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Abstract

Recent findings have demonstrated fibroblast grofattor-20 (FGF20) to have
neuroprotective effects on dopamine neuromesvitro. In this thesis, FGF20’s
neuroprotective effects on dopamine neurones werthdr investigated. A ventral
mesencephalic (VM) embryonic dopamine neurone railtsystem and a partially
lesioned 6-hydroxydopamine (60HDA) rat model of Kieson’s disease (PD) were
established in which FGF20 was evaluated for itsr@@rotective effects botim vitro
andin vivo. Using immunohistochemistry, FGF20 and at lehste of its receptors
(fibroblast growth factor receptor (FGFR) 1, 3, @&)dvere demonstrated to be localised
to dopamine neurones and glial cells in the ratasigiatal tract and in VM embryonic
dopamine neurone culture$n vitro, FGF20 protected VM embryonic dopamine
neurones against 60HDA toxicity, and,vivo, chronic supra-nigral delivery of FGF20
protected nigrostriatal dopamine neurones agaipsirizal 60OHDA lesion. Importantly,
FGF20 also preserved motor function in the 60HDg\deed rats. In a separatevivo
study, experiments were carried out to investigatether pharmacological inhibition
of FGFR activation is able to potentiate 60HDA-indd nigrostriatal degeneration in
the rat, and results from this study suggest thatenhdogenous FGF system might play
a protective role in the nigrostriatal tract. Adolally, in PC12 cells, FGF20's
neuroprotective effects against 60HDA toxicity weemonstrated to be mediated by
the FGFRs at the receptor level, and by the ERKIAPK pathway at the intracellular
level. Others have shown the heparin sulphate pgbtean, agrin to potentiateGF2
stimulated ERK1/2 activation and neurite outgromtfPC12 cells. It was demonstrated
here that agrin potentiates FGF20 stimulated ERI&ti®ation, but it fails to potentiate
FGF20’s neuroprotective effects in PC12 cells. Tatagether, these findings provide
further support for FGF20’s neuroprotective potant PD.
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Chapter 1. General Introduction

1.1. Parkinson’s Disease

Parkinson’s disease (PD) is a progressive neurogegive movement disorder that
affects 1-2% of people over 60, and 3-5% of peopkr 85 (Alvest al., 2008). In PD,
the extensive loss of nigrostriatal dopamine neesoleads to the development of a
range of motor deficits, including tremor, rigiditgkinesia, and bradykinesia (Sarmtii
al., 2004). Around 90% of PD cases are sporadic apathic, and the aetiological
factors that cause these sporadic forms of PDtalrecorly understood. Familial forms
of PD, on the other hand, only account for <5% Dfdases, and they are caused by a
number of well characterised single gene mutatiemshe majority of cases of PD
(>90%), the onset of motor symptoms usually octetsveen the ages of 60-70 (Samii
et al., 2004). In a small number of cases of early oR&{(~5-10%), motor symptoms,
however, appear at a much earlier point in lifejally before the age of 41 (Muthaae
al., 1994).

A key pathological hallmark of PD is the presen€@asinophilic cytoplasmic
protein inclusions in the dopamine neurones of ghbstantia nigra pars compacta
(SNc), as well as other areas of the brain (SclulFalkenburger, 2004). These
inclusions are called Lewy bodies (LBs), and theynsist mainly of lipids,
neurofilament, and a number of other proteins, udiclg, a-synuclein (SNCA),
synphylin-1, ubiquitin (Ub), and enzymes of thequhiin proteasome system (UPS)
(Chunget al., 2001). In PD, LB pathology and neuronal degemanas by far the most
pronounced in the nigrostriatal dopaminergic pathvinut it is not limited exclusively
to this specific region of the brain. Less exteasivB pathology and neuronal
degeneration, relative to the nigrostriatal tréectlso observed in several other regions
of the brain, including the raphe nucleus, the $ocoeruleus, the nucleus basalis of
Meynert, the amygdala, the dorsal motor nucleuthefvagus, and the basal reticular
nuclei of the brainstem (Agid al., 1989; Ziemssen & Reichmann, 2007; Ferrer, 2011).
Moreover, in addition to the cardinal motor sympsothat characterise the disease, PD
patients often also suffer from a range of non-metonptoms, and it is thought that
these symptoms are caused by pathology in thess affected areas of the brain.
Examples of such non-motor symptoms include, dspes dementia, olfactory
deficits, constipation, urinary incontinence, andep disturbances. For instance, the
dorsal raphe nucleus is important in the regulabbrmood, and it is believed that
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degeneration of this nucleus gives rise to depwassi PD patients (Taat al., 2011),
while dementia is attributed to degeneration ofriheleus basalis of Meynert, an area
of the brain that plays an important role in coigmt(Bohnen & Albin, 2011). The locus
coeruleus and other nuclei of the brainstem playimportant role in regulating
alertness and circadian rhythms, and it is, trhayght that degeneration in these nuclei
is partly responsible for the sleep disturbancemgms in PD (Simuni & Sethi, 2008).
The symptoms of constipation and urinary incontaggron the other hand, are classical
symptoms of autonomic dysfunction, and they ares,thbelieved to be caused by
pathology in the dorsal motor nucleus of the vagusucleus which plays an important
role in regulating output from the autonomic nervgystem (Simuni & Sethi, 2008).

1.2. Aetiology of PD

The aetiology leading to dopamine neurone degeperat PD remains incompletely
understood. Research has, however, provided ewdfarcthe likely involvement of
numerous factors in the aetiology of PD; and itlikely that neuronal cell death
ultimately results from multiple detrimental inguynergistically damaging dopamine
neurones to a fatal degree (Sulzer, 2007). Thegenetic contributory factors most
widely studied, include oxidative stress, mitochaad dysfunction, ubiquitin
proteasome system (UPS) dysfunction, exposure teircermental toxins, and
neuroinflammation. A brief overview of the evidenaogplicating each of these factors
in the aetiology of PD is described in the sectioal®w.

Monozygotic twin studies have ruled out a majormirement of genetic factors
in the development of sporadic PD (Tanmeerml., 1999). Mutations in a number of
different genes have, on the other hand, been showause familial forms of PD,
including thea-synuclein (SNCA), PTEN-induced putative kinase 1 (PINK-1), DJ-1,
leucine rich repeat kinase 2 (LRRK-2), parkin, andubiquitin C-terminal hydrolase L1
(UCH-L1) genes (Cordato & Chan, 2004). THECA gene encodes the SNCA protein,
a protein that is widely expressed by both neur@mekglial cells throughout the CNS
(Bennett, 2005). In neurones, SNCA is most aburgamesent in pre-synaptic nerve
terminals, but the function of the protein, howewemains poorly understood. Three
missense substitution mutations (A30P, E53T, angKiEdand a number of duplication
and triplication mutations in tfeNCA gene have been demonstrated to cause autosomal
dominant familial forms of PD that are charactatidey an early onset and rapid

progression of motor symptoms (Tan & Skipper, 2@8Kriset al., 2010). ThePINK-1
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gene encodes the PINK-1 protein, a ubiquitously resged mitochondrial
serine/threonine protein kinase enzyme, whileDBé gene encodes the DJ-1 protein, a
highly conserved protein that is widely expressedeurones and glial cells, but whose
function is still unknown (Dodson & Guo, 2007). Mtibns in both th®INK-1 andDJ-

1 genes have been found to cause rare autosomatreeearly onset familial forms of
PD (Tan & Skipper, 2007; Bekre al., 2010). TheeRRK-2 gene codes for the LRRK-2
protein, a protein kinase whose exact functionlse atill unknown (Biskup & West,
2009). Six mutations in tHeRRK-2 gene have been found to cause autosomal dominant
forms of familial PD, and unlike most of the otHerms of familial PD which are
mostly characterised by early onset of diseBBRK-2 familial PD cases are associated
with late onset of motor symptoms that are typmiakporadic PD (Tan & Skipper,
2007; Bekriset al., 2010). This has lead to a numberl&RK-2 familial cases of PD
being misdiagnosed as sporadic cases (Tan & Skigpéi7). Theparkin andUCH-L1
genes are functionally related as they both cod@rateins that form part of the UPS.
The parkin gene codes for an ubiquitin E3 ligase enzyme (Nbzet al., 2001), while
UCH-L1 codes for an abundant de-ubiquitinating enzymeishgpecifically localised to
neurones (Setsuie & Wada, 2007). Mutations in phekin gene cause autosomal
recessive juvenile onset forms of parkinsonismcWlaccounts for ~50% of all cases of
familial PD (Tan & Skipper, 2007; Bekrigt al., 2010). Notablyparkin associated
familial forms of PD are characterised by havingpatal pathological features as
inclusions are absent in most cases (Tan & Ski8#7; Bekriset al., 2010). A single
substitution (1193M) mutation in thdCH-L1 gene has been documented to cause an
extremely rare early onset autosomal recessive fufrfdD, which has, thus far, only
been detected in two siblings (Tan & Skipper, 20B&kris et al., 2010). Moreover,
recent results from genome wide association stu@¥AS) have demonstrated that
genetic factors also appear to play a contributolg in the aetiology of sporadic PD, as
specific single nucleotide polymorphisms (SNPs)annumber of different genes
increases the risk of developing PD (Bekes al., 2010; Nallset al., 2011).
Interestingly, SNPs in both tHeNCA and LRRK-2 genes have been found to increase
the incidence of sporadic PD (Mizuthal., 2006; Nallset al., 2011; Saadt al., 2011).
The mechanisms through which all of the above reetl mutations cause PD
pathology or increase the risk of developing PDyéner, remain poorly understood,

and substantial research efforts are currentlycdéeld to uncovering these mechanisms.
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1.2.1. Oxidative Stress

A range of free radical species, including, forrap#, the superoxide and the hydroxyl
radicals, are generated as by-products of manyboktaeactions taking place in cells.
Cells have got a range of detoxifying mechanismisiclv normally inactivates these
highly reactive entities, and maintains them at-twac levels (Halliwell, 2006). The
superoxide dismutase enzyme, for example, catathgesonversion of superoxide into
the non-radicals, ¥, and Q. The tripeptide glutathione (GSH) also plays apamant
anti-oxidant role in cells by inactivating free reals through reduction reactions.
However, if free radical levels builds up to tolewels in a cell, they can cause cellular
dysfunction by their ability to react with proteird nucleic acids, leading to a
distortion of their structure and function (Hallilye2006). Additionally, free radicals
can react with plasma membrane lipids to set offaacade of lipid peroxidation
(Halliwell, 2006). This process ultimately also deato cellular dysfunction by
increasing plasma membrane permeability, and bstiveting receptors, enzymes, and
ion channels (Halliwell, 2006). Oxidative damage @acur either when detoxifying
mechanisms are overwhelmed by the generation obrataily high levels of free
radicals and/or when the functioning of free radmeavenging mechanisms are for
some reason impaired.

It has been reported that several markers of axelatress are increased in the
substantia nigra (SN) of PD patients. Levels ofydrbxy-2,3-nonenal, a marker of lipid
peroxidation, and 8-hydroxyguanosine, a markerusfleoside oxidation, are found at
~6 and ~16 fold higher levels, respectively, in i of PD patients when compared to
age matched controls (Yoritaleh al., 1996; Zhanget al., 1999). Decreased levels of
reduced GSH have also been shown to be preseheiremaining nigral neurones of
PD patients compared to age matched controls (8béc, 1992; Pearcet al., 1997).
Interestingly, in healthy brains, there is alreadgreater level of oxidative stress in the
SN compared to other brain regions (Floor & Wet2898). It has been proposed that
this increased oxidative stress load could makeaohope neurones more vulnerable to
cell death, and this might account for why dopanriearones are preferentially lost in
PD. The increased level of oxidative stress haa b#ebuted to the dopamine catabolic
pathway producing high levels of free radicals (H&alLotharius, 2005). Dopamine can
be broken down by either an enzymatic pathway wouidjh auto-oxidation. The latter
pathway produces the highly reactive free radipaicges, dopamine-quinone as a by-

product. Additionally, both pathways also produg®kas by-products. Although 8,
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itself isn’t a free radical, it can be convertetbithe hydroxyl radical in the presence of
ferrous iron through the so called Fenton reacidald & Lotharius, 2005). The
presence of significantly higher levels of irontime SN of PD brains compared to
control brains have provided further evidence ippgut of this theory (Dextest al.,
1989).

1.2.2. Mitochondrial Dysfunction

Mitochondria play an essential role in the normahdtioning of cells. Through the
respiratory chain, mitochondria produce adenosipddsphate (ATP) molecules that
act as an energy source that facilitates many efbibchemical reactions within cells.
Substantial evidence has implicated mitochondmdicds in the aetiology of PD. There
iIs a 35% reduction in complex 1 mitochondrial atyiin the SN of PD patients
compared to aged match controls (Schapmtaal., 1989). A reduced amount of
mitochondrial complex 1 protein in the SN of PDipats has also been reported
(Mizuno et al., 1989). Furthermore, two mitochondrial complexhibitors, 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and notee, are both dopamine neurone
toxins that are capable of inducing dopamine nemmegeneration and parkinsonian-
like symptoms when administered to animals (Betagbal., 2000; Richardsoet al.,
2007). More recently, PD pathology (progressiverasygiatal dopamine neurone
degeneration) and progressive motor deficits wdse aeproduced in a transgenic
mouse strain in which the important mitochondrignscription factor, Tfam was
knocked out (Ekstrand al., 2007).

It is proposed that complex 1 deficiency can leadduronal cell death through
two mechanisms (Sherert al., 2002). Complex 1 deficiency can lead to a shertaiy
ATP within a neurone. This in turn will cause thertfal depolarisation of a neurone’s
plasma membrane, as Na+/K+ ATPase pumps don't iagffieient energy available to
them to maintain the resting membrane potentials Partial depolarisation removes
the Md* block in N-methyl-D-aspartate (NMDA) receptors, igthallows the receptors
to be activated by excitatory inputs of much loweagnitudes than that which is
normally required. Additionally, in PD, pathologicahanges in the basal ganglia
circuitry lead to the subthalamic nucleus becomimgeractive. As glutamatergic
afferents from the subthalamic nucleus have beawshto project onto the SNc
(Blandini et al., 2000), it is likely that abnormally high level$ glutamate are being

released in the SNc in PD. This reduced activatiwmashold of the NMDA receptors
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combined with increased glutamate release in the Stbsequently leads to the
excessive activation of NMDA receptors which, ubitely, stimulates excitotoxic cell
death by allowing the entry and accumulation ofidobevels of intracellular C&
(Keaneet al., 2011). Another consequence of complex 1 dysfands the augmented
production of free radicals at the level of thecteden transport chain (Keare al.,
2011). It is, therefore, thought that the toxiceets mediated by complex 1 dysfunction
can also be caused by these free radicals caugidgtioe damage to cellular proteins,

lipids, and nucleic acids.

1.2.3. Ubiquitin Protein System Dysfunction

The ubiquitin proteasome system (UPS) constitutesrain catabolic pathway through
which damaged or unwanted cellular proteins ar&kdmwodown (Hegde & Upadhya,
2007). The UPS system consists of two main comg@gsn@ne component comprises of
a series of enzymes (ubiquitin (Ub) activating, jagating and ligating enzymes) that
act to attach polyUb chains to target proteins, cwhimarks proteins for later
degradation. The 26S proteasome comprises the demumponent, and this multi-
subunit tubular protein engulfs polyUb labelled tpios and digests them into small
polypeptides. As mentioned earlier, both Ub and @&R3ymes are found within the
LBs that are present in PD, and these findings ideal the first evidence that UPS
dysfunction might contribute to the aetiology of .PRoreover, the presence of the
inclusion bodies themselves points to a possibEumgtioning of the UPS in PD, as
inhibition of the UPS leads to the formation of lugion bodies (McNaughé&t al.,
2004). Several other findings have also providdastntial support for a role of UPS
dysfunction. Both theparkin and UCH-L1 genes code for proteins of the UPS, and
mutations in either of these genes cause famoiah$ of PD (Cordato & Chan, 2004).
Proteasome activity in the SN of PD patients hatshown to be significantly lower
compared to controls (McNaugétal., 2003). Furthermore, proteasome inhibitors such
as epoxomicin and lactacystin have been shown thucen dopamine neurone
degeneration and LB inclusion formation bathvitro andin vivo (detailed in section
3.1.1.3. The nature of the UPS dysfunction that occurd?d and the mechanism
through which such dysfunction contributes to P3ti$ poorly understood, and it is
currently under investigation (Olanow & McNaugh®0B).
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1.2.4. Toxic Environmental Factors

Experimental, clinical and epidemiological findinlgave suggested that exposure to a
number of environmental pesticides and metals mightribute to the aetiology of PD.
It has to be noted, though, that no environmetetiol has, thus far, been conclusively
shown to contribute to the development of PD.

In the early sixties, MPTP was found to induce &ipaonian syndrome nearly
indistinguishable from PD, after a group of drugdiats accidentally injected
themselves with this toxic heroin analogue. Thentavas later shown to also produce a
PD-like syndrome in mice and primates that is assed with the selective
degeneration of nigrostriatal dopamine neuroneshdBer, 2004). The widespread
presence of several MPTP analogues in the envirohmgened the possibility that
environmental toxins might contribute to dopamineumnone degeneration in PD
(Collins & Neafsey, 2002). Epidemiological reseaatbo identified pesticide exposure
to be a risk factor for PD (Ascher@b al., 2006). Furthermore, several studies have also
found that a number of factors that are assocmitddincreased exposure to industrial
toxins and pesticides, including rural living, fang, and well water drinking also
increase the risk of developing PD (Monte, 200hede findings have to be interpreted
with caution, however, as a nearly equal humbestodiies have found no association
between the above mentioned factors and PDdfLali., 2002). A number of pesticides
with an analogous structure to MPTP, including d8P@nuvinl123, paraquat, and the
B-carbolines have subsequently been reported tdoke to dopamine neurones
(Monte, 2001). Furthermore, in one study, theaBsolines, norharman and harman
and their methylation enzymes were found to beatésl/in the cerebrospinal fluid of
12 out of 22 PD (Matsubam al., 1995). A few cases of sporadic PD have also been
reported after exposure to paraquat (Sanchez-Ratmals 1987), and this toxin also
induces mild dopamine neurone degeneration with AN&ggregation in mice
(McCormacket al., 2002). Several other pesticides unrelated to MRaWe also been
implicated in PD aetiology, including rotenone, ahd organochlorines (Monte, 2001).
Interestingly, it has been revealed that a synicgigxic effect on dopamine neurones
Is brought about when some toxins are co-admim@dté@vionte, 2001). The two widely
used pesticides, maneb and paraquat, for exangtlsymergistically to cause dopamine
neurone degeneration when co-administered in niicglchelvamet al., 2000).

A smaller body of evidence has also suggested nietal exposure might
contribute to the aetiology of PD. Epidemiologigasearch has found a range of
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transition metals, including manganese, coppen, iaad mercury to increase the risk of
PD after chronic occupational exposure (Goeehl., 1999). Studies with post-mortem
brain tissue from normal and PD patients have pexvifurther support for an
involvement of iron. In normal brains, substanyidtigher concentrations of iron has
been shown to be present in the SN compared to otlost brain regions (Zecehal.,
1994). Iron concentrations have also been shoviae tocreased in the SN of a group of
PD patients when compared to aged matched coriDelderet al., 1989). Through the
Fenton reaction, iron has the ability to greatlyamce the conversion of,64 into the
hydroxyl free radical. And because,®} is produced as a by-product of dopamine
metabolism, it has been suggested that increasedls |®f iron might contribute to
dopamine neurone degeneration by augmenting ox&latress levels in these neurones
(Dexteret al., 1989).

1.2.5. Neuro-Inflammation

Recent findings have indicated that neuro-inflanonafrocesses might also play a
contributory role in causing the nigrostriatal degetion in PD. Evidence supporting
this notion comes mainly from immunohistochemidabiges carried out in post-mortem
brain tissue which have shown a number of inflanemamarkers to be present at
raised levels in the SN of PD patients. Severalipilammatory cytokines, including
interleukin-B (IL-1B), interleukin-6 (IL-6), tumour necrosis facter{TNFao), and

interferony (IFNy), and also pro-inflammatory mediators, includinggtaglandin-k&

(PGE) are present at raised levels in glial cells wittiie SN of PD brains (Wet al.,
2002; Teismann & Schulz, 2004; Hirsch & Hunot, 2008ng-Smithet al., 2009).
Additionally, raised levels of IL-1B, IL-6, TNE and IFN have also been detected in
the cerebrospinal fluid and serum of PD patients @val., 2002; Hirsch & Hunot,
2009; Long-Smitket al., 2009). IFN, TNFu, and IL-1B all stimulate increased nitrite
production through a CD23-dependent mechanism tim@doma cultures (Hunaodt
al., 1999; Teismann & Schulz, 2004). It has, thushb&eggested that raised levels of
these cytokines in the SN might contribute to dopamneurone cell death by
increasing nitric oxide production to toxic levdlg stimulating inducible nitric oxide
synthetase (INOS) activity (Hunet al., 1999). Increased production of nitric oxide has
the potential to cause cytotoxic effects due totémelency of nitric oxide to react with

superoxide radicals to produce highly reactive ypgmndrite radicals, which damage
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cellular proteins and DNA by forming adducts wittetn (Hald & Lotharius, 2005).
Support for this possibility is provided by immumstochemistry results showing
increased levels of INOS and nitrotyrosine to bespnt in glial and dopamine neurones
in the SN of the PD brain, respectively (Humbtal., 1999). Furthermore, CD23 has
been shown to be present in nigrostriatal dopamimgrones in PD but not control
brains (Hunott al., 1999).

Moreover, it has been suggested that microgliarébglent immune cells of the
brain might play an active role in causing thistptzed neuroinflammatory-induced
nigrostriatal dopamine neurone degeneration. Thera consistent and substantial
increase in the number of activated microglia prese the SN of post-mortem PD
brains when compared to control (Mirgaal., 2000; Wuet al., 2002), and using an
MRI technique, increased numbers of activated ngi@dhave also been demonstrated
to be present in the midbrain in a group of eathge PD patients (Oucki al., 2005).
This contention is, however, highly speculativeitas only based on indirect evidence
showing microglia to have the capability to produwenumber of molecules with
cytotoxic potential when they become activatedJuding reactive oxygen species
(ROS), reactive nitrogen species, pro-inflammatoggokines, prostaglandins, and
proteases (Banaét al., 1993; Kreutzberg, 1996; Wet al., 2002; Long-Smithet al.,
2009). It is, however, feasible that both the at®d microglia and the inflammatory
markers detected in the SN of PD brains do notadlgtplay any active role in causing
the nigrostriatal neurodegeneration in PD, as novioging direct evidence have
implicated neuroinflammation to cause degeneratfamgrostriatal dopamine neurones
thus far. Instead it is possible that the activatedroglia and inflammatory mediators
play a non-pathological passive role in regulatthg phagocytosis of degenerating
dopamine neurones, and that their presence inkhef D brains is wholly secondary
to the degeneration of the dopamine neurones.

1.3. Current Pharmacological Treatments for the Mobr Symptoms in PD

All of the pharmacological treatments that are entlly used clinically to treat the

motor symptoms of PD bring about their therapeetiects by enhancing dopaminergic
neurotransmission in the brain. The dopamine pseciic-3,4-dihydroxyphenylalanine

( L-DOPA) has been used to provide symptomatiefdébr PD since the 1960s, and it
still remains the gold standard pharmacologicahttrent for PD today (Mercuri &

Bernardi, 2005). L-DOPA is usually administered llgraand as L-DOPA’s central
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bioavailability is significantly reduced due to ersive peripheral metabolism, it is
normally co-administered with the peripheral DOPAecarboxylase inhibitor,
carbidopa, which acts to greatly enhance L-DOPAésti@l bio-availability (Rezak,
2007). In the PD brain, L-DOPA is taken up into teenaining functional nigrostriatal
dopaminergic neurones, where it enters into theaowpe synthesis pathway, and
becomes converted into dopamine. L-DOPA, thus, dotsincrease dopamine
neurotransmission in the dopamine deficient stnahy increasing dopamine synthesis.
This leads to an increase in extracellular stridtgglamine levels, which in turn acts to
increase striatal dopamine receptor activation éoenmormal levels.

In more recent times, two additional classes ofati@ipe neurotransmission
augmenting drugs have also come to be used roytiodteat the motor symptoms of
PD, monoamine oxidase-B (MAO-B) inhibitors, and dopne receptor agonists
(Rezak, 2007). MAO-B enzymes are localised throughbe striatum, where they
catalyse the breakdown of dopamine, and the MAQHEbitors, thus, acts to boost
dopaminergic neurotransmission in the striatum kgventing the breakdown of
endogenous pools of dopamine. Two MAO-B inhibitars currently approved for the
treatment of PD, selegiline and rasagiline. Salsgilonly produces very mild
therapeutic effects and it is for this reason satsed clinically (Thoboist al., 2005).
Rasagiline, on the other hand, is a much more patbibitor of MAO-B, and it is more
commonly used clinically, as it has been shown tovide much more effective
symptomatic relief compared to selegiline (RezaRp7). A number of different
dopamine receptors agonists are currently approfeed treating PD, including
ropinirole, pramipexole, and bromocriptine. Thisasd of drugs bring about their
therapeutic effect by directly activating hypostlated dopamine receptors on the
medium spiny striatal GABAergic neurones. Both Igitae and all of the dopamine
receptor agonists, however, have inferior therapeefficacy when compared to L-
DOPA, and as a monotherapy they only provide dffectymptomatic relief in early
PD (Schapira, 2009). Both the dopamine receptoniagpand the MAO-B inhibitors
have nevertheless been shown to provide therapeeiefits in advanced disease when
used as adjuvant therapy in combination with L-DQBAghet al., 2007).

In most cases, L-DOPA treatment provides effecsiymptomatic relief for the
motor symptoms in PD for around 3-5 years afteattnent is initiated. L-DOPA,
however, fails to provide satisfactory long termmgyomatic relief due to the

development of serious and debilitating motor cacaplons with prolonged L-DOPA
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use (Singhet al., 2007). These motor complications include dyskassand also so
called ‘on-off’ and ‘wearing off phenomena. L-DOHAduced dyskinesias or LID are
involuntary movements that take either a choreidystonic form, and they most often
coincide with peak L-DOPA plasma levels. The ‘ofi-gdhenomenon refers to the
unpredictable and transient periods when L-DOPAioaed PD patients experience a
loss of therapeutically restored motor function,ilevithe ‘wearing off’ phenomenon
refers to the loss of motor function experienceslaias the end of a specific L-DOPA
dose period.

Substantial pre-clinical and clinical evidence hasggested that the
pharmacokinetic properties of L-DOPA, and in pautc the short half life of L-DOPA
of around 60-90min is mainly to blame for causihgse motor complications (Singh
al., 2007). Under physiological conditions, nigrogtaladopamine neurones fire
continuously at a near constant rate, with bumhdi only occurring briefly and
transiently when reward is anticipated or when hatenuli are encountered (Steiger,
2008). This predominant tonic firing pattern stiatels a tonic and sustained release of
dopamine in the striatum, which in turn gives risea continuous tonic activation of
striatal dopamine receptors. Because of the relgtighort half-life of L-DOPA,
treatment with L-DOPA fails to replicate this phglsigical tonic and continuous pattern
of striatal dopamine receptor activation that issessed under normal conditions
(Schapira, 2009). Instead L-DOPA therapy resultstiratal dopamine receptors being
stimulated in a non-physiological pulsatile manngith peak and trough levels of
dopamine receptor activation coinciding with peakd atrough L-DOPA plasma
concentrations after administration of each L-DOMAse (Singhet al., 2007).
Moreover, it is believed that motor complicatiorend to increase with disease
progression due to the increasingly denervatedtstri becoming increasingly less able
to effectively buffer striatal extracellular doparailevels after L-DOPA dosing (Singh
et al., 2007).

1.4. Current Research Strategies aimed at Findingiproved Treatments for PD

Due to the serious shortcomings that are assocwtbdhe currently available drugs to
treat PD, there is an urgent clinical need for maare effective pharmacological
treatments, and enormous research efforts arentiyrriocused on discovering and
developing new treatments for PD. The four maireaesh strategies aimed at finding

new improved pharmacological treatments for theameymptoms in PD include, the
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development of approaches to provide a more comtisiustimulation of striatal
dopamine receptors, the development of non-dopagimelrugs that are able to
provide more effective symptomatic relief, the depenent of neurorestorative cell
transplant therapies, and the development of neoteqtive drugs that can slow or halt
disease progression. A brief overview of each @séhresearch strategies is given
below.

1.4.1. Strategies Aimed at Providing More Continuos Stimulation of Striatal

Dopamine Receptors

As it is thought that the pulsatile activation afpémine receptors by L-DOPA therapy
iIs mainly to blame for causing L-DOPA induced motmmplications, significant
research efforts have been undertaken to devedagpment strategies that allows for a
more continuous and constant activation of stridtgdamine receptors to be achieved
(Rezak, 2007; Singkt al., 2007; Steiger, 2008). One specific strategy loasided on
trying to alter the pharmacokinetics of the curréiopamine based drugs so as to
achieve more sustained plasma concentrations. Ewvleen co-administered with
carbidopa, ~20% of an administered L-DOPA dosesfdd enter the systemic
circulation due to metabolism of L-DOPA by catecfiemethyl transferase (COMT)
enzymes located in the gut into 3-O-methyl-DOPA&hamical derivative that acts as a
false dopamine neurotransmitter (Rezak, 2007). Biniaistering L-DOPA in
combination not only with carbidopa, but also wigh COMT inhibitor such as
entacapone, the half life of L-DOPA can be extendedh ~60-90min to ~3h (Olanow
et al., 2006). Although this increase in half life onlwes rise to a relatively less
pronounced pulsatile pattern of dopamine receptionutation rather than to a truly
continuous stimulation pattern, clinical trials Rashown supplementation of L-DOPA
with  COMT inhibitors to significantly increase ‘onfime and also to decrease
dyskinesias (Thoboigt al., 2005).

Moreover, most of the newer dopamine receptor agotinat are currently used
to treat PD have relatively long half lives, andnrost cases when used as mono-
therapy they are associated with far fewer motonmla@ations (Schapirat al., 2006;
Schapira, 2009). Attempts are, therefore, madeosdpone treatment with L-DOPA for
as long as possible, and to only supplement dopam@ceptor agonist treatment with
L-DOPA at a point in the disease progression whesatisfactory therapeutic effects

are achieved with the dopamine receptor agonisteal®ezak, 2007). Additionally,
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separate attempts have also been made to develmp fdrmulations and delivery

systems that can provide more continuous plasmeetirations of the dopamine based
drugs. A sustained release formulation of L-DOPA fua example been developed, but
disappointingly it failed to show any benefits ieducing motor complications when
tested in clinical trials (Steiger, 2008). Reseagtforts in this area are, however, still
continuing, and an intra-intestinal L-DOPA delivetgchnique is currently being

evaluated in clinical trials (Olanowet al., 2006). Rotigotine, a new long acting
dopamine receptor agonist delivered as a once gqmtgh has also recently been
approved and shown to be effective as a mono-tlyenagarly PD and as an adjuvant in
advanced disease (Rascol & Perez-Lloret, 2009Moiever, remains to be determined
whether the latter approach offers any benefitsenucing L-DOPA induced motor

complications.

1.4.2. Strategies aimed at Targeting Non-DopaminelgNeurotransmitter Systems

Another one of the current main research strategiesmed at developing new drugs
that can provide symptomatic relief for the motoymptoms in PD by
pharmacologically modulating non-dopaminergic tésga the brain. Receptors for a
number of different non-dopaminergic neurotransmnitlystems are localised not only
to nigrostriatal dopamine neurones but also tcousrnon-dopaminergic neural systems
that make up the rest of the basal ganglia cirgumvolved in motor function (Schapira
et al., 2006; Schapira, 2007; Fax al., 2008). It is thought that targeting of some of
these receptors might provide symptomatic reliePi either by modulating dopamine
release from nigrostriatal dopamine neurones orrerradtively by correcting
dysfunctional signalling in neuronal pathways ie thasal ganglia downstream of the
degenerating nigrostriatal dopaminergic pathway. ndémber of non-dopaminergic
drugs including, nicotinic acetylcholine receptogoaists, a, adrenergic receptors
antagonists, and adenosine A2 receptor antagdmsts all shown promise in animal
models of PD, but subsequently failed to signifttanmprove motor symptoms in PD
patients in clinical trials (Schapira, 2007; Sirgtal., 2007; Foxet al., 2008; Schapira,
2009). Furthermore, substantial current researfdrtefare also aimed at investigating
whether non-dopaminergic drugs might be able taicedthe motor complications
induced by L-DOPA when they are co-administerechwHDOPA. For example, it is
believed that glutamate hyperactivity in the stmmatmight be the cause of L-DOPA

induced dyskinesias, and NMDA and 2-amino-3-(5-ipleBioxo-1,2- oxazol-4-yl)
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propanoic acid (AMPA) receptor antagonists havenbeealuated for their ability to
reduce dyskinesias in PD patients in clinical $jabut they were shown to be
ineffective (Foxet al., 2008). Various subtypes of 5-hydroxytryptaminel % receptors

are localised throughout the basal ganglia cirguiind a number of different drugs
targeting S5HT receptors, including antagonistshat HT,, 5SHT,s, SHT,c receptors,
and agonists at 5HE receptors have been shown to reduce L-DOPA induced
dyskinesias in animal models, but they remain temuated in clinical trials (Schapira

et al., 2006; Foxet al., 2008).

1.4.3. Strategies Aimed at Developing Neurorestorige Cell Transplant Therapies

Over the last 30 years, substantial research sfftate been focused on developing a
neurorestorative cell transplant therapy for PD. discussed earlier, the motor
symptoms in PD results from the selective degeimeradf a specific subset of
dopaminergic neurones that are anatomically loedlisvithin the nigrostriatal
dopaminergic pathway, a distinct and well definedaaof the brain. These features
make PD a technically viable disease candidatecétlr transplantation therapies, as
only a single subset of neurones need to be trantgal into a single well defined target
site within the brain. The first evidence that dedinsplant therapies might be able to
restore motor function in PD was provided by expents in which allogeneic rodent
adult adrenal medullary or foetal mesencephalgugswas grafted into the dopamine
depleted striatum of 6-hydroxydopamine (60OHDA) d¢esid rats (Drucker-Colin &
Verdugo-Diaz, 2004). Foetal ventral mesencephalgsueé was used in these
experiments because it contains the embryonic doy@gic neurones that develop into
the nigrostriatal dopaminergic tract in adults. &ul medullary tissue, on the other
hand, was used because it is primarily composedeafoendocrine chromaffin cells
that are able to synthesise, store, and releasender of different catecholamine
neurotransmitters. Results from these studies dstradad that although only a small
percentage of the transplanted cells survived pailation of the surviving cells retained
a dopaminergic phenotype, and these neurones sprooerve terminals that
reinnervated the striatum (Snyder & Olanow, 2008)portantly the transplants also
alleviated the motor deficits present in the 60HIBSIoned rats. Over the course of the
following two decades, a number of both open ladali double blind randomised
clinical trials were subsequently carried out teess the effectiveness of these cell

transplantation approaches in PD (Snyder & Olar8@5). In these studies, a number
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of different transplantation techniques were usedgtaft either allogeneic adrenal
medullary tissue or foetal mesencephalic tissuainbtl from aborted foetuses into the
caudate putamen of PD patients. Post-mortem hgtabresults from some of these
studies demonstrated that, as was observed in riaelipical studies, only a small
number of the transplanted cells survived in theglterm (Snyder & Olanow, 2005).
Importantly, some of the surviving transplantedisc@&lere found to have retained a
dopaminergic phenotype, and these surviving dopamiao neurones sent out
projections that reinnervated the striatum. Howgwdisappointingly, although the
transplants alleviated motor deficits in some imdliial patients in the initial open label
studies, foetal mesencephalic transplants weredfawnt to provide significant clinical
benefits in all of the large double blind randordistudies (Drucker-Colin & Verdugo-
Diaz, 2004). Worryingly, the transplants also ingllicsevere and debilitating off-
medication dyskinesias in a large proportion of P patients that received the
transplants (Snyder & Olanow, 2005). A number gbdtheses have been put forward
to explain both the lack of efficacy of the traresgk and the dyskinesias induced by the
transplants. Some researchers have argued thafprimarily technical problems that
have limited the success of the trials carried tduis far, and it is believed that the
approach has the potential to offer significamickl benefit if the transplant techniques
are optimised to overcome these problems. It isjrfstance, believed that the lack of
efficacy of the transplants is due to an insuffiti@umber of the transplanted cells
surviving to provide a therapeutic degree of reimaton of the striatum (Correst al.,
2005). A number of different factors have also been forward as being potential
causes of the transplant-induced dyskinesias, dinajuuneven reinnervation of the
striatum by the transplanted cells, inflammatioouad the implantation site, and the
heterologous cell composition of the transplantéssue, which results in the
transplanted tissue containing not only dopamimergiurones but also several other
cell types (Correiat al., 2005). In the case of foetal mesencephalic ttansg the graft
tissue often contains large populations of seraotgioeneurones, and there is evidence
that release of serotonin by these neurones insthigum stimulates dysfunctional
signalling in the basal ganglia circuitry that lsad the transplant-induced dyskinesias
(Wakemaret al., 2011). Current research efforts are, therefdtepgting to develop a
transplant procedure that increases the surviviietransplanted cells, and which also

eliminates or reduces the factors that are thotmgimduce dyskinesias.
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However, even if an optimal clinically effectiveatrsplant procedure is
developed, the widespread use of ventral mesenkeptznsplants for the treatment of
PD would be prohibited by graft tissue supply caaists, as ~6-8 aborted foetuses of a
specific developmental stage is needed for eadspiant procedure (Taylor & Minger,
2005). Additionally, ethical issues prevent the o$dissue from aborted foetuses in
many countries. Therefore, in recent years, PD tralisplant research has focused
mainly on finding better sources of graft tissueemal rather than on optimising foetal
mesencephalic transplant procedures. Recent fiadivaye indicated that stem cells
hold the potential of being the ideal source oftgiasue for PD transplants. Stem cells
are undifferentiated progenitor cells, and it ifdwed that the capability of these cells
not only to self-amplify but also to differentiait@o a number of different cell types
means that they have the potential to provide dmite supply of dopaminergic
grafting material for transplants. A number of diffint types of stem cells are found
throughout the developing and adult body, and s@me pluripotent and able to
differentiate into any of the cells that make up tlody, while others are multipotent,
and only able to differentiate into a more limitedmber of cell types. A number of
different types of stem cells have been demonstratérave potential in PD transplant
therapies, including embryonic stem cells (ESC®ural stem cells (NSCs), and
induced pluripotent stem cells (iPSCs).

ESCs are pluripotent stem cells that are derivedh fthe inner cell mass of the
pre-implantation blastocyst. Protocols have beereldped to not only maintain and
expand ESCs in culture, but also to differentiakeent into neurones with a
dopaminergic phenotype. When these ESC-derived ndimgagic neurones are
transplanted into the dopamine depleted striatuanohals with nigrostriatal lesions, a
proportion of the dopamine neurones in the graftsomly survive but also reinnervate
the striatum, and, importantly, the grafts havenb@emonstrated to bring about a robust
improvement in the motor symptoms present in ttstofeed animals. A number of
different protocols are currently available to difntiate ESCs from mice, monkeys,
and humans into dopaminergic neurones, and, immuityte&ESC-derived dopaminergic
neurone transplants derived from all of the lafjpecies have also been shown to be
effective in animal models of PD, both in terms aiftaining reinnervation of the
dopamine depleted striatum and alleviating motdicide (Kawasakiet al., 2000; Kim
et al., 2002; Takaget al., 2005; Brederlagt al., 2006; Chunget al., 2006; Royet al.,
2006; Rodriguez-Gomeet al., 2007; Sonntagt al., 2007; Chibeet al., 2008; Choet
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al., 2008; Hedlundet al., 2008; Sanchez-Pernaute al., 2008; Frilinget al., 2009;
Lonardoet al., 2010; Krikset al., 2011). In the initial ESC transplant experimeii,
same two main problems were encountered with ES&s/edl from all of the
abovementioned species. Only a small number of dopagic neurones in the grafts
were found to survive in the long term, and thisswlaought to be mainly due to the
initial un-optimised differentiating protocols gng rise to poor yields of dopamine
neurones (Kawasalkt al., 2000; Kimet al., 2002; Brederlagt al., 2006). The second
major problem was that many of the grafts developetb teratomas after
transplantation (Kawasalt al., 2000; Kimet al., 2002; Royet al., 2006; Sonntagt
al., 2007; Chibaet al., 2008). Improved differentiating protocols haveywever,
subsequently been developed which have overconmedbdhese limitations. Optimised
differentiation protocols have been developed pinatluce a high yield of dopaminergic
neurones from mice, monkey and human ESCs, andntneased dopamine neuron
yields have been shown to give rise to increasedval rates after grafting (Kinet al.,
2002; Chungt al., 2005; Royet al., 2006; Sonntagt al., 2007; Chibeaet al., 2008; Cho
et al., 2008; Frilinget al., 2009; Lonardcet al., 2010; Krikset al., 2011). Additionally,
the risk of teratoma formation has been greatlyiced by using fluorescence-activated
cell sorting techniques to select only cells withcammitted neural lineage for
transplantation, and, by doing so, greatly reducthg number of tumourigenic
pluripotent stem cells that are included in a tpdenst (Chunget al., 2006; Hedlundet
al., 2008; Frilinget al., 2009). Alternatively, teratoma formation has dieen shown to
be eliminated or reduced through the use of redtivong differentiation protocols
which vyield transplants containing primarily positatic cells, and not many
undifferentiated cells with tumourigenic potentigonntaget al., 2007; Sanchez-
Pernautest al., 2008; Krikset al., 2011).

NSCs are multipotent stem cells that are commitbesl neural lineage, and they
are found in a number of different regions of tlealoping and adult brain. As with
ESCs, protocols have also been developed to diffiete NSCs derived from the
embryonic ventral mesencephalon of rats and hunzartsalso form the subventricular
zone (SVZ) of embryonic rats into dopamine neureneiched cultures, and NSC-
derived dopaminergic neurone transplants derivethfall of the latter species have
been shown to be effective in animal models of BDth in terms of obtaining
reinnervation of the dopamine depleted striatumallabiating motor deficits (Studet
al., 1998; Sanchez-Pernawteal., 2001; Shinet al., 2007; O'Keeffest al., 2008; Parish
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et al., 2008). A significant advantage that the NSC-datitransplants have over ESC-
derived transplants is that they appear to haverg lew tumourigenic potential, as no
teratomas have, thus, far, been recorded in anyhefstudies with NSC-derived
transplants. As with the ESC-derived transplantdy aninimal survival of the grafted
dopaminergic neurones was achieved with some ofirtil NSC differentiation
protocols (Studeet al., 1998; Sanchez-Pernawdeal., 2001; Shimet al., 2007). This
problem has, however, also been overcome by thentedevelopment of optimised
NSC differentiating protocols that give rise to ahg improved yields of dopaminergic
neurones, which after transplant demonstrate robosdt high levels of survival of
functional integrated dopaminergic neurones (O'feasgifal., 2008; Parislet al., 2008).

IPSCs are produced by converting differentiatednata cells into pluripotent
stem cells. This reprogramming of somatic cellg isiem cells is achieved by altering
transcription factor activity in somatic cells witthe use of genetic engineering
technigues and also by adding a number of diffedentifferentiation factors to the
cells (Wijeyekoon & Barker, 2009). These stem cblse the potential to become the
most favourable graft tissue source, as iPCSc laleeta yield autogeneic graft tissue;
and this would avoid all the problems of immunescépn that are associated with not
only foetal mesencephalic transplants but also wahsplants carried out with ESCs
and NSCs, as the currently available techniqueyg alibw the later two stems to be
derived from allogeneic sources. One group hasldpgd a protocol that not only
converts fibroblasts into pluripotent stem cellsit bvhich subsequently also brings
about the differentiation of a population of theseripotent cells into dopamine
neurones (Werniget al., 2008). Striatal transplantation of these iPSGveer cell
populations enriched for dopaminergic neurones BMHDA lesioned rats brought
about an improvement of motor function (Wermgal., 2008). However, although
some of the transplanted cells survived and alsoned a dopaminergic phenotype, it
was only a very small proportion of the transpldntells, and worryingly, some of the
cells were found to have developed into teratomaslike the ESC and NSC
techniques, optimised procedures, thus, still needoe developed for iPSCs to
overcome the above two issues.

Despite the tremendous progress that has, thudyelan made, clinical trials
with stem cell derived grafting tissue are, howewtifl a long way off, as substantial
pre-clinical testing in animal models of PD would beeded not only to develop an

optimal standardised grafting procedure that alldarsthe long term survival and
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integration of a sufficient number of dopaminergaurones into the striatum, but also
to extensively evaluate the effectiveness and paiethe procedure. Importantly, it

needs to be specifically demonstrated that a stdisga differentiation protocol and

transplantation procedure leads to robust and stemdly reproducible improvements in
motor function in animal models, and also thatghacedure has a low risk of causing
cancerous growths and other adverse effects sudysémesias.

1.4.4. Strategies Aimed at Finding Neuroprotectiv@reatments that can Slow

Disease Progression

In PD, there is a progressive loss of nigrostridtgyamine neurones over many years,
with motor deficits only appearing once more th&0% of dopamine neurones in the
SNc are lost (Dauer & Przedborski, 2003). A majwsrscoming of all of the currently
available treatments for PD is that they only pdevsymptomatic relief for the motor
symptoms of PD, and they do nothing to slow dows @hgoing degeneration of the
remaining functional dopaminergic neurones (Pete&ad\utt, 2008). The third main
current research strategy aimed at finding new rphaological treatments for PD is,
therefore, aimed at developing new treatments dhatable to slow down the ongoing
nigrostriatal degeneration in PD. Such neuroproteatrugs have the potential to bring
about the greatest therapeutic benefit, as unhkecurrently available therapies, they
would be able to slow down or halt disease progvassSo far, most rational drug
design strategies aimed at developing new neuregieé drugs for PD have aimed at
investigating the neuroprotective potential of dagethat either stimulate dopamine
neurone survivalgee section 1.5 belgwor drugs that counter one or more of the
putative aetiological causes of nigrostriatal degation in PD that have been
identified, thus far; including, oxidative stressitochondrial dysfunction, and neuro-
inflammation. Many agents that counteract the prggtathological processes involved
in PD have, indeed, been shown to have neuropnaeeffects in animal models of PD
including, for example anti-oxidants, anti-apopt@&gents, iron chelators, and inhibitors
of glutamate signalling (Thoboet al., 2005; Schapira, 2007; Singhal., 2007; Foxet
al., 2008; Schapira, 2009). A number of agents haw® #&#leen tested for their
neuroprotective potential in clinical trials, inding the following selected examples.
Coenzyme @ is a component of the electron transport chainiahds been tested in
clinical trials for its neuroprotective effects bdson the rationale that it might help to

correct the mitochondrial dysfunction present i@ BD brain (Hauser, 2010). A number
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of agents with anti-oxidant properties, includingamin E and the MAO-B inhibitors
have also been tested based on the logic thatntinglyt counteract the increased levels
of oxidative stress that is present in the PD SHu@¢r, 2010). However, unfortunately
no treatment has, thus, far, been conclusively shimwhave significant and clinically
relevant neuroprotective effects in clinical trialsth PD patients (Hauser, 2010).
Additionally, anti-inflammatory treatments might sal be able to provide
neuroprotection in PD, as a number of agents witiaflammatory activities have
been shown to have neuroprotective effects in dnimadels of PD, including
dexamethasone, cyclo-oxygenase-2 (COX2) inhibitongjocycline, naloxone, and
vasoactive intestinal peptide (Gabal., 2003; Liu, 2006). None of these drugs have
however been evaluated in clinical trials thus &ard as most of the aforementioned
drugs have additional pharmacological actions dloatt target inflammatory processes,
it remains to be conclusively shown that their opuotective effects do actually stem
from their anti-inflammatory effects rather thaarfr their other actions.

1.5. The Potential of Growth Factors as Neuroproteat/e Treatments for PD

It has long been known that neurotrophic growthdieechave the capability to stimulate
the survival of neuronal cells, and that the preseof specific growth factors in the
intact adult brain is essential in allowing for thervival of specific populations of
neurones (Dawbarn & Allen, 2003). For this reasmufstantial research efforts have
focused on evaluating whether neurotrophic growtitdrs might have neuroprotective
potential in PD, and recent pre-clinical findingsvh identified numerous neurotrophic
growth factors that do (Peterson & Nutt, 2008)s Ibelieved that neurotrophins will, at
worse, be able to stimulate the survival and fuumitig of the remaining dopamine
neurones, and, by doing so, potentially either loaltslow the progression of PD
(Peterson & Nutt, 2008). At best, neurotrophins hhiglso be able to stimulate the
regeneration of non-functional dopamine neuroresgjihg to a restoration of lost motor
function.

Pre-clinical experiments have identified a myriagdneurotrophins that have
potential in treating PD, including fibroblast gribwfactor-2 (FGF2), insulin like
growth factor (IGF), epidermal growth factor (EGEgnsforming growth factor alpha
(TGF-w), interleukins, TNFe, IFN-y, conserved dopamine neurotrophic factor (CDNF),
brain-derived neurotrophic factor (BDNF), and gligrived neurotrophic factor

(GDNF) (Unsicker, 1994; Peterson & Nutt, 2008).tBd¥se growth factors, GDNF has
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been investigated the most thoroughly (Kiek al., 2004). In rats and monkeys,
centrally administered GDNF protects nigrostrigl@bamine neurones against 60HDA,
and MPTP-induced cell death, respectively (Sullieaal., 1998; Grondiret al., 2002).

In an initial small clinical trial, GDNF significaly improved motor deficits in a group

of PD patients when delivered directly into thegmeén (Gillet al., 2003). However, in

a number of subsequent clinical trials, centraliveered GDNF failed to show any

benefit in late-stage PD patients (Kigkal., 2004). The lack of effect is believed to be
due to GDNF not reaching its target receptors opadune neurones, as a result of
limited diffusion from the infusion site. Thus, lattugh there are still some technical
problems to overcome to allow the effective deljvef neurotrophins, the results
achieved with GDNF have provided support for theaiveness of neurotrophins in

treating PD.

1.6. Neuroprotective Potential of FGF20 in PD

Fibroblast growth factor-20 (FGF20) has recentlgrb&lentified to be another growth
factor that could have neuroprotective potentialPiD (see section 4.1.5 for more
detailg. In the rat, mRNA for FGF20 is present in the eyobic midbrain, and in the
adult brain, FGF20 mRNA is localised in both the &M the striatum (Ohmac#ti al.,
2003; Grotheet al., 2004).In vitro, recombinant human FGF20 protects rat ventral
mesencephalic (VM) embryonic dopamine neurones nagaserum withdrawal,
glutamate toxicity, and 60HDA-induced cell deatth(@achiet al., 2000; Ohmachet
al., 2003; Murase & McKay, 2006). Moreover, evidenaaf biochemical and genetic
studies in humans have indicated that dysfunctgproh FGF20 signaling and also
fibroblast growth factor (FGF) signaling in genemaight play a role in the aetiology of
PD. In the SNc, the prototypic FGF family membdfGF2 is abundantly present in
post-mortem control brains, but nearly completddgemt in PD brains (Tooyanetal.,
1994), and a number of FGF20 SNP polymorphisms baes found to be associated
with an increased risk of PDdétailed in section 4.1)5 The above findings taken
together with results from post mortem studies shgWwGFR1 to be present in the
remaining SNc dopamine neurones of PD patients K@vadt al., 1998), provide
convincing support that exogenous application oFEGto the nigrostriatal tract might

have neuroprotective therapeutic potential in PD.
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1.7. Overall Aims of this Thesis

As detailed above and expanded on in more detdilnapter 3 gection 4.1.} recent
findings have demonstrated FGF20 to have neuragire¢epotential in PD, and the
main aim of this thesis was to further investigi@&F20’s neuroprotective effects on
dopamine neurones. FGF20 has previously been stmWave neuroprotective effects
on dopamine neurones vitro. And two of the primary aims of this thesis wdnestly,

to confirm FGF20’s previously reported vitro neuroprotective effects, by testing
whether FGF20 is able to protect VM embryonic dop@nmeurones against 60HDA,
and, secondly, to evaluate for the first time wkethGF20’s neuroprotective effects on
dopamine neurones are also presemvo, in the partially lesioned 60HDA rat model
of PD.

Prior to carrying out the planndd vitro andin vivo neuroprotection studies
with FGF20, it was important to ensure that FGF2@septors, the fibroblast growth
factor receptors (FGFRs) were, indeed, presenbth bf the abovementioned model
systems. Therefore, in Chapter 2, immunohistocheynstudies were carried out with
the aim of characterising, in detail, the coloaien profiles of FGF20, and the
FGFR1, 3, and 4 in both VM cultures, and in theasgyiatal tract of the rat brain.

In Chapter 3, 60HDA dose-response experiments waamged out with the aim
of establishing an appropriate partially lesion€dH®A rat model of PD in which
FGF20 could be evaluated for its neuroprotectivects on dopamine neuron@syvivo.
Furthermore, to successfully evaluate FGF20’s nwotective efficacyin vivo, it was
essential that a biologically active dose of thewgh factor was tested in the planned
neuroprotection study. Experiments were, thus, atsoried out — in which
phosphorylated extracellular regulated kinase-pRo¢$pho-ERK1/2) was used as a
marker of FGF20 stimulated FGFR activation - withe taim of identifying a
biologically active intra-nigrally delivered doséRGF20.

In Chapter 4, studies were carried firstly to confi FGF20’s in vitro
neuroprotective effects, by testing whether FGF2@ble to protect VM embryonic
dopamine neurones against 60HDA, and secondly tterdae if FGF20’s
neuroprotective effects are also presentivo, by evaluating whether FGF20 is able to
protect nigrostriatal dopamine neurones in theigfrtlesioned 60HDA rat model of
PD that was established in Chapter 3. Evidenaa simumber of studies has indicated

that one of the physiological roles of the endogsnBGF system in the nigrostriatal
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tract is to stimulate and maintain the survivalopamine neurones. An additional aim
of Chapter 4 was to determine if the endogenous §¥&kem does, indeed, play a role
in protecting nigrostriatal dopamine neurones byal@ating whether chronic
pharmacological inhibition of FGFR signaling poiates 60HDA-induced nigrostriatal
dopamine neurone degeneration in the rat.

In Chapter 5, cell viability studies were carriatt ,m PC12 cells with the aim of
investigating the signalling mechanisms mediatingFEQ’s neuroprotective effects
against 60HDA. More specifically, it was evaluatedether FGF20’s neuroprotective
effects are, indeed, mediated by the FGFRs, atldeaintracellular level, experiments
were carried out to determine if FGF20’s neuromite effects are mediated by the
extracellular regulated kinase-1/2 (ERK1/2) mitogetivated protein kinase (MAPK)
pathway. The heparin sulphate proteoglycans (HSRHfks) an important role in
modulating FGF signaling, and the HSPG, agrin wlmnapplied with FGF2,
potentiates both FGF2-stimulated ERK1/2 activatom neurite outgrowth in PC12
cells. In chapter 5 it was evaluated, firstly, wiegtagrin is able to potentiate FGF20
induced ERK1/2 activation, and, secondly, if agratentiates FGF20’s neuroprotective
effects against 60HDA toxicity in the PC12 cellsh¥d taken together, it was hoped
that the results generated from all of the studiedertaken as part of this thesis would
further research efforts aimed at characterisimgri@uroprotective potential of FGF20
in the treatment of PD.
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Chapter 2: Immunohistochemical Localisation of FGR20 and
FGFR 1, 3, and 4 in the Rat Nigrostriatal Tract and in
Ventral Mesencephalic Embryonic Dopamine Neurone

Cultures

2.1. Introduction

2.1.1. The Fibroblast Growth Factor Family

The fibroblast growth factor (FGF) family is a gpoaf structurally related polypeptide
growth factors, currently composed of 23 membe@;F23 (Reuss & von Bohlen und
Halbach, 2003). The prototypic FGFs, FGF1 and FGkZ2ge the first two FGFs to be
discovered, and were originally called acidic amagib fibroblast growth factor, due to
the acidic and basic iso-electric points associatéd the proteins, respectively, and
because of FGF2's mitogenic effects on fibroblgBisdlandet al., 1974; Esclet al.,
1985). When the FGF family was shown to contain emgus members, a nomenclature
was adopted in which each FGF family member isrdjsished by a numerical suffix
indicating the sequential order in which it wasntiieed. The molecular weight of the
different FGF family members varies between 17-3k&nd the family members all
share a similar general peptide structure, withetleing 13-71% amino acid homology
between the different members. The FGFs are disé&ib widely throughout most
tissues of both the developing and adult body, thieg function to regulate a diverse
range of physiological processes, including diffitiggion, mitogenesis, cell survival,
and angiogenesis (Eswarakunetal., 2005). In the central nervous system (CNS), the
FGFs play a crucial role in regulating the develepin of the brain during
embryogenesis (Dono, 2003; Thisse & Thisse, 208, in the adult CNS, the FGFs
have specifically been shown to regulate diffeimin, neural plasticity, and neuronal
survival in a number of different brain areas (Huwktein, 1994; Reuss & von Bohlen
und Halbach, 2003). In the neurogenic areas obth&, including the subventricular
zone and the subgranular zone, the FGFs play aroriemg role in regulating
neurogenesis (Dono, 2003; Reuss & von Bohlen unibadh, 2003). Importantly, the
FGFs have also been demonstrated to play a rakegulating the repair processes that
are initiated after injury of the nervous systeneBs & von Bohlen und Halbach,
2003).
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2.1.2. The Fibroblast Growth Factor Receptors

The FGFs mediate their biological effects by adihgatheir membrane bound receptor
tyrosine kinases (RTKSs), the FGFRs. There are $olntypes of FGFRs referred to as
the FGFR-1, 2, 3, and 4, and all four subtypescamposed of ~820 amino acids
(Johnsoret al., 1990). The FGFRs have a general structure sitaildrat found in most
other RTKs. Thus, they consist of an extracelllNaerminal ligand binding domain, a
single transmembrane domain, and an intracellukéer@inal domain containing the
protein kinase catalytic activity of the recept@runique feature of the FGFRs is the
presence of three immunoglobulin (Ig)-like domainsthe extracellular C-terminal
domain of the receptor€ig. 2.1). The Ig-like domain closest to the N-terminaltioé
receptor is referred to as D1, while the middle andamembrane Ig-like domains are
called D2 and D3, respectively (Johnsbml., 1990). The peptide sequence linking D1
and D2 is rich in acidic residues and is refereds the acid box. There is a relatively
high degree of amino acid sequence homology betwhkenfour FGFR subtypes
(Eckenstein, 1994). In the D1, D2, and D3 Ig-likendhins, the degree of sequence
homology ranges from 19-40%, 61-79%, and 74-81%véen the 4 receptor subtypes,
respectively. As expected the highest degree ohamacid sequence homology (75-
92%) is found in the tyrosine kinase domains offtd-Rs.

Different isoforms of each of the FGFR subtypeseheen shown to exist.
Each FGFR subtype is coded for by a single gergk aliarnative splicing of the genes
gives rise to the different isoforms. The FGFR1a2d 3 all exist as two prototypical
FGFR isoforms, referred to as the b and c isofo(dahnsonet al., 1991). The C-
terminal half of the D3 Ig-like domain of the FGFRnly coded for by a single exon.
The juxtamembrane half of D3, on the other hand,lm&acoded for by either exon 8 or
exon 9 of the FGFR gene, giving rise to the b antsaforms of the receptor,
respectively [Fig. 2.1). The D3 domain plays an important role in ligandding, and
accordingly the b and c isoforms display substadiféerences in their affinities for the
various FGF ligands (Yayod al., 1992). It appears that the FGFR4 (Johnetoal .,
1991) does not exist as these prototypical b asdforms, but 3 alternative isoforms of
this receptor have nevertheless also been idehiffian Heumeret al., 1999; Ezzatt
al., 2001; Kwiatkowskiet al., 2008). All 3 of the additional FGFR4 isoforms bawen
shown to consist of C-terminal truncated forms teg FGFR4. Two of the isoforms
results from the alternative splicing of intron dfthe FGFR4 gene (van Heumetrel .,

1999), while one is the product of an mRNA splicariant lacking exon 16
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(Kwiatkowski et al., 2008). Furthermore, in addition to the membraaend FGFRs,
soluble forms of the FGFR subtypes have also béemtified (Root & Shipley, 2000).
Their function is not well understood, but it isotlyht that they might be secreted
extracellularly, where they could modulate FGFRivation by competing with
membrane bound FGFRs for binding of FGFR ligands.

Figure 2.1. Structure of the FGFRs

Acid Box —*

— If exon 9 =c¢ isoform

=== If exon 8 =b isoform

TM domain

Y463P

PTK domain

Figure 2.1. General structure of the fibroblast growth
factor receptors (FGFRs). Similar to other receptor
tyrosine kinases (RTKs), the FGFRs are composed of
an extracellular N-terminal ligand binding domain, a
single transmembrane (TM) domain, and an
intracellular C-terminal domain containing the protein
tyrosine kinase (PTK) activity. A distinguishing feature
of the FGFRs is the presence of 3 immunoglobulin
(Ig)-like domains (D1-D3) in its N-terminal domain. A
run of acidic residues (the acid box) connects D1 to
D2. Alternative splicing of genes coding for the
FGFR1-3 subtypes give rise to b and ¢ isoforms for
each of these receptors. C-terminal tyrosine (YY)
autophosphorylation sites are depicted.
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2.1.3. Localisation of the FGFs in areas of the Bna other than the Nigrostriatal
Tract

Of the 23 FGFs, 13 have so far been localisedd@ttult brain including, FGF1, FGF2,
FGF4, FGF5, FGF8, FGF9, FGF10, FGF14, FGF20, FG&2@,FGF23 (Beast al.,
1991; Goldfarbet al., 1991; Kuziset al., 1995; Yamamotet al., 2000; Yamashitat
al., 2000; Nakataket al., 2001; Hajihosseingt al., 2008; Shakkottagt al., 2009). Of
these 13, the mRNA and protein localisation prefdé only FGF1 and FGF2 have been
comprehensively characterised in the rodent braingun situ hybridization and/or
immunohistochemistry (Gonzalez al., 1995; Kuziset al., 1995). The localisation
profile of FGF10 in the mouse brain has been cohgmsively studied using a
genetically transfected FGF10 reporter gene sygtéajihosseiniet al., 2008). FGF1
and FGF2 mRNA and protein have been shown to higldited widely throughout the
brain, with both being found in nearly all areastloé brain (Gonzaleet al., 1995).
Additionally, FGF2 was shown to be present in neal cell types found in the CNS,
including neurones, glial cells, ependymal and pehdymal cells, endothelial cells, as
well as cells that make up the meninges (Gonzelest., 1995). FGF1, on the other
hand, appears to be preferentially found in glels; although it is also present in some
neurones (Kuzist al., 1995). FGF10 was found to be expressed in thebedum,
thalamus, hindbrain, hippocampus, telencephaloppttmylamus, pituitary gland, and
also in ependymal cells (Hajihosseidi al., 2008). In non-comprehensive studies
utilising in situ hybridisation studies, FGF5 was localised to thpptcampus,
thalamus, and the cerebral cortex (Goldfetral., 1991), while FGF23 was localised to
the ventromedial thalamic nucleus (Yamaslatal., 2000). In another study, FGF14
MRNA and protein was shown to be present in gramué purkinje cells in the
cerebellum (Shakkottat al., 2009).

2.1.4. Localisation of the FGFRs in areas of the R&8rain other than the

Nigrostriatal Tract

Usingin situ hybridisation, the mRNA expression patterns of 4hEGFRs have been
comprehensively characterised in the adult ratnbiraia number of studies (Wanaéa
al., 1990; Yazaket al., 1994; Belluardeet al., 1997). The latter studies found only the
FGFR1, 2, and 3 to be expressed in the rat brath, mRNA for FGFR4 being found to

be undetectable in all areas of the brain. Redadtinigs have, however, shown this to
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be incorrect, as it has been robustly demonstrétetl mMRNA for the FGFR4 is
abundantly present in the medial habenula (MHB)enelFGFR4 mRNA is expressed
in cholinergic neurones (Miyake & Itoh, 1996). lontrast to FGFR4, FGFR1, 2, and 3
have been shown to have a widespread distributiothe brain, with mRNA for all
three of the receptors being present in numeraustates within the telencephalon,
diencephalon, mesencephalon, metencephalon, andemgehalon (Yazaket al.,
1994; Belluardoet al., 1997). All three of the receptors are particylaabundantly
expressed in the lower brainstem and the cerebelliimthe diencephalon and
telencephalon — with the exception of the hippocafigrmation — mRNA encoding the
receptors is expressed at substantially lower $ewehot at all. Furthermore, mRNA for
FGFR1, 2, and 3 is expressed abundantly in sepésaliologically and pathologically
important nuclei, including the substantia nigraN)Sthe locus coeruleus (LC), the
dorsal raphe nucleus (DRN), and two cholinergicleiu@¢he pedunculopontine and
laterodorsal tegmental nuclei) (Wanadtaal., 1990; Yazakiet al., 1994; Belluardaet
al., 1997). Moreover, in most areas of the brain, FGFRRNA was shown to be
present predominantly in neurones, although itl$® dound at low levels in non-
neuronal/glial tissues and cells (white matter, mater, the choroiglexus, and
ependymal cells) (Wanalat al., 1990; Yazaket al., 1994; Belluardcet al., 1997). In
contrast, it appears that FGFR2 and FGFR3 mRNAaisijnfound in glial cells.

Thus far, the localisation profile of only the FGEFRrotein has been
systematically characterised in the rat brain withhunohistochemistry (Chadashvili &
Peterson, 2006). In this study, the localisatiaofifg of the FGFR2 protein was shown
to be comparable to its mMRNA expression profiletress FGFR2 protein was found to
be present in most areas of the brain. The FGFB®iprwas demonstrated to only be
present in astrocytes in all of the areas evalyatedfirming the assertion made in
previousin situ hybridisation studies that FGFR2 mRNA is prefeiadhyt expressed in
glial cells (Wanakaet al., 1990; Yazakiet al., 1994; Belluardoet al., 1997).
Immunohistochemical studies describing localisaparfiles of FGFR1, 3, and 4 in the
brain are currently lacking. FGFR1 protein has, &éeasv, been reported to be present in
astrocytes in the cerebral cortex (Clageal., 2001), and in the ventral tegmental area,
where FGFR1 was shown to be present in dopamin&a®iergic neurones, and also
in astrocytes (Florest al., 2010). Another study has characterised the Isatidin of
FGFR1 and 3 in the hippocampus (Ferrer & Marti, 8)9%GFR1 was shown to be
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present in nearly all of the hippocampal neurondgsle FGFR3 was only present in
astrocytes within the hippocampus.

2.1.5. Localisation of the FGFs and the FGFRs in thNigrostriatal Tract of the Rat

Brain

An important physiological role for the FGF systamthe nigrostriatal dopaminergic
tract is suggested by the abundant presence ofrdbberuof FGFs and FGFRs in this
pathway. Thus far, 5 of the FGF family members hasen detected in the nigrostriatal
tract of the brain, FGF1, 2, 8, 9, and 20. As wither areas of the brain, the localisation
profiles of the prototypical FGFs, FGF1 and FGF&hiw the nigrostriatal tract have
been characterised the most thoroughly. FGF1 arfeRRGBRNA and protein have been
localised to both the SN and the striatum (Betaat., 1991; Kuziset al., 1995; Claust
al., 2004), and in the SNc, both FGF1 and 2 spedi§idtatalizes to dopamine neurones
(Beanet al., 1991; Claut al., 2004). In both the SN and striatum, it appeaas HGF1

iIs mainly present in neurones, while FGF2 is foumdoth neuronal and glial cells
(Beanet al., 1991; Kuziset al., 1995; Claust al., 2004). The striatal localisation of
FGF1 and 2 have been demonstrated in only theKiatig et al., 1995; Claust al.,
2004), while the nigral localisation has been shawtine rat, monkey, and human brain
(Beanet al., 1991; Kuziset al., 1995; Claust al., 2004). FGF8, 9, and 20 have only
more recently been shown to be present in the stigatal tract, and their localisation
profiles have, thus far, been characterised lesgoshensively. In the human brain, the
FGF8 protein has been localised to dopamine nearonthe substantia nigra (Tanaka
et al., 2001), whereas the FGF9 protein has been showe fwesent in the SN and in
the striatum in both the human and the rat bramd@let al., 1998). In the rat brain,
FGF9 was found to be present mainly in neuronesinviioth the SN and striatum, with
only a few astrocytes staining weakly positive F@3F9, and in the human nigrostriatal
tract, reactive astrocytes stained positive for $GFodoet al., 1998). In the rat brain,
MRNA for FGF20 has also been shown to prefereptialtalise to the SNc and the
striatum (Ohmachet al., 2003; Grotheet al., 2004).

Both in situ hybridisation and PCR studies have demonstratadttie mRNA
transcripts encoding FGFR1, 2, and 3 are preseroth the striatum and the SN
(Yazakiet al., 1994; Gonzaleet al., 1995; Belluardat al., 1997; Claut al., 2004). In
the Clauset al., 2004 study, it was also specifically evaluated@FR4 mRNA is
present in the striatum and SN, but none were thtedtn the SNc and SNr, FGFR1

MRNA was present at moderately high levels in gdaercentage of the neuronal cells
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that were present in the area, whereas FGFR2 anBSA were expressed at low to
moderate levels in a small percentage of the gélé present in the area (Belluareto
al., 1997). In the striatum, FGFR1 mRNA was not detett all, while mRNA for both
FGFR2 and 3 were detected, but again only in gbis.

The localisation profile of the FGFR1 and 2 progseihave also been
characterised by immunohistochemistry in the nigia=l tract. In the human brain,
contrary to the previously reported mRNA expressiesults described above, the
FGFR1 protein has been shown to be present inKleenSt only in dopamine neurones,
but also in a subset of astrocytes (Walkteal., 1998). In the nigrostriatal tract of the rat
brain, both the FGFR1 and 2 proteins have beendféaiibe present in the SN and the
striatum (Gonzalezt al., 1995; Chadashvili & Peterson, 2006; Murase & MgKa
2006). The FGFR2 protein was shown to be presastigixely in astrocytes in both the
SN and the striatum. In the SN, FGFR2 was localisexktrocytes in both the SNc and
SNr, and in the striatum, the FGFR2 protein wasdbin astrocytes within both the
white and grey matter.

The immunohistochemical characterisation of thealisation profiles of the
FGFRs within the nigrostriatal tract, however, ramancomplete. In the nigrostriatal
tract of the rat brain, no reports have, thus tamprehensively characterised the
localisation profiles of the FGFR1, 3, and 4 pnasewithin the nigrostriatal tract of the
rat. While in the nigrostriatal tract of the humlarain, the localisation profiles of the
FGFRL1, 2, 3, and 4 proteins still need to be charsed in the striatum. In the human
SN, only the localisation profile of the FGFR1 miothas been characterised, and the
localisation profile of the FGFR2, 3, and 4 prosgirthus, still also need to be
characterised comprehensively. Additionally, althfiotrGF20 mRNA has been shown
to be localised to the striatum and the SN of #ite there are currently no published
immunohistochemical studies confirming that the BGFprotein is, indeed, present

within the nigrostriatal tract.
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2.2. Objectives

2.2.1. Objective 1. Characterise the Immunohistoctmeical Localisation Profiles of
FGF20 and FGFR1, 3, and 4 in the Rat Nigrostriatallract and in Ventral
Mesencephalic Embryonic Dopamine Neurone Cultures

In studies carried out as part of chapter 4 of thiesis, FGF20’s ability to protect
dopamine neurones against 60HDA toxicity in VM auws and in the 60HDA
lesioned rat model of PD was evaluated. Prior toygay out these studies, it was
important to ensure that FGF20’s receptors, theRGkere, indeed, present in both of
these model systems. Using immunohistochemistogies undertaken as part of this
Chapter aimed to characterise, in detail, the @isation profiles of FGF20, and the
FGFR1, 3, and 4 in both VM cultures, and in therwostriatal tract of rats. The
localisation pattern of FGFR2 was not characteribedause a previous study has
already comprehensively described the localisgtiafile of this receptor within the rat

nigrostriatal tract.
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2.3. Methods

2.3.1. Preparation of Paraffin Wax Embedded Rat Brain Sections for

Immunostaining
2.3.1.1. Paraffin Wax Embedding of Rat Brain Tissue

Naive male Sprague Dawley rats (Harlan, UK) weightt250g were intra-cardially
perfusion fixed and their brains removed and embéddad paraffin wax using the
procedure described in detail below. Rats were adtered with an overdose (5mg/kg,
I.p) of pentobarbital (Euthatal), and once a swigptane of anaesthesia — tested for by
the loss of a hindlimb withdrawal reflex — was tead, the rat’'s abdominal and thoracic
cavities were exposed through a laparotomy andattmbomy, respectively. The main
blood vessels supplying the gastrointestinal tveete punctured so as to serve as an
outlet for the systemic blood, which needs to bead out of the cardiovascular
system prior to perfusion with para-formaldehyd&AR The rats were then intra-
cardially perfused with ~200ml of ice cold PBS swln (pH7.6) to clear as much blood
from the circulatory system as possible, and tHeeavith ~200ml of ice cold 4% PFA
solution (dissolved in 0.9% NaCl, pH 7.6) to fixetlbrainin situ. Next, the PFA
perfused brains were carefully removed from thdlskud kept in a 4% PFA solution
for a further 4 days at 4°C to ensure completetifixaof the entire brain. The brains
were then cut to produce single blocks of braisusthat contained both the entire SN
and striatum. This was done by cutting off the bellam at the caudal end of the
brains, and ~3cm of brain tissue at the rostraladritle brains.

The blocked rat brains were then placed into plasissettes and embedded in
paraffin wax using a Leica automated tissue praegssachine. To dehydrate the brain
tissue, the brain blocks were immersed and agitatetix 2hr session in 90% industrial
methylated spirits (IMS), and then for 3x 2hr sessiin 100% IMS, with solution
changes separating each session. To clear theshithiey were next immersed and
agitated in a 50% xylene: 50% IMS solution for Ix 2ession, and then in a 100%
xylene solution for 3x 2hr sessions. Next, therwawvere infiltrated with paraffin wax
by immersing and agitating them in a paraffin wabugson kept at between 56-58°C for
2x 2hr sessions, with solution changes separating session. Finally, the paraffin wax
embedded brains were mounted into wax blocks bitipomg them in tissue moulds,
filling the moulds with wax, and then leaving theulds at 4°C to allow the wax to set

into blocks.
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2.3.1.2. Preparation of Nigral and Striatal TissueSections from the Paraffin Wax

Embedded Rat Brains for Immunohistochemical Stainiig

8um thick coronal sections of the wax embeddednbravere cut at RT with a

microtome at the rostro-caudal levels containing &N and the striatum. For each of
these areas, serial sections were taken of theeeBN and striatum, so that sections
were obtained for each area from a caudal, medlnal, rostral level. After cutting the

sections, they were transferred into a water bafit kt ~45°C, in which they were left

to float on the water surface for a few minutesiuhe sections had expanded fully.
Sections were then transferred onto Superfrost Blass microscope slides, firmly

pushed down against the slide using blotting pajsnpened with 30% IMS, and

incubated at 37°C for 1h to strengthen the adhesidhe sections to the microscope
slides.

The brain sections were then prepared for immunotiiemical staining, firstly,
by de-waxing and dehydrating them. Sections wemaeamsed in 100% xylene for 2x
5min time-periods and subsequently immersed in 100% for 4x 2min time-periods,
with solution changes separating each immersioe. ddttions that were stained using
the horseradish peroxidase (HRP)/diaminobenzidiDAB|) avidin-biotin complex
(ABC) indirect staining method were then immersed fOmin in a 3% b, solution
(dissolved in HO) to inactivate any endogenous peroxidase activitgereafter,
antigenicity was restored in the sections withuke of citric acid antigen retrieval. This
was done by boiling the de-waxed sections in accécid (1M, dissolved in d}O,
pH6.0) solution for ~8min in a microwave pressuveker. After this, the sections were
removed from the citric acid solution and thoroygtihsed in dHO to wash away any
remaining buffer solution. Excess #Bl was removed from the slides/sections by
dabbing them lightly on blotting paper, after whighPAP pen was used to apply a
hydrophobic barrier around each brain section.i®estwvere then incubated in blocking
buffer (1% bovine serum albumin (BSA) and 10% Nakssolved in 0.5M tris buffered
saline (TBS), pH7.6) for 10min to block non-speciinding sites.
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2.3.2. Culturing and Preparation of Ventral Mesencphalic Cultures for

Immunofluorescence Staining

2.3.2.1. Coating of Glass Coverslips with Poly-D4yne for Use in Cell Culture

Experiments

13mm glass coverslips were coated with poly-D-lgsiBatches of ~300 coverslips
were immersed and agitated in an 80% ethanol soldtr 2h at RT to sterilise the
coverslips. The coverslips were then rinsed 3x witrile dH0 to remove all traces of
ethanol. Thereafter, the coverslips were immerset agitated in a 0.1mg/ml poly-D-
lysine solution (made up in @dB) for 3h at RT. The coverslips were then againh&ds
3x in dHO, this time to remove any unbound poly-D-lysinbeTpoly-D-lysine coated

coverslips were then stored in gMin a sealed sterile container kept in the fridge.

2.3.2.2. Preparation of VM Cell Suspension for Platg

Pregnant female time-mated rats incubating E15erabryos (Harlan, UK) were
anaesthetised using carbon dioxide. Once the mashed a surgical plane of
anaesthesia — checked for by loss of the hindlieflex — a laparotomy was carried out,
and the rat embryos removed and placed in a PBSi@olkept on ice. Around 10-15
embryos were usually obtained from a single pregfemale rat. Under a dissecting
microscope and under sterile conditions, VM brassue was dissected out from the
developing brains of each of the individual rat eyols, and all of the individual pieces
of VM brain tissue originating from the same mothere pooled together in 1ml of ice
cold sterile Dulbecco’s phosphate buffered saliDePBS). The dissected VM tissue
was washed 3x with D-PBS, and then incubated i6%.2ypsin (dissolved in D-PBS)
at 37°C for 10min. 8ml of foetal bovine serum (FBS¥itive (FBS+) cell culture media
(Dulbecco’s modified eagles medium (DMEM) Glutamavedia supplemented with
10% foetal bovine serum (FBS), 100 units of pelgiland 100g/ml of streptomycin)
was added to the tissue suspension, and the suspem@ntrifuged for 2min at 400g.
The supernatant was discarded, and the cells pesded in 1ml of FBS+ cell culture
media. The cell suspension was triturated usingrad polished pasteur pipette until a

single cell suspension was obtained.
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2.3.2.3. Quantification of Cell Densities using Trgan Blue Cell Exclusion

The number of viable cells present in the 1ml VNI saspension was then quantified
using trypan blue cell exclusion. A 50ul aliquottbe 1ml VM cell suspension was
pipetted into an eppendorf tube. 50ul of a 0.04%6an blue solution was added to the
50ul of cell suspension and the resulting 100tsmh triturated to ensure that the cells
were evenly distributed throughout the solution.Oph of the trypan blue cell
suspension was then pipetted into the counting bleamf a haemocytometer, ensuring
that the chamber was filled completely. The follogvimethod was then used to
calculate the total number of cells that were presethe original 1ml cell suspension.
Using an inverted phase contrast microscope, tiebeu of cells present in 4 different
haemocytometer counting cells were counted. Theseuits were summed, and the
resulting value multiplied by the dilution factavhich was 2 in this case. Finally, this
value was then multiplied by 10000 to give the ltotamber of cells that are present in
the 1ml of cell suspension.

2.3.2.4. Plating of VM Cultures onto Poly-D-Lysinecoated Glass Coverslips

In all VM cell culture experiments, cells were tglh onto 13mm poly-D-lysine coated
glass coverslips by transferring 500ul of cell sunspon, prepared at an appropriate
concentration, into each well of a 24 well tissuéuoe plate. To achieve this, the 1ml
of cell suspension was diluted so that each 500pélb suspension contained the same
number of cells as was desired to be present ih eatl. As cells were plated at a
density of 300000 cells/coverslip in all of the VBulture experiments, the 1ml
suspensions of cells were, thus, diluted as to givinal concentration of 300000
cells/500ul of cell suspension. The diluted cebmnsion was thoroughly mixed to
ensure that the cells were evenly distributed thihout the solution. Finally, the cells
were then plated onto 13mm poly-D-lysine coatedecships placed inside the wells of
a 24 well NunC tissue culture plate. To do thisQppOaliquots of the appropriately
diluted cell suspensions were slowly applied todbeerslips as repeated drops, which
were positioned as to ensure that the cells westeilalited evenly over the entire surface
of the coverslip. The plated VM embryonic neurcaiures were then left to grow in a
cell culture incubator under standard conditio$C3 95% humidity, and 5%CGQuntil

the cultures were used, with old media being reggarith fresh media every ~3 days.
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At 6 days in vitro (DIV6), cultures were fixed biyaubation in ice cold 4% PFA
for 10min. The cultures were then washed in TBSeamove all traces of the PFA
solution, and then kept in TBS in the fridge untihey were used in

immunohistochemistry experiments.

2.3.3. Localisation of FGF20 and FGFR1, 3, and 4 ithe Rat SN and Striatum
using ABC-HRP/DAB Immunohistochemistry

In initial immunohistochemistry experiments, stlaand nigral coronal rat brain
sections were stained with the horseradish persgidBlRP)/diaminobenzidine (DAB)
avidin-biotin complex (ABC) indirect staining methto determine whether each of the
antigens (FGF20, and FGFR1, 3, and 4) were préséimé SN and striatum, and also to

characterise the general staining pattern for e&tfe antigens in these regions.

2.3.3.1. Application of Primary and Secondary Antilodies

Previously prepared rat brain sectioas (letailed in section 2.3..vere incubated in

blocking buffer (1% BSA and 10% NaAz dissolved iBN TBS, pH7.6) for 10min to

block non-specific binding sites. The blocking ¢mio was removed, and to localise
FGF20, sections were incubated with a rat monotlana-FGF20 primary antibody

(R&D systems, MAB2547, 1/50) at RT overnight. Tacdbse FGFR1, 3, and 4,
sections were incubated overnight at RT with rabbii-FGFR1 (sigma, F5421, 1/50),
anti-FGFR3 (Santa Cruz Biotechnology, sc-9006, J1/90 anti-FGFR4 (Santa Cruz
Biotechnology, sc-123, 1/50) primary antibodiesspextively. In all cases, sections
were then washed in TBS (0.5M TBS, pH7.6) for 10rtonremove any unbound
primary antibody, and antigen localisation visuadisvith the HRP/DAB/ABC method.

For FGF20 staining, sections were, thus, subselyusmubated with a goat anti-rat
biotinylated secondary antibody (Vectorlabs, BA-Q4@/200) for 2h at RT. For

FGFR1, 3, and 4, sections were incubated with akepranti-rabbit biotinylated

secondary antibody (Vectorlabs, BA-1000, 1/200)Xormat RT.

2.3.3.2. Visualisation of Staining using the HRP/DB ABC Method

An avidin-biotin-HRP complex was freshly preparesing a Vectorlabs ABC kit
(Vectorlabs Ltd., UK). This was done by mixing/dihg solution A (Avidin-OH) with
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solution B (biotinylated HRP) in an appropriateéaah TBS (10ul of solution A and B
was added to every 1ml of 0.5M TBS, pH7.6). Sestimere washed for 10min in TBS
to remove any excess unbound secondary antibodlythen incubated for 1h in the
freshly prepared avidin-biotin-HRP complex to alltwe complex to conjugate to the
biotinylated secondary antibody bound in the sestiGections were washed in TBS to
remove any excess unbound avidin-biotin-HRP congdekinally, antigen localisation
was visualised by incubating the sections in a %.0BAB/0.03%H0, solution
dissolved in TBS (0.1M TBS, pH7.6) for 10min. Thésults in a brown coloured stain
developing in the close vicinity of the antibodydtised antigen, as the HRP enzyme
converts DAB into a brown coloured water insoluplecipitate in the presence of
hydrogen peroxide. Following this, sections wemaaeed from the DAB solution and
thoroughly washed in di® to remove any remaining DAB solution from thedes.
Sections were subsequently counterstained with asmeylin to visualise cell nuclei.
The sections were immersed in a Mayer’'s haematmsgiution (0.1% haematoxylin,
5% alum, 0.02% sodium iodate, 2% acetic acid, tiresbin dHO) for ~ 90sec, and
thereafter, the sections were thoroughly washet ditO, and staining differentiated
by immersing in a differentiation solution (0.5% HG@issolved in 70% IMS) for
~60sec. Thereafter, sections were firstly dehydréte immersing them in 100% IMS
for 4x 2min time-periods, and then subsequentlgrelé by immersing them in 100%
xylene for 2x 5min time-periods, with solution clga@s separating each immersion
period. Glass coverslips were then finally mounteoh top of the
immunohistochemically stained sections using thelrdyghobic mountant, dibutyl
phthalate in xylene (DPX). Images of the HRP/DARirs¢d sections were acquired
using a standard Zeiss bright field microscopedittvith an Axiocam colour camera

and using Axiovision image analysis software.

2.3.4. Immunofluorescence Colocalisation Experimestin Ventral Mesencephalic

Cultures and Rat Brain Sections

In all of the immunofluorescence colocalisation exments carried out, FGF20 and
FGFR1, 3, and 4 localisation were visualised usiag 3 step indirect
immunofluorescence method employing a biotinylatedondary antibody conjugated
to a 594 fluorophore-streptavidin complex. Previpysepared rat brain sectionas(
detailed in section 2.3)1or ventral VM culturesds detailed in section 2.3.2vere

incubated with blocking buffer for 10min at RT tlmtk non-specific binding sites. The
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blocking buffer was removed, and to localise FGH2®@ rat brain sections or VM
cultures were then incubated with a rat monoclanéitFGF20 primary antibody (R&D
systems, MAB2547, 1/50) at RT overnight. To loalisGFR1, 3, and 4, rat brain
sections or VM cultures were incubated overnigiRatwith rabbit anti-FGFR1 (sigma,
F5421, 1/50), anti-FGFR3 (Santa Cruz Biotechnol®gy9006, 1/50), or anti-FGFR4
(Santa Cruz Biotechnology, sc-123, 1/50) primarybendlies, respectively. The sections
or VM cultures were then washed with TBS, and fapeximents with FGF20,
incubated for 1lhr at RT with a goat anti-rat bigltated secondary antibody
(Vectorlabs, BA-9400, 1/200). For experiments WiBFR1, 3, and 4, sections or VM
cultures were incubated with a donkey anti-rabbdtibylated secondaryantibody
(Vectorlabs, BA-1000, 1/200). Thereafter, in albes, sections or VM cultures were
washed with TBS and incubated for 1hr at RT withilumrescent AlexaFluor-594
streptavidin complex (Invitrogen, S11227, 1/1000).

For FGF20 colocalisation experiments with TH, gfidrillary acidic protein
(GFAP), or ionised calcium binding adapter moleculgbal), sections or VM cultures
were washed with TBS and subsequently incubated aitabbit polyclonal anti-TH
(AB152, Millipore, 1/1000), anti-GFAP (Dako, Z0334/500), or anti-lbal (Wako,
019-19741, 1/500) primary antibody for 1h at RTSpectively. Thereafter, sections or
VM cultures were washed with TBS, and in all of Hi®ve cases, they were incubated
for 1h at RT with a donkey anti-rabbit-488 fluorest secondary antibody (Invitrogen,
A21206, 1/1000) solution containing Hoechst 33258ha, B2883, 1ug/ml).

For all of the FGFR colocalisation experiments witH, GFAP, and human
neuronal protein (HUCD), sections or VM culturesrevavashed with TBS and
subsequently incubated with a mouse monoclonal-Tatti(Chemicon, MAB318,
1/1000), anti-GFAP (Sigma, G3893, 1/1000), or &heD (Molecular Probes, A-
21271, 1/1000) primary antibody at RT for 1h, retpely. Thereafter, sections or VM
cultures were washed with TBS, and in all casesy there incubated for 1h at RT with
an AlexaFluor-488 goat anti-mouse fluorescent aatyb(Invitrogen, A11029, 1/1000)
solution containing Hoechst. The immunofluorocheattjc stained rat brain sections
and VM cultures were then washed in TBS, and imateti mounted with glass
coverslips or onto glass microscope slides, respdgt using the hydrophilic anti-fade
mountant, mowiol 4-88. Fluorescence images wegelieed in all cases using a Zeiss
Apotome fluorescent microscope and Axiovision imaaelysis software. For all

colocalisation experiments, 2D images were acquireth a single z plane. Three
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images were acquired from each area of intere#, the first, second, and third image
being taken using narrow bandpass filters fdpechst, AlexaFluor-488, and
AlexaFluor-594 fluorescent dyes, respectively. Phaovision software automatically
assigned images taken with filter set 1, 2, and &reen, blue and red colour,
respectively. Once acquired, the three images wexe saved as three separate JPEG
files. Using Adobe Photoshop, the image clarityath of the three images taken from
a specific area of interest was then optimised re¢glg by making global adjustments
in the contrast, brightness, and levels of the Esadhereafter, Photoshop was used to
produce a merged image from the 3 optimised imaesalso to annotate the images.

‘No primary antibody’ control experiments were ¢adr out with all of the
abovementioned secondary antibody combinations thate used in both the
immunohistochemistry and immunofluorescence expamisy to confirm that the
secondary antibodies themselves did not give wsany non-specific staining when
applied in the absence of any primary antibodiesacBy the same staining protocol
was followed in these control experiments to thedduin the actual experiments, with
the only difference being that the sections wereimmubated with any of the respective
primary antibody combinations, and control staingxgperiments were carried out with
all of the respective brain/cell sample preparaian which the the antibody
combinations were used, including nigral and sdltiasections, and/or ventral
mesencephalic cell culutres. Results from the ocbetxperiments demonstrated none of
the secondary antibody combinations to producenamyspecific staining when applied
in the absence of primary antibody.

2.3.5. Drugs and Chemicals

The Pentobarbital (Euthatal) was obtained from Meknimal Health Ltd (Essex, UK).
The diaminobenzidine (DAB), bovine serum albumirSA, Poly-D-lysine, trypan
blue, sodium azide (NaAz), and the Mayers Haematyoxwvere all purchased from
Sigma-Aldrich (Dorset, UK). The foetal bovine ser@@BS), DMEM Glutamax media,

and penicillin/streptomycin were all obtained frémeitrogen.
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2.4. Results

In the nigrostriatal tract of rats, the localisatjrofiles for each of the antigens (FGF20
and FGFR1, 3, and 4) were determined in all of e@n distinct anatomical areas
comprising this pathway including, the striatune 8Nc, and the SNr. Striatal or nigral
coronal rat brain sections were initially stainedmunohistochemically using the
HRP/DAB/ABC method to determine whether each of #migens were, indeed,
present in each area. These results also provideddication of the general staining
pattern present, i.e. whether there was a diffus#oa cell specific (neuronal or glial)
staining pattern. However, because the colocatisgprofiles of each of the antigens
were characterised in detail in later immunofluoesge experiments, in each of the
abovementioned brain areas, examples of DAB staingbes for only selected
antigen/area combinations are shown here. Inmuoi@hcence colocalisation studies
were then subsequently carried out to determinespleeific cell types that the antigens
co-localised with in each area. It was determinéetiver each antigen was present in
the cell bodies of neuronal cells and also in dmwetypes of glial cells, including
astrocytes, microglia, and oligodendrocytes. In huases, determinations were made
based on results from colocalisation studies usmagkers of each cell type. Human
neuronal protein (HUCD), glial fibrillary acidic giein (GFAP), and ionised calcium
binding adapter molecule 1 (Ibal) were used as enar&f neurones, astrocytes, and
microglia respectively. In situations where apprafer antibody combinations were not
available to carry out colocalisation studies, dateations were based on the
distinctive morphology of positive cells. Colocali®n with oligodendrocytes was
exclusively determined by the morphology of stainetis as a specific marker for these
glial cells was not available — Refer to (Camreteal., 1991; Wuet al., 2001; Bernstein
et al., 2004) for examples of the morphology of immunsd oligodendrocytes in the
adult rat brain. Importantly, in the SNc and strmatit was also determined, through
colocalisation experiments, whether each antigelocalises with dopamine cell bodies
and nerve terminals, respectively. Tyrosine hydiasg (TH), the rate limiting enzyme
in the dopamine synthesis pathway was used aslemardopamine neurones in these
experiments. All of the localisation profiles thate reported for each antigen were
found to be representative of the caudal, medral, rastral levels of both the striatum
and SNc. In VM cultures, immunofluorescence studvese carried out to determine
whether each antigen is present in dopaminergicones, non-dopaminergic neurones,

and astrocytes.
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2.4.1. HRP/DAB Immunostaining Results
2.4.1.1. FGF20, and FGFR1, 3, and 4 are all Presantthe Rat Striatum

FGF20, and FGFR1, 3, and 4 were all found to begmtewithin the rat striatuniig
2.2). Only cells with a glial morphology stained posst for FGF20 Fig 2.2.A). In
contrast, both neuronal and glial cells stainesitp@ for FGFR1, 3, and 4(g 2.2.B,
2.2.C, and 2.2p Additionally, for FGFR1 and FGF20, a diffuse ptuate staining
pattern was also present throughout the striatign 2.2.A, and 2.2.B. For all of the

antigens, positive cells/staining were distribudgdally throughout the striatum.
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Figure 2.2. Localisation of FGF20 and FGFRI, 3, and 4 in the Striatum
A.

Figure 2.2. FGF20 and FGFRI, 3, and 4 were detected in the rat striatum using
immunohistochemistry. By the morphology of the stained cells, it appeared that only glial
cells stained positive for FGF20 (A), while both neuronal and glial cells stained positive
for FGFR1(B), FGFR3 (C), and FGFR4 (D). For both FGF20 and FGFR1, a punctuate
diffuse staining pattern (orange arrows) was also present throughout the striatum. Brown
and blue staining: antigen visualised using DAB, and haematoxylin stained nuclei,
respectively. Blue and red arrows: cells with a neuronal and glial morphology,
respectively.
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2.4.1.2. FGF20, and FGFR1, 3, and 4 are all Presantthe Rat SN

FGFR1, 3, and 4 were all found to be present ih beuronal and glial cells in the SNc
(Fig 2.3), and the SNr. DAB stained images from the SNrraveshown here as for
most of the antigens evaluated, an equivalentisipattern was observed in both the
SNr and the SNc. FGF20, on the other hand, waeprexclusively in the SNr, with
no staining at all being observed in the SNc (DA&red images of FGF20 staining in
the SN is not shown as FGF20’s staining pattethenSN is most clearly illustrated by
later immunofluorescence results showrfig 2.5.A). Both neuronal and glial cells in
the SNr were positive for FGF20, and a diffuse puate staining for FGF20 was also
present throughout the SNr (this is also clealhsitated inFig 2.5.A).

Figure 2.3. Localisation of FGFRI1, 3, and 4 in the Rat SN¢

<

O i TS
Figure 2.3. FGFRI, 3, and 4 were detected in the rat substantia nigra pars compacta
(SNc) using immunohistochemistry. Both neuronal and glial cells appeared to stain
positive for FGFR1, 3, and 4. Brown and blue staining: antigen visualilsed using DAB,
and haematoxylin stained nuclei, respectively. Blue and red arrows: cells with a neuronal
and glial morphology, respectively.
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2.4.2. Immunofluorescence Results
2.4.2.1. Colocalisation Profile of FGF20 in the Rabtriatum and SN

In the striatum, FGF20 was present in astrocyt@s 2.4.B), but not in neuronal cells
(based on the morphology of stained cells), oligaidecytes (based on the morphology
of stained cells), or microgligF{g 2.4.0C). Most of the astrocytes within the striatum
appeared to be positive for FGF20, and some were stoongly positive than others.
FGF20 staining was localised to only the processfeastrocytes, with no nuclear
staining being observed in any of the positivebirstd astrocytes. A diffuse punctuate
FGF20 staining pattern was present in the striatwrhjt did not colocalise with striatal
TH+ dopamine neurone terminalad 2.4.A).

As mentioned earlier, FGF20 staining was complesddgent in the SNc, and
FGF20 was found not to co-localise with any of doapamine neurone cell bodies in the
SNc Fig 2.5.A). A strong diffuse punctuate FGF20+ staining patt@as, however,
present throughout the SNr, and all of the TH+ dapa neurone dendrites extending
into the SNr were surrounded by this diffuse pesiti(Fig 2.5.A). Additionally, in the
SNr, FGF20 was also present in astrocyteg 2.5.B) and in a small number of
neuronal cellsKig 2.5.B, morphological determination), but not in micreglresults
not shown) or oligodendrocytes (morphological deiaation). As in the striatum, most
of the astrocytes within the SNr appeared to betipesfor FGF20, and staining for
FGF20 was found to be restricted to the procestdlseoastrocytes, with no nuclear
staining being observed in any of these cellshinfew positive neurones, FGF20 was
found to have a purely cytoplasmic localisationthwio nuclear staining being observed

in any neurones.
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Figure 2.4. FGF20 Colocalisation in the Striatum

A. FGF20+TH

C. FGF20 + Ibal

Hoechst

B. FGF20 + GFAP

Hoechst

Hoechst

Merged

Merged

Figure 2.4. Colocalisation profile of FGF20 in the rat striatum. Diffuse punctuate
staining for FGF20 in the striatum did not co-localise with TH+ nerve terminals ( A).
FGF20 colocalised with GFAP+ cells (B), but not with Iba+ cells (C). TH, GFAP, and
Ibal are markers for dopamine neurones, astrocytes, and microglia, respectively. Antigens
were visualised using immunofluorescence. Images in A, B, and C were taken at 20x,
63x, and 63x magnification, respectively.
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Figure 2.5. FGF20 Colocalisation in the SN

A. FGF20 + TH - SN

FGF-20

FGF-20

MERGED -

B. FGF20 + GFAP - SNr

Hoechst FGF20

Merged

Figure 2.5. Colocalisation profile of
FGF20 in the rat substantia nigra (SN).
Diffuse punctuate and cell specific staining
for FGF20 were locaslised throughout the
substantia nigra pars reticulata (SNr), while
in the substantia nigra pars compacta (SNc)
FGF20 staining was completely absent (A).
In the SNr, FGF20 colocalised with
GFAP+ cells, and with cells witha
neuronal morphology (white arrow) (B).
TH and GFAP are markers for dopamine
neurones and astrocytes, respectively.
Antigens were visualised using
immunofluorescence, and images in figure
B were taken at 40x magnification.
Abbreviations; VTA: ventral tegmental
area.
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2.4.2.2. Colocalisation Profile of FGFR1 in the Ra%triatum and SN

Within the striatum, FGFR1 was present in neuraadls Fig 2.6.B), astrocytesKig

2.6.0, and oligodendrocyted-ig 2.6.B&C, morphological determination), but not in
microglia (morphological determination). A cytoptais staining pattern was observed
for FGFR1 in both the positive neurones and glels¢ and no nuclear staining was
observed in any positive cells. A diffuse punctua@FR1 staining pattern was present

in the striatum, and it was found to colocalisehwitH+ dopamine neurone terminals,

but based on a purely subjective estimate, only%-40 TH+ striatal terminals co-

localised with FGFR1Kig 2.6.A).

A. FGFR1 + TH

Figure 2.6. FGFRI1 Colocalisation in the Striatum

B. FGFR1 + HuCD

C. FGFRI1 + GFAP

Hoechst

Hoechst

Merged

Hoechst

Figure 2.6. Colocalisation profile of FGFRI1 in the rat striatum. Diffuse punctuate
FGFR1 staining in the striatum colocalised with TH+ nerve terminals ( A). FGFRI1
colocalised with HuCD+ (B) and GF AP+ cells (C). Numerous glial cells that appeared to
be oligodendrocytes were strongly FGFR1+ (B and C, white arrows). TH, HuCD, and
GFAP are markers for dopamine neurones, neurones, and astrocytes, respectively.
Antigens were visualised using immunofluorescence. Images in A, B, and C were taken at
20x, 63x, and 40x magnification, respectively.
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In the SNc, FGFR1 was present in all TH+ dopamiaerone cell bodiesg 2.7.A),
but not in astrocyted=(g 2.7.B) or microglia (morphological determination). Nuroes
oligodendrocytes in the SNc were strongly FGFREg (2.7.A&B, morphological
determination), including some that appeared tonberacting with TH+ neurone cell
bodies. Additionally, a small number of TH negatheurones in the SNc also appeared
to stain positive for FGFR1 (morphological deteratian). A punctuate staining pattern
was present in the nuclei and cytoplasm of alhef TH+ and TH- neurones in the SNc
that stained positive for FGFRL1. In the positivigatdiendrocytes, FGFR1 staining was
localised to only the cytoplasm, with no nucleairshg being observed in these cells.
In the SNr, FGFR1 was present in neurorigg £.8.A), astrocytesKig 2.8.B),
and oligodendrocytes$-{g 2.8.A&B, morphological determination), but not in microglia
(morphological determination). In contrast to thidcSa purely cytoplasmic staining
pattern was observed for FGFR1 in positive neurdnethe SNr, with no nuclear
staining being observed in these positive neurolmeshe SNr, a purely cytoplasmic
staining pattern was observed for FGFR1 in both pusitive neurones and
oligodendrocytes, with no nuclear staining beingsesled in any positive cells.
Furthermore, FGFR1 staining was restricted to tloegsses of positive astrocytes, with

no nuclear staining also being observed in anhedé cells.
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Figure 2.7. FGFRI Colocalisation in the SNc

A. FGFR1 + TH B. FGFRI1 + GFAP

Hoechst Hoechst

Merged’

YL P
+ 9

Figure 2.7. Colocalisation profile of FGFRI in the rat substantia nigra pars
compacta (SN¢). FGFR1 colocalised with TH+ cells ( A), but not with GFAP+
cells (B). Numerous glial cells with an oligodendrocyte morphology were strongly
FGFR1+ ( A and B, white arrows). TH and GFAP are markers for dopamine
neurones and astrocytes, respectively. Antigens were visualised using
immunofluorescence, and images were taken at 63x magnification.
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Figure 2.8. FGFRI Colocalisation in the SNr
A. FGFR1 + HuCD B. FGFR1 + GFAP

Hoechst
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Figure 2.8. Colocalisation profile of FGFR1 in the rat substantia nigra pars
reticulata (SNr). FGFR1 colocalised with HuCD+ (A) and with GFAP+ cells
(B). Numerous glial cells with an oligodendrocyte morphology were strongly
FGFR1+( A and B, white arrows). HuCD and GFAP are markers for
neurones and astrocytes, respectively. Antigens were visualised using
immunofluorescence, and images were taken at 40x magnification.
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3.4.2.3. Colocalisation Profile of FGFR3 in the Ra%triatum and SN

Within the striatum, FGFR3 was present in neurofieg 2.9.A), and in numerous
oligodendrocytesKig 2.9.A&B, morphological determination), but not in astresyt
(Fig 2.9.B) or microglia (morphological determination). Ingstingly, FGFR3 was
found to only localise to the nuclei of neuroneghwo staining being observed in the
cytoplasm of any of the positive neurones. FGFRalleed to only the cytoplasm of

oligodendrocytes, with no nuclear staining beingestsed in any of these glial cells.

Figure 2.9. FGFR3 Colocalisation in the Striatum
A. FGFR3 + HuCD B. FGFR3 + GFAP
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FGFR3

FGFR3

HuCD

Figure 2.9. Colocalisation profile of FGFR3 in the rat striatum. FGFR3 colocalised with
the nuclei of HuCD+ cells (A). No colocalisation was seen in GFAP+ cells ( B), and
numerous glial cells that appeared to be oligodendrocytes were strongly FGFR3+ (A and
B, white arrows). HuCD, and GF AP are markers for neurones and astrocytes, respectively.
Antigens were visualised using immunofluorescence. Images A and B were taken at 63x
and 40x magnification, respectively.
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In the SNc, FGFR3 was present in the nuclei ofTddt+ dopamine neurones-iy
2.10.A, and also in numerous oligodendrocytdsig( 2.10.A&B, morphological
determination), but not in astrocytesid 2.10.B) or microglia (morphological
determination). As with other FGFR3 positive ne@®nFGFR3 staining was found to
only localise to the nuclei of TH+ neurones. Ingotlendrocytes, FGFR3 staining was
restricted to the cytoplasm and processes of theltse

In the SNr, FGFR3 was present in oligodendrocykés 2.11.A&B), and in the
nuclei of neuronesHg 2.11.A), but not in astrocytesF{g 2.11.B) or microglia
(morphological determination). Again, FGFR3 wasnduo only be localised to the
nuclei of positive neurones, while FGFR3 stainingswestricted to the cytoplasm and

processes of all of the positively stained oligattecytes.
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Figure 2.10. FGFR3 Colocalisation in the SNc
A. FGFR3 + TH B. FGFR3 + GFAP
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Figure 2.10. Colocalisation profile of FGFR3 in the rat
substantia nigra pars compacta (SNc). FGFR3 colocalised
with the nuclei of TH+ cells (A). No colocalisation was seen
in GFAP+ cells( B), and numerous glial cells with an
oligodendrocyte morphology were strongly FGFR3+ (A and
B, white arrows). TH and GFAP are markers for dopamine
neurones and astrocytes, respectively. Antigens were
visualised using immunofluorescence, and images A and B
were taken at 40x and 63x magnification, respectively.
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Figure 2.11. FGFR3 Colocalisation in the SNr

A. FGFR3 + HuCD B. FGFR3 + GFAP
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Figure 2.11. Colocalisation profile of FGFR3 in the rat substantia nigra pars
reticulata (SNr). FGFR3 colocalised with the nuclei of HuCD+ cells (A). No
colocalisation was seen in GFAP+ cells (B), and numerous glial cells with an
oligodendrocyte morphology were strongly FGFR3+ (A and B, white arrows).
HuCD and GFAP are markers for neurones and astrocytes, respectively.
Antigens were visualised using immunofluorescence, and images were taken at
63x magnification.
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3.4.2.4. Colocalisation Profile of FGFR4 in the MHBStriatum and SN

A previous study has shown that, within the ratir&GFR4 mRNA is exclusively
localised to cholinergic neurones in the medialemata (MHB) (Miyake & Itoh, 1996).
Results obtained in this study conflicts with théedings, as FGFR4 was found also to
be present within the nigrostriatal traBid 2.12.A and 13 Localisation of FGFR4 in
the MHB was, therefore, characterised to providdence that the antibody used in this
study is able to correctly detect FGFR4. In the MId&Is with a neuronal morphology
were strongly FGFR4+Hg 2.12.B). FGFR4 was found to localise to the cytoplasm of
all the positive MHB neurones, and no nuclear stgimvas observed in any of the cells.
In the striatum, FGFR4 was present in neuronas gy 2.12.A and oligodendrocytes
(Fig 2.12.A morphological determination), but not in astr@sy{results not shown) or
microglia (morphological determination). In theiasmm, FGFR4 localised to the
cytoplasm and processes of positive neurones agddeindroctyes, and no nuclear
staining was observed in any of the positive cells.

In the SNc, FGFR4 was present in all TH+ dopamewoneskig 2.13.A), and
also in numerous oligodendrocyte$ig 2.13.A, morphological determination).
Furthermore, staining for FGFR4 was stronger in esofkli+ neurones compared to
others in the SNc, and small number of what amukdo be spindle shaped TH-
neurones were also FGFR4H 2.13.A). In the SNr, FGFR4 was present in neuronal
cells Fig 2.13B) and oligodendrocytes$-{g 2.13.B, morphological determination), but
not in astrocytes (results not shown) or micro@ieorphological determination). In the
SN, FGFR4 localised to the cytoplasm of positivarnaes and oligodendrocytes, and

no nuclear staining was observed in any of thetpestells.
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Figure 2.12. FGFR4 Colocalisation in the Striatum and MHB
A. FGFR4 + HuCD - Striatum B. FGFR4 in MHB
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Figure 2.12. Colocalisation profile of FGFR4 in the rat striatum and medial
habenular nucleus (MHB). In the striatum, FGFR4 colocalised with HuCD+
cells (A), and numerous glial cells with an oligodendrocyte morphology were
strongly FGFR4+ ( A, white arrows). In the MHB, cells with a neuronal
morphology were strongly FGFR4+ (B). HuCD is a marker for neurones.
Antigens were visualised using immunofluorescence, and images were taken
at 63x magnification. Abbreviations; D3V: Dorsal third ventricle.




Figure 2.13. Colocalisation of FGFR4 in the SN
A. FGFR4 + TH - SNe¢ B. FGFR4 + HuCD - SNr
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Figure 2.13. Colocalisation profile of FGFR4 in the rat substantia nigra (SN). In
the substantia nigra pars compacta (SNc), FGFR4 colocalised with TH+ neurones
and with cells that appeared to be spindle shaped TH- neurones (A, red arrow). In
the substantia nigra pars reticulata (SNr), FGFR4 colocalised with HuCD+ cells
(B), and in both the SNc and the SNr it colocalised to glial cells witha

oligodendrocyte morphology (A and B, white arrows). TH and HuCD are markers
for dopamine neurones and neurones, respectively. Antigens were visualised using
immunofluorescence, and all images were taken at 63x magnification.
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3.4.2.5. Colocalisation Profile of FGF20, and FGFR1, and 4 in Ventral
Mesencephalic Embryonic Cultures

FGF20 was found not to be present in any cell typethe VM cultures (results not
shown). FGFR1, on the other hand, was localised amby in most of the TH+
dopaminergic neurone&i@) 2.14.A and HuCD+ neuronal cell&ig 2.14.B) present in
the cultures, but also in most of the astrocykeg 2.14.Q. In most cases, FGFR1 was
found to localise to not only the cytoplasm butoatse the nucleus of the positive
neurones and/or glial cells. However, in a smalnbar of astrocytes and neurones
(TH+ and HuCD+), a purely cytoplasmic FGFR1 locaien pattern was observed,
with no nuclear staining being seen in these céllsthermore, not only FGFR1 but
also FGFR3 and 4 were also present on what app&abeineuronal precursor cells, an
example of which can be seen for FGFREFig2.14.Band for FGFR3 irfrig 2.15.C
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Figure 2.14. FGFRI1 Colocalisation in VM Cultures

B. FGFR1 + HuCD

A. FGFR1 + TH C. FGFRI1 + GFAP
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Figure 2.14. Colocalisation profile of FGFR1 in rat ventral mesencephalic (VM)
embryonic dopamine neurone cultures. FGFR1 colocalised with TH+ (A), HuCD+ (B),
and GF AP+ cells (C). Cells that appeared to be neuronal precursor cells were also strongly
FGFR1 positive ( B, white arrow). TH, HuCD, and GFAP are markers for dopamine
neurones, neurones, and astrocytes, respectively. Antigens were visualised using
immunofluorescence, and all images were taken at 63x magnification.
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As with FGFR1, FGFR3 was also localised not onlyniost of the TH+ dopaminergic
neuronesKig 2.15.A and HUCD+ neuronal cells present in the cultuflesy 2.15.B),
but also in most of the astrocytdsid 2.15.Q. In most cases, FGFR3 was found to
localise to not only the cytoplasm but also torheleus of the positive neurones and/or
glial cells. However, in a small number of astr@syand neurones (TH+ and HuCD+),
a purely cytoplasmic FGFR3 localisation pattern easerved.

FGFR4 was localised in most of the TH+ dopaminergiaronesKig 2.16.A
and HuCD+ neuronal cells present in the cultufeg .16.B), but, in contrast to
FGFR1 and 3, it was not localised in any astrocyfég 2.16.C). Similar to FGFR1
and 3, FGFR4 was found to localise to not onlydyteplasm but also to the nucleus of
positive neurones, in most cases. However, in dlsmeber of neurones (TH+ and

HuCD+), a purely cytoplasmic FGFR4 localisationt@at was observed.
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Figure 2.15. FGFR3 Colocalisation in VM Cultures

A. FGFR3+ TH

B. FGFR3 + HuCD
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Figure 2.15. Colocalisation profile of FGFR3 in rat ventral mesencephalic (VM)
embryonic dopamine neurone cultures. FGFR3 colocalises with TH+ (A), HuCD+ (B),
and GFAP+ cells ( C). Cells that appeared to be neuronal precursor cells were also
strongly FGFR1 positive (C, white arrow). TH, HuCD, and GFAP are markers for
dopamine neurones, neurones, and astrocytes, respectively. Antigens were visualised

using immunofluorescence, and all images were taken at 63x magnification.
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Figure 2.16. FGFR4 Colocalisation in VM Cultures
A. FGFR4 + TH B. FGFR4 + HuCD C.FGFR4 + GFAP
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Figure 2.16. Colocalisation profile of FGFR4 in ventral mesencephalic
(VM) dopamine neurone cultures. FGFR1 colocalises with TH+ ( A),
HuCD+ (B), but not with GFAP+ cells (C). TH, HuCD, and GFAP are
markers for dopamine neurones, neurones, and astrocytes, respectively.
Antigens were visualised using immunofluorescence, and all images were
taken at 63x magnification.
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Fig 2.17. Table Summarising the Colocalisation of FGF20 and
FGFRI, 3, and 4 in the Rat Nigrostriatal Tract and in VM Cultures

Striatum
Antigen/Cell type FGF20 FGFR1 ' FGFR3 FGFR4
Neurones (HuCD) | Negative Positive Positive — Positive
Nuclei only
Astroctyes (GFAP) | Positive — Positive Negative Negative
appears all
=
Oligodendrocytes Negative Positive Positive Positive
(Morphology)
Microglia (Ibal) Negative Negative Negative Negative
Diffuse staining Positive — Positive - Negative Negative
does not ~40%
colocalise overlap with
with TH TH
Substantia Nigra pars compacta (SNc)
Antigen/Cell type | FGF20 FGFR1 FGFR3 FGFR4
Dopamine Negative Positive Positive — Positive
Neurones (TH) Nuclei only
Astroctyes (GFAP) | Negative Negative Negative Negative
Oligodendrocytes Negative Positive Positive Positive
(Morphology)
Microglia (Ibal) Negative Negative Negative Negative
Diffuse staining Negative Negative Negative Negative
Substantia Nigra pars reticulata (SNr)
Antigen/Cell type FGF20 FGFR1 FGFR3 FGFR4
Neurones (HuCD) | Positive Positive Positive — Positive
Nuclei only
Astroctyes (GFAP) | Positive Positive Negative Negative
Oligodendrocy tes Negative Positive Positive Positive
(Morphology)
Microglia (Ibal) Negative Negative Negative Negative
Diffuse staining Positive Negative Negative Negative
Ventral Mesencephalic Cultures
Antigen/Cell type FGF20 FGFRI1 FGFR3 FGFR4
Neurones (HuCD) | Negative Positive Positive Positive
Dopamine Neurones | Negative Positive Positive Positive
(TH)
Astroctyes (GFAP) | Negative Positive Positive Negative

Fig 2.17. Table summarising the co-localisation profiles of
FGF20 and FGFRI1, 3, and 4 in the substantia nigra (SN) and
striatum of the rat brain and in ventral mesencephalic (VM)
embryonic dopamine neurone cultures as determined by
immunohistochemistry. Human neuronal protein (HuCD),
tyrosine hydroxylase (TH), glial fibrillary acidic protein
(GFAP), ionised calcium binding adapter molecule 1 (Ibal)
were used as markers of neurones, dopamine neurones,
astrocytes and microglia, respectively. Co-localisation with
oligodendrocytes was deteremined based on the morphology of
the stained cells in all cases.
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2.5. Discussion

In studies carried out as part of Chapter 4 of thissis, FGF20’s ability to protect
dopamine neurones against 60HDA toxicity in VM auds and in the 60HDA rat
model of PD was evaluated. Prior to carrying owsth studies, it was important to
ensure that FGF20's receptors, the FGFRs wereethgeesent in both of these model
systems. Therefore, in the current Chapter, the unohistochemical localisation
profiles of FGF20 and FGFR1, 3, and 4 were comprgliely characterised in the
nigrostriatal tract of the rat brain and in VM emmic dopamine neurone cultures.

2.5.1. Localisation of FGF20 and FGFR1, 3, and 4 MM Cultures

In VM embryonic dopamine neurone cultures, FGF28 waind not to be localised in
any of the cell types present in the culture. FGF2® been shown to have a
neurotrophic effect on VM dopamine neurone cultwreen applied exogenously, with
FGF20 treatment being able to greatly increaseyittld of dopamine neurones derived
from VM cultures (Correiaet al., 2007). Results generated in this study indichéd t
there might be a chance that FGF20 actually doeplag a physiological role in the
developing nigrostriatal tract, based on resutisnfthis study showing FGF20 not to be
present in the DIV6 VM cultures. This would be iontrast to FGF2, which is present
in both the developing (Beaat al., 1992) and the adult nigrostriatal trase¢ section
2.1.9. It has, however, been shown that certain grdeatkors including the FGF's are
only expressed in specific areas of the developaigbrain at specific gestational
periods (Powelkt al., 1991; Kuziset al., 1995; Monfilset al., 2006). A study in which
the temporal expression pattern of FGF20 in the eldging midbrain is
comprehensively characterised throughout embrysgeneould, thus, be needed
before it could be conclusively determined whettbenot FGF20 plays a role in the
development of the nigrostriatal tract during enclgignesis.

FGFR1, 3, and 4 were all found to be present amthdan a number of
different cell types within the VM cultures. This not surprising, as the FGF system
has been shown to play an important role in remgathe development of the
embryonic brain (Dono, 2003; Thisse & Thisse, 200%)FR1 and 3 had an equivalent
colocalisation profile in the VM cultures, as ba#teptors were found to colocalise to
most of the astrocytes, dopamine neurones, andlapaminergic neurones within the

VM cultures. FGFR4, on the other hand, was foundbtalise to both dopaminergic
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and non-dopaminergic neurones, but unlike FGFR1 3nBGFR4 was found not to
localise to any astrocytes. For FGFR1, FGFR3, aGdrR4 a purely cytoplasmic
staining pattern was observed in some astrocytegwiones, while in others a nuclear
and cytoplasmic staining pattern was observed. Tugates that all three receptors
might signal through a nuclear signalling pathwayhie VM cells §ee section 2.5.3 for

detailed discussion

2.5.2. Localisation of FGF20 in the Rat Nigrostriaal Tract

In the rat brain, FGF20 was found to be presetioith the SN and the striatum. In the
SN, FGF20 was however, exclusively localised to &Nr, with no FGF20 staining
being observed in the SNc. The results showing PQ## to be localised in the SNc
conflicts with previously reporteth situ hybridisation results which showed FGF20 to
be exclusively localised to dopamine neurones éShic of the rat brain (Ohmaati
al., 2000). It has been demonstrated that specific MRBnscripts are in some cases
locally translated into proteins at nerve termirgfter being transported from their site
of production in the cell body to nerve terminalGiyditta et al., 2008). This
discrepancy might, thus, be due to FGF20 mRNA beigscribed but not translated at
the level of the SNc, with FGF20 mRNA only locabging translated into protein in
the striatal dopaminergic nerve terminals aftengeransported there. This scenario is,
however, unlikely to apply to FGF20, as, if thissnthe case, one would expect FGF20
protein to be localised to TH+ nerve terminalshe striatum, and although a diffuse
punctuate FGF20 staining pattern was observeceistiimtum in this study, FGF20 was
found not to co-localise to striatal TH+ nerve terats. The only feasible explanation
for this discrepancy might, thus, be that the FGFERNA gets transcribed into mRNA
but not translated into protein, as has been regdd occur with a number of specific
MRNA transcripts in certain contexts (Hondt al., 1993; Pascakt al., 2008).
Importantly, it also needs to be noted that thelltedrom the Ohmachet al., 2000
study showing FGF20 to be exclusively localised rigrostriatal dopaminergic
neurones are controversial, as in another studi2BGvas shown to be predominantly
expressed by non-dopaminergic cells, as a unila@P&IDA lesion in rats fails to
attenuate FGF20 mRNA levels in both the striatuith &N of the lesioned nigrostriatal
tract (Grothest al., 2004). Furthermore, results from this study a&lsoflict with results
from the Ohmachet al., 2000 study in a second manner, as it was demavedthere

that FGF20 localised to the SNr and also to thatain, whereas the Ohmacdtial .,
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2000 study found FGF20 mRNA to be present in n@rothgion in the rat brain apart
from the SNc. In this study, a highly sensitivet@psindirect ABC fluorescence method
(see section 2.3)4was used which allowed for the amplification dfetFGF20
fluorescence signal. It is, thus, possible that Z&GiS expressed at a relatively low copy
number in the SNr and striatum, which resultechmih situ hybridisation technique in
the Ohmachiet al., 2000 study having an insufficient sensitivity detect FGF20
MRNA in the SNr and striatum, and possibly otheraarof the brain as well. Further
support is provided for this possibility by a retstudy that detected FGF20 mRNA not
only in the rat SN but also in the striatum witle thse of the highly sensitive PCR
method (Grothet al., 2004).

Moreover, in this study, FGF20 was found to be lised to numerous
astrocytes and to a very small number of neuroalié within the SNr. Additionally,
FGF20 appeared to be localised to afferent SNrentguminals, as a diffuse punctuate
FGF20 staining pattern consistent with that obskfee axon terminals was observed
throughout the SNr. Although not verified in thimdy, it is likely that this diffuse
staining localises to either glutamatergic or GAB#ie nerve terminals which comprise
the main afferent inputs into the SNr (Blandghial., 2000). Despite FGF20 not being
present in the SNc where the cell bodies of theosigatal dopamine neurones are
localised, it is still feasible that endogenous RGImight act on dopamine neurones at
the nigral level, under physiological conditions; mumerous TH+ dopamine neurone
dendrites extended throughout the SNr where theg a@rounded by FGF20.

As was observed in the SNr, in the rat striatumiffuse punctuate FGF20
staining pattern consistent with that observed &won terminals was also observed
throughout the striatum. However, it appears that diffuse FGF20 striatal staining
localises with non-dopaminergic striatal affereetntinals, as the diffuse FGF20
staining did not co-localise to striatal TH+ dopaminerve terminals. Additionally,
FGF20 was also abundantly localised in most, ifaibtof the astrocytes present in the
striatum. The prototypical FGF family member, FGER&o localises to striatal
astrocytes (Gonzaleat al., 1995), and indirect evidence from vitro studies have
indicated that astrocyte-derived striatal FGF2 mghy an important neurotrophic role
in the nigrostriatal tract by stimulating and maintng dopamine neurone survival. In
VM embryonic dopamine neurone cultures, astrody@d-2 release is stimulated by the
activation of dopamine receptors located on theaoegtes, and this dopamine

stimulated astrocyte-derived FGF2 has a neurotoopfiect on dopamine neurones in
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the culture (Reuss & von Bohlen und Halbach, 2@03t al., 2006). Results showing
FGF20 to also be abundantly localised to striastloaytes, opens the possibility that
FGF20 might be another FGF family member that alidegside FGF2 to maintain an

optimal neurotrophic environment within the ratnogtriatal tract.

2.5.3. Localisation of FGFR1, 3, and 4 in the Ratilyrostriatal Tract

Results from this study demonstrated FGFR1, 3, 4rall to be present in the rat
nigrostriatal tract, and there was a partial catreh between the colocalisation profiles
of the different receptors. The localisation pesdilof the three receptors were identical
in respect to their colocalisation with oligodentyi®s and microglia within the
nigrostriatal tract. FGFR1, 3, and 4 were all |g=d to oligodendrocytes within the
SNc, SNr, and the striatum. This is not surprisagythe FGF system has been shown to
play an important role in regulating the functiapinf both embryonic and adult
oligodendrocytes (Butt & Berry, 2000). In contraall, three of the receptors did not
localise to microglia in any of the areas examinEdrthermore, all three of the
receptors were found to colocalise with TH+ dopammneurones in the SNc, and to
HuCD+ neuronal cells within the SNr, and the stmat The sub-cellular localisation of
FGFR3 in dopamine neurones and in neuronal cedlsekier, differed to that observed
for FGFR1 and 4. For FGFR1 and 4 a cytoplasmicligsigon pattern was observed in
all TH+ dopamine neurones and HuCD+ neurones, WR{EFR3 was exclusively
localised to the nuclei of neurones in all of thgrostriatal areas examined. The FGFRs
are RTKs, and they are, therefore, traditionallypsidered to exist and function as
classical plasma membrane receptors that signalghr various second messenger
systems detailed in section 5)1 The nuclear staining pattern that we observed fo
FGFR3 is, thus, not consistent with the stainindgtgpa that one would expect to
observe for a RTK, opening the possibility that B®@FR3 nuclear staining might be
non-specific or artefactual. Recent findings hawayever, conclusively demonstrated
that a number of plasma membrane receptors alsaldtigrough an unorthodox nuclear
signalling pathway that involves the translocatminthe receptors from the plasma
membrane to the nucleus, and the FGFRs are a ypatak example of such receptors
(Bryant & Stow, 2005). Activation of membrane bouf@FR1 by FGF2, for example,
leads to the nuclear translocation of some of G&R1-FGF2 complexes (Bryant &
Stow, 2005). This nuclear translocation has beawshto be essential in allowing

FGF2's full mitogenic effects to be expressed (Bod®t al., 2003). It is, however,
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unlikely that the nuclear staining that we obserf@dFGFRS3 is due to the receptor
signalling through such a nuclear translocationhywaly in neurones within the
nigrostriatal tract. If this was the case, one woexpect both nuclear and cytoplasmic
staining to be observed, and exclusively nucleaFR& staining was observed in
neurones within the nigrostriatal tract. The nuclealisation pattern observed for
FGFR3 can, however, be explained by findings wliialie shown some growth factor
receptors to exist as specific isoforms that I@eakxclusively to the nucleus of cells,
where they signal through various intracrine me@ma (Baillyet al., 2000; Soule&t

al., 2005), and there is in fact evidence for FGFR3tayg as such an isoform. FGFR3
Is most widely known to exist as the two classle@nd ¢ FGFR isoforms (Johnsen
al., 1991). Recent studies have, however, demonsteatether 3 additional C-terminal
truncated isoforms of FGFRS3 to exist, and one e$¢hisoforms appears to be localised
exclusively to the nucleus (Keegah al., 1991; Johnstoret al., 1995). It is, thus,
possible that the nuclear FGFRS3 staining repregbrtpresence of such an exclusively
nuclear localised receptor in the neurones with@rigrostriatal tract. Before such an
explanation could be accepted further experimergshowever, required to ensure that
the neuronal FGFR3 staining isn’'t artefactual on-specific. More specifically, the
FGFR3 localisation profile needs to be replicateth WwGFR3 primary antibodies
targeting alternative epitopes of the FGFR3 protauiditionally, the specificity of the
staining also needs to be confirmed in control erpents in which it is evaluated
whether the FGFR3 staining can be blocked withathtegenic peptides used to generate
the primary antibodies. Such control experimentsewmt carried out in this study due
to us not having access to these antigenic peptiflbese additional studies are
particularly necessary due to the results showiGd-R3 to be localised to neuronal
cells being controversial in itself, as previousdgs have reported FGFR3 mRNA to
be mainly localised to glial cells within the nigtoatal tract within the rat brain
(Wanakaet al., 1990; Yazaket al., 1994; Belluardet al., 1997). As mentioned above,
5 isoforms of FGFR3 have, thus, far been dete@sd,the failure of these studies to
detect FGFRS3 in neuronal cells could simply be wuihe primers used in their studies
not being designed to detect all of the differsnforms of the FGFR3.

The findings showing FGFR1 to be localised with THeurones in the SNc,
and with neurones in the SNr and striatum is coasisvith previous reports. Using in
situ hybridisation, FGFR1 mRNA has been demonstré&tebe localised to both glial
and neuronal cells in the SNc¢, SNr, and also indiatum (Wanakeet al., 1990;
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Yazakiet al., 1994; Belluardaet al., 1997). Using immunohistochemistry, the FGFR1
protein has also previously been shown to co-leeald dopamine neurones in the rat
and human SNc (Walket al., 1998).

As mentioned earlier, in this study, FGFR4 was tbtm be expressed in TH+
neurones in the SNc, and also in HuCD+ neuronesha SNr and striatum.
Additionally, FGFR4 was also found to be preserd small number of spindle shaped
non-dopamine neurones in the SNc and in numeragsdandrocytes in all areas of the
nigrostriatal tract. These results conflict witteyious studies in which FGFR4 mRNA
was found to be exclusively localised to cholinengeurones within the MHB of the rat
brain (Miyake & Itoh, 1996). In order to validateat the antibody used was, indeed,
appropriately detecting FGFR4, control experimemése carried out to check if the
antibody used in this study was able to detect FGiRReuronal cells in this area of the
brain where FGFR4 mRNA has previously been repottecbe present. In these
experiments, neuronal cells within the MHB wererfduo stain strongly positive for
FGFR4, thus, providing supporting evidence that #mgibody was appropriately
detecting FGFR4 in the rat brain. The staining ctetfor FGFR4 appeared to be lower
in the nigrostriatal tract compared to the MHB.idt thus, possible that the situ
hybridisation technique used in the Miyad#teal., 1996 study was sensitive enough to
detect FGFR4 in the MHB where the receptor is esqaé at relatively high levels, but
not in other areas of the brain where it appearERF45is expressed at lower levels.
Moreover, like FGFR3, FGFR4 has also been showexist as a number of different
isoforms which result from the alternative splicimigthe FGFR4 gene (van Heumen
al., 1999; Ezzatt al., 2001; Kwiatkowskiet al., 2008). FGFR4 does not exist as the
classical b and ¢ FGFR isoforms, which exist fofFRG, 2, and 3. Instead, FGFR4 has
been shown to exist as 3 additional C-terminal dated isoforms. It is, thus, also
possible that the previous situ hybridisation studies failed to detect FGFR4 ie th
nigrostriatal tract and in other areas of the brdue to the primers in their studies
binding to an FGFR4 isoform that is expressed amlthe MHB and not to isoforms
expressed in other areas of the rat brain. Additlpnthe conclusiveness of published
in situ hybridisation studies also remain questionableetbasn the fact that in many
cases mMRNA for a specific protein is found by alitstudies to be localised to only
specific areas, only for later studies then to @ditt this by reporting the mRNA to be
localised to additional areas. This is actually¢hee with FGFR4, as two initial studies
found no FGFR4 mRNA to be localised in the braiala{Partaneret al., 1991; Yazaki
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et al., 1994), whereas a subsequent study contradictse thesults by demonstrating
FGFRA4 to be localised in the MHB of the rat bravhiyake & Itoh, 1996).

Of the 3 FGFRs examined in this study, only the RGFvas found to be
localised to astrocytes within the nigrostriataktr In the SN, only a very small number
of astrocytes were found to be present in the Shhd FGFR1 appeared not to
colocalise to any of these astrocytes. In the Sht striatum, on the other hand,
numerous astrocytes were present throughout thess af the nigrostriatal tract, and
FGFR1 co-localised to many if not all of the asytes present in the SNr and striatum.
The results showing FGFR1 to be localised to bathrones and glial cells in the
nigrostriatal tract are consistent with previousomts which demonstrated FGFRL1 to be
localised to both neuronal and glial cell in the &N\ striatum (Wanaket al., 1990;
Yazakiet al., 1994; Belluard@t al., 1997; Walkeget al., 1998).

2.5.4. Conclusion

In the current study, the colocalisation profildsF&sF20 and the FGFR1, 3, and 4
proteins in both VM cultures and in the nigrosalatract of the rat brain were

immunohistochemically characterised. A previous dgtuhas comprehensively

characterised the localisation profile of the FGHRR@tein in the rat nigrostriatal tract
(Chadashvili & Peterson, 2006). The results preskint this Chapter, however, provide
the first detailed account describing the locailsabf the FGFR1, 3, and 4 proteins in
VM cultures and in the nigrostriatal tract of that brain. FGFR1, 3, and 4 were
demonstrated to be abundantly present within VMuces and also throughout the
nigrostriatal tract of the rat brain. In the Chddals & Peterson, 2006 study, FGFR2
was also shown to be present in the SN and striaatinough it was found to be

exclusively localised to astrocytes. The widesprpagsence of all 4 of the FGFRs
within the nigrostriatal tract, and more particiyathe localisation of FGFR1, 3, and 4
to nigrostriatal dopamine neurones, provide a sowmhtomical rationale for

investigating the neuroprotective potential thaanpmacological activation of the FGF
system might have in PD. Furthermore, if the FGfespaotecting dopamine neurones
by directly activating FGFRs on nigrostriatal dopaenneurones, results from this
study indicates that targeting the FGF system aldhel of the substantia nigra, rather
than the striatum, is likely to have the greatesiroprotective potential. This is as, at

the nigral level, FGFR1, 3, and 4 were found to dresent in TH+ nigrostriatal
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dopamine neurones within the SNc. In the striatamthe other hand, only FGFR1 co-
localises with striatal dopamine neurone terminalsj of all the TH+ striatal nerve

terminals, only ~40% appear to be positive for FGFR
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Chapter 3: Establishing a Unilateral Partially Lesioned
60HDA Rat Model of Parkinson’s Disease in which tolest
FGF20 for its Neuroprotective Effects

3.1. Introduction

3.1.1. Animal Models of PD

Animal models of PD serve as essential tools ireassh efforts that are aimed at
uncovering the pathogenic processes that causeaRfD,also at finding new more
effective treatments for the disease. Although nmaore animal models of PD are
currently available, only a selected number of ¢haxe widely used due to many of the
available models having significant shortcomingat thmit their use. In order for an
animal model to be considered to be a represeatatid practically useful model, it has
to fulfil three main criteria. Firstly, the aeti@y that causes the induced disease state in
the animal model must be representative of thertsoed or putative aetiological
mechanisms that cause the disease in humans, sthétei model must have good
construct validity. For a PD animal model to have good constructitgli the factors
that induce the model must, therefore, include @nmore of the putative aetiological
causes of PD, which include oxidative stress, rhibocrial dysfunction, UPS
dysfunction, exposure to environmental toxins, adiroinflammation detailed in
section 1.2. Secondly, the model also has to have gaod validity, meaning that the
cardinal symptoms and pathological features thatifest in the animal model must
reflect those observed in the clinic. A PD animadal with good face validity, must,
therefore, reproduce not only the progressivelyettgping cardinal clinical symptoms
of PD, which include bradykinesia, akinesia, riggdiand postural instability, but also
the key pathological features of PD, namely, pregjkee nigrostriatal dopaminergic
degeneration, and formation of SNCA and Ub positi& inclusions in dopamine
neurones. Thirdly, the model also has to have gwedictive validity, which means
that there has to be a good correlation betweeth#rapeutic effects achieved by drugs
in the animal model and in the clinic, and thisperticularly important for models
which are used in drug discovery research.

The main PD animal models that are currently abéd can be divided into five
sub-groups based on the way in which they are idtucharmacologically, proteasome

inhibitor, pesticide, genetically, and neurotoximduced models. In the following
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sections, a brief overview of each of these suljgs®mf models is given. The main aim
of the current chapter is to establish an approppartially lesioned 60HDA rat model
of PD in which to test FGF20 for its neuroproteetaffectan vivo. The overview given
below, thus, also serves to rationalise why the B@Hat model was chosen in
preference to the other models by detailing theciipeshortcomings that make the
other models unamenable to neuroprotective studigditionally, all of the favourable
attributes of the partially lesioned 60HDA rat mbdé PD that make it particularly

amenable to early stage neuroprotection studiealsoehighlighted.

3.1.1.1. Pharmacologically-Induced Models

Two of the most commonly used pharmacologicallyunetl models PD include the
reserpine and the haloperidol rodent models. Reseri a vesicular monoamine
transporter inhibitor, and when systemically adsteied to rats, it acts to deplete
vesicular stores of several catecholamine neursitnéters in the brain, including
dopamine, serotonin, and noradrenaline. Around df#dr administration, rats display
the classical features of reserpine treatment, lwhicclude akinesia, ptosis, and
piloerection (Betarbett al., 2002; Jenner, 2008; Duty & Jenner, 2011). Thedadwo
signs result from the depletion of noradrenalind aerotonin, and reversal of these
signs by drugs is most commonly used to screeadents with antidepressant activity.
Akinesia, on the other hand, results from the depieof striatal dopamine stores. The
reserpine rat model of PD, thus, reproduces not trd striatal dopamine deficiency
observed in PD, but also the akinesia that refulis striatal dopamine depletion.

Haloperidol, on the other hand, is a dopamine ptceantagonist, and, when
systemically administered to rodents, it acts tdibi striatal dopaminergic
neurotransmission by inhibiting the activation dfiagal dopamine receptors, and
through this action it induces catalepsy and rigidin the rodents (Duty & Jenner,
2011). The haloperidol model, thus, reproduces bwlreduction in dopamine receptor
activation observed in PD, and also one of theinatanotor symptoms of PD, rigidity.
In drug discovery research, the reserpine and #éhepkridol rodent models of PD are
widely used to identify potential new symptomatieatments for PD by screening
drugs for their ability to reverse reserpine-indi@kinesia, and haloperidol-induced
rigidity, respectively.

A major shortcoming associated with the pharmagioldly induced models of

PD includes the apparent lack of construct validAgditionally, these models also
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have poor face validity, as the disruption of sédi@opaminergic transmission induced
by the drugs is only temporary, and no degeneratiorpathological changes are
brought about by the drugs in the nigrostriatatttrahe latter shortcoming makes these
models unsuitable for use in studies aimed at figdieuroprotective agents that can
protect dopamine neurones from neurodegeneratiow, @so for most studies
investigating PD pathogenesis. These pharmacologicdels are, nevertheless, widely
used in early stage drug discovery research aintefinding new symptomatic
treatments for PD, as these models possess excelledictive validities, and also
because the models are time and cost efficient.réserpine rat model, for example,
was the first animal model in which L-DOPA'’s theeaic efficacy was demonstrated,
and all of the current drugs that are currentlydusetreat PD clinically are effective at

reversing akinesia in the reserpine rat (Daitgl., 2011).

3.1.1.2. Proteasome Inhibitor Model

A number of different selective proteasome inhisifoincluding epoxomicin and
lactacystin, have been demonstrated to induce Rbplhenotypes when administered to
rats (McNaughtt al., 2002; Fornaet al., 2003; Emborg, 2004; Niet al., 2009). Either
chronic systemic administration or single intraeteal (both intra-nigral and intra-
striatal) injections of proteasome inhibitors hdween shown to induce progressive
nigrostriatal dopaminergic degeneration accomparbgd progressively developing
apomorphine responsive motor deficits. AdditionaBNCA and Ub positive LB-like
inclusions are also observed in the dopamine negraif the proteasome inhibitor
treated rats. The proteasome inhibitor model, thegginitially appeared to be an ideal
model system as it possessed good face, constndcialso good but incompletely
validated predictive validity. However, disappongiy this model failed to become

widely utilised due to the model having poor repradility (Duty & Jenner, 2011).

3.1.1.3. Genetically Induced Models

As discussed earlier gection 1.2a number of single gene mutations have been shown
to be the cause of familial forms of PD. Mutationghe SNCA andLRKK-2 genes are
responsible for causing autosomal dominant form&uwfilial PD, while mutations in
either theparkin, PINK-1, or DJ-1 gene leads to autosomal recessive forms of PD. It

was hoped that representative transgenic mouse Isnofld®D could be created by
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producing transgenic strains of mice with analogowgations in the genes associated
with the familial forms of PD, but disappointindijtle success has been achieved thus
far. Transgenic mouse strains that express eithieamh PD associated forn8NCA or
LRRK-2 have been created and characterised, and so haeckdut mice in which the
parkin, PINK-1, or DJ-1 gene have been deleted (Hanetyal., 2008; Dawsoret al.,
2010; Tayloret al., 2010). Unfortunately, none of these genetic maaipons gave rise
to dopamine neurone degeneration, and none of thasgenic mice strains
demonstrated robust motor deficits, making theselaisounsuitable for use in drug
discovery research. One of the transgenic mouseelmaaverexpressing the A53T
SNCA mutant gene that causes familial PD has, howdesn shown to reproduce the
LB pathology observed in PD, as dopamine neuraméise mice were found to contain
Ub and SNCA positive proteinacious inclusions (Damwst al., 2010). This model
might, thus, be useful for studying the proces$ed kead to inclusion formation. It
might also be useful in a limited number of drugcdivery studies that are aimed at
identifying drugs that can inhibit inclusion forraat.

Despite these initial disappointments, researchthia area is ongoing, and
attempts are currently underway to create betarsggenic animal models of PD by
genetically inducing some of the putative aetiatagicauses of PD in mice. A defect in
mitochondrial respiration is thought to be one lé putative causes of sporadic PD,
and, encouragingly, the selective induction of doofiondrial defect in dopamine
neurones produces a highly representative parkiasg@henotype in the resulting mice
strain, which is referred to as the mitoPARK mo(Ekstrandet al., 2007; Terzioglu &
Galter, 2008; Ekstrand & Galter, 2009). The tramgion factor, TFAM plays an
important role in regulating the transcription oftashondrial DNA; and selective
deletion of TFAM using a conditional knockdown $tigy in the MitoPARK mice leads
to progressive nigrostriatal dopaminergic degeraratnd the formation of inclusions
in the remaining dopamine neurones. Importantly thgrostriatal pathology was
demonstrated to be accompanied by progressivelgldewg motor deficits, which
responded to L-DOPA treatment. This model, theefdras the potential to be an
excellent research tool at it appears, from thegeli reports, that the model has one of
the best construct and face validity profiles of & the currently available models.
The model reproduces not only the main symptomspatiiblogical features of PD, but
also the progressive development of these featarebaracter lacking in many of the

models that are currently widely used. The robusstrend predictive validity of the
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model, however, still needs to be validated asetHgxlings have, thus far, not been
replicated by any independent groups, and no stubave thus far evaluated the

predictive validity of the model.

3.1.1.4. Neurotoxin Induced Models of PD
3.1.1.4.1. Rotenone Model

Three main neurotoxin-induced models of PD areerily available, the rotenone
rodent model, the MPTP model, and the 60HDA rat ehaalthough only the latter two
models are widely used in PD research. In the asterrodent model, a parkinsonian-
like phenotype is induced in rats by administetimgm with chronic systemic injections
of rotenone, an organic plant root derived pesti¢iBetarbekt al., 2000; Beal, 2001;
Betarbetet al., 2002; Duty & Jenner, 2011). Rotenone is a selecthitochondrial
complex 1 inhibitor, and when chronically administé to rats, it causes selective and
progressive nigrostriatal dopaminergic degenerat@eompanied by progressively
developing apomorphine responsive motor deficits|uding postural instability and
bradykinesia. Additionally, rotenone also inducég formation of SNCA and Ub
positive LB-like inclusions in dopamine neurone@verall, the rotenone model, thus,
fulfils all the criteria for being a highly repregative model of PD, as it has good
construct, face, and predictive validity, althougihe Ilater remains to be
comprehensively validated. However, unfortunatétg rotenone model has failed to
become widely utilised due to two main shortcomingsere is significant variation in
the sensitivity of different rats to the nigrostalatoxicity of rotenone, with only ~50%
of treated rats developing the described parkimsorphenotype (Beal, 2001). In
additional to this, rotenone also produces sevkeress in the treated rats, with ~30% of
rats dying due to peripheral toxicity (Duty & Jenn@011). These shortcomings
unfortunately prevent this model from being sucfiglys used in neuroprotection

studies, and it limits its use to specific studiegestigating PD pathogenic processes.

3.1.1.4.2. MPTP Model

The selective dopamine neurone toxin, MPTP is tisedleate PD models in both mice
and non-human primates (NHPs), and these MPTP madptesent some of the most
widely used animal models of PD (Beal, 2001; Begtdh al., 2002; Emborg, 2004;

Jenner, 2008; Duty & Jenner, 2011). After systemudtninistration, MPTP readily
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crosses the blood brain barrier (BBB) and enteesGNS due to the high lipophilicity
of the compound. In the CNS, MPTP gets metabolistalits active toxic metabolite,
1-methyl-4-phenylpyridium (MPP+) by MAO-B enzymdsat are localised throughout
the brain. MPP+ subsequently gets selectively takemand concentrated in dopamine
neurones due to MPP+ being a substrate for the ndiopgatransporter which is
selectively expressed in dopamine neurones. Orstgeithe dopamine neurones, MPP+
accumulates in mitochondria, and it ultimately @mudopamine neurone degeneration
by stimulating free radical production and alsoitlyibiting mitochondrial complex 1
activity (Beal, 2001). Due to many animal speciesluding most rat strains being
insensitive to the toxic effects of MPTP for poodgderstood reasons, MPTP’s use is
limited to sensitive animal species, including aertstrains of mice (C57 black, and
Swiss Webster) and NHPs (Duty & Jenner, 2011). iceprepeated systemic MPTP
administration has been reported in some studieaudse both nigrostriatal dopamine
neurone degeneration and motor deficits (Jennd8)20he use of the MPTP mouse
model is, however, limited by the fact that MPTPdunes robust nigrostriatal
degeneration and motor deficits in mice only wheimimistered at relatively high
doses, which are associated with significant adveaféects and mortality (Emborg,
2004). Research carried out in the MPTP primateehotiPD, on the other hand, has
and still is making major contributions to PD raskaefforts, and it is currently
considered the gold standard animal model of PDtdeenodel having one of the best
construct, face, and predictive validity profile any of the available models. The
model is considered to have good construct validgythe mechanisms causing MPTP
induced dopamine neurone degeneration, mitochdnetsiaplex 1 inhibition and free
radical production, corresponds with two of theapiwe aetiological causes of PD. The
model is considered to have good face validityegmeated systemic administration of
MPTP to NHPs causes not only selective nigrostrdd@amine neurone degeneration
but also all of the cardinal motor symptoms of Pthe primates, including akinesia,
bradykinesia, rigidity, and postural stability (Rea001; Duty & Jenner, 2011). An
additional advantage of this model is that an eajeimt degree of nigrostriatal
degeneration (~70%) is induced in most MPTP primateels to that observed in early
stage PD (Duty & Jenner, 2011). Importantly, thedelalso has excellent predictive
validity, as all of the dopamine based drugs thatcairrently used in the clinic are also
effective in the MPTP primate (Jenner, 2008). Meszp the model has also been

extensively used in research into L-DOPA inducedkdesias (LID) as long term L-
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DOPA treatment induces motor complications in MPif€ated primates that are
indistinguishable from those observed in PD pasiefiduty & Jenner, 2011). The
model, nevertheless, does have some shortcomingsnain ones being that MPTP
does not induce the formation of LB-like inclusiansmost studies, and the onset of
nigrostriatal degeneration achieved in the modelciste rather than progressive (Beal,
2001; Betarbett al., 2002). Furthermore, the cost and ethical isshasdre associated
with the use of NHPs in research limits the us¢haf model mainly to late stage pre-

clinical drug development research.

3.1.1.4.3. 6-Hydroxydopamine Rat Model of PD

In the 60HDA rat model of PD, the selective degatien of the nigrostriatal
dopaminergic pathway that is observed in PD isadpced in rats with the use of the
selective dopamine neurone toxin, 60HDA. BecausEB® does not cross the BBB,
it needs to be delivered directly to either the Stie medial forebrain bundle (MFB),
or the striatum using stereotaxic surgery. Aftemgeintroduced directly into the
nigrostriatal tract, 60HDA is actively accumulatéal dopamine neurones as a
consequence of 60HDA being a substrate for bothdthgamine and noradrenaline
transporter proteins (Simokt al., 2007). Because 60HDA is also a substrate for the
noradrenaline transporter, it induces the degeioeraff not only dopamine neurones,
but also noradrenergic neurones (Simetlal., 2007). However, in most 60HDA rat
models of PD, intra-cerebral administration of 60M[@ads to minimal noradrenergic
nerve damage due to the 60HDA infusion site beingted to the vicinity of the
nigrostriatal dopaminergic tract, in areas of thairb that are relatively sparsely
innervated by noradrenergic inputs and also nataee proximity to the noradrenergic
nuclei of the brain. Additionally, in some 60HDAt raodels of PD, rats are pre-treated
with a noradrenaline reuptake inhibitor such aspilasine prior to 60HDA lesioning
to limit any noradrenergic degeneration (Schwar8nbiuston, 1996b). Upon entering
the cytoplasm of dopamine neurones, 60HDA is rgpidhd non-enzymatically
oxidised in the presence of molecular oxygen, legdo the generation of the highly
reactive ROS, kD, and p-quinone (Schwarting & Huston, 1996b; SoterQ@#tt al.,
2000). 60HDA’s cytotoxic effects on dopamine ne@snhowever, result not only
from excessive ROS production, but also from 60HDAdiated inhibition of complex
1 of the mitochondrial respiratory chain (GlinkaY&udim, 1995; Glinkeet al., 1996;

Schwarting & Huston, 1996b; Soto-Otestaal., 2000).
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Tyrosine hydroxylase (TH) is the rate limiting ensy in the dopamine
synthesis pathway, and because of the relativelgctee localisation of TH to
catecholaminergic neurones, it is often used asiken of dopamine neurones. In the
60HDA rat model of PD, the degree of nigrostriatageneration induced by 60HDA
is, therefore, quantified using TH immunohistoch&nyi, and in drug discovery studies,
test treatments are evaluated for their abilitypteserve both striatal TH levels and
nigral TH+ cell counts at significantly higher lésecompared to vehicle treated
60HDA lesioned rats. Importantly, the nigrostriati@generation induced by 60HDA
leads to the development of motor deficits in thés,rincluding akinesia, postural
instability, and rigidity, and these deficits cam ¢uantified by a number of behavioural
tests of motor function (Deumems al., 2002). In most studies using the 60HDA rat
model of PD, unilaterally rather than bilateralsioned rats are utilised as bilateral
lesions produce debilitating adverse effects in s, including severe aphagia and
adipsia. Additionally, in some studies the use ahdateral model removes the need for
a sham lesioned group, as it allows the non-lesimoatralateral nigrostriatal tract and
rat paw to serve as appropriate controls for TH-umohistochemistry and motor
function results, respectively.

Motor tests that are commonly employed to quantifyptor deficits in
unilaterally 60DHA lesioned rats include both tetétat measure drug induced motor
asymmetries, for example, the apomorphine and ataptiee induced rotation tests
(Schwarting & Huston, 1996a), and tests that measpontaneous motor function, such
as the cylinder test and the adjusted stepping(8=dtallert & Tillerson, 2000). In the
two drug-induced rotational tests, the rotationahdwviour of unilaterally 60HDA
lesioned rats is assessed after injecting thewdltseither apomorphine (a D2 receptor
agonist) or amphetamine (a catecholamine releasgegt). In unilaterally lesioned rats,
apomorphine stimulates post-synaptic dopamine tecepn the striatal medium spiny
gabaergic neurones in the striatum ipsilateralh® lesion to a much greater extent
compared to the contralateral intact striatal hphese. This is due to the unilateral
nigrostriatal lesion inducing a unilateral deplatiof striatal dopamine levels, and a
consequent unilateral supersensitisation of stridd@amine receptors in the striatal
hemisphere ipsilateral to the lesion. For this seaspomorphine induces rotations in
the rat that is directed ipsilateral to the lesiBacause amphetamine, on the other hand,
acts to release dopamine from nerve terminalsgdtainistration causes stimulation of

dopamine receptors in the intact contralaterahtstnn, and only minor stimulation of
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dopamine receptors in the ipsilateral denervatethtsin. As a result of this,
amphetamine, thus, causes the unilaterally 60HBMIed rats to rotate contralaterally
to the lesion.

After unilateral 60DHA lesioning, rats develop flom€ motor asymmetry, as
the unilateral degeneration of the nigrostriatattresults in motor deficits developing
in the impaired forelimb contralateral to the le®d hemisphere, while normal motor
function is retained in the unimpaired forelimbilgteral to the lesioned hemisphere. In
the cylinder test, this asymmetry in motor deficstgjuantified and used as a measure of
contralateral forelimb akinesia (Schallert & Tiden, 2000). Briefly, rats are placed
inside transparent plexiglass cylinders in order eficourage exploratory rearing
behaviour §ee section 3.3.2.1 for detailed methpd3y recording forelimb use during
rearing movements, forelimb use preferences are dbantified; i.e., the percentage of
total rears that is supported by either both farbk, the ipsilateral forelimb alone, or
the contralateral forelimb alone is quantified.this test, the unilateral contralateral
forelimb motor deficits induced by unilateral 60HD&sioning results in a significantly
smaller percentage of total rears being supportedbdith forelimbs and by the
contralateral forelimb alone, while a significantyreater percentage of rears is
supported by the ipsilateral forelimb alone. In #djusted stepping test, on the other
hand, the capability of rats to make balance regjoadjusting step movements with
their ipsilateral or contralateral forelimbs is qtiied (see section 3.3.2.2 for detailed
method$. After unilateral 60HDA lesioning, a significareduction in the number of
adjusted steps made by the contralateral forelimbrecorded, while the adjusted
stepping ability of the forelimb ipsilateral to thesioned hemisphere is retained. The
reductions in adjusted stepping ability that areecked by this test are taken to be a
quantitative measure of postural instability (St#réal& Tillerson, 2000). Importantly, it
has been demonstrated that the relative size omtbter deficits that are detected by
both the cylinder test and the adjusted steppisgdee proportional to the degree of
nigrostriatal degeneration that is present in flaée et al., 1996; Schallert & Tillerson,
2000).

Overall, the 60HDA rat model of PD is consideredbi® one of the most
representative and useful animal models of PD astbdel possesses one of the best
and most thoroughly validated construct, face, pratlictive validities of any of the
currently available models. The model has good tcocisvalidity as the mechanisms

mediating 60HDA’s cytotoxic effects on dopamine roges overlaps with some of the
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putative aetiological causes of PD, namely, oxigasitress and mitochondrial complex
1 inhibition. The model also has excellent faceidiyd as both the nigrostriatal
dopamine neurone degeneration and the consequdnt deficits that are present in
PD are reproduced in the model. Importantly, ndy dhe striatal TH and dopamine
depletion but also the nigral dopamine neurone megion that is observed in PD is
robustly recreated in the 60DHA rat model (Duty énder, 2011). In addition to this,
many of the other biochemical and inflammatory abradities that are associated with
PD are also reproduced in the model (Duty & Jer2@t1). In the 60HDA lesioned rat
brain, striatal levels of the anti-oxidant enzym@®SH peroxidase and superoxide
dismutase are depleted, while nigral levels of ogtal activation, TNk, and iron are
raised. Furthermore, many of the PD associatediplaRanges that occur in other
neural systems that make up the basal ganglia laceraproduced in the 60HDA
lesioned rat brain. These changes include increfised of the subthalamic nucleus,
increased glutamate levels and firing rate in theab ganglia output nuclei, and also
increased striatal enkephalin levels, and decreasetal dynorphin and substance P
levels. Importantly, the model also has excellergdjctive validity, as all of the
dopamine based drugs that are currently used irclinee are also effective in the
60HDA rat model of PD (Jenner, 2008).

For these reasons, the 60HDA rat model of PD isajrtbe most widely used
animal models of PD, and the beneficial featuresspssed by the model has made it
useful in not only research into the pathogenesBDobut also for testing a number of
different types of potential treatments for PD. Thbust and easily quantifiable motor
deficits that are induced by full 60ODHA lesions ahé high predictive validity of the
model has resulted in the model being particuladgful in early stage pre-clinical PD
research efforts that are aimed at identifying piéé new pharmacological
symptomatic treatments for PD. The model has autitly also been extensively used
to test neurorestorative cell transplant therapeesPD (detailed in section 1.4)3
Moreover, after around three weeks of chronic L-BQRatment, unilaterally 60HDA
lesioned rats start to display dyskinesias analsdgouhose observed in the PD patients
after long term L-DOPA treatment. The dyskinesi&savved in the rats — termed
abnormal involuntary movements (AIMS) - include ekform twisting of the neck and
upper body, abnormal movements of the forelimbpaimal orolingual movements, and
increased locomotor activity, with all of these abmal movements occurring

contralaterally to the lesion (Duty & Jenner, 2014 further application of the 60HDA
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treated rat is, therefore, to study the mechaniseasling to L-DOPA induced

dyskinesias, and also to identify new treatmenés tiave the potential to alleviate L-
DOPA induced dyskinesias. Furthermore, as discusselier, there is currently an
urgent need for the development of new neuropretherapies for PD, and in more
recent times the 60HDA rat model of PD has alsanlbedensively used in research
efforts aimed at identifying treatments for PD thaght have neuroprotective potential.
The robust and easily quantifiable nigrostriataida that is induced by 60HDA has
made this model particularly amenable to such n@otective studies, as it allows
treatments that are able to protect nigrostriatgdagnine neurones against 60HDA-
induced degeneration to be identified.

3.1.1.4.4. The 60HDA Patrtially Lesioned Rat ModelfoPD

By adjusting the dose of 60HDA that is deliveredhe nigrostriatal tract, it is possible
to induce either a full or a partial nigrostriatedct lesion in rats. In PD, there is a
gradual loss of nigrostriatal dopamine neurones avany years. Motor symptoms in
most cases only appear once more than ~60% of dopameurones in the SNc have
been lost (Dauer & Przedborski, 2003), and atpbist symptomatic treatment with L-
DOPA is usually commenced. In most drug discovéudiss, it is, therefore, preferable
to use a partially lesioned 60DHA rat model of PDthis would represent a more
clinically representative model than compared folly lesioned model. Moreover, in
drug discovery studies aimed at identifying potntieuroprotective therapies, it is
essential to use a partially lesioned model in otdeagive the test treatment a realistic
opportunity to mediate any beneficial effects, ado to more fully evaluate its
therapeutic potential, and this is particularly essary due to the onset of 60HDA-
induced nigrostriatal degeneration being relativatyite rather than progressive. The
relatively high doses of 60DHA used to induce a fesion causes nearly all of the
dopamine neurones in the lesioned nigrostriatalt tta die (Schwarting & Huston,
1996b). On the other hand, when the nigrostriagadttis partially lesioned, by using a
lower dose of 60HDA, dopamine neurones have thmssiple fates. One group of
dopamine neurones will undergo apoptosis or nexrasd die (Jeoset al., 1995). A
second group of neurones will remain alive but waile their dopaminergic phenotype
and become non-functional (Bowenkarapal., 1996). A third group of dopamine
neurones will remain healthy and maintain normaktfionality (Jeoret al., 1995). In a

partially lesioned model, a test treatment, theefdas the opportunity to have a
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therapeutic effect through 3 possible mechanistnsart have a neuroprotective effect
by preventing the neurones exposed to lethal cdratems of toxin from dying (Alexi
et al., 2000). Secondly, it could have a regenerativecefby restoring the damaged
neurones to a functional state (Bowenkaghl., 1995). Thirdly, it can also increase
the functioning of the remaining healthy neuronggyviding symptomatic relief by
compensating for the loss in functionality causgdhe lesion (Gaskt al., 1995; Gash
et al., 1996). Another advantage offered by a partia@bidned model is that the lower
60HDA dose used is likely to cause dopamine neudsgeneration at a slower rate
compared to the higher doses used in a fully leslomodel. In a full lesion model,
degenerating nigral cell bodies are found as easly2h after the 60HDA infusion is
made (Jeonet al., 1995). Some of the biological effects mediated d®rtain
neuroprotective drugs, such as growth factors amvk to take hours or even days to
become apparent, as they are brought about by ekangyene transcription. A slower
onset of degeneration would, thus, provide a subatabenefit when evaluating
neuroprotective treatments, as it would lengthendtfiective time-period in which the
treatment could bring about its neuroprotectiveed. However, an advantage
possessed by fully lesioned 60HDA models is thathost cases, they induce robust
motor impairments which can be easily measuredebgral different motor tests. The
basal ganglia circuitry, however, has extensive r@miarkably effective compensatory
mechanisms that can maintain basal ganglia outgoals at near normal levels when
only a partial nigrostriatal lesion has been indic (Bezardet al., 2003). A
disadvantage of the partially lesioned 60HDA ratdeioof PD, therefore, is that this
model produces more subtle motor deficits which @aly be detected by a number of

the more sensitive motor tests.
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3.2. Objectives

3.2.1. Objective 1. Establish a Unilateral Partialf Lesioned 60HDA Rat Model of
PD in which to Test FGF20 for its In Vivo Neuroprokective Effects

Recent findings have shown FGF20 to have neurogroée effects on dopamine
neuronesn vitro (detailed in section 4.1)5and one of the main aims of this thesis was
to evaluate whether FGF20’'s neuroprotective effectsdopamine neurones are also
apparentjn vivo, in the partially lesioned 60HDA rat model of P8e¢ Chapter
The first aim of the current study was to establshappropriate partially lesioned
60HDA rat model of PD in which to evaluate FGF2Q fts ability to protect
nigrostriatal dopamine neurones,vivo. To accomplish this objective, 60HDA dose-
response experiments were carried out to identifynéra-nigrally delivered dose of
60HDA that induces a ~60-80% partial nigrostridtdion. However, in an initial
60HDA dose-response experiment, the infusion preeedvas found to induce a
substantial nigrostriatal lesion by itself. Forsthieason, a follow-up 60HDA dose-
response experiment was carried out in which aedfiesioning protocol was used. It
Is possible to induce partial unilateral 60DHA indd nigrostriatal lesions in rats by
infusing low doses of 60HDA directly into eitheretbsubstantia nigra where the
nigrostriatal dopamine neurone cell bodies aretémtaor into the striatum where the
dopamine neurone terminals are located. In theentistudy, nigrostriatal lesions were
induced with intra-nigral rather than intra-strla@®HDA infusions mainly because of
practical considerations. In the subsequent neategtion study it was planned that
FGF20 would be administered supra-nigrally rathbant into the striatum as
immunohistochemistry results generated as parthafp@r 2 demonstrated the FGFRs
to be more abundantly localised in the SN compdmedhe striatum. Intra-nigral
60HDA infusions were, thus, used as this wouldvallooth 60HDA and FGF20
infusions to be delivered through a single dualrcéae brain cannula.

Furthermore, because partial nigrostriatal lesimutice subtle motor deficits
that are more difficult to detect than that indudmd full lesions, two drug-induced
motor tests (apomorphine and amphetamine inductdions) and two spontaneous
motor tests (adjusted stepping test and cylindst) teere evaluated in this study to
identify tests that are capable of detecting mdigficits induced by a partial 6OHDA

lesion.
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3.2.2. Objective 2 - Identify a Biologically ActiveDose of FGF20 to use in a Future
In Vivo Neuroprotection Study

To successfully evaluate FGF20’s neuroprotectifieafy in vivo, it is essential that a
biologically active dose of the growth factor istel. FGF20 mediates its biological
effects by activating its membrane bound RTKSs, R4 receptors (FGFRs), of which
there are 4 subtypes which are referred to as@fRR, 2, 3, and 4détailed in section
2.1.2. Several of the FGFRs are localised to nigrastridopamine neurones and also
to glial cells within the SN of the rat braisee Chapter g and the anti-apoptotic and
mitogenic effects stimulated by FGFR activationmiediated through the extracellular
regulated kinase-1/2 (ERK-1/2) MAPK signalling patty (Gardner & Johnson, 1996;
Gu et al., 2004; Khalilet al., 2005). A second aim of this Chapter was to iderdi
biologically active intra-nigrally delivered dosé BGF20 that can be employed in the
in vivo neuroprotection study by using phospho-ERK1/2 dsiomnarker of FGF20
mediated FGFR activation.
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3.3. Methods

3.3.1. Unilateral 60HDA Nigrostriatal Tract Lesioning
3.3.1.1. Animals

Male Sprague Dawley rats, weighing between 270-30@ge obtained from Charles
River (Kent, UK). The rats were maintained on al28:light:dark cycle (lights on at 7
am). Room temperatures were kept at 22+2°C and roomidity at 55%. Food and
water was availabled libitum. All animal procedures were undertaken in accactdan
with the UK Animals (Scientific Procedures) Act 898

3.3.1.2. Unilateral 60HDA Lesioning of the Rat Nigostriatal Tract - PROTOCOL
1

A 5pl Hamilton micro-syringe (23G) was fitted to apright infusion pump attached to
a stereotaxic frame. The inter-aural line was use@ reference point to calculate the
coordinates at which the intra-nigral 60HDA infussohad to be delivered at. The
injection needle of the Hamilton syringe was, tf@m positioned so that its tip was
located right in the centre of the tapered poinafear bar that had been tightened in
place on the stereotaxic frame. Once the AP anctc®drdinates of the inter-aural line
were recorded, rats were anaesthetised with a mixdtiketamine (75mg/kg, i.p.) and
medetomidine (0.5 mg/kg, i.p.). Rats were pre-g@atith the noradrenaline reuptake
inhibitor, desipramine (25 mg/kg i.p.) and the MAOhibitor, pargyline (5 mg/kg
I.p.) 30min before being anaesthetised. 60HDA ig &b induce the degeneration of
both dopamine and noradrenaline neurones, as 60KDAken up by not only the
dopamine transporter, but also by the noradrenaaresporter. Rats were therefore pre-
treated with desipramine to limit any 60HDA inducgelgeneration of noradrenaline
neurones. The pargyline pre-treatment, on the olia&d, was given to potentiate
60HDA’s toxic effect on dopamine neurones by intilgy 60HDA from being
metabolised into an inactive metabolite by MAO-BheT anaesthetised rats were
mounted in the stereotaxic frame after shavingrttssialps. Their scalps were
disinfected with ethanol and povidone-iodine (Beta)l and a midline incision made in
the scalp after checking for the absence of a hmd-withdrawal response. The
cranium was fully exposed using retractors, andpirecranial membrane scraped away

with a scalpel blade. A burr hole was made in tla@icm using a 20G drill bit, and the
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meninges pierced. When any bleeding had ceasetiamaton micro-syringe was then
filled with 5ul of either a vehicle (sterile dB containing 0.02% ascorbic acid) or a
60OHDA solution (1.5pg/pl, 2ug/ul, or 3ug/ul 60HDAssblved in vehicle). The
60HDA solution was freshly prepared on the dayhef lesioning, and it was dissolved
in a 0.02% ascorbic acid solution, kept on ice, anapped in foil, all to minimise the
inactivation of 60HDA through auto-oxidation. Immaily after filling the micro-
syringe, the needle of the Hamilton syringe wasvlidowered into the brain until the
tip of the injection needle was located at the r@esintra-nigral coordinates (AP, +3.7,
ML, +2.0; DV, +2.2, relative to the interaural linfPaxinos & Watson, 1993)) and
intra-nigral infusions of either vehicle or 60HDA, (8, or 12ug 60HDA dissolved in
4ul of vehicle) were administered to the rats dlow rate of 2ul/min. The syringe
needle was left in place for 4min, after which tieedle was removed, and the rats scalp
sutured with self-dissolving polyester sutures. sRatere administered with an
atipamezole (1mg/kg, s.c.) injection to reverseeati®esia, and placed in a heated
environment until recovery. Rats were given a salinjection (1ml, s.c.) to aid
rehydration, and were maintained on a mashed foedfor 3 days post-surgery, or
until rats started maintaining a healthy weight. todal of 44 rats were used in this
experiment, with an n of 11, 12, 13, and 8 beirgdus the sham, 6ug, 8ug, and 12ug

groups, respectively.

3.3.1.3 Unilateral Lesioning of the Rat Nigrostriaal Tract - PROTOCOL 2
(Refined Protocol)

A 5ul Hamilton micro-syringe was mounted onto amoawated micro-infusion pump,
and the tip of the syringe connected to a lengtlvinyl tubing which was, in turn,
connected to a 33G stainless steel injection neddie injection needle was fastened
tightly onto a guide cannula holder which was selgufitted to the stereotaxic frame.
Intra-nigral 60HDA or vehicle infusions were thednanistered to the rats by using
nearly exactly the same protocol as was in usedeiction 3.3.1.2 with only 3
alterations being made. Firstly, in the currenteskpents intra-nigral infusions were
administered to the rats using the 33G stainle=s sieedle described above instead of
the 23G Hamilton syringe injection needle that wasd insection 3.3.1.2Secondly, a
0.09% sterile saline solution containing 0.02% dsicoacid was used as a vehicle in
this study rather than the @B vehicle used in previous study, and lastly, theed of

60HDA infused in this study differed to that usedsection 3.3.1.2, as either vehicle
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infusions, or 4ug, 6ug, or 8ug 60HDA doses wereiagtered to the rats. Thus, once
the rat was mounted into the stereotaxic frame abdrr hole made in the skull, the
33G injection needle and the length of tubing taclht was connected, were filled
with 5ul of either a vehicle solution (0.09% stergaline containing 0.02% ascorbic
acid) or a 60HDA solution (1pg/ul, 1.5ug/ul, or uigoOHDA dissolved in vehicle).
The remainder of the lesioning procedure was, hewearried out exactly as described
in section 3.3.1.2A total of 26 rats were used in these experimeniih 7 rats being
used in both the sham and 8ug groups, while 6wate used in both the 4ug and 6ug

groups.

3.3.2. Behavioural Measurement of Motor Deficits ithe 60HDA Lesioned Rats
3.3.2.1. Cylinder Test

Rats were placed in a transparent cylindricallypsigaplexiglass enclosure (diameter =
20cm, height = 30cm), and the rats rearing behavieeorded in real-time by
observation Fig 3.1). The rearing behaviour of only a single rat wasorded at any
one time. To allow the rearing behaviour of the tatbe clearly observed regardless of
whether the rats were facing toward or away fronobserver, a mirror was placed in
an upright position against a wall, and the cylmplesitioned in front of the mirror. The
number of rearing postures supported by either fmtimbs, the ipsilateral (i.e. same
side as the lesion) forelimb alone, or the conteadd (i.e. opposite side of the lesion)
forelimb alone was then quantified. The percentaig®tal rearing postures supported
by the ipsilateral forelimb alone was calculateukl,ahereafter ‘ipsilateral forelimb use
alone’ is taken to mean the percentage of totatsréldat were supported by the
ipsilateral forelimb alone. In this thesis, incressn ipsilateral forelimb use alone were
used as a measure of the degree of motor impairrtteit was present in the
contralateral affected forelimlsde section 3.4.1)3Cylinder test results for rats were
only included in analyses if the rat reared 10 arertimes in a session. Cylinder test
measurements were taken 2 days (acclimatisatiosiosgsand 1 day (baseline
measurements) prior to 60HDA lesioning, and on%la8, and 11 post-lesioning. Mean
(xsem) ipsilateral forelimb use alone values wesaggated for each of the treatment
groups, at each of the measurement time-points.tlzesk results were analysed with
two-way ANOVAs and Bonferroni post-hoc tests. Withihe 60HDA treatment

groups, it was assessed whether ipsilateral fobelise was significantly higher on any
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of the time-points, post-lesioning when comparedaseline. Importantly, at each of
the time-points, it was also assessed whetheratpsdl forelimb use was significantly
different in any of the 60HDA dose groups compdrethe sham lesioned group.

Figure 3.1. Picture illustrating the cylinder test.

3.3.2.2. Adjusted Stepping Test

Rats were held with both hands, with one hand sdimgpthe rat's hindquarters, and
the other hand supporting the rat’'s frontal bodylevat the same time immobilising
one of the rat’s forelimbg={g. 3.2). The paw of the non-restrained forelimb was then
placed on the surface of a lab bench, and the matech laterally at a steady pace
(~90cm/45sec) along the edge of the bench, allothegat to make adjusting steps to
regain its balancel'he number of adjusted steps made by the rat vatipsilateral and
contralateral paws, over a distance of 90cm, wamtenl. Three repeat measurements
were made to generate mean adjusted stepping dkstsvfor each paw. As with the
cylinder test, adjusted step measurements weren Akdays (acclimatisation session)
and 1 day (baseline measurements) prior to 60HBMMNg, and on day 5, 8, and 11
post-lesioning. Mean (xsem) ipsilateral and coatexhl adjusted step values were
generated for each of the treatment groups, at @fitte measurement time-points. The
magnitude of the decrease in the number of adjustieyos made, post-lesioning, was
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used as a measure of forelimb motor deficits. la #ujusted stepping test, two
independent data sets were generated, one thaidettlall the results for the

contralateral impaired forelimb, and another thatluded all the results for the

ipsilateral unimpaired forelimb. The two independdata sets were then separately
analysed by two independent two-way ANOVA and Bomfel analyses. For each

forelimb, it was evaluated whether adjusted stepasueements were significantly

different on any of the time-points, post-lesioningen compared to baseline, within
each of the treatment groups. Additionally, forredarelimb, it was also determined

whether at each of the time-points, adjusted st&@msurements were significantly
different in any of the 60HDA dose groups compdeethe sham lesioned group.

Figure 3.2. Picture illustrating the adjusted stepping test.

3.3.2.3. Drug-Induced Rotational Behaviour

Drug-induced motor behaviour was measured usingmeters and the Roto-Rat data

acquisition software supplied by Med Associates. If8t. Albans, Vermont, USA).

105



Apomorphine and amphetamine-induced rotational \iehawas measured on day 14
and day 15, post-lesioning, respectively. Rats wejected with either apomorphine
(Img/kg, i.p.), or amphetamine (5mg/kg, i.p.), aftehich they were fitted with a
harness, and placed inside a rotometer to whiclr tharnesses were attached.
Rotational behaviour was then recorded, by the fRatbsoftware, for a 70min period,
post-injection. Over this period, the total numlmdr clockwise and anti-clockwise
rotations that were made by each of the rats wesrded in 5min time blocks. The
mean number of net ipsiversive rotations and thanmmaumber of net contraversive
rotations made by each treatment group in eacth@f5min time blocks were then
calculated for the amphetamine-induced rotation taedapomorphine-induced rotation
experiments, respectively. For each time block,ip&versive rotations were calculated
by subtracting total contraversive rotations frootak ipsiversive rotations, while net
contraversive rotations were calculated by doirg itiverse. These results were then
analysed to produce two separate time-course esofiine for the amphetamine induced
mean net ipsiversive rotation 5min time block reswdnd another for the apomorphine-
induced mean net contraversive rotation resul@mRhese time-course profile graphs,
the 25min time period after drug administrationidgmnwvhich peak rotational behaviour
occurred was then identified. For the amphetamimme the apomorphine experiment,
the mean cumulative net ipsiversive or contraversistations made by each of the
different treatment groups during this 25min timeripd was then calculated,
respectively. Finally, these mean peak cumulatotation results were analysed with
one way ANOVA and Dunnett’'s post hoc test analyse#) the apomorphine and
amphetamine results being analysed separately. ther amphetamine and the
apomorphine experiment, it was assessed if the isjagtions induced a significantly
greater number of peak net ipsiversive or contgverrotations, respectively, in any of
the 60HDA treatment groups compared to the shaiored group.

3.3.3. Quantification of Nigrostriatal Tract Lesions using TH

Immunohistochemistry
3.3.3.1. Paraffin Wax Embedding of Rat Brain Tissue

On day 16 post-lesioning, rats were intra-cardig@rfusion fixed and their brain’s
embedded in paraffin wax using exactly the samé&pob as detailed isection 2.3.1.1
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3.3.3.2. Preparation of Nigral and Striatal Tissuésections from the Paraffin Wax

Embedded Rat Brains for Immunohistochemical Stainiig

Paraffin wax embedded nigral and striatal braintises were prepared for
immunohistochemical staining using exactly the sgm&ocol as that used for the
HRP/DAB stained brain sectionssection 2.3.1.2

3.3.3.3. Immunohistochemical Staining of Paraffin Vlix Embedded Brain Sections
for TH

3.3.3.3.1. Application of Primary and Secondary Anbodies

Striatal and nigral sections from the 60HDA dosspmnse experiments that had been
previously prepared were stained for TH. The blogksolution in which the prepared
sections were still immersed in was removed, ardstittions incubated with a rabbit
polyclonal anti-TH primary antibody (Chemicon, ABRLSL in 1000 dilution) overnight
at RT. Sections were then washed in TBS buffertmwiufor 10min to remove any
unbound primary antibody. In all cases, TH stainwgs visualised using the
HRP/DAB/ABC method. Sections were, thus, subsedyéntubated with a polyclonal
biotinylated goat anti-rabbit secondary antibod KD, E0432, 1 in 300 dilution) for
2h at RT.

3.3.3.3.2. Visualisation of TH Staining using the RP/DAB/ABC Method

TH staining was then visualised with the HRP/DAB@\Bnethod and glass coverslips
mounted on top of the stained sections by usingtBxthe same protocol as described
in section 2.3.3.2The only exception is that none of the TH staiisedtions were

counterstained with haematoxylin in this study.

3.3.3.3.3. Quantification of Nigrostriatal Tract Lesions using TH

Immunohistochemistry

Digital images of the whole TH-immunostaingtdiatal sections were acquired using an
Epson Perfections V700 colour scanner, and densimma&nalysis of the acquired

images was carried out using ImageJ image anap$igare. The mean grey staining
densities present in the entire lesioned and nsioded striatal hemispheres were

quantified. In these analyses, the net stainingsittes present in the striatal
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hemispheres were calculated by subtracting backgrstaining density measurements
from the striatal density measurements. Two inddpeh background staining
measurements were generated for each section bytifyuey the staining densities
present in the entire ipsilateral and contralateeaébral cortex hemispheres separately.
Finally, ipsilateral and contralateral cerebralterrbackground staining measurements
were then subtracted from ipsilateral and conteaddtstriatal density measurements,
respectively, to yield net striatal staining deesit The percentage staining density
present in the lesioned hemispheres relative tonthelesioned hemispheres (% TH-
Immunoreactivity) were then calculated for sectimasn the rostral (AP, +1.6), medial
(AP, +0.2), and caudal (AP, -1.4) striatum (all ABordinates are relative to bregma
(Paxinos & Watson, 1993)). For each rat, mean %inikunoreactivity values for each
of the areas were derived by analysing three adfa®ections at each level. A mean
overall % TH-immunoreactivity value was then dedver each rat by averaging the
three % TH-immunoreactivity values generated faheaf the 3 different rostro-caudal
areas. Finally, mean overall % TH-immunoreactiwglues were then calculated for
each of the 60HDA and vehicle treatment groupsveyaging the mean overall % TH-
immunoreactivity values of all the rats in each upo Striatal TH
immunohistochemistry results were analysed withwwag ANOVA and Dunnett’s test
post-hoc analyses to determine if striatal % TH umoreactivity levels in any of the
60DHA dose groups were significantly different v tsham group.

Digital images of the lesioned and non-lesioned ififunostainednigral
hemispheres were acquired at 10x magnificationguaiZeiss bright field microscope
fitted with an Axiovision colour camera. ViabléHF cells in the lesioned and non-
lesioned SNc were counted using ImageJ image asagétware. Only intact round
cells with a clear nucleus and cytoplasm havingfinde “halo” were counted. Mean
nigral TH+ cell numbers present in the lesioned aond-lesioned hemispheres were
also quantified by analysing 3 sections taken feomostral (AP, -4.8), medial (AP, -
5.2), and caudal (AP, -5.8) area of the substamgiiaa (all AP coordinates are relative to
bregma (Paxinos & Watson, 1993)). Mean total THgrali cell counts for each
individual rat and for each treatment group weenthalculated in the same manner as
was done for the striatal TH immunohistochemistregsuits. Nigral TH
immunohistochemistry results were analysed with-ivay ANOVA and Bonferroni
analyses to firstly determine whether, within eathhe treatment groups, TH+ nigral

cell counts were significantly different in the imsed compared to the non-lesioned
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hemisphere. Secondly, it was determined whether déltcounts in the lesioned nigral
hemisphere of any of the 60DHA dose groups wenaifiegntly different compared to
the sham group.

‘No primary antibody’ control experiments were ¢adrout with the anti-rabbit
biotinylated secondary antibody (Vectorlabs, BA-Q0Q/200) that was used in all of
the TH immunohistochemistry experiments to conftirat the secondary antibody by
itself did not give rise to any non-specific stampiwhen applied in the absence of the
primary anti-TH antibody. Exactly the same stainpmgtocol was followed in these
control experiments to that used in the actual expts, with the only difference
being that nigral and striatal brain sections weoé incubated with anti-TH primary
antibody. Results from the control experiments destrated the abovementioned
secondary antibody not to produce any non-specifaining when applied in the

absence of primary antibody.

3.3.4. FGF20 Dose Finding Experiments
3.3.4.1. Acute Intra-Nigral FGF20 Infusions

Intra-nigral FGF20 infusions were delivered to bmains of rats using a nearly identical
procedure to that followed for the 60HDA infusiandesioning protocol 1sge section
3.3.1.9. Briefly, naive male Sprague Dawley rats weighiagpound ~270g were
anaesthetised, mounted onto a stereotaxic fraree, skulls exposed, and a burr hole
drilled in their skull. Using a 5ul Hamilton 23G ono-syringe, freshly prepared FGF20
artificial cerebrospinal fluid (aCSF) vehicle sadut (148mM NaCl, 3mM KCI, 1.4mM
CaCl2, 0.8mM MgCI2, 1.5mM HPO4, 0.2mM NaH2PO4, 1§@m of rat serum
albumin, pH7.4) or FGF20 (100ng and 1pg dissolvedyil of vehicle) infusions were
delivered at exactly the same intra-nigral coortisaas that used for 60HDA (AP,
+3.7; ML, +2.0; DV, +2.2, relative to the interauliae (Paxinos & Watson, 1993)). In
contrast to the 60HDA dose-response study, theimatsis study were not allowed to
recover after the intra-nigral FGF20 infusions weedivered. Instead, the rats were
intra-cardially para-formaldehyde perfusion fixegh8n after the FGF20 infusions were
made, and their brains removed. Paraffin wax emdé@ddlocks of brain tissue
containing the entire SN from each of the rat lwairere then prepared, and serial 8um
thick coronal nigral sections were then cut wittm&rotome, so that sections were

obtained from the entire SN using the same prosoasldetailed isection 2.3.3.1 and
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2.3.3.2 A total of 6 rats were used in these experimenitfy 2 rats being used in the
vehicle and each of the different FGF20 dose groups

3.3.4.2. Immunostaining of Nigral Sections for Phg#o-ERK1/2 and
Quantification of Nigral Phospho-ERK1/2 Positive Cés

Nigral sections from the FGF20 dose finding stullgt thad been previously prepared
for immunohistochemical staining using the proceduarsection 2.3.lwere stained for
phospho-ERK1/2. As detailed later section 3.2.2 the mitogenic and anti-apoptotic
effects stimulated by FGFR1 activation is mediatiecbugh the ERK1/2 signalling
pathway, and phospho-ERK1/2 (activated form of ERK1vas, therefore, used as a
marker of FGFR activation in this study. The blegkisolution in which the prepared
sections were still immersed in was removed, ardsittions incubated with a rabbit
anti-phospho-ERK1/2 (Santa Cruz Biotechnology, 8t761, 1/250) primary antibody
at RT overnight. Next, sections were washed in TB®%move any unbound primary
antibody, and incubated with a donkey anti-rabbdtibylated secondary antibody
(Vectorlabs, BA-1000, 1/200) for 2h at RT. Thereafipphospho-ERK1/2 staining was
visualised with the HRP/DAB/ABC method and glasserslips mounted on top of the
stained sections by using exactly the same pro@salescribed isection 2.3.3.2The
only exception is that none of the stained sectioveye counterstained with
haematoxylin in this study.

Digital images of the phospho-ERK1/2-immunostaingdral sections were
acquired at 10x magnification using a Zeiss brifjakd microscope fitted with an
Axiovision colour camera. Phospho-ERK1/2 positied aumbers at the nigral FGF20
infusion sites were counted using ImageJ imageyaisakoftware. Net phospho-ERK
positive cell counts were calculated by subtractiogtralateral from ipsilateral cell
counts, and mean phospho-ERK1/2 cell numbers fdr et were derived by analysing
6-9 adjacent nigral sections taken from the infasbes within the substantia nigra. No
statistical analysis was carried out on these tesd only an ‘n’ of 2 rats were used in

each group.

3.3.5. Drugs and Chemicals

FGF20 was obtained from Peprotech (Rocky Hill, Nahd pentobarbital (Euthatal)

was obtained from Merial Animal Health Ltd (Esse)). The Betadine was purchased
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from LE West Ltd. (Barking, UK). Ketamine HCI (Vat), medetomidine HCI
(Domitor), and atipamezole HCI (Antisedan) weredddtained from Pfizer (Sandwich,
UK). 6-OHDA-HBr, L-ascorbic acid, desipramine HQargyline HCI, apomorphine
hydrochloride hydrate, D-amphetamine sulphate alhdtha other chemicals were
obtained from Sigma-Aldrich (Dorset, UK).

3.4. Results

3.4.1. Nigrostriatal Dopaminergic Lesions and MotomDeficits Induced in Rats

using Lesioning Protocol 1

3.4.1.1. Dose-Dependent Reductions in Nigral TH+ C&€ounts and Striatal TH
Levels Induced by Intra-Nigral Infusions of 60HDA

A 60HDA dose-response experiment was carried otdtsto identify an intra-nigrally
delivered dose of 60HDA that induces a partial asgniatal tract lesion. Unilateral
intra-nigral 60HDA infusions dose-dependently restlidboth striatal TH levels and
nigral TH+ cell numbers in the lesioned nigrostiatacts Fig 3.3 and 3.4.

Striatal TH levels were reduced in the ipsilatél@sioned) hemispheres of all of
the 60HDA dose groups, and surprisingly also in slhem lesioned group when
compared to the contralateral striatal hemisph¢Feg 3.3.B). Quantitative results
showing the % ipsilateral striatal TH levels (relatto the contralateral hemisphere)
that were present in the different groups are showkig 3.3.A In the sham lesioned
group, striatal TH levels were reduced in the gistlal striatum by ~25% compared to
the contralateral striatum. The 610HDA infusionsdueed a significant dose-dependent
reduction in striatal TH levels (p<0.001), with theg and 8ug 610HDA doses inducing
partial losses of ipsilateral striatal TH levels~&5% and ~60%, respectively, while the
12ug dose induced a complete 100% loss of stifdddevels. All of the 60HDA doses
induced a significantly bigger loss of striatal TéVels when compared to the sham
lesioned group (p<0.05).

Similarly, the absolute number of TH+ cells wergndicantly lower in the
lesioned SNc of all the groups, including the shesioned group, compared to the non-
lesioned SNcKig 3.4.A p<0.01). Worryingly, in the sham lesioned grotipi+ cell
numbers in the lesioned SNc was ~50% lower comp&oethe non-lesioned SNc.
Again, 60HDA reduced nigral TH+ cell numbers inase-dependent manner (p<0.01).

In the 6ug, 8ug and 12ug 60HDA groups, TH+ cell hara in the lesioned SNc were
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~75%, ~80% and ~100% lower than in the non-lesioB®&t (p<0.01). All three
60HDA doses reduced TH+ cell numbers in the lesidremisphere to a greater degree

compared to vehicle (p<0.01).

Figure 3.3. Reductions in Striatal TH Induced by
60HDA using Lesioning Protocol 1
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Figure 3.3. Reduction in striatal TH levels (A) induced by
unilateral intra-nigral infusions of a range of 60HDA doses
or vehicle (sham) delivered using lesioning protocol 1. Data
points represent meantsem, and n=8-13 for each group.
*p<0.05 and **p<0.01 compared to the sham lesioned
group. Representative examples of TH-immunostained
coronal sections from the medial striatum of each group
(B). Abbreviations; TH: tyrosine hydroxylase, 60HDA:
6-hydroxydopamine.
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Figure 3.4. Reductions in Nigral TH+ Cells
Induced by 60OHDA using Lesioning Protocol 1
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Figure 3.4. Reduction in TH-positive nigral cell
numbers (A) induced by unilateral intra-nigral infusions
of a range of 60HDA doses or vehicle (sham) delivered
using lesioning protocol 1. Data points represent
mean£tsem, and n=8-13 for each group. * *xp<0.01
compared to the non-lesioned contralateral SNc¢ of the
same group. **p<<0.01 compared to lesioned SNc of the
sham lesioned group. Representative examples of
TH-immunostained coronal sections from the medial
SNc¢ of each group ( B). Abbreviations; TH: tyrosine
hydroxylase, 6OHDA: 6-hydroxydopamine, SNc:
substantia nigra pars compacta, MT: medial terminal
nucleus of the accessory optic tract, VTA: ventral
tegmental area.
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3.4.1.2. Drug-Stimulated Motor Asymmetry Detectedn Rats Lesioned using
Protocol 1

Amphetamine stimulated a time-dependent increasetimpsiversive rotations in all of
the 60HDA dose groups, and also in the sham ledigneup Fig 3.5.A). Peak net
ipsiversive rotations occurred in the 25 to 50mimetperiod, post-amphetamine
injection Fig 3.5.A). In this period, amphetamine induced ~40 cumatnet
ipsiversive rotations in the sham lesioned grobjy 3.5.B). The 60HDA infusions
brought about a dose-dependent increase in ampimetanduced cumulative net
ipsiversive rotations during this periodfig 3.5.B, p<0.01). Amphetamine induced
~115, ~220, and ~355 net ipsiversive rotationshiea 6ug, 8ug and 12ug 60HDA
groups, respectively. Amphetamine-induced net grsive rotations were, however,
only significantly higher in the 8ug and 12ug 610H@AOUps compared to the sham
lesioned group (p<0.05 and p<0.01, respectively).

Apomorphine stimulated a time-dependent increasendt contraversive
rotations in all of the 60HDA dose groups, but mothe sham lesioned groupig
3.6.A). In the 60HDA groups, peak net contraversivetrotg occurred during the 15
to 40min time period, post-apomorphine injectidfig( 3.6.A). During this period,
apomorphine failed to induce any mean peak netr@oatsive rotations in the sham
group, while in the 6ug, 8ug and 12ug 60HDA growgsomorphine induced mean
peak net contraversive rotations of ~20, ~8, ar®l ré&spectivelyKig 3.6.B). However,
net apomorphine-induced contraversive rotationsevegry significantly greater in the
12ug fully lesioned rats compared to the sham hesioats (p<0.05).
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Figure 3.5. Rotational Behaviour Stimulated by
Amphetamine in Rats Lesioned using Protocol 1
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Figure 3.5. Rotational behaviour stimulated by
amphetamine (S5mg/kg, 1.p) in rats which received
unilateral intra-nigral infusions of a range of 60HDA
doses or vehicle (sham) delivered using lesioning protocol
1. Rotations were quantified in Smin time-blocks. Results
are expressed as time-course profiles of the mean net
ipsiversive rotations made over a 70min period post-drug
injection ( A), and as the mean cumulative net rotations
made during the 25-50min period in which peak rotational
behaviour occurred (B). Data points represent mean+sem,
and n=8-13 for each group.*p<0.05 and **p<0.01
compared to sham.
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Figure 3.6. Rotational Behaviour Stimulated by
Apomorphine in Rats Lesioned using Protocol 1

A.
30- 60HDA Dose:
—8— Sham % 6ug —— 8pg ¥ 12pg
¢ 204
@
S 2
2 S 101
£
o <
[SN- 0-
o
Z
-104
1 I 1
0 15-20 35-40 55-60
Time Block Post-Apomorphine
B. injection (min)
1504
: *
S E 100-
wn &
S Y
>
5T 507
) I
OE | |
5
zZ <
&
504 e
L I I 1
Sham 6pg 8ug 12ug
60HDA Dose

Figure 3.6. Rotational behaviour stimulated by
apomorphine (Img/kg, ip) in rats which received
unilateral intra-nigral infusions of a range of 60HDA
doses or vehicle (sham) delivered using lesioning protocol
1. Rotations were quantified in Smin time-blocks. Results
are expressed as time-course profiles of the mean net
contraversive rotations made over a 70min period
post-drug injection (A), and as the mean cumulative net
rotations made during the 15-40min period in which peak
rotational behaviour occurred ( B). Data points represent
meantsem, and n=8-13 for each group.*p<0.05 compared
to sham.
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3.4.1.3. Motor Deficits Detected by the Cylinder T& in Rats Lesioned using
Protocol 1

In the cylinder test, the majority of the rats Ihad the groups mainly used both of their
forelimbs to support themselves in a rearing positat baselineHig 3.7.A), with a
mean of ~60-80% of total rears being supported bt Borelimbs in the different
groups. A much smaller % of total rearing postwese supported by the ipsilateral or
contralateral forelimb alone (~7-22% of total re@dfsg 3.7.A). These baseline results
showed that the rats in all of the treatment grdugs no preference for using one of
their forelimbs over another, which demonstratest tho forelimb asymmetry was
present in any of the groups at baseline.

The forelimb motor deficits induced by a unilateGDHDA lesion can be
expressed in a number of different ways. After dateral 60HDA lesion, the affected
contralateral paw will be used on far fewer ocaasioThis will be reflected in the
results by the % of total rears being supportethkycontralateral forelimb alone and by
both forelimbs decreasing after lesioning. The %tathl rears supported by the
ipsilateral forelimb alone, on the other hand, wittrease. Forelimb motor deficits can,
therefore, be quantified by assessing the decrease % of total rears supported by
the contralateral forelimb alone after lesionindtefatively, motor deficits can be
quantified by measuring the increase in the % tdltoears that are supported by the
ipsilateral forelimb alone after lesioning. By ashg the raw data showing the
absolute number of rears made by all of the rathendifferent groups, one finds that
each rat on average made ~23 total rears at basaélitotal of 44 rats were used in this
study, and 27 of these rats only reared 0-3 tinsggguheir contralateral forelimb alone
at baseline. For these 27 rats it would, therefoot,have been possible to calculate a
meaningful decrease in the % of total rears suppdsy the contralateral forelimb alone
after lesioning. For this reason, forelimb motofides were measured in this study by
assessing the increases in the % of total reagsosigal by the ipsilateral forelimb alone
(% ipsilateral forelimb use alone) that occurrederaflesioning. Thus, hereatfter,
significant increases in % ipsilateral forelimb y&est lesioning is taken to be a measure
of the degree of motor deficits that were presanthe contralateral forelimbs of the
rats.

Significant contralateral forelimb motor deficiteere, in this way, detected by
the cylinder test in the sham lesioned group, andlli of the 60HDA dose groups at
multiple time-points, post lesioning, when compatedaselineKig 3.7.B). The 12ug

117



group failed to respond in the cylinder test on Bapost-lesioning, precluding the use
of a two-way ANOVA to analyse these results. Indteeylinder test results for this
study were analysed by a number of separate indepérone-way ANOVA and
Dunnett's test post hoc analyses to determine ifamy of the treatment groups
significantly greater motor deficits were presenamy of the time-points post lesioning
when compared to baseline. Additionally, resultgrfreach of the time-points were also
analysed with independent one-way ANOVA analyseastess whether motor deficits
were significantly greater in any of the 60HDA daseups when compared to sham at
each of the time-points.

In the sham lesioned group, significant motor defievere detected by the
cylinder test on day 5 and 8 post-lesioning (p<p.®it not on day 11. In the sham
group, ipsilateral forelimb use alone increasednfre20% at baseline to ~45-60% post-
lesioning. Significant motor deficits were presentll of the 60HDA dose groups at
all of the time-points, post-lesioning, when congghto baseline (p<0.01). In the 6ug
group, ipsilateral forelimb use alone increasednfrel8% at baseline to ~57-62% at
post-lesioning time-points, while in the 8ug graumcreased from ~13% to ~72-90%.
The biggest increase in motor deficits were, howewsbserved in the 12ug group, in
which ipsilateral forelimb use alone increased fre8% at baseline to ~96-99% post-
lesioning.

As mentioned, the cylinder results were also amalyt determine if the
60HDA treatments induced a significantly greategrde of forelimb motor deficits at
each of the different time-points, post-lesioniogmpared to the sham lesioned group.
The motor deficits detected by the cylinder testha 6pug 60HDA group were found
not to be significantly greater than that deteatetthe sham lesioned group, on all of the
time-points post-lesioning. The motor deficits déde in the 8ug group were
significantly greater than the sham lesioned gronpday 8 and 11, post-lesioning
(p<0.01 and p<0.05, respectively), but not on dainghe 12ug group, motor deficits
were significantly greater than the sham group othllay 8 and 11, post-lesioning
(p<0.01).
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Figure 3.7. Motor Deficits Detected by the Cylinder Test in rats Lesioned
using Protocol 1
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Figure 3.7. Forelilmb motor function as measured by the cylinder test. A. The
percentage of total rears supported by the rats using either both forelimbs, their
ipsilateral forelimb alone, or their contralateral forelimb alone at baseline. B. Unilateral
deficits in forelimb motor function detected by the cylinder test in rats which received
unilateral intra-nigral infusions of a range of 60HDA doses or vehicle (sham) delivered
using lesioning protocol 1. Increases in ipsilateral forelimb use alone, post-lesion, was
used as a measure of the degree of motor impairment that was present in the
contralateral impaired forelimb. Cylinder test results for the 12pg group are absent on
day 5 due to a failure of the rats to respond. Data points represent meantsem, and
n=8-13 rats for each group.* *p<0.01 compared to baseline. *p<0.05, and ** p<0.01

Day Post Lesioning

compared to sham.
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3.4.1.4 Motor Deficits Detected by the Adjusted Spping Test in rats Lesioned
using Protocol 1

The adjusted stepping test detected no motor tefioi the unaffected ipsilateral
forelimbs of any of the treatment groupsy 3.8.B). At baseline, the different treatment
groups made ~21-23 adjusted steps with their ijgsda forelimbs, and in all of the
groups there were no significant differences betwbe number of ipsilateral adjusted
steps made at any of the time-points post-lesiomihgn compared to baseline. There
were also no significant differences between thelmer of ipsilateral adjusted steps
made by the different groups at each of the diffetene-points.

At baseline, the different treatment groups mad®-23 adjusted steps with their
contralateral forelimbs, and the adjusted steppiest also failed to detect any
significant motor deficits in the affected conttalal forelimbs of the sham and 6ug
60OHDA groups at any of the time-points post-lesigniwhen compared to baseline
(Fig 3.8.A). Significant contralateral forelimb motor defgivere, however, detected in
the 8ug and 12ug 60HDA groups (p<0.05). In the §pamp, contralateral forelimb
measurements were ~22% lower on day 5 post-legionimen compared to baseline
(p<0.01), and importantly, these deficits were agmificantly different to sham at this
time-point (p<0.01). The reductions in contralateeajusted step measurements
observed on day 8 and 11, post-lesioning in the @pgp were, however, found not to
be statistically significant. In the 12ug 60HDA gp significant contralateral motor
deficits were detected at all 3 time-points, pesidning, with adjusted step
measurements being reduced by ~61-94% on poshiegitime-points when compared
to baseline (p<0.01), and importantly, the motoficite in the 12ug 610HDA group
were also significantly greater to that presenthi@ sham lesioned group at all of the

time-points, post-lesioning (p<0.01).
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Figure 3.8. Motor Deficits Detected by the Adjusted
Stepping Test in rats Lesioned using Protocol 1
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Figure 3.8. Unilateral deficits in forelimb motor function detected by
the adjusted stepping test in rats which received unilateral intra-nigral
infusions of a range of 60HDA doses or vehicle (sham) delivered using
lesioning protocol 1. The number of adjusted steps made by the
contralateral (impaired) and ipsilateral (unimpaired) forelimb over a
90cm distance is shown in A and B, respectively. Decreases in the
number of adjusted steps made after lesioning was used as a meaure of
forelimb motor impairment. Data points represent meantsem, n=8-13
rats for each group.* *p<0.01 compared to baseline.** p<0.01

compared to sham.
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3.4.2. Nigrostriatal Dopaminergic Lesions and MotomDeficits Induced in Rats

using Lesioning Protocol 2

3.4.2.1. Dose-Dependent Reductions in Nigral TH+ C&€ounts and Striatal TH

Levels Induced in Rats using Lesioning Protocol 2

In the first 60HDA dose-response experiment thas warried out as part of this
Chapter, a substantial nigrostriatal lesion wasbto be present in the sham lesioned
group. With the aim of identifying an intra-nigradfusion procedure that produces
minimal nigrostriatal tract degeneration by itself,second follow-up 60HDA dose-
response experiment was carried out in which vehasid 60HDA infusions were
delivered using a refined protocirétocol 2, see section 3.3.1.3 for method

In this study, no reductions in striatal TH levelsre found to be present in the
ipsilateral striatum of the sham group when comgbaoethe contralateral striaturfi¢
3.9.A&B). This represents a substantial improvement wioempared to the first study,
where a substantial ~25% striatal lesion was ptesetine sham group. The unilateral
intra-nigral 60HDA infusions, however, induced grsficant dose-dependent reduction
in striatal TH levels in the lesioned hemispherdgermv compared to the contralateral
striata Fig 3.9.A), with the 6ug, and 8ug 60HDA doses inducing ryeadmplete
striatal TH loss of ~90% and ~95%, respectively,ilevithe 4ug dose induced a
desirable ~65% partial loss of striatal TH. All die 60HDA doses induced a
significantly bigger loss of striatal TH comparedthe sham lesioned group (p<0.01).
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Figure 3.9. Reductions in Striatal TH Induced by
60HDA using Lesioning Protocol 2
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Figure 3.9. Reduction in striatal TH levels (A) induced
by unilateral intra-nigral infusions of a range of 60HDA
doses or vehicle (sham) delivered using lesioning
protocol 2. Data points represent meantsem, and n=6-7
for each group. **p<0.01 compared to the sham lesioned
group. Representative examples of TH-immunostained
coronal sections from the medial striatum of each group
(B). Abbreviations; TH: tyrosine hydroxylase, 60HDA:

6-hydroxydopamine.
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Nigral TH+ cell count results are shownkig 3.10. Although nigral TH+ cell numbers
were found to be significantly lower in the ipsdedl SNc of the sham lesioned group
compared to the contralateral SNc (p<0.05), celinibers were only reduced by a
negligible ~10% Fig 3.10.A). The refined lesioning procedure, thus, also edus
substantially smaller degree of nigral TH+ celld@®mpared to the original procedure,
which induced an ~50% reduction in TH+ cells in thsilateral SNc. The 60HDA
doses also induced a dose-dependent loss of grailatigral TH+ cellsKig 3.10.A).
The 6ug and 8ug 60HDA doses induced a nearly cdaenjdss of TH+ nigral cells,
with TH+ cell numbers in the lesioned SNc being %9&@nd ~95% lower compared to
the non-lesioned SNc in the two groups, respecti{pk0.01 in all cases). The 4ug
dose, on the other hand, produced a desirableapaBiD% loss of nigral TH+ cells in
the lesioned compared to the non-lesioned SNcthidle of the 60HDA doses induced
a significantly greater degree of TH+ cell lossthe lesioned SNc compared to that
present in the sham lesioned group (p<0.01).
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Figure 3.10. Reductions in Nigral TH+ Cells Induced by
60HDA using Lesioning Protocol 2
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Figure 3.10. Reduction in TH-positive nigral cell numbers ( A) induced
by unilateral intra-nigral infusions of a range of 60HDA doses or vehicle
(sham) delivered using lesioning protocol 2. Data points represent
mean+sem values, and n=6-7 for each group. * *p<0.01 and * p<0.05
compared to the non-lesioned contralateral SNc of the same group.
**p<0.01 compared to lesioned SNc of the sham lesioned group.
Representative examples of TH-immunostained coronal sections from the
medial SNc¢ of each group (B). Abbreviations; TH: tyrosine hydroxylase,
60HDA: 6-hydroxydopamine, SNc: substantia nigra pars compacta, MT:
medial terminal nucleus of the accessory optic tract, VTA: ventral
tegmental area.
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3.4.2.2. Drug-stimulated Motor Deficits Detected irRats Lesioned using Protocol 2

In contrast to the first study, in which both thgomorphine and the amphetamine
rotation tests were used to assess motor asymnoetiyythe amphetamine rotation test
was used in this study. The apomorphine test wasised in this study because it was
demonstrated to have an insufficient sensitivityd&gtect motors deficit in partially
lesioned rats in the previous study.

Amphetamine stimulated a time-dependent increaseinpsiversive rotations
in all of the 60HDA dose group&ifg 3.11.A). However, in contrast to the first study,
amphetamine stimulated no net ipsiversive rotationhe sham lesioned groupig
3.11.A. The minimal amount of nigrostriatal damage iretlidy the refined lesioning
procedure, thus, gave rise to substantially lowetomdeficits being detected in this test
in the sham lesioned group, as ~40 cumulative atapfiee-induced rotations were
recorded in the sham group in the first study. Pestkipsiversive rotations occurred in
the 40 to 65 min time-period, post-amphetamineciiga (Fig 3.11.A). In this period,
amphetamine induced no cumulative net ipsiversatations in the sham lesioned
group, while the 60HDA infusions brought about aseldependent increase in
amphetamine-induced cumulative rotatioRgy(3.11.B p<0.01), with ~220, ~222, and
~579 net ipsiversive rotations being recorded sn4hg, 6pug and 8ug 610HDA groups,
respectively. Rotations were found to be signiftahigher in all of the 60HDA dose

groups when compared to the sham lesioned group%pr all cases).
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Figure 3.11. Rotational Behaviour Stimulated by
Amphetamine in Rats Lesioned using Protocol 2
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Figure 3.11. Rotational behaviour stimulated by amphetamine
(5mg/kg, 1.p) in rats which received unilateral intra-nigral
infusions of a range of 60HDA doses or vehicle (sham)
delivered using lesioning protocol 2. Rotations were quantified
in Smin time-blocks. Results are expressed as time-course
profiles of the mean net ipsiversive rotations made overa
70min period post-drug injection( A), and as the mean
cumulative net rotations made during the 25-50min period in
which peak rotational behaviour occurred ( B). Data points
represent meantsem, and n=6-7 for each group.*p<0.05 and
*¥¥p<0.01 compared to sham.
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3.4.2.3. Motor Deficits Detected by the Cylinder T& in Rats Lesioned using
Protocol 2

The cylinder test failed to detect any significanbtor deficits in the contralateral
forelimb of the sham lesioned group at any of tineetpoints, post-lesioning, when
compared to baselin€ig 3.12). Significant contralateral forelimb motor defgivere,
however, detected in all of the 60HDA groups atoélthe time-points, post-lesioning,
when compared to baselinéig 3.12 p<0.05 in all cases). In the 4ug group, ipsikter
forelimb use alone increased from ~13% at basétine’4-91% at post-lesioning time-
points. In the 6ug group, ipsilateral forelimb @dene increased from ~6% at baseline
to ~88-95% post-lesioning, while in the 8ug groumcreased from ~17% to ~86-88%.
Importantly, at all of the time-points, post-lesiug, the motor deficits detected in all of
the 60HDA groups were found to be significantly aieg to that detected on the

equivalent day in the sham lesioned group (p<Q48licases).
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Figure 3.12. Motor Deficits Detected by the Cylinder Test
in rats Lesioned using Protocol 2
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Figure 3.12. Unilateral deficits in forelimb motor function detected by
the cylinder test in rats which received unilateral intra-nigral infusions
of a range of 60HDA doses or vehicle (sham) delivered using lesioning
protocol 2. Increases in ipsilateral forelimb use alone, post-lesion, was
used as a measure of the degree of motor impairment that was present
in the contralateral impaired forelimb. Data points represent meantsem,
and n=6-7 rats for each group.*p<0.05 compared to baseline, and
*p<0.05 compared to sham.

3.4.2.4. Motor Deficits Detected by the Adjusted $pping Test in Rats Lesioned

using Protocol 2

The adjusted stepping test detected no motor tefioi the unaffected ipsilateral
forelimbs Fig 13.3.B. At baseline, the different treatment groups mad@3-24
adjusted steps with their ipsilateral forelimbsdan all of the groups there were no
significant differences between the number of gisilal adjusted steps made at any of
the time-points post-lesioning when compared toelias. There were also no
significant differences between the number of gisilal adjusted steps made by the

different groups at each of the different time-p®in
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At baseline, the different treatment groups made-22 adjusted steps with their
contralateral forelimbs, and significant contralateforelimb motor deficits were
detected in all of the treatment groups, including sham groupHg 13.3.A). In the
sham and 4ug 60HDA groups significant contralaterator deficits were detected on
day 8 and 11 (p<0.05 in all cases), but not on3lgyost-lesioning, when compared to
baseline. In the sham group, adjusted step measuatenwvere ~17-19% lower at the
latter post-lesioning time points compared to baseWwhile in the 4ug group they were
~21-23% lower. In the 6ug and 8ug 60HDA groupshificant contralateral forelimb
motor deficits were detected at all of the timerpgj post-lesioning, when compared to
baseline. In the 6ug group, adjusted step measutsnagere ~20-28% lower on post-
lesioning time points compared to baseline (p<@Q&ll cases), while in the 8ug group
they were ~35-42% lower (p<0.01 in all cases). fifwor deficits in only the 6ug and
8ug 60HDA groups were, however, found to be sigaiftly greater to that present in
the sham lesioned group. In the 6ug group, motdicite were only significantly
greater compared to sham on day 5 post-lesionir®.(®), whereas in the 8ug
60OHDA group, motor deficits were significantly gteato that present in the sham
lesioned group at all time-points, post-lesionipgd.01).
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Figure 3.13. Motor Deficits Detected by the Adjusted Stepping Test
in rats Lesioned using Protocol 2
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Figure 3.13. Unilateral deficits in forelimb motor function detected by the
adjusted stepping test in rats which received unilateral intra-nigral infusions
of a range of 60HDA doses or vehicle (sham) delivered using lesioning
protocol 2. The number of adjusted steps made by the contralateral
(impaired) and ipsilateral (unimpaired) forelimb over a 90cm distance is
shown in A and B, respectively. Decreases in the number of adjusted steps
made after lesioning was used as a meaure of forelimb motor impairment.
Data points represent meantsem, n=6-7 rats for each group.*p<0.05
and* *p<(0.01 compared to baseline. * p<0.01 and **p<0.01 compared to

sham.
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3.4.3. ERK1/2 Activation Stimulated by Intra-Nigral Infusions of FGF20

Only a relatively small number (~5-25) of phosphRKH&/2 positive cells were present
in the contralateral control nigral hemisphereig (3.14.B). Intra-nigral infusions of not
only FGF20 but also vehicle produced a substantiatease in phospho-ERK1/2
positive cell numbers around the nigral infuside selative to the equivalent area in the
contralateral hemispherd=ig 3.14.A&B). This is qualitatively demonstrated in the
images inFig 3.14.B which show a substantially greater number of dotmmown
stained phospho-ERK1/2 positive cells to be preserihe ipsilateral relative to the
contralateral hemispheres. Quantitative analysishefresults revealed there to be a
trend towards FGF20 increasing net phospho-ERKtAttige cell numbers in a dose-
dependent manner, as ~81, ~93, and ~113 phosphd/2Ri¢sitive cells were present
in the vehicle, 100ng, and 1ug groups, respectifely 3.14.A). However, statistical
tests could, unfortunately, not be used to tessigmificant differences between groups,
as an ‘n’ of only 2 was used in each group. Moreosabstantial phospho-ERK1/2

activation was observed in cells all along the cdamm tracts (examples no shown).
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Figure 3.14. Change in phospho-ERK 1/2-Positive Cell Numbers
Stimulated by Intra-Nigral FGF20 Infusions

'S

120+

Net Number of phos pho-ERK1/2
positive cells/Nigral Section

Vehicle 100ng Ipg
FGF20 Dose

B.

Nigral Hemisphere - Relative to Intra-nigral Infusion

Contralateral - Control |Ipsilateral - Infusion site

Figure 3.14. Change in net phospho-ERK1/2 (phosphorylated
extracellular regulated kinase-1/2)-positive cell numbers induced by
unilateral intra-nigral infusions of FGF20 or vehicle (A). n=2 for
each group, and 6-9 coronal sections from each rat were used to
calculate meantsem values. B. Representative example images of
the ipsilateral nigral infusion sites and of the corresponding
contralateral nigral control areas taken from phospho-ERK1/2
immunostained nigral sections from each of the groups. Red arrows:
Brown DAB stained phospho-ERK1/2 positive cells.
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3.5. Discussion

3.5.1.Nigrostriatal Dopaminergic Lesions and Motor Deficts Induced in Rats

using Lesioning Protocol 1

One of the main aims of this thesis was to evaludtether FGF20 has neuroprotective
effects on dopamine neurones,vivo, in the partially lesioned 60HDA rat model of
PD. In this study, 60HDA dose-response experimame carried out to identify an
intra-nigrally delivered dose of 60HDA that inducas appropriate partially lesioned
60HDA rat model of PD in which FGF20 could be ewaéd for its neuroprotective
effects. In an initial experiment, 60HDA induced@se-dependent loss of nigrostriatal
dopamine neurones, with a 6pg and 8ug 60HDA dodecing a partial nigrostriatal
lesion, whilst a 12ug dose induced an undesiralllddsion. However, unexpectedly
and worryingly, in this initial study, the vehiclmfusion alone caused a fairly
substantial nigrostriatal lesion, reducing stridféal levels by around ~25%nd TH+
nigral cell numbers by around ~50% when compareth@onon-lesioned hemisphere.
This indicated that the injection procedure itssised some degree of nigrostriatal
degeneration. Therefore, it follows that a subsihdegree of nigrostriatal degeneration
in the 60HDA treatment groups can, thus, be atiedbtio the injection procedure rather
than the selective toxic effects mediated by 60HDRAe bulk of this damage is likely
to be caused by the mechanical disruption inducedhb insertion of the injection
needle into the brain. Because there is a risk@#fBA forming a precipitate when
dissolved in saline, the toxin was delivered inHp@ vehicle solution in this initial
study. The vehicle also contained 0.02% ascorlvalbéich was added to prevent the
oxidative inactivation of 60OHDA prior to it beingfused. It is, thus, also likely that the
dH.0 vehicle caused some cell death as a resultdidmipting the osmotic conditions at
the injection site. The osmotic damage caused byvtrhicle infusion is, however,
likely to be limited as very small volumes (4ul) needelivered into the SNc. As
ascorbate is a non-toxic substance with anti-oxiganperties, it is unlikely that it
contributed to any cell death, especially at theyvew concentrations at which it was
present.

Although the aetiology of PD remains incompletelpdarstood, there is
evidence that a number of factors including mitoatral dysfunction, oxidative stress,
ubiquitin proteasome system dysfunction, and ex@osio environmental toxins
contribute to the development of PD. The dopamigecgll death in PD is, however,
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almost certainly not caused through mechanical ssnatic insults. There is, on the
other hand, evidence that 60HDA might induce dopammeurone cell death through
similar mechanisms that are at work in PD, as 60Hf#s been shown to induce
dopamine neurone death by impairing the functiomhghitochondria, and/or through
the generation of oxidative stress (Blwenal., 2001). In order to produce the most
clinically relevant model of PD possible, it woultierefore, be desirable to minimise
the amount of dopaminergic degeneration that isiged by insults other than the
60HDA toxin. Furthermore, it is also possible thatchanical and/or osmotic insults
might cause the affected dopamine neurones tawheediately or at a very rapid rate.
This might hinder the therapeutic potential ofeatment as it would reduce the number
of dopamine neurones on which it could successfliyve a beneficial effect.
Moreover, although it was not investigated whettier infusion procedure inflicted
damage on other non-dopaminergic cells aroundrtfusion site, it is highly likely that
the procedure also induced significant non-speciimage to non-dopaminergic cells
not only in the SNc, but also in nearby regiongshsas the SNr. Such non-specific
damage to other cells would act to further redieepractical usefulness of the model
by reducing not only the face validity but poteliyialso the predictive validity of the
model. For this reason, a second 60HDA dose-regpexigeriment was carried out in
which the experimental design was refined so amitomise the non-specific damage
induced by the infusion procedure.

In neuroprotection studies carried out with the @2Hrat model of PD, a
treatment’s neuroprotective effects on dopaminaores are assessed by determining
if it preserved nigrostriatal dopamine neuronesra®OHDA lesioning. It is, however,
also important to evaluate if any protection of a@mine neurones, offered by a
treatment, also translates into a preservation aftom function after lesioning.
Therefore, with the aim of identifying appropridtehavioural tests to use in future
neuroprotection studies, a number of behaviousdktef motor function were assessed
to identify tests that are sensitive enough toatdtes relatively mild motor deficits that
manifest in partially lesioned 60HDA rats. Althougte protocol used here induced
unacceptable levels of 60HDA-independent non-sjgecifgrostriatal damage, the
behavioural results obtained from these rats alleuseful in guiding the decision on
which motor test to use in the future neuroprotectstudy. Of course, as with the
nigrostriatal lesions, it is important for any motteficits that are detected in a group of

60HDA lesioned rats to be significantly greater pamed to that detected in the vehicle
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group. This will ensure that a neuroprotectivettreent has a window of opportunity to
demonstrate a significant preservation of motorcfiem at an equivalent level to that
seen, for example, in the vehicle group.

The motor tests evaluated in the initial 60HDA dassponse experiment
included two drug-induced tests, the amphetamimeagomorphine-induced rotational
tests, and two spontaneous tests of motor functlun adjusted stepping test and the
cylinder test. Both the cylinder test and the antgiméne-induced rotations were
sensitive enough to detect significantly greatetanasymmetry/deficits in not only the
fully lesioned but also the partially lesioned raf®ie adjusted stepping test detected
significant motor deficits in the fully lesionedtsaand there was also a strong trend
towards this test detecting significantly greateoton deficits in the 8ug partially
lesioned group compared to the sham lesioned grdime. apomorphine-induced
rotational test, on the other hand, detected sa@amf motor asymmetry in the fully
lesioned rats, but in the partially lesioned ratsiied to detect any motor deficits. The
detection of motor deficits in the 8ug partiallysiened group by the amphetamine-
induced rotational test but not by the apomorplinueiced rotational test is consistent
with the literature, as a >90@&epletion of striatal TH has been shown to be reguior
apomorphine to stimulate robust rotational behavi@chwarting & Huston, 1996a).
Amphetamine, on the other hand, has been demadtitat stimulate rotational
behaviour when striatal TH is depleted#50% (Schwarting & Huston, 1996a). Based
on these results, only the amphetamine rotati@st) the cylinder test, and the adjusted
stepping test were selected to be further assaasttte subsequent refined 60HDA

dose-response study.

3.5.2.Nigrostriatal Dopaminergic Lesions and Motor Deficts Induced in Rats

using Lesioning Protocol 2

In the initial 60HDA dose-response experiment tivais carried out, a substantial
nigrostriatal lesion was found to be present ingham lesioned group. With the aim of
identifying an infusion procedure that producesimal nigrostriatal tract degeneration
by itself, a second follow-up 60HDA dose-respongpeeiment was carried out in
which vehicle and 60HDA infusions were deliverethgsa refined protocol (protocol
2). It was concluded that the substantial lesiotha sham lesioned group observed in
the first study was most likely the result of aatglely large (23G) injection needle and

a non-physiological dfD vehicle solution being used. For this reasonth& second
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study, a much smaller 30G injection needle and ysiplogical 0.09% saline vehicle
solution were, thus, used instead when adminigje¢ha intra-nigral 60HDA infusions.

TH immunohistochemistry results from this seconadgtdemonstrated these
refinements to have successfully reduced the nenHsp damage induced by the
procedure to negligible levels. Using the refinatusion protocol, vehicle infusions
induced only a minimal degree of nigrostriatal degation, with no significant
reduction in striatal TH levels and only an ~10%uetion in nigral TH+ cell counts
being detected in the sham group. This represesatgstantial improvement, as in the
first study a significant ~25% striatal and ~509ral lesion was observed in the sham
lesioned group. Importantly, in this study, the @@ infusions induced a dose-
dependent degeneration of nigrostriatal dopamingames in the rats. However, both
the 6ug and 8ug doses of 60DHA induced an undésiraarly complete nigrostriatal
lesion of ~90%, and ~95%, respectively. The 4ugeddscOHDA, on the other hand,
induced a desirable partial ~60-80% nigrostriatasidn. Thus, based on the
immunohistochemistry results, the 4ug dose of 60HIES considered to be the most
appropriate dose to use in subsequenivo neuroprotection studies with FGF20.

Surprisingly, using the refined protocol, 60HDA hadnuch more pronounced
potency at inducing nigrostriatal degeneration wisempared to the first study, as
equivalent 60HDA doses caused substantially gredtgostriatal dopamine neurone
loss in the second study compared to the firsthinfirst study, for example, an 8ug
dose of 60HDA induced only ~60% nigrostriatal lesiwhile in the second study, this
same dose induced a nearly complete ~95% lesios. i$hunexpected, particularly
because the infusion procedure used in the fitelystivas shown itself to induce a
substantial degree of nigrostriatal degeneratidmereas the infusion procedure in the
second study only caused minimal damage in the gitaaop. One possible explanation
for this could be that the modified vehicle solatiased in the second study somehow
acted to enhance the potency of 60HDA. This disomep is, however, more likely to
have been caused by two different batches of 60H#BAg used in the studies. The
60OHDA-HBr stock powder used to prepare the 60HDAkiNg solutions in the first
study was ~3 years old, whereas a newly purchastsh lmf 60HDA was used in the
second study. As 60HDA is known to be a fairly lalmompound, the 60HDA stock
solution used in the first study might have corgdirsubstantially reduced amounts of
active non-oxidised 60HDA compared to the freslehalf 60HDA used in the second
study.
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In addition to the histological analyses, threefedédnt motor tests, the
amphetamine-induced rotational test, the cylindést,tand the adjusted stepping test
were also evaluated with the aim of identifying ordests that are sensitive enough to
detect motor deficits in partially lesioned 60HDAtS. As expected, the minimal
nigrostriatal tract damage induced by the vehicfagions in this study resulted in only
minimal motor deficits being detected in the shamug. Both the amphetamine-
induced rotational test and the cylinder test &hild detect significant motor
deficits/asymmetry in the sham lesioned group gtalrthe time-points post-lesioning
when compared to baseline, while the adjusted stgpjest detected significant but
relatively small reductions in motor function ofG-15% in the sham lesioned group.
Importantly, the 60HDA infusions induced a dosedtejent increase in motor deficits
in the rats. As discussed earlier, full nigrostdatiopaminergic lesions have been
documented to produce robust motor deficits in rdtat are relatively easily
guantifiable by several motor tests (Schwarting &stén, 1996a). In this study, a
nearly complete nigrostriatal lesion was inducedobth the 6ug and the 8ug 60HDA
doses, and consistent with literature reportspflihe tests evaluated detected motor
deficits significantly greater than that presentha sham lesioned rats, in both the 6ug
and 8ug groups. Of the two spontaneous motor fomctésts, it appeared that the
cylinder test had the greatest sensitivity, ascyieder test detected significant motor
deficits in the ~90% lesioned 6pg group on all bé ttime-points post-lesioning,
whereas the adjusted stepping test detected mefwitdl significantly greater than the
sham group on only day 5, post-lesioning. Conseityyein the 4pg partially lesioned
rats, motor deficits significantly greater than ttldbserved in the sham group were
detected by the amphetamine-induced rotationabresthe cylinder test, but not by the
adjusted stepping test. As mentioned above, obfathe 60HDA doses tested in the
second study, only the 4pg dose induced an appteprt60-80% nigrostriatal
dopaminergic lesion. Therefore, a 4ug intra-nigralelivered dose of 60HDA was
used in the subsequeirt vivo neuroprotection studies with FGF20. As the adpliste
stepping test was found not to have a sufficiensiswity to detect the less pronounced
motor deficits that were present in the partiabbgibned 4pg group, this test was not
used in the neuroprotection study. The cylindet tsd the amphetamine-induced
rotational test, on the other hand, were both epgulpas both of these tests detected

significantly greater motor deficits in the 4ug gpocompared to the sham lesioned
group.
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3.5.3. ldentifying a Biologically Active Intra-Nigrally Delivered Dose of FGF20

By using phospho-ERK1/2 as a marker of FGF20 stwedl FGFR activation, an
attempt was made to identify a biologically activera-nigrally delivered dose of
FGF20. In this pilot study, it was anticipated ttether no or very low phospho-
ERK1/2 positive cell numbers would be observed e tvehicle group, while
substantially higher phospho-ERK1/2 activation Isvevould be induced by a
biologically active dose of FGF20. This would hal®wed a biologically active dose
to be identified through a qualitative analysistid results. Instead, results from these
experiments revealed that both the FGF20 and thmcleeinfusions stimulated a
substantial increase in phospho-ERK1/2 activatibitha infusion site. There was a
trend towards FGF20 increasing phospho-ERK1/2 atitim further in a dose-
dependent manner. Statistical tests could, howexarbe carried out to establish if
there were significantly higher phospho-ERK1/2\ation levels in the FGF20 groups,
as only an n of 2 was used in each group.

As increased phospho-ERK1/2 activation was obsematdnly at the infusion
sites, but also all the way along the cannulaetdrat appears that phospho-ERK1/2
activation is being stimulated by the mechanicahage caused by the insertion of the
injection needle. Moreover, it has previously beemorted that the intra-hippocampal
implantation of a microdialysis probe itself indace substantial upregulation of FGF2
MRNA and protein around the site of implantatioruiftpel et al., 1994). It is, thus,
likely that the mechanical damage induced by aidor®bject being inserted into the
brain stimulates the release of numerous signalimgecules in the brain tissue
surrounding the inserted object. These signallirmeoules would then stimulate the
activation of numerous signalling pathways in tissue surrounding the implantation
site. Therefore, it could be anticipated that itvdobe difficult to study the effect of an
intra-cerebrally infused test agent on signallivgres in a specific brain area, if the
signalling events are activated extensively or supra-maximal level by the damage
alone. As FGF2 is a potent agonist at the FGFRsi{©st al., 1996; Ford-Perrisgt al.,
2001; Eswarakumaet al., 2005; Zhanget al., 2006; Heinzleet al., 2011), and it has
been shown to be upregulated by the implantatiocgss (Humpett al., 1994), it is
likely that signalling pathways activated by the & will fall in such a category in
areas where FGFRs are expressed. The failure ok tlegperiments to detect a
biologically active dose of FGF20 could, thus, mb@dly be attributed to the
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complications outlined above. However, it couldoassmply be due to a big enough
dose of FGF20 not having been tested in these iexpets.

Although there are no published reports of FGF2@deested for any central
nervous system effeci® vivo, several studies have investigated the pharmaicolog
activities mediated=GF2 when it is delivered to the central nervous systbBrough
continuous infusion. These studies reported FGRfat@ mitogenic (Kuhet al., 1997;
Kojima & Tator, 2002; Ohta&t al., 2006), and neuroprotective (Srivastaval., 2008)
effects at a dose rate of 0.36pg/day. Moreoveat gludies undertaken in this lab to
probe the neuroprotective effects of FGF20 in lpatsring a full nigrostriatal tract lesion
showed that FGF20, delivered over 6 days at atgligiigher dose rate of 2.5ug/day,
provided some protection against losses of boihtatfTH immunoreactivity and nigral
TH+ cell numbers (unpublished results). Therefa®,the dose finding experiments
failed to identify a biologically active dose, ange of FGF20 doses, including the
2.5ug/day dose used in the previous pilot studyrewevaluated in then vivo

neuroprotection study in Chapter 4.

3.5.4. Conclusion

An intra-nigral infusion procedure that induces egligible degree of non-specific
nigrostriatal degeneration by itself was succegsfigveloped in this study. The use of
an injection needle with the smallest possible gaagd also a physiological vehicle
solution, in the infusion procedure, was demonstrab be essential in minimising non-
specific nigrostriatal degeneration. The refinedHB®A\ lesioning procedure was used
in 60HDA dose-response experiments to identify rmainigrally delivered dose of
60HDA that induces a partial ~60-80% lesion of tigrostriatal tract in rats. Of all the
doses of 60HDA tested, only the 4ug 60HDA dose ypeed an appropriate partial
nigrostriatal dopaminergic lesion, while both thegéand the 8ug doses induced an
undesirable near complete lesion. Of the four mtests evaluated, only the cylinder
test and the amphetamine-induced rotational testictzl significant motor deficits in
the 4ug partially lesioned rats. Thus, in theivo neuroprotection study carried out in
Chapter 4jt was evaluated if FGF20 could protect againsadial nigrostriatal lesion
induced by a 4pug intra-nigrally delivered dose GHDA. The cylinder test and the
amphetamine-induced rotational test were seleatedet used to assess if FGF20
improves the motor deficits induced by the pamigrostriatal lesion. Since the FGF20

dose finding experiments failed to successfullyntdg a biologically active intra-
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nigrally delivered dose of FGF20, a range of FGKERBes based on preliminary
findings from an earlier pilot study were usedha study.
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Chapter 4: Neuroprotective Effects of Fibroblast Giowth

Factor-20 on Dopamine Neurones

4.1. Introduction

4.1.1. Protective and Regenerative Effects mediatdny the FGF System

In both the peripheral organs and the nervous sysseveral FGF family members
protect numerous tissues from injury, and in maages they also stimulate the
regeneration of the injured tissues. Peripherdfi@Fs have been shown to have a
protective and/or regenerative effect on the heamttilage, and on endothelial cells.
FGF1 and FGF2 protect the heart from ischaemicriegien injury bothin vivo andex
vivo, with a single FGF pre-treatment preserving mydiehtissue and cardiac function
(Detillieux et al., 2004). In the damaged knee joint, FGF2 stimulatatilage repair
when it is delivered by FGF2 overexpressing chooytes implanted into the knee joint
(Cucchiarini et al., 2005; Jungnickekt al., 2006), while,in vitro, FGF2 protects
endothelial cells against both serum withdrawal rfiéa et al., 1997) and
hypoglycaemia (Hast al., 2005). Additionally, FGF2 has also been showstimulate
skin wound healing (Obaset al., 2005).

FGFs have been reported to have protective anefenerative effects in a
number of different types of nervous system tissnes only,in vitro, in immortalised
and primary neurone cultures, but also,vivo, in both the peripheral and central
nervous system. FGF2 and FGF8 protect SKHMC neastdina cells from oxidative
stress (Marlet al., 1999), while both FGF2 and FGF4 protect SHSY5Nsdeom nitric
oxide toxicity (Wagle & Singh, 2000). Hippocampalinpary neurone cultures are
protected from glutamate toxicity by FGF2 (Lenhat@l., 2002), and from oxidative
stress by both FGF2 and FGF4 (Detillieetxal., 2004). Additionally, FGF2 protects
primary cerebellar neurones from ethanol inducdddsath (Luoet al., 1997), and it
also has neurotrophic effects on a number of dfferprimary motor neurone cell
cultures (Grothe & Wewetzer, 1996h vivo, in the peripheral nervous system, FGF2
protects hypoglossal neurones against lesioningtf@r& Wewetzer, 1996), and the
facial nerve against axotomy (Cuevesal., 1995), while in another study FGF2
enhanced the reinnervation of muscle after trarseaf the motor nerves innervating
the muscle. FGF1 and FGF2 also promotes the slirandiregeneration of the injured
sciatic nerve (Lairdet al., 1995; Grothe & Wewetzer, 1996; Jacqeeal., 1999; Ohta
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et al.,, 2004), with FGF1 not only promoting regeneratidut also the
electrophysiological functioning of the regenerateave (Wanget al., 2003).1n vivo,

in the CNS, FGFs also promote the survival andnmegion of a number of different
injured brain structures. FGF2, when either exogsty applied or delivered by
adenoviral overexpression, increases the survindl regeneration of the optic nerve
after injury (Blancoet al., 2000; Sapiehat al., 2003). FGF2 application also protects
the hippocampus against a kainite-induced lesioat{dret al., 2000), and it stimulates
increased survival of neurones in the dorsal latgeaiculate nucleus after axotomy
(Agarwala & Kalil, 1998). Furthermore, both FGF2dafrGF18 protects against
cerebral ischaemic brain injury, with both FGFsu@dg the infarct size and also
preserving motor function (Li & Stephenson, 2008s\korth et al., 2004). Thus, there
is a wealth of evidence demonstrating the FGF sydteplay an important protective

and/or regenerative role in many different tissofethe body.

4.1.2. Neurotrophic Effects of the FGFs on Dopaminseurones

The FGF system also plays an important physiolbgrode in the nigrostriatal
dopaminergic tract. All of the FGFRs and 5 of ti® RGFs - FGF1, FGF2, FGFS8,
FGF9, and FGF20 - are expressed by one or moraypalin the nigrostriatal tract,
with all being localised to dopamine neuronéstéiled in section 2.1)5 Furthermore,

in Chapter 2 of this thesis, using immunohistoctstryi FGF20 and FGFR1, 3, and 4
were demonstrated to be localised abundantly inonbt dopaminergic neurones, but
also in a number of other cell types throughoutrtigeostriatal tract of the rat brain. In
VM embryonic dopamine neurone cultures, the FGFR1and 4 proteins were also
shown to localise to a number of different cellagpresent in these cultures. Evidence
from a number of studies has indicated that theogedous FGF system plays an
important role in maintaining the survival of nobhlp embryonic VM developing
dopamine neurones, but also nigrostriatal dopamegones in the intact adult brain.
In vitro, FGF2 stimulates survival and neurite outgrowth MM embryonic rat
dopamine neurones, while in human embryonic dopanmeaurone cultures, FGF2
stimulates increased survival and increased THesgon (Silanet al., 1994). FGF8
also has neurotrophic effects on VM embryonic i@aimine neurones, and treatment
of VM cultures with FGF8 neutralising antibody degsed TH+ cell survival (Roussta
al., 2004), while in another study, inhibition of FGFRtivation enhanced reserpine

induced cell death of VM embryonic dopamine neuso(Murase & McKay, 2006).
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Additionally, in VM embryonic cultures, FGF2 hassal been shown to regulate
extracellular dopamine levels by stimulating ineed dopamine uptake by both
dopamine neurones and astrocyf®sani et al., 1994; Inazuwet al., 1999). Moreover,
findings from severain vitro studies have provided indirect evidence that agtes
derived striatal FGF2 might play an important néwigpic role in maintaining the
survival of nigrostriatal dopamine neurones inititact brain.In vitro, astrocytic FGF2
release is stimulated by the activation of dopameteptors located on the astrocytes.
Both dopamine itself and the non-selective dopamageptor agonist, apomorphine are
capable of upregulating FGF2 release in astrocyéesl this dopamine receptor
stimulated, astrocyte-derived FGF2 has a neuroicogifiect on dopamine neurones in
culture (Reuss & von Bohlen und Halbach, 2003gtLal., 2006). Selective activation
of the D1 or D2 dopamine receptors are capablepoggulating FGF2 expression in
astrocytes through a cAMP/PKA and ERK1/2-depengenihway, respectively (Lt
al., 2006). Based on these findings, it has been stedehat a retrograde trophic
positive feedback pathway exists in the intacatiin. That is, dopamine released from
nigrostriatal dopamine neurone terminals in th&tstm acts on astrocytes to increase
their release of striatal FGF2, which in turn méssaa neurotrophic effect on dopamine
neurones. There is, however, currently no confiomaevidence available from amny
vivo studies that such a dopamine driven trophic feekdpathway actually exists under
physiological conditions. However, if it does exist vivo, pharmacological activation
of this neurotrophic pathway alone is insufficiémtprotect nigrostriatal dopaminergic
neurones in the PD brain from ongoing degeneratias, clinical trials have
demonstrated the commonly used dopamine receptonisig to be ineffective in
slowing down disease progression in PD (HauserQR(evertheless, the postulated
general neurotrophic role of the FGF system in migrostriatal system has been
confirmed by arin vivo study in mice, in which transfection of nigrostaladopamine
neurones with a FGFR1 mutant lacking a functionah&e domain resulted in ~20%
reduction in nigral TH+ cell numbers, and also ardase in striatal levels of TH and
the dopamine metabolite, 3,4-dihydroxyphenylacetaid (DOPAC) (Corsoet al.,
2005).

4.1.3. Role of the FGF system in the Lesioned Niggtriatal Tract

In the rat, 60HDA lesioning of the nigrostriatalpdoninergic tract induces a robust

increase in FGF2 mRNA and protein levels within 8¢ and the striatum (Chaetial .,
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1994; Agarwala & Kalil, 1998), and this increases lieen shown to be caused by a
substantial upregulation of FGF2 expression byvatg#d astrocytes throughout the
basal ganglia (Chadi & Gomide, 2004). This is thHdutp be a protective response
initiated by the brain to try and counteract thegateerative effects mediated by
60HDA. Moreover, an unidentified factor(s) derivedm the adrenal glands has a
permissive effect on this 60HDA-induced upregulatf FGF2, as this effect was

completely abolished by adrenalectomy in the raia( et al., 2008).

Interestingly, FGF2 protein is nearly completelysait in the SNc of PD
patients (Tooyamat al., 1994), whereas the FGFRL1 is reported to be presethme
remaining SNc dopamine neurones of PD patientsKgvat al., 1998). These findings
suggest that the loss of FGF2 might contribute e tegeneration of dopamine
neurones in PD, while the presence of the FGFRhanSNc of PD patients provides

support that activation of the FGF system mightehidaerapeutic potential in PD.

4.1.4. Neuroprotective Effects of the FGFs on Dopane Neurones

In vitro, FGF2 protects VM dopamine neurones against 60OHDRE", rotenone, and
glutamate-induced cell death (Park & Mytilineou,929 Mayeret al., 1993a; Otto &
Unsicker, 1993; Casper & Blum, 1995; Hetual., 1997; Grotheet al., 2000; Hsuaret

al., 2006). Severain vivo studies have shown both FGF1 and FGF2 to havestobu
neuroprotective effects on nigrostriatal dopamieengurones in a number of different
animal models of PD. In mice, continuous intracevebntricular (icv) delivery of
FGF2 protected nigrostriatal dopamine neuronesnagdPTP-induced nigrostriatal
degeneration, and it also completely reversed MRi@iBeed bradykinesia in the mice
(Chadiet al., 1993). In rats, implantation of FGF2 overexpnegdibroblasts into the
striatum protected against 60HDA-induced dopamieerone cell death, and it also
alleviated 60HDA-induced motor deficits (Shudtsal., 2000). Intra-striatal delivery of
FGF1 has also been shown to preserve striatal Tidumoreactivity in the 60HDA
lesioned rat (Jin & lacovitti, 1995). In the MPPpRmate model of PD, icv infusions of
FGF2 increased dopamine neurone survival and fomcéind it also alleviated MPTP-
induced motor deficits (Fontaat al., 2002). Importantly, in the latter study, FGF2 had
superior neuroprotective effects (more potent aralopged) on dopamine neurones
than compared to GDNF, the current gold standardratephin used in the
experimental treatment of PD. Other FGF memberaitdppm FGF1 and FGF2, have
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also been reported to have either neurotrophic oandéuroprotective effects on
dopamine neurones, including FGF9 and FGHZBR20’s neuroprotective effects are
detailed in section 4.1.5 belQWFGF9 protects VM dopamine neurones against VPP
in vitro, while, in vivo, it protects nigrostriatal dopamine neurones fidPP" toxicity

in the rat (Huanget al., 2009). It has been conclusively demonstrated B@GE2's
neurotrophic and neuroprotective effects are nefci§ip to dopamine neurones, as
FGF2 also has trophic and neuroprotective effentgl@l cells and on a number of
other types of neurones, including GABAergic andlictergic neuronesdgtailed in
section 4.1.1 anqOtto & Unsicker, 1993; Sensenbrenner, 1993; Bau& Mytilineou,
1995a)). This raises the possibility that, if FGE2ised as a treatment for PD, it might
cause adverse effects — potentially malignant groavtd dysregulated functioning of
non-dopamine neurones.

There is substantial direct and indirect evidermoenfboth cell culture anth
vivo experiments indicating that the neurotrophic aadraprotective effects mediated
by FGF2 on dopamine neurones are at least partiadigated through an astrocyte-
dependent indirect mechanisin.vitro, astrocyte proliferation is essential in allowing
FGF2's protective effects on VM dopamine neuron#uces against 60HDA and
MPP" (Park & Mytilineou, 1992; Hotet al., 1997). Similarly, FGF2's neurotrophic
effects on human and rat embryonic dopamine neucahiares are also dependent on
astrocyte proliferation (Mayest al., 1993a; Silanet al., 1994). It, thus, appears that
FGF2 stimulates the release of neurotrophin(s) famstrocytes, which in turn have
neurotrophic and/or neuroprotective actions on dopa neurons. Accordingly, the
supernatant derived from FGF2 stimulated astrocytures stimulates differentiation
and increased dopamine uptake in dopamine neundhees (Gaul & Lubbert, 1992),
while in another study, FGF2’s neurotrophic effemisVM dopamine neurone cultures
have been shown to be mediated by transforming thréactor-B (TGFB) (Krieglstein
et al., 1998). Furthermoren vitro, the neuroprotective effects of FGF2 on embryonic
hippocampal neurones against glutamate toxicityirinéited by GDNF neutralising
antibodies (Lenhardt al., 2002), while,in vivo, FGF2’s neuroprotective effects on
hippocampal neurones against a kainate lesion amgpletely dependent on FGF2
stimulated activin A release (Trettet al., 2000). However, it appears that FGF2
stimulated astrocyte derived factor(s) only pantigdiate FGF2's neurotrophic effects,

as FGF2's neurotrophic effects on VM dopamine neergultures have in another
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study been shown to be partly mediated by a daetwbn on dopamine neurons (Mayer
et al., 1993a).

Furthermore, FGF2 also has the potential to inerdhe success of grafting
therapies in PD. In the nigrostriatal-lesioned ;grafting of embryonic dopamine
neurones with FGF2 overexpressing fibroblasts dm@&on cells increased both the
survival and fiber outgrowth of the grafted dopaenimeurons (Takayanst al., 1995;
Roceri et al., 2001). It also significantly improved motor defsc compared to the
grafting of dopamine neurones alone. Another stualy assessed the effectiveness of
either FGF2 pretreatments or multiple icv infusiemsdopamine neurone graft survival
(Mayer et al., 1993b). Although both approaches improved grafvigal and motor
deficits, the icv infusions had substantially gezadnd more prolonged neurotrophic
effects. Moreover, FGF2 can also be used to ineréas success of grafting therapies
by using it to increase the yield of dopamine naasin embryonic dopamine neurone
graft preparations, as FGF2 prolongs the prolifenaand delays the differentiation of
embryonic dopamine precursor cells (Bouvier & Mglou, 1995b).

4.1.5. Neuroprotective effects of FGF20 on Dopamiriéeurones and its Potential as
a Treatment for PD

FGF20 has recently been identified to be anothef FEnily member that could have
neuroprotective potential in PD. FGF20 is a 211 ramacid polypeptide with a
predicted molecular weight of ~23 kDa (Kirikos#tial., 2000; Ohmachet al., 2003).

In the rat brain, FGF20 mRNA has been shown belitszhin both the SN and the
striatum (Ohmachiet al., 2003; Grotheet al., 2004); and in Chapter 2, using
immunohistochemistry, FGF20 protein was demonstrédebe abundantly present in
both the SN and the striatum of the rat brasee( section 2.4.1.1 and 2.4.p.1
Moreover, results generated in Chapter 2 demoestr&GF20 to be exclusively
localised to the SNr in the SN, with no FGF20 stgnbeing observed in the SNc.
These results conflicts with the previously repaite situ hybridisation results which
showed FGF20 to be exclusively localised to dopammeaurones in the SNc of the rat
brain (Ohmachet al., 2000), and reasons for this discrepancy are sis&tliin detail in
section 2.5.2In vitro, recombinant human FGF20 protects VM embryonicatape
neurones against serum withdrawal, glutamate tiyxiand 60HDA-induced cell death
(Ohmachiet al., 2000; Ohmachét al., 2003; Murase & McKay, 2006). In the Murase &

McKay, 2006 study, FGF20 was shown to preferentighliotect calbindin negative
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dopamine neurones in the VM cultures. These caibindgative dopamine neurones
are preferentially lost in PD patients (Gibb, 19%)d they are also more sensitive to
dopamine neurone toxins (Germeinal., 1992). Calbindin is an intracellular calcium
binding protein that plays an important role infethg intracellular calcium levels. It
is, thus, believed that the increased sensitivityhis subset of calbindin negative
dopamine neurones is due to them having a reduseacity to maintain intracellular
calcium levels within a non-toxic range.

Moreover, like FGF2, FGF20 also has the potentalrprove the success of
PD grafting therapies, as FGF20 stimulates theswfftiation of rodent, monkey, and
human embryonically derived neuronal stem cell® idbpamine neurones. In one
study, FGF20 treatment stimulated a ~5 fold in@dashe yield of human embryonic
stem cell (hESC)-derived dopamine neurones (Costeda., 2007), while in another
study, co-administration of FGF20 and FGF2 incrdades yield of hESC derived
dopamine neurones (Shimadaal., 2009). Similarly, co-application of FGF20 and
FGF2 also induced the differentiation of monkey grohic neuronal stem cells into a
dopaminergic phenotype (Takagi al., 2005). These monkey ES-derived dopamine
neurones were subsequently shown to alleviate MiRd@iéced motor deficits and to
increase striatal F-dopa uptake (an index of sirdpamine neurone terminal density)
when transplanted into the putamen of MPTP monk€lakagi et al., 2005).
Furthermore, co-culturing of nurrl overexpressingime neural stem cells (NSC) with
FGF20 overexpressing Schwann cells stimulated tfierehtiation of the NSC cells
into dopamine neurones (Grotlee al., 2004). When these NSC-derived dopamine
neurones were co-transplanted with FGF20 overegmgsSchwann cells in rodent
grafting experiments, a greater number of the piamsed cells were found to have
maintained their dopaminergic phenotype when coethty control transplants.

Results from a number of genetic studies in hunteve indicated that FGF20
might play a role in the aetiology of PD, as 8 &ngucleotide polymorphisms (SNPs)
in the FGF20 gene have been found to increase the risk of RI3; tar. Alleles of the
rs12720208, rs1721100, rs1989754, rs1721082, r8BB9s10888125, rs11203822,
and the ss203996M8GF20 gene SNPs have all been shown to be associatbdawit
increased risk of developing PD (van der Waalal., 2004; Sataket al., 2007; Gacet
al., 2008; Mizutaet al., 2008; Wanget al., 2008; Wideret al., 2009; de Menat al.,
2010). Interestingly, some of theB&F20 gene risk alleles have been shown to interact

with MAO-B andSNCA PD risk alleles to synergistically increase therall risk of PD
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(Gao et al., 2008; Mizutaet al., 2008). These genetic findings are, however,
controversial and still not conclusive, as a numifeczonflicting reports have found no
association between some of the abovementidf@®820 gene SNPs and PD. For
example, for the rs12720208 SNP, one study founésmwociation with PD to exist
(Wanget al., 2008), but two reports failed to find an assacra{Wideret al., 2009; de
Mena et al., 2010). For the rs1989754 SNP, there are two esudihich found an
association (van der Wadt al., 2004; Wangt al., 2008), and an equal number which
found no association (Clarimaat al., 2005; Sataket al., 2007). Further independent
replicate studies are also needed to confirm teecation of the rs1799836 (Gabal.,
2008), rs10888125 and rs11203822 (Weing., 2008), and the ss20399678 SNPs (van
der Waltet al., 2004), as an association for each of these Skdfs dnly been reported
by a single study. An association of the rs17218B® with PD has been confirmed in
two independent studies (Gabal., 2008; Wangget al., 2008). However, the evidence
for an association with PD is, by far, the mostatosive for the rs1721100 SNP. Five
independent studies have found the rs1721100 SNie essociated with PD (van der
Walt et al., 2004; Sataket al., 2007; Gacet al., 2008; Mizuteet al., 2008; Wangt al.,
2008), while only one study has found no assoaigiiiarimonet al., 2005) .

In the Wanget al., 2008 study, in which an association was iderdifbetween
the T allele of the rs127202085F20 gene and PD, the authors also investigated the
biological mechanism through which this SNP mightrease PD risk. It was
discovered that the rs12720208 SNP lies withinqueece that is a predicted binding
site for the microRNA, miR-433. By binding specdily to its binding sites on target
MRNA strands, miR-433 acts to inhibit the translatof the target mRNA into protein.
In the rs12720208 C allele, the miR-433 bindinge s intact, whereas, in the
rs12720208 allele that is associated with PD, thall€le, the miR-433 binding
sequence is disrupted. It was, thus, proposedhleal allele would give rise to higher
levels of FGF20 protein, as miR-433 would be unablesuppress the translation of
FGF20 mRNA into protein. This hypothesis was thebssantiated by evidence from a
number of studies. Using a luciferase reporter gassay, miR-433 was shown to
strongly inhibit the translation of the C allelgytinot the T allele in a fibroblast cell
line. In a second study, miR-433 suppressed traoslaf FGF20 in two fibroblast cell
lines, one homozygous and the other heterozygaubéoC allele, and as expected, this
inhibition was greater in the fibroblast cell litkeat was homozygous for the C allele.

Furthermore, in humans, FGF20 protein levels whoave to be higher in the brains of
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T allele carriers when compared to C allele casrie@astly, in SHSYS5Y cells, it was
also demonstrated that FGF20 upregulates SNCA.dBasdhese finding, the authors
proposed that the T allele of rs12720208 increB&esisk by increasing FGF20 protein
levels — through disinhibition of MRNA translatierwhich in turn stimulates increased
production of the SNCA protein, and overproductadnSNCA is widely believed to
play a role in PD pathology. Additionally, anotlstudy found the rs12720208 SNP to
be associated with increased hippocampal FGF20essgimn in human post-mortem
brains (Lemaitreet al., 2010); and using a quantitative neuroanatomicabmetic
resonance imaging (MRI) technique, they also demnatesi the rs12720208 SNP to be
associated with increased hippocampal volume irthheaolunteers. These reported
findings however remain controversial, both theoaggion of the rs127202 SNP with
PD risk and also its association with increased FGE&nd SNCA protein levels, as
several conflicting reports have subsequently beeblished. As mentioned earlier,
only the Wanget al., 2008 study has found an association betweensth2720208
FGF20 gene SNP and PD, while two other independent etuldave contradicted their
findings, reporting no association between rs12080&nd PD (Wideet al., 2009; de
Menaet al., 2010). Additionally, in the Wideet al., 2009 study, FGF20 protein levels
were measured in human brain tissue by immunoblod, no association was found
between FGF20 protein levels and the rs12720208. 8lRassociation was also found
between FGF20 and SNCA protein levels in humambtiasue samples in this study.
Furthermore, although the Lemaisieal., 2010 study found the rs12720208 SNP to be
associated with increased hippocampal FGF20 expressd hippocampal volume,
they detected no abnormalities in the morphologyhef SN in both young and old
rs12720208 T allele carriers. Nevertheless, althahg findings from the Wang al.,
2008 study remain inconclusive and controverstahighlights the fact that there is a
possibility that administration of exogenous FGEDQId potentially exaggerate rather
than attenuate nigrostriatal degeneration. The tiveaf evidence demonstrating
activation of the FGF system to mediate protectind regenerative effects rather than
degenerative effects on not only nigrostriatal nees but also on many other tissues
argues strongly against the theory that overexess FGF20 promotes nigrostriatal

degeneration.
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4.2. Objectives

On balance, the evidence outlined above, providessiocing support for FGF20
having neuroprotective therapeutic potential in treatment of PD. In the current
Chapter, studies were carried out to further ingast the neuroprotective effects that
FGF20 has on dopamine neurones in pre-clinical inggidems. Additionally, it was
also evaluated whether the endogenous FGF systays @ role in protecting

nigrostriatal dopamine neuron@syvivo, against 60HDA induced toxicity.

4.2.1. Objective 1. Evaluate if FGF20 Protects VM mEbryonic Dopamine Neurones
against 60HDA Toxicity

In Chapter 2, using immunohistochemistry, FGFR1arg8] 4 were demonstrated to be
present in VM dopamine neurones, and others hawavrsH-GF20 to protect VM
embryonic dopamine neurones against serum withdraglatamate toxicity, and
60HDA. The first objective of the current study wasconfirm results from the Murase
& McKay, 2006 study which demonstrated FGF20 totggbVM dopamine neurones
against 60HDA,in vitro. A VM embryonic dopamine neurone culture systens wa
established, and neuroprotection experiments caroet in the VM cultures with
FGF20 to evaluate whether it is able to protect \Adpamine neurones against
60OHDA-induced dopaminergic cell loss.

4.2.2. Objective 2. Evaluate if FGF20 has Neuroprettive Effects on Dopamine
Neurones in the Partially Lesioned 60HDA Rat Modebf PD

In Chapter 2, using immunohistochemistry, FGFR1ar] 4 were shown to be present
in nigrostriatal dopamine neurones in the adultorain. Thus far, there are, however,
no published studies that have investigated whdied¥20’s neuroprotective effects on
dopamine neurones are also presantivo, in animal models of PD. In the current
study it was, therefore, evaluated if FGF20 is ablerotect nigrostriatal dopamine
neurones in the partially lesioned 60HDA rat moafePD. In a previous study carried
out in our laboratory, a supra-nigral bolus injectiof FGF20 failed to protect
nigrostriatal dopamine neurones from 60HDA (unmh®d findings). The temporal
pattern in which growth factors activate their @oes often plays an important role in
determining their biological effects. In order tffieetively mediate their neurotrophic

actions some neurotrophins, for example, neednuukdte their receptors continuously
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rather than intermittently (Peterson & Nutt, 2008)the current study, it was evaluated
whether FGF20 has neuroprotective effects on dapamieurones in the partially
lesioned 60HDA rat model of PD when continuousliivéeed to the SN by osmotic
mini-pumps over a more chronic time-period. Thetiply lesioned 60HDA rat model
of PD that was used in this study was the one et established in Chapter 3, in
which a 4ug intra-nigrally delivered dose of 60HD#&duced an optimal ~60-80%
nigrostriatal lesion.

In thein vivo neuroprotection study, FGF20 was chronically delyd directly
to the substantia nigra of rats over the cours@ aebnsecutive days with the use of
osmotic mini-pumps. As these mini-pumps were im@@drsubcutaneously in the rats,
the as yet undelivered FGF20 treatment reservdisotuwere kept at ~37°C for the
course of the 7 day delivery period. Amvitro stability study was, therefore, carried
out with the aim of determining how long FGF20 mesaits biological activity when
kept in solution at 37°C.

4.2.3. Objective 3. Evaluate whether the Endogenol&GF System Plays a Role in

Protecting Nigrostriatal Dopamine Neurones againseOHDA Toxicity in the Rat

The FGF system plays an important physiologicad ol both the developing and the
intact adult nigrostriatal dopaminergic system. démber of the FGF family members
and all of the FGFRs are present in the nigrostriaact (letailed in section 2.1.5 and
Chapter 3. Evidence from a number of studies have indicdbed one of the main
roles of the endogenous FGF system in the nigedatritract is to stimulate and
maintain the survival of dopamine neurones. In gmiic VM cultures, the FGFs
stimulate the survival of dopamine neurones, antheadult rat, downregulation of
FGFR1 in dopamine neurones causes a partial demgemenf nigrostriatal dopamine
neurones detailed in section 4.1)2 Moreover, there is also convincing indirect
evidence indicating that the endogenous FGF systets) to protect the nigrostriatal
tract against 60HDA induced dopamine neurone caditid 60HDA lesioning of the
nigrostriatal tract causes a robust upregulatioR@F2 at all levels of the nigrostriatal
tract, and exogenous administration of FGF2 pretedpamine neurones against
60HDA toxicity bothin vitro, and in animal models of Pddtailed in section 4.1)41t

is, thus, likely that the increased endogenous ymioh of FGF2 stimulated by
60HDA lesioning would also have a protective effentthe toxin exposed dopamine

neurones in a similar manner as when exogenous FG&#lied. Moreover, evidence
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from biochemical and genetic studies in humans haseated that dysfunctioning of
the FGF system might play a role in the aetiologyP®. FGF2 protein is nearly
completely absent in the SNc of PD patients (Toayairal., 1994), and a number of
FGF20 SNPs have been found to be associated witicesased risk of PDdétailed in
section 4.1.»

In the current study, experiments were carried touevaluate whether the
endogenous FGF system does, indeed, play a rgdeotecting nigrostriatal dopamine
neurones by evaluating whether chronic pharmaccébgnhibition of FGFR signaling
potentiates 60HDA-induced nigrostriatal dopamin@rare degeneration in the rat.
Partial 60OHDA nigrostriatal lesions were inducedats, and it was evaluated whether
chronic systemic administration of the FGFR inlihit PD173074 was able to
potentiate the nigrostriatal degeneration indugethb partial 60OHDA lesion.
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4.3. Methods

4.3.1. Neuroprotection Studies in Ventral Mesenceic Embryonic Dopamine

Neurone Cultures
4.3.1.1. Preparation of VM Cultures

VM cultures were prepared from rat embryos using same protocol detailed in

section 2.3.2

4.3.1.2. Immunohistochemical Characterisation of ta VM Cultures

Immunohistochemical experiments were carried oujuantify the percentage of total
cells in the VM cultures that were neurones, dopangic neurones, or GABAergic
neurones. In these experiments neuronal nuclei NINeurH, and glutamate
decarboxylase-67 (GADG67) were used as markersuwnes, dopaminergic neurones,
and GABAergic neurones, respectively. Additional cultures were also stained for
glial fibrillary acidic protein (GFAP), a marker afstrocytes, in order to determine
whether astrocytes are present in the VM cultures.

Naive daysin vitro-6 (DIV6) VM cultures were PFA fixed. DMEM FBS+ miedwas
removed from the cultures, after which the cultunese washed with TBS, and then
fixed by incubating the cultures in ice cold 4% Pfessolved in D-PBS, pH7.6) for
10min at RT. The PFA-fixed cell cultures were wakkhgth TBS and the cultures then
incubated for 10min in a 3% hydrogen peroxide sofut(dissolved in KO) to
inactivate any endogenous peroxidase activity. ddiféer, cultures were washed with
TBS, and incubated in blocking/permeabilisationféuf{1% BSA, 10% NaAz, and
0.1% Tween20 dissolved in 0.5M TBS, pH7.6) for 19w block non-specific binding
sites and also to permeabilise cell membranes. &tectt NeuN, TH, GAD67, and
GFAP, VM cultures were then incubated with rablmtyplonal anti-NeuN (Millipore,
ABN78, 1/5000), anti-TH (Chemicon, AB152, 1/100@nti-GAD67 (Santa Cruz
Biotechnology, sc-28376, 1/500), and anti-GFAP (BAKz0334, 1/1000) primary
antibody overnight at RT, respectively. Thereafterfures were washed with TBS to
remove any unbound primary antibody. In all casaures were then incubated with a
donkey anti-rabbit biotinylated secondantibody (Vectorlabs, BA-1000, 1/200) for 1h
at RT. Finally, staining was then visualised witle tHRP/DAB/ABC method and the
stained coverslips mounted onto glass microscoplessiwith DPX using the same
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protocol as described isection 2.3.3.2The only exception is that the procedure was
carried out on the VM coverslips rather than bssations.

To calculate the percentages of NeuN+, TH+, andDG&A+ cells that were
present in the immunostained cultures, digital iesagf the immunostained coverslips
were taken at 10x magnification at 10 randomlydek areas on each of the coverslips
using a Zeiss light microscope fitted with an Axaat colour camera. The total number
of positive cells and haematoxylin stained nucleispnt in the 10 images were then
quantified using ImageJ image analysis software fJércentage of the total number of
cells present in the cultures that were positive the different markers were then
calculated by dividing the total number of cells @m immunostained coverslip that
were positive for a specific antigen by the totaimtber of haematoxylin stained nuclei
present in the same coverslip. The percentagedeliavalues generated for each of the

different markers was derived from one coverslip.

4.3.1.3. FGF20 Neuroprotection Experiments in the M Cultures

FGF20 (100 and 500ng/ml) or FGF20’s vehicle (DMENuit@max serum free media
containing 10ng/ml rat serum albumin) treatmentsewieeshly prepared and applied to
the VM cultures on DIV6 for 24h, with all treatmeriieing applied as 500ul volumes to
each individual coverslip. Immediately after theF2B treatment period, on DIV7, the
FGF20 treatment solutions were removed, and this vedre then exposed to either
60OHDA (40, 50, or 60uM depending on the sensitiaftythe culture, see paragraph
below for more details) or 60HDA’s vehicle (serumed media containing 0.02%
ascorbic acid) for 4h. Final 60HDA concentrationsrev applied to the cultures by
adding 50ul of a 10x more concentrated 60HDA steckition directly to 450ul of
serum free media previously added to each well. tA# stock concentrations of
60HDA were dissolved in a 0.2% ascorbate solutthssplved in PBS, pH7.6) to limit
the inactivation of 60HDA by auto-oxidation. At tlend of the 60DHA exposure
period, the 60HDA treatment solutions were replasgti normal FBS+ media. The
cells were then kept in FBS+ media until the mognaf DIV8, at which point they
were fixed. The DMEM FBS+ media was removed froma tiltures, after which the
cultures were washed with D-PBS, and then fixednoybating the cultures in ice cold
4% PFA (dissolved in D-PBS, pH7.6) for 10min. Tladter, the PFA solution was
removed, and the cultures washed with D-PBS to venadi traces of the PFA.
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In preliminary 60HDA dose response experimentsfedght VM culture
preparations were found to have varying sensiégito 60HDA toxicity. After carrying
out a number of repeat experiments, it was detexthihat depending on the sensitivity
of the culture, a dose of between 40-60uM 60HDAucetl an ~50-80% reduction in
VM TH+ cell numbers. To accommodate for this vaitigbin sensitivity to 60HDA,
all FGF20 neuroprotection experiments were caroetdin parallel in cells treated with
either a 40, 50 or 60uM concentration of 60HDA. WRissfrom only the 60HDA
concentration groups that caused ~50-80% of cellhdeere then selected for inclusion

in analyses.

4.3.1.4. Immunocytochemical Staining of the VM Culires for TH and

Quantification of TH+ Neurones

The PFA-fixed VM cultures were immunocytochemicafliained for the dopamine
neurone marker, TH using the HRP/DAB ABC indiretdirsing method. Coverslips
were immersed for 10min in a 3%®} solution (dissolved in diD) to inactivate any
endogenous peroxidase activity present in the @dturhe hydrogen peroxide solution
was removed, the cultures washed with TBS, ancttitieres were then incubated in
blocking/permeabilisation buffer (1% BSA, 10% Nafnd 0.1% Tween20 dissolved
in 0.5M TBS, pH7.6) for 10min to block non-specifinding sites and also to
permeabilise cell membranes. The blocking solutias removed, and the cultures
incubated overnight in rabbit anti-TH primary awily (Chemicon, AB152, 1/1000) at
RT. Thereafter, the primary antibody solution wamoved, the cultures washed with
TBS, and the cultures were then incubated for 2keicondary biotinylated goat anti-
rabbit secondary antibody (Vectorlabs, BA-1000,00)2at RT. In all cases, staining
was then visualised with the HRP/DAB/ABC method ah@ stained coverslips
mounted onto glass microscope slides with DPX usiegsame protocol as described in
section 2.3.3.2The only exceptions are that the procedure weasedaout on the VM
coverslips rather than brain sections, and theumresdt in this study were not
counterstained with haematoxylin.

To quantify the total number of TH+ dopamine ne@awothat were present in
each of the VM culture coverslips, images of thérenTH immunostained coverslips
were taken at 10x magnification using a Zeiss ligitroscope fitted with an Axiocam
colour camera. The total number of TH+ neuronegaxh coverslip was then counted

blind using the image analysis program, ImageJ. €axch treatment group, mean
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(zsem) TH+ cell count values were derived from hssérom 3 independent repeat
experiments, and in each repeat experiment, eaetnient group comprised of 3-5
coverslips. Mean TH+ cell count results were aredysith a one way ANOVA and

Bonferroni post hoc tests. In these analyses, & ealuated whether TH+ cell counts
were significantly different in any of the treatmiegroups compared to control, or
whether cell counts in the FGF20 + 60DHA treatmgmups were significantly

different from that in the vehicle + 60HDA treatnignoup.

4.3.2. Neuroprotection Studies with FGF20 in the Raally Lesioned 60HDA Rat
Model of Parkinson’s Disease

4.3.2.1. Animals

Male Sprague Dawley rats were sourced and maimtaractly as described gection
3.3.11

4.3.2.2. Preparation of Osmotic Mini-pumps and Braa Cannulae for Implantation

In thein vivo FGF20 neuroprotection study, experiments werdezhout to investigate
whether FGF20 is capable of protecting nigrostrigi@pamine neurones against a
partial 6OHDA lesion when it is chronically delieet directly to the substantia nigra of
the rats. The chronic supra-nigral FGF20 infusiarese delivered by subcutaneously
implanted osmotic mini-pumps that were connectecthonically implanted supra-
nigral brain infusion cannulae. Special dual-bédebrain cannulae were used, which
were composed of two cannulae embedded immediat§hcent to one another in a
single plastic support mould. One of the two caaawderved as a regular guide cannula
(26G) through which an injection needle could bgented to deliver an intra-nigral
infusion of 60HDA, while the second cannula serasdan infusion cannula (30G) to
which an osmotic pump containing a FGF20 treatnsahition could be connected.
Three different FGF20 treatment groups were indutethe study, a FGF20 vehicle
group, a 1pg/day FGF20 group, and a 2.5ug/day gemgbAlzet 1007D osmotic mini-
pumps (Alzet Osmotic Pumps, DURECT Corporation, €tq US) were used to
deliver the treatments. The 1007D osmotic pump rinddévers treatment solutions
continuously at a rate of 0.5ul/hr over a period7ofdays. For the 1lug/day and
2.5ug/day treatment groups, the mini-pumps werss, thiled with solutions containing

FGF20 at a concentration of 83.4ng/ml, and 208ngrespectively. The two different
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FGF20 concentrations were freshly prepared by bisgplyophilised FGF20 powder
(Peprotech Inc., NJ, US) in an aCSF vehicle satutigtf8mM NaCl, 3mM KCI, 1.4mM
CaCl2, 0.8mM MgCI2, 1.5mM HPO4, 0.2mM NaH2PO4, pH7o which 100ng/ml of
rat serum albumin was added to act as a carri¢eiprior FGF20 (hereafter referred to
as FGF20 vehicle). For the vehicle group, mini-pamere filled with FGF20 vehicle
solution only. All of the mini-pumps were filled thi 84l of freshly prepared treatment
solution, and a metal flow moderator tube was iheerted into the outflow channel of
the pumps. Prior to filling the pumps, ~5cm lengtbi plastic PVC-60 tubing
(ID=0.72mm, PlasticsOne tubing obtained from Bilar@nsultants Ltd., UK, Kent)
were firmly connected to the osmotic pump infusicennulae of all of the dual-
barrelled cannulae. An appropriate FGF20 treatreehittion was then flushed through
the tubing until the entire piece of tubing andbalse attached osmotic pump infusion
cannula were completely filled with the solutiorh€Feafter, the remaining free end of
the PVC tubing filled with treatment solution wdseh connected to an appropriate
osmotic mini-pump by fitting it over the flow modeor tube of the mini-pump. At this
point, the osmotic mini-pump/infusion cannulae se¢se ready for implantation. All of

the above steps were undertaken under sterile txomsli

4.3.2.3. Implantation of the Osmotic Pump/Brain Canulae Sets

Using stereotaxic surgery, the dual cannulae wewglanted unilaterally at a supra-
nigral location in the brain of the rats. The doahnulae were implanted at coordinates
which resulted in the tip of the osmotic pump imdscannula being positioned ~2mm
directly above the substantia nigra (AP, +3.7; Mi2.0; DV, +2.6, relative to the
interaural line (Paxinos & Watson, 1993)). As thedg cannulae on the dual-cannulae
were positioned directly adjacent to the osmotienpuinfusion cannulae, the guide
cannulae were also positioned supra-nigrally atinif@antation coordinates used. The
tip of the guide cannulae, however, only extendeun2into the brain, as the guide
cannulae only served as an entrance site for antiop needle through which an intra-
nigral infusion of 60HDA could be delivered at gelatime-point.

The following procedure was used to implant the veth the dual-cannulae and
the osmotic mini-pumps that accompanied each ofctrmnulae. A brain cannula —
along with the osmotic mini-pump that was connedted - was fastened onto a guide
cannulae holder, which was, in turn, fitted to eresdtaxic frame. The inter-aural line

was used as a reference point to calculate theltwdes at which each of the cannulae
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had to be implanted at. The osmotic pump infusimclae were, therefore, positioned
so that their tips were located right in the cemtir¢he tapered point of an ear bar that
had been tightened in place on the stereotaxicer&mce the AP and DV co-ordinates
of the inter-aural line were recorded, rats weraesthetised with a mixture of ketamine
(75mg/kg, i.p.) and medetomidine (0.5 mg/kg, i.Rats were mounted in the
stereotaxic frame after shaving their scalps. Thealps were disinfected with ethanol
and povidone-iodine (Betadine), and a midline ilecisnade in the scalp after checking
for the absence of a hind-limb withdrawal resporidee cranium was fully exposed
using retractors, and the peri-cranial membranapsct away with a scalpel blade. The
tips of the osmotic pump infusion cannulae werentakgned with the midline of the
rat's skull, and the midline coordinates recordétie AP, DV, and ML starting
coordinates were then used to calculate the coatelrat which the cannulae needed to
be implanted. A burr hole was made in the cranitithe point where the cannulae had
to be lowered into place, and the exposed menipggsed. When any bleeding had
ceased, the cannulae were then lowered slowly timobrain until the tips of the
cannulae were located at the desired DV coordinagts above for coordinates). Two
support screws were then screwed into place initotaimmediately to the front and
side of the cannulae. The implanted cannulae vieere $ecured in place by encasing the
support screws and cannulae together in a singlenchef dental cement. After the
dual-cannulae were successfully implanted, the dsmmini-pumps that were
connected to the implanted cannulae were implastdztutaneously on the rostral
hindback of the rat. Using the rostral end of theigion site on the skull as an entry
point, a subcutaneous cavity was created in theeatdsindback of the rat with a blunt
dissection scissor. The osmotic mini-pumps wera theerted into the cavity, and once
the pumps were in place, the rats were removed thenstereotaxic frame. ~2-3 sutures
were then inserted on either side of the implamdadnulae, so that the skin firmly
enclosed the implanted cannulae, its cement ergiasind also the vinyl tubing
connecting it to the osmotic pumps. Only small opgs were left in the skin to allow
access to the guide cannulae, and through thisrogpemetal stilettes were inserted into
the guide cannula to maintain their patency. Ra¢sewthen administered with an
atipamezole (1mg/kg, s.c.) injection to reverse ahaesthesia, and placed in a heated
environment until recovery. Rats were given a alinjection (1ml, s.c.) to aid
rehydration, and were maintained on a mashed foedfor 3 days post-surgery, or

until rats started maintaining a healthy weighttofal of 26 rats were used in these
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experiments, with 6 rats being used in both the/dgygand 2.5ug/day FGF20 groups,
while 10 rats were used in the vehicle treated 6@HE3ioned group.

4.3.2.4. Partial Unilateral Lesioning of the Nigratriatal Tract with 60HDA

One day after implantation of the supra-nigral cda@ and the connected mini-pumps,
the nigrostriatal tracts of the rats were partiddlgioned with 4pg intra-nigral 60HDA
infusions. The implanted osmotic mini-pumps comneehthe supra-nigral delivery of
their loaded FGF20 treatment solutions at theirimak 0.5ul/hr rate as soon as they
had been heated to ~37°C. The lesions were, tlauged out after the rats had been
pre-treated for 1 day with the different FGF20 tmeents. 30min before the 60HDA
infusions were delivered, theats were pre-treated with the noradrenaline rdugpta
inhibitor, desipramine (25 mg/kg i.p.), and MAO-hibitor, pargyline (5 mg/kg i.p.) as
previously described irsection 3.3.1.2 Under isoflurane anaesthesia, 4pg 60HDA
infusions were then delivered directly into the stabtia nigra’s of the rats. A 5ul
Hamilton micro-syringe was mounted onto an autochatéro-infusion pump, and the
tip of the syringe connected to a length of vinudihg which was, in turn, connected to
a 33G stainless steel injection needle. The imactieedle and the length of tubing to
which it was connected, were then filled with 5flaolpg/ul 60HDA solution. The
60HDA solution was freshly prepared on the dayheflesioning, and it was dissolved
in a 0.02% ascorbic acid solution, kept on ice, amapped in foil, all to minimise the
inactivation of 60HDA through auto-oxidation. Thajeaction needle loaded with
60HDA solution was then inserted into the brainshef rats through the supra-nigrally
positioned guide cannulae, and an intra-nigral, AR7; ML, +2.0; DV, +2.2, relative
to the inter-aural line, (Paxinos & Watson, 1998)HDA (4pg 610HDA dissolved in
4ul of vehicle) infusion was then delivered at elrate of 2ul/min. The injection
needle was left in place for 4min after the infuskad finished, after which the needle
was removed, and the rats were then allowed torezdoom the anaesthesia in a heated

environment.

4.3.2.5. Measuring Motor Deficits with the CylinderTest

In Chapter 3, both the cylinder test and the angshite rotation test were identified as
being appropriate motor tests to use in ith@ivo neuroprotection study due to them

having sufficient sensitivities to detect motor idé$ in partially lesioned rats.
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However, because the project licence that was fosetie experiments in Chapter 3 did
not permit the implantation of osmotic mini-pumpe in vivo neuroprotection
experiments in this chapter were carried underffardint project licence that included
the later procedure, but not the amphetamine irdluagtion test. For this reason, only
the cylinder test was used to measure motor fumetidhis study. Motor function was
measured using the cylinder test 3 days (accliai#is session) and 2 days (baseline
measurements) prior to 60HDA lesioning, and on 8ay8, and 11 post-lesioning
according to exactly the same protocol useseiction 3.3.2.1Cylinder test results were
also analysed in the same manner as describedeiratter section, with the only
exception being that the results in this study wanalysed to determine whether
ipsilateral forelimb use was significantly diffeteim any of the FGF20 dose groups

compared to the vehicle treated 60HDA lesioned gatleach of the time-points.

4.3.2.6. Quantification of Nigrostriatal Tract Lesions using TH

Immunohistochemistry

On day 12 post-lesioning, rats were intra-cardi®IBA perfusion fixed and the degree
of nigrostriatal degeneration present in eachhefdifferent groups was then quantified
with  TH immunohistochemistry using exactly the sapr@tocols as employed in
section 3.3.3 TH immunohistochemistry results were analysedexactly the same
manner as irsection 3.3.3.3.3with the only exception being that the resultsthis
study were analysed to determine whether striataldmmunoreactivity levels and
nigral TH+ cell counts in the FGF20 dose groupsensignificantly different to the

vehicle treated 60HDA lesioned group.

4.3.3. FGF20 Stability Study

In the FGF20 stability study, ERK1/2 phosphorylatessays were carried out in PC12
cells to determine how long FGF20 retains its lgalal activity in solution when kept
at 37°C. ERK1/2 activation was used as a measur&620’s biological activity in this
study as FGF20 was found to stimulate ERK1/2 phogpétion in PC12 cells in

preliminary experiments.
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4.3.3.1. Maintenance of PC12 cells

A PC12 cell line was obtained from Prof. Britta Eholt (King’s College London), and
the cells cultured according to the following piib The PC12 cells were grown in
75cnf filter-capped plastic NunC tissue culture flask$BS+ DMEM media (DMEM
Glutamax media supplemented with 10% FBS, 100 wfigenicillin, and 100g/ml of
streptomycin). The cells were grown in a cell cdtuncubator under standard
conditions, 37°C, 95% humidity, and 5%&®Vhen cells reached a confluency of ~80-
100%, the cells were diluted and split into a néagk(s) to yield cultures with ~5x
lower densities. To split the cells, the DMEM FB&tedia in which the cells were
bathed in was removed, and the cells washed 2%nmml sterile D-PBS solution, and the
cells detached with trypsin. 1ml of trypsin soluti(®.05% trypsin dissolved in EDTA)
was added to each 75cm flask, and the cells leftdidbate in the trypsin solution for 5-
10min. The flasks were agitated to dislodge anyaiaing attached cells, and 4ml of
DMEM FBS+ media added to each flask to inactivagpdin’s enzymatic activity. The
diluted cell suspension was tritriated thorouglagd 1ml of the suspension transferred
into a new tissue culture flask. ~12ml of DMEM FB8tedia was added to the new
flask, and the solution swirled around thoroughty énsure the cells are evenly
distributed throughout the flask. The flask contajnthe diluted cell suspension was
then placed back into the cell culture incubatdre Tells were then left to grow again
until they reached ~80-100% confluency, at whichnpahey were either used in
experiments, or split again. Around 2x every welekmedia was removed and replaced
with fresh media.

4.3.3.2. Preparation and Handling of FGF20 Stock Sation

A FGF20 test stock solution was prepared fresh fistock powder at the same
concentration (208ng/ul) as that used for the Hghdose group in thén vivo
neuroprotection study. The FGF20 solution was maaen a sterile eppendorf tube,
and it was dissolved in exactly the same aCSF ieelswlution (148mM NaCl, 3mM
KCI, 1.4mM CacCl2, 0.8mM MgCI2, 1.5mM HPO4, 0.2mM N2PO4, 100ng/ml rat
serum albumin, pH7.4) used in the vivo neuroprotection study. The ability of the
FGF20 test solution to stimulate ERK1/2 phosphdigtain PC12 cells was then
measured immediately after the solution was fregirgpared (DO measurements).
Thereatfter, the test solution was kept in an intubat 37°C, and the ability of the
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FGF20 solution to stimulate ERK1/2 activation wiaart tested daily over the course of
the following 7 consecutive days using the protatzihiled in the following sections.

4.3.3.3. Application of FGF20 to PC12 cells at eadf the Time-Points

PC12 cells were grown in 75érissue culture flasks in FBS+ DMEM media untilyghe
were ~80-100% confluent. At this point, the FBS+dmewvas removed from the flasks,
and replaced by FBS- DMEM media, in which the celere kept in overnight. FBS
contains a number of different exogenous growtlofa¢c many of which are likely to
stimulate ERK1/2 phosphorylation in the PC12 cdllse cells were, therefore, kept in
serum free media overnight, so that the lowest ipessbaseline ERK1/2
phosphorylation levels could be achieved in thestumulated cultures. After the
overnight serum withdrawal period, the FBS- DMEM digewas removed from the
flasks. A 200ng/ml FGF20 solution - previously pasgd from the same test stock
FGF20 solution that was kept at 37°C — was thetiexppo the flask of PC12 cells for
5min. A 200ng/ml concentration of FGF20 was shown preliminary ERK1/2
phosphorylation studies to represent a supra-maxif@F20 concentration. To
generate un-stimulated baseline (control) ERK1/8sphorylation measurements, on
day 0, a FBS- solution containing only FGF20’s eéhivas added to a separate flask of
serum-starved PC12 cells for 5min. In all casesFEGwas dissolved in serum free
DMEM media, and FGF20 and control treatments weslevered as 5ml volumes to

each flask.

4.3.3.4. Preparation of Cell Lysates from the Stimlated PC12 Cells

In all cases, immediately after the applicationttté last test treatment, the treatment
solutions were removed from the flasks, and 250|fsss buffer added to each flask to
lyse the cells. Each ~250ul of Ilysis buffer coresist of 200ul of
RadiolmmunoPrecipitation Assay (RIPA) buffer to einb0ul of phosphatase inhibitor
stock solution (phosphatase inhibitor set 3, Caliéon), and 2.5ul of protease inhibitor
stock solution (protease inhibitor set 1, Calbiouhevas added. The flasks were then
kept on ice for 10min and agitated at intervalsrdythis period to ensure all the cells
in the flasks were completely lysed. The cell Igsat each of the flasks were then
thoroughly mixed by trituration, and 400ul of thelldysate was then pipetted into
appropriately labelled ependorf tubes. 100ul ofding buffer (4% SDS, 10% 2-
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mercaptoethanol, 20% glycerol, and 0.004% bromophblue dissolved in 0.125M
Tris HCI buffer) was added to each 400ul cell lgssample, and the resulting solution
mixed thoroughly and heated for 10min at 95°C. Tk# lysate samples were then

stored at -20°C in the freezer.

4.3.3.5. Quantification of ERK1/2 Phosphorylation sing Western Blot Analyses

The level of ERK1/2 activation stimulated by eadhtle different treatments was
quantified in Western blot experiments. The cedlale samples were thawed, and the
proteins in the samples separated according toaulaleweight with sodium dodecyl
sulphate polyacrylamide gel (SDS-PAGE) electropsiste SDS-PAGE gels were
freshly prepared in gel moulds so as to contain ~@tm stacking gel (3%
polyacrylamide, 10%SDS, and 10% APS) positionetbprof a larger ~5cm separating
gel (10% polyacrylamide, 10% SDS, and 10% APS). géks were mounted into an
electrophoresis tank, and the tank filled with regrbuffer (0.2M glycine and 10%SDS
dissolved in 0.25M TBS, pH7.6). 20ul of each of thigerent cell lysate samples were
then loaded into the gel wells. 4ul of moleculaighé marker solution (RPN8OOE full-
range colour molecular weight markers, GEHealthcames also loaded into one of the
remaining empty wells in the same gel. The sample® then run firstly for 20min at
120V in order to line up the protein samples atttpeof the separating gel, and then for
a further ~90min at 160V until the dye wavefronffuied out of the gel. After
removing the gels from the tanks, the stackingpgetion of the gel was discarded,
while the separating gel containing the separateteipm samples were immersed and
agitated in transfer buffer solution (0.2M glyciaed 20% methanol dissolved in 0.25M
TBS, pH7.6) for 10min. Pieces of nitrocellulose nbeame were soaked in g8 for
5min to activate them, and thereafter soaked flurther Smin in transfer buffer. The
nitrocellulose membrane and acrylamide gel wera thgered on top of one another
and sandwiched together between layers of blogiager in a transfer cassette. The
transfer cassette was inserted into an electroplsot@nk together with an ice pack, and
the tank filled with transfer buffer. Finally thegbeins were transferred out of the gel
and onto the nitrocellulose membrane by runningriduesfer for ~60min at 160V. After
this, the nitrocellulose membranes containing tkpasated protein samples were
retrieved from the transfer cassettes and washedCmin in a TBS-Tween solution
(0.1% Tween-20 dissolved in 0.25M TBS, pH7.6).
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The phospho-ERK1/2 protein bands that were preserthe membranes were
visualised and quantified using an indirect immilunafescence method utilising
fluorescent secondary antibodies and an Odyssewrédf fluorescence imager. To
block non-specific binding sites, the membranesewienmersed and agitated in a
blocking solution (5% low fat milk powder, 0.1%Twe20, 0.25M TBS, pH7.6) for 1h
at RT. The milk blocking solution was removed, ati® membranes incubated
overnight in the fridge with a rabbit polyclonaltaphospho-p44/42 (phospho-ERK1/2)
primary antibody (Cell Signalling, 4370, 1/10000lwion made up in blocking
solution. The membranes were then washed 3x wiffiB&-Tween wash solution
(0.1%Tween-20, 0.25M TBS, pH7.6) to remove any sgasmbound primary antibody.
In all of the Western blot experiments, the housekgg protein, Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as and¢padntrol. Membranes were,
thus, next incubated with mouse anti-GAPDH primamntibody (Abcam, ab9484,
1/5000) for 1h at RT. Membranes were again washedn3TBS-Tween, and the
membranes then incubated simultaneously with IRBI@EW goat anti-mouse (Licor
Biosciences, 926-32210, 1/1000) and IRDye 680LT kdgnanti-rabbit secondary
(Licor Biosciences, 926-32212, 1/1000) antibodies Th at RT. Membranes were
washed 3x with TBS-Tween, and the phospho-ERK1/2 @APDH bands were then
visualised using a Odyssey Li-COR infrared fluoesgcimager (Licor Biosciences).
The approximate molecular weight of each of thedsasn a membrane was estimated
by reference to the MW ladder, and used to deterntie identity of each band.
GAPDH has a predicted MW of ~40kDa, and the bandbd w MW of ~40kDa,
~42kDa, and ~44kDa were, thus, taken to represenbands for GAPDH, phospho-
p42, and phospho-p44, respectively. Band densitese quantified using a tool in the
Odyssey application software. The density measuneno®! allows you to highlight a
specific band of interest, and it then automatcalenerates the optical density
measurement for the selected band. All phospho-ERKand density measurements
were normalised by dividing the density measuremehtach phospho-ERK1/2 band

by the density measurement of the corresponding@ABand.
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4.3.4. Studies to Evaluate Whether Pharmacologicéhhibition of the FGFRs is
able to Potentiate 60HDA Induced Nigrostriatal Degaeration in the Rat

In this study experiments were carried out to itigase whether the selective FGFR
inhibitor, PD173074 is able to potentiate the nsgratal dopamine neurone
degeneration and/or motor deficits induced by aigdabOHDA lesion when it is
administered chronically by s.c. injections.

4.3.4.1. Animals

Male Sprague Dawley rats were sourced and maimtaractly as described gection
3.3.1.1

4.3.4.2. Chronic Subcutaneous Administration of PDA3074

Three groups of rats were dosed daily for 8 daywh wither PD173074's vehicle
(10%DMSO, 10%PEG200 dissolved in PBS, pH7.6, sxc)ith one of two doses of
PD173074 (1mg/kg or 2mg/kg, s.c, dissolved in VehicThe daily PD173074
treatments were started 3 days prior to 60HDA les, and continued for 5
consecutive days thereafter. The PD173074 treatsetions were prepared fresh
each day under sterile conditions. A total of 2& naere used in these experiments,
with 8 rats being used in both the vehicle and kqd/D173074 groups, while 7 rats
were used in the 2mg/kg PD173074 group.

4.3.4.3. Partial Unilateral 60HDA Lesioning of theNigrostriatal Tract of the
PD173074 Treated Rats

Three days after the daily PD173074 injections bachmenced, and on the fourth
PD173074 treatment day, the nigrostriatal tradhefrats were partially lesioned with a
4ug intra-nigral 60HDA infusion using nearly exgdthe same protocol as described in
section 3.3.1.3The only exception is that rather than infusing tats with vehicle or a
range of 60HDA doses, all rats received a 4ug-nigeally delivered dose of 60HDA
in the current study. On day 6 post-lesioning, veése administered with an overdose
of pentobarbital, and intra-cardially perfusion efik with PFA (ice cold 4% PFA
dissolved in 0.9% NacCl, pH 7.6).
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4.3.4.4. Measurement of Motor Deficits in the PD1T&4 treated 60HDA Lesioned
Rats using The Adjusted Stepping and The Cylinder &st

Motor function was measured using both the cylirtdst and the adjusted stepping test
according to exactly the same protocols as usestdtion 3.3.2.Jandsection 3.3.2.2
respectively. Both tests were carried out 2 dayslif@@atisation session) and 1 day
(baseline measurements) before the PD173074 iojecstarted, and on day 3 and 5
post-lesioning.Cylinder test and adjusted stepping test resultse vemalysed in the
same manner as describedsettion 3.3.2.Jandsection 3.3.2.2respectively, with the
only exception being that the results in this stuéyye analysed to determine whether
motor deficits were significantly different in angf the PD173074 dose groups
compared to the vehicle treated 60HDA lesioned galeach of the time-points.

4.3.4.5. Measurement of Amphetamine-Induced Rotati@l Behaviour in the
PD173074 treated 60HDA Lesioned Rats

Amphetamine-induced rotations were measured on6dpgst-lesioning using exactly
the same protocol as describedsettion 3.3.2.3Results were also analysed in nearly
exactly the same manner as in the latter sectidth, thve only exceptions being that
peak net ipsiversive rotations were calculatedafdbmin time-period, and results were
analysed to determine if peak net ipsiversive rotat in the PD173074 dose groups
were significantly different to the vehicle trea@@HDA lesioned group.

4.3.4.6. Quantification of Nigrostriatal Tract Lesions using TH
Immunohistochemistry in the PD173074 Treated Rats

On day 7 post-lesioning, rats were intra-cardi®IBA perfusion fixed and the degree of
nigrostriatal degeneration present in each of tifferdnt groups was then quantified
with TH immunohistochemistry using exactly the sapr@tocols as employed in
section 3.3.3 TH immunohistochemistry results were analysedexactly the same
manner as in the latter section with the only ekoapbeing that the results in this study
were analysed to determine whether striatal THIseard nigral TH+ cell counts in the
PD173074 dose groups were significantly differemttihe vehicle treated 60HDA

lesioned group.
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4.3.5. Drugs and Chemicals

PD173074 was obtained from Tocris Bioscience Lt#,(Bristol). Rat serum albumin
was purchased from Sigma Aldrich Ltd (UK, Dorsand all other drugs and chemicals

were obtained from the same suppliers detaileskation 3.3.50r from Sigma Aldrich
Ltd. (UK, Dorset).
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4.4, Results

4.4.1. Neuroprotection Study with FGF20 in VM Cultues
4.4.1.1. Immunohistochemical Characterisation of tt Embryonic VM Cultures

VM embryonic cultures at DIV6 were immunohistocheatly characterised to

the cell populations that made up the culture. NeLiN, GAD67, and GFAP were used

as markers of neurones, dopamine neurones, GABAemirones, and astrocyt
all of these cell types were found to be presenhénculturesKig 4.1). Neuronal
made up ~45% of the total population of cells pnése the culture, with

define

es, and

cells
TH+

dopamine neurones and GAD67+ GABAergic neuronesingakp ~3.5%, and ~7.4%

of the total cell population, respectively. Astreey were present in large numbers, and

they were ubiquitously distributed throughout theole culture.

Figure 4.1. Immunohistochemical Characterisation of a VM Culture
Preparation used in Neuroprotection Experiments with FGF20
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Figure 4.1. Immunohistochemical characterisation of the cell types present in a ventral
mesencephalic (VM) embryonic dopamine neuron culture preparation used in
neuroprotection experiments with FGF20. Cultures were fixed on DIV6, and stained
for NeuN, TH, GAD-67, and GFAP, markers of neurones, dopamine neurones,
GABAergic neurones, and astrocytes, respectively. All of the mentioned cell types were
present in the cultures. Red arrows: Brown DAB immunostained positive cells. Blue:
Haematoxylin stained nuclei.
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4.4.1.2. FGF20 Protects VM Dopamine Neurones agatr®OHDA Toxicity

FGF20 protected VM embryonic TH+ dopamine neuroagainst 60HDA toxicity
(Fig 4.2). The mean TH+ cell count in the control grouswa&90, and in the vehicle +
60HDA group, TH+ cell numbers were reduced to ~428ell count that was found to
be significantly lower compared to the control gyo(p<0.01). In the 100ng/ml and
500ng/ml FGF20 + 60HDA treatment groups, mean TeEHaunts were preserved at
~850 and ~904, respectively. In the vehicle + 60H@Aup, TH+ cell numbers were,
thus, reduced by ~67% relative to the control groBpth FGF20 concentrations
provided a significant protection against this ckdhth (p<0.05), with TH+ cell counts
only being reduced by ~15% and ~9% in the 100ngimdl 500ng/ml FGF20 + 60DHA
treatment groups compared to control, respectivielythermore, in both the FGF20
treatment groups, TH+ cell numbers were preservambmtrol levels, as there was no
significant difference between the number of THHscpresent in both of the FGF20
treatment groups compared to the control group.
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Figure 4.2. FGF20 Protects VM Dopaminerigc Neurones against 60HDA Toxicity
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Figure 4.2. FGF20 concentration-dependently protected ventral mesencephalic (VM)
embryonic dopamine neurones against 6OHDA toxicity (A). Cultures were treated with
FGF20 for 24h on DIV6, exposed to 60HDA (40-60uM, depending on culture
sensitivity) for 4h on DIV7, and on DIV, cultures were fixed and stained for tyrosine
hydroxylase (TH), a marker of dopamine neurones. Data points represent meantsem
values calculated from data generated in 3 independent repeat experiments. 3-5
coverslips were used per treatment group in each of the independent experiments. B.
Representative examples of TH immunostatined cultures from the different groups are
shown at 10x magnification.**p<0.01 compared to control, and *p<0.05 compared to
60HDA + FGF20 Vehicle.
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4.4.2. Neuroprotection Studies with FGF20 in the Raally Lesioned 60HDA Rat
4.4.2.1. FGF20 Protects Nigrostriatal Dopamine Newnes against 60HDA in Rats

Neuroprotection studies were carried out to evaluatFGF20 is able to protect
nigrostriatal dopamine neurones in the partiallsideed 60HDA rat model of PD.
Chronic supra-nigral infusions of FGF20 dose-depetlg protected dopamine
neurones against a partial nigrostriatal lesiorueedl by a 4pg intra-nigral 60HDA
infusion Fig 4.3 and 4.4. The 2.5ug/day but not the 1pg/day FGF20 dossepved
both striatal TH levelsHig 4.3) and nigral TH+ cell number$ig 4.4) at significantly
higher levels compared to the vehicle treated 60HExoned group.

In the vehicle treated 60HDA lesioned group, satidiH levels in the lesioned
striatum was ~54% lower compared to the non-lesiamntralateral striatum, while in
the 2.5ug/day group, striatal TH levels in thedasd striatum was only ~33% lower
vs. the contralateral striaturig 4.3). Striatal TH levels were, thus, preserved at ~21%
higher levels in the 2.5ug/day group compared & whhicle treated 60HDA group.
Striatal TH levels in the 1pg/day FGF20 dose gnevap ~48%, levels equivalent to that
in the vehicle treated 60HDA lesioned group.

In the vehicle treated 60HDA lesioned group, TH# nambers were reduced
by ~71% in the lesioned SNc compared to the nao#esl contralateral hemisphere,
while in the 2.5pug/day group nigral cell counts eveeduced by only ~50% compared
to the non-lesioned SNd-ig 4.4). Nigral cell counts were, thus, preserved at ~18%
higher levels in the 2.5ug/day treatment group camexb the vehicle treated group. In
the 1pg/day FGF20 group, nigral cell counts inldsoned hemisphere were reduced
by ~68% to levels equivalent to that present in\bhicle treated 60HDA lesioned

group.
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Figure 4.3. FGF20 Preserves Striatal TH Levels in Partially 60HDA
Lesioned Rats
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Figure 4.3. Chronic supra-nigral infusion of FGF20 dose-dependently
preserved striatal tyrosine hydroxylase (TH) levels in partially 60HDA
lesioned rats. Partial lesions were induced by 4pg unilateral intra-nigral
60HDA infusions (A). FGF20 treatments were delivered with osmotic
mini-pumps, and were commenced 1 day prior to lesioning and continued
for 6 days thereafter. B. Representative examples of TH-immunostained
coronal sections from the medial striatum of each group. Data points

represent meantsem, and n=6-10.
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Figure 4.4. FGF20 Protects Nigral TH+ Dopaminergic
Neurones against a Partial 60HDA Nigrostriatal Lesion in Rats
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Figure 4.4. Chronic supra-nigral infusion of FGF20 dose-dependently
protected nigral tyrosine hydroxylase positive (TH+) dopaminergic
neurones against a partial nigrostriatal 60HDA lesion in rats ( A).
Partial lesions were induced by 4ug unilateral intra-nigral 60HDA
infusions. FGF20 treatments were delivered with osmotic mini-pumps,
and were commenced 1 day prior to lesioning and continued for 6 days
thereafter. B. Representative examples of TH-immunostained coronal
sections from the medial SNc of each group. Data points represent
meantsem, and n=6-10. Abbr.; SNc: substantia nigra pars compacta,
MT: medial terminal nucleus of the accessory optic tract, VTA: ventral
tegmental area.
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4.4.2.2. Effects of FGF20 on the Motor Deficits Indced by a Partial 6OHDA
Lesion in Rats

The cylinder test was used to assess whether chf@F20 treatment reduces the
motor deficits induced by a partial 60HA lesiorrats. Both of the FGF20 doses failed
to preserve motor function at significantly highevels compared to the vehicle treated
60HDA lesioned groupHig 4.5). There was, however, a strong trend towards motor
deficits being lower in the 2.5ug/day FGF20 grogmpared to vehicle, at all of the
time-points, post-lesioning. At baseline, ipsilatefiorelimb use alone (as a % of total
forelimb use) was ~13%-20% in the different grougosd at this time-point there were
no significant differences in ipsilateral forelinnlse between the groups. In the vehicle
group, ipsilateral forelimb use increased to ~4%68n post-lesioning time-points,
while in the 2.5ug/day FGF20 treatment group, gteilal forelimb use increased to
only ~28-46%. Motor deficits in the affected cotdtaral forelimb were, thus, ~16-24%
lower in the 2.5ug/day FGF20 group compared toalelan post-lesioning time-points,
although these differences were found not to biesstally significant. In the 1ug/day
FGF20 group, ipsilateral forelimb use increased-4d-59% on post-lesioning time-
points, which represented equivalent increasefidb abserved in the vehicle treated
rats. Furthermore, in the vehicle group, ipsildtéseelimb use was significantly higher
at all of the time-points, post-lesioning, when @amed to baseline levels (p<0.05),
while, in the 2.5ug/day treatment group, on theeptiand, ipsilateral forelimb use was
not significantly higher at any of the time-poinfmst-lesioning, when compared to
baseline levels. In the 1ug/day group, ipsilatéseglimb use was significantly higher

compared to baseline levels on day 5 and 8 (p<Okf)not day 8, post-lesioning.
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Figure 4.5. Effect of FGF20 Treatment on the Motor Deficits Detected by
the Cylinder Test in Partially 60HDA Lesioned Rats
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Figure 4.5. Effect of chronic supra-nigral FGF20 treatment on the forelimb motor
deficits detected by the cylinder test in partially 60HDA nigrostriatal lesioned rats.
Nigrostriatal lesions were induced with 4pg unilateral intra-nigral 60HDA infusions.
FGF20 treatments were delivered with osmotic mini-pumps, and were commenced 1
day prior to lesioning and continued for 6 days thereafter. Increases in ipsilateral
forelimb use alone, post-lesion, was used as a measure of the motor impairment present
in the impaired contralateral forelimb. Data points represent meantsem, and n=6-9 for
each group. * *p<0.01 and * p<0.05 compared to baseline.

4.4.3. Stability of FGF20's Biological Activity whe kept at 37°C

ERK1/2 phosphorylation experiments were carriediotlRC12 cells to determine how
long FGF20 retains its biological activity when ke 37°C. Results from this study
indicated that FGF20 only retains its biologicdiinaty for up to a maximum of 3 days
or 72h when it is kept in solution at 37°Eid 4.6). In the un-stimulated control group,
normalised phospho-ERK1/2 band densities were arothl17-0.36 arbitrary units.
FGF20 stimulated ERK1/2 activation at levels higtiemn that observed in the control
on day 0, when a freshly prepared FGF20 solutios aggplied to the cells, and also on
day 1 and 2, at which points the FGF20 solution baen at 37°C for 1 and 2 days,
respectively. FGF20 stimulated an ~2-4.8 fold iaseein ERK1/2 activation on day O,
1, and 2 compared to control, as phospho-ERK1/2i lsmsities were ~0.53-0.77 on
the latter time-points. At all subsequent time-p®inFGF20, however, failed to
stimulate ERK1/2 activation at levels greater thzat observed in the control group, as
phospho-ERK1/2 band densities of ~0.06-0.26 wetectled on the D3-D6 time-points.
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Figure 4.6. Biological Stability of FGF20 when kept at 37°C
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Figure 4.6. FGF20's biological activity remains intact for up to a maximum of 3 days
when kept at 37°C. A 208ng/ml FGF20 solution (dissolved in aCSF+100ng/ml rat serum
albumin) was kept at 37°C and its biological activity tested daily over the course of 7
days. FGF-20's biological activity was measured by quantifying its ability to stimulate
extracellular regulated kinase-1/2 (ERK1/2, p42/p44) activation/phosphorylation in
PC12 cells. ERK1/2 phosphorylation was measured using Western blot analysis. All
phosho-ERK1/2 (phospho p42/p44) band densities were normalised by adjusting them to
corresponding GAPDH loading control bands. n = 1 at all time-points.

4.4.4. Effects of PD173074 in Partially Lesioned GdDA Rats
4.4.4.1. Effect of PD173074 on 60HDA-induced Nigrogatal Degeneration in Rats

The FGFR antagonist, PD173074, was evaluated daaltlity to potentiate 60HDA-
induced nigrostriatal dopamine neurone degeneratigartially lesioned rats. In the
vehicle treated group, the 4ug intra-nigral 60HD#usions successfully induced
partial unilateral nigrostriatal lesions in thesr&ig 4.7 & 4.8. Chronic subcutaneous
PD173074 administration, however, failed to sigaifitly potentiate the partial
nigrostriatal dopamine neurone degeneration indiged 4ug intra-nigral infusion of
60HDA (Fig 4.7 & 4.8. There was, however, a strong trend towardstalridH levels

being lower in both the PD173074 groups comparethéovehicle treated 60HDA
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lesioned ratsKig 4.7). Additionally, there was also a trend towardsraligrH+ cell
numbers being lower in the 2mg/kg group compareti@éosehicle groupHig 4.8).

In the vehicle treated group, TH levels in thedasd striatum was ~53% lower
compared to the non-lesioned contralateral striatwhile in the 1 and 2mg/kg
PD173074 groups, TH levels in the lesioned striatwas ~63% and~ 67% lower
compared to the contralateral striatum, respegcti(ielg 4.7). Thus, striatal TH levels
were ~10% and ~14% lower in the 1 and 2mg/kg PDI43§roups compared to the
vehicle group, respectively, although these diffiees were found not to be statistically
significant.

At the nigral level, TH+ cell numbers were redudsd~71% in the lesioned
SNc of the vehicle group compared to the non-lesiotontralateral hemisphere, while
in the 2mg/kg PD173074 group, nigral cell countsemeduced by ~84% compared to
the non-lesioned SNdF({g 4.8). Nigral cell counts were, thus, ~13% lower in the
2mg/kg PD173074 group compared the vehicle tre®@@&HDA lesioned group,
although this difference was found not to be diatily significant. Nigral TH+ cell
counts in the lesioned SNc of the 1mg/kg group wéi®2 lower compared to the non-
lesioned SNc, which represents a similar reductmrthat observed in the vehicle
treated 60DHA lesioned rats.
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Figure 4.7. Effect of Chronic PD173074 Treatment on the Striatal TH
Depletion Induced by a Partial 60HDA Nigrostriatal Lesion in Rats
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Figure 4.7. Effect of chronic systemic administration of the FGFR

inhibitor, PD173074 on the partial depletion of striatal TH induced by 4ug
intra-nigral 60HDA infusions in rats (A). Daily subcutaneous PD173074
injections were started 3 days prior to 60HDA lesioning, and continued for
5 days thereafter. B. Representative examples of TH-immunostained
coronal sections from the medial striatum of each group. Data points
represent meantsem, and n=7-8 for each group.
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Figure 4.8. Effect of Chronic PD173074 Treatment on the Loss of Nigral
TH+ Neurones Induced by a Partial 60HDA Nigrostriatal Lesion in Rats
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Figure 4.8. Effect of chronic systemic administration of the FGFR inhibitor,
PD173074 on the partial loss of nigral tyrosine hydoxylase positive (TH+) neurones
induced by 4 pg intra-nigral 60HDA infusions in rats ( A). Daily subcutaneous
PD173074 injections were started 3 days prior to 60HDA lesioning, and continued
for 5 days thereafter. B. Representative examples of TH-immunostained coronal
sections from the medial SNc¢ of each group. Data points represent meantsem, and
n=7-8 for each group.
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4.4.4.2 Effect of PD173074 on the Rotations Stimuéd by Amphetamine in
Partially Lesioned 60HDA Rats

Chronic PD173074 administration failed to signifidg potentiate the ipsiversive
rotations stimulated by amphetamine in partialsideaed 60HDA ratsKig 4.9). There

was however a strong trend towards amphetaminez@ttuotations being higher in
both the 1mg/kg and 2mg/kg PD173074 groups compiduedehicle treated 60HDA
lesioned rats. Amphetamine stimulated a time-depeindhcrease in net ipsiversive
rotations in all of the treatment groupBid 4.9.A). Peak net ipsiversive rotations
occurred in the 25 to 70min time-period, post-antaiméne injection Fig 4.9.A).

Amphetamine induced ~411, ~444 net cumulative grsive rotations in the 1 and
2mg/kg PD173074 groups, respectively, while onl$1Potations were recorded in the
vehicle treated 60HDA lesioned groupid 4.9.B). Amphetamine-induced rotational
behaviour was, thus, ~1.6 and ~1.8 fold higherhe 1mg/kg and 2mg/kg groups
compared to the vehicle group, although these réiffees were found not to be

statistically significant.
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Figure 4.9. Effect of Chronic PD173074 Treatment on the Rotational Behaviour
Stimulated by Amphetamine in Partially 60HDA Lesioned rats
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Figure 4.9. Effect of chronic systemic administration of the FGFR inhibitor,
PD173074 on the rotational behaviour stimulated by amphetamine (5mg/kg, i.p) in
unilateral partially 6OHDA lesioned rats. Unilateral nigrostriatal lesions were induced
with 4 ug intra-nigral 60HDA infusions. Daily subcutaneous PD173074 injections
were started 3 days prior to 60HDA lesioning, continued for 5 days thereafter, and
amphetamine rotations measured at day 6, post-lesioning. Rotations were quantified
in Smin time-blocks, and results are expressed as time-course profiles of the mean net
ipsiversive rotations made over a 70min period post-amphetamine injection (A) and as
the mean cumulative net ipsiversive rotations made during a 45min period in which
peak rotational behaviour occurred (B). Data points represent meantsem, and n=7-8
for each group.
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4.4.4.3. Effect of PD173074 on the Motor Deficitsetiected by the Adjusted
Stepping and Cylinder Test in Partially Lesioned 6 DA Rats

In the cylinder test, no significant differences nrotor deficits were found to exist
between the groups at any of the time-poiig @.10). There was, however, a trend
towards motor deficits (% increases in ipsilatdogelimb use alone) being greater in
both the 1mg/kg and 2mg/kg PD173074 groups compareehicle, at all of the time-
points, post-lesioning=g 4.10). At baseline, ipsilateral forelimb use alone ws13%

in the different treatment groups. In all of theatment groups, ipsilateral forelimb use
was significantly higher on all of the post-lesiogitime-points when compared to
baseline (p<0.01). In the vehicle treated 60HDAOBsd group, ipsilateral forelimb
use increased to 63-70% on post-lesioning timetppwmhile in the 2mg/kg PD173074
group, ipsilateral forelimb use increased to ~7%8%n the 1mg/kg PD173074 group,
ipsilateral forelimb use increased to ~77% posblaag. Motor deficits detected by the
cylinder were, thus, ~15% higher in the 2mg/kg PBII74 group, and 7-14% higher in
the 1mg/kg group compared to the vehicle treatedtHBM® lesioned group. These

differences were, however, found not be statidticagnificant.

Figure 4.10. Effect of PD173074 Treatment on the Motor Deficits
Detected by the Cylinder Test in Partially 60HDA Lesioned Rats

* % All Groups
and Both Time-Points

. 100~ A
b
=] 80 PD173074 Dose:
'E -o- Vehicle
% E 604 -# 1mg/kg/day
’5 ﬁ —+— 2mg/kg/day
= J -
=X 40
S
=
= 20+
‘@
=

0 T T T

Baseline 3 5

Day Post Lesioning

Figure 4.10. Effect of chronic systemic administration of the FGFR antagonist,
PD173074 on the forelimb motor deficits detected by the cylinder test in partially
60HDA lesioned rats. Nigrostriatal lesions were induced with 4pg unilateral
intra-nigral 60HDA infusions, and daily subcutaneous PD173074 injections were
started 3 days prior to 60HDA lesioning, and continued for 5 days thereafter.
Increases in ipsilateral forelimb use alone, post-lesion, was used as a measure of the
motor impairment present in the impaired contralateral forelimb. Data points
represent mean+sem, and n=7-8 for each group.* *p<0.01 compared to baseline.
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PD173074 significantly potentiated the motor déficletected by the adjusted stepping
test in unilateral partially lesioned 60HDA ratsid 4.11). At baseline, the different
treatment groups made ~17-18 adjusted steps wdin tdontralateral forelimbs, and
significant motor deficits were detected in theeaféd contralateral forelimbs of all of
the three groups at both time-points, post-lesignimhen compared to baselinéig
4.17). In the vehicle group, contralateral forelimb m@@ments were ~17% lower on
post-lesioning time-points when compared to basg|px0.01). In the 1mg/kg/day and
2mg/kg/day PD173074 groups, contralateral forelimbéasurements were ~28% and
22% lower on post-lesioning time-points, respedyivavhen compared to baseline
(p<0.01), and at both time-points post-lesionindjusted step measurements were
significantly lower in the two PD173074 treatmembuyps compared to the vehicle
treated 60HDA lesioned rats (p<0.05).

Figure 4.11. Effect of PD173074 Treatment on the Motor Deficits Detected
by the Adjusted Stepping Test in Partially 60HDA Lesioned Rats
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Figure 4.11. Effect of chronic systemic administration of the FGFR antagonist,
PD173074 on the contralateral forelimb motor deficits detected by the adjusted
stepping test in partially 60HDA lesioned rats. Nigrostriatal lesions were induced
with 4pg unilateral intra-nigral 60HDA infusions, and daily subcutaneous
PD173074 injections were started 3 days prior to 60HDA lesioning, and continued
for 5 days thereafter. Decreases in the number of adjusted steps made by the
contralateral forelimb, after lesioning, was used as a measure of forelimb motor
impairment. Data points represent meantsem, and n=7-8 for each group. * *p<0.01
compared to baseline, and *p<0.05 compared to vehicle.
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4.5. Discussion

Recent findings have indicated that FGF20 mightehasuroprotective potential in the
treatment of PD. In immunohistochemistry experimes@rried out in Chapter 2 of this
thesis, FGFR1, 3, and 4 were shown to be localisedopamine neurones in VM
embryonic cultures, and in the rat nigrostriatatty while others have shown FGF20 to
protect primary VM embryonic dopamine neuroriessitro, against serum withdrawal,
glutamate toxicity, and 60HDAdgtailed in section 4.1)5 In the current study a
number of experiments were carried out to furtheestigate FGF20’s neuroprotective
effects on dopamine neuronds. vitro, it was firstly evaluated if FGF20 is able to
protect VM embryonic dopamine neurones against 6@HiMd in a subsequeirt vivo
study it was evaluated whether FGF20 is able tateptonigrostriatal dopamine
neurones in the partially lesioned 60HDA rat maoafePD. Lastly, in a separate vivo
study, experiments were carried out to evaluatetheneghe endogenous FGF system in
the nigrostriatal tract is able to protect dopammeerones against injury, by evaluating
whether pharmacological inhibition of FGFR actieatiis able to potentiate 60HDA-
induced nigrostriatal degeneration in the rat.

4.5.1. Neuroprotective Effects of FGF20 on Dopamindeurones in VM Embryonic
Cultures

Results from theén vitro neuroprotection study confirm the findings frone turase &
McKay, 2006 study which showed FGF20 to protect dpamine neurones against
60OHDA. Two concentrations of FGF20 (100 and 500mpAvere tested for their
ability to protect VM dopamine neurones against &2 and both of these
concentrations preserved TH+ cell numbers at cbignels. A maximal protective
effect was, thus, achieved with the 100ng/ml cotregion of FGF20, with negligible
further benefits resulting from the higher 500ng/odncentration. In this study,
concentrations of FGF20 lower than 100ng/ml weretested. Results from the Murase
& McKay, 2006 study have, however, shown that aenelower concentration of
FGF20 of 10ng/ml can provide maximal protectioniagfa6OHDA induced dopamine
neurone cell death in the VM culture system. Basedhese findings, the 500ng/ml
concentration tested in this study represents aesskvely high concentration of
FGF20. The results showing the 500ng/ml FGF20 quinggon to provide an

equivalent magnitude of protection compared tolib@ng/ml concentration, therefore,
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serves to demonstrate that FGF20 does not medcgtéoaic effects when applied at
relatively high concentrations.

In Chapter 2, FGFR1, 3, and 4 immunoreactivity \saswn to be present in
VM dopamine neurones, and FGFR1 and 3 were alsalftabe localised to astrocytes
in the cultures. Additionally, although there anerrently no reports demonstrating
FGFR2 to be present in VM cultures, this recepalso likely to be present in the VM
cultures, as FGFR2 has been shown to be abundardlybiquitously expressed in the
developing mouse midbrain through E9.5 to E16 (FReedisset al., 2001). Based on
these results and also on previous findings show@d-20 to be a relatively non-
selective agonist of the different FGFR subtypedaf¥y et al, 2006), FGF20's
neuroprotective effects could, thus, potentiallyrbediated through any of the FGFR
subtypes in the VM cultures. The presence of thERGand 3 in astrocytes within the
VM cultures also leaves open the possibility th@aF20’s neuroprotective effects might
be either partly or wholly mediated through an radi astrocyte dependent mechanism.
As the neuroprotective effects BGF2 on VM dopamine neurones have been shown to
be mediated at least partly through an astrocypersigent mechanisr{detailed in
section 4.1.% it is likely that FGF20 might also be mediatiitg protective effects
through a similar mechanism, especially as FGF2D0R@F2 are both relatively non-
selective agonists at all of the FGFRs (Ormtzl., 1996; Ford-Perrisst al., 2001;
Eswarakumaet al., 2005; Zhangt al., 2006; Heinzlest al., 2011).

4.5.2. Neuroprotective Effects of FGF20 on Dopamindeurones in the Partially
Lesioned 60HDA Rat Model of PD

After confirming FGF20 to have neuroprotective effeon dopamine neuroneis)
vitro, in the VM cultures, experiments were subsequendlyried out to evaluate
whether FGF20 is also able to protect nigrostridtgyamine neurones vivo, in the
60HDA rat model of PD. In this study, it was evaéd whether FGF20 is able to
protect nigrostriatal dopamine neurones against agigb 60HDA lesion when
chronically delivered directly into the SN with these of osmotic mini-pumps. The
results from this study show for the first timettk&F20 is able to protect nigrostriatal
dopamine neuronesn vivo, in the 60HDA rat model of PD. FGF20 preserved
nigrostriatal neurones in a dose-dependent marwién, a 1pg/day dose failing to
provide any protection, while a 2.5ug/day dose gmesd both striatal TH levels and

nigral TH+ cell counts at significantly higher ldsecompared to the vehicle treated
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60HDA lesioned rats. The prototype FGF family memib&sF2 has in a number of
studies been shown to have similar neuroproteetiiexts on dopamine neurones in the
60HDA rat model of PDdetailed in section 4.14 As FGF20 and FGF2 are both
relatively non-selective FGFR agonists (Orrgtzal., 1996; Ford-Perrisst al., 2001;
Eswarakumaet al., 2005; Zhanget al., 2006; Heinzleet al., 2011), it is, thus, not
surprising that FGF20 also has protective effecthe 60HDA rat model of PD. The
significant preservation of nigrostriatal dopamineurones in the 2.5ug/day group
resulted in motor function being preserved in tingup, as the motor deficits detected
by the cylinder test were lower in 2.5ug/day gragmpared to the vehicle treated
60HDA lesioned rats at all time-points, post-legign This preservation of motor
deficits was, however, not statistically signifitaout based on the strong trend towards
the motor deficits being lower in the 2.5ug/dayadntime-points, post-lesioning, it is
probable that the lack of significance is the restiinsufficient ‘n’ numbers being used
in this study.

Taken together, these findings provide further supphat pharmacological
activation of the FGF system in the nigrostriatedct could potentially provide
neuroprotection in PD. A myriad of other growthttas have previously been shown to
have neuroprotective effects on dopamine neurame¢he 610HDA rat model of PD,
including not only other members of the FGF fansiich as FGF1 and FGF2, but also
GDNF, BDNF, CDNF and many otherdefailed in section 1.5 & 4.1)2Results from
the current study, however, do not suggest thatZ0Giould offer superior therapeutic
effects in PD as a neuroprotective treatment coetpén these other neurotrophins.
First of all, based on the moderate magnitude ®huroprotective effect obtained with
FGF20 in this study, it is unlikely that FGF20 wduhave superior neuroprotective
efficacy than FGF2 or many of the other neurotrophin the current study, FGF20
preserved nigrostriatal dopaminergic neurones &24P6 higher levels compared to
vehicle treated 60HDA lesioned rats, whereas a mundd other growth factors,
including GDNF, FGF2, and IGF-1 have been shownpteserve nigrostriatal
dopaminergic neurones by ~40-70% in similar expental contexts to that used in this
study (Kearns & Gash, 1995; Guaal., 2000; Shultst al., 2000; Foxet al., 2001).
Furthermore, in a previougs vitro study, FGF20’s neuroprotective effects were
reported to be selective for dopamine neuronesNhcdltures (Ohmachét al., 2003).

It was suggested that this apparent selectivitydfggamine neurones would potentially

impart an advantage on FGF20 over other neuropgra¢egrowth factors, in a
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therapeutic setting, as the increased relativetelky of FGF20 for dopamine neurones
would likely result in it having less side effecess many of the other growth factors
have been documented to non-selectively proteainaber other cell types, including
glial cells, GABAergic neurones, and cholingergieurones (Hymaret al., 1994;
Krieglstein, 2004), at leash vitro. Findings from the VM neuroprotection study and
also from others, however, contradict the notioat tkGF20 specifically protects
dopamine neuronegn vitro. Although the protective effects of FGF20 on non-
dopaminergic neurones were not quantified in the &tdly, it was obvious that FGF20
non-selectively protected the integrity of the VMItare as a whole. In the vehicle
treated 60HDA groups, it could be observed that BAHonsistently caused large
portions of the VM cultures to detach, whereashm EGF20 treated cultures, only very
limited cell detachment was observed. As dopamm@&anes only made up ~3.5% of
the culture, such extensive preservation of the ¥Mures as to make it obviously
apparent could only reflect FGF20 also having atgmtove effect on other non-
dopaminergic cells that made up the cultures. Tdrgention that FGF20 has a non-
selective neuroprotective effect on VM culturesaiso supported by a previous study
which showed FGF20 to inhibit apoptosis in non-dopeergic neurones in human
embryonic stem cell derived dopamine neurone aestu(Correiaet al., 2007).
Furthermore, results from Chapter 2 showing the R&FRo be present in non-
dopaminergic neurones and glial cells in VM culturegether with the fact that FGF2 -
a FGF family member with an equivalent selectivadythe FGFR subtypes to FGF20 -
has non-selective protective effects in VM cultuergues against the likelihood of
FGF20 having a selective effect on dopamine newsone

There have, thus far, been no comprehensive effortsstinguish which of the
many neurotrophins with neuroprotective effects dwpamine neurones have the
greatest neuroprotective potential in PD. A stuoiyparing the relative neuroprotective
efficacy of the most studied neurotrophins under game experimental conditions,
vivo, are, thus, needed. The results from such a comngasiudy would then allow the
identification of the neurotrophins and the newphin receptors with the greatest
neuroprotective potential in PD, allowing futuresearch efforts to be focused on
targeting the most promising neurotrophin systefsthermore, it would also be
interesting to evaluate if a more efficacious neuntective effect might be obtained if
two or more different classes of neurotrophins tirat known to have neuroprotective

effects on dopamine neurones are applied in corhbma
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In the current study, FGF20 was evaluated for @araprotective effects in a
partially lesioned 60HDA rat model of PD insteadaofully lesioned model. This was
done not only because a partially lesioned modetassidered a more clinically
representative model, but also because a partsbriemodel is likely to give a
neuroprotective test treatment a greater oppostunitmediate any beneficial effects
compared to a full lesion model. As detailedattion 3.1.1.4.4a test treatment has the
opportunity to have a therapeutic effect througho3sible mechanisms in a partially
lesioned model. It could have a neuroprotectiveeatfoy preventing the neurones
exposed to lethal concentrations of toxin from dy{Alexi et al., 2000). Secondly, it
could have a regenerative effect by restoring argated neurones to a functional state
(Bowenkampet al., 1995). Thirdly, it could also increase the fuantng of any
remaining healthy neurones, providing symptomadi®ef by compensating for the loss
in functionality caused by the lesion (Gaslal., 1995; Gaslet al., 1996). In then vivo
neuroprotection study, FGF20 was infused directlio ithe SN of the rats for 7
consecutive days, with the FGF20 infusions commgnane day prior to 60HDA
lesioning. As the delivery of FGF20 infusions wetarted one day prior to lesioning, it
is possible that the 2.5ug/day FGF20 treatmentepred nigrostriatal dopamine
neurones by having a neuroprotective effect onnigeostriatal dopamine neurones.
That is, FGF20 quite likely affected changes in tfmwamine neurones, during the
period before and close to when the lesioning veased out, which made them more
resistant to the toxic cell death inducing effeat$SOHDA, consequently resulting in
less nigrostriatal dopamine neurones ultimatelycsmbing to 60HDA-induced cell
death. As the FGF20 infusions continued for 6 ga&-lesioning, it is possible that the
increased number of TH+ neurones observed in tbagay group compared to
vehicle could also have been the result of FGF2@usating the regeneration and
restoration of the dopaminergic phenotype in theutetion of damaged but still viable
nigrostriatal dopaminergic neurones which lostrtlieipaminergic phenotype. Results
from the FGF20 stability studies, however, suggdstt the preservation of the
nigrostriatal dopamine neurones mediated by FGFR2Qrilikely to be due to a
regenerative effect mediated by FGF20. In the n@otection study, the osmotic mini-
pumps were implanted subcutaneously, and this m#ait the FGF20 treatment
solutions would have been kept at a temperatu@/e€ for the duration of the 7 day
infusion period. A&GF2 has been shown to have a relatively short hadf-dif ~24h
when kept at 37°C and neutral pH (Gospodarowical., 1986), there was a concern
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that the same might apply to FGF20, which would misat FGF20 might have lost its
biological activity during the delivery period. Fdnis reason, a stability study was
carried out to determine how long FGF20 retainsbitdogical activity when kept at
37°C. These studies were unfortunately carriedafigrr rather than before the vivo
neuroprotection study due to the facilities to gamt the study only being available at a
later time. In the stability experiments, ERK1/2pphorylation assays were carried out
to ascertain how long FGF20 retains its abilitystionulate ERK1/2 activation in PC12
cells when it is kept at 37°C. Results from thedgtauggest that FGF20 only retains its
biological activity for up to 3 days, at most, whiegpt at 37°C. Based on these results,
it is, thus, likely that the beneficial effects negdd by the 2.5ug/day FGF20 dose were
brought about by actions stimulated by FGF20 ory tme first 2 or 3 days immediately
after the mini-pumps were implanted, and it islijikthat FGF20 actually had no further
pharmacological effect at later time-points. Asthvould have resulted in FGF20 only
having a relatively acute pharmacological effectob® and immediately around the
time of lesioning, it is likely that the presenatiof nigrostriatal dopamine neurones
represents primarily a neuroprotective effect mediaby FGF20 rather than a
regenerative effect. Further investigations arestmeeded to specifically investigate
whether FGF20 has any regenerative capabilitiess Tdould be evaluated in
experiments in which the FGF20 treatments are cofgmenced a number of days after
lesioning, at a time-point after which most degatien has already occurred. In the rat,
FGF2 has been demonstrated to stimulate not only thevsii but also the regeneration
of a number of different nerves after injury, irgilog the sciatic nerve and motor nerves
in the peripheral nervous system, and the optizenar the CNS detailed in section
4.1.7). Based on these findings, there is a reasondialece that FGF20 might be able
to stimulate such a regenerative response in ghened nigrostriatal tract. Furthermore,
results showing FGF20 to upregulate TH activity axgression in VM dopaminergic
neuronesn vitro (Bao et al., 2005; Murase & McKay, 2006; Shimadaal., 2009)
suggests that FGF20 would, indeed, also be ableing therapeutic benefits through
such a regenerative mechanism. Moreover, thistalofiFGFR activation to stimulate
an upregulation of TH in dopamine neurones, leapn the possibility that an FGF
based treatment could provide therapeutic benabtsonly by preventing dopamine
neurones from degenerating but also by augmeniiegunctioning of any remaining
functional dopamine neurones. As rats in ith&ivo study were culled at day 11 post-

lesioning, and possibly ~9 days after FGF20 laddiated a pharmacological effect, it is
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unlikely that the increased levels of striatal Eudls in the 2.5ug/day FGF20 treatment
group was partly due FGF20 stimulating increased sSiidthesis in the remaining
functional nigrostriatal dopamine neurones.

Moreover, a number of approaches could be usedtimd studies to attempt to
successfully deliver biologically active FGF20 treants to the nigrostriatal tract over
more chronic time-periods in order to evaluate Wwheta chronic FGF20 treatment
period provides for a greater neuroprotective eéffd@an the more acute ~2 day
treatment period that is likely to have been adkiein the current study. Some recent
stability studies with FGF20 have shown that FGE2@ermal stability in solution can
be enhanced by formulating FGF20 in a vehicle smiutontaining either heparin (Fan
et al., 2007) or arginine sulfate (Maitst al., 2009). The development of a specific
formulation of FGF20 that maintains its biologiealtivity at 37°C for ~ 7 days would,
thus, potentially allow FGF20 to be successfullplaated when administered over a
more chronic time-period using the same osmotid-piimp based approach as used in
this study. Alternatively, a genetic engineeringdzhdelivery approach, in which nigral
cells are transfected with an FGF20 overexpreseiraj vector, could potentially also
allow for the effective chronic delivery of FGF2Bupport for the effectiveness of the
latter approach is provided by results which dertratesd GDNF to have superior
neuroprotective effects in animal models of PD wiuslivered by a viral vector
delivery system when compared to intra-nigral irdos (Kirik et al., 2004).

The mechanism through which FGF20 and other FGFadiate their
neuroprotective effects on dopamine neuronesivo, in the 60HDA rat model of PD
has, thus far, not been studied. In immunohistoasteynstudies carried out as part of
Chapter 2, FGFR1, 3, and 4 immunoreactivity waswshto be localised to most if not
all of the dopamine neurones in the SNc. This iatgis that FGF20 might be mediating
its neuroprotective effects through a direct me@ranby activating FGFRs on
dopamine neurones. A previous study comprehensicledyacterised the localisation
profile of the FGFR2 protein within the nigrostahtract, and although FGFR2 was
found to be present in the SN and the striatumvag exclusively localised to astrocytes.
Any direct neuroprotective effects mediated by FGB2 dopamine neurones is, thus,
likely not to be mediated through activation of FRZF Additionally such a direct
neuroprotective effect is also unlikely to be méatiathrough the FGFR3, as although
FGFR3 was found to be localised to nigral dopammeerone cell bodies, it was

exclusively localised to dopamine neurone nucleakimg it unlikely that exogenously
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applied FGF20 would stimulate neuroprotective é¢ffdbrough activation of FGFR3.
Any direct FGF20 stimulated neuroprotective effext thus, likely to be mediated
through activation of either FGFR1 or FGFRA4.

There is substantial direct and indirect eviderroenfboth cell culture anth
vivo experiments indicating that the neurotrophic aadraprotective effects mediated
by FGF2 on dopamine neurones are at least partially madlittirough an astrocyte-
dependent indirect mechanisdefailed in section 4.1)4 Immunohistochemical results
from Chapter 2 leaves open the possibility that E®$ neuroprotective effects on
nigrostriatal dopamine neuronas, vivo, might also be either partially or completely
being brought about through an indirect glial-méstiamechanism. FGFR1, 3, and 4
were all demonstrated to be abundantly present ligodendrocytes in the SN.
Additionally, FGFR1 was found to be localised tr@sytes in the SNr (Walkeat al.,
1998), while others have shown FGFR2 to be praseastrocytes within the SNc and
SNr (Chadashvili & Peterson, 2006). It is therefdeasible that FGF20 might be
indirectly protecting dopamine neurones by acthvgtFGFRs on oligodendrocytes
and/or astrocytes, and that the events stimulatelde glial cells then acts to indirectly
protect the dopamine neurones. Based on the latialisprofile of the different FGFRs,
any such astrocyte-dependent effects would invetuaulation of the FGFR1 and/or
FGFR2, while an oligodendrocytes-dependent effemtild be mediated by either the
FGFR1, 3, and/or 4.

The relatively widespread distribution of the FGFRs non-dopaminergic
neurones and also to glial cells throughout noy @né nigrostriatal tract, but also the
rest of the brain, raises the prospect that thetaptargeting of the FGF system in PD
through a pharmacological means could potentiaydlto a number of unwanted
adverse effects. Based on the pharmacology of hiesFa number of likely adverse
effects could be anticipated to result from chrosystemic treatment with FGFR
agonists. The FGFs are capable of stimulating atsmg the metabolic pathways of
neuronal cells. For example, FGF2 and FGF20 hawn lshown to stimulate the
upregulation of TH expression and activity in dofr@@mneurone cultures (Baa al.,
2005; Murase & McKay, 2006; Shimadh al., 2009). In the remaining dopamine
neurones in the degenerating nigrostriatal trad®Dfpatients, such an upregulation of
TH is likely to be beneficial. The FGFs have, hoemgwalso been shown to stimulate
alterations in the biochemical processes in a numberon-dopaminergic neurones,

including cholinergic and GABAergic neurones (Semsenner, 1993). It is, thus,
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possible that a pharmacological therapy targetiegRGF system could lead to various
adverse effects resulting from the treatment sttmd) a dysregulation of either
dopaminergic or non-dopaminergic brain systemsmastioned earlier, FGFR1, 3, and
4 were all shown to be abundantly present in okgoliocytes in the nigrostriatal tract,
and there is evidence that activation of the FGBRsligodendrocytes in the adult
brain might lead to deleterious rather than ber@ficonsequences, as several studies
have reported FGF2 to stimulate a demyelinatorparse in oligodendrocytes in the
intact adult brain (Goddaret al., 1999; Goddaret al., 2001; Butt & Dinsdale, 2005a,
b). Furthermore, as activation of the FGF systemprismitogenic, another obvious
concern is that a systemic FGFR agonist therapydvoe likely to increase the risk of
cancers developing not only in the brain, but atsthe peripheral organs, where the
FGFRs are also relatively ubiquitously present (kiet al., 2011). There is, indeed,
some evidence that excessive FGFR signaling cauldec cells to become cancerous.
FGF20 stimulates DNA synthesis and cell prolifenatin a number of different
immortalised cell lines, and FGF20 overexpressibgblasts become transformed two
weeks after being transfected with th&F20 gene, and the transfected cells develop

into rapidly growing tumours after s.c implantatioto mice (Jeffergt al., 2001).

4.5.3. Effect of Chronic Pharmacological Inhibitionof the FGFRs on 60HDA-

Induced Nigrostriatal Degeneration and Motor Deficts in the Rat

Previous findings have demonstrated the FGF systgutay an important neurotrophic
role in sustaining the survival of nigrostriatalpamnine neurones in the intact adult
brain detailed in section 4.1)2Indirect evidence also indicates that the uplegun of
the FGF system in the nigrostriatal tract after @2Hesioning in the rat might serve as
an endogenous protective response which promogsutvival of 60HDA exposed
nigrostriatal dopamine neuronedefailed in section 4.1)3 It is important to gain a
better understanding about the role that the FGtery plays in physiological and
pathological contexts in the nigrostriatal tract there is some evidence that
dysfunctioning of the FGF system might contribudenigrostriatal degeneration in PD
(detailed in section 4.1.3 & 4.1)5In the current study, experiments were carrigdio
the 60HDA rat model of PD to directly investigatdhather the endogenous FGF
system does, indeed, protect nigrostriatal dopamegones against 60DHA-induced
cell death. It was evaluated whether this is theechy testing whether chronic

pharmacological inhibition of FGFR activation thgbhusystemic administration of the
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non-selective FGFR antagonist, PD173074 is ablepdtentiate the nigrostriatal
degeneration induced by a partial 60HDA lesionha tat. Results from this study
suggest that the endogenous FGF system does prauiggree of protection against
60HDA toxicity in the 60HDA rat model of PD.

Based on a previous study showing a 1lmg/kg/day dws®D173074 to
completely inhibit FGF-induced corneal revasculaion, in vivo, in mice
(Mohammadiet al., 1998), a 1 and a 2 mg/kg/day PD173074 dose wes wsthis
study. A similar PD173074 dosing schedule to tlssduin the Mohammadi al., 1998
study was also employed in the current study. PDI43or vehicle treatments were
commenced 3 days prior to lesioning and continumd 5 days thereafter. It was
evaluated whether the PD173074 treatments weretalgetentiate not only 60HDA-
induced degeneration of the nigrostriatal tractddsd 60HDA-induced motor deficits.
The TH immunohistochemistry results showed therbda trend towards striatal TH
levels being lower in both of the PD173074 dosaigsowhen compared to the vehicle
treated 60HDA lesioned rats, while TH+ nigral ogdlunts, on the other hand, were
lower in the 2mg/kg but not the 1mg/kg PD173074edgsoup when compared to
vehicle. These differences were, however, modenmatesize, and not statistically
significant. The lower striatal TH density in theand/kg group, and the lower striatal TH
density and nigral TH+ cell counts in the 2mg/kgugy manifested behaviourally in the
rats, as more severe motor deficits were deteatédth of the PD173074 dose groups.
Three motor tests were used to quantify the mogdicids in the rats, amphetamine-
induced rotations, the cylinder test, and the adgustepping test, and all three of the
tests detected larger motor deficits in the PD1430@ated groups compared to the
control rats. Again, most of these differences whvever, moderate in size and not
statistically significant. The only exception wdse tadjusted stepping results which
showed motor deficits in both PD173074 groups tsigaificantly greater compared to
the vehicle treated 60HDA lesioned rats, at alihaf time-points post-lesioning. Taken
together, although the PD173074 treatments faitedause a statistically significant
potentiation of the 60HDA-induced nigrostriatal dagration; the strong trend towards
all of the measures of nigrostriatal lesion size also motor function being consistently
lower in the 2mg/kg PD173074 group, strongly sutgebat the endogenous FGF
system plays a protective role in the nigrostrigl@baminergic tract. The inability of
this study to detect statistically significant @iftnces is most likely the result of

insufficient ‘n’ numbers being used in the study,each treatment group included only
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~7-8 rats. Recent statistical studies have shoanhah ‘n’ of between 15-30 per group
could potentially be required in son vivo neuroprotection studies in order for the
study to have sufficient power to detect true stiially significant effects (Dr Malcolm
Macleod, University of Edinburgh, Internal semindfurther studies using higher ‘n’
number are, thus, needed in order to conclusivetgrchine whether the endogenous
FGF system protects nigrostriatal dopamine neuragasist 60HDA toxicity.

Furthermore, the TH immunohistochemistry resultsndestrated striatal TH
levels but not TH+ nigral cell counts to be lowerthe 1mg/kg PD173074 group
compared to the vehicle treated 60HDA rats. Thighthbe taken to indicate that this
lower dose failed to actually potentiate the 60HDAuced loss of nigrostriatal
dopamine neurones. Instead it is possible that lhngy/kg dose only induced a
downregulation of TH in the remaining nigrostriatldpamine neurones. It has been
demonstrated that FGF20 and FGF2 are able to stimuhe upregulation of TH
expression and activity in TH+ dopamine neuramestro (Baoet al., 2005; Murase &
McKay, 2006; Shimadat al., 2009), and based on these findings, it woulds,ttne
expected that TH levels would be downregulatechdagienous FGFR activation was
inhibited. On the other hand, the fact that botiattl TH levels and nigral TH+ cell
counts were lower in the 2mg/kg PD173074 group estggthat this higher dose of
PD173074 might have actually potentiated the 60HBd+ced dopamine neurone cell
death.

Moreover, the magnitude of the potentiation of 6G%idduced nigrostriatal
degeneration brought about by the 2mg/kg dose ofi7BD74 was only moderate.
Striatal TH levels and nigral TH+ cell counts iretbmg/kg PD173074 group were only
~14% and ~13% lower compared to the vehicle tres@@HDA lesioned rats,
respectively. However, the dose-response profile Ri»173074 was not fully
characterised in this study and no pharmacokinesalts for PD173074 are available.
It, thus, cannot be ruled out that these modestnpiatting effects are due to a sub-
maximal dose of PD173074 - which failed to completdock FGFR activation in the
nigrostriatal tract - being used in this study.dnfuture study it, thus, needs to be
evaluated whether 60HDA-induced neurodegenerationldc be potentiated more
substantially by a higher dose of PD173704. As foaetl earlier, a 1 and 2mg/kg dose
of PD173074 was selected to be used in this stadgd on results from a previous
study showing a 1mg/kg/day dose of PD173074 to d¢etmly inhibit FGF-induced

corneal revascularizatiomn vivo, in mice (Mohammadet al., 1998). It is, however,
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possible that a higher systemically administerededof PD173074 is required to
effectively block FGFRs in the brain when compa@dhe retina of the eye. Although

a blood-retinal barrier, similar to the blood brdiarrier does also exist, the blood-
retinal barrier has been shown to provide a lessgeint barrier to systemically

administered drugs, and it is, thus, possible gh&twer concentration of PD173074
accumulates in the brain compared to the retinar aftsystemic administration of the
drug. Results from pharmacokinetic studies charsotg the brain penetrance of
PD173074 at the concentrations tested in this studyld be needed to determine
whether optimal brain concentrations of the drugenachieved. If it is, indeed, the case
that optimal brain concentrations of PD173074 cawtl be achieved due to the drug
having poor brain penetrance, this problem coulsilede overcome by delivering

PD173074 directly into the brain using either icurdra-nigral/striatal infusions.

Alternatively, the relatively modest potentiatinffeet achieved by blocking
FGFR signaling could potentially be due to the ®xise of redundancy in the
neurotrophic systems of the nigrostriatal tractisTik likely to be the case, as several
other neurotrophic growth factors and their receptre localised to the nigrostriatal
tract, including GDNF, BDNF, and neurotrophir{&all et al., 1992; Howellst al., 2000)
Furthermore, endogenous GDNF and BDNF have botm lskemonstrated to be
required to maintain the survival of dopamine neesoin the intact adult brain. In one
study, conditional knockdown of GDNF in mice causedselective and extensive
degeneration of monoaminergic neurones in the adubuse brain, with the
dopaminergic neurones in the SNc being severebctdtl, as an ~40% reduction in
striatal GDNF lead to a significant ~60% loss of+Thigral cells relative to wild type
mice (Pascualt al., 2008). In rats, downregulation of BDNF expressionthe
nigrostriatal tract with intra-nigral BDNF anti-s&n oligonucleotide infusions induced
an ~40% loss of nigral TH+ neurones, as well asomaeficits (Porritiet al., 2005).

In summary, results from the current study showeat there was a trend
towards PD173074 potentiating both 60HDA-inducegrestriatal degeneration and
motor deficits. These results suggest that the genlmus FGF system might play a role
in protecting the nigrostriatal dopaminergic trdmif the failure of these results to reach
statistical significance, however, means that thessults cannot be taken to
conclusively demonstrate this. Further studies gudiigher ‘n’ numbers and/or a

PD173074 dosing regime that has been proven td gigtimal brain concentrations are
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needed before it could be more conclusively decibdther the FGF system does,

indeed, play a protective role in the nigrostriatactt.

4.5.4. Conclusion

In the current study, experiments were carried twt further investigate the
neuroprotective effects of FGF20 on dopamine neasdn vitro, FGF20 was shown to
protect VM dopaminergic neurones against 60HDA dibxi confirming previously
published findings. Results from this study alsendestrate, for the first time, that
FGF20 is able to protect dopamine neuromesjvo, in the partially lesioned 60HDA
rat model of PD. Importantlyjn vivo, FGF20 not only protected nigrostriatal
dopaminergic neurones against 60HDA-induced degéper but it also preserved
motor function to some extent in the 60HDA lesiomats. In a separaie vivo study,
experiments were carried out to investigate whetblgarmacological inhibition of
FGFR activation is able to potentiate 60HDA-inducégtostriatal degeneration in the
rat, and results from this study suggests thaetidogenous FGF system might play a
protective role in the nigrostriatal tract. Takegdther, these findings provide further

support for the neuroprotective potential of FG2®D.
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Chapter 5: Signalling Pathways Mediating FGF20's
Neuroprotective Effects Against 60DHA in PC12 Cells

5.1. Introduction

5.1.1. The Fibroblast Growth Factor Receptors

As detailed irsection 2.1.2there are 4 subtypes of FGFRs referred to aB@teR1, 2,

3, and 4. Briefly, the FGFRs have a general strecsimilar to that found in most other
RTKs. Thus, they consist of an extracellular N-texahligand binding domain, a single
transmembrane domain, and an intracellular C-teahdomain containing the protein
kinase catalytic activity of the receptor. A unidfeature of the FGFRs is the presence
of 3 Ig-like domains in the extracellular N-termlimlmain (llustrated in Fig 2.1). The
Ig-like domain closest to the N-terminal of theeptor is referred to as D1, while the
middle and juxtamembrane Ig-like domains are call2d and D3, respectively
(Johnsonet al., 1990). Different isoforms of each of the FGFR tgpbs have been
shown to exist, with the FGFR1, 2, and 3 all ergptias two prototypical FGFR
isoforms, referred to as the b and c isoforaetdiled in section 2.1)2 It appears that
the FGFR4 (Johnsoet al., 1991) does not exist as these prototypical bcasdforms,
but 3 alternative isoforms of this receptor hasemntheless also been identified thus far
(van Heumeret al., 1999; Ezzaét al., 2001; Kwiatkowsket al., 2008).

5.1.2. FGFR Activation

FGFR activation occurs through the same mechanssatilssed by most typical RTKs
(Schlessinger, 2000). The FGFR exists as a mononier inactivated state. Binding of
a FGFR ligand to the extracellular ligand bindingmain of the receptor stimulates
receptor dimerisation to occur. The intracellulate@ninal tyrosine kinases of each of
the monomers then proceed to autophosphorylatsibgaesidues on the C-terminal of
its neighbouring FGFR monomer. Seven tyrosine dgsphorylation sites have been
identified on the FGFR1, Tyr463, Tyr583, Tyr585,rg%3, Tyr654, Tyr730, and
Tyr766 (Mohammadet al., 1992; Mohammadet al., 1996) (llustrated in Fig 2.1).
These phosphotyrosine residues then serve as bisdies for src homology 2 (SH2)
domain containing proteins through which numerawggin complexes are recruited to
the activated receptor; ultimately facilitating thetivation of numerous intracellular

downstream signalling pathways. A unique featusoeaiated with FGFR activation is
198



that cell surface heparin sulphate proteoglycar®@&s) interact with both FGF ligands
and the FGFRs, and by doing so, they modulates F&iiflling (letailed in section
5.1.6.

5.1.3. FGFR Signalling Mechanisms

The FGFRs employ many of the classical intracallgignalling pathways used by
other RTKs to bring about changes in cellular fioméhg. The signalling events
initiated by the FGFR1 have, thus far, been thetntlesroughly studied, and the

overview of FGFR signalling given below will be lited to only this receptor.

PDGF
PDGFR
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Fes / \
Nuclear 2 Crk IPJ DAG
Translocation Gabl Shp2 -/ | l vz‘
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PI3K PLD/PLA, l ‘l'
‘1’ FAK Calmodulin
JUNK Ca**/calmodulin
PIP kinase PKC
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PKB/Akt <—PDKI Targets Targets Targets

Targets—> Angiogenesis

ihe T Cytoskeletal
Differentiation .

Differentiation

ERK1/2 Reorganisation Pro-survival
= ey %
@FGF-ZIFGFRJ »l« Figure 5.1 Intracellular signalling pathways recruited by the
L Targets fibroblast growth factor receptor (FGFR). Extracellular membrane-
bound heparin sulphate porteoglycans (HSPGs) facilitate FGFR
RSK2 and CK2 Mitogenesis  activation by interacting with both the FGFR and fibroblast growth

Anti-apoptotic factor2 (FGF2). Blue arrows (=) denote binding and/or activation.
Targets™> Mitogenesis Chemotaxis  Red arrows (=) denote inhibition. The biological effects mediated
Differentiation by FGFR activation, through each of the specific pathways, are
indicated by the green arrows (). Black (?) and green (?) question
marks indicate that the activation mechanism or biological effects
are unknown, respectively. For a full description, refer to the text.

FGFR1 activation has been shown to lead to theatwin of phospholipase €(PLC-

v), mitogen activated protein kinase (MAPK) pathwaysosphatidylinositol 3-kinases
(P1-3K), tyrosine phosphatase non receptor typ&Hhp2/PTPN11), and protein kinase
B/RAC-alpha serine/threonine protein kinase (PKBJAlependent signalling
pathways. More recently FGFR1 activation has atsnifound to lead to the activation
of the lipid kinases, phospholipase @LA,) and phospholipase D (PLD), and the non-
receptor tyrosine kinases, src, and Jun N-termkmase (JNK).FGFR1 also signals

through a novel mechanism involving the nucleangiacation of membrane bound
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FGFR1-FGF2 complexes. The mechanisms through wh8RR1 recruits some of
these signalling pathways have been well charazetrand they are described below.
The specific FGFR-mediated biological effects thave been attributed to each of the
different pathways are also discussed. These pagthame schematically illustrated in
Fig 5.1.

5.1.3.1. Recruitment of PLCy-dependent Pathways

Autophosphorylation of Tyr766 in the C-terminaltbe FGFR1 creates a binding site
for PLC«y (Mohammadiet al., 1991). Once bound to this site, Pk®ecomes activated
through FGFR1-mediated tyrosine phosphorylationtivated PLCy then converts
membrane bound phosphatidylinositol-(4,5)-bisphasph (PIB) into the 2¢
messengers, inositol-(3,4,5)-trisphosphate) (#dd diacylglycerol (DAG). IPactivates
IP3 receptors on the endoplasmic reticulum, and ns#slicalcium from intracellular
stores. C& binds to and activates calmodulin, which in tuctivates C&'/calmodulin
dependent kinases. The concurrent binding of DAG@a&" to a regulatory site on the
serine/threonine kinase, protein kinase C (PKCjdea its activation. Once activated,
the latter two effector proteins of the PkCsignalling pathway subsequently bring
about changes in cellular functioning by phosphaimg and altering the activity of a
range of target proteins, including ion channetgeptors, enzymes, and transcription
factors (Schlessinger, 2000). PyGlependent signalling events have been shown not to
contribute to the mitogenic, differentiating, arftemotactic effects mediated by FGFR
activation (Mohammadget al., 1992; Clymanet al., 1994; Spivak-Kroizmaret al.,
1994b). PLCy activation does, however, play a role in the aptptotic/pro-survival
effects mediated by the FGFR1 (Wert & Palfrey, 200Mn its inactive state, PLLis
normally found in the cell cytosol. Its recruitmedntthe plasma membrane is essential
in allowing it to interact with its SH2 domain bing sites on the activated FGFR1 and
for its subsequent activation (Schlessinger, 200@)s recruitment is facilitated by
FGFR1-mediated activation of the phospholipid k&aghoshatidylinositol-3-Kinase
(PI3K) (see below).

5.1.3.2. Recruitment of Grb2, Shc, and Shp2

The FGFR substrate 2 (FRS2) docking proteins, R8®%I FRSR are constitutively

complexed to the juxtamembrane C-terminal domainthef FGFR1 through their
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binding to phosphotyrosine residues (Getgal., 2000). FRS& and FRSR have both
got N-terminal myristyl groups which anchor themttee inner leaf of the plasma
membrane (Ongt al., 2000). Within their structures, both of thesensifing proteins
have also got multiple tyrosine phosphorylatioesitvhich, once phosphorylated by an
activated FGFR1, serve as binding sites for sigmalproteins (Onget al., 2000).
However, as none of the signalling proteins reediiby FGFR1-bound FR8%ave
been identified, only the signalling proteins ret@d by FRS2a are discussed below.
The adaptor protein, growth factor receptor-bounatgin 2 (Grb2) is one of several
proteins that bind phosphotyrosine residues on R&Mhg et al., 2001). FGFR1
activation, however, also leads to the recruitmentGrb2 by two further indirect
pathways. The adaptor protein, src homology 2 donwaintaining (Shc) binds to
Tyr766 of the activated FGFR1 and becomes phospdtedy(Klintet al., 1995). Grb2

in turn binds to phosphotyrosine residues on Stautyh its SH2 domain. Alternatively,
Grb2 can be recruited indirectly by binding of B$12 domain to phosphotyrosine
residues on the protein phosphatase, Shp2 (Hedalri 1998). Shp2 is recruited to the
FGFR1 signalling complex through its binding to pplorylated FRS proteins. In
addition to recruiting Grb2, Shp2 also has both atigg and positive regulatory
influences on FGFR1 signalling. Shp2 attenuates HREGFsignalling by
dephosphorylating phosphotyrosine residues onutephosphorylated receptor, but, at
the same time, Shp2 activity is also required faximal FGFR1-mediated activation of
the MAPK pathway (Hadaret al., 1998). The mechanism through which Shp2
facilitates MAPK activation is, however, unknowrh@ has been shown to play a role
in mediating some of FGFR1’s effects on cell déferation (Hadaret al., 1998).

5.1.3.3. Activation of PI3K

Subsequent to Grb2 bindingRB2-associated-binding proteif(Gabl) is recruited to
the growing signalling complex through binding t3f §H3 domain to a proline rich
motif on Grb2 (Onget al., 2000). Gabl’'s assembly with FR®@rb2 allows it to
become phosphorylated by the FGFR1. The phospleitygoesidues created on Gabl
then serve as specific binding sites for the SH2aala of P13K, recruiting it to the
membrane bound receptor complex (@hgl., 2000). A conformational change is
induced in PI3K by its binding to Gabl, leadinghe activation of the lipid kinase
activity present in PI3K, which proceeds to gereeRIR, and PIB from membrane

bound phosphatidylinositol phosphate (PIP). The Blfmately recruits PLG-to the
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plasma membrane through the binding of P@leckstrin homology (PH) domain to
the membrane bound RIBenerated by PI3K.

5.1.3.4. Recruitment of the Akt/PKB Pathway

Additionally, this FRS2/Grb2/PI3K pathway also brings about the activatirthe
anti-apoptotic protein kinase B (PKB)/Akt signaflipathway (Onget al., 2000).
Membrane bound PiPserves as a binding site for the PH domains of pitzgein
serine/threonine kinases, phosphoinositide depéngeotein kinase (PDK1) and
PKB/Akt. Binding of PDK1 to PIRactivates it, allowing it to proceed to phosphatgl
its target protein, PKB. Threonine phosphorylatainPKB by PDK1, however, only
partially activates it, and a second serine phogpéiton — carried out by either PDK2
or PKC — is required for PKB to become fully actec (Schlessinger, 2000). Activated
PKB plays an important role in mediating growthtéacstimulated pro-survival effects
by activating and inactivating various anti-apoft@ind pro-apoptotic effector systems,
respectively (Schlessinger, 2000). For example, RKBsphorylates and deactivates
the pro-apoptotic factors, Bad and caspase 9, tamdlirectly upregulates an NEB-
dependent program of gene expression. As of yetP#B signalling pathway has only
been shown to contribute to FGFR’s effects on aygpesis and cell differentiation
(Chenet al., 2000; Forouglet al., 2005).

5.1.3.5. Recruitment of the MAPK Pathway

MAPK pathways play a major role in mediating theagenic effects of most growth
factor receptors, and this pathway has also beewrsho be activated by the FGFR1
(Schlessinger, 2000). Tyrosine phosphorylation REFdocking proteins bound to the
FGFR1 leads to the recruitment of multiple Grb21 8b sevenless (sos) complexes via
the binding of their SH2 domains to phosphotyrosiesidues on the FRS proteins
(Kouhara et al., 1997). Sos is a guanosine nucleotide exchang®rfaand its
recruitment to the plasma membrane brings it irdotact with its target signalling
protein, the monomeric G-protein-like protein, f2(ras). Sos stimulates the exchange
of guanosine diphosphate (GDP) for guanosine tephate (GTP) on ras causing it to
become activated. In its active form, ras-GTP phosgates and activates the MAP
kinase kinase kinase (MAPKKK), Raf-1 (Spivak-Kroiamet al., 1994a). Raf-1 then
phosphorylates and activates the MAP kinase ki(#d?KK), MEK1/2, which in turn
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phosphorylates and activates the MAP kinases (MABRK1/2 (Kuslak & Marker,
2007). Ultimately ERK1/2 brings about its mitogemitfects by phosphorylating and
modifying the activity of numerous target proteimsluding transcription factors, gene
expression coactivators/corepressors, and histoetglases and deacetylases. ERK1/2
activation is crucial in mediating the mitogeniatisapoptotic, chemotactic, and
differentiating actions stimulated by FGFR1 in amter of different cell types
(Gardner & Johnson, 1996; Kebal., 1997; Nakamurat al., 2001; Shonet al., 2001;
Gu et al., 2004; Khalilet al., 2005; Yanget al., 2008). Furthermore, FGFR1-mediated
activation of the ERK1/2 signalling pathway hasrbsbown to be potentiated by the
recruitment of two further docking proteins, SHZv#on-containing adapter protein B
(Shb) and p38 (crk), to the activated FGFR1. Shikdsuited to the receptor by binding
of its SH2 domain to Tyr766 of the FGFR1 (Crasal., 2002). Once bound, Shb
becomes activated through FGFR1-mediated phosgimnyl Activated Shb then
serves to potentiate FGFR1-mediated ERK1/2 actimatby increasing FRS
phosphorylation and by facilitating Shp2 recruitimeand activation through an
unknown mechanism (Crossal., 2002). Crk, on the other hand, binds to Tyr46tef
FGFR1 through its SH2 domain, and this binding isoafollowed by its
phosphorylation-induced activation (Larsseth al., 1999). Through an unknown
mechanism, Crk acts to facilitate FGFR1-mediatetivaiion of ERK1/2 and JNK.
FGFR1's mitogenic effects have been shown to bypdependent on Crk recruitment
and activation (Larssoet al., 1999).

5.1.3.6. Activation of PLA,, PLD, and src

Recent studies have shown that FGFR activation lelsds to the activation of the
cytoplasmic non-receptor kinase, src (Kaetal., 2006), and the two phospholipases,
PLA; and PLD (Cros&t al., 2000). Phosphorylation and activation of src edrated
indirectly by the non-receptor kinase, Fes, whithuirn is activated by the FGFR1. Src
is known to play an important role in modulatingl caigration by activating focal
adhesion proteins (FAKs), and src has, indeed, bhewn to mediate the chemotactic
effects stimulated by FGFR activation (Kandaal., 2006). Additionally, FGFR1's
effect on differentiation is also dependent onagtvation (Kuoet al., 1997; Klintet
al., 1999). As with PLC¢, FGFR-mediated recruitment of PL.And PLD is dependent
on Tyr766 phosphorylation of the receptor, but ¢éixact mechanism by which these

two lipases are activated remains poorly charaddri FGFR-mediated activation of
203



PLA; and PLD plays an important role in cytoskeletalrganization stimulated by the
FGFR1 (Crosst al., 2000).

5.1.4. Intracellular Signalling by Nuclear-Transloated FGFR-FGF2 Complexes

Interestingly, in recent years it has become appéatat, in addition to utilising these
classical signalling pathways, the FGFR1 also $ggttaough an unorthodox nuclear
signalling pathway which involves the translocatan-GFR1-FGF2 complexes to the
cell nucleus (Bryant & Stow, 2005). This nucleanslocation has been shown to be
essential in allowing FGFR1's full mitogenic effedb be expressed (Bossaatdal.,
2003). The signalling events initiated by nucleanslocated FGFR1-FGF2 complexes
are, however, not well characterised. Recent elesuggests that they might bring
about their mitogenic effects by modulating theivatyt of the nuclear kinases,
ribosomal S6 kinase 2 (RSK2), and casein kina§€KR) (Balilly et al., 2000; Souleét

al., 2005).

5.1.5. Negative Regulation of FGFR1 Signalling

To allow for the physiological control of cell grtlwand differentiation, it is essential
for growth factor mediated mitogenic signals to bé#enuated or terminated
appropriately. A number of mechanisms that negtiragulate FGFR1 signalling have
been identified. The ubiquitin ligase, casitasrtezéige lymphoma (Cbl) has been shown
to be recruited to the activated FGFR1 througlbinsling to Grb2 (Wongt al., 2002),
which in turn has been complexed to the receptaer it8 binding to FRS. The
subsequent ubiquitination of both the FGFR1 andeptw bound FRS proteins
ultimately leads to the internalisation and proteaal digestion of the FGFR1
signalling complex, terminating signalling by theceptor (Wonget al., 2002).
Furthermore, there is also a negative feedback oaemt in the MAPK pathway
activated by the FGFR1. ERK1/2 phosphorylates s¢vkreonine residues on FRE52
(Lax et al., 2002). This drastically reduces the rate at wiycbsine residues on FR%2
are phosphorylated, which leads to a decreaseh f&cruitment, and an ablation of all
FRS/Grb2-dependent signalling cascades activatethéof-GFR1. Moreover, FGFR1
signals have also been shown to be inhibited byatineg crosstalk between MAPK
pathways activated by other receptors. For exangutyation of the platelet derived

growth factor receptor by platelet derived growdictoér stimulates the activation of a
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MAPK that phosphorylates and inhibits the functaifFGFR1-complexed FR&ZLax
etal., 2002).

5.1.6. Role of Heparin Sulphate Proteoglycans (HSBBin FGFR Signalling

Extracellular membrane bound HSPGs play an impbntale in FGFR signalling.
HSPGs consist of a protein core structure to whackariable number of heparin
sulphate side chains are linked (Yanagishita & HKhsd992). In addition to this,
HSPGs also contain oligosaccharide side chainsaity studies characterising FGF2’s
binding sites on cells, it was discovered thataddition to its high affinity FGFR
binding sites, FGF2 also bound to a distinct lofndf, high capacity binding site
(Moscatelli, 1987). This low affinity binding siteas later found to be membrane bound
HSPGs (Yayoret al., 1991).

Subsequently, it was shown that most of the FGIeResed into the extracellular
space is not found in its soluble form. InsteadFE®as predominantly localised in the
extracellular matrix (ECM) where it is specificalbound to HSPG (Baird & Ling,
1987; Vlodavskyet al., 1987; Folkmaret al., 1988). Some findings suggested that this
HSPG-FGF2 complexing functioned to stabilise FGR2ts active form, as HSPG
binding protected FGF2 against denaturation and teplgtic degradation
(Gospodarowicz & Cheng, 1986). ECM binding may alsbto restrict the diffusion of
secreted FGF2, and by doing so, ensure it actdljotaan autocrine or paracrine
manner. It was later shown that soluble FGF2 an&Zeparin sulphate molecules
could be liberated from the ECM by the action & &mzymes, heparinase and plasmin,
respectively (Rifkin & Moscatelli, 1989). Importdynt it was shown that the soluble
FGF2-heparin sulphate complexes were still ablactovate the FGFR. This lead to the
proposal that HSPGs might provide a storage sitesézreted FGF2 in the ECM.
Through the action of heparinase and plasmin — bbthich are endogenous enzymes
- the stored FGF2 could then be gradually releasednediate its effects over a
prolonged period. Strong support for this propogalprovided by two studies
(Flaumenhaftet al., 1989; Pratst al., 1989), in which FGF2 was showim, vitro, to
stimulate prolonged activation of plasminogen atbyv which persisted even after the
cells were washed with PBS as to remove any unb&@feR. However, when the cells
were pre-treated with heparinase so as to stripctils of HSPGs prior to FGF2

application, only transient stimulation of plasngea activator was observed.
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Soon after, it became apparent that, in additioothese passive roles in FGF2
signalling, HSPGs also had more active roles. Inn€de hamster ovary cells, the
presence of HSPGs were shown to be essential fiding of FGF2 to the FGFR1, as
inhibition of HSPG synthesis abolished FGF2 bind{igyon et al., 1991). FGF2’s
mitogenic effects in fibroblasts are also compiet@bolished by inhibition of HSPG
synthesis (Rapraegeral., 1991). These inhibitory effects were completelyarsed by
the application of exogenous heparin sulphate. HSRBuUs, appeared to have a
permissive role in allowing the expression of FGFRiological effects. Subsequently,
the presence of HSPGs has been reported to beemjpisgte in allowing the expression
of a number of different biological effects meddtey FGF2 in several different cell
types (Lundinet al., 2003). HSPGs have been shown to achieve thifitdtion of
FGF2 signalling by increasing the affinity of FGF& the FGFRs (Rogharet al.,
1994). Additionally, its presence also facilitalESFR dimerisation (Spivak-Kroizman
et al.,, 1994a), and it increases FGFR kinase activitynflim et al., 2000).
Crystallographic studies have demonstrated HSP@&sntoa ternary complex with both
FGF2 and the FGFR, and by doing so, it acts toilsabFGF2-FGFR interactions
(Pellegrini, 2001).

Evidence from recent studies, however, indicateat tHSPGs, in some
situations, might have a relative rather than asohfbe effect on FGF2 signalling. In
the absence of HSPGs, FGF2 alone stimulated maantadation of two of FGFR'’s
downstream signalling proteins, Shp2 and Crk (Loretlial., 2003). FGF2 alone was
also able to stimulate MAPK activation, but unlitkee prolonged activation stimulated
when HSPGs are present, only transient MAPK adtimatvas induced in the absence
of HSPGs. In another study, the absence of HSPGsbaffect on FGF2’'s mitogenic
effects on Balb/c3T3 cells (Fannon & Nugent, 1996ijs, thus, likely that HSPGs are
essential in allowing the activation of only sonfeh@ signalling pathways recruited by
FGFR1 activation. These results also indicate that specific biological effects of
FGF2 that require HSPGs varies between cell typss HSPGs are essential in
facilitating FGF2’s mitogenic effects in fibroblastwhile HSPGs are not needed at all
for FGF2 to stimulate mitogenesis in Balb/c3T3zell

It has been postulated that in the absence of BSH® FGFR1 takes up a
conformation in which only a limited number of @sterminal tyrosine phosphorylation
sites are accessible to the tyrosine kinase actfithe receptor (Lundiet al., 2003).

When the receptor becomes activated, in the absdrid8PGs, autophosphorylation of
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these limited tyrosine residues recruits a limiedber of FGFR1 signalling pathways,
which in turn only gives rise to a limited numbér&F2-stimulated biological effects.
However, when HSPGs are present, they interact WBt+R1 as to bring about a
conformational change in the receptor which exposadditional tyrosine
phosphorylation sites in the receptors C-termiAatophosphorylation of these tyrosine
residues creates binding sites for the recruitnenadditional signalling pathways,
which in turn stimulates the extra biological effeobserved only when HSPGs are also
present. Support for this idea is provided by thundin et al., 2003 study, in which
FGF2 recruited a differential set of signallingipafys depending on whether HSPGs
were present or not. When HSPGs were present, BGiRlated the phosphorylation
of both Tyr463 and Tyr766 on the FGFRL1. In contredten HSPGs were not present,
FGF2 only stimulated the phosphorylation of Tyr463.

Moreover, it has also been proposed that HSPGhtrhiglp to bring about the
differential biological effects mediated by FGF2 different tissues (Fahara al.,
1998). The heparin sulphate side chains of HSP®sisioof linear polysaccharide
chains composed of repeating sulphated disacchaits (Yanagishita & Hascall,
1992). The existence of several different disadadeabuilding blocks, with varying
spatial sulphation patterns, gives rise to a langenber heparin sulphate polymer
subtypes. The use of different heparin sulphate¢ypel in the biosynthesis of HSPGs,
in turn, gives rise to numerous HSPG subtypes. &cifip sequence of amino acids in
FGF2's structure acts as a binding site for thelsatie groups on heparin sulphate
molecules (Pellegrini, 2001). This binding siteeséively binds only to heparin sulphate
molecules containing a specific sulphation patt@fahamet al., 1998). It is, thus,
possible that by varying the expression profildH&PG subtypes, cells can regulate the

amplitude and/or nature of the biological respastsaulated by FGF2.

5.1.7. Signalling Pathways Mediating the Neuroprotgive Effects of the FGFs on

Dopamine Neurones

The neuroprotective effects mediated by both FGi2 BGF20 on primary dopamine
neuronesin vitro, have been demonstrated to be mediated throughtttERK1/2 and

PI3K intracellular signalling pathways. The neuaipctive effects of FGF2 against
rotenone-induced cell death have been shown totibiied by selective ERK1/2 and
PI3K inhibitors in SH-SY5Y cells (Hsuart al., 2006), while the neuroprotective

effects of FGF20 on rat VM embryonic dopamine naesagainst 60HDA toxicity
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was also inhibited by selective ERK1/2 and PI3Kibitors (Ohmachiet al., 2003;

Murase & McKay, 2006). Furthermore, FGF2’'s proteeteffects, on the other hand,
have also been demonstrated to be mediated thrgagh junctions, as FGF2
upregulated the expression of specific gap juncooteins, and inhibitors of gap
junction synthesis abolished FGF2’'s neuroprotectftects in human embryonic
dopamine neurone cultures (SiuYi Leuagal., 2001). In Chapter 3 of this thesis,
FGF20 was shown to protect dopamine neurones ibottiro, in VM cultures andn

vivo, in the 60HDA rat model of PD. In the current stuflirtherin vitro experiments

were carried out, this time in PC12 cells, an ima@ed catecholaminergic cell line, to
further investigate the signalling mechanisms media FGF20’s neuroprotective

effects.

5.1.8. PC12 Cells as an In Vitro Model of DopaminBleurones in which to
Investigate the Signalling Mechanisms Mediating th&leuroprotective Effects of
FGF20

The PC12 cell line is an immortalised catecholamgizeneuronal cell line originally
derived from a rat adrenal pheochromocytoma (GrefrnEschler, 1976), and it is
widely used as amn vitro model of dopamine neurones due to the dopaminergic
phenotype of the cells. PC12 cells contain all lté £nzymes of the anabolic and
catabolic dopamine metabolism pathways, includingl, Tdopa decarboxylase,
dopamine-B-hydroxylase, MOA, and COMT (Greene & chisr, 1976; Muller-
Ostermeyekt al., 2001), as well as dopamine (&hil., 2007). Additionally, the cells
also contain the dopamine reuptake transporter qtéaet al., 1996), the plasma
membrane transporter protein responsible for theakepof extracellular dopamine into
the cell, as well as the vesicular monoamine trariep the vesicular membrane protein
that is responsible for the uptake of dopamine intoacellular vesicles (Liwet al.,
1994). Furthermore, PC12 cells are vulnerable tetmobthe toxins that are commonly
used to cause dopamine neurone degeneration inandllanimal models of PD,
including 60HDA and MPP(Gelinas & Martinoli, 2002; Leet al., 2005; Kavanagkt

al., 2006; Menget al., 2007; Mnichet al., 2010). Consequently, PC12 cells are widely
used in neuroprotection studies to identify treattaehat are able to protect against this
neurotoxin-induced cell death, with the hope thatitientified treatments will also have
protective effects in animal models of PD, andnutiely also in PD patients. Thus far,

PC12 cells do appear to be a representative meadethere is a good correlation
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betweenin vitro andin vivo findings. For instance, FGF1, FGF2, and GDNF alléh
neuroprotective effects in PC12 cells (Boniece &gier, 1993; Bouleasat al., 2007;
Suet al., 2007; Liet al., 2008; Rodriguez-Enfedageteal., 2009) and also on dopamine
neurones in animal models of PBefailed in section 1)6 Additionally, the PC12 cell
line also serves as a goiovitro system in which to investigate the signalling patis
and mechanisms mediating the protective effectsFGfFs. A functioning FGF
signalling system is present in PC12 cells. FGF2NWRnd protein are found in PC12
cells, and mRNA for the FGFR1, 3, and 4 but notFB&FR2 are present in the cells
(Foehret al.,, 1998; Muller-Ostermeyeet al., 2001). FGFs stimulate a number of
biological responses in PC12 cells, including déflerentiation and neurite outgrowth
(Neufeldet al., 1987; Renauet al., 1996; Hadaret al., 1998; Linet al., 1998; Kimet
al., 2003; Jeoret al., 2010), and many of the classical FGFR signallraghways
described above are recruited after stimulatiof@FRs in PC12 cells, including the
ERK1/2 MAPK, PI3K, and PLE pathways (Sigmund et al., 1990; Kremer et al., 1199
Spivak-Kroizman et al., 1994b; Foehr et al., 1998dari et al., 1998; Karlsson et al.,
1998; Raffioni et al.,, 1999; Wert & Palfrey, 2000Kawamata et al., 2001).
Importantly, both FGF1 and FGF2 have been showrhawe neurotrophic and
neuroprotective effects on PC12 cells. Both FGFd BGF2 increase the survival of
PC12 cells in serum free conditions (Renatichl., 1996; Muller-Ostermeyeet al.,
2001; Kawamateet al., 2003), while FGF1 protects PC12 cells against dehth
induced by the chemotherapeutic agent, etoposidelléBuet al., 2007; Rodriguez-
Enfedaqueet al., 2009), while FGF2 has been shown to protect PGB against
hypoxia-induced cell death (Boniece & Wagner, 199@)e neurotrophic effects of
FGF2 on PC12 cells have in one report been showretmediated through both the
ERK1/2 and PK@ signalling pathways (Wert & Palfrey, 2000a), FG&protective
effects against etoposide has been shown to bexdepeon the nuclear translocation of
FGF1 (Rodriguez-Enfedaquet al., 2009), and also on FGF1s ability to reduce p53
activity (Bouleauet al., 2007).

As detailed above, the HSPGs play an importargé ol modulating FGF
signalling, and, importantly, PC12 cells have bdemonstrated to be an appropriate
vitro model in which to study the influence of HSPGstloa biological and signalling
events stimulated by the FGFs. PC12 cells produsB®s (Gowdat al., 1989), and
the signalling responses and biological effects iated by FGF application in PC12
cells can be altered by co-administering FGF whih ¢glycosaminoglycan, heparin, and
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also with exogenous HSPGs. Heparin has been shovwotentiate FGF1 and FGF2
stimulated neurite outgrowth in PC12 cells (Danebal., 1988), and the HSPG, agrin
when co-applied with FGF2 potentiates both FGH2ustited ERK1/2 activation and

neurite outgrowth in PC12 cells (Kimt al., 2003). Because of all of the favourable
attributes detailed above, PC12 cells were chosem rmodel system in which to study
the signalling mechanisms mediating the neuroptiveceffects of FGF20 against

60HDA toxicity.
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5.2. Objectives

5.2.1. Objective 1. Evaluate if FGF20 Protects PCl&lls against 60HDA Toxicity

Surprisingly, there are currently no published &sidvhich have evaluated if the FGFs
are able to protect PC12 cells against any of thygachine neurone toxins. The first
objective of this Chapter was, therefore, to evi@uBFGF20 is able to protect PC12
cells against 60HDA toxicity. Using immunohistochstry, it was firstly evaluated

whether the FGFR1, 3, and 4 proteins were presettta PC12 cell line, and using
ERK1/2 phosphorylation assays it was determinedthdneany FGFRs present in the
cells were functional. Cell viability experimentsere then subsequently carried out to
determine if FGF20 is able to protect the PC1Xajainst 60HDA induced cell death.

5.2.2. Objective 2. Identify the Signalling Pathway Mediating FGF20's
Neuroprotective Effects against 60HDA Toxicity in 212 cells

The second objective of this Chapter was to ingagti the signalling pathways
that mediate FGF20’'s protective effects against BAHN the PC12 cells. At the
receptor level, it was evaluated if FGF20's pratecteffects are, indeed, mediated
through the FGFRs, and at the intracellular levelywas determined if FGF20's
protective effects are mediated through the ERKAAPK pathway.

5.2.3. Objective 3. Evaluate if the Heparin Sulpha& Proteoglycan, Agrin is able to
Potentiate the Neuroprotective Effects of FGF20 agast 60HDA in PC12 cells

FGF20 has been shown to be secreted from ¢rligiro, despite the fact that FGF20
lacks a classical N-terminal secretory signal, &-Z0 could be detected in the cell
culture media of FGF20 overexpressing NIH 3T3 fildasts (Jefferst al., 2001).
Importantly, in the later study, a pool of FGF2Qicbbe released from the ECM of the
fibroblast cultures by treating the cultures withiaanin, a compound that acts to disrupt
the weak interactions that forms between a numbe&Gdé-s and HSPGs. Thus, like the
prototypical FGFs, it appears, FGF20 also interattis HSPG in the ECM. No studies
have, however, thus far, investigated the modwaédtects that HSPGs have on the
signalling and biological effects stimulated by FXBF The third objective of this
chapter was to investigate whether agrin is capablemodulating the signalling and

biological effects mediated by FGF20 in PC12 cdtlavas firstly evaluated whether
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agrin is able to potentiate FGF20 induced ERK1/vation, and, secondly, if agrin
potentiates FGF20’s neuroprotective effects ag&@siDA toxicity in the PC12 cells.

212



5.3. Methods

5.3.1. Maintenance of PC12 cells

PC12 cells were cultured and maintained accordmgexactly the same protocol
detailed insection 4.3.3.1

5.3.2. Plating of PC12 Cells for Cell Viability Stalies

For all of the PC12 cell experiments, cells werewgr in 75cmi NunC plastic flasks
until ~80-100% confluent, at which point they weaated into 24 well NunC plastic
tissue culture plates. The DMEM FBS+ media in whicl cells were bathed in was
removed, and the cells washed by rinsing them 2x5ml sterile D-PBS solution.
Trypsin was then used to detach the cells fromfllgks. 1ml of trypsin solution
(0.05% trypsin dissolved in EDTA) was added to €asbnf flask, and the cells left to
incubate in the trypsin solution for 5-10min in&lculture incubator until most of the
cells were fully detached. The flasks were agitdtedislodge any remaining attached
cells, and 4ml of DMEM FBS+ media added to eackkflto inactivate the enzymatic
activity of trypsin. The 5ml cell suspension wasrthransferred from the flask into a
15ml sterile centrifuge tube, and the cells cemggfd at 400g for 2min to create a cell
pellet. The supernatant media suspension was pooffednd the cell pellet re-
suspended in 1ml of DMEM FBS+ media, and the susipartriturated thoroughly with
a pipette to ensure that the cells were evenlyidiged throughout the suspension. The
number of viable cells present in the 1ml cell sngion was then quantified by trypan
blue cell exclusion using the protocol detailedgéction 2.3.2.3

The 1ml of cell suspension was then diluted so tsath 500ul of cell
suspension contained the same number of cells asdesired to be present in each
well. In all cases, PC12 cells were plated at asidgof 50000 cells/well, and the 1ml
suspension of cells was, thus, diluted as to givénal concentration of 50000
cells/500ul of suspension. The diluted cell susmers were thoroughly mixed to
ensure that the cells were evenly distributed thihout the solution. Finally, the cells
were plated either onto 13mm poly-D-lysine coatedecslips (nethod for poly-D-
lysine coating of coverslips is detailed in secti@rB.2.) placed inside the wells of a
NunC 24 well tissue culture plate, or alternativediyectly into the wells of 24 well
NunC tissue culture plates. To do this, 500ul atguof the appropriately diluted cell

suspensions were slowly applied to the wells orecslips as repeated drops, which
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were positioned as to ensure that the cells westelnlited evenly over the entire surface
of the coverslip or well.

5.3.3. Immunohistochemical Characterisation of th&®C12 Cell Line Used

Immunohistochemistry experiments were carried outdnfirm that the PC12 cells
retained a catecholaminergic phenotype by evalgatinthe cells expressed TH.
Additionally, the cells were also characterisediétermine if the FGFR1, 3, and 4 were
localised in the PC12 cells.

PC12 cells were plated onto poly-D-lysine coateabglicoverslips at a density
of 50000 cells/coverslip, grown in DMEM FBS+ mediatil the coverslips were around
~80-100% confluent, and at this point the cellsenxed by immersing them in a 4%
PFA solution for 10min. The fixed PC12 cells wehert immunohistochemically
stained for TH, and FGFR1, 3, and 4 with the HRFBDX¥BC method using nearly
exactly the same protocol as was use@.®3.2 The only difference is that in this
experiment the visualisation protocol was carrietlan the fixed PC12 cultures rather
than brain sections. To detect TH, and the FGFR&An8 4, PC12 cell cultures were
incubated with rabbit anti-TH (Chemicon, AB152,0@D), anti-FGFR1 (Sigma, F5421,
1/50), anti-FGFR3 (Santa Cruz Biotechnology, sc&pand anti-FGFR4 (Santa Cruz
Biotechnology, sc-123, 1/50) primary antibody ovgint at RT, respectively.

5.3.4. Cell Viability Studies

Four different cell viability studies were carriedt in the PC12 cells with FGF20. In an
initial cell viability study it was evaluated whethFGF20 is able to protect PC12 cells
against 60HDA toxicity. In a second and third swjsmt study, cell viability
experiments were carried out with the selective RGrhibitor, PD173074 and the
selective MEK1/2 inhibitor, SL327 to determine iGF20’s neuroprotective effects
against 60HDA is mediated by the FGFRs and the ERKUAPK pathway,
respectively. In the fourth study, experiments weagried to evaluate whether the
HSPG, agrin is able to modulate the neuroprotedfiects mediated by both a sub and
supra-maximal concentration of FGF20. In the newatgetion cell viability study, a
10ng/ml and a 200ng/ml concentration was identiisdepresenting sub-maximal and
supra-maximal FGF20 concentrations, respectivelyrelation to FGF20’s ability to

protect PC12 cells against 60HDA toxicity.
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In all of the cell viability studies, PC12 cells meplated at a density of 50000
cells/well directly into 24 well NunC tissue culéuplates. The plated cells were then
placed in a cell incubator and left to grow for k24t which point the cultures normally
reached ~80-100% confluence. In the initial FGF2Qraprotection studies, cells were
then treated either with FGF20’s vehicle (1ng/nmtlsarum albumin dissolved in FBS-
DMEM media), or with a range of concentrations GH20 (10, 100, or 500ng/ml).

In PD173074 experiments, cultures were treated2ftr either with FGF20
alone (200ng/ml), or with a FGF20 treatment (200mMgadded in combination with a
range of concentrations of PD173074 (10, 100, @0h¥, dissolved in FBS- media
containing 0.02% DMSO). A 100nM concentration of IHB074 has in a previous
study been demonstrated to maximally inhibit the-gurvival effects mediated by
FGF2 on cerebellar granule neuronesijitro (Skaperet al., 2000). The concentrations
of PD173074 employed in this study were, thus,ctete as to include both sub and
supra-maximal concentrations.

In the SL327 experiments, cultures were treate@4dr either with FGF20 alone
(200ng/ml), or with a FGF20 treatment (200ng/mijled! in combination with a range
of concentrations of SL327 (10, 50, or 100uM, di#sd in FBS- media containing
0.2% DMSO). The concentration range used in thiglystwas selected based on
previous studies using between 10 to 50uM SL32hihibit MEK1/2 signalling in
various tissue culture preparations (Caugtdiaal., 2004; Chen-Roetlingt al., 2009;
Leeet al., 2010).

In the experiment with agrin, cultures were treated 24h with one of six
different treatments, agrin’s vehicle + FGF20’s ety 500ng/ml agrin + FGF20’s
vehicle, agrin’s vehicle + 10ng/ml FGF20 (submaxinsanc.), 500ng/ml agrin +
10ng/ml FGF20, agrin’s vehicle + 200ng/ml FGF20pfstmaximal conc.), 500ng/ml
agrin + 200ng/ml FGF20. All of the treatments wdedivered to each well as 500l
volumes. In a previous study, a 200ng/ml concentration ofiragvas shown to
potentiate ERK1/2 activation in PC12 cells (Kieh al., 2003), and the 500ng/ml
concentration of agrin was, thus, selected so ansoire a supra-maximally effective
concentration was used.

Thereafter, in all of the above cases, cells weppsed to 60HDA (either 30,
40, or 50uM, depending on the sensitivity of thiwres, see next paragraph for details)
for 6h. Final 60HDA concentrations were appliedhe cultures by adding 50ul of a
10x more concentrated 60HDA stock solution diretdl#50ul of DMEM FBS- media

215



previously added to each well. All the stock coriagions of 60HDA were dissolved
in a 0.2% ascorbate solution (dissolved in PBS, .fH% limit the inactivation of
60HDA by auto-oxidation. Immediately after this,etl®OHDA treatment solutions
were removed, and cell viability measured using ¢burimetric MTS assaysée
section 5.3.5 beloyw

As with the VM cultures, different PC12 culture pagations were found also to
have varying sensitivities to 60HDA toxicity. Aftearrying out a number of repeat
experiments, it was determined that depending ersémsitivity of the culture, a dose
of between 30-50uM 60HDA induced an ~50-80% reducin cell viability relative to
control. To accommodate for this variability, alGF20 neuroprotection experiments
were carried out in parallel in cells treated wetther a 30, 40 or 50uM concentration of
60HDA. Results from only the 60HDA concentratiomwps that caused ~50-80% of
cell death were then selected for inclusion in ysed.

5.3.5. Measurement of Cell Viability using the MTSAssay

In the MTS assay, the overall metabolic activityttiis present in a cell culture is
guantified. In living cell cultures, the yellow colred water soluble tetrazolium
compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxgthoxyphenyl)-2-(4
sulfophenyl)-2H-tetrazolium (MTS) diffuses freehyto the cytosol of living cells. Once
inside, MTS is converted into a purple formazardpi through the action of cytosolic
dehydrogenase enzymes in the presence of phemaeithesulfate (PMS). As formazan
absorbs light at 490-500nm, the degree of formdaanation in a specific cell culture
can, thus, be quantified spectrophotometricallyriasuring the degree of light that is
absorbed at 490nm by the cell culture solution. Andhe MTS assay, this measure of
metabolic activity is used as an indirect quantieaitmeasure of cell viability, as the
amount of formazan product that is produced has bhewn to be directly proportional
to the number of living cells that are present oel culture.

A working MTS solution (330pug/ml MTS and 20uM PM&sablved in serum
free DMEM media) was prepared using MTS/PMS stoolutions provided in a
CellTiter Aqueous non-Radioactive Cell Proliferatidssay kit (Promega). 200ul of
this MTS working solution was added to each celtura well. Cells were then left to
incubate for 1h in the MTS solution while kept &°@ in the cell culture incubator.
Immediately thereafter, the cell cultures were gsed using a Flexstation (Molecular

Devices) to quantify the degree of MTS to formazanversion that occurred in each of
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the different wells by measuring absorbance at #B0rhe degree of cell viability that
was detected in each of the different treatmenaiggavas expressed as a percentage of
the cell viability that was present in the contgobup. These % control cell viability
measurements were calculated by dividing the absoi90nm absorbance value
generated for each group by that of the controugr@nd by multiplying the resulting
value by 100. For each treatment group, mean (x8énepntrol cell viability values
were derived from results from 3 independent repsaeriments, and in each repeat
experiment, each treatment group comprised of Zerstips. In the initial FGF20
neuroprotection experiment, cell viability resultgere analysed using one-way
ANOVAs and Dunnett’'s post hoc tests. Results waralysed to determine if cell
viability measurements in each of the FGF20 treatngroups were significantly
different compared to the vehicle + 60HDA group.

In the experiments with PD173074 and SL327, cellbiity results were
analysed with one-way ANOVA's, and Bonferroni pbsi tests. Results were
analysed to determine whether cell viability measwnts in each of the treatment
groups were significantly different compared to ttedicle + 60HDA group, and also
whether cell viability measurements in any of tieH20 + PD173074/SL327 groups
were significantly different compared to the FGF2BOHDA group. In the cell
viability studies with agrin, results were analysedth two-way ANOVAs and
Bonferroni post-hoc tests. Results were analyseddetermine if cell viability
measurements in each of the treatment groups wgndicantly different compared to
the vehicle + 60HDA group. Additionally, it was alsvaluated if cell viability in the
sub-maximal (10ng/ml) and supra-maximal (200ng/giin negative FGF20 treatment
groups were significantly different compared to tespective agrin positive FGF20

treatment groups.

5.3.6. ERK1/2 Phosphorylation Experiments
5.3.6.1. Application of Treatments to PC12 Cells

Four different ERK1/2 phosphorylation experimentsravcarried out in the PC12 cells
with FGF20. In an initial experiment, it was evdkthwhether FGF20 and FGF2 were
able to stimulate ERK1/2 activation in the PC12scéb determine if the PC12 cells
contain a functioning FGF signalling system. Ineaad and third subsequent study, it
was evaluated whether the selective FGFR inhibf®173074 and/or the selective
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MEK1/2 inhibitor, SL327 were able to inhibit FGF2@timulated ERKZ1/2
phosphorylation in the PC12 cells. In the fourthdst experiments were carried to
evaluate whether the HSPG, agrin is able to moeule degree of ERK1/2 activation
stimulated by both a sub and supra-maximal conagotr of FGF20. In preliminary
experiments, a 10ng/ml and a 200ng/ml concentratias identified as representing
sub-maximal and supra-maximal FGF20 concentratioespectively, in relation to
FGF20’'s ability to stimulate ERK1/2 activation inCB2 cells. In all of these
experiments, PC12 cells were grown in 75dissue culture flasks in FBS+ DMEM
media until they were ~80-100% confluent. After might serum withdrawal, the FBS-
DMEM media was removed from the flasks, and tesittnents applied to the cells. In
all cases, test treatments were dissolved in séreenDMEM media, and delivered as
5ml volumes. Initial ERK1/2 phosphorylation expeeimts were carried out to
determine if the PC12 cells contained functionaFRS coupled to the ERK1/2 MAPK
signalling pathway by evaluating if FGF2 and FGRk2fre able to stimulate ERK1/2
activation in the PC12 cells. In these experimestsum starved PC12 cells were
exposed to either a vehicle solution (1ng/ml rause albumin dissolved in FBS-
DMEM media), 200ng/ml FGF20, 200ng/ml FGF2, or 1§0m nerve growth factor
(NGF). NGF was used as a positive control in treeggeriments, as PC12 are widely
known to be responsive to NGF application (Sabt88y; Speaet al., 1997; Wert &
Palfrey, 2000b; Shimoke & Chiba, 2001; Kavanagal., 2006).

In experiments carried out to determine if PD1730l6tks FGF20 stimulated
ERKZ1/2 activation, cells were pre-treated for 1ithvaither PD173074’s vehicle (0.02%
DMSO dissolved in serum free media), or with onéwad concentrations of PD173074
(50nM or 1000nM). A 50nM concentration of PD1730¥ak in previous studies been
shown to mediate a maximal or complete inhibitdfge on FGF2 stimulated ERK1/2
activation,in vitro (Skaper et al., 2000), and the 1000nM concentratiars, represents
a supra-maximal concentration. Thereafter, prestreat solutions were removed, and
the cells that were pre-treated with PD173074’salen50nM PD173074, and 1000nM
PD173074 were then exposed for 5min to 200ng/mlZ8G&one, 200ng/ml FGF20 +
50nM PD173074, and 200ng/ml FGF20 + 1000nM PD173M@&pectively.

In experiments carried out to determine if SL32@ckk FGF20 stimulated
ERK1/2 activation, cells were pre-treated for 1lhhweither SL327’s vehicle (0.2%
DMSO dissolved in serum free media), or with onetvad concentrations of SL327

(10uM or 100uM). Thereafter, pre-treatment solgiarere removed, and the cells pre-
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treated with SL327’s vehicle, 10uM SL327, and 1008M827 were then exposed for
5min to 200ng/ml FGF20 alone, 200ng/ml FGF20 + 10@M327, and 200ng/ml
FGF20 + 100uM SL327, respectively.

In the experiments carried out to determine ifiragrodulated FGF20 simulated
ERK1/2 activation, cultures were treated for Smithvone of six different treatments,
agrin’s vehicle + FGF20’s vehicle (unstimulated ttol), 500ng/ml agrin + FGF20’s
vehicle, agrin’s vehicle + 10ng/ml FGF20 (submaxinsanc.), 500ng/ml agrin +
10ng/ml FGF20, agrin’s vehicle + 200ng/ml FGF2Qp(sumaximal conc.), or 500ng/mi
agrin + 200ng/ml FGF20. All of the treatments wdedivered to each well as 500l

volumes.

5.3.6.2. Preparation of Cell Lysates from the Stimlated PC12 Cells

In all cases, immediately after the applicationtteé last test treatment, the treatment
solutions were removed and cell lysates prepamad the stimulated cells using exactly

the same protocol as detailedsiction 4.3.3.4

5.3.6.3. Quantification of ERK1/2 phosphorylation sing Western Blot Analyses

The level of ERK1/2 activation stimulated by each tbe different treatment
combinations was then quantified by Western blailyses using exactly the same
protocol as detailed isection 4.3.3.5

5.3.7. Drugs and Chemicals

SL327 was obtained from Tocris Bioscience Ltd (Bfistol), and recombinant human
FGF2 (FGF basic), recombinant rat agrin, and recoam ratp-NGF were purchased
from R&D Systems (US, MN). All other drugs and cheafs were obtained from the
same suppliers detailed section 3.3.5 and 4.3,%r from Sigma Aldrich Ltd. (UK,
Dorset).
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5.4. Results

5.4.1. Immunohistochemical Characterisation of th&C12 cell line

Immunohistochemistry experiments were carried outdnfirm that the PC12 cells
expressed TH, and to determine whether FGF20'pters the FGFRs are localised in
the cells. The cells were shown to possess a aatenmergic phenotype, as they were
positive for TH Fig 5.2), and the cells were also judged to have a cheniatit
polygonal morphology representative of PC12 céldditionally, FGFR1 and 3 were
found to be present in the celBid 5.2), but not FGFR4 (results not shown). For both
FGFR1 and FGFR3, a cytoplasmic staining patternokasrved in some cells, while in
other cells, the receptors were localised to bag¢hclytoplasm and also to the nucleus.

To determine whether the FGFRs localised in theZP€&lls were functional, it
was evaluated whether the two FGFR ligands, FGF2DFRGF2 are able to stimulate
ERK1/2 phosphorylation in the cells. The FGFR’sspré in the PC12 cells were found
to be functional as both FGF20 and FGF2 succegsfutiduced ERK1/2
phosphorylation in the cells=ig 5.3). In the un-stimulated control group, normalised
phospho-ERK1/2 band densities were around ~0.0§amnpunits. Both the FGF20 and
the FGF2 treatment stimulated ~3 fold increase RKE2 activation compared to
control, as phospho-ERK1/2 band densities were6-0.19 in the later 2 groups. NGF,
however, had an immensely greater capacity to $it@uERK1/2 activation. A
supramaximal concentration of NGF induced ~5 foleater degree of ERK1/2
phosphorylation relative that stimulated by a supeximal concentration of the FGF
ligands Fig 5.3).
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Figure 5.2. The PC12 Cell Line Used in Experiments with
FGF20 Expressed TH, and FGFRI and 3

iy o - e B0 o Sl

.l. 5, T ,‘3‘ .

(54 L5, & JZ04T
‘ %

e

J AT
.T[—r A \. . 4*.2“ ‘T o‘

. 7

R LS 4a™ o
- 'i"i € WL
| )

#a N0¥
:I'I’ "’ ‘]. -..
e or ¥ T
i AN e
‘( s ‘tﬂ v/ i‘i“:
¥ o Koy o L
Ko~ ox ity "y
- (P b o el
i 8 L SRS
3 - . b ' Y

-

Fr]
;U. |
-1.‘\?_?'__#
| S

»-

»

Figure 5.2. The PC12 cell line used in cell viability experiments

with FGF20 expressed tyrosine hydroxylase (TH, a marker of
dopaminergic neurones), and FGFR1 and 3. PC12 cells were fixed

with paraformaldehyde and immunohistochemically stained for the

aforementioned antigens. Red arrows: Brown DAB stained positive

cells. Blue: Haematoxylin stained nuclei.
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Figure 5.3. FGF20 Stimulated ERK1/2 Activation in the PC12 Cell
Line used in Cell Viability Experiments
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Figure 5.3. Activation of both the NGF and FGF signalling systems in
PC12 cells stimulated ERK1/2 (p42/p44) activation. Cells were exposed to
a supra-maximal dose of either NGF (200ng/ml), FGF20 (200ng/ml), or
FGF2 (200ng/ml) for Smin, and the cells immediately lysed thereafter.
ERK1/2 phosphorylation was measured using Western blot analysis. All
phosho-ERK1/2 band densities were normalised by adjusting them to
corresponding GAPDH loading control bands.
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5.4.2. FGF20 Protects PC12 cells against 60OHDA Taxy

In the initial neuroprotection cell viability study=GF20 concentration-dependently
protected PC12 cells from 60HDA toxicitii§ 5.4). In the FGF20 vehicle + 60HDA
group, cell viability was reduced by ~50% compatedcontrol (FGF20 vehicle +
60HDA vehicle group). Cell viability (% control) wasignificantly higher in all of the
FGF20 + 60HDA treatment groups vs. the FGF20 vehicbOHDA group, with the
10, 100, and 500ng/ml concentrations preservinigveaility at ~17% (p<0.01), ~28%
(p<0.01), and ~26% (p<0.01) higher levels. The tpasicontrol, NGF preserved cell
viability at substantially higher levels comparedtihe two higher doses of FGF20, as
cell viability was preserved at ~97% in this treatringroup Fig 5.4).

Figure 5.4. FGF20 Protected PC12 Cells against
60HDA Toxicity
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Figure 5.4. FGF20 concentration-dependently protected
PC12 cells against 60OHDA toxicity. Cultures were treated
with FGF20 for 24h, exposed to 6-OHDA for 6h, and their
viability measured immediately thereafter using the MTS
assay. Cell viability is expressed as a percentage of the
absorbance that was observed in each group at 490nm
relative to vehicle control. NGF served as a positive
control. Data points represent meantsem calculated from
data generated in 3 independent repeat experiments.
*p<0.05 and **p<0.01 compared to the FGF20 vehicle +
60HDA group.
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5.4.3. FGF20’s Protective Effects are FGFR-Mediated

The selective FGFR inhibitor, PD173074 was useidvestigate if FGF20’s protective
effects against 60DHA toxicity were FGFR-mediated RC12 cells. In ERK1/2
phosphorylation assays, both a 50nM and a 1000nKtesdration of PD173074
completely blocked FGF20 stimulated ERK1/2 phosplation in the PC12 cells={g
5.5.A). In the un-stimulated control group, normaliséw$pho-ERK1/2 band densities
were around ~0.17 arbitrary units. The 200ng/ml EGEeatment stimulated ~2 fold
increase in ERK1/2 activation compared to contslphospho-ERK1/2 band densities
were ~0.3-0.4 in this group. Both of the concemdret of PD173074 completely
blocked this FGF20 stimulated increase in ERK1t&ation, as phospho-ERK1/2 band
densities in the PD173074 + FGF20 groups were ~0.12, levels equivalent or
slightly below that observed in the control group.

In cell viability experiments, PD173074 concentatdependently inhibited
FGF20’'s ability to protect PC12 cells against 60HDuicity (Fig 5.5.B). In the
FGF20 vehicle + 60HDA group, cell viability was 36¢elative to control). FGF20
treatment preserved cell viability at significantligher levels (~22% higher) vs. the
FGF20 vehicle + 60HDA group (p<0.01). PD173074 emation—dependently
inhibited FGF20’s protective effects, with cell bigty in the 0.1, 0.5, and 1uM
PD173074 groups being ~12%, ~26%, and ~32% lowenpapved to the FGF20 +
60HDA group, respectively. All of the PD173074 centrations reduced cell viability
levels to levels that were not significantly di#et to the FGF20 vehicle + 60HDA
group, and the cell viability levels in the 0.5, dabhuM PD173074 groups were also
significantly lower compared to the FGF20 + 60HDi@gp (p<0.01).
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Figure 5.5. PD173074 Inhibited FGF20's Neuroprotective Effects against
60HDA in PCI2 Cells
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Figure 5.5. A. The FGFR inhibitor, PD173074 inhibited FGF20-induced activation of
extracellular regulated kinase-1/2 (ERK1/2, p42/p44) in PC12 cells. Cells were exposed to
FGF20 (200ng/ml) alone, or to FGF20 + PD173074 for 5min, and the cells immediately
lysed thereafter. ERK1/2 phosphorylation was measured using Western blot analysis. All
phosho-ERK1/2 band densities were normalised by adjusting them to corresponding
GAPDH loading control bands. B. PD173074 concentration-dependently inhibited FGF20's
protective effects against 6OHDA toxicity in PC12 cells. Cultures were treated for 24h with
FGF20 (200ng/ml), or with FGF20 + PD173074, exposed to 60HDA for 6h, and their
viability measured immediately thereafter using the MTS assay. Cell viability is expressed as
a percentage of the absorbance that was observed in each group at 490nm relative to vehicle
control. Data points represent meantsem calculated from data generated in 3 independent
repeat experiments. **p<0.01 compared to the FGF-20 vehicle + 60HDA group.
* % p<0.01 compared to the FGF-20 + 60HDA group.
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5.4.4. FGF20'’s Protective Effects against 60HDA Tacity are Mediated by the
ERK1/2 MAPK Signalling Pathway

The MEK1/2 inhibitor, SL327 was used to investig@teGF20’s protective effects are
mediated by the ERK1/2 MAPK signalling pathway atiatracellular level in PC12
cells. In ERK1/2 phosphorylation assays, both aM@nd a 100uM concentration of
SL327 completely blocked FGF20 stimulated ERK1/2ggthorylation Fig 5.6.A). In
the un-stimulated control group, normalised phospRd&1/2 band densities were
around ~0.12-0.22 arbitrary units. The 200ng/ml BGRreatment stimulated ~0.7-4
fold increase in ERK1/2 activation compared to oontas phospho-ERK1/2 band
densities were ~0.31-0.45 in this group. Both eft¢bncentrations of SL327 completely
blocked this FGF20 stimulated increase in ERK1t&ation, as phospho-ERK1/2 band
densities in the SL327 + FGF20 groups were ~0.03;0evels slightly below that
observed in the control group.

In cell viability experiments, SL327 concentratidependently inhibited
FGF20’'s ability to protect PC12 cells against 60HDuicity (Fig 5.6.B). In the
FGF20 vehicle + 60HDA group, cell viability was <921(relative to control). FGF20
treatment preserved cell viability at significantiigher levels (~14% higher) vs. the
vehicle + 60HDA group (p<0.05). PD173074 concendratdependently inhibited
FGF20's protective effects, with cell viability the 0.1uM, 0.5uM, and 1uM SL327
groups being ~8%, ~11%, and ~17% lower comparatidd-GF20 + 60HDA group,
respectively. Both the 50uM and 100uM SL327 corregions reduced cell viability to
levels not significantly different to the FGF20 w&d + 60HDA group, and the cell
viability levels in all three of the SL327 groupem also significantly lower compared
to the FGF20 + 60HDA group (p<0.01).
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Figure 5.6. SL327 Inhibited FGF20's Neuroprotective Effects against
60HDA Toxicity in PCI2 Cells
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Figure 5.6. A. The MEKI1/2 inhibitor, SL.327 inhibited FGF20-induced activation of
extracellular regulated kinase-1/2 (ERK1/2, p42/p44) in PC12 cells. Cells were exposed to
FGF20 (200ng/ml) alone, or to FGF20 + SL327 for 5min, and the cells immediately lysed
thereafter. ERK1/2 phosphorylation was measured using Western blot analysis. All
phosho-ERK 1/2 band densities were normalised by adjusting them to corresponding GAPDH
loading control bands. B. SL327 concentration-dependently inhibited FGF20's protective
effects against 60HDA toxicity in PC12 cells. Cultures were treated for 24h with FGF20
(200ng/ml), or with FGF20 + SL327, exposed to 60HDA for 6h, and their viability measured
immediately thereafter using the MTS assay. Cell viability is expressed as a percentage of the
absorbance that was observed in each group at 490nm relative to vehicle control. Data points
represent meantsem calculated from data generated in 3 independent repeat experiments.
**¥p<0.01 compared to the FGF-20 vehicle + 60HDA group. * *p<0.01 compared to the

FGF-20 + 60HDA group.
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5.4.5. The HSPG, Agrin Potentiates FGF20 StimulateBERK1/2 activation, but
Fails to Potentiate FGF20's Neuroprotective Effectagainst 6OHDA Toxicity

Agrin was investigated in ERK1/2 phosphorylationpesiments for its ability to
modulate FGF20's ability to stimulate ERK1/2 activa, and in cell viability
experiments, agrin was also evaluated for its tgiii modulate the ability of FGF20 to
protect PC12 cells against 60HDA toxicity.

In ERK1/2 phosphorylation experimentsid 5.7), no baseline ERK1/2
activation was detected in the un-stimulated cdngroup, as normalised phospho-
ERK1/2 band densities were around ~0.02-0.05 aryitunits in this group. When
agrin was applied alone, it failed to stimulate HRX phosphorylation, as phospho-
ERK1/2 band densities of ~0.02-0.05 were deteatethis group, densities similar to
that observed in the control group. The sub-maxib@eg/ml concentration of FGF20
also failed to stimulate any ERK1/2 activation wleglded alone, as phospho-ERK1/2
band densities of ~0.01 were detected in this grdupe supra-maximal 200ng/ml
concentration of FGF20, on the other hand, stinedl&RK1/2 activation when applied
by itself, as phospho-ERK1/2 band densities of +@28 were detected in this group,
levels ~5.5 fold higher than in the control celdhen the 10ng/ml FGF20 concentration
was applied in combination with agrin, it stimut€RK1/2 phosphorylation at levels
at least equivalent to that stimulated by the supaaimal 200ng/ml concentration of
FGF20 when applied alone, as phospho-ERK1/2 bamgitits in this group were
~0.13-0.29. When the 200ng/ml concentration of FGR&s applied in combination
with agrin, an equivalent degree of ERK1/2 actmatwas stimulated compared to
when it was applied alone. Agrin, thus, potentiatieel degree of ERK1/2 activation
stimulated by the sub-maximal concentration of FGGF&nd it failed to modify the
degree of ERK1/2 activation stimulated by the supeximal concentration of FGF20.

In cell viability studies, agrin failed to signifiatly potentiate the protective
effects mediated by FGF20 in PC12 cefigy(5.8). In the vehicle + 60HDA group, cell
viability was ~56% (relative to control). The sulaamal 10ng/ml FGF20
concentration when applied alone, failed to proteetPC12 cells against 60HDA, as
cell viability was not significantly different inhis group compared to the vehicle +
60HDA group. Agrin failed to alter the protectivéfeet mediated by the 10ng/ml
FGF20 conc., as cell viability in the agrin + 10mgFGF20 group was not significantly
different to that in either the vehicle + 60HDA, tbe agrin vehicle + 10/ng/ml FGF20
groups. The supra-maximal 200ng/ml FGF20 conc.thenother hand, significantly
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protected the PC12 cells against 60HDA toxicity,cali viability was preserved at
~79% in this group, at levels significantly hightyxan compared to the vehicle +
60HDA group (p<0.01). Interestingly, when the 20@nigFGF20 concentration was
co-applied with agrin, cell viability actually deased by ~6% compared to when the
200ng/ml concentration was added alone, loweridigveability to levels that were no
longer significantly higher compared to the vehidcteated 60HDA group. The
neuroprotective effect mediated by the supra-makiF@F20 concentration, thus,

appeared to have been inhibited by agrin rather ltieéng potentiated.

Figure 5.7. Agrin Potentiated FGF20-induced ERK1/2 Activation in PCI2 Cells
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Figure 5.7. Agrin potentiated extracellular regulated kinase-1/2 (ERK1/2, p42/pd4)
activation stimulated by a sub-maximal concentration of FGF20. Cells were exposed to
either FGF20 alone, or to FGF20 + Agrin (500ng/ml) for 5min, and the cells
immediately lysed thereafter. ERK1/2 phosphorylation was measured using Western blot
analyses. All phosho-ERK1/2 band densities were normalised by adjusting them to
corresponding GAPDH loading control bands.
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Figure 5.8. Agrin Failed to Potentiate FGF20's Neuroprotective
Effects against 60OHDA Toxicity in PC12 Cells
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Figure 5.8. Agrin had no effect on the neuroprotective effects mediated
by a sub-maximal FGF20 concentration (10ng/ml), and it appeared to
thnibit the protective effects mediated by a supra-maximal FGF20
concentration (200ng/ml). Cultures were treated for 24h with FGF20
alone, or FGF20 + Agrin (500ng/ml), exposed to 6-OHDA for 6h, and
their viability measured immediately thereafter using the MTS assay. Cell
viability is expressed as a percentage of the absorbance that was observed
in each group at 490nm relative to vehicle control. Data points represent
meantsem calculated from data generated in 3 independent repeat
experiments. *p<0.05 compared to the FGF-20 vehicle treated 6OHDA+

group.
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5.5. Discussion

5.5.1. A Functional FGF Signalling System is Presem the PC12 Cell Line

In previous studies carried out as part of ChagteFGF20 was shown to protect
dopamine neurones against 60HDA-induced cell ddathjtro, in VM embryonic
cultures and alsan vivo, in the 60HDA rat model of PD. In the current Clesipa
PC12 cell culture system was used to study thealligg mechanisms through which
FGF20 mediates it neuroprotective effects agail@HBA toxicity. The PC12 cell
culture system was selected as an appropriate nod@elrry out these experiments not
only because PC12 cells have a dopaminergic pheeobut also because PC12 cells
are known to possess a functional FGFR signallysgesn. PC12 cells have previously
been shown to contain mRNA for FGFR1, 3, and 4,taed=-GFs stimulate a number of
biological responses in PC12 cells, including défeiation and cell survivadgétailed

in section 5.1.3 However, it is widely known that there is coresiable variation
between the phenotype of different PC12 cell soinet, and some sub-clones of PC12
cells have been found to be un-responsive to FGfn(at al., 1991; Linet al., 1996).
For this reason, several validation experimentsvearried out to ensure that the clone
of PC12 cells used in this study does, indeed,atord functional FGF system. Using
immunohistochemistry, it was evaluated whether FB+~R1, 3, and 4 proteins were
present in the PC12 cells, and FGFR1 and 3 buEG#tR4 were found to be localised
in the PC12 cell line. It was not examined if FGFR2present, but this receptor is
unlikely to be present, as two previous studieeh@ported FGFR2 mRNA not to be
expressed in PC12 cells (Foebtr al., 1998; Muller-Ostermeyert al., 2001).
Interestingly, for both FGFR1 and FGFRS3, a cytopligsstaining pattern was observed
in some cells, while in other cells, the receptoese localised to both the cytoplasm
and also to the nucleus. The FGFRs are RTKs, asyl dne, therefore, traditionally
considered to exist and function as classical ptfasmembrane receptors that signal
through various second messenger systems. Recedindgs have, however,
conclusively demonstrated that a number of plasrembnane receptors also signal
through an unorthodox nuclear signalling pathwaat thvolves the translocation of the
receptors from the plasma membrane to the nucteubthe FGFRs are a prototypical
example of such receptors (Bryant & Stow, 2005)tivation of membrane bound
FGFR1 by FGF2, for example, leads to the nucleastocation of some of the FGFR1-
FGF2 complexes (Bryant & Stow, 2005), and this eackranslocation has been shown
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to be essential in allowing FGFR1’s full mitogeritects to be expressed (Bossard
al., 2003). This concomitant nuclear and cytoplasmaalisation of the FGFR1 and
FGFR3, thus, indicates that these receptors migiriak through such a nuclear
signalling pathway in the PC12 cells. Results shgwkGFR4 not to be present in the
PC12 cell line conflicts with previous studies whghowed mRNA for FGFR1, 3, and
4 to be present in PC12 cells (Foehal., 1998; Muller-Ostermeyest al., 2001). As
mentioned before, the phenotype of different PC4IR suib-clones are known to vary
considerably, and it is possible that the spesifib-clone used in this study had ceased
to express FGFR4. Furthermore, the previous stuthee only demonstrated FGFR4
MRNA to be present in the PC12 cells, and resutim fthis study are the first to
characterise the localisation of the FGFR protem$C12 cells. Alternatively, this
discrepancy could, thus, be due to FGFR4 mRNA bekpgyessed but not translated in
the PC12 cells.

After ascertaining that the PC12 cell line usethis study did, indeed, express
the FGFR1 and 3 proteins, experiments were subedguwrried out to confirm that
the receptors are not only present but also funati@and coupled to downstream
intracellular signalling pathways. The FGF protaypGF2 has previously been shown
to stimulate ERK1/2 phosphorylation in PC12 cefodhret al., 1998; Kimet al.,
2003). The functionality of the FGF system was ef@e tested by evaluating whether
not only FGF20 but also FGF2 is able to stimuld®KE/2 phosphorylation in the PC12
cells. Additionally, NGF was also used in theseegipents as an additional positive
control, as PC12 cells are widely known to be raspe to NGF (Sabban, 1997; Spear
et al., 1997; Wert & Palfrey, 2000b; Shimoke & Chiba, 20&avanaghet al., 2006).
Results from these ERK1/2 phosphorylation studm¥ioned that the FGFRs in the
PC12 cells were, indeed, functional, as both FQ#R2FEGF20 stimulated an increase in
ERK1/2 phosphorylation in the cells. Interestingly supra-maximal concentration of
NGF was found to have a substantially greater myteat stimulating ERK1/2
activation compared to a supra-maximal dose of F&R2FGF20. As previous studies
have reported FGF2 to produce a similar degreeRiKE2 activation in PC12 cells as
seen in this study (Foebtal., 1998; Muller-Ostermeyest al., 2001), it appears that, at
least in PC12 cells, the FGF system is more welkked to the ERK1/2 MAPK
pathway compared to the NGF system.
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5.5.2. FGF20 Protects PC12 Cells against 60HDA Ty

After confirming that the PC12 cells possessed tional FGFRs, a number of
subsequent cell survival experiments were thenethout, firstly to demonstrate that
FGF20 is, indeed, able to protect PC12 cells ag&0$IDA toxicity, and secondly to
try and identify the signalling mechanisms med@gtGF20’s protective effects. In the
initial neuroprotection studies in which FGF20 veasluated for its ability to protect
PC12 cells against 60OHDA, FGF20 was found to commagan-dependently protect the
PC12 cells against 60HDA toxicity. A 10ng/ml contation of FGF20 mediated a
significant but sub-maximal protective effect agaircOHDA, while a maximal
protective effect was produced by a 100ng/ml cotneéon of FGF20. Based on these
results, a 200ng/ml supra-maximal concentratioRr®F20 was used in all subsequent
cell viability studies carried out to identify th&gnalling mechanisms mediating
FGF20’s protective effects against 60HDA. Moreoverthese initial neuroprotection
experiments, a supra-maximal concentration of FGF&$ found to preserve PC12 cell
viability at around ~20% higher levels compared tGOHDA control group.
Interestingly, the NGF positive control treatmenadha much more potent
neuroprotective effect, as NGF preserved cell \itgat control levels, at levels around
30% higher compared to the maximal effect achidwedGF20. In later experiments,
FGF20's protective effects against 60HDA toxicitasvshown to be mediated by the
ERK1/2 MAPK signalling pathway, and this differenae neuroprotective potency
could, thus, be down to the fact that NGF has astamlially greater potency at
stimulating ERK1/2 activation, as demonstrated bésuits from the phosphorylation

experiments.

5.5.3. FGF20’s Neuroprotective Effects in PC12 Callagainst 60HDA is Mediated
through the FGFRs at the Receptor Level

FGF20 appears to be a relatively non-selective iag@t its cognate receptors, the
FGFRs, as FGF20 is able to stimulate mitogenesmi¢fn most of the FGFR subtypes
(Zhanget al., 2006). There have, however, been no specificsinyations, thus far,
investigating whether FGF20 is capable of stimotatany biological effects by non-
selectively activating receptors other than the R&FAs most receptor agonists
stimulate effects by non-selectively activatingejgtors that are not designated as their

cognate receptor class, it is possible that FGFatective effects might in full or in
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part result from it non-selectively activating rpta&rs other than the FGFRs. Thus, to
confirm that FGF20’s neuroprotective effects argleed, mediated by the FGFRs, it
was evaluated whether FGF20’s protective effectddcbe inhibited by the selective
FGFR antagonist, PD173074. In these experiments17B@r4 concentration-
dependently inhibited FGF20’s neuroprotective déffeagainst 60HDA, with a 100nM
concentration of PD173074 preventing a supra-maxaoacentration of FGF20 from
having a significant protective effect. These resimdicate that FGF20's protective
effects are, indeed, being wholly mediated throaghFGFR-dependent mechanism.
However, although PD173074 is a relatively selectnhhibitor at the FGFRs, it is also
known to have antagonistic effects at the vascefathelial growth factor receptor 2
(VEGFR2) at concentrations of ~100nM. PC12 cellpress the VEGFR2, and
activation of this receptor has been shown to dateuanti-apoptotic effects in PC12
cells (Bergeet al., 2006). The possibility that FGF20’s neuroprotezffects could be
partially mediated through the VEGFR2 can, themfaot be ruled out.

Moreover, as PD173074 is a non-selective inhibofothe FGFRs, it cannot be
directly concluded from these results which spedi#icFR subtype FGF20 is mediating
its neuroprotective effects through. However, basethe immunohistochemical results
showing the PC12 cell line to only express FGFRA &nand also on previous findings
showing FGFR2 mRNA not to be present in PC12 ciltssn be deduced that FGF20’s
protective effects are most likely mediated throtlgp FGFR1 and/or FGFRS3 in the
PC12 cells used in this study. To determine therdxto which FGF20 mediates its
protective effects through activation of each twe FGFR receptor subtypes, further
experiments with inhibitors selective for the FGFd FGFR3 would be needed. This
is, however, currently not possible, due to inltstselective for the latter receptors

currently not being commercially available.

5.5.4. FGF20’s Neuroprotective Effects in PC12 Callagainst 60HDA is Mediated
through the ERK1/2 MAPK Pathway at the Intracellular Level

After showing FGF20’s effects to be mediated by E@FRs at the receptor level,
experiments were carried out to investigate thealiomg pathways mediating FGF20’s
protective effects at an intracellular level. Aetion of the FGFRs in PC12 cells have
been shown to lead to the recruitment and actimatib many of the classical RTK
linked intracellular signalling pathways, includitige PI3K, PKC, and various MAPK

pathways detailed in section 5.1)8 Of all these intracellular signalling pathways
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recruited by FGFR activation, only the ERK1/2 MARIKd the PI3K pathways have,
however, been implicated in mediating the pro-saivieffects stimulated by FGFR
activation in PC12 cells. As the ERK1/2 MAPK sigmaj pathway has most widely
been reported to mediate the protective and/orspreival effects stimulated by FGFR
activation, not only in PC12 cells, but also in manher tissues and animal models,
experiments were carried out to investigate wheties pathway was mediating
FGF20's protective effects in the PC12 cells. Tdhds, it was evaluated if the selective
MEK1/2 inhibitor, SL327 is able to inhibit FGF20iseuroprotective effects against
60HDA toxicity in the PC12 cells. In these expemise SL327 concentration-
dependently inhibited FGF20's protective effectghva 10uM concentration of SL327
significantly inhibiting FGF20’'s protective effectsand a 50uM concentration
completely abolishing FGF20’s neuroprotective @edhe concentrations of SL327
used in these experiments are consistent withdbiatmonly used in the literature to
selectively inhibit MEK1/2 (Caughlaet al., 2004; Chen-Roetlingt al., 2009; Leeet
al., 2010). These results, thus, show that FGF20'sopeatective effects in PC12 cells
are mediated through the ERK1/2 MAPK pathway.

The results showing FGF20 to protect against 60H®4city in PC12 cells are
consistent with results from the Murase & McKay,080study and from the VM
neuroprotection experiments carried out in thissithen Chapter 4 which showed
FGF20 to protect dopamine neurones in VM embryaruttures against 60DHA
toxicity. The magnitude of the maximal protectiieeet mediated by FGF20, however,
differed substantially between the two culture eys. In the VM cultures, FGF20 -
both in the VM study carried out in Chapter 4 andhe Murase & McKay, 2006 study
— preserved TH+ cell numbers at control levels, ieag in the PC12 cells, FGF20 only
preserved cell viability at around 70% compareddaotrol, and at ~20% higher levels
compared to the 60DHA group. FGF20's more pronodneuroprotective potency in
the VM culture system compared to the PC12 cellddcbe due to a number of reasons.
One explanation for the difference could be that BGFRs in the PC12 cells are less
responsive than those present in the VM culturéss 16, however, unlikely to be the
case, as the degree of ERK1/2 phosphorylation &ibed by FGF20 in VM cultures in
the Murase & McKay, 2006 study appears to be edemido that observed in the PC12
cells in this study. Another explanation might hattFGF20 stimulates the recruitment
of a more limited number of pro-survival pathwagsthie PC12 cells compared to the

VM cultures. Support for this possibility is proed by the fact that FGF20’s protective
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effects on VM dopamine neurones were shown to bdiatexl through both the ERK1/2
and the PI3K pathways (Murase & McKay, 2006), whsr@ this study it appeared that
FGF20's protective effects were wholly mediatedtby ERK1/2 signalling pathway.
However, results from this study do not rule out ffossibility that other signalling
pathways are also involved in mediating the proteceffects of FGF20 against
60HDA in the PC12 cells, as the role of other sligmapathways were not specifically
investigated in this study. The latter explanation the discrepancy in FGF20’s
neuroprotective potency in the two culture systemdd, therefore, only be considered
plausible if results from further studies specificademonstrate the PI3K or other
pathways not to be involved in mediating FGF20'stgctive effects in PC12 cells. In
Chapter 2, FGFR1, 3, and 4 were shown to be abtigdanalised in astrocytes within
VM cultures, and the neuroprotective effects mediaby the FGFs have been
demonstrated to be at least partially mediated byastrocyte-dependent indirect
mechanism detailed in section 4.1)4 Therefore, if this is also the case with FGF20,
the less potent neuroprotective effects observetienPC12 cells could be due to the
absence of astrocytes within the PC12 cells.

The primary toxic events induced by 60HDA in cefislude increased ROS
production, inactivation of endogenous anti-oxidaméchanisms, and inhibition of
mitochondrial respiratory chain enzymeefailed in section 3.1.1.4.3These 60HDA-
induced toxic events then in turn stimulate inceglaactivity of pro-apoptotic signals
and/or decreased activity of anti-apoptotic sigmalthe cells. The overall pro-apoptotic
signalling environment in the cell then leads te #rctivation of caspase enzymes,
which act to induce cell death through the contblbreakdown of the cell contents. It
is, thus, possible for a neuroprotective treatmemrotect against 60HDA-induced cell
death by inhibiting the primary toxic events inddcdy 60OHDA and/or by
counteracting the pro-apoptotic signalling everitat tare triggered by the primary
60OHDA-induced toxic events. In the first instanaajeuroprotective treatment can, for
example, stimulate an upregulation of endogenotisoaidant systems within the cells,
which then acts to reduce the toxic levels of R@&uced by 60HDA to non-toxic
levels, and by doing so it could prevent the ROBated activation pro-apoptotic
signalling pathways. In the second instance, a apgatective treatment can, for
example, prevent 60DHA-induced apoptosis by upaggg anti-apoptotic signalling
pathways and/or by downregulating pro-apoptoticipatys. Alternatively, a treatment

could potentially also act further downstream o #ipoptotic cascades, by inhibiting
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the activation of caspase enzymes. As neuropregetieatments, especially in the case
of growth factors, are known to activate a numbedifierent intracellular signalling
pathways, it is likely that their neuroprotectiviteets are mediated through a number of
different anti-apoptotic effector mechanisms. Reécessults, however, indicate that
ERK1/2-stimulated anti-apoptotic effects are nodrated by effector mechanisms that
attenuate any of the primary toxic effects of 60HALt rather through modulation of
apoptotic signalling pathways downstream of thect@vents. No effector mechanisms
targeting any of the primary 60HDA-induced toxiceats have, thus far, been
identified to mediate the anti-apoptotic effects BRK1/2 activation. There are,
however, numerous reports, on the other hand, lthate implicated a number of
different effector mechanisms targeting apoptatgoalling pathways to be responsible
for mediating the anti-apoptotic effects mediatgd EHRK1/2 activation (Lu & Xu,
2006). The specific anti-apoptotic mechanism thiowdpich ERK1/2 mediates its pro-
survival effects, however, appears to be deperoletie specific experimental context.
Some of the specific apoptotic mechanisms throulgicmERK1/2 brings about its pro-
survival effects have been shown to include inatibn of the pro-apoptotic bcl2
family members, BAD and BIM, stimulation of the iady of the anti-apoptotic Bcl-2
family member, Mc-1, inhibition of caspase actigati stimulation of the activity of the
caspase inhibitor, C-flip, and upregulation and diegulation of the anti-apoptotic
transcription factor, cCAMP response element bindi@&REB), and the pro-apoptotic
transcription factor, STAT3/5, respectively (Lu &uX2006). Furthermore, FGF20 has
been shown to stimulate an upregulation of the-agpdptotic protein BAD, and
downregulation of the pro-apoptotic Bax protein\MM dopamine neurone cultures
(Murase & McKay, 2006). Based on these findingss,ithus, likely that the ERK1/2-
dependent neuroprotective effects stimulated by Z0Gk the PC12 cells are also
ultimately brought about by effector mechanisms utaiihg apoptotic signals as to
favour cell survival.

As the specific signalling pathways mediating theunoprotective effects
stimulated by FGFR activation could potentially twee therapeutic targets for PD,
further research is needed to identify the speaignalling pathways mediating the
neuroprotective effects stimulated by the FGFs athér neurotrophins. In particular,
there is a need for more research aimed at idémgifyre signalling pathways mediating
the neuroprotective effects of the FGFs on dopamewones at tha vivo level, as

most of the literature in this area is currentlgdxon onlyn vitro findings. Moreover,
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it is possible that superior neuroprotective effectight be achieved if two or more
neurotrophins from different growth factor familiase co-administered. And it is likely
that such a neurotrophin combination therapy wdwde the greatest likelihood of
having superior therapeutic effects if the diffareeurotrophins used all bring about
their neuroprotective effects through differing radellular mechanisms. The
availability of extensive knowledge about the sfiecmechanisms mediating the
neuroprotective effects of different neurotrophiwwsuld, thus, also allow for the

selection of the most appropriate neurotrophin doatibns to evaluate in

neuroprotection studies.

5.5.5. The HSPG, Agrin potentiates FGF20 StimulateBRK1/2 Activation, but it
Fails to Potentiate FGF20's Neuroprotective Effectagainst 60OHDA in PC12 Cells

The HSPGs are known to play an important role irdatating FGFR signalling. The

HSPG, agrin has previously been demonstrated tenpate FGF2 stimulated ERK1/2
activation and neurite outgrowth in PC12 cells (Kanal., 2003). In the current study it
was investigated whether agrin is also able to @2 FGF20 stimulated ERK1/2
activation in PC12 cells. Additionally, experimentsre also carried out to evaluate if
agrin is able to potentiate FGF20's neuroprotecéffects in the PC12 cells. Results
from these experiments showed that agrin modul&@&&20’s ability to stimulate

ERK1/2 activation in PC12 cells in an equivalentnmer to that reported for FGF2
(Kim et al., 2003). In this study, agrin did not stimulate &RK1/2 activation when

applied alone, but when concurrently applied wi@H20, it potentiated the magnitude
of ERK1/2 activation stimulated by a sub-maximalt boot a supra-maximal

concentration of FGF20. Interestingly, agrin, hoemvfailed to potentiate the
neuroprotective effects mediated by both a sub sumta-maximal concentration of
FGF20 in cell viability experiments. In ERK1/2 @phorylation experiments, a
10ng/ml sub-maximal concentration of FGF20 failedtimulate an increase in ERK1/2
phosphorylation when applied alone. But when agis co-applied with the 10ng/mi
concentration of FGF20, agrin potentiated the FG§i#iulated ERK1/2 activation to

levels equivalent to that observed with a supraimak FGF20 concentration. This
potentiated FGF20 stimulated ERK1/2 activation, éeevr, did not result in the sub-
maximal concentration of FGF20 producing a sigafiity greater degree of
neuroprotection. This is surprising, as FGF20'stgmtive effects were completely

inhibited when ERK1/2 signalling was blocked with327. One would, thus, have
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expected the potentiated ERK1/2 activation to hessailted in the 10ng/ml FGF20
concentration producing a significant protectivéeetf when it was co-applied with
agrin. A possible explanation for this could betthgrin mediates some additional
pharmacological effects on the PC12 cells whicht@athibit FGF20’s neuroprotective
effects, with these inhibitory effects being pronoed enough to counteract the
increased protective effects which might resultrfrits potentiating effects on FGF20
stimulated ERK1/2 activation. Indeed, the resutisveing agrin to actually inhibit the
neuroprotective effects mediated by the supra-makiconcentration of FGF20,
provides strong evidence that this is indeed trse.cAdditionally, further support for
this possibility is provided by results from twaidtes which showed heparin to inhibit
the biological effects stimulated by FGF2. In oriadyg, heparin inhibited FGF2's
ability to protect endothelial cells against hypgcgemia-induced cell death (Hah
al., 2005), while in another study heparin partialibited the neurotrophic effects
mediated by a low concentration of FGF2 in PC1&d@leufeldet al., 1987).

These results, however, do not rule out the pdagiltihat FGF20’s protective
effects could be potentiated by a different typeH8PG molecule. The modulating
effects that HSPGs have on FGF signalling have Bbewn to be fairly complex. The
heparin sulphate side chains of HSPGs consist médati polysaccharide chains
composed of repeating sulphated disaccharide (atsagishita & Hascall, 1992). The
existence of several different disaccharide bugdiblocks, with varying spatial
sulphation patterns, gives rise to a large numbdreparin sulphate polymer subtypes,
and HSPG's with different sulphation patterns haeen shown to mediate different
biological effects detailed in section 5.1)6 It is, thus, possible that the specific
sulphation pattern and/or chemical composition gfiraresults in it being able to
potentiate FGF20 stimulated ERK1/2 activation, Imot FGF20’'s neuroprotective
effects against 60HDA toxicity. A different HSPG tvian alternative sulphation
pattern and/or chemical structure might, thus, midy be able to potentiate FGF20’s
neuroprotective effects. Further studies are, fbese needed to more thoroughly
investigate the potential that HSPGs and HSPG-likelecules might have in
potentiating the neuroprotective effects of FGHROChapter 4, FGF20 was shown to
protect nigrostriatal dopamine neurones in the 6@H&t model of PD. The magnitude
of the neuroprotective effect mediated by FGF2Qhis study was, however, only
moderate. In the study, 60DHA induced a reductiorstriatal TH levels and nigral

TH+ cell counts of ~54% and ~71%, respectivelytha vehicle treated rats, and the
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highest and most effective dose of FGF20 testesepved striatal TH levels and nigral
TH+ cell counts at ~20% higher levels compared e vehicle treated 60HDA
lesioned rats. The discovery of a specific HSPGhie ability to potentiate FGF20’s
neuroprotective effects on dopamine neurones, wdblds, further increase FGF20’s
therapeutic potential as a neuroprotective treatimelAD. Heparin is a highly sulphated
glycosaminoglycan, and despite this molecule lagkime proteoglycan core that is
present in HSPGs, it has been demonstrated toasereGF2's stability in solution
(Caldwell et al., 2004), and also to potentiate a humber of diffet@ological effects
stimulated by the FGFs, including neurite outgrowatid mitogenesis (Damadt al.,
1988; Caldwell & Svendsen, 1998). Importantly, hhephas specifically been shown to
potentiate the pro-survival effects mediated by E@Fa number of different contexts
(Unsickeret al., 1987; Sensenbrenner, 1993; Renetual., 1996; Bouleawt al., 2007).

It would, thus, be worthwhile investigating whettmaparin might be able to potentiate
FGF20’s protective effects.

5.5.6. Conclusion

In chapter 4, FGF20 was shown to protect dopam@ueames against 60HDA toxicity
both,in vitro, in VM embryonic cultures, and alsm, vivo, in the 60HDA rat model of
PD. In the current Chapter, cell viability studiesre carried out in PC12 cells to try
and identify the signalling pathways mediating FGE2europrotective effects against
60DHA toxicity. Results from this study show faetfirst time that FGF20 is also able
to protect PC12 cells against 60DHA toxicity. Fertinore, FGF20’s neuroprotective
effects against 60HDA toxicity was found to be na¢eld by the FGFRs at the receptor
level, and by the ERK1/2 MAPK pathway at the ingladar level in the PC12 cells.
HSPGs play an important role in modulating the aligmg and biological effects
stimulated by the FGFs. In the current study it wealuated whether the HSPG, agrin
is able to modulate FGF20's ability to stimulatekaR2 phosphorylation in PC12 cells
and/or its ability to protect PC12 cells againstHiA toxicity. In these studies, agrin
was found to potentiate FGF20 stimulated ERK1/&ation, but it failed to potentiate
FGF20’s neuroprotective effects against 60OHDA mBTC12 cells.
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6. General Conclusion

There is currently an urgent clinical need for meftective treatments for the motor
symptoms in PD. Since all of the currently avakahieatments for PD fail to slow
down the ongoing nigrostriatal degeneration thatucx in PD, there is in particular a
need for new neuroprotective treatments that adeetalslow or halt disease progression
by preventing the remaining functional nigrostriatapaminergic neurones in the PD
brain from degenerating. Recent findings have datnated FGF20 to have
neuroprotective effects on dopaminergic neuroimegro. These findings can be taken
to suggest that FGF20 might have neuroprotectiverpial in PD, and the studies
undertaken in this thesis aimed to further inveded-GF20’s neuroprotective potential.
Two of the primary aims of this thesis were, fystto confirm FGF20’s previously
reportedin vitro neuroprotective effects, by testing if FGF20 whtdo protect VM
embryonic dopamine neurones against 60HDA, anaynsly, to evaluate for the first
time whether FGF20’s neuroprotective effects onatioipe neurones are also present
vivo, in the partially lesioned 60HDA rat model of PD.

Prior to carrying out the planndd vitro andin vivo neuroprotection studies
with FGF20, it was important to ensure that FGF2@septors, the FGFRs were,
indeed, present in both of the abovementioned meyems. Therefore, in Chapter 2,
using immunohistochemistry, the colocalisation pesfof FGF20, and the FGFR1, 3,
and 4 were characterised in detail in both VM ael$y and in the nigrostriatal tract of
rats. Results from these studies demonstrated @ERE, 3, and 4 to be present
abundantly within VM cultures and also throughoog mnigrostriatal tract of the rat
brain. In a previous study, FGFR2 has also beemwisito be present in the SN and
striatum, although it was found to be exclusivelgdlised to astrocytes (Chadashvili &
Peterson, 2006). The widespread presence of dltfed-GFRs within the nigrostriatal
tract, and more particularly, the localisation o6FR1, 3, and 4 to nigrostriatal
dopamine neurones, provided a sound anatomicabnedé for investigating the
neuroprotective potential that pharmacologicahation of the FGF system might have
in PD. Furthermore, if the FGFs are protecting doijpa neurones by directly
activating FGFRs on nigrostriatal dopamine neurprtbe immunohistochemistry
results indicated that targeting the FGF systethetevel of the substantia nigra, rather
than the striatum, is likely to have the greatesiroprotective potential. This is as, at

the nigral level, FGFR1, 3, and 4 were found to dresent in TH+ nigrostriatal
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dopamine neurones within the SNc. In the striatamthe other hand, only FGFR1 co-
localised with striatal dopamine neurone terminalsg of all the TH+ striatal nerve
terminals, only a subset appeared to be positivEGFR1.

In Chapter 3 of this thesis, experiments were edrrout with the aim of
establishing an appropriate partially lesioned 6@HBt model of PD, in which FGF20
could be evaluated for its neuroprotective effemisdopamine neuronesj vivo. To
accomplish this objective, 60HDA dose-response mxyats were carried out to
identify an intra-nigrally delivered dose of 60HDAat induces an ~60-80% partial
nigrostriatal lesion. Full nigrostriatal 60HDA lesis induce robust motor impairments
in rats which can be easily measured by numerobavieural tests of motor function.
Partial 60HDA-induced nigrostriatal lesions, on titter hand, produce more subtle
motor deficits which can only be detected by a nemdf the more sensitive motor
tests. Therefore, two drug-induced motor testsrfapphine and amphetamine induced
rotations) and two spontaneous motor tests (adjustepping test and cylinder test)
were evaluated in the dose response experimeritietdify tests that are capable of
detecting motor deficits induced by a partial 60HD&Ssion. In these studies, a
60OHDA lesioning procedure that induces a negligillegree of non-specific
nigrostriatal degeneration by itself was succefsfigveloped. The use of an injection
needle with the smallest possible gauge and apdoysiological vehicle solution, in the
lesioning procedure, was demonstrated to be easantiminimising non-specific
nigrostriatal degeneration. Importantly, in the @0 dose-response studies, a 4ug
60HDA dose was identified as producing an approgripartial nigrostriatal
dopaminergic lesion, while both a 6ug and an 8ugedwas found to induce an
undesirable near complete lesion. Based on thesétget was decided that, the ability
of FGF20 to protect against a partial nigrostri&ealon would be evaluated in rats that
have received a 4ug intra-nigrally delivered das@@HDA. Furthermore, the cylinder
test and the amphetamine-induced rotational test wientified as being the only tests
with the appropriate degree of sensitivity to allbvem to be used to assess if FGF20
improves the motor deficits induced by the pamigjrostriatal lesion. To successfully
evaluate FGF20’s neuroprotective efficaay, vivo, it was also essential that a
biologically active dose of the growth factor wasted. By using phosho-ERK1/2 as a
marker of FGF20 mediated FGFR1 activation, an gitewas made in Chapter 3 to
identify a biologically active intra-nigrally delred dose of FGF20, but, unfortunately,
this study failed to successfully identify a bialogjly active dose. Therefore, it was
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decided that a range of FGF20 doses based on @sdimom pilot studies previously
conducted in this lab would be used in itheivo neuroprotection study.

In Chapter 4, studies were carried out to evalifal6GF20 is able to protect
dopamine neurones both vitro andin vivo. FGF20 has previously been shown to
protect dopamine neurones,vitro, against a number of different insults, and thst fir
objective of this Chapter was to confirm these ifuigd by evaluating whether FGF20
was able to protect VM dopamine neurones againki®®Otoxicity. A VM embryonic
dopamine neurone culture system was establishedl,nanroprotection experiments
carried out with FGF20 in the VM cultures, and fesudrom these experiments
demonstrated FGF20 to protect VM dopaminergic neesoagainst 60HDA toxicity,
confirming the previously published findings. Thias, there are no published studies
that have investigated whether FGF20’s neuroprveffects on dopamine neurones
are also presentn vivo, in animal models of PD. Therefore, experimentgewe
subsequently carried out to evaluate whether FGR2D neuroprotective effects on
dopamine neurones in the partial 60HDA rat moddé?Dfestablished within Chapter 3.
In this study, FGF20 was continuously and chroiycdklivered to the SN of the
60HDA lesioned rats with the use of osmotic minims that were connected to
chronically implanted supra-nigral cannulae. Ras@ilom the neuroprotection study
shows for the first time that FGF20 is also abletotect dopamine neurones in the
partially lesioned 60HDA rat model of PD. ImportigntFGF20 not only protected
nigrostriatal dopaminergic neurones against 60HBduced degeneration, but it also
preserved motor function to some degree in the 6@H13ioned rats. The FGF system
plays an important physiological role in both theveloping and the intact adult
nigrostriatal dopaminergic system, and evidencefeonumber of studies has indicated
that one of the main roles of the endogenous FGEeByin the nigrostriatal tract is to
stimulate and maintain the survival of dopamineroees. In a separata vivo study
carried out in Chapter 4, it was evaluated if thdagenous FGF system does, indeed,
play a role in protecting nigrostriatal dopamineimomes by evaluating whether chronic
pharmacological inhibition of FGFR signaling potatés 60HDA-induced nigrostriatal
dopamine neurone degeneration in the rat. Resudta this study suggest that the
endogenous FGF system might, indeed, play a proateatle in the nigrostriatal tract,
although further studies are needed to provide roonelusive evidence for this.

After demonstrating FGF20 to protect dopamine neesoagainst 60HDA
toxicity both,in vitro andin vivo, furtherin vitro experiments with FGF20 were carried
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out in Chapter 5, this time in PC12 cells, to irigege the signalling mechanisms
mediating FGF20’s neuroprotective effects agai@®tiBA toxicity. More specifically,
experiments were carried out to determine if FGE20&uroprotective effects are,
indeed, mediated by the FGFRs, and at the intrdaellevel, it was evaluated if
FGF20's neuroprotective effects are mediated byER&1/2 MAPK pathway. Results
from these experiments reveal, for the first tini@t FGF20 is able to protect PC12
cells against 60DHA toxicity. Furthermore, with these of selective inhibitors,
FGF20's neuroprotective effects against 60HDA tibxiwere found to be mediated by
the FGFRs at the receptor level, and by the ERIKIAPK pathway at the intracellular
level in the PC12 cells. The HSPGs play an importarbe in modulating FGF
signaling, and the HSPG, agrin, when co-appliech WAGF2, potentiates both FGF2-
stimulated ERK1/2 activation and neurite outgromtiPC12 cells. In additional studies,
experiments were carried out not only to evaluakether agrin is able to potentiate
FGF20 induced ERK1/2 activation, but also whetlgminais able modulate FGF20’s
neuroprotective effects against 60HDA toxicity i@ 2 cells. In this study, agrin was
found to potentiate FGF20 stimulated ERK1/2 actbrgt but it failed to potentiate
FGF20’s neuroprotective effects against 60OHDA mRBC12 cells.

Taken together, the findings presented in thisisheovide further support for
the neuroprotective potential of FGF20 in PD. Thgetwith findings from others
showing several members of the FGF family to haeerroprotective effects on
dopamine neurones in pre-clinical models of PDséheesults also, more generally,
provide further support for the FGFRs in the nigniatal tract being a promising
neuroprotective therapeutic target in PD. Due wtdcthnical difficulties in delivering
growth factors to the brains of PD patients, thesthadfective way of utilising the FGF
system to treat PD would, however, be to develogllsmolecule agonists targeting the
FGFRs. For this reason, further research is needeulentify the specific FGFR
subtype(s) that are responsible for mediating theaoprotective effects of the FGFs, so
that small molecule systemically active agonisted®e for these receptors could be

developed and assessed for their neuroprotectivaey in future studies
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