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Abstract

Lewy body disorders (LBD) are common neurodegenerative dis-
eases characterized by the presence of aggregated o-synuclein in
Lewy bodies and Lewy neurites in the central and peripheral nervous
systems. The brains of patients with LBD often display other comor-
bid pathologies, i.e. insoluble tau, [-amyloid aggregates, TAR
DNA-binding protein 43 (TDP-43) deposits, and argyrophilic grain
disease (AGD). The incidence and physiological relevance of these
concurrent pathological findings remain controversial. We per-
formed a semiquantitative detailed mapping of a-synuclein, tau, -
amyloid (Af), TDP-43, and AGD pathologies in 17 areas in 63 LBD
cases (44 with Parkinson disease [PD], 28 with dementia, and 19
with dementia with Lewy bodies). APOE and MAPT genetic variants
were also investigated. A majority of LBD cases had 2 or 3 concomi-
tant findings, particularly Alzheimer disease-related pathology.
Pathological stages of tau, f-amyloid and o-synuclein pathologies
were increased in cases with dementia. A} score was the best corre-
late of the time to dementia in PD. In addition, ff-amyloid deposition
correlated with o-synuclein load in all groups. MAPT H1 haplotype

From the Department of Neurology, Institut d’Investigacions Biomediques
Sant Pau - Hospital de Sant Pau, Universitat Autonoma de Barcelona,
Barcelona, Spain (MC-C, EM, SH, LM, JC, AL); CIBERNED, Centro de
Investigacion Biomédica en Red en Enfermedades Neurodegenerativas,
Madrid, Spain (MC-C, EM, SH, LM, JK, MIM, ET, JC, AL); Neurologi-
cal Tissue Bank, Biobanc Hospital Clinic-IDIBAPS, Barcelona, Spain
(OG-R, ET, EG); Parkinson’s Disease and Movement Disorders Unit,
Hospital Clinic, University of Barcelona, Barcelona, Spain (LP, CC,
MIM); Neurology Unit, Hospital Universitario San Ignacio, School of
Medicine, Pontificia Universidad Javeriana, Bogotda, Colombia (CC);
and Movement Disorders Unit, Neurology Department, Hospital Sant
Pau, Autonomous University of Barcelona, Universitat Oberta de Catalu-
nya, Barcelona, Spain

Send correspondence to: Ellen Gelpi, MD, PhD, Neurological Tissue Bank,
Biobanc Hospital Clinic-IDIBAPS. C/Casanova 143, planta 0, ala sur,
08036 Barcelona, Spain; E-mail: ellen.gelpi@idibaps.org Alberto Lled,
MD, PhD. Neurology Department, Hospital de Sant Pau. C/ Sant Antoni
M Claret, 167, 08025, Barcelona, Spain. E-mail: alleo@santpau.cat

This work was funded in part by “CIBERNED”. Part of this study was
funded by a grant of the Fundacié Maraté de TV3 to EG (grant no.
20141610) and the Fondo de Investigacion Sanitario to AL (P114/1561).
Dr Kulisevsky has received research support from CIBERNED and FIS
PI 15/00962 and PI12/03005 (Instituto de Salud Carlos III), Fundaci6 La
marat6 de TV3 20142410 and 2910, and AGAUR SGR1203.

The authors do not have any actual or potential conflicts of interest.

Supplementary Data can be found at http://www.jnen.oxfordjournals.org.

did not influence any assessed pathology in PD. These results high-
light the common concurrence of pathologies in patients with LBD
that may have an impact on the clinical expression of the diseases.

Key Words: «-Synuclein, f-Amyloid, Copathology, Dementia with
Lewy bodies, Parkinson disease, Parkinson disease dementia, Tau.

INTRODUCTION

Lewy body disorders (LBD) are a common group of
neurodegenerative diseases that include Parkinson disease
(PD) and dementia with Lewy bodies (DLB). They are neuro-
pathologically characterized by the presence of aggregated
a-synuclein in Lewy bodies (LBs) and Lewy neurites (LNs)
in the central and peripheral nervous systems (1, 2).

There is substantial controversy concerning the correlates
between the different clinical syndromes and the underlying pa-
thologies in LBD (1-3). The recent reports that common pathol-
ogies other than a-synuclein are frequently found in the CNS of
patients with LBD has led to uncertainty as to the relative contri-
bution of each of these pathologies to the respective clinical syn-
drome. In particular, the neuropathological substrate of demen-
tia has been associated with either cortical, striatal or limbic
regional aggregation of o-synuclein in some studies (4-7), or
with a combination of a-synuclein and hyperphosphorylated tau
(pTau) and/or B-amyloid pathology load in others (8—15). The
relationship between Alzheimer disease (AD)- and Lewy-
related pathologies is supported by studies in cellular and animal
models describing synergistic effects between o-synuclein,
pTau, and B-amyloid (16-21). In human postmortem studies,
there have been conflicting results showing a correlation be-
tween a-synuclein and pTau (4, 10, 22) and/or -amyloid (4,
8,23-27), or even no correlation (28, 29). In addition, aggregates
of TAR DNA-binding protein 43 (TDP-43) are often encoun-
tered in the brain of patients with LBD (10, 30-33).

Finally, genetic variants may also modulate the conflu-
ence and severity of pathologies in LBD. APOE €4 allele and
MAPT HI1 haplotype, among others, have been associated
with an increase of B-amyloid and/or a-synuclein deposition
(10,27, 34-38).

We previously assessed the presence of o-synuclein,
pTau, B-amyloid, and TDP-43 pathologies in patients with
DLB and found that a majority of cases had concomitant AD-
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related pathology in addition to o-synuclein pathology
(39). Moreover, the best predictors of the total amount of
Lewy-related pathology were [-amyloid load and the presence
of the MAPT H1 haplotype (39). The aim of the present work
was to extend that study and map the deposition pattern of 5 pa-
thologies (a-synuclein, pTau, B-amyloid, TDP-43 and argyro-
philic grain disease [AGD]) in 17 brain regions in a group of
PD patients, with and without dementia, and DLB cases. We
also evaluate their associations with clinical manifestations
and APOE €4 and MAPT H1 genetic variants.

MATERIALS AND METHODS

Standard Protocol Approvals and
Patient Consents

All brain donors and/or next of kin had given written in-
formed consent for the use of brain tissue for research. The
study was approved by the local ethics committee of the Hos-
pital de Sant Pau, Barcelona, Spain.

Human Brain Samples

Human brain samples were obtained from the Neurolog-
ical Tissue Bank (NTB) of the Biobanc-Hospital Clinic-IDI-
BAPS in Barcelona. Brain sampling and tissue processing
protocols were carried out as previously described (40) and
as internationally recommended. Sixty-three patients fulfill-
ing clinical and neuropathological criteria for PD (n =44,
16 without dementia and 28 with dementia) and DLB
(n=19) (41, 42) were studied. Clinical data were retrospec-
tively reviewed from the clinical charts available at the NTB
and the following data were obtained: age at disease onset,
age at onset of dementia in PD and age at death. Neuropatho-
logical and genetic data of the DLB cases has already been
published elsewhere (36, 39).

Neuropathological Assessment

Formalin-fixed and paraffin-embedded tissue blocks
from 17 brain regions were included in the study; they in-
cluded 4 cortical areas (frontal, parietal, temporo-occipital
adjoining the parahippocampal region, and occipital cortices
including the primary visual area), 2 subcortical areas (cau-
date nucleus and putamen), 5 limbic areas (cingulate, hippo-
campus CAl sector, amygdala, entorhinal region, and
insula), and 6 brainstem areas (substantia nigra, periaque-
ductal grey matter, dorsal raphe, locus coeruleus, dorsal nu-
cleus of the vagal nerve and intermediate reticular zone).
The cerebellum was assessed only for f-amyloid pathology.

A modified Bielschowsky silver impregnation method
was performed on paraffin sections in selected brain areas to
evaluate neuritic plaques (48, 50). Immunohistochemistry was
performed on 5-pm-thick sections on an automated stainer
(DAKO Autostainer Plus, Glostrup, Denmark) using the fol-
lowing primary antibodies and their corresponding pre-
treatments: anti-B-amyloid (DAKO, clone 6F/3D, dilution
1:400, pre-treatment with formic acid 98% for 5 minutes fol-
lowed by boiling ethylenediamine tetraacetic acid (EDTA)
pHY9 for 20 minutes in microwave), anti-phosphorylated tau

(pTau, Thermo Scientific, Waltham, MA, clone ATS, dilu-
tion 1:2000, pre-treatment with citrate buffer pH6 boiling
for 20 minutes in microwave), anti-tau 3-repeat isoform
(RD3) (Millipore, Billerica, MA, clone 8E6/C11, dilution
1:1000, pre-treatment with formic acid 98% for 5 minutes fol-
lowed by boiling in citrate buffer pH6 for 20 minutes in micro-
wave), anti-tau 4-repeat isoform (RD4) (Millipore, clone 1E1/
A6, dilution 1:50, pre-treatment with formic acid 98% for
Sminutes followed by boiling in citrate buffer pH6 for
20 minutes in microwave), anti-o-synuclein (Novocastra, New-
castle, UK, clone KM51, dilution 1:500, pre-treatment with
formic acid 98% for 5 minutes followed by boiling in EDTA
pHO9 for 20 minutes in microwave), and anti-TAR DNA-bind-
ing protein 43 (TDP-43) (Abnova, Taipei, Taiwan, clone 2E2-
D3, dilution 1:500, pre-treatment with citrate buffer pH6 boil-
ing for 20 minutes in microwave). Reaction was visualized us-
ing the EnVision+ system peroxidase procedure (Dako).

The densities of a-synuclein, pTau, and B-amyloid pa-
thologies were assessed in a 100x magnification field
(3.88 mm>), as previously described (39). In brief and as illus-
trated in Figure 1, the density of AT8-immunoreactive struc-
tures (neurofibrillary tangles [NFT], neuropil threads [NT]
and pretangles [pT]) was assessed separately and semiquanti-
tatively as follows: O: absent; 1: isolated (NT) or 1-2 aggre-
gates (NFT + pT); 2: mild or 3—-6 aggregates; 3: moderate or
7-10 aggregates; 4: severe or >10 aggregates. A final stage of
neurofibrillary pathology was given according to the Braak
staging system (43, 44); when appropriate, primary age-
related tauopathy (PART) criteria were also applied (45).
When the presence of AGD was suspected, immunohisto-
chemistry for 4-repeat and 3-repeat tau isoforms was per-
formed and a Saito stage was given (46).

The density of a-synuclein immunoreactive structures
(Lewy bodies defined as intracytoplasmic round a-synuclein-
reactive aggregates (LBs), Lewy neurites (LNs) and diffuse
and punctate cytoplasmic a-synuclein staining (CAS) was as-
sessed separately and semiquantitatively as follows: 0: absent;
1: isolated (LN) or 1-2 aggregates (LB + CAS); 2: mild or
3-6 aggregates; 3: moderate or 7-10 aggregates; 4: severe
or >10 aggregates. A final stage of LB pathology was given
according to Braak criteria (47); LB type pathology was
given according to McKeith criteria (42). Although these
classifications should strictly only be applied to a specific dis-
ease (eg LB Braak stages to PD and McKeith types to DLB), we
applied both criteria to all cases for the purpose of comparison.

The density of B-amyloid-immunoreactive structures
(diffuse plaques, primitive plaques defined as a compact
B-amyloid structure without a clear core, and mature or cored
plaques described when the core was differentiated) (Fig. 1)
was assessed separately and semiquantitatively as follows: 0:
absent; 1: isolated: 1-5 plaques; 2: mild: 6-15 plaques; 3:
moderate: 16-30 plaques: 4: severe >30 plaques. Staging of
AD-related plaque pathology was performed according to
Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) criteria (neuritic plaque score) (48) and amyloid
phases were assessed according to Thal et al. (49). The
National Institute on Aging-Alzheimer’s Association Guide-
lines for neuropathologic assessment of AD were applied and
a final ABC score was assigned (50). Cerebral amyloid angiop-
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FIGURE 1. Types of pathological aggregates. (A-C) Assessment of a-synuclein immunoreactive structures. Punctate (A, upper
panel) and diffuse (A, lower panel) cytoplasmic a-synuclein staining (CAS). Lewy bodies are defined as round intracytoplasmic
aggregates (B). Thick Lewy neurites (C, upper panel) and thin Lewy neurites (C, lower panel). (D-F) Bielschowsky silver
impregnation showing different types of plaques including neuritic plaque (D), primitive plaque (E), and a diffuse plaque (F).
(G-1) Assessment of B-amyloid immunoreactive structures. Mature or cored plaques are described when the core is differentiated
(G), primitive plaques are defined as a compact B-amyloid structure without a clear core (H) and diffuse deposits (I). (J-L)
Assessment of AT8-immunoreactive structures include pretangles (J), neurofibrillary tangle (K, inset shown by Bielschowsky
silver impregnation), and neuropil threads (L).
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athy (CAA) with or without capillary involvement was re-
ported as present or absent in each region and staged according
to Vonsattel et al. in stages 1-3 (51). TDP-43 protein aggre-
gates were reported as present or absent in frontotemporal and
limbic regions.

For each subject, a total a-synuclein, pTau, and B-amyloid
pathology score was given as a sum of the 17 areas. Scores
ranged from 0 to 68 for each of the 3 types of pTau, a-synuclein
or B-amyloid aggregate, and from 0 to 204 for total pTau,
a-synuclein, or B-amyloid pathology (representing the sum
of all type of aggregates). Neuropathological evaluation was
carried out by 2 of the authors (M.C.C., E.G.) on a multi-
headed microscope. Both evaluators were blinded to clinical
and genetic data.

Genetic Analyses

DNA for MAPT haplotypes and APOE genotypes deter-
mination was extracted from frozen brain tissue and was pro-
cessed as previously described (52).

Statistical Analyses

The Mann—Whitney U or Kruskal-Wallis with Dunn’s
analysis post-hoc tests were used to compare differences in
neuropathological measures and clinical variables between
groups. Differences in categorical variables were compared
between groups by Chi-squared test. Nonparametric Spear-
man rho correlation coefficient was used to analyze correla-
tions between the total scores of each pathologic aggregate

and between clinical variables. Statistical significance was
set at 5% (a0=0.05). All data were analyzed using the Stat-
istical Package for the Social Sciences version 19.0 (SPSS
Inc., Chicago, IL).

RESULTS

Demographic, Clinical, and Genetic
Characteristics of LBD Cases

Demographic, clinical and genetic data are shown in the
Table. Disease duration was shorter in the DLB group compared
with both PD and PD with dementia (PDD) groups (p < 0.001).
Age at onset of disease was significantly later in DLB compared
to PDD (p=0.011). PDD cases had significantly shorter disease
duration after dementia onset compared with DLB cases
(p=0.001). The 3 clinical groups had similar frequencies of
MAPT H1H1 genotype. PDD and DLB groups had a higher fre-
quency of APOE €4 allele compared with the PD group.

Confluence of Multiple Pathologies in LBD

To assess the number of coexistent pathologies other
than a-synuclein in LBD, the presence of pTau (Braak NFT
stage >1III), B-amyloid (Thal phase >2), AGD (Saito stage-
>II) and presence of TDP-43 pathology was calculated for
each case (Fig. 2). Only 25% of PD and 5.26% of DLB cases
had no copathologies. The majority of cases from all groups
had 1 or 2 coexisting pathologies and 17.9% of PDD and 21%
of DLB cases had 3 overlapping pathologies. Only 1 PDD

TABLE. Demographic, Clinical, Genetic, Neuropathological Diagnoses and Stages of Cases

PD(n=16) PDD(n=28) DLB(n=19 PD-PDD PD-DLB PDD-DLB

p value p value p value
Gender (% female) 56.3 35.7 26.3 0.186 0.072 0.498
Age at onset (years = SD) 62.8 = 10.2 60 = 9.8 684 6 0.592 0.198 0.011%*
Age at death (years * SD) 79.5 6.5 78 £ 6.2 76.7 5.6 0.675 0.349 0.765
Duration of disease (years = SD) 17.2 £ 8.1 174 =74 79 +3.2 0.965 0.000%%* 0.000%*
Dementia onset from motor symptoms (years = SD) - 13£7.1 - - - -
Duration of disease from the appearance of dementia (years = SD) - 44+49 79 32 - - 0.001#*
MAPT H1H1 genotype (%) 56.3 60.7 52.6 0.772 0.830 0.582
APOE ¢4 allele (%) 6.7 32.1 36.8 0.059 0.039* 0.739
Brain weight (g = SD) 1228 + 148 1247 £ 111 1263 + 207 0.643 0.582 0.731
McKeith types (% neocortical) 50 85.7 100 0.008%#* 0.008%*%* 0.088
LB Braak stage (25th, 75th percentile) 54,5) 5(5,5) 5(5,5) 0.024* 0.004** 0.033*
Thal amyloid f phase (25th, 75th percentile) 2(1,3) 4(3,5) 4(3,5) 0.000%* 0.004%* 0.625
CERAD plaque score (% C) 0 14.3 31.6 0.000%* 0.001%* 0.113
CAA (% 1,2 0r3) 37.6 57.1 579 0.215 0.318 0.960
NFT Braak stage (25th, 75th percentile) 11 (11, 1II) III (I, IV) V {11, V) 0.041%* 0.000** 0.003**
PART (% possible or definite) 62.5 17.9 15.8 0.003** 0.018* 0.855
Saito AGD stage (% II or III) 25 21.4 10.5 0.424 0.492 0.787
TDP-43 pathology in limbic areas (%) 0 214 21.1 0.049* 0.051 0.976

p values of Mann-Whitney U or ” statistical tests are shown.

AGD, argyrophilic grain disease; CAA, cerebral amyloid angiopathy; LB, Lewy bodies; LBD, Dementia with Lewy bodies; LN, Lewy neurites; NFT, neurofibrillary tangles;
PART, primary age-related tau pathology; PD, Parkinson disease; PDD, Parkinson disease with dementia; SD, standard deviation; TDP-43, TAR DNA-binding protein 43;

*p < 0.05; **p < 0.01; —, not applicable.
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FIGURE 2. Number of coexisting pathologies in LBD. Cases in
the PD, PDD, or DLB groups were grouped according to the
number of coexisting pathologies (other than a-synuclein).
Numbers of copathologies are expressed as a percentage of
total cases in each group (represented by the numbers inside
columns). Coexisting pathologies included pTau with Braak
NFT stage >lll, B-amyloid with Thal phase >2, AGD with Saito
stage >l and/or presence of TDP-43 pathology.

case had all 4 assessed pathologies. Individual data for all
cases can be found in Supplementary Data S1.

Clinicopathologic Associations of a-Synuclein

The groups with dementia (PDD and DLB) showed
higher levels and wider distribution of o-synuclein deposition
than PD (Table). DLB cases had higher LB Braak stages than
those with PDD.

Regarding the regional distribution of a-synuclein ag-
gregates, the amygdala was the most affected area in all
groups, with less involvement of cortical areas (Fig. 3A).
Nevertheless, the differences in o-synuclein load between PD
and dementia groups were greatest in cortical areas. The only
region that showed differences in a-synuclein load between
PDD and DLB cases was the striatum (both caudate nucleus
and putamen, DLB > PDD). The total a-synuclein score posi-
tively correlated with that of B-amyloid in all LBD groups
(PD: r=0.720, p=0.002; PDD: r=0.705, p < 0.001; DLB:
r=0.775, p <0.001). The presence of MAPT H1 haplotype
was associated with higher a-synuclein total scores in DLB
(p=0.004), as previously reported (36), but this association
was not found in PDD or in PD groups.

Regarding associations with clinical variables other than
dementia, there was a positive correlation between o-synuclein
scores and higher age at death in PD cases (r=0.574,
p=0.02).

220

Clinicopathologic Associations of pTau

Braak NFT stage >1II was found in 31.3% of PD, 53.6%
of PDD, and 89.5% of DLB cases.

As shown in the Table, the patients with dementia (PDD
and DLB groups) showed higher NFT Braak stages then those
without (PD group). DLB cases also had higher NFT Braak
stages than PDD cases.

Possible or definite PART was found in 62.5% of PD
compared with only 17.9% and 15.8% of PDD and DLB cases,
respectively, due to the higher B-amyloid burden in those
cases (see below). However, only 2 PD and 2 DLB cases met
criteria for definite PART, while the other cases met criteria
for possible PART or for AD (Table). AGD stages II or III
were present in 18.5% of LBD cases but no differences were
found in the frequency of AGD among the LBD subgroups
(Table).

Limbic regions were the most affected by pTau pathol-
ogy in all 3 LBD subgroups (Fig. 3C). A significant increase
of pTau score was observed in DLB compared with PD (but
not PDD) in brainstem, limbic, subcortical and cortical areas.
Comparing PD and PDD, pTau scores were found only signifi-
cantly increased in PDD in the CA1 sector of the hippocampus
and in the frontal and occipital cortices. As expected, the
level of pTau aggregates positively correlated with those of
B-amyloid in PDD (r=0.559, p=0.006) and DLB
(r=0.675, p=0.002) cases. Total pTau pathology scores or
the presence of AGD were not associated with the levels of
a-synuclein or TDP-43, and were not influenced by the
APOE allele or MAPT haplotype.

Regarding associations with clinical variables other than
dementia, DLB cases with AGD stages II or III had an older
age at death (p=0.012). The 2 DLB patients with “definite
PART” and the only DLB case with “possible PART” all had
a younger age at death than the rest of DLB cases (p = 0.047).

Clinicopathologic Associations of Ap

AP Thal phase >2 was found in 56.6% of PD, 96.4% of
PDD, and 78.9% of DLB cases. The groups with dementia (PDD
and DLB) showed higher Thal AB-phases and CERAD plaque
scores than PD indicating a wider distribution of B-amyloid de-
posits (Table). No differences in AB-phases were found be-
tween DLB and PDD, although the DLB group had nearly
twice as much plaque score “C” cases than the PDD group.
CAA was common in all LBD groups with no significant
differences between groups.

Both PDD and DLB showed more -amyloid deposits
(diffuse, primitive, and cored plaques) than PD in all limbic,
subcortical and cortical areas (Fig. 3B). In general, the DLB
group had more B-amyloid plaques than the PDD group but
this difference was only significant in the entorhinal and the
temporo-occipital cortices.

As previously mentioned, AP scores correlated with
both a-synuclein and pTau scores. As expected, patients carry-
ing an APOE €4 allele had higher total B-amyloid pathology in
both PDD and DLB cases (p=0.04 in PDD, p=0.002 in
DLB). Moreover, APOE €4 carriers among the PDD group
also had higher a-synuclein load (p = 0.024).

6102 Iudy Z| uo Jasn YANNTVLYD 3d V.LH390 LVLISHYIAINN Ad 665190€/912/€/9.A0ESqEe-aj0lMEe/usul/Wwoo dno"dlWwapede//:sdjy wWo.y papeojumod


http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlx002/-/DC1
Deleted Text: 38
Deleted Text: the 
Deleted Text: &quot;
Deleted Text: &quot;
Deleted Text: &quot;
Deleted Text: &quot;
Deleted Text: &thinsp;
Deleted Text: &quot;
Deleted Text: &quot;

J Neuropathol Exp Neurol ® Volume 76, Number 3, March 2017

Regional Overlap of Pathologies in LBD

A a-synuclein

151 Brainstem Limbic :Subcortical: Cortical
@ o g ae g an i, s om oo
3 : =N 1 2 Q.
£
i =
®
o
(=
3
E
B B-amyloid

151 Brainstem : Limbic :Subcortical: Cortical
o WOmE R E OB Ao N HE

: : : SR

%10- L L
2 B B B oiffuse p.
"E .D. Primitive p.
g L B O mature p.
E
C Tau

15+ Brainstem : Limbic :Subcortical; Cortical
E ) e .-n-. iy i .-n'_;.‘ .-n-. it e
B N
2 HBENR s
2 ) BOE nTs
E B (1 pre-NFTs

FIGURE 3. Regional distribution of pathologies among PD, PDD and DLB groups. (A-C) Mean pathological scores are shown for
each pathological entity across 17 brain regions as follows: a-synuclein (A), B-amyloid (B), and pTau (C). Horizontal lines show
significant differences among groups in total scores (*p < 0.05; **p < 0.01). PD cases are represented in blue bars, PDD cases in
brown and DLB cases in grey. The color grading from darker to lighter represents the type of assessed aggregate (as illustrated in
Fig. 1). LBs, Lewy bodies; LNs, Lewy neurites; CAS, diffuse and punctate cytoplasmic a-synuclein staining; NFTs, neurofibrillary
tangles, NTs, neuropil threads; DN vagal, Dorsal nucleus of the vagal nerve; IR, intermediate reticular zone; GM grey matter;

CA1, cornu ammonis sector 1; cx, cortex.
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Regarding clinical variables, a shorter time to dementia
from the onset of motor symptoms in PDD was associated with
higher scores of B-amyloid pathology (r = —0.475, p = 0.046).

Clinicopathologic Associations of TDP-43

The deposition of TDP-43 in limbic areas was fre-
quently found in groups with dementia (PDD and DLB) and
was not observed in PD cases (Table). The presence of abnor-
mal TDP-43 protein aggregates was not related to higher o-
synuclein scores in the LBD spectrum. However, PDD and
DLB cases harboring TDP-43 pathology showed a trend to
have higher loads of the 3 pathological aggregates (data not
shown). No association was found between the presence of
TDP-43 aggregates and any of the assessed clinical
variables.

DISCUSSION

In this study, we performed a detailed mapping of 5 com-
mon neurodegeneration-related proteinopathies in the LBD clini-
cal spectrum. Our results highlight that the presence of different
neurodegenerative pathologies is common in LBD and that the
degree of AP pathology correlates with that of a-synuclein and
may influence the onset of dementia in patients with PD.

Common and Widespread Confluence of
Pathologies in LBD

Most of the LBD cases assessed in this study showed
some degree of AD-related pathology, including CAA, and a
relevant number of cases also showed TDP-43 and AGD pa-
thologies. These findings are consistent with a number of
studies suggesting that only a small fraction of cases can be
explained by a single neuropathological entity (8, 15, 53-57).

These copathologies may be related to aging, as in the
case for PART (45), (i.e. 62.5% of PD cases in the present
study), or may be part of a neurodegenerative cascade (58). In
any scenario, the “secondary” pathologies may interact with
the “primary” pathology. Our finding of a positive correlation
between AP and a-synuclein in LBD cases (and particularly in
PD) support an active role of B-amyloid pathology. In
postmortem studies of LBD, a positive correlation be-
tween B-amyloid and a-synuclein has been described (4,8,
23-27), although this has not been confirmed by others
(10, 22, 28, 29). In cellular and animal models, the rela-
tionship between B-amyloid and a-synuclein has been also
investigated, resulting in a number of possible pathogenetic
mechanisms from increased mutual aggregation (20, 59—
64) to inhibition of B-amyloid formation by o-synuclein
(65). The mechanisms of interaction are still debated; it is
possible that different forms or strains of a-synuclein (66,
67) may explain some of the divergent results obtained in
mechanistic disease models and in human studies in LBD.

Effect of Copathologies on Dementia: §-
Amyloid Pathology

The frequency and impact of AD-related pathology on
the risk and onset of dementia in LBD has been widely dis-
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cussed but it is still a matter of debate (1, 3, 68). We found that
accumulations of a-synuclein, pTau, and B-amyloid were
higher in most areas in DLB than in PDD, which in turn
were higher than in PD. Our data point to a possible major
role of B-amyloid pathology in the appearance of dementia
in patients with LBD. Higher levels of B-amyloid pathology
were found in all limbic, subcortical, and cortical areas in
cases with dementia, and its presence lowered the age of on-
set of dementia in PD. These results are in line with a recent
quantitative study where f-amyloid load was found to be in-
creased in LBD cases with dementia (15). However, pTau
may also be indirectly involved in our findings because
pTau pathology is closely related to B-amyloid deposits and
many molecular links have been proposed (17, 19, 69-72).
Despite the possible role of B-amyloid and pTau on demen-
tia onset, it might not be an essential condition because we and
others (2, 15) found demented cases with minimal or even absent
pTau and B-amyloid loads.

Regarding other postmortem studies assessing the im-
pact of copathologies on dementia in LBD, some groups de-
scribed a major role of cortical, striatal or limbic regional
aggregation of a-synuclein on the development of dementia
(4-7), while others suggest an effect of the combination of
a-synuclein and pTau and/or B-amyloid (8—14).

The differences between these previous studies include
regions assessed, staining methods used, and statistical tests
applied, which makes comparisons of results difficult. Taken
together, our results and the previous findings support the idea
of a disease-modulating role of coexisting pathologies. In turn,
the distribution of pathologies reproduced the staging systems
proposed for each individual pathology, likely reflecting a
disease-independent and pathology-specific topographical
pattern rather than disease-specific copathology.

Effect of Other Copathologies: TDP-43 and AGD

We observed a higher presence of TDP-43 pathology in
cases with dementia (PDD and DLB groups), which is in gen-
eral agreement with previous reports (30, 33, 73). Moreover,
in agreement with others (10, 32, 74), AGD pathology was not
associated with dementia in LBD, which suggests that AGD
may be involved in other clinical manifestations (75). AGD
has been reported to affect elderly patients (76), and indeed
our DLB patients with AGD were older at death.

The Influence of Genetic Variants

Finally, we assessed the effect of common genetic vari-
ants on the presence and severity of a-synuclein, B-amyloid,
and pTau pathologies in LBD. As previously reported, we
found an overrepresentation of the APOE €4 allele in DLB
cases compared with PD cases (1) and APOE €4 carriers
showed higher B-amyloid load.

The MAPT HI haplotype has been identified as a risk
factor in genome-wide association studies in PD (77, 78) and
in neuropathologically confirmed DLB and PDD cases (79,
80). MAPT H1 has been also associated with an increased risk
of dementia in PD in prospective studies (81). We have previ-
ously described an increase of LB load in MAPT H1HI1 car-
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riers in DLB (36), but we could not extend this observation to
PDD or PD cases in the present study. It might be possible that
this association is only detectable in those cases with higher
levels of a-synuclein pathology, such as DLB. Nonetheless, a
recent study found more abundant LB aggregates in neocorti-
cal areas in PD patients carrying the MAPT H1 haplotype (37).
In contrast, another study found no association between
MAPT H1HI carriers and a-synuclein pathology in PD, PDD,
and DLB (14). Taken together, our findings along with previ-
ous studies indicate that the MAPT H1H1 haplotype may favor
a-synuclein aggregation at least in some subtypes of LBD, al-
though this needs to be confirmed in larger neuropathological
series.

Although our study is based on a relatively small sample
size with the inherent limitations of retrospective postmortem
series (particularly the lack of reliable clinical data on cogni-
tive measures), the detailed assessment of multiple patholo-
gies in several brain regions and the analyses of some clinical
variables and common genetic risk factors strengthen our
results.

Concluding Remarks

In summary, our results highlight the frequent conflu-
ence of a-synuclein, B-amyloid, pTau, TDP-43, and AGD pa-
thologies in LBD and particularly emphasize the role of AD
pathology on the appearance of dementia in PD. Moreover,
B-amyloid pathology seems to be intimately related with o-
synuclein. These common and interrelated pathologies may
influence the clinical phenotypes in LBD and be used to re-
fine biomarker-based diagnostics and develop better thera-
peutic strategies for LBD.
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