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ABSTRACT 
 

   

  Accumulation, deposition and dysfunction of α-synuclein occur in a class of 

neurodegenerative disorders known as synucleinopathies. These include Parkinson’s disease, 

dementia with Lewy bodies, and multiple system atrophy. Many lines of experimental evidence 

highlight the relevance of glial reactivity and dysfunction in synucleinopathies. For example, α-

synuclein has been directly linked to microglial activation in vitro and increased numbers of 

activated microglia have been reported in an α-synuclein overexpressing transgenic mouse, prior 

to neuronal loss. However, the mechanism by which α-synuclein incites microglial activation 

has not been fully described. Microglial activation is governed in part, by pattern recognition 

receptors (PRRs) that detect foreign material and additionally recognize changes in homeostatic 

cellular conditions. Upon proinflammatory pathway initiation, activated microglia contribute to 

oxidative stress through release of cytokines, nitric oxide, and other reactive oxygen species, 

which may adversely impact adjacent neurons. Here we show that misfolded α-synuclein 

activates microglia, as assessed by increases in proinflammatory cytokine expression and release 

(TNF-α and IL-1β), nitric oxide levels, antioxidant responses and PRR gene expression. 

Importantly, we demonstrate that it is the fibril-containing high molecular weight oligomer of 

misfolded α-synuclein that drives microglial activation. Specifically, we show increased protein 
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expression of antioxidant enzyme heme oxygenase-1 as well as increased gene expression of a 

number of Nrf2 regulated antioxidant genes following stimulation with misfolded α-synuclein. 

We also demonstrate increased expression of multiple Toll-like receptors following misfolded α-

synuclein stimulation of microglia. Moreover, we show that these proinflamatory effects are 

attenuated following pre-treatment with a MyD88 inhibitor, demonstrating that α-synuclein-

mediated microglial activation is partially MyD88 dependent.  
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Chapter I: Introduction 
  

  

A. What is α-synuclein?  

Structure of α-synuclein 

 Though it was first discovered in 1988 in the electric organ of Torpedo californica, α-

synuclein is expressed at high levels in the central nervous system of many species and with a 

significant amount of sequence homology (Maroteaux et al., 1988, Nakajo et al., 1990, 

Maroteaux and Scheller, 1991, Tobe et al., 1992, George et al., 1995, Iwai et al., 1995). In 

humans, α-synuclein is a 140-amino acid protein encoded by the gene SNCA that is located on 

chromosome 4 (Chen et al., 1995). The prevailing belief in the field is that this protein is natively 

unfolded; however, recent controversy has developed. New studies suggest that under 

physiological conditions α-synuclein exists as monomers as well as tetramers that contain α-

helical structures (Bartels et al., 2011, Ullman et al., 2011, Wang et al., 2011). Conversely, the 

primary structure of α-synuclein has been widely studied and is well understood. It contains  

three unique domains: a basic N-terminal domain (residues 1-60), a hydrophobic non-amyloid β 

component (NAC; residues 61-95), and an acidic, negatively charged, C-terminal domain 

(residues 96-140; Fig. 1). The N-terminus is unordered in solution and can readily convert to an 

α-helical conformation, which facilitates binding to negatively charged phospholipids, 

suggesting that α-synuclein may be normally associated with membranes (Davidson et al., 1998, 

Kessler et al., 2003, Ullman et al., 2011). The central NAC region, first discovered in 

Alzheimer’s patient brains as the non-Aβ component of Alzheimer’s disease amyloid, plays a 

large role in the formation of α-synuclein protofibrils and fibrils (Ueda et al., 1993). This region 
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is highly amyloidogenic, lending to the conversion of α-synuclein’s random coil structure to a β-

sheet conformation (Giasson et al., 2001, el-Agnaf and Irvine, 2002). While the N-terminal and 

NAC domains are highly conserved across species, the C-terminal region is quite variable 

(Lavedan, 1998). It contains an acidic region that is thought to be key for the chaperone-like 

activity of the protein (Kim et al., 2002). Furthermore, multiple phosphorylation sites occur at 

residues in the C-terminus. These include: tyrosine 125, serine 129, tyrosine 133, and tyrosine 

136 (Okochi et al., 2000, Pronin et al., 2000, Ellis et al., 2001). Other post-translational 

modifications within the C-terminus include glycosylation on serine 129 and nitration at tyrosine 

125, tyrosine 133, and tyrosine 136 that contribute to α-synuclein aggregation (McLean and 

Hyman, 2002, Takahashi et al., 2002).  

 

Normal physiological functions of α-synuclein 

 The normal physiological role(s) of α-synuclein is/are not fully understood, yet the 

importance of this protein is illustrated by the fact that it is evolutionally conserved and found in 

a plethora of species. Multiple non-pathogenic functions for α-synuclein have been argued and 

widely studied.  This protein has been implicated in neural plasticity since 1995 when it was 

discovered to be important during the critical period for song learning in zebra finch (George et 

al., 1995). It has subsequently been suggested that α-synuclein plays a role in regulating activity 

dependent synaptic transmission in dopamine neurons (Abeliovich et al., 2000). Evidence for 

this function was borne out of studies using α-synuclein-knockout animals. These knockout mice 

lack any anatomical abnormalities and develop normally into viable and fertile adults. Moreover, 

α-synuclein knockout mice present with normal neuronal architecture, however, they are 
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impaired in paired stimulus depression of peak dopamine levels in striatal neurons. They also 

exhibit significantly reduced levels of total striatal dopamine (Fon et al., 1997, Abeliovich et al., 

2000). Abeliovich and colleagues provide evidence that this rapid recovery from paired stimulus 

depression in α-synuclein knockout animals may be linked to α-synuclein regulation of the 

readily releasable pool of synaptic vesicles and not autoreceptor-dependent presynaptic 

inhibition of neurotransmitter release. Therefore, α-synuclein may act as a negative regulator of 

replenishment of the readily releasable pool of dopamine at the synapse (Abeliovich et al., 2000).  

 Other studies have also demonstrated potential roles for α-synuclein at the synapse. For 

example, Nemani and colleagues transfected neurons with α-synuclein and observed a decrease 

in neurotransmitter release following synaptic vesicle endocytosis. They demonstrated that this 

reduction was due to changes in synaptic vesicle reclustering (Nemani et al., 2010). Another 

group found that in the absence of α-synuclein in mice, SNARE-complex assembly was 

impaired, while increasing amounts of the protein promotes assembly of the SNARE-complex 

(Burre et al., 2010). Researchers observed a linear relationship between SNARE-complex 

assembly and α-synuclein levels. Together, these studies show that α-synuclein plays a role in 

synaptic plasticity and may regulate presynaptic vesicular components, neurotransmitter release, 

and there is some evidence that α-synuclein may impact functional synapses by participating in 

SNARE-complex assembly.  

 Not only has the normal function of α-synuclein been linked to the synapse, studies have 

also established a role for this protein in regulating dopamine uptake by the dopamine 

transporter. As reviewed by Sidhu and colleagues, the NAC domain of α-synuclein binds 

directly to the carboxy terminal end of the dopamine transporter (Sidhu et al., 2004). 
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Consequently, dopamine uptake by the dopamine transporter was significantly decreased due to 

a reduction in uptake velocity as the α-synuclein/DAT protein complex was trafficked away 

from the membrane into the cytoplasm. Alternatively, α-synuclein affects dopamine transporter 

activity by binding to mitogen-activated protein kinase (MAPK) and inhibiting MAPK’s ability 

to phosphorylate the dopamine transporter upon signal transduction at the plasma membrane 

(Iwata et al., 2001). This results in decreased amounts of dopamine transporter inserted into the 

membrane of nerve terminals and dopamine reuptake. Also, with regard to dopamine, α-

synuclein has been shown to be a binding partner of the rate-limiting enzyme of dopamine 

synthesis, tyrosine hydroxylase (TH). α-Synuclein can act as a negative regulator of dopamine 

synthesis as it decreases TH activity and expression levels (Perez et al., 2002, Yu et al., 2004). 

Moreover, α-synuclein may function as a chaperone protein as it shares structural as well as 

functional homology with molecular chaperone 14-3-3 and interacts with a number of 14-3-3 

binding partners (Ostrerova et al., 1999, Souza et al., 2000). These include three proteins known 

to affect cell viability: protein kinase C (PKC), Bcl-2-associated agonist of cell death (BAD) and 

extracellular-signal-regulated kinase (ERK). Therefore, α-synuclein may play a role in 

modulating cell viability.   

 

Pathological roles of α-synuclein in synucleinopathies 

 Synucleinopathies are neurodegenerative disorders characterized by aggregates of α-

synuclein in the cytoplasm of selective populations of neurons and glia. These include; 

Parkinson’s disease, dementia with Lewy bodies and multiple system atrophy. Their specific 

pathological hallmarks are α-synuclein-positive depositions in neurons (Lewy bodies and Lewy 
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neurites) in Parkinson’s and dementia with Lewy bodies, and α-synuclein-positive glial 

cytoplasmic inclusions in oligodendrocytes in multiple system atrophy (Papp et al., 1989, 

Spillantini et al., 1997, Trojanowski and Revesz, 2007). 

 In addition to its presence in Lewy bodies, α-synuclein is further implicated in Parkinson’s 

disease since point mutations and overexpression of the α-synuclein gene, SNCA, are associated 

with familial forms of this disorder (Polymeropoulos et al., 1996, Polymeropoulos et al., 1997, 

Kruger et al., 2001, Singleton et al., 2003, Singleton et al., 2004). Also, severity of Parkinson’s 

disease appears to be dose dependent as triplication of SNCA results in a more aggressive form of 

the disease, characterized by rapid development and a more severe pathology (Singleton et al., 

2003). There is also a link to α-synuclein with sporadic forms of the disease since genome-wide 

association studies have linked SNCA polymorphisms to an increased risk for developing 

sporadic Parkinson's disease (Satake et al., 2009, Simon-Sanchez et al., 2009, Hamza et al., 

2010). In multiple system atrophy, single nucleotide polymorphism studies have also 

demonstrated a significant association between polymorphisms within the SNCA locus and the 

risk of developing the disorder (Al-Chalabi et al., 2009, Scholz et al., 2009). 

 As discussed above, the normal physiological functions of α-synuclein are not completely 

understood; however, changes in the structure/conformation and localization of α-synuclein may 

have pathogenic roles in the aforementioned disorders. The levels of cellular α-synuclein depend 

on the balance between the rates of protein synthesis, aggregation and clearance. An imbalance 

between any of these mechanisms, caused by dysfunction of one or more of these pathways, can 

result in abnormal levels of α-synuclein that may lead to the formation and/or accumulation of 

oligomeric and fibrillar species, which may be toxic. Whereas native α-synuclein maintains a 
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random coil structure, this protein exhibits a propensity to misfold into protofibrils and higher 

order oligomers following changes in pH and ionic strength, increases in molecular crowding, 

and interactions with lipid membranes and dopamine (Conway et al., 1998, Hashimoto et al., 

1999, Conway et al., 2000, Kowall et al., 2000, Vila et al., 2000, Conway et al., 2001, Perrin et 

al., 2001, Volles et al., 2001, Ding et al., 2002, Shtilerman et al., 2002, Volles and Lansbury, 

2002, Sharon et al., 2003, Fink, 2006, Tsigelny et al., 2008b).  

 As recently reviewed by Uversky’s group, many mechanisms of α-synuclein 

neurotoxicity can be grouped into the main category of toxic gain of function (Breydo et al., 

2012). For example, a SNCA mutation that leads to early-onset familial Parkinson’s disease, 

A53T, exhibits accelerated rate of fibrillization and greater levels of toxicity than wild type α-

synuclein (Conway et al., 1998). Studies have also demonstrated that it is the oligomeric form of 

α-synuclein that conveys toxicity. Mutant variants of α-synuclein that enhance the formation of 

α-synuclein oligomers were shown to be highly toxic to dopaminergic neurons in different 

animal models of synucleinopathies (Winner et al., 2011, Tsigelny et al., 2012).  

 In addition to oligomeric α-synuclein, α-synuclein-induced cell death has been associated 

with increased cell membrane conductance, mitochondrial, lysosomal and proteasomal 

dysfunction, and microglial activation (Biasini et al., 2004, Zhang et al., 2005, Reynolds et al., 

2008, Su et al., 2008, Su et al., 2009, Xilouri et al., 2009, Feng et al., 2010b, Beraud et al., 2011, 

Beraud and Maguire-Zeiss, 2012, Beraud et al., 2013). One consequence of these synuclein-

driven perturbations is an overall increase in oxidative stress which can result from neuronal 

production of reactive oxygen species (ROS), decreased anti-oxidant responses as well as ROS 

emanating from surrounding activated microglia (Hsu et al., 2000, Parihar et al., 2008, 2009, 
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Beraud et al., 2011, Beraud et al., 2013). Importantly, studies using α-synuclein transgenic 

models also support that α-synuclein is associated with the aforementioned cellular changes, 

resulting in neuronal dysfunction and degeneration, microglial activation and increased oxidative 

stress (Feany and Bender, 2000, He et al., 2001, Dawson et al., 2002, Su et al., 2008, Kim et al., 

2011).  

 

B. Microglia: innate immunity in the CNS 

Role of microglia in the CNS 

 Microglia, the innate immune cells of the brain account for 5-20% of the brain cell 

population and are highly conserved across evolution. These yolk sac-derived myeloid cells 

continuously monitor and react to their microenvironment, recognizing and responding to foreign 

material (Perry, 1998, Alliot et al., 1999, Gomez Perdiguero et al., 2013, Kierdorf et al., 2013). 

Engagement of microglia with these foreign substances results in activation mediated by pattern 

recognition receptors (PRRs) found on the cell surface as well as on endosomal membranes. 

These receptors, which include families of scavenger receptors and Toll-like receptors (TLRs), 

typically identify and bind pathogen-associated molecular patterns (PAMPs) such as bacterial- 

and viral-derived carbohydrates, nucleic acids and lipoproteins (Hu et al., 1996, Muzio et al., 

2000, Lee and Lee, 2002, Block et al., 2007). When activated, microglia can release anti-

inflammatory (alternative activation; e.g., arginase 1 and transforming growth factor β) or pro-

inflammatory molecules (e.g., tumor necrosis factor-α [TNF-α] and interleukin-1β [IL-1β], 

nitric oxide and superoxide) depending on the activation pathway engaged (Chao et al., 1992, 

Giulian et al., 1994, Hu et al., 1996), demonstrating the ability of these cells to regulate 
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inflammation and allow for repair. In addition to the typical PAMPs, researchers have 

characterized sterile, non-pathogen related forms of inflammation in which endogenous, disease-

related signals, “danger/damage-associated molecular patterns” (DAMPs), are recognized by 

microglia via PRRs and result in activation of a proinflammatory signaling cascade in these cells 

(Halle et al., 2008, Chen and Nunez, 2010, Duewell et al., 2010, Stewart et al., 2010). One well-

characterized DAMP is fibrillar β-amyloid, which activates microglia by engaging PRRs 

including, TLR2, TLR4, and TLR6 as well as the scavenger receptors, CD14 and CD36 (El 

Khoury et al., 2003, Jana et al., 2008, Jin et al., 2008, Reed-Geaghan et al., 2009, Stewart et al., 

2010). 

  TLRs play a key role in endogenous ligand recognition of DAMPs. With a classical 

activator, engagement of TLRs leads to p65 NF-κB activation, which ultimately results in 

increased transcription of the IL-1 family of cytokines, including IL-1β. To date, 10 TLRs have 

been characterized in humans and 12 in mice with TLRs1-9 conserved across both species. 

Microglia are the only cell type that expresses all functional TLRs with astrocytes and neurons 

expressing a subset of the TLR population. TLRs function as hetero- or homodimers and are type 

I transmembrane proteins with ectodomains containing leucine-rich repeats that mediate the 

recognition of PAMPs and DAMPs; transmembrane domains; and intracellular toll–interleukin 1 

(IL-1) receptor (TIR) domains required for downstream signal transduction (reviewed in (Kawai 

and Akira, 2010)). MyD88, the first identified member of the TIR family, is an adapter protein 

used by all TLRs except TLR3, which activates the transcription factor NF-κB and mitogen-

activated protein kinases (MAPKs) to induce inflammatory cytokines. Conversely, TRIF, 

another TIR family member interacts with TLR3 and TLR4 and induces pathways that lead to 
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activation of the transcription factors IRF3 (interferon regulatory factor 3) and NF-κB eliciting 

type I interferon and inflammatory cytokines (schematically depicted in Fig. 2). TRAM and 

TIRAP, two additional TIRs, are sorting adaptors that recruit TRIF to TLR4 and MyD88 to 

TLR2 and TLR4, respectively. Thus, TLR signaling pathways can be largely classified as either 

MyD88-dependent pathways, which drive the induction of inflammatory cytokines, or TRIF-

dependent pathways, which are responsible for the induction of type I interferon as well as 

inflammatory cytokines (Akira et al., 2006).  

 As discussed above, when a proinflammatory pathway is activated, microglia contribute 

to oxidative stress in the microenvironment through release of cytokines and reactive oxygen 

species that adversely impact adjacent neurons (Block et al., 2007). As activated microglia are 

found in the brains of synucleinopathy patients in increased numbers compared to controls, it is 

important to delineate how they become activated in order to better understand the impact to 

dopaminergic neurons, pathogenesis of disease and ultimately establish disease therapeutics. 

 

Inflammation in synucleinopathy patients and animal models: focus on Parkinson’s diseasea 

 Signs of inflammation and immune abnormalities have been reported in Parkinson’s disease 

patients including the presence of activated microglia, but the mechanism and role of this 

activation remains controversial (McGeer et al., 1988, Croisier et al., 2005). In 2001, Nishimura 

et al. showed that in a Japanese patient population, polymorphisms in the gene for TNF-α 

                                                
a Adapted from the following: 
Beraud D, , Hathaway HA, Trecki J, Chasovskikh S, Johnson DA, Johnson JA, Federoff HJ, 
Shimoji M, Mhyre TR, Maguire-Zeiss KA (2013) Microglial Activation and Antioxidant 
Responses Induced by the Parkinson's Disease Protein alpha-Synuclein. J Neuroimmune 
Pharmacol 8:94-117. 
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correlated with the early onset of sporadic Parkinson’s disease (Nishimura et al., 2001). 

Additionally, a recent genome wide association study identified an association between sporadic 

Parkinson’s disease and a major histocompatibility complex cell surface receptor region on 

chromosome 6, supporting a role for innate inflammation in the pathogenesis of Parkinson’s 

disease (Hamza et al., 2010).  Furthermore, patients diagnosed with Parkinson’s disease 

demonstrate an over six-fold increase in activated microglia compared to control patients when 

imaged using positron emission tomography (PET) and [11C](R)-PK11195, a ligand for the 

peripheral type benzodiazepine receptor (PBR) (Ouchi et al., 2005, Bartels and Leenders, 2007, 

Ouchi et al., 2009, Bartels et al., 2010). These receptors are found on mitochondria in activated 

microglia and some neurons (Banati, 2002) but ligand binding is increased when glia are 

activated. Interestingly, when PBR imaging was combined with PET imaging using a dopamine 

transporter ligand ([11C]CFT), Ouchi et al. found an inverse correlation between midbrain 

[11C](R)-PK11195 and putamenal [11C]CFT and a positive correlation between midbrain 

[11C](R)-PK11195 and motor severity (Ouchi et al., 2009). As Parkinson’s disease progressed the 

striatal dopamine transporter loss increased and the microglial activation encompassed nearly the 

entire brain (Ouchi et al., 2009). Although these in vivo imaging studies do not directly 

demonstrate that microglia are activated, they do support the idea that glial activation is ongoing 

in Parkinson’s disease patients. Also, case reports and epidemiological studies indicate a 

correlation between the development of Parkinson’s disease late in life following early life brain 

injuries, implying that brain inflammation plays a critical role in the early stages of the 

pathogenesis of Parkinson’s disease (reviewed in (Chade et al., 2006)). Further evidence for an 

ongoing inflammatory state in Parkinson’s disease comes from studies demonstrating increased 
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levels of proinflammatory molecules (e.g., interleukins, TNF-α, interferon gamma) in patient 

blood and cerebrospinal fluid (CSF). Clinical studies also demonstrate enhanced numbers of 

activated CD11b-positive microglia in post-mortem Parkinson’s disease brains at autopsy 

compared with neurologically normal controls (McGeer et al., 1988, Barcia et al., 2004, El-

Agnaf et al., 2006, Bartels and Leenders, 2007, Brodacki et al., 2008, Bartels et al., 2010, Shi et 

al., 2011). 

 Although proinflammatory molecules are secreted from neurons, microglia and astrocytes, 

here we focus on inflammation driven by microglia. Interestingly, microglia are more abundant 

in the substantia nigra (SN), a region with profound neuron loss in Parkinsons’s disease, than in 

other brain regions (Lawson et al., 1990) and the enriched oxidative environment of the SNpc 

most probably enhances this region’s susceptibility to neurodegeneration (Surmeier et al., 2010). 

Furthermore, the evidence that microglia are activated in mouse, rat and non-human primate 

models of Parkinson’s disease prior to frank neuron death is substantial. Both in vitro and in vivo 

studies demonstrate that compared with neurons in other brain regions, SNpc neurons are more 

sensitive to inflammation-dependent damage and this sensitivity is correlated to the quantity of 

microglia present (Czlonkowska et al., 1996, Kohutnicka et al., 1998, Cicchetti et al., 2002, 

Sugama et al., 2003, Wu et al., 2005, Cho et al., 2006, Liu, 2006, Qian et al., 2006, Sawada et al., 

2006).  For example, in the LPS rat model of Parkinson’s disease, there is selective degeneration 

of dopaminergic neurons in both the SNpc and striatum while GABAergic and serotonergic 

neurons remain intact. Additionally, this damage results after a single LPS insult, demonstrating 

that brief exposure to an initiating inflammatory event, can lead to permanent and progressive 

cell loss (Herrera et al., 2000, Gao et al., 2002). In an MPTP primate model of Parkinson’s, 
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similar patterns of microglial activation were found in the substanitia nigra of both sub-acute and 

chronically injected monkeys (Vazquez-Claverie et al., 2009). Taken together, these studies 

suggest that inflammation and microglial activation are fundamental characteristics of 

synucleinopathies, although the precise initiator, downstream consequences and nature of this 

activation remain to be fully determined.  

 

C. α-Synuclein and microglial activation  

Animal Models 

 As discussed above, both α-synuclein pathology in Lewy bodies, Lewy neurites and glial 

cytoplasmic inclusions, as well as microglial activation are found in synucleinopathy patients 

and animal models. Evidence suggests that microglial reactivity contributes to dopaminergic 

degeneration (Zhang et al., 2005, Saijo et al., 2009, Fellner et al., 2011, Halliday and Stevens, 

2011). Therefore, a number of recent studies have been aimed at understanding how α-synuclein 

affects innate immunity in the CNS, specifically investigating α-synuclein-mediated microglial 

activation.  

 To examine the relationship between α-synuclein, microglial activation and adaptive 

immunity, Theodore et al. used a mouse model of Parkinson’s disease in which human α-

synuclein was overexpressed by a recombinant adeno-associated virus vector (AAV2-SYN); this 

overexpression led to slow degeneration of dopaminergic neurons. This group found that 

overexpression of α-synuclein alone, in the absence of overt neurodegeneration, was sufficient to 

trigger neuroinflammation in the form of microglial activation. More specifically, four weeks 

after injection, there was a marked increase in CD68-positive microglia in the substantia nigra of 
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these animals, while the amount of dopamine neuron loss was not significant. These data suggest 

that the initiating event in Parkinson’s-associated inflammation may be related to α-synuclein 

itself, rather than neurodegeneration (Theodore et al., 2008). 

 Another group more recently demonstrated that the microglial activation observed in the 

presence of α-synuclein overexpression could not be directly correlated to the amount of α-

synuclein present, illustrating a more dynamic relationship between activation and vulnerable 

cell types. Watson and colleagues used mice over-expressing wild-type human α-synuclein 

driven by the Thy1-promoter (Thy1-aSyn mice) for their experiments. They found that an 

increased number of activated microglia and increased levels of TNF-α mRNA and protein were 

first detected in the striatum at 1 month of age and in the substantia nigra by six months, but not 

the cerebral cortex or cerebellum. This is interesting since despite the presence of high levels of 

α-synuclein in other brain regions, α-synuclein overexpression caused a selective early 

inflammatory response in regions containing the axon terminals and cell bodies of the 

nigrostriatal pathway (Watson et al., 2012).  

 To directly investigate α-synuclein overexpression in the vulnerable dopamingergic 

system, Su et al. employed a mouse model of α-synuclein overexpression in which the 

transgenic mice overexpress human wild-type α-synuclein driven by a rat tyrosine hydroxylase 

promoter. Therefore, α-synuclein is only overexpressed in cells that contain the rate-limiting 

enzyme of dopamine synthesis, tyrosine hydroxylase. Researchers found a significantly 

increased number of activated microglia in the substantia nigra of one-month-old transgenic 

mice, a time prior to detectable neuron death, compared to age-matched non-transgenic animals 

(Su et al., 2008). The same group also investigated microglial activation in transgenic animals 
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overexpressing doubly mutated α-synuclein (A53T and A30P), either of which causes familial 

Parkinson’s disease in humans. Expression of this mutant syunclein was driven again by the 

tyrosine hydoxylase promoter. They saw an increase in activated microglia and proinflammatory 

molecules in one-month-old transgenic mice, which preceded cell death in this model (Su et al., 

2009). 

 

In vitro studies 
 
 While studies involving the aforementioned animal models present strong evidence for 

the role of α-synuclein in mediating microglial activation, to study whether or not α-synuclein 

directly activates microglia, in vitro studies are necessary. The first experiments to demonstrate 

that α-synuclein directly activates microglia were performed by Zhang and colleagues in 2005. 

They treated microglia-enriched cultures with 25-250 nM of aggregated human α-synuclein and 

detected microglial production of extracellular O2, iROS, and PGE2, indicators of activation. 

However, they did not observe any increase in TNF-α production at multiple time points of α-

synuclein treatment. This group also showed that microglial activation enhanced dopaminergic 

neurodegeneration induced by aggregated α-synuclein. This neurotoxicity was dependent on the 

phagocytosis of α-synuclein and activation of NADPH oxidase by microglia since experiments 

where phagocytosis was inhibited or microglia were derived from NADPH oxidase knockout 

animals showed decreased cell death in the presence of α-synuclein stimulated microglia (Zhang 

et al., 2005). 

 In addition to their animal studies discussed above, Su and colleagues investigated the 

effects of wild-type and mutant α-synuclein on microglial cultures. They found that the 
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concentration of α-synuclein necessary to induce approximately 90% microglial activation was 

just 10 nM for doubly mutanted α-synuclein but as much as 250 nM for wild-type α-synuclein. 

Additionally, this group aimed to better understand the mechanism of α-synuclein mediated 

microglial activation. They employed microglial cultures derived from CD36 knockout animals 

and following α-synuclein exposure observed an attenuated microglial activation (decrease in 

Iba1+ cells with activated morphology) in these cells compared to cells derived from wild-type 

animals. However, this attenuation was partial and did not abolish activation, suggesting that 

other receptors may be involved in α-synuclein mediated microglial activation. (Su et al., 2008, 

Su et al., 2009). Although there is evidence to suggest a significant contribution of activated 

microglia in the pathogenesis of synucleinopathies, the mechanisms underlying the activation in 

these diseases are largely unknown. A number of studies such as the ones described above have 

demonstrated that α-synuclein does indeed directly activate microglia; however, the mechanism 

is not understood. Importantly, very few studies have investigated the effect of specific α-

synuclein structure on microglial activation. Ligand structure is critical for recognition by PRRs 

such as TLRs. For example, TLR4 is sensitive enough to be able to discriminate a fine difference 

in the number of acyl chains between lipid A (tetra-acylated) and lipid IVa (hexa-acylated) and 

initiates a proinflammatory response to the former but not the latter (Saitoh et al., 2004). Seong 

and Matzinger also discuss the importance of structure in TLR binding as endogenous substances 

such as amylin can become immunostimulatory following conformational changes that allow 

hydrophobic portions of the protein to become exposed (Seong and Matzinger, 2004). 
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D. Overall Significance and Aims  

 We suggest that the identification of the specific TLRs engaged following exposure to 

defined conformations of α-synuclein would enable the development of clinically relevant 

therapeutics for synucleinopathies including Parkinson’s disease. It is likely that various 

aggregated species of α-synuclein utilize different mechanisms of toxicity (e.g., pore formation 

and microglial activation) and to date, few studies have addressed the mechanism by which 

different conformations of α-synuclein directly activate the innate immune system. We aim to 

test the hypothesis that misfolded α-synuclein directly activates microglia and that this activation 

is conformer specific and MyD88 dependent. 
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Figure 1 
 

 

 

Figure 1. Schematic of human α-synuclein protein. α-Synuclein contains three distinct 

regions: 1) amino acids 1-60 (blue) represent the N-terminal domain and contains a series of 11-

amino acid repeats including the consensus sequence KTKEGV. This region has a propensity to 

form amphipathic α-helices. Point mutations in this region (A30P, E46K and A53T) are linked 

to familial Parkinson’s disease. 2) Amino acids 61-95 (lavender) code for the NAC region and 

the hydrophobic core important for fibril formation. 3) Amino acids 96-140 (purple) represent 

the negatively charged acidic C-terminal domain that is thought to be important for membrane 

binding of the protein. Phosphorylation of α-synuclein occurs at tyrosine 125, serine 129, 

tyrosine 133, and tyrosine 136 in the C-terminal region.   

1 61 95 140 

Amphipathic region NAC region N C Acidic tail 

A30P E46K A53T 

Familial PD 
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Figure 2 
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Figure 2. TLR signaling cascade. This simplified signaling pathway depicts TLR-mediated 

responses. They are controlled mainly by the MyD88-dependent pathway, which is used by all 

TLRs except TLR3, and the TRIF-dependent pathway, which is used by TLR3 and TLR4. 

TRAM and TIRAP are sorting adaptors. MyD88 recruits IRAK-4, IRAK-1, IRAK-2 and 

TRAF6. Phosphorylated IRAK-1, together with TRAF6, dissociates from the receptor and then 

TRAF6 interacts with TAK1 and induces inflammatory responses by activating NF-κB and 

MAPK. The TRIF-dependent pathway leads to activation during TLR3 and TLR4 signaling. 

TRIF recruits TRAF6 or TRAF3 and TRAF3 is located upstream of kinases involved in the 

induction of type I interferon by TLR3. 
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Chapter II: Methods 

A. Chemicals, reagents and antibodies 

Dulbecco’s Modified Eagle Medium (DMEM) and Minimum Essential Medium (MEM) were 

obtained from Cellgro (St. Louis, MO). Fetal bovine serum, equine serum and Hank’s Balance 

Salt Solution (HBSS) were purchased from Hyclone (Logan, UT). Penicillin-Streptomycin and 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) were purchased from Gibco 

(Carlsbad, CA). Uranyl acetate was purchased from Electron Microscopy Services (Hatfield, 

PA). See below for a list of antibodies used otherwise all other reagents for cell culture and 

general use, if not indicated, were obtained from Invitrogen (Carlsbad, CA) or Sigma-Aldrich (St. 

Louis, MO). 

Table 1. Primary antibodies  
Antibody Company Cat. No. Assay Dilution 

ERK Cell Signaling 
Technology 4696 Western blot 1:1000 

pERk Cell Signaling 
Technology 4377 Western blot 1:1000 

HDAC2 Cell Signaling 
Technology 5113 Western blot 1:1000 

HO-1 
 Abcam ab13248 Western blot 1:1000 

IBA-1 
 Wako 019-19741 ICC 1:750 

p65 NF-κB Abcam ab31481 Western Blot and 
ICC 1:1000 

α-synuclein 
 BD Bioscience 610787 Western Blot 1:1000 

α-synuclein 
 Neomarkers MS-1572 Western Blot 1:1000 

TLR2 
 Abcam ab31481 Western Blot 1:1000 

α-tubulin 
 Abcam ab4074 Western Blot 1:1000 
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B. Formation of misfolded α-synuclein conformers 

α-Synuclein was bacterially expressed in Escherichia coli BL21 (DE3), purified as previously 

described, followed by lyophilization and storage at -20°C until use (Maguire-Zeiss et al., 2006). 

To obtain misfolded α-synuclein the lyophilized protein was resuspended in TEN buffer (10 mM 

Tris-HCl, pH 7.5, 1 mM EDTA, 20 mM NaCl) at a final concentration of 1 mg/mL followed by 

sonication at 20 Hz (2 x 10 seconds bursts with a 10 seconds rest between bursts). α-Synuclein 

was incubated for 5 days at 33°C or 37°C with rotation at 1000 rpm (SYNTR, Labnet Orbit M60 

shaker; Labnet International, Edison, NJ). TEN buffer was incubated in the same manner and 

used as the buffer control. Endotoxin contamination of the SYNTR and buffer was evaluated 

using an E-TOXATE test kit following the manufacturer’s instructions (Sigma-Aldrich). The 

detection limit of the kit was 0.13 Endotoxin Units (EU)/mL (10 EU=1 ng).  For some 

experiments SYNTR was separated using size exclusion centrifugation into high molecular 

weight SYNTR species and low molecular weight SYNTR as follows: 3 mL (0.1µg/µL) of 

misfolded SYNTR was placed onto a 150 kDa molecular weight cut off concentrator (MWCO; 

Thermo Fisher Scientific) and centrifuged at 3,000 x g for 30 minutes. The concentrate (HMW 

SYNTR) was resuspended in 100 µL of TEN buffer. The flow through was placed onto a 20 kDa 

molecular weight cut off concentrator and centrifuged at 3,000 g for 30 minutes. This low 

molecular weight concentrate (LMW SYNTR) was resuspended in 100 µL of TEN buffer.  A 

subset of experiments were performed using recombinant α-syuclein that was misfolded as 

described above, however the samples were not rotated and they were further manipulated in the 

presence or absence of 3.5 mM dopamine prepared in water (SYNDA and SYN respectively). 

TEN buffer was incubated in the same manner (plus and minus dopamine) and used as the buffer 
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control for corresponding α-synuclein treatments. The concentration of all protein samples was 

assessed using a Bio-Rad DC protein assay.  The endotoxin content of all manipulated α-

synuclein and buffer samples was evaluated using an E-TOXATE test kit following the 

manufacturer’s instructions (Sigma-Aldrich). The detection limit of the kit was 0.13 Endotoxin 

Units (EU)/mL (10 EU=1 ng). 

 

Table 2. Misfolded α-synuclein conformers 
Misfolded 

 α-synuclein sample Heat incubation (37°C) Rotation  
(1,000 rpm) Dopamine treatment  

SYNTR + + - 

SYN + - - 

SYNDA + - + 

 

C. Characterization of α-synuclein conformers 

1. Western blot analysis  

One microgram of manipulated α-synuclein was mixed with denaturing sample buffer (62.5 mM 

Tris, pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS, 5% (v/v) β-mercaptoethanol, and 0.001% (v/v) 

bromophenol blue), boiled for 90 seconds, and subjected to polyacrylamide gradient (4-20% 

Tris-glycine) gel electrophoresis under denaturing conditions followed by transfer to 

polyvinylidene difluoride (PVDF; PerkinElmer, Waltham, MA) or nitrocellulose membranes 

(BioTraceNT; Pall Corporation, Port Washington, NY). Membranes were blocked in 

TBST/NFDM (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween-20, 5% (w/v) non-fat 

dry milk). Mouse anti-α-synuclein primary antibody (1:1000; BD Biosciences, San Jose, CA) 

was used to probe for α-synuclein conformers. Immune complexes were visualized on film 
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following incubation with horseradish peroxidase (HRP)-conjugated goat anti-mouse 2° antibody 

(1:2000; Chemicon, Temecula, CA) and Super Signal West Pico Chemiluminescent Substrate 

(Thermo Fisher Scientific, Waltham, MA). For native western blots, 1 µg of SYNTR, LMW 

SYNTR or HMW SYNTR was mixed with non-denaturing sample buffer (62.5 mM Tris, pH 6.8, 

10% (v/v) glycerol and 0.001% (v/v) bromophenol blue) and subjected to polyacrylamide 

gradient (4-20% Tris-glycine) gel electrophoresis under non-denaturing conditions followed by 

transfer to nitrocellulose membranes (PerkinElmer, Waltham, MA). Membranes were probed for 

α-synuclein as described above. 

 

2. Thioflavin T assay  

Forty µM Thioflavin T in 10 mM Tris HCl pH 8.0 (80 µL of 50 µM stock) was mixed with 12.5 

µM SYNTR (20 µL of 62.5 µM stock) or 20 µL of BufferTR were incubated in a 96-well black 

clear bottom plate. Fluorescent measurements were obtained using a FluoromarkTM microplate 

fluorometer (BioRad, Hercules, CA) with an excitation of 450 nm and an emission of 490 nm 

(Naiki et al., 1989; LeVine, 1999). All measurements were performed in triplicate in three 

separate experimental replicates. 

 

3. Atomic force microscopy  

Freshly cleaved muscovite mica disks were incubated in a mixture of 1-(3-aminopropyl) silatrane 

(APS) solution for 30 minutes to prepare APS-mica disks. Misfolded α-synuclein or buffer was 

added to the disks and allowed to adhere for two minutes, disks were washed with de-ionized 

water, and dried with nitrogen gas (Shlyakhtenko et al., 2000; Shlyakhtenko et al., 2003). The 
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mica disks were attached to a metal disc with double-sided tape for imaging. Images were 

acquired in tapping mode, using silicon tapping mode probes and a Multimode SPM Nanoscope 

IIIa system (Lombardi Comprehensive Cancer Center Core; Veeco/Digital Instruments, Santa 

Barbara, CA). Nominal spring constants of 60 N/m and a resonant frequency of 245 Hz were 

used.  

 

4. Electron microscopy 

Ten microliters of α-synuclein was placed on carbon formavor coated 300 mesh copper grids 

(Electron Microscopy Sciences). Samples were allowed to adhere to each grid for 20 minutes 

followed by staining with 2% uranyl acetate for two minutes. Grids were imaged using a 

Sciences Hitachi H-7600 W filament transmission electron microscope with a Hammamatsu 

Orca-HR CCD camera in collaboration with Dr. Anastas Popratiloff at The George Washington 

University. 

 

D. Cell culture  

1. BV2 culturing and treatment  

BV2 murine microglial cells were plated at a density of 5 x 105 cells per well (6-well plates) in 2 

mL of DMEM supplemented with 5% fetal bovine serum and allowed to adhere for 24 hours 

(Blasi et al., 1990; Horvath et al., 2008; Henn et al., 2009). One hour prior to treatment, serum-

containing media was replaced with serum-free DMEM. Cells were subsequently treated with 

725 ng/mL of misfolded α-synuclein or DMEM supplemented with buffer for various time 

points as indicated in the figure legends. Following treatment, media were collected, centrifuged 
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at 1,000 rpm for two minutes and cleared supernatants retained and stored at -20°C until assayed. 

All treatments were performed in triplicate in three separate biological replicates.  

 

2. Preparation and treatment of primary microglia 

Primary microglia cultures were prepared from P1-P3 C57BL/6J or AREhPLAP mouse cortices. 

Dissected cortices were stripped of meninges and minced in microglia complete media (HBSS, 

1% (v/v) HEPES and 1% Pen/strep (v/v). Cells were dissociated in MEM containing Earle’s 

salts, L-glutamine, 0.01% pyruvate (v/v), 0.6% glucose (v/v), 4% FBS (v/v) and 6% (v/v) horse 

serum). Subsequently, cells were centrifuged at 1,000 rpm for five minutes, resuspended in 

microglia complete media and plated in T75 flasks in a total volume of 10 mL microglia 

complete media. Cultures were grown at a density of one brain per flask at 37ºC under 5% CO2. 

After one day, the flasks were tapped gently to remove cell debris, media removed and replaced 

with 10 mL of fresh complete media. Cultures were grown as above for approximately 14 days at 

which time the microglia were harvested from mixed glial cultures by shaking at 125 rpm for 5 

hours at 37°C on a rotary shaker followed by collection of the microglia-enriched media (Beraud 

et al., 2011).  Microglia were plated at a density of 4 x 104 cells per well  on glass coverslips for 

ICC (coverslip diameter = 12 mm, Deckglaser, Germany experiments) or 1 x 105 cells per well in 

24-well plates in 0.5 mL of microglia growth media (MGM; MEM, 0.01% (v/v) pyruvate, 0.6% 

(v/v) glucose and 5% (v/v) fetal bovine serum) and allowed to adhere for 24 hours. Cells were 

subsequently treated with 72.5-725 ng/mL of misfolded α-synuclein or buffer in MGM for 24 

hours or for 30 minutes for phosphorylation experiments according to the figure legends. All 

treatments were performed in triplicate on three separate biological replicates unless indicated 
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otherwise in the figure legends. Animals were maintained and treated in accordance with the 

regulatory standards of the Animal Welfare Act and approved for use by the Georgetown 

University Animal Care and Use Committee. 

 

3. TNF-α  secretion  

TNF-α levels were quantified from conditioned media using an enzyme-linked immunosorbent 

assay (ELISA) according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN; 

cat. No. MTA00B). All measurements were performed in triplicate in three separate biological 

replicates. 

 

4. Nitric oxide release  

Nitric oxide (NO) release into the media of treated BV2s was quantified by measuring the stable 

NO metabolite, nitrite, using a Greiss reagent assay kit according to the manufacturer’s 

instructions (Invitrogen). All measurements were performed in triplicate in three separate 

biological replicates. 

 

5. RNA extraction  

Following treatment (sections D1 and D2), RNA was harvested from cultured cells using an 

RNeasy mini kit and on-column DNase I digestion according to the manufacturer’s instructions 

(Qiagen, Valencia, CA). RNA purity was assessed using an Agilent 2100 bioanalyzer (Lombardi 

Comprehensive Cancer Center) and concentration measured using a NanoDrop 1000 

spectrophotometer (Thermo Fisher Scientific). 
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6. Quantitative real-time PCR (qRT-PCR)  

One microgram of RNA was reverse transcribed in a 100 µL reaction volume using a High-

Capacity cDNA Archive Kit (Life Technologies Applied Biosystems, Carlsbad, CA). The quality 

of cDNA was verified following PCR for β-actin. Gene expression was then quantified as 

follows: cDNA samples (10 µL) were added to 90 µL of TaqMan® Universal PCR master mix 

(Company) and loaded onto TaqMan® Low Density Arrays (TLDA; company) preloaded with 

probes and primers for various gene targets and one endogenous control (see figure legends and 

Tables 3-5). Additional gene targets were assayed in a 96-well plate format, where 2.5 µL of 

cDNA from each sample was added to 17.5 µL of master mix containing the appropriate 

primer/probe pairs and TaqMan® Universal PCR master mix. All real-time quantitative PCR 

reactions were run using the ABI Prism 7900HT Sequence Detection System (Applied 

Biosystems). The results were analyzed using the relative quantification ΔΔCt method, 

normalizing samples to endogenous controls, either 18S rRNA (TLDA) or GAPDH (individual 

targets) followed by normalization to the appropriate buffer treated controls according to table 

and figure legends. All measurements were performed in triplicate on three separate biological 

replicates. (Primers/Probes used: TNF-α (Mm00443258_m1); IL-1β (Mm0434228_m1); NFκB 

(Mm0047361_m1); Aif1 (Mm00479862_g1); TLR1 (Mm0120884_m1), TLR2 

(Mm00442346_m1); TLR3 (Mm00446577_g1); TLR4 (Mm00445273_m1); TLR6 

(Mm01208943_s1); TLR7 (Mm00446590_m1); TLR9 (Mm00446193); Myd88 (Mm01351743); 

Scarb1 (Mm00450234_m1); ABCC1 (Mm00456156_m1); CAT (Mm00437992_m1); GCLC 

(Mm00802655_m1); GCLM (Mm00514996_m1); GPX1 (Mm00656767_g1); GPX4 
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(Mm00515041_m1); GSR (Mm00833903_m1); GSS (Mm00515065_m1); GSTA2 

(Mm00833353_mH); HMOX1 (Mm00516004_m1); HMOX2 (Mm00468921_m1); NOX1 

(Mm00549170_m1); NQO1 (Mm00500821_m1); PRDX1 (Mm01621996_s1); TXNRD2 

(Mm00496771_m1); ARG-1 (Mm00833903_m1); IL-10 (Mm0434228_m1); 18S rRNA 

(Hs99999901_s1) and GAPDH (4352339E). Statistical analysis was performed by Student’s t-

test on ΔCt values and the significance level was set at P < 0.05. Gene expression changes are 

presented as fold change (2-ΔΔCt). 

 

7. Western blot analysis    

Cells were treated as described above (sections D1 and D2). Following treatment, cells were 

washed with ice-cold PBS and lysed on ice in modified RIPA buffer (50 mM Tris–HCl pH 7.4, 

1% (v/v) NP-40, 0.25% (w/v) sodium deoxycholate, 150 mM NaCl) supplemented with Protease 

and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, cat. No. 1861281). Cell lysates 

were subjected to gentle rotation for 20 minutes at 4°C then sonicated at 18 Hz (3 x 10 seconds 

bursts with 30 seconds rest between bursts; Ultrasonic Dismembrator Model 150E, Fisher 

Scientific). Lysates were cleared by centrifugation at 17,000 rpm for 10 minutes at 4°C. Cleared 

lysates were treated as described above and subjected to denaturing polyacrylamide gel 

electrophoresis (10%) followed by transfer to PVDF membranes (PerkinElmer) or nitrocellulose 

membranes (BioTraceNT; Pall Corporation). Membranes were blocked for 1 hour at room 

temperature in TBST/NFDM (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween, 5% 

(w/v) non-fat dry milk) followed by incubation with the appropriate primary antibody [i.e., 

mouse anti-heme oxygenase-1 primary antibody (HO-1; 1:1000; Abcam, Cambridge, MA) or 
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rabbit anti-phosphorylated ERK primary antibody (pERK; 1:1000; Cell Signaling Technology, 

Beverly, MA). Immune complexes were visualized on film following incubation with the 

appropriate secondary antibody [HRP-conjugated goat anti-mouse or rabbit 2° antibody (1:2000; 

Chemicon)] and Super Signal West Pico Chemiluminescent Substrate (Thermo Fisher 

Scientific). Membranes were reprobed with α-tubulin (1:1000; Abcam) or total ERK (1:1000), 

which served as the loading control. Densitometric analysis of digitized images was completed 

using the EC3 Imaging System (UVP, Upland, CA) and values were normalized to appropriate 

loading control and detailed in the figure legend. 

 

8. Human placental alkaline phosphatase activity in primary microglia 

Primary microglia from transgenic mice with anti-oxidant response element driven human 

placental alkaline phosphatase expression [ARE; kind gift of Dr. Johnson; (Johnson et al., 2002)] 

were cultured as described above and treated with 725 ng/mL of manipulated α-synuclein or 

buffer control for 24 hours. Following treatment, cells were fixed with 4% paraformaldehyde 

(PFA; w/v)/4% sucrose (w/v) solution and stained for alkaline phosphatase activity using a 

BCIP/NBT kit and fast red nuclear counterstain, both according to the manufacturer’s 

instructions  (Vector labs, Burlingame, CA). Resting, activated and phagocytic microglia 

displaying phosphatase activity (purple) as well as those counterstained with fast red (pink) were 

enumerated. Cells from nine random 20x ICC sections per sample from three coverslips were 

counted using a Zeiss AxioPlan 2 microscope (Ontario, NY). Four distinct groups of cells were 

counted based on staining and morphology (circularity, elongation and thickness of processes). 

Cells were considered inactivated/resting if they had thin and elongated morphology. Activated 
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cells with thickened processes were categorized based on retraction and widening of processes. 

Cells were considered activated and phagocytic if they had a circular, amoeboid shape. Cells 

lacking phosphatase activity were classified as unstained. 

 

9. Cell surface protein extraction 

BV2 microglial cells were plated at a density of 1 x 106 cells/plate in 60 mm plates in 5 mL of 

DMEM supplemented with 5% (v/v) FBS. Cells were allowed to adhere overnight and then 

treated with 3.8 µg/mL to 38 µg/mL of SYNTR for two hours. Following treatment, media was 

removed and cell surface proteins were isolated using a cell surface protein isolation kit (Thermo 

Fisher Scientific). Briefly, cells were washed twice with ice cold PBS and incubated with 250 µg 

biotin for 20 minutes at 4°C on a shaker. Cells were quenched with provided quenching solution 

and washed three times with PBS. BV2 microglia were harvested, collected into microfuge tubes 

and spun at 4,000 rpm for two minutes at 4°C. Pelleted cells were lysed in 500 µL of lysis buffer 

(1% Triton (v/v), 20 mM Tris-HCL, 10 mM EDTA, 0.15 M NaCl, 1 mM iodoacetamide, 1 mM 

sodium azide) supplemented with Protease and Phosphatase Inhibitor Cocktail and sonicated 

with 5 x 1 s bursts at 20 Hz using a probe sonicator (Ultrasonic Dismembrator, Fisher Scienific). 

Lysates were then incubated on ice for 10 minutes with vortexing every 5 minutes followed by 

centrifugation at 14,000 g for 15 minutes at 4°C. Supernatants were incubated with 50 µL of 

neutriAvidin slurry for 1 hour with rotation on a microfuge tube rotator at 4°C followed by 

centrifugation at 14,000 g for 5 minutes. Biotinylated protein:avidin complexes were rinsed 5 

times with PBS and boiled for 5 minutes in 50 µL of denaturing sample buffer followed by 

denaturing polyacrylamide gel electrophoresis (4-20% Tris-glycine gels; BioRad), transfer to 
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nitrocellulose membranes and western blot analysis using an anti-α-synuclein antibody (1:1000, 

Neomarkers). Membranes were reprobed with an anti-TLR2 antibody (1:1000; abcam) to 

confirm successful isolation of cell surface proteins. 

 

10. NF-κB translocation 

BV2 cells were plated at a density of 1 x 106 cells/ 60 mm dish in 5 mL of DMEM supplemented 

with 5% (v/v) FBS and allowed to adhere overnight. Cells were then treated for 24 hours as 

described in the figure legends and subjected to subcellular fractionation using NE-PER nuclear 

and cytoplasmic extraction reagents according to manufacturer’s instructions (Thermo Fisher 

Scientific). Thirty micrograms of each fractionated cell lysate was separated by polyacrylamide 

Tris-glycine gel electrophoresis (4-20%), transferred to PVDF membranes and probed with an 

anti-NF-κB antibody (1:1000, Abcam). Immune complexes were visualized on film following 

incubation with the HRP-conjugated goat anti-rabbit 2° antibody (1:2000; Chemicon) and Super 

Signal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific). Membranes were 

reprobed with an anti-HDAC 2 antibody (1:1000, Cell Signaling Technology) to confirm 

successful subcellular fractionation. 

 

11. Immunocytochemistry  

Microglia were plated on glass as described above and subsequently processed for 

immunocytochemistry (ICC). Following treatment, cells were washed with PBS for 5 minutes, 

fixed in 4% PFA at room temperature for 20 minutes, permeabilized in PBS containing 0.1% 

(v/v) triton X-100 for 5 minutes and blocked for 1 hour with PBS containing 10% (v/v) goat 
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serum. Cells were incubated overnight at 4ºC with rabbit anti-Iba1 antibody (1:750; Wako, 

Richmond, VA) or rabbit anti-NFκB antibody (1:200, Abcam) in blocking buffer. 

Antibody:antigen complexes were visualized following incubation with Alexa Fluor 594 

conjugated goat anti-rabbit IgG secondary antibody 1:500. Unbound 2° antibody was removed 

by washing with PBS containing 0.1% (v/v) triton X-100. Cells were counterstained with 4',6-

diamidino-2-phenylindole (DAPI; 1:5000) in PBS for 5 minutes followed by two washes with  

PBS.  Cover glasses were mounted in Citifluor (Ted Pella, Redding, CA), sealed with nail polish 

and cells imaged using a Zeiss Axioskop microscope (Carl Zeiss, Thornwood, NY). 

 

12. α-Synuclein release 

MN9DSYN cells, an immortalized dopaminergic cell line that contains an integrated transgene 

allowing doxycycline (Dox) regulated human wildtype α-synuclein expression (Choi et al., 

1991, Strathdee et al., 1999, Feng et al., 2010a) were plated at a density of 1.2 x 106 cells/plate 

(100 mm). Cells were plated in the presence and absence of Dox in DMEM supplemented with 

5% (v/v) FBS and hygromycin (200 µg/mL). Forty-eight hours later cells were refed and after an 

additional 24 hours media was collected, and centrifuged at 1,000 rpm for two minutes to clear 

cell debris. The presence of released α-synuclein in the conditioned media was determined by 

western blot analysis as described above (section C1). The α-synuclein in the conditioned media 

was separated into LMW and HMW species using a 150 kDa MWCO concentrator. 

Concentrated fractions were resuspended with DMEM and 500 µL of each of these media were 

subsequently used to treat microglia as described in the figure legend. 
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13. MyD88 inhibition 

Primary microglia were plated at a density of 1 x 105 cells/well in 24-well plates in 500 µL of 

MGM. Twenty-four hours after plating microglia were pre-treated with 200 µM of MyD88 

peptide inhibitor or MyD88 control peptide (Imgenex, San Diego, CA) for 24 hours. Following 

inhibitor and control pre-treatment cells were exposed to 72.5 ng/mL LMW SYNTR, 72.5 ng/mL 

HMW SYNTR, buffer or LPS for 30 minutes. Following treatment cells were lysed and 

interrogated for pERK protein expression by western blot analysis as described. 

 

E. Statistical analysis 

All statistical analyses were carried out using Graphpad Prism 5 (Graphpad Software Inc., La 

Jolla, CA).  An ANOVA was performed followed by Bonferroni’s post hoc test or Student’s t-

test where appropriate. All data are reported as means ± standard deviation. P-values ≤ 0.05 were 

considered significant.  
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Chapter III:  
Effects of misfolded alpha-synuclein in BV2 cellsb 

 
 
A. Characterization of misfolded α-synuclein  
 
 The mechanism by which α-synuclein activates microglia is unknown, but purported to 

be involved in the pathogenesis of Synucleinopathies such as Parkinson’s disease. α-Synuclein 

readily misfolds into higher order structures and as discussed above, protein conformation is key 

for microglial recognition and binding. Therefore, it is important to understand the mechanism 

by which misfolded α-synuclein is recognized by and stimulates microglia. In order to 

investigate the response of microglia to misfolded α-synuclein, we prepared recombinant human 

wild-type α-synuclein and subsequently incubated it for five days at 33°C or 37°C (T) with 

mechanical rotation at 1,000 rpm (R). The resultant misfolded α-synuclein, SYNTR, was tested 

for endotoxin contamination, which was found to be below the detectable limit of the assay (< 

0.013 ng/mL). First, to determine whether our preparation of α-synuclein included SDS-stable 

oligomers, SYNTR was subjected to polyacrylamide gel electrophoresis under denaturing 

conditions, followed by western blot analysis. As shown in Figure 3a, monomeric as well as 

SDS-stable oligomers of α-synuclein (arrows) were detected under denaturing conditions. We 

                                                
b Adapted from the following: 
Beraud D, Twomey M, Bloom B, Mittereder A, Ton V, Neitzke K, Chasovskikh S, Mhyre TR, 
Maguire-Zeiss KA (2011) alpha-Synuclein Alters Toll-Like Receptor Expression. Front 
Neurosci 5:80  
 
Beraud D, , Hathaway HA, Trecki J, Chasovskikh S, Johnson DA, Johnson JA, Federoff HJ, 
Shimoji M, Mhyre TR, Maguire-Zeiss KA (2013) Microglial Activation and Antioxidant 
Responses Induced by the Parkinson's Disease Protein alpha-Synuclein. J Neuroimmune 
Pharmacol 8:94-117. 
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next characterized the misfolded α-synuclein under non-denaturing, native conditions. First, we 

determined whether this misfolded α-synuclein contained β-sheet fibrils by measuring the 

excitation/emission spectra following incubation with Thioflavin T, which preferentially binds to 

β-sheet structures, shifting the compound’s emission spectrum. We show in Figure 3b enhanced 

Thiovlavin T fluorescence following incubation with SYNTR, suggesting the presence of β-sheet 

fibrils (P ≤ 0.05; Fig. 3b). Lastly, we characterized SYNTR using atomic force microscopy 

(AFM) to measure the height and distribution of the misfolded α-synuclein (Fig. 3c). The largest 

proportion of SYNTR had a height of < 5 nm, likely representing monomeric α-synuclein, but 

aggregates of protein > 10 nm were also present (Fig. 3d). Together, these data establish that 

SYNTR contains monomers, SDS-stable oligomers, protein aggregates and β-sheet structures of 

α-synuclein. 

 

B. SYNTR increases oxidative stress and incites an antioxidant response in BV2s 

 To determine whether this pathologically relevant SYNTR induces an oxidative stress 

response in microglia, we treated BV2 cells with SYNTR and assayed for nitric oxide (NO). 

When classically activated, microglia secrete proinflammatory mediators such as NO, TNF-α, 

and IL-1β  and adapt morphological changes (Banati et al., 1993, Combs et al., 2001, Lee and 

Lee, 2002, Kim and Joh, 2006, Colton and Wilcock, 2010). Previous studies have demonstrated 

that the secretion of reactive species from activated microglia is a time-dependent process; 

therefore, we examined the temporal response of BV2 cells to SYNTR treatment. Microglia were 

treated with SYNTR (725 ng/mL) or buffer for two to 36 hours and the amount of nitrite, a stable 

NO metabolite, was quantified in the conditioned media (Fig. 4; a dose response curve was used 
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to identify this concentration of SYNTR; data not shown). NO secretion was first detected six 

hours post-SYNTR stimulation with maximum production observed at 24 hours (P ≤ 0.05). 

Therefore, we chose 24 hours post-treatment for all subsequent analyses.  

 One consequence of NO and proinflammatory molecule production in glia is an overall 

increase in oxidative stress. Microglia are capable of responding to oxidative stress by increasing 

the expression of antioxidant response genes that are regulated by the transcription factor Nrf2 

[Nuclear factor (erythroid-derived 2)-like 2] (Chowdhury et al., 2009, Bast et al., 2010). Thus, 

we next asked whether exposure of microglia to misfolded α-synuclein elicited an antioxidant 

response in cells. We employed a TaqMan low-density array (TLDA) to investigate whether 

Nrf2 regulated oxidant and antioxidant genes were altered following SYNTR treatment of BV2 

microglia (Table 3). The overall response following SYNTR stimulation of BV2’s was an 

upregulation of antioxidant response gene expression. Particularly, there was a robust 161-fold 

increase in NADPH oxidase 1 (NOX1) and a 109-fold increase in glutathione S-transferase alpha 

2 (GSTA2) gene expression in SYNTR treated microglia.  NOX1 enzyme generates superoxide 

ion promoting the formation of NO and IL-1β in LPS-treated microglia (Cheret et al., 2008) and 

its upregulation here is in line with our data demonstrating that SYNTR treated microglia have an 

activation profile that includes increased levels of NO. GSTA2 on the other hand, exhibits 

glutathione peroxidase activity, thereby protecting cells from reactive oxygen species and the 

products of peroxidation. For nearly all of the interrogated genes (PRDX1, NQO1, HMOX1, 

CAT, GCLM, GCLC, GSS GSR, ABCC1) the response to SYNTR was significantly different from 

buffer treated cells translating into a robust antioxidant response following SYNTR treatment. 

Thioredoxin reductase 2 and glutathione peroxidase 4 were actually downregulated by .7-fold 
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and .9-fold respectively. Both of these enzymes provide defense against oxidative damage due to 

oxygen metabolism, and redox signaling using molecules like hydrogen peroxide and nitric 

oxide. Glutathione peroxidase 4 specifically catalyzes the reduction of hydrogen peroxide, 

organic hydroperoxides, and lipid peroxides. 

 To validate a subset of our gene expression results, we interrogated whether two Nrf-2 

regulated enzymes, peroxiredoxin-1 (PRDX-1) and heme oxygenase-1 (HO-1), both previously 

associated with activated microglia, were altered following SYNTR or buffer treatment (Kitamura 

et al., 1998a, Kitamura et al., 1998b, Tanaka et al., 2006, Bast et al., 2010). cDNA was prepared 

from a different experimental group of SYNTR and buffer treated BV2 cells and qRT-PCR 

performed to independently interrogate PRDX1 and HMOX1 (HO-1 gene) expression levels. The 

expression levels of both antioxidant response genes were significantly upregulated in SYNTR 

treated BV2 cells compared with buffer treated cells (Fig. 5a & b; P ≤ 0.05) validating our 

TLDA results. We also analyzed HO-1 protein levels in lysates from SYNTR treated BV2 cells 

by western blot analysis. SYNTR treatment of these cells caused a significant upregulation of 

HO-1 protein, which is in alignment with our qRT-PCR results (Fig. 5c & d; P ≤ 0.05).  These 

data demonstrate a robust BV2 cell antioxidant response following stimulation with SYNTR. 

 

C. SYNTR induces classical activation in BV2 microglia 

To further characterize BV2 activation in response to misfolded α-synuclein, we 

examined release of the prototypical proinflammatory mediator TNF-α. Twenty-four hours after 

SYNTR treatment there was a significant increase in TNF-α in the BV2 conditioned media 

compared to media from buffer treated cells (Fig 6a; P ≤ 0.05). Although, the release of TNF-α 
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protein was increased in SYNTR-treated BV2 cells, there was not a significant increase in the 

gene expression for this target (Table 4). However, using qRT-PCR we determined that the gene 

expression level of a second prototypical proinflammatory molecule, IL-1β, was significantly 

upregulated compared to control conditions following SYNTR treatment (Fig. 6b; P ≤ 0.05).  

 Proinflammatory molecules such as TNF-α and IL-1β are upregulated following 

translocation of p65 NF-κB to the nucleus. Because we see in increase in these factors in BV2s 

following SYNTR treatment we next investigated if p65 NF-κB protein was translocated to the 

nucleus following SYNTR stimulation. BV2 microglia were exposed to SYNTR for 24-hours 

followed by immunocytochemical analysis using anti-p65 NF-κB antibody (red) and DAPI 

nuclear counterstain (blue; Fig. 7). Buffer treated cells do not display any p65 NF-κB staining in 

the nucleus (red) while the nuclei of SYNTR treated cells are replete with p65 NF-κB. We did not 

observe an increase in p65 NF-kB gene expression in SYNTR stimulated cells (Table 4). 

 Thus far, we have established that SYNTR directly activates BV2 microglial cells inciting 

the expression and release of proinflammatory molecules and the upregulation of antioxidant 

response enzymes. Since microglial activation is in part mediated through the recognition of 

DAMPs we asked whether the expression of classic PRRs was altered following exposure to 

SYNTR. BV2 cells were treated with buffer or SYNTR, 24 hours later RNA was prepared and 

gene expression levels for a subset PRRs, co-receptors and proinflammatory molecules were 

quantified.  Here, we show a significant upregulation of TLR2 and TLR3 expression with a 

concomitant downregulation of TLR7 expression following SYNTR treatment of BV2 cells 

(Table 4). Gene expession of TLRs 1, 4, 6 and 9 were not significantly different between SYNTR 

and buffer treated cells. Additionally, gene expression for TLR adaptor protein MYD88 as well 
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as scavenger receptor CD36 and microglial marker IBA-1 were non significantly different 

between treatments. 

 
 
D. Summary and Discussion 
 
 In summary, we demonstrated that cultured BV2 cells exposed to misfolded α-synuclein 

(SYNTR) had an increased release of TNF-α and NO as well as increased IL1β gene expression, 

all indicative of a classical activation pathway (Colton, 2009). The upregulation and release of 

proinflammatory molecules following treatment of microglia with wildtype, mutant, or 

aggregated α-synuclein has been previously shown, but the mechanism of activation is poorly 

understood (Zhang et al., 2005, Su et al., 2008, Su et al., 2009). One group demonstrated that 

primary microglia derived from CD36 knockout mice had a reduced response to unmodified α-

synuclein, suggesting a function for this scavenger receptor in activation (Su et al., 2008). Our 

data suggest that misfolded α-synuclein induces a classical activation pathway since the 

prototypical proinflammatory molecules, NO, TNF-α and IL-1β, are upregulated. It is relevant 

that these proinflammatory molecules are also elevated in Parkinson’s disease patients (Blum-

Degen et al., 1995, Knott et al., 2000, Nagatsu et al., 2000).  

 We have also demonstrated a robust increase in heme oxygenase-1 (HO-1) following 

treatment of microglia with SYNTR. HO-1 is a member of the inducible phase II detoxification 

enzyme family of genes with transcription regulated by the antioxidant response element (ARE) 

binding protein, Nrf-2 (Moi et al., 1994, Alam et al., 1999, Kensler et al., 2007, Paine et al., 

2010). Under cellular stress, HO-1 helps to maintain antioxidant/oxidant homeostasis by 

degrading free heme into carbon monoxide, biliverdin and free iron (Paine et al., 2010). In 



 

 40 

Parkinson’s disease patients there is an increase in HO-1 in substantia nigra dopamine neurons 

and in Lewy bodies (Castellani et al., 1996, Schipper et al., 1998a, Schipper, 2004). In our 

reduced system we examined the direct role of α-synuclein on microglia and found that 

increased oxidative stress augments HO-1 expression. Our data support the hypothesis that α-

synuclein contributes to oxidative stress through a pathway that induces complex microglial 

activation as well as antioxidant enzymes. In addition to Nrf2, HO-1 expression is regulated by 

other transcription factors, including AP1, NF-κB, hypoxia-inducible factor 1 (HIF1) and stress 

response proteins (Schipper et al., 2009) leading to a complex spatial and temporal pattern of 

expression and function (Kraft et al., 2006, Kraft et al., 2007, Chen et al., 2009, Rojo et al., 2010, 

Granado et al., 2011, Koh et al., 2011, Lastres-Becker et al., 2012). For example, HO-1 can be 

neuroprotective, promoting intracellular degradation of soluble α-synuclein (Song et al., 2009) 

and defending against hydrogen peroxide oxidative damage as well as β-amyloid toxicity (Le et 

al., 1999, Wang et al., 2012). However, HO-1 is also able to facilitate bioenergetic failure and in 

a toxicant model this leads to dopamine neuron injury (Lee et al., 2006a, Schipper et al., 2009). 

With regard to PD, HO-1 is found surrounding the hallmark proteinaceous PD inclusion, the 

Lewy body, and is increased in PD brains where its function is still unclear (Schipper et al., 

1998b). The robust HO-1 response that we observed may be an attempt to promote homeostasis, 

which is effective when microglia are not yet fully activated but fails when glia are driven to a 

robust classical activation state. 

 In addition to HO-1 we interrogated a number of other genes in BV2 cells (Table 3) that 

are also regulated by Nrf2. We show that along with a robust classic proinflammatory activation 

of microglia by α-synuclein there is also evidence that these glia are oxidatively stressed as 



 

 41 

indicated by an increased production of NO and expression of NOX1 (upregulated 161-fold). 

Relevant to our observations, when microglia derived from Nrf2-KO mice were exposed to α-

synuclein, the glia were unable to increase the expression of two antioxidant enzymes (HO-1 and 

NQO1) and they took on a more proinflammatory profile (Lastres-Becker et al., 2012) 

demonstrating that Nrf2 can regulate microglial responses to DAMPs. 

 A novel finding of this work is that α-synuclein-mediated microglial activation 

modulates TLR expression, specifically upregulating TLR2 and TLR3, while downregulating 

TLR7 in BV2s (Beraud et al., 2011). As discussed in the introduction, TLR2 is found on the 

surface of microglia where it heterodimerizes with other pattern recognition receptors to 

facilitate downstream signaling events (O'Neill et al., 2009). It is associated with a wide range of 

fungal, microbial, and endogenous ligands, including other misfolded proteins (El Khoury et al., 

2003, Jana et al., 2008, Jin et al., 2008, Reed-Geaghan et al., 2009, Stewart et al., 2010). TLR3 

and TLR7 are localized to endosomes and have thus far been associated with the recognition of 

nucleic acids (O'Neill et al., 2009). Both are potent anti-viral TLRs responding to dsRNA and 

subsequently activating innate immune responses. Their role in α-synuclein-mediated microglial 

activation remains to be determined. Our studies indicate that TLRs are linked to misfolded α-

synuclein-mediated microglial activation. These studies suggest that α-synuclein may serve as a 

DAMP recognized by one or more TLRs to incite a proinflammatory response in microglia. 
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Figure 3 

 
 

 
 
 
 

 Figure 3. Manipulation of α-synuclein results in the formation of various protein 

conformers. α-Synuclein prepared in buffer or buffer alone was incubated at 33°C or 37°C with 

mechanical rotation (1,000 rpm) for 5 days (SYNTR; buffer). (a) One microgram of SYNTR was 

then subjected to anti-α-synuclein western blot analysis following separation using 4-20% SDS-

polyacrylamide gel electrophoresis. Arrows indicate SDS-stable α-synuclein aggregates (anti-α-

synuclein antibody 1:1000; BD Biosciences). (b) Thioflavin T fluorescence measurements were 

obtained using an excitation wavelength of 450 nm and an emission wavelength of 490 nm. 
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Forty µM Thioflavin T in 10 mM Tris HCl pH 8.0 (80 µL of 50 µM stock) was mixed with 12.5 

µM SYNTR (20 µL of 62.5 µM stock) or 20 µL of BufferTR were incubated in a 96-well black 

clear bottom plate. SYNTR contains significantly more β-sheet structures than the buffer 

comparator (*P < 0.05, Student’s t-test; each data point represents mean ± SD, n=3). (c) SYNTR 

and buffer were subjected to AFM. This analysis demonstrated the formation of α-synuclein 

aggregates in the SYNTR samples. AFM height images of SYNTR and similarly manipulated 

buffer are shown with the height of aggregates displayed along the z-axis. Height images are 

shown at 2 µm x 2 µm x 2 µm. (D) AFM height measurements of SYNTR. The largest proportion 

of SYNTR had a height of < 5 nm, likely representing monomeric α-synuclein, but aggregates of  

> 10 nm were also present. 
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Figure 4 
 

  

Figure 4. SYNTR treatment stimulates nitric oxide (NO) release from microglia. BV2 cells 

were treated with 725 ng/mL of SYNTR or buffer for two to 36 hours. Following treatment, a 

Greiss reagent assay was performed on the conditioned media to quantify NO release and 

subsequent nitrite production using a Greiss reagent assay kit according to the manufacturer’s 

instructions (Invitrogen). NO release was significantly greater in cells treated with SYNTR than 

buffer control beginning at six hours of treatment. NO release reached a maximum by 24 hours 

of treatment (*P < 0.05, One-way ANOVA followed by Student’s t-test; n=3). Nitrite 

concentrations are represented as mean ± SD; N.D. indicates none detected. 
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Table 3. 
Nrf2-directed gene expression changes following SYNTR treatment of BV2 microglia1. 

Entrez 
Gene ID 

Common 
Name Description 

Fold change in gene 
expression 
following 

treatment2 
14775 GPX1 Glutathione peroxidase 1 ↔  
18477 PRDX1 Peroxiredoxin 1 ↑ 3.0 
14858 GSTA2 Glutathione S transferase, alpha 2 ↑ 109 
18104 NQO1 NADPH dehydrogenase quinone 1  ↑ 12 
15368 HMOX1 Heme oxygenase 1 ↑ 3.8 
15369 HMOX2 Heme oxygenase 2  ND 
12359 CAT Catalase ↑ 2.6 
14630 GCLM Glutamate-cysteine ligase-modifier ↑ 4.2 
14629 GCLC Glutamate-cysteine ligase-catalytic ↑ 1.3 
14854 GSS Glutathione synthetase ↑ 1.3 
14782 GSR Glutathione  reductase ↑ 3.1 
17250 ABCC1 ATP binding cassette C ↑ 2.2 
237038 NOX1 NADPH oxidase 1 ↑ 161 
26462 TXNRD2 Thioredoxin reductase 2  ↓ 0.7 
625249 GPX4 Glutathione peroxidase 4 ↓ 0.9 
1BV2 microglia were treated with 725 ng/mL SYNTR or buffer for 24 hours. 2↔ indicates no 
significant difference in gene expression compared to buffer treated cells P< 0.05 (Student’s t-
test); ND indicates expression levels below the limit of detection.  
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Figure 5 

 
 
 
 
 
 
Figure 5. SYNTR treatment increases the expression of antioxidant response genes. 

Quantitative RT-PCR for (a) peroxiredoxin-1 (PRDX1) and (b) heme oxygenase 1 (HMOX1) 

was performed on cDNA from buffer or SYNTR treated BV2 cells. 2.5 µL of cDNA from each 

sample was added to 17.5 µL of master mix containing the appropriate primer/probe pairs and 

TaqMan® Universal PCR master mix. Real-time quantitative PCR reactions were run using the 

ABI Prism 7900HT Sequence Detection System (Applied Biosystems). The results were 

analyzed using the relative quantification ΔΔCt method, normalizing samples to GAPDH. Cells 
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treated with SYNTR  (725 ng/mL for 24 hours) had a significantly higher expression of PRDX1 

and HMOX1 compared to buffer treated cells. Statistics were performed on ΔCt values (*P < 

0.05, Student’s t-test; each data point represents mean ± SD; n=3) (c) Representative HO-1 

western blot analysis of BV2 cell lysates following treatment. BV2 cells were treated with 725 

ng/mL SYNTR or buffer for 24 hours. Thirty micrograms of protein lysates were prepared and 

subjected to 10% SDS-polyacrylamide gel electrophoresis and immunoblotted for HO-1 (1:1000; 

Abcam). Blots were re-probed for α-tubulin (1:1000; Abcam) as a loading control.  (D) 

Immunocomplexes were quantified by densitometric analysis and normalized to the loading 

control. BV2 cells treated with SYNTR had significantly higher levels of HO-1 protein than 

buffer treated cells (*P < 0.05, Student’s t-test; each data point represents mean ± SD; n=3). 
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Figure 6 
 
 

 
 
 
Figure 6. SYNTR treatment increases the expression and release of proinflammatory 

molecules in microglia. (a) BV2 cells were treated with 725 ng/mL of SYNTR or buffer for 24 

hours. Following treatment, the conditioned media were evaluated for TNF-α protein secretion 

using an ELISA. (N.D. indicates none detected; *P < 0.05, Student’s t-test; each data point 

represents mean ± SD; n=3). (b) Quantitative RT-PCR for IL1β was performed on cDNA from 

SYNTR and buffer treated cells. BV2 microglia treated with SYNTR had significantly higher 

expression of IL1β than buffer treated cells (*P < 0.05, Student’s t-test; each data point 

represents mean ± SD; n=3). Expression values were normalized to 18S rRNA as an internal 

control. Statistics were 

performed on ΔCt values.

BufferTR SYNTR
0

200

400

600

[ 
T

N
F

-!
 ]
 (
p

g
/m

l)

*

N
.D

. 

Treatment 

BufferTR SYNTR
0

10

20

30

IL
-1
!
 F

o
ld

 C
h

a
n

g
e

 (
a
rb

it
ra

ry
 u

n
it
s
)

Treatment 

*

a. b. 



 

 49 

Figure 7 

 

 
 
 
 

Figure 7. SYNTR induces NF-κB translocation to the nucleus in BV2 cells. (A) BV2 cells 

were stimulated with buffer or 725 ng/mL SYNTR for 24 followed by immunocytochemical 

analysis using anti-p65 NF-κB antibody (red) and DAPI nuclear counterstain (blue). Cells 

treated with SYNTR display nuclear localization of NF-κB while cells that were treated with 

buffer do not show any NF-κB staining (anti-p65 NF-κB antibody 1:1000, abcam). For 20x 

images scale bar= 50 µm and for 100x images scale bar= 10 µm. 
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Table 4. Gene expression changes following SYNTR treatment of BV2 microglia1 

Gene Expression following 
SYNTR treatment2 

 Fold difference3 
(compared to buffer) P-value 

TNFα NSD - 0.06 
NFκB NSD - 0.07 
TLR1 NSD - 0.07 
TLR2 Upregulated 3 0.03 
TLR3 Upregulated 3 0.04 
TLR4 NSD - 0.43 
TLR6 NSD - 0.48 
TLR7 Downregulated 1 0.04 
TLR9 NSD - 0.30 

MYD88 NSD - 0.85 
AIF1 (IBA-1) NSD - 0.25 

SCARB (CD36) NSD - 0.46  
1BV2 microglia were treated with 725 ng/mL SYNTR or buffer for 24 hours. 
2NSD indicates no significant difference in gene expression compared to buffer treated cells.  
3Fold difference = 2-ΔΔCt 
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Chapter IV:  
 Oligomeric α-synuclein-directed activation is MyD88 dependentc 

 
 
A. SYNTR activates primary microglia and increases antioxidant genes 
 
  In order to more closely recapitulate an in vivo system while still taking advantage of 

investigating the direct effects of misfolded α-synuclein on microglia we next performed 

stimulation experiments using primary microglial cultures derived from mouse cortices. Since 

microglia undergo characteristic morphological changes upon activation we assessed the 

morphology of our cultures following SYNTR treatment. Microglia were treated with 725 ng/mL 

of SYNTR or buffer for 24 hours followed by immunocytochemical analysis with the microglial 

marker Iba-1 to assess morphology. Cells treated with SYNTR displayed the characteristic 

amoeboid morphology of activated, phagocytic microglia (solid arrow) while buffer treated cells 

remained in a ramified state, typical of resting microglia (dashed arrow) with a few displaying 

thickened processes characteristic of activated but not phagocytic cells (Fig. 8). We also aimed 

to characterize the expression of proinflammatory molecules in primary microglia. Both TNF-α 

and IL-1β were significantly upregulated following 24 hours of SYNTR treatment (Table 5). 

                                                
c Adapted from the following: 
Beraud D, Twomey M, Bloom B, Mittereder A, Ton V, Neitzke K, Chasovskikh S, Mhyre TR, 
Maguire-Zeiss KA (2011) alpha-Synuclein Alters Toll-Like Receptor Expression. Front 
Neurosci 5:80  
 
Beraud D, Maguire-Zeiss KA (2012) Misfolded alpha-synuclein and Toll-like receptors: 
therapeutic targets for Parkinson's disease. Parkinsonism Relat Disord 18 Suppl 1:S17-20. 
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SYNTR treatment induced a 16-fold expression increase of TNF-α in and IL-1β expression was 

upregulated 240-fold. Taken together, these data establish that misfolded α-synuclein activates 

primary microglia and stimulates the production of classical proinflammatory molecules. 

 As with the BV2 cells previously discussed, we investigated whether exposure of 

microglia to misfolded α-synuclein elicited an antioxidant response in primary cells. Primary 

microglia were derived from reporter mice (Johnson et al., 2002, Johnson et al., 2008) that carry 

an Nrf2-directed antioxidant response element (ARE) coupled to the human placental alkaline 

phosphatase (hPLAP) gene. Therefore, production of hPLAP is indicative of an antioxidant 

response and affords the unique ability to visualize microglial responses to oxidative stressors. 

These cells were treated with SYNTR or buffer control and analyzed for hPLAP activity as a 

marker of an antioxidant response (Fig. 9). All treated cells had a subset of glia with phosphatase 

activity; however, the majority of microglia (74%) exposed to buffer maintained a ramified 

morphology with small cell bodies and long processes typical of non-activated microglia and had 

no phosphatase activity (Panels a and b solid arrow and quantified in Panel e). However, these 

buffer treated microglia also had a subset of cells that expressed hPLAP and displayed shorter, 

thickened processes, consistent with an activated but not phagocytic morphology (Panel b; 

dashed arrow and quantified in Panel e). In contrast, about half of the ARE microglia stimulated 

with SYNTR were stained and displayed a robust change in morphology to an amoeboid shape, 

consistent with microglia that are highly activated and/or phagocytic (Panels c and d; solid 

arrowheads and quantified in Panel e). Interestingly, some SYNTR treated cells displayed an 

activated morphology but remained unstained and therefore did not express hPLAP indicative of 

no antioxidant response in these cells (Fig 9d). 
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 Similar to BV2 cells, we have shown that misfolded α-synuclein activates primary 

microglia and increases the gene expression of multiple antioxidant enzymes. Next we asked 

whether primary microglia derived from C57/BL6 mouse cortices also demonstrate similar 

SYNTR-mediated changes in PRR gene expression. Primary microglia were treated with SYNTR 

for 24 hours and followed by qRT-PCR on the cDNA from these cells. Primary microglia 

stimulated with SYNTR had a significant upregulation in TLR1 (9-fold), TLR2 (7-fold), TLR3 (4-

fold), and TLR7 (1.4-fold) compared to buffer treated cells. TLR6 and TLR9 remained unchanged 

compared to buffer treated cells while TLR4 was downregulated almost 2-fold (Table 5). Gene 

expression of scavenger receptor, CD36, adaptor protein, MYD88, and p65 NF-κB were also 

upregulated compared to buffer treated cells. These data support and extend previous 

observations that α-synuclein directly activates primary microglia through a classical activation 

pathway which we now show includes modulation of TLR expression. Notably, the changes in 

gene expression observed here are somewhat different than the pattern seen in SYNTR stimulated 

BV-2s and is further discussed in Chapter V. 

 

B. Oligomeric SYNTR induces a complex pattern of microglia activation 

 We have previously demonstrated that SYNTR activated microglia upregulate TNF-α and 

IL-1β, and are linked to changes in TLR expression. However, our misfolded SYNTR is 

comprised of low molecular weight (LMW), monomeric α-synuclein as well as high molecular 

weight (HMW) oligomers and fibrils. As previously discussed, TLR engagement is dependent on 

PAMP and DAMP structure therefore, we examined if the individual LMW and HMW 

conformers of SYNTR elicited varying activation phenotypes in microglia. Purified recombinant 
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human wild-type α-synuclein was misfolded as previously described followed by separation into 

two fractions (LMW and HMW) via size exclusion using molecular weight cut off (MWCO) 

centrifugal concentrators. These SYNTR fractions were then characterized by western blot 

analysis and transmission electron microscopy (TEM) (Fig. 10). As shown in Figure 10a, 

following size exclusion centrifugation we isolated LMW and HMW fractions, which contained 

SDS-stable and SDS-soluble oligomers. Additionally, TEM images highlight the presence of α-

synuclein fibrils only in HMW SYNTR (Fig. 10b).  

 As discussed above, classically activated microglia adopt morphological changes as well 

as increase the release and expression of proinflammatory molecules such as TNF-α, and IL-1β. 

To investigate the effects of each SYNTR conformer on primary microglia, cells were treated 

with SYNTR as well as LMW SYNTR, HMW SYNTR (725 ng/mL) or buffer for 24 hours. Figure 

11a illustrates the prototypical amoeboid morphology, a shape consistent with highly activated 

phagocytic microglia in those cells stimulated with either HMW SYNTR or SYNTR. Cells 

exposed to LMW SYNTR remained in the resting morphology similar to buffer treated cells. 

Additionally, we examined HO-1 protein levels, as HO-1 is an Nrf2-regulated enzyme that is 

upregulated in BV2 cells treated with SYNTR and HO-1 is a potent antioxidant molecule. Lysates 

from LMW SYNTR, HMW SYNTR and buffer-treated primary microglia were analyzed by 

western blot for HO-1 levels. Here we demonstrate that HMW SYNTR treatment of primary 

microglia caused a significant upregulation of HO-1 protein (Fig. 11c & d). 

 To further characterize microglial activation in response to the individual fractions of 

SYNTR, we examined gene expression of TNF-α and IL-1β.  Similar to the morphological 

analysis, only cells stimulated with oligomeric, HMW SYNTR had a significant increase in TNFα 
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and IL1β gene expression compared to LMW SYNTR or buffer treated cells (Fig. 12a; *P ≤ 

0.05). We also assayed for the release of the proinflammatory mediator TNF-α. Twenty-four 

hours after HMW SYNTR treatment there was a significant, 100-fold increase in TNF-α protein 

released into the conditioned media (Fig. 12b; P ≤ 0.05) compared to LMW SYNTR treated 

microglia.  

 As previously discussed microglial activation is an intricate process involving 

proinflammatory, anti-inflammatory and oxidant signals in order to maintain cellular 

homeostasis. In order to fully characterize the effects of SYNTR on microglial activation we 

interrogated the gene expression levels of two molecules linked to alternative activation. Also, 

since LMW SYNTR treatment did not induce a classical activation pattern in microglia it may 

upregulate factors associated with alternative activation. Primary microglia were treated with 

buffer, LMW SYNTR or HMW SYNTR and the gene expression of arginase-1 (ARG-1) and 

interleukin-10 (IL-10) were quantified. Cells treated with HMW SYNTR had a significant 

increase in both ARG-1 (38-fold) and IL-10 (27-fold) expression levels compared to buffer or 

LMW SYNTR treated cells (Fig. 13).  This simultaneous upregulation of anti- and 

proinflammatory molecules in HMW SYNTR treated cells demonstrates the complex response of 

microglia to α-synuclein and supports our data that these effects may be structurally dependent. 

 Production of proinflamatory cytokines such as TNF-α and IL-1β require the 

translocation of NF-κB to the nucleus. Since the expression of both of these cytokines are 

increased with HMW SYNTR stimulation, we assessed NF-κB translocation in primary microglia 

following LMW and HMW SYNTR treatment. Primary microglia cells were treated with buffer, 

725 ng/mL LMW SYNTR or 725 ng/mL HMW SYNTR for 24 hours. Following treatment cell 
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lysates were separated into nuclear and cytoplasmic fractions and the amount of NF-κB protein 

was analyzed in each fraction via western blot (Fig. 14). Cells treated with HMW SYNTR and not 

cells treated with LMW SYNTR showed an increase in nuclear NF-κB levels. Histone 

deacetylase 2 (HDAC2) expression was used as a control to validate successful separation of the 

nuclear and cytoplasmic cellular fractions. 

 Since we have previously shown that TLR expression is upregulated in SYNTR-treated 

microglia, we next investigated the downstream ERK signaling pathway elicited in response to 

ligand binding of TLRs. Specifically, we examined the effect of each SYNTR conformer (LMW 

and HMW) on ERK phosphorylation in primary microglia (Fig. 15). Primary microglia cells 

were treated with buffer, LMW SYNTR (725 ng/mL), HMW SYNTR (725 ng/mL) or LPS (25 

ng/mL; positive activation control) for 5, 10 or 30 minutes,s then assayed for phosphorylated 

ERK (pERK) via western blot analysis (Fig. 15a). Cells treated with LPS or HMW SYNTR 

showed increased pERK protein levels first detected at 10 minutes and increasing by 30 minutes. 

Conversely, cells treated with either buffer or LMW SYNTR did not show any detectable pERK 

protein expression (Fig. 15a). We also sought to characterize the level of pERK protein 

expression and TNF-α release elicited by stimulation with a range of HMW SYNTR 

concentrations. Microglia were treated with 0.725 ng/mL to 725 ng/mL of HMW SYNTR for 30 

minutes (pERK; Fig. 15b) or 24 hours (TNF-α; Fig. 15c). Increased pERK levels were detected 

with 72.5 ng/mL and 725 ng/mL HMW SYNTR, however, TNF-α release was significantly 

increased compared to LMW SYNTR treatment with as little as 7.25 ng/mL of HMW SYNTR 

stimulation. The amount of TNF-α secreted following stimulation with 72.5 ng/mL of HMW 

SYNTR was not significantly different from cells treated with 725 ng/mL of HMW SYNTR (Figs. 
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15b and b; *P< 0.05), suggesting that the release of TNF-α is at the maximal level with at least 

72.5 ng/mL of HMW SYNTR treatment. Taken together, these data establish that HMW SYNTR 

and not LMW SYNTR mediates a complex pattern of microglia activation stimulating the 

production and release of classical proinflammatory as well as alternative activation and anti-

inflammatory molecules 

 

C. HMW SYNTR-mediated microglial activation is MyD88 dependent 

 We have established that HMW SYNTR directly activates microglia inducing the 

expression and release of proinflammatory molecules and the upregulation of phosphorylated 

ERK. Since microglial activation can be mediated through the engagement of DAMPs and is 

greatly affected by ligand structure we asked whether the expression of PRRs, such as TLRs was 

altered following exposure to LMW or HMW SYNTR. Primary microglia were treated with 

buffer, 725 ng/mL LMW SYNTR or 725 ng/mL HMW SYNTR, 24 hours later RNA was prepared 

and the change in gene expression for TLRs 1, 2 and 3 was quantified. Here, we show a 

significant upregulation of all TLRs assayed (of TLR1 8-fold, TLR2 2-flold and TLR3 2.5 fold) 

following treatment with HMW SYNTR compared to buffer or LMW SYNTR treated cells.  (Fig. 

16; *P< 0.05).   

 The majority of TLRs including, TLR1 and TLR2 are located on cell membrane where 

they can readily detect PAMPs and DAMPs in the surrounding microenvironment. Along with 

adaptor proteins such as, MyD88, binding of these TLRs initiates the downstream signaling of 

many proinflammatory responses. Following HMW SYNTR stimulation we have confirmed that: 

TLRs are upregulated, protein levels of pERK are increased and NF-κB is translocated to the 
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nucleus. Therefore, we sought to determine if this HMW SYNTR-mediated microglial activation 

was MyD88 dependent. First we established that we were able to detect MyD88 in our cells and 

examined if this protein increased following α-synuclein-mediated microglial activation. 

Primary microglia were treated with 72.5 ng/mL of LMW or HMW SYNTR or buffer control 

followed by western blot analysis of whole cell lysates. We were able to detect MyD88 in our 

cells; however, protein levels were unchanged following HMW SYNTR treatment (Fig. 17a). To 

determine if HMW SYNTR-mediated microglial activation is MyD88 dependent, primary 

microglia were pretreated with a MyD88 inhibitory peptide or control peptide for 24 hours 

followed by stimulation with PBS, 72.5 ng/mL LMW SYNTR, 72.5 ng/mL HMW SYNTR or 25 

ng/mL LPS for 30 minutes. We used lower concentrations of SYNTR as not to mask the effects of 

the inhibitor with robust stimulation. Following treatment, cell lysates were assayed for pERK 

via western blot analysis. Stimulation with LPS or HMW SYNTR significantly increased the 

amount of pERK protein levels and notably, pretreatment with the MyD88 inhibitor significantly 

decreased the amount of pERK expression in HMW SYNTR treated microglia (26% reduction). 

Surprisingly, MyD88 inhibitor pretreatment did not attenuate the level of pERK elicited in cells 

following LPS stimulation (Fig. 17b and c; *P< 0.05). To further characterize the effect of 

MyD88 inhibition on microglial activation, primary microglia were again pretreated with a 

MyD88 inhibitory peptide or control peptide for 24 hours followed by stimulation with PBS, 

LMW SYNTR, HMW SYNTR or LPS. Twenty-four hours following stimulation the conditioned 

media was collected and the amount of TNF-α into the media was quantified by ELISA. As with 

pERK protein expression, MyD88 inhibitor pretreatment also significantly attenuated the release 

of TNF-α in HMW SYNTR treated microglia (35% reduction). However, using this low dose, 
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LPS treatment (.025 ng/ mL) did not increase the level of TNF-α release above buffer treated 

cells pretreated with control peptide and therefore the effect of the inhibitor on LPS exposed 

cells could not be determined (Fig. 17d, *P< 0.05). These data support and extend previous 

observations that α-synuclein directly activates primary microglia through a classical activation 

pathway. More specifically it is the fibril-containing, HMW oligomers of α-synuclein that drive 

microglial activation and we show that this activation is partially MyD88 dependent. These 

results are consistent with the hypothesis that α-synuclein structure directs the microglial 

response. 

 
D. Summary and Discussion 
 
 We hypothesized that misfolded α-synuclein directly activates microglia via a MyD88-

dependent signaling pathway. The pattern of microglial activation induced by α-synuclein was 

conformer specific leading to a complex inflammatory profile with concomitant oxidative stress 

and upregulation of antioxidant molecules. Importantly, the structure of α-synuclein is 

significant since LMW, monomeric SYNTR exposure did not activate microglia as cells 

responded similar to those that received buffer treatment. However, HMW oligomeric SYNTR 

stimulation caused a robust proinflammatory response in microglia as LMW SYNTR induced 

changes no different than the buffer controls. As it relates to disease, pathogenic mutations of α-

synuclein have increased rates of self-assembly and fibrillization (Conway et al., 2000, Serpell et 

al., 2000, Greenbaum et al., 2005), fibrillar α-synuclein protein is a major component of Lewy 

bodies (Spillantini et al., 1997), and studies using α-synuclein transgenic models suggest that 

formation of fibrillar α-synuclein is associated with neuronal dysfunction/degeneration (Dawson 

et al., 2002, Moussa et al., 2004). Another more recent study by Gruden et al. found that in the 
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serum of PD patients a differential increase in autoantibody titers to α-synuclein fibrils was 

associated with boosted levels of the pro-inflammatory cytokine IL-6 and TNF-α demonstrating 

a role for fibrillar α-synuclein in the propagation of proinflammatory factors that in excess can 

be cytotoxic (Gruden et al., 2012).  

 The exact role activated microglia play in synucleinopathies is unclear as microglia are 

associated with both repair and toxicity. As discussed in the introduction and in two recent 

review articles, the term “activation” does not sufficiently catalog the complex functional and 

morphological changes microglia undergo when reacting to their microenvironment (Colton and 

Wilcock, 2010, Harry and Kraft, 2012) as it may relate to a pro- or anti-inflammatory cellular 

state.  

          Activated microglia are conventionally thought of as those glia with larger cell bodies and 

thicker, less-ramified processes that release proinflammatory cytokines such as TNF-α and IL-

1β, as well as molecules indicative of increased oxidative stress (e.g. NO). More recently, 

additional subclasses within the classical activation categorization have been proposed based on 

the expression of cytoactive factors that result in inflammotoxic-, excitotoxic- and redox-

mediated activation states, which further supports the idea that complex and intricate molecular 

interactions result from microglial activation (Colton and Wilcock, 2010). Microglia are also 

activated in an alternative pathway that promotes immunological resolution via the production of 

neurotrophic factors, anti-inflammatory cytokines (i.e., IL-10, IL-4), arginase I, matrix 

metalloproteinases and antioxidant response proteins (i.e., HO-1; reviewed in (Colton and 

Wilcock, 2010)). In the aforementioned studies we demonstrated that in addition to inciting a 

proinflammtory response, misfolded α-synucuclein also mediated the upregulation of Arg1 and 
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IL-10 indicative of an alternative activation response. The upregulation of these alternative 

activation genes may be an attempt to promote homeostasis, which is effective when microglia 

are not yet fully activated but fails when glia are driven to a robust classical activation state or 

with chronic proinflammatory signals.  

Additionally, in microglia derived from AREhPLAP transgenic reporter mice (Johnson et al., 

2002) we saw a significant increase of hPLAP staining in SYNTR stimulated microglia, 

indicative of an Nrf2 driven antioxidant response. Cellular responses to oxidative stress are 

complex and partially mediated through engagement of the Nrf2 transcription factor to its 

cognate DNA binding site (Johnson et al., 2008). Although mechanistic studies are needed to 

confirm that Nrf2-mediated responses are at play when α-synuclein is used to stimulate 

microglia in our model, one study showed that Nrf2-KO mice exposed to the nigrostriatal 

neurotoxicant, MPTP, have enhanced microgliosis with increased levels of proinflammatory 

markers and decreased expression of proteins associated with alternative activation, supporting a 

role for Nrf2 in modulating microglial activation states (Rojo et al., 2010).   

  We showed that α-synuclein containing high molecular weight SDS-stable species 

activate microglia in a classical proinflammatory activation pathway while at the same time 

upregulated genes associated with alternative activation.  In contrast, monomeric α-synuclein 

alone did not induce a proinflammatory response. As discussed above we have confirmed our 

previous findings regarding misfolded α-synuclein’s ability to stimulate microglia and extend 

our understanding of this activation by demonstrating a role for the TLR family of pattern 

recognition receptors. Taken together our results suggest a role for α-synuclein as a DAMP 
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capable of inducing inflammation. This work provides key knowledge for many mechanistic 

studies involving α-synuclein-directed microglial activation.  

 To begin to understand the mechanism(s) by which misfolded α-synuclein activates 

microglia we interrogated the downstream ERK signaling pathway elicited in response to ligand 

binding of TLRs. Specifically we assayed for the expression of pERK1/2 protein following 

microglial stimulation with LMW and HMW SYNTR and found that the expression of pERK1/2 

was significantly increased in cells stimulated with HMW SYNTR. These results comport with 

other studies that attemptted to understand the mechanisms involved in α-synuclein mediated 

microglial activation. Specifically, one study showed that injection of α-synuclein protofibrils 

into the substantia nigra of adult rats led to a profound activation of microglia and adjacent 

neuronal cell loss, which was attenuated by treatment with the MAP kinase inhibitor semapimod 

(Wilms et al., 2009). 

 We also demonstrated that following stimulation with misfolded α-synuclein p65 NF-κB 

was translocated to the nucleus of microglia. Importantly, with the exception of TLR3, the 

universal adaptor protein MyD88 is the common denominator for all TLRs, and it generates the 

production of proinflammatory cytokines via the activation of the transcription factor NF-κB by 

translocation to the nucleus and activation of MAPKs through phosphorylation (reviewed in 

(Kawai and Akira, 2010)). Therefore, since we have shown that HMW SYNTR activated 

microglia leading to the upregulation of proinflammatory factors such as TNF-α and IL-1β as 

well as increased expression of a number of TLRs, increased ERK activation and p65 NF-κB 

translocation we hypothesized that HMW SYNTR’s mechanism of action was MyD88-dependent. 

We employed a small molecule inhibitor of MyD88 function in order to determine if knocking 
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down MyD88’s ability to perpetuate a signal would attenuate SYNTR-directed microglial 

activation. As we hypothesized, misfolded α-synuclein directed microglilal activation is partially 

MyD88 dependent as pretreatment with the MyD88 inhibitor decreased pERK expression 

following HMW SYNTR stimulation by 26% and dereased TNF-α release by 35%. We further 

hypothesize that it is likely that SYNTR and TLRs directly interact which is the basis for the 

future directions of this work.  

  

 

 



 

 64 

 
Figure 8 

 
 

 
 
 
 
Figure 8. SYNTR induces morphological changes in primary microglia. Primary microglia 

were treated with 725 ng/mL SYNTR or buffer for 24 hours in 24-well plates at a density of 4 x 

104 cells/well. Cells were subsequently fixed and stained using anti-Iba-1 primary antibody 

(1:750, wako) followed by incubation with goat anti-rabbit fluorescent secondary antibody. 4 ,6 

diamidino-2-phenylindole (DAPI) was used to stain nuclei. The dashed arrow (buffer treated 

cells) points to a ramified microglial cell prototypic of a non-activated cell while the solid arrow 

(SYNTR treated cells) points to an amoeboid shaped cell, the typical morphology of classically 

activated microglia (n=3 wells per treatment group).  

 
 
 
 
 
 
 
 

Buffer SYNTR 
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Figure 9 
 

 
 
 
 
Figure 9. Exposure of primary microglia to SYNTR increases antioxidant expression. 

Primary microglia from ARE transgenic mice were plated at a density of 4 x 104 cell/well on 

glass coverslips. Cells were treated with buffer or 725 ng/mL of SYNTR for 24 hours followed by 

histochemical staining with BCIP/NBT (purple; BCIP/NBT, Vector labs) to detect hPLAP 

activity and nuclear red counterstained (pink). Microglia exposed to buffer (a, b) also exhibited 

the prototypic morphology of resting microglia (solid arrows; b) dashed arrow depicts microglia 

that were activated but not phagocytotic. In contrast, cells exposed to SYNTR displayed increased 

numbers of microglia with the characteristic amoeboid morphology of phagocytotic microglia 

compared to the other exposure paradigms (solid arrowheads; d). Microglia exposed to SYNTR 

had the greatest percentage of microglia expressing phosphatase activity with over 40% of the 

treated microglia activated, as demonstrated by thickened processes and amoeboid shape. (Scale 

bar for 10x (a and c) and 40x (b and d) images represent 200 µm and 50 µm respectively. Boxes 
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in panels A and C denote the area for 40x images B and D. (e) Cell counts were performed on 

nine random 20x images from each sample and categorized based on staining and morphology. 

Cells were considered inactivated/resting if they had thin and elongated morphology. Activated 

cells with thickened processes were categorized based on retraction and widening of processes. 

Cells were considered activated and phagocytic if they had a circular, amoeboid shape. Cells 

lacking phosphatase activity were classified as unstained. 
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Table 5. Gene expression changes following SYNTR treatment of Primary microglia1 

Gene Expression following 
SYNTR treatment2 

Fold difference3 
(compared to buffer) P-value 

TNFα Upregulated 16 0.001 
IL1β Upregulated 240 <0.001 
TLR1 Upregulated 9 0.002 
TLR2 Upregulated 7 0.002 
TLR3 Upregulated 4 < 0.001 
TLR4 Downregulated 1.7 0.049 
TLR6 NSD - 0.072 
TLR7 Upregulated 1.4 0.014 
TLR9 NSD - 0.264 

MYD88 Upregulated 3 0.011 
NFκB Upregulated 3 0.002 

AIF1 (IBA-1) Upregulated 5 0.002 
SCARB (CD36) Downregulated 1.5 0.028 

 
1Primary microglia were treated with 725 ng/mL SYNTR or buffer for 24 hours. 
2NSD indicates no significant difference in gene expression compared to buffer treated cells. 
3Fold difference = 2-ΔΔCt 
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Figure 10 
 

 
 
 
 
Figure 10. Characterization of separated SYNTR fractions. (a) Representative α-synuclein 

western blots (anti-α-synuclein antibody 1:1000, BD biosciences) of misfolded α-synuclein 

under denaturing or native conditions. Purified human recombinant α-synuclein was incubated at 

37°C with 1,000 rpm rotation for five days to induce misfolding (SYNTR). Misfolded SYNTR was 

then separated into high molecular weight (HMW SYNTR) and low molecular weight (LMW 

SYNTR) fractions using MWCO concentrators. (b) Representative transmission electron 

microscopy images of LMW and HMW SYNTR fractions. Ten microliters of α-synuclein was 

placed on carbon formavor coated 300 mesh copper grids (Electron Microscopy Sciences). 

Samples were allowed to adhere to each grid for 20 minutes followed by staining with 2% uranyl 
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acetate for two minutes. Grids were imaged using a Sciences Hitachi H-7600 W filament 

transmission electron microscope with a Hammamatsu Orca-HR CCD camera. Arrows depict 

fibrils found in HMW SYNTR (image magnification = 75K; scale bar = 100 nm; n=3 

grids/sample). 
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Figure 11 
 
 

 
 
Figure 11. HMW SYNTR activates microglia and increases expression of antioxidant 

enzyme HO-1. (a) Primary microglia were plated on glass coverslips at a density of 4x 104 

cells/well in 24-well plates and treated with buffer 725 ng/mL of misfolded SYNTR, LMW 

SYNTR or HMW SYNTR for 24 hours. Following treatment cells were fixed and immunostained 

with microglial marker Iba-1 (red; 1:750 Wako) and DAPI nuclear counterstain (blue). Cells 

treated with buffer or LMW SYNTR display prototypical ramified morphology of resting 

microglia while cells treated with SYNTR or HMW SYNTR display the characteristic amoeboid 

shape of activated microglia; scale bar = 20 µm) (b) Representative HO-1 western blot analysis. 

Primary microglia were plated at a density of 1 x 105 cells/well in 24-well plates and treated 

with 72.5 ng/mL of LMW SYNTR, HMW SYNTR or buffer control for 24 hours. Protein lysates 

were prepared and 5 µg of each were subjected to 4-20% SDS-polyacrylamide gel 
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electrophoresis and immunoblotted for HO-1 (~32 kDa; 1:1000, Abcam). Blots were re-probed 

for α-tubulin (~50 kDa; 1:1000, Abcam) as a loading control and immunocomplexes were 

quantified by densitometric analysis in (c). The HO-1 signal was normalized to the loading 

control. Cells treated with HMW SYNTR had significantly higher levels of HO-1 expression 

compared to buffer or LMW SYNTR treated cells (*p<0.05, one-way ANOVA followed by 

Student’s t-test; n=3). 
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Figure 12 
 

 
 
Figure 12. (a) HMW SYNTR increases the expression and release of proinflammatory 

cytokines. Microglia were plated at a density of 1 x 105 cells/well in 24-well plates. Quantitative 

RT-PCR for TNFα and IL1β was performed on cDNA from buffer or SYNTR treated (24 hours) 

primary microglia. Expression values were normalized to GAPDH as an internal control. Cells 

stimulated with HMW SYNTR (725 ng/mL) had a significantly higher expression of TNFa and 

IL1β compared to buffer or LMW SYNTR treated cells. Statistics were performed on ΔCt values 
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(*P< 0.05, one-way ANOVA followed by Student’s t-test; n=3). (b) Primary microglia were 

plated at a density of 1 x 105 cells/well in 24-well plates and treated with buffer, LMW SYNTR 

(725 ng/mL) or HMW SYNTR (725 ng/mL) for 24 hours. Following treatment, TNF-α was 

quantified from the conditioned media and found to be significantly increased compared to 

buffer treated cells (*P < 0.05, one-way ANOVA followed by Student’s t-test;  n=3). 
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Figure 13 
 

 
 
 
Figure 13. SYNTR stimulation induces alternative activation in primary microglia. 
 
 Microglia were plated at a density of 1 x 105 cells/well in 24-well plates and quantitative RT-

PCR for alternative activation genes, arginase 1 (Arg1) and interleukin 10 (IL10) was performed 

on cDNA from buffer, LMW SYNTR and HMW SYNTR (725 ng/mL for 24 hours) treated 

primary microglia. Expression values were normalized to GAPDH as an internal control. Cells 

treated with HMW SYNTR had a significantly higher expression of ARG1 (38-fold) and IL10 (27-

fold) compared to buffer treated cells. Statistics were performed on ΔCt values (*P < 0.05, one-

way ANOVA followed by Student’s t-test; n=3). 
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Figure 14 

 
 
 
 
Figure 14. NF-κB translocates to the nucleus in primary microglia following HMW SYNTR 

stimulation. Primary microglia were plated at a density of 1 x 106 cells/ 60 mm dish in 5 mL of 

DMEM supplemented with 5% (v/v) FBS and allowed to adhere overnight. Cells were then 

treated for 24 hours buffer, LMW SYNTR or HMW SYNTR (725 ng/mL) and subjected to 

subcellular fractionation using NE-PER nuclear and cytoplasmic extraction reagents according to 

manufacturer’s instructions (Thermo Fisher Scientific). Thirty micrograms of each fractionated 

cell lysate was separated by polyacrylamide Tris-glycine gel electrophoresis (4-20%), transferred 

to PVDF membranes and probed with an anti-p65 NF-κB antibody (1:1000, Abcam). Immune 

complexes were visualized on film following incubation with the HRP-conjugated goat anti-

rabbit 2° antibody (1:2000; Chemicon) and Super Signal West Pico Chemiluminescent Substrate 

(Thermo Fisher Scientific). Membranes were reprobed with an anti-HDAC 2 antibody (1:1000, 

Cell Signaling Technology) to confirm successful subcellular fractionation. Cells treated with 
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HMW SYNTR show increased p65 NF-κB expression in the nuclear cell fraction compared to 

cells treated with buffer or LMW SYNTR. 
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Figure 15 

 
 
 
Figure 15. HMW SYNTR induces ERK activation and TNF-α  release in a time and dose 

dependent manner. (a) Primary microglia were plated at a density of 1 x 105 cells/well in 24-

well plates and treated with buffer, LMW SYNTR (725 ng/mL), HMW SYNTR (725 ng/mL) or 

LPS (25 ng/mL; positive activation control) for 5, 10 or 30 mintes. Protein lysates were then 

prepared and 5 µg of each were subjected to 4-20% SDS-polyacrylamide gel electrophoresis and 
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immunoblotted for phosphorylated ERK (pERK; 1:1000, Cell Signaling Technology). Blots 

were re-probed for total ERK protein as a loading control (1:1000, Cell Signaling Technology). 

LMW SYNTR treatment did not elicit ERK activation however, pERK was first detected at 10 

minutes and was maximal at 30 minutes in cells stimulated with HMW SYNTR or LPS. (b) 

Representative western blot of primary microglia treated with LMW SYNTR (725 ng/mL) and a 

range of HMW SYNTR concentrations (0.725 ng/mL to 725 ng/mL) for 30 minutes. Lysates (5 

µg) were run on 4-20% SDS-polyacrylamide gel electrophoresis and immunoblotted for pERK 

followed by reprobing for total ERK protein as a loading control. pERK was only be detected 

from cells stimulated with 72.5 ng/mL or more of HMW SYNTR. (c) Primary microglia were 

plated at a density of 1 x 105 cells/well in 24-well plates and treated with 725 ng/mL LMW 

SYNTR or 7.25 to 725 ng/mL of HMW SYNTR for 24 hours. Following treatment, the 

conditioned media was evaluated for TNF-α protein secretion using an ELISA Cells treated with 

HMW SYNTR at all concentrations released significantly more TNF-α than LMW SYNTR treated 

microglia (N.D. denotes none detected; *P < 0.05, one-way ANOVA followed by Student’s t-

test; n=3). 
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Figure 16 
 

 
 
Figure 16. HMW SYNTR increases TLR expression in microglia. Primary microglia were 

plated at a density of 1 x 105 cells/well in 24-well plates. Quantitative RT-PCR for TLRs 1, 2 and 

3 was performed on cDNA from buffer, LMW SYNTR and HMW SYNTR treated primary 

microglia (725 ng/mL for 24 hours). Cells treated with HMW SYNTR had a significantly higher 

expression of TLR1 (8-fold), TLR2 (2-flold) and TLR3 (2.5 fold) compared to buffer treated cells 

(*P < 0.05, one-way ANOVA followed by Student’s t-test; n=3). Expression values were 

normalized to GAPDH as an internal control. Statistics were performed on ΔCt values. 
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Figure 17 
 

 
 

 

Figure 17. MyD88 inhibition attenuates HMW SYNTR induced activation. (a) Primary 

microglia were plated at a density of 1 x 105 cells/well in 24-well plates and treated with buffer, 

LMW SYNTR (72.5 ng/mL) or HMW SYNTR (72.5 ng/mL) for 24 hours. Protein lysates were 

then prepared and 5 µg of each were subjected to 4-20% SDS-polyacrylamide gel electrophoresis 

and immunoblotted for MyD88 (1:1000, Abcam). Blots were re-probed for GAPDH (1:1000, 

Abcam) as a loading control.  (b) Primary microglia were pretreated with a MYD88 inhibitory 

peptide (200 µM) or control peptide (200 µM) for 24 hours followed by stimulation with PBS, 
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LMW SYNTR (72.5 ng/mL), HMW SYNTR (72.5 ng/mL) or LPS (25 ng/mL) for 30 minutes. 

Five micrograms of each protein lysate was subjected to 4-20% SDS-polyacrylamide gel 

electrophoresis and immunoblotted for phosphorylated ERK (pERK; 1:1000, Cell Signaling 

Technology). Blots were re-probed for total ERK protein as a loading control (1:1000, Cell 

Signaling Technology). Immunocomplexes were quantified by densitometric analysis (c) and 

normalized to the loading control. HMW SYNTR induces ERK activation (Control peptide + 

HMW SYNTR), which is significantly diminished upon pretreatment with an MYD88 inhibitory 

peptide (Inhibitor + HMW SYNTR; *P< 0.05, one-way ANOVA followed by Student’s t-test; 

n=2). (d) Primary microglia were pretreated with MYD88 inhibitory peptide (200 µM) or control 

peptide (200 µM) for 24 hours followed by stimulation with PBS, LMW SYNTR (72.5 ng/mL), 

HMW SYNTR (72.5 ng/mL) or LPS (0.025 ng/mL) for 24 hours. Following treatment, the 

conditioned media was evaluated for TNF-α protein secretion using an ELISA. Cells treated with 

HMW SYNTR (Control + HMW SYNTR) released significantly more TNF-α than LMW SYNTR 

treated cells and this secretion was significantly attenuated upon pretreatment with an MYD88 

inhibitory peptide (Inhibitor + HMW SYNTR; *P < 0.05, one-way ANOVA followed by 

Student’s t-test; n=2).  
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Chapter V: Overall discussion 
 

 In the body of work presented in the previous chapters, we hypothesized that misfolded 

α-synuclein activates microglia in a manner that is specific to the α-synuclein conformation and 

proposed that this activation is elicited via a signaling cascade that is MyD88 dependent. We 

showed that both a microglial cell line (BV2) and primary microglia are activated by misfolded 

α-synuclein via a signaling cascade(s) that increases TNF-α expression and release, ERK 

phosphorylation and p65 NF-κB nuclear translocation.  These proinflammatory responses to α-

synuclein stimulation are also accompanied by increased oxidative stress as evidenced by NO 

secretion, upregulation of NOX1 and recruitment of antioxidant enzymes. The novelty of this 

work is that we showed for the first time a role for TLRs in α-synuclein mediated microglial 

activation and we demonstrated that the structure of α-synuclein is critical for inducing 

microglial activation as HMW but not LMW α-synuclein was able to stimulate cells. Since the 

initial publication of our work a number of studies have investigated α-synuclein mediated 

microglial activation and the role of TLRs in propagating proinflammatory signals. Some of 

these studies support our data while others report conflicting results. These studies will be 

discussed in this chapter in the context of our experiments in addition to a survey of outstanding 

questions regarding α-synuclein-driven microglial activation.     

 

Is α-synuclein available to activate microglia? 

 For each of our stimulation experiments, recombinant human α-synuclein was applied 

exogenously to microglial cells to investigate various aspects of an inflammatory response, (e.g., 

TNF-α release, NO secretion, ERK activation, etc). The question of whether α-synuclein is 
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released from brain cells and available in the surrounding milieu to activate microglia needs to 

be addressed in order to underscore the pathological relevance of our studies. α-Synuclein has 

long be thought of as an intracellular and membrane bound protein, as it lacks a signaling 

sequence that would direct it to the secretory pathway. However, with later studies that 

highlighted the presence of α-synuclein in biological fluids such as CSF and blood plasma of 

both synucleinopathy patients and normal subjects, investigators have begun to look at the 

possibility that α-synuclein is in fact trafficked outside of cells (El-Agnaf et al., 2003, Lee et al., 

2006b, Tokuda et al., 2006). α-Synuclein was shown to be secreted into the culture medium in 

various cell lines overexpressing this protein (El-Agnaf et al., 2003, Lee et al., 2005b, Sung et 

al., 2005, Su et al., 2008). In Appendix A, we also confirmed that conditioned medium from 

MN9D cells that overexpress human α-synuclein contain this protein. Moreover, secretion of 

endogenous α-synuclein from rat embryonic cortical neurons was also demonstrated by another 

group (Lee et al., 2005b).  

 Although, the mechanisms of α-synuclein secretion are not fully understood, one group 

showed that α-synuclein was secreted by non-classical, ER/golgi-independent protein export 

pathway (Lee et al., 2005b). Hasegawa and colleagues showed that in neuronal cells α-synuclein 

was present in endosomal compartments, and that α-synuclein secretion and lysosomal targeting 

was regulated by vacuolar protein sorting 4. It was also suggested that the recycling pathway 

regulated by Rab11 has functional relevance in α-synuclein secretion (Hasegawa et al., 2011). 

Researchers also showed that the release of α-synuclein is upregulated under cellular stress 

conditions. For example, Jang et al. demonstrate increased α-synuclein release following 

conditions where oxidative protein damage is promoted or degradation of misfolded proteins is 
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inhibited (Jang et al., 2010). Moreover, Alvarez-Erviti and colleagues demonstrated that cellular 

stress was important for α-synuclein secretion as exosomal α-synuclein release was found to be 

increased upon lysosomal dysfunction (Alvarez-Erviti et al., 2011). In another study, 

cytoplasmic calcium increased the secretion of α-synuclein via exosomes, demonstrating that α-

synuclein release may be regulated by neural activity (Emmanouilidou et al., 2010). While the 

studies discussed above provide strong evidence that α-synuclein is released from cells through 

mechanisms that, to date, are not fully understood, of equal importance is ascertaining the 

structure of the released α-synuclein. 

 

What form(s) of α-synuclein is released from cells? 

 While only a few studies have investigated the structural conformation of α-synuclein 

that is released from cells, there is evidence to suggest that α-synuclein misfolding and 

aggregation facilitate its release from neuronal cells. Both monomeric and aggregated forms of 

α-synuclein are secreted from neurons (Lee et al., 2005b, Danzer et al., 2011). Lee et al. also 

demonstrated that overexpression of α-synuclein in SH-SY5Y cells, resulted in localization of 

this protein to large dense core vesicles. Interestingly, it was shown that the intravesicular 

fraction of α-synuclein was more prone to aggregation compared with cytosolic α-synuclein 

protein (Lee et al., 2005b). A subsequent study demonstrated that DA induced α-synuclein 

aggregation in the vesicle fraction of SH-SY5Y cells and also increased α-synuclein secretion 

levels in these cells (Lee et al., 2011). Additionally, our studies show released α-synuclein 

monomers and SDS-stable oligomers in the conditioned media of MN9D dopaminergic cells 

overexpressing α-synuclein (Appendix A). Further studies are needed to better understand what 
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conformers of α-synuclein are secreted from cells and found in the extracellular space available 

to interact with other neurons and cells types such as microglia.   

 

Can α-synuclein serve as a ligand for a TLR(s)? 

 As discussed above α-synuclein can be released from neurons in an activity dependent 

manner and from cultured cells that overexpress this protein (Lee et al., 2005a, Su et al., 2008, 

Emmanouilidou et al., 2010, Jang et al., 2010, Lee et al., 2010). Additionally, α-synuclein is 

localized to the cell membranes where it would be in juxtaposition to activate surveying 

microglia (McLean et al., 2000, Tsigelny et al., 2008a, Feng et al., 2010b). In chapter I we 

discussed the importance of TLRs in propagating inflammatory signals in microglia and in 

chapters III and IV we showed the upregulation of TLR2 and TLR3 (Table 3) in BV2 cells and 

the TLR1, TLR2, TLR3 and TLR7 (Table 4) in primary microglia following stimulation with 

SYNTR. We also demonstrated that TLR1, TLR2 and TLR3 were upregulated in response to 

treatment with HMW SYNTR and not the LMW conformer (Fig. 14). Therefore, an important 

question borne out of this data is; can oligomeric α-synuclein function as a DAMP, signaling 

through one or more TLRs?  

 Seong and Matzinger argue that due to its hydrophobic nature, fibrillar α-synuclein may 

bind directly to TLRs since molecules with high hydrophobicity have been shown to contribute 

to proinflammatory events through interaction with TLRs (Seong and Matzinger, 2004). 

Additionally, Lee et al. have shown that fibrillar α-synuclein, once internalized, is trafficked 

along the endosomal pathway before it is eventually degraded in the lysosome (Lee et al., 2008). 
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Therefore, it is conceivable that α-synuclein is available to directly bind both TLRs on the 

surface of microglia and as well as those expressed on endosomes.  

 Recently, Fellner et al. posited that TLR4 is required for α-synuclein dependent 

activation of microglia. They used purified primary wild type and TLR4 deficient murine 

microglial cell cultures. These cultures were treated with recombinant human α-synuclein and 

NF-κB nuclear translocation, cytokine release, and ROS production were measured. They 

showed that TLR4 partially mediated α-synuclein-induced microglial activation. Cells derived 

from knockout animals showed a decrease in the readouts for activation following α-synuclein 

treatment compared to wild-type cells (Fellner et al., 2013). Conversely, Kim and colleagues 

assert that TLR2 is necessary for α-synuclein-driven microglial activation and that, in fact, TLR4 

does not play a role (Kim et al., 2013). They demonstrated that activation of TLR2 by α-

synuclein is highly sensitive to the conformation of the protein; the oligomer preparation that 

activated TLR2 was comprised of a β-sheet-rich conformation. Additionally, purely monomeric 

and solely fibrillar α-synuclein did not activate TLR2. Moreover, treating microglia from TLR4 

knockout mice did not have any effect on the α-synuclein-induced microglial activation. 

However, microglia from TLR2 knockout mice or treating non-transgenic mice with TLR2 

functional blocking antibodies completely terminated microglial activation. Likewise, in our 

studies TLR4 expression is either unchanged (BV2) or downregulated (PMG) following 

stimulation with SYNTR.  These conflicting results regarding which TLRs are involved in α-

synuclein-mediated activation are likely due to differences in the α-synuclein structures used as 

stimulation across different studies. Therefore, as addressed above, elucidation of the structure(s) 

of α-synuclein that is secreted from cells and available to activate microglia is critical if we are 
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to understand the mechanism of α-synuclein-mediated microglial activation. The studies of Kim 

et al. employed oligomeric α-synuclein that was released from cells as opposed to purified 

human recombinant α-synuclein (Kim et al., 2013). This is a strength of their study that Fellner 

et al. and we lack. We have, however, previously performed preliminary experiments using α-

synuclein released into the conditioned media from a dopamingergic cell line (MN9D cells) that 

overexpresses α-synuclein. In Appendix A, we showed that treating cells with the α-synuclein 

containing conditioned media did in fact increase IL-1β expression in microglia. 

 Future studies aimed at investigating how α-synuclein and TLRs might directly interact 

are necessary. The use of methods such as X-ray crystallography, co-immunoprecipitation and 

immuno-EM may aid in our knowledge of the association between the conformer of α-synuclein 

functioning as a ligand and a specific TLR. Better understanding of the mechanism(s) underlying 

α-synuclein-directed microglial activation and the role of TLRs would allow for possible 

development of anti-inflammatory therapies for synucleinopathies that act through TLR 

antagonism (Beraud and Maguire-Zeiss, 2012, Beraud et al., 2013).  

 

What are possible therapeutic approaches to attenuate α-synuclein-mediated microglial 

activation?  

 Our study as well as those discussed above suggest that eliminating the interaction 

between oligomeric α-synuclein and TLRs would dampen inflammatory responses in the brain, 

and therefore may be applicable to therapy. This can be accomplished in a number of different 

ways. For example removal of α-synuclein from the extracellular space might decrease 

deleterious inflammatory processes by sequestering α-synuclein away from microglia. One 
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possible approach is immunotherapy against α-synuclein. Masliah’s group demonstrated that 

immunization against α-synuclein reduced the accumulation of aggregated α-synuclein and 

neurodegeneration in transgenic mice overexpressing α-synuclein (Masliah et al., 2005). More 

recently researchers have been developing antibodies that recognize the purportedly toxic forms 

of α-synuclein. For example, Fagerqvist and colleagues generated two monoclonal antibodies 

that recognize oligomeric α-synuclein and thus have the potential to be used in immunotherapy 

(Fagerqvist et al., 2013).  

 Another method to decrease α-synuclein-induced microglial activation is to stabilize this 

protein in a conformation that does not activate microglia. Since we and others have shown that 

it is aggregated α-synuclein that activates microglia (Zhang et al., 2005, Beraud et al., 2011, 

Beraud and Maguire-Zeiss, 2012, Beraud et al., 2013, Kim et al., 2013), one possible 

intervention strategy might be to interfere with α-synuclein aggregation all together. As 

presented in Chapter I, α-synuclein was recently suggested to exist, physiologically, as a folded 

tetramer (Bartels et al., 2011). Moreover, it was shown that the tetrameric form of α-synuclein 

did not have a propensity to aggregate. Therefore, stabilizing the native conformation might 

prevent misfolding. Small molecules aimed at retaining the functional tetrameric structure of 

oligomeric proteins hold great potential and are currently being investigated (Petrassi et al., 

2005, Wiseman et al., 2005).  

 In addition to interfering with the association of α-synuclein and TLRs on the α-

synuclein end, therapies can also be aimed at blocking TLRs or members of the TLR signaling 

cascade. Kim et al. demonstrated that treatment of microglial cultures with a blocking antibody 

against TLR2 resulted in elimination of α-synuclein-induced cytokine gene expression (Kim et 
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al., 2013). Since α-synuclein may induce an inflammatory signal via more than one TLR, 

targeting MyD88, an adaptor protein used by all but 1 TLR would serve as a promising therapy. 

We demonstrated that microglial activation is decreased in primary microglia pretreated with a 

small molecule MyD88 inhibitor (Fig. 15). A limitation of our study is that we were unable to 

completely abolish microglial activation and saw a 26% decrease in pERK and a 35% decrease 

in TNF-α secretion following stimulation with HMW α-synuclein.  Future studies with 

alterations in the inhibitor concentration and stimulation timecourse are needed to optimize these 

experiments. Work using this Myd88 inhibitor and one for TIRAP is continuing in the Maguire-

Zeiss lab. They have been able to decrease microglial activation by up to 40% in primary 

microglial cultures stimulated with oligomeric α-synuclein.  

 Our study expands the scope of pathogenic functions that oligomeric α-synuclein is able 

to play by demonstrating that it is a potent stimulator of microglia. We hypothesized that α-

synuclein-induced microglial activation would be conformer specific and propagated along a 

MyD88 dependent signaling pathway. The studies detailed in this dissertation support our 

hypotheses by showing that α-synuclein oligomers and not monomers, through activation of a 

MyD88 dependent pathway, are inducers of microglial activation. This body of work supports 

the idea that oligomeric α-synuclein and TLRs are important therapeutic targets for 

synucleinopathies. 
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Appendix A: Cellular released α-synuclein and microglial activation 

 
 

Oligomeric cellular-released α-synuclein activates microglia 

 In order to investigate the characteristics of released α-synuclein we utilized MN9Dsyn 

cells, an immortalized dopaminergic cell line that contains an integrated transgene allowing 

doxycycline (Dox) regulated human wildtype α-synuclein expression (Choi et al., 1991, 

Strathdee et al., 1999, Feng et al., 2010a). α-Synuclein expression was induced in MN9Dsyn 

cells for a total of 72 hours followed by collection of the conditioned media from the last 24 

hours of α-synuclein induction. Figure A1a depicts an α-synuclein western blot of MN9Dsyn 

conditioned media that contained oligomeric and monomeric conformers of the protein, much 

like our previously misfolded α-synuclein (Fig. 3). In order to obtain separate molecular weight 

fractions of α-synuclein, we sequestered the monomeric conformer of released α-synuclein from 

the oligomeric fractions using molecular weight cut-off (MWCO) concentrators. The conditioned 

media was placed in 150 kDa MWCO concentrators and separated by centrifugation followed by 

western blot analysis under denaturing conditions (Fig. A1b). This method allowed for the 

oligomeric fraction of released α-synuclein and the monomeric fraction to be studied 

independently with regard to microglial activation. Primary microglia were treated with 

MN9Dsyn conditioned media containing either conformer of released α-synuclein as well as 

conditioned MN9Dsyn media containing no α-synuclein (-Dox) for 24 hours. Using qRT-PCR 

we determined that the gene expression of IL1β, a prototypical proinflammatory mediator, was 

increased in cells stimulated with conditioned media containing oligomeric α-synuclein (+Dox 
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conc; *P< 0.05; Fig. A1c). Microglia treated with monmeric α-synuclein produced in cells 

(+Dox flo thru) was not significantly different from –Dox (no α-synuclein) treated cells (Fig. 

A1c). However, concentrated media with and without α-synuclein significantly increased the 

release of TNF-α release following treatment for 24 hours.  

 
Discussion 
 
  
 We demonstrated that cellular released α-synuclein activated microglia and that this 

activation was conformer specific since monomeric α-synucein did not activate a 

proinflammatory response in cells. As discussed in Chapter V, there is evidence to suggest that 

α-synuclein misfolding and aggregation facilitate its release from neuronal cells and both 

monomeric and aggregated forms of α-synuclein are secreted from neurons (Lee et al., 2005b, 

Danzer et al., 2011). One group showed that TLR2 dependent activation of microglia was based 

on the conformation of a-synuclein used to treat cells. Similar to our results, they found that 

monomeric α-synuclein released from cells did not activate microglia (Kim et al., 2013). These 

studies underscore the importance of determining the conformation of α-synuclein that is 

physiologically released from cells in order to better understand its ability to activate microglia. 
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Figure A1 
 

  
Figure A1. Cellular released oligomeric α-synuclein activates microglia. 

(a) α-Synuclein western blot of MN9Dsyn conditioned media. Administration of doxycycline 

(+Dox) induces robust monomeric and oligomeric α-synuclein release compared to uninduced 

MN9Dsyn cells (-Dox). (b) α-Synuclein western blot of MN9Dsyn cell conditioned media 

following α-synuclein induction (+Dox) and molecular weight cut-off (MWCO) concentration. 

Media was concentrated using 150 kDa MWCO centrifugal concentrators to separate the high 
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molecular weight α-synuclein oligomers (+Dox conc) from monomeric α-synuclein (+Dox flo 

thru). (c) IL1β expression in primary microglia was assayed following α-synuclein-containing 

media treatment. Cells that were treated with media containing oligomeric α-synuclein have 

significantly greater IL1β expression compared to cells treated in the absence of SYN (-Dox 

conditions) or in the presence of monomeric α-synuclein (+Dox flo thru; *P<0.05; n=3). 

(d)TNF-α release following treatment with separated conditioned media was quantified by 

ELISA. A significant increase in TNF-α was found in cells treated with concentrated media 

(+Dox conc and –Dox conc; *P<0.05; n=3).  
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Appendix B: Localization of α-synuclein 
 

 
We sought to determine the localization of α-synuclein following microglial stimulation. 

Our previous data demonstrated an increase in TLR expression and NF-κB translocation to the 

nucleus after SYNTR treatment, therefore we investigated if α-synuclein was maintained at the 

surface of the cell where it may serve as a ligand for TLRs. BV-2 microglia were treated with 

100 nM to 1 µM of SYNTR or buffer for 2 hours followed by isolation of cell surface membrane 

proteins using a biotin/avidin cell surface protein isolation kit.  Cell surface proteins were 

analyzed for α-synuclein via western blot with an anti-α-synuclein antibody. Blots were 

reprobed with an anti-TLR2 antibody to confirm the isolation of the membrane fraction and 

determine the effect a short time period of stimulation has on the amount of TLR2 expressed in 

these cells. α-Synuclein was detected in the isolated cell surface membrane protein fraction at all 

concentrations of treatment and the level of TLR2 remained constant in all treatment groups. 

(Fig. B1).  

To gain a better understanding of conformer specific α-synuclein localization in 

stimulated microglia, primary microglia were treated with each of the separated conformers of 

SYNTR. Western blot analysis of whole cells lysates from primary microglia treated with 72.5 

ng/mL of HMW SYNTR, LMW SYNTR or buffer for 24 hours showed significantly more α-

synuclein in HMW SYNTR treated cells than those treated with LMW SYNTR or buffer (Fig. B2 

right panel; *P< 0.05). Additionally, no monomeric α-synuclein was detected in these cell 

lysates, suggesting that monomeric α-syuclein is not taken up by these microglia or that once it 

enters the cell is it misfolded into higher-order structures or trafficked out.  
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Discussion 

 These data demonstrate that α-synuclein associates with the cell membrane of microglia 

and is taken up by these cells. Other studies looking at neurons have also shown that α-synuclein 

is localized to the cell membranes where it can interact with TLRs (McLean et al., 2000, 

Tsigelny et al., 2008a, Feng et al., 2010b). As discussed above, TLR2 expression is upregulated 

in microglia following stimulation with α-synuclein for 24 hours. At this short 2-hour time point 

we did not observe an increase in TLR2 protein in treated microglia. Interestingly, Kim et al. 

demonstrated that TLR2 localized with internalized α-synuclein in microglia and this 

internalization was significantly reduced in TLR2 knockout mice (Kim et al., 2013). Our data 

suggests that α-synuclein internalization is dependent on protein structure. BV2 cells treated 

with LMW SYNTR contained significantly less α-synuclein than those treated with HMW SYNTR 

for 24 hours. Moreover, monomeric α-synuclein was not found in treated cells, indicating it is 

not taken up or is readily trafficked out of cells. Another possibility is that once internalized, 

monomeric α-synuclein can misfold into higher order structures.  
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Figure B1 

 
 

 

Figure B1. α-Synuclein is found at the microglial cell surface following stimulation. BV2 

microglia were treated with buffer or 3.8 µg/mL to 38 µg/mL of SYNTR for two hours. Following 

treatment biotinylation of cell surface membrane proteins was performed and cell surface proteins 

were then purified using NeutrAvidin Agarose Resin (ThermoFisher). Purified cell surface 

membrane proteins were subjected to 4-20% SDS- polyacrylamide gel electrophoresis and 

immunoblotted for α-synuclein. Blots were re-probed for TLR2. 
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Figure B2 
 
 

 
 

Figure B2. Oligomeric α-synuclein is found in microglia cell lysates following stimulation. 

Primary microglia were treated with 72.5 ng/mL of HMW SYNTR, LMW SYNTR or buffer for 24 

hours. (a) Following treatment, mRIPA protein lysates were prepared and subjected to 4-20% 

SDS-polyacrylamide gel electrophoresis and immunoblotted for α-synuclein. Blots were re-

probed for GAPDH as a loading control. Only oligomeric α-synuclein was detected in cells. (b) 

Immunocomplexes were quantified by densitometric analysis and the α-synuclein signal was 

normalized to GAPDH loading control. Cells treated with HMW SYNTR had significantly higher 

levels of α-synuclein expression compared to buffer or LMW SYNTR treated cells (*p<0.05; 

n=2).  
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Appendix C: Experiments relating to additional forms of misfolded α-synucleind 
 
 
 Characterization of misfolded α-synuclein  

 

In Chapter III, we demonstrated that misfolded α-synuclein containing β-sheets increases 

microglial activation that is consistent with a classical activation pathway (Beraud et al., 2011). 

Here we examine the effects of dopamine-modified α-synuclein on microglial activation. Since 

α-synuclein will readily misfold into oligomers and high molecular weight aggregates in 

response to molecular crowding, agitation, temperature, and following incubation with dopamine 

(DA), we expressed and purified recombinant human wild-type α-synuclein and induced 

aggregation using temperature and DA (SYN; SYNDA). Buffer controls (i.e., no α-synuclein) 

were similarly treated (Buffer, BufferDA). The resultant α-synuclein conformers and buffer 

controls were subsequently tested for endotoxin contamination, which was found to be below the 

detectable limit of the assay (< 0.013 ng/mL). To determine whether SDS-stable oligomers were 

present in these samples, SYN and SYNDA were subjected to polyacrylamide gel electrophoresis 

under denaturing conditions followed by western blot analysis for α-synuclein. As shown in 

Figure A1, both SYN and SYNDA contain monomeric as well as SDS-stable oligomers of α-

synuclein (Fig. C1a). However, SYNDA was comprised of significantly greater high molecular 

weight α-synuclein aggregates than SYN. We also characterized SYN and SYNDA under 

nondenaturing conditions using atomic force microscopy (AFM) to visualize and quantify the 
                                                
d Adapted from the following: 
Beraud D, Hathaway HA, Trecki J, Chasovskikh S, Johnson DA, Johnson JA, Federoff HJ, 
Shimoji M, Mhyre TR, Maguire-Zeiss KA (2013) Microglial Activation and Antioxidant 
Responses Induced by the Parkinson's Disease Protein alpha-Synuclein. J Neuroimmune 
Pharmacol 8:94-117. 
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height distribution of the manipulated proteins (Fig. C1b & C1c). The predominant molecular 

height of SYN was less than 5 nm (70%), representing monomeric α-synuclein, while 

approximately 10% of the α-synuclein molecules were aggregates of greater than 10 nm. 

Conversely, dopamine-modified α-synuclein contained a significantly greater number of 

aggregates with a molecular height > 10 nm (59%) and nearly 1.9-fold more detectable 

molecules at this height than SYN. Together, these data show that both SYN and SYNDA contain 

monomer and aggregates of α-synuclein and that dopamine-modification enhances the 

propensity for α-synuclein to form larger aggregates.  

To determine whether these differentially modified forms of α-synuclein induce a 

proinflammatory response in microglia we exposed BV2 cells to SYN and SYNDA as well as 

buffer controls and assayed for prototypical proinflammatory molecules. Conditioned media 

from treated BV2s were assayed for the amount of nitrite. NO secretion from cells treated with 

SYN was significantly increased compared with buffer- or dopamine-modified α-synuclein 

(SYNDA; Fig. C2a; P ≤ 0.05).  In fact, NO was undetectable following SYNDA, Buffer or 

BufferDA treatment of BV2 cells. We next quantified the amount of TNF-α released by the 

treated BV2s. Similar to the NO production, exposure to SYN induced the release of ~ 900 pg/ml 

of TNF-α, which is typical of classically activated microglia while SYNDA- or buffer-treatment 

had little effect on TNF-α release (Fig. C2b; P ≤ 0.05). Likewise, TNFα gene expression was 

upregulated 14-fold in BV2s treated with SYN, while SYNDA-treated BV2s exhibited no 

significant difference in expression compared to buffer-treated cells (Table C1). While IL1β 

gene expression was significantly increased following exposure of BV2 cells to either SYN or 

SYNDA.  However, the fold-increase in IL1β gene expression was 56-fold for the SYN-treated 
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BV2 cells and only 2.7-fold for BV2s treated with SYNDA (Table C1). Taken together, these 

data establish that a mixture of α-synuclein containing both monomeric and high molecular 

weight conformers of this protein significantly augments the expression, production and release 

of classical proinflammatory molecules from BV2 cells. However, α-synuclein misfolded in the 

presence of dopamine (SYNDA) causes a dampened response, despite the presence of high 

molecular weight α-synuclein species, suggesting that the structure of α-synuclein modified by 

dopamine is different than α-synuclein modified in the absence of this neurotransmitter. The 

microglial activation elicited by SYN treatment follows the same pattern as cells treated with 

SYNTR (Chapter III). Moreover, SYN and SYNTR display similar characteristics as assayed via 

western blot and AFM (Fig. 1). 

While SYNDA does not classically activate microglia, it may in fact cause an increase or 

change in alternative pathways which might also be mediated by TLRs. Therefore, we next asked 

whether the expression of a subset of these receptors was altered in BV2 cells following α-

synuclein treatment (Table C1). Specifically, we interrogated genes encoding TLR 1, 2, 3, 4, 6, 7 

and 9, scavenger receptor CD36. SYN-treated BV2 cells demonstrated increased expression of 

TLR2 and TLR3 with a down regulation of TLR4 and TLR7 compared to buffer-treated BV2s. 

There were no significant changes in the expression levels for TLR1, 6, 9 or CD36. In contrast, 

BV2s exposed to dopamine-modified α-synuclein (SYNDA) did not exhibit a significant gene 

expression change for TLRs or CD36 (Table C1), which supports our previous data 

demonstrating that SYNDA did not induce a proinflammatory response. Again, cells treated with 

SYN show a similar pattern of TLR gene expression modulation as those treated with SYNTR 

(Chapter III). 
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α-Synuclein induces an antioxidant response in microglia 

As discussed above, one consequence of NO and proinflammatory molecule production is an 

overall increase in oxidative stress, and microglia respond by increasing the expression of 

antioxidant response genes in an attempt to maintain homeostasis. Since the upregulation of 

phase-II detoxification enzymes regulated in part by the transcription factor, Nrf2, provides 

cellular protection from oxidative stress, we next asked whether exposure of microglia to various 

forms of α-synuclein enabled an antioxidant response. Primary microglia were derived from the 

ARE reporter mice (Johnson et al., 2002, Johnson et al., 2008) described in Chapter 3 and 

subsequently exposed to SYN, SYNDA or buffer controls and analyzed for hPLAP activity (Fig. 

C3). All treated cells had a subset of glia with phosphatase activity; however, the majority of 

microglia (>75%) exposed to buffer only maintained a ramified morphology with small cell 

bodies and long processes typical of non-activated microglia (Panels a, b, e & f; dashed arrows 

and quantified in Panel i). However, these microglia also had a subset of cells with larger cell 

bodies and shorter processes, consistent with an activated but not phagocytic morphology (Panel 

f; solid arrow and quantified in Panel i). In contrast, ARE microglia exposed to SYN or SYNDA 

displayed a robust change in morphology to an ameboid shape, consistent with microglia that are 

highly activated and/or phagocytic (Panels c, d, g & h; solid arrowheads and quantified in Panel 

i). The primary microglia exposed to dopamine-modified α-synuclein (SYNDA) had increased 

numbers of microglia with thickened processes (activated but not phagocytic) compared to the 

SYN-treated microglia. 
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We next investigated whether the antioxidant genes that were upregulated following SYNTR 

stimulation were altered in microglia exposed to SYN and SYNDA. The overall response 

following SYN or SYNDA exposure of BV2s was an upregulation of antioxidant response gene 

expression (Table C2), which is in alignment with the phosphatase activity measurements in 

primary microglia (Fig. C3). There was a robust increase in NOX1 and GSTA2 gene expression 

in SYN-treated microglia (240-fold and 500-fold increase, respectively).  Likewise, there was a 

less robust upregulation of NOX1 and GSTA2 in SYNDA-treated BV2 cells (61-fold and 60-fold 

increase, respectively) and a weakened proinflammatory response. Gene expression of other 

antioxidant enzymes (PRDX1, NQO1, HMOX1, CAT, GCLM, GSR, ABCC1) were also 

upregulated in both SYN and SYNDA treated BV2s but to a lesser extent. GPX1, HMOX2, 

GCLC, GSS, TXNRD2 and GPX4 were all downregulated or unchanged in both SYN and SYNDA 

treated BV2s (Table C2). The pattern of gene expression between SYN and SYNDA treated 

BV2s was the similar, however, for each gene the fold change in expression was more robust 

following SYN treatment. Since dopamine is quite reactive and alone can incite oxidative stress 

it is important to note that there were no significant differences in gene expression levels when 

Buffer-treated BV2 cells were compared to BufferDA-treated cells suggesting that the gene 

expression changes following SYNDA treatment was due to SYNDA and not free DA metabolites. 

 To validate our gene expression data and also the role of HO-1 in dopamine reactivity we 

next examined HO-1 protein levels from microglia treated with different forms of α-synuclein.  

Both SYN and SYNDA caused a significant upregulation of HO-1 protein (Fig. C4a & b; P ≤ 

0.05). BufferDA treatment also increased HO-1 expression supporting previous evidence that 

dopamine alone promotes oxidative stress and increases HO-1 expression (Schmidt et al., 1999). 
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Overall, we have seen a pattern of classical activation in microglia following SYN stimulation 

but not with dopamine modified α-synuclein suggesting that dopamine alters the structure of α-

synuclein such that it cannot engage a proinflammatory pathway in BV2 cells.  

 

Discussion 

 These data support the hypothesis that α-synuclein contributes to oxidative stress through 

a pathway that induces microglial activation as well as antioxidant responses and requires a 

specific protein structure. High molecular weight oligomerization as defined by gel 

electrophoresis or AFM is not the only criteria for activation since in our hands α-synuclein 

modified by dopamine, with these characteristics (SYNDA) does not cause a robust 

proinflammatory response. This suggests that a specific secondary structure is required for 

activation that is present in SYN but not SYNDA
. Similarly, Kim et al. also demonstrated that 

oligomerization itself is not sufficient for TLR2-mediated microglial activation (Kim et al., 

2013). This group also demonstrated that the monomer and dimer fractions from cell released α-

synuclein, but not the same fractions from recombinant α-synuclein showed a weak TLR2 

involvement, suggesting that there might be certain modification and/or conformation of 

monomer/dimer occurring in cells that are required for TLR2 agonist activity.  

 We also showed that along with a classic proinflammatory activation profile of microglia 

by α-synuclein there was also evidence that these glia were oxidatively stressed as indicated by 

an increased production of NO and expression of NOX1. Again the strength of these responses 

appeared to be dependent on α-synuclein structure/modification as GPX1, PRDX1, GSTA2, 

NQO1, HMOX1, GSS, GSR and ABCC1 expression changes were all increased in misfolded 
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SYN-treated BV2s above the SYNDA-treated cells. For example, SYNDA-treated BV2s only 

increased the expression of glutathione-Stransferase (GSTA) 60-fold while the response to 

misfolded SYN was a 500-fold increase in gene expression (Table C2). However, we did 

observe that SYNDA altered microglial morphology and ARE-driven hPLAP activity, and 

increased the expression of Nrf2-directed antioxidant enzymes (Fig. C3). Relevant to our 

observations, when microglia derived from Nrf2-KO mice were exposed to α-synuclein, the glia 

were unable to increase the expression of two antioxidant enzymes (HO-1 and NQO1) and they 

took on a more proinflammatory profile (Lastres-Becker et al. 2012) demonstrating that Nrf2 can 

regulate microglial responses to DAMPs.  

 We also characterized the HO-1 response in microglia since it is upregulated in response 

to α−synuclein and dopamine (Schmidt et al. 1999; Beraud et al. 2011; Lastres-Becker et al. 

2012). In addition to Nrf2 (Lastres-Becker et al. 2012), HO-1 expression is regulated by other 

transcription factors, including AP1, NF-κB, hypoxia-inducible factor 1 (HIF1) and stress 

response proteins (Schipper et al. 2009) leading to a complex pattern of expression and function 

(Kraft et al. 2006; Kraft et al. 2007; Chen et al. 2009; Rojo et al. 2010; Granado et al. 2011; Koh 

et al. 2011; Lastres-Becker et al. 2012). For example, HO-1 can be neuroprotective, supporting 

intracellular degradation of soluble α-synuclein (Song et al. 2009) and defending against 

hydrogen peroxide oxidative damage as well as β-amyloid toxicity (Le et al. 1999; Wang et al. 

2012). However, HO-1 is also able to facilitate bioenergetic failure and in a toxicant model this 

leads to dopamine neuron injury (Lee et al. 2006; Schipper et al. 2009). With regard to PD, HO-1 

is found surrounding the hallmark proteinaceous PD inclusion, the Lewy body, and is increased 

in PD brains where its function is still unclear (Schipper et al. 1998). Here we show that HMOX1 
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expression was increased in cultured microglia exposed to SYN and SYNDA. On the other hand, 

HO-1 protein levels were also increased, but not significantly different from each other when 

BV2 cells were treated with SYN, SYNDA
 or BufferDA. It appears that the increase in HO-1 

following SYN treatment is in response to oxidative stress emanating from glial activation by 

misfolded α-synuclein but following SYNDA
 or BufferDA

 increased HO-1 is a glial response to 

oxidized dopamine. In both scenarios this robust HO-1 response might be an attempt to promote 

homeostasis, which is effective when microglia are not yet fully activated (i.e., BufferDA
 & 

SYNDA) but fails when glia are driven to a robust classical activation state (i.e., misfolded SYN). 

Further studies are necessary to determine the exact functional state of these microglia.  
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Figure C1 

 

Fig. C1 Characterization of misfolded α-synuclein. 
 
α-Synuclein was incubated at 33°C or 37°C in the absence (SYN) or presence of dopamine 

(SYNDA) and characterized by western blot analysis following SDS-polyacrylamide gel 

electrophoresis under denaturing conditions or by AFM under native conditions. (a) Western blot 

analysis of manipulated α-synuclein demonstrated an increase in SDS-stable, high molecular 

weight oligomers following dopamine modification (SYNDA). α-Synuclein samples were 

subjected to 4–16% SDS- polyacrylamide gel electrophoresis and immunoblotted for α-

synuclein using anti- mouse antibody. Both short and long film exposures are shown; *denotes 

the stacking/resolving gel interface. Short exposure corresponds to a two second exposure time 

for the film, while the long exposure is a 15 second exposure time. (b) AFM demonstrated an 
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increase in α-synuclein aggregates following incubation with heat and dopamine. (c) 

Quantification of AFM molecular height images demonstrated that incubation of α-synuclein in 

the presence of dopamine (SYNDA; black) resulted in a 10- fold increase in aggregates >10 nm 

with a concomitant decrease in molecules <5 nm in height compared to α-synuclein without 

dopamine (SYN; grey). Molecular height images are shown at 3 µm X 3 µm X 3 µm. 
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Figure C2 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. C2 SYN induces a classical activation pattern in BV2 cells. 
 
 (a) BV2 cells were treated with 725 ng/mL SYN, 725 ng/mL SYNDA

 or equal volumes of the 

appropriate buffer control for 24 hours. Following treatment, a Greiss reagent assay was 

performed on the conditioned media to determine nitrite production (*p<0.05). (b) BV2 cells 

were treated as described above and TNF-α protein was quantified in the conditioned media. 

There was no detectable TNF-α in media from buffer treated cells (*p<0.05). All values 

represent three biological replicates with treatments in triplicate normalized to values from buffer 

treated cells. 

* 

*
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Figure C3 

 

 

Fig. C3 Exposure of primary microglia to misfolded α-synuclein increases antioxidant 
expression. 
 
Primary microglia from ARE transgenic mice were histochemically stained with BCIP/NBT 

(purple) to detect hPLAP activity and nuclear red counterstained (pink). Microglia exposed to 

Buffer (a, b) or BufferDA
 (e, f) displayed less phosphatase activity than SYN-treated cells and 

also exhibited the prototypic morphology of resting microglia (dashed arrows; a, b, e, f & i) with 
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a few glia that were activated but not phagocytic (solid arrows). In contrast, cells exposed to 

SYN or SYNDA
 displayed increased numbers of microglia with the characteristic amoeboid 

morphology of phagocytic microglia compared to the other exposure paradigms (solid 

arrowheads; c, d, g, h & i). Interestingly, microglia exposed to SYNDA
 had the greatest 

percentage of microglia expressing phosphatase activity with nearly 75% of the treated microglia 

activated, as demonstrated by thickened processes and ameboid shape (solid arrow and solid 

arrowhead, respectively; g, h & i). Scale bar for 10x (a, c, e, g) and 40x (b, d, f, h) images 

represent 100 µm and 20 µm respectively. Boxes in a, c, e, and g denote the area for 40x images 

b, d, f and h. Cell counts were performed on nine random 20x images from each sample and 

categorized based on staining and morphology as outlined in chapter II. 
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Figure C4 

 

 

  
 
 
 
 
 
 
 

 
 
 
Fig. C4 Exposure of microglia to α-synuclein, dopamine-modified α-synuclein or dopamine 
alone increases HO-1 protein expression. 
 
(a) Representative HO-1 western blot analysis of BV2 lysates. BV2 cells were treated with 725 

ng/mL of SYN or SYNDA
 or equal volumes of the appropriate buffer control for 24 hr. Protein 

lysates were prepared and subjected to 10% SDS-polyacrylamide gel electrophoresis and 

immunoblotted for HO-1 (~32 kDa) with anti-HO-1 antibody. Blots were re-probed for α-tubulin 

(~50 kDa) as a loading control. (b) Immunocomplexes were quantified by densitometric 

analysis. The HO-1 signal was normalized to the loading control. Cells treated with SYN or 

SYNDA
 had significantly higher levels of HO-1 expression compared to buffer alone (*p<0.05, 1-

way ANOVA followed by Student’s t post-test). Additionally, the presence of DA alone was 

enough to significantly increase HO-1 expression. Cells treated with buffer that was incubated in 

the presence of DA (BufferDA) had significantly higher levels of HO-1 than buffer incubated in 

the absence of DA (*p<0.05, 1-way ANOVA followed by Student’s t post test). Values represent 

three biological replicates with treatments in triplicate. 
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Table C1.  
Inflammatory related gene expression changes following SYN treatment of BV2 
microglia1. 

Fold change in gene 
expression following 

treatment2 
Entrez 

Gene ID 
Common 

Name Description 

SYN SYNDA 
21926 TNFα Tumor necrosis factor alpha* ↑ 14 ↔ 
16176 IL1β Interleukin 1 beta*  ↑ 56 ↑ 2.7 
21897 TLR1 Toll-like receptor 1 ↔ ↔ 
24088 TLR2 Toll-like receptor 2 ↑ 2.0 ↔ 
142980 TLR3 Toll-like receptor 3* ↑ 3.7 ↔ 
21898 TLR4 Toll-like receptor 4  ↓ 0.7 ↔ 
21899 TLR6 Toll-like receptor 6 ↔ ↔ 
170743 TLR7 Toll-like receptor 7*  ↓ 3.0 ↔ 
81897 TLR9 Toll-like receptor 9  ↔ ↔ 
20778 CD36 Scavenger receptor class b member 1  ↔ ↔ 
1BV2 microglia were treated with 725 ng/mL of SYN, SYNDA or appropriate buffer for 24 hours. 
2 ↔indicates no significant difference in gene expression compared to buffer treated cells P< 
0.05; ND indicates expression levels below the limit of detection. *denotes a significant 
difference in gene expression fold change between SYN and SYNDA treated cells at P< 0.05. 
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Table C2. 
Nrf2-directed gene expression changes following SYN treatment of BV2 microglia1. 

Fold change in gene 
expression following 

treatment2 
Entrez 

Gene ID 
Common 

Name Description 

SYN SYNDA 
14775 GPX1 Glutathione peroxidase 1*  ↓ 0.7 ↔ 
18477 PRDX1 Peroxiredoxin 1* ↑ 3.5 ↑1.4 
237038 NOX1 NADPH oxidase 1  ↑ 240 ↑ 61 
14858 GSTA2 Glutathione S transferase, alpha 2* ↑ 500 ↑ 60 
18104 NQO1 NADPH dehydrogenase quinone 1*  ↑ 6.0 ↑ 4.0 
15368 HMOX1 Heme oxygenase 1*  ↑ 4.0 ↑ 2.0 
15369 HMOX2 Heme oxygenase 2  ND ND 
12359 CAT Catalase* ↑ 2.4 ↑ 2.0 
14630 GCLM Glutamate-cysteine ligase-modifier ↑ 3.0 ↑2.5 
14629 GCLC Glutamate-cysteine ligase-catalytic ↔ ↔ 
14854 GSS Glutathione synthetase* ↓ 0.6 ↓ 0.9 
14782 GSR Glutathione  reductase*  ↑ 2.5 ↑ 1.5 
17250 ABCC1 ATP binding cassette C* ↑ 2 ↑ 1.3 
26462 TXNRD2 Thioredoxin reductase 2* ↓ 0.4 ↓ 0.6 
625249 GPX4 Glutathione peroxidase 4* ↓0.7 ↔ 
1BV2 microglia were treated with 725 ng/mL of SYN, SYNDA or appropriate buffer for 24 hours. 
2↔ indicates no significant difference in gene expression compared to buffer treated cells P< 
0.05; ND indicates expression levels below the limit of detection. *denotes a significant 
difference in gene expression fold change between SYN and SYNDA treated cells at P< 0.05.   
 



 

 115 

 
REFERENCES 

 
Abeliovich A, Schmitz Y, Farinas I, Choi-Lundberg D, Ho WH, Castillo PE, Shinsky N, 

Verdugo JM, Armanini M, Ryan A, Hynes M, Phillips H, Sulzer D, Rosenthal A (2000) 
Mice lacking alpha-synuclein display functional deficits in the nigrostriatal dopamine 
system. Neuron 25:239-252. 

Akira S, Uematsu S, Takeuchi O (2006) Pathogen recognition and innate immunity. Cell 
124:783-801. 

Al-Chalabi A, Durr A, Wood NW, Parkinson MH, Camuzat A, Hulot JS, Morrison KE, Renton 
A, Sussmuth SD, Landwehrmeyer BG, Ludolph A, Agid Y, Brice A, Leigh PN, 
Bensimon G (2009) Genetic variants of the alpha-synuclein gene SNCA are associated 
with multiple system atrophy. PLoS One 4:e7114. 

Alam J, Stewart D, Touchard C, Boinapally S, Choi AM, Cook JL (1999) Nrf2, a Cap'n'Collar 
transcription factor, regulates induction of the heme oxygenase-1 gene. Journal of 
Biological Chemistry 274:26071-26078. 

Alliot F, Godin I, Pessac B (1999) Microglia derive from progenitors, originating from the yolk 
sac, and which proliferate in the brain. Brain Res Dev Brain Res 117:145-152. 

Alvarez-Erviti L, Seow Y, Schapira AH, Gardiner C, Sargent IL, Wood MJ, Cooper JM (2011) 
Lysosomal dysfunction increases exosome-mediated alpha-synuclein release and 
transmission. Neurobiol Dis 42:360-367. 

Banati RB (2002) Visualising microglial activation in vivo. Glia 40:206-217. 
Banati RB, Gehrmann J, Schubert P, Kreutzberg GW (1993) Cytotoxicity of microglia. Glia 

7:111-118. 
Barcia C, Sanchez Bahillo A, Fernandez-Villalba E, Bautista V, Poza YPM, Fernandez-Barreiro 

A, Hirsch EC, Herrero MT (2004) Evidence of active microglia in substantia nigra pars 
compacta of parkinsonian monkeys 1 year after MPTP exposure. Glia 46:402-409. 

Bartels AL, Leenders KL (2007) Neuroinflammation in the pathophysiology of Parkinson's 
disease: evidence from animal models to human in vivo studies with [11C]-PK11195 
PET. Mov Disord 22:1852-1856. 

Bartels AL, Willemsen AT, Doorduin J, de Vries EF, Dierckx RA, Leenders KL (2010) [11C]-
PK11195 PET: quantification of neuroinflammation and a monitor of anti-inflammatory 
treatment in Parkinson's disease? Parkinsonism Relat Disord 16:57-59. 

Bartels T, Choi JG, Selkoe DJ (2011) alpha-Synuclein occurs physiologically as a helically 
folded tetramer that resists aggregation. Nature 477:107-110. 

Bast A, Erttmann SF, Walther R, Steinmetz I (2010) Influence of iNOS and COX on 
peroxiredoxin gene expression in primary macrophages. Free Radical Biology and 
Medicine 49:1881-1891. 

Beraud D, Hathaway HA, Trecki J, Chasovskikh S, Johnson DA, Johnson JA, Federoff HJ, 
Shimoji M, Mhyre TR, Maguire-Zeiss KA (2013) Microglial Activation and Antioxidant 
Responses Induced by the Parkinson's Disease Protein alpha-Synuclein. J Neuroimmune 
Pharmacol 8:94-117. 



 

 116 

Beraud D, Maguire-Zeiss KA (2012) Misfolded alpha-synuclein and Toll-like receptors: 
therapeutic targets for Parkinson's disease. Parkinsonism Relat Disord 18 Suppl 1:S17-
20. 

Beraud D, Twomey M, Bloom B, Mittereder A, Ton V, Neitzke K, Chasovskikh S, Mhyre TR, 
Maguire-Zeiss KA (2011) alpha-Synuclein Alters Toll-Like Receptor Expression. Front 
Neurosci 5:80. 

Biasini E, Fioriti L, Ceglia I, Invernizzi R, Bertoli A, Chiesa R, Forloni G (2004) Proteasome 
inhibition and aggregation in Parkinson's disease: a comparative study in untransfected 
and transfected cells. Journal of Neurochemistry 88:545-553. 

Block ML, Zecca L, Hong JS (2007) Microglia-mediated neurotoxicity: uncovering the 
molecular mechanisms. Nat Rev Neurosci 8:57-69. 

Blum-Degen D, Muller T, Kuhn W, Gerlach M, Przuntek H, Riederer P (1995) Interleukin-1 
beta and interleukin-6 are elevated in the cerebrospinal fluid of Alzheimer's and de novo 
Parkinson's disease patients. Neuroscience Letters 202:17-20. 

Breydo L, Wu JW, Uversky VN (2012) Alpha-synuclein misfolding and Parkinson's disease. 
Biochim Biophys Acta 1822:261-285. 

Brodacki B, Staszewski J, Toczylowska B, Kozlowska E, Drela N, Chalimoniuk M, Stepien A 
(2008) Serum interleukin (IL-2, IL-10, IL-6, IL-4), TNFalpha, and INFgamma 
concentrations are elevated in patients with atypical and idiopathic parkinsonism. 
Neurosci Lett 441:158-162. 

Burre J, Sharma M, Tsetsenis T, Buchman V, Etherton MR, Sudhof TC (2010) Alpha-synuclein 
promotes SNARE-complex assembly in vivo and in vitro. Science 329:1663-1667. 

Castellani R, Smith MA, Richey PL, Perry G (1996) Glycoxidation and oxidative stress in 
Parkinson disease and diffuse Lewy body disease. Brain Research 737:195-200. 

Chade AR, Kasten M, Tanner CM (2006) Nongenetic causes of Parkinson's disease. J Neural 
Transm Suppl 147-151. 

Chao CC, Hu S, Molitor TW, Shaskan EG, Peterson PK (1992) Activated microglia mediate 
neuronal cell injury via a nitric oxide mechanism. J Immunol 149:2736-2741. 

Chen GY, Nunez G (2010) Sterile inflammation: sensing and reacting to damage. Nat Rev 
Immunol 10:826-837. 

Chen PC, Vargas MR, Pani AK, Smeyne RJ, Johnson DA, Kan YW, Johnson JA (2009) Nrf2-
mediated neuroprotection in the MPTP mouse model of Parkinson's disease: Critical role 
for the astrocyte. Proc Natl Acad Sci U S A 106:2933-2938. 

Chen X, de Silva HA, Pettenati MJ, Rao PN, St George-Hyslop P, Roses AD, Xia Y, Horsburgh 
K, Ueda K, Saitoh T (1995) The human NACP/alpha-synuclein gene: chromosome 
assignment to 4q21.3-q22 and TaqI RFLP analysis. Genomics 26:425-427. 

Cheret C, Gervais A, Lelli A, Colin C, Amar L, Ravassard P, Mallet J, Cumano A, Krause KH, 
Mallat M (2008) Neurotoxic activation of microglia is promoted by a nox1-dependent 
NADPH oxidase. J Neurosci 28:12039-12051. 

Cho BP, Song DY, Sugama S, Shin DH, Shimizu Y, Kim SS, Kim YS, Joh TH (2006) 
Pathological dynamics of activated microglia following medial forebrain bundle 
transection. Glia 53:92-102. 



 

 117 

Choi HK, Won LA, Kontur PJ, Hammond DN, Fox AP, Wainer BH, Hoffmann PC, Heller A 
(1991) Immortalization of embryonic mesencephalic dopaminergic neurons by somatic 
cell fusion. Brain Res 552:67-76. 

Chowdhury I, Mo Y, Gao L, Kazi A, Fisher AB, Feinstein SI (2009) Oxidant stress stimulates 
expression of the human peroxiredoxin 6 gene by a transcriptional mechanism involving 
an antioxidant response element. Free Radical Biology and Medicine 46:146-153. 

Cicchetti F, Brownell AL, Williams K, Chen YI, Livni E, Isacson O (2002) Neuroinflammation 
of the nigrostriatal pathway during progressive 6-OHDA dopamine degeneration in rats 
monitored by immunohistochemistry and PET imaging. Eur J Neurosci 15:991-998. 

Colton CA (2009) Heterogeneity of microglial activation in the innate immune response in the 
brain. J Neuroimmune Pharmacol 4:399-418. 

Colton CA, Wilcock DM (2010) Assessing activation states in microglia. CNS Neurol Disord 
Drug Targets 9:174-191. 

Combs CK, Karlo JC, Kao SC, Landreth GE (2001) beta-Amyloid stimulation of microglia and 
monocytes results in TNFalpha-dependent expression of inducible nitric oxide synthase 
and neuronal apoptosis. Journal of Neuroscience 21:1179-1188. 

Conway KA, Harper JD, Lansbury PT (1998) Accelerated in vitro fibril formation by a mutant 
alpha-synuclein linked to early-onset Parkinson disease. Nature Medicine 4:1318-1320. 

Conway KA, Harper JD, Lansbury PT, Jr. (2000) Fibrils formed in vitro from alpha-synuclein 
and two mutant forms linked to Parkinson's disease are typical amyloid. Biochemistry 
39:2552-2563. 

Conway KA, Rochet JC, Bieganski RM, Lansbury PT, Jr. (2001) Kinetic stabilization of the 
alpha-synuclein protofibril by a dopamine-alpha-synuclein adduct. Science 294:1346-
1349. 

Croisier E, Moran LB, Dexter DT, Pearce RK, Graeber MB (2005) Microglial inflammation in 
the parkinsonian substantia nigra: relationship to alpha-synuclein deposition. Journal of 
neuroinflammation 2:14. 

Czlonkowska A, Kohutnicka M, Kurkowska-Jastrzebska I, Czlonkowski A (1996) Microglial 
reaction in MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) induced Parkinson's 
disease mice model. Neurodegeneration 5:137-143. 

Danzer KM, Ruf WP, Putcha P, Joyner D, Hashimoto T, Glabe C, Hyman BT, McLean PJ 
(2011) Heat-shock protein 70 modulates toxic extracellular alpha-synuclein oligomers 
and rescues trans-synaptic toxicity. Faseb J 25:326-336. 

Davidson WS, Jonas A, Clayton DF, George JM (1998) Stabilization of alpha-synuclein 
secondary structure upon binding to synthetic membranes. J Biol Chem 273:9443-9449. 

Dawson T, Mandir A, Lee M (2002) Animal models of PD: pieces of the same puzzle? Neuron 
35:219-222. 

Ding TT, Lee SJ, Rochet JC, Lansbury PT, Jr. (2002) Annular alpha-synuclein protofibrils are 
produced when spherical protofibrils are incubated in solution or bound to brain-derived 
membranes. Biochemistry 41:10209-10217. 

Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, Abela GS, Franchi L, 
Nunez G, Schnurr M, Espevik T, Lien E, Fitzgerald KA, Rock KL, Moore KJ, Wright 
SD, Hornung V, Latz E (2010) NLRP3 inflammasomes are required for atherogenesis 
and activated by cholesterol crystals. Nature 464:1357-1361. 



 

 118 

El Khoury JB, Moore KJ, Means TK, Leung J, Terada K, Toft M, Freeman MW, Luster AD 
(2003) CD36 mediates the innate host response to beta-amyloid. The Journal of 
experimental medicine 197:1657-1666. 

el-Agnaf OM, Irvine GB (2002) Aggregation and neurotoxicity of alpha-synuclein and related 
peptides. Biochem Soc Trans 30:559-565. 

El-Agnaf OM, Salem SA, Paleologou KE, Cooper LJ, Fullwood NJ, Gibson MJ, Curran MD, 
Court JA, Mann DM, Ikeda S, Cookson MR, Hardy J, Allsop D (2003) Alpha-synuclein 
implicated in Parkinson's disease is present in extracellular biological fluids, including 
human plasma. Faseb J 17:1945-1947. 

El-Agnaf OM, Salem SA, Paleologou KE, Curran MD, Gibson MJ, Court JA, Schlossmacher 
MG, Allsop D (2006) Detection of oligomeric forms of alpha-synuclein protein in human 
plasma as a potential biomarker for Parkinson's disease. Faseb J 20:419-425. 

Ellis CE, Schwartzberg PL, Grider TL, Fink DW, Nussbaum RL (2001) alpha-synuclein is 
phosphorylated by members of the Src family of protein-tyrosine kinases. J Biol Chem 
276:3879-3884. 

Emmanouilidou E, Melachroinou K, Roumeliotis T, Garbis SD, Ntzouni M, Margaritis LH, 
Stefanis L, Vekrellis K (2010) Cell-produced alpha-synuclein is secreted in a calcium-
dependent manner by exosomes and impacts neuronal survival. Journal of Neuroscience 
30:6838-6851. 

Fagerqvist T, Lindstrom V, Nordstrom E, Lord A, Tucker SM, Su X, Sahlin C, Kasrayan A, 
Andersson J, Welander H, Nasstrom T, Holmquist M, Schell H, Kahle PJ, Kalimo H, 
Moller C, Gellerfors P, Lannfelt L, Bergstrom J, Ingelsson M (2013) Monoclonal 
antibodies selective for alpha-synuclein oligomers/protofibrils recognize brain pathology 
in Lewy body disorders and alpha-synuclein transgenic mice with the disease-causing 
A30P mutation. J Neurochem. 

Feany MB, Bender WW (2000) A Drosophila model of Parkinson's disease. Nature 404:394-398. 
Fellner L, Irschick R, Schanda K, Reindl M, Klimaschewski L, Poewe W, Wenning GK, 

Stefanova N (2013) Toll-like receptor 4 is required for alpha-synuclein dependent 
activation of microglia and astroglia. Glia 61:349-360. 

Fellner L, Jellinger KA, Wenning GK, Stefanova N (2011) Glial dysfunction in the pathogenesis 
of alpha-synucleinopathies: emerging concepts. Acta Neuropathol 121:675-693. 

Feng LR, Federoff HJ, Vicini S, Maguire-Zeiss KA (2010a) Alpha-synuclein mediates 
alterations in membrane conductance: a potential role for alpha-synuclein oligomers in 
cell vulnerability. Eur J Neurosci 32:10-17. 

Feng LR, Federoff HJ, Vicini S, Maguire-Zeiss KA (2010b) Alpha-synuclein mediates 
alterations in membrane conductance: a potential role for alpha-synuclein oligomers in 
cell vulnerability. European Journal of Neuroscience 32:10-17. 

Fink AL (2006) The aggregation and fibrillation of alpha-synuclein. Acc Chem Res 39:628-634. 
Fon EA, Pothos EN, Sun BC, Killeen N, Sulzer D, Edwards RH (1997) Vesicular transport 

regulates monoamine storage and release but is not essential for amphetamine action. 
Neuron 19:1271-1283. 

Gao HM, Jiang J, Wilson B, Zhang W, Hong JS, Liu B (2002) Microglial activation-mediated 
delayed and progressive degeneration of rat nigral dopaminergic neurons: relevance to 
Parkinson's disease. J Neurochem 81:1285-1297. 



 

 119 

George JM, Jin H, Woods WS, Clayton DF (1995) Characterization of a novel protein regulated 
during the critical period for song learning in the zebra finch. Neuron 15:361-372. 

Giasson BI, Murray IV, Trojanowski JQ, Lee VM (2001) A hydrophobic stretch of 12 amino 
acid residues in the middle of alpha-synuclein is essential for filament assembly. J Biol 
Chem 276:2380-2386. 

Giulian D, Li J, Leara B, Keenen C (1994) Phagocytic microglia release cytokines and 
cytotoxins that regulate the survival of astrocytes and neurons in culture. Neurochem Int 
25:227-233. 

Gomez Perdiguero E, Schulz C, Geissmann F (2013) Development and homeostasis of "resident" 
myeloid cells: The case of the microglia. Glia 61:112-120. 

Granado N, Lastres-Becker I, Ares-Santos S, Oliva I, Martin E, Cuadrado A, Moratalla R (2011) 
Nrf2 deficiency potentiates methamphetamine-induced dopaminergic axonal damage and 
gliosis in the striatum. Glia. 

Greenbaum EA, Graves CL, Mishizen-Eberz AJ, Lupoli MA, Lynch DR, Englander SW, 
Axelsen PH, Giasson BI (2005) The E46K mutation in alpha-synuclein increases amyloid 
fibril formation. J Biol Chem 280:7800-7807. 

Gruden MA, Yanamandra K, Kucheryanu VG, Bocharova OR, Sherstnev VV, Morozova-Roche 
LA, Sewell RD (2012) Correlation between Protective Immunity to alpha-Synuclein 
Aggregates, Oxidative Stress and Inflammation. Neuroimmunomodulation 19:334-342. 

Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel T, Fitzgerald KA, Latz E, 
Moore KJ, Golenbock DT (2008) The NALP3 inflammasome is involved in the innate 
immune response to amyloid-beta. Nat Immunol 9:857-865. 

Halliday GM, Stevens CH (2011) Glia: initiators and progressors of pathology in Parkinson's 
disease. Mov Disord 26:6-17. 

Hamza TH, Zabetian CP, Tenesa A, Laederach A, Montimurro J, Yearout D, Kay DM, Doheny 
KF, Paschall J, Pugh E, Kusel VI, Collura R, Roberts J, Griffith A, Samii A, Scott WK, 
Nutt J, Factor SA, Payami H (2010) Common genetic variation in the HLA region is 
associated with late-onset sporadic Parkinson's disease. Nat Genet 42:781-785. 

Harry GJ, Kraft AD (2012) Microglia in the developing brain: a potential target with lifetime 
effects. Neurotoxicology 33:191-206. 

Hasegawa T, Konno M, Baba T, Sugeno N, Kikuchi A, Kobayashi M, Miura E, Tanaka N, 
Tamai K, Furukawa K, Arai H, Mori F, Wakabayashi K, Aoki M, Itoyama Y, Takeda A 
(2011) The AAA-ATPase VPS4 regulates extracellular secretion and lysosomal targeting 
of alpha-synuclein. PLoS One 6:e29460. 

Hashimoto M, Hsu LJ, Xia Y, Takeda A, Sisk A, Sundsmo M, Masliah E (1999) Oxidative stress 
induces amyloid-like aggregate formation of NACP/alpha-synuclein in vitro. Neuroreport 
10:717-721. 

He Y, Appel S, Le W (2001) Minocycline inhibits microglial activation and protects nigral cells 
after 6-hydroxydopamine injection into mouse striatum. Brain Research 909:187-193. 

Herrera AJ, Castano A, Venero JL, Cano J, Machado A (2000) The single intranigral injection of 
LPS as a new model for studying the selective effects of inflammatory reactions on 
dopaminergic system. Neurobiol Dis 7:429-447. 



 

 120 

Hsu LJ, Sagara Y, Arroyo A, Rockenstein E, Sisk A, Mallory M, Wong J, Takenouchi T, 
Hashimoto M, Masliah E (2000) alpha-synuclein promotes mitochondrial deficit and 
oxidative stress. American Journal of Pathology 157:401-410. 

Hu S, Chao CC, Khanna KV, Gekker G, Peterson PK, Molitor TW (1996) Cytokine and free 
radical production by porcine microglia. Clin Immunol Immunopathol 78:93-96. 

Iwai A, Masliah E, Yoshimoto M, Ge N, Flanagan L, de Silva HA, Kittel A, Saitoh T (1995) The 
precursor protein of non-A beta component of Alzheimer's disease amyloid is a 
presynaptic protein of the central nervous system. Neuron 14:467-475. 

Iwata A, Maruyama M, Kanazawa I, Nukina N (2001) alpha-Synuclein affects the MAPK 
pathway and accelerates cell death. J Biol Chem 276:45320-45329. 

Jana M, Palencia CA, Pahan K (2008) Fibrillar amyloid-beta peptides activate microglia via 
TLR2: implications for Alzheimer's disease. Journal of Immunology 181:7254-7262. 

Jang A, Lee HJ, Suk JE, Jung JW, Kim KP, Lee SJ (2010) Non-classical exocytosis of alpha-
synuclein is sensitive to folding states and promoted under stress conditions. Journal of 
Neurochemistry 113:1263-1274. 

Jin JJ, Kim HD, Maxwell JA, Li L, Fukuchi K (2008) Toll-like receptor 4-dependent 
upregulation of cytokines in a transgenic mouse model of Alzheimer's disease. Journal of 
neuroinflammation 5:23. 

Johnson DA, Andrews GK, Xu W, Johnson JA (2002) Activation of the antioxidant response 
element in primary cortical neuronal cultures derived from transgenic reporter mice. J 
Neurochem 81:1233-1241. 

Johnson JA, Johnson DA, Kraft AD, Calkins MJ, Jakel RJ, Vargas MR, Chen PC (2008) The 
Nrf2-ARE pathway: an indicator and modulator of oxidative stress in neurodegeneration. 
Ann N Y Acad Sci 1147:61-69. 

Kawai T, Akira S (2010) The role of pattern-recognition receptors in innate immunity: update on 
Toll-like receptors. Nat Immunol 11:373-384. 

Kensler TW, Wakabayashi N, Biswal S (2007) Cell survival responses to environmental stresses 
via the Keap1-Nrf2-ARE pathway. Annual Review of Pharmacology and Toxicology 
47:89-116. 

Kessler JC, Rochet JC, Lansbury PT, Jr. (2003) The N-terminal repeat domain of alpha-
synuclein inhibits beta-sheet and amyloid fibril formation. Biochemistry 42:672-678. 

Kierdorf K, Erny D, Goldmann T, Sander V, Schulz C, Perdiguero EG, Wieghofer P, Heinrich 
A, Riemke P, Holscher C, Muller DN, Luckow B, Brocker T, Debowski K, Fritz G, 
Opdenakker G, Diefenbach A, Biber K, Heikenwalder M, Geissmann F, Rosenbauer F, 
Prinz M (2013) Microglia emerge from erythromyeloid precursors via Pu.1- and Irf8-
dependent pathways. Nat Neurosci 16:273-280. 

Kim C, Ho DH, Suk JE, You S, Michael S, Kang J, Joong Lee S, Masliah E, Hwang D, Lee HJ, 
Lee SJ (2013) Neuron-released oligomeric alpha-synuclein is an endogenous agonist of 
TLR2 for paracrine activation of microglia. Nat Commun 4:1562. 

Kim TD, Paik SR, Yang CH (2002) Structural and functional implications of C-terminal regions 
of alpha-synuclein. Biochemistry 41:13782-13790. 

Kim YH, Lussier S, Rane A, Choi SW, Andersen JK (2011) Inducible dopaminergic glutathione 
depletion in an alpha-synuclein transgenic mouse model results in age-related olfactory 
dysfunction. Neuroscience 172:379-386. 



 

 121 

Kim YS, Joh TH (2006) Microglia, major player in the brain inflammation: their roles in the 
pathogenesis of Parkinson's disease. Experimental and Molecular Medicine 38:333-347. 

Kitamura Y, Furukawa M, Matsuoka Y, Tooyama I, Kimura H, Nomura Y, Taniguchi T (1998a) 
In vitro and in vivo induction of heme oxygenase-1 in rat glial cells: possible 
involvement of nitric oxide production from inducible nitric oxide synthase. Glia 22:138-
148. 

Kitamura Y, Matsuoka Y, Nomura Y, Taniguchi T (1998b) Induction of inducible nitric oxide 
synthase and heme oxygenase-1 in rat glial cells. Life Sciences 62:1717-1721. 

Knott C, Stern G, Wilkin GP (2000) Inflammatory regulators in Parkinson's disease: iNOS, 
lipocortin-1, and cyclooxygenases-1 and -2. Molecular and Cellular Neurosciences 
16:724-739. 

Koh K, Kim J, Jang YJ, Yoon K, Cha Y, Lee HJ (2011) Transcription factor Nrf2 suppresses 
LPS-induced hyperactivation of BV-2 microglial cells. J Neuroimmunol 233:160-167. 

Kohutnicka M, Lewandowska E, Kurkowska-Jastrzebska I, Czlonkowski A, Czlonkowska A 
(1998) Microglial and astrocytic involvement in a murine model of Parkinson's disease 
induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). 
Immunopharmacology 39:167-180. 

Kowall NW, Hantraye P, Brouillet E, Beal MF, McKee AC, Ferrante RJ (2000) MPTP induces 
alpha-synuclein aggregation in the substantia nigra of baboons. Neuroreport 11:211-213. 

Kraft AD, Lee JM, Johnson DA, Kan YW, Johnson JA (2006) Neuronal sensitivity to kainic acid 
is dependent on the Nrf2-mediated actions of the antioxidant response element. J 
Neurochem 98:1852-1865. 

Kraft AD, Resch JM, Johnson DA, Johnson JA (2007) Activation of the Nrf2-ARE pathway in 
muscle and spinal cord during ALS-like pathology in mice expressing mutant SOD1. Exp 
Neurol 207:107-117. 

Kruger R, Kuhn W, Leenders KL, Sprengelmeyer R, Muller T, Woitalla D, Portman AT, 
Maguire RP, Veenma L, Schroder U, Schols L, Epplen JT, Riess O, Przuntek H (2001) 
Familial parkinsonism with synuclein pathology: clinical and PET studies of A30P 
mutation carriers. Neurology 56:1355-1362. 

Lastres-Becker I, Ulusoy A, Innamorato NG, Sahin G, Rabano A, Kirik D, Cuadrado A (2012) 
alpha-Synuclein expression and Nrf2 deficiency cooperate to aggravate protein 
aggregation, neuronal death and inflammation in early-stage Parkinson's disease. Hum 
Mol Genet. 

Lavedan C (1998) The synuclein family. Genome Res 8:871-880. 
Lawson LJ, Perry VH, Dri P, Gordon S (1990) Heterogeneity in the distribution and morphology 

of microglia in the normal adult mouse brain. Neuroscience 39:151-170. 
Le WD, Xie WJ, Appel SH (1999) Protective role of heme oxygenase-1 in oxidative stress-

induced neuronal injury. J Neurosci Res 56:652-658. 
Lee DW, Gelein RM, Opanashuk LA (2006a) Heme-oxygenase-1 promotes polychlorinated 

biphenyl mixture aroclor 1254-induced oxidative stress and dopaminergic cell injury. 
Toxicol Sci 90:159-167. 

Lee EJ, Woo MS, Moon PG, Baek MC, Choi IY, Kim WK, Junn E, Kim HS (2010) Alpha-
synuclein activates microglia by inducing the expressions of matrix metalloproteinases 



 

 122 

and the subsequent activation of protease-activated receptor-1. Journal of Immunology 
185:615-623. 

Lee HJ, Baek SM, Ho DH, Suk JE, Cho ED, Lee SJ (2011) Dopamine promotes formation and 
secretion of non-fibrillar alpha-synuclein oligomers. Exp Mol Med 43:216-222. 

Lee HJ, Patel S, Lee SJ (2005a) Intravesicular localization and exocytosis of alpha-synuclein and 
its aggregates. Journal of Neuroscience 25:6016-6024. 

Lee HJ, Patel S, Lee SJ (2005b) Intravesicular localization and exocytosis of alpha-synuclein and 
its aggregates. J Neurosci 25:6016-6024. 

Lee PH, Lee G, Park HJ, Bang OY, Joo IS, Huh K (2006b) The plasma alpha-synuclein levels in 
patients with Parkinson's disease and multiple system atrophy. J Neural Transm 
113:1435-1439. 

Lee SJ, Lee S (2002) Toll-like receptors and inflammation in the CNS. Curr Drug Targets 
Inflamm Allergy 1:181-191. 

Liu B (2006) Modulation of microglial pro-inflammatory and neurotoxic activity for the 
treatment of Parkinson's disease. AAPS J 8:E606-621. 

Maroteaux L, Campanelli JT, Scheller RH (1988) Synuclein: a neuron-specific protein localized 
to the nucleus and presynaptic nerve terminal. J Neurosci 8:2804-2815. 

Maroteaux L, Scheller RH (1991) The rat brain synucleins; family of proteins transiently 
associated with neuronal membrane. Brain Res Mol Brain Res 11:335-343. 

Masliah E, Rockenstein E, Adame A, Alford M, Crews L, Hashimoto M, Seubert P, Lee M, 
Goldstein J, Chilcote T, Games D, Schenk D (2005) Effects of alpha-synuclein 
immunization in a mouse model of Parkinson's disease. Neuron 46:857-868. 

McGeer PL, Itagaki S, Boyes BE, McGeer EG (1988) Reactive microglia are positive for HLA-
DR in the substantia nigra of Parkinson's and Alzheimer's disease brains. Neurology 
38:1285-1291. 

McLean PJ, Hyman BT (2002) An alternatively spliced form of rodent alpha-synuclein forms 
intracellular inclusions in vitro: role of the carboxy-terminus in alpha-synuclein 
aggregation. Neurosci Lett 323:219-223. 

McLean PJ, Kawamata H, Ribich S, Hyman BT (2000) Membrane association and protein 
conformation of alpha-synuclein in intact neurons. Effect of Parkinson's disease-linked 
mutations. Journal of Biological Chemistry 275:8812-8816. 

Moi P, Chan K, Asunis I, Cao A, Kan YW (1994) Isolation of NF-E2-related factor 2 (Nrf2), a 
NF-E2-like basic leucine zipper transcriptional activator that binds to the tandem NF-
E2/AP1 repeat of the beta-globin locus control region. Proceedings of the National 
Academy of Sciences of the United States of America 91:9926-9930. 

Moussa CE, Wersinger C, Tomita Y, Sidhu A (2004) Differential cytotoxicity of human wild 
type and mutant alpha-synuclein in human neuroblastoma SH-SY5Y cells in the presence 
of dopamine. Biochemistry 43:5539-5550. 

Muzio M, Polentarutti N, Bosisio D, Prahladan MK, Mantovani A (2000) Toll-like receptors: a 
growing family of immune receptors that are differentially expressed and regulated by 
different leukocytes. J Leukoc Biol 67:450-456. 

Nagatsu T, Mogi M, Ichinose H, Togari A (2000) Cytokines in Parkinson's disease. Journal of 
Neural Transmission Supplementum 143-151. 



 

 123 

Nakajo S, Omata K, Aiuchi T, Shibayama T, Okahashi I, Ochiai H, Nakai Y, Nakaya K, 
Nakamura Y (1990) Purification and characterization of a novel brain-specific 14-kDa 
protein. J Neurochem 55:2031-2038. 

Nemani VM, Lu W, Berge V, Nakamura K, Onoa B, Lee MK, Chaudhry FA, Nicoll RA, 
Edwards RH (2010) Increased expression of alpha-synuclein reduces neurotransmitter 
release by inhibiting synaptic vesicle reclustering after endocytosis. Neuron 65:66-79. 

Nishimura M, Mizuta I, Mizuta E, Yamasaki S, Ohta M, Kaji R, Kuno S (2001) Tumor necrosis 
factor gene polymorphisms in patients with sporadic Parkinson's disease. Neurosci Lett 
311:1-4. 

O'Neill LA, Bryant CE, Doyle SL (2009) Therapeutic targeting of Toll-like receptors for 
infectious and inflammatory diseases and cancer. Pharmacological Reviews 61:177-197. 

Okochi M, Walter J, Koyama A, Nakajo S, Baba M, Iwatsubo T, Meijer L, Kahle PJ, Haass C 
(2000) Constitutive phosphorylation of the Parkinson's disease associated alpha-
synuclein. J Biol Chem 275:390-397. 

Ostrerova N, Petrucelli L, Farrer M, Mehta N, Choi P, Hardy J, Wolozin B (1999) alpha-
Synuclein shares physical and functional homology with 14-3-3 proteins. J Neurosci 
19:5782-5791. 

Ouchi Y, Yagi S, Yokokura M, Sakamoto M (2009) Neuroinflammation in the living brain of 
Parkinson's disease. Parkinsonism Relat Disord 15 Suppl 3:S200-204. 

Ouchi Y, Yoshikawa E, Sekine Y, Futatsubashi M, Kanno T, Ogusu T, Torizuka T (2005) 
Microglial activation and dopamine terminal loss in early Parkinson's disease. Ann 
Neurol 57:168-175. 

Paine A, Eiz-Vesper B, Blasczyk R, Immenschuh S (2010) Signaling to heme oxygenase-1 and 
its anti-inflammatory therapeutic potential. Biochemical Pharmacology 80:1895-1903. 

Papp MI, Kahn JE, Lantos PL (1989) Glial cytoplasmic inclusions in the CNS of patients with 
multiple system atrophy (striatonigral degeneration, olivopontocerebellar atrophy and 
Shy-Drager syndrome). J Neurol Sci 94:79-100. 

Parihar MS, Parihar A, Fujita M, Hashimoto M, Ghafourifar P (2008) Mitochondrial association 
of alpha-synuclein causes oxidative stress. Cellular and Molecular Life Sciences 
65:1272-1284. 

Parihar MS, Parihar A, Fujita M, Hashimoto M, Ghafourifar P (2009) Alpha-synuclein 
overexpression and aggregation exacerbates impairment of mitochondrial functions by 
augmenting oxidative stress in human neuroblastoma cells. International Journal of 
Biochemistry and Cell Biology 41:2015-2024. 

Perez RG, Waymire JC, Lin E, Liu JJ, Guo F, Zigmond MJ (2002) A role for alpha-synuclein in 
the regulation of dopamine biosynthesis. J Neurosci 22:3090-3099. 

Perrin RJ, Woods WS, Clayton DF, George JM (2001) Exposure to long chain polyunsaturated 
fatty acids triggers rapid multimerization of synucleins. Journal of Biological Chemistry 
276:41958-41962. 

Perry VH (1998) A revised view of the central nervous system microenvironment and major 
histocompatibility complex class II antigen presentation. J Neuroimmunol 90:113-121. 

Petrassi HM, Johnson SM, Purkey HE, Chiang KP, Walkup T, Jiang X, Powers ET, Kelly JW 
(2005) Potent and selective structure-based dibenzofuran inhibitors of transthyretin 



 

 124 

amyloidogenesis: kinetic stabilization of the native state. J Am Chem Soc 127:6662-
6671. 

Polymeropoulos MH, Higgins JJ, Golbe LI, Johnson WG, Ide SE, Di Iorio G, Sanges G, 
Stenroos ES, Pho LT, Schaffer AA, Lazzarini AM, Nussbaum RL, Duvoisin RC (1996) 
Mapping of a gene for Parkinson's disease to chromosome 4q21-q23. Science 274:1197-
1199. 

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, Pike B, Root H, 
Rubenstein J, Boyer R, Stenroos ES, Chandrasekharappa S, Athanassiadou A, 
Papapetropoulos T, Johnson WG, Lazzarini AM, Duvoisin RC, Di Iorio G, Golbe LI, 
Nussbaum RL (1997) Mutation in the alpha-synuclein gene identified in families with 
Parkinson's disease. Science 276:2045-2047. 

Pronin AN, Morris AJ, Surguchov A, Benovic JL (2000) Synucleins are a novel class of 
substrates for G protein-coupled receptor kinases. J Biol Chem 275:26515-26522. 

Qian L, Hong JS, Flood PM (2006) Role of microglia in inflammation-mediated degeneration of 
dopaminergic neurons: neuroprotective effect of interleukin 10. J Neural Transm Suppl 
367-371. 

Reed-Geaghan EG, Savage JC, Hise AG, Landreth GE (2009) CD14 and toll-like receptors 2 and 
4 are required for fibrillar A{beta}-stimulated microglial activation. Journal of 
Neuroscience 29:11982-11992. 

Reynolds AD, Kadiu I, Garg SK, Glanzer JG, Nordgren T, Ciborowski P, Banerjee R, 
Gendelman HE (2008) Nitrated alpha-synuclein and microglial neuroregulatory 
activities. J Neuroimmune Pharmacol 3:59-74. 

Rojo AI, Innamorato NG, Martin-Moreno AM, De Ceballos ML, Yamamoto M, Cuadrado A 
(2010) Nrf2 regulates microglial dynamics and neuroinflammation in experimental 
Parkinson's disease. Glia 58:588-598. 

Saijo K, Winner B, Carson CT, Collier JG, Boyer L, Rosenfeld MG, Gage FH, Glass CK (2009) 
A Nurr1/CoREST pathway in microglia and astrocytes protects dopaminergic neurons 
from inflammation-induced death. Cell 137:47-59. 

Saitoh S, Akashi S, Yamada T, Tanimura N, Kobayashi M, Konno K, Matsumoto F, Fukase K, 
Kusumoto S, Nagai Y, Kusumoto Y, Kosugi A, Miyake K (2004) Lipid A antagonist, 
lipid IVa, is distinct from lipid A in interaction with Toll-like receptor 4 (TLR4)-MD-2 
and ligand-induced TLR4 oligomerization. Int Immunol 16:961-969. 

Satake W, Nakabayashi Y, Mizuta I, Hirota Y, Ito C, Kubo M, Kawaguchi T, Tsunoda T, 
Watanabe M, Takeda A, Tomiyama H, Nakashima K, Hasegawa K, Obata F, Yoshikawa 
T, Kawakami H, Sakoda S, Yamamoto M, Hattori N, Murata M, Nakamura Y, Toda T 
(2009) Genome-wide association study identifies common variants at four loci as genetic 
risk factors for Parkinson's disease. Nat Genet 41:1303-1307. 

Sawada M, Imamura K, Nagatsu T (2006) Role of cytokines in inflammatory process in 
Parkinson's disease. J Neural Transm Suppl 373-381. 

Schipper HM (2004) Heme oxygenase expression in human central nervous system disorders. 
Free Radical Biology and Medicine 37:1995-2011. 

Schipper HM, Liberman A, Stopa EG (1998a) Neural heme oxygenase-1 expression in idiopathic 
Parkinson's disease. Experimental Neurology 150:60-68. 



 

 125 

Schipper HM, Liberman A, Stopa EG (1998b) Neural heme oxygenase-1 expression in 
idiopathic Parkinson's disease. Exp Neurol 150:60-68. 

Schipper HM, Song W, Zukor H, Hascalovici JR, Zeligman D (2009) Heme oxygenase-1 and 
neurodegeneration: expanding frontiers of engagement. J Neurochem 110:469-485. 

Schmidt J, Mertz K, Morgan JI (1999) Regulation of heme oxygenase-1 expression by dopamine 
in cultured C6 glioma and primary astrocytes. Brain Res Mol Brain Res 73:50-59. 

Scholz SW, Houlden H, Schulte C, Sharma M, Li A, Berg D, Melchers A, Paudel R, Gibbs JR, 
Simon-Sanchez J, Paisan-Ruiz C, Bras J, Ding J, Chen H, Traynor BJ, Arepalli S, Zonozi 
RR, Revesz T, Holton J, Wood N, Lees A, Oertel W, Wullner U, Goldwurm S, Pellecchia 
MT, Illig T, Riess O, Fernandez HH, Rodriguez RL, Okun MS, Poewe W, Wenning GK, 
Hardy JA, Singleton AB, Del Sorbo F, Schneider S, Bhatia KP, Gasser T (2009) SNCA 
variants are associated with increased risk for multiple system atrophy. Ann Neurol 
65:610-614. 

Seong SY, Matzinger P (2004) Hydrophobicity: an ancient damage-associated molecular pattern 
that initiates innate immune responses. Nat Rev Immunol 4:469-478. 

Serpell LC, Berriman J, Jakes R, Goedert M, Crowther RA (2000) Fiber diffraction of synthetic 
alpha-synuclein filaments shows amyloid-like cross-beta conformation. Proc Natl Acad 
Sci U S A 97:4897-4902. 

Sharon R, Bar-Joseph I, Frosch MP, Walsh DM, Hamilton JA, Selkoe DJ (2003) The formation 
of highly soluble oligomers of alpha-synuclein is regulated by fatty acids and enhanced in 
Parkinson's disease. Neuron 37:583-595. 

Shi M, Bradner J, Hancock AM, Chung KA, Quinn JF, Peskind ER, Galasko D, Jankovic J, 
Zabetian CP, Kim HM, Leverenz JB, Montine TJ, Ginghina C, Kang UJ, Cain KC, Wang 
Y, Aasly J, Goldstein D, Zhang J (2011) Cerebrospinal fluid biomarkers for Parkinson 
disease diagnosis and progression. Ann Neurol 69:570-580. 

Shtilerman MD, Ding TT, Lansbury PT, Jr. (2002) Molecular crowding accelerates fibrillization 
of alpha-synuclein: could an increase in the cytoplasmic protein concentration induce 
Parkinson's disease? Biochemistry 41:3855-3860. 

Sidhu A, Wersinger C, Vernier P (2004) alpha-Synuclein regulation of the dopaminergic 
transporter: a possible role in the pathogenesis of Parkinson's disease. FEBS Lett 565:1-5. 

Simon-Sanchez J, Schulte C, Bras JM, Sharma M, Gibbs JR, Berg D, Paisan-Ruiz C, Lichtner P, 
Scholz SW, Hernandez DG, Kruger R, Federoff M, Klein C, Goate A, Perlmutter J, 
Bonin M, Nalls MA, Illig T, Gieger C, Houlden H, Steffens M, Okun MS, Racette BA, 
Cookson MR, Foote KD, Fernandez HH, Traynor BJ, Schreiber S, Arepalli S, Zonozi R, 
Gwinn K, van der Brug M, Lopez G, Chanock SJ, Schatzkin A, Park Y, Hollenbeck A, 
Gao J, Huang X, Wood NW, Lorenz D, Deuschl G, Chen H, Riess O, Hardy JA, 
Singleton AB, Gasser T (2009) Genome-wide association study reveals genetic risk 
underlying Parkinson's disease. Nat Genet 41:1308-1312. 

Singleton A, Gwinn-Hardy K, Sharabi Y, Li ST, Holmes C, Dendi R, Hardy J, Crawley A, 
Goldstein DS (2004) Association between cardiac denervation and parkinsonism caused 
by alpha-synuclein gene triplication. Brain 127:768-772. 

Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kachergus J, Hulihan M, Peuralinna 
T, Dutra A, Nussbaum R, Lincoln S, Crawley A, Hanson M, Maraganore D, Adler C, 



 

 126 

Cookson MR, Muenter M, Baptista M, Miller D, Blancato J, Hardy J, Gwinn-Hardy K 
(2003) alpha-Synuclein locus triplication causes Parkinson's disease. Science 302:841. 

Song W, Patel A, Qureshi HY, Han D, Schipper HM, Paudel HK (2009) The Parkinson disease-
associated A30P mutation stabilizes alpha-synuclein against proteasomal degradation 
triggered by heme oxygenase-1 over-expression in human neuroblastoma cells. J 
Neurochem 110:719-733. 

Souza JM, Giasson BI, Lee VM, Ischiropoulos H (2000) Chaperone-like activity of synucleins. 
FEBS Lett 474:116-119. 

Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M (1997) Alpha-
synuclein in Lewy bodies. Nature 388:839-840. 

Stewart CR, Stuart LM, Wilkinson K, van Gils JM, Deng J, Halle A, Rayner KJ, Boyer L, Zhong 
R, Frazier WA, Lacy-Hulbert A, El Khoury J, Golenbock DT, Moore KJ (2010) CD36 
ligands promote sterile inflammation through assembly of a Toll-like receptor 4 and 6 
heterodimer. Nat Immunol 11:155-161. 

Strathdee CA, McLeod MR, Hall JR (1999) Efficient control of tetracycline-responsive gene 
expression from an autoregulated bi-directional expression vector. Gene 229:21-29. 

Su X, Federoff HJ, Maguire-Zeiss KA (2009) Mutant alpha-synuclein overexpression mediates 
early proinflammatory activity. Neurotox Res 16:238-254. 

Su X, Maguire-Zeiss KA, Giuliano R, Prifti L, Venkatesh K, Federoff HJ (2008) Synuclein 
activates microglia in a model of Parkinson's disease. Neurobiology of aging 29:1690-
1701. 

Sugama S, Yang L, Cho BP, DeGiorgio LA, Lorenzl S, Albers DS, Beal MF, Volpe BT, Joh TH 
(2003) Age-related microglial activation in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-induced dopaminergic neurodegeneration in C57BL/6 mice. Brain Res 964:288-
294. 

Sung JY, Park SM, Lee CH, Um JW, Lee HJ, Kim J, Oh YJ, Lee ST, Paik SR, Chung KC (2005) 
Proteolytic cleavage of extracellular secreted {alpha}-synuclein via matrix 
metalloproteinases. J Biol Chem 280:25216-25224. 

Surmeier DJ, Guzman JN, Sanchez-Padilla J, Goldberg JA (2010) What causes the death of 
dopaminergic neurons in Parkinson's disease? Prog Brain Res 183:59-77. 

Takahashi T, Yamashita H, Nakamura T, Nagano Y, Nakamura S (2002) Tyrosine 125 of alpha-
synuclein plays a critical role for dimerization following nitrative stress. Brain Res 
938:73-80. 

Tanaka S, Ide M, Shibutani T, Ohtaki H, Numazawa S, Shioda S, Yoshida T (2006) 
Lipopolysaccharide-induced microglial activation induces learning and memory deficits 
without neuronal cell death in rats. Journal of Neuroscience Research 83:557-566. 

Theodore S, Cao S, McLean PJ, Standaert DG (2008) Targeted overexpression of human alpha-
synuclein triggers microglial activation and an adaptive immune response in a mouse 
model of Parkinson disease. J Neuropathol Exp Neurol 67:1149-1158. 

Tobe T, Nakajo S, Tanaka A, Mitoya A, Omata K, Nakaya K, Tomita M, Nakamura Y (1992) 
Cloning and characterization of the cDNA encoding a novel brain-specific 14-kDa 
protein. J Neurochem 59:1624-1629. 

Tokuda T, Salem SA, Allsop D, Mizuno T, Nakagawa M, Qureshi MM, Locascio JJ, 
Schlossmacher MG, El-Agnaf OM (2006) Decreased alpha-synuclein in cerebrospinal 



 

 127 

fluid of aged individuals and subjects with Parkinson's disease. Biochem Biophys Res 
Commun 349:162-166. 

Trojanowski JQ, Revesz T (2007) Proposed neuropathological criteria for the post mortem 
diagnosis of multiple system atrophy. Neuropathol Appl Neurobiol 33:615-620. 

Tsigelny IF, Crews L, Desplats P, Shaked GM, Sharikov Y, Mizuno H, Spencer B, Rockenstein 
E, Trejo M, Platoshyn O, Yuan JX, Masliah E (2008a) Mechanisms of hybrid oligomer 
formation in the pathogenesis of combined Alzheimer's and Parkinson's diseases. PLoS 
One 3:e3135. 

Tsigelny IF, Sharikov Y, Miller MA, Masliah E (2008b) Mechanism of alpha-synuclein 
oligomerization and membrane interaction: theoretical approach to unstructured proteins 
studies. Nanomedicine 4:350-357. 

Tsigelny IF, Sharikov Y, Wrasidlo W, Gonzalez T, Desplats PA, Crews L, Spencer B, Masliah E 
(2012) Role of alpha-synuclein penetration into the membrane in the mechanisms of 
oligomer pore formation. FEBS J 279:1000-1013. 

Ueda K, Fukushima H, Masliah E, Xia Y, Iwai A, Yoshimoto M, Otero DA, Kondo J, Ihara Y, 
Saitoh T (1993) Molecular cloning of cDNA encoding an unrecognized component of 
amyloid in Alzheimer disease. Proc Natl Acad Sci U S A 90:11282-11286. 

Ullman O, Fisher CK, Stultz CM (2011) Explaining the structural plasticity of alpha-synuclein. J 
Am Chem Soc 133:19536-19546. 

Vazquez-Claverie M, Garrido-Gil P, San Sebastian W, Izal-Azcarate A, Belzunegui S, Marcilla 
I, Lopez B, Luquin MR (2009) Acute and chronic 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine administrations elicit similar microglial activation in the substantia 
nigra of monkeys. J Neuropathol Exp Neurol 68:977-984. 

Vila M, Vukosavic S, Jackson-Lewis V, Neystat M, Jakowec M, Przedborski S (2000) Alpha-
synuclein up-regulation in substantia nigra dopaminergic neurons following 
administration of the parkinsonian toxin MPTP. Journal of Neurochemistry 74:721-729. 

Volles MJ, Lansbury PT, Jr. (2002) Vesicle permeabilization by protofibrillar alpha-synuclein is 
sensitive to Parkinson's disease-linked mutations and occurs by a pore-like mechanism. 
Biochemistry 41:4595-4602. 

Volles MJ, Lee SJ, Rochet JC, Shtilerman MD, Ding TT, Kessler JC, Lansbury PT, Jr. (2001) 
Vesicle permeabilization by protofibrillar alpha-synuclein: implications for the 
pathogenesis and treatment of Parkinson's disease. Biochemistry 40:7812-7819. 

Wang HQ, Xu YX, Zhu CQ (2012) Upregulation of heme oxygenase-1 by acteoside through 
ERK and PI3 K/Akt pathway confer neuroprotection against beta-amyloid-induced 
neurotoxicity. Neurotox Res 21:368-378. 

Wang W, Perovic I, Chittuluru J, Kaganovich A, Nguyen LT, Liao J, Auclair JR, Johnson D, 
Landeru A, Simorellis AK, Ju S, Cookson MR, Asturias FJ, Agar JN, Webb BN, Kang C, 
Ringe D, Petsko GA, Pochapsky TC, Hoang QQ (2011) A soluble alpha-synuclein 
construct forms a dynamic tetramer. Proc Natl Acad Sci U S A 108:17797-17802. 

Watson MB, Richter F, Lee SK, Gabby L, Wu J, Masliah E, Effros RB, Chesselet MF (2012) 
Regionally-specific microglial activation in young mice over-expressing human wildtype 
alpha-synuclein. Exp Neurol 237:318-334. 

Wilms H, Rosenstiel P, Romero-Ramos M, Arlt A, Schafer H, Seegert D, Kahle PJ, Odoy S, 
Claasen JH, Holzknecht C, Brandenburg LO, Deuschl G, Schreiber S, Kirik D, Lucius R 



 

 128 

(2009) Suppression of MAP kinases inhibits microglial activation and attenuates neuronal 
cell death induced by alpha-synuclein protofibrils. Int J Immunopathol Pharmacol 
22:897-909. 

Winner B, Jappelli R, Maji SK, Desplats PA, Boyer L, Aigner S, Hetzer C, Loher T, Vilar M, 
Campioni S, Tzitzilonis C, Soragni A, Jessberger S, Mira H, Consiglio A, Pham E, 
Masliah E, Gage FH, Riek R (2011) In vivo demonstration that alpha-synuclein 
oligomers are toxic. Proc Natl Acad Sci U S A 108:4194-4199. 

Wiseman RL, Green NS, Kelly JW (2005) Kinetic stabilization of an oligomeric protein under 
physiological conditions demonstrated by a lack of subunit exchange: implications for 
transthyretin amyloidosis. Biochemistry 44:9265-9274. 

Wu XF, Block ML, Zhang W, Qin L, Wilson B, Zhang WQ, Veronesi B, Hong JS (2005) The 
role of microglia in paraquat-induced dopaminergic neurotoxicity. Antioxid Redox Signal 
7:654-661. 

Xilouri M, Vogiatzi T, Vekrellis K, Park D, Stefanis L (2009) Abberant alpha-synuclein confers 
toxicity to neurons in part through inhibition of chaperone-mediated autophagy. PLoS 
One 4:e5515. 

Yu S, Zuo X, Li Y, Zhang C, Zhou M, Zhang YA, Ueda K, Chan P (2004) Inhibition of tyrosine 
hydroxylase expression in alpha-synuclein-transfected dopaminergic neuronal cells. 
Neurosci Lett 367:34-39. 

Zhang W, Wang T, Pei Z, Miller DS, Wu X, Block ML, Wilson B, Zhou Y, Hong JS, Zhang J 
(2005) Aggregated alpha-synuclein activates microglia: a process leading to disease 
progression in Parkinson's disease. FASEB Journal 19:533-542. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 


