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Abstract

Evolving evidence has supported the existence of two anatomically distinct Lewy-related pathology (LRP) types.
Investigation of spinal cord and peripheral LRP can elucidate mechanisms of Lewy body disorders and origins of
synuclein accumulation. Still, very few unselected studies have focused on LRP in these regions. Here we analysed
LRP in spinal cord, dorsal root ganglion, and adrenal gland in the population-based Vantaa 85 + study, including
every > 85 years old citizen living in the city of Vantaa in 1991 (n=601). Samples from spinal cord (C6-7, TH3-4, L3-4,
S1-2) were available from 303, lumbar dorsal root ganglion from 219, and adrenal gland from 164 subjects. Semiquan-
titative scores of LRP were determined from immunohistochemically stained sections (anti-alpha-synuclein antibody
5G4). LRP in the ventral and dorsal horns of spinal cord, thoracic intermediolateral column, dorsal root ganglion and
adrenal gland were compared with brain LRP, previously determined according to DLB Consortium criteria and by
caudo-rostral versus amygdala-based LRP classification. Spinal LRP was found in 28% of the total population and

in 61% of those who had LRP in the brain. Spinal cord LRP was found only in those subjects with LRP in the brain,
and the quantity of spinal cord LRP was associated with the severity of brain LRP (p <0.001). Unsupervised K-means
analysis identified two cluster types of spinal and brain LRP corresponding to caudo-rostral and amygdala-based LRP
types. The caudo-rostral LRP type exhibited more frequent and severe pathology in spinal cord, dorsal root ganglion
and adrenal gland than the amygdala-based LRP type. Analysis of specific spinal cord regions showed that thoracic
intermediolateral column and sacral dorsal horn were the most frequently affected regions in both LRP types. This
population-based study on brain, spinal and peripheral LRP provides support to the concept of at least two distinct
LRP types.

Keywords: Neuropathology, Aged, 80 and over, Lewy body disease, Alpha-Synuclein, Spinal cord, Dorsal root
ganglion, Adrenal gland

Introduction

Alpha-synuclein (aSyn) rich Lewy bodies (LB) and Lewy
neurites (LN) constitute Lewy-related pathology (LRP),
the hallmark of Lewy body diseases, including demen-
tia with Lewy bodies (DLB) and Parkinson’s disease with
(PDD) and without dementia (PD) [36, 49]. In addition to
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system (PNS), such as sensory neurons of the dorsal root
ganglia (DRG) [38, 48] and the adrenal gland [11, 12].

Evolving evidence from imaging and animal studies
have supported a prion-like propagation hypothesis of
LRP progression [13, 20, 21, 33, 37, 43, 45], with human
and animal studies suggesting that LRP exhibits two
anatomically distinct progression patterns [4, 13, 15, 31,
42, 46]. 1) In the caudo-rostral LRP type, LRP has been
suggested to originate in the enteric nervous system
and to proceed rostrally to brainstem and other parts
of the brain [5, 8, 9, 41]. 2) In the amygdala-based LRP
type, LRP has been suggested to occur first in amygdala/
olfactory regions of the brain, from which LRP then pro-
gresses to neocortical and brainstem regions [4, 31, 42,
44]. However, it is still unclear how spinal cord and PNS
regions are involved in the two progression models of
these diseases.

Few studies have analysed LRP in spinal cord regions
[2, 6, 9, 26, 38], most of them focused on the total bur-
den of LRP at various spinal cord levels. A hospital-based
Japanese study also analysed the anatomic distribution of
LRP at various levels of the spinal cord: in the thoracic
sympathetic intermediolateral column (IML), intermedi-
ate zones of cervical, lumbar, and sacral levels, as well as
dorsal and ventral horns at all four levels [38]. Although
two population- or community-based studies [6, 26] have
reported the total burden of aSyn at different spinal cord
levels, to our knowledge no study has focused on the
anatomical distribution of spinal cord and PNS LRP in
an unselected study setting, nor in the context of caudo-
rostral versus amygdala-based LRP types.

To address these issues in the population-based Vantaa
85+ study, herein we have semiquantitatively studied the
occurrence of LRP in the ventral and dorsal horns at four
levels of spinal cord, in sympathetic intermediolateral
column at the thoracic level, adrenal gland and lumbar
DRG. We show here for the first time that the distribu-
tion of spinal and peripheral LRP is more frequent and
severe in the caudo-rostral compared to the amygdala-
based LRP type.

Materials and methods

Study subjects

The Vantaa 85+ study cohort includes every at least
85-year-old citizen, who lived in the city of Vantaa, Fin-
land on the first of April 1991 (n=601). General and
neuropathological autopsy was performed whenever
possible, and eventually 304 (51%) underwent consented
general and neuropathological postmortem examina-
tion (the extent of postmortem examination was not
influenced by the cause of death). For this study, brains
from 304, spinal cord from 303, samples of the lumbar
DRG from 219 and samples of the adrenal gland from

Page 2 of 12

164 study participants were available. The variation in
sample numbers was mainly due to technical problems.
Demographics of the study subjects have been published
before, as well as details of previously determined clini-
cal, genetic, and neuropathological variables [19, 25, 27,
29-32, 34]. There were no significant differences in age
at death or sex in the neuropathologically examined sub-
population compared with the whole study population
[27].

Procedures

LRP was detected as pathologically misfolded aSyn by
immunohistochemical staining using mouse monoclonal
anti-aSyn antibody (clone 5G4, 1:3000, AJ Roboscreen
or Millipore) on 5 um formalin-fixed paraffin-embed-
ded (FFPE) sections of the spinal cord at cervical (C6-
7), thoracic (TH3-4), lumbar (L3-4) and sacral (S1-2)
levels, as well as DRG at the lumbar level and adrenal
gland. Because the formalin-fixation time varied, includ-
ing prolonged fixation periods, the 5G4 antibody was
chosen and found to successfully stain sections using a
suggested citric acid epitope retrieval and formic acid
pretreatment [22]. Immunostaining was performed with
the EnVision Flex Visualisation System (Agilent Dako).
First, heat induced epitope retrieval (HIER) treatment
was performed in a TintoRetriever pressure cooker using
Dako Low pH solution. After buffer solution washes,
sections were then pretreated for 5 min in 100% formic
acid and the staining procedure performed using LabVi-
sion equipment following the EnVision Flex Visualisation
protocol. Pathologically aggregated aSyn was screened by
a pathologist blinded to other data utilising manual (by
eye) judgment for each section using a low power micro-
scopic field (100X magnification). 200X and 400X mag-
nifications were used for verifying results. In each spinal
cord section having LRP the area of dorsal horn (Rexed
laminae I-VI) and ventral horn (Rexed laminae VIII-
IX) were analysed (the side with more LRP was chosen
for analysis). At the thoracic (TH3-4) level, the IML was
additionally evaluated. LBs were counted in each investi-
gated region within sections and those exceeding the size
of erythrocytes were included in counted particles. LNs
(dot-like immunopositive structures not included) were
recorded either as present or not present. LRP was fur-
ther divided into four semiquantitative stages 0=none,
1=mild (1 LB and/or LN), 2=moderate (2—-3 LB) and
3=severe (over 4 LB) according to modified DLB Con-
sortium scoring guidelines [24]. The association of spi-
nal cord LRP was compared to previously categorised
DLB Consortium LRP types (olfactory-only, amygdala-
predominant, brainstem-predominant, limbic, diffuse
neocortical, and non-classifiable) and previously sug-
gested LRP progression patterns (caudo-rostral type and



Raunio et al. Acta Neuropathologica Communications (2022) 10:178

amygdala-based type, Additional file 1: Table S1) [19, 23,
31]. For DRG sections also granular aSyn positivity was
included, in addition to LB and LN pathology, with aSyn
positivity determined as either present or absent. For
the adrenal gland, LRP was assessed as either present or
absent in the adrenal medulla or in nervous structures
in the surrounding adipose tissue. A dichotomised clas-
sification was chosen for aSyn pathology in the DRG or
adrenal gland samples because these pathologies were
generally relatively modest, and the number of samples
collected from these regions was lower than in other
regions.

Statistical analysis

All statistical analyses were assessed using R 4.0.1
(https://www.r-project.org) and / or IBM SPSS Statistics
version 27. The associations of continuous variables were
assessed using the independent-Samples Mann—Whit-
ney U Test. The association in nominal or categorical
variables were assessed using Fisher’s exact test. Man-
tel-Haenszel test was used for assessing the trend of
spinal cord dorsal, ventral or intermediolateral column,
DRG and adrenal gland aSyn/LRP between DLB Con-
sortium LRP types. An ordinal regression random effect
model was used to assess the strength of a sacral to cer-
vical gradient in the dorsal horn and ventral horn LRP.
An unsupervised K-means cluster analysis was used to
assess patterns of LRP as previously described with nine
clusters judged optimal using the “elbow method” [16,
31], however for these analyses semiquantitative classes
3 (severe) and 4 (very severe) were combined. p-values
under 0.05 were considered statistically significant. p-val-
ues were adjusted for multiple comparisons using Bon-
ferroni correction.

Results

All cases with spinal LRP have brain LRP

Altogether 85 individuals had LRP in at least one of the
investigated spinal cord regions, which constitutes 28% of
all 303 neuropathologically investigated individuals and
61% of the 139 cases with brain LRP. It is of note that all
cases with spinal cord LRP showed LRP in at least one
brain region (Table 1). Table 2 summarises the charac-
teristics of study subjects stratified according to pres-
ence versus absence of spinal cord LRP with concomitant
brain LRP. All p-values of comparisons between sub-
groups are shown in Additional file 1: Table S2. Subjects
with concomitant brain and spinal cord LRP had signifi-
cantly more neuron loss in the substantia nigra (Bon-
ferroni corrected p-value=9.0045E-6) when compared
with subjects showing no LRP. The high Braak NFT stage
(Bonferroni corrected p-value=0.02574) showed a sig-
nificant association when comparing those cases which
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Table 1 Number of the neuropathologically investigated cases
from the Vantaa 85 + study with LRP in spinal cord and/or brain

LRP in spinal cord?

No Yes
LRP in brain® no 164 0
yes 54 85

p=2.3423E-38
LRP Lewy -related pathology

@ LRP detected in any of the investigated spinal cord regions: dorsal horn and
ventral horn at the cervical 6-7, thoracic 3-4, lumbar 3-4 and sacral 1-2 levels
and intermediolateral column at thoracic 3-4 level, one case with no spinal cord
regions available was excluded from the analysis

b LRP detected in any of the investigated brain regions: dorsal motor nucleus
of Vagus (dmV) of medulla, locus coeruleus (LC) of pons, substantia nigra,
amygdala, entorhinal cortex, cingulate gyrus, temporal cortex, frontal cortex,
parietal cortex, anterior olfactory nucleus (AON) and peripheral olfactory
bulb/peduncle (brain LRP data published previously [19, 31]). 15 cases found
to have LRP only in olfactory bulb/peduncle were included [19]. Cases with
missing olfactory regions but all other brain regions negative were considered
negative[19]

showed only brain but no spinal cord LRP, versus cases
with no LRP.

The quantity of spinal cord LRP shows a gradient in dorsal
horn

Figure 1 and Additional file 1: Table S3 show the semi-
quantitative spinal cord LRP scores in dorsal horn (C6-
7, TH3-4, L3-4, S1-2), thoracic (TH3-4) IML, which
contains preganglionic sympathetic neurons, and ven-
tral horn (C6-7, TH3-4, L3-4, S1-2). The amount of LRP
was highest in the thoracic IML region (only TH3-4
region was analysed). The dorsal horn exhibited a gradi-
ent where the sacral cord had the highest amount of LRP
and cervical cord the lowest (Fig. la, Additional file 1:
Table S4). This was seen particularly when the severe
(3) semiquantitative category was examined. The ventral
horn did not show a similar trend even though there was
a significant difference when comparing the lumbar and
cervical ventral horn LRP (Fig. 1c and Additional file 1:
Table S4).

Severity of spinal cord LRP associates with the DLB
Consortium types

Figure 2 shows the semiquantitative LRP scores in dor-
sal and ventral horns at different spinal cord levels and in
the thoracic IML, stratified according to the DLB Con-
sortium types. In general, the stronger the pathology in
the brain, the more severe pathology was seen in the spi-
nal cord (Linear-by-Linear Association Mantel-Haenszel
Test, Additional file 1: Table S5). The diffuse neocorti-
cal LRP type showed the most severe spinal cord LRP
whereas the non-classifiable, olfactory-only and amyg-
dala-predominant LRP types showed no or only very
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Table 2 Characteristics of the investigated subgroups from the Vantaa 85 + study

No LRP in any brain® or spinal

cord® region (n=164)

Concomitant brain? and

LRP in any brain? region but no
spinal cord® LRP (n=85)

spinal cord® LRP (n=54)

Women 138 (84%)
Age at death, yrs (SD) 92.3(34)
Dementia 94 (57%)
Age at onset of dementia, yrs (SD) 87.3(4.3)
Duration of dementia, yrs (SD) 513.7)
APOF4 41 (27%)
SN neuronal loss (moderate-severe) 51 (31%)
Braak NFT stage (V-VI) 45 (28%)
Thal phases 4-5 106 (65%)
CERAD score (moderate-frequent) 100 (61%)

49 (91%) 64 (75%)
926 (33) 924 (4.5)
39 (72%) 62 (73%)
86.5 (4.0) 875 (5.3)
6.2 (4.0) 50 (3.6)
24 (46%) 25 (33%)
27 (50%) 56 (66%) "
30 (56%) 31 (37%)
42 (78%) 62 (73%)
40 (74%) 60 (71%)

LRP Lewy-related pathology, SN substantia nigra, NFT neurofibrillary tangle

2 LRP detected in any of the investigated brain regions: dorsal motor nucleus of Vagus (dmV) of medulla, locus coeruleus (LC) of pons, substantia nigra, amygdala,
entorhinal cortex, cingulate gyrus, temporal cortex, frontal cortex, parietal cortex, anterior olfactory nucleus (AON) and peripheral olfactory bulb/peduncle (brain LRP
data published previously [19, 31]). 15 cases found to have LRP only in olfactory bulb/peduncle [19] were included in the LRP in any brain region, no spinal LRP -group

P LRP detected in any of the investigated spinal cord regions: dorsal horn and ventral horn at cervical 6-7, thoracic 3-4, lumbar 3-4 and sacral 1-2 levels and the
intermediolateral column at thoracic 3-4 level, one case with no spinal cord regions available was excluded from the analysis

The groups with either brain or concomitant brain and spinal cord LRP were individually compared with the no LRP group. Significant differences after Bonferroni
correction are marked with asterisks, raw p-values are shown in Additional file 1: Table S2

Demographics [30] of the study subjects have been published previously as well as clinical [27], genetic [25] and neuropathological variables (SN neuronal loss [27],

Braak NFT stage and Thal phases [34], CERAD score [30])
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Fig. 1 Distribution of semiquantitative LRP scores in subjects with brain LRP in at least one investigated brain region (n=139). a Dorsal horn and

c ventral horn spinal cord regions at four spinal cord levels (C6-7, TH3-4, L3-4, S1-2). b Thoracic IML region (TH3-4). Based on the ordinal regression
random effect model, a sacral to cervical gradient in the strength of associations was seen in dorsal horn but not in ventral horn LRP (the numerical
data shown in Additional file 1: Table S4). *p-value < 0.05, ** p-value < 0.01, ***p-value <0.001 after Bonferroni correction

mild spinal cord LRP. The thoracic IML showed the most
frequent LRP in every DLB Consortium LRP type apart
from the olfactory-only type, which exhibited no spinal
LRP at all.

K-means analysis reveals two distinct types of LRP clusters
To analyse the potential presence of distinct LRP sub-
types we then performed an unsupervised K-means

cluster analysis (Fig. 3). This analysis revealed two main
kinds of clusters of spinal and brain LRP. In one type
(clusters 3,4, and 7) there was none or only modest spinal
cord LRP and the highest peak of LRP was observed in
the amygdala region. In the other type abundant or mod-
erate spinal cord LRP was seen concomitantly with brain
LRP, peaking in the brainstem regions (clusters 1, 2, 5, 8,
and 9). In addition, one of the clusters (cluster 6) showed
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Fig. 2 The frequency of semiquantitative spinal cord LRP scores stratified according to previously determined DLB Consortium LRP types n=139
[19, 31]. The frequency of spinal cord LRP increased when more severe brain LRP was found (Linear-by-Linear Association Mantel-Haenszel Test,

Additional file 1: Table S5)
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Fig. 3 K-means cluster analysis reveals distinct LRP subtypes. Only cases with data available for each spinal cord and brain region were included
n=121 (18 cases were excluded because of missing data in any of the regions). K-means cluster analysis was performed as previously described
[31], however for these analyses semiquantitative classes 3 (severe) and 4 (very severe) were combined

subjects with only modest LRP in olfactory and/or brain-
stem regions.

Caudo-rostral LRP type shows more spinal cord LRP

than amygdala-based LRP type

We next analysed the distribution of spinal cord LRP in
caudo-rostral (n=383) and amygdala-based (n=40) LRP
types, which we previously described [31]. Although the
same anatomical regions were affected in both LRP types,
the frequency of spinal cord LRP was higher in subjects
with the caudo-rostral LRP type, when compared to
those with the amygdala-based LRP type in all anatomi-
cal regions (Fisher’s exact test uncorrected p <0.01, Bon-
ferroni corrected p<0.09). The sacral dorsal horn and
thoracic IML showed the most significant p-values (Bon-
ferroni corrected p =0.000216 and p=0.000027, respec-
tively). The frequency of thoracic IML LRP was two times
higher in caudo-rostral versus the amygdala-based LRP
type (67% vs. 33%) (Fig. 4, Additional file 1: Table S6).
Figure 5 illustrates this difference by presenting thoracic

sections immunostained with aSyn antibody (5G4) from
a case with the caudo-rostral LRP type (Fig. 5a, ¢) and a
case with the amygdala-based LRP type (Fig. 5b, d).

Lumbar DRG aSyn positivity

In lumbar DRG aSyn positivity was detected in 9% of all
investigated samples (19/219). In all cases with lumbar
DRG aSyn positivity, LRP was present in the brain and
spinal cord. Lumbar DRG aSyn positivity was only seen
in those who had DLB Consortium LRP type limbic (4
subjects) or diffuse neocortical LRP type (15 subjects).
28% (16/57) of subjects with the caudo-rostral LRP type
and 7% (2/29) of those with the amygdala-based LRP type
had aSyn positive lumbar DRG samples (Fig. 6 and Addi-
tional file 1: Table S7).

Adrenal gland LRP

Adrenal gland LRP was detected in 22/164 (13%) of sub-
jects with adrenal gland samples available. All cases with
LRP in the adrenal gland also had LRP in the brain and
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Fig. 4 Distribution of semiquantitative spinal cord LRP in caudo-rostral versus amygdala-based LRP types. Includes all cases with spinal cord regions
available that were categorised into caudo-rostral and amygdala-based LRP types in previously published work [31], with olfactory-only cases [19]
n=15, excluded from analysis. The frequency of spinal cord LRP was higher in subjects with the caudo-rostral LRP type, compared to those with
the amygdala-based LRP type in all anatomical regions (Fisher’s exact test uncorrected p <0.01, Bonferroni corrected p <0.09) (Additional file 1:
Table S6). The sacral dorsal horn and thoracic IML showed the most significant p-values after Bonferroni correction ((p=0.000216 and p=0.000027,

L3-4

respectively)

spinal cord. 21 subjects of these were previously cat-
egorised as the caudo-rostral LRP type and one adrenal
gland positive subject belonged to the all-highest cat-
egory [31]. According to DLB Consortium classification,
one was brainstem-predominant, four limbic and the
remaining 17 of the diffuse neocortical LRP type (Fig. 6
and Additional file 1: Table S7).

Discussion

Lewy body diseases were long considered to affect only
brain, but in recent decades it has been increasingly
acknowledged that these diseases affect the whole nerv-
ous system including PNS, possibly explaining some
non-motor symptoms (NMS), such as constipation, falls,
dysregulation of blood pressure and pain, known to be
associated with these diseases [14]. Analysis of spinal
cord and peripheral LRP can elucidate the pathophysi-
ological basis of these NMS and may give important clues
for progression patterns of LRP and the origins of LRP
accumulation. However, there are few histological sample

collections and even fewer unselected samples where the
spinal cord and peripheral LRP can be investigated. Here
we have investigated the quantity of LRP in these regions
in an unselected elderly population (Vantaa 85+ study)
and report the following main results. 1) Spinal pathol-
ogy is found only in those subjects with LRP in the brain.
2) The quantity of spinal cord LRP associates with the
severity of brain LRP. 3) The caudo-rostral LRP type is
more strongly associated with spinal cord, DRG and
adrenal gland pathology than the amygdala-based LRP
type, further supporting the view of at least two distinct
progression patterns of LRP. 4) LRP in the spinal cord
accumulates in the same anatomical areas of the spinal
cord in both LRP progression types.

Although it is difficult to compare the results of differ-
ent studies due to variation in study design, inclusion cri-
teria and differences in methodology and sampling, our
results confirm several previous findings. We found no
cases with LRP restricted to spinal cord, in line with sev-
eral previous studies [6, 9, 38]. In addition, the severity
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Fig. 5 Two examples of thoracic spinal cord sections immunostained with anti-aSyn-antibody clone 5G4. Both cases were classified according to
the DLB Consortium as diffuse neocortical LRP type. a In a case with caudo-rostral LRP type, LRP was severe in IML, dorsal and ventral horns (20x). b
In a case with amygdala-based LRP type, only modest pathology was seen in the IML and ventral horn (20x). In ¢ and d high-power field (400x) of

of brain LRP was associated with more severe spinal cord
LRP, also consistent with previous studies [26]. Further-
more, we report that 28% of the whole population had
spinal cord LRP and 61% of those that had brain LRP
had concomitant spinal cord LRP. In several community-
based and hospital-based studies the frequency has been
reported to be about 20% [3, 6, 18, 38] and 50-65% of
subjects with brain LRP have concomitant spinal cord
LRP, and thus our findings can be interpreted to be in
accordance with these results. [2, 38]. In accordance with
our previous study [26], subjects with concomitant brain
and spinal LRP were more frequently found to have sub-
stantia nigra neuron loss when compared with subjects
with no LRP, possibly reflecting more severe LRP in sub-
jects with concomitant brain and spinal LRP. In line with
Sumikura et al., we found the sacral-cervical gradient of
LRP, most pronounced in the dorsal horn [38]. Previous
studies have shown that thoracic IML is the spinal region
where LRP occurs in PD the earliest [9, 40]. Consistent
with this we found that the thoracic IML was the ana-
tomical spinal cord region with the most severe LRP.

The main novel finding of this study is that the pres-
ence and severity of spinal cord LRP is strongly associ-
ated with the caudo-rostral versus amygdala-based LRP
types, highlighted by the results of the objective K-means
cluster analysis. Although the same anatomical regions of
spinal cord were affected in both LRP types, the caudo-
rostral type more frequently showed spinal cord LRP
even in cases with relatively mild brain LRP, whereas the

amygdala-based LRP type mainly showed spinal LRP
associated with severe brain LRP. Thus, it appears that
with the caudo-rostral type, spinal cord LRP accumu-
lation occurs earlier and, in the amygdala-based type it
may represent a late-stage phenomenon. The fact that
none of our 15 cases [19] with DLB Consortium olfac-
tory-only LRP type showed spinal cord LRP is consistent
with the view of two distinct origins of LRP. To the best
of our knowledge, the spinal cord LRP in olfactory-only
cases has previously been investigated in only two stud-
ies, where altogether three cases with olfactory-only LRP
exhibited no spinal cord LRP, in line with our findings [2,
9]. Thus, our unselected data on 15 olfactory-only cases
are an important extension to the previous literature.

In addition to CNS pathology, we investigated DRG
and adrenal gland aSyn positivity and found that 9% and
13% of subjects had positivity in these areas, respectively.
These results are in accordance with previous studies [11,
38, 48]. We report here that both pathologies are mainly
found in cases with the caudo-rostral LRP type. In the
Japanese Brain Bank study all cases with adrenal gland
LRP also had concomitant brain LRP [41], similar to our
findings. However, the Japanese group has reported the
presence of 9 individuals with LRP present in PNS only
(either in pericardial adipose tissue or thoracic sympa-
thetic ganglion) [41] suggesting that LRP can originate
outside the CNS. Even though this phenomenon has
been reported in animal models [17, 45], further studies
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Fig. 6 Lumbar DRG and adrenal gland aSyn positivity compared with a DLB Consortium LRP types and b LRP progression types. DRG and adrenal
gland pathology was associated with DLB Consortium types. aSyn pathology was more frequent in caudo-rostral versus amygdala-based LRP type

on larger representative human materials are needed to
investigate its frequency in elderly populations.

Although it is not possible to directly investigate the
mechanisms of progression of aSyn pathology in a post-
mortem study, indirect evidence for these mechanisms
can be suggested. First, in our present study the most
severe LRP was found in thoracic IML and dorsal sacral
regions. In rodents, expression levels of aSyn have been
found to be particularly pronounced in the spinal cord
laminas I, II, VII and X located in the dorsal horn and
intermediate zone regions [1, 47]. Previous studies on
mice and humans have indicated that regional expression

levels of physiological aSyn and vulnerability to LRP may
be associated [10, 39], consistent with the prion theory
of aSyn progression [20, 21, 37, 43]. In humans, expres-
sion levels of aSyn in different anatomical regions and
levels of spinal cord have not been investigated to our
knowledge. It remains to be further studied if differ-
ent expression profiles are associated with the anatomi-
cal distribution of LRP and the sacral-cervical gradient
in the dorsal horns, as reported by us and others [38].
Second, it has been pointed out that in Lewy body dis-
eases, in contrast to other neurodegenerative diseases,
the peripheral autonomic nervous system is significantly
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involved [28]. Our results are in line with this notion. In
particular, the afferent visceral system may be involved
in the progression of spinal cord LRP, as dorsal horn and
IML are central anatomic regions in this system. Third,
our data indicates that there may be temporal differences
in the accumulation of spinal cord LRP in distinct LRP
progression types. Imaging studies have also suggested
two distinct temporal models of aSyn pathology progres-
sion [13]. Recent reports have indicated that there may
be more structural heterogeneity of the aSyn protein in
different synucleinopathies than previously understood
[7, 35, 50] and it remains to be investigated whether this
heterogeneity is linked to distinct temporal patterns of
aSyn pathology progression.

Our study is one of the very few neuropathologically
examined population-based studies of the very elderly
[51], but it has limitations. It is focused on a very elderly
unselected Finnish population mostly representing
women with a mean age of death over 92 years, which
can be considered ‘survivors’ Although the study is clin-
ico-pathological, limited clinical data is available e.g. due
to multiple diseases of very elderly subjects, and the main
data of this study is focused on the cross-sectional collec-
tion of neuropathological samples at death. However, the
wide non-hierarchical sampling protocol has enabled us
to thoroughly study the distribution of LRP in the CNS
and we have previously reported LRP to be frequent in
this population [31]. It is noteworthy that spinal cord
samples at four levels in an unselected study design of
very elderly are rarely available for investigation in a pop-
ulation-based setting. The systematic sampling protocol
was most uniform in the brain and spinal cord regions,
but sampling of the peripheral regions was not similarly
standardised (for example adrenal gland samples were
mostly collected from one side only and from only about
half of study subjects). Because of this it is possible we
have missed some cases with peripheral LRP and no LRP
in the CNS.

Conclusions

Our population-based data supports the existence of at
least two different LRP types. The caudo-rostral cases
showed more frequent and severe spinal and peripheral
LRP, whereas in the amygdala-based cases these patholo-
gies were milder and appeared to occur at later stages of
disease.

Abbreviations

aSyn: Alpha-synuclein; AD: Alzheimer's dementia; ALS: Amyotrophic lateral
sclerosis; AON: Anterior olfactory nucleus; APOE4: Apolipoprotein E4; CERAD:
The consortium to establish a registry for alzheimer’s disease; CNS: Cen-

tral nervous system; DLB: Dementia with Lewy bodies; dmV: Dorsal motor
nucleus of Vagus; DRG: Dorsal root ganglion; e.g.: Exempli gratia, for example;
FTD: Frontotemporal dementia; HIER: Heat induced epitope retrieval; IML:

Page 10 of 12

Intermediolateral column; LB: Lewy body; LC: Locus coeruleus; LN: Lewy neur-
ite; LRP: Lewy-related pathology; NFT: Neurofibrillary tangle; NMS: Non-motor
symptoms; PD: Parkinson’s disease; PDD: Parkinson’s disease with dementia;
PNS: Peripheral nervous system; SD: Standard deviation; SN: Substantia nigra;
yrs: Years.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540478-022-01487-5.

Additional file 1.Supplementary table 1. Demographic characteristics
of LRP types. Supplementary table 2. Results of the statistical analyses of
Table 2. Supplementary table 3. The characteristics of semiquantitative
scores of spinal cord LRP in different anatomical regions. Supplementary
table 4. Results of the statistical analyses of Figure 1. Supplementary
table 5. The results of the statistical analyses of Figure 2. Supplementary
table 6. The results of the statistical analyses of Figure 4. Supplementary
table 7. Frequency of adrenal gland and lumbar dorsal root ganglion

LRP compared with DLB Consortium LRP types and LRP progression
patterns. Supplementary table 8. The results of statistical analyses of
Figure 6.

Acknowledgements

We thank the Vantaa 85+ Study establishers, researchers and collaborators
over the years. We thank the participants, their families and carers. We thank
the department of pathology research laboratory team and staff of the

HUS Diagnostic Center Pathology Department for their assistance with the
processing and staining of the sections of this study, with special thanks in this
work to Kristiina Nokelainen and Mikko Nyman. Professor Per Borghammer is
acknowledged for constructive discussions.

Author contributions

LM designed the study. TP conducted autopsies on the Vantaa 85 + Study.
Original pathological, neuropathological and some of the clinical determi-
nants were assessed by TP, LM and MO. Recently updated neuropathological
AD diagnosis data was assessed by SS, AP and LM, and olfactory LRP data

by EK, SS and LM. AR, MK and KC are responsible for immunohistochemical
stainings. Microscopic studies of novel data were carried out by HP (spinal
cord regions and dorsal root ganglion) and VK (adrenal gland) with the help
of LM. Statistics specialist JT, guided data analysis and PT participated in the
interpretation of the results. Literature search, drafting of the manuscript and
data analysis was done by AR. All authors participated in preparation of the
manuscript.

Funding

This study was financially supported by the Academy of Finland (341007), HUS
Diagnostic Center and Helsinki University Hospital competitive research fund
(TYH2020231,TYH2022316), Medicinska Understodsforeningen Liv och Halsa
rf.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethical approval and consent to participate

The Ethics Committee of the Health Centre of the City of Vantaa and the Ethics
Committee of the Helsinki and Uusimaa Hospital District approved the study.
Health and social work records and death certificates were permitted by the
Finnish Health and Social Ministry and the National Authority for Medicolegal
Affairs (VALVIRA) approved the collection of the tissue samples and their use
for research. Informed consent was obtained from all individual participants or
their relatives.

Competing interests
Pentti J. Tienari holds a patent on C9orf72 in the diagnostics and treatment
of ALS/FTD and has made paid consultations for Roche, Biogen, Merck,


https://doi.org/10.1186/s40478-022-01487-5
https://doi.org/10.1186/s40478-022-01487-5

Raunio et al. Acta Neuropathologica Communications (2022) 10:178

Teva, Sanofi-Genzyme and Novartis. All other authors declare no conflicts of
interest.

Author details

'Department of Pathology, University of Helsinki, Haartmaninkatu 3, PO

Box 21, 00014 Helsinki, Finland. 2HUS Diagnostic Center at Helsinki University
Hospital, Helsinki, Finland. >Division of Clinical Neuroscience and Rehabilita-
tion, Department of Neurosurgery, Ophthalmology and Otorhinolaryngology,
University Hospital of North-Norway, Tromso, Norway. “Newcastle University
Translational and Clinical Research Institute, University of Newcastle, New-
castle Upon Tyne, UK. *Translational Immunology, Research Programs Unit,
University of Helsinki, Helsinki, Finland. °Department of Neurology, Helsinki
University Hospital, Helsinki, Finland.

Received: 28 November 2022 Accepted: 29 November 2022
Published online: 12 December 2022

References

1. Allen Brain Atlas https://mousespinal.brain-map.org/imageseries/show.
htm?id=100036760. Accessed 22 November 2022

2. BeachTG, Adler CH, Sue LI, Vedders L, Lue L, White lii CL, Akiyama H,
Caviness JN, Shill HA, Sabbagh MN et al (2010) Multi-organ distribution
of phosphorylated alpha-synuclein histopathology in subjects with Lewy
body disorders. Acta Neuropathol 119:689-702. https://doi.org/10.1007/
500401-010-0664-3

3. Bloch A, Probst A, Bissig H, Adams H, Tolnay M (2006) Alpha-synuclein
pathology of the spinal and peripheral autonomic nervous system in
neurologically unimpaired elderly subjects. Neuropathol Appl Neurobiol
32:284-295. https://doi.org/10.1111/}.1365-2990.2006.00727 X

4. Borghammer P,Van Den Berge N (2019) Brain-first versus gut-first Parkin-
son's disease: a hypothesis. J Parkinsons Dis 9:5281-5295. https://doi.org/
10.3233/JPD-191721

5. Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, Braak E (2003)
Staging of brain pathology related to sporadic Parkinson'’s disease. Neuro-
biol Aging 24:197-211. https://doi.org/10.1016/50197-4580(02)00065-9

6.  Buchman AS, Nag S, Leurgans SE, Miller J, VanderHorst V, Bennett DA,
Schneider JA (2018) Spinal Lewy body pathology in older adults without
an antemortem diagnosis of Parkinson’s disease. Brain Pathol 28:560-568.
https://doi.org/10.1111/bpa.12560

7. de Boni L, Watson AH, Zaccagnini L, Wallis A, Zhelcheska K, Kim N,
Sanderson J, Jiang H, Martin E, Cantlon A et al (2022) Brain region-specific
susceptibility of Lewy body pathology in synucleinopathies is governed
by alpha-synuclein conformations. Acta Neuropathol 143:453-469.
https://doi.org/10.1007/500401-022-02406-7

8. DelTredici K, Braak H (2016) Review: Sporadic Parkinson's disease: devel-
opment and distribution of alpha-synuclein pathology. Neuropathol Appl
Neurobiol 42:33-50. https://doi.org/10.1111/nan.12298

9. DelTredici K, Braak H (2012) Spinal cord lesions in sporadic Parkinson’s
disease. Acta Neuropathol 124:643-664. https://doi.org/10.1007/
500401-012-1028-y

10. Erskine D, Patterson L, Alexandris A, Hanson PS, McKeith IG, Attems
J, Morris CM (2018) Regional levels of physiological alpha-synuclein
are directly associated with Lewy body pathology. Acta Neuropathol
135:153-154. https://doi.org/10.1007/500401-017-1787-6

11. Fumimura Y, lkemura M, Saito Y, Sengoku R, Kanemaru K, Sawabe M, Arai
T, Ito G, Iwatsubo T, Fukayama M et al (2007) Analysis of the adrenal gland
is useful for evaluating pathology of the peripheral autonomic nervous
system in lewy body disease. J Neuropathol Exp Neurol 66:354-362.
https://doi.org/10.1097/nen.0b013e3180517454

12. Gelpi E, Navarro-Otano J, Tolosa E, Gaig C, Compta Y, Rey MJ, Marti MJ,
Hernandez |, Valldeoriola F, Rene R et al (2014) Multiple organ involve-
ment by alpha-synuclein pathology in Lewy body disorders. Mov Disord
29:1010-1018. https://doi.org/10.1002/mds.25776

13. Horsager J, Andersen KB, Knudsen K, Skjaerbaek C, Fedorova TD, Okkels
N, Schaeffer E, Bonkat SK, Geday J, Otto M et al (2020) Brain-first versus
body-first Parkinson’s disease: a multimodal imaging case-control study.
Brain 143:3077-3088. https://doi.org/10.1093/brain/awaa238

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 11 of 12

. Jellinger KA (2015) Neuropathobiology of non-motor symptoms in Par-

kinson disease. J Neural Transm 122:1429-1440. https://doi.org/10.1007/
s00702-015-1405-5

. Kaivola K, Shah Z, Chia R, Scholz SW, International LBDGC (2022) Genetic

evaluation of dementia with Lewy bodies implicates distinct disease
subgroups. Brain 145:1757-1762. https://doi.org/10.1093/brain/awab402

. Ketchen DJ, Shook CL (1996) The application of cluster analysis in

strategic management research: an analysis and critique. Strateg Manag J
17:441-458. https://doi.org/10.1002/(sici) 1097-0266(199606)17:6%3c441::
Aid-smj819%3e3.0.Co;2-g

. Kim S, Kwon SH, Kam TI, Panicker N, Karuppagounder SS, Lee S, Lee JH,

Kim WR, Kook M, Foss CA et al (2019) Transneuronal propagation of
pathologic alpha-synuclein from the gut to the brain models Parkinson’s
disease. Neuron 103:627-641 e627. https://doi.org/10.1016/j.neuron.2019.
05.035

. Klos KJ, Ahlskog JE, Josephs KA, Apaydin H, Parisi JE, Boeve BF, Delucia

MW, Dickson DW (2006) Alpha-synuclein pathology in the spinal cords of
neurologically asymptomatic aged individuals. Neurology 66:1100-1102.
https://doi.org/10.1212/01.wnl.0000204179.88955.fa

. Kok EH, Savola S, Raunio A, Oinas M, Tuimala J, Polvikoski T, Kero M,

Kaivola K, Tienari PJ, Paetau A et al (2021) Alpha-synuclein pathology of
olfactory bulbs/peduncles in the Vantaa85+ cohort exhibit two diver-
gent patterns: a population-based study. Acta Neuropathol 142:777-780.
https://doi.org/10.1007/500401-021-02364-6

Kordower JH, Brundin P (2009) Propagation of host disease to grafted
neurons: accumulating evidence. Exp Neurol 220:224-225. https://doi.
org/10.1016/j.expneurol.2009.09.016

Kordower JH, Chu Y, Hauser RA, Freeman TB, Olanow CW (2008) Lewy
body-like pathology in long-term embryonic nigral transplants in Parkin-
son's disease. Nat Med 14:504-506. https://doi.org/10.1038/nm 1747
Kovacs GG, Wagner U, Dumont B, Pikkarainen M, Osman AA, Streichen-
berger N, Leisser |, Verchere J, Baron T, Alafuzoff | et al (2012) An antibody
with high reactivity for disease-associated alpha-synuclein reveals
extensive brain pathology. Acta Neuropathol 124:37-50. https://doi.org/
10.1007/500401-012-0964-x

McKeith IG, Boeve BF, Dickson DW, Halliday G, Taylor JP, Weintraub D,
Aarsland D, Galvin J, Attems J, Ballard CG et al (2017) Diagnosis and
management of dementia with Lewy bodies: fourth consensus report of
the DLB Consortium. Neurology 89:88-100. https://doi.org/10.1212/WNL.
0000000000004058

McKeith IG, Dickson DW, Lowe J, Emre M, O'Brien JT, Feldman H, Cum-
mings J, Duda JE, Lippa C, Perry EK et al (2005) Diagnosis and manage-
ment of dementia with Lewy bodies: third report of the DLB Consortium.
Neurology 65:1863-1872. https://doi.org/10.1212/01.wnl.0000187889.
17253.b1

Myllykangas L, Polvikoski T, Sulkava R, Verkkoniemi A, Crook R, Tienari PJ,
Pusa AK, Niinisto L, O'Brien P, Kontula K et al (1999) Genetic association

of alpha2-macroglobulin with Alzheimer’s disease in a Finnish elderly
population. Ann Neurol 46:382-390

Oinas M, Paetau A, Myllykangas L, Notkola IL, Kalimo H, Polvikoski T (2010)
alpha-Synuclein pathology in the spinal cord autonomic nuclei associ-
ates with alpha-synuclein pathology in the brain: a population-based
Vantaa 85+ study. Acta Neuropathol 119:715-722. https://doi.org/10.
1007/500401-009-0629-6

Oinas M, Polvikoski T, Sulkava R, Myllykangas L, Juva K, Notkola IL, Rastas S,
Niinisto L, Kalimo H, Paetau A (2009) Neuropathologic findings of demen-
tia with lewy bodies (DLB) in a population-based Vantaa 85+ study. J
Alzheimers Dis 18:677-689. https://doi.org/10.3233/JAD-2009-1169
Orimo S, Ghebremedhin E, Gelpi E (2018) Peripheral and central
autonomic nervous system: does the sympathetic or parasympathetic
nervous system bear the brunt of the pathology during the course

of sporadic PD? Cell Tissue Res 373:267-286. https://doi.org/10.1007/
s00441-018-2851-9

Polvikoski T, Sulkava R, Haltia M, Kainulainen K, Vuorio A, Verkkoniemi A,
Niinisto L, Halonen P, Kontula K (1995) Apolipoprotein E, dementia, and
cortical deposition of beta-amyloid protein. N Engl J Med 333:1242-1247.
https://doi.org/10.1056/nejm199511093331902

Polvikoski T, Sulkava R, Myllykangas L, Notkola IL, Niinisto L, Verkkoniemi
A, Kainulainen K, Kontula K, Perez-Tur J, Hardy J et al (2001) Prevalence of
Alzheimer's disease in very elderly people: a prospective neuropathologi-
cal study. Neurology 56:1690


https://mousespinal.brain-map.org/imageseries/show.html?id=100036760
https://mousespinal.brain-map.org/imageseries/show.html?id=100036760
https://doi.org/10.1007/s00401-010-0664-3
https://doi.org/10.1007/s00401-010-0664-3
https://doi.org/10.1111/j.1365-2990.2006.00727.x
https://doi.org/10.3233/JPD-191721
https://doi.org/10.3233/JPD-191721
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1111/bpa.12560
https://doi.org/10.1007/s00401-022-02406-7
https://doi.org/10.1111/nan.12298
https://doi.org/10.1007/s00401-012-1028-y
https://doi.org/10.1007/s00401-012-1028-y
https://doi.org/10.1007/s00401-017-1787-6
https://doi.org/10.1097/nen.0b013e3180517454
https://doi.org/10.1002/mds.25776
https://doi.org/10.1093/brain/awaa238
https://doi.org/10.1007/s00702-015-1405-5
https://doi.org/10.1007/s00702-015-1405-5
https://doi.org/10.1093/brain/awab402
https://doi.org/10.1002/(sici)1097-0266(199606)17:6%3c441::Aid-smj819%3e3.0.Co;2-g
https://doi.org/10.1002/(sici)1097-0266(199606)17:6%3c441::Aid-smj819%3e3.0.Co;2-g
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1212/01.wnl.0000204179.88955.fa
https://doi.org/10.1007/s00401-021-02364-6
https://doi.org/10.1016/j.expneurol.2009.09.016
https://doi.org/10.1016/j.expneurol.2009.09.016
https://doi.org/10.1038/nm1747
https://doi.org/10.1007/s00401-012-0964-x
https://doi.org/10.1007/s00401-012-0964-x
https://doi.org/10.1212/WNL.0000000000004058
https://doi.org/10.1212/WNL.0000000000004058
https://doi.org/10.1212/01.wnl.0000187889.17253.b1
https://doi.org/10.1212/01.wnl.0000187889.17253.b1
https://doi.org/10.1007/s00401-009-0629-6
https://doi.org/10.1007/s00401-009-0629-6
https://doi.org/10.3233/JAD-2009-1169
https://doi.org/10.1007/s00441-018-2851-9
https://doi.org/10.1007/s00441-018-2851-9
https://doi.org/10.1056/nejm199511093331902

Raunio et al. Acta Neuropathologica Communications

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

(2022) 10:178

Raunio A, Kaivola K, Tuimala J, Kero M, Oinas M, Polvikoski T, Paetau A,
Tienari PJ, Myllykangas L (2019) Lewy-related pathology exhibits two
anatomically and genetically distinct progression patterns: a population-
based study of Finns aged 85. Acta Neuropathol 138:771-782. https://doi.
0rg/10.1007/500401-019-02071-3

Raunio A, Myllykangas L, Kero M, Polvikoski T, Paetau A, Oinas M (2017)
Amygdala alpha-synuclein pathology in the population-based Vantaa
85+ study. J Alzheimers Dis 58:669-674. https://doi.org/10.3233/
JAD-170104

Rey NL, Petit GH, Bousset L, Melki R, Brundin P (2013) Transfer of human
alpha-synuclein from the olfactory bulb to interconnected brain regions
in mice. Acta Neuropathol 126:555-573. https://doi.org/10.1007/
500401-013-1160-3

Savola S, Kaivola K, Raunio A, Kero M, Makela M, Parn K, Palta P, Tanskanen
M, Tuimala J, Polvikoski T et al (2022) Primary age-related tauopathy in a
Finnish population-based study of the oldest old (Vantaa 85+). Neuro-
pathol Appl Neurobiol 48:e12788. https://doi.org/10.1111/nan.12788
Sokratian A, Ziaee J, Kelly K, Chang A, Bryant N, Wang S, Xu E, Li JY, Wang
SH, Ervin J et al (2021) Heterogeneity in alpha-synuclein fibril activity cor-
relates to disease phenotypes in Lewy body dementia. Acta Neuropathol
141:547-564. https://doi.org/10.1007/500401-021-02288-1

Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M
(1997) Alpha-synuclein in Lewy bodies. Nature 388:839-840. https://doi.
0rg/10.1038/42166

Steiner JA, Quansah E, Brundin P (2018) The concept of alpha-synuclein
as a prion-like protein: ten years after. Cell Tissue Res 373:161-173.
https://doi.org/10.1007/500441-018-2814-1

Sumikura H, Takao M, Hatsuta H, Ito S, Nakano Y, Uchino A, Nogami A,
Saito Y, Mochizuki H, Murayama S (2015) Distribution of alpha-synuclein
in the spinal cord and dorsal root ganglia in an autopsy cohort of elderly
persons. Acta Neuropathol Commun 3:57. https://doi.org/10.1186/
540478-015-0236-9

Taguchi K, Watanabe Y, Tsujimura A, Tanaka M (2016) Brain region-
dependent differential expression of alpha-synuclein. J Comp Neurol
524:1236-1258. https://doi.org/10.1002/cne.23901

Tamura T, Yoshida M, Hashizume Y, Sobue G (2012) Lewy body-related
a-synucleinopathy in the spinal cord of cases with incidental Lewy body
disease. Neuropathology 32:13-22. https://doi.org/10.1111/}.1440-1789.
2011.01211x

Tanei ZI, Saito Y, Ito S, Matsubara T, Motoda A, Yamazaki M, Sakashita

Y, Kawakami |, kemura M, Tanaka S et al (2021) Lewy pathology of the
esophagus correlates with the progression of Lewy body disease: a Japa-
nese cohort study of autopsy cases. Acta Neuropathol 141:25-37. https://
doi.org/10.1007/500401-020-02233-8

Toledo JB, Gopal P, Raible K, Irwin DJ, Brettschneider J, Sedor S, Waits K,
Boluda S, Grossman M, Van Deerlin VM et al (2016) Pathological alpha-
synuclein distribution in subjects with coincident Alzheimer's and Lewy
body pathology. Acta Neuropathol 131:393-409. https://doi.org/10.1007/
s00401-015-1526-9

Uchihara T, Giasson BI (2016) Propagation of alpha-synuclein pathology:
hypotheses, discoveries, and yet unresolved questions from experimental
and human brain studies. Acta Neuropathol 131:49-73. https://doi.org/
10.1007/500401-015-1485-1

Uchikado H, Lin WL, DeLucia MW, Dickson DW (2006) Alzheimer disease
with amygdala Lewy bodies: a distinct form of alpha-synucleinopathy.

J Neuropathol Exp Neurol 65:685-697. https://doi.org/10.1097/01 jnen.
0000225908.90052.07

Van Den Berge N, Ferreira N, Gram H, Mikkelsen TW, Alstrup AKO, Casadei
N, Tsung-Pin P, Riess O, Nyengaard JR, Tamguney G et al (2019) Evidence
for bidirectional and trans-synaptic parasympathetic and sympathetic
propagation of alpha-synuclein in rats. Acta Neuropathol 138:535-550.
https://doi.org/10.1007/500401-019-02040-w

Van Den Berge N, Ulusoy A (2022) Animal models of brain-first and body-
first Parkinson’s disease. Neurobiol Dis 163:105599. https://doi.org/10.
1016/j.nbd.2021.105599

Vivacqua G, Yin JJ, Casini A, Li X, Li YH, D'Este L, Chan P, Renda TG, Yu S
(2009) Immunolocalization of alpha-synuclein in the rat spinal cord by
two novel monoclonal antibodies. Neuroscience 158:1478-1487. https://
doi.org/10.1016/j.neuroscience.2008.12.001

Wakabayashi K, Mori F, Tanji K, Orimo S, Takahashi H (2010) Involvement
of the peripheral nervous system in synucleinopathies, tauopathies and

49.

50.

51.

Page 12 of 12

other neurodegenerative proteinopathies of the brain. Acta Neuropathol
120:1-12. https://doi.org/10.1007/500401-010-0706-x

Walker Z, Possin KL, Boeve BF, Aarsland D (2015) Lewy body dementias.
Lancet 386:1683-1697. https://doi.org/10.1016/S0140-6736(15)00462-6
Yang Y, ShiY, Schweighauser M, Zhang X, Kotecha A, Murzin AG, Garringer
HJ, Cullinane PW, SaitoY, Foroud T et al (2022) Structures of a-synuclein
filaments from human brains with Lewy pathology. Nature. https://doi.
0rg/10.1038/541586-022-05319-3

Zaccai J, Ince P, Brayne C (2006) Population-based neuropathological
studies of dementia: design, methods and areas of investigation—a sys-
tematic review. BMC Neurol 6:2. https://doi.org/10.1186/1471-2377-6-2

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1007/s00401-019-02071-3
https://doi.org/10.1007/s00401-019-02071-3
https://doi.org/10.3233/JAD-170104
https://doi.org/10.3233/JAD-170104
https://doi.org/10.1007/s00401-013-1160-3
https://doi.org/10.1007/s00401-013-1160-3
https://doi.org/10.1111/nan.12788
https://doi.org/10.1007/s00401-021-02288-1
https://doi.org/10.1038/42166
https://doi.org/10.1038/42166
https://doi.org/10.1007/s00441-018-2814-1
https://doi.org/10.1186/s40478-015-0236-9
https://doi.org/10.1186/s40478-015-0236-9
https://doi.org/10.1002/cne.23901
https://doi.org/10.1111/j.1440-1789.2011.01211.x
https://doi.org/10.1111/j.1440-1789.2011.01211.x
https://doi.org/10.1007/s00401-020-02233-8
https://doi.org/10.1007/s00401-020-02233-8
https://doi.org/10.1007/s00401-015-1526-9
https://doi.org/10.1007/s00401-015-1526-9
https://doi.org/10.1007/s00401-015-1485-1
https://doi.org/10.1007/s00401-015-1485-1
https://doi.org/10.1097/01.jnen.0000225908.90052.07
https://doi.org/10.1097/01.jnen.0000225908.90052.07
https://doi.org/10.1007/s00401-019-02040-w
https://doi.org/10.1016/j.nbd.2021.105599
https://doi.org/10.1016/j.nbd.2021.105599
https://doi.org/10.1016/j.neuroscience.2008.12.001
https://doi.org/10.1016/j.neuroscience.2008.12.001
https://doi.org/10.1007/s00401-010-0706-x
https://doi.org/10.1016/S0140-6736(15)00462-6
https://doi.org/10.1038/s41586-022-05319-3
https://doi.org/10.1038/s41586-022-05319-3
https://doi.org/10.1186/1471-2377-6-2

