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  Oxidative stress and inflammation have long been associated with cell 

death in Parkinson’s disease (PD).  As a result, there has been a growing interest in 

antioxidant pathways and how these pathways might be exploited in order to slow the 

progressive loss of dopamine (DA) neurons associated with PD.  One such pathway that 

has garnered attention in recent years is the nuclear factor erythroid 2-related factor 2-

antioxidant response element (Nrf2-ARE) pathway.  A number of groups have shown 

that activation of the Nrf2-ARE pathway prior to an oxidative insult can protect against 

DA cell loss both in vitro and in vivo.  The next step in establishing its value as a 

potential therapeutic target is to determine if Nrf2 can be protective when activated either 

simultaneously with an insult, or when activated after the start of the degenerative 

process.  This question was addressed in two parts: (1) Organotypic nigrostriatal co-

cultures were treated acutely with either 6-hydroxydopamine (6-OHDA) or a 

combination of 6-OHDA and tert-butylhyrdoquinone (tBHQ), a known activator of the 

Nrf2 pathway.  Treatment with 6-OHDA alone led to a significant loss in tyrosine 

hydroxylase-immunoreactivity (TH-ir).  This effect was mitigated when cultures were 

treated with both 6-OHDA and tBHQ.  Protection appeared to be mediated, at least in 



 

part, by increased antioxidant activity. Simultaneous treatment with both 6-OHDA and 

tBHQ increased NQO1 expression 17-fold compared with controls.  (2) We developed a 

novel in vitro model of dopaminergic degeneration using organotypic nigrostriatal co-

cultures, enabling us to administer therapeutics after the start of the lesion.  Chronic 

treatment of cultures with low doses of beta-sitosterol glucoside led to a progressive and 

specific loss of ~50% of TH-ir over the course of two weeks. Furthermore, we observed a 

loss of DA cell phenotype, as indicated by significant decreases in TH and vesicular 

monoamine transporter 2 protein levels, before cells underwent apoptosis.  Interestingly, 

activation of Nrf2 with tBHQ during this early stage of the degenerative process was able 

to restore lost phenotype and mitigate increases in oxidative damage, as evidenced by a 

decrease in nitrosylated proteins and lipid peroxidation.  Combined, these two studies 

support the hypothesis that activation of the Nrf2 pathway may protect against 

dopaminergic degeneration. 
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1.1 Introduction 

 Parkinson’s disease (PD) is a chronic, progressive neurodegenerative disorder of 

unknown etiology that affects approximately five million people worldwide (Olanow et 

al., 2009). Clinically, it is characterized by a variety of motor symptoms, including 

bradykinesia, rigidity, a resting tremor, shuffled gait and postural instability. PD is also 

associated with a number of non-motor symptoms, such as anosmia, constipation, sleep 

disturbances, depression and dementia. Pathological hallmarks of the disease include a 

progressive loss of dopaminergic (DA) neurons in the substantia nigra pars compacta 

(SN) and dopaminergic input into the striatum (ST), and the presence of intracellular 

protein deposits known as Lewy bodies, which consist primarily of α-synuclein and 

ubiquitin. 

 Current treatment options for PD remain symptomatic.  Development of disease-

modifying or neuroprotective therapies “is the single most important unmet medical need 

in PD” (Olanow, 2006).   The urgency for such therapies is underscored by the 

expectation that the number of PD patients will double by 2050 as the world’s population 

becomes increasingly more aged (Schapira, 2009). One promising target that has 

garnered attention in recent years is the transcription factor nuclear factor erythroid 2-

related factor 2 (Nrf2). A number of groups have shown that activation of Nrf2 prior to 

an oxidative insult can protect against dopaminergic cell loss both in vitro and in vivo 

(e.g. Hara et al., 2003; Kraft et al., 2004; Jakel et al., 2005; Jazwa et al., 2011).  These 

studies provide important evidence to support the neuroprotective role of Nrf2 and its 

potential as a therapeutic target.  The next step in establishing its value as a 

neuroprotective agent is to demonstrate that Nrf2 can still be protective when activated 
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either simultaneously with an insult or after the start of a lesion. Clinically, this is an 

important concept to consider since the health of approximately half of DA neurons in the 

SN has been compromised by the time patients are diagnosed with PD (Terzioglu & 

Galter, 2008).  The experiments contained in this thesis aim to address these questions by 

evaluating the efficacy of Nrf2 in both an acute in vitro model of PD and in a novel 

chronic in vitro model that allows a post-treatment paradigm to be implemented. 

 The following sections of the introduction chapter will explore these ideas in 

more detail, first by discussing what is currently known about the disease process, and 

how current treatment options and potential therapeutics target this process.  This will 

lead to a critical evaluation of PD models, and a look at current work on Nrf2 in PD. 

Finally, the critical questions that stem from this work will be readdressed in the 

following chapter with a description of how the experiments contained in this thesis aim 

to evaluate the neuroprotective potential of Nrf2. 

 

1.2 Disease progression 

 The etiology of PD is currently not well understood.  Traditionally, it has been 

viewed as a disease of the motor system revolving solely around dopaminergic 

degeneration.  However, in recent years, non-motor aspects of the disease have also 

begun to be appreciated, allowing a more comprehensive picture of disease progression 

to be constructed. Braak and colleagues have proposed a six stage pathological process 

based on Lewy body and Lewy neurite deposition in post-mortem tissue of PD patients 

(Braak et al., 2003; Figure 1.1).  They posit that PD starts with degeneration of the 

olfactory bulb and anterior olfactory nucleus and then progresses to lower nuclei in the 
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brain stem during the pre-clinical phases of PD (stages 1 and 2).  This is supported by 

clinical studies that correlate olfactory changes, constipation, and rapid eye movement 

(REM) sleep disorders with an increased risk of developing PD (Schenck et al., 1996; 

Olson et al., 2000; Abbott et al., 2001; Ponsen et al., 2004; Langston, 2006; Olanow et 

al., 2009). Stages 3 and 4 correlate with the “classic” picture of PD. During these stages 

the SN and other midbrain structures degenerate leading to the emergence of motor 

symptoms and clinical PD. In the final stages (stages 5 and 6), Lewy body deposition 

extends to limbic structures, such as the hippocampus and amygdala, and to the cortex. In 

these stages, non-motor symptoms tend to dominate the clinical picture, as patients report 

increased confusion, anxiety and decline in cognitive functions (Hely et al., 2005).  

 

1.2.1 Role of Oxidative Stress 

Numerous pathogenic events, such as protein aggregation, mitochondrial 

dysfunction, proteasomal dysfunction and excitotoxicity, have been implicated in the 

pathogenesis of PD.  Recently, oxidative stress and inflammation have been increasingly 

Figure 1.1 Braak’s Staging of Brain Pathology in PD.  This hypothesis suggests that 
degeneration and α-synulcein deposition starts in the olfactory bulb and brain stem (stages 1 and 
2), progresses to the midbrain (stages 3 and 4) and eventually extends to the cortex (stages 5 and 
6).  Figure borrowed with permission from Olanow et al., 2009. The scientific and clinical basis 
for the treatment of Parkinson’s disease. Neurology, 72(21 Suppl 4):S1-S136. 



5 

recognized as critical components of the degenerative process.  In support of this, tissue 

from Parkinson’s patients shows abundant evidence of oxidative damage, including 

increased lipid peroxidation, DNA fragmentation and protein oxidation (Dexter et al., 

1986; Dexter et al., 1989; Alam et al., 1997a; 1997b; Floor & Wetzel 1998; Castellani et 

al., 2002).  Moreover, levels of total glutathione (GSH), a key antioxidant and redox 

modulator in neurons and glia, are significantly lower in the SN of PD patients than in 

age-matched controls (Zeevalk et al., 2008).  In fact, GSH depletion (i.e., loss of 

antioxidant support) is considered an early event in the degenerative process (Schulz et 

al., 2000).  

One major source of reactive oxygen and nitrogen species (ROS/RNS) comes 

from damage to complex I of the mitochondrial respiratory chain. Impaired complex I 

activity has been reported in platelets, muscle and nigral tissue from PD patients (Parker 

et al., 1989; Schapira et al., 1990; Blin et al., 1994; Haas et al., 1995). Inhibition of 

complex I results in incomplete oxygen reduction and generation of potentially harmful 

ROS, such as superoxide. If not neutralized, superoxide may also be converted into more 

toxic species, such as peroxynitrite, H2O2 or the hydroxyl radical. Further support for the 

role of ROS/RNS generated by complex I inhibition comes from experimental models. 

Pesticides that block complex I, such as rotenone and paraquat, induce dopaminergic 

degeneration and parkinsonian symptoms both in vitro and in vivo (Betarbet et al., 2002).  

Additionally, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which is converted 

to the complex I inhibitor 1-methyl-4-phenylpyridinium (MPP+) by monoamine oxidase 

B (MAO-B) induces parkinsonism in humans, primates and rodents (Burns et al., 1983; 

Javitch et al., 1985; reviewed in Duty & Jenner, 2011).  A role for mitochondrial 
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dysfunction is further supported by the identification of mutations in several 

mitochondrial related genes, such as PTEN-induced putative kinase 1 (PINK1) and DJ-1, 

in autosomal recessive forms of PD (reviewed in Dawson et al., 2010).   

 Dopamine metabolism is another source of ROS/RNS in nigral dopamine 

neurons. More than 90% of dopamine is stored in synaptic vesicles (Eisenhofer at al., 

2004).  The remaining fraction undergoes spontaneous or MAO-B mediated degradation, 

forming 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 

superoxide, H2O2 and dopamine quinones. Enough hydrogen peroxide is produced 

through this process to significantly increase levels of GSH, which suggests ongoing 

oxidative stress (Maker et al., 1981; Spina & Cohen, 1988). Additionally, dopamine 

neurons have a high concentration of iron, which can convert H2O2 into the hydroxyl 

radical via the Fenton reaction.  Dopamine quinones are strongly electrophilic, enabling 

them to readily bind to and inactivate DNA and proteins, such as tyrosine hydroxylase 

(TH), the dopamine transporter (DAT), parkin and α-synuclein (Graham, 1978; Asanuma 

et al., 2003; Cuadrado et al., 2009).  If not properly sequestered, dopamine quinones can 

also cyclize to form highly unstable aminochrome, which can lead to the generation of 

superoxide and depletion of nicotinamide adenine dinucleotide phosphate (NADPH). 

 Chronically activated microglia also contribute to the generation of ROS/RNS.  It 

has been hypothesized that microglial activation may actually exacerbate disease 

progression. Normal aging is associated with a mild increase in activated microglia, 

particularly in the SN (Beach et al., 2007).  These “primed” microglia may be pushed into 

a state of chronic activation by substances produced by dying dopamine neurons, such as 

α-synuclein aggregates (Zhang et al., 2005), matrix metalloproteinase-3 (Kim et al., 
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2007) and neuromelanin (Wilms et al., 2003), causing them to produce neurotoxic 

proinflammatory cytokines and ROS/RNS  (Long-Smith et al., 2009). In support of this 

theory, increased concentrations of activated microglia and proinflammatory cytokines 

have been identified in cerebrospinal fluid (Muller et al., 1998), serum (Stypula et al., 

1996; Rentzos et al., 2007) and post-mortem brain tissue of PD patients (Mogi et al., 

1994; Mogi et al., 1995; Banati et al., 1998; Mogi et al., 2000). Notably, the highest 

concentration of activated microglia has been found in the vicinity of degenerating nigral 

dopamine neurons (McGeer et al., 1988). In addition to microglia and cytokines, enzymes 

associated with inflammation, such as inducible nitric oxide synthase (iNOS) and 

cyclooxygenase-2 (COX-2), have been found in post-mortem brain tissue (Hunot et al., 

1996; Knott et al., 2000).  Production of iNOS and COX-2 by activated microglia can 

lead to the generation of highly reactive and damaging ROS/RNS such as nitric oxide and 

superoxide (Boje et al., 1992; Block et al., 2007).  More recently, NADPH oxidase has 

also been identified as a significant source of superoxide produced by microglia.  The 

importance of these enzymes and activated microglia in dopaminergic cell death has also 

been demonstrated in various animal models of PD (Liberatore et al., 1999; He et al., 

2001; Gao et al., 2003; McGeer et al., 2003; Wu et al., 2003; Crotty et al., 2008). Further 

support for the role of activated microglia in disease progression comes from animal 

studies that demonstrate diminished dopamine cell loss when COX-2 is inactivated (Feng 

et al., 2003; Hunot et al., 2004; Sanchez-Pernaute et al., 2004) or when iNOS or gp91, the 

catalytic subunit of NAPDH oxidase, is knocked out (Liberatore et al., 1999; Gao et al., 

2003). 

 



8 

1.3 Current Treatment Options 

1.3.1 Treatment for Motor Symptoms 

 Current treatment for PD is purely symptomatic and centers on replacing 

dopamine. Since dopamine itself is unable to cross the blood brain barrier, nigrostriatal 

dopamine is typically increased in one of three ways: (1) MAO-B inhibitors, such as 

selegiline and rasagiline, prevent endogenous dopamine from being degraded; (2) 

dopamine receptor agonists, such as cabergoline and pramipexole, attempt to substitute 

for the low levels of endogenous dopamine by stimulating dopamine receptors; and (3) 

levodopa, a precursor of dopamine that is able to cross the blood brain barrier, provides 

substrate to synthesize new dopamine (Olanow et al., 2001; Palhagen et al., 2006; Savitt 

et al., 2006; Oldfield et al., 2007). Levodopa is the most effective and widely used 

therapy to manage patients’ motor symptoms. It is often administered in combination 

with a decarboxylase inhibitor (e.g. carbidopa) and a catechol-O-methyltransferase 

(COMT) inhibitor (e.g.entacapone) to prevent peripheral metabolism and conversion into 

dopamine. This increases plasma concentrations of levodopa that reach the brain, 

minimizing peripheral side effects and further improving the therapeutic effect on motor 

function (Lim, 2005; Olanow et al., 2009). 

 Unfortunately, these drugs are also associated with numerous side effects that 

tend to have a significant negative impact on patients’ quality of life (Sethi, 2010).  

Approximately two-thirds of patients on levodopa develop sudden involuntary 

movements known as dyskinesias (Abbott, 2010). Additionally, with prolonged use, 

levodopa’s efficacy tends to wane.  Patients begin to experience an end of dose “wearing 

off” effect, where motor symptoms return before the next dose of levodopa can be taken.   
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Patients experience unpredictable shifts in the duration of “on” periods (good response to 

the medication) and “off” periods (poor response to the medication), with “on” periods 

typically shortening with extended use and “off” periods lengthening. Nonmotor side 

effects, such as nausea, hypotension, confusion and hallucinations, are also associated 

with levodopa therapy (Thanvi et al., 2004; Jankovic, 2005; Martinez-Martin et al., 2007; 

Sethi, 2010).  Use of dopamine agonists has been associated with excessive daytime 

sleepiness, hallucinations and increased risk-taking behavior, such as gambling and 

sexual obsessions (Tippmann-Peikert et al., 2007; Driver-Dunckley et al., 2007; reviewed 

in Olanow et al., 2009).  COMT inhibitors often exacerbate any levodopa related side 

effects patients are experiencing, and are associated with increased diarrhea and risk of 

hepatotoxicity. MAO-B inhibitors are linked to increased nausea, dizziness, sleep 

disorders and impaired cognition (reviewed in Olanow et al., 2009). Because of these side 

effects, the decisions of when to start therapy and what medications to start patients on 

must be delicately balanced.   

 Deep brain stimulation (DBS) may provide benefit to patients whose symptoms 

can no longer be controlled satisfactorily by medication. DBS aims to restore proper 

signaling within the basal ganglia. In this procedure, an electrode is typically inserted into 

the subthalamic nucleus (STN) or the internal globus pallidus, and is controlled by a 

pacemaker-like device implanted near the collarbone.  This device will send electrical 

impulses to the electrode, stimulating more normal firing patterns within the basal 

ganglia. This therapy can lead to reduced “off” time, increased “on” time without 

dyskinesias, reduction in medication doses, and improved tremor (Savitt et al., 2006).  In 

a recent multicenter study, DBS patients fared better on numerous motor outcomes, 
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including increased “on” time without dyskinesias, and reported an improvement in 

quality of life compared to patients that received pharmacological therapy alone (Weaver 

et al., 2009; Williams et al., 2010).  DBS, however, is not without disadvantages, and 

does not allow patients to discontinue levodopa use. Being a highly invasive procedure, 

this type of surgery carries with it the risk of hemorrhage, infarction, and infection.  

Patients may also experience severe depression and neurologic deficits, such as slower 

information processing and decreases in verbal fluency, as a result of the surgery (Castelli 

et al., 2007; Okun et al., 2009; Strutt et al., 2011; Toft & Dietrichs, 2011; Williams et al., 

2011).  Notably, there is increasing interest in the pedunculopontine nucleus (PPN) as a 

potential DBS target.  Low frequency stimulation of the PPN not only improves motor 

function (including gait), but also appears to minimize the negative impact on mood and 

working memory seen with stimulation of the STN (Stefani et al., 2007; Costa et al., 

2010; Alessandro et al., 2010; Khan et al., 2011).  

 Infusion therapies may be beneficial for advanced PD patients with levodopa 

motor complications.   This treatment is based on the idea that an infusion would provide 

a continuous supply of a dopaminergic drug, eliminating fluctuations in dopamine 

receptor activation that can be caused by taking the same drug intermittently (e.g. pill).  

Numerous studies have demonstrated that continuous infusion of levodopa or a dopamine 

agonist lead to a reduction in motor complications (e.g. dyskinesias, “off” time) 

compared with patients receiving standard oral medications. In many cases, these benefits 

persisted for several years and significantly improved patients’ quality of life (Blanchet et 

al., 1995; Nilsson et al., 2001; Bibbiani et al., 2005; Stocchi et al., 2005; Antonini et al., 

2008; Trenkwalder et al., 2011). Interestingly, infusion therapy appears to provide 
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benefits that are comparable to DBS, without the risk of neurosurgery, making it an 

attractive option for older patients (reviewed in Olanow et al., 2009).  This therapy is 

complicated by delivery, however.  Because a large volume of drug is needed, current 

infusion systems tend to be bulky and cumbersome.  In an effort to reduce the volume 

and make this therapy more accessible, current studies are exploring subcutaneous 

delivery (via insulin mini-pumps) and intraintestinal infusions (via catheters) of a more 

stable form of levodopa, methyl levodopa (Nyholm et al., 2005; Stocchi et al., 2005), and 

transdermal delivery of the dopamine agonist rotigotine (i.e., Neupro, Trenkwalder et al., 

2011).  Additionally, a gel form of methyl levodopa and carbidopa are also being 

investigated with the Duodopa system (Nilsson et al., 2001; Antonini et al., 2007; 

Antonini et al., 2008; Abbot, 2010).  

 A newer, experimental field of study is the use of repetitive transcranial magnetic 

stimulation (rTMS). Imaging and TMS studies suggest that the supplementary motor area 

and prefrontal cortex are underactive in PD due to dopamine depletion and dysfunctional 

signaling in the basal ganglia (Playford et al., 1992; Ellaway et al., 1995; Sabatini et al., 

2000; Haslinger et al., 2001). Decreased activity of these areas may contribute to some of 

the motor symptoms associated with PD, particularly bradykinesia (reviewed in Olanow 

et al., 2009). In this procedure a current is passed through a coil to generate a magnetic 

field. The coil is then placed near the head, stimulating nearby brain structures, such as 

the motor cortex. Because rTMS is non-invasive, well tolerated and is easy to apply, it is 

an appealing therapeutic option.  A review of literature on rTMS, however, yields mixed 

results on its efficacy.  A meta-analysis of several clinical trials revealed that high 

frequency rTMS, which enhanced motor cortex excitability (Pascual-Leone et al., 1994), 
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significantly reduced motor symptoms in PD patients for at least two months after 

treatment, as indicated by a lower Unified Parkinson’s Disease Rating Scale (UPDRS) 

score (Shimamoto et al., 2001).  High frequency rTMS, however, has also been shown to 

exacerbate symptoms when applied to the supplemental motor area (Boylan et al., 2001; 

Bornke et al., 2004; Lefaucher et al., 2004). Conversely, low frequency rTMS of the 

supplemental motor cortex reduced dyskinesias in some patients, but was ineffective 

when applied to other areas (Koch et al., 2005; Elahi et al., 2009; Arais et al., 2010a).  

Furthermore, other studies have found that rTMS has no effect on motor performance 

(Okabe et al., 2003). The conflicting results of these studies are likely due to small 

sample sizes, heterogeneity in protocols, differences in targets, and difficulty in providing 

accurate controls. Further work is needed to determine the efficacy of rTMS before it can 

become a widespread therapeutic option for patients.  

 

1.3.2 Treatment for Non-Motor Symptoms  

 As discussed earlier, the pathology of PD extends beyond the dopaminergic motor 

system, and includes abnormalities in noradrenergic, serotonergic and cholinergic nuclei 

within the brain.  Dysfunction of these other neurotransmitter systems is believed to 

underlie many non-motor symptoms. Patients report that non-motor symptoms are often 

more disabling than motor symptoms because of the significant impact they have on day-

to-day activities (Gulati et al., 2004; Chaudhuri et al., 2006).  A recent study examining 

non-motor symptoms found that more than 98% of patients have at least one non-motor 

symptom, with the average patient experiencing seven to eight non-motor symptoms. The 

number and impact of non-motor symptoms is correlated with disease severity and 
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duration.  A multicenter trial in Sydney that followed patients over the course of 20 years 

found that non-motor symptoms increase significantly over time and eventually 

dominated the clinical picture in advanced cases of PD (Hely et al., 2005).  

 Surprisingly, these symptoms are often under recognized and under treated by 

physicians.  A recent literature review by the American Academy of Neurology found 

few evidence-based treatment options for these conditions in PD patients (Zesiewicz et 

al., 2010).  As such, treatment for non-motor symptoms is as varied as the symptoms 

themselves: serotonin reuptake inhibitors are used to treat depression, atropine for 

drooling, methylphenadate for fatigue, atypical antipsychotics for hallucinations and 

psychosis, sildenafil citrate for sexual dysfunction, dopamine antagonists for restless leg 

syndrome and sleep disturbances, and cholinesterase antagonists for cognitive decline 

(Trenkwalder et al., 2011; Zesiewicz et al., 2010). Aside from pharmacological 

interventions, studies are currently exploring whether DBS has a positive impact on non-

motor symptoms, such as insomnia (Monaca et al., 2004; Iranzo et al., 2002). 

Additionally, rTMS is being investigated to treat depression and sleep disturbances (Arias 

et al., 2010b; Pal et al., 2010; Fitzgerald & Daskalakis, 2011). 

 

1.3.3 Disease-Modifying & Neuroprotective Therapies 

 Development of disease-modifying or neuroprotective therapies “is the single 

most important unmet medical need in Parkinson’s disease (Olanow, 2006).”  In working 

towards this goal, investigators have either employed a cell replacement strategy, which 

focuses on replacing lost DA cells, or a protection strategy, which focuses on preventing 
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the loss of remaining cells.  The achievements and limitations of both of these strategies 

are reviewed below.  

 The primary goal of cell replacement strategies has been to repair damaged 

circuits by replacing lost dopamine neurons with a functional equivalent.  Towards this 

goal, studies have largely centered on fetal mesencephalic tissue grafts.  Bjorklund and 

colleagues pioneered this idea in the late 1970’s by successfully demonstrating that 

transplantation of mesencephalic tissue into the striatum of a 6-hydroxydopamine (6-

OHDA) lesioned rat led to increased DA cell survival and an improvement in motor 

symptoms (Bjorklund & Stenevi, 1979).  The success of this initial study led to an intense 

investigation of tissue grafts (human and porcine fetal mesencephalon, human retinal 

pigmented epithelial cells, carotid cell bodies, sympathetic ganglion cells and adrenal 

medulla cells) both in small animal models and non-human primate models of PD 

(reviewed in Wakeman et al., 2011).  From this work, several small open-label clinical 

trials in PD patients were conducted with moderate success (e.g. Madrazo et al., 1987; 

Deacon et al., 1997).  The variability in surgical technique, small sample sizes, 

differences in tissue preparation and lack of appropriate controls in these smaller studies 

made it difficult to compare results across trials (reviewed in Olanow et al., 2009).  This 

led to the initiation of two double-blind, randomized, sham-controlled clinical trials to 

assess the efficacy of fetal tissue grafts in treating PD.  Although small subsets of patients 

appeared to benefit from the transplant, both trials failed to meet primary end points and 

demonstrate a difference between treatment groups (Freed et al., 2001; Olanow et al., 

2003). Furthermore, the observed benefit did not surpass that gained from traditional 

pharmacological treatment (i.e. levodopa) or from DBS.  Notably, the majority of patients 
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developed severe dyskinesias that were unrelated to ongoing levodopa therapy (Olanow 

et al., 2003).  Clinical trials with alternate sources of dopaminergic cells (porcine 

mesencephalic tissue and retinal pigmented epithelial cells) have also failed to show any 

benefit (reviewed in Olanow et al., 2009). 

 Enthusiasm for cell replacement strategies has been renewed recently by 

advancements in stem cell technology.  Stem cell research thus far appears promising, but 

is still in early stages of development.  Studies in both rodents and non-human primate 

models of PD have demonstrated limited survival of differentiated stem cells, and modest 

improvements in motor symptoms (Bjorklund et al., 2002; Dezawa et al., 2004; Correia 

et al., 2005; Takagi et al., 2005; Chang & Cotsarelis, 2007; Rodriguez-Gomez et al., 

2007; Wernig et al., 2008; reviewed in Fitzpatrick et al., 2009).  The optimal type of stem 

cell to use and the best differentiation protocol to employ still needs to be determined.  A 

number of safety issues, such as the risk of teratoma development and ethical concerns 

also need to be addressed before clinical trials can be initiated.  

 The disappointment of cell replacement trials, in conjunction with a growing 

appreciation for the complexity of PD beyond motor symptoms, has shifted the focus of 

therapy development to neuroprotection, with the aim of rescuing vulnerable neurons 

before they are lost to disease.  A host of molecules have been proposed as potential 

neuroprotective therapies against PD, including antioxidants, dopamine agonists, growth 

factors, and MAO-B inhibitors (e.g. Ravina et al., 2003; Schapira, 2009).  However, all of 

these agents have met significant challenges in clinical application, and have not 

provided definitive evidence for neuroprotection to date (e.g. Olanow et al., 2008; LeWitt 

& Taylor, 2008; Hart et al., 2009; Obeso et al., 2010).  A host of reasons have been 
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postulated as to why these trials have been unsuccessful: the compound is simply 

ineffective, inappropriate dose, ineffective delivery, inappropriate endpoints and analysis, 

too broad a patient base, and poor study design (reviewed in Olanow et al., 2009). In spite 

of these challenges, a handful of these agents still hold promise and warrant further 

investigation.  These compounds will be discussed in more detail below.  

 Selegiline, also known as deprenyl, is currently used as an adjunct therapy in PD, 

but is also being investigated for its neuroprotective potential.  It is a selective, 

irreversible MAO-B inhibitor.  The discovery of MPTP in the early 1980’s stimulated 

interest in selegiline and other MAO-B inhibitors as a therapeutic target for PD.  

Selegeline has been shown to protect DA neurons against a number of toxins in vitro and 

in vivo, and block ROS/RNS generated from the metabolism of free dopamine (Heikkila 

et al., 1984; Cohen et al., 1985; reviewed in Olanow, 1996; Mytilineou et al., 1997).  

Interestingly, selegiline mediated protection does not appear to be due to its effects on 

MAO-B, but rather on the interaction of its metabolite desmethylselegiline (DMS) with 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH).  DMS prevents GAPDH from 

translocating to the nucleus, where it blocks expression of antiapoptotic and antioxidant 

gene expression (Tatton et al., 1991; Mytilineou et al., 1998; Tatton et al., 2003). 

 Several clinical studies also provide evidence to support the neuroprotective 

potential of selegiline. The Deprenyl and Tocopherol Antioxidative Therapy of 

Parkinsonism (DATATOP) study reported a delay in the development of severe motor 

symptoms and a delayed need for levodopa therapy (Parkinson Study Group, 1989; 

Tetrud & Langston, 1989; Parkinson Study Group, 1993).  Post-hoc analysis, however, 

revealed that a symptomatic effect of selegiline might have confounded the results 
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(Olanow & Calne, 1992; Ward, 1994).  A second large-scale clinical trial (Sinemet-

Deprenyl-Parlodel, or SINDEPAR, study) that attempted to account for potential 

symptomatic effects of selegiline in its study design confirmed the results of the 

DATATOP study (Olanow et al., 1995; reviewed in Olanow, 1996).  Long-term follow 

up of DATATOP patients revealed that selegiline treatment does not stop the progression 

of PD, but does appear to slow it, as indicated by improved UPDRS scores and reduced 

freezing compared to control groups (Parkinson Study Group, 1996a; 1996b).  Current 

work on selegiline, and the related compound rasagiline, is focused on defining its impact 

on disease progression and determining if it is also suitable to treat non-motor symptoms 

(Hanagasi et al., 2011; Zhao et al., 2011) 

 Coenzyme Q10 (CoQ10) is an antioxidant and critical component of the 

mitochondrial electron transport chain.  It is believed to benefit patients by correcting for 

the mitochondrial complex I deficiency common to PD patients, and by quenching 

ROS/RNS.  Treatment with CoQ10 has been shown to be neuroprotective both in vitro 

and in vivo (e.g., Kooncumchoo et al., 2006; Somayajulu-Nitu et al., 2009).  In 1999, a 

pilot study was conducted to determine whether CoQ10 treatment could slow disease 

progression in PD patients.  Patients were randomized to one of three doses.  Patients 

receiving the highest dose (1200 mg/day) demonstrated modest improvements in their 

UPDRS scores compared to patients receiving either placebo or lower doses of CoQ10 

(Shults et al., 2002).  Although the results were promising, the study was underpowered 

and there was concern over confounding symptomatic effects (Horstink & van Engelen, 

2003; Muller et al., 2003).  A more stringent follow up study, however, failed to show an 

effect of CoQ10 on UPDRS scores (Storch et al., 2007).  This may be due, in part, to 
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inappropriate dosing.  The highest dose tested in this study was 300 mg/day.  A large 

scale, double-blind trial is currently being conducted to determine the potential of CoQ10 

in treating PD (reviewed in Olanow et al., 2009).  

 Gene therapy has provided the field with two potential neuroprotective 

candidates:  glutamic acid decarboxylase (GAD) and the glial-cell derived neurotrophic 

factor (GDNF) related growth factor neurturin.  GAD is the rate-limiting enzyme in γ-

aminobutyric acid (GABA) synthesis, and was chosen as a potential therapeutic target 

based on its ability to increase inhibitory tone in the subthalamic nucleus, thereby 

reducing parkinsonian symptoms (STN; Luo et al., 2002; Emborg et al., 2007).  A small, 

open-label study reported that unilateral injection of AAV2-GAD into the STN of PD 

patients led to a significant improvement in motor scores that correlated with both a 

reduction in thalamic metabolism and an increase in supplementary motor area 

metabolism (on the side contralateral to injection) three months post-surgery, with effects 

persisting up to one year (Kaplitt et al., 2007).  The success of this study led to a small, 

double-blind clinical trial that assessed the effect of bilateral injection of AAV2-GAD 

into the STN.  The results of this study supported those of the open label trial.  Patients 

receiving AAV2-GAD showed a significant improvement in UPDRS scores six months 

post-surgery (LeWitt et al., 2011).  Current work is focused on confirming these results in 

a larger population of patients. 

 Neurturin is a trophic factor in the GDNF family that is functionally and 

structurally similar to GDNF (Kotzbauer et al., 1996).  Neurturin protects against DA cell 

loss in both rodent and non-human primate models and does not lead to the development 

of neutralizing antibodies (Kordower et al., 2006; Gasmi et al., 2007; Herzog et al., 2007; 
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reviewed in Ramaswamy et al., 2009). An open label phase I study demonstrated 

improvements in UPDRS scores during “off” time in patients who received bilateral 

intraputamenal injections of AAV2-neurturin compared with control patients (Marks et 

al., 2008).  The success of this study led to a large-scale double-blind clinical trial.  

Unfortunately, no significant difference in UPDRS scores was observed between 

neurturin-treated and control patients twelve months post-surgery (Marks et al., 2010).  A 

significant effect on motor score was observed, however, in a subset of patients followed 

to eighteen months post-surgery (Marks et al., 2010).  Histological analysis was 

performed on neural tissue from two patients that received AAV2-neuturin.  Analysis 

revealed an increase in neurturin expression in the putamen, and a corresponding 

induction of tyrosine hydroxylase-immunoreactivity (TH-ir), the rate-limiting enzyme in 

dopamine synthesis.  In contrast, very little neurturin was found in DA neurons in the SN 

(Bartus et al., 2011).  The lack of neurturin in the SN and the delayed improvement in 

motor scores led the authors to hypothesize that retrograde transport may be impaired and 

that injections of neurturin into both the SN and ST may provide a greater benefit.  These 

observations have led to the initiation of a second large scale clinical trial that will 

examine the efficacy of AAV2-neurturin injections into both the SN and the putamen, 

combined with longer-term follow up (Marks et al., 2010; Huddleston & Factor, 2011). 

 

1.4 Current Models of Parkinson’s disease 

 Translational research is crucial to better understanding the underlying 

mechanisms involved in dopamine degeneration and to validate effective disease 

modifying and neuroprotective therapies before clinical testing.  Having a model that 
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accurately reflects the disease process is thus of enormous value. The failure to 

successfully translate pre-clinical research from the laboratory to the clinic has led to a 

critical evaluation of current models, and has renewed interest in developing new models 

that may be more suitable for studying the disease process (Jenner, 2008; Dawson et al., 

2010; Meissner et al, 2011). Development of such a model, however, has been 

challenging because the etiology of PD remains unknown.  The ideal experimental model 

of PD would include several key features: (1) progressive, preferably age-dependent, loss 

of dopamine neurons (Chesselet et al., 2008); (2) α-synuclein+ deposits or Lewy body-

like inclusions; (3) an appropriate behavioral phenotype (if in vivo), with levodopa-

responsive motor symptoms; (4) degeneration in other regions of the brain affected by 

PD, such as the locus coeruleus; (5) the presence of non-motor symptoms; (6) and strong 

predictive validity (Chesselet et al., 2008; Duty & Jenner, 2011).  This section will 

review current in vitro and in vivo models of PD, as well as their advantages and 

limitations.  

 

1.4.1 Toxin Models 

 Early models of PD have utilized toxins to selectively disrupt the nigrostriatal 

pathway to mimic the loss of DA seen in patients. Six-hydroxydopamine is the most 

widely used of these toxins, both in vitro and in vivo. Six-hydroxydopamine shares some 

structural similarity with both dopamine and norepinephrine, allowing it to easily interact 

with the dopamine transporter (DAT) and norepinephrine transporters (NET).  This 

affinity enables 6-OHDA to enter catecholamine neurons and induce neurotoxicity via 

ROS production and mitochondrial dysfunction (Glinka et al., 1997; Bove et al., 2005; 
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Figure 1.2).  In vitro, 6-OHDA is primarily used acutely, resulting a dramatic loss of 

neurons within twenty-four hours.  To specifically target the nigrostriatal pathway in 

vivo, 6-OHDA is typically injected unilaterally into the SN, medial forebrain bundle 

(MFB), or the ST of a rat.  Injection into the SN or MFB generally initiates significant 

DA cell death within twenty-four hours, with maximal loss of striatal DA within three to 

four days of the injection (Faull & Laverty, 1969; Jeon et al., 1995), while injection into 

the ST produces a slower, retrograde degeneration of the nigrostriatal pathway over 

several weeks (Sauer et al., 1994; Przedborski et al., 1995).  Behaviorally, animals 

Figure 1.2: Molecular mechanisms used to develop toxin models of PD.  Schematic illustrates 
sites of action for three popular toxins used to model PD: 6-OHDA, MPTP and rotenone.  Oxidative 
stress and mitochondrial impairment are common amongst their mechanisms of toxicity, suggesting 
a role for these pathways in the pathogenesis of PD. Borrowed with kind permission from Springer 
Science + Business Media: Schober, 2004, Figure 1, Cell Tissue Res, 318: 215-224.  

Rotenone 
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display a unilateral rotation and forelimb akinesia, both of which are levodopa 

responsive.  

 The 6-OHDA model mirrors some of the pathology seen in PD patients, such as a 

loss of DA neurons in the SN, depletion of striatal dopamine and TH, and alterations in 

basal ganglia circuitry (e.g. Schober, 2004).  Another advantage of this model is that it is 

highly reproducible, allowing drug effects to be easily teased out.  Despite its popularity, 

the 6-OHDA model does have several limitations.  Six-hydroxydopamine does not cross 

the blood brain barrier easily and must be directly injected into the brain. Thus, 

specialized equipment and training is required (reviewed in Duty & Jenner, 2011).  

Furthermore, 6-OHDA does not affect brain regions outside of the basal ganglia (e.g. 

locus coeruleus, raphe nucleus) and does not result in the formation of Lewy bodies.   

The majority of 6-OHDA models also have an acute loss of DA neurons (Betarbet et al., 

2002; Bove et al., 2005). Nevertheless, this model has maintained high predictive value 

for symptomatic therapies, but due to its acute nature does not fare well in evaluating 

neuroprotective therapies.  

 Discovery that systemic administration of MPTP induced selective loss of nigral 

dopamine neurons and a parkinsonian like syndrome in humans led to resurgence in the 

development of PD models (Langston et al., 1983; Langston et al., 1999).  After 

administration, MPTP crosses the blood-brain barrier, is taken up by astrocytes and 

converted into its active metabolite MPP+ by MAO-B.  Following release into the 

extracellular space, MPP+ is then taken up by dopamine neurons via the dopamine 

transporter.  Once inside the cell, MPP+ accumulates in mitochondria and binds to 

complex I of the electron transport chain. This leads to a depletion of cellular ATP, the 
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generation ROS/RNS, and ultimately cell death (Javitch et al., 1989; Tipton et al., 1993; 

reviewed in Duty & Jenner, 2011; Figure 1.2).  MPTP administration has become a 

widely used model of PD because of its link to a parkinsonian-like syndrome in humans 

(Betarbet et al., 2002). 

 MPTP has been used to develop both acute and chronic models in mice.  Acute 

administration, either as a single dose or as multiple doses over a twenty-four hour 

period, leads to a dramatic loss of dopamine cells in the SN and dopaminergic tone in the 

ST.  In an effort to model the progressive cell death seen in patients, numerous chronic 

treatment paradigms have also been developed using MPTP.  Chronic administration of 

MPTP to mice over the course of weeks typically leads to a biphasic loss of dopamine 

cells – an initial rapid decline in the first week, followed by a more progressive loss of 

cells over the subsequent two to four weeks (e.g. Bezard et al., 1997a, 1997b; Meredith et 

al., 2008).  This loss of DA cells is accompanied by a loss of striatal dopamine and TH, 

an increase in apoptotic markers and an increase in inflammatory markers, such as 

reactive gliosis and activated microglia (Novikova et al., 2006; Meredith et al., 2008).  

Alpha-synuclein+ protein inclusions and loss of non-dopaminergic cells (e.g. 

noradrenergic cells in the locus coeruleus) have only been reported in some chronic 

MPTP models (Meredith et al., 2002; Fornai et al., 2005).  They are not present in acute 

or chronic low dose MPTP models (e.g. Fornai et al., 2005; Shimoji et al., 2005). 

Behaviorally, mice display bradykinesia, rigidity and a flexed posture.  

 These chronic models have also been extended to non-human primates.  Systemic 

administration of low doses of MPTP over weeks to months leads to a progressive lesion 

of the nigrostriatal pathway that resembles the disease pathology in humans.  MPTP is 
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typically administered by unilateral intracarotid infusion to limit symptom expression to 

one side.  This enables animals to adequately eat and drink without assistance or 

pharmacological interventions (e.g., levodopa; Przedborski et al., 1991).  The lesion is 

characterized by a progressive loss of nigral dopamine neurons, and loss of dopamine and 

dopamine metabolites in the striatum.  Neural tissue from MPTP-treated primates shows 

evidence of increased oxidative damage and inflammation (Vazquez-Claverie et al., 

2009).  Alpha-synuclein+ aggregates have also been reported, but do not resemble Lewy 

bodies seen in PD patients (Forno et al., 1996).  Behaviorally, non-human primates 

develop parkinsonian-like motor symptoms, such as bradykinesia and rigidity, which are 

levodopa responsive (reviewed in Duty & Jenner, 2011).  Development of tremor has 

also been reported in some primate species (Guttman et al., 1990). 

 The MPTP model of PD has been an invaluable addition. It has provided the field 

with numerous clues to the mechanisms underlying DA cell death.  It suggested a role for 

mitochondrial dysfunction and environmental exposure in the etiology of PD, and has 

provided ample support for the oxidative stress hypothesis of cell death.  The non-human 

primate model provided the field with the first effective primate model of PD, and has 

been useful in testing numerous symptomatic and potential neuroprotective therapies.  

Additionally, the ability of systemic exposure to MPTP to yield a bilateral lesion of the 

SN is more reflective of PD than other models that require direct injection into the 

nigrostriatal pathway.   

 The MPTP model, however, does have some limitations.  Most MPTP 

administration protocols lead to an acute initial loss of DA neurons, failing to mimic the 

progressive nature of cell death seen in patients. When assessing the chronic models, 
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there is controversy over the most appropriate treatment paradigm to use, with all 

protocols producing highly variable lesions and behavioral phenotypes, and many only 

depleting striatal dopamine. Interestingly, in chronic MPTP models,  a recovery in TH-

immunoreactivity in the SN and ST, dopamine and dopamine metabolite levels, and 

motor symptoms is observed once treatment is stopped.  This phenomenon has been 

observed both in rodents and in non-human primates, and has led several groups to 

hypothesize that the lack of dopaminergic markers may not necessarily be indicative of 

cell death, but may represent early shifts in metabolic homeostasis (Lams et al., 1988; 

Eidelberg et al., 1986; Albanese et al., 1993; reviewed in Betarbet et al., 2002).  

Furthermore, most MPTP animal models account solely for changes in the dopaminergic 

system.  Changes in other brain regions have not been consistently described.  

Additionally, classic Lewy bodies have not been reported and non-motor symptoms are 

not present.  Both acute and chronic treatment paradigms are also associated with a high 

mortality rate (particularly in mice), requiring a greater number of animals to be used to 

obtain a sufficient sample size.   

 The suspected role of environmental toxins in the etiology of PD has also led to 

the development of models with pesticides, such as paraquat (1,1’-dimethyl-4,4’-

bipyridinium), maneb (manganese ethylenebisdithiocarbamate) and rotenone.  Exposure 

to both pesticides has been associated with an increased incidence of PD in humans 

(Butterfield et al., 1993; Gorell et al., 1998; Costello et al., 2009).  Rotenone is the best 

known of the pesticide models to date.  Rotenone easily crosses the blood brain barrier 

and diffuses into neurons.  Like MPP+, it also accumulates in mitochondria and blocks 

complex I of the electron transport chain.  This leads to a depletion of cellular ATP, 
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ROS/RNS production and ultimately cell death (Figure 1.2).  Recently, rotenone has also 

been shown to inhibit proteasomal activity (Wang et al., 2006).  

 Most interestingly, rotenone has been used to develop chronic in vitro and in vivo 

models of PD.  Chronic rotenone exposure (1-4 weeks) leads to a progressive loss of 

dopamine neurons and decreases TH protein levels in neuroblastoma cells.  Increased 

oxidative damage and insoluble α-synuclein and ubiquitin levels were also noted at four 

weeks (Sherer et al., 2002a; 2003).  Similar results have also been demonstrated with 

chronic low dose exposure to rotenone in organotypic midbrain membrane cultures 

(Testa et al., 2005). 

 Rotenone has also been used to develop a chronic in vivo model of PD in rats.  

This model appears to mimic many of the key pathological features of PD, including a 

selective and progressive loss of DA neurons with systemic administration, and α-

synuclein+ and ubiquitin+ neuronal inclusions (Lewy body-like).  Rats also displayed 

numerous motor symptoms, such as akinesia, hypokenesia, rigidity, tremor, and flexed 

posture, and cell loss in the locus coeruleus (Betarbet et al., 2000; Alam & Schmidt, 

2002; Hoglinger et al., 2003; Sherer et al., 2003).  This model, however, tends to be 

extremely labor intensive, has a high degree of variability amongst animals, and is 

difficult to reproduce (Betarbet et al., 2002; Cicchetti et al., 2009).  These characteristics 

make it difficult to use this model in both symptomatic and neuroprotective studies.  A 

high mortality rate (due to systemic toxicity) also dampens the appeal of this model.  
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1.4.2 Genetic Models 

 With the discovery of PD-linked genetic mutations, a host of new genetic models 

have been developed over the past decade.  Interestingly, however, many of these 

transgenic models, particularly the murine models, tend to lack a robust behavioral 

phenotype, degeneration of nigrostriatal dopamine neurons and Lewy bodies.   

 The most prevalent genetic PD models are based on several point mutations in α-

synuclein (A53T, A30P, E46K), which are linked to familial forms of PD (Gasser, 2009; 

Lees et al., 2009).  Modulation of α-synuclein has been attempted in a wide variety of 

cell lines and animals, including flies, mice, rats and nematodes (Lakso et al., 2003; 

Kuwahara et al., 2006; reviewed in Dawson et al., 2010). Of these, the Drosophila model 

most accurately reflects the disease process in PD. Overexpression of wild-type, A53T 

and A30P α-synuclein leads to age-dependent loss of dopamine cells, α-synuclein+ Lewy 

body-like inclusions and dopamine responsive motor deficits (Feany & Bender, 2000).  

 Several autosomal recessive forms of PD have been linked to loss of function 

mutations in parkin, a ubiquitin E3 ligase, PINK1, a mitochondria associated kinase, and 

DJ-1, a redox sensitive molecular chaparone (Kitada et al., 1998; Lucking et al., 2000; 

Heutink, 2006; Gasser, 2009).  Drosophila models of autosomal recessive PD display 

progressive dopamine cell loss and motor deficits. In contrast, mouse models using 

parkin, PINK1 and DJ-1 mutations, individually or in combination, do not exhibit 

dopamine degeneration (Itier et al., 2003; Von Coelln et al., 2004; Goldberg et al., 2005; 

Kim et al., 2005a; Andres-Mateos et al., 2007; Kitada et al., 2007; Gautier et al., 2008; 

Gispert et al., 2009; Kitada et al., 2009).  At best, these models may help delineate early 

events in the degenerative process that are linked to mitochondrial dysfunction and 
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homeostatic imbalance (reviewed in Dawson et al., 2010).  Currently, conditional and 

temporal genetic models are being developed in hopes of creating a more accurate 

representation of PD pathology (reviewed in Dawson et al., 2010).  

 In spite of the wide variety of PD models available, the predictive value of these 

models when it comes to developing neuroprotective therapies remains poor. Creating an 

improved model is a major therapeutic, clinical and research need.  In particular, there is 

currently no model that allows numerous reagents to be simultaneously tested in a high 

throughput assay that reliably recreates important features of the disease. Some of the 

experiments contained in this thesis attempt to address this need by developing and 

characterizing a novel in vitro model of PD that features a protracted time course 

mimicking early stages of dopamine degeneration. 

 

1.5 Nrf2: A Potential Therapeutic 

1.5.1 The Master Regulator, Nrf2 

 As discussed above, oxidative stress, potentially from multiple etiologies, is a 

major culprit of cell death in PD.  Induction of endogenous antioxidants to counteract the 

ongoing oxidative damage in dopaminergic neurons therefore constitutes a rational 

approach to developing therapeutics that could slow or prevent disease progression. One 

molecular target that has received a lot of attention over the past several years for its 

neuroprotective potential is the basic leucine zipper transcription factor nuclear factor 

erythroid 2-related factor 2 (Nrf2; Figure 1.3).  Nrf2 is ubiquitously expressed, and 

regulates the expression of a set of genes with antioxidant response elements (ARE) in 

their promoters (Venugopal & Jaiswal, 1998).  This set of genes consists of antioxidants 
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and phase II detoxifying enzymes, such as heme oxygenase-1 (HO-1), NAD(P)H:quinone 

oxidoreductase 1 (NQO1), and enzymes related to GSH metabolism (glutathione S-

transferase, glutamate-cysteine ligase, glutathione peroxidase), as well as genes that 

encode proteosome subunits (Rushmore et al., 1991; Xie et al., 1995; Kwak et al., 2007).   

 Under normal physiological conditions, Nrf2 is sequestered to the cytosol and 

targeted for proteasomal degradation by its actin bound negative regulator, Kelch like 

ECH-associated protein (Keap1) and its associated cullin 3/ring box1 (Cul3/Rbx1) E3 

ubiquitin ligase complex (Figure 1.4; Itoh et al., 1999; Zipper et al., 2002; Kang et al., 

2004). Recently, a “hinge and latch” model has been proposed to describe the interaction 

between Nrf2 and the Keap1 complex (McMahon et al., 2006; Tong et al., 2006; Tong et 

al., 2007).  Biological and structural evidence suggest that a Keap1 homodimer recruits 

Nrf2 by binding to the ETGE (hinge) and DLG (latch) motifs within the Neh2 domain of 

Figure 1.3: Schematic representations of various domains of Nrf2 and Keap1.  BTB: 
broad complex, tramtrack, bric-a-brac; CTR: C-terminal region; DGR: Kelch 
domain/diglycine repeats; IVR: intervening/linking region; NEH: Nrf2-ECH homology; 
NTR: N-terminal region 
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Nrf2 (Figure 1.3). The ETGE motif has a very strong affinity for Keap1, while binding at 

the DLG motif is about 100-fold weaker. The ETGE and DLG motifs are linked by an 

alpha helix that contains numerous lysine residues.  Binding to both the hinge and latch 

sites orients the alpha helix for ubiquitination, resulting in proteasomal degradation of 

Nrf2 (Tong et al., 2007). 

 In the presence of ROS/RNS or xenobiotics, Nrf2 is activated (Figure 1.4).  

Cysteine modification of key sulfhydryl groups within Keap1 induces a conformational 

change that disrupts its interaction with Nrf2’s DLG (latch) motif.  As a result, Nrf2 is 

still bound to Keap1 by the ETGE (hinge) motif, but because of the lack of interaction 

with the DLG motif, it no longer adopts the correct orientation for the alpha helix to be 

Figure 1.4: Nrf2-ARE pathway. Under basal conditions, Nrf2 is sequestered to the cytosol 
and targeted for proteasomal degradation by its actin bound negative regulator, Keap1. In 
the presence of oxidative stress, Nrf2 is released from Keap1 and translocates into the 
nucleus. Once in the nucleus, Nrf2 dimerizes with accessory proteins, such as small Mafs, 
and binds to AREs located in the promoter of Phase II genes. This in turn increases the 
transcription of a host of cytoprotective genes, ultimately supporting cell survival. 
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ubiquitinated (Tong et al., 2007). This shift in orientation also exposes key serine 

residues in Nrf2, allowing them to be phosphorylated by PKC-δ (Dinkova-Kostova et al., 

2002; Huang et al., 2002; Zhang et al., 2008; Niture et al., 2009). The combination of 

these events allows Nrf2 to completely dissociate from the Keap1 complex, stabilize, and 

translocate to the nucleus (Eggler et al., 2005; Niture et al., 2009).  Once in the nucleus, 

Nrf2 heterodimerizes with accessory proteins, such as small Maf proteins and Jun, and 

binds to ARE containing genes (Itoh et al., 1995; Venugopal & Jaiswal, 1998). By 

binding to the ARE, Nrf2 activates the transcription of cytoprotective genes, which 

ultimately leads to the detoxification of chemicals, quenching of free radicals, cell repair 

and an increased resistance against oxidative stress and cellular injury.   

 Notably, the Nrf2-ARE pathway appears to be downregulated with age, 

decreasing cells’ antioxidant capacity.  Several studies have demonstrated an age related 

decline in protein levels of Nrf2 and downstream effectors, such as NQO1 and GSH (e.g. 

Suh et al., 2004; Duan et al., 2009).  This link is further supported by the observation that 

Nrf2-/- mice exhibit a comparable decrease in both stress tolerance and GSH levels as 

aged animals (reviewed in Sykiotis & Bohmann, 2010).  Interestingly, Nrf2 activity can 

be pharmacologically restored in aged rats with administration of Nrf2 activators, such as 

lipoic acid or epigallocatechin gallate (Suh et al., 2004; Duan et al., 2009).  The 

mechanisms that underlie this age related decline in Nrf2 activity and how this may 

contribute to age-related diseases such as PD, however, remain unclear and require 

further investigation.  

 Experimentally, this pathway can be activated by a variety of natural and 

synthetic chemopreventive agents.  Two such agents, tert-butylhydroquinone (tBHQ) and 
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sulforaphane, are utilized in the experiments contained in this thesis.  Tert-

butylhydroquinone, a phenolic antioxidant, activates the Nrf2-ARE pathway indirectly by 

generating ROS.  This increase in ROS induces the PI3K/Akt signaling cascase, 

ultimately leading to the phosphorylation and nuclear translocation of Nrf2 (Gharavi et 

al., 2005; Kensler & Wakabayashi, 2010).  Conversely, sulforaphane, a naturally 

occurring isothiocyanate derived from cruciferous vegetables, activates the pathway more 

directly. It is believed to induce Nrf2 activity by modifiying key cysteine residues on 

Keap1.  These modifications disrupt its interaction with Nrf2, allowing Nrf2 to 

translocate to the nucleus and induce gene expression (Ahn et al., 2010). 

 

1.5.2 Nrf2 in PD 

 There is increasing evidence that the Nrf2-ARE pathway is linked with PD.  As 

discussed above, Nrf2 protein levels, activity, and expression of downstream genes 

decline with age, which is the largest risk factor for PD (Suh et al., 2004; Shih & Yen, 

2007).  Post-mortem brain tissue from PD patients revealed strong nuclear expression of 

Nrf2 in nigral dopamine neurons. In contrast, Nrf2 was weakly expressed and localized in 

the cytosol in tissue from age-matched controls, and in patients with Alzheimer’s disease 

or Lewy body variant of Alzheimer’s disease (Ramsey et al., 2007).  Moreover, the 

expression of ARE-driven genes, such as NQO1 and HO-1, is increased in brain tissue 

from PD patients (Schipper et al., 1998; Yoo et al., 2003). These changes in subcellular 

localization and antioxidant expression suggest that surviving cells may be engaging in 

an Nrf2 mediated protective response. Genetic evidence also supports a link between 

Nrf2 and PD.  DJ-1, encoded by the PD associated gene PARK7, was shown to prevent 
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Nrf2 from interacting with the Keap1 complex, leading to its stabilization and activation 

of downstream genes (Clements et al., 2006). Loss of function mutations in DJ-1 lead to a 

deficit in NQO1 activity, and are associated with a form of early onset PD (van Duijn et 

al., 2001; Bonifati et al., 2003; Clements et al., 2006).  Lastly, a polymorphism in the 

Nrf2 gene, which leads to a gain of function, was found to significantly delay the age of 

onset of PD in two European populations (von Otter et al., 2010).  

 Numerous in vitro and in vivo studies in experimental models of PD have also 

shown that increases in Nrf2 activity can be useful in combating oxidative stress and 

preventing cell death. Induction of the Nrf2-ARE pathway by tBHQ or sulforaphane 

protects neuronal cell lines and primary cortical cultures from oxidative stress induced by 

H2O2, glutamate, dopamine, 6-OHDA, MPTP, tetrahydrobiopterin (BH4) and 3-

morpholinosyndnonimine (SIN-1) (Murphy et al., 1991; Duffy et al., 1998; Hara et al., 

2003; Kraft et al., 2004; Cao et al., 2005; Jakel et al., 2005; Han et al., 2007; Chen et al., 

2009; Jazwa et al., 2011). Moreover, sulforaphane pre-treatment reduced dopamine 

quinones, and prevented DNA fragmentation, membrane damage and ROS accumulation 

caused by BH4 toxicity in vitro (Han et al., 2007). Activation of the Nrf2 pathway has 

also been shown to protect against dopamine cell loss in fly genetic models of PD (Trinh 

et al., 2008; Trinh et al., 2010). Further evidence for a neuroprotective role has been 

demonstrated when either Nrf2 or Keap1 was overexpressed or knocked out in neuronal 

cell lines, primary cortical cultures or mice, or when these cells were transfected with a 

dominant negative form of Nrf2 (Lee et al., 2003; Kraft et al., 2004; Cao et al., 2005; 

Shih et al., 2005; Jakel et al., 2005; Burton et al., 2006; Jakel et al., 2007; Chen et al., 

2009; Jazwa et al., 2011). 
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 Although the evidence that supports a neuroprotective role for Nrf2 in PD is 

compelling, it remains unclear whether activation of this pathway is valuable in a clinical 

scenario.  Both in vitro and in vivo studies up to this point have examined the efficacy of 

Nrf2 using a pre-treatment paradigm.  The next step in establishing its value as a 

neuroprotective agent is to determine whether Nrf2 is still effective when activated either 

simultaneously with an insult, or after cell loss has begun.  This is an important concept 

to consider since, on average, 50-60% of nigral dopamine neurons are in some stage of 

the degenerative process by the time a patient is diagnosed with PD (Terzioglu & Galter 

2008).  The experiments contained in this thesis aim to address this question by 

examining the efficacy of Nrf2 activation in a novel in vitro model that allows a post-

treatment paradigm to be implemented.  The next chapter will describe the overall design 

of the project. In addition, the underlying hypotheses and predictions for the studies 

contained in the thesis will be discussed. 
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Chapter II: Goals of the Dissertation 

 



36 

 As discussed in the previous chapter, Nrf2 has been shown to protect against 

dopaminergic cell loss both in vitro and in vivo when activated prior to toxin 

administration in a variety of models of PD (e.g. Hara et al., 2003; Kraft et al., 2004; 

Jakel et al., 2005; Jazwa et al., 2011).  These studies have provided important evidence to 

support Nrf2 as a potential therapeutic target.  The next step in establishing its value as a 

neuroprotective agent is to demonstrate that Nrf2 can still be protective when activated 

either simultaneously with an insult, or when activated after the start of cell loss.  

Clinically, this is an important concept to consider, since the health of approximately half 

of the dopamine neurons in the SN is compromised by the time a patient is diagnosed 

with PD (Terzioglu & Galter, 2008). 

 The studies contained in this thesis aim to address this question by evaluating the 

efficacy of Nrf2 in both an acute and chronic in vitro model of dopaminergic 

degeneration.  Chapter 4 examines the neuroprotective potential of Nrf2 when activated 

simultaneously with an oxidative insult in an acute model of PD.  Chapter 5 focuses on 

the development and characterization of a chronic low dose (CLD) model of 

dopaminergic degeneration using organotypic nigrostriatal co-cultures. The model we 

developed not only reflects what are believed to be early stages in the degenerative 

process, but, importantly the protracted time course also allows for the activation of Nrf2 

after the start of the pathological process.  Finally, Chapter 6 evaluates the efficacy of 

Nrf2 when implemented using a post-lesion treatment strategy in our CLD model.  

 A key component in the design of this project was the use of organotypic 

nigrostriatal co-cultures as the basis for both the acute and CLD model.  This culture 

system was adapted from a more complex system developed by Plenz and Kitai (1996).  
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Organotypic nigrostriatal co-cultures offer a useful intermediate system for studying 

dopaminergic degeneration by combining advantages of both classic cell culture and 

animal models into one system.  Specifically, they maintain much of the native milieu, 

establish appropriate nigrostriatal synaptic connections, and survive in vitro for extended 

periods of time, making them ideal for “long-term” studies on neurodegeneration and 

aging. 

 The underlying hypotheses and predictions for each of these studies are outlined 

below. 

 

General Hypothesis: The transcription factor Nrf2 can protect against 

dopaminergic cell loss. 

 

Aim 1: Nrf2 is neuroprotective when activated simultaneously with an oxidative insult. 

 Predictions: 

1. Treatment with 6-OHDA alone will lead to a significant loss of TH-

immunoreactivity (TH-ir). 

2. Simultaneous treatment with 6-OHDA and an Nrf2 activator (tBHQ or 

sulforaphane) will protect against loss of TH-ir. 

3. Treatment with the Nrf2 activator tBHQ will lead to an increase in down 

stream markers of the Nrf2-ARE pathway, such as NQO1.  
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Aim 2: Develop a CLD in vitro model reflective of early stages of dopaminergic 

degeneration. 

 Predictions: 

1. There will be a concentration dependent relationship between BSSG and TH-

ir. 

2. CLD BSSG will lead to a progressive loss of TH-ir over the course of two 

weeks. 

3. CLD BSSG will lead to a progressive loss of dopamine cell phenotype, as 

indicated by a decrease in protein levels of DAT, TH and VMAT2.  

4. CLD BSSG will not lead to a concurrent increase in apoptotic markers. 

5. CLD BSSG will lead to an increase in markers of oxidative damage, such as 

3-nitrotyrosine (3-NT) and 4-hydroxynonenol (4-HNE). 

 

Aim 3: Activation of Nrf2 after the start of the lesion can restore loss of dopaminergic 

cell phenotype in a CLD model of PD. 

 Predictions: 

1. tBHQ treatment 3-7 days after the start of BSSG exposure will restore TH-ir 

to control levels. 

2. tBHQ treatment will restore loss of dopamine cell phenotype, as evidenced by 

a recovery in protein levels of DAT, TH and VMAT2. 

3. tBHQ treatment will mitigate any observed increase in oxidative damage. 

4. tBHQ treatment will increase protein levels of Nrf2 and downstream markers, 

such as NQO1. 
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Chapter III: General Methods 
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3.1 Materials 

 Tert-butylhydroquinone (tBHQ) and 

di-tert-butylhydroquinone (dtBHQ) were 

purchased from Fluka-Chemicka (Buchs, 

Switzerland). Beta-sitosterol glucoside 

(BSSG) was purchased from Neurodyne, 

Inc. (Charlottetown, Prince Edward Island, 

Canada). All other chemicals were 

purchased from Sigma Chemical Company 

(St. Louis, MO, USA) unless specifically 

noted.  BSSG, dtBHQ, tBHQ and 

sulforaphane were dissolved in DMSO (BSSG, dtBHQ, tBHQ: 1:10,000; sulforaphane: 

1:4000), with appropriate DMSO vehicle controls (Figure 3.1). 

 

3.2 Organotypic Nigrostriatal Co-Cultures  

 All procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Maryland, and animals were treated in accordance with 

the PHS Policy on Humane Care and Use of Laboratory Animals, the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals and Animal Welfare Act (7 

U.S.C. et seq). Organotypic nigrostriatal co-cultures were prepared using a variation of 

the technique developed by Gähwiler (1981) and later modified by Plenz & Kitai (1996). 

Pregnant Sprague-Dawley rats (Charles River, Wilmington, MA) were housed in a light 

Figure 3.1: Chemical structures of tBHQ 
(A), dtBHQ (B), and sulforaphane (C). 
tBHQ and sulforaphane are both potent 
activators of the Nrf2-ARE pathway. 
dtBHQ is an analog of tBHQ that does 
not activate the Nrf2 pathway.  
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(12 h light/12 h dark) and temperature controlled environment with food and water ad 

libitum and monitored for delivery. Rat pups 0 to 2 days old were used for cultures. After 

rapid decapitation of rat pups, the brains were quickly removed and placed in ice-cold 

Gey’s Balanced Salt Solution with glucose. The cerebellum was then dissected off and 

brains were superglued, caudal surface down, to the vibratome stage along with a 

rectangular agar block for support. The stage was then placed into the vibratome and 

immersed in ice cold Gey’s solution. Five hundred micron thick slices were cut along the 

coronal plane using a vibratome (Vibratome Company, St. Louis, MO). Slices were 

immediately transferred to a petri dish with ice cold Gey’s solution using a wide bore 

glass pipette. The SN and ST were carefully dissected from each slice with the aid of a 

stereomicroscope. Typically, two to four nigral slices and four to six striatal slices were 

obtained from each animal. Single nigral and striatal tissue sections were then paired and 

attached to glass coverslips coated with poly-D-lysine in a droplet of chicken plasma, 

which was then coagulated with thrombin (Baxter, Deerfield, IL). Tissue sections were 

placed ~1 mm apart from one another. Each coverslip was then placed in a culture tube 

with semi-synthetic media (containing 50% basal medium Eagle, 25% Hanks’ balanced 

salt solution, 25% horse serum, 0.0197% D-glucose and 0.004% glutamine) and rotated 

slowly in a roller drum at 35°C in room air and humidity. Media was changed twice a 

week.  At 3 and 27 days in vitro (DIV) mitotic inhibitors (4.4 µM cytosine-β-D-

arabinofuranoside, 4.4 µM uridine and 4.4 µM 5-fluorodeoxyuridine) were added to 

cultures for a period of twenty-four hours to prevent glial overgrowth.  
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3.3 Acute Cytotoxicity Treatment Paradigm 

 Viability of dopaminergic neurons was assessed using immunocytochemistry. 

Cultures were treated with 100 nM 6-OHDA, 5 µM tBHQ or a combination of 5 µM 

tBHQ + 100 nM 6-OHDA for a period of 16 hours and then stained for tyrosine 

hydroxylase (TH), the rate limiting enzyme in dopamine synthesis as described below 

(Figure 3.2; See Section 3.6). We chose to use 5 µM tBHQ because this concentration led 

to a robust elevation in NQO1 while not inappropriately stressing mitochondria in 

organotypic nigrostriatal co-cultures (See Chapter 4). Experiments with sulforaphane and 

dtBHQ were conducted in a similar manner (Figure 3.2). Cultures used in sulforaphane 

experiments were treated with 5 µM sulforaphane for 48 hours prior to being treated with 

a combination of 5 µM sulforaphane + 100 nM 6-OHDA for 16 hours. Similarly, cultures 

used in dtBHQ experiments were treated with 50 µM dtBHQ for 8 hours prior to being 

treated with a combination of 50 µM dtBHQ + 100 nM 6-OHDA for an additional 16 

hours. Approximately 500 µL of media was poured off and replaced with freshly 

prepared toxin containing media each treatment. 

Figure 3.2: Treatment paradigm used in acute neuroprotection studies.  Cultures were 
treated simultaneously with 100 nM 6-OHDA + 5 µM tBHQ for 16 hours prior to being 
assayed.  Pre-treatment experiments with either 50 µM dtBHQ (for 8 hrs) or 5 µM 
sulforaphane (SFN; 48 hrs) were performed to confirm results.  
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3.4 Organic Extract of Cycad Flour 

 Cycad extraction was performed as previously described in Shen et al., 2010. 

Briefly, several batches of cycad seeds (Cycas micronesica, K.D. Hill) were obtained 

from Guam and washed using Khabazian’s (2002) protocol to remove all traces of 

BMAA and cycasin. The washed seeds were then ground to flour like consistency. A 

methanol extraction was used to recover cycad organic material. Approximately 76 mg of 

organic material was recovered from 10 g of cycad flour. The organic extract was then 

dried and dissolved in 0.01% DMSO in phosphate buffered saline (PBS) to create a stock 

solution.  

 

3.5 Chronic Low Dose Treatment Paradigm 

 For chronic toxicity studies, cycad extract (See Section 3.4) or BSSG was used.  

Cultures were treated with 0.04 mg/mL cycad extract or 2 nM BSSG twice a week for 

two weeks.  For neuroprotection studies, tBHQ was used to activate the Nrf2 pathway 

(Figure 3.3).  Cultures were treated with either DMSO (1:10,000) or 2 nM BSSG alone, 

or they were treated with one of two therapeutic combinations of 2 nM BSSG and 5 µM 

Figure 3.3:  Chronic low dose treatment paradigm.  Cultures were treated with 2 nM BSSG 
twice a week for two weeks to yield a progressive loss of TH-ir.  For neuroprotection studies, 
tBHQ administration began 3 (11d Therapy) or 7 (7d Therapy) days after the start of BSSG. 
Cultures were assayed at various time points between 0 and 14 days. 
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tBHQ.  The 11d Therapy group received 2 nM BSSG only for three days, followed by 2 

nM BSSG + 5 µM tBHQ for the next eleven days.  The 7d Therapy group received 2 nM 

BSSG only for seven days, followed by 2 nM BSSG + 5 µM tBHQ for the next seven 

days.  Approximately 500 µL of media was poured off and replaced with freshly prepared 

toxin containing media each treatment. 

 

3.6 Immunocytochemistry & Quantification  

 Cultures were fixed with 4% paraformaldehyde for two hours at room 

temperature and then washed and blocked in 0.1 M PBS containing 0.3% TritonX-100, 

5% normal goat serum and 3% H2O2. Cultures were incubated with primary antibody for 

24 to 48 hours at 4ºC. Primary antibodies used include rabbit anti-α-synuclein 

phosphorylated at serine 129 (1:1000, Chemicon, Billerica, MA), rabbit anti-glutamic 

acid decarboxylase 65/67 (GAD65/67, 1:1000, Chemicon), mouse anti-neuronal nuclei 

(NeuN, 1:1000, Chemicon), rabbit anti-nitrotyrosine (1:2000, Upstate, Lake Placid, NY, 

USA), and mouse anti-TH (1:1000, Vector, Burlingame, CA, USA). After a second wash, 

cultures were incubated with biotinylated goat anti-mouse IgG (1:500, Vector) or 

biotinylated goat anti-rabbit IgG (1:500, Vector), as appropriate, for two hours and then 

visualized using an ABC Elite kit and either diaminobenzidine (Sigma) or Vector SG 

Substrate Kit.  Alternatively, some cultures were incubated with goat anti-mouse 

secondary antibody conjugated with fluorescein (1:500, Kirkegaard & Perry 

Laboratories, Inc., KPL, Gaithersburg, MD), goat anti-mouse secondary conjugated with 

Texas Red (1:500, Vector) or goat anti-rabbit secondary conjugated with rhodamine 

(1:500, KPL), as appropriate, for two hours at room temperature.  Cultures then 
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underwent a final wash and were mounted onto glass slides using Hydromount (National 

Diagnositics, Atlanta, GA) or Vectashield Hardmount with DAPI (Vector), as 

appropriate. All washes were completed using 0.1 M PBS or distilled H2O (dH2O).   

 For characterization and toxicity studies, the number of TH+ cells in the SN was 

counted and the counts averaged across experiments.  Cell counts were performed at 20x 

magnification by two individuals blind to treatment conditions.  Because cultures are 

slowly rotated, the tissue thins out to a layer that is only one or two cells thick.  This 

enabled every somata on the coverslip to be counted without having to sample.  All 

images were taken using a Nikon Eclipse TE300 microscope equipped with a 

Photometric CoolSnap ES camera (Roper Scientific, Ottobrunn, Germany) and montages 

assembled using Adobe Photoshop. 

 For nitrotyrosine studies, staining was measured fluorescently. Five random fields 

within the SN were imaged at 20x (exposure 1000 ms) and the mean green intensity of 

each image was determined using SimplePCI software (Hamamatsu Corporation, 

Sewickly, PA). The values obtained for each slide were then averaged to yield a single 

mean intensity score per slide.  Values for each treatment group were then averaged 

across experiments.  Intensity was measured by an individual blind to treatment 

conditions.  

 

3.7 Tissue Collection & Western Blots 

 Tissue from treated cultures was scrapped off the cover slip using a small pellet 

pestle (Fisher Scientific, Pittsburgh, PA) and lysed in buffer containing 50 mM Tris-Cl 

(pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% TritonX-100, 0.1% SDS, 10% DOC, β-
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mercaptoethanol, and protease and phosphatase inhibitors (Sigma mixtures). Tissue was 

homogenized with a small pellet pestle for one minute. Samples were then centrifuged at 

13,500 rpm for 10 minutes at 4ºC and stored at -80ºC.  Each sample contained tissue 

from three to four cultures. 

 For gel electrophoresis, an equal volume of 20-30 µg of protein was heated for ten 

minutes at 70ºC in a dry bath in the presence of Laemmli buffer.  Proteins were separated 

on a 4-12% NuPage Bis-Tris gel and transferred onto a polyvinylidene difluoride 

membrane (Invitrogen, Carlsbad, CA).  Membranes were blocked for one hour at room 

temperature with either 5% nonfat milk in 1X Tris buffered saline with 0.05% Tween 20 

(TBST), or 5% bovine serum albumin in either 1X TBST or 0.1 M PBS, as appropriate.  

Membranes were then incubated with primary antibody in blocking solution for 24 to 48 

hours at 4ºC. Primary antibodies used include rabbit anti-cleaved caspase 3 (1:1000, Cell 

Signaling), rabbit anti-dopamine transporter (DAT, 1:1000, Millipore), rabbit anti-

glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:5,000, Cell Signaling), goat anti-

4-hydroxynonenal (4-HNE, 1:1000, Millipore), rabbit anti-3-nitrotyrosine (3-NT, 

2µg/mL, Millipore), mouse anti-NAD(P)H: quinone oxidoreductase 1 (NQO1, 1:1000, 

Cell Signaling), rabbit anti-nuclear factor erythroid factor 2 (Nrf2 (C-20), 1:200, Santa 

Cruz Biotechnology, Santa Cruz, CA), mouse anti-TH (1:500, Vector), and rabbit anti-

vesicular monoamine transporter 2 (VMAT2, 1:1000, Chemicon). After washing in 1X 

TBST or dH2O, membranes were incubated with horseradish peroxidase-linked 

secondary antibody (anti-goat, anti-mouse or anti–rabbit as appropriate,1:1000 in 

blocking solution, Cell Signaling) for one hour at room temperature. Membranes were 

then washed and visualized using the Super Signal Femto chemiluminescent detection 
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system (Thermo Scientific, Rockford, IL).  Protein bands were quantified using 

densitometry and normalized against proper loading controls.   For 3-NT and 4-HNE 

immunoblots, a representative band at 85 kDa and 155 kDa, respectively, was measured. 

 

3.8 Quantitative RT-PCR 

 Cultures were treated overnight with DMSO (1:10,000), 100 nM 6-OHDA, 5 µM 

tBHQ, or a combination of 100 nM 6-OHDA + 5 µM tBHQ. Tissue was washed with 

Dulbecco’s phosphate buffered saline without calcium and magnesium, and total RNA 

was isolated from treated cultures using RNA-Bee according to manufacturer’s 

instructions (Tel-Test, Inc., Friendswood, TX, USA). RNA was reverse-transcribed and 

PCR amplified using iScript One-Step RT-PCR Kit with SYBR Green according to 

manufacturer’s instructions (Bio-Rad, Hercules, CA, USA) using primers for NQO1 

(forward 5’-GCCCGGATATTGTAGC TGAA-3’ and reverse 5’- GTGGTGATGGAAA 

GCAAGGT -3’) or β-actin (forward 5’- AGCCATGTACGTAGCCATCC -3’ and 

reverse 5’- CTCTCAGCTGTGGTGGTGAA -3’). Both NQO1 and β-actin amplified an 

~200 base pairs fragment. The PCR conditions were 94°C for 30 seconds, 60°C for 30 

seconds and 72°C for 30 seconds, with final extension at 72°C for 5 minutes. Ct values 

for NQO1 and β-actin were determined.  The NQO1 Ct value was then subtracted from 

the β-actin Ct value, and the fold-amplification in test samples compared to control 

samples was calculated using the formula 2-ΔΔCt. 
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3.9 Mitochondrial Imaging 

 Mitochondrial imaging was used to determine the most appropriate concentration 

of tBHQ to use for neuroprotection studies.  NAD(P)H auto-fluorescence was monitored 

using brief (2-10 ms) images taken every 10 seconds over the course of the experiment.  

Experiments were conducted in physiological saline solution (120 mM NaCl, 0.4 mM 

KH2PO4, 20 mM HEPES, 5 mM NaHCO3, 1.2 mM Na2SO4, 1.3 mM CaCl2, 15 mM 

glucose, 1 mM MgCl2) at 37°C.  

 

3.10 Propidium Iodide Assay  

 Acute cell death was measured using propidium iodide (PI). Fifteen micoliters of 

PI (1 mg/mL) was added to culture media at the time of treatment. Cultures were 

incubated with PI for 16 hours followed by fixation and processing as described above 

(See Section 3.6). The total number of PI+ cells per slide was counted.  Because cultures 

are slowly rotated, the tissue thins out to a layer that is only one or two cells thick.  This 

enabled all PI+ somata on the coverslip to be counted without having to sample. Two 

individuals blind to treatment conditions independently performed the cell counts.  Slides 

were masked and randomized prior to counting. 

 

3.11 TUNEL Assay 

 The In Situ Cell Death Detection kit (Roche, Indianapolis, IN, USA) was used for 

TUNEL assays.  Treated cultures were fixed with 4% PFA for two hours at room 

temperature, washed and then permeabilized (0.1% TritonX-100 in 0.1% sodium citrate) 
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on ice for two minutes.  Cultures were then incubated with terminal deoxynucleotidyl 

transferase and nucleotide mixture containing fluorescein isothiocyanate (FITC)-

conjugated dUTP for one hour at 37°C to label breaks in DNA. Cultures were then 

processed and labeled with anti-TH and DAPI as described above (See Section 3.6).  Five 

random fields within the substantia nigra were then imaged at 40x magnification (at least 

40 nuclei/field). The number of DAPI+ nuclei and TUNEL+ nuclei were counted by an 

individual blind to treatment conditions using modified stereological techniques and a 

standard set of criteria. Slides were masked and randomized prior to imaging. The values 

obtained from each field were combined to yield a single percentage of TUNEL+ cells 

per slide relative to the total number of cells visualized by DAPI.  

 

3.12 Statistical Analysis 

 Results are presented as mean ± standard error of the mean (SEM). Statistical 

analysis of raw data was performed with either JMP (SAS Corp., Cary, NC, USA) or 

Prism (GraphPad Software, La Jolla, CA, USA) using appropriate statistical tests and 

post-hoc analysis. A statistical probability of p < 0.05 was considered significant.  
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Chapter IV: Nrf2 Activators Provide Neuroprotection Against 6-OHDA 
Toxicity in Rat Organotypic Nigrostriatal Co-cultures 
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4.1 Introduction 

Nrf2’s ability to mediate a global antioxidant response makes it a rational 

therapeutic target for PD, where cells are in a chronic state of oxidative stress.  Numerous 

in vitro and in vivo studies have shown that increases in Nrf2 activity can be useful in 

combating oxidative stress and preventing cell death.  Induction of the Nrf2-ARE 

pathway by tBHQ or sulforaphane protects neuronal cell lines and primary cortical 

cultures from oxidative stress induced by H2O2, glutamate, dopamine, 6-OHDA and SIN-

1 (Murphy et al., 1991; Duffy et al., 1998; Hara et al., 2003; Kraft et al., 2004; Cao et al., 

2005; Jakel et al., 2005; Han et al., 2007; Chen et al., 2009; Jazwa et al., 2011).  

Moreover, sulforaphane pre-treatment reduced dopamine quinones and prevented DNA 

fragmentation, membrane damage and ROS accumulation by BH4 toxicity in vitro (Han 

et al., 2007).  Activation of the Nrf2 pathway has also shown to protect against 

dopaminergic cell loss in fly genetic models of PD (Trinh et al., 2008; Trinh et al., 2010).  

Further evidence for a neuroprotective role has been demonstrated when either Nrf2 or 

Keap1 was overexpressed or knocked out in neuronal cell lines, primary cortical cultures 

or mice, or when these cells were transfected with a dominant negative form of Nrf2 (Lee 

et al., 2003; Kraft et al., 2004; Cao et al., 2005; Jakel et al., 2005; Shih et al., 2005; 

Burton et al., 2006; Jakel et al., 2007; Chen et al., 2009). 

Although the evidence that supports a neuroprotective role for Nrf2 is compelling, 

it remains unclear whether activation of this pathway is valuable in a clinical scenario.  

Importantly, protection against neuronal cell loss has only been demonstrated when Nrf2 

activity is bolstered prior to toxin administration.  The next step in establishing its value 

as a potential therapeutic agent is to determine if Nrf2 is neuroprotective when activated 
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simultaneously with an insult.  Clinically, this is an important concept to consider since 

50-60% of nigral DA neurons are in some stage of the degenerative process by the time a 

patient is diagnosed with PD (Terzioglu & Galter, 2008).  In this study, we tested the 

hypothesis that Nrf2 can mitigate dopaminergic cell loss when activated simultaneously 

with 6-OHDA administration.  Immunocytochemistry and quantitative RT-PCR were 

used to test this hypothesis in an acute toxicity model of dopaminergic degeneration.  

 

4.2 Results 

4.2.1 Organotypic Model of Dopaminergic Neuronal Death induced by 6-OHDA 

Organotypic cultures of neuronal tissue provide several advantages over classic 

cell culture, including preservation of local milieu, superior optics and the ability to be 

maintained in culture for extended periods of time.  To characterize the population of 

dopaminergic cells in our nigrostriatal co-cultures, we stained untreated cultures with an 

antibody against TH. The TH+ cells displayed attributes characteristic of nigral dopamine 

neurons (Grace & Onn, 1989).  Cells were multipolar or fusiform in shape and had large, 

darkly stained somata with diffuse dendritic arborization (Figure 4.1B). Further 

examination revealed an extensive network of TH+ dendrites and axonal projections that 

branch out from the substantia nigra to cells in the striatum (Figure 4.1A). Dopaminergic 

projections within the striatum had small varicosities reminiscent of synaptic boutons and 

we often found these projections encircling NeuN+ cells in the striatum (Figure 4.1C).  

Additionally, cultures maintained a stable number of TH+ cells between 14 and 50 DIV 

(Figure 4.1D).  
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Figure 4.1: Establishment of the organotypic nigrostriatal co-culture.  

A: Representative image of co-culture demonstrating extensive projections extended from 
dopaminergic neurons in the SN to target cells in the ST. Arrowheads trace the path of a 
projecting axon. B: DA neurons in the SN have large multipolar and fusiform shaped somata 
with a dense network of projections. C: DA neurons in the SN establish connections with 
neurons in the ST. Arrowheads indicate NeuN+ cells (blue) receiving DA input (TH, brown). 
Inset is a magnified image of TH+ projections synapsing onto a NeuN+ cell. D: Co-cultures 
maintain a stable number of TH+ neurons up to 50 DIV (n = 3-5 cultures/time point) and 
demonstrate a concentration-dependent sensitivity to the PD toxin 6-OHDA (E; n = 3-6 
cultures/concentration; * p < 0.05, one-way ANOVA). Values represent mean ± SEM. Scale 
bars = 100 µm in A, inset; 200 µm in B,C. 
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 To further characterize our model, we assessed its response to 6-OHDA.  The 

toxicity of 6-OHDA was evaluated using immunocytochemistry.  Cultures were treated 

with 0.01, 0.10, 1, 10 or 100 µM 6-OHDA for 16 hours and then labeled for TH 

immunoreactivity.  6-OHDA was toxic to TH+ cells in a concentration-dependent manner 

(Figure 4.1E). In subsequent experiments, we chose to treat cultures with 100 nM 6-

OHDA because this concentration resulted in only a moderate loss of TH+ cells, leaving 

both injured and healthy cells in culture. Qualitatively, injured cells had a slightly  

 reduced somatic size, pruned dendritic branches and shorter axonal projections, but still 

retained strong TH+ staining.  Additionally, 6-OHDA-toxicity was demonstrated to be 

specific to dopamine neurons in the substantia nigra at this concentration.  Cultures were 

stained with the general neuronal marker, NeuN, and the number of NeuN positive cells 

in the striatum was not significantly different in both control and 6-OHDA treated 

cultures (data not shown).   

 

4.2.2 Nrf2 Activators Confer Neuroprotection 

 tBHQ is a known activator of the Nrf2-ARE pathway and can induce a greater 

than 30-fold increase in ARE activation in primary cortical cultures (Jakel et al., 2005). 

However, tBHQ can also 

directly affect mitochondria 

(Okubo et al., 2003). Thus, 

to avoid using a 

concentration of tBHQ that 

could adversely affect 

Table 4.1 Increasing Concentrations of tBHQ Negatively 
Affect Mitochondria in Organotypic Nigrostriatal Co-
Cultures‡ 
tBHQ  NAD(P)H reduction (ΔF/F) 
3 µM  0.000 ± 0.000 
10 µM  0.0252 ± 0.003* 
30 µM  0.0760 ± 0.007* 
100 µM  0.1109 ± 0.013* 
‡ Values represent mean ± SEM (n = 29). 
* p < 0.05, one-way ANOVA. 



55 

cellular energy metabolism, imaging of NAD(P)H auto-fluorescence was used to 

determine the level of tBHQ that disturbs cellular redox state in our culture system 

(Schuchmann et al., 2001). We found that concentrations greater than 5 µM led to a 

decrease in NAD(P)H auto-fluorescence, indicative of respiratory uncoupling (Table 4.1). 

A concentration of 5 µM tBHQ negligibly affected mitochondria and was assessed for 

Nrf2 activation by measuring NQO1 mRNA expression (via quantitative RT-PCR) in 

Figure 4.2: tBHQ confers protection against 6-OHDA-induced cytotoxicity. A: Treatment 
of cultures with 5 µM tBHQ for 16 hr protected TH+ cells against 6-OHDA induced toxicity 
(n = 17-31 cultures/treatment group; * p < 0.05, one-way ANOVA). B: Similarly, propidium 
iodide staining was significantly reduced when cultures were treated with tBHQ (n = 4-6 
cultures/treatment group; * p < 0.001, one-way ANOVA). C: Representative images of 
propidium iodide staining. Note the dramatic difference in PI+ staining in cultures treated with 
6-OHDA alone versus cultures treated with 6-OHDA + tBHQ. Values represent mean ± SEM. 
Scale bar = 400 µm. 
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both rat PC12 cell line and organotypic nigrostriatal co-cultures.  At 5 µM, tBHQ elicited 

a 5-fold increase in NQO1 expression without stressing mitochondria. 

To determine whether tBHQ was able to protect dopaminergic cells against 6-

OHDA mediated toxicity, nigrostriatal co-cultures were treated with 5 µM tBHQ, 100 

nM 6-OHDA or a combination of both tBHQ and 6-OHDA overnight.  Treatment of 

cultures with tBHQ conferred protection against 6-OHDA induced toxicity (Figure 4.2A).  

Cultures treated with a combination of tBHQ and 6-OHDA maintained a comparable 

number of TH+ cells compared to control cultures (6-OHDA: 40 ± 6.9 % media control, 

tBHQ + 6-OHDA: 89 ± 21.5 % DMSO control, n = 28 and 21, respectively, p < 0.05). 

tBHQ and DMSO alone were not significantly toxic at the concentrations used (tBHQ: 86 

± 20.7 % DMSO control, DMSO: 100 ± 21.0% media control; n = 17 and 10, 

respectively).  To confirm that the loss of TH immunoreactivity observed was due to cell 

death and not just a loss of TH activity, cell death was assessed using propidium iodide 

(PI).  Cultures treated with 100 nM 6-OHDA alone demonstrated abundant PI staining 

(362 ± 31.0 % DMSO control, n = 4, p < 0.05).  This increase in cell death was 

dramatically reduced when cultures were treated with a combination of 5 µM tBHQ and 

100 nM 6-OHDA (76.7 ± 20.9 % DMSO control, n = 6; Figure 4.2B).  Again, tBHQ and 

DMSO alone had no effect on cytotoxicity at the concentrations used (tBHQ: 72 ± 10.3 

% DMSO control, DMSO: 71 ± 19.1% media control; n = 4 cultures/treatment group).   

To determine whether the tBHQ-induced neuroprotection was mediated by 

induction of the Nrf2-ARE pathway, we exposed cultures to either sulforaphane, a known 

activator of the Nrf2 pathway that is structurally distinct from tBHQ, or dtBHQ, an 

inactive analog of tBHQ.  Cultures were pre-treated with 5 µM sulforaphane for 48 hours 
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and then exposed to a 

combination of 5 µM 

sulforaphane and 100 nM 6-

OHDA overnight.  Cultures 

pre-treated with sulforaphane 

showed significant protection 

against 6-OHDA-induced 

toxicity, maintaining a 

similar number of TH 

immunoreactive cells as 

controls (101 ± 16.9 % 

DMSO control, n = 12, 

p<0.05; Fig. 4.3A).  

Sulforaphane and DMSO 

alone had no significant 

effect on cell viability at the 

concentrations used 

(Sulforaphane: 144 ± 25.7 % 

DMSO control, DMSO: 100 ± 21.0 % media control; n = 12 cultures/treatment group).  

Again, cultures exposed to only 100 nM 6-OHDA had strong PI staining (357 ± 78.4 % 

control, n = 11, p < 0.05).  This increase in cell death was mitigated when cultures were 

Figure 4.3: Sulforaphane confers protection against 
6-OHDA-induced cytotoxicity. A: Pretreatment of 
cultures with 5 µM sulforaphane for 48 hr protected 
TH+ cells against 6-OHDA toxicity (n = 12-31 
cultures/treatment group; * p < 0.05, Mann-Whitney 
U). B: Similarly, PI staining was dramatically reduced 
in cultures pretreated with sulforaphane for 48 hr 
compared with those treated with 100 nM 6-OHDA 
alone (n = 8-11 cultures/treatment group; * p < 0.05, 
Mann-Whitney U). Values represent mean ± SEM.  
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pre-treated with sulforaphane for 48 hours (70.0 ± 15.7 % control, n = 11; Figure 4.3B).  

Cultures were also assessed after treatment with dtBHQ, an inactive analog of tBHQ 

(Jakel et al., 2005).  Pre-treatment of cultures with 50 µM dtBHQ for 8 hours did not 

confer protection against 6-OHDA induced toxicity, suggesting that the protection 

observed with tBHQ and sulforaphane treatment was mediated by activation of the Nrf2-

ARE pathway (37 ± 7.0 % DMSO control, n = 12; Figure 4.4). 

 Formation of nitrotyrosine conjugates is a hallmark of oxidative damage, 

particularly in dopaminergic degeneration and in PD.  Treatment of cultures with 100 nM 

Figure 4.4: dtBHQ does not protect TH+ cells against 6-OHDA induced cytotoxicity. 
A: Pre-treatment of cultures with 50 µM dtBHQ for 8 hr did not protect cells against 6-
OHDA-induced toxicity (n = 10-31 cultures/treatment group; * p < 0.05, one-way 
ANOVA). Values represent mean ± SEM. B: Representative images of dopaminergic 
neurons in the substantia nigra of cultures treated with either tBHQ + 6-OHDA (left) or 
dtBHQ + 6-OHDA (right). Note the dramatic loss of neuronal cell bodies and projections 
in the dtBHQ + 6-OHDA-treated cultures compared to the tBHQ + 6-OHDA-treated 
cultures. Scale bar = 400 µm. 
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6-OHDA alone significantly increased nitrotyrosine staining in the SN compared to 

controls (Control: 33.33 ± 2.45 A.U., 6-OHDA: 64.79 ± 5.98 A.U.; n = 6-13 

cultures/treatment group, p < 0.01; Figure 4.5). This effect was diminished when cultures 

were treated with a combination of 6-OHDA and tBHQ (39.29 ± 1.72 A.U.), suggesting 

that treatment of cultures with Nrf2 activators is able to alleviate oxidative stress in the 

SN.  

 To begin to delineate the mechanism underlying tBHQ and sulforaphane-

Figure 4.5: Simultaneous treatment of cultures with tBHQ and 6-OHDA 
significantly decreases nitrotyrosine. A: Treatment with 100 nM 6-OHDA alone led 
to a significant increase in nitrotyrosine staining in the SN compared with controls (n 
= 6-13 cultures/treatment group; * p < 0.01, one-way ANOVA). tBHQ + 6-OHDA 
treatment mitigated this effect. Values represent mean ± SEM in arbitrary units 
(A.U.). B: Representative images of nitrotyrosine staining. Note the dramatic 
difference in cultures treated with 6-OHDA alone compared with cultures treated with 
tBHQ + 6-OHDA. Scale bar = 200 µm. 
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mediated neuroprotection, we 

measured NQO1 mRNA levels 

using quantitative RT-PCR. 

NQO1 is one of the main 

enzymes upregulated by the 

Nrf2-ARE pathway.  Cultures 

were treated overnight with 

DMSO (1:10,000), 5 µM tBHQ, 

100 nM 6-OHDA or a 

combination of both 5 µM tBHQ 

and 100 nM 6-OHDA. Treatment 

with tBHQ alone led to a 5-fold 

increase in NQO1 mRNA levels compared to controls (5.65 ± 1.20 fold compared to 

DMSO control cultures, n = 3, p < 0.05; Figure 4.6). Surprisingly, cultures treated with a 

combination of tBHQ and 6-OHDA lead to an almost 18-fold increase in NQO1 mRNA 

levels compared to controls and was significantly higher than all other groups (17.57 ± 

2.84 fold compared to control cultures, n = 3, p < 0.05). Treatment of cultures with 6-

OHDA alone however did not significantly increase NQO1 mRNA levels in comparison 

to all other groups (3.21 ± 1.03 fold compared to control cultures; n = 3).  

 

4.3 Discussion  

This study provides evidence to support the neuroprotective function of Nrf2 in a 

unique model of Parkinson’s disease: the organotypic nigrostriatal co-culture.  This is the 

Figure 4.6: Simultaneous treatment of cultures with 
tBHQ and 6-OHDA significantly increases NQO1 
mRNA expression.  Cultures were treated overnight 
with 100 nM 6-OHDA, 5 µM tBHQ or a combination 
of 5 µM tBHQ + 100 nM 6-OHDA. tBHQ treatment 
led to a significant increase in NQO1 mRNA levels 
compared to all other treatment groups. Fold change 
was determined by comparing NQO1 mRNA levels 
with β-actin mRNA levels (n = 3 cultures/treatment 
group; * p < 0.05, one-way ANOVA). Values represent 
mean ± SEM. 
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first report to demonstrate that activators of Nrf2 can almost completely protect against 

dopaminergic cell loss without pre-treatment.  These results support the idea that Nrf2 

may be a viable therapeutic target for the treatment of PD. 

 

4.3.1 Organotypic Nigrostriatal Co-Cultures: A Model for Studying Parkinson’s Disease 

Neurotoxins 

This is the first study to examine the ability of Nrf2 activators to confer protection 

in dopaminergic neurons in vitro.  This is partially due to the lack of an appropriate 

model in which to study dopaminergic degeneration and the effect of potential 

therapeutics on the degenerative process. Primary cell culture systems typically utilize 

either neuronal cell lines or dissociated cells. Although these models are convenient and 

easy to manipulate, they only enable investigators to study isolated cells over a short 

period of time (hours to days).  In contrast, in vivo models of PD exhibit many of the 

pathological features of PD and allow investigators to study dopaminergic degeneration 

within the context of a mature adult brain over much longer periods of time. However, it 

is much more challenging to study the time course and mechanisms underlying dopamine 

cell loss in in vivo models due to their complexity.  Additionally, they are more difficult 

to control and are often labor-intensive and expensive (Testa et al., 2005). Organotypic 

nigrostriatal co-cultures offer a useful intermediate tool for studying dopaminergic 

degeneration by combining advantages of both classic cell culture and animal models into 

one system.  Specifically, they maintain much of the native milieu, have nigrostriatal 

synaptic connections and survive over two months in vitro, making long term studies on 
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neurodegeneration and aging feasible, and may ultimately enable a more accurate picture 

of these processes to be constructed (Plenz & Kitai, 1996; Plenz & Kitai, 1998). 

Organotypic nigrostriatal co-cultures treated overnight with 6-OHDA exhibited 

many of the same characteristics as well-established acute models of PD, including a 

concentration-dependent and specific loss of dopaminergic neurons in the substantia 

nigra and a loss of dopaminergic input to the striatum (reviewed in Betarbet et al., 2002).  

Thus, the data presented in this report demonstrates the potential that this unique culture 

system has as a model for the study of Parkinson’s disease and neurodegeneration, 

particularly in addressing questions related to mechanism and intercellular relationships.  

 

4.3.2 Nrf2 Activators Protect Without Pre-treatment 

The present study demonstrates that activators of the Nrf2-ARE pathway can 

protect dopaminergic neurons against oxidative stress in an organotypic model of 

Parkinson’s disease.  Treatment of co-cultures with 6-OHDA alone resulted in a 

significant loss of TH+ cells and increase in nitrotyrosine staining.  Quite remarkably, 

these effects were almost completely mitigated when cultures were simultaneously 

treated with 6-OHDA and tBHQ, a known activator of Nrf2.  A number of groups have 

shown that activation of Nrf2 prior to administration of a toxin, such as 6-OHDA or 

MPP+, can protect both neuronal cell lines and primary cortical cultures against various 

forms of oxidative stress (Hara et al., 2003; Kraft et al., 2004; Cao et al., 2005; Jakel et 

al., 2005).  Additionally, increased Nrf2 activity has been shown to mediate protection 

against dopaminergic cell loss in rat models of PD using either 6-OHDA or MPTP 

(Burton et al., 2006; Jakel et al., 2007).  All of these studies provide important evidence 
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to support the neuroprotective role of Nrf2 and its potential as a therapeutic target. 

However, both the in vitro and in vivo studies bolster Nrf2 activity prior to administering 

the toxin.  Clinically, it is critical to demonstrate that Nrf2 can be protective when 

activated after the start of a lesion since approximately 50% of nigral DA neurons are in 

some stage of the degenerative process by the time patients are diagnosed with PD.  We 

have shown that concurrent treatment with a known Nrf2 activator and 6-OHDA can still 

lead to significant protection against dopaminergic cell loss.  Future studies will extend 

this work to a paradigm that more closely mimics the slow, degenerative process seen in 

Parkinson’s patients by developing a chronic low dose model using organotypic 

nigrostriatal co-cultures (Chapter 5). The longevity of this culture system makes this type 

of study possible and will allow us to determine if Nrf2 activation can still render 

protection after the start of a lesion (Chapter 6).  

 To date, no other study has shown that exposure to Nrf2 activators can protect 

dopaminergic neurons against an oxidative insult in vitro without pre-treatment. It is 

quite possible that this difference can be attributed to the different systems used in each 

study.  As an explant culture, organotypic nigrostriatal co-cultures are able to maintain a 

cytoarchitecture and an intercellular milieu that is similar to what cells experience in vivo 

during the culturing process. Thus the presence of interneurons and glia, which are not 

found in cell lines and primary cortical cultures, could have provided additional support 

to neurons (e.g. neurotrophic factors, buffering ROS/RNS) that helped lead to their 

survival.  Unlike primary culture systems in which cells are typically introduced to an 

oxidative insult shortly after being cultured (days), organotypic co-cultures were not 

exposed to 6-OHDA for at least two weeks after being cultured.  It is possible that this 
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“extra” time in vitro enabled neurons to fully mature and return to a stable state, allowing 

them to mount a more robust antioxidant response once exposed to the toxin. This idea is 

supported by the finding that resident microglia become activated during the culturing 

process and remain so for ~7 DIV before returning to a resting state, suggesting that 

recently cultured tissue has a heightened sensitivity to homeostatic challenges (Hailer et 

al., 1996; Mertsch et al., 2001).  

 tBHQ and sulforaphane are known inducers of Nrf2, however, they also affect 

various other cellular processes.  tBHQ can induce release of  Ca+2 from internal stores, 

stimulate mitogen activated protein kinsase (MAPK) pathways and induce apoptosis via 

cytochrome p450 1A1 in hepatic cancer cells (Robinson et al., 1992; Yu et al., 1997; 

Gharavi & El Kadi, 2005). Stimulation of MAPK pathways by tBHQ is commonly 

associated with cell growth and proliferation, two processes that support cell survival and 

neuroprotection. MAPKs also activate the Nrf2-ARE pathway by direct phosphorylation 

of Nrf2, further supporting a role in cell survival (Zipper & Mulcahy, 2000).  Similarly, 

sulforaphane has also been shown to impact a number of other cellular mechanisms, 

including inducing cell cycle arrest and apoptosis in cancer cell lines, activating 

checkpoint 2 kinase and inhibiting tubulin polymerization and histone deacetylase 

activity (reviewed in Myzak & Dashwood, 2006). Many of the studies that showed toxic 

or carcinogenic effects of either compound used high concentrations (up to 100 times 

more concentrated) in very different models (in vitro and in vivo cancer models). Thus it 

is likely the diverse effects that either tBHQ or sulforaphane has in a cell is dependent on 

both the concentration used and the system being studied.  Although we have not ruled 
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out the possibility that these processes may be involved in the present study, we plan to 

further explore their impact on neuroprotection in the future. 

 One question that still remains unanswered is how Nrf2 is mediating the observed 

protection.  Although it is well established that Nrf2 activation leads to the upregulation 

of numerous antioxidant and phase II enzymes (e.g. reviewed in Lee et al., 2005; Zhang, 

2006), the cellular population(s) that mediate this phenomenon remains unclear. Over the 

past several years, a number of interesting reports have suggested that glia, particularly 

astrocytes, play a significant role in the protection of neurons from oxidative stress.  It 

has been shown that the Nrf2-ARE pathway is preferentially activated in astrocytes 

compared to neurons (Murphy et al., 1991; Johnson et al., 2002), and that neurons found 

proximal to astrocytes were more likely to show ARE activity than those located more 

distally (Johnson et al., 2002).  This suggests that activation of ARE in astrocytes leads to 

the production and secretion of some factor(s) that enable activation of the Nrf2-ARE 

pathway within neurons, mediating protection against oxidative insults.  In support of this 

idea, Shih and colleagues has shown that Nrf2 can regulate the synthesis and release of 

GSH in astrocytes, and that this phenomenon is sufficient to protect neurons against 

oxidative stress (Shih et al., 2003).  However the role that Nrf2 and astrocytes may play 

in neuronal survival remains controversial. Several groups have shown that increasing 

Nrf2 activity in reduced systems where glia are absent, such as primary neuronal cultures 

or neuronal cell lines, can still protect cells against oxidative insults (Hara et al., 2003; 

Cao et al., 2005; Lee et al. 2003).  In support of this, Ramsey et al. (2007) found strong 

Nrf2 staining in the nucleus of remaining dopaminergic neurons within the substantia 

nigra of patients with PD, and only observed minimal Nrf2 staining in surrounding glia.  
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It is likely that Nrf2 activity in both neurons and glia contribute to neuronal survival in 

disease states. The unique combination of cells found within organotypic nigrostriatal co-

cultures provides an ideal system to examine this relationship between neurons and glia. 

In the future we would like to further explore how Nrf2 localization is regulated, how it 

differs in various cellular populations and how these differences may contribute to 

neuronal protection.  

 In summary, we have demonstrated that simultaneous administration of 6-OHDA 

and a known activator of Nrf2 (tBHQ) is able to protect dopaminergic neurons in vitro. 

These results support the neuroprotective role of Nrf2 and its potential as a therapeutic 

target.  Additionally, this report helps to establish organotypic nigrostriatal co-cultures as 

a unique model of dopaminergic degeneration for the study of PD. 
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Chapter V: Progressive Model of Dopaminergic Degeneration in 

Organotypic Nigrostriatal Co-cultures 
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5.1 Introduction 

 A host of molecules have been proposed as potential neuroprotective therapies 

against PD, including antioxidants, dopamine agonists, growth factors, and monoamine 

oxidase-B inhibitors (e.g. Ravina et al., 2003; Schapira, 2009).  None of these agents 

have provided definitive evidence for neuroprotection in clinical trials to date (e.g. 

Olenow et al., 2008; LeWitt & Taylor, 2008; Hart et al., 2009; Obeso et al., 2010).  

Notably, many of these trials were based on pre-clinical research in acute toxicity 

models, highlighting the need for a more appropriate model to test new therapeutic 

targets in pre-clinical stages (Ravina et al., 2003; Jenner, 2008; Anonymous, 2009; 

Dawson et al., 2010). In acute toxicity models, cell cultures, rodents or nonhuman 

primates are typically given a single, large dose of a toxin, such as 6-OHDA or MPTP, to 

recapitulate various behavioral and pathological features of the disease (e.g. Betarbet et 

al., 2002). One possible explanation why these models have not been successful in 

assessing potential therapeutics may be that this acute form of cell death is not mediated 

by the same processes as the slow, progressive cell death seen in patients. In fact a 

number of the pathological features that are characteristic of PD, such as Lewy bodies, 

are not observed in many of these acute models (Jenner, 2008). 

 Several groups have tried to recreate the slow degeneration seen in PD patients by 

developing both in vitro and in vivo chronic models. The most notable chronic models 

have been developed using the mitochondrial complex I inhibitors MPTP and rotenone in 

either mice or nonhuman primates (Langston et al., 1984; Schneider, 1990; Betarbet et 

al., 2000; Jenner, 2008). However, the variability of the lesion (particularly when using 

rotenone), and the labor and resource intensive nature of in vivo models, make it difficult 
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to quickly and reliably screen new therapies (Betarbet et al., 2002; Jenner, 2008).  

Although these models have provided invaluable information related to the 

pathophysiology of PD, there is still a need for a consistent, cost-effective model that 

reflects the slow degenerative process believed to occur in PD patients, allowing new 

therapeutic agents to be reliably and efficiently screened. 

 In an attempt to address this need, we have developed a chronic low dose (CLD) 

toxin treatment paradigm using organotypic nigrostriatal co-cultures. This culture system 

was adapted from a more complex system developed by Plenz and Kitai (1996). 

Organotypic nigrostriatal co-cultures offer a useful intermediate system for studying 

dopaminergic degeneration by combining advantages of both classic cell culture and 

animal models into one system. Specifically, they maintain much of the native milieu, 

establish appropriate nigrostriatal synaptic connections, and survive in vitro for almost 

two months, making them ideal for “long-term” studies on neurodegeneration and aging.  

A CLD model may enable better pre-clinical evaluation of new therapeutic targets.  

Pharmacological interventions employed in commonly used acute toxicity models are 

often given as a pre-treatment (e.g. Chen et al., 2001; Bilsland et al., 2002; Kooncumchoo 

et al., 2006; Jakel et al., 2007; Li et al., 2010).  One of the major advantages of the CLD 

model is the opportunity to introduce therapeutics after the start of the lesion, providing a 

more appropriate therapeutic model.  

 We present here an interesting in vitro model using organotypic nigrostriatal co-

cultures that we believe more accurately reflects the slowly progressive dopaminergic 

degeneration associated with PD.  CLD treatment with beta-sitosterol glucoside (BSSG) 

led to a slow, progressive loss of TH+ cells over the course of two weeks.  This 
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preparation allows for the observation of nigrostriatal degeneration at early and 

intermediate stages, and offers the ability to test potential therapeutics after the start of 

the lesion.  We also provide evidence to support the hypothesis that dopamine cells 

become “phenotypically silent” (i.e. down regulate cell type specific markers) early in the 

degenerative process.   

 

5.2 Results 

5.2.1 Characterization of CLD model of dopaminergic degeneration 

 The longevity of this culture system allowed us to develop a CLD treatment 

paradigm, resulting in a progressive loss of dopaminergic neurons.  We began developing 

our model by first assessing cultures’ response to various concentrations of BSSG, a 

neurotoxin linked to the development of 

Guamanian amyotrophic lateral 

sclerosis-parkinson dementia complex. 

Toxicity was evaluated using 

immunocytochemistry. Cultures were 

treated with BSSG (various 

concentrations ranging from 10 pM to 2 

µM) twice a week for two weeks and 

then labeled with anti-TH on 

Figure 5.1:  BSSG is toxic to TH+ cells in a 
concentration-dependent manner. Treatment 
of cultures with various concentrations of 
BSSG for two weeks led to a concentration-
dependent loss of TH-ir.  We chose to use 2 
nM BSSG (red point) for all subsequent 
experiments because it yielded ~50% loss of 
TH-ir. Values represent mean ± SEM (n = 3 – 
19 cultures/concentration). 
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day fourteen.  BSSG was toxic to TH+ cells in a concentration-dependent manner (Figure 

5.1; 10 pM: 27 ± 4; 30 pM: 29 ± 3; 0.1 nM: 32 ± 3; 0.3 nM: 19 ± 6; 2 nM: 10 ± 1; 10 nM: 

7 ± 4; 30 nM: 3 ± 2; 100 nM: 2 ± 1; 2 µM: 5 ± 0).  A significant loss of TH-

immunoreactivity (TH-ir) was observed after chronic exposure to 2 nM, 10 nM, 30 nM, 

100 nM and 2 µM BSSG. We chose to use 2 nM BSSG for all subsequent experiments 

because it yielded an approximately 50% loss of TH-ir, corresponding to the extent of 

dopaminergic cell damage believed to occur in patients by the time they are diagnosed 

with PD (Terzioglu & Galter, 2008). 

Figure 5.2:  CLD BSSG leads to a progressive loss of TH-ir.  Treatment of cultures with 
2 nM BSSG led to a relatively slow and progressive loss of TH-ir over the course of two 
weeks (n = 8-19 cultures/time point, * p < 0.05, compared to Day 0, ** p < 0.01 compared 
to Day 14, one-way ANOVA).  Qualitatively, a gradual loss in both the number and 
complexity of dendritic and axonal arbors was also observed. Values represent mean ± 
SEM. Scale bar = 50 µm. 



 

72 

  To determine the rate of TH-ir loss, we constructed a time course.  TH-ir was 

assessed after 1, 3, 7, 10, 14 and 28 days exposure to BSSG.  BSSG exposure resulted in 

a progressive and significant loss of approximately 50% of TH+ cells by day fourteen 

(Figure 5.2; 0d: 23 ± 2, 1d: 19 ± 2, 3d: 15 ± 2, 7d: 11 ± 2, 10d: 7 ± 2, 14d: 10 ± 1; * p < 

0.05 compared to Day 0; n = 8-19 cultures/time point).  A significant loss in TH-ir was 

also noted on day twenty-eight relative to day fourteen (Figure 5.2; 28d: 2 ± 1; ** p < 

0.01; n = 7 cultures).  Qualitatively, 

TH+ cells exposed to BSSG had 

slightly reduced somatic size, pruned 

dendritic branches and shorter axonal 

projections (Figure 5.2). We observed 

a loss of TH+ staining in the striatum, 

and an increase in nonspecific 

punctate staining in both the 

substantia nigra and striatum.  

Additionally, BSSG was shown to be 

selectively toxic to dopamine neurons 

in the substantia nigra.  Cultures were 

stained with the general neuronal 

marker, NeuN, or the GABAergic 

marker GAD 65/67.  The number of 

NeuN- and GAD-positive cells in both 

the SN and ST did not differ 

Figure 5.3: BSSG is selectively toxic to 
TH+ cells.  Treatment of cultures with 2 nM 
BSSG for 14 days was selectively toxic to 
TH+ cells.  No change was observed in the 
number of NeuN+ or GAD65/67+ cells in 
either the SN or ST (n = 3-19 
cultures/treatment group, * p < 0.05, 
Student’s t-test). Values represent mean ± 
SEM.  
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significantly between control and toxin treated cultures (Figure 5.3; SN: NeuN – DMSO: 

811 ± 453, BSSG: 668 ± 113; TH – DMSO: 23 ± 2, BSSG: 10 ± 1; ST: NeuN – DMSO: 

2896 ± 525, BSSG: 3680 ± 274; 

GAD65/67 – DMSO: 397 ± 166, 

BSSG: 432 ± 54; n = 3-19 

cultures/treatment group; * p < 

0.05). 

 

5.2.2 Dopamine Cells Lose 

Phenotype Early in the 

Degenerative Process 

 It has been hypothesized 

that DA mishandling 

significantly contributes to the 

degenerative process (Guillot & 

Miller, 2009; Qi et al., 2009).  

Several key proteins in the 

regulation of DA are the 

dopamine transporter (DAT), 

which is responsible for 

reuptake of DA from the 

synaptic cleft, TH, the rate- 

Figure 5.4: BSSG leads to a loss of DA specific 
markers. Exposure to 2 nM BSSG (dotted line) led 
to a significant decrease in levels of TH and VMAT2 
over the course of two weeks, but did not affect 
levels of DAT. Values represent mean ± SEM. * p < 
0.05, n = 4-7 samples/treatment group, MANOVA. 
Insets: representative immunoblots from day 14. 
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limiting enzyme in DA 

synthesis, and vesicular 

monoamine transporter 2 

(VMAT2), which is responsible 

for packaging DA into synaptic 

vesicles.  To determine if BSSG 

exposure impacted DA 

regulation, immunoblots were 

used to assess changes in DAT, TH and VMAT2.  BSSG exposure led to a progressive 

loss of approximately 60% of TH protein over the course of two weeks, with a significant 

loss of protein after 7 and 14 days exposure (Figure 5.4; Table 5.1).  This pattern of 

protein loss closely mimicked TH-ir loss (Figure 5.2).  VMAT2 levels were decreased by 

approximately 55% over the same period.  The majority of VMAT2 was lost within the 

first week (~40%).  This sharp decline plateaued into a more gradual loss over the next 

seven days (Table 5.1).  Interestingly, no change was observed in DAT levels (Table 5.1). 

 Based on work in non-human primates (Chen et al., 2008), this pattern of protein 

loss led us to believe that our CLD in vitro model was reflective of changes that occur in 

pre-symptomatic stages of PD.  We hypothesized that dopamine neurons lose their 

phenotype (i.e. cell type specific markers) early in the degenerative process, before 

undergoing apoptosis. To test this hypothesis, we analyzed cultures for markers of 

apoptosis.  Cultures were assayed for TUNEL after fourteen days BSSG exposure.  The 

proportion of TUNEL+ cells was determined as a fraction of DAPI stained nuclei for 

each slide.  The percent of TUNEL+ nuclei did not differ between treatment groups on 

Table 5.1 CLD BSSG leads to a loss of DA specific 
markers  
 DAT TH VMAT2 
DMSO    
3d 0.24 ± 0.06 0.73 ± 0.10 0.55 ± 0.07 
7d 0.34 ± 0.02 0.79 ± 0.08 0.50 ± 0.03 
14d 0.29 ± 0.03 1.0 ± 0.10 0.63 ± 0.08 

BSSG    
3d 0.24 ± 0.06 0.63 ± 0.11 0.55 ± 0.04 
7d 0.37 ± 0.05 0.43 ± 0.03* 0.34 ± 0.05* 
14d 0.32 ± 0.03 0.31 ± 0.05* 0.28 ± 0.04* 
* p < 0.05 compared to DMSO at same time point, n 
= 4-7 samples/treatment group. 
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day fourteen (Figure 5.4; DMSO: 16.1% ± 3.42; BSSG: 11.7% ± 3.45; p > 0.05; n = 4-5 

cultures/treatment group).  A significant increase in TUNEL was observed, however, 

after 28 days BSSG exposure (DMSO: 16.1 ± 2.94, BSSG: 28.6% ± 2.91; * p < 0.01 

compared to all other groups; n = 4-5 cultures/treatment group). 

 To confirm these results, levels of cleaved caspase-3 were also analyzed.  

Cultures were treated as described above and whole cell lysates were collected on day 

fourteen.  Lysates were then run on an SDS-PAGE gel and probed with an antibody 

against cleaved caspase-3.  No significant difference in levels of cleaved caspase-3 was 

Figure 5.5 DA cells lose their phenotype before committing to an apoptotic fate.  
Cultures were treated with either DMSO or BSSG for 14 days and assayed for markers of 
apoptosis.  There was no difference in the percent of TUNEL+ nuclei (top, n = 4-5 
cultures/treatment group, * p <0.01, MANOVA) or protein levels of cleaved casp3 (bottom, 
n = 4-5 cultures/treatment group, * p < 0.01, one-way ANOVA) at 14 days. A significant 
increase in TUNEL+ nuclei was observed in BSSG treated cultures on day 28.  
Representative images of both TUNEL staining and cleaved casp3 staining can be seen on 
the right.  Values represent mean ± SEM. Scale bar = 50 µm. 



 

76 

observed between DMSO and BSSG treated cultures after fourteen days exposure 

(DMSO: 0.25 ± 0.07; BSSG: 0.21 ± 0.02; Staurosporine: 1.31 ± 0.15; * p < 0.01; n = 4-5 

samples/treatment group).  These data support the hypothesis that dopamine cells are 

phenotypically silent during this stage of the degenerative process. 

 Some preliminary work that we have done looking at α-synuclein deposition in a 

CLD model using cycad extract, of which BSSG is a component, has also provided 

support for this hypothesis.  Cultures were treated with 0.04 mg/mL cycad extract twice a 

Figure 5.6 Dopamine cells appear to decrease cell type specific markers as they experience 
increasing amounts of stress.  Cultures were treated with 0.04 mg/mL cycad extract for 7 days 
and then labeled with antibodies against TH (green) and phosphorylated (S129) α-synuclein (α-
syn, red).  TH and α-syn staining of the same cell reveal different morphologies (arrow).  Scale 
bar = 50 µm 
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week for one week, fixed and then labeled with antibodies against TH and 

phosphorylated (S129) α-synuclein.  Phosphorylated α-synuclein is considered a more 

toxic form of this protein, as it is more likely to aggregate (Gorbatyuk et al., 2008).  

When looking at TH immunoreactivity alone, cells typically had fewer primary dendrites 

and less complex dendritic arbors relative to control cultures.  Interestingly, more 

extensive dendritic and axonal arbors were revealed by phosphorylated α-synuclein 

immunostaining of these same cells (Figure 5.6).  These images suggest that dopamine 

cells are downregulating TH as they experience increased stress.  

 

5.2.3 BSSG Increases 

Oxidative Damage 

 Numerous studies have 

shown that cytosolic dopamine 

accumulation can be 

neurotoxic through the 

generation of ROS/RNS 

(Cubells et al., 1994; Hastings 

& Zigmond, 1997; Montine et 

al., 1997; Larsen et al., 2002).  

To further assess the impact of 

dopamine mishandling in our 

culture system, we measured 

Figure 5.7 BSSG increases oxidative damage.  
Immunoblots were used to detect changes in 3-NT and 4-
HNE in DMSO and BSSG treated cultures.  A significant 
increase in 3-NT and 4-HNE was observed after 14d 
BSSG exposure.  Representative immunoblots are shown. 
* p < 0.05, n = 4-6 cultures/treatment group, one-way 
ANOVA. 
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levels of oxidative damage as evidenced by nitrosylated proteins and lipid peroxidation.  

Cultures were treated with DMSO (1:10,000) or BSSG (2 nM) twice a week for two 

weeks.  Whole cell lysates were then collected on day fourteen.  Lysates were run on an 

SDS-PAGE gel and probed with antibodies against 3-nitrotyrosine (3-NT) and 4-

hydroxynonenol (4-HNE).  A significant increase in 3-NT and 4-HNE levels was 

observed compared to controls (Figure 5.7; 3-NT – DMSO: 1 ± 0.14, BSSG – 2.27 ± 

0.20; 4-HNE – DMSO: 1 ± 0.11, BSSG: 1.73 ± 0.14; * p < 0.05, n = 4-6 

cultures/treatment group).  These data support the hypothesis that dopamine mishandling 

and a subsequent loss of phenotype is an early stage in the degenerative process.  

 

5.3 Discussion 

5.3.1 Chronic Low Dose Model – A Unique In Vitro Model of PD 

 We have developed a reliable long-term in vitro tissue preparation that is more 

suitable for studying the subtle pathophysiology of slowly progressive dopaminergic 

degeneration. Our co-cultures demonstrate robust long-term viability, maintaining a 

stable number of TH+ cells over the course of seven weeks (Siebert et al., 2009).   

Numerous TH+ cells were present in the substantia nigra, sending TH+ projections to the 

striatum. Treatment with low doses of BSSG over the course of two weeks resulted in a 

progressive and significant loss of the number of TH+ cells in the substantia nigra.  

Qualitatively, a loss of TH+ fibers in the striatum was also observed. With this loss of 

discrete TH labeling we observed an increase in nonspecific punctate staining. Several 

other investigators have also noted this increase in nonspecific punctate labeling in 6-
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OHDA treated cultures and have attributed it to punctae of degenerating TH positive 

neurites (Kress & Reynolds, 2005; Kearns et al., 2006).  The pattern of degeneration 

observed in our slice cultures is consistent with the idea that SN cell loss follows a slow, 

nonlinear progression after an initial acute or subacute disease onset (Hilker et al., 2005; 

Hawkes, 2008; Nandhagopal et al., 2009).   

 Interestingly, we also observed an increase in phosphorylated α-synuclein 

staining that co-localized with TH immunoreactivity in cultures treated with a chronic 

low dose of cycad extract.  This change in α-synuclein physiology in our cultures is 

consistent with that seen in vivo following cycad ingestion (Shen et al., 2010). The ability 

to recreate this feature in vitro provides a unique opportunity to address questions 

regarding how α-synuclein and dopamine levels are modified and maintained in 

dopaminergic neurons and how these changes may contribute to the vulnerability of those 

cells in the substantia nigra.   

 Lastly, the long-term viability of nigrostriatal co-cultures in conjunction with a 

CLD treatment paradigm offers a progressive in vitro model that provides the distinct 

opportunity to test potential therapeutics after the start of a lesion.  This may enable 

investigators to construct a more realistic picture of molecules’ neuroprotective potential, 

as well as the advantage of simultaneously testing various therapeutic agents in high 

throughput bioassays.  

 

5.3.2 Loss of Dopaminergic Phenotype 

 In this chapter, we provided evidence to support the hypothesis that dopamine 

cells lose their phenotype early in the degenerative process.  This idea is not 
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unprecedented in the literature.  Michinaga and colleagues (2010a) describe a similar 

phenomenon in hypothalamic orexin neurons.  They noted a loss of orexin-

immunoreactivity, but no change in propidium iodide uptake, in the presence of the 

dopamine agonist ropinirole.  Upon wash out of the drug, orexin immunoreactivity was 

recovered.  They also noted a reversible depletion of orexin with tetrodotoxin or elevated 

Mg+2 (Michinaga et al., 2010b).  Similarly, Cooper and colleagues (2001) have 

demonstrated a reversible loss of cholinergic phenotype in the basal forebrain with 

administration of nerve growth factor.  Other studies of basal forebrain cholinergic 

neurons in rodents and in primates have noted that these cells can survive in a state of 

“phenotypic silence” (Hu et al., 1997; Conner et al., 2001).  Furthermore, this 

phenomenon may explain the “spontaneous recovery” in symptoms and in TH-ir that 

many groups report in animal models of PD once toxin administration has ceased 

(reviewed in Duty & Jenner, 2011). 

 The identification of a phenotypically silent stage of the degenerative process has 

the potential to be quite exciting clinically.  As discussed in Chapter 1, many of the cell 

replacement approaches to neuroprotection have been met with challenges.  Notably, 

transplanted cells have a difficult time integrating themselves into existing networks, and 

do not always make appropriate connections with target cells (e.g. Politis et al., 2010; 

Barker & Kuan, 2010).  Thus, the idea that at some stage in the degenerative process 

there are dopamine neurons that are physical still present, but not expressing cell type 

specific markers is intriguing.  The task of reactivating a phenotypically silent cell that is 

already in its native network seems to hold promise in addressing some of the challenges 

cell replacement strategies have encountered. 
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5.3.3 Early Dysregulation of Dopamine 

 These shifts in dopamine specific markers also support the hypothesis that 

dopamine mishandling is a key pathogenic event in dopaminergic degeneration 

(Lotharius & Brundin, 2002; Guillot & Miller, 2009; Qi et al., 2009).  A comparable 

pattern of protein loss has been described during the asymptomatic phase in MPTP-

treated non-human primates, with Chen and colleagues (2008) reporting that VMAT2 is 

the first pre-synaptic dopamine marker to be lost. Changes in DAT expression were not 

observed in these animals until the onset of motor symptoms.  Similarly, a greater 

reduction in striatal TH and VMAT2 compared to DAT was reported in MPTP treated 

primates (Stephenson et al., 2007).  PET studies of PD patients also suggest that VMAT2 

is reduced beyond what can be explained by loss of nigral dopamine neurons alone, 

supporting the hypothesis that VMAT2 is lost early in the degenerative process 

(Lotharius & Brundin, 2002). 

 Interestingly, VMAT2 has been identified as one of the “most sensitive and 

influential components” for regulating cytosolic dopamine levels (Qi et al., 2009).  Loss 

of functional VMAT2 appears to be a pivotal event in the degenerative process.  In 

support of this, loss of VMAT2 in vitro, through siRNA, partial knockdown or 

pharmacological inhibition, increases cells’ sensitivity to a variety of toxins, and leads to 

increased cytosolic dopamine, lipid peroxidation, dopamine quinones, and neurite 

degeneration (Larsen et al., 2002; Choi et al., 2005; Vergo et al., 2007).  Conversely, 

overexpression of VMAT2 protects against MPP+ and methamphetamine-induced 

toxicity, due to a greater capacity to sequester excess DA and MPP+ (Chen et al., 2005; 

Vergo et al., 2007; Guillot & Miller, 2009).  Pharmacological or genetic inhibition of 
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VMAT2 in vivo has also been shown to increase sensitivity to methamphetamine and 

MPTP, and increase oxidative stress and neurite degeneration (Takahashi et al., 1997; 

Fumagalli et al., 1999; Mooslehner et al, 2001; Guillot et al., 2008).  

 BSSG toxicity appears to be mediated, at least in part, by oxidative stress, as 

evidenced by increased lipid peroxidation and nitrosylated proteins.  This may provide 

insight into the decreased levels of TH and VMAT2 observed in our model.  Nitration of 

TH (via peroxynitrite, MPP+ or MPTP) has been shown to decrease TH activity in vitro 

and in vivo (Ozaki et al., 1989; Ara et al., 1998).  This loss of TH activity strongly 

correlated with a loss in striatal dopamine (Ara et al., 1998).  Furthermore, increases in 

cytosolic DA, and subsequent increases in oxidative stress, have also been shown to lead 

to a loss of TH activity and TH protein in MPTP-treated mice (Nagatsu, 1990; Ozaki et 

al., 1989).  Similarly, increased cytosolic dopamine and oxidative stress have been shown 

to reduce VMAT2 activity and protein levels (Brown et al., 2000; Eyerman & 

Yamamoto, 2007; Watabe & Nakaki, 2008).  Thus, oxidative and nitrative stress may 

contribute to early loss of dopamine cell specific markers observed in our cultures. 

 In summary, we have developed a unique in vitro model using organotypic 

nigrostriatal co-cultures and a chronic low dose treatment paradigm.  We believe this 

model may be more suitable for studying the subtle pathophysiology of slowly 

progressive dopaminergic degeneration and offers several advantages over acute toxicity 

models, including: (1) the ability to study early and intermediate stages of dopaminergic 

degeneration, and (2) the opportunity to administer therapeutics after the start of the 

lesion.  Furthermore, we provide evidence to support the hypothesis that dopamine cells 

enter a phenotypically silent stage early in the degenerative process. 
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6.1 Introduction 
 There is a large body of evidence to suggest that oxidative stress and 

inflammation contribute significantly to the progressive cell death seen in PD (e.g. Dexter 

et al., 1986, 1989; Schapira et al., 1993; Zeevalk et al., 2008; Long-Smith et al., 2009).  

As a result, there has been a growing interest in antioxidant pathways and how these 

pathways might be exploited to help slow the loss of DA neurons. One such pathway that 

has garnered a lot of attention in recent years is the Nrf2-ARE pathway. A number of 

groups have shown that Nrf2 can protect against DA cell loss in vitro and in vivo when 

activated either prior to or at the time of oxidative insult (e.g. Hara et al., 2003; Kraft et 

al., 2004; Jakel et al., 2005; Siebert et al., 2009 (Chapter 4); Calkins et al., 2010; Jazwa et 

al., 2011). These studies provide important evidence to support Nrf2 as a potential 

therapeutic target. The next step in establishing its value as a neuroprotective agent is to 

demonstrate that Nrf2 can still be protective when activated after the start of a lesion. 

Clinically, this is an important concept since approximately half of DA neurons in the SN 

are in some stage of the degenerative process by the time patients are diagnosed with PD. 

 In the previous chapter, we described a unique in vitro model of dopaminergic 

degeneration using a chronic low dose treatment paradigm in organotypic nigrostriatal 

co-cultures.  This model appears to be reflective of early stages of degeneration, 

exhibiting a progressive and selective loss of TH-ir, and a progressive loss of TH and 

VMAT2 protein over the course of two weeks.  In this study, we used this CLD model to 

test the hypothesis that Nrf2 can protect against dopaminergic cell loss when activated 

after the start of the degenerative process.  Using immunocytochemistry and 

immunoblots, we demonstrate that activation of Nrf2 during this early stage of the 
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degenerative process not only protects against TH-ir loss, but can also restore lost 

phenotype. These data suggest that Nrf2 activation may be able to rescue intact, 

“phenotypically silent” cells, and further supports the potential of Nrf2 as a 

neuroprotective therapy in PD.  

 

6.2 Results 

6.2.1 Nrf2 activation is protective using a post-lesion treatment paradigm 

 We hypothesized that activation of Nrf2 after the start of the lesion can protect 

against dopaminergic cell loss.  The schematic in Figure 6.1 illustrates the post-lesion 

treatment paradigm we implemented in our neuroprotection experiments to test this 

hypothesis.  Our studies consisted of four main treatment groups: DMSO, BSSG, 11d 

Therapy and 7d Therapy.  The DMSO and BSSG groups received either 1:10,000 DMSO 

or 2 nM BSSG, respectively, only twice a week for two weeks.  The 11d Therapy group 

received 2 nM BSSG only for the first 3 days, followed by a combination of 2 nM BSSG 

and 5 µM tBHQ, a well-known activator of the Nrf2 pathway, for the next 11 days.  

Figure 6.1 Chronic low dose treatment paradigm employed for neuroprotection 
studies.  The Nrf2-ARE pathway was activated with tBHQ either 3 (11d therapy) or 7 days 
(7d therapy) after initiating BSSG treatment.   
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Finally, the 7d Therapy group received 2 nM BSSG only for the first 7 days, followed by 

a combination of 2 nM BSSG and 5 µM tBHQ for the next 7 days. 

 To determine if Nrf2 was able to protect dopaminergic cells against BSSG-

induced toxicity using a post-lesion treatment paradigm, immunocytochemistry was used 

to evaluate cytotoxicity.  Cultures were treated as described above, then fixed and labeled 

with an antibody against TH on days 3, 7, 10 or 14. Treatment of cultures with 2 nM 

BSSG alone led to a progressive and significant loss of TH-ir over the course of two 

weeks (Figure 6.2; DMSO – 3d: 27 ± 3.5, 7d: 29 ± 1.3, 10d: 26 ± 2.6, 14d: 24 ± 2.1; 

Figure 6.2 Nrf2 is neuroprotective using a post-lesion treatment paradigm.  Cultures 
were treated with DMSO, BSSG or a combination of BSSG + tBHQ for two weeks.  BSSG 
alone led to a progressive loss of TH-ir.  A significant recovery in TH-ir was observed when 
cultures were treated with tBHQ in either therapy group.  A marked loss and recovery of cell 
bodies, and complex axonal and dendritic arbors was also noted.  Values represent mean ± 
SEM. * p < 0.05, n = 6-19 cultures/treatment group, MANOVA. Scale bar = 100 µm.  
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BSSG - 3d: 15 ± 2.1, 7d: 11 ± 2.0, 10d: 7 ± 1.6, 14d: 10 ± 1.5; * p < 0.05; n = 6-21 

cultures/treatment group).  Qualitatively, TH+ cells in BSSG treated cultures had slightly 

reduced somatic size, pruned dendritic arbors and shorter axonal projections.  Treatment 

with 5 µM tBHQ using either therapy paradigm led to a recovery in TH-ir.  TH-ir 

returned to control levels in both groups by day fourteen (11d Therapy – 3d: 12 ± 2.7, 7d: 

17 ± 2.6, 10d: 14 ± 2.4, 14d: 20 ± 3.3; 7d Therapy – 3d: 14 ± 3.5, 7d: 12 ± 3.1, 10d: 14 ± 

2.9, 14d: 25 ± 3.4).  A marked recovery in soma size, and in the number and complexity 

of dendritic and axonal arbors was also observed in both therapy groups.  tBHQ treatment 

alone had no effect on TH-ir (data not shown).  

 

6.2.2 Nrf2 activation can 

restore lost phenotype 

 In Chapter 5, we 

provided evidence to 

support the hypothesis that 

dopamine cells enter a 

phenotypically silent stage 

early in the degenerative 

process.  These data in 

combination with the 

dramatic loss and recovery 

of TH-ir described above, 

Figure 6.3 Nrf2 activation restores loss of 
dopaminergic phenotype.  Exposure to 2 nM BSSG 
alone led to a significant reduction in TH and VMAT2 
protein levels.  Treatment with tBHQ, however, mitigated 
this loss of cell type specific markers. Values represent 
mean ± SEM.  Representative immunoblots are shown 
above their respective set of bars. (D = DMSO, B = 
BSSG, 7dTh = 7d Therapy).  DAT – 80 kDa, TH – 55 
kDa, VMAT – 55 kDa. * p < 0.05, n = 4-7 
samples/treatment group, one-way ANOVA. 
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led us to postulate that activation of Nrf2 during this stage of the degenerative process 

could restore loss of dopamine specific markers.  To test this hypothesis, we treated 

cultures as described above, collected whole cell lysates on day fourteen and then 

analyzed lysates via immunoblot with antibodies against DAT, TH and VMAT2.  

Treatment with 5 µM tBHQ (7d Therapy) resulted in a significant recovery of both TH 

and VMAT2 protein levels compared to BSSG treatment alone (DAT – DMSO: 0.29 ± 

0.03, BSSG: 0.32 ± 0.03, 7d Therapy: 0.35 ± 0.04; TH – DMSO: 1.0 ± 0.10, BSSG: 0.31 

± 0.05, 7d Therapy: 1.14 ± 0.08; VMAT2 – DMSO: 0.63 ± 0.08, BSSG: 0.28 ± 0.04, 7d 

Therapy: 0.55 ± 0.05; * p < 0.05, n = 4-7 samples/treatment group).  DAT protein levels 

did not differ significantly between treatment groups.  tBHQ treatment alone had no 

significant effect on DAT protein levels, but reduced both TH and VMAT2 (DAT: 0.38 ± 

0.03; TH: 0.47 ± 0.04; VMAT2: 0.40 ± 0.08).  These data suggest that activation of Nrf2 

can reverse loss of phenotype.  

 

6.2.3 CLD treatment paradigm activates the Nrf2 pathway 

 To confirm that our treatment paradigm was activating the Nrf2-ARE pathway, 

we analyzed Nrf2 protein levels.  To do so, cultures were treated in accordance with the 

treatment paradigm described in Figure 6.1.   Whole cell lysates were collected on day 

ten two hours after treatment.  Lysates were collected at this time point for two reasons: 

(1) day ten falls in the middle of the “recovery” period for TH-ir (Figure 6.2), thus if Nrf2 

is mediating this effect, we would expect it to be activated at this time; (2) literature 

suggests that Nfr2 is maximally upregulated about two hours after stimulation (Jain et al., 

2005).  Lysates were then run on an SDS-PAGE gel and probed with an antibody against 
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Nrf2.  BSSG alone led to a modest, but 

significant increase in Nrf2 protein 

levels compared to DMSO (Figure 6.4A; 

DMSO: 0.35 ± 0.03; BSSG: 0.57 ± 0.05, 

n = 4-6 samples/treatment group, * p < 

0.05, compared to DMSO).  Exposure to 

a combination of BSSG and tBHQ (7d 

Therapy) induced an even greater 

increase in Nrf2 protein levels compared 

to DMSO (7d Therapy: 0.82 ± 0.03, n = 

4-6 samples/treatment group, * p < 0.01 

compared to all other groups).  

Treatment with tBHQ alone led to an 

almost 2-fold increase in Nrf2 protein 

levels relative to control (0.63 ± 0.03).  

These data support that the Nrf2 

pathway is being activated by our 

treatment paradigm, and may be 

mediating, at least in part, the observed 

phenotype recovery. 

 To further substantiate this idea, 

we analyzed induction of the Nrf2-responsive enzyme NQO1.  Whole cell lysates were 

collected as described above and analyzed via western blot.  As expected, treatment with 

Figure 6.4 The Nrf2-ARE pathway is 
activated by CLD treatment paradigm.  
Treatment with BSSG + tBHQ led to a 
significant increase in Nrf2 protein levels (A), 
and downstream target NQO1 (B).  Values 
represent mean ± SEM. Representative 
immunoblots are shown (C). * p < 0.05, ** p < 
0.01, n = 4-9 samples/treatment group, one-
way ANOVA.  
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BSSG + tBHQ led to a significant increase in NQO1 protein levels compared to DMSO 

(Figure 6.4B; DMSO: 1.95 ± 0.10, 7d Therapy: 3.07 ± 0.11; n = 5-9 samples/treatment 

group, * p < 0.05).  Significant increases in NQO1, however, were not observed with 

either BSSG or tBHQ treatment alone (BSSG: 2.27 ± 0.11, tBHQ: 1.92 ± 0.18; n = 5-9 

samples/treatment group, p > 0.05).  

6.2.4 CLD Treatment Paradigm Mitigates Oxidative Damage 

 In Chapter 5, we demonstrated that chronic exposure to low doses of BSSG led to 

a significant increase in oxidative damage, as evidenced by increased levels of 

nitrosylated proteins and lipid peroxidation.  We wanted to determine if activation of the 

Nrf2 pathway was able to mitigate this effect.  To test this hypothesis, cultures were 

treated as described above, and whole cell lysates were collected on day fourteen.  

Lysates were then 

probed via western 

blot with antibodies 

against 3-NT and 4-

HNE.  Treatment 

with tBHQ 

significantly 

reduced 3-NT and 

4-HNE protein 

levels (Figure 6.5; 

3-NT – DMSO: 1.0 

Figure 6.5 Nrf2 mitigates oxidative damage.  BSSG exposure 
significantly increased 3-NT and 4-HNE levels.  Treatment with 
tBHQ mitigated this effect.  Values represent mean ± SEM.  
Representative immunoblots are shown (D = DMSO, B = BSSG, 
7dTh = 7d Therapy). * p < 0.05, n = 4-7 samples/treatment group, 
one-way ANOVA.  
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± 0.14, BSSG: 2.27 ± 0.20, 7d Therapy: 0.63 ± 0.12; 4-HNE – DMSO: 1.0 ± 0.11, BSSG: 

1.73 ± 0.14, 7d Therapy: 1.06 ± 0.17; n = 4 – 7 samples/treatment group, * p < 0.05).  

These data suggest that activation of the Nrf2 pathway is able to mitigate oxidative 

damage, and that this decrease in oxidative damage may contribute to phenotype 

recovery. 

 

6.3 Discussion 
 The experiments contained in this chapter further the hypothesis that Nrf2 can 

protect against dopaminergic degeneration.  This study is the first to report that activation 

of the Nrf2-ARE pathway after the start of the pathogenic process is neuroprotective and 

can reverse loss of dopaminergic phenotype in an in vitro model of PD.  Specifically, we 

demonstrated that treatment with tBHQ, starting either three or seven days after the start 

of chronic BSSG administration, led to a recovery in TH-ir by day fourteen.  

Furthermore, tBHQ treatment mitigated loss of TH and VMAT2 protein. 

 Previous studies have demonstrated neuroprotection when Nrf2 is activated either 

prior to or simultaneously with toxin administration in vitro and in vivo (Hara et al., 

2003; Siebert et al., 2009; Vargas et al., 2010; Jazawa et al., 2011).  This study 

contributes to this body of work by demonstrating that Nrf2 may be able to rescue 

dopaminergic neurons that are already engaged in the degenerative process, extending its 

therapeutic window.  Future experiments aim to confirm these results in vivo.  In support 

of this, several studies have effectively demonstrated neuroprotection in vivo using a 

post-lesion treatment strategy.  Stahl and colleagues (2011) showed that post-treatment 

with neurotrophic factors protected primary dopaminergic neurons against 6-OHDA 



 

92 

induced toxicity.  Similarly, sulforaphane, another known activator of Nrf2, was shown to 

protect against cell death when administered post-injury in a model of traumatic brain 

injury (Zhao et al., 2007).   

 One question that remains is how is Nrf2 mediating the observed reversal in 

phenotype.  This may be explained through a number of different mechanisms.  The 

Nrf2-ARE pathway can induce expression of neurotrophic factors, which are key in 

maintaining dopaminergic phenotype, both directly and indirectly (Chauhan et al., 2001; 

Lee et al., 2003; Kam et al., 2011; Yoshida et al., 2011; Stahl et al., 2011).  Related to 

this idea, a parallel pathway mediated by the transcription factor FoxO also upregulates 

expression of cytoprotective genes, including brain derived neurotrophic factor (BDNF; 

Mattson & Cheng, 2006; Przybysz et al., 2009).  Alternatively, Nrf2 may mediate 

phenotype reversal through interaction with TH regulator transcription factor, pituitary 

homeobox 3 (Pitx3).  These ideas will be explored in greater detail in the next chapter. 

 One alternative hypothesis that could explain our data is that neurogenesis 

contributes to the observed neuroprotection.  Although we have not ruled out 

neurogenesis as a contributing factor, we feel this scenario is unlikely in our culture 

system for several reasons:  (1) Although a healthy population of stem cells has been 

reported in the hippocampus, subventricular zone and olfactory bulb (e.g. Luskin, 1993; 

Carlen et al., 2002) of the adult mammalian brain, the presence of resident stem cells in 

the substantia nigra remains controversial (Lie et al., 2002; Zhao et al., 2003; 

Frielingsdorf et al., 2004).  Furthermore, stem cell survival through the culturing process 

is poor. (2) Assuming stem cells are present in our culture, Zhao and colleagues (2003) 

report an extremely low rate of neurogenesis in MPTP treated mice, with <1% of nigral 
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dopamine neurons being double labeled with BrdU and TH.  This rate of turnover could 

not account for recovery of ~50% of TH+ cells observed in our cultures.  (3) Maturation 

of a stem cell to a fully differentiated neuron in vitro occurs over the course of 

approximately four weeks (Tonnesen et al., 2011).  This timeline far exceeds the one-

week recovery observed in our cultures. 

 Notably, chronic tBHQ treatment alone only led to a two-fold increase in Nrf2 

and did not significantly increase down stream mediator NQO1 (Figure 6.4B).  This 

finding suggests that with repeated stimulation, the Nrf2-ARE pathway is subject to 

negative feedback regulation in our culture system.  In support of this, Bergstrom and 

colleagues (2011) reported that daily stimulation of primary astrocytes with sulforaphane 

did not lead to an accumulation of HO-1 mRNA or protein over the course of four days.  

 Negative regulation of the Nrf2-ARE pathway is mediated by several different 

mechanisms.  BRCA1 associated C-terminal helicase (Bach1), a ubiquitiously expressed 

transcription factor that is distantly related to Nrf2, acts as a competitive transcriptional 

regulator of this pathway.   Under basal conditions, Bach1 dimerizes with small Maf 

proteins and binds to the ARE, preventing gene expression.  However, under stress 

conditions, Bach1 is exported from the nucleus, allowing Nrf2 to bind to ARE containing 

genes.  Increased Nrf2 binding simultaneously leads to an increase in Bach1 

transcription, allowing it to eventually replace Nrf2 and terminate the antioxidant 

response (Dhakshinamoorthy et al., 2005; Kaspar & Jaiswal, 2010).  In concert with the 

Bach1 response, glycogen synthase kinase 3β (GSK3β) and Fyn also help regulate the 

Nrf2-ARE pathway. GSK3β phosphorylates Fyn, allowing it to localize to the nucleus.  

Once in the nucleus, Fyn phosphorylates Nrf2 at tyrosine 568, resulting in nuclear export 
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and degradation (Jain & Jaiswal, 2006; 2007; Kaspar et al., 2009).  Future experiments 

will explore the kinetics of repeated tBHQ stimulation in our cultures system, and how 

these regulatory mechanisms may contribute to antioxidant gene expression and 

neuroprotection. 

 In summary, we have demonstrated that post-treatment with a known activator of 

the Nrf2-ARE pathway (tBHQ) is able to protect dopaminergic neurons against BSSG-

induced toxicity in vitro.  In particular, tBHQ treatment was able to restore TH and 

VMAT2 expression in phenotypically silent TH+ cells.  These results support the 

neuroprotective role of Nrf2 and its potential as a therapeutic target in PD.  Additionally, 

this report helps to establish organotypic nigrostriatal co-cultures and chronic low dose 

treatment paradigm as a unique and useful model to study dopaminergic degeneration. 
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Chapter VII: Conclusions 
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7.1 Overview 

 Understanding the mechanisms that underlie the degenerative process is critical to 

the development of effective therapeutics for the treatment of PD.  The studies contained 

in this thesis demonstrate that dopaminergic neurons enter a phenotypically silent stage 

early in the degenerative process.  Additionally, we demonstrate that activation of the 

Nrf2-ARE pathway either simultaneously with an oxidative insult, or after the start of the 

degenerative process is able to protect against TH-ir loss and can reverse phenotype loss.  

In the sections below, I will discuss how our findings relate to current theories on 

dopamine dysregulation, speculate on how Nrf2 may be mediating phenotype reversal, 

and will finish by discussing future 

directions. 

 

7.2 Early dysregulation of dopamine 

 Accumulation of dopamine inside 

the nerve terminal can be toxic to 

neurons (e.g. Lotharius & Brundin, 2002; 

Mosharov et al., 2009).  Thus, it has been 

hypothesized that dopamine plays an 

important role in the pathogenesis of PD.  

Under basal conditions, dopamine 

homeostasis is highly regulated by 

several key proteins: DAT, MAO-B, TH 

Figure 7.1 Synthesis of dopamine.  
Dopamine is synthesized in a two-step 
process.  The amino acid tyrosine is first 
hydroxylated by tyrosine hydroxylase (TH) to 
yield l-DOPA.  L-DOPA is then 
decarboxylated by aromatic amino acid 
decarboxylase (AADC), producing dopamine.   
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and VMAT2.  Dopamine is synthesized in the terminal, as needed, using a two-step 

enzymatic process (Figure 7.1).  Once synthesized, dopamine is either promptly packaged 

into synaptic vesicles by VMAT2, or is metabolized by MAO-B, preventing its oxidation 

and the generation of toxic ROS/RNS and quinones.  Consistent with this idea, 

immunoprecipitation experiments have demonstrated that dopamine synthesis machinery 

(i.e., TH, aromatic amino acid decarboxylase [AADC]) co-localizes with VMAT2, 

ensuring efficient packaging of dopamine into vesicles (Cartier et al., 2010).  With the 

propagation of an action potential, an influx of calcium allows for exocytotic release of 

Figure 7.2 Increased levels of cytosolic dopamine: a final common pathway leading to 
nigral degeneration?  Increases in cytosolic dopamine can lead to the generation of toxic 
ROS/RNS and oxidative damage, ultimately resulting in neurodegeneration.  The terms 
highlighted in green represent deleterious processes that may be part of this vicious cycle 
(red arrows).  Red boxes represent various genetic and environmental triggers that may 
contribute to accumulation of cytosolic dopamine and the neurodegenerative process.  
Reprinted by permission from Macmillan Publishers Ltd: Nature Neuroscience Reviews, 
Lotharius & Brundin, 2002©. 
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dopamine into the synaptic cleft.  This signal is eventually terminated, and excess 

dopamine is recycled back in to the terminal via the DAT.  Once inside the terminal, 

dopamine is either repackaged into vesicles or is degraded.  These processes ensure that 

cytosolic levels of DA are minimized, as evidenced by the fact that cytosolic dopamine 

levels in healthy nigral dopamine neurons are largely undetectable (Mosharov et al., 

2006; 2009).   

 Within the context of PD, this tight regulation of dopamine, however, appears to 

be compromised, shifting the dynamics of dopamine uptake and storage.  Interestingly, 

Lotharius & Brundin (2002) have hypothesized that increased levels of cytosolic 

dopamine is a final common pathway of dopaminergic degeneration (Figure 7.2).  At the 

core of their model resides an antagonistic relationship between shifts in dopamine 

homeostasis, oxidative stress (due in part to mitochondrial dysfunction) and alterations in 

α-synuclein structure.  Consistent with this model, we describe in Chapter 5 an early 

decrease in TH and VMAT2 protein levels, while DAT levels remained stable following 

CLD BSSG exposure.  This increase in the ratio of DAT/VMAT2 suggests an increase in 

cytosolic dopamine.  The accumulation of cytosolic dopamine enhances the generation of 

ROS/RNS via the Fenton reaction and auto-oxidation, and can ultimately lead to cell 

death (Lotharius & Brundin, 2002).  Similar changes in dopamine dynamics have also 

been reported in MPTP treated non-human primates during asymptomatic stages of 

disease (Stephenson et al., 2007; Chen et al., 2008), as well as in PD patients (Lotharius 

& Brundin, 2002; Okamura et al., 2010).  The stability of DAT at this early stage may 

also represent a compensatory mechanism, in which the shifted dopamine gradient leads 

to reversal of the DAT, allowing dopamine to be shuttled into the extracellular space in 
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order to minimize free cytosolic dopamine.  In support of this, DAT trafficking to the 

plasma membrane has been shown to increase in the presence of oxidative stress (Sidhu 

et al., 2004).  Similarly, the early drop in TH that we observed may result, at least in part, 

from feedback inhibition, supporting the notion that increases in cytosolic dopamine and 

oxidative stress may mediate loss of phenotype.  Future studies will focus on evaluating 

changes in cytosolic dopamine and in dopamine cell physiology during this stage of the 

degenerative process to determine how these shifts in cell type specific markers affects 

neuronal function. 

 

7.3 Nrf2 & Dopamine Synthesis 

 In Chapter 6 we demonstrate that activation of the Nrf2-ARE pathway was able to 

reverse the loss of TH and VMAT2 in phenotypically silent dopamine cells.  One 

question that stems from this work is to determine how Nrf2 is mediating phenotype 

reversal.  Interestingly, Nrf2 may impact dopamine synthesis directly.  Reduction in 

SKN-1 mRNA, an Nrf2 orthologue in C. elegans, has been shown to reduce expression 

of GTP cyclohydrolase I (GTPCH) and 6-pyruvoyl tetrahydrobiopterin synthase (PTPS).  

Both GTPCH and PTPS are involved in the synthesis of BH4, a requisite cofactor in TH 

synthesis (Figure 7.1; Oliveira et al., 2009).  Consistent with this idea, drops in both 

GTPCH and PTPS have been reported prior to DA cell loss in a Drosophila model of PD 

(Scherzer et al., 2003).  Additionally, mutations in GTPCH have been linked to early on-

set PD in children, and a PD-like syndrome in adults (Blau et al., 2001).  Future 

experiments examining the mechanism underlying Nrf2 mediated phenotype reversal will 
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evaluate changes in the protein levels of GTPCH and PTPS to determine if Nrf2 is 

impacting dopamine synthesis directly. 

 Alternatively, Nrf2 may affect DA synthesis indirectly through interactions with 

the protein DJ-1.  DJ-1, also known as PARK7, is a multifunctional protein, and appears 

to play a role in transcriptional regulation, mitigating oxidative stress and mitochondrial 

health (Ishikawa et al., 2009; Kahle et al., 2009).  Notably, DJ-1’s activity appears to be 

regulated by the redox status of several key cysteine residues.  In the presence of 

oxidative stress, these residues become oxidized, ultimately resulting in the scavenging of 

ROS/RNS (Taira et al., 2004; Andres-Mateos et al., 2007; Aleyasin et al., 2010).  Several 

lines of evidence support a relationship between DJ-1, Nrf2 and TH.  Clements and 

colleagues (2006) report that DJ-1 enhances Nrf2 activity.  In particular, they 

demonstrated that DJ-1 stabilized Nrf2 by interrupting its association with its negative 

regulator Keap1.  Notably, Nrf2 protein levels were decreased in the presence of DJ-1 

siRNA. 

 Interestingly, DJ-1 appears to positively regulate TH expression both directly and 

indirectly.   Injection of DJ-1 into the substantia nigra of 6-OHDA treated rats protected 

against dopaminergic cell loss and restored dopamine and dopamine transporter levels in 

the striatum (Inden et al., 2006).  Additionally, loss of DJ-1 led to decreased TH mRNA, 

TH protein and TH promoter activity in vitro and in vivo (Zhong et al., 2006; Reddy et 

al., 2011).  More recently, DJ-1 has been implicated in the transcriptional regulation of 

TH.  Optimal stimulation of TH expression, through an interaction with the dopamine 

neuron specific transcription factor Pitx3, has been shown to require both DJ-1 and 

metastasis tumor antigen 1 (MTA1) as coactivtors. Loss of either DJ-1 or MTA1 
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dampened Pitx3 recruitment to the TH promoter and decreased TH expression (Reddy et 

al., 2011).  Notably, Pitx3 can also activate DAT and VMAT2 gene expression (Hwang 

et al., 2009). 

 Several other proteins involved in dopamine synthesis and dopamine neuron 

maintenance have also been linked to DJ-1.  Activity of AADC, another enzyme involved 

in dopamine synthesis, is stimulated by DJ-1 (Figure 7.1; Ishikawa et al., 2009).  

Stimulation of both TH and AADC is regulated in a manner dependent on the oxidative 

status of DJ-1, with less oxidized forms (SOH) stimulating their activity and highly 

oxidized forms (SO2H and SO3H) of DJ-1 inhibiting it.  Furthermore, DJ-1 is known to 

negatively regulate the tumor suppressor phosphatase and tensin homologue deleted on 

chromosome 10 (PTEN), altering signaling of the phosphatidylinositol 3-kinase 

(PI3K/AKT) pathway (Kim et al., 2005).  DJ-1 mediated suppression of PTEN has been 

shown to decrease levels of oxidative stress, and lead to an increase in a host of proteins 

important in the maintenance of dopamine neurons, including TH, Pitx3, Nurr1 and 

Lmx1b (Domanskyi et al., 2011).  Interestingly, wild-type DJ-1 has also been shown to 

associate with synaptic vesicles, suggesting a possible relationship with VMAT2 (Usami 

et al., 2011).  Taken together, these data suggest a possible relationship between Nrf2, 

DJ-1 and the dopamine specific markers, TH, VMAT2, and DAT, providing a potential 

mechanism by which Nrf2 may be able to modulate dopaminergic phenotype. 

 

7.4 Nrf2 & Neurotrophic factors 

 Alternatively, neurotrophic factors may provide another mechanism by which 

Nrf2 mediates phenotype reversal in dopaminergic neurons.  The neurotrophic factors 
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BDNF and glial cell line-derived neurotrophic factor (GDNF) play key roles in 

maintaining dopaminergic phenotype (Chauhan et al., 2001; Stahl et al., 2011), and have 

been shown to protect against dopaminergic cell loss in a number of in vitro and in vivo 

PD models (reviewed in Rangasamy et al., 2010; Nagahara & Tuszynski, 2011).  

Notably, BDNF protected against TH-ir loss and increased TH mRNA and VMAT2 

expression in 6-OHDA treated organotypic mesencephalic cultures (Stahl et al., 2011).  

Similarly, GDNF has been shown to increase dopamine and its metabolites in vitro 

(Jakobsen et al., 2005). Phenotypic loss was reversed in cholinergic basal forebrain 

neurons in the presence of nerve growth factor (NGF; Cooper et al., 2001).  Neurotrophic 

factors also appear to influence cells’ commitment to an apoptotic fate, as evidenced by 

NGF’s ability to rescue PC12 cells initiating apoptosis (Francois et al., 2001).  

 Several lines of evidence support the hypothesis that Nrf2 may be able to initiate 

neurotrophic factor mediated reversal of phenotype.  The Nrf2 activator tBHQ induces 

expression of NGF, proliferin and platelet-derived growth factor in an Nrf2-dependent 

manner in primary astrocytes (Lee et al., 2003).  Additionally, Nrf2 activators increase 

expression of Nrf2, BDNF and GDNF genes in PC12 cells, as well as increase expression 

of NGF in astrocytes in stroke models (Kam et al., 2011; Yoshida et al., 2011).  How 

Nrf2 initiates expression of neurotrophic factors, however, remains unclear.  One possible 

mechanism may be direct activation through AREs (although the presence of AREs in 

these genes still needs to be determined).  Alternatively, Nrf2 may modulate expression 

of neurotrophic factors through interaction with the parallel FoxO pathway.   
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7.5 Nrf2 & Mitochondria 

 As discussed previously, mitochondrial dysfunction and oxidative stress play an 

integral role in the pathogenesis of PD.  The cytoprotective functions of Nrf2 and DJ-1 

appear to stem not only from their ability to quench ROS/RNS, but also from their ability 

to support mitochondrial health.  Nrf2 activators increase expression of mitochondrial 

antioxidant enzymes, such as glutathione reductase and malic enzyme, in astrocytes in an 

Nrf2-dependent manner (Lee et al., 2003).  Additionally, the Nrf2 activator sulforaphane 

has recently been shown to inhibit the formation of the mitochondrial permeability 

transition pore (PTP), preventing bioenergetic failure.  It has been hypothesized that this 

resistance to PTP opening is due to sulforaphane mediated increase in the expression of 

the anti-apoptotic protein Bcl-2 (Greco & Fiskum, 2011).  Similarly, in the presence of 

oxidative stress, DJ-1 is recruited to the mitochondria and stabilizes another member of 

the Bcl-2 family, Bcl-XL (Ren et al., 2011).  DJ-1 has also been shown to protect cells 

against mitochondrial toxins (reviewed in Kahle et al., 2009).  The ability of the Nrf2-

ARE pathway to target multiple key components involved in PD pathogenesis 

(ROS/RNS, mitochondrial dysfunction, dopamine dysregulation) make it a unique and 

attractive therapeutic target.  

 

7.6 Insights into treatment of PD 

 Current treatment options for PD remain purely symptomatic.  There is currently 

nothing on the market that alters disease progression or provides neuroprotection.  The 

studies contained in this thesis help to establish Nrf2 as a viable therapeutic target.  The 

identification of a phenotypically silent stage of the degenerative process has the potential 
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to be quite exciting clinically.  As discussed in Chapter 1, many of the cell replacement 

approaches to neuroprotection have been met with challenges.  Notably, transplanted 

cells have a difficult time integrating themselves into existing networks and do not 

always make appropriate connections with target cells (e.g. Poltis et al., 2010; Barker & 

Kuan, 2010).  Thus, the idea that at some stage in the degenerative process there are 

dopamine neurons that are physically still present, but not expressing cell type specific 

markers is intriguing.  The task of reactivating a phenotypically silent cell that is already 

in its native network seems to hold promise in addressing some of the challenges cell 

replacement strategies have encountered.  Here we have taken the first steps towards 

addressing this issue by demonstrating that activation of Nrf2 during this stage of 

degeneration can restore dopaminergic phenotype and presumably prevent cell death.  

Future work is needed to verify if these observations hold true in an in vivo setting, and to 

determine if Nrf2 therapy also restores physiological function. 

 

7.7 Concluding Remarks 

 Understanding the mechanisms that underlie dopaminergic degeneration is critical 

to the development of effective neuroprotective therapies for PD.  Despite this, little is 

known about events that occur early in the degenerative process, when DA cells may still 

be rescued.  Here we contribute to this body of work by providing evidence that 

dopaminergic neurons enter a phenotypically silent stage early in the degenerative 

process, as evidenced by a loss of TH and VMAT2 without a concomitant increase in 

apoptotic markers.  Furthermore, we demonstrate that activation of Nrf2 either 

simultaneously with an oxidative insult or during early stages of degeneration can rescue 
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the loss of phenotype and prevent neuronal cell death, further establishing Nrf2 as a 

viable therapeutic target for PD.  Lastly, we describe a unique model of dopamine 

degeneration using organotypic nigrostriatal co-cultures. 
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