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Abstract

Parkinson’s disease (PD) is characterized by the progressive loss of dopamine (DA) neurons
in the substantia nigra pars compacta (SNc). Mechanisms regulating this neurodegeneration,
however, are unclear. Evidence from PD pathology and models of PD, indicate mitochondrial
disfunction triggers several death signalling pathways. Accordingly, in vivo and in vitro
mitochondrial stress models of PD were employed to explore the role of two divergent
molecular influences on dopaminergic neuronal survival. We examined neuroinflammatory

and death signalling pathways arising from MPTP-induced mitochondrial stress.

Interferon-gamma (IFN-y) is a cytokine known to activate cellular components of
inflammation, including microglia of the central nervous system (CNS). Results of a screen
for cytokines in PD patient plasma revealed elevated levels of IFN-y, suggesting a correlation
between IFN-y and PD associated DA cell death. In an MPTP mouse model of PD, germline
deletion of IFN-y improved survival of DA neurons and the nigrostriatal system, along with a
reduction in microglia activation. Employing a survival co-culture system of neurons and
microglia, it was found that neutralizing IFN-y reduced DA cell loss induced by the
mitochondrial complex I inhibitor, rotenone. DA cell death required localized microglia,
activated through the IFN-y-receptor (IFN-y-R), with DA survival inversely proportional to

IFN-y expression, found to be up-regulated following rotenone.

Investigation of the calpain-Cdk5-MEF?2 signalling pathway in the MPTP model of DA cell
death, motivated an examination of the nuclear orphan receptor, Nur77, following a review

of potential MEF2 regulatory targets. MPTP induced a reduction in Nur77 mRNA from basal



levels in SNc tissue, further regulated by ectopic Nur77 expression. These results
strengthened our new model of MEF2 Nur77 regulation in DA neurons. In MPP*/MPTP DA
survival experiments, loss in germline Nur77 expression presented an elevation in DA
neuronal death both in vitro and in vivo, with a greater impairment in the nigrostriatal
circuitry in comparison with normal expressing animals and cells. Dopaminergic
supersensitivity related to Nur77 deficiency was attenuated with the ectopic expression of

AV-Nur77 in vivo.

These opposing mediators of survival yield new mechanisms by which DA neurons die,

suggesting a mutitargeting approach to halt the progression of DA cell death.
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Thesis format

Thesis guidelines from the Departments of Cellular and Molecular Medicine and
Neurosciences at the University of Ottawa, include a general introduction reviewing
Parkinson’s disease (PD) research, followed by two manuscripts, and finally a general

discussion, laying this research within a context of the current body of knowledge.

Chapter 1 presents an overview of PD, along with a rational for the research undertaken in
these studies. This section includes PD etiology and pathology, models employed in PD
research and cellular systems underlying the disease for which the following chsysapters

develop from.

Chapter 2, entitled: "Involvement of interferon-gamma in microglial-mediated loss of
dopaminergic neurons" was published in the Journal of Neuroscience (2007), 27:3328-3337,
and examines neuroinflammation and the role for interferon-y and microglial activation in

PD associated dopaminergic cell death.

Chapter 3 presents our manuscript: "Perturbation of transcription factor Nur77 expression
mediated by myocyte enhancer factor 2D (MEF2D) regulates dopaminergic neuron loss in
response to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)." This article was

published in the Journal of Biological Chemistry (2013) 288(20): 14362-71, and evaluates

modulation of Nur77 expression on dopaminergic survival in an MPTP model of PD.

Chapter 4 presents a summary of the findings presented in chapters 2 and 3 with a discussion
of the results in the context of research literature along with an analysis of future

experimental relating to these findings.



CHAPTER 1: Introduction




1. Parkinson’s Disease

Parkinson’s disease (PD) was first described by British physician, James Parkinson in 1817
(Parkinson, 1817; 2002). Clinical manifestations of the disease are characterized by its motor
hallmark phenotypes, which include bradykinesia, postural instability, resting tremor and
slowness of movement (Jankovic, 2008). Knowledge of the disorder has grown since
Parkinson’s initial report, however, this time has not provided a definitive link nor
understanding between reported symptoms and the neuropathology observed in PD brain

tissue. Consequently, there are still no treatments to halt and reverse the symptoms of PD.

The principle risk factor for PD is age (Collier et al., 2011). In Western developed countries,
normal life expectancy is over 70 years (Mathers et al., 2001), while the prevalence of PD is
approximately 300 per 100,000 individuals (Rajput and Birdi, 1997). However, in developing
countries, PD displays a lower life expectancy, of below 50 years (Mathers et al., 2001), with
a prevalence of approximately 50 per 100,000 individuals (Nicoletti et al., 2003; Dotchin et
al., 2011). Therefore, its prevalence is highest in countries where the aging population is
increasing. In these affected populations, males are more commonly affected than females

(Baldereschi et al., 2000).

1.1 Clinical presentation

Clinically, PD is characterized by presence of two or more of the following groups of
classical motor symptoms: bradykinesia, postural instability, resting tremor and slowness of
movement. These features are thought to be the product of a loss of dopaminergic neurons in

the substantia nigra pars compacta (SNc) and a resulting disruption in basal ganglia



function. The correlation between SNc neuron loss and motor symptom progression can be
indirectly evaluated by imaging techniques such as Positron Emission Tomography (PET)
and Single Photon Emission Computed Tomography (SPECT). These sensitive, functional
imaging techniques can also be used to identify early stages of PD, with associated

dopaminergic neurodegeneration, before clinical symptoms present (Brooks, 1997).

In addition to primary motor symptoms, patients exhibit significant alterations in non-motor
systems as secondary symptoms. Depression is a common feature in PD patients, affecting
30-40% of the PD population (Leentjens, 2004; Aarsland et al., 2011). In this same broad
category, one also finds apathy and anxiety as emotional symptoms of the disease (Starkstein
et al., 1992). Disruption in the latter symptoms, although not as frequent as depression, may
negatively impact cognitive function more than emotion itself thereby making the
depression/apathy combination seen in PD patients a difficult therapeutic target (Jones et al.,

2014; la Riva et al., 2014).

In late stage PD, a higher incidence of dementia is observed. In fact, there is a six fold
increased risk of dementia in an individual suffering from PD(Aarsland et al., 2001; 2011). In
addition, there appears to be a correlation between disease duration and onset of cognitive
decline (Aarsland et al., 2004). This correlation may be explained in part by the progression
of synucleopathies to the neocortical region of the brain, according to the Braak hypothesis

(Braak et al., 2003a).



Another clinical presentation in PD patients is sleep disturbance, due to disruption of their
rapid eye movement (REM) sleep patterns, possibly as a result of altered muscle tone or
noradrenergic (NE) dysfunction at the level of the locus coeruleus (LC) (Tan et al., 1996;
Goldstein et al., 2012; del Tredici and Braak, 2013). In addition, a key side effect of
dopamine (DA) replacement therapy is vivid dreams and hallucinations due to

overstimulation of certain dopaminergic systems.

Two early symptoms are present in pre-clinical PD: anosmia (loss of sense of smell) (Attems
et al., 2014; Lopez Hernandez et al., 2014)) and gastrointestinal (GI) troubles (principally
constipation) (Braak et al., 2006; Plouvier et al., 2014). Anosmia and GI-disturbances are
thought to be indicators of PD years before disease onset, although they are not specific to
PD. As a result, it has been hypothesized that a foreign body (toxin or virus) enters the body
by these two ports of entry and selectively propagates through the nervous system,
selectively targeting catecholaminergic neurons and resulting in the pathogenesis and

progression of PD.

1.2 Treatment

The development of effective therapeutic options for PD is hindered by limited
understanding of the pathogenesis of the disorder. Given the observation that parkinsonian
symptoms emerged as a result of dramatic depletion of DA in the brain, replenishment of
dopamine has been employed for therapeutic symptom management for over 50 years
(Cotzias et al., 1969). Currently, the most widely used approach to treat parkinsonian

symptoms is administration of levodopa, the generic name for the dopamine precursor, L-



dihydroxyphenylalanine (L-DOPA) (Hely et al., 2000; Di Stefano et al., 2011). Although,
oral systemic administration of levodopa results in marked improvement in some
parkinsonian symptoms, long term treatment is limited by instability of motor responses
following treatment, as well as development of other peripheral side effects (Goetz, 1997; Di
Stefano et al., 2011). Side effects caused by peripheral dopamine include GI symptoms, such
as vomiting, nausea and diarrhea (Goetz, 1997). The major motor side effect of levodopa
treatment is the development of dyskinesias. Dyskinesias are defined as a general impairment
in movement control, characterized by involuntary, repetitive motions or lack of
coordination. These side effects generally develop with long term use of levodopa (Obeso et
al., 2000a; 2000b). While the exact cause of levodopa-induced dyskinesias is still not known,
elevated concentration of DA and the effects initiated in the striatum to postsynaptic targets,
may contribute to development of such effects (Doucet et al., 1996; Gaillard et al., 2009).
Therefore, understanding how the BG responds to these changes will be critical to
understanding why dyskinesias develop. Given that the current therapy for PD is
accompanied by debilitating side effects, one of the major challenges in therapeutic
management of PD are therefore the need to treat therapy-related complications and the
efficacy of treatment. In this regard, the search for more effective treatment options for PD
has prompted much research geared toward understanding the etiology and pathogenesis of

the disorder.



1.3 ldiopathic PD

The majority of PD is thought to be idiopathic (of unknown cause) in origin. Several studies
have identified environmental susceptibility factors for the disease and these have been tested
in a laboratory setting. These studies are correlative and it remains difficult to establish a
direct causal link to PD. Nevertheless, they include, but are not limited to age, exposure to
heavy metals (manganese, iron), pesticide exposure (rotenone, paraquat, maneb) and head

trauma.

Understanding how environmental factors interact with an individual’s genetic make-up have
thus far yielded a better understanding of the etiology of PD, although pathogenesis of PD is
still far from being fully understood. Taken together, environmental factors likely contribute
to the pathogenesis of PD and, therefore, have been used frequently in a laboratory setting

because of their easy manipulation and globally reproducible results.

1.4 Familial PD

Although PD was originally thought to be entirely sporadic in origin, a seminal study
indicated a familial linkage for the disease (Polymeropoulos et al., 1996). A year later, the
first PD gene, a-synuclein was identified (Polymeropoulos et al., 1997a; 1997b). Several PD
genes have been linked to autosomal dominant and autosomal recessive traits since this first
identification. Functional analysis of these genes within the cell and the effect that their
perturbation poses on the cell is potentially important as this understanding could yield new

drug targets through better understanding of the disease pathogenesis.



Advances in technologies allowing for sequencing and high-throughput genome-wide
studies, has led to an increasing number of genetic variants postulated to confer susceptibility
to the disease (Hardy, 2010; Peeraully and Tan, 2012). These include genes previously
identified to be linked to PD such as LRRK2 (Hardy, 2010; Tsuji, 2010; Pihlstrem and Toft,
2011). With this broad technical arsenal, the research field can attempt to combine both
familial PD genes and PD-associated genes with the sporadic components (environmental
exposure to toxicants) with the goal of recapitulating drug-targetable, clinically relevant

models (Gao and Hong, 2011).

1.4.1 a-synuclein

The first gene to be implicated in PD pathogenesis was a-synuclein. Mutations in a-synuclein
were first identified in 1997, when an Italian family showed autosomal dominant inheritance
of PD, with a point mutation resulting in substitution of an alanine to threonine residue at
position 53 (A53T) in the protein product of the a-synuclein gene (Polymeropoulos et al.,
1997a). Another mutation resulting in a substitution of an alanine to proline at site 30 (A30P)
in the translated protein, was later implicated in PD pathogenesis (Kriiger et al., 1998). These
two missense mutations, A5S3T and A30P, resulted in a dominantly inherited form of PD.
While the normal physiological function of a-synuclein is beginning to be uncovered, the
mechanisms by which mutant a-synuclein induces cell death processes associated with

familial PD remains unclear.

Clues with regard to normal function of a-synuclein suggest potential mechanisms that might

be involved in the DA terminal region. Notably, a-synuclein is widely expressed in the



nervous system and is prevalent at the presynaptic nerve terminal in close association with
synaptic vesicles (Maroteaux et al., 1988). In striatal dopaminergic terminals, a-synuclein is
thought to regulate synaptic function by negatively regulating DA release and
neurotransmission (Abeliovich et al., 2000). However, while no data presently supports a role
for a-synuclein in regulation of sporadic forms of PD, accumulation of a-synuclein in LBs
does occur in sporadic PD brains (Spillantini et al., 1998). Further, mutant forms of a-
synuclein are prone to misfolding and formation of protofibrils (Conway et al., 2000a;
2000b), contributing to associated PD neuropathology. The importance of a-synuclein in
regulation of DA cell loss is supported by the observation that a-synuclein deficient mice are
resistant to toxin induced degeneration of dopaminergic cells in vivo (Dauer et al., 2002),
suggesting that a-synuclein mutations in PD may acquire a pathogenic function. A functional
role pre-synaptically was highlighted by Siidhof’s group (Chandra et al., 2004), showing a-
synuclein interacting with multiple components of pre-synaptic exocytosis machinery

(Abeliovich et al., 2000; Chandra et al., 2004; Wakamatsu et al., 2007; Burr¢ et al., 2010).

1.4.2 DJ-1

Mutations in the DJ-1 gene have been implicated in the development of a rare autosomal
recessive form of PD (Bonifati et al., 2002; 2003) with deletion and missense mutations
being described in DJ-1 forms of PD. While the normal physiological function of DJ-1 is
presently not clear, there are some clues from the crystal structure of the protein (Tao and
Tong, 2003; Tao et al., 2003). The crystal structure of the protein suggests that specific
missense mutations, implicated in familial PD, abolish protein function (Moore et al., 2003).

One such missense mutation, resulting in substitution of a lysine residue at position 166 to a



proline residue (L166P mutant) suggest a potential abnormality in protein function. The
secondary structure of DJ-1 predicts that this proline mutation occurs in an alpha helical
region, potentially resulting in compromised protein function, due to conformational
abnormality (Moore et al., 2003). Previous reports, indicate DJ-1 function as a monitor of
oxidative stress (Mitsumoto et al., 2001), a process suggested to be involved in PD
pathogenesis. While the role of DJ-1 in regulation of DA cell loss is presently unclear, work
in our lab indicates that loss of DJ-1 confers greater sensitivity to oxidative stress in vitro and
toxic insults in an in vivo model of PD (Aleyasin et al., 2007). This research points to the
involvement of DJ-1 in regulating of dopaminergic cell death processes. However, a greater
understanding of the normal function of DJ-1 is still required to understand the mechanisms
involved in regulation of dopaminergic loss induced by DJ-1 mutation in familial forms of

PD.

1.4.3 Parkin

The identification of a-synuclein mutations as a cause of inherited forms of PD, lead to an
explosion in attempts to identify other potential PD genes. Mutations in the parkin gene have
since been implicated in the development of an autosomal recessive early onset form of
parkinsonism (Kitada et al., 1998; Klein et al., 2000). Various deletions and point mutations
have been described in the gene that encodes the parkin protein (Kitada et al., 1998).
Mutations in parkin account for about 50% of early onset PD cases (Liicking et al., 2000),
indicating that it plays an important role in protecting from PD. The neuropathological
characteristics of parkin-related PD include selective loss of DA neurons in the substantia

nigra (SN), without formation of LBs (Mizuno et al., 2001). The parkin protein is normally
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expressed diffusely throughout neurons, but mutant forms of the protein are suggested to be
absent from parkin-related PD brains (Solano et al., 2000). The role of parkin mutations in
DA cell death has been further advanced by examining its physiological function. Parkin
functions primarily as a ubiquitin E3 ligase and is involved in facilitating polyubiquitination
of select proteins targeted for degradation by the ubiquitin proteasome system (Lim et al.,
2006; Chin et al., 2010; Sha et al., 2010). Several parkin substrates have been identified,
including the synaptic vesicle associated protein, CDCrel-1 (cell division control related
protein 1), a glycosylated form of a-synuclein and cyclin E, a protein previously implicated
in cell death processes (Zhang et al., 2000; Shimura et al., 2001; Staropoli et al., 2003; Sha
et al., 2010). While this evidence supports a role for parkin mediated processes in modulation
of protein handling, and cell death, the specific mechanisms that regulate dopaminergic

neurodegeneration remains to be identified.

1.4.4 PINK1

PINK1 (PTEN-Induced Kinase 1) was first identified in 2001 as a gene responsive to the
tumor suppressor PTEN (Unoki and Nakamura, 2001). Around the same time, the PARK6
locus was associated with PD (Valente et al., 2001). These two findings were later merged
when a direct link between PINK1 and autosomal recessive early onset PD was generated. In
this case, two homozygous mutations (G309D and W437X) were observed in three Italian
families (Valente et al., 2004). In this same study, PINK1 subcellular localization was noted
to be mitochondrial and this associated function has since been the focus of intense research.
For instance, in Drosophila, it was noted that PINK1 deficient flies exhibit mitochondrial

cristae disruption and display muscle and dopaminergic neuron degeneration (Clark et al.,
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2006; Park et al., 2006; Yang et al., 2006). Interestingly, in all three studies, this phenotype
was rescued by Parkin, whereas PINK1 could not rescue Parkin deficiency. This suggests that
both parkin and PINK1 share a common biochemical pathway, and that parkin may be

downstream from PINK1 signalling.

Recent findings have attributed a functional role for the PINK1-Parkin genetic interaction
with regard to mitochondrial quality control. PINKI1 is believed to recruit Parkin to damaged
mitochondria, where Parkin can target these defective organelles for a specific degradation
by autophagy, a process termed mitophagy (McBride, 2008; Geisler et al., 2010; Narendra et
al., 2010; Sha:2010bv Van Humbeeck et al., 2011). Though this mechanistic finding is
interesting and plausible, it remains controversial as to whether this process occurs in more

physiologically representative settings (Van Laar et al., 2011; Sterky et al., 2012).

1.4.5 LRRK2

Mutations in leucine-rich repeat kinase 2 (LRRK2), are identified in autosomal dominant late
onset familial form of PD, and has relatively unknown function (Zimprich et al., 2004).
Mutations in the gene encoding LRRK?2 have been linked to multiple diseases, including a
prominent association with familial and sporadic PD, as well as inflammatory bowel
disorders, including Crohn’s disease (Hakimi et al., 2011; Kabi et al., 2012). The LRRK2
protein possesses both kinase and GTPase signalling domains, as well as multiple protein
interaction domains (Zimprich et al., 2004; Taymans, 2012). Experimental studies in both in
vitro and in vivo models on mutant LRRK2-induced neurodegeneration have given insight

into potential LRRK?2 functions. Recent evidence indicates that intact kinase and GTPase
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activity are required for mutant forms of the protein to trigger cell death, but their specific

targets are not known (Yamano et al., 2014).

Mutations within the kinase domain of LRRK2 (G2019S, 12020T) seem to be most prevalent
in PD patients, althoughmutations have been found in other domains, including the ROC
(Ras of complex) domain (R1441C), the COR (C-terminal of ROC) domain (Y 1699C) as
well as the LRR (Leucine Rich Repeat) domain (I1122V) (Mata et al., 2006). Primary
cellular examination of human mutations of the LRRK?2 kinase domain suggest that they
might be gain-of-function in nature, as they increase its kinase function (West et al., 2005;

Gloeckner et al., 2006).

Since these initial findings, however, multiple cellular roles have been attributed to LRRK?2
and most research has thus been focused on elucidating the cellular function of LRRK2 under
pathophysiological conditions. It has been suggested that the kinase activity of LRRK?2
mediates its neurotoxicity, although the validity of this finding remains unclear (West et al.,
2005; Haque et al., 2008; Saha et al., 2009). One notable finding has been the capacity of
LRRK?2 to interact with other cellular components. For instance, LRRK?2 interacts with the
PD gene Parkin (Gloeckner et al., 2006). In addition, it forms complexes with neurite
outgrowth machinery {Gillardon:2009ce, Heo:2010id, Lee et al., 2010, MacLeod et al., 2006,
Piccoli et al., 2011, Shin et al., 2008}, which has a potential involvement in PD pathogenesis
(Simoén-Sanchez et al., 2009; Gan-Or et al., 2012). In addition, recent studies have indicated a
putative role for LRRK?2 in the regulation of autophagy (Alegre-Abarrategui et al., 2009;

Ramonet et al., 2011). Its endogenous function, pro-survival or pro-death, remains unclear.
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1.5 Pathology and Pathophysiology of Parkinson’s disease

Parkinson’s disease can be distinguished from other similar neurodegenerative diseases
principally on its pathological features. Its hallmark features are that of specific
neurodegeneration in the SNc, as well as the appearance of cytoplasmic inclusions termed
Lewy Bodies (LB) in surviving neurons. Primarily highlighted as a disorder of the
nigrostriatal pathway, PD pathology expands to various other areas of the brain thereby

accounting for its multitude of clinical phenotypes.

1.5.1 SNc degeneration

PD pathology is primarily classified with degeneration of the dopaminergic neurons in the
midbrain SNc¢, which result in the principal motor symptoms observed in PD. In humans,
degeneration of SNc neurons is apparent on the gross examination with a clear absence of
black appearance of the structure in the midbrain (substantia nigra, latin for “Black

Substance™).

This natural black staining in the SNc results from the presence of neuromelanin in the cell
bodies of dopaminergic neurons. The association between SNc neuronal degeneration and
clinical behaviour correlates with the disruption of the nigro-striatal pathway in the basal
ganglia circuitry (Figure 1.1) (reviewed by (Blandini et al., 2000)). The reduction in SN¢
releasing DA neurons results in a reduction in striatal synptic DA, affecting both the direct
and indirect pathways of the basal ganglia. This neuronal degeneration ultimately results in

reduction in activity of the D1 receptor dependent, direct pathway, facilitating movement.



14

FIGURE 1.1. Basal ganglia-thalamocortical circuitry.

Representation of the basal ganglia circuitry in normal healthy patients. Dopaminergic

projections from the SNc terminate in the the striatum where dopamine (DA) activates D1

receptors (direct pathway) and inhibits D2 receptors (indirect pathway). At this point, the

striatum (medium spiny neurons primarily) tonically inhibit thalamocortical function through
interaction with the internal and external segments of the globus pallidus (GPi and GPe,
respectively), creating activation of the motor cortex. The indirect pathway consists of
projections from the striatum to the GPe, inhibiting the subthalamic nucleus (STN) from
activating the GPi. In contrast, the direct pathway consists of the striatum directly inhibiting
the GPi to tonically inhibit the ventral anterior and ventral lateral nuclei of the thalamus. In
PD, neurons of the SNc¢ die and therefore there is decreased striatal innervation. As a result,
there is an increase in thalamocortical inhibition (via the GPi) resulting in a decreased in
activation in the motor cortex. Solid arrows indicate increased neural activity; dashed arrows
indicate decreased neural activity. PPN = pedunculopontine nucleus. Adapted from Kandel

2012 (Kandel et al., 2012).
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1.5.2 Locus coeruleus (LC)

The locus coeruleus (LC) is a pontine nucleus principally responsible for physiological
responses to stress or panic. Like the SN¢, the LC is pigmented by melanin giving it a blue
appearance (hence the Latin name meaning “blue spot”). The brains of post-mortem PD
patients, demonstrate degeneration in the LC. This pathological finding is thought to
primarily account for sleep disturbance in PD patients, as itcorrelates strongly with the REM
sleep abnormalities, as well as anxiety symptoms, in PD patients (Richard, 2005; Garcia-
Lorenzo et al., 2013). The LC has been suggested to provide trophic support to the SNc and
therefore its loss may account for increased susceptibility of death to the SNc neurons (Gesi
et al., 2000). Finally, disruptions in the synaptic connections emanating from the LC may

also play a part in the postural instability seen in PD (Grimbergen et al., 2009).

1.5.3 Ventral tegmental area (VTA)

The ventral tegmental area (VTA) is a cluster of DA neurons adjacent and medial to the SNc.
These DA neurons give rise to the mesolimbic and mesocortical pathways that are
responsible for reward and motivation systems under physiological conditions. This area of
the brain is the target of many drugs of abuse including cocaine and amphetamines (Wise and
Bozarth, 1985; Giros et al., 1996). In PD patients, however, the VTA can be hyper-activated
by dopaminergic precursors and agonists. This may account for pathological gambling and
impulse buying reported in certain medicated PD cases (Vilas et al., 2012). Additionally, in
postmortem brains of PD patients, LBs accumulate in the cells of the VTA. Interesting is

their relative resistance to death compared to the SNc neurons. This divergence may be due
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to the oxidant stress evoked by the Ca?* autonomous pacemaking in SNc neurons relative to
the Na?* pacemaking in VTA neurons, however, extensive work remains to be done to
confirm this. Ultimately, understanding how VTA neurons are resistant to death versus those

in the SNc may aid in the development of therapeutics for PD.

1.5.4 Lewy Bodies and the Braak Hypothesis

Lewy body (LB) structures have been reported in rostral nuclei in the brain stem such as the
dorsal motor nucleus, intermediate reticular zone and raphe nucleus (Miiller et al., 2005).
These may individually have an effect on the clinical presentation of the disease though it has
been difficult to tease out specific pathways thus far. Nevertheless, the anatomical and
temporal appearance of LBs in PD patients has brought forth a disease progression

hypothesis pioneered by Dr. Heiko Braak (Braak et al., 2003b).

The Braak hypothesis stems from a staging system that suggests that the SNc is only affected
during mid-stage disease whereas more caudal components of the brain are affected earlier
(Braak et al., 2003a; 2003b). From this staging, Braak and colleagues went on to suggest that
PD-pathology may originate through a pathogen at two principal points of entry to the body:
the olfactory and the gastrointestinal (GI) route. In support of this notion are the findings that
over 95% of PD patients exhibit anosmia (loss of the sense of smell) prior to the onset of
symptoms (Haehner et al., 2011). Half of PD patients report constipation and general GI
disturbances long before the clinical manifestation of the disease (Braak et al., 2006; Hawkes

et al., 2007).
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Interestingly, new findings in a-synuclein research suggests this protein may act to form LBs
by propagating from cell to cell in a cell-autonomous fashion, similarities observed in prion
protein diseases (Luk et al., 2009; Angot et al., 2010; Volpicelli-Daley et al., 2011; Lema
Tomé et al., 2013). It is possible an initial environmental insult or a genetic susceptibility
may cause a misfolding process in a-synuclein, accelerated and propagated through time in a
rostral fashion leading to LBs not only in the nigrostriatal axis, but also progressing to the

cortex, resulting in dementia symptoms.

1.6 Neurochemical models

Damage to the nigrostriatal DA system, with a resulting DA-deficiency syndrome, has been
produced by mechanical lesion of ascending nigrostriatal nerve fibers (Brecknell et al.,
1995), electrolytic lesion to the SN (Donaldson et al., 1976), and administration of various
toxins such as reserpine (to deplete brain catecholamines) (Carlsson, 1996),
methamphetamine (Sonsalla et al., 1996), 6-hydroxydopamine (either into the SN, striatum,
or medial forebrain bundle) (Deumens et al., 2002), rotenone (Betarbet et al., 2000), paraquat
(McCormack et al., 2002), and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
(Langston and Ballard, 1983; Chiba et al., 1984; Heikkila et al., 1984; Langston et al.,
1984a). While all of these models have merit, none is ideal nor are any of these employed
models universally suited for all types of studies. For a particular animal model to be
valuable, it should possess certain qualities: 1) accurately model the disease or pathology of

interest; 2) allow for inferences to be drawn concerning the human counterpart of the model;
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and 3) the system under study should have the necessary biochemical and anatomical

organization in order make the model a reliable substitute for the target human.

Evidence supports a role for genetic factors in PD pathogenesis, however, the cause of the
vast majority of PD cases is not known (idiopathic in nature). Consequently, it has been
suggested that environmental toxins may play a role in pathogenesis of PD. In support of this
notion, previous evidence indicates that dopamine levels decrease markedly with age, more
significantly so past the age of 60 years, with nigrostriatal loss averaging about 1.4% per
decade between 15 and 65 years of age (Calne and Peppard, 1987). This indicates that
increase in age provides a risk factor for the development of Parkinsonism and suggests that
there might be accumulation of environmental cues that signal degeneration of the

nigrostriatal pathway over time.

Many epidemiological studies support a link between environmental toxins and PD
pathogenesis. In addition to the evidence that the vast majority of PD cases lack any
identifiable mutations in PD genes, it is probable that the environment may play a significant
role in development of PD. Supporting a potential role for environmental factors is the
observation of increased prevalence of PD in farming communities, with several reports
indicating a correlation between exposure to pesticides, herbicides and fungicides and
development of PD {Semchuk and Love, 1995, Lai et al., 2003}. Given the potential that
environmental factors may contribute to pathogenesis of PD, several toxin based models of

the disorder have been described.
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Mice and rats are the most widely used tools to understand the pathogenesis of the disease.
The applicability of these models relies on the breadth of genetic tools that are available, as
well as their response to toxins and viral-mediated gene delivery. The anatomical,
physiological and behavioural correlates between mice/rats and humans are fairly similar and

suggest an accurate assessment of the disease process as a whole.

Several neurotoxins induce dopaminergic degeneration, which include lipopolysaccharide
(LPS), 6-hydroxydopamine (6-OHDA treatment), pesticide/herbicide (eg. rotenone and
paraquat), and MPTP (1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine). These models have
been instrumental in identification of potential molecular mechanisms that may contribute to
PD pathogenesis. Of these models, only the MPTP model has been shown to develop
parkinsonism in humans, and as such has been suggested to be the most relevant model of
PD (Dauer and Przedborski, 2003). Experiments in this thesis have focused on the use of the
MPTP and rotenone models, therefore, discussion will be limited to the more commonly used
neurochemical models of PD: 6-OHDA, rotenone, and MPTP, with particular focus on their
mode of action and potential utility in identification of pathogenic mechanisms associated

with PD.

1.6.1 Rotenone

The contribution of environmental factors in PD was initially identified with the observation
that administration of the pesticide rotenone in rats resulted in degeneration of SN DA
neurons (Betarbet et al., 2000). In addition to nigral degeneration, there is some suggestion

that rotenone treatment is accompanied by the histopathological formation of LB-like
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inclusions, abundant in a-synuclein (Betarbet et al., 2000). Similar to other dopaminergic
neurotoxin models, rotenone has been suggested to inhibit complex I of the mitochondrial
respiratory chain. The specificity of rotenone to dopaminergic neurodegeneration is presently
a controversial issue due to inconsistencies in experimental results from different groups
(Ferrante et al., 1997). While rotenone provides support for the potential epidemiological
correlation between PD and pesticide use, previous evidence suggests that agricultural
chemicals were unable to elicit dopaminergic toxicity , and therefore this model (and its

relevance to PD) must be utilized with some degree of caution (Perry et al., 1986).

Clinically, the incidence of PD has been found to increase 5-10 times with the exposure to
agricultural pesticides (Hancock et al., 2008). Case-controlled studies further associate
rotenone pesticide use in agricultural environments as a major risk factor for PD (Dhillon et
al., 2008). Nevertheless, rotenone was used previously to bridge the relationship between
these environmental associations and neurodegeneration in the lab. Betarbet et al. (Betarbet
et al., 2000), treated rats with continual intravenous rotenone or vehicle control and
demonstrated presence of LB inclusions, dopaminergic degeneration and associated

behavioural characteristics.

1.6.2 6-OHDA

The 6-hydroxy-dopamine (6-OHDA) model was the first described PD animal model
(Ungerstedt, 1968). 6-OHDA is a neurotoxic derivative of dopamine that is thought to be
generated as a result of autooxidation of dopamine. Since 6-OHDA does not cross the blood

brain barrier, the toxin is generally injected stereotactically into the SN or striatum to
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selectively target the nigrostriatal pathway (Ungerstedt, 1968; Sauer and Oertel, 1994). 6-
OHDA is taken up into dopaminergic cells, where it is thought to inhibit complex I of the
mitochondrial respiratory chain and induce formation of reactive oxygen species (Glinka et
al., 1996). While it is not clear whether 6-OHDA death mechanisms are relevant in
development of Parkinsonism in humans, it is clear that this model does recapitulate the loss
of nigral DA neurons associated with the disorder. The major benefit of this model is the
possibility for unilateral lesioning (internal control and associated rotational behaviour) that
has been suggested as an effective means of evaluating functional efficacy of new drug
targets (Schwarting and Huston, 1996). However, this model is limited due to the challenges
associated with drug delivery and inconsistencies in the degree of dopaminergic degeneration

observed.

1.6.3 MPTP

The discovery of MPTP constitutes a major milestone in understanding the pathogenesis of
PD. MPTP is a synthetic meperidine byproduct that selectively damages dopamine neurons
and induces PD symptoms in humans (Langston and Ballard, 1983; Langston et al., 1983).
MPTP-induced clinical PD symptoms are almost indistinguishable from those observed in
sporadic PD (Przedborski and Vila, 2006). Although clinical cases of PD have been
suggested to develop progressively, MPTP induces massive degeneration within a matter of
days (Langston et al., 1983; Jackson-Lewis et al., 1995). Pathological analysis clearly
confirms that the administration of MPTP results in selective loss of the nigrostriatal
dopamine system in humans, non-human primates and select rodent strains (Burns et al.,

1983; Langston et al., 1999; Sedelis et al., 2000).



23

The MPTP model of PD has been instrumental in the identification of pathogenic
mechanisms involved in dopaminergic degeneration. While other experimental models of PD
are available, the MPTP model of PD remains the most widely used and arguably the best
animal model of PD (Dauer and Przedborski, 2003). Several MPTP animal models have been
proposed over the years, including acute (Aubin et al., 1998; Jackson-Lewis and Przedborski,
2007; Pain et al., 2013), subchronic and chronic models (Tatton and Kish, 1997; Jackson-
Lewis and Przedborski, 2007). The application of a continuous brain infusion model, in
contrast to previously described models, has revealed the presence of LB-like inclusions in
the brain of MPTP-treated animals (Fornai et al., 2005). The time course and morphology of
neuronal death differs significantly in each of these different models (Jackson-Lewis et al.,
1995; Schmidt and Ferger, 2001). These models differ in ability to induce either rapid
degeneration of dopamine neurons or more progressive loss of dopaminergic cells. To mimic
a more progressive neurodegenerative process, a subchronic MPTP mouse model of PD,
which induces delayed degeneration of dopaminergic cells (Tatton and Kish, 1997), was

utilized in this thesis research effort.

In order to be an effective neurotoxin, MPTP requires conversion to it active metabolite, 1-
methyl-4-phenylpyridinium (MPP"), which mediates the neurotoxic effects of MPTP
(Markey et al., 1984; Langston et al., 1984a; 1984b). As illustrated in Figure 1.2, MPTP
neurotoxic activity relies on a series of cellular processes. MPTP is able to cross the blood
brain barrier; once in the brain, MPTP is converted to its active metabolite, MPP* by
monoamine oxidase B (MAO-B) (Przedborski and Jackson-Lewis, 1998). The metabolism of

MPTP has been suggested to occur in glial cells, with MPP* release mediated by the
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extraneuronal monoamine transporter (Russ et al., 1996). MPP™ is then actively taken up by
the dopamine transporter (DAT) (Mayer et al., 1986). MPTP dopaminergic toxicity requires
DAT as evidenced by resistance to MPTP-induced toxicity in DAT null mice (Bezard et al.,
1999). The inverse results are produced in DAT over expressing transgenic mice, displaying
increased sensitivity to MPTP-induced neurotoxicity (Donovan et al., 1999). In the dopamine
neuron, MPP* is thought to induce cell death through targeted inhibition of complex I of the

mitochondrial respiratory chain (Nicklas et al., 1985; Mizuno et al., 1987).

The first link between mitochondrial dysfunction and Parkinson’s disease came from
understanding of potential mechanisms governing the toxic effects of MPP* (Nicklas et al.,
1985). MPTP is suggested to inhibit NADH ubiquinone oxidoreductase (Complex I) of the
mitochondrial respiratory chain. While mitochondrial impairment in the MPTP model has
been reported, a direct link between mitochondrial dysfunction and clinical PD is less clear.
Interestingly, previous observations of reduced Complex I activity in the SN of PD brains
(Schapira et al., 1989). A potential mechanism by which Complex I inhibition may contribute
to cell death in PD is through ATP depletion. In mouse brain, MPTP induces a significant
decrease in ATP synthesis resulting in depletion of cellular ATP (Scotcher et al., 1990) and

generation of free radicals (Beal, 1996), suggesting potential oxidative damage.
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FIGURE 1.2. MPTP metabolism and toxicity.

MPTP must be converted to its active metabolite MPP™ in order to induce neurotoxic effects
on dopaminergic neurons. MPTP is converted by MAO-B enzyme to form MPP* in glial
cells. MPP" is then released from glial cells into the extracellular space. The DAT facilitates
uptake of MPP* into dopaminergic neurons, where the neurotoxin targets and inhibits the

mitochondrial Complex I.
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MPTP-induced models in rodents are also not without their problems. The mouse MPTP
model has been used primarily to study pathogenic mechanisms contributing to PD and for
development of neuroprotective strategies. Many iterations of the mouse MPTP model have
been produced in last two decades, but the most commonly used model is one that uses
“acute” administration of toxin (multiple MPTP doses in a single day) (Jackson-Lewis and
Przedborski, 2007). Other models employ subchronic administration of toxin (typically 1
dose per day over a 5-day period) or chronic administration (doses over approximately 1
month) (Jackson-Lewis and Przedborski, 2007). What is rarely taken into account in studies
employing these models is that the cell death processes are likely quite different depending
on a number of variables, including the frequency and duration of toxin exposure, and may or
may not have relevance to what occurs in the brain of a PD patient. A number of different
mechanisms contributing to cell death have been suggested to occur in the acute mouse
MPTP model. However, despite numerous reports developing neuroprotective strategies
employing this model, success in translating these findings to the clinic has not always
produced similar results. One possible reason for this is that the acute MPTP model
employed, in which rapid cell death ensues, may not reflect the time-dependent, complex
sequence or cascade of events that occurs in a slowly evolving neurodegenerative disease
such as PD. Thus, using this model alone for development of putative neuroprotective

strategies may not be productive.
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1.7 Reactive oxygen species

Extensive studies have attributed a significant role of reactive oxygen species (ROS) and one
of their greatest generators, mitochondria, in the pathogenesis of PD. ROS are a natural by-
product of various cellular processes, which, upon deregulation, can lead to neuronal death
(Mattson et al., 1995; Beal, 1996; Dawson and Dawson, 1996, Dehmer et al., 2000; Wu et al.,
2002; Abramov and Scorziello, 2007). One of the largest sources of ROS in the cell is
generated by mitochondria whilst performing cellular respiration. As electron transfer
progresses to generate a hydrogen ion gradient inside the mitochondrion to subsequently
form ATP, superoxide radicals are created which can react with other small molecules to
create various reactive oxygen/nitrogen species (ROS/RNS) and can subsequently damage

cellular macromolecules (nucleic acids, proteins and lipids).

These oxygen radicals, in low concentrations, seem harmless to the cell and often serve a
physiological function (Chandel et al., 1998; Dada et al., 2003; Hamanaka and Chandel,
2010); however, their overproduction in a pathological context may lead to cell death (Simon
et al., 2000). This is thought to occur during DA cell loss in PD. This idea stems from a
multitude of studies relating both ROS and mitochondrial dysfunction to PD. For example,
markers of mitochondrial complex I deficiency (Schapira et al., 1989; 1990; Blandini et al.,
1998), and accumulation of mitochondrial genome mutations have been demonstrated in
these patients (Tanaka et al., 1996). Furthermore, dopaminergic neurotoxins such as MPTP
and rotenone, both of which have been highly linked to Parkinsonism, likely exert their toxic

effects through direct inhibition of mitochondrial complex I (LINDAHL and OBERG, 1961;
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OBERG, 1961; Mizuno et al., 1987). Extensive evidence in cellular and animal models of PD

link ROS to the pathogenesis of PD (Jenner, 2003; Ekstrand et al., 2007; Vila et al., 2008).

1.8 Microglia and neuroinflammation in Parkinson’s disease

As much as the brain is isolated itself from the rest of the system through the blood brain
barrier, the immune system nevertheless remains functionally intertwined with it. Under
physiological conditions, this function serves effectively to clear debris or aggregates when
needed or to signal an infection to the rest of the body. However, under pathological
conditions, the interplay between nervous system and immune system may result in

exacerbation of the cell death phenotype.

Work from our lab, as well as other groups, indicates roles for both the innate and adaptive
responses of immunity in PD (Orr et al., 2005; Lira et al., 2011). Recent attention has been
given to PD genes, particularly PINK1 and LRRK2, with regards to modulation of the
immune response in the context of neurodegeneration (Gardet et al., 2010; Hakimi et al.,
2011; Liu et al., 2011; Moehle et al., 2012). Though the understanding of the interplay
between immune and nervous systems in the context of neurodegeneration is still in its
infancy, better comprehension of the pathways involved, particularly with PD genes, may

lead to better treatment symptoms by anti-inflammatory agents.

Activation of the brain’s resident microglia occurs during normal aging, and is associated
with many neurodegenerative diseases such as PD and Alzheimer’s disease (AD). This may

drive a self-propagating toxic cycle promoted by the release of pro-inflammatory and loss of
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protective mediators (Aarsland et al., 2001; Akiyama et al., 2002; Hobson and Meara, 2004;
Block and Hong, 2005; Griffin et al., 2006; Whitton, 2007; Griffin, 2008; Cribbs et al., 2012;
Bardou et al., 2014). When these processes are triggered within vulnerable brain regions,
they may lead to the loss of cholinergic neurons in the nucleus basalis magnocellularis
(Willard et al., 1999; Whitton, 2007), as well as DA neurons in the SN¢, NE neurons in the
LC and, all regions that show significant early cell loss in the brains of patients with PD and

AD (Braak et al., 2003a; Szot et al., 2006; Grudzien et al., 2007; Rudow et al., 2008).

Under normal physiological conditions, neuroinflammatory-associated microglial activation
is carefully controlled. However, unregulated activation of microglia through exogenous
toxins or endogenous signalling proteins, may result in production of pro-inflammatory
cytokines, gradually initiating neurodegenerative processes (Block and Hong, 2005; Colton
and Wilcock, 2010; Smith et al., 2012). Microglia can assume varying phenotypes associated
with the release of potentially destructive, pro-inflammatory cytokines or the expression of
cytokines that promote repair, recovery, and growth. Microglia in various states of activation
are detectable many years before the onset of neuropathological changes (Imamura et al.,
2003; Cagnin et al., 2006; Gerhard et al., 2006; Tai et al., 2006). Vulnerable brain regions,
such as the SNc in PD, are likely exposed for many decades to complex combinations of
varying states of microglial activation with accompanying changes in expression levels of

pro-inflammatory cytokines (Bilbo, 2010; Heneka et al., 2010; Herrup, 2010).
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1.8.1 Interferon-y

Inflammatory mediators are central to microglial activation (McGeer and McGeer, 2002).
However, the nature of the inflammatory response, as it relates to microglia and the loss of
DA neurons, is not clear. Various cytokines, including interleukin (IL)-18, IL-2, IL-4, IL-6,
transforming growth factor-p (TGF-), and tumor necrosis factor-a (TNF-a) are increased in
the brains of PD patients (Nagatsu et al., 2000). Likewise, cDNA microarray revealed that
MPTP-treated mice displayed alterations in genes for numerous pro-inflammatory cytokines
(IL-1, IL-6, and TNF-a) as well as the anti-inflammatory cytokine IL-10 (Mandel et al.,

2000). However, the function of these cytokines in dopaminergic neuronal loss is less clear.

There is recent evidence that another critical inflammatory cytokine, interferon-y (IFN-y),
may be important in PD. IFN-y is believed to play an important role in early immunological
responses to viral and tumor insults, as well as slow developing adaptive responses to
infections (Mamane et al., 1999; Hiscott et al., 2006). The only member of type II class of
interferons, it is a soluble dimerizing cytokine (Nathan et al., 1983) which is critical for both
the innate and the adaptive immune system against viral, bacterial and protozoan infection
(Karupiah et al., 1993; Mosovsky et al., 2014; Smith and Denning, 2014). The importance of
IFN-y in the immune system is in its function in inhibiting viral replication, and stimulating
and regulating immune effects. It is primarily produced in natural killer (NK), natural killer
T (NKT) cells, and cytotoxic T lymphocytes (CTL) (Scharton and Scott, 1993). Evidence
also suggests IFN-y is produced by microglia in the CNS (De Simone et al., 1998) and can
activate microglia, as observed in vitro (Badie et al., 2000; Kraft et al., 2009). Through the

Janus kinase/signal transducers and activators of transcription-1 (Jak/STAT1) pathway, IFN-y
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mediates the induction of microglial iNOS, resulting in elevated levels of nitric oxide (NO)
(Delgado, 2003). Levels of IFN-y mRNA have been shown to increase following MPTP
treatment in mice (Ciesielska et al., 2003). Evidence for a relationship between [FN-y and
PD is suggested by the fact that allelic differences between early and late-onset PD patients
were reported for the /FN-y gene (Mizuta et al., 2001). Chapter 2 provides evidence to
indicate that DA neuron survival in models of PD, is mediated by IFN-y and microglia

activation.

1.9 Death mechanisms in dopamine neurons
1.9.1 Calpain-induced neurodegeneration

Increasing evidence indicates that impairment in protein handling may contribute to the
pathogenesis of several neurodegenerative disorders, such as PD. Protein aggregation in the
form of LB inclusions have been observed in a many PD cases (Olanow and Tatton, 1999;
Olanow et al., 2004). Calpains are calcium activated proteolytic enzymes that are involved in
regulation of many physiologically important processes. However, evidence indicate that
calpains may play a role in the pathogenesis of neurological disorders such as ischemia
(Neumar et al., 2001) and AD (Lee et al., 2000; Adamec et al., 2002). With regard to PD,
previous immunohistochemical analysis revealed an increase in calpain expression in the
midbrain of PD brains (Mouatt-Prigent et al., 1996). However, the functional consequence of
such an increase on PD associated DA cell death processes was not evaluated. Of further
interest, p35, an activator of cyclin dependent kinase 5 (CdkS5), is predominantly expressed in

the brain, and has been identified as a proteolytic target of calpain (Kusakawa et al., 2000).
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1.9.1.1 Cyclin-dependant kinase 5 (Cdk5)

CdkS is a serine/threonine kinase that was originally identified based on sequence homology
with the family of cyclin dependent kinases (CDKs) (Xiong et al., 1992). Despite ubiquitous
expression, previous evidence indicates that CdkS5 activity is predominantly restricted to the
nervous system (Tsai et al., 1993). This activation of Cdk5 was attributed to the expression of
co-activators p35 and p39, and their respective, calpain cleaved, non-membrane bound
forms, p25 and p29 (Tsai et al., 1994; Ko et al., 2001). The importance of Cdk5 in
development of the nervous system was later recognized, when Cdk5 deficient mice

displayed severe cortical lamination defects and perinatal death (Ohshima et al., 1996).

The mechanism by which p25 may contribute to death is highlighted by observations that
p25/Cdk5 complexes may be targeted to the nucleus, a potential regulation of death/survival
related to the regulation of transcription factors. In support of this, oxidative stress induces
nuclear localization of p25/CdkS5 activity, with a resulting inhibition of myocyte enhancing
factor 2 (MEF2) survival activity (Gong et al., 2003). Supporting a role for cdk5 in PD
pathology is the observation that Cdk5 is highly accumulated in LBs observed in postmortem
PD dopaminergic neurons (Brion and Couck, 1995). In support of a role for CdkS5 in PD, use
of a dominant negative (DN) expression of Cdk5 in the SNc, attenuated MPTP-induced DA

cell death (Smith et al., 2003).

1.9.1.2 Myocyte enhancer factor 2 (MEF2)

Myocyte enhancer factor 2 (MEF2) is a transcription factor that has been implicated in

neuronal development (Shalizi and Bonni, 2005). Our research moved towards examining the
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potential involvement of MEF2 as a survival factor and as a Cdk5 phosphorylation target in
our model. Evidence indicated MEF2 hyper-phosphorylation was associated with neuronal
death in vitro (Mao and Wiedmann, 1999). This evidence suggested the potential pathogenic
effect of MEF2 phosphorylation in cell death signalling, the upstream mechanisms regulating
MEF2 phosphorylation events. In vitro results established Cdk5 as a regulator of MEF2
phosphorylation following neurotoxic insult (Gong et al., 2003). Results show that CdkS5
mediates phosphorylation of the isophorm MEF2D on the inactivating residue, Serine 444,
with resulting inhibition of its survival function (Gong et al., 2003). Subject to this, the
phosphorylation and inhibition of MEF2 in the MPTP model was performed (Smith et al.,
2006). Results found an increase in phosphorylation of MEF2 at the CdkS5 site. Further,
ectopic expression of a non-phosphorylatable form of MEF2 (MEF2D-S444A) reduced

MPTP-induced DA cell death (Smith et al., 2006).

1.9.1.3 Nur77

Recent evidence suggests Nur77 as a potential MEF2 transcriptional target gene (Youn et al.,
1999; Liu et al., 2001; Ananieva et al., 2008). The Nur77 promoter contains a putative
binding sites for MEF2 (Woronicz et al., 1995). Originally, Nur77 was identified as an
inducer of apoptosis in thymocyte selection (Lee et al., 1995b; Youn et al., 1999; Fujii et al.,
2008). Nur77 is a member of the Nur family of nuclear hormone receptor, specifically the
orphan NR4A subgroup, which includes Nur77 (NR4A1, nerve growth factor-inducible gene
B, NGFI-B), Nurrl (NR4A2) and Norl (neuron-derived receptor-1, NR4A3). In the CNS,
Nurrl] is expressed in DA neurons of the SNc and VTA. This nuclear receptor is essential for

the development and maintenance of mesencephalic DA neurons (Zetterstrom et al., 1997).
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Reports have found Nor-1 and Nur77 expression localized to regions of DA terminal
neurons, including the striatum, nucleus accumbens, olfactory tubercle, and prefrontal and
cingulate cortices (Zetterstrom et al., 1996; Werme et al., 2000). In contrast to these reports,
Nur77 has shown functional versatility acting as a survival factor in several apoptotic
paradigms outside the CNS (Bras et al., 2000; Suzuki et al., 2003). Interestingly, recent
evidence also suggests Nur77 expression regulates dopaminergic cell biochemistry and

dopamine metabolism (Gilbert et al., 2006).

These reports did not provide substantial data with regard to the functional relevance of
Nur77 in regulation of dopaminergic survival and neuropathology. Consequently, research
performed in Chapter 3 evaluated the role of Nur77 in MPTP-induced DA cell death, with

attention to its regulation by calpain-Cdk5-MEF2.
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1.10 Hypotheses and Experimental Approach
1.10.1 Thesis Aims

Advances in the understanding of PD etiology and pathophysiology have been driven by the
development and use of experimental models closely mimicking the clinical symptoms,
pathology and signalling mechanisms observed in patients. Using the MPTP model of PD,
experiments toward this thesis were designed to evaluate roles for IFN-y and Nur77 in

mechanisms mediating DA cell loss.

1.10.2 Hypotheses

Expression of IFN-y alters dopaminergic cell death, mediated by IFN-y activated

microglia in stressed DA neurons.

We examined whether [FN-y modulated the survival of DA neurons both in vivo and in vitro
models of PD. Employing a neuronal/microglia co-culture in vitro survival model, we

evaluate the interactive effects on DA neuron survival.

Nur77 expression and regulation alters survival of microglial stressed neurons.

Following our model of DA neuron survival regulated by the calpain-Cdk5-MEF2 pathway
(Smith et al., 2003; 2006) in a PD mouse model, we evaluated the transcription factor Nur77
as a regulatory target. DA neuron survival in the MPTP mouse was assessed following

down and up-regulation of Nur77 expression.
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CHAPTER 2: Involvement of Interferon-y in
Microglial-Mediated Loss of

Dopaminergic Neurons.

Journal of Neuroscience, 27:3328-3337 (2007). Mount MP, Lira A, Grimes D, Smith PD,

Faucher S, Slack RS, Anisman H, Hayley SP, Park DS.
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ABSTRACT

Growing evidence implicates microglia in the loss of dopaminergic neurons in Parkinson's
disease (PD). However, factors mediating microglial activation in PD are poorly understood.
Pro-inflammatory cytokines, such as interferon-y (IFN-y), orchestrate the actions of
microglia. We report here that PD patients express significantly elevated levels of IFN-y in
their blood plasma. After this initial finding, we found that /FN-y-deficient mice displayed
attenuated 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced substantia nigra
pars compacta dopaminergic cell loss along with reduced loss of striatal tyrosine hydroxylase
and dopamine transporter fiber density. MPTP-induced depletion of striatal dopamine and its
metabolite DOPAC (3,4-dihydroxyphenylacetic acid), as well as AFosB, a marker of
postsynaptic dysfunction, were also attenuated in these knock-out mice. Consistent with the
role for IFN-y in microglial activation, MPTP-induced morphological activation of microglia
was abrogated compared with wild-type mice. To examine more mechanistically the role of
IFN-y in microglial activation, we evaluated the interactions between microglia and
dopaminergic neurons in an in vitro mixed microglia/midbrain neuron rotenone-induced
death paradigm. In this in vitro paradigm, dopaminergic neurons are selectively damaged by
rotenone. Exogenous [FN-y ligand alone and without rotenone resulted in dopaminergic cell
loss, but only in the presence of microglia. The addition of an IFN-y message neutralizing
antibody attenuated neuronal loss as a result of rotenone treatment. The presence of only
wild-type microglia and not those deficient in IFN-y receptor elicited significant
dopaminergic cell loss when exposed to rotenone. Neurons deficient in IFN-y receptor,

however, did not display increased resistance to death. Finally, levels of [IFN-y message
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increased in microglia in response to rotenone. Together, these data suggest that IFN-y

participates in death of dopaminergic neurons by regulating microglial activity.

Key words: interferon-y (IFN-y); Parkinson's disease; neurodegeneration; dopamine;

cytokine; microglia; 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
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INTRODUCTION

Parkinson's disease (PD) is a neurodegenerative condition characterized by progressive motor
deficits including tremor, bradykinesia, rigidity, and postural instabilities (Przedborski and
Vila, 2001)(Przedborski et al., 2001). Many of the cardinal symptoms of PD are attributed to
depletion of dopamine (DA) in the brain resulting from the loss of dopaminergic neurons of
the substantia nigra pars compacta (SNc) (Smeyne and Jackson-Lewis, 2005). Current
therapies, such as L-DOPA (L-3,4-dihydroxyphenylalanine), are mainly directed toward
replacing DA levels in the brain and, as such, provide only symptomatic relief. These drugs
do not modify the progressive neurodegenerative cell loss process associated with PD that, in
many cases, results in debilitating side effects (Kostic et al., 1991). Attenuation of the
underlying degeneration in PD may provide opportunities for more effective therapeutic
intervention. However, the mechanism(s) controlling dopaminergic loss is not completely

clear.

Administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) produces a
syndrome in mice and primates resembling that of clinical PD (Langston et al., 2000; Fukuda,
2001). Similar to the histopathological features of PD, MPTP treatment provokes a selective
loss of dopaminergic neurons in the SNc coupled with a profound reduction in striatal DA
with little alteration in other monoamine neurotransmitter systems (Smeyne and Jackson-
Lewis, 2005)(Smeyne and Jackson-Lewis, 2005). This model is frequently used to examine

dopaminergic cell loss in an in vivo setting.
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A common characteristic of PD and the MPTP model of degeneration is increased microglial
activation (Cztonkowska et al., 1996; Gao et al., 2002b; Barcia et al., 2004)(Czlonkowska et
al., 1996; Gao et al., 2002b; Barcia et al., 2004). Several lines of evidence support the
importance of this activation in the deterioration of dopaminergic neurons. The use of the
pharmacological anti-inflammatory agent minocycline attenuates activation of microglia as
well as MPTP-induced dopaminergic cell loss (Du et al., 2001; Wu et al., 2002). Direct
administration of lipopolysaccharide (LPS) induces microgliosis and has been correlated with
the loss of dopaminergic neurons in vivo (Arai et al., 2004; de Pablos et al., 2005). Activation
of this innate immunity has also been implicated in neurodegeneration with the specific
triggering of Toll-like receptor-4-dependent pathways (Lehnardt et al., 2003). Furthermore,
low concentrations of rotenone require microglia to induce death of dopaminergic neurons
(Gao et al., 2002a). One potential mechanism underlying the pro-death effects of microglia on
dopaminergic neurons involves increased oxidative insult. For example, microglia are known
to activate proteins that increase oxidative load, including NADPH oxidase and inducible
nitric oxide synthase (iNOS) (Almer et al., 1999; Liberatore et al., 1999; Wu et al., 2003).
Indeed, mice deficient in both of these signals display attenuated MPTP-induced loss of
dopaminergic neurons. Although this evidence implicates microglial activation, the functional
relevance of microgliosis is still controversial. Specifically, it is unclear, particularly in vivo,
whether microglial activation is causative or correlative to dopaminergic neuron loss. In
addition, other types of glial activation (i.e., astrocytes) might also be important in
dopaminergic cell death (Suzumura et al., 2006). Accordingly, questions of (1) whether

microglia may only be a secondary effect to initial dopaminergic degeneration and (2) how
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important microglial activation may be to dopaminergic degeneration in vivo remain. For
example, agents such as minocycline may protect by means other than microglial activation

(Wu et al., 2002; Yang et al., 2003).

Inflammatory mediators are central to microglial activation (McGeer and McGeer, 2002).
However, the required nature of the inflammatory response, as it relates to microglia and
dopaminergic death, is not completely clear. Various cytokines including interleukin (IL)-18,
IL-2, IL-4, IL-6, transforming growth factor-8 (TGFp), and TNFa are increased in the brains
of PD patients (Nagatsu et al., 2000). Likewise, cDNA microarray revealed that MPTP-
treated mice displayed alterations in genes for numerous pro-inflammatory cytokines (IL-1,
IL-6, and TNF-a) as well as the anti-inflammatory cytokine IL-10 (Mandel et al., 2000).

However, the function of these cytokines in dopaminergic neuronal loss is less clear.

There is recent evidence that another critical inflammatory cytokine, interferon-y (IFN-y),
may be important in PD. IFN-y is believed to play an important role in early immunological
responses to viral and tumor insults, as well as slow developing adaptive responses to
infections (Mamane et al., 1999). In the brain, IFN-y is produced by microglia (De Simone et
al., 1998) and can be a strong activator of microglia in vitro (Badie et al., 2000). IFN-y,
through the Janus kinase/signal transducers and activators of transcription-1 (Jak/STAT1)
pathway, mediates the induction of iNOS (Delgado, 2003). Recently, Ciesielska et al.
(Ciesielska et al., 2003) have shown IFN-y transcripts increase after MPTP treatment in mice.
Evidence for a relationship between IFN-y and PD is suggested by the fact that allelic

differences between early- and late-onset PD patients were reported for the /FN-y gene



(Mizuta et al., 2001). However, to date, there is no clear evidence to indicate that IFN-y is
central to dopaminergic cell loss. Consequently, we examined whether [FN-y may be
required in the loss of dopaminergic neurons in both in vivo and in vitro models of PD. We
present evidence for the importance of IFN-y in the death of dopaminergic neurons induced
by MPTP (in vivo) and rotenone (in vitro). We also provide evidence that IFN-y can act
through microglia to promote dopaminergic loss and suggest that this may be critical in the

pathogenesis of PD.

46
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MATERIALS AND METHODS

Patient IFN-y plasma analysis. Human plasma was examined using a multiplex bead-based
immunoassaying system as described previously (Hulse et al., 2004). The patients' sera were
diluted fourfold in PBS containing 1% BSA and 0.05% NaNi. Fifty microliters (50 pm)of
each sample were incubated for 2 h at room temperature with the antibody-coupled beads in a
filter-bottomed 96-well plate (Nunc, Naperville, IL; VWR International, West Chester, PA).
The biotinylated anti-cytokine antibody conjugate (1:500) was added to the well and
incubated for 1 h at room temperature. Bound antibodies were revealed with a streptavidin—
phycoerythrin conjugate. After washing and resuspension in 2% paraformaldehyde in PBS,
the beads were analyzed on a luminex-100 system (Luminex, Austin, TX) equipped with
Luminex Data Collector software, version 1.7, using the median fluorescence intensity as the
read out. Standard curves were established using recombinant IFN-y, and sample IFN-y
concentrations were derived from the linear portion of the curve. Patient diagnosis was
assessed by David Grimes after clinical history and examination. Blood samples from 13 PD
patients and 7 disease control patients were analyzed in this study (supplemental Table 1,
available at www.jneurosci.org as supplemental material). The Ottawa Hospital Research
Ethics Board sanctioned approval for this study. Samples were drawn and immediately
centrifuged with serum drawn off and frozen. Patient confidentiality was maintained using
number coding, and samples were blinded to condition. The mean age of the PD patients was
66 years (range, 44—77 years), the duration of the disease was 7.5 + 1.3 years, and all patients

had been medicated as specified (supplemental Table 1, available at www.jneurosci.org as
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supplemental material). The mean age of the disease control patients was 66 years (range,

61-76 years).

Experimental animals. Male IFN-y —/— knock-out (KO), IFN-y receptor —/—KO, and +/+
wild-type (WT) mice (all on a C57BK/6J background; 12 generations of KO mice) were
obtained from The Jackson Laboratory (Bar Harbor, ME). The animals were maintained on a
12 h light/dark cycle with lights on at 6:00 A.M., the room temperature was maintained at
21°C, and the mice were permitted an ad /ibitum diet of Ralston Purina (St. Louis, MO)
mouse chow. For the in vivo experiments, two separate groups of animals were analyzed. In
the first, /FN-y KO and WT mice were treated with both MPTP and saline. To corroborate
data from these findings, the /FN-y KO and WT mice were interbred for two generations to
produce littermate controls, which were then used in a second set of experiments. All
experimental procedures were approved by the University of Ottawa Committee for Animal

Care and met the guidelines set out by the Canadian Council on Animal Care.

MPTP administration. N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP-HCI; 25 mg/
kg, i.p., measured as free base; Sigma, St. Louis, MO) was administered to mice (8—10 weeks
old) intraperitoneally once per day for 5 consecutive days (Crocker et al., 2003b). Mice used
as controls received an equivalent volume of saline (0.9%). Mice were killed 14 d after initial

MPTP/saline treatment.

Immunohistochemistry. After overnight postfixation in 4% paraformaldehyde, brains were

cryoprotected in 10% sucrose before cryosectioning into 14 or 40 um (used for stereology)
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free-floating sections, obtained as described previously (Smith et al., 2003). Immunostaining
was performed as described previously using mouse anti-tyrosine hydroxylase (TH; 1:10,000;
ImmunoStar, Hudson, WI), rat anti-DA transporter (DAT; 1:2000; Millipore, Bedford, MA),
rat anti-CD11b (1:200; Serotec, Oxford, UK), or rabbit anti-AFosB (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA). Primary antibodies were visualized using

diaminobenzidine, as described previously (Crocker et al., 2003b).

Assessment of neuronal survival. Dopaminergic neurons in the SNc of treated mice were
assessed for survival using the dopaminergic cell marker TH. Assessment of survival was
performed using two different counting methodologies. In the first set of animals,
dopaminergic neurons in the SNc of WT and /FFN-y KO mice were determined by serial
section analysis of the total number of TH-positive (TH+) neurons as described previously
(Smith et al., 2003; Crocker et al., 2003b) at 14 d after initial MPTP treatment. Briefly,
midbrain tissue sections were stained for TH. At least two sections were obtained from each
animal representing each of five levels from —2.92 to —3.52 relative to bregma. Sections from
each level and animal were averaged for the number of TH+ neurons. A total of six to eight
animals per group were analyzed. Estimates of total TH+-stained neurons in the SNc were
calculated using Abercrombie's correction for the previously stated bregma levels, centering
on the central region of the SNc, the medial terminal nucleus (MTN) (Hayley et al., 2004).
Adjacent tissue was also stained using anatomical stain, cresyl violet, to validate survival as
assessed by TH analysis. These results were subsequently corroborated, by examining a
second group of animals interbred to produce littermate controls, as described above. The

SNc region of this second group of animals was analyzed by unbiased stereological estimates.
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The total number of TH+ neurons in the SNc¢ was obtained by applying optical fractionation
(Gundersen et al., 1988) using Stereo Investigator (version 6; MicroBrightField, Williston,
VT), as described previously (Rymar et al., 2004). In brief, 40 pm brain sections were
examined within the rostal and caudal limits of the SNc (bregma —2.54 to —3.88) (Paxinos and
Franklin, 2001). For each brain, six coronal sections were examined. After
immunohistochemistry, mounting, defatting, and coverslipping, the mean section thickness,
as measured with a z-axis microcator, was 16 um. Sections were analyzed using a 100x lens.

Total number of TH+ neurons was determined using the optical fractionator.

Quantification of striatal immunohistochemistry. Quantification of striatal dopaminergic
density fiber staining and striatal AFosB-positive nuclei were analyzed using Eclipse
densitometry analysis (Crocker et al., 2003a). In all cases of immunohistochemical
quantification, analyses were performed by an individual unaware of the experimental

treatments. Each tissue quantified was compared relative to its own non-stained background.

N-methyl-4-phenylpyridinium ion measurements. Striatal concentrations of N-methyl-4-
phenylpyridinium ion (MPP*) were measured 90 min after a single dose of MPTP using

HPLC measurements, as described previously (Crocker et al., 2003a).

Neurochemical analyses. After decapitation, brains were sectioned into a series of coronal
slices using a dissecting block with adjacent slots spaced 2 mm apart. The SNc and striatum
were obtained by micropunch using a 1-mm-diameter biopsy needle. Brain punches were

taken according to the mouse brain atlas of Paxinos and Franklin (Paxinos and Franklin,
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2001; Smith et al., 2003). HPLC analysis was performed 14 d after initial MPTP treatment.
Levels of DA and its metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) were determined

by HPLC using methods described previously (Seegal et al., 1986; Smith et al., 2003).

Primary neuron-enriched mesencephalic cultures. The entire midbrain, without meninges
and blood vessels, was collected from the brains of embryonic day 13.5 (E13.5) mice, as
described previously (Liu et al., 2000). The midbrain tissue was removed and subjected to
trypsin (T-4549; 1 mg/ml; Sigma) for 25 min at 37°C. After dissociation, the cells were
treated with trypsin inhibitor (0.92 mg/ml dissolved in 1 mM HCI; catalog#10137100;
Roche, Indianapolis, IN) and DNase (1 mg/ml; catalog #1284-932; Roche) and were counted
using a hemacytometer (Bright-Line; Hausser Scientific, Horsham, PA). Midbrain cells were
seeded (5 x 10° per well) in 24-well culture plates precoated for 1 h with poly-D-lysine (20
pug/ml). Cultures were maintained in 0.5 ml per well of Neurobasal medium supplemented
with 2% B27, 1% N2, 416 uM L-glutamine, 41.6 U/ml penicillin, and 41.6 pg/ml

streptomycin and kept in a 37°C incubator-humidified atmosphere of 5% CO: and 95% air.

Microglia harvest. Postnatal day 2-3 mice were used for mixed glia cultures. Brains were
dissociated using a tissue grinder kit and plated in minimum essential medium supplemented
with 5% heat-inactivated fetal bovine plasma, 5% heat-inactivated horse plasma, and 0.05
mg/ml gentamycin. Two days later, the medium was replenished, and the culture reached
confluency ~8 d later. Confluent mixed-glia cultures were shaken for 5 h at 180 rpm at 37°C
to separate microglia from astrocytes. This produces a yield of >94% enriched microglia and

is comparable with similar harvesting protocols (Gao et al., 2003).
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Co-culturing. Harvested microglia were added (5 x 10* per well) to 7-d-old neuron-enriched
mesencephalic cultures. The following day, rotenone was added (20-25 nM), and 7 d later the
cultures were fixed and stained for TH (1:2500) and Hoescht (0.24 ug/ml; Sigma). TH
immunoreactivity was quantified by counting the total number of all live cells (assessed by
Hoescht staining) that stained positive for TH. All live cells typically appear intact with
uncondensed nuclei, whereas dead cells displayed fragmented with a condensed morphology.
Rotenone treatment has been shown previously to diminish the total number of TH+ live cells
in this culture model (Gao et al., 2002a). The results were performed in triplicate and show
the average total number of live TH-immunoreactive cells per well. This was compared with
untreated control wells that were plated identically and obtained from the same neuronal
culture preparation as the experimental wells. For neutralizing antibody studies, IFN-y-
neutralizing IgG (rIFN-y-purified goat IgG; R & D Systems, Minneapolis, MN) or control
nonspecific IgG (normal goat IgG; R & D Systems) was added (15 pg/ml) 30 min before
rotenone application. In our ligand application studies, IFN-y ligand (recombinant mouse
IFN-y; R & D Systems) was added 24 h after co-culturing, and the cultures were fixed 7d

later. IFN-y receptor KO neurons and microglia were cultured in the same way as WT cells.

Detection of IFN-y mRNA using reverse transcription-PCR. One day after plating, WT
microglia-enriched cultures were treated with rotenone (20 nM) for 0, 1, or 3 d. RNA was
extracted using Trizol (Invitrogen, San Diego, CA). After RNA purification and
determination of RNA concentration, reverse transcription (RT)-PCR analysis for [IFN-y
mRNA was conducted using the following primers: forward, ACT GGC AAA AGG ATG

GTG AC; reverse, GAC CTG TGG GTT GTT GAC CT. As an internal control, S12 RNA
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was amplified using the following primers: forward, GGA AGG CAT AGC TGC TGG;
reverse, CCT CGA TGA CAT CCT TGG. Cycle conditions were as follows: 94°C (30 s),
59°C (30 s), and 72°C (1 min). Positive control samples were extracted from CD4+ T-cells
after being stimulated in the presence of Tul (T helper cell 1) cytokines for 6 d. After
amplification, the PCR products were run on a 2.25% agarose electrophoretic gel in 1x Tris—
acetate—EDTA buffer for 30 min and visualized by ethidium bromide staining. Densitometry

analysis revealed an increase in IFN-y mRNA after exposure with rotenone for 1 and 3d.

Statistical analysis. All data analyses were performed by using one-way ANOVA, followed

by the Newman—Keuls post hoc test (unless otherwise stated).
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RESULTS

Elevated levels of plasma IFN-y in PD patients

We initially examined the levels of several cytokines [IL-2, IL-4, IL-5, IL-6, IL-10, IL-12,
granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN-y, and TNF-a] by
multiplex bead-based immunoassaying analyses in blood plasma from 13 PD patients
compared with 7 normal control individuals. As shown in the Figure 2.1 dot plot,
immunoassay analysis revealed a significant elevation of IFN-y in blood plasma from PD
patients over that in control subjects (33.0 + 4.1% increase; p < 0.01), as was revealed
previously by Gribova et al. (Gribova et al., 2003). Other cytokines, including GM-CSF,
TNF-a, IL-2, IL-4, and IL-5, were not detectable, whereas no significant differences in IL-6
and IL-10 were detected (supplemental Table 2, available at www.jneurosci.org as
supplemental material). Accordingly, combined with results by Ciesielska et al. (Ciesielska et
al., 2003), displaying elevated IFN-y transcripts in the SNc of mice treated with MPTP, we
hypothesized that IFN-y may be central to dopaminergic loss occurring in PD and MPTP-
induced neurotoxicity. Accordingly, we proceeded to examine whether IFN-y may be

important in an in vivo animal model of dopaminergic loss.
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FIGURE 2.1. PD patients display elevated IFN-y plasma levels relative to non-

PD patients.

Blood plasma from 13 PD and 7 control patients was analyzed by a multiplex bead assay

system for several cytokines. Results for [FN-y concentrations are provided here in dot plot

representation (two-tailed ¢ test, **p < 0.01).
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IFN-y-deficient mice exhibit attenuated MPTP-induced degeneration of dopaminergic

cell bodies in the SNc¢

We first assessed dopaminergic neuron survival after saline or MPTP treatment of separate
groups of WT and /FN-y KO mice on a C57BK/6J background (Fig. 2.2A—C). No statistical
difference in the number of TH+ neurons in the SNc could be detected between saline-treated
WT and IFN-y KO mice (Fig. 2.2B). Similarly, no statistical difference in striatal TH or DAT
immunopositive fiber density was detected by immunohistochemistry (Fig. 2.2D-G). DAT is
critical for the reuptake of DA and MPP", the active MPTP metabolite in dopaminergic
neurons (Meissner et al., 2003). Finally, no differences in levels of striatal DA or its
metabolite DOPAC were detected in these mutant mice under basal conditions (Fig. 2.3C, D).
After MPTP administration, there was a significant reduction (42%; p < 0.01) in TH+ SNc
neurons in WT mice (Fig. 2.2E). Interestingly, /F'N-y-deficient mice displayed significantly

more TH+ cells than WT mice treated with MPTP (p < 0.05).
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FIGURE 2.2. IFN-y-deficient mice display protection of dopaminergic cell

bodies and striatal terminals of MPTP-induced degeneration of

SNc dopaminergic neurons.

A, Representative photomicrographs illustrating TH immunoreactivity in the ventral
midbrain SNc of the indicated non-littermate treatment groups, as indicated in Materials and
Methods. B, Quantification of TH+ neurons using Abercrombie correction, as described in
Materials and Methods. C, Quantification of cresyl violet-stained cells of the SN¢ (MTN
level). D, Representative photomicrographs of striatal sections stained with TH from the
animal groups as described in 4. Magnified images are included in the insets of D-J. E,
Quantification of optical density of TH striatal fibers. F, Representative photomicrographs
illustrating DAT immunoreactivity in the striatum of indicated treatment groups as in 4. G,
Quantification of optical density of striatal DAT-stained fiber density. H, Representative
photomicrographs illustrating TH immunoreactivity in the SNc¢ of the indicated littermate
treatment animal groups. Staining is more intense here than in 4 because of increased section
thickness required for stereological analyses. 7, Quantification of TH+ neurons, in littermate
animals by stereology, as described in Materials and Methods. J, Representative
photomicrographs of striatal TH fiber density of indicated littermate treatment groups. K,
Quantification of OD of striatal TH-stained fiber density of indicated littermates. Error bars
represent mean = SEM. ANOVA, *p <0.05, **p <0.01, ***p <0.001; n = 68 animals per

group. OD, Optical density; Sal, saline.
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FIGURE 2.3. IFN-y KO mice display reduced striatal AFosB, a marker for

postsynaptic changes in the denervated striatum, as well as

attenuated DA and DOPAC.

A, Representative photomicrographs showing AFosB staining in the striatum of mice treated
as indicated. Sal, Saline. B, Quantification of AFosB-positive cells/nuclei. Str, striatum. C, D,
Levels of DA (C) and its metabolite DOPAC (D) in the striatum were analyzed using HPLC
on 14-d-old tissue after saline/MPTP injection. Error bars represent mean £ SEM. ANOVA,

*p <0.05, **p <0.01, ***p <0.001; n = 6 animals per group.
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To further substantiate these findings, we repeated the experiment using WT and /FN-y KO
mice interbred to produce littermate controls. These animals were analyzed by stereological
assessment for surviving TH+ neurons over the entire nigral region. Identical results were
obtained in comparison to the initial dopaminergic cell survival experiment (Fig. 2.24-C).
MPTP-treated IFFN-y KO mice exhibited a significant dopaminergic cell-body survival (p <

0.001) compared with WT littermate control animals also treated with MPTP (Fig. 2.2H,1).

To corroborate TH analysis of dopaminergic neuron survival, the number of neurons at the
level of the MTN (bregma —3.16) within the SNc¢ of all groups was determined using cresyl
violet staining (Fig. 2.2C). Analysis was consistent with that of TH survival, showing no
difference between saline-treated groups, a significant loss of TH+ neurons in WT MPTP-
treated mice (p < 0.001), and a significant reduction in cells lost in IFN-y-deficient MPTP-

treated animals compared with WT mice (p < 0.001).

MPTP derives its toxic effects once it crosses the blood—brain barrier (BBB) and is converted
to MPP*, the active dopaminergic neural toxin, by monoamine oxidase-B. The protective
effects observed in /F'N-y-deficient animals may be attributed to altered MPTP metabolism
and therefore reduced MPP*. To examine this possibility, striatal tissue was evaluated from
mice 90 min after a single injection of MPTP, and levels of MPP" were determined using
HPLC. It was observed that MPP* levels did not significantly differ between WT and /FN-y-
deficient animals (data not shown), suggesting that the protection afforded by /FN-y

deficiency was not because of impaired MPTP metabolism.
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IFN-y-deficient mice exhibit attenuated MPTP-induced degeneration of the DA axon
terminal nigrostriatal dopaminergic pathway

Previous results indicated that MPTP-induced loss of dopaminergic cell bodies in the SNc is
attenuated by /F'N-y deficiency. To determine whether the striatal projections of the SN¢
neurons were also protected in /FN-y-deficient mice, striatal dopaminergic terminal fiber
density was assessed initially in non-littermate animals. This analysis is important because
this is the region where dopaminergic neurons express their activity through DA release.
Densitometry analysis of TH striatal fiber staining showed a significant reduction (68%; p <
0.001) in WT MPTP-treated animals compared with saline controls (Fig. 2.2D,F). Similar to
that observed in the SNc, there was no statistical difference in the TH striatal density of
saline-treated WT or /FN-y-deficient mice. /FFN-y KO animals exhibited an attenuation of
MPTP-induced reduction in striatal TH density compared with MPTP-treated WT animals
(32 vs 68%). This suggests striatal terminal fibers were protected by /FN-y deficiency similar
to the dopaminergic cell bodies. Results using littermate control animals paralleled these
findings, with /FFN-y KO mice displaying attenuation in TH-fiber density (p < 0.01) (Fig.

2.2J.K).

Additional corroboration of these findings included examining density levels of striatal DAT.
Densitometric analysis of DAT staining of striatal fibers showed a significant reduction
(38%; p <0.001) in WT MPTP-treated animals compared with saline controls (Fig. 2.2F,G).
IFN-y KO animals exhibited an attenuation of MPTP-induced reduction in striatal DAT

density compared with WT treated mice (p < 0.01).
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Postsynaptic functional effects of IFN-y deficiency

Treatment with MPTP has been demonstrated previously to induce expression of the
transcription factor AFosB within the striatum, which is thought to reflect postsynaptic
changes (Smith et al., 2003). AFosB is suggested to mediate the supersensitivity of striatal
DA receptors after denervation (Dragunow et al., 1995). Consistent with these reports, WT
MPTP-treated mice displayed a significant increase in the number of AFosB-positive cells
(Fig. 2.34,B) compared with saline controls. Importantly, MPTP-treated /FFN-y-deficient mice

showed a significantly reduced increase in FosB staining.

Effect of IFN-y deficiency on amine levels

Finally, we examined how DA levels are affected in IFN-y-deficient mice after MPTP
treatment. Previous analyses report diminished DA and its metabolite, DOPAC, in the
striatum 14 d after MPTP treatment (Crocker et al., 2003a). The effects of /F'N-y deficiency
parallel the dopaminergic cell survival results observed previously (Fig. 2.3C, D). In both the
striatum and the SNc, MPTP significantly reduced the levels of DA and DOPAC in WT mice.
However, there was a significant decrease in the loss of DA in the MPTP-treated /FN-y KO

mice.

IFN-y-deficient mice display attenuated microglial activation in the SNc in response to
MPTP

In WT mice, MPTP has been shown to initiate microgliosis, the morphological and
pathological activation of microglia, within the SNc where the highest concentration of

microglia resides (Cztonkowska et al., 1996; 2002). Because IFN-y has also been reported to
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activate microglia, we examined whether microgliosis was altered in /FFN-y-deficient mice
treated with MPTP compared with WT animals. Microglia were stained for CD11b, the a-
subunit of the amp:2 integrin (CD11b/CD18, complement 3bi receptor) that plays an important
role in leukocyte adhesion and whose expression in the brain is confined to microglial cells
(Zeng et al., 2005). Activated microglia appear more compact and rounded with cellular
thickening and complexing (Fig. 2.4A, WT/MPTP, arrow) (Soltys et al., 2001). Although
normal resident microglia express basal levels of CD11b, they appear smaller and have a
ramified shape with thin processes (Fig. 2.44, WT/Sal, arrow). Quantification of microgliosis
yielded a significant difference (p < 0.01) with twice the number of activated microglia in
MPTP WT mice than in saline-treated mice (Fig. 2.4B). Basal activity of microglia in /FN-y
KO mice treated with saline displayed no difference in microgliosis compared with WT
saline-treated mice (Fig. 2.4B). The increase in microgliosis exhibited with MPTP treatment,
as seen in WT mice, was not observed in /F'N-y-deficient mice. There was no significant
difference in active microglia between /F'N-y-deficient saline- versus MPTP-treated mice.
However, there was a significant difference between WT and /FFN-y KO mice treated with

MPTP (p < 0.01) (Fig. 2.4B).
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FIGURE 2.4. Analysis of active microglia using anti-CD11b.

A, Representative photomicrographs illustrating CD11b immunoreactivity in the SN¢c (MTN)
of WT and KO animals treated with either saline (Sal) or MPTP. Arrows indicate resting
CD11b-positive microglia (WT/Sal) and activated microglia (WT/MPTP). B, Quantification
of morphologically active microglia. Magnified images of each are provided in the insets of
A (WT/Sal and WT/MPTP). Error bars represent mean + SEM (ANOVA, **p <0.01; n=6

animals per group).
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Role of IFN-y in dopaminergic cell loss in an in vitro microglia/neuron co-culture system

Our in vivo results indicate that [IFN-y is important in MPTP-induced dopaminergic cell
death. The protection associated with /FN-y deficiency is accompanied with reduced
microglial activation. However, the mechanism by which IFN-y deficiency may be protective
and whether it involves microglial activation is difficult to assess in an in vivo setting. This is
particularly true in this present situation in which reduced microglial activation could be a
secondary effect of reduced neuronal loss. Accordingly, we used an in vitro model of
dopaminergic cell loss in which effects of microglia on dopaminergic neurons can be studied
more directly. Therefore, to address whether IFN-y may promote dopaminergic loss through
activation of microglia and to more closely study the interaction between these two
populations of cells, we used a microglia/midbrain neuron co-culture system, similar to that
reported previously (Gao et al., 2002a). In this system, midbrain cultures enriched for
neurons, obtained from E13.5 embryos, are cultured in defined Neurobasal medium. In these
cultures, dopaminergic neurons constitute <1% ofall the neurons in culture. All neurons,
including TH+ cells, in these cultures are resistant to 20-25 nM rotenone, another complex I
inhibitor similar to MPP* (Kotake and Ohta, 2003). No dopaminergic cell death is observed
even after 7 d of rotenone treatment in the absence of microglia (Fig. 2.54). The addition of
microglia to these cultures alone, in the absence of rotenone, does not significantly affect
survival of total neurons or the more sensitive dopaminergic neurons. However, with the
addition of 20-25 nM rotenone, a significant loss of TH+ neurons is observed only in the
presence of microglia (Fig. 2.54). These findings indicate that death of TH+ neurons in this

system, at a defined rotenone concentration, is dependent on microglia. It is important to note
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that this effect is concentration specific; at higher concentrations, rotenone will begin to kill

non-dopaminergic cell types as well, even in the absence of microglia (data not shown).



70

FIGURE 2.5. IFN-y requirement in a co-culture model of dopaminergic cell loss

induced by rotenone in vitro.

A, Neutralizing IFN-y antibody protects dopaminergic neurons from rotenone-induced death
in the presence of microglia. Seven-day-old WT neuron-enriched midbrain cultures were co-
cultured with and without WT microglia in the presence or absence of rotenone and with
control or IFN-y neutralizing antibody, as described in Materials and Methods and as shown.
The number of live TH+ neurons was assessed as described in Materials and Methods. *p <
0.05, ***p < 0.001 relative to co-culture with control IgG (two-tailed 7 test). B, Seven-day-
old neuron-enriched midbrain cultures supplemented with or without microglia were
subjected to IFN-y ligand (nanograms per milliliter) applications. The cultures were fixed 7 d
later and stained with TH and Hoechst. ***p < 0.001 compared with control, **p < 0.01
(two-tailed ¢ test; n = 3). C, Dopaminergic neurons treated with rotenone are resistant to
death in the presence of microglia lacking IFN-y receptor. Dopaminergic neurons used were

similar to those in 4, except WT neurons were cultured in the presence of either WT or IFN-

y receptor (IFN-R)-deficient microglia. ip < 0.05 relative to IFN-y receptor KO (two-tailed ¢
test; n = 3). D, Representative immunofluorescence of co-cultures quantified in C, stained
with TH antibody are as follows: @, WT mesencephalic neurons; b, WT mesencephalic
neurons treated with rotenone; ¢, WT mesencephalic neurons and microglia treated with
rotenone; d, WT mesencephalic neurons and IFN-y receptor KO microglia treated with
rotenone. E, WT microglia-enriched cultures were treated with rotenone for 0, 1, and 3 d.
One week after plating, microglia were collected, RNA was extracted, and RT-PCR was
performed for IFN-y and S12 control. Densitometric analysis was performed with values
normalized to each respective S12 signal and further normalized to 0 d value. +, IFN-y-

positive RNA control sample obtained from CD4+ T-cells. Error bars represent mean &= SEM.
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Using this system, we first asked whether inhibition of IFN-y would affect rotenone-induced
dopaminergic death as was observed in vivo. As shown in Figure 2.54, a neutralizing
antibody to IFN-y but not control IgG significantly improved dopaminergic survival. This
indicates that [FN-y can modulate the rotenone-induced dopaminergic cell death, which
occurs only in the presence of microglia. To further support the importance of IFN-y in
microglia-induced sensitivity of dopaminergic neurons, we exposed midbrain neurons with
and without co-cultured microglia to varying concentrations of exogenous IFN-y ligand. As
shown in Figure 2.5B, 0.6 and 1 ng/ml concentrations of exogenous IFN-y caused significant
loss of dopaminergic neurons. This, however, only occurred in the presence of microglia and
not in their absence. This indicates that IFN-y is an important mediator of dopaminergic

neuron loss, but only in the presence of microglia.

To determine more clearly whether IFN-y may act on microglia to control rotenone-induced
dopaminergic cell loss in this system, we cultured microglia from /FN-y receptor KO or WT
control mice. These WT or /FN-y receptor-deficient microglia were then co-cultured with
normal neurons with or without rotenone treatment. Death of dopaminergic neurons only
occurred in the presence of WT microglia with rotenone treatment (Fig. 2.5C,D). Cultures
treated with rotenone but containing IFN-y receptor-deficient microglia displayed no death.
Conversely, we also examined whether midbrain neurons cultured from /FN-y receptor-
deficient animals were resistant to rotenone in the presence of WT microglia. There was no
difference in death of IFN-y receptor-deficient neurons compared with WT neurons exposed
to rotenone in the presence of WT microglia (data not shown). Finally, if rotenone-mediated

death of dopaminergic neurons occurs through IFN-y, we would predict that [IFN-y should be
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present in microglia. Accordingly, we isolated microglia, exposed them to rotenone, and
determined the IFN-y message at certain times after treatment by RT-PCR. As shown in
Figure 2.5E, there was a basal level of IFN-y message present in untreated microglia that
increased on exposure to rotenone. Together, these results indicate that IFN-y plays a crucial
role in modulating microglial responses in vitro. In addition, it suggests that [FN-y may
promote MPTP-induced dopaminergic loss in vivo, at least partially through activation of

microglia.
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DISCUSSION

Previous work has suggested the importance of the inflammatory response and microglial
activation in dopaminergic loss in animal models of PD as well as in PD patients (McGeer et
al., 1988; Banati et al., 1998; Wu et al., 2002; Barcia et al., 2004). However, the required
nature of the inflammatory mediators or their mechanisms of action in PD is not fully
understood. Our findings are of significance because they directly demonstrate that a central
inflammatory mediator, IFN-y, plays a critical role in dopaminergic loss, both in vitro and in
vivo. We found that (1) levels of IFN-y are elevated in the serum of PD patients, (2) IFN-y
deficiency attenuates the degeneration of the nigrostriatal system and significantly reduces
microgliosis in a model of in vivo dopaminergic loss, and (3) IFN-y is involved in microglial-

mediating dopaminergic neurodegeneration.

Our analysis of human blood serum for possible elevated cytokines yielded results with only
levels of IFN-y displaying a significant increase from those of control patients. It must be
noted that cytokine detection in this assay may be hampered because of a lack in cytokine
stability (Noguchi et al., 1996). In addition, it should also be stressed that cytokine blood
levels do not necessarily reflect actions in the CNS. However, systemic IFN-y-producing
inflammatory cells have been reported to infiltrate the brain (Perry, 2004). In addition, Banks
(Banks, 2005) has recently suggested that cytokines circulating in the blood may cross into
the CNS through direct cytokine transport across the BBB. Therefore, we also examined the

role of IFN-y in dopaminergic neuronal loss.
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Our results, in an in vivo mouse model of dopaminergic neurodegeneration, reveal that mice
deficient in /FFN-y show reduced loss of dopaminergic cell bodies and striatal terminals
compared with WT animals treated with MPTP. Germline loss of /FN-y did not appear to
grossly perturb the dopaminergic system, including possible postsynaptic signalling changes
(FosB), as assessed in saline-treated animals. In addition, DA and DOPAC levels, as well as
markers of postsynaptic function (FosB), are significantly attenuated in /F'N-y-deficient
animals treated with MPTP. Interestingly, microglial activation is also reduced in these

deficient mice.

Consistent with our in vivo findings, we observed that IFN-y is required for the death of
dopaminergic neurons cultured in the presence of microglia with rotenone. Importantly,
reduced cell loss was only observed when microglia deficient in IFN-y receptor, but not WT
microglia, were added to the dopaminergic neurons. In contrast, deficiency of IFN-y
receptors in dopaminergic neurons did not result in protection in our co-culture death
paradigm. IFN-y was also detected in cultured microglia that increased on rotenone exposure.
Together, the data not only provide evidence for direct relevance of the microglial response in
dopaminergic cell loss induced by mitochondrial toxins but also define IFN-y as a critical

inflammatory mediator in this process.

Our results are consistent with the view that [IFN-y is a primary mediator of microglial
activation (Moss and Bates, 2001; Platten et al., 2001; Abbas et al., 2002; Delgado, 2003).
There are a number of possible effects of IFN-y on microglia that may contribute to

dopaminergic loss, both in vivo and in vitro. First, IFN-y, through binding to its receptor and



76

activation of the Jak/STAT pathway, can activate iNOS. Alternatively, IFN-y has also been
shown to up-regulate the death receptor Fas and its ligand, FasL (Badie et al., 2000).
Accordingly, IFN-y could mediate its effects on microglia through direct activation of the
death receptor on dopaminergic neurons. Indeed, Fas has been shown to be localized to
dopaminergic neurons and is implicated in MPTP-induced dopaminergic cell death (Hayley

et al., 2004).

Our model that IFN-y promotes dopaminergic cell death through the activation of microglia
is consistent with growing evidence that the inflammatory pathway is central to dopaminergic
loss in in vivo and in in vitro models. Indeed, microglial activation has been noted in PD
animal models and postmortem brains (McGeer et al., 1988; Banati et al., 1998). Direct
activation of microglia through administration of the endotoxin LPS was found to induce loss
of dopaminergic neurons in mice (Arai et al., 2004), while also stimulating the production of
iNOS and subsequent reactive oxygen species (ROS) (Li et al., 2005). In fact, the nigra
appears to be exquisitely sensitive to microglia activation because equivalent LPS injections
in alternate brain regions (hippocampus, cortex) did not have the same pattern of
degeneration (Xie et al., 2003). Finally, LPS and MPTP can synergistically increase

dopaminergic death (Gao et al., 2003).

However, most functional evidence implicating microglia as a direct cause of dopaminergic
cell degeneration is controversial. Minocycline, a tetracycline derivative known to inhibit
microglia activation/inflammation and protect dopaminergic neurons in an MPTP model of

PD, can also inhibit classic death molecules, such as caspases (Chen et al., 2000; Wei et al.,
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2005). Moreover, others have reported that minocycline can exacerbate MPTP-induced
toxicity (Yang et al., 2003). In addition, the role of microglia may also be dependent on the
mode of activation. For example, activation of microglia in the hippocampus by IL-4- and
IFN-y-expressing T-cells is neuroprotective (Butovsky et al., 2005). Our evidence presented
here is important because it provides clear evidence for the central death-promoting nature of
the inflammatory response in dopaminergic neuronal loss. Finally, it is important to note that
microglial activation is likely a graded response, and the degree of activation may depend on

the type and severity of insult.

Although our evidence indicates the important nature of IFN-y activation of microglia in
vitro, the exact mechanism by which IFN-y promotes dopaminergic death in vivo and whether
this is strictly reliant on microglial activation is unclear. Indeed, IFN-y receptors are
expressed ubiquitously (Blanck, 2002). In addition, it is important to note that our results do
not imply that inflammatory processes are the exclusive mediators of neuronal damage.
Indeed, although IFN-y deficiency effectively blocks microglial activation, it does not
completely eliminate the reduction in striatal DA/DOPAC. This is an interesting observation
that suggests that microglial activation, although important, is not the only mechanisms by
which dopaminergic neuron damage occurs. This notion is supported by the fact that MPTP
(MPP* metabolite) can directly target mitochondria in neurons and lead to increased ROS and
damage (Liberatore et al., 1999; Dehmer et al., 2000; Gonzalez-Polo et al., 2004; Chen et al.,

2006).
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There are some intriguing links with our present IFN-y studies to that of human PD. First,
microglial activation in PD patients is well characterized (Ouchi et al., 2005). Second, we and
others have shown that plasma levels of IFN-y are elevated in PD patients (Nakamura et al.,
1992). The exact significance of this is unknown, particularly because the relationship, if any,
between peripheral events and events in the CNS is unclear. However, increased plasma IFN-
y levels could reflect a systemic increase in IFN-y production by lymphocytes and infiltrates
capable of entering the CNS. In support of this, T-cells are known to circulate in the brain
with lymphocyte infiltration, and release of pro-inflammatory cytokines, such as TNF-a and
IFN-y, have been shown at the site of injury (Raivich et al., 2003). Third, IFN-y levels have
also been shown to be increased in CSF and in the SN of PD patients (Widner et al., 2002).
Fourth, IFN-y has been shown to up-regulate iNOS, by binding the IFN-y receptor and by up-
regulating expression of astrocyte CD23 (Okuno et al., 2005). Interestingly, CD23 is found in
glia from the SNc of PD patients, yet it is not detected in control subjects (Hunot et al.,

1999). Finally, genetic studies have linked a dinucleotide CA repeat polymorphism within the
first intron of the /FFN-y gene of patients with late onset of PD (Hakansson et al., 2005). This
polymorphism leads to a higher production of IFN-y. Together, this evidence suggests the
potential importance of IFN-y in PD pathogenesis and provides a link to our animal studies

presented here.

In conclusion, we have shown that mice deficient in /FN-y display an attenuation of MPTP-
induced dopaminergic cell death and maintenance of DA functional activity. Our data suggest

that one mechanism by which this is observed involves the activation of microglia, aiding in



the damage to dopaminergic neurons. Accordingly, targeting microgliosis by modulating

levels of IFN-y may be a candidate therapeutic strategy for treatment of PD.
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CHAPTER 3: Perturbation of Transcription Factor
Nur77 Expression Mediated by
Myocyte Enhancer Factor 2D
(MEF2D) Regulates Dopaminergic
Neuron Loss in Response to 1-
Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP).

Journal of Biological Chemistry, 288(20): 14362-71 (2013). Mount MP, Zhang Y, Amini A,

Callaghan S, Mao Z, Slack R, Anisman H, Park DS.
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Background: Nur77 expression is regulated by MEF2D, found to be associated with the

calpain-Cdk5-MEF2D neuronal death pathway.

Results: Nur77 deficiency results in hypersensitivity to neuronal toxicity, with Nur77

expression rescuing this loss.

Conclusion: Nur77 reduces toxic neuronal insult, regulated by the calpain-Cdk5-MEF2

pathway.

Significance: Previously reported calpain-Cdk5-MEF?2 signalling is now further elucidated

with regulation of Nur77 in dopaminergic neuronal loss.
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ABSTRACT

We have earlier reported the critical nature of calpain-Cdk5-MEF2 signalling in governing
dopaminergic neuronal loss in vivo. Cdk5 mediates phosphorylation of the neuronal survival
factor myocyte enhancer factor 2 (MEF2) leading to its inactivation and loss. However, the
downstream factors that mediate MEF2 regulated survival are unknown. Presently, we define
Nur77 as one such critical downstream survival effector. Following 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment in vivo, Nur77 expression in the
nigrostriatal region is dramatically reduced. This loss is attenuated by expression of MEF2.
Importantly MEF2 constitutively binds to the Nur77 promoter in neurons under basal
conditions. This binding is lost following MPP* treatment. Nur77 deficiency results in
significant sensitization to dopaminergic loss following MPP*/MPTP treatment, in vitro and
in vivo. Furthermore, Nur77-deficient MPTP-treated mice displayed significantly reduced
levels of dopamine (DA) and DOPAC in the striatum as well as elevated post synaptic FosB
activity, indicative of increased nigrostriatal damage when compared to WT MPTP treated
controls. Importantly, this sensitization in Nur77-deficient mice was rescued with ectopic
Nur77 expression in the nigrostriatal system. These results indicate that the inactivation of
Nur77, induced by loss of MEF2 activity, plays a critical role in nigrostriatal degeneration in

vivo.
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INTRODUCTION

Parkinson’s disease (PD) is characterised by progressive clinical hallmarks including tremor,
bradykinesia, rigidity, and postural instability (Przedborski and Vila, 2001) and loss of
dopamine neurons in the substantia nigra pars compacta (SNc). Current therapies are mainly
directed toward replacing dopamine levels in the brain and, as such, provide only
symptomatic relief (Kostic et al., 1991). Attenuation of the underlying degeneration in PD is
a potentially more effective therapeutic strategy, the mechanism(s) controlling this loss is not

clear.

CdkS5, a member of the cyclin-dependent kinase family (CDKs) (Pines, 1993) is primarily
involved in regulation of neuronal function (Tsai et al., 1993; 1994). CdkS5 is involved in
regulation of normal physiological function, evidence suggests that this protein also mediates
death signalling (Smith et al., 2003; 2006; Qu et al., 2007; Huang et al., 2010). Importantly,
we have previously provided evidence for the importance of Cdk5S in MPTP-induced
dopaminergic death (Smith et al., 2003). For example CDK inhibitors, dominant negative
(DN) Cdk5 expression, and deficiency of the Cdk5 regulatory activating partner p35 (Ko et
al., 2001), blocks dopaminergic loss in vivo. MPTP induces calpain-dependent cleavage of

p35 to form p25, resulting in increased Cdk5 activity in the SNc (Smith et al., 2006).

We identified a number of potential CdkS5 substrates that mediate dopaminergic cell loss.
The first substrate identified was myocyte enhancer factor 2 (MEF2), a transcription factor
with a critical role in muscle development (McKinsey et al., 2001), neuronal differentiation

(Heidenreich and Linseman, 2004), and neuronal survival (Mao et al., 1999; Wang et al.,
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2005; She et al., 2011). In this regard, we observed calpain-mediated cleavage of p35 and
consequent activation of CdkS5 increased phosphorylation and inactivation of MEF2D in an
MPTP model of dopamine degeneration in vivo (Smith et al., 2006). In addition, expression
of constitutively active MEF2D protects dopamine neurons from MPTP-induced insult.

However, the critical question of how MEF2 regulates survival is not completely clear.

Recent evidence suggests Nur77 as a potential MEF2 transcriptional target gene (Youn et al.,
1999; Liu et al., 2001; Ananieva et al., 2008). The Nur77 promoter contains a putative
binding sites for MEF2 (Woronicz et al., 1995). Nur77 was originally identified as an inducer
of apoptosis in thymocyte selection (Lee et al., 1995b; Youn et al., 1999; Fujii et al., 2008).
However, it is now known to show remarkable functional versatility. Nur77 has also been
found to act as a survival factor in several apoptotic paradigms outside the CNS (Bras et al.,
2000; Suzuki et al., 2003). Interestingly, recent evidence also suggests Nur77 expression

regulates dopaminergic cell biochemistry and dopamine metabolism (Gilbert et al., 2006).

A potential link between MEF2D and Nur77 in dopaminergic cell loss and the critical need to
understand how MEF2 may regulate dopaminergic survival, we examined whether Nur77
might be the mechanistic link driving a calpain-Cdk5-MEF2D mediated pathway of death.
We provide evidence that Nur77 is both regulated by Cdk5-MEF2D and plays a critical in the

survival response to dopaminergic cell death.
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EXPERIMENTAL PROCEDURES

Animal — Male Nur77 knock-out (KO) mice (generously provided by Dr. Jeff Milbrandt,
University of Washington, St. Louis, Missouri) (Lee et al., 1995a; 1995b) on a C57BK/6J
background were further backcrossed for 6 generations with C57BK/6J strain mice (Jackson
Laboratories). Animals were maintained on a 12 hour light/dark cycle with lights on between
06:00 and 18:00 and were permitted an ad libitum diet of Ralston Purina mouse chow. The
room temperature was kept at 21° C. All experimental procedures meet the Guidelines set out
by the Canadian Council on Animal Care and were approved by the University of Ottawa

Committee for Animal Care.

MPTP administration — Intraperitoneal injections (ip) of MPTP (Sigma; 30/mg/kg, measured
free base) were administered to mice (8-10 weeks old) once a day for five consecutive days
(Mount et al., 2007). Control animals received an equivalent volume of saline (0.9%). Mice

were sacrificed 14 days following initial MPTP/saline treatment or at indicated time points.

Immunohistochemistry — Following overnight post-fixation in 4% paraformaldehyde, brains
were cryoprotected in 10% sucrose with free-floating sections obtained as previously
described (Crocker et al., 2003a; Mount et al., 2007). Immunolabelling was performed as
previously described using anti-tyrosine hydroxylase (TH)(ImmunoStar, 1:10,000), rat anti-
DA transporter (DAT)(Millipore, 1:2000), or rabbit anti-delta fosB (Santa Cruz, 1:1000).

Primary antibodies were visualized using diaminobenzidine (DAB).
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Assessment of neuronal survival — Dopaminergic neurons in the SNc¢ of treated mice were
assessed for survival using the dopaminergic cell marker TH. A total of six to eight animals
per group were analyzed. Estimates of total TH+ stained neurons in the SNc¢ were analyzed
by unbiased stereological estimates, applying optical fractionation (Gundersen et al., 1988)
using Stereo Investigator (version 6; MicroBrightField, Williston, VT), as described
previously (Rymar et al., 2004; Mount et al., 2007). In brief, 40 nm brain sections were
examined within the rostral and caudal limits of the SNc (bregma -2.54 to -3.88) (Paxinos
and Franklin, 2001). For each brain, six coronal sections were examined. After
immunohistochemistry, mounting, defatting, and coverslipping, the mean section thickness,
as measured with a z-axis microdissector, was 16 um. Sections were analyzed using a 100X

lens.

Quantification of Striatal immunohistochemistry — Striatal dopaminergic (TH and DAT) fiber
density and FosB-positive nuclei were quantification using ImageJ (NIH) densitometry
analysis (Mount et al., 2007). Each tissue quantified was initialed to its own non-stained

background.

Adenoviruses delivery — Adenoviral constructs expressing MEF2D-S444A (Gong et al.,
2003; Smith et al., 2006) and Nur77 (pcDNA generously provided by Dr. Jeff Milbrandt,
University of Washington, St. Louis, Missouri) (Milbrandt, 1988) were constructed using the
pAdEasy system, as previously described (Sedarous et al., 2003; O'Hare et al., 2005; Qu et
al., 2007). Adenoviruses were delivered unilaterally to the right striatum using coordinates as

previously described (Smith et al., 2006), seven days prior to initiation of MPTP/saline
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treatment. A GFP-containing construct was used as controls for all adenovirus experiments.
A single unilateral injection of virus was given to each animal (3ul, 1 X 107 particles per pl),
delivered to the right striatum (0.5 mm rostral, 2.2 mm right of Bregma, and 3.4 mm below
the skull surface). Each adenovirus injection was given at a constant rate of 0.5 pl/min using
a syringe pump system (Harvard Apparatus). Brains were extracted at indicated times

following the first MPTP injection.

Brain microdissection — Following decapitation, brains were sectioned into series 2.0 mm
coronal slices using a plastic dissecting block. The SNc and striatum were obtained by
micropunch using a 2 mm diameter biopsy needle. Brain punches were taken according to

the Franklin and Paxinos mouse brain atlas(Mount et al., 2007).

Amine analyses — HPLC analysis was used to evaluate the levels of DA and its metabolite
DOPAC in 14 day following first MPTP treatment brain microdissections. Levels were

determined by HPLC as previously described (Mount et al., 2007).

Real-time PCR — RNA was extracted from mouse SNc¢ microdissections using TRIzol
reagent (Invitrogen). The primer sequences were as follows: Nur77, (forward) 5°-
TGATGTTCCCGCCTTTGC-3’ and (reverse) 5’-CAATGCGATTCTGCAGCTCTT-3’;
GAPDH, (forward) 5’-CTGCACCACCAACTGCTTAG-3’ and (reverse) 5’ -
GGGCCATCCACAGTCTTCT-3’. Nur77 and GAPDH primers used for gene expression and

PCR conditions have been previously described (Tsukahara and Haniu, 2011), with cycling
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parameters: 55°C for 10 min, 95°C for 5 min, and 40 cycles of 95°C for 30 s and 60°C for

60s.

Mesencephalic embryonic survival cell culture—Mesencephalic neurons were collected from
day 13.5 embryos, adapted as previously described (Cheung et al., 1997). 7 DIV cultures
were treated with 20 uM 1-methyl-4-phenylpyridinium (MPP*; Sigma) for 24 and 36 hours.
Cultures were fixed and stained for TH (1:2500) and Hoescht. Survival was assessed by

quantifying live TH+ cells.

RNA interference — To disrupt Nur77 expression, 3 days after plating, siRNA, against Nur77
(Santa Cruz, sc-36109), as well as control siRNA (Santa Cruz, sc-37007) was transfected in
cortical neuron cultures 1 day prior to MPP* (20 uM) treatment, as previously described

(Zhang et al., 2006). At select time points, cells were lysed and assessed for survival (Zhang

et al., 20006).

In Situ Hybridization - Performed at previously described (Gilbert et al., 2006).

Western blot analysis — Performed as previously described (Zhang et al., 2010) using
antibodies against Nur77 (1:1000; BD Pharmingen) and b-actin (1:5000; Sigma) as a loading

control.

Chromatin immunoprecipitation — Performed as previously described with embryonic day 15

mouse cortical neurons, following a 0, 24, 36, and 48 hour MPP* time course (Zhang et al.,
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2010).The primers used for PCR amplification of the mouse Nur77 promoter region are 5’-

CTGCGGGCACGGATTTACAACACC-3’ and 5’-GGCGAGCCCGACCCACATCTT-5".

Behavioural analysis — Behavioural analysis was carried out by utilizing the computer-
assisted beam break, MicroMax system (Accuscan, Columbia, Ohio, USA). Animals were

monitored for a 24 hour at 8 weeks of age (previously described by (Hayley et al., 2004)).

Statistical analysis—Histochemical and monoamine data analysis was carried out by one-way

ANOVA, followed by Newman Keul’s post hoc.
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RESULTS

Nur77 expression following MPTP and relationship with MEF2. Our previous evidence
indicated that loss of MEF2 activity mediated by Cdk5 was critical for dopaminergic loss
induced by MPTP in vivo (Smith et al., 2006). This evidence suggested that loss of MEF2
mediated expression of a downstream transcriptional targets may lead to neuronal loss.
Several reports suggested Nur77 as a candidate for MEF2 regulation (Youn and Liu, 2000;
Liu et al., 2001; Dequiedt et al., 2003). Therefore, we initially ascertained whether loss of
Nur77 expression could be detected in normal WT animals with MPTP treatment. We first
assessed the levels of Nur77 transcripts from nigral extracts from an MPTP time course by
quantitative real-time PCR (qPCR). Previous reports have shown Nur77/TH+ colocalization
in the SNc following haloperidol treatment, while quantitative analysis by in situ
hybridization did not display detectable levels under basal conditions (Gilbert:2006eq;
Mahmoudi et al., 2009). However, employing qPCR, we observe a dramatic loss of Nur77
transcript expression in comparison to basal levels at 6 hours to 7 days post initial MPTP-
treatment, ranging from a 44 to 80% reduction in Nur77 mRNA (Fig. 3.1A). These results
were corroborated via in situ hybridization analysis in the dorsolateral and ventrolateral
striatum (Fig.3.1B-D). We next assessed whether MEF2D binding on the endogenous Nur77
promoter may be affected by conditions which lead to neuronal loss using chromatin
immunoprecipitation (ChIP) analyses. Because of the need for a more homogenous
population of neurons, we utilized the MPP*-treatment paradigm in cultured cortical neurons.
We and others have shown that MPP* can induce death in non dopaminergic neurons, such as

ceberebellar granule and cortical neurons, by non dopamine transporter related mechanisms
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(Qu:2007gx; Huang:2010ic; Harbison:2011gk; Sheline et al., 2013). Importantly, we
observed that there was detectable MEF2D binding at the Nur77 promoter basally in neurons

(Fig. 3.1F) and that this binding diminished following MPP* exposure (Fig. 3.1G).

We next examined whether the reduction in Nur77 might relate to loss of MEF2 as
previously reported to occur following MPTP treatment. In this regard, Smith et al. (Smith et
al., 2006) showed that expression of non-phosphorylatable MEF2D attenuate DA cell death.
Accordingly, we determined whether expression of this construct might also attenuate the
loss of Nur77 expression in the SNc in vivo. Nur77 levels were examined in WT mice virally
expressing MEF2D-S444A or a GFP control as previously reported (Smith et al., 2006). AV-
MEF2D-S444A significantly attenuated the decrease in Nur77 at 1 day post-MPTP (Fig.
3.1E). Interestingly, similar patterns of rescue was observed with p35 deficiency (data not

shown).

Nur77 siRNA elevates neuronal cell death in vitro. The above results indicate that Nur77
expression decreases in a MEF2D dependent manner following MPTP-treatment in vivo.
However, whether the loss of Nur77 plays any functional role in DA loss is unknown.
Accordingly, we examined this question and reasoned that if our logic was true, loss of

Nur77 should reduce neuronal survival either basally or in the presence of stress.
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FIGURE 3.1. Nur77 expression and regulation following MPTP and MPP+

treatment.

A. Expression of Nur77 mRNA in an MPTP time course, at 0, 6, 12, 24 hours, 3 and 7 days,
post-initial MPTP treatment. B. Representative photomicrographs illustrating Nur77 in situ
hybridization of striatal tissue, following 0, 12 hours, and 3 days MPTP. Black boxes
designate dorsolateral and ventrolateral striatal quantified regions. C-D. Quantification of
striatal Nur77 in situ hybridization following no treatment, 12 hours, 1, and 3 days post-
initial MPTP treatment; C. striatal dorsolateral; D. striatal ventrolateral. E, Attenuation of
Nur77 expression following 1 day of MPTP by AV-MEF2-S444A expression. F, ChIP assay
for MEF2 Nur77 promoter bind in cortical cultures with (G) MPP™ for 0, 12 and 24 hours.

Error bars represent mean = SEM. ANOVA, *p < 0.05, **p <0.01; n=3-4 animals per

group.



Nur77 mRNA (nCi/g tissue)

Relative Nur77 expression

1.2

1.0

0.8

0.6

0.4

0.2

Relative Nur77 expression

0.14

0.07

110

55 4

Striatal Dorsolateral

GFP

12h

1d 3d

MEF2-S444A

O

=) o
o -
& =)

Nur77 mRNA (nCi/g tissue)

o

. DOSaline mMPTP F

G

12h

3d

Striatal Ventrolateral

lgG MEF2D

input

input

lgG

Oh

12h

] *
*
od 12h 1d 3d

24h

MEF2D

97



98

We first evaluated whether Nur77-deficient mesencephalic tyrosine hydroxylase-positive
(TH+) neurons might display sensitivity to MPP™ treatment in culture. Midbrain neurons
from wild-type (WT) and Nur77-deficient mice were cultured and treated with MPP*,
Survival of TH+ neurons was then evaluated. Nur77-deficient TH+ neurons showed a
significant hypersensitivity at 24 hours exposure to MPP* (13% survival with Nur77
deficiency versus vs 39% survival in WT; Fig 3.2A). As an interesting side note, we also
examined how other neuron types might respond to loss of Nur77. In this case, we examined
cortical neurons treated with siRNA for Nur77. Importantly, treatment of cultured neurons to
control siRNA to Nur77 siRNA induced significant toxicity even in the absence of any stress
(91% survival with control siRNA vs 49% survival with Nur77 siRNA)(Fig 3.2B). MPP*
treatment also diminished survival. However, the survival ratio remained relatively stable
between the control and Nur77 siRNA treated cultures at the various time points. This
suggested that acute loss in Nur77 expression in neurons produces a basal detrimental effect
that can be further exaggerated by toxin exposure. Nur77 siRNA downregulation was
confirmed by western blot analysis (Fig. 3.2B). These results indicated that Nur77 can play a
role in neuronal loss and provided the rational to proceed further to examine the role of

Nur77 in vivo.
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FIGURE 3.2. In vitro neuronal cultures display sensitization to toxic insult with

loss in Nur77 expression.

A. Mesencephalic WT and Nur77-deficient neuronal cultures treated with MPP* for 24 and
36 hours. B. Cortical neuronal cultures treated with Nur77 and control siRNA and MPTP for
36 and 48 hours. Error bars represent mean = SEM. ANOVA, *p < 0.05, **p <0.01, ***p <

0.001; n = 3 embryos per group.
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Nur77-deficient mice exhibit exacerbated MPTP-induced degeneration of dopaminergic cell
bodies in the SNc. We next assessed dopaminergic neuron survival following saline or MPTP
treatment of WT and Nur77 KO mice on a C57BK/6J background following a subchronic
MPTP dosing regime (Fig. 3.3). These animals were analysed by stereological assessment for
surviving TH+ neurons over the entire SN¢ region. Interestingly, unlike in vitro, with acute
downregulation of Nur77 in cortical neurons, no statistical difference in the number of TH+
neurons in the SNc could be detected between saline-treated WT and Nur77 KO mice (Fig.
3.3A-C). Similarly, no statistical difference in basal striatal TH or DAT fiber density was
detected by immunohistochemistry in saline treated animals (Fig. 3.3d-G). DAT is critical for
the reuptake of DA and MPP", the active MPTP metabolite in dopaminergic neurons
(Meissner et al., 2003). Finally, no differences in levels of striatal DA or its metabolites
DOPAC and HVA were detected in these mutant mice under basal conditions (Fig. 3.4C-D).
Furthermore in our hands, Nur77-deficient mice displayed no significant differences in 24
hour home-cage activity (Fig. 3.3H). Similar groups of animals were also treated and
assessed for potential differences in DA cell survival following MPTP. After MPTP
administration, there was a significant reduction (36.7%; p < 0.001) in TH+ SNc neurons in
WT mice (Fig. 3.3B). Interestingly and consistent with results observed in culture, Nur77-
deficient mice displayed a significantly greater loss of TH+ cells than WT mice treated with
MPTP (68.6%; p < 0.001). This observation of increased dopaminergic neuron loss was
corroborated morphologically using cresyl violet staining, assessing neurons at the level of
the MTN (medial terminal nucleus; bregma -3.16) within the SNc¢ (Fig. 3.3C). Analysis was

consistent with that of TH survival, showing no difference between saline-treated groups, a
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significant loss of TH+ neurons in WT MPTP-treated mice (28.7%; p < 0.001), and a
significant increased loss in DA neurons in Nur77-deficient MPTP-treated animals (56.7%; p

<0.001).

MPTP derives its toxic effects once it crosses the blood—brain barrier (BBB) and is converted
to MPP", the active dopaminergic neural toxin, by monoamine oxidase-B (Jackson-Lewis
and Przedborski, 2007). The hypersensitivity observed in Nur77-deficient animals may be
attributed to altered MPTP metabolism and therefore significant increased MPP*. To examine
this possibility, striatal tissue was evaluated from mice 90 min after a single injection of
MPTP, and levels of MPP* in the striatum were determined using HPLC. It was observed that
MPP™ levels did not significantly differ between WT and Nur77-deficient animals, (66.0 +
5.4 and 74.5 £ 3.2, respectively, p = 0.225), suggesting that the increased sensitivity afforded

by Nur77 deficiency was not because of altered MPTP metabolism.

Nur77-deficient mice exhibit increased degeneration of DA terminals, loss of amines, and
markers of deregulated basal ganglia following MPTP treatment. Our results above indicate
that MPTP-induced loss of dopaminergic cell bodies in the SNc is increased in Nur77-
deficient mice. To determine whether the striatal projections of the SNc neurons also exhibit
hypersensitivity in Nur77-deficient mice, striatal dopaminergic terminal fiber density was
assessed in response to MPTP. This analysis is important because this is the region where
dopaminergic neurons express their activity through DA release. Densitometric analysis of
TH striatal fiber staining showed a significant reduction in WT MPTP-treated animals

compared with saline controls (69.9% vs. 89.6%; p < 0.001)(Fig. 3.3D-E) Examination of
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DAT levels also confirmed these findings. Densitometric analysis of striatal DAT stained
fibers showed a significant reduction (62%; p < 0.001) in WT MPTP-treated animals
compared with saline controls (Fig. 3.3). Nur77 KO animals exhibited a hypersensitivity to
MPTP-induced reduction in striatal DAT density compared with WT treated mice (80.2%; p
< 0.001). These results indicate that striatal terminal fibers were further sensitized by Nur77

deficiency similar to that exhibited by dopaminergic cell bodies.
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FIGURE 3.3. Nur77-deficient mice display increased dopamine cell bodies and
striatal terminals of MPTP-induced degeneration of SNc

dopaminergic neurons.

A. Representative photomicrographs illustrating TH immunoreactivity in the ventral
midbrain SNc¢ following indicated treatments. B. Quantification of TH+ neurons using
stereological analysis, as described in Materials and Methods. C. Quantification of cresyl
violet-stained cells of the SNc (MTN level). D. Representative photomicrographs of striatal
TH immunoreactive sections from treated animal groups in A. E. Quantification of striatal
TH fiber optical density. F, Representative photomicrographs of striatal DAT immunoreactive
sections from treated animal groups in A. G. Quantification of striatal DAT fiber optical
density. H. Analysis of 24 hour home cage locomotor activity for WT and Nur77-deficient
mice. Error bars represent mean £ SEM. ANOVA, *p <0.05, **p <0.01, ***p <0.001;n=6

— 8 animals per group. OD, Optical density.
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Treatment with MPTP previously has been demonstrated to induce expression of the
transcription factor AFosB post-synaptically within the striatum (Smith et al., 2003). AFosB
is suggested to mediate the supersensitivity of striatal DA receptors after denervation
(Dragunow et al., 1995). Consistent with these reports, WT MPTP-treated mice displayed a
significant increase in the number of AFosB+ cells (422.1%; p , 0.001)(Fig. 3.4A-B)
compared with saline controls. Importantly, MPTP-treated Nur77-deficient mice showed
consistent hypersensitivity (929.3%; p < 0.001), a significant increase in AFosB staining over

that observed in WT mice (p < 0.05).

We next examined how DA levels are affected in Nur77-deficient mice after MPTP-
treatment. Previous analyses report diminished DA and its metabolite DOPAC in the striatum
14 days following MPTP-treatment (Smith:2006ga; Mount et al., 2007). The effects of Nur77
deficiency parallel the dopaminergic cell survival results observed previously. In the striatum,
MPTP significantly reduced the levels of DA in WT mice (43.1%; p < 0.05) with a greater
diminishment in the KO animals than WT (70.0; p < 0.001 )(Fig. 3.4C). Striatal DOPAC was
significantly reduced in Nur77 KO mice treated with MPTP (Fig. 3.4D). However, this
significant loss was greater in the Nur77 KO MPTP-treated mice than WT(60.5% vs 13.6%;

p <0.05).
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FIGURE 3.4. Nur77 KO mice treated with MPTP display increased striatal FosB,
a marker for postsynaptic changes in the denervated striatum, as
well as further reduced DA and DOPAC in comparison to WT

MPTP-treated mice.

A. Representative photomicrographs showing FosB staining in the striatum of mice treated as
indicated (insert, black arrow positive FosB; white arrow negative FosB. B. Quantification
of FosB+ cells/nuclei striatal photomicrographs. C-D. Levels of DA (C) and its metabolite
DOPAC (D) in the striatum were analyzed using HPLC on 14d-old tissue after saline/MPTP
injection. Error bars represent mean + SEM. ANOVA, *p < 0.05, **p <0.01, ***p <0.001; n

= 5-8 animals per group.
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Ectopic expression of Nur77 rescues Nur77-deficient hypersensitivity to MPTP. The results
described above demonstrate that germline loss of Nur77 does not lead to degeneration of
DA basally, but increases these neurons sensitivity to MPTP-induced degeneration in vivo.
Because of the germline nature of Nur77 loss in the model system examined, we included
some controls for potential confounding compensatory factors which might account for the
sensitization observed with chronic Nur77 loss. To this end, we explored whether we could
rescue the sensitivity observed with Nur77 with ectopic WT Nur77 expression. We expressed
Nur77 and control GFP in the SNc¢ using an adenoviral (AV) system, in both Nur77-deficient
and WT mice. Seven days following intracranial viral injection, the animals followed the
same MPTP paradigm as previously employed. GFP expression in WT and Nur77-deficient
mice produced similar results to those earlier exhibited in the in vivo survival experiments
described above (Fig. 3.5A-C). WT, MPTP treated, GFP expressing mice showed a 28.4%
reduction in TH+ neurons in comparison with the experimental control WT, saline treated,
GFP expressing mice (p < 0.05). Nur77-deficient, GFP expressing, MPTP treated mice
showed a similar heightened hypersensitivity as observed in the initial in vivo experiments,
with a 65.0% reduction in TH+ neurons in comparison to control mice. Ectopic Nur77
expression in Nur77-deficient animals dramatically and almost completely reversed the
sensitivity observed in caparison to WT animals. These results were corroborated using the
morphological cresyl violet analysis (Fig. 3.5C). Interestingly, Nur77 expression in WT

animals produced a slight but non-significant increase in DA neuron numbers.

Examination of striatal DAT density produced similar results (Fig. 3.5D-E). Ectopic

expression of Nur77 in Nur77-deficient animals almost completely reversed the sensitization
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induced by germline loss of Nur77. Interestingly, Nur77 expression again did not
significantly attenuate fiber loss in the WT mouse. This suggest that levels of Nur77
expression was insufficient to promote dramatically increased protection in WT cells but was

sufficient to prevent the sensitization observed with full Nur77 deficiency.
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FIGURE 3.5. Nur77-deficient hypersensitivity to MPTP can be attenuated with

ectopic expression of Nur77 in the nigrostriatal system.

A. Representative photomicrographs illustrating TH immunoreactivity in the ventral
midbrain SNc¢ following indicated treatments. B. Quantification of TH+ neurons at the MTN
level of the SNc. C. Quantification of cresyl violet-stained cells at the MTN level of the SNc.
D. Representative photomicrographs of striatal DAT immunoreactive. E. Quantification of
striatal DAT fiber optical density. Error bars represent mean + SEM. ANOVA, *p < 0.05,

*p < 0.01, ***p <0.001; n =5 — 8 animals per group. OD, Optical density.
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DISCUSSION

Previous work has suggested the importance of a calpain-Cdk5-MEF2 signalling cascade in
the adult in vivo MPTP model of dopaminergic loss (Gong et al., 2003; Smith et al., 2003;
Verdaguer et al., 2005; Smith et al., 2006; She et al., 2011). How Cdk5 mediated repression
of MEF?2 activity leads to DA loss is unclear. Our findings are of significance as they
delineate a novel player, Nur77, in DA loss and link this activity to the calpain regulated
pathway of death. We found that 1) Nur77 is rapidly lost following MPTP treatment and that
this loss is attenuated by expression of the transcription factor MEF2D; 2) Nur77 loss results
in hypersensitization of the nigro-striatal system to exogenous toxic stress and degeneration;

and 3) this hypersensitization can be rescued by re-expression of exogenous Nur77.

Our observations of MEF2 mediated Nur77 regulation is consistent with previous reports
suggesting a relationship between the two transcription factors in other systems. For
example, MEF2 has previously been shown to regulate Nur77 expression in thymocyte
differentiation (He, 2002). In this context, MEF2 regulation of Nur77 is mediated by
molecular transcription associating proteins including HDAC7 (Dequiedt et al., 2003; Verdin
et al., 2004) and Cabinl (Youn and Liu, 2000; Liu et al., 2001). In neurons, depolarization
induced up-regulation of MEF2 has also been shown to increase Nur77 levels (Tian et al.,
2010). In addition, CREB mediated induction of Nur77 is also regulated by MEF2 in PC12
cells (Lam et al., 2010). Importantly, MEF2 sites exist in the Nur77 promoter (Woronicz et
al., 1995) with several groups reporting MEF2 binding to the Nur77 promoter (Youn:

2000um; Liu et al., 2001). Importantly, we presently observed that MEF2 does constitutively
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occupy these sites endogenously in neurons. Taken together we have proposed a model by
which neuronal MEF2, known to act as a survival signal, mediates a constitutive level of
Nur77 expression. This basal level of Nur77 activity is rapidly lost when calpain mediated

CdkS5 activation leads to phosphorylation and inactivation of MEF2.

Several observations support a role for Nur77 loss in facilitating DA loss. First, we showed
that Nur77-deficient animals are hypersensitive to MPTP-induced degeneration. Importantly,
we provide support, although not definitive proof, that this sensitivity relates to deficiency of
Nur77 in neurons themselves. First, TH+ Nur77 deficient neurons cultured from neuronal
midbrain cultures, under conditions where other contaminating cell types are limited, are
more sensitive to MPP™ than their WT counterparts. Second, acute suppression of Nur77 by
siRNA in cortical neurons leads to their demise even in the absence of stress. It is important
to note that this Nur77 basal neuronal loss does not appear to occur with germline Nur77
loss, suggesting some compensatory events with germline deficiency. Indeed, there are other
Nur family members including Norl and Nurrl (Chao et al., 2008; Zhao and Bruemmer,
2010). Nevertheless Nur77-deficient neurons are sensitive to exogenous stress and this

sensitivity can be rescued by ectopic Nur77 expression.

These results are consistent with other reports indicating a role for Nur77 in survival, as seen
in TNFa (Suzuki et al., 2003) and ceramide-induced cell death (Brés et al., 2000), and Nur77-
NFkB inhibition of apoptosis (de Léséleuc and Denis, 2006). However, the role of Nur77
appears context dependent. In other cases such as T cell selection (Woronicz et al., 1995;

Green et al., 2003) and cancer cell death induction (Cho et al., 2007; Cheng et al., 2011),
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Nur77 appears to induce death. Interestingly, Nur77 can localize to the mitochondria where it
can interact and inhibit Bcl-2, inducing apoptosis (Lin et al., 2004; Thompson and Winoto,
2008). Adding to the complexity is that Nur77 can have function activity outside of death
regulation. In neurons for example, Nur77 has been associated with synaptic remodelling,
response to L-Dopa, and behavioural modifications (St-Hilaire et al., 2006; Lévesque and
Rouillard, 2007; Mahmoudi et al., 2009). Taken together, these observations belie the
complexity of Nur77 function. At least in DA neurons, however, in response to MPTP, we

provide evidence for a unique MEF2 dependent function in DA survival.

What are potential targets of Nur77 which might promote survival? In high metabolic cells
such as muscle, Nur77 expression appears to regulate genes involved in glycolysis,
glycogenolysis, and the glycerophosphate shuttle (Chao et al., 2007). Over-expression and
shRNA inhibition of Nur77 in muscle cells respectively increased and decreased expression
of glucose transporter 4 (GLUT4), muscle phosphofructokinase (Phkkal), and glycogen
phosphorylase (Pygm). Furthermore, Nur77 was found to bind to the promoter regions of
these metabolic controlling genes. Therefore, one attractive hypotheses is that interruption in
expression of these metabolic controlling genes under conditions of elevated energy
requirements, such as in neurons, might be detrimental. In this regard, maintenance of
proper bioenergentics in neurons is critical for their survival and loss of this capacity may
sensitize to exogenous stresses which pose additional metabolic stress onto the cell as

observed with MPTP-treatment.
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While our present results suggest Nur77 as one critical effector downstream of MEF2, other
MEF2 regulated pathways may also play a role in regulating dopaminergic loss following
MPTP-treatment. For example, She et al. (She et al., 2011) recently discovered MEF2
localized to the mitochondria where it is bound to its consensus site on mitochondrial DNA
containing and regulated the ND6 gene. ND6, a component of the mitochondrial complex I,
controlling oxidative phosphorylation, is key to maintaining energy requiring homeostasis.
MPTP-induced MEF2 degradation disrupted the expression of NG6 along with increased
hydrogen peroxide concentration, reduced ATP production, and increased DA cell death.
MEF?2 has also been shown to be degraded in other toxic insult models, including the 6-
hydroxydopamine (Kim et al., 2011). Further inhibition of MEF2 contributing to neuronal
toxicity is also presented by GSK3beta phosphorylation (Wang et al., 2009b). Finally,
MEF2D itself acts alongside other regulatory targets of Cdk5 to mediate DA loss following
MPTP-treatment. These additional CdkS5 targets include both cytoplasmic and nuclear
factors, Prx2 and APE1, respectively (Qu et al., 2007; Huang et al., 2010). Prx2 is critical for
handling oxidative stress in this paradigm while APE1 acts to facilitate DNA repair. With all
three targets, Cdk5 mediated phosphorylation of these substrates leads to down-regulation of
their respective activities promoting death. In the case of MEF2, however, we have identified

an additional critical downstream effector of this transcription factor.

In conclusion, we have shown that mice deficient in Nur77 display a hypersensitization to
MPTP-induced dopaminergic cell death and that levels of Nur77 are regulated by MEF2.
Our data suggest a new candidate in the calpain-Cdk5-MEF2 pathway involving the demise

of the nigro-striatal dopaminergic system. We propose that targeting and specifically
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inhibiting the calpain-Cdk5-MEF2-Nur77 pathway may be effective in protecting dopamine

neurons in PD.
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CHAPTER 4: Discussion
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4.1 General Discussion

This work has revealed two opposing influences on dopaminergic neuronal survival. In
particular, we have demonstrated an IFN-y induced neurotoxic influence that is mediated
through microglial activation, exacerbating dopaminergic neurotoxicity in mitochondrial
stress models of PD. We have also uncovered a novel neuroprotective capacity for the
transcription factor Nur77 in dopaminergic neurons. Earlier research from our group
delineated a model where calpain-mediated activation of Cdk5, inducing phosphorylation-
inactivation of MEF2, regulated dopaminergic MPTP-induced neuron degeneration. In this
model, the inactivation of MEF2D was in turn found to reduce neuronal expression of Nur77.
These effects, of IFN-y microglia activation and of neuronal Cdk5-MEF2D-induced Nur77
down-regulation, shed new light on mechanisms that underlie dopaminergic cell death under

conditions of mitochondrial distress.

The MPTP and rotenone treatments we used to explore these signalling pathways, constitutes
well-characterized experimental models of idiopathic PD. However, hereditary forms of PD
are also linked to mitochondrial dysfunction and the relevance of these pathways to human
PD is further supported by our discovery of IFN-y up-regulation in Parkinson’s patients. In
this regard, since our I[FN-y publication was in press further results have implicated IFN-y in

PD pathogenesis.

Barcia et al. (Barcia et al., 2011) evaluated a synergistic signalling model with IFN-y and
TNF-a displaying a required glial activation for neuronal cell death (Barcia et al., 2011).

MPTP-treated monkeys showed an elevation in blood serum IFN-y, a result we observed in
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PD patients, corroborating our results and strengthening the use of the MPTP PD model.
Further, expression of IFN-y-R was highly up-regulated in the monkey SN with sustained
IFN-y and TNF-a (also elevated in serum) expression in microglia and astrocytes. However,
we did not observe increase in TNF-a in our human PD samples, suggesting some
differences with the monkey PD model. Examination of phosphorylated STAT1 (pSTAT1),

downstream required signalling, was localized to the SNc in both glial cell types.

Our work focused on the cell specific role of microglia in IFN-y mediated DA cell death.
However, results have suggested astrocytes also are involved. In culture model of neuronal
cell death, medium from astrocytes stimulated with IFN-y stimulated significant toxicity to
differentiated human neuroblastoma SH-SYSY cells (Lee et al., 2013). In order to understand
what IFN-y may have stimulated to cause cell death, several inhibitors were employed to
block specific IFN-y mediated compounds. Inhibition of IL-6, NADPH oxidase,
prostaglandin, and glutamate, each individually significantly reduced synergistic toxicity. Of
importance, these IFN-y mediated toxic stimuli were from astrocytes, implicating both cell
types in neuronal death. Here we see IFN-y inducing cellular toxic insult through several
inflammatory mediators, each of which can be targeted to reduce cell death. However, as
discussed, in combination, a greater synergistic effect can yield the greatest survival.
Appropriately, our evaluation of an inflammatory mediator and intracellular cell death

signalling mediator supports an approach of targeting multiple systems to reduce and halt cell

death.
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4.2 Future Directions

This work employed the use of genetic molecular manipulation to down-regulate or up-
regulate expression of select genes and proteins in order to gain further understanding for
their impact within specific signalling pathways following mitochondrial stress. With an
interest in moving these findings towards a potential therapeutic use, an examination in the
efficacy employing pharmacological antagonists and inhibitors would recapitulate these

results and move towards treatments.

Our experiments with IFN-y-deficient and IFN-y-R-deficient models have established the
microglial source of the IFN-y and that the cytokine kills dopamine neurons at least in part
through interaction with IFN-y-R on microglia. It is possible that this toxicity is caused
directly. However, another possibility is that that [IFN-y interacts with dopamine neurons
through direct activation of the Fas and Fas-associated death domain (FADD) and activation
of caspases. Carmona et al. (Carmona et al., 2006) successfully employed the use of a
pharmacological Fas inhibitor inhibiting dendritic cell activation. To evaluate the potential
interaction between IFN-y and Fas and whether they function in parallel or in sequence, the
Fas/FasL antagonist Kp7-6 (Calbiochem) could be used in our rotenone and MPP+ model of
DA cell death. Insights could be evaluated with regard to cell specific interactions, cellular
toxicity, and how these two pro-inflammatory signalling molecules are required. An
astrocytic role could also be examined as activation of astrocytes with IFN-y induced up-
regulation of several toxic insults (Lee et al., 2013). These experiments would look closer at

specific regulatory events associated with the larger pro-inflammatory system. Attenuation of
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microglia and pro-inflammatory stimuli has been reported to reduce neurotoxicity with the
use of the pharmacological anti-inflammatory agent minocycline (Du et al., 2001). However,
these results are not entirely clear with further results displaying opposite effects (Wu et al.,
2002). Therefore, a further detailed understand could produce a direct pharmacological

targeting.

We have also described a neuroprotective capacity for Nur77 in MPTP/MPP+ stressed DA
neurons. This work further contextualizes and strengthens the importance of the calpain-
Cdk5-MEF2 pathway in DA cell survival. We could evaluate new molecular mediators
within this system, survival genes regulated by Nur77 such as glucose transporter 4
(GLUT4), muscle phosphofructokinase (Phkkal), and glycogen phosphorylase (Pygm) (Chao
et al., 2007) as Nur77 was found to regulate genes that regulate high metabolic systems.
However, several pharmacological tools have recently been used to successfully regulate

points within our calpain-Cdk5-MEF2-Nur77 system.

Inhibition of calpain would halt downstream signalling, including both the down-regulation
of MEF2-Nur77 signalling as well as the Cdk5 phosphorylation inhibition of Prx2 (Qu et al.,
2007) induced by MPTP. The agent SNJ-1945 has recently been used to inhibit calpain
activity in several models. Knaryan et al (Knaryan et al., 2013) were able to inhibit calpain,
protecting SH-SYS5Y cells against MPP+ and rotenone. SNJ-1945 was used in vivo study
murine neurodegeneration using an oral administration (Trager et al., 2014). Although
targeting calpains may have side effects in other systems, the benefit of neuroprotection may

be greater, particular in PD.
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Using these system, we could evaluate expression and activity of the downstream Cdk5-
MEF2-Nur77 pathway. In terms of therapeutic use, SNJ-1945 provides a simple and direct
means to inhibit calpain in patients. Employed in conjunction with early detection of
neurodegeneration of the SNc (Brooks, 1997), may yield therapeutic benefits of staving off

classical PD symptoms, rather than simply treating the symptoms.

Reduction in Nur77 expression increased MPTP-induced neuronal cell death. With potential
to induce Nur77 expression pharmacologically, new insights into increasing survival with
increasing Nur77 expression. The naturally occurring compound butylidenephthalide (BP),
isolated from Angelica sinensis chlorophorm protected DA neurons and the accumulation of
a-synuclein in a C. elegans model of PD protect DA neurodegeneration and a-synuclein
accumulation in PD C. elegans model (Fu et al., 2014). Chemotherapy research in treatment
of glioblastoma multiform (GBM) brain tumors in in vitro and in in vivo models used BP to
induce Nur77 expression (Chen et al., 2008; Lin et al., 2008). Interestingly, BP selectively
up-regulated Nur77 without modifying the expression pattern of related Nor-1 and Nurrl.
Up-regulated Nur77 was found to move from the nucleus to the cytoplasm and mitochondria
with downstream activation of caspase-3. With reference to our model and goal to attenuate
cell death caspase activation would not be a desired outcome. However, in the C. elegans PD
model, Nur77 expression attenuates neurodegeneration. The role for Nur77 is still unclear
with both evidence for induction and inhibition of cell death. One mechanism to elucidate
some questions would be to evaluate Nur77 subcellular localization with regard to survival or
cell death in our mitochondrial cell model. Evaluation of Nur77 in T cell selection and GI

cancers, have found translocation of Nur77 to the mitochondria mediates apoptosis (Wang et
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al., 2009a; Cheng et al., 2011; Han and Cao, 2012). Select signalling cascades have been
found to induce this translocation, including members of the MAPK system, found to
phosphorylate Nur77 (Wang et al., 2009a). Once localized to the mitochondria, Nur77 has
been found to couple with Bcl-2, inhibiting its protective function, initiating apoptotic
signalling. However, our report observe a potential survival function for Nur77 in the MPTP
PD model. This suggests Nur77 is not travelling to the mitochondria, but playing a

significant survival role at the nucleus.
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4.3 Conclusion

The nature of PD is multifactorial and was exhibited in our research of the inflammatory
system and cell death signalling regulating PD pathogenesis. Hope for therapeutic
intervention therefore will follow a similar nature, combining different synergistic
treatments. However, this is one of several modes of therapeutic treatment to reduce and
eliminate the symptoms and pathology of PD. In combination with early detection
biomarkers and therapies to replace lost neurons, new strategies continue to develop. It is my
hope that with this work, new insights may aid in development of effective therapeutic

interventions for the treatment of PD.
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