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CHAPTER |

INTRODUCTION

Parkinson's disease (PD) is a chronic, degenerative neurological disorder that
affects one in 100 people over age 60 (Lang and Lozano, 1998). PD is progressive with a
mean age at onset of 55, with an incidence that increases with age §Dduer
Przedborski, 2003). There is still no objective test, or biomarker, for Parkinson's, so the
rate of misdiagnosis can be relatively high. Recent research indicdtaes|dest one
million people in the United States, and more than five million worldwide, have
Parkinson's disease (Fahn, 2003).

Parkinson's disease was first characterized by an English doctor, JakiesoPa
in 1817 (Aronson 1986). Today, we understand Parkinson to be a disorder of the central
nervous system (CNS) that results from the loss of neuronal cells predomindhdy i
substantia nigra (SN) pars compacta (SNpc). Because the SNpc calisepdogamine,

a chemical messenger responsible for coordination of movement, a loss of thess neur
causes a fall in dopamine levels in the striatum, ultimately leavimgnpatess able to
control their movement. This leads to the “cardinal” symptoms of PD, suchiag rest

tremor, bradykinesia, postural instability, and rigidity (Savitt et al., 2086jne of the



“non-motor” symptoms include cognitive impairment, ranging from mild mgrddficulties

to dementia, and mood disorders, such as depression and anxiety (Hoehn and Yahr, 1998).
Also common are sleep difficulties, loss of sense of smell, speech and swglfmablems,
unexplained pains, drooling, and constipation (Savica et al., 2010).

The exact mechanism responsible for the neuronal loss in PD remains unclear,
however, neuroinflammation appears to be involved (Hirsch et al., 1998; Hirsch et al., 2003;
Hunot and Hirsch, 2003; McGeer et al., 2001; Whitton, 2007; Wyss-Coray and Mucke,
2002). Neuroinflammation seems to be instrumental given the increase in rghatawed
increased expression of inflammatory molecules in astroglia and ma&(égiino et al.,

1992; Miklossy et al., 2006). Of these inflammatory molecules, the pro-inflammator
cytokines tumor necrosis factor — alpha (T)lBnd interleukin-1beta (ILfl) are elevated in
the striatum and cerebrospinal fluid (CSF) of PD patients. AdditionallyoTaxd IL-13
mediate cell death in a population of dopaminergic neurons and cause PD motor dsabiliti
possibly indicating an involvement of these cytokines in the pathology of the diBease
Lella Ezcurra et al., 2010; McGuire et al., 2001).

In terms of cell types contributing to PD neuropathogenesis, microgls&naven to
be involved (Cicchetti et al., 2002; Ghosh et al., 2007; McGeer and McGeer, 1998b). For
instance, analysis of PD patients by utilizing specific makers ofaéet! microglia shows
clear evidence of microglial activation in the SN (Cicchetti et al., 200haEe et al., 2006).
Large numbers of human leukocyte antigen-DR (HLA-DR) and CD11b-positivegher
are found in the SN in the brains of these patients (McGeer et al., 1988). Although past
research has not thoroughly investigated the role of astrocytes in PD, inceadarge

points to astrocytes as contributors to dopaminergic neuronal degeneratiom{Hsradi,



2008; McGeer and McGeer, 2008; Yasuda et al., 2008). Hence, a fuller charactedkati
astrocytes under PD-related conditions will enhance our understanding of Ptasisoc
neuroinflammation. This dissertation is an investigation of two PD-associateduies,
neuromelanin (NM) and-synuclein, and their effect on human astroglial cells. Reported
first are the effects of NM angtsynuclein on neuroinflammatory molecules including
chemokines (CXCL10) and inducible nitric oxide synthase (iINOS) in human adtoadiisa
Given these inflammatory molecules are dependent upon the transcription fadeat nuc
factorkB (NF«B), the effects of NM and-synuclein on NReB are also investigated. The
purpose of this study is to understand the actions of NMxasyhuclein on the modulation
of pro-inflammatory signaling pathways in astroglial cells. The ralgoioe examining the
roles of NM andy-synuclein is to provide a foundation from which future research can
investigate inflammatory-related therapeutic drugs for the tredtamel prevention of PD-

associated neuroinflammation.



CHAPTER II

REVIEW OF LITERATURE

2.1 Neuropathogenesis of Parkinson’s disease (PD)

Parkinson’s disease affects the pigmented nigrostriatal dopaminergiasieuna
results in a progressive neurodegeneration of these neurons. PD is distinguibbed as t
second most common neurodegenerative disorder after Alzheimer’s disdaae wit
prevalence of 0.1% of the global population (Whitton, 2007). The symptoms of PD
typically appear when loss of at least 50% of the dopaminergic neurons in the SNpc
occurs, leading to an over 80% reduction in dopamine levels in the striatum (Deumens et
al., 2002; Lang and Lozano, 1998). Depleted levels of dopamine, a neurotransmitter that
dampens muscle jerkiness and exerts smooth muscle movement, causes unbalanced
levels between dopamine and acetylcholine in the basal ganglia (Figure 1). The
imbalance of neurotransmitters ultimately prevents the basal garmgtiaekerting
controlled muscle contractions. Uncontrolled movement will eventually lead to high
muscle tension, and incidents of tremor and slow movement. The clinical maioifssta
of PD include akinesia, bradykinesia, a rhythmic involuntary tremor at past@lling
movement’), postural instability, and extrapyramidal rigidity in which majascle

groups become stiff.



‘Basal
ganglia

ganglia
.T

DAMPING EFFECT

Contole Sl
muscles activi and Lemor

Healthy state _ Parkinson's disease

Figure 1. Pathway scheme of healthy state of braiersus Parkinson’s disease brai
During movement, signals pass from the brain'sgostia reticular formation and spinal cc
(pathwayA), to muscles, which contract. Other signals paspdbyway B, to the basal gangl|
which dampen the signals in pathway A, reducingateuone sohat movement is not jerk
Dopamine is heeded for this damping effect. Anotharsmitter, acetylcholine, inhibits t
damping effect. A lack of dopamine will reduceatwolish the dampir effect, eventually
resultingin an increase in muscle tension tremor.
http://www.holisticonline.com/remedies/parkinson/pd brain.htm




2.1.1 Neuroinflammation in PD

While the exact mechanism by which PD causes neuropathology is not fully
understood, new information has emerged in the past 15 years to strongly suggest that
inflammation-derived oxidative stress (Hastings et al., 1996; Mizuno et al., 2008;
Onyango, 2008), mitochondrial dysfunction (Mizuno et al., 2008; Onyango, 2008) and
cytokine-dependent toxicity (Hirsch et al., 1998; Hirsch et al., 2003; Hunot and Hirsch,
2003; McGeer et al., 2001; Whitton, 2007; Wyss-Coray and Mucke, 2002) may
contribute to the neuronal degeneration and the progression of PD. Numerous studies
have implicated neuroinflammation in the pathogenesis of PD. For example, men with
high plasma concentrations of IL-6 have increased risk for PD (Chen et al., 2008).
Several genetic studies have analyzed the relationship between pdiignonp
neuroinflammation-associated genes and PD. For instance, Wahner and colleagues
(2007) found that the risk of PD is increased two-fold in patients with the homozygous
variant of IL-1B at position -511 and TNFat position -308 and that this risk is increased
three-fold in carriers for both variants (Wahner et al., 2007). Perhaps the most
convincing evidence to support the claim that inflammation contributes to PD comes
from epidemiological studies (Chen et al., 2003; McGeer and McGeer, 1998b). A large
study indicated that the incidence of PD in chronic users of non-aspirin non-dterioda
anti-inflammatory drugs (NSAIDS), which scavenge free oxygen radaral inhibit
cyclo-oxygenase activity, was about 50% lower than that of age-matchedersn-us
(Chen et al., 2003). This suggests that inflammation may be a key player in PD.

Neuroinflammation may also be evident in PD from studies of cellular and

molecular examinations. For instance, an increase in reactive glia agasean



expression of inflammatory molecules in astroglia and microglia has bserved in the

SN and striatum in PD patients (Forno et al., 1992; Miklossy et al., 2006) (Figure 2).

Striatum

CSF TNF-a

TNF—(I ; — E . IL1'B

IL1- L

IL-2 IL-6

IL-4

IL-6 SN

CMH-| TNF-a

v&T-cells IL1-B
IFN-y
CMH-II
CD8+ T-cells
iINOS
COX-2

Figure 2: Inflammatory-related changes in Parkinson’s diseasbrains. Cytokines found to
be upregulated in the outlined regions (cerebral spinal fluid, sulastagta, striatum) of the PD
brain compared to control subjects. Image adapted Anomals of Neurologwith permission
(Hunot and Hirsch, 2003)

Parkinson’s disease is primarily a neurodegenerative disease; thgpakireesearch has
thoroughly investigated the involvement of dopaminergic neurons as well as microg|
cells. To date, little research has been done to investigate the role arappéhof CNS
cell: the astrocytes.

2.1.2 Role of astrocytes in normal vs PD brain

Astrocytes are the major glial component of the CNS and constitute up to 50% of
brain volume (Tower and Young, 1973). Under physiological states, astrocytes support

neurons, both physically as cellular matrix and physiologically by providstgtde



environment and growth factors (Anderson et al., 2003; Chen et al., 2006). Astrocytes
ensure neuronal homeostasis by taking up excess neurotransmitters analgothigeri

ionic content of the extracellular environment in the brain (Fields and St&raham,
2002). Additionally, astrocytes are known to play an important role in antioxidant
defense in the brain (Morale et al., 2006).

Astrocytic reactions also represent an important feature under pathopgigsiblo
conditions. In addition to microglia, astrocytes have been shown to be involved in brain
inflammation (Carpentier et al., 2005) in various neurodegenerative and neurological
disorders (Tanuma et al., 2006; van Marle et al., 2004; Xia et al., 2000). However, the
role of astrocytes in the development of PD is still unclear. In PD studiex)|adé
activation, as measured by glial fibrillary acidic protein (GFAR)ression, has been
reported in the SN and striatum of rodents exposed to drug-induced parkinsonism
(Rodrigues et al., 2001). Furthermore, a 30% increase in the density of dsteilglim
the SN of PD patients at post-mortem was detected by glutathione perqpudases
cell analysis (Damier et al., 1993). Diseased brains of PD patients and cuttiisediso
illustrated astrocyte participation in the inflammatory response @@juby their
production of noxious factors such as proinflammatory cytokines which damage CNS
cells. Specifically, inflammatory-changes in cytokine WAl IL-6, IFNy, TNFo, and
chemokines monocyte chemotactic protein -1 (MCP-1), macrophage inflangmator
protein -Ir (MIP-1a), MIP-18 expression have been reported in PD patients as well as in
PD animal models (Hirsch et al., 2003; Hunot and Hirsch, 2003; Kalkonde et al., 2007;
Knott et al., 2000; McGeer and McGeer, 2008; Yasuda et al., 2008). Therefore, astroglial

cells are implicated in PD neuropathology, but further research is needea tla&ve



roles of astrocytes in the CNS, an impairment of astrocyte-neuron dkossigl

contribute to disease progression and impair the recovery process.

Control K Actwated \ PD
. glial cell
Resting %

glial cell /ﬁ Neuroinflammation -
2 Primary insult N By

iologi @
Y ) é (etiological factor) @ 5‘
:?K_ :%S ; Apoptotic s Ey
Nerve cell death 3 b,

neumn %
p— rogression
. , Diseased” P
Dopaminergic omein i
neuron P rg
o \_/

Figure 3: Representation of the hypothesized role of glial celand inflammation in nerve
cell death progression in Parkinson’s disease (PD)n the brain of control subjects (left),
resting glial cells surround healthy dopaminergic neurons. After aatimgf insult (the causative
factors), some dopaminergic neurons degenerate by apoptosis and othemsagedda stressed
(“diseased” dopaminergic neurons). Through an unknown mechanism, thiesd mgurons
trigger activation of glial cells, which is illustrated by morpholagjichanges (blue arrows).
Reactive glial cells secrete proinflammatory cytokines andrmflatory and/or immune-
associated markers (blue arrows). In turn, this neuroinflammadiodamage more
dopaminergic neurons (red arrows), which will further activatglia¢cells. This vicious circle
then could contribute to the propagation of nerve cell death and the devel@bmparkinsonism
(right). Image copied frorAnnals of Neurologwith permissionHunot and Hirsch, 2003).

2.2 The Tumor Necrosis Factor (TNF) family

2.2.1 TNF cytokine family

The Tumor Necrosis Factor (TNF) family is composed of 19 related cytokines
that play a pivotal role in orchestrating innate inflammatory respgRéeter, 2003).
Following its isolation in 1975 and the cloning of its gene in 1984, studies showed two
different TNFs in the family, TN&and lymphotoxin (now known as TIR}F(Aggarwal

et al., 1984; Aggarwal et al., 1985b). In 1985, a 30% amino acid similarity between the



two factors was found (Aggarwal et al., 1985b). Additionally, the binding ofuTtN s
receptor and its displacement by TiN¢onfirmed the functional homology between the
two proteins (Aggarwal et al., 1985a). TS produced by lymphocytes, but in the
CNS, TNFu is produced by astrocytes, microglia, and neuronal cells. As summarized in
Ernandez and Mayadas (2009), TdNE synthesized as a propeptide with a long and
atypical signal sequence, which is absent from the mature secraikoheytA short
hydrophobic stretch of amino acids serves to anchor the propeptide in lipid bilayers. This
26 kDa membrane-integrated protein (M5 released from the cell via proteolytic
cleavage by TACE, the metalloprotease TNF-Alpha Converting Enzyme. Theesbiubl
kDa protein (STNE) is secreted after cleavage of the propeptide. In both the cell-
associated and secreted forms of G&NfFimerization is required for biological activity.
Both these forms are biologically active, and the cell-associated $dirought to be
responsible for cell-to-cell contact (Kriegler et al., 1988). The prindeyof TNFu is in
the regulation of immune cells. Tumor necrosis fagtisrable to induce apoptotic cell
death and inflammation, and inhibit tumorigenesis and viral replication (BaIRG09;
Ernandez and Mayadas, 2009).

2.2.2 TNFu receptors and CNS expression

TNFa signals through two distinct cell-surface receptors: TNF receptor 1
(TNFR1) and TNF receptor 2 (TNFR2) (Palladino et al., 2003). Characterizdtion
TNFR'’s has been summarized by Palladino et al. (2003) as follows: TNFR1 is the
primary receptor for the soluble form of TddFvhereas TNFR2 is the primary receptor
for membrane-bound TN#E Similar to TNFe, both receptors have to form homotrimers

to be biologically active. Both receptors are transmembrane glycopratéinsultiple
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cysteine-rich repeats in the extracellular N-terminal domaingoAgh their

extracellular domains share structural and functional homology, their ithatacel
domains are distinct, and transduce their signals through both overlapping andl distinc
pathways (Figure 4). The main intracellular structural differencedsst TNFR1 and
TNFR2 is the presence of the death domain (DD) in TNFR1, which is not present in
TNFR2 (Palladino et al., 2003). When TNFR1 is not activated, the DD is occupied by
the SODD (silencer of DD protein), which prevents activation of the receptor in the
absence of the ligand. When TéBinds to TNFR1, this induces the release of SODD
and allows the TRADD (TNFR associated DD) to interact with the DD. DBAs an
essential partner of TNFR1 for signal transduction. TRADD can recruit the tteaums
adapter molecule FADD (fas-associated DD), which initiates the cagptseay
responsible for apoptotic cell death. It can also interact directly with tker@dé&ptor-
associated factor 2 protein (TRAF2). TRAF2 can then interact with RIp{cece
interacting protein) to mediate lymphocyte apoptosis. TRAF2 can also trigger t
activation of several inflammatory signaling pathways, includingiBFAP-1, c-Jun N-
terminal kinase stress kinases, and p38 mitogen-activated protein kinase (Mvkiri)
control TNF-induced gene expression (Ernandez and Mayadas, 2009; Palladino et al.,
2003). These inflammatory pathways are primarily activated by TNFR1e 8§bthe
proinflammatory properties of TNFnclude induction of chemokines (monocyte-
chemoattractant protein-1, CXCL10 or IP10), cytokines (IL-1, IL-6), and other
inflammatory mediators (reactive oxygen species, nitric oxide) (Taetsay, 2007).

Some reports indicate that TNFR1 mediates apoptosis and TNFR2 mediatesapimiifer
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thers suggest that the two TNFRs transduce their signals cooperativélyqpéulhyay

et al., 2001; Weiss et al., 1998).

}1 [} Cystaine-rich domains
§ Death domains (DD)

! TRAF2 binding site

Figure 4. TNFa receptors and receptor-signaling pathways Diagram illustrating TNFR1 and
TNFR2 and their role in signaling pathways. The binding of membrane-boundiblestNFo
induces the activation of TNFR2 and the release of SODD from TNFR1 to HRéMDD to
interact with DD. Downstream proteins and enzymes interact to allow sigraeliTNFo.
receptors. Activation of the TNFRs ultimately lead to cell apggtor inflammatory responses.
SODD, silencer of death domain protein; TRADD, TNF receptor-assdoitgath domain
protein; TRAF2, TNF receptor-associated factor 2 protein; Etk/bmx, leeighdtepithelial
tyrosine kinase; FADD, Fas-associated death domain protein; RIPtaeicepracting protein;
JNK, c-Jun N-terminal kinase. Image copied fididney Internationalvith permission
(Ernandez and Mayadas, 2009).

All nucleated cells express TNF receptors, although their distribution weitles
cell type (Palladino et al., 2003). TNFRL1 is expressed constitutively on miaspes!,
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whereas expression of TNFR2 is highly regulated (Boka et al., 1994). In the CNS, for
example, TNFRL1 is expressed on nigrostriatal dopaminergic neurons (Boka et al., 1994;
McGuire et al., 2001; Mogi et al., 2000) as well as on astroglial cells (Femandk,
2006; Mennini et al., 2004; Sairanen et al., 2001; Yin et al., 2004). TNFR2 is expressed
primarily by immune cells including microglia (Dopp et al., 1997), but also reparted |
numerous other cell types including dopaminergic neurons (McGuire et al., 2001).

2.2.3 Overview of TNFe's role in PD

TNFa is expressed at a minimal level in the CNS under basal conditions but
becomes elevated after an insult, infection, or injury (Breder et al., 1993; Tetraey
2007). Dysregulation of TNFproduction has been implicated in a variety of human
diseases, such as Alzheimer’s disease (Fillit et al., 1991), multipl®sisl (Hofman et
al., 1989), human immunodeficiency virus (Grimaldi et al., 1991) as well as cancer
(Bersani et al., 1986). In PD, in particular, elevated d Wfd the contribution to
dopaminergic neuronal dysfunction and cell death has been observed. For example,
TNFa is upregulated in the striatum and SN of post-mortem brains of PD patients (Boka
et al., 1994; Mogi et al., 1994b) and increased in the serum and cerebrospinal fluid of PD
patients compared to healthy individuals (Dobbs et al., 1999; Mogi et al., 1994b). Also,
in in vivo PD models TNE is up-regulated in the striatum and SN (Mogi et al., 1999).
Additionally, significantly elevated mRNA and protein levels of tiNfave been
detected in the rodent midbrain SN within hourgofivo administration of
parkinsonism-inducing neurotoxins (Ferger et al., 2004; Mogi et al., 1999; Rousselet et
al., 2002; Sriram et al., 2002). Moreover, plasma d Nvels remain elevated one year

post administration of neurotoxin in non-human primates, showing its possible
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involvement or influence in chronic inflammation (Barcia et al., 2005). Importantly,
TNFa was highly toxic to dopaminergic neurons in biotlitro (De Lella Ezcurra et al.,
2010; McGuire et al., 2001) amalvivo (Carvey et al., 2005) studies. Furthermore,
results from genetic evidence reveal that a single nucleotide polymorphieen TNFe
promoter is over-expressed, resulting in higher than normabxéduction in a group
of early onset PD patients (Nishimura et al., 2001). Studies involving KNéckout

and inhibitor proteins also support the role of TNiF PD. For example, MPTP-induced
neurotoxicity was mitigated in mice lacking TiBr both TNF receptors (Ferger et al.,
2004; Sriram et al., 2002). Chronic infusion of TdNRhibitor proteins into rat SNpc
displayed significant dopaminergic neuroprotective properties from parkinsonis
inducing neurotoxin (McCoy et al., 2006). Furthermore, glial cells in the SN of PD
patients have enhanced T&production (Boka et al., 1994). In principle, two
mechanisms could account for TN§& neurotoxicity: either a direct mechanism through
receptor binding on dopaminergic neuron or an indirect mechanism through dlial-cel
activation and expression of inflammatory factors. Together, these stubizsgut
histopathologic, epidemiologic, and pharmacologic analysis support the concept that

TNFua is a critical mediator of dopamergic neurodegeneration in PD.

2.3 The Interleukin (IL) -1 family

2.3.1 IL-1 cytokine family

The Interleukin (IL)-1 cytokine family is compromised of at least 11 ligands
which play an important role in inflammation and host defense (Basu et al., 2004). IL-1

was first described in 1972 (Gery et al., 1972) and cloned in humans in 1985 (March et
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al., 1985). The cloning of IL-1 showed two separate genes encoding two different types
of IL-1, IL-1a and IL-18 (Subramaniam et al., 2004). These agonists display amino acid
homology of 26% in humans (Dower et al., 1986). Interleukirauid IL-13 are

synthesized as large precursor proteins (31 kDa) by many cell typegeripieeral and
central immune system, including monocytes, macrophages, neutrophils, hepatocytes,
microglia, and astrocytes (Basu et al., 2004; Simi et al., 2007). Pre-4d Hologically
active and cleaved by calpain to generate the mature 23 kDa protein. BaoshofdL-

la are biologically active and remain mostly intracellular, unless rtefadlowing cell

death (Allan et al., 2005). In contrast, pro-Igi% biologically inactive and requires
caspase-1 (also known as ICE, Ig-donverting enzyme) for cleavage into an active 17
kDa protein, which is secreted out of the cell (Allan et al., 2005).

The IL-1 family also has a third member that has been well charadesza
naturally occurring competitive IL-1 receptor antagonist, IL-1RAr{kum et al., 1990).
IL-1RA is produced by the same cells as IL-1 and is expressed as aalinlaacsoform
or a secreted isoform. The secreted isoform of IL-1RA (22 kDa) is the only form
reported in the brain (Hannum et al., 1990). The receptor antagonist binds to the IL-1
receptor with the same affinity as IL-1 but does not trigger signal transaluct
Therefore, IL-1RA’s main function is to regulate the effects of IL-1 byKirar
receptors. Administration of IL-1RA in experimental animals resulted iropeatection
following a number of insults including ischemia and excitotoxicity (Hagan,et36;
Yang et al., 1997).

The biological activity of IL-1 is tightly controlled under physiolocial corahs.

Upon stimulation, IL-1 is produced by a large variety of cells and acts in a
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paracrine/autocrine fashion on target cells. Roles of IL-1 include gléat®n of
metabolism, cytokine proteins, vascular system, and hematological moleathethew
primary role of IL-1 being a mediator of innate immunity with numerous CN®dja|
actions, including inflammation (Dinarello, 1988; Dinarello and Wolff, 1993; Dirarell
1996; Hallegua and Weisman, 2002).

2.3.2 IL-1 Receptors and CNS expression

The IL-1 family contains two forms of receptors (yielding ten receqibtypes)
that are from two different genes but display similarities in their inengbrane and
extracellular domains (Martin and Falk, 1997). The effects ofullarid IL-13 are
mediated though actions on the type | IL-1 receptor, IL-1R1 (80 kDa), which exists
both membrane-bound and soluble forms (Subramaniam et al., 2004). There is also a
type Il IL-1 receptor, IL-1R2 (60-65 kDa), but this receptor lacks an intraaellul
signaling domain so no downstream signaling is initiated when IL-1 binds. Tiegrefo
IL-1R2 is believed to act as a “decoy” receptor by preventing acceksldblthe
functional IL-1R1 (Subramaniam et al., 2004).

Signal transduction requires the binding of [kt membrane-bound IL-1R1,
which then associates with the membrane-bound IL-1 receptor accessory pketein (|
1RACcP) (Rothwell and Luheshi, 2000). The complex then recruits a number of
intracellular adaptor molecules, including myeloid differentiation facdoiiMByD88), IL-
1R-associated kinases (IRAK), and TNFR-associated factor 6 (TRAF@&juatac
signaling via NF¢B, p38, p42/44, ERK1/2, and JNK MAPK (Figure 5), which will

induce inflammatory-associated genes encoding chemokines (CCL2), grotetis fa
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(nerve growth factor), adhesion molecules (matrix metalloproteinaseé€ysokines (IL-

6, TNF) (Basu et al., 2004; John et al., 2005; Allan et al., 2005).

Pro-IL-1o Pro-IL-1p Pro-IL-1ra

\ FCaspase 1

IL-1e 1B IL-Tra

.\

IL-1RN
60 kDa

N\
MAPKS
l [p42/p44| [p38| [JUNK]

Yoy
| Nuclear transcription|| mRNA stabilization |

Figure 5. Actions of IL-1. The IL-1 cytokine family members include two ligands (k.dnd
IL-1B), an antagonist (IL-1RA), and two receptors (IL-1R type 1 and IL-1R typel®).bihding

of IL-1o/B/ra to IL-1RI allows proteins and kinase to interact with the tecemd induce
downstream signaling. IL-1RIl also binds IL-1, but lacks an intracellulaadoend does not
initiate signal transduction. AcP, accessory protein; MAP, mitegtinated protein; IRAK,
interleukin-1 receptor associated kinase; TRAF, tumour necrosis faceptor associated factor;
NF-kB, nuclear factor-kB; JNK, c-jun amino terminal kinase .Image cdpsedTrends in
Neurosciencevith permission (Rothwell and Luheshi, 2000)

All members of the IL-1 family (IL-&, IL-1p, IL-1R1, IL-1R2, and IL-1RA)

have been observed in the CNS (Rothwell and Luheshi, 2000). InterlealkandlL-13
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are expressed at low levels in the healthy CNS, but are upregulated withitesrat the
MRNA level and within hours at the protein level in response to neurotoxic stimiain (Al
et al., 2005; Simi et al., 2007). Cellular sources ofdlafd IL-13 and receptors IL-1R1
and IL-R2 in the CNS appear to predominately be microglia and astrocyeeg2t al.,
1999; Pearson et al., 1999) as well as neurons and oligodendroglia (Blasi et al., 1999)

2.3.3 Overview of IL-1g in PD

Interleukin-38 in particular has been implicated in a number of human diseases,
including multiple sclerosis (McFarland and Martin, 2007), myasthenia gidneng et
al., 1998), epilepsy (Sheng et al., 1994), HIV-associated dementia (Zhao et al., 2001),
Parkinson’s disease (Mogi et al., 1994a), and Alzheimer’s disease (Niab||2000). A
significant increase in ILflwithin the striatum and SN of post-mortem patients as been
observed (Hunot et al., 1999; Mogi et al., 1994a). Similary flisklevated in the CSF
of PD patients compared to healthy patients (Blum-Degen et al., 1995). Qek and
animal studies also support an involvement of this pro-inflammatory cytokine in PD. For
instance, induction of chronic expression of [kifh adult rat SNpc using a recombinant
adenovirus resulted in glial activation, progressive dopaminergic cell dadtbhkmesia
(Ferrari et al., 2006). In a separate study, midbrain dopaminergic neuronseatae t
with IL-1 which caused significant cell death, comparable to that induced by 6-OHDA
(Long-Smith et al., 2009). Although several studies are controversial regarding the
neurotoxic role of IL-B and suggest a more neuroprotective role (Nishimura et al., 2005;
Saavedra et al., 2007), the most convincing evidence fop-ibduced
neurodegeneration comes from genetic and pharmacological studies. Gede& st

observed a significant increase in the microglial fLgknotype expression in patients
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with PD compared to healthy patients (McGeer et al., 2002). Furthermore] severa
studies found that the risk of PD doubled in carriers of the homozygous variantfof IL-1
position -511 and TNd position -308 and the risk was tripled for carriers of both variants
(Nishimura et al., 2000; Wahner et al., 2007). Pharmacological studies furikatkd

that blockade of the IL-1R1 prevented the death of dopaminergic neurons induced by
lipopolysachharide (LPS)-treated glial cells, suggesting thaplpr@duced from glial

cells contributes to dopaminergic neuronal death (Koprich et al., 2008; Lony-&rait,
2010). Inhibition of IL-1R1 not only attenuates neurodegeneration, but also reduces PD-
associated symptoms, such as dyskinesia, in an animal model (Barnum et al., 2008).
Overall, evidence from several types of studies indicates thé fllays a crucial role in

the neurodegeneration of PD.

2.4  The chemokine family: Overview

Chemokines, which is short for ‘chemotactic cytokines’, are a family ofl ¢&:al
14 kDa) cytokines (Jin et al., 2008). Characterization of chemokines have been
summarized by Jin et al. (2008) as follows: “The word ‘chemokine’ is derivedtfreim
ability to induce directed chemotaxis on cells that express the appropriatekihe
receptor along a chemical gradient of ligand—known as the chemokine gradiermt’ (Ji
al., 2008). Chemokines are classified into four highly conserved groups based on the
position of the first two cysteines adjacent to the N-terminusy-ebémokines) CC3(
chemokines), CXCo chemokines), C3C (6 chemokines). In the human body, there are
currently over 50 chemokines and at least 18 chemokine receptors that have been

discovered (Ubogu et al., 2006). Chemokine signaling plays a role in homeostasis,
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development, and inflammation. Homeostatic chemokines are chemokines that are
produced and secreted without stimulation of the source cell (Luster, 1998; Salhlsto et
1997). Chemokine secretion from lymph nodes for the chemoattraction of lymphocytes
to screen for pathogen invasion is an example of homeostatic chemokines (Jin et al
2008). Chemokines implicated in development are involved in several activities,
including guiding progenitor cells to tissues for cellular maturationef®on et al., 2006).
Chemokines that contribute to inflammatory actions are released fromegy\aircells in
response to a number of agents (i.e., viruses, bacterial infection, pro-inflapmmator
cytokines). Chemokines mainly function as chemoattractants for leukoogtesheer

cells from the blood to the site of infection or tissue damage (Jin et al., 2008). In
particular, a number of inflammatory chemokines also activate cellsiaderain immune
response, an action that can lead to cellular survival or apoptosis (Zlotnik and Yoshie,
2000).

Receptors for chemokines are seven-transmembrane, G-protein-coupledrsecept
that are found on the surface of peripheral cells, such as leukocytes, ashwaith z=lls,
including astrocytes, microglia, and neurons (Luster, 1998). The actions of neuronal
chemokine receptors upon binding by chemokines are known as contributors to
neuropathogenesis, by inducing chemotaxis and intracellular calciuneittsnesnd
amplifying neuronal dysfunction and death (Hirsch and Hunot, 2009; Shimoiji et al.,
2009; Yasuda et al., 2008).

2.4.1 Role of CXCL10/IP-10 in astrocytes and PD

The gene of CXCL10, a 10 kachemokine, was first identified as an early

response gene induced after interfeyaxposure in a variety of cells, and was therefore
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named interferon-inducible protein, IP-10 (Luster et al., 1985; Luster andcRa¥687).
CXCL10 is a chemoattractant for activated T cells, monocytes/macrophagdsdfral.,
1993), microglia, and induces astrocyte proliferation (Flynn et al., 2003). In the CNS,
astrocytes are the major source of CXCL10 production (Oh et al., 1999). Indeed,
CXCL10 expression is significantly induced in TiNExposed human A172 astroglial
cells (Davis et al., 2007). Furthermore, CXCL10 mRNA and protein expression in
astrocytes has been investigated and shown to be markedly increased in theHDIS of
AD, and MS subjects (Sui et al., 2004; Sui et al., 2006; Tanuma et al., 2006; Xia et al.,
2000). For example, studies demonstrate through post-mortem analysis of nealiglogic
challenged patients (i.e., MS and AD) that CXCL10 is up-regulated cothfmahealthy
patients and the cellular source of this chemokine is astrocytes (Tanum2@d@j Xia

et al., 2000). Tanuma and colleagues (2006) further state that astrogliaddexCL10
may activate additional astrocytes through an autocrine or paractioe sinoce the
CXCL10 receptor, CXCR3, is found on astrocytes. Eventually, reactive gliosis occurs
and is followed by microglia migration and activation, leading to degeneration of
neuronal axons (Tanuma et al., 2006). A relatively recent study has shown tHat@XC
is up-regulated in the striatum of the RDvivo MPTP model, yet the cellular source was
not established (Kalkonde et al., 2007). Furthermore, studies have indicated datriment
effects of CXCL10 on neuronal cells. For instance, in a HIV study cultured huraan fet
brain neurons exposed to CXCL10 resulted in calcium dysregulation and activation of
caspase-3 and ultimately apoptosis (Sui et al., 2004; Sui et al., 2006). Consequently,

strong support for the neurotoxic effects of CXCL10 exists in neurodegenerative
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diseases, and thus, more research should be done exploring the modulation of CXCL10 in

PD models and patients.

2.5  The inducible nitric oxide synthase (INOS) family

2.5.1 The Role of INOS

Nitric oxide (NO) was first identified in 1980 as the endothelium-derived rejaxi
factor mediating relaxation of blood vessels (Furchgott and Zawadzki, 1980).
Throughout years of research, NO became known as a highly diffusible, bioactive fre
radical with a short half-life (Steinert et al., 2010). At low concentratio@sisN
neuroprotective and mediates physiological signaling (vasodilation and
neurotransmission), while at higher concentrations, it mediates immune and
inflammatory actions and is neurotoxic (Liberatore et al., 1999). NO isajeddryy
nitric oxide synthase (NOS) via the enzymatic conversion of L-arginibectioulline.
There are three NOS genes with distinct tissue locations and functions— neur@al NO
(nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). The nNOS and eNOS are
constitutively expressed and are calcium-dependent enzymes. The indutihleNiOS,
does not require calcium for its activity and is expressed in various ged iycluding
the astroglia and microglia (Steinert et al., 2010). Inducible NOS exgmaadiumans,
however, appears to be in astrocytes rather than microglia (Steineréetal).
Nevertheless, all three isoforms of NOS have been reported to contribute to
neurodegenerative diseases (Maragakis and Rothstein, 2006). This contribution is
demonstrated by NOS production of NO, which reacts with the superoxide radical to

ultimately produce reactive nitrogen species (RNS) — peroxynitrite and lyydaobcal.
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NO and its derivatives, RNS, target proteins, DNA, and lipids of cells, resulting in

extensive cellular injury and ultimately cell death (Steinert et al., 2010).

2.5.2 The importance of INOS/NO in astrocytes and PD

In the healthy human brain, astrocytes do not express iINOS; however, following
trauma or an inflammatory insult, reactive astroglial cells have angupated
expression of INOS (Galea et al., 1992). In fact, the enhanced astroglial INOS
immunoreactivity has been reported in post-mortem brain tissue from patigntd vit
(Bo et al., 1994), AD (Wallace et al., 1997), and PD (Hunot et al., 1996). Additionally,
the INOS product, NO, is suspected to contribute to a number of neurodegenerative
diseases, especially PD (Arimoto and Bing, 2003; Hunot et al., 1996; Iravani et al., 2002;
Liu et al., 2002; Okuno et al., 2005). In a PD study, Liberatore et al. (1999) demonstrated
a significant up-regulation of INOS and gliosis after MPTP administrdt mice. This
group of researchers further observed dopaminergic neurodegeneration following iINOS
enhancement, whereas iINOS mutant mice were resistant to the effed®3 Bt M\
previous study also revealed an astrocytic inflammatory response of eas@an INOS
and NO in ann vitro PD-associated gene DJ-1 model (Waak et al., 2009). This increase
in NO resulted in an increase of oxidative species which coincided with neuronal
apoptosis (Waak et al., 2009). Immunoreactivity analyses of the mesencephadsty of
mortem PD patients further supported the importance of nitric oxide by illngteat
significant increase in glial INOS levels, which may be neurotoxic to dopagine
neuronal cells (Hunot et al., 1996). Several other studies have also shown that

administration of selective iINOS inhibitors protected nigrostriatal dopagimeeurons
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in a 6-OHDA model (Broom et al., 2011) and in a MPTP mouse model (Kim et al.,
2010). Even motor performance in models of PD was affected negatively BpdNO
improved significantly by inhibition of NOS expression. Padovan-Neto et al. (2009)
illustrated this improvement in motor performance when L-DOPA-induced dys&iime
a rodent model of PD was attenuated after rodents were administrated with NOS

inhibitors (Padovan-Neto et al., 2009).

2.6  The importance of NFkB in glia

The transcription factor nuclear factokB (NF-«B) was discovered about 25
years ago and observed to bind to the enhancer of the immunoglobukriglgf) chain
gene in B cells (Sen and Baltimore, 1986). Nuclear fackd® is a ubiquitously
expressed transcription factor that compromises five members, p50, p52, p65 (Rel-A), ¢
Rel, and Rel-B, which share a N-terminal Rel homology domain allowing diatien,
interaction with NF«B inhibitor IkBa, and binding to DNA atB sites of target genes
(Ghosh and Karin, 2002). Nuclear factd@-proteins form homo- or hetero-dimers that
remain inactive in the cytoplasm by interaction witBs (Ghosh and Karin, 2002)xBs
are inhibitory molecules which mask the NB-nuclear localization sequence (Malek et
al., 2001; Whiteside and Israel, 1997). These molecules are evolutionarily conserved and
composed ofdBa, kBB, IkBe, IkBy, IkB(, Bcl-3, p-105, and p-100 (Whiteside and
Israel, 1997). Depending on the stimulus, fB-activation can occur through either the
classical pathway or the alternative pathway (Figure 6). In the classizanonical
pathway, NF¢B signaling is stimulated by pro-inflammatory cytokines such asalTNF
and IL-1B (Bonizzi and Karin, 2004). This stimulation triggers the activation ofdBe |

kinase (IKK) complex, which is composed of IKKIKK 8, and IKKy/NEMO (NF«B
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essential modulator). [IKKthen phosphorylategB proteins on two serine residues,
Serine 32 and 36, which then results in the ubiquitination and degradatid lof the
26S proteasome (Ghosh and Karin, 2002). The nuclear localization sequenceBf NF-
proteins are then unmasked and the proteins are able to translocate to theamacleus
bind toxB sites in the promoter or enhancer regions of target genes and actiwate the
transcription. The alternative pathway or non-canonical pathway involves theampstr
kinase NF«B inducing kinase (NIK), which activates IKK complex, and leads to the
phosphylation and processing of p100 to p52. The release of p52-containing dimers then
allows for nuclear translocation and DNA binding (Derudder et al., 2003; Xiao et al.,
2001). This alternative pathway is thought to play a role in the expression of genes
involved in the development and maintenance of secondary lymphoid organs and in
adaptive immunity. The pathway operates only upon stimulation by lymphdkoRin
cell-activating-factor, or CD40 (Bonizzi and Karin, 2004). However, it is thesatal
pathway that is involved in the control of innate immunity and inflammation (Baud and
Karin, 2001; Bonizzi and Karin, 2004; Ghosh and Karin, 2002) and in the regulation of
the production of several pro-inflammatory mediators including cytokines{)INF
chemokines (monocyte chemotactic protein-1), enzymes (cyclooxygenase-2}riand ni
oxide.

Several reports suggest a critical role for RB-in the manifestation of PD (Aoki
et al., 2009; Niranjan et al., 2010). In support of the role okRIf astrocytes in PD,
studies have shown an enhancement of activ&Blfevels in astrocytes in the presence
of PD-associated neurotoxin MPTP (Aoki et al., 2009; Niranjan et al., 2010). Both

groups of researchers demonstrate an increase kBNFfanslocation, with nuclear p65
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levels significantly increased in astroglial cells after MPTRtinent. A 70-fold increase

in the nuclear translocation of NéB compared to age-matched healthy controls is also
seen in substantia nigra dopaminergic neurons of post-mortem PD patients (Hunot et a
1997). Therefore, these studies suggest a critical role faB\Especially through the

classical pathway, in PD.

A Classical NF-xB Pathway B Alternative NF-xB Pathway

Ty

Figure 6. Classical and alternative pathways of NkeB activation. A model depicting the two
signaling pathways to NkB. (A) The classical pathway is mediated by [K&nd leads to
phosphorylation ofdB. Inputs for the classical pathway include TNFR1/2, TCR and BCR, and
TLR/IL-1R. (B) The alternative pathway involves NIK activation of IKldnd leads to the
phosphorylation and processing of p100, generating p52-RelB heterodimers. Inpstfsigiie
alternative pathway include ISR, BAFFR, and CD40R. Image copied fr@enes and
Developmentvith permission (Hayden and Ghosh, 2004).
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2.6.1 The importance of NFB in CXCL10 production in astrocytes

The signaling pathway responsible for the induction of CXCL10 is important to
examine in the pathogenesis of neuronal diseases. CXCL10 induction was found to be
regulated transcriptionally by the activation of NB{Williams et al., 2009b).

Interestingly, the CXCL10 promoter NEB binding site has exclusive affinity to p50/p65
heterodimers (Ohmori and Hamilton, 1995). We have established, through the use of
specific NFkB inhibitors, a signaling pathway responsible for the production of CXCL10
in astroglial is NFRe<B (Davis et al., 2007). In fact, the inactivation of astroglial--
resulted in down-regulation of the production of CXCL10 expression, and ultimately le
to a neuroprotective effect on retinal neurons following ischemic injury (Dvchi&ova

et al., 2009). In another study, inactivation of AFand reduced CXCL10 resulted in a
faster recovery after spinal cord injury in transgenic mice compared twarsgenic

mice (Brambilla et al., 2005). Furthermore, human astrocytes co-exposed to HEV-1 T
and proinflammatory cytokines resulted in the induction of CXCL10 at both the RNA

and protein level (Williams et al., 2009Db).

2.6.2 The importance of NF«B in iNOS/NO induction in astrocytes and PD

The involvement of NReB in the production of NO has been illustrated in several
studies. First, the human iNOS gene contains eightBIBinding sites (Taylor et al.,
1998). Secondly, Davis and colleagues (2005) illustrated the dependency of INOS
expression in astroglial cells on NB- by the use of several NEB inhibitors (MG-132,
helenalin, BAY 11-7082). In aim vitro PD model, mesencephalic cells exposed to

manganese demonstrated increased NO generation during the activatiorEByfwhich
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was blocked by NFkB inhibitor (SN50) (Prabhakaran et al., 2011). Furthermore, in a PD
animal model, administration of paraquat intraperitoneally resulted indlietion of
nitric oxide and production of lipid peroxidation in the striatum (Gupta et al., 2010).
However, this induction of INOS mRNA and protein and expression of lipid peroxidation
were significantly attenuated in the animal models by thecBlihibitor pyrrolidine
dithiocarbamate (Gupta et al., 2010). A recent study explored the role of astréglial N
kB in INOS induction and NOS2 expression iniwivo andin vitro PD model,
respectively (Miller et al., 2011). This study by Miller et al. (2011) demdestthat
MPTP-exposed astrocytes had colocalized expression of INOS arB N#th an
increased protein nitration in nigral dopaminergic neurons. Inhibition ofBNiA-
astroyctes by mutankBo suppressed expression of NOS2 and protected co-cultured
neurons from astrocyte-mediated apoptosis (Miller et al., 2011). Consequenii, NF-
has been implicated in the induction of INOS in PD pathogenesis, yet further stedies a
required to examine the role of astroglial NB-on iINOS induction in PD.

Astrocytes are the major source of NB-induced CXCL10 and iNOS in the
CNS (Ohmori and Hamilton, 1995; Taylor et al., 1998). This chemokine and enzyme
potentially exacerbate an inflammatory attack by mediating cleemsaind producing
reactive nitrogen species at the site of insult, respectively. Therdtatesssshould be
done on astrocytes to elucidate the role of these inflammatory factorsB(NEXCL10,

INOS) on Parkinson’s disease neuropathogenesis.

2.7 Neuromelanin

2.7.1 The role of NM in normal brain
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In the human brain, the neurotransmitter dopamine (DA) has been implicated in a
number of roles, including voluntary movement, reward, motivation, and mood
(Bromberg-Martin et al., 2010). Tyrosine hydroxylase (TH) produces L-3,4-
dihydroxyphenylalanine (DOPA), which is then rapidly converted to DA by aroma
amino acid decarboxylase (AADC) (Sidhu et al., 2004). Cytosolic DA can have several
destinations, including accumulation in synaptic vesicles via uptake by vesicular
monoamine transporter 2 (VMAT?2). Dopamine can also be metabolized by monoamine
oxidase (MAO) into 3,4-Dihydroxyphenylacetic acid (DOPAC). Cytosolic @A also
be released from the cell via reverse transport through the dopamine tren@pAif)

(Sulzer, 2007; Zucca et al., 2004). If these processes are insufficient to coneokthe

of cytosolic DA, excess cytosolic DA can be easily oxidized. Dopaminetmadaan

occur via two major pathways: auto-oxidized or enzymatic oxidation, both of which
produce dopamine-quinones and ROS in the cytosol. Oxidized dopamines (0xDA) are
highly reactive and exert cytotoxicity in DA neurons and surrounding neursl cell
(Asanuma et al., 2003; Miyazaki and Asanuma, 2008). Oxidized DA reacts with cysteine
residues on proteins to form DA-Cys-protein products, which can be phagocytized in
autophagic vacuoles and become double-membraned NM granules over time (Fetdorow
al., 2005; Zucca et al., 2004). Neuromelanin, meaning ‘black’ substance in neurons, is
what causes the dark pigmentation of certain neurons and is found at its highest levels
the SNpc and the locus coeruleus (LC) (Graham, 1979; Zecca et al., 2004). In the huma
brain, NM first appears in the SNpc around the third year of life (Fenichel amaiioBa

1968) and accumulates linearly with age, reaching concentrations of 2.3-3.7 pudfeng in t

SNpc of healthy subjects aged 50-90 years old (Zecca et al., 2002).
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It has been suggested that the synthesis of NM plays a protective role within the
cell (Fedorow et al., 2005; Zecca et al., 2003; Zucca et al., 2004). Neuromelaningrevent
the accumulation of toxic cytosolic DA derivatives by incorporating them into the
polymer (Sulzer et al., 2000). Neuromelanin may also play a protective rotéirny as
a ‘black hole’ capable of chelating redox active metals (iron, zinc, coppen,netals
(mercury and lead), and a wide variety of toxic compounds (MPP+) (D'Amato et al
1986; Enochs et al., 1994; Zecca et al., 2002), indicating that it could be a high capacity

storage system that prevents neuronal damage.

2.7.2 The role of NM in PD brain

Although brain regions other than the pigmented SNpc are involved in the
pathology of PD, the loss of NM-containing neuronal cells in this area remesent
cardinal pathologic diagnostic criterion for the disease. SpecificallyleN®#s in PD
patients were 1.2-1.5 pg/mg in the SNpc, which are less than half of age-matched
controls (Zecca et al., 2002). In fact, analysis of PD midbrain shows that dopggminer
neurons of the SN containing NM are predominately more vulnerable to loss than the
unpigmented neurons (Gibb, 1992; Kastner et al., 1992). It has been suggested that the
pigment itself increases the vulnerability of SN neurons and leads to neuradd¢igene
(Offen et al., 1997). The observed decrease of NM in the SNpc of PD patients further
supports the loss of the pigmented neurons during PD (Gibb and Lees, 1991; Pakkenberg
et al., 1991). Others have stated that the level of NM actually decreasesivuing
neurons of the SN (Kastner et al., 1992; Mann and Yates, 1983) due to a reduced
biosynthesis, increased degradation, higher vulnerability of heavily pigmented neurons
or a combination of these mechanisms.
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In contrast to NM’s cytoprotective roles, there is also evidence of thimpoly
exhibiting a cytotoxic role and, hence, explaining the death of pigmented neuronal cell
in PD brains. Studies have reported that when free neuronal iron increases and saturates
the chelating sites of NM, NM could lead to an increased production of free radicals
such as hydrogen peroxide and hydroxyl radicals (Double et al., 2002; Zareba et al.,
1995). As hydrogen peroxide and hydroxyl radicals degrade the integrity of NM,
cytotoxic redox active metal ions will be released from NM and could aatel8Npc
neuronal death by exacerbating oxidative stress (Double et al., 2002; Enochs et al., 1994).
The release of NM from these dying neurons could trigger a vicious cycle of
neuroinflammation and neurodegeneration. If the anti-oxidative defense matanis
overwhelmed and the cumulative stress is severe enough, exacerbation oflneurona

depletion could increase the onset or symptoms of PD (Tansey et al., 2007).

2.7.2.1 The effect of NM on proinflammatory factors in PD

In subjects with juvenile (Ishikawa and Takahashi, 1998), idiopathic, and MPTP-
induced parkinsonism (Langston et al., 1999), neuropathological examinations have
demonstrated the presence of insoluble extracellular NM granules, whielicéiog/ing
SNpc cell death and remain in the EC space in large amounts for long periods of time
(months, years). In a patient with MPTP-induced parkinsonism, extraneuronairmela
was found with activated microglial cells and gliosis even 12 yearsexip@sure to the
neurotoxin (Langston et al., 1999). Anvitro study demonstrated the effect of human
NM on rat microglia and illustrated NM’s ability to trigger microglgsmicroglial
chemotaxis, and microglial activation with subsequent release of proinflanynaaid

neurotoxic mediators such as NO, T&j&nd IL-6 (Wilms et al., 2003; Zhang et al.,
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2011). Addition of NM to microglial cells also activated the R-and p38 MAPK
signaling pathways (Wilms et al., 2003). Further support for glial activago
extraneuronal NM was shown in the SNpc of post-mortem patients of PD and MPTP-
intoxication, where NM deposits were found to be phagocytosed by microglia (@ucca
al., 2004) and to induce glia activation (Zhang et al., 2011). Due to the lack of research
on NM effects on astrocytes, the present study investigated the pro-infiamifi@ators
triggered by exogenous NM and its pathogenic mechanism in human astrocytoma cells
The findings from these studies may provide insights into the inflammatory mgcha

of PD caused by the extraneuronal deposits of NM.

2.8  Alpha-synuclein

2.8.1 The role ofa-synuclein in normal brain

Alpha-synuclein belongs to the synuclein family along \Bitandy-synuclein
(George, 2002; Ueda et al., 1993), which have been described only in vertebrates. Alpha-
synuclein is predominately expressed in the brain neocortex, hippocampus, striatum
thalamus, and cerebellum and is the only synuclein known to be implicated in disease
(Iwai et al., 1995). Humasm-synuclein is a small acidic protein (14 kDa) composed of
140 amino acid residues and predominately localized in presynaptic termittads i
CNS, where it loosely associates with synaptic vesicles (Norris 2084). Alpha-
synuclein was first identified as the precursor of the nfre@mponent peptide, which is
present in extracellular amyloid plaques of AD patients (Iwai et al., 1995; éiedla
1993). Although the physiological roles@fynuclein are not fully understood,
numerous studies demonstrate the role-synuclein in DA neurotransmission

regulation (Dev et al., 2003; Sidhu et al., 2004). Studies demonssgteiclein’s role
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by its effect on neuronal plasticity (Clayton and George, 1998), regulationainae
membrane trafficking via vesicle budding or turnover (Chen et al., 1997), regulation of
the size of synaptic vesicle pools in neurons (Murphy et al., 2000), inhibition of TH
activity (Perez et al., 2002), and regulation of the number of plasma membrane DATs
(Lee et al., 2001).

2.8.2 The role ofa-synuclein in PD brain

The implication ofu-synuclein’s role in the pathophysiological process of PD is
still far from obvious; however, a prerequisitenedynuclein neuropathy is its
oligomerization into soluble protofibrils followed by their coalescence irgoluble
fibrils, and accumulation into Lewy bodies (LB) (Lee and Lee, 2002; Maries 08RB).
Several conditions induaesynuclein aggregation, includingsynuclein mutations
(A30P, A53T, E46K), over-expression, and exposure to neurotoxins (MPTP, rotenone)
and oxidative factors (free iron, oxidized dopamine) (Dev et al., 2003; Lee, 2008). Once
aggregation is initiated, the bioavailability@&ynuclein is greatly diminished such that
normal physiological functions regulated d»gynuclein may be severely compromised,
which in turn, could further worsen the initial cellular insult (Sidhu et al., 2004) (see

Figure 7).
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a-synuclein] soluble
protofibrils | @-synuclein

IPathologicnl condition : Physiological onnditionl

Figure7. Overview of the consequences afsynuclein aggregation that turn it from a
neuroprotective to a toxic molecule.Under physiological conditions (right side of diagram),
synuclein is able to lower TH activity by blocking interactions with 1348oteins and various
kinases, which are required to trigger a high TH activity. Alpha-sginualso contributes to a
normal rate of synaptic vesicle formation, which leads to an efficleatance of cytoplasmic
dopamine through VMAT2. Normal amounts of solublgynuclein at the nerve terminals helps
to hold the dopamine transporter (DAT) into a cytoplasmic compartmentngireyeverload of
extracellular dopamine into the neuronal cytoplasm. Overalnuclein tends to decrease the
amount of free dopamine inside neurons, and its possible transformabi@reactive and

highly toxic molecule. In contrast, under pathological conditions (left sideeafitgram),
lowering the amount of solubtesynuclein tends to increase free cytoplasmic dopamine and the
formation of reactive oxygen species (ROS). Formation of protofibraggregates and LBs
diminishes the availability of the physiological formsuedynuclein, favoring an increase in TH
and DAT, and diminishing vesicles formation and neuronal plasticitygdroapied fronThe
FASEB JournaWith permissior(Sidhu et al., 2004)
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The link betweem-synuclein and PD, including idiopathic PD, was solidified by the
finding that fibrillar aggregates of this protein are the main components of the
pathological hallmark of PD: LB and Lewy neurites (Spillantini et al., 19983 widely
accepted that during the course of REsynuclein is not only accumulated in cytosolic
space and vesicles, leading to a possible internal effect on SNpc neurons,daut is al
released into the extracellular space. Furthermore, the presansgraiclein has been
observed in the CSF and blood of Parkinson’s disease patients (El-Agnaf et al., 2003).
The presence af-synuclein in the extracellular space can thereby gain accessgimathe
environment. More specificallg-synuclein released from neurons induces glial
activation, resulting in production of neurotoxic molecules (superoxide anions,
intracellular reactive oxygen species, prostaglandin E2, intercedidibeasion molecule-

1, and IL-6) which lead to neuroinflammation and neurodegeneration of dopaminergic
neurons (Kahle et al., 2000; Klegeris et al., 2006; Xu et al., 2002; Zhang et al., 2005;
Zhou et al., 2002). Because of this action, there has long been speculatien that

synuclein underlies PD pathogenesis.

2.8.2.1 The effect ofi-synuclein on proinflammatory factors in PD

Numerousn vitro andin vivo studies have been carried out to elucidate the
neuroinflammatory and neurodegenerative effectssfnuclein leading to neuronal
dysfunction and death. These effects are seen in experimental PD mauglnuisited,
overly-expressed, and more recently, extracellsynuclein. Studies examining the
effects of overexpressed or mutatedynuclein in cells and transgenic animals resulted
in mitochondrial dysfunction, which led to formation of inclusion bodies, promotion of
oxidative stress, and ultimately neuronal loss (Hsu et al., 2000; Kirik et al., 20@2gKle
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al., 2002; Masliah et al., 2000; Zhou et al., 2002). Some transgenic models of
overexpressed-synuclein also demonstrated an increase in the production or expression
of several proinflammatory molecules, including Td\H-1p, NO, and CCR3 in

microglia which then led to neurodegeneration when exposed to neurons (Gao et al.,
2008; Su et al., 2008a; Su et al., 2009). Only a few studies have actually examined the
effects of extracellulas-synuclein on glial cells. For example, extracellglaynuclein

was shown to activate microglial cells and to up-regulate several proym#sory

molecules, such as NO, ILB1IL-6, COX-2, CXCR1, NOS2, and NADPH oxidase with
production of ROS (Su et al., 2008a; Su et al., 2009; Zhang et al., 2005). The effect of
synuclein on microglial activation resulted in cytotoxicity of a human neurobfascell

line (EI-Agnaf et al., 1998) and primary mesencephalic dopaminergic ngliabsystem
(Zhang et al., 2005). Klegeris et al. (2006) studied the effects of extracetgynuclein

on human astroyctes and astrocytoma cells and demonstrated an induction of ICAM-1
and IL-6 (Klegeris et al., 2006). The current study describes the effekbgenous-
synuclein on pro-inflammatory factors CXCL10 and iNOS and the pathogenic
mechanism in human astrocytoma cells. These findings may provide insights into the
inflammatory mechanism of PD caused by the abnormal accumulatiesyoiuclein

aggregates.

2.9 Understanding the effects of PD-associated molecules in human agtral

cells

In this dissertation, the cell-dependent effects of NMa@sginuclein are
investigated through cellular and molecular characterizations. Exami@mgxpression

of inflammatory factors by these PD-associated molecules will previzdter
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understanding of the role of the molecules in PD. Although numerous effectors such as
environmental toxins and genetic factors can initiate SNpc and striatum nedaworede,

this introduction has described the release of NMoeaggnuclein from neurons inducing

the production and release of neurotoxic glial factors (Kahle et al., 2000; Islegeti,

2006; Wilms et al., 2003; Xu et al., 2002; Zhang et al., 2005; Zhou et al., 2002). These
glial factors, in turn, provoke further neuronal death and further release ohtld4 a
synuclein, thus leading to a vicious cycle of neuroinflammation and neurodegeneration.
This process has recently been examined in rodent and human microglial cslid, yet
remains to be explored in astroglial cells. Therefore, it is important talaledhe

effects of NM andi-synuclein on human derived astroglial cells.
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2.10 Hypothesis and Specific Aims

The hypothesis for this dissertation is presented two-fold:

1 - Neuromelanin anda-synuclein, separately, increase cytokine-induced NO and

CXCL10 expression in A172 astroglial cells.

The first hypothesis was examined through experiments within the following

specific aims:

a) Determine time and dose-dependent effects of NMoasighuclein
(separately) on NO and chemokine protein expression iru/INE 3-exposed

astrocytes.

b) Determine the role of NM angtsynuclein on iINOS and CXCL10 mRNA

expression, respectively.

c) Determine the effect af-synuclein on CXCL10 mRNA stability.

2 - NM and a-synuclein, separately, increase the effect of cytokine-induced NéB

activation in A172 cells.

The second hypothesis was examined through experiments within the following

specific aims:

a) Determine the role of NM angtsynuclein on NReB-DNA binding.

b) Determine the effect af-synuclein on kBa phosphorylation.
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The goal of this study is to examine the human astroglial response under protein-
inflammation conditions with NM and-synuclein. Furthermore and most importantly,
the mediators (INOS, CXCL10, NiEB) examined in this dissertation have been shown to
play crucial roles in the process of inflammation and neuronal death. Consequently,
valuable information is gained by understanding the actions of NM-agduclein on
the induction of neurotoxic molecules and the signaling pathway in a cytokine-exposed
human astroglial condition. This dissertation is the first study that erarthe effects
of NM anda-synuclein on human astroglial cells, ultimately advancing the devetdpme

for therapeutic strategies to combat PD-associated neuroinflammation.
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CHAPTER Il

RESEARCH DESIGN AND METHODOLOGY

3.1 Cell cultures

3.1.1 Human A172 Astrocytoma cells

Human A172 cells (ATCC #CRL-1620) were maintained in Dulbecco's modified
Eagle's medium (DMEM) containing 2 mM L-glutamine, 10% fetal bovine serum, 1%
nonessential amino acids, 50 U/ml penicillin, 0.05 mg/ml streptomycin agth#
amphotericin B. Proinflammatory pathways in these human brain cells (ATCC #CRL-
1620; American Type Culture Collection, Manassas, VA) have been previously
characterized (Davis et al., 2002; Davis and Syapin, 2004a; Davis and Syapin, 2004b)
and used in various pharmacology- and neurochemistry-based studies (Guthikonda et al.,

1998; Kubota et al., 2001; Zaheer et al., 1995).

3.1.2 Human SK-N-SH Neuronal cells

The human SK-N-SH neuronal cells (ATCC #HTB-11) were maintained in RPMI
1640 with 10% fetal bovine serum, 50 U/ml penicillin, 0.05 mg/ml streptomycin, and 2

ug/ml amphotericin B as previously described (Wallace et al., 2006).
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3.1.3 Human CHME-5 Microglial cells

Human CHME-5 microglial cell line (developed by Dr. Marc diau, Paris,
France (Janabi et al., 1995) was a kind gift from Dr. Piertbol,aQuebec, Canada.
CHME-5 cells were maintained in DMEM containing 10% fetal bovereis, 2 mM L-
glutamine, 50 U/ml penicillin, 0.05 mg/ml streptomycin, anggZml amphotericin B.
All cultures were maintained in a humidified incubator at 37°C, 5% &t 95% air
with the culture medium changed every 48—-72 hour. Experimental culteresseeded

at a cell density to provide 80-90% confluence at the time of treatment.

3.2 Preparation of PD-associated molecules

3.2.1 Oxidized DA Preparation

Dopamine was dissolved in serum-free DMEM (containing iron) to obtain a 10
mM solution followed by filter sterilization. One ml of solution was transtetoea
microcentrifuge tube, covered with aluminum foil to avoid light exposure, and vortexed
gently for 1 h. Oxidized DA was then diluted in culture medium to the required
concentration (3.7-600M). (Methodology obtained from Douglas Walker, PhD at Sun

Health Research Institute in Sun City, Arizona)

3.2.2 Neuromelanin Preparation

Neuromelanin was isolated as previously described (Zecca et al., 2008) from
substantia nigra samples obtained during autopsies of subjects who died without any
known neurological or psychiatric disorders. The purity of the NM was assessed by
elemental analysis, amino acid analysis and electron paramagnetiares
spectroscopy as previously described (Zecca et al., 2000; Zecca et al., 2062)Nbtoc
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was resuspended in 0.5 ml ethanol, agitated gently, and ethanol was evaporated under
nitrogen flow. NM was then suspended in water (0.5 mg/ml). The sample tube was
wrapped in aluminum foil to avoid light exposure, sonicated for 10-20 minutes followed
by gently agitation for 3-4 days at room temperature. After the initial 15 todur

agitation, granules were broken up with a glass Pasteur pipette tip, sonicdted f
minutes, and returned to shaker. For further fragmentation of granules during the 4 day
shaking, sonication was done for 10 minutes every 15-20 hours. Aliquots pif \i80e
stored at -8 in sterile 1.5ml centrifuge tubes. Upon thawing, samples were sonicated
for 20 minutes, followed by 24 hour of agitation to obtain a homogenous suspension.
NM suspension was diluted to desired concentrations (0.02-15 pg/ml) in serum-free
culture medium and incubated at room temperature for 2 hour before adding to cell
cultures. The biological relevance of this concentration range of NMbases] on than

situ concentrations found in the substantia nigra of normal subjects (Zecca et al., 2001).

3.2.3 Alpha-synuclein Preparation

Purified humaru-synuclein was obtained from r-Peptide (cat.# S-1001). Upon
arrival, a-synuclein power was resuspended in 0.5 ml of sterile water to obtain a
concentration of 1 mg/ml. Aliquots of 10 pl were stored atG8a sterile 1.5 ml
centrifuge tubes. Upon thawing, samples were diluted with 900 ul of sterile PBS to
obtain a stock concentration of 690 nM. Tubes were agitated (“aged”) for either 7 or 14
days at 37C for formation of an inflammatory-inducing conformation, followed by
dilution to desired concentrations in serum free medium and exposure to appropriate cell
wells. The concentration and duratiormedynuclein is provided in the results section of

each experiment.
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3.3MTT test for cell viability

To assess cell viability, the MTT assay was performed according to a edodifi
version of a previously described procedure (Carmichael et al., 1987). Cell yiabilit
response to treatment was determined colorimetrically by measurinegdiinetion of
tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl Tetdlazm Bromide,

Table 1) to insoluble formazan by mitochondrial dehydrogenase. Following the
appropriate length of stimulation, culture media was replaced with fresh feeim

medium containing 0.55 mg/ml MTT and returned to humidified incubatS€j3ar 45
minutes. Media was aspirated and cells will be dissolved in 1 ml dimethyl sulphoxide
(DMSO, ACS grade Sigma D-8779) to dissolve the developed formazan for a minimum
of ten minutes on a rocker at room temperature. Absorbance was measured at 492 nm
using a BIO-TEK HT spectrophotometer. The absorbance values from weHlsaant

drug treated cells were compared to the values from untreated controd ckdtermine

the viability of cells in each treatment group.

Table 1. Preparation of MTT solution

MTT stock Dissolve 100 mg MTT (Sigma M-5655) in 20 ml sterile PBS, Sterile
solution filter in 50 ml centrifuge tube, Wrap with aluminum foil and store at
4°C

3.4 Analysis of INOS expression

As an index of iINOS induction, nitrite accumulation in the culture media was
determined spectrophotometrically using the Griess reagent (Davis20Q#). First,

standard curve was prepared in the same media as used in experimentsat{yaantit
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standards were generated by serial diluting sodium nitrite into cultutieme To

prepare standard curve (Table 2), one ml of medium was pipetted into test tubes labeled
#1-6. Two ml of medium was pipetted into tube #7. The standard was pipetted into tube
#7 at a volume of 16 pl and was mixed gently on vortex machine. One ml from tube #7
was transferred into tube #6 and gently mixed on vortex machine. This transfer was
repeated in 1:1 dilutions until tube #2 had 2ml. Tube #1 did not contain the standard

since it was used as the blank. Therefore, the nitrite concentrations in 0.1 ml were:

Tube #1 = 0 nmol
Tube #2 = 0.25 nmol
Tube #3 = 0.5 nmol
Tube #4 = 1.0 nmol
Tube #5 = 2 nmol
Tube #6 = 4 nmol
Tube #7 = 8 nmol

Duplicate 0.1 ml aliquots from these tubes were pipeted into appropriate wells of a 96-
well Falcon plate (first two columns). After this, duplicate 0.1 ml aliquots from unknow
samples were pipeted into appropriate wells of a 96-well Falcon plate. ridss G

reagent was prepared for addition to the wells containing standards and sdah@les

ml of Griess reagent was prepared for each 96-well plate (5.5 ml of Solution 1 +d&.5 ml
Solution 2, Table 2). One hundred pul of the Griess reagent was added to each well and
plate was read after 5 minutes. Absorbance was read at 546 nm using a BIO-TEK HT
spectrophotometer. Total cell protein (see section 3.6.1) was calculated tozeodatd

as nanomoles of nitrite per milligram of protein.
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Table 2. Preparation of Nitrite assay standard and solutions

Standard 10 mM sodium nitrite in distilled water (dissolve 0.069 g of sodium
nitrite into 85 ml distilled water, bring up to 100 ml with water after
resuspension)

Solution 1 0.1% (W/V) naphthylethylenediamine dihydrochloride in distilled
water (dissolve 0.5 g into 450 ml distilled water, bring up to 500|ml
with water after resuspension)

Solution 2 1% (WI/V) sulfanilaminde in 5% (V/V) concentrated phosphoric acid
(carefully add 25 ml concentrated phosphoric acid into 400 ml|
distilled water, dissolve 5 g sulfanilamide, bring up to 500 ml with
water after resuspension)

3.5 Quantitative analysis of mMRNA expression

3.5.1 RNA isolation

Total RNA was isolated from astrocytic cells with TRIzol reagent (loggn)
using manufacturer’s instructions. Briefly, cells were lysed directtiie culture dish by
adding 700 ul of TRIzol and passing the cell lysate several times through a.pipedt
homogenized samples were transferred into eppendorf tubes (per one sample) and
incubated for 5 minutes at room temperature (RT) to permit the complete dissoaia
nucleoprotein complexes. To separate RNA from DNA and protein, 200 ul of chlorform
was added to each tube and shaken vigorously by hand for 15 seconds. Samples were
incubated for 2-3 minutes at RT, followed by centrifuged for 15 minutes at 12,000 x g
(4°C). Following centrifugation, the mixture separated into a lower red, phenol-
chloroform phase (protein), an interphase (DNA), and a colorless upper aqueous phase
(RNA). Since the RNA remains exclusively in the aqueous phase, the aqueous phase was
transferred 100 pl at a time into a fresh eppendorf tube. The RNA was precipitated by

mixing with 700 ul (1:1 ratio of TRIzol and isopropyl alcohol) isopropyl alcohol.
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Samples were incubated at RT for 10 minutes and centrifuged for 10 minutes at 12,000 x
g for 10 minutes at®€. The RNA precipitate was observed as a white pellet on the
bottom of tubes. The supernatant was removed and the RNA was washed twice to
remove any residual compounds. Supernatant was washed with 75% ethanol (1,ml/tube)
and tubes were vortexed and centrifuged at 7,400 x g for 5 minuf&s. aTHese last set

of steps were repeated once more. At the end of this procedure, the RNA aeltkted

at RT for 5 minutes to remove remaining ethanol. RNA samples were dissolved in 30 pl
RNase-free water and incubated for 10 minutes at 86-BOwater bath. The tubes were
vortexed and centrifuged. RNA samples were quantitated on a ND-1000 (NanoDrop
Technologies) and their integrity was determined by denaturing agggbse

electrophoresis. To evaluate the quantity and purity of the extracted RNA,
spectrophotometric readings were obtained at wavelengths of 260 nm and 280 nm. A
reading at wavelength of 260 nm allowed for calculation of the concentration of RNA i
the sample. An optical density of 1 corresponded to approximatelg/da0 of single-

stranded RNA. The ratio of the absorbance at 260 nm and 230 nm (A260/A230) provided
information on chemical (i.e. ethanol) contamination. The ratio of the absorli&#G® a

nm and 280 nm (A260/A280) provided an estimate of the purity of RNA. Pure
preparations of RNA displayed an A260/A280 ratio of between 1.8 and 2.0.
Contamination with proteins or phenol resulted in a lower A260/A280 ratio and

hampered the accurate quantification of RNA. RNA integrity was determiried-1 pug

of total RNA on a 1% agarose gel. These RNA samples were combined with loading
buffer (1:1 ratio, Ambion) and incubated for 30 minutes 8€50a a water bath prior to

gel electrophoresis. 18s and 28s rRNA bands were visual determinants of the RNA
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quality and integrity. Lack of smearing or clumping of bands demonstrated non-
degraded RNA.

3.5.2 DNA elimination and cDNA synthesis

Onepg RNA from each sample was treated with DNase (Invitrogen) to eliminate
any genomic contamination and then reverse-transcribed to cDNA, using HightZapac
cDNA Synthesis kit (Applied Biosystems), following the kit's instructiods2x reverse
transcription master mix was prepared using nuclease-free water, TLoxffier, 25x
dNTP mix, 10x Random Primers, RTase, and RNase inhibitor. cDNA was then
synthesized in a thermal cycler using the following cycling parasiet®rminutes at
25°C, 120 minutes at 3€, followed by 5 minutes at 85. Freshly synthesized cDNA
was directly used for PCR quantitative application or store8Catiatil PCR was
performed. To check accurate cDNA synthesis, some cDNA samples wan@eca@n
a 2% agarose gel composed of TE buffer and Ethitium Bromide. Four pl of cDNA wer
combined with one pl of Blue Juice Gel Loading buffer (Invitrogen) and iexeahon the
gel to visualize cDNA synthesis.

3.5.3 Quantitative real-time reverse transcriptase-polymerase chain reash

(real-time RT-PCR)

Quantitative real-time RT-PCR was performed using SYBR Green chgmist
an ABI StepOne Real-Time PCR System (Applied Biosystems). PCRoreaetere
performed using 100 ng of cDNA as template, CXCL10 target gene and GAPDH
endogenous control specific primers, Power SyberGreen, and DEPC-treatetb water
obtain a final volume of 20 ul. The PCR primers were purchased from

www.realtimeprimers.com and Invitrogen (Table 3) and were used at ant@tios of
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100 nM per reaction. Power SYBR Green master mix (Applied Biosystems) vehs use
for the SYBR Green PCR reactions. Standard SYBR Green protocols were followed fo
PCR amplification. Thermal cycling conditions wer€®%or 10 minutes, followed by
45 additional cycles of 9& for 15 seconds, 63 for 15 seconds, and 72 for 20
seconds.

To assure amplification of a single product, a melt curve analysis wasnpedfor
and analyzed for all the SYBR Green real-time PCR reactions. Reaction proaguet
checked on 2% agarose gel to confirm the correct amplicon size generated following
PCR amplification of each target. Evaluated expression of several endogergsiagen
candidates for control genes for relative expression analysis is preseitdaa 3
Expression of GAPDH was determined to be an appropriate endogenous control for gene
expression studiesPrimer sequence information for target gene and endogenous controls

is presented in Table 3.

Table 3: Primer pairs for SYBR green real-time RT-PCR (realtimeprimers.com
and Invitrogen)

Target Forward and Reverse primer Primer | Amplicon .

Gene Name Y o . Gene Accession
sequence(5'-3") Tm size
FP:AACCTCCAGTCTCAGCACCATGAA 0

CXCL10 Rp:AGGTACAGCGTACGGTTCTAGAGAG 78°C 112bp NC_000004.11
Fp: GCTGACCTGCTGGATTACAT o)

HPRT1 RpTTGGGGCTGTACTGCTTAAC 56C | 242bp NM_013556.1
FP-TTCGAACGTCTGCCCTATCAA

185 RpGATGTGGTAGCCGTTTCTCAGG 85°C | 118bp NT_167214.1
FP AGCTCTGAGCACTGGAGAGA o)

PPIA Rp:GCCAGGACCTGTATGCTTTA 56°C | 178bp AK028210
FPp:GAGTCAACGGATTTGGTCGT o)

GAPDH RpTTGATTTTGGAGGGATCTCG 80°C 110bp NM_007393.1

CXCL10: Interferony-inducible protein 10kDa

HPRT1: Hypoxanthinephophoribosyltransferase-1
PPIA: Peptidylprolyl isomerase A

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

48



To ensure PCR efficiency, several validation experiments were coddacte
check the quality of the procedure. RNA standard curve was prepared for atbgts t
to ensure 90-100% RT efficiency of the reaction for the target. To assure that
amplification efficiency fell between 95-100%, experiments were conduatele set of
primers using serial-fold dilutions of cDNA in comparison with the endogenous control.
Also, 2 pl of the PCR product was examined on 2% agarose gel containing 1 pl ethidium
bromide to visualize the 10 kDa fragment. Additionally, all PCR experiments were

performed in duplicates.

3.5.4 mRNA stability assay

The measurement of mMRNA stability was performed in A172 cells according to
previously published methods (Maier et al., 2007). Prior to evaluating the effeets of
synuclein on mRNA stability, the inhibitory effect of actinomycin D wasnexed in
Al172 cells. To examine this, treated cells were exposed to 3, 10, or 30 pg/ml
actinomycin D, whereas control cells were exposed to an equivalent per&M6ai
(since actinomycin D was resuspended in DMSO). After 1 hour incubatiof, dL-1
0.25ng/ml was added to all wells (control and treated). RNA was collected at 30, 60, 90,
and 180 minutes post-ILBland proceeded with PCR (see section 3.5). When examining
the effect of-synuclein on IL-B-stimulated cells, cells were exposed to desired drug (
synuclein) and stimulus (ILglat 0.25ng/ml) for 2.5 hours, followed by the removal of
old media and the addition of fresh serum free media with or without actinomycm D (a
inhibitor of transcription). Total RNA was collected at different time poiBit4.Q, 30,

60, 90, and 180 minutes) to examine mMRNA stability. CXCL10 mRNA stablity was

measured by quantitative real time PCR (see section 3.5).
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3.5.5 Statistical analysis of real time RT-PCR results

Following gRT-PCR, gquantification of gene expression was evaluated lmgsett
the threshold cycle in the geometric amplification phase on the plot and settilgebase
to eliminate any background noise. Relative quantification of gene expresson w
evaluated by using the comparative computed tomography{€hod (Hettinger et al.,
2001). The expression of target gene was normalized to the expression of endogenous
control GAPDH by subtracting the GAPDH: @alue from the corresponding samples
target G value A\Cr =Cy target-G endogenous control). Relative expression was
calculated using the comparativdCr (AACr = meanACy of target of treatment group -
meanACy of target of the calibrator group) method. Fold changes in relative gene
expression (RQ) was calculated usiftf?. The results were expressed as relative
expression of target gene for each treatment group in human astroghiallt&Cr of
treatment group was higher in value comparef@g of calibrator group, then RQ was
calculated using2**“". The value obtained was treated as a negative value, due to less
amount of mMRNA present in the treatment group (higt@&f) compared to calibrator

group (lowerACy).

3.6 Analysis of protein expression

3.6.1 Bicinchoninic acid (BCA) total protein assay

Levels of total cellular protein content was determined using the bicinchoninic
acid (BCA) protein assay as previously described (Davis et al., 2002) in order to
normalize data when appropriate. A bovine serum albumin (BSA, Sigma A-7638)
standard curve was prepared using BSA, 2.5 M NaOH, and distilled water (se#)tabl
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Table 4. Procedure for making BSA standard curve

Tube #/ BSA Volume of 2.5 M Volume of water | Volume of BSA (2

concentration NaOH mg/ml) standard
1/0ug 0.1 ml 0.4 ml --
212 ug 0.1 ml 0.35 ml 0.05 ml
3/4ug 0.1 mi 0.3 ml 0.1 mi
4/6 ug 0.1 mi 0.25 mi 0.15 ml
5/8 ug 0.1 ml 0.2 ml 0.2 ml
6/12 ug 0.1 ml 0.1 ml 0.3 ml
7116 pg 0.1 mi -- 0.4 mi

Ten pl in duplicate was pipeted from standard curve tubes into wells B1-H2 in al96-wel
Falcon plate. Wells A1 and A2 were left empty for blank. Ten ul in duplicate was
pipeted from the unknown samples into wells A3-H12 as needed. The volume of BCA
working reagent was calculated (1 part 4% cupric sulfate reagent B plus$8@ar
reagent A). For each column on the plate, 2 ml of reagent A (Pierce 23223) was
prepared. For example, if there were 2 columns of standard and 2 columns of samples,
then 4 columns multiplied by 2 ml equaled 8 ml reagent A. To calculate reagent B
(Sigma C-2284), divide the total amount of reagent A by 50. For example, 8 ml was
divided by 50 to equal 160 ul of reagent B. Reagent B was first added to a clean multi-
channel pipet container (plastic, V-shaped rectangle) followed by the additieageit

A. From this solution, 200 ul was pipetted into each well using a 8-channel pippetor.
Plate was incubated at 37C5for 60 minutes, then read at M570 using a BIO-TEK HT

spectrophotometer.
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3.6.2 Protein isolation

Cellular cytoplasmic and nuclear proteins were isolated using the mamafact
instructions (Active Motif) and kept on ice throughout the proto8acause phospho-
IxBa is not highly expressed in A172 cells, duplicate/triplicate wells were pooled
together during protein extractioells were washed with PBS/phosphatase inhibitors
(Table 5), removed from plate, and cell suspension was centrifuged for 5 minutes at 500
rom (£C). The supernatant was discarded and cells were resuspendeqiirn208
hypotonic buffer (Table 5). This resuspension was transferred to pre-chilled
microcentrifuged tubes and incubated on ice for 15 minutes. Detergent was added (10
ul/tube) and tubes were vortexed for 10 seconds. Tubes were centrifuged for 30 seconds
at 14,000 x g (&) and the supernatant (protein cytoplasmic fraction) was transferred
into pre-chilled tubes and stored at°8Quntil ready to use. The remaining pellet
(protein nuclear fraction) was resuspended iplABomplete Lysis Buffer (Table 5)
followed by 10 seconds of high-speed vortexing. The suspension was incubated on ice
for 30 minutes on a rocking platform set at 150 rpm. After this, the suspension was
vortexed at high-setting for 30 seconds then centrifuged for 10 minutes at 14,000 x g
(4°C). The resulting supernatant (protein nuclear fraction) was trargsfatoenew pre-

chilled tubes and stored at °80

Table 5. Preparation of buffers (per tube)

PBS/Phosphatased.4 ml of 10x PBS + 3.4 ml of distilled water + 0.2 ml of Phosphatase
Inhibitors Inhibitors
1x Hypotonic 25 pl of 10x Hypotonic Buffer + 225 ul of distilled water
Buffer
Complete Lysis| 7.5 pl of 10mM DTT + 66.75 pul of Lysis Buffer AM1 + 0.75 pl of
Buffer Protease inhibitor cocktail
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3.6.3 CXCL10 ELISA
A standard dual-antibody solid phase immunoassay (ELISA Development Kit,
Peprotech) was used for quantification of secreted CXCL10 in cell culturenatgds,

according to manufacturer’s instructions.

Table 6. Preparation of ELISA reagents.

1x DPBS 1:10 DPBS [10x] in MilliQ water, Store 4C4

112}

Wash Buffer 0.05% Tween-20 in 1x DPBS, Prepare 400ml/complete 96-w
plate (200 pl Tween in 400ml 1x DPBS), Store‘a 4

Block Buffer 1% BSA in 1x DPBS, Prepare 30ml/complete 96-well plate (300mg
BSA in 30ml 1x DPBS), Sterile filter and store &€4

Standard Diluent 0.05% Tween-20 and 0.1% BSA in 1x DPBS, Prepare
50ml/complete 96-well plate (25ul Tween + 50mg BSA in 50ml|1x
DPBS), Sterile filter and store at@

Capture Antibody, Rabbit anti-hIP-10; Reconstituted stock vial in 0.5 ml sterile water
for a concentration of 100 pg/ml; resuspended in 1x DPBS

Detection Biotinylated rabbit-hIP-10; Reconstituted stock vial in 0.25 m
Antibody sterile water for a concentration of 100 pg/ml; resuspended in{1x
DPBS
Avidin Resuspended in 12 ml standard diluent

Peroxidase-HRP

The appropriate number of ELISA plates (96-well Falcon) were coated andtedaba

RT with capture antibody (final concentration of 1 pg/ml, Table 6) the night prior to the
rest of the ELISA procedure. The following day, the wells were washed with 208l
wash buffer (Table 6) three times and blotted dry on paper towel. The wells were
exposed to 300 pl/well block buffer (Table 6) incubated 1 hour at RT. After incubation
with block buffer, wells were washed three times with 300 pl wash buffer. One dundre

ul of standards (0-2000 pg/ml) and cell culture supernatants was added to appropriate
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antibody-coated wells of the 96-well plate. Liquid contents were aspaatethe wells
washed three times with wash buffer (200 ul). Next, 100 pl of antigen-specific
biotinylated detection antibody (final concentration of 1 pg/ml, Table 6) d@esdao

each well followed by a 2 hour incubation at room temperature. Wells were egpirat
washed three times (200 ul), and exposed to avidin-peroxidase-horseradish peroxidas
(HRP) conjugate (100 ul, Table 6) and incubated for 30 minutes at room temperature.
Wells were aspirated and washed three times (200 pl), and 100 ul of ABTS liquid
substrate solution (Sigma cat. # A3219) was added to each well followed by 10-15
minute incubation at room temperature. Absorbance was read at 450 nm (with

wavelength correction set at 650nm) on the BIO-TEK HT spectrophotometer.

3.6.4 Chemiluminescent NR¢B p65 and p50 Transcription Factor assays

The activation of NReB was assessed by the nuclear translocation of theBNF-
proteins p65 and p50. The p65 and p50 Transcription Factor kit (Thermo Scientific) was
used for quantification of active forms of p65 or p50 from cell protein extracts (see
section 3.6.2) according to the manufacturer’s instructions. Briefly, 50 pl ofrvgorki
binding buffer (Table 7) was added to appropriate streptavidin-coated wel@Seiall
plate with bound NFeB biotinylated-consensus sequence. Four pl of wild type or
mutant competitor duplex was added, followed by 5 ul of extract, and 2 pl positive
control TNFo Activated Hela cell nuclear extract for 1 hour at room temperature with
mild agitation. Liquid contents were aspirated and wells washed threg with 200 pl
wash buffer (Table 7). Next, 100 ul of diluted primary antibody (Table 7) daedato
each well followed by a 1 hour incubation at room temperature without agitatiots Wel

were aspirated and washed three times. Diluted secondary antibody (1@blel7)r
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were added to each well and incubated for 1 hour at room temperature withoudragitati
Wells were aspirated, washed four times, 100 pl of chemiluminescent supkatate7)
were added to each well and immediately measured (chemiluminescent stgaakde
with time). Luminescence was read on the BIO-TEK HT

luminometer/spectrophotometer.

Table 7. Preparation of buffers and antibodies. Volumes per 96-well qe.
Working Binding | 4.32 ml of Ultrapure Water + 1.152 ml of 5x R& Binding Buffer

Buffer + 288 ul of 20x Poly dldC
Wash Buffer 45 ml of ultrapure water + 5 ml 10x wash buffer
Primary antibody 12 pl of primary antibody + 12 ml of antibody dilution buffer
dilution
Secondary 1 pl of secondary antibody + 10 ml of antibody dilution buffer

antibody dilution

Chemiluminescent 1:1 combination of Luminol/Enhancer Solution (6 ml) and Stable
solution Peroxide Solution (6 ml), (each strip requires 0.5 ml of each
reagent)

3.6.6 Phospho+#Ba (Ser32) Sandwich ELISA assay

Quanitification of the amount of phosphorylate@d (Ser32) from cell protein
extracts (see section 3.6.2) was measured following manufactorer’stiostsyCell
Signaling Technology). Because phosphorylatiorkBhilat Ser32/36 is essential for
release of active NkB, phosphorylation at this site is an excellent marker okRF-
activation. First, thexBa capture antibody (100 ul per well at 1:100 in PBS, Table 8)
was coated in PBS overnight (17-20 hours)°@tith 96 well plates. After overnight
coating, wells were washed 4 times with wash buffer (200 pl per well, Tphlel8
blocked for 2 hours at 8C (150 ul per well, Table 8). Following blocking, wells were
washed and 100 pl of cell lysates (see section 3.6.2) was added per Y@fiof37
hours). Wells were washed again and exposed to PhosBhd$er32) Detection

antibody (100 pl per well at 1:100 in PBS) at@Tor 1 hour. Afterwards, wells were
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washed and exposed to secondary anti-rabbit-IlgG HRP conjugated antibody (100 pl per
well at 1:1000 in PBS) for 30 minutes a7 TMB (Cell Signaling #7004), a HRP
substrate, was added for color development (100 pl per wellf@tf87 10 minutes.

This was followed by the addition of 100 pl of STOP solution (Cell Signaling #7002) per
well. Absorbance was read at 450 nm on the BIO-TEK HT spectrophotometer. The
absorbance magnitude read is proportional to the quantity of phosphorysed |

protein.

Table 8. Preparation of buffers

Coating Buffer 1x PBS
Wash Buffer 1x PBS + 0.05% Tween-20
Blocking Buffer 1x PBS + 0.05% Tween-20 + 1% BSA

3.7 Statistical analysis

GraphPad Prism version 4 (Graph Pad Software Inc, San Deigo, CA) was used for
statistical analysis. Results from independent experiments were caonfidyine
presentation as the mean + S.E.M. of either actual or percent control values for the
number ) of individual samples used for each data point. One-way ANOVA, post-hoc
Dunnett’s or Neuman-Keuls’ multiple comparisons were used for parameatisas.
Differences at P< 0.05 were considered significant (* P<0.05, ** P<0.01, and ***

P<0.001)
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CHAPTER IV

RESULTS

Part |

Alpha-synuclein modulation of inflammatory signaling in TNFe-stimulated
human A172 astroglial cells

4.1 Aggregation ofa-synuclein alters CXCL10 protein expression in human
A172 astroglial cells

Lewy bodies, the pathological hallmark of PD, are mainly composed of fibrillary
a-synuclein polymers. However, soluble oligomers-gfynuclein are more toxic to
neurons. In order to examine the effects-glynuclein on inflammatory signaling in
human A172 astroglial cells, purified humasynuclein was ‘aged’ (aggregated) to
obtain an inflammatory-inducing conformation. To decide between a soluble oligomeri
formation (7 day aging) and fibrillar polymer (14 day aging), the effect ahd@-14-day
a-synuclein aging on the modulation of CXCL10 protein expression in human A172
astroglial cells was assessed (Figures 8, 10, and 12).

When examining the effects afsyunclein, acute (24 hour) and chronic (72 hour)
exposure of this aggregate was explored in human A172 astroglia (Figure 8A and B)

A172 cells were exposed to a rangei«dynuclein concentrations (3.7 -300 nM) in the
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presence or absence of TN ng/ml) (Figures 8-11). Although minimum CXCL10
expression was detected in the unstimulateduasyhuclein alone treatment groups, 24
hour exposure of TNtalone up-regulated CXCL10 protein expression (Figures 8, 10,
and 12). Tumor necrosis fact@induced CXCL10 production in A172 cells was not
significantly affected by-synuclein co-exposed with TNFat either acute or chronic
exposures of 7-day-synuclein aggregation (Figure 8A and B). Treatments of Zazday
synuclein aggregation did not significantly altered astroglial cability, as shown in

Figures 9A and B.
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Figure 8. Effects of acute and chronic exposures @tlay old a-synuclein on TNFa-induced CXCL10
expression in A172 cellsCells were exposed to (A) acutely (24h) and (Bpafoally (72h) too-

synuclein in the presence or absence of @ 8ng/ml) in serum-free medium for the final 24Winimum
CXCL10 expression was detected in the unstimulatetii-synuclein alone treatment groups, while 24
hour exposure of TNFalone up-regulated CXCL10 protein expression. dmunecrosis factoa-induced
CXCL10 production in A172 cells was not significgraffected byu-synuclein co-exposed with TNFat
either acute or chronic exposures of 7-degynuclein aggregation. Levels of secreted CXChddiein in

the media were quantitated by ELISA. Data preskrgpresent the mean + S.E.M. of duplicate measures
from 3 independent experiments. Significant défezes were determined by one-way ANOVA with
Dunnett’s post-hoc comparisons relative to BNE** P < 0.001 vs TNE
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Figure 9. Effect of 7-day olda-synuclein and TNFa on cytotoxicity in human astroglial cells
cytotoxicity. Cells were exposed to (A) acutely (24h) and (Bpaofcally (72h) tou-synuclein in the
presence or absence of TN ng/ml) in serum-free medium for 24h. As shawigA) and (B), A172

cells treated with 7-day-synuclein aggregation did not significantly akéetroglial cell viability. Cell
viability was assessed using the MTT assay. Dagsemted represent the mean + S.E.M. of 3 measures
from a single independent experiment. No signifiadifferencesP>0.05) among treatment were
determined by one-way ANOVA.



The effects of a 14-day aging @syunclein resulted in a different trend (Figure
10A and B). Although acute and chronic exposure-synuclein to A172 cells produced
minimal CXCL10 protein levels in the absence of TiNé&syunclein co-exposed with
TNFa (final 24 hours) significantlyR<0.05) enhanced TNFinduced CXCL10
production in human astroglial cells. The up-regulation was detected followiacpte
exposure of 11 nM-synuclein; yet, this effect was lost as the concentratien of
syunclein increased (33-300 nM) (Figure 10A). Chronic exposure to 75 and 3@0 nM
syunclein also resulted in an enhancement of CXCL10 expression relative o TNF
treated cells (Figure 10B). The modulation did not appear to be due to cell viability
variations among treatments (Figure 11). Examination ofal&tFower concentrations
(0.1-2.5 ng/ml) dose-dependently increased the expression of CXCL10 in A172 cells;
however, the effect af-syunclein (3.7-33 nM) at the lower TEoncentrations did not
enhance the TNEinduced CXCL10 protein expression (Figure 12A and B).
Furthermore, data suggest that TN& the concentration of 5 ng/ml is required to
provide a threshold level needed éesyunclein to have an effect.

Overall, 14-day aged-synuclein resulted in significant modulation of the
production of TNR-induced CXCL10 protein. Furthermore, acute exposuee of
syunclein resulted in a concentration-dependent production of CXCL10 protein.
Consequently, all subsequent experiments were performed with 24 hour adronistirat

a-synuclein aged for 14 days.
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Figure 10. Effects of acute and chronic exposured d4-day old a-synuclein on TNFe-induced
CXCL10 expression in A172 cellsCells were exposed to (A) acutely (24h) and (Bpaokwally (72h) to
a-synuclein in the presence or absence of d K&-ng/ml) in serum-free medium for 24 h. Althougke
addition ofa-synuclein to A172 cells produced minimal CXCL10tein levels in the absence of TWEA
and B),a-syunclein co-exposed with TNHKfinal 24 hours) significantly enhanced Tidhduced
CXCL10 production. The up-regulation was detedtdidwing an acute exposure of 11 nivsynuclein
(A), while chronic exposure of 75 and 300 reMyunclein also resulted in an enhancement of CXCL1
expression relative to TNRreated cells (B). Levels of secreted CXCL10 girotn the media were
quantitated by ELISA. Data presented representriban + S.E.M. of 2-3 measures from 1-7 independent
experiments. Significant differences were deterihiog one-way ANOVA with Dunnett’s post-hoc
comparisons relative to TNE *P < 0.05 vs TNk, *P < 0.01 vs TNk , *** P < 0.001 vs TNE.

62



1.0+

0.8+

0.64

Cell Viability
(MTT absorbance @ 492nm)

0.4+

0.2+

0.0-

TNFa (5ng/ml) - + + + + + +
a-synuclein (nM) - - 37 11 33 100 300

Figure 11. Effect of 14-day oldu-synuclein and TNFa on cytotoxicity in human astroglial cells
cytotoxicity. Cells were exposed to TNKE5 ng/ml) in the presence or absence of acute) @4tosure of
a-synuclein in serum-free medium for 24 h. Untrda2d 72 cells and cells treated with TWF/- a-
synuclein did not result in differing cell viahililevels. Cell viability was assessed using thETMassay.
Data presented represent the mean + S.E.M. of@iplmeasures from 5 independent experiments. No
significant differencesR>0.05) among treatment were determined by one-Wa@¥A.
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Figure 12. Effects of 14-day oldi-synuclein on TNFu-induced CXCL10 expression in A172 cells.

Cells were exposed to (A) THKO.1 and 0.25 ng/ml) (B) TNH(1 and 2.5 ng/ml) in the presence or
absence ofi-synuclein (3.7-33 nM) in serum-free medium for 2&xamination of TNE: at lower
concentrations (0.1-2.5 ng/ml) dose-dependentlseamed the expression of CXCL10 in A172 cells;
however, the effect af-syunclein (3.7-33 nM) did not enhance the TNRduced CXCL10 protein
expression (A and B). Levels of secreted CXCL1dgin in the media were quantitated by ELISA. Data
presented represent the mean + S.E.M. of duplivatesures from 3 independent experiments. Significa
differences were determined by one-way ANOVA withridett's post-hoc comparisons relative to TINF
*P <0.05vs TNk, *P <0.01 vs TNk , *** P < 0.001 vs TNk
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4.2 Increased NFB signaling by a-synuclein in TNFa-stimulated human A172
astroglial cells

The activation of NReB was assessed by the nuclear translocation of theBNF-
proteins p65 and p50. CXCL10 expression is regulated in part at the transcriptional level
by the transcription factor NkB. Levels of active nuclear NkB protein p65 were
evaluated to determine relative MB-modulations by-synuclein. To determine if the
14-day aged humamsynuclein has an effect on NdB, astroglial cells were exposed to
thea-synuclein and TNé& treatment that significantly induced protein expression (Figure
10A). As shown in Figure 13, unstimulated and 11aib{/nuclein alone (24 hour)
resulted in a minimal activation of NéB; however, TNk (5 ng/ml) increased the
activation as early as 10 minutes post-tN&posure. The enhancement of R&--
activation by TN was remained elevated (30 minutes), but co-exposureyauclein
did not significantly alter this modulation by ThEFigure 13).

Upon further examination using additiomasynuclein concentrations (3.7 and 33
nM), it was determined that NiEB activation was significantly up-regulated dy
synuclein relative to TNéktreated cells (Figure 14A). Specifically, aggregated
synuclein at 3.7 and 33 nM significant§<0.001 and?<0.01, respectively) induced NF-
kB activation at 3 minutes (Figure 14A). However, this effeat&ynuclein was lost at
subsequent time points of 10 and 30 minutes (Figure 14B and C). Nuclear fBtor —
activation was increased in ThRreated cells, yet showed minimum induction in the
presence ofi-synuclein alone and unstimulated cells (Figure 13 and 14).

Therefore, 11 nM ofi-synuclein did not increase N&B activation relative to
TNFa alone, yet the enhancement of NB-activation at the level of p65-DNA binding

was detected by othersynuclein concentrations (3.7 and 33 nM) in A172 cells.
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Figure 13. Alpha-synuclein did not enhance inflammtry-induced active NF«B signaling protein in
human A172 astroglial cells.Cells were exposed tosynuclein in serum-free medium for 24 h. Also,
during the last 3, 10, 30, and 810 min, cells ver@xposed to TNk(5 ng/ml). Unstimulated cells and
cells exposed to 11 nktsynuclein alone resulted in a minimal activatiéiN&-xB; however, TNk
increased the activation as early as 10 minutesTidBa exposure. The enhancement of RB-activation
by TNFa was remained elevated (30 minutes), but co-expasursynuclein did not significantly alter
this modulation by TNE&. Arbitrary binding activity of NF«B p65 signaling protein was determined
chemiluminescently using nuclear extracts. Dats@nted represent the mean + S.E.M. of duplicate
measures from 2 independent experiments. Signifidi#ferences were determined by one-way ANOVA
with Dunnett’s post-hoc comparisons relative to TNF*P < 0.01 vs TNk , *** P < 0.001 vs TNE

66



A

p65 activity
(Arbitrary units/mg protein)

TNFa (5 ng/ml) - + - - - + + +
a-synuclein (nM) - - 37 11 33 3.7 11 33
B 10 minutes
T 15000 S
3
(S
S 13000
2 o 12000
2 E
8 £ 8000
8 S
o >
8 4000
=
< R N m—
TNFa (5 ng/ml) - + + + +
a-synuclein (nM) - - 3.7 33 300
C 30 minutes
g 15000 S |
o
22 10000-
2 =
g 2
=
%_ > 5000+
g
=
2
< 0
TNFa (5 ng/ml) - + + + +
a-synuclein (nM) - - 3.7 33 300

Figure 14. Lower a-synuclein concentration potentiates inflammatory-nduced active NFkB

signaling protein in human A172 astroglial cells.Cells were exposed tesynuclein in serum-free
medium for 24 h. Also, during the last 3, 10 afdhd, cells were co-exposed to T ng/ml). NF«B
activation was increased in TNfreated cells, yet showed minimum induction inphesence od-
synuclein alone and unstimulated cells (A). AtiBures, aggregategtsynuclein at 3.7 and 33 nM in the
presence of TNérsignificantly (P<0.001 and®<0.01, respectively) induced N& activation (A) relative
to TNFu alone. However, this effect laysynuclein was lost at subsequent time points cdrid) 30
minutes (B and C). Arbitrary binding activity oFNB p65 signaling protein was determined
chemiluminescently using nuclear extracts. Dats@nted represent the mean + S.E.M. of 2-3 measures
from 1-4 independent experiments. Significantet#hces were determined by one-way ANOVA with
Dunnett’s post-hoc comparisons relative to TNF P < 0.01 vs TNk, *** P < 0.001 vs TNE:.

67



4.3  Supplementary Data: Elevated nitrite production bya-synuclein in
cytokine-stimulated human A172 astroglial cells

To determine the effects afsynuclein on INOS induction, nitrite accumulation
from treatment media was used as an indicator of inflammatory enzyiwigyact
Stimulation of A172 cells by a cytokine mixture (T&F IL-18 + IFNy) for 24 hours
resulted in a significant induction of nitrite levels relative to unstimulegdid. This
induction was not affected by the additioruegynuclein (24 hour exposure) at
concentrations100 nM, as indicated by no significant change in nitrite production
relative to cytokine mixture (Figure 15). Conversely, the presence of 300 nM
significantly (P<0.05) potentiated the amount of nitrite production induced by the
cytokine mixture. As shown in Figure 15, unstimulated cells only produced minimal

nitrite.
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Figure 15. Alpha-synuclein enhanced inflammatory-iduced nitrite production in human A172
astroglial cells. Cells were exposed tesynuclein and co-exposed to TMNEB0 ng/ml), IL-B (5 ng/ml),

and IFN (100 ng/ml) for 24h. A172 cells stimulated by thygokine mixture resulted in a significant
induction of nitrite levels relative to unstimuldteells. This induction was not affected by thditidn of
a-synuclein (24 hour exposure) at concentratioh®0 nM; howeverg-synuclein at 300 nM significantly
(P<0.05) potentiated the amount of nitrite produciietiuced by the cytokine mixture. Nitrite
accumulation in the culture media was determinedtspphotometrically using the Griess reagent. Data
were normalized as percent control within eachpeeelent experiment and represent the mean + S.E.M.
of 1-2 measures from 2 independent experimentsifiignt differences were determined by one-way
ANOVA with Dunnett’s post-hoc comparisons.P € 0.05 vs control.
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Part Il

Alpha-synuclein modulation of inflammatory signaling in IL-1g-stimulated
human A172 astroglial cells

4.4  Enhancement of CXCL10 protein expression by-synuclein on IL-1§-
induced CXCL10 expression in human A172 astroglial cells

To assess-synuclein’s effect on the production of CXCL10 induced from
another critical PD inflammatory mediator, 13-stimulated astrocytes were exposed to
concentrations ai-synuclein (3.7-33 nM) and analyzed relative to Lalone. Under
unstimulated conditions, CXCL10 protein production was constitutively expressed at
very low levels (Figure 16). Minimum expression of this chemokine was dérai@as
by a-synuclein alone treatments (24 hour exposure, Figure 10A). When astroghial cell
were exposed to ILfiLlfor 24 hours, results demonstrated an enhanced chemokine
production at 0.25 ng/ml relative to unstimulated cells. When cells were co-exposed to
botha-synuclein and IL-f for 24 hoursg-synuclein at 33 nM significantly potentiated
IL-1B (0.25 ng/ml)-induced CXCL10 expression. The up-regulation was not due to
variations in cell viability among treatments (Figure 17). However, edmaent of
CXCL10 protein by-synuclein was not continued with higher IB-@oncentrations (1
and 5 ng/ml, Figure 16B). Therefore, the data suggestthatuclein significantly up-
regulated IL-B-induced CXCL10 production, however, this effectobyynuclein was

lost as the concentration of I3 Increased.
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Figure 16. Effects ofa-synuclein on IL-1B-induced CXCL10 expression in A172 cellsCells were
exposed to IL-f at (A) 0.1 and 0.25 ng/ml and (B) 1 and 2.5 ngmthe presence or absencesef
synuclein (3.7-33 nM) in serum-free medium for 24Under unstimulated andsynuclein alone
conditions, minimum expression of CXCL10 proteirsvexpressed (A). Astroglial cells were exposed to
IL-1p resulted in an enhanced chemokine productien®®25 ng/ml relative to unstimulated cells. Alpha-
synuclein at 33 nM significantly potentiated IB-0.25 ng/ml)-induced CXCL10 expression in cells co
exposed to both-synuclein and IL-g. This up-regulation bgt-synuclein was not seen continued with
higher IL-13 concentrations (B). Levels of secreted CXCL1Qgiroin the media were quantitated by
ELISA. Data presented represent the mean + S.&f.Bbluplicate measures from 3 independent
experiments. Significant differences were deteenihy one-way ANOVA with Dunnett’s post-hoc
comparisons. P < 0.05 vs IL-B, *** P < 0.05 vs IL-B.
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Figure 17. Effect ofa-synuclein and IL-1f on cytotoxicity in human astroglial cells cytotoxtity. Cells
were exposed to ILL(0.25 ng/ml) in the presence or absence-synuclein (3.7-33 nM) in serum-free
medium for 24 h. Untreated A172 cells and cedsted with IL- +/- a-synuclein did not result in
differing cell viability levels. Cell viability wa assessed using the MTT assay. Data presenteseap
the mean + S.E.M. of triplicate measures from 2pahdent experiments. No significant differences
(P>0.05) among treatment were determined by one-wWd@WA.
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4.5  Alpha-synuclein did not modulate IL-1B-induced CXCL10 mRNA expression

in human A172 cells

To identify the role ofi-synuclein on CXCL10 mRNA expression, astroglial cells
were exposed to ILflanda-synuclein over several time periods. The experiments used
concentrations of IL{1 anda-synuclein that induced significant CXCL10 protein
expression (Figure 16A) and were analyzed relative to CXCL10 mRNA exqndssels
observed by IL-f at the 2-hour time point. Initially identifying the effects of Ig-1
alone on chemokine mRNA, results demonstrated a time-dependent effect of this
cytokine at 0.25 ng/ml on CXCL10 mRNA expression (Figure 18A). As illustrated
Figure 18A, IL-B potentiated the expression of CXCL10 mRNA in astroglia and peaked
at 8 hours post-exposure. CXCL10 mRNA expression produced by dit {ater time
points £16 hours) returned to levels similar to 2 hour post-treatment. When cells were
co-exposed with 33 nM-synulcein and IL-f, significant alterations of inflammatory-
induced chemokine mRNA expressiondsgynuclein were not detected (Figure 18B).
Furthermore, othex-synulcein concentrations (3.7 and 11 nM) did not significantly alter

IL-1B-induced CXCL10 mRNA expression (Figure 18B).
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Figure 18. Effect ofa-synuclein on IL-1B-stimulated CXCL10 mRNA expression in human astrogal
cells.Cells were exposed to (A) ILB10.25 ng/ml) alone or (B) in the presencewedynuclein (3.7-33 nM)
in serum-free medium for indicated hours. CXCL1RNA levels were potentiated by ILB1n astroglia
with a peak at 8 hours post-exposure (A). Thetaddof a-synuclein (at all concentrations) to I13-1
stimulated cells did not significantly alter [[3-induced CXCL10 mRNA expression (B). CXCL10 and
GAPDH mRNA was assessed using quantitative rea RN-PCR. Data were normalized to GAPDH
within each independent experiment and expresseelats/e induction of IL-§ at 2 h post-treatment.
Data presented represent the mean + S.E.M. ofaduplmeasures from 4-8 independent experiments.
Significant differences among treatment were detegthby one-way ANOVA with Dunnett’s post-hoc
comparisons. P<0.05vs IL-B, *P < 0.01 vs IL-B.
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4.6 Alpha-synuclein mediates the stability of IL-f-induced CXCL10 mRNA in
human A172 cells

CXCL10 protein expression was increased in the presencsyfuclein,
whereas the mRNA accumulation was not affected by this protein. Therefore, the
induction of CXCL10 protein by-synuclein may be mediated, in part, by an increase in
MRNA stability. To determine whethersynuclein mediates CXCL10 mRNA stability,
A172 cells were exposed to the transcription inhibitor actinomycin D at vatiyneg to
inhibit de novomRNA synthesis. It was first necessary to verify the effectiweoks
actinomycin D in human A172 cells prior to initiatingsynuclein experiments. Human
A172 cells were pre-treated with either actinomycin D (3, 10, 30 pg/ml) or control
vehicle (3, 10, 30 pg/ml DMSO) 1 hour prior to the addition of pL(@. 25 ng/ml)
(Figure 19). Data was analyzed relative to CXCL10 mRNA expression @vsdsved
by the IL-13-only treatment that ran concurrently with the pretreatments. Treatment
groups of cells exposed to I3 1n the presence of control vehicle showed a gradual
increase of CXCL10 mRNA, with significant mRNA levels detected at 120 mipotes
treatment (Figure 19). A172 cells pre-treated with actinomycin D iellibite synthesis
of CXCL10 mRNA transcription relative to ILBlwith DMSO treatments, and
significant inhibition by actinomycin D was observed at earliest time p&intminutes)
and across time. Consequently, the transcriptiadeafovoCXCL10 mRNA transcripts

in A172 cells is effectively inhibited by actinomycin D, as demonstratecur &i19.
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Figure 19. Inhibition of de novo CXCL10 mRNA transcription by actinomycin D in IL-1 B-stimulated
human astroglial cells.Cells were pretreated with DMSO or ActD (3,10,3gml) in serum-free medium
one hour prior to the addition of ILBX0.25 ng/ml) for the indicated times. Concurrent h pretreatment,
IL-1B alone treatment also ran for one hour. Cells segdo IL-B in the presence of control vehicle
showed a gradual increase of CXCL10 mRNA, with gigant mRNA levels detected at 120 minutes post-
treatment. A172 cells pre-treated with actinomyimhibited the synthesis of CXCL10 mRNA
transcription relative to IL{1with DMSOQ treatments, with significant inhibitidry actinomycin D at the
earliest time point (30 minutes) and across tiBXCL10 and GAPDH mRNA was assessed using
guantitative real time RT-PCR. Data were normalite GAPDH within each independent experiment and
expressed as relative induction of IB-dlone (1 h treatment). Data presented reprekenhean + S.E.M.

of duplicate measures from 2 independent expersnelnines and time points with different superscrip
letters/symbols are significantlf? & 0.05) different as determined by one-way ANOVAhANewman-
Keul's post-hoc comparisons.
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Next, actinomycin D was used to examine possible post-transcriptional effects
a-synuclein on CXCL10 mRNA stability (Figure 20). CXCL10 mRNA production was
induced by a 2.5 hour pretreatment of either pL{@.25 ng/ml) om-synuclein (33 nM)
with IL-1f in order to produce adequate mMRNA production. Because the use of 10 pg/ml
concentration of actinomycin D on astroglia was consistant with otherdr(&aet al.,

2006; Kasahara et al., 1991; Yao et al., 2005), this concentration was used to examine
synuclein’s role on stability. After the pretreatment, media was replaitk fresh
serum-free media in the presence or absence of actinomycin D (10 pg/ml). A&72 cell
were exposed to actinomycin D for various time points (3 — 270 minutes) and the amount
of CXCL10 mRNA was determined and relatively quanified to pLat the O time point
(Figure 20). Results showed no difference of CXCL10 mRNA levels betweghdhd
IL-1B with a-synuclein in the absence of actinomycin D. Conversely, the addition of
actinomycin D to treatments resulted in a time-dependent decrease in CXERNA

with a significant mMRNA decay detected by 30 minutes. However, less desagaa

over time wheni-synuclein was present. Specifically, significantly less mRNA decay
was detected in the-synuclein+IL-B treatment relative to ILflat 270 minutes post-
actinomycin D treatment (Figure 20). Overall, the observations reveéalflyauclein

exerts post-transcriptional effects which contribute to increased CXCL10AnsRINility

in human A172 cells (Figure 20).
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Figure 20. Effect ofa-synuclein on CXCL10 mRNA stability in IL-1p-stimulated human astroglial
cells.Cells were pretreated with 1L810.25 ng/ml) in the presence or absence-s§nuclein (33 nM) for

2.5 h. Actinomycin D or DMSO (3,10,30 pg/ml) wagpesure to cells in fresh serum-free medium for the
indicated times. CXCL10 mRNA levels between Igdnd IL-13 with a-synuclein in the absence of
actinomycin D showed no difference. Converselg,aldition of actinomycin D to treatments resulted
time-dependent decrease in CXCL10 mRNA with a §iggmit mMRNA decay detected by 30 minutes. Less
decay was seen over time whesynuclein was present compared to Rviith actinomycin D alone,
specifically at 270 minutes post-actinomycin D tneant. CXCL10 and GAPDH mRNA was assessed
using quantitative real time RT-PCR. Data weramadized to GAPDH within each independent
experiment and expressed as relative inductioh-dfilat O time point. Data presented represent thexmea
+ S.E.M. of duplicate measures from 2 independrpéements. Lines and time points with different
superscript letters/symbols are significanfy<0.05) different as determined by two-way and ofas-
ANOVA with Newman-Keul’s post-hoc comparisons.
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4.7  Alpha-synuclein does not affect NkB signaling in IL-1g-stimulated human

A172 astroglial cells
4.7.1 Levels of I«kBa phosphorylation were not enhanced by-synuclein

CXCL10 expression is regulated in part at the transcriptional level by the
transcription factor NkeB. Levels of phosphorylateddBo were evaluated to determine
relative NFxB modulations by-synuclein (Figure 21). A172 astroglial cells were
exposed to the-synuclein and IL-f treatment that significantly induced CXCL10
protein expression (Figure 16A). The presence offilrelbulted in no significant
enhancement in the levels of phosphorylateBd-in A172 cells relative to unstimulated
cells. Moreover, astroglial cells co-exposed with bothflafda-synuclein did not
result in a significant modulation of phosphorylatedt: levels relative to IL-f-

induced levels (Figure 21).
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Figure 21. Effects ofa-synuclein on phosphorylated IkBa levels in human A172 astroglial cells.

Cells were exposed tesynuclein in serum-free medium for 24 h. Alsoridg the last 2, 5, 10, and 30
min, cells were co-exposed to 113-10.25 ng/ml). No significant enhancement in theels of
phosphorylated ¥Bo in A172 cells were observed in the presence dffilcelative to unstimulated cells.
Astroglial cells co-exposed with both Il3nda-synuclein did not result in a significant modutatiof
phosphorylated ¥Bo. levels relative to IL-fg-induced levels. Levels of phosphorylatexBle. were
guantitated by ELISA. Data were normalized as @efrcontrol within each independent experiment and
represent the mean + S.E.M. of duplicate measues -3 independent experiments. No significant
differences P>0.05) among treatment were determined by one-Wd@WA.
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4.7.2 Alpha-synuclein does not alter NFkB activation

Further examination of the effectsm&ynuclein on NReB signaling in A172
cells was investigated via the levels of active nucleakBIB65 and p50 proteins
(Figure 22). Nuclear extracts of NdB p65 and p50 were at basal levels in unstimulated
astroglial cells (Figure 22A). The addition of I3-fio A172 cells enhanced p50 nuclear
levels and greatly potentiated p65 nuclear levels. The induction of actiw® ldFeteins
by IL-1p was observed by 30 minutes and resulted in a peak increase in p65 protein by 60
minutes. Results on active p65/p50 from A172 cells co-exposediwsithuclein and
IL-1B overlap results from ILf3-only treatments and therefore, present no significant

fluctuations byu-synuclein on NReB proteins compared to ILBlalone (Figure 22B).
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Figure 22. Alpha-synuclein did not alter IL-1B-induced increases in nuclear levels of active NkB
signaling proteins in human A172 astroglial cellsCells were unstimulated or exposeditsynuclein for
24 h in serum-free medium and co-exposed tofdl(@125 ng/ml) during the last 2-180 minutes of
treatment. Nuclear extracts of MB-p65 and p50 were at basal levels in unstimulatobglial cells, and
the addition of IL-B enhanced p50 nuclear levels and greatly potedti@® nuclear levels (A). Levels of
active p65/p50 from A172 cells co-exposed withynuclein and IL-f overlap results from ILfi-only
treatments and reveal no significant fluctuatiopsidsynuclein on NReB proteins compared to ILBL

alone (B). Arbitrary binding activity of NkB p65 and p50 signaling proteins were determined
chemiluminescently using nuclear extracts. Dats@nted represent the mean + S.E.M. of duplicate
measures from 2-4 independent experiments. Segmifidifferences among treatments were determiged b
one-way ANOVA with Newman-Keul’s post-doc compariso Letters and asterisks represent statistical
differences in (A) IL-B and (B) IL-1B + syn treatments. *P<0.05, *P<0.0i= 10 vs. 30 minute$, = 30
vs. 60 minutesy = 60 vs. 180 minutes.
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4.8 Supplementary Data: Alpha-synuclein does not modulate ILfi-induced

CXCL10 protein expression in Normal Human Astrocytes

Concurrent to investigating the effectsoe$ynuclein in human A172 cells,
experiments examining the effectsoe$ynuclein in NHA were also investigated.
Specifically,a-synuclein’s effect on CXCL10 protein expression was examined in NHA
(Figures 23A and B), with observations resulting in minimum protein induction in
unstimulated cells and an up-regulation of CXCL10 expression after a 24-¢atnnent
of IL-1p (0.1-5 ng/ml). The addition efsynuclein (3.7, 11, 33 nM) to ILBtstimulated
NHA cells did not result in significant CXCL10 protein modulations compared-13-

induced CXCL10 protein levels (Figure 23A and B).
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Figure 23. Effect ofa-syncuelin on IL-1B-induced CXCL10 expression in NHA cells.Cells were
exposed to IL-f at (A) 0.1 and 0.25 ng/ml or (B) 1 and 5 ng/ml @@mtrations in the presence or absence
of a-synuclein (3.7,11,33 nM) in serum-free mediumZdrh. Minimum CXCL10 protein induction was
observed in unstimulated cells, with an up-regalatf chemokine expression after a 24-hour treatmn
IL-1B (0.1-5 ng/ml) (A and B). NHA cells co-exposedutsynuclein (3.7, 11, 33 nM) and IL3Hdid not
result in significant CXCL10 protein modulationswgeared to IL-B-induced CXCL10 protein levels (A
and B). Levels of secreted CXCL10 protein in thedia were quantitated by ELISA. Data presented
represent the mean + S.E.M. of triplicate measiiogs 3-4 independent experiments. Significant
differences were determined by one-way ANOVA withriDett's post-hoc comparisons. % 0.05 vs

control.
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Part Il

Neuromelanin and oxidized dopamine modulation of inflammatory signaling in

TNFae-stimulated human A172 astroglial cells

4.9 Neuromelanin and oxDA inhibit CXCL10 expression in A172 astroglial cells

The effect of other PD-associated molecules, NM and oxDA, were alsorescami
in human A172 astroglial cells in this study. When A172 cells were unstimulatsd, cel
produced constitutive levels of CXCL10 protein (Figure 24). Also, cells exposed+{o NM
or oxDA-only treatments did not produce altered chemokine levels relative to
unstimulated cells (Figure 24A and B). However, consistent with Figuaesl 10,
TNFa (5 ng/ml) significantly enhanced the expression of CXCL10 protein in A1 cel
Treatment groups &f 3.7uM oxDA with TNFa did not affect TNEk-induced CXCL10
production (Figure 24A); however, a significant reduction (75%) in CXCL10 expression
was observed in response to 300 oxDA relative to TN alone. Cytotoxicity in A172
astroglial cells was observed at 304 in the presence of TNFbut resulted in only a
10% decrease in viability (Figure 25A). Nonetheless, the reduction in CXCL1@nprote
expression by 300 uM oxDA may, in part, be due to less viable cells. Sighifica
reduction in protein expression was also observed in A172 cells exposed to 75 and 150
uM oxDA in the presence of TN with no alterations on cell viability (Figure 25A).
Slight differences in CXCL10 production were observed ajig/ml NM (Figure
24B); however, onlylng/ml NM caused a significant reduction (30%) in CXCL10
levels. No significant alterations in astroglial cell viability ezeeen from NM

treatments (Figure 25B).
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Figure 24. Effects of oxidized dopamine (0xDA) andeuromelanin (NM) on TNFa-induced CXCL10
expression in A172 cellsCells were exposed to (A) oxDA or (B) NM in serurad medium for 72 h.
Also, during the last 24 h, cells were co-exposetNFu (5 ng/ml). Unstimulated A172 cells produced
constitutive levels of CXCL10 protein (A and B) ameither NM nor oxDA-only treatments altered the
production (A and B). TNé (5 ng/ml) did enhance the expression of CXCL1Ggim(A and B), with a
significant reduction in CXCL10 expression obserae800uM oxDA (A) and 15ug/ml NM (B) relative
to TNFu alone. Levels of secreted CXCL10 protein in thedim were quantitated by ELISA. Data were
normalized as percent control within each indepahdgperiment and represent the mean + S.E.M. of
triplicate measures from 3-4 independent experimeSignificant differences were determined by one-

way ANOVA with Dunnett’s post-hoc comparisons? € 0.05 vs TNk; **P < 0.01 vs TNk, *** P <
0.001 vs TNk.
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Figure 25. Oxidized dopamine- and neuromelanin-indced cytotoxicity in TNFa-stimulated human
astroglial cells.Cells were exposed to (A) oxDA or (B) neuromelainiserum-free medium for 72 h.
Also, during the last 24 h, cells were co-exposetNFu (5 ng/ml). Cytotoxicity in A172 astroglial cells
was observed at 3QM oxDA in the presence of TNHA). NM treatments did not significantly alter
astroglial cell viability, as seen in (B). Cellbility was assessed using the MTT assay. Data wer
normalized as percent control within each indepehdgperiment and represent the mean + S.E.M.4f 2-
measures from 2-5 independent experiments for egltkype. Significant differences were determitegd
one-way ANOVA with Newman-Keul’s post-hoc compariso **P < 0.01 vs TNEk.
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4.10 Neuromelanin and oxDA down-regulate NRkeB activation in TNFa-

stimulated A172 astroglial cells

The activation of NReB was assessed by the nuclear translocation of theBNF-
proteins p65 and p50. Examination of the effects of d bif NF«B activation was
conducted to determine the optimal time for RB-activation by TNl for subsequent
experiments. Nuclear levels of NdB-were used as an indicator of KB-activation.

As seen in Figure 26, TNFpotentiated the levels of NEB in a time-dependent manner
in A172 cells. Specifically, NikB activity initially peaked at 10 minutes, with elevation
seen at 3 minutes and reduction at 810 minutes.

Next, the examination of the effects of oxDA and NM ongFactivation in
A172 cells was observed (Figures 27 and 28). Induction atBl&etivation by the
cytokine TNFe at a median peak time of 30 minutes was examined in the presence of
oxDA and NM (Figures 27 and 28). Activation of B-was not affected by oxDA or
NM alone compared to the unstimulated cells as indicated by no significanedhang
nuclear levels of NkB (Figures 27 and 28). Conversely, oxDA decreasedoatNF
induced NF&B activation in astroglial cells between 60-75% relative to d Bléne
(Figure 27). However, the reduction in activation may be due to a decreaabkléncells
by 300 uM oxDA (Figure 25A). Neuromelanin also decreasedafiNGuced NFxB
activation in A172 cells, as presented by a reduction in nuclear p65 levels(ERA),

yet similar reduction was not observed for nuclear p50 levels (Figure 28B).
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Figure 26. Time-dependent response of TNEFto active NF«B p65 signaling protein in human A172
astroglial cells. Cells were exposed to TNK5 ng/ml) in serum-free medium for the time couaaging
from 3 to 810 minutes. TNFpotentiated the levels of NEB in a time-dependent manner in A172 cells,
with elevation seen at 3 minutes, peaks from 10r8tutes, and reduction at 810 minutes. Arbitrary
binding activity of NF«kB p65 and p50 signaling proteins were determineariluminescently using
nuclear extracts. Data presented represent the m&8aB.M. of duplicate measures from 2-4 indepehden
experiments. Significant differences were deteedihy one-way ANOVA with Dunnett’s post-hoc
comparisons. P < 0.05 vs TNk, **P < 0.01 vs TNE.
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Figure 27. Oxidized dopamine decreased TNEinduced NF«B activation in human A172 astroglial
cells. Cells were exposed to oxDA in serum-free mediunvfdh. Also, during the last 30min, cells were
co-exposed to TNk (5 ng/ml). Activation of NR«B was not affected by oxDA alone compared to
unstimulated cells (A and B), however, oxDA decesi§NFo-induced NFxB activation in astroglial cells
between 60-75% relative to TNRlone (A and B). Nk&B activation was assessed by using transcription
factor assay which measures levels of activexkBF-Arbitrary binding activity of NReB p65 and p50
signaling proteins were determined chemiluminedgersing nuclear extracts. Data were normalized as
percent control within each independent experina@atrepresent the mean + S.E.M. of duplicate measur
from two independent experiments. Significantatiéinces were determined by one-way ANOVA with
Dunnett’'s post-hoc comparisons. % 0.001 vs TNE.
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Figure 28. Neuromelanin reduced TNIle-induced NF«B activation in human A172 astroglial cells.
Cells were exposed to NM in serum-free medium h7 Also, during the last 30 minutes, cells were
exposed to TN& (5 ng/ml). NFxB activation was not affected by NM alone comparethe unstimulated
cells, as seen in A and B. However, NM in the enes of TNl decreased TNEFinduced nuclear p65
levels (A), yet similar reduction was not obserf@dnuclear p50 levels (B). N&B activation was
assessed by using transcription factor assay whedsures levels of active NdB. Arbitrary binding
activity of NF«B p65 and p50 signaling proteins were determinedriluminescently using nuclear
extracts. Data were normalized as percent coniithin each independent experiment and represent th
mean + S.E.M. of duplicate measures from 2 indepenexperiments. Significant differences were

determined by one-way ANOVA with Dunnett’s post-tammparisons. **P < 0.001 vs TNE.
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4.11 Supplementary data:

4.11.1 Oxidized dopamine- and neuromelanin-induced cytotoxicity in human
neuronal and/or glial cells.

In this inflammatory model where cells were co-exposed to oxDA andi,TNF
oxDA was more toxic to SK-N-SH neuronal cells than to glia (Figure 28)shawn in
Figure 29A> 300uM oxDA was cytotoxic (approximately 45-75% decrease in viability)
in neuronal cells compared to TiBIone. Furthermore, in CHME-5 microglia cells,
cytotoxicity was observed with a 20% reduction in viability in cultures expose@00
uM (Figure 29B).

When cells were exposed to NM with co-exposure to d,NN#M was more toxic
to SK-N-SH neuronal cells than to glia (Figure 30). The number of viable SK-blefd
compared to TNé& alone was significantly reduced byb ug/ml NM (Figure 30A). At
the highest concentration of NM tested (iBml), there was a 40% decrease in viable
SK-N-SH cell number. In comparison, exposure to NM (0.02¢(Bl) did not

significantly alter viability in CHME-5 cultures (Figure 30B).
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Figure 29. Oxidized dopamine-induced cytotoxicityn human neuronal and glial cellsCells were
exposed to oxDA in serum-free medium for 72 h. oAlburing the last 24 h, cells were co-exposed to
TNFa (5 ng/ml). oxDA concentrations &f300uM were found to be cytotoxic to neuronal cells @8%
decrease, A) and CHME-5 microglial cells (20% raitur; B) compared to TNkalone. Cell viability was
assessed using the MTT assay. Data were normalgpdrcent control within each independent
experiment and represent the mean + S.E.M. oféplcate measures from 4-5 independent experiments
for each cell type. Significant differences weeteiimined by one-way ANOVA with Newman-Keul's
post-hoc comparisons. P*< 0.01 vs TNEk.
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Figure 30. Neuromelanin-induced cytotoxicity in TNFe-stimulated human neuronal and glial cells.
Cells were exposed to neuromelanin in serum-fregivme for 72 h. Also, during the last 24 h, cellsrey
co-exposed to TN&(5 ng/ml). For neuronal cells, the number of 1éaBK-N-SH cells compared to TNF
alone was significantly reduced (40% decrease) byig/ml NM (A). Exposure to NM (0.02-15g/ml)

did not significantly alter viability in CHME-5 ctures (B). Cell viability was assessed using thHETM
assay. Data were normalized as percent contrblméach independent experiment and represent the
mean + S.E.M. of triplicate measures from 2-3 irhef@nt experiments for each cell type. Significant
differences were determined by one-way ANOVA witbvidnan-Keul’s post-hoc comparisons.P*&

0.01 vs TNfe.
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4.11.2 Oxidized dopamine and neuromelanin enhance THFnduced iINOS
induction in human astroglial cells

To determine the effects of oxDA and NM on iNOS induction, nitrite
accumulation was used as an indicator of INOS activity. Minimal nitrite produects
detected from A172 cells by TNFalone treatments (Figure 31A) and by oxDA- and
NM-alone treatments (data not shown). The effect of oxDA on cytokine mixture-induced
nitrite production was observed and resulted in no significant modulation of INOS
induction relative to cytokine mixture alone (Figure 31B). Conversely, oxDALAGD
1M significantly potentiated TNEinduced iINOS induction (Figure 31A). Similarly,
induction of INOS was potentiated by 0.2:&/ml NM, however lower (0.06g/ml) and

higher (15ug/ml) NM concentrations had minimal effect on iINOS induction (Figure 32).
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Figure 31. Oxidized dopamine enhances TNEinduced nitrite production in human A172 astroglid
cells. Cells were exposed to oxDA for 72 h. Also, durihg last 24 h, cells were co-exposed to (A) GNF
(5 ng/ml) or (B) a cytokine mixture containing TWE30 ng/ml), IFN (100 ng/ml), and IL-& (5 ng/ml).
Nitrite production from A172 cells was minimal byFFo-alone treatments (A), however, oxDA>a100

UM significantly potentiated TNEinduced iNOS induction (A). The effect of oxDA optokine mixture-
induced nitrite production resulted in no signifitanodulation of INOS induction relative to cytokin
mixture alone (B). Nitrite accumulation in the ttuk media was determined spectrophotometricallygus
the Griess reagent. Data represent the mean + Sdf tMplicate measures from 2-4 independent
experiments. Significant differences were deterihing one-way ANOVA with Dunnett’s post-hoc
comparisons. **P < 0.001 vs TNE.
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Figure 32. Neuromelanin enhances TNé&induced nitrite production in human A172
astroglial cells. Cells were exposed to NM for 72 h. Also, during thst 24 h, cells were co-exposed to
TNFa (5 ng/ml). Although the lower (0.Q8/ml) and higher (1g/ml) NM concentrations had minimal
effect on iINOS induction , 0.2409/ml NM potentiated iINOS expression relative to TiNHfone. Nitrite
accumulation in the culture media was determinettspphotometrically using the Griess reagent. Data
represent the mean + S.E.M. of quadruplicate meadtwm 3 independent experiments. Significant
differences were determined by one-way ANOVA withriDett’s post-hoc comparisons. P& 0.01 vs
TNFa, *** P < 0.001 vs TNE.
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CHAPTER V

DISCUSSION

Part |

Alpha-synuclein modulation of inflammatory signaling in cytokine-stinulated

human A172 astroglial cells

5.1  Alpha-synuclein enhanced cytokine-stimulated CXCL10 expression in
human A172 astroglial cells

Parkinson’s disease studies reveal an up-regulatiarsghuclein with extensive
oligomeric forms elevated in the cerebrospinal fluid and blood plasma of PDtpatie
compared to healthy controls (EI-Agnaf et al., 2003; El-Agnaf et al., 2006).
Neuroinflammation is also observed in PD, with an increase in proinflammatory
cytokines and chemokines (Forno et al., 1992; Hunot and Hirsch, 2003; Miklossy et al.,
2006). Astrocytes are the major cellular source of chemokine production in the CNS and
demonstrate increased reactive astrocytosis in PD (Teismann and Schulz, 2004)
Understandingi-synuclein’s effects on astrocytes in the presence of on-going
inflammation is therefore potentially important. The two-hit (neuroinflaranatndo-
synuclein)in vitro model created for this study mimics PD etiology and produces novel

attributes to PD research.
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First, the role ofi-synuclein aging was examined to obtain information on the
length of time for aggregation for astroglial studies. Initial studiesrishned that 7-day
aggregation was not sufficient to significantly modulate ahtluced chemokine
protein expression. The current data suggest that longer than seven rizgdad to
generate a molecule that is proinflammatory in this A172 model. This is tzorisisth
a study by Zhang and colleagues (2005), who characterizediasyaaiclein by a size
exclusion column. Zhang et al. (2005) determined the nature of hussyaruclein and
found 7 days of aging formedsynuclein aggregates between 44 and 158 kDa, which is
consistent with a soluble oligomer conformation. Fourteen days of agingdferme
synuclein aggregates sized > 670 kDa, which represent fibrHaynuclein
conformation (Zhang et al., 2005). Although oligomeynuclein is more toxic to
neurons than fibrillary polymers, Lewy bodies (which are the pathologideddr&l of
PD) are primarily composed of fibrillaky-synuclein (Spillantini et al., 1998). Therefore,
the current results suggest the change in inflammatory property in human A172astrog|
cells may be potentiated by the presence-synuclein fibrillary polymers.

The present data is the first report examining the role of extracetglgregated
a-synuclein on human astroglial cells. Only one other study has explored tis effe
a-synuclein on CXCL10 protein expression, yet this was studied in mouse mixeddjlia a
isolated microglia cultures (Roodveldt et al., 2010). The same group found CXCL10
protein levels produced by unstimulated cells and wild-typgnuclein-alone treated
cells to be at a low level in both microglia-astroglia mixed culture andofeted
microglia culture (Roodveldt et al., 2010). The low expression of CXCL10idlycells

in a-synuclein treatments is similarly demonstrated in the present Qat¢éhe other
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hand, several studies reveasynuclein’s ability to enhance production of other
inflammatory factors (Gao et al., 2011; Gu et al., 2010; Reynolds et al., 2008a). For
example p-synuclein significantly increased the levels of MCP-1, MIP-1, and RANTES
in microglial cells and mixed astroglia-microglia co-cultureyiReds et al., 2008a;
Roodveldt et al., 2010). Klegeris et al. (2006) reportedottsgnuclein stimulated
human astrocytes as well as human astrocytoma cells to up-regulate-bahdL
ICAM-1. The results, however, were obtained from studies that demonstrateal sever
differences compared to the current study, including cell- and speciefiesgifigirences
anda-synuclein conformational differences. Although previous studies reveal a
regulation of inflammatory factors laysynuclein on glial cells, outcomes from the
present study agree with Roodveldt et al. (2010), which indicate-ghatuclein alone is
not able to increase the production of CXCL10.

Results of enhanced glial CXCL10 protein expression by the cytokines in the
current study are in agreement with other studies (Davis et al., 2007; John et al., 2001; Qi
et al., 2009). For instance, IlB-Induced the expression of CXCL10 protein in human
fetal astrocytes (John et al., 2001). In a study conducted by the current lahorator
published results revealed an enhanced CXCL10 expression hyddAL-13 in
human A172 astrocytes relative to unstimulated cells (Davis et al., 2007). |Qwearal
results correlate with others and state that dBRd IL-13 are capable of stimulating the
production of CXCL10 in astroglial cells.

Examininga-synuclein in the presence of either T\t IL-1f3 was found to up-
regulate cytokine-induced CXCL10 expression in A172 cells. This is the firsttstudy

examine the effect af-synuclein in the presence of either cytokine on CXCL10 protein
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expression in human astroglial cells. Interestingly, few other reportsédxamined the
combination ofx-synuclein and inflammatory factor(s) on the alterations of
cytokines/chemokines (Gao et al., 2011; Klegeris et al., 2006). For examplej¥K&tger
al. (2006) studied thia vitro expression of IL-6 and ICAM-1 induced hysynuclein in
astroglia. Results revealed that the addition-synuclein and IFfMto human astrocytes
and astrocytoma cells resulted in an increase in ICAM-1 and IL-6 levels. idkddly,
Gao et al. (2011) examined the effects-@ynuclein with the TLR4 ligand
lipopolysaccharide (LPS) on neuroinflammation in brains of mice. SpebjfiGdo and
colleagues (2011) detected an up-regulation of multiple inflammatory markesling
Iba-1, Macl, iNOS, and cyclooxygenase-2 (COX-2) in both the SN and striatum of
transgenic mice overexpressing human A53T mutaynuclein. The up-regulation of
inflammatory markers was relative to LPS-injected wildtype mice asloonsistent

with chronic progressive degeneration of nigrostriatal dopamine pathway. riixgitie
effects ofa-synuclein on glial CXCL10 expression did not increase the expressiba of t
chemokine at lower TNEconcentrations in the current study. The data indicate that
TNFa at 5 ng/ml may provide a threshold level neededifsynuclein to have an effect
on CXCL10 protein expression in A172 cells. Data with fizhiduced CXCL10
expression also demonstrated a significant up-regulationsypuclein at an IL-
concentration of 0.25 ng/ml. The result may indicate that maximum CXCL10 production
may be achieved at ILBlgreater than 0.25 ng/ml; therefore, not allowing further
enhancement of chemokine production by the additiansyinuclein. Nonetheless;

synuclein co-exposed with TNFor IL-1B potentiated the enhancement of CXCL10
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expression in human astroglial cells, demonstrating a potential involvement of
synuclein in PD neuroinflammation.

The consequences of altered CXCL10 expression in dopamine associated
neuropathology have not been fully elucidated. Depending on the temporal, regional, and
magnitude of expression in the brain, CXCL10 may be neuroprotective or neurotoxic.
CXCL10 can display neuroprotective properties via antimicrobial actiiiete et al.,

2001). Neurotoxic behavior of CXCL10 is well documented in neurological diseases
(Sui et al., 2004, Sui et al., 2006; Tanuma et al., 2006; van Marle et al., 2004). For
instance, a study demonstrated neuronal death caused by the supernatant ofefllV-1 N
exposed astrocytes was blocked by an antibody to the CXCL10 receptor, CX@R3 (va
Marle et al., 2004). Another study revealed that cultured human fetal brain neurons
treated with CXCL10 activate caspase-3 and ultimately leads to apdjsoset al.,

2004). Although chemokines are elevated in the PD brain (Roodveldt et al., 2010), their
consequences on dopaminergic neurons are yet to be determined in PD. Therefore, a
strong support of the neurotoxic effects of CXCL10 exists in other neurodegenerati

disease, and thus, may have similar outcomes in PD.

5.2  Alpha-synuclein did not modulate cytokine-stimulated CXCL10 nRNA in
human A172 cells

Examining transcriptional regulation loysynuclein may provide insight into the
mechanisms ai-synuclein induced CXCL10 protein expression in A172 cells. The
enhancement of the levels of CXCL10 mRNA by Ikifh the current study was similarly
seen in a study by John et al. (2001). In this study, a group of researchers det&fted IL-

induced expression of CXCL10, as well as IL-8 and MCP-1, mRNA in human primary
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astrocyte cultures (John et al., 2001). Furthermore, previous study in A172 cells also
demonstrated the ability of ILBlto trigger CXCL10 mRNA expression; however, cells
were also co-exposed with LPS (Davis and Syapin, 2004b). The time-dependermifeffec
IL-18 on CXCL10 mRNA observed in the present study was also observed by Williams
et al. (2009), who revealed a similar time-dependent increase of CXCL10 mR&l& le
after IL-18 treatment in A172 cells (Williams et al., 2009a). Overall, results revealed in
the current study confirm previous studies and indicate the capability @f thihduce
CXCL10 mRNA in A172 cells in a time-dependent manner. The induction of CXCL10
MRNA by IL-13 may be due to signaling pathways that activate transcription factors,
such as NFReB, that facilitate mRNA production, as seen in previous studies (John et al.,
2001; Yeruva et al., 2008).

When evaluating the cooperative effects.adynuclein and IL-g on CXCL10
MRNA expression, the lack of changedsgynuclein on IL-B-induced CXCL10 mRNA
expression was different compared to the single study that also exarrsgedclein
effects on astroglial CXCL10 mRNA (Lee et al., 2010b). Conditioned mediadfrom
synuclein-expressing human neurons transferred to rat astrocytestr@salteinduction
of CXCL10, as well as other (CCL2, CCL5, CXCL1, CXCL2), mRNA levels. The study
also determined thatsynuclein did not have an effect on astroglial mMRNA levels of a
particular chemokine (CCL6) and down-regulated mRNA levels of other toesi(hee
et al., 2010b). The dissimilarity in results between the current study and Lemayal
be due to species-specific differences. Furthermore, while haragmuclein was aged
in the present study to obtain aggregated conformation, neuronal cells used bglLee e

(2010) were transfected with adenoviral vector containing huirsymuclein cDNA.
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The difference ini-synuclein preparation may have different cellular and molecular
effects in astrocytes. Overall, the current results suggest-Hyauclein does not

mediate the induction of ILftinduced CXCL10 mRNA expression. Several
possibilities could be responsible for this effecbgynuclein, including structural
modifications ofa-synuclein. Alpha-synuclein possesses conformational plasticity and
the structure of this protein depends on its environment (Uversky 2007), implying that
synuclein may undergo structural modifications that do not exhibit regulation of the
CXCL10 mRNA expression. Furthermore, Jin et al. (2011) recently demonstrated that
synuclein mechanistically regulated P&Kgene expression by negatively inhibiting NF-
kB activity and reducing p300 (transcriptional co-activator) levels. How#wer

reduction of PKG was examined in dopaminergic neurons transfectedasstmuclein.
Exogenousi-synuclein may portray different effects in astroctes relative to neurons
ultimately resulting in a lack of induction of IListimulated CXCL10 mRNA, although
further research is needed. The enhancement of CXCL10 protein expression observed in
A172 cells bya-synuclein may therefore potentially be elicited by post-transonati

modifications ofa-synuclein.

5.3  Alpha-synuclein induced cytokine-stimulated CXCL10 mRNA stabity

Post-transcriptional control of gene expression through mRNA transcripttgtabil
is important in the regulation of inflammatory genes, particularly of teaseding
cytokine and chemokines (Sun and Ding, 2006). CXCL10, in particular, has a transcript
half-life that is rather short (about 30 minutes) under resting conditibas@igam et

al., 2006). In order to examine transcript stability, the additiaeafovaranscription
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inhibitors was studied in culture. The DNA-dependent RNA synthesis inhibitor
actinomycin D is a widely used inhibitor in mRNA transcription stability gsidDhillon

et al., 2007; Galbis-Martinez et al., 2010; Okamoto et al., 2008; Shanmugam et al., 2006).
Mechanistically, actinomycin D binds DNA at the transcription initiation cempf

genes and prevents transcript elongation by RNA polymerase. Therefossnaesieof
whether the actinomycin D — DNA binding sequence is present in the CXCL10 DNA
sequence was made using DNAStar, a program that searches for a gpeeifsequence
within another gene sequence. The results found the actinomycin D — DNA binding
sequence is within the human CXCL10 DNA sequence (data not shown); therefore,
indicating actinomycin D can bind to the specific gene of interest. The tipezmxdent
inhibition of cytokine-induced CXCL10 mRNA transcripts by actinomycin D observed i
the current study were similarly demonstrated in other studies (Dhillon et al., 2007;
Galbis-Martinez et al., 2010; Okamoto et al., 2008; Shanmugam et al., 2006). For
instance, CXCL10 mRNA transcript levels from -N- PDGF (platelet-derived growth
factor) stimulated monocytes were significantly decreased asasa?ly minutes post-
actinomycin D treatment (Dhillon et al., 2007). The decrease of CXCL10 mRNK leve
in the presence of actinomycin D continued to be significant even at the Iaegiotint
tested, 2 hours. A similar trend of CXCL10 mRNA transcript inhibition by actinomycin
D occurred in murine embryonic fibroblasts stimulated with poly(ADP-ribose)
polymerase-1 (Galbis-Martinez et al., 2010). Inhibition was present at 1 hour post-
inhibitor exposure and continued for 12 hours. Therefore, the DNA-dependent RNA
synthesis inhibitor actinomycin D is capable of blocking synthesis of new CXCL

MRNA transcripts in A172 cells as well as other cell types.
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Next, the effect ofi-synuclein was examined on I3-induced CXCL10 mRNA
stability in A172 astroglial cells using an actinomycin D concentratio® efg/ml,
which is a concentration consistent with that used by others (Gardner et al., 2006;
Kasahara et al., 1991; Yao et al., 2005). The reduction of CXCL10 mRNA decay by
synuclein relative to IL4 treatment in the current study indicates thaiynuclein
facilitates the stability of this CXCL10 mRNA in A172 cells. Howeveremains
unclear whether the effect loysynuclein is direct or indirect. This is the first report on
the role ofa-synuclein on CXCL10 mRNA stability in ILftexposed A172 cells.
Interestingly, a single study has been reported regarding the roieyoficlein on
MRNA stability (Jin et al., 2011). This recent study by Jin et al. (2011) reported
synuclein stably transfected into dopaminergic neurons resulted in protein kipase C
transcription suppression without any changes in mRNA stability. Thetdfyo-
synuclein may be relative to this gene of interest in neuronal cells; howed@gsinot
implicate a similar effect on other genes in different cell types.h&urtore, CXCL10
transcribed in the cell is expected to be degraded rapidly because of endogenous
destabilizing mechanisms (Shanmugam et al., 2006). From the current datamesul
suggest thai-synuclein may promote CXCL10 mRNA stability by delaying/inhibiting
its degradation or destabilization. Certain proteins interact with mRNAdmats to
regulate mRNA degradation. From the list of these proteins (i.e. parp-1, HUR, S100b,
nucleolin), only nucleolin has been shown to interact walynuclein (Jin et al., 2007).
The apparent role nucleolin plays on stabilizing mRNA involves its participaitortive
5" and more so 3’ untranslated regions (5’ , 3'-UTR) of mRNA. Specifically, nunleoli

binds to the 5’ and 3’ UTRs of specific mMRNAs, enhancing both their stability and
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translational efficiency. Jin et al. (2007) demonstrated the presence of mibleatid
a-synuclein through confocal microscopy, western immunoblotting, and
immunoprecipitation (Jin et al., 2007). Confocal microscopy further revealed
localization of nucleolin in both the nucleolus and cytoplasm compartments. In
correlation with the current study, three possibilities for the increagdiAnstability by
a-synuclein may be reasonable. One, aggregasdhuclein may lead to a dissociation
of nucleolin froma-synuclein and ultimately bind CXCL10 mRNA transcripts to
promote stability. Secondly, a possibility may be the direct interactiarsphuclein on
stability. Alpha-synuclein, along with the bound nucleolin, may directly bind to the
CXCL10 mRNA transcripts and enhance transcript stability. Jin et al. (2007) also
demonstrated a significant reduction in nucleolin fiesynuclein in rat dopaminergic
mesencephalic neuronal cell cultures after rotenone (a pesticide thobghihtolved in
PD) exposure. The nucleolin reduction may support the first possibility of citstci
nucleolin, though this may be a specific cause of rotenone and may differ watlrteet
model. Thirdga-synuclein may yet induce other stabilizing RNA-binding proteins or
inhibit de-stabilizing RNA-binding proteins directly or indirectly, ultimgteiediating
CXCL10 mRNA stability.

5.4  Alpha-synuclein modifications on NFkB signaling in cytokine-stimulated

human A172 astroglial cells

The NF«B signaling pathway is responsible for the induction of several
inflammatory factors. The activation of NdB is examined by the translocation of NF-
kB p65/p50 from the cytoplasm into the nucleus. In the current study, the significant up-
regulation of the levels of active nuclear p65 protein by cytokine-alone ces&@h

other published data (Davis et al., 2007; Nadjar et al., 2003; Qi et al., 2009). For
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instance, the exposure of A172 cells to BNEsulted in an increase in nuclear p65
proteins (Davis et al., 2007). Other studies have demonstrated the ahihsymdiclein-
alone to enhance N&B activation (Alberio et al., 2010; Klegeris et al., 2006; Reynolds
et al., 2008b; Togo et al., 2001; Yuan et al., 2008). For instance, Reynolds et al. (2008)
demonstrated an enhancement of p65 and p50 levels in the nucleus of microglial cells in
the presence of aggregated and nitratsginuclein. The results by Reynold et al. (2008)
were a measurement of total protein as oppose to active protein in the nucleus.
Furthermore, the use of a higher concentratiom-gynuclein as well as different cell-
specific anch-synuclein preparation may have led to differences in results between the
previous study and the current results. Klegeris et al. (2006) detectedvhaarcof
ERK1/2 and JNK MAPKSs by non-aggregatedynuclein in microglial cells, thus
illustrating the involvement of other signaling pathways in glial cells-Bynuclein.
Although several differences exist between Klegeris et al. and the presbnpst
synuclein preparation and cell type), the outcomes do not eliminate the involveraent of
synuclein in NF«B signaling due to the possible interactions between different signaling
pathways. Nonetheless, the present results are the first repegyonclein modulation
of levels of p65/p50 in A172 astroglial cells.

The lack of modulation observed tiysynuclein on IL-B-induced phospho<Ba
and p65 levels was contrary to the observed enhancement ofifitlliced p65 levels by
a-synuclein. The results indicate a rolenegynuclein on NReB activation in the
presence of TNé& Although these results in the current study are the first to demonstrate
a-synuclein’s role on TN& and IL-13-induced NF«B activity, several lines of evidence

supporto-synuclein’s involvement in inflammatory-induced KB-activity (Alberio et
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al., 2010; Lee et al., 2010a; Prabhakaran et al., 2011; Wilms et al., 2009). For example,
Parbhakaran et al. (2011) evaluated the mechanism involved in manganese-induced
neurotoxicity in the presence efsynuclein. Humam-synuclein enhanced manganese-
induced neurotoxic susceptibility by activating the RB-signaling pathway, specifically
NF-xB nuclear translocation. This enhancement was further blocked by aB NF-
inhibitor (SN50). The reason for the different results betweenoTavid IL-13-induced
NF-kB activity bya-synuclein in the current study remains unclear. One explanation for
the difference may be-synuclein’s ability to facilitate actions of the TNF receptor
and/or the receptor’s adaptor proteins, ultimately enhancing active p65 tetteds i
nucleus. Other explanations may be an activation of a different signalinggyabya-
synuclein in IL-B-stimulated astrocytes. This latter explanation is in agreement with
current results that demonstrate a lack of regulatia+$ynuclein on the

phosphorylation ofdBa, as well as with previous reports whersynuclein activates

other signaling pathways beside NB; such as MAP kinase (Klegeris et al., 2008;
Wilms et al., 2009). Astrocytes co-exposed-®ynuclein and IFNresulted in an
enhanced activation of MAP kinase pathways p38, ERK1/2, and JNK via protein
phosphorylation (Klegeris et al., 2008). Another explanation for the difference betwee
a-synuclein’s effect on TNF- and ILBlinduced NF«B activation may be due to

cytokine concentrations used. The concentration ofaldded in the current study may
have been at a threshold level that allewsy/nuclein to facilitate NkB activation,
whereas IL-B concentrations were not and therefore did not allow modulatien by

synuclein.
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Interestingly, the lack of modulation on Il3-Induced NF«B by a-synuclein does
not mirror the enhanced ILBlinduced CXCL10 protein expression. In this case,
synuclein may induce other signaling pathways in astrocytes that widrrthie

induction of CXCL10 protein expression.

5.5 Alpha-synuclein did not alter cell viability

A number ofin vivoandin vitro studies have reported the toxic actions-of
synuclein on oligodendroglial and neuronal cells (Bisaglia et al., 2010; Gap28;
Gu et al., 2010; Kragh et al., 2009; Zhang et al., 2005). For instance, Kragh et al. (2009)
observations revealed a cellular degeneration and apoptosis in oligodendrutiytes!
by a-synuclein. Additionally, aggregatedsynuclein at concentrations similar to the
concentrations used in the current study resulted in dopaminergic neurotoxiaity in r
primary mesencephalic neuronal cultures (Zhang et al., 2005). Neurotoxisigvem
displayed inn vivo studies where-synuclein resulted in significant neuronal loss in the
midbrain region of mice models (Gao et al., 2011; Gu et al., 2010). Although these
studies on neuronal cells illustrate a neurotoxic role®ynuclein, A172 astroglial cells
appear to be less susceptibleitsynuclein-induced cytotoxicity. This observation was
the first report on-synuclein’s effect on A172 viability. Although concentrations.-of
synuclein used in the current study did not impact astroglial viability, higher
concentrations of this protein may ultimately result in a significant isergacellular
toxicity. Measures of cell viability, such as trypan blue and lactate dedpyalase
release assays, may give different results and therefore deateristver viable cells.
Furthermore, astrocytes produce protective factors that result in an a@tocgaracrine

effect, eventually demonstrating less susceptibility to toxic compoundsndtanceg-
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synuclein is shown to induce oxidative stress in a number of cells, including tesrocy
(Farooqui and Farooqui, 2011; McGeer and McGeer, 2008). Astrocytes, which produce
the anti-oxidant glutathione under stressful conditions, may relieve the oxidatis® S
produced within the cell or in adjacent cells (Fuller 2009). Interestingly, thiy abio-
synuclein to induce glutathione in response to heightened oxidative stress has been
demonstrated (Hsu 2000). The possible explanations listed could result in less
susceptibility of astrocytic data irsynuclein pathology, yet further examination is

needed.

5.6  Alpha-synuclein did not modulate cytokine-induced CXCL10 proten

expression in Normal Human Astrocytes

In addition to examining the effects @synuclein on CXCL10 protein
expression in human A172 astrocytoma cells, we concurrently examined theteipffe
normal human astrocytes (NHA). While 1I3-stimulated CXCL10 levels were not
affected by the currentsynuclein concentrations, othessynuclein and IL-f
concentrations may lead to enhanced chemokine levels in NHA cells. For instance
CXCL10 protein levels may be modulated by higieynuclein and IL-f
concentrations than used in the current study. To date, only two groups of researcher
have examined cytoactive moleculesiisynuclein-exposed primary astroglial cells.
One group demonstrated a dose-dependent up-regulation of matrix metallopee®einas
by a-synuclein while observing a decrease of activity of the tissue plagan activator
(Joo et al., 2010), whereas the other group demonstrated an increase in ICAM-1 and IL-6
(Klegeris et al., 2006). Therefore, althougbynuclein is shown to regulate certain

molecules at the same concentrations that were used in the present studgtetimsijo
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not result in a significant modification of the CXCL10 protein levels in the NelA c
line. Possible explanations for the lack of regulatiomdsynuclein on NHA may be due
to concentrations used or resistance to curreynuclein configuration. Relative to

NHA, A172 cells may be more sensitive to the effects-synuclein.

5.7  Alpha-synuclein elevated nitrite production in cytokine-stimulatd human

A172 astroglial cells

The inducible NOS isoform has received considerable attention due to the
enzyme’s ability to produce cytotoxic levels of NO. The up-regulation of iND&h is
measured via nitrite accumulation, by a mixture of cytokines is supported\iy € al.
(2007), where an increase in INOS activation is evident by astroglial NOSAmRN
enhancement by the same cytokine mixture used in the current study. This stedy is
first to showo-synuclein mediated increases in cytokine-induced iNOS expression in
human astroglial cells. Similarly, Gao et al. (2008) observed a nitGteraulation and
an increase in iINOS levels in microglial cells in the presenaesghuclein with LPS
relative to unstimulated cells. The study also revealed that the abaterénffraim o-
synuclein and LPS co-exposed microglial cells provided significant neuecpoot in
neuron-glia cultures. Another study revealed similar results, with arasene
microglial INOS expression, which ultimately led to dopaminergic neuronahdegfeon
(Stefanova et al., 2007). The mechanism-sf/nuclein mediated increase in INOS
expression is unclear, but may be a consequence of potentiating the activation of
signaling pathways. For instance, an inhibition in glial INOS expressionim\aino
MPTP model was mirrored with an inhibition eBla induction and p65 translocation

into the nucleus, suggesting a role for dB-involvement in glial INOS induction
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(Dehmer et al., 2004). On the other hand, Waak and colleagues (2009) demonstrated an
involvement of the p38 MAP kinase in the production of NO in DJ-1 mutated astrocytes
(Waak et al., 2009). The results demonstrate the potential involvement of iflangm
signaling pathways that mediate the enhanced nitrite production by #essrocy

The consequences of altered nitrite production in PD-associated neuropathology
have not been fully elucidated. Depending on the temporal, regional, and magnitude of
expression in the brain, INOS expression may be neuroprotective or neurotoxic. At low
levels, NO functions beneficially as both an antitumor and antimicrobial agengasgher
high levels of NO can be cytotoxic (Kroncke et al., 1997; Lipton, 1999; Liu and Stamle
1999). In PD studies, an increase in INOS expression and nitrite production results in
neuronal death (Dehmer et al., 2004; Stefanova et al., 2007). Findings demonstrated an
up-regulation of glial INOS expression tsynuclein and MPTP correlated with
dopaminergic neuronal loss, with INOS suppression protecting dopaminergic SNpc
neurons (Dehmer et al., 2004; Stefanova et al., 2007). Although further examination is
needed to elucidate the effectoe$ynuclein-induced nitrite production in astrocytes, the
current data suggest that NO released by astroglial cells mambediator that links

neuroinflammation and aggregatedynuclein in PD neurodegeneration.
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Part Il

Neuromelanin and oxidized dopamine modulation on inflammatory signaling

in TNFa-stimulated human A172 astroglial cells

5.8 Neuromelanin and oxDA inhibit CXCL10 protein expression in A172

astroglial cells

Several studies have demonstrated that chemokines and chemokine receptors are
associated with dopaminergic neurodegeneration (Rentzos et al., 2007; Shahpji et
2009) as evidenced by their increased expression. The consequences of altered
chemokine (i.e, CXCL10) expression in dopaminergic associated neuropathology have
not been fully elucidated. Modulation of astroglial CXCL10 expression by NM, could
potentially have important implications in neuropathologies associated with
dopaminergic neurons.

Our results indicate TNEFinduced CXCL10 expression in A172 astroglia is
markedly decreased by oxDA and NM. This down-regulation of CXCL10 was not a
consequence of altered cell viability by oxDA and NM in A172 cells; althougloghisir
toxicity was seen when exposed to oxDA at the highest concentration used arEhaoe
other reports in the literature describing the specific effects of oxDA ooNKIXCL10
expression in human astroglia. Although nothing is known about the effects of oxDA or
NM on CXCL10 levels in PD, the reduction in the level of CXCL10 presented in our
study provides new insights to the effects of oxDA or NM on proinflammatory-induced
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CXCL10 expression in astroglia. Yet, it could be speculated that astrdgtiaed

CXCL10 plays a neuroprotective role in PD and therefore, oxDA or NM in excess could
restrict this process, but further investigation is necessary. Another catisil@ef the
effects of oxDA and NM is that astroglial CXCL10 expression may promote
neurotoxicity and oxDA/NM reduction of the chemokine reflects a potential
neuroprotective effect of NM. The idea that NM is neuroprotective is consistant w
previous reports (Zecca et al., 2006). In fact, in physiological conditions the NM
synthesis is a protective process which removes excess cytosolic DAwduitd

otherwise cause neurotoxicity (Sulzer et al., 2000). Moreover, NM is a strdatpclod
metals which blocks reactive toxic metals and forms stable complexes (Zeal.,

2003). Once these actions of NM have been overwhelmed, the pathogenic actions of NM
destroy NM-containing neurons, resulting in leakage of NM granules into the

extracellular environment, and eventual disease aggravation.

5.9 Neuromelanin and oxDA reduce proinflammatory-induced active NkB

signaling proteins in A172 astroglial cells

Activation of the transcription factor, NEB, is associated with dopaminergic
associated neuropathology. For instance, within the ventral midbrain of PD gatiEnt
kB p65 levels are elevated in microglia and astrocytes as compared t@eecn
controls (Ghosh et al., 2009). Similarly, in a mouse model of PD, MPTP significantly
induced NF«B activation in astrocytes of the substantia nigra (Aoki et al., 2009).
Furthermore, a previous study demonstrated thakBlRetivation is instrumental in
TNFa-induced CXCL10 expression in human astroglial cells through the use of specific

NF-kB inhibitors (Davis et al., 2007). In the current study, both oxDA and NM reduced
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TNFa-induced NFxB activation by decreasing levels of active nuclear p65 protein. The
mechanism by which NM reduces MB-activation is unclear; however, several
possibilities exist. Neuromelanin may influence the inhibitioncBtd phosphorylation
or the exposure of nuclear translocation sequence okBNJtoteins, thus reducing the
amount of NF«B proteins translocating into the nucleus. Neuromelanin may enter the
nucleus, ultimately reducing the levels of active fB-proteins detected by binding to
NF-xB proteins or facilitating the export of the proteins out of the nucleus. Additipnally
the current results suggest that NM inhibits tNRduced CXCL10 expression in human
astroglial cells, in part, through an MB-p65 dependent mechanisfhe importance of
NM mediated inhibition of NReB activation likely extends beyond just inhibition of
CXCL10 expression. That is, the expression of many inflammatory molecules in
astrocytes is transcriptionally regulated by &&-- Therefore, NM may inhibit
transcription of multiple inflammatory molecules in astroglia. In coptnasat
microglia, NM induces inflammatory signaling including NB-activation, and
expression of inducible nitric oxide synthase and dWilms et al., 2003; Zhang et al.,
2011). Together, these findings suggest that NM modulation of inflammatory signaling
may differ among glial cell types. However, this is the first reporssess the specific
effects of oxDA or NM on astroglial NkB activation. This decline of NkB activation
by oxDA or NM was parallel to a decline in both CXCL10 protein levels, proposing a
possible correlation.
5.10 Oxidized dopamine- and neuromelanin-induced cytotoxicity in human

neuronal and/or glial cells.

Previous studies suggest that NM-induced neurotoxicity is promoted by NM

release from damaged dopaminergic neurons resulting in microglialtextiaad
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production of neurotoxic molecules which further damage dopaminergic neurons (Wilms
et al., 2003; Zecca et al., 2003; Zecca et al., 2006; Zecca et al., 2008; Zucca et al., 2004).
In the current study, chemokine expression was not regulated by oxDA and NM alone;
consequently, the effects of oxDA and NM on neuronal and glial viability were not of
interest. In the presence of cytokines, a chronic exposure of SK-N-SH newitsal ¢

0oxDA results in a rapid reduction of viability in cells. Furthermore, chronic NM

exposure dose-dependently reduces viability in dd8kposed SK-N-SH neuronal

cultures. The oxDA- and NM-induced cytotoxicity in human neuronal cells mdy part
explain the neuronal toxicity observed in PD. For instance, others have shown that
dopamine triggered apoptotic pathways in striatal neuromsvitro andin vivo

(McLaughlin et al., 1998) and induced oxidative stress and selective neurodegeneration
in cell cultures (Stokes et al., 2000). Moreover, an oxidative-deamination migtaboli
dopamine, 3,4-Dihydroxyphenylacetaldehyde (DOPAL) was responsible for
neurodegeneration of PC12 cell cultures, possibly by inhibition of mitochondria complex

| dysfunction (Lamensdorf et al., 2000).

Although previous works illustrate neurodegeneration by NM to be mediated by
microglial cells (Rao et al., 2006; Wilms et al., 2003; Zecca et al., 2008), thatcurre
results show that NM exposed to dopaminergic SK-N-SH neuronal cells induces damage
In support of the NM-induced neurodegeneration, NM is shown to cause abnormal
protein accumulation by inhibiting the proteolytic activities of the 26S proteasoch
eventually lead to neuronal death in PD (Lopez Salon et al., 2003; Rao et al., 2006;
Shamoto-Nagai et al., 2004; Song and Jung, 2004), or may selectively induce apoptosis

in dopaminergic SH-SY5Y neuronal cells via mitochondrial deglutathionylatiani(&t
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al., 2008). In another study, NM (1-106/ml) dose-dependently inhibited viability in
primary cultures of mesencephalic dopaminergic neuronal cells (Ngugén2202).
However, in this study, a synthetic melanin was employed and this has strutiavesbe
differences from human NM (Zecca et al., 2000). Compared to SK-N-SH neuetisal ¢
CHME-5 microglia and A172 astroglia are far less susceptible to oxDA- &hd N
induced cytotoxicity. While previous studies concerning NM effects on microglia
morphology and activation were performed with primary rat cultures (S\&nal.,

2003), this is the first report describing the effects of oxDA and NM on human mitroglia
and astroglial viability. These findings are consistent with the concemlidleacells in

the brain can survive and may even proliferate under conditions where neuronal cells
degenerate (Hirsch et al., 2003; Wilms et al., 2003). Cellular cultures of primary
neuronal and glia from PID vivorats cause mitigation of the neurodegenerative effects
of oxDA and NM (Depboylu et al., 2007), in part through up-regulation of anti-
inflammatory molecules or abatement of pro-inflammatory molecules @&l R
production. The detrimental role of these activated glial cells may be assbaith an
up-regulation of proinflammatory molecules, including NO, cytokines and chemokines.
In fact, several studies have demonstrated that dopamine and NM are inflammati
inducing molecules (Armentero et al., 2006; Hunot and Hirsch, 2003; Wilms et al., 2003;
Zecca et al., 2006; Zecca et al., 2008). Therefore, while reactive micnoglraactive
astrocytes are prominent in affected areas of the SN, neurodegeneration couttlecc

to a greater sensitivity of dopaminergic neurons to oxidative stress comptregial

cell sensitivity (Iwata-Ichikawa et al., 1999; McGeer and McGeer, 2008). This

vulnerability to oxidative stress in dopaminergic neurons is caused by numerows. fact
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Some examples include high amounts of dopamine molecules undergoing oxidation, low
antioxidant protection due to low glutathione, high levels of lipid peroxide and iron
deposition, and saturation of NM leading to increase levels of ROS (Double et al., 2002;

Zecca et al., 2006; Zecca et al., 2008)

5.11 Oxidized dopamine and neuromelanin enhances proinflammatory-indude

nitrite production in human astroglial cells

As mentioned before, numerous studies have demonstrated the involvement of
INOS in neuropathology associated with Parkinson disease (Aquilano et al., 2008;
Arimoto and Bing, 2003; Hunot et al., 1996; Iravani et al., 2002; Marchetti et al., 2005).
A cocktail of three cytokines (TNF IL-1B, and IFN) is required to induce iINOS
expression in A172 cells (Davis and Syapin, 2004a; Davis and Syapin, 2004b). From the
current results, the induction of INOS by the cytokine mixture was not affegtadiA
or NM. This may reflect an inability of oxDA or NM to modulate maximal induction of
INOS that occurs in the presence of this cytokine mixture. aT&éne is not sufficient
to induce INOS in A172 cells. However, suboptimal iINOS induction byal&léne is
potentiated by oxDA and NM. A possible mechanism for NM’s effect onafiN&uced
INOS expression is activation of the signaling pathway. A number of studie$oluaneke
the NF«B pathway to be involved in INOS expression (Nomura, 2001; Wang et al.,
1999), however results from current study revealed an inhibition ofB\&ctivation by
NM. Other signaling pathways, such as the MAP kinase pathways, are alsodnwmolve
the induction of INOS expression (Kaminska, 2005) and the p38 MAP kinase, in
particular, has been observed to be activated by human NM in glial cells (Wiins e

2003). Therefore, the induction of nitrite production by NM in &Mxposed astrocytes
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may be due to activation of the p38 MAP kinase signaling pathway by NM in these cell
however, further examination is needed. Overall, the current study is trHe issgtess

the specific effects of oxDA or NM on astroglial INOS induction. InducibléSN©
upregulated in PD (Boka et al., 1994; Hirsch et al., 2003; Hunot et al., 1999; Knott et al.,
2000) and; therefore, current results are in agreement with other glial gRdcest al.,
2006; Wilms et al., 2003; Zecca et al., 2006; Zhang et al., 2011). For instance,
extracellular NM was found to induce microglial production of NO (Wilm4d.eP@03;

Zecca et al., 2006; Zhang et al., 2011) as well as other inflammatory mediators.
Nonetheless, this study provides novel insights into the effects of NM on inflanymat
signaling in human astroglial cells. Depending on the temporal, regional, @méuda

of expression, astroglial release of NO may lead to a neuroprotectiverotaxaueffect.
Although NO may be neuroprotective under certain conditions in the demylinating
disease MS (Fenyk-Melody et al., 1998), PD studies demonstrate a mor@xeuniée

of NO (Broom et al., 2011; Kim et al., 2010; Liberatore et al., 1999; Wilms et al., 2003).
Consequently, a support of neurotoxic NO in PD may portray a significant effect on
neurodegeneration by NM. Further analysis of the effects of NM on aatrid@i

production may lead to an improved understanding of the roles and mechanisms of NM

in PD.
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CHAPTER VI

SUMMARY

This dissertation represents a two-hit model study that is designethto tne
interactions between PD-associated proteins and inflammation in ordemtmnex
inflammatory signaling in human astroglial cells. This study was\astigation on the
effects of two PD-associated moleculesynuclein and NM, on the modulation of
proinflammatory signaling in human astroglial cells. Specificallyothjectives that
were examined in the study were that (1) NM decresed while-synucteeased
cytokine-induced CXCL10 and iINOS expression and (2) both PD-associated proteins
increased NFeB activation in A172 astroglial cells.

The examination of inflammatory chemokine expression-bynuclein agreed
with a previous study that CXCL10 was up-regulated in PD model compared to healthy
controls. Alpha-synuclein induced the expression of CXCL10 in bottpilatid TNFe-
stimulated astroglial cells, however, this enhancementdynuclein was not
demonstrated for the mRNA. Examining post-transcriptional regulatiorsypuclein
on cytokine-induced CXCL10 mRNA revealed the abilityiefynuclein to mediate an
increase in MRNA stability relative to cytokine-alone treatmentss rEgulation byi-

synuclein may be, in part, the mechanism responsible for the increase in CXCIel0 prot
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expression by-synuclein. The NkeB signaling pathway was not activateddy
synuclein under similar treatments that induced CXCL10 expression. Howeser, thi
pathway was activated in the presence of athg®muclein concentrations in TNF
stimulated cells, which may suggest the expression of other inflammatorytonedia
besides CXCL10. An increase in astroglial nitrite accumulation isasoa@served in the
presence ofi-synuclein, further supporting the inflammation-mediated effects by
synuclein.

Investigation of role of NM on astroglial chemokine expression revealed a down-
regulation of CXCL10 protein expression. This decrease in protein expresson w
mirrored with a reduction in NkB activation, suggesting a possible mechanism
responsible for decrease of CXCL10 protein. On the other hand, NM enhanced cytokine-
induced nitrite accumulation in the presence of astrocytes; however, furthesstadd
to be conducted to understand the mechanism.

Indeed, aggregatedsynuclein and NM modulate astroglial CXCL10 chemokine
production and iNOS induction. The changes in inflammatory chemokines and enzymes
by a-synuclein and NM support a relation between inflammatory-mediated
synuclein/NM alterations on astroglial cells. Although detailed mesthremniemain to be
defined, these observations suggest a novel mechanism by which PD may progress.
Together, these results suggest the pathogenic actions of Nédsamaiclein extend to
the extracellular space and neighboring cells. Neuromelania-apauclein proteins
released from neurons may be important mediators of astroglial inflamymasponses
in PD. Therefore, the consequences-ginuclein and NM on astrocytes may cause a

vicious self-propelling cycle that allows chronic neuroinflammation to gtdmig after

122



initiation. The effects ofi-synuclein and NM observed in the present study provide
novel information that may be useful in manipulating ongoing astrogliamnfiaory
responses. The use of anti-inflammatory drugs may therefore be kedreefttiprovide
at least partial relief from neuroinflammation observed in PD.

In summary, these studies provide an initial understanding on the effects of PD-
associated molecules and inflammation on human brain cells. Further ingreasi
knowledge ofu-synuclein and NM mediated effects may provide new insights into the
mechanism of disease progression and identify molecular targets for diaamobsis

therapeutic intervention in PD.
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Alpha-Synuclein Neuromelanin
(2]
=
GE) +(TNFo*+IL
o _
© ++TN_Z“n 18+IFN y) +L-15* +TNFa®@ +TNFa®
o -3y + a-syn + a-syn (33nM) | + NM (15pg/ml) | +NM (0.2-5pg/ml)
= (11nM) (300nM)
fexcio | 4 og texclio | |exciio tinos
protein . protein protein :
. expression : . expression
expression expression expression
No effect was
" observed on
E No effect _ NF-<B Lower protein
O signaling and
o was CXCL10 may be
observed on MRNA mediated in
NF-xB . part by| NF-
signaling expression, yet - g signaling
1in CXCL10
MRNA
stability

[FNy (100 ng/ml)

@ TNFa (5 ng/ml)
$TNFa (30 ng/ml)
*IL-18 (5 ng/ml)
#1L-1p (0.25 ng/ml)

Table IX Overall summary. Al172 cells exposed wsynuclein resulted in various outcomes,
depending om-synuclein and cytokine concentration. At the highest concentration exhmine
300 nMa-synuclein and the cytokine mixture enhanced the expression of astid@ial At
lower a-synuclein concentrations, CXCL10 protein expression was induced and mayliageth
by an increase in MRNA stability in ILBistimulated cells. On the other hand, heuromelanin
(NM) decreased CXCL10 expression with a reduction ofd8Fsignaling in TN-stimulated
astroglial cell. Lower concentrations of NM resulted in an increaddS expression in TN

stimulated cells.

Future studies on astrocytes would be conducted to elucidate the effects of
synuclein and NM on : (1) TNFstimulated CXCL10 mRNA expression and NB-
activation, (2) TNk + IL-1B-induced CXCL10 expression, (3) INOS mRNA expression
and NF«B activation (promoter studies), (4) endocytosis-afnuclein and NM, (5)

intracellular CXCL10 protein levels, (6) modulation of other chemokines and
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ROS, (7) other various signaling pathways using specific inhibitors, and (8)
neuronal degeneration via astroglial by-products, with degeneration blockage by

natural or synthetic compounds.
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Scope and Method of Study

The scope of this dissertation was to study the effects of two Parkinson’s disease
associated molecules, neuromelanin argynuclein, on inflammatory signaling and
expression in A172 astroglial cells in vitro. Real-time PCR and ELISA wetktase
measure changes in CXCL10 mRNA and protein expression, respectively, antetise Gr
reagent was used to measure nitrite accumulation as an index of INOS expriigsion.
kB activation was examined using ELISA-based transcription factor assays.

Findings and Conclusions

The findings from the current study concluded a cytokine-dependent regulation of
astroglial CXCL10 and iNOS expressiondyrgynuclein and neuromelanin. Alpha-
synuclein induced the expression of CXCL10 in both pt-dnd TNF-stimulated
astroglial cells, however, this enhancementisynuclein was not demonstrated for the
MRNA. Studies revealed the ability @synuclein to mediate an increase in mRNA
stability, which may be, in part, the mechanism responsible for the increase Itl@XC
protein expression. The NEB signaling pathway was not activateddsgynuclein
under similar treatments that induced CXCL10 expression yet wastadtinahe
presence of other-synuclein concentrations, suggesting the expression of other
inflammatory mediators besides CXCL10 may be modulategdynuclein. Alpha-
synuclein also increased astroglial INOS expression, further supportimgl#memation-
mediated effects by-synuclein.

Investigation of role of NM on astroglial chemokine expression revealed a down-
regulation of CXCL10 protein expression with a reduction indBFactivation,
suggesting a possible mechanism responsible for decrease in CXCL10 prdtein. N
enhanced cytokine-induced iINOS expression in the presence of astrocytegermowe
further studies need to be conducted to understand the mechanism.

Overall, the findings provide an initial understanding of the effects of PD-
associated molecules and inflammation on human brain cells. The regulation of
astroglial-derived inflammatory mediators by extracellal@ynuclein and neuromelanin
may play a role in PD-associated neuroinflammation. The observations pnoviele
information that may be useful in identifying molecular targets for gearac
intervention in PD.
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