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ABSTRACT

ABSTRACT

Changes in the cytoskeleton and signalling pathways in differentiated human
neuroblastoma cells following MPP+exposure

I-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP), via its active metabolite, 1-
methyl-4-phenylpyridinium (MPP+), provides a Parkinsonian model for investigating
(a) the mechanisms of cell death and (b) neuroprotective strategies. The majority of
research uses either animal models or mitotic cell lines, exposed to MPTP/MPP+
over relatively short exposure times. In the work presented, the human
neuroblastoma (SH-SYS5Y) cell line was differentiated biochemically and
morphologically to provide a viable, mature phenotype for extended time periods.
Following a 7-day pre-differentiation regime, cells were exposed to cytotoxic and
sub-cytotoxic concentrations of MPP+over 72 h, and to sub-cytotoxic concentrations
for up to 14 days. In the latter case cell viability is not significantly reduced but
subtle biochemical changes occur that may replicate the neurodegenerative process
in-vivo.

The effects of MPP+ and proteasomal inhibition on the cytoskeleton were
investigated, in particular the neurofilament (NF) and microtubule (MT) systems.
Results suggest that changes in post-translational modification/distribution of NFs
represent down-stream markers of MPP+ toxicity in this system. Following 24 h
exposure to cytotoxic, and 14 days exposure to sub-cytotoxic MPP+ concentrations,
phosphorylated NF-H and NF-M levels increased, associated with an increase in the
ratio of phosphorylated NF-M to NF-H. Immunocytochemical analyses of cells
exposed to cytotoxic MPP+levels revealed phosphorylated NF-H/NF-M as a discrete
accumulation adjacent to and impinging on the nucleus. Similarly, in cells exposed to
sub-cytotoxic MPP+concentrations, NF-H/NF-M was located as a perinuclear halo.
MPP+exposure significantly increased levels of ubiquitinated proteins, suggestive of
impaired proteasomal activity. Evidence was provided for proteasomal degradation
of NFs and tubulin since they accumulated following proteasomal inhibition using a
specific  inhibitor.  This project established a novel role for the
transamidating/GTPase enzyme, tissue transglutaminase (tTG) in MPP1 toxicity.
MPP+ increased tTG activity, despite reducing tTG protein levels, whilst inhibition
oftTG activity exacerbated MPP+toxicity.

The effects of specific MAPK pathway inhibitors on MPP+ toxicity revealed a
dynamic balance between pathways. Protection conferred by MEK and p38
inhibitors was dependent on the level of MPP+toxicity whilst inhibition ofthe JNK
pathway attenuated MPP+ toxicity. The role of CDK-5 in this system was also
investigated since it is predominantly expressed in post-mitotic neurones, is
implicated in Alzheimer’s disease and has recently been identified in brainstem and
cortical Lewy bodies. Butyrolactone 1, a selective CDK-5 inhibitor significantly
protected cells treated for up to 14 days with MPP+ This study is the first to show
protection against MPP+toxicity using a selective CDK-5 inhibitor (Butyrolactone I)
in a human neuronal cell system.
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CHAPTER 1. GENERAL INTRODUCTION

1.1 Parkinson’s Disease

Parkinson’s disease (PD) is a progressive, extrapyramidal, neurodegenerative
disorder, commonly related to old age. It is reported to affect more than 2 % of the
population over 65 years and exhibits an increased incidence with age. More rarely,
early onset cases are reported at less than 40 years of age (reviewed by Blum ef a/,

2001). The majority of PD cases are late onset and idiopathic but recently more novel
theories have been hypothesised including involvement of environmental exogenous
or endogenous neurotoxins in genetically predisposed individuals (Jenner, 2001;
Barzilai and Melamed, 2003). Genetic factors account for approximately 0.5 % of
PD cases. Rare, autosomal dominant and recessive transmission patterns of the
disease have been implicated in hereditary PD. For a comprehensive review of the

genetic contributions to PD, see Huang et al, (2004).

1.1.1 Diseasepathology

It is widely accepted that the underlying cause of PD pathology is due to a
progressive loss of dopamine (DA), resulting from death of neuromelanin containing
DA fibres in a midbrain structure, the substantia nigra pars compacta. Degeneration
of neurones follows a specific pattern, the ventral area being most susceptible,
causing striatal DA loss. Since the brain contains an excess of dopaminergic fibres,
patients can remain asymptomatic until approximately 80 % are lost. Non-nigral
lesions also contribute to disease pathology resulting in cognitive and psychological
impairments i.e. dementia (Blum et al, 2001 and references therein). The principle
events that initiate idiopathic PD are not fully elucidated but several contributable
molecular mechanisms are proposed (reviewed by Schapira, 2004) (see Fig 1.1). The
primary insult is considered to be ATP depletion due to a systemic mitochondrial
complex I defect (Schapira et al, 1989; Cassarino and Bennett Jr, 1999; Orth and
Schapira, 2002) thus contributing to oxidative stress (see Jenner and Olanow, 1996;
Hunot et al, 1997). However, an integral role for impaired proteasomal function is
also currently gaining favour (Chung et al., 2001; McNaught et al, 2003). Although

disease pathology cannot be treated at this time, therapy aims to alleviate symptoms
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via restoration of the acetylcholine/DA imbalance. Current treatment options are not
entirely ideal; over-stimulation of DA can result in hyperkinesias (uncontrolled
writhing movements), raised noradrenaline levels can induce hypermania and
patients can experience periodic insensitivities to drugs. Alternative treatment
options are then required, including drugs that mimic DA action or enhance DA
release, monoamine oxidase B (MAO B) inhibitors, drugs that release DA and
acetylcholine antagonists (Rang, Dale & Ritter, 1995). Therefore research aimed at
designing more effective treatment is necessary. For this to proceed, continued and

detailed understanding of'the aetiology and pathogenicity of PD is required.

Whether familial or sporadic in manifestation, remaining neurones of the PD brain
commonly contain characteristic, cytoplasmic inclusions termed Lewy bodies. An
exception is autosomal recessive juvenile onset Parkinsonism (Kitada et al, 1998).
PD can be placed within a spectrum of neurodegenerative disorders whose pathology
exhibits similar inclusions, including, dementia with Lewy bodies/diffuse Lewy body
disease and Alzheimer’s disease (Schmidt et al, 1991; Rampello et al, 2004). Of
significance is that Lewy bodies have been found in elderly patients not diagnosed
with PD, suggesting that their formation may precede clinical symptoms (Del Tredici
et al, 2002). The formation, structure and role of the Lewy body are discussed in

detail in section 1.8.

“a COMPLEXIDEFICIENCY

Increased production of Mitochondrial
ROS damage
Increased protein Decreased ATP
damage production

Increased Ubiquitin-

Environmental proteasome stress and - Genetic defects
toxins----—-- risk of aggregate
formation

Figure 1.1 Overview of the currently considered pathogenic mechanisms in PD.
(Taken from Schapira, 2004 with modifications).
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1.2 MPTP - a model for Parkinson’s disease

1.2.1 Identification o fMPTP as a Parkinsonian neurotoxin

Several experimental neurotoxins are wused in PD models, including 6-
hydroxydopamine, DA and MPTP (I-methyl-4~phenyl-1,2,3,6 tetrahydropyridine)
(reviewed by Blum ef al, 2001). MPTP is the most established model for PD but
recently a model using the pesticide, rotenone, has emerged (Betarbet et al, 2000;
Cassarino et al, 1999) and significantly, both MPTP and rotenone are inhibitors of
complex I of the mitochondrial electron transport chain (discussed in section 1.3.1).
MPTP is a potent, lipid soluble, six member cyclic tertiary allyamine and thermal
degradation product of a meperidine-type narcotic analgesic 1-methyl-4-phenyl-4-
propionoxypiperidine (Ziering et al., 1947). MPTP was first described to induce a
human Parkinsonian state in 1979, after it was injected as a narcotic analgesic (Davis
et al, 1979). It was later reported in a group of drug addicts in California who were
intravenously injecting a “synthetic heroin” in which MPTP was identified as a
synthetic by-product (Langston et al, 1983). The pathological, biochemical and
symptomatic state induced by MPTP bears some striking similarities to idiopathic
Parkinsonism but with acute onset (Davis et al, 1979; Langston ef al, 1983; Burns
et al, 1983). Patients responded to first line treatment for the alleviation of PD,
hence indicating a similar pharmacological response (Langston et al, 1983). The
compound was reported to selectively destroy dopaminergic neurones of the pars
compacta ofthe substantia nigra in man (Langston ef al/, 1983), non-human primates

(Bums et al, 1983) and mice (Ileikkila ez a/, 1984).

1.2.2  Bio-activation o fMPTP

It was subsequently determined that MPTP requires bio-activation to an active
metabolite 1-methyl-4-phenylpyridinium ion (MPP+), via a four-electron oxidation
process (Chiba ef al, 1984; Markey et al, 1984; Langston ef al, 1984). In-vivo this
process is localised to glial cells which take up MPTP in a non-specific manner and
accommodate its oxidative metabolism predominantly via monoamine oxidase B
(MAO B), but to some extent by MAO A, to an intermediate compound 1-methyl-4-
phenyl-2,3 dihydropyridinium (MPDP*) via a two-electron oxidation process
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(Heikkila et al, 1985; Chiba et al, 1985; Castagnoli et al, 1985). MPDP+ auto-
oxidises to MPP+ (D’Amato ef al, 1986), which on escape from glial cells, (either
through diffusion or by damaging the glial cells), undergoes active, selective uptake
into pre-synaptic striatal dopaminergic neurones via the DA uptake system and
noradrenergic nerve terminals (Javitch et al, 1985; Tipton and Singer, 1993). The
bio-activation of MPTP is detailed in Figure 1.2. Interestingly MPTP and MPDP+are
mechanism-based inhibitors as well as substrates for MAO A and MAO B, hence
termed “suicide substrates”. The extent of MPTP oxidation is therefore dependent on
the level of MAO B present (reviewed by Tipton and Singer, 1993), whilst MPTP,
MPDP+ and MPP+ are competitive inhibitors of the enzymes (reviewed by Ramsey
and Singer, 1986). MPP+ undergoes energy dependent concentration within the
mitochondria in dopaminergic neurones, driven by the mitochondrial membrane
potential (Ramsay & Singer, 1986) and binds with high affinity to neuromelanin.
Neuromelanin is present in high concentrations in the substantia nigra of primates,
functioning to further concentrate MPP+ in dopaminergic neurones in this region,
accounting for the selective neurotoxic action of MPP+ (D’Amato el al, 1986;

D’Amato ef al, 1987).

GLIAL CELLS DOPAMINERGIC
NEURONES
ACTIVE.,
AUTO SELECTIVE
MAO B OXIDATION UPTAKE
METABOLIC
CHANGES
CH, CH3 CH3 CELL
DEATH
MPTP MFDP+ MPP+

Figure 1.2 Mechanism of MPTP bio-activation to MPP+ (Javitch ef al., (1985)
with modifications).
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1.2.3 Models o fMPTP toxicity

The MPTP Parkinsonian model has instigated a wealth of research that has
significantly enhanced the current understanding of the pathology and pathogenesis
of PD. Many models exist for investigation of MPTP including whole animal study
and primary/continuous cell culture systems. The non-human primate MPTP model
using squirrel monkeys (Fomo ef al, 1988, 1993) is considered the gold standard for
investigation of the motor deficit in PD and shares many similarities with the disease
including selective dopaminergic destruction and complex I deficiency (Meredith et
al, 2002, 2004 and references therein). This model provided important early
information regarding symptomatic and biochemical deficits associated with MPTP
toxicity and as such, has been extensively used to evaluate neuroprotective/
neurorestorative agents and surgical techniques (Jenner, 2003). The recent
development of a chronic mouse MPTP model in which granular and filamentous
inclusions showing a likeness to Lewy bodies were observed 6 months after MPTP
treatment, offers an exciting possibility that disease pathology may be further

replicated in-vivo (Petroske et al, 2001; Meredith et a/, 2002).

1.2.4 Differences in species sensitivity to MPTP toxicity

Regardless of whether an in-vivo or cell culture system is employed, species origin is
a significant consideration. A difference in species sensitivity to MPTP and MPP+
has been observed and also the observation that aged animals exhibit greater
sensitivity to the toxin (reviewed by Tipton and Singer 1993; Gupta ef al, 1986). It
has been noted that rodents are less sensitive to MPTP. However certain strains of
mice i.e. C57BL/6 are sensitive to the toxin (Petroske ef a/, 2001). For example,
rhesus monkeys retained MPP+ within the brain for over 20 days whilst in mice,
MPTP and MPP+were only present at low concentrations and for no longer than 2 h
after administration (Markey et al, 1984). PifL et al, (1993) propose several reasons
for species differences in sensitivity to the toxin including; MAO predominance and
binding affinity, differences in MAO B binding sites and MAO B activity,
differences in binding of MPP1to neuromelanin within dopaminergic neurones and
differences in the cellular uptake mechanism of the neurotoxin between species.

Sensitivity to the effects of MPP+ can be proposed to be dependent on the level of



CHAPTER I. GENERAL INTRODUCTION

expression ofthe DA transporter (which can differ in density within DA neurones in
different brain regions), the ability of cells to produce ATP anaerobically if oxidative
phosphorylation were inhibited, and indeed the sensitivity of cells to oxidative stress

(Pifl etal, 1993).

1.3 Mechanisms of MPP+induced toxicity

1.3.1 Inhibition ofcomplex I o fthe mitochondrial electron transport chain

The exact mechanisms by which MPP+ induces death of dopaminergic neurones of
the substantia nigra and cell culture models remain unresolved. However it is
accepted that MPP+ inhibits mitochondrial complex I of'the electron transport chain,
thus inhibiting oxidation of NAD+ linked substrates (Nicklas et al., 1985; Ramsay et
al, 1986), and subsequently reduces cellular ATP levels (Chan et a/, 1991). MPP+is
also reported to cause loss of mitochondrial membrane potential, altered calcium
homeostasis (see section 1.3.3) and free radical formation (see section 1.3.2)
(reviewed by Blum ez al., 2001). Using mouse fibroblast cells cloned with the human
or rat DA transporter, Pifl et al, (1993) hypothesised that a subsequent increase in
anaerobic glycolysis is observed as the cell attempts to compensate for MPP+
induced inhibition of complex I, since the pH of the culture medium became acidic
suggesting the presence of lactate. Hence cell survival following MPTP exposure
may in part be dependant on ability to produce ATP via glycolysis, and the
contribution of mitochondrial oxidation and glycolysis to the energy requirements of
the cell. The chain of events by which MPP+ causes inhibition of mitochondrial
respiration is reviewed by Tipton & Singer, (1993). MPP+ accumulates inside the
mitochondrial matrix via the electrochemical potential of the membrane. MPP+then
enters a hydrophobic binding region, inhibiting chain progression that would lead to
oxidative phosphorylation and ATP production, namely cessation of electron
transport from NADH dehydrogenase. Indeed, Ramsey et al, (1987) identified that in
interacting with NADH dehydrogenase, MPP+prevents electron transfer from the Fe-

S cluster ofhighest potential in complex I to coenzyme Q.
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1.3.2  Oxidative stress

1.3.2.1 Anti-oxidant defence systems in the brain

Reactive oxygen species (ROS) are generated during oxidation-reduction (redox)
reactions, resulting in oxidative stress. In the brain, ROS are formed extracellularly
and intracellularly in response to internal and external toxins and as a consequence of
normal cell metabolism including; normal O2 intake and aerobic respiration, DA
metabolism, oxidative metabolism of some substrates, infection, Ca mediated
activation of glutamate receptors and degeneration of fatty acids (reviewed by Prasad
et al, 1999). Cells therefore require an anti-oxidant defence system, which is
achieved both through dietary obtained anti-oxidants and endogenous anti-oxidant
enzymes (AOEs). Figure 1.3 details the generation of principal ROS, and their
associated AOEs, which include superoxide dismutase (SOD), catalase, glutathione
reductase (GRD) and glutathione peroxidases (GSH Px). When the production of
ROS exceeds the available anti-oxidant defence systems, or there is a reduction in
anti-oxidant defence systems, cellular damage can occur (Prasad et al, 1999). The
level of AOEs is comparatively low in the brain and is found to reduce with aging. In
turn oxidative stress is implicated in a number of neurodegenerative diseases
including PD, where the substantia nigra is considered particularly prone to attack
due to DA deamination/auto-oxidation processes, a high concentration ofunsaturated
fatty acids, mitochondrial dysfunction, increased levels of free iron and reduced anti-
oxidant defence (reviewed by a Cassarino et al, 1999; Presad et al, 1999; Eberhardt
and Schulz, 2003).
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Fig 1.3 Reactive oxygen species produced by the mitochondria and associated
anti-oxidant defence systems (taken from Cassarino and Bennett Jr, 1999;
Prasad et al., 1999).

Normal aerobic respiration produces ROS, a percentage of which is due to leakage of
partially reduced O2 within the electron transport chain. Leakage of electrons onto
molecular O2 produces the superoxide anion (O2™). SOD can react with O2" to form
H202 and O2. H202 is in turn detoxified by catalase to produce H20 and O2. Iron can
react with H202 to give the highly reactive hydroxyl radical (OH*). GSH Px
detoxifies H202 produced from O2* by oxidising glutathione (GSH) which also acts
as an AOE, whilst GRD reduces oxidised GSH, (GSSH) back to GSH. Disruption to

the mitochondrial electron transport chain therefore impairs ATP production but also
increases ROS.

1.3.2.2  The oxidative stress hypothesis for MPTP toxicity

Oxidative stress was initially proposed to contribute to MPP+ neurotoxicity by
Johannesson et al., (1985), who implicated MPP+involvement in redox reactions via
formation of partially reduced free radical species. Subsequently Lai et al, (1993)
concluded that reactive oxygen species generation may play a role in MPTP and
MPP+ toxicity, damaging critical bio-molecules (lipid peroxidation, protein

peroxidation and DNA damage) via one or both of the following mechanisms:

(a) MPDP+auto-oxidation may produce O2™*radicals from molecular O2 culminating

in the production of the OH* radical (Zang and Mistra, 1992). (b) Leakage of
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reducing equivalents onto molecular oxygen due to mitochondrial disruption may

cause O2 * generation.

Importantly, MPP+and MPDP+ can also increase DA release resulting in increased
OH* generation from elevated DA oxidation processes (Vidaluc, 1996). Involvement
of oxidative stress in MPTP neurotoxicity is supported by the protection afforded by
anti-oxidative agents (Lai et al, 1993; Gonzalez-Polo et al, 2004), whilst depletion
of glutathione, a naturally occurring anti-oxidant, was found to potentiate MPTP and
MPP+toxicity in dopaminergic neurones in-vivo (Wullner et al/, 1996). Additionally,
Cassarino et al, (1997) demonstrate in-vivo and in cell culture systems using SH-
SYSY cells that MPP+ induced elevation of ROS and elevated activity of AOEs, in
particular SOD and catalase. The same group demonstrated that ROS and AOE
activity was similarly elevated in PD cybrids (SH-SY5Y cells containing
mitochondrial DNA from the platelets of PD patients), but this elevation was not
altered by further addition of MPP 1 The authors note that since the only difference
between control and PD cybrids was the mitochondria and mitochondrial DNA,
results suggest that elevated ROS and AOE activity were due to the PD
mitochondrial complex I defect. Thus the general consensus is that oxidative stress
plays a role in MPP1 toxicity. That said, it has been suggested that MPP+ does not
induce oxidative stress directly but rather it increases the vulnerability of cells to
oxidative stress (Lee et a/, 2000). Additionally, Nakamura et al, (2000), determined
that MPP+, employed at a concentration that was selectively toxic to primary
dopaminergic neurones did not selectively increase SOD activity in dopaminergic
neurones and had no effect on glutathione levels. However, contrary to these
findings, MPP+ has been shown in my laboratory to reduce glutathione levels in

mitotic SH-SYSY cells (Begona Caneda-Ferron, unpublished observations).

A key consideration is that ROS can activate intracellular signalling cascades; they
can mediate protein phosphorylation and increase intracellular Ca’, thus inducing
signal transduction (Suzuki et al, 1997; Kamata and Hirata, 1999). Such signalling
pathways include the mitogen activated protein kinase (MAPK) cascades, sub-

families of which include the c-Jun N-terminal kinase/stress activated protein kinase

10
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(JNK/SAPK) cascade and the p38 MAPK cascade, and also the NF - KB cascade (see

section 1.5).

1.3.2.3 The role o fNitric oxide in MPTP toxicity

In addition to ROS, reactive nitrogen species (RNS) can mediate cellular damage.
Nitric oxide (NO*) is synthesised from L-arginine and O2 by sub-types (neuronal,
inducible and endothelial), of nitric oxide synthase (NOS) enzymes. NO* is an
important intracellular messenger, controlling for example, neurotransmitter release
from synaptic vesicles, smooth muscle relaxation, blood flow, inflammation and
immune responses (reviewed by Suzuki ef al, 1997; Leist and Nicotera, 1998;
Eberhardt and Schulz, 2003). NO* evokes these effects in part through its ability to
mediate partially reversible covalent modifications of proteins i.e. S-nitrosylation
(Leist and Nicotera, 1998). At elevated levels NO* can become toxic. On reaction
with the superoxide anion (O2%*), NO’ can generate peroxynitrite (ONOO®), a
powerful oxidant, which induces DNA/mitochondrial damage and irreversible
protein modification via nitration/hydroxylation of protein tyrosine residues and
oxidation of thiols. The ONOO' radical is unstable and rapidly decomposes to OH*
and NO2* (Prasad et al,, 1999). NOS activation and subsequent ONOO" formation has
been implicated in MPTP mediated toxicity (Przedborski et al, 1996; Halasz el al,
2004). The role for NO* is potentiated by studies that show NOS inhibition to
attenuate MPTP toxicity. Indeed, Kurosaki ef a/, (2002) and Wanatabe et al, (2004),
reported that neuronal NOS inhibitor, 7-nitroindazole, conferred protection against
MPTP induced loss of striatal DA and DA metabolite, 3,4-dihydroxyphenyl acetic
acid (DOPAC). However studies have suggested that 7-nitroindazole does not
specifically inhibit NOS and may also inhibit MAO B (Lee et al, 2000 and
references therein). In both in-vivo and cell culture studies by Kurosaki et al, (2002)
and Lee et al, (2000), the non specific NOS inhibitor, L-NAME, had no beneficial
effect on MPTP/MPP+ toxicity. However, a role for inducible NOS has also been
implicated in MPTP toxicity.

11
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1.3.3 Calcium homeostasis

MPTP/MPP+ can have additional effects on calcium homeostasis since inhibition of
complex I of the electron transport chain and subsequent ATP depletion can impair
the plasma membrane Ca2l~ATPase, which actively extrudes Ca2+ from the cell,
resulting in increased free cytosolic Ca2t concentrations (Kass et a/, 1988; Urani et
al, 1994; Chen et al, 1995). In isolated hepatocytes MPP+ has been shown to
increase free cytosolic calcium and cause ATP depletion without affecting the
plasma membrane Ca2+ATPase by initiating the release of mitochondrial Ca2t+(Kass
et al, 1988), possibly via the mitochondrial transition pore (MTP). The
mitochondrial transition pore (MTP) is a non-selective, high conductance pore,
spanning the inner and outer mitochondrial membranes. The MTP allows the passage
of solutes between the mitochondrial matrix and the cytoplasm and can induce a
permeability transition (PT, Cassarino and Bennett, 1999). In conjunction with
inhibition of complex I, Cassarino et al, (1999) report the ability of MPP+ via an
oxidative mechanism, to open brain MTPs inducing a PT and subsequent release of
Ca2t+and also cytochrome c (oxidation of which is coupled to the reduction of O2 to
H20 at complex IV of the electron transport chain), a signal that can induce an
apoptotic cell death programme through activation of caspases (Orrenius et al,
2003). Therefore the result of impaired calcium homeostasis can include disturbance
of the cytoskeleton and initiation of Ca2t+ induced cytotoxic processes including
activation of kinases, proteases, endonucleases and NOS, that contribute to cell death
(Leist and Nicotera, 1998; Blum et al, 2001). Indeed, Mandelkow et al, (1991)
demonstrate that Ca2t+ induces microtubules to disassemble in-vitro (see section
1.4.2). Of significance is that Ca’" is required for tissue transglutaminase (tTG)
activity, an enzyme which catalyses the post-translational modification of proteins
(refer to section 1.6). Additionally, increased intracellular Ca can activate calpains
(cysteine proteases). Calpains, whose activity is regulated by an endogenous
inhibitor, calpastatin, do not exhibit cleavage specificity. As such calpain activity can
promote cell survival or cell death (reviewed by Orrenius et al., 2003). Ray et al,
(2000) report up-regulation of calpains at the mRNA and protein levels following
MPTP induced spinal cord degeneration in mice whilst Crocker et al, (2003) showed
that calpain inhibition attenuated neuronal and behavioural deficits in MPTP treated

mice.

12
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1.3.4 Excitotoxicily

By depletion of ATP via inhibition of mitochondrial respiration, MPP+ renders
neurones more susceptible to excitotoxic attack, although the exact role of MPP+
remains unresolved (reviewed by Eberhardt and Schulz, 2003). Excitotoxicity refers
to hyper-stimulation of glutamate receptor sub-types i.e. the N-methyl-D aspartate
(NMDA) receptor by excitatory amino acids such as glutamate. These receptors act
as ligand-gated Ca2t+ channels. Following activation they promote a sustained
increase in intracellular Ca2+ levels and the synthesis 0of NOS, which can induce cell

death as detailed in section 1.3.3 (Leist & Nicotera, 1998).

The major proposed mechanisms for MPTP toxicity are summarised in Figure 1.4

13
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Figure 1.4 Overview of proposed mechanisms of MPTP toxicity in-vivo (Taken
from Blum et al., (2001) with modifications).

In-vivo MPTP undergoes bio-activation within glial cells to its active metabolite,
MPP+ via MAO oxidation processes. MPP+ undergoes selective uptake into
dopaminergic neurones on the DA transporter and is concentrated within the
mitochondria. MPP+ inhibits complex I of die electron transport chain causing
reduced ATP production, and ROS formation, which can result in opening of the
MTP with subsequent release of Ca2t+and cytochrome c, to activate death processes.
Disrupted ATP synthesis inhibits the ATP-requiring plasma membrane Ca +ATPase
dius disrupting Ca2t+ extrusion from the cell and may induce hyper-stimulation of
glutamate receptors, which can act as Ca2+channels. Disturbed Ca +homeostasis can
activate NOS with resultant NO* and RNS production, and can also disrupt the
cytoskeleton. MPP+ also produces ROS/oxidative stress through both DA oxidation
and inhibition ofthe electron transport chain.

14
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1.4 The neuronal cytoskeleton

The neuronal cytoskeleton is a dynamic structure that extends throughout the
cytoplasm, incorporating three cytoskeletal complexes; microtubules (MTs),
intermediate filaments and microfilaments (MFs), formed from tubulin,
neurofilament (NF) and actin proteins respectively. Collectively, these complexes are
responsible for spatial organisation, communication, transport systems, cell shape
and mechanical stability ofthe cell. Whilst these components differ in properties and
spatial arrangement, it is their complex interaction that promotes cytoskeletal
functions (Alberts et al, 1994; Siegel, 1999). Post-translational modifications of
neuronal cytoskeletal elements are normal cellular processes independently regulated
by the cell that can act to increase the functional repertoire and specialism of that
particular element within the cell (Laurent & Fleury, 1993). Disruption to the
cytoskeleton, particularly, the NF and MT systems is extensively documented in
neurotoxicity and neurodegenerative diseases including PD, Alzheimer’s disease,
Huntington’s disease and Amyotrophic lateral sclerosis. As such considerable current
research aims to understand the nature of interactions between cytoskeletal systems
and indeed how they are damaged during disease processes, which often culminates

in aberrant protein aggregation.

1.4.1 Microfilaments

The globular, monomeric subunits of MFs are actin proteins (G-actin).
Polymerisation of G-actin follows ATP binding to monomers. In turn, two actin
polymers form a two-stranded helical MF (F-actin) with a diameter of 5-9 rim
(Carlier, 1991). MFs are dynamic, polar structures - assembly and disassembly
occurs preferentially at the plus end of the filament. Whilst polymerisation requires
ATP binding, it does not require ATP hydrolysis. However, ATP is hydrolysed soon
after polymerisation, the resultant ADP is trapped within the filament. Nucleotide
hydrolysis acts to destabilise interactions between actin subunits and therefore

promotes de-polymerisation events (Carlier, 1991; Alberts et al, 1994).

MFs are abundantly found within growing nerve processes; the major role of MFs in

neuronal cells is to maintain cell shape (Shepherd, 1994). MFs are flexible and can
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form linear bundles, two-dimensional networks and three-dimensional gels (Albeits
et al, 1994). MFs, in conjunction with myosin, play a major role in muscle
contraction. However, in non-muscle cells, actin does provide a loose contractile
network. MFs are predominantly located beneath the plasma membrane, forming the
‘cell cortex’. Additionally MFs contribute to, and can independently maintain, cell
polarity, and co-ordinate cell movement through dynamic cell surface extensions
such as pseudopodia, lamellipodia and in the growth cone of developing axon,
filopodia (Alberts et al, 1994). The MF network is supported structurally and
functionally by actin binding proteins and other accessory proteins, and is responsive
to cell surface signals through interaction with heterotrimeric G proteins and

GTPases (Alberts ef al., 1994, Mathews and Van Holde, 1996).

1.4.2 Microtubules

MTs are an integral part of the cytoskeleton of all cells and as such coordinate
diverse cellular functions such as organelle motility/vesicle transport, chromosome
segregation during mitosis, cell movement and cell stability (reviewed by Alberts et
al, 1994; Downing and Nogales, 1998). In neuronal cells, MTs, in conjunction with
microtubule associated proteins (MAPs), play a major role in neurite outgrowth and
axon stabilisation (Shea and Beermann, 1994; Nixon, 1998) and intracellular

transport (Shea and Flanagan, 2001) (discussed in detail in section 1.4.4).

1.4.2.1 Structure and assembly

MTs are formed from a and (3-tubulin proteins, of which a number of isotypes exist
(reviewed by Downing and Nogales, 1998). a and (3-tubulin sub-units form dimers
(termed the tubulin molecule). The tubulin molecule binds GTP, which permits
polymerisation in a process termed nucleation. The tubulin polymer is termed a
‘protofilament’ and comprises alternate a and (3-tubulin sub-units. Protofilaments
(usually 13) align and assemble into a helical, cylindrical polymer, the MT (see
Figure L.5). MTs exhibit polarity and undergo continual
polymerisation/depolymerisation events as detailed in section 1.4.2.2. Elongation of

a MT occurs predominantly at the plus (‘fast growing’) end. Rate of polymerisation

16



CHAPTER I. GENERAL INTRODUCTION

is proportional to the concentration of free tubulin; therefore elongation continues
until growth and dissociation events reach equilibrium (steady state) (reviewed in
Alberts et al, 1996). MT (but not MT sub-units) can be post-translationally
modified, i.e via glutamylation, detyrosination or acetylation and phosphorylation.
The role of these modifications with respect to stabilisation of the MT remains
controversial. Palazzo et al, (2003) review that whilst detyrosinated tubulin
accumulates in stable MTs, it does not cause stabilisation. This study also questions
previous literature, which suggests that decreasing tubulin acetylation reduces MT
stability. Instead Palazzo et al, (2003) propose that MTs are stabilised and then
accumulate acetylated tubulin. This is particularly important for neuronal cells where
MTs provide a major transport system for trafficking proteins and organelles (see
section 1.4.4). The stability and interaction of MTs with other cell components is
highly dependent upon microtubule-associated proteins (MAPs) of which two major
classes exist; high molecular weight proteins, and tau proteins, which in neuronal
cells exhibit a particular regional distribution. NB2a/dl cells induced to differentiate
with dbcAMP were shown to require tau for initial neurite outgrowth whilst MAPIB
were required at the later stages of neurite outgrowth and stabilisation (Shea and

Beermann, 1994 and references therein).
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Figure 1.5 Microtubule structure

a/p tubulin heterodimers bind GTP and polymerise to form protofilaments.
Protofilaments (generally 13) then assemble into a helical, cylindrical comformation
to form the MT. Current literature suggests that the plus end ofthe MT is crowned by
p-tubulin subunits (see Downing and Nogales, 1998).

1.4.2.2 Dynamic instability o fmicrotubules

The MT plus end polymerises and de-polymerises continually, and as such appears to
grow and shrink both in-vitro and in-vivo (Tanaka et al, 1991). This process, termed
‘dynamic instability’, was initially described by Mitchison and Kirschner, (1984) and
is important so that MTs can correctly position themselves and spatially organise the
cytoplasm. In brief, the process requires a shift in energy that is provided by
hydrolysis of tubulin-bound GTP nucleotides. Similarly to MF polymerisation, GTP
binding to tubulin molecules, but not hydrolysis, is required for polymerisation.
Delayed hydrolysis of P-tubulin-bound GTP yields GDP, which is maintained within
the polymer and acts to weaken the interactions between sub-units. Whilst
polymerisation rate is high, tubulin molecules are added to the polymer quicker than
bound GTP can be hydrolysed. The bound GTP ‘caps’ the end of the protofilament,
acting to stabilise the MT in linear conformation (Mandelkow et al,, 1991). When the
tubulin polymerisation rate is decreased, the GTP cap is hydrolysed and the
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protofilaments begin to disassemble. Additionally, a third structural state was
hypothesised by Tran et al, (1997), on the basis of findings that severed plus and
particularly minus ends of MTs did not always disassociate, but could indeed be

stable or resume elongation.

1.4.3  Neurofilaments

1.4.3.1 Neurofilament structure

Intermediate filaments are non-polarised, fibrous, highly elongated molecules
approximately 10 nm in diameter. They share an amino-terminal head domain and a
carboxyl-terminal tail domain, and are classified into five types. They display a
highly conserved central a-helical domain of 310 amino acids, containing heptad
repeats which permit parallel a-helices to form coiled-coil dimers (Xu et al, 1996)
(See Fig 1.6). NFs are unique, neurone specific intermediate filaments. As obligate
heteropolymers, each NF triplet comprises three type IV proteins, NF-heavy (NF-H),
NF-medium (NF-M) and NF-light (NF-L) with approximate molecular masses of
115 kDa, 95 kDa and 68 kDa respectively. However due to hyperphosphorylation of
the NF-H and NF-M carboxyl terminal tail domains, which are also rich in glutamic
acid residues and repetitive sequences regions, NF-H, NF-M and NF-L are detected
at molecular masses of approximately 200 kDa, 140-160 kDa and 70 kDa
respectively, when separated by sodium-dodecylsulphate polyacrylamide gel
electrophoresis. The length of the carboxyl-terminal domain differs between NF sub-

units and is accountable for the difference in mass (Lee et al, 1988).

1.4.3.2 Neurofilament expression in axon development and stability

Axons are enriched with NFs. NFs contribute to morphology and provide strength
and stability to the axonal cytoskeletal network by promoting radial growth (Nixon,
1998). The relative proportion of NF sub-units undergoes changes during neuronal
development. During embryonic neurogenesis NF-L and NF-M are co-expressed,
whilst NF-H expression occurs later in development (Nixon and Sihag, 1991;
Nakagawa et al., 1995; Julien, 1999). Considerable research has focussed on the role

of individual NF sub-units in axonal development and stability. In order to
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determine the contribution of each sub-unit to radial axonal growth, Xu et al, (1996)
used transgenic mice with altered sub-unit complement. Results showed that over-
expression of any one sub-unit inhibited radial growth. To promote further radial
axon growth, NF-L was critically required in combination with NF-H or NF-M.
Additionally, studies have shown that NF-M and NF-H sub-units were unable to
assemble into filaments in NF-L knock-out mice. Importantly, NF-M knock-outs
were more detrimental to radial axonal growth than NF-H knock outs (reviewed by

Julien, 1999).

Whilst NF-L is considered integral to NF assembly, NF-H and NF-M are highly
interactive components (Julien, 1999). The carboxyl tail domains of NF-H and NF-M
extend as side arms and mediate a 50-55 nm spaced cross-linkage between NF
triplets and other cytoplasmic components including MTs and membrane bound
organelles (Miyasaka et al, 1993; Leterrier et al, 1996), thus promoting NFs to
‘bundle’ in parallel arrays. Indeed Nakagawa et al, (1995) report that the carboxyl
tail domain of NF-M is structurally involved in both cross-bridge formation and
promoting elongation of NFs. NFs may also bind to actin filaments, an important
consideration since this would collectively associate MFs, NFs and MTs with the cell
membrane (Leterrier et al, 1996). Using the delivery of specific anti-cytoskeletal
protein antibodies into permeablised NB2a/dl cells during dbcAMP mediated neurite
outgrowth, Shea and Beermann, (1994) demonstrated that the later stages of neurite
outgrowth and axon stability were sensitive to anti- NF antiserum, due to disruption

ofinteractions between NFs and MTs that ensued.

Post-translation modification of NFs via phosphorylation of the carboxyl tail domain
is associated with axonal development and maturation (reviewed by Shea et al,
2003). Indeed phosphorylation events (detailed in chapter III, section 3.1.3) slow the
rate of NF transport within the axon, likely increasing axonal calibre (Marzalek et
al, 1996; Ackerley et al, 2003). Indeed Shea et al, (2003) demonstrate an inverse
relationship between NF phosphorylation and transport. Axonal transport of

cytoskeletal proteins is detailed in section 1.4.4.

Extensive research has investigated the structural form of NF proteins as they

translocate into, and travel along the axon (as sub-units or in polymeric form), and
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also their phosphorylation status. However, findings are not straightforward and
remain to be fully resolved. It is important to note that even though NFs are
essentially considered to be associated with axon stabilisation, they remain dynamic
in nature - evidence suggests that phosphorylation and filament polymerisation, are
reversible (reviewed by Nixon, 1998; Shea et al, 1997b). Early studies suggested
that NF sub-units were polymerised within the cell body and transported along the
axon in polymer form (Lasek et al, 1984). This theory has recently been hotly
disputed in favour of a sub-unit, transport model (reviewed by Terada, 2003).
However, collective evidence suggests that NF sub-unit, individual NF, or non-
filamentous oligomer transport systems may exist simultaneously (Shea et al,
1997b; 1998, Yabe et al, 1999). It is generally accepted that different populations of
NFs exist within the axon; NFs exhibiting limited carboxyl terminal domain
phosphorylation and NF-NF interactions, and highly phosphorylated NFs, exhibiting
extensive NF-NF interaction and subsequent slow transport, were simultaneously
reported in axonal neurites of NB2a/dl cells (Yabe et al, 2001). Likewise the NFs at
the front of the transporting wave are rich in hypo-phosphoylated (fast moving) NFs,
whilst the tail end is highly phosphorylated and subsequently slow moving (Shea and
Flanagan, 2001).

The phosphorylation state of NF proteins depend upon a dynamic balance between
protein kinase and phosphatase activities. Phosphatase activity is thought to be
particularly important during labile stages of axon outgrowth (Grant et al/, 2001).
Protein phosphatase 2A (PP2A) is proposed to play an important role in regulation of
NF head domain phosphorylation and has also been shown to dephosphorylate tail
domain KSP motifs that are phosphorylated by CDK-5 (Grant et a/, 2001). In dorsal
root ganglion, okadaic acid treatment was shown to reduce the electrophoretic
mobility of NFs, which suggested increased phosphorylation (Grant ef a/, 2001 and

references therein).
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Figure 1.6 NF structure (Taken from Schmidt e al, (1991) with
modifications).

NF-H, NF-M and NF-L exhibit an amino-terminal domain, a conserved a-helical rod
domain and a carboxyl-tail domain. The length of the carboxyl-tail domain varies
between the NF sub-units and permits post-translational modification ofthe molecule
by phosphorylation, within specific KSP repeat regions.

1.4.4  Transport o fcytoskeletal proteins

Protein synthesis occurs within the neuronal cell body and as such, transport systems
are required to correctly distribute organelles and proteins, including cytoskeletal
components within the axon. Transport is categorised as being anterograde (away
from the cell body) or reterograde (towards the cell body). Historically, transport
systems have been classified as slow (sub-classified as slow component a, SCa
[transport rate; 0.1 - 1.0 mm/day] and SCb [transport rate; 1.0 - 3.0 mm/day]),
transporting axonal cytoskeletal polymers, or fast (transport rate; 0.5 - 1.0 pm/s),
transporting membranous organelles (reviewed by Nixon, 1998; Prahlad et al,
2000). Transport of cellular components at either rate involves associated motor
proteins that move through the axon in association with the MT network. Whilst
motor proteins associated with fast transport have been identified, the slow transport
motors remain more elusive (Terada, 2003). Whilst the historical concepts of fast and
slow transport in terms of overall transport rate remain, growing evidence suggests
that slow and fast transport may be a continuum of a single system in which proteins

simply spend different lengths of time associated with their motors (reviewed by
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Shea and Flanagan, 2001). In support of this theory, Roy et al, (2000) established
that NFs move intermittently within axons, spending 20 % of their time moving and
the other 80 % pausing. Other evidence suggests that NF proteins can undergo
transport attached to MT-associated motor proteins such as kinesin and dyenin,
which mediate fast axonal transport in anterograde and retrograde fashion,
respectively (Yabe et al, 1999; Prahlad ef al, 2000). Additionally, it has been found
that tubulin heterodimers or polymers (but not MTs) are transported along the axon
also in association with MT-dependent kinesin (Miller and Joshi, 1996; Funakoshi et

al, 1996; Teradac/”/., 1996).

1.4.4.1 Disruption ofaxonal transport systems might contribute to

neurodegenerative disease

Given that axonal transport is so critical for normal cellular function, disruption of
the system would likely be detrimental to the cell. Many neurodegenerative diseases
are characterised by aberrant inclusions that form within the cell body. Basic
consideration would suggest that in order for proteins and other materials to
abnormally accumulate, they must either be prevented from translocating into the
axon, transported in retrograde fashion from the axon back to the cell body, or indeed
prevented from undergoing normal degradation, for example through the ubiquitin-
proteasome pathway (refer to section 1.7). Indeed Katsuse et al, (2003), graded the
formation of cortical Lewy bodies on the basis of immunohistochemical analysis of
a-synuclein and also investigated accumulation of axonally transported substances.
Results showed that Lewy bodies contained axonal substrates, (5-amyloid precursor
protein (APP), chromogranin-A, synphilin-1 and synaptophysin and that
accumulation of these substances increased as the Lewy body matured, suggesting
that axonal transport was blocked. As previously stated, NF phosphorylation events
are coupled to the slowing of NF axonal transport. Of significance is the finding that
phosphorylation of NFs promotes their dissociation from kinesin motors (Yabe and
Shea, 2000). Indeed, Shea ef al, (2004a) report that Cyclin-dependent kinase-5
(CDK-5) (see section 1.5.2) induces NF phosphorylation and mediates normal NF
distribution in cortical neurones, but that over-expression of the kinase induces

phosphorylated NFs to accumulate within the perikarya. The authors propose that
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CDK-5, via hyper-phosphorylation of NFs, might increase dissociation of NF from
its motor proteins, both slowing transport and perhaps potentiating NF-NF bundling.

1.5 Intracellular Kkinases

1.5.1 Mitogen activatedprotein kinases (MAPKs)

The mitogen activated protein kinases (MAPKs) function to propagate intracellular
signals in response to extracellular stimuli, from the cell membrane to downstream
cytoplasmic and nuclear targets. The MAPKs encompass 3 major pathways;
extracellular signal related kinase (ERK), c-jun N-terminal kinase (JNK) and p38.
ERK, JNK and p38 pathways are evolutionarily conserved and exist in all
eukaroyotic cells (Hagemann and Blank, 2001). They respond to a large number of
stimuli controlling cell growth, differentiation, environmental adaptation and
apoptosis (Grewal et al, 1999; Mielke and Herdegen, 2000; Waetzig and Herdegen,
2004). All pathways transfer signals downstream of the cell membrane in parallel
hierarchical cascades through sequential phosphorylation events as detailed in Figure
1.7. Extracellular stimuli channel activating signals through transmembrane receptors
that first induce activation of serine threonine kinases termed MAPK kinase kinases
(MKKK). MKKK phosphorylates and activates dual specificity MAPK kinase
(MKK), which phosphorylates and activates MAPK (ERK/INK/p38), also serine
threonine kinases (Hancock, 1997; Garrington and Johnson, 1999). Activated
MAPKSs phosphorylate diverse targets that can be cytoplasmic or nuclear and include
transcription factors, protein kinases, phospholipases, membrane receptors and
cytoskeletal proteins including NFs and tau (Meilke and Herdegen, 2000; Garrington
and Johnson, 1999; Grewel et al, 1999; Clarke et al, 2003; Chang et al, 2003;
Bogoyevitch and Court, 2004). A summary of MAPK substrates as reviewed by the
fore-mentioned authors is provided in Table 1.1. For maximal MAPK activation,
dual specificity MKK phosphorylates threonine and tryrosine residues in a
TyrXxxThr conformation. The identity of Xxx is dependent on the MAPK pathway;
glutamic acid for the ERK pathway, proline for the JNK pathway and glycine for the
p38 pathway (Hagemann and Blank, 2001).
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By virtue of phosphorylation of downstream kinases, the MAPK pathways amplify
the signal whilst cross-talk between pathways is evident at all levels (Schaeffer and
Weber, 1999) (see Figure 1.7). Numerous MKKKs, MKKs and MAPK have been
identified allowing for differential activation of pathways (as reviewed by Garrington
and Johnson, 1999; Hagemann and Blank, 2001). A phenomenal amount of research
has investigated potential stimuli for the MAPK pathways to reveal that different
pathways are activated in response to specific stimuli. It has been historically
considered that the ERK pathway is “pro-survival” and activated in response to
mitogenic stimuli that promote growth and differentiation whilst JNK and p38
pathways are activated in response to stressful or pro-inflammatory stimuli (Xia et
al, 1995; Wang et al, 1998). However, this is by no means conclusive as discussed
in chapter V, section 5.1. With so many signals diverging on the MAPK pathways
the cell must evoke a degree of specificity. Organised sub-cellular localisation of
pathway intermediates and direct substrate-enzyme interactions promote specificity.
Scaffolding proteins, for example JNK interacting protein (JIP), MEK partner 1
(MP1) and MEKKI1 and specific regulatory binding proteins promote binding
between specific proteins and specific MAPK modules (Garrington and Johnson,
1999; Schaeffer and Weber, 1999; Hagemann and Blank, 2001). Additionally,
MAPK phosphatases regulate the magnitude and duration of MAPK signals within
the MAPK pathways. These phosphatases are classified by their ability to act in a
tyrosine-specific, threonine-specific or dual (tyrosine/threonine)-specific manner and
achieve substrate specificity via specific protein-protein interactions that are

mediated by the amino-terminal domain of'the phosphatase (Keyse et al, 2000).
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Figure 1.7 Overview of the MAPK pathways

The ERK, JNK and p38 pathways comprising of MKKK, MKK and MAPK
modules. Examples at each level of the pathway are given to demonstrate the
hierarchical nature of the MAPK pathways but this list is not complete. For reviews
see Hagemann and Blank, (2001), Garrington and Johnson, (1999) and Bogoyevitch
and Court, (2004). Note that the historically proposed pathway outcomes are shown
but are not exclusive. The role of the MAPK pathways in cell survival/death is
discussed is chapter V, section 5.1. P represents a tentative modification.
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1.5.1.1 The ERKpathway

To date 8 ERK proteins have been identified; however ERK1 and 2 (p42/p44) remain
the most highly characterised (Bogoyevitch and Court, 2004). Attention is now
turning to ERKs 3-8 whose cellular functions are less identified. Indeed whilst ERK
1 and 2 share 90 % homology, this homology is not extended to ERKs 3-8 which
may be reflected in their differing targets. For example ERK 3 is not activated by
traditional MEKs owing to a different phosphorylation motif (serine - glutamic acid
- glycine rather than threonine - glutamic acid - tyrosine). Big MAPK (BMK), as
ERKS is often known, is a 98 kDa protein with an extended c-terminal domain
(Bogoyevitch and Court, 2004). ERK 5 is not activated through the archetypal Ras-
Raf cascade described below. Instead it is activated via MEKK 2 and MEKK 3
(MKKKSs) and can play an important role in cell differentiation, in proliferation and
indeed survival via phosphorylation/activation of the pro-survival transcription factor
MEF2C (Sun et al, 2001; Zhao et al, 1999 and references therein). A detailed
review of the discovery, molecular characteristics and identified cellular functions of
ERKs 3-8 is given by Bogoyevitch and Court, (2004). ERK 1 and 2 can be activated
via MEKKs 1-3 and are also activated by Raf via the ERK cascade. In brief,
extracellular signals i.e. growth factors activate and autophosphorylate receptor
tyrosine kinases at the cell membrane. Activated tyrosine kinase receptors dock an
adaptor protein, Grb2, in a complex with the GTP-exchange factor, Sos (Son of
sevenless), which activates a small G protein i.e. Ras or Rap. In turn Ras recruits Raf
to the cell membrane, which signals to ERK via MEK (reviewed by Hagemann and

Blank, 2001).

1.5.1.2 The JNK andp38pathways

JNKs are widely expressed in mammalian cells including the brain. The JNK family
is encoded by 3 genes to yield 3 isoforms; JNKI1, JNK2 and JNK3 from which 10
splice variants are formed (Gupta et al, 1996). Gene products range from
approximately 46-57 kDa owing to the presence of an extended C -terminus on JNK
3 (Mielke and Herdegen, 2000). JNKs share 90 % homology in mammals; whilst
JNK1 and JNK2 are ubiquitously expressed, JNK3 is selective to the brain, heart and
testes (Mielke and Herdegen, 2000). Within the brain the expression of JNK
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isoforms follows specific patterns (Mielke and Herdegen, 2000). Indeed the human
neuroblastoma SH-SYSY cell line expresses all three JNK isoforms, which
reportedly respond differentially to stressful stimuli (Mielke et al, 2000). This
finding is mirrored by Coffey ef al, (2002) using cerebellar neurones who show that
JNK2 and 3 were selectively activated by neuronal stress induced by trophic factor
withdrawal. In addition such studies highlight that JNK activation depends on the

stimulus and indeed the cell system employed.

Five isoforms of p38 have been identified; p38a, p38p, p38y, p388 and p38-2.
However only p38a and p38p are expressed in the brain (reviewed by Harper and

LoGrasso, 2001).

MKKKs that regulate JNKs include mixed lineage kinases (MLK): MLK1-4, dual-
leucine-zipper-bearing kinase (DLK), zipper sterile-a-motif kinase (ZAK),
apoptosis-inducing kinases (ASK1, ASK?2), transforming growth factor-p-activated
kinase 1 (TAK1) and triplolethal 2 (TPL2) (Davis, 2000) all activate JNK (Gallo and
Johnson, 2002). As shown in Figure 1.7, considerable cross-talk occurs between p38
and JNK pathways and many MKKKSs including MEKKs, MLKs, TAK1 and ASK1
that regulate JNK also regulate p38. MLKs can be characterised by structural
features including Src Homology (SH) domains, leucine zippers (which permit
homodimerisation and subsequent autophosphorylation) (Gallo and Johnson, 2002)
and small GTPase binding domains as described below (Tibbies and Woodgett,
1999). The processes by which activation of the MKKKs occurs to induce
downstream activation of JNK and p38 MAPKSs are less established than the Ras-
Raf-MEK pathway, which activates ERK 1/2. However, data suggests that MEKK1
can mediate Ras-dependant JNK activation via growth factor receptors (Pomerance
et al, 1998). Additionally other monomeric G proteins i.e. Rho family members,
cdc42 and Rac are implicated in regulation of INK and p38 pathways via activation
of MEKK1 and 4 and also certain MLKs (reviewed by Tibbies and Woodgett, 1999;
Davis, 2000; Hergmann and Blank, 2001). Under certain conditions JNK can also be
activated via G-protein coupled receptors and by Fas receptor ligation. Binding of
certain stimuli including inflammatory cytokines to tumour necrosis factor (TNF1)

receptors are proposed to activate JNK and p38 pathways via ASK 1 and GCK
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(germinal centre kinase; JNK only) proteins in a GTP-independent manner (Tibbies

and Woodgett, 1999) whilst interleukin 1 (IL-1) stimulates JNK and p38 pathways

by binding to IL-1 receptors; stimulation occurs via IL-1 receptor-interacting kinases

(Tibbies and Woodgett 1999).

TARGET Flakdr
LOCATION
CYTOSOLIC Neurofilameiit

Myelin basic protein

MAPs; tau, MAP2C,
MAP4
Membrane associated
proteins; i.e. Epidermal
growth factor receptor,
Phospholipase A2,
synapsin I
Cytoplasmic kinases; i.e.
Rsk2, RskB, MAPKAP
2/3, MNK1/2, Msk 1
NUCLEAR  ETS family transcription
factors
c-Jun
c-Myc
c-Myb
Stat 3/5
Estrogen receptor

lamins

Table 1.1. Overview of neuronal targets of the MAPK pathways

JNK

Neurofilament

Tau, MAPIB
MAP2

Bcl-2

Glucocorticoid

receptor

pS3

c-Jun

AFT2
ELK1
NFAT4

p38

Tau

Light chain myosin II

{in-vitro)
Mnkl/2

MAPKAP2/3/5

AFT2

CREB
ELK1
MEF2C
CHOP

A large number of MAPK targets have been identified, an overview of which are
given. The distinct sub-cellular localisation of target substrates confers a degree of
specificity to the MAPK modules. A major role of the MAPKs is to mediate
activation or inactivation of nuclear transcription factors via phosphorylation
following translocation to the nucleus, thereby directly effecting the expression of

specific genes.
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1.5.2  Cyclin-Dependant Kinase-5

Cyclin-dependent kinase 5 (CDK-5) is a member of the cyclin dependent kinase
(CDK) family of small serine/threonine kinases, which regulate the progression of
cells through the cell cycle. CDK-5 shares 58 % sequence homology with CDK-1
and 61 % homology with CDK-2 and cell division cycle kinase 2 (cdc-2) (for review
see Shelton and Johnson, 2004). However CDK-5 is unique, whilst it is expressed in
almost all tissues, it does not play an active role in the cell cycle. Rather CDK-5
activity is mostly confined to the CNS in post-mitotic neurones. CDK-5 is not
dependent on cyclins for kinase activity but is dependant on binding of a regulatory
sub-unit of which p35 and p39 are the most widely characterised. p35 and p39 confer
57 % homology and are expressed predominantly in the CNS. Therefore the activity
of CDK-5 is confined to the CNS due to the specific location of its activating
partners (Dhavan and Tsai, 2001). In addition to cyclin binding, CDKs require
activation by phosphorylation at distinct threonine residues. Phosphorylation may
play a role in mediating maximal CDK-5 activity (Sharma et a/, 1999a) but remains

controversial at present (Shelton and Johnson, 2004).

CDK-5 activity is regulated in part through controlled degradation ofp35, which has
been demonstrated in-vivo and in-vitro to occur through the ubiquitin-proteasome
pathway (UPP; see section 1.7.1) (Patrick et al, 1998; Saito et al, 1998). Indeed
proteasomal inhibition stabilised p35 in-vivo (Patrick et al, 1998). p35 is targeted for
UPP-mediated degradation following phosphorylation by CDK-5. Therefore, by
stimulating p35 degradation, active CDK-5 provides a negative feedback mechanism
to regulate its own activity (Patrick et al, 1999). Alternative kinases may also be
involved in p35 phosphorylation (Kerokoski et a/, 2002). Under certain pathological
conditions, p35 can be cleaved at the amino terminal to p25 by calpains (Patrick et
al, 1999; Lee et al, 2000) (discussed in detail in chapter V, section 5.1.2). The p25
sub-unit can also activate CDK-5 and exhibits greater stability. If the cleaved plO
terminal is important for ubiquitination and UPP targeting, it may be attributable to
the stability of p25 (Patrick et al, 1998). Phosphorylation ofp35 by CDK-5 has been
shown to occrn at distinct sites; as already discussed, phosphorylation can mediate

degradation of p35 or alternatively, it can suppress the cleavage of p35 to p25 by
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calpains, hypothesised to protect against p25 production in the developing brain

(Saito et al, 2003).

Identification of the substrate-binding site shows that CDK-5 binds substrates in a
highly specific, proline directed manner (Sharma et al, 1999b; Dhavan and Tsai,
2001). CDK-5 binds a plethora of substrates and exhibits many roles in brain
development and disease, as reviewed by Dhavan and Tsai, (2001); Cruz and Tsali,
(2004); Shelton and Johnson, (2004) and summarised in table 1.2. The role of CDK-
5 in neurodegenerative disease is discussed in detail in chapter V. With respect to the
role of CDK-5 in brain development, Ohshima et al, (1996) demonstrated that CDK-
5 knockout mice suffered perinatal mortality associated with significant brain
developmental defects. Knockout mice were lacking cortical laminar structure and
cerebellar foliation whilst brain stem/spinal cord neurones exhibited accumulations
of NFs which immunostained for phosphorylated and non-phosphorylated NF
epitopes, which was suggested by the authors as implicating disrupted axonal
transport. Thus CDK-5 is critical in brain development. p35 knock mice also show
abnormal corticogenesis but are viable and fertile, probably due to compensatory
effects of p39. p39 knockout mice do not show defects, however double p35/p39
knockout mice suffer the same developmental defects as CDK-5 knockout mice
(reviewed by Dhaan and Tsai, 2001). CDK-5 1is associated with neuronal
differentiation and survival pathways (Li et a/, 2003). Indeed Fu et al, (2002), report
increased CDK-5 and p35/p39 expression and increased CDK-5 activation during
retinoic acid induced differentiation of NT2 cells whilst Pigino et al, (1997),
demonstrate a role for CDK-5 in axon formation and guidance in developing
cerebellar macroneurones. Additionally CDK-5 mediates phosphorylation of NF,
influencing NF transport (Grant et a/, 2001; Shea et a/, 2004a) and can influence
MT motor systems by phoshorylating the dynein-interacting protein, Nudel (Smith

and Tsai, 2004 and references therein).
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CDK-5 FUNCTIONS
Synaptic transmission and plasticity
associated with memoiy and learning
Synaptic vesicle endocytosis/exocytosis
and  synapse  formation at the
neuromuscular junction
Corticogenesis
Cell motility, axon dynamics and axon
pathfinding
Interactions with MTs / MAPs / MT
motor, dynein
NF phosphorylation
Activation of cell survival pathways
Cell adhesion
Control of dopaminergic/glutaminergic
signalling pathways
Adaptive changes in the brain associated
with chronic cocaine exposure

Cross-talk with MAPK pathways

ASSOCIATED REFERENCES
2001; Fischer et at, 2002;
Dhavan et at, 2002

Li et at

Samuels and Tsai, 2003; Fletcher et at,
1999; Fu ef at, 2001

Ohshima ef at, 1996
Humbert ef at, 2000; Pigino et at, 1997

1997; Niethammer ef at,
2000; Hashiguchi et at, 2002

Grant et at, 2001; Shea ef at, 2004a

Li et at, 2003

Li et at, 2000

Bibb et at, 2001a; Chergui et at, 2004

Pigino et at,

Bibb ef at, 2001b

Sharma et at, 2002; Li et at, 2002

Table 1.2 Summary of the major roles of CDK-5 in brain development and

function and associated references.

1.6 Tissue Transglutaminase

Tissue transglutaminase (tTG) is a type II protein product of eight evolutionary
related genes encoding active transglutaminase (TG) sub-types in humans. The sub-
types are known as blood coagulation factor FXIlla and TGI-7 (Wu and Zem, 1994).
A ninth, catalytically inactive homologue, erythrocyte band 4.2, has also been
characterised (see Lorand and Graham, 2003). tTG is reportedly located in both
mammalian central and peripheral nervous systems including the brain (Miller and
Anderton,

1986). Given the ubiquitous nature of the enzyme and its internal

(cytosolic and nuclear) and external (cell surface and extracellular matrix) location,
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its cellular functions are diverse (Lesort et a/, 1998; Fesus and Piacentini, 2004).
They include involvement in the following; cell survival (Oliverio et al, 1999),
apoptotic pathways (Piacentini et a/, 2002), differentiation (Tucholski et a/, 2001),
cell adhesion processes (Verderio et al, 1998; 1999), wound healing in-vivo (Haroon
et al, 1999), cell signalling (Antonyak et al, 2002; Lopez-Carballo et al, 2002;
Tucholski and Johnson, 2003) and cell growth (reviewed by Lesort et al, 2000a;
Griffin et al, 2002). The role of tTG in cell differentiation is addressed in detail in
chapter III, section 3.1.4. Indeed the mouse tTG gene promotor has been shown to
contain a retinoid response element (Nagy et al, 1996). The role of tTG in cell
survival/death and indeed neurodegeneration, is discussed in chapter VI with respect

to MPP ltoxicity.

The structural and functional domains of the human tTG gene are detailed in Figure
1.8 showing the catalytic site of cysteine, histidine and aspartic acid residues which
remains conserved across enzymatically active TG sub-types (see Griffin et al,
2002). Multifunctional in nature, tTG acts to post-translationally modify proteins by
transamidation of specific polypeptide bound glutamate residues, resulting in protein
cross linking or incorporation of polyamines into substrates (Greenberg et a/, 1991)
(see Figure 1.9). If H20 replaces an amine substrate in the active site, glutamine
deamination or Ca2t+ -dependent isopeptide hydrolysis can occur in-vitro
(Parameswaran et al, 1997). The transamidation reaction is Ca2+ dependant since
Ca2+ modifies the enzyme to expose the active site, thus allowing the enzyme to
become catalytically active (Greenberg et al, 1991). tTG also binds and hydrolyses
Guanosine 5' triphosphate (GTP) and ATP. ATP/GTP hydrolysis occurs within the
same domain of'the tTG molecule but at distinct sites (Lesort et a/, 2000a). Whereas
Ca2t+ binding increases tTG activity, GTP binding brings about a conformational
change to the enzyme that both inhibits tTG activity and reduces Ca2t+ binding,
shown both in-vitro and in-situ using SH-SY5Y cells (see Lesort et al, 2000a;
Zhang et al, 1998a). tTG is a substrate for calpains (Zhang et al, 1998b) and GTP
binding has also been shown to protect SH-SYSY cells from proteolytic cleavage
(Zhang et al, 1998a). Therefore Lesort et al, (2000a) propose that nucleotide and

Ca2+binding may act to modulate tTG turnover in cells.
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Figure 1.8 Diagram showing structural and functional domains of the human
tTG gene (taken from Lesort et al., (2000a) with modifications).

The human tTG gene sequenced against the sequence alignment of Factor XIII-A
subunit (Yee ef al, 1994). The gene is located on chromosome 20ql2 and is 32.5 kb
comprising 13 exons and 12 introns. The full length protein is 687 amino acids with
an approximate mass of 77 kDa. Human tTG confers 80-90 % sequence homology
with bovine, mouse and guinea pig tTG. (for review see Lesort et al,, 2000a).

Independent to its transamidating activity, a unique function of tTG is its ability to
also function as a signal transducing G protein; Nakaoka et al, (1994) discovered that
rat liver G alpha (h), (a GTP binding protein) was in fact tTG. As a GTP binding
protein, rat liver tTG was shown to mediate alpha(l)-adrenoreceptor stimulation of
PLC-delta 1 (Nakaoka et al, 1994; Feng et al, 1996). Thus tTG-GTP is able to
partake in intracellular signalling pathways although not in a method identical to
classical G proteins. In SH-SYSY cells this was demonstrated by Zhang et al., (1999)
whereby the contribution of tTG in phosphoinositide hydrolysis was much lower
than the classical G protein G(q/ll) and was also bimodal depending on tTG

expression levels.
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Figure 1.9 Protein cross-linking and incorporation reactions mediated by tTG
(taken from Lesort et al.,, 2000a with modifications).

A. Formation of an e-(y-glutamyl)lysine isopeptide bond. tTG catalyses an acyl
transfer reaction between the y-carboxamide group of a polypeptide bound glutamine
and the s-amino group of a polypeptide bound lysine group. B. Formation of a (y-
glutamyl)polyamine bond. tTG can catalyse the incorporation of a polyamine into a
polypeptide bound glutamine.

1.7 Protein degradation pathways

Critical to normal cellular function is the degradation of mutated/mis-folded and
redundant proteins, to prevent their accumulation into aggregates that can be harmful
to the cell. As such “cellular quality control systems” exist to ensure that correct
protein transcription/translation and folding is achieved and that mis-folded proteins
are appropriately degraded (Kopito, 2000). The endoplasmic reticulum (ER) is the
location for biosynthesis of proteins, steroids and certain lipids. Assisted by
chaperone proteins, the ER controls the folding, assembly and post-translational
modification of newly synthesised proteins (Alberts et al, 1994). Under normal
cellular conditions mis-folded proteins are translocated from the lumen of the ER to

the cytosol for degradation (Kopito, 2000). Under certain detrimental conditions
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| homeostasis, hypoxia, growth factor depletion and

including impaired Ca’
proteasomal impairment, protein folding can be impaired, which can result in
accumulated proteins in the ER lumen and the cytosol termed “ER stress” (Rao and
Bredesen, 2004). The cell responds to ER stress via specific sensor proteins that
transiently halt protein synthesis, enlist chaperones to prevent protein aggregation
and promote translocation and degradation of ER proteins, known as the “unfolded
protein response” (reviewed by Rao and Bredesen, 2004). The principle system for
cellular protein degradation is the ubiquitin-proteasome pathway (UPP) (detailed in
section 1.7.1). However, the cell also relies on lysosomal proteolysis pathways.
Lysosomes are acidic organelles, which contain hydrolytic enzymes (Alberts et al,
1994). Between 5 and 7 lysosomal degradation pathways are proposed to exist
including macroautophagy, microautophagy and chaperone- mediated autophagy
(Majeski and Dice, 2004). Cross-talk between the UPP and lysosome degradation

pathways is proposed to occur and perturbation ofboth pathways is linked to normal

aging (Keller et al, 2004).
1.7.1 The ubiquitin-proteasome pathway

The UPP is responsible for targeted degradation of abnormal and short-lived proteins
from the cell, including regulatory proteins that control the cell cycle and signal
transduction, with subsequent recycling of amino acids (McNaught and Jenner, 2001;
Shoesmith Berke and Paulson, 2003). The 26S proteasome is a 2000 kDa multi sub-
unit protease, located in the cytosol and nucleus of eukaryotic cells. It comprises a
catalytic core (20S subunit) and two regulatory subunits (19S). The catalytic core is
formed from 4 rings ofa or (3 sub-units (encoded by over 15 genes) with 7 sub-units
per ring. Two rings of p sub-units form the central domain ofthe 20S flanked either
side by a ring of a sub-units. The structure therefore forms a cylindrical
conformation within which ATP dependent proteolysis occurs on the p sub-units,
whilst a-sub-units confer stability to 20S proteasome (Ding and Keller, 2001).
Substrates are fed into the catalytic 20S through narrow pores at either end (Ding and
Keller, 2001). The 26S proteasome has several active sites and can be described as
having chymotrypsin, trypsin and post-acidic - like activities as it mediates the

hydrolysis of proteins at the C-terminus of hydrophobic, basic and acidic residues,
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respectively (reviewed by McNaught and Jenner, 2001). The 20S proteasome is
capped on either or both ends with the 19S regulatory sub-unit, an interaction that
causes the narrow pore through the 20S to open. The 19S regulator comprises a lid
(formed from 8 non-ATPase sub-units), which functions to recognise substrates and
cleave ubiquitin chains (which can be recycled). The lid covers a base sub-unit
(formed from 6 ATPase subunits), which function to unfold the protein so that it may
be channelled into the 20S proteasome (Hartmann-Peterson et ah, 2003 and

references therein).

The process by which the 26S proteasome degrades proteins is detailed in Figure
1.10. The 26S proteasome requires that most proteins are ubiquitinated for
recognition and entry into the proteasome (Hartmann-Peterson et ah, 2003).
However, it has been proposed by Shringarpure et al, (2003) that under certain
circumstances 20S proteasomal degradation can be both ubiquitin and ATP
independent. Using cultured cells with inactivated E1 ubiquitin-conjugation activity,
oxidised intracellular proteins were still degraded through the proteasome. This
activity was proposed to be consequential of oxidised proteins being partially
unfolded, which presents hydrophobic sites to the proteasome (required for
recognition) and reduces the requirement for ATP in the unfolding process
(Shringarpure et ah, 2003). Additionally the fore-mentioned study proposes that the
26S proteasome is damaged by oxidative stress whereas the 20S is not, concluding

that the 20S, rather than the 26S is involved in degrading oxidised proteins.
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Figure 1.10 Degradation of proteins via the 26S proteasome (Chung et al.,
2001).

Most substrates require ubiquitination before transfer to the 26S proteasome.
Ubiquitin (a 76 amino acid protein) is first activated by ubiquitin-activating enzyme
(El) in the presence of ATP (1) then transferred to a ubiquitin-conjugating enzyme
(E2) (2). E2 in conjunction with a ubiquitin protein ligase (E3) mediates attachment
of ubiquitin to a lysine residue on the target substrate (3). When a chain of at least 4
ubiquitin molecules is attached, the substrate can be recognised by the proteasome
and degraded into short peptides in an ATP dependant manor within the 20S catalytic
core (4). Ubiquitination is highly controlled and can be positively and negatively
regulated. For example ubiquitin chain elongation factors (E4s i.e. C terminus of
Hsc70-interacting protein [CHIP]) catalyse proteins bound to the E2-E3 complex
promoting polyubiquitination. Negative regulation occurs via deubiquitinating
enzymes i.e ubiquitin C-terminal hydrolases. The degradation process is also
regulated by chaperone proteins (reviewed by Shoesmith Burke and Paulson, 2003).
Many E3 enzymes exist to confer substrate recognition and selectivity (Layfield et
al, 2003).
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1.7.1.1 MPP+andproteasome inhibition

It has been recently demonstrated that MPP+ can inhibit the proteasome, although
research is very limited at this time. It has been shown in my laboratory in a mitotic
SH-SHS5Y system that 2 mM MPP+ could significantly inhibit the proteasome within
24 h. Significantly glutathione levels were reduced preceding proteasomal inhibition
by MPP+ thus augmenting oxidative stress (Begona Caneda-Ferron, unpublished
observations). Jha et al, (2002), demonstrated that reduced glutathione levels in
PC 12 cells correlated with reduced ubiquitin-protein conjugates due to inhibition of
El (ubiquitin-activating) activity. In a study by Hoglinger et a/, (2003) using primary
mesencephalic cultures, MPP+ was shown to reduce proteasomal activity via ATP
depletion and also increase ROS levels. Proteasome inhibition did not increase ROS
but did increase levels of oxidised proteins due to reduced proteolysis. However
under critical conditions of ATP depletion and ROS elevation, proteasomal
impairment by MG 132 was shown to exacerbate MPP+ toxicity by increasing the
sensitivity of cells to levels of ROS that would normally remain sub-cytotoxic.
Contrary to Hoglinger ef al, (2003), a study by Shamoto-Nagai ef al, (2003) using
rotenone, (also a complex I inhibitor), in mitotic SH-SYSY cells, reported that
rotenone increased oxidised protein levels, which were prone to aggregation and also
that rotenone oxidatively modified the 20S proteasome, as demonstrated by a
reduction in proteasomal activity in the absence of ATP depletion or reduction in
proteasome levels. This is in agreement with findings in my laboratory using mitotic
SH-SYSY cells whereby MPP+mediated impaired proteasomal activity is dependent
on reduced glutathione levels but is not dependent on ATP depletion (Begona

Caneda-Ferron, unpublished observations).

The link between MPP+toxicity and proteasome impairment further strengthens the
potential role of'the proteasome in the pathogenesis of PD. Indeed levels of oxidised
proteins are elevated in all areas of the PD brain (Halliwell and Jenner, 1998) and
20S/26S proteasome sub-units have been identified with Lewy bodies, the
pathological hall-mark of PD (detailed in section 1.8.1) (McNaught and Jenner, 2001

and references therein). Significantly familial PD has been linked to a number of
identified genetic mutations that have in common involvement in protein folding and

degradation via the ubiquitin-proteosome pathway thus augmenting conditions for
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protein aggregation. Mutations include point mutations (A53T and A3 OP) in the gene
encoding for ot-synuclein (Polymeropoulos et al, 1996; 1997; Kruger et al, 1998)
and mutations of the parkin (an E3 ligase) (Kitada er a/, 1998) and Ubiquitin C
terminal hydrolase LI genes (Leroy et al/, 1998). A study by Bennett et al, (1999)
using SH-SYS5Y cells transiently expressing wild-type and mutant (A53T) oc
synuclein, a major component of Lewy bodies, demonstrated firstly that the mutant
protein had a longer halflife than wild-type a-synuclein and secondly that both wild-
type and mutant proteins were degraded through the proteasome. McNaught and
Jenner, (2001) provide direct, albeit very limited, evidence ofreduced chymotrypsin-
like, trypsin-like and post-acidic-like activities in the substantia nigra of PD brains.
Importantly this research suggests that idiopathic PD brains exhibit accumulation of
normal and mutated proteins because the proteasome itself is impaired, whereas in
cases of familial PD, proteins accumulate because genetic mutations prevent their

ubiquitination and subsequent recognition by the proteasome (McNaught and Jenner,

2001).

1.8 The Lewy body and associated intracellular inclusions in MPTP-induced

Parkinsonism

1.8.1 The Lewy body

Lewy bodies are cytoplasmic inclusions containing filamentous, insoluble proteins,
but are also rich in lipids (Gai et al., 2000). In cases of idiopathic PD, Lewy bodies
are detected within brain stem nuclei (substantia nigra, locus coeruleus and dorsal
motor vagal nucleus) and less frequently, the cerebral cortex (Gai et al, 2000). Brain
stem Lewy bodies are eosinophillic whereas cortical Lewy bodies poorly stain for
eosin or do not stain at all (Schmidt et al, 1991). The morphology and structural
composition of Lewy bodies is highly heterogeneous and shows regional variation.
Approximately 40-55 % of mature, PD Lewy bodies represent classically defined,
concentric inclusions comprising a dense core containing filamentous material and
lipids and a peripheral region of radiating filaments. However, Lewy bodies
exhibiting a more homogeneous distribution of composite proteins co-exist (Forno et

al, 1986; Gai et al, 2000). The fact that a spectrum of Lewy body morphologies
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exists may represent different developmental stages (Gai et al., 2000). Lewy bodies
comprise largely of a-synuclein (and synphilin 1 [a-synuclein interacting protein]),
ubiquitin and NFs (Fomo ef a/, 1986; Schmidt et al, 1991; Spillantini et al, 1997,
1998; Gai et al, 2000), proteasomeal sub-units (McNaught and Jenner, 2001) and
MAPs (Galloway et al, 1992).

1.8.2  Structural components o fLewy bodies

1.8.2.1 a-synuclein and ubiquitin

a-synuclein is a member of four cytosolic proteins (a, p, and y-synuclein and
synoretin) of 127-140 residues which exhibit a high degree of homology, a and p
synuclein proteins are abundant at the pre-synaptic nerve terminal. (Schliiter et a/,
2003). Ubiquitin is small protein (76 amino acids) required for the degradation of
many cytosolic, nuclear and ER proteins through the 26S proteasome (Alves-
Rodrigues et al, 1998) as detailed in section 1.7.1. A host of evidence demonstrates
that insoluble a-synuclein and ubiquitin-protein conjugates are both prominent
components of the Lewy body (Gai et al, 2000; Meredith et al, 2002; Spillantini et
al, 1998) whilst mutations in the a-synuclein and ubiquitin C terminal hydrolase LI
genes are linked with familial PD (see section 1.7.1.1). In traditional concentric
Lewy bodies, a-synuclein is distributed in the peripheral and outer domains. In
contrast ubiquitin is generally found in the central domain (Gai ef a/, 2000; Chung et
al, 2001). In normal cells the concentration of a-synuclein is highly controlled but
under conditions of oxidative stress, or where the a-synuclein is mutated, a-
synuclein levels increase. This promotes oligomerisation of protein monomers,
forming structured toxic protofibrils and fibrils which are consequently found in

Lewy bodies (reviewed by Bazilai and Melamed, 2003).

1.8.2.2 Cytoskeletal elements

Numerous studies using post mortem brains provide evidence that NF proteins are

key components in Lewy bodies associated with PD (Fomo et al, 1986; Schmidt et
al, 1991; Galloway et al, 1992; Pollanen ef al/, 1993). Ofthe three NF proteins, NF-
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H and NF-M are reported to be most commonly associated with Lewy bodies
(Pollanen et al., 1993). Significantly, Lewy bodies contain many phosphorylated NF
epitopes (Fomo et al., 1986). In a comparative study of brainstem, PNS and cortical
Lewy bodies, Schmidt et al, (1991), determined that phosphorylated NF-M epitopes
were homogenously detected throughout almost all cortical Lewy bodies whereas
other NF antibodies did not stain more than 10 % of these inclusions. Similarly, a
peripheral ring of NF and phosphorylated NF immunoreactivity was detected in brain
stem Lewy bodies (Fomo et al, 1986). There is strong evidence to suggest that
phosphorylation of these epitopes is at least in part mediated by CDK-5 since brain
stem and cortical Lewy bodies were found to be immunoreactive for this kinase,
following a similar staining pattern to NF-H and NF-M (Brion and Couck, 1995).
CDK-5 imunoreactivity was in turn found to co-localise with regulatory sub-unit p35
in PD Lewy bodies, suggesting that CDK-5 be in an active state (Nakamura et a/,
1997). Conversely anti-ERK 1 and anti cdc2-p34 did not label Lewy bodies (Brion
and Couck, 1995). Tubulin sub-units and MAP2 have also been identified in Lewy
bodies (Galloway et al, 1988, 1992).

1.8.3  Formation ofa Lewy body and inclusionformation in in-vivo models o fPD

The ability of a cell to instigate the degradation of accumulated, mutated or mis-
folded proteins is generally achieved through the ubiquitin-proteasome system or the
lysosomal system following sequestration of damaged proteins from the cytosol by
chaperone proteins (Meredith et a/, 2004). The mechanism by which Lewy body
formation occurs in PD, and associated inclusions form in toxin-induced PD models,
remains unresolved. The employment of neurotoxins may more accurately reproduce
disease pathology than using models in which Lewy body associated proteins are
over-expressed. This point is reviewed by Meredith et a/, (2004) who state that over-
expression of proteins e.g. a-synuclein may never reproduce true Lewy bodies
because they lack the oxidative stress that can sustain cellular damage and impair

normal protein degradation systems that is achieved using neurotoxic agents.

Eosinophilic inclusion bodies ultrastructurally similar to Lewy bodies were found at
predilection sites for Lewy bodies in aged MPTP treated squirrel monkeys (Fomo et

al, 1988, 1993). However evidence suggests that MPTP induced Parkinsonism in
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monkeys may be reversible (Eidelberg ef al., 1986) and that Lewy body structure is
not accurately replicated owing to the lack of a central core and filamentous halo
(reviewed by Meredith et al., 2004). In a more recent study, Petroske et at, (2001)
developed a mouse MPTP model whereby mice were co-administered with MPTP
and probenecid. Probenecid is a lipid soluble derivative of benzoic acid that
competitively inhibits renal tubular secretion of other drugs (Rang, Dale and Ritter,
1995). Thus it reduces the clearance of MPTP and its metabolites from the kidney
and the brain and therefore exacerbates neurotoxicity. Sustained nigrostriatal
degeneration and motor deficits were observed for 6 months post treatment (Petroske
et al, 2001) In a further study employing the chronic MPTP/probenecid model,
Meredith et al, (2002) have demonstrated both granular and filamentous inclusions in
the substantia nigra and cortex that were immunoreactive for a-synuclein.
Significantly the MPTP/probenecid treatment induced formation of secondary
lysosomes containing lipofuscin granules that were a-synuclein positive. Lipofuscin
granules are protein-lipid aggregates that form under conditions of oxidative stress
and low pH, causing lysosomal dysfunction (Meredith et at, 2004; Keller et at,
2004). Of interest is that the dopaminergic neurones of a-synuclein knock-out mice

show resistance to MPTP (Dauer et al., 2002).

Meredith et al, (2004) recently proposed a mechanism for PD and MPTP induced
Parkinsonism based on a-synuclein accumulation (shown in Figure 1.11); the
ubiquitin-proteasome system is the most commonly used system for protein
degradation but generally requires ATP. Since damaged neurones have reduced ATP
levels (and impaired UPP), it is hypothesised that accumulating proteins are moved
to the lysosomes for degradation, aided by chaperones such as heat shock proteins,
the presence of which has been reported in Lewy bodies (McLean et al/, 2002).
Within the lysosome, lipofuscin granules, lipids and neuromelanin accumulate until
the lysosome breaks down releasing its contents into the cytoplasm. It is proposed

that lipofuscin granules may provide nucleation centres for Lewy body formation.
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Figure 1.11 Proposed mechanism of Lewy body formation (taken from
Meredith et al, (2004), with modifications). See text for details.
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1.8.4 Aggresomes

Recent research has proven that in-vitro, where proteins become accumulated due to
over expression, mutation, or inhibition of the proteasome system, cells will
accumulate these proteins into a structure that has been termed an aggresome
(Johnston et al, 1998). In turn an aggresome was defined by the authors as “a
general cellular response to the presence of aggregated, un-degraded protein formed
when the capacity of the proteasome is exceeded by the production of aggregation
prone, mis-folded proteins”. The concept of aggregated proteins forming inclusion
bodies has long been accepted and linked to various neurodegenerative disorders.
However it has been reported that aggresomes form by the ordered retrograde
transport of proteins on dynein MT associated motors. Thus the ability of a cell to
specifically mediate aggresome formation may shed important light on the formation
of Lewy bodies. Indeed, links between aggresomes and Lewy bodies have been made
on the basis of structural resemblance and similarities in the conditions under which
they can form (McNaught et al, 2002). Reduced proteasomal activity is
characteristic of PD whilst mutated proteins in the presence of oxidative stress
increase the risk of protein aggregation (Shamoto-Nagai et a/, 2003). This link is
heightened by studies that show proteasomal inhibition in cells over-expressing the
E3 ligase, Parkin to cause aggresome like structures in neuronal cells (Ardley et al,
2003). In addition endogenous Parkin was present in aggresomes induced not only by
proteasome inhibition but also oxidative stress and pro-apoptotic inducers in human
neuroblastoma SH-SYSY cells. In this system, over-expression of wild-type Parkin
was found to reduce aggresome formation but the subsequent effect that this had on
cell survival was dependant on the type of stress to which cells were exposed (Mugqit
et al, 2003). Indeed, similarly to Lewy bodies, the role of an aggresome within a
cell, albeit toxic and damaging, or a protective mechanism to sequester and contain
damaged, accumulating proteins in the face ofreduced proteasomal activity, remains

to be fully elucidated.
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1.8.4.1 The role ofaxonal transport systems and aggresome formation

An interesting perspective on inclusion formation considers axonal transport
systems, which are required to carry proteins within the cell. As previously described
the MT network provides a transport system via association with motor proteins
(Downing and Nogales, 1998). Shea ef al, (2004b) report that oxidative stress affects
the dynamics of NF transport. The authors proposed that NF inclusions might
sequester motor proteins, so that the cellular mechanisms that could potentially
alleviate inclusion formation are in turn compromised. Additionally, Muchowski et
al, (2002) propose that inclusion body formation may trap bio-molecules required for
normal cellular functions i.e. chaperones and transcription factors. The MT system
has been reportedly required for the formation of aggresomes (Johnston ef al, 1998;
Zhao et al., 2003) and also for in-vitro inclusions that mimic Huntington’s disease
pathology (Muchowski et al, 2002). Aggresomes form at the microtubule organising
centre (MTOC) and require an intact MT network presumably to traffic proteins in
retrograde fashion (Johnston et al, 1998; Ardley et al, 2003; Muquit et al, 2004)
because treatment with MT disrupting agents prevented aggresome formation.
However the MT network is not required for stability of the aggresome, since MT

disruption did not affect existing aggresomes (Johnston et al., 1998).

1.8.4.2 Intracellular inclusions, protective sequestration of harmful proteins or

promoters ofcell death?

The role of intracellular inclusions, whether protective or pro-death, in
neurodegenerative disease per se or cell culture models that mimic the disease state,
remains highly controversial. As reviewed by Orr, (2004), it is crucial that this be
determined since disruption of such inclusions is the focus of many studies. A recent
study by Arrasate et al, (2004) used a unique approach to determine that formation of
intracellular inclusion bodies in live striatal neurones transfected with mutant
huntingtin, correlated with increased cell survival. The authors used automated
microscopy to analyse a particular neurone at any one time following transfection
with the mutant protein allowing the relationship between inclusion body formation
and survival to be exacted. The study hypothesised that the pro-survival effect of

inclusion body formation was attributable to a corresponding reduction in diffuse
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intracellular huntingtin. Thus supporting the aggresome theory that inclusions may
act to sequester harmful proteins within the cell (Johnston ef ah, 1998). Furthermore,
Hasegawa et al, (2004) noted that microtubule depolymerisation prevented formation
of a-synuclein aggregates in iron treated SH-SY5Y cells but did increase apoptosis.
In another study, deregulated CDK-5 activity in mice expressing a mutant superoxide
dismutase to model ALS, caused hyperphosphorylation of NFs and tau (Nguyen et
al, 2001). The study proposed that consequent perikaryal NF inclusions were, to an
extent, protective, by acting as a “phosphorylation sink” for CDK-5 activity.
However, the study also suggested that the protective effects of CDK-5 activity
reached a threshold level since they were not apparent when CDK-5 activity was
very high (Nguyen et ah, 2001), thus implying that the role of inclusion bodies may

in fact be variable.

1.9  Alms of project

The MPTP model continues to reveal valuable insight into PD pathology. Ultimately
in-vivo models provide important experimental systems, particularly for
neuroprotective studies. However, cell culture systems have gained favour owing to
their comparable simplicity and pliability, and provide a most useful basis on which
to investigate underlying disease pathology at the sub-cellular level. Due to an
observed difference in species sensitivity to MPTP, the most applicable cell culture
system would be of human origin. For this project the SH-SYS5Y human
neuroblastoma cell line was employed. The initial aim of the project was to establish
a differentiated phenotype in these cells using all-trans retinoic acid, to provide a
system with greater analogy to cells in-vivo. Of significance to the project was that
cells could also be maintained in a viable differentiated state for extended time
periods to permit the study of low (sub-cytotoxic) concentrations of the active
metabolite, MPP+ Whilst previous studies have investigated the effects of
MPTP/MPP+ in SH-SYS5Y cells, mitotic cells are often used, or if cells are
differentiated the time course of MPP+ exposure is relatively short. Additionally,
high concentrations of the toxin are commonly used. The use of low concentrations
of MPP+ over extended time periods in a pre-differentiated system is novel and

important since it more closely mimics the chronic neurodegenerative PD process.
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Using a pre-differentiated SH-SYS5Y system, the aim was to determine potential
markers of MPP+ toxicity, with emphasis on the post-translational modification and
distribution of specific cytoskeletal elements. Particular focus was given to the NF
and MT networks, given their presence in proteinacious inclusions and the
pathological hallmark of PD, the Lewy body. Additionally the aim was to explore
evidence for, and consequences of, impaired proteasomal activity in this system,
since a role for impaired proteasome function has recently gained interest in PD. An
investigation into the role of tTG in the MPP+ Parkinsonian model is also warranted
given that the cross-link catalysed by the enzyme has been found to colocalise with
a-synuclein in Lewy bodies, and its cross-linking activity has been implicated in
other neurodegenerative diseases. Therefore this project aimed to investigate the
effects of MPP+ on tTG protein levels and activity and to assess the effects of tTG
inhibitors on MPP+toxicity in the SH-SYSY system.

Of critical importance to PD research is the discovery of neuroprotective strategies.
This project aimed to assess the relative merits of specific chemical inhibitors to
MAPK pathways with respect to maintaining cell viability and cell morphology
following both short term and extended exposures to MPP+. Given the recent interest
in the CDK-5 pathway in neurodegeneration, and the lack of investigation of the
enzyme in cell culture systems, this project sought to investigate the role of CDK-5

in MPP+toxicity using a specific inhibitor.
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CHAPTER II. MATERIALS AND METHODS

2.1 MATERIALS

Materials are listed with their corresponding product code and the company from
which they were purchased.

2.1.1 Cell culture
2.1.1.1 Reagents

Dulbecco’s Modified Eagles Medium (DMEM) (12-614F), foetal bovine serum (14-
801-F), Penicillin/streptomycin (17-603E), L-Glutamine (17-603E), Trypsin/EDTA
solution (02-007E), all purchased from BioWhittaker UK Ltd. Berkshire, UK.

DMEM/Ham’s FI2 medium (D6421), Roswell Park Memorial Institute (RPMI) -
1640 medium (R0883), horse serum (H1270), MEM non-essential amino acids
solution (M7145), trypan blue solution (0.4 %) (T8154), all purchased from Sigma-
Aldrich Chemical Company, Poole, UK.

2.2.1.2 Plastic ware

All sterile plastic ware was tissue culture treated and supplied by Sarstedt, Leicester,
UK.

Cryotube vials (Nunc brand products), Merck Ltd. Leicester, UK.

Nunc Lab-Tek CC chamber slides (permanox) (177445), Scientific Laboratory
Supplies Ltd, Nottingham UK.

2.1.2 General laboratory reagents

All laboratory reagents were of the highest grade and purchased from Sigma-Aldrich
Chemical Company, Poole, UK, unless otherwise specified in the text.

2.1.3 Specialised laboratory reagents

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (M2128),
Sigma-Aldrich Chemical Company, Poole, UK.

3MM chromatography paper (CJF240090), Fisher Scientific, Leicestershire, UK.
5-bromo-4-chloro-3-indoly I-phosphate (di-sodium salt) (BCIP) (MB 1018), Melford
Laboratories Ltd, Ipswich, UK.

Acrylogel 3 solution Electran (containing 2.5 % NN’-methylenebisacrylamide, final
ratio 29:1:0.9) (443735T), VWR International Ltd, Poole, UK.

all-trans Retinoic acid (R2625), Sigma-Aldrich Chemical Company, Poole, UK.
Bio-Rad protein assay dye reagent concentrate (500-0006), Bio-Rad Laboratories
Ltd, Hemel Hempstead, UK.

Dimethylsulfoxide (DMSO) (D/4120/PB08), Fisher Scientific UK Ltd,
Loughborough, UK

ECL Western blotting detection reagents (RPN2109), Amersham Pharmacia Biotech
UK Ltd, Bucks, UK.

EZ-Link 5-(biotinamido)pentylamine (21345), Perbio Science UK Ltd, Cheshire,
UK.
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Folin and Ciocalteu’s phenol reagent (J/4100/08), Fisher Scientific UK,
Leicestershire, UK.

GBX developer/replenisher (P7042), Sigma-Aldrich Chemical Company, Poole, UK.
GBX fixer/replenisher (P7167), Sigma-Aldrich Chemical Company, Poole, UK.
Igepal CA-630 (13021), Sigma-Aldrich Chemical Company, Poole, UK.

Ionomycin calcium salt (10634), Sigma-Aldrich Chemical Company, Poole, UK.
MG132 (47490), Calbiochem, Nottingham, UK.

MPP+ lodide (D048), Sigma-Aldrich Chemical Company, Poole, UK.

Nitro Blue Tetrazolium (NBT) (MB 1019), Melford Laboratories Ltd, Ipswich, UK.
Nitrocellulose 0.22 pM pore size (WP2HY00010), Genetic Research
Instrumentation, Essex, UK.

Phenylmethylsulfonyl fluoride (PMSF) (P7626), Sigma-Aldrich Chemical Company,
Poole, UK.

Pre-stained SDS molecular weight standard markers (SDS-7B), Sigma-Aldrich
Chemical Company, Poole, UK.

Protease inhibitor cocktail (P8340), Sigma-Aldrich Chemical Company, Poole, UK.
Putrescine (tetramethylenediamine) Dihydrochloride (P7505), Sigma-Aldrich
Chemical Company, Poole, UK.

R283 (tTG inhibitor), a kind gift from Professor M. Griffin, The Nottingham Trent
University, UK

Sodium-orthovanadate (S6508), Sigma-Aldrich Chemical Company, Poole, UK.
Vectashield mounting medium (H-1000), Vector Laboratories Ltd, Peterborough,
UK.

Vectashield mounting medium with propidium iodide (H-1300), Vector Laboratories
Ltd, Peterborough, UK.

Vialight HS kit, (LT07-111), LumiTech Ltd, Nottingham UK.

XAR-5 Kodak film (F5388), Sigma-Aldrich Chemical Company, Poole, UK.
Dithiothreitol (DTT) (MB 1015), Melford Laboratories Ltd, Ipswich, UK.

2.1.4 Kinase inhibitors

Butyrolactone I (CC-210), Biomol Research Laboratories Inc, distributed by Affiniti
Research products Ltd, Exeter, UK.

CEP-11004 mixed lineage kinase inhibitor, Cephalon Inc.

PD98059 MEK inhibitor (513000), Calbiochem, Nottingham UK.

SB202190 p38 MAP kinase inhibitor (559388), Calbiochem, Nottingham UK.
Staurosporine (S4400), Sigma-Aldrich Chemical Company, Poole, UK.

Stock solutions of inhibitors were prepared in DMSO to give a final concentration of
10 mM.

2.1.5 Antibodies
2.1.5.1 Primary antibodies

Anti- ERK 1 (K-23) antibody (sc-94), Santa Cruz Biotech, Santa Cruz, California.
Anti-p35 (C-19) antibody (sc-820), Santa Cruz Biotech, Santa Cruz, California.
Anti-phospho ERK 1/2 (E-4) antibody (sc-7383), Santa Cruz Biotech, Santa Cruz,
California.

Anti-phospho-JNK (G-7) MAP kinase antibody (sc-6254), Santa Cruz Biotech, Santa
Cruz, California.
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Monoclonal anti-a-tubulin (clone B-5-1-2) (T5168), Sigma-Aldrich Chemical
Company, Poole, UK.

Monoclonal anti-p-tubulin (clone TUB 2.1) (T4026), Sigma-Aldrich Chemical
Company, Poole, UK.

Monoclonal anti-Growth associated protein-43 (GAP-43) (clone GAP-7B10)
(G9264), Sigma-Aldrich Chemical Company, Poole, UK.

Monoclonal Bcl-2 (clone Bcel-2-100) (B3170), Sigma-Aldrich Chemical Company,
Poole, UK.

Neurofilament 200 kDa monoclonal (clone RT97), (NCL-NF200), Vector
Laboratories Ltd, Peterborough, UK.

Neurofilament 200 monoclonal antibody (clone N52) (NO0142), Sigma-Aldrich
Chemical Company, Poole, UK.

NeutrAvidin horseradish peroxidase conjugated (31001), Perbio Science UK Ltd,
Cheshire, UK.

Rabbit polyclonal antibody to ubiquitin-protein conjugates, (clone UG9510) Affinity
research products Ltd, Exeter, UK.

SMI31 anti-phospho-neurofilaments, Sternberger Monoclonals Inc, Maryland, USA.
Transglutaminase II Ab-1 (clone CUB 7402) (MS-224-P), Stratech Scientific Ltd,
Cambridgeshire, UK.

2.1.5.2 Secondary antibodies

Goat anti-mouse immunoglobulins alkaline phosphatase conjugated (D0486)
Goat anti-mouse immunoglogulin horseradish peroxidase conjugated (P0447)
Goat anti-rabbit immunoglobulins alkaline phosphatase conjugated (D0487)
Goat anti-rabbit immunoglogulins horseradish peroxidase conjugated (P0447)
Rabbit anti-mouse immunoglobulins FITC conjugated (F0261)

All purchased from DAKO Ltd, Cambridgeshire, UK.

2.1.6 Specialised equipment

ATTO HorizBlot, ATTO corporation, Japan.

Bio-Rad mode 680 microplate reader, Bio-Rad Laboratories Ltd, Hemel Hempstead,
UK.

Bio-Rad Power Pac 300, Bio-Rad Laboratories Ltd, Hemel Hempstead, UK.

Bio-Rad Trans-Blot electrophoretic transfer system, Bio-Rad Laboratories Ltd,
Hemel Hempstead, UK.

GeneTools/GeneSnap gel analysis/quantification system, Syngene, Cambridge, UK.
Leica CLSM confocal laser microscope, Leica, Germany.

Lucy I microplate luminometer, Anthos, UK.

MIKRO 22R microfuge, Hettich, Germany.

Mini-PROTEAN II system, Bio-Rad Laboratories Ltd, Hemel Hempstead, UK
Nikon Digital Net camera DN 100, Nikon, Japan.

Nikon Eclipse TS 100 inverted microscope, Nikon, Japan.

Pharmacia electrophoresis power supply EPS 500/400, Pharmacia, UK.

Sanyo Harrier 18/80 refridgerated centrifuge, Sanyo Gallenkamp PLC,
Leicestershire, UK.

Soniprep 150, MSE scientific instruments, UK.

Tecan SPECTRA Fluor plate reader, Tecan UK Ltd, Reading, UK.
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Walker class II microbiological safety cabinet, Walker safety cabinets Ltd,
Derbyshire, UK.
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2.2 METHODS

2.2.1 Cell culture

Three clones of the human SH-SYS5Y neuroblastoma cell line were used. The first (to
be referred to as the ‘Leicester clone’) was a kind gift from Professor S.R. Nahorski,
Pharmaceutical Sciences, Leicester University. The second was obtained from
European Collection of Animal and Cell Cultures (‘ECACC clone’). The third was a
kind gift from Professor M. Griffin, School of Science, formerly of The Nottingham
Trent University and originated from Dr G.Y.W. Johnson, Department of Psychiatry

and Behavioural Neurobiology, University of Alabama (‘Johnson clone’).

2.2.1.1 Maintenance ofSH-SY5Y clones

Cell culture was carried out in a class II safety cabinet using aseptic technique. Cells
were cultured in 25 cm2 (T25), 75 cm2 (T75) and 175 cm2 (T175) flasks in ‘growth
medium’ containing at final concentration:

- Leicester clone —90 % (v/v) Dulbecco’s Modified Eagles Medium (DMEM), 10 %
(v/v) foetal bovine serum (FBS), 2 mM L-Glutamine, 100 units/ml penicillin/10
pg/ml streptomycin.

- ECACC clone - 90 % (v/v) Dulbecco’s Modified Eagles Medium (DMEM)/Ham's
F12 (1:1), 10 % (v/v) heat inactivated FBS (serum heated at 60 °C for 30 min), 2
mM L-Glutamine, 1% (v/v) non essential amino acids, 200 units/ml penicillin / 0.2
mg/ml streptomycin.

- Johnson clone - 85 % (v/v) RPMI-1640, 10 % (v/v) heat inactivated horse serum, 5
% (v/v) heat inactivated FBS, 2 mM L-Glutamine, 200 units/ml penicillin / 0.2

mg/ml streptomycin.
Components of growth medium for clones were used as recommended by their

source. Cells were incubated at 37 °C in a humidified atmosphere of 95 % (v/v) air/5

% (v/v) carbon dioxide until 70-90 % confluent.
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2.2.1.2 Sub-culture

Cells were assessed via light microscopy for viability. Growth medium was removed
using a Pasteur pipette and the cell monolayer rinsed twice with DMEM to remove
serum. Cells were detached from the substratum using trypsin (100 pg/ml)/
Ethylenediamine (EDTA) (40 pg/ml) in DMEM at 37 °C. Growth medium, ten times
the volume of trypsin solution, was added to quench the action of trypsin. The
suspension was transferred to a sterile centrifuge tube and centrifuged at 150 x g for
five minutes. Supernatant was removed and the pellet re-suspended in 1 ml fresh
growth medium. A volume of cell suspension, typically 20-50 pi was transferred to
an appropriate sterile flask containing fresh growth medium. Cells were then

incubated as described in section 2.2.1.1.

2.2.1.3 Viable cell counting and seeding

To seed cells at a given density, a 1:10 dilution of cell suspension prepared during
sub-culture was made in Trypan Blue solution (0.4 % [v/v]), typically 180 pi Trypan
blue and 20 pi cell suspension (see section 2.2.3.2). A viable cell count was
performed in four fields (each 1.0 mm2) on a haemocytometer (0.1 mm depth
chamber) using light microscopy at x 10 magnification. Cell density/ml was
calculated as follows:
cell density - mean cell number (from four fields) x 104 x dilution factor

This value was used to determine the volume of cell suspension required to achieve
the desired cell density in a known volume of fresh growth medium. Once seeded,
cells were incubated in a humidified atmosphere of 95 % (v/v) air/5 % (v/v) CO2 at
37 °C.

2.2.1.4 Cryo-preservation ofcells

Cells underwent long-term storage in the gaseous phase of liquid nitrogen in freezing
medium containing, at final concentration, 95 % (v/v) FBS and 5 % (v/v) sterile
dimethyl sulfoxide (DMSO). Cells were grown as described in section 2.2.1.1,
harvested using trypsin (as described in section 2.2.1.2) transferred to a sterile

centrifuge tube, a sample diluted 1:2 with Trypan blue and counted as described in
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section 2.2.1.3. The cells were then sedimented by centrifugation at 150 x g for 5
min. Supernatant was removed and the centrifuge tube gently tapped to dislodge the
cell pellet. The pellet was re-suspended in ice-cold freezing medium to give a density
of 2 x 106 cells/ml. The suspension was immediately transferred to cryovials on ice
in 1 ml aliquots and rapidly transferred to a - 70 °C freezer overnight before

transferring to liquid nitrogen for long term storage.

2.2.1.5 Resuscitation o fcryo-preserved cells

Having removed a vial of cells from liquid nitrogen storage, cells were thawed
rapidly by suspending the vial in a 37 °C water bath. Cells were immediately
transferred to a sterile centrifuge tube containing 10 ml fresh growth medium. The
cell suspension was centrifuged at 150 x g for 5 min. Supernatant was removed and
cells re-suspended in 1 ml fresh growth medium using a Pasteur pipette before
transfer into a sterile T25 flask containing 10 ml growth medium. Cells were
incubated in a humidified atmosphere of 95 % (v/v) air/5 % (v/v) carbon dioxide at

37 °C until 70-90 % confluent then sub-cultured as detailed in section 2.2.1.2.

2.2.1.6 Differentiation ofSH-SY5Y human neuroblastoma cells

Cells were seeded in growth medium as detailed in section 2.2.1.3 (typically 5000
cells/well of a 96 well plate or 400,000 cells in a T25 flask) and allowed to recover.
Approximately 24 h after seeding, medium was carefully removed and replaced with
differentiating medium (see below), then incubated in a humidified atmosphere of 95
% (v/v) air/5 % (v/v) carbon dioxide at 37 °C in the dark. SH-SY5Y cells were
induced to differentiate in medium containing at final concentration:

- Leicester clone - DMEM containing 2 % (v/v) FBS, 2 mM L-Glutamine, 100
units/pl penicillin / 10 pg/ml streptomycin and 10 pM all-trans retinoic acid

- ECACC clone - DMEM/Ham's FI12 containing 1 % (v/v) heat inactivated FBS, 2
mM L-Glutamine, 200 units/pl penicillin / 0.2 mg/ml streptomycin, 1 % (v/v) non

essential amino acids and 10 pM all-trans retinoic acid or 1 nM staurosporine (STS).
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- Johnson clone - RPMI-1640 containing 4 % (v/v) heat inactivated horse serum, 1
% (v/v) heat inactivated FBS, 2 mM L-Glutamine, 200 units/pl penicillin / 0.2 mg/ml

streptomycin and 10 pM all-trans retinoic acid.

Components of differentiating medium for clones were used as recommended by
their source. Cells were maintained, with differentiating media exchanged on days 3
or 4, for 7 days after which toxicity assays were commenced. Cells were induced to
differentiate using 10 pM all-trans retinoic acid unless otherwise stated. In
accordance with ECACC guidelines, ECACC clone cells were not differentiated
beyond passage 20.

2.2.1,7 Coomassie blue staining

Medium was aspirated from cells using a Pasteur pipette. Cells were fixed for 20 min
at - 20 °C in 90 % (v/v) methanol/Tris Buffered Saline (TBS: [50 mM Trizma base,
200 mM NaCl, pH 7.4]). Fixing solution was removed by inversion of the plate and
cells were stained for 1-2 min in Coomassie brilliant blue G protein staining solution
(de-stain solution [25 % (v/v) ethanol, 10 % (v/v) glacial acetic acid] containing 0.25
% (w/v) Coomassie brilliant blue G). Cells were rinsed twice in distilled water to

remove excess stain and left to air-dry.

2.2.2 Quantification of axon outgrowth

In order to quantify outgrowth of axon-like processes, live cells cultured in T25
flasks were observed using phase contrast microscopy at x 100 magnification.
Counts were made of total cell number and number of axon-like processes greater
than two cell bodies in length in four random fields per flask. Axon outgrowth was

expressed as a percentage oftotal cell number (axons/100 cells).
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2.2.3 Assessment of cell viability

2.2.3.1 MTT tetrazolium salt assayfor anchorage dependant cells

3-[4-5-Dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) is a substrate
that is taken up by cells and reduced by mitochondrial and endoplasmic reticulum
dehydrogenase enzymes, to yield a purple formazan product that accumulates within
cells depending on cell integrity and viability (Cookson et al, 1995). Typically
viability was assayed in cells cultured in 96 well plates where 10 pi 5 mg/ml
MTT/Phosphate Buffered Saline (PBS: [137 mM NaCl, 2.68 mM KC1, 8.1 mM
Na2HP04, 1.47 mM KH2PO4, pH 7.4]) were added to the culture medium and
incubated at 37 °C in a humidified atmosphere of 95 % (v/v) air/5 % (v/v) carbon
dioxide for 1 h. After this time, all medium was removed from the cells and replaced
with 100 pi DMSO. The plate was then agitated on an orbital shaker to dissolve the
formazan product. Absorbance was read spectrophotometrically using a multi-plate
reader at 570 nm. Absorbance results were expressed as mean percentage cell

viability compared to controls + standard error ofthe mean (SEM).

2.2.3.2 Trypan blue exclusion assay

Trypan blue is taken up by dead cells where it stains the cytoplasm, causing cells to
shine bright blue when observed by light microscopy. Cells were induced to
differentiate in 96 well plates as detailed in section 2.2.1.6. Medium was removed
and each well rinsed twice with 100 pi DMEM to remove serum. To detach cells, 20
pi trypsin (100 pg/ml)/EDTA (40 pg/ml) in DMEM were added and cells incubated
in a humidified atmosphere of 95 % (v/v) air/5 % (v/v) carbon dioxide at 37 °C for 5
min. Growth medium (30 pi) was added to quench the action of trypsin. The cell
suspension was diluted 1:2 with 50 pi trypan blue (0.4 % [v/v]) and counted in a
haemocytometer chamber as described in section 2.2.1.3. In each case total and dead
cells were counted. The mean number of dead cells could then be expressed as a

percentage ofthe total cell count+ SEM.
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2.2.3.3 ATP assay

The ViaLight HS kit was used according to manufacturer’s guidelines. This kit is
based upon the bioluminescent measurement of ATP, utilising luciferase enzyme
which catalyses the formation oflight from ATP and luciferin. Cells were cultured in
96 well plates as described in section 2.2.1.1 and differentiated as described in
section 2.2.1.6. To assay ATP, 100 pi nucleotide releasing agent were added to each
well (containing 100 pi medium). After 5 min, extracts were transferred to a white
luminometer microtitre plate. Using a luminometer 20 pi ATP monitoring reagent
were added per well. Emitted light intensity was proportional to ATP concentration.
Results were expressed as mean percentage cell viability compared to controls =+

SEM.

2.2.4 MPP+MPTP toxicity studies in mitotic and differentiated SI1-SYSY

cells

Cells were seeded in growth medium at 10,000 or 5,000 cells/96 well for mitotic and
differentiated studies, respectively and allowed to recover overnight. For cells to
remain mitotic, medium was removed and replaced with fresh growth medium
supplemented with MPP+ For cells to be differentiated over 7 days as detailed in
section 2.2.1.6, medium was removed and replaced with differentiating medium. On
day 7 medium was carefully removed and replaced with fresh differentiating medium
supplemented with MPP+. Cells were incubated at 37 °C in a humidified atmosphere
in 95 % (v/v) air/5 % (v/v) carbon dioxide in the dark. Cells were incubated with
MPP+ for periods of up to 14 days; media treatments were changed twice weekly.
Cell viability was assessed at given time points using the MTT assay, as detailed in
section 2.2.2.1. Results of toxin treated cells are presented as mean percentage

reduction ofnon-toxin treated controls + SEM.
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2.2.5 Protein extraction systems

2.2.5.1 Totalprotein extractionfrom cellsfor detection o fcytoskeletalproteins and
tissue transglutaminase during differentiation and in response

to MPP+treatment

To extract total protein from cells the medium was carefully decanted from the flask
and the monolayer washed twice with 1 ml PBS to remove serum. 500 pi ice cold
extraction buffer (50 mM Trizma base pH 6.8, 150 mM NaCl, 5 mM EDTA, 1 %
(w/v) sodium dodecylsulphate (SDS), 2 mM PMSF, 0.2 % (v/v) protease inhibitor
cocktail) was pipetted directly onto the monolayer to lyse cells. The flask was
agitated to ensure cell detachment and the extract immediately transferred to an
Eppendorf tube on ice. For experiments where a significant number of cells were
floating, they were included in the extraction; medium and PBS washes were
collected and centrifuged at 150 x g for 5 min. The resultant pellet was added to the
adherent cell extract. Total extracts were sonicated (six pulses) on ice, boiled for 1
min then vortex mixed to ensure homogeneity. Aliquots of samples were stored at -

20 °C prior to protein estimation by the Lowry method (see methods section 2.2.6.1).

2.2.5.2 Differential cell extractionfor detection o fMAPK signalling pathway

proteins

For detection of proteins associated with MAPK signalling pathways, cells were
seeded into 6 well plates at 80,000 cells/well and differentiated as detailed in
methods section 2.2.1.6. On day 7, medium was carefully removed and replaced with
fresh differentiating media (control wells), 10 pM MPP+ or 5 mM MPP+ chosen
according to preliminary experiments to represent sub-cytotoxic and cytotoxic
concentrations of toxins following short-term exposures. Cells were incubated with
toxins and corresponding controls over a 24 h time-course. At given incubation
times, media were carefully removed and replaced with 300 pi ice cold extraction
buffer (50 mM Tris pH 6.8, 5 mM EDTA pH 6,8, 1% (v/v) Igepal, 0.1 % (w/v) SDS,
150 mM NaCl, 1 mM sodium orthovanadate, 2 mM PMSF, 0.2 % (v/v) protease
inhibitor cocktail). Cells were detached by gentle agitatation then transferred to an

Eppendorf tube on ice. Samples were vortex mixed for 30 s then microfuged at
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19000 x g for 10 min at 4 °C to pellet the insoluble fraction. Supemantant was
aliquoted on ice and stored along with the insoluble pellet at - 20 °C prior to protein
estimation by the Lowiy method (see methods section 2.2.6.1). Note that following
employment of the Lowry method all standards and samples were microfuged at
19000 x g for 1 min to spin down a precipitate that forms in the presence of this

extraction buffer.

2.2.6 Estimation of protein in cell extracts

2.2.6.1 Micro-Lowry method

The protein content of samples was estimated using the Lowry method (Lowry ef ah,
1951 (with modifications)). A calibration graph was constructed using bovine serum
albumin (BSA) to represent 0-100 pg protein. Protein standards and test samples,
both in extraction buffer, were diluted appropriately to a final volume of 100 pi in

extraction buffer.

The working Lowry reagent was prepared as 2 % (w/v) NaCo3, 1 % (w/v) CUSO4,
2.7 % (w/v) NaK tartrate in 0.1 M NaOH immediately before use. 1 ml of reagent
was added to each standard and sample, which were then vortex mixed and incubated
at room temperature for 15 min. The reaction was developed over 30 min at room
temperature, via addition of 100 pi Folin Ciocalteu’s phenol reagent diluted 1:1 with
distilled water. The solutions were vortex mixed and absorbances measured
spectrophotometrically on a multiplate reader at 750 nm. A typical standard
calibration curve of mean absorbance for standards (blanked for zero protein) versus
protein concentration (pg/assay) is shown in Figure 2.1 from which the protein

content ofthe samples could be estimated.
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Figure 2.1 Standard calibration graph for BSA using the micro-lowry method

2.2.6.2 Bio-Radprotein assay

The Bio-Rad protein assay was used in accordance with the manufacturer’s
guidelines. A calibration graph ranging from of 0-100 pg protein was prepared from
BSA as detailed in section 2.2.6.1. Samples were prepared as described in section
2.2.6.1. Bio-Rad dye reagent (neat reagent diluted 5 times with distilled water to a
final volume of 5 ml) was added to each standard and sample, which were then
vortex mixed. After a period ofbetween 5 min and 1 h, absorbances were read at 620

nm.
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2.2.7 Denaturing sodium dodecylsulphate polyacrylamide gel electrophoresis

(SDS-PAGE)

2.2.7.1 Preparation o facrylamide resolving gels

SDS-PAGE separates proteins in a sample according to their size and molecular

mass. Hence small proteins of lower molecular mass diffuse more rapidly than larger

proteins and therefore travel further through the gel. SDS-PAGE was carried out as

follows: -

L.

The Bio-Rad mini Protean II apparatus was assembled according to the
manufacturer’s guidelines. In brief two glass plates were held, typically 1.5
mm apart, by vertical spacers.

For each gel, 10 ml gel mix was prepared as detailed in Table 2.1 and
degassed under vacuum for 10 min. It should be noted that the 40 %
acrylamide stock includes NN’- methylenebisacrylamide to give a final ratio
0of 29:1. For each 10 ml gel mix 100 pi 10 % (w/v) ammonium per sulphate
(APS) and 10 pi TEMED were used as polymerisation agents, added
immediately before the gel was poured.

Gels were poured approximately 2.5 cm from the top of the glass plates and
covered with a layer of water-saturated butan-2-ol to exclude air. The gel mix

was allowed to polymerise at room temperature for 30-45 min.

2.2.7.2 Preparation ofstacking gel

Once the resolving gel had polymerised, the butan-2-ol was rinsed away with

SDS-PAGE buffer (0.0256 M Tris base; 0.192 M Glycine; 0.1 % SDS).

Typically 3 ml 4 % (v/v) acrylamide stacking gel were used per gel (see Table

2.2) and degassed under vacuum over 10 min. The volumes of reagents required

to prepare 100 ml stock stacking gel mix are shown in Table 2.2. To polymerise 3

ml of the stacking gel stock, 12 pi TEMED and 30 pi APS were added

immediately before pouring. Stacking gel mix was poured above the resolving

gel to the top ofthe glass plates. Combs were positioned (10 wells) within the gel
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to form individual wells. The gel was allowed to polymerise for 30 min at room
temperature before removal of the combs and transfer of the gel to an

electrophoresis running chamber to be submerged in SDS-PAGE buffer.

Reagent 7.5% 10% 12% 15%
Acrylamide  Acrylamide  Acrylamide Acrylamide
40 % Acrylamide 1.88 ml 2.50 ml 3.00 ml 3.75 ml
stock
1.5 M Tris buffer 2.50 ml 2.50 ml 2.50 ml 2.50 ml
(pH 8.8)
10 % SDS 100 pi 100 pi 100 pi 100 pi
Millipore 5.50 ml 4.90 ml 4.40 ml 3.65 ml
(distilled) water

Table 2.1 Preparation of Acrylamide resolving gels

Table 2.1 details the methods for preparation of acrylamide resolving gels.
Separation of proteins within a sample can be varied according to the percentage of
acrylamide within the resolving gel. For greater separation of high molecular weight
proteins, a lower percentage acrylamide gel would be used and vice versa.

Reagent Volume (ml) (to make 100 ml)
40 % Acrylamide stock 10
0.5 M Tris buffer pH 6.8 25
10 % SDS 1
Millipore (distilled) water 64

Table 2.2 Preparation of 100 ml stock 4 % acrylamide stacking gel.
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2.2.7.3 Preparation ofsamplesfor SDS-PAGE

Samples (typically 20-50 jug protein), were diluted 1:1 in 2 x concentrated reducing
electrophoresis sample buffer (4 % (w/v) SDS; 30 % (v/v) glycerol; 0.1 M Tris HCL
pH 6.8; 100 mM DTT; 0.01 % (w/v) Bromophenol blue). Samples and pre-stained
molecular weight markers (10 jul/gel) were heated to 100 °C for 5 min then
microfuged at high speed for 10 s to recover all the sample prior to loading and
separation at a constant current (40 mA/gel). Current was stopped as the dye front

ran offthe bottom ofthe gel.

2.2.7.4 Acetone precipitation

Where the calculated volume of sample was too large to be loaded into the well of a
gel, acetone precipitation was used. The required sample volume, in an Eppendorf
tube, was vortex mixed with 5 times its volume of ice-cold acetone prior to
incubation at - 20 °C for a minimum of 2 h. The mixture was then microfuged at
19000 x g for 10 min. Supernatant was carefully removed and discarded and the
pellet re-suspended in an appropriate volume of reducing electrophoresis sample

buffer for loading.

2.2.8 Western blotting and immunoprobing of proteins

2.2.8.1 Western blotting

Proteins separated by SDS-PAGE were transferred -electrophoretically to a

nitrocellulose membrane by Western blotting using one of two methods:

Wet blotting (Bio-Rad Trans-Blot electrophoretic transfer system): - Four pieces
of filter paper and one piece of nitrocellulose were cut to the same size as the gel and
pre-saturated with electroblotting buffer (48 mM Trizma base, 39 mM glycine, 20 %
(v/v) methanol, 0.0375 % (w/v) SDS). The gel was laid on top of the sheet of
nitrocellulose. This was sandwiched on each side with two pieces of filter paper and
two fibre pads. Care was taken during this procedure to ensure that air pockets were

not trapped. The sandwich was held in a plastic case submerged in electroblotting
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buffer in a tank. For overnight blotting, 30 V were applied over 16 h at room
temperature. The process could also be carried out in 1 h 30 min at 100 V according

to manufacturer’s instructions.

Semi-dry blotting (ATTO HorizBlot): - The internal blotter surfaces were flooded
with distilled water. The gel was laid on top ofa piece ofnitrocellulose of equal size.
Again care was taken to ensure that any air pockets were removed. This was
sandwiched on either side by six pieces of filter paper of equal size, all pre-saturated
with electroblotting buffer. Excess buffer was removed from the blotter surface and a

current of2 mA/cm gel was applied over 1h 30 min.

2.2.8.2 Immunoprobing

2.2.8.2.1 Preparation o fnitrocellulosefor immunoprobing

Protein transferred to nitrocellulose during the blotting process was stained with
copper pthalocyanine 3,4 4, 4, tetrasulphonic acid tetrasodium salt (0.05 % (w/v) in
12 mM HC1), to ensure adequate transfer and to allow for photography (GeneTools
gel analysis system). The nitrocellulose was then cut as required for immunoprobing

and de-stained in 12 mM NaOH.

2.2.8.2.2 Blocking of non-specific antibody binding and immunoprobing with

primary and secondary antibodies

Non-specific antibody binding was prevented by blocking of nitrocellulose for 1h in
3 % (w/v) marvel milk/TBS or 3 % (w/v) BSA/TBS with gentle shaking.
Nitrocellulose sections were incubated with primary antibody diluted in blocking
agent overnight at 4 °C with gentle shaking. Information regarding the epitope
specificity and required dilutions of primary monoclonal antibodies used are detailed
in Table 2.3. Unbound primary antibody was removed by washing with TBS/0.1 %
(v/v) Tween 20 for 6 x 10 min washes with vigorous shaking. Nitrocellulose sections
were incubated with an alkaline phosphatase - or horseradish peroxidase (HRP) -
conjugated secondary antibody diluted 1:1000 in blocking agent for development via

colourmetric or enhanced chemiluminescence methods respectively (see sections
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2.2.8.2.3 and 2.2.8.2.4), for 2 h at room temperature with gentle shaking. Unbound

antibody was washed again as above.

2.2.8.2.3 Alkaline phosphatase development system

Blots were washed for 5 min in distilled water then equilibrated for a further 5 min in
substrate buffer (0.75 M Tris, pH 9.5). Inmmioprobing was developed in the dark by
addition ofalkaline phosphatase substrate solution [20ml substrate buffer; 44 pi NBT
(75 mg/ml in 70 % (v/v) DMF); 33 pi BCIP (50 mg/ml)], prepared immediately prior
to use. The reaction was allowed to proceed until bands had appeared. To stop the
reaction the substrate was poured off and the nitrocellulose rinsed with distilled

water. Nitrocellulose was dried between sheets of filter paper.

2.2.8.2.4 Enhanced Chemiluminescence (ECL) development system

ECL was performed using a kit from Amersham Pharmacia Biotech UK Ltd,
according to manufacturers instructions. In brief, solution A and solution B were
mixed in equal volumes to a final volume of 1 ml / 9 x 6 cm2 nitrocellulose then
immediately incubated with the nitrocellulose for 1 min. Excess ECL substrate was
drained and the nitrocellulose was placed protein-side facing downwards onto
SaranWrap. The SaranWrap was folded so as to envelop the nitrocellulose. Care was
taken to avoid trapping air pockets. The nitrocellulose was placed protein-side facing
upwards into a film cassette and held in place with masking tape. Photographic film
was exposed to nitrocellulose in the dark for the required time, dependent on the
primary antibody used. Film was removed from the cassette and placed immediately
into developing solution (diluted 1:5 in water) for 1 min, rinsed in water then
transferred to fixing solution (diluted 1:5 in water) for a further minute. The film was

washed again and then allowed to dry at room temperature.

2.2.8.2.5 Stripping and re-probing membranes

Primary and secondary antibodies could be completely removed from membranes
and membranes re-probed several times. Membrane was submerged in stripping

buffer (100 mM 2-mercaptoethanol, 2 % (w/v) SDS, 62.5 mM Tris-HCI pH 6.7) and
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incubated at 50 °C for 30 min with occasional agitation. The membrane was washed
2x10 min in TBS/0.1 % (v/v) Tween-20, then blocked and re-probed as detailed in
section 2.2.8.2.2.

2.2.8.2.6 Quantification o f Western blots

To allow for quantitative comparison of protein band intensity following Western
blotting and immunoprobing, a process of manual band quantification was performed
using the GeneTools quantification system (Syngene), according to manufacturer’s
guidelines. In brief, equal sized boxes were drawn around bands to be quantified. For
each band an equal sized box was also drawn to represent background. In drawing
boxes, raw volume figures were generated which represent the number of pixels in
each box multiplied by the grey shade value of each pixel. The background value for

each band was subtracted from the band value to give a corrected pixel volume.
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Antibody

N52

(monoclonal)

SMI31

(monoclonal)

RT97

(monoclonal)

CUB-7402

(monoclonal)

TUB 12
(monoclonal)
B512
(monoclonal)
Bcl-2
(monoclonal)
Phospo-ERK 1/2
(monoclonal)
Phospho-JNK 1/2
(monoclonal)
GAP-7B10
(monoclonal)

Total ERK 1/2

(polyclonal)
UG9510

(polyclonal)
p35
(polyclonal)

CHAPTER II. MATERIALS AND METHODS

Epitope specificity

Anti-NF-H/NF-M
(phosphorylation
independent)
Anti-NF-H/NF-M
(phosphorylation
dependent)
Anti-NF-H
(phosphorylation
dependent)
Anti-
transglutaminase 11,
cellular/tissue Ab-1
Anti-(3-tubulin

Anti-a-tubulin

Anti-human Bcl-2

Anti-phosphorylated
ERK 1/2
Anti-phosphorylated
JNK1/2
Anti-GAP-43

Anti-total ERK 1/2

Anti-ubiquitin-
protein conjugates
Anti- p35

Working Dilution
(Western blotting)

1:500- 1:1000

1:1000

1:500

1:1000

1:500

1:500

1:1000

1:500

1:100

N/A

1:500-1:1000

1:1000

N/A

Working Dilution
(immuno-
cytochemistry)
1:200

1:500

N/A

1:20

1:200

1:200

N/A

N/A

N/A

1:20

N/A

N/A

1:20

Table 2.3 Epitope specificity and working dilutions required for primary
antibodies for Western blotting and immunocytochemistry techniques.
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2.2.9 Immunocytochemical analysis of proteins

2.2.9.1 Seeding and differentiation o fcells

SH-SYS5Y cells were seeded in 300 pi growth media into an eight well permanox
chamber slide at a density of 10,000 cells/chamber and induced to differentiate as

detailed in section 2.2.1.6.

2.2.9.2 Fixing ofcells

With care, differentiation medium was removed and cells washed twice in PBS to
remove serum. Cells were fixed using two protocols: -

1. Cells were fixed in 200 pi ice-cold 90 % (v/v) methanol / TBS at - 20 °C for
10 min. Methanol was removed and cells were again washed twice with PBS.
Cells were further permeabilised in 200 pi 0.5 % (v/v) Triton X-100/PBS for
10 min at room temperature, washed in PBS as before and then allowed to
air-dry.

2. Cells were permeabilised prior to fixing (to remove soluble proteins) in 200
pt 0.01 % Igepal in 5 mM MgCL/PBS for 5 min at room temperature. This
was removed and the cells washed twice in PBS. Cells were then fixed in ice-
cold 90 % (v/v) methanol / TBS at - 20 °C for 10 min and washed a further
two times in PBS. Slides were stored at 4 °C until immunoprobing was

performed.

2.2.9.3 Immunoprobing o fcells

Cells were re-hydrated in PBS for 20 min at room temperature. Non-specific
antibody binding was prevented by blocking with 3 % (w/v) bovine serum albumin
BSA/PBS for 1 h at room temperature with gentle shaking. Cells were incubated
with primary antibody diluted in the above blocking agent overnight at 4 °C. Cells
were washed in PBS for 3x 5 min in their chambers then incubated with Fluorescein
Isothiocyanate (FITC) conjugated secondary antibody diluted 1:50 in blocking agent

for 2 h at room temperature, in the dark. Excess secondary antibody was removed by
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3 x5 min washes in PBS in the dark. Slides were carefully air-dried. Vectashield
preservative solution + propidium iodide was applied to the slide before a cover slip
was placed over the cells and glued into place. The slide was then stored at - 20 °C in
die dark to prevent bleaching of fluorescence signal prior to viewing by confocal

laser microscopy.

2.2.10 Assessment of TG activity in MPP+treated cells.

The ability of TG enzymes to incorporate polyamines into proteins can be exploited
to determine the level of TG activity within cells. A method by Zhang et al., (1998a)
(with modifications) was used to visual proteins into which a pseudo-substrate for
TG became incorporated. Cells were seeded into T25 flasks and differentiated as
detailed in section 2.2.1.6. On day seven medium was removed and replaced with
fresh differentiating medium or fresh medium supplemented with MPP+. 1 h prior to
the end of MPP1 incubation, EZ-link 5-(biotinamido) pentylamine (50 mM) was
added to each flask at a final concentration of 2 mM. Following 1 h incubation, cells
were extracted as detailed in section 2.2.5.1. Ionomycin (1 mM in DMEM) was used
as a positive control; cells were differentiated as above, however 2 mM EZ-link 5-
(biotinamido) pentylamine was added for 1 hr prior to 15 min incubation with 10 M
ionomycin. Protein in extracts was estimated using the Lowry method as detailed in
section 2.2.6.1 and separated by SDS-PAGE. Following Western blotting,
nitrocellulose was blocked in 3 % (w/v) marvel milk/TBS and incubated overnight at
4 °C with Neutravidin HRP conjugated secondary antibody (2 pg/ml) (which binds
to incoiporated amines), diluted in blocking solution. Unbound antibody was washed
6 x 10 minutes in TBS/0.1 % (v/v) Tween-20. Incorporation of EZ-link 5-

(biotinamido) pentylamine was revealed by ECL as detailed in section 2.2.8.2A

2.2.11 Statistical analysis

Data was presented as mean # the standard error of the mean (SEM). Statistical

analysis was performed using two-tailed, homoscedastic, Student’s t-Tests. Statistical

significance was accepted at p< 0.05 or p<0.01.
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CHAPTER III. DIFFERENTIATION OF SH-SYS5Y CELLS

3.1 INTRODUCTION

3.1.1 SH-SYS5Y human neuroblastoma cell line - a potential model for MPP+

studies

Whilst animal models provided early important information with regards to
symptomatic, pathological and behavioural defects that result following exposure to
MPTP, their application is limited and hindered by ethical considerations. In-vitro
studies of homogenous cell populations allow the investigation of sub-cellular
biochemical processes with much tighter control ofthe environmental conditions ofa
particular cell type. Employment of a neuroblastoma human cell line should allow
development ofa model with greater analogy to neurones in-vivo. Thus a study of'the
effects of neurotoxins on in-vitro cultures of human neuroblastoma cells is

warranted.

The SH-SYSY cell line is the third cloned sub-line from a parent neuroblastoma cell
line SK-N-SH (SK-N-SH-> SH-SY-> SH-SY5-> SH-SYS5Y). SK-N-SFI was
established in 1970 from the metastatic bone tumour of a young female (Biedler et
al., 1973). Early characterisation of the SK-N-SH cell line by Ross ef al, (1983) and
Ciccarone et al, (1989) suggested that it comprised of three morphologically distinct
cell types. One type, the parent of the SH-SY5Y cell line, SH-SY, was neuroblast
like with a small cell body giving rise to short neuritic processes (N type). This cell
type was poorly adherent but capable of forming focal aggregates (Biedler et al,
1978). The second cell type was epithelial/fibroblast like, morphologically larger,
flatter and highly substrate adherent (S type). The third was an intermediate cell type
expressing properties of both other cell types (I type). The cell types were not only
morphological different but biochemically distinct also. Further research indicated
that cells could undergo spontaneous bi-directional phenotypic and biochemical
inter-conversion between neuroblast like and fibroblast like types, a process termed

transdifferentiation (Ross ef al, 1983).

The SK-N-SH cell line was regarded as predominantly adrenergic but multipotential
with regard to neuronal enzyme expression (Biedler et al/, 1978). As a serially

isolated neuroblast clone, SH-SYSY expresses tyrosine hydroxylase activity (and
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therefore can convert tyrosine to DA) and also dopamine (3 hydroxylase activity (for
conversion of DA to norepinephrine) (Ciccarone et al, 1989). The cells can also
convert glutamate to GABA (Biedler ef al/, 1978). The SH-SY5Y clone has been
widely exploited in neurochemical investigations including those involving MPTP
and MPP+(Song et al, 1997; Song and Ehrich, 1997a, 1997b, 1998). Apart from its
human origin, the clone has the advantage over the murine N2a clone, previously
used and characterised in our laboratory, of being able to transport DA due to
expression of the DA receptor, hence facilitating MPP+ uptake (reviewed by Song
and Ehrich, 1998). In contrast to MPP+, MPTP is taken up into cells via a non-

catecholaminergie mechanism (Song and Ehrich, 1998).

3.1.2 Differentiation of the SH-SYSY cell line

A major advantage of this cell line is its reported ability to produce terminally
differentiated cells with a mature neuronal phenotype using chemical agents (Hartley
et al, 1996; Lo Presti et al, 1992; Tieu et al, 1999). Neuronal differentiation is a
complex process involving intracellular and extracellular signalling molecules
including hormones, cytokines, morphogens and trophic support along with
interactions between cells and their substratum (reviewed by Lopez-Carballo ef al,
2002). This process requires cells to withdraw from the cell cycle into the Go phase
and exhibit neurite outgrowth in response to cellular signals (Pahlman et a/, 1984).
Considerable research has been carried out to assess the potential of various
differentiating agents in the SH-SYSY cell line. Such agents have included all-trans
retinoic acid, staurosporine, 12-0-tetradecanoylphorbol-13-acetate (TPA), nerve
growth factor (NGF), herbimycin and insulin (reviewed by Tieu et al, 1999). Tieu et
al, (1999) review the major biochemical, morphological and functional changes
exhibited by SH-SYS5Y upon differentiation induced by chemical agents, to include
the following: inhibition of proliferation; increased neurite process length; increased
noradrenaline, neuron specific enolase activity and growth associated protein - 43

(GAP-43).
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3.1.2.1 Neuronal differentiation induced by all-trans retinoic acid

All-trans retinoic acid has been successfully employed most commonly as a chemical
differentiating agent in SH-SYSY cells (Hartley et al, 1996, 1997; Sharma et al.,
1999; Tieu et al, 1999). The mode of action of retinoic acid in differentiating cells
continues to be elucidated. Retinoic acid is the biologically active derivative of
Vitamin A and plays a key role in embryonic development in-vivo (reviewed by
Chambaut-Gurein et al, 2000). Following entry into the nucleus, retinoic acid binds
two isoforms of ligand activated nuclear transcription factors, (which belong to the
super family of nuclear hormone receptors), retinoic acid receptors (RARs) and
retinoid X receptors (RXRs). These in turn bind retinoic acid responsive elements
(RARES), controlling the activity of specific genes (Lopez-Carballo et al, 2002;
Ruiz-Leon and Pascual, 2003). In this way retinoic acid instigates the control of
target genes, the down stream consequence of which support the differentiation and
survival of cells. Lopez-Carballo et al, (2002) have found that mRNA levels and
protein expression of differentiation-inhibiting basic helix-loop-helix (bHLH)
transcription factors ID1, ID2 and ID3 are down regulated during early retinoic acid
induced regulation in SH-SYSY cells, with a concomitant increase in expression of
differentiation promoting genes, NEUROD6 and NEURODI1. These changes in gene
expression were surmised to require increased PI3-K and a concomitant Akt
phosphorylation, a signalling pathway that is also important in cell survival (Brunet
etal, 2001; Brazil et al, 2004). Antonyak et al, (2002) report that whilst both PI3-K
and ERK were activated by retinoic acid in NIH3T3 mouse fibroblast cells, only PI13-
K was necessary for retinoic acid induced tissue transglutaminase expression and
subsequent mediation of tissue transglutaminase GTP binding activity, prerequisites
for differentiation (see section 3.1.4 for further details). In one study, retinoic acid is
proposed to induce Myocyte enhancing factor 2 (MEF-2), a transcription factor
believed, via p38a activation, to prevent apoptosis during neuronal development
(Okamoto et al, 2000) The authors propose MEF-2 to work in concert with bHLH
transcription factors. Retinoic acid also stimulates expression of tropomyosin
receptor kinase B (TrkB) receptors in SH-SYS5Y cells, which bind the neurotrophin
brain derived neurotrophic factor (BDNF), a union which promotes neurite

generation (Encinas et al, 1999; Ruiz-Leon and Pascual, 2003).
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3.1.2.2 Markers o fretinoic acid induced differentiation

If a cell culture model is to boast that it is "pre-differentiated" it should be supported
by morphological and biochemical studies. Ideally a marker protein can be identified
and its presence monitored in cell extracts during a differentiation time course. Tieu
et al, (1999) report that retinoic acid induced differentiation results in up regulation
of the anti-apoptotic gene Bcl-2. Expression of GAP-43, which is highly abundant
within the neuronal growth cone, is regulated during neuronal differentiation but its
exact role remains unresolved; indeed literature suggests that its expression may be
transient (Encinas et al, 1999; Lopez-Carballo et al, 2002; Chambaut-Guerin et al,
2000). Up-regulated tTG expression and activity is also characteristic of retinoic acid
induced differentiation in SH-SYSY cells (Tucholski et al., 2001) (discussed in detail
in section 3.1.4). The period of time over which SH-SYSY can survive in the
presence of retinoic acid can be extensive. For example, Hartley er al, (1996)
differentiated SH-SYSY cells in 10 pM retinoic acid in the presence of reduced
foetal bovine serum (1 %) over 28 days with weekly media changes. Numbers of
mitotically active cells were significantly reduced by 8 days of retinoic acid
treatment. It has to be noted that the presence of biochemical markers associated with
neuronal differentiation can be transient (as was noted for GAP-43 above) and their

presence therefore dependent on time post retinoic acid treatment.

3.1.3  The neuronal cytoskeleton and associated post-translational

modifications

Due to the unique morphology and functional requirements of neurones, their
cytoskeletal organisation is specially designed. They comprise of a cell body (within
which most cytoskeletal proteins are synthesised), from which short dendritic
processes and a long axon extend during the differentiation process. Along the axon
electrical impulses (action potentials) travel in anterograde fashion (away from the
cell body). This is an ion-dependent, cyclic process of depolarisation/repolarisation
of the membrane brought about by transient increases in membrane permeability to

Na2tand K+, acting to propagate the signal down the axon.
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Of significance in neuronal cells are phosphorylation and dephosphorylation events
of NFs. The general consensus appears to be that phosphorylation of NFs can occur
as they travel along the axon, thus promoting incorporation into the cytoskeleton, but
also in the cell perikaryon (Shea et a/, 1988, 1990). Recent research has suggested
that a soluble pool of phosphorylated NF-H remains in the cell perikarya of mature
neurones (Shea er al, 1997b). An overall increase in phosphorylation reduces the
mobility of NFs and promotes their incorporation into stationary complexes, thus
contributing to neurite outgrowth and stabilisation (Nixon, 1998; Shea et al, 2003).
Such phosphorylation events occur some time after NF expression and are
considered to signify neuronal maturation. Phosphorylation occurs via KSP (Lys-
Ser-Pro) repeats located in the tail domains of NF sub-units (Giasson & Mushynski,
1996), catalysed by a number of independently regulated enzymes i.e. glycogen
synthase kinase-3, ERK, CDK-5, and SAPK/INK (Guidato ef al, 1996; Giasson &
Mushynski, 1996; Veeranna et al, 1998 and Sun et al, 1996). Being of human
origin, SH-SYSY cells contain KSP repeats of which 34 of the 43-44 present are
KSPXP repeats, major phosphorylation targets of CDK-5. As such CDK-5 activity is
proposed to be of particular significance in NF phosphorylation in this cell line
(Sharma et al, 1999c). Integrins in turn, have been shown to influence CDK-5
activity (Li et al, 2000). Integrins are trans-membrane, heterodimeric receptors
which play important roles in cell adhesion, nerve regeneration and migration
through interactions with extracellular matrix components such as laminin (reviewed
by Li et al, 2000). Retinoic acid has been shown to upregulate oq and pi integrin
expression in SH-SYSY cells during differentiation and, via binding of integrins with
laminin, this has been shown to upregulate the CDK-5 activator p35 leading to CDK-
5 activation and subsequent NF-H phosphorylation and neurite outgrowth (Li et a/,
2000).

Hartley et al, (1996), noted that markers of neuronal maturity i.e. NF heavy chain
(NF-H) phosphorylation increased over the differentiation period in SH-SY5Y cells
in conjunction with reduced vimentin (intermediate filament protein) and increased
synapsin levels. Sharma et al, (1999c) demonstrated increased NF-H and NF-M
chain phosphorylation correlating with long neurite formation, following 6 days
differentiation with 10 pM retinoic acid/10 % heat inactivated FBS with media

changed every 24 h. In comparison, non-differentiated cells contained predominantly
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de-phosphorylated NFs. In the same differentiated cells, NF light chain

phosphorylation state remained unchanged in this study.

Prior to differentiation neuronal cells exhibit short neurites. As noted earlier, upon
differentiation an axon forms, requiring specialised cytoskeletal function and
organisation. Within this process, one neurite outgrows all others. /n-vivo, axon
generation is a highly specialised process involving environmental signals to
determine which neurite will become the axon and the direction of this neuronal
outgrowth. A proportion of remaining neurites may form dendritic processes (Siegel,
1999) exhibiting mixed polarity MTs and high MAP-2 expression. Macleod et dal,
(2001), reported that when SH-SYS5Y cells were differentiated with 10 pM retinoic
acid for 6 days with media replaced at 48 h intervals, cells developed
immunopositivity for the neuronal marker MAP-2 and the Go associated cell cycle
protein p2lwaf During axon outgrowth, tau expression and phosphorylation are
critical for the initial elongation process (Siegel, 1999). Sharma et al, (1999)
demonstrated that tubulin levels were unaffected by retinoic induced differentiation

whilst tau expression increased, a finding supported by Hartley et a/, (1996).

3.1.4 Tissue Transglutaminase (tTG)

In-vitro studies with SH-SYSY indicate that elevated tTG expression and activity
occurs concomitantly with neurite outgrowth and reduction in cell proliferation in
response to retinoic acid treatment (Tucholski et @/, 2001). Through wild type and
mutant tTG transfection studies Tucholski ez a/ (2001) highlight the necessity for
transamidation activity rather than simply protein expression for morphological
differentiation. Miller and Anderton, (1986) propose that tTG plays a role in cell
fiinction/survival via NF modification. Of significance is that Singh et al, (2003)
propose an additional role for tTG following retinoic acid induced activation. They
propose that tTG activation causes transamidation of the small G-protein RhoA,
causing RhoA to become constitutively active. Active RhoA binds and activates
RhoA-associated kinase-2 (ROCK-2) leading to formation of stress fibres and focal
adhesion complexes and, significantly, promoting the activation of ERK 1/2 and
p38y, which may control gene expression for differentiation. Moreover tTG has been

shown to increase adenylyl cyclase activation. This causes enhanced cAMP
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production and consequently greater cAMP-response element-binding protein
(CREB) activation, said to play an important role in neuronal differentiation

(Tucholski and Johnson, 2003).

3.1.5  Anti-apoptotic protooncogene Bcl-2

The Bcl-2 gene belongs to the Bcl-2 family that collectively includes a number of
similar genes that can be described as either pro or anti-apoptotic in function. They
represent key regulators in apoptosis, functioning at different levels of the apoptotic
pathway to activate downstream signalling pathways and can themselves be
regulated both post-transcriptionally and post-translationally, thus altering their
function accordingly. The major target of this family is the mitochondrion and hence
it can regulate apoptosis via control of cytochrome c release (reviewed by Blum et
al, 2001). Bcl-2 is itself anti-apoptotic and in-vivo studies suggest that Bcl-2
expression can protect neurones from cell death during development (Farlie et al.,
1995). Of interest is that in cell culture systems, Bcl-2 expression has been reported
to increase in response to retinoic acid induced differentiation. Indeed Tieu et al,
(1999) reported that in SH-SYS5Y cells induced to differentiate by retinoic acid, Bcl-2
expression was shown to increase with a concomitant decrease in p53 expression
over a 6 day differentiation time course. This was hypothesised to involve indirect
activation of PKC by retinoic acid, in turn influencing p53 expression that acts to
negatively regulate Bcl-2. Hence although not directly involved in the morphological
transformation of cells undergoing differentiation, Bcl-2 may represent a
biochemical marker associated with the differentiation process, suggesting that
apoptotic pathways and those associated with morphological and biochemical

differentiation may at some point converge.

3.1.6 Aims of chapter

The aim of this chapter was to establish and characterise the differentiation process
afforded by all-trans retinoic acid in three clones ofthe SH-SYSY cell line. The first
clone to be used was a kind gift from Professor S.R. Nahorski, Pharmaceutical
Sciences, Leicester University. Studies using a second clone from ECACC

commenced several months into the project. The third clone was a kind gift from
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Professor M. Griffin, formally of the School of Biomedical and Natural Sciences,
The Nottingham Trent University and originated from Dr G.V.W. Johnson,
Department of Psychiatry and Behavioural Neurobiology, University of Alabama.
This clone was not made available until a late stage of the project. The
morphological characteristics of the differentiation process were analysed and
biochemical markers of differentiation established, to achieve terminally
differentiated, viable cells, with a view to employing a pre-differentiated system in

subsequent MPP+studies.
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3.2 RESULTS

3.2.1 Preliminary characterisation of the SH-SYSY cell line using the Leicester

clone

Initial studies with SH-SYSY cells were performed using a clone kindly received
from Professor S.R. Nahorski, Pharmaceutical Sciences, Leicester University and
recommended for the study of NFs by Professor B Anderton, Institute of Psychiatry,
Kings College, London.

The SH-SYSY cell line was previously uncharacterised in my laboratory at the
Nottingham Trent University. Many preliminary studies on differentiation were
performed using this clone including successful establishment of a differentiation
protocol afforded by all-trans retinoic acid; retinoic acid and foetal bovine serum
(FBS) concentrations were defined to support morphologically differentiated, viable
cells. It was envisaged that a protocol be determined whereby cells were cultured in
reduced serum conditions over an extended time period so as to maximise the
window of opportunity for toxicological studies. Mitotic cells exhibited short
extensions; however treatment of cells with retinoic acid increased their number.
When stained with coomassie blue, differentiation was characterised by the presence
of long, sweeping, spiny axon-like processes extending from rounded cell bodies and
a reduction in cell proliferation. Figure 3.1 shows morphological differentiation of
the Leicester clone following a protocol in which cells were seeded in growth
medium at varying densities (1000, 2500, 5000 cells/well) into 96 well plates and
allowed to recover for 24 h. The aim was to establish the lowest serum concentration
that allowed cells to survive/differentiate in retinoic acid. Medium was replaced with
medium containing 1 %, 2 %, 5 % or 10 % FBS = 10 or 20 pM retinoic acid.
Medium was replaced at 48 h intervals over a 6 day time course, after which, cells
were fixed and stained with coomassie blue. At day 6 it was clear that 20 pM retinoic
acid was toxic to cells irrespective of FBS concentration (see Fig 3.IB for 2 % FBS),
At the lower densities (1000/2500 cells/well) 10 pM retinoic acid maintained
differentiation most effectively in the presence of 2 % serum as determined by

morphological observations (see Fig ID) and MTT assay (results not shown). At this
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FBS concentration control cells remained healthy, exhibiting many neuritic
processes. At lower FBS concentrations, 10 pM retinoic acid resulted in cell death
(Fig 3.1IF). Thus results suggested the most effective retinoic acid concentration to be
10 pM in accordance with previous studies (Hartley et al., 1996; 1997; Sharma et al,
1999) with 2% FBS.

Having established a suitable differentiation protocol for the SH-SYS5Y Leicester
clone in terms of morphological assessment, it was necessary to biochemically assess
this differentiation state to determine whether cells had become terminally
differentiated. As discussed, NF phosphorylation status is indicative of neuronal
maturation and can be used as a marker of differentiation in neuroblastoma cells. NF
status can be assessed using various immunobiochemical techniques, therefore an
essential aspect of this work was to determine the antibody repertoire suitable for
detection of “total” NFs (NF protein, irrespective of phosphorylation status) and
phosphorylated NFs in SH-SYS5Y cells. However, it became apparent that this clone
did not exhibit the characteristics described by other authors for SH-SYSY cells: -

* Cells could not be maintained in a healthy differentiated state beyond six
days, in contrast to published studies showing sustained viability for up to

twenty-eight days (Hartley et al, 1996).

* Total and phosphorylated NF proteins were scarcely detectable in cell
extracts using a variety of extraction methods in conjunction with several NF-

specific antibodies.

The Leicester clone was subsequently abandoned since it was deemed to be
unsuitable for the proposed work. However important progress had been made in
terms of method development. An alternative SH-SYSY clone was purchased from

ECACC to continue the investigation.
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Figure 3.1 Morphological assessment of retinoic acid induced differentiation in
the Leicester clone.

Figure 3.1 shows as follows: - (A) Mitotic cells cultured in growth medium
containing 10 % FBS, (B) cell death caused by 6 days culture with 2 % FBS and 20
pPM retinoic acid, (C) control cells cultured with 2 % FBS, (D) cells cultured with 2
% FBS and 10 pM retinoic acid, (E) control cells cultured with 1 % FBS, (F) cells
cultured with 1 % FBS and 10 pM retinoic acid. Initial seeding density in all
examples was 1000 cells/well. B-D are following a 6-day differentiation protocol.
Cells were fixed in methanol/TBS and stained with Coomassie brilliant blue as
detailed in methods section 2.2.1.7. Cells were visualised using light microscopy.
Scale bar represents 40 pm.
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3.2.2 Differentiation studies using the ECACC SH-SYSY clone

3.2.2.1 Initial characterisation o fretinoic acid treatment

The SH-SYSY cell line was purchased from ECACC at the lowest passage number
available, which was passage 11. This was considered important since according to
ECACC guidelines, SH-SYSY cells should not be used beyond passage 20, since the
loss of neuronal characteristics has been ascribed to high passage number. As for the
Leicester clone, initial experiments sought to establish suitable seeding density and
serum conditions in the presence of retinoic acid to give differentiated, viable cells.
Unpredictably and despite numerous attempts, cells would not routinely differentiate
until they had reached passage 18. In some instances, cells would not differentiate at
all and therefore would not be used in experiments. In accordance with ECACC
guidelines cells were not used beyond passage 20. In subsequent experiments the
ECACC clone was evaluated for suitability as a pre-differentiated human cell system

in neurotoxicity studies.

5.2.2.2 Morphological assessmentfollowing differentiation with all-trans retinoic

acid.

In initial experiments employing the ECACC SH-SYS5Y clone a differentiation
protocol was tested whereby cells were induced to differentiate 24 h post seeding in
growth medium containing FBS at a range of concentrations from 1 % to 10 % ofthe
total volume, supplemented with 10 pM retinoic acid. Medium was changed once
over a 7-day time course (routinely day 3 or day 4). Figure 3.2 shows the
morphological transition of ECACC clone cells from mitotic cells to neurone-like,
differentiated cells over 7 days of treatment with 1 % FBS in the presence of 10 pM
retinoic acid. Mitotic cells appear small and irregular in shape but exhibit many short
processes. Within 24 h of retinoic acid treatment, longer axon-like processes had
begun to grow. Cells appeared healthy and differentiated beyond this time point with
no indication of apoptosis, providing cells were not over confluent. Refer to chapter
V, Figure 5.19 to observe the morphology of differentiated cells 14 days beyond the

differentiation time course.
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Figure 3.2 Morphological assessment of retinoic acid induced differentiation of
the ECACC SH-SYSY clone.

A, C, E and G represent mitotic cells at day 1, 3, 5 and 7 respectively. B, D, F and H
represent differentiating cells at corresponding time points. Cells were seeded in
growth media at a density of 80,000 cells/ml approximately 24 h prior to replacement
of medium for differentiating medium (1 % FBS, 10 pM retinoic acid) then
incubated in 95 % (v/v) air/5 % (v/v) CO2 at 37 °C in the dark. Media was changed
on day 3. Cells were visualised using phase contrast microscopy at x 200

magnification. Scale bar represents 20 pm.
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3.2.2.3  The effect ofretinoic acid induced differentiation on cell proliferation.

Reduction in cell proliferation is a marker of terminal differentiation as cells leave
the cell cycle and enter Go phase. The proliferation rate of retinoic acid treated cells
compared with mitotic cells was observed to be lower. Figure 3.3 quantifies this
effect from cell counts performed on mitotic cells and cells induced to differentiate
over 5 days. Results indicate that for mitotic and differentiating cells alike, growth
rate proceeded at a similar rate until day 3 in culture (2 days after addition of retinoic
acid) when cell number for mitotic cells began to exceed that of corresponding
retinoic acid treated cells. The plateau in cell number for mitotic cells at days 5 and 6
in culture were due to cells reaching confluency. Thus results suggested that, within

the chosen protocol, retinoic acid had indeed reduced cell proliferation as expected.

Mitotic cells

Differentiating cells

Number of days in culture

Retinoic acid

addition

Figure 3.3. Graph to show the relationship between number of days in culture
and mean cell number /100pl (x104) in mitotic and differentiating ECACC clone
SH-SYSY cells.

Two 96 well plates were seeded, one to remain mitotic, the other to be differentiated.
Cells were seeded at 10,000 cells/96well. At 24 h intervals post seeding cells were
detached using trypsin and total cell counts performed (as detailed in methods
section 2.2.1.3) Mean cell number from four replicate wells of mitotic and
differentiated cells was determined and expressed as mean cell number/well £ SEM.
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3.2.2.4 Assessment o fcell viabilityfollowing 7T days exposure to retinoic acid

Given the intended use of pre-differentiated cells in toxicological studies, the
viability of cells following retinoic acid treatment was established to ensure that
differentiation was not detrimental to cells. In Figure 3.4, viability of cells treated for
7 days with 10 pM retinoic acid was assessed using two methods. Figure 3.4A shows
results of the trypan blue exclusion assays. Results suggested there was no difference

in viability following retinoic acid treatment compared to mitotic cells.

In a second method the MTT reduction assay was performed. The MTT tetrazolium
salt can be taken up by the cell and reduced via endoplasmic reticulum and
mitochondrial dehydrogenase enzymes to yield a product that can be measured
spectrophotometrically. This assay is dependant on cell integrity and viability and is,
more specifically, a measure of metabolic activity. Following retinoic acid treatment
under reduced serum conditions, MTT reduction/cell was increased compared to

mitotic controls and cells cultured in reduced serum alone (Fig 3.4B).
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Trypan blue exclusion assay
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Figure 3.4 Assessment of cell viability in ECACC SH-SYSY cells under
conditions of reduced serum in the presence/absence of retinoic acid.

A, shows cell viability (mean % of mitotic control + SEM) determined by Trypan
Blue exclusion assays (triplicate wells) whilst B shows MTT reduction/cell (mean %
of mitotic control + SEM) (7 replicate wells). Cells were seeded at 5000 cells/96
well. After 24 h medium was exchanged for fresh growth medium, medium
containing 1 % FBS or differentiating medium (1 % FBS/ 10 pM retinoic acid) and
incubated in 95 % (v/v) air/5 % (v/v) CO2 at 37 °C in the dark for 7 days with
treatments changed on day 3. MTT reduction and Trypan blue exclusion assays were
performed as detailed in methods sections 2.2.3.1 and 2.2.3.2 respectively.
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3.2.2.5 Establishment o fbiochemical markers o fretinoic acid induced

differentiation.

3.2.2.5.1 Effects ofretinoic acid on NF-H levels and specific phosphorylation

status

Total NF status was investigated using the commercial Neurofilament 200
monoclonal antibody (clone N52). This antibody was raised against the carboxy
terminal tail domain of enzymatically de-phosphorylated pig NF-H but exhibits
species cross-reactivity. It is said to be phosphorylation independent given that it
does not discriminate between phosphorylated and de-phosphorylated epitopes. The
N52 antibody gives rise to a doublet in which the two bands do not always separate
clearly following SDS-PAGE as shown in Figure 3.5 (compare to Figure 3.15). In
this system a gel mobility shift associated with NF phosphorylation was not
detectable.

NF-H protein levels (“total NF-H”) were assessed over the retinoic acid induced
differentiation time course using N52. The N52 doublet was corrected against
corresponding bands probed with a reference protein, total ERK 1/2, to account for
any differences in protein loading as detailed in methods section 2.2.8.2.6. Figure 3.5
shows examples of total NF-H after 1 day and 7 days exposure to retinoic acid.
Results show that following 24 h retinoic acid treatment, NF-H protein level was
slightly reduced compared to mitotic controls but that this level of NF-H was then

maintained over the differentiation time course.
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Figure 3.5 Assessment of NF-H levels during retinoic acid induced
differentiation in the ECACC clone using N52.

Cells were induced to differentiate as detailed in methods section 2.2.1.6 or allowed
to remain mitotic (controls). On day 1 and 7 of the time course cells were extracted
as detailed in methods section 2.2.5.1. 30 |ag protein was loaded/lane and separated
on acrylamide gels by SDS-PAGE. Protein was transferred to nitrocellulose
membrane by Western blotting and probed with N52 (NF-H phosphorylation
independent) (1:500) or anti-total ERK 1/2 (1:1000) Primary antibody binding was
detected by ECL as detailed in methods sections 2.2.8.2.4. A representative blot is
shown. Band intensity was quantified. Lanes 1-8 represent the following; lanes 1,2
and 5,6 - mitotic controls: lanes 3,4 and 7,8 - 10 pM retinoic acid/1 % FBS treated.
Results were corrected for loading differences against corresponding total ERK
bands and expressed as mean % of mitotic control £ SEM. Statistical analysis of
mitotic versus RA treated cells based on combined data from 3 independent
experiments (2 replicate flasks per experiment) (n = 3) was carried out using two-
tailed t-Tests. Statistical significance was accepted at p<0.05 (*).
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Specific neurofilament phosphorylation was assessed using two antibodies: 1.
SMI31, which detects phosphorylated NF-H and also cross-reacts with NF-M
(Sternberger Monoclonals Inc). 2. RT97, which detects phosphorylated NF-H alone.
In all experiments, phosphorylated NF-H/NF-M bands were corrected against
corresponding total ERK 1/2 bands. Results were then expressed as a percentage of
corresponding controls. Additionally, using SMI31, the ratio of phosphorylated NF-
M:NF-H was ascertained.

Using RT97 as shown in Figure 3.6 a reduction in NF-H phosphorylation was
detected over 7 days. Figure 3.7 shows specific NF-H and NF-M phosphorylation at
day 3, 5 and 7 ofretinoic acid induced differentiation following immunoprobing with
SMI31. It appears that retinoic acid induces differential effects on phosphorylation of
the NF-H/NF-M sub-types (Fig 3.7A, B, C). NF-H is markedly reduced compared to
mitotic controls by day 7 of the time course. NF-M phosphorylation was better
maintained over the differentiation time course. As shown in Figure 3.7D, the ratio
of NF-M phosphorylation to NF-H phosphorylation in retinoic acid versus mitotic

treated cells was increased 1.9 fold by day 7 ofthe differentiation time course.
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Figure 3.6 Assessment of specific phosphorylation status of NF-H during
retinoic acid induced differentiation in the ECACC clone using RT97.

Cells were induced to differentiate as detailed in methods section 2.2.1.6 or allowed
to remain mitotic (controls). On day 1, 3, 5 and 7 cells were extracted in duplicate as
detailed in methods section 2.2.5.1. 30 fig protein was loaded/lane and separated on
acrylamide gels by SDS-PAGE. Protein was transferred to nitrocellulose membrane
by Western blotting and probed with anti-phosphorylated NF-H antibody, RT97
(1:500). Primary antibody binding was detected by enhanced chemiluminescence as
detailed in methods sections 2.2.8.2.4. Band intensity was quantified and corrected
against corresponding total ERK bands to account for differences in protein loading.
Results were expressed as mean % of mitotic control (two replicate flasks). The
range of'the data is shown.
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Figure 3.7 Assessment of the specific phosphorylation status of NF-H and NF-M
during retinoic acid induced differentiation in the ECACC clone using SMI31.
Cells were induced to differentiate as detailed in methods section 2.2.1.6 or allowed
to remain mitotic (controls). On day 1, 3, 5 and 7 cells were extracted as detailed in
methods section 2.2.5.1. 30 pg protein separated on acrylamide gels by SDS-PAGE.
Protein was transferred to nitrocellulose membrane by Western blotting and probed
with anti- phosphorylated NF-H/NF-M antibody, SMI31 (1:1000) panel A) and total
ERK 1/2 (1:500) (panel B). Primary antibody binding was detected by alkaline
phosphatase as detailed in methods sections 2.2.8.2.3. Phosphorylated NF-H and NF-
M band intensities were quantified and corrected against corresponding total ERK
1/2 bands as detailed in methods section 2.2.8.2.6. Combined values for
differentiated cells from three independent experiments (2 replicate flasks per
experiment) (n = 3) were expressed as mean % of mitotic controls + SEM (panel C).
Statistical significance was assessed using two-tailed t-Tests where statistical
significance was accepted at p< 0.05 (*) and p< 0.01 (**). The NF-M:NF-H
phosphorylation ratio was calculated (panel D).
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3.2.2.5.2 Determination of kinases responsible for NF phosphorylation in the
ECACC SH-SY5Y clone

In order to further characterise NF phosphorylation in the ECACC SH-SYSY system,
preliminaiy assessment of role of kinases proposed to be instrumental in NF
phosphorylation in this cell line was performed. Differentiation medium (1 % FBS,
10 pM retinoic acid) was supplemented with chemical inhibitors to MEK (PD98059
[5 pM]), INK (mixed lineage kinase inhibitor, CEP-11004 [10 nM]) and CDK-5
(butyrolactone 1 [BL-1; 1 pM]) and incubated with cells over 7 days (for further
information regarding MAPK and CDK-5 inhibitors, refer to Chapter V, sections
5.2.1.1 and 5.2.2). Inhibitors were used at a concentration that did not reduce
viability beyond 50 %. The effects of such treatments on cell morphology and
neuritogenesis are shown in Figure 3.8. In this experiment PD98059 treated cells
exhibited reduced axon-like outgrowth in response to retinoic acid treatment.
Conversely, CEP-11004 induced an increase in axon-like outgrowth compared to

control cells. BL-1 had no effect on neuritogenesis.

Total NF levels were analysed in cell extracts by Western blotting, in conjunction
with specific NF-phosphorylation to determine the effect of kinase inhibition. All
MAPK/CDK-5 inhibitors appeared to cause some increase in total NF-H levels (Fig
3.9B) in two independent experiments. The MEK inhibitor (PD98059) and the CDK-
5 inhibitor (BL-1) both caused some reduction in NF phosphorylation (Figure 3.9C).
The effect of kinase inhibition on ERK phosphorylation was also assessed (see Fig
3.10). Both PD98059 and BL-1 reduced ERK phosphorylation by approximately 25
% whilst CEP-11004 increased ERK phosphorylation. Further trials would be

required to confirm these initial findings.
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A. Morphology

a. 10 pM retinoic acid (RA) b. RA +5 pM PD 98059

C.RA + 10 nM CEP-11004 d. RA +1pM BL-1

B. Axon counts

control 5uMPD98059 10nMCEP- 1 uM BL-1
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Figure 3.8 Effects of MAPK and CDK-5 inhibitors on neuritogenesis.

400,000 cells were seeded into T25 flasks and allowed to recover over 24 h. Medium
was removed and replaced with differentiation medium (1 % FBS, 10 pM retinoic
acid) + MAPK and CDK-5 inhibitors (MEK inhibitor, PD98059; mixed lineage
kinase inhibitor, CEP-11004; CDK-5 inhibitor, butyrolactone 1 [BL-1]) as indicated
in a-d above and incubated in 95 % (v/v) air/5 % (v/v) CO2 at 37 °C in the dark.
Medium was changed on day 4. Cells were visualised use phase contrast microscopy
on day 7. Scale bar represents 40 pm. Total cell number and number of axons were
counted in 4 random fields from triplicate flasks on the same day. Results are
expressed as mean axon number/100 cells + SEM.
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Figure 3.9 Assessment of total NF-H levels and specific NF phosphorylation
status following 7 days retinoic acid induced differentiation in the
presence/absence of MAPK/ CDK-5 inhibitors.

ECACC clone SH-SYS5Y cells were seeded at 400,000 cells / T25 flask and allowed
to recover overnight. Medium was removed and replaced with differentiating
medium (1 % FBS, 10 pM retinoic acid) + inhibitors of MEK (PD98059), JNK
(mixed lineage kinase inhibitor CEP-11004) or CDK-5 (BL-1). Medium was
exchanged on day 4. On day 7 cells were extracted as detailed in methods section
2.2.5.1. 50 pg protein was loaded/lane and separated on acrylamide gels by SDS-
PAGE. Protein was transferred to nitrocellulose membrane by Western blotting. NF
proteins were probed with SMI31 antibody (1:1000), stripped and re-probed with
N52 (1:500). Panel A shows representative blots. Primary antibody binding was
detected by alkaline phosphatase and ECL methods (detailed in methods sections
2.2.8.2.3 and 2.2.8.2.4, respectively). Band intensity was quantified and N52 and
SMI31 bands were corrected for differences in protein loading against corresponding
total ERK bands. Panel B represents quantification of NF-H protein levels. Panel C
represents quantification of NF-H and NF-M phosphorylation. Results represent the
mean data of inhibitor treated cells from two independent experiments (incorporating
5 flasks of cells) expressed as mean % of corresponding differentiated controls. The
range of mean data is shown.
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Figure 3.10 Assessment of ERK phosphorylation status following 7 days retinoic
acid induced differentiation in the presence/absence of MAPK/CDK-5
inhibitors.

ECACC clone SH-SY5Y cells were seeded at 400,000 cells / T25 flask and allowed
to recover overnight. Medium was removed and replaced with differentiating
medium (1 % FBS, 10 pM retinoic acid) + inhibitors of MEK (PD 98059), JNK
(mixed lineage kinase inhibitor CEP-11004) or CDK-5 (BL-1). On day 7 cells were
extracted as detailed in methods section 2.2.5.1. 50 pg protein was loaded/lane and
separated on acrylamide gels by SDS-PAGE. Protein was transferred to
nitrocellulose membrane by Western blotting and probed with anti-phosphorylated
ERK 1/2 antibody (1:500), then stripped and re-probed with total ERK 1/2 antibody
(1:1000). Primary antibody binding was detected by ECL (phospho-ERK) and
alkaline phosphatase (total ERK) methods (detailed in methods sections 2.2.8.2.4 and
2.2.8.2.3, respectively). Band intensity was quantified. Phosphorylated ERK bands
were corrected for differences in protein loading against corresponding total ERK
bands. Results from triplicate flasks extracted on the same day were expressed as
mean % of corresponding differentiated control £ SEM.
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3.2.2.5.3 Effects ofretinoic acid on tTG and Bcl-2 expression

Figures 3.11 shows a representative Western blot analysis of tTG expression at 48 h
intervals over the 7-day differentiation time course in 10 pM retinoic acid and 1 %
FBS, with corresponding quantification of band intensity. In mitotic cells tTG was
scarcely detectable over the 7-day differentiation period but tTG expression was
increased markedly (approximately 70 fold). It should be noted that whilst tTG
expression was always found to increase following retinoic acid treatment (three
independent experiments), the extent of this increase varied. In addition, tTG
expression is often easily detected on Western blots of mitotic SH-SYS5Y cells.
Preliminary assessment of the expression of the anti-apoptotic protein Bcl-2 was
reduced by retinoic acid treatment; by day 7, expression was approximately 55 %

compared to mitotic controls (see Fig 3.12).
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Figure 3.11 Assessment of tTG expression over a retinoic acid induced
differentiation time course in ECACC clone SH-SYS5Y cells.

Cells were induced to differentiate as detailed in methods section 2.2.1.6 or allowed
to remain mitotic (controls). On day 1, 3, 5 and 7 of the time course cells were
extracted in duplicate as detailed in methods section 2.2.5.1. 30 pg protein was
loaded /lane and separated on acrylamide gels by SDS-PAGE. Protein was
transferred to nitrocellulose membrane by Western blotting and probed with anti-
tissue transgluaminase II (clone CUB-7402) (1:1000). Primary antibody binding was
detected by ECL as detailed in methods section 2.2.8.2.4. Band intensity was
quantified as detailed in methods section 2.2.8.2.6. Results from duplicate flasks
were corrected for loading differences against corresponding total ERK bands and
expressed as mean % of mitotic control. The range of data is shown. Lanes 1-16
represent the following; lanes 1 and 2, 5 and 6, 9 and 10 and 13 and 14 - mitotic
controls: lanes 3 and 4, 7 and 8, 11 and 12 and 15 and 16-10 pM retinoic acid/l %
FBS treated. Results are representative of three independent experiments as detailed
in the text.
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Figure 3.12 Assessment of Bcl-2 expression following retinoic acid induced
differentiation in ECACC clone SH-SYSY cells.

Cells were induced to differentiate as detailed in methods section 2.2.1.6 or allowed
to remain mitotic (controls). This figure shows Bcl-2 expression levels on day 7 of
the time course, following extraction of cells in duplicate as detailed in methods
section 2.2.5.1. 30 pg protein was loaded /lane and separated on acrylamide gels by
SDS-PAGE. Protein was transferred to nitrocellulose membrane by Western blotting
and probed with anti-Bcl-2 (1:250) Primary antibody binding was detected by ECL
as detailed in methods section 2.2.8.2.4. Band intensity was quantified as detailed in
methods section 2.2.8.2.6. Results from duplicate flasks were corrected for loading
differences against corresponding total ERK bands and expressed as mean % of
mitotic control. The range of'the data is shown.
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3.2.2.5.4 Immunocytochemical analysis o fmarkers o fdifferentiation.

Employing retinoic acid, the ECACC clone became morphologically differentiated
over 7 days. To further assess this status, the distribution of proposed markers of
differentiation were investigated by immunocytochemical staining and analysis via

confocal laser microscopy.

Since phosphorylated NF-H levels did not follow the hypothesised pattern upon
retinoic acid treatment, immunocytochemistry was performed on day 7, at which
point the cells appeared to be differentiated when assessed morphologically. This
was to validate the differentiation protocol and to establish whether processes
extending from the cell bodies were indeed axonal in nature and that phosphorylated
NF protein was correctly distributed along the processes. Figure 3.13 shows mitotic
(A) and 7-day differentiated cells (B) probed with N52 (panel a) and SMI31 (panel
b) antibodies to represent distribution of total NF-H and phosphorylated NF-H/NF-
M, respectively. Results indicate that following treatment with retinoic acid, NFs
become re-distributed from the cell body along the axon-like processes, but in
particular phosphorylated NF-H/NF-M implying that cells were indeed differentiated
to a neuronal phenotype (compare Fig 3.13A and 3.13B, panel b). Following
differentiation, a pool of phosphorylated NF-H/NF-M remains in the cell body,
distinctly localising either in the growth cone, apparently in preparation to travel
down the axon-like processs, or opposite at the distal end of the cell body (see Fig
3.13B, panel b). A punctate staining pattern could be observed throughout the cell
body, and surrounding the nucleus when cells were probed with SMB 1 that was not

observed following staining withN52.

tTG expression was easily detected in mitotic cells despite the fact that it was
detected at low levels in cell extracts following Western blotting (Figure 3.13A,
panel c). Punctate staining was observed in the cell body, appearing to concentrate
around the periphery and within small neuritic processes extending from mitotic
cells. Retinoic acid markedly increased tissue transglutaminase expression,
consistent with expression studies in cell extracts, as demonstrated by highly intense

staining of cell bodies and also axon-like processes (see Figure 3.13B, panel c).
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Figure 3.13 Immunocytochemical analysis of biochemical markers of
differentiation in ECACC clone SH-SYSY cells following treatment with
retinoic acid.

Fig 3.13A represents confocal laser microscopy analysis of mitotic cells. Fig 3.13B
represents cells induced to differentiate over 7 days by treatment with 10 pM retinoic
acid. Cells to remain mitotic were seeded at 4000 cells/chamber whilst cells to be
differentiated were seeded at 10000 cells/chamber. On day 7 cells were fixed,
permeabilised and immimocytochemistry performed as detailed in methods section
2.2.9 using (a) N52 (1:200); (b) SMI31 (1:500); (c) CUB 7402 (1:20). Cells were
protected using Vectorshield mounting medium containing propidium iodide
(propidium iodide stains the nuclei red, shown to the right of each panel). Scale bar
represents 20 pm.
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3.2.3 Characterisation of retinoic acid induced differentiation in the Johnson
SH-SYSY clone.

3.2.3.1 Morphological studies

Given the apparent clonal differences between the Leicester and ECACC SH-SYSY
clones, a third clone was donated to further clarify the characteristics of this cell line.
The Johnson clone had been successfully employed in differentiation studies using
retinoic acid and specifically the involvement oftTG in this process (Tucholski et al.,
2001). To characterise the differentiation process of this clone in our hands, studies
commenced with morphological analysis ofretinoic acid induced differentiation over
a 7-day protocol. Cells were seeded in growth medium as detailed in methods section
2.2.1.1. The following day medium was exchanged for differentiation medium
containing 10 pM retinoic acid and 1 % FBS / 4 % heat inactivated horse serum (see
methods section 2.2.1.6). This medium was exchanged on day 3 ofthe time course.
Figure 3.14 demonstrates the morphological transition of mitotic cells (left panel) to
differentiating cells (right panel) at 48 h intervals during retinoic acid treatment. The
general appearance of the Johnson clone cells can be likened to the ECACC clone
but not the Leicester clone. That said, it can be noted that the differences in
morphology between mitotic and differentiating cells during retinoic acid treatment
are considerably less pronounced in this clone compared to the ECACC clone, with
mitotic cells exhibiting a significant number of axon-like extensions. Treatment with
retinoic acid does, however, increase the number of axon-like extensions and also
reduces cell proliferation (observation). The Johnson clone was obtained at passage
14. In contrast to the ECACC clone, differentiation of the Johnson clone was not

dependent on passage number.
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Figure 3.14 Morphological assessment of retinoic acid induced differentiation of
the Johnson SH-SYSY clone.

A, C, E and G represent mitotic cells at day 1, 3, 5 and 7 respectively. B, D, F and H
represent differentiating cells at corresponding time points. Cells were seeded in
growth media at a density of 80,000 cells/ml approximately 24 h prior to replacement
of medium for differentiating medium (1 % FBS/4 % horse serum, 10 pM retinoic
acid) and then incubated in 95 % (v/v) air/5 % (v/v) CO2 at 37 °C in the dark. Media
was changed on day 3. Cells were visualised using phase contrast microscopy at x
200 magnification. Scale bar represents 20 pm.
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3.2.3.2 Assessment o fbiochemical markers o fretinoic acid induced

differentiation

Preliminary assessment of biochemical markers of retinoic acid induced
differentiation in the Johnson clone was performed. On day /, total NF-H status was
increased compared to controls (Fig 3.15A). NF-H phosphorylation was reduced as
detected by SMI31 and RT97 antibodies, whilst NF-M phosphorylation was reduced
but to a lesser extent (Fig 3.15B and C). The ratio of NF-M:NF-H phosphorylation in
mitotic versus retinoic acid treated cells was increased 1.3 fold by day 7 (Fig 3.15D).
Figure 3.16 demonstrates an increase in tTG (>13 fold) and Bcl-2 (1.4 fold)

expression following 7 days treatment with retinoic acid respectively.

3.2.3.3 Immunocytochemical analysis o fmarkers o fdifferentiation.

In accordance with the ECACC clone, retinoic acid treatment of the Johnson clone
did not increase NF phosphorylation. Immunocytochemical analysis of 7-day
differentiated cells using N52 and SMI31 antibodies to detect total and
phosphorylated NFs respectively, revealed that axon-like processes were more
intensely stained for phoshorylated epitopes following retinoic acid treatment
compared to mitotic controls where staining was predominately located in cell bodies
(compare Fig 3.17A and B; panels a and b). tTG was again highly stained in mitotic
cells. tTG expression appeared to be elevated in retinoic acid treated cells but in
accordance with Western blotting results this increase was not as pronounced as in

ECACC the clone (Fig 3.17B, panel c).
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Figure 3.15 Assessment of NF (total and phosphorylation) status of the Johnson
clone following retinoic acid induced differentiation.

Cells were induced to differentiate as detailed in methods section 2.2.1.6 or allowed
to remain mitotic (controls). On day 3 and 7 ofthe time course, cells were extracted
in duplicate as detailed in methods section 2.2.5.1. 30 jag protein was loaded /lane
and separated on acrylamide gels by SDS-PAGE. Protein was transferred to
nitrocellulose membrane by Western blotting and probed with N52 (1:500) (panel
A), anti-phosphorylated NF-H antibody, RT97 (1:500) (panel B) or with anti-
phosphorylated NF-H/NF-M antibody, SMI31 (1:1000) (panel C). Primary antibody
binding was detected by alkaline phosphatase (A) or enhanced chemiluminescence
(B, C) as detailed in methods sections 2.2.8.2.3 and 2.2.8.2.4, respectively. Band
intensity was quantified and corrected against corresponding total ERK bands to
account for differences in protein loading. Results were expressed as mean % of
mitotic control from duplicate flasks. The range of the data is shown. Lanes 1,2 and
5,6 represent mitotic cells whilst lanes 3,4 and 7,8 represent 10 pM retinoic acid /T %
FBS treatment. The ratio of NF-M:NF-H phosphorylation was calculated (panel D).
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Figure 3.16 Assessment of tissue transglutaminase and Bcl-2 expression in
Johnson clone SH-SYSY cells following retinoic acid induced differentiation.
Cells were induced to differentiate as detailed in methods section 2.2.1.6 or allowed
to remain mitotic (controls). 7 days post retinoic acid treatment cells were extracted
in duplicate as detailed in methods section 2.2.5.1. 30 pg protein was loaded /lane
and separated by SDS-PAGE on a 12 % acrylamide gel. Protein was transferred to
nitrocellulose membrane by Western blotting and probed with anti-transglutaminase
II (clone CUB-7402) (1:1000) or anti-Bcl-2 (1:250). Primary antibody binding was
detected by ECL as detailed in methods section 2.2.8.2.4. Band intensity was
quantified as detailed in methods section 2.2.8.2.6. Results were corrected for
loading differences against corresponding total ERK bands and expressed as mean %
of mitotic control from duplicate flasks. Lanes 1,2 and 3,4 represent mitotic and 7
day differentiated cells, respectively. The range ofthe data is shown.
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FITC FITC + propidium iodide

b. SMI31
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B. Retinoic acid treated cells

Figure 3.17 Immunocytochemical analysis of biochemical markers of
differentiation in Johnson clone SH-SYSY cells following treatment with
retinoic acid.

Fig 3.17A represents confocal laser microscopy analysis of mitotic cells. Fig 3.17B
represents cells induced to differentiate over 7 days by treatment with 10 pM retinoic
acid. Cells to remain mitotic were seeded at 4000 cells/chamber whilst cells to be
differentiated were seeded at 10000 cells/chamber. On day 7 cells were fixed,
permeabilised and immunocytochemistry performed as detailed in methods section
2.2.9 using (a) N52 (1:200); (b) SMI31 (1:500); (c) CUB 7402 (1:20). Cells were
protected using Vectorshield mounting medium containing propidium iodide
(propidium iodide stains the nuclei red, shown to the right of each panel). Scale bar
represents 20 pm.
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3.3 DISCUSSION

3.3.1 Clonal differences in the morphology of the SH-SYSY cell line

This work sought to establish a pre-differentiated human neuroblastoma model to use
in MPP+toxicity studies. Three clones of the SH-SYSY cell line were characterised
in terms of neuronal differentiation with respect to morphological changes and
proposed biochemical markers of the differentiation process. The differentiation
afforded by retinoic acid and staurosporine has been compared (staurosporine data
are not shown). A concentration of 10 pM retinoic acid was chosen in accordance
with the literature and based on viability and morphological studies as detailed in
results section 3.2.2.2. Staurosporine was employed at a concentration of 10 nM,
again chosen from viability and morphology studies (results not shown) and
published work. Indeed Jalava ef al, (1992) state that 10 nM staurosporine used over
72 h caused total inhibition of DNA synthesis in SH-SYS5Y cells indicative of

terminal differentiation.

A most significant observation was the apparent differences between the three
clones. Morphologically, all clones differentiated to a neuronal phenotype, extending
axon-like processes. However the morphology of the Leicester clone differed
markedly from the ECACC and Johnson clones in that cells exhibited significant
homogeneity and appeared smaller with long, sweeping axon-like processes. The
absence of detectable NFs in the Leicester clone despite extensive investigation made
it unsuitable for further study. The uncharacteristic properties displayed were not
predicted, given that this clone had been previously employed in extended
differentiation protocols (Hartley et al, 1996). In such studies cells were
differentiated with 10 pM retinoic acid in the presence of 1 % FBS over a month.
After this time a population of retinoic acid independent, terminally differentiated
cells were reported. NF-H phosphorylation was shown to increase during retinoic
acid induced differentiation as detected by Western blotting using RT97 and SMI31
antibodies. The passage number of cells used in the study by Hartley et a/, (1996)
was 84. As previously noted, ECACC recommend that their clone not be used
beyond passage 20, due to loss of neuronal markers. The Leicester clone used in this

project had been obtained at an unknown passage number, but, through ensuing
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communication with their donor, was proposed to be high. If even higher than
passage 84, it may be that neuronal markers had become scarce. Despite this, axon-

like processes were observed, but their structural composition remains unknown.

In contrast, despite morphological differentiation, the ECACC and Johnson clones
were more heterogeneous in terms of cell shape and extent of differentiation. The
most extensive work was carried out using the ECACC clone primarily due to its
commercial availability, an important factor when considering a cell line for
continued studies. Secondly the Johnson clone was not made available until a late
stage of the project. Having initiated differentiation studies with the ECACC clone,
observing ECACC guidelines regarding the upper passage limit, it became apparent
that cells would not differentiate morphologically to a mature neuronal phenotype
until reaching passage 18 and on occasions a high percentage of cells would never
differentiate to this phenotype. Although the exact reason for this is not known, it is
worth noting observations made in SH-SY5Y cells in earlier reports. As previously
detailed, early characterisation of the SK-N-SH cell line by Ross ef al, (1983) and
Ciccarone et al, (1989) suggested that it consisted of three morphologically distinct
cell types. Research indicated that cells could undergo spontaneous bi-directional
phenotypic and biochemical inter-conversion between neuroblast-like and fibroblast-
like types. For example, the neuroblast SH-SYS5Y clone appealed homogeneous at
time of seeding but after twenty weeks cultivation 0.3% of colonies had inter-
converted to an epithelial phenotype. The percentage of the latter phenotype
increased further over time suggesting that, despite being an isolated neuroblast
clone, a percentage of S-type (substrate adherent) cells are retained. Encinas et al,
(2000) address the nature of transdifferentiation in the SH-SYSY cell line during
retinoic acid induced differentiation suggesting that extended treatments with retinoic
acid did not produce a homogeneous population of cells due to increasing
proliferation of retained S-type cells. It was proposed that this may be particularly
true during culture where cells were not routinely passaged, since this process may
act to select against substrate adherent cells (Encinas et al, 2000 and references
therein). However, it should be observed that in said study, cells were treated with
retinoic acid in the presence of 15 % FBS, which could be expected to support
extensive proliferation of S-type cells that were non-responsive to retinoic acid.

Therefore it could be proposed that treatment with retinoic acid in the presence of a
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much reduced serum level, as demonstrated in this project, would reduce the
likelihood of'this phenomenon. Indeed in my hands, even when cells were responsive
to retinoic acid, there was a population of cells which did not differentiate, but their
prevalence did not appear to increase following extended retinoic acid treatments of
up to 21 days. These early observations determined that in this project ECACC cells
were only used between passage 18 and 20. Where a whole population of cells
appeared unresponsive to retinoic acid following 48 h exposure to the drug, the
experiment was abandoned. This ensured that all experiments were carried out using
a high percentage of pre-differentiated cells of neuronal phenotype. This
phenomenon was only observed with the ECACC clone. Johnson clone cells were
obtained at passage 14. Whilst experience with this clone was limited, differentiation
proved reproducible and was not dependent upon passage number. Mitotic cells,

however, did exhibit a more pronounced neuronal morphology than observed in the

ECACC SFI-SYS5Y clone.

3.3.2 Proliferation and viability of differentiated cells

A reduction in serum levels and addition of chemical agents has potential to induce
stress to cells that may result in death. According to Macleod et al., (2001), serum
withdrawal induced a significant proportion of differentiated SH-SYSY cells to
undergo apoptosis. As previously described, staurosporine can induce both
differentiation and apoptosis in a concentration dependent manner, whilst retinoic
acid was shown at a concentration of 20 pM to induce apoptosis in the Leicester SH-
SYS5Y clone. Observation of cells suggested that retinoic acid treatment was not
detrimental to cell viability but was assessed in a single trial for its effects on
viability as determined by trypan blue exclusion and MTT reduction assays in
ECACC SH-SYS5Y cells. 10 pM retinoic acid did not affect cell viability following 7
days treatment, and an increase in MTT reduction/cell following retinoic acid
treatment was noted. This result may represent a cellular response to addition of an
external agent. Whilst investigating use of the MTT assay for studying toxicity in
primary astrocyte and Cg glioma cell cultures, Cookson et al, (1995) reported an
increase in MTT reduction to formazan product in response to twelve different
compounds tested. Increased MTT conversion may result from alterations in co-

factor levels, enzyme activities i.e. cytosolic and mitochondrial dehydrogenases and
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other NADH/NADPH linked enzymes (Cookson et al, 1995). As hypothesised,
retinoic acid treatment caused a reduction in cell proliferation, consistent with

removal of cells from the cell cycle into Go phase and terminal differentiation.

3.3.3 Biochemical markers of differentiation

Whilst differences in morphological response to differentiating agents were apparent
between clones, so too was the expression of biochemical markers. Table 3.1
summarises the expression of neuronal markers compared to mitotic controls at day 7
of the differentiation process allowing a preliminary comparison of the SH-SY5SY

clones to be made.

Neuronal ECACC clone retinoic acid Johnson clone retinoic acid
marker differentiation differentiation
Tissue

transglutaminase ttt ttt
expression
Total NF-H level
4 ttt
Phosphorylated
NF-H level rrr
Sub-cellular redistribution Sub-cellular redistribution
Phosphorylated
NF-M level u 4

Sub-cellular redistribution Sub-cellular redistribution
Fold increase in
ratio of 1.9 1.3
NF-M:NF-H
phosphorylation
Bcl-2 expression

w tt

Table 3.1. Summary of expression of biochemical markers following 7 days
differentiation in SH-SYSY cells.

Results of assessment ofbiochemical markers of retinoic acid induced differentiation
in ECACC and Johnson clones are summarised in Table 3.1. The Leicester clone was
not included as it had been deemed unsuitable for proposed work. Elevation or
reduction in expression of markers compared to mitotic controls were graded;

t > 10 % elevation; TT >20% elevation; TTT > 50 % elevation
T> 10% reduction; TT > 20 % reduction; TTT > 50 % reduction

Sub-cellular redistribution - determines where the distribution of the marker was
shown to change in differentiated cells indicative of a neuronal phenotype.
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3.3.3.1 Retinoic acid and staurosporine cause an elevation in tTG expression.

tTG expression was greatly elevated in a time dependent manner by retinoic acid
treatment in both ECACC and Johnson clones, indicative of a neuronal phenotype in
accordance with Tucholski et al., (2001) and Singh et ah, (2003). Interestingly the
observed increase was most pronounced in the ECACC clone following retinoic acid
treatment, as shown by Western blot analysis and immunocytochemistry, possibly
due to the mitotic Johnson clone appearing more neuronal-like. Staurosporine
treatment (results not shown) also induced a large increase in tTG expression in the
ECACC clone; this observation has not previously been documented and may
suggest a role for tTG in staurosporine-induced differentiation. The mechanism by
which staurosporine may increase tTG expression and the downstream consequences
of this in terms of neuritogenesis and cell survival, or indeed cell death are as yet
unknown. Further trials are required to confirm this observation. However a role for
tTG has been reported in staurosporine induced apoptosis in SK-N-BE cells whereby
tTG over-expression was shown to prime cells for apoptosis via modification of
mitochondrial homeostasis in an event independent from, and preceding release of
cytochrome ¢ and apoptosis inducing factor (AIF) (Piacentini et al., 2002). It should
be noted, however, that Tucholski ez az, (2001) show that retinoic acid induced tTG
expression, culminating in neuronal differentiation in SH-SYS5Y cells, did not
increase the rate of apoptosis. Following retinoic acid treatment it is documented that
tTG expression and activity is increased, and leads to, via activation of RhoA,
induction of MAPK pathways that result in cytoskeletal reorganisation (Singh et al.,
2003).

3.3.3.2 The role ofBcl-2 in differentiation

The Bcl-2 family of proteins are key players in the control of apoptosis,
incorporating both pro - and anti-apoptotic members that localise to the mitochondria
and endoplasmic reticulum, controlling calcium stores and cytochrome c release.
Expression of anti-apoptotic Bcl-2 is said to protect against cell death during
development when apoptotic and survival pathways converge (Farlie et al, 1995). It
has been reported that retinoic acid increases Bcl-2 expression whilst, conversely,

staurosporine reduces Bcl-2 expression (Tieu et al, 1999). This differential
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expression was shown to impose differential vulnerabilities to toxin treatment, a
phenomenon also described by Lombet et al, (2001). In the ECACC SH-SY5Y
clone, staurosporine treatment did indeed drastically reduce Bcl-2 expression levels
(27.6 % of mitotic control) in agreement with fore-mentioned studies (results not
shown). Retinoic acid induced differentiation of the Johnson clone caused a 40 %
increase in Bcl-2 expression at day 7 of the time course; again in agreement with
previous studies and indicative of neuronal differentiation. In contrast, following
retinoic acid treatment ofthe ECACC clone for 7 days, Bcl-2 level was reduced to 60
% of mitotic controls. This result was unexpected but was obtained from duplicate
flasks and therefore warrants further clarification; however morphological and
viability assays carried out over the same time course showed cells to be healthy and
viable. It should also be appreciated that clonal differences in SH-SYSY cells have
definitely been shown to be apparent in this project, which may account for this
anomaly. Indeed, Yuste et al, (2002) reported that over expression of anti-apoptotic
BcC1-XL, rather than Bcl-2 played a predominant role in protection from staurosporine
induced caspase activation, cytochrome c release and apoptotic changes in SH-SY5Y
cells. The authors suggest that pro-apoptotic members of the Bcl-2 family that are
bound by BcC1-XL may be better neutralised than those bound by Bcl-2 in the SH-
SYSY system. This serves to prove that Bcl-2 itself may be less important than other
anti-apoptotic Bcl-2 family members in certain SH-SYSY clones.

3.3.3.3 NF status and specific phosphorylation during differentiation

NF phosphorylation is considered an integral process in axonal development in
which NFs interact with one another and other cytoskeletal elements providing
strength and stability to the axon and increasing axonal calibre (Shea et al, 2003).
Increased NF-H and NF-M phosphorylation has been described in differentiation
studies, correlating with neurite outgrowth following retinoic acid treatment in SH-
SYS5Y cells (Sharma et al,, 1999c; Encinas et a/, 2000; Li et al, 2000; Singh et a/,
2003). This project has shown that following retinoic acid treatment, NF-H
phosphorylation was reduced compared to mitotic control cells in both the ECACC
and Johnson clones. This result was unexpected but reproducible using numerous
extraction techniques and various NF-specific antibodies. However it should be

noted that in the ECACC clone, following a small reduction in the first 24 h, NF-M
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phosphorylation levels were better maintained over the 7-day time course, suggesting
that NF-M phosphorylation may be of greater importance in maintaining axon-like
structures in this particular SH-SYS5Y clone. Interestingly, irrespective of the source
ofthe SH-SYS5Y clone, the ratio of NF-M:NF-H phosphorylation increased following
retinoic acid treatment. Since the retinoic acid concentration used in this project was
consistent with the literature, observed differences in NF phosphorylation status may
be in part due to clonal variations and in part to differences in culture conditions such
as tissue culture plastic ware, frequency of media changes and components of the
basal medium. Studies with the ECACC clone gave the same reduction in NF-H
phosphorylation when cells were treated with retinoic acid in the presence of 10 %
FBS (results not shown), suggesting that reduced serum conditions were not the
cause. Immunocytochemical analysis of retinoic acid treated cells showed
phosphorylated NF epitopes to be correctly distributed along the length of the axon-
like processes suggesting that retinoic acid treated cells exhibit a neuronal phenotype
that can be maintained by the levels of phosphorylated NF proteins present. An
important observation was that a phosphorylated pool of NFs was always present in
the cell body of differentiated SH-SYS5Y cells in addition to axonal staining. Previous
studies reveal a Triton-soluble pool of phosphorylated NF-H residing in the
perikaryon of differentiated NB2a/dl mouse neuroblastoma cells (Shea et al., 198S;
1990) a proportion of which were subsequently shown to incorporate into the
existing Triton-insoluble cytoskeleton (reviewed by Shea ef al, 1997b). Poltorak and
Freed, (1989) identified phosphorylated NFs in the perikarya of fresh, unfixed rodent
brain sections and neuroblastoma cells, and concluded that phosphorylation of NFs

in the perikaryon is a normal process in-vivo.

3.3.3.4 Therole ofMAPK and CDK-5 pathways in NFphosphorylation and

neuritogenesis.

Several kinases have a potential role in NF phosphorylation during neuronal
differentiation including ERK 1/2 (Veeranna et al, 1998), JNK (Giasson and
Mushynski, 1996; Brownlees et al., 2000) and CDK-5 (Li et al, 2000; Grant et al.,
2001; Sharma et al, 1999c). The contribution of a particular kinase to NF
phosphorylation may be dependant on the species origin of cells and indeed the

stimuli inducing phosphorylation (O’Ferrall et al, 2000). In differentiating SH-
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SYSY cells, CDK-5 has been proposed to be an important kinase in phosphorylating
NF-H and NF-M given the high number of KSPXK motifs present which are
preferentially phosphorylated by this kinase (Sun et a/, 1996). However, ERK 1/2
are able to phosphorylate all KSP motifs in NF proteins (Veeranna ef al, 1998) and
therefore warrant due consideration in this cell line. In order to investigate the role of
MAPKSs and CDK-5 in NF-H/NF-M phosphorylation in the ECACC SH-SYS5Y clone
during retinoic acid induced differentiation, specific inhibitors to each of the fore-
mentioned kinases were added to differentiation medium and incubated with cells
over a 7-day time course. The effects of kinase inhibition on total NF status and NF
phosphorylation were analysed in two independent experiments. In addition,
neuritogenesis was assessed following treatment with retinoic acid alone and in
conjunction with inhibitors in a single preliminary trial. PD98059 and BL-1
(inhibitors of ERK 1/2 and CDK-5 respectively) each reduced NF-H and NF-M
phosphorylation in the presence of retinoic acid suggesting a role for these kinases.
However, further trials would be required to confirm the significance of this finding.
Interestingly, following incubation with all kinase inhibitors, total NF protein levels,
were increased. At the concentration tested (5 pM), PD98059 caused only 25 %
inhibition of ERK phosphorylation. However this was sufficient to reduce
neuritogenesis and also to reduce NF phosphorylation. This is in agreement with
Encinas et ah, (1999) who report that the Ras/MAPK pathway was necessary for
BDNF induced neuritogenesis in retinoic acid pre-treated SH-SY5Y cells. However
other published studies propose that the ERKs play no role in neuritogenesis of SH-
SYSY cells (Singh e/ ah, 2003; Miloso et al., 2004). The results presented in my
study are contrary to Singh et al, (2003) who reported that 50 pM PD98059 had no
effect on retinoic acid induced neuritogenesis in SH-SYS5Y cells. However clonal
differences may account for this anomaly since the cells used by Singh et a/, (2003)
originate from Professor G. Johnson of the University of Alabama (Johnson clone).
Miloso et al, (2004) report that despite persistent ERK activation following retinoic
acid treatment, PKC rather than ERK was important in early neuritogenesis.
Additionally, this study proposed retinoic acid-induced ERK activation to occur via
PKC or PI3-K pathways as opposed to the Raf-kinase dependant pathway, a finding
supported by Lopez-Carballo et al, (2002). Hence, whilst further characterisation of
the ECACC clone may benefit from clarification of the role of PI3-K pathway in
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differentiation, this study suggests a role for the ERK pathway in retinoic acid-

induced neuritogenesis.

Whilst having potential to phosphorylate NFs in this system, JNK is most usually
associated with stress induced NF-phosphorylation (Brownlees et al., 2000). That
said, using dorsal root ganglion O’Ferrall et al, (2000) report that CEP-1347, an
alternative compound to CEP-11004, also found to inhibit JNK (Maroney et al.,
1998), lowered constitutive NF-H phosphorylation in non-stressed cells. Results in
the current study suggest that the presence of the JNK inhibitor CEP-11004 had no
effect on NF phosphorylation during differentiation but increased neuritogenesis. A

hypothesis for these findings is discussed below.

CDK-5 was proposed to play an important role in NF phosphorylation in this cell
line. However, whilst results suggest that treatment with the CDK-5 inhibitor, BL-1,
attenuated NF phosphorylation, no effect on neuritogenesis was observed. It may be
possible to relate the differential effects of inhibitors on NF phosphorylation and
neuritogenesis to differences in ERK phosphorylation. Thus CEP-11004, increased
ERK phosphorylation levels, and also increased neurite outgrowth. On the other
hand, PD98059 and BL-1 both reduced ERK phosphorylation compared to controls
and cause a reduction, or no change in neuritogenesis respectively. The mechanism
by which CEP-11004 induced ERK phosphorylation is unknown and this result
requires further clarification. It may have arisen from two scenarios; a response to
MLK inhibition i.e. cross-talk between pathways or a secondary response arising

from CEP-11004 treatment that is unrelated to MLK inhibition.

In a study using PC12 cells, Sharma et al, (2002), propose that CDK-5/p35 can
phosphorylate active MEK 1, resulting in reduced MEK 1 activity and reduced ERK
2 phosphorylation. Conversely treatment of cells with CDK-5 inhibitor, rescovitine,
significantly increased ERK 1/2 phosphorylation indicating that CDK-5 may provide
feedback regulation of MAPK pathways. In the current study it was noted that BL-1
reduced ERK phosphorylation and had no effect on neuritogenesis. The
concentration of BL-1 employed may not have been high enough. It has to be noted,
however, that according to data provided by the supplier of BL-1, MAPK is
approximately 100 fold less sensitive to BL-1 than CDK-5. Hence the reduction in
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ERK phosphorylation following BL-1 treatment in the current work may be a result
of alternative cross-talk between MAPK pathways or indeed a previously

uncharacterised effect of the inhibitor, independent of CDK-5 inhibition.

In conclusion a marked variation in morphology and expression of biochemical
markers of differentiation was observed between three clones of the SH-SYS5Y cell
line, highlighting the importance of cell characterisation. The ECACC clone was
chosen to pursue further toxicological studies primarily due to its commercial
availability and therefore more precise definition of origin and employment
guidelines. In addition the clone differentiates to a stable neuronal phenotype using
retinoic acid, allowing toxicity studies to be undertaken over extended time periods.
Biochemical markers have been identified that support and maintain the retinoic acid

induced neuronal phenotype.
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CHAPTER IV. CHARACTERISATION OF MPP+TOXICITY

41 INTRODUCTION

4.1.1 MPP+induced toxicity and its assessment in SH-SYSY cells

This project investigates the effects of the Parkinsonian mimetic MPP+ on human
(SH-SYS5Y) neuroblastoma cells. The effects of MPP+ on a pre-differentiated human
cell line may provide data with significant clinical and research implications. For
example, a human cell culture model may be useful for neuroprotective screening
and thus identifying therapeutic agents that prevent or revoke MPP+ induced

neuronal degeneration.

The pre-differentiated SH-SYS5Y cell line is potentially an ideal model for the
investigation of markers of MPP+ toxicity. As previously detailed this cell line
expresses the DA uptake system required for MPP+ uptake into cells (Song and
Ehrich, 1998). The primary insult in PD and MPP+ toxicity is complex I inhibition
with resultant ROS production contributing to oxidative stress. Importantly, MPP+
toxicity in SH-SYS5Y cells has been correlated with increased ROS and lactate
production, both indicative of impaired electron transport and preceding irreversible
commitment to apoptosis, during which, a collapse of ROS production and
mitochondrial membrane potential was observed (Fall and Bennett, 1999). Anti-
oxidant enzyme activities are reportedly elevated in MPP+ treated SH-SYSY cells
suggestive of compensatory mechanisms to protect against oxidative stress
(Cassarino et al, 1997). Additionally, SH-SYSY cells can produce DA from tyrosine
since they express tyrosine hydroxylase activity augmenting the potential for ROS

production (Biedler et al., 1978).

Before commencing MPP+ studies concentrations of the toxin that were cytotoxic
and sub-cytotoxic to pre-differentiated ECACC SH-SYS5Y cells over a range of time
points were established using the MTT reduction assay. This assay has been
previously used to investigate MPP+toxicity in SH-SYSY cells (Gomez et al, 2001,
Gomez-Santos et al, 2002; Joyce et al, 2003). Also, previously in my laboratory, a
comparison of MTT reduction, lactate dehydrogenase release and Trypan blue
exclusion assays yielded comparable data with respect to cell viability measurements

following MPTP treatment of N2a mouse neuroblastoma cells, despite measuring

124



CHAPTER IV. CHARACTERISATION OF MPP1TOXICITY

slightly different parameters (De Girolamo, 2000, PhD thesis, The Nottingham Trent
University). A significant decrease in MTT reduction in toxin treated cells compared
to the control group was regarded as evidence of cytotoxicity. Conversely a sub-
cytotoxic concentration may cause changes in cell morphology but does not cause a
significant reduction in viability compared to controls. In order to further validate the
MTT assay in SH-SYSY cells, viability was also determined by ATP concentration.
In contrast to MPP+ MPTP is taken up into cells via passive diffusion. In order to
fully characterise the SH-SY5Y cell line in our hands, a comparison of MPTP and

MPP+induced toxicity was made, both in mitotic and pre-differentiated cells.

Most studies with MPP+ in SH-SYS5Y cells have used mitotic cells (Song et al,

1997; Gomez et al., 2001; Brill II and Bennett Jr, 2003; Gomez-Santos et al, 2002;
Halvorsen et al, 2002), with fewer studies using differentiated cells, with exposure
to toxin for a relatively short time (24-96 h) (Joyce et al, 2003; Mathiasen et al,

2004). Whether a treatment is considered to be “short-term” or “long-term” depends
on the system used; for example a 4-day exposure in mitotic cells may be considered
long-term, but in differentiated cells this would represent a relatively short-term
exposure. Likewise in-vivo animal models may define a chronic exposure in terms of
months. Indeed Petroske ef al, (2001) describe a chronic mouse model of combined
MPTP/probenecid administration resulting in sustained alterations in the nigrostriatal
pathway for 6 months after cessation of treatment. This would be unrealistic using
in-vitro cell culture models, where an equivalent chronic exposure may be
considerably shorter. The aim of this study was to investigate MPP+ toxicity in
differentiated SH-SYSY cells over a range oftime points. Hence experiments earned
out over 24-72 h were considered “short-term” whilst investigations extending over

14 days were termed “chronic”.

4.1.2 The effect of neurotoxin treatment on the neuronal cytoskeleton

Abnormal cytoskeletal element expression and post-translational modification events
are extensively documented as being characteristic of neurodegenerative disorders.
Hartley et al, (1997) review that NF accumulation is present in giant axonal
neuropathies and amyotrophic lateral sclerosis, whilst accumulation of

phosphorylated NFs associated with Lewy bodies are accepted characteristics of the
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Parkinsonian brain. Most in-vitro cell culture studies investigating Lewy body-like
inclusions have focussed on the aggregation of a-synuclein (Gomez-Santos et ah,
2002; Matsuzaki et al, 2004) and more recently, parkin (Zhao et ah, 2003; Muqit et
al, 2004; for review see Imai and Takahashi, 2004). Whilst these proteins can
undoubtedly play a pivotal role in inclusion formation, significantly less work has

focussed on aberrant NF accumulation and phosphorylation in in-vitro PD models.

In-vitro studies have, however, revealed the presence of abnormal NF accumulation
and phosphorylation following treatment with certain toxic agents. For example,
Hartley et al, (1997) report the filamentous perikaryal accumulation of NFs in
differentiated and non-differentiated SIT-SYSY cells in response to acrylamide and
2,5-hexanedione. Shea et al, (1995) found extensive NF-H phosphorylation in
neuronal cells following aluminium treatment, and in a later study, reported that
these phosphorylated NFs were retained in the cell perikarya where they formed
filamentous inclusions (Shea ef al, 1997a). The first studies to focus on the effects of
MPTP on NF phosphorylation investigated the effects of sub-cytotoxic MPTP
concentrations on NF-H phosphorylation. (De Girolamo et al, 1997, 2001). It was
found that in differentiating and differentiated N2a cells, NF-H were hyper-
phosphorylated and subsequently localised to the cell perikaryon. This correlated
with inhibition of axon outgrowth and axon retraction in the differentiating and
differentiated models respectively. Recent research showed that NF phosphorylation
was increased following proteasome inhibition in PC12 cells, concomitant with
increased JNK activity but with no change in CDK-5 activity, suggesting that the
proteasome-ubiquitin system may be involved in NF degradation (Masaki et al,

2000).

A potential role for changes in tubulin expression/dynamics following MPTP/MPP+
exposure has been investigated but not in SH-SYS5Y cells. The MT system may be an
important contributor to MPP+ toxicity for a number of reasons. Firstly tubulin
epitopes have been detected in Lewy bodies (Galloway et al, 1988). Secondly the
MT plays a major role in intracellular transport in cells. Notably it was found by
Muchowski et al/, (2002) that an intact microtubule cytoskeleton was required for
aggregation and inclusion body formation induced by a mutant huntingtin aggregate

in cellular models for Huntington’s disease. Ren et al, (2003) also provide evidence
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that Parkin is a tubulin binding protein that prevents the accumulation of misfolded
protein by increasing tubulin ubiquitination and degradation through the proteasome.
Cappelletti et al, (1995) found a change in ratio of a and |3 tubulin sub-units
following MPP+ treatment of NGF-differentiated PC 12 cells and later reported that
MPP+ reduced tubulin polymerisation both in intact cells and when incubated with
MT proteins directly in a test tube (Cappelletti ez a/, 1999, 2001). It should be noted
that cytoskeletal changes observed in cultured cells have occurred using sub-
cytotoxic concentrations of toxins (De Girolamo et al, 2000; Song et al, 1997,

Cappelletti et al, 1995).

4.1.3 Aims of chapter

Since neurodegeneration is a chronic process, this project sought to develop a pre-
differentiated human neuroblastoma model in which sub-cytotoxic concentrations of
MPP+were employed over extended time periods (14 days), to more closely mimic
the in-vivo situation. Studies used the active metabolite of MPTP, (MPP+), since the
SH-SYSY cell line was shown to express a dopamine uptake system (Song and
Ehrich, 1998), as utilised by MPP+ in dopaminergic cells in-vivo. The aim of this
chapter was firstly to propose suitable sub-cytotoxic and cytotoxic concentrations of

MPP+over a range of time points.

On the basis of previous work by De Girolamo et al, (2000) and Cappelletti et al,

(1995), the effects of MPP4 on expression and post-translational modification of
cytoskeletal proteins were first analysed using Western blotting. Whilst cytoskeletal
proteins are components ofthe aggresome structure (Johnston et a/, 1998; Ardley et
al, 2003; Muqit et al, 2004), the potential role of NF proteins in the formation of
aggresomes remains to be investigated. In light of this research, the distribution of
cytoskeletal proteins following MPP+ treatment was subsequently assessed using
immunocytochemistry. In general immunocytochemical analysis of cytoskeletal
proteins was conducted on pre-fixed cells. However by using a permeabilisation step
prior to fixation in some experiments [based on a method by Ito ef al, (2002), with
some modifications], it was anticipated that soluble proteins would be removed
allowing insoluble proteins (associated with protein aggregation), to be visualised

more readily.
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Inhibition of the proteasome is implicated in neurodegenerative disease and is
reportedly a consequence of MPP+toxicity in cultured cells (Hoglinger et a/, 2003).
It has also been proposed that the ubiquitin - proteasome system be involved in
degradation of NF and tubulin proteins (Masaki et al., 2000; Ren et al, 2003). Thus
the role of proteasomal inhibition in degradation of cytoskeletal elements in the pre-

differentiated SH-SYS5Y system was also assessed.

128



CHAPTER IV. CHARACTERISATION OF MPP+TOXICITY

4.2 RESULTS

4.2.1 Assessment of cell viability following MPP+/ MPTP exposure in mitotic

and differentiated cells

4.2.1.1 Comparison o fMPTP/MPP+toxicity in mitotic and differentiated cells

In an initial dose-ranging trial, the comparative effects of MPTP and MPP+ were
assessed in mitotic and pre-differentiated cells over 72 h. In all experiments MTT
reduction was linear during the assay, indicating that initial rates of enzyme activity
were being measured. Results indicated that both mitotic and differentiated cells
were more sensitive to MPP+than to MPTP at all time points (see Figs 4.1 and 4.2).
Differentiated cells were less sensitive to toxin treatment than mitotic cells. The EC50
values for mitotic and differentiated cells following MPTP and MPP+treatment are
listed in table 4.1. Toxicity was achieved by 1 mM MPP+at 48 and 72 h exposures in
differentiated cells (refer to section 4.2.1.3).

£ c 50 values (pM)

Cell type Time (h) MPP+ MPTP

Mitotic 24 1800 3600
48 400 2200
72 300 2400

Differentiated 24 >5000%* >5000*
48 2600 4750
72 2200 4000

Table 4.1 ECso values for mitotic and differentiated cells in a single experiment
following treatment with MPTP or MPP+

(*) values were approximate since they were beyond the range of toxin
concentrations tested.
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Figure 4.1 Viability of mitotic cells following exposure to MPTP/MPP+

Cells were seeded in 96 well plates at 10,000 cells / well and allowed to recover
overnight. Medium was removed and replaced with fresh growth medium
supplemented with MPTP or MPP+as detailed in above. Following 24, 48 and 72 h
exposure to toxins, cell viability was assessed using the MTT reduction assay as
described in methods section 2.2.3.1. Results are expressed as mean percentage MTT
reduction =+ SEM of toxin treated cells compared to non-toxin treated control cells
(assigned 100 %) (based on 6 replicate wells).
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Figure 4.2 Viability of differentiated cells following exposure to MPTP/MPP4.
Cells were seeded in 96 well plates at 5,000 cells / well and differentiated over 7
days as detailed in methods section 2.2.1.6. Medium was removed and replaced with
fresh differentiation medium supplemented with MPTP or MPP+ as detailed in
above. Following 24, 48 and 72 h exposure to toxins, cell viability was assessed
using the MTT reduction assay as described in methods section 2.2.3.1. Results are
expressed as mean percentage MTT reduction = SEM of toxin treated cells compared
to non-toxin treated control cells (assigned 100 %) (based on 6 replicate wells).
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4.2.1.2 Validation of MTT studies - comparison

concentration assays

For chronic studies, cell viability of differentiated cells was also assayed over 14
days of MPP+ exposure. EC5Q values using the MTT reduction assay were
determined as: 7 days, 375 pM; 10 days, 250 pM; 14 days, 100 pM MPP+ To
validate the MTT assay, viability was also determined by measuring ATP
concentration. Overall MTT reduction and ATP concentration assays were found to

show high comparability (compare Fig 4.3 A and B).
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Figure 4.3 Cell viability following chronic MPP+ exposure - comparison of
MTT reduction and ATP concentration assays.

Cells were seeded in 96 well plates at 5000 cells / well and differentiated for 7 days
as detailed in methods section 2.2.1.6. Medium was removed and replaced with fresh
medium supplemented with MPP+ Following MPP4 exposure cell viability assays
were performed. A and B, represent cell viability determined over 14 day exposures
to MPP+ using the MTT reduction assay and ATP concentration assay (methods
sections 2.2.3.1 and 2.2.3.3) respectively. Results are expressed as mean percentage
MTT reduction or viable cell number £ SEM (for MTT assay and ATP assay,
respectively) of MPP+ treated cells compared to non-toxin treated control cells
(assigned 100 %). (A = 6 replicate wells), (B - 5 replicate wells)
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4.2.1.3 Determination o fworking MPP+concentrations

Cytotoxic and sub-cytotoxic concentrations of MPP+ were both time and
concentration dependent (Figs 4.2 and 4.3) and chosen on the basis of viability assay
data together with consideration of morphological observations and the nature of the
experiment in which they were to be used (as summarised in table 4.2). It should be
noted that variations in toxicity were observed between experiments and as such,
working concentrations are indicated as guidance but are not conclusive as
demonstrated in subsequent MTT assays performed throughout chapter V. Cells
treated with cytotoxic concentrations of MPP+ appeared abnormally shaped and
suffered some degree of process retraction. The morphology of cells exposed to

cytotoxic and sub-cytotoxic concentrations of MPP+over 48 h is shown in Fig 4.4.

MPP-+exposure time Sub-cytotoxic Cytotoxic concentration
concentration (pM) (PM)
24 h <1000 >3000
48 h <10 > 1000
72 h <10 >1000
14 days <10 >100

Table 4.2 Summary of MPP-+toxicity in differentiated SH-SYSY cells

Results of MTT reduction assays shown in Figures 4.2 and 4.3 are summarised to
show working sub-cytotoxic and cytotoxic concentrations of MPP+ in differentiated
cells over a range of time points as determined from an initial dose ranging trial. It
should be noted that using sub-cytotoxic concentrations of MPP+ cells maintained a
differentiated morphology, whilst exposure to cytotoxic concentrations of MPP+
induces an abnormal morphology and some process retraction with eventual
rounding and cell death.
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A. 24 h exposure

a. Differentiated control cells b. 5 mM MPP

B. 48 h exposure

M

a. Differentiated control cells b. 100 pM MPP

c. 500 pM MPP+ d. 1mM MPP+

Figure 4.4 Morphological assessment of MPP+treated cells

Panel A and B represent pre-differentiated cells (see methods section 2.2.1.6) treated
with MPPf at concentrations stated, for 24 and 48 h, respectively. Cells were
visualised using phase contrast microscopy at x 200 magnification. Scale bar
represents 40 pm.
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4.2.2 Changes in cytoskeletal and related proteins following exposure to

MPP+: analysis using Western blotting

In this section the effects of MPP+ on the expression and post-translational
modification of cytoskeletal proteins are analysed. Western blotting/immunoprobing
and imunocytochemical techniques were employed to provide both quantitative
analysis of protein expression and distributional changes in proteins. Results are
sectioned to represent short-term exposure to cytotoxic concentrations of MPP+and
longer exposures to sub-cytotoxic concentrations that may provide greater analogy to

neurodegeneration in-vivo.

4.2.2.1 Cytotoxic concentrations ofMPP+

4.2.2.1.1 Specific NFphosphorylation statusfollowing 24 h exposure to cytotoxic

concentrations o fMPP+

Figure 4.5 shows that total NF-H and phosphorylated NF-H / NF-M levels increase
following exposure to 5 mM MPP+ over 24 h, accompanied by an increase
(approximately 1.6 fold) in the ratio of phosphorylated NF-M to phosphorylated NF-
H following MPP+ treatment. Preliminary investigation suggested that the CDK-5
inhibitor, BL-1, partially reversed the increase in phosphorylated NF-M:NF-H ratio
observed following exposure to 5 mM MPP+ the ratio of phosphorylated NF-M to
phosphorylated NF-H was increased 2.6 fold following MPP+ treatment but was
reduced to 1.7 fold following 5 mM MPP+ plus 1 pM BL-1 (see Fig 4.6).
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Figure 4.5 NF phosphorylation following 24 h exposure to 5 mM MPP+

Cells were seeded into T25 flasks and differentiated for 7 days as detailed in methods
section 2.2.1.6 prior to treatment with fresh differentiation medium alone (controls)
or supplemented with 5 mM MPP+ Cells were extracted following 24 h exposure to
the toxin as detailed in methods section 2.2.5.1 and proteins separated by SDS-
PAGE. Protein was transferred to nitrocellulose by Western blotting and probed with
SMI31 (1:1000), N52 (1:500) and anti-total ERK 1/2 (1:500). Bands were corrected
against total ERK for differences in protein loading. Results are presented as mean %
of control (assigned 100 %) + SEM. Data presented is combined from 3 independent
experiments (n = 3). Statistical analysis of control versus toxin treated cells was
carried out using two-tailed t-Tests where statistical significance was accepted at p <
0.05 (*) and p< 0.01 (**).
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SMI31
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1 pM BL-1 0.808 £0.120

5 mM MPP+ 1.992 £0.210

5 mM MPP+1 pM BL-1 1.354 £0.120

Figure 4.6 Ratio of phosphorylated NF-M: NF-H following MPP++ BL-1

Cells were seeded into T25 flasks and differentiated for 7 days as detailed in methods
section 2.2.1.6 prior to treatment with fresh differentiation medium alone (controls)
or supplemented with 1 pM BL-1, 5 mM MPP+or 5 mM MPP+plus 1 pM BL-1.
Duplicate flasks were extracted following 24 h exposure to the toxin as detailed in
methods section 2.2.5.1 and proteins separated by SDS-PAGE. Protein was
transferred to nitrocellulose by Western blotting and probed with SMI31 (1:1000).
The ratio of NF-M phosphorylation to NF-H phosphorylation was calculated. The
range ofthe data is indicated.
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4.2.2.1.2 Activation ofMAPKpathwaysfollowing MPP+exposure

To determine whether ERK or JNK activity were accountable for the increase in NF-
H/NF-M phosphorylation following treatment with 5 mM MPP+; cell extracts were
immunoprobed using phosphorylation specific ERK and JNK antibodies as shown in
Figure 4.7. Phosphorylated JNK levels were significantly reduced compared to
differentiated control extracts following a 24 h exposure to MPP+ Phosphorylated

ERK levels were also reduced but not significantly.

Changes in the activation patterns of JNK and ERK over a 16 h period were also
studied, using cytotoxic (5 mM) and sub-cytotoxic (10 pM) MPP+for comparison. A
transient increase in both JNK and ERK phosphorylation was observed at early time
points (30 min), with ERK activation (Fig 4.8A) appearing to be greater than JNK
activation (Fig 4.8B) for both MPP+ concentrations. Following a 2 h exposure to 5
mM MPP+, a sustained reduction in ERK activity was observed, followed by a
reduction in JNK activity 6 h later. Attempts to analyse p38 MAPK phosphorylation

were unsuccessful despite using a variety of commercial antibodies.
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Figure 4.7 ERK and JNK phosphorylation following 24 h exposure to S mM
MPP+

Cells were seeded into T25 flasks and differentiated for 7 days as detailed in methods
section 2.2.1.6 prior to treatment with fresh differentiation medium alone (controls)
or supplemented with 5 mM MPP+ Cells were extracted following 24 h exposure to
the toxin as detailed in methods section 2.2.5.1 and proteins separated by SDS-
PAGE. Protein was transferred to nitrocellulose by Western blotting and probed with
anti-phosphorylated ERK 1/2 (1:500) or anti phosphorylated JNK (1:100). Bands
were corrected against total ERK for differences in protein loading. Results are
presented as mean % of control (assigned 100 %) = SEM. Data is derived from three
independent experiments (n = 3). Statistical analysis of control versus toxin treated
cells was carried out using two-tailed t-Tests where statistical significance was
accepted at p<0.01 (**).
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Figure 4.8 Activation of ERK and JNK pathways over 16 h exposure to MPP+
Cells were seeded into 6 well plates at 80,000 cells/well and allowed to differentiate
over 7 days as detailed in methods section 2.2.1.6. On day 7, medium was replaced
with fresh medium supplemented with MPP+ Cells were extracted over a 16 h time
course as detailed in methods section 2.2.5.2. 100 pg protein was separated by SDS-
PAGE and transferred to nitrocellulose membrane by Western blotting.
Nitrocellulose was probed with antibodies against (A) phosphorylated ERK (1:500)
and (B) phosphorylated JNK (1:100). Membranes were stripped and re-probed with
anti-total ERK 1/2 antibody (1:1000) to correct for differences in protein loading.
Band intensity was quantified as detailed in methods section 2.2.8.2.6.
Representative blots are shown. Results are presented as mean percentage of
differentiated control cells (assigned 100 %). Lanes 1, 2 and 3 represent control, 10
pM MPP+and 5 mM MPP+respectively.
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4.2.2.1.3 a-tubulin expressionfollowing 24 h exposure to 5 mM MPP

Western blot analyses suggest that a-tubulin expression was not affected by a 24 h

exposure to a cytotoxic (5 mM) concentration of MPP+(Fig 4.9).

tx-tubulin

Total ERK 1/2

Control 5 mM
MPP+

control 5 mM MPP+

Figure 4.9 Expression of a-tubulin in cells following 24 h exposure to 5 mM
MPP+

Cells were seeded into T25 flasks and differentiated for 7 days as detailed in methods
section 2.2.1.6 prior to treatment with fresh differentiation medium alone (controls)
or supplemented with 5 mM MPP+ Cells were extracted following 24 h exposure to
the toxin as detailed in methods section 2.2.5.1 and proteins separated by SDS-
PAGE. Proteins were transferred to nitrocellulose and probed with anti a-tubulin
(B512) (1:500) and anti-ERK 1/2 (1:500) Bands were corrected against total ERK for
differences in protein loading. Results are combined from two independent
experiments (triplicate flasks in each experiment), presented as mean % of control
(assigned 100 %). The range ofthe mean data is shown.
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4.2.2.1.4 Assessment o fubiquitinatedproteinsfollowing 24 h exposure to 5 mM
MPP+

Western blot analyses and immunoprobing using anti-ubiquitin-protein conjugate
antibody (UG9510) suggested that the level of ubiquitinated proteins in MPP+treated
cells were higher than in non-toxin treated controls (Fig 4.10). In both control and
toxin treated cells, ubiquitinated proteins were of high molecular weight (approx 200

kDa).

Ubiquitinated
proteins

Total ERK 1/2

Control 5 mM
MPP+

140 i
120
100
80
60
40
20

falele

Control 5mM MPP+

Figure 4.10 Assessment of the level of ubiquitin-protein conjugates in cells
following 24 h exposure to S mM MPP+

Cells were seeded into T25 flasks and differentiated for 7 days as detailed in methods
section 2.2.1.6 prior to treatment with fresh differentiation medium alone (controls)
or supplemented with 5 mM MPP+ Cells were extracted following 24 h exposure to
the toxin as detailed in methods section 2.2.5.1 and proteins separated by SDS-
PAGE. Protein was transferred to nitrocellulose by Western blotting and probed with
anti-ubiquitin-protein conjugates (1:1000) and anti-ERK 1/2 (1:500). Bands were
corrected against total ERK for differences in protein loading. Results from triplicate
flasks extracted on the same day are presented as mean % of control (assigned 100
% )+ SEM.
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4.2.2.2 72 h exposure to sub-cytotoxic and cytotoxic concentrations ofMPP+

4.2.2.2.1  Exposure to sub-cytotoxic and cytotoxic concentrations o fMPP+over

72 h time periods: effects on NF status and a-tubulin

In accordance with previous studies (De Girolamo et al, 2000; Song et al, 1997,
Cappelletti et al, 1995), effects of exposure to a sub-cytotoxic and a cytotoxic
concentration of MPP+ (10 pM and 500 pM, respectively) were investigated over 72
h. Immunoprobing of Western blots revealed no significant change in NF-H protein
levels (Fig 4.11). The total levels of phosphorylated NF-H/NF-M epitopes remained
unchanged over the 72 h time course (Fig 4.12). Levels of a-tubulin sub-units were

unaffected by both concentrations of MPP+ (Fig 4.13).
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Figure 4.11 Assessment of total NF-H protein levels following MPP+ exposure
over 72 h

Cells were seeded into T25 flasks and differentiated for 7 days as detailed in methods
section 2.2.1.6 prior to treatment with fresh differentiation medium alone (controls)
or supplemented with 10 pM or 500 pM MPP+ Cells were extracted following 24,
48 and 72 h exposure to the toxin as detailed in methods section 2.2.5.1 and proteins
separated by SDS-PAGE. Protein was transferred to nitrocellulose by Western
blotting and probed with N52 (1:500) and anti-total ERK 1/2 (1:500). Bands were
quantified and corrected against total ERK for differences in protein loading and
expressed as % of control (assigned 100 %). Results presented are combined data
from 3 independent experiments (n = 3) £ SEM. Statistical analysis of control versus
toxin treated cells was carried out using two-tailed t-Tests.
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Figure 4.12 NF phosphorylation status following MPP+exposure over 72 h.
Cells were seeded in T25 flasks at 400,000 cells/flask and induced to differentiate
over 7 days as detailed in methods section 2.2.1.6. On day 7 medium was removed
and replaced with fresh differentiation medium supplemented with MPP+as detailed
above. At 24, 48 and 72 h time points, duplicate flasks of cells were extracted as
detailed in methods section 2.2.5.1. Extracts were subjected to SDS-PAGE and
Western blotting. Representative blots probed with SMI31 (1:1000) (for NF-H-P and
NF-M-P) and Total ERK 1/2 (1:500) are shown in. Bands were quantified and
corrected against total ERK for differences in protein loading and expressed as % of
control (assigned 100 %). Results presented are combined data from 3 independent
experiments (n = 3) £ SEM. Statistical analysis of control versus toxin treated cells
was carried out using two-tailed t-Tests.
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Figure 4.13 a-tubulin expression following 72 h MPP+exposure.

Cells were seeded in T25 flasks at 400,000 cells/flask and induced to differentiate
over 7 days as detailed in methods section 2.2.1.6. On day 7 medium was removed
and replaced with fresh differentiation medium supplemented with MPP as detailed
above. At 24, 48 and 72 h time points, duplicate flasks of cells were extracted as
detailed in methods section 2.2.5.1. Extracts were subjected to SDS-PAGE and
Western blotting and probed with B512 (1:500). Bands were quantified and corrected
against total ERK to account for any differences in protein loading. Results are
expressed as % of control (assigned 100 %). The range of the data is shown.
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4.2.2.2.2 Exposure to sub-cytotoxic concentrations o fMPP~+over 14 days: effects

on NF status and a-tubulin

Following 14 days exposure of pre-differentiated cells to 10 pM MPP+there was a
30 % increase in total NF-H compared to controls (see Fig 4.14A). Specific NF-H
and NF-M phosphorylation was also significantly increased (1.8-fold and 2.4-fold
respectively; see Fig 4.14B). Additionally the ratio of NF-M:NF-H phosphorylation
was increased approximately 1.3 fold in cells treated with 10 pM MPP+ at day 14
(Fig 4.14C). None of these changes were observed following 7 days exposure.
Significantly ERK and JNK phosphorylation at the 14-day time point was similar in
control and MPP+treated cells (results not shown). Over a 14-day period, a-tubulin

expression was not affected by MPP+(Fig 4.15).
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A. Total NF-H protein levels
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C. Ratio of NF-M:NF-H phosphorylation

MPP+exposure Non-toxin treated control 10 pM MPP+
(days)

7 1.207 £0.534 1.180+0.436

14 1.223 £ 0.724 1.643 £1.092

Figure 4.14 Total NF-H level and specific NF-H/NF-M phosphorylation status
following chronic MPP exposure.

Cells were seeded into T25 flasks at 400,000 cells/flask and differentiated for 7 days
as detailed in methods section 2.2.1.6. Medium was exchanged for fresh
differentiation medium alone (controls) or supplemented with 10 pM MPP+ then
changed twice weekly. Control and toxin treated cells were extracted in triplicate
following 7 and 14 day exposures to the toxin as detailed in methods section 2.2.5.1
and proteins separated by SDS-PAGE. Protein was transferred to nitrocellulose by
Western blotting and probed with (A), N52 (1:500) and (B), SMI31 (1:1000). Bands
were quantified and corrected for differences in protein loading against
corresponding total ERK bands. Results are presented as mean % of differentiated
control cells. For experiment A (total NF-H), results are derived from triplicate flasks
extracted on the same day (= SEM). For experiment B (phosphorylated NF-H/NF-M)
mean data is combined from 3 independent experiments (£ SEM) (n = 3). Statistical
analysis of control versus toxin treated cells was carried out using two-tailed t-Tests
where statistical significance was accepted at p<0.05 (*). The mean ratio of NF-
M:NF-H phosphorylation was calculated = SEM (C).
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¢l - tubulin
BRSO [ uERK 12
Controls 10 uM Controls 10 gM
MPP+ MPP+
Day 7 Day 14
Control
10 uM MPP+
Day 7 Day 14

MPP+Exposure time

Figure 4.15 Expression of a-tubulin following chronic MPP+exposure

Cells were seeded in T25 flasks at 400,000 cells/flask and induced to differentiate
over 7 days as detailed in methods section 2.2.1.6. On day 7 medium was removed
and replaced with fresh differentiation medium supplemented with MPPf as detailed
above. Medium was then exchanged twice weekly. At day 7 and day 14 time points,
duplicate flasks of cells were extracted as detailed in methods section 2.2.5.1.
Extracts were subjected to SD-PAGE and Western blotting and probed with B512
(1:500). Bands were quantified and corrected against total ERK to account for any
differences in protein loading. Results are expressed as % of control (assigned 100
%). The range of'the data is shown.
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4.2.3 Immimocytochemical analyses

4.2.3.1 NFproteins

Immimocytochemistry was performed on controls and MPP+ treated cells fixed in
methanol and then permeabilised using Triton X-100 as detailed in methods section
2.2.9.2. The distribution of phosphorylated NF proteins was visualised by probing
with SMB 1 and total NF-H using N52.

Figure 4.16 shows the effect of treatment for 24 h with a cytotoxic (5 mM)
concentration of MPP+ As described in chapter III, section 3.2.2.5.4, SMI31 staining
in control cells was observed in axon-like processes, as a discrete mass in the
perikaryon, and also punctate staining throughout the cell body (see Fig 4.16A, panel
a) suggesting the presence of a pool of unassembled phosphorylated NFs. Following
exposure to 5 mM MPP+ phosphorylated NF-H/NF-M staining was intensified and
restricted to the cell body and was concentrated in a perinuclear fashion (see staining
of NF protein in conjunction with propidium iodide staining of nuclei Fig 4.16A
panel b, indicated by white arrow). The distribution of total NF-H was monitored
using N52 and was found to be different from SMI31 staining. Control cells
exhibited diffuse staining throughout the cell body and axon with little or no punctate
staining. MPP4 treated cells showed a similar diffuse staining pattern but without

axonal staining (see Fig 4.16B).

Figure 4.17 shows the distribution of phosphorylated NF-H/NF-M in cells treated
with 10 pM and 500 pM concentrations of MPP+ for 72 h. There was no large
difference between control cells and cells treated with 10 pM MPP+ except that a
number of toxin treated cells showed greater staining in the cell body that formed a
halo of immunoreactivity around the nucleus. This perinuclear staining occurred in
cells with and without axon-like processes. Staining of 10 pM MPP+ treated cells
was also more intense. Following exposure to 500 pM MPP+ phosphorylated NF-
H/NF-M staining was largely (but not exclusively) absent from axonal processes and
localised in the cell body particularly in the perinuclear region (Fig 4.17¢ 1 and ii).

Exposure of cells over 14 days to 10 pM MPP+ showed no difference between
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control and toxin treated cells in the distribution of phosphorylated NF-H/NF-M but
relative staining intensity was greater in toxin treated cells, particularly within the

cell body (Fig 4.18, compare panel a and panel b).

FITC FITC + propidium iodide

a. Control

b. 5§ mM MPP
A. SMI31 (phosphorylated NF-H/NF-M)
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FITC FITC + propidium iodide

a. Control

b. 5 mM MPP+
B. N52 (NF-H phosphorylation independent)

Figure 4.16 Immunocytochemical analysis of total NF-H and phosphorylated
NF-H/ NF-M following 24 h exposure to 5 mM MPP+

Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium or medium supplemented
with 5 mM MPP+ After 24 h cells were fixed then permeabilised and
immunocytochemistry performed as detailed in methods section 2.2.9. Cells were
probed with (A) SMI31 antibody (1:500) or (B) N52 antibody (1:200). Analysis was
performed by confocal microscopy at x 400 magnification. Scale bar represents 20
pm. Results are representative of 2 independent experiments.
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FITC FITC + propidium iodide

a. Control

b. 10 uM MPP

i ii iii
¢. 500 pM MPP+
Figure 4.17 Immunocytochemical analysis of phosphorylated NF-H and NF-M
following 72 h exposure to 10 pM and 500 pM MPP+
Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium supplemented with 10 pM
or 500 pM MPP+ After 72 h cells were fixed then permeabilised and
immunocytochemistry performed as detailed in methods section 2.2.9. Cells were
probed with SMI31 antibody (1:500). Analysis was performed by confocal
microscopy at x 400 magnification. Scale bar represents 20 pm. Results are
representative of 3 independent experiments.
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FITC FITC + propidium iodide

a. Control

b. 10 pM MPP+

Figure 4.18 Immunocytochemical analysis of phosphorylated NF-H and NF-M
following a 14-day exposure to 10 pM MPP+

Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium supplemented with 10 pM
MPP+ Medium was changed twice weekly. After 14 days cells were fixed then
permeabilised and immunocytochemistry performed as detailed in methods section
2.2.9. Cells were probed with SMI31 antibody (1:500). Analysis was performed by
confocal microscopy at x 400 magnification. Scale bar represents 20 pm. Results
are representative of 2 independent experiments.
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4.2.3.2 a-tubulin

Figure 4.19 shows a-tubulin distribution following exposure to 5 mM MPP+ for 24
h. Staining in control (non-toxin treated) cells was cytoplasmic and punctate along
axon-like processes. Following exposure to 5 mM MPP+ staining was more intense
within the cell body. No change in a-tubulin distribution was observed following 72

h exposure to 10 pM and 500 pM MPP+(results not shown).

Control 5 mM MPP+

Figure 4.19 a - tubulin expression following 24 h exposure to S mM MPP+

Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium supplemented with 5 mM
MPP+ After 24 h cells were fixed and permeabilised and immunocytochemistry
performed as detailed in methods section 2.2.9. Cells were probed with B512
antibody (1:500). Analysis was performed by confocal microscopy at x 400
magnification. Scale bar represents 20 pm. Results represent a single experiment.
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4.2.4 Preliminary investigation of the effects of proteasome inhibition on the

cytoskeleton of pre-differentiated SH-SYSY cells.

In order to achieve proteasomal inhibition, a commercially available chemical
proteasome inhibitor (MG132) was employed at 0.1 pM, a concentration which has
been shown in our laboratory to inhibit proteasomal activity in mitotic SH-SYS5Y
cells within 24 h (Begona Caneda-Ferron, unpublished results). Cells were induced
to differentiate in permanox chamber slides before incubation with 0.1 pM MG132
over 72 h. Slides were fixed at 24, 48 and 72 h time points and probed with SMI31
and B512 antibodies recognising phosphorylated NF-H/NF-M and a-tubulin proteins

respectively.

In the presence of MG 132, phosphorylated NF proteins appeared to accumulate in
both the cell body and axons within 24 h, compared to controls (see Fig 4.20) and
this trend remained over 72 h (results not shown). Probing of cells with B512
revealed no accumulation of a-tubulin at 24 and 48 h time points. However
following 72 h exposure to MG132, a-tubulin staining was greater than in control

cells in both the cell body and the axons (see Fig 4.21).
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FITC FITC + propidium iodide

Control

40

24 h MG 132 (0.1 pM)

Figure 4.20 Accumulation of phosphorylated NF proteins following proteasomal
inhibition.

Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium supplemented with 0.1 pM
MG 132. After 24 h cells were fixed and permeabilised and immunocytochemistry
performed as detailed in methods section 2.2.9. Cells were probed with SMI31
antibody (1:500). Cells were protected using Vectorshield mounting medium
containing propidium iodide that stained the nuclei red (shown overlaid with the
FITC stain to the right of each panel). Analysis was performed by confocal
microscopy at x 400 magnification. Scale bar represents 20 pm. Results are
representative of 2 independent experiments.
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FITC + propidium iodide

9C

Control
24 MG1
Control

72 h 0.1 pM MG132
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Figure 4.21 Accumulation of a-tubulin following proteasomal inhibition

Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium supplemented with 0.1 pM
MG132. After 24 and 72 h cells were fixed and permeabilised and
immunocytochemistry performed as detailed in methods section 2.2.9. Cells were
probed with B512 (1:200). Cells were protected using Vectorshield mounting
medium containing propidium iodide that stained the nuclei red (shown overlaid with
the FITC stain to the right of each panel). Analysis was performed by confocal
microscopy at x 400 magnification. Scale bar represents 20 pm. Results are
representative of2 independent experiments.
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4.2.5 Modification of fixing procedures for visualisation of protein

aggregates: NF and a-tubulin distribution

By permabilising cells prior to fixation it was anticipated that soluble proteins would
be removed and insoluble proteins might be visualised more effectively. Experiments
investigating phosphorylated NF and a-tubulin distribution following MPP+

exposures were repeated using this alternative method.

4.2.5.1 Cytotoxic concentration o fMPP+

When exposed to a cytotoxic concentration of MPP+, cells showed very similar
staining profiles independent of the fixing/permabilisation protocol. For example,
Figure 4.22 shows the distribution of insoluble phosphorylated NF-H/NF-M and total
NF-H in cells permabilised prior to fixing (probing with SMI31 and N52
respectively) following 24 h exposure to 5 mM MPP+ As expected, results suggest
the majority of phosphorylated NF proteins in differentiated cells to be insoluble. In
control cells, the majority of staining was present in axon-like extensions and in the
perikaryal region whilst following 5 mM MPP+treatment, phosphorylated NF-H/NF-
M was restricted to the perinuclear region. Punctate staining was again evident
throughout the cytoplasm, particularly in MPP1 treated cells, therefore presumably
detecting assembled and insoluble, phosphorylated NFs (Fig 4.22A). Total NF-H
staining remained diffuse throughout the cytoplasm and axons in control cells but
was restricted to the cell body following 5 mM MPP+ (Fig 4.22B). Control cells
pemeabilised prior to fixation, displayed a clearly visible, insoluble a-tubulin
network (Fig 4.23, left panel). Following MPP+ treatment, a-tubulin remained
distributed throughout the cytoplasm with no obvious change in staining intensity;

however the staining was diffuse rather than filamentous.

4.2.5.2 Sub-cytotoxic concentration o fMPP+

Treatment with sub-cytotoxic concentrations of MPP+ revealed differences in

phosphorylated NF-H/NF-M distribution independent of the fixing/permabilisation

protocol but these were more clearly revealed at lower concentrations of MPP+and at
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earlier time points when cells were permeabilised prior to fixation. Figure 4.24
shows the staining pattern that could be observed following 72 h exposure to 10 pM
MPP+ when cells were pre- permeabilised; a halo of immunoreactivity was again
observed around the periphery of the nucleus in a greater number of MPP+ treated
cells (Fig 4.24b). 10 pM MPP+ treated cells stained with greater intensity. The
number of cells exhibiting perinuclear “halo’s” were counted in a total of 1800 cells
(from 8 random fields, with a mean of 225 cells / field) either fixed or permeabilised
first (expressed as mean number of halo’s / field + SEM). In cells fixed before
permeabilisation, the number of halo’s was 4.1 + 0.58 in 10 pM MPP+treated cells
compared to 1.8 = 0.49 in control cells. In cells permeabilised prior to fixing, the
number ofhalo’s in 10 pM MPP+treated cells was 9.4 £ 1.52 compared to 3.6 + 0.89
in corresponding control cells. This halo of reactivity occurred in cells with and
without additional axonal staining and also occurred in a proportion of cells which
had axons that were not stained but that were observed by light microscopy (see Fig
4.24, panel b, i and ii). Importantly cells permeabilised prior to fixation showed no
change in a-tubulin distribution following 10 pM MPP+ treatment compared to
control cells, suggesting that the MT system was generally not de-stabilised (Fig
4.25). A similar phosphorylated NF-H/NF-M pattern was observed when cells were
treated with 10 pM or 500 pM MPP+for 24 h; pre-permeabilisation revealed changes
that prior fixing did not. However 72 h exposure to 500 pM MPP+ revealed
perinuclear immunoreactivity regardless of whether cells were prior fixed or

permeabilised (results not shown).
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FITC FITC + propidium iodide

a. Control

b. 5 mM MPP+
A. SMI31 (phosphorylated NF-H/NF-M)

165



CHAPTER IV. CHARACTERISATION OF MPP+TOXICITY

FITC FITC + propidium iodide

a. Control

b. 5 mM MPP+
B. N52 (NF-H phosphorylation independent)

Figure 4.22 Im m unocytochem ical analysis of total NF-H and phosphorylated
NF-H/NF-M following 24 h exposure to 5 m M M PP+

Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium or medium supplemented
with 5 mM MPP+ After 24 h cells were permeabilised then fixed and
immunocytochemistry performed as detailed in methods section 2.2.9. Cells were
probed with (A) SMI31 antibody (1:500) or (B) N52 antibody (1:200). Analysis was
performed by confocal microscopy at x 400 magnification. Scale bar represents 20
pm. Results represent a single experiment.
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Control

Figure 4.23 a - tubulin expression following 24 h exposure to M PP+

Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium supplemented with 5 mM
MPP4. After 24 h cells were permeabilised then fixed and immunocytochemistry
performed as detailed in methods section 2.2.9. Cells were probed with B512
antibody (1:500). Analysis was performed by confocal microscopy at x 400
magnification. Scale bar represents 20 pm. Results represent a single experiment.
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Fixed first Permeabilised first
a. Control
Fixed first Permeabilised first

b. 10 pM MPP+

Figure 4.24 Comparison of phosphorylated NF-H and NF-M distribution
following 72 h exposure to 10 fiM ™M PP+ in cells fixed or perm eabilised first

Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium supplemented with MPP+
Cells were fixed in methanol and permeabilised in Triton X-100 (left panel) or
permeabilised in igepal/MgCb then fixed in methanol (right panel) as detailed in
methods section 2.2.9.2. Immunocytochemistry was performed using SMI31
antibody (1:500) as detailed in methods section 2.2.9.3. Analysis was performed by
confocal microscopy at x 400 magnification. Scale bar represents 20 pm. Results are
representative of 2 independent experiments.
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Fixed first Permeabilised first

a. Control

b. 10 pM MPP+

Figure 4.25 Com parison of a-tubulin distribution following 72 h exposure to 10
pPM M PP+ in cells fixed or perm eabilised first

Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium supplemented with MPP+
Cells were fixed in methanol and permeabilised in Triton X-100 (left panel) or
permeabilised in igepal/MgCh then fixed in methanol (right panel) as detailed in
methods section 2.2.9.2. Immunocytochemistry was performed using B512 antibody
(1:500) as detailed in methods section 2.2.9.3. Analysis was performed by confocal
microscopy at x 400 magnification. Scale bar represents 20 pm. Results are
representative of two independent experiments (fixed first) and a single experiment
(permeabilised first).
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4.3 DISCUSSION

4.3.1 MPTP/MPP+toxicity in mitotic and differentiated cells

The comparative toxic effects of MPP+and MPTP have been previously investigated
in the mitotic SH-SYSY system (Song ef al, 1997). In this chapter, toxicity induced
by MPTP and MPP+was compared in mitotic and pre-differentiated SH-SYSY cells
in an initial dose ranging trial. In accordance with previous studies, mitotic cells
exhibited greater sensitivity to MPP+than MPTP (Song et al, 1997). This finding
was also apparent in pre-differentiated SH-SYS5Y cells. The presence of a DA
transport system in the SH-SYSY cell line was confirmed by Song and Ehrich,
(1998) using the DA uptake inhibitor, nomifensine, which blocked MPP+ transport
into cells. Hence the results of this initial study are compatible with the presence of
the DA uptake system in the ECACC clone, and therefore its suitability for MPP+
studies. Pre-differentiated cells were less sensitive to MPP+ than mitotic cells at a
given time point. The increased sensitivity of mitotic cells may be attributable to the
greater energy demand of dividing cells, rendering them less able to withstand
complex I inhibition. Tieu et al, (1999) demonstrated that mitotic cells were more
sensitive to a range oftoxic paradigms than retinoic acid treated cells, proposed to be
linked to an up-regulation in Bcl-2 associated with retinoic acid treatment in their
study. Since retinoic acid treatment decreased the sensitivity of ECACC SH-SYS5Y
cells with no concurrent up-regulation of Bcl-2, it would again appear that Bcl-2 is

less important for cell survival in this clone than in the clone used by Tieu et al,

(1999).

Initial dose ranging trials suggested that MPP+ induces cell death in a time and
concentration dependent manor. Using the MTT reduction assay or measuring ATP
concentration, 10 pM MPP+remained sub-cytotoxic to cells over 14 days. The aim
of this study was to establish a differentiated cell model that could mimic
dopaminergic neurones in-vivo. It can be noted that the pre-differentiated SH-SYS5Y
cells used in this study exhibited considerably lower sensitivity when compared to
primary dopaminergic neurones, where 10 pM MPP+reduced cell viability by almost

50 % in 48 h (Bilsland et a/, 2002). In a study by Lotharius et al, (1999), also using
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mouse dopaminergic neurones, 5 pM MPP+ completely abolished tyrosine
hydroxylase-positive neurones within 48 h. The results presented in this thesis are
however, consistent with Mathiasen et a/, (2004) who determined that 3 mM MPP+
was required to significantly increase lactate dehydrogenase release following 48 h
exposure in pre-differentiated SH-SYSY cells. The reduced sensitivity of SH-SY5Y
cells to MPP+ may occur due to a reduced rate of uptake into cells on the DA
transporter. Indeed Pifl ef al, (1993) propose that sensitivity to the effects of MPP+
be partly dependent on the level of expression of the DA transporter. Alternatively,
the ability to concentrate MPP+ into the mitochondria may be reduced in this cell
line. The complexity with this situation is that the mechanisms that result in cell
death may differ, or at least the contribution of different mechanisms may differ,
between dopaminergic neurones and SH-SYSY cells. For example Figure 1.4
(chapter I) details the proposed mechanisms of MPP+ toxicity. Indeed the primary
insult to cells following MPP+ exposure is considered to be complex I inhibition.
However, oxidative stress can be induced through alternative mechanisms. If SH-
SYSY cells do have a lesser ability to concentrate MPP1into the mitochondria, then
alternative death pathways may be employed. Hence it becomes more difficult to
compare MPP+ toxicity between cell systems and highlights a potential disadvantage

ofthis cell line.

4.3.2 Effects of MPP+and proteasomal inhibition on the neuronal cytoskeleton
in differentiated SH-SYSY cells

4.3.2.1 The NF system

This study sought to investigate the effects of cytotoxic and sub-cytotoxic
concentrations of MPP+ on the expression and distribution of NFs and tubulin in
differentiated SH-SYS5Y cells. Aberrant NF phosphorylation is found in response to
several toxins in-vitro (De Girolamo et al., 2000; Hartley et al, 1997; Shea et al.,
1995, 1997a) and importantly, in-vivo in Lewy bodies (Forno et al, 1986) and was
therefore an additional key consideration. Results in the present study showed that
following 24 h exposure to a cytototoxic (5 mM) concentration, or 14 days exposure
to a sub-cytotoxic (10 pM) MPP+ concentration, NF-H and NF-M phosphorylation

were increased. Total NF-H levels were also increased following exposure to MPP+
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at these time points. This was in agreement with De Girolamo et al, (2000) where
increased NF-H phosphorylation was reported in differentiated N2a cells treated with
a sub-cytotoxic concentration of MPTP. Importantly the ratio of NF-M
phosphorylation to NF-H phosphorylation was increased in MPP+treated cells at the
24 h and 14 day time points.

Immunocytochemical analysis ofthe sub-cellular distribution of phosphorylated NF-
M/NF-H epitopes was performed following MPP+treatments. Following exposure to
a cytotoxic concentration of MPP+ for 24 h, phosphorylated NF-H/NF-M staining
was intense and restricted to the cell body, observed as a discrete mass of staining
residing next to, and indenting upon, the nucleus. As previously noted a sub-
cytotoxic concentration (10 pM) MPP+ increased NF phosphorylation after 14 days,
detected by Western blotting. In accordance with this finding, immunocytochemistry
revealed that a greater phosphorylated NF-H/NF-M reactivity was observed in toxin

treated cells.

An alternative method (Ito ef al., 2002) for cell preparation prior to confocal analysis
was tested whereby cells were permeabilised prior to fixation and compared with the
more traditional method of fixation followed by a permeabilisation step. The aim was
to help determine whether MPP+ causes inclusions of insoluble NF proteins, masked
by the presence of soluble NFs. This method did not change the distribution of
phosphorylated NFs following exposure to a cytotoxic concentration of MPP+
Additionally the staining pattern in control, non-toxin treated cells was not affected.
This would suggest that phosphorylated NFs within the perikaryon of control cells,
including punctate cytoplasmic staining, were predominantly insoluble. Indeed, Shea
et al, (1998) review that whilst NF subunits can be transported into axons and rapidly
become incorporated into the Triton-insoluble cytoskeleton, a population of NF
subunits may become incorporated into Triton-insoluble structures within the
perikaryon, prior to transport into axons. However, the permeabilisation step may not
have been sufficient to completely remove all soluble proteins. Alternatively,
cytotoxic concentrations of MPP+ may affect membrane permeability per se so that

differences between the two methods are less evident.
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Permeabilising cells prior to fixation better revealed a unique staining pattern that
was more prominent in cells treated with a sub-cytotoxic concentration of MPP+ (10
pM). In these cells the majority of immunoreactivity within the cell body formed a
“halo” around the nucleus. 10 pM MPP+ does not reduce cell viability after 72 h.
Indeed cells appear viable and well differentiated following 10 pM MPP+ It should
be noted that a role for ERK was proposed in neuritogenesis in SH-SYSY cells in
chapter I of this thesis, whilst 10 pM MPP+ was found to transiently activate ERK
(Fig 4.8). Therefore the change in distribution of phosphorylated NF-H/NF-M may
represent early cytoskeletal changes that occur following sub-cytotoxic MPP+
exposure. This staining pattern was more frequently observed in toxin treated cells,
both with and without axons. The implications of this observation and also the
perinuclear mass of phosphorylated NFs observed following cytotoxic MPP+
treatment are uncertain. However it is interesting for a number ofreasons, principally
because of the recent discovery of aggresomes, proposed to provide a cellular
response to mis-folded proteins that may be prone to aggregation when the capacity
ofthe cell to degrade proteins through the proteasome is exceeded or the proteasome
is impaired (Johnston ef al, 1998; Wigley et al, 1999). Staurosporine, proteasome
inhibition and DA can induce parkin-containing aggresomes in mitotic SH-SY5Y
cells (Muqit et al, 2003). Additionally Hasegawa et al, (2004) reported the
formation of large aggresome-like perinuclear inclusion bodies that contained a-
synuclein, y-tubulin and dynein, in a-synuclein over-expressing SH-SYS5Y cells that
were induced to differentiate in the presence of ferrous iron. Significantly, the vast
majority of aggresome related studies employ cells into which proteins i.e. parkin,
and a-synuclein have been over-expressed. Whilst such systems provide important
information, it is equally imperative to study the ability of endogenous levels of
proteins to form inclusions. Indeed Muquit ef a/, (2004) reported that SH-SY5Y cells
transfected with parkin form fewer aggresomes than wild-type cells whilst observing
that the composition of aggresomes is dependent on the stress applied to the cell. The
potential for MPP+ to produce aggresome like structures has also not yet been
investigated despite the fact that MPP+ has been reported to inhibit the proteasome
(Hoglinger et al, 2003). Indeed 5 mM MPP+ significantly increased ubiquitin-

protein conjugates in the study presented in this thesis, indicative of impaired
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proteasomal function and which could potentiate formation of aggresome like

structures.

Vimentin is a major intermediate filament protein shown to undergo reorganisation
to the aggresome (Johnston ef al, 1998; Ardley et al., 2003; Muqit et al, 2004). It
was proposed by Johnston et al, (1998) that the mesh-like structure of intermediate
filaments encapsulating the aggresome might offer stabilisation and act to retain
aggregated protein within the structure. (Johnston et a/, 1998; Muqit et al, 2003).
The potential role for NFs, (also a member of the family of intermediate filaments) in
stabilising the aggresome structure has not yet been investigated, despite its
prominence in both Lewy bodies and cellular inclusions formed by toxic agents. Of
significance is that the aggresome structure has been described as juxtanuclear and
has been found to impinge upon the nuclear envelope, an observation that also
appears to apply to phosphorylated NFs following cytotoxic MPP+ treatment.
However the immunoreactive “halo” observed following sub-cytotoxic MPP+
treatment might represent an early event in the formation of the perinuclear mass of
phosphorylated NFs observed following 5 mM MPP+ exposure. Indeed, Kopito,
(2000) proposed that aggresome formation involved transport of smaller aggregates,
formed at the cell periphery, to the MTOC on MT associated motor proteins (see Fig
4.26). This retrograde transport is proposed to involve dynein motor proteins
(Garcia-Mata ef al, 1999) and dynein is detected within aggresome-like structures
(Hasegawa et al, 2004). In support of this theoiy, Shea and Flannagan, (2001)
review that NFs exhibit bi-directional transport within the axon and can undergo
retrograde transport in association with dynein. The perinuclear inclusions staining
patterns of phosphorylated NFs presented in this thesis share definite similarities to
aggresomes stained for other proteins, including parkin (Muquit et a/, 2004), y-
tubulin, chaperone proteins, proteasome sub-units (Wigley ef a/, 1999) and vimentin
(Johnston et al, 1998). Results presented in this thesis show that a-tubulin did not
accumulate following cytotoxic or sub-cytotoxic exposure to MPP+ (refer to section
4.3.2.2). This is consistent with Johnston et a/, (1998) who reported recruitment of'y-
tubulin (located at the centrosome), but not a-tubulin to the aggresome structure and
also reported the requirement of an intact MT network for the formation, but not the

stability of an aggresome.
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Nucleus Aggregates

AGGRESOME Damaged/
misfolded
proteins

M and retrograde
motor protein

Figure 4.26 Proposed model for aggresome form ation (taken from K apito,

2000).

It is proposed that small aggregates of damaged/misfolded protein nucleate within
the cell periphery then undergo retrograde transport along MTs in association with
dynein motors towards the aggresome, forming at the MTOC.

The finding that NF-M phosphorylation, and phosphorylated NF-M:NF-H ratio both
increase following MPPf treatment suggest that this sub-unit is important in MPP+
toxicity. Indeed, that NF-M may also represent a down-stream marker of MPP+
toxicity in the SH-SYSY cell line is significant. Immunoreactivity to non-
phosphorylated and phosphorylated NF-M has been extensively reported as a major
component of PD Lewy bodies and diffuse Lewy body disease (Fomo et al,, 1986;
Pollanen et al., 1993). The potential significance of NF-M gene mutations in PD has
been investigated. Lavedan et al, (2002) reported a Gly336Ser substitution in the NF-
M protein rod-domain in a case of familial, early onset PD. However further research
characterising the effects of a mammalian expression vector encoding the mutated
NF-M cDNA in cell lines revealed that this substitution had no effect on the

assembly of IF networks (Perez-Olle et al, 2004). Furthermore, in an extensive
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mutation analysis of the NF-M gene in sporadic and familial PD cases, no patients
showed the Gly336Ser mutation (Kruger ef a/, 2003). Kruger et al, (2003) reported
four mutations, occurring in a highly conserved region of the NF-M gene, encoding
the tail domain. This domain, as noted by the authors, functions to form cross-
bridges between filaments and control longitudinal elongation of filaments,
(Nakagawa et al, 1995). Flowever it was concluded that mutations in the NF-M gene
are unlikely to play a major role in PD, but that rare gene variants may increase

susceptibility to the disease.

4.3.2.1.1 The role ofintracellular kinases in aberrant NF phosphorylation

The kinase(s) responsible for aberrant NF phosphorylation in the present study is
currently unidentified. The NF-H/NF-M phosphorylation at the time points
investigated occurred in the absence of increased ERK or JNK phosphorylation.
However, transient JNK and ERK phosphorylation were observed within 30 min of
exposure to sub-cytotoxic and cytotoxic concentrations of MPP+. In the N2a system,
JNK is proposed to be responsible for MPTP-induced NF-H hyperphosphorylation
(De Girolamo and Billett, manuscript submitted). Similarly, O’Ferrall et al, (2000)
established that elevated JNK activity caused by MG 132 and calpain inhibitor I,
induced NF-H/NF-M hyperphosphorylation in differentiated PC 12 cells and dorsal
root ganglion neurones respectively. However, CDK-5 has been implicated in
constitutive NF-H phosphorylation in SH-SY5Y cells (Sharma et al, 1999; Li et al,
2000). Shea et al, (2004a) also report that CDK-5 is also involved in normal NF
distribution/phosphorylation in  chicken dorsal root ganglion neurones;
overexpression of CDK-5 increased NF phosphorylation and gave rise to bundles of
phosphorylated NFs in the perikarya, whilst reducing NF transport. There is now
compelling evidence that CDK-5 can phosphorylate cytoskeletal proteins including
NFs in response to cell stress (Ahlijanian er al, 2000; Nguyen et al, 2001).
Preliminary evidence was presented in this thesis to suggest that in the pre-
differentiated SH-SYS5Y cell line, treatment with MPP1in conjunction with CDK-5
inhibitor, BL-1, partially reverses the increase in phosphorylated NF-M-NF-H ratio
observed following MPP+treatment. In a recent study, Shea et al, (2004b) use both
chicken dorsal root ganglion neurones and differentiated NB2a/dl cells transfected

with green fluorescent protein-tagged NF-M, to assess the role of CDK-5 on NF
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phosphorylation following oxidative stress induced by H202. The study showed that
H202 caused ROS elevation, increased perikaryal NF levels and specific NF
phosphorylation, associated with impaired NF transport. This was reportedly
attributable to CDK-5, since treatment with H202 in conjunction with the CDK-5
inhibitor rescovitine prevented the increase in aberrant perikaryal NF
phosphorylation. The role of CDK-5 was confirmed by transfection of NB2a/dl cells
with an endogenous CDK-5 inhibitor protein (CIP), which also reduced perikaryal
NF phosphorylation.

4.3.2.2 The MT system

The effect of MPP+on tubulin expression/distribution is warranted since tubulin sub-
units have been found in Lewy bodies (Galloway et a/, 1988) and MPP+has been
proposed to de-stabilise MTs (Cappelletti et al/, 1999). Additionally the MT network
is required for neuronal transport and indeed the formation of aggresomes (discussed
in section 4.3.2.1). Following 24 h exposure to 5 mM MPP+ or following cytotoxic
or sub-cytotoxic MPP+treatments over 14 days, Western blot analysis suggested no
change in a-tubulin expression. However, further trials are required to confirm the
significance of these observations. Published data regarding a role for tubulin in
MPP+ toxicity is a little ambiguous. MPP+ has previously been shown to evoke an
imbalance in tubulin sub-unit pools in differentiated PC 12 cells (Cappelletti et al,

1995). Indeed it was reported that expression levels of a and p-tubulin sub-units
were increased and decreased respectively in MPP+treated differentiated PC 12 cells.
MPP+induced effects on calcium homeostasis and ATP depletion were hypothesised
to be attributable to these findings, but do not explain the differential effects of MPP+
on the a/p subunit pools. Cappelletti et al, (1999) found that sub-cytotoxic
concentrations of MPP+ influenced polymerisation of a-tubulin, increasing the
soluble pool and decreasing the insoluble pool. Through [35S] methionine labelling
and immunoprecipitation, the synthesis of a and p-tubulin sub-units were reportedly
reduced by MPP 1. In-vitro studies confirmed that at high concentrations, MPP+could
directly affect MT assembly (Cappelletti et al, 1999; 2001). In this thesis, Western
blot data were in agreement with immunocytochemical analyses, suggesting that 5

mM MPP+treated cells, fixed and then permeabilised prior to confocal microscopy,
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did not show an increase in the total a-tubulin pool. However when 5 mM MPP+
treated cells were permeabilised prior to fixation, the MT network could be observed
as disorganised compared to non-toxin treated control cells. Further trials would
confirm such observations. Distribution oftotal or insoluble a-tubulin pools were not
affected by treatment with sub-cytotoxic concentrations of MPP+ (results were not

shown).

4.3.2.3 Inhibition o fthe proteasome

Impaired proteasomal function within the substantia nigra pars compacta has been
reported in sporadiac and familial PD (McNaught er al, 2003) whilst aged brains
have a lower proteasomal activity (reviewed by Shoesmith Berke and Paulson,
2003). Inhibition of'the ubiquitin-proteasome system is shown to cause accumulation
and aggregation of mutant proteins in-vitro (Johnston et al, 1998; Zhao et al, 2003;
Ardley et al, 2003; Mugqit et al, 2003). Preliminary results presented in this thesis
suggested that exposure of cells to 5 mM MPP+ for 24 h caused an increase in
ubiquitin - protein conjugates, suggestive of proteasome impairment. It has been
demonstrated in my laboratory using mitotic SH-SY5Y cells that 100 pM MPP+
significantly reduces glutathione levels prior to causing a reduction in activity of the
20S proteasome (Begona Caneda-Ferron, unpublished observations). On the basis of
these data, preliminary investigation into the effects of proteasome inhibition on
distribution/expression of phosphorylated NFs and a-tubulin was performed in pre-
differentiated SH-SYS5Y cells. MG132, a reversible synthetic peptide inhibitor (as
detailed by Ardley et al, 2003) was used at a concentration that had previously been
shown to inhibit the proteasome in SH-SYSY cells in my laboratory.

Preliminary results suggested that MG 132 induced accumulation of phosphorylated
NF-H/NF-M within 24 h and this accumulation was still evident at 72 h. In a study
by Masaki et al, (2000), treatment with the non-reversible proteasome inhibitor
Lactacystin, caused an accumulation of phosphorylated NFs in the perikaryia of non-
differentiated PC 12 cells. Lactacystin increased JNK activity, which was attributed
to the increase in NF phosphorylation described. Also in this study neither CDK-5

protein (assessed by Western blotting), nor activity, (using Histone 1 as a substrate
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following immunoprecipitation of CDK-5), were affected by Lactacystin treatment.
However, one may question whether this was due to the use of a rodent, non-
differentiated cell line. Therefore the results presented in this project firstly suggest
accumulation of phosphorylated NF protein in response to MG 132, an alternative
proteasome inhibitor to Lactacystin, supporting the belief that NFs are degraded
through the proteasome. Secondly results show that this occurs in a human, pre-
differentiated, wild-type (non-transfected) system, which has greater analogy to

neurones in-vivo.

Immunocytochemical studies revealed an accumulation of a-tubulin following 72 h
MG 132 treatment as observed by an intense staining pattern in treated cells
compared to controls. Previous studies using mitotic SH-SYS5Y cells have shown that
degradation of the MAP, tau, to be blocked by Lactacystin (David et al., 2002).
Using rat brain lysates and PIEK293 cells, parkin was found tightly bound to MTs,
resulting in ubiquitination and degradation of tubulin sub-units (Ren et al., 2003).
Over-expression of Parkin in HEK293 cells increased polyubiquitination oftubulin, a
further increase noted following treatment with Lactacystin (Ren ef al, 2003). Hence
results shown here support the view that tubulin is degraded through the proteasome

and demonstrate this finding in a human, differentiated system.

This preliminary data is particularly interesting since a recent study by Biasini ef al,
(2004) highlighted the importance of studying proteasome inhibition in wild-type
(non-transfected) cell systems. In this study the authors compared the effects of
proteasomal inhibition on a-synuclein and parkin in transfected and non-transfected
PC 12 cells finding differing results. Endogenous levels of parkin and synuclein were
not increased following proteasomal inhibition. This directly contrasted with results
using the cells transfected with parkin and synuclein under the control of a
cytomegalovirus (CMV) promoter, hi transfected cells, parkin and synuclein were
found to accumulate. However it was noted that the accumulation of these proteins
was a consequence of increased protein synthesis rather than proteasome inhibition
since inhibition of protein synthesis removed this effect. In turn the authors
concluded that inhibition of the proteasome might have caused up-regulation of

CMV driven transcription accounting for spurious results. Hence wild type cell
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systems may prove more reliable to investigate the effects of proteasomal inhibition

in cell culture systems.

In conclusion, this chapter has provided important information regarding the
involvement of MPP+toxicity on the cytoskeleton in the pre-differentiated SH-SYSY
system. Results suggest that NF-H and NF-M phosphorylation status per se may be
useful as a quantitative molecular downstream marker of short term and chronic
MPP+ toxicity in the SH-SY5Y system. Importantly, its sub-cellular redistribution
may be a useful ultrastructural marker and might represent the formation/stabilisation
of an aggresome-like structure in this system, in response to MPP+toxicity. The role
of NFs in aggresome formation has not yet been investigated. An exciting possibility
may be that NFs, like vimentin, play a role in stabilising aggresomes by
encapsulating the accumulated protein. Further research should focus on
identification of proteins that may co-localise with phosphorylated NFs in this
system including ubiquitin and a-synuclein in order to determine whether protein
inclusions in this pre-differentiated culture system might correlate with pathological
processes in-vivo. Additionally it was demonstrated that cytotoxic concentrations of
MPP+ might impair proteasomal function and that inhibition of the proteasome

induced phosphorylated NFs and a-tubulin to accumulate in differentiated cells.
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CHAPTER V. SIGNALLING PATHWAYS AND NEUROPROTECTION

5.1 INTRODUCTION

5.1.1 Neuroprotective strategies in MPP+toxicity

5.1.1.1 General approaches

An important reason for investigating MPP* toxicity, as a model for PD, is to
establish neuroprotective strategies that may become applicable to the disease state.
No protective therapy is yet available, probably because PD pathology is not yet
fully understood; thus further research is warranted. To date, agents suggested to
confer some degree of neuroprotection from MPP+ toxicity in neuronal cell culture
systems have been diverse and include oestradiol (De Girolamo ef al, 2001; Callier
et al., 2002), caspase inhibition (Bilsland et a/, 2002; Gomez et al, 2001), MAO
inhibition (De Girolamo et al, 2001), DA agonists (Joyce et al, 2003) and
antioxidant compounds (Stull et al, 2002). A major line of investigation into MPP+
toxicity has however, focussed on the role of the MAPK signalling pathways in cell
death and survival and studies using specific inhibitors to these pathways, as

discussed in section 5.1.1.2.

5.1.1.2 Neuroprotection afforded by MAPK Inhibitors

The role of MAPK pathways in MPP+ toxicity is complicated, given that activation
patterns, their role in cell death and any neuroprotection conferred by subsequent
inhibition can vary between cell systems. MPP+ induces activation of both pro and
anti-apoptotic pathways (Cassarino et a/, 2000), dependant on toxin concentration,
time of exposure and the cell line. ERK 1/2 pathways are traditionally considered to
be activated in response to external signals that promote survival and proliferation
/differentiation of cells, and phosphorylated ERK can activate many down-stream,
pro-survival targets (Grewal et al, 1999; Kaplan and Miller, 2000). Alternatively in
conditions of cellular stress that result in apoptosis, ERK activity has been reportedly
suppressed (Wang et al, 1998). In support of this view, studies have correlated
inhibition of the ERK pathway with induction/exacerbation of neurotoxicity (Xia et
al, 1995; Halvorsen et al, 2002; Crossthwaite et a/, 2002). Indeed, in a study of

H202 induced oxidative stress in HeLa (human cervical carcinoma) cells (Wang et
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al, 1998), ERK 2 activity was initially elevated and pre-treatment with the MEK
inhibitor, PD98059, induced a significant increase in apoptosis compared to control
cells, suggesting that early ERK activation was a survival signal. In a mitotic SH-
SYSY model Halvorsen et al, (2002) also report that pre-treatment with the ERK
inhibitor U0126 reduced cell viability and exacerbated toxicity induced by 24 h
exposure to 5 mM MPP+, again suggesting that ERK activation is anti-apoptotic in
this system. However contrary to these reports, several studies using neuronal cell
lines and primary neuronal cultures have shown that cellular stress does not only
activate ERK, but that inhibition of this pathway promotes cell survival, following
focal cerebral ischemia (Alessandrini et al, 1999); oxidative stress induced by
glutamate (Satoh et a/, 2000; Stanciu et al/, 2000, 2002) and H202 (Ruffels et al,
2004), endoplasmic reticulum stress induced by thapsigargin (Arai et al, 2004) and
MPP+ (Gomez-Santos ef a/, 2002). Thus it is generally accepted that the regulation
of cell survival may depend on a dynamic balance between survival and apoptosis

promoting pathways.

JNK has been shown to undergo biphasic activation in SH-SYS5Y cells when induced
by 5 mM MPP+over 24 h (Cassarino et al, 2000). Early JNK activation (15-30 min)
in response to MPP+ exposure was reportedly dependent on mitochondrial adenine
nucleotide translocator activity (ANT). Pre-incubation of cells with an ANT
antagonist blocked the early activation but not the late (12 h) activation of JNK. The
JNK pathway is generally considered to be pro-apoptotic although this theory is not
unequivocal. As reviewed by Tibbies and Woodgett, (1999), activation of the JNK
pathway can be “graded and adaptive” and as such the overall cellular response can
vary dramatically from apoptosis to repair. Certainly in the context of in-vivo and in-
vitro cell culture models of MPTP/MPP+toxicity, the INK pathway is proposed to be
pro-apoptotic (Xia et al, 2001; Saporito et al, 1999, 2000; Wang et al, 2004).
Inhibition of MLK3/JNK using the inhibitor CEP-1347 has been very recently shown
to attenuate MPP+ induced apoptosis and loss of morphology in differentiated SH-
SYSY cells (Mathiasen et al, 2004). It should be noted that the duration of'this study
was only 4 days. DA also induces JNK activation through an apoptotic death
programme induced by oxidative stress in primary neuronal cultures (Luo et al,

1998). This is significant since DA auto-oxidation and subsequent generation of

reactive oxygen species and neuromelanin are inherently linked to PD (reviewed in
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chapter 1, section 1.3), thus strengthening the hypothesis that JNK inhibition may be
a potential therapeutic target for PD.

The role ofthe p38 pathway in cell death/survival is less understood and can again be
dependent upon the cell model and the nature of external stressors. As was discussed
in chapter III, neuronal differentiation induced by retinoic acid is proposed to induce
Myocyte enhancing factor 2 (MEF-2), a transcription factor believed, via p38a
activation, to prevent apoptosis during neuronal development (Okamoto ef a/, 2000).
In many studies, however, the p38 pathway is implicated in orchestrating cell death.
In accordance with this theory, viability was increased in SH-SYSY cells exposed to
oxidative stress induced by the peroxynitrite donor, 3-morpholino-sydonimine (SIN-
1), when treated in the presence of the p38 inhibitor SB202190 (Oh-hashi et a/,
1999), following detection of p38 phosphorylation. Similarly in this cell line, DA
induced p38 phosphorylation was reduced by the inhibitor, SB203580, with
subsequent attenuation of apoptosis (Junn et al/, 2001). In a differentiating mouse
N2a neuroblastoma model, SB202190 protected cells against the effects of sub-
cytotoxic concentrations of MPTP on cell morphology, but could not maintain
viability at high MPTP concentrations (De Girolamo et al, 2001). In contrast,
Halvorsen et al, (2002) showed short term MPP+ toxicity induced by 5 mM to be
exacerbated by the p38 inhibitor, SB203580, in SH-SYSY cells.

5.1%2 CDK-5 and neurotoxicity

5.1.2.1 Activation ofCDK-5

CDK-5 has been aptly described as a “Jekyll and Hyde” kinase (Cruz and Tsai,
2004). This is because it plays many key roles in maturation and maintenance ofthe
CNS but it has more recently been demonstrated that uncontrolled CDK-5 activity is
linked to several neurodegenerative diseases. A mechanism by which CDK-5 activity
becomes harmful to the cell is thought to be due to the regulatory partners that
control its activation. There is now compelling evidence that p35, the most
widespread of such activators, along with p39, can become truncated under some
pathological conditions to form p25 and p29 proteins respectively (Patrick et al,

1999; Patzke and Tsai, 2002). Cleavage occurs 10 amino acids from the amino-
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terminus of the p35 protein yielding p25 and a resultant plO species (Patrick et a/,
1999). Lee et al, (2000) provide evidence that this conversion is mediated by
calpains (calcium dependent cysteine proteases) that can become activated in
response to raised intracellular calcium levels, induced in cell culture systems by
oxidative stress and excitotoxins. Notably, conversion of p35 to p25 was prevented
by calpain inhibition (Lee, et al., 2000). Resultant p25 can still activate CDK-5 but
this differs from the normal, beneficial, p35-induced activation. Firstly, p35 is bound
to peripheral membranes controlled by a conserved myristoylation signal. However
this signal is absent in p25 which becomes mis-localised to the cytosol, specifically,
to nuclear and perinuclear regions, hence priming CDK-5 for abnormal
phosphorylating activities. Secondly, p25 has greater stability than p35. p35 is
tightly regulated and rapidly degraded through the ubiquitin proteasome system,
following phosphorylation upon activating CDK-5 (Patrick et al., 1998, 1999) (refer
to chapter I, section 1.5.2). Therefore the CDK-5/p25 complex is hyperactive and

deregulated as summarised in Figure 5.1.
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Ca2t+
Calpain Active Calpain

Membrane bound Mis-located
Unstable I Stable
p35 plO p25
T ¥,<20 min T % 100 200
min
[ ]
Ubiquitin 1
mediated Abnormal phosphorylation of
proteasomal cytoskeletal proteins (NFs and MT5)
degradation - Morphological degeneration
- Neuronal apoptotic death

Figure 5.1 Conversion of p35 to p25 by calpains (taken from Patrick et al., 1999
and Lee, ef al, 2000 with modifications).

In the presence of raised intracellular calcium levels p35 is cleaved by activated
calpains within a proline rich region to yield plO and a stable, mis-localised p25
moiety, capable of inducing CDK-5 hyperactivity.

5.1.2.2 CDK-5 and neurodegenerative disease - potential neuroprotective

strategies via CDK-5 inhibition

Numerous studies suggest p25 to be neurotoxic. The implications of uncontrolled
CDK-5 activity are associated with cellular pathogenicity and neurodegenerative
disease, by virtue of resultant effects on, for example, cytoskeletal regulation, which
have been demonstrated both in-vivo and in cultured cells. Hie most compelling
evidence for the disruptive influence of CDK-5/p25 has been presented in
Alzheimer’s disease, where CDK-5/p25 hyperphosphorylates tau in-vivo, reducing
the ability of this MAP to associate with MTs (Patrick et al., 1999). Interestingly,
this study also showed p25 to localise within neurones containing neurofibrillary
tangles, an intemeuronal pathological feature of the disease. The ratio of p25 to p35

was shown to be higher in post mortem brains of Alzheimer’s disease patients
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compared to age matched controls (Tseng et al, 2002). It should be noted that there
are conflicting data concerning the role of CDK/p35/p25 in Alzheimer’s disease (see
Shelton and Johnson, 2004 for review) but a general consensus is that CDK-5
deregulation can evoke harmful effects on the MT network and this has been
proposed to induce more widespread cytoskeletal disruption (Ahlijanian et al, 2000).
By virtue of its role in NF phosphorylation, CDK-5 activity has been implicated in
Amyotrophic Lateral Sclerosis where accumulation of NFs in cell bodies and
proximal axons ofthe spinal cord have been reported (Bajaj, 2000). CDK-5 has been
shown to inhibit NF axonal transport and to increase perikaryal NF phosphorylation
in cultured cells following H202 treatment (Shea et al, 2004b). NF protein was
shown to be hyperphosphorylated in transgenic mice expressing human p25
(Ahlijjanian et al, 2000). By the same token, CDK-5 has been implicated in
dopaminergic cell death in PD. Henchcliffe and Burke, (1997) show that, following
apoptosis in dopaminergic cells of rat pups, induced by excitotoxic lesion, high
levels of CDK-5 protein was present in apoptotic cells. Despite the finding that
active CDK-5 is found in PD Lewy bodies (Brion and Couck, 1995), veiy little
research has focussed on the role of CDK-5 in MPTP/MPP+ induced neurotoxicity.
One interesting in-vivo study using mice has shown CDK-5 expression and activity
to be elevated following MPTP treatment (Smith et al, 2003). In the same study
treatment with flavopiridol, a general CDK inhibitor, or the expression of dominant-

negative CDK-5 attenuated dopaminergic neurone cell death induced by MPTP.

5.1.3 Aims of chapter

Current literature demonstrates a role for MAPK signalling in pro and anti-apoptotic
responses to MPP+ toxicity in cultured cells. However there is no current
understanding of longer-term contributions of such pathways to MPP+ toxicity and
many studies still employ mitotic cell systems. Hence the aim of this chapter was to
re-visit the effects of MAPK (ERK, JNK and p38) inhibitors on cell viability
following short-term MPP+ exposures and, more importantly, to extend these
investigations to the effects of chronic treatments of differentiated SH-SYS5Y cells
with MPP+ Finally, since the effects of CDK-5 inhibition on MPP+ toxicity in a

human cell culture system have not previously been investigated, this chapter sought
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to determine the effects of a specific CDK-5 inhibitor on cell viability following

short-term and chronic MPP+treatments.
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5.2 RESULTS

5.2.1 Neuroprotection conferred by inhibitors to MAPK pathways

5.2.1.1 MAPK inhibitors

A range of commercial inhibitors to MAPK pathways were used in this work; see
section 2.1.4 in chapter II for sources. PD98059 (2’-Amino-3’-methoxyflavone) is a
selective, cell permeable inhibitor of MAP kinase kinase (MEK), which acts to
inhibit the activation of MAP kinase (ERK) by Raf or MEK kinase and subsequent
phosphorylation of MAPK sub-units (Alessi et al, 1995). It was previously found
that 5 pM PD98059 completely inhibited ERK phosphorylation in differentiated SH-
SYSY cells following MPP+ treatment (results not shown). SB202190, (4-(4-
Fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl) 1 H-imidazole) is a cell
permeable, potent inhibitor of p38 (Carvalho et a/, 2004). 1 pM SB202190 was
found to completely inhibit staurosporine-induced p38 phosphorylation in mitotic
SH-SYS5Y cells in my laboratory (Julia Fitzgerald, unpublished observations). CEP-
11004 was used with prior permission from Cephalon Inc. This compound is
reported to promote survival in-vivo and in-vitro by inhibiting upstream of JNK, at
the level of mixed lineage kinases (Hidding et al/, 2002; Murakata et al, 2002). 1
pM CEP-11004 is used to inhibit MPTP-induced JNK phosphorylation in mouse
neuroblastoma cells in my laboratory (De Girolamo et al, 2004, manuscript
submitted). This compound has not been used previously in SH-SY5Y cells but a
related compound, CEP-1347 significantly inhibited MPP+induced JNK
phosphorylation when employed at a concentration of 10 nM (Mathiasen ef al,

2004).

5.2.1.2  The effects o fMAPK inhibition on viability o fdifferentiated cells

To enable detailed interpretation of the effects of MAPK inhibition on MPP+

toxicity, the effects of the inhibitors alone on cells were also analysed. Firstly this

enabled their role in cell survival per se to be established. Secondly suitable
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concentrations of inhibitors to use in toxicity studies were determined by titration, to

check whether or not effective concentrations of inhibitors effected cell viability.

Figure 5.2A shows that increasing the concentration of the MEK inhibitor, PD98059,
above 1 pM reduced cell viability in a concentration-dependent manner over a 24 h
time period. Over 14 days exposure to PD98059 both 0.1 and 1 pM induced a degree
of toxicity to cells (Fig 5.2B). In accordance with these results, morphological
analysis showed that PD98059 induced retraction of axon-like processes, particularly
at higher (20 |aM) concentrations (see Fig 5.3). This would suggest that ERK is a
pro-survival pathway in SH-SYS5Y cells.

Investigations with the p38 inhibitor, SB202190, showed that short-term exposures
of 2 and 4 days had no effect on cell viability at the concentrations tested. However
following 7 days and beyond, exposure to SB202190 can induce variable effects on
the viability of cells as indicated by the range of data from 2 independent
experiments (see Fig 5.4). Where SB202190 increased MTT reduction compared to
controls, morphological analysis supported these results; qualitative analysis revealed
that SB202190 treatment appealed to increase both cell number and the number of
axon-like extensions, (see Fig 5.5). Analysis of involvement of MAPK inhibitors

alone on cell viability is therefore vital for independent trials.

Titration of the mixed lineage kinase inhibitor, CEP-11004 was performed over 72 h
and over 14 days for chronic studies using 1 and 10 nM concentrations Figure 5.6
shows that over 72 h and 14 days, CEP-11004 did induce an increase in MTT
reduction. CEP-11004 had no effect at the concentrations tested on cell morphology.
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Figure 5.2 Titration of PD98059 in differentiated cells.

Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with fresh differentiating medium supplemented with
PD98059 to give the final concentrations shown above. After incubation for 24 h (A)
and over 14 days (B), cells were assayed for viability using the MTT reduction assay
as detailed in methods section 2.2.3.1. Results are expressed as the mean percentage
of differentiated control cells and are combined data from 2 independent experiments
(5 replicate wells/treatment in each experiment). The range of the data is shown.
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1 pM PD98059 20 pM PD98059

Figure 5.3 Morphological analysis following 24 h exposure to PD98059

Cells were induced to differentiate over 7 days in 96 well plates. On day 7 medium
was replaced with fresh differentiating medium supplemented with PD98059 at the
concentrations shown above. Cells were observed by phase contrast microscopy at
100 x magnification. Scale bar represents 40 pm.
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Figure 5.4 Titration of SB202190 in differentiated cells.

Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with fresh differentiating medium supplemented with
SB202190 to give the final concentrations shown above. After incubation periods of
up to 14 days, cells were assayed for viability using the MTT reduction assay as
detailed in methods section 2.2.3.1. Results are expressed as the mean percentage of
differentiated control cells and are combined data from 2 independent experiments (5
replicate wells/treatment in each experiment). The range of'the data is shown.
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Figure 5.5 Morphological analysis of cells following long-term exposure to
SB202190.

Cells were induced to differentiate over 7 days in 96 well plates. On day 7 medium
was replaced with fresh differentiating medium supplemented with SB202190 at the
concentrations shown above. Cells were observed by phase contrast microscopy at
100 x magnification. Scale bar represents 40 pm.
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Figure 5.6 Titration of CEP-11004 in differentiated cells.

Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with fresh differentiating medium supplemented with CEP-
11004 to give the final concentrations shown above. After incubation periods of up
72 h (A) and 14 days (B), cells were assayed for viability using the MTT reduction
assay as detailed in methods section 2.2.3.1. (A) Results are expressed as the mean
percentage of differentiated control cells = SEM and are combined data from 3
independent experiments (5 replicate wells/treatment in each experiment) (B) Results
are expressed as the mean percentage of differentiated control cells =+ SEM of 5
replicate wells/treatment and represent preliminary data from a single trial.
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5.2.1.3 Effects ofMAPK inhibitors on M PP+toxicity

The effects of MAPK inhibitors on MPP+toxicity were investigated over a range of
time points to encompass short-term and also chronic studies. In all experiments cells
were pre-differentiated for 7 days and inhibitors were added to cells at the same time
as MPP+ All results were expressed as a percentage of differentiated control cells
(assigned a value of 100 %). Results shown are combined data from 2 or 3
independent experiments of 5 or 6 replicate wells/treatment in each experiment as

detailed in legends.

5.2.1.3.1 Effects ofPD98059 on MPP+toxicity

Results indicated that cytotoxicity induced by 1 mM MPP+ following 24 h exposure
was exacerbated by the presence of PD98059 in a dose-dependent manner, (see Fig
5.7A). Morphological studies shown in Figure 5.8 demonstrate the effects of 1 mM
MPP+ in the presence and absence of PD98059. At higher concentrations of
PD98059, cells appear rounded compared to toxin treatment alone (compare Fig
5.8B and F), supporting exacerbation of toxicity. However, in contrast, a further
experiment suggested both 0.1 and 1 pM PD98059 to confer partial protection to
cells following exposure to 1 mM MPP+, albeit the toxicity induced by 1 mM MPP+

was greater in experiment B (71 % as opposed to 37 % toxicity in experiment A).
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Figure 5.7 Effect of PD98059 on 24 h MPP+toxicity.

Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with fresh differentiating medium supplemented 1 mM MPP+
and PD98059 at final concentrations shown above. After incubation for 24 h, cells
were assayed for viability using the MTT reduction assay as detailed in methods
section 2.2.3.1. Results are expressed as the mean percentage of differentiated
control cells + SEM from 5 replicate wells/treatment. A and B are independent
experiments (see text for details).
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A. Differentiated control cells B. 1 mM MPP
C. 1mM MPP+/ 0.1 pM PD98059 D. 1 mM MPP+/ 1 pM PD98059
E. 1mM MPP+/10 pM PD98059 F. 1mM MPP+/20 pM PD98059

Figure 5.8 Morphological analysis of the effects of PD98059 on 24 h MPP
toxicity.

Cells were induced to differentiate over 7 days in 96 well plates. On day 7 medium
was replaced with fresh differentiating medium supplemented with 1 mM MPP+and
PD98059 at the concentrations shown above. Following 24 h incubation, cells were
observed by phase contrast microscopy at 200 x magnification. Scale bar represents

40 pm.

198



CHAPTER V. SIGNALLING PATHWAYS AND NEUROPROTECTION

The effects of PD98059 on chronic MPP+ toxicity were also investigated.
Differentiated cells were treated with 250 or 500 pM MPP+ over 14 days in the
presence or absence of PD98059 at concentrations of 0.1 and 1 pM. In conjunction
with 250 pM MPP+exposure, PD98059 again exacerbated MPP+toxicity (Fig 5.9A).
This was independent of whether MPP+ alone caused toxicity. Hence these data

again indicate that ERK is required for cell survival.

In striking contrast, treatment with PD98059 in conjunction with 500 pM MPP+
caused attenuation of MPP+ toxicity (Fig 5.9B). At each time point both 0.1 and 1
pM PD98059 conferred protection against MPP+toxicity. These results suggest that
the concentration of toxin, and therefore the degree of insult to the cells, is a crucial
determinant of the effect of MEK inhibitor treatment. This concept is supported by
results presented in Fig 5.7 where PD98059 conferred differential effects on cell
viability in 2 independent experiments where the degree of toxicity induced by 1 mM

MPP+differed after a 24 h exposure.
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Figure 5.9 Effect of PD98059 on chronic MPP+exposure.

Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with fresh differentiating medium supplemented with 250 pM
MPP+ (A) or 500 pM MPP+(B) and PD98059 at final concentrations shown above.
At time points indicated, cells were assayed for viability using the MTT reduction
assay as detailed in methods section 2.2.3.1. Results are expressed as the mean
percentage of differentiated control cells and are combined data from 2 independent
experiments (5 replicate wells/treatment in each experiment). The range ofthe data is
shown.
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5.2.1.3.2 Effect ofSB202190 on MPP toxicity

As with PD98059, treatment of cells with 1 mM MPPT in conjunction with the p38
inhibitor, SB202190, exacerbated MPP+ toxicity when compared with either
differentiated controls or toxin treated cells (see Fig 5.10). Since the inhibitor alone
was not toxic over this time course (Fig 5.4), results suggest that p38 is required for

cell survival whilst its inhibition in the presence of MPP+promotes cell death.

24 h 48 h 72 h

o 1 mMMPP+
= 1 mMMMPP+/10 uM SB
o 1 mMMPP+ /20 uM SB

Figure 5.10 E ffect of SB202190 on M PP+ toxicity over 72 h.

Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with ffesh differentiating medium supplemented 1 mM MPP+
and SB202190 at final concentrations shown above. After incubation for 24, 48 and
72 h, cells were assayed for viability using the MTT reduction assay as detailed in
methods section 2.2.3.1. Results are expressed as the mean percentage of
differentiated control cells and are combined data from 2 independent experiments (5
replicate wells/treatment in each experiment). The range ofthe data is shown.
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A similar trend to that observed following chronic exposure to PD98059 was also
found when cells were exposed chronically to MPP+with SB202190. The role ofthe
p38 inhibitor depended on the degree of insult to which the cells were exposed.
Indeed following exposure to 250 pM MPP+, 10 pM SB202190 exacerbated toxicity
in a time-dependent manor (see Fig 5.11A). Atdays 4, 7, 10 and 14, 1 pM SB202190

did confer a degree of protection to cells against 250 pM MPP+toxicity.

In the presence of 500 pM MPP+, both 1 pM and 10 pM SB202190 protected cells
against MPP+ toxicity at all time points (see Fig 5.11B), a greater effect again
conferred by 1 pM SB202190. The protection afforded by SB202190 was reflected
in morphological analyses of cells treated with MPP+ particularly in conjunction

with 500 pM MPP+treatment (Fig 5.12).
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Figure 5.11 Effect of SB202190 on chronic MPP+exposure.

Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with fresh differentiating medium supplemented with 250 pM
MPP+(A) or 500 pM MPP+(B) and SB202190 at final concentrations shown above.
At time points indicated, cells were assayed for viability using the MTT reduction
assay as detailed in methods section 2.2.3.1. Results are expressed as the mean
percentage of differentiated control cells and are combined data from 2 independent
experiments (5 replicate wells/treatment in each experiment). The range of the data is
shown.
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Control

250 pM MPP+/ 1pM SB 250 pM MPP+/ 10 pM SB

Figure 5.12A Morphological analysis of the effects of SB202190 on 4-day MPP+
toxicity.

Cells were induced to differentiate over 7 days in 96 well plates. On day 7 medium
was replaced with fresh differentiating medium supplemented with MPP+ and
SB202190 at the concentrations shown above. Cells were observed by phase contrast
microscopy at 200 x magnification. Scale bar represents 40 pm.
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Control

250 pM MPP

500 pM MPP+ 500 pM MPP+ 1pM SB 500 pM MPP+/ 10 pM SB

Figure 5.12B Morphological analysis of the effects of SB202190 on 10-day MPP4
toxicity.

Cells were induced to differentiate over 7 days in 96 well plates. On day 7 medium
was replaced with fresh differentiating medium supplemented with MPP4 and
SB202190 at the concentrations shown above. Cells were observed by phase contrast

microscopy at 200 x magnification. Scale bar represents 40 pm.
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5.2.1.3.3 Effect of CEP-11004 on MPP+toxicity

The presence of CEP-11004 attenuated the cytotoxic effects of 1| mM MPP+ over a
72 h exposure although this was not proven statistically. It should be noted that
inhibitor treatment of control cells increased viability by between 5 and 22 % over
the range of concentrations tested (Fig 5.6A). However, when corrected for the effect
of the inhibitor alone, 1 nM CEP-11004 increased MTT reduction by 20 and 32 %
when compared to MPP+ treated cells (assigned a value of 100 %) at 48 and 72 h,

respectively.

Following chronic exposure to both 250 and 500 pM MPP+ a preliminary trial
suggested that CEP-11004, used at 1 and 10 nM conferred partial protection against
MPP+toxicity as shown in Figure 5.14 when MTT reduction in the presence of the
inhibitor was compared to MPP+treated cells (assigned 100 %) and corrected for the

effect of the inhibitor on control cell alone (Fig 5.6B).

206



CHAPTER V. SIGNALLING PATHWAYS AND NEUROPROTECTION

8

=

4o oQ
lao

5&&.%"/ Y

MosQ

24 h 48 h 72 h

o1 mMMPP+
m 1 mMMPP+/1 nMCEP
o1 mMMPP+/10 nMCEP

Figure 5.13 Effect of CEP-11004 on MPP+toxicity over 72 h.

Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with fresh differentiating medium supplemented 1 mM MPP+
and CEP-11004 at final concentrations shown above. After incubation over 72 h,
cells were assayed for viability using the MTT reduction assay as detailed in methods
section 2.2.3.1. Results are expressed as the mean percentage of differentiated
control cells £ SEM and are combined data from 3 independent experiments (5
replicate wells/treatment in each experiment).
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Figure 5.14 Effect of CEP-11004 on chronic MPP+exposure.

Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with fresh differentiating medium supplemented with 250 pM
MPP+ (A) or 500 pM MPP+ (B) and CEP-11004 at final concentrations shown
above. At time points indicated, cells were assayed for viability using the MTT
reduction assay as detailed in methods section 2.2.3.1. Results are expressed as the
mean percentage of differentiated control cells £ SEM of 5 replicate wells from a
single plate.
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5.2.2  Effects of a CDK-5 Inhibitor on MPP+toxicity

A cell permeable, chemical inhibitor of CDK-5, butyrolactone I (BL-1), was used to
investigate the effect of CDK-5 inhibition on cells in the presence and absence of
MPP+ toxicity. 10 pM BL-1 was reported to significantly reduce laminin-induced
CDK-5 activity in differentiated SH-SYS5Y cells (Li et al., 2000). Figure 5.15 shows
that 1 pM and 10 pM BL-1 induced a dose dependant increase in MTT reduction
over 72 h ofbetween 9 and 39 %. Conversely, when titrated over 14 days, 1 pM BL-

1 did not increase MTT reduction compared to control cells.

Results suggested that in the presence of 1 mM MPP+ BL-1 conferred protection to
cells, although this was not proven statistically. At 24, 48 and 72 h, 1 pM and 10 pM
BL-1 attenuated MPP+toxicity. However, some of this protection was attributable to
the effect of BL-1 alone on cells. For example, once the effect of BL-1 alone was
corrected for, the increase in viability of 1 mM MPP+treated cells in the presence of
1 pM BL-1 at 48 and 72 h was from 45 to 71 % and 45 to 65 % of differentiated
control cells, respectively. If 1 mM MPP+is assigned the value of 100 %, the
protection afforded by 1 pM BL-1 after correction for the effect of BL-1 alone
equates to 87 % and 56 % at 48 and 72 h, respectively. Protection by BL-1 is
confirmed by morphological studies in Figure 5.17. Cells are found to be clustering
and rounding following MPP+treatment alone; however, in the presence of BL-1, are

healthier and also maintain the axon-like processes.

A differential response to inhibitor treatment, apparently dependent on the degree of
MPP+toxicity, was again observed with 250 and 500 pM MPP+(see Fig 5.18). BL-1
did not protect cells treated with 250 pM MPP+ indeed 1 pM BL-1 exacerbated
toxicity. In contrast, results suggested that 1 pM BL-1 attenuated toxicity induced by
500 pM MPP+ at the day 7 and day 10 time points. However even at 14 days,
morphology studies showed that cells appeared healthier when treated with BL-1 in
conjunction with 500 pM MPP+(Fig 5.19).
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Figure 5.15 Titration of BL-1 in differentiated ceils

Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with fresh differentiating medium supplemented BL-1 at final
concentrations shown above. Cells were assayed for viability using the MTT
reduction assay as detailed in methods section 2.2.3.1. Results are expressed as the
mean percentage of differentiated control cells + SEM and are combined data from 3
independent experiments (5 replicate wells/treatment in each experiment) (1 pM BL-
1) and 2 independent experiments (10 pM BL-1; the range ofthe data is shown).
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Figure 5.16 Effect of BL-1 on MPP+toxicity over 72 h.
Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with fresh differentiating medium supplemented 1 mM MPP+
and BL-1 at final concentrations shown above. After incubation for 24, 48 and 72 h,
cells were assayed for viability using the MTT reduction assay as detailed in methods
section 2.2.3.1. Results are expressed as the mean percentage of differentiated
control cells + SEM and are combined data from 3 independent experiments (5
replicate wells/treatment in each experiment) (1 pM BL-1) and 2 independent
experiments (10 pM BL-1; the range ofthe data is shown).
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Figure 5.17 Morphological analysis of the effects of BL-1 on short-term MPP+
toxicity.

Cells were induced to differentiate over 7 days in 96 well plates. On day 7 medium
was replaced with fresh differentiating medium supplemented with 1 mM MPP+and
1 pM BL-1. Cells were observed by phase contrast microscopy at 200x
magnification. Scale bar represents 40 pm.
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Figure 5.18 Effect of BL-1 on long-term MPP+exposure.

Cells were seeded into 96 well plates at a density of 5000 cells/well and induced to
differentiate over 7 days as detailed in methods section 2.2.1.6. Medium was
removed and replaced with fresh differentiating medium supplemented with 250 pM
MPP+ or 500 pM MPP+ and BL-1 at final concentrations shown above. At time
points indicated, cells were assayed for viability using the MTT reduction assay as
detailed in methods section 2.2.3.1. Results are expressed as the mean percentage of
differentiated control cells = SEM and are combined data from 3 independent
experiments (5 replicate wells/treatment in each experiment).
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Figure 5.19 Morphological analysis of the effects of BL-1 on chronic MPP+
toxicity.

Cells were induced to differentiate over 7 days in 96 well plates. On day 7 medium
was replaced with fresh differentiating medium supplemented with 500 pM MPP+
and 1 pM BL-1. Cells were observed by phase contrast microscopy at 200x
magnification. Scale bar represents 40 pm.
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5.2.2.1 Expression ofp35/p25 in differentiated SH-SYS5Y cells andfollowing MPP+

exposure

In order to determine the levels of p35 in cells and to investigate whether p35
cleavage had occurred, an antibody raised against the carboxy terminal domain of
p35/p25 was used. Attempts to detect p35/p25 were made using cells treated with
varying concentrations of MPP+ and separating up to 100 pg protein using SDS-
PAGE prior to Western blotting. An example is shown in Figure 5.20. Since
exposure to 5 mM MPP+over 24 h has been found to reduce tTG protein levels, and
that this may be attributable to elevated calpain activity (refer to chapter VI, section
6.2.1), it was logical to use this concentration of MPP+to investigate whether p35
could be cleaved to p25 in this system. However, results repeatedly showed p35 and
p25 to be undetectable in both control and MPP+ treated cells. p35/p25 were
detectable in a pig brain cytosolic fraction and therefore may suggest that p35 is

expressed at a very low level in SH-SYSY cells.
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Figure 5.20 Attempts to detect p35/p2S5 in differentiated and MPP+treated SH-
SYSY cells

Cells were seeded into T25 flasks at 400,000 cells/flask and induced to differentiate
over 7 days as detailed in methods section 2.2.1.6. On day 7 medium was removed
and replaced with fresh differentiating medium supplemented 1 pM BL-1, 5 mM
MPP+or 1 pM BL-1 plus 5 mM MPP+ After 24 h cells were extracted as detailed in
methods section 2.2.5.1. 100 pg protein was separated on a 12 % acrylamide gel by
SDS-PAGE and transferred to nitrocellulose by Western blotting. The nitrocellulose
was probed with anti-p35 antibody (1:100) and developed using the alkaline
phosphatase method (see methods section 2.2.8.2.3).

Lane 1, differentiated control cells; lane 2, 1 pM BL-1; lane 3, 5 mM MPP ; lane 4, 1
pM BL-1 plus 5 mM MPP+; lane 5, 100pg pig brain cytosolic fraction.
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5.2.2.2  Sub-cellular distribution ofp35/p25 proteinsfollowing MPP+and

proteasome inhibitor treatment

MPP+has been shown to raise intracellular calcium levels and to reduce proteasomal
activity (Chen et al., 1995; Hoglinger et ah, 2003). Such effects may induce (a)
cleavage of p35 to p25 (Lee ef al, 2002) and as a consequence, altered distribution
of proteins and (b) accumulation of p35/p25 which would normally be degraded
through the proteasome (Patrick ef ah, 1998, 1999). Since Western blotting and
immunoprobing had proven unsuccessful in detecting p35/p25 in SH-SYSY cells, the
anti-p35/p25 antibody was used in conjunction with immunocytochemistry to
determine the sub-cellular distribution of p35/p25 proteins following treatment with

I mM MPP+ 0.1 pM MG132 or 1 mM MPP+in the presence of 0.1 pM MG132.

p35/p25 was detected in cells using immunocytochemistry. In control cells the
location of p35/p25 staining appeared mainly within the cytoplasm, extending into
axon-like structures, with some being membrane bound. Preliminary results did not
suggest that p35/p25 protein was accumulating in response to the treatments of 1 mM
MPP+ 0.1 pM MG132 or following combined MPP+plus MG132 treatment over 48
h (see Fig 5.21b, c and d).

217



CHAPTER V. SIGNALLING PATHWAYS AND NEUROPROTECTION

FITC FITC + propidium iodide

a. Differentiated cells

b. 0.1 pM MG 132

Figure 5.21
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FITC FITC + propidium iodide

c. 1mM MPP

d. 1 mM MPP+plus 0.1 pM MG132

Figure 5.21 Distribution of p35 protein following 48 h exposure to 1 mM MPP+
+ proteasomal inhibitor.

Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium or medium supplemented
with 1 mM MPP+, 0.1 pM MGI132 or ImM MPP+plus 0.1 pM MG132. After 48 h
cells were fixed and permeabilised and immunocytochemistiy performed as detailed
in methods section 2.2.9. Cells were probed with anti-p35 antibody (1:20). Cells
were protected using Vectorshield mounting medium containing propidium iodide
(shown overlaid with the FITC stain on the right of each panel). Analysis was
performed by confocal microscopy at x 400 magnification. Scale bar represents 20
pm.
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5.3 DISCUSSION

5.3.1 Conflicting roles of MEK and p38 inhibitors against MPP+toxicity

In this study, treatment of pre-differentiated SH-SYSY cells with the MEK inhibitor,
PD98059, induced cell death in a concentration dependent manner, suggesting that
the ERK pathway is indeed required for cell survival. However, following MPP+
exposure, cell viability was differentially affected by co-treatment with PD98059.
This trend was observed in 2 independent experiments and combined data was
presented in Fig 5.9. The extent of toxicity induced by MPP+ appeared to determine
whether PD98059 conferred protection to cells. This is an important observation
since differences in the effects of MAPK inhibitors on MPP+ toxicity are observed
between studies as detailed in the introduction to this chapter (section 5.1). These
findings suggest that a threshold exists whereby the ERK pathway, most likely in

conjunction with other pathways, changes its influence on cell survival.

It can be noted that in Fig 5.7A the toxicity induced by 1 mM MPP+ over 24 h is
comparable to that induced by 250 pM MPP+over 14 days (up to 40 % reduction in
cell viability), where ERK is likely to be pro-survival in both cases. ERK was also a
pro-survival signal in the study by Halvorsen et al, (2002) where 5 mM MPP+
reduced cell viability by 25 %. Conversely the toxicity induced by 1 mM MPP+ in
Fig 5.7B, and following exposure to 500 pM MPP+ over 14 days, was greater
(between 60 and 100 % reduction in cell viability). This suggests that the degree of
toxicity induced by MPP+, irrespective of the exposure time, may have been an
important factor in determining the role of ERK in this toxin paradigm. The
variability of SH-SYSY cells to MPP+ toxicity has been discussed. It is interesting
that whilst 2 independent experiments were performed where the same trend was
noted, cells were less sensitive to MPP+ in the second experiment, which caused
approximately 10 % and 50 % reduction in viability following exposure to 250 and
500 pM, respectively. In both instances described, the difference in viability of cells
protected by the inhibitor and cells in which the presence of the inhibitor was
detrimental was approximately 40 %. Hence it may be hypothesised that within this

window, the inhibitor would have no effect on cell viability. This is demonstrated
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when the results from the 2 independent experiments are combined and presented as
a scatter plot (Fig 5.22). Further trials would confirm this concept. In support of this
hypothesis, Crossthwaite et al, (2002) demonstrate that stimulus strength
(concentration of H202) in primary cortical neurones was important in determining
the outcome of MAPK signal activation. Stanciu et al, (2002) provide evidence in
HT22 mouse hippocampal cells, that glutamate induced oxidative stress and MG 132-
mediated proteasome inhibition induce ERK activation, inhibition of which promotes
cell survival. Of interest was that activated ERK was persistently retained in the
nucleus. The study proposed that changes in compartmentalisation of activated ERK,
possibly via effects on an anchor protein for ERK or inactivation of a phosphatase
otherwise required for de-phosphorylation of ERK and removal from the nucleus,

could establish ERK as pro-apoptotic signal.
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Figure 5.22 Differential effects of PD98059 on cell viability following MPP+
exposure.

Viability of cells following exposure to MPP+ (250 and 500 pM) and MPPI plus
PD98059 (0.1 and 1 pM) was assessed at 5 time points over 14 days using the MTT
reduction assay. Results shown are pooled data from 2 independent experiments. The
viability of cells in the presence of MPP+and MPP+plus PD98059 was expressed as
a % of differentiated control cells (assigned 100 %). Results are plotted as a scatter
plot to show degree of toxicity versus % change in MTT reduction (as a % of
differentiated control) in the presence of PD98059. Correlation coefficients were
performed to indicate correlation between treatments.
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There is conflicting evidence regarding the role of the p38 pathway following
cellular stress (Mielke and Herdegen, 2000). Incubation of cells with MPP+ in the
presence of the SB202190 evoked differential effects on cell viability. The same
trend was observed as for PD98059 whereby 2 independent experiments
demonstrated that the presence of the inhibitor exacerbated short-term toxicity
induced by 1 mM or chronic toxicity following 250 pM MPP+ However SB202190
conferred protection to cells treated with 500 pM MPP+ for 2 days and beyond. This
differential effect of SB202190 depending on the degree of MPP+ toxicity is
presented as scatter plot in Fig 5.23. Halvorsen et al, (2002) demonstrated that
treatment with SB203580 alone reduced viability of cells and exacerbated toxicity in
the presence of 5 mM MPP+ Of interest is again the observation that the apparent
pro-survival role ofthe p38 pathway in the study by Halvorsen et a/, (2002) occurs at
a level of MPP+toxicity that correlates with the study presented in this thesis.

An important point to note is that in this study, incubation of cells with SB202190
during the differentiation time course resulted in increased ERK phosphorylation
Correlated with increased neuritogenesis (results not shown). Previous studies with
the related compound, SB203580 extensively document this effect (Hall-Jackson ef
al, 1999; Kalmes et al, 1999). The fore-mentioned studies unanimously propose
that SB203580 activates serine/threonine kinase, Raf-1, independent of inhibition of
p38. This effect was not prevented by inhibition of MAPK, PKC or PI3-K pathways
(Hall-Jackson et al, 1999). An alternative and novel p38a inhibitor, NPC31169
(Ohashi et al, 2004) also induced the same effect in a rat model of renal disease.
Whilst an explanation for the differential effects of SB202190 on MPP+ induced
toxicity is presently unknown, it seems likely that at least some ofthe effects exerted

by SB202190 were due to effects on the p38 pathway.
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Figure 5.23 Differential effects of SB202190 on cell viability following MPP+
exposure.

Viability of cells following exposure to MPP+ (250 and 500 pM) and MPP+ plus
SB202190 (1 and 10 pM) was assessed at 5 time points over 14 days using the MTT
reduction assay. Results shown are pooled data from 2 independent experiments. The
viability of cells in the presence of MPP+and MPP” plus SB202190 was expressed as
a % of differentiated control cells (assigned 100 %). Results are plotted as a scatter
plot to show degree of toxicity versus % change in MTT reduction (as a % of
differentiated control) in the presence of SB202190. Correlation coefficients were
performed to indicate correlation between treatments.

5.3.2 CEP-11004 confers protection against short-term and chronic exposures
to MPP+

MPTP activates mitogen activated protein kinase kinase 4 (MKK4) and JNK in the
substantia nigra and striatum of mice (Saporito et al, 2000). Inhibition of JNK has
been unanimously reported to attenuate MPTP/MPP+ toxicity (Saporito et al., 1999,
2000; Xia et al., 2001; Wang et al., 2004; Mathiasen et al., 2004), and was also the
case in this thesis where a compound related to CEP-1347, (CEP-11004, KT&8138,
also reported to inhibit JNK at the level of MLKs [Hidding et al., 2002; Fu et al,
2003]) was employed. CEP-11004 alone had no detrimental effect on the viability of

223



CHAPTER V. SIGNALLING PATHWAYS AND NEUROPROTECTION

pre-differentiated SH-SYSY cells. Over a short time course of 72 h CEP-11004
attenuated MPP+toxicity, further trials are required to confirm that this attenuation of
toxicity was significant. Over an extended MPP+ exposure of up to 14 days,
preliminary studies also suggested that CEP-11004 might confer protection. Further
trials would confirm this effect. Whilst a recent study has shown that CEP-1347
attenuated MPP+ toxicity in differentiated SH-SYS5Y cells, the concentration of
MPP+ was relatively high (3 mM) and duration of exposure to MPP+was only 48 h
(Mathiasen et al, 2004). Additionally, although cells were pre-differentiated, retinoic
acid was removed from the media prior to treatment with MPP+ Also cells were pre-
incubated with CEP-1347 before addition of MPP+ The data presented here are
therefore novel given that cells were pre-differentiated and maintained in
differentiation media whilst being exposed to MPP+and CEP-11004 simultaneously.
Additionally the time course over which the effects of CEP-11004 on MPP+induced

toxicity were investigated was greatly extended.

The mechanism by which CEP-11004 attenuated MPP+toxicity was most likely via
inhibition of MLK. It has been reported that CEP-1347 plays no role in prevention of
MPP+mediated inhibition of mitochondrial complex I in SH-SYS5Y cells (Mathiasen
et al, 2004). According to Maroney et al, (1998) CEP-1347 had no effect on ERK 1
activity in rat motorneurones. Similarly it was reported that CEP-1347 did not
activate PI3-K or ERK pathways in primary sympathetic neurones deprived of NGF,
despite preservation of neurones (Harris et a/, 2002). In my laboratory, no effect of
CEP-11004 was observed on ERK phosphorylation using N2a cells (De Girolamo,
personal communication). On the contrary there is some evidence that CEP-11004
additionally activates ERK. Indeed it was noted in results chapter III (Figure 3.10) of
this study, that cells induced to differentiate in the presence of CEP-11004 exhibited
increased neuritogenesis compared to control cells and that ERK phosphorylation, at
the same time point, was also elevated. Additionally Roux et al, (2002), reported that
CEP-1347 phosphorylates Akt and ERK in primary mouse cortical neurones under
conditions where MLK 3 was inhibited, via a MLK 3 independent, Src dependant
mechanism since treatment with CEP-1347 in the presence of PP1, a Src family
inhibitor, blocked ERK activation. Interestingly the authors noted that maintaining

cells in low serum enhanced ERK phosphorylation by CEP-1347.
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5,3.3 Selective CDK-5 inhibitor (Butyrolactone I) confers protection against
MPP+toxicity

The effect of BL-1 (CDK-5 inhibitor) on the viability of cells treated with MPP+was
assessed over short-term (72 h) and chronic (14-day) exposures. CDK-5 has been
found to mediate loss of dopaminergic neurones in an in-vivo mouse MPTP model
(Smith et al, 2003). In addition, MPTP was reported to increase both CDK-5
expression and also activity, as measured by tau phosphorylation and in-vitro kinase
assays following CDK-5 immunoprecipitation. CDK-5 activity, but not expression,
was attenuated by treatment with flavopiridol, (a general CDK inhibitor). The data
presented in this thesis is the first to utilise a human in-vitro model with a more
selective CDK-5 inhibitor to study neuroprotective effects in the presence of MPP+
Over 72 h, BL-1 conferred protection against treatment of cells with 1 mM MPP+
although further trials are required to confirm that this attenuation of toxicity is
significant. In addition, 1 pM BL-1 conferred a degree of protection to cells treated
with 500 pM MPP+over 10 days. Furthermore the morphology of cells treated with
500 pM MPP+was improved following BL-1 treatment over 14 days.

The mechanism by which a CDK-5 inhibitor may promote survival in an in-vitro
MPP4 model remains to be deciphered. However a number of credible hypotheses
exist. De-regulation of nuclear CDK-5 is particularly significant since CDK-5 has
access to a host of transcription factors that can influence neuronal survival and
development, an important example of which is Myocyte enhancer factor 2 (MEF-2).
MEF-2 (encoded by four genes; MEF-2A, MEF-2B, MEF-2C and MEF-2D) is a
member of the MADS (MCMI-agamous-deficiens-serum response factor) family of
transcription factors. All four genes are expressed in neuronal cells giving rise to
alternatively spliced transcripts (reviewed by Okamoto et a/, 2000; Li et al, 2001,
Gong et al, 2003). Neuronal differentiation and survival is associated with
phosphorylation/activation ofthe MEF-2 carboxy-terminal transactivation domain by
kinases including p38 (Okamoto et al, 2000) and ERK 5 (Kato et al, 1997).
However reports show that hyperphosphorylation of MEF-2 at distinct sites by
alternative kinases can reduce MEF-2 activity. Significantly, Gong et al, (2003)
show that both oxidative stress induced by H202 and excitotoxicity induced by
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glutamate in cortical neurones increased CDK-5 activity causing CDK-5 dependant
phosphorylation of MEF-2 isoforms at distinct, identified serine residues. This
resulted in reduction in MEF-2 activity, causing cell death. Effects were blocked by
the CDK-5 inhibitor, rescovitine and by co-transfection with CDK-5/p25 and a
constitutively active form of MEF-2. The down-stream consequences of aberrant
MEF-2 phosphorylation that promote cell death remain to be hilly resolved but may
involve caspases (Gong et al, 2003; Li et al/, 2001). Hence it may be hypothesised
that MPP+; through mechanisms of oxidative stress and excitotoxicity may activate
CDK-5 resulting in MEF-2 phosphorylation (and potentially other survival factors)

and disruption of survival pathways.

As previously described, conversion of p35 to p25 results in an inappropriate “gain
of function” of the CDK-5/p25 complex, causing disruption and hyper-
phosphorylation of numerous substrates, including cytotoskeletal proteins that have
been linked to neurodegenerative disease (Patrick ef a/, 1999; Nguyen et al, 2001;
Hashiguchi ef al, 2002). Smith et al, (2003) reported that increased levels of p25
were found in the substantia nigra of mice following MPTP treatment. Studies show
that both the CDK inhibitor, flavopiridol (Smith ef a/, 2003) and calpain inhibition
(Crocker et al, 2003) significantly improved the hypo-locomotive state induced by
MPTP in mice and also prevented degeneration of nigral DA neurones. These
observations were not associated with improved striatal DA levels or DA turnover
but were found to improve existing striatal circuitry; expression of the early
intermediate gene, encoding delta FosB, (a marker of basal ganglion circuitry that is
up-regulated by MPTP in response to dopaminergic denervation) was attenuated.
Also calpain inhibition was found to prevent MPTP induced up-regulation of
neurotensin, a neuropeptide suggested to antagonise DA neurotransmission
(reviewed by Crocker et al, 2003). These findings are particularly significant given
that CDK-5 levels and calpain activity are elevated in the PD brain (Brion and
Couck, 1995; Crocker et al, 2003).

Preliminary investigations have found that p35 could not be detected in SH-SY5Y
cells by Western blotting; it is as yet unclear why p35 protein could however be
detected using immunocytochemistry. Detection of this protein may benefit from

immunoprecipitation methods. 1 mM MPP4 did not induce accumulation of p35 in
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pre-differentiated cells. Gong et al, (2003) report that H202 induced oxidative stress
in rat cortical neurones increased CDK-5 activity but did not affect p35 expression
levels. Hence low protein levels in control cells may not be up-regulated following
MPP+ treatment. It has been shown in my laboratory using mitotic SH-SYSY cells
that 1 mM MPP+ inhibits the proteasome by only 10-20 % over 48 h. Hence the
concentration of MPP+may not have been high enough to detect p35 accumulation
due to insufficient proteasomal inhibition. However, MG 132, employed at a
concentration that was shown to inhibit the proteasome, also failed to induce
accumulation of p35. Clearly, further work is required to establish the effects of

MPP+on p35/p25 expression/activity in this system.
An overview ofthe potential effects of MPP+on CDK-5 and subsequent downstream

in-vitro neurotoxic events is given in Figure 5.24 whilst a summary of the effects of

MAPK and CDK-5 inhibitors on MPP+toxicity is given in table 5.1.
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Figure 5.24 Proposed mechanism of CDK-5 mediated neurotoxicity following
MPP+treatment (taken from Gong et al,, 2003, with modifications).

MPP+may mediate neurotoxicity via increased/de-regulated CDK-5 activity through
nuclear and cytoplasmic pathways culminating in suppression of survival genes and
hyper-phosphorylation oftarget protein substrates.
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Concentration of MPP+/ exposure time

Inhibitor 1 mM MPP+ 250 [iM MPP+ 500 pM MPP+
72h 14 days 14 days
PD98059 Pro-death Pro-death Pro-survival
SB202190 Pro-death Pro-death Pro-survival
CEP-11004 Pro-survival Pro-survival? Pro-survival?
BL-1 Pro-survival Pro-death Pro-survival?

Table 5.1 Summary of the pro-survival or pro-death effects of MAPK/CDK-5
inhibitors when used in conjunction with MPP+over a short time course (72 h)
or 14 days.

In conclusion, inhibitors of MLK and CDK-5 confer protection to MPP+ treated
cells. Inhibitors of p38 and MEK can reduce MPP+ toxicity but in a manner that is
dependent on the degree of toxicity that is exerted on cells; hence their role in cell
survival in this system is more difficult to ascertain. Also many potential differences
between cell culture systems, for example whether mitotic or differentiated, the
nature of the stress and time of exposure to that stress, may to some extent, account
for anomalies between studies. The fact that no one inhibitor can fully rescue cells
from MPP+toxicity supports the concept that signalling pathways operate in complex
manner to determine the ultimate fate of a cell. It should be noted that the degree of
toxicity induced by a particular concentration of MPP+ was variable between
experiments. It light of the results presented in this thesis suggesting that the degree
of toxicity is an important determinant in MAPK signalling, it is therefore
particularly important to analyse individual data sets with due care. Significantly this
is the first study to demonstrate protection in pre-differentiated SH-SYS5Y cells using
MAPK inhibitors following an extended MPP+ time course of up to 14 days.
Likewise, this study is the first to investigate the effects of a more selective CDK-5
inhibitor in a human cell system. These results provide a platform on which to further
investigate the neuroprotective mechanisms of MAPK/CDK-5 inhibitors in a pre-
differentiated cell system over a chronic MPP+ time course, which may provide

greater analogy to neurones in-vivo.
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CHAPTER VI. THE ROLE OF tTG IN MPP+TOXICITY

6.1 INTRODUCTION
6.1.1 The role of tTG expression/activity in cell survival/death

tTG is endogenously expressed in the CNS where it contributes to neural
development, function and regeneration (for review see Lesort et al, 2000a), The
multi-functionality of tTG no doubt contributes to its complex involvement in
cellular function. As such, a major line of investigation relates to the role of tTG in
cell survival and death pathways. As described in chapter III, tTG activity is
necessary and sufficient to differentiate SH-SYS5Y cells (Tucholski ef al, 2001) and
tTG is evidently pro-survival in this process given its activation by PI3-K (Antonyak
et al, 2002). Indeed studies suggest that tTG confers a protective effect during
retinoic acid induced differentiation (Antonyak et al, 2001; 2002). Several studies
implicate tTG expression/activity following neuronal insult both in-vivo and in-vitro
but the role of tTG in terms of cell death or survival is not easy to decipher. tTG
expression is elevated following spinal cord injury (Festoff et al, 2002), and
traumatic brain injury (Tolentino ef al/, 2002). Interestingly both fore-mentioned
studies report up-regulated expression of the normal long tTG (L) isoform and also a
short non-GTP regulated tTG (S) transcript, proposed to contribute to apoptotic
pathways via its ability to be activated at lower Ca’’ concentrations. Signiﬁcantly
tTG(S) mRNA levels were found to exceed tTG(L) levels in extracts from
Alzheimer’s disease brains (Citron et al/, 2001). Over-expression of tTG in SK-N-
BE cells was sufficient to increase spontanecous apoptosis and also to prime cells for
subsequent apoptotic stimuli (Piredda et al, 1999). Furthermore tTG over-expression
was shown to disrupt mitochondrial homeostasis by inducing hyper-polarisation of
the inner membrane, in the absence of changes in ATP levels, thus promoting
commitment of cells to apoptosis (Piacentini et al, 2002). Importantly, the ability of
tTG to modulate apoptotic pathways reportedly depends greatly on the type of
stimulus and, more specifically, its transamidating activity, which was shown to
modulate apoptosis in the absence of changes in tTG expression (Tucholski and

Johnson, 2002).
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6.1.2 The role of tTG in neurodegeneration

The ability of tTG to catalyse the formation of insoluble protein-protein cross-links
has led to its implication in neurodegenerative conditions where insoluble inclusions
characterise disease pathology, including Alzheimer’s Disease (Tucholski et al,
1999), Huntington’s Disease (Chun et a/, 2001) and Parkinson’s Disease (Junn et
al, 2003). Of significance is that many proteins found to contribute to such
aggregates are substrates for tTG. tTG is up-regulated in Alzheimer’s Disease brains
and localises with tau proteins in neurofibrillary tangles, which are highly insoluble
intra-cytoplasmic inclusions (Tucholski et al, 1999). Grierson et al, (2001) reported
that three human tau isoforms and NF-L, -M and -H chain proteins were cellular
substrates for tTG. Junn et al, (2003) reported that tTG can mediate a-synuclein
aggregation in-vitro and, significantly, tTG catalysed g(y-glutamyl)-lysine cross-links
were found in the halo of Lewy bodies, co-localised with a- synuclein, in
Parkinson’s disease and dementia with Lewy bodies. Since very few studies have
explored the link between tTG and Parkinson’s disease, further investigation into the

role ofthis enzyme in death pathways in models ofthis disease may prove useful.

The role oftTG in neurodegeneration is augmented by its dependence on calcium for
activation. Raised intracellular calcium levels and oxidative stress are contributoiy
factors of neurodegenerative disease and MPP+ toxicity (discussed in chapter I,
section 1.3). In Swiss 3T3 fibroblasts, ROS production (in response to
lysophosphatidic acid and transforming growth factor-p) was essential for the
induction oftTG activity, which was consequently inhibited by ROS scavengers (Lee
et al, 2003). Additionally it was proposed that ROS induced activation oftTG in this
system was mediated by an increase in intracellular calcium. Conversely Piacentini
et al, (2002) demonstrate in SK-N-BE cells that tTG over-expression resulted in

increased ROS formation.
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6.1.3  In-vitro methods employed to measure tTG activity

Consideration was given to a suitable methodology for measuring tTG activity in
cells. Zhang et al, (1998a) employ three different methods, none of which are
specific for tTG since they measure overall TG activity. The first, and most
commonly used method is an in-vitro radioactive incorporation assay in which [3H]
putrescine becomes incorporated into protein by TG. Proteins incorporating [ H]
putrescine are then precipitated from cell extracts; the extent of incorporation, which
reflects the level of TG activity, is determined by liquid scintillation counting. An
alternative assay involves in-situ incorporation of 5-(biotinamido) pentylamine, a
pseudo-substrate for TG, which can be determined by an Enzyme Linked
Immunosorbant Assay (ELISA). Following incubation with 5-(biotinamido)
pentylamine, cells are harvested, lysed and homogenate protein coated onto plates.
Proteins into which 5-(biotinamido) pentylamine had been incorporated are revealed
by addition of HRP-conjugated streptavidin followed by HRP substrate and
measurement of product spectrophotometrically. Both in-vitro and in-situ assays
offer an advantage in that TG activity can be easily quantified using either method.
The third method (which has subsequently been used in this project, with
modifications) also involves in-situ incorporation of 5-(biotinamido) pentylamine,
followed by electrophoretic separation and subsequent detection of individual

proteins into which 5-(biotinamido) pentylamine has become incorporated.

6.1.4 Aims of chapter

The purpose ofthis chapter was to establish whether tTG has a role in MPP+toxicity.
Expression/distribution of tTG protein was analysed using Western blotting and
immunoprobing and imunocytochemical techniques. TG activity in response to
MPP+ toxicity was subsequently assessed. Finally, TG and tTG-specific inhibitors
were employed in conjunction with viability assays in an attempt to establish the role

oftTG in MPP+mediated toxicity.
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6.2 RESULTS

6.2.1 Changes in tTG expression following MPP+exposure

Changes in tTG expression were analysed following MPP+treatment over 24 h. This
work employed the anti-transglutaminase II (clone CUB-7402) antibody. Figure 6.1
indicates that a 24 h exposure to 1 raM and 5 mM concentrations of MPP+caused a
significant reduction in tTG expression. Immunocytochemistry was performed to
confirm this change in expression and to determine the sub-cellular distribution of
tTG in MPP+ treated cells. In Figure 6.2 cells were fixed in methanol prior to
permeabilisation using Triton. Immunocytochemical analysis shows that tTG
staining in differentiated cells was generally punctate and was present throughout the
cell body and axon-like processes, whilst low level staining was present in the
nucleus (Fig 6.2a). However, the staining pattern of tTG following MPP+ exposure

appears to localise predominantly around the nucleus (Fig 6.2 b and c¢).
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Figure 6.1 Assessment of tTG expression following MPP+treatment.

Cells were seeded into T25 flasks at 400,000 cells / flask and differentiated for 7
days as detailed in methods section 2.2.1.6. On day 7 medium was removed and
replaced with fresh differentiating medium supplemented with 1 or 5 mM MPP+
Following 24 h cells were extracted as detailed in methods section 2.2.5.1 and
proteins separated by SDS-PAGE. Protein was transferred to nitrocellulose by
Western blotting and probed with anti-transglutaminase II (clone CUB-7402)
(1:1000). Bands were quantified and corrected against total ERK for differences in
protein loading. Results are presented as mean % of non-toxin treated control
(assigned 100 %) £ SEM for three (ImM MPPH) (n = 3) and four (5 mM MPPH) (n =
4) independent experiments, respectively. Statistical analysis of control versus toxin
treated cells was carried out using two-tailed t-Tests where statistical significance
was accepted at p<0.01 (**).
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FITC FITC + propidium iodide

a. Control

b. 1 mM MPP

¢. S mM MPP

Figure 6.2 Expression and distribution of tTG in MPP+treated cells

Cells were differentiated in permanox chamber slides over 7 days. Medium was
removed and replaced with fresh differentiating medium supplemented with 1 mM or
5 mM MPP+ After 24 h cells were fixed and then permeabilised as detailed in
methods section 2.2.9. Cells were probed with anti-tTG antibody (CUB-7402) (1:20).

Confocal analysis was performed at x 400 magnification. Scale bar represents 20 pm.
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6.2.2 Changes in tTG activity following MPP+exposure

The ability of TG enzymes to catalyse the incorporation of polypeptides into proteins
was exploited to determine whether MPP+treatment evoked a change in TG activity.
This method utilised a polyamine substrate (EZ-link-5-(biotinamido) pentylamine),
which was incubated with cells for the final hour of 24 h MPP+ exposure. TG-
dependent incorporation of the substrate into proteins was detected using a
Neutravidin, HRP conjugated secondary antibody and ECL procedures (see chapter
I section 2.2.10). Figure 6.3 shows that TG activity was increased in a dose
dependent manner following MPP+ exposure. Significantly this increase in activity
occurred despite a reduction in tTG protein with MPP+ Of interest is that the
position of phosphorylated NF-H and NF-M proteins were found to coincide with

proteins shown to incorporate the pentylamine, albeit not the strongest bands.

To determine whether polyamine incorporation was indeed TG mediated, putrescine,
a competitive substrate for TG was added at high concentration (10 mM) to the cells,
prior to addition of EZ-link-5-(biotinamido) pentylamine. Results are shown in
Figure 6.4. Amine incorporation following MPP+ treatment was reduced by
putrescine, suggesting that it be, in part, mediated by TG activity. As a positive
control 15 min exposure to the calcium ionophore Ionomycin increased amine
incorporation, again attenuated by putrescine (see Fig 6.4, left panel). To
substantiate that polyamine incorporation was mediated by tTG, a second, more
specific tTG inhibitor, R283. was employed. Polyamine incorporation following
MPP+ treatment was dose-dependently reduced by R283 (100 }iM and 250 pM)
(Figure 6.5). For example, 100 pM R283 (a concentration which does not
significantly affect cell viability) (see Fig 6.6) substantially reduced amine

incorporation following treatment with 1 mM MPP+to near control levels.
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Figure 6.3 Elevated TG activity following 24 h exposure to MPP+

Cells were seeded into T25 flasks at 400,000 cells / flask and induced to differentiate
as detailed in methods section 2.2.1.6. On day 7 medium was removed and replaced
with fresh differentiating medium supplemented with MPP+ Cells were exposed to
MPP+ for 24 h and with EZ-Link 5-(biotinamido) pentylamine for the final hour,
then extracted as detailed in methods section 2.2.10. Proteins were separated on 7.5
% acrylamide gels and transferred to nitrocellulose by Western blotting. EZ-Link 5-
(biotinamido) pentylamine incorporation was detected by probing with neutravidin-
HRP conjugated secondary antibody (2 pg/ml). Antibody was stripped from the
membrane (methods section 2.2.8.2.5) and re-probed with anti-phosphorylated NF-
H/NF-M (SMI31) (1:1000) and total anti-ERK 1/2 (1:500) antibodies. Results were
corrected against total ERK 1/2 bands to ensure equal protein loading then expressed
as a percentage of the differentiated control (assigned 100 %). Results are the mean
values of four independent experiments + SEM (n = 4).
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Figure 6.4 EZ-Link 5-(biotinamido) pentylamine incorporation is mediated via
transglutaminase.

Cells were seeded into T25 flasks at 400.000 cells / flask and differentiated as
detailed in methods section 2.2.1.6. On day 7 medium was removed and replaced
with fresh differentiating medium supplemented with MPP+ + putrescine for 24 h.
For the final 1 h incubation with treatments, EZ-Link 5-(biotinamido) pentylamine
was added to each flask at a final concentration of 2 mM, then cells extracted as
detailed in methods section 2.2.10. As a positive control, cells were firstly treated
with fresh differentiating medium + putrescine for 24 h (with 2 mM EZ-Link 5-
(biotinamido) pentylamine added for the final hour) £ 10 pM ionomycin for a final
15 min. Proteins were separated on 7.5 % acrylamide gels and transferred to
nitrocellulose by Western blotting. EZ-Link 5-(biotinamido) pentylamine
incorporation was detected by probing with neutravidin-HRP conjugated secondary
antibody (2 pg / ml). Results are representative of 2 independent experiments.
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Figure 6.5 Inhibition of EZ-Link 5-(biotinamido) pentylamine incorporation
using internal tTG inhibitor, R283.

Cells were seeded into T25 flasks at 400,000 cells / flask and differentiated as
detailed in methods section 2.2.1.6. On day 7 medium was removed and replaced
with fresh differentiating medium supplemented with MPP+4 R283 for 24 h. For the
final 1 h incubation with treatments, EZ-Link 5-(biotinamido) pentylamine was
added to each flask at a final concentration of 2 mM, then cells extracted as detailed
in methods section 2.2.10. Proteins from a single experiment were separated on 7.5
% acrylamide gels and transferred to nitrocellulose by Western blotting. EZ-Link 5-
(biotinamido) pentylamine incorporation was detected by probing with neutravidin-
HRP conjugated secondary antibody (2 pg / ml).
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6.2.3 Inhibition of TG exacerbates MPP+toxicity

Further studies sought to determine the effect of TG inhibition on MPP+ toxicity.
Using the MTT reduction assay as a determinant of viability, a titration of R283 was
performed to determine concentrations that did not significantly effect viability of
control cells (Fig 6.6A). Cells were subsequently treated with MPP1in conjunction
with putrescine (10 mM) or R283 (at concentrations ranging between 50 and 500
pM). Results show that TG inhibition significantly exacerbated MPP+ toxicity (Fig
6.6B and C), suggesting that tTG activation may represent a pro-survival event in

this toxic paradigm.
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Figure 6.6 Inhibition of tTG exacerbates MPP+toxicity

Cells were seeded into 96 well plates at 5000 cells/well and differentiated for 7 days
as detailed in methods section 2.2.1.6. On day 7 medium was exchanged for fresh
differentiation medium supplemented with putrescine or R283 (A), 1 mM MPP++
putrescine or R283 (B), or 5 mM MPP++ putrescine or R283 (C). After 24 h plates
were assayed for viability using the MTT reduction assay as detailed in methods
section 2.2.3.1 and data expressed as mean percentage MTT reduction of
differentiated controls (assigned 100 %) = SEM. Data shown is combined from four
independent experiments (triplicate wells in each experiment). Statistical analysis of
MPP+ versus MPP+ plus inhibitor treated cells was performed using two-tailed t-
Tests where statistical significance was accepted at p< 0.05 (*) or p<0.01 (**).
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6.3 DISCUSSION

6.3.1 The role of tTG in MPP+mediated toxicity

6.3.1.1 MPP+reduces tTG expression but increases tTG activity

The effects of MPP+ on tTG expression and activity are previously uncharacterised.
In this study, following 72 h and 14 days (chronic) exposure to sub-cytotoxic MPP+
concentrations, tTG expression remained unchanged (results not shown). However,
tTG expression following cytotoxic MPP+exposure was significantly reduced; this is
likely to be calpain-mediated since tTG is a substrate for calpains (Zhang et al,
1998b). Indeed MPTP/MPP+ has previously been shown to increase cytosolic
calcium levels, which would in turn activate calpain (Urani et al/, 1994; Kass et al,
1988; Chen et al, 1995). A recent study by Lesort ef al, (2000b) further strengthens
this hypothesis; treatment of SH-SYSY cells over-expressing wild type or mutant
tTG with 5 mM 3-nitropropionic acid (3-NP; a mitochondrial complex II inhibitor),
was reported to significantly increase in-situ tTG activity by reducing GTP levels
whilst not affecting intracellular Ca2+levels or tTG protein levels. On the other hand,
Crocker et al, (2003) have shown that treatment of mice with MPTP leads to
increased calpain-mediated proteolysis and that calpain inhibition attenuates MPTP
toxicity. It would be of interest to investigate the effects of calpain inhibitors on the

MPP+ induced reduction in tTG protein levels in the SH-SY5Y cells.

It is widely accepted that MPP+ depletes cellular ATP levels as a consequence of
complex I inhibition. For example, my group has shown that treatment of mitotic
SH-SY5Y cells with 2 mM MPP+ significantly reduces ATP levels within 24 h
(Begona Caneda-Ferron and Luigi De Girolamo, unpublished observations). If a
parallel reduction in GTP ensued, tTG activity could increase. Indeed Lesort et al,
(2000b) showed that the complex II inhibitor, 3-NP led to a reduction in GTP levels
in addition to ATP levels. The latter study also strengthened the association between
oxidative stress and tTG activity since treatment with antioxidants attenuated the 3-
NP-mediated increase in tTG activity and tTG-induced modification of proteins. In
the current study, TG activity was markedly increased following exposure to a

cytotoxic concentration of MPP+. This is particularly significant given that at the
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same time point tTG expression was reduced. In the presence of R283, a tTG-
speeific inhibitor, TG activity was reduced signifying that the increase in TG activity
in the presence of MPP+was, at least in part, mediated by tTG. It was also interesting
to note that the banding pattern observed following MPP+ treatment differed to that
induced by ionomycin, suggesting that TG may preferentially affect different
substrates depending on the insult (reviewed by Griffin ef al., 2002). This may be a

very important consideration in-vivo.

6.3.1.2 Inhibition oftTG exacerbates M PP+toxicity

The implications of elevated TG activity in MPP+ toxicity are as yet unclear.
Tucholski and Johnson, (2002) reported a pro-apoptotic role for tTG when
transamidating activity was elevated. This would agree with work by Piacentini et
al, (2002) who suggest that tTG may sensitise cells to apoptosis by affecting
mitochondrial function, poignant given that MPP+ is itself an inhibitor of
mitochondrial complex I (Nicklas et al,, 1985). MPP+has the potential to up-regulate
tTG activity via a number of mechanisms. For example, MPP+ has been reported to
increase ROS production (Hoglinger et al, 2003) and increase intracellular calcium
levels, both factors that would increase tTG activity (Zhang et al, 1998a). However,
in the current study, TG inhibitors in combination with MPP+ significantly
exacerbated MPP+ toxicity, suggesting that tTG activity has a pro-survival role in
this instance. This is in line with Antonyak et a/, (2002) who noted that the pro-
survival, PI3-K pathway was necessary for retinoic acid induced tTG expression and
activity in NIH3T3 cells. Furthermore, inhibition of tTG caused retinoic acid to
activate apoptosis rather than differentiate the cells. It should be noted that whilst the
cell culture system used in the current project employs retinoic acid as a
differentiation agent, TG inhibitors, at concentrations that exacerbated MPP+
toxicity, had no effect on the viability of control cells. Antonyak et al, (2001) also
reported that pre-treatment with retinoic acid protected human leukaemia cells
(HL60) from synthetic retinoid (N-(4-hydroxyphenyl retinamide)-induced cell death
which correlated with the ability ofretinoic acid to mediate expression of active tTG.
An in-vivo study whereby tTG expression was ubiquitously inactivated in mice
produced animals that were viable. However dexamethasone treated thymocytes

from tTG knock-out mice showed reduced viability, whilst fibroblast cells showed
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reduced adherence (Nanda et al, 2001). Finally, Tucholski and Johnson, (2003)
reported that tTG, by facilitating adenylyl cyclase activation and cAMP production,

enhanced the activation of CREB, which can act as a survival signal.

6.3.1.3 Immunocytochemical analysis o ftTG distribution in MPP+treated cells

Lesort et al, (1998) investigated the distribution of tTG in SH-SYS5Y cells and
reported that the majority (93 %) was localised within the cytoplasm with the
remainder found in the nucleus. A very similar distribution was observed in pre-
differentiated cells in this thesis. Treatment with 1 nM maitotoxin, which increased
intracellular Ca2+ but did not affect cell viability, induced nuclear translocation of
tTG, which co-localised with tTG activity (Lesort ef al, 1998). In contrast, treatment
with 5 mM MPP+did not increase tTG protein levels in the nucleus but interestingly
caused an intense halo of tTG immunoreactivity to form around the nucleus. This
may be significant, since within the nucleus tTG might transamidate or activate
specific substrates in its role as a signal transducing G protein. Of significance is that
tTG cross-links have been identified in the halo of Lewy bodies, where they co-
localise with a-synuclein (Junn ef a/, 2003). In the current study, visualisation of
proteins into which EZ-Link 5-(biotinamido) pentylamine had been incorporated
following MPP+ treatment, revealed bands that appeared to have migrated to the
same position as phosphorylated NF-H/NF-M proteins. This requires further
clarification but is interesting given that intense phosphorylated NF
immunoreactivity was also observed as a discrete mass or a halo structure,
consistently in the perinuclear region following MPP+ exposure. In a study by
Grierson et al, (2001), COS cells were co-expressed with NF-L, NF-M and NF-H
and either wild type or mutant tTG and incubated with 5-(biotinamido) pentylamine
prior to treatment with the calcium mobilising agent, maitotoxin, for 15 min. Results
revealed that tTG catalysed incorporation of 5-(biotinamido) pentylamine into each
NF subunit. Additionally, immunoprobing of blots with NF-FI-, NF-M- and NF-L-
specific antibodies revealed that tTG induced cross-linking of'the NF proteins which

gave rise to higher molecular mass species.

Though the role of inclusion bodies is not yet firmly established, one could postulate

that if such inclusions were indeed pro-survival, tTG may contribute to cell survival
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via inclusion formation. Whether tTG colocalises with NF proteins and other
cytoskeletal elements in MPP+treated SH-SYSY cells, and die subsequent role of
tTG, warrants further investigation. Such investigations would require further
immunocytochemical, and also immunoprecipitation studies and would benefit from

use of an antibody directed to the tTG cross-link.
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CHAPTER VII. GENERAL DISCUSSION AND FUTURE WORK

7.1 Establishment of a pre-differentiated human neuroblastoma model

Given that the biochemical and pathological basis of PD remains elusive, research
must continue to strive to determine exactly how and why dopaminergic neurones
die. The MPTP parkinsonian model continues to offer the most valuable PD model to
date and induces many comparable pathological features in-vivo and in cell culture
systems. The latter are advantageous since they afford homogenous systems in which
to investigate, at the sub-cellular level, the biochemical basis of MPP+induced cell
death. Given that species differences in sensitivity to MPP+ exist, a human cell
system is advantageous. Three clones of the SH-SYS5Y cell line were initially
characterised in terms of neuronal differentiation with respect to morphological
changes and proposed biochemical markers of the differentiation process. Clonal
differences were revealed highlighting the importance of characterisation of the cell
system. A clone originating from ECACC was used in subsequent studies. Following
a 7-day retinoic acid-mediated differentiation time course, cells were
morphologically and biochemically differentiated; Total NF-H and phosphorylated
NF-H/NF-M was located within axon-like processes. ERK was suggested to play a
prominent role in neuritogenesis in SH-SYSY cells. tTG protein levels were elevated,
indicative of differentiation. Retinoic acid-mediated differentiated SH-SYSY cells
have previously been used in MPP+ investigations but the exposure has been short
(Joyce et al, 2003; Mathiasen et al., 2004). However the current study was unique in
that it used pre-differentiated cells that were viable, and remained morphologically
and biochemically differentiated, for up to 14 days. Thus the window for toxicity
studies was greatly extended and permitted the effects of sub-cytotoxic
concentrations of MPP+ to be investigated. A pre-differentiated human model that
can be used over extended time periods may also be useful for investigation of other
chronic, neurodegenerative disorders. Indeed SH-SYSY cells are used in models of
Huntingtons disease (Lesort et a/, 2000; Chun et al, 2001), and Alzheimer’s disease
(Wei et al, 2002; Liu et al, 2003). However future work should incorporate
determination of the effect of MPP+ on mitochondrial complex I in this system,
firstly to establish whether investigated markers of toxicity manifest upstream or

downstream of complex I inhibition, and secondly, to determine how comparable the
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toxicity induced in SH-SYS5Y cells is to that of dopaminergic neurones and in turn,

how useful this model is.

7.2 Employment of a pre-differentiated SH-SYSY system for MPP+

investigations

This thesis has focussed on 3 main areas of research with respect to MPP+toxicity;
cytoskeletal changes, the involvement of MAPK and CDK-5 signalling pathways and
the protection afforded by specific inhibitors of these pathways and a potential role

for tTG in MPP-+mediated toxicity, which are discussed in sections 7.2.1 - 7.2.3.

7.2.1 Neuroprotection strategies using MAPK/CDK-5 inhibitiors

It has been demonstrated for the first time in this thesis that a more specific CDK-5
inhibitor can confer a degree protection against MPP+ toxicity over short term and
chronic time courses in a cell culture system. This finding is in agreement with Smith
et al, (2003) who demonstrated that MPTP increases CDK-5 protein levels and
activity in-vivo. Furthermore the fore-mentioned study showed that CDK inhibition
improved locomotive state and prevented loss of dopaminergic neurones. A cell
culture system as demonstrated in this thesis will permit further investigation of the
role of CDK-5 in MPP+toxicity at the sub-cellular level. Indeed it will be important
to establish CDK-5 activation levels in the SH-SY5Y system following MPP+
exposure (and to ascertain whether p25/CDK-5 plays a role) and, in line with Gong
et al, (2003) to investigate the effects of CDK-5 on pro-survival signals in this
system so that the protective effect of BL-1 be exacted.

Using specific MAPK inhibitors, results demonstrated that inhibition of JNK
attenuated short-term (72 h) exposures to MPP+ whilst preliminary data suggested
that CEP-11004 might also reduce toxicity following chronic MPP+ exposure.
However the role of ERK and p38 pathways were more difficult to determine; both
exerted a pro-survival role in response to lower level toxicity (up to 40 % kill) but
exacerbated toxicity when 60 - 100 % of cells were killed, suggesting that the level
of MPP+toxicity altered the balance of MAPK pathways. Since the effect of MPP+

on mitochondrial respiration was not determined in this study it was not possible to
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in turn determine the effects of neuroprotective agents on cellular ATP levels. This
may have provided information regarding the mechanism of neuroprotection
conferred and would be an important aspect of future work. Such agents may have
reduced the cellular requirement for ATP thereby increasing cellular* ATP levels in
the face of MPP+toxicity. It should be noted that other signalling pathways would
contribute to the decision of a cell to survive or to die. For example, Crossthwaite et
al, (2002) demonstrate that the pro-survival pathway PI-3K-Akt was involved in
influencing the outcome of MAPK signal activation in H202 treated primary cortical
neurones. MPP+ can induce cytochrome c release and thereby induce caspase-
mediated apoptotic cell death (Casarino ef al., 1999; Fall and Bennett, 1999; Gomez
et al, 2001). Indeed it has been demonstrated in my laboratory using mitotic SH-
SYSY cells that effector caspase 3 activation is elevated following 10 h exposure to 1
mM MPP+ (Julia Fitzgerald, unpublished observations) whilst caspase 3 inhibition
attenuated MPP+ toxicity in primary dopaminergic neurones (Bisland et al/, 2002)
Moreover, cell cultures obtained from transgenic mice over-expressing Bcl-2 showed

resistance to MPP+mediated toxicity (Offen et al, 1998).

It must be appreciated that MAPK and CDK-5 pathways are activated as a
consequence of normal cell function, in addition to stressful scenarios; thus the
employment of such inhibitors as neuroprotective strategies requires due care.
Having said this JNK inhibitors are currently being used in clinical trials for PD. A
desirable therapy for PD might combine a number of drugs tested for efficacy and
may incorporate multiple antioxidants as proposed by Prasad et al, (1999).
Alternative therapeutic approaches to neuroprotection involve the employment of
adeno-associated viruses (AAV) that may target genes to specific brain areas. Indeed
striatal delivery of a recombinant AAV containing the caspase recruitment domain of
Apaf-1 (which recruits and activates pro-caspase 9 causing dominant negative
inhibition of the Apaf-1-procaspase 9 complex), prevented MPTP mediated-
nigrostriatal degeneration (Mochizuki et a/, 2001). In another study, SH-SYSY cells
were infected with adenoviral vectors encoding the JNK binding domain (JBD) of
JNK interacting protein 1 (JIP 1) (AdV-JBD). JIP 1 is a scaffold protein that binds to
JNK causing it to remain in the cytoplasm, thus inhibiting its translocation to the
nucleus to activate gene expression (Xia ef a/, 2001). In SH-SYS5Y cells, AdV-JBD
inhibited JNK and c-jun phosphorylation mediated by 5 mM MPP+ and protected
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cells from apoptotic death. Additionally inhibition of JNK by AdV-JBD blocked the
activation of caspases and dopaminergic cell death in MPTP treated mice (Xia et al,

2001).

7.2.2  Cytoskeletal changes induced by MPP+

A focus of'this project was to investigate the effects of MPP+toxicity on the NF and
MT systems. Specific NF-H and NF-M phosphorylation was increased by MPP+,
accompanied by a change in the phosphorylated NF-M:NF-H ratio, following short
term and chronic exposures. The reason for the change in ratio of NF-H and NF-M
sub-units is not known but was also observed following the differentiation time
course of the cells. Results therefore implicate that NF-M phosphorylation is
important in both differentiation and the response to stress in SH-SYS5Y cells. Use of
an antibody specific for total NF-M protein (phosphorylation independent) would
further ascertain the seemingly predominant role for NF-M. Further studies would
determine the kinase(s) responsible for elevated NF phosphorylation following MPP+
treatment. ERK and JNK activation were found to transiently increase following
exposure to cytotoxic and sub-cytotoxic concentrations of MPP+ but were reduced
compared to control cells within 16 h. An interesting hypothesis would be the
involvement of CDK-5, since it has recently been shown that H202-mediated
oxidative stress could induce CDK-5 activity, which in turn increased perikaryal NF
phosphorylation and slowed NF transport (Shea et al, 2004b). Of significance is that
data presented in this thesis show a CDK-5 inhibitor, BL-1 to attenuate MPP+
toxicity (discussed in section 7.2.1). Preliminary data also suggested that treatment
with MPP+plus BL-1 partially reversed the increase in ratio of phosphorylated NF-
M to NF-H observed following MPP+ exposure, a-tubulin subunit protein levels

were not affected by MPP+at any time point.

Using immunocytochemical analyses, phosphorylated NFs and a-tubulin were
suggested to accumulate in response to proteasome inhibitor MG 132, indicating that
at least a proportion of the degradation ofthese proteins occurs via the UPP. Further
trials would be warranted to confirm these findings. Interestingly, phosphorylated NF
levels increased before tubulin perhaps indicating that NFs have a shorter half-life

than tubulin. Alternatively, of course it may mean that the proteasomal route of
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degradation is more important for NFs than for tubulin. Evidence of impaired
proteasomal activity following MPP+ exposure was suggested by an increase in

ubiquitinated proteins following exposure to a cytotoxic concentration of MPP+

In addition to changes in post-translational modification of NFs, MPP+also induced
changes in the distribution of phosphorylated NFs to form structures that are
interesting in light of the discovery of aggresomes (Johnston et al, 1998).
Importantly, changes in distribution of the NF network following sub-cytotoxic
concentrations of MPP+ occurred in the absence of MT disruption, consistent with
the hypothesis that an intact MT network is required for the retrograde transport of
proteins to the cell body to form protein aggregates and inclusion bodies (Johnston et
al., 1998; Zhao et al, 2003; Muchowski et al., 2002). A link between the aggresome
structure and NF accumulations observed in this thesis is at this stage tenuous and
requires further investigation. For example immunocytochemical co-localisation
studies using an anti-vimentin antibody and other aggresome components would be
useful determinants. Additionally, exposure to MT depolymerising agents (MPP+
reportedly destabilises MTs but at sub-cytotoxic concentrations of MPP+used in the
current study, this was not observed) would identify aggresomes. The role of NF
proteins in aggresome formation has not been investigated despite their prominence
in Lewy bodies (Schmidt et al, 1991; Galloway et al, 1992). Nevertheless this
project demonstrates that NFs phosphorylation/redistribution are down-stream
markers of MPP+ toxicity in the SH-SY5Y system. Further investigation into the
formation and characteristics of aggresomes are warranted. Indeed McNaught et al,

(2002) relate the formation of a Lewy body to that of an aggresome and determine

that events may be similar.

7.2.3  Therole oftTG in MPP+mediated toxicity

Results presented in this thesis propose a novel role for tTG in MPP+toxicity. The
pre-differentiated SH-SYSY system provides an excellent model for tTG studies
since endogenous tTG protein levels have been shown to be greatly up-regulated by
retinoic acid (chapter III, section 3.2.2.5.3). MPP+ increased tTG activity whilst

significantly reducing tTG protein levels, both in a dose-dependent manner.
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Importantly, specific inhibition of tTG exacerbated MPP+ toxicity suggesting a pro-

survival role for tTG in this system. This is a novel finding.

In-vivo studies have shown that homozygous deletion of tTG is not lethal and that
animals are viable and phenotypically normal (Nanda et a/, 2001). The possibility
remains that compensation due to other TGs occurs (reviewed by Griffin ez al, 2002;
Lorand and Graham, 2003). However other TG enzymes do not exhibit GTP binding
and signal transduction properties and as such tTG knock-out animals do exhibit
impaired clearance of apoptotic cells, impaired wound healing and reduced fibroblast
adherence (Nanda et al, 2001; Fesus and Piacentini, 2002). tTG has been implicated
in the morphological changes associated with apoptosis where, due to raised Ca2t
levels, tTG acts to cross-link intracellular proteins and thereby stabilise the cell for
phagocytosis (reviewed by Lesort et al, 2000; Fesus and Piacentini, 2002).
However, results in this thesis demonstrate that both a general TG, and a specific
tTG inhibitor exacerbated MPP+toxicity indicating that tTG activity is pro-survival
in this system. It remains to be determined whether the latter involves either

transamidating and/or the GTP hydrolysis/signal transduction activities oftTG.

tTG is implicated in the formation of stable and insoluble characteristic inclusions
associated with neurodegenerative diseases. Indeed, Citron ef al, (2002) reported that
tTG cross-links were co-localised with a-synuclein and ubiquitin in the substantia
nigra of PD brains whilst Junn et al, (2003) showed that tTG cross-links did indeed
co-localise with a-synuclein in Lewy bodies. tTG activity and protein levels are
elevated in Alzheimer’s disease brains (Johnson ef al, 1997; Citron et al, 2002)
whilst tTG is reportedly co-localised with tau in neurofibrillary tangles and found
within amyloid plaques (Citron et a/, 2001 and references therein); both the Ap
peptide and its P-amyloid precursor protein are in-vitro substrates for tTG (reviewed
by Lesort et al, 2000). An exciting possibility is that tTG may play a role in
stabilisation of'the aggresome structure described by Johnston et a/, (1998) which is
reportedly “caged” by the intermediate filament, vimentin (Johnston et al, 1998;
Mugqit et al, 2004), an in-situ target for tTG (Singh et al, 2001 and references
therein). Thus investigation of the effects of TG inhibitors on aggresome formation

may be warranted. NF proteins are substrates for tTG (Grierson et al, 2001) and
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results presented this thesis suggest cross-linkage by tTG, thus implicating tTG-
mediated transamidation of NFs in the SH-SYS5Y system. It may even be possible
that NFs replace vimentin in the formation of aggresomes in certain systems.
However this requires further clarification. Immunoprecipitation of NFs following
treatment with pentylamine and subsequent detection of amine incorporation might
provide evidence of a functional role in normal SH-SYS5Y cells and following MPP+
treatment. Identification of proteins into which tTG had mediated incorporation of
polyamine in MPP+ treated cells would further exact the role of tTG in MPP+
mediated toxicity. Finally, co-localisation studies, using antibodies against tTG, NFs,

synuclein, vimentin, tubulin and ubiquitin will need to be conducted in the future.
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7.3 Conclusions

Figure 7.1 proposes how the data presented in this thesis might integrate with current

literature as reviewed in chapter 1.

* MEF-2
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Figure 7.1 Overview of proposed mechanisms of MPP+ toxicity as detailed in
this thesis and current literature.

(1) MPP+reduces ATP and glutathione levels but increases ROS. (2) A reduction in
GTP levels might follow the reduction in ATP, in turn tTG activity is increased. (3)
Raised intracellular Ca2+levels can augment increased tTG activity and also activate
calpains, which cleave p35 to p25. (4) p25 is more stable than p35 thus CDK-5
activity is increased. CDK-5 can phosphorylate, and thereby inactivate, nuclear
transcription factors that promote cell survival i.e. MEF-2. (5) Reduced cellular ATP
and elevated ROS can reduce proteasomal activity causing accumulation of proteins
that require UPP-mediated degradation (p35, NFs, tubulin sub-units). (6)
Intracellular kinases i.e. JNK and CDK-5, increase NF-H/NF-M phosphorylation
which accumulates within the perinuclear region of cells. The controversial role of
protein aggregation in cells is discussed in chapter 1, section 1.8.4.2. (7) Elevated
ROS activates MAPK pathways, which promote cell survival or death depending on
the level of MPP+toxicity.
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In conclusion, the employment of a pre-differentiated SH-SY5Y system has provided
a model that can be exploited to investigate MPP+toxicity following short term and
chronic exposures, the later potentially exhibiting greater analogy to neurones in-

vivo. Several important findings have been noted:

*  MPP+induced changes in the post-translational modification and distribution
of the NF network that precede changes in the MT network. Evidence of
impaired proteasomal activity was noted following MPP+ exposure.
Preliminary studies suggested that proteasomal inhibition caused
accumulation of NF proteins and tubulin in this system suggesting that the
UPP be at least in part involved in the degradation ofthese proteins.

* Neuroprotection against MPP+ toxicity can be afforded using MAPK
inhibitors, but is dependent on the relative extent of toxicity. A CDK-5
inhibitor, BL-1 conferred a degree of protection against short term and
chronic MPP+toxicity.

* A novel role for tTG in MPP+was established; MPP+ induces tTG activity,

inhibition of which exacerbates MPP+mediated toxicity.

Continued understanding ofthe mechanisms of MPP+toxicity using both in-vivo and
cell culture models will hopefully further develop the existing knowledge of PD
pathology so that more effective neuropreventative and neuroprotective strategies

may be determined.
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