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Abstract. We investigated the frequency of Lewy-related pathology (LRP) in the amygdala among the population-based
Vantaa 85+ study. Data of amygdala samples (N =304) immunostained with two a-synuclein antibodies (clone 42 and clone
5G4) was compared with the previously analyzed LRP and AD pathologies from other brain regions. The amygdala LRP
was present in one third (33%) of subjects. Only 5% of pure AD subjects, but 85% of pure DLB subjects had LRP in the
amygdala. The amygdala LRP was associated with dementia; however, the association was dependent on LRP on other brain
regions, and thus was not an independent risk factor. The amygdala-predominant category was a rare (4%) and heterogeneous

group.
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INTRODUCTION

Lewy-related pathology (LRP) characterized by
aggregated a-synuclein in the form of Lewy bod-
ies and Lewy neurites is a pathological hallmark of
Parkinson’s disease (PD) and dementia with Lewy
bodies (DLB) [1]. In addition to PD and DLB, a sub-
stantial number of subjects with Alzheimer’s disease
(AD) develop LRP [2]. In some of the AD patients,
LRP confines to the amygdala [3] instead of hierarchi-
cally spreading from the medulla to cerebral cortex
as has been hypothesized to occur in the context of
PD and DLB [4, 5].

*Correspondence to: Minna Oinas, Department of Pathology,
University of Helsinki, P.O. Box 21 (Haartmaninkatu 3), FI-00014
University of Helsinki, Finland. Tel.: +358 50 427 0394; E-mail:
minna.oinas @helsinki.fi.

Neuropathological consensus recommendation for
the diagnosis of DLB is analogical to the hypothe-
sized progression of the pathology and thus proposes
the disease to be categorized in the brainstem, limbic,
and diffuse neocortical forms based on a semiquanti-
tative scoring of the a-synuclein pathology in various
brain regions [6]. However, because of the presence
of individuals with LRP confined to the amygdala, not
all findings in referral- and community-based study
cohorts fit to these categories and therefore inclusion
of an additional amygdala-predominant category has
been suggested [7]. In such cases the LRP load in the
amygdala is expected to exceed the load seen in the
brainstem [8].

The amygdala-predominant LRP has been pro-
posed to be AD specific [9], but neither population-
nor community-based studies have confirmed
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this [10—15]. On the other hand, the potential selec-
tion biases related with various study designs make
interpretations problematic, thus increasing the need
for true population-based cohorts in research [16, 17].
Unfortunately, several of the population-based stud-
ies on LRP lack the LRP data on amygdala due to,
for example, different sampling guidelines at the time
when the study protocol for the follow-up study had
been planned [13].

This study aimed to assess the prevalence of the
amygdala LRP in elderly and to focus on the char-
acteristics of the amygdala-predominant category in
the population-based Vantaa 85+ study. The study
complements our previous study on a-synuclein
pathology in this same cohort [2].

MATERIALS AND METHODS

The population-based Vantaa 85+ study includes
all 601 citizens of the city of Vantaa aged 85 years or
over on April 1, 1991. Of them, 565 eligible subjects
died during the 10-year follow-up constituting our
study cohort. The neuropathologic examination with
clinical data was available in 304 (54%). The study
design and characteristics of the autopsied cohort ver-
sus whole study cohort has been described in detail
earlier [2, 18].

The present study includes the amygdala sam-
ples from coronal sections of the left hemisphere
fixed in phosphate-buffered 4% formaldehyde for
at least seven years (amygdala was not included
in the original sampling protocol created in 1991).
Due to the long tissue fixation time, two differ-
ent mouse monoclonal a-synuclein antibodies were
used for detection of the LRP: 1) Clone 42 (Trans-
duction Laboratories, Lexington, KY, USA), diluted
1:800 and 2) Clone 5G4 (AJ Roboscreen GmbH,
Leipzig, Germany), diluted 1:1000. The amygdala
slides were immunostained with Transduction clone
42 antibody as formerly described [2, 19]. The clone
5G4 immunostaining was performed using Lab-
Vision LV-1 Autostainer and Dako ADVANCE™
detection system. Preceding antigen retrieval was
accomplished with Dako PT-module with citrate
buffer (pH 6.0) followed by 98% formic acid
treatment.

The whole cross-sectional area of the amyg-
dala in each section was assessed semiquantitatively
(none=0, mild=1, moderate=2, severe=3, very
severe =4) for LRP with magnification of 100x. The
score given represented the most severely affected

area in the amygdala section. If scores given were
distinct between different antibodies, the higher score
was used for analyses. An amygdala-predominant
category was formed as previously suggested [7],
in addition to the brainstem, limbic and diffuse neo-
cortical categories proposed by the DLB Consortium
[6, 20]. For the amygdala-predominant category, only
mild LRP was allowed at the substantia nigra and
cingulate region, and none at the frontal cortex [7].
The LRP in the amygdala also had to exceed the
brainstem involvement as notified by the guidelines
of the BrainNet Europe Consortium [8]. Addition-
ally, transentorhinal cortex was included in the study
and only mild LRP score was allowed. Neocortical
regions (frontal, temporal, and parietal) were required
to remain free of a-synuclein pathology. LRP in
the other brain areas has been evaluated previously
according to the consensus guidelines for the diag-
nosis of DLB [2, 6]. The assessment of the dementia
status, Braak NFT stage and CERAD score has been
described earlier [2, 18]. For the comparison anal-
yses, four groups were created based on our earlier
study [2]; negative group of 60 subjects without LRP
and Braak stage O to II AD pathology; pure DLB
group of 26 subjects with brainstem, limbic, or neo-
cortical type of LRP with Braak stage 0 to II AD
pathology; ADLB group of 71 subjects with brain-
stem, limbic, or neocortical type of LRP with Braak
stage III to VI AD pathology; and pure AD group of
134 subjects with Braak stage III to VI AD pathology
and no LRP.

For statistical analyses, SPSS 24.0.0.0 program for
Mac (SPSS Inc., Chicago, IL) was applied. For cate-
gorical variables, the differences between the groups
were analyzed with Chi-Squared test. Logistic regres-
sion analysis was used to assess association of several
predictor variables with dichotomous dependent vari-
ables. All comparisons were adjusted for age at death
and gender.

RESULTS

LRP was present in one third of the amygdala sam-
ples (101/304, 33%, Table 1a). The amygdala LRP
associated significantly with the most widespread
AD pathology when adjusted for gender and age at
death (high CERAD score OR 2.26, p=0.011; high
Braak stage OR 2.94, p=0.002). A strong correla-
tion existed between the amygdala LRP and that of
the other brain regions (OR 131.17). In the pure DLB
group, 85% (22/26) had LRP in the amygdala; in the
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Table 1a
The characteristics of the neuropathologically examined subpopulation of Vantaa 85+ Study stratified according to the a-synuclein positivity
in the amygdala regions. The general description of the cohort was formerly published [2]

Characteristic® Neuropathologic Amygdala Amygdala OR (95% CI)P p-value®
subpopulation a-syn pos o-syn neg
n=304 n=101 n=203
Dementia
No 108 (36%) 23 (23%, 21% 85 (42%) 1
of non-demented)
Yes 196 (64%) 78 (77%, 40% 118 (58%) 2.54 (1.47-4.40)* <0.001*
of demented)
AD Pathology
Braak stage?
(1] 90 (29%) 23 (23%) 67 (33%) 1
1I-1v 142 (47%) 43 (42%) 99 (49%) 1.32(0.72-2.42) 0.363
V-VI 72 (24%) 35 (35%) 37 (18%) 2.94 (1.50-5.76) 0.002
CERAD score
None 71 (23%) 16 (16%) 55 (27%) 1
Sparse 33 (11%) 7 (7%) 26 (13%) 1.01 (0.37-2.77) 0.991
Moderate-Frequent 200 (66%) 78 (77%) 122 (60%) 2.26 (1.21-4.24) 0.011
LRP other brain regions®
No 194 (64%) 8 (8%) 186 (92%) 1
Yes 131.17 (53.82-319.68)** <0.001**
Non-classifiable 13 (4%) 5(5%) 8(4%)
Brainstem 8 (3%) 4 (4%) 4 (2%)
Limbic 42 (14%) 37 (37%) 5 (2%)
Neocortical 47 (15%) 47 (46%) 0 (0%)

2Each individual feature analyzed separately in a logistic regression model adjusted for age at death and gender. POR and 95% CI adjusted
for age at death and gender. p-value considered significant when less than 0.05. 9Braak stage O-II, III-IV, V-VL. *Lewy related pathology
classified [2] as negative, non-classifiable, brainstem, limbic and neocortical type. * Association between dementia and amygdala a-synuclein
pathology remained significant when adjusted with Braak stage [OR 2.08 (1.17-3.70) p-value 0.013]. However, this association was lost
when adjusted with LRP® [OR 1.26 (0.46-3.45) p-value 0.656]. **Defined by comparing subjects with any type of LRP versus those without
Lewy related pathology. a-syn, a-synuclein pathology; pos, positive; neg, negative; OR, odds ratio; CI, confidence interval; AD, Alzheimer’s
disease; LRP, Lewy related pathology; non-classifiable, LRP confined to the hippocampal-transentorhinal region.

Table 1b
The characteristics of the formerly published AD and LRP pathologies [2] according to the amygdala a-synuclein positivity
Characteristic® Subjects Amygdala Amygdala OR (95% CI)° p-value®
N (demented%) o-Syn pos a-syn neg
AD+LRP?
No 60 (48%) 1 (2%) 59 (98%) 1
DLB 26 (73%) 22 (85%) 4 (15%) 297.36 (31.10-2843.74) <0.001
ADLB 71 (83%) 66 (93%) 5 (7%) 862.65 (95.58-7786.01) <0.001
AD 134 (62%) 7 (5%) 127 (95%) 3.27 (0.39-27.52) 0.275

2Each individual feature analyzed separately in a logistic regression model adjusted for age at death and gender. "OR and 95% CI adjusted for
age at death and gender. °p-value considered significant when less than 0.05. YAD and Lewy related pathology: No, Braak stage 0-IT; DLB,
pure DLB - Braak stage O-II and brainstem, limbic, or neocortical LRP; ADLB, Braak stage III-VI and brainstem, limbic, or neocortical
LRP; AD, pure AD - Braak stage III-VI. 13 previously unclassifiable cases with LRP confined to hippocampal-transentorhinal region were
not included for this analysis.

ADLB group, 93% (66/71) had amygdala LRP; and
in the pure AD group, only 5% (7/134) had amygdala
LRP (Table 1b). Subjects with pure DLB were almost
300 times more likely to harbor amygdala LRP com-
pared to those without LRP on other brain regions
and Braak stage 0 to IT (OR 297.36, p <0.001).

Of the amygdala LRP subjects, 78 (77%) were
demented (Table 1a). 40% (78/196) of the demented
subjects and 21% (23/108) of the non-demented

subjects had LRP in the amygdala. The amyg-
dala LRP was associated with dementia (OR 2.54,
p<0.001). This association remained significant
when logistic regression analysis was adjusted with
Braak stage (OR 2.08, p=0.013), but was lost
when adjusted with classifiable (brainstem, lim-
bic, or neocortical) LRP (p=0.656). The amygdala
LRP data only scarcely changed the LRP cate-
gories defined in our previous study (Table 2).
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Twelve cases (12/304, 3.9%) were categorized as
amygdala-predominant, according to the criteria
described above. 4.6% (9/196) of the demented sub-
jects and 2.8% (3/108) of the non-demented subjects
had amygdala-predominant LRP. The median age
of death in the amygdala-predominant cases was
93.4 (range: 89.7-98.7) years. Nine (75%) of the
amygdala-predominant cases had been diagnosed
with dementia and the median duration of dementia
was 4.9 (range: 1.1-9.6) years. All but three cases had
at least moderate CERAD score for neuritic plaques.
The corresponding Braak stage varied from II to VI.
One third were found to have high (V-VI) Braak
stage. Seven amygdala-predominant cases had severe
LRP in the amygdala, and 43% of them (3/7) showed
high (V-VI) Braak stage. Only one subject had been
reported to have visual hallucinations.

DISCUSSION

Although LRP has been increasingly
studied in several settings, only very few
population/community-based studies exist on the
prevalence of amygdala-predominant LRP and its
association with AD [10-13]. Our population-based
cohort study of the very elderly show that one third
of the population aged 85 years and over has LRP in
the amygdala. However, the amygdala-predominant
type remains sparse (12/304) in this age group.
Although the overall amygdala LRP was associated
with widespread AD pathology, it was not associated
with pure AD. Instead, amygdala LRP was strongly
associated with pure DLB. Furthermore, no clear
correlation between the amygdala-predominant LRP
and AD pathology was found, and only a third of

subjects in the amygdala-predominant category had
severe AD-type changes (Braak stage V-VI and
CERAD score moderate or frequent).

The previous population/community-based stud-
ies on amygdala LRP have been largely variable in
methods and study designs, and thus direct com-
parisons between the studies are problematic. The
VITA study based on a community-based sample and
using Clone 5G4 a-synuclein antibody, appears to be
most comparable to our study [12]. Prevalence of the
amygdala-predominant LRP in that study was 4.6%,
resembling the corresponding prevalence figure in
our study (3.9%). However, they did not publish the
overall prevalence of amygdala LRP [12]. Another
population-based study, the CFAS study, based on
different antibody and sampling strategy, found the
prevalence of overall amygdala LRP to be lower com-
pared to our study (22% versus 33%) [10]. In contrast,
frequency of the amygdala-predominant cases in that
study was higher (10.6%) than in our series (3.9%)
[10]. In a community-based ADPR study, prevalence
of the amygdala-predominant LRP was also 10.6%
[7]. In all of these studies, the study subjects were
somewhat younger (the age of death 85-86 years in
the CFAS, 77-87 years in the VITA study, 84 +6
years in the ADPR study) than in our study (mean
age at death 92.4 4+ 3.7 years) [2, 7, 10, 12].

In our study, 40% of the demented subjects and
21% of non-demented subjects had LRP in the amyg-
dala. The amygdala-predominant LRP was seen in
4.6% of demented and in 2.8% of non-demented sub-
jects. In previous studies on clinical AD subjects
60.7% (88/145) prevalence of amygdala LRP has
been reported [3]. Incidental LRP in the amygdala
has been reported in variable frequencies (4—17%)

Table 2
The characteristics of the twelve amygdala-predominant subjects

Gender SN AC Cing Front Type of LRP Braak [27]/ Dementia VH Age at

2009 [2] CERAD [28] (Duration,y) death
F 0 3 0 0 Non-class 1II/N Yes (1.13) No 90.20
F 1 4 0 0 Non-class VI/F Yes (4.61) No 90.47
F 1 4 1 0 Limbic IV/M Yes (3.30) No 94.59
F 1 3 0 0 Non-class V/F Yes (8.50) Yes 89.66
F 0 3 0 0 Non-class VI/M Yes (9.68) No 95.54
F 0 1 0 0 None /M Yes (N/A) No 90.26
F 1 3 1 0 Brainstem /M Yes (4.99) No 96.84
F 1 2 0 0 None V/M Yes (4.83) No 91.43
M 0 1 0 0 None 1v/S No No 96.40
F 0 1 0 0 None IVIM No No 92.25
M 0 3 0 0 Non-class IVIM Yes (5.31) No 98.73
M 1 2 0 0 None IV/N No No 94.67

The staging of a-synuclein was graded semiquantitatively (O =none, 1 =mild, 2 =moderate, 3 =severe and 4 = very severe). SN, substantia
nigra; AC, amygdala; Cing, cingulate cortex; Front, frontal cortex; LRP, Lewy related pathology; Non-class, LRP confined to the hippocampal-
transentorhinal region; CERAD score: N, none; S, sparse; M, moderate; F, frequent; N/A, not available; VH, visual hallucinations.
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among the cognitively unimpaired subjects [16, 21].
The amygdala-predominant LRP frequencies (2.2%
and 3%) resembled our findings (2.8% of the non-
demented subjects) [16, 21]. In a referral-based
LADRS autopsy study on slightly younger demented
subjects, 18% (23/125) had amygdala-predominant
LRP (the mean age of death 78 years versus 93
years in our study) [7]. Furthermore, one study of 45
clinical DLB and 54 clinical PDD subjects reported
no amygdala-predominant LRP cases in the DLB
group and the frequency of 3.7% (2/54) in the PDD
group [22].

Even though most synucleinopathies seem to fol-
low hierarchical progress starting from medulla [4, 5],
differently proceeding amygdala-predominant form
has been proposed to be associated with AD espe-
cially with concomitant dementia in disease-based
studies [3, 7, 9]. However, population-based stud-
ies reveal controversial results [10]. This is in line
with our population-based study of very elderly, as
we found only 1/3 of the amygdala-predominant sub-
jects to show severe AD type pathology (Braak V-VI
and CERAD moderate or frequent).

We found an association between dementia and
overall LRP in the amygdala. This association
remained significant when adjusted for Braak stage,
but lost its significance when adjusted for LRP on
other brain areas, suggesting that amygdala LRP is
not an independent risk factor for dementia. This is
in contrast to the report of the VITA study, where
the association between amygdala LRP and demen-
tia lost its significance with adjustment for Braak
stage [12]. The proportion of demented subjects
in the amygdala-predominant category has varied
from 39%-80% in different studies [10, 12]. In our
study, 9/12 (75%) of the subjects in the amygdala-
predominant category were clinically demented.
Visual hallucinations have reported to be correlated
with LRP in several studies [3, 23-25]. In our pre-
vious study, we found no association between visual
hallucinations and brainstem, limbic, or neocortical
LRP [2], and in the present study there was no asso-
ciation between the amygdala-predominant category
and visual hallucinations either (Table 2).

The LRP of the amygdala has been reported to
be unevenly distributed among vulnerable nuclei,
mainly in the lateral, medial, and central nuclei [26].
Based on our experience on this study, we support
the view that the most practical method for scor-
ing is to locate the most severely damaged nuclei
and count LRP within it [10], instead of scoring the
average distribution of LRP in the whole amygdala.

We observed minor differences between consecutive
slides stained with two separate antibodies (clone 42
and clone 5G4), but these differences proved to occur
regardless of the antibody selection (data not shown).
Our experience suggests that there are no major dif-
ferences in the specificity and sensitivity of these two
antibodies.

Our results suggest that among the very aged the
amygdala LRP is present most often concomitantly
with LRP on other brain regions. The amygdala
LRP association with dementia seems to be depen-
dent on LRP on other brain areas. Furthermore, the
amygdala-predominant category appears a rare and
heterogenic group with wide variation of AD-type
pathology.
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