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Abstract
Parkinson’s disease (PD) is characterized by widespread alpha-synuclein pathology and neuronal
loss, primarily of the nigrostriatal dopaminergic neurons. Inflammation has been implicated in PD,
and alpha-synuclein can initiate microglial activation; however, the kinetics and distribution of
inflammatory responses to alpha-synuclein overexpression in vivo are not well understood. We
have examined the regional and temporal pattern of microglial activation and pro-inflammatory
cytokine production in mice over-expressing wild-type human alpha-synuclein driven by the
Thy1-promoter (Thy1-aSyn mice). Increased number of activated microglia, and increased levels
of TNF-α mRNA and protein were first detected in the striatum (1 month of age) and later in the
substantia nigra (5–6 months), but not cerebral cortex or cerebellum; in contrast, IL-1β and TGFβ
remained unchanged in striatum and substantia nigra at all ages examined. Microglial activation
persisted up to 14 months of age in these regions and only minimal increases were observed in
other regions at this later age. Increased concentrations of serum TNF-α were observed at 5–6
months, but not 1 month of age. The expression of toll-like receptors (TLR) 1, TLR 4 and TLR 8,
which are possible mediators of microglial activation, was increased at 5–6 months in the
substantia nigra but not in the cerebral cortex, and TLR 2 was increased in the substantia nigra at
14 months of age. With the exception of a slight increase in the striatum of 14 months old Thy1-
aSyn mice, MHCII staining was not detected in the regions and ages examined. Similarly,
peripheral CD4 and CD8-postive T cells were increased in the blood but only at 22 months of age,
suggesting later involvement of the adaptive immune response. These data indicate that, despite
the presence of high levels of alpha-synuclein in other brain regions, alpha-synuclein
overexpression caused a selective early inflammatory response in regions containing the axon
terminals and cell bodies of the nigrostriatal pathway. Our results suggest that specific factors,
possibly involving a regionally and temporally selective increase in TLRs, mediate alpha-
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synuclein-induced inflammatory responses in the SN, and may play a role in the selective
vulnerability of nigrostriatal dopaminergic neurons in PD.

Keywords
Parkinson’s disease; alpha-synuclein; overexpression; transgenic; neurodegeneration; microglia;
cytokines; inflammation

Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by
degeneration of dopaminergic neurons in the substantia nigra (SN), pars compacta and the
resulting loss of their axon terminals in the striatum (Fearnley and Lees, 1991). In addition,
widespread pathological changes, in particular, the accumulation and aggregation of alpha-
synculein, are present in many central and peripheral neurons in PD (Braak et al., 2003).
Evidence from epidemiological and animal studies suggest that neuroinflammatory changes
participate in disease pathology (Czlonkowska et al., 2002; Dauer and Przedborski, 2003;
Bartels and Leenders, 2007; Wahner et al., 2007a; Przedborski, 2010; Tansey and Goldberg,
2010). Postmortem analysis and brain imaging studies have revealed increased numbers of
activated microglia in the SN of PD patients (McGeer et al., 1988; Mogi and Nagatsu, 1999;
Gerhard et al., 2006; Ouchi et al., 2009). Increased expression of pro-inflammatory
cytokines that ultimately may lead to neuronal injury (Theodore et al., 2008) has been
observed in SN and striatum, cerebrospinal fluid, and serum of PD patients (Mogi et al.,
1994; Nagatsu et al., 2000; Scalzo et al., 2009). Polymorphisms in the TNF-a and IL-1 genes
produce a 2–3 fold increased risk for PD (Wahner et al., 2007b), and early use of non-
steroidal anti-inflammatory agents is protective (Gao et al., 2011). Additionally, there is also
evidence for activation of adaptive immune responses in PD, as shown by increased
numbers of CD4-positive (CD4+) and CD8-positive (CD8+) T cells in postmortem samples
of PD brains (Brochard et al., 2009). Together, these data suggest that chronic inflammation
may contribute to the pathogenesis of PD.

Alpha-synuclein has been associated with several neurodegenerative diseases, collectively
known as synucleinopathies, which include PD (Trojanowski and Lee, 2003). Missense
mutations and multiplication in the gene encoding alpha-synuclein cause autosomal
dominant familial PD, and polymorphisms are strongly associated with an increased risk for
the disease (Polymeropoulos et al., 1997; Kruger et al., 1998; Chartier-Harlin et al., 2004;
Fuchs et al., 2007; Rhodes et al., 2011). The presence of alpha-synuclein in Lewy bodies,
the prototypical insoluble inclusions in the brain of patients with PD, further strengthen the
link between this protein and sporadic PD (Braak et al., 2003). Treatment of microglial
cultures and monocytic cell lines with exogenous alpha-synuclein resulted in microglial
activation and the release of the pro-inflammatory molecules TNF, IL-1, IL-6, COX2,
NOX2 and iNOS (Zhang et al., 2005; Klegeris et al., 2008; Su et al., 2008), pointing to a
role of alpha-synuclein in microglial activation in vitro. Furthermore, localized alpha-
synuclein overexpression in vivo in mice, using viral vectors (Theodore et al., 2008;
Sanchez-Guajardo et al., 2010) or driven by the tyrosine-hydroxylase promoter (Su et al.,
2008; Su et al., 2009) can cause early and progressive microglial activation, T cell
activation, and pro-inflammatory cytokine production in the SN and striatum even before the
onset of neuronal pathology.

Collectively, these data suggest a link between alpha-synuclein and inflammation in PD
pathogenesis. However, little is known about the time course and distribution of microglial
activation and cytokine production in response to widespread alpha-synuclein pathology, as
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observed in the brain of patients with PD. To address this issue, we have examined the
location, onset, progression and mechanisms of microglial activation and inflammatory
mediators in mice overepressing wild-type (WT) human alpha-synuclein driven by the
Thy-1 promoter (Thy1-aSyn mice; Rockenstein et al., 2002). The Thy1-aSyn mice display
widespread over-expression of alpha-synuclein in neurons across the brain, proteinase K
resistant aggregates in various brain regions including the SN (Fernagut et al., 2007),
progressive synaptic and behavioral anomalies, and delayed loss of striatal dopamine that
coincides with l-dopa responsive behavioral deficits (Fleming and Chesselet, 2006; Wu et al.
2010; Lam et al., 2011; Chesselet and Richter, 2011). Microglial activation and expression
of activation related molecules were analyzed in striatum, SN, cerebral cortex, and
cerebellum in very young mice (1 month of age), when motor and non-motor behavioral
deficits are present but dopamine levels remain normal (5–6 months), and in the presence of
striatal neuropathology and dopamine loss (14 months) (Lam et al. 2011). We show that
despite broad over-expression of WT human alpha-synuclein, microglial activation and
TNF-α production are regionally specific to the nigrostriatal pathway of young Thy1-aSyn
mice, with alterations in the striatum preceding changes in the SN, and are paralleled by
regionally specific increases in toll-like receptors (TLRs) that could play a role in the
inflammatory changes induced by alpha-synuclein overexpression. In contrast to microglial
activation and innate immune system changes that occurred many months before the onset
of striatal dopamine loss, increases in adaptive immune involvement were not apparent until
much older ages.

Materials and Methods
Animals

Thy1-aSyn mice were developed previously by the laboratory of Dr E. Masliah at UCSD
and maintained on a hybrid C57BL/6-DBA/2 background as described previously
(Rockenstein et al., 2002; Fleming et al., 2004; Fleming and Chesselet, 2006; Fernagut et al.,
2007). The genotypes of all Thy1-aSyn and wild-type (WT) mice were determined by
polymerase chain reaction (PCR) amplification analysis of tail DNA at one month of age
and verified at the end of the experiment. Animals were maintained on a reverse light/dark
cycle with lights off at 10 am. Food and water were available ad libitum. Animal care was
conducted in accordance with the United States Public Health Service Guide for the Care
and Use of Laboratory Animals. Male transgenic and wild-type (WT) littermates were used
in this study.

Immunohistochemical analyses were performed in 1 month, 5–6 month and 14 month old
male WT and Thy1-aSyn mice. The 5–6 month old mice were subjected to behavioral
testing before sacrifice as part of another study but did not receive any treatment or
injection. Mice were deeply anesthetized with sodium pentobarbital [100mg/kg,
intraperitoneal (ip)] and transcardially perfused with 0.1M phosphate buffered saline (PBS;
137mM NaCl, 2.7mM KCl, 4.3mM Na2HPO4, 1.47mM KH2P04, pH 7.4), followed by 4%
paraformaldehyde (PFA). Brains were quickly removed, post-fixed with PFA for 2 hours,
cryoprotected in 30% sucrose in 0.1M PBS, frozen on powdered dry ice and stored at
−80°C. Free-floating coronal sections (40μm) were cut on a cryostat and collected for
analysis.

mRNA analysis was performed in separate cohorts of 1 month, 5–6 month (including a
subset of animals that were part of the previous behavioral trial) and 14 month old male WT
and Thy1-aSyn mice . Protein analysis was performed in a separate cohort of 5–6 month old
male WT and Thy1-aSyn mice. Mice were deeply anesthetized with sodium pentobarbital
[100mg/kg, ip] and blood was collected via retro-orbital bloodletting and cardiac puncture
into tubes containing gel clot activator for serum analysis. Mice were trans-cardially
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perfused with 0.1M phosphate buffered saline (PBS), brains were quickly removed and
placed on an ice-cold plate. Coronal blocks of the striatum, SN, cerebral cortex and
cerebellum were micro-dissected using an acrylic mouse brain slicer matrix with 1.0mm
coronal intervals (Mouse Brain Matrix, AL-1175; Roboz Surgical Instrument Co., USA).
Tissue was frozen on powdered dry ice and stored at −80°C.

Alpha-synuclein expression in human T lymphocytes
Human peripheral blood samples were acquired after informed consent, in accordance with
the University of California Los Angeles Institutional Review Board. After centrifugation on
a ficoll hypaque gradient, the mononuclear cell layer was carefully removed and washed
twice with PBS. T cells were isolated by negative selection (EasySep by StemCell), RNA
was extracted using the Qiagen Mini RNA Isolation kit, quantified using the Invitrogen
Ribogreen assay, and the cDNA was prepared using BioRad iScript. Alpha-synuclein
mRNA expression was determined using the real-time reaction with BioRad’s EvaGreen
supermix. The primer sequences were designed with the aid of Primer3 Design software and
synthesized at Integrated DNA Technologies. The specificity was confirmed by examining
the efficiency of the PCR run, the housekeeping gene had an efficiency of 97.3% and the
SNCA had an efficiency of 95.6%. The specific primer sequences for the 36B4
housekeeping gene are: AATCTGCAGACAGACACTGG (forward) and
TCTACAACCCTGAAGTGCTTGAT (reverse), and the primers for alpha-synuclein
(SNCA) are AAATGTTGGAGGAGCAGTGG (forward) and
TCCAGAATTCCTTCCTGTGG (reverse).

Immunohistochemistry for alpha-synuclein
Alpha-synuclein was evaluated by immunohistochemistry in the striatum, SN, cerebral
cortex and cerebellum of 1 month (WT n=6, Thy1-aSyn n=6), 5–6 month (WT n=6, Thy1-
aSyn n=6) and 14 month (WT n=4, Thy1-aSyn n=4) old mice. Sections were washed in 0.1
M PBS, incubated in 0.1 M PBS containing “mouse on mouse” blocking reagent (Vector
Laboratories, Burlingame, CA) for 1 hour, followed by blocking with 5% NGS in 0.1M PBS
for 1 hour. Sections were then incubated with a primary antibody against mouse and human
alpha-synuclein (mouse anti-alpha-synuclein; 1:500; BD Biosciences, San Jose, CA) at 4°C
in the presence of 2% normal goat serum overnight. Sections were washed in 0.1 M PBS
and incubated in the dark in a Cy5-conjugated goat anti-mouse secondary antibody (1:600,
Jackson Immunoresearch) for 2 hours at room temperature. Sections were rinsed in 0.1 M
PBS followed by tap water to avoid salt crystals. Sections were mounted onto plain glass
slides (instead of frosted) to avoid non-specific background signal from the lasers.
Following staining sections were scanned using an Agilent microarray scanner. This
requires sections to be completely dry and consequently they were mounted with no
mounting medium and coverslip. Slides were stored at 4°C in the dark until ready for
scanning.

Quantification of alpha-synuclein fluorescence intensity
Images of alpha-synuclein immunofluorescence-labeled sections from striatum, SN, cerebral
cortex and cerebellum of 1, 5–6 and 14 months old WT and Thy1-aSyn mice were taken
using an Agilent microarray scanner equipped with a krypton/argon laser (647 nm) at 10 μm
resolution with the photomultiplier tube set at 5%. Immunofluorescence intensity of alpha-
synuclein staining was quantified by an investigator blind to genotype using ImageJ (NIH).
Values are expressed as the mean pixel intensity for each region.
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Immunohistochemistry for microglial activation
For morphological assessment of microglial activation sections from PFA-perfused WT and
Thy1-aSyn mice from all ages were stained with an antibody against ionized calcium
binding adaptor molecule 1 (IBA-1). At one month of age, staining was performed in two
sections of the striatum (WT n=5–6, Thy1-aSyn n=5–6), SN (WT n=4, Thy1-aSyn n=4) and
cerebral cortex (WT n=4, Thy1-aSyn n=4) ; at 5–6 months of age, in two sections of the
striatum (WT n=4–6, Thy1-aSyn n=4–6), cerebral cortex (WT n=6, Thy1-aSyn n=6) and
cerebellum (WT n=6, Thy1-aSyn n=6) and 1 section of SN (WT n=6, Thy1-aSyn n=6); at 14
month of age mice, two sections of striatum, SN and cerebral cortex (WT n=3, Thy1-aSyn
n=3). Additional sections of striatum and SN from 1 month (WT n=4, Thy1-aSyn n=4), 5–6
month (WT n=5, Thy1-aSyn n=5) and 14 month (WT n=5, Thy1-aSyn n=6) old PFA
perfused mice were stained for major histocompatability marker II (MHCII). Sections were
washed in 0.1M PBS, incubated in 0.5% H2O2 in methanol for 30 min to inhibit endogenous
peroxidase activity, washed in PBS. For IBA-1 immunostaining, sections were incubated for
1 hour in a blocking solution containing 0.1M PBS, 10% normal goat serum and 0.5%
Triton-X and for MHCII immunostaining, sections were incubated for 1 hour in 0.1 M PBS
containing “mouse on mouse” blocking reagent (Vector Laboratories, Burlingame, CA).
Sections were then incubated overnight with a primary antibody against IBA-1 (polyclonal
rabbit anti-IBA-1; 1:500 dilution; Wako Pure Chemical Industries Ltd., Japan) or a primary
antibody against MHCII (polyclonal mouse anti-Ox-6; 1:500 dilution; Serotec, USA) at 4° C
in the presence of 5% normal goat serum. Sections were washed in 0.1M PBS followed by a
2-hour incubation with a biotinylated secondary antibody for IBA-1, goat anti-rabbit IgG
(1:200 dilution; Vector Laboratories, Inc., Burlingame, CA) or for MHCII, goat anti-mouse
IgG (1:250 dilution; Vector Laboratores, Inc., Burlingame, CA) at room temperature in the
presence of 5% normal goat serum. Sections were washed in 0.1M PBS and subsequently
incubated in avidin-biotin complex (ABC; Vector Laboratories, Burlingame, CA) for 45
minutes and washed again in 0.1M PBS followed by an incubation in 0.05M Tris buffered
saline (TBS) containing 3-3′diamino benzidine (DAB; Sigma) and 0.3% H2O2 (Sigma) to
reveal staining. Sections were washed with 0.1M PBS. Sections were mounted onto charged
glass slides (to increase adhesion), dehydrated in ethanol and cleared with xylene. Mounted
sections were coverslipped with Eukit mounting medium (Calibrated Instruments,
Hawthorne, NY).

Quantification of microglial activation
Microglial activation was assessed by an investigator blind to genotype in sections of
striatum, SN, cerebral cortex and cerebellum from 1 month, 5–6 month and 14 month old
WT and Thy1-aSyn mice stained with IBA-1 as described above. IBA-1 is expressed by
both resting and activated microglia (Rappold et al., 2006) and morphologically distinct
classes of IBA-1-positive cells can be distinguished based on cell body diameter. Microglia
with cell body diameters less than 5 μm have a resting morphology characterized by
multiple ramified processes, hyper-ramified microglia/partially activated microglia had
mean cell body diameters of 5–6 μm, and fully activated amoeboid microglia had mean cell
body diameters of 7–14 μm have an activated morphology characterized by ameboid cell
bodies with few, short processes (Batchelor et al., 1999). Accordingly, microglial activation
was quantified by measuring the diameter of IBA-1-positive cells. Analysis was done on a
Leica DM-LB microscope with a Ludl XYZ motorized stage and z-axis microcator (MT12,
Heidenheim, Traunreut, Germany). The StereoInvestigator software (MicroBrightField,
Colchester, VT) was used for ease of counting and to enable measurements of microglial
diameters with a systematic, non-random, sampling protocol . A contour was drawn to
delineate the striatum, SN, cerebral cortex and cerebellum under the 5x objective lens to
ensure anatomical accuracy. Following delineation, the diameters of microglial cell bodies
were measured in the first counting frame (100μm) and then in every fifth counting frame at
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40x magnification. This sampling frequency was chosen in order to count approximately
30–50 IBA-1+ cells in each side of the SN. The first counting frame was always positioned
in the upper left corner of the contour and systematically moved from left to right and from
top to bottom. Microglia were counted and quantified in every 5th counting frame of the
delineated contour regions. Diameters were determined by outlining IBA-1+ cell bodies
using the “quick measure circle” tool from the StereoInvestigator software, making sure the
screen image was very sharp for optimal accuracy. Measurements were made at 40X, being
careful to accurately overlay the circle over each cell diameter. We determined the
frequency of IBA-1+ microglia cells with cell diameters ranging from 1μm to 14μm. The
number of cells with each diameter was normalized to the total number counted in each
section and expressed as a percentage.

Assessment of inflammatory markers by quantitative real-time PCR
RNA was isolated from microdissected fresh frozen striatum, SN, cerebral cortex and
cerebellum from 1 month (WT n=6–7, Thy1-aSyn n=7), 5–6 month (WT n=6–7, Thy1-aSyn
n=5–6), 14-month (WT n=11–13, Thy1-aSyn n= 7) old mice using Nucleospin RNAII
isolation kit (Machery-Nagel, Inc., Germany) according to the manufacturer’s instructions.
RNA concentration was equalized across genotypes before cDNA synthesis using a High
Capacity cDNA RT Kit (Applied Biosystems, USA).

For cytokines, real-time PCR primers were obtained as “Taqman® Gene Expression Assays”
containing forward and reverse primers, and a FAM-labeled MGB Taqman probe for each
gene (Applied Biosystems, US). Primers were purchased from Applied Biosystems and were
the following accession numbers: CD11b (Mm00434455_m1), (TNF-α (Mm0043258_m1),
IL-1β (Mm00434228_m1), transforming growth factor beta (TGF-β) (Mm00441724_m1),
β-actin (Mm00607939_s1), HPRT mM01545399_m1 and Atp5b (Mm01160396_g1). A 1:4
dilution of cDNA was prepared and real-time PCR performed using Applied Biosystems
7900 Real-time PCR System. cDNA was mixed with qPCR™ Mastermix Plus (Applied
Biosystems, US) and the respective gene assay. Mouse β-actin, HPRT and Atp5b were used
as an endogenous controls and expression was measured using a gene expression assay
containing forward and reverse primers. For quantification, real-time quantitative PCR was
performed using the Applied Biosystems 7900 real-time PCR system. Forty to sixty cycles
were run as follows: 10 min at 95 °C and for each cycle, 15 s at 95 °C and 1 min at 60 °C.
Expression of the different genes was calculated using the 2−ΔΔCT method. The geometric
mean of a combination of the housekeeping genes β-actin, HPRT or Atp5b was used for
normalization at each time point.

For analysis of toll-like receptors (TLRs), RNA was isolated and cDNA prepared from
microdissected fresh frozen SN of 1 month (WT n=6, Thy1-aSyn n=6), 5–6 month (WT
n=4, Thy1-aSyn n=4) and 14 month (WT n=13, Thy1-aSyn n=7) old mice, and from the
cerebral cortex of 5–6 month old (WT n=4, Thy1-aSyn n=4) mice. cDNA reactions were
diluted 1/10 and 3μl of diluted cDNA reaction was added to a 7μl mastermix containing 5ul
SYBR®GreenER™ qPCR SuperMix (Invitrogen, USA) and 200nM of each primer. The
primer sequences for TLR 1, TLR 2, TLR 4 and TLR 8 were previously published
(Letiembre et al., 2009). For quantification, real-time quantitative PCR was performed using
the Applied Biosystems 7900 real-time PCR system, following forty cycles of amplification
(95 °C for 15 s and 60 °C for 60 s). Expression of the different genes was calculated using
the 2−ΔΔCT method and normalized to the geometric means of the relative concentration of
the housekeeping genes EIF, HPRT and Atp5b.
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Measurement of TNF-α concentration by ELISA
TNF-α concentration was measured by ELISA in homogenates from microdissected fresh
frozen striatum from 1 month (WT n=5, Thy1-aSyn n=4) and 5–6 month (WT n=5, Thy1-
aSyn n=6) old mice and from substantia nigra from 5–6 month (WT n=4, Thy1-aSyn n=4)
old mice. Serum levels of TNF-α concentration were also measured in 1 month (WT n=4,
Thy1-aSyn n=7) and 5–6 month (WT n=11, Thy1 n=7) old mice. Homogenates were
equalized for protein concentration and samples (50 μl) of this homogenate, as well as
standards, were added to 96-well plates coated with antibody (rat anti-mouse TNF-α
antibody; 50 μl; 0.8 μg/ml; BD Biosciences, CA, USA). Samples were incubated overnight,
washed and incubated for 1 hour with assay diluent (300 μl; PBS containing 10% FBS for
TNF-α). Triplicate samples and standards (50 μl; 0–2000pg/ml recombinant mouse TNF-α;
BD Biosciences, CA, USA) were added, incubation proceeded for 2 hours and samples were
washed and incubated for 2 hours in the presence of detection antibody (50 μl; 150 ng/ml
biotinylated rat anti-mouse TNF-α; BD Biosciences, CA, USA). Detection reagent (50 μl;
HRP conjugated streptavidin; 1:250 dilution assay diluent for TNF-α) was added,
incubation continued for 20 minutes, samples were washed and substrate solution (50 μl; 1:1
mixture of H2O2 and tetramethylbenzidine) was added. Samples were incubated in the dark
for 20 to 30 min and the reaction was stopped using 25 μl 1M H2SO4. Plates were read at
450 nm and cytokine concentrations were estimated from the appropriate standard curve and
expressed as pg/mg protein or pg/ml.

Measurement of circulating T cells by flow cytometry
Blood CD4+ T helper cells and CD8+ T cytotoxic cells were measured by flow cytometry in
1 month (WT n=4, Thy1-aSyn n=5), 5–6 month (WT n=5; Thy1-aSyn n=6), 14 month (WT
n=13, Thy1-aSyn n=6) and 22-month old (WT n=3, Thy1-aSyn n=5) mice. Whole blood
was collected via retro-orbital bleeding and cardiac puncture into tubes containing heparin
from mice deeply anesthetized with sodium pentobarbital (100mg/kg, ip) just before
perfusion. Erythrocyte lysis was performed by incubating blood for 10 minutes at 4°C with
red blood cell lysis buffer (Sigma Aldrich, USA). Single cell suspensions from blood were
prepared equalized to 1 × 106 cells/ml. Cells were incubated with the following
fluorochrome-labelled monoclonal antibodies for 1 hour at room temperature: anti-CD4
coupled to phycoerythin cyanine dye 7 (PeCy7) and anti-CD8 coupled to Allophycocyanin
(APC) and the respective isotype controls. Data were acquired on a BD Calibur flow
cytometer equipped with three lasers operating at 488nm, 633nm and 407nm. Infrared
fluorescence emission from PeCy7 was collected through a 780nm filter and red
fluorescence emission from APC was collected through a 660nm filter. Data were collected
using linear amplifiers for forward and side scatter and logarithmic amplifiers for each
fluorescence emission spectrum. Cells were selectively analyzed using forward and side
scatter properties. For each sample, multiparametric data were acquired for 10,000 events.
Single fluorochrome-stained preparations were used for color compensation.

Statistics
To determine the degree of microglial activation in WT and Thy1-aSyn mice, we used the
bootstrapping method (Efron and Tibshirani, 1991) using the MATLAB program, which
requires no special probability assumptions regarding the shape of the populations being
sampled from, and thus is fitting to use for populations that are not normally distributed. We
began by calculating the group mean of microglial diameters in the WT mice. The frequency
of distribution of the WT means was our test statistic, M. We re-sampled this test statistic by
using a box model for simulation, and generated pseudo M values. This resampling process
was repeated 1000 times, and the pseudo M values of the WT microglial diameters were
plotted onto a histogram. The 2.5% and 97.5% cut-off values of the pseudo M values were
calculated to find the 95% confidence interval (CI). These 95% CI bands were utilized to
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assess whether the actual mean microglial diameters of the Thy1-aSyn mice were
statistically significant at the p<0.05 level, independent of assumptions about probability
distributions.

Two-way repeated measures (RM) ANOVAs were performed on all data for cytokine
mRNA (genotype x cytokine), TLR mRNA (genotype x TLR), T cell markers (genotype x T
cell marker) and alpha synuclein immunoreactivity (genotype x region), with cytokine, TLR,
T cells markers, and region being the repeated measures. Two-way randomized ANOVA
was used for TNF-α protein in the striatum (genotype x age). Post hoc tests performed were
Fisher’s least significant difference (LSD) or planned comparison Student’s t test. For
analysis of TNF-α protein in the SN, a single Student’s t test was used as this was the only
time-point assessed. The expression of TLRs in Thy1-aSyn mice was normalized to WT
values for graphical purposes but statistics were performed on absolute values. Statistical
analyses were conducted using MATLAB (MathWorks, Natick, MA, USA) and GB-STAT
software (Dynamic Microsystems, Inc. Silver Spring, MD). The level of significance was set
at p<0.05.

Results
Thy1-aSyn mice exhibit regionally-specific microglial activation

To assess microglial activation, we first labeled microglia by immunostaining with an
antibody against IBA-1, an antigen expressed by both resting and activated microglia
(Rappold et al., 2006). Microscopic analysis revealed that microglia in the striatum of the
Thy1-aSyn mice exhibited a highly activated phenotype as early as 1 month of age (Fig.
1A). By contrast, there was no difference in microglial activation between WT and Thy1-
aSyn mice in SN (Fig. 2A) and cerebral cortex (Fig. 3A) at that age. The level of activation
was assessed quantitatively based upon the correspondence between cell body diameters
with cell morphology, with the mean cell body diameters of resting, hyper-ramified and
activated microglia measuring 1–4 μm, 5–6 μm, 7–14 μm, respectively. We measured the
diameter of IBA-1 positive microglial cells in the striatum, SN, cerebral cortex and
cerebellum of WT and Thy1-aSyn mice at 1, 5–6 and 14 months of age. Quantitative
analysis documented a significant decrease in resting IBA-1-positive microglia and a
striking increase in activated IBA-1-positive microglia in the striatum of 1 month old Thy1-
aSyn mice compared to age-matched WT mice (Fig. 1B), whereas no such activation was
observed in the SN (Fig. 2B), nor was there any increase in microglial activation in the
cerebral cortex of Thy1-aSyn mice at this age (Fig. 3B).

At age 5–6 months, microglia had become highly activated in the SN of Thy1-aSyn mice, as
shown by their enlarged cell body size (Fig. 2C). Indeed, the number of resting microglia
decreased (p<0.05; Bootstrapping; Fig. 2D) whereas the number of activated microglia with
enlarged cell bodies increased in the SN of 5–6 month old Thy1-aSyn mice (Fig. 2D).
Microglia remained significantly activated in the striatum of Thy1-aSyn mice at that age
(Fig. 1C,D) but no differences were noted in the cerebral cortex (Fig. 3C) or cerebellum
(Fig. 4A), an observation confirmed by quantitative analysis of cell body diameters (Fig.
3D; Fig. 4B).

By 14 months of age, microglia of the Thy1-aSyn mice were persistently activated in the
striatum (Fig. 1E) and SN (Fig. 2E) whereas no activation was noted in the age-matched WT
mice. At this time point, the transgenic mice showed a reduced number of resting microglia
and increased number of activated microglia in the striatum (Fig. 1F), together with an
increase in SN activated microglia (Fig. 2F). Minimal changes in microglial activation in the
cerebral cortex began to emerge by age 14 months in the Thy1-aSyn mice, with an increase
in the percentage of hyper-ramified microglia with cell body diameters of 5μm (Fig. 3E, F).
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MHCII-positive microglia are increased in the striatum of 14 month old Thy1-aSyn mice
To further characterize the activated microglia in Thy1-aSyn mice, sections of the SN and
striatum from WT and Thy1-aSyn mice were stained for MHCII, a receptor expressed on
activated microglial cells that is involved in antigen presentation to T cells, As shown in the
Fig. 5, compared with WT mice, MHCII immunoreactivity in the striatum was slightly
increased in 14 month old Thy1-aSyn mice. However, no MHCII immunoreactivity was
detected in the SN and striatum of WT and Thy1-aSyn mice at 1 and 5–6 months of age, and
in the SN at 14 months of age, with either one of the two antibodies used (data not shown).

TNF-α expression is increased in the striatum and SN of Thy1-aSyn mice
Previous studies have coupled increased microglial activation with increased production of
pro- an anti-inflammatory cytokines (Clarke et al., 2007; Tambuyzer et al., 2009; Smith et
al., 2011). To determine whether changes in microglial morphology had functional
consequences, we examined the expression of pro- and anti-inflammatory mediators by
quantitative real-time TaqMan PCR in the striatum, SN and cerebral cortex of 1 month, in
the striatum, SN, cerebral cortex and cerebellum of 5–6 month and in the striatum and SN of
14 month old WT and Thy1-aSyn mice. Assessment of cytokines in the striatum at 1 month
of age by two-way RM ANOVA revealed an overall cytokine effect F(3,36)=4.88, p<0.0403
but no genotype effect F(1,36)=0.4786, p=0.5022 or interaction effect of cytokine and
genotype F(1,44)=0.61, p=0.5486. Fisher’s LSD revealed no significant differences in the
cytokines between WT and Thy1-aSyn mice. However, considering the robust microglial
activation in the striatum at this age, we conducted a planned comparison Student’s t test to
determine if the pro-inflammatory cytokines were also increased. We found a selective
increase in TNF-α mRNA in the striatum of Thy1-aSyn compared with WT mice (p<0.05;
planned comparison Student’s t test; Table 1). In contrast to the changes observed in TNF-α,
the expression of the pro-inflammatory cytokine (IL-1β), the anti-inflammatory cytokine
(TGF-β), and of the microglia activation receptor (CD11b) remained unchanged in striatum
of Thy1-aSyn mice compared to WT at all ages (Table 1). Similar to the increased TNF-α
mRNA expression in the striatum, two-way ANOVA revealed a main effect of age F(1,16),
p=<0.0161 and genotype F(1,16)=12.61982, p<0.0027 on TNF-α protein levels, but no
interaction effect F(1,16)=2.67537, p=0.1214. Based on the mRNA analysis, planned
comparison Student’s t test was also conducted and indicated that the increase in mRNA
was paralleled by an increase in the level of TNF-α protein in the striatum of 1 month old
Thy1-aSyn mice (p<0.05; planned comparison Student’s t test, Fig. 6A). No such changes
were observed in the SN or cerebral cortex at this age (Table 1), consistent with the
observed absence of microglia activation. Although two-way RM ANOVA revealed an
overall significant cytokine effect F(3,36)=9.0988, p<0.0001 at 1 month of age in the SN, no
genotype F(1,36)=1.37033, p=0.2645 or interaction effect of cytokine and genotype
F(3,36)=0.32142, p=0.8098 were observed, and Fisher’s LSD showed no significant
differences in any of the cytokines (TNF-α, IL-1β, TGF-β and CD11b) between WT and
Thy1-aSyn mice. Similarly RM ANOVA analysis of cytokines in the cerebral cortex
revealed an overall cytokine effect F(3,33)=10.86398, p<0.0001, but no genotype
F(1,33)=1.22354, p=0.2923, or interaction effect of cytokine and genotype F(3,33)=0.85559
p=0.4737 and Fisher’s LSD revealed no differences in TNF-α, IL-1β, TGF-β and CD11b
between WT and Thy1-aSyn mice at 1 month of age in this region.

At 5–6 months, when microglial activation was evident in both the striatum (Fig. 1C) and
SN (Fig. 2C), two-way RM ANOVA revealed a cytokine effect F(3,48)=11.68536,
p<0.0001 and an interaction effect of cytokines and genotype F(3,48)=4.46846, p<0.0076 in
the striatum (but no effect of genotype alone F(1,48)=1.68747, p=0.2123). Fisher’s LSD
showed that TNF-α mRNA expression was significantly increased in the striatum of 5–6
month old Thy1-aSyn mice compared with WT mice (p<0.05; Table 1). There were no
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changes in the other cytokines assessed. Two-way ANOVA also showed an age-related
effect F(1,16), p=<0.0161 and genotype effect F(1,16)=12.61982, p<0.0027 on TNF-α
protein concentration in the striatum, when measured at 1 and 5–6 months of age without
interaction of age and genotype F(1,16)=2.67537, p=0.1214. Fisher’s LSD showed that a
significant increase in TNF-α protein (p<0.05; Fig 6B) accompanied the increase in TNF-α
mRNA expression in the striatum at 5–6 months of age. Similarly, analysis of cytokines in
the SN at 5–6 months revealed a strong overall cytokine effect F(3,33)=42.59673, p<0.0001
and a strong interaction of cytokine and genotype F(3,33)=7.77112, p<0.0005 but no
genotype effect F(1,33)=0.1396, p=0.7158. TNF-α mRNA expression was significantly
increased in the SN of Thy1-aSyn mice compared with WT mice (p<0.01; Fisher’s LSD,
Table 1) and this was accompanied by an increase in TNF-α protein (p<0.05; Student’s t
test; Fig 6C). No changes in IL-1β, TGF-β and CD11b were observed in the SN at 5–6
months of age (Table 1).

In accord with the lack of microglial activation in the cerebral cortex and cerebellum of
Thy1-aSyn mice at 5–6 months of age (Figs 3 and 4), the expression of the pro- and anti-
inflammatory cytokines remained unchanged in these regions (Table 1). For the cerebral
cortex, two-way RM ANOVA revealed an overall cytokine effect F(3,30)=12.64211,
p<0.0001 and an interaction effect of cytokine and genotype F(3,30)=3.58707, p<0.0251 but
no genotype effect F(1,30)=0.00072, p=0.9792 and Fisher’s LSD revealed no significant
differences in any of the cytokines between WT and Thy1-aSyn mice. For the cerebellum,
there was an effect of genotype F(1,21)=28.03644, p<0.0001 but no cytokine effect
F(3,21)=2.0137, p=0.1428 and no interaction effect of cytokine and genotype
F(3,21)=0.33518, p=0.4537. Fisher’s LSD revealed no significant changes in any of the
cytokines in WT and Thy1-aSyn mice in this region.

Although microglial activation was sustained in both the striatum and SN up to 14 months of
age in the transgenic mice, the increased expression of TNF-α mRNA was restricted to the
SN (p<0.01, Fisher’s LSD, Table 1). Analysis of cytokines in the striatum at 14 months of
age revealed an overall cytokine effect F(3,48)=28.03644, p<0.0001 but no effect of
genotype F(1,48)=0.58083, p=0.4571 or interaction of cytokine and genotype
F(3,48)=0.88882, p=0.4537 (two-way RM ANOVA) and Fisher’s LSD showed no
alterations in any of the cytokines measured. For cytokines in the SN at 14 months of age,
two-way repeated measures ANOVA showed an overall cytokine effect F(3,54)=33.63056,
p<0.0001, no effect of genotype F(1,54)=2.29915, p=0.1468 or interaction effect of cytokine
and genotype F(3,54)=2.00817, p=0.1237. Fisher’s LSD revealed a robust increase in TNF-
α mRNA expression in the SN at 14 months of age, correlating with microglial activation in
this region (p<0.01, Fisher’s LSD, Table 1).

Localized changes in microglial gene expression in Thy1-aSyn mice do not parallel
regional differences in alpha-synuclein expression

To exclude the possibility that the observed regional differences in microglial activation in
Thy1-aSyn mice were caused by differential alpha-synuclein expression levels, we measured
alpha-synuclein immunofluorescence in the striatum, SN, cerebral cortex and cerebellum of
1, 5–6 and 14 month old WT and Thy1-aSyn mice. A Two-way RM ANOVA, with
genotype and region as factors revealed no effect of region F(2,20)=0.0659, p=0.936 and no
significant interaction effect of region and genotype on alpha synuclein levels in the SN,
striatum and cerebral cortex at 1 month of age F(2,20)=0.0659, p=0.936, however, a
significant genotype effect was present, as expected (two-way RM ANOVA,
F(1.20)=40.469, p<0.001) with a significant increase of alpha synuclein levels all three
regions of Thy1-aSyn mice compared with WT mice (p<0.01; Fisher’s LSD, Fig. 7A,B). At
5–6 months of age, two-way RM ANOVA revealed a significant genotype F(1.32)=48.16,
p<0.001, region F(3.32)=50.328, p<0.001 and interaction effect F(3.32)=50.497, p<0.001 on
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alpha synuclein levels across all regions. Compared with WT mice, alpha synuclein levels
were significantly increased in SN, cerebral cortex and cerebellum of Thy1-aSyn mice
(p<0.01; Fisher’s LSD, Fig. 7C,D). However, Fisher’s LSD also revealed that alpha
synuclein levels are significantly increased in the cerebellum compared with the SN,
striatum and cerebral cortex (p<0.001) and in the SN compared with the striatum (p<0.001)
and the cerebral cortex (p<0.05). Thus localized changes in microglial activation in Thy1-
aSyn mice do not parallel the regional differences in alpha synuclein levels served at this age
since the cerebellum has the highest expression of alpha synuclein and microglial activation
was not observed in this region. At older ages (14 months), the magnitude of alpha-
synuclein expression remained similar in SN, cerebral cortex and cerebellum and RM
ANOVA demonstrated no effect of region F(2,18)=3.044, p=0.073 and no significant
interaction effect of region and genotype on alpha synuclein levels F(2,18)=3.044, p=0.073
whereas the significant genotype effect F(1.18=22.585, p<0.001 on alpha synuclein levels
was maintained (p<0.01; Fisher’s LSD, Fig. 7E,F). We noted that in the striatum, at older
ages, the immunofluorescence level was no longer increased compared to the WT mice,
which is likely due to the presence of numerous myelinated fiber tracts within this region.
Overall, these experiments confirm that, differences in microglial expression and cytokine
levels we observed are not due to regional variations in alpha-synuclein expression levels in
the Thy1-aSyn mice.

Toll-like receptors are selectively increased in the substantia nigra
Toll-like receptors (TLRs) have been recently implicated in the activation of microglia by
alpha-synuclein in vitro (Beraud et al., 2011). Therefore, we examined the expression of
TLR mRNA in the striatum and SN of 1 month, 5–6 month and 14 month old Thy1-aSyn
mice and WT littermates. Despite microglial activation in the striatum of the transgenic mice
at 1 month of age, the expression of TLR 1, TLR 4 and TLR 8 at this time-point did not
differ from that of the control mice (data not shown). In the 1 month old SN, two-way RM
ANOVA revealed an overall genotype effect F(1,30)=5.23656, p=<0.0451, no TLR effect
F(3,30)=0.96233, p=0.4233 and no interaction effect of TLR and genotype
F(3,30)=1.10464, p=0.3625. At that age, TLR 1 mRNA expression in the SN was
significantly lower in the Thy1-aSyn mice compared with WT mice (p<0.05; Fisher’s LSD,
Fig. 8A), without differences in TLR 2, 4 and 8. At 5–6 months of age, two-way RM
ANOVA showed an interaction of genotype and TLR F(3,18)=6.30141, p<0.0041 but no
genotype F(1,18)=4.26964, p=0.0843 or TLR effect F(3,18)=3.02987, p=0.0563. A
significant increase in TLR 1 and TLR 8 mRNA expression was present in Thy1-aSyn mice
at this age (p<0.05, p<0.01; Fisher’s LSD, Fig. 8B). Furthermore, planned comparison
Student’s t test showed that there was also a significant increase in TLR 4 mRNA expression
(p<0.05, Fig. 8B). Thus, selective increases in TLRs coincided with microglial activation in
this region (Fig. 2D). In line with the lack of microglial activation in the cerebral cortex
(Fig. 3D), there were no differences in TLR 1, TLR 2, TLR 4 and TLR 8 mRNA expression
at 5–6 months of age in this region: two-way RM ANOVA showed no genotype effects
F(1,18)=0.00013, p=0.9912, no TLR effects F(3,18)=1.93588, p=0.16 and no interaction
effects of genotype and TLRs F(3,18)=0.54398, p=0.6584 (Fig 8C), indicating a regional
and temporal specificity of TLR expression in Thy1-aSyn mice. At 14 months of age, two-
way ANOVA showed a significant interaction of TLR and genotype F(3,42)=3.44027,
p<0.0252 and a TLR effect F(3,42)=12.84069, p<0.0001 but no effect of genotype alone
F(1,42)=-.51996, p=0.4827. Although the expression levels of TLR 1, TLR 4 and TLR 8
were no longer different in the SN of Thy1-aSyn mice compared with WT mice, a
significant increase in TLR 2 mRNA expression emerged at this older age in the SN of
Thy1–aSyn mice compared to WT (p<0.05; Fisher’s LSD, Fig. 8D).
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TNF-α protein is increased in the serum of Thy1-aSyn mice
High levels of inflammatory cytokines have been identified in the serum of PD patients
(Reale et al., 2009; Scalzo et al. 2009). Therefore, we compared the serum levels of TNF-α
in the transgenic and WT mice. Although serum levels of TNF-α were similar in 1 month
old WT and Thy1-aSyn mice, a significant increase was observed at 5–6 months of age
(p<0.05, Student’s t test, Table 1).

Recent evidence suggests that circulating T cells are altered in the blood of PD patients
(Baba et al., 2005) and recent evidence suggests that T cells have a role in PD pathogenesis
(Brochard et al., 2009). Therefore we sought to determine the effect of widespread over-
expression of alpha-synuclein on peripheral T cell responses. To verify that the use of the
Thy1 promoter did not drive ectopic expression in T cells (which, like neurons, express
Thy1), we tested T cells isolated from two healthy individuals for alpha-synuclein mRNA.
Using triplicate quantitative PCR reactions, we show that the expression of alpha-synuclein
in both samples was significantly greater than that of the housekeeping gene. For donor #1,
the fold-increase was 1.6, and for donor #2, it was 5.9. Thus, alpha-synuclein is normally
expressed in T cells.

The percentages of CD4+ and CD8+ T cells were measured in the blood of 1 month, 5–6
month, 14 month and 22-month old WT and Thy1-aSyn mice. At 1 month of age, ANOVA
revealed an overall T cell effect F(1,4)=16.01053, p=<0.0161 but no genotype effect
F(1,4)=0.02128, p=0.8911 or interaction F(1,4)=1.27368, p=0.3222. Post hoc Fisher’s LSD
showed no differences in the percentages of blood CD4+ and CD8+ T cells between WT
and Thy1-aSyn mice (Table 2). At 5–6 months of age, we observed a strong T cell effect
F(1,15)=21.92857 p=<0.0003 but no gentoype F(1,15)=2.13785, p=0.1643 or interaction
effect F(1,15)=0.8444, p=0.3727 and Fisher’s LSD showed similar percentages of CD4+
and CD8+ T cells in WT and Thy1-aSyn mice (Table 2). Similarly at 14 months of age,
there was a strong T cell effect F(1,19)=34.66638p=<0.0001 but no genotype
F(1,19)=1.44056 p=0.2448 or interaction effect F(1,19)=033661, p=0.5686 and despite the
observed microglial activation and increased TNF-α in brain, we did not observe any
increases in the percentages of CD4+ and CD8+ T cells in Thy1-aSyn mice compared with
WT mice (Fisher’s LSD, Table 2). In contrast, at 22 months of age, RM ANOVA, revealed a
strong T cell effect F(1,6)=152.18542, p=<0.0001 and interaction effect of genotype and T
cells F(1,6)=6.3271, p<0.0456, but no genotype effect F(1,6)=4.69193 p=0.0735. Fisher’s
LSD showed a highly significant increase in the percentages of both CD4+ and CD8+ T
cells (p<0.01, Fisher’s LSD, Table 2). However, no differences in the densities of CD8+cells
were observed in striatal tissue sections from WT and Thy1-aSyn mice after
immunostaining for CD8 (data not shown).

Discussion
Our studies provide the first demonstration that microglial activation and the pro-
inflammatory cytokine, TNF-α, are selectively increased in the striatum and SN of young
Thy1-aSyn mice and persist in both regions up to 14 months of age. By contrast, neither
microglial activation nor changes in TNF-α were detected in the cerebral cortex or
cerebellum, despite levels of alpha- synuclein overexpression that were similar to, or higher
than, those in the striatum and SN. Importantly, the inflammatory response occurred earlier
in the striatum (1 month of age) than in the substantia nigra (5–6 months of age), suggesting
that terminals of nigrostriatal neurons are exposed to an inflammatory reaction and cytotoxic
TNF-α earlier than their cell bodies. Finally, the parallel and selective increase in microglial
activation and the expression of three TLRs (1,4,8) in the SN suggests that these receptors
may contribute to the regionally specific microglial response observed in the SN of Thy1-
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aSyn mice, whereas other mechanisms may be involved in the earlier activation observed in
the striatum.

Temporal profile of microglial response in Thy1-aSyn mice
One of the critical, but unresolved, issues in PD research is the role of inflammation during
the early stages of the disease. Activated microglia and pro-inflammatory cytokines have
been observed in the brains of PD patients (McGeer et al., 1988; Mogi and Nagatsu, 1999;
Imamura et al., 2003). However, whether inflammation is involved early during the course
of the disease is not known, because few pathological studies of inflammation in brains from
early stage patients have been reported. Traditional models of PD, based on toxin
administration, show early microglial activation, but the relevance of inflammation
following these acute insults to the slow pathophysiological process of PD development is
unclear.

Alpha-synuclein pathology is widespread in the brain of PD patients and in vitro studies
suggest a link between alpha-synuclein and microglial activation (Klegeris et al., 2008;
Alvarez-Erviti et al., 2011). In vivo evidence also indicates that regional increases in alpha-
synuclein expression can trigger microglial activation and cytokine production prior to the
loss of dopaminergic neurons, suggesting that inflammation can contribute to the
pathological process that eventually leads to cell death (Su et al., 2008; Theodore et al.,
2008; Sanchez-Guajardo et al., 2010). However, this hypothesis has not been tested in a
model of widespread expression of alpha-synuclein that more closely mimics the pattern of
pathology observed in the brains of patients with PD.

The Thy1-aSyn mouse model expresses human alpha-synuclein in neurons of all brain
regions, providing a unique opportunity to model the early events of PD in humans, which
also shows widespread alpha-synuclein expression (Rockenstein et al. 2002; Braak et al.
2003). Confirming observations in mice with localized alpha-synuclein overexpression, we
noted a marked increase in activated microglia in the striatum and SN many months prior to
the loss of dopamine and decreased tyrosine hydroxylase, which both occur at 14 months of
age in the striatum of these mice (Lam et al., 2011). The increased number of activated
microglia in striatum and SN at 5–6 months of age was accompanied by a decrease in the
number of resting microglia, suggesting a switch to the activated phenotype rather than cell
proliferation. The greatest microglia activation was observed in the SN of Thy1-aSyn mice
at 5–6 months, with a microglial morphology resembling that of PD patients, including
enlarged cell body and short stubby processes (McGeer et al., 1988).

Microglial activation persisted in both the striatum and SN of 14 month old Thy1-aSyn
mice, which coincides with the time at which striatal dopamine and tyrosine hydroxylase
loss becomes evident in these mice (Lam et al., 2011). MHCII-positive microglia were also
observed in the striatum of 14 month old Thy1-aSyn mice, suggesting a switch in the
microglial phenotype in this region from ‘activated’ to ‘antigen-presenting cell’. In contrast
to the early presence of MHC II positive cells in models of alpha-synuclein over-expression
by viral transfection which result in rapid neuronal cell loss (Sanchez-Guajardo et al. 2010),
we did not observe MHC II immunoreactivity in the striatum or SN of WT and Thy1-aSyn
mice at 1 and 5–6 months of age. This is compatible with evidence for minimal and late
involvement of the adaptive immune response in this model, as indicated by the delayed (22
months of age) increase in C4+T cells in blood. Similar to the early morphological changes,
MHCII staining of microglia was not observed outside the striatum, including the SN at 14
months, again suggesting earlier inflammatory changes in the region that contains the
terminals of the nigrostriatal dopaminergic neurons.
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Although microglia were not activated in the cerebral cortex of 14 month old Thy1-aSyn
mice, alterations in the microglial phenotype were first observed in this region at this age,
with a significant increase in microglia with cell body diameters of 5μm. These microglia
have an intermediate morphology between ‘resting’ and ‘activated’ microglia, and are often
termed ‘hyper-ramified’ due to their medium-size cell body and long branching processes.
Overall, our observations suggest that, similar to what is observed in PD patients (Ouchi et
al., 2005), microglial activation may occur first in the nigrostriatal pathway of the Thy1-
aSyn mice, and then spread to cortical areas at later ages.

Regional selectivity of microglial activation in young Thy1-aSyn mice
An unexpected observation in this study was the regional specificity of microglial activation
in the Thy1-aSyn mice, despite the sustained broad distribution of alpha-synuclein over-
expression. This suggests that alpha-synuclein expression per se is not sufficient to cause
microglia activation, because otherwise microglia should have been activated in the cerebral
cortex and cerebellum of the Thy1 mice. Similarly, the pattern of microglial activation does
not parallel the density of alpha-synuclein aggregates, which are dense in the cerebellum (C.
Zhu and M-F Chesselet, unpublished observations). The underlying mechanism for this
specificity is not known, but one possibility is a clear difference in microglia densities
between different brain regions. Studies have shown that under normal conditions the SN,
putamen and hippocampus have the highest densities of microglia in the brain (Lawson et
al., 1990). Pathological processes in neurons of the nigrostriatal pathway, as for example
accumulation of alpha-synuclein, might result in relatively fast and pronounced response of
the dense microglia population. Indeed, several lines of evidence support the idea that alpha-
synuclein is released from neurons and activates microglia directly. Indeed, alpha-synuclein
can be released from cells in response to neural activity or via endoplasmic reticulum/Golgi-
independent exocytosis (Fortin et al., 2005; Lee et al., 2005; Desplats et al., 2009; Alvarez-
Erviti et al., 2011, Emmanouilidou et al., 2011). Once released, alpha-synuclein can bind to
and activate microglial cells, and this has been demonstrated in rat primary cultures, human
microglial cultures and a monocytic cell line, THP-1, following treatment with exogenous
alpha-synuclein (Zhang et al., 2005; Klegeris et al., 2008).

Recent evidence suggests that alpha-synuclein can increase the expression of TLRs on
microglia, resulting in microglial activation and pro-inflammatory cytokine production
(Beraud et al., 2011). In particular, activation of TLR2 signaling by alpha synuclein was
demonstrated using computation modeling of signaling network and by experimental
validation in TLR2-deficient microglia in vitro (Seung-Jae Lee, 2011). Stimulation of
microglia with TLR agonists leads to activation and up regulation of innate and effector
immune cytokines (Olson and Miller, 2004). Here, we show that TLR 1, TLR 4 and TLR 8
are significantly increased in the substantia nigra of 5–6 month old Thy1-aSyn mice and this
coincides with the initiation of microglial activation and TNF-α expression in the SN. In
view of the absence of TLR expression and microglia activation in the cerebral cortex at this
age, our data suggest that TLR expression may account for the regional specificity of
microglial activation observed in this model. However, these TLR were also not activated at
1 month in the striatum, despite the early microglial activation observed in this region. This
suggests that mechanisms that trigger the very early inflammatory response observed in the
striatum of Thy1 aSyn mice may differ from those triggering microglial activation in the
region that contains the cell bodies of the nigrostriatal dopaminergic neurons. Alternatively,
TLR activation in the striatum may precede microglial activation and not be detected in our
studies.

At variance with data suggesting that TLR2 is critical for alpha-synuclein-induced
microglial activation (Seung-Jae Lee, 2011), TLR2 mRNA was not increased in the SN at 1
or 5–6 months, i.e., before or during microglia activation in this region. However, TLR2
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mRNA was significantly increased in SN at 14 months, suggesting that, rather than initiating
microglial activation, TLR2 may be involved in the maintenance of microglia activation.

Pattern of cytokine expression in Thy1-aSyn mice
Our study also addressed the functional significance of microglial activation in young Thy1-
aSyn mice. Microglia have multiple phenotypes, such as a classically activated phenotype
that produces pro-inflammatory cytokines and an alternatively activated phenotype that
produces mainly anti-inflammatory/regulatory cytokines (Appel et al., 2010). We found that,
whereas TNF alpha, a pro-inflammatory cytokine, was increased in parallel to microglial
activation in striatum and SN, other pro- (IL-1β) and anti-inflammatory (TGF-β) cytokines
remained unchanged. This suggests that the activated microglia specifically identified in the
striatum are of the ‘pro-inflammatory’ phenotype and may play a role early in disease
pathogenesis. There is a large body of in vitro evidence demonstrating the release of TNF-α
upon stimulation of microglial cells with wild-type alpha-synuclein (Zhang et al., 2005;
Klegeris et al., 2008). Importantly, dopaminergic neurons have been shown to be sensitive to
the toxic effects of TNF-α, and specific blockade of TNF-α signaling via administration of a
soluble dominant negative TNF-α factor inhibitor is sufficient to reduce dopaminergic cell
loss induced by the oxidative neurotoxin 6-hydroxydopamine (6-OHDA) in rats (McCoy et
al., 2008). Furthermore, both genetic ablation of TNF-α and pharmacological inhibition of
TNF-synthesis attenuated MPTP toxicity in mouse striatum (Ferger et al., 2004).

In contrast to our own data using the Thy-1 mediated over-expression of wildtype alpha-
synuclein, overexpression induced with a viral vector caused the increased production of a
broader range of pro-inflammatory cytokines, including TNF-α, IL-6. IL-1β and ICAM
(Theodore et al., 2008). Viral vector-induced overexpression of alpha-synuclein leads to
rapid and overt neuronal loss whereby neuropathology in the Thy1-aSyn mice develops over
14 months, before dopamine loss becomes evident (Lam et al. 2011). Therefore, it is not
surprising that the inflammatory response differs in the two models and the response seen in
the slowly progressing transgenics may be more akin to what occurs at early stages of the
human disease, during the early “pre-manifest” phase that precedes the death of
dopaminergic neurons. In contrast to our observations of a lack of microglial activation in
cerebral cortex of Thy1-aSyn mice, Lee et al. (2011) reported a qualitative increase in
immunostaining for CD11b, a microglial marker, and iNOS, a marker of microglial
activation, in the cerebral cortex of Thy1-aSyn mice compared to WT. However, Lee and
colleagues did not analyze the activation state of microglia using morphological parameters.
Therefore the increased staining they have observed may represent increased expression of
these markers in resting microglia. It is worthy to note, however, that we did not see any
differences in the expression levels of the mRNA for the microglial marker CD11b between
wildtype and Thy1-aSyn mice, at any age, in any of the regions examined.

It has been suggested that in the early stages of PD, activated microglia and cytokines may
exert neuroprotective effects but may later become neurotoxic and promote the progression
of PD (Sawada et al., 2006). However, our studies did not uncover any increases in anti-
inflammatory cytokines, even in very young mice, and the data suggest that activated
microglia with a ‘pro-inflammatory’ phenotype emerge long before the decline in dopamine
and tyrosine hydroxylase levels, which occurs at 14 months of age in these mice (Lam et al.,
2011). The temporal disconnect between microglial activation and loss of dopamine in this
model challenges the notion that inflammation plays a causal role in the demise of
dopaminergic neurons that occurs in PD. Overwhelming epidemiological evidence,
however, demonstrates that the long term use of anti-inflammatory drugs is protective
against the risk of developing PD (Chen et al., 2005; Wahner et al., 2007a; Gao et al., 2011).
Indeed, inflammation could be playing a major role at very early stages of the disease, which
may occur decades before the onset of typical neurological symptoms (Lang and Obeso,
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2004). This is strongly suggested by the early increase in microglial activation and
proinflammatory cytokines we have observed, especially in the striatum. An early role of
inflammation in PD is further supported by the observation that, in contrast to anti-
inflammatory treatments started in young adulthood which show protection (Chen et al.,
2005; Wahner et al., 2007a; Gao et al., 2011), the use of non-steroidal anti-inflammatory
agents later in life does not decrease the risk of PD Rugbjerg et al. 2010). Together with
these epidemiological data, our findings suggest that the use of anti-inflammatory agents in
PD could only be preventive and is unlikely to ameliorate the outcome in symptomatic
patients.

Peripheral markers of inflammation in Thy1-aSyn mice
Associated with microglial activation and the increased TNF-α observed in the striatum and
SN, a significant increase in TNF-α protein concentration in the serum of Thy1-aSyn mice
was documented in our study. This increase was not present at 1 month of age and is
compatible with recent evidence for increased serum cytokines in PD patients (Brodacki et
al., 2008; Reale et al., 2009). These studies have shown that, in addition to the central
nervous system, the microenvironment of the peripheral immune system is also modified in
PD. Since microglial activation and TNF-α production in the striatum precede the peripheral
increase in TNF-α, it is possible that changes in the brain could affect immune cells in vivo
and these effects could be transferred to the peripheral immune system. The increase in
blood TNF-α in the Thy1-aSyn mice makes this model an ideal platform to assess the
effects of anti-inflammatory compounds on PD pathology using a non-invasive peripheral
index that could be translated to the clinic.

To further assess peripheral inflammation in the Thy1-aSyn mice, we measured the
percentages of peripheral T cells in the blood. We confirmed that T cells endogenously
express alpha synuclein, indicating that the use of the Thy1 promoter did not artificially
drive the expression of alpha synuclein in these cells (which express Thy1) to cause a
stimulated T cell response. We observed no differences in the percentages of circulating
CD4+ and CD8+ T cells in blood between WT and Thy1-aSyn mice up to 14 months of age.
However, we found a significant increase in the percentages of CD4+ and CD8+ T cells in
the blood of 22 month old Thy1-aSyn mice, without simultaneous increase in CD8+ cells in
tissue sections of the striatum. These observations, coupled with the late expression of the
MHCII in the striatum of Thy1-aSyn mice, suggest that alpha-synuclein overexpression
results in early activation of the innate immune system, and later adaptive immune
activation, a scenario that may mimic the pathogenic process in PD patients. Indeed MHC
class I and II molecules as well as T cells have been observed in the SN and STR of PD
patients (Mogi et al., 1995; McGeer et al., 1988; Brochard et al., 2009). Whether microglial
activation dictates this T cell response or vice versa in PD patients is unknown. However,
toxin (MPTP) and other transgenic alpha synuclein mouse models have lent support to the
idea that microglial proliferation and activation precedes T cell recruitment to the brain
(Brochard et al., 2009, Sanchez-Guajardo et al., 2010).

In summary, our results indicate an early regionally specific microglial response in the
striatum and SN of a mouse model of pre-manifest PD (summarized in Fig. 9). This work
provides insight into the involvement of activated microglia, TLRs and TNF-α-mediated
inflammation in the progression of PD-related pathology and may potentially herald new
therapeutic targets. Importantly, these data help define the time at which anti-inflammatory
interventions would most likely be effective in this disease by supporting evidence that anti-
inflammatory agents are protective against the risk of developing PD only when
administered long before the disease onset in humans (Chen et al., 2005; Wahner et al.,
2007a; Rugbjerg et al. 2010; Gao et al., 2011).
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IL-1β Interleukin-1 beta

IP intraperitoneal

ND not determined
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PFA paraformaldehdye

PD Parkinson’s disease
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STR Striatum

TBS Tris buffered saline
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promoter

TGFβ Transforming growth factor beta

TNF-α Tumor necrosis factor alpha
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Highlights

• Mouse model of PD that overexpresses alpha synuclein show microglial
activation

• Microglial activation occurs early and is progressive with age

• Microglial activation is confined to the striatum and substantia nigra

• The pro-inflammatory cytokine TNF-alpha is increased with microglia
activation

• Toll-like receptors are increased in substantia nigra and may activate microglia
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Fig. 1. Microglial activation in the striatum of Thy1a-Syn mice
(A) Representative images of IBA-1+ microglia in striatum of 1 month, (C) 5–6 month and
(E) 14 month old WT and Thy1-aSyn mice (100x, scale bar 20μm). Diameter of IBA-1+
microglial cells measured in two sections of the striatum at 1 month (WT n=5–6, Thy1-aSyn
n=5–6), 5–6 months (WT n=4–6, Thy1-aSyn n=4–6) and 14 months (WT n=3, Thy1-aSyn
n=3) of age. Significance is represented if black confidence intervals (Thy1-aSyn) fall
outside of 95% confidence interval (red segment of bar means for WT mice), calculated by
bootstrapping (*p<0.05). (B) Significant decrease in resting and significant increase in
activated IBA-1+ microglial cells in striatum of 1 month old Thy1-aSyn compared with WT
mice. (D) In comparison to WT mice, Thy1-aSyn mice displayed a significant decrease in
resting and significant increase in activated IBA-1+ microglial cells in the striatum at 5–6
months of age. (F) There was a significant decrease in resting and significant increase in
activated IBA-1+ microglial cells in striatum of 14 month old Thy1-aSyn mice. No such
changes were observed in the striatum of 14 month old WT mice. Values are mean ±
95%CI.
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Fig. 2. Microglial activation in the substantia nigra of Thy1a-Syn mice
(A) Representative images of IBA-1+ microglia in SN of 1 month, (C) 5–6 month and (E)
14 month old WT and Thy1-aSyn mice (100x, scale bar 20μm). Diameter of IBA-1+
microglial cells measured in two sections of the SN at 1 month (WT n=4, Thy1-aSyn n=4)
and 14 months (WT n=3, Thy1-aSyn n=3) and in one section at 5–6 months (WT n=6,
Thy1-aSyn n=6) of age. Significance is represented if black confidence intervals (Thy1-
aSyn) fall outside of 95% confidence interval (red segment of bar means for WT mice),
calculated by bootstrapping (*p<0.05). (B) Similar levels of resting and activated IBA-1+
microglial cells in SN of 1 month old WT and Thy1a-Syn mice. (D). Resting IBA-1+
microglia were decreased and activated IBA-1+ microglia were increased in SN of 5–6
month old Thy1-aSyn mice, this effect was not observed in WT mice. (F) In contrast to WT
mice, activated IBA-1+ microglial cells were persistently increased in SN of 14 month old
Thy1-aSyn mice. Values are mean ± 95%CI
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Fig. 3. Microglial phenotype is similar in the cerebral cortex of Thy1a-Syn mice
(A) Representative images of IBA-1+ microglia in cerebral cortex of 1 month, (C) 5–6
month and (E) 14 month old WT and Thy1-aSyn mice (100x, scale bar 20μm). Diameter of
IBA-1+ microglial cells measured in two sections of the cerebral cortex at 1 month (WT
n=4, Thy1-aSyn n=4), 5–6 months (WT n=6, Thy1-aSyn n=6), and 14 months (WT n=3,
Thy1-aSyn n=3) of age. Significance is represented if black confidence intervals (Thy1-
aSyn) fall outside of 95% confidence interval (red segment of bar means for WT mice),
calculated by bootstrapping (*p<0.05). (B) Compared with WT mice, Thy1-aSyn mice had a
significant reduction in the percentages of hyperramified microglial cells in the cerebral
cortex at 1 month of age. (D) WT and Thy1-aSyn mice had similar levels of resting and
activated IBA-1+ microglial cells in cerebral cortex at 5–6 months of age. (F) At 14 months
of age, there was a significant increase in the percentages of hyperramified microglial cells
in the cerebral cortex of Thy1-aSyn mice compared with WT mice. Values are mean ±
95%CI.
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Fig. 4. Microglial phenotype is similar in the cerebellum of Thy1a-Syn mice
(A) Representative images of IBA-1+ microglia in the cerebellum of 5–6 month old WT and
Thy1-aSyn mice. Diameter of IBA-1+ microglial cells measured in two sections of the
cerebellum at 5–6 months of age (WT n=6, Thy1-aSyn n=6, 100x, scale bar 20μm).
Significance is represented if black confidence intervals (Thy1-aSyn) fall outside of 95%
confidence interval (red segment of bar means for WT mice), calculated by bootstrapping
(*p<0.05). (B) Similar levels of resting and activated IBA-1+ microglial cells in the
cerebellum of 5–6 month old WT and Thy1a-Syn mice. Values are mean ± 95%CI
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Fig. 5. MHCII-positive microglia are increased in the striatum of 14 month old Thy1-aSyn mice
MHCII-positive (MHCII+) microglia were examined using antibodies against Ox-6.
Representative images from WT and Thy1-aSyn mice at 14 months of age show increased
MHCII+ microglia in striatum of Thy1-aSyn mice. Solid arrows indicated MHCII+
microglia, 100x, scale bar = 20μm.
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Fig. 6. TNF-α protein in striatum and substantia nigra of Thy1-aSyn mice
(A) Compared to WT mice, TNF-α protein measured by ELISA was significantly increased
in the striatum of 1 month old Thy1-aSyn mice (*p<0.05, RM ANOVA followed by planned
comparison Student’s t test, WT n=5, Thy1-aSyn n=4). (B) Similar increases in TNF-α
protein were observed in striatum of 5–6 month old Thy1-aSyn mice (*p<0.05, RM
ANOVA followed by Fisher’s LSD, WT n=5, Thy1-aSyn n=6). (C) Increases in TNF-α
protein were also observed in the SN of 5–6 month old Thy1-aSyn mice compared with WT
mice (*p<0.05, Student’s t test, WT n=4, Thy1-aSyn n=4). Values are mean ± SEM.
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Fig. 7. Alpha-synuclein levels across different brain regions in Thy1-aSyn mice
Alpha-synuclein is broadly over-expressed in the brain of Thy1-aSyn mice. (A)
Representative images of alpha-synuclein immunofluorescence in the striatum, SN and
cerebral cortex of 1 month old WT and Thy1-aSyn mice. (B) Alpha synuclein
immunofluorescent intensity is increased in the striatum, SN and cerebral cortex of 1 month
old Thy1-aSyn mice compared with WT mice. (C) Representative images of alpha-synuclein
immunofluorescence in the striatum, SN, cerebral cortex and cerebellum of 5–6 month old
WT and Thy1-aSyn mice (D) Compared with WT mice alpha synuclein immunofluorescent
intensity is increased in the SN, cerebral cortex and cerebellum of 5–6 month old Thy1-aSyn
mice (E) Representative images of alpha-synuclein immunofluorescence in the striatum, SN
and cerebral cortex 14 month old WT and Thy1-aSyn mice (F) Compared with WT mice
alpha synuclein immunofluorescent intensity is increased in the SN and cerebral cortex of 14
month old Thy1-aSyn mice. (n=4–6, values are expressed as the mean +SEM pixel intensity
for each region, RM ANOVA followed by Fisher’s LSD).
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Fig 8. TLR 1, TLR 2, TLR 4 and TLR 8 mRNA expression in the substantia nigra and cerebral
cortex of Thy1-aSyn mice
The mRNA expression of TLR 1, TLR 2, TLR 4 and TLR 8 were measured by Q-PCR using
SyberGreenER chemistry in the SN of 1 month (WT n=6, Thy1-aSyn n=6), 5–6 month (WT
n=4, Thy1-aSyn n=4) and 14 month (WT n=13, Thy1-aSyn n=7) old mice and in the
cerebral cortex of 5–6 month (WT n=4, Thy1-aSyn n=4) old mice. (A) We observed a
significant decrease in the expression of TLR 1 mRNA in the SN of 1 month old Thy1-aSyn
mice (*p<0.05, RM ANOVA followed by Fisher’s LSD). (B) The expression of TLR 1 and
TLR 8 were significantly increased (*p<0.05, **p<0.01, RM ANOVA followed by Fisher’s
LSD) in the SN and the expression of TLR 4 was also increased (*p<0.05; Student’s t test)
in the SN of 5–6 month old Thy1-aSyn mice. (C) However, the expression of TLR 1, 4 and
8 was similar in the cerebral cortex of 5–6 month old WT and Thy1-aSyn mice. (D)
Compared with WT mice, the expression of TLR 2 was significantly increased in SN of 14
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month old Thy1-aSyn mice (*p<0.05; RM ANOVA followed by Fisher’s LSD). Values are
mean ± SEM
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Fig. 9. Timeline of microglial activation and TNF-α in Thy1-aSyn mice
Figure depicts the timeline of microglial activation; TNF-α production and TLR expression
described in this manuscript in relation to other previously published phenotypic markers in
the Thy1-aSyn mice (Lam et al., 2011, Chesselet and Richter, 2011). At 1 month of age,
there is increased microglial activation and TNF-α expression in the striatum of Thy1-aSyn
mice. By 5–6 months of age, increased microglial activation, TNF-α production occurs in
both the striatum and substantia nigra and increased expression of TLR 1, 4 and 8 in the
substantia nigra of Thy1-aSyn mice. These changes coincide with increased extracellular
dopamine in the striatum of Thy1-aSyn mice and hyperactivity in the open field test (Lam et
al., 2011). At 14 months of age, microglial activation is sustained in the striatum and
substantia nigra with increased TNF-α expression and TLR 2 expression in the substantia
nigra. This is accompanied by a reduction in tissue dopamine content, terminal loss and
parkinsonian motor deficits (Lam et al., 2011). No increases in microglial activation or
TNF-α expression were observed in the cerebral cortex at any age (open circles indicate no
change).
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