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Abstract

Background [t is now realized that Parkinson’s disease (PD) pathology extends beyond the substantia nigra, affecting
both central and peripheral nervous systems, and exhibits a variety of non-motor symptoms often preceding motor
features. Neuroinflammation induced by activated microglia and astrocytes is thought to underlie these manifes-
tations. a-Synuclein aggregation has been linked with sustained neuroinflammation in PD, aggravating neuronal
degeneration; however, there is still a lack of critical information about the structural identity of the a-synuclein con-
formers that activate microglia and/or astrocytes and the molecular pathways involved.

Methods To investigate the role of a-synuclein conformers in the development and maintenance of neuroinflam-
mation, we used primary quiescent microglia and astrocytes, post-mortem brain tissues from PD patients and A53T
a-synuclein transgenic mice that recapitulate key features of PD-related inflammatory responses in the absence of cell
death, i.e, increased levels of pro-inflammatory cytokines and complement proteins. Biochemical and -omics tech-
niques including RNAseq and secretomic analyses, combined with 3D reconstruction of individual astrocytes and live
calcium imaging, were used to uncover the molecular mechanisms underlying glial responses in the presence

of a-synuclein oligomers in vivo and in vitro.

Results We found that the presence of SDS-resistant hyper-phosphorylated a-synuclein oligomers, but not mono-
mers, was correlated with sustained inflammatory responses, such as elevated levels of endogenous antibodies

and cytokines and microglial activation. Similar oligomeric a-synuclein species were found in post-mortem human
brain samples of PD patients but not control individuals. Detailed analysis revealed a decrease in Iba1*"/CD68-"
microglia and robust alterations in astrocyte number and morphology including process retraction. Our data indi-
cated an activation of the p38/ATF2 signaling pathway mostly in microglia and a sustained induction of the NF-kB
pathway in astrocytes of A53T mice. The sustained NF-kB activity triggered the upregulation of astrocytic T-type Ca,3.2
Ca’* channels, altering the astrocytic secretome and promoting the secretion of IGFBPL1, an IGF-1 binding protein
with anti-inflammatory and neuroprotective potential.

Conclusions Our work supports a causative link between the neuron-produced a-synuclein oligomers and sus-
tained neuroinflammation in vivo and maps the signaling pathways that are stimulated in microglia and astrocytes.
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It also highlights the recruitment of astrocytic Ca, 3.2 channels as a potential neuroprotective mediator

against the a-synuclein-induced neuroinflammation.
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Introduction

Parkinson’s disease (PD) is a multifactorial movement
disorder characterized by progressive neurodegenera-
tion in certain brain areas and deposits of aggregated
protein materials at the soma and axons of neurons,
termed Lewy bodies (LBs) and Lewy neurites [1].
Despite the pivotal role of neuronal cell death in the
central nervous system (CNS), PD is now recognized as
a multi-system disorder characterized by notable neu-
roinflammation and immune dysfunction underlying
many of the non-motor PD deficits such as sleep and
gastrointestinal abnormalities, which in most cases,
precede the onset of motor symptoms [2]. In this con-
text, neuroinflammation and glial cell activation are
not considered a response to cell death but rather a
significant contributor to the pathogenic microenviron-
ment [2, 3]. Post-mortem analysis of brain tissues of PD
patients has shown widespread inflammatory manifes-
tations as indicated by the sustained activation of CNS
resident immune cells (microglia and astrocytes) and
the infiltration of peripherally derived immune cells
such as mononuclear phagocytes, neutrophils and lym-
phocytes. These features possibly initiate from intes-
tinal dysbiosis and gut inflammation that lead to an
increase in the circulating pro-inflammatory cytokines
[2]. Both the innate and the adaptive peripheral sys-
tems are reported to be activated by cytokines and con-
tribute to the generation and maintenance of immune
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responses in the PD brain. As a result of the extensive
gliosis, the levels of pro-inflammatory cytokines are
found to be elevated in PD brain and cerebrospinal
fluid samples as well as in animal models of PD [4, 5].

At the cellular level, under pathological conditions in
PD, damage-associated molecular patterns (DAMPs) are
released from neurons and activate microglia and astro-
cytes through distinct molecular pathways including toll-
like receptor (TLR)-mediated pathways and endocytosis.
Activation of microglia dysregulates their phagocytic
activity and induces activation of the inflammasome and
complement proteins, secretion of pro-inflammatory
cytokines and ROS production. The microglia-released
cytokines induce a neurotoxic phenotype in astrocytes,
which stop providing neuronal support, secrete neuro-
toxins and further amplify neuroinflammation. However,
the exact trigger of glial reactivity and its contribution
to neuronal loss and disease progression in the PD brain
remain unclear.

Being the major constituent of LBs, aggregated
a-synuclein has been extensively studied as a causa-
tive factor in PD etiology and pathogenesis [6]. Under
normal conditions, a-synuclein is predominantly local-
ized at the presynaptic nerve terminals where it possi-
bly regulates synaptic plasticity, membrane remodeling
and neurotransmitter release [7, 8]. Apart from acting in
the cytoplasm of cells, neuron-derived a-synuclein spe-
cies are secreted into the extracellular space where they



Leandrou et al. Translational Neurodegeneration (2024) 13:11

can be taken up by nearby neurons, thereby promot-
ing disease propagation along interconnected neuronal
networks [9]. In addition, extracellular a-synuclein can
trigger the NOD-, LRR- and pyrin domain-containing 3
(NLRP3) inflammasome signaling in microglia in a con-
formation-specific manner [10]. As a result of this acti-
vation, the phagocytic capacity of microglia is increased,
ultimately leading to a-synuclein degradation through an
autophagy-like process that requires the receptors TLR2
and p62 [11, 12]. Studies using pre-formed fibrils (PFFs)
have confirmed that PFF treatment induces microglial
activation towards the M1 phenotype and triggers the
release of pro-inflammatory cytokines [13]. Such micro-
glial activation is thought to subsequently induce a neu-
rotoxic astrocytic phenotype, the Al neurotoxic reactive
astrocytes, further promoting neuroinflammation [14].
In the same line, exogenously added PFFs can be inter-
nalized by human or rodent astrocytes, promoting neu-
rotoxic astrocyte activation [15]. Although the resulting
neuroinflammation can initially act as a dynamic mecha-
nism to eliminate the potential toxic insult, the sustained
inflammation can gradually induce glial-dependent syn-
aptic loss and neuronal death. However, the exact cell-
produced a-synuclein conformers that contribute to glial
activation in vivo and the molecular pathways they stim-
ulate to establish an immune response are still unknown.

In the current work, we set out to address the roles
of a-synuclein conformers in the development, main-
tenance and progression of non-motor symptoms that
appear early in the disease and are mostly related to glial
activation and neuroinflammation prior to neurodegen-
eration. We focused on the striatum, a brain area that
has a pivotal role early in the disease and exhibits neu-
roinflammatory responses in the absence of cell death.
The significance of the striatum in PD is also underlined
by experimental and clinical evidence supporting a ret-
rograde degeneration of dopaminergic neurons starting
from the striatal axon terminals [16, 17]. In fact, dopa-
minergic denervation is greater in the striatum than in
the SNpc in early disease, suggesting that the neocortex
can be the area of initial neuronal dysfunction in some
PD cases [18, 19]. In support of this mechanism, auto-
matic and habitual performance that depends on the
caudal putamen is greatly impaired in PD patients, often
preceding PD diagnosis for several years [20].

To clarify the specific a-synuclein species that serve
as the inflammatory signals and elucidate the molecular
mechanisms through which these signals are transduced
to immune and neuronal responses, we performed a
series of genetic and biochemical analyses in the stria-
tum of adult A53T a-synuclein transgenic mice (A53T
Tg), a PD model with neuron-specific moderate expres-
sion of the human A53T a-synuclein variant under the
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control of the prion promoter [21, 22]. In these mice, the
onset of a-synuclein expression starts during develop-
ment, reaching a 2-3-fold increased expression in early
adulthood (2-3 months of age). This pattern of increase
of a-synuclein monomer allows the gradual oligomeriza-
tion and accumulation of various conformers in vivo in a
time-dependent manner.

We show here that these mice are characterized by sus-
tained inflammation and intense astrocyte activation that
is correlated with the presence of aberrant a-synuclein
oligomeric conformers also found in post-mortem brain
tissue samples from PD patients. Our data indicate that
such a-synuclein oligomers, but not monomers, can acti-
vate microglia through induction of the p38MAPX/ATF2/7
pathway, which in turn results in an unconstrained acti-
vation of the NF-«B pathway in astrocytes. These cellular
responses potently drive an up-regulation of astrocytic
low-threshold T-type Ca,3.2 voltage gated Ca’** chan-
nels (VGCCs) leading to the Ca’>"-dependent release of
the neuroprotective protein, insulin growth factor (IGF)
binding protein like 1 (IGFBPL1). Our work suggests
that such Ca,3.2 induction and the subsequent IGFBPL1
secretion from astrocytes could act as a compensatory
mechanism against the damaging immune responses
triggered by a-synuclein oligomers, thus highlighting the
role of astrocytes as neuroprotective mediators in neuro-
degenerative disorders.

Materials and methods

Study design

This study was designed to determine the role of
a-synuclein in neuroinflammation in mouse and human
brains. We performed experiments to address: (i) the
specific a-synuclein species associated with neuroinflam-
matory responses, (ii) the signaling pathways involved in
a-synuclein-induced activation of microglia and astro-
cytes, and (iii) the changes in astrocyte calcium signaling
and secretion upon neuroinflammation. For in vivo stud-
ies, age-matched homozygous A53T Tg mice and their
wild-type (WT) littermates were randomly used for all
experiments. To establish the numbers of mice required
for each technique used, three basic parameters were
taken into consideration, ethical limitations (homozy-
gous A53T mice exhibit low fertility and are reproduced
through crossbreeding of heterozygous A53T mice),
method accuracy and reproducibility, and potential
requirement for age-grouping. Animal numbers were
determined by the investigators based on previous expe-
rience. Mice were humanely euthanized, and all experi-
mental procedures were carried out in accordance with
local institutional animal ethics approvals. Whenever
possible, a brain tissue was used for multiple techniques.
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Cell culture experiments were performed using at least
three biological replicates and each experimental condi-
tion was assessed in triplicate in addition to pilot optimi-
zation studies for dose and time-point determination.

Human brain samples

The use of human brain material was approved under
the protocol number 46/07-01-2020 by the Bioeth-
ics Committee of Biomedical Research Foundation
Academy of Athens. Post-mortem tissues from 8 PD
patients and 8 non-PD control individuals (Additional
file 1: Table S1) corresponding to the putamen and the
caudate nucleus were obtained from the PD UK Brain
Bank. Human samples were stored at — 80 °C until fur-
ther use for protein and RNA extraction.

Mice

Adult homozygous A53T Tg C57BI/C3H mice (line
MS83-RRID: IMSR_JAX:004479) and WT littermates
were used at 4—11 months of age. The generation and
phenotypes of these mice have been described previ-
ously [22]. The release of a-synuclein does not show
sex difference as indicated by our previous in vivo study
using microdialysis to monitor a-synuclein secretion in
living mice of either sex [23]. Considering this, we have
used mice of mixed sex (61% and 50% females in WT
and A53T Tg mice, respectively) throughout our study.
The characteristics of the mouse groups are described
in Additional file 1: Table S2. Animals were housed in
the animal facility of the Biomedical Research Founda-
tion of the Academy of Athens in a room with a con-
trolled light—dark cycle (12 h light-12 h dark) with
continuous access to food and water. All animal proce-
dures were approved by the National Ethics Committee
for Animal Welfare (Protocol Numbers 2143/14-05-18
and 656899/03-08-21).

Cell lines

Human neuroblastoma SH-SY5Y cells were cultured
in the RPMI 1640 medium and maintained at 37 °C in
a humidified 5% CO, environment. The medium was
supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (FBS), 1% antibiotic/antimycotic (10,000
units/ml of penicillin, 10,000 pg/ml of streptomycin,
and 25 pg/ml of amphotericin B) and 1% L-glutamine.
Stable tet-off SH-SY5Y cells inducibly over-expressing
the WT human o-synuclein were generated as previ-
ously described [24]. Cells were maintained in 250 pg/
ml G418 and 50 pg/ml Hygromycin B. Over-expression
of a-synuclein was achieved by culturing cells in the
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absence of doxycycline (Dox) (—Dox cells). Basal lev-
els of a-synuclein expression (control cells) were main-
tained by the addition of 1 pg/ml Dox in the culture
medium (+ Dox cells). All media and supplements were
purchased from Life Technologies, Gibco™ (NY, USA).

Collection of conditioned medium (CM)

CM was collected from SH-SY5Y cells maintained in
the presence or absence of Dox as previously described
[25]. Briefly, cells were cultured in medium containing
1% FBS for 24 h, then culture supernatant was removed
and centrifuged at 4000xg for 10 min at 4 °C. When indi-
cated, CM was shaken with 0.4 uM Congo Red (Sigma-
Aldrich) or vehicle for 4 h at 4 °C. CM was concentrated
using 3-kDa cut-off Amicon filters.

Immunodepletion of CM was performed as described
[25]. In brief, 1 pug of mouse monoclonal anti-a-synuclein
(BD Transductions, NJ, USA) was used to immunode-
plete 1 ml of CM from SH-SY5Y cells cultured in the
absence of Dox. The immunodepleted CM was 2.5 X con-
centrated using 3-kDa cut-off Amicon filters and applied
to mouse primary microglia. Control immunodepletion
was performed with mouse monoclonal anti-dopamine
B-hydroxylase (DBH) antibody (Santa Cruz, TX, USA).

Quiescent primary astrocytes

Quiescent primary astrocytes were isolated from 1-day-
old pups and cultured as previously described [26].
Briefly, brains were dissected in ice-cold Hank’s Balanced
Salt Solution (HBSS) (14180, ThermoFisher, Gibco™) and
the olfactory bulbs, brainstem, cerebellum and meninges
were removed. Tissue was digested in 10 pg/ml DNase
(DN25, Sigma-Aldrich, MA, USA) and 0.0625 g/1 trypsin
(T4674, Sigma) in Dulbecco’s Modified Eagle’s medium
(DMEM) supplemented with 1% penicillin/streptomy-
cin for 20 min at 37 °C. The medium was removed and
the tissue was washed twice with DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin. The tis-
sue was triturated in DMEM/10%FBS and the homoge-
nate was centrifuged at 400xg for 10 min. The pellet
was resuspended in DMEM and the cells were plated
in a 25 cm? flask coated with 0.01 mg/ml Poly-L-Lysine
(P4707, Sigma-Aldrich) and maintained at 37 °C in a
humidified 5% CO, environment for 1 h. The DMEM
was then replaced by Astrocyte Base Medium (ABM)
consisting of 50% DMEM with low glucose (without
pyruvate, glutamine and phenol red) and 50% Neuroba-
sal-A (without sodium pyruvate and D-glucose) supple-
mented with 0.055 mg/ml sodium pyruvate (11360070,
ThermoFisher, Gibco""), 0.1 mg/ml bovine serum albu-
min (BSA) (A9418, Sigma-Aldrich), 2 mM Glutamax
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(35050061, ThermoFisher, Gibco "), 20 pg/ml transferrin
(T8158, Sigma-Aldrich), 16 pg/ml Putrescine Hydrochlo-
ride (P5780, Sigma-Aldrich), 40 ng/ml Sodium Selenite
(55261, Sigma-Aldrich), 5 pg/ml N-Acetyl Cysteine
(A9165, Sigma-Aldrich), 0.5 mg/ml D-glucose (158,968,
Sigma-Aldrich), 60 ng/ml progesterone (P8783, Sigma-
Aldrich), 5 ng/ml fibroblast growth factor-2 (FGF2)
(100-18B, Peprotech, NJ, USA) and 5 ng/ml epidermal
growth factor (EGF) (GMP100-15, Peprotech). The cells
were maintained in ABM at 37 °C in a humidified 5%
CO, environment. The medium was half changed every
3 days. For astrocytic culture, when cells reached ~ 80%
confluency, the flask was shaken in an orbital incubator
at 200 rpm for 2 h at 37 °C to remove resident micro-
glial cells. For mixed glial cultures, microglial cells were
not removed. For transient transfection, astrocytes were
transfected using the calcium phosphate method. For
each 25 cm? flask, 6 pg of alHa-pcDNA3 plasmid, a gift
from Edward Perez-Reyes (Addgene plasmid #45809;
http://n2t.net/addgene:45809; RRID: Addgene_45809),
was used for transfection. The cells and the CM were col-
lected 48 h post transfection.

Primary microglia

Mouse primary microglia were isolated from mixed
glial cultures maintained in DMEM supplemented with
10% FBS for 10 days. T75 flasks containing mixed glia
were shaken in an orbital incubator at 280 rpm for 5 h
at 37 °C to detach resident microglial cells. The medium
was collected and centrifuged at 400Xg for 10 min and
the pellet was resuspended in DMEM/10% FBS. The
cells were plated in coverslips coated with 0.01 mg/ml
Poly-D-Lysine.

Cell treatments

Primary astrocytes were treated with 5 ng/ml interleu-
kin 1P (IL-1P) (AF-211-1113, Peprotech) with or without
20 pM Bay 11-7085 (14795, Cayman) or 20 ng/ml tumor
necrosis factor a (TNFa) (AF-315-01A, Peprotech), or
1 ng/ml interferon y (IFNy) (AF-315-05, Peprotech) in
ABM without FGF2/EGF for the indicated time points.
Prior to treatment, the cells were deprived of growth fac-
tors for 6 h. Mixed astroglial cultures were treated with
300 ng/ml PFFs in ABM medium for 3 h. The PFFs were
prepared as previously described [27].

Primary microglia were treated with SH-SY5Y CM
(concentrated 2.5X%) for 4 h at 37 °C. Prior to treatment,
microglia were cultured in DMEM containing 1% FBS for
24 h. SH-SY5Y cells were treated with 50 nM pituitary
adenylate-cyclase-activating polypeptide (PACAP) (AS-
22519, Anaspec) or 100 ng/ml IFNa for the indicated
time points.
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RNA extraction, RNA sequencing and Quantitative PCR
Total RNA extraction was carried out using the TRIzol
Reagent according to the manufacturer’s instructions.
qPCR was performed using specific primers for each
gene (Additional file 1: Table S3) and analyzed using
the comparative Cycle threshold (CT) method 2AACT,
RNASeq analysis was performed in duplicates in the
Greek Genome Center of the Biomedical Research Foun-
dation of the Academy of Athens (BRFAA). The evalu-
ation of the differentially expressed genes (DEGs) was
performed by filtering as: {log2FC> 1 or log2FC < —1} and
{P value<0.01}, in which FC=fold-change of reads per
kilobase per million. A detailed description of methods
for RNA sequencing, bioinformatic analysis and qPCR is
included in Additional file 1: Supplementary Methods.

Immunofluorescence labelling

All experimental procedures used for immunocyto-
chemistry, immunohistochemistry and immune-electron
microscopy are thoroughly described in Additional file 1:
Supplementary Methods. The antibodies and appropriate
dilutions used for these methods are listed in Additional
file 1: Table S4.

Immunoblotting

Denaturing SDS-PAGE electrophoresis and immuno-
blotting were performed according to standard proto-
cols. Modifications and antibodies used are described in
detail in Additional file 1: Supplementary Methods and
Table S4.

Live calcium imaging

For live-calcium imaging, all manipulations were per-
formed in darkness at 37 °C. Briefly, primary astrocytes
were incubated with 2 uM Fura-2AM (F1201, Invitrogen)
in ABM medium for 30 min. Fura-2AM was removed
and cells were cultured in their conditioned medium for
3 h. Next, the cells were incubated in the low Kt/Ca**
buffer (129 mM NacCl, 5 mM KCl, 1 mM MgCl,, 30 mM
glucose,1% BSA, and 25 mM HEPES) for 45 min. Before
Ca®" measurements, the cells were washed once with
the low K*/Ca*" buffer and positioned in an inverted
microscope (Nikon TE 2000U fluorescence microscope
with flat stage) coupled to an intensified CCD camera
(PTI-IC200) carrying the Image Master software pack-
age (SN 41N50199-21056). To assess the effects of IL-1f,
astrocytes were treated with 5 ng/ml IL-1p for 5 min with
or without prior exposure to 10 uM NiCl, for 2 min, fol-
lowed by 50 mM KCI. Fluorescence images were obtained
at 350 and 380 nm excitation and 510 nm emission and
imaging analysis was performed using the FIJI software
(MD, USA).
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Confocal microscopy

Fluorescent images were obtained with a Leica SP5-II
confocal microscope and processed by the FIJI [28] or the
IMARIS (Bitplane, UK) software. Confocal images were
captured using a 20X or 63 X water immersion objective
by sequential scanning of each channel with a screen
resolution of 10241024 pixels. Image settings were
adjusted over a negative control section that was incu-
bated only with secondary antibodies to subtract non-
specific signals and tissue auto-fluorescence.

Fluorescence intensity measurements

Single-cell fluorescence

Fluorescence intensity was quantified using the FIJI [28]
and the IMARIS softwares. FIJI was used to subtract the
image background by using the rolling ball algorithm
[29]. Next, the image stacks were imported to IMARIS
for 3D reconstruction. For Ca, fluorescence quantifica-
tion, the IMARIS surface tool was used and the channel
that represented GFAP™ astrocytes was chosen to create
3D surfaces. Using the mask tool, a new masked chan-
nel was created that consisted only of Ca,* staining, pre-
sent in GFAP" surfaces. The mean fluorescent intensity
of the masked channel was obtained from the statistics
tab of IMARIS for each GFAP" surface. The quantifica-
tion of single-cell fluorescence was performed by assess-
ing one Wt—A53T Tg pair per experiment. For every such
pair, at least 5 sections spanning the striatum per geno-
type were stained in parallel and subjected to confocal
imaging. Four different images were captured per section
(>20 images per genotype per pair) and the Ca, fluores-
cence intensity was measured in all astrocytes present in
each image. In a similar way, for phospho-p38 quantifi-
cation, DAPI was used to create surfaces in IMARIS and
phospho-p38 fluorescence intensity was quantified in the
nucleus (stained with DAPI) of Ibal™ cells. CD68 fluo-
rescence intensity was measured by building a surface of
CD68-positive staining only in Ibal* cells.

Total cell fluorescence

Ibal* cells were counted in all z-stacks using the cell
counter feature of FIJI [28]. To determine the size of the
cell soma of Ibal™ cells, the major and minor axes of
microglial cells were measured manually in FIJI [28]. For
the quantification of mean Ibal* intensity, the IMARIS
software was used to measure the total mean fluores-
cence intensity upon background subtraction.

3D imaging and morphometric analysis of astrocytes

Astrocytic morphometric analysis was performed using
the IMARIS software. Astrocytes were randomly selected
from two different sections of either WT or A53T Tg
mice. Immunofluorescence staining was performed
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using an antibody against GFAP to mark astrocytes in
the absence of a-synuclein labeling. Image stacks from
mouse striatum were imported to the IMARIS software
and GFAP-immunostained cells across the 30-pm thick
section were chosen for 3D astrocyte reconstruction. The
astrocytic cellular processes were traced using a semi-
automatic filament tracing tool followed by manual cor-
rection to achieve total length filament reconstruction.
Total branches, filament length, the number of primary
processes leaving the soma and the number of Scholl
intersections at 25 pm were quantified for each recon-
structed astrocyte.

Protein extraction

Mice were sacrificed by isoflurane and brains were
quickly collected. Tissues of the cortex, midbrain, stria-
tum, hippocampus, and brainstem were carefully dis-
sected and washed extensively with PBS to remove
residual blood. Mouse and human brain tissues were
homogenized with a Teflon glass homogenizer in 50 mM
Tris/HCI (pH 6.8) and 1 mM EDTA buffer supplemented
with a mixture of protease and phosphatase inhibitors
(1 uM pepstatin A, 1 pM leupeptin and 0.15 pM apro-
tinin, and phosphatase inhibitor cocktail (A32957, Roche,
Basel, Switzerland)). Protein extraction was accom-
plished by the addition of 1% (w/v) 3-[(3-cholamidopro-
pyl) dimethylammonio]-1-propane-sulphonate (CHAPS)
(A1099, AppliChem, Darmstadt, Germany) in the lysis
buffer and incubation for 15 min on ice. For the extrac-
tion of Ca, subunits and proteins from cell lysates, tissues
or cell pellets were homogenized in RIPA buffer (150 mM
NaCl, 50 mM Tris pH 7.4, 1% NP-40, 0.5% deoxycholic
acid, 0.1% SDS) supplemented with protease and phos-
phatase inhibitors and incubated for 30 min on ice.
For the extraction of Ca, subunits from cell lysates, the
homogenization buffer contained 1% SDS-Triton. The
cell lysate was incubated for 30 min at room temperature
and centrifuged at 13,000 rpm for 30 min at 18 °C. Pro-
tein concentration was determined using the Bradford
method or using the DC assay kit. BSA was used for the
preparation of the standard curve.

Cytokine measurement

The brain was dissected, and the striatum and cor-
tex were isolated. Fifty milligrams of tissue per 1 ml of
sterile HBSS containing protease inhibitors (Sigma-
Aldrich) were homogenized using a T-8 homogenizer
(IKA-WERKE, Staufen, Germany). The homogenates
were centrifuged at 400xg for 15 min at 4 °C and the
supernatants were collected and stored at —80 °C. The
levels of TNF-a, IL-1p and IL-10 in the mouse stria-
tum homogenates were measured using commercially
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available ELISA kits (R&D Systems, MN, USA) according
to the manufacturer’s instructions. TNFa levels in micro-
glial CM and in the mouse cortex were measured using a
commercially available ELISA Kit (900-M54, Peprotech)
according to manufacturer’s instructions except that HRP
chemiluminescence was assessed by adding the Luminata
Crescendo chemiluminescent substrate (ELLURO0100,
Millipore).

Secretomics

Sample preparation

All procedures for sample preparation were performed
at room temperature. CM (9 ml per sample) was concen-
trated with 3 kDa MWCO Amicon Ultra Centrifugal fil-
ter devices (Merck Millipore) to a final volume of 30 pl.
Protease inhibitors were added, and protein concentra-
tion was determined with the Bradford Assay. The con-
centrated samples were processed with the filter-aided
sample preparation (FASP) method as described previ-
ously [30], with minor modifications [31]. Briefly, 200 pg
of each sample was mixed with lysis buffer (0.1 M Tris—
HCI pH 7.6 supplemented with 4% SDS and 0.1 M DTE)
and buffer exchange was performed in Amicon Ultra
Centrifugal filter devices (0.5 ml, 30 kDa MWCO; Merck
Millipore) at 14,000xg for 15 min. Each sample was then
diluted with urea buffer (8 M urea in 0.1 M Tris—HCI pH
8.5) and centrifuged. The concentrate was diluted again
with urea buffer and centrifugation was repeated. Alkyla-
tion of proteins was performed with 0.05 M iodoaceta-
mide in urea buffer for 20 min in the dark followed by
centrifugation at 14,000xg for 10 min. Additional series
of washes were conducted with urea buffer (2 times) and
50 mM NH,HCO; pH 8.5 (2 times). Tryptic digestion
was performed overnight in the dark, with a trypsin-to-
protein ratio of 1:100. Peptides were eluted by centrifu-
gation at 14,000xg for 10 min, lyophilized and stored at
—80 °C until further use.

Liquid chromatography-mass spectrometry (LC-MS)/mass
spectrometry (MS) analysis

Samples were resuspended in 200 pl mobile phase A
(0.1% FA in water). A 5 pl volume was injected into a
Dionex Ultimate 3000 RSLS nano flow system (Dionex,
Camberly, UK) configured with a Dionex 0.1X20 mm,
5 pm, 100 A C18 nano trap column with a flow rate of
5 ul/min. The analytical column was an Acclaim Pep-
Map C18 nano column 75 pum x50 cm, 2 um 100 A with a
flow rate of 300 nl/min. The trap and analytical columns
were maintained at 35 °C. Mobile phase B was 0.1% for-
mic acid in acetonitrile. The column was washed and
re-equilibrated prior to each sample injection. The elu-
ent was ionized using a Proxeon nano spray ESI source
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operating in the positive ion mode. For MS analysis, a Q
Exactive Orbitrap (Thermo Finnigan, Bremen, Germany)
was operated in the MS/MS mode. The peptides were
eluted under a 240 min gradient from 2% (B) to 80% (B).
Gaseous phase transition of the separated peptides was
achieved with positive ion electrospray ionization apply-
ing a voltage of 2.5 kV. For every MS survey scan, the
top 10 most abundant multiply charged precursor ions
between m/z ratio 300 and 2200 and intensity thresh-
old 500 counts were selected with FT mass resolution
of 70,000 and subjected to HCD fragmentation. Tandem
mass spectra were acquired with FT resolution of 35,000.
Normalized collision energy was set to 33 and already
targeted precursors were dynamically excluded for fur-
ther isolation and activation for 30 s with 5 ppm mass
tolerance.

MS data processing, quantification and statistical analysis
Raw files were analyzed with the Proteome Discov-
erer 1.4 software package (Thermo Finnigan), using the
Sequest search engine and the Uniprot mouse (Mus mus-
culus) reviewed database, downloaded on May 10, 2021,
including 17,073 entries. The search was performed using
carbamidomethylation of cysteine as static and oxidation
of methionine as dynamic modifications. Two missed
cleavage sites, a precursor mass tolerance of 10 ppm and
fragment mass tolerance of 0.05 Da were allowed. False
discovery rate (FDR) validation was based on g value (tar-
get FDR: 0.01). Label-free quantification was performed
by utilizing the precursor ion area values exported from
the total ion chromatogram as defined by the Proteome
Discoverer 1.4 software package. Output files from Pro-
teome Discoverer were processed with R programming
language for statistical computing (version 4.0.3). Raw
protein intensities for each sample were subjected to nor-
malization according to X’=X/Sum(Xi) = 106. Statistical
analysis was performed with the non-parametric Mann—
Whitney test. Proteins with ratio>1.5 (up-regulated)
or<0.67 (down-regulated) were considered differentially
expressed.

Statistical analysis

Data analysis was carried out using the GraphPad Prism 4
software. All measurements were analyzed with descrip-
tive statistics and results are presented as mean+SEM.
Shapiro—Wilk test was used to determine whether the var-
iables were normally distributed. For N> 30, no normality
test was performed, and distributions were considered
normal. For normal distributions, a two-tailed Student’s ¢
test was used and for non-normally distributed variables
(Shapiro—Wilk test, P<0.05), Mann—Whitney U test was
performed. The P value threshold was set at<0.05.
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Results

a-Synuclein oligomers are correlated with persistent
neuroinflammation in mouse brains

To wunderstand the contribution of cell-produced
a-synuclein to the neuroinflammatory responses in vivo,
we used the A53T Tg mouse model [22] and focused
our experimental design mainly on the investigation
of the striatum, a brain area that is severely affected
in PD and plays a pivotal role early in the disease with-
out the involvement of cell death. In contrast to other
a-synuclein-based mouse models that are character-
ized by neuronal deficits in the striatum [32], these
mice develop advanced synucleinopathy in the brain-
stem (and spinal cord), eventually leading to an age-
dependent lethal locomotor phenotype albeit at older
ages>12 months. As such, the markers of advanced
synucleinopathy in the A53T Tg model remain largely
restricted to the brainstem and there is no evidence
of synuclein pathology spreading [33, 34]. One advan-
tage of this model is that the moderate expression lev-
els of a-synuclein are comparable with those in human
patients. Indeed, qPCR and western blotting analy-
sis showed that the adult homozygous A53T Tg mice
express high levels of human SNCA mRNA irrespective
of their age or sex, which results in a moderate (three-
fold) elevation of monomeric a-synuclein protein level in
the striatum of A53T Tg mice compared with their WT
littermates (Additional file 1: Fig. Sla—d). Further assess-
ment of cytokine levels by ELISA showed a reduction in
the anti-inflammatory cytokine interleukin (IL) 10, as
well as elevated levels of the pro-inflammatory cytokines
TNFa, IL-1B and IFN-y, indicating an established neuro-
inflammation in the A53T brain (Fig. 1a).

Considering the intrinsic propensity of a-synuclein to
self-aggregate, elevated levels of monomers enhance the
probability of local accumulation and oligomerization of
the protein towards P-sheet-rich oligomeric multimers
of high molecular weight. To understand the role of the
different a-synuclein conformers in the establishment of
neuroinflammation, we assessed the levels of a-synuclein
using the zwitterionic detergent CHAPS to preserve the
native structure of all a-synuclein assemblies in the stri-
atal tissue. CHAPS homogenization and immunoblot-
ting revealed the presence of a-synuclein oligomers with
variable levels and aggregation status, as indicated by
their partial retainment into the stacking gel (Fig. 1b). The
presence of these oligomers in A53T Tg but not WT mice
was further verified using a different a-synuclein anti-
body (Additional file 1: Fig. Sle). We also found that the
a-synuclein oligomers in A53T Tg mice were intensively
phosphorylated, suggesting that they might possess path-
ological activity (Fig. 1c). In contrast, the levels of mono-
meric a-synuclein remain unaltered in all A53T Tg mice

Page 8 of 28

tested (Fig. 1b, ¢ and Additional file 1: Fig. S1d). Inter-
estingly, we observed that the formation of a-synuclein
oligomers coincided with a significant increase in endog-
enous mouse IgG antibodies, indicative of active immune
reaction (Fig. 1b, d). Quantification of the a-synuclein
oligomers relative to the most abundant monomeric
form revealed a positive correlation between oligomeric
a-synuclein and IgG levels, implying a causative link of
these conformers with the observed immune response
(Fig. 1e). We found no correlation between monomeric
a-synuclein or animal age and IgG levels (Fig. 1f, g). To
further support an association between a-synuclein oli-
gomers and immune activity in the striatum of A53T
Tg mice, we analyzed A53T Tg mice of young age
(1.5 months old) when the mice already exhibit a more
than two-fold increase in total a-synuclein levels but an
absence of a-synuclein oligomers (Fig. 1h, i). Assessment
of the endogenous IgG levels in these mice did not reveal
any differences between WT and A53T Tg genotypes,
suggesting that the immune response observed in the
older mice could be triggered or enhanced by the accu-
mulation of a-synuclein oligomers (Fig. 1h, j).
Neuroinflammation can be the result of neuronal cell
loss. We and others have addressed the issue of degenera-
tion in the striatum of A53T Tg mice, not only in relation
to neuronal loss but also in terms of synaptic integrity
[11, 23, 34]. Neuronal death is partly triggered by com-
plement Clq and C3 tagging, an established mechanism
for the selective elimination of unwanted or damaged
synapses by phagocytic cells [35, 36]. Even though neu-
ronal Clq and C3 are normally downregulated in the
adult CNS, the complement-dependent synaptic removal
is thought to be aberrantly activated in Alzheimer’s dis-
ease by AP oligomers, thereby contributing to early
synaptic loss [37]. Consistent with this observation, we
detected increased levels of C3d in the striatum of A53T
Tg mice by immunoblotting (Fig. 1k). Subsequent immu-
nofluorescence experiments indicated that the C3 and
Clq complement proteins were indeed localized in some
striatal neurons, suggesting activation of the synapse-
tagging mechanism in our mouse model (Additional
file 1: Fig. S1f, g). Despite this activation, quantification
of tyrosine hydroxylase (TH), a marker for dopaminergic
neuronal terminals, synaptobrevin-2 (SYB2), a marker of
synaptic integrity, and the pan-neuronal protein, neuro-
filament (NFL), showed no evidence of neurodegenera-
tion at all ages assessed (5—11 months old) (Additional
file 1: Fig. S1h). Further, we found no differences in the
levels of PSD95, an established marker of denervation
[38] between WT and A53T Tg mice, suggesting that the
observed inflammation does not originate from or lead to
synaptic loss or cell death (Additional file 1: Fig. S1i).



Leandrou et al. Translational Neurodegeneration

(2024) 13:11

wi A53T Tg

Page 9 of 28

a b c
12 3 4 1 2 3 4 5 6 7 8 Wi A53T Tg
1000 - a - 4 . 1 2345671234567
- ko .. . ' — : stacking gel - .
2 i ]
fo w0 i 170- mn 175+
22w E s 4] 95- “.
e 1 i i
T om @ - % - 66 p-a-syn
ol N - a-syn oligomers .. . |oligomers
wt AS3TTg wt AS3TTg 37- B 30| -
1500 1000 # 16
a00 o — — G aDaren. G4 @hem» -syn monomer
£ _ 1000 — 0o @ 16 4 e e | P-C-SYN
g= =
S zE 15.| - S G —— G GW% @wss | O-SyNn monomer 16 monomer
B - =2 a0 (low exposure)
37 500 @ - — 37 @ GAPDH
%’ 200 30-| e R ) - S B ‘mouse 19G
wt A53TTg wt AS3TTg 37"--—---—- e ‘GAPDH
Wit A53T Tg
d e f . .
3 40:107 pearson r= 08536 P rng 184
B 6. s
Sz a2 . 2=
52 - . heavy chain PR §Eg 20 Foore
ez 100 M R
585,000 2
37_-—---------.-‘GAPDH g3t 2
228000 H . 3
Wit A53T Tg 20410° 0 50107 1.0:10° 15100 0 2510¢50:104 7.5:10° 101
Oligomeric a-synuclein levels. Monomeric a-synuciin
= B ouse 1gG o rlatve o monamericcsyucien oo GﬁTSD)H
52 b - | e T an - heavy chain e
371------------|GAPDH i j
4000-
g h 38 w0
wi A53TTg 85
th 1 1 & 2 oo
200 Peason= 062188 months 5 5 6 °53
P> 05439 = % £ £ 1000
R*=0.04780 5=
1 175- =t
N . e o
8f ole T W AsTTg W ASITTg
<2 _._2_4,.,-—-—-’. 66- L [a-syn
= _ |oligomers
: 30- + Kk
0 1.0:107 20107 3.0+107 4.0<107
mouse IgG light chain
relative to GAPDH 16- Y Wt A53TTg oo -
(arbitary units) 37- = -
a-syn ’ e ) ~— ‘-‘ C3d £ 20000- E

—— < ®

37_’ —— ————— —— - ‘GAPDH

= U .‘mouse 19G
light chain

Cad levels
relative to GAPDH
(arbitary units)

37| 10000

- e g™ --.‘ GAPDH

=

wt

o.
AS3TTg

Fig. 1 Pathological a-synuclein oligomers are associated with inflammatory responses in A53T mouse striatum. a TNFa (**P=0.0029), IL-13
(***P=0.0003), IL-10 (**P=0.0001) and IFNy (*P<0.0001) levels in striatal homogenates determined using cytokine-specific ELISA assays (N>4

per genotype). b, ¢ Representative western blots of CHAPS-homogenized striatum using antibodies against total (anti-Syn1) and phosphorylated
a-synuclein. d Immunoblots of mouse IgG heavy chain and densitometric quantification in WT (n=16) and A53T Tg (n = 14) mice, *P<0.0001.

e-g Correlation analysis of mouse IgG light chain in A53T Tg mice with a-synuclein oligomers (e), a-synuclein monomers (f), and animal age

(g) after immunoblotting and densitometric quantitation (n=10). h—-j Western blotting of homogenized striatal tissues from 1.5-month-old WT
and A53T Tg mice (n=4 mice per genotype) using antibodies against total a-synuclein (anti-Syn1) and densitometric quantification of monomeric
a-synuclein levels (i, **P=0.0019) and IgG levels (j, P=0.7219). A six-month-old A53T Tg homogenate was used as reference for the presence

of a-synuclein oligomers. k Representative immunoblots and quantification of C3d (n=4 mice per genotype, **P=0.0074). In b-d, h and k, GAPDH
was used as a loading control. Statistics by Mann-Whitney test in (d) and unpaired Student’s t test in (a, i, j, k)

Overall, our data suggest that the accumulation of
pathology-related a-synuclein oligomers, but not mono-
mers, is associated with neuroinflammation and neuronal
complement tagging in the striatum of A53T Tg mice.

Cell-produced a-synuclein oligomers, but not monomers,
can induce microglial activation

To address the causal role of aberrant a-synuclein oli-
gomers in neuroinflaimmation beyond the observed
correlation in vivo, we investigated whether these con-
formers can directly activate primary mouse microglia.

For this, we used a well-established SH-SY5Y cell sys-
tem in which the expression of human WT a-synuclein
results in the production of soluble oligomers that gradu-
ally accumulate in the cell interior, compromising cell
homeostasis and viability [24]. In this cellular system,
the expression of a-synuclein is induced by the removal
of Dox from the culture medium of the cells (— Dox con-
dition). SH-SY5Y cells cultured in the presence of Dox
retain only basal levels of a-synuclein expression (+Dox
condition) [24]. We have previously shown that both oli-
gomeric and monomeric a-synuclein are secreted from
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Fig. 2 Cell-produced a-synuclein oligomers, but not monomers, can activate primary microglia. a, f Schematic representations of the experiments
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(CM) and intracellular (Lys) a-synuclein conformers in the absence of doxycycline (—Dox). ¢, g Representative images of primary microglia
immunostained with a specific antibody against NF-kB. DAPI was used as a marker for nuclei. Magnification of the boxed area is shown for each
merged image. Scale bar: 20 um (50 um for the magnified images). d, h Quantification of mean fluorescence intensity of nuclear NF-kB (N> 9 for all
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these cells and can be toxic when applied to healthy
neuronal cells [25]. This toxicity was diminished when
the secreted a-synuclein conformers were treated with
Congo Red, an organic compound that selectively binds
to and disrupts B-sheet aggregates [25]. We collected
CM from these a-synuclein-expressing SH-SY5Y cells
containing secreted a-synuclein conformers and applied
the CM onto non-activated primary microglia for 4 h
(Fig. 2a). Western blotting analysis confirmed the pres-
ence of secreted a-synuclein species (oligomers and
monomers) in the CM (Fig. 2b).

To assess microglial activation, we assessed the stimula-
tion of the NF-«kB pathway by measuring the p65 protein
localized in the nucleus of microglial cells by quantifying
single-cell immunofluorescence. Liposaccharide (LPS)

was used as a potent inducer of microglial reactivity. Our
results clearly showed that the CM containing secreted
a-synuclein conformers could activate the NF-«kB path-
way in microglia (Fig. 2c). To exclude the possibility that
other secreted factors contribute to microglial activa-
tion, CM from sister SH-SY5Y cultures that express only
basal levels of a-synuclein (+Dox cells) was also applied
to microglia but did not induce their activation. Impor-
tantly, pre-treatment of the CM with Congo Red abol-
ished the observed microglial activation, suggesting that
the p-sheet-enriched a-synuclein multimers are respon-
sible, at least to a great extent, for the observed NF-«B
activity (Fig. 2d). Addition of Congo Red alone was used
as negative control. Microglial reactivity was further
confirmed by measuring the levels of secreted TNFa in
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microglia CM following treatment with cell-secreted
a-synuclein. Our results indicated a robust increase in
TNFa levels only following treatment with CM contain-
ing secreted a-synuclein conformers (Fig. 2e). Again, pre-
treatment with Congo red greatly abolished the TNFa
increase, suggesting that the a-synuclein oligomers
induce microglial activation (Fig. 2e).

To further verify that microglial activation is not due
to other factors secreted along with «-synuclein con-
formers, we immunodepleted the CM obtained from
the a-synuclein-expressing cells (—Dox cells) using the
monoclonal Synl antibody which can bind both oligo-
meric and monomeric a-synuclein (Fig. 2f). An antibody
of the same type against DBH, a protein which is highly
expressed in SH-SY5Y cells, was used as a control of
immunodepletion. Immunodepleted CM was applied to
mouse primary microglia and activation was assessed by
p65 nuclear translocation and TNF« secretion, as above.
Our results clearly showed that the selective removal of
a-synuclein conformers from the CM largely attenuated
microglial activation. In contrast, DBH immunodepletion
had no effect on microglial reactivity (Fig. 2g—i).

A53T microglia and astrocytes exhibit distinct biochemical
and morphological alterations

To further characterize neuroinflammation associated
with a-synuclein, we investigated the activation of the
resident glial cells, microglia and astrocytes, that mediate
immune responses in the brain. Upon activation, micro-
glia proliferate and rapidly change their morphology
from a resting ramified state to an amoeboid-like phe-
notype with enlarged cell soma and phagocytic capacity
[5]. Several protein markers have been used to determine
microglial activation; however, associating one single
marker with a distinct phenotype is difficult since most
of the markers are present in most of the reactive states
of microglial cells [39]. We investigated the presence of
three protein markers, ionized calcium binding adapter
molecule 1 (Ibal), CD11b and CD68, all of which were
found to be expressed in the microglia (Fig. 3a). We ini-
tially assessed the expression of Ibal, a microglial marker
present in both resting and activated microglial cells and
found that the number of Ibal* cells was significantly
reduced in the striatum of A53T Tg mice (Fig. 3a, b).
Subsequent measurement of single-cell Ibal fluorescence
intensity revealed that the A53T microglial cells also
expressed lower levels of Ibal protein at a cellular level
(Fig. 3c). The lower levels of Ibal were further confirmed
by western blotting (Fig. 3d). This was consistent with a
previous report showing a reduction in Ibal™ microglia
in a double mutant a-synuclein transgenic mouse model
at ages >6 months [40]. Using Ibal immunofluorescence,
we also assessed the size of the soma of microglia that
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appeared elliptic in shape. By measuring its major and
minor axes we found a wide range of soma sizes which,
however, showed similar distributions in both genotypes
(Additional file 1: Fig. S2a).

It has been shown that a-synuclein can be engulfed by
activated microglia through a TLR4-dependent process
termed “synucleinphagy’, during which the autophagy
receptor, p62/SQSTM1, is upregulated to promote the
lysosomal degradation of the phagocytosed a-synuclein
in autophagosomes [12]. To address whether the phago-
cytic capacity of microglia is advanced in the A53T mice,
we quantified the expression of the phagocytic activ-
ity marker CD68 in single Iba% cells, and found signifi-
cantly reduced CD68 in A53T microglia (Fig. 3e). We
next detected p62 in striatal sections of WT and A53T
Tg mice using immunofluorescence. We observed selec-
tive punctate p62 staining in the striatal neurons, but not
in Ibal™ microglia, in either genotype, indicating that the
autophagic degradation process is not enhanced in our
setting (Additional file 1: Fig. S2b). To examine whether
a-synuclein is internalized by glial cells in vivo, we per-
formed immuno-electron microscopy in striatal sections
where the antibody against a-synuclein, Syn1, was labeled
with gold nanoparticles and microglia were visualized
through an Ibal-DAB reaction. a-Synuclein-positive
presynaptic terminals were observed in the vicinity of
microglial cells; however, nanogold particles could not
be detected in the interior of the DAB-stained micro-
glia in WT or A53T Tg mice (Additional file 1: Fig. S2c).
Given the advanced synuclein pathology in the brain-
stem of A53T Tg mice, we lastly investigated whether the
microglial responses could be stimulated by changes in
norepinephrine (NE) regulation. NE release controls the
phagocytic capacity and modulates the motility of micro-
glia by the selective modulation of adrenergic receptors
[41]. Locus coeruleus is the major source of NE in the
CNS and dysregulation of the noradrenergic system has
been shown to potentiate neuroinflammation in various
animal models of neurodegeneration. a-Synuclein can
directly interfere with NE production by inhibiting the
CRE-mediated transcription of DBH, the rate-limiting
enzyme that converts dopamine to NE [42]. To exclude
the possibility of microglial activation via attenuation
of DBH transcription, we measured DBH levels in the
brainstem by immunoblotting. Densitometric quantifica-
tion showed no changes in the levels of DBH expression
between WT and A53T Tg mice (Additional file 1: Fig.
S2d).

Collectively, our data show that, in the presence of high
levels of oligomeric and monomeric a-synuclein, micro-
glia are characterized by lower Ibal and CD68 expression
levels, suggestive of decreased phagocytosis activity.
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Fig. 3 A53T microglia and astrocytes exhibit biochemical and morphological alterations. a Representative confocal images of WT and A53T

Tg striatal sections stained with antibodies against Iba1l, CD11b and CDé8. DAPI (blue) was used as a nuclei dye. Scale bar: 50 um (10 um

for the magnified images). b Quantification of the number of Iba1* microglia cells (1=21 and n=19 images from WT and A53T Tg mice,
respectively, “P=0.0239) upon immunostaining of coronal brain sections in the striatum of WT and A53T Tg mice with an Ibal-specific antibody.
¢ Quantification of the total mean fluorescence intensity of Iba1* cells (1=7 and n=13 images from WT and A53T Tg mice, respectively,
#P<0.0001) stained as above. d Immunoblotting analysis of striatum homogenates from WT and A53T Tg mice using a specific antibody to Iba’
and densitometric quantification (n=10and n=11 for WT and A53T Tg mice, respectively, *P=0.0438). GAPDH was used as a loading control. e
Quantification of the mean fluorescence intensity of CD68 in individual Iba1* cells in three independent pairs (1, 2, 3) of WT and A53T Tg mice;
*P=0.0018 for pair 1, ¥P<0.0001 for pairs 2 and 3, n> 74 astrocytes for each genotype. f Representative confocal images of WT and A53T Tg
striatal sections stained with a specific antibody for GFAP. Scale bar, 200 pm. g Quantification of the number of GFAP* astrocytes in the striatum
following immunostaining and confocal imaging (1=9 and n=13 images for WT and A53T Tg mice, respectively, ***P=0.0001). h Western blot

and GFAP quantification in striatal homogenates (n=7 mice per genotype, *P=0.219).1i

Representative confocal images of WT and A53T Tg striatal

sections stained with specific antibodies for TNFa and GFAP. Scale bar: 50 um (10 um for the magnified images). j Representative images of 3D
reconstructed GFAP-immunoreactive astrocytes from WT and A53T Tg striatum, using the IMARIS software. DAPI was used for nuclei staining. Scale
bar, 20 um. k, I Quantification of the number of branches; k from 16 astrocytes per genotype, *P=0.0174, and (I) pre-averaged per animal (n=5
and n=4for WT and A53T Tg mice, respectively, **P=0.0024). m, n Quantification of filament length; (m) length distribution from 16 astrocytes

per genotype and (n) pre-averaged per animal (1=5 and n=4 for WT and A53T Tg mice, respectively, P=0.1058). For all comparisons statistics were

performed by unpaired Student’s t test

Since microglia can induce astrocyte reactivity to exac-
erbate or attenuate inflammation in response to CNS
injury, infection or disease, we next wanted to examine
whether astrocytes exhibit signs of activation in the A53T
Tg model [43]. To address astrocyte reactivity, we initially

measured glial fibrillary acidic protein-positive (GFAP™)
cells in striatal sections of WT and A53T Tg mice. Using
this approach, we found an elevated number of GFAP*
astrocytes in the A53T striatum, indicative of astrocyte
proliferation (Fig. 3f, g). Western blotting confirmed the
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increased levels of GFAP (Fig. 3h). To directly examine
astrocyte reactivity in our in vivo setting, we performed
immunolabelling experiments to detect TNFa in GFAP™
astrocytes in striatal sections from WT and A53T Tg
mice. Our results showed increased TNFa levels in A53T
astrocytes, indicating their activation under conditions
of elevated a-synuclein levels (Fig. 3i). Human astrocytes
have been shown to possess pathological a-synuclein
accumulation in the PD brain [44]. In addition, mutant
a-synuclein can be found in astrocytes upon prion
promoter-mediated expression [45]. To assess whether
mutant a-synuclein is expressed or incorporated in astro-
cytes in our mouse model, we performed immunolabe-
ling experiments using antibodies against a-synuclein
(recognizing both mouse and human a-synuclein) and
the astrocyte marker, GFAP. Using this approach, we did
not detect a-synuclein in the interior of astrocytic cells
either in WT or A53T Tg mice, suggesting that the astro-
cytes are not activated due to endogenously expressed or
accumulated a-synuclein in our setting (Additional file 1:
Fig. S2e).

We next performed a detailed comparative morpho-
metric analysis based on the 3D reconstruction of indi-
vidual GFAP-immunoreactive astrocytes residing within
the area of striatum to visualize morphological altera-
tions in the adult astrocytes of A53T Tg mice (Fig. 3j).
Since the complexity of astrocytes increases with radial
distance from the soma, Sholl analysis [46] was applied
to 16 individual astrocytes from WT and A53T Tg mice
and the number of filaments, the number of branches,
the number of primary processes originating from the
soma and the number of process intersections were
assessed. Our data indicated that the A53T Tg astrocytes
possessed lower numbers of filaments, especially shorter
(<25 pm) and longer (>50 pum) filaments, and completely
lacked the longest (> 60 pm) filaments (Fig. 3m), suggest-
ing retraction of processes. They also had a lower number
of branches (Fig. 3k), whereas the number of branches
emanating from the soma and the number of process
intersections (i.e., the number of intersections between a
process and the sphere of 25 pm radius) were similar to
WT astrocytes (Additional file 1: Fig. S2f, h). Our analy-
sis was based on the assumption that astrocytes from
the same genotype should share similar morphometric
features. Indeed, considering that cells were selected in
an unbiased way from 5 WT and 4 A53T Tg mice, indi-
vidual values showed no outliers in the distributions,
suggesting the presence of morphologically homogene-
ous populations of astrocytes in each genotype. Group-
ing individual values per animal showed similar results,
further supporting our initial observations (Fig. 31, n and
Additional file 1: Fig. S2g, i). Taken together, our data
suggested that a-synuclein expression in A53T Tg mice
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induces astrocyte proliferation and activation and can
compromise the arbor complexity of astrocytes, leading
to a partial retraction of their processes.

High levels of a-synuclein motivate neuropeptide-,
mitogen-activated protein (MAP) kinase (MAPK)-

and Ca?*-dependent signaling pathways

Our results suggest that o-synuclein oligomers are
related to consistent neuroinflammation characterized by
increased cytokine release and distinct biochemical and
morphological alterations in microglia and astrocytes.
To dissect the molecular pathways underlying these
changes, we performed RNA sequencing (RNAseq) anal-
ysis in WT and A53T Tg mice. Striatum was collected in
duplicate for each mouse genotype at 6 months of age
and processed for RNA extraction and sequencing using
the Illumina HiSeq platform. We assessed the quality and
purity of our RNAseq profiles by mapping quality (>70%
of reads for all our samples were mapped). Our analysis
revealed 526 DEGs in A53T Tg compared with WT mice
(>1.5 fold) (Additional file 2), including 304 up-regu-
lated and 222 down-regulated DEGs. Prnp and SNCA
genes were found to be up-regulated with the highest
significance, as expected. Six basic clusters were iden-
tified in the heat map (Additional file 1: Fig. S3a). Enri-
chr-based KEGG pathway enrichment analysis (https://
maayanlab.cloud/Enrichr/) highlighted the “neuroactive
ligand-receptor interaction’, the “MAPK signaling”, the
“calcium signaling” and the “cAMP signaling” pathways
as the most affected in the presence of high a-synuclein
levels (Additional file 1: Fig. S3b). Cholinergic, dopa-
minergic and GABAergic synaptic pathways were also
significantly altered, indicating changes at the level of
neuronal circuits and distorted neurotransmitter release
(Additional file 1: Fig. S3b). Of the DEGs that were most
significantly altered in the A53T Tg striatum (Additional
file 1: Fig. S3c), Mylk3, encoding for myocin light chain
kinase (MYLK), Shox2, encoding for a transcription
homeobox regulator, and Pappa-2, encoding for pap-
palysin-2 protease implicated in IGF-1 signaling, were
most up-regulated. Nine of these DEGs were selected for
qPCR validation. Assessment of the Adcyap gene encod-
ing PACAP verified its up-regulation in the A53T mice
(Additional file 1: Fig. S3d). PACAP is up-regulated in
neurons and astrocytes in response to inflammation and
can exert potent anti-inflammatory actions that are pro-
tective for neurons [47]. Its mechanism of action is medi-
ated by cAMP signaling, which could probably explain
why this pathway was underscored in the RNAseq. Two
other DEGs that belong to the “neuroactive ligand-recep-
tor interaction” pathway, NpY and Npsrl, were also up-
regulated in the A53T Tg mice, further supporting our
RNAseq data (Additional file 1: Fig. S3e, f). Like PACAP,
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NpY signaling is suggested to inhibit microglial activation
and has a neuroprotective role against neurodegeneration
in PD [48]. Pappa-2 gene was also found significantly up-
regulated (Additional file 1: Fig. S3g). Further, the up-reg-
ulation of MYLK, a kinase that phosphorylates myocin
to allow the calcium-dependent myocin-actin complex
formation and facilitate cell motility, was confirmed at
both the mRNA and the protein levels (Additional file 1:
Fig. S3h, i). We also assessed four down-regulated DEGs,
Wnt8b, Nr4a3, Gpx6 and Scarf2 that were found to be
significantly decreased (Additional file 1: Fig. S31, m). In
sum, our RNAseq approach aided in the identification
of biological pathways enriched in the list of genes dif-
ferentially regulated in A53T Tg mice vs WT mice and
highlighted the importance of a-synuclein in the regula-
tion of molecular pathways related to synaptic function-
ing and neuropeptide-, MAPK- and Ca®" signaling in the
striatum.

a-Synuclein conformers are associated with activation
of the p38MAPK signaling pathway and advancement
of the ATF2/7-dependent transcription in microglia
We next investigated the signaling pathways that could
be involved in microglial and astrocytic activation in the
presence of a-synuclein conformers. Since our RNAseq
data indicated that PACAP mRNA is up-regulated in
A53T striatum, we initially examined whether PACAP
signaling is activated in vivo. We found that PACAP was
robustly expressed in striatal neurons of both WT and
A53T Tg, as expected, and was absent from astrocytes
(Additional file 1: Fig. S4a). PACAP receptor, PAC1, was
observed in both neurons and astrocytes, suggesting that
both cell types could be acceptors of PACAP signaling
(Additional file 1: Fig. S4b). Astrocytes are responsible
for glutamate uptake, and previous studies suggested that
increased PACAP activity induces the astrocyte-specific
glutamate transporter, Glt-1 or EAAT?2 [49]. Assessment
of Glt-1 levels in striatal homogenates did not reveal
any differences between genotypes, suggesting that the
PACAP activity is not significantly enhanced in vivo in
A53T mice (Additional file 1: Fig. S4c). To verify this find-
ing, we examined the cAMP/CREB pathway that medi-
ates PACAP signaling. Even though the levels of total
CREB were significantly elevated, the lack of CREB phos-
phorylation in the striatum confirmed that the PACAP
signaling was not enhanced in A53T Tg mice (Additional
file 1: Fig. S4d, e). In a similar fashion, the contribution of
the STAT3 pathway, one of the main signaling pathways
in inflammation, was addressed. Again, STAT3 was found
to be increased but the phosphorylated STAT3 protein
could not be detected (Additional file 1: Fig. S5a, b).
Since our RNAseq data underscored alterations in
MAPK cascades, we next evaluated the activation of the
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p38 group of MAPKs (p38MAPXS) and the c-Jun N-ter-
minal kinases (JNKs) as central elements. The phos-
phorylation status of multiple members of the p38MAPK
pathway, including phosphorylated MSK1, p38MAPK
MKK3/MKKS6, activating transcription factor 2 (ATE-
2/7) and HSP27, was analyzed. Interestingly, we found
a profound increase in p-p38 and p-ATF-2/7 levels in
the A53T Tg mice compared with their WT littermates
(Fig. 44, b). The levels of p-MSK1 and p-MKK3/6 s were
not altered whereas p-HSP27 was undetectable in both
WT and A53T Tg mice (Additional file 1: Fig. S5c—e).
Finally, detection of phospho-JNK2 showed that the JNK
pathway was not activated (Additional file 1: Fig. S5f).

The p38MAPK_dependent stimulation of ATF2/7 tran-
scription is a well-established signaling cascade leading
to the transcription and release of TNFa and IL-1f as
mediators of immune responses in neurons, microglia
and astrocytes [50]. Given the western blotting find-
ings, we next performed a series of immunofluorescence
experiments to understand which glial cell type mostly
exhibits activation of these pathways. We found that
the phosphorylation of p38 was induced predominately
in the nucleus of Ibal* microglia in the A53T striatum
whereas p-ATF2/7, which is activated downstream of
p38MAPK was localized in the nucleus of both microglial
and non-microglial cells but not astrocytes (Fig. 4c, e and
Additional file 1: Fig. S6a—d). Both phosphorylated pro-
teins showed very low expression in GFAP* astrocytic
cells (Fig. 4c, e and Additional file 1: Fig. S6a-d). Since
p38 is a key regulator of microglia-dependent proinflam-
matory cytokine up-regulation [51], we quantified p-p38
immunofluorescence in the nucleus of individual micro-
glial cells in sections across the striatum. Supporting
our initial observation, single-cell fluorescence intensity
showed increased p-p38 levels in the nucleus of micro-
glial cells in vivo (Fig. 4d). Collectively, our results so far
suggest that the presence of high levels of a-synuclein
conformers can trigger p38MAPX_dependent microglial
activation, which stimulates the ATF2/7-mediated tran-
scription possibly to mediate the production of immune
mediators.

A53T astrocytes exhibit an unconstrained activation

of the NF-kB pathway

Activation of the p38MAPK_ATF2/7 axis leads to the stim-
ulation of several distinct molecular cascades including
the NF-kB pathway, which is a central mediator of pro-
inflammatory gene induction and a hallmark of chronic
inflammatory diseases [52]. NF-kB pathway dysregula-
tion has been implicated in neurodegenerative disorders.
Of note, nuclear translocation of NF-kB is observed in
post-mortem brain tissues of PD patients and in mouse
models of PD in which overactivation of this pathway
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is implicated in the promotion of survival, activation
and differentiation of innate immune cells, thereby pro-
longing inflammation. Given that the proinflammatory
NF-«kB responses can be acutely triggered by TNFa and
IL-1PB cytokines, we examined whether this pathway is
dysregulated in A53T Tg mice in which these cytokines
are elevated. Interestingly, we found a robust increase
in phospho-NF-kB by western blotting (Fig. 4f). At the
transcriptional level, NF-kB is specifically repressed by
Early Growth Response 1 (Egr-1), a member of the early
growth response family of transcription factors, through
a physical interaction between the NF-kB DNA-binding
domain and the Egr-1 zinc finger domain [53]. At the
protein level, termination of NF-kB signaling is tightly
regulated by A20/TNFAIP3 which utilizes both ubiquitin
ligase and deubiquitinase activities to disrupt the protein
scaffold that leads to NF-«B translocation to the nucleus
[54]. We found significantly reduced expression of both

Egr-1 and A20/TNFAIP3, suggesting a limited ability for
NE-kB repression in A53T Tg mice (Fig. 4g, i). Further
investigation of the downstream of the NF-«kB pathway
did not reveal any differences in IkBa activation as shown
by the similar levels of p-IkBa or total IkBa (Additional
file 1: Fig. S5g).

Recent evidence suggested that PFFs can produce tran-
scriptional changes in human midbrain astrocytes that
depend on NF-«B stimulation [15]. Using immunostain-
ing of striatal sections with a specific p65 antibody, we
observed increased levels of phospho-p65 in A53T astro-
cytes but not microglial cells, suggesting that the NF-xB
pathway is preferably upregulated in A53T astrocytes
in vivo (Fig. 4h and Additional file 1: Fig. S6e, f).

Considering that the activated microglia can trigger
astrocyte reactivity, our results indicated that, in A53T
Tg mice, p-p38-mediated microglial activation can
induce a strong NF-«B activity in astrocytes.
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L- and T-type Ca?* channels are differentially expressed

in A53T reactive astrocytes

Our RNAseq analysis in A53T mice indicated alterations
in Ca®* signaling and up-regulation of MYLK, a kinase
required for increased astrocytic Ca®* wave propagation
and astrocyte motility. Ca®* signaling is fundamental for
astrocyte functioning since intracellular Ca®*" transients
and intercellular Ca®>* waves allow intercellular com-
munication between astrocytes or between astrocytes
and neurons. We found that astrocytes exhibit strong
NE-kB activity which can be regulated by Ca*" signal-
ing. Calcium can activate DREAM, a Ca®* sensor protein
that acts as a transcriptional repressor of A20/TNFAIP3,
which negatively regulates the NF-«B activity to resolve
inflammation. In addition, NF-kB-produced cytokines
are released in a Ca’>"-dependent manner. To investigate
changes in Ca®* signaling in A53T astrocytes, we first
performed a series of immunolabeling experiments using
antibodies specific for all the Ca, subunits to understand
which VGCCs are normally expressed in striatal GFAP™
astrocytes. We found that only the L-type Ca,1.2* and
the T-type (Ca,3.1%, Ca,3.2" or Ca,3.3") VGCCs were
expressed in the GFAPT astrocytes in mouse striatum
(Fig. 5a—d). Co-localization experiments using the neu-
ronal marker TUJ1 showed that these VGCCs were also
expressed in neurons, as expected (Additional file 1: Fig.
S7a—d). The Ca,2.1, Ca,2.2 and Ca,1.3 did not co-localize
with GFAP, suggesting their expression predominately in
neurons (Additional file 1: Fig. S8a—c).

Since the L-type Ca,1.2* and the T-type VGCCs are
expressed in both astrocytes and neurons, to visualize
changes in the expression of astrocytic VGCCs at the sin-
gle-cell level, we measured the Ca, immunofluorescence
in individual 3D-reconstructed GFAP-labeled astrocytes
in five sections spanning the striatum using the IMARIS
software. Such detailed comparison of Ca, immunofluo-
rescence in single astrocytes between three pairs of WT
and A53T Tg mice unveiled a significant reduction of
Ca,1.2" and a significant induction of Ca,3.2* VGCCs in
A53T astrocytes, whereas Ca,3.1" and Ca,3.3* VGCCs
remained unaltered (Fig. 5e—i).

Taken together, our results indicate that in A53T Tg
mice, the astrocytic Ca,1.2 and Ca,3.2 VGCCs are differ-
entially regulated, thereby disturbing Ca®>* homeostasis
in the striatum.

T-type Ca,3.2 Ca®* channels are up-regulated by cytokines
in a NF-kB-dependent manner

Our data from the striatum of A53T Tg mice support an
induction of astrocytic T-type Ca,3.2 VGCCs in the pres-
ence of a-synuclein oligomers. In the context of neuroin-
flammation, this finding was of particular interest since
the T-type Ca,3.2 VGCCs are upregulated by a variety of
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inflammatory mediators and have been implicated in the
modulation of inflammatory and chronic pain in primary
sensory neurons [55, 56]. Ca,3.2 channel dysregulation
associated with either gain-of-function, such as in the
cases of epilepsy and neuropathic pain, or loss-of-func-
tion mechanisms, such as in autism spectrum disorders,
schizophrenia, and ALS, could be a contributor to the
pathogenesis of various CNS diseases. However, the role
of astrocytic Ca, 3.2 VGCCs in neuroinflammation is cur-
rently unknown.

To investigate the molecular mechanisms involved in
Ca 3.2 induction in astrocytes, we established a mouse
primary culture of astrocytes with high purity that mimic
the quiescent astrocytic phenotype. Since FBS-cultured
primary astrocytes are enriched in markers for reactive
gliosis [57], we used a serum-free culture medium based
on nutrients and growth factors to achieve sufficient
astrocyte maturation and functionality [26]. The purity of
this culture was confirmed by the total absence of Ibal™
microglial cells as compared with a mixed glial culture
grown in FBS-based medium (Additional file 1: Fig. S9a).
Further characterization showed that almost all primary
astrocytes expressed the pan-astrocytic marker ALDHL1
(Aldehyde Dehydrogenase 1 Family Member L1),
whereas 40% of cells were positive for GFAP expression
(Additional file 1: Fig. S9b, c). To assess the functional
properties of cultured astrocytes, we analyzed their abil-
ity to respond to exogenous stimuli such as LPS, KCI and
ATP. LPS is known to activate astrocytes preferentially
towards the Al activation phenotype [58]. Treatment
with 0.5 pg/ml LPS for 24 h resulted in the upregulation
of the Al-type marker, ligpl, but did not affect the level
of the A2-type marker, S100a10 (Additional file 1: Fig.
S9d, e), consistent with previous studies [14, 58]. Fura-
2AM-based live Ca?" imaging showed that the cultured
astrocytes were able to respond to both KCI and ATP
excitation by producing Ca®>" fluctuations, which were
propagated to a network of neighboring cells, suggesting
the generation of a Ca** wave (Additional file 1: Fig. S9f,
g). The KCl- and ATP-induced Ca®* transients showed
similar [Ca®*]i peak but differed in the response time and
duration (Additional file 1: Fig. S9h, i), as expected.

We next examined the responses of these primary
astrocytes to cytokine-induced signaling. For this, we
treated astrocytes with TNFa (20 ng/ml), IFNy (1 ng/
ml) or IL-1B (5 ng/ml) for 24 h and evaluated the tran-
scriptional induction of ligpl and S100al0 genes and
their functional effects on the p38/NF-kB pathway and
Ca" influx. Treatments were performed in the absence
of growth factors since both EGF and FGF2 are known
to activate several signaling pathways including the
p38MAPK pathway, interfere with Ca?* signaling [59] and
suppress astrocytic activation in culture [14]. In our
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hands, growth factor deprivation induced both the Al
and A2 type markers (Additional file 1: Fig. S9j, k) but
did not activate the NF-kB pathway (Additional file 1: Fig.
S91). Our qPCR analysis indicated that TNFa and IFNy
promoted the activation of astrocytes towards the Al
state, but not the A2 state, with IFNy being the strongest
inducer, while IL-1f did not affect either A1 or A2 activa-
tion state (Additional file 1: Fig. S9m, n). To address the
ability of cytokines to trigger the p38/NF-«B pathway, the
phosphorylation of p38 and the nuclear translocation of
NEF-kB were examined. Both TNFa and IL-1B, but not
IFNYy, strongly induced the translocation of NF-kB to the
nucleus of astrocytes, suggesting a potent activation of
the NF-xB pathway (Additional file 1: Fig. S90). None of
the cytokines triggered the p38 signaling as suggested by
the lack of p38 phosphorylation upon cytokine treatment
(Additional file 1: Fig. S90).

Following their molecular and functional characteriza-
tion, we used quiescent primary astrocytes as a cellular

model to address the molecular mechanism underlying
Ca,3.2 induction, which was readily expressed in this
cellular system (Fig. 6a). We initially assessed whether
cytokines could interfere with the transcriptional regu-
lation of Ca,3.2 channels. Cytokines were applied in pri-
mary astrocytes as above for 24 h, cells were collected,
and RNA was extracted. qPCR analysis revealed that
all cytokines have the potential to downregulate CAC-
NA1H mRNA by approximately 50%, suggesting that
astrocytic Ca,3.2 transcription depends on the presence
of cytokines albeit in a negative manner (Fig. 6b). In
contrast, the mRNA levels of Ca,1.2 remained stable in
the presence of cytokines, indicating that the cytokine-
dependent reduction in Ca,3.2 transcription is a specific
effect (Fig. 6¢).

Our initial results suggest that the up-regulation of
Ca,3.2 protein observed in vivo could not be attributed
to the cytokine-induced changes directly at the tran-
scriptional level. To further exclude this possibility, we
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measured in A53T Tg mice the mRNA levels of Ca,3.2 EGRI on Cacnalh promoter [60]. We found that in A53T
transcriptional regulation elements. Ca,3.2 expression is  mice, Egrl expression was significantly reduced (Fig. 4g)
normally regulated by the transcription factor Egrl that whereas Nab2 and Rest mRNA expression remained
binds to the Cacnalh promoter. Upon binding, EGR1  unchanged compared to the WT mice (Additional file 1:
can induce its own repressor, NGFI-A-binding protein  Fig. S10), further supporting that Ca 3.2 induction is not
2 (NAB2), which controls the EGR1-mediated Ca,3.2  due to transcriptional dysregulation of the Cacnalh gene.
expression. EGR1 action is antagonized by the tran- Ca,3.2 level is also functionally regulated by inflam-
scriptional repressor RE1 Silencing Transcription Fac- matory mediators, such as IL-1fB, that destabilize
tor (REST) which counteracts the stimulatory effect of the ubiquitination of Ca,3.2 thereby blocking its
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proteasomal degradation and promoting its accumula-
tion in the plasma membrane [61, 62]. To address the
potential effects of cytokines at such protein level, TNFa,
IL-1pB, and IFNy were applied to quiescent astrocytes for
5 min, 60 min or 24 h. Western blotting analysis revealed
a reproducible three-fold increase in Ca,3.2 levels after
the 5-min treatment with TNFa and IL-1f, but not IFNy
(Fig. 6d-f). Interestingly, the increase in Ca,3.2 lev-
els correlated with the induction of the NF-kB pathway
(Fig. 6d-h). In support of this, IFNy, which did not trig-
ger NF-«kB, did not modulate Ca,3.2 expression (Fig. 6f—
h). After 24-h treatment, all three cytokines increased
p-NF-«B and Ca 3.2 albeit at a lower extent compared to
the 5-min treatment (Fig. 6d—f).

In sum, our results indicated that the stimulation of the
NF-kB pathway by TNFa or IL-1p induces the upregu-
lation of T-type Ca 3.2 Ca*" channels in primary astro-
cytes, a mechanism that could explain our in vivo data.
To confirm this mechanism, we used the NF-kB pathway
inhibitor, BAY 11-7085, which acts by irreversibly block-
ing the cytokine-induced IxBa phosphorylation in this
pathway (Fig. 6i). BAY 11-7085 was administered in pri-
mary astrocytes in the presence or absence of IL-1f for
5 or 60 min and the effects of the compound treatments
on Ca,3.2 expression levels were assessed by western
blotting (Fig. 6j). Our results showed that BAY 11-7085
potently inhibited IkBa and NF-kB phosphorylation.
Interestingly, co-administration of BAY 11-7085 and
IL-1p totally reversed the IL-1B-induced Ca,3.2 increase
in astrocytes, suggesting that IL-1p can induce Ca,3.2
VGCCs in a NF-kB-dependent manner (Fig. 6k).

Finally, we examined whether the cytokine-induced
Ca 3.2 VGCCs are functionally active to potentiate ele-
vations in astrocytic Ca®* influx. To test this, we meas-
ured Ca’>" influx in living primary astrocytes following
IL-1p addition in the presence or absence of the selec-
tive Ca,3.2 channel blocker, NiCl,. As before, KCI addi-
tion was used to fully depolarize all VGCCs (Fig. 6]1-n).
We found that IL-1p stimulated Ca*" influx, which was
greatly inhibited by NiCl, suggesting that Ca 3.2 chan-
nels can be functionally induced by IL-1p (Fig. 60).

To confirm the importance of our findings in vivo, we
analyzed low-magnification images of striatum follow-
ing co-labelling with Ca 3.2 and Tujl antibodies. Such
analysis revealed that the majority of Ca,3.2 immuno-
fluorescence was predominately localized in astrocytes
of the A53T Tg mice in contrast to WT mice in which
Ca 3.2 was mostly localized in neurons (Additional file 1:
Fig. S11a), thus indicating that Ca,3.2 induction was not
locally restricted but was a generalized biological process
in A53T astrocytes. To investigate whether the pathway
connecting «-synuclein-associated neuroinflammation
with Ca,3.2 upregulation in astrocytes was specific for the
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striatum, we analyzed three other brain areas, the cortex,
hippocampus and SNpc, for the presence of a-synuclein
oligomers and endogenous IgG antibodies. We found that
all three areas that express the transgene at high levels,
contained SDS-soluble oligomeric a-synuclein conform-
ers, the levels of which were variable among the A53T Tg
mice tested (Additional file 1: Fig. S11b). As in the stria-
tum, a-synuclein oligomers were absent from WT tis-
sues. Further, we found increased levels of endogenous
IgG antibodies in the cortex, hippocampus and SNpc of
A53T Tg mice, indicating an active immune response
(Additional file 1: Fig. S11c). In accordance with our pre-
vious findings, further analysis of the cortex, an area that
is synaptically connected to the striatum and provides the
majority of a-synuclein through the glutamatergic affer-
ents [23], showed increased levels of TNFaq, significant
astrocytosis and activation of the p38 pathway in A53T
Tg mice compared with their WT littermates (Additional
file 1: Fig. S11d—f). Finally, we repeated the Ca,3.2 immu-
nostaining in the cortex using antibodies against Ca,3.2
and the astrocytic marker GFAP, and clearly showed that
Ca,3.2 expression was induced in the astrocytes of A53T
Tg mice in accordance with our findings in the striatum
(Additional file 1: Fig. S11g). To put our work in the con-
text of PD pathology, similar immunostaining experi-
ments in the SNpc in midbrain sections revealed that
Ca 3.2 levels were robustly elevated not only in striatal
but also in nigral astrocytes, further supporting a gen-
eralized molecular link between «o-synuclein-induced
neuroinflammation and astrocytic Ca,3.2 upregulation
(Additional file 1: Fig. S11h).

Our in vivo data support a role of a-synuclein oligom-
ers in NF-kB activation, leading to Ca,3.2 induction
in astrocytes. To test this hypothesis in vitro, we used
synthetic PFFs that were previously shown to activate
primary microglia as documented by increased Ibal
expression and elevated transcription and secretion of
cytokines [11, 63]. Co-cultures of primary microglia
and quiescent astrocytes were treated with 300 ng/ml
human PFFs for 3 h to allow efficient internalization of
a-synuclein as shown by immunostaining experiments
following PFF application (Additional file 1: Fig. S12a).
However, internalization of PFFs did not activate the
p38MAPK or NF-«B pathways in either microglia or astro-
cytes (Additional file 1: Fig. S12b, c). At the same time,
we detected no changes in Ca,3.2 levels in either glial cell
type (Additional file 1: Fig. S12d). We verified our results
using immunoblotting following PFF treatment. Again,
PFF addition to mixed glial cells resulted in a-synuclein
uptake and oligomer formation but did not activate the
p38MAPK or NF-kB pathway and did not cause Ca, 3.2
accumulation (Additional file 1: Fig. S12e).
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Collectively, these data suggest that the activation of
the NF-xB pathway can result in the accumulation of
functional Ca,3.2" VGCCs in astrocytic membranes,
providing a rationale for our in vivo data in A53T Tg mice
in which high levels of TNFa and IL-1B are combined
with sustained NF-«B activity and Ca,3.2 up-regulation
in reactive astrocytes. Exogenously added synthetic PFFs
could not activate p38 or NF-kB pathways and did not
affect Ca,3.2 expression.

Induction of Ca, 3.2 T-type channels induces alterations

of astrocyte secretome, promoting the release

of the neuroprotective protein IGFBPL1

Astrocytes are secretory cells and utilize Ca®* influx to
facilitate the release of a variety of signaling molecules
that enable their communication with neurons and other
glial cells in the CNS. These molecules are released via
several secretory pathways including Ca’*"-regulated
exocytosis and can be protective or neurotoxic depend-
ing on the disease condition in the brain [64]. Previous
studies have reported that the Ca,3.2 channels can medi-
ate exocytosis events through the Ca,3.2-SNARE inter-
action [65]. To investigate which proteins are released
by astrocytes through Ca,3.2-mediated exocytosis, we
transiently transfected primary quiescent astrocytes with
alHa-pcDNA3 plasmid containing the Cacnalh gene
and collected the CM from alHa- and mock-transfected
cells 48 h after transfection. Immunoblotting analysis
confirmed efficient overexpression of Ca,3.2 in cultured
astrocytes following transfection (Fig. 7a). The CM of
three individual experiments (n=3 for each alHa- and
mock-transfected cells, respectively) were concentrated
and analyzed by LC-MS/MS. Results were processed
by Sequest algorithm to generate a list of 2314 detected
unique proteins (Additional File 3). From this list, Sig-
nalP prediction analysis identified 143 up-regulated and
92 down-regulated secreted proteins in alH-transfected
astrocytes versus controls (Fig. 7b and Additional File
4). Enrichr-based classification indicated that the up-
regulated secreted proteins were mostly involved in axon
guidance and regeneration, regulation of cell junction
assembly and neutrophil activation (Fig. 7c). To identify
specific proteins that are secreted through Ca,3.2, we
focused on the top five proteins that were present in the
alHa-transfected CM and totally absent from the mock-
transfected CM (Fig. 7d). From these proteins, the first
two were of particular interest; IGFBPL1 has been impli-
cated in IGF-dependent axon growth and could be neu-
roprotective against inflammation [66], and C-X-C motif
chemokine 10 (CXCL10), a small IFNy-induced neutro-
phil chemoattractant, could exacerbate inflammation and
trigger adaptive immunity in the CNS [67]. IGFBPL1, an
IGF-1 binding protein, is emerging as a critical co-factor
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of IGF to facilitate the activation of IGF-triggered axon
growth cascades and regulate microglial homeosta-
sis to resolve inflammation [68, 69]. The induction of
IGFBPL1 was verified in the homogenates of mock- and
alHa-transfected astrocytes in which IGFBPL1 was up-
regulated almost five times upon Cacnalh transfection.
(Fig. 7e). Immunofluorescence assessment of IGFBPL1
expression showed a robust increase of IGFBPL1 in A53T
GFAP™ astrocytes (Fig. 7f), suggesting that the astrocytic
Ca 3.2 VGCCs could mediate the release of IGFBPL1 to
induce IGF signaling in vivo. Finally, we tested whether
the soluble chemokine CXCL10 is increased in A53T
Tg mice. Previous work has shown that under condi-
tions of inflammation, the expression and secretion of
CXCL10 by astrocytes is specifically triggered by IFNy in
a NF-kB-dependent manner [70]. CXCL10 acts by bind-
ing to the CXR3 receptor to mediate neutrophil recruit-
ment [71] or promote astrocyte proliferation [63]. We
measured CXCL10 using a mouse specific ELISA kit and
found increased levels of CXCL10 in A53T homogenates
although this increase did not reach statistical signifi-
cance (Fig. 7g).

Collectively, our findings suggest that the accumula-
tion of a-synuclein oligomers activates p38MAPX-ATF2/7
in microglia, which strongly induces the NF-kB pathway
in astrocytes. The NF-kB induction can drive the up-
regulation of Ca,3.2 VGCCs in astrocytes, mediating the
release of IGFBPLI1 as a protective compensatory mecha-
nism against «a-synuclein-associated neuroinflammation

(Eig. 7h).

Human PD brains are also characterized by a-synuclein
oligomers, C3 complement activation and increased Ca,3.2
mRNA levels

The caudal putamen, which is mainly involved in move-
ment coordination and habitual behavior, is the site of
greatest dopaminergic loss in early disease, possibly
underlying the impairment of automatic and habitual
performance, one of the most common symptoms of
PD patients often antedating diagnosis for several years
[20]. To address the human relevance of our findings,
we analyzed post-mortem brain tissues of the caudate
nucleus and the putamen, two brain areas comprising
human striatum, from 8 PD patients and 8 individuals
with no neuropathological evidence of synucleinopathy
(non-PD samples) (Additional file 1: Table S1). Although
the a-synuclein mRNA expression was similar in both
areas between non-PD and PD groups (Fig. 8a), CHAPS
homogenization and immunoblotting analysis revealed
high-order a-synuclein multimers of limited SDS solu-
bility as indicated by their partial retention in the stack-
ing gel (Fig. 8b). These aggregated forms of a-synuclein
were found only in PD tissues and were completely
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absent from the tissues of non-PD individuals, indicating
a direct association with the disease. Comparison of the
levels of monomeric a-synuclein did not show any differ-
ences in PD vs non-PD samples irrespective of the area
(Fig. 8b, c). Importantly, our analysis revealed the pres-
ence of intensively phosphorylated a-synuclein oligomers
exclusively in the PD samples (Fig. 8d). We next assessed
complement activation and found increased C3 mRNA
in the PD samples in both caudate nucleus and putamen
(Fig. 8e). In the case of caudate nucleus, the C3a protein
level was also significantly elevated (Fig. 8f). We did not
measure tissue cytokines since gliosis was reported as a

microscopic neuropathological finding at autopsy pos-
sibly due to aging for the majority of human samples.
Interestingly, the CACNAIH gene, which encodes for
Ca,3.2 channels, was found significantly up-regulated
in the putamen, but not caudate nucleus, of PD brains
(Fig. 8g).

We conclude that the human PD brains are character-
ized by the presence of aberrant hyperphosphorylated
oligomeric a-synuclein, increased complement C3 levels
and altered Ca,3.2 expression, suggesting that our find-
ings in A53T Tg mice can reflect, at least in part, the
pathological features of human disease.



Leandrou et al. Translational Neurodegeneration (2024) 13:11

Page 22 of 28

1.0<10¢

27 C. Nucleus
a 2 b C. Nucleus Putamen c
><
§ E ° oo Non-PD PD Non-PD PD £z 40:10%
SJ 23 _ .
1%, °® &8 1.2 3 4 1 2 3 4 1. 2 3 4 5 1 2 3 4 £33 s E
= o g &3
5o -— . 18 .
E o0 o g (] - . | ] . stacking gel ?.'_%-Ef 20.10
3t 170- —_— - R
R . 95- $3 C. Nucleus
Non-PD  PD : : “honPD  PD
40,108
, 37Putamen 53
P 16_’-—._——_..._..—-_—‘ > &= &= &= &= == == == == a-syn monomer 3§g s00
2o 725
§52{ % O ;%%znw‘é %ﬂ
g; 00 ‘90 37_’__—-—-— ‘ ’---—---——‘GAPDH %EE'MO‘
%,2 '7 ° EH Putamen
5% % ° EE
F o
o
Non-PD PD
d C. Nucleus Putamen e g
Non-PD PD Non-PD PD 6 C. Nucleus N 37 C. Nucleus
1.2 3 45 123 4 1 2 3 45 1 23 4 EES : H- PN
853 <03,
sEg’ S gkg
-~ 2 : sLs ° ol °
- tacking gel g £3s o £3s ° %
823 2 o 231 o
170- _ 35= o° o° 58 ° )
95- 6= 8 g ©0o
04 [/} S
66- p-a-syn Non-PD PD Non-PD PD
- ~ |oligomers
30-| - —_ - 10+ Putamen ,  ©]Putemen
2 °
p-a-syn 23S 8 . g s -
S R 22
164 + - - - monomer <2 9 ey
Sxge ° Z& g °
285 o E2G3 o_o
2oz 4 Ioo o o
37-’_________-_" ——— — —— —— o e e | GAPDH g%g ?09 g%_—gz . ooo
2% 21 o o 8¢ 1] %
© o %%z° oo 3 000
Non-PD PD o Non-PD PD
f Putamen
C. Nucleus 4010 Putamen
8.0:10% ¢ Nucleus Non-PD PD I oo
Non-PD PD = . 175 - R
175- 5 o " — — — — —‘ C3a 92 20000
— — — — w— a— | C30 sg> §2f
S8 €€
852 £:

relative to GAPDH

s

o
NonPD  PD

37— s, s | G APDH

37_|—- —— — — -—‘GAPDH

Non-PD  PD

Fig. 8 Human PD brain is characterized by a-synuclein oligomers, C3 complement activation and altered Ca, 3.2 mRNA levels. a Comparison

of the SNCA mRNA levels in the caudate nucleus (n=8 per group, P=0.6926) and putamen tissue (=7 Non-PD and n=8 PD, P=0.2917) of PD

vs non-PD subjects. b Representative western blots depicting oligomeric and monomeric a-synuclein in the two brain areas. ¢ Densitometric
quantifications of monomeric a-synuclein in the caudate nucleus, P=0.8613 and putamen, P=0.4783 (n=8 per group per brain area). d
Representative western blots depicting phosphorylated oligomeric and monomeric a-synuclein in the two brain areas. e gPCR assessment of C3
mRNA in caudate nucleus, *P=0.0373 and putamen, *P=0.0140 (n=8 per group, per brain area). f Representative western blots showing the levels
of C3a in caudate nucleus (n=7 non-PD and n=8 PD, *P=0.0168) and putamen (n=8 per group, *P=0.0651). g gPCR assessment of CACNATH
mRNA in caudate nucleus (=7 Non-PD and n=8 PD, P=0.2184) and putamen (n=7 per group, **P=0.0044). In all western blots, GAPDH was used
as a loading control. All statistics were performed by unpaired Student's t test

Discussion

Extracellular aberrant a-synuclein is considered a major
trigger of neuroinflammation since it can be phagocy-
tosed by microglia, inducing their prolonged activation
into a pro-inflammatory phenotype. Despite this estab-
lished notion, the exact a-synuclein conformers that
cause microglial activation in vivo are not known. Our
work elaborates on the causative link between neuron-
produced «-synuclein oligomers and sustained neuroin-
flammation in vivo by mapping the activation of specific
signaling pathways in microglia and astrocytes. Using an
a-synuclein over-expressing mouse model and human
post-mortem brain material, we have demonstrated

here for the first time that the accumulation of patho-
logical oligomeric, but not monomeric, a-synuclein in
the brain can trigger inflammatory responses by acti-
vating the p38MAPK_ATF2 axes in microglia and poten-
tiating NF-«kB signaling in astrocytes through the
brain-circulating cytokines TNFa and IL-1p. In the pres-
ence of a-synuclein conformers (oligomers and mono-
mers), we found persistent biochemical or morphological
alterations in glial cells. Microglia are characterized by an
Ibal**"/CD68Y phenotype, whereas reactive astrocytes
show increased TNFa and appear to have fewer branches
and lose their distal processes. Microglia activity results
in a persistent NF-«B activation that induces astrocytic
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T-type Ca,3.2 Ca’" channels, facilitating the secretion
of the neuroprotective protein IGFBPL1 (Fig. 8h). We
propose that the Ca,3.2-mediated release of IGBPL1 by
astrocytes could act as a compensatory mechanism to
resolve the a-synuclein-induced inflammation via pro-
moting IGF1 signaling.

a-Synuclein oligomers but not monomers trigger immune

responses in the brain

The generation of aberrant oligomeric and/or fibril-
lar forms of a-synuclein stems from the intrinsic pro-
pensity of a-synuclein to self-aggregate and bind to
membranous structures. The process of aggrega-
tion is thought to initiate from a local accumula-
tion of monomers, possibly structurally distorted,
that gradually oligomerize to generate a repertoire of
B-sheet-rich fibrillar and oligomeric multimers of high
molecular weight. In this sense, the selective removal
of oligomeric a-synuclein in vivo, in the presence of
high amounts of monomers, as happens in the case of
transgenic mouse models, is technically challenging
and remains a limitation of the current study. Such an
idea has been put forward by El Agnaf and colleagues
who administered oligomer-specific antibodies pro-
duced in-house to transgenic mice that over-express
WT a-synuclein [72]. Indeed, in this study, a decrease
in o-synuclein oligomers/fibrils was associated with
a lower level of phosphorylated, oligomeric and total
a-synuclein and alleviated both neurodegeneration and
neuroinflammation.

Our results from several brain areas including the
striatum, cortex, hippocampus and midbrain showed
that the generation and accumulation of a-synuclein
oligomers in A53T Tg mice were correlated with active
immune responses in vivo. Such responses were absent
from young A53T Tg mice that express high levels of
monomeric but lack oligomeric a-synuclein. To further
provide a causative link between a-synuclein oligomers
and microglial activation, we used primary mouse micro-
glia and a neuroblastoma cell line inducibly expressing
a-synuclein, which readily secrete both oligomeric and
monomeric a-synuclein. This in vitro approach veri-
fied that the cell-secreted a-synuclein oligomers, but
not monomers, have the potential to activate primary
quiescent microglia, stimulating the NF-kB pathway
and inducing TNF« release. Even though previous stud-
ies showed that microglia can recognize and interact
with exogenously supplied recombinant monomeric
a-synuclein or PFFs [12, 73, 74], we have not observed
p38MAPK  microglial activation upon PFF treatment
despite a-synuclein internalization in vitro [75]. Fur-
ther, PFFs did not trigger the NF-kB pathway in vitro
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and therefore, did not induce Ca,3.2 VGCCs in astro-
cytes. This difference could be due to the low amount
of PFFs used in our study, since we selected the lowest
amount of PFFs in which efficient uptake of a-synuclein
could be observed (i.e., 0.3 pug/ml vs. 70 ug/ml used in
[75]), in order to approximate the relatively low abun-
dance of cell-secreted oligomers. Previous studies have
demonstrated that the cell-produced a-synuclein dis-
plays different biochemical properties than recombinant
a-synuclein, probably due to alterations in conformation,
post-translational modifications, etc., further suggest-
ing that the synthetic a-synuclein could trigger different
immune responses. Thus, our data support the idea that
cell-produced a-synuclein oligomers and PFFs could pos-
sess distinct immunogenic properties and, as such, can
activate microglia and astrocytes via different molecular
pathways.

Specific signaling pathways underlie the unconstrained
neuroinflammation induced by a-synuclein oligomers

A major finding of our work is the elucidation of a micro-
glia-to-astrocyte crosstalk mechanism through which
a-synuclein aggregation prolongs the inflammatory sign-
aling in vivo. We propose that this is mediated by the ini-
tial activation of the p38MAPX/ATF2 pathway in microglia,
resulting in cytokine secretion. Unexpectedly, microglia
in the presence of aberrant a-synuclein were character-
ized by reduced levels of Ibal and CD68. A loss of Ibal
and other microglial markers has been recently described
in neurodegenerative disorders such as Alzheimer’s and
Huntington diseases, correlating in some cases with dis-
ease severity [39, 76, 77]. Our data show that such a loss
in Ibal and CD68 proteins is also evident in the A53T
model of synucleinopathy, suggesting a common theme
in microglial responses in neurodegeneration.

We found that the p38 microglial activation is com-
bined with a profound up-regulation of the NF-«xB
signaling pathway in astrocytes. Such reactivity has
been associated with the cytokine-induced transforma-
tion of astrocytes to the Al neurotoxic reactive pheno-
type as a means to amplify neuroinflammation [14] and
a-synuclein propagation [11, 15]. Interventions that
reverse the Al astrocyte reactivity can be neuroprotec-
tive in PD models [73]. Due to its fundamental impor-
tance in the regulation of immune cell responses, the
NF-«B activation status is tightly controlled. In con-
trast, we found that in A53T Tg mice, increased activity
of NF-xB is maintained through downregulation of its
transcriptional repressor EGR-1 and the NF-kB cascade
terminator A20/TNFAIP3. Under these conditions, the
activation of NF-kB is not resolved and further contrib-
utes to a neurotoxic environment.
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Ca,3.2-mediated IGFBPL1 secretion as a means

to counterbalance the a-synuclein-induced
neuroinflammation

Unexpectedly, we found that the NF-«B activity in astro-
cytes promotes the up-regulation of astrocytic T-type
Ca,3.2 Ca®* channels in vitro and in vivo. Despite the
documented expression of almost all the VGCC sub-
types in cultured astrocytes [78], we found that at least
in striatum, only the L-type Ca,1.2 and the T-type Ca,3
VGCCs are expressed in astrocytes in vivo. From these
subtypes, the expression and function of T-type Ca,3.2
Ca”*" channels are modulated by inflammatory media-
tors [61, 62]. The functional regulation of Ca,3.2 depends
on the coordinated action of specific ubiquitinases and
de-ubiquitinases that regulate its proteasomal degrada-
tion. In neurons, IL-1B-mediated enhancement of the
interaction between Ca,3.2 and the deubiquitinase USP5
inhibits the proteasome degradation of Ca 3.2, thereby
promoting its accumulation in the plasma membrane,
a mechanism that contributes to the maintenance of
chronic pain [61, 62, 79]. Here, using quiescent primary
astrocytes, we showed that when TNFa and IL-1f trig-
ger the NF-kB pathway, Ca,3.2 can accumulate in the
membranes of astrocytes within minutes, indicating a
rapid blockage of its proteasomal degradation. This leads
to an enhancement of the Ca 3.2 VGCC-mediated Ca**
influx in astrocytes as demonstrated using the selec-
tive Ca,3.2 channel blocker, NiCl,. Ca,3.2 induction was
dependent on NF-«B activity as confirmed by using the
specific NF-kB inhibitor, BAY-11-708, that reversed the
IL-1B-induced Ca,3.2 up-regulation. Respectively, we
can assume that Ca,3.2 upregulation in A53T astrocytes
could be due to the chronic NF-«B activation.

Neuronal Ca,3.2 channels are established contribu-
tors to the development of seizures and neuropathic and
inflammatory pain [80]. However, the role of Ca,3.2 chan-
nels in astrocytes has not been studied. Our work high-
lights a novel function of astrocytic Ca,3.2 channels to
mediate the secretion of the chemokine CXCL10 and the
IGF-1 binding protein IGFBPL1. Even though we did not
find a significant elevation of CXCL10 in vivo at the time
point of our analysis, our results showed that IGFBPL1
was highly up-regulated in the striatal astrocytes of A53T
Tg mice, in which the sustained NF-«B activation results
in Ca,3.2 induction. IGFBPL1 has recently emerged as
a molecular switch, turning inflammatory microglia to
their homeostatic state to limit neuroinflammation [68].
The induction of IGFBPL1 via operation of astrocytic
Ca,3.2 channels reveals a novel neuroprotective mecha-
nism through which astrocytes safeguard neuronal integ-
rity under conditions of chronic inflammation. Since we
found a significant induction of pappalysin-2 (encoded
by PAPP-A2) expression, a protease that specifically
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cleaves the IGF/IGFBP complex to potentiate IGF signal-
ing [81], it is tempting to speculate that pappalysin-2 and
IGFBPLL1 synergistically promote IGF-1 signaling to pro-
tect from a-synuclein-produced inflammatory damage.
Further experimental work is required to test whether
IGFBPLI targets neurons, microglia or astrocytes in our
model.

Relevance to human disease

Several genetic mouse models expressing the human
WT or the mutant variant of a-synuclein have been
generated, in which a-synuclein is expressed under the
control of various promoters. Most of them can reca-
pitulate, albeit to different extents, some characteristic
biochemical and pathological features of PD, and have
proven useful for identifying potential neuroprotec-
tive strategies for human disease [34]. The A53T Tg
mice used in this study exhibit a moderate increase
in o-synuclein expression, reflecting changes that
can be found in human patients, i.e., when duplica-
tion or triplication of SNCA gene locus occurs. In this
model, inflammation is documented by elevated levels
of cytokines such as TNFa and IL-1f, which are also
consistently increased in the PD brain. Even though we
and others show no evidence of progressive neurode-
generation in the striatum and SNpc of A53T Tg mice,
we found activation of the synapse-tagging mechanism,
suggesting that defects related to synaptic maturation
and function could be present in these areas as was
recently shown for A53T-BAC-SNCA mice using high-
resolution electron microscopy [82].

Even though our work was mainly focused on the stria-
tum, the presence of similar a-synuclein oligomers and
the profound increase of astrocytic Ca,3.2 VGCCs in the
cortex and SNpc relate our findings also in the context of
PD pathology. Striatum is a brain region severely affected
in PD, mostly due to the loss of its dopaminergic inner-
vation caused by neurodegeneration in the SNpc and to
some extent from the denervation of striatal axon termi-
nals. Our investigation was focused on neuroinflamma-
tion that is established early in the diseased brain, and is
related with the development, maintenance and progres-
sion of the non-motor symptoms that precede cell death.
As such, we selected an area in which neuronal viabil-
ity and synaptic integrity are maintained and a trans-
genic mouse model (A53T Tg) that exhibits a moderate
increase in a-synuclein expression (up to three-fold).
In this model, the spontaneously generated oligomeric
hyperphosphorylated a-synuclein conformers gradually
accumulate in the striatum and are associated with ele-
vated C3 complement, pro-inflammatory cytokines and
increased levels of endogenous IgG antibodies. Similar
species were found in other brain areas in mouse brain
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such as the cortex, midbrain and hippocampus, and also
in human PD brain tissue, where they were also associ-
ated with C3 elevation.

Our data suggest that the a-synuclein-induced neu-
roinflammation in A53T Tg mice is linked with an up-
regulation of Ca,3.2 VGCCs in astrocytes. Even though
we could not directly assess astrocyte-specific Ca,3.2
expression in the human tissue, we found that Ca,3.2
mRNA was significantly increased in the putamen of PD
patients compared to control individuals. The T-type
Ca”*" channels have emerged as therapeutic targets for
PD, particularly to attenuate the burst discharges in sub-
thalamic neurons and improve the parkinsonian locomo-
tor symptoms [55]. In fact, due to the growing evidence
linking Ca,3.2 channels with neurological conditions,
the T-type channels are now considered one of the
most highly regarded druggable targets of the past dec-
ade, with>40 patents (since 2012) for new small organic
blockers of T-type channels [83, 84]. Our study adds to
the functional properties of the T-type Ca,3.2 channels
and underscores their involvement in the resolution of
neuroinflammation in neurodegenerative disorders.

The finding that astrocytic Ca,1.2 channels are
expressed in astrocytes in vivo is also important based
on the use of isradipine, an L-type Ca** channel (LTCC)
blocker currently approved as a drug for the treat-
ment of high blood pressure, as a potential therapeu-
tic approach for PD. However, despite the encouraging
findings in pre-clinical models showing alleviation of
the LTCC-mediated Ca?" load in the dopaminergic
neurons, isradipine failed to confer neuroprotection in
a phase III clinical trial on early PD patients [85]. Our
study revealed that Ca,1.2 channels are significantly
decreased in the A53T Tg mouse model of synucle-
inopathy. In this paradigm, the use of selective LTCC
agonists to restore Ca,1.2 activity will allow us to inves-
tigate the involvement of this channel in astrocyte func-
tion in future studies.

Conclusions

We have defined the molecular mechanisms by which
aberrant a-synuclein oligomers prolong neuroinflamma-
tion in vivo by sequentially activating specific signaling
pathways in microglia and astrocytes. We have shown
that these species are also present in the human PD brain.
Further, we present a novel function of astrocytic T-type
Ca,3.2 channels to counterbalance the a-synuclein-
produced inflammation by mediating the secretion of
the neuroprotective protein IGFBPL1. Even though the
neuroprotective potential of IGFBPL1 has to be further
verified in synucleinopathy models, this protein could
represent a novel molecular target against a-synuclein-
induced neuroinflammation.
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Targeting this molecular mechanism could provide an
alternative anti-inflammatory strategy in diseases associ-
ated with unconstrained activation of the NF-«xB pathway
such as synucleinopathies. However, the direct targeting
of NF-«B signaling for therapy is challenging due to the
vast cell-type heterogeneity of the brain tissue and the
wide distribution of pleiotropic NF-kB activity in all cell
types. In this context, our work highlights Ca 3.2 as a
novel druggable molecular target to alleviate the damag-
ing effects of microglial and astrocytic activation. Ca,3.2
regulation has been extensively studied in the context
of inflammatory and neuropathic pain. Considering the
ubiquitous expression of Ca,3.2 VGCCs and the struc-
tural similarities among T-type Ca®* channels, the design
of astrocyte-selective agonists or the indirect targeting of
the ubiquitinases and de-ubiquitinases that regulate the
turnover of Ca,3.2 channels could represent new neuro-
protective approaches for synucleinopathies.
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