
Again two clusters were only present in the Dem-AD-LB group (clusters 3 and 4). The
olfactory bulb cluster 4 presented the lowest burden of pathology. The limbic predominant
cluster 3 presented greater LRP pathology in the amygdala and transentorhinal cortex
compared to the olfactory bulb cluster 4 (Table 4) and, like the olfactory bulb cluster, lacked
pathology in the SN and showed similarly low LRP pathology in the dorsal motor nucleus of
the vagus. The limbic transitional cluster 5 had a higher burden of pathology in the
brainstem and cingulate cortex compared to limbic predominant cluster 3. The moderate
burden neocortical cluster 1 had an overall higher burden of LRP pathology in most of the
studied regions compared to previously described clusters, but was mainly characterized by
greater neocortical LRP pathology.

PD-AD cases had higher odds of being classified into the moderate neocortical cluster 1
(OR=3.68, p=0.002) and the low burden neocortical cluster 2 (OR=15.4, p=0.001) versus the
limbic transitional cluster 5 (lower burden of LRP) compared to PD cases (as in the CNDR
cohort).

Extracranial and nigrostriatal a-synuclein assessment

There were 80 PD subjects of the BBDP cohort (30 PD, 1 DLB, 14 PD-AD and 35 Dem-
AD-LB) in which a-synuclein pathology was evaluated in the lumbar spinal cord,
esophagus, submandibular gland or vagus nerve. Dem-AD-LB subjects showed the lowest
presence of a-synuclein pathology in the four regions compared to the PD and PD-AD
groups (Table 5 and Figure 3), whereas the latter groups showed no differences. For further
comparisons we grouped the PD and PD-AD categories together due to their similarity and
limited sample size. When compared to the lowest burden LRP PD/PD-AD cluster (limbic
transitional cluster 5), the two BBDP Dem-AD-LB specific clusters (the olfactory bulb
cluster 3 and the limbic predominant cluster 4) showed a lower burden of LRP pathology in
all extracranial areas. On the other hand, Dem-AD-LB low and moderate neocortical burden
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clusters (clusters 1 and 2) showed a higher frequency of extracranial LRP pathology than
Dem-AD-LB olfactory bulb cluster 3 and limbic predominant cluster 4. Finally, when
comparing the PD/PD-AD and Dem-AD-LB clusters with highest LRP pathology (clusters 1
and 2), the esophagus and submandibular gland still showed lower LRP frequency in the
Dem-AD-LB group.

In the CNDR cohort, the PD-AD (n=10, p=0<0.0001), DLB (n=4, p=0.003) and PD (n=14,
p=<0.0001) groups showed a lower SN pigmented neuron density compared to the Dem-
AD-LB (n=35) group, whereas none of the statistical clusters showed any associations with
SN pigmented neuron density (Figure 4). When compared to the Dem-AD-LB group (n=29),
the PD (n=11, p<0.0001) and PD-AD (n=6, p<0.0001) groups showed a lower percentage of
DAT IHC positive area, whereas the unremarkable brain subjects (UB) showed a higher
percentage of DAT IHC positive area (n=6, p=0.030)(Figure 4 and Supplementary figure 5).
When clusters were compared within the Dem-AD-LB group, the limbic transitional cluster
1 (n=9, p=0.011), the olfactory bulb cluster 3 (n=8, p=0.0002) and the limbic predominant
cluster 4 (n=4, p=0.0001) showed a higher percentage of DAT IHC positive area than the
neocortical cluster 2 (n=8). When evaluating clinical associations within the Dem-AD-LB
group, we found that those with a DLB clinical diagnosis (n=4) showed a lower nigra cell
count than those with and AD (n=22) clinical diagnosis (p=0.010).

Clinical differences between clusters in the CNDR cohort

There was a large variability in the clinical diagnoses in the CNDR Dem-AD-LB group that
differed across the distinct clusters defined here (Supplementary table 4). When compared to
the limbic transitional cluster 1, only the neocortical cluster 2 was associated with a higher
frequency of DLB/corticobasal syndrome (CBS) diagnosis (OR=1.96, p-value=0.050). This
association was mainly due to subjects who were further subclassified into the occipital
neocortical cluster 2B and the moderate burden neocortical cluster 2C. In the PD and PD-
AD groups the neocortical cluster 2 was associated with increased odds of being demented
at time of death (OR=1.6, p=0.0003), which was mainly driven by the occipital neocortical
cluster 2B.

Finally, we evaluated the association of pathology with clinical progression in the CNDR
cohort. When all the clinico-pathological groups were studied, PD (OR=0.29, p=0.0006) and
PD-AD (OR=0.45, p=0.003) groups had longer disease duration than the Dem-AD-LB, but
there was no association between the clusters and disease duration (Figure 5). When we
evaluated progression to dementia in the PD and PD-AD groups (Dem-AD-LB was
excluded due to having dementia present from the onset), we found that the occipital
neocortical cluster 2B and the moderate burden neocortical cluster 2C (compared to the
limbic transitional cluster 1) and PD-AD clinico-pathological diagnosis predicted an
increased progression to dementia (Table 6).

Discussion

Using an unsupervised data-driven clustering approach independently in two large cohorts
encompassing a wide spectrum of LRP pathology with and without coincident AD
pathology, we found that 1) in Dem-AD-LB LRP pathology seems to start in the olfactory
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bulb progressing to the amygdala and limbic system with overall sparing of the brainstem, 2)
in the amygdala and limbic predominant Dem-AD-LB clusters there is a relative sparing of
LRP in the spinal cord, enteric nervous system and submandibular gland, 3) PD-AD subjects
were more frequently present in clusters with greater LRP burden than PD subjects, 4) the
nigrostriatal pathway was preserved in Dem-AD-LB compared to PD and PD-AD subjects
in matched clusters, 5) the occipital neocortical cluster 2B presented most frequently as
DLB/CBS and was associated with a shorter motor-dementia interval in PD and PD-AD
subjects and APOE ¢4 carrier status.

Unsupervised LRP clusters point to different spreading patterns

In this study, we identified two LRP distribution clusters that were only present in the Dem-
AD-LB cases and not in the PD-AD and PD cases in both cohorts. These clusters mainly
overlapped with the amygdala-predominant and olfactory bulb-only stages of LRP. Neither
of these stages was originally included in the Braak PD or DLB Consortium staging systems
[10,34].

The consensus DLB diagnostic criteria originally included brainstem, limbic and neocortical
stages but not an amygdala predominant or olfactory bulb-only stage of LRP [34]. Later
reports included the amygdala predominant LRP category (amygdala cluster 3 in the CNDR
cohort) [31].

Our analysis identified, using a data-driven approach, the importance of pathology
originated in the limbic system that appeared in cases with significant burdens of
concomitant AD pathology as suggested by recent studies [47,38,17,29,30]. Amygdala and
limbic LRP only appeared in the presence of AD pathology in the same locations. These
findings emphasize that the classically used transitional and the more recently-defined
limbic-predominant stages are not interchangeable and our results, based on data-driven and
not a priori based classification, confirm that there may be at least two patterns of LRP
spreading into two different limbic stages that are mainly characterized by differential LRP
burdens in the brainstem [2]. For cases following the classical PD spreading pattern, by the
time there is significant hippocampal and amygdala LRP there is a similar degree of LRP
deposition in the cingulate cortex and the basal ganglia. On the other hand, in cases
extending from the amygdala to the hippocampus, for a similar LRP burden in the amygdala
and adjacent medial temporal regions, there was a more limited burden in the brainstem and
cingulate cortex.

Previously, the Unified Staging System for LB disease (USSLB) specifically differentiated
between two limbic stages that differed based on the presence (Stage I1l: Brainstem and
limbic) or absence or low involvement of the brainstem (Stage Ilb: Limbic predominant) [2].
Our data-driven findings strongly support this staging system, based on the independent
analyses performed in two different cohorts. These analyses describe the presence of two
clusters in each cohort that were characterized by a high burden of LRP limited to the
olfactory bulb, or olfactory bulb, amygdala and medial temporal lobe, in the absence of or
with a minimal burden of brainstem LRP. Interestingly, the clustering approach indicated
that most Dem-AD-LB cases without significant neocortical LRP were classified into
clusters without any SN LRP in both cohorts (81.0% of 105 Dem-AD-LB subjects in the

Acta Neuropathol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Toledo et al.

Page 9

CNDR Dem-AD-LB groups and 77.5% of 71 AD-LB subjects in the BBDP cohort), which
is strikingly different from the spreading pattern observed in PD [10,11] while AD cases
with coincident LRP are mainly but not exclusively associated with an olfactory bulb-limbic
pattern.

Due to the relative infrequency with which early-stage PD cases come to autopsy, there were
very few short duration PD cases in either cohorts, and thus brainstem only stage cases were
underrepresented in our study. However, several studies have described these cases as
having significant brainstem pathology in the absence of limbic and neocortical LRP
[10,15,17]. When the burden of LRP in the Dem-AD-LB-specific limbic predominant
clusters (4 in CNDR and 3 in BBDP) was compared to the transitional limbic clusters (1 in
CNDR and 5 in BBDP), which was predominantly present in PD and PD-AD groups and
less frequent in the Dem-AD-LB group, there were no differences in LRP burden within the
amygdala, hippocampus and transentorhinal cortex, whereas the brainstem and limbic
clusters showed higher LRP in the cingulate and basal ganglia in addition to the brainstem.

The PD- AD group is associated with increased LRP and is more frequently present in

Dem-AD-LB

clusters

Notably, our study suggests that the presence of AD pathology is associated with, and hence
may modulate, the progression of LRP. Previously, we had shown a correlation between
LRP and tau NFT semi-quantitative scores [28]. Our new results show, in two independent
cohorts and three different cluster analyses, that PD-AD subjects were more frequently
classified into clusters that showed a higher burden of LRP and that the LRP frequency
distribution for PD-AD subjects was between the one observed for PD and Dem-AD-LB
subjects. This would indicate that the presence of AD pathology may facilitate the spreading
of LRP and lead to an overall higher burden of LRP in subjects who present clinically as PD
and have coincident AD pathology. Increasing evidence points to the fact that
neurodegenerative disease proteins such as tau, Af and a-synuclein exist in different strain-
like conformations or postranslationally modified species [12,22,24,33,39], while tau and a-
synuclein were shown to cross-fibrillize with one another but not with AB [19]. One study
described that one strain of a-synuclein (strain A) preformed fibrils (PFFs) could induce
only a-synuclein pathology, while a second strain of a-synuclein PFFs (strain B) induced
more tau than a-synuclein pathology in cultured neurons and in tau transgenic mice [22].
Thus, the effects seen here might reflect the interactions of different strains of tau and/or A
that differentially induce formation of a-synuclein LRP in a region specific manner or
facilitate the spread of a-synuclein along with the spread of tau and AB pathology. These
preliminary results need to be validated evaluating characteristics of brain extracts of
deceased patients representing different groups of the Lewy body disease spectrum and their
correlates in different cell and animal disease models. Thus, this is an area requiring further
study to understand if strains of AD and PD associated proteins account for the findings
here, but it also is essential to develop reliable biomarkers indicative of the presence of LRP
in addition to the existing AD biomarkers which correlate with plaques and tangles [42] to
improve efforts for predicting the neurodegenerative pathologies underlying dementia and
parkinsonism in living patients.
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Extracranial LRP pathology differs across clusters and clinico-pathological diagnoses

Differences between the LRP clusters described here that would represent the olfactory bulb
and limbic predominant stages (Dem-AD-LB cluster 3 and 4 in BBDP) and the cluster that
would represent the limbic transitional stage in PD and PD-AD (cluster 5) also extended to
extracranial areas beyond the brain. The Dem-AD-LB specific clusters (BBDP olfactory
bulb cluster 3 and limbic predominant cluster 4) did not show any LRP in the esophagus,
lumbar spinal cord and vagus nerve and only a single case showed LRP in the
submandibular gland. This was in contrast with the PD limbic transitional cluster 5 which
showed LRP in the same extracranial regions in approximately 80% of the cases.
Interestingly, there were some specific differences in the involvement of extracranial regions
in the Dem-AD-LB versus the PD and PD-AD groups even in the clusters that presented
more widespread pathology. In the more advanced stages, these groups did not differ in the
involvement of the spinal cord or the vagus nerve, but the Dem-AD-LB subjects with
neocortical involvement still showed a lower frequency of LRP in the submandibular gland
and esophagus, indicating that these areas are affected in later stages in Dem-AD-LB or LRP
in these cases have a decreased tropism for these organs. Alternatively, it is possible that in
advanced stages the cell loss is accompanied by an absence of LRP, although the finding of
lesser involvement in early stages would not favor this hypothesis).

The lack of extracranial pathology in Dem-AD-LB cases is the opposite as what is described
in the classical PD pattern of spreading, that would start in the peripheral nervous system
around the viscera and brainstem leading to a variety of non-motor systems that precede
PD’s motor symptoms [23]. In line with our results, a recent large study described the
absence of LRP in the spinal cord in cases with LRP circumscribed to the olfactory bulb and
amygdala, whereas all subjects with LRP in the spinal cord had LRP in the brainstem [40],
which would descend from the supraspinal medullary reticular formation [14].

Therefore, we propose that in most subjects with a dementia clinical presentation and
coincident AD and LB pathology, with either a primary neuropathological diagnosis of AD
or DLB, the origin of the pathology is the olfactory bulb and the amygdala and its spread
might be facilitated by the AD pathology, as we did not find any cases with vagal,
submandibular gland or esophageal LRP in the absence of brain LRP. On the other hand in
cases who present initially with a PD motor phenotype (PD and PD-AD cases), there was a
higher frequency of LRP in submandibular gland and esophagus compared to AD-LB,
which would indicate a greater tropism for these areas in these groups, but still with an
origin in the olfactory bulb and caudal brainstem regions followed by a simultaneous rostral
and caudal spread, or alternatively, a centripetal spread from the enteric system periphery as
proposed by some groups. However, none of the over 100 PD and control cases in the
BBDP cohort had LRP identified in the submandibular gland, esophagus and stomach in the
absence of LRP in the central nervous system (unpublished data), which would not favor the
latter hypothesis. We summarize these spreading patterns across the clinic-pathological
groups in figure 6.
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Relative integrity of the nigrostriatal pathway in Dem-AD-LB compared to PD/PD-AD

Association

Another critical finding is the preservation of SN neurons and the nigrostriatal pathway in
Dem-AD-LB cases as measured by SN pigmented neuron density counts and DAT
immunohistochemistry in the striatum (although subjects with a DLB clinical diagnosis
showed significantly lower SN cell density). This explains the lack of motor symptoms in
many cases, which makes cases less likely to fit the clinical DLB diagnostic criteria. It has
been described that approximately 70% of DLB subjects have parkinsonism which contrasts
with the pathological findings and indicates that either limbic predominant cases or
neocortical cases with low degree of SN cell loss have a similar presentation as AD cases or
that the clinical presentation has not been adequately characterized. Studies of longitudinally
followed subjects with neuropathological, clinical and multi-modal biomarkers will be
needed to characterize the heterogeneity of DLB [43]. Furthermore, PET or SPECT scans
using ligands to assess the nigrostriatal pathway might not be sensitive biomarkers for LRP
in the frequent AD-LB subjects without parkinsonism. Because even some cases with
neocortical Lewy body pathology showed a low degree of SN cell loss it would be important
to assess SN cell loss as part of the DLB neuropathological evaluation as this might have
significant implications for the clinical presentation and characterization. Alternatively,
specific FDG PET patterns of hypometabolism might prove to be sensitive and specific
biomarkers for coincident LRP in AD [43,21]. A previous study of the BBDP showed that
AD-LB cases had striatal tyrosine hydroxylase (measured using ELISA) in the same range
as control subjects as opposed to PD cases, although this study only included two cases in
the AD-LB group with moderate or high LRP [2]. The same study showed in a large number
of cases a lack of correlation between total LRP and semi-quantitatively rated SN cell loss
although several cases presented moderate or severe SN neuronal loss and another study
using semi-quantitative rating described lower SN neuron loss in DLB subjects compared to
PD subjects[45].

of LRP with clinical diagnosis and motor-dementia interval

In addition, we were able to evaluate the clinical associations in the CNDR cohort.
Interestingly, the neocortical cluster 2 was associated with increased odds of dementia in the
PD and PD-AD cases and with a higher frequency of non-Alzheimer type dementia, mainly
driven by combined motor and dementia clinical presentations, namely DLB and CBS.
These clinical associations were mainly driven by the occipital neocortical cluster 2B and
the moderate burden neocortical cluster 2C. This would indicate that neocortical
distributions represented in these two clusters are the ones that show the highest association
with the referred clinical phenotypes.

Interestingly, the LRP clusters were not associated with the disease duration and it was the
clinico-pathological diagnostic group that predicted disease duration in age, gender and
APOE ¢4 adjusted models. AD-LB cases showed the shortest disease duration as compared
to PD. However, the distribution of LRP pathology was the strongest predictor of the onset
of dementia even adjusting for coincident AD pathology (that was also associated with the
dementia progression rate). Specifically, cluster 2B was the one with a 1.7 higher HR than
coincident AD pathology and cluster 2C (cluster 2C only showing a lower burden of LRP in
the occipital lobe). These result expand on our previous finding of differences of neocortical
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LRP burden in faster and slower progressors [28], as we now define specific distributions
based on LRP in the whole brain, include the important occipital region, which was not
considered preciously, and performed a more continuous assessment of progression using a
Cox hazard model.

Previous studies have described olfactory dysfunction in PD, DLB and AD and hyposmia
has been associated with the risk of progressing to mild cognitive impairment during follow-
up [37,46]. Hyposmia has been associated with limbic pathology [6]. Therefore it is possible
that hyposmia in cases with AD clinical diagnosis might be related to cases with limbic or
diffuse LRP pathology.

Our study identified clusters of LRP in distinct forms of Lewy body disease which indicate
that there are at least two LRP distribution patterns showing different frequencies across the
Dem-AD-LB, PD and PD-AD groups and that coincident AD pathology may alter the
spread of LRP in PD. Although the number of DLB cases without AD pathology was
limited, the distribution of LRP and dopaminergic loss in these cases was similar to the one
in PD cases. Differences between clusters and clinico-pathological groups extended to
extracranial regions and to differences in the integrity of the nigrostriatal pathway which
have important clinical implications for the selection of biomarkers. In addition, the cluster-
defined groups were associated with different clinical diagnoses in the Dem-AD-LB group
and rate of progression to dementia in PD and PD-AD cases.
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Figure 1. CNDR clusters heatmaps (top) and brain maps showing L RP pathology distribution in
the clusters (bottom)
First colored column on the left of the heatmaps represents cluster identify and second

column represents clinico-pathological diagnosis with LRP-only groups in green colors (PD
and DLB) and groups with coincident LRP and AD in magenta colors (AD-LB and PD-AD).
Color scale of the brain maps below represents the mean semi-quantitative scores in each
cluster.
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Figure 2. BBDP cluster s heatmaps (top) and brain maps showing L RP pathology distribution in
the clusters (bottom)

First colored column on the left of the heatmaps represents cluster identify and second
column represents clinico-pathological diagnosis with LRP-only groups in green colors (PD
and DLB) and groups with coincident LRP and AD in magenta colors (AD-LB and PD-AD).
Color scale of the brain maps below represents the mean semi-quantitative scores in each
cluster.
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Figure 3. LRP presencein the esophagus, lumbar spinal cord, submandibular gland and vagus
nerve

Barplots represent percentage of cases with LRP based on neuropathological and cluster
groups. Measurements were performed in the BBDP cohort.
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Figure 4. SN cell density (first row) and percentage of DAT IHC areain the putamen (second
row)
Measurements were performed in the CNDR cohort.
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Figureb5.

Disease duration based on neuropathological diagnosis (top row left) and cluster
classification (top row right). Conversion from PD to PDD based on neuropathological
diagnosis (bottom row left) and cluster classification (bottom row right).
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Figure6.
LRP spreading patterns across the different clinico-pathological groups.
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Table 2

Distribution of the different LRP groups into unsupervised clusters.

Clustering in whole CNDR sample

Cluster Dem-AD-LB  PD-AD DLB PD
1 20 (127%)  4(11.8%)  0(0%) 30 (42.3%)
2 52(33.1%) 30 (88.2%) 7(100%) 41 (57.7%)
3 53 (33.8%) 0 (0%) 0 (0%) 0 (0%)
4 32 (20.4%) 0 (0%) 0 (0%) 0 (0%)

157 (100%) 34 (100%) 7 (100%) 71 (100%)

Clustering of 2" cluster in CNDR sample

Cluter Dem-AD-LB  PD-AD DLB PD
2A 6 (11.6%) 2(6.7%)  5(71.4%) 19 (46.3%)
2B 36 (69.2%) 13 (43.3%) 1(14.3%) 8 (19.5%)
2C 10 (19.2%)  15(50.0%) 1(14.3%) 14 (34.2%)

52(100%) 30 (100%) 7 (100%) 41 (100%)

Clustering in whole BBDP sample

Cluster Dem-AD-LB  PD-AD DLB PD
1 20 (165%)  22(50.0%) 0(0.0%) 10 (16.1%)
2 30 (24.8%) 20 (45.5%) 3 (60.0%) 38 (61.3%)
3 33(27.3%)  0(0.0%)  0(0.0%)  0(0.0%)
4 22(182%)  0(0.0%)  0(0.0%)  0(0.0%)
5 16 (13.2%)  2(45%) 2 (40.0%) 14 (22.6%)

121 (100%) 44 (100%) 5 (100%) 62 (100%)

Acta Neuropathol. Author manuscript; available in PMC 2017 March 01.

Page 24



Page 25

'suosttedwod ajdinw 4oy paisnipe ase sanjea-d ||y *dnolb puodas ays ur 447 o uap.ng Jaybiy e ajeaipul
sanjeA annefau seassym dnoub 1siiy 8yl Ul 4y Jo uapang Jaybiy e ayealpul sanjen aaisod aiojaiay L dnolb puodas ay Jo yued ayr snuiw dnolb uosedwod 1S114 8Y3 JO aN[eA 8y SJUasaldal aUBIBHIP Suey

“2IB1U eNURISANS =NS (WNINOIGNS/TYYD PUB X3110D [RUILIOIUS JO WINWIXeW) 8Go] [esodwal [BIPSIAl =TLIA ‘SN8JnIsod snooT =J ‘snajonu Jojow [esiod =NNd

Acta Neuropathol. Author manuscript; available in PMC 2017 March 01.

Toledo et al.

(1T000°0>) 05°0 (0T) 000 (1T000°0>) 05°0- [endioo0
(01) 900 (1000°0>) S°0- (1000°0>) T¥°0- [elolied
(01) 200 (1000°0>) 2¥°0- (1T000°0>) 2€°0- [e3uouy 3|pPIN
(01) 100 (1000°0>) Z€'0- (1000°0>) ¥€°0- 11N
(0T) 600 (¥10°0) T2°0- (1T000°0>) 62°0- arenburn
(enren-d) sous loyjip Muelabelone  (enfeA-d) aous pyiip duelabeene  (@nfea-d)aous BiIp Yue l abe one
Oz BB.N|D SA gz BBN(D Oz BBN|D SA Vg BBN|D gz B1N|D 'SA vz BBN(D
SPINPINS YAND

(01) 90°0- (1T000°0>) 970 (1T000°0>) 87°0 (0T) 90°0- (0m 00 (T000°0>) Lt°0- [elaLied
(¥9'0) 60°0- (1000°0>) 97°0 (1000°0>) 0 (0'1) 600 (2000°0) LT°0 (T000°0>) 6£°0- [eiuouy 3|ppIA
(T000°0>) ¥¥°0- (1T000°0>) T7°0 (1T000°0>) 050 (1TT0°0) 220 (T000°0>) ¥7°0 (T000°0>) 5Z°0- LN
(£000°0) €2°0- (1000°0>) L0 (1000°0>) 67°0 (1000°0>) 2€°0 (T000°0>) €¢°0 (T000°0>) £€°0- are|nbuid
(LT0) 6T°0- (£800°0) TZ'0 (1000°0>) 8£°0 (01) €00 (T000°0>) 520 (T000°0>) 2Z°0- elepbAwy
0100 (T000°0) 970 (1000°0>) L¥'0 (1000°0>) 2€°0 (T000°0>) €€°0 (T000°0) TZ'0- usweind
(0T v0°0 (1T000°0>) ¥7°0 (1000°0>) 2Z¥'0 (1000°0>) L2°0 (T000°0>) 520 (87°0) €T°0- snwefey |
0100 (1000°0>) 05°0 (1000°0>) 05°0 (1000°0>) 870 (T000°0>) 8%°0 (820°0) 9T°0- NS
(01 €00 (1T000°0>) 67°0 (1T000°0>) 87°0 (1000°0>) 2v'0 (T000°0>) TY°0 (0T)0T'0- ©[INpaN

(enren-d) (enren-d) (enren-d) (enrea-d) (enren-d) (enren-d)

90UB Jo41p Mue 1 abe Jone 80US o 41p Mue 1 abe Jone 80UB Jo41p Mue 1 abe Jone 80U Jo41p Mue 1 abe Jone 90U Jo}1p ue 1 abe Jone 90U Jo41p Mue 1 abe Jone

¥ BISN|D SAE BINID ¥ BISN|D SAZ BBN|ID € BISN|D SAZ BBN|ID ¥ BISN|D SAT BBN|ID € PN SAT BBSNID 2 BBN[D SAT BBNID eIy

SIN|O URN 4AND

"SL0Y0d dag4d pue YAND ayp Jo spaalgns ad pue g1-av-waq abels a1qui| ut usping 4y 40 uostedwo)
€9|qel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 26

Toledo et al.

(01) T0°0- (071) T0°0- (0100 (T0000>) 670 (T0000>) S0  (T0000>) G0  (10000>) G0  (T0000>) S0  (T0000>) S0  (T000°0>) 6£0 [ealied
(190°0) ST'0- (T90°0) ST'0— (0T o0 (T000'0>) 2€'0  (10000>) 9v'0  (T0000>) 970  (T0000>) S0  (T0000>) G0  (T000°0>) S0  (TO00'0>) 670  [EIUOIS BIPPIN
(1000°0>) L0~ (T000°0>) Lt7°0- (0100 (z800) .10 (10000>) 87°0  (T000°0>) 870  (T0000>) 9¢'0  (T0000>) S0  (T000°0>) G0 (£00°0) 8T'0 NS
(ez00) 62°0-  (1000°0>) ZE0- (0'T) 90°0- (€000°0) 520 (T000°0>) 2#°0  (T000°0>) €70 (T000°0>) ¥€'0  (T000°0>) S7°0  (T000°0>) L¥'0 (onT10 ANWNA
(1000°0>) 6£°0-  (T000°0) 62°0- (ve'0) STO (10000>) 62°0  (T0000>) S0  (T000°0>) L#'0  (T000°0>) 70 (T0000>) 50  (T0000>) S0  (T000°0>) 70 ake|nbuid
(1000°0>) S¥°0- 0T1)TT0- (T000°0>) 2£°0 (0T %10 (T000°0>) 50 (2000)€z0  (10000>) €0 (T000°0>) S0  (T000°0>) 2£'0  (T000°0>) GZ'0  [eulyJoIUBSURl |
(1T000°0>) S7°0- (0T) 200 (T000°0>) S7°0 (071 200 (T0000>) 50 (0T ¥00 (620°0) 8T°0 (T0000>) 50 (200) 9T°0 (600°0) 2T°0 elepbAwy
(0'1) €0°0- (0T)ST°0 (0T)6T0 (01) €00 (0T) 900 (9g0) €10~ (2100°0) 52°0 (ez0)€0 (6T°0) 9T°0 (T000°0>) 52°0 'g A0108410
(enren (enrea (enren (enren (enren (enren (enren (enrea (enrea (enrea
-d) 20Us PHIP -d)oousleylp  -d)souwelylp  -d)aouskylp  -d)oousleylp  -d)souseylp  -d)soweylp  -d)sduslylp  -d)douelylp  -d)0Us PHIP
ue 1 abe jone ue 1 abe lone Mueiabelone  uelabesone  yuesabelone  uelabelone  yuelabesne  Mueisabelone  uelabelone  yue.abesone
g BBND g BBN|D ¥ BBNID g BBNID ¥ BBNID € BBN|D g BBN|D ¥ BBNID € BBN|D Z BBND
SNy BBN|ID 'SAE RBN|D 'SAE BBNID 'SAZ BBNID 'SAZ BBNID 'SAZ BBNID SAT BBNID SAT BBNID SAT BBNID SAT BBNID eIy

'S1I0Y02 dadg pue YAND ayp Jo s198lgns ad pue g1-av-waq abels a1quil] Ul uspang u1sjonuAs-o Jo uosiiedwo)

Author Manuscript

sBINn|o U 4agd

v alqel

Author Manuscript

Author Manuscript

Author Manuscript

Acta Neuropathol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Toledo et al.

Page 27

Table 5
Nigrostriatal and extra-craneal LRP assessment.
Region Dem-AD-LBvs. PD-AD Dem-AD-LBvs.PD  PD vs. PD-AD)
(p-value) (p-value) (p-value
Lumbar spinal cord 0.0001 <0.0001 1.0
Vagus nerve 0.027 0.002 1.0
Submandibular gland 0.0002 0.0002 0.53
Esophagus <0.0001 <0.0001 0.54
Region Clusters3 & 4 Dem-AD-LB vs Clusters1 & 2 Dem-AD-LB vs Clusters1 & 2 Dem-AD-LB vs
Cluster 5 PD/PD-AD Clusters3 & 4 Dem-AD-LB Clusters1 & 2 PD/PD-AD
(p-value) (p-value) (p-value)
Lumbar spinal cord 0.0008 <0.0001 0.46
Vagus nerve 0.007 0.0007 0.37
Submandibular gland 0.027 0.011 0.019
Esophagus 0.0008 0.0002 0.005

Uncorrected for multiple comparisons.
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Results of Cox proportional hazard model analyzing associations with disease duration and conversion to
dementia in the PD and PD-AD groups.

Conversion to Dementia

HR (95% ClI) p-value
Age at onset of disease 1.06 (1.01-1.10) 0.001
Cluster 2A vs. Cluster 1 0.81 (0.32-2.07) 0.66
Cluster 2B vs. Cluster 1 4.80 (2.0-11.59)  0.0005
Cluster 2C vs. Cluster 1 2.70 (1.18-6.20) 0.019
Gender (Male) 4.60 (1.53-13.83)  0.004
PD-AD vs. PD 2.81 (1.24-6.35) 0.007
Braak NFT Stage I11-1V vs. 0-1l  0.51 (0.23-1.10) 0.085
Braak NFT Stage V-VI vs. 0-lI 0.96 (0.32-2.92) 0.94
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