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Distinct subcellular localization of tau
and alpha-synuclein in lewy body disease
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Abstract

Lewy bodies and neurofibrillary tangles, composed of a-synuclein (a-syn) and tau, respectively, often are

found together in the same brain and correlate with worsening cognition. Human postmortem studies show
colocalization of a-syn and tau occurs in Lewy bodies, but with limited effort to quantify colocalization. In this
study, postmortem middle temporal gyrus tissue from decedents (n=9) without temporal lobe disease (control)

or with Lewy body disease (LBD) was immunofluorescently labeled with antibodies to phosphorylated a-syn
(p-a-syn), tau phosphorylated at Ser202/Thr205 (p-tau), or exposure of tau's phosphatase-activating domain
(PAD-tau) as a marker of early tau aggregates. Immunofluorescence for major-histocompatibility complex class 2
(MHCII) and ionized calcium binding adaptor molecule 1 (Ibal) also was performed because inflammation is an
additional pathological hallmark of LBDs, and they were a positive control for two markers known to colocalize.
The abundance of p-a-syn, p-tau, and MHCII was significantly associated with diagnosis of LBD. Quantification of
colocalization showed that MHCII and Iba1 colocalized, demonstrating activated immune cells are mostly microglia.
However, p-a-syn rarely colocalized with p-tau or PAD-tau, although the overlap of p-a-syn with PAD-tau was
significantly associated with LBD. In the rare cases pathologic a-syn and pathologic tau were found in the same
Lewy body or Lewy neurite, tau appeared to surround a-syn but did not colocalize within the same structure.

The relationship between tau and a-syn copathology is important for explaining clinical symptoms, severity, and
progression, but there is no evidence for frequent, direct protein-protein interactions in the middle temporal gyrus.
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Introduction

Dementia with Lewy Bodies (DLB), Parkinson’s disease
(PD) and PD dementia (PDD) are neurodegenerative
syndromes that are characterized neuropathologically by
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impairment severity [15, 21, 22]. Mouse models of LBD
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implicate an a-syn-tau interaction. In mice overexpress-
ing A53T mutant human o-syn, knocking out tau or
using antibodies targeting oligomeric tau reverses mem-
ory impairments [19, 39]. Thus, the presence of both
Lewy and tau pathology may contribute to cognitive
symptoms from LBD.

Endogenous tau and a-synuclein colocalize and asso-
ciate in neurons [42], suggesting that co-pathology may
arise from synergistic interactions. Indeed, in vitro
experiments show that tau’s microtubule binding domain
also binds the C-terminus of a-syn, resulting in the fibril-
lization and aggregation of both proteins [17, 20]. In
addition, human postmortem studies report colocaliza-
tion between tau and synuclein using various antibody
combinations. LBD colocalizes with tau in brainstem
Sect. [2], hippocampus [3], entorhinal cortex [23], fron-
tal cortex [38], amygdala [37, 43], and olfactory bulb [18].
One study quantified the number of double-positive neu-
rons across hippocampal structures and determined the
subiculum and pre-CA1 neurons had the highest propor-
tion for double-positivity with a range of 1-13% across 5
subjects, as assessed by examining neuronal somata [24].
In another study that focused on brainstem Lewy bodies,
as many as a third of Lewy bodies in the medulla were
immunoreactive for phosphorylated tau, but a relation-
ship between tau and a-syn immunoreactivity within
abundant Lewy neurites has not been examined [25]. In
addition, many of the studies showing overlap of a-syn
and tau pathology are qualitative or relied on counting
colocalization by eye in single images rather than quan-
tifying colocalization over a larger area within the tissue.

Investigating overlap of pathologic a-syn and tau in
structures including neurites is important because syn-
aptic and axonal dysfunction are earlier pathophysiologic
events in LBD than the formation of Lewy bodies, and
cortical and limbic regions affected by a-synucleinopathy
show more abundant Lewy neurites than Lewy bodies.
We examined postmortem middle temporal gyrus cortex
from human brains with confirmed LBD using immu-
nofluorescence and confocal microscopy. We first quan-
tified the degree of abnormal forms of a-syn and tau as
well as immunologic markers for this region, showing an
association of disease markers with the neuropathologi-
cal diagnosis of LBD, demonstrating these cases recapitu-
late prior findings from the literature. We then measured
colocalization of pathologic a-syn with phosphorylated
tau, and an early pathologic form of tau. Contrary to
expectations from the literature, colocalization between
these proteins in middle temporal gyrus neocortex is a
rare event and does not support the hypothesis that tau
and a-syn pathologies extensively interact intracellularly
at a protein-protein level as a pathophysiologic driver in
mixed degenerative disease.
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Materials and methods

Human brain tissue

Deidentified postmortem brain tissue was obtained from
the Banner Sun Health Research Institute Brain and
Body Donation Program in Sun City, Arizona [6]. Sub-
jects undergo annual cognitive evaluations prior to death.
Neuropathologic examination was described previously
[6], and includes the Unified Staging System for Lewy
Body Disorders [1]. Cases were selected for the presence
of neocortical (stage IV) LBD that included middle tem-
poral gyrus involvement (n=6) along with three control
cases (n=3). Formalin-fixed, free-floating, temporal lobe
sections of 40 um thickness were used for immunofluo-
rescence-based analyses.

Immunohistochemistry

Free-floating sections were rinsed extensively with phos-
phate buffered saline (PBS) and blocked at room tem-
perature with shaking for two hours using 5% normal
donkey or goat serum and 0.1% Triton X-100 in PBS for
all antibodies except MHCII and Ibal where 5% normal
in blocking and antibody diluent solutions. Tissues were
then incubated overnight at 4 °C with primary antibod-
ies diluted in their respective blocking buffer with Triton-
X-100 omitted for the MHCII/Ibal condition. Primary
antibodies for phosphorylated (pS129) a-syn (MJF-R13,
hereafter “R13”, Abcam ab168381, RRID: AB_2728613,
1:1000); and for phosphorylated tau (AT8 for pS202/
pT205/pS208, Fisher MN1020, RRID: AB_223647,
1:1000); the phosphatase activating domain (PAD) of
tau (TNT1, Kanaan Lab, RRID: AB_2736930, 1:30,000;
[12, 13, 26]), major histocompatibility complex class
II (MHCII, Invitrogen 14-9956-82, RRID: AB_468639,
1:750), ionized calcium binding adaptor molecule 1
(Ibal, Wako 019-19741, RRID: AB_839504, 1:1000),
and vesicular glutamate transporter 1 (vGLUT1, Syn-
aptic Systems 135304, RRID: AB_887878, 1:1000) were
used in combinations as specified. After washes, sec-
tions were incubated with secondary antibodies diluted
in blocking buffer at room temperature with gentle
shaking for two hours. Combinations of the following
secondary antibodies from ThermoFisher were used:
goat anti-mouse IgG1 Alexa Fluor 488 (A-21121, RRID:
AB_2535764, 1:500), goat anti-rabbit IgG Alexa Fluor
555 (RRID: AB_2535850, 1:500), goat anti-guinea pig
IgG Alexa Fluor 647 (A-21450, RRID: AB_2535867,
1:500), goat anti-mouse IgM Alexa Fluor 555 (A-21426,
RRID: AB_2535847, 1:500), goat anti-rabbit IgG Alexa
Fluor 647 (A-21245, RRID: AB_2535813, 1:500), and
goat anti-mouse IgG Alexa Fluor 488 (A-11001, RRID:
AB_2534069, 1:500). p-a-Syn and tau-stained sec-
tions were washed and treated with 1% Sudan Black B
for 2-3 min followed by washes, whereas MHCII and
Ibal stained sections were treated with 10 mM copper
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sulfate and 50 mM ammonium sulfate solution at 4 °C
for 15 min. After washing, sections were mounted using
the free-floating technique on adhesion Superfrost Plus
microscope slides, air dried briefly, and mounted using
Prolong Gold antifade mountant (Fisher P36934). Of
note, every immunohistochemical experiment included a
primary delete (i.e., no primary antibodies used) for each
subject that was processed in parallel. Of note, no addi-
tional antigen retrieval steps were used, and proteinase K
was not in any step to remove normal a-syn.

Imaging and deconvolution

Confocal imaging was performed on a Nikon Ti2 confo-
cal microscope with 10X, 40X-oil (NA 1.3), and 60X-oil
(NA 1.4) immersion objectives. For each set of antibod-
ies, the same laser intensity, gain, pinhole diameter and
offset was used across all cases. Z-stacks were acquired
using a 0.1 pm step size for a minimum of 3 um total
thickness. Only portions of the gray matter were imaged;
the z-stacks were obtained to avoid the outer edges of the
tissue, starting from one side of tissue and moving in a
semi-random, consistent way across the cortex so opti-
cal sections were non-overlapping. All images underwent
deconvolution using NIS-Elements using the Richard-
son-Lucy algorithm for 20 iterations on a Nikon Ele-
ments analysis workstation at the UAB High Resolution
Imaging Facility.

Percent area occupied analysis

To determine the abundance of R13, AT8, TNT1, MHCII
and Ibal positive immunofluorescent signal, the area
fraction measurement in FIJI was analyzed for each of
the 10 z-stacks captured for each case using the original
ND2 files. The resolution was 2048 x 2048 for AT8/R13
and 1024-x 1024 for MHCII/Ibal and TNT1/R13 analy-
ses. A researcher blinded to diagnosis of each case per-
formed the quantitation. The z-stacks were converted
to 8-bit images and collapsed into maximum projection
images prior to area fraction analysis. After reviewing
each of the thresholding filters using the pre-packaged
mask feature, the “triangle” mask was found to be the
most accurate in detecting the true fluorescent signal
present in each image for the a-syn/tau-stained sections,
whereas the “default” mask was chosen for the MHCII/
Ibal images. Of note, the prepackaged mask feature auto-
matically determines the acceptable threshold for each
image which determines the percent area occupied in
FIJI. For the vast majority of the images the auto-thresh-
old provided by the mask was a faithful representation
of what was seen in the image by the blinded researcher;
however, when the mask clearly was over- or under-cap-
turing signal, the threshold was manually adjusted using
the histogram to provide a more accurate representation
of the fluorescent signal seen. The values are reported in
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percentage of area occupied by the fluorescent pixels fall-
ing within the defined threshold for each image.

Colocalization analysis

For determining the degree of colocalization of two
immunofluorescent signals, a total of 10 non-overlapping
z-stacks per case were acquired at 60X for synuclein/tau
analysis and 40X for MHCII/Ibal analysis by a researcher
blinded to diagnosis of each case. As above, each z-stack
location was chosen within cortical gray matter. Stacks of
images were loaded and analyzed together in FIJI using
the JaCOP feature to generate the thresholded Mander’s
colocalization coefficients [8].

Statistical analyses

Two-sample t-tests and Fisher’s exact tests were used
to compare demographic and disease characteristics
between groups (control or LBD). Mixed effects models
(covariance pattern models) [9] were used to examine
differences in colocalization coefficients between groups
while accounting for repeated measures with 10 confocal
frames captured for each case. A compound symmetric
covariance structure was used to model the correlation
among measurements on the same subject. Statistical
significance was based on the t-test for the group (control
vs. LBD) variable, using a Satterthwaite approximation
for the degrees of freedom. All analyses were performed
using the Ime4 package [5], version 1.1-34, in R (R Core
Team 2022) version 4.2.1.

Results

Subject demographics

Brain tissue was derived from subjects with the presence
or absence (controls) of LBD. Subject demographics are
displayed in Table 1. Two measures were not recorded for
some controls for logistical reasons. There were no sig-
nificant differences in expiration date, sex, post-mortem
interval, PD diagnosis, vascular AD diagnosis, APOE
genotype, or Braak AD stage. There were significant dif-
ferences in AD diagnosis, DLB diagnosis, and Unified
Lewy Body stage.

Pathologic a-syn burden in the middle temporal gyrus of
control and LBD cases

The R13 antibody against phospho-serine-129 (p-a-
syn) was used to examine the degree of aberrant a-syn,
regardless of whether it showed classic LBD morpho-
logical characteristics or earlier changes, in the middle
temporal gyrus [7, 10]. Immunofluorescence was also
performed for the synaptic marker, vGLUT1 so the local-
ization of p-a-syn could be visualized relative to neuropil
throughout the cortex. It is important to note that pro-
teinase K was not included in our immunofluorescence
protocol, unlike other pathologic studies which use it to
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Table 1 Subject characteristics. Summary of neuropathologic
assessments. *N=1. A dash indicates not enough data were
available to make a comparison

Control LBD p
value

n 3 6
Expired age (years+/-SEM) 76.3(11.8) 74.3 (6.65) 0.81
Sex = female % 2 (66.7%) 3 (50%) 1.00
Postmortem interval (hours) 222 (0.26)* 2.71(0.57) 0.12
Last MMSE test score 27.0(0.0)* 3.33(3.56)
Motor UPDRS score off 9.0(0.0) 44.0 (33.3)
Clinical diagnosis
AD 0(0.0%) 4(66.7%)
parkinsonism 0(0.0%) 1(16.7%
DLB 0(0.0%) 1(16.7%)
Pathological Diagnosis
AD 0 (0.0%) 6 (100%) 0.01
PD 0 (0.0%) 0 (0.0%) -
DLB 0(0.0%) 6 (100%) 0.02
Vascular AD 0 (0.0%) 1(16.7%) 1.00
APOE 0.53
2/2 1(33.3%) 0 (0.00%)
3/3 0 (0.0%) 2(33.3%)
3/4 1(33.3%) 3(50.0%)
4/4 1(33.3%) 1(16.7%)
Braak NFT Stage 022
| 2 (66.7%) 0 (0.0%)
Il 1(33.3%) 0 (0.0%)
\Y 0 (0.0%) 2(33.3%)
\ 0(0.0%) 4 (66.7%)
Amyloid Plaque total, 5.58(3.99) 145(0.77) 006
semiquantitative
Unified Lewy Body Stage 0.01
IV: Neocortical 0(0.0%) 6(100%)

remove normal a-syn. In control cases, p-a-syn appeared
as diffuse, dim immunofluorescence in the soma, likely
reflecting physiologic, soluble p-a-syn (Fig. 1A) [34, 35].
In LBD cases, the majority of immunoreactivity appeared
as bright puncta, and longer thread-like neurites, some
of which were classical Lewy neurites with a larger, dys-
trophic morphology. Most immunoreactive neurites
were independent but occasionally showed a denser net-
work (Fig. 1A, case “DLB6”). Circular, dense Lewy bod-
ies were rare but were present with brighter p-a-syn near
the periphery of the inclusion. Overall, the average per-
cent area occupied by p-a-syn in control cases was 2.2%
(+/-0.14), and the average for LBD cases was 12.1% (+/-
0.6). Note that case DLB 3 had a low percent occupied
by p-a-syn such that the average was similar to controls.
This case had a low MMSE score (0) and a relatively high
UPDRS score (80). Analyses of the images show that
the control cases do have low levels of small p-a-syn
puncta, whereas DLB3 p-a-syn appeared as Lewy neu-
rites (Online Resource 1). Overall, quantification of the
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percent area occupied by p-a-syn revealed a low level
of p-a-syn in control cases with statistically significant
increase in abundance in LBD cases (t(7) =2.6, p=0.034;
Fig. 1B).

Pathologic tau burden in the middle temporal gyrus of
control and LBD cases

The antibody AT8 was used to identify pathologic tau
ranging from early aggregates to mature neurofibrillary
tangles. The AT8 antibody recognizes tau phosphorylated
at serine 202, threonine 205, and serine 208 (pSer202/
pThr205/pS208-tau) [28]. In control cases, there was
minimal to no immunofluorescence to AT8-tau. In con-
trast, all of the LBD cases showed immunofluorescence
for AT8-tau, as expected from this group with high Braak
NFT Stage by design (Fig. 2A). Most immunoreactive tau
was neuritic, appearing as short, threadlike inclusions or
bright puncta. Occasionally, NFTs were apparent in the
soma (Fig. 2B, DLB 2, 6). Overall, the average percent
area occupied by AT8-tau was 0.18% (+/- 0.03), and the
average for LBD was 13.0% (+/-0.82). Quantification of
the percent area occupied by AT8-tau revealed mini-
mal immunoreactivity in control cases with statistically
significant increase in abundance of AT8-tau in all LBD
cases (t(7) =4.5, p=0.003; Fig. 2B).

MHCII expression in microglia in the middle temporal
gyrus of control and LBD cases

Activation and recruitment of immune cells is another
pathologic hallmark of LBD [41]. We therefore per-
formed double immunofluorescence for MHCII to iden-
tify pro-inflammatory immune cells and Ibal to identify
pro-inflammatory microglia. Control cases showed a
small but visible presence of MHCII-pro-inflammatory
cells (Fig. 3A). In LBD cases, there was a variable but
statistically significant increase in the abundance of pro-
inflammatory cells. The average percent area occupied
by MHCII was different between control cases (2.6% +/-
0.19) and LBD cases (5.9% +/- 0.27; t(7)=2.5, p=0.04;
Fig. 3B). There was no difference in the percent area
occupied by Ibal (t(7)=0.79, p=0.46). MHCII colocal-
ized with Ibal in the merged confocal images. Although
there was some MHCII immunoreactivity (green) that
did not overlap with Ibal (magenta), viewing the merged
images showed that the MHCII was within the cell
boundaries of Ibal, i.e. the MHCII did not colocalize
with Ibal within the same cells. The overlaps of MHCII
over Ibal and Ibal over MHCII were assessed using
Mander’s colocalization coefficients. The total overall
MHCII fractional overlap over Ibal was 0.53 (+/- 0.01) in
control and 0.52 (+/- 0.01) in LBD cases. Ibal fractional
overlap with MHCII was 0.33 (+/-0.03) for control and
0.48 (+/-0.1) for LBD cases. There were no differences in
MHCII/Ibal colocalization (t(7) =0.129, p = 0.90) or Ibal/
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Fig. 1 (A) Immunofluorescence was performed on 40 um middle temporal cortex sections from three control and six LBD subjects using antibodies to
p-a-syn (magenta) and to vGLUT1 (green), a presynaptic marker to allow visualization of the Lewy pathology relative to neuronal synapses. Representa-
tive images from one control and three LBD cases are shown. In DLB6, an arrow points to an example of a round p-a-syn aggregate with the morphology
of a Lewy body. Scale bar is 50 um. (B) For each control or LBD case, 10 independent confocal frames were analyzed for the percent area occupied by
fluorescent signal by a researcher blinded to experimental conditions. Data were analyzed using a mixed effects model with cases as random effect, and
control or LBD as fixed effect and image frames as repeated measure. Compound symmetry structure was used for covariance. Data are presented as
5-95% confidence intervals with a“+"indicating the means. t(7)=2.6, p=0.034

MHCII colocalization (t(7) =1.88, p=0.1). Thus, it can be
concluded that MHCII is increased in activated microg-
lia in the middle temporal gyrus of LBD cases compared
to controls. In addition, the known association between
these two proteins and their degree of colocalization sets
some expectations for interpreting the following colocal-
ization results between p-a-syn with p-tau.

Analyses of overlap of p-a-syn with p-tau

We then quantified the Mander’s colocalization coeffi-
cients to determine the extent of overlap of AT8-tau and
p-a-syn. Images from temporal cortex incubated with no
primary antibodies and the anti-rabbit Alexa Fluor 555
and anti-mouse Alexa Fluor 488 secondary antibodies
are shown in Online Resource 2. The majority of p-a-syn
immunofluorescence was distinct from AT8-tau immu-
noreactivity (Fig. 4A). The total overall AT8-tau fractional
overlap over p-a-syn was 0.01 (+/- 0.001) in control and
0.03 (+/- 0.002) in LBD groups (Fig. 4B), and there was
no difference between groups (t(7) =1.0, p=0.35). When
compared to the average 0.53 fractional overall of MHCII
over Ibal, two molecules known to colocalize (approxi-
mately 0.53, Fig. 3C), the extent of colocalization between
AT8-tau and p-a-syn was relatively low. p-a-Syn frac-
tional overlap with AT8-tau was 0.0007 (+/-0.0001) for
control and 0.05 (+/-0.005) for LBD cases, and while low,
these were significantly different (t(7)=4.2, p=0.004).
Areas of overlap could be found. For example, Lewy neu-
rites occasionally were found overlapping with neuritic
p-tau (Fig. 4A, top, middle panels). Although dense, cir-
cular Lewy bodies were rare, they could be found with
p-tau wrapping around them. Thus, p-tau could be found
juxtaposed or overlapping with LBD, but the majority of
p-a-syn and p-tau appeared distinct.

Analyses of overlap of p-a-syn with PAD-exposed tau

The antibody TNT1 recognizes conformation-dependent
exposure of the phosphatase-activating domain (PAD) at
the N-terminus of tau [13, 26]. This antibody recognizes
early pathologic conformations of tau, and PAD exposure
is associated with axonal and synaptic dysfunction [11,
14, 16, 26, 27, 32]. As the majority of p-a-syn localized
to neurites in LBD temporal cortex, which is thought
to be an earlier form of pathologic a-syn, the overlap of
p-a-syn with PAD-exposed tau was analyzed. Control
cases showed minimal to no immunoreactivity for PAD-
exposed tau when compared to primary delete (Fig. 5A;

Online Resource 2). LBD cases showed immunoreactivity
for PAD-exposed tau (Fig. 5C). However, the abundance
was variable across cases, and there was no difference in
the percent area occupied by PAD-exposed tau between
LBD and control cases (t(7)=1.12, p=0.28; Fig. 5B).
Curiously, the cases with PAD-tau had clinical diagno-
ses of AD. The fractional overlap of p-a-syn with PAD-
exposed tau was 0.026 (+/- 0.03) for controls and 0.024
(+/-0.005) for LBD cases (Fig. 5D), and there was no dif-
ference between groups (t(7) =0.08, p =0.94; Fig. 5D). The
overlap of PAD-exposed tau and p-a-syn with the frac-
tional overlap for controls was 0.002 (+/- 0.002) and for
LBD was 0.074 (+/- 0.02); although small overall, these
groups were different (t(7) =2.7, p=0.031). Areas of over-
lap could be detected in spheroids and Lewy neurites and
similar to AT8-tau, the PAD-exposed tau appeared to
wrap around or “coat” the p-a-syn.

Discussion

In the present study, we demonstrate three main find-
ings in postmortem human tissue with LBD. First, there
is an association of disease markers with the neuropatho-
logical diagnosis of LBD, recapitulating that LBD and
abnormal tau can contribute to neuronal dysfunction and
activate inflammation. Second, early pathologic forms of
tau and a-syn rarely co-localize, despite abundant immu-
noreactivity and the occurrence of both proteins within
the same neuronal compartments in some neurons.
Third, within neurites and somata, phosphorylated tau
and a-syn segregate, where tau is in the outermost part
and a-syn in the center of each compartment.

Tau co-pathology often is present in LBD tissue. Prior
postmortem studies have reported double-stained neu-
rons for both a-syn and tau [2, 3, 18, 23, 37, 38, 43], and
in vitro studies have demonstrated a protein-protein
interaction between a-syn and tau [17], suggesting this
occurs in LBD patients in a synergistic fashion. In con-
trast, co-localization is observed in small snapshots, a
particular issue for electron microscopy studies in which
fewer cells are analyzed and double-labeling with differ-
ent antibodies is difficult, time-consuming, and subject
to selection bias. In contrast, we used several, different
immunofluorescent antibodies for phosphorylated tau
and o-syn in thick, cortical sections to capture many
images over a wide area. We show an abundance of dis-
ease and immunologic markers in neuropathologically
confirmed cases of LBD yet only rare colocalization
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Fig. 2 (A) Immunofluorescence was performed on 40 um temporal cortex sections from three control and six LBD subjects using antibody AT8 to tau
pSer202/pThr205 (magenta) and to vGLUT1 (green). Representative images from one control and three LBD cases are shown. Scale bar is 50 um. (B)
For each control or LBD case, 10 independent confocal frames were analyzed were analyzed for the percent area occupied by fluorescent signal by a
researcher blinded to experimental conditions. Data were analyzed using a mixed effects model with cases as random effect, and control or LBD as fixed
effect and image frames as repeated measure. Compound symmetry structure was used for covariance. Data are presented as 5-95% confidence inter-

vals with a“+"indicating the means. t(7)=4.5, p=0.003
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(See figure on previous page.)

Fig. 3 (A) Immunofluorescence was performed on 40 um temporal cortex sections from three control and six LBD subjects using antibodies to MHCII
(green) and Iba1 (magenta). Representative images from one control and three LBD cases are shown. Scale bar is 50 um. (B) For each control or LBD case,
10 independent confocal frames were analyzed for the percent area occupied by fluorescent signal by a researcher blinded to experimental conditions.
Data were analyzed using a mixed effects model with cases as random effect, and control or LBD as fixed effect and image frames as a repeated measure.
Compound symmetry structure was used for covariance. Data are presented as 5-95% confidence intervals with a “+"indicating the means. For percent
area occupied by MHCII: t(7)=2.5, p=0.04; Iba1: t(7)=0.79, p=0.46. (C) Mander's colocalization coefficients were quantified over the 10 independent
frames from control and LBD cases to measure fractional overlap of MHCII over Ibal and Ibal over MHCII. Data were analyzed using a mixed effects
model with cases as random effect, and control or LBD as fixed effect and image frames as a repeated measure. Compound symmetry structure was used
for covariance. Data are presented as 5-95% confidence intervals with a “+"indicating the means. For fractional overlap of MHCII over Ibal: t(7)=0.129,

p=0.90; For fractional overlap of Ibal over MHCII, t(7)=1.88, p=0.1

between phosphorylated a-syn and tau. The location
of immunoreactive tau and a-syn species primarily was
neuritic with few in the soma, and within these com-
partments, they mostly were segregated when both were
present. These results suggest that in temporal cortex,
pathologic tau and «-syn deposition are usually indepen-
dent processes.

The finding that colocalization between phosphory-
lated a-syn and tau is rare is different from other studies
that highlight colocalization between these two proteins.
Several factors may help explain this discrepancy. First,
many of the antibodies used in prior studies detected all
species of a-syn or tau and focused on their co-localiza-
tion with Lewy bodies; alternatively, the antibodies used
in other studies detected oligomeric species, again often
with a focus on colocalization with Lewy bodies [2, 3,
18, 23, 37, 38, 43]. Using immunohistochemistry, immu-
nofluorescence, or electron microscopy, tau is detected
within Lewy bodies as well as within their peripheral
halo, suggesting a deposition hypothesis of an existing
aggregate and a later event resulting in another protein
depositing on it. However, relatively less is known about
colocalization of pre-NFT forms of tau and a-syn within
neurites [3, 18, 43]. In the present study, phosphorylated
tau is observed in a reticular or circumferential distribu-
tion, and phosphorylated a-syn is central; this segrega-
tion is seen within the soma and within neurites. Of note,
even within the small compartment of a neurite, when
both phosphorylated tau and a-syn are present, they
still rarely colocalize (but we do not prove no colocaliza-
tion). It is possible that this reflects a tau/a-syn aggregate
core that is inaccessible to antibody labeling, but this is
unlikely for the pretangle markers used and the lack of
NFT morphology in many of the labeled neurons. We
also cannot rule out transient interactions that are inde-
tectable in fixed tissue with confocal microscopy. In addi-
tion, proteinase K, which removes normal a-syn, was not
included in our immunofluorescence protocol and thus
there was p-a-syn in the control tissue, likely resulting in
lower p-a-syn/p-tau ratios in the diseased cortex. Future
studies using proteinase K could determine if more p-a-
syn/p-tau overlap is revealed by this treatment.

Second, regional differences likely change the pres-
ence or relative abundance of other proteins that underlie

differences in a-syn conformation, its post-translational
modifications, its interactions, and ultimately the compo-
sition of Lewy bodies or Lewy neurites. This hypothesis is
emerging for another neurodegenerative disease [4, 36].
Such differences also may explain the ratio of Lewy bod-
ies to Lewy neurites for an affected brain region. Specific
diseases, inflammatory mediators, or mutations may alter
the protein folding and aggregation dynamics as well.

Third, selective vulnerability of specific neuronal phe-
notypes may explain the presence of pathologic tau or
a-syn, for example the dopaminergic neurons in the
olfactory bulb or substantia nigra versus excitatory neo-
cortical neurons. Within temporal lobe sections patho-
logic tau and a-syn in adjacent neurons—and sometimes
the same neurons—may represent a neuroanatomic
convergence of tau-vulnerable and a-syn-vulnerable
networks that together result in a worse clinical course
[15, 21, 22]. Future studies determining molecular under-
pinning of differential sensitive of neurons to forming
tau aggregates or p-a-syn would be of great interest.
Ultimately, how exactly some cases develop more pro-
teinopathies than other cases remains a critical question
for understanding heterogeneity in the pathogenesis of
neurodegeneration.

There are a few additional limitations that limit
the generalizability of these findings. We specifically
included LBD cases with a high degree of abnormal tau
(namely, only Braak NFT Stages V and VI), and LBD
cases without coexisting AD were not examined. As
such, it is not known to what degree abnormal tau colo-
calizes with Lewy bodies and neurites using this method
in “pure” LBD cases, though it seems unlikely to be a
common phenomenon given the present study’s find-
ings. In addition, the total number of cases is relatively
small, limiting the confidence in how generalizable the
findings are to the population. The cases represented in
this study were diverse across clinical diagnoses, and it
is known that LBD + AD pathology patients have a lower
likelihood of having a DLB clinical phenotype. Indeed, it
is common practice to ascribe a major clinical effect for
LBD vs. AD [30, 31]. Antemortem diagnosis of LBD is
thus difficult to make, especially in the presence of clini-
cal AD [29, 33]. However, the cases in this study were
similar in their neuropathogical diagnoses, as assessed
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Fig.4 (A) Immunofluorescence was performed on 40 um temporal cortex sections from three control and six LBD subjects using antibodies to pSer202/
pThr205-tau (AT8, green) and p-a-syn (magenta). Representative images from one control and three LBD cases are shown. The cropped images demon-
strate that the PAD-exposed tau closely surrounds the p-a-syn, but the two proteins are not coincident. Scale bar is 50 um-20 pum in cropped images. (B)
For each control or LBD case, 10 independent confocal frames were analyzed by a researcher blinded to experimental conditions. Data are presented as
5-95% confidence intervals with a “+"indicating the means. Mander’s colocalization coefficients were quantified over the 10 independent frames from
control and LBD cases to measure fractional overlap of AT8 over p-a-syn and p-a-syn over AT8. Data were analyzed using a mixed effects model with cases
as random effect, and control or LBD as fixed effect and image frames as a repeated measure. Compound symmetry structure was used for covariance.
For fractional overlap of AT8 over p-a-syn: t(7)=1.0, p=0.35; For fractional overlap of p-a-syn over AT8-tau, t(7)=4.2, p=0.004
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Fig. 5 (A) Immunofluorescence was performed on 40 um temporal cortex sections from three controls and using an antibody to PAD-exposed tau
(TNTT, green). Representative images from the three control cases are shown. Scale bar is 50 um. (B) For each case, 10 independent frames were analyzed
for the percent area occupied by fluorescent signal. Data are presented as 5-95% confidence intervals with a“+"indicating the means. Data were analyzed
using a mixed effects model with cases as random effect, and control or LBD as fixed effect and image frames as a repeated measure. Compound sym-
metry structure was used for covariance. t(7)=1.12, p=0.28. (C) Double labeling immunofluorescence was performed using an antibody to PAD-exposed
tau (TNT1, green) and p-a-syn (magenta). Representative images from three LBD cases are shown. Arrows point to areas of proximity of PAD-exposed
tau and p-a-syn. The cropped images demonstrate that the PAD-exposed tau closely borders the p-a-syn, but the two proteins do not show total spatial
overlap. Scale bar is 50 um-20 um in cropped images. (D) Mander’s colocalization coefficients were quantified over the 10 independent frames from
control and LBD cases to measure fractional overlap of PAD-exposed tau over p-a-syn and p-a-syn over PAD-exposed tau. Data are presented as 5-95%
confidence intervals with a “+"indicating the means. Data were analyzed using a mixed effects model with cases as random effect, and control or LBD as
fixed effect and image frames as a repeated measure. Compound symmetry structure was used for covariance. For fractional overlap of PAD-exposed tau

over p-a-syn: t(7)=2.7, p=0.031. For fractional overlap of p-a-syn over PAD-exposed tau: t(7)=0.08, p=0.94

by an expert neuropathologist; although there was vari-
ance among clinical diagnoses, there was little variance
in abundance of pathology. Lastly, another caveat is that
only one region (middle temporal gyrus) was examined,
so these findings may vary in different brain regions with
different cell types.

In conclusion, phosphorylated a-syn rarely colocal-
izes with phosphorylated or PAD-exposed tau in tem-
poral lobe sections from LBD postmortem brains. When
phosphorylated tau and a-syn were observed in the
same neurite or soma, they were segregated within the
compartment. The relationship between tau and «-syn

co-pathology in LBD is important for explaining clini-
cal symptoms, their severity, and their progression, and
researchers should look beyond direct protein-protein
interactions for understanding their relationship.
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Online Resource 1. p-a-syn immunofluorescence in Control Case 3 and
DLB case 3. The brightness of the images was increased and pseudo-col-
ored black and white to better image the morphology of the p-a-syn. In
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