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Abstract

Multiple system atrophy is a progressive, neurodegenerative disease characterized by
parkinsonism, ataxia, autonomic dysfunction, and accumulation of a-synuclein in
oligodendrocytes. To understand how a-synuclein aggregates impact oligodendroglial
homeostasis, we investigated an oligodendroglial cell model of a-synuclein dependent
degeneration and identified responses linked to the NF-xB transcription factor stress system.
Coexpression of human a-synuclein and the oligodendroglial protein p25a increased the
expression of IkBa mRNA and protein early during the degenerative process and this was
dependent on both aggregation and Ser129 phosphorylation of a-synuclein. This response was
prodegenerative because blocking IxBa expression by siRNA rescued the cells. IkBa is an
inhibitor of NF-xB and acts by binding and retaining NF-xB p65 in the cytoplasm. The protection
obtained by silencing 1xBa was accompanied by a strong increase in nuclear p65 translocation
indicating that NF-xB activation protects against a-synuclein aggregate stress. In the cellular
model, two different phenotypes were observed; degenerating cells retracting their microtubules
and resilient cells tolerating the coexpression of a-synuclein and p25a. The resilient cells
displayed a significant higher nuclear translocation of p65 and activation of the NF-xB system
relied on stress elicited by aggregated and Ser129 phosphorylated a-synuclein. To validate the
relationship between oligodendroglial a-synuclein expression and IxBa, we analyzed two
different lines of transgenic mice expressing human a-synuclein under the control of the
oligodendrocytic MBP promotor (intermediate-expresser line 1 and high-expresser line 29). IxBa
MRNA expression was increased in both lines and immunofluorescence microscopy and /n situ
hybridization revealed that IxBa mRNA and protein is expressed in oligodendrocytes. IxBa
MRNA expression was demonstrated prior to activation of microglia and astrocytes in line 1.
Human brain tissue affected by MSA displayed increased expression of IxBa and NF-xB p65 in
some oligodendrocytes containing glial cytoplasmic inclusions.
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Our data suggest that oligodendroglial 1xBa expression and NF-xB is activated early in the course
of MSA and their balance contributes to the decision of cellular demise. Favoring oligodendroglial
NF-kB activation may represent a therapeutic strategy for this devastating disease.
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Introduction

Multiple system atrophy (MSA\) is the collective term for three previous perceived
independent diseases olivopontocerebellar degeneration, striatonigral degeneration and Shy-
Drager syndrome (Burn and Jaros, 2001). The reason for combining these disorders into one
entity was the recognition of glial cytoplasmic inclusions (GCIs) in oligodendrocytes as a
common cytopathological denominator despite their different clinical manifestations
(Jellinger, 2003; Papp et al., 1989; Wakabayashi and Takahashi, 2006; Yoshida, 2007). The
demonstration of a-synuclein (a-syn) aggregates in GCls placed MSA within the groups of
synucleinopathies, dominated by Parkinson’s disease (PD) and Dementia with Lewy bodies
that apart from MSA are characterized by neuronal intracellular a-syn inclusions, Lewy
bodies (Gai et al., 1999; Wakabayashi et al., 1998). Missense mutations within and
multiplications of the normal coding region of the a-syn gene cause autosomal dominant PD
and DLB (Farrer et al., 2004; Kruger et al., 2002; Polymeropoulos et al., 1997; Singleton et
al., 2003; Zarranz et al., 2004). This demonstrates that a-syn dysmetabolism directly induces
PD and DLB and initiate neuropathology covering the various Braak stages of PD. GCls
have recently been demonstrated in a family carrying a mutation in the a-syn gene (G51D)
(Kiely et al., 2013) indicating that both a-syn and other factors may be causing MSA. The
massive oligodendroglial accumulation of aggregated a-syn (Dickson et al., 1999; Jellinger,
2003) formed the basis for generation of several transgenic mice expressing human a-syn
under the control of oligodendroglial promoters (Kahle et al., 2002; Shults et al., 2005;
Yazawa et al., 2005). These mice show that oligodendroglial expression of human a-syn
results in the formation of a-syn-containing GClIs, myelin damage, astrogliosis and glial and
neuronal loss. The mechanisms associated with this cellular damage are yet to be
determined.

The NF-xB family of transcription factors represents a conserved stress signaling system
(Lenardo and Baltimore, 1989) that plays a central role in inflammatory responses
(Lawrence, 2009). The dominating NF-xB transcription factors in brain are the dimeric p65
and p50 proteins and their nuclear access is negatively regulated by binding to cytosolic 1xB
inhibitory proteins. NF-xB inducing stimuli activate 1xB kinase complexes that destabilize
IxB proteins (reviewed in (Papa et al., 2004)). The NF-xB system is active in brain and can
play a protective function in neurons (Kaltschmidt and Kaltschmidt, 2009) but its role in
brain disorders is less clear although it can display opposing cell type specific functions, e.g.
protective function in oligodendrocytes (Bonetti et al., 1999) and degenerative function in
astrocytes (Raasch et al., 2011).
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The functional involvement of the NF-xB system in synucleinopathies is not known but the
p65 subunit has been identified in nuclei of midbrain dopaminergic neurons and Lewy body
inclusions in PD and DLB (Ghosh et al., 2007; Hunot et al., 1997; Noda et al., 2005; Soos et
al., 2004; Togo et al., 2001) and destabilized phosphorylated inhibitor 1xBa is localized in
Lewy bodies (Noda et al., 2005)..

The present study is based on a cellular model of MSA (Kragh et al., 2009) wherein the NF-
kB inhibitor IxBa is expressed early during the course of a-syn aggregation dependent
degeneration. The model demonstrates two cellular phenotypes, a-syn dependent
degeneration and resilience that is dependent on successful cytoprotective NF-xB activation
or its negative regulation by IxBa. The cellular IxBa response is initiated by a-syn
aggregation and Ser129-phosphorylation dependent processes. Investigations of transgenic
mice expressing a-syn in mature oligodendrocytes regulated by the MBP promoter allowed
validation of cell autonomous IxBa expression in a-syn expressing oligodendrocytes as an
early phenomenon in vivo. Studies of human MSA tissue revealed a complex cellular
response with increased IxBa expression and NF-xB activation in a-syn containing
oligodendrocytes besides strong astrocytic IxBa expression. Conclusively, the data suggest
that modification of oligodendrocytic NF-«xB activity in MSA may represent a novel
therapeutic strategy.

Materials and Methods

Cell cultures

Plasmids,

OLN-93 is an immortalized oligodendroglia cell line derived from primary Wistar rat brain
glial cultures (Richter-Landsberg and Heinrich, 1996). From these cells, two clones were
established, first OLN-t40 cells expressing the longest human tau isoform (Tau40) and
subsequently the double transfected OLN-t40-AS cells also expressing human a-syn (Kragh
et al., 2009). OLN-93 cells and OLN-t40 cells were in the present study used as negative
controls for a-syn aggregate dependent effects in a-syn transfected OLN-93 and OLN-t40-
AS cells. For inhibition of a-syn aggregation, cells were treated with 10 pM ASI1D peptide
(El Agnaf et al., 2004) (synthesized by Schafer-N, Copenhagen, Denmark) for 1 h before
transfection with p25a. For inhibition of NF-«xB signaling, 5-20 uM of Ikky NEMO Binding
Domain (NBD) inhibitor peptide (Imgenex, San Diego, CA) was added to the cells 4 h after
transfection with p25a. NBD peptide contains a protein transduction (PTD) sequence
derived from antennapedia; the control peptide consists of only the PTD sequence.

transfection and siRNA silencing

pcDNAZ3.1 zeo(-) plasmids expressing human wild-type (wt) a-syn, a-syn S129A, and p25a
were produced as previously described (Kragh et al., 2009). Transient transfections of cells
were performed with Fugene-6 Transfection Reagent according to the manufacturer’s
protocol (Roche, Mannheim, Germany). Experiments requiring high transfection efficiencies
were performed with Amaxa® Cell Line Nucleofector Kit V according to the
manufacturer’s protocol (Lonza, Basel, Switzerland).
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ON-TARGETplus siRNA SMARTpool comprising four siRNAs targeting rat IxBa was
purchased from Dharmacon (Lafayette, CO, USA). siControl pool comprising four non-
targeting siRNAs was included as a negative control. Transfection of siRNA into OLN-t40-
AS cells was performed using Dharmafect Transfection Reagent 1 according to the
manufacturer’s instructions. In brief, 100 nM siRNA pool was transfected into OLN-t40-AS
cells using 1 pl Dharmafect Transfection Reagent 1 for cells in each well of 24-well plates.
Efficient siRNA-mediated silencing was confirmed by real-time gPCR. The effect of gene
silencing on p25a-transfected OLN-t40-AS cells was evaluated by transfecting the cells with
SiRNA for 72 h followed by transient transfections with p25a. MT retraction was analyzed
24 h after p25a-transfection.

Transgenic mice and tissue processing

Mice expressing human a-syn under control of the MBP promotor were generated as
described (Shults et al., 2005). Genomic DNA was extracted from tail biopsies and analyzed
by PCR as described. In this study, we used MBP-ha-syn line 1 and 29 (3 months, n=6),
which express an intermediate and a high level of a-syn, respectively. Both lines have
previously been shown to accumulate a-syn in oligodendrocytes and to display
neuropathological alterations including myelin loss and astrogliosis and behavioral deficits
(Shults et al., 2005).

Following NIH guidelines for the humane treatment of animals, mice were killed under
anesthesia and brains were removed. The right hemibrain was immersion-fixed in 4%
paraformaldehyde in PBS pH 7.4, and serially sectioned at 40 pm with a Vibratome (Leica).
The left hemibrain was kept at —80°C for biochemical analysis.

Human brain samples and tissue processing

Approval was obtained to assess frozen human brain tissue from five MSA cases (four
MSA-C (cerebellar type) and one MSA-P (Parkinsonian type) and five age-matched
controls, collected with consent and ethics approval through the South Australian and
Sydney Brain Banks. MSA cases were autopsy confirmed and controls had no significant
neuropathology and no evidence of neurological or psychiatric disease. None of the cases
had brain injury due to non-degenerative mechanisms (such as head trauma, infarction or
sepsis) or other significant neuropathological changes. All cases were collected within 36 h
of death. The average (£ S.D.) age of the MSA group was 73£7 years with an average
duration of MSA of 4+3 years and an average post-mortem delay of 11+7 hrs. The average
age of the control group was 71+7 years and the average post-mortem delay was 14+6.5 hrs.

Half of the hemisphere was freshly sectioned and frozen blocks stored at —80°C prior to
fractionation. Brain tissue from white matter under the precentral gyrus (as this region
contains GCls but does not contribute to clinical presentation and is without substantial
atrophy and degeneration) was used for analysis.

Immunocytochemistry

Cells were cultured on PLL-coated coverslips. For analysis, cells were fixed with 4%
paraformaldehyde for 15 min, permeabilized with 0.1% Triton X-100 for 30 min, and
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blocked in 3% BSA solution for 20 min at room temperature (RT). Cell preparations were
incubated with primary antibodies for 1 h at RT and proteins were visualized by Alexa Fluor
488 or —568 conjugated secondary antibodies (Invitrogen, Leiden, The Netherlands). Nuclei
were stained by 4°,6-diamidino-2-phenylindole (DAPI). Signals were analyzed by
epifluorescence microscopy (Axiovert 200M, Zeiss, Germany) or by confocal microscopy
(LSM710, Zeiss, Germany).

Assessment of NF-xB translocation and microtubule retraction in cells

Immunocytochemistry was performed on cultured cells to directly visualize the translocation
of NF-xB from the cytoplasm to the nucleus. Cells were immunostained for a-tubulin, p25a,
and NF-«xB p65, counterstained with DAPI, and analyzed by fluorescence microscopy. NF-
kB translocation was quantified by counting the number of transfected cells with a clear
localization of NF-xB in the nucleus as compared to the total number of transfected cells. In
each experiment, 100-200 transfected cells were examined at 400 times magnification.

MT retraction was quantified as described previously (Kragh et al., 2009) and defined as
retraction of MT from the cellular processes to the perinuclear region resulting in an intense
a-tubulin staining surrounding the nucleus. MT retraction was quantified by counting p25a-
positive cells with a clear perinuclear localization of MT compared to the total number of
p25a-positive cells. In each experiment, 100-200 transfected cells localized in randomly
chosen microscopic fields were examined at 100 times magnification.

RNA isolation and real-time qPCR

Isolation of total RNA was performed using RNeasy Mini Kit (Qiagen) for cell culture and
RNeasy Lipid Mini Kit (Qiagen) for mouse tissue according to the manufacturer’s
instructions. All samples were treated with DNase | to eliminate genomic DNA
contamination. Purity and integrity of isolated RNA was checked spectrometrically and by
agarose gel electrophoresis. Reverse transcription was performed using the High Capacity
cDNA Reverse Transcription Kit according to the manufacturer’s protocol (Applied
Biosystems, Foster City, CA, USA). 0.5 pg of the extracted RNA was used for cDNA
production. Real-time gPCR assays were performed in triplicates using the 7500 Fast Real-
Time PCR System (Applied Biosystems) in a 96-well format. Each reaction contained 10 pl
2% Fast SYBR Green Master Mix (Applied Biosystems), 200 nM of forward and reverse
primers, 7 pl nuclease-free H,0, and 2 pl cDNA in a final volume of 20 ul. Expression levels
were normalized to NADH mRNA (cell culture) or GAPDH (mouse tissue) and calculated
using the AACy-method (SDS1.4 Software, Applied Biosystems).

Affymetrix gene chip analysis of genes induced by cellular co-expression of a-synuclein

and p25a

a-Syn aggregate dependent l1kBa gene expression was first observed in a microarray
analysis of gene expression performed to identify putative transcriptional responses to
aggregated a-syn. Biotinylated cRNA from two independent transfections of OLN-t40-AS
cells stably expressing human a-syn with an empty vector or p25a for 8, 12, and 16 h were
hybridized to Affymetrix RAE 230 2.0 Gene Chips at Molecular Diagnostic Laboratory,
Aarhus University Hospital, Denmark.. The Affymetrix RAE230 2.0 oligonucleotide array
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contains approximately 31,000 probe sets. Each gene is represented by 11 pairs of 25 mer
sequence probes that contain a perfectly matched probe and a mismatched probe, which
serve as controls for background signals. The raw image files from the quantitative scanning
were analyzed by Gene Expression Analysis Software (MAS 5.0) (Affymetrix) resulting in
CEL files containing background corrected probe values. The two identical independent
experiments were performed in mock-versus p25a-transfected OLN-t40-AS cells resulting
in a total of twelve arrays. To identify genes that were differential expressed between the two
conditions, the data set was filtered according to several criteria. i) The dataset was filtered
by the Detection Call (Present (P), Marginal (M), or Absent (A)). ii) Probe sets that were
either increasing to an absent call or decreasing from an absent call were excluded from the
dataset. iii) Data were included only if at least one of the signal levels in a comparison was =
50. iv) Genes with no name or annotation were excluded from the data set. v) Remaining
data were included only if the absolute change in signal level was = 1.3-fold. Using these
criteria 104 genes (91 up-regulated genes and 13 down-regulated genes) were identified as
exemplified in Table 1. The identified genes could be the result of expression of p25a or the
generation of misfolded a-syn by coexpressing a-syn and p25a. Hence validation
experiments were conducted for selected genes where p25a was expressed in the parental
OLN-93 cell line with empty vector and co-expressed with a-syn vector. The selection of
IxBa for this study was based on its possible prodegenerative function.

Immunohistochemistry

Immunohistochemistry analysis was performed on 40um free-floating vibratome sections
from ntg and MBP-ha-syn tg mice (/7=6). After rinsing in PBS (3x5 min), sections were
treated with 5% H»04/0.1% Tween-20 and incubated with 10% normal serum. After rinsing
in PBS (3x5 min), sections were incubated overnight with antibodies against the astroglial
marker glial fibrillary acidic protein (GFAP; Millipore, Temecula, CA) or the microglial
marker ionized calcium-binding adaptor molecule-1 (Ibal; Wako, Richmond, VA). Excess
primary antibody was rinsed from the sections with PBS (3x5 min) and sections were
incubated with biotinylated secondary antibodies (MVector Laboratories) for 60 min. An
amplification step was conducted by incubating sections in ABC mixture (ABC Vectrastain
Elite, Vector Laboratories Inc, Burlingame, CA) for 60 min followed by PBS washes.
Sections were exposed to diaminobenzidine tetrahydrochloride (DAB), transferred to
SuperFrost slides (Thermo Fisher Scientific) and mounted under glass coverslips before
analysis under a light microscope.

Double-labeling immunofluorescence

Double-labeling immunofluorescence on mouse tissue was performed on 40um free-floating
sections from ntg (7=3) and MBP-ha-syn tg mice (/7=3). For this purpose, sections were
immunolabeled overnight with a rat polyclonal antibody against the oligodendroglial marker
p25a (produced in-house) in combination with mouse monoclonal anti-a-syn (Syn211,
Millipore) or rabbit polyclonal anti-1xBa (Santa Cruz Biotechnology). Immunoreactive
structures were detected with AlexaFluor-conjugated antibodies (Molecular Probes). All
primary and secondary antibodies were diluted in PBS pH 7.4. Sections were imaged using a
Zeiss LSM-710 confocal microscope system (Carl Zeiss Microlmaging GmbH, Germany).
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Double-labeling immunofluorescence on human tissue was performed on 10pm formalin-
fixed paraffin-embedded sections from the pontine white matter from MSA patients (7=2)
and controls (7=2). Sections were deparaffinized in xylene and rehydrated in graded ethanol.
Antigen retrieval was performed using 90% formic acid for 3 min (for detection of a-syn)
and boiling in 1% antigen unmasking solution (Vector Laboratories) in the microwave for 10
min (for NF-xB, IxBa and p25a detection). Slides were treated with 5% H,0,/50% ethanol,
blocked in 10% normal horse serum and incubated with primary antibodies for 72 hrs. The
primary antibodies were mouse monoclonal anti-a-syn (mAb42, Transduction Labs), mouse
monoclonal anti-NF-xB p65 (F-6, Santa Cruz Biotechnology), rabbit polyclonal anti-lxBa
(C-21, Santa Cruz Biotechnology), mouse monoclonal anti-GFAP (DAKO), rabbit
polyclonal anti-GFAP (Sigma) and rat polyclonal anti-p25a. (produced in-house). All
primary and secondary antibodies were diluted in 0.1M Tris buffer. After washing, sections
were incubated in AlexaFluor-conjugated secondary antibodies for 2 h at RT.

In situ hybridization

Antisense and sense oligonucleotide probes were generated against mouse IxBa and the
probes were labeled with digoxigenin using the DIG Oligonucleotide Tailing Kit 2nd
generation (Roche) according to the manufacturer’s instructions. Paraffin sections from ntg
and MBP-ha-syn tg mice were prepared for /n situ by deparaffinization through xylene and
rehydration in graded ethanol. Sections were treated with proteinase K [5 ug/ml), incubated
in prehybridization solution (2x standard saline citrate (SSC), 10% dextran sulfate, 0.02%
SDS, 50% formamide, 1% blocking reagent (Roche), 100 pug/ml salmon sperm DNA
(Sigma)] and hybridized with 30 nmol/l of each digoxigenin-labeled oligonucleotide probe
at 37°C overnight. Sections were processed through stringent posthybridization washes
(2xSSC; 2xSSC/50% formamide, 1xSSC, 0.25xSSC) and processed for immunodetection
of digoxigenin with anti-DIG antibody conjugated to alkaline phosphatase (Roche). NBT/
BCIP precipitates were observed under a light microscope.

Western blot analysis

Protein levels of NF-xB p65 and IxBa in OLN cells were determined by western blot
analysis of total cell extracts as previously described (Kragh et al., 2009). Primary antibodies
were anti-NF-xB p65 (C-20, Santa Cruz Biotechnology), anti-IxBa (C21, Santa Cruz
Biotechnology), ASY1(Lindersson et al., 2005), anti-a-tubulin (Sigma, Steinheim,
Germany), and anti-p25a (Lindersson et al., 2005). For detection, membranes were probed
with HRP-conjugated secondary antibodies, and proteins were visualized with enhanced
chemiluminescence (ECL) using a Fuji Las-3000 imager. Protein bands were quantified
using the MultiGauge software (Fuji LAS-3000).

Protein levels of IxBa and NF-xB p65 in mouse brain tissue were analyzed by western blot
analysis in soluble fractions of mouse brain homogenates as described in (Shults et al.,
2005). 20 ug total protein from cytosolic fractions was loaded onto 4-12% Bis-Tris SDS-
PAGE gels (Invitrogen) and transferred onto Immobilon membranes. Membranes were
blocked with 5% BSA/PBS-T and incubated with rabbit polyclonal anti-1xBa, rabbit
polyclonal anti-NF-xB p65 (Santa Cruz Biotechology), or mouse monoclonal anti-B-actin
(Sigma-Aldrich). After overnight incubation with primary antibodies, membranes were
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incubated with appropriate secondary antibodies, reacted with ECL, and developed on a
VersaDoc gel-imaging instrument (Bio-Rad).

Human tissue was homogenized in homogenization buffer [0.32M sucrose, 20mM Tris-HCI
pH 7.4, 5mM EDTA, 1x protein inhibitor cocktail (EDTA free; Roche), 1x phosphatase
inhibitor (Roche)], sonicated 2 x 10s on ice where after soluble proteins were isolated in the
supernatant after centrifugation at 23,5009 for 10min at 4°C. The insoluble fraction was
washed twice with homogenization buffer, and extracted in SDS-urea solubilisation buffer
(6M urea, 1% SDS, 5mM EDTA) (1:5 wi/v), sonicated for 2 x 10s and centrifuged at
23,500g for 10min. The supernatant representing the urea-SDS soluble fraction was referred
to as the insoluble fraction.

All protein concentrations were determined using the BCA method (Pierce). 20 pg of tissue
extract was separated by SDS-PAGE and transferred onto polyvinylidene difluoride (PVVDF)
membranes. Membranes were blocked with 5% powdered skim milk in TBS-T (10mM Tris-
HCI, pH 7.5, 150mM NaCl and 0.05% Tween-20) for 2 h. Membranes were probed
overnight using primary antibodies diluted in blocking buffer (anti-mouse a-syn (BD
Transduction Labs) at 1:500, anti-mouse NF-xB (Santa Cruz Biotechnology) at 1:200, anti-
rabbit IxBa (Santa Cruz Biotechnology) at 1:1000, and anti-mouse B-actin (Sapphire
Biosciences) at 1:10,000). Membranes were washed three times in TBS-T buffer and probed
with HRP-conjugated secondary antibodies diluted in blocking buffer for 1 h at RT (goat
anti-mouse 1gG-HRP (1:12,000; BioRad Laboratories, Hercules, USA) and goat anti-rabbit
IgG-HRP (1:10,000; Sigma-Aldrich, St Louis, USA). Immunoreactivity was visualized by
chemiluminescence using an ECL detection system (GE Healthcare Biosciences, Pittsburg,
USA) captured onto Hyperfilm (GE Healthcare Biosciences, Pittsburg, USA). Films were
scanned and the intensity of each band was quantified using NIH Image J software (National
Institutes of Health, Bethesda, MD) with expression normalized to -actin.

analyses

Statistical analyses were performed using SPSS (IBM SPSS Statistics 18, Somers, New
York, USA) or GraphPad Prism 5.0 (GraphPad Software, La Jolla, USA). Differences
between groups were analyzed by unpaired t-tests and a o value less than 0.05 accepted as
significant. Averages and standard deviations are given for all values.

a-Synuclein aggregates enhance IxBa expression

MSA is characterized by accumulation of a-syn and p25a within inclusions in degenerating
oligodendrocytes. To model the disorder, we developed a cellular model wherein human a-
syn and p25a are coexpressed in rat oligodendroglial OLN-93 cell lines, which can be done
by transient expression of p25a in the OLN-t40-AS line stably expressing human a-syn or
by transient expression of the two transgenes in wild type OLN-93 cells (Kragh et al., 2009).
This causes a degenerative phenotype where a rapid reorganization of the MT cytoskeleton
takes place within the first 24 h of coexpressing the transgenes (Fig. 1A). This is followed
by an induction of apoptosis during the following 24-48 h. Both early and late phases are
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dependent on a-syn aggregation and phosphorylation at Ser129 (Kragh et al., 2009). As only
60% of the cells coexpressing a-syn and p25a displayed cellular degeneration, we
speculated whether a cytoprotective response was active in the remaining transfected cells.

To identify putative transcriptional responses to aggregated a-syn, we performed microarray
analysis of gene expression. Biotinylated cRNA from two independent transfections of
OLN-t40-AS cells with an empty vector or with p25a for 8, 12, and 16 h were hybridized to
Affymetrix RAE 230 2.0 Gene Chips. By choosing these early time points we were able to
identify early cellular responses to aggregated a-syn as exemplified in Table 1. Functional
classification of identified genes was based on Gene Ontology categories and was performed
by using the publicly available databases: DAVID, Affymetrix, and NCBI. This enabled the
identification of the NF-xB pathway as potentially affected in the model based on its
inhibitor of NF-xB named IxBa and the response gene IL6. The transcription factor NF-xB
p65 promotes the expression of a variety of target genes (Papa et al., 2004) and has been
implicated in PD where it translocates to the nucleus of midbrain dopaminergic neurons
(Ghosh et al., 2007; Hunot et al., 1997).

IxB family members are inhibitors of NF-xB activation and act by binding and sequestrating
NF-xB in the cytoplasm (Papa et al., 2004). We examined the levels of IkBa mRNA (Fig.
1B) as well as protein (Fig. 1C and D) in OLN cells 24 h after transfection. OLN-93 cells
were transfected with a-syn wt or a-syn S129A in combination with an empty vector control
or p25a vector followed by analysis of MRNA and total cellular protein levels. IkBa mRNA
levels were significantly increased in cells coexpressing a-syn wt and p25a as compared to
mock-transfected cells (Fig. 1B). mRNA induction was translated into an increase in IxBa
protein in total cell extracts from cells coexpressing a-syn and p25a for 24 h as compared to
mock-transfected cells (Fig. 1C and D). The temporal induction was rapid as demonstrated
by a 2.5-fold increase in IxBa mRNA already 8 h after transfection of a-syn and p25a into
OLN cells (Table 1). The degenerative stress in this model relies on phosphorylation of
Ser129 and aggregation of a-syn (Kragh et al., 2009). To determine if the same stress
parameters are critical for the IxBa mRNA induction we coexpressed a-syn S129A and
p25a and treated cells expressing a-syn wt and p25a with the aggregation inhibitor ASI1D
(El Agnaf et al., 2004). Both treatments attenuated 1xBa mRNA expression after 24 h (Fig.
1B) demonstrating a-syn aggregation and a-syn Ser129 phosphorylation are involved in
IxBa induction.

NF-xB translocation is protective in oligodendroglial cells

To demonstrate a functional role for 1xBa in a-syn-mediated degeneration, we used siRNA
to silence IkBa in OLN-t40-AS cells. A pool of four different siRNAs targeting rat 1kBa
was transfected into OLN-t40-AS cells 72 h prior to analysis. siControl pool comprising
four non-targeting siRNAs was included to control for off-target effects. Gene silencing by
siRNA was confirmed by real-time qPCR, which demonstrated a 94% reduction in IkBa
MRNA level (data not shown). An effect of gene silencing on cellular degeneration was
quantified 24 h after siRNA-treated cells had been transfected with p25a. Fig. 2A
demonstrates that p25a caused MT retraction in approximately 60% of the siControl-
transfected cells. However, treatment with the sSiRNA pool targeting IxBa decreased MT
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retraction by nearly 70%. Moreover, the NF-xB transcription factor p65, which IxBa
sequester in the cytosol, was significantly translocated into the nucleus in these cells as
compared to siControl-transfected cells (Fig. 2A). These results demonstrate a direct role of
IxBa in a-syn-mediated degeneration and suggest a protective function of nuclear NF-xB
p65.

Activation of the kinase IKK is essential for allowing NF-xB p65 to activate its target genes
by phosphorylation of 1xBa that lead to its subsequent ubiquitination and degradation (Papa
et al., 2004). Given that activation of IKKSs requires recruitment of NEMO, we treated cells
with a cell permeable Nemo binding domain (NBD) peptide to sequester NEMO and thus
prevent its binding to IKKy and inhibition of NF-«xB activation. We treated OLN cells
coexpressing a-syn and p25a with NBD peptide and quantified MT retraction and NF-xB
p65 translocation in the transfected cells. Our results show that NBD peptide (10 and 20 pM)
enhances MT retraction in the transfected cells, whereas the control peptide fails to do so
(Fig. 2B). The NBD peptide did not result in a significant reduction in the fraction of cells
with nuclear translocation of p65. The change in MT retraction was not associated with
altered levels of NF-xB p65 protein as demonstrated by western blot analysis of total cell
extracts (Fig. 2C). Hence, an increased level of 1xBa is associated with a-syn dependent
degeneration of oligodendroglial cells.

NF-xB translocation is accompanying a-synuclein-mediated cytotoxicity

We investigated a possible involvement of the NF-kB transcription factor p65 in our cellular
model of a-syn-mediated toxicity. NF-xB activation was visualized by translocation of p65
from the cytoplasm to the nucleus (Fig. 3A and B) and functionally determined by
expression of the NF-«xB activated target gene IL6 (Fig. 3D).

Transient transfection of p25a into OLN-t40-AS cells stably expressing a-syn caused
degeneration as visualized by “rounding” of the cells in phase contrast microscopy and by
retraction of the MT from the cellular processes to the perinuclear region as determined by
immunofluorescence microscopy (Fig. 1A) (Kragh et al., 2009). When focusing on the
approximately 40% of p25a expressing cells that display normal morphology (without MT
retraction), we demonstrate significant higher nuclear translocation of NF-kB p65 in these
apparent resilient cells compared to the “round” cells (with MT retraction) (30% vs 7% (Fig.
3A and B)). Control experiments with cells transfected with empty pcDNA3.1 vector
yielded a diffuse distribution of NF-xB p65 in the cytoplasm with nuclear translocation in
approximately 2% of the cells (Fig. 3A). Accordingly, the majority of p25a-expressing cells
with nuclear NF-xB p65 staining did not demonstrate MT retraction (Fig. 3B) indicating that
NF-kB activation serves a protective function against toxic a-syn species formed within the
cells.

To investigate whether aggregation and Ser129-phosphorylation of a-syn is involved in
stress that causes NF-xB p65 translocation in our model, we co-transfected OLN-93 cells
with pcDNAS3.1 expression vectors encoding a-syn wt or a-syn S129A in combination with
p25a and used the cell permeable peptide ASI1D (EIl Agnaf et al., 2004) to inhibit
aggregation of a-syn. Fig. 3C demonstrates that both removal of the Ser129 phosphorylation
site and treatment with the ASI1D peptide significantly reduced NF-xB p65 translocation
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and MT retraction compared to cells expressing a-syn wt and p25a. Hence, both IkBa
mRNA induction and activation of NF-xB and thereby induction of resilience is downstream
of both aggregation and Ser129 phosphorylation of a-syn.

To ascertain that NF-xB p65 translocation is associated with activation of NF-xB responsive
genes we investigated the effect of a-syn toxicity on the induction of the proinflammatory
cytokine, IL6, a well-described NF-«B target gene (Lee and Burckart, 1998). Co-expression
of a-syn and p25a caused an upregulation of IL6 mRNA (Fig. 3D), thus validating the gene
array data (Table 1) and indicating that nuclear NF-xB p65 translocation in oligodendroglial
cells is followed by transcriptional induction of NF-kB target genes.

expression of IxBa in ha-syn expressing oligodendrocytes in vivo

To validate the results obtained in the oligodendroglial OLN-93 cell line and assure a-syn
expression induces IkBa expression in vivo we investigated two transgenic mouse lines
expressing human a-syn under the oligodendrocyte specific MBP promoter. Lines MBP1
and MBP29 both display behavioral deficits after 3 months (Shults et al., 2005) whereas the
live span of MBP1 is similar to ntg mice MBP29 suffers a more debilitating disease course
and die within 6 months of age. Immunohistochemical analyses of 3 months old MBP-ha-
syn mice (line 1 and 29) demonstrate astrogliosis and neuroinflammation, as detected using
antibodies against GFAP (astrocytes) and Ibal (activated microglia) in corpus callosum of
MBP29 mice whereas MBP1 does not differ from ntg controls (Fig. 4D).

IxBa expression was analyzed by real-time quantitative PCR of total brain extracts from 3
months old ntg and MBP-ha-syn mice. The expression level of kBa mRNA was
significantly increased in both slowly degenerating MBP1 and fast degenerating MBP29
mice compared to ntg mice (Fig. 4A). Additionally, the level of IL6 mMRNA was increased,
further corroborating the results obtained in our oligodendrocyte cell line. Western blot
analysis revealed a small, but significant, increase in 1xBa protein levels in the soluble
fraction of total brain extracts from MBP29 mice compared to ntg mice but no change in
NF-xB p65 protein levels (Fig. 4B and C). Protein levels were not changed in MBP1 mice
when compared to controls (data not shown).

To determine which cell types contribute to the increased IxBa expression in the 3 months
old MBP29 mice double-labeling immunohistochemistry was conducted (Fig. 4E-G). The
strong oligodendroglial expression of a.-syn was evident by double-labeling studies of white
matter in corpus callosum using antibodies against a-syn and the oligodendroglial marker
p25a (Lindersson et al., 2005) (Fig. 4E) The oligodendrocytes were responsible for the
majority of the IxBa expression in corpus callosum as demonstrated by colocalization of
IxBa and p25a where most IkxBa-positive cells co-expressed p25a (Fig. 4E). To determine
if the tissue stress induced by oligodendroglial a-syn expression also caused IxBa
expression in other cell types we conducted double labeling of IxBa with the astrocyte
marker GFAP and the neuronal marker NeuN in neocortex. Astrocytes in ntg control mice
did not express IxBa in contrast to the MBP29 mice where colocalization between GFAP
and IxBa was observed in about 12-15% of the cell bodies (Fig. 4F). By contrast, some
neurons in ntg mice express IxBa in a coarse granular pattern that colocalized with NeuN
and this expression was increased in the MBP29 mice (Fig. 4G).
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To corroborate these double labeling immunohistochemical analyses we conducted in situ
hybridization (ISH) analysis of IxBa mRNA expression, combined with
immunohistochemistry using antibodies to p25a, GFAP and NeuN as markers for
oligodendrocytes, astrocytes and neurons (Fig. 4H). We demonstrate strong IkBa mRNA
expression in oligodendrocytes in white matter of corpus callosum and in cortical neurons
and lesser intense hybridization to astrocytes from MBP29 mice. Sections hybridized with
the sense probe but not subjected to immunohistochemistry showed no signal (Fig. 4H).

Conclusively, increased IxBa mRNA is observed in both MBP1 and MBP29 mice but
enhanced IxBa protein levels are only detected in brain homogenates by immunoblotting in
the rapidly degenerating MBP29 line. In the reactive tissue of the MBP29 mice IkBa
antigen is enhanced in oligodendrocytes, astrocytes and neurons.

Expression of NF-xB and IxBa proteins in human MSA brain tissue

a-Syn aggregates accumulate within p25a expressing oligodendrocytes in MSA so we
investigated the expression levels of IxBa and NF-xB protein in the soluble fraction of post
mortem human brain samples from MSA patients and control subjects similar to our
approach for the MBP mice. The levels were quantified by immunoblotting for IxBa and
NF-xB p65 proteins using actin as loading control. All MSA cases had typical clinical
disease and an average duration from diagnosis (O'Sullivan et al., 2008). All had
pathological GCls, a pathognomonic increase in insoluble a-syn (Fig. 5A, Suppl. Fig. 1) and
an unchanged level of soluble a-syn, consistent with previous literature (Tong et al., 2010).

The soluble 37 kDa 1xBa from end-stage MSA tissue was significantly reduced compared to
controls (0.54 fold) (Fig. 5B) and thus differed from the MSA mouse model. IxBa is a
component of a-syn rich Lewy body inclusions (Noda et al., 2005) so we tested if the
reduced level in the soluble MSA fraction could be due to a redistribution of soluble 1xBa
into the insoluble fraction that harbors the a-syn aggregates in MSA (Fig. 5A). Although the
insoluble IkBa level may appear to be increased in Fig. 5A this was not significant due to
the variations in protein loading and in the varying IxBa levels of the control group (Suppl
Fig. 1).

The NF-xB p65 protein was also reduced in the soluble fraction (0.53 fold; Fig. 5C). The
p65 protein activates the NF-xB system by translocating from the cytosol into the nucleus
where it binds to DNA and thus change from being buffer soluble to insoluble. The insoluble
fraction from MSA brain contained significantly more p65 protein than control (1.55 fold,;
Fig. 5D) and this change was more pronounced when presented as the ratio between
insoluble and soluble NF-kB that increased more than 3-fold (Fig. 5E). The large variability
in the ratio of insoluble/soluble NF-xB in MSA was not the result of a correlation with the
accumulations of insoluble a-syn and IxBa proteins (Fig. 1 suppl). Thus, in tissue affected
by MSA a shift occurs in the solubility of NF-kB p65 into insoluble fractions and this may
be a functional consequence of the reduction in soluble IxBa that sequesters NF-xB in the
cytotol.
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To determine if MSA brain pathology is associated with changes in cellular IxBa and NF-
kB p65 expression in oligodendrocytes, astrocytes and neurons we conducted
immunohistochemistry of pontine white matter.

Evidently IxBa expression is sparse in control white matter tissue compared to the strong
expression in MSA tissue (Fig. 6, A,vs B and C). The increased expression is to some extend
accounted for by expression in oligodendrocytes carrying GCls as demonstrated by the
colocalization of a-syn and IxBa immunoreactivity (Fig. 6, B and C, arrows) with isolated
GCls containing significant IxBa immunoreactivity in association with IxBa
immunopositive nuclei (Fig. 6, B, asterisk). However, the majority of the increased IxBa is
located in reactive astrocytes (Fig. 6, B and C). The localization of IkBa in astrocytes was
validated by double-labelling immunofluorescence using the astrocytic marker GFAP that
demonstrated IxBa in the cell body and proximal processes (Fig. 6, E and F). Bright NF-xB
p65 immunoreactivity was also accumulated in MSA astrocytes (Fig. 6, D)

Accumulation of p25a protein in the enlarged cell body of oligodendrocytes has been
described as consistent and early characteristic of MSA (Song et al., 2007).. A proportion
(13%) of the enlarged oligodendrocytes colocalized p25a and NF-xB p65 in the cytoplasmic
inclusions (Fig. 6, G-J) that both resembled the early perinuclear deposits (Fig. 6, G-I) and
the more mature GCI expanding the cell body away from the nucleus (Fig. 6, J).
Approximately 4-6% had NF-xB in the nucleus (Fig. 6, ).

Double labeling of IxBa and NF-xB p65 in oligodendrocytes demonstrated a weakly stained
cytoplasmic colocalization of the two antigens that was more abundant and intense in MSA
(Fig. 6, K vs L) and confirmed the localization of NF-xB in the nucleus (see Fig. 6, I) of
some (4-6%) oligodendrocytes where it colocalized with 1xBa immunoreactivity throughout
the nucleus (Fig. 6, N-O). Like in mice, human neurons from control tissue express IxBa
but it does not colocalize with NF-xB p65 (Fig. 6, M).

In conclusion, the immunohistological analyses of human MSA tissue demonstrate a large
complexity in the tissue elements expressing IkBa protein with reactive astrocytes as
prominent contributors in pontine white matter. This may well be subject to local variation
based on degree of GCI accumulation, neurodegeneration, astrogliosis and
neuroinflammation.

Discussion

We have previously developed a cell model of MSA based on the coexpression of the
oligodendroglial p25a protein with a-syn in rat oligodendroglial OLN-93 cell lines (Kragh
et al., 2009). In this model of a-syn aggregation- and Ser129-phosphorylation-dependent
degeneration we investigated if the NF-kB stress response system plays regulatory roles in
determining the degenerative phenotype and discovered two functionally opposing actions;
activation of cytoprotective NF-xB signaling that is counteracted by expression of its
prodegenerative inhibitor 1xBa.

OLN-93 cells coexpressing a-syn and p25a displayed two different phenotypes; a
degenerative phenotype where cells undergo fast MT retraction and a resilient phenotype
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indistinguishable from the non-transfected cells. The resilient cells displayed almost four
times higher activation of NF-xB as determined by nuclear p65 translocation indicating a
protective effect of NF-kB activation. This was corroborated by use of the NF-xB inhibitor
NBD-peptide that induced an almost complete loss of the resilient phenotype. Interestingly,
we demonstrate that approximately 13% of MSA oligodendrocytes have detectable NF-xB
colocalized with p25a in their GCls in contrast to a smaller fraction of 4-6% where NF-«xB
was in the nucleus and these cellular phenotypes could thus hypothetically represent actively
degenerating and resistant cells or early and later steps in the degenerative process. Similar
protective cell autonomous NF-xB functions have been demonstrated in oligodendroglial
cells subjected to stress from TNF-a, IFN-y, unfolded proteins and reactive oxygen and
nitrogen species (Hamanoue et al., 2004; Lin et al., 2012). In this respect, oligodendrocytes
may resemble glutamatergic forebrain neurons where NF-«xB signaling protects against
oxidative and excitotoxic stress (Fridmacher et al., 2003). A link between pathological
oligodendroglial a-syn expression and protective NF-xB activation has been suggested in
multiple sclerosis where oligodendrocytes express a-syn around active demyelinating
lesions (Lu et al., 2009) and NF-xB activation is protective for the oligodendrocytes (Bonetti
etal., 1999).

The magnitude of 1xBa expression during a-syn aggregate stress likely represents the
switch determining the cellular outcome of degeneration versus resilience. The strongest
evidence for this hypothesis is the protective effect and concomitant nuclear NF-xB
translocation induced by lowering IxBa mRNA by siRNA. Moreover, the stress that
upregulated IkxBa mRNA required both aggregation and Ser129-phosphorylation of a-syn,
which are prerequisites for the stress inducing degeneration in this model (Kragh et al.,
2009).

Mechanisms causing the accumulation of IkBa mRNA are still unclear. IkBa mRNA is
stabilized by heat shock wherein protein misfolding plays a prominent role and thus may
resemble the induction of misfolded a-syn in our model (Dunsmore et al., 2006; Malhotra et
al., 2002; Wong et al., 1997). Alternatively, IkBa mRNA expression could represent an
exaggerated response to an initial beneficial NF-«xB activation because IkBa can act as a
negative feedback loop induced by NF-xB activation (Chiao et al., 1994). The increased
IxBa protein in our MSA mouse model could also represent a response to oxidative stress
that has been demonstrated to inhibit the ubiquitination of phosphorylated IxBa otherwise
destined for degradation (Kalita et al., 2011; Narayan et al., 2012). Irrespective of
mechanism, our results suggest the strong reduction of NF-xB activation in a-syn expressing
SH-SY5Y cells could be the result of an increased IxBa expression (Yuan et al., 2008).

MSA represents a fast progressing neurodegenerative disorder characterized by a complex
tissue remodeling involving oligodendroglial degeneration, axonal and neuronal loss,
astrogliosis and neuroinflammation with microglia accumulation and activation (Halliday et
al., 2011; Song et al., 2007; Ubhi et al., 2011; Wenning et al., 2008). This makes it difficult
to elucidate whether a degenerative cell autonomous oligodendroglial IxBa response occurs
in human MSA tissue. The disease-defining hallmark is the oligodendrocytic accumulation
of aggregated a-syn in GCls and the cytopathology evolves in stages during the
differentiation of oligodendroglia precursor cells to end-stage shrunken and GCI-containing
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oligodendrocytes (Kragh et al., 2013; Song et al., 2007). This process may involve decisive
steps that can represent therapeutic targets because we identified IxBa expression early in
our cell model where no morphological phenotype was detectable. In end-stage MSA brain
tissue, we demonstrate that astrocytes exhibit the strongest 1xBa staining although
expression also occurs in a-syn expressing oligodendrocytes. The astrocytic IxBa response
could represent a protective response because stabilizing astrocytic IxBa by cell specific
IxB kinase 2 depletion protects oligodendrocytes in a toxic model of demyelination (Raasch
etal., 2011).

To circumvent the complexity of human MSA tissue we used two transgenic mouse lines,
MBP-ha-syn lines 1 and 29, which express human a-syn in oligodendrocytes (Shults et al.,
2005). The MBP promoter assures that expression is initiated from the stage of myelination
and does not affects oligodendroglial precursor cells. The phenotype of the two lines are
strikingly different with line 29 expressing high levels of a-syn, strong tissue activation with
neurodegeneration and ultimately death within 6 months whereas the intermediate-
expressing line 1 demonstrates minimal tissue response, no increased mortality within 18
months but an early onset motor behavioral phenotype. We investigated these lines at 3
months of age when line 1 did not display any detectable astrocytic and neuroinflammatory
response in contrast to line 29.

We demonstrate that IkBa is constitutively expressed in neurons of mouse and human brain
and this makes it more difficult to evaluate the 1xBa expression data in the MBP mouse
model. However, we are able to demonstrate increased mRNA expression in various brain
regions of both line 1 and 29 and also increased IxBa protein in 3 months old MBP29 mice.
The IxBa protein was almost completely colocalized with the oligodendroglial marker p25a
in the white matter structure corpus callosum of 3 months old line 29 mice although
increased expression also was noted in reactive astrocytes in tissue displaying
neuroinflammation and astrogliosis. This contrasts human MSA tissue that displays the
strongest IkBa expression in reactive astrocytes and may reflect that MBP mice allow
modeling of early phases of MSA pathophysiology. Despite the complex tissue response, the
a-syn-dependent IkBa expression observed in the cell model mirror the response in a-syn
expressing oligodendrocytes in intact brain and thus corroborates the hypothesis that IxBa
serves a prodegenerative function.

NF-kB signaling has predominantly been considered as a detrimental factor in many
diseases because it often contributes to tissue inflammatory processes where
proinflammatory cytokines are transcribed that modulate tissue and organismal responses
(Lawrence, 2009). However, NF-xB activation also serves physiological functions as
demonstrated in neurons and brain (Boersma and Meffert, 2008; Kaltschmidt and
Kaltschmidt, 2009) and cytoprotective functions, which can pose a problem in cancer
therapy (Xiao and Fu, 2011). The functional outcome of NF-xB inducing stress rely on the
mode of activation as exemplified by the plasma membrane death domain receptors FAS and
TNF-R that can trigger both apoptotic and protective pathways in response to NF-xB
activation (Imamura et al., 2004). SIRT2 dependent deacetylation of RIP-1 kinase changes
TNF-R signaling from an activator of protective NF-«xB signaling to an inducer of necrosis
(Narayan et al., 2012). SIRT2 inhibition is neuroprotective in some PD models (Outeiro et
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al., 2007) and a-syn aggregate-dependent sensitization to SIRT2 activity could play a
functional role in oligodendroglial MSA models where FAS dependent signaling is turned
into a cytotoxic path (Kragh et al., 2013). Small molecule NF-xB activators have recently
been identified that presumably stabilize p65 binding to its DNA response elements
(Manuvakhova et al., 2011) and may be tested for protective efficacy in disease settings with
decreased NF-xB activation, e.g. due to SIRT?2 activation (de Oliveira et al., 2012).

NF-kB activation is mediated by translocation of p65 and p50 transcription factors from the
cytosol into the nucleus. This translocation results in a fundamental change in p65 solubility
in simple tissue homogenates that may be the reason for the 3-fold increased ratio of
insoluble to soluble p65 in the precentral gyrus white matter. The biochemical data suggest
that there is an activation of NF-xB in MSA white matter. Although its cellular origin is still
unknown our demonstration of nuclear NF-kB in approximately 5% of MSA
oligodendrocytes suggest it could reflect a protective response. This may be tested by
investigating p65 solubility and oligodendroglial nuclear localization in MSA tissue sampled
from brain regions of active neurodegeneration versus more resilient regions, e.g. pontine
white matter tracts and forebrain cortex, and compare these changes to the temporal changes
in NF-xB activation in MSA mouse models. The outcome of such investigations will guide
the identification of time intervals where pharmacological stabilization of nuclear p65 may
be appropriate because general long-term NF-xB activation is likely to cause destructive
neuroinflammatory tissue responses.

Conclusively, our data suggest cell-autonomous NF-xB inhibition in oligodendrocytes by
IxBa represents a prodegenerative mechanism in MSA pathophysiology down-stream of a-
syn accumulation. Although human MSA tissue shows evidence of generalized NF-xB
activation that likely represents neuroinflammation, selective stabilization of
oligodendroglial NF-xB activation or down-stream signaling pathways represent potential
targets for inducing resilience to MSA related oligodendroglial degeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. a-Synuclein dependent toxicity elicits [«xBa expression
A, a-syn-expressing OLN-t40-AS cells were transiently transfected with an empty vector or

p25a for 24 h and subjected to immunofluorescence microscopy using antibodies against a-
tubulin (green) and p25a (red). Coexpression of a-syn and p25a causes retraction of the
microtubule to the perinuclear region. Scale bar, 20 um. B, OLN-wt cells were transiently
transfected with a-syn wt or a-syn S129A in combination with p25a or empty vector for 24
h and treated with a-syn aggregate inhibitor peptide ASI1D as indicated. Total RNA was
extracted and IkBa mRNA levels were analyzed by real-time gPCR. Fold changes were
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determined from triplicate measurements and normalized to the NADH gene. Bars represent
mean + S.D. from three independent experiments. IxBa mRNA expression is significantly
increased in cells coexpressing a-syn and p25a. This level of expression is reduced in cells
treated with ASI1D and in cells expressing S129A (**p < 0.01) in which the level does not
differ from control cells expressing solely p25a. C, OLN-t40-AS cells were transfected with
empty vector or p25a for 24 h and cellular IxBa protein levels were detected by Western
blotting. a-Tubulin was included as a loading control. D, Quantification of Western blot
shown in C. IxBa protein is increased in OLN-t40-AS cells expressing p25a compared to
cells expressing empty vector. Bars represent mean + SD of three independent experiments.
Asterisk demonstrates difference from mock (p < 0.05).
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Figure 2. Inhibition of 1kBa expression attenuates a-Synuclein-induced toxicity
A, OLN-t40-AS cells were transfected with a sSiRNA pool targeting rat IxBa mRNA and a

non-targeting siControl pool for 72 h. Silencing efficiency after 72 h was 94% as confirmed
by real-time gPCR. Following siRNA transfection, OLN-t40-AS cells were transfected with
p25a for 24 h and the number of cells with MT retraction (grey bars) and nuclear
translocation of the NF-xB transcription factor p65 (white bar) was quantified by
immunofluorescence microscopy using antibodies against p25a, a-tubulin and NF-xB p65.
RNAi-mediated silencing of 1kBa expression caused a significant reduction in the number
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of MT retracted degenerating cells (***p < 0.001) and a significant increase in nuclear NF-
KB p65 staining (***p < 0.001). Bars represent mean + S.D. from three independent
experiments. B, OLN-t40-AS cells were transfected with p25a for 24 h and treated with NF-
kB inhibitory cell permeable NBD peptide that stabilizes IxBa against degradation and
control peptide when indicated. Cells were subjected to immunofluorescence microscopy
using antibodies against p25a, a-tubulin and NF-xB p65 and quantified for MT retraction
and NF-xB translocation. Bars represent mean + S.D. from three independent experiments.
Treatment with NBD peptide increases MT retraction in a dose-dependent manner (*p <
0.05, **p < 0.01). C, Western blot of whole cell extracts (30 g protein) from transfected
OLN-t40-AS cells was probed with antibodies against NF-xB p65, a-syn, and p25a. a-
tubulin was included as loading control.
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Figure 3. NF-xB activation accompanies a-synuclein dependent toxicity
A, a-syn-expressing OLN-t40-AS cells were transiently transfected with an empty vector or

p25a for 24 h and subjected to immunofluorescence microscopy using antibodies against
NF-xB p65 (green) and p25a (red). Co-expression of a-syn and p25a causes NF-kB p65
translocation from the cytoplasm to the nucleus in a fraction of p25a expressing cells. Scale
bar, 20 um. B, NF-xB translocation was quantified in OLN-t40-AS cells transfected with
p25a, which demonstrated normal flat (- MT retraction) or round (+ MT retraction)
morphology. Bars represent mean + S.D. from three independent experiments. The nuclear
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translocation of NF-xB p65 was significant higher in cells without MT retraction compared
to “round” cells (with MT retraction) (***p < 0.001). C, Nuclear localization of NF-xB p65
was quantified in OLN-93 cells transiently expressing ca.-syn wt or a-syn S129A in
combination with p25a or empty vector. Cells were treated with a-syn aggregation inhibitor
peptide ASI1D when indicated. Bars represent mean + S.D. from three independent
experiments. NF-kB is translocated to the nucleus in response to coexpression of a-syn and
p25a. Treatment with ASI1D peptide or coexpressing S129A with p25a significantly
reduces the number of cells with MT retraction and nuclear NF-kB staining compared to
coexpression of p25a and a-syn wt (**p < 0.01, ***p< 0.001). D, To investigate NF-xB
responsive gene expression, IL6 mRNA levels were analyzed by real-time gPCR in OLN-
t40-AS cells transiently transfected with p25a or empty vector for 24 h. Fold changes were
determined from triplicate measurements and normalized to the NADH gene. Bars represent
mean £ S.D. from three independent experiments. IL6 mMRNA expression is increased 1.7-
fold in cells coexpressing a-syn and p25a (o < 0.05).
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Figure 4. IxBa expression in MBP-ha-syn transgenic mice
A, IxBa and IL6 mRNA from total brain extracts of MBP-ha-syn tg (line 1 and 29) and ntg

mice (/7=6; age=3 months) were analyzed by real-time gPCR. Fold changes were determined
from triplicate measurements and normalized to mouse GAPDH. Bars represent mean +
S.D. from three independent experiments. IxBa and 1L6 mRNA are significantly increased
in both line 1 and 29 as compared to ntg mice (*p < 0.05, **p < 0.01). B, IxBa and NF-xB
p65 protein levels in line 29 mouse brain homogenates were analyzed by western blot
analysis. B-actin is included as a loading control. Representative blots from 7=6 of each
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group are shown. C, Quantitative analysis of the levels of IxBa and NF-xB p65
demonstrates a significant increase in IxBa expression in tg mice compared to ntg controls
(*p < 0.05) whereas there was no difference in NF-kB p65 levels between groups. D,
Immunohistochemical analysis of corpus callosum with antibodies against GFAP and Ibal
shows that MBP-ha-syn line 29 (3 months old) displays severe astrogliosis and microgliosis
in corpus callosum as compared to a ntg control (a,d). There was no difference in the
expression of these proteins between the intermediate-expresser line 1 and the ntg control.
Scale bar, 50 um. E, Double labeling immunofluorescence microscopy of corpus callosum
reveals colocalization of a-syn (green) and p25a (red) and of IxBa (red) and p25a (green)
in corpus callosum of 3 months old line 29 mice. Scale bar, 30 um. F-G, Double labeling
studies for IkBa in neocortex of line 29 mice. Sections were double labeled with antibodies
against the astroglial marker GFAP (F) and the neuronal marker NeuN (G) and IxBa. Scale
bar, 10 um. F, There was lIxBa immunostaining of astrocytes in line 29 mice compared to
ntg controls. G, In ntg mice occasional IkxBa immunoreactivity was observed. In the MBP-
a-syn tg mice there was an increase in IkBa immunolabeling. H, To validate the cell type-
specific IkBa mMRNA expression, /n situ hybridization with a probe against IxBa (blue) and
co-immunolabeling with markers for oligodendrocytes (p25a) and astroglial (GFAP) in
corpus callosum, and neuronal (NeuN) antibodies (brown) in neocortex was conducted in 3
months old ntg and line 29 mice. /n situ hybridization with sense probe showed no signal.
Scale bar, 30 pm.
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Figure5. NF-kB and IxBa areincreased in M SA white matter
A, Brain tissue (precentral gyrus white matter) from 5 control and 5 MSA patients was

fractionated in soluble and insoluble proteins. Insoluble proteins were subsequently
solubilized in SDS prior to electrophoretic analysis. Proteins (20 pg) were resolved by SDS-
PAGE and analyzed by immunoblotting using antibodies against a-syn, IxBa, and NF-xB
p65. B-Actin was included as loading control. The molecular sizes (kDa) of the presented
bands are indicated to the left. B-E., The intensities of the individual bands in soluble and
insoluble fractions (from A) were quantified and band intensities were normalized to $-actin.
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Box plots indicate mean, min, max and S.D. values of the five cases and asterisk indicates
significant difference between boxes when analyzed by unpaired t test (two tailed p < 0.05).
B, Relative amounts of soluble 1xBa in control and MSA cases. The 0.54 fold decrease is
significant (p = 0.003). C, Relative amounts of soluble NF-xB in control and MSA cases.
The 0.53 fold decrease is significant (p = 0.0004). D, Relative amounts of insoluble NF-xB
in control and MSA cases. The 1.55 fold increase is significant (p = 0.006)..E, Ratio of
insoluble and soluble NF-kB in control and MSA cases. The 3.4 fold increase is significant
(p = 0.007).
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Figure 6. NF-kB and IkBa in brain cellsin MSA white matter
A-C, Double labeling immunofluorescence using IxBa (green) and a-syn (red) in pontine

white matter of an autopsy confirmed case without neurological or neuropathological
abnormalities (A) and an MSA case (B and C). Protein co-localisation is shown in yellow.
Limited IxBa and no a-syn immunoreactivity is observed in control pontine white matter
whereas high expression of IxBa was observed in reactive astrocytes (bright green cells) in
MSA tissue. Low expression of IxBa was observed in a proportion of a-syn
immunopositive GCls (identified by arrow) (B and C). Oligodendroglia with 1xBa
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immunopositive nuclei had stronger IkBa expression associated with a-syn immunopositive
GCls (GCI colocalising a-syn and IxBa with IxBa immunopositive nucleus is identified by
asterisks in panel B) The majority of IxBa was in astrocyte-like cells (B and C). Scale bar,
25 uM.

D-F, Double labeling immunofluorescence using NF-xB (green, D) and IxBa (green, E and
F) and GFAP (red) in pontine white matter of an autopsy confirmed MSA case demonstrate
the expression of both antigens in astrocytes. Scale bar, 50 um.

G-J, Double labeling immunofluorescence using NF-xB (red) and p25a (green) in pontine
white matter of an autopsy confirmed MSA case demonstrate the expression of both
antigens in oligodendrocytes. In the expanded cell bodies of the MSA oligodendrocytes does
NF-xB colocalized with the p25a positive GCI of both the early perinuclear type (G-I) and
the mature type protruding away from the nucleus. Scale bar, 20 um.

K-0, Double labeling immunofluorescence using NF-«xB (green) and IxBa (red) in pontine
white matter of an autopsy confirmed case without neurological or neuropathological
abnormalities (K) and a confirmed MSA case (L-O). Granular cytoplasmic colocalization of
NF-xB and IxBa in oligodendrocytes that is enhanced in MSA (K vs L) and the
colocalization also exists in some nuclei (N-O). NF-xB and IxBa does not colocalize in
neurons (M). Scale bar, 5 pm (K and L), 25 um (M-0).
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Gene expression changesin response to coexpression of a-synuclein and p25aq,
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Fold changes for selected genes regulated at 8, 12, and 16 h after transfection compared to respective controls
(cells transfected with empty vector for 8, 12, and 16 h) along with the reference gene NADH. Fold changes
were calculated using MAS 5.0 software (Affymetrix).

Gene Genename Fold Change
symbol
8h | 12h | 16h

Ik Ba Nuclear factor of kappa light chain gene enhancer in B-cells | 2.5 | 3.4 35
(Nfkbia) inhibitor, alpha
L6 Interleukin 6 33167 6.7
Bbc3/PUMA | Bcl-2 binding component 3/p53 upregulated modulator of 16 | 22 23

apoptosis
Egr-1 Early growth response 1 36 | 65 7.1
NADH NADH dehydrogenase 10 | 11 1.0
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