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Abstract

Parkinson’s disease (PD) is a debilitating neurodegenerative disorder caused by the
progressive loss of dopamine neurons in the substantia nigra pars compacta (SNc).
Whilst the cause of dopamine cell loss in PD remains unresolved, the male-sex is a
prominent risk factor for PD. Men are twice as likely to develop PD, and the disease
progresses more rapidly in men than women. Aside from the influences of sex
hormones, emerging evidence indicates that sex-chromosome genes also
contribute to the inherent male bias in PD. Indeed, the Y-chromosome gene, SRY,
co-localises with DA neurons in the male brain, where it regulates dopamine
biosynthesis and consequently motor function. Moreover, Sry mRNA expression is
abnormally elevated in a human male cell culture model of PD, suggesting a role for
SRY in the pathogenesis of male PD. Thus, to better understand the contribution of
SRY in male susceptibility to PD, this thesis sought to investigate the regulation and
function of SRY in experimental and clinical PD.

Chapter 2 examined the regulation and function of SRY in healthy male rats
and in acute toxin-induced models of PD in male rats. In healthy male rats, reducing
nigral Sry expression, via repeated Sry antisense oligonucleotide (ASO) infusion,
transiently reduced nigrostriatal dopamine biosynthesis and consequently motor
function. On the other hand, nigral Sry expression was highly elevated in acute 6-
OHDA and rotenone-induced rat models of PD. Moreover, lowering nigral Sry
expression with Sry ASO-infusion in male rats diminished motor deficits and nigral
dopamine cell loss in 6-OHDA or rotenone-induced rat models of PD. The
protective effect of the Sry ASO-infusion was associated with male-specific
attenuation of DNA damage, mitochondrial degradation and neuroinflammation.

Studies in chapter 3 extended the findings from the acute PD models in
chapter 2, by assessing the regulation and function of SRY in the chronic rotenone
model of PD - which closely resembles the progressive behavioural decline and
pathology of clinical PD. Notably, repeated intraperitoneal rotenone administration
induced slow, progressive decline in motor function and nigral DA cells over 12
weeks, which was associated nigral Sry mRNA up-regulation prior to DA cell loss.
Moreover, bilateral nigral Sry ASO-infusion at 4 weeks following the rotenone
treatment diminished the progression of rotenone-induced motor deficits and

dopamine cell loss, which was associated with suppression of key pathogenic
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mechanisms. Taken together, studies in chapter 3 demonstrate that Sry ASO-
infusion exerts male-specific neuroprotective effects at a clinically relevant time-
point of neurodegeneration, highlighting the translational potential of SRY inhibition
in male PD.

Chapter 4 explored the clinical relevance of the preclinical studies in chapters
2 and 3 by examining SRY protein expression in post-mortem SNc sections from
male PD, LBD and age-matched controls. Here, | demonstrated that SRY-positive
dopamine neurons are preferentially lost in male PD patients, and surprisingly in
male LBD patients, compared to age-matched male controls. The results from
chapter 4 provide important clinical evidence to support the notion that SRY
contributes to the vulnerability of male dopamine neurons to injury.

Overall, my thesis has provided novel preclinical and clinical findings which
indicate that dysregulation of the male-only gene, SRY, may underlie the
predisposition of male to PD. Future studies that elucidate the temporal and spatial
profile of SRY in the male brain and identify the mechanism(s) underlying the
detrimental effect of SRY dysregulation will be vital in understanding sex-specific
causes of PD, and establish SRY inhibition as a novel male-specific neuroprotective

strategy for PD.
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Chapter 1:
Literature review



1.1 Parkinson’s disease (PD) is a debilitating neurodegenerative

movement disorder

1.1.1 Prevalence of PD

PD is a second most common neurodegenerative disorder after dementia, which
affects over 7 million people worldwide. The prevalence of PD is 2% of people over
the age of 60, increasing to 4% over the age of 80, clearly highlights aging as a
significant risk factor. Alongside the significant burden on patients and families, PD
has a significant economic impact on society (Noyes et al., 2006, Huse et al., 2005);
the US population with PD incurred medical expenses of approximately $14 billion
in 2010 ($8.1 billion higher than expected for a similar population without PD) and
is expected to double by 2040 (Kowal et al., 2013). In Australia, the total health
system cost of PD was estimated to be approximately $570 million in 2014, an

increase of $220 million from 2005 (Deloitte, 2015).

1.1.2 Motor symptoms of PD

PD is a debilitating movement disorder, characterized by hallmark motor symptoms
that include resting tremors, rigidity (akinesia), slowness of movement
(bradykinesia), and postural instability (Lang and Lozano, 1998). Other secondary
motor symptoms involve gait and posture changes resulting in a shuffling, forwards
gait (festination), decreased facial expressions, and difficulty in speech and chewing

(Jankovic, 2008).

1.1.3 Non-motor symptoms of PD
PD is also associated with non-motor symptoms such as olfactory dysfunction,
gastrointestinal dysfunction, sleep disturbances, rapid eye movement sleep

behaviour disorder (RBD), depression, cognitive decline and dementia (Chaudhuri
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et al., 2006). RBD, olfactory dysfunction, constipation and depression can develop
more than 10 years prior to the onset of PD motor symptoms (Chaudhuri et al., 2006,
Bohnen et al., 2008, Shiba et al., 2000, Abbott et al., 2001). Braak et al. (2003) have
described a neuropathological staging which involves the staged loss of brainstem,
olfactory, midbrain and cortical neurons, and associated Lewy body pathology in
these regions. The neuropathological spread closely correlates with development of
non-motor symptoms of PD, which may explain why non-motor symptoms of PD
such as gastrointestinal and olfactory dysfunction can appear prior to dopamine
(DA) cell loss-associated motor symptoms (Berg et al., 2015, Mahlknecht et al.,
2015). These non- motor symptoms therefore have the potential for use as

screening biomarkers to diagnose preclinical cases of PD.

Forward tilt
of trunk

Flexed elbows
& wrists

Slightly flexed
hips & knees

/
Trembling of—,/
extremities 7/
Shuffling, short-
stepped gait

Figure 1.1. Cardinal motor symptoms of PD include resting tremors, rigidity
(akinesia), slowness of movement (bradykinesia), shuffling gait and postural
instability. UWorld (2017) Typical appearance of Parkinson’s disease [jpeg].
Retrieved from https://tinyurl.com/yby5fkyc.




Cognitive impairment and dementia are increasingly associated with cortical
degeneration during the late stages of PD. Cognitive decline is associated with
increased cortical density of Lewy bodies and neurites in the hippocampus and
amygdala of PD patients (Churchyard and Lees, 1997, Harding et al., 2002).
Dementia is prevalent in up to 40% of the PD population over 65 years, six times
greater than in healthy individuals (Emre, 2003) but in other studies has been
reported to be as high as 83% in late stage (>20yrs since onset) PD patients (Hely

et al., 2008).



1.2 Pathophysiology of PD

1.2.1 Symptoms of PD result from the loss of midbrain dopamine neurons
Motor symptoms of PD are associated with the progressive selective loss of DA
neurons in the substantia nigra pars compacta (SNc) that project to the striatum,
which is known as the nigrostriatal pathway (Fig. 1.2) (Fahn and Sulzer, 2004).
Dopamine acts as a modulator of striatal tone on output of basal ganglia to the
thalamus, which in turn projects to the motor cortex. The basal ganglia are a group
of nuclei that are integrated in a feedback loop, via two opposing direct (excitatory)
and indirect (inhibitory) pathways. These two pathways regulate total inhibitory
GABAergic output to the thalamus. In normal conditions, DA release in the striatum
excites striatal neurons via the direct pathway and inhibits striatal neurons via the
indirect pathway, which reduces inhibitory input into the thalamus, and leads to
increased motor activity. Conversely, progressive DA neuron degeneration in the
SNc (Fig. 1.3) leads to a deficiency of DA. DA deficiency reduces the excitatory
output of the direct pathway, and increases the inhibitory output of the indirect
pathway, which results in the motor symptoms associated with PD (Albin et al.,
1989, DelLong, 1990, Alexander et al., 1991, Calabresi et al., 2014).

The motor symptoms of PD manifest when more than 70% of DA neurons
have been lost (Lloyd, 1977), suggesting that the SNc has a high degree of
compensatory ability as an adaptive response to injury or depletion of DA neurons.
This compensatory mechanism could occur through several mechanisms, including
increased DA synthesis, transport and release by surviving neurons; increased
density of presynaptic terminals, branching and neural sprouting; and forced
metabolic activity and reduced reuptake, as adaptive responses to sustain the level

of nigrostriatal DA levels (Lee et al., 2008, Song and Haber, 2000, Stanic et al.,



2003, Finkelstein et al., 2000). Within the SNc, specific regions appear more
susceptible to cell death in PD. In particular, at the onset of PD motor symptoms,
the lateral-ventral tier of the SNc is the most susceptible (90% of cells lost), followed
by the medial ventral and dorsal tiers (60-70% cells lost) (Fearnley and Lees, 1991,
Damier et al., 1999). This cell death is associated with striatal dopamine depletion
which is most prevalent in the caudal regions of the striatum, with late stage PD

patients showing greater than 98% DA depletion (Kish et al., 1988).

Striatum

SNc

Figure 1.2. Sagittal diagram of human brain showing the nigrostriatal DA pathway
(outlined in blue) which is affected in PD. Reproduced from Somayaji and Sulzer
(2017)



Healthy PD

Figure 1.3. Neuromelanin-pigmented dopamine neurons are lost in human
PD. DA neurons in the SNc are amongst the highest pigmented cells in the human
brain, with the pigment composed of neuromelanin (Graham, 1979). The dark
pigmented areas on both hemispheres in the normal brain outline the DA neurons
within the SNc (left). Loss of DA neurons in PD is clearly indicated by loss of the

dark pigmented areas (right).

1.2.2 Lewy bodies are a hallmark pathological feature of PD

Protein-rich inclusion bodies known as Lewy bodies are the hallmark pathology seen
in both pre-symptomatic and symptomatic stages of PD (Braak et al., 2003). These
inclusion bodies are primarily composed of aggregated, insoluble a-synuclein
protein (Spillantini et al., 1997), and are present as threadlike Lewy neurites or
granular spherical Lewy bodies (Fig. 1.4). a-synuclein is soluble in the cytoplasm,
and binds with high affinity to the membranes of synaptic vesicles or to membranes
rich in acidic phospholipids (Perrin et al., 2000, Davidson et al., 1998, Jo et al.,
2000). Following a conformational change it self-aggregates with misfolded a-
synuclein and additional proteins (e.g. ubiquitin, neurofilament protein, tau) to cause
insoluble aggregations (Goedert, 2001). All PD-affected neurons eventually develop

Lewy bodies and neurites over time (Braak et al., 2003).
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Figure 1.4. A) Lewy neurites in the SNc. B) Lewy body (arrow) in pigmented nerve
cell of the SNc. Scale bar -10 ym. (Spillantini et al., 1997).

1.2.3 PD progresses through defined neuropathological stages

PD progresses through 6 defined neuropathological stages during the pre-
symptomatic and symptomatic phases, and Lewy body and neurite pathology
correlates with this progression in a predetermined pattern through these stages

(Table 1.1) (Braak et al., 2003).

The first pathological changes appear within the dorsal motor nucleus of the
vagal nerve and this damage spreads to the medulla oblongata, anterior olfactory
nucleus, during stages 1-2. The lesions and pathology found during these stages
support the findings from other studies which show olfactory dysfunction in PD
patients in some cases many years prior to the onset of PD motor symptoms
(Chaudhuri et al.,, 2006). During stages 3-4, the SNc and anterior temporal
mesocortex become the site of progressive intraneuronal lesions, and during stage
4 the prevalent loss (>70%) of SNc DA neurons is apparent, which correlates with
the emergence of the cardinal motor symptoms. During stages 5-6, the Lewy body

and neurite pathology spreads to the neocortex, including the prefrontal, premotor



and sensory association areas- marking the largest topographical extent of

neurodegenerative progression (Braak et al., 2003, Braak and Del Tredici, 2004).

Table 1.1. Neuropathological staging of PD progression

Stage Site of progression

1

medulla oblongata

medulla oblongata
and pontine

tegmentum

midbrain

basal
prosencephalon

and mesocortex

neocortex

neocortex

Pathology
Lesions in the dorsal IX/X motor nucleus and/or
intermediate reticular zone, anterior olfactory
nucleus
Pathology of stage 1 plus lesions in caudal raphe
nuclei, gigantocellular reticular nucleus, and
coeruleus—subcoeruleus complex
Pathology of stage 2 plus midbrain lesions, in
particular in the SNc
Pathology of stage 3 plus prosencephalic lesions.
Cortical involvement is confined to the temporal
mesocortex (transentorhinal region) and allocortex
(CA2-plexus). The neocortex is unaffected.
Pathology of stage 4 plus lesions in high order
sensory association areas of the neocortex and
prefrontal neocortex
Pathology of stage 5 plus lesions in first order
sensory association areas of the neocortex and
premotor areas, occasionally mild changes in

primary sensory areas and the primary motor field

Adapted from Braak et al. (2003).



1.3 Treatments for PD
1.3.1 Pharmacological
Currently, the hallmark symptomatic therapy for PD is levodopa (L-DOPA) a
chemical synthesized from amino acid I-tyrosine, and a DA precursor (Yahr et al.,
1969), which replenishes the deficiency of striatal DA caused by loss of nigral DA
neurons. Carlsson et al. (1957) first showed that intraperitoneal 3,4-
Dihydroxyphenylalanine (L-DOPA) infusion rescued parkinsonian-like immobility
caused by reserpine in mice and rabbits. This effect was later shown to be due to
the rescue against dopamine depletion caused by reserpine (Carlsson et al., 1958).
In 1961, L-DOPA was first used in a clinical trial of 20 PD patients where it was
injected intravenously, and showed immediate therapeutic effects (Birkmayer and
Hornykiewicz, 1960).

While L-DOPA is effective in alleviating the debilitating motor symptoms of
PD, complications arise with prolonged use in PD patients. L-DOPA induces the
development of dyskinesias, which are abnormal involuntary movements that are
increasingly debilitating over time. Levodopa-induced dyskinesias (LIDs) are
prevalent in 40% of patients after 4-6 years of Levodopa treatment, depending on a
number of factors including age of onset, severity of PD, and dose of L-DOPA
treatment (Ahlskog and Muenter, 2001). The underlying mechanisms for L-DOPA-
induced dyskinesias aren’t well understood, but involve pulsatile overactivity of the
striatal post-synaptic receptors. This pulsatile overactivity is likely to occur due to
dysregulated dopamine release, caused by variability in delivery of L-DOPA, release
and the short half-life of L-DOPA (Cenci, 2014, Jenner, 2008).

Dopamine agonists, such as ropinirole (D2 receptor agonist), pramipexole

(D2 agonist) and apomorphine (D1,D2 agonist) directly activate the post-synaptic
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DA receptors and are increasingly used in the early stages of PD to treat motor
symptoms of PD (Fox et al.,, 2011). DA agonists produce less drug-induced
dyskinesias than L-DOPA when used as a monotherapy or in conjunction with L-
DOPA (Rascol et al., 2000, Hauser et al., 2007, Holloway et al., 2004, Stowe et al.,
2008). A double—blind study comparing the occurrence of dyskinesias between PD
patients treated with levodopa or ropinirole showed that after 5 years, 20% of the
ropinirole treated patients developed dyskinesias, compared to 46% of the levodopa
treated cohort (Rascol et al., 2000). However, DA agonists do not have the same
level of symptomatic efficacy as L-DOPA treatment, and also produce non-motor
side effects that include oedemas, somnolescence, dizziness and hallucinations
(Stowe et al., 2008).

Selegiline and rasagiline are potent, irreversible monoamine oxidase
inhibitors that maintain synaptic DA levels by blocking synaptic DA degradation
(Youdim et al., 2001). These drugs inhibit monoamine oxidase A and B (MAO-A,
MAO-B) that are located on the mitochondrial membrane, which catalyze the
oxidative deamination of synaptically released DA (Bentué-Ferrer et al., 1996).
These inhibitors are used as monotherapy and in conjunction with L-DOPA to
reduce L-DOPA induced motor fluctuations (Riederer and Laux, 2011, Schapira,
2011). Studies also suggest a neuroprotective potential for monoamine oxidase
inhibitors in in vivo models of PD, through increased levels of several neurotrophic
factors (nerve growth factor, brain-derive neurotrophic factor, neurotrophin 3)
(Youdim and Weinstock, 2001, Naoi and Maruyama, 2010). Rasagiline has been
used in two clinical trials to assess its potential neuroprotective effects, but these

results have remained inconclusive (Olanow et al., 2008).
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Figure 1.5. Pharmacological treatments for PD Pharmacological treatments
include DA replenishment via L-DOPA, a precursor of DA, commonly combined with
aromatic L-amino acid decarboxylase (AADC) or catechol-O-methyltransferase
(COMT) inhibitors. MAO-B inhibitors maintain synaptic DA levels. DA agonists act

on postsynaptic D1 and/or D2 receptors. Reproduced from Poewe et al. (2017).

1.3.2 Surgical

Within the last 20 years, high frequency deep brain stimulation (DBS) of the
subthalamic nucleus (STN) or globus pallidus interna (GPi) by direct electrode
placement has become the gold standard in surgical therapy in PD. DBS is
surgically safe, and alleviates PD motor symptoms including tremor, rigidity and
bradykinesia (Limousin et al., 1998, Benabid et al., 1994). In addition, DBS improves
L-DOPA-induced dyskinesias in PD patients (Krack et al., 1997). Clinical studies
have since shown that DBS therapy leads to marked improvements in motor
function, such as a 70% improvement in rigidity and tremor, and a 50% akinesia
improvement, over a 5 year period (Krack et al., 2003). Furthermore, DBS therapy
provides a greater improvement in motor symptoms of PD patients when compared

to patients receiving L-DOPA alone (Deuschl et al., 2006, Weaver et al., 2009).
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The therapeutic mechanisms of DBS therapy remain unclear. Abnormal firing
bursts, rhythmic oscillations and synchronous activity in neurons in the basal ganglia
network and thalamus, particularly in the beta-band (10-30Hz) frequency, have been
reported in non-human primate models of PD and in PD patients based on recorded
local field potentials (Meissner et al., 2005, Levy et al., 2002, Brown et al., 2001). It
is likely that the synchronised oscillations produced at the site of DBS electrode
placement alter the dysfunctional firing patterns occurring in the basal ganglia
network of the PD-affected brain (Hess et al., 2013). In PD patients, STN- DBS at
high frequency (>70Hz) reduced pathological beta oscillations to reverse
parkinsonian symptoms, while DBS at 20Hz exacerbates the synchronisation of
pathological beta oscillations in the STN (Brown et al., 2004, Wingeier et al., 2006).
Emerging studies suggest that the temporal pattern of DBS stimulation is highly
critical for successful therapy, and modulation of these patterns could lead to
increases in treatment efficacy (Hess et al., 2013, Brocker et al., 2013). Non-regular
patterns of STN- DBS stimulation have been reported to relieve parkinsonian
symptoms in PD patients to a greater degree than temporally regular patterns
(Brocker et al., 2013).

The potential neuroprotective effect of DBS has been increasingly studied.
PD is associated with glutamatergic overactivity in the STN, as a result of
progressive DA cell loss (Benazzouz et al., 1993, Lozano et al., 2002). This
overactivity leads to excess glutamate release onto nigral DA neurons which has an
excitotoxic effect on nigral DA neurons. DBS could likely have a neuroprotective
effect by alleviating STN overactivity (Rodriguez et al., 1998). In addition, STN-DBS
treatment in the rat 6-OHDA model of PD improves parkinsonian symptoms, and

correlated with an increase in BDNF protein levels in the SNc and motor (M1) cortex
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and increase in BDNF mRNA in the SNc and GPi (Spieles-Engemann et al., 2011).
BDNF is a known neurotrophic factor of DA neurons (Hyman and Hofer, 1991) and
could likely play a neuroprotective role in the SNc. STN-DBS has demonstrated a
putative neuroprotective effect in a progressive, A53T a-synuclein (aSyn)-
overexpressing PD rat model, with STN-DBS treatment providing an increase in
motor function in the single pellet reaching test and rearing behaviour. This
improvement correlated with a 29% increase in tyrosine hydroxylase (TH; a DA
marker and the rate limiting enzyme in the DA biosynthesis pathway) -positive SNc
neurons compared to controls (Musacchio et al., 2017). STN-DBS has recently been
suggested to have a neuroprotective role through the activation of BDNF-
tropomyosin receptor kinase type B (trkB) signalling in the SNc in STN-DBS treated

rats (Fischer et al., 2017).

Stimulation of globus pallidus (intemal segment)

v [~
v LN J/f
‘4) 3* \
L H:::mnc‘ N\<v

Stimulation of subthalamic nuclous

Figure 1.6. Deep brain stimulation of the subthalamic nucleus (STN) or globus
pallidus interna (GPi) The DBS electrode is inserted through the skull, and
implanted in the brain, with the electrode tip placed directly above the target region.
An insulated wire then connects the electrode to the neurostimulator, implanted on
the chest. Reproduced from Okun (2012).
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1.3.3 Experimental and future therapeutic directions

Although pharmacological and surgical approaches in PD effectively treat motor
symptoms, to date there is no disease modifying therapy for PD. Neuroprotective
strategies that reduce or prevent DA cell loss therefore represent an unmet need in
PD treatments. Hence, gene therapy and DA neuron transplantation strategies have
been studied as experimental therapies in PD.

In PD, reduced inhibitory GABA input into the STN leads to abnormal STN
overactivity (Miller and DelLong, 1987, Bergman et al., 1994). Adeno-assosciated
viarl (AAV)-mediated Glutamic acid decarboxylase (GAD; catalyses synthesis of
GABA) transfer into the STN improves motor function and protects against DA cell
loss in 6-hydroxydopamine (6-OHDA) treated rats (Luo et al., 2002, Lee et al.,
2005), and in clinical trials shows improvement of motor symptoms in late-stage PD
patients compared to sham controls (Kaplitt et al., 2007, LeWitt et al., 2011).

AAV-mediated or lentiviral delivery of glial cell line- derived neurotrophic
factor (GDNF), which is known to support DA neuron growth and survival, protects
against DA cell loss in rat and non-human primate models of PD (Choi-Lundberg et
al., 1997, Bjorklund et al., 2000, Kordower et al., 2000). Direct GDNF delivery into
the putamen in human PD patients has shown improvement in motor symptoms and
levodopa-induced dyskinesias (Gill et al., 2003). However, larger randomized
controlled clinical trials failed to see any benefit in direct intraputamenal or
intracerebroventricular (ICV) infusion of GDNF (Lang et al., 2006, Nutt et al., 2003).
A lack of therapeutic benefit in these previous studies has been suggested to be
due to poor delivery methods, and inability of ICV delivery to reach the target

nigrostriatal area (Nutt et al., 2003)
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Advances in stem cell technologies have facilitated cell transplantation into
the nigrostriatal pathway as a potential strategy to restore nigral DA neuron
populations. These include fetal mesencephalic stem cells, embryonic stem cells
(ESCs), or induced pluripotent stem cells (iPSCs) (Kim and De Vellis, 2009,
Trounson and McDonald, 2015). These emerging experimental therapies will be
discussed below.

Pre-clinical studies revealed that striatal transplantation of rat or human
embryonic ventral mesencephalic tissue improves motor symptoms in multiple rat
and primate models of PD (Perlow et al., 1979, Dunnett et al., 1981, Bjorklund et
al., 1980). In humans, transplantation of human fetal ventral mesencephalic tissue
into the SNc of PD patients showed clinical benefit in PD motor symptoms and long-
term survival of grafts for up to 24 years (Kefalopoulou et al., 2014, Hallett et al.,
2014, Li et al., 2016). Despite the therapeutic effects achieved in these trials, others
have reported minimal clinical benefit and emergence of off-medication, graft-
induced dyskinesias (GIDs) in up to 50% of all patients (Freed et al., 2001, Olanow
et al., 2003), which could be caused by the asymetric increase of DA function in the
striatum (Ma et al., 2002). Asides from the high variability in clinical benefit and
variability in survival, other obstacles to fetal cell transplantation as a viable
approach included the large amount of tissues required (4 midbrain tissues from 6
to 9 week old human embryos for 1 PD patient; Olanow et al., 2003), and the poor
survival of transplanted grafts, with autopsy findings from nigral tissue of grafted PD
patients showing that less than 20% of transplanted cells survive (Hagell and
Brundin, 2001).

Human embryonic stem cells (hESCs) are pluripotent, self-renewing cells

isolated from pre-implantation blastocysts that can be differentiated into any cell
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type, including DA neurons (Kirik et al., 2002). Successful differentiation of DA
neurons requires specific in vitro protocols and treatment with morphogens, survival
factors and growth factors to generate a high yield of DA neurons (Perrier et al.,
2004, Kirik et al., 2002). Numerous pre-clinical studies have reported restoration of
striatal denervation and improvements in motor function for at least 6 months
following striatal transplantation of hESCs in 6-OHDA-induced rat models of PD

(Ben - Hur et al., 2004, Kriks et al., 2011, Grealish et al., 2014, Brederlau et al.,

2006, Kirkeby et al., 2012). Similarly, therapeutic effects have been seen following
transplantation of mouse-derived ESCs in 6-OHDA-treated rats (Kirik et al., 2002).
Whilst transplantation-induced teratomas caused by residual undifferentiated ESCs
were commonly seen in pre-clinical stufies (Kirik et al., 2002, Brederlau et al., 2006),
the risk of teratoma formation can be minimised via cell sorting to purify DA neuron
populations, and prolonging in vitro differentiation of ESCs (Brederlau et al., 2006,
Hedlund et al., 2008). Given the advancements in the safe use of hESCs, the first
open-label in-human studies are due to commence in 2019 (Barker et al., 2017).
The development of adult fibroblast-derived iPSCs (Takahashi and
Yamanaka, 2006) has facilitated the generation of stem cells that offers advantages
over existing stem cell sources. In particular, iPSCs are derived from a patient’s own
somatic cells, therefore eliminating the need for immunosuppressive therapy, and
circumvents ethical limitations associated with the use of stem cells derived from
human embryos. Mouse iPSC grafts transplanted into the striatum of 6-OHDA-
treated rats can successfully differentiate into DA neurons, functionally integrate into
the SNc, and improve 6-OHDA-induced motor deficits (Wernig et al., 2008).
Promisingly, PD patient-derived iPSCs grafted into the striatum of 6-OHDA-

lesioned rats have shown prominent DA cell survival and functional motor
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improvement (Hargus et al., 2010). Recent pre-clinical studies revealed that human
control and PD patient-derived iPSC transplantation in MPTP- lesioned primates
rescued motor impairment, produced functional DA neurons, and survived without
tumour formation for at least 24 months (Kikuchi et al., 2017, Hallett et al., 2015).
Whilst IPSC-derived DA cell replacement strategies are a promising therapy in
clinical PD, it is important to determine clinically safe differentiation protocols that
minimise the generation of non-DA neurons that can cause graft-induced
dyskinesias, and to refine protocols for increased reproducibility of iPSC graft
populations (Kikuchi et al., 2017, Hallett et al., 2015).

In summary, current pharmacological approaches for PD include the gold
standard L-DOPA therapy to replenish DA levels, and the use of DA agonists and/
or COMT, AADC, and MAO inhibitors to maintain synaptic DA levels. Moreover,
current surgical treatments for PD include STN or GPi DBS therapy. Whilst these
treatments effectively treat motor symptoms of PD, prolonged use come with
complications such as L-DOPA induced dyskinesias. Furthermore, they fail to treat
the characteristic progressive loss of DA neurons in PD. Experimental therapies to
replenish DA cell populations using ESCs and iPSCs show promising results in pre-
clinical animal models of PD, effectively treating motor symptoms and restoring loss
of DA neuron populations. Based on the success of these pre-clinical studies,
several independent groups have begun to pursue clinical trials with ESC and iPSC-

derived DA neurons.
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1.4 Pathogenesis mechanisms underlying DA cell loss in PD

The pathogenesis mechanisms underlying the progressive decline of nigral DA
neurons and disease symptoms in PD require further study. However, to date
mechanisms implicated to have a role in the pathogenesis of PD include oxidative
stress, mitochondrial dysfunction, dysregulated or disrupted autophagy,

neuroinflammation and DNA damage.

1.4.1 Oxidative stress
Oxidative stress refers to the imbalance between the production of reactive oxygen
species (ROS) and cellular antioxidant activity to detoxify their toxic effects, through
either increased ROS production or impaired antioxidant function. ROS include
superoxide (O227), hydroxyl radial (*OH) and hydrogen peroxide (H202). Superoxide
is produced in the mitochondrial complexes | and lll, which can be converted to the
less toxic H202 by the mitochondrial enzyme manganese superoxide dismutase
(MnSOD) (Murphy, 2009). Superoxide can react with nitric oxide (NO), which is
abundant through the brain, to produce peroxynitrite (ONOO-), a highly reactive
oxidant that can induce lipid peroxidation (Beckman and Koppenol, 1996, Szab?¢ et
al., 2007). H202is normally detoxified by the antioxidants catalase and glutathione
(GSH), but in the presence of ferrous iron (Fe?*) can also be converted through the
fenton reaction into *OH. These ROS are implicated in oxidative damage that
includes DNA strand breaks, lipid peroxidation, and protein oxidation (Dias et al.,
2013).

Increasing evidence suggests that oxidative stress has a significant role in
the pathogenesis of PD. Post-mortem nigral tissues from PD patients show reduced

levels of antioxidants such as GSH (Sofic et al., 1992, Dexter et al., 1989), increased
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levels of lipid peroxidation markers such as 4-HNE (4-hydroxynonenal), lipid
hydroperoxide and MDA (malondialdehyde) (Dexter et al., 1989, Dexter et al., 1994,
Yoritaka et al., 1996), markers of oxidative damage to protein (protein carbonyls)
and DNA (8-hydroxy-2-deoxyguanosine) (Alam et al., 1997a, Alam et al., 1997b),
and increased iron content compared to controls. Increased iron in the SNc
contributes to the exacerbation of oxidative damage via the Fenton reaction, where
ferrous iron interacts with H.O2 to generate hydroxyl radicals (Sofic et al., 1988,
Oakley et al., 2007).

Nigral DA neurons may be particularly vulnerable to oxidative stress due to
the production of ROS during normal DA metabolism. The metabolism of DA via
MAO-B into 3,4-dihydroxyphenylacetic acid (DOPAC) produces H>O2 as a
byproduct (Cohen, 1987). DA is also capable, through spontaneous auto-oxidation
or through the enzyme prostaglandin H synthase, of forming highly reactive DA
quinones (Hastings, 1995). DA quinone is capable of modifying proteins localised
to complex | and Il in the mitochondrial electron transport chain (Van Laar et al.,
2009), and can increase mitochondrial respiration that leads to increased ROS
formation (Berman and Hastings, 1999). DA quinone is also capable of modifying
alpha synuclein to form insoluble protein fibrils, which suggests that DA oxidation
may also have a role in Lewy body formation (LaVoie et al., 2005, Conway et al.,

2001).

1.4.2 Mitochondrial dysfunction
Mitochondria are complex and dynamic organelles that generate cellular energy,
and are also involved in the normal metabolism of lipids and amino acids. Under

normal conditions, mitochondrial respiration produces 022~ and H.O; as by-products
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which are readily detoxified by antioxidant activity. However under pathological
conditions, the increased production of these ROS can lead to cell toxicity (Dias et
al., 2013). Mitochondrial dysfunction was first implicated to have a key role in PD
pathogenesis following the discovery that the toxin MPP+ (1-methyl-4-
phenylpyridinium), which inhibits mitochondrial complex | (a component of
mitochondrial electron transport chain), caused irreversible motor symptoms and
pathology clinically similar to idiopathic PD when accidentally injected intravenously
(Nicklas et al., 1987, Ramsay et al., 1986, Langston et al., 1983). Other known
toxins that inhibit mitochondrial complex | include rotenone, paraquat, maneb and
pyridaben, and these also cause a PD phenotype and DA cell deficits in PD models,
to suggest that mitochondrial dysfunction plays a critical role in PD pathogenesis
(summarised later in animal models of PD). Mitochondrial complex | activity in the
post mortem SNc of PD patients is reduced 30-40% (Schapira et al., 1990a, Mizuno
et al., 1989). This reduction is specific to complex | in the SNc and in the frontal
cortex (Parker et al., 2008), and does not occur in other neurodegenerative
disorders (Schapira et al., 1990Db).

The notion that mitochondrial dysfunction is a key pathogenic process is
supported by studies looking at the function of genes associated with familial PD.
Mutations in the protein deglycase Daisuke Junko-1 (DJ-1) gene cause an
autosomal recessive form of familial PD (Bonifati et al., 2003). DJ-1 knockout mice
show reduced scavenging of mitochondrial H2O2 that is produced during
mitochondrial respiration (Andres-Mateos et al., 2007). A recent study has shown in
rats and post mortem SNc PD tissue that a-synuclein can bind to TOM-20
(mitochondrial pre-protein translocase of outer membrane; a marker of functional

mitochondria) and prevent its interaction with TOM-22. Lack of TOM-20: TOM-22
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binding inhibits transport of proteins into the mitochondria, which can cause
increased ROS generation, and inhibition of mitochondrial activity (Di Maio et al.,
2016).

The autosomal recessive PD-associated genes PTEN-induced putative
kinase 1 (PINK1) and parkin are known to interact with mitochondrial fission and
fusion machinery components including dynamin-related protein 1 (Drp1), Mitofusin,
Mitochondrial Dynamin Like GTPase (OPA1), and Drp1-interacting protein
Mitochondrial fission 1 (Fis1), to modulate normal mitochondrial dynamics (Yang et
al., 2008). In addition, PINK1 and parkin have been implicated in promoting
mitophagy, the selective degradation of damaged mitochondria (Narendra et al.,
2012).Complex | inhibition has been observed in knockout mouse models of PINK1
(an autosomal recessive PD-linked gene), that leads to increased sensitivity to
apoptotic stress (Morais et al., 2009). In addition, defects in mitochondrial
morphology are seen in DA neurons in drosophila PINK1 and parkin mutants (Clark
et al., 2006, Park et al., 2006, Yang et al., 2006). The full interactions involved in the
PINK1/parkin pathway remain unclear, but in summary, PINK1 accumulates on the
outer mitochondrial membrane (OMM) of damaged mitochondria, and recruits and
activates parkin to the OMM. In turn, parkin mediates mitophagy, the autophagic
degradation of mitochondria, through the ubiquitination of mitochondrial substrates
that include Miro and mitofusin 1 and 2 (Narendra et al., 2010, Gegg et al., 2010,
Tanaka et al., 2010).

Given the crucial role of the PINK1/parkin pathway in regulation of mitophagy,
this quality control process likely prevents an increase in ROS production caused
by the toxic accumulation of dysfunctional mitochondria, as a protective mechanism

against cell death (Narendra et al., 2010, Przedborski, 2017).
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1.4.3 Autophagy
Autophagy describes a self-degradation process through which cell components
such as misfolded proteins and damaged organelles can be removed, and is divided
into 3 subtypes: chaperone-mediated autophagy (CMA), microautophagy, and
macroautophagy, each differing in the mechanism used to deliver substrates to
lysosomes. CMA is a selective degradation pathway, where substrates containing a
unique pentapeptide motif (QFERQ) are recognised by and bound to the heat shock
cognate protein 70 (hsc70). This chaperone-substrate complex is then delivered to
the lysosome membrane, and interacts with lysosomal-associated membrane
protein type A (LAMP2A) where the substrate is translocated and internalized into
the lysosome for degradation (Dice, 2007, Bandyopadhyay et al., 2008). In
microautophagy, cytoplasmic substrates (such as aggregated proteins, damaged
organelles) are non-selectively directly engulfed and degraded by lysosomes (Li et
al., 2012). Macroautophagy is a degradation pathway that involves sequestration of
substrates into autophagosomes, and fusion with lysosomes to allow cargo
degradation (Rubinsztein et al., 2012). Given that autophagy is involved in the
clearance of dysfunctional organelles and aggregated intracellular proteins, the role
of dysregulated autophagy in a-synuclein aggregation in PD has been investigated.
a-synuclein is a known substrate of CMA, containing the motif recognised by
hsc70 (Cuervo et al. 2004). Levels of Heat shock cognate 70 kDa protein (Hsc70)
and Lysosome-associated membrane protein 2 (LAMP-2A) are significantly
decreased in the SNc of PD patients, providing evidence that inhibition of CMA is
associated with human PD (Alvarez-Erviti et al., 2010). A53T and A30P a-synuclein

mutations prevent CMA degradation and facilitate aggregation-mediated
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neurotoxicity by blocking LAMP-2A-associated lysosomal translocation in vitro
(Martinez-Vicente et al., 2008). Deletion of Autophagy related 7 (Atg7), a gene
required for autophagosome formation, causes presynaptic aggregation of a-
synuclein protein in vivo, further implicating dysregulated autophagy in the
accumulation of a-synuclein (Friedman et al., 2012).

Other PD-associated genes, including LRRK2, DJ-1 and VPS35 have also
been implicated to have a role in autophagic dysfunction. Over-expression of Lrrk2
(a PD-associated gene) increases autophagosome formation (Gomez-Suaga et al.,
2011). In contrast, siRNA-mediated knockdown of LRRK2 in a genomic reporter cell
model has been reported to increase autophagy and reduces cell death under stress
conditions (Alegre-Abarrategui et al., 2009). The autosomal-dominant G2019S
mutation of LRRKZ inhibits lysosomal translocation that prevents CMA-mediated a-
synuclein degradation (Cuervo et al., 2004, Orenstein et al., 2013). DJ-1 is a known
substrate of CMA (Wang et al., 2016). VPS35 deficient mice have been reported to
develop a-synuclein aggregations in the SNc, caused by impaired LAMP-2A activity
(Tang et al., 2015).

1.4.4 Neuroinflammation

Traditionally, inflammation was seen as a biological response to signal cell injury.
However, emerging evidence suggests that neuroinflammatory responses such as
microglial activation directly contributes to nigral degeneration in PD. Microglia are
the resident immune cells in the brain, and in response to inflammation they undergo
a change in morphology, referred to as its reactive, phagocytotic state.

Human post-mortem studies were the first to show evidence for a link
between neuroinflammation and PD, where an increase in reactive microglia were

localised to the SNc and striatum of idiopathic PD patients (McGeer et al., 1988,
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Mogi et al., 1995). The SNc has a dense microglia population compared to other
brain regions (Lawson et al., 1990). Levels of pro-inflammatory cytokines measured
from cerebrospinal fluid and human post-mortem SNc tissue, including Interleukin
(IL)-1B, IL-2, IL-4, IL-6, IFN-y, epidermal growth factor (EGF), tumor growth factor
(TGF) and tumour necrosis factor (TNF) are elevated in patients with PD compared
to controls (Mogi et al.,, 1996, Hunot et al., 1999). Increased levels of pro-
inflammatory cytokines caused by over-activation of microglia can in turn induce an
immunostimulation in glial cells to produce reactive oxygen species, including nitric
oxide and superoxide (Colton and Gilbert, 1987, Moss and Bates, 2001, Boje and
Arora, 1992, Chao et al., 1992), which suggests that in its reactive state, microglia
are capable of exacerbating neuroinflammation-associated oxidative stress.

A microarray study comparing the gene expression profiles between the
lateral tier and medial tiers of the SNc in human PD cases found that the lateral tier,
which is selectively more vulnerable to cell death (Fearnley and Lees, 1991),
showed higher expression of pro-inflammatory cytokines, including the TNF
receptor superfamily genes in glial cells of the lateral tier compared to the medial
tier. Additionally, they showed reduced expression of glutathione in the lateral tier,
suggesting that the lateral tier in particular is particularly vulnerable to oxidative
stress (Duke et al., 2007).

Epidemiological studies also provide supporting evidence to suggest a role
for neuroinflammation in PD. The risk of PD incidence is 45% lower in regular users
of non-aspirin non-steroidal anti-inflammatory drugs (NSAIDS) (Chen et al., 2005),
however these findings have been refuted with subsequent studies showing little or

no effect of NSAIDS on incidence of PD (Hernan et al., 2006, Hancock et al., 2007).
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A link between neuroinflammation and PD has also been established in animal
models of PD, which show that microglial activation found in the SNc and striatum
of MPTP treated mice (Kurkowska-Jastrzebska et al., 1999), and 6-OHDA-treated
rats (Cicchetti et al., 2002) leads to DA cell death through the increase of glial-
derived ROS production, and reduced production of trophic factors.
1.4.5 DNA damage
DNA damage refers to alterations of DNA structure, such as DNA strand breaks and
base excision, that occur when the metabolic processes that take place in cells also
produce ROS. Under normal conditions, DNA alterations are repaired through base
excision mechanisms, and the toxic effects of ROS are attenuated through
antioxidant activity that respond to elevated ROS (Canugovi et al., 2013). DNA
damage can be induced by increased oxidative stress and mitochondrial
dysfunction, that affect both genomic and mitochondrial DNA (Sanders et al., 2014).
Increasing lines of evidence show that DNA damage can play a role in
neurodegeneration of DA cells in PD. 8-hydroxyguanosine (8-OHdG), a byproduct
of nucleic acid oxidative damage, has greater immunoreactivity in SNc neurons of
PD patients compared to controls (Zhang et al., 1999, Alam et al., 1997a). Increased
levels of 8-OHdG has also been shown in the mitochondrial DNA of PD patients
(Alam et al., 1997a, Shimura-Miura et al., 1999). There are higher levels of
mitochondrial DNA breaks in nigral DA cells of PD cases than controls (Bender et
al., 2006, Kraytsberg et al., 2006). To date however, whether DNA damage is a
cause of SNc degeneration or a consequence of cell death that occurs in the PD
affected SNc remains unclear.
Taken together, these studies indicate that several cell death mechanisms, including

oxidative  stress, mitochondrial dysfunction, dysregulated autophagy,
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neuroinflammation and DNA damage are in the pathogenesis of PD. Misfolding of
proteins such as a-synuclein causes aggregations called Lewy bodies, which have
been associated with progression of disease. Studies show that oxidative damage
is closely linked to mitochondrial dysfunction, and both promote ROS-mediated
toxicity of DA cells which can in turn mediate neuroinflammatory and DNA-damage
responses. These studies also suggest that these mechanisms do not act in
isolation, but instead as a pathogenesis cascade. Understanding the common
downstream molecular pathways that may occur will give insight into the initial

trigger(s) that underlie pathogenesis of DA neurons in PD.
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Figure 1.7. Pathogenesis mechanisms implicated in Parkinson’s disease PD-
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associated pathogenesis mechanisms include oxidative stress mitochondrial
dysfunction, neuroinflammation, dysregulated autophagy and mitophagy, and DNA
damage. These pathways often share common molecular interactions, eventually

leading to DA cell death. Reproduced from Poewe et al. (2017).
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1.5 Animal models of PD

The development of animal models of PD has played a crucial role in our
understanding of the etiology, pathology and pathogenic mechanisms in PD, and
also allow for the testing of potential neuroprotective strategies against PD. Current
animal models can be split into two groups: neurotoxic and genetic models. Despite
the continuing development of these two forms of models, to date none completely
mimics the progression of motor symptoms, pathogenic mechanisms, DA cell loss,
Lewy body pathology and non-DA related aspects of the disease seen in clinical PD

(table 1.2).

1.5.1 Toxin-based models of PD

6-OHDA model of PD

6-hydroxydopamine (6-OHDA) is the most widely used neurotoxin in in vivo and in
vitro research models for PD. The 6-OHDA model was first established by
Ungerstedt (1968) where 6-OHDA was injected into the rat SNc, and caused an
anterograde degeneration of the nigrostriatal pathway, and 6-OHDA—-induced motor
deficits. Due to its low cost and high reproducibility, this model has since become
well characterised in rats, mice and primates (Blandini et al., 2008). 6-OHDA is
structurally similar to DA, but an additional hydroxyl group makes 6-OHDA
neurotoxic to DA neurons. 6-OHDA has high affinity for the DA transporter (DAT),
which allows for the selectively damage of DA neurons (Bove et al., 2005, Sachs
and Jonsson, 1975). 6-OHDA is unable to cross the blood-brain barrier, therefore
requiring direct administration into the nigrostriatal system for neurotoxicity to occur.
6-OHDA accumulates in DA neurons and inhibits mitochondrial activity, but can also

be oxidised into quinones and ROS in the form of hydroxyl radicals (Bove et al.,

28



2005, Blum et al., 2001). These ROS initiate stress response systems, which lead
to oxidative stress in surrounding cells, ultimately causing DA cell death (reviewed
earlier).

Numerous studies indicate that the degree of nigrostriatal lesion and
subsequent decline in motor function depends on the site of injection and dose of
6-OHDA. For instance, direct injection into the SNc produces neurodegeneration
within 12 hours, followed by loss of striatal terminals over 1-7 days (Jeon et al.,
1995). Striatal 6-OHDA lesions are capable of producing progressive, retrograde
loss of SNc DA neurons from 1-2 weeks following lesion, and progress over 8-16
weeks (Sauer and Oertel, 1994). Direct injections are typically performed
unilaterally, as bilateral administration of 6-OHDA is commonly fatal (Ungerstedt,
1971). Additionally, unilateral injection allows using the un-lesioned contralateral
hemisphere as an internal control. Behavioural analysis following the post-6-OHDA
administration of amphetamine or DA agonists can assess the asymmetrical
rotations that occur, to estimate the degree of unilateral DA cell loss (Ungerstedt
and Arbuthnott, 1970). While the 6-OHDA model mimics the behaviour deficits, DA
depletion and DA neuron loss in PD, 6-OHDA lesions do not replicate formation of
a-synuclein Lewy bodies in the SNc, the hallmark pathology in clinical PD. In
addition, 6-OHDA does not cause lesions at the brainstem and olfactory regions
associated with PD, nor replicate the progressive motor deficits and DA cell loss

seen in clinical PD.

MPTP model of PD
The toxicity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)was first

discovered in the 1980’s following the accidental intravenous injection of synthetic
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meperidine contaminated with MPTP by a group of drug users, who developed
symptoms resembling idiopathic PD (Davis et al., 1979, Langston et al., 1983). Due
to its lipophilic structure, MPTP can readily pass through the blood-brain barrier.
MPTP readily enters the brain and is metabolized by MAO-B to the active metabolite
form MPP?* in astrocytes. MPP* is a substrate of DAT and accumulates in the
mitochondria of DA neurons where it inhibits complex 1, which induces free radical
production that leads to cell damage and death via oxidative stress mechanisms
(Du et al., 2001, Sriram et al., 1997).

Whilst MPTP is readily used to model PD in mice and non-human primates,
and is commonly administered systemically (Przedborski et al., 2001), rats are
resistant to MPTP and require the stereotaxic administration of the metabolite MPP+
for nigrostriatal lesions to occur (Chiueh et al., 1984, Przedborski et al., 2001) MPTP
mimics the DA depletion, DA neuron loss and behaviour deficits seen in clinical PD,
and causes an increase in oxidative stress and mitochondrial dysfunction
pathogenesis mechanisms seen in human PD (Nicklas et al., 1985). MPTP does not

cause the formation of a-synuclein inclusions (Halliday et al., 2009).

Paraquat model of PD

Paraquat (N,N’-dimethyl-4,4'-bipyridinium dichloride) is a widely used herbicide with
a structural similarity to MPP+. When converted to its cation PQ+ state, paraquat is
a substrate of DAT (Rappold et al., 2011). Paraquat causes neurotoxicity through
redox cycling, to generate ROS including superoxide, hydrogen peroxide, and
hydroxyl radicals which exacerbates oxidative stress (Przedborski and
Ischiropoulos, 2005, Day et al., 1999). Intraperitoneal injection of paraquat in mice

causes age and dose-dependent DA depletion, nigrostriatal lesions and motor
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deficits (McCormack et al., 2002, Thiruchelvam et al., 2003). Significantly, paraquat
administration in mice is associated with a-synuclein aggregations in SNc DA
neurons (Manning-Bog et al., 2002), which makes the paraquat model valuable for

the study of mechanisms of onset of Lewy body pathology in PD.

Rotenone model of PD

The pesticide rotenone is a neurotoxin that, similarly to MPTP, has a lipophilic
structure which allows it to readily cross the blood-brain barrier. Rotenone causes
toxicity through inhibition of mitochondrial complex 1, which leads to over-production
of ROS. Rotenone-induced animal models of PD replicate almost all hallmarks of
PD, including behavioural deficits, DA depletion, nigral DA cell loss, a-synuclein
aggregations, pathology in non-dopaminergic peripheral regions and non-motor
symptoms such as gastrointestinal dysfunction (Betarbet et al., 2000, Sherer et al.,
2003b, Greenamyre et al., 2003).

Direct stereotaxic injection of rotenone into the medial forebrain bundle
causes nigral DA cell loss and striatal DA depletion (Heikkila et al., 1985). Systemic
intravenous infusion of low doses (2-3 mg/kg/day) of rotenone for 1- 3 weeks
through osmotic mini-pumps produces nigrostriatal lesions, Lewy-body like
inclusions and progressive motor deficits (Betarbet et al., 2000).

Chronic intraperitoneal rotenone injections (2 mg/kg) for 6 weeks shows
evidence of Lewy body-like inclusions in the myenteric plexus and a progressive
loss in gastrointestinal motility, which replicates peripheral, enteric nervous system
symptoms and pathology seen in clinical PD (Drolet et al., 2009). Lower doses of
systemic rotenone over 2 months show a further progressive, dose dependent effect

on motor function, nigrostriatal deficits and DA levels (Alam and Schmidt, 2002).
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The variability in percentage of cohorts that show rotenone-mediated toxicity and
the reproducibility and consistency of lesion size have been has been the main
limitations of the systemic rotenone model (Betarbet et al., 2000, Fleming et al.,
2004).

Cannon et al (2009) described a highly reproducible rotenone model of PD,
which showed that daily intraperitoneal rotenone treatment (3mg/kg) in rats induced
relatively uniform bilateral nigrostriatal lesions in all rats studied. Rotenone
treatment led to a progressive motor deficit, loss of 45% of nigral DA neurons, loss
of striatal DA terminals which was associated with nigral a-synuclein aggregation.
Thus, the reproducible features of this modified chronic rotenone rat model of PD
make it ideal for the assessment of experimental disease-modifying therapies

(Cannon et al., 2009).

Table 1.2 Toxin-induced animal models of PD

Non-
. Motor LB
Neurotoxin deficits DA cell death pathology motor References
symptoms
] (Bove et al.,
6 8;?/* + + - - 2005, Blum et
al., 2001).
MPTP (Przedborski
+ + _ et al., 2001,
(m_ouse, ) Schober,
primate) 2004)
Paraquat .
(rat N + + ) (Manning-Bog
; et al., 2002),
mouse)
Rotenone . N + + (Heikkila et al.,
(acute, rat) 1985)
Rotenone + (Cannon et al.,
(chronic, + , + + 2009, Drolet et
rat) (progressive) al., 2009)
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Figure 1.8. Toxin-based animal models of PD MPTP crosses the blood-brain
barrier and metabolized to MPP+ by MAO-B in microglia. MPP+ is then taken up
by DAT where it impairs mitochondrial respiration by mitochondrial complex 1,
causing oxidative stress. 6-OHDA and paraquat cross DA cell membrane through
DAT, causing toxicity through mitochondrial dysfunction-induced ROS and quinone
production that leads to nigrostriatal neurodegeneration. Due to its lipophilic
structure, rotenone crosses the blood brain barrier, inducing the formation of a-
synuclein aggregates and inhibits mitochondrial complex | activity with the
subsequent production of ROS and quinones. Reproduced from Blesa et al. (2016).
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1.5.2 Genetic-based models of PD

Currently, genetic forms of PD account for 15% of all PD cases, although this figure
is likely to increase as novel genes continue to be identified (Klein and
Westenberger, 2012, Verstraeten et al., 2015, Trinh and Farrer, 2013). The
identification of PD-associated genes has advanced the study of molecular
mechanisms that lead to PD. New genetic models of PD continue to be generated
to study the common pathways between familial and idiopathic PD that initiate the
cascade of pathogenic mechanisms. Advances in genetic manipulation have
facilitated the use of transgenic approaches to drive overexpression of PD genes,
targeted deletions to create knockout models, and viral vector-mediated approaches
to introduce gene mutations (Dawson et al., 2010, Blesa et al., 2012). Whilst the
precise mechanisms underlying the genetic forms of PD will be discussed in detail
in section 1.6.2 of this thesis, this section will summarise the current genetic animal
models available. These include the overexpression of autosomal dominant genes
(a-synuclein, Leucine-rich repeat kinase 2; LRRK2) and knockout models of

autosomal recessive genes (Parkin, PINK1, DJ-1) in rodents.

a-synuclein transgenic models of PD

a-synuclein is located pre-synaptically and regulates Soluble NSF attachment
protein receptor (SNARE) complex assembly, which mediates fusion of synaptic
vesicles to the presynaptic membrane (Burré et al., 2010). Mutations in a-synuclein
that lead to A53T, A30P, and E46K substitutions cause autosomal dominant PD,
and lead to over-expression of a-synuclein protein which is associated with
increased Lewy body pathology. Multiplication of the a-synuclein locus is also

associated with increased PD (Singleton et al., 2003).
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A study by Masliah et al. (2000) was the first to develop a transgenic mouse
model to overexpress wild-type human a-synuclein. Despite the presence of motor
deficits and presence of a-synuclein aggregations in the SNc, hippocampus and
neocortex, the main limitation to this transgenic mouse model is the lack of nigral
DA cell degeneration. Further pre-clinical studies have used different promoters to
drive expression of the transgene (Neumann et al., 2002, Giasson et al., 2002, Lee
et al., 2002). Whilst these a-synuclein transgenic mouse models have successfully
reproduced the hallmark motor deficits and LB pathology, the majority have not been
able to reproduce the progressive DA cell loss seen in clinical PD (see Table 1.3).

The use of the bacterial artificial chromosome (BAC) approach has been an
alternative approach to create genetic models of PD. Due to their large insert size,
BACs can accommodate the transgene’s native promoter and regulatory factors, to
provide a more stable vector than other approaches (Shizuya et al., 1992). Janezic
et al. (2013) reported that BAC-mediated WT human a-synuclein overexpression in
mice exhibits deficits in DA release, motor deficits, and a-synuclein protein
aggregate formation. However, nigral DA neuron loss was modest, with 18-month
old mice displaying 30% loss of DA neurons.

Recently, adeno-associated virus (AAV) approaches have been used to drive
the overexpression of WT and mutant forms of a-synuclein as a model of PD in
mice, rats and primates. AAV-mediated A30P overexpression, via vector injection
into the midbrain of rats, induces DA cell loss, but fails to reproduce motor deficits
(Klein et al., 2002). Conversely, AAV-mediated overexpression of human WT and
AS53T a-synuclein in rats, mice and primates via delivery into the SNc induces
spontaneous motor deficits, striatal DA terminal loss, Lewy body pathology, and

crucially, a progressive 30-80% loss of nigral DA neurons (Decressac et al., 2012,
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Ip et al., 2017, Klein et al., 2002). Taken together, these studies suggest that the
AAV-mediated A53T overexpressing a-synuclein rodent and primate models closely

resemble the hallmark clinical symptoms and pathology seen in human PD.

LRRK?2 transgenic models of PD
Mutations to the LRRKZ (leucine rich repeat kinase 2) gene are the most common
genetic cause for autosomal dominant PD (Berg et al., 2005), with the most common
mutations including G2019S, R1441G and R1441C. Multiple pre-clinical studies
have looked to model PD using LRRK2 knockout and transgenic overexpression
approaches, however results have been inconsistent and varied in both mice and
rats (Xiong et al., 2017). For instance, knockout of LRRK2 in mice has been reported
to cause a-synuclein aggregation, alongside increased apoptosis,
neuroinflammation and oxidative DNA damage, without any changes to motor
function or DA cell loss (Tong et al., 2010). BAC-transgenic mice generated to carry
WT, R1441C, or G2019S missense mutations have been shown to display motor
deficits and DA depletion, without nigral DA cell neurodegeneration or a-synuclein
aggregation (Li et al., 2009, Li et al., 2010). To date, two transgenic LRRK2 mouse
models have successfully shown nigral DA cell loss. Transgenic (G2019S) mice
display age-dependent 50% loss of DA cells and associated motor deficits, despite
a lack of a-synuclein aggregation (Chen et al., 2012). Another study has reported
that G2019S transgenic mice develop modest nigral DA cell loss, without loss in
motor function or a-synuclein aggregation (Ramonet et al., 2011).

In many cases, LRRK2 models fail to reproduce the hallmark nigrostriatal
lesions and LB pathology, and to date no LRRK2 model reproduces all the hallmark

characteristics of PD, suggesting that the LRRK2 mouse model is not a strong
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model. This may be due to technical variability involving different levels of LRRK2

expression, or additional compensatory mechanisms. The use of additional genetic

manipulations and/ or toxins in combination with LRRK2 overexpression may

provide a more effective model of PD.

Table 1.3 Autosomal dominant animal models of PD

Promoter

a-synuclein

PDGF- B (WT)
(mouse)
mThy1 (A30P)

mouse)

mPrP (A53T)
(mouse)

BAC (WT)
(mouse)

LRRK2

BAC (mouse;
WT; G2019S;
R1441C)

G2019S
(mouse)

G2019S
(mouse)

Motor
deficits

+

DA cell death = LB pathology

Progressive
DA cell
degeneration

Pink1 and parkin knockout models of PD

+

References

(Masliah and
Hashimoto, 2002)

(Neumann et al.,
2002)

(Giasson et al.,
2002, Lee et al.,
2002)

(Janezic et al.,
2013)

(Li et al., 2009)

(Chen et al.,
2012)

(Ramonet et al.,
2011)

Mutations in parkin and PINK1, genes associated with mitochondrial maintenance,

are linked to autosomal recessive forms of PD (see Table 1.4). PINK1 and parkin

knockout mouse models display very similar parkinsonian phenotypes. Though

these models reproduce striatal DA depletion, they do not exhibit nigral DA cell loss,
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nor LB pathology. Despite this, these knockout models all show a reduction in
mitochondrial activity, indicating that these models could be used to further
understand pathogenic mechanisms of PD (Gautier et al., 2008, Kitada et al., 2007,
Gispert et al., 2009, Goldberg et al., 2003, ltier et al., 2003). However, the lack of
nigrostriatal lesion or LB pathology in these knockout models makes them

inadequate models to test neuroprotective strategies.

DJ-1 knockout models of PD

Missense mutations to the DJ-1 gene, involved in a-synuclein chaperone activity,
have been implicated in autosomal recessive, early onset PD. Knockout mice
models have been reported to show DA depletion and motor deficits, but are not
able to reproduce nigral DA cell loss, nor LB pathology (Goldberg et al., 2005). DJ-
1 knockout mice treated with MPTP showed a hypersensitivity to the toxin-induced
deficits, which demonstrate a motor deficit, striatal DAT loss and loss in nigral DA
cells that are attenuated with AAV-mediated delivery of DJ-1 (Kim et al., 2005).
Rousseaux et al. (2012) report a DJ-1 knockout mouse model, crossed with C57-
BL6 mouse line, which shows mild motor deficits, and progressive, age dependent
loss of nigral DA cells. Though this model requires further characterisation, this
could be a valuable tool to test the preclinical stages of PD, and potential

neuroprotective strategies.

38



Table 1.4 Autosomal recessive animal models of PD

Gene Motor deficits = DA cell death patr%c?ogy References
No DA cell (Gautier et al., 2008,
PINK1 (KO) + degeneration - Gispert et al., 2009,
Kitada et al., 2009)
. No DA cell (Goldberg et al.,
Parkin (KO) + : - 2003, ltier et al.
degeneration , )
g 2003)
No DA cell (Goldbe.rg et al.,
DJ-1 (KO) + degeneration - 2005, Kim et al.,
2005)
Progressive
DJ-1 KO- + D?A cell ) (Rousseaux et al.,
C57BL6 2012)

degeneration

In summary, despite the continuous development of toxin and genetic models of PD,
no single model can fully reproduce all hallmark aspects of clinical PD. Recent
studies show promise in approaches using viral-mediated expression of PD-linked
genes, and the combination of transgenic mouse models and DA toxin delivery.
Hence, using multiple models may likely be the key strategy develop a more

clinically relevant model of PD.
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1.6 Aetiology of PD

Currently the underlying cause(s) of PD are to date not well understood, with over
85% of PD cases having idiopathic origin. The remaining 10-15% of cases arise
from genetic mutations that are known as familial forms of PD (Thomas and Beal,
2007, Lesage and Brice, 2009). It is therefore likely that PD arises due to a
combination of environmental and genetic factors, which will be discussed in this

section.

1.6.1 Environmental factors

Predisposing factors

Aging is the most significant risk factor for idiopathic PD. PD affects 1% in the
population over 60, and rises to almost 5% of the population over 85 (Nussbaum
and Ellis 2003, de Lau and Breteler, 2006) . Additionally, there is increasing
evidence that links a range of environmental factors with increased risk of
developing PD. These include a link between increased PD risk and head trauma
(Lehman et al., 2012), anaemia (Savica et al., 2009), and the use of herbicides and
pesticides including paraquat, maneb, permethirn and rotenone (Tanner, 2010,
Tanner et al., 2011, Semchuk et al., 1992, Costello et al., 2009, Dick et al., 2007).
These toxins are known to induce mitochondrial dysfunction and oxidative stress,

pathogenic mechanisms that are capable of exacerbating cell death.

Protective factors

The association between cigarette smoking and PD has been well documented, with
several studies showing a clear temporal and dose-dependent association between
smoking and reduced risk of developing PD (Kiyohara and Kusuhara, 2011, Thacker

et al., 2007). The neuroprotective potential of nicotine has been investigated in vivo,
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and studies show that nicotine administration in 6-OHDA rat models of PD protects
against toxin-induced motor deficits and nigral DA cell loss, and is able to reduce
levodopa-induced abnormal involuntary movements (Huang et al., 2009, Bordia et
al., 2008). Nicotine may have neuroprotective potential through stimulation of
nicotinic acetylcholine receptors, or through the inhibition of MAO-B activity (Fowler
et al., 1996, Quik et al., 2009).

Similarly, studied have shown the potential protective effect of caffeine
consumption in PD, with increased caffeine intake associated with reduced
incidence of PD (Hernan et al., 2002, Ross et al., 2000). Caffeine protects against
nigral DA neuron loss in paraquat and maneb mouse models of PD. Caffeine is an
antagonist of adenosine receptors, which modulate GABA and glutamate release
within the indirect pathway of the basal ganglia network. This neuroprotective effect
could therefore be potentially mediated through blockade of these receptors
(Kachroo et al., 2010, Xu et al., 2005).

The use of non-steroidal anti-inflammatory drugs (NSAIDs) has been
increasingly associated with reduced risk for PD, with regular users of NSAIDs
(greater than twice a week) reporting 45% less risk of PD than non- users (Chen et
al., 2005, Wahner et al., 2007). Further clinical studies have shown an association
between ibuprofen use and reduced risk of PD, but no effect with other NSAIDs
(Gao et al., 2011), to suggest that ibuprofen in particular may have potential as a

neuroprotective strategy in PD.

1.6.2 Genetic factors
In at least 10-15% of cases, PD is caused by a single gene mutation with either

autosomal dominant or recessive inheritance (Klein and Westenberger, 2012,
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Verstraeten et al., 2015, Trinh and Farrer, 2013). Through linkage analysis, genomic
sequencing and genetic association approaches, mutations in 3 genes (a-synuclein,
LRRK2, and VPS35) are now known to cause autosomal dominant forms of familial
PD, while mutations in six other genes (PINK1, DJ-1, Parkin, ATP13A2, FBX07, and
PLA2G6) are known to causes recessive forms of PD. Parkin, PINK1 and DJ-1
mutations cause early-onset autosomal recessive parkinsonism, where onset of
disease occurs between ages 20 to 50, and affects between 5 to 10% of all PD
cases (Golbe, 1991). Among early onset PD patients, parkin mutations are the most
common, present in 45% of early onset PD cases (Lucking et al., 2000). PINK1 and
DJ-1 mutations are less common, present in less than 4% and 2% of early-onset
PD cases respectively (Kumazawa et al., 2008, Hague et al., 2003, Hedrich et al.,

2004, Schrag and Schott, 2006).

1.6.2a Autosomal dominant PD

a-synuclein

a-synuclein encodes a 140 amino acid length, natively unfolded presynaptic protein
of the synuclein family, comprised of 3 regions: a lipid-binding terminus, a central,
NAC (non-AB component), hydrophobic terminus which is not seen in other proteins
in the synuclein family, and a carboxyl terminus (Maroteaux et al., 1988). a-
synuclein is abundantly expressed in presynaptic terminals throughout the brain,
positioned closely to synaptic vesicles (Maroteaux et al., 1988). a-synuclein
mediates assembly of SNARE complexes, which have a crucial role in mediating
the fusion of neurotransmitter-containing vesicles to the presynaptic membrane. o-
synuclein promotes complex assembly by directly binding to phospholipids via the

N-terminus and to the C-terminus of the SNARE protein synaptobrevin-2/ vesicle-
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associated membrane protein 2 (VAMP2) (Burré et al., 2010). a-synuclein has a key
role in the pathophysiology of PD as a major component of Lewy bodies and neurites
(Spillantini et al., 1997, Baba et al., 1998).

A total of 5 a-synuclein point mutations are known to date. The A53T
missense mutation is localised to the protein region where the secondary structure
is an a-helical formation, bound by B-sheets. The A-T amino acid substitution
disrupts the a helix, extending 8 sheet structure of the protein. The A30P mutation
is localised to the terminal position, and likely affects binding to synaptic vesicles. In
addition, the A-P substitution disrupts the a helical structure and extends the (3
sheet, making protein more susceptible to self-aggregate (El-Agnaf et al., 1998,
Polymeropoulos et al., 1997). The E46K mutation increases a-synuclein fibril
formation, which promotes aggregate formation (Choi et al., 2004, Greenbaum et
al., 2005). The G51D mutation is located on the a-synuclein NAC-terminus domain,
and causes a-synuclein to assemble into fibrils that are higher in toxicity than WT a-
synuclein (Lesage et al., 2013). The H50Q mutation, similarly to AS0OP and AS3T
mutations, disrupts the a helical structure (Appel-Cresswell et al., 2013).

Following the AS3T identification in Italian and Greek families
(Polymeropoulos et al., 1997), the ASOP mutation was detected in a single German
family (Krager et al., 1998), and the E46K mutation in a single Spanish family
(Zarranz et al., 2004). Most recently, the G51D mutation has been reported in
unrelated French and British families, as well as a Japanese female patient (Kiely
et al., 2013, Lesage et al., 2013, Tokutake et al., 2014), and H50Q in two single
patients of English and Welsh ancestry (Proukakis et al., 2013, Appel-Cresswell et

al., 2013).
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Multiplication of WT a-synuclein has also been associated with increased
disease severity , earlier age of onset, and faster progression of symptoms in PD
patients (Singleton et al., 2003, Chartier-Harlin et al., 2004, Ferese et al., 2015).
Quadruplication of a-synuclein has been seen in 7 unrelated families, and typically
present with earlier age of onset and more severe progression than cases with a-
synuclein triplication, indicating that severity of disease correlates with dosage of a-

synuclein (Ferese et al., 2015, Ikeuchi et al., 2008).

LRRK?2

Leucine-rich repeat kinase 2 (LRRK2) encodes a large multi-domain protein
belonging to the Ras of complex (ROCO) protein family. LRRK2 has two central
enzymatic domains (GTPase and serine/threonine kinase) as well as domains that
mediate protein-protein interactions. LRRK2 is expressed throughout several
tissues including the liver, lungs, heart, kidneys and the brain (Paisan-Ruiz et al.,
2004, Westerlund et al., 2008, Giasson et al., 2006). Wild type mammalian LRRK2
regulates neurite length and neuron survival in developing neurons (MacLeod et al.,
2006, Parisiadou et al., 2009).

LRRK2 has been implicated to have a role in regulation of mitochondrial
fusion/fission dynamics, interacting with the mitochondrial fission factor Dynamin-
like protein 1 (DLP1). LRRK2 expression promotes DLP1 recruitment to
mitochondria, and induces mitochondrial fission and fragmentation (Niu et al., 2012,
Wang et al.,, 2012). LRRK2 interacts with members of the dynamin GTPase
superfamily involved in mitochondrial fusion, including mitofusin 1, 2 and OPA1
(Stafa et al., 2013). LRRK2 is also implicated to have a role in the autophagy/

lysosomal pathway, by regulating Ca?* dependent activation of a CaMKK/adenosine
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monophosphate (AMP)-activated protein kinase (AMPK) pathway, which when
overexpressed leads to increased autophagosome production (Gémez-Suaga et al.,
2011). Loss of LRRK2 causes impairment of the autophagy-lysosomal pathway,
leading to accumulation of aggregated a-synuclein protein (Tong et al., 2010), and
has been also been implicated in chaperone-mediated autophagic dysfunction
(Orenstein et al., 2013).

Mutations of LRRK2 are the most common cause of autosomal dominant PD,
accounting for 4- 10% of familial PD cases, dependent on population cohorts studied
(Berg et al., 2005, Di Fonzo et al., 2005, Zimprich et al., 2004, Healy et al., 2008),
and 3.6% of sporadic PD cases (Paisan-Ruiz et al., 2008). Currently, over 100
mutations (miss-sense or non-sense) of LRRK2 have been reported (Rubio et al.,
2012). To date however, only 7 mutations have confirmed autosomally dominant PD
pathogenicity via linkage studies. These include Asn1437His, Arg1441Cys,
Arg1441Gly, Arg1441His, Tyr1699Cys, Gly2019Ser, and 11e2020Thr (Paisan-Ruiz
et al., 2004, Di Fonzo et al., 2006, Zimprich et al., 2004, Zabetian et al., 2005, Di
Fonzo et al., 2005, Aasly et al., 2010). The most common and well-studied mutation
Gly2019Ser is detected in 1.6% of idiopathic PD cases (Gilks et al., 2005), and 3-
6% of familial PD cases of North American and European origin (Di Fonzo et al.,
2005, Kachergus et al., 2005, Healy et al., 2008, Nichols et al., 2005, Di Fonzo et
al., 2006). Gly2019Ser is more prevalent in familial PD populations of Ashkenazi
Jews, with up to 30% of all cases carrying the mutation (Ozelius et al., 2006) and
North African Arab kindred (40%) (Lesage et al., 2006). Conversely, the Gly2019Ser
mutation remains rare in Asian kindred, prevalent in <0.1% of an Asian population
studied (Tan et al., 2005). The Gly2019Ser mutation has age-dependent

penetrance, varying from 28% at 59 years to 50% at 60 years, and 74% at 79 years
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(Healy et al., 2008). The Gly2019Ser mutation enhances kinase activity, suggesting
that this mutation causes a gain of function phenotype to enhance neurotoxicity
(West et al., 2005). Further studies are required to characterise the function of other

LRRK2 mutations in the context of PD pathogenesis.

VPS35

Vacuolar protein sorting 35 (VPS35) encodes a protein component of the retromer
complex, which plays a role in regulating retrograde transport of proteins from
endosomes to the trans-Golgi network, and recycling of transmembrane protein
cargo (Attar and Cullen, 2010). The D620N mutation of VPS35 causes autosomal-
dominant PD, shown in two independent studies comprised of Austrian and Swiss
kindred (Zimprich et al., 2011, Vilarifio-Guell et al., 2011). Whilst the pathogenesis
mechanisms underlying VPS35 mutations are not fully understood, viral-mediated
overexpression of human WT and D620N VPS35 in primary cortical neurons and
in the rat SNc leads to neuronal death (Tsika et al., 2014), indicating that the
mutation likely has a toxic gain of function. The D620N mutation disrupts the function
of VPS35 via altering the transport of endosomes containing CI-M6PR (a capthesin
D receptor) to the perinuclear subcellular localization. Consequently, this mutation
alters trafficking of capthesin D, a protease that is involved in degradation of a-
synuclein, which can potentially lead to altered a-synuclein aggregation (Follett et
al., 2014). The D620N VPS35 mutation has been implicated to have a role in
impaired autophagy through inhibition of autophagosome formation (Zavodszky et
al., 2014). Overexpression of the D620N mutation in mice reduces LAMP-2A

expression, which results in accumulation of a-synuclein (Tang et al., 2015). VPS35
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mutations are rare, comprising 1% of familial PD cases and <0.2% of sporadic PD

(Lesage et al., 2012, Zimprich et al., 2011).

1.6.2b Autosomal recessive PD
Parkin
Parkin belongs to the family of ubiquitin E3 ligases, and catalyses the attachment of
ubiquitin to protein targets, marking them for proteasome-mediated destruction
(Shimura et al., 2000). Parkin also has a role in mitochondrial maintenance, where
it induces autophagy of dysfunctional mitochondria, via ubiquitination of
mitochondrial membrane proteins (Narendra et al., 2008). Parkin mutations cause
a loss of function of the protein via inactivation of the E3 ligase function, failure of
target protein ubiquitination and consequent build-up of proteins normally degraded
by ubiquitin-proteosome pathway (Shimura et al., 2000). Candidate protein
substrates of parkin remain unclear, but to date parkin has been implicated in the
ubiquitination of a-synuclein, which when impaired causes a-synuclein
accumulation (Shimura et al., 2001).

To date, 147 mutations of parkin have been reported, and are comprised of
point mutations, exonic deletions, insertions and duplications (Abbas et al., 1999,
Hedrich et al., 2001, West et al., 2002, Foroud et al., 2003, Nuytemans et al., 2010,
Grunewald et al., 2010). Mutations in parkin were first reported in Japanese kindred
with cases displaying autosomal recessive juvenile PD (ARJP) (Kitada et al., 1998).
Parkin mutations are the most common cause for ARJP, responsible for 50% of
ARJP cases under 25 years, and 7% of cases between the ages of 30-45 (Lucking

et al., 2000, Periquet et al., 2003).
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PINK1

PTEN-induced putative kinase 1 (PINK1) contains an N-terminal mitochondrial
targeting sequence, a serine/threonine kinase domain, and a C-terminal domain.
PINK1 has a role in mitochondrial maintenance, with close functional links to Parkin.
PINK1 is imported into mitochondria, and accumulates on the OMM via TOM7 in
association with the TOM complex (Hasson et al., 2013). On the OMM, PINK1
phosphorylates ubiquitin which activates Parkin’s ubiquitin ligase activity (Matsuda
et al., 2010) to ubiquitinate OMM proteins (Sarraf et al., 2013). This leads to
proteasomal degradation of OMM proteins (Tanaka et al., 2010, Chan et al., 2011,
Yoshii et al., 2011) and to selective autophagy of damaged mitochondria (Narendra
et al., 2008).

PINK1 mutations are the second most common cause of autosomal
recessive early onset PD, responsible for 2-4% of Caucasian sporadic PD cases,
and between 4-9% of Asian populations The locus containing PINK1 was first
identified in 2001 (Valente et al., 2001), within 4 affected members of a large Italian
kindred. Identification of the gene and its function remained unknown until 2
mutations of the PINK1 kinase domain were reported in 1 Spanish and 2 ltalian
families (Valente et al., 2004). The Spanish kindred showed a G309D missense
mutation at the kinase domain, and the two Italian families a W437X substitution
which truncated the final 145 amino acids of the C-terminus in the kinase domain.
To date, 10 missense, nonsense, copy number, frameshift and deletion mutations
have been reported (Li et al., 2005, Camargos et al., 2009, Ibafiez et al., 2006,
Bonifati et al., 2005, Kumazawa et al., 2008, Hatano et al., 2004). These mutations
cause a loss of function effect on PINK1 protein, as recruitment of parkin by PINK1

is abolished which in turn causes accumulation of dysfunctional mitochondria
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(Matsuda et al., 2010). Patients present with early onset of disease, slow disease
progression, absence of dementia and good response to levodopa treatment. To
date, limited neuropathology information has been reported, with brainstem LB

pathology and cell loss in the SNc.

DJ-1

Protein deglycase DJ-1 (Daisuke-Junko-1) is a multifunctional protein, involved in
transcriptional activation, amino acid repair, molecular chaperone, oxidative stress,
and mitochondrial function (Richarme et al., 2015). DJ-1 functions as a redox
regulated molecular chaperone which is activated in oxidative environments, and
inhibits alpha synuclein fibril aggregation, a function which is abolished in the
Leu166Pro mutation (Shendelman et al., 2004, Zhou et al., 2006). DJ-1 is localised
to the mitochondria, and scavenges H20., functioning as an atypical peroxiredoxin-
like peroxidase (Andres-Mateos et al., 2007). DJ-1 has been identified as an
oxidative stress sensor (Mitsumoto and Nakagawa, 2001, Canet-Aviles et al., 2004).
DJ-1 transcriptionally activates PINK1 by binding to Foxo3a, indicating that DJ-1
may modulate the PINK1-Parkin pathway (Requejo-Aguilar et al., 2015). DJ-1
mutations are rare, accounting for 1-2% of early onset PD cases. DJ-1 was first
associated with autosomal recessive early-onset PD through the identification of a
missense (Leu166Pro) and a large exon deletion mutation found in Dutch and Italian
families (Bonifati et al., 2003). DJ-1 loss of function mutations cause abnormal
mitochondrial fragmentation, caused by elevated ROS levels (Mitsumoto and
Nakagawa, 2001). DJ-1 loss of function mutations cause increased glycolysis and
cell proliferation, and one downstream effect may be reduced glutathione

expression (Requejo-Aguilar et al., 2015).
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GBA1

The glucocerebrosidase (GCase) protein is encoded by the GBA1 gene. GBA is a
lysosomal enzyme, required for the metabolism of glucocerebroside (an
intermediate of glycolipid metabolism) to ceramide. Homozygous mutations cause
Gaucher’s disease, a lysosomal storage disorder caused by the accumulation of
glucocerebroside in macrophages (Tsuji et al., 1987). The mechanism through
which mutations of GBA1 increase PD risk remain unclear. In cultured cortical
neurons, loss of GCase leads to reduced protein degradation by lysosomes, causing
increased a-synuclein aggregation (Mazzulli et al., 2011). Increased a-synuclein
aggregation is also seen in dopaminergic iPS cells derived from patients with
Gaucher’s disease (Mazzulli et al., 2011). GBA1 mutations have been implicated in
impairment of lysosomal activity and clearance of autophagosomes, as well as
impairment in mitochondrial activity leading to generation of ROS (Migdalska-
Richards and Schapira, 2016) Single heterozygous mutations, most commonly
N370S and L444P variants, increase the risk of developing PD 20 to 30-fold and are
more commonly present in the Ashkenazi Jewish population (Aharon-Peretz et al.,

2004).

ATP13A2

ATP13A2 is an enzyme involved in the transport of inorganic cations such as zinc
and manganese. Mutations in this gene cause an autosomal recessive form of PD,
also called Kufor-Rakeb syndrome, which presents as early onset parkinsonism with
dementia in a total of 11 unrelated families of Jordanian and Chilean heritage

(Najim-al-Din et al., 1994, Ramirez et al., 2006). Though the underlying mechanisms
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of the mutations are still unclear, 14 mutations have been implicated in impairment

of the autophagy-lysosomal pathway and mitochondrial function (Park et al., 2015).

FBXo07

The FBX07 gene encodes a member of the F-box protein family, which form a part
of the ubiquitin protein ligase complex called SCFs (SKP1-cullin-F-box). FBX07 has
a role in mitochondrial maintenance via interaction with PINK1 and parkin (Burchell
et al., 2013). Loss of function mutations of FBXO7 have been implicated in loss of
parkin-mediated mitophagy, resulting in mitochondrial dysfunction (Burchell et al.,

2013).

PLA2G6

PLA2G6 encodes a A2 phospholipase enzyme, which functions to metabolize
phospholipids. PLA2G6 mutations cause infantile neuroaxonal dystrophy, and
neurodegeneration with brain iron accumulation. PLA2G6 cases have been linked
to forms of early onset dystonia parkinsonism. However, the underlying mechanisms

of PLA2G6 mutations remain unclear (Paisan-Ruiz et al., 2009).
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Table 1.4. Autosomal dominant and recessive linked genes in familial

Parkinson’s disease

Autosomal Dominant PD

Symbol Gene Gene function

Encodes alpha
synuclein
protein. Role in
regulating
vesicle
transmission in
presynaptic

PARK1 SNCA

Fo;r; of Neuropathology Reference
Neuronal
Early degeneration in (Polymeropoulos

onset PD = SNc, widespread

LB pathology etal., 1997)

terminal
Encodes a large
protein with
multiple
domains. Roles Neuron.al : (Zimprich et al.,
include Idiopathic degeneration in 2004, Paisan-
PARK8 LRRK?2 SNc. Tau protein .
neuronal PD neurofibrilla Ruiz et al.,
maintenance, tangles Y 2004)
mitochondrial g
function, and
autophagy
Encodes
component of
Retromer
complex. Role (Zimprich et al.,
PARK17 VPS35 in regulating Idiopathic N/A 201"1, Vilarifio-
endosome PD Guell et al.,
trafficking and 2011)
membrane
protein
recycling
Autosomal recessive PD
Encodes an E3
- Neuronal
ubiquitin .
. degeneration in
ligase, SN
PARK2  Parkin involved in Early neurofibrillary (Kitada et al.,
proteasome- onset PD 1998)
tangles, Lewy
dependent i
: bodies are
protein absent
degradation
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Encodes
PTEN-induced
putative kinase
1. Localised to
mitochondria,
and regulates
mitophagy with

close
functional links
to DJ-1
Encodes the
multifunctional
protein DJ-1.
Involved in
amino acid
repair, stress
sensor, redox-
activated
chaperone,
and
mitochondrial
function
Encodes GBA
gene- involved
in lysosomal
storage

Early
onset PD

Early
onset PD

Early
onset PD

Neuronal
degeneration in
SNc, and
brainstem LB
formation

N/A

Cognitive
decline

(Valente et al.,
2004)

(Bonifati et al.,
2003)

(Sidransky et al.,
2009)



1.7 Male sex is a strong risk factor for PD
Whilst the underlying cause for PD remains unclear, known risk factors for PD
include aging, environmental and genetic factors. Asides from aging, studies

indicate that the male-sex is the most significant risk factor.

1.7.1 Sex differences in clinical and animal models of PD
Clinical basis for sex differences in PD
Clinical and epidemiological studies demonstrate that the male sex is a significant
risk factor for PD. Multiple studies report a significantly higher incidence rate of PD
in men compared to women, with a relative risk of 1.5-3.7, depending on race and
ethnicity (Wooten et al., 2004, Haaxma et al., 2007, Taylor et al., 2007, Baldereschi
et al., 2000, Van Den Eeden et al., 2003). In a recent meta-analysis of 27 studies,
Hirsch et al. (2016) reports that the incidence of PD is higher in men than women in
the 60 to 69 (568.2 vs 30.3 per 100,000 person-years) and 70 to 79 (162.6 vs 93.3
per 100,000 person-years) age ranges. The prevalence of PD is 2-fold higher in
men than women (Elbaz et al., 2002), which has been reported to be as high as 3-
fold higher in the 50 to 59 age group (Pringsheim et al., 2014). The onset of motor
symptoms occurs 2 years later in women than men (Haaxma et al., 2007). Women
are more likely to present with milder motor deficits than men, inferring that PD
symptoms progress more severely in men than women (Haaxma et al., 2007).
Non-motor symptoms of PD that are more commonly and severely presented
in women compared to men include mood and apathy problems, fatigue, sadness,
anxiety, depression, constipation, restless leg syndrome, and pain (Martinez-Martin
et al., 2012, Solla et al., 2012), whilst daytime sleepiness, salivation problems,

rigidity, rapid eye movement behaviour disorder, dexterity and sexual dysfunction
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are more severe in men than women (Martinez-Martin et al., 2012, Scott et al., 2000,
Baba et al., 2005). In patients with more than 5 years since disease diagnosis, men
scored more poorly in cognitive tests than women, showing poorer results in verbal
fluency, and facial recognition of emotions, whilst women present with poorer
visuospatial recognition (Miller and Cronin-Golomb).

Together, epidemiological and clinical data indicates there is a male-sex bias
in PD, with males having a higher incidence, greater symptom severity, and faster

progression of PD compared to women.

Animal models of PD replicate sex bias in PD

Sex differences observed in human PD have been replicated in animal models of
PD. 6-OHDA-induced lesion of the nigrostriatal pathway in male rats caused a
greater loss of nigral DA neurons and depletion of striatal DA levels compared to
females (Murray et al., 2003, McArthur et al., 2007, Tamas et al., 2005). Moroz
(2003) showed that male rats continued to show greater loss of nigral TH neurons
5 weeks following 6-OHDA lesion of the medial forebrain bundle compared to
females, indicating that the sex difference is not due to increased rate of
degeneration. Similarly, intraperitoneal MPTP treatment caused greater loss of
motor function, nigral DA neurons and striatal DA levels in male mice compared to
females (Dluzen and McDermott, 2000, Miller et al., 1998, Dluzen et al., 1996b,
Antzoulatos et al., 2010). In contrast, Ookubo et al. (2009) showed that MPTP
treatment in mice led to a greater loss of nigral TH protein expression, striatal DA
and DAT expression in females compared to males. In their study, Ookubo et al
(2009) performed a more severe MPTP lesion (4x 20mg/kg intraperitoneal injections

at 2 hr intervals), whereas other studies typically use milder 10mg/kg doses.
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Therefore, the variability in their findings may likely be explained by differences in
MPTP dose.

Taken together, these findings indicate that animal models of PD reproduce
the sex difference seen in epidemiological and clinical studies, which show a male-

sex bias in PD.

Sex differences in the healthy and injured DA system

Various clinical and pre-clinical studies have reported clear sex differences in the
healthy and injured nigrostriatal DA system. For example, there is an intrinsic sex
difference in DA neurons in the SNc, with male rodents having 20% higher number
of DA neurons compared to females (Dewing et al., 2006, Murray et al., 2003,
McArthur et al., 2007). Although males have higher number of DA neurons than
females, there are no sex differences in extracellular DA content (Murray et al.,
2003, Robinson et al., 1990, Walker et al., 2000). This suggests that there are
compensatory mechanisms in the female DA biosynthesis pathway to maintain
equal levels of DA content between sexes. In support, ['®F] Fluorodopa- positron
emission tomography (PET) analysis (an index of presynaptic dopamine synthesis)
showed that healthy premenopausal women have higher DA synthesis capacity
compared to men (Laakso et al., 2002). Furthermore, [''C]raclopride PET analysis
showed that striatal D2 receptor affinity (Kq) was lower in healthy women compared
to men, suggesting that there is increased release of endogenous DA in women
(Pohjalainen et al., 1998). Bhatt and Dluzen (2005) reported that baseline striatal
DOPAC production is lower in female mice than males, suggesting that females
have reduced DA uptake. This sex bias is not due to differences in enzyme activity,

as neither in catechol-o-methyl transferase (COMT; an enzyme that methylates DA)
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nor monoamine oxidase A or B (enzymes that catalyse oxidation of DA) levels or
activity show no differences between male and female mice (Huotari et al., 2002,
Unzeta et al., 1994). High frequency electrical stimulation of the medial forebrain
bundle in rats induced greater striatal DA release in females compared to males,
which was also observed in vitro via stimulation of coronal brain slices (Walker et
al., 2000). In addition, increased DA terminal and synapse density has been
observed in the female embryonic rat caudate nucleus compared to males
(Ovtscharoff et al., 1992, Trips et al., 1998), although this has not been studied in
adults. In summary, these results indicate there are sex differences in multiple
components of the DA biosynthesis pathway, which may underlie a compensatory
mechanism to maintain equal overall DA content.

Striking sex differences have also been reported in clinical PD, in particular
in cellular pathways involved in PD pathogenesis. For instance, plasma
concentrations of a-synuclein are reduced in males with late stage PD compared to
male age-matched controls (Caranci et al., 2013). However, such differences in a-
synuclein were not observed between women, suggesting that plasma a-synuclein
may be a male-specific biomarker for PD (Caranci et al., 2013). Microarray analysis
of nigral DA neurons from post-mortem control brains revealed that genes that are
involved in signal transduction and neuronal maturation are up-regulated in women,
whilst genes that have been implicated in PD pathogenesis (a-synuclein, PINK1)
are up-regulated in men (Cantuti-Castelvetri et al., 2007). Studies from Simunovic
and colleagues have shown that in the post-mortem PD brain, genes involved in
pathways implicated to have a role in PD pathogenesis such as apoptosis, oxidative
phosphorylation, and synaptic transmission are downregulated in DA neurons in

male PD and controls compared to females, whilst genes related to mitochondrial
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respiration were upregulated in male PD and controls compared to females
(Simunovic et al., 2009, Simunovic et al., 2010).

Similarly, evidence from experimental models of PD demonstrate robust sex
differences in markers and sensors of PD pathogenesis. 6-OHDA treatment in male
mesencephalic cultured neurons produced higher levels of ROS, leading to
increased oxidative stress- induced apoptotic and necrotic cell death in male
neurons compared to females (Misiak, 2010). Baseline levels of PON2, a potent
antioxidant located on the mitochondria and expressed in the striatum, is reduced
in the healthy male mouse brain compared to females (Giordano et al., 2014).
Subcutaneous rotenone treatment in mice led to a greater increase in Iba1 (a marker
of active microglia) and TNF-a (a pro-inflammatory cytokine) levels in the female
SNc compared to males (Mitra et al., 2015). In addition, intraperitoneal MPTP
treatment in mice causes increased iINOS protein expression in the striatum in males
compared to females (Joniec et al., 2009). Striatal levels of glutaredoxin (Grx1; a
key antioxidant enzyme involved in the maintenance and activity of mitochondrial
complex 1) are increased in male mice in response to MPTP treatment, compared
to females (Kenchappa et al., 2004). Higher levels of 8-OHdG, a by-product of
oxidative DNA damage, are excreted by healthy men compared to women (Loft et
al., 1992). Taken together, these studies demonstrate pronounced sex differences
in the expression of cellular pathways implicated in PD pathogenesis, which may

underlie the male susceptibility to PD.

1.7.2 Biological factors underlying sex differences in PD
The male sex bias in PD has been classically explained by prevailing levels of sex

hormones between men and women. In particular, the neuroprotective effect of
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oestrogen in females has been clearly demonstrated. However, there is evidence to
indicate that genetic factors, including sex-chromosome genes, also play an

additional role that contribute to the sex differences in PD.

Hormonal factors

Numerous clinical and pre-clinical studies have demonstrated that 17B-estradiol E2
(oestrogen) is neuroprotective against PD in females. For example, onset of
menopause, ovariectomy, withdrawal of hormone replacement therapy, and
oestrogen-low periods during the female menstrual cycle have been linked with
increased severity of PD symptoms in female PD patients (Quinn and Marsden,
1986, Shulman, 2007, Benedetti et al., 2001). Conversely, increased levels of
oestrogen via hormone replacement therapy after menopause leads to reduced PD
symptom severity in females (Tsang et al., 2000b, Saunders-Pullman et al., 1999b),
and post-menopause oestrogen treatment has been associated with reduced risk of
developing PD (Currie et al., 2004).

The neuroprotective potential of oestrogen treatment has also been explored
in animal models of PD. Ovariectomy in healthy non-human female primates caused
a significant reduction in nigral DA neuron density when compared to intact females
(Leranth et al., 2000). Conversely, oestrogen replacement therapy at 10 days post
ovariectomy, rescued DA neuron density to above-control levels, suggesting a
restorative role for oestrogen (Leranth et al., 2000). Submaximal doses of 6-OHDA
or MPTP treatment in ovariectomised female rats and mice caused a greater loss
of striatal DA than gonad-intact females, with oestrogen treatment restoring striatal
DA to control levels (Dluzen et al., 1996a, Gillies et al., 2004, Murray et al., 2003).

The neuroprotective effect of oestrogen is dependent on dose of 6-OHDA, with
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oestrogen having no effect with higher doses of 6-OHDA that cause lesions greater
than 60% (Murray et al., 2003). In contrast, submaximal 6-OHDA treatment in
gonadectomised male rats attenuated losses in striatal DA levels compared to
gonad-intact male controls, whilst oestrogen treatment in 6-OHDA- gonadectomised
male rats caused striatal DA content to decrease to levels of intact male controls
(Murray et al., 2003) indicating that estrogen does not have a neuroprotective effect
in males.

On the other hand, exogenous testosterone administration in 6-OHDA-
treated gonadectomised male rats had no effect on striatal DA content (Murray et
al., 2003, Gillies et al., 2004). Similarly, testosterone treatment had no effect on
striatal DA levels in gonadectomised male CD-1 mice Ilesioned with
methamphetamine compared to male controls (Gao and Dluzen, 2001). However,
testosterone administration in mice following a mild methamphetamine-induced
nigral lesion caused increased DA depletion in gonadectomised and gonad-intact
male controls (Lewis and Dluzen, 2008), suggesting that testosterone may have a
detrimental role in males. Therefore, the effects of testosterone treatment on DA
neurons in males remain unclear, however this may be due to differences in lesion
size and length of treatment between studies.

Collectively, these clinical and pre-clinical findings demonstrate the key role
of oestrogen as a neuroprotective factor in female DA neurons, whilst on the other

hand, hormonal factors may have a detrimental role in males.

Genetic factors
Asides from hormonal factors, recent evidence indicates that genetic differences

between sexes can also contribute the sex differences in PD. Beyer et al. (1991)
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showed that dissociated rat mesencephalic cells cultured in the absence of sex
hormones at E14, show sex differences in the number of DA neurons, with 25%
more TH-ir cells in female cultures compared to males. Conversely, embryonic
midbrain mouse cells cultured prior to the onset of sex hormone production
developed higher endogenous DA levels when cultured from XY rather than XX
embryos (Carruth et al., 2002). Dewing et al. (2003) has reported a sex-specific
expression of at least 7 genes in the developing male and female brain, with 3 (Xist,
Eif2s3x) enhanced in the female brain, and 4 (Dby, Eif2s3y, Cyp7b, rora4) enhanced
in the male brain when cultivated at 10.5 dpc (prior to the onset of sex hormone
expression).

San Luciano et al. (2012) studied single nucleotide polymorphisms of the IL-
6 promoter (-174G>C) and estrogen receptor beta (1730G>A) in caucasian male
and female PD patients, and showed that GG phenotype of the -174G>C mutation
increased the risk of PD two-fold in non-Jewish men with PD, which was not seen
in females. A prior study reported increased risk of PD due to the -174G>C IL-6
promoter mutation was most pronounced in patients with early onset PD
(Hakansson et al., 2005). Additionally, AA phenotype of the 1730G>A mutation
reducing the risk of PD by half in the female population with Ashkenazi Jewish
descent (San Luciano et al., 2012).

These findings support the notion that innate sex-specific genetic differences
in the nigrostriatal DA pathway may also contribute to the sex differences in PD.
Classically, the neuroprotective effects of oestrogen were thought to solely underlie
the sex differences in PD. However, recent evidence demonstrate that genetic
factors, such as sex-chromosome genes (Carruth et al., 2002, Dewing et al., 2006,

Dewing et al.,, 2003, McCarthy and Arnold, 2011), contribute to inherent sex

61



differences in the DA pathway, which could explain the male sex bias in PD. One
ideal candidate of study is the Y-chromosome gene, SRY, based on its role in male-
sex determination, its localisation in male DA neurons, and its role in regulating

motor function in males (Dewing et al., 2006).
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1.8 Y-chromosome gene SRY: A risk factor for male PD?
1.8.1 SRY is the key male-sex determining gene
SRY (sex-determining Region of the Y chromosome) is the key gene in the male
sex-determining pathway located on the Y chromosome, which encodes a male
specific transcription factor (Fig 1.9) (Sinclair et al., 1990). SRY expression is
sufficient to cause sex reversal in XX transgenic mouse embryos (Koopman et al.,
1991). Sry mutations result in development of the female phenotype, indicating that
DNA binding activity is required for testis formation (Harley et al., 1992). SRY is an
intronless gene encoding a 204 amino acid length protein (Su and Lau, 1993). SRY
contains a DNA-binding High Mobility Group (HMG) box and shares homology with
other HMG box-containing SOX genes (Sinclair et al., 1990). Due to the structure of
the HMG box, SRY binds to linear DNA and causes a sharp bend (Ferrari, 1992).
SRY binds to and activates the testis specific enhancer of Sox9 (TESCO)
synergistically with steroidogenic factor 1 (SF1) (Sekido and Lovell-Badge, 2008,
Sekido, 2004). SF1 and SOX9 then cooperatively maintain Sox9 expression. Once
sufficient SOX9 levels are reached, auto-regulation of Sox9 initiates, and the
precursor cells differentiate into Sertoli cells, facilitating testis formation. In the
absence of Sry, testes do not form and the female phenotype is switched on,
initiating development of ovaries (Sekido and Lovell-Badge, 2008). In the gonad,
SRY expression is regulated by growth arrest and DNA damage gamma
(GADDA45y), a stress response protein expressed in gonadal somatic cells (Gierl et
al.,, 2012, Warr et al., 2012). In brief, the signalling cascade involves GADD45y
alongside MAP3K4 promoting p38MAPK signalling, which phosphorylates and
activates GATA4. GATA4 in turn binds to and transactivates the SRY promoter, to

initiate the male sex pathway (Gierl et al., 2012). Humans and mice have one copy
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of SRY on the Y-chromosome, and rat strains have 6 copies. All loci are functional,
and multiple copies are expressed in the testis and adrenal glands at different ages
(Turner et al., 2007).

SRY is expressed between 10.5 to 12.5 days post coitum in the bipotential
gonad of the mouse and 6 weeks post gestation in humans, where it is expressed
in the genital ridges (Bernard et al., 2012). SRY initiates a male specific molecular

pathway, but also represses the female pathway (Harley et al., 1992).
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Figure 1.9. SRY is the key male-sex determining gene. SRY binds to and
activates the testis specific enhancer of Sox9 to initiates testis formation. In the
absence of SRY, testes do not form and the female phenotype is switched on, to
initiate development of ovaries. GADD45y is a known DNA damage marker, and
regulates SRY via the MAP3K4/ p38MAPK pathway. Reproduced from Matson et
al (2011).

64



1.8.2 SRY expression and function in non-reproductive tissues

Classically, the role of SRY was thought be limited to sex determination, due
to its function in testes development. However, Sry mRNA and protein is also
expressed in non-reproductive tissues such as the heart, adrenal glands, liver,
lungs, kidneys and brain in males (Milsted et al., 2004, Clepet, 1993, Dewing et al.,
2006), indicating that SRY may have a role outside of male sex determination (Fig
1.10A). In the liver, SRY directly binds to promoter region of the SAGA complex
associated factor 29 (Sgf29) gene, a gene involved in c-Myc-mediated
hepatocarcinogenesis (Murakami et al., 2014a). Knockdown of SRY in rodent male
hepatocellular carcinoma (rHCC) cell lines reduces invasiveness and
tumoregenicity of rHCC cells, demonstrating a role for SRY as an oncogenic protein
(Murakami et al., 2014a). SRY is overexpressed in male HCC patients, and Sry-
overexpressing male mice are more susceptible to N-nitrosodiethylamine-induced
hepatocarcinogenesis (Liu et al., 2017).

Peripheral expression of SRY has also been implicated to have a role in
catecholamine-dependent functions in males (Ely et al., 2010). Viral vector-
mediated overexpression of Sry in the adrenal medulla of male normotensive WKY
rats increases adrenal TH and plasma noradrenaline levels, which led to an increase
in blood pressure compared to controls (Ely et al., 2007). In addition, Sry over-
expression in the kidney in male WKY rats increased renal TH, plasma
noradrenaline content, urinary dopamine and increased blood pressure compared
to controls (Ely et al., 2009). To identify downstream blood-pressure-mediating
target genes of SRY, Milsted et al. (2010) examined genes of the renin-angiotensin
system (RAS), which are known to regulate blood pressure. Sry-expressing plasmid

vectors were transfected into Chinese hamster ovary (CHO-K1) cells (which
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endogenously express renin-angiotensin system genes) that contained luciferase
reporter constructs of rat angiotensinogen, renin, ACE, and ACE2 genes. They
showed that SRY expression upregulated promoter activity of angiotensinogen,
renin, and ACE, and downregulated ACE2 activity, to suggest that SRY regulates
blood pressure via the renin-angiotensin pathway in males, which could underlie sex
differences in hypertension (Ely et al., 2010).

In summary, in addition to the gonads SRY is also expressed in non-
reproductive tissues, where it mediates non-reproductive functions such as

regulation of catecholamine levels and blood pressure in males.

1.8.3 SRY is expressed in the male brain

Initial studies revealed that SRY is expressed in several regions of the male human
and rodent brain, including the pre-frontal cortex (PFC), temporal cortex, and
hypothalamus (Mayer et al., 1998, Lahr et al., 1995). Subsequent quantitative PCR
and in situ hybridization studies in rodents demonstrated that Sry mRNA is
expressed in brain regions rich in catecholaminergic bodies and nerve terminals,
such as the SNc, ventral tegmental area (VTA), locus coeruleus (LC) and
hypothalamus in males (Dewing et al., 2006, Milsted et al., 2004) (Fig 1.11B). In the
rodent male SNc, SRY co-localized with a subpopulation of TH -positive neurons, in
both the nuclei (expected site of SRY function) and the cytoplasm (Dewing et al.,
2006). Consistent with the results in rodents, SRY protein was localized in both
nuclei and cytoplasm of TH positive cells in the post-mortem human male, but not
female, SNc (Czech et al., 2012) (Fig 1.10). SRY also co-localised with TH-positive
neurons in the VTA, adjacent to the SNc. VTA is crucial for mediating reward and

addictive behaviours (Wise, 2009). Thus, the expression of SRY in the VTA may
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explain sex differences originating in this region (Gillies et al., 2014b). Moreover,
SRY protein co-localised with GAD-67 (a marker of GABAergic neurons) positive
neurons in the SNr (Czech et al., 2012), indicating a role for SRY for both DA and
GABA-mediated functions in the male brain.

Mayer et al. (2000) showed that in the male mouse brain, Sry transcripts are
in a circular (i.e. untranslatable) form during the pre-natal period (e11-e19) whilst
postnatally, Sry transcripts changed to its active linear form. This result indicates
that Sry is developmentally regulated, and that based on its post-natal linear form,
SRY could have a function in the male brain.

Taken together, SRY is expressed in brain regions such as the SNc, VTA
and PFC, where it co-localises with DA and GABAergic neurons. Given that
degeneration or dysfunction of these brain regions underlie neurological disorders
such as PD, Attention deficit hyperactivity disorder (ADHD) and schizophrenia,

dysregulation of SRY may explain the male susceptibility to these disorders.

Figure 1.10. SRY co-localizes with DA neurons in the human male SNc.TH+

and SRY+ neurons in the human post-mortem male and female SNc (Czech et al.,
2012).

67



SRY distribution | SRYfunction |

Brain TTH /T MAO-A
* Voluntary Movement

A)

W Heart 7
e < Lungs ??
T Liver ?7?

— Adrenal glands TTH TNA T Blood Pressure

) | .
/ / ] T Kidneys TTH TNA T DA
( ,! |\ \\ T RAS activity / T Na** Retention
f / é i ‘.. i 2 1 Blood Pressure
//U'\J / (e /' UUA\J'\\ Testes Initiate testes development

SN

Figure 1.11. A: Distribution and function of SRY in the brain and peripheral tissues
in males. B: Distribution of Sry mRNA in noradrenergic (left) and dopaminergic
(right) pathway in the rodent brain. Line drawings of sagittal sections of the rat
brain, depicting Sry mRNA (blue circle), and catecholaminergic cell bodies (red dot)
and axon projections (red line and arrow). The sites depicted are taken from
observations in rat and mouse (Xu et al., 2002, Zhang et al., 2010, Ely et al., 2007).
DA, dopamine; FC, frontal cortex; HC, hippocampus; HY, hypothalamus; LC, locus
coeruleus; MAO-A, monoamine oxidase A; ME, median eminence; MFB, medial
rebrain bundle; NA, noradrenaline; RAS, renin-angiotensin system; ST, striatum;
SN, substantia nigra; TH, tyrosine hydroxylase VTA, ventral tegmental area.
Reproduced from Lee and Harley (2012).
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1.8.4 SRY regulates dopamine biosynthesis in males

In line with the localization of SRY protein in catecholamine neurons, SRY has been
implicated to have a role in the control of DA biosynthesis in male DA neurons, in
vitro and in vivo. Reporter assays in rat-derived PC12 cells found that SRY regulates
the transcription of TH through binding at the AP1 site of the TH promoter region
(Milsted et al., 2004). Additionally, Wu et al. (2009) found evidence for a functional
SRY binding site on the promoter of MAO-A (an enzyme that degrades DA) in a
human neuroblastoma BE(2)C cell line, to show that SRY directly regulates MAO-A
transcription (Wu et al., 2009). Collectively, these studies suggest a role for SRY in
the regulation of DA synthesis and catabolic genes in male DA neurons. SRY has
been reported to interact with a functional binding site on the ER-B promoter, to
down-regulate ER-[3 transcription in vitro (Tao et al., 2012).

Czech et al. (2012) showed that reducing SRY levels via siRNA in a human
male DA cell line M17 (which expresses endogenous SRY and DA machinery) was
associated with a marked reduction in TH, MAO-A, dopa-decarboxylase (DDC), and
dopamine R-hydroxylase (DBH) mRNA (all components of DA biosynthesis
pathway), compared to non-specific siRNA treated cells. Conversely, SRY over-
expression via SRY plasmid vectors in M17 cells significantly increased levels of TH
(3-fold) and MAOA (2.5 fold) mRNA and protein levels, as well as elevated DDC
and DBH levels, compared to control vectors. As a consequence of this up-
regulation, SRY over-expression increased extracellular DA levels (Czech et al.,
2012). Taken together, these studies indicate that SRY positively regulates multiple
components of the DA biosynthesis and metabolic pathway to maintain DA levels in
males, indicative of a male-specific, hormone-independent genetic mechanism for

DA regulation.
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1.8.5 The role of SRY in the healthy and injured DA pathway in males

The physiological role of SRY in the male brain was first demonstrated by a paper
by Dewing et al. (2006). Dewing and colleagues assessed the consequence of
reducing nigral SRY expression, via daily repeated infusion of Sry antisense
oligodeoxynucleotides (ASO) in male rats. Repeated ASO-infusion led to a
reduction in the numbers of TH-positive neurons and TH protein levels in the SNc
compared to the control side. The ASO-mediated reduction of TH-positive neurons
was associated with significantly reduced motor deficits in the contralateral forelimb,
in both the akinesia and limb-use asymmetry tests compared to controls. The ASO-
mediated effect on TH-positive neurons were transient and reversible, upon
withdrawal of ASO-infusion, which indicates that motor deficits were due to down-
regulation of DA transmission as opposed to cell death. Importantly, these locomotor
and biochemical changes were not seen in female rats, indicating that the effect of
Sry ASO-infusions were male-specific. Thus, these results showed that SRY
positively regulates the nigrostriatal DA pathway, and consequently voluntary
movement in healthy males.

Given the role for SRY in regulation of DA biosynthesis and voluntary
movement, and the susceptibility of males to PD, our group assessed the regulation
of SRY in a toxin-induced in vitro model of PD (Czech et al., 2014). In response to
6-OHDA treatment, endogenous SRY mRNA expression was highly increased (9-
fold) in human M17 cells, which was most pronounced at lower concentrations of 6-
OHDA - i.e. before cells were undergoing active cell death. SRY up-regulation was
concomitant with an increase in GADD45y mRNA, a DNA damage inducible factor
and a regulator of SRY in the developing male gonad. The p38 antagonist,

SB202190, significantly reduced 6-OHDA-mediated up-regulation of SRY, whilst the
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p38 agonist, anisomycin increased SRY expression, indicating that GADD45y-
mediated phosphorylation of the p38-MAPK is required for SRY up-regulation in a
human male DA cell line (Czech et al., 2014). These results show that SRY is up-
regulated in response to DNA damage in an in vitro model of PD, suggesting a role

for SRY in PD pathogenesis.

Based on the findings that:
e SRY co-localizes with DA neurons in the SNc in males
e SRY regulates multiple components of the DA machinery in males
e SRY regulates motor function in males

e SRYis up-regulated in an in vitro model of PD

| hypothesize that:

Dysregulation of the Y chromosome gene, SRY,
contributes to the susceptibility of males to PD.

1.9 Aims

The aims of this thesis are to:

1. Determine the regulation and function of Sry in acute toxin-induced rat models
of PD (Chapter 2)

2. Determine the regulation and function of Sry in the chronic rotenone rat model
of PD (Chapter 3)

3. Assess human SRY expression in post-mortem male Parkinson's disease and

age-matched control brains (Chapter 4)

71




72



Chapter 2:

The regulation and function of Sry

in acute toxin-induced rat models of
Parkinson’s disease
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2.1 Introduction

Parkinson’s disease is a progressive, neurodegenerative disorder characterized by
symptoms of bradykinesia (slowness in movement), akinesia (inability to initiate
movement) shuffling gait, stooped posture and resting tremors (Lang and Lozano,
1998). The motor symptoms of PD emerge when the progressive loss of dopamine
(DA) neurons in the substantia nigra pars compacta (SNc) exceeds more than 50%
(Fearnley and Lees, 1991, Lang and Lozano, 1998). Whilst current therapies based
on DA replacement strategies effectively treat motor symptoms, they do not slow
down or halt the progression of PD which highlights the unmet need for development
of disease-modifying therapies.

The underlying cause(s) of PD are not well understood. The genetic form of
PD account for 10 to 15% of PD cases such as mutations that cause monogenic
forms of PD and susceptibility polymorphisms that increase risk of PD (Klein and
Westenberger, 2012). However, the remaining 85% of PD cases have an idiopathic
origin, which suggests that the aetiology of PD could arise from a combination of
genetic and environmental factors (Klein and Westenberger, 2012). Epidemiological
studies have shown that environmental predisposing factors such as aging
(Nussbaum and Ellis 2003, de Lau and Breteler, 2006) and exposure to pesticides
(Semchuk et al., 1992, Ascherio et al., 2006) increase the risk of developing PD,
whilst protective factors such as cigarette smoking, coffee consumption and use of
nonsteroidal anti-inflammatory drugs (Hernan et al., 2002, Chen et al., 2003) have
been shown to reduce the risk of PD.

Aside from aging, the male-sex is the most significant risk factor for PD. There
is a clear male-sex bias in PD, as men have a 2-fold higher incidence of developing

PD, and 1.5 to 3.7-fold greater prevalence of PD compared to women (Baldereschi
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et al., 2000, Wooten et al., 2004, Pringsheim et al., 2014, Van Den Eeden et al.,
2003). Men with PD also have an earlier age of onset (Haaxma et al., 2007, Wooten
et al., 2004), and faster disease progression (Haaxma et al., 2007) than women with
PD. Evidence from animal models of PD reproduce the sex differences observed in
human PD. For instance, 6-OHDA-induced loss of nigral DA neurons and depletion
of striatal DA levels are more pronounced in male rodents compared to females
(Murray et al., 2003, McArthur et al., 2007, Tamas et al., 2005). Similarly, MPTP
treatment cause greater losses in motor function, nigral DA neurons and striatal DA
levels in male mice compared to the female counterparts (Dluzen and McDermott,
2000, Miller et al., 1998, Dluzen et al., 1996b, Antzoulatos et al., 2010). Thus, a
better understanding of the biological mechanisms underlying the male
susceptibility in PD may help identify novel mechanism(s) underlying nigral DA cell
loss.

The prevailing view of sex differences in PD is that it arises solely from the
neuroprotective actions of oestrogen in females. For instance, onset of menopause,
bilateral ovariectomy, and oestrogen-low periods during the menstrual cycle, and
removal of oestrogen replacement therapy have been associated in with increased
PD symptom severity in women with PD (Quinn and Marsden, 1986, Shulman,
2007, Benedetti et al., 2001, Sandyk, 1989). Oestrogen replacement therapy in
post-menopausal women with PD can reduce severity of symptoms if given during
early stages of PD (Tsang et al., 2000b, Saunders-Pullman et al., 1999b), and has
been associated with decreased risk of developing PD (Currie et al., 2004).
Similarly, neuroprotective actions of oestrogen have also been demonstrated in
animal models of PD. For instance, ovariectomy in healthy non-human female

primates caused reduced density of nigral DA neurons compared to intact females
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(Leranth et al., 2000), whilst oestrogen replacement in ovariectomised females
rescued nigral DA cell density to above-control levels, suggesting a restorative role
for oestrogen in females (Leranth et al., 2000). 6-OHDA or MPTP treatment in
ovariectomised female rodents leads to greater reduction in striatal DA levels
compared to intact females, which are restored to control levels via oestrogen
treatment (Dluzen et al., 19964, Gillies et al., 2004, Murray et al., 2003). In contrast
to the well-established protective influence of oestrogen on female DA neurons, the
effect of exogenous or circulating hormones on adult male DA neurons is minimal if
not harmful (Dluzen et al., 1994, Murray et al., 2003, Tamas et al., 2005, McArthur
et al., 2007).

Emerging evidence, however, suggests that sex-specific genetic factors also
contribute to the inherent sex differences in the healthy and diseased DA system
(Carruth et al., 2002, Davies, 2014, McCarthy and Arnold, 2011). For instance,
studies in cultured midbrain DA neurons (which lack sex hormones in the media)
indicate that sex differences in the total number of DA neurons are independent of
differences in sex hormones (Beyer et al., 1991, Lieb et al., 1995, Carruth et al.,
2002). Microarray analysis of single cell laser captured DA neurons from human
SNc sections revealed that the expression of PD pathogenesis genes (e.g. a-
synuclein, PINK-1) was higher in males (Cantuti-Castelvetri et al., 2007), whilst the
expression of genes associated with oxidative phosphorylation and synaptic
transmission was lower in the SNc of male, compared to female PD patients
(Simunovic et al., 2010). Thus, detriment in male nigrostriatal function is unlikely to
be explained by lower oestrogen levels, but it may rather reflect a cell-intrinsic
property of the single male DA neuron. Although the genetic factors driving the sex

dimorphism in the nigrostriatal DA system are unknown, sex-linked genes are ideal
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candidates. | propose that the Y-chromosome gene, Sry, contributes to this intrinsic
susceptibility of male DA neurons, predisposing males to developing PD.

Sex-determining region Y (SRY) protein is a transcription factor encoded by
the Sry gene that is responsible for the initiation of male sex determination in
mammals. (Sinclair et al., 1990, Koopman et al., 1990). In the embryonic bipotential
gonad, SRY transcriptionally activates the testis specific enhancer of Sox9 (TESCO)
synergistically with steroidogenic factor 1 (SF1) (Sekido and Lovell-Badge, 2008),
to initiate differentiation of precursor cells into Sertoli cells (Sekido and Lovell-
Badge, 2008). SRY expression is regulated via a signalling cascade that involves
Growth arrest and DNA-damage-inducible protein 45 (GADD45y; a stress response
sensor protein and DNA damage marker) and Mitogen-activated protein kinase 4
(MAP3K4) that together transduce the p38-MAPK pathway, which phosphorylates
and activates GATA binding protein 4 (GATA4). GATA4 then binds to and activates
the SRY promoter to initiate male sex determination (Gierl et al., 2012, Warr et al.,
2012).

Sry is also expressed in the non-reproductive tissues of adult males such as
the heart, adrenal glands, kidneys and brain (Clepet et al., 1993). In the male brain,
SRY is expressed in dopamine-abundant regions such as the SNc and ventral
tegmental area (Czech et al., 2012, Dewing et al., 2006) where it co-localises with
DA neurons (Fig.1.10) (Czech et al., 2012). Furthermore, SRY regulates in vitro
transcription of DA biosynthesis and catabolism enzymes, tyrosine hydroxylase (TH)
and monoamine oxidase-A (MAO-A) (Czech et al., 2012, Wu et al., 2009, Milsted et
al., 2004). Direct actions of Sry in the male brain were first demonstrated by Dewing
et al. (2006), which assessed the consequence of reducing SRY expression in the

rat SNc, via repeated injection of Sry antisense oligonucleotides, on nigrostriatal DA
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and motor function in males. Knockdown of nigral SRY led to a male-specific
reduction in TH-positive neurons in the SNc, and consequently reduced motor
function. Together, these results showed that SRY directly regulates the nigrostriatal
DA pathway and voluntary movement in healthy males, independent of hormonal
influences.

Given the role of SRY in male DA neurons, our group investigated whether
Sry expression was dysregulated in an experimental model of PD (Czech et al.,
2014). Treatment with the dopamine toxin 6-OHDA highly increased Sry mRNA
expression in the human male cell line, M17. The Sry up-regulation was concomitant
with increased Gadd45y expression, a known regulator of SRY in the embryonic
gonad (Gierl et al., 2012, Warr et al., 2012), as well as a marker for DNA-damage
induced stress. The up-regulation of Sry was most pronounced at lower
concentrations of 6-OHDA - i.e. before DA cells were undergoing active cell death.
6-OHDA treatment led to a steady increase in GADD45y and phosphorylation of
p38-MAPK protein that preceded the increase in SRY protein levels. Moreover,
treatment with the p38 antagonist, SB202190 diminished 6-OHDA-mediated up-
regulation of Sry, whilst the p38 agonist, anisomycin enhanced 6-OHDA induced
Sry expression, indicating that phosphorylation of p38-MAPK is required for Sry up-
regulation in male DA cells (Czech et al., 2014). Together, these results indicate
that Sry up-regulation is mediated via the p38-MAPK pathway in an in vitro model

of PD, suggesting a role for SRY in the pathogenesis of PD.
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Based on the findings that:

* SRY co-localizes with DA neurons in the male SNc (Czech et al., 2012, Dewing
et al., 2006)

* Sry regulates multiple components of the DA machinery in the male SNc
(Czech et al., 2012, Wu et al., 2009, Milsted et al., 2004)

+ SRY regulates voluntary movement in males (Dewing et al., 2006)

» Sryis up-regulated in experimental models of PD (Czech et al., 2014).

| hypothesise that:

¢ In the healthy male SNc, SRY positively regulates DA biosynthesis and
consequently voluntary movement.

e In the injured male SNc, up-regulation of SRY expression is detrimental and

exacerbates the loss of DA neurons in males.

To test these hypotheses, the aims of Chapter 2 are:
1. To assess the effect of reducing nigral SRY expression on nigrostriatal DA
biosynthesis and motor function in healthy male rats
2. To assess the effect of reducing nigral SRY expression on nigrostriatal and motor

degeneration in acute toxin-induced rat models of PD.
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2.2 Materials and Methods

Animals

All methods conformed to the Australian NHMRC published code of practice for the
use of animals in research and were approved by the Monash University Animal
Ethics Committee (MMCB13/02 and MMCB15/18). Adult Long-Evans male and
female rats weighing between 280 and 350 g were used. Animals were housed in a

12h light: dark cycle room and had access to food and water ad libitum.

Stereotaxic implantation of cannula in the rat SNc

Unilateral guide cannula (22 gauge, Plastics One) directed at the right SNc was
implanted at 5.3 mm posterior, 2mm lateral from bregma, and 6.0 mm ventral to the
surface of dura. The guide cannula was secured to the skull with stainless-steel
screws and dental cement. Dummy cannulae that protruded <0.5 mm beyond the

opening were placed in the guide cannulae.

Repeated intranigral Sry antisense oligonucleotide (ASO) infusions in rats

Nigral SRY expression in male rats was reduced by repeated intranigral Sry ASO-
infusions, as previously described (Dewing et al., 2006). Sry ASO used for infusion
was a cocktail of 3 distinct ASO designed to correspond to the rat Sry initiation codon
at 3 distinct positions for optimal knockdown efficacy (Table 2.1) and added in equal
proportions (described by Dewing et al., 2006), whilst the control sense
oligonucleotide (SO) cocktail corresponded to the 3 complement sequences of the
three ASO (Table 2.1). ASO (or SO) were HPLC-purified (Invitrogen) and dissolved
in artificial cerebrospinal fluid (aCSF) to a final concentration of 2ug/uL. Intranigral

ASO (or SO) infusions were made at a rate of 0.5uL/min followed by a 2 min
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equilibration period, during which the needle remained in place. All rats were infused

unilaterally with ASO or SO daily (2ug in 1uL in aCSF) for 10 consecutive days.

Oligonucleotide Sequence Target Region of

mRNA
ASO 1 GCGCTTGACATGGCCCTCCAT *1 10 +21
ASO 2 CATGGGGCGCTTGACATGGCCCT +5 to +27
ASO 3 GGCCCTCCATGCTATCTAGA -10 to +10
SO 1 ATGGAGGGCCATGTCAAGCGC +1 to +21
SO 2 AGGGCCATGTCAAGCGCCCCATG +5 to +27
SO 3 TCTAGATAGCATGGAGGGCC -10 to +10

Table 2.1. Base sequences and positions of rat antisense (ASO) and sense
(SO) oligonucleotides. Blue indicates that the residue is phosphorothioated.

Toxin-induced rat models of PD

Regulation of Sry in toxin-induced rat models of PD

To determine the regulation of SRY expression in in vivo models of PD, the effects
of DA toxins 6-hydroxydopamine or rotenone were assessed in male rats. In brief,
a single nigral injection of 6-OHDA (30ug dissolved in 1.5uL of 0.1% ascorbic acid
saline) or rotenone (30ug in dissolved 1.5uL of 1% DMSO/saline) was administered
into the right SNc in male rats. Motor function was assessed by the limb-use
asymmetry test at various time points post-surgery (0, 1, 2, 4, 7, 14 and 21 days
post 6-OHDA or at 0 or 7 days post rotenone). At each behavioural time point, rats
were killed and the brains were processed for measurement of nigral mMRNA levels

(Study performed by Hannah Loke and used with permission).
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Function of Sry in toxin-induced rat models of PD

To determine the function of SRY in PD models, the effect of reducing nigral SRY
expression in the 6-OHDA or rotenone-induced rat models of PD was assessed.
One group of male rats received a single nigral injection of 6-OHDA (30ug) into the
right SNc in male rats at 4 hours prior to the first Sry ASO-infusion, whilst another
group of male rats received a single 6-OHDA injection at 4 hours following the last
Sry ASO-infusion. A third group of male rats received a single nigral injection of
rotenone (30ug) into the right SNc at 4 hours prior to the first Sry ASO-infusion. A
group of female rats received a single intranigral injection of 6-OHDA (30ug) at 4
hours prior to the first Sry ASO-infusion as negative controls. Motor behaviour was
assessed at pre-infusion (pre), 2 hours following the last Sry ASO-infusion (day 0),
and at 7, 14, and 21 days post 6-OHDA or rotenone injection. Animals were culled
at 21 days post 6-OHDA or rotenone injection for nigrostriatal mMRNA and protein

measurements.

Motor behaviour

Limb-use asymmetry test

The limb-use asymmetry test assessed spontaneous forelimb usage during vertical
explorations in rats that have received unilateral drug injection. Motor impairment is
indicated by a reduction in limb-use contralateral (i.e. left) to the site of drug injection
(Fig. 2.1B). The rat was lowered into a clear cylinder and forelimb contacts during
vertical explorations were video recorded until a total of 30 touches were reached.
The data was expressed as the percentage of left (impaired) forepaw contacts;

where symmetric paw use (left = right) was a measure of unimpaired limb use.
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Rotarod test

Rotarod test evaluated balance and motor coordination of rodents by assessing the
ability of rodents to stay balanced on a rotating platform (Ugo Basile, Italy; Fig.2.1C).
Briefly, animals were trained for 3 consecutive days before the day of testing at a
fixed speed (10 rpm) for 5 minutes. On the day of the testing, rats were placed on
the moving rotarod which accelerated from 10 to 40 rpm over 3 minutes. The time
after which the rat fell was determined and 4 experimental readings were averaged

to obtain a single value for each animal.

Amphetamine-induced rotational test

Rotational behaviour was measured by placing rats in a circular cage where they
were tethered to an automated rotometer system and injected with amphetamine (2
mg/kg, intraperitoneally; Fig. 2.1D). The total number of rotations was measured for
90 mins at 10 minute intervals. The data are expressed as net rotations per minute,

where rotation toward the side of the lesion was given a positive value.
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Figure 2.1. A) Coronal section of the rat midbrain showing the placement of the
guide cannula above the right SNc (red) for repeated unilateral Sry antisense
oligonucleotide (ASO) or control sense oligonucleotide (SO) infusions. Photos of B)
the limb-use asymmetry test and C) the rotarod test. (D and E) Coronal sections of
the D) rat striatum for DA/DOPAC measurements, and E) rat SNc for nigral mMRNA

and protein measurements.
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Tissue processing and Histology

Rat brains were either intracardially perfused and processed for
immunohistochemistry or isolated fresh and processed for western blot or qRT-
PCR. Coronal sections were cut serially through the striatum (16um thickness; Fig.
21E) and SNc (20 or 40um thickness; Fig. 2.1F) and stored at -80°C for
immunohistochemistry (n=7/group). Between each series, a 200pm slab was
collected to isolate SNc tissue for nigral mRNA (n=10/group) or nigral protein
measurements via western blot (n=12/group), or striatal tissue for DA and DOPAC

measurements (n=10/group).

Western blotting

Total protein was isolated from the rat SNc and amount of protein was quantified by
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 10 pg of protein was run
on a 10% acrylamide gel and transferred to a polyvinylidene difluoride (PVDF)
membrane (Millipore, USA). Primary sheep anti-TH primary antibody (1:1000,
Pelfreez) was applied overnight at 4°C. Secondary AlexaFluor488 antibody (1:200,
Invitrogen) was incubated for 1h at room temperature. PVDF membranes were

scanned using a Typhoon Trio variable mode imager (GE Healthcare).

Measurement of striatal DA and DOPAC

The striata was isolated and the levels of dopamine and DOPAC were measured,
as described previously (Lee et al., 2008). In brief, the striata was homogenized and
sonicated in perchloric acid (0.45N). The homogenate was centrifuged at (15,000g,
10 min, 4°C) and the supernatant was filtered through a syringe filter (0.22um). DA

and DOPAC (a metabolite of DA) were separated and quantified in the filtrate.
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Filtrate (20puL) was manually injected into reverse Phase C—-18 high performance
liquid chromatography (HPLC) column coupled with electrochemical detector
(Waters, Milford, Massachusetts). The striatal concentrations of DA and DOPAC

were calculated as ng/mg tissue, and expressed as percentage of control (left) side.

TH and DAT immunohistochemistry and stereology

TH immunohistochemistry was performed by incubating 40um-thick SNc sections in
sheep anti-TH primary antibody (Pelfreeze, 1:2000, overnight at 4°C), followed by a
biotinylated secondary antibody (goat, anti-sheep IgG, 1:1000, Vector Labs, USA)
and reacted with cobalt and nickel-intensified diaminobenzidine (DAB, Sigma-
Aldrich). DAB-immunostained sections were counterstained with neutral red. DAT
immunohistochemistry was performed by incubating 16um-thick striatal sections in
rat anti-DAT primary antibody (Chemicon, 1:2000, 78 hrs at 4°C) followed by a
biotinylated secondary antibody (rabbit, anti-rat 1gG, 1:500, Vector Labs) and
reacted with DAB. DAB-immunostained sections were analysed by bright-field
microscopy, using an Olympus microscope equipped with Olympus cellSens image
analysis software (v.1.7.1). TH-immunoreactive and neutral-red positive cell bodies
or DAT-immunoreactive terminals were quantified stereologically on 5 regularly
spaced sections covering the whole SNc or striatum. The fractionator design for
estimating the number of TH-immunoreactive neurons and the number of striatal
DAT-immunoreactive axonal varicosities were performed as previously (Lee et al.,

2008, Stanic et al., 2003).
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TOM-20 and TH co-immunofluorescence

TOM-20 and TH co-immunofluorescence was performed by incubating 5 regularly
spaced 20um-thick sections covering the whole SNc in sheep anti-TH and rabbit
anti-TOM-20 primary antibody overnight at 4°C (anti-TH, 1:1000, Pelfreeze; anti-
TOM-20, 1:200, Santa Cruz), followed by a 1hr incubation in donkey anti-rabbit 594
and donkey anti-sheep 488 (1:500, 1hr at RT, Invitrogen) and DAPI (1:1000,
Invitrogen). Immunofluorescence staining was visualised by confocal microscopy
(Nikon C1 macro laser confocal, Shinagawa-ku, Tokyo, Japan) equipped with NIS-
Elements image software. For quantification of TH, TOM-20 and DAPI-positive
labelling, confocal images at 20x magnification of SNc were analysed using
IMARISx64 software (v7.6.5). Fluorescent intensity values of TH and TOM-20 above
background threshold were given for all DAPI positive cells, and were quantified for

co-immunostaining.

TUNEL and iNOS staining

TUNEL staining was performed by incubating 5 regularly spaced 20um-thick
sections covering the whole SNc in TdT enzyme and nucleotide mixture (1hr at
37°C, In Situ Cell Death Detection Kit, Roche), followed by incubation in anti-
fluorescein antibody-peroxidase POD (30min at 37°C, Roche) reacted with cobalt
and nickel-intensified DAB. Sections were counterstained with cresyl violet (Sigma-
Aldrich Inc). INOS immunohistochemistry was performed by incubating 20pum-thick
SNc sections in mouse anti-iINOS primary antibody (Santa Cruz SC-7271, 1:200,
overnight at 4°C), followed by a biotinylated secondary antibody (rat, anti-mouse
IgG, 1:1000, Vector Labs, USA) and reacted with cobalt and nickel-intensified

diaminobenzidine (DAB, Sigma-Aldrich). DAB-immunostained sections were
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counterstained with neutral red. TUNEL-positive or iINOS-positive SNc sections
were analysed by bright-field microscopy (Olympus BX53F, Japan) equipped with
Olympus cellSens image analysis software (v.1.7.1) and quantified stereologically
on regularly spaced sections covering the whole SNc. Neurons with deep black

nuclei were identified as TUNEL-positive or INOS-positive neurons.

Statistical Analysis

All values (including graphs) are expressed as the mean + S.E.M. All data was
analysed using tools within Graphpad Prism 6. Motor behaviour studies of the
treatment groups across the days of testing was analysed by two-way analysis of
variance (ANOVA) and post hoc Bonferroni test. Histological and biochemical
studies were analysed using two-tailed unpaired Student t-test or one-way ANOVA,
where appropriate. The exact P-values of the ANOVAs are given in the figure
legends. Probability level of 5% (p<0.05) was considered significant for all statistical

tests.
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2.3 Results

2.3.1 SRY regulates motor function and nigrostriatal DA biosynthesis in
healthy male rats

A study by Dewing and colleagues previously showed that SRY directly regulates
DA biosynthesis and consequently voluntary movement in male rats (Dewing et al.,
2006). To confirm and extend these findings, the first aim of this chapter determined
the effect of reducing nigral SRY expression on motor behaviour and DA
transmission in healthy male rats. Nigral SRY expression was reduced via repeated
daily Sry antisense oligonucleotide (ASO) or control sense (SO) infusion into the
male rat SNc for 10 days. Rats were culled at the end of Sry ASO-infusion, and SNc
and striatal tissue was isolated for mRNA and protein measurements, DA cell
counts, and striatal DA and DOPAC levels (Fig. 2.1D and E).

Motor function assessed at baseline revealed that there was no significant
bias in left or right limb use, nor any difference in the rotarod test between the two
treatment groups (Fig. 2.2B and C, pre). As previously demonstrated (Dewing et al.,
2006), repeated ASO-infusion in male rats reduced motor function compared to
sense oligonucleotide (SO)-infused male rats in the limb-use (P<0.05 vs pre and
SO; Fig. 2.2B, left) and rotarod test (P<0.05 vs pre and SO; Fig. 2.2C, left) . SO-
infusion had no effect on motor function in either the left-limb or rotarod test (Fig.
2.2B and C, left). In contrast, motor function was unaffected by the ASO-infusion in
female rats, indicating that the ASO-mediated effect was male specific (Fig. 2.2B
and C, right).

To determine the efficacy of SRY knockdown by ASO-infusion, nigral mMRNA
expression was measured following day 10 of ASO-infusion. Repeated

ASO-infusion reduced nigral Sry mRNA expression (51% of SO, P<0.01 vs SO; Fig.
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2.2D), but not that of Sry homologs Sox3 or Sox6 (Fig. 2.2D), indicating that the
ASO cocktail was specific to Sry. ASO-infusion also reduced nigral Th (49% of SO,
P<0.01 vs SO; Fig. 2.2D), Mao-a (57% of SO, P<0.05 vs SO; Fig. 2.2D), Ddc (48%
of SO, P<0.05 vs SO; Fig. 2.2D), and D2r (55% of SO, P<0.05 vs SO; Fig. 2.2D)
MRNA expression, total number of nigral TH-positive cells (77% of SO, P<0.05 vs
SO; Fig. 2.2E), striatal DA (66% of SO, P<0.05 vs SO; Fig. 2.2F) and DOPAC (62%
of SO, P<0.05 vs SO; Fig. 2.2F) content in male rats compared to SO-infused male
controls, as % of control side.

The ASO-induced reduction in motor function was reversible, as limb use
returned to baseline levels at 7 days following the last ASO-infusion (Fig. 2.3B). This
result suggests that reduced motor function did not result from DA cell death, but
instead due to a transient reduction in nigral DA transmission.

Taken together, these results support and extend findings by Dewing and
colleagues (Dewing et al., 2006) and show that SRY regulates nigral DA
biosynthesis genes and striatal DA levels, and consequently voluntary movement in

healthy male rats.
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Figure 2.2. Nigral SRY positively regulates motor function and nigrostriatal
DA biosynthesis in male rats. A) Sry ASO (or SO) was infused into the right SNc
(once daily for 10 days) in male or female rats. Motor function was assessed at pre
ASO-infusion (pre) or day 10 of ASO-infusion. Rats were culled on day 10 and post-
mortem samples were assessed for nigral mRNA expression and striatal
DA/DOPAC content. (B-C) Effect of ASO (or SO) infusion on motor function in the
B) limb-use asymmetry and C) rotarod tests in male (left; blue) or female (right;
pink) rats (n=10/group; two-way ANOVA, ** P<0.01, * P<0.05vs. SO; # P<0.05

Vs. pre).
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Figure 2.2 (continued) Following the last behavioural test on day 10, male rat
brains were processed for D) nigral mRNA expression, E) nigral TH-positive cell
counts (scale=400um) and F) striatal DA and DOPAC levels as % of intact side
(n=10/group; unpaired t-test, ** P < 0.01, * P <0.05 vs. SO).
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Figure 2.3. ASO-induced reduction of motor function in male rats is transient.
A) Effect of ASO (or SO) infusion on motor function in the B) limb-use asymmetry
test at pre ASO-infusion (pre), day 10 of ASO-infusion, 7 or 14 days following the
last ASO-infusion. (n=5/group; two-way ANOVA, * P < 0.05 vs. SO; # P < 0.05 vs.
day 0).
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2.3.2 Acute 6-OHDA or rotenone injection induces dose-dependent
reduction in motor function in male rats

To establish the acute toxin-induced rat models of PD, the effect of acute
intranigral injection of 6-OHDA or rotenone toxin was assessed at varying doses
in male rats. The limb-use asymmetry test revealed that there were no
significant left or right biases in limb use in any of the treatment groups prior to
the intranigral injection of 6-OHDA (Fig. 2.4C, day 0). Similarly, the vehicle
injected group did not show any significant difference in limb use at any of the
days post-injection (Fig. 2.4C). A 6-OHDA-induced deficit in limb use was
observed in both the 15ug (44% of vehicle, P < 0.05 vs vehicle; Fig. 2.4C) and
30 pug (13% of vehicle, P < 0.05 vs vehicle; Fig. 2.4C) treatment groups
compared to vehicle, 7 days after the 6-OHDA injection. At day 14, the 6-OHDA-
induced deficit in limb use persisted in the 15ug treatment group (42.4% of
vehicle, P < 0.05 vs vehicle; Fig. 2.4C) and with 30ug treatment (10.5% of
vehicle, P < 0.05 vs vehicle; Fig. 2.4C). By day 21 post 6-OHDA, 15ug treatment
was not significantly different to vehicle (Fig. 2.4C). However, 30ug treatment
showed a persistent deficit in limb use (14.6% of vehicle, P < 0.05 vs vehicle;
Fig. 2.4C).

Similarly, there were no significant biases in limb use in any of the
treatment groups prior to the intranigral rotenone injection (Fig. 2.4D, day 0).
The vehicle group did not show any difference in limb use at any of the days
post-injection (Fig. 2.4D). 7 days after the rotenone injection, a significant deficit
in limb-use was observed in the 30ug rotenone treatment group compared to
vehicle (28.8% of vehicle, P < 0.05 vs vehicle; Fig. 2.4D). At day 21 post

injection, the rotenone-induced deficit in limb-use persisted in the 30ug
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treatment group (32.4% of vehicle, P < 0.05 vs vehicle; Fig. 2.4D). However,
15ug rotenone injection did not produce a significant deficit in limb-use at any
time point post-injection.

In summary, intranigral injection of 6-OHDA or rotenone at 30ug led to a
significant, persistent motor deficit in limb-use, compared to the modest deficits
seen with 15ug 6-OHDA or rotenone injection. Based on these results, | chose
to use 30ug 6-OHDA and 30ug rotenone to test the effect of Sry ASO-infusion

in aim 2 of chapter 2.
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Figure 2.4. Acute 6-OHDA or rotenone injection elicits dose-dependent motor
deficit in male rats. A) Schematic diagram of 6-OHDA toxicity in DA neurons. 6-
OHDA crosses cell membrane via the DA transporter, and undergoes auto-
oxidation to form harmful reactive oxygen species (ROS) and quinones. B)
Rotenone is lipophilic and easily penetrates the DA cell membrane, where it inhibits
mitochondrial complex 1 and induces formation of a-synuclein aggregates. C)
Effect of unilateral nigral 6-OHDA or D) rotenone injection at 15ug or 30ug on motor
function in the limb-use asymmetry test at pre toxin injection (day 0), 7, 14 and 21
days following injection. (n23/group; two-way ANOVA, # P <0.05 vs. vehicle; ** P
<0.01 vs. day 0) (Figure adapted from Cabezas et al., 2013)
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2.3.3 Sry expression is up-regulated in the 6-OHDA or rotenone-induced rat
models of PD
To determine whether SRY is involved in the cellular events underlying DA cell loss,
the regulation of Sry expression was assessed in the 6-OHDA and rotenone-
induced models of PD. In the 6-OHDA-induced rat model of PD, nigral Sry mRNA
expression was elevated from days 2 to 14 post 6-OHDA injection in male rats, with
maximal expression at day 7 (2.89-fold, P < 0.001 vs. day O, Fig. 2.5A). The
increase in Sry mRNA expression was paralleled by elevation in expression of
Gadd45y mRNA (a marker for DNA-damage and regulator of Sry expression)
(Czech et al., 2014, Warr et al., 2012) (Fig. 2.5A). Th mRNA expression was
significantly reduced from day 7 post 6-OHDA injection (0.54-fold vs. day O,
P<0.01, Fig. 2.5A), suggesting that Sry and Gadd45y mRNA up-regulation
occurs prior to DA cell death. Similarly, acute injection of the mitochondrial and
DA toxin, rotenone, increased Sry and Gadd45y mRNA at 7 days post-injection
in male rats (2.62-fold and 1.84-fold vs. day 0, respectively, P < 0.01, Fig. 2.5B).
Similarly, Th mRNA expression was significantly reduced at day 7 post rotenone
injection (0.46-fold vs. day 0, P<0.05, Fig. 2.5B).

These results show that Sry is highly and persistently up-regulated in multiple
in vivo models of PD, and that this induction precedes DA cell death. (Results in

section 2.3.3 performed by Hannah Loke and used with permission).
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Figure 2.5. Nigral Sry mRNA expression is up-regulated in 6-OHDA or
rotenone-induced rat models of PD. Effect of a single intranigral A) 6-OHDA or
B) rotenone injection on nigral Sry, GADD45y, or TH mRNA expression at 0 to 21
days post injection in male rats. N.B. nigral mMRNA expression was not measured
after 7 days post rotenone injection to conserve animal numbers (n=5/group; one-
way ANOVA, # P < 0.05; ## P < 0.01; ### P < 0.001 vs. day 0O; dashed line =
baseline levels) (Study performed by H.Loke; Adapted from Lee et al., 2017).
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2.3.4 Nigral Sry ASO-infusion in male rats diminishes motor deficits and
nigrostriatal degeneration in 6-OHDA or rotenone-induced rat models of PD
To determine the role of Sry up-regulation in injured male DA neurons, the effect of
reducing SRY expression was assessed in the 6-OHDA or rotenone-induced rat
models of PD.

To determine whether SRY is involved in the onset of nigrostriatal
degeneration in male rats, the effect of ASO-infusion prior to 6-OHDA injection was
assessed in male rats. Figure 2.6A shows that ASO-infusion led to the expected
reduction in limb use in male rats at day 0 (71% of pre, P< 0.05 vs. pre, Fig. 2.6A).
Following a single 6-OHDA injection, a deficit in limb use was observed in SO-
infused rats (51% of day 0, P< 0.05 vs. day 0, Fig. 2.6A, day 7) that persisted for
further 14 days. Remarkably, prior ASO-infusion prevented 6-OHDA-induced
deficits in limb-use (7 days post 6-OHDA injection, Fig 2.6A), which persisted for a
further 14 days. In support, amphetamine-induced rotations were markedly reduced
in the ASO-infused group (0.3 + 0.7 net rotations/min, P<0.01 vs SO, Fig. 2.6B)
compared to the SO-infused group (3.1 £ 0.4 net rotations/min, Fig. 2.6B). Post-
mortem analysis of 6-OHDA-lesioned male rats revealed that the protective effect
of ASO-infusion was associated with reduction in 6-OHDA induced losses in nigral
TH protein expression (155% of SO, P< 0.05 vs SO, Fig. 2.6C), nigral TH-positive
cells (204% of SO, P< 0.01 vs SO, Fig. 2.6D) and striatal DA terminal density
(224.1% of SO, P< 0.01 vs SO, Fig. 2.6E). These results indicate that Sry ASO-
infusion prior to 6-OHDA injection diminished 6-OHDA-induced motor deficits via
alleviation of 6-OHDA-induced nigrostriatal degeneration in male rats, suggesting

that the 6-OHDA-induced up-regulation of Sry is detrimental in male DA neurons.
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To eliminate the possibility that the protective effect of ASO-infusion was via
inhibition of 6-OHDA uptake, the effect of ASO-infusion following a single 6-OHDA
injection in male rats was assessed (Fig. 2.7A). 6-OHDA injection induced deficits
in limb use and rotation tests (SO, Fig. 2.7 A and B respectively), which were
markedly reduced by ASO-infusion (days 14 and 21, P< 0.05 vs SO, Fig. 2.7A). The
protective effect of ASO-infusion was accompanied by alleviation of 6-OHDA
induced losses in nigral TH protein expression (171% of SO, P< 0.05 vs SO, Fig.
2.7C), TH-positive cells (198% of SO, P< 0.01 vs SO, Fig. 2.7D), as well as striatal
DA terminal density (175.8% of SO, P< 0.01 vs SO, Fig. 2.7E). Together, these
results indicate that the ASO-infusion reduced 6-OHDA induced toxicity whether
given before or after 6-OHDA injection, indicating that the protective effects were
not due to inhibition of 6-OHDA uptake.

To confirm that the protective effect of Sry ASO-infusion was mediated by
reducing nigral SRY, the effect of ASO-infusion prior to 6-OHDA injection was
assessed in female rats. Figure 2.8A showed that ASO-infusion had no effect on
limb-use in healthy females (Fig. 2.8A, day 0). Following 6-OHDA injection, there
were no differences in 6-OHDA-induced motor deficits in limb-use (Fig. 2.8A, day 7)
or rotations (Fig. 2.8B) between SO and ASO-infused female rats, which correlated
with no differences in nigrostriatal degeneration (Fig. 2.8 C to E). These results
indicate that the protective effect of Sry ASO-infusion in the 6-OHDA-induced rat
model of PD is male specific.

To determine whether ASO-infusion was also protective against a toxin with
different neurotoxic mechanisms to 6-OHDA, the effect of ASO-infusion prior to
rotenone injection in male rats was assessed. Rotenone injection induced deficits in

limb use and rotation tests (SO, Fig. 2.9A and B). Suppressing SRY synthesis led
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to even greater protection in the rotenone model of PD, as ASO-infusion reversed
rotenone-induced motor deficits in limb-use (P < 0.05 vs. SO, Fig. 2.9A) and reduced
rotations (P < 0.01 vs. SO, Fig. 2.9B). Post-mortem analysis showed that ASO-
infusion also prevented rotenone-induced losses in nigral TH protein (169.9% of SO,
P< 0.01 vs SO, Fig. 2.9C), TH-positive cells (176.6% of SO, P< 0.01 vs SO, Fig.
2.9D), and striatal DA terminal density (155.2% of SO, P< 0.01 vs SO, Fig. 2.9E).

Taken together, these results show that toxin-induced up-regulation of nigral Sry is
detrimental, as ASO-infusion in male rats mitigate 6-OHDA or rotenone-induced
nigrostriatal degeneration and motor deficits, perhaps through a common

downstream mechanism(s) shared by both toxins.
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Figure 2.6. Nigral Sry ASO-infusion prior to 6-OHDA injection ameliorates 6-
OHDA induced motor deficits and nigrostriatal degeneration in male rats. ASO
(or SO) was infused prior to 6-OHDA in male rats. Motor deficits were assessed by
the A) limb-use asymmetry or B) amphetamine-induced rotation test (two-way
ANOVA, n=12/group; *P<0.05, **P<0.01 to SO; #P<0.05 to pre; *P<0.05 to day O;
pre = pre ASO-infusion).
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Figure 2.6 (continued). Nigrostriatal degeneration was assessed by C) nigral TH
protein expression, D) total nigral TH cell counts (scale=400um) and E) striatal DAT

terminal density (scale=40um) as % of intact side (unpaired t-test; *P<0.05,

*P<0.01 to SO).
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Figure 2.7. Nigral Sry ASO-infusion following 6-OHDA injection attenuates 6-
OHDA induced motor deficits and nigrostriatal degeneration in male rats. ASO
(or SO) was infused following 6-OHDA injection in male rats. Motor deficits were
assessed by the A) limb-use asymmetry or B) amphetamine-induced rotation test
(two-way ANOVA, n=12/group; *P<0.05, **P<0.01 to SO; #P<0.05; pre = pre ASO-

infusion).
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Figure 2.7 (continued). Nigrostriatal degeneration was assessed by C) nigral TH

protein expression, D) total nigral TH cell counts (scale=400um) and E) striatal DAT

terminal density (scale=40um) as % of intact side (unpaired t-test; *P<0.05,

*P<0.01 to SO).
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Figure 2.8. Nigral Sry ASO-infusion has no effect on 6-OHDA-induced motor
deficits or nigrostriatal degeneration in female rats. ASO (or SO) was infused
prior to 6-OHDA injection in female rats. Motor deficits were assessed by the A)
limb-use asymmetry or B) amphetamine-induced rotation test (two-way ANOVA,
n=12/group; *P<0.05 to day 0; pre = pre ASO-infusion).
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Figure 2.8 (continued). Nigrostriatal degeneration was assessed by C) nigral TH
protein expression, D) total nigral TH cell counts (scale=400um) and E) striatal DAT

terminal density (scale=40um) as % of intact side (unpaired t-test).
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Figure 2.9. Nigral Sry ASO-infusion prior to rotenone injection ameliorates
rotenone induced motor deficits and nigrostriatal degeneration in male rats.
ASO (or SO) was infused prior to rotenone injection in male rats. Motor deficits was
assessed by the A) limb-use asymmetry or B) amphetamine-induced rotation test
(two-way ANOVA, n=212/group; *P<0.05 to SO; #P<0.05; to pre; *P<0.05 to day 0;
pre = pre ASO-infusion).
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Figure 2.9 (continued). Nigrostriatal degeneration was assessed by C) nigral TH
protein expression, D) total nigral TH cell counts (scale=400um) and E) striatal DAT
terminal density (scale=40um) as % of intact side (unpaired t-test; **P<0.01 to SO).
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2.3.5 Sry ASO-infusion normalizes male-biased increases in mitochondrial
degradation, DNA damage and neuroinflammation in toxin-induced rat
models of PD

To identify the mechanism(s) underlying the neuroprotective effect of ASO-infusion,
expression of key sensors and mediators of cell death pathways such as
mitochondrial dysfunction, DNA damage and neuroinflammation were assessed in
6-OHDA injected male and female rats infused with ASO or SO that were culled two
days post-toxin, when markers and sensors of cell death mechanisms are highly
expressed (Haas et al., 2016, Zuch et al., 2000, Smith and Cass, 2007).

Co-immunofluorescence staining for TOM-20 (a mitochondrial membrane
receptor, and marker for mitochondrial integrity) (Di Maio et al., 2016), and TH
revealed marked losses in the number of TOM-20 and TH co-positive neurons
following 6-OHDA or rotenone injection (SO, Fig. 2.10A and B), which was
reversed with ASO-infusion in male rats (138.1% and 163.9% of SO, P<0.05 vs.
SO, Fig. 2.10A and B, respectively). Conversely, no significant difference in the
number of TOM-20 and TH co-positive nheurons was observed between the two
groups in the 6-OHDA-injected female rats (Fig. 2.10C).

TUNEL staining (a marker of DNA damage) revealed that 6-OHDA or
rotenone injection in male rats induced significant increases in the number of
TUNEL-positive neurons in the SNc (SO, Fig. 2.11 A and B) which were attenuated
by ASO-infusion (48.7% and 29.9% of SO, P<0.05 vs. SO, Fig. 2.11A and B,
respectively). In contrast, there were no differences in the number of TUNEL-
neurons between SO- and ASO-infusion in the 6-OHDA-lesioned female rats (Fig.

2.11C).

110



Similarly, marked increases in iINOS (a pro-inflammatory mediator)- positive
neurons were induced by 6-OHDA or rotenone injections in male rats (SO, Fig.
2.12A and B, respectively), which were mitigated by ASO-infusion (13.6% and 7.4%
of SO, P< 0.01 vs. SO, Fig. 2.12A and B, respectively). In contrast, there were no
differences in the number of INOS-positive neurons between the two groups in the
6-OHDA-lesioned female rats (Fig. 2.12C).

Taken together, these results indicate that Sry ASO-infusion exerts male-
specific neuroprotection via attenuating toxin-induced increases in mitochondrial
degradation, DNA damage, and neuroinflammation in acute toxin-induced rat

models of PD.

2.3.6 Sry ASO-infusion in male rats removes the male-bias in the 6-OHDA-
induced rat model of PD.

To determine whether SRY contributes to the male-bias in experimental PD models,
motor behaviour, nigrostriatal DA, and PD pathogenesis marker expression were
compared between 6-OHDA injected male and female rats infused with ASO or SO
(Table 2.2).

Acute 6-OHDA injection led to greater deficit in limb use in SO-infused male
rats (17.5 £ 3.1% left limb use, Table 2.2) compared to SO-infused females (40.0 £
3.9, Table 2.2). This 6-OHDA-induced male bias was attenuated by ASO-infusion in
6-OHDA injected male rats (31.8 = 3.1, Table 2.2). Similarly, 6-OHDA injection
induced a male bias in nigrostriatal degeneration (Male SO 6-OHDA vs. Female SO
6-OHDA, Table 2.2) which was diminished by ASO-infusion in male rats (Male SO
6-OHDA vs. Male ASO 6-OHDA, Table 2.2). The 6-OHDA induced male-bias in

motor deficit and nigrostriatal degeneration was associated with increased
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expression of markers of DNA damage (TUNEL) and neuroinflammation (iNOS) in
SO-infused male rats compared to females (Male SO 6-OHDA vs. Female SO 6-
OHDA, Table 2.2) which was diminished by ASO-infusion in male rats (Male SO 6-
OHDA vs. Male ASO 6-OHDA, Table 2.2). Together, these results demonstrate that
dysregulation of nigral SRY directly contributes to the sex differences in
experimental models of PD, highlighting the importance of considering the influence

of both sex-specific genes and sex hormones in male-susceptibility to PD.
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Figure 2.10. Reducing nigral SRY expression diminishes toxin-induced
mitochondrial dysfunction in male rats. Effect of ASO (or SO) infusion on nigral
TH- (green) or TOM-20-positive (red) neurons or TH- and TOM-20-positive
(merged) neurons at two days post A) 6-OHDA or B) rotenone injection in male rats
or C) 6-OHDA injection in female rats (unpaired t-test; n=7/group; * P < 0.05, ** P <
0.01 vs. SO, scale=40um).
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Figure 2.11. Reducing nigral SRY expression diminishes toxin-induced DNA

damage in male rats. Effect of ASO (or SO) infusion on TUNEL-positive neurons

(as % of intact side) at two days post A) 6-OHDA or B) rotenone injection in male

rats or C) 6-OHDA injection in female rats. Arrows represent TUNEL-positive cells
in the SNc (unpaired t-test; n=7/group; *P<0.05, ** P < 0.01 vs. SO, scale=20um).
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Figure 2.12. Reducing nigral SRY expression diminishes toxin-induced

neuroinflammation in male rats. Effect of ASO (or SO) infusion on iINOS-positive

neurons (as % of intact side) at two days post A) 6-OHDA or B) rotenone injection

in male rats or C) 6-OHDA injection in female rats. Arrows represent iINOS-positive
cells in the SNc (unpaired t-test; n=7/group; *P<0.05, ** P < 0.01 vs. SO,

scale=20um).
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Parameter

Male
ASO
6-OHDA

Limb use
(% left limb use at
21d post 6-OHDA)

Rotations
(A net rotations / min at
20d post 6-OHDA)

TH protein
(% intact side at
21d post 6-OHDA)

TH cell counts
(% intact side at
21d post 6-OHDA)

Striatal DAT density
(% intact side at 21d post
6-OHDA)

TH/TOM-20 +ve neurons
(% intact side at 2d post 6-
OHDA)

TUNEL+ve neurons/section
(% intact side at 2d post 6-
OHDA)

iINOS +ve neurons/section
(% intact side at 2d post 6-
OHDA)

17.5+3.1

3.1+04

26.1+47

51.7+5.8

29.2+40

64.8+7.9

156.2+21

44+11

40.0 £ 3.9 ***

20+0.3

64.5 £ 11.6***

81.6+6.8*

654+78"*

73177

3.0+£04 ™

0.7+02*

31.8 +3.1*

0.3+0.7*

53.2+5.7*

80.4 +7.2*

67.8+143"*

89.5+54"*

74+23*

06+02™*

39.9 + 1.8***

1.5+04

69.2 £ 1.9***

81.9+7.1*

69.5+54"*

67.4 £ 3.1

23+x02*

0.7+x01 ™

Table 2.2. Comparisons of motor behaviour, nigrostriatal DA, or PD pathogenesis

marker expression between male and female rats infused with ASO (or SO) prior to
6-OHDA injection (one-way ANOVA; n=8 to18 / group; * P < 0.05, ** P < 0.01, *™* P
< 0.001, vs. Male SO 6-OHDA).
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2.4 Discussion

Results from this chapter demonstrate that SRY directs a novel genetic mechanism
for nigral DA cell loss in males. Firstly, results showed that reducing nigral SRY
expression via Sry ASO-infusion reduces motor function in healthy male rats.
Secondly, nigral Sry expression was highly and persistently up-regulated in multiple
animal models of PD in male rats. Remarkably, reducing nigral SRY expression
diminished or prevented motor deficits and nigrostriatal degeneration in the 6-OHDA
and rotenone-induced rat models of PD in male rats. Furthermore, reducing SRY
expression attenuated toxin-induced DA toxicity by reducing mitochondrial
degradation, DNA damage, and neuroinflammation in male rats. Importantly, the
protective effect of ASO-infusion in acute toxin-induced rat models of PD was absent
in female rats (which do not express Sry), demonstrating for the first-time neuro-

susceptibility mediated by a sex-specific gene.

Nigral SRY directly contributes to the sex differences in experimental PD

The male-bias observed in clinical PD is reproduced in experimental PD models, as
male rodents and primates are more susceptible to DA toxin-induced
nigrostriatal degeneration than their female counterparts (Murray et al., 2003,
Ookubo et al., 2009). Similarly, males exhibit increased expression of markers of
oxidative stress (Misiak, 2010), apoptosis (Rodriguez-Navarro et al., 2008), and
neuroinflammation (Joniec et al., 2009, Mitra et al., 2015, Villa et al., 2016)
compared to females in experimental models of PD and neurodegeneration.
Traditionally, the inherent male-bias in PD was thought to arise solely from the
neuroprotective actions of oestrogen in females. For instance, onset of menopause

or withdrawal of oestrogen replacement therapy worsen symptoms in female PD
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patients(Quinn and Marsden, 1986, Sandyk, 1989), whilst oestrogen treatment
improves PD symptoms in post-menopausal women with PD (Benedetti et al.,
2001). In the current study however, reducing nigral SRY expression in male rats
attenuated or blocked the male-bias in motor deficits, nigrostriatal degeneration, as
well as apoptosis and neuroinflammation in the 6-OHDA-induced rat model of PD
(Table 2.2). Together, these results demonstrate that nigral SRY dysregulation also
contributes to male-bias in experimental PD, independent of gonadal hormone

influences.

Divergent role for Sry in the healthy and injured male SNc

The results from the current chapter significantly expands our understanding of Sry
in the heathy and diseased male brain. In healthy male rats, reducing nigral SRY
expression, via repeated ASO-infusion, transiently reduced nigrostriatal DA
biosynthesis and consequently motor function (Figure 2.13, Healthy), which is in line
with previous studies from our group (Czech et al., 2012, Dewing et al., 2006).
However, in the 6-OHDA or rotenone-injured SNc, transcription of GADD45y is up-
regulated perhaps in response to DNA damage, stimulating the p38-MAPK pathway
(Czech et al., 2014). In males, this leads to an increase in Sry transcription, which
is accompanied by increased oxidative and mitochondrial dysfunction and
neuroinflammation (Figure 2.13, Injured). Moreover, reducing nigral SRY
expression in 6-OHDA or rotenone lesioned male rats diminished motor deficits and
nigrostriatal degeneration (Figure 2.13, Injured + ASO), indicating that Sry up-
regulation has a detrimental role in injured male DA neurons. Thus, the contrasting
effect of Sry ASO-infusion in healthy and toxin-induced rat models of PD indicates

a double-edged role for Sry in the healthy and injured male SNc.
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Figure 2.13. The proposed role for Sry in healthy and injured nigral male DA

neurons. SRY positively regulates DA biosynthesis in male DA neurons, and

consequently regulates voluntary movement in males (Healthy). Nigral Sry is up-

regulated in response to acute toxin treatment in the male SNc. Toxin treatment is

associated with increases in DA cell death mechanisms, which increase DA cell
death and motor deficits in male rats (Injured). Reducing nigral SRY via ASO-

infusion alleviates toxin-induced DA cell death and motor deficits, via hormalising

increases in mitochondrial dysfunction, DNA damage, and neuroinflammation

(Injured + ASO).
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Mechanism(s) underlying the detrimental effect of Sry up-regulation?

Whilst my chapter has linked potential PD pathogenesis pathways with Sry up-
regulation in male PD, the precise mechanism(s) by which Sry up-regulation
exacerbates DA cell loss remain unclear. In the embryonic gonads, nuclear SRY
transcriptionally activates Sox9 to initiate the development of testes (Sekido and
Lovell-Badge, 2008). In contrast, the lack of Sox9 expression in the male SNc
(Pompolo and Harley, 2001) and the presence of SRY protein in both nucleus and
cytoplasm of neurons (Czech et al., 2012) suggest additional role(s) for SRY in the
male brain. Indeed, in human and rodent DA neurons, SRY transcriptionally
activates Th (Milsted et al., 2004, Czech et al., 2012) and Maoa (Wu et al., 2009)
and regulates the expression of DA machinery genes including Drd2 (involved in
auto-regulatory feedback to control responsiveness to DA), Aadc (enzyme required
for the conversion of L-DOPA into dopamine), and Dbh (enzyme that catalyses the
conversion of DA to noradrenaline) which suggests that up-regulation of Sry may
dysregulate DA machinery genes. Indeed, nigral Th expression is increased in
response to 6-OHDA-induced DA cell injury in rats, and is associated with increased
DA synthesis and turnover (Zigmond et al., 1984). Similarly, in post-mortem SNc
tissue from PD patients, TH homospecific activity (activity per enzyme protein) is
increased 3-fold in PD compared to healthy controls, which suggests compensatory
increase in TH activity in response to DA cell injury (Mogi et al., 1988). Given that
increased DA turnover increases oxidative stress and consequently loss of DA
neurons (Hastings et al., 1996), and that baseline striatal DOPAC production and
its oxidative stress-associated hydroxyl radical by-product is lower in female mice

(Bhatt and Dluzen, 2005), dysregulation of nigral SRY may drive increased
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expression of TH and consequently DA turnover, to exacerbate DA cell loss in
males.

Alternatively, the toxin-induced elevation of nigral Sry may lead to regulation
of a much broader range of binding partners, such as genes involved in PD
pathogenesis-associated pathways. In the mouse E11.5 gonad, Sry interacts with
and binds to Poly (ADP-ribose) polymerase 1 (Parp-1), a member of the Parp
protein superfamily involved in functions that include DNA damage repair, and
apoptosis (Li et al., 2006) and a known transcription factor of the inflammatory
response regulator NF-kB (Kameoka et al., 2000). Given the pro-inflammatory
properties of NF-kB, elevation of nigral SRY may increase a Parp-1 mediated
excess production of NF-kB in the SNc, which would contribute to increased
neuroinflammation. Furthermore, chromatin immunoprecipitation and whole-
genome promoter tiling microarray (ChlP-chip) analysis on E11.5 mouse
gonadal cells revealed that SRY binds to promoters of various target genes
involved in cellular pathways such as oxidative stress (glutathione peroxidase
4, 6, nitric oxide synthase 3), inflammation (interleukin, tumor necrosis factor
superfamilies), and mitochondrial function (mitochondrial membrane proteins 7,
13, 40) (Li et al., 2014). These findings indicate that further studies that assess
interaction(s) between nigral SRY and pathways involved in oxidative stress,
energy metabolism and inflammation may reveal the mechanism(s) underlying

the toxic up-regulation of SRY in male PD.

Future studies
To identify the underlying downstream targets that are activated by SRY during

nigrostriatal degeneration in male DA neurons, further investigations using genome-
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wide approaches, such as RNA and Sry chromatin-immunoprecipitation
sequencing, are required. In particular, the contrasting role of Sry in the healthy and
injured male SNc may be better understood by comparing gene expression profiles
of SRY-positive DA neurons from normal and Parkinsonian male rats, to identify
target genes and DNA binding partners of SRY. Results from the current study
indicate the importance of considering the detrimental role of SRY in males, as well
as the neuroprotective effects of oestrogen in females, when investigating the
mechanisms underlying sex differences in PD. However, further work is needed to
better understand the interactions between the hormonal and genetic influences in
the healthy and diseased DA system. For instance, manipulating sex hormone
levels via gonadectomy or oestrogen treatment in Sry ASO-infused male rats,
or alternatively in SRY over-expressing female rats, could provide further insight
into the degree and nature of interactions between SRY and oestrogen that
contribute to the male bias in PD. Overall, the characterisation of molecular
mechanisms responsible for differences between the male and female DA
system will give the basic biological tools necessary to understand the
occurrence of sex differences observed in PD.

Whilst the current chapter has revealed iINOS expression in the SNc, it is
unclear whether INOS immunoreactivity is DA neuron-specific. Co-
immunofluorescence studies that assess co-localization of INOS and cell-specific
markers such as TH or NeuN (neuronal), 1BA1 (microglia) and CD-68
(macrophages) are required to provide better insight into the localisation of INOS
immunoreactivity in the SNc.

Studies in this chapter provide conceptual data to demonstrate a therapeutic

potential for nigral SRY inhibition in male PD. However, the short time-frame
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associated with acute toxin models is not reflective of the human condition, and the
compressed stages of deficits preclude the use of these models for assessing the
most effective timeframe of SRY knockdown. Therefore, further work is needed to
validate whether SRY inhibition can slow or halt the progression of motor deficits
and nigral degeneration in models that allow for clinically relevant screening of novel

therapeutic strategies.
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Conclusion

In conclusion, this chapter provides compelling evidence that dysregulation of the
Y-chromosome gene, Sry, directs a novel male-specific mechanism of DA cell
death. In addition to the established protective effect of sex hormones in females,
the detrimental effect of Sry up-regulation in males may also contribute to the male-
bias in PD. This supports the notion that the cause and progression of PD is
mechanistically different between males and females (Simunovic et al., 2010,
Cantuti-Castelvetri et al., 2007). Results from this chapter are the first evidence of a
male-specific therapeutic target for a neurodegenerative disorder, and potentially
other male-biased disorders, such as autism and ADHD (Loke et al., 2015). Since
normalization of SRY expression is important for the protection of male DA neurons
against nigral injury, the development of human SRY inhibitors could lead to novel

disease-modifying therapeutics for PD in males.
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Chapter 3:

Regulation and Function of Sry in the chronic
intraperitoneal rotenone-induced rat model of
Parkinson’s disease

126



3.1 Introduction

PD is characterized by the progressive degeneration of nigrostriatal DA neurons
and loss of striatal DA content (Lang and Lozano, 1998, Marsden, 1990), leading
to the appearance of motor symptoms such as bradykinesia, muscle rigidity and
tremors. Motor symptoms first appear when striatal DA drops to 20-30% of
physiological levels, and when more than 50% nigral DA neurons are lost (Lang
and Lozano, 1998, Marsden, 1990). The time-lapse between initial DAergic
degeneration and occurrence of motor symptoms is likely attributable to the
development of compensatory mechanisms at the striatal level (Carta et al., 2013).
To date, DA replacement therapy in the form of its precursor, levodopa, remains the
primary mode of symptomatic treatment (Birkmayer and Hornykiewicz, 1960, Cenci,
2014). However, its long-term use is associated with debilitating side-effects such
as dyskinesias and on-off fluctuations (Cenci, 2014, Jenner, 2008). Whilst putative
neuroprotective compounds have been described in pre-clinical studies, no disease
modifying, neuroprotective therapy has yet been identified capable of slowing or
stop the progression of PD. However, all attempts to develop effective disease
modifying therapy to date have performed poorly in clinical trials (Kalia et al., 2015,
Lang and Espay, 2018), which may be due to the lack of an appropriate animal
models suitable for screening neuroprotective candidates.

The neurotoxins 6-OHDA and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) have been widely used to model PD in rodents and primates (Bove et al.,
2005, Blum et al., 2001, Sriram et al., 1997, Schapira et al., 1990a), as these models
exhibit robust nigrostriatal degeneration and clear motor deficits. However, the DA
cell loss seen in these models is rapid and not progressive in nature, and do not

replicate a-synuclein accumulation or the peripheral nervous system
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neuropathology exhibited in clinical PD (Schober, 2004, Dauer and Przedborski,
2003, Halliday et al., 2009). On the other hand, genetic mouse models targeting PD-
associated genes such as a-synuclein (Masliah et al., 2000, Giasson et al., 2002,
Kirik et al., 2002), LRRK2 (Chen et al., 2012, Ramonet et al., 2011), PINK1 (Gautier
et al., 2008), parkin (Goldberg et al., 2003), and DJ-1(Rousseaux et al., 2012)
mutations have been developed. Whilst these genetic models do display the
progressive accumulation of a-synuclein immunoreactive inclusions, they are often
lacking a robust loss of DA neurons or development of locomotor deficits (Blesa et
al., 2012). Taken together, the short time-frame associated with current models is
not reflective of the human condition. Moreover, the compressed stages of deficits
preclude the use of these models for furthering our understanding of the pathogenic
mechanisms that underlie neurodegeneration in PD, which requires a greater
temporal delineation of individual events. Hence, there is an unmet need for an ideal
model of PD that i) recapitulates the slow, progressive behavioural and
neurodegenerative deficits; ii) closely reproduces the complex pathogenesis
mechanisms; and iii) reflects the widespread motor and non-motor symptoms
exhibited in clinical PD (Bezard et al., 2013, Blesa and Przedborski, 2014, Dawson
et al., 2010).

The chronic rotenone model of PD is one of the better animal models of PD,
as it encapsulates multiple key behavioural and pathophysiological features of
clinical PD (Greenamyre et al., 2010). Initial studies showed that intravenous
rotenone delivery induced systemic inhibition of mitochondrial complex | which led
to bilateral degeneration of DA neurons and motor deficits (Betarbet et al., 2000).
Moreover, rotenone induced the development of intracellular a-synuclein inclusions,

overcoming a key limitation of current neurotoxin-based models (Betarbet et al.,
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2000). Asides from systemic mitochondrial dysfunction, rotenone also reproduces
PD-relevant pathogenic mechanisms such as microglial activation, oxidative
damage, and iron accumulation (Greenamyre et al., 2010, Betarbet et al., 2006).
Notably, rotenone treatment reproduces key non-motor symptoms such as
gastrointestinal (Gl) disturbances, neuronal loss, and LB pathology in the Gl tract
(Drolet et al., 2009, Murakami et al., 2014b), oxidative damage to the olfactory bulb
(Sherer et al., 2003a) and olfactory impairments (Morais et al., 2018) in rodents.
However, limitations to the model included high mortality, lack of reproducibility, and
substantial variability in magnitude and location of lesions, depending on the route
of rotenone administration (Greenamyre et al., 2010, Biehlmaier et al., 2007,
Cicchetti et al., 2009). These limitations were overcome by Cannon et al. (2009)
who demonstrated that daily intraperitoneal rotenone injections in rats induced
consistent, reproducible lesions that led to DA cell loss, progressive motor deficits
and a-synuclein aggregations whilst maintaining a low mortality rate.

Recently, Van Laar and colleagues reported a detailed histological and
behavioural description of a refined rotenone model of PD based on low doses of
intraperitoneal rotenone in rats (Van Laar et al., 2016). This model produces a
dynamic timeline of events where immediate, mild motor deficits and subsequent
recovery were followed by progressive 50-60% impairment in motor function, 50%
DA cell loss, and a-synuclein accumulation. Thus, compared to other current
models, their refined model better resembles the slow, progressive
neurodegenerative process characteristic of PD. Moreover, the slow progression of
deficits provides a valuable tool to temporally delineate the different stages of PD,
which could provide a better understanding of the pathogenesis of PD, but also allow

for clinically relevant screening of novel therapeutic strategies.
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Whilst the studies in chapter 2 provided conceptual data to demonstrate a
therapeutic potential for nigral SRY inhibition in male PD, the rapid degeneration of
motor function and dopamine neurons that occurs over 2 to 3 weeks in these models
do not reflect the progressive nature of clinical PD and limits effective screening of
neuroprotective targets at clinically relevant time-points. Thus, the main objective of
chapter 3 was to determine whether SRY inhibition can slow or halt the progression
of motor deficits and nigral degeneration at clinically relevant time-points in the

chronic