
Altay et al. 
Acta Neuropathologica Communications          (2022) 10:163  
https://doi.org/10.1186/s40478-022-01468-8

RESEARCH

Prominent astrocytic alpha‑synuclein 
pathology with unique post‑translational 
modification signatures unveiled across Lewy 
body disorders
Melek Firat Altay1, Alan King Lun Liu2,3, Janice L. Holton4, Laura Parkkinen2,3* and Hilal A. Lashuel1*    

Abstract 

Alpha-synuclein (aSyn) is a pre-synaptic monomeric protein that can form aggregates in neurons in Parkinson’s 
disease (PD), Parkinson’s disease with dementia (PDD) and dementia with Lewy bodies (DLB), and in oligodendrocytes 
in multiple system atrophy (MSA). Although aSyn in astrocytes has previously been described in PD, PDD and DLB, 
the biochemical properties and topographical distribution of astrocytic aSyn have not been studied in detail. Here, 
we present a systematic investigation of aSyn astrocytic pathology using an expanded antibody toolset covering the 
entire sequence and key post-translational modifications (PTMs) of aSyn in Lewy body disorders (LBDs) and in MSA. 
Astrocytic aSyn was detected in the limbic cortical regions of LBDs but were absent in main pathological regions of 
MSA. The astrocytic aSyn was revealed only with antibodies against the mid N-terminal and non-amyloid component 
(NAC) regions covering aSyn residues 34–99. The astroglial accumulations were negative to canonical aSyn aggrega-
tion markers, including p62, ubiquitin and aSyn pS129, but positive for phosphorylated and nitrated forms of aSyn at 
Tyrosine 39 (Y39), and not resistant to proteinase K. Our findings suggest that astrocytic aSyn accumulations represent 
a major part of aSyn pathology in LBDs and possess a distinct sequence and PTM signature that is characterized by 
both N- and C-terminal truncations and modifications at Y39. This is the first description that aSyn accumulations 
are made solely from N- and C-terminally cleaved aSyn species and the first report demonstrating that astrocytic aSyn 
is a mixture of Y39 phosphorylated and nitrated species. These observations underscore the importance of systematic 
characterization of aSyn accumulations in different cell types to capture the aSyn pathological diversity in the brain. 
Our findings combined with further studies on the role of astrocytic pathology in the progression of LBDs can pave 
the way towards identifying novel disease mechanisms and therapeutic targets.
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Introduction
Parkinson’s disease (PD), Parkinson’s disease with 
dementia (PDD), dementia with Lewy bodies (DLB), and 
multiple system atrophy (MSA) are age-related neurode-
generative diseases that are characterized by the abnor-
mal accumulation and aggregation of alpha-synuclein 
(aSyn). Hence, they are collectively referred to as synu-
cleinopathies. PD, PDD and DLB typically involve the 

Open Access

*Correspondence:  laura.parkkinen@ndcn.ox.ac.uk; hilal.lashuel@epfl.ch

1 Laboratory of Molecular and Chemical Biology of Neurodegeneration, 
Brain Mind Institute, Ecole Polytechnique Fédérale de Lausanne, EPFL, 
1015 Lausanne, Switzerland
3 Nuffield Department of Clinical Neurosciences, John Radcliffe Hospital, 
University of Oxford, West Wing, Level 6, Oxford OX3 9DU, UK
Full list of author information is available at the end of the article

http://orcid.org/0000-0001-7682-8320
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-022-01468-8&domain=pdf


Page 2 of 18Altay et al. Acta Neuropathologica Communications          (2022) 10:163 

accumulation of aSyn in the neuronal soma and processes 
as Lewy bodies (LBs) and Lewy neurites (LNs), respec-
tively [1, 2]. MSA, on the other hand, is characterized by 
the inclusion formation mainly in the oligodendrocytes 
called glial cytoplasmic inclusions (GCIs) [3].

In the early 2000s, several studies reported the pres-
ence of aSyn-positive astrocytes in LB diseases [4–8] 
(Table 1). Yet, despite the increasing number of publica-
tions aimed at dissecting the molecular and structural 
features of aSyn pathology, very little is known about the 
biochemical properties and distribution of aSyn species 
associated with the astrocytes, how they form, and what 
role they may have in the pathogenesis of PD and other 
synucleinopathies. Only a small number of studies (13) 
have been published, using a limited number of antibod-
ies, on the characterization of aSyn astrocytic pathology 
and its relationship to aSyn neuronal pathology, disease 
stage or duration [4–16].

One of the key reasons for the scarcity of data on astro-
cytic aSyn is that only a few of the aSyn antibodies appear 
to reveal these species. Although previous studies have 
reported that the astrocytic aSyn is detected by antibod-
ies with epitopes against the NAC region of aSyn [9, 12, 
15], they did not define the sequence properties of aSyn 
or identify the molecular determinants underpinning 
their observations. These astrocytic aSyn species are not 
revealed by the classical inclusion markers such as posi-
tivity for ubiquitin [6, 9, 11, 13, 16] and p62 [6, 9, 11, 13, 
16], and their post-translational modification (PTM) 
profile and aggregation states have not been systemati-
cally investigated beyond two studies that assessed S129 
phosphorylation (pS129) status [13, 15]. Furthermore, 
the antibodies used to characterise and diagnose aSyn 
pathology are often directed at the C-terminal domain of 
the protein, which could lead to the under-reporting of 
aSyn astrocytic pathology. The lack of appropriate tools 
and techniques that allow for the selective isolation and 
characterization of the astrocytic aSyn presents major 
challenges to defining their biochemical properties and 
relationship to other aSyn brain pathologies.

To address these challenges, we assessed aSyn astro-
cytic pathology using an expanded set of antibodies that 
target epitopes throughout the entire sequence of the 
protein and for the first time against 8 different aSyn 
PTMs. To further characterize the aggregation state of 
aSyn species in the astroglia, we used antibodies against 
known markers of LBs (ubiquitin, p62, and  pS129) and 
aSyn aggregate-specific antibodies, and investigated their 
resistance to proteolysis by proteinase K. With the aim 
of shedding light on the properties of astrocytic aSyn 
pathology across different regions and synucleinopathies, 
we extended our studies to several limbic brain regions, 
including the entorhinal cortex, hippocampus, cingulate 

cortex, insula and amygdala of PD, PDD and DLB; and 
the pons, putamen, cerebellum, frontal cortex and occipi-
tal cortex of MSA.

Our studies show that astrocytic aSyn accumulations 
occur extensively in the limbic regions of LB disease 
cases. These aSyn species are post-translationally modi-
fied at Tyrosine 39 (Y39) and most likely cleaved at both 
the N- and C-termini of the protein, as evidenced by the 
fact that they are only detected with antibodies target-
ing epitopes approximately between residues 34–99. In 
addition to presenting new insight into the sequence and 
aggregation state of astrocytic aSyn, our work provides 
a validated toolset that should enable a more systematic 
re-assessment of the role of astrocytic aSyn pathology in 
the development and progression of synucleinopathies. 
Our findings also emphasise the importance of using an 
appropriate and validated detection tools capable of cap-
turing the diversity of aSyn species to map and character-
ize aSyn pathology in astrocytes and other cell types.

Materials and methods
Antibodies
The primary and secondary antibodies used in this study 
are detailed in Additional file 1: Table S1.

Human brain tissue samples
Post-mortem human brains stored at Queen Square 
Brain Bank (QSBB), Institute of Neurology in University 
College London (UCL), and Oxford Brain Bank (OBB), 
Nuffield Department of Clinical Neurosciences in Uni-
versity of Oxford, were collected in accordance with 
approved protocols by the London Multicentre Research 
Ethics Committee and the Ethics Committee of the Uni-
versity of Oxford (ref 15/SC/0639). All participants had 
given prior written informed consent for the brain dona-
tion. Both brain banks comply with the requirements of 
the Human Tissue Act 2004 and the Codes of Practice set 
by the Human Tissue Authority (HTA licence numbers 
12198 for QSBB and 12217 for OBB). 3 cases of sporadic 
PD, MSA and familial PD with SNCA G51D mutation, 2 
cases with PDD, 1 case with DLB and 1 case with PD with 
SNCA duplication were derived from QSBB, and 6 cases 
with sporadic PD, 4 cases with PDD, 2 cases with DLB 
and 3 healthy controls from OBB were used in this study. 
Case demographics are detailed in Table 2.

Immunohistochemistry with 3,3′‑diaminobenzidine (DAB) 
revelation and imaging
Formalin-fixed, paraffin-embedded (FFPE) sections 
were dewaxed in xylene and rehydrated through 
decreasing concentrations of industrial denatured alco-
hol (IDA). Antigen retrieval was carried out for the 
appropriate antibody (Additional file  1: Table  S1). The 
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rationale for the selection of the final antigen retrieval 
method and dilution for each antibody was so that the 
antibodies could reveal the most diverse/highest num-
ber of pathological inclusions. Autoclaving (AC) was 
run at 121 °C for 10 min in citrate buffer (pH 6.0). For 
formic acid (FA) pre-treatment, tissues were incubated 
in 80–100% FA for 15 min (except for 5 min with 5G4) 
at room temperature (RT). For PK pre-treatment, tis-
sues were incubated at 37 °C for 5 min in 20 µg/mL of 
PK diluted in TE-CaCl2 buffer (50 mM Tris-base, 1 mM 
EDTA, 5  mM CaCl2, 0.5% Triton X-100, adjusted to 
pH8.0). Next, the sections were incubated for 30  min 
in 3% hydrogen peroxide in phosphate buffered saline 
(PBS) for quenching the endogenous peroxidase 

activity. Sections were briefly rinsed in distilled water 
and PBS, blocked in 10% foetal bovine serum (FBS) for 
30 min at RT, and left at 4 °C overnight for incubation 
with the primary antibodies. Subsequently, the sections 
were washed in PBS-Tween 0.1% (PBS-T; 3 × 5  min) 
and incubated in the secondary antibody-horseradish 
peroxidase (HRP) complex as part of REAL EnVision 
detection system (Dako #K5007) for 1 h at RT. Sections 
were rinsed in PBS-T (3 × 5  min) before visualization 
with 3,3′-diaminobenzidine (DAB), and counterstained 
with haematoxylin. Finally, they were dehydrated in 
increasing concentrations of IDA, cleared in xylene 
(3 × 5  min) and mounted using distyrene plasticiser 
xylene (DPX).

Table 2  Demographics of the human post-mortem cases included in this study. Positivity for astrocytic aSyn was assessed using the 
antibodies LASH-BL 34-45 or LASH-EGT nY39

AD, Alzheimer’s disease; amg, amygdala; aSyn, alpha-synuclein; cing, cingulate cortex; CTR​, control; DLB, dementia with Lewy bodies; EC, entorhinal cortex; f, female; 
h, hours; m, male; LB, Lewy body; MSA, multiple system atrophy; na, not assessed; PD, Parkinson’s disease; PDD, Parkinson’s disease with dementia; SNCA, synuclein-
alpha; y, years

Case ID Gender (m/f) Age at 
diagnosis 
(y)

Age at 
death (y)

Disease 
duration (y)

Postmortem 
delay (h)

Braak stage 
(LB-type)

Braak stage 
(AD-type)

Astrocytic aSyn 
detection

cing EC amg

PD1 m 66 78 12 32 6 4 + + +
PD2 m 73 82 9 55 6 1 + − +
PD3 m 87 92 5 36 6 1 + + +
PD4 m 57 80 23 na 5 1 + + +
PD5 m 73 79 6 72 5 2 + − −
PD6 m 63 69 6 72 5 2 + + +
PD7 m 55 75 20 88.5 6 1 + − −
PD8 m 80 89 8.5 26 6 4 − na na

PD9 m 60 84 24 71 6 2 + na na

PDD1 m 54 72 18 90 6 1 + + +
PDD2 m 71 80 9 64 6 3 + + +
PDD3 m 83 92 9 24 5 1 − − +
PDD4 m 77 91 14 72 6 2 + − +
PDD5 m 77 92 14 41 6 3 + + +
PDD6 m 61 80 19 66 6 2 + na na

DLB1 f 78 89 11.4 63 6 3 + + +
DLB2 m 62 72 10 48 6 1 na + na

DLB3 m 83 87 4 48 6 2 + na na

SNCA G51D1 m 19 49 30 43 na na + + na

SNCA G51D2 f 69 75 6.5 62 na 1 + + na

SNCA G51D3 m 45 52 6.5 85.3 na 1 + + +
SNCA duplication m 55 62 6.9 143 6 2 + + +
MSA1 f 58 65 7.4 55 0 0 na na na

MSA2 m 67 74 6.6 22 0 3 na na na

MSA3 f 46 52 6 78 0 1 na na na

CTR1 f na 89 na 24 0 2 − − −
CTR2 m na 80 na 48 0 2 − − −
CTR3 f na 89 na 24 0 2 − − −



Page 5 of 18Altay et al. Acta Neuropathologica Communications          (2022) 10:163 	

Immunofluorescent labelling and imaging
After the blocking in 10% FBS in PBS-T for 60 min at RT, 
sections were washed in PBS for 5 min and incubated for 
1 min in TrueBlack lipofuscin autofluorescence quencher 
(Biotium #23,007) in 70% ethanol. The sections were 
washed in PBS (3 × 5  min) and incubated in primary 
antibodies overnight at 4  °C. They were rinsed in PBS 
(3 × 5  min), incubated in secondary antibodies for 1  h 
at RT in dark and washed in PBS (3 × 5 min). The slides 
were mounted using an aqueous mounting medium with 
DAPI (Vector Laboratories #H-1500-10). Tiled imag-
ing was carried out on the Olympus VS120 microscope. 
Confocal imaging was carried out on a confocal laser-
scanning microscope (LSM 700, Carl Zeiss, Germany), 
and image analysis on Zen Digital Imaging software 
(RRID: SCR_013672).

Recombinant aSyn generation, antibody pre‑adsorption 
and slot blot (SB) analysis
aSyn expression and purification was performed as 
described [17]. In brief, aSyn human WT-encoding pT7-7 
plasmids were used to transform BL21(DE3) chemi-
cally competent E. coli, which were then grown on an 
agar dish supplemented with ampicillin. A single colony 
was transferred to Luria broth media with ampicillin at 
100 µg/mL, the small culture was left to grow at 37 °C on 
shaker (at 180RPM) for 16 h and was then used to inocu-
late a large culture of 6L Luria broth media supplemented 
with ampicillin at 100  µg/mL. aSyn expression was 
induced at an optic density (OD600) of 0.5–0.6A, using 
isopropyl β-D-1-thiogalactopyranoside at a final con-
centration of 1 mM. The culture was grown for another 
4 h on shaker, centrifuged at 4000  g for 15 min at 4  °C, 
and the pellet collected. The lysis buffer of 20  mM Tris 
pH8.0, 0.3  µM phenylmethylsulfonyl fluoride (PMSF) 
protease inhibitor and cOmpleteTM, mini, EDTA-free 
protease inhibitor cocktail tablet (Roche #4,693,159,001; 
one tablet per 10 mL lysis buffer) was used to re-suspend 
the pellet (10 mL p/L of culture) on ice. Cell lysis was car-
ried out by sonication (59 s-pulse and 59 s-no pulse over 
5 min at 60% amplitude), and the lysate was spun down 
for 30 min at 20,000 g and 4 °C. The supernatant was col-
lected and boiled for 15 min at 100 °C, and the centrifu-
gation repeated before the supernatant was filtered via a 
0.22 µm syringe filter. The purification was performed by 
anion exchange chromatography and reverse-phase high 
performance liquid chromatography (HPLC). The pro-
tein quality control was carried out by liquid chromatog-
raphy-mass spectrometry (LC–MS), ultra-performance 
liquid chromatography (UPLC), and SDS-PAGE separa-
tion and Coomassie staining. A semi-synthetic approach 
was taken for the preparation of the aSyn nY39 [18] and 
pY39 [19] proteins as described previously [20]. Briefly, a 

three-fragment one-pot chemical semi-synthesis strategy 
was followed. The first native chemical ligation (NCL) 
reaction involved the ligation of aSyn(A56C-140) with 
Thz-aSyn(31–55)SR pY39 or Thz-aSyn(31–55)SR nY39. 
This reaction generated Thz-aSyn(31–140) A56C pY39 
or Thz-aSyn(31–140) A56C nY39 as the intermediate 
fragments, which were then ligated with aSyn(1–29)SR 
to yield aSyn(1–140) A30C A56C pY39 or aSyn(1–140) 
A30C A56C nY39. The desulphurization of the final liga-
tion products regenerated the native alanine residues. 
The proteins were purified via reversed-phase high-per-
formance liquid chromatography (RP-HPLC).

For the antibody pre-adsorption, 5-fold of recombi-
nant aSyn protein, or just PBS as control, was added to 
the IHC-optimized antibody solution in PBS (see Addi-
tional file  1: Table  S1 for the IHC dilutions). The mix-
ture was incubated overnight at 4 °C on a wheel, and the 
probing protocol, adapted from [21], was carried out for 
the slot blot analysis. 200 ng of aSyn proteins diluted in 
PBS to 100µL were blotted on 0.22  µm nitrocellulose 
membranes, which were blocked at 4  °C overnight in 
Odyssey blocking buffer (Li-Cor). After the incubation 
with primary antibodies diluted in PBS for 2  h at RT, 
the membranes were washed × 3 for 10 min in PBS with 
0.01% Tween-20 (PBS-T), incubated with the secondary 
antibodies diluted in PBS in the dark, and washed × 3 
for 10 min in PBS-T. For the SB dilutions of the primary 
and secondary antibodies, see Additional file 1: Table S1. 
Imaging was carried out at 700 nm and 800 nm using Li-
Cor Odyssey CLx, and the image processing using Image 
Studio 5.2.

Results
Mapping the astrocytic aSyn proteoform in LB disorders
We have previously shown that the use of antibodies 
against different regions and post-translational modifi-
cations of aSyn enables revealing the pathological diver-
sity across synucleinopathies [22]. Therefore, we sought 
to use an expanded antibody toolbox to characterize the 
aSyn astrocytic pathology. A complete list of the antibod-
ies used in this study and their epitopes is shown in Addi-
tional file 1: Table S1. DLB entorhinal cortex was stained 
using two antibodies against the N-terminal (epitopes 
1–20 and 34–45), two against the NAC region (epitopes 
80–96 and 91–99) and two against the C-terminal regions 
(epitopes 110–115 and 134–138) of aSyn (Fig. 1a). Serial 
sections from the same region were also screened for 
aSyn post-translational modifications (PTMs), includ-
ing Serine (at Ser87 and Ser129) and Tyrosine (at Tyr39, 
Tyr125, Tyr133 and Tyr136) phosphorylations, N-termi-
nal nitration at Tyr39 (nY39) and C-terminal truncation 
at residue 120 (Fig. 1b). Whilst all the antibodies against 
non-modified aSyn were able to detect LBs and LNs, only 
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the N-terminal antibody LASH-BL 34–45 and the two 
NAC region antibodies LASH-BL 80–96 and BD SYN-1 
(epitope 91–99) were able to reveal the star-like astro-
glial aSyn structures (Fig.  1a). We confirmed the speci-
ficity of these three antibodies to aSyn by pre-adsorption 
treatment, after which the positivity to LBs and star-like 
structures was lost (Additional file 2: Fig. S1). Strikingly, 
only the two antibodies against the aSyn PTMs in the 
N-terminal region of the protein, i.e. pY39 and nY39, but 
not the antibodies targeting the C-terminal aSyn PTMs, 
were positive for these astroglial structures (Fig. 1b).

To validate that these structures represent aSyn in the 
astrocytes, we performed immunofluorescent labelling. 
DLB cingulate cortex was stained using LASH-BL 34–45, 
the best performing antibody to reveal the star-like aSyn 
accumulations by immunohistochemistry (Fig.  1a), and 
glial fibrillary acidic protein (GFAP) and neurofilament 
(NF) antibodies, i.e. standard markers for astrocytes and 
neurons, respectively. The cortical LBs were positive for 
NF and LASH-BL 34–45, and negative for GFAP (Addi-
tional file 2: Fig. S2a). The GFAP-positive astrocytes, on 
the other hand, were also positive for LASH-BL 34–45, 
and negative for NF by confocal imaging (Fig.  1c). The 
oligodendroglia and the microglia in the white matter, 
marked with myelin basic protein (MBP) and ionised 
calcium binding adaptor protein 1 (Iba1) respectively, 
were negative to aSyn (Additional file 2: Fig. S2b). Micro-
glial positivity to aSyn was observed in the grey matter 
as rare events and did not show a star-like morphology 
(Additional file  2: Fig. S2b). Collectively, these observa-
tions demonstrate that the star-like structures revealed 
by immunohistochemistry using the late N-terminal and 
NAC region aSyn antibodies represent aSyn compart-
mentalization in astrocytes. These findings also suggest 
that the extreme N- and C-terminal regions of aSyn are 
either masked by heavy modifications, bound to other 
molecules or are cleaved, and thus explain why astrocytic 
aSyn cannot be detected with antibodies targeting these 
regions.

Astrocytic aSyn is modified at Tyrosine 39
As shown in Fig. 1b, our data show for the first time that 
astrocytic aSyn accumulations contain a mixture of aSyn 
species that are phosphorylated or nitrated at Tyrosine 
39 (Y39). To corroborate our findings, we first validated 
the specificity of the aSyn pY39 and nY39 antibodies. 
The antibodies were incubated with aSyn recombinant 
protein bearing either pY39 or nY39 before using them 
to detect site-specifically nitrated and phosphorylated 
recombinant aSyn by slot blot (SB). The positive signal 
for aSyn nY39 and for aSyn pY39 recombinant proteins 
were lost after the pre-blocking of LASH-EGT nY39 and 
LASH-BL pY39 antibodies, respectively (Fig.  2a). The 
same pre-blocking protocol was then repeated, and the 
pre-blocked antibody solutions applied onto DLB cin-
gulate cortex tissues. Similarly, following the pre-block-
ing of the antibodies, the positivity for aSyn nY39 and 
pY39-positive species, including that for the astroglial 
structures, was abolished (Fig. 2b). Next, we immunoflu-
orescently co-labelled the cingulate sections with GFAP 
and aSyn pY39 or nY39 antibodies. Consistent with our 
observations by brightfield microscopy (Fig.  1b), GFAP-
positive astrocytes showed star-like aSyn inclusions posi-
tive for nY39 (Fig. 2c).

Astrocytic aSyn accumulations occur across LB disorders 
and may be truncated in the N‑ and C‑termini
Having established that the star-like aSyn structures are 
astrocytic in DLB brains, we sought to explore if the 
astrocytic aSyn exhibits similar staining properties across 
other LB disorders. We screened, using the same set of 
antibodies against non-modified aSyn, the cingulate cor-
tices of PD, PDD and DLB cases. We included SNCA 
G51D mutation and duplication cases in this screen-
ing to investigate if astrocytic aSyn pathology occurs in 
familial cases as well as in sporadic synucleinopathies. 
The astrocytic aSyn accumulations were observed widely 
across these LB diseases (Fig. 3a; Additional file 2: Fig. S3; 
Table 2). These sections were double-labelled with aSyn 

Fig. 1  The star-like astrocytic aSyn accumulations in the DLB entorhinal cortex (EC). a The EC of DLB and CTR brains were immunohistochemically 
stained using aSyn antibodies with epitopes against the N-terminus (LASH-EGTNter 1–20 and LASH-BL 34–45), the NAC region (LASH-BL 80–96 
and BD SYN-1 91–99) and the C-terminus (2F10-E12 110–115 and AB 134–138) of aSyn. The extreme N-terminal antibody LASH-EGTNter as well 
as the C-terminal antibodies 2F10-E12 and AB 134–138 showed neuronal pathology in the soma and neurites. The late N-terminal antibody 
LASH-BL 34–45 as well as the two NAC region antibodies LASH-BL 80–96 and BD SYN-1 were positive for LBs and LNs, but also distinctively 
detected star-shaped glial aSyn species (insets). Representative images taken from the cortical deep grey matter (layers V–VI) of DLB2 and CTR1. 
b The aSyn PTM antibodies against phosphorylation and nitration at Tyrosine 39 (Y39) were also reactive to the star-like astroglial pattern (insets). 
Representative images taken from the cortical deep grey matter (layers V–VI) of DLB2 and CTR2. c Star-like aSyn species are associated with the 
GFAP-positive astrocytes in the DLB brains as shown by IF using antibodies for astrocytic and neuronal markers GFAP and NF, and LASH-BL 34–45 
antibody against aSyn. The star-like aSyn species (arrows) appeared in and around the GFAP-positive astrocytes, and not in the LNs. Representative 
images from DLB1 cingulate cortex. Images on the upper panel taken using Olympus slide scanner at 40 × magnification, and the lower panel 
on Zeiss LSM700 confocal microscope. Scale bar for Fig. 1a, b is 20 µm for the main images and 40 µm for the insets. aSyn = alpha-synuclein; 
CTR = control; DLB = dementia with Lewy bodies; EC = entorhinal cortex; GFAP = glial fibrillary acidic protein; IF = immunofluorescence; LB = Lewy 
body; LN = Lewy neurite; NAC = non-amyloid component; NF = neurofilament; PTM = post-translational modification

(See figure on next page.)
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LASH-BL 34–45 antibody and GFAP, which revealed that 
GFAP-positive astrocytes are positive to the aSyn accu-
mulations in these cases (Additional file 2: Fig. S4). The 
pons, putamen, cerebellum, frontal cortex and occipital 
cortex of MSA cases were stained using these aSyn anti-
bodies, but we failed to detect any astroglial pathology in 
the MSA brains.

To determine if the astrocytic aSyn species are also 
N-terminally and/or C-terminally truncated, and to more 
precisely map their sequence, we stained serial cingulate 
sections using BL 4B12 antibody, which targets residues 
103–108. Interestingly, the astroglial structures were not 
detected using this antibody in any of the LB disorder 
cases in the cingulate cortex (Fig. 3b). Our results suggest 
that astrocytic aSyn may be truncated in the N-terminus 
between residues 21–33, and in the C-terminus between 
residues 100–102 (Fig. 3c).

Astrocytic aSyn accumulations are not immunoreactive 
for the canonical aSyn aggregation markers
To investigate the nature and aggregation state of aSyn 
in these accumulations, the astrocytic aSyn species were 
screened for the classical markers of aSyn aggregation 
and inclusion formation. DLB cingulate cortex was tri-
ple labelled with LASH-BL 34–45 and GFAP, and either 
with antibodies against p62, ubiquitin or aSyn pS129. In 
line with our brightfield microscopy results (Fig. 1b), the 
cortical LBs and LNs showed strong positivity to aSyn 
pS129, whereas the astrocytes positive for LASH-BL 
34–45 remained negative for aSyn pS129 (Fig. 4a). Simi-
larly, whereas the cortical LBs were positive for ubiqui-
tin and p62, the aSyn-positive astrocytes were negative 
for these aggregate markers (Fig. 4b, c). Considering that 
several of the key lysine residues, found to be ubiquit-
inated in LBs [23], reside in the N-terminal domain of the 
protein (i.e. K12, K21 and K23), and that p62 is a mon-
oubiquitin- and polyubiquitin-binding protein [24–26], 
the absence of ubiquitin and p62 positivity in the astro-
cytic aSyn is in line with our observations that the aSyn 
species in the astroglia may be N-terminally truncated.

One of the characteristics of aggregated aSyn in 
LB diseases is their resistance to proteinase K (PK) 

digestion [27, 28]. To further characterize the aggre-
gation state of aSyn in astrocytes, we treated the DLB 
cingulate cortex tissues with PK, and observed that the 
large majority of the astrocytic aSyn signal disappeared 
after PK treatment (Fig.  4d). Next, we profiled the 
astrocytic aSyn using two antibodies, 5G4 and SYNO4, 
that show preferential binding to aggregated aSyn [11, 
12, 21, 29]. Interestingly, the star-shaped astrocytic 
aSyn accumulations were revealed by the 5G4 antibody, 
but not by the SYNO4 antibody (Fig.  4e). Altogether, 
these observations suggest that aSyn species that accu-
mulate in the astrocytes may not possess the amyloid-
like properties of aSyn fibrils found in LBs and LNs, but 
could still represent a mixture of soluble and non-amy-
loidogenic aggregates, i.e. oligomers. Unfortunately, the 
lack of oligomer-specific antibodies and our inability to 
isolate and interrogate astrocytic aSyn make it difficult 
to more precisely determine the exact aggregation state 
of aSyn in the astrocytes.

Astrocytic aSyn accumulations occur in several limbic 
regions of LB disorders
After having observed the frequent occurrence of 
astrocytic aSyn in the cingulate cortices of LB disor-
ders (Fig.  3a), we expanded our screening of astro-
cytic aSyn species in other limbic brain regions. We 
observed that the astrocytic aSyn accumulations were 
also prominently present in the entorhinal cortex, the 
insula, the amygdala and the hippocampus (Fig.  5a; 
Additional file  2: Fig. S5) of LB disorders. Interest-
ingly, we identified different morphologies of astrocytic 
aSyn accumulations. The majority of the astrocytic 
aSyn accumulations appeared in soma-sparing star-
like forms typically labelling the ramified processes of 
astrocytes (Fig. 5b). In the hippocampal subregions, the 
astrocytic aSyn accumulations were predominantly in 
the soma and did not exhibit a star-shaped morphol-
ogy (Fig. 5c). Altogether, our findings demonstrate that 
astrocytic aSyn is a prominent pathological feature of 
LB diseases and presents itself in several brain regions.

Fig. 3  Astrocytic aSyn accumulations occur across LB disorders and may be truncated in the N- and C-termini. a CTR, PD, PDD, DLB, SNCA G51D 
mutation and SNCA duplication cingulate cortices were immunohistochemically stained using three aSyn antibodies, LASH-BL 34–45, LASH-BL 
80–96 and BD SYN-1, and astrocytic accumulations (insets) were revealed across these LB disorders. b To further map the C-terminal truncation 
region of the astrocytic aSyn, the same cingulate cortex sections were stained using the C-terminal BL 4B12 antibody with an epitope 103–108 
of aSyn. Neuronal inclusions were revealed, but the astrocytic aSyn accumulation was not detected, suggesting that the aSyn species associated 
with the astrocytes are truncated at residues 21–33 in the N-terminus, and at residues 100–102 in the C-terminus. Representative images in Fig. 3a, 
b taken from the cortical deep grey matter (layers V–VI) of CTR1, PD2, PDD2, DLB1, SNCA G51D3 and SNCA duplication. c A diagram to show the 
antibodies that are positive and negative for astrocytic aSyn, and their epitopes. The areas in stripes denote the potential truncation regions in 
the N- and C-termini. Schematic created with BioRender.com (agreement no: DJ23GJF70T). Scale bar for Fig. 3a is 20 µm for the main images 
and 40 µm for the insets. aSyn = alpha-synuclein; CTR = control; DLB = dementia with Lewy bodies; LB = Lewy body; PD = Parkinson’s disease; 
PDD = Parkinson’s disease with dementia

(See figure on next page.)
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Discussion
Astrocytic aSyn pathology is a relatively less explored 
aspect of neuropathology in the synucleinopathies. In this 

study, we systematically characterized the sequence and 
aggregation state of astrocytic aSyn accumulations using 
antibodies against non-modified and post-translationally 
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modified forms of aSyn across the Lewy body diseases. 
Our results demonstrate that the astrocytic aSyn accu-
mulations are widely present in several brain regions 
of PD, PDD and DLB cases, are negative for ubiquitin, 
p62 and aSyn pS129, but show positivity to other aSyn 
PTMs, including nitration and phosphorylation at Y39. 
Furthermore, only a subset of antibodies against non-
modified aSyn are able to reveal astrocytic aSyn in brain 
tissues. These are antibodies that targeted the NAC (80–
96 and 91–99) and the late N-terminal (34–45) regions 
of the protein. This is in line with the previous stud-
ies that reported astrocytic positivity only, or primarily 
with NAC region aSyn antibodies [4, 6, 7, 9–12, 14, 15] 
(Fig. 6a). However, our studies allow for the more precise 
mapping, to the extent possible using antibodies, of the 
potential cleavage sites and demonstrate that the major-
ity of astrocytic aSyn is likely both N- and C-terminally 
truncated (Fig.  6b). In addition, we demonstrate for the 
first time that astrocytic aSyn exists as a mixture of non-
amyloid species that are phosphorylated or nitrated at 
Y39.

The fact that we were not able to detect astrocytic 
aSyn species with three antibodies targeting the C-ter-
minal region of the protein spanning residues 103 to 138 
strongly suggests that the astrocytic aSyn may be C-ter-
minally truncated somewhere between residues 100–102. 
Similarly, the astrocytic aSyn species were detected by an 
antibody targeting residues 34–45 (LASH-BL 34–45), but 
not an antibody targeting the first N-terminal 20 amino 
acids (LASH-EGTNter 1–20). These results suggest that 
the N-terminal truncation of astrocytic aSyn is likely 
to occur between residues 21–33. Although an initial 
study [5] reported the detection of astrocytic aSyn using 
an antibody with an N-terminal epitope (MDV, 1–15), 
subsequent studies showed that N-terminal antibod-
ies covering aSyn residues 1–21 [6, 7, 15] did not detect 
astrocytic aSyn. Altogether, these data demonstrate that 
the great majority of aSyn in astrocytes may be subjected 
to both N- and C-terminal cleavage at approximately 
residues 21–33 and 100–102, respectively. These results 
are supported by our findings that astrocytic aSyn inclu-
sions were immunoreactive for only aSyn PTMs in the 
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mid-N-terminal region. However, we cannot rule out the 
possibility that the extreme N- and C-terminal sequences 
are masked by aSyn interactions with other proteins, 
especially since both termini serve as hubs for regulating 
aSyn membranes/lipids and protein interactions. If this is 
the case, it would suggest that aSyn conformations and 
interactome in astrocytes are distinct from those in neu-
rons, where aSyn is detectable using both N- and C-ter-
minal-targeting antibodies. Whether truncated aSyn 
species are cleaved in the neurons, in the astrocytes or in 
the extracellular space is an important gap of knowledge 
that should be addressed and could shed new light into 
the role of PTMs in regulating the function/dysfunction 
of aSyn and mechanisms of aSyn trafficking between neu-
rons and glia in the disease brains.

Very little is known about the aggregation state of the 
astrocytic aSyn species. Kovacs and colleagues [11, 12] 
were the first to show positivity for astrocytes with the 
5G4 antibody, reported to be specific for oligomeric and 
fibrillar forms of aSyn [12, 21]. Similar astrocytic posi-
tivity using 5G4 was also detected by Sorrentino and 
colleagues [15], but there has not been any studies to vali-
date these findings using multiple aSyn aggregate-specific 
antibodies or to define the aggregation state of aSyn in 
astrocytes. Similarly, only two studies have assessed the 
ultrastructure of astrocytic aSyn by EM [11, 13]. Naka-
mura et  al. described the aSyn pS129-positive subpial 
astrocytic processes in the MSA brains as non-filamen-
tous [13], and Kovacs and colleagues reported that the 
astrocytic accumulations of LB diseases are beta-sheet-
rich oligomers [11].

In this study, we investigated the aggregation state of 
aSyn in astrocytes using multiple approaches, including 
aSyn conformational/ aggregate-specific antibodies (5G4 
and SYNO4) and limited proteolysis (PK resistance). In 
line with Kovacs and colleagues [11], the astrocytic inclu-
sions of LB diseases were revealed by 5G4, but were not 
detected with SYNO4. We also report that the major-
ity of the astrocytic aSyn did not show resistance to PK 
digestion. These findings, combined with our observation 
that astrocytic aSyn accumulations are not positive for 
the canonical markers of LBs, including ubiquitin, p62, 
and the most common pathology-associated aSyn PTM, 
pS129 [23, 30], suggest that aSyn accumulations in astro-
cytes possess a distinct PTM and sequence signature, and 
may be composed primarily of oligomers or other non-
fibrillar forms of the protein.

We speculate that the lack of aSyn phosphorylation 
at S129 could be because the astrocytic aSyn species are 
truncated in the C-terminus, and no longer carry the 
binding site for the aSyn pS129 antibodies. Likewise, 
these aSyn accumulations may be cleaved in the N-termi-
nus, the domain where aSyn is found to be ubiquitinated 

in the disease brains [23]. Given that aSyn pS129 has been 
reported to be important for priming aSyn ubiquitina-
tion [31], the absence of pS129 could explain the absence 
of ubiquitination at other lysine residues in the protein. 
One final possibility is that both of these aSyn PTMs are 
linked to the formation of aSyn pathology [23, 30, 31], 
and their absence suggests that the astrocytic aSyn spe-
cies exist in non-aggregated forms.

It is important to note that while Nakamura et  al. 
observed non-filamentous aSyn pS129 accumulation 
in the subpial and periventricular astrocytes in the spi-
nal cord and subependymal area of the lateral ventricle 
in 6/15 (40%) MSA patients [13], we failed to detect any 
astrocytic aSyn positivity in the MSA cases studied. This 
discrepancy in findings may be due to the differences 
between the regions looked at as well as the number and 
disease duration of the cases included in each study. We 
aim to further assess the presence of astrocytic aSyn in a 
larger cohort of MSA cases covering a greater number of 
brain regions.

The fact that astrocytic aSyn appears to be cleaved and 
non-fibrillar at the same time is surprising given that 
removal of the solubilizing N- and C-terminal domains is 
expected to increase the hydrophobicity and aggregation 
propensity of the protein [32–37]. Therefore, more exten-
sive investigations of astrocytic aSyn conformations and 
aggregation state are needed. These studies could shed 
novel insights into the function(s) of aSyn in astrocytes 
and the role of astrocytic pathology in the pathogenesis 
of LB diseases. Furthermore, understanding what may be 
keeping these truncated aSyn species from forming fibrils 
in astrocytes could shed light on novel mechanisms for 
regulating aSyn aggregation.

These observations raise important questions about 
the origins and mechanisms involved in the astrocytic 
uptake, processing, degradation and/or release of aSyn. 
Cell culture studies have shown that astrocytes take up 
[38–44], degrade [40, 42–44], and/or release [39, 43, 44] 
aSyn. Yet, a consensus has not been reached on whether 
or not the astrocytic uptake and processing of aSyn may 
have cytoprotective [40, 42, 43] or cytotoxic [38, 39, 41, 
42, 44] consequences. Kovacs and colleagues have shown 
that the astrocytic aSyn is localized in the endo-lysoso-
mal compartments in the disease brains [11]. Similarly, 
cell model-based studies has shown that glial-glial and 
glial-neuronal oligomeric aSyn transfer can occur in lyso-
somal vesicles via direct transfer or tunnelling nanotubes 
[39, 43, 44]. The possibility that the great majority, if not 
all, of astrocytic aSyn across different LBDs is truncated 
suggests differential processing of aSyn in the astrocytes 
that may reflect its astrocytic functions, or a cellular 
response to aSyn species originating neurons or other 
glial cells. Altogether, a more  precise understanding of 
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the astrocytic involvement in the cell-to-cell propaga-
tion of misfolded aSyn is needed and could provide novel 
insights into the mechanisms and pathways underpin-
ning pathology spreading in LB diseases.

Astrocytes are the most populous type of glial cells in 
the brain, with crucial functions in neuronal survival, 
synaptic maintenance, glucose metabolism, water home-
ostasis and in immune response [45]. Insults may activate 
astrocytes [46], which can in turn signal the microglia 
[47–49] and act as key determinants of microglial activa-
tion and neuroinflammation in disease progression [50]. 
Furthermore, aSyn aggregates have been reported to acti-
vate both astrocytes [41, 51–54] and microglia [53, 55] 
into giving an inflammatory response. Nitration of aSyn 
in particular has been reported to induce microglial acti-
vation [56–59], which may be responsible for some of its 
neurotoxic properties [57, 58]. We found astrocytic aSyn 
to be nitrated at Y39 and speculate that this specific aSyn 
PTM may play a key role in the astrocytic signalling of 
microglia and neuroinflammation in LB diseases. Further 
studies to investigate the mechanisms of astrocytic acti-
vation of microglia, and the involvement of aSyn nY39 
taken up and/or released by astrocytes within this con-
text may further explain the interaction of neuroinflam-
mation and neurodegeneration in LB disorders.

To our knowledge, this is the first study that examined 
the post-translational modifications profile (serine and 
tyrosine phosphorylations, tyrosine nitration and N- and 
C-terminal truncations) of astrocytic aSyn inclusions 
in LB disorders. Although this hypothesis cannot be 
validated by biochemical profiling due to technical chal-
lenges associated with the isolation of astrocytic accu-
mulations from the rest of the aSyn pathology, the failure 
of four different N- and C-terminal antibodies to detect 
astrocytic aSyn species supports our conclusions on the 
sequence properties of aSyn in astrocytic pathology. 
Furthermore, this is the first study reporting on aSyn 
brain pathological species that appears to be composed 
primarily of truncated aSyn. Previous studies have also 
shown high abundance of N- and C-terminally trun-
cated aSyn species in the human brain [23, 60–63] and 
appendix [64]; however, in many of these studies the full-
length protein remains highly abundant as the dominant 
species, as evidenced by the fact that antibodies against 
phosphorylated aSyn at S129 remain the primary tools 
used to monitor and quantify aSyn pathology in human 
brains and in animal models of synucleinopathies. The 
possible co-occurrence of N- and C-terminal truncation 
in the astrocytic aSyn without fibrillization is intriguing, 
as the NAC region alone is known to be highly prone to 
aggregation by itself [35]. Understanding which cell-spe-
cific mechanisms may prevent aSyn from forming fibrils 
in the astrocytes could have  important implications for 

understanding the cellular determinants of aSyn pathol-
ogy formation and developing more effective strategies to 
prevent aSyn aggregation and pathology formation.

Our findings raise several important questions and call 
for further studies to clarify (1) if and where the astro-
cytic aSyn is N- and C-terminally truncated using more 
precise, proteomics-based approaches, perhaps in com-
bination with laser capture microscopy technique; (2) 
if these truncated species of aSyn become cleaved after 
internalization by the astrocytes, or are internalized after 
being cleaved  in neurons; (3) why these astrocytic aSyn 
inclusions appear in abundance in LBDs but are spared 
in MSA; (4) the precise nature of the aggregation state of 
aSyn in these astrocytes; and (5) the occurrence of astro-
cytic pathology in relation to LB disease staging, clinical 
progression and clinical phenotypes. The expanded tool-
set that we present here should facilitate these studies 
and advance our understanding of the function of astro-
cytic aSyn in health and disease.
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Additional file 1: Table S1. The primary and secondary antibodies 
included in this study. AC = autoclave; agg-aSyn = aggregated alpha-
synuclein; aSyn = alpha-synuclein; FA = formic acid; GFAP = glial fibrillary 
acidic protein; Iba1 = ionized calcium binding adaptor protein 1; IF = 
immunofluorescence; IHC = immunohistochemistry; MBP = myelin basic 
protein; mc = monoclonal; mus = mouse; na = not applicable; NF = 
neurofilament; pc = polyclonal; rab = rabbit; SB = slot blot.

Additional file 2: Fig. S1. Specificity validation of the aSyn antibodies 
LASH-BL 34-45, LASH-BL 80-96 and BD SYN-1 by pre-adsorption followed 
by IHC on DLB1 cingulate cortex (layers V–VI). aSyn = alpha-synuclein; DLB 
= dementia with Lewy bodies; IHC = immunohistochemistry. Fig. S2. (a) 
A representative image of a cortical LB positive for NF and LASH-BL 34-45, 
and negative for GFAP. Image from DLB1 cingulate cortex taken using 
Zeiss LSM700 confocal microscope. (b) The oligodendrocytes and micro-
glial cells, marked by anti-MBP and anti-Iba1 antibodies, respectively, were 
negative for aSyn in the white matter (upper two panels). Punctate aSyn 
positivity was detected in the microglial cells in the grey matter (lower 
panel) as rare events. Images taken from DLB1 cingulate cortex using 
Olympus slide scanner at 40x magnification. aSyn = alpha-synuclein; DLB 
= dementia with Lewy body; GFAP = glial fibrillary acidic protein; Iba1 = 
ionised calcium binding adaptor protein 1; MBP = myelin basic protein; 
LB = Lewy body; NF = neurofilament. Fig. S3. The cingulate cortex of 
sporadic PD, PDD, DLB, SNCA G51D mutation and SNCA duplication cases 
immunostained using antibodies against the N-terminal (LASH-EGTNter) 
and C-terminal (2F10-E12 and AB 134-138) of aSyn. Astrocytic aSyn was 
not detected using these antibodies. Representative images taken from 
cingulate cortical layers V–VI of PD7, PDD5, DLB1, SNCA G51D3 and 
SNCA duplication cases. aSyn = alpha-synuclein; DLB = dementia with 
Lewy bodies; PD = Parkinson’s disease; PDD = Parkinson’s disease with 
dementia. Fig. S4. Representative IF images of GFAP-positive astrocytes 
from DLB1, SNCA G51D3 and SNCA duplication cingulate cortices, 
showing positivity for aSyn detected using LASH-BL 34-45 antibody. 
Images taken using Olympus slide scanner at 40x magnification. aSyn = 
alpha-synuclein; DLB = dementia with Lewy body; GFAP = glial fibrillary 
acidic protein; IF = immunofluorescence; NF = neurofilament. Fig. S5. 
Representative images from the SNCA duplication EC, amygdala and 
insula immunostained using antibodies against the N-terminal, NAC and 
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C-terminal regions of aSyn. The astrocytic aSyn detected only by LASH-
BL34-45, LASH-BL80-96 and BD SYN-1 (91-99) antibodies. Similar staining 
patterns were observed in the same regions from PD, PDD, DLB and SNCA 
G51D cases stained with the same antibody set. aSyn = alpha-synuclein; 
DLB = dementia with Lewy bodies
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