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Abstract

Background: Alpha-synuclein (a-syn) aggregation represents the pathological hallmark of a-synucleinopathies like
Parkinson's disease (PD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA). Toll-like receptors (TLRs)
are a family of highly conserved molecules that recognize pathogen-associated molecular patterns and define the
innate immunity response. It was previously shown that TLR4 plays a role in the clearance of a-syn, suggesting that
TLR4 up-regulation in microglia may be a natural mechanism to improve the clearance of a-syn. However,
administration of TLR4 ligands could also lead to dangerous adverse effects associated with the induction of toxic
inflammatory responses. Monophosphoryl lipid A (MPLA) is a TLR4 selective agonist and a potent inducer of
phagocytosis which does not trigger strong toxic inflammatory responses as compared to lipopolysaccharide (LPS).
We hypothesize that MPLA treatment will lead to increased clearance of a-syn inclusions in the brain of transgenic
mice overexpressing a-syn in oligodendrocytes under the proteolipid protein promoter (PLP-a-syn mouse model of
MSA), without triggering toxic cytokine release, thus leading to a general amelioration of the pathology.

Methods: Six month old PLP-a-syn mice were randomly allocated to four groups and received weekly intraperitoneal
injections of MPLA (50 or 100 ug), LPS or vehicle. After a 12-week treatment period, motor behavior was assessed with
the pole test. Brains and plasma samples were collected for neuropathological and immunological analysis.

Results: Chronic systemic MPLA treatment of PLP-a-syn mice led to increased uptake of a-syn by microglial cells, a
significant motor improvement, rescue of nigral dopaminergic and striatal neurons and region-specific reduction of the
density of oligodendroglial a-syn cytoplasmic inclusions in the absence of a marked systemic inflammatory response.

Conclusion: Our findings demonstrate beneficial effects of chronic MPLA treatment in transgenic PLP-a-syn mice.
MPLA appears to be an attractive therapeutic candidate for disease modification trials in MSA and related
a-synucleinopathies.
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Background
a-synucleinopathies are neurodegenerative disorders
characterized by the presence of abnormal a-synuclein
(a-syn) inclusions in the brain, predominantly in neu-
rons in Parkinson’s disease (PD) and dementia with
Lewy bodies (DLB), and in oligodendrocytes in multiple
system atrophy (MSA) [1-5]. a-syn is a 140-amino-acid
protein widely expressed in the brain especially in the
presynaptic nerve terminals. In physiological conditions,
a-syn is naturally present unfolded in the cytoplasm [6]
and its monomeric state is stabilized by intramolecular
interactions that prevent its oligomerization [7, 8]. Mis-
folding and intracellular aggregation of a-syn are crucial
in the pathogenesis of PD, DLB and MSA. Recent stud-
ies show that cell-to-cell transmission of toxic a-syn is
possible and represents an important step leading to
spreading of a-syn inclusions, subsequent neurodegener-
ation and progression of the disease [9-11]. The mecha-
nisms responsible for this spreading may involve release
of the protein in the extracellular space via vesicle-
mediated exocytosis, packaging into exosomes or leakage
through damaged membranes [12, 13]. Therefore, to
intervene in the clearance of a-syn would mean also to
interfere with the progression of the disease.
Neuroinflammation occurs in parallel with the pro-
gression of the disease in o-synucleinopathies [14].
Microglial activation may trigger the release of deleteri-
ous cytokines and chemokines, but it may also clear
toxic a-syn via increased phagocytosis and proteolytic
degradation, which may lead to neuroprotection. Toll-
like receptors (TLRs) are a family of highly conserved
molecules that define the innate immune response [15]
and are present on the surface of microglial cells. Recent
observations show up-regulation of TLRs in a-
synucleinopathies like MSA and PD [16-19]. We found
that TLR4 mediates a-syn-induced microglial phagocytic
activity, pro-inflammatory cytokine release and ROS
production [20]. Furthermore, we demonstrated both in
vitro and in vivo that TLR4 mediates the uptake and
clearance of a-syn by microglia. Transgenic mice overex-
pressing a-syn in oligodendrocytes under the proteolipid
protein promoter (PLP-o-syn mice) lacking functional
TLR4 showed markedly elevated brain levels of a-syn
linked to increased loss of nigral neurons and aug-
mented motor disability as compared to PLP-a-syn mice
with functional TLR4 [21]. These findings raise the pos-
sibility that stimulation of microglial cells with TLR4
agonists may accelerate a-syn clearance and result in
beneficial effects in a-synucleinopathies. Therefore, we
investigated herein the efficacy of chronic administration
of the nonpyrogenic TLR4 agonist monophosphoryl lipid
A (MPLA) in PLP-a-syn mice - a transgenic mouse
model of MSA. MPLA is a chemically detoxified form
of lipopolysacharide (LPS) which shows unique
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immunomodulatory properties [22]. MPLA, in compari-
son to LPS, is broadly reported to induce reduced
release of cytotoxic mediators which makes it a
commonly applied vaccine adjuvant [23-27].

Our current results show that MPLA treatment, in the
absence of a marked systemic inflammatory response,
increases the uptake of a-syn by microglia, and amelio-
rates the characteristic phenotype of PLP-a-syn trans-
genic mice by reducing intracellular a-syn aggregation,
rescue of SNc dopaminergic neurons and improvement
of motor deficits.

Methods

Animals and treatment

PLP-a-syn mice expressing human wild-type o-syn
under the control of an oligodendroglia-specific PLP
promoter to model the typical pathology of MSA [28],
were maintained on a light/dark cycle of 12 h (lights on
at 6 am) with free access to food and water at the
Animal Facility of the Medical University of Innsbruck.
Six month old male and female PLP-a-syn mice, were
randomly allocated to four groups and received over a
period of 12 weeks a weekly, intraperitoneal injection of
either MPLA (50 pg and 100 pg, vac-mpls, MPLAs
Vaccigrade, Invivogen, San Diego, CA, USA), LPS (3 pg,
Sigma-Aldrich, Vienna, Austria) or vehicle. Importantly,
the MPLA preparation used here (vac-mpls) is synthetic
lipid A from E. coli, serotype R515, i.e. a pure monopho-
sphoryl lipid A compound produced by chemical synthe-
sis. This preparation activates TLR4 but does not
activate TLR2 reflecting its high purity (http://www.invi-
vogen.com/mplas-vaccigrade). All the experiments were
done according to the EU and the Austrian legislation
and with permission of the Ethics Board at the Federal
Ministry of Science and Research, Austria (permission
BMWEW-66.011/0122-WE/V/3b/2014). All analyses
were done by a researcher who was blinded to the
treatment of the animals.

Motor behavior

After 12 weeks of treatment, the pole test was employed
to evaluate the fine motor coordination, balance, and
bradykinesia. Each mouse was placed at the top of a ver-
tical pole (50 cm) with head up and the time needed to
turn and orient the body downwards (Tturn) and the
time to reach the bottom with all four paws (Ttotal) was
measured over three trials. The best performance was
kept for statistical analysis.

Histological analysis

Two weeks after the last injection, mice were deeply
anesthetized with an overdose of thiopental and then
perfused intracardially with phosphate buffered saline
(PBS, pH 7.4, Sigma-Aldrich, Vienna, Austria) followed
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by ice-cold 4% paraformaldehyde (PFA, pH 7.4, Sigma-
Aldrich, Vienna, Austria). Brains were rapidly removed,
post-fixed in 4% PFA overnight at 4 °C and then
cryoprotected in 30% sucrose solution in PBS at 4 °C.
Afterwards, brains were frozen using 2-methylbutan
(Merck, Darmstadt, Germany) and stored at -80 °C
until further processing. Whole brains were cut in
40 pm thick sections on a freezing microtome (Leica,
Nussloch, Germany).

Immunohistochemistry was performed according to a
standard protocol for free-floating sections and the fol-
lowing antibodies were used: monoclonal mouse anti-
tyrosine hydroxylase (TH; Sigma-Aldrich, Vienna,
Austria), mouse anti-dopamine and cyclic AMP-
regulated phosphoprotein (DARPP32, BD Transduction
Laboratories), rabbit anti-phosphorylated a-syn (pS129;
Abcam, UK), rat anti-human o-syn (15G7, Enzo,
Lorrach, Germany), anti-aggregated human o-syn (5G4,
Linaris, Dossenheim, Germany), and anti-Ibal (Abcam,
UK). Sections were then incubated with the appropriate
biotinylated secondary antibody followed by Vectastain
ABC reagent (Vector Laboratories, Burlingame, CA,
USA) and 3,3'-diaminobenzidine  (Sigma-Aldrich,
Vienna, Austria) to visualize the immunohistochemical
binding sites. Stained sections were mounted on slides,
dehydrated and coverslipped with Entellan (Merck,
Darmstadt, Germany). For immunofluorescence, suitable
IgGs conjugated with Alexa 488 or Alexa 594 (Life
Technologies, Eugene, OR, USA) were applied. Sections
were coverslipped with mounting medium (Dianova,
Hamburg Germany).

Image analysis
Stereological analysis was performed using the Nikon
E-800 microscope equipped with Nikon digital camera
DXM 1200 and  Stereoinvestigator  Software
(MicroBrightField Europe e.K., Magdeburg, Germany)
as described previously [29]. The number of TH- and
DARPP-32- positive neurons in the SNc and striatum
respectively was assessed by the optical fractionator.
The density of pS129, 15G7, and 5G4-positive
inclusions was assessed in SNc, striatum and
cerebellum with meander scan using the same software.
Three-dimensional stacks were acquired with an SP8
confocal microscope (Leica Microsystems, Wetzlar,
Germany) using a HC PL APO CS2 63x, 1.3 NA glycerol
immersion objective. Imaging was performed using
white light laser with excitation lines for Alexa 488 at
498 nm and for Alexa 594 at 590 nm. Fluorescence
emission was detected in sequence 1 from 503 to
576 nm (Alexa 488) and in sequence 2 from 594 to
742 nm (Alexa 594). Images were acquired using the
Leica LAS X 3.1.1 acquisition software (Leica Microsys-
tems). Image deconvolution was performed using
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Huygens Professional software (Scientific Volume
Imaging, Hilversum, Netherlands). The Ortho Slicer
function was used to define spatial co-localization of
signals in 3D. For the analysis of the percentage of
phagocytic cells under different conditions, random
Iba-1-positive cells were acquired in z-stacks by a
researcher blinded to the treatment, and further
analysed for the presence or absence of a-syn in the
cytoplasm.

Phagocytosis assay

BV2 immortalized murine microglial cells were seeded
at a density of 15 x 10° per well in a 24-well plate with
500 ul of DMEM supplemented with 10% fetal calf
serum (FCS) and 2 nM L-Glutamine. Two days later the
medium was exchanged and 3 nM soluble a-syn mono-
mers, or 3 nM preformed fibrils of a-syn prepared
according to previously published protocol [30], or the
same volume of medium were added. After 1 h incuba-
tion at 37 °C, cells were treated with vehicle, MPLA or
LPS and further incubated for another 4 h. Phagocytic
activity was determined using fluorescent microspheres
(1 pm, Invitrogen, San Diego, CA, USA) and compared
to the untreated controls. After incubation for 30 min
with the fluorescent microspheres, cells were fixed with
4% PFA, and phagocytic cells were counted in eight
random fields. All measurements were repeated in four
separate biological replicates. The results were expressed
as percentage of phagocytic cells per treatment.

Cytokine/chemokine levels

Blood samples were collected by facial vein puncture,
centrifuged to separate the plasma and frozen at -80 °C.
Hemibrain tissue was snap-frozen after PBS perfusion
and stored at —80 °C until analysis. Tissue homogenates
from hemibrains were prepared in RIPA-lysis buffer con-
taining 65 mM Tris-base, 150 mM NaCl, 1% Triton-X,
0.25% sodium deoxycholate, 1 mM EDTA, and a mix of
phosphatase and protease inhibitors (“phosSTOP” and
“Complete, mini, EDTA-free,” Roche Applied Science).
BCA Protein Assay Kit (Pierce #23225, ThermoScienti-
fic, Waltham, MA USA) was used for determining the
total protein concentration. To measure the concentra-
tion of cytokines we used the ProcartaPlex’ Multiplex
Immunoassay (eBioscience, Waltham, MA USA) that
uses the Luminex technology (multi-analyte profiling
beads) to enable the simultaneous detection and quanti-
tation of multiple cytokines and chemokines per sample.
All samples were measured in duplicate and the mean
values of the two readouts were calculated and used in
subsequent statistical analysis. Data for the analysis are
presented as pg cytokine/chemokine per mg total
protein for the brain lysates or pg/ml plasma sample.
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Alpha-synuclein quantification with ELISA and Western blot
The distribution of different species of a-syn in the brains
of PLP-a-syn mice was analyzed by Western blot. Hemi-
brain tissue was collected after PBS perfusion and stored
at -80 °C until analysis. Tissue was homogenized in
Triton-X-100 (TX) extraction buffer (150 mM NaCl,
50 mM Tris pH 7.6, 1% Triton-X-100, 2 mM EDTA) con-
taining protease and phosphatase inhibitors. The lysate
was sonicated and then centrifuged (120,000x g for
60 min at 4 °C) and the supernatant was collected (TX
soluble fraction). The pellet was then washed three times
with 1 M PBS/1% TX, centrifuged (13,000 x g for 15 min)
and re-suspended in SDS extraction buffer (150 mM
NaCl, 50 mM Tris pH 7.6, 1% Triton-X-100, 0.5% Na-
deoxycholate, 1% SDS), sonicated, left on ice for 30 min
and centrifuged (120,000xg for 60 min at 4 C) and the
supernatant was collected (SDS soluble fraction). The pel-
let was washed three times with 1 M PBS/1% SDS and
centrifuged (13,000 x g for 15 min) and then dissolved in
8 M urea/SDS (5%) solution, mixed and boiled for 5 min
three times, centrifuged (120,000xg for 60 min at 18 °C)
and the supernatant was collected (Urea fraction). The
samples were run on 12% SDS-PAGE gels. Primary anti-
bodies included antibodies against a-syn [rabbit monoclo-
nal phosphor-a-syn (pS-129), 1:500; Abcam, EP1536Y],
[human-specific monoclonal 4B12, 1:1000; Genetex,
GTX21904], [monoclonal syn-1, 1:1000; BD Biosciences,
619,787), [polyclonal C20, 1:1000; Santa Cruz, sc-7011-R]
and p-actin  [1:2000; Cell Signalling Technology,
8H10D10] as a loading control. The intensity of the
immunoreactive bands was estimated by densitometric
quantification using Image] (relative density, RD).

The total level of a-syn was measured with ultra-
sensitive ELISA. The sandwich ELISA for total a-syn as
previously described [31] was adapted for measurement
in brain lysates. 50 ul of brain lysate (TX-fraction:
1:5000 dilution; SDS-fraction: 1:500 dilution; urea
fraction was undetectable with this method due to
background interference of the buffer) or recombinant
a-syn (as standard), diluted in TBST/BSA (10 mM Tris-
Cl, pH 7.6, 100 mM NaCl, 0.1% Tween-20 and 1% BSA)
were measured. Data are expressed as pg of a-syn versus
mg of total protein estimated with the Bradford method
(Biorad protein assay).

Statistical analyses

All statistical analyses were conducted using the
software Graph-Pad Prism 5 (Graphpad Software, San
Diego, CA). The mean + SEM was used to present the
results. One-way analysis of variance (ANOVA) with
post-hoc Bonferroni test was used to compare the
groups if not indicated otherwise. A P-value <0.05 was
considered statistically significant. Correlations were
studied using linear regression analysis.
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Results

Chronic MPLA delivery increases the phagocytic activity
of microglial cells in the absence of a toxic inflammatory
response in PLP-a-syn mice

Extensive studies have characterized and documented
the low toxicity immune response to MPLA linked to re-
duced release of pro-inflammatory cytokine and chemo-
kine as compared to LPS [25]. We were interested in
evaluating microglial phagocytic activity in response to
MPLA as compared to LPS treatment in the presence or
absence of monomeric or fibrillar a-syn. MPLA and LPS
treatment both significantly augmented the phagocytic
activity of microglial cells as compared to control cells
without TLR4 agonist treatment. Moreover, microglial
cells that received pre-exposure to fibrillar a-syn, but
not soluble a-syn monomers showed a further signifi-
cantly increased phagocytic activity (Fig. 1a). Following
these in vitro results, we sought to identify microglial
cells that were actively phagocytizing a-syn in vivo in
the brains of PLP-a-syn mice receiving either vehicle or
MPLA systemic treatment. Transgenic mice that re-
ceived MPLA showed significantly higher percentage of
a-syn phagocytizing microglia profiles (Fig. 1b).

Next, we aimed to estimate whether chronic MPLA
treatment can trigger a toxic inflammatory response as
compared to chronic low dose LPS exposure in trans-
genic mice overexpressing human a-syn in oligoden-
drocytes. Noteworthy, the survival in both MPLA
treatment groups as well as the vehicle treatment group
was 100%, whereas the LPS treatment group had sig-
nificantly increased acute mortality within 24 h after
the LPS application with survival of 44% (comparison
of survival curves with log rank test: chi-
square = 35.27; p < 0.0001) suggesting acute toxic effect
of LPS only. We measured cytokine/chemokine levels
in the plasma and brain of PLP-a-syn mice receiving
weekly i.p. injections of MPLA, LPS, or vehicle over a
period of 12 weeks. Heatmap demonstrated different
profile of the changes in the inflammatory status be-
tween long-term low dose LPS exposure and MPLA
treatment groups (Fig. 2a). Specifically the chronic
inflammatory response to LPS was characterized by
increased levels of RANTES (CCL5, p <0.05), MIP-1«
(CCL3, p < 0.01), IL-10 (p < 0.05), IL-13 (p < 0.05), IL-27
(p <0.05) and IP-10 (p <0.05) detectable 2 weeks after
the last LPS injection. In comparison, MPLA treatment
in PLP-a-syn mice induced a very different inflamma-
tory profile in the plasma. With the treatment of 50 pg
MPLA in PLP-a-syn mice, increased levels of the anti-
inflammatory cytokine LIF (p < 0.05) and of the chemo-
kine MCP-3 (CCL7, p < 0.01) were detected. The higher
dose of 100 pg MPLA resulted in a tendency towards
increased levels of the anti-inflammatory cytokine LIF
and significant decrease of the level of the pro-
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Fig. 1 MPLA treatment increases the phagocytic activity of microglia. a Murine microglia were exposed to various treatments and phagocytic
activity was measured by the incorporation of fluorescent beads. At baseline (vehicle treatment) both MPLA and LPS significantly increased the
phagocytosis. Pre-exposure to fibrils of a-syn (aSyn (PF) treatment) further elevated the phagocytic activity of microglia treated with MPLA or LPS,
whereas monomeric soluble a-syn (aSyn (sol) treatment) had no such effect. Data are means + SEM, n = 4 per group. *p < 0.05, **p < 0.01,

**p <0001 compared to control. *p <001, #p < 0.001. b Confocal image demonstrates the localization of human a-syn in the cytoplasm of
Iba-1 positive microglial cell in a PLP-a-syn mouse treated with MPLA. Z-stack analysis showed more frequent detection of microglial cells i
ncorporating a-syn after MPLA treatmentas compared to vehicle treated PLP-a-syn mice by Fischer's exact test (***p < 0.001)

inflammatory Eotaxin (CCL11, p < 0.05). Altogether, the
results suggest that in contrast to LPS chronic treat-
ment, MPLA treatment has no systemic toxic inflam-
matory effects in the PLP-a-syn mice.

Analysis of the long-term neuroinflammatory response
in the brains of PLP-a-syn mice revealed a downregula-
tion of MIP-13 (CCL4), and MCP-1 (CCL2) following
chronic treatment with TLR4 agonists (Fig. 2b).

LPS but not MPLA treatment of PLP-a-syn mice causes
redistribution of the a-syn species from soluble
monomeric to pathological insoluble oligomeric a-syn
We were interested in how the changes in the neuroin-
flammatory milieu in the brains of PLP-a-syn mice after
TLR4 agonist treatment may interfere with the a-syn
pathology. No dynamic changes were identified in the
TX fraction (Fig. 3a, b). In the SDS fraction there was a
significant decrease of monomeric o-syn species
(including pS129) and an apparent shift to more toxic
oligomeric o-syn species after chronic LPS treatment,

but not after MPLA treatment of PLP-a-syn mice
(Fig. 3a, c). Finally, a significant increase of a-syn in
the insoluble urea fraction was identified after LPS
treatment, but not after MPLA treatment (Fig. 3a, d).

The absolute protein levels of a-syn after the 12 week
long TLR4 agonist treatment were not significantly
changed as assessed by ELISA in the soluble TX and
SDS fractions (Fig. 4a, b). However we found a signifi-
cant correlation between the absolute o-syn protein
levels in the SDS fraction (not the TX fraction) as mea-
sured by ELISA and the reciprocal re-distribution from
monomeric soluble to insoluble oligomeric species of a-
syn measured by Western blot in the brains of PLP-a-
syn mice after TLR4 agonist treatment (Fig. 4c).

Chronic MPLA delivery ameliorates motor deficits and
neuropathological lesions in PLP-a-syn mice

PLP-a-syn transgenic mice received weekly i.p. injections
of MPLA (50 pg or 100 pg), vehicle, or LPS. Twelve
weeks after the first injection the motor performance of
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Data are means + SEM, n = 4 per group. **p < 0.01 compared to vehicle treated mice

the mice was tested in the pole test. The mice receiv-
ing MPLA (either dose) demonstrated significantly
shorter times to orient downward (Tturn) and to
descend the pole (Ttotal) compared to those receiving
vehicle (Fig. 5a). In comparison, LPS treatment of
PLP-a-syn mice resulted in significant motor
improvement as measured by shortening in the total
time necessary to climb down the pole but no signifi-
cant change was seen in Tturn as compared to
vehicle-treated animals.

The PLP-a-syn transgenic mouse is characterized by
mild neuronal loss in the SNc¢ [32] and striatum [33].
We were interested to find out if the observed motor
improvement after TLR4 agonist treatment may be
linked to neuronal rescue in SNc and striatum. We
identified a significant preservation of dopaminergic
neurons after MPLA treatment, but only a statistical
tendency towards a higher number of TH-positive cells
in SNc after LPS treatment as compared to vehicle-
treated mice (Fig. 5b, ¢). The number of dopaminergic
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neurons in SNc mildly but significantly correlated with
the motor performance of the PLP-a-syn mice in the
pole test (Fig. 5d). Next, the analysis of DARPP-32-

positive neurons in striatum indicated their rescue after
MPLA treatment, but not after LPS treatment of PLP-a-
syn mice (Fig. 5e, f).
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To provide a region specific analysis of the a-syn
intracellular accumulation in the SNc of PLP-a-syn mice
after the different treatments, we analyzed the density of
intracellular a-syn aggregates by immunohistochemistry.
We identified a significant decrease of the density of a-
syn intracellular accumulation (GClI-like pathology) in
the SNc of PLP-a-syn mice treated with 100 ug MPLA
as compared to vehicle treated animals by applying three
different antibodies (Fig. 6a, b). Furthermore, the
decrease of the GClIs density mildly but significantly
correlated with the motor behavioral improvement in
the pole test (Fig. 6¢). Next we extended the analysis of
GCI densities in other brain regions. Neither in the stri-
atum, nor in the cerebellum we found significant effects
of treatment on the GCI densities suggesting regional
selectivity of the treatment effects (Additional file 1).

Discussion

The data reported in the present study demonstrate that
the selective TLR4 ligand MPLA is able to increase the
phagocytic activity of microglia but does not trigger
toxic inflammatory responses as generated by LPS after
chronic 12 week treatment of PLP-a-syn transgenic
mice. Furthermore, chronic systemic administration of

MPLA does not trigger a shift from monomeric soluble
towards oligomeric insoluble a-syn species in contrast to
LPS treatment in PLP-a-syn mice. As a consequence of
these effects, chronic MPLA therapy of PLP-a-syn mice
significantly improved the motor deficits, which corre-
lated with the rescue of dopaminergic neurons in the
SNc and a decrease in the density of GClI-like inclusions
in a region-specific manner in SNc.

The neuroinflammatory responses in neurodegenera-
tive diseases are initiated as a natural intrinsic rescue
response but after assuming a chronic course, they
become potentially harmful [34—36]. Increasing evidence
suggest that fine tuning of these responses may provide
beneficial effects which therefore could serve as a thera-
peutic target. Rutherford and colleagues [37] suggested
that the presence of LPS in preparations of a-syn that
were exogenously injected in the mouse brain reduced
the spread of a-syn pathology. Recently, Koller and
colleagues also showed that inflammatory priming can
have a beneficial role affecting the induction of a-syn
pathology [38]. We previously demonstrated that genetic
knock-out of the functional TLR4 in the PLP-a-syn
mice, characterized by extraneuronal accumulation of a-
syn in oligodendrocytes, results in deterioration of the
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motor deficits, aggravation of nigral neuronal loss, and  with the low toxicity TLR4 ligand MPLA that selectively
elevation of the levels of a-syn in the brain [21]. The activates TLR4 but not TLR2, leads to improvement of
current experiments show that the chronic treatment the motor deficits of the PLP-a-syn mice associated with
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Fig. 6 Systemic MPLA treatment of PLP-a-syn mice reduces the density of GCls. a Three different antibodies to a-syn (15G7, 5G4, and pS129)
were used to identify GCl-like accumulation of a-syn (arrows) in the brains of PLP-a-syn. b Image analysis demonstrated significant reduction of
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Nvehicle = 13, NLps = 3, NipLaso = 13, NupLatoo = 125 p < 0.05, ** p < 0.01). ¢ The decrease in the nigral GCI density significantly correlated with the
motor improvement of the PLP-a-syn mice as measured by Ttotal of the pole test

nigral and striatal neuroprotection. Whole-brain levels
of soluble a-syn (TX and SDS fractions) were not chan-
ged after 12 week long treatment with MPLA of PLP-a-
syn mice as measured by ELISA. Due to methodological
limitations, the detection of levels of insoluble a-syn

species in the urea fraction was not possible by ELISA,
while Western immunoblot did not show any whole
brain (but not addressing region specific) changes in sol-
uble or insoluble species with MPLA. The lack of effects
of MPLA treatment on the protein levels of a-syn
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measured by ELISA in contrast to the strong changes de-
tected in the double transgenic PLP-a-syn/TLR4~'~ mouse
[21] may be explained by either the different duration of
the TLR4 activation/dysfunction (12 weeks treatment in
the current study versus life-long deficiency of TLR4 after
the genetic modification), or by region-specific changes
that were masked when analyzing whole brain extracts. In
support of the latter hypothesis, there was a significant
region-specific reduction of the oligodendroglial aggrega-
tion of the a-syn in mice treated with the higher dose
MPLA as identified by three different antibodies in immu-
nohistochemical stainings in SNc of PLP-a-syn mice, but
not in striatum or cerebellum. These region-specific ef-
fects of the MPLA treatment may be linked to different
properties of the microglial cells and their propensity to
execute TLR4-mediated signals in different brain regions.
Indeed, SN-specific microglial phenotypes, neuroinflam-
matory events and vulnerability have been previously pro-
posed [39-41] and may contribute to the reported here
selectivity of effects. Furthermore, the decrease in the
density of oligodendroglial a-syn inclusions in SNc¢ mildly
correlated with the motor performance of the animals fur-
ther supporting the role of MPLA in modulating the
oligodendroglial aggregation of a-syn in the PLP-a-syn
model of MSA to ameliorate the motor dysfunction.
Another putative contributor to the beneficial effects
of MPLA (especially its high dose) in the PLP-a-syn
mice is the specific neuroinflammatory response ob-
served after chronic treatment. We identified significant
reduction of MCP-1 (CCL2) and MIP-1beta (CCL4) after
12 weeks of chronic treatment with 100 pg MPLA in the
brains of PLP-a-syn mice. The monocyte chemoattract-
ant protein-1 CCL2 and the macrophage inflammatory
protein-1beta CCL4 are both produced by macrophages
and characterized by their chemoattractant activity for
monocytes, therefore representing important pro-
inflammatory signaling components of the neuroinflam-
matory cascade [42]. A large body of experimental
evidence supports the neuroprotective role of MCP-1
and MIP1-beta downregulation in various conditions
[43—-47]. Although a similar extent of reduction of CCL2
and CCL4 brain levels was observed in PLP-a-syn mice
treated with LPS, the beneficial effects of LPS were lim-
ited due to several reasons. First, LPS treatment caused
significant toxic inflammatory response in contrast to
MPLA in the PLP-a-syn mouse model, similar to
findings reported in other studies [48, 49]. Second, in
contrast to MPLA, LPS had a strong effect on the re-
distribution from non-toxic soluble monomeric to toxic
insoluble oligomeric a-syn species in the brains of PLP-
a-syn mice. This finding is supported by recent data
reporting that LPS may directly (without the mediatory
effect of neuroinflammatory responses) trigger the gen-
eration of distinct a-syn fibrils in vitro [50]. In summary,
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although LPS, like MPLA, is found to induce equally
strong phagocytic activity in microglial cells and similar
neuroinflammatory response is elicited after chronic sys-
temic treatment, its beneficial effects are limited due to
the deleterious effects on a-syn aggregation and the gen-
eral pro-inflammatory response elicited in the plasma.
Finally, the results of the current study are well sup-
ported by the effects of MPLA systemic treatment in a
mouse model of Alzheimer’s disease (AD). The beneficial
effects of MPLA, but not LPS, on the cognitive function
of AD mice was strongly linked with the enhanced
phagocytic response of microglia and the reduction of
the amyloid-p load in the brain of these mice [23].
Therefore, modulation of the innate immune response
by MPLA may represent a possible therapeutic option
for neurodegenerative diseases with abnormal protein
deposition and features of prion-like cell-to-cell
transmission, including a-synucleinopathies [13, 51, 52].

Conclusions

Our data demonstrate the efficacy of a chronic TLR4
stimulation approach in a transgenic mouse model of
MSA, a predominantly extraneuronal a-synucleinopathy,
characterized by the atypical ectopic aggregation of the
protein in oligodendrocytes. We present an in vivo proof
of concept of the ability of the TLR4 agonist MPLA to
ameliorate motor deficits and rescue nigral neurons in a
transgenic mouse model of MSA through improved a-
syn clearance in the absence of strong toxic inflamma-
tory response. Since MPLA is clinically approved vaccine
adjuvant [25], this makes it an even more intriguing and
attractive candidate which, after in-depth analysis of
treatment regimens in humans, may hold promise for
the therapy of MSA and other a-synucleinopathies.

Additional file

Additional file 1: Supplementary Table - Density of GCls in the striatum
and cerebellum. (DOCX 14 kb)
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