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ABSTRACT

Functional characterisation of synuclein-based novel genetic mouse

models

Thesis submitted for the degree of Doctor of Philosophy
Hilary Term 2011

Sabina Anwar, Lincoln College

Synucleins are highly conserved presynaptic proteins with unknown function. a-
synuclein plays a key role regulating dopamine homeostasis and is intimately
involved in Parkinson’s disease (PD) pathogenesis. However, the normal/pathological
role of a-synuclein remains unidentified. Studies exploring its function are limited as
current transgenic mouse models do not fully recapitulate PD pathology. This thesis

reports the functional characterisation of two novel synuclein-based mouse models.

I report the molecular and functional characterisation of transgenic mouse lines with
wild-type or A30P-mutant human o-synuclein genomic locus carried within a
bacterial artificial chromosome. SNCA-A30P Snca-/- mice exhibited a highly
physiologically relevant expression pattern of the transgene, including expression in
the substantia nigra pars compacta (SNpc) and a specific, age-related loss of TH™ cells
in the SNpc, the key region of preferential cell loss in PD, compared with non-
transgenic Snca -/- littermate controls. Analysis of dopamine signalling using fast-
scan cyclic voltammetry (FCV) showed young adult SNCA-430P " Snca-/- mice had an
approximately 20% lower evoked extracellular dopamine concentration ([DA],)

compared with non-transgenic Snca -/~ littermate controls, a decrease specific to the
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dorsal striatum. This difference diminished with age and could not be attributed to

changes in dopamine reuptake/content.

I detail the behavioural and neurochemical phenotype in mice lacking all three
synucleins (o/B/y). Functional compensation between synucleins emphasises the
importance of studying their effects by removing all three proteins simultaneously.
Triple-null mice exhibited hyperactivity in a novel environment reminiscent of a
hyperdopaminergic-like phenotype, but showed no phenotype in anxiety or motor
related tests. FCV revealed synuclein triple-null mice had a two-fold increase in
[DA],, specific to the dorsal striatum and not attributable to changes in dopamine
reuptake/content, changes in striatal nicotinic receptor activity nor calcium-dependent

changes in dopamine exocytosis.

Together, the analysis from these two novel mouse models reveal synucleins play an
important role in altering synaptic function in the dorsal striatum (the region
selectively affected in PD) and contributes to growing evidence suggesting synucleins

are negative regulators of synaptic dopamine release.
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1. CHAPTER 1: Introduction

1.1. General Introduction

Neurodegenerative diseases associated with advanced age represent one of the
greatest challenges to the medical sciences. This challenge is rapidly growing in
importance due to the ageing population. During the 20" century life expectancy in
the developed world has risen by approximately 50%. Future projections suggest this
trend will continue, and by 2050 the average life expectancy is predicted to reach
between the ages of 80 and 85 years (Hayflick, 2000). Parkinson’s disease (PD) is the
second most frequently occurring neurodegenerative disease with an incidence which
increases with age. At present, PD has a cumulative prevalence of one per thousand
(Kuopio et al., 1999), with at least 1.5 million confirmed cases in the United States,
and 6 million cases worldwide (Bower et al., 1999; de Rijk et al., 1995; Thomas and

Beal, 2007).

Rapid advances in molecular biology have revolutionised neuroscience research. The
combination of novel genetic and molecular research tools offers new and exciting
opportunities to identify and explore fundamental neural pathways relevant to
neurodegeneration. Together, these opportunities promise fresh insight into the causes
and progression of these disorders and should drive the development of improved

therapeutic interventions for devastating illnesses such as PD.

1.2. Parkinson’s disease



1.2.1. Overview

Parkinson’s disease (PD) was first described in 1817 by James Parkinson in a seminal
article entitled ‘An Essay on the Shaking Palsy’. He described six patients with
“involuntary tremulous motion with lessened muscular power, in parts not in action
even when supported, with a propensity to bend the trunk forward and to pass from a
walking to a running pace” (Parkinson, 1817). Since this description, PD is now
recognised as the second most common neurodegenerative disease worldwide (Dauer

and Przedborski, 2003).

PD is a progressive movement disorder characterised by the chronic and preferential
degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc)
in the basal ganglia (BG). Despite intensive research efforts yielding a wealth of
potential pathogenic mechanisms and pathways, the aetiology of PD is still poorly
understood. As a result, available treatments for PD remain largely symptomatic and,

to date, no treatments can slow down or halt the progression of the disease.

1.2.2. PD Pathogenesis

The cardinal motor symptoms of PD include a resting tremor, rigidity, bradykinesia
and postural instability. The resting tremor presents in approximately 70% of cases
and most commonly affects the upper limbs. Rigidity is often described clinically as
‘cogwheel’ because the muscles respond with cogwheel-like jerks to the use of force

in bending the limb. Slowed movement, or bradykinesia, initially causes difficulties



with fine motor commands such as buttoning a shirt, but later progresses to disturb
gross movements such as walking. Further progression results in a complete loss of
movement, or akinsesia. Postural instability in patients may also be present and causes

patients to have a characteristic hunched posture and shuffled gait.

The other motor symptoms in PD are common and include a ‘paucity’ or absence of
facial expressions, difficulty eating and swallowing, speech impairments and sleep
disturbances. The co-prevalence of dementia with PD is approximately 25-40%
(Aarsland et al., 1996; Brown and Marsden, 1984; Hietanen and Teravainen, 1988)
and patients clinically diagnosed with PD are 4-6 times more likely to become
demented than control subjects (Mayeux et al., 1990; Riggs, 1993). Further,
psychiatric features such as hallucinations, personality changes and, most commonly,

depression can also occur (McDonald et al., 2003).

The major pathological hallmark of PD is an extensive loss of dopamine (DA)
producing neurons in the SNpc, which project (via the nigrostriatal pathway) to the
striatum. This results in a profound reduction in striatal DA content and leads to the
consequent motor disturbances (Damier et al., 1999; Samii et al., 2004). The neuronal
circuitry involved in coordinated movement is complex and is explained in more
detail in section 1.2.3. There may also be a reduction, though to a lesser extent, in
other populations of brainstem neurons, leading to further neurotransmitter deficits.
Indeed, noradrenaline, serotonin and acetylcholine are reduced in PD due to the loss
of neurons in the locus coeruleus, dorsal raphe nuclei and nuclei basalis of Meynert,
respectively (Mayeux et al., 1984). Deficits in these non-DA neurons are likely to

contribute to many of the non-motor PD symptoms.



A second pathological feature of PD is the presence of intracytoplasmic eosinophilic
inclusions called Lewy bodies (LBs) in surviving dopaminergic neurons (Takahashi
and Wakabayashi, 2001). LBs were first described in 1812 by Friedrich Lewy in
cholinergic neurons of the substantia innominata (Gibb and Poewe, 1986). In 1963,
biochemist Oleh Hornykiewicz discovered PD was accompanied by a dramatic
reduction striatal dopamine levels (approximately 80-90%), therefore linking the
disorder to DA cell loss in the substantia nigra for the first time (Hornykiewicz,
1963). ‘Classical’ LBs range from 15-30 um in diameter and have a distinctive
laminated spheroid appearance. Ultrastructurally, they are composed of filamentous
and granular material (Forno et al., 1996) with the major fibrillary component
comprising of a protein called a-synuclein. LB pathology is not restricted to the
substantia nigra in PD as it can be present in other brain regions such as the amygdala,
locus coeruleus, the dorsal nucleus of the vagus, the thalamus and the cortex (Braak et

al., 2002; Forno, 1996).

1.2.3. The Basal Ganglia

The basal ganglia (BG) comprise a collection of interconnected nuclei that lie deep
within the cerebral hemispheres and are closely involved in a variety of processes
including motor, associative and cognitive functions. The principal nuclei are the
caudate nucleus and putamen (together known as the ‘striatum’), the globus pallidus
(GP) which is divided into internal (GPi) and external (GPe) segments, the
subthalamic nucleus (STN) and the substantia nigra (SN) which consists of the

substantia nigra pars compacta (SNpc) and the substantia nigra pars reticulata (SNpr).



The striatum is the major input nucleus, or ‘receiving area’ of the BG. The name
(meaning “striped body”) is given because the axon fascicles that pass through the
caudate and putamen give them a striped appearance when cut in cross section.
Although an unequivocal boundary has not been defined (Ikemoto, 2007; Voorn et al.,
2004), the striatum can be divided into dorsal and ventral portions based on
connectivity and function. The dorsal portion consists of the caudate nucleus and the
putamen (caudate putamen or CPu) whilst the ventral portion mainly comprises the
nucleus accumbens (NAc) and portions of the olfactory tubercle (OT) as well as the
ventral conjunction of the caudate and putamen. Since studies in this thesis have

focussed on the CPu and NAc, further anatomical descriptions are provided below.

The neuronal makeup of the CPu and NAc within the striatum are similar. Medium
spiny neurons (MSNs) are the biggest population, comprising approximately 90-95%
of all striatal neurons (Fallon and Moore, 1978; Oorschot, 1996). MSNs have
extensive dendritic processes and are inhibitory, using y-aminobutyric acid (GABA)
as their principal neurotransmitter. Although MSNs are distributed throughout the
striatum, they occur in clusters of cells called ‘patches’ or ‘striosomes’ and in a
surrounding ‘matrix’ of neurochemically distinct cells (Gerfen, 1992). The distinction
between the patch and matrix neurons was originally based on differences in the types
of neuropeptides contained by the MSNs in the two regions, but the cell types are now
also known to differ according to their cortical inputs and in their outputs to other
parts of the BG. In broad terms, even though most cortical areas project to both
‘patch’ and ‘matrix’ MSNs, limbic areas of the cortex (such as cingulate gyrus)

project more heavily to the patches, whereas motor and somatic sensory areas project



preferentially to neurons in the matrix. This arrangement provides an insight into the
degree of complexity and functional subdivision within the striatum. The remaining 5-
10% of striatal neurons comprises a diverse collection of interneurons, including a
division of large cholinergic interneurons which are discussed in more detail below.
Despite having a similar neuronal composition, the CPu and NAc are proposed to
have very different functions. The CPu is traditionally proposed to have sensorimotor

functions whilst the NAc is believed to fulfil limbic-motor or motivation-action

commands.
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Figure 1.1 Basal ganglia circuitry in normal conditions and in PD. (A) In the
normal brain, parallel neuronal networks of the striatum connect and integrate
functions between BG nuclei, the cerebral cortex and the thalamus; (B) in PD, loss of
DA leads to an abnormal levels of activity within the BG circuitry. Changes in the PD
brain are depicted by the differing thickness of arrows, which represents the relative
degree of activation in each projection: reduced output is shown by narrower arrows
and enhanced output is shown by bolder arrows.

The circuitry of the CPu is important for understanding movement disorders such as
PD. The striatum receives input, via glutamatergic synapses on dendritic spines of

MSNs, from the cerebral cortex and thalamus. The CPu also receives dense



dopaminergic innervations from neurons in the SNpc and to a lesser extent from
neurons in the ventral tegmental area (VTA) (Bjorklund and Hoekfelt, 1984a, b;
Haber et al., 2000) via the nigrostriatal pathway. Significantly in PD, dopamine
neurons in the SNpc are lost, whereas dopamine neurons in the VTA are relatively
spared. The cortical input is processed and then channelled, via either a ‘direct’ or an
‘indirect’” pathway to the output nuclei of the BG, the GPi and the SNr. These output
nuclei in turn transmit information, via the thalamus, back to the cerebral cortex,

forming a subcortical feedback circuit, or ‘loop’.

In the direct pathway, inhibitory striatal MSNs project directly to the output nuclei of
the BG, the GPi and SNpr, which in turn project to the thalamic relay nuclei (Parent
and Hazrati, 1995). These output projections are also inhibitory (or GABAergic) and
represent the main output of the BG. An excitatory, glutamatergic projection from the
thalamic nuclei back to the cortex completes the direct pathway. It is hypothesised
that activation of MSNs via the direct pathway decreases the inhibitory output from
the BG and, therefore, disinhibits the motor thalamus, consequently facilitating

movement (Chevalier and Deniau, 1990).

In the indirect pathway, inhibitory striatal MSNs project to the GPe, which send
GABAergic projections to the STN. Instead of projecting to structures outside the BG,
the STN then projects to the BG output nuclei (GPi and SNpr) via an excitatory,
gluatamatergic projection. From here, the indirect pathway follows the direct path, via
the thalamus, back to the cortex. Activation of MSNs via the indirect pathway inhibits

the GPe, which then sends less inhibition to the STN. This reduced inhibition allows



the STN to send more excitation to the GPi, resulting in enhanced inhibitory output

from the BG to the motor thalamus, consequently impeding movement.

The dopaminergic innervation into the CPu is critical in controlling the balance of
activity between the direct and indirect pathway in the BG. DA is a neuromodulatory
transmitter, and DA receptors are G-protein coupled receptors and can be classified as
either ‘D1-like’ which are excitatory, or ‘D2-like’ which are inhibitory. DA activates
the direct pathway through acting on a population of MSNs which predominantly
express excitatory D1 receptors. These activated MSNs in turn inhibit GABAergic

neurons in the GP1i, releasing the thalamus from inhibition and promoting movement.

DA also acts to inhibit the indirect pathway via activation of MSNs which express
inhibitory D2 receptors. These MSNs project to the GPe, where they inhibit a
GABAergic projection to the STN. This suppresses the glutamatergic projection from
the STN to the GPi, curtailing the normally enhanced inhibitory output from the BG.
In PD, the loss of dopaminergic neurons in the nigrostriatal pathway leads to a
dramatic reduction in the DA content in the striatum. This results in activation of
striatal outputs to the GPe (promoting the indirect pathway) and inhibition of striatal
projections to the GPi and SNpr (suppressing the direct pathway). Ultimately, the
consequences of the DA loss in the SNpc and striatum manifest as the hypokinetic

movement dysfunction seen in PD.

The NAc is organised into two major subdivisions, the NAc core and the NAc shell.
The NAc core sits around the anterior commissure (AC) whilst the NAc shell lies

ventral to the NAc core. The NAc MSNs receive extensive excitatory inputs from the



prefrontal cortex, the hippocampus and the amygdala (Haber et al., 2000; Heimer,
2000). The NAc also receives dopaminergic innervation mainly from cells in the
VTA, and to a lesser extent from cells in the SNpc (Haber et al., 2000) via the
mesolimbic pathway. These dopaminergic projections innervate both the NAc core
and NAc shell divisions with little discrimination. There is further NAc afferent input
from the ventral pallidum (VP) (Groenewegen et al., 1993). Inhibitory output
projections of the NAc core target the dorsalateral VP (VPdl), the SNpc and the SNpr.
The outputs of the NAc shell also project to the SNpc as well as to the ventrolateral
VP (VPvl), the VTA and the lateral preoptic and lateral hypothalamic areas (Usuda et

al., 1998).

Although detailed circuitry and functional roles of NAc divisions are beyond the
scope of this introduction, their effects on motor outcomes should be discussed.
Whilst the NAc shell is believed to have a more selective role in governing motor
actions in association with unconditioned stimuli, the NAc core is thought to have an
important role in selecting, integrating and executing motor actions in response to
stimuli which are complex, context-dependent or that have motivational significance
or value (i.e. reward-related) (Di Ciano et al., 2001; Di Ciano and Everitt, 2001,
Parkinson et al., 1999). To do this, a significant degree of well-defined neuronal
connectivity between the mesolimbic and nigrostriatal DA pathways exists (Ikemoto,
2007). This includes NAc core and shell MSNs having inhibitory innverations to the
SNpc (Heimer et al., 1991; Usuda et al., 1998) via a striato-mesencephalic circuit.
This allows signals transmitted from the mesolimbic pathway in the NAc to influence
the CPu via the nigrostriatal pathway (Alexander et al., 1986; DeLong, 1990) through

what is proposed to be an elaborate ‘spiral’ organisation of connections between the



striatum and ventral midbrain (Haber et al., 2000). Another circuit, called the striato-
pallido-mesencephalic circuit, can also send information from the NAc to the
nigrostriatal DA pathway. Here, the NAc core and shell project to the VPdIl and VPvl
(Usuda et al., 1998) which then project to the SNpc (Groenewegen et al., 1993). The
SNpc then influence motor actions via the CPu. A third, striato-pallido-thalamo-
corical circuit also allows information transfer from the NAc to the CPu. Through this
intricate circuitry, mediated largely by DA pathways in the BG, signals from the NAc
can influence intelligent and cognition-guided movement via what is termed the
‘rational motor system’, consistent with the idea that the NAc serves as a limbic-

motor or motivation-action interface (Nauta et al., 1978).

As discussed, the striatum has dense dopaminergic innervation, but it also has very
dense cholinergic innervation (Bjorklund and Hoekfelt, 1984a, b; Zhou et al., 2001).
Despite being only 1-3% of total striatal neurons, cholinergic interneurons, which use
acetylcholine (ACh) as their principal neurotransmitter, have extensive and extremely
dense axonal arborisations (compared to other striatal neurons). Consequently the
striatum displays the densest staining in the central nervous system for cholinergic
markers such as choline acetyl transferase (ChAT) and acetylcholinesterase (AChE)
(Hebb, 1957; Holt et al., 1997; Macintosh, 1941). These neurons provide the sole
cholinergic input into the striatum (Contant et al., 1996; Woolf, 1991). Dynamic and
cooperative interactions between dopaminergic and cholinergic neurons are pivotal to
the proper functioning of the striatum (Cragg, 2006; Rice and Cragg, 2004; Zhang and
Sulzer, 2004; Zhou et al., 2001). At the presynaptic level, DA and ACh interact with
each other directly, since local and systemic application of D,-receptor agonists

enhances striatal ACh release in vivo, while D,-receptor agonists can reduce ACh
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release (DeBoer et al., 1996; Ikarashi et al., 1997). Moreover, striatal ACh acts on
nicotinic ACh receptors (nAChRs) located on dopaminergic axon to either inhibit or
enhance DA release, depending on the extracellular ACh concentration and the
frequency of activity in the presynaptic DA neurons (Cragg, 2005; Rice and Cragg,
2004; Zhang and Sulzer, 2004; Zhou et al., 2001). At the postsynaptic cellular level, a
more clear-cut antagonistic relationship between DA and ACh exists and the two
transmitters can have opposing effects on striatal output neurons (Calabresi et al.,
2000; Centonze et al., 2003; Pisani et al., 2003; Reynolds et al., 2001). This ACh-DA
balance hypothesis is supported by earlier reports which found that symptoms seen in
PD could be alleviated by treatments which either promote striatal DA, or reduce ACh

(Barbeau, 1962; Pisani et al., 2003).

1.2.4. PD Treatments: Present and Future

Currently available treatments for PD remain largely symptomatic and, to date, no
treatments can slow down or halt the progression of the disease. This highlights the
pressing need for a more thorough understanding of the molecular events involved in
PD pathogenesis in the hope that novel targets for therapy, and even disease

prevention, can be identified.

At present, the first line of treatment in PD is striatal DA replacement to alleviate
motor symptoms. Levodopa (L-DOPA) remains the most effective drug for the
treatment of PD symptoms. Levodopa is a transient metabolic intermediate in the DA
synthesis pathway. It is synthesised from tyrosine by tyrosine hydroxylase (TH) and is

converted to DA by aromatic L-amino acid decarboxylase (AADC). Levodopa is
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usually administered with peripheral AADC inhibitors such as carbidopa or
benserazide. This reduces the dose of levodopa required and helps to decrease the
peripheral side effects, such as nausea, caused by conversion of DA in the periphery
(Rascol et al.,, 2002). Levodopa penetrates the blood-brain barrier, whereas
decarboxylase inhibitors do not, therefore levodopa can be metabolised to DA by the
remaining TH™ neurons in the SNpc and striatum. However, levodopa therapy has a
number of shortcomings associated with its long-term use. Dyskinesias usually
involving involuntary writhing movements, particularly of the mouth, face and limbs
occur due to peak and end dose effects of DA. These can affect over half of patients
on levodopa therapy after five years (Hely et al., 1994; Nutt and Nygaard, 2001).
Motor fluctuations, or the ‘on-off effect’, are also a side effect of levodopa and refer
to rapid fluctuations in the clinical state of a patient from a mobile to an immobile
state, thought to be a consequence of the ‘wearing off” of levodopa (Nutt, 2001).
These motor fluctuations affect approximately 20-50% of patients after 5-6 years of
levodopa therapy (Hely et al., 1994; Koller et al., 1999; Montastruc et al., 1994).
Clearly, the margin between the beneficial effects of levodopa and the unwanted

effects of the drug become progressively narrower over time.

Although levodopa remains the frontline treatment for PD, other drugs, especially in
early-stage patients, may be used. DA receptor agonists, such as bromocriptine, are
favoured as a first line treatment in younger patients because dyskinesias are 50% less
common than with levodopa therapy (2000). There is putative evidence in vitro which
suggests bromocriptine may have additional neuroprotective benefits by acting as a
free radical scavenger and there are suggestions that, in vivo, it may minimise damage

caused by oxidative stress by means of reducing DA turnover (Lange et al., 1994;
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Olanow and Jankovic, 2005; Yamamoto, 1998). At present, however, these results
remain controversial (Marek et al., 2002). DA receptor agonists are not without their
side effects (Singh et al., 2007) and are not as effective as levodopa in alleviating
motor symptoms such that most patients will require levodopa therapy within 2-5

years (Silver and Ruggieri, 1998).

Other DA-based pharmacological therapies include catechol-O-methyltransferase
(COMT) inhibitors such as tolcapone and monoamine oxidase (MAQ) inhibitors such
as selegiline. Anticholinergics may also be used as therapeutic agents, and are
believed to exert their effects via muscarinic receptors, by correcting the disequilibria
between striatal DA and ACh. While all of these agents offer benefits in PD
treatment, they are not effective alone, are not without side effects and patients taking

these drugs will require a transition to levodopa therapy with time (Singh et al., 2007).

Prior to the use of levodopa and other pharmacotherapy, in the 1960’s surgical
interventions had been used as a treatment for PD. Now, as the shortcomings of
levodopa associated with long-term use have become apparent, surgical strategies
have once more become an important treatment target in PD. The aim of surgery is to
restore the functional balance in the BG lost through the degeneration of the
nigrostriatal pathway. The targets for surgery are the ventral intermediate nucleus of
the thalamus, the GP1 or the STN. Surgical techniques may be ablative, in procedures
called thalamotomy, pallidotomy or subthalamotomy. In 1992, a landmark publication
by Laitinen and colleagues described the relief or substantial improvement of tremor
in 81% of PD patients undergoing pallidotomy and a reduction by up to 92% of

rigidity and bradykinesia, alongside concurrent relief of levodopa-induced dyskinesias
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(Laitinen et al., 1992). Most recently, technical advances have made an intervention
called deep brain stimulation (DBS) the preferred surgical tool for PD treatment. DBS
is preferred to structural lesioning techniques as they create ‘functional’ lesions which
are adjustable for the needs of the patient, non-destructive and reversible (Lang,
2000). In DBS, an implanted electrode delivers a high frequency electrical current,
reversibly ablating the target structure. The current preferred targets for DBS are the
GPi and STN. Surgical procedures are not without their shortcomings, and although
rare, surgical complications with DBS reportedly arise in 1-2% of patients. Side
effects which may occur include a worsening of motor symptoms, although this can
often be relieved by adjusting the stimulation parameters. Deterioration in cognition
and effects on mood, caused by inadvertent stimulation of the limbic system, have

also been noted with DBS (Parsons et al., 2006; Saint-Cyr et al., 2000).

Experimental and novel therapeutic avenues for treating PD include cell replacement
strategies, gene therapy and neuroprotection. PD is a popular candidate for cell-
replacement because of the specificity of the lesion and the homogeneity of the
degenerating cell population. In the 1980s, PD patients received striatal cell-grafts
from various sources, including fetal tissues and porcine fetal SNpc neurons.
Although some open-label studies using mesencephalic fetal grafts showed some
success in treating PD symptoms in humans, placebo controlled clinical trials failed to
exhibit overall clinical benefits (Freed et al., 1992; Freed et al., 2001; Freeman et al.,
1995; Lindvall et al., 1990; Lindvall et al., 1992; Olanow et al., 2003). Further, the
best result of any transplant study in PD is not greater than the clinical successes
resulting from DBS of the STN or parenteral delivery of levodopa and apomorphine

(Obeso et al., 2010; Olanow et al., 2009). Coupled with the costs, risks associated
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with the procedure, and the difficulties obtaining adequate donor tissue volumes, fetal
graft therapy for PD arguably no longer offers the potential it once promised. More
recently, there has been attention focused in the use of human stem cells as a cell-
replacement strategy alternative. Studies have shown stem cells can survive, and have
some success in forming innervations and even in reversing motor symptoms in
rodent and monkey models of PD (Bjorklund et al., 2002; Cai et al., 2009; Redmond
et al., 2007). For example, Bjorklund and colleagues reported that transplanted
undifferentiated embryonic stem cells (ESCs) provided some behavioural recovery in
6-OHDA lesioned rodents, however several subjects developed tetromas (Bjorklund
et al., 2002). Furthermore, the use of ESCs has raised ethical concerns and still faces
many of the challenges associated with fetal grafts such as immune rejection of the
transplant. The use of induced pluripotent stem cells (iPS cells) offer potential as they
do not come with the same ethical concerns as ESCs and allow the delivery of cells of
an autologous origin, therefore removing adverse immune responses which can occur
after transplantation (Kiskinis and Eggan, 2010; Soldner et al., 2009). When
evaluating the future use of iPS cells and other cell-replacement strategies, clear
advantages over existing treatments need to exist, such as improved efficacy, if they
are to be viable future therapeutic avenues and, at present, further experimental data is

required before this can be assessed.

Gene therapy approaches for PD treatment involve either attempting to restore DA
synthesis through the delivery of necessary enzymes or stopping the
neurodegenerative process through the delivery of neuroprotective agents such as
glial-derived growth factor (GDNF). There are clinical trials currently in progress

testing both approaches which have shown some success. For example, adeno-

15



associated viral vector 2 (AAV2) mediated delivery of AADC aims to make the
conversion of levodopa to DA more efficient, giving optimal therapeutic benefits on
lower doses (thus reducing levodopa induced side effects) and has been through
successful phase I clinical trials (Eberling et al., 2008). Phase I trials for the AAV2-
mediated delivery of neurturin, a functional analog of neuroprotective agent GDNF,
have also been met with success (Marks et al., 2008) after showing promise in rodent
and primate models (Gasmi et al., 2007; Kordower et al., 2006). Planned trials will
soon show whether these approaches can deliver further success in phase II trials.
Other agents with proposed neuroprotective potential in PD include MAO-B
inhibitors such as selegiline, anti-apoptotic agents, glutamatergic antagonists,
promitochondrial drugs such as coenzyme Q10 and growth factors such as GDNF.
However, none of these candidates have so far shown definitive neuroprotective

success in clinical trials (LeWitt and Taylor, 2008).

Clearly, the advancement and future success of experimental strategies for PD
treatment will markedly benefit from an improved understanding of the aetiology and
pathogenesis of PD and will allow the identification of novel potential therapeutic

candidates for targeting neurodegeneration.

1.2.5. PD Aetiology

Despite many years of research, the aetiology of PD remains unknown. Age is the

largest independent risk factor for the development of PD (de Rijk et al., 1995), whilst

the relative contributions of genetic versus environmental factors have been intensely

debated. Early cross sectional studies examining PD heritability in twins have not
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shown concordance between monozygotic (MZ) and dizygotic (DZ) twins (Marttila et
al., 1988a; Tanner et al., 1999; Ward et al., 1983) and suggest that environmental
factors lead to PD. Several environmental hypotheses have been proposed, one of the
earliest being a potential infectious aetiology linked to influenza A (Takahashi and
Yamada, 1999). The best established environmental hypothesis relates to the effects
of environmental toxins on the development of PD. In 1982, a group of young drug
users developed a rapidly progressive parkinsonian syndrome as a result of the
accidental injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a by-
product of synthetic heroin (Langston et al., 1983). MPTP crosses the blood brain
barrier, where it is converted to the active toxin MPP+ by MAO-B. MPP+ is a high
affinity substrate for the DA transporter (DAT). Once inside DA neurons, MPP+ acts
as a potent mitochondrial complex I inhibitor. Consequently, MPTP-based rodent and
primate animal models have become common and important research tools for
studying PD pathogenesis. Subsequently, long-term exposure to other chemically
similar pesticides, such as rotenone and paraquat have been linked to an increased risk
of developing PD in humans (Brown et al., 2006; Engel et al., 2001; Liou et al., 1997)
and have been shown to cause parkinsonism in animal models. Other environmental
factors associated with PD include exposure to heavy metals (Gorell et al., 1999a;
Gorell et al., 1999b) and solvents (McDonnell et al., 2003). There are also possible
protective factors, including a history of cigarette smoking and caffeine use
(Checkoway et al., 2002; Hancock et al., 2007; Paganini-Hill, 2001; Powers et al.,

2008).

The identification of inherited forms of PD shifted research attention back towards

genetic factors. In the last decade, several causative genes and susceptibility factors
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have been identified in rare families with Mendelian inheritance and 5-10% of
patients are now known to have monogenic forms of PD (Lesage and Brice, 2009).
Even though early twin studies showed poor concordance rates for PD, studies using
'"F-DOPA based positron emission tomography (PET) to detect early, subclinical loss
of DA neurons have revealed substantial (up to 75%) concordance in MZ twins and
an approximate 28% concordance in DZ twins, indicating an interaction between
genetic and environmental factors exists (Burn et al., 1992; Piccini and Brooks, 1999).
To date, linkage analysis in families has identified 13 loci and 9 genes associated with
autosomal dominant and autosomal recessive PD (Lesage and Brice, 2009). These
have been summarised in Table 1.1. They include: SNCA (PARKI and PARK4,
PARKA4 corresponds to a triplication of the gene locus) (Polymeropoulos et al., 1997;
Singleton et al., 2003), PARKIN (PARK?) (Kitada et al., 1998), UCHL-1 (PARKY)
(Leroy et al., 1998a; Leroy et al., 1998¢c), PINKI (PARKG6) (Valente et al., 2004), DJ1
(PARK7) (Bonifati et al., 2003), LRRK2 (PARKS) (Funayama et al., 2002; Zimprich et

al., 2004), and ATP1342 (PARK9) (Ramirez et al., 2006).
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Map

Locus Gene position Forms of PD Protein Function Associated mutations References
PARK1/PARK4 SNCA 4921 EOPD AD and sporadic A30P, A53T, E46K, genomic (Polymeropoulos et al.,
duplications / triplications 1997)
PARK?2 Parkin 6925.2-q27  Juvenile and EOPD AR and Ubiquitin E3 Ligase >100 mutations (point (Kitada et al., 1998)
sporadic mutations, exonic
rearrangements)
PARK3 Unknown 2pl3 LOPD AD Unknown Not identified
PARKS UCHLI1 4pl4 LOPD AD* Ubiquitin Esterase One mutation in single PD (Leroy et al., 1998a)
sibling pair
PARK6 PINK 1p35-p36 ARPD Mitochondrial kinase >40 point mutations, rare large (Valente et al., 2004)
deletions
PARK?7 DJ-1 1p36 EOPD AR Uncertain, putative >10 point mutations and large (Bonifati et al., 2003)
antioxidant properties deletions
PARKS LRRK2 12q12 LOPD AD and sporadic Protein kinase >40 missense variants, >7 of (Funayama et al., 2002)
them pathogenic including the
common G2019S
PARK9 ATP13A2 1p36 Juvenile AR Kufor-Rakeb P-type ATPase >5 point mutations (Ramirez et al., 2006)

syndrome and EOPD
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PARK10

PARK11?

PARK12

PARK13

PARK14?

PARK15?

N/A

N/A

Not assigned**

Unknown

GIGYF2

Unknown

Omi/HRTA2

PLA2G6

FBXO7

NR4A2/NURRI

Synphilin-1,
SNCAIP1

SCA2

1p32

2q36-q37

Xq

2p13

22q13.1

22q12-q13

2q22-23

5q23.1-3

12q24.1

Unclear

LOPD AD

Unclear

Unclear

Juvenile AR levodopa
responsive dystonia-
parkinsonism

EO AR parkinsonian-
pyramidal
syndrome

AR

Unclear

Unclear, dominant for SCA2

Unclear

Anti-apoptotic

DA neuron
differentiation

Protein aggregation

20

Not identified

Seven missense variants

Not identified

Two missense variants

Two missense mutations

Three point mutations

Low range interrupted CAG
expansions in SCA2

(Strauss et al., 2005)

(Le et al., 2003; Xu et al.,
2002b; Zheng et al., 2003)

(Chung et al., 2001; Marx et
al., 2003)



Not assigned**  GBA 1921 Unclear, recessive for GD Heterozygous GD-associated
mutations increase risk for PD

Table 1.1 Summary of genes associated with PD. EO, early onset; LO, late onset; AD, autosomal dominant; AR, autosomal recessive; PD,
Parkinson’s disease; GD, Gaucher’s disease; SCA2, spinocerebellar ataxia type 2; SNCA, a-synuclein; UCHLI, ubiquitin carboxy-terminal
hydrolase L1; PINK1, PTEN-induced kinase 1; LRRK2, Leucine-Rich Repeat Kinase 2; GIGYF2, GRB10-interacting GYF protein 2; PLA2G®6,
group VI phospholipase A2; GBA, B glucocerebrosidase. *Kindred analysis indicates incomplete penetrance; **PD-associated genes proposed
by candidate gene approach. (Modified from (Lesage and Brice, 2009)).
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While pathogenic mutations associated with these genes only account for a small
percentage of all PD cases, they provide valuable insights into the pathogenic
dysfunctions and molecular pathways associated not only with genetic forms of the
disorder, but of sporadic PD as well. Mutations in these PD associated genes have
been linked to molecular cascades which eventually lead to cell death. These cascades
include oxidative stress, impaired mitochondrial dysfunction, excitotoxicity, protein
misfolding and aggregation, impaired lysosome and chaperone mediated autophagy,
all central areas of PD research for elucidating the mechanisms of cell death (Dauer
and Przedborski, 2003; Hindle, 2010; Zhang et al., 2006). For example, the gene
product of PARKIN, parkin, is an E3-ubiquitin protein ligase which identifies and
targets proteins, via a ubiquitin tag, to the proteosome for degradation. Mutations in
parkin abolish this E3 ligase activity (Kitada et al., 1998; Shimura et al., 2000).
Meanwhile, UCHL-1 has been identified as an enzyme involved in the de-conjugation
of ubiquitin and mutations in this protein are believed to lead to the loss of recycling
of ubiquitin monomers. Together, mutations in these genes indicate abnormal
handling of misfolded proteins occurs and identifies a role for the ubiquitin-
proteosome system in the pathogenesis of PD. Among the different genetic forms of
PD, mutations in the SNCA gene, which codes for the protein a-synuclein, has
received the most attention. a-synuclein, along with B-synuclein and y-synuclein,

belong to a small family of proteins called synucleins.

1.3. The Synuclein Family

1.3.1. Overview
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The synuclein family of proteins arise from three distinct genes and, so far, have only
been described in vertebrates. They are small (113-143 amino acids), closely related
proteins which are expressed primarily in neural tissue and are particularly enriched in
presynaptic terminals. Structurally, all three proteins are distinctive and highly
conserved, sharing a common design. The first two thirds of the sequence (~90
residues) are organised around an amphipathic motif, which include a variable
number of 11-residue repeats. The carboxy-terminal is less well conserved but is
generally acidic, with a preponderance of glutamate residues (Clayton and George,
1998). Despite intense research efforts, the normal functions of these proteins are still
to be elucidated. The proteins will be discussed further below, with emphasis on -

synuclein, given its intimate association with PD pathogenesis.

1.3.2. a-synuclein

o-synuclein was first isolated in 1988 from the Pacific electric ray Torpedo
californica using an antiserum raised against purified cholinergic terminals
(Maroteaux et al., 1988). It was given the name synuclein because of its localisation
to the nuclear envelope of neurons and to presynaptic nerve terminals (Lavedan,
1998; Maroteaux et al., 1988). The proteins’ association with nuclear membranes has
not been consistently observed since, but the name has been retained. In 1993, Ueda
and colleagues reported that a short peptide, termed non-amyloid component (or
NAC) from amyloid plaques from the brains of Alzheimer’s disease patients was
derived from a larger precursor protein, called the non-amyloid component precursor

(or NACP). The NACP was identified as homologous to that of rat a-synuclein (Jakes
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et al., 1994; Ueda et al., 1993). This finding provided the first link for a potential role

for synuclein proteins in neurodegeneration.

1.3.3. a-synuclein and PD

Since the initial link with neurodegeneration, there have been a number of seminal
findings over the past decade which has placed a-synuclein firmly at the centre of
research into PD pathogenesis. The first was the identification of three missense
mutations in the SNCA gene which caused autosomal dominant forms of PD in a
number of families (Kruger et al., 1998; Polymeropoulos et al., 1997; Zarranz et al.,
2004). All three mutations cause early onset PD (EOPD) with a high penetrance. The
second link came with the discovery that a-synuclein was present in LBs in post
mortem brain tissue of patients with sporadic forms of PD (Spillantini et al., 1997).
Thirdly, short chromosomal duplications or triplications containing the SNCA gene,
plus relatively short flanking regions of chromosome 4, were discovered to cause
autosomal dominant PD (Chartier-Harlin et al., 2004; Singleton et al., 2003). Finally,
recent genome-wide association studies further support the notion that a-synuclein is
critically linked to PD (Edwards et al., 2010; Pankratz et al., 2009; Satake et al., 2009;

Simon-Sanchez et al., 2009).

In 1997, a point mutation (G209A) which caused an alanine to threonine amino acid
residue substitution at point 53 (A53T) in the sequence of the SNCA gene was
reported in a large Italian-American family and three smaller unrelated Greek families
with autosomal dominant EOPD (Polymeropoulos et al., 1997). Since then, two more

mutations have been found in unrelated families with autosomal dominant forms of
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PD; an alanine to proline substitution at position 30 (A30P) was identified in a
German kindred (Kruger et al., 1998) and a glutamate to lysine substitution at position
46 (E46K) (Zarranz et al., 2004) was identified in kindred with either classical PD or
PD with pathological features of dementia associated with widespread Lewy

pathology, termed dementia with Lewy bodies (or DLB).

Soon after the first genetic link between a-synuclein and PD, it was found that
antibodies against a-synuclein resulted in strong staining of the protein in post-
mortem brain tissue of patients with sporadic forms of PD (Spillantini et al., 1998;
Spillantini et al., 1997). LBs are a key pathological feature in sporadic PD and the
discovery that they contain a-synuclein suggests a common pathogenesis of both

sporadic and familial PD.

More recently, duplication and triplication of the SNCA locus has been shown to
cause autosomal dominant PD. Singleton and colleagues identified a triplication of
SNCA locus in a large lowa family with severe EOPD (Singleton et al., 2003). SNCA
duplication and triplication mutations were subsequently reported in independent
families with autosomal dominant PD (Chartier-Harlin et al., 2004; Farrer et al.,
2004). These gene multiplications cause increased expression of a-synuclein, the
degree to which correlates to the severity of PD symptoms. For example, individuals
carrying triplication mutations in the SNCA locus had an earlier age of PD onset and
more severe and widespread degeneration than individuals carrying SNCA gene

duplications (Chartier-Harlin et al., 2004; Eriksen et al., 2005).
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Most recently, two large genome wide association studies (GWASs) have
demonstrated a strong association of sporadic PD with common single nucleotide
polymorphisms (SNPs) within the SNCA locus, in two populations with different
ancestry (Satake et al., 2009; Simon-Sanchez et al., 2009). These findings support
previous reports that variation at the SNCA locus increases susceptibility to PD
(Maraganore et al., 2006; Maraganore et al., 2005; Pankratz et al., 2009). Most
recently, another GWAS identified an identical SNCA variant previously reported by
Simoén-Sanchez et al. in a different population (Edwards et al., 2010). The association
of common variants of SNCA with an increased PD risk in three independent GWASs
strongly implies that a pathological role for a-synuclein in PD is not confined to rare,

familial forms of PD, but also in sporadic forms of the disorder.

1.3.4.  oa-synuclein structure and expression

The human SNCA gene maps to chromosome 4q21.3-q22 (Chen et al., 1995;
Shibasaki et al., 1995; Spillantini et al., 1995) where it spans ~111 kb of genomic
DNA. The gene is comprised of six exons, the first of which is untranslated
(Touchman et al., 2001; Xia et al., 2001). The mouse SNCA gene has been mapped to
chromosome six and the intron/exon structure of both human and mouse SNCA are
highly conserved; the human and murine protein sequences are 95.3% identical
(Lavedan, 1998; Touchman et al., 2001). The human SNCA gene encodes a 140
amino acid protein of approximately 19 kDa (Touchman et al., 2001). The protein
comprises an amphipathic N-terminal region which is characterised by a series of 11
imperfect amino acid repeats containing the core sequence KTKEGYV (residues 1-61),

a hydrophobic central domain which corresponds to the NAC peptide (residues 61-95)
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and an acidic C-terminus (residues 96-140). a-synuclein exists in a variety of
conformations depending on the environment (Uversky, 2003). In aqueous solution,
o-synuclein is “natively unfolded” and as such, a-synuclein belongs to a class of
intrinsically unstructured proteins which may act to facilitate protein-protein
interactions, (Davidson et al., 1998; Eliezer et al., 2001; Jakes et al., 1994; Weinreb et
al., 1996). Other proteins in this family include tau and microtubule associated
protein-2 (MAP2), both of which bind and influence cytoskeletal elements. In
contrast, a-synuclein adopts a more ordered a-helical structure in the presence of
acidic phospholipids. The amphipathic 11-residue N-terminal repeating structure of
o-synuclein has a very similar organisation to the class-A; helix family of
apolipoproteins which are capable of lipid interactions. Consistent with this, o-
synuclein reversibly binds phospholipid membranes which occurs together with a
large change in the structure of the protein from approximately 3% to over 70% a-
helical (Li et al., 2001; Perrin et al., 2000). In LBs, a-synuclein assumes a fibrillary
pleated-sheet conformation as insoluble aggregations, and binds other proteins such as
synphilin-1, parkin, and the antiapoptotic chaperone 14-3-3. The protein possibly
exists in further conformations in high molecular weight aggregates (George et al.,
1995; Kawamoto et al., 2002; Maroteaux and Scheller, 1991; Nakajo et al., 1990;
Schlossmacher et al., 2002; Wakabayashi et al., 2001). The acidic C-terminus of a-
synuclein remains free and unfolded in solution, and does not associate with vesicles.
It appears to be critically involved in mediating the chaperone-like activity of o-

synuclein, which is lost if the C-terminal is removed (Eliezer et al., 2001; Ostrerova et

al., 1999).
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The a-synuclein protein is predominantly expressed in neurons throughout the central
nervous system (CNS). In the adult brain, it is expressed in the neocortex,
hippocampus, olfactory bulb, striatum, substantia nigra, thalamus, amygdala, nucleus
accumbens, and cerebellum (Galvin et al., 2001; George et al., 1995; Iwai et al., 1995;
Jakes et al., 1994; Maroteaux and Scheller, 1991; Masliah et al., 1996; Mori et al.,
2002; Shibayama-Imazu et al., 1993). On an intracellular level, a-synuclein
expression seems to change during the development of the CNS. It is initially
confined to the cell bodies of neuronal precursors, but is redistributed to presynaptic
nerve terminals later in development where it exists in close proximity to, though not
bound with, synaptic vesicles (Hsu et al., 1998; Iwai et al., 1995; Nakajo et al., 1994).
The loose association of a-synuclein to synaptic vesicles is confirmed by the finding
that a-synuclein is present in crude synaptosomal fractions, but it is absent from
highly purified synaptic vesicle preparations (Irizarry et al., 1996; Kahle et al., 2000b;

Shibayama-Imazu et al., 1993).

1.3.5. a~synuclein function: overview

Despite over a decade of intense study, the normal physiological functions of -
synuclein remain largely unknown. It has been shown to interact with a wide range of
proteins and consequently has been implicated in several biochemical pathways,
making its precise function difficult to elucidate. o-synuclein can interact with
cytoskeletal-associated proteins such as tau (Jensen et al., 1999), mitogen activated
protein 1B (MAPIB) (Jensen et al., 2000), MAP2 (D'Andrea et al., 2001), tubulin
(Payton et al., 2001), actin (Alim et al., 2004; Zhou et al., 2004) and synphilin-1

(Engelender et al., 1999; Kawamata et al., 2001). a-synuclein has also been shown to
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interact with numerous protein kinases and phosphatases such as extracellular
regulated kinase (ERK), protein kinase C (PKC) (Iwata et al., 2001; Li and Lee, 2005;
Ostrerova et al., 1999). Perhaps the most intriguing is o-synuclein’s considerable
sequence similarity with the phospho-dependent signalling chaperone 14-3-3 (Yaffe,
2002). This indicates that a-synuclein may function as a molecular chaperone, which
could explain a-synuclein’s functional pleiotropy in different cellular processes.
Indeed, a-synuclein can bind to 14-3-3 and interacts with many known binding
partners of 14-3-3, including PKC and ERK (Ostrerova et al., 1999). In addition, -
synuclein has been shown to interact with molecular components associated with lipid
transport, fatty acid metabolism and membrane turnover, such as phospholipases D1
and D2 (Jenco et al., 1998). Finally, a-synuclein can associate with proteins involved
in DA synthesis and regulation, such as tyrosine hydroxylase and DA transporter
(DAT) (Fountaine and Wade-Martins, 2007; Lee et al., 2001; Peng et al., 2005; Perez
et al., 2002; Wersinger and Sidhu, 2003; Yu et al., 2004) and proteins involved in the
regulation of other catecholamines such as the norepinephrine transporter (NET) and

the serotonin transporter (SERT) (Wersinger et al., 2006a; Wersinger et al., 2006b).

Two keys aspects of its function which continue to receive interest are its potential
regulatory roles in intracellular vesicle function and molecular interactions with key

aspects of dopamine synthesis and metabolism.

1.3.6. oa-synuclein and synaptic vesicle function

Consistent with its presynaptic localisation, several studies implicate a role for a-

synuclein in modulating synaptic transmission, the vesicle recycling and neuronal
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plasticity. Indeed, in humans, rats and mice, o-synuclein expression reaches its
highest concentration per synapse during early embryogenesis; a period of maximal
neuronal plasticity (Galvin et al., 2001; Hsu et al., 1998). a-synuclein upregulation
occurs after synaptogenesis during development, indicating the protein is not essential
in the formation of neurons. Confirmation of this is provided by the fact that knockout
synuclein mouse models are not lethal and that brain morphology in these models is
normal (Abeliovich et al., 2000; Cabin et al., 2002; Chandra et al., 2005). Even
though a-synuclein is not essential for synapse formation or cell survival, studies
in a-synuclein knockout mice have been instrumental in revealing an essential role
for the protein in synaptic transmission, vesicle trafficking and recycling and synaptic

maintenance and integrity.

A study by Abeliovich and colleagues showed that o-synuclein knockout mice
showed an enhanced rate of recovery during paired-pulse stimulations in striatal slices
which could be mimicked by increased concentrations of calcium (Abeliovich et al.,
2000). This suggested that a-synuclein may act as an activity-dependent, negative
regulator of neurotransmitter release that may restrict the trafficking of vesicles from
the reserve pool to the readily release pool (RRP) of vesicles. It is also reported that
loss of a-synuclein decreased the number of reserve pool synaptic vesicles in
hippocampal neurons in vitro (Murphy et al., 2000) and in vivo where a corresponding
impairment of neurotransmitter release from hippocampal neurons occured in
response to prolonged, high frequency stimulation, where an altered response to
amphetamine (AMPH) was also observed (Cabin et al., 2002). A higher rate of vesicle
depletion following tetanic stimulation has also been reported (Yavich et al., 2004).

Further, a-synuclein-depleted cells exhibit decreased levels of synapsin, a protein
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essential for synaptic vesicle recycling (Cabin et al., 2002; Lotharius et al., 2002).
Together, these studies imply a role for a-synuclein in the formation and/or
maintenance of a subset of a reserve pool of presynaptic vesicles and the regulation of
vesicle transport. That said, studies on knockout mouse models which are deficient in
o- and B-synuclein failed to show differences in the size of the vesicle pools or in
synaptic transmission. However, changes in the levels of the signalling molecules
complexin and 14-3-3 proteins were seen, indicating a.-synuclein may not be essential
components of synaptic machinery but contribute subtle regulatory roles (Bellani et
al., 2010; Chandra et al., 2004). Further studies on mice deficient in a- and Y-
synuclein reported a two-fold increase in neurotransmitter release from striatal slices
without corresponding changes in transmitter content or uptake (Senior et al., 2008).
Taken together, these data highlight that a-synuclein may have altered functions
depending on whether other members of the closely related synuclein family of

proteins are present.

There are suggestions that a-synuclein may even act as a positive regulator of
synaptic transmission, which come from a study on cysteine-string protein (CSPa)
knockout mice (Chandra et al., 2005). These mice show a rapidly progressive
neurodegeneration because CSPa deletion inhibits soluble NSF attachment receptor
(SNARE) complex assembly. Surprisingly the phenotype is partially rescued by
transgenic expression of a-synuclein. Its mode of action in this case is unclear since
a-synuclein does not directly function in place of CSPa and does not bind to SNARE
proteins. It is possible that a-synuclein, in keeping with its homology to 14-3-3
proteins, acts as a molecular chaperone which complements CSPa - facilitating

SNARE protein function and maintaining synaptic integrity.
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The role of a-synuclein as an adaptor or chaperone protein and the potential
molecular mechanisms by which it may regulate vesicular recycling, are exhibited
through its proposed interaction with phospholipase D (PLD). a-synuclein physically
binds to and inhibits the activity of PLD2, and to a lesser extent to PLD1, through its
highly conserved N-terminal repeat domain (Ahn et al., 2002; Jenco et al., 1998).

PLD?2 is located on the plasma membrane where it has an important role in regulating
synaptic vesicle recycling. It functions as a membrane bound enzyme that hydrolyses
phospholipids such as phosphatidylcholine (AC) into phosphatidic acid (PA) (Exton,
2002a, b; Jones et al., 1999). PA, in addition to acting as an intracellular messenger,
can promote the recruitment of cytosolic adaptor molecules at membrane surfaces,
which in turn facilitates the recruitment of clathrin coat proteins and initiates vesicle
biogenesis (Ktistakis et al., 1996; Liscovitch et al., 2000). Therefore, by modulating
PLD2 activity, a-synuclein may have a key role in regulating vesicular recycling.
Most recently however, one study failed to show that a-synuclein had a robust

inhibitory interaction with PLD2, either directly or indirectly (Rappley et al., 2009).

Reports also suggest a-synuclein has lipid binding properties and can regulate
vesicular recycling through modulation of fatty acid metabolism, a crucial aspect of
vesicle function and membrane turnover. As well as having significant homology with
class-A, apolipoproteins and C1-3, which are involved in lipid transport and are
components of LBs (Clayton and George, 1998; Ueda et al., 1993), short amino acid
stretches in the N- and C-termini of a-synuclein share considerable homology with
the cytosolic fatty acid binding motif present in fatty acid binding proteins (FABPs).

As such, a-synuclein can bind to fatty acids in a dose-dependent and competitive
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manner (Sharon et al., 2001). a-synuclein may therefore shuttle fatty acids, which are
highly enriched at synaptic vesicles, to vesicle formation sites. It is also possible that
o-synuclein acts as a lipid chaperone to regulate the turnover or local organisation of
polyunsaturated fatty acid acyl groups thought to be involved in clathrin-mediated

endocytosis and therefore in vesicle recycling (Heuser and Reese, 1973; Schmidt et

al., 1999).

1.3.7. a~synuclein and dopamine homeostasis

It is important to understand the relationship between a-synuclein and DA
homeostasis. This is because PD pathology preferentially targets DA neurons in the
SNpc, and in turn, a-synuclein has been shown to affect various components of DA
biology: the synthesis of DA by TH, the storage and release of DA, and the reuptake

of DA by the DAT.
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Figure 1.2 a~synuclein and DA homeostasis. DA synthesis from L-tyrosine occurs in
the cytoplasm, via the actions of tyrosine hydroxylase (TH) and DOPA decarboxylase
(1). a-synuclein has been shown to regulate DA synthesis via interactions with the
TH promoter and direct interactions with TH (Gao et al., 2007; Peng et al., 2005;
Perez et al., 2002). DA is then sequestered, by vesicular monoamine transporter 2
(VMAT?2), into synaptic vesicles where it is stored (2). a-synuclein has been shown to
be involved in the regulation of synaptic vesicle function, vesicular transport and
regulation of the resting/reserve vesicle pools (Yavich et al., 2004). DA release occurs
via Ca*" mediated exocytosis (3). a-synuclein has shown to regulate DA release,
possibly through interference with late steps in exocytosis (Larsen et al., 2006; Yavich
et al., 2005). DA action is terminated by reuptake via the dopamine transporter (DAT)
(4). o-synuclein has been shown to interact with DAT, with increasing evidence
suggesting a-synuclein is involved in the facilitation of DAT localisation to the cell
surface membrane (Fountaine and Wade-Martins, 2007; Lee et al., 2001).

DA synthesis occurs via a multistep process in which the amino acid tyrosine is
converted to L-DOPA by phosphorylated TH. The enzymatic activity of TH is the rate
limiting step in the production of DA. L-DOPA undergoes conversion to DA by
AADC in dopaminergic neurons. o-synuclein has been shown to act as a negative

regulator of DA synthesis through effects both on the TH promoter and an interaction
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with TH directly. The TH promoter has been shown to be significantly less active in
cells which overexpress a-synuclein compared to controls (Gao et al., 2007).
Correspondingly, cells overexpressing a-synuclein exhibit reduced levels of TH
mRNA and protein (Baptista et al., 2003; Yu et al.,, 2004). Studies in vitro also
suggest that a-synuclein can directly bind to and reduce the activity of TH (Perez et
al., 2002). TH activity is dependent on phosphorylation of regulatory serine residues
in the N-terminus of the protein (Campbell et al., 1986; Haycock, 1990).
Phosphorylation activates TH by calcium-calmodulin dependent protein kinase II in
response to a depolarisation-dependent influx of calcium. This process has been
shown to be modulated by 14-3-3 proteins, which bind to phosphorylated TH and
maximise TH phosphorylation (Ichimura et al., 1988; Ichimura et al., 1987; Xu et al.,
2002a). Conversely, a-synuclein has been shown to bind to dephosphorylated TH and
maintain the enzyme in an inactive form, causing an overall net reduction in TH
activity and DA synthesis (Perez et al., 2002). In addition, a-synuclein can bind to,
and promote the activity of protein phosphatase 2A (PP2A), an enzyme which is
responsible for deactivating TH through dephosphorylation of a key serine residue
(Peng et al., 2005). The view that a-synuclein acts as a negative regulator of DA
synthesis is further supported by studies in vitro which demonstrate that the activity of
AADC is reduced in the presence of a-synuclein overexpression (Tehranian et al.,
2006). In vivo studies support the notion that o-synuclein may regulate DA
production. In one line of a-synuclein knockout mice, an approximately 20%
reduction in striatal DA content was reported (Abeliovich et al., 2000), although this
finding was not supported in an independently generated line of a-synuclein knockout
mice (Robertson et al., 2004; Schluter et al., 2003). This highlights the potential

phenotypic variability which may exist between mouse lines generated on different
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strain backgrounds or with a different methodology. The age of the mice is also very
important, since whilst no changes were seen in the latter mentioned cohort of a-
synuclein knockout mice at a young age, a significant reduction was observed in o-
synuclein knockout mice at 24-26 months (Al-Wandi et al., 2010). Furthermore, DA
levels in a- and B-synuclein double knockout mice were decreased by approximately
20% (Chandra et al., 2004), although no reduction in DA content were observed in

striatum of a- and y-synuclein double knockout mice (Senior et al., 2008).

Once DA is synthesised, it is rapidly sequestered into synaptic vesicles through the
activity of vesicular monoamine transporter 2 (VMAT?2) where it is stored until it is
released in a stimulus-evoked fashion from presynaptic terminals by calcium-
dependent exocytosis. As described, a-synuclein has effects on vesicular function and
studies in o-synuclein mouse models have been useful in determining the influence a-
synuclein may have on the storage and release of DA. Abeliovich and colleagues
showed that a-synuclein knockout mice showed subtle changes in DA release in a
paired stimulation paradigm. Under normal conditions, if a neuron is stimulated twice
in rapid succession, the amount of DA released on the second stimulation will be
significantly lower than on the first. This is known as paired pulse depression (PPD).
a-synuclein knockout mice showed an enhanced rate of recovery from PPD at DA
terminals in the striatum (Abeliovich et al., 2000). Furthermore, Yavich and
colleagues demonstrated that mice overexpressing a-synuclein exhibited a decrease in
DA release (Yavich et al., 2005), a finding supported in cell culture models which
have shown a-synuclein overexpression impairs DA release, possibly through
interference with a late step in exocytosis (Larsen et al., 2006; Lotharius et al., 2002).

Studies on a- and y-synuclein double knockout mice have shown a two-fold increase
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in evoked extracellular DA concentration after discrete stimulation in striatal slices
compared with wild-type, a-synuclein or y-synuclein single knockout control mice.
This occurred without corresponding changes in transmitter content or uptake and an
increased recovery from PPD was not observed in any of the knockout mouse lines
(Senior et al.,, 2008). Deficits in neurotransmitter release or changes in paired
stimulation paradigms were not observed in a- and B-synuclein double knockout

mice, although these observations were made in hippocampal slices (Chandra et al.,

2004).

Studies in vitro indicate a-synuclein may also have a role in DA sequestration and
storage. In adrenal cells, a-synuclein overexpression altered vesicular pH gradients
important for the correct functioning of the VMAT2 which corresponded to an
increase in cytoplasmic catecholamine levels (Mosharov et al., 2006). Overexpression
of A53T mutant a-synuclein in human dopaminergic (MESC2.10) cells leads to a
decrease in the levels of VMAT?2, a decrease in DA release and an increase in AMPH
stimulated DA extrusion via DAT (Lotharius et al., 2002). In a study of a-synuclein
knockdown in another human neuronal cell model, a decrease in the total number of
intracellular vesicles was observed, although an increase in the density of the VMAT2
per vesicle was reported (Fountaine et al., 2008). Therefore, a-synuclein may
influence the number of DA storage vesicles or alter DA storage ability, leading to

increases in cytosolic DA levels.

Postsynaptic DA action is terminated by removal of DA from the extracellular
synaptic cleft. This may occur by diffusion of DA away from the cleft, or by

degradation of DA by enzymes; however, the primary mechanism of rapid DA
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removal is by re-uptake of DA into the presynaptic terminal by DAT. DAT function
on the cell surface has a crucial role in regulating intracellular and extracellular DA
levels and as such is closely regulated through a variety of intracellular signalling
cascades (Bannon, 2005). a-synuclein interacts directly with DAT and is believed to
have an important role in the regulating transporter number through the trafficking of
DAT between the cell surface and internal plasma membranes. It has been shown in
tissue culture that a-synuclein acts to traffic DAT towards the cell surface (Lee et al.,
2001). This observation is supported by the important finding that a-synuclein
knockout mice are resistant to MPTP toxicity (Dauer et al., 2002; Robertson et al.,
2004; Schluter et al., 2003). MPP+, the active metabolite of MPTP, enters DA
neurons through the DAT, where it potently inhibits mitochondrial complex 1. Dauer
and colleagues showed that in o-synuclein knockout mice, MPTP was less able to
reach the mitochondria, indicating less DAT localisation to the cell surface for MPP+
uptake (Dauer et al., 2002). Similarly, a-synuclein knockout mice exhibit reduced
locomotor hyperactivity in response to AMPH, whose action is partially dependent
upon the DAT (Abeliovich et al., 2000). Consistent with this, a-synuclein knockdown
in human neuroblastoma cell lines protects against MPP+ toxicity by reducing the
amount of DAT present on the cell surface (Fountaine and Wade-Martins, 2007).
Taken together, the data largely support a role for a-synuclein in facilitating DAT
localisation to the cell surface. In further support of this view, it has been shown that
overexpression of a-synuclein blocks ER-golgi trafficking (Cooper et al., 2006;

Gosavi et al., 2002).

Whilst the precise cellular role of a-synuclein is not known, it is clear that the protein,

potentially together with the other synucleins, acts to regulate synaptic transmission,
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vesicle trafficking and recycling and synaptic maintenance at presynaptic nerve
terminals. There is also strong evidence to suggest a-synuclein is involved in
regulating and maintaining DA homeostasis within the cytoplasm, with reported
actions on the synthesis, sequestration and storage, release and reuptake of the

neurotransmitter.

1.3.8. Beta and gamma synuclein

Less is known about the other two synuclein family members, B-synuclein and y-
synuclein. There is considerable sequence homology between the synuclein family
members, indicating that a high degree of functional redundancy potentially exists
between the family members. The lack of an overt phenotype in a-synuclein single
knockout mice is likely caused by this functional compensation and may have
obscured the detection of an essential role of a-synuclein. Indeed, B-synuclein has
been shown to be upregulated in a- and y-synuclein double knockout mice (Robertson
et al., 2004), whilst y-synuclein expression is increased in a- and B-synuclein double
knockout mice (Chandra et al., 2004). Therefore, the functions of B-synuclein and y-
synuclein must be taken into consideration if future studies of a-synuclein knockout
mice studies are to be more informative. In particular, their potential role in the

development and progression of neurodegeneration has been poorly studied.

1.3.9. p-synuclein: structure and function

The human B-synuclein gene (SNCB) maps to chromosome 5q35 (Spillantini et al.,

1995), and the mouse B-synuclein gene is found on chromosome 13 (Sopher et al.,
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2001). Both the human and mouse -synuclein gene consist of six exons separated by
five introns. The human protein is 134 amino acids in length and shares 97.8%
homology with mouse B-synuclein. Structurally, B-synuclein lacks 11 amino acid
residues present in the highly amyloidic hydrophobic domain in the N-terminal region
of a-synuclein, which may explain why B-synuclein has a poor propensity to self-
aggregate and form oligomers and fibrils (Uversky et al., 2002). B-synuclein shares
61% sequence homology with a-synuclein and, like a-synuclein, is expressed
predominantly in the CNS where it is concentrated in the cytoplasmic matrix of the
presynaptic axon terminals (Jakes et al., 1994; Nakajo et al., 1994). B-synuclein is not

exclusively located in nerve terminals; it is also present in the perikarya of neurons

(Giasson et al., 2001; Mori et al., 2002).

B-synuclein has not been found to co-localise with a-synuclein in LBs (Lavedan et
al., 1998a) although, like vy-synuclein, the protein has been associated with
hippocampal axon pathology in PD and DLB (Galvin et al., 1999). Further reports
support a more specific role for B-synuclein in modulating a-synuclein toxicity. Two
independent reports investigating a-synuclein aggregation in vitro have demonstrated
that B-synuclein is able to inhibit a-synuclein aggregation and fibril formation (Park
and Lansbury, 2003; Uversky et al., 2002). It has also been reported that in mice
which overexpress both a-synuclein and B-synuclein, B-synuclein overexpression can
reduce a-synuclein aggregation and toxicity in vivo (Hashimoto et al., 2001). Another
study reported that mice which overexpress wild-type B-synuclein can reduce the
endogenous expression of a-synuclein protein, without altering the mRNA levels

(Fan et al., 2006). These mice are phenotypically normal and do not exhibit a

40



neuropathological phenotype. When crossed with an a-synuclein transgenic mouse
carrying the A53T mutation under the control of the PrP promoter (Giasson et al.,
2002), a marked improvement in motor performance, neuropathology and survival is
seen, which corresponds to a decrease in a-synuclein protein expression (Fan et al.,
2006). Taken together, growing evidence suggests a possible protective role of [3-
synuclein in neurodegenerative diseases, potentially through its ability to modulate a-
synuclein neurotoxicity. In support of this, Ohtake and colleagues performed a genetic
screen of patients with genetic and familial forms of DLB for alteration in the -
synuclein gene. They discovered two different amino acid alterations in the SNCB
gene in unrelated cases of DLB. These amino acid substitutions occur at conserved
residues in a highly conserved region of B-synuclein. However, although widespread
LB pathology and a-synuclein aggregation was present in these patients, no [-
synuclein aggregation was detected (Ohtake et al., 2004). This report provided the
first genetic link to a potential role for B-synuclein in neurodegeneration, and led to
the suggestion that defects in the SNCB gene may reflect a loss of B-synuclein’s

ability to inhibit a.-synuclein toxicity.

1.3.10. y~synuclein: structure and function

The human y-synuclein gene (SNCG) has been mapped to chromosome 1023
(Lavedan et al., 1998b), and the mouse y-synuclein gene is located on chromosome 14
(Alimova-Kost et al., 1999). The human y-synuclein gene is comprised of five exons
which encodes a 127 amino acid protein. The human protein is 87.7% identical to

mouse y-synuclein protein (Lavedan, 1998). Structurally, y-synuclein is similar to o-

41



synuclein, and can adopt a free-state residual secondary structure, and unlike B-
synuclein, y-synuclein can also aggregate and form fibrils in vitro (Sung and Eliezer,
2007). When it was initially identified, y-synuclein was termed persyn, owing to its
expression in the peripheral nervous system, for example in sympathetic neurons and
in motor neurons, as well as the CNS (Buchman et al., 1998b). Little is known about
the normal function of y-synuclein and there is considerable research which focuses
on its potential role in cancer formation or progression, specifically breast cancer
(Ahmad et al., 2007; Guo et al., 2007; Ji et al., 1997; Jia et al., 1999). Although
mutations in the SNCG gene have not been identified in PD patients and the protein is
not present in LBs (Lavedan et al., 1998a), there is growing evidence associating y-
synuclein with a potential role in neurodegeneration. Like B-synuclein, y-synuclein
has been associated with axonal pathology in PD and DLB patients (Galvin et al.,
1999) and has also been shown to inhibit the aggregation of a-synuclein (Biere et al.,
2000; Uversky et al., 2002). Further, acute overexpression of y-synuclein in neuronal
cell culture does not cause cell death but causes an impairment in the
neurofilamentary network (Buchman et al., 1998a). Recently, Ninkina and colleagues
have more comprehensively assessed the effects of y-synuclein overexpression on the
nervous system in transgenic mice expressing high levels of y-synuclein under the
control of the Thy-1 promoter. They found these mice develop a severe age- and
transgene dose-dependent neuropathological phenotype throughout the nervous
system which is prematurely fatal (Ninkina et al., 2009). Aggregation of y-synuclein
and the accumulation of various inclusions in neuronal cell bodies and processes
occurs, most prominently in the spinal cord, leading to the loss of spinal motor
neurons and corresponding severe motor deficits (Ninkina et al., 2009). These

findings support the view that y-synuclein may have an as yet unidentified function in
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certain types of neurodegenerative diseases. Most recently, a pilot study screening a
cohort of patients with diffuse LB disease (DLBD), consistent with a clinical
diagnosis of PD or DLB, was carried out to determine the associations of SNCA,
SNCB and SNCG. They identified one SNP in the y-synuclein gene which was
significantly associated with the disease (Nishioka et al., 2010). This provides further

evidence of a potential role of this protein in neurodegeneration.

1.3.11. Summary

It is clear that a better understanding of the normal and pathological functions of a-
synuclein, B-synuclein and y-synuclein, and the relationship between them will be key
to more fully understanding the mechanisms of PD pathogenesis, and of the

pathogenesis of related neurodegenerative disorders.

1.4. Mechanisms of PD Pathogenesis

1.4.1. Protein aggregation and PD

The accumulation of abnormal protein aggregates is a common pathological feature of
several neurodegenerative disorders, including PD, where the deposition of insoluble
a-synuclein into LBs is a characteristic hallmark of the disorder. However, it is not
clear how these protein aggregations are linked to the disorder. A growing body of
evidence indicates the aggregates are not a prerequisite for neurodegeneration, since
there is no correlation between inclusion formation and cell death. Firstly, PD patients

with PARKIN mutations can have nigral degeneration in the absence of LBs (Kitada
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et al., 1998). Secondly, in post-mortem brain tissue from patients with PD, most cells
undergoing apoptosis do not exhibit LB pathology (Tompkins and Hill, 1997).
Furthermore, the number of LBs present in post-mortem brains does not correlate
with neuronal loss (Gomez-Isla et al., 1999). Finally, many individuals who have not
experienced neurological illness during their lives are found to have widespread LBs
post-mortem (Parkkinen et al., 2005a; Parkkinen et al., 2005b) and in animal models,
inclusions can occur without associated neurodegeneration (Lo Bianco et al., 2002).
Therefore rather, it is proposed that inclusion formation may arise from active
processes meant to sequester insoluble misfolded proteins from the cytoplasm, and
toxicity arises through dysfunction of these processes. Aggregate formation has even
been suggested to be cytoprotective, acting as a defensive response aimed at

sequestering toxic species to prevent cellular damage.

Several lines of evidence indicate that dysfunction of the ubiquitin-proteosome system
(UPS), which is responsible for marking and degrading appropriate proteins, may be
causal in PD. LBs contain multiple molecular components of the UPS such as
ubiquitin (Lennox et al., 1989a; Lennox et al., 1989b), parkin (Choi et al., 2000) and
UCHL-1 (Lowe et al., 1990). Further, a 40% decrease in proteosome activity
selectively in the SNpc has been observed in the brains of PD patients at autopsy
(McNaught and Jenner, 2001). In addition, proteosome activity decreases with normal
ageing, particularly in the SNpc, which may contribute to the selective vulnerability
of this region in PD (Zeng et al., 2005). The strongest evidence for UPS dysfunction
in PD comes from the identification of several PD-associated genes which are directly
linked to UPS impairment. These include mutations in the conjugating E3 ligase

enzyme parkin, which abolish the proteins ability to tag target proteins with ubiquitin
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(Kitada et al., 1998; Shimura et al., 2000) and mutations in UCHL-1, an enzyme
involved in the de-conjugation of ubiquitin, which are believed to lead to the loss of

recycling of ubiquitin monomers (Leroy et al., 1998b; Leroy et al., 1998c).

Impairment of the UPS has been closely linked with a-synuclein. For example,
overexpression of A53T mutant a-synuclein in a cell culture produced ubiquitinated,
cytoplasmic inclusions and exhibited reduced proteosome activity (Stefanis et al.,
2001). This suggests that a-synuclein aggregation, or an increased propensity to
aggregate, into LBs may be an important step in mediating cellular toxicity.
Monomeric a-synuclein is readily soluble, and under certain conditions, such as
oxidative stress, overexpression or genetic disruption, forms small oligomers and
protofibrils that elongate into mature insoluble fibrils which then readily coalesce into
LBs. Indeed, a-synuclein mutations are associated with an increased tendency for the
protein to aggregate in aqueous solutions (Conway et al., 1998; Conway et al., 2000a;
Conway et al., 2000b; Giasson et al., 1999) and in vivo (Feany and Bender, 2000).
Increasing evidence indicates that toxicity may not be mediated by the insoluble
aggregates, but by the soluble non-fibrillar oligomers or protofibrils. In support of
this, protofibrils are increased in the brains of patients with PD and DLB (Sharon et
al., 2003) and have been identified in cells overexpressing a-synuclein and in
transgenic mice where they are associated with cellular toxicity (Gosavi et al., 2002;
Masliah et al., 2000). Furthermore, increased protofibril formation, but not insoluble
fibril formation, is promoted by A30P and AS53T a-synuclein mutations (Conway et
al., 2000a; Conway et al., 2000b; Lashuel et al., 2002; Volles and Lansbury, 2002). In
fact, the conversion of protofibrils into insoluble fibrils is slower in the A30P mutated

o-synuclein form than in the wild-type form.
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The mechanism by which a-synuclein protofibrils mediate cellular toxicity may relate
to its effects on lipid membranes. The protofibrillar forms of a-synuclein exhibit
tighter lipid binding than monomeric or fibrilar forms (Volles et al., 2001), and a-
synuclein protofibrillar structures have been shown to resemble a class of bacterial
toxins capable of forming pore-like structures in lipid membranes. These observations
support the finding that a-synuclein protofibrils can destabilise vesicular membranes
(Lashuel et al., 2002; Volles and Lansbury, 2002; Zhu et al., 2003) and lead to the
leakage of small molecules such as cations (Furukawa et al., 2006; Tsigelny et al.,
2007) and catecholamines (Lotharius and Brundin, 2002a; Mosharov et al., 2006)

from intracellular compartments, notably calcium ions (Ca®") and DA.

A number of studies in vitro have observed that DA itself may modulate the
aggregation of a-synuclein (Cappai et al., 2005; Kuhn et al., 1999; Li et al., 2004;
Norris et al., 2005; Xu et al., 2002a). DA has been shown to induce the aggregation of
both wild-type and AS53T mutant a-synuclein in a temperature dependent fashion,
with mutated a-synuclein having an increased propensity to form aggregations in the
presence of DA in human neuroblastoma M17 cells (Moussa et al., 2008). The
coexpression of oa-synuclein with TH in SH-SYS5Y cells leads to an increased
cytosolic DA which facilitates the formation of soluble oligomeric intermediates,
although these oligomers are not toxic to the cells (Mazzulli et al., 2006). It has been
demonstrated that addition of DA to preformed fibrils can lead to their disaggregation
into small, non fibrillar soluble oligomers (Li et al., 2004). Some of the strongest
evidence comes from Xu and colleagues, who demonstrated that endogenous

inhibition of DA production inhibits a-synuclein-induced apoptosis (Xu et al., 2002a).
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Iron (III) (Fe*") is able to promote a-synuclein aggregation into fibrils, and DA has
been shown to completely inhibit this ability (Cappai et al., 2005; Uversky et al.,
2001). Taken together, this evidence suggests DA may be an important modulator of
a-synuclein aggregation, and increased levels of DA in the cytosol may enable DA to
contribute to toxic a-synuclein protofiril formation. However, the precise molecular
mechanism by which this modulation occurs remains unclear (Conway et al., 2001;
Norris et al., 2005). In support of this, elevated cytosolic DA levels, together with
high cytosolic Ca®" concentrations and o-synuclein expression have recently been
proposed to be central to the selective vulnerability of SNpc neurons in PD. Mosharov
and colleagues showed that elevated cytosolic DA levels were toxic to cells and
interventions which lowered DA levels provided neuroprotection. The application of
L-DOPA raised cytosolic DA levels 2- to 3-fold more in SNpc neurons than in VTA
neurons, a response which was shown to depend on dihydropriridine-sensitive Ca, 1.3
Ca®" channels; leading to an increased vulnerability of SNpc neurons to L-DOPA
mediated neurotoxicity. Further, in neurons lacking a-synuclein, cytosolic DA levels
were not changed but the cells were resistant to L-DOPA induced cell death

(Mosharov et al., 2009).

Increased cytosolic levels of Ca®" and catecholamines also lead to the increased

production of reactive oxygen species (ROS) which increase oxidative stress in cells.

1.4.2. Oxidative stress and PD

There is indisputable evidence that oxidative stress plays a central role in PD

pathogenesis. Oxidative stress is a pathological condition which results from an

47



imbalance between the production of oxidative species and their clearance by anti-
oxidant mechanisms. Furthermore, PD-associated oxidative stress cascades appear to
have an important and complex relationship with a-synuclein; ROS can promote o.-

synuclein aggregation and in contrast, o-synuclein can influence the production of
ROS (Cole et al., 2005; Hashimoto et al., 1999a; Kanda et al., 2000; Kim et al., 2002).
Studies in post-mortem brain tissue have confirmed signs of oxidative damage in the
SNpc of PD patients, including increased lipid perioxidation, increased activity of
mitochondrial superoxide dismutase, increased protein oxidation and increased iron
deposition (Dexter et al., 1989; Jenner, 2007; Jenner et al., 1992; Marttila et al.,
1988b; Saggu et al., 1989). Further, PD-associated genes DJ1 and PINKI1 are both
associated with oxidative stress. DJ1 is an atypical peroxiredoxin-like peroxidase with
an important role in the cellular response to oxidative stress. The protein shows
antioxidant activity in tissue culture (Taira et al., 2004) and the loss of DJ1 in flies
and mice does not produce neuronal cell death but renders them more sensitive to
oxidative stressors (Park et al., 2005; Yamaguchi and Shen, 2007; Yang et al., 2005).
PINKI is a mitochondrial protein linked to PD (Silvestri et al., 2005; Valente et al.,
2004) and has been shown to protect cells against oxidative stress-evoked apoptosis
by preventing the release of cytochrome c, which can promote o-synuclein

aggregation, from the mitochondria (Hashimoto et al., 1999b).

Mitochondrial dysfunction, which occurs commonly in PD patients, can lead to the
insufficient ATP production and the generation of ROS, such as superoxide, leading
to a rise in oxidative stress (Schapira et al., 1998). Mitochondrial impairment is
thought to result from a complex I deficit (Schapira et al., 1990; Schapira et al., 1989).

Indeed, a reduction in complex I activity in the SNpc of PD patients has been
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observed (Schapira et al., 1992; Swerdlow et al., 1996), although complex I activity
spans a large range and the majority of patients exhibit normal levels. Furthermore,
PD-causing environmental toxins, including MPTP, are mitochondrial complex I
inhibitors and cause the selective loss of DA neurons (Manning-Bog et al., 2002).
Mitochondrial dysfunction is also linked to a-synuclein. While a-synuclein
overexpression in mice leads to an increased sensitivity to MPTP (Richfield et al.,
2002), a-synuclein knockout mice are resistant to the pathogenic effects of the toxin
(Dauer et al., 2002; Drolet et al., 2004; Fornai et al., 2005; Robertson et al., 2004).
Similarly, in vitro, mitochondrial inhibition lead to an upregulation of a-synuclein
expression and aggregate formation (Kalivendi et al., 2004; Lehmensiek et al., 2006;
Lehmensiek et al., 2002) while RNAi mediated knockdown of a-synuclein in human

neuroblastoma cells protects them from MPTP toxicity (Fountaine and Wade-Martins,

2007).

The mitochondria therefore represent one source of ROS in oxidative stress. Another
source of ROS is DA. DA is a highly reactive molecule and, if not effectively
sequestered, will readily oxidise to form ROS such as hydrogen peroxide and
superoxide, as well as reactive DA quinones which are toxic to cells (Graham, 1978).
Several reports confirm that catecholamines such as DA are linked to oxidative stress-
related toxicity both in vitro and in vivo (Filloux and Townsend, 1993; Graham et al.,
1978; Hastings et al., 1996; Michel and Hefti, 1990; Rosenberg, 1988). Cytosolic DA
and a-synuclein are intimately linked in bringing about oxidative stress in PD since
a-synuclein influences cytosolic DA levels in several ways, including influencing DA
synthesis via effects on TH (Perez et al., 2002), DA sequestration and storage through

effects on VMAT2 (Lotharius et al., 2002) and DA reuptake into the cytoplasm via
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the regulation of DAT (Lee et al., 2001; Wersinger et al.,, 2003). a-synuclein-
mediated changes in these aspects of DA homeostasis may ultimately lead to DA
toxicity in cells (Lotharius and Brundin, 2002b). Furthermore, protofibrillar o-
synuclein may increase membrane permeability, leading to DA leakage from synaptic

vesicles into the cytoplasm (Caughey and Lansbury, 2003).

In addition to oxidative stress, nitrative stress is implicated in the pathogenesis of PD.
Reactive nitrogen species, which are responsible for nitrative stress, are produced
from nitric oxide (NO). Under normal conditions, NO functions as an intracellular
messenger and neurotransmitter (Garthwaite et al., 1988), but in pathological
situations it can form toxic reactive nitrogen species, such as peroxynitrite which is a
very labile and toxic species (Jenner, 2007). Reactive nitrogen species are capable of
causing protein modifications and have been linked to PD in a number of ways. For
example, the S-nitrosylated form of parkin, which has reduced enzyme activity, has
been shown to be increased in post-mortem brain tissue of PD patients (Chung et al.,
2004). Further, inhibitors of nitric oxide synthase (NOS), the enzyme which generates
NO, can protect against MPTP toxicity in animals, and mice which lack the neuronal
or inducible forms of NOS (nNOS or iNOS, respectively) are more resistant to MPTP
(Liberatore et al., 1999). Nitrative stress also affects a-synuclein. Nitration of o-
synuclein leads to enhanced formation of protofibrils, a lower affinity for binding
lipid vesicles and reduced degradation by proteosomes (Hodara et al., 2004; Paxinou
et al., 2001; Souza et al., 2000; Uversky, 2007). Further, in human post-mortem brain
samples of PD patients, a-synuclein is nitrated more than other proteins with o-
synuclein in LBs showing particularly high levels of nitration (Duda et al., 2000;

Giasson et al., 2000).
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1.4.3. Other factors in PD

There are a number of other factors which have been implicated in the pathogenesis of
PD, including potential roles for the endoplasmic reticulum (ER) stress pathway and

for Ca®" dysregulation.

The ER is a major signal transducing organelle that senses and responds to changes in
cellular homeostasis. Conditions interfering with ER function lead to ER stress. The
ER stress pathway (or unfolded protein response, UPR) is induced by the
accumulation of unfolded protein aggregates and uses a number of different
mechanisms to reduce this load of aberrant proteins. Firstly, protein translation is
reduced via phosphorylation and activation of an ER sensor kinase called PERK,
which in turn phosphorylates and inactivates elF2-o. This results in a reduction in the
amount of new protein which needs to be folded. Secondly, activation of the ATF6
transcription factor induces the expression of genes involved in protein folding.
Thirdly, ER-associated protein degradation involves the transport of misfolded
proteins from the ER into the cytoplasm for proteosomal degradation. There are a
number of studies which have linked ER stress to PD, and once more, to a-synuclein.
One in vivo study has reported the presence of ER stress markers, phosphorylated
PERK and phosphorylated elF2-a in the SNpc of PD patients but not in controls
(Hoozemans et al., 2007). Parkin expression has been shown to be increased by ER
stress, and parkin overexpression is reportedly protective against ER stress induced
apoptosis (Takahashi et al., 2003; Wang and Takahashi, 2007). High levels of

cytosolic DA induce the expression of GADDI153, a transcription factor associated
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with the ER stress pathway (Gomez-Santos et al., 2005). In addition, in cell culture,
the A53T-mutated form of a-synuclein caused toxicity which was mediated by the
mitochondrial and ER stress pathways, resulting in the activation of pro-apoptotic
caspases. Blocking the UPR partially protected the cells against the a-synuclein
mediated toxicity (Smith et al., 2005). Overexpression of a-synuclein has been shown
to be toxic in yeast, neuronal cell culture, Drosophilia melanogaster and
Caenorhabditis elegans o-synuclein models, with accompanying signs of ER stress.
a-synuclein overexpression leads to toxicity by blockade of ER-golgi transport and
fragmentation of the Golgi apparatus, which interferes with the trafficking of
misfolded proteins from the ER into the cytoplasm for proteosomal degradation.
Furthermore, upregulation of genes involved in mediating this transport have been
shown to be suppressors of this toxicity (Cooper et al., 2006; Gitler et al., 2008;

Gosavi et al., 2002; Lashuel and Hirling, 2006).

The theory that Ca®" dysregulation has a role in PD pathogenesis has also been
proposed. Ca®" is an important intracellular messenger in neurons and its cytoplasmic
levels are tightly controlled via numerous mechanisms which include Ca**
sequestration and buffering in intracellular compartments, including the ER and
mitochondria. Excess cytosolic Ca" triggers glutamate excitotoxicity and causes cell
death through a number of potential pathways, including mitochondrial dysfunction,
oxidative stress and ER dysfunction. In PD, it is thought that SNpc neurons may
experience excessive glutamate signalling through overactive STN neurons, which
could make them particularly vulnerable to cell death. Indeed, there is some evidence
to suggest glutamate receptor blockers can attenuate MPTP toxicity in animal models,

though this is not a consistent finding (Jenner, 2007). There are other reports which
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support the view that SNpc neurons may be selectively at risk to Ca®" mediated
toxicity. In adulthood, SNpc dopaminergic neurons have spontaneous “pacemaker”
activity which is driven by dihydropiridine-sensitive Ca, 1.3 Ca*" channels. It is
proposed that having to continuously handle high levels of intracellular, oscillating
Ca® increases the vulnerability of these cells to excitotoxicity (Surmeier, 2007).
Significantly, blocking Ca, 1.3 Ca*" channels results in a marked protection from
MPTP toxicity (Chan et al., 2007). Together, this data implies that Ca®" dysregulation
may be an exacerbating factor that enhances the underlying pathological mechanisms

in PD.

1.4.4. Summary

It is important to emphasise that it is very unlikely that proteosomal dysfunction,
abnormal protein aggregation, oxidative stress and mitochondrial damage occur as
independent cellular events to cause cell death. Rather, it is highly probable that there
is a synergistic interaction between them, which in turn reciprocally promote each
other. Indeed, accumulation of a-synuclein through ineffective proteosomal activity
may occur, from which protofibrils arise and cause increased levels of Ca*" and DA in
the cytoplasm, which can then form ROS. Conversely, ROS and nitrative species
arising from a number of sources, including cytosolic DA and mitochondrial
dysfunction, promote the aggregation of a-synuclein, which can then lead to further
oxidative damage. PD may therefore result from the dysfunction of several molecular
players, which together lead to a self-amplifying, pathological cycle to induce cell

death.
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1.5. Animal Models to Study PD

1.5.1. Overview

Animal models of PD are fundamental tools which are required for advancing our
understanding of the mechanisms of disease pathogenesis, for the identification of
novel therapeutic targets and for the screening and testing of novel therapies (Dawson
et al., 2010; Savitt et al., 2006). To this end, there are many PD-based animal models
spanning a range of organisms, including primates, rats, mice, Drosophilia
melanogaster and Caenorhabditis elegans. These models can be toxin-based, in
which a neurotoxin, such as MPTP or 6-OHDA, is administered either peripherally or
locally to selectively destroy dopaminergic neurons (Dauer and Przedborski, 2003).
These models recapitulate many of the key features of PD and have been very useful
in helping to understand the consequences of DA neuronal cell loss and for testing
potential therapies. However they have several drawbacks, for example only a few PD
cases are caused by neurotoxin exposure and there is no clear evidence that their acute
mechanism of action is the same in animal models as it is in humans. Furthermore,
these models do not reproduce the pathology which is seen in other brain regions or

the non-motor symptoms seen in PD.

Following the identification of PD-associated genes, numerous genetic-based animal
models have been generated over the past ten years (Melrose et al., 2006). These
include transgenic, knockout and virus-based models of the disease, and have been

created for the range of genes associated with PD. Due to the prominent role of a-

synuclein in PD and related synucleinopathies, many a-synuclein animal models have
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been created and extensively characterised. In the Drosophilia melanogaster model,
overexpression of wild-type, A30P or AS53T a-synuclein induces many of the
characteristics seen in PD, including, importantly, an age-dependent selective loss of
DA neurons, LB-like filamentous inclusions which contain o-synuclein, and
locomotor deficits which are responsive to L-DOPA (Auluck and Bonini, 2002; Feany
and Bender, 2000; Pendleton et al., 2002). However, this model is limited since
Drosophilia melanogaster lack the physiological complexity of vertebrates and do not
show signs of the principal symptoms of PD, such as bradykinesia, tremor and
rigidity. Therefore, their value is mainly restricted to identifying potential agents
which may modify a-synuclein-induced DA cell loss. Indeed, this model has become
an important tool for the rapid screening of genetic or pharmacological interventions
that may alter the neurodegenerative process. At present, however, the most widely
available a-synuclein-based genetic animal models are mice because they are

relatively easy to genetically manipulate.

1.5.2. Synuclein knockout mouse models

Several lines of a-synuclein knockout mouse models have been characterised in an
attempt to elucidate the functional effects of the loss of the protein (Abeliovich et al.,
2000; Cabin et al., 2002; Dauer et al., 2002; Schluter et al., 2003; Specht and
Schoepfer, 2001). These studies have yielded some success, with varied reports on

phenotype (Table 1.2).
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Knockout Model

Phenotype

References

a-synuclein knockout

B-synuclein knockout

y-synuclein knockout

Normal development, fertile
No impairment of basic brain morphology or survival

Increased rate of recovery from paired pulse stimulations in striatal slices
Increased rate of vesicle depletion following tetanic stimulation

Reduction in reserve pool of synaptic vesicles in hippocampus

No change in DA release or reuptake after discrete stimulation in striatal slices

Reduced rearing in open-field (not replicated)

Attenuation of locomotor response to AMPH

AMPH induced DA depletion

Partial or complete resistance to acute and chronic MPTP treatment, not attributed to
changes in DAT function

Reduced striatal DA levels, though levels of DA and DA metabolites in
whole brain reportedly unchanged
Significant reduction in DA levels at 24-26 months
Reduced number of DA neurons SNpc but not in VTA of early post-natal and adult
without significant changes in striatal DA or DA metabolite levels and motor
dysfunction
Decreased levels of synapsin protein
No reported changes in the levels of B- or y- synuclein
No LBs or signs of major neuronal loss

Normal development, fertile

No impairment of basic brain morphology or survival
No evidence of neurodegeneration in aged mice

No change in DA levels in striatum or brain

Normal development, fertile
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(Abeliovich et al., 2000; Al-
Wandi et al., 2010; Cabin et
al., 2002; Dauer et al., 2002;
Robertson et al., 2004;
Schluter et al., 2003; Senior et
al., 2008; Specht and
Schoepfer, 2001; Yavich et al.,
2004)

(Chandra et al., 2004)

(Robertson et al., 2004)



e No impairment of basic brain morphology or survival (Senior et al., 2008)
e No change in DA release or reuptake after discrete stimulation in striatal slices
e No change in DA levels in striatum or brain
e Reduced number of DA neurons SNpc but not in VTA of early post-natal and adult
without significant changes in striatal DA or DA metabolite levels and motor
dysfunction

Normal development, fertile (Chandra et al., 2004; Chandra
No impairment of basic brain morphology or survival et al., 2005)

No significant changes in synaptic ultrastructure or plasticity

No significant changes in vesicle pool size, replenishment or recycling of synaptic

vesicles

Release and uptake kinetics from isolated nerve terminals normal

activity-dependent synaptic kinetics not assessed

a- and B-synuclein
double knockout

~20% decrease in DA levels in brain

~50% increase in expression levels of remaining y-synuclein

~30% increase in 14-3-3¢ protein and ~30% decrease in 14-3-3( protein
~30% increase in complexin protein

e Causes accelerated pathology in CSPa knockout mice than in single synuclein knockouts
a- and y-synuclein e Normal development, fertile (Robertson et al., 2004; Senior
double knockout e No impairment of basic brain morphology or survival etal., 2008)

e Two-fold increase in DA concentration after discrete stimulation in striatum

e No change in uptake kinetics of DA in striatum

e No difference in recovery from paired pulse stimulations in striatal slices

e No change in DA levels in striatum
e Increase in expression levels of remaining B-synuclein

e Reduced number of DA neurons SNpc but not in VTA of early post-natal and adult
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without significant changes in striatal DA or DA metabolite levels and motor
dysfunction

e Increased rearing in non-anxiogenic open field
e Decrease in spontaneous alternation in T-maze

B- and y-synuclein N/A
double knockout

Table 1.2 Summary of current synuclein knockout mouse models.

58



Overall, a-synuclein knockout mice are viable and fertile and do not appear to have
an overt phenotype, implying the protein is not critical to the development or
maintenance of DA neurons. However, the mice do exhibit subtle perturbations in DA
homeostasis and behaviour, and responses to various neurotoxins. The lack of an
obvious phenotype in these mice could be due to the presence of the remaining
synuclein proteins, B-synuclein and y-synuclein, with which a-synuclein shares
considerable sequence homology. This high level of conservation implies functional
redundancy exists between the synuclein proteins, meaning the lack of a-synuclein
may by compensated for by its family members. Consequently, this has prompted the
generation and analysis of single B-synuclein and y-synuclein knockout mice, and
mice which lack a combination of the proteins. These mice, along with the o-
synuclein knockout mice, have been summarised in Table 1.2. Again, these mice do
not present with an overt phenotype and no impairments in basic brain morphology or
survival have been reported. However, once more subtle changes in DA biology,
including changes in DA content and release, and changes in behaviour, have been
observed. In both a- and B-synuclein, and a- and y-synuclein double knockout mice,
increased expression of the remaining synuclein family member was observed,
implying that once more functional compensation may be occurring (Chandra et al.,

2004; Robertson et al., 2004).

1.5.3. Synuclein transgenic mouse models

Several lines of a-synuclein-based transgenic mouse models are also available that
overexpress wild-type, A30P or A53T forms of human a-synuclein under the control

of a variety of promoters. These promoters include the platelet derived growth factor-
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B (PDGF) (Masliah et al., 2000), the prion promoter (PrP) (Giasson et al., 2002;
Gomez-Isla et al., 2003; Lee et al., 2002; Maskri et al., 2004; Yavich et al., 2005), the
Thy-1 promoter (Kahle et al., 2000b; Rockenstein et al., 2002; van der Putten et al.,
2000), the TH promoter (Matsuoka et al., 2001) and the chicken B-actin promoter
(Maskri et al., 2004). The characteristic features of these transgenic models has been

summarised in Table 1.3.
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Reference Promoter Transgene Expression Levels Motor phenotype Neuropathology
(Masliah et al., 2000) PDGF-B hu-wt 10-80% of Middle age onset, mildly | striatal TH (levels and activity); | DA levels
human controls impaired performance on observed in highest expressors.
rotarod. a-syn and ubiquitin positive inclusions.
(van der Putten et al., murine hu-AS3T Early onset severe, progressive Widespread, prominent degeneration of motor
2000) Thy-1 motor decline. neurons and spinal cord.
a-syn and ubiquitin positive inclusions.
No modification of nigrostriatal system.
(Kahle et al., 2000b) murine hu-wt, hu-A30P  2-fold end. a-syn None. o-syn positive inclusions.
Thy-1
(Matsuoka et al., 2001) rat TH hu-wt, hu-A30P N/A. No pathology despite high levels of
hu-A53T expression in SNpc.
(Giasson et al., 2002) mouse hu-wt, hu-A53T 2.5 - 30-fold A53T mice: middle age onset, Widespread prominent degeneration,
prion end. o-syn severe 'complex, progressive particularly in spinal cord.
motor impairment. Sparing of motor cx and SNpc.
o-syn positive inclusions.
(Lee et al., 2002) mouse hu-wt, hu-A30P  4-15x>non Tg AS3T mice: Late onset, severe AS53T mice: Widespread axonal degeneration.
prion hu-AS3T motor decline. Earlier onset in o-syn positive inclusions.

highest expressors.

A30P mice: none despite
comparable levels of transgene
expression.
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No alteration in dopaminergic markers.
Exacerbated pathology in highest expressors.

A30P mice: none despite comparable levels of
transgene expression.



(Richfield et al., 2002)

(Kahle et al., 2002)

(Rockenstein et al., 2000)
(Fleming et al., 2004)
(Fleming et al., 2006)

(Gomez-Isla et al., 2003)

(Gispert et al., 2003)

(Maskri et al., 2004)

rat TH

proteolipid

murine
Thy-1

hamster
prion

mouse
prion

ch-B-actin,
mouse
prion,
mouse TH

hu-wt
hu-A30P + A53T

hu-wt

hu-wt, hu-A30P

hu-wt, hu-A30P
hu-AS53T

hu-wt, hu-A53T

hu-wt, hu-A30P
hu-A53T

30-50% of
mouse o.-syn

0.1-1,2 ng/ug

10-fold human
levels

5—15 fold
end. o-syn

5 —20-fold
end. a-syn

High for all
promoters.

Not quantified.

Middle age onset, mild.
| locomotion and coordination.

None.

hu-wt mice: Early onset reduced
olfaction not attributed to motor
impairments. Early onset,
progressive deficits in
behaviours specifically testing
nigrostriatal function.

early/middle age onset, severe
motor decline. Exacerbated in
highest expressors.

Motor decline in both lines
correlating with expression
levels in both lines.

N/A.
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| DAT density; | DA, DOPAC, HVA

Insoluble oligodendroglial inclusions similar
to those seen in MSA.

o-syn positive inclusions.

No alteration in dopaminergic markers.
o-syn positive inclusions.

Altered neuronal morphology.
Diffuse accumulation of a-syn, with no a-syn
aggregation.

Demonstration of significant variation in
expression pattern between lines expressing
from the same promoter. More replicable
expression from TH promoter.



(YaViCh et al., 2005) mouse hu-A30P 1.5-fold endo middle age onset; i locomotion’

prion o-syn deteriortating coordination and
balance.
Increased stereotypy.

No gross morphological changes, no Lewy-
like inclusions, no loss of TH
immunoreactivity. No change in lifespan.
Decrease in evoked dopamine release, despite
no alteration in dopaminergic markers.

Table 1.3 Summary of current a-synuclein transgenic mouse models (Adapted and updated from (Fernagut and Chesselet, 2004))

63



In general, these mice have been successful in reproducing some aspects of
neurodegeneration, including neuronal toxicity and behavioural impairments but to
date no o-synuclein-based transgenic mouse accurately represents the essential
features of PD. The phenotype varies from none (Matsuoka et al., 2001), to a severe
and widespread pathology which does not selectively target DA neurons in the SNpc,
a key pathological hallmark in PD (Giasson et al., 2002; Masliah et al., 2000; van der
Putten et al., 2000). The phenotypic outcome in these transgenic mice depends
heavily on the promoters used to drive the transgene expression. On the whole, more
severe phenotypes have consistently been observed in lines with the highest levels of
transgene overexpression, and in the lines with a-synuclein mutations, supporting the
emerging view that expression levels may have a significant role in disease
progression and manifestation (Singleton et al., 2003). The promoters used in these
models have specific drawbacks related to their expression patterns and levels in the
CNS. For example, broad promoters, such as the PrP, exhibit particularly high levels
of expression in neurons that are not typically affected in PD, such as motor neurons,
which result in patterns of cell death which are not typical of those seen in patients
(Fernagut and Chesselet, 2004). Conversely, using the TH promoter only drives o-
synuclein expression in catecholaminergic neurons, whereas o-synuclein is widely
expressed in human neurons and a-synuclein PD neurodegeneration is often more
widespread in the brain. The site of integration of the cDNA cassette also appears to
have effects on the transgene (Maskri et al., 2004), as does the background strain of
the mouse, which reportedly can modify the pattern of transgene expression driven by
the same promoter (Chesselet et al., 2008). In addition, the presence of endogenous a-
synuclein in these models may be a problem. A study by Cabin and colleagues

demonstrated that the presence of endogenous mouse a-synuclein protects against the
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deleterious pathogenicity of the human A53T mutant a-synuclein protein (Cabin et
al., 2005). Furthermore, it should be noted that the endogenous mouse Snca gene
sequence already has a threonine at position 53. In summary, a-synuclein-based
transgenic mice have relied on cDNA-based expression cassettes driven by strong
constitutive promoters, which are unlikely to result in physiologically relevant levels
of a-synuclein or allow regulated, temporal and spatially specific transgene
expression. Indeed, the overexpression levels of human a-synuclein in these
transgenic mice have been estimated to range from 0.5 to 30 fold compared with
endogenous o-synuclein, which bears little or no physiological relevance (for
references see Table 1.3). Therefore, while these models may represent a useful
model for a-synuclein toxicity, it is possible the observed phenotypes may produce

some artefacts which arise due to high levels of transgene expression.

1.5.4. Summary

What is clear from the discussions of a-synuclein-based knockout and transgenic
mouse models is that novel approaches are required to study the normal functions of
the synuclein proteins and to investigate more specifically the role of a-synuclein, and
its mutations, in PD pathogenesis. The problem of intra-synuclein compensation will
only be overcome with the generation and functional analysis of mice which lack all
three members of the synuclein family. This approach will allow a more informed and
thorough understanding of both the normal roles of the synuclein proteins, and their
potential roles in neurodegenerative diseases. Further to this, a novel approach to
generating a-synuclein-based genetic transgenic models must be adopted, which can

overcome the shortcomings of the current cDNA-based models. These models must
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then be functionally characterised to assess more rigorously the potential roles of o-
synuclein in PD. The need for thorough analysis of synuclein triple knockout mice,
and the need for functional characterisation of novel a-synuclein-based transgenic

mice form the basis of this thesis.

1.6. Thesis Aims

The first aim of this thesis is to study the functional effects of mutations in a-
synuclein when expressed from the complete SNCA locus in a novel transgenic mouse
model, and is described in Chapters 3 and 4. Chapter 3 focuses on the molecular
characterisation of a SNCA-BAC transgenic mouse line which carries the PD-
associated A30P mutation. More specifically, the Chapter describes the breeding
strategy for the SNCA-BAC transgenic mouse lines and confirms the protein
expression, transgene integrity and location of the SNCA locus in the SNCA-BAC
transgenic mouse lines. Further, the Chapter characterises spatial expression of the
transgene and expression of the transgene in the SNpc and VTA over time in the
SNCA-A30P Snca-/- line. A preliminary analysis of any early molecular pathology in
the SNCA-A30P Snca-/- line is also described. Chapter 4 focuses on the
neurochemical characterisation of DA synapse function with age in SNCA-
A30P"Snca-/- transgenic mice. The Chapter assesses differences in the levels of
electrically evoked DA in the dorsal and ventral striatum of SNCA-A30P Snca-/-
transgenic mice compared to non-transgenic littermate control mice (Snca-/~) with
increasing age, using fast scan cyclic voltammetry at carbon fibre microelectrodes,
and assesses whether any changes in DA releasability are regional specific within the

CPu. Further, differences in uptake and changes in DA content are investigated in

66



CPu in SNCA-A30P Snca-/- transgenic mice compared to Snca-/- control mice with
increasing age, and preliminary investigations into whether differences in frequency
sensitivity and nicotinic receptor function occur in young adult SNCA-A30P" Snca-/-

transgenic mice compared to Snca-/- control mice are described.

The second aim of this thesis is to investigate the behaviour and DA
neurotransmission in a novel mouse model lacking all three members of the synuclein
gene family, and is described in Chapter 5. Behavioural testing focuses on assessing
whether abnormalities in activity-, motor- or anxiety-related behaviours are exhibited
in synuclein triple-null mice when compared to age-matched, wild-type control mice.
Further, the Chapter reports on the results of assessing differences in the levels of
electrically evoked DA in the dorsal and ventral striatum of synuclein triple-null mice
compared to control mice and investigations into whether there are differences in DA
content in the CPu and NAc in synuclein triple-null mice compared to control mice.
The Chapter describes the results of experiments performed to assess candidate
mechanisms for potential differences in DA neurotransmission and DA content in
these mice, including potential differences in frequency sensitivity and nicotinic

receptor function, DA uptake, or calcium dependent changes in exocytosis.
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2. CHAPTER 2: Materials and Methods

2.1. Generation of mice

SNCA-BAC transgenic mice characterised in Chapters 3 and 4 were generated
previously in the Wade-Martins group by Dr Steven Senior. Briefly, the 146 kb PAC
clone 27MO07 containing the complete 111 kb SNCA genomic locus was obtained.
From this, a 135 kb region which contained the 111 kb locus and approximately 18 kb
of upstream and 6 kb of downstream sequence was subcloned into a BAC vector by
homologous recombination. BAC constructs were then modified to contain the A30P
point mutation using combined techniques of homologous recombination in E. coli
and site-directed mutagenesis. BAC constructs containing human SNCA locus and the
A30P mutated form were microinjected into the pronuclei of fertilized C57B16 mouse
ova using standard pronuclear injection methods at the MRC Mary Lyons Centre, to
generate SNCA-BAC transgenic mice. Further detail on the breeding strategy is
discussed in Section 3.2.1.

Triple synuclein-null mice characterised in Chapter 5 were generated previously at
the University of Cardiff. Briefly, o-y-synuclein double knockout mice were
generated as described previously (Robertson et al., 2004). Heterozygous -synuclein
knockout mice (Chandra et al.,, 2004) on C57Bl6 background were further
backcrossed with pure C57B16 mice for a further six generations before breeding with
a-y-synuclein double knockout mice. Resulting triple heterozygous animals were
intercrossed to produce founders of triple synuclein-knockout and wild-type colonies.

Therefore, all mice were on the same C57Bl16 genetic background.
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2.2. DNA extraction

All transgenic and knockout littermate control mice used in Chapters 3 and 4 were ear
or tail biopsied shortly after weaning to obtain tissue for DNA extraction. Genomic
DNA was extracted using the following standard protocol. The biopsy was digested in
450 pl (for ear tissue) or 700 pl (for tail tissue) of a lysis buffer (50 mM KCI, 1.5 mM
MgCl,, 10 mM Tris pH 8.5, 0.45% NP40 (Terigitol), 0.45% Tween-20) and 260 ug
(for ear tissue) or 400 pg (for tail tissue) of proteinase K (10 pg/ml, Sigma). The
biopsy was digested for two to three hours at 55°C. The sample was then heated to
95°C for 20 minutes to inactivate the proteinase K. The sample was then incubated on
ice for one minute, and then centrifuged at 7 000 rpm for one minute in a bench-top

centrifuge. The supernatant was then stored at 4°C and used for genotyping.

2.3. PCR

Genotyping was carried out to identify the mice carrying the BAC-SNCA transgene.
PCR was used to amplify the wild-type or knock-out Snca™ alleles, and to amplify the
junctions between the BAC vector and the SNCA genomic DNA insert. Exon PCR
was used to confirm all six exons from the BAC insert were present. Separate master
mixes were prepared for each primer pair. The primer sequences used were previously

designed in our laboratory and are listed in Table 2.1.
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Name Forward primer Reverse primer Product
size

Mouse Snca WT CAGCTCAAGTTCAGCCACG AAGGAAAGCCGAGTGATGTA 485bp
A C

Mouse Snca KO CAGCTCAAGTTCAGCCACG ATGGAAGGATTGGAGCTACG 550 bp
A

BAC-SNCA 5’ CACTGAGTATTGTTCTGGT TCAAACATGAGAATTGGTCG 450 bp

junction AAC

BAC-SNCA4 3> GGCCTCTGTCGTTTCCTTTC ACGTGCATAGGCAGAGCTAA 450bp

junction TCTG AACCT

SNCA Exon 1 ATCCGAGATAGGGACGAG AATAGGAAAGAAGAAGGAA  465bp
GAG AAGGAG

SNCA Exon 2 CCGAAAGTTCTCATTCAAA TGACATTTGGGGTTTACCTAC 206 bp
GTG C

SNCA Exon 3 GAAAACTAGCTAATCAGCA AATCTTGAATACTGGGCCAC 182 bp
ATTTAAGG AC

SNCA Exon 4 CCACCCTTTAATCTGTTGTT CACAAAACGTACACAGCCAT 203 bp
GC AC

SNCA Exon 5 TCATCATGTTCTTTTTGTGC TGTGACAATGACAGGTTTTT 182 bp
TTC GG

SNCA Exon 6 AACAGTGTGTGCTGTCTTTT AGATTGAAGCCACAAAATCC 317bp
TG AC

Table 2.1. List of primer sequences used for PCR. All PCR primer sequences are

given 5 —3°.

A PCR master mix was prepared as follows (for each 20 pL PCR reaction):

10x Buffer (Qiagen)

dNTP’s (8 Mm)

Forward and reverse primer mix (10 mM)

Hotstar Taq (Qiagen)

Autoclaved MilliQ H,O

2 uL
0.4 uL
2 uL
0.1 uL

13.5 uL

Master mixes for the individual primer pairs were added to the desired number of

wells of a 96-well plate. 2 uLL of template DNA was added to each of the mixes.

DNA amplification was performed using a PCR Peltier Thermocycler (PTC-225, MJ

Research) under the following PCR programme:

1. 95°C for 15 minutes
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2. 95°C for 30 seconds

3. 60°C for 30 seconds

4. 72°C for 1 minute per kb of PCR product

5. Repeat steps 2 — 4 for a further 44 cycles (35 cycles for exon PCR)

6. 72°C for 3 minutes

PCR products were analysed by gel electrophoresis of 7 uL. of PCR product on 2%

agrose gels.

2.4. Protein extraction

Protein was extracted from mouse brain tissue using the following standard protocol.
Brain tissue samples were weighed to the nearest 0.01g. The sample was then added
to 3 mL/g sample ice-cold RIPA buffer (50 mM Tris pH 8, 150 mM NacCl, 1% NP40
(Tergitol), 0.5% sodium deoxycholate, 0.1% SDS, 1x protease inhibitor cocktail) and
homogenised using a glass dounce. The samples were then sonicated briefly and left
for one hour on ice. Samples were then centrifuged at 14 000 rpm for 10 minutes at
4°C using a desk-top centrifuge. The supernatant containing the protein was then
removed from the pellet and both were stored at -80°C until required. Protein
quantification was performed using a BCA assay according to the manufacturer’s

instructions (Sigma).

2.5. Western Blotting

71



For western blotting, 10 pg of protein was boiled in 1x Laemelli buffer for 5 minutes.
Proteins were then separated by SDS-polyacrylamide gel electrophoresis and
transferred onto a 0.45 um PVDF membrane (Millipore). The membrane was blocked
in WB blocking buffer (tris buffered saline (TBS), 1% Tween-20, 5% milk) and
probed using primary antibody suspended in WB antibody buffer (TBS, 1% Tween-
20, 1% milk) for one hour at room temperature. The membrane was washed three
times with TBS, 1% Tween-20 and then incubated with an appropriate horse radish
perioxidase-conjugated secondary in WB antibody buffer for one hour at room
temperature. The membrane was then washed four times with TBS, 1% Tween-20.
Protein bands were visualised by chemiluminescence using an ECL" kit (Amersham).
Images were taken using a charge couple device camera and Quantity One Image
software (Bio-Rad). The antibodies used were: mouse monoclonal anti-human o-

synuclein (Abcam) and goat anti-mouse IgG HRP-conjugated (Bio-Rad).

2.6. Perfusion/Fixation

Mice were administered an overdose of anaesthetic by intraperitoneal injection, using
ketamine (0.6 mg/g) and xylazine (0.06mg/g). After cessation of reflexes, the mice
were transcardially perfused with 50 ml of 0.2 M phosphate buffer (PB) followed by
50 ml of 4% paraformaldehyde (PFA) in PB (pH 7.4). Brains were removed from the
skull and post-fixed in 4% PFA in PB for 24 hours at 4°C. The brains were then
cyroprotected by transferring into 30% sucrose solution (in PBS) for 24-48 hours at
4°C. Brain sections of 35 um thickness were cut on a freezing microtome (Leica). The

brain sections were stored in 96-well plates at -20°C in antifreeze solution (0.1 M PB,
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4 g sodium chloride, 250 ml ethylene glycol, 250 ml glycerol in 1 L distilled water)

until required.

2.7. Immunofluorescence

Immunoflorescence staining was carried out on 35 pum thick free floating sections.
Sections were washed three times in 1x PBS, treated with 50 mM glycine in PBS for
15 minutes and then washed a further three times in 1x PBS. The sections were
blocked for one hour in PBS+ (PBS, 10% donkey serum, 0.5% Triton X-100) at room
temperature on a shaker table. Sections were then incubated overnight in PBS+
containing the primary antibodies (Table 2.2) at 4°C on a shaker table. After
incubation the sections were washed three times in 1x PBS. All procedures from this
point were performed ensuring the sections were covered from light. The sections
were incubated for 1 hour in PBS+ with the appropriate secondary antibodies at room
temperature on a shaker table (goat anti-rabbit, 1:500, Alexa 594, Invitrogen; goat
anti-mouse, 1:500, Alexa 488, Invitrogen). After washing a further three times in 1x
PBS, the sections were DAPI stained for 10 minutes (40 mg/ml DAPI stock solution
1:1000 in PBS). Sections were washed a final three times in 1x PBS and mounted on
slides using Flouromount-G (Southern Biotech) and coverslipped. Sections were

imaged using fluorescent microscopy (Nikon).

2.8. Immunohistochemistry

All immunohistochemical staining was performed using a Vector mouse-on-mouse

(M.O.M) Peroxidase kit (Vectorlabs), following the manufacturers’ instructions.
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The primary antibody used is listed in Table 2.2. Sections were imaged using an

Olympus BX41 microscope (Olympus, UK).

Epitope Host Supplier Dilution
Human a-synuclein Mouse monoclonal ~ Abcam, Ab1904 1:500
Mouse a-synuclein Mouse monoclonal ~ BD Transduction Labs, 1:200

610787
Tyrosine hydroxlyase = Rabbit polyclonal Millipore, Ab152 1:2000

Table 2.2. Primary antibodies used for immunostaining.

2.9. Neuronal cell counts

Three cohorts of male mice, aged 3-6 months, 12 months and 21 months of age, were
used for cell counting analysis in the SNpc and VTA. Each cohort comprised of three
SNCA-A30P"Snca-/- transgenic mice and three non-transgenic Snca-/- control mice,
which together totalled 18 mice for the study. All mice were perfused and fixed, as
described above. Immunoflorescence staining was carried out on 35 um thick free
floating sections, as described above. For the SNpc and VTA regions, the slices were
confirmed to be: 1) complete, i.e. there were no slices missing; 2) intact, i.e. no slices
had folded over when mounting or had fractured apart such that the region could not
be used for counting analysis; and 3) immunolabelled i.e. no slices had been poorly
stained such that the region could not be used for counting analysis. All brain slices

used met these criteria.
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The anterior and posterior extent of the SNpc and VTA were identified based on a
standard mouse atlas (Paxinos and Franklin, 2001), using landmarks described by
Nelson and colleagues (Nelson et al., 1996). Immunostaining was performed on slices
which began (as accurately as possible) from Bregma -2.80, where the rostral portion
of the SNpc starts with the first TH+ cells near the end of the STN and is lateral to the
TH+ cells in the medial forebrain bundle. From here, ten 35 um alternating sections
(i.e. every other section) were immunostained. The caudal SNpc ended where the
retrorubal field became visible. Counting included the SN lateralis, and the dorsal
portion of the SNpr defined the ventrolateral boundary of the SNpc. The regions
ended (as accurately as possible) at Bregma -3.80. Where slices were slightly
unequally sectioned (i.e. one hemisphere was more anterior than the other), the left
hemisphere defined the start point. Delimitation between the VTA and SNpc was
determined using the medial terminal nucleus of the accessory optic tract as a
landmark (Bensadoun et al., 2000; Lee et al., 1996). Identification of SNpc and VTA
neurons was further defined by the fact DA neurons of the SNpc are larger than VTA
DA neurons (Nelson et al., 1996), and SNpc DA neurons are orientated along the

SNpc axis.

Quantitative analysis of the number of TH-positive cells, a-synuclein-positive cells
and TH'/a-synuclein double positive cells was performed using fluorescent
microscopy. Low power (4x) images were taken for each hemisphere and used as a
map to define the SNpc and VTA boundaries. Images were then taken at a 10x
magnification of the SNpc and VTA for direct cell counting. Where two images were
required to capture the entire SNpc region for certain hemispheres, the images were

overlapped slightly to ensure no part was left out. Accurate matching of the images
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then ensured that cells were only counted once. All cells with a clearly defined
nucleus were counted. All fluorescent microscopy and cell counting was performed
blind, by a single investigator (myself). Direct cell counting of TH-positive cells, a-
synuclein-positive cells and TH /a-synuclein double positive cells was performed

using Imagel software.

2.10. Preparation of primary fibroblasts for fluorescent in-situ hybridisation

The protocol used for extraction of primary fibroblasts was modified from Kulnane et
al. (Kulnane et al., 2002) by Dr. Ben Davies at the Wellcome Trust Centre for Human
Genetics (WTCHG), University of Oxford and performed with the help of Dr
Franziska Denk, Department of Physiology, Anatomy and Genetics, University of
Oxford. Briefly, ear punches were placed into Ca®" and Mg®" -free 500 ul HBSS
(Gibco) on a petri-dish and diced into small pieces using a razor blade. The ear pieces
were then placed in microfuge tube and 500 pl collagenase (type XI-S, 2000 units/ml
in HBSS) was added. The samples were then incubated for at 37°C for 25 minutes and
then centrifuged at 1 000 rpm for five minutes. The supernatant was removed and the
tissue was incubated in 500 pl 0.05% trypsin-EDTA for 20 minutes. Finally, cell
medium was added (complete DMEM), and the fibroblasts were seeded straight into a
T25 flask. The medium was replaced after 24 hours, and then as required. Once
confluent, the cells were split and half were frozen down whilst half were given to
Molecular Cytogenetics, Core Services, WTCHG, University of Oxford, UK, where
the generation of metaphase spreads and FISH analysis was performed. BAC DNA

was supplied as a probe for FISH.
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2.11. Fast-scan cyclic voltammetry

Mice were sacrificed by cervical dislocation, decapitated and their brains removed
over ice. 350 um coronal striatal slices were cut using a vibrotome (Leica
Microsystems, UK) in ice-cold HEPES-buffered physiological saline saturated with
95% 0,/5% CO, and maintained in a bicarbonate-buffered artificial cerebrospinal
fluid (aCSF, containing 2.4 mM Ca®") as described previously (Cragg, 2003; Rice and
Cragg, 2004). Extracellular dopamine concentration was monitored and quantified in
the dorsal striatum using FCV as previously described (Cragg, 2003) with 10 pm-
diameter carbon-fibre microelectrodes (exposed tip length ~50-100 pm fabricated in-
house) and a Millar Voltammeter (Julian Millar, Barts and the London School of
Medicine and Dentistry, UK). The applied voltage was a triangular waveform, with a
voltage range of -0.7 V to 1.3 V to -0.7 V vs. Ag/AgCl at a scan rate of 800 V/s. The
sampling frequency was 8 Hz. Data was acquired and analysed using Strathclyde
Whole Cell Program (University of Strathclyde, UK). Electrodes were positioned in
striatal slices to a minimum depth of 100 pm. The evoked current signal was
confirmed as DA by comparing the potentials for peak oxidation and reduction
currents with those of DA in calibration media (+500-600 and -200mV vs. Ag/AgCl,
respectively). Electrodes were calibrated in 1 - 2 uM DA in experimental media. DA
release was evoked by a surface, concentric bipolar Pt/Ir electrode (25 um diameter,
FHC, USA) as described previously (Rice and Cragg, 2004). Stimulus pulses
generated out-of-phase with FCV scans and were applied at the lowest current that
generated maximal DA release with a single stimulus pulse in wild-type animals (650

pA, 200-us pulse duration).
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FCV experiments assessed extracellular DA concentration ([DA],) evoked by discrete
stimuli in the caudate putamen (CPu) and nucleus accumbens (NAc). Recording sites
classed as CPu were located dorsal to the anterior commissure (AC); NAc was ventral
to the AC.

Data were collected through one of two experimental designs. Firstly, several sites
were sampled per slice (6-8 CPu, 2 NAc) in both genotypes on the same experimental
day. Stimuli in these experiments consisted of either a single pulse or burst pulses (4
pulses at 100 Hz). In the second stimulation paradigm, recordings were taken at a
single recording site at 2.5 minute intervals, to ensure consistent release, and
consisted of either single pulses or trains of 5 pulses at a range of frequencies (1-100
Hz) in randomized order. These frequencies span the full range of dopaminergic
neuron firing frequencies reported in vivo. For these experiments in CPu, recording
sites were in the dorsal half of the striatum. Data are means + SEM, and the sample
size, n, is the number of observations. The number of animals in each data set was
greater than 3. Comparisons for differences in means were assessed by one-way
ANOVA and post hoc Bonferroni multiple-comparison t test or unpaired t test using
GraphPad Prism.

DA uptake was assessed by comparing the decay phases of DA transients evoked by a
single pulse between the two genotypes. DA transients were concentration-matched
for a peak of 1.0 + 0.01 uM from five animals in each genotype. DA uptake via DAT
is the principal factor governing DA decay in these evoked transients (Giros et al.,
1996). The rate of DA uptake by the DAT obeys Michaelis-Menton kinetics and is
therefore proportional to V., and varies with [DA],. Comparison of the decay phase

of DA transients matched for similar peak [DA], eliminates differences in uptake rate
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caused by differences in [DA],, therefore prevailing differences in V., should be

apparent (Cragg et al., 2000).

2.12.  High performance liquid chromatography (HPLC)

Following FCV experiments, the CPu and NAc from two striatal slices per animal
were dissected and stored at -80°C in 200 puL of 0.1 M HCIO,. For analysis, the
samples were thawed, homogenised and centrifuged at 16 000 g for 15 min at 4°C.
The supernatant was then analysed for DA and DOPAC by HPLC with
electrochemical detection. For each sample, the supernatant was diluted 1 in 15 for
measurable analyte detection and 50 pL of the sample was loaded for analysis.
Compounds were separated on a 100-mm Microsorb C18 reverse-phase column
(Varian) and detected using an electrochemical detector (Decade II SDC, Antec,
Leyden) and a carbon working electrode held at +0.7 V vs a Ag/AgCl reference
electrode. The mobile phase consisted of 14.5% methanol, 0.1 M NaH,PO4, 0.8 mM
EDTA and 3.2 mM sodium octane sulphonate, pH 2.85. The flow rate was fixed at 1
mL/min. The chromatorgram peaks were identified as DA and metabolites by the
retention time of standard mixtures prepared in 0.1 M HCIO4 (5 nM final
concentrations of DA, DOPAC, HVA, 5-HIAA prepared by serial dilution, stored at
4°C for up to two weeks). The calibration of standard mixtures was carried out
separately every 20 samples to adjust peaks occurrences. Tissue sample size was
estimated by protein quantification using a BCA protein quantification kit (Sigma-
Aldrich). Analyte measurements were then normalised to protein measurements for

each sample.
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2.13. Behavioural Protocols

Prior to behavioural testing, mice were left in the testing room for 5-10 minutes to

optimise their state of arousal for testing.

2.13.1. Multiple static rods

Performance on the multiple static rods was measured as described previously
(Deacon et al., 2002b). Briefly, a mouse was placed on a wooden rod suspended
approximately 30 cm above a cushioned surface, facing the end of the rod. Two
paradigms were measured: (1) the time taken for the mouse to turn through 180° and;
(2) the time taken to traverse the rod and step onto an end platform. The experiment
was carried out using three rods of decreasing diameter (rod 1 — 35 mm, rod 2 — 22

cm, and rod 3- 9 mm).

2.13.2. Rotating rod test

The rotating rod test was performed as described elsewhere (Guenther et al., 2001).
Briefly, mice were tested on an accelerating rotating rod every 90 minutes, four times
a day for three consecutive days. The rod was set to rotate at 4 rpm and a mouse was
placed onto the rod nose first. After ten seconds, the rod accelerated at 20 rpm to a
maximum speed of 40 rpm. The speed at which the mouse fell was recorded and
averaged for each day. If the mouse did not fall, the speed was recorded as 40 rpm.

Performance across days was compared by two-way ANOVA.
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2.13.3. Non-anxiogenic open-field

The non-anxiogenic open-field test was performed as described elsewhere (Deacon et
al., 2002b). Briefly, a mouse was placed in one corner of a grey PVC open field
measuring 50 x 30 x 18 cm, divided into 10 cm squares, and behaviour was observed
for 3 min. Three parameters were assessed: (1) the latency of the mouse to rear for the
first time; (2) the number of rears; and (3) the total number of squares entered with all

four paws. The apparatus was cleaned between each experimental trial.

2.13.4. Holeboard test

The holeboard test was performed as described elsewhere (Deacon et al., 2002a) to
assess spontaneous exploratory behaviour in mice. The apparatus consisted of a black
box which measured 40 x 40 x 26 cm on a false floor 7 cm above the surface. The
floor was divided into sixteen 10 cm squares, eight of which had 1.5 cm diameter
holes in the centre. Four of the holes were in ‘peripheral’ squares and four were in
‘central’ squares. A mouse was placed into a corner peripheral square and behaviour
was observed for three minutes. Three parameters were assessed: (1) the number of
rears, (2) the total number of peripheral hole-dips; and (3) the total number of central
hole-dips. Hole-dips were defined as the mouse’s head entering the hole until its ears

touched the floor.

2.13.5. Home cage activity
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Mice were housed individually overnight with free access to food and water. Activity
was measured using pressure sensors over a 15 hour period from approximately 5.30
pm until 8.30 am using the Threshold activity monitoring system (Med Associates,
Georgia, Vermont). The number of times a pressure threshold was crossed was used

as an index of activity. Total number of threshold crossings was assessed.

2.13.6. Spontaneous alternation in a T-maze

Spontaneous alternation in an enclosed T-maze was performed as described
previously (Contet et al., 2001; Deacon and Rawlins, 2006). The apparatus consisted
of a black T-shaped wooden maze made of arms, measuring 30 cm in length, 10 cm in
width, and 29 cm in height. The ‘goal’ arm entrances were provided with sliding
guillotine doors. A central partition wall, extending 7 cm into the start arm, divided
the choice point into two goal arms. The purpose of this was to ensure that the mouse
did not receive any sensory input from the non-visited arm. A mouse was placed in
the start arm of the T-maze and allowed to choose a goal arm. The mouse was then
confined to the goal arm by sliding the guillotine door down. The arm entered (left or
right) was recorded and the mouse was allowed to explore the goal arm for 25
seconds. The mouse was returned to the start arm, with the guillotine doors re-opened
and the central partition removed, and allowed to explore again. The goal arm entered
on the second run was recorded (left or right) and the mouse was then returned to its
home cage. Each mouse was tested twice each day for a total of 20 trials. The
percentage of trials in which the mouse entered a different goal arm on the second run

(i.e. alternated) was calculated.
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2.13.7. Elevated plus maze test

The maze was plus-shaped and elevated 70 cm above the ground. The maze had two
closed arms in the north-south position and two open arms in the east-west position.
The arms measured 35 x 6 cm, leading out from a 6 x 6 cm centre square. The walls
of the closed arms were at a height of 20 cm. A mouse was placed in the centre square
of the maze and allowed to freely explore for 5 minutes. Measurements were made
using Ethovision XT (Noldus). Parameters measured were (1) the latency to leave
centre square; (2) the number of entries into open and closed arms; and (3) the time
spent in open and closed arms. Total distance travelled was also taken into account for
any locomotor differences. Time spent in the open arms was used as the primary

measure of anxiety.

2.13.8. Bright open field test

A brightly illuminated circular white open field with a diameter of 60 cm and a high-
walled circumference was used to assess anxiety in a bright open field. Ethovision XT
(Noldus) software was used to define two zones: an open, central zone with a radius
of 10 cm and an outer zone between the inner zone and the high-walled parameter. A
mouse was placed in the open field next to the perimeter wall and was allowed to
explore for five minutes. Parameters measured were (1) the latency to enter central
zone; (2) the number of entries into the central zone; and (3) the time spent in each of
the zones. Total distance travelled was also recorded. Duration in the central zone was

used as the primary measure of anxiety.
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3. CHAPTER 3: Molecular characterisation of a novel transgenic mouse model of

Parkinson’s disease carrying the a-synuclein A30P mutation

3.1. Introduction

The creation of transgenic mouse models to study a-synuclein function is currently
dominated by the use of cDNA ‘mini-gene’ constructs driven by strong heterologous
promoters. These transgenic mice have a number of shortcomings. Firstly, exogenous
promoters are unlikely to reproduce physiologically relevant spatial or temporal levels
and patterns of transgene expression, or alternative splicing. This is especially crucial
for a-synuclein given the importance of regulated expression levels of the protein for
normal function (Fountaine and Wade-Martins, 2007) and in PD (Chartier-Harlin et
al., 2004; Singleton et al., 2003). a-synuclein is also temporally regulated throughout
development (George et al., 1995) and is alternatively spliced (Kalivendi et al., 2010;
Touchman et al., 2001). Further, the regions with the most severe pathology in
existing a-synuclein transgenic mice, such as motor neurons and spinal cord (Giasson
et al., 2002; van der Putten et al., 2000), do not correlate with the typical regions of
preferential pathology observed in PD. In addition, this pathology is frequently seen
in mice with the highest levels of transgene overexpression, which can reach levels
30-fold higher than endogenous a.-synuclein (Giasson et al., 2002). Transgene toxicity
is also highly dependent on the promoter used to drive expression (Maskri et al.,
2004). Therefore, a-synuclein cDNA based transgenic mice are likely to exhibit non-
physiological, unregulated, spatially inaccurate transgene expression which is not

representative of the physiological expression of the gene. Secondly, the site of
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integration of the cDNA cassette also appears to have effects on the transgene (Maskri
et al., 2004). Different lines of transgenic mice were analysed, which used the chicken
B-actin promoter, the PrP promoter or the TH promoter to drive a-synuclein
expression from the same construct. Considerable line-to-line variability in the pattern
and level of transgene expression was observed, despite the lines carrying the same
construct. This makes phenotypic results from these transgenic mice difficult to
interpret since they are likely to be sensitive to site-of-integration effects. Thirdly, the
presence of endogenous a-synuclein in these models may influence the results, given
that expression levels of a-synuclein influence its function. Furthermore, the presence
of endogenous mouse a-synuclein may augment the effects of the transgene (Cabin et
al., 2005). It should also be noted that the endogenous mouse Snca gene sequence
already has a threonine at position 53, which may make interpreting the effects of a
human mutant A5S3T a-synuclein transgene more complicated. Finally, many existing
o-synuclein transgenic mice are bred to homozygosity (Kahle et al., 2000a; Masliah
et al., 2000). During transgenesis, which relies on random insertion of the transgene, it
is possible that the transgene will disrupt and inactivate another gene by integrating
into it. Breeding the transgenic mouse to homozygosity can therefore result in the
creation of a homozygous knockout for an unknown gene. Whilst this can be guarded
against by creating several lines of transgenic mice, caution is still required when
interpreting the data. It is generally better practice to avoid this potential artefact by

maintaining transgenes in a hemizygous state.

Taken together, it is clear that in order to more reliably study the normal and
pathogenic functions of a-synuclein, an improved approach to creating transgenic

mice is required. The Wade-Martins group has previously used high-capacity
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bacterial artificial chromosome (BAC) RP1-27M07 containing the complete 111 kb
SNCA genomic DNA locus plus 18 kb of upstream and 7 kb of downstream sequence
in a 135 kb insert to successfully create several lines of transgenic mice, in which
human wild-type or PD-associated A30P o-synuclein is expressed from the entire
SNCA genomic locus. These transgenic mice were then backcrossed onto a mouse .-
synuclein knockout (Snca -/-) background to eliminate any potential interactions with
the mouse protein. The BAC transgenic approach overcomes the problems associated
with existing cDNA based transgenic mice because whole genomic loci transgenes

offer stable, regulated and tissue-specific expression at physiologically relevant level.

These mice therefore provide a novel model to study the functional effects of
mutations in o-synuclein when expressed from the complete SNCA locus. This
chapter describes the molecular characterisation of a SNCA-BAC transgenic mouse

line which carries the PD-associated A30P mutation.

Specifically, the aims of this chapter are:

1. The continuation of the breeding strategy for the SNCA-BAC transgenic
mouse lines

2. To confirm protein expression, integrity and location of the SNCA locus in the
SNCA-BAC transgenic mouse lines

3. To characterise the spatial expression of the transgene in the SNCA-
A30P"Snca-/- line

4. To characterise the expression of the transgene in the SNpc and VTA over

time in the SNCA-A30P Snca-/- line
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5. A preliminary analysis of any early molecular pathology in the SNCA-

A30P Snca-/- line
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3.2. Results

3.2.1. Breeding, genotyping and colony management

Five SNCA-BAC transgenic mouse lines had been previously produced in which wild-
type (SNCA-WT) or mutant (SNCA-A30P") a-synclein is expressed. At the start of my
project, each of the lines was at different stages of backcrossing onto an Snca-/-

background, and onto a pure C57B16 background.

Two SNCA-A30P" lines had been produced using pure C57Bl6 embryos using
pronuclear injection. Transgenic founders were backcrossed with the Snca-/- line for
two generations to produce lines hemizygous for the SNCA-A30P transgene on a pure
C57BIl6 Snca-/- background, named SNCA-A30P Snca-/-. The presence of mRNA
and protein expression for one line had been previously confirmed, but for the second
line, although mRNA was present, no protein was detectable by western blot. The

breeding of this line was therefore discontinued.

Three SNCA-WT lines carrying the entire human wild-type SNCA locus had also been
produced. These lines are control transgenic lines for studying the effects of the
mutation the SNCA-A30P"Snca-/- line. A poor rate of transgenesis was obtained when
using C57Bl6 embryos; therefore a switch to C57BI6/CBA F1 hybrid embryos was
required. The resulting three lines required further backcrossing for a minimum of six
generations to obtain a Snca-/- 99.2% pure C57Bl6 background. Backcrossing was

performed over the course of 18 months for three SNCA-WT lines, called SNCA-WT-
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21, SNCA-WT-37 and SNCA-WT-39. A summary of the breeding strategy adopted is

summarised in Figure 3.1.

[SNCA+, Snca+/+] X [Snca-/-]
|
| |

[Snca+/-] [SNCA+, Snca+/-] X [Snca-/-]

| }

[Snca+/-]  [SNCA+, Snca-/-] X [Snca-/-] [SNCA+, Snca+/-] ~ [Snca-/-]

Figure 3.1. Summary of breeding strategy for the production and maintenance of
SNCA-BAC transgenic mouse lines on a Snca-/- background. Offspring genotypes
(shown in red) are crossed with Snca-/- pure C57Bl6 mice in the next round of
breeding. The blue highlighted area of the diagram shows the stage of the breeding
plan which is repeated to maintain hemizygous mouse lines on a Snca-/- background.

Breeding pairs produced litters of pups which were ear-clipped to obtain a DNA
sample. A genotyping PCR assay was routinely used to screen for the presence of the
transgene. The results from a typical genotyping assay are illustrated in Figure 3.2.
Mice positive for the transgene were then mated with a mouse from an independent
colony of Snca-/- pure C57BI6 mice. All transgenic lines were maintained as
hemizygotes. The SNCA-WT mice were not ready for functional characterisation in

this thesis because the breeding programme was 18 months behind the SNCA-
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A30P"Snca-/- line. Therefore, the functional analysis described in this thesis pertains
to the SNCA-A30P Snca-/- line to assess the potential effects of the A30P mutation,

and non-transgenic Snca-/- littermates, are used as controls.

BAC vector

A P e
B
#
bp - I I e | I |
500 — -: -I -:'- -:-ﬁ -I

PRIMERS FEOWT KD 2 FWT KO 3§ WT KO 3§ WT KD 3 §WT KO

GENOTYPE KO KO ] TG TG

Figure 3.2. Typical results from PCR genotyping assay of SNCA" transgenic mice.
(A) Diagram showing the location of primers used to detect the BAC-SNCA
transgene in transgenic mice. (B) These primers amplify BAC DNA to confirm the
presence of the transgene. Primers for wild-type and knockout mouse Snca were also
used to confirm a Snca-/- background.

Given that PD is a disorder associated with advancing age, it was desirable to perform
studies in these novel transgenics in ageing cohorts of mice. This required careful

colony planning and management from an early stage to ensure the correct gender,

genotype and cohort size would be achieved for the maximum lifespan of the mice.
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3.2.2. Human a-synuclein protein expression in SNCA-BAC lines

Western blot analysis was used to confirm expression of human a-synuclein protein in
the SNCA-BAC lines. This confirmed the presence of the protein in the SNCA-
A30P"Snca-/- line (Figure 3.3A), and established the transgene expression in the
SNCA-WT lines at the level of the protein (Figure 3.3B). Importantly, the SNCA-WT-
39 line and SNCA-A30P Snca-/- line express a-synuclein protein in the brain at a
similar level to each other. Since SNCA-A30P'Snca-/- mice do not contain
endogenous a-synuclein, it was not possible to quantitatively compare transgene
expression to this protein. Therefore actin was used as the control protein for
quantitative analysis, since it is a standard ‘housekeeping’ protein which is expressed
at very similar levels in all lines of mice. Quantitative analysis indicates that when
expressed as a percentage of actin expression, the average intensity of a-synuclein
protein expression on the western blot in the SNCA-A30P " Snca-/- line is 14.2% (SD
4.6%) and in the SNCA-WT-39 line is 27.5% (£SD 8.8%). The SNCA-WT-39 line and
SNCA-A30P Snca-/- line also express a-synuclein at a similar level to that seen in a
human brain sample from a healthy control individual (kindly obtained from Dr T.
Caffrey) (Figure 3.3C). Therefore, the SNCA-WT-39 line was established as the
control line to be used in future experiments by the Wade-Martins group to study of
the effects mutation carrying SNCA-A30P Snca-/- line. Furthermore, the one of the
SNCA-WT transgenic mouse lines produced, SNCA-WT-37 expresses considerably
more human wild-type a-synuclein protein than any of the other lines, demonstrated
by western blot. Quantitative western blot analysis indicates that when expressed as a

percentage of actin expression, the average intensity of a-synuclein protein expression
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on the western blot in the SNCA-WT-37 line is 199.8% (£SD 102.4%). This a-
synuclein overexpression line therefore represents a novel approach to studying
SNCA-WT overexpression at a level similar to that seen in patients with gene
duplications or multiplications in a transgenic mouse model carrying the complete
SNCA locus. It should be noted that the quantification analysis described here was
performed on a repeat series of western blot experiments by S. Janezic, Wade-Martins

Group.
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Figure 3.3. Expression of human a-synuclein in BAC-SNCA transgenic mice.
Western blot analysis of BAC-SNCA mice (obtained using a human specific
monoclonal antibody against a-synuclein) confirmed expression of the human protein
in the SNCA-A30P+Snca-/- line (A); and established transgene expression in SNCA-
WT lines at the level of the protein (B). (C) shows the SNCA-WT-39 line and SNCA-
A30P+Snca-/- line also express a-synuclein at levels similar to each other and to that
seen in human brain tissue.
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3.2.3. Confirmation of transgene integrity in SNCA-A30P Snca-/- line

The BAC construct used to generate these mice is 142 kb in size, and the BAC ends
are separated only by 7 kb of DNA. Therefore, it was important to check that the
entire construct had been inserted into the genome without having undergone partial
deletions or rearrangements during microinjection and integration. This had
previously been checked by PCR (S.L Senior, thesis). However, the SNCA-
A30P"Snca-/- line was re-checked because of its extensive characterisation in this
thesis. The presence of all SNCA exons in this transgenic mouse line was confirmed

by PCR (Figure 3.4).
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Figure 3.4. Confirmation of BAC transgene integrity by PCR in SNCA-A30P+ line.
(A) PCR primers spanning each of the SNCA coding exons were used (exons 1-6). (B)
Results from exon PCR screening confirms the BAC transgene has been successfully

inserted into the genome without having undergone rearrangements during
microinjection and integration.

3.2.4. Location of transgene integration in SNCA-BAC lines

FISH analysis was performed on all transgenic lines (with the exception of SNCA-
WT-21) to determine the site of transgene integration, using the human SNC4 BAC as
the probe. Primary fibroblast cultures were grown from ear-clips to obtain metaphase

spreads. FISH was then performed by Cytogenetics Core Services, Wellcome Trust
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for Human Genetics, University of Oxford. A single integration site was confirmed
for all transgenic lines (Figure 3.5). The SNCA-A30P Snca-/- transgene integration
was observed near the telomere on one copy of chromosome 15, the SNCA-WT-39
integration occurred near the telomere on one copy of chromosome 2 and the SNCA-

WT-37 integration was found near the centromere on one copy of chromosome 4.

SNCA-A30P+ line founder SNCA-A30P+ line
A

SNCA-WT-39 line SNCA-WT-37 line

Figure 3.5. Location of transgene integration in SNCA-BAC lines. Fluorescent in-
situ hybridisation (FISH) confirms a single integration site was for all transgenic lines
using BAC probes in combination with chromosome painting. The SNCA4-
A30P*Snca-/- transgene integration was observed near the telomere on one copy of
chromosome 15(A, B); the SNCA-WT-39 integration occurred near the telomere on
one copy of chromosome 2 (C); and the SNCA-WT-37 integration was found near the
centromere on one copy of chromosome 4 (D). Human SNCA BAC probe (red),
chromosome paint (green).
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3.2.5. Characterisation of spatial transgene expression in SNCA-A30P " Snca-/- line

Immunohistochemistry was performed on SNCA-A30P Snca-/- transgenic mice aged
3-4 months and young adult wild-type C57B16 mice which express endogenous -
synuclein protein. This was done to characterise the spatial localisation of transgene
expression in the SNCA-A30P Snca-/- line. Analysis was performed on coronal and
saggital sections, which spanned the entire mouse brain, in both genotypes. The a-
synuclein transgene in SNCA-A30P'Snca-/- mice was shown to have a spatial
expression pattern that recapitulates the physiological localisation of endogenous o.-
synuclein protein in the wild-type C57Bl16 mouse brain (George et al., 1995). Regions
showing a-synuclein protein expression include the cerebral cortex, hippocampus
(CA1, CA3 and dentate gyrus), striatum, and importantly the SNpc and VTA (Figures

3.6 —3.10).
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Figure 3.6. Characterisation of spatial transgene expression in cerebral cortex in
SNCA-A30P+ line. Immunohistochemical analysis in coronal mouse sections reveals
a-synuclein transgene expression in the cerebral cortex in SNCA-A30P*Snca-/- mice
(A) exhibits a spatial pattern of expression which recapitulates that of endogenous a-
synuclein protein in wild-type C57B16 mice (B).
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Figure 3.7. Characterisation of spatial transgene expression in the hippocampus in
SNCA-A30P+ line. Immunohistochemical analysis in coronal mouse sections reveals
a-synuclein transgene expression in the hippocampus in SNCA-A30P+Snca-/- mice
(A) exhibits a spatial pattern of expression which recapitulates that of endogenous a-
synuclein protein in wild-type C57B16 mice (B).
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Figure 3.8. Characterisation of spatial transgene expression in the hippocampus in
SNCA-A30P+ line. Immunohistochemical analysis in coronal mouse sections reveals
a-synuclein transgene expression in the hippocampus in SNCA-A30P+Snca-/- mice
(A) exhibits a spatial pattern of expression which recapitulates that of endogenous a-
synuclein protein in wild-type C57B16 mice (B).
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Figure 3.9. Characterisation of spatial transgene expression in the striatum in
SNCA-A30P+ line. Immunohistochemical analysis in saggital mouse sections reveals
a-synuclein transgene expression in the striatum in SNCA-A30P+Snca-/- mice (A)
exhibits a spatial pattern of expression which recapitulates that of endogenous o-
synuclein protein in wild-type C57B16 mice (B).
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Figure 3.10. Characterisation of spatial transgene expression in the substantia
nigra pars compacta and ventral tegmental area in SNCA-A30P+ line.
Immunohistochemical analysis in coronal mouse sections reveals a-synuclein
transgene expression in the SNpc and VTA in SNCA-A30P+Snca-/- mice (A) exhibits
a spatial pattern of expression which recapitulates that of endogenous a-synuclein
protein in wild-type C57B16 mice (B).
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As well as recapitulating the endogenous expression pattern of mouse a-synuclein,
expression in these regions also corresponds to the normal pattern of a-synuclein
expression observed in the human brain, according to the Allen Brain Atlas
(http://human.brain-map.org/search.html?page=1&query=SNCA), although it should
be noted the Allen Brain Atlas reports on gene expression at the RNA level by in situ
hybridisation. On an intracellular level, a-synuclein protein was observed in the
axons, cell bodies and in the nucleus in both SNCA-A30P Snca-/- mice and in wild-
type mice. This indicates that in young adult mice, a-synuclein presence in the cell
body and nucleus is a physiologically normal feature and is not a consequence of
human A30P-mutated o-synuclein being present. In addition, double label
immunofluoresence analysis confirms the presence of the oa-synuclein transgene in
TH" cells in the SNpc, the region of preferential neuronal degeneration in PD. The
double label immunofluoresence analysis was performed in the SNCA-A30P" Snca-/-

line (Figure 3.11) and the SNCA-WT-39 control transgenic line (not shown).
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SNCA-A30P Snca -/-

Snca -/-

Figure 3.11 Human a-synuclein protein expression in BAC-SNCA transgenic mice by
immunofluorescence (IF). Immunfluorescence staining reveals human o-synuclein protein
expression in 3 month old SNCA-A30P"Snca” mice recapitulates the endogenous pattern of
a-synuclein in human and mouse brain in TH-positive neurons in the SNpc, seen as yellow
cells in the merged frame (all images shown are 10x magnification).
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Two antibodies which work well in immunohistochemistry were used for this
analysis. A human-specific anti-a-synuclein antibody was used to detect transgene
expression, and a mouse-specific anti-a-synuclein antibody was used for the detection
of mouse a-synuclein protein. A comprehensive comparison of spatial expression
pattern in the brains of SNCA-A30P Snca-/- and wild-type mice was conducted, but
the levels of a-synuclein expression in specific brain regions have not been assessed
here, since immunohistochemistry staining does not allow robust quantitative analysis
of the level of protein present in cells. Representative images for negative control

staining of Snca-/- mice for both antibodies used are shown in Figure 3.12.
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Figure 3.12. Characterisation of spatial transgene expression in non transgenic
littermate control (Snca-/-) mice. Immunohistochemical analysis in coronal mouse
sections reveals no a-synuclein transgene expression or endogenous a-synuclein is
detected in Snca-/- non-transgenic littermate control mice, using the human-specific
anti-a-synuclein antibody, used for the detection of transgene expression (A), and the
mouse-specific anti-o-synuclein antibody used for detection of mouse a-synuclein
protein (B) in Figures 3.6 to 3.10.
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3.2.6. Characterisation of transgene expression over time in SNCA-A30P Snca-/-

line

Double-label immunofluorescence and cell counting was performed to analyse and
quantify the number of cells which express a-synuclein (not the level of transgene
expressions) in the SNCA-A30P"Snca-/- line with age. This analysis was carried out
in male SNCA-A30P " Snca-/- transgenic mice and Snca-/- littermate control mice aged
3-6 months, 12 months and 21 months, with an n=3 per age group for both genotypes.
The number of TH-positive neurons, a-synuclein positive neurons and TH/o-
synuclein double positive neurons in the SNpc and VTA was assessed. Low power
images of TH™ immunoreactivity were used to precisely map the SNpc and VTA

regions for counting.

The bilateral number of TH" cells in SNCA-A30P"Snca-/- transgenic mice and non-
transgenic Snca-/- littermate control mice at 3-6 months, 12 months and 21 months for
each genotype in the SNpc and VTA was assessed by one-way ANOVA and
Bonferroni post-tests (Figure 3.13). In the SNpc, SNCA-A30P " Snca-/- transgenic mice
showed a significant decrease in TH" cell number across all three age groups (one-
way ANOVA, n=3 animals per age group, Bonferroni post-tests, 3-6 months vs. 12
months, P<0.01**; 3-6 months vs. 21 months, P<0.001***). By contrast, in non-
transgenic Snca-/- littermate control mice, no significant differences in TH' cell
number were observed between any of the age groups (one-way ANOVA, n=3
animals per age group, P>0.05). In the VTA, no significant differences in TH" cell
number were observed in SNCA-A30P'Snca-/- transgenic mice or non-transgenic

Snca-/- control mice (one-way ANOVA, n=3 animals per age group, P>0.05).
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Figure 3.13. Comparison of TH* cell number in the SNpc and VTA in SNCA-
A30P+Snca-/- transgenic mice and non-transgenic Snca-- littermate controls with
age. The bilateral number of TH+ cells in SNCA-A30P+Snca-/- transgenic mice and
non-transgenic Snca-/- littermate control mice at 3-6 mo, 12 mo and 21 mo for each
genotype in the SNpc and VTA was assessed. (A) In the SNpc, SNCA-A30P*Snca-/-
mice exhibited a significant decrease in TH+ cell number across all three age groups
(one-way ANOVA, n=3 animals per age group, Bonferroni post-tests, 3-6 m vs. 12 m,
P<0.01** 3-6 m vs. 21 m, P<0.001***). By contrast, in non-transgenic Snca-/-
littermate control mice, no significant differences in TH+ cell number were observed
between any of the age groups (one-way ANOVA, n=3 animals per age group,
P>0.05). (B) In the VTA, no significant differences in TH+ cell number were
observed in SNCA-A30P*Snca-/- mice or non-transgenic Snca-/- control mice (one-
way ANOVA, n=3 animals per age group, P>0.05).

Next, an analysis of the number of TH+/a-synuclein double positive neurons with age
in SNCA-A30P " Snca-/- transgenic mice was performed using two-way ANOVA and
Bonferroni post-tests. In the SNpc, as well as a significant reduction in TH+ cell
number, described above, a significant reduction in TH+/a-synuclein double positive
cell number occurs at 12 months and 21 months of age, both compared to 3-6 months
of age (Fig 3.14A, two-way ANOVA, n=3 animals per age group, Bonferroni post-
tests, TH+/a-synuclein double positive cell number, 3-6 months vs. 12 months,

P<0.001***; 3-6 months vs. 21 months, P<0.001***). By comparison, in the VTA, a
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small significant decrease in TH+/a-synuclein double positive cell number occurs
only at 12 months, but not 21 months, when compared to 3-6 months (Figure 3.14B,
two-way ANOVA, n=3 animals per age group, Bonferroni post-tests, TH+/a-
synuclein double positive cell number, 3-6 months vs. 12 months, P<0.05%*; 3-6
months vs. 21 months, P>0.05). In SNCA-A30P Snca-/- transgenic mice, the
decreased number of TH cells at 12 months and 21 months, compared to 3-6 months,
in the SNpc is approximately similar to the decrease in the number of TH+/a-
synuclein double positive cells, indicating the majority of TH" cells that are lost are
positive for the A30P mutated a-synuclein transgene. Representative

immunofluorescence images of the SNpc and VTA at 3-6 months, 12 months and 21

months are shown in Figures 3.15 (SNpc) and Figure 3.16 (VTA).
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Figure 3.14. Comparison of TH+/a-synuclein double positive neuronal cell number
in the SNpc and VTA of SNCA-A30P+Snca-/- transgenic mice with age. (A) In the
SNpc, a significant reduction in TH+/a-synuclein double positive cell number occurs
at 12 mo and 21 mo, when compared to 3-6 m (two-way ANOVA, n=3 animals per
age group, Bonferroni post-tests, TH+/a-synuclein double positive cell number, 3-6
mo vs. 12 mo, P<0.001***; 3-6 mo vs. 21 mo, P<0.001***). (B) In the VTA, a small
significant decrease in TH+/a-synuclein double positive cell number occurs at 12 mo,
but not 21 mo, when compared to 3-6 mo (two-way ANOVA, n=3 animals per age

group, Bonferroni post-tests, TH+/a-synuclein double positive cell number, 3-6 mo
vs. 12 mo, P<0.05%*; 3-6 mo vs. 21 mo, P>0.05).
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a-synuclein TH+/a-synuclein

12 months 6 months

21 months

Substantia nigra pars compacta (SNpc)

Figure 3.15. TH+ and a-synuclein protein expression in the SNpc in SNCA-
A30P+Snca-/- transgenic mice with age. Representative immunofluorescence images
of the SNpc in SNCA-A30P*Snca-/- transgenic mice aged 3-6 mo, 12 mo and 21 mo.
A significant reduction in TH+ positive cells and TH+/a-synuclein double positive
cells is observed at 12 mo and 21 mo, when compared to 3-6 mo (all images shown are
10x magnification).
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Figure 3.16. TH+ and a-synuclein protein expression in the VTA in SNCA-
A30P+Snca-/- transgenic mice with age. Representative immunofluorescence images
of the VTA in SNCA-A30P+Snca-/- transgenic mice aged 3-6 mo, 12 mo and 21 mo.
A small reduction in TH+/a-synuclein double positive cell number occurs at 12 mo,
but not 21 mo, when compared to 3-6 mo (all images shown are 10x magnification).
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The average percentage of TH' cells which are also a-synuclein positive in the SNpc
and VTA allows a comparison of the cell numbers between the three age groups,
since each individual animal has then been normalised to TH" cell number (Figure
3.17). In the SNpc, percentage of TH cells which are also a-synuclein positive at 3-6,
12 and 21 months are 48%, 27% and 33%, respectively, with a significant percentage
reduction occurring at 12 months of age (one-way ANOVA, n=3 animals per age
group, Bonferroni post-test; percentage of TH' cells which are also o-synuclein
positive, 3-6 months vs. 12 months, P<0.05%). In the VTA, percentage of TH" cells
which are a-synuclein positive at 3-6, 12 and 21 months are 40%, 24% and 27%,
respectively, with a significant percentage reduction again occurring at 12 months of
age (one-way ANOVA, n=3 animals per age group, Bonferroni post-test; percentage

of TH" cells which are a-synuclein positive, 3-6 months vs. 12 months, P<0.05%).
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Figure 3.17. Comparison of percentage of TH+/a-synuclein double positive cells in
the SNpc and VTA in SNCA-A30P+Snca-/- transgenic mice with age. (A) In the
SNpc, a significant percentage reduction occurs at 12 months of age, when compared
to 3-6 mo (one-way ANOVA, n=3 animals per age group, Bonferroni post-test;
percentage of TH+ cells which are a-synuclein positive, 3-6 mo vs. 12 mo, P<0.05%).
(B) In the VTA, a significant percentage reduction again occurs at 12 mo (one-way
ANOVA, n=3 animals per age group, Bonferroni post-test; percentage of TH+ cells
which are a-synuclein positive, 3-6 mo vs. 12 mo, P<0.05%).
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3.2.7. Initial characterisation of pathology in the SNpc of ageing SNCA-A30P " Snca-

/- line

Small pilot experiments were performed to test antibodies for pathological PD
markers using double-label immunofluorescence techniques in 18 month old SNCA4-
A30P"Snca-/- transgenic mice and age-matched non-transgenic Snca-/- controls. This
was done in order to analyse potential early-stage molecular pathology in the SNpc in
this novel transgenic line. Double labelling studies were performed in the SNpc using
antibodies for synuclein and either ubiquitin, a characteristic marker of PD pathology

which typically co-localises with a-synuclein in LBs, or with an antibody to the

phosphorylated form of a-synuclein, another PD associated marker.

Double-label immunofluorescence of the a-synuclein transgene and ubiquitin did not
reveal any readily observable inclusion-like structures or abnormal accumulations of
o-synuclein in neuronal cell bodies or axons in neurons in the SNpc, nor was there
any obvious abnormal co-localisation of ubiquitin with a-synuclein into inclusion-like
structures (Figure 3.18). However, the quality of the antibody stain was poor, with a
widespread uniform staining hard to discern from background. In similar pilot
investigations, double immunofluorescence labelling of the a-synuclein transgene
with an anti-phosphorylated a-synuclein antibody in the SNpc yielded similar results
in SNCA-A30P"Snca-/- transgenic mice aged 18 months old (not shown).
Furthermore, a neuronal expression profile of the a-synuclein transgene, similar to
that seen in 3 month old transgenic mice, was observed in 21 month old SNCA4-
A30P"Snca-/- transgenic mice, with a-synuclein present in the axons, cell bodies and

the nucleus of TH+ cells in the SNpc.
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Figure 3.18. Human a-synuclein transgene and ubiquitin protein expression in
BAC-SNCA transgenic mice by double label immunofluorescence (IF). Double-
label immunofluorescence of the a-synuclein transgene and ubiquitin did not reveal
any readily observable inclusion-like structures or abnormal accumulations of a-
synuclein in neuronal cell bodies or axons in neurons in the SNpc, or any obvious
abnormal co-localisation of ubiquitin with a-synuclein into inclusion-like structures
(all images shown are 10x magnification).

Further experiments with the ubiquitin and phosphorylated a-synuclein antibodies
were limited by the availability of aged SNCA-A30P " Snca-/- transgenic mice and age-
matched Snca-/- controls. The absence of a positive control for pathological ubiquitin
and phosphorylated a-synuclein also presented a drawback for conducting these
experiments. Therefore, the results described here represent only pilot data, and a
thorough investigation of early-stage emerging pathology in SNCA-A30P'Snca-/-

transgenic mice is required.
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3.3. Discussion

This chapter describes the molecular characterisation of a novel a-synuclein
transgenic mouse model which carries the PD-associated A30P mutation. Transgenic
lines of mice carrying insertions of a BAC containing the entire SNCA genomic locus
with either the wild-type or A30P mutated form of a-synuclein, on a Snca -/~

background were previously generated in the Wade-Martins group.

Expression of transgenic protein was confirmed in four SNCA-BAC lines by western
blot. The SNCA-WT-39 line and SNCA-A30P Snca-/- transgenic line express the
protein at a similar level to each other and at a similar level to that seen in a human
brain sample from a healthy control individual. Transgene expression in these mice is
driven and controlled by endogenous gene regulatory elements in the BAC. This
means the transgene is expressed at levels similar to those endogenously expressed,
making SNCA expression physiologically relevant. In a recent study by Kuo and
colleagues, human wild-type a-synuclein transgenic mice, and mice expressing the
PD-associated A30P and A53T mutated forms of the protein were created using P1
artificial chromosomes (PAC) RP-127MO07 transgenic containing the entire human
SNCA gene (Kuo et al., 2010). These authors observed a modest increase in the levels
of transgenic protein (1.3 to 2-fold compared to endogenous mouse Snca) in the brain,
further confirming the BAC transgenic approach does not lead to the considerable
overexpression of a-synuclein transgene seen when using cDNA-based transgenic
models. Whilst protein expression has been confirmed in all four SNCA-BAC lines

described in this chapter, the number of inserted copies of the transgene remains to be
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determined. These experiments, using qPCR, are currently being undertaken in the

Wade-Martins group.

The immunohistochemical analysis in 3-4 month old mice confirmed the neuronal
expression of the transgene in the SNCA-A30P Snca-/- line. The results also
demonstrate the transgene has a regional pattern of a-synuclein expression which is
very close to that of endogenous mouse a-synuclein in wild-type mice, with
expression in key brain regions, including the SNpc. The intracellular pattern of a-
synuclein transgene expression in neurons in SNCA-A30P'Snca-/- transgenic mice
also closely matches that of a-synuclein expression seen endogenously in wild-type
mice. The a-synuclein transgene is present in the cell bodies of neurons, and also co-
localises with DAPI staining in double-label immunoflourescence images, indicating
there is some nuclear expression of the transgene. Another human-specific anti-o.-
synuclein antibody (Zymed) was used to confirm cell body staining of a-synuclein in
SNCA-A30P Snca-/- transgenic mice (data not shown). Cell body staining of
endogenous a-synuclein was similarly observed throughout the brain of the wild-type
C57Bl6 mice when a mouse-specific anti-o-synuclein antibody was used. These
results demonstrate a-synuclein is present in neuronal cell bodies in normal young
wild-type mice. Therefore, the cell body staining of SNCA-A30P Snca-/- transgenic
mice represents a normal, physiological a-synuclein localisation similar to that seen
in wild-type mice. There is considerable controversy in the literature regarding the
pattern of intracellular localisation of a-synuclein. According to much published

literature, a-synuclein is normally expressed in presynaptic nerve terminals, whilst
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pathological a-synuclein aggregations are located in the cytoplasm and neurites
(Forno, 1987; Galvin et al., 2001; George et al., 1995; Iwai et al., 1995).

Whilst the results presented in this chapter have clearly demonstrated o-
synuclein is present in the cell body of healthy wild-type mice, the presence of a-
synuclein in the cell bodies and the nucleus in several lines of transgenic mice has
been interpreted as pathological. Transgenic mice overexpressing wild-type human o-
synuclein under the control of the PDGF promoter have reported the presence of a-
synuclein-positive intranuclear and cytoplasmic inclusions, which were most
frequently observed in the deep layers of the neocortex and the hippocampus (Masliah
et al., 2000). Furthermore, findings in mutant AS53T a-synuclein transgenic mice
under the control of the murine Thy-1 promoter have shown that, in addition to the
synapses, a-synuclein accumulates in cell bodies of neurones in the neocortex and
limbic system (van der Putten et al., 2000); although these authors reported low or no
expression of the transgene in the SNpc and the extensive pathology is associated
with motor neuron and spinal cord pathology. Transgenic mice expressing mutant
AS53T a-synuclein under the regulation of the PrP promoter showed the transgenic
mutant protein, but not wild-type protein was abnormally distributed, with many
regions throughout the brain showing diffuse a-synuclein staining in many neuronal
cell bodies, as well as in axons, dendrites and the nucleus (Gispert et al., 2003). This
abnormal distribution was striking because it occurred without the presence of
obvious a-synuclein aggregation.

The accumulation of a-synuclein the cell body in transgenic mice remains
controversial. Whilst some studies report a-synuclein accumulates in the cell body of

wild-type human a-synuclein transgenic mice, including in SNpc neurons (Kahle et
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al., 2000b; Richfield et al., 2002), somal accumulation only occurred with the mutated
form of a-synuclein in other studies (Giasson et al., 2002; Lee et al., 2002). The
results in this chapter demonstrate that endogenous a-synuclein is present in the cell
body in wild-type mice and SNCA-A30P Snca-/- transgenic mice. Future studies
planned in the Wade-Martins group will include a comprehensive histological
characterisation of the control SNCA-WT-39 transgenic mouse line, to confirm a
similar expression pattern to SNCA-A30P'Snca-/- transgenic mice and wild-type
endogenous mouse a-synuclein, throughout the key brain regions. Whilst a similar
intraceullar pattern of expression has been confirmed in the SNpc, confirmation of a
similar intracellular localisation of a-synuclein throughout the brain in the control

SNCA-WT-39 transgenic mouse line is required.

A more comprehensive characterisation of emerging neuropathology in these SNCA4-
BAC transgenic lines is required, and is currently being planned in the Wade-Martins
group. A readily available positive control would be an important advantage for these
experiments, although it is not clear what the most suitable control would be. Human
brain tissue sections from PD patients do not undergo the same fixation procedures
when preparing the sections for immunohistochemistry, therefore results of staining
protocols for human and mouse tissue may vary. Therefore, the most suitable positive
control may be previously published a-synuclein transgenic mice which reportedly
have oa-synuclein and ubiquitin positive inclusions (Masliah et al., 2000; van der
Putten et al., 2000). The application of immunohistochemical techniques routinely
used to assess LB pathology could be employed, using antibodies which are specific
to insoluble and aggregated forms of a-synuclein. Of note, in a study by Giasson and

colleagues, a-synuclein inclusions were detected with several antibodies raised to
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preferentially detect pathological a-synuclein in human brain tissue (Duda et al.,
2002). Furthermore, when conventional a-synuclein antibodies were used by Giasson
and colleagues, which were not necessarily specific for pathological a-synuclein, the
staining was variable, ranging from weak to robust staining in the same transgenic
mouse model (Duda et al., 2002). Therefore, a careful consideration of which a-
synuclein antibodies to use for the SNCA-BAC transgenic mice will be required. In
addition, histological analysis throughout the brain in SNCA-BAC transgenic mice
using antibodies for PD-specific neuropathological markers such as ubiquitin,
phosphorylated neurofilament protein, phosphorylated forms of a-synuclein and glial
fibrillary acidic protein (GFAP) will be required. Western blot analysis will also be
useful in determining whether aggregates of a.-synuclein are present. This can be done
by detecting high molecular weight, oligomeric forms of a-synuclein which
reportedly represent aggregated forms of the protein, rather than monomeric, non-
aggregated forms. In addition, a number of cDNA construct based transgenic mice
overexpressing wild-type or mutant human a-synuclein have reported widespread
pathology in the brain stem and spinal cord, without any modifications in the
nigrostriatal system (Giasson et al., 2002; van der Putten et al., 2000). Therefore, it
would be interesting to assess protein expression and potential brain stem and spinal
cord pathology in the SNCA-A30P Snca-/- line or the SNCA-WT-37 line which
overexpresses human wild-type a-synuclein protein.

Kuo and colleagues recently characterised PAC transgenic mice expressing
wild-type and mutant A30P and A53T a-synuclein from insertions of an entire human
SNCA gene (Kuo et al., 2010). This study reported the histological characterisation of
one transgenic mouse line which had increased levels of A53T mutated o-synuclein.

Apart from a few rare dystrophic synapses in the hippocampus observed in this line in
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the mice at 12 and 22 months of age, no characteristic Lewy body pathology or a-
synuclein aggregation was observed in the brain or spinal cord. The absence of
aggregates was confirmed by western blot analysis. Investigation of the CNS
pathology of the transgenic line carrying A30P a-synuclein was not reported in this
study. Therefore, investigating potential neuropathology in the transgenic SNCA-BAC

lines described here remains an important goal.

Quantitiative analysis of TH" neurons in the SNpc and the VTA in SNCA-A30P" Snca-
/- transgenic mice and non-transgenic Snca-/- littermate controls at 3-6 months, 12
months and 21 months of age in this chapter shows that there is a significant loss of
TH' cells in the SNpc of SNCA-A30P Snca-/- transgenic mice, but not in Snca-/-
control mice. Furthermore, this loss of TH" cells appears to be specific to the SNpc,
since no significant differences in TH' cell number with age in either genotype
occurring in the VTA. This replicates the phenotype seen in PD patients, where a
preferential loss of dopaminergic neurons is seen in the SNpc with age, but not in
dopaminerigc neurons in the VTA which are relatively spared in PD. Future planned
work in our laboratory will now quantify TH™ neurons in the SNpc and the VTA in
the SNCA-WT-39 control line at all three age points. This will confirm whether the
significant decrease in TH+ cell number seen in the SNpc in SNCA-A30P Snca-/-
transgenic mice can be attributed to the presence of A30P mutated form of a-
synuclein, or whether the presence of human o-synuclein alone accounts for the TH"
cell loss. Further, it is not possible to discount a potential effect on TH" expression
occurring in Snca-/- mice, or an effect caused by the presence of the BAC construct.
Finally, it is also possible that changes in TH™ immunoreactivity may reflect altered

TH" expression rather than actual cell loss.
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Analysis of the number of cells expressing the a-synuclein transgene in the
SNCA-A30P Snca-/- transgenic mice at 3-6 months, 12 months and 21 months of age
using double-immunoflourescence staining of TH+ and o-synuclein positive neurons
in the SNpc and VTA is also reported in this chapter. Once more, TH+/a-synuclein
double positive cell loss appears to preferentially target SNpc dopaminergic neurones,
which are most vulnerable in PD. Further, the actual number of TH+ cells lost in the
SNpc at 12 and 21 months is approximately similar to the loss of TH+/a-synuclein
double positive cells, indicating the majority of TH™ neurons lost in ageing mice
contain the A30P mutated form of a-synuclein. This observation suggests the mutated
protein may be exerting a toxic cellular effect on TH' neurons, preferentially targeting
the SNpc, though at present a toxic effect attributed simply to the presence of human
o-synuclein cannot be ruled out. Closer analysis of the data also indicates that whilst
a-synuclein dysfunction is a likely explanation for TH" cell loss, it cannot account
fully for the reduction in of a-synuclein transgene expression in TH' cells. This is
because, for example between 3-6 and 12 months, there is a loss of approximately 800
TH+ cells in the SNpc and approximately 1200 a-synuclein positive cells, 99% of
which are also TH'. Therefore, while the presence of mutant c-synuclein can account
for the majority of TH+ neurons lost in ageing SNCA-A30P Snca-/- transgenic mice,
there is there is a population of a-synuclein positive cells lost that cannot be
accounted for by TH+ cell loss. Future experiments in our laboratory which quantify
o-synuclein transgene expression in SNCA-WT-39 transgenic mice at all three age
points will therefore provide important insights, including a firmer conclusion for
whether the presence of A30P a-synuclein, or simply the presence of the human

transgene.
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The method of serial reconstruction and direct cell counting of alternating coronal
mouse sections employed in this study represents an accurate and valid method of
determining neuron cell number in these brain regions. Published estimates of
bilateral numbers of TH-positive neurons in the SNpc in the C57Bl6 mouse have
varied considerably, from approximately 5200 (Coban and Filipov, 2007) to over
23000 (Jakowec et al., 2004). Most studies have however reported a more limited
range, from approximately 8000 to 12000 (Baquet et al., 2005; Cao et al., 2006;
Liberatore et al., 1999; McCormack et al., 2005; McCormack et al., 2006; Smeyne et
al., 2005; Sugama et al., 2003; Thiruchelvam et al., 2003; Vijitruth et al., 2006;
Walters et al., 1999; Zou et al., 2000). The average numbers per hemisphere (=SEM)
in this study for alternating sections (every other section, n=10) are approximately
4085+328 for the 3-6 month age group, 4298+195 for the 12 month age group and
38474213 for the 21 month age group, which when doubled (to give an estimate of
total cell number in the SNpc), lie within or very close to this reported range, and the
slightly lower number of TH-positive cells in the 21 month age group could be
accounted for by cell loss due to age. Furthermore, the cell counts for all 18 mice
tested lie consistently within this range, indicating the accuracy and reproducibility of

this method.

In further support of this, a recent study by Baquet and colleagues directly counted the
number of dopaminergic neurons, using serial sections to reconstruct the SNpc from
C57BI6 mice (Baquet et al., 2009). Using this method, four C57BL6 mouse brains
were examined, using the same landmarks for determining the anterior to posterior

extent of the SNpc as used in the present study (Paxinos and Franklin, 2001). The use
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of alternating sections in the present study, which were 35 um in thickness, prevented
the possibility of cells being counted twice. Therefore aligning and overlaying
adjacent sections to prevent duplicate counting, as done by Baquet and colleagues,
was not required. The total bilateral number of dopaminergic neurons (+SEM) was
reported to be 8305+£539 (n=4, range 7464-9763). They then compared this
empirically derived number to model-based (2D) and design-based (3D) stereological
estimates and found no significantly statistical differences in cell number between the
three methods. The model-based estimates (=SEM) gave a value of 8002+91 (n=10,
range 7563-8415) while design-based estimates (£SEM) were 8716+£338 (n=10 range
7546-9869). All three values are similar to the estimated values of total number of
SNpc neurons in our study, which, when the numbers per hemisphere are multiplied
by two to give an estimate of the total number of SNpc neurons, are approximately
8070 for the 3-6 month age group, 8596 for the 12 month age group and 7694 for the
21 month age group. This indicates the accuracy, precision and reliability of design-
based methods are equal to that of method-based analysis when strict rules are
observed. The characterisation of transgene expression over time in the SNpc and
VTA will need to be completed in the SNCA-WT-39 transgenic control line to
determine whether the decreased transgene expression observed at 12 and 21 months
in the SNCA-A30P'Snca-/- transgenic line is attributable to mutated A30P -

synuclein.

Behavioural characterisation of the SNCA-BAC transgenic mice is also required. A
broad-based behavioural screening of motor and cognitive behaviour would permit
the identification of subtle changes in phenotype in these mice. Further, given that PD

is associated with advancing age, long term behavioural assessment of age-matched
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cohorts of the SNCA-A30P Snca-/-, the SNCA-WT-39 and Snca-/- should be
performed. Specific behavioural assays include: the open-field and home-cage tests,
and the rotarod and multiple static rods test for assessing activity and motor
performance; the hanging wire test and lifting weights for grip strength and the
automated Catwalk system for posture and gait observations, including fore-paw
placements and footprint pattern measures. Cognitive tests and assessment of short-
term spatial working memory using spontaneous and rewarded alternation would also
be useful. A recent study has assessed motor function in SNCA-BAC transgenic mice
(Kuo et al., 2010). These authors reported that in all lines of mice studied, wild-type,
A30P and AS53T a-synuclein, no gross motor phenotype such as tremor or ataxia was
observed. The open-field and rotarod tests were employed to assess motor function in
these mice and revealed that in mice which had increased levels of AS3T mutated o.-
synuclein, but not A30P mice, a consistently reduced motor activity in the open-field
and abnormal endurance and coordination on the rotarod test compared with wild-
type controls. A more thorough investigation of motor performance and cognition was
not reported. Studies in the SNCA-BAC transgenic mice described here are required to

enable a comparison between the two separate lines of BAC transgenic mice.

Future characterisation of potential enteric nervous system (ENS) abnormalities of the
SNCA-BAC transgenic mice described in this chapter is also warranted. In the same
recent study on SNCA-BAC transgenic mice (Kuo et al., 2010), profound, early ENS
abnormalities, including reduced colonic motility and expulsion time and a prolonged
whole-gut transit time, were observed in both the mutant A30P and A53T a-synuclein
lines, but not in the wild-type control lines. This indicates that the phenotype observed

is not due to an effect of transgene, but rather an effect of the mutated protein. This
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dysfunction was coupled with synuclein-immunoreactive aggregates in ENS ganglia
by 3 months of age in the A53T a-synuclein line (which also exhibited motor
abnormalities, discussed above). These findings are particularly interesting given that
PD patients often suffer ENS symptoms early on in the disease process, before the
manifestation of CNS symptoms. Therefore, analysis of ENS function in SNCA-
A30P"Snca-/-, the SNCA-WT-39 and Snca-/- mice described is this chapter would be

useful.

A number of broader future steps should also be considered. Firstly, the second
SNCA-A30P Snca-/- transgenic line generated did not demonstrate protein expression
by western blot analysis. This line was desirable to confidently attribute phenotypic
changes to the presence of the A30P mutation. Although a potential deleterious site-
of-integration effect of the transgene has been overcome by maintaining the
transgenic lines as hemizygotes, there still remains a very small possibility of a site of
integration effect. The generation of a second SNCA-A30P " Snca-/- transgenic line is
therefore a future consideration. The generation of SNCA-BAC transgenic mice
carrying the A53T mutation on a Snca-/- background would also be interesting. This
is because in both the cDNA-based transgenic mice and the very recently
characterised SNCA-BAC transgenic mice, the phenotype observed seems to be more
prominent in the presence of the AS5S3T mutation than with the A30P mutation
(Giasson et al., 2002; Kuo et al., 2010; Lee et al., 2002; van der Putten et al., 2000).
However, these results would be difficult to interpret, given the endogenous mouse
Snca gene sequence already has a threonine at position 53. Finally, the SNCA-WT-37
transgenic mouse line represents a potentially interesting and novel overexpression

SNCA-BAC model to study the effects of physiological overexpression of o-
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synuclein. This is of particular interest given the known gene-dose toxicity effects of
PD-associated duplication and multiplication mutations. Experiments focussing on the
molecular and neurochemical characterisation of this line are currently underway in

the Wade-Martins group.
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4. CHAPTER 4: Neurochemical characterisation of DA synapse function in a novel
transgenic mouse model of Parkinson’s disease carrying the a-synuclein A30P

mutation

4.1. Introduction

The intracellular location of a-synuclein in presynaptic nerve terminals and its close
association with neurotransmitter-containing synaptic vesicles suggests the protein
has a role in synaptic physiology (Iwai et al., 1995; Maroteaux et al., 1988). a-
synuclein has been shown to have effects on numerous aspects of vesicle function and
has lipid binding and protein chaperone-like properties which suggest the protein can
directly bind to or interact with synaptic vesicle membranes to regulate vesicle
recycling (Sharon et al., 2001; Ueda et al., 1993). In addition, the intimate regulation
of various components of DA homeostasis by a-synuclein, including DA synthesis,
release and uptake indicates the protein has an important role in DA synapse function.
Despite this, the role of a-synuclein in shaping synaptic transmission remains unclear.
There are surprisingly few published reports on the effects of a-synuclein on
neurotransmitter release, or more specifically DA release, at synapses. Furthermore,
there are even fewer reports of the effects of a-synuclein on DA signalling in the
striatum, the region where DA levels are decreased in PD due to loss of nerve

terminals projecting from degenerating DA neurons in the SNpc.

Studies in a-synuclein knockout mice have reportedly shown either no or very subtle
effects on transmitter release and the regulation of synaptic vesicle pools (Abeliovich

et al., 2000; Cabin et al., 2002; Chandra et al., 2004; Yavich et al., 2004). One group
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demonstrated subtle changes in DA release in a-synuclein knockout mice, reporting
an enhanced rate of recovery from paired pulse depression (PPD) at DA terminals in
the striatum (Abeliovich et al., 2000). Another report demonstrated a decreased post-
synaptic response after repetitive stimulation in non-DA synapses in the hippocampus
in a-synuclein knockout mice (Cabin et al., 2002). Overexpression of a-synuclein
reportedly inhibits catecholamine release from adrenal chromaffin cells and granule
release from platelets (Larsen et al., 2006; Park et al., 2002). Most recently, a study by
Nemani and colleagues, using both in vitro and in vivo approaches, have demonstrated
that a modest (2- to 3-fold) increase in wild-type a-synuclein expression inhibits
glutamate release in hippocampal pyramidal neurons and DA release in
mesencephalic DA neurons in culture (Nemani et al., 2010). This impairment in
neurotransmitter release is not coupled with obvious a-synuclein toxicity or inclusion
formation, but is reportedly due to a failure of synaptic vesicle reclustering after
endocytosis (Nemani et al., 2010). There is evidence that mutant forms of a-synuclein
impair the ability of the protein to bind to vesicle membranes, which may disrupt
vesicular recycling and DA storage in vesicles (Jensen et al., 1998; Lotharius and
Brundin, 2002a). The PD-associated A30P mutation significantly alters the tertiary
conformation of a-synuclein and reportedly causes reduced a-synuclein binding to
small phospholipids vesicles (Jensen et al., 1998; Jo et al., 2002). Studies of DA
function in transgenic mice with A30P mutant a-synuclein did not observe deficits in
DA synthesis or metabolism (Gomez-Isla et al., 2003; Neumann et al., 2002).
However, a-synuclein positive inclusions and motor deficits in these mice have been
observed, though this is not a consistent finding and may depend on the levels of a-
synuclein expression and the promoters used to drive the transgene (Gomez-Isla et al.,

2003; Kahle et al., 2000a). Yavich and colleagues have shown that transgenic mice
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overexpressing A30P mutant a-synuclein exhibit reduced DA release from striatal
synapses under conditions of heavy vesicle loading of presynaptic terminals during
intensive, repeated stimulation protocols (Yavich et al., 2005). These authors propose
this phenotype is due to an inability of the A30P mutant a-synuclein to traffic DA
vesicles between the readily releasable and reserve pools in striatal terminals, or

because of a low capacity of the reserve pool.

To date, there are no studies directly examining the effects of the PD-associated A30P
mutant form of a-synuclein on DA neurotransmission in the striatum under
physiologically relevant neuronal firing conditions. Moreover, this has not been
examined in novel SNCA-BAC transgenic mice in which the transgene expression is
regulated, tissue-specific and expressed at physiologically relevant levels. Further,
given that PD is a disease associated with advancing age, there are no studies which
compare changes in DA neurotransmission with age in the presence of this mutation.
This chapter describes the neurochemical characterisation of DA synapse function
with age in a SNCA-BAC transgenic mouse line which carries the PD-associated
A30P mutation. In this model, the effects of the transgene may be more subtle than
those observed in transgenic mice which overexpress forms of a-synuclein. Therefore,
measurements of DA release and reuptake kinetics from striatal DA axons has been
achieved using fast-scan cyclic voltammetry (FCV) at carbon-fibre microelectrodes, a
powerful technique to detect and quantify release of endogenous DA with subsecond
resolution on a real-time scale (Cragg, 2003; Cragg and Greenfield, 1997; Cragg et
al., 1997; Garris et al., 1994; Garris and Wightman, 1994; Millar et al., 1985;
Stamford, 1985; Stamford et al., 1986a; Stamford et al., 1986b, c; Stamford et al.,

1984). Furthermore, FCV permits an examination of potential changes in the dynamic
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interactions between dopaminergic and cholinergic systems in the striatum, which are

pivotal to normal striatal DA signalling (Cragg, 2006; Cragg and Rice, 2004; Zhang

and Sulzer, 2004; Zhou et al., 2001). Real time kinetics of DA signalling in the

striatum in BAC-SNCA transgenic mice which express physiological levels of a-

synuclein has never been assessed.

Specifically, the aims of this chapter are:

1.

To assess differences in the levels of electrically evoked DA in the dorsal
striatum (caudate putamen (CPu)) and ventral striatum (nucleus accumbens
(NAc)) of SNCA-BAC transgenic mice carrying the A30P mutation (SNCA-
A30P"Snca-/-) compared to non-transgenic littermate control mice (Snca-/-) at
5 weeks, 3-4 months, 6-7 months, 12 months and 18 months of age, using
FCV at carbon fibre microelectrodes

To assess whether specific regional differences in electrically evoked DA
occur within the CPu in SNCA-A30P Snca-/- transgenic mice compared to
Snca-/- control mice at 5 weeks, 3-4 months, 6-7 months, 12 months and 18
months of age

To investigate whether differences in DA uptake occur in CPu in SNCA4-
A30P"Snca-/- transgenic mice compared to Snca-/- control mice at 5 weeks, 3-
4 months, 6-7 months, 12 months and 18 months of age

To assess differences DA content in the CPu and NAc in SNCA-A30P " Snca-/-
transgenic mice compared to non-transgenic littermate control mice (Snca-/-)
at 5 weeks, 3-4 months, 6-7 months, 12 months and 18 months on age, using

high-performance liquid chromatography (HPLC)
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5. To conduct preliminary investigations into whether differences in frequency
sensitivity and nicotinic receptor function occur in young adult (3-6 months of

age) SNCA-A30P " Snca-/-transgenic mice compared to Snca-/- control mice

133



4.2. Results

4.2.1. Decreased levels of electrically evoked DA in the CPu of SNCA-A30P Snca-/-

transgenic mice at ages 5 weeks, 3-4 months and 6-7 months

The release of DA in the CPu and NAc was assessed using FCV at carbon-fibre
microelectrodes in the SNCA-A30P" Snca-/- transgenic mouse line and non-transgenic
Snca-/- littermate control mice. DA release was assessed in five ageing cohorts of
mice, at ages 5 weeks, 3-4 months, 6-7 months, 12 months and 18 months. In the CPu,
DA release data was collected from five different subdivisions, encompassing the
dorsal and ventral CPu. Specifically, recordings were obtained from dorso-medial,
dorso-central, dorso-lateral, central, ventro-medial and ventro-lateral regions. In the
NAc, recordings were taken from two sites below the anterior commissure. These
recording sites are depicted in Figure 4.1. For each age group, four or five mice from
each genotype were assessed. [DA], evoked by single stimulus pulses (1p) and by
burst stimuli (4 pulses, 100 Hz) was assessed. All data was analysed by one or two

way ANOVA and post-hoc Bonferroni tests.
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Figure 4.1. Recording regions in striatal sections for assessment of electrically

evoked DA by FCV.
In the CPu, mean peak [DA], evoked by either stimulus was approximately twenty

percent lower in SNCA-A30P Snca-/- transgenic mice compared to non-transgenic

Snca-/- littermate controls (Figure 4.2, Table 4.1) for mice aged 5 weeks, 3-4 months,

and 6-7 months, but was not different in mice aged 12 months or 18 months.
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5 weeks 3-4 months 6-7 months 12 months 18 months
Single pulse (1p) data CPu
Age 5 weeks 3-4 months 6-7 months 12 months 18 months
Genotype KO TG KO TG KO TG KO TG KO TG
Mean peak
2.10 1.69 2.70 2.09 2.72 2.17 1.65 1.73 1.97 1.85
[DA], (uM)
SEM 0.08 0.07 0.15 0.11 0.11 0.09 0.10 0.12 0.11 0.09
N 60 60 50 49 60 60 40 40 54 54
% of control 100 81 100 78 100 80 100 100 100 99
Post-test p- <0.01 <0.01 <0.01 >0.05 >0.05
value
Burst pulse (4p, 100 Hz) data CPu
Age 5 weeks 3-4 months 6-7 months 12 months 18 months
Genotype KO TG KO TG KO TG KO TG KO TG
Mean peak
2.00 1.56 2.64 2.00 2.62 2.10 1.55 1.65 1.81 1.75
[DA], (uM)
SEM 0.06 0.06 0.14 0.11 0.10 0.09 0.10 0.12 0.10 0.09
n 60 59 47 49 60 60 41 39 54 53
% of control 100 79 100 76 100 81 100 101 100 100
Post-test p- <0.01 <0.01 <0.01 >0.05 >0.05
value

Figure 4.2. Electrically evoked DA transients in CPu of SNCA-A30P+Snca-/-
transgenic mice compared to Snca-/- controls with age. Mean peak [DA], evoked by
either a single pulse (1p) or a burst (4p, 100 Hz) was approximately twenty percent
lower in SNCA-A30P+Snca-/- transgenic mice compared to non-transgenic Snca-/-
littermate controls for mice aged 5 weeks, 3-4 months, and 6-7 months (Figures A-C
Ip; F-H 4p, 100 Hz), but was not different in mice aged 12 months or 18 months
(Figures D-E for 1p; I-J for 4p, 100 Hz). N=number of recording sites. All data was
analysed by one or two way ANOVA and post-hoc Bonferroni tests. (Table 4.1).
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A plot of mean peak evoked [DA], between genotypes versus age (Figure 4.3; Figure
4.3A; single pulse data, two-way ANOVA, significant differences between genotypes
as follows;*P<0.05 [five weeks of age], ***P<(0.00!/ [3-4 m and 6-7 m], no
significant differences between genotype at 12 m or 18 m; Figure 4.3B; burst stimuli
data, two-way ANOVA, significant differences between genotypes as follows;
**P<0.01 [five weeks of age], ***P<0.001 [3-4 m and 6-7 m], no significant
differences between genotype at 12 m or 18 m) indicates the differences in evoked
[DA], observed between genotypes diminishes with age, since release in non
transgenic Snca-/- control mice declines with time to levels seen in SNCA-
A30P"Snca-/- transgenic mice, whilst evoked [DA], in SNCA-A30P Snca-/-

transgenic mice remains broadly constant with age.
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Figure 4.3. Mean peak electrically evoked [DA], in CPu of SNCA-A30P+Snca-/-
transgenic mice compared to Snca-/- controls versus age. A plot of mean peak [DA],
evoked by either 1p (Fig A) or 4p, 100 Hz (Fig B), versus age indicates the
differences in evoked [DA], between SNCA-A30P*Snca-/- transgenic mice compared
to Snca-/- controls diminishes with age, since release in non transgenic Snca-/- control
mice declines with time to levels seen in SNCA-A30P+Snca-/- transgenic mice, whilst
evoked [DA], in SNCA-A30P+Snca-/- transgenic mice remains broadly constant with
age. (Figure A; 1p data, two-way ANOVA, significant differences between genotypes
as follows; *P<0.05 [five weeks of age], ***P<0.001 [3-4 mo and 6-7 mo], no
significant differences between genotype at 12 mo or 18 mo; Figure B, 4p, 100 Hz
data, two-way ANOVA, significant differences between genotypes as follows;
**#P<0.01 [five weeks of age], ***P<0.001 [3-4 mo and 6-7 mo], no significant
differences between genotype at 12 m or 18 m).
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By contrast, in the NAc no significant differences in evoked [DA], were detected
between the two genotypes at ages 5 weeks, 3-4 months, 6-7 months, and 12 months.
The results for the single stimulus and burst stimulus data are shown in Figure 4.4 and
summarised in Table 4.2. Although a small (but non significant) difference in evoked
[DA], in SNCA-A30P Snca-/- transgenic mice compared to non-transgenic Snca-/-
littermate control mice was observed at 18 months, these data represent only a pilot
analysis in the NAc, since the data sets can be considered to be underpowered. This is
due to a small number of recording sites in each animal, which are restricted by the
small size of the NAc. Additional repeat experiments are required before firm

conclusions can be drawn regarding this data.
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Single pulse (1p) data NAc

Age S weeks 3-4 months 6-7 months 12 months 18 months
Genotype KO TG KO TG KO TG KO TG KO TG
Mean peak
1.01 1.06 1.81 1.77 1.69 1.44 1.23 1.44 1.58 1.15
[DA], (UM)
SEM 0.127 | 0.071 | 0.196 | 0.242 | 0.102 | 0.140 | 0.172 | 0.196 | 0.139 | 0.114
n 20 20 16 16 20 20 10 10 16 16
% of control 100 100 100 98 100 86 100 116 100 73
Post-test p- >0.05 >0.05 >0.05 >0.05 >0.05
value

Burst pulse (4p, 100 Hz) data NAc

Age 5 weeks 3-4 months 6-7 months 12 months 18 months
Genotype KO TG KO TG KO TG KO TG KO TG
Mean peak
1.024 | 1.089 | 1.928 | 1.826 | 1.717 | 1.527 | 1.292 | 1.679 | 1.622 | 1.256
[DA], (UM)
SEM 0.120 | 0.076 | 0.245 | 0.229 | 0.137 | 0.147 | 0.240 | 0.340 | 0.149 | 0.127
n 19 19 14 15 20 20 11 10 16 16
% of control 100 100 100 95 100 89 100 129 100 78
Post-test p-value >0.05 >0.05 >0.05 >0.05 >0.05

Figure 4.4. Electrically evoked DA transients in NAc of SNCA-A30P+Snca-/-
transgenic mice compared to Snca-/- controls with age. No significant differences
seen in mean peak [DA], evoked by either a single pulse (1p) or a burst (4p, 100 Hz)
in SNCA-A30P*Snca-/- transgenic mice compared to non-transgenic Snca-/- littermate
controls for mice at 5 weeks, 3-4 months, 6-7 months, 12 months or 18 months
(Figures A-E 1p; F-J 4p, 100 Hz). All data was analysed by one or two way ANOVA
and post-hoc Bonferroni tests (Table 4.2).
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In the CPu, an in-depth analysis of the data was performed to confirm the difference
in evoked [DA], between the two genotypes observed at 5 weeks, 3-4 months and 6-7
months was not due to a subset of anomalous data which influenced or skewed the
rest of the data set. Therefore, the spread of evoked [DA], peaks from individual
recording sites across experimental days for these age groups was assessed (Figures
4.5A; 4.6A and 4.7A). This demonstrated that, between experimental days for each
genotype, the SNCA-A30P Snca-/- transgenic mice showed consistently reduced
evoked [DA], compared to non-transgenic Snca-/- littermate controls, and that the
phenotype observed was not a consequence of a small sub-set of outlying recording

sites, for example obtained from only a single animal.

Sub-regional analysis of evoked [DA], between the two genotypes at 5 weeks, 3-4
months and 6-7 months was performed in the CPu to investigate whether the observed
differences could be attributed to any specific region of the CPu, for example whether
one region significantly influenced the overall observed differences in evoked [DA],,
Therefore, evoked [DA], peaks from individual recording sites for each sub-region for
these age groups was analysed by two-way ANOVA and Bonferroni post-tests. For
the 5 week age group, all regions of the CPu exhibited lower evoked [DA], in SNCA-
A30P" Snca-/- transgenic mice compared to non-transgenic Snca-/- littermate
controls, with statistically significant lower evoked [DA], observed in the central and
ventromedial regions (Figure 4.5B). At 3-4 months and at 6-7 months, all CPu regions
once more displayed lower evoked [DA], in SNCA-A30P"Snca-/- transgenic mice
compared to non-transgenic Snca-/- littermate controls (Figures 4.6B and 4.7B).
Although statistical analysis is here included for reference, and can indicate some sub

regions affected by genotype, the small numbers of data points for each subregion
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make it difficult to identify whether differences in one region or CPu generally are
responsible consistently for the effect of genotype on evoked [DA]o. In particular, the
data set for each age group and subregion may be too underpowered (n=7-11 per
region, 5 animals per genotype) to be able to excl/ude any regions that contribute to the
effects of genotype. In summary, all CPu regions exhibit lower evoked [DA], in
SNCA-A30P" Snca-/- transgenic mice compared to non-transgenic Snca-/- littermate

controls.
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Figure 4.5. Spread of evoked [DA], peaks from individual recording sites across
experimental days, sub-regional analysis of evoked [DA], and rates of uptake of
evoked DA transients of SNCA-A30P+Snca-/- transgenic mice compared to Snca-/-
controls at 5 weeks of age in CPu. (A) The spread of evoked [DA], peaks from
individual recording sites across experimental days, demonstrate that, between
experimental days for each genotype, SNCA-A30P*Snca-/- transgenic mice showed
consistently decreased evoked [DA], compared to non-transgenic Snca-/- littermate
controls at 5 weeks of age in CPu. (B) Sub-regional analysis of evoked [DA], at 5
weeks indicate all regions of the CPu exhibited lower evoked [DA], in SNCA-
A30P+Snca-/- transgenic mice compared to non-transgenic Snca-/- littermate controls,
with statistically significant lower evoked [DA], observed in the central and
ventromedial regions (two-way ANOVA, SNCA-A30P+Snca-/- n=10 per region,
Snca-/- controls n=10 per region [5 animals per genotype]; significant differences in
central CPu region, **P<(.01; and ventromedial CPu region, *P<0.05). (C)
Comparison of the rates of decay of concentration-matched DA transients suggests
that DA uptake rates are not significantly different between the two genotypes (two-
way ANOVA, SNCA-A30P+Snca-/- n=8, Snca-/- controls n=8 [5 animals per
genotype], P>0.05).
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Figure 4.6. Spread of evoked [DA], peaks from individual recording sites across
experimental days, sub-regional analysis of evoked [DA], and rates of uptake of
evoked DA transients of SNCA-A30P+Snca-/- transgenic mice compared to Snca-/-
controls at 3-4 months of age in CPu. (A) The spread of evoked [DA], peaks from
individual recording sites across experimental days, demonstrate that, between
experimental days for each genotype, SNCA-A30P+Snca-/- transgenic mice showed
consistently decreased evoked [DA], compared to non-transgenic Snca-/- littermate
controls at 3-4 months of age in CPu. (B) Sub-regional analysis of evoked [DA], at 3-
4 months indicate all regions of the CPu exhibited lower evoked [DA], in SNCA-
A30P+Snca-/- transgenic mice compared to non-transgenic Snca-/- littermate controls,
however no statistical significance is attributed to individual CPu regions (two-way
ANOVA, SNCA-A30P*Snca-/- n=8-9 per region, Snca-/- controls n=7-10 per region
[5 animals per genotype]; P>0.05 for all CPu regions). (C) Comparison of the rates of
decay of concentration-matched DA transients suggests that DA uptake rates are not
significantly different between the two genotypes (two-way ANOVA, SNCA-
A30P*Snca-/- n=8, Snca-/- controls n=8 [5 animals per genotype], P>0.05).
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Figure 4.7. Spread of evoked [DA], peaks from individual recording sites across
experimental days, sub-regional analysis of evoked [DA], and rates of uptake of
evoked DA transients of SNCA-A30P+Snca-/- transgenic mice compared to Snca-/-
controls at 6-7 months of age in CPu. (A) The spread of evoked [DA], peaks from
individual recording sites across experimental days, demonstrate that, between
experimental days for each genotype, SNCA-A30P*Snca-/- transgenic mice showed
consistently decreased evoked [DA], compared to non-transgenic Snca-/- littermate
controls at 6-7 months of age in CPu. (B) Sub-regional analysis of evoked [DA], at 6-
7 months indicate all regions of the CPu exhibited lower evoked [DA], in SNCA-
A30P+Snca-/- transgenic mice compared to non-transgenic Snca-/- littermate controls,
however no statistical significance is attributed to individual CPu regions (two-way
ANOVA, SNCA-A30P+Snca-/- n=9-11 per region, Snca-/- controls n=9-11 per region
[Sanimals per genotype]; P>0.05 for all CPu regions). (C) Comparison of the rates of
decay of concentration-matched DA transients suggests that DA uptake rates are not
significantly different between the two genotypes (two-way ANOVA, SNCA-
A30P*Snca-/- n=7, Snca-/- controls n=7 [4 animals per genotype], P>0.05).
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Mean peak [DA], evoked by burst stimuli varies between the two genotypes with age
in a similar manner to that seen for single pulse stimuli. The relative release
probability of DA by bursts versus non-burst stimuli is not significantly different
between genotypes in any of the age groups studied (Figure 4.8). This indicates that a
simple change in release probability at striatal DA synapses cannot account for the

observed difference in evoked [DA],,
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Figure 4.8. The relative release probability of DA by bursts versus non-burst stimuli
of SNCA-A30P+Snca-/- transgenic mice compared to Snca-/- controls in CPu. The
low ratios of DA evoked by a burst stimuli (4p, 100 Hz) compared to a single pulse
(4p:1p ratio) show that the limited release by a burst after prior release by a single
pulse is typical of dorsal striatal synapses (Cragg, 2003) and occur at all ages in a
manner that did not differ between genotypes.
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4.2.2. Lower evoked [DA], in the CPu in SNCA-A30P" Snca-/- transgenic mice is not
due to changes in striatal DA content, which is not significantly changed with

age

Differences in DA content in the CPu and NAc between SNCA-A30P Snca-/-
transgenic mice and non-transgenic Snca-/- littermate control mice were assessed
using HPLC. This was done firstly to explore whether any overall changes in DA
content at different age points were seen in this novel BAC-SNCA transgenic mouse
line which carry the A30P mutation, and secondly to investigate whether the lower
evoked [DA], observed in the CPu at 5 weeks, 3-4 months and 6-7 months
corresponded to a reduced DA content. In both the CPu and NAc, an overall effect of
age within a genotype was observed, but statistically significant differences in DA
content between the two genotypes were not observed for any of the age groups
analysed (Figure 4.9). This indicates that the observed lower evoked [DA], cannot to
be attributed to an overall reduction in DA content in the CPu in SNCA-A30P" Snca-/-

transgenic mice.
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Figure 4.9. Striatal dopamine (DA) content in SNCA-A30P+Snca-/- transgenic mice
and Snca-/- littermate control mice measured by HPLC. In both the CPu and NAc,
statistically significant differences in DA content between the two genotypes was not
observed for any of the age groups analysed (Figure A; CPu data, two-way ANOVA,
SNCA-A30P*+Snca-/- n=6-10, Snca-/- controls n=6-10, [4-5 animals per genotype];
P>0.05 for all age groups analysed in CPu; Figure B; NAc data, two-way ANOVA,
SNCA-A30P*+Snca-/- n=6-10, Snca-/- controls n=5-10, [4-5 animals per genotype];
P>0.05 for all age groups analysed in NAc).
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4.2.3. Lower evoked [DA], in the CPu SNCA-A30P" Snca-/- transgenic mice is not
due to changes in DA uptake at striatal synapses, which does not significantly

change with age

Functional interactions between a-synuclein and the DA transporter (DAT) have been
reported (Fountaine et al., 2008; Fountaine and Wade-Martins, 2007; Lee et al., 2001;
Wersinger et al., 2003; Wersinger and Sidhu, 2003). Therefore, differences in DA
uptake from the synaptic cleft were assessed for two reasons. The first was to see
whether any overall changes in DA uptake in SNCA-4A30P" Snca-/- transgenic mice
occurred. This would implicate an altered DAT function as a consequence of A30P
mutated o-synuclein. The second reason was to investigate whether the observed
decrease in evoked [DA], in SNCA-A30P Snca-/- transgenic mice at 5 weeks, 3-4
months and 6-7 months could be attributed to an increased level of DA uptake. This
was undertaken by a comparing the [DA], transients from both genotypes, which had
been matched for peak [DA], (2.0 = 0.01 uM). The decay phase of the transients is a
function of DA uptake by DAT (Giros et al.,, 1996) and therefore allows ready
comparison of any alterations in uptake between the two genotypes. The rate of decay
was similar for both genotypes in all age groups (Figures 4.5C, 4.6C and 4.7C). This
suggests the rate of reuptake is not significantly different in the CPu in SNCA-
A30P" Snca-/- transgenic mice compared to non-transgenic Snca-/- littermate control

mice.

4.2.4. Assessment of frequency sensitivity of DA release and nicotine receptor

function in SNCA-A30P" Snca-/- transgenic mice

149



In the CPu, evoked [DA], is approximately twenty percent lower in SNCA-
A30P"Snca-/- transgenic mice compared to non-transgenic Snca-/- littermate control
mice. However, DA content and DA uptake in the CPu are unchanged which indicates
the releasability of available DA is decreased. Therefore, initial experiments to
explore potential differences in the frequency sensitivity of DA release and nicotinic
receptor function between the two genotypes was assessed, using mice aged 3-6

months.

Firstly, the frequency sensitivity of DA release in SNCA-A30P"Snca-/- transgenic
mice and non-transgenic Snca-/- control mice was assessed in CPu using 5-pulse
trains at frequencies ranging from 1 to 100 Hz. These stimulation frequencies
represent the full physiological range of presynaptic DA neuron firing frequencies
during tonic and burst-like, or phasic, activities. Although [DA], varied with
frequency according to a slight inverted U-relationship in the CPu in both genotypes
as previously published in wild-type mice (Exley et al., 2008), a greater frequency
sensitivity was observed in SNCA-A30P" Snca-/- transgenic mice (Figure 4.10). This
enhanced reporting of frequency suggest that short-term depression of release is less
in SNCA-A430P" Snca-/- transgenic mice which indirectly suggest a potential decrease
in DA release probability, but one not identified by the previously described
experiments comparing release by single pulses and bursts at higher frequencies of

100 Hz.
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Figure 4.10. Regulation of DA signals by firing frequency in the CPu of SNCA-
A30P*Snca-/- transgenic mice and Snca-/- littermate control mice measured by
FCV. Mean peak [DA], SEM =* vs. frequency during 5 pulse trains (1-100 Hz) in the
CPu varied with frequency according to a slight inverted U-relationship in the CPu in
both genotypes in control conditions, with a greater frequency sensitivity observed in
SNCA-A30P+Snca-/- transgenic mice, significantly at 25 Hz (two-way ANOVA, 3
animals per genotype; *P<0.05 at 25 Hz).

Secondly, to explore whether any underlying difference in cholinergic regulation of
DA release might be responsible for effects of genotype on evoked [DA],, nicotinic
receptor function in the CPu was assessed. nAChR’s play a critical role in the
dynamic regulation of DA release probability during different patterns of presynaptic
activity (Rice and Cragg, 2004; Zhang and Sulzer, 2004; Zhou et al., 2001). The
regulation of DA release in SNCA-A30P"Snca-/- transgenic mice and non-transgenic
Snca-/- control mice across a range of stimulation frequencies was assessed. In both
genotypes, nAChR antagonist dihydro-B-erythroidine hydrobromide (DHBE, 1uM)
decreased [DA], evoked by low stimulation frequencies (<25 Hz) but enhanced [DA],

evoked by higher frequencies (>25Hz) in the CPu in a manner to that previously
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reported (Figure 4.11). However, the expected decrease of DA release by a single
pulse is less pronounced in SNCA-4A30P" Snca-/- transgenic mice when compared to
non transgenic Snca-/- littermate controls (66% reduction of DA release in non
transgenic Snca-/- control mice compared with only 36% reduction in SNCA-
A30P"Snca-/- transgenic mice). This is in keeping with a potential reduction in
cholinergic regulation, and may be evidence that the lower evoked [DA], phenotype
observed in SNCA-A30P Snca-/- transgenic mice is due in part to a decreased
cholinergic tone. These results constitute only preliminary analysis as the data is
limited by the restricted number of observations possible in the mice available (single
recording site, n=3 animals). Additional repeat experiments and an assessment of the
effects of partial loss of cholinergic tone across the full frequency range (mimicked by
lower DHBE concentrations) are required before firm conclusions can be drawn

regarding these data.
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Figure 4.11. Cholinergic regulation of DA release in the CPu of SNCA-
A30P+Snca-/- transgenic mice and Snca-/- littermate control mice measured by
FCV. (A) Mean peak [DA], SEM= vs. frequency during 5 pulse trains (1-100 Hz) in

the CPu of Snca-/- control mice in the presence of DHBE normalised to [DA], under

control conditions (two-way ANOVA, 3 animals per genotype; ***P<(.001 at all
frequencies); (B) Mean peak [DA], SEM= vs. frequency during 5 pulse trains (1-100

Hz) in the CPu SNCA-A30P+Snca-/- transgenic mice in the presence of DHPE
normalised to [DA], under control conditions (two-way ANOVA, 3 animals per

genotype; ***P<(.001 at all frequencies except 25 Hz, at which there is no
significant difference between the two genotypes).
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4.3. Discussion

This chapter describes the neurochemical characterisation of a novel a-synuclein
transgenic mouse model which carries the PD-associated A30P mutation. SNCA-
A30P" Snca-/- transgenic mice display approximately 20 percent lower evoked [DA],
in the CPu at ages 5 weeks, 3-4 months and 6-7 months compared to non-transgenic
Snca -/- littermate controls. This difference diminishes with age, due to a decline in
evoked [DA], in non transgenic Snca -/~ littermate controls. The reduction in DA
releasability in the CPu of SNCA-430P" Snca-/- transgenic mice cannot be attributed
to changes in DA uptake or DA content, however there is some mixed and limited
evidence for a reduction in DA release probability. Enhanced frequency sensitivity
seen in these mice indicates a short-term depression of release may be occurring. This
in turn indirectly indicates either a reduced initial DA release probability, or a
mechanism that limits re-release during repeated neuronal firing, such as D2-
autoreceptor control may occur. Therefore, even though it is not supported by the
observed 4p:1p ratios, it is not possible to discount a change in DA release probability
as an explanation for the reduction in DA releasability. Future studies must focus on
elucidating potential reasons for these internally inconsistent results. For example the
data described here represent a limited set of observations; therefore additional repeat
experiments to obtain a wider set of observations would be useful. Alternative
explanations for ehanced frequency sensitivity should also be tested in future studies.
Although preliminary data suggest a reduction in cholinergic tone may in part account
for the lower evoked [DA],, additional repeat experiments in more mice are required

to draw firmer conclusions about these results.

154



Ongoing work in the Cragg group has investigated the release of DA in the CPu in
SNCA-WT-39 transgenic mice, described in Chapter 3. This transgenic line serves as
an important control for the a-synuclein transgenic mouse line which carries the
A30P mutation. In mice aged 3 months, there is no significant difference in evoked
[DA], in the SNCA-WT-39 mice, compared to non-transgenic Snca-/- littermate
controls. This is shown in Figure 4.12. These experiments were performed by Dr

Sarah Threlfell.

3.01 —— snca (-/-) littermate control
2.54 —=— SNCA phys expressor
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Figure 4.12. Electrically evoked DA transients in CPu of SNCA-WT39+Snca-/-
mice compared to Snca-/- controls at 4-6 months of age. No significant differences
seen in mean peak [DA], evoked by either a single pulse (1p) in SNCA-WT39+Snca-/-
mice compared to non-transgenic Snca-/- littermate controls for mice at 4-6 months of
age (Figure provided by Dr Sarah Threlfell).

Therefore, these studies have confirmed that that phenotype observed in SNCA-
A30P" Snca-/- transgenic mice, at 3 months of age at least, can be attributed to the
presence of the mutated A30P form of a-synuclein, and is not simply due to the

presence of the human transgene or an alteration introduced by the use of BACs. The

155



effects on evoked [DA], with age in this genotype are currently not known and these

experiments are currently being planned in the Cragg group.

Most recently, Nemani and colleagues (Nemani et al., 2010) demonstrated that in o-
synuclein transgenic mice, modest overexpression of wild-type human a-synuclein
markedly inhibited glutamate release in hippocampal pyramidal neurons, and in
mesencephalic DA neurons in cell culture. Furthermore, the group reported that in
cultured hippocampal neurons, the A30P mutation abolished the ability of
overexpressed a-synuclein to inhibit neurotransmitter release. This does not readily
agree with the results described here, which indicate decreased DA transmitter release

in the CPu in young SNCA-A30P" Snca-/- transgenic mice.

The inhibition of neurotransmitter release caused by wild-type a-synuclein, but not
the A30P-mutated form, observed by Nemani and colleagues was not coupled with
obvious a-synuclein toxicity or inclusion formation, and is reportedly due to a failure

of synaptic vesicles to recluster at presynaptic release sites after endocytosis.

There are a number of possible explanations for the contrasting results between the
study by Nemani and colleagues and the findings described in this chapter, namely the
ability of the A30P mutated form of a-synuclein to inhibit transmitter release. Firstly,
the a-synuclein transgenic mouse model used in the two studies differs. Nemani and
colleagues use a cDNA-based transgenic model in which a-synuclein expression is
driven by the prion promoter. As described in the Introduction and Chapter 3, these
models are unlikely to provide temporally regulated, tissue-specific expression of the

transgene. This could give rise to findings which may not be seen when a-synuclein is
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expressed in a stable, regulated and tissue specific manner, as seen with the SNCA-
BAC transgenic model used in this chapter. Secondly, the experiments described by
Nemani et al. were conducted in pyramidal hippocampal neurons whereas the study
described here characterises DA neurones in the striatum, which are preferentially
targeted in PD. It is likely that, although exocytotic mechanisms of neurotransmitter
release are similar in presynaptic neurons, the difference in findings may be due to
potential differences in the brain regions and neuron types studied. For the purposes
of studying a-synuclein function in PD, the study of DA axons in the striatum
described in this chapter represents the most physiologically relevant approach.
Although Nemani et al. demonstrated similar inhibition of transmitter release in
mesencephalic DA neurons by overexpression of a-synuclein; these experiments were
done in vitro, which may not be representative of the behaviour of DA neurons in
vivo. In addition, A30P mutated a-synuclein failed to inhibit transmitter release was
shown in non-dopaminergic neurons. Studies of striatal DA synapse function in the a-
synuclein transgenic mice used by Nemani et al. will enable a more direct and precise
comparison of the effects of A30P mutated a-synuclein. In addition, it would be
interesting to investigate the relationship between wild-type and A30P a-synuclein

and CSPa using SNCA-BAC transgenic mice.

The work described in this chapter reveals for the first time that SNCA-430P" Snca-/-
transgenic mice, which express a-synuclein in spatially and temporally regulated
manner, exhibit altered DA dynamics in the striatum, namely a decrease in evoked
[DA], in the CPu, under conditions of physiologically relevant neuronal firing
conditions. Studies in a-synuclein transgenic mice which overexpress A30P-mutated

human a-synuclein under the control of the prion promoter have also reported altered
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dynamics in DA release in the striatum (Yavich et al., 2005). Yavich and colleagues
demonstrated, using constant potential amperometry, that these mice exhibit reduced
DA release from striatal synapses under conditions of heavy vesicle loading of
presynaptic terminals during intensive, prolonged stimulations. This decrease in DA
release was not attributable to differences in uptake between A30P and control mice.
Rather, the authors propose it is due to less DA being available for release upon
repeated stimulation, caused by the inability of mutated A30P a-synuclein to traffic
DA vesicles between the readily releasable pool and reserve pools in striatal
terminals, or because of a lowered reserve pool capacity. A lowered reserve pool
capacity has previously been suggested in a-synuclein knockout mice, where
prolonged, repeated stimulations significantly decreased neuronal responses, albeit in
non-dopaminergic neurons (Cabin et al., 2002). Similar results were observed under
similar stimulation conditions in hippocampal neurons in mice overexpressing A30P
mutated a-synuclein (Steidl et al., 2003). The present study reveals this DA release
deficit in A30P mice is also present using physiologically relevant stimulation
protocols which examine the immediate releasability of DA, namely single
stimulations and high-frequency stimulation ‘bursts’ (4p, 100 Hz). Further
experiments planned in our laboratory will now examine further candidate
mechanisms for this phenotype using FCV, including using high-frequency,
prolonged and repeated stimulation protocols to dissect the role of A30P-mutated o.-

synuclein on vesicular trafficking and reserve and readily releasable pool capacity.

There are a number of potential explanations for the decrease in evoked [DA],
observed in SNCA-A30P " Snca-/- transgenic mice. SNCA point mutations in dominant

forms of PD are believed to cause neurodegeneration through a toxic ‘gain of
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function’, due to the increased propensity of mutated a-synuclein to aggregate in PD
(Gasser, 2009). It is possible that an earlier, more subtle gain of function of mutated
o-synuclein protein occurs via its postulated role as a negative regulator of DA
release, as detailed in the Introduction. Notably, double (a- and y-) synuclein
knockout mice (Senior et al., 2008), and triple (a-, B-, y-) synuclein knockout mice,
which are characterised in Chapter 5, demonstrate a two-fold increase in evoked
[DA], from DA striatal synapses, strongly supporting the notion that a-synuclein has
an important presynaptic function in negatively regulating DA release. It is possible
then that A30P mutated a-synuclein acts, through a gain of function, in much the
same way as overexpressed wild-type a-synuclein, inhibiting transmitter release as
described by Nemani and colleagues (Nemani et al., 2010). In both studies, deficits in
transmitter release have been observed in the absence of obvious a-synuclein
inclusions or LB-like pathology. How this early-stage deficit in transmitter release
leads to extensive a-synuclein aggregation and LB pathology is unresolved. However,
there are published speculations that neurons attempt to compensate for the reduced or
inhibited transmitter release by elevating or upregulating other aspects of synaptic
transmission (Surmeier, 2010). This in turn places an increased burden on these
neurons and leads to a slow accumulation of cellular deficits, resulting in LB
pathology and a more global dysfunction in brain function, which is only seen in later
life as motor and non-motor symptoms of PD. Surmeier further postulates that the
transmitter deficits seen at an early stage impact the neurons which are most
vulnerable in PD more than others (Surmeier, 2010). This maybe because these
neurons, which include DA neurons in the SNpc, noradrenergic neurons in the locus
coerulus and cholinergic neurons in the basal forebrain nuclei, have extremely large

and extensive axonal fields with orders of magnitude more synaptic terminals than
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most neurons (Matsuda et al., 2009). Furthermore, these neurons are spontaneously
active in vivo, continually releasing neurotransmitter in target structures, e.g. DA in
the striatum, which is crucial to their correct functioning. The axonal and LB
pathology seen later in life might be the consequence of compromising these neurons

early on by overloading them.

To further investigate the presynaptic function of A30P mutated a-synuclein in the
SNCA-BAC transgenic mice in future studies, it would be useful to investigate the
interactions of the mutated protein with other elements of presynaptic machinery.
These include SNARE proteins, synaptobrevin, syntaxin and SNAP-25, which
crucially involved in membrane fusion during synaptic exocytosis. Furthermore, the
relationship between o-synuclein and complexin proteins, which act as SNARE
complex regulators, and synapsin protein, which are believed to be required for
regulating and maintaining synaptic vesicle pools would be of interest. Nemani et al.
reported a decrease in the levels of complexin and synapsin proteins, whilst changes
in the levels of complexins have been reported in double (a- B-) synuclein knockout
mice. Therefore, it would be useful in future studies to see whether similar changes in

these proteins levels occur in the mice described in this chapter.

Another reason for the observed phenotype may be a reduction in transmitter-
containing vesicle number due to disrupted vesicle genesis, disrupted trafficking
mechanisms which lead to changes in reserve and readily releasable pool sizes or
changes in the number of docked vesicles at active zones. Notably, Nemani and
colleagues elucidated, through imaging and ultrastructural analysis, that the reported

inhibition of transmitter release involved a specific reduction in the size of the
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synaptic vesicle recycling pool, reduced synaptic vesicle density at the active zone
and a defect in the reclustering of synaptic vesicles after endocytosis. Yavich and
colleagues also suggest from their studies in A30P in a-synuclein transgenic mice,
that the decreased DA release is due to deficits in trafficking DA vesicles between the
readily releasable and reserve pools, or due to a lowered reserve pool capacity
(Yavich et al., 2005). Investigating whether similar early defects in vesicular
recycling occurs in SNCA-A30P" transgenic mice, through FCV, imaging and
electron microscopy of striatal DA terminals represents an important goal for future

work.

Another aspect of the results presented in this chapter is that difference between
genotypes in evoked [DA], does not occur at 12 or 18 months of age. This difference
emerges due to an apparent decline in evoked [DA], in non transgenic Snca-/-
littermate controls with age. There are several potential reasons for the diminished
difference in evoked [DA], between the two genotypes with age. It is possible that the
already low evoked [DA], in SNCA-A30P" Snca-/- transgenic mice limits subsequent
decline with age, or that these mice do not show an age-dependent decline in
neurotransmitter release. It is also possible that the non transgenic Snca-/~- control
mice show a greater than normal decline in transmitter release with age. Indeed,
modest reductions in striatal DA levels (~18%) have been previously reported in o-
synuclein knockout mice (Abeliovich et al., 2000; Cabin et al., 2002), whilst
significant reductions in striatal DA levels (~36%) were found in ageing mice, aged
24-26 months (Al-Wandi et al., 2010). It is possible that the loss of a-synuclein in
ageing mice begins to disrupt transmitter release processes in a similar way to the

A30P mutant form of the protein does at early stages. It is also possible that A30P
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mutated a-synuclein, while compromising release from an early age, leads to better
maintained DA release with age, which may actually be the abnormal effect of the
mutated protein. To more accurately assess why differences in evoked [DA], do not
occur at 12 or 18 months of age, longitudinal analysis of evoked [DA], with age in the
CPu in normal wild-type mice represents an important goal for future studies. These
experiments will better inform of the potential pathological consequences of the

presence of A30P mutated o-synuclein.

Further neurochemical analysis of these novel SNCA-430P" Snca-/- transgenic mice,
using a combination of FCV and pharmacological techniques is currently underway in
the Cragg group. These include experiments using high-frequency, repeated
stimulation protocols to explore vesicle mobilisation and trafficking, and exploration
of candidate mechanisms which may be responsible for the observed decrease in
evoked [DA],, such as potential calcium-dependent changes in exocytosis, Most
recently, experiments in SNCA-BAC mice which overexpress wild-type human o-
synuclein (line SNCA-WT-37, described in Chapter 3) have shown an approximate
30% reduction in evoked [DA], compared to non-transgenic Snca-/- littermate
controls, at 3 months of age. This is in agreement with the findings of Nemani and
colleagues, as discussed. Of particular interest, whilst in SNCA-A30P" Snca-/-
transgenic mice, the evoked [DA], reduction occurred uniformly throughout the CPu,
in the wild-type overexpressing line, significant reductions in were observed in the
dorsal portion of the CPu, the region closely associated with the control of motor
commands. Further experiments exploring the phenotype seen in the SNCA-WT-37

transgenic line with age are currently being planned.
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Broader neurochemical analysis of SNCA-BAC mice is also warranted. A number of
studies in a-synuclein knockout mice and transgenic mice which overexpress or have
mutated forms of the protein have investigated the effects upon synaptic transmission
in other brain regions, particularly the hippocampus (Cabin et al., 2002; Nemani et al.,
2010). It would be interesting to see whether the observed defect in evoked [DA], in
the CPu extends to other central neurotransmitters, causing a more global negative

impact of the functioning of several circuits in the brain.
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5. CHAPTER 5: Functional alterations to the nigrostriatal system in mice lacking

all three members of the synuclein family

5.1. Introduction

The synucleins (a-, -, and y-synuclein) are a family of small, highly conserved
proteins whose physiological functions remain poorly understood. All three
proteins are highly expressed throughout the mammalian central nervous system
where they localise to synaptic nerve terminals (Clayton and George, 1998;
Maroteaux et al., 1988). Elucidating the functional roles of synuclein proteins has
become increasing important to researchers over the past decade, specifically given
that for one family member, a-synuclein, there is well-documented evidence of
links between changes in a-synuclein structure or expression and

neurodegenerative disorders, including PD (Goedert, 2001a, b).

Although the synuclein proteins have been intimately linked to almost every
process governing synaptic transmission, understanding the precise synaptic
functions of synucleins and identifying their molecular targets is confounded by the
degree of functional redundancy within the synuclein gene family. A number of
reports have characterised the effects of deleting one synuclein, or two synucleins
in combination. Mice lacking a single synuclein protein, and mice lacking both a-
and B- or a- and y-synuclein have been reported to have either no, or only mild,
behavioural and/or neurochemical phenotype in the absence of a drug challenge
(Abeliovich et al., 2000; Cabin et al., 2002; Dauer et al., 2002; Schluter et al., 2003;

Yavich et al., 2004). A degree of functional overlap is suggested by compensatory
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changes in the levels of synuclein proteins in the absence of others. For example,
increased expression of the remaining family member was observed in the nervous
system of mice lacking a- and B- or a- and y-synuclein (Chandra et al., 2004;

Robertson et al., 2004).

Knockout mouse models have been useful in demonstrating the importance of
synuclein proteins in regulating several aspects of synaptic physiology, including
regulating neurotransmitter synthesis and content. For example, the levels of DA
content in single synuclein-null mice or a- and y-synuclein null mice are not
significantly changed, at least until 24-26 months of age, when significant
decreases in DA levels in a-synuclein-null mice have been reported (Al-Wandi et
al., 2010; Chandra et al., 2004; Senior et al., 2008). Furthermore, it has been
reported that mice lacking both a- and B-synuclein exhibit an approximately 20%
decrease in DA levels (Chandra et al., 2004). In addition, several groups have
demonstrated a-synuclein directly inhibits DA biosynthesis through regulatory
effects on tyrosine hydroxlase, protein phosphatase 2A and aromatic amino acid

decarboxylase (Peng et al., 2005; Perez et al., 2002; Tehranian et al., 2006).

As detailed in the Introduction section of this thesis, the use of synuclein knockout
mice has also been important in determining a-synuclein’s role in synaptic vesicle
regulation and the role of synuclein proteins in regulating neurotransmitter release
at dopaminergic synapses. For example, a-synuclein-null mice are reported to have
increased recovery from PPD in striatal DA synapses (Abeliovich et al., 2000), and
have also been shown to have an increased rate of filling of the DA vesicle pool

(Yavich et al., 2004). Further, mice lacking both a- and y-synuclein exhibit a two-
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fold increase in DA release in the dorsal striatum, attributed to an increase in the
release probability at dopaminergic synapses (Senior et al., 2008). a-synuclein, is
also believed to regulate the rate of re-uptake of DA at synapses, having been
shown to facilitate the localisation of the DAT to the cell surface (Fountaine et al.,
2008; Fountaine and Wade-Martins, 2007). Further, mice singly lacking -
synuclein or y-synuclein, and a-, y-synuclein double-null mice are resistant to
MPP+, a neurotoxin taken up by DAT (Abeliovich et al., 2000; Dauer et al., 2002;
Robertson et al., 2004). Taken together, this evidence supports the hypothesis that
o-synuclein, alone or together with its closely related family members, act as a

negative regulator of DA release at synapses.

Another aspect of single synuclein knockout mouse models is that either no, or only
a mild behavioural phenotype is observed. Indeed, several lines of a-synuclein-null
mice have been generated, none of which exhibit overt behavioural abnormalities in
the absence of a drug challenge (Abeliovich et al., 2000; Cabin et al., 2002; Dauer
et al., 2002; Schluter et al., 2003; Yavich et al., 2004). Furthermore, some reports
of behavioural abnormalities in a-synuclein-null mice have been conflicting. For
example, Abeliovich and colleagues have reported a decrease in locomotor
response in response to amphetamine in a-synuclein-null mice, whilst Schulter and
colleagues reported an increase in response to methamphetamine. Conflicting
reports again arise in experiments by Specht and Schoepfer, who report no changes
in sensitivity of a-synuclein-null mice to amphetamines (Specht and Schoepfer,
2001). Further behavioural analysis indicates that deleting a-, B-, or y-synuclein
proteins singly, or doubly in combination does not cause obvious deficits in motor

performance (Abeliovich et al., 2000; Senior et al., 2008). Notably also, mice
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which lack both a- and y-synuclein, but not single a- or y-synuclein knockout
mice, are significantly hyperactive in a novel environment, but not in the home
cage, and reportedly alternate at a lower rate in a test of spontaneous alternation.
Taken together, these behavioural reports further indicate that considerable
functional redundancy exists within the synuclein gene family, and that functional

complementation may occur when one or more synuclein proteins are deleted.

Indeed, the high sequence homology and functional overlap between the synucleins
makes studying the effects of single synuclein proteins on changes in behaviour and
alterations in DA transmission more difficult. To overcome this, mice which lacked
all three members of the synuclein family were obtained from Professor Vladimir
Buchman (University of Cardiff) for the functional characterisation of the

nigrostriatal system in these animals.

This chapter investigated behaviour and DA neurotransmission in a novel mouse

model lacking all three members of the synuclein gene family.

Specifically, the aims of this chapter are:
1. To assess the behavioural phenotype of synuclein triple-null mice compared to
age-matched, wild-type control mice; specifically assessing whether
abnormalities in activity-, motor- or anxiety-related behaviours are exhibited.

2. To assess differences in the levels of electrically evoked DA in the dorsal
striatum (caudate putamen; CPu) and ventral (nucleus accumbens; NAc) of
synuclein triple-null mice compared to age-matched, wild-type control mice

using FCV at carbon fibre microelectrodes.
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To assess differences in DA content in the CPu and NAc in synuclein triple-
null mice compared to age-matched, wild-type control mice, using high-
performance liquid chromatography (HPLC).

To test candidate mechanisms for potential differences in DA
neurotransmission and DA content in the CPu in synuclein triple-null mice
compared to age-matched wild-type control mice, using FCV at carbon fibre
microelectrodes. Specifically, any differences in frequency sensitivity and
nicotinic receptor function, DA uptake, or calcium dependent changes in

exocytosis will be assessed.
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5.2. Results

5.2.1. Synuclein triple-null mice exhibit a hyperdopaminergic-like behavioural

phenotype

A broad behavioural screen was performed on synuclein triple-null mice to assess
the effects of the absence of all three synuclein proteins. Performance was assessed
on the accelerating rotor rod and multiple static rods. Both are tests of motor co-
ordination, with the rotor rod test additionally assessing motor learning skills. An
elevated plus maze test, and a bright open field test were performed to assess
anxiogenic behaviour. Furthermore, activity in a non-anxiogenic open-field,
activity in a holeboard test, and home-cage activity were assessed. Finally,
performance on a T-maze test of spontaneous alternation was assessed to test short
term spatial working memory in synuclein triple null mice compared to wild-type
control mice. These behavioural tests were chosen so that direct comparisons
between synuclein triple null mice and single and double synuclein null mice were

possible (Abeliovich et al., 2000; Senior et al., 2008).

A significant main effect of genotype was observed on activity in the non-
anxiogenic open-field. Synuclein triple-null mice were significantly hyperactive
compared with wild-type control mice (squares entered; Figure 5.1A, unpaired t-
test, wild-type n=14, synuclein triple-null n=18 P<0.0001). Synuclein triple-null
mice also reared significantly more often in the open-field (Figure 5.1B, unpaired t-

test, wild-type n=14, synuclein triple-null n=18 P<0.001).
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Analysis of activity during the first hour after introduction of both genotypes into
the home-cage revealed synuclein triple-null mice were significantly more active
(Figure 5.1C, unpaired t-test, wild-type n=14, synuclein triple-null n=18 P<0.01).
However, total activity of synuclein triple-null mice over the 15 hour period did not
differ significantly (Figure 5.1D, unpaired t-test, wild-type n=14, synuclein triple-
null n=18 P=0.1001). These results indicate that synuclein triple-null mice respond
to changes in the environment with a substantially greater increase in locomotion
than wild-type mice. However, after adaptation to the new surroundings, activity

levels of synuclein triple-null mice are similar for both genotypes.
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Figure 5.1. Activity of synuclein triple-null and wild-type mice in the non-
anxiogenic open-field and home cage. (A) Triple-null mice were significantly
hyperactive in the non-anxiogenic open-field compared with wild-type controls
(unpaired t-test, wild-type n=14, triple-null n=18, ***P<0.0001). (B) Triple-null
mice exhibited a significantly increased rate of rearing in the non-anxiogenic open
field compared with wild-type controls (unpaired t-test wild-type n=14, triple-null
n=18, **P<0.001) (C) Triple-null mice were significantly hyperactive during the
first hour upon introduction into the home cage (unpaired t-test, wild-type n=14,
triple-null n=18, **P<0.01). (D) There were no significant differences with
genotype in activity in the home cage measured over a 15 hour period (unpaired t-
test, wild-type n=14, triple null n=18, P=0.1001).

A significant effect of genotype was also found in the holeboard test. Synuclein
triple-null mice exhibited increased overall exploratory behaviour compared to
wild-type controls, as was measured by the number nose pokes by each genotype

group into both peripherally and centrally arranged holes (Figure 5.2A, unpaired t-
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test, wild-type n=14, synuclein triple-null n=18 P<0.0001; Figure 5.2B unpaired t-

test, wild-type n=14, synuclein triple-null n=18 £<0.0001).
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Figure 5.2. Exploratory behaviour of synuclein triple-null and wild-type mice in the
holeboard. Triple-null mice exhibited significantly increased exploratory behaviour in
the holeboard test compared with wild-type controls, indicated by an increased
number of nose pokes into peripheral holes (A) (unpaired t-test, wild-type n=14, triple
null n=18, ***P<(0.0001) and central holes (B) (unpaired t-test, wild-type n=14, triple
null n=18, ***P<(0.0001).
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On the basis of the previous study published by Senior et al., we predicted that
synuclein-null mice would exhibit a deficit in spontaneous alternation. Our results
confirmed this hypothesis; synuclein triple-null mice showed decreased
spontaneous alternation (Figure 5.3, unpaired t-test, wild-type n=14, synuclein

triple-null n=18, *P=0.03, one-tailed).
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Figure 5.3. Performance of synuclein triple-null and wild-type mice on
spontaneous alternation in a T-maze. Synuclein triple-null mice alternated at a
significantly lower rate in a test of spontaneous alternation in a T-maze (unpaired t-
test, wild-type n=14, synuclein triple-null n=18, *P=0.03, one-tailed).

No statistically significant differences were observed between the two genotypes on
the accelerating rotor rod (Figure 5.4; performance analysed by day and by trial
using SPSS 17.0 software; repeated measures ANOVA, wild-type n=14, triple null
n=18, P>0.05 for both parameters), the multiple static rods (Figure 5.5; parameters
analysed were the time taken to turn through 180° and the time taken to traverse the
rods; two-way ANOVA, wild-type n=14, triple null n=18, P>0.05 for both

parameters analysed), the bright open field (Figure 5.6; parameters analysed were
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the total distance moved, the duration spent in the inner zone and the mean
frequency of inner zone entries; unpaired t-test, wild-type n=14, triple-null n=18,
P>0.05 in all three parameters) or the elevated plus maze (Figure 5.7; parameters
analysed were the total distance moved, the duration spent in the open arms and
the mean frequency of open arm entries; unpaired t-test, wild-type n=14, triple-null
n=18, P>0.05 in all three parameters). This suggests that synuclein triple-null mice

do not exhibit any overt deficits in motor performance or differences in anxiety.
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Figure 5.4. Performance of synuclein triple-null mice on rotating rod test (A)
There were no significant differences with genotype on performance on the rotating
rod test when analysed (A) by day (repeated measures ANOVA, wild-type n=14,
triple null n=18, P>0.05), or (B) by trial (repeated measures ANOVA, wild-type
n=14, triple null n=18, P>0.05).
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Figure 5.5. Performance of synuclein triple-null mice on the multiple static rods
test (A) There were no significant differences with genotype in the time taken to turn
through 180° (two-way ANOVA, wild-type n=14, triple null n=18, P>0.05), or (B) in
the time taken to traverse the rods in the multiple static rods test (two-way ANOVA,
wild-type n=14, triple null n=18, P>0.05).
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Figure 5.6. Activity of synuclein triple-null mice in the bright-open field test (A)
There were no significant differences with genotype in the total distance moved in the
bright open field test (unpaired t-test, wild-type n=14, triple-null n=18, P>0.05). (B)
There were no significant differences with genotype in the duration spent in the inner
zone in the bright open-field test (unpaired t-test, wild-type n=14, triple-null n=18,
P>0.05). (C) There were no significant differences with genotype in the mean
frequency of inner zone entries in the bright open-field test (unpaired t-test, wild-type
n=14, triple-null n=18, P>0.05).
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Figure 5.7. Activity of synuclein triple-null mice in the elevated plus maze test

(A) There were no significant differences with genotype in the total distance moved in
the elevated plus maze test (unpaired t-test, wild-type n=14, triple-null n=18, P>0.05).
(B) There were no significant differences with genotype in the duration spent in the
open arms in the elevated plus maze test (unpaired t-test, wild-type n=14, triple-null
n=18, P>0.05). (C) There were no significant differences with genotype in the mean
frequency of open arm entries in the elevated plus maze test (unpaired t-test, wild-
type n=14, triple-null n=18, P>0.05).

These behavioural results are similar to previous reports on mice lacking both o.-
and y-synuclein, or DAT knockout mice, that are significantly hyperactive in a
novel environment, but not in the home cage (Senior et al., 2008; Zhuang et al.,
2001). In both studies, the mice also exhibited elevated levels of extracellular DA.
Therefore, to investigate the similarly observed behavioural phenotype, potential

changes in DA transmission in synuclein triple null mice were assessed.

5.2.2. Increased levels of electrically evoked dopamine in the dorsal striatum of

synuclein triple-null mice

To investigate this hyperdopaminergic-like behaviour, we explored the release of
DA in the dorsal (caudate putamen; CPu) and ventral (nucleus accumbens; NAc)
striatum using carbon-fibre microelectrodes in synuclein triple-null mice and wild-

type control mice. Firstly, we identified [DA], evoked by single stimulus pulses
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and by burst stimuli (4 pulses, 100 Hz). In the CPu, mean peak [DA], evoked by
either stimulus were ~1.5-fold greater in synuclein triple-null mice compared to
wild-type control mice across a large number of recording sites (Figure 5.8A;
single stimulus data in CPu; one-way ANOVA, wild-type n=81, triple-null »=86, 5
animals for each genotype, P<0.001; Figure 5.8B, burst stimuli data in CPu; one-
way ANOVA, wild-type n=33, triple-null »=30, 5 animals for each genotype,
P<0.001). The modal value and range of evoked [DA], is also greater (Figure

5.8C).
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Figure 5.8. Electrically evoked DA transients in CPu in synuclein triple-null and
wild-type mice measured by FCV. (A) Mean profiles of [DA]o vs. time (mean +
SEM) after a single pulse (0.2us, arrow) in the CPu. Synuclein triple-null mice
show increased levels of electrically evoked dopamine transients at synapses in the
CPu relative to wild-type control mice (one-way ANOVA, wild-type n=81, triple-
null n=86 [5 animals for each genotype] ***P<0.001); (B) Mean profiles of [DA]o
vs. time (mean = SEM) after 4 pulses at 100 Hz in the CPu. Synuclein triple-null
mice show increased levels of electrically evoked dopamine transients at synapses
in the CPu relative to wild-type control mice (one-way ANOVA, wild-type n=33,
triple-null n=30 [5 animals for each genotype] ***P<0.001); (C) Distribution of
peak evoked DA transients in the CPu in wild-type and triple-null mice for
individual sampling sites.

By contrast, parallel experiments in the Cragg lab showed that in the NAc no
difference in evoked [DA], was detected between the two genotypes (Figure 5.9A;

single pulse data in NAc; one-way ANOVA, wild-type n=26, triple-null n=26, 4
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animals per genotype, P>0.05); Figure 5.9B; burst pulse data in NAc; one-way
ANOVA wild-type n=13, triple-null »=13, 4 animals per genotype, P>0.05). The
experiments for Figure 5.9 were performed by Dr Sarah Threlfell, and are included

in this section to complement the results reported in the CPu.
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Figure 5.9. Electrically evoked DA transients in NAc in synuclein triple-null and
wild-type mice measured by FCV. (A) Mean profiles of [DA]o vs. time (mean +
SEM) after a single pulse (0.2us) in the NAc. There is no significant differences
between genotype in levels of electrically evoked dopamine transients at synapses
in the NAc (one-way ANOVA, wild-type n=26, triple-null n=26 [4 animals per
genotype] P>0.05); (B) Mean profiles of [DAJo vs. time (mean = SEM) after 4
pulses at 100 Hz in the NAc. There is no significant differences between genotype
in levels of electrically evoked dopamine transients at synapses in the NAc (one-
way ANOVA, wild-type n=13, triple-null n=13 [4 animals per genotype] P>0.05).

Secondly, we explored the frequency sensitivity of DA release, using 5-pulse trains
at frequencies ranging from 1 to 100 Hz. [DA], varied with frequency according to
a slight inverted U-relationship in both the CPu and NAc similarly in both
genotypes as previously published in wild-type mice (Exley et al., 2008) (Figure

5.10A (CPu); Figure 5.10B (NAc)).
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Figure 5.10. Regulation of DA signals by firing frequency in synuclein triple-null
and wild-type mice measured by FCV. Mean peak [DA]Jo SEM+ vs. frequency
during 5 pulse trains (1-100 Hz) in the dorsal (CPu) striatum (A), and the ventral
(NAc) (B), in both genotypes in control conditions (two-way ANOVA, 3 animals
per genotype for both regions, P>0.05).

5.2.3. Decreased dopamine content in the dorsal striatum of synuclein triple-null

mice

To check whether observed differences in evoked dopamine concentration in two
striatal regions correlate with different steady-state dopamine content we dissected
CPu and NAc from the striatal slides used for FCV and analysed extracted
neurochemicals by HLPC. In the CPu, DA content was ~30% significantly lower in
synuclein triple-null mice compared to the wild-type controls (Figure 5.11A,
unpaired t-test, wild-type n=7, synuclein triple-null n=7 P<0.05). In the NAc
however, there were no statistically significant differences in DA content between
the two genotypes (Figure 5.11B, unpaired t-test, wild-type n=4, synuclein triple-
null n=4 P=0.83). For the CPu, these data are paradoxical. Despite the

hyperdopaminergic-like phenotype observed in synuclein triple null mice, CPu DA
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content is lower. The dopamine content data are consistent with parallel results
from the Buchman laboratory, in which analysis of samples of dorsal striatum
dissected directly from the mouse brain demonstrated an approximate 40% lower
DA content in the CPu in synuclein triple null mice compared with wild-type

control mice.
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Figure 5.11. Striatal dopamine (DA) content in synuclein triple-null and wild-type
mice measured by HPLC. (A) Triple-null mice exhibited a significantly decreased
DA content in the caudate putamen compared with wild-type controls (unpaired t-test,
wild-type n=7, triple-null n=7 (*P<0.05). (B) There was no significant difference with
genotype in the nucleus accumbens in DA content (unpaired t-test, wild-type n=4,
triple null n=4, P=0.8354).

5.2.4. Increased levels of electrically evoked dopamine in the dorsal striatum of

synuclein triple-null mice is not due to differences nicotinic receptor function

Since DA content is approximately 30% lower, and release is ~1.5-fold greater,
these data indicate deletion of all three synucleins results in a more than 2-fold

increase in the releasability of the available DA. Furthermore, this change in DA
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synapse function occurs in the CPu, but not in the NAc. To further assess the
apparent changes in DA releasability between the two genotypes in the CPu, we
assessed candidate mechanisms that might be responsible. nAChR’s play a critical
role in regulating DA release probability (Rice and Cragg, 2004; Zhang and Sulzer,
2004; Zhou et al., 2001). We assessed the regulation of DA release in wild-type and
synuclein triple-null mice across a range of stimulation frequencies. In both
genotypes, nAChR antagonist DHBE reduced [DA], evoked by low stimulation
frequencies (<25 Hz) but enhanced [DA], evoked by higher frequencies (>25Hz) in
the CPu in a manner to that previously reported (Figure 5.12). Therefore, the
observed increase in DA releasability in synuclein triple-null mice in the CPu

appears not to be attributable to a difference in nicotinic receptor function.
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Figure 5.12. Cholinergic regulation of DA release in the CPu of in synuclein
triple-null and wild-type mice measured by FCV. (A) Mean peak [DA], SEM=+ vs.
frequency during 5 pulse trains (1-100 Hz) in the dorsal striatum (CPu) of wild-
type mice in the presence of DHBE normalised to [DA], under control conditions
(two-way ANOVA, 3 animals per genotype, *P<0.05 at 25 Hz; ***P<(.001at all
other frequencies); (B) Mean peak [DA], SEM+ vs. frequency during 5 pulse trains
(1-100 Hz) in the dorsal striatum of synuclein triple-null mice in the presence of
DHBE normalised to [DA], under control conditions (two-way ANOVA, 3 animals
per genotype, ***P<(.001 at all frequencies).
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5.2.5. Increased levels of electrically evoked dopamine in the dorsal striatum of

synuclein triple-null mice is not due to differences in uptake of DA

Functional interactions between o-synuclein and the DAT have been reported
previously (Fountaine et al., 2008; Fountaine and Wade-Martins, 2007; Lee et al.,
2001; Wersinger et al., 2003; Wersinger and Sidhu, 2003). Therefore, we
investigated whether the observed increase in evoked [DA], in synuclein triple-null
mice could be attributed to a reduction in DA uptake. We compared the
extracellular DA transients from both genotypes which had been matched for peak
[DA], (1.0 = 0.2 uM). The decay phase of the transients is a function of DA uptake
by DAT (Giros et al., 1996) which allows ready comparison of any alterations in
uptake between the two genotypes. The rate of decay was similar for both
genotypes (Figure 5.13, two-way ANOVA, wild-type n=8, triple-null n=7, P>0.05).
This suggests the rate of reuptake was not different in synuclein triple-null mice

compared to wild-type control mice.
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Figure 5.13. DA uptake in synuclein triple-null and wild-type mice measured by
FCV. Comparison of the rates of decay of concentration-matched DA transients
suggests that DA uptake rates are not significantly different between the two
genotypes (two-way ANOVA, wild-type n=8, triple null n=7 P>0.05).

5.2.6. Increased levels of electrically evoked dopamine in the dorsal striatum of
synuclein triple-null mice is not due to calcium dependent changes in

exocytosis

It has been previously proposed that a-synuclein may act to modify the calcium
(Ca*")-dependence of presynaptic neurotransmitter release (Abeliovich et al.,
2000). Therefore, we assessed whether the increase in evoked [DA], in triple
synuclein null mutant mice may be due to changes in the sensitivity of the
presynaptic exocytotic machinery to Ca’" caused by the absence of synuclein
proteins. We investigated the effect of varying extracellular Ca®>" on evoked DA
release in both genotypes in the presence of Ca®” concentrations ranging from 0.6
mM to 4.8 mM. Experiments were conducted in the presence of a nAChR

antagonist DHBE to ensure any responses seen could be attributed solely to the
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activity of DA synapses and not due to any potential Ca*'-mediated effects on
cholinergic activity. As predicted, [DA], evoked by a single pulse was strongly
calcium dependent in both genotypes in a manner that was not significantly
different (Figure 5.14, two-way ANOVA, wild-type n=4, triple-null n=4, P>0.05).
We also explored the ratio of release evoked by four pulses at 100 Hz versus a
single pulse to identify whether there were differences between genotypes in Ca>"
dependent control of release probability during bursts of stimulations. The ratio of
[DA], evoked by 4p:1p decreased as expected with [Ca®'], but in a manner that was
not variable with genotype (Figure 5.14, 4p:1p, right hand axis; two-way ANOVA,

wild-type n=4, triple-null n=4, P>0.05).
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Figure 5.14. Calcium dependence in synuclein triple-null and wild-type mice
measured by FCV. Response of mean peak [DA], evoked by a single pulse in the
presence of increasing calcium concentrations (0.6mM to 4.8mM) in the dorsal
striatum did not significantly differ between genotypes (two-way ANOVA, 4 animals
per genotype, P>0.05); ratio of release by a burst (4p, 100 Hz) vs. a single pulse
(right hand y-axis) as a function of calcium concentration for both genotypes two-way
ANOVA, 4 animals per genotype, P>0.05).
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5.3. Discussion

This Chapter describes the results of the combined behavioural and neurochemical
characterisation of midbrain dopaminergic systems in a novel mouse model lacking
all three synucleins. Synuclein triple-null mice exhibit a hyperactive phenotype in a
novel environment and an overall increased exploratory phenotype compared to their
wild-type counterparts. The mice also display an approximate 1.5-fold increase in
electrically evoked DA release in the CPu region of the striatum, an increase not seen
in the adjacent NAc. This increased release occurs despite a ~30-40% lower DA
content in the CPu, a decrease not seen in the NAc. Therefore, observed changes in
DA synapse function caused by the deletion of the synuclein proteins is restricted to

the dorsal region of the striatum, the region selectively affected in PD.

In a number of parallel collaborative studies, results from the Buchman and Bolam
laboratories (University of Cardiff and Anatomical Neuropharmacology Unit
(ANU), University of Oxford, respectively) have produced additional data which
are integral to the discussion of the results described in this Chapter. These data are

summarised below.

(A) Biochemical and anatomical analysis

TH-immunostaining combined with stereological counting revealed no differences
in the number of midbrain DA neurons in either the SNpc or VTA of synuclein
triple-null mice compared to wild-type controls. Further, striatal immunostaining
with markers of DA terminals, TH and DAT, and quantitative western blot analysis

of striatal tissue proteins did not show any differences in synaptic morphology or
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protein levels. In addition to the significantly decreased CPu DA content in
synuclein triple-null mice reported here, the levels of the major DA metabolites,
DOPAC and HVA were assessed by HPLC in the Buchman laboratory. Results
revealed a significantly increased DOPAC/DA ratio and a slightly increased
HVA/DA ratio. These occurred in the absence of neuronal loss or obvious
biochemical or morphological changes in DA synapses, as confirmed by EM
analysis and summarised below. These findings suggest synuclein triple-null mice
may exhibit dysfunction in the regulation of DA availability in the nigrostriatal
system, since metabolite:DA ratios are often used to indicate that a greater
percentage of DA is “turned over” or is released from vesicular stores with access

to extracellular and cytosolic metabolic pathways.

(B) Behavioural pharmacology analysis

Data from the Buchman laboratory support the view that presynaptic striatal DA
stores are lowered in synuclein triple null mice and argue against a hypothesis of
upregulation of postsynaptic transduction mechanisms rather than enhanced
presynaptic DA releasability. Administration of 4 mg/kg AMPH, which displaces DA
stored in presynaptic vesicles into the extracellular space and whose effects are
dependent on the size of presynaptic DA stores, but not exocytosis, had a much less
pronounced, and a slower effect on locomotor activity in synuclein triple-null mice
than in wild-type controls. However, this activity was significantly greater in
synuclein triple null mice, compared to wild-type controls, when the animals were
first placed in a novel environment. In contrast, administration of 10 mg/kg cocaine,
which acts to block DA uptake but does not induce reverse transport of DA from

presynaptic terminal stores, synuclein triple null mice exhibited a similar locomotor
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response to wild-type control mice. The effects of dAMPH and cocaine on synuclein
triple null mice therefore support the view that presynaptic DA terminals in these
mice have lower levels of DA stored in synaptic vesicles. Further, enhancing
presynaptic DA storage by administration of 50 mg/kg methyl L-DOPA twenty
minutes before placing the mutant mice in a novel non-anxiogenic environment did
not change the behaviour of synuclein triple-null mice prior to AMPH administration
but restored their level of dAMPH-induced locomotor activity to that of wild-type
mice. In addition, direct activation of postsynaptic D1/D2 receptors by apomorphine
(APO) showed that a transiently induced ‘climbing’ behaviour was slightly less
marked in synuclein triple null mice compared to wild-type control mice. This
suggests that postsynaptic DA signalling may in fact be modestly attenuated in these
mice, which is similar to data reported on mice exhibiting a hyperdopaminergic-like
behavioural phenotype. These may reporesent mechanisms in which downregulation
of postsynaptic D1/D2 heteroreceptors compensates for increased DA levels in the

synaptic cleft (Zhuang et al., 2001).

(C) Electron microscopy analysis

Quantitative electron microscopic analysis of dopaminergic profiles in the dorsal
striatum of 17 month old synuclein triple-null mice and wild-type controls on TH'-
immunostained sections was performed in the Bolam laboratory. Although synuclein
triple-null mice showed trends towards reduction in some parameters, such as the
cross sectional area of TH-positive profiles and the number of synaptic vesicles per
profile, there were no significant differences in the ultrastructure of dopaminergic
synapses in the striatum between the two genotypes. This suggests synucleins do not

have an essential role in maintaining the gross ultrastructure of striatal DA synapses.
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(D) Analysis of SNARE complexes

A number of recent in vivo studies have reported that synucleins may regulate
neurotransmitter release through regulation of SNARE complex assembly, and/or the
distribution of synaptic SNARE proteins within synapses (Burre et al., 2010; Garcia-
Reitbock et al., 2010). However, these data are not entirely consistent and suggest that
different synapses may respond differently to changes in the availability of synuclein
proteins. Most recently, Burre and colleagues reported that in total brain lysates from
aged synuclein triple-null mice, there was an attenuated assembly of SNARE
complexes. Experiments performed in the Buchman laboratory therefore assessed
whether SNARE complex assembly in the dorsal striatum of synuclein triple null
mice was altered. Quantitative analysis of the amount of vSNARE
VAMP2/synaptobrevin which co-immunoprecipitated with tSNARE SNAP-25
showed no difference between synuclein triple-null mice and their wild-type
counterparts. Further, there were no observed differences between the two genotypes
in the distribution of SNAP-25, or of CSP, a co-chaperone protein involved in
SNARE complex assembly in the striatum. One possible reason for the contrasting
results between the two groups is the sample preparation used — Burre and colleagues
report results from whole brain lysates while the observations reported by the

Buchman laboratory are from brain samples from the dorsal striatum.

(E) Analysis of MPTP toxicity
Dopaminergic neurons in the SNpc of a-synuclein, y-synuclein or double o/y-
synuclein null mice, reportedly exhibit a complete or partial resistance to MPTP-

induced neurotoxicity (Dauer et al., 2002; Drolet et al., 2004; Fornai et al., 2005;
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Robertson et al., 2004; Schluter et al., 2003). Therefore, the Buchman laboratory
conducted experiments to assess the sensitivity of midbrain DA neurons to MPTP in
mice lacking all three synuclein proteins. Surprisingly, in contrast to a-synuclein, y-
synuclein or double o/y-synuclein null mice, triple synuclein-null mice were sensitive
to sub-chronic administration of MPTP (described previously in (Robertson et al.,
2004)), exhibiting a significant loss of TH-positive neurons (56.0+3.81%) compared
to wild-type mice (35.4+4.52%). These results indicate that, in contrast to previous
reports, the synuclein proteins do not appear to be required for MPTP-induced death

of SNpc dopaminergic neurons.

In summary, these collaborative data together reveal that in mice lacking all three
synuclein proteins, substantial changes in behaviour and in DA biology in midbrain
synapses occur in the absence of overt structural alterations of SNpc DA neurons or
their synapses in the CPu. These data suggest that synucleins limit vesicular DA
transmission through mechanisms that differ from those reported in other neurons and

reveal key differences that vary with dopaminergic neuron subtype.

Synucleins role in regulating DA stores and metabolism

The results suggest synuclein proteins have an important role in DA metabolism in
presynaptic terminals. Synuclein triple null mice have significantly lower DA content
and a higher DOPAC/DA ratio in the CPu compared to wild-type, single synculein-
null, or double synuclein-null mice. Similar reductions in striatal DA content have
only been observed in aged (> two-years old) a-synuclein knockout mice (Al-Wandi
et al., 2010), in o/B-synuclein null mice, where small decreases were observed

(Chandra et al., 2004), and also in one line of a-synuclein knockout mice (Abeliovich
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et al., 2000). Together with the attenuated responses of synuclein triple null mice to
amphetamine, but not cocaine, and reversal of the locomotor effects of amphetamine
by L-DOPA pre-treatment, these data suggest that DA stores were decreased in
striatal synaptic terminals of these mice. These observations indicate all three
synuclein proteins are involved in DA turnover in striatal synaptic terminals; and that
while the absence of one or two synucleins can be at least partially or temporarily
compensated for, loss of all three leads to the greatest reduction in the capacity of
synapses to store DA. In conjunction with the EM data, that vesicle number is not
modified, the reduced tissue DA content suggests that in synuclein triple-null mice
less DA is stored per vesicle. The cause of the lower DA content is uncertain. There
were no significant differences in the number of TH-positive neurons, levels of
synaptic proteins, or densities of immunostaining for synaptic markers between
synuclein triple-null mice and wild-type controls. Nor were there differences in the
frequencies of TH-positive synaptic profiles or numbers of vesicles in the striatum
between the two genotypes, as assessed by EM. These results indicate there is no loss
of midbrain DA neurons, synapses or synaptic vesicles in synuclein triple null mice.
No differences were detected in the level of expression or the in vivo activity of TH.
Furthermore, DAT function, as measured by FCV, appeared normal. Therefore, while
DA synthesis, reuptake and vesicle availability appear normal, it is possible that the
lower DA content in the CPu of synuclein triple-null mice may be due to a
compromised ability of VMAT2 to sequester DA into synaptic vesicles. This
suggestion is consistent with the significantly increased DOPAC/DA ratio, which is
an indicator of DA turnover. Compromised VMAT2 function may also explain the

observation that reduced DA content is more profound in the CPu than NAc, since the

191



VMAT2/DAT ratio is lower in SNpc neurons projecting to the CPu, than VTA

neurons projecting to the NAc (Miller et al., 1999; Uhl, 1998).

Behavioural alterations in synuclein triple null mice

In agreement with numerous preclinical and clinical reports, the ~30% lower striatal
DA content was not sufficient to cause behavioural changes in the synuclein triple
null mice commonly associated with DA deficiency, such as hypoactivity and
hypophagia (Szczypka et al., 1999; Zhou and Palmiter, 1995). Performance of adult
synuclein triple-null mice in behavioural tests of motor activity and anxiety were not
significantly different from that of their wild-type counterparts. Interestingly, in
several behavioural paradigms, synuclein triple-null mice exhibited behaviour
reminiscent of an increased, rather than a decreased level of striatal DA. In particular,
they exhibited an increased response to novelty; for example, the mice demonstrated
increased locomotion in a novel environment in the non-anxiogenic open-field test,
when compared with wild-type control mice. These behavioural changes are similar to
the observed behavioural phenotype of a-, y-synuclein double-null mice (Senior et al.,
2008) and of that observed in hyperdopaminergic mice expressing reduced levels of
DAT (Zhuang et al., 2001), and again imply an important role for synucleins in
regulating synaptic DA activity. While the observed behavioural phenotype in
synuclein triple-null mice does not readily reconcile with the lower DA content, it is

consistent with the increase in evoked DA release.

Synucleins and DA release

As mentioned, the behavioural phenotype of synuclein triple-null mice is consistent

with the observed significant increase in evoked DA release in the CPu, measured by
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FCV. This increase is remarkably similar to that seen in a study by Senior et al., in
which a two-fold increase in electrically evoked DA transients was observed at striatal
synapses in -, y-synuclein double-null mice (Senior et al., 2008). A number of
candidate mechanisms for the causes of the observed increase in extracellular DA
concentration in synuclein triple-null mice were assessed in this Chapter. However,
the observed increase is not caused by upregulation of nAChR function, or by
increased sensitivity of the presynaptic exocytotic machinery to calcium. Further
investigations revealed no increases in DA release probability (as determined by
measurements of frequency-sensitivity which should be inversely correlated with
release probability (Rice and Cragg, 2004)), nor a decrease in the rate of uptake of
DA via the DAT in synuclein triple-null mice compared to wild-type control mice.
Moreover, when the lower DA content is accounted for, the releasability of the
available DA from presynaptic terminals in the CPu is two times greater in the

absence of synuclein proteins.

There are a number of possible explanations for the observed release phenotype in
synuclein-triple null mice. Most interestingly, a recent study by Greten-Harrison and
colleagues reported augmented electrophysiological responses in hippocampal CAl
synapses in young (3 m) synuclein-triple null mice (Greten-Harrison et al., 2010).
These mice showed a larger input (stimulus strength)-output (fEPSP slope)
relationship (I/0), even when plotted as a function of fibre velocity amplitude (which
represents the action potential (AP) firing of Schaffer collaterals), compared with age-
matched wild-type control mice. Intriguingly however, in contrast to young mice,
aged mice (12 m) showed diminished I/O ratios compared with wild-type controls,

and when plotted as a function of fibre velocity amplitude, there were no differences
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between the two genotypes in the aged animals. The observations by Greten-Harrison
and colleagues support the results in this Chapter, indicating that in young adult
synuclein triple-null mice, transmitter release may actually be increased, while in
older animals this enhancement is diminished by changes in AP conduction and/or
excitability. Greten-Harrison and colleagues also demonstrate that o-synuclein
expression can completely restore the synuclein triple null I/O curve to the level of
wild-type controls, confirming that synuclein proteins affect basal neurotransmission,
and providing further support the argument that deleting synucleins may enhance
synaptic neurotransmission in young mice. The enhanced I/O curves reported in
young synuclein triple-null mice were not due to changes in release probability, or
changes in conduction velocity (related to changes in axonal structure), observed in
their study in aged synuclein triple-null mice. However, in contrast with the results
from the Buchman laboratory discussed in this Chapter, these mice showed increases
in key proteins which regulate vesicle exocytosis, including SNARE proteins
complexin I and II and synapsins. Notably also, the proteins which were upregulated
in young mice were decreased to wild-type levels, or even diminished, in aged mice.
The enhanced releasability may therefore result from the interaction of synuclein
proteins with key regulatory elements involved in promoting synaptic transmitter
exocytosis. The results from Greten-Harrison et al., which support an enhanced
transmitter release in hippocampal neurons, were only observed in young (3 m) mice,
but not in older (12 m) mice. The increase in evoked DA release by FCV in the CPu,
described in this Chapter, was observed in adult triple synuclein mice aged 9-12
months. A possible reason for the discrepancy may be the different brain regions
studied. Since biochemical and morphological distinctions occur between neuron

types, it is possible SNpc DA neurons may exhibit delayed changes with age in the
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synaptic protein composition and axonal structure in CA1 neurons in synuclein triple-
null mice. Therefore, experiments examining effects on evoked DA release in the
dorsal striatum in younger (approx 3-6 m) and older (approx 18-24 m) synuclein triple

null mice represent an important avenue of future investigation.

There are a number of other potential explanations, which are not mutually exclusive,
which may underlie the enhanced releasability from presynaptic terminals with
diminished DA content in synuclein triple-null mice. These include an increase in the
number of vesicles released, the size of the readily releasable pool versus the reserve
pool, and/or the rate of vesicle fusion to the presynaptic membrane. However,
ultrastructural analysis does not corroborate this explanation, as no significant
differences in the number of synaptic vesicles per dopaminergic profile in the CPu in
synuclein triple-null mice and wild-type mice were observed. Instead, these data,
together with lower tissue DA content, suggest that vesicles in the CPu of synuclein
triple-null mice may have a lower DA vesicular load. That said, even with fewer
‘loaded’ synaptic vesicles, increased DA releasability could still be achieved if
vesicular recycling was dysregulated, leading to an increased readily releasable pool
at the expense of the reserve pool. Such a vesicle pool redistribution would be
consistent with a recent report by Nemani and colleagues, who observed that modest
overexpression of a-synuclein in both cultured neurons and transgenic mice leads to a
reduced recycling pool size and inhibition of synaptic vesicle exocytosis (Nemani et
al., 2010). Notably, although this inhibitory effect was reportedly seen in cultured
midbrain dopaminergic neurons, much of the data from this study was obtained from
experiments in hippocampal synapses, which are both morphologically and

functionally distinct from striatal dopaminergic synapses. Striatal dopaminergic
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synapses lack well-defined, spatially distinct clusters of reserve and recycling
vesicles, making ultrastructural analysis much more challenging. Indeed, while the
ultrastructural analyses performed by the Bolam laboratory in synuclein triple null
mice did not reveal any significant differences in synaptic vesicle distribution in the
CPu, a trend towards a closer proximity of vesicles to the active zone, despite a lower

vesicle density, was observed.

Another possible explanation for the observed increase in DA releasability from
synapses in the CPu in synuclein triple-null mice may be an increased rate of vesicle
fusion and/or release of DA, in which SNARE protein complexes play a pivotal role
(summarised in (Rizo and Rosenmund, 2008; Sudhof and Rothman, 2009)). This
explanation is supported by Greten-Harrison and colleagues, who report increases in
key proteins regulating synaptic vesicle exocytosis, discussed above (Greten-Harrison
et al., 2010). In contrast however, the results from a recent study by Burre and
colleagues which explored the role of synuclein proteins in SNARE complex
formation, and included studies with synuclein triple-null mice, do not support this
explanation (Burre et al., 2010). This group reported that a-synuclein promotes
assembly of SNARE complexes that mediate synaptic vesicle fusion in an activity-
dependent manner via an interaction with vesicular SNARE protein
VAMP2/synaptobrevin. Further, they observed that aged synuclein triple-null mice
formed SNARE complexes much less robustly, and had lower levels of
VAMP2/synaptobrevin, relative to young adult synuclein triple-null mice. Moreover,
restoring a-synuclein in cultured neurons from these mice helped re-establish SNARE
complexes in a dose-dependent manner. The findings by Burre and colleagues

contrast with the findings described in this Chapter, which support the view that
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synuclein proteins have a role in the inhibition of transmitter release - a view
supported by a growing body of evidence highlighted in the Chapter Introduction. In
further contrast to the results by Burre et al., immunoprecipitation experiments on
synuclein triple-null mice and wild-type controls by the Buchman group revealed no
differences between the two genotypes in the levels of vVvSNARE

VAMP2/synaptobrevin.

Synuclein proteins do not appear to be essential for the formation and function of
SNARE complexes, since efficient SNARE-dependent fusion of membranes readily
occurs in tissues which do not express synucleins, and in invertebrates which lack
synucleins. It remains feasible, however, that the presence or absence of synucleins
might affect formation of a fusion pore and the fate of a fused vesicle, i.e. kiss-and-
run or full-collapse fusion with the presynaptic membrane. An increase in DA release
may therefore arise from the release of a greater proportion of contents of each vesicle
or the number of DA quanta released per stimulus. Further detailed studies are
therefore required to understand if and why any of these mechanisms differ in
nigrostriatal, compared to mesolimbic, neurons. Further, the possibility that changes
to DA release in the absence of synucleins reflect consequences of the developmental
compensation of the nigrostriatal neurons for the absence of synucleins cannot be

excluded.

Indeed, an alternative explanation to synucleins having an inhibitory role in
neurotransmitter release, which may also reconcile the contrasting results from Burre
and colleagues, is that while synaptic vesicle exocytosis becomes compromised in

ageing synuclein triple-null mice, robust plasticity in the dopaminergic system applies
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an alternative molecular mechanism to achieve compensation for their normal
function. Indeed, the Buchman group reported that, in contrast to other brain regions,
the abundance of SNARE complexes is not reduced in the CPu in synuclein triple-null
mice. Previous reports of SNAP-25 or VAMP2/synaptobrevin mutant mice have
demonstrated a remarkable ability of neuronal synapses to adapt and partially restore
the function of presynaptic release machinery. It is possible that increased DA
releasability in the CPu is the result of such compensation, which may itself be
impaired by the absence of synucleins (leading to an ‘over’-compensation, and
increased releasability). This is plausible, given the documented, but not well defined,
role for a-synuclein in synaptic plasticity. With this in mind, elucidating the
molecular mechanisms which functionally compensate for the loss of synuclein
proteins will drive future experiments with synuclein triple null mice. These studies
will help provide an improved understanding of DA neurotransmission in the SNpc
and may benefit future research into alternative therapeutic targets for PD.
Furthermore, experiments to elucidate the exact mechanisms leading to increased DA
releasability are required. For example, the rate of fusion of synaptic vesicles could be
explored by labelling vesicles with fluorescent dyes (Aravanis et al., 2003a; Aravanis

et al., 2003b; Klingauf et al., 1998; Murthy and Stevens, 1998).

Regionally distinct effects of synuclein deletion: nigrostriatal versus mesolimbic
dopamine synapses

A striking aspect of the results described in this Chapter is that the absence of
synucleins leads to selective effects on presynaptic DA neurochemistry in the CPu,
but not in the NAc. Therefore, the function of synuclein proteins in DA neurons may

not only differ substantially between neuron transmitter subtypes (e.g. midbrain DA
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neurons vs. hippocampal glutamatergic neurons), but may also be specific to neuron
subtypes for a given transmitter. Since SNpc DA neurons degenerate preferentially to
those innervating the ventral striatum via the mesolimbic pathway in PD, the
regionally distinct effect of synuclein depletion may offer significant new insight into
the preferential DA neuron degeneration in PD. While striking, the finding that a
mechanism regulating DA neurotransmission might differ between nigrostriatal and
mesolimbic neurons is perhaps not surprising. A large body of research suggests that
nigrostriatal neurons and mesolimbic neurons differ in many features, such as in
embryonic source and stage of ontogenetic development, neuroanatomy of projections
and inputs, protein expression levels including DA cell markers (DAT, VMAT2, D2
receptors), ion channels and other proteins, and in their susceptibility to
neurodegeneration (reviewed in (Bjorklund and Dunnett, 2007; Korotkova et al.,
2004; Liss and Roeper, 2008). Synuclein function may be another feature which

variably influences the function of nigrostriatal and mesolimbic neurons.

Another consideration when interpreting the regionally distinct effects of synuclein
deletion is that in several behavioural tests, the mice exhibited behaviours reminiscent
of increased, rather than decreased levels of striatal DA. Further, the mice also
demonstrated behavioural changes traditionally associated with the ventral striatum,
where no alterations in DA content or release were observed, whilst exhibiting no
differences in motor behaviours traditionally associated with the dorsal striatum. A
large contribution of work focusing on the functional division of the striatum comes
from classical experiments by Iversen and colleagues (Alpert and Iversen, 1983;
Brook and Iversen, 1975; Canales and Iversen, 1998; Iversen, 1980, 1984, 1995;

Iversen and Creese, 1975; Iversen et al., 1975; Iversen and Koob, 1977; Kelly et al.,
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1975). These include experiments in which 6-OHDA lesions were introduced into the
CPu or NAc of the rat, followed by an examination of the effects of AMPH dosing
(Kelly et al., 1975). In an unlesioned rat, low doses (1.5 mg/kg) of AMPH primarily
impacted the NAc leading to hyperactivity, whereas high doses (5 mg/kg) affected the
CPu, producing sterotyped behaviours. In a NAc lesioned rat however, low doses of
AMPH failed to produce hyperactivity, whereas hyperactivity was induced in CPu
lesioned animals. Conversely, high doses no longer produced sterotyped behaviour in
CPu lesioned rats, but did so in NAc lesioned animals. Instead, the CPu lesioned
animals demonstrated hyperactivity in response to high doses of AMPH. This work
suggests that a competition may occur between the two striatal regions, and the
absence of a functioning CPu (i.e. when it is lesioned) allows NAc-mediated
behaviours, such as hyperactivity, to come to the fore. It is possible that the 30-40%
reduction in DA content in CPu observed in synuclein triple null-mice is similar to a
lesion, subsequently unmasking NAc-mediated behaviours. The observation that high
doses of AMPH lead to hyperactivity in synuclein triple-null mice is therefore
consistent with these experiments. Qualitative examination of AMPH-induced
behaviours in synuclein triple-null mice with and without L-DOPA pretreatment

remains an important goal for future studies.

Further, a significant degree of well-defined neuronal connectivity between the
mesolimbic and nigrostriatal DA pathways has also been described (Ikemoto, 2007).
This allows signals to be passed from the mesolimbic pathway in the NAc to
influence the CPu via the nigrostriatal pathway (Alexander et al., 1986; DeLong,
1990) through what is proposed to be an elaborate ‘spiral” organisation of connections
between the striatum and ventral midbrain (Haber et al., 2000). This elaborate

connectivity means behaviours traditionally associated with one region of the striatum
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may be influenced by neuronal interactions with other striatal regions. Examining
potential effects of synuclein proteins upon these interactions, which in turn influence
behavioural outcomes, will be important when planning future behavioural
experiments on synuclein triple null mice. For example, examining motivational
behaviours traditionally associated with the ventral striatum, with tests such as

rewarded alternation paradigm, may be of interest.

Future experiments with synuclein triple null mice must also focus on investigating
potential mechanisms responsible for the observed regional-specificity of increased
DA release, seen in the CPu, but not the NAc in the striatum. It is possible that key
proteins implicated in regulating DA release and turnover, which interact with
synucleins, such as SNARE proteins and VMAT?2 differ between the DA neuron
populations in the CPu and NAc. In particular, biochemical analysis of the levels of
synaptic proteins in both CPu and NAc regions, and further immunoprecipitaton
experiments examining the potential interactions of such proteins should be

performed.

Despite the abundance of synucleins throughout presynaptic nerve terminals, they
appear surprisingly dispensable in neuronal physiology. Synuclein single- and double-
null mice present with either a minor phenotype or have alterations which do not
compromise survival. Taken together with the results presented in this Chapter,
synucleins seem to constitute auxillary, rather than essential, elements of presynaptic
machinery. They appear important for the efficiency and plasticity of vertebrate
synapses and for the normal function of midbrain dopaminergic neurons, a cell
population which remains of paramount interest to research into the pathogenesis of

PD.
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CHAPTER 6: General Discussion

Synuclein proteins have been known to researchers for over a decade and despite this,
the functions of these small, presynaptic proteins remain largely unknown. In
particular, the normal and pathological functions of a-synuclein, a protein intimately
involved in the pathogenesis of PD which is thought to be involved in regulating DA
neurotransmission and synaptic vesicle trafficking, are not fully understood. Studies
aimed at exploring the role of a-synuclein in PD have largely focussed on the use of
cDNA-based transgenic models which have failed to accurately recapitulate the key
pathological hallmarks of PD. In addition, the high degree of functional redundancy
existing within the synuclein family limits our understanding of the functions of
synuclein proteins, both individually and in combination. Therefore, this thesis
addressed the need for the functional characterisation of a novel line of a-synuclein-
based transgenic mice created using an alternative approach to express human o-
synuclein from the complete SNCA genomic DNA locus. The thesis also addressed
the need for a thorough analysis of functional alterations in the nigrostriatal system of
synuclein triple knockout mice. Importantly, the phenotypic investigations on
synuclein triple-null mice described in Chapter 5 did not necessarily aim to create and
characterise a model of PD, but rather, to improve our understanding of the

fundamental biology of synuclein proteins.

Interestingly, this thesis describes results in both synuclein-based models which are
intriguingly complementary. The studies on the novel a-synuclein transgenic mice to
explore the role of synuclein proteins provide evidence that the A30P mutant form of

the protein described in this thesis, reveal loss of TH+ neurons specifically in the
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SNpc and alterations to DA neurotransmission supporting the view that the A30P
form of o-synuclein represents a gain-of-function mutation, and promotes the
function of a-synuclein as a negative regulator of DA release at synapses. Moreover,
this view is further supported by the studies in mice which lack all three synucleins,
described in this thesis. These synuclein null mice exhibit a hyper-dopaminergic like
behavioural phenotype and a corresponding two-fold increase in evoked extracellular
DA concentration, consistent with a role for synuclein proteins as negative regulators
of DA release. Perhaps most interestingly, in both mouse models, there is a region-
specific effect on dopamine signalling kinetics specifically in the dorsal striatum,
corresponding to the region of the brain selectively vulnerable in PD. This
observation is unique amongst all other studies of synuclein transgenic mice and
single and double syncuelin knockout mice and will no doubt be of great interest to

the neuroscience community.

The results described in this thesis make an important contribution in the field of
research into synuclein proteins, not least because they focus on alterations
specifically in the nigrostriatal system. Since synucleins are implicated to in PD
pathogenesis, and SNpc dopaminergic neurons are selectively vulnerable in PD
pathology, understanding the modifications in the midbrain dopaminergic system
associated with the loss of all three synuclein proteins is of fundamental importance.
The outcomes in this thesis therefore provide major new insight into synuclein
functions in the DA system and promise that these complex interactions will be the

focus of neuroscience research for many years.
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