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Abstract

Mitochondrial respiratory chain (MRC) dysfunction has been implicated in a wide 

variety of neurodegenerative diseases including Leber's hereditary optic 

neuropathy (LHON), Parkinson’s disease (PD), Huntington's disease (HD) and 

dystonia. The underlying causes of the MRC dysfunction are heterogenous and 

may be a consequence of primary mtDNA or nuclear mutations, secondary to the 

underlying disease process or the effects of endogenous toxins.

Cybrids have been used to investigate the interactions between the 

mitochondrial and nuclear genomes, and their effects on MRC dysfunction in 

LHON and dystonia. Although primary mutations in mitochondrial DMA complex I 

genes have been identified in LHON, other factors are thought to influence 

disease expression. While the complex I defect was maintained in the 3460 

LHON/206 p° cybrids, it was absent in the 3460 LHON/A549 p° cybrids 

suggesting the nuclear environment influences the expression of the complex I 

defect in these 3460 LHON patients and that nuclear factors may contribute to 

the clinical phenotype. The complex I defect in focal dystonia was not transferred 

to either mixed or clonal focal dystonia platelet/ A549 p° cybrids lines suggesting 

it is caused by either a nuclear mutation or a toxin and excludes a mtDNA 

mutation.

The previously reported severe deficiencies of mitochondrial complexes I I/Ill and 

IV in HD caudate were also seen in HD putamen, and a decrease in aconitase 

activity was found to parallel the anatomic distribution of HD pathology. In the 

R6/2 transgenic mouse model of HD there were significant reductions in 

aconitase and complex IV activities in striatum. The relative sensitivity of 

complexes I I/I 11 and aconitase activity to nitric oxide and the increased 

immunostaining for inducible nitric oxide synthase and nitrotyrosine in the R6/2 

brain supports the hypothesis that defective energy metabolism, excitotoxicity 

and NO contribute to pathogenesis in HD. Stable inducible cell models of HD 

and PD have been constructed using mutant and wild-type N-termini of 

huntingtin, and mutant G209A and wild-type a-synuclein respectively, to facilitate 

the investigation of the pathophysiology of MRC dysfunction in these disorders.
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ATm transmembrane potential

T ris tris(hydroxymethyl)aminomethane

TTFA 2-thenoyltrifluoroacetone

TUNEL terminal transferase-mediated deoxyuridine triphosphate-biotin

nick-end labelling 

Tween 20 polyxyethylenesorbitan monolaurate

UV ultraviolet

VDAG voltage-dependant anion channel

VLSL visual loss susceptibility locus

WD Wilson's disease
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Chapter 1

1.1 Introduction

The first observation of mitochondrial respiratory chain (MRC) dysfunction was 

made in 1959 by Ernster and colleagues (Ernster et al 1959) who reported a 

biochemical defect in the skeletal muscle of a euthyroid patient with 

hypermetabolism. Since then, numerous disorders have been found to be 

associated with MRC dysfunction, the nervous system being particularly affected. 

In 1988, the discovery of large scale deletions of mitochondrial DNA (mtDNA) in 

mitochondrial myopathies (Holt et al 1988) and a point mutation associated with 

Leber’s hereditary optic neuropathy (Wallace et al 1988) marked the beginning of 

a new era of mitochondrial research with the discovery of many more pathogenic 

mutations. More recently there has been great interest in the role of 

mitochondrial dysfunction in neurodegenerative diseases and ageing. The 

involvement of mitochondria in oxidative stress, excitotoxicity and in the 

propagation of apoptosis suggests a number of mechanisms whereby 

mitochondrial dysfunction may play a role in neuronal death.

This thesis examines the role of mitochondrial dysfunction in a number of 

neurodegenerative diseases. Firstly Leber’s hereditary optic neuropathy was 

studied because this is a disease caused by a pathogenic primary mtDNA 

mutation and the role of nuclear/mitochondrial genomic interactions analysed 

using cybrid technology. The presence of in vivo energetic defects in patients 

with LHON was studied using magnetic resonance spectroscopy. Cybrids 

studies were also used to investigate the aetiology of the complex I defect in 

patients with sporadic focal dystonia. The main body of the thesis concentrates 

on Huntington’s disease (HD) and studies mitochondrial dysfunction, and the role 

of reactive oxygen species, nitric oxide and excitotoxicity in the pathogenesis of 

the disease, and compares the human disease with a study of a transgenic 

mouse model of HD. The final part of the thesis concentrates on the 

construction of cell models of two neurodegenerative diseases in which MRC 

defects have been found. A cell model of HD has been developed to complement 

the human and transgenic mouse studies; complementary to this was the 

development of a cell culture model of Parkinson’s disease (PD) using the A53T 

mutated a-synuclein gene. These models allow the study of the role of protein 

aggregation in neuronal cell death, and analysis of the relationship between
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abnormal gene expression and consequent cellular dysfunction, in particular 

looking at mitochondrial function and the role of free radicals and excitotoxicity in 

cell death.

This introductory chapter reviews the i) biology of mitochondria, ii) mitochondrial 

genetics, iii) the use of cybrids to study mitochondrial disease iv) mitochondrial 

dysfunction in neurological disorders and v) the involvement of mitochondria in 

oxidative stress, excitotoxicity and apoptosis.

1.1.1 Basic structure of mitochondria

Mitochondria are small (0.5-1 ̂ m) organelles located in the cytoplasm of all 

eukaryotic cells. They structurally consist of an inner and outer membrane with a 

space between them (intermembrane space). The inner membrane is extensively 

folded into cristae which bound the matrix of the organelle. The matrix contains 

the mtDNA molecules, the proteins necessary for replication and transcription of 

mtDNA, mitochondrial ribosomes and the enzymes involved in the citric acid 

cycle (TCA cycle) and p-oxidation of fatty acids. Most mitochondrial proteins are 

encoded by the nuclear genome, translated in the cytoplasm and imported into 

the mitochondrion. One of the main cellular functions of the mitochondrion is ATP 

synthesis via electron transfer by the mitochondrial respiratory chain and the 

process of oxidative phosphorylation (OXPHOS).

1.1.2 The Mitochondrial Respiratory Chain

The components of the mitochondrial respiratory chain are located in the inner 

mitochondrial membrane (IMM) and consist of 83 subunits located in 5 enzyme 

complexes (complexes I - V)(Fig 1.1). The basic principles of the chemiosmotic 

basis for oxidative phosphorylation is illustrated in Fig 1.1. The supply of 

substrate to the TCA cycle promotes the reduction of NAD* to NADH and FAD to 

FADHg. As these are re-oxidised, they supply electrons to complex I, co-enzyme 

Qio (ubiquinone, CoQ) and complex II of the MRC. These electrons are 

transferred through the enzyme complexes of the MRC to oxygen, with the 

production of HgO. The energy released is used to translocate protons across the 

IMM, generating an electrochemical gradient of ~-150mV (A'Fm)- ATP synthesis 

takes place via complex V (ATP synthase) which consists of a proton channel 

(Fo) and an ATP synthase (Fi)(section 1.1.2.5). The enzyme is driven by the 

downward movement of protons through the Fq channel and F̂  phosphorylates
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ADP, producing ATP, which is transported out of the mitochondria by the 

adenine nucleotide translocase (ANT, which also imports ADP). In this way, 

oxygen consumption by the electron transport chain is coupled to ADP 

phosphorylation by the ATP synthase through the electrochemical gradient 

(A'FM)(Mitchell and Moyle 1967)(reviewed in Duchen 1999).
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Q, ubiquinone: C, cytochrome c; ETF, electron-transferring flavoprotein. 
This figure is courtesy of Dr JM Cooper.



1.1.2.1 Complex I (NADH dehydrogenase, NADH-ubiquinone

reductase)

This is the largest and most complex of the respiratory chain complexes. It is 

characterised by the rotenone sensitive oxidation of NADH and the reduction of 

Qio. This reduction of Q̂ o is linked to proton translocation and in addition to 

rotenone, can be inhibited by piericidin A, 1-methyl,4-phenylpyridium (MPP^), 

barbiturates, and mercurials (Walker 1992). Studies of the bovine heart enzyme 

have identified at least 35 complex I nuclear gene products, together with 7 

mitochondrially encoded proteins (Walker 1992; Skehel et al 1998). A great deal 

about Complex I is still not known because many techniques for its analysis are 

not yet available. On the basis of chaotropic separation the polypeptides of 

complex I can be separated into three groups; about 70% of the total protein is 

hydrophobic (HP fraction), with the remaining water soluble protein divided into 

an iron-protein fraction (IP) and a flavoprotein fraction (FP). Purification and 

identification of its composite subunits has been difficult, but complex I has been 

found to contain 41 polypeptide subunits with a molecular mass of over 900kDa 

(Walker 1992, Skehel et al 1998). Electron microscopy has revealed that 

complex I is an L-shaped structure with two major domains separated by a thin 

collar (Grigorieff 1998). The HP fraction is ill-defined and is thought to contain 

about 31 subunits (Galante and Hatefi 1979, Belogrudov and Hatefi 1994). The 

FP fraction is comprised of three subunits of 51, 24 and lOkDa, and the IP 

fraction comprises six subunits of 75, 49, 30, 18,15 and 13 KDa (Cooper and 

Clark 1994). The FP fraction catalyses the oxidation of NADH with the NADH 

binding site thought to be localised to the 51kDa subunit (Walker 1992). 

Binuclear and tetranuclear Fe-S clusters are though to reside on the 24 and 

51kDa subunits respectively (Ohnishi et al 1985). No enzymatic activity has been 

related to the IP fraction. There are 2 binuclear Fe-S clusters associated with the 

75kDa subunit, and a binuclear and tetra-nuclear Fe-S cluster with each of the 

49, 30 and 13 KDa subunits (Ohnishi et al 1985). The IP fraction is thought to 

carry out intra- and intersubunit electron transfer (Smeitink and van den Heuvel 

1999). The HP fraction is embedded in the lipid bilayer of the IMM and contains 

approx. 24 nuclear encoded proteins and all seven mitochondrially encoded 

proteins (Belogrudov and Hafeti 1994). This fraction seems to mediate proton 

translocation from the mitochondrial matrix into the intermembrane space 

(Belogrudov and Hafeti 1994); the HP fraction also contains the rotenone binding
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site (Belogrudov and Hafeti 1994). For a review on the present molecular data 

on complex I see Smeitink and van den Heuvel 1999.

1.1.2.2 Complex II (succinate dehydrogenase, succinate-ubiquinone 

reductase)

Complex II is the smallest of the respiratory chain complexes being composed of 

only four subunits. The two larger subunits are 70kDa and 27.5kDa and 

constitute the hydrophilic succinate dehydrogenase whilst the smaller 

hydrophobic subunits (15.5kDa and 13.5kDa) link succinate dehydrogenase and 

ubiquinone. The 70kDa flavoprotein (Fp) subunit contains FAD (flavin adenine 

dinucleotide) covalently bound, while the three iron-sulphur centres reside on the 

27.5kDa (Ip) subunit (Walker and Singer 1970, Ohnishi et al 1987). Complex II 

does not contain mtDNA encoded subunits and is the only complex not involved 

in proton translocation (see Figure 1.1). For a review on complex II see Darley- 

Usmar et al 1994.

1.1.2.3 Complex III (cytochrome bc ;̂ ubiquinol-cytochrome c 

reductase)

Complex III is situated in the middle of the respiratory chain accepting electrons 

from complexes I, II, electron -transferring flavoprotein (ETF) and other 

flavoproteins via ubiquinol to cytochrome c. Complex III has been purified from 

beef heart and has been resolved into eleven different subunits which have been 

labelled according to their mobility on Schagger gels (l-XI) (Schagger et al 1985), 

and recently the crystal structure has been elucidated (Xia et al 1997, Zhang et 

al 1998). There are four redox centres in complex III - cytochromes bsee and bgea, 

cytochrome c and a binuclear Fe-S centre known as the Riekse centre. All the 

subunits are nuclear encoded except subunit III (cytochrome b)(Anderson et al 

1981). For a review on complex III see Saraste 1999.

1.1.2.4 Complex IV (cytochrome c oxidase)

Complex IV is the terminal complex of the respiratory chain and catalyses the 

oxidation of cytochrome c, the reduction of oxygen and the translocation of 

protons. In mammals there are 13 subunits, and the largest subunits I, II and III 

are encoded by mtDNA (COI, II and III) and constitute the catalytic core of the 

enzyme. The prosthetic groups involved in electron transfer have been localised 

to CO I and II and consists of two hemes, a and as, and two copper atoms
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(Capaldi et al 1995, Taanman et al 1996). COIN Is thought to be involved in 

proton translocation (Capaldi et al 1995, Taanman et al 1996). The function of 

the nuclear encoded subunits (IV-VIII) is not clear however null mutants in 

subunits IV, Va, Vb or Vila fail to assemble the complex, implying these subunits 

are structural or involved in the importation/assembly process. For a review on 

complex IV see Taanman 1997a.

1.1.2.5 Complex V (ATP synthase)

Complex V is composed of two main domains termed and Fq . The F̂  domain 

contains the catalytic centre for ATP synthesis (hydrolysis) and structurally 

protrudes into the mitochondrial matrix. The Fq domain is the hydrophobic part 

which is embedded in the inner mitochondrial membrane and forms the proton 

conducting pathway. The bovine enzyme contains 16 different proteins and is 

>500kD in size (Lutter et al 1993). Eukaryotic ATP synthase contains two 

subunits encoded for by mtDNA and twelve that are nuclear encoded. The 

crystal structure of the bovine F̂  ATPase has been described (Abrahams et al

1994) although the 3D structure of the entire ATP synthase is not yet available. 

For a review on complex V see Saraste 1999.

1.1.3 Mitochondrial genetics

The human mitochondrial genome is a 16 569 bp circular double-stranded DMA 

molecule. It contains 37 genes, encoding 13 proteins, 22 tRNAs, and 2 rRNAs 

(Fig 1.2). All 13 mtDNA encoded proteins are subunits of the respiratory chain. 

Seven of these are subunits of complex I (ND1-6 and 4L); cytochrome b of 

complex III; 3 subunits of complex IV (COI, II and III) and 2 subunits of complex 

V (ATPase 6 and ATPase 8). All the remainder of the subunits of the respiratory 

chain complexes are encoded by the nuclear genome, these are synthesised in 

the cytoplasm and transported into mitochondria where they are assembled with 

the mtDNA encoded subunits. The 22 tRNAs and 2 rRNAs encoded by mtDNA 

are required for the translation of the 13 mRNAs coding the polypeptide genes, 

the rest of the proteins required for replication and transcription are encoded by 

the nuclear genome and imported into the mitochondria.

There are 2-10 copies of mtDNA per mitochondrion and thousands of copies per 

cell (Clayton 1982). The nucleotide sequence of mtDNA from a large number of 

species has now been determined, and the nucleotide sequence of human
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mtDNA was the first complete sequence of a mitochondrial genome (Anderson et 

al 1981) and has recently been reanalysed and revised (Andrews et al 1999). 

The structure and gene organisation of mtDNA is highly conserved among 

mammals (Wolstenholme 1992). The two DNA strands are termed heavy (H) and 

light (L), based on their density in CsCI gradients. Most of the information is 

encoded on the H strand (Fig 1.2), with genes for 2 rRNAs, 14tRNAs, and 12 

polypeptides. The L strand codes for 8 tRNAs and a single polypeptide.

There are a number of fundamental structural differences between nuclear and 

mtDNA. The mtDNA genes do not have introns, the genetic code is different, and 

there is incomplete termination codons which are generated post-transcriptionally 

by polyadenylation of the mRNAs (reviewed in Taanman 1999). The only major 

noncoding region (NCR) contains elements necessary for mtDNA replication and 

transcription. This is more commonly known as the displacement loop (D-loop) 

region because it has a short nascent strand that results in displacement of the 

parental H strand. (For a review of mitochondrial replication see Taanman 1999).

28



Fig 1.2 Map of the human mitochondrial genome(16659bp)

The outer circle represents the H-strand, containing the majority of the 
genes; the inner circle represents the L strand. The D-loop is shown as a 
three-stranded structure. The origins of H-strand synthesis (O h) and L-strand 
(C l) replication and the direction of DNA synthesis are indicated by long bent 
arrows; the initiation of transcription sites ( IT l, IT h i, IT h2) and the direction of 
RNA synthesis are denoted by short bent arrows. The binding site for the 
mitochondrial transcription terminator (mtTERM) is indicated. The 22tRNA 
genes are depicted by dots and the single letter of the amino acid 
(isoacceptors for serine and leucine and distinguished by their codon 
sequence). The genes coding for the two rRNA species (12S and 16S) and 
the 13 protein coding genes are depicted by shaded boxes. ND, CO and 
ATPase refer to genes coding for subunits of complex I, IV and V 
respectively; cyt b is cytochrome b of complex III. This figure is courtesy of 
Dr JW Taanman.
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MtDNA is far more susceptible than nuclear DNA to mutations (Larsson and 

Clayton 1995) because of its lack of histones (Caron et al 1979), inadequate 

repair mechanisms (Clayton 1982, Larsson and Clayton 1995), and its close 

proximity to the inner mitochondrial membrane where excess free radicals are 

produced as a result of electron transfer (Boveris 1977).

In addition to structural differences there are several unique features of 

mitochondrial genetics distinct from nuclear genes and inheritance. These are 

maternal inheritance, heteroplasmy, mitotic segregation and the threshold effect. 

MtDNA is only transmitted through the female germ line (Hutchison et al 1974). 

In mammalian sperm cells, the copy number of mtDNA is low (50-75)(Hecht et al

1984), whereas in mammalian oocytes the copy number is high (>10®)(Michaels 

et al 1982). It was thought that the maternal inheritance of mtDNA was due to a 

simple dilutional effect of the paternal contribution. However more recent studies 

in mammals have shown that sperm mitochondria are transferred to the oocytes 

during fertilisation (Ankel-Simmons and Cummins 1996) but studies from cows 

(Sutovsky et al 1996) have shown that sperm-derived mitochondria are lost early 

during embryogenesis and the mechanism underlying this is unknown.

Heteroplasmy is the occurrence of both wild-type and mutant mtDNA within the 

same tissue of an affected patient. Homoplasmy is the presence of the same 

type of mtDNA in the tissue ie. wild-type or mutant. In pathological states 

heteroplasmy is an important feature of mtDNA regarding transmission of 

pathogenic mtDNA mutations. Mothers homoplasmic for a given mtDNA mutation 

will transmit only mutant mtDNA to all her progeny and they will all have identical 

genotypes. However if the mother is heteroplasmic, which is most commonly the 

case for pathogenic mtDNA mutations, the proportions of wild-type and mutant 

mtDNA will vary between her progeny therefore their genotypes are not 

predictable. The molecular mechanism behind heteroplasmy is not known, but it 

has been examined by creating heteroplasmic mice carrying two mtDNA 

genotypes and was shown that the mtDNA sequence variants segregate by 

random genetic drift occurring in early oogenesis (Jenuth et al 1996).

Mitotic segregation refers to the fact that both mtDNA replication and 

mitochondrial division are stochastic processes unrelated to the cell cycle or to 

the timing of nuclear DNA replication. Thus a dividing cell may potentially donate 

a different complement of mitochondria and mtDNA to its progeny. If a dividing
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cell is heteroplasmic for a particular mtDNA mutation the phenotypic expression 

in daughter cells will be based on how the mutant and wild-type mtDNA 

segregate. As the percentage of mutant mtDNAs increases above a certain 

threshold, a defect in respiratory chain function may occur. A certain threshold of 

mutated mtDNA is required to cause respiratory chain dysfunction: this threshold 

varies between different mtDNA mutations but is about 60% for deleted mtDNA 

(Hayashi et al 1991) and is >85% for the A3243G mtDNA mutation associated 

with MELAS (Chomyn et al 1992, Dunbar et al 1996)(see sections 1.1.5.3 and 

1.2.1.4). This threshold effect varies form tissue to tissue and is related to the 

different energy requirements of tissues with brain, muscle and retina having the 

highest energy requirement. The heterogeneity in the distribution of mutated 

mtDNA among different tissues partly explains the different phenotypes 

associated with a particular mtDNA mutation.

1.1.4 Mitochondrial protein import and processing

The majority of mitochondrial proteins are encoded by nuclear genes, 

synthesised on cytosolic ribosomes as precursor proteins (preproteins), and then 

imported into the mitochondria (Ryan and Jensen 1995). The general import 

pathway involves the transfer of preproteins to the mitochondria assisted by 

specific cytosolic factors that help to maintain import competence and prevent 

aggregation. The preproteins contain a cleavable

N-terminal preseqeunce for mitochondrial targeting which interact with 

mitochondrial outer membrane receptors (Ryan and Jensen 1995). The 

preprotein is then transferred through the preprotein translocase of the outer 

mitochondrial membrane (TOM complex). The mitochondrial membrane 

potential triggers the interaction of the preprotein with the surface of the inner 

membrane and insertion into the preprotein translocase of the inner membrane 

(TIM complex). Translocation is completed through the outer and inner 

membranes by the mt-Hsp70-ATP-dependent driving system associated with the 

TIM complex. The preproteins are proteolytically processed in the matrix, and 

folding occurs assisted by the molecular chaperone systems, mt-Hsp70, Hsp60, 

and associated co-chaperones (For a review see Neupert 1997).

1.1.5 Cybrid technology in the study of mitochondrial disease

To investigate nuclear/mitochondrial interactions and the molecular pathogenetic 

mechanisms of mtDNA mutations, technology has been developed to enable the
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mtDNA complement of a cell to be manipulated and mitochondria to be moved 

from one cellular environment to another.

1.1.5.1 Isolation of human cell lines lacking mtDNA

In 1989, King and Attardi isolated human cell lines completely lacking mtDNA 

(King and Attardi 1989) which were termed p° cells. The rationale for the isolation 

of human p° cell lines is based on the use of an inhibitor of mtDNA replication, 

such as the DNA intercalating dye ethidium bromide, which depletes the cells of 

mtDNA by inhibiting replication (Nass 1970, 1972). Relatively low concentrations 

of ethidium bromide (0.1 to 2 jig/ml) result in either partial or complete inhibition 

of mtDNA replication, but has no effect on the replication of nuclear DNA (Nass 

1970, 1972). In yeast, respiratory chain function is dispensable if the cells are 

provided with a fermentable energy source, which allows the cells to generate 

sufficient ATP for cellular functions. However mammalian lines are unable to 

sustain growth in the presence of ethidium bromide or other inhibitors of mtDNA 

even when given a high level of glucose (King and Attardi 1995). This was 

explained by Morais et al (1980) who demonstrated that avian cell lines can 

become adapted to grow indefinitely in the presence of ethidium bromide if the 

medium is supplemented with a source of pyrimidines (Morais and Giguere 

1979, Morais et al 1980). The requirement for pyrimidines is related to the fact 

that dihydrooratate dehydrogenase, an enzyme in the pyrimidine biosynthetic 

pathway, is located in the inner mitochondrial membrane and requires 

mitochondrial electron transport for normal function (Grégoire et al 1984). This 

pyrimidine requirement was confirmed in human cell lines lacking mtDNA (King 

and Attardi 1989). The growth rate of the wild-type parental cell line 143B.TK' 

was not affected by the absence of uridine whereas the p° cell line 143B206 

could not grow without the presence of uridine. In addition to their dependence 

for uridine the human p° cell lines have a growth requirement for pyruvate (King 

and Attardi 1989). Thus all p° cell lines have to be grown in medium 

supplemented with pyruvate and uridine. The dependence on pyruvate is not so 

easily explained since these cells would be able to generate a large amount of 

pyruvate from the glycolytic breakdown of glucose. It was proposed that the 

absence of a functioning respiratory chain in these cells prevents the normal 

oxidation of the cytoplasmically produced NADH. The reduction of pyruvate to 

lactate through the activity of the NAD-linked lactate dehydrogenase could 

provide a means for oxidising the excess cytoplasmic NADH. This therefore
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reduces the amount of pyruvate that is available for entering the TCA cycle and 

thus supplementation is needed (King and Attardi 1989).

It is possible to generate these p° cell lines in the laboratory by treating cells with 

ethidium bromide (King and Attardi 1995). Besides the 206p° cells, other lines 

have been generated; A549p° cells (derived from a human lung carcinoma line) 

and SHSY5Yp° cells (derived from a human neuroblastoma line and available 

commercially from MitoKor corporation, SanDiego, CA). More recently the 

nucleoside analogues dideoxycytosine (ddC) and azidothymidine (AZT) used in 

the treatment of HIV infection have been shown to inhibit mtDNA replication 

through the inhibition of mtDNA polymerase y (Anderson et al 1994). These 

drugs therefore cause mtDNA depletion in cells (Chen and Cheng 1989, Wang et 

al 1996) can be utilised to render cells p° for fusion studies.

1.1.5.2 Mitochondria-mediated transformation of human cell lines

The transfer of mitochondria form one cellular environment to another for genetic 

analysis was first developed by Tatum et al in Neurospora crasse (Diacumakos 

et al 1965). The development of methods to obtain enucleated mammalian cells 

termed cytoplasts provided a basis for the transfer of mitochondria into cells by 

the fusion of cytoplasts with the cells of interest to form cytoplasmic hybrids, 

termed cybrids (Poste and Reeve 1971, 1972; Veomett et al 1974). King and 

Attardi developed this further with their human p° cell lines which were used as 

recipient cells in mitochondrial transfer studies (King and Attardi 1989). They 

defined transmitochondrial cell lines as the cell constructs in which the total 

mtDNA complement of a cell has been substituted with exogenous mtDNA. The 

growth dependence of p° cell lines on pyruvate and uridine provides two valuable 

selectable markers to isolate the cybrids that repopulate with exogenous 

mitochondria containing functional mtDNA. The mitochondrial transformants are 

selected by growth in the absence of pyruvate and uridine, (for a review see King 

and Attardi 1995). This is combined with the use of a suitable nuclear marker to 

exclude nucleated mitochondrial donor cells. For example 206p° cells are 

deficient in thymidine kinase and are unable to convert bromodeoxyuridine 

(BrdU) to toxic products, these cells are therefore resistant to BrdU. A549 p° cells 

have a geneticin resistance gene and can therefore grow in geneticin containing 

medium. The presence of a selectable nuclear marker is important because most 

enucleation procedures leave residual nucleated cells (King and Attardi 1995).
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Platelets can also be used as mitochondrial donors because they are naturally 

occurring enucleated cells (Chomyn 1995) and they have the advantage that 

they are easily available from the patient of interest. However for these studies 

they need to demonstrate a measurable respiratory chain defect (Chomyn 1995).

The general outline for the formation of transmitochondrial cell lines by fusion 

technology is illustrated in Fig 1.3 and the methods described in Chapter 2. This 

cybrid technology allows the study of mtDNA mutations and nuclear- 

mitochondrial genomic interactions at the molecular, cellular and biochemical 

level.
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Fig 1.3 Schematic Illustration of fusion between 
p° cells and patients cells. The patients 
mitochondria are represented In pink. (Full 
details on experimental details are In the text)
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1.1.5.3 Application of cybrid technology

Mitochondria from patients who have a specific mtDNA mutation and whose cells 

demonstrate a biochemical defect can be used to repopulate p° cells generating 

cybrids which can be used for two main purposes. Firstly to localise any 

respiratory chain defect to a mutatior>of mtDNA or nuclear DNA or a combination 

of both. The maintenance of a biochemical defect in the cybrids is virtually 

diagnostic of a mtDNA mutation in the patients’ cells, or alternatively the novel 

nuclear environment of the cybrids complementing the previous MRC deficiency 

could indicate that the mitochondrial defect was caused by a nuclear gene 

mutation. Secondly, cybrid cell lines can be generated containing various 

proportions of mutant and wild-type mtDNA, or purely mutant or wild-type mtDNA 

allowing the investigation of molecular mechanisms contributing to disease. The 

p° cell fusion system has been used to investigate several mitochondrial 

disorders.

Chomyn and colleagues (Chomyn et al 1992) demonstrated altered 

mitochondrial protein synthesis and respiratory chain deficiency in cybrid clones 

created by fusion of myoblasts from a MEl_AS patient with the A3243G mtDNA 

mutation and 206p° cells proving that this mutation was responsible for the 

biochemical defects. They also found a threshold effect with only 6% wild-type 

mtDNA needed to protect against the presence of the A3243G mutant mtDNA 

and correct the biochemical defect. Dunbar et al (1996) also studied A3243G- 

206p° cybrids and selected cybrids with varying proportions of mutant A3243G 

and wild-type mtDNA. They showed that cybrids containing 60% or more of 

mutant mtDNA synthesised little or no ND6 subunit of complex I, and showed a 

defect in complex I activity. However different clones harbouring similar levels of 

mutant mtDNA had widely differing levels of oxygen consumption with pyruvate 

indicating that there is not always a direct correlation between the level of 

A3243G mtDNA and a biochemical defect. However cybrids with >95% mutant 

mtDNA consistently had reduced complex I , III and IV activity with a marked 

generalised decrease in mitochondrial translation products (Dunbar et al 1996). 

Chomyn and colleagues (Chomyn et al 1994) used the platelet mediated 

mitochondria transfer procedure with platelets from patients with the A8344G 

MERRF mutation as mtDNA donors to demonstrate that the respiratory chain 

defect was caused by the presence of the A8344G mutation implying a causal 

role for the A8344G mutation in the MERRF syndrome.
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Cybrid studies have been used to study the role of nuclear factors/genes in 

Leber’s hereditary optic neuropathy (LHON)(Chapter 3) to determine whether the 

biochemical defects found in patients’ cells would be manifested in the absence 

of the patients’ nuclear background. Two groups have studied cybrid lines 

created by fusing mitochondria from 11778 LHON cases and controls with rho- 

zero (p°) lines. Hofhaus et al measured oxygen consumption in digitonin- 

permeabilised cybrid cells from 11778 LHON fibroblasts fused with 206p° cells. 

They found a 40% decrease in complex I linked respiration in their 11778 LHON 

cybrids but no defect in complex I activity defect indicating that the biochemical 

defect was directly linked to the presence of the 11778 mutant mtDNA because it 

was still present in the new nuclear environment (Hofhaus et al 1996). Vergani et 

al performed a similar study using 11778 LHON fibroblasts fused with 206p° 

cells and found the resulting 11778 LHON cybrids had reduced oxygen 

consumption, and lower complex I specific activity (not statistically significant) 

compared to the control cybrids (Vergani et al 1995).

To investigate the role of nuclear genes in mtDNA depletion syndrome Bodnar et 

al (1993) studied a patient with mtDNA depletion syndrome with < than 2% of 

control levels of mtDNA; with fibroblasts from the patient exhibiting a severe 

decrease in activities of all the respiratory chain enzymes. Cell fusions were 

performed between enucleated fibroblasts from the patient and A549p° cells 

thereby placing the patients’ mitochondria in a new nuclear environment. 

Complementation was observed in the resultant cybrids with restoration of 

mtDNA levels and respiratory chain function in the cybrids indicating that mtDNA 

depletion was under the control of the nuclear genome (Bodnar et al 1993) 

Cybrid technology was also used to demonstrate the nuclear DNA origin of the 

COX deficiency in Leigh’s syndrome (Tiranti et al 1995). They found that fusion 

of COX-deficient enucleated fibroblasts from a patient with Leigh’s disease with 

206p° cells resulted in cybrids with normal COX activity demonstrating nuclear 

complementation of the defect. Indeed in 1998 a mutation was found in SURF1, 

a nuclear gene involved in the biogenesis of complex IV (section 1.2.2.2)(Tiranti 

et al 1998, Zhu et al 1998).
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1.2 Mitochondrial dysfunction in neurological disorders

Mitochondrial mutations mainly affect post-mitotic cells with a high metabolic 

rate, such as muscle and neurones therefore these systems are the most 

commonly affected clinically. As mtDNA encodes proteins of the MRC and 

OXPHOS system, such mutations frequently result in a deficiency of some 

component of this system. Those disorders caused by mutations of mtDNA or 

nuclear genes encoding subunits of complex l-V have been termed primary 

MRC/OXPHOS disorders (Table 1.1, courtesy of Prof. AHV Schapira). Over the 

past 10 years the study of mitochondrial metabolism has encompassed

neurodegenerative disease such as Parkinson’s’ disease (PD), Huntington’s 

disease (HD) and Alzheimer’s disease (AD) all of which show a respiratory chain 

defect. These defects may be due to endogenous toxins such as reactive oxygen 

species (ROS) or exogenous toxins such as 1-methyl-4-phenyl 1,2,3,6

tetrahydropyridine (MPTP) and this topic is discussed further in section 1.3. 

These disorders are therefore classified as secondary MRC/OXPHOS disorders 

(Table 1.1). Other secondary MRC/OXPHOS defects encompass genetic causes 

such as abnormalities of mtDNA due to nuclear mutations such as occurs in 

autosomal dominant chronic progressive opthalmoplegia. Friedreich’s ataxia, 

Wilson’s disease and hereditary spastic paraplegia are also classified in this

section because they are all caused by mutations in nuclear encoded

mitochondrial proteins and all these disorders have been shown to exhibit an 

MRC defect. Each of these groups will be reviewed although LHON, HD and PD 

are discussed in detail in the individual chapters dedicated to these diseases 

(Chapters 3, 5 and 6 respectively).
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TABLE 1.1 CLASSIFICATION OF MITOCHONDRIAL DISORDERS (SEE 

TEXT FOR DETAILS)

Class 1: Primary MRC/OXPHOS disorders

These involve mutations of mtDNA genes or nuclear genes resulting 

in impaired activity of complexes l-V:

a. Mutations of mtDNA:

i large scale deletions, duplications involving protein coding genes 

and tRNA genes

ii mutations of protein coding genes, e.g. point mutations, 

small rearrangements

iii. mutations of tRNA and rRNA genes

b. Mutations of nuclear genes encoding OXPHOS subunits. These would 

include mutations affecting the gene promoter, the mature protein or its 

mitochondrial targeting sequence.

Class II: Secondary MRC/OXPHOS disorders

a. Genetic:

i. abnormalities of mtDNA induced by nuclear gene defects 

affecting mtDNA transcription, translation or replication, e.g. 

autosomal dominant or recessive multiple deletions, or mtDNA depletion

direct damage to mtDNA or defects of mtDNA repair.

iii. defects of the import pathway of nuclear encoded OXPHOS subunits 

e.g. membrane receptors, processing proteins, etc.

iv. defects of the assembly of the MRC/OXPHOS system

e.g. chaperone mutations, defects of haem synthesis

b. Toxic

i. endogenous

e.g. isoquinolines, free radicals including superoxide, nitric oxide, peroxynitrite 

and excitotoxicity

II. exogenous

e.g. MPTP, 3-nitropropionic acid, malonic acid.
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1.2.1 Primary MRC/OXPHOS defects associated with neurological 

disease

These are classified according to their molecular genetic defect (Table 1.1) 

because identical genetic defects can manifest in different clinical phenotypes as 

will be discussed. A detailed review of primary mitochondrial disorders is 

outside the scope of this thesis but for a comprehensive review see Larrson and 

Clayton 1995, Schon et al 1997, and Morgan-Hughes and Hanna 1999.

1.2.1.1 Large scale rearrangements of mtDNA

Large scale rearrangements of mtDNA include single large deletions of mtDNA 

which eliminate both tRNA genes and protein encoding genes, and duplications 

of mtDNA.

Each affected patient has only one type of deletion in a heteroplasmic mixture 

with wild-type mtDNA (Holt, Harding and Morgan-Hughes 1988) with little 

relationship between mutant load and clinical presentation (Schon et al 1997, 

Morgan-Hughes and Hanna 1999). These rearrangements are most commonly 

found in chronic progressive external ophthalmoplegia (CPEO) and Kearns 

Sayre syndrome (KSS) (Holt et al 1989, Moraes et al 1989). CPEO is 

characterised by weakness of the extraocular muscles and ptosis and is often 

accompanied by limb weakness. KSS is defined by the triad of PEG, pigmentary 

retinopathy and onset before age 20, with at least one of the following : cerebellar 

syndrome, cardiac conduction block or high CSF protein. The other major 

phenotype associated with single deletions is the Pearson marrow-pancreas 

syndrome (PS), a usually fatal haematological disorder of infancy which evolves 

into KSS in the few patients who survive beyond infancy (Rotig et al 1995). The 

majority of CPEO or KSS patients are sporadic and mothers rarely pass on 

deletions to their offspring (Larsson et al 1992). Approximately 90% of patients 

with KSS and 50% with CPEO have single deletions of mtDNA in muscle, the 

most frequently found being the ‘common deletion’, loss of a 4977 bp mtDNA 

sequence between the ATPase 8 and the ND5 genes (Schon et al 1989). Large 

scale mtDNA rearrangements have also been identified in other clinical 

phenotypes including the Wolfram syndrome (Barrientos et al 1996), diabetes 

mellitus and deafness (Ballinger et al 1994) and MELAS (Campos et al 1995).
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The molecular mechanisms behind the formation of deletions are not yet known 

but possibilities include slipped mispairing between distant repeats during 

replication, breakage and ligation of replication intermediates, and recombination 

between distant repeats although there is no direct evidence e to support any 

one mechanism (Schon et al 1997). Deleted mtDNAs have been shown to be 

transcribed but not translated, Hayashi and colleagues observed that there is a 

threshold number of deleted mtDNAs required before translation is inhibited 

(Hayashi et al 1991). They created cybrid clones with p°HELA cells and 

mitochondria from a CPEO patient heteroplasmic for a large-scale deletion in 

their mtDNA. If the levels of deleted mtDNA in the cybrid clones exceeded 65% a 

defect in complex IV activity resulted and translation did not occur probably due 

to competition for the remaining tRNAs for protein synthesis. However clones up 

to 60% mutant mtDNA had the full complement of translation products with 

normal MRC function. This study indicated that there was a threshold effect of 

about 60% before any MRC defect occurred, that the wild-type mtDNA was able 

to complement the missing tRNAs and that the deletion of mtDNA alone was 

sufficient to cause the mitochondrial dysfunction in CPEO.

1.2.1.2 Mutations in protein encoding mtDNA genes

MtDNA mutations in complex I subunit genes are associated with LHON, this 

inherited form of blindness is the subject of study in chapter 3 and therefore will 

not be reviewed here. Mutations in complex V subunit genes are associated with 

Leigh’s syndrome, neurogenic weakness, ataxia and retinitis pigmentosa (NARP) 

and familial bilateral striatal necrosis (FBSN).

Leigh’s syndrome (or subacute sclerosing encephalopathy) is a fatal multisystem 

degenerative disorder of infancy and is the most common mitochondrial disorder 

of infancy and childhood (Leigh 1959). It is characterised by developmental 

delay, psychomotor regression, ataxia, hypotonia, optic atrophy, seizures, 

peripheral neuropathy and brainstem dysfunction (Schon et al 1997). Leigh’s 

syndrome has been associated with high levels (>90%) of mutant mtDNA with 

T8993G bp mutation in the ATPase 6 subunit gene which is a component of the 

proton channel of complex V (Santorelli et al 1993, 1994). If the T8993G 

mutation is present at lower levels (about 70%), the NARP phenotype results 

(Holt et al 1990). Levels below 70% are usually asymptomatic (Hanna and 

Morgan-Hughes 1999). Other mutations in the ATPase 6 subunit gene
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associated with central nervous system (CNS) degeneration are the T8993C 

mutation associated with Leigh’s syndrome, and the T8851C and T9176C 

mutations associated with FBSN which has similar clinical and radiological 

findings to Leigh’s but has a more benign course.

Studies of cell culture systems with high levels of the T8993G mutation showed a 

-50% reduction in ATP synthesis (Tatuch and Robinson 1993) and state III 

(ADP-stimulated) respiration rate (Trounce, Neill and Wallace 1994). The 

disorders described have symptoms predominantly in the CNS associated with 

mutations in the ATPase 6 subunit, it is possible that CNS neurones are 

particularly vulnerable to ATPase 6 subunit gene mutations with resultant 

biochemical dysfunction but the precise pathogenic mechanisms of disease are 

not known.

It should be emphasised that mtDNA mutations are a cause of only a proportion 

of Leigh’s syndrome cases (Rahman et al 1995) and nuclear gene defects have 

been reported in Leigh’s syndrome (sections 1.2.1.5; 1.2.2.2).

1.2.1.3 Mutations of mtDNA tRNA genes

Mutations in mtDNA tRNA genes produce a diversity of clinical phenotypes 

including myopathy (with ragged red fibres), stroke-like episodes, dementia, 

deafness, epilepsy, PEO, Leigh’s syndrome, diabetes and cardiomyopathy 

(Morgan-Hughes and Hanna 1999). Several different tRNA point mutations have 

been reported in association with MRC/OXPHOS disorders and neurological 

phenotypes (Larrson and Clayton 1995, Morgan-Hughes and Hanna 1999) and 

different criteria have been used to support the pathogenicity of these mutations. 

These are a) the mutation changes a highly conserved base, b) the mutation has 

been reported in several pedigrees with a similar phenotype, c) there is a 

correlation between the levels of mutated mtDNA and symptom severity, d) the 

mutation is always heteroplasmic, e) there is a correlation between the levels of 

mutant mtDNA and an MRC defect in individual muscle fibre segments or in 

cybrid cell lines, or f) analysis of cybrid cell lines demonstrate that the mtDNA 

mutation alone is sufficient to cause the MRC defect. Many of the reported tRNA 

mutations do not fulfil these criteria except apart from the tRNA'-̂ ® A8344G 

causing MERRF (myoclonic epilepsy with ragged red fibres) and the tRNA‘-®“ 

A3243G causing MELAS (mitochondrial encephalomyopathy with lactic acidosis
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and stroke-like eplsodes)(Larrson and Clayton 1995, Schon et al 1997,Morgan- 

Hughes and Hanna 1999). For further details on the other tRNA point mutations 

see Morgan-Hughes and Hanna 1999.

MELAS is the most common maternally inherited mitochondrial disease 

recognised to date (Schon et al 1997). It is characterised by episodic vomiting, 

lactic acidosis, migraine-like headaches, seizures, exercise intolerance, short 

stature and recurrent cerebral stroke-like episodes causing focal neurological 

disturbance particularly hemianopia and cortical blindness (Schon et al 1997). 

A3243G tRNA’-®'' is the most common mutation associated with MELAS found in 

-80% of cases (Goto et al 1990). A fascinating aspect of mitochondrial diseases 

is that this point mutation is associated with a wide variety of phenotypes besides 

MELAS, namely diabetes mellitus, deafness, myopathy, and CPEO (Moraes et al 

1993, Hammans et al 1995) and the molecular mechanism by which the same 

mutation can cause so many different phenotypes is not known.

MERRF is characterised by myoclonus, generalised seizures, ataxia, weakness 

and hearing loss. Onset is usually in childhood although it has been reported in 

adults. MERRF is most commonly associated with the A8344G mutation in the 

tRNA'-y^gene (Shoffner et al 1990).

Clues to the pathogenic mechanisms whereby tRNA mutations exert their effects 

have come from cybrid studies (see section 1.1.5.3). These cybrid studies have 

shown that the presence of either the A8344G or A3243G mutation alone is 

enough to impair intramitochondrial protein synthesis and cause defective MRC 

function (Chomyn et al 1991, 1992, Dunbar et al 1996). Each of these tRNA 

mutations may impair protein synthesis by different mechanisms. The A3243G 

tRNA"-®" appears to affect the processing of primary mitochondrial transcripts. 

Cybrids created by fusion of p° cells with mitochondria carrying the A3243G 

mutation showed an increase in the levels of a partially processed RNA species 

derived from transcription of the 16SrRNA+tRNA'-®"(^ '̂ )̂ (termed RNA19) which 

are contiguous in mtDNA (Fig. 1.2)(King et al 1992). These observations have 

led to the hypothesis (King et al 1992) that RNA 19 is incorporated into 

ribosomes rendering them functionally deficient. Point mutations in tRNA genes 

may induce a structural change in the tRNA molecule which could affect the 

identification by the cognate aminacyl-tRNA synthase and lead to decreased
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levels of aminoacylation. Premature termination of mitochondrial translation and 

an~40% reduction in aminoacylation have been demonstrated in cell lines with 

the A8344G tRNA’-̂® mutation (Enriquez et al 1995). Therefore different 

molecular mechanism may be responsible for the expression of the A3243G and 

A8344G mutations. It is thus possible that given a specific mutant load the two 

mutations will impair mitochondrial function to differing degrees in different cell 

lines within different tissues accounting for the different phenotypes associated 

with these two mutations (Chinnery et al 1997). Detailed studies of mutant load 

within specific cell subtypes and their correlation with clinical features and 

pathology may help to resolve this issue (Chinnery et al 1997).

1.2.1.4 Mutations of nuclear genes encoding MRC/OXPHOS subunits

MtDNA encodes for just 13 of the 83 subunit components of the MRC, the rest 

being coded for by the nuclear genome. To date only five nuclear mutations in 

genes encoding MRC proteins have been identified. The first of these involved a 

point mutation in the flavoprotein subunit gene of complex II which was identified 

in two sisters with a Leigh's-type syndrome (Bourgeron 1995). The other four 

mutations are all in nuclear encoded complex I genes. The first was a 5bp 

duplication in the NDUFS4 subunit of complex I found in a male infant with 

Leigh’s syndrome (van den Heuvel 1998). Two further point mutations were 

found to cause Leigh’s syndrome in the NDUFS7 (Triepels et al 1999) and the 

NDUFS8 subunits of complex I (Loeffen et al 1998). The fourth was a point 

mutation found in the NDUFV1 subunit of Complex causing leucodystrophy and 

myoclonic epilepsy in three patients (Schuelke et al 1999).

1.2.2 Secondary MRC/OXPHOS defects causing disease (Table 1.1)

1.2.2.1 MtDNA abnormalities induced by nuclear gene defects

mtDNA encodes for 22tRNAs and 2 rRNAs, the remainder of the proteins 

required for transcription, translation and replication of mtDNA are coded for by 

the nuclear genome. Two groups of diseases have so far been described where 

nuclear gene defects result in mtDNA abnormalities - multiple familial mtDNA 

deletions, and mtDNA depletion syndrome.

Multiple deletions of mtDNA are either sporadic, or appear to be inherited as 

Mendelian traits, with the primary genetic error residing in nuclear genes (Zeviani

44



et al 1997). The latter group is phentoypically widely heterogeneous (reviewed in 

Zeviani et al 1997 and Morgan-Hughes and Hanna 1999) with CPEO syndromes 

being common. Seven families with autosomal dominantly inherited adult onset 

mitochondrial encephalomyopathy, characterised by CPEO and limb myopathy 

and multiple mtDNA deletions have now been described (Zeviani et al 1997). 

Linkage analysis has revealed the existence of two distinct AuD CPEO disease 

loci, one to chromosome 10q23.3-24.3 in a Finnish family (Suomalainen et al

1995) and the other to chromosome 3p14.1-21.2 in 3 Italian families 

(Kaukonenen et al 1996). No linkage has been described in the other three 

families suggesting the AuD forms of PEO are genetically heterogeneous and no 

candidate genes to date from the other families have been identified.

MtDNA depletion syndrome is characterised by very low levels of mtDNA in 

affected tissues. This disorder was first described in 1991 by Moraes and 

colleagues (Moraes et al 1991), since when there have been several other 

reports of similar cases (reviewed in Taanman et al 1997b). Patients usually 

present in the neonatal period but may not come to notice until 6 months old. 

Death usually occurs in the first year of life, although survivors beyond this have 

a good prognosis. Diagnosis depends on demonstrating low levels of mtDNA in 

tissue biopsies by Southern blot analysis. This can be difficult as mtDNA levels 

vary quite considerably between different controls and between different tissue. 

Consequently only severe mtDNA deficiencies (ie. a level of less than 25% of 

mean control levels in affected tissues) is required to be confident of a positive 

diagnosis. The molecular basis for the progressive loss of mtDNA is unknown but 

may be due to an incompatibility between paternal nuclear gene products and 

maternal mtDNA or alternatively a defect of one of the many nuclear encoded 

replication/transcription factors regulating mtDNA (see Taanman et al 1997b, 

1999).

1.2.2.2 Mutations in nuclear encoded non-MRC mitochondrial 

proteins

In the last few years a number of mutations in nuclear genes encoding non- 

respiratory chain mitochondrial proteins have been discovered. These have all 

been in neurodegenerative disorders - Leigh’s syndrome, Friedreich’s ataxia 

(FA), Wilson’s disease (WD) and hereditary spastic paraplegia (HSP) and
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patients with each of these disorders have been found to exhibit a respiratory 

chain defect.

A nuclear gene defect has been identified in patients with complex IV deficient 

Leigh’s syndrome using cybrid studies (section 1.1.5.3)(Tiranti et al 1995), the 

gene defect was subsequently found to be in the SURF 1 gene on chromosome 

9 (Tiranti et al 1998, Zhu et al 1998). SURF 1 encodes a mitochondrial protein 

necessary for the biogenesis of complex IV and therefore is vital in the 

maintenance of complex IV activity and a normally functioning respiratory chain.

Friedreich’s ataxia (FA) is caused by a triplet repeat expansion in intron 1 of the 

frataxin gene (FRDA) (Campuzano et al 1996). The role of the protein product 

frataxin is unknown but a number of recent studies indicate that it is a 

mitochondrial protein (Priller et al 1997, Koutnikova et al 1997) and the GAA 

expansion causes decreased expression (Campuzano et al 1997). Studies of 

yeast colonies with a disrupted YFH-1 gene (yeast frataxin gene homologue) 

developed a p° phenotype with reduced oxygen consumption and impaired MRC 

function with accumulation of iron in the mitochondria with the suggestion that 

the physiological role of frataxin is in mitochondrial iron handling (Wilson and 

Roof 1997) . Mitochondrial abnormalities have, for a long time, been thought to 

play a role in the pathophysiology of FA because they share a number of clinical 

features including ataxia, myopathy, diabetes, sensorineural hearing loss and 

optic atrophy (Johns 1995). There are also clinical similarities between FA and 

vitamin E deficiency which results from a defect in a-tocopherol transfer protein 

(Gotoda et al 1995). These patients have to consume large quantities of vitamin 

E to compensate and to prevent disease progression. Vitamin E i s a  antioxidant 

and helps protect against lipid peroxidation. These observations suggest that FA 

may be a disease involving pathological oxidative stress, and the loss of function 

of frataxin in FA results in cumulative mitochondrial damage. In support of this 

reduced complex I I/I 11 and aconitase activity (a TCA enzyme sensitive to 

inhibition by free radicals) have been found in tissue from FA patients (Bradley et 

al 2000).

HSP is a heterogeneous disorder characterised by progressive weakness and 

spasticity of the lower limbs, sometimes in association with additional 

neurological features. Of interest was the discovery of a mutation in a novel
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nuclear encoded mitochondrial metalloprotease, named paraplegin, in patients 

with 16q linked autosomal recessive HSP. This 16q linked HSP family are 

homozygous for a 9.5kb deletion in paraplegin (Casari et al 1998). Paraplegin is 

highly homologous to the yeast mitochondrial ATPases, AFG3, RCA1, and 

YME1, which have both proteolytic and chaperone-like activities at the inner 

mitochondrial membrane. Immunofluorescence analysis and import experiments 

showed that paraplegin localises to mitochondria (Casari et al 1998). The 

analysis of patient’s muscle biopsies showed ragged red fibres, reduced COX 

(complex IV) staining and increased SDH (complex II) staining characteristic of 

mitochondrial disorders (Casari et al 1998). How the defect causes the clinical 

phenotype is not precisely known, but defects in paraplegin may cause an 

accumulation of abnormal mitochondrial translation products, and non

assembled MRC subunits leading to axonal degeneration. The decline in 

respiratory chain activity and the increase in mtDNA mutations occurring with 

ageing may contribute to the progressive nature of the disease (Casari et al 

1998) Further analysis is required to ascertain the precise mitochondrial defect 

in these cases, and other HSP phenotypes are being examined to assess 

whether a mitochondrial abnormality is common in this disorder.

Wilson’s disease is an inherited disorder of copper homeostasis characterised by 

abnormal accumulation of copper in several tissues, particularly in the liver, brain 

and kidney causing a progressive neurodegenerative disorder associated with 

progressive liver failure. The disease associated gene encodes a copper- 

transporting P-type ATPase, the WND protein (Lutsenko and Cooper 1998). A 

140kD cleavage product of this protein has been found to be localised to 

mitochondria and is thought to be involved in regulation of copper in the 

mitochondria (Lutensko and Cooper 1998). It would be predicted that 

accumulation of copper would promote oxidative damage (section 1.3.1.1) and 

result in a respiratory chain defect, and recently a defect in complex I I/I 11 and 

aconitase has been found patients with WD suggesting that MRC dysfunction 

and oxidative stress contribute to the neurodegeneration occurring in this 

disease (Prof. AHV Schapira, personal communication).
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1.2.2.3 Other neurodegenerative diseases associated with 

MRC/OXPHOS defects
MRC dysfunction has been identified in a number of neurodegenerative 

disorders. Specifically complex I and I I/I 11 defects have been found in Parkinson’s 

disease (PD) and Huntington’s disease (HD) respectively. In PD this defect may 

play a direct role in the aetiology and pathogenesis of the disease. In HD the 

mitochondrial defect is secondary to a mutation in a non-mitochondrial protein- 

coding gene. The relevance of the MRC defect to the pathophysiology of these 

disorders, and other mechanisms associated with mitochondrial dysfunction such 

as oxidative stress, excitotoxicity and apoptosis are particularly important in PD 

and HD. As these two diseases are the subjects of chapters 5 and 6 respectively 

of this thesis they will not be discussed further here.

Dystonia is not strictly a neurodegenerative disease and would be best classified 

as being the result of neuronal dysfunction although the aetiology is not known. A 

complex I defect has been found associated with sporadic focal dystonia and a 

number of mutations in mitochondrial proteins have been found linked to 

dystonia and as dystonia is the subject of chapter 4 it will not be reviewed here.

Alzheimer’s disease (AD) has been associated with MRC defects and will be 

briefly discussed here. AD is a major form of dementia affecting 5-15% of the 

world’s population over the age of 65 yrs (Katzman 1986). Although families with 

autosomal dominant AD have been found with mutations in the amyloid 

precursor protein (APP)(Goate et al 1991) or presenilin genes (Sherrington et al 

1995, Levy-Lahad et al 1995) most cases are sporadic with unknown aetiology. 

There is increasing evidence that mitochondrial dysfunction may contribute to the 

pathogenesis of AD and this subject has recently been reviewed by Bonilla et al 

1999. PET studies have shown that glucose metabolism is reduced in the 

parietal, temporal, and posterior cingulate cortices and declines progressively 

with time (McGeer et al 1990, Smith et al 1992). PET studies have also 

demonstrated in cognitively normal individuals with apolipoprotein e4 

homozygosity (this confers a high risk of developing Alzheimer’s disease) that 

there are significantly reduced rates of glucose metabolism in the same pattern 

to that see in Alzheimer’s disease (Reiman et al 1996). Reduced complex IV 

activity has been found in both brain and platelets of AD patients (Kish et al 

1992, Parker et al 1994a and b, Mutisya et al 1994). Histochemical studies have
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also shown significant reduction in complex IV activity in dentate gyrus and 

hippocampus in AD patients (Simonian and Hyman 1993), and in situ 

hybridisation studies showed decreased mRNA levels of the mtDNA encoded 

subunit II of complex IV (COII)(Simonian and Hyman 1994). Thus the relevance 

of mtDNA mutations in AD is not yet certain (see Bonilla et al 1999 for review). 

The mitochondrial dysfunction in AD could possible contribute to, or be the result 

of, increased oxidative stress (section 1.3.1), and there is some evidence for the 

presence of oxidative damage in AD brains (Bonilla et al 1999). However no 

direct cause and effect relationship has yet been established between oxidative 

damage, mtDNA defects and a pathological role in AD and clearly more work in 

this area is required (Bonilla et al 1999).

1.3 The role of mitochondria in oxidative stress, excitotoxicity and 

apoptosis.

The study of mitochondrial metabolism and its interrelationship with oxidative 

stress, excitotoxicity and apoptosis has become a topical subject. In this section 

the biochemistry of each of these will be reviewed with particular discussion on 

the involvement of mitochondria in these processes.

1.3.1 Oxidative stress and mitochondrial dysfunction

1.3.1.1 Sources of free radicals

A free radical is any species with one or more unpaired electrons that can exist 

independently. They are generally unstable and highly reactive with a very short 

half-life of nanoseconds (Halliwell and Gutteridge 1989). Free radicals are 

generated as normal products of cellular aerobic metabolism (Halliwell and 

Gutteridge 1989). Superoxide (Og' ), and hydroxyl (OH ) species are the most 

predominant cellular free radicals and together with hydrogen peroxide (HgOg) 

and peroxynitrite (ONOO ) are known as reactive oxygen species (ROS). Nitric 

oxide (NO ) is another important free radical that is discussed further in the next 

section.

One of the major sources of free radicals is the mitochondrial respiratory chain 

(Boveris and Chance 1973, Freeman and Crapo 1982). Between 1 and 4% of 

oxygen utilised by normal mitochondria is converted to O2 and HgOg (Cadenas 

et al 1977, Nohl and Jordan 1986). The main source of electrons to reduce 0% in
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a one electron step to O2 in the normally functioning respiratory chain is thought 

to be cytochrome bgee (Nohl and Jordan 1986) or reduced ubiquinone (Turrens 

and Boveris 1980). O2 ' is converted to H2 O2 by the action of superoxide 

dismutase (SOD) (see Fig 1.4). H2 O2 can decompose to generate the highly 

reactive hydroxyl radical (OH )(Haber-Weiss reaction), catalysed by a transition 

metal such as Fê  ̂or Cu^  ̂ (see Figure 1.4). The peroxynitrite anion is formed 

from the reaction between O2 ' and NO (Fig 1.4 and see next section), this 

reaction is highly favourable such that NO competes with SOD for O2 (Beckman 

et al 1993).

1.3.1.2 Biology of NO

NO was first identified as endothelium-derived relaxing factor in 1989 (Moncada 

et al 1989). It is a unique messenger molecule involved in many diverse 

physiological processes including smooth muscle contractility, platelet reactivity, 

central and peripheral neurotransmission, and the cytotoxic actions of immune 

cells (Hobbs et al 1999). Within the CNS, NO has a number of physiological 

roles in pain perception, synaptic plasticity and long term potentiation in learning 

(Lincoln, Hoyle and Burnstock 1997). NO is generated by nitric oxide synthase 

(NOS) which catalyses the conversion of arginine to NO and citrulline, a reaction 

which also requires molecular oxygen and tetrahydrobiopterin (Lincoln, Hoyle 

and Burnstock 1997, Hobbs et al 1999). All CNS cells appear to have the ability 

to synthesise NO in vitro (Lincoln, Hoyle and Burnstock 1997). Three distinct 

isoforms of NOS have been identified. Molecular cloning has shown they share 

50-60% homology (Hobbs et al 1999). There is a constitutive form, (nNOS or 

N0S1), which is found in neurones both centrally and peripherally and whose 

activity is regulated by Câ  ̂and calmodulin (Hobbs et al 1999). The second, Câ  ̂

and calmodulin-requiring constitutive enzyme is eNOS or NOSIII and is present 

in vascular endothelial cells (Hobbs et al 1999).
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A third independent isoform (iNOS or NOSH) can be isolated from a variety 

of cells including glial cells following induction with inflammatory mediators and 

bacterial products (For a review on the NOS isoforms see Hobbs et al 1999).

Besides a physiological role in the CNS, NO also has a pathological role and is 

thought to be an important mediator of neuronal death in a variety of pathological 

conditions such as excitotoxicity (Simonian and Coyle 1996, and see 1.3.2 ). NO 

itself is a free radical but is not nearly as reactive as is commonly assumed 

(Beckman and Tsai 1994). Its chemical reactivity is about the same as molecular 

oxygen (Beckman and Tsai 1994). However it reacts at near-diffusion rates with 

O2 ' to form peroxynitrite (ONOO' ) which is a powerful oxidant and it is believed 

that this molecule mediates the pathological actions of NO (Beckman et al 1990, 

Hobbs et al 1999). ONOO' induces toxicity through nitration of amino acids such 

as tyrosine and cysteine on proteins. Such modifications alter protein function 

and consequently disrupt cellular activity (Beckman et al 1994). ONOO' can also 

directly oxidise many other important biological molecules including lipids,

Fe-S centres and zinc fingers, thus interfering with cellular function (Beckman 

and Tsai 1994). The measurement of 3-nitrotyrosine formation has become 

accepted as an indicator of ONOO' generation in tissues (Beckman 1994, Vieral 

et al 1999, Hobbs et al 1999).

1.3.1.3 Cellular defence systems against ROS

An array of cellular defence systems exist to counterbalance free radical 

generation (Halliwell and Gutteridge 1985). These include enzymatic and non- 

enzymatic antioxidants that lower the steady-state concentrations of free radical 

species (Fig 1.4).

There are three forms of superoxide dismutase (SOD) which is the major 

antioxidant defence in aerobic cells- a cytoplasmic copper/zinc (Cu/Zn) form 

(SOD 1), a mitochondrial manganese (Mn) SOD (SOD 2) and an extracellular 

form (SOD 3). All three catalyse the rapid conversion of Og' + 2H  ̂ to HgOg. 

Overexpression of human S0D1 in motorneurones expressed in Drosophila 

resulted in increased lifespan of the fly by 40% with an elevated resistance to 

oxidative stress (Parkes et al 1998). Mutations in S0D1 have been found in 1- 

2% of patients with familial amyotrophic lateral sclerosis (FALS), a degenerative 

disease of motor anterior horn cells associated with the loss of motor function in
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mid-life (Brown 1995, Yim at a! 1996), and the resultant imbalance in ROS 

detoxification is thought to play a role in this neurodegenerative disease (Brown 

1995, Yim et al 1996).

The thiol-containing tripeptide glutathione (GSH), present in all cells especially 

those with high metabolic demand such as neurones, together with glutathione 

peroxidase and glutathione reductase represents another important antioxidant 

defence system. GSH is capable of oxidising HgOg and lipid hydroperoxides, 

forming the oxidised from of glutathione (GSSG). GSSG is then reduced to GSH 

by the action of glutathione reductase. This regeneration system prevents 

depletion of intracellular thiols and is NADPH dependant (Fig 1.4). HgOg is also 

rapidly removed by catalase, which is found in low levels in the brain.

Non-enzymatic antioxidants involved in cellular defence include vitamins A, C 

and E, these antioxidant all scavenge and react with Og' and OH, and vitamins C 

and E act synergistically and are both of major importance as antioxidants in 

human cells and plasma. Metal sequestering agents such as transferrin, ferritin, 

albumin, caeruloplasmin and uric acid bind metal ions preventing their 

involvement in the Haber-Weiss reaction; with caeruloplasmin in particular being 

an important physiological inhibitor of lipid peroxidation (Cross et al 1987). 

Reduced ubiquinone (ubiquinol) is also an effective antioxidant in cell 

membranes protecting against lipid peroxidation (Fig 1.4)(Frei et al 1990).

Oxidised DMA can be repaired by a series of glycosylases that are specific for 

particular oxidised bases and non-specific excision repair enzymes (Ames et al 

1993).

1.3.1.4 Cellular consequences of oxidative damage

Oxidative stress refers to the mismatch between the production of ROS and the 

ability of a cell to defend itself against ROS. This imbalance results in an 

accumulation of oxidatively damaged molecules that results in cellular 

dysfunction. ROS can produce functional alterations in lipids, DMA and proteins 

(Beckman 1994, Simonian and Coyle 1996).

In the presence of redox cycling cations such as Fê  ̂ and Cu^^, OH is produced 

by the decomposition of HgOg (Fig 1.4, Haber-Weiss reaction).When OH reacts 

with a polyunsaturated fatty acid (PUFA), a hydrogen atom is abstracted from a
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methyl group (-CH2 -) resulting in an unpaired electron on the carbon atom (-HC-). 

This PUFA carbon-centred radical is unstable and stabilises itself by undergoing 

electronic rearrangement to form a conjugated diene radical which can react with 

O2 to form a peroxyl radical (-C00 -). This peroxyl radical is capable of abstracting 

hydrogen from a another lipid molecule creating a cycle of lipid peroxidation with 

the formation of a lipid hydroperoxide product (-CHOOH-) with the resultant 

formation of products such as malonaldehyde (Fig 1.4)(Halliwell and Gutteridge

1985). Lipid peroxidation can produce loss of membrane fluidity, reduced 

membrane potential and increased permeability to ions such as Câ  ̂ (Simonian 

and Coyle 1996).

ROS damages DNA in a number of ways: OH modifies ribose phosphates and 

pyrimidine nucleosides and nucleotides and reacts with the sugar phosphate 

backbone to cause DNA strand breaks (Simonian and Coyle 1996, Brawn and 

Fridovich 1981). Hydroxylation of deoxyguanosine residues produces 8- 

hydroxydeoxyguansoine (8-OHDG), which can be used as a marker of oxidative 

DNA damage (Kasai et al 1986, Ames et al 1989).

ROS damage proteins in a number of ways: OH oxidises amino acids, and 

histidine, proline, arginine and lysine have been identified as major targets for 

oxidation resulting in the formation of protein carbonyls (Stadtman 1993). 

Cysteine residues are also susceptible to metal catalysed oxidation resulting in 

reversible disulphide cross-linking (Stadtman 1993). The chemistry of metal ion 

catalysed oxidation of proteins is complex and is reviewed by Stadtman 1993. 

Oxidative damage to proteins inactivates their catalytic activity, and “marks” them 

for degradation by intracellular proteases (Stadtman 1993, Oliver et al 1987).

1.3.1.5 Oxidative stress and the MRC

8-OHDG concentrations increase with age in the human brain, with levels of 8- 

OHDG in mtDNA 10-fold higher than in nuclear DNA (Mecocci et al 1993). 

Nuclear DNA in normal tissues has about 1/130000 8-OHDG adducts per base 

whereas mtDNA has 1/8000 adducts or about two per genome (Mecocci et al 

1993). The extreme sensitivity of mtDNA to oxygen damage is believed to stem 

from its close proximity to the respiratory chain, lack of protective histones and 

limited DNA-repair systems (1.1.3)(Richter, Park and Ames 1988). The 

accumulation of mtDNA mutations will affect the respiratory chain genes resulting
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in dysfunction. The accumulation of mtDNA mutations with age may also be 

important in determining the progressive nature of many neurodegenerative 

diseases. There are many studies reporting age-related declines in primate 

MRC/OXPHOS activities in skeletal muscle, liver and brain (Trounce, Byrne and 

Marzuki 1989, and reviewed in Wallace 1997) with the accumulation of somatic 

mtDNA mutations in these same postmitotic tissues. For example, skeletal 

muscle from humans under the age of 40 contain primarily intact mtDNAs 

whereas skeletal muscle from subjects over the age of 50 shows an 

accumulation of a wide array of mtDNA rearrangements (Melov et al 1995). In 

addition the skeletal muscle of elderly subjects has been found to have ragged 

red fibres with each COX negative and SDH positive fibre containing a different 

mtDNA mutation (Corral-Debrinski et al 1992). This confirms that each of the 

mutations arose de novo and was selectively amplified within the cell to create 

the regional MRC defect. Somatic mtDNA mutations also occur in the brain. 

Quantitation of the common 5kB mtDNA deletion (section....) has shown that 

mtDNA deletions accumulate markedly in the basal ganglia and cortical regions 

in humans over time (Corral-Debrinski et al 1992, Soong et al 1992). The cause 

of the somatic mtDNA mutations is most likely to be due to oxidative damage as 

discussed above, which increases with age in the mtDNA of man (Mecocci et al

1993). A full review of the involvement of mitochondria in ageing is outwith the 

scope of this thesis but is reviewed by Wallace 1997, and Cortopassi and Wong 

1999.

The MRC complex most susceptible to oxidative damage is uncertain. In vitro 

studies analysing the effect of OH and Og' on rat brain or beef heart 

mitochondria suggested that complex I (Hillered and Ernster 1983), or complexes 

l-lll (Zhang et al 1990) were impaired. In vivo experiments using 2-cyclohexane- 

1-one to decrease levels of cerebral reduced glutathione (1.3.1.5) showed that 

complex IV activity was most sensitive to inactivation by ROS with complex I I/I 11 

next most susceptible with complex I least susceptible (Benzi et al 1991). Hartley 

and colleagues (1993) studied the effects of iron induced oxidative stress on 

cultured PCI 2 cells and found complex I and IV activity most susceptible. Similar 

findings with complex I and IV being most susceptible to ROS were found in vivo 

studies (Thomas et al 1993). The latter two studies found that complex IV activity 

appeared to be the most sensitive and the first to be affected. The mechanism of 

the loss of enzyme activity is not known but could be due to a combination of
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damage to mtDNA, IMM lipids and oxidative modification of amino acids in the 

MRC complexes as discussed above.

Any inhibition of the MRC will result in enhanced ROS production by the 

diversion of electrons from their normal electron-transport chain recipients 

(section 1.3.1.1;Richter et al 1995). This can in turn, result in a further increase in 

the production of ROS from the respiratory chain (Richter et al 1995) and 

therefore a vicious cycle ensues of increasing oxidative damage and impaired 

energy production in the cell. In vitro experiments using mitochondrial toxins 

have shown that inhibition of complex I by MPTP, or rotenone, or inhibition of 

complex III by antimycin A enhances the production of free radicals by the MRC 

(Turrens and Boveris 1980, Hasegawa et al 1990).

The origins and consequences of increased mitochondrial ROS production was 

demonstrated dramatically by nullifying S0D2 (mitochondrial MnSOD) activity in 

knockout mice (Li et al 1995, Lebovitz et al 1996, Melov et al 1998). Two types of 

S0D2 knockout mice were created - the first developed a severe dilated 

cardiomyopathy and died at about 8 days of age (Li et al 1995, Melov et al 1998). 

This model had significant reductions in complex I I/I 11 in skeletal muscle and 

heart, complex I activity in heart and mitochondrial aconitase activity in heart and 

brain. Both nuclear and DNA from the heart and brain of these mice showed 

accumulation of oxidative DNA damage (Melov et al 1999). The other S0D2 

knockout mouse died at about 18 days with neuronal degeneration seen in the 

basal ganglia and brainstem (Lebovitz et al 1996). These knockout mice 

represent models of severe mitochondrial disease due to uncontrolled cellular 

damage secondary to ROS, the development of heterozygous S0D2 knockout 

models may be a model of the chronic mitochondrial degeneration that occurs in 

many of the MRC/OXPHOS disorders discussed above (section 1.2).

1.3.1.6 Effect of NO on the mitochondrial respiratory chain

There is good evidence that NO and its toxic metabolite ONOO' can inhibit 

components of the respiratory chain leading, if damage is severe enough, to a 

cellular energy deficiency state (Neales et al 1999). In vitro studies have shown 

that complex l-IV can all be inhibited by NO/ONOO' to varying degrees but the 

data is somewhat conflicting as to which complex is most susceptible. In rat 

skeletal muscle mitochondria brief exposure to NO/ONOO' generator S-
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nitrosoglutathione (GSNO) leads to a rapid and reversible inhibition of 

mitochondrial respiration at the level of complex IV (Cleeter et al 1994). 

Exposure of cultured astrocytes to bacterial lipopolysaccharide (LPS) and 

interferon-y (IFN-y) resulted in a 96-fold increase in iNOS activity (Bolanos et al

1994). This treatment was accompanied by a marked decrease in cellular 

oxygen consumption and significant irreversible inhibition of complex IV activity, 

which could be prevented by the addition of an NOS inhibitor or superoxide 

dismutase (1.3.1.5)(Bolanos et al 1994). Thus there is evidence for both 

reversible and irreversible loss of complex IV activity by NO/ONOO' and it has 

been suggested that brief exposure to NO /ONOO' causes reversible inhibition 

but longer exposure causes irreversible inhibition of complex IV (Bolanos et al

1995) suggesting that additional time-dependant intracellular processes affected 

by NO/ONOO' are involved in the damage to this complex (Heales et al 1999). 

The mechanism of Complex IV inhibition is not known but is thought to be via 

ONOO' mediated lipid peroxidation of cardiolipin, an IMM lipid specifically 

required for complex IV catalytic activity (Soussi et al 1990). In support of this, 

Trolox, a vitamin E analogue and inhibitor of lipid peroxidation protects complex 

IV in LPS/IFNy astrocytes (Heales et al 1994).

There is good evidence for NO/ONOO' causing irreversible loss of complex 

activity and this has been show in a range of systems (Heales et al 1999). 

Exposure of isolated brain mitochondria to exogenous ONOO' results in an 

irreversible loss of complex I I/I 11 activity (Bolanos et al 1995) and in the cultured 

astrocytes exposed to LPS and IFN-y as described above there is an irreversible 

loss of I I/I 11 activity (Bolanos et al 1994). It appears that complex II is more 

susceptible because when complex II and III were assayed separately after brief 

exposure of brain mitochondria to ONOO' there was loss of complex II activity 

only (Brookes et al 1998). Assay of complex I I/Ill requires the endogenous 

quinone pool, and it has been observed that NO/ONOO' can react directly with 

ubiquinol which may explain the loss of complex I I/I 11 activity, this oxidative loss 

of ubiquinone may also occur in vivo (Bolanos et al 1997).

Studies have not demonstrated a convincing effect of NO/ONOO' on complex I 

(Heales et al 1999). No defect in complex I activity was noted in rat brain 

mitochondria exposed to ONOO' (Bolanos et al 1995) or in astrocytes exposed to 

LPS and IFN-y (Bolanos et al 1994). Radi and colleagues have noted some loss
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of complex I activity in isolated heart mitochondria exposed to ONOO' but it was 

not as sensitive as complex II activity (Radi et al 1994).

It has been observed that mitochondria from different tissue sources display 

differing susceptibility to inhibition by ONOO' and NO (Bolanos et al 1995, and 

reviewed in Heales et al 1999), and it is now also becoming apparent that within 

the brain there is a differential susceptibility of different cell types to ONOO' and 

NO (Bolanos et al 1995). For example, induction of iNOS in astrocytes leads, as 

discussed above, to marked damage to the respiratory chain, however, despite 

such damage, cell death does not occur (Bolanos et al 1994). The apparent 

resistance of these cells, in that particular situation, appeared to be mediated by 

a compensatory increase in glycolysis (Bolanos et al 1994). In contrast to 

astrocytes, neurones appear to be particularly vulnerable to the actions of 

ONOO'. Brief exposure of neurones to an exogenous source of ONOO resulted 

in irreversible mitochondrial damage and cell death within 24 hours (Bolanos et al

1995). Such neuronal vulnerability may arise from an inability to sustain cellular 

energy demands by glycolysis and an inferior capacity to defend against 

oxidising species such as ONOO' (Heales et al 1999). This suggests that 

factors such as the cardiolipin concentration of the IMM (Soussi et al 1990), the 

cellular antioxidant status and the ability to maintain energy requirements, in the 

face of marked respiratory chain damage, may be important in dictating 

sensitivity towards NO / ONOO' in individual cell types (Heales et al 1999).

1.3.2 Excitotoxicity

There is good evidence that excitotoxicity may play a role in certain 

neuropathological states including neuronal death in stroke and ischaemia, and 

in neurodegenerative diseases such as HD, PD and ALS (Simonian and Coyle

1996). The evidence for involvement of excitotoxicity in HD and PD is reviewed in 

sections 5.1.7.3 and 6.1.7.

1.3.2.1 Mechanisms of excitotoxicity

The term ‘excitotoxicity’ was first used by OIney in 1969 to describe the 

neurotoxic effects of excitatory amino acids (EAAs) such as glutamate and 

aspartate which destroyed neurones in the area of direct injection (OIney 1969). 

Pioneering studies by OIney and colleagues showed that the neurotoxic 

properties of these amino acids was related to their ability to depolarise neurones
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and suggested that their death occurred as a result of over-excitation (OIney 

1971a, OIney et al 1971b).

Glutamate is the principal excitatory neurotransmitter in the brain and its 

interaction with different receptors are responsible for many neurological 

functions including cognition, memory, movement and sensation (Gasic and 

Holman 1992). Glutamate interacts with at least two groups of post-synaptic 

glutamate receptors. The first group are ion channels (ionotropic receptors, 

iGluR) and include the N-methyl-D-aspartate (NMDA) type and the non-NMDA 

type, which include the kainate and the a-amino-3-hydroxy-5-methylisoxazole-4- 

propionate (AMPA) receptors. The second group are the metabotropic receptors 

which are coupled to G proteins and modulate intracellular messengers such as 

inositol triphosphate, calcium and diacylglycerol (Lipton and Rosenberg 1994). 

The ionotropic glutamate receptors are important in the mediation of 

excitotoxicity and neuronal death (Choi et al 1987). Agonists of the iGluR can 

elicit neuronal degeneration both in vivo and in vitro. Choi et al (1987) treated 

cortical cell cultures with glutamate and found dose-dependant neuronal cell 

death with preservation of glial cells and immature neurones lacking NMDA 

receptors.

The NMDA receptor differs from the AMPA iGluR in that application of agonist 

under polarised conditions does not activate the integral ion channel.

This is because the NMDA receptor is blocked by physiological concentrations of 

magnesium in a voltage-dependant manner (Mayer et al 1984). The NMDA 

receptor requires pre-synaptic release of glutamate and post-synaptic activity 

with the independent depolarisation of the post-synaptic membrane. The NMDA 

receptor is therefore a novel combination of a ligand-activated and a voltage- 

operated channel (Nicholls 1994).

The effects of glutamate activation of its ionotropic receptors is to cause 

depolarisation of the neurones by allowing Na'' to enter the cell, this, in turn will 

cause the opening of the voltage-dependant Ca^  ̂and influx of Ca '̂’ into the cell. 

In addition to this, NMDA receptor activation permits the influx of calcium directly 

into the cell (McDermott et al 1986). Overstimulation of this receptor is one 

mechanism for calcium overload in neurones with consequent calcium mediated 

neuronal injury (Orrenius et al 1996, Lipton and Rosenberg 1994).
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The pathological accumulation of glutamate occurs in a number of ways 

including: impaired function of the glutamate uptake transporters, glutamate 

release from injured neurones and astrocytes, and enhanced pre-synaptic 

vesicle release, see Lipton and Rosenberg 1994 for a review. This causes the 

excessive activation of NMDA receptors (Lipton and Rosenberg 1994) which 

results in an influx of Na"̂  and Ca '̂' into the cell, with the resultant membrane 

depolarisation causing stimulation of the voltage gated Câ "" channels and further 

influx of Câ "̂  (Orrenius et al 1996). The increased concentration of intracellular 

Ca '̂’ mediates the lethal effects of NMDA receptor overactivation (Orrenius et al

1996) with activation of nitric oxide synthase (nNOS), protein kinase C, 

phospholipase Az (PLAg) , proteases and protein phosphatases (Dawson et al 

1992, Choi et al 1988, Lipton and Rosenberg 1994). This is illustrated 

schematically in Fig 1.5 (figure courtesy of Prof. AHV Schapira). The activation of 

PLAz results in the production of arachidonic acid, its metabolites (prostaglandins 

and leukotrienes), and platelet activating factor (PAF)(Lipton and Rosenberg 

1994). PAF increases neuronal calcium levels, apparently by stimulating the 

further release of glutamate (Clark et al 1992, Bito et al 1992). Arachidonic acid 

potentiates NMDA receptor activation (Miller et al 1992), and inhibits the 

reuptake of glutamate into neurones and astrocytes (Volterra et al 1992) further 

exacerbating the situation. Also free radicals such as Og" can be formed during 

arachidonic acid metabolism (Lafon-Cazal et al 1993). All these injurious 

processes, in addition to the activation of proteases, result in neuronal death.

There is good evidence that NO is also an important mediator of excitotoxicity 

(Dawson et al 1991, 1993, 1996; Lipton et al 1993, Moncada et al 1992). The 

increase in intracellular Ca^  ̂ activates calmodulin which, in turn, activates the 

protein phosphatase calcineurin, that finally activates nNOS (Ankarcrona et al 

1996, Orrenius et al 1996). It has been shown that nNOS knockout mice are 

resistant to excitoxicity supporting the role of NO in the pathogenesis of 

excitotoxicity (Dawson et al 1996). The cellular consequences of increased NO 

have been discussed in the previous section (1.3.1).

Several studies have shown that antagonists at both the NMDA and non-NMDA 

ionotropic glutamate receptors protect against this type of damage (reviewed by 

Lipton and Rosenberg 1994, Nicholl 1994, Swan and Meldrum 1990) and there is 

current interest in developing agents to ameliorate glutamate induced neuronal 

injury and therefore act as neuroprotectants.
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1.3.2.2 Mitochondrial dysfunction and excitotoxicity

There is much experimental evidence that impaired energy metabolism reduces 

the threshold for excitotoxicity. This was first demonstrated by Novelli and co 

workers (1988) who showed in cultured cerebellar granule cells that when 

intracellular ATP levels were reduced using inhibitors of complex IV or the 

sodium/potassium ATPase, or omitting glucose from the culture medium, then 

normal extracellular glutamate concentrations became neurotoxic (Novelli et al 

1988). This finding has been replicated by a number of other groups, in both cell 

culture and animal models, all demonstrating that inhibition of the mitochondrial 

respiratory chain or glycolysis greatly potentiates the neurotoxic effects of 

glutamate (Simpson and Isacson 1993, Zeevalk and Nicklas 1991).

The mechanism for enhanced glutamate induced neurotoxicity is presumed to be 

a reduction in ATP production which is crucial for maintaining the normal resting 

potential of the cell membrane via the ion pump NaVK* ATPase. The resulting 

depolarisation of the cell membrane from its usual -90mV to between -60 and - 

SOmV relieves the voltage-dependant magnesium block of the NMDA receptor, 

leading to persistent receptor activation (Mayer et al 1984, Nowak et al 1984). In 

support of this, Zeevalk and Nicklas (1990) carried out experiments in cultured 

chick retina. They showed that partial neuronal depolarisation induced by 

inhibitors of either glycolysis or oxidative phosphorylation led to NMDA receptor 

activation and cell death in the absence of any increase in extracellular 

glutamate concentration. In follow-up experiments they showed that graded 

depolarisation of the membrane potential with potassium mimicked the toxicity 

produced by graded metabolic inhibition (Zeevalk and Nicklas 1991). The 

resultant persistent activation of the NMDA receptor by the ambient glutamate 

levels leads to the accumulation of intracellular calcium and the consequent 

neuronal dysfunction.

Studies have also shown that there is increased free radical production in 

response to NMDA receptor activation and mitochondria are the postulated 

sources of these free radicals (Reynolds and Hastings 1995, Dugan et al 1995). 

The increased ROS produced by the mitochondrial respiratory chain as a 

consequence of NMDA receptor activation will reduce ATP levels further and 

cause increased membrane depolarisation and persistent NMDA receptor
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activation with a continuing cycle of energy impairment and excitotoxicity 

ultimately leading to cell death.
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Recent evidence has demonstrated that mitochondria are also involved in 

excitotoxic cell death in other ways. Schinder et al (1996) demonstrated that 

NMDA receptor activation in cultured rat hippocampal cells induced early and 

persistent inner mitochondrial membrane depolarisation with resultant opening of 

the mitochondrial permeability transition pore (MPT) with consequent rapid cell 

death (see section 1.2.4). The inner mitochondrial membrane depolarisation and 

opening of the MPT pore was shown to be due to sequestration of Ca^* into the 

mitochondria. Blockade of the MPT with cyclosporin promoted recovery of the 

mitochondrial membrane potential and decreased the incidence of excitotoxic cell 

death (Schinder et al 1996). White and Reynolds (1996) and Stout et al (1998) 

using cultured rat forebrain neurones found similar results demonstrating that 

mitochondria accumulate large quantities of Câ "̂  during a toxic glutamate 

stimulus and that this Câ  ̂ accumulation dissipated the inner mitochondrial 

membrane potential with opening of the MPT pore and consequent neuronal 

death. These studies concluded that mitochondria play a pivotal role in the 

pathogenesis of cell death due to excitotoxicity by the mechanisms reviewed.

1.2.4 Pathways to neuronal cell death

1.2.4.1 Definition of apoptosis and necrosis

Necrosis and apoptosis are two distinct forms of cell death; and morphological 

and biochemical characteristics distinguish between these two forms of cell 

death (Wyllie et al 1980). In necrosis, a selective loss of membrane permeability 

occurs, which results in organelle swelling, loss of membrane depolarisation and 

rupture of the plasma membrane. Necrosis is a passive process with spillage of 

the intracellular contents into the extracellular milieu. The result of this process is 

usually an inflammatory reaction that leads to local cellular infiltration, vascular 

damage, oedema and eventually fibrosis (Ankarcrona et al 1995). In apoptosis, 

there is an activated programme of cell death with new protein and RNA 

synthesis (programmed cell death)(Raff et al 1993, Stellar 1995). Cells 

undergoing apoptosis show nucleus shrinkage, condensation and fragmentation 

of chromatin and DNA degradation, and production of membrane -enclosed 

particles containing intracellular material known as “apoptotic bodies” (Wyllie 

1980). In vivo, phagocytic cells normally sequester antigenically modified 

apoptotic cells, preventing inflammation and damage to the surrounding tissue 

(Savill et al 1993).
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1.2.4.2 Pathways to apoptosis

During the past five years tremendous progress has been made in understanding 

apoptosis as a result of molecular identification of its key components. The core 

of the apoptotic pathway is evolutionarily conserved from worm to human. It 

consists of three major components - the regulatory Bcl-2 family of proteins 

which includes both inhibitors and promoters of apoptosis; the caspases, which 

belong to a family of cysteine proteases that cleaves after aspartate residues; 

and the Apaf-1/CED4 protein that relays the signals integrated by Bcl-2 family 

proteins to caspases (Adams and Cory 1998, Budihardjo et al 1999). All 

apoptotic caspases exist in normal cells as inactive enzymes (pro-caspases). 

When cells undergo apoptosis, these caspases become activated through 

proteolytic cleavage that cleave the single peptide precursor into the large and 

small fragments that constitute the active enzyme (Thornberry and Lazebnik

1998). Caspase activation mediates the biochemical pathways leading to cell 

death.

The two most well-studied apoptotic pathways in the cell leading to activation of 

caspases are the cell surface death receptor pathway and the mitochondria- 

initiated pathway. Both are now known to converge on the mitochondria with the 

release of cytochrome c and this in reviewed in detail in section 1.2.4.3. The 

former pathway involves the engagement of cell surface death receptors with 

their specific ligands. Cell surface death receptors are a family of transmembrane 

proteins that belong to the tumour necrosis factor (TNF)/nerve growth factor 

(NGF) receptor superfamily. When the cell surface death receptor binds its 

ligand, this recognition event is translated into intracellular signals that eventually 

leads to caspase 8 activation. This event is regulated at several different levels 

by various viral and mammalian proteins. The activated caspase 8 activates 

downstream caspases and cleaves the proapoptotic factor Bid with the 

consequent release of cytochrome c from the mitochondria and the activation of 

the cell death pathway which is reviewed in Budihardjo et al 1999. The 

mitochondria initiated pathway can be precipitated by oxidative stress, 

excitotoxicity and mitochondrial respiratory chain inhibition and this is reviewed in 

section 1.2.4.4 below.
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1.2.4.3 The pivotal role of mitochondria in apoptosis

Mitochondria play a cardinal role in the regulation of apoptosis (Petit et al 1997). 

An electrochemical proton gradient normally exists across the inner 

mitochondrial membrane resulting in a of approx -150mV. Toxic stimuli 

such as marked increases in mitochondrial Ca^\ increased ROS levels or 

respiratory chain inhibition, acting individually or together, can induce a fall in this 

mitochondrial membrane potential (Richter 1993). The decrease in induces 

opening of the MPT pore which spans the inner and outer mitochondrial 

membrane (Zamzami et al 1996a and b, 1998). Several proteins have been 

shown to regulate apoptosis via interaction with the MPT pore. A schematic 

diagram illustrating the components of the MPT pore is see in Fig 1.6 (figure 

courtesy of Prof. AHV Schapira) although the precise structure is uncertain. The 

MPT pore also includes the adenine nucleotide translocator (AdNT), porin 

(voltage-dependant anion channel [VDAC]) and a peripheral benzodiazepine 

receptor in addition to creatine kinase and hexokinase (Zamzami et al 1998). 

Opening of the MPT pore dissipates any remaining proton gradient, completely 

disrupts respiratory chain function and further reduces the AT^ (Bernardi et al 

1994). Opening of the MPT pore is a critical step in the cell death receptor and 

the mitochondria initiated pathways leading to apoptosis and is proposed to 

constitute an irreversible step (Susin et al 1998). Factors influencing the opening 

or closing of the MPT pore may be pro-apoptotic or anti-apoptotic respectively. 

Complete opening of the MPT pore allows free exchange between the 

mitochondrial matrix and the extramitochondrial cytosol of solutes and proteins 

smaller thanlSOOkDa. This results in mitochondrial swelling and rupture of the 

outer mitochondrial membrane with the release of apoptosis inducing factors 

(AIFs) such as cytochrome c from the intermembrane space into the cytoplasm 

(Marchetti et al 1996a, Marchetti et al 1996b, Zamzami et al 1996a and b, Susin 

et al 1996). In the cytosol cytochrome c is bound by Apaf-1, a protease activating 

factor. The cytochrome c/Apaf-1 complex binds and activates caspase 9 which, 

in turn, activates downstream caspases 3, 6 and 7 which execute the process of 

apoptosis (Li et al 1997, Cai, Yang and Jones 1998). For further details on 

caspases see the review by Budihardjo et al 1999.

Cytochrome c release appears to be the primary regulatory step for caspase 

activation and the consequent apoptotic cascade (Budihardjo et al 1999). The 

known regulators of cytochrome c release are the Bcl-2 family of proteins. Bcl-2
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was originally identified as an anti-apoptotic protein but is now recognised to be a 

member of a larger family of proteins with pro-apoptotic as well as anti-apoptotic 

members. Overexpression of Bcl-2 or BcIXl blocks cytochrome c release in 

response to a variety of apoptotic stimuli (Vander-Heiden et al 1997). It is now 

known that Bcl2 and BcIXl bind to, and close the VDAC, preventing the release 

of cytochrome c whilst pro-apoptotic members of the Bcl-2 family proteins such 

as Bax, Bak and Bid bind to this pore and accelerate opening, therefore allowing 

cytochrome c to pass into the cytosol (Shimizu et al 1999). The proapoptotic 

effects of Bax and Bak were lost in a VDAC-deficient yeast model, implying that 

the VDAC is critical for meditating the action of these proteins (Shimizu et al

1999). Factors which have been shown to promote the opening of the MPT pore 

and are thus pro-apoptotic are atractyloside and cyclophilin binding to the 

adenine nucleotide translocator, ROS resulting in crosslinking of protein thiols, 

increased intracellular Ca^*, and reduced ATP levels as a result of mitochondrial 

respiratory chain dysfunction, (Dawson and Dawson 1996, Viviani et al 1995 and 

reviewed in Tatton and Olanow 1999).
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1.2.4.4 Triggers of mitochondria-initiated apoptosis in neurones

Apoptosis is normally activated in the nervous system during embryogenesis 

when programmed cell death is necessary to remove supernumerary neurones 

as part of natural development (Oppenheim 1991). However apoptosis has also 

been suggested to be involved in pathological neuronal death in the brain 

(reviewed by Leist and Nicotera 1998) and neuronal apoptosis can occur in 

response to a variety of insults many of which are relevant to the pathogenesis of 

neurodegenerative diseases.

As mentioned in the previous sections, oxidative stress, excitotoxicity and MRC 

inhibition can induce cell death both by apoptosis or necrosis. The intracellular 

biochemical pathways whereby these injurious processes can lead to cell death 

have been reviewed already (sections 1.3.1; 1.3.2). Increases in mitochondrial 

Câ "̂  as occurs in excitotoxicity (section 1.3.2) has been shown to induce 

apoptosis probably by inducing a fall in the inner mitochondrial membrane 

potential (A'FM)(Richter et al 1993, Viviani et al 1995, Zamzami et al 1997). 

Oxidative stress with increased ROS has been shown to induce both necrosis 

and apoptosis depending on the level of toxic stimulus. High levels of oxidative 

stress overwhelms the cell and induces necrotic cell death (Simonian and Coyle

1996). The attack of ROS on lipids disrupts membrane potentials and ruptures 

the plasma membranes leading to necrotic cell death. It has been shown that 

neurons from the hypothalamic cell line GT1-7 undergo necrotic cell death 

following exposure to the GSH-deleting drug, buthionine suphoximine (Kane et al 

1993). However lower levels of oxidative stress have been shown to induce 

apoptotic cell death and this is likely to be due to free radical induced 

depolarisation of the inner mitochondrial membrane thus lowering the 

(Simonian and Coyle 1996). Exposure of B cells to HgOg or to the redox cycling 

drug menadione induces apoptosis (Hockenberry et al 1993) and inhibition of 

SOD with resultant increased ROS induces apoptosis in PCI 2 cells and spinal 

cord primary neuronal culture (Troy and Shelanski 1994, Rothstein et al 1994).

Inhibition of the MRC can result in apoptosis - inhibitors of mitochondrial complex 

I (Hartley et al 1994), and complex II (Behrens et al 1995, McLaughlin et al 1998) 

have been shown to directly cause apoptosis. This could be due to a variety of 

factors such as mitochondrial membrane depolarisation due to reduced ATP 

levels or increased ROS production. In support of this, Seaton et al (1997)
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showed that free radical scavengers protected PC12 cells from complex I 

induced apoptosis. In general lower levels of toxic triggers such as mitochondrial 

inhibitors, ROS or NMDA receptor activation, particularly if delivered over a more 

protracted course of time, induce apoptosis, while high levels of insult induce 

necrosis (Bonfoco et al 1995, Ankarcrona et al 1995). For example very high 

levels of glutamate induces necrosis in cultured cerebellar neurones whilst lower 

levels for a longer period of time induce apoptosis (Ankarcrona et al 1995). This 

is directly relevant to neurodegenerative diseases such as HD and PD in which 

neuronal death occurs slowly over many years.
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CHAPTER 2 Materials and Methods

2.1 Materials

Unless otherwise stated the following equipment was used.

Tissue culture and human tissue handling equipment
ICN-Flow Automatic CO2 Incubator model 320 (ICN-Flow, Ltd, High Wycombe, 

Bucks, UK); Gelair (ICN Flow) for tissue culture; Class I ION Flow hood

Centrifuges
Beckman GPR bench-top centrifuge with GH-3.7 horizontal rotor (Beckman Ltd, 

High Wycombe, Bucks, UK), Kontron T-124 high speed centrifuge with 8.24 

8x50ml fixed angle rotor (Kontron Instruments, Watford, Herts, UK), Biofuge 13 

with 18x1.5ml fixed angle rotor (Heraeus, Germany), Fresco Microcentrifuge 

(Heraeus)

Moiecuiar Biology equipment
Hybaid mini hybridisation oven (Hybaid Ltd., Middx, UK),Perkin-Elmer 2400 

thermal cycler (Perkin-Elmer, Warrington, Cheshire UK), Infors-HT orbital shaker 

(Infers Ltd., Crewe, UK), G25 Incubator-shaker (New Brunswick Scientific Co.Inc. 

Edison, NJ, USA), ABI Prism 310 Genetic Analyser (Perkin-Elmer Applied 

Biosystems, Warrington, Cheshire UK), Gel Dryer (BioRad Lab. Ltd., Hemel 

Hempstead, Herts, UK)

Electrophoresis equipment
BioRad 200/2.0 constant voltage power packs (BioRad Lab. Ltd., Hemel 

Hempstead, Herts, UK), BRL horizontal system for agarose gel electrophoresis 

(Bethseda Res Lab, Life Tech Inc., Gaithsburg, MD20887, USA), BioRad vertical 

system was used for polyacrylamide gel electrophoresis (BioRad Lab. Ltd., 

Hemel Hempstead, Herts, UK), UV transilluminator (GRI Ltd., Dunmow, Essex, 

UK) and Polaroid camera.

Ceil and Tissue homogenisers
Uni-form 5ml and 10ml glass/Teflon homogeniser (Jecons Ltd., Leighton 

Buzzard, Bedfordshire, UK), 5ml glass homogeniser and Glass-Col stirrer 

(CamLab Ltd., Cambridge, UK)
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Spectrophotometers
Hitachi U-3210 (Hitachi Scientific Instruments, Wokingham, Berks, UK) and 

Kontron Uvikon 940 (Kontron Instruments, Watford, Herts, UK) split beam 

spectrophotometers

Microscopy and photography
Zeiss axiophot fluorescence microscope with FITC and rhodamine filters (Carl 

Zeiss Microscope Division, Oberkochen, Germany), MRC 600 confocal 

microscope (Bio-Rad Microscience division, Herts, UK), Kodak Ektachrome 400 

for immunofluorescence, Kodak T64 daylight for light microscopy

Chemicals
Unless otherwise stated all chemicals were purchased from Sigma, Poole, 

Dorset, UK or Merck Ltd, Dagenham, Essex, UK

2.2 Cell Culture

2.2.1 Cells

2.2.1.1 Fibroblasts:
Primary fibroblast cultures were set up from one male patient with Leber's 

hereditary optic neuropathy (3460 LHON) and one age matched male control; 

and five patients with Huntington’s disease and five age matched controls. The 

patient’s details are described in chapters 3 (3.2.1) and 5 (5.2.1) respectively.

Full informed consent was obtained from patients, their guardians and controls 

and from the local ethics committee. Partial thickness pinch skin biopsies were 

taken from the inner forearm using 1% (v/v) lignocaine as local anaesthetic. 

Iodine cleansing of the skin was omitted because this was found to interfere with 

subsequent cell growth. The sample was transported in standard growth 

medium. The skin biopsy was cut into pieces (approx. 0.5mm^) and placed into 

35mm dishes, four pieces per dish. 0.5ml of standard growth medium (see 2.2.2) 

was added and the pieces allowed to adhere overnight. Standard growth medium 

(2ml) was added the next day. Growth medium was changed twice a week until a 

halo of fibroblasts could be seen around the skin pieces. When confluent the new 

fibroblasts were harvested and transferred to a 6cm plate before transfer onto a 

10cm plate.
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2.2.1.2 A549 B2 Neog° cells
These cells were a gift from Dr Ian Holt, Ninewells Hospital, Dundee. A549 cells 

are an immortal cell line derived from a human male lung carcinoma. Depletion 

of mtDNA had been achieved by prolonged treatment in ethidium bromide at 

50ng/ml (Desjardins et al, 1985). The cells had also been transfected with a gene 

conferring resistance to G418.

2.2.1.3 206 picells
These cells were a gift from Dr G Attardi (CalTech, San Francisco, USA). This is 

an immortal cell line derived from the osteosarcoma line 143B.TK and rendered 

p° by treatment with prolonged treatment with ethidium bromide as described for 

A549 cells. The cells were resistant to bromodeoxyuridine (BrdU).

2.2.1.4 NT2 cells (Ntera2/D1) (Stratagene, UK)
NT2 cells are neuronal precursor stem cells derived from a human 

teratocarcinoma. Following treatment with retinoic acid the cells form post-mitotic 

mature neurones (hNT neurones) (Pleasure and Lee 1993, Pleasure, Page and 

Lee 1992).

2.2.1.5 EcR 293 cell line (Invitrogen, UK)
These cells are transformed human kidney epithelial cells which have been 

stably transfected with the pVgRxR plasmid (Invitrogen, UK) and are therefore 

Zeocin resistant.

2.2.1.6 Epstein-Barr virus (EBV) transformed lymphoblasts
Lymphoblasts from a 57 year old male with autosomal dominant Parkinson’s 

disease from the Contursi kindred were a gift from Dr M Pomeropolous from NIH, 

Betheseda. Control lymphoblasts from an age-matched normal male were 

obtained from the European Collection of Animal Cell Cultures (ECACC, Porton 

Down, Wilts, UK).

2.2.1.7 1B3RN cells (ECACC)
The 1B3RN cell line is an SV40 transformed normal male human fibroblast line 

resistant to geneticin (G418).

2.2.2 Cell growth conditions

All chemicals and plates were from Life Technologies Ltd (Paisley, UK) except 

DMSO, pyruvate and BrdU which were from Sigma Chemical Co. (Poole, UK).

All cells were grown in standard growth medium which consisted of Dubelco’s 

modified Eagles medium (DMEM) containing glucose (4.5g/litre) and glutamine 

(5mM) , penicillin 50units/ml, streptomycin 50mg/l, 10% v/v fetal calf serum ,
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0.2mM uridine and 1mM sodium pyruvate. Lymphoblasts were grown in RPMI 

1640 medium with penicillin 50units/ml, streptomycin 50mg/l, 10% v/v fetal calf 

serum, 0.2mM uridine and ImM sodium pyruvate.

Fibroblasts, 1B3RN cells and all p° cell lines including cybrids derived from these 

cell lines were grown in a humidified incubator at 37°C with 8% COg. NT2 and 

EcR 293 cells and all cell lines derived from them were grown in a humidified 

incubator at 37°C and 5% 00%. All procedures were carried out in a laminar flow 

Class I hood.

2.2.3 Cell culture maintenance and harvesting

All cells (except lymphoblasts) were grown on 100mm plastic culture dishes. 

Standard growth medium was changed twice weekly. Cells were washed in 

sterile phosphate buffered saline (PBS, Sigma UK, consisting of 137mM NaCI, 

2.7mM KCI, lOmM Nag HPCL and 18mM KH zP04 pH 7.4) before fresh media 

was added. When cells were confluent they were subcultured by harvesting. 

They were harvested by washing first with PBS before 1ml trypsin (10% v/v in 

Versene) was added for 2-4 mins at 37°C until the cells were easily dislodged by 

gentle tapping of the plate. The trypsin was inactivated by the addition of 9ml of 

fresh standard growth medium. The cells were then divided onto further plates at 

ratios of between 1:2 and 1:6 for continued growth.

Lymphoblasts were grown in 250ml/80cm^ plastic flasks. Lymphoblast growth 

medium was added 2-3 times per week depending on cell numbers. Cell 

counting was performed using a haemocytometer. Cultures were split when 

healthy clumping occurred (approx 5-10 X 10® cells/ml). This was done by 

dividing lymphoblasts into two fresh flasks and topping up the new cultures with 

fresh growth medium. If the growth medium became acidic (changed to yellow in 

colour) the lymphoblasts were centrifuged at 350g for 5 minutes and 

resuspended in fresh growth medium.

2.2.4 Cell freezing and defrosting

A confluent plate of cells was harvested and centrifuged at 350g for lOmins at 

RT. The pellet was resuspended in sterile freezing medium. For all cells (except 

NT2 and EcR 293 lines) freezing medium consisted of 90% growth medium and 

10% DMSO filter sterilised. For NT2, EcR293 and all derived cells the freezing 

medium consisted of 90% fetal calf serum and 10% DMSO. All cells were frozen
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in 1ml cryotubes and put in polystyrene racks and sealed boxes at -70°C 

overnight before transfer to liquid nitrogen for long term storage.

Frozen cells were defrosted by rapidly thawing the vial at 37°C. The vial contents 

were transferred to 10ml of prewarmed growth medium in a 20ml universal 

container. The cells were centrifuged at 300g for 10 minutes to pellet them. The 

supernatant was removed and the cells resuspended in 8ml fresh standard 

growth medium. After overnight growth the cells were washed with PBS and 

fresh growth medium added.

2.2.5 Cell Fusion methods

2.2.5.1 Enucleations, and construction of 206ĝ /3460 and control 

cybrids

Following cell fusion experiments all cybrids were grown in selection growth 

medium which was standard growth medium lacking pyruvate and uridine. 

Fibroblasts for enucleation were grown until nearly confluent on collagen coated 

2cm plastic discs prepared from the bottom of tissue culture dishes (courtesy of 

Medical Engineering, RFHSM) and sterilised for 15 minutes under UV light. The 

discs with fibroblasts were inverted in pre-warmed DMEM containing lOpg/ml of 

cytochalasin B. Fibroblasts for fusion with the 206p° cells were centrifuged at 

12000g for 20 min to obtain >50% enucleation assessed by direct visualisation

under light microscopy. The cytoplast covered discs were incubated with 3x10^

206p ° cells for 3 hours at 37°C, and then fused with polyethylene glycol (PEG) 

(50% w/v in DMEM) and dimethyl-sulfoxide (10% w/v). The cells were agitated in 

the PEG solution for 1 minute before being washed three times in 

DMEM/10%DMSO with a final wash in standard growth medium. 24 hours after 

fusion the cells were plated at low density in selection medium with the addition 

of bromo-deoxy-uridine (BrdU) (lOOmg/ml). Growing colonies were selected and 

ring cloned 3-6 weeks later.

2.2.5.2 Platelet fusions

30ml of venous blood was taken using a 19G butterfly and no tourniquet. The 

blood was transferred into a 50ml tube and mixed with 3ml of 3.8% (w/v) tri

sodium citrate to prevent clotting. The platelet rich plasma (PRP) was separated 

by centrifugation at 200g for 20 mins. The supernatant containing PRP was
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removed and prostacyclin Ig (fc 3.5nM) added to prevent platelet aggregation. 

The PRP was then centrifuged at 1000g for 30 mins. The PRP pellet was gently 

resuspended with 15ml of modified Tyrodes buffer (see appendixl) and was 

centrifuged at lOOOg for lOmins, this Tyrodes wash was then repeated on the 

pellet.

The A549p° cells were prepared for fusion by harvesting and counting using a 

haemocytometer. -1x10® A549p° cells were loaded onto the pellet of platelets 

and the mixture resuspended in 2ml free medium. The mixture was 

centrifuged at 200g for Smins, the supernatant aspirated and the pellet 

resuspended in lOOpI PEG-DMEM mixture (5g PEG 1500 in 4ml Ca^* free 

DMEM and 1ml DMSO). The suspension was incubated for exactly Imin with 

agitation of the mixture by pipetting up and down. Then 10ml standard growth 

medium was added and the cells transferred to a 10cm plate. The next day the 

cells were washed three times in PBS to remove debris and G418 (200pg/ml) 

added. 24 hours later selection media was added and the cells grown in selection 

media for 6 weeks before individual colonies were ring-cloned. For analysis of 

mixed cybrid clones the whole plate was harvested and analysed after 6 weeks 

of growth in selection media.

2.2.5.3 Ring Cloning

Sterile plastic rings were made by cutting the tops from 0.5ml eppendorfs and 

autoclaving. The growth medium was removed and the cells washed twice with 

10ml PBS. The sterile plastic rings were dipped in UV sterilised high vacuum 

silicone grease and then placed onto the individual clones. lOOpI trypsin was 

added to each well and the clone harvested with lOOpI standard growth medium. 

The cells wee then transferred to a 35mm dish for growth.

2.3 Plasmid Transfections

Unless otherwise stated all transfections were done with Escort (Sigma) 

transfection reagent. Cells were plated out at 50-80% density on 6 well plates. 

For transient transfections cells were plated onto 22mm glass coverslips in 6 well 

plates. The DNA transfection mixture for transfection was prepared with 230pl 

unsupplemented DMEM, 5pg plasmid DNA (for preparation of plasmid DNA see 

2.4.14), and 15pl Escort reagent, and mixed by gentle pipetting. This was then 

incubated for 15 minutes at RT, and then 2ml of prewarmed standard growth 

medium was added to the transfection mixture. The growth medium was
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removed from the cells, and the Escort/DNA mixture added to the cells, 0.7ml 

per dish. The cells were incubated for 6 hours at 37°C. Following this the 

Escort/DNA mixture was aspirated and growth medium added.

2.3.1 Analysis of transient transfections

24 hours post transfection the inducing agent Ponasterone A (Ron A, 

lnvitrogen,UK) at a concentration of 0.1-10 pM was added, and cells analysed for 

the protein of interest after a further 24 hours.

2.3.2 ^-Galactosidase staining

For (3-Galactosidase staining cells that had been transiently transfected with 

pIND/lacZ and treated with lOpM Ron A were washed twice in RBS, and then 

fixed with 0.5ml of 2% glutaraldehyde in RBS for 15 minutes at RT. After three 

washes in RBS, 250pl of freshly made X-Gal solution (see Buffers and Staining 

solutions in Appendix 1) was added to each well and incubated overnight at 

37°C. p-gal positive cells stained blue and were observed under the light 

microscope.

2.3.3 Isolation of stably transfected cells

Firstly determination of antibiotic sensitivity was assessed by determining the 

minimum concentration of Zeocin and G418 required to prevent growth of the cell 

line. This was achieved by treating plates with 25% confluence of cells with 

varying concentrations of each antibiotic (0, 50, 125, 250, 300, 400, 500, 750, 

and lOOOpg/ml) added to each plate. The selective media was replenished every 

3 days and the percentage of surviving cells assessed by direct visualisation 

under the light microscope. The optimum dose of antibiotic for selection was 

chosen as the concentration which killed all cells after 7 days. This was 250pg/ml 

for G418 and 400pg/ml for Zeocin. For isolation of stably transfected cells, 24 

hours post transfection the cells were split from each 35mm well (in the 6 well 

plate) onto separate 10cm plates and selection with either Zeocin and/or G418 

applied. The cells were grown thereafter in antibiotic selection. After 3-6 weeks 

individual colonies were ring cloned. These clones were each grown up 

separately.
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2.3.4 Immunofluorescence staining of transfected cells

Transfected (both transient and stable) cells were treated with Pen A (1-1 O^M) 

and grown on 22mm glass coverslips until 50-70% confluent. The coverslips 

were washed three times in PBS and the cells fixed in 4% paraformaldehde 

pH7.4 for 20 mins. After a further three washes in PBS the cells were 

permeabilised in methanol at -20°C for ISmins. After a further three washes in 

PBS the coverslips were blocked with 10% normal goat serum in PBS for 30 

mins at 37°C in a humid chamber, the coverslips were then drained and 

incubated with lOOpI diluted primary antibody for 1 hour at 37°C. This was 

followed by three PBS washes before being incubated for 45 mins at 37°C with 

1/100 dilutions (in PBS) of either goat anti-mouse IgG Alexa® 488 (FITC linked) 

for mouse monoclonal primary antibodies; or goat anti-rabbit IgG Alexa® 568 

(rhodamine linked) for rabbit polyclonal primary antibodies. The coverslips were 

washed three times in PBS and mounted on glass slides in Citifluor/PBS/glycerol 

with Ipg/ml of DAPI (Sigma) to stain the nucleii.

2.4 DNA Methods

2.4.1 Cell Lysis for PCR analysis

1-2 confluent 10cm plates of cells (approx 1-10 x 10®) were harvested with 

trypsin, washed twice with PBS and pelleted by centrifugation at 350g for 10 

minutes. The pellet was washed three times in TE buffer (Appendix 1) and 

repelleted by centrifugation at 15,000g for 5 minutes. This pellet was incubated 

for 20 minutes at 55®C in 0.2ml cell lysis buffer (Appendix 1) with 80pg 

proteinase K. 0.1ml sterile dd HgO was then added to this solution and the cells 

incubated at 90®C for a further 10 minutes. The cell lysate was stored at -20°C.

2.4.2 DNA extraction

DNA was extracted from 1-10 x 10® cells and blood (2-5ml whole blood) using 

the Nucleon I DNA extraction kit (Scotlab, UK) according to manufacturer’s 

instructions. The extracted DNA was stored in 50pl sterile HgO at -20°C. The yield 

was approx 5pg DNA per 10® cells.

2.4.3 DNA purification

To one volume of DNA solution was added 1/10 volume of 3M sodium acetate 

pH 5.4 and mixed by pipetting. Two volumes of 100% EtOH (kept at -20°C) was
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then added and gently mixed by pipetting, before incubation at -20°C overnight to 

precipitate the DNA. The DNA was centrifuged at 15000g for 10 minutes at 4°C, 

the supernatant carefully removed and the DNA pellet air-dried before 

resuspension in TE buffer or sterile ddHgO to give an approx. concentration of 

Ipg/pl.

2.4.4 Estimation of DNA concentration and purity

5pi of DNA solution was added to 995pl ddH^O in a 1 ml silica quartz cuvette and 

mixed by inverting. The solution was scanned by measuring the absorbance 

pattern between SlOnm and 210nm. The DNA concentration (pg/pl) was 

calculated assuming a 1 mg/ml DNA solution has an absorbance of 20 at 260nm. 

The purity of the DNA was accepted when the A2 6 0 /A2 8 0  ratio was 1.7 - 2.0.

2.4.5 Polymerase Chain Reaction (PCR)

DNA primers, dATP, dGTP, dCTP, dTTPs, Tag polymerase and polymerase 

buffer were obtained from Perkin-Elmer Ltd (Bucks.UK). EXPAND™ High 

Fidelity Tag polymerase and EXPAND™ Long Template PCR system was 

obtained from Boehringer Mannheim/Roche Diagnostics, Herts, UK.

The standard PCR reaction mixture (50 pi) contained; DNA (50ng to Ipg), 

forward and reverse primers (25 picomoles of each; see relevant chapters for 

primer sequences), 0.2mM each dNTP, 1.5mM MgCl2  and 5 units of Tag 

polymerase and polymerase buffer (20mM Tris-HCI, lOOmM KCI pH 7.5). The 

reaction was carried out in 0.3ml thin-walled PCR tubes and all reactions were 

carried out in a Perkin-Elmer 2400 thermal cycler. In addition all PCRs of triplet 

CAG repeat expansions included 10% DMSO.

The standard reaction conditions consisted of an initial dénaturation at 94°C for 4 

minutes. The Tag polymerase was added at 72 °C if the reaction required a ‘hot 

start’. This was followed by: 1 min of DNA dénaturation at 94°C, 1 min of primer 

annealing (see relevant chapters for annealing temperatures) and 1 minute of 

primer extension at 72°C which was repeated for between 25-35 cycles and 

finally the reaction was followed by 10 minutes of extension at 72°C. Variations of 

these PCR conditions were used throughout and the particular conditions are 

described in the relevant chapters.
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2.4.6 Clean-up of PCR products

PCR products were purified using the Qiaquick PCR clean-up kit (Quiagen, West 

Sussex, UK) according to manufacturer’s instructions. The resultant cleaned up 

DNA products were stored in 10mM Tris-CI at -20°C.

2.4.7 PCR detection of mtPNA levels

PCR amplification of a 630bp fragment of mtDNA (2928-3558bp) was performed. 

Standard PCR conditions were used (section 2.4.5) with an annealing 

temperature of 60°C. The forward primer at nt 2928mtDNA:5’- CCT AGO GAT 

AAC AGC GCA AT - 3’ and the reverse primer at nt 3558mtDNA: 5’-TAG AAG 

AGC GAT GGT GAG AG - 3' were used to amplify the mtDNA fragment. The 

PCR products were visualised on a 1.2% agarose gel. Comparisons were made 

with normal controls and a standard curve constructed with a dilution series of 

cellular DNA. Known rho-zero lines were also used as positive controls. This 

allowed the level of mtDNA to be semi-quantitated.

2.4.8 Restriction enzyme digests of DNA

All enzymes and buffers were from Promega (Chilworth Science Park, 

Southhampton). Details on individual restriction digests are in the relevant 

chapters.

2.4.9 Detection of DNA products

All PCR reaction products and restriction digest products were separated on 

agarose gels using the BRL horizontal system for agarose gel electrophoresis 

(Betheseda Res Lab., Life Technologies Inc). 0.8% -1.2% (w/v) agarose gels 

(Sigma) were prepared in 1 X TBE Buffer (see Appendix 1) containing 1 jiig/ml 

ethidium bromide. To analyse small PCR fragments and for high resolution. 

Metaphor agarose (2.4% w/v)(Sigma) was used. PCR products, restriction digest 

products and DNA size markers (Smartladder containing DNA size markers from 

200bp to lOkB, Eurogentec, Belgium) were all diluted in 6X loading buffer 

(Promega UK Ltd, Hants) and loaded onto the gel. Electrophoresis was 

performed in 1 X TBE buffer at 40 - 100V for 1-3 hours. The sample was 

visualised using a UV transilluminator and then photographed with a Polaroid 

camera.
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2.4.10 Extraction of DNA from agarose gels

DNA was extracted from agarose gels using one of two methods. The first used 

the Qiaquick Gel Extraction kit according to manufacturer’s instructions 

(Quiagen). The second method was a modification from Taanman and Capaldi 

1993, which involved taking the agar piece containing the DNA fragment and 

equilibrating it in 2ml of SOOmM 3M Sodium Acetate, 1mM EDTA for 15 minutes 

at RT. The agar was then chopped into small pieces on aluminium foil. These 

pieces were placed into a 0.5ml eppendorf tube with glass wool at the base and 

a hole pierced in the bottom. The whole eppendorf was put in liquid Ng for 1 

minute, and then placed in a 1.5ml eppendorf without a lid and microcentrifuged 

for 10 minutes at 15000g. To the liquid collected in the 1.5ml eppendorf was 

added 1/100 volume MgClz, 10% acetic acid and 1pl molecular grade glycogen 

20mg/ml (Boehringer Mannheim) and mixed. To this was then added 2 volumes 

100% Ethanol (-20°C) and the DNA precipitated at -20°C overnight. The DNA 

was pelleted by centrifugation at 15000g and air-dried.

2.4.11 Sticky-end ligation of DNA construct into pIND plasmid

This was performed according to the methods of Sambrook et al (Maniatis and 

Sambrook 1989). The purified pellets of restricted plasmid (pIND) and construct 

were mixed in Spl sterile dd HgO. Ipl each of T4 DNA ligase and T4 buffer 

(Boehringer Mannheim) were added, and the mixture incubated on the Perkin 

Elmer thermal cycler for 12 hours at 14°C.

2.4.12 Preparation of agar plates

For growth of E. coli containing pIND derived plasmids LB agar was diluted (Life 

Technologies Ltd) in dd HgO, autoclaved and cooled to 50°C before addition of 

ampicillin (lOOpg/ml). For growth of pVgRXR transformed E. coli, low salt LB 

(lOg Tryptone, 5g NaCI and 5g yeast extract, pH 7.5) agar was used with Zeocin 

(25pg/ml), because the Zeocin antibiotic used for selection of pVgRXR is 

sensitive to high salt concentration. The warm LB agar is poured into 10cm 

plates and allowed to set overnight.

2.4.13 Transformation of competent E.coli

Competent E. coli ( XL-1- Blue, purchased from Invitrogen) were taken from the - 

70°C freezer and put on ice for 10 minutes. 1ml of ice cold 0.1 M CaClg was 

added and the mixture resuspended very gently, and kept on ice for 45 minutes.
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100)il of resuspended cold E. coli were then added to the 10pl ligation mixture 

and incubated on ice for 45 minutes. The E. coli/ligation mixture was heated at 

42°C for exactly 2 minutes, then 1 ml ice-cold LB broth was added to the mixture 

which was incubated at 37°C for one hour prior to plating out on the LB plates. 

Low concentration plates were prepared by adding 100|il E. coli/ligation mixture 

to the plate; high concentration plates were prepared by centrifuging the E. 

coli/ligation mixture for 2 mins at 300g to pellet the E. coli, the pellet was 

resuspended in 100)il of supernatant which was then plated out. The plates were 

incubated overnight at 37°C before analysis of colonies.

2.4.14 Plasmid preparations

2.4.14.1 Mini-preps

5ml of LB broth (with the addition of either ampicillin (100pg/ml) for pIND or 

Zeocin (25pg/ml) for pVgRXR in low salt LB) was inoculated with an E. coli 

colony from the plates as prepared above (2.4.12). The culture was grown 

overnight on an orbital shaker at 250 rpm and 37°C. Plasmid was purified using 

the Wizard™ Plus mini-prep kit (Promega) according to manufacturer’s 

instructions and resuspended in ddHgO, prior to DNA quantification.

2.4.14.2 Maxi-preps

100ml of LB broth in a conical flask (with ampicillin or Zeocin at the above 

concentrations) was inoculated with 1ml of growing E. coli culture prepared as 

described for mini-preps. The flask was placed in an orbital shaker at 250rpm 

and 37°C overnight. Plasmid was purified using the Qiaquick Midi-Prep kit 

(Quiagen), the resultant plasmid DNA was cleaned up using the ethanol 

precipitation method described as above (2.4.3) and finally resuspended in 

ddHzO.

2.4.15 Sequencing of plasmids using DNA sequencing - manual and 

automated methods

All sequencing was performed on purified PCR product (section 2.4.6) generated 

by amplification of the multiple cloning site (MGS) of pIND using Ecdysone 

Forward and Reverse primers (Invitrogen):

Ecdysone Forward: 5’ CTO TGA ATA CTT TO A ACA AGT TAG 3’
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Ecdysone Reverse: 5’ TAG AAG GCA CAG TCG AGG 3’

An annealing temperature of 54°C was used with 25 cycles of standard PCR 

(2.4.5) using standard Tag polymerase (2.4.5). The PCR product (10 îl) was 

visualised on a 1.2% agarose gel (2.4.9), the remaining PCR mixture (40^1) was 

purified (2.4.6) and the DNA quantified (2.4.4) prior to sequencing.

2.4.15.1 Manual Sequencing

Preparation of gel: An 8% sequencing gel was prepared with 7.6g acrylamide, 

0.4g bisacrylamide, 45g urea, 0.1 g ammonium persulphate, 5ml 20X glycerol 

tolerant buffer (see appendix I) made up to total volume of 100ml. This was 

filtered using a 0.2pm filter and de-gassed by a HgO suction pump generated 

vacuum for 20 minutes. 25pl TEMED was added and the gel poured immediately 

into glass sequencing plates (40cm length from BRL, Life Tech Ltd) and allowed 

to polymerise overnight.

Preparation of samples: This was performed using the Thermo Sequenase 

radiolabelled terminator cycle sequencing kit (Amersham Life Science, Bucks, 

UK). Four terminator mixes were prepared for each DNA sample by mixing 2pl of 

dGTP nucleotide master mix (7.5pM dATP, dCTP, dGTP, dTTP) and 0.5pl of ^̂ P 

ddNTP (G, A, T, or C - one of each per sequence). To each of these tubes was 

added 4.5pl of reaction mixture consisting of 10X reaction buffer (260mM Tris- 

HCI, pH9.5, 65mM MgCy, purified PCR product (2.4.15)(approx. lOOng), 

Ecdysone forward and reverse sequencing primers as above (Ipmol of each), 

Thermosequenase polymerase (8U), (10% DMSO for CAG repeat sequencing) 

and HgO to a final volume of 20pl.

These were then cycled in the Perkin-Elmer thermal cycler at:

95°C for SOsecs , 55°C for 30 secs , 72°C for 60 secs all for 30 cycles.

At the end 4pl of stop solution (95% formamide, 20mM EDTA, 0.05% 

bromophenol blue, 0.05% xylene cyanol FF) was added. Just prior to loading, the 

samples were heated to 70°C for 10 minutes and 5pl of each sample (Forward 

and Reverse G,A,T,C - 8 in total) loaded onto the gel immediately. The gel was 

run at 55°C in a manual sequencing gel tank (Model S2, BRL, Life Tech Ltd) (65- 

80 Watts for 3-6 hours). After the run, the plates were disassembled and the gel 

soaked for 3-5 minutes in 20 % methanol, 5% acetic acid. The gel was then 

placed onto 3MM paper, wrapped in Saran™ Wrap and dried in the gel dryer for
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15 minutes at 80°C. The dried gel was removed and exposed to the emulsion 

side of Kodak BioMax MR film overnight and the film developed and fixed the 

next day.

2.4.15.2 Automated Sequencing

Purified PCR product (approx 90ng) was included in a BigDye™ Terminator 

Cycle Sequencing Reaction (Perkin Elmer Applied Biosystems) containing 4.0pl 

Terminator Ready reaction mix containing fluorescent di-deoxy terminators; 

dATP, dCTP, dGTP, dTTP, AmpliTaq DNA polymerase, MgClg and Tris-HCI 

Buffer pH 9.0 (as made by manufacturer), Ecdysone forward primer as 

sequencing primer (I.Gpmol), and sterile HgO to a total volume of lOpl. The tubes 

were placed in a thermal cycler for 25 cycles of sequencing reaction consisting of 

96°C forlOsecs, 54°C for 5secs and 60°C for 4mins. The extension products 

were then purified by the addition of 1pl 3M sodium acetate pH4.8, and 25pl 95% 

ethanol. The tubes were vortexed and left for >15minutes at room temperature to 

precipitate the extension products. After centrifugation for 20 minutes atl 5000g 

the supernatant was removed and the pellet washed in 125p1 of 70% ethanol. 

The tube was again centrifuged for 5 minutes at 15000g, and the pellet dried at 

RT for 15 minutes. Each dried pellet was then suspended in 20pl of Template 

Suppression reagent (as supplied by PE Applied Biosystems), the samples 

vortexed and centrifuged for 2 mins at 15000g. The samples were denatured by 

heating at 96°C for 2 minutes and then chilled on ice. The samples were loaded 

onto an ABI Prism 310 Genetic Analyser; 61cm X 50pm diameter capillaries for 

long read sequences were used with Performance Optimised Polymer 6 ( as 

supplied by PE Applied Biosystems) to resolve the DNA. Raw data was 

analysed using computer software (as supplied by PE Applied Biosystems) 

attached to the ABI Prism 310 sequencer. Analysed data was imported into 

DNAStar™ for further editing and analysis.

2.5 Enzyme Analyses

All assays were performed on either Hitachi U3210 or Kontron 940 dual-beam 

spectrophotometers at 30°C in a final volume of 1ml. Each enzyme was assayed 

in triplicate and values accepted if they were within 15% of each other. All 

chemicals were from Sigma Chemical Company and Boehringer Mannheim.
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2.5.1 Citrate Synthase (CS)

es  is a mitochondrial matrix enzyme which was used as an indicator of 

mitochondrial mass in preparations as it has not been found to be altered in 

disease states (Cooper JM Personal Communication). Respiratory chain 

activities were expressed as CS ratios to correct for variation in purity of 

mitochondrial preparations or to correct for the mitochondrial mass in tissue 

homogenates. The assay is based on the method of Coore et al (Coore 1971). 

The enzyme catalyses the condensation of acetyl-CoA and oxaloacetate to form 

citrate, producing CoA whose free thiol group combines with 5-5’-dithiobis- 

nitrobenzoic acid (DTNB), resulting in an increase in absorbance at 412nm.

Two cuvettes were set up containing: lOOmM Tris-HCI buffer pH8.0, 200pM 

Acetyl-CoA, 200pM DTNB, 0.1% (v/v) Triton-X-100 and sample in a final volume 

of 1ml. The reaction was initiated by the addition of lOOpM oxaloacetate and the 

increase in absorbance at 412nm measured. Citrate synthase activity was 

calculated using the molar extinction coefficient of 13.6 x 10̂  for the DTNB-CoA- 

SH complex and activity expressed as nmol/min/mg protein.

2.5.2 NADH-CoQiOxidoreductase (complex I activity)

The assay is based on the method of Ragan (1987) and measures the rotenone 

sensitive CoQ, dependant oxidation of NADH at 340nm. The CoQI was a gift 

from the Eisai Chemical Co, Japan. A dilution of the stock CoQ  ̂ was made in 

ethanol and the absorbance of the CoQi at 275nm noted. An excess of sodium 

borohydride was added to the reference cuvette to completely reduce the 

quinone to quinol and the absorbance change used to calculate the CoQ  ̂

concentration using a molar extinction coefficient of 2.25x10^ (Redfearn 1967). 

Two identical cuvettes were set up containing 20mM potassium phosphate buffer 

pH 7.2 with 8mM IVIgClg(see Appendix 1), 150pm NADH, ImM KCN , 2.5mg/ml 

BSA and sample. The reaction was initiated in the test cuvette by the addition of 

50pM CoQi. The rate of NADH oxidation was monitored by the change in 

absorbance at 340nm. After 10 minutes lOpM rotenone was added to the test 

cuvette and the rotenone insensitive rate measured. Complex I activity was 

defined as the rate sensitive to rotenone. Calculation of activity used a molar 

extinction coefficient of 6.81x10^ for NADH to allow for the contribution of 

reduced CoQi to the absorbance at 340nm. Enzyme activity was expressed as 

nmol/min/mg and also as a ratio with citrate synthase (CS).
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2.5.3 Succinate cytochrome c oxidoreductase (complex 11/111)

This assay determines the activity of both complex II and III and is based on the 

method of King (King 1967). It detects the antimycin A sensitive, succinate 

dependant reduction of cytochrome c at 550nm.

Two identical cuvettes were set up containing: 0.1M potassium phosphate buffer 

pH 7.4, O.SmM potassium EDTA (Kg-EDTA), O.ImM cytochrome c. Two separate 

eppendorfs were set up containing ImM KCN, 20mM succinate and sample, 

these were incubated at 30°C for 5 mins to fully activate the enzyme. This was 

then added to the cuvettes to initiate the reaction. The change in absorbance 

was monitored at 550nm. After 10 minutes 20}iM antimycin A was added. The 

complex I I/I 11 activity was calculated as the rate which was sensitive to antimycin 

A using the molar extinction coefficient of cytochrome c (e=19.2x10^). Activity 

was expressed as nmol/min/mg and as a CS ratio.

2.5.4 Succinate-ubiquinol oxidoreductase (complex II)

This assay is based on the method of Hatefi et al (1976).The activity measures 

the reduction of the dye 6,6-dichlorophenolindophenol (DCPIP) at SOOnm in the 

presence of succinate and ubiquinone-2 (C0 Q2 ). Enzyme activity was taken as 

the rate inhibited by 2-thenoyltrifluoroacetone (TTFA).

Two identical cuvettes were set up containing: 50mM potassium phosphate 

buffer pH7.4, O.ImM Kg-EDTA, 20mM sodium succinate, 74pM DCPIP, ImM 

KCN, lOpM rotenone and sample. 50pM of ubiquinol-2 was added to initiate the 

reaction, after 10 minutes ImM TTFA was added to inhibit the reaction. Activity 

was calculated using the molar extinction coefficient of DCPIP (s=2.1x10^) and 

expressed as nmol/min/mg and as a CS ratio.

2.5.5 Complex III (Ubiquinol-cytochrome c reductase)

This assay is based on the method of Birch-Machin et al (Birch-Machin 1989). 

This enzyme catalyses the oxidation of ubiquinol and reduction of cytochrome c 

which is measured at 550nm. The reaction rate is dependant upon the 

concentrations of both ubiquinone-2 and cytochrome c, and the concentrations of 

both are therefore determined pre-assay.

Cytochrome c concentration was determined by addinglSpM of cytochrome c to 

ddHgO (final volume 1ml) in two identical cuvettes, a few granules of ascorbate 

was added to the reference cuvette to reduce the cytochrome c. The absorbance 

change was noted and the concentration of cytochrome c calculated (e =19.2).

86



Ubiquinol-2 was prepared by taking of ubiquinone-2 (10mM) in ethanol acidified 

to pH 2 with MCI. The volume was made up to 1ml with ddHgO and a few 

granules of sodium borohydride added to reduced the quinone to quinol. The 

quinol was extracted into 3ml of diethylether:cyclohexane (2:1 v/v) and the upper 

phase collected. 1ml of 2M NaCI was added, and the upper diethylether phase 

collected which was then evaporated to dryness under a stream of nitrogen gas. 

The final residue was dissolved in 1ml of ethanol, acidified to pH2 with HOI and 

aliquoted and stored at -20°C under nitrogen gas to prevent oxidation.

To determine the concentration of ubiquinol-2, lOpI of 5M KOH was added to 10 

pi of ubiquinol-2 and 980pl of ethanol. The increase in absorbance, due to 

oxidation of ubiquinol-2 to ubiquionone-2, was used to calculate the 

concentration of the ubiquinol-2 using 8=12.25.

In this assay there is a non-enzymatic reduction of cytochrome c which is 

dependant upon the concentrations of ubiquinone-2 and cytochrome c. This rate 

was determined prior to assaying the samples and was subtracted from the 

observed sample rate. Identical cuvettes were set up containing all assay 

solutions as below except ubiquinol and sample. The non-enzymatic rate was 

determined by the addition of ubiquinol-2 into the test cuvette and the rate of 

absorbance change at 550nm noted. The non-enzymatic activity was calculated 

as below.

To analyse complex III activity the reaction contained 35mM potassium 

phosphate buffer pH7.2, ImM Kg-EDTA, 5mM MgClg, 2mM KCN, 5pM rotenone 

and 15pM cytochrome c. Ubiquinol-2 (15pM) was added to the test cuvette to 

initiate the reaction which was recorded at 550nm for 5 minutes.

Calculation of the pseudo first-order rate constant (k)

This was performed by extrapolation of the absorbance back to time=0 and 

determination of the change in absorbance at various time points up to 2mins. 

The non-enzymatic rate of absorbance was also calculated thus and subtracted 

from these sample absorbance values. K/min/ml was calculated by: 

{In0.288-ln(0.288-change in absorbance at time t) x 1000/sample vol.(pi) x 

dilution factor}, where 0.288 represents the absorbance of cytochrome c fully 

reduced.

The k/ml values for 5 time points (0, 0.5, 1.0, 1.5 and 2 mins) were plotted 

against time and the gradient of the line calculated using linear regression 

analysis (k/min/ml). The final results were expressed as k/min/mg protein and as 

a CS ratio.
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2.5.6 Cytochrome c oxidase (complex IV)

This assay is based on the method of Wharton and colleagues (Wharton et al 

1967) which monitors the oxidation of reduced cytochrome c at 550nm. 

Preparation of reduced cytochrome c

100ml of 1% solution of cytochrome c (horse heart) was made up in lOmM 

potassium phosphate buffer. This was reduced by adding an excess of ascorbate 

(13mg), mixed and checked that it was fully reduced at 550nm. This was done by 

adding 50pl of the cytochrome c solution to each of two cuvettes containing 

950pl lOmM potassium phosphate buffer. To the sample cuvette was added lOpI 

of freshly made saturated ascorbate solution and the change in absorbance 

noted. If the change in absorbance was positive (ie. the cytochrome c could be 

further reduced by the addition of ascorbate) then the cytochrome c solution 

needed reducing further. After this check the reduced cytochrome c solution was 

dialysed to remove the ascorbate. This was achieved using size 1 dialysis tubing 

(Medicell International Ltd..London) and dialysing against 5L of lOmM potassium 

phosphate buffer pH7.0 at 4°C overnight. To check that no excess ascorbate 

remained , oxidised cytochrome c was added to the dialysed reduced sample. 

There should be no change in absorbance showing the ascorbate had been 

removed.

Calculation of concentration of reduced cytochrome c:

Two identical cuvettes were made up with lOOpI of lOOmM potassium phosphate 

buffer pH7, 850pl of ddHgO and 50pl of reduced cytochrome c. To the reference 

cuvette was added lOpI of 0.1M Ferricyanide to oxidise the reduced 

cytochrome c. The change in absorbance was noted and the concentration 

calculated by the following (where 50pM cyt c produces an absorbance of 0.96): 

0.96/Abs X 50 = volume of stock cyt c required for 50pM solution.

Assay:

Two identical cuvettes were set up containing lOmM potassium phosphate buffer 

pH7 and 50pM reduced cytochrome c. lOpI of lOOmM Ferricyanide was 

added to the reference cuvette to oxidise the cytochrome c. The initial 

absorbance was noted (0.96 = 50pM cytochrome c) and the reaction initiated by 

the addition of sample to the test cuvette and monitored at 550nm. The pseudo 

first order rate constant k was calculated as described above for complex III . 

Complex IV activity (k/min/ml) was expressed as k/min/mg protein and as a CS 

ratio.



2.5.7 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

This was assayed according to the method of Heinz and Freimuller (1982). The 

assay measures the rate of oxidation of NADH as 3-phosphoglyceric acid (3- 

PGA) forms glyceraldehyde-3-phosphate, and is measured at 340nm. The 

reaction contained (final concentration in 1ml) 83mM triethanolamine, 3mM L- 

Cysteine, 2mM magnesium sulphate, O.ImM NADH, I.Im M  ATP, 0.9mM Kg- 

EDTA, 5 units of 3-phosphoglyceric phosphokinase, and sample (from 10-50pl). 

The reaction was initiated by the addition of 6.7mM 3-phosphoglyceric acid (3- 

PGA) to the sample cuvette and the change in absorbance measured at 340nm. 

GAPDH activity was calculated using the molar extinction coefficient for NADH 

(8=6.22 X 10 )̂ and expressed as nmol/min/mg protein.

2.5.8 Aconitase

This assay measures the activity of aconitase which catalysed the isomérisation 

of citrate to isocitrate which forms a-ketoglutarate with the reduction of NADP 

which the reaction measures at 340nm.

Two identical cuvettes were set up containing: 50mM Tris-HCI pH7.4, 0.4mM 

NADP, 5mM sodium citrate, O.SmM MgClg, 1% (v/v) Triton X-100 and 2 units of 

isocitrate dehydrogenase. Sample was added to the test cuvette only. Both 

cuvettes were incubated at 30°C for 30 minutes pre-incubation, the absorbance 

change at 340nm measured for 15 minutes was monitored and aconitase activity 

calculated using the molar extinction coefficient for NADP (8=6.22 x 10 )̂.

2.6 Preparation of mitochondrial-enriched fractions (MEFs)

MEFs were prepared from 20 x 10cm confluent plates of cells based on the 

method of Ragan et al (Ragan et al 1987). Harvested cells were washed 3x in 

PBS and the resultant pellets frozen overnight at -70°C. The pellets were thawed 

and resuspended in 2ml ice-cold homogenisation buffer (see Appendix 1 ). Each 

sample was homogenised on ice using a Potter homogeniser for 20 strokes at 

lOOOrpm, and then spun at 1500g for 10 minutes at 4°C. The resultant post- 

nuclear supernatant (PNS) was collected into a fresh tube on ice. 

Homogenisation of the residual pellet and centrifugation was repeated a further 2 

times. The combined PNS was further centrifuged for 10 minutes and any 

residual pellet discarded. The final PNS was centrifuged at 10,000g for 12 mins 

at 4°C on a Kontron Centrikon T-124 centrifuge which resulted in a brownish 

pellet (MEF). This pellet was resuspended in 200-800pl ice-cold homogenisation
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buffer, snap frozen in liquid nitrogen and stored at -70°C for up to 6 days before 

assaying. All samples were freeze-thawed in liquid nitrogen three times before 

assaying to maximise the mitochondrial enzyme activities.

2.7 Preparation of brain homogenates

Brain samples were stored at -70°C, aliquots were removed very quickly, put in 

liquid nitrogen and weighed. These were homogenised in 9 volumes of ice-cold 

homogenisation buffer using a 5ml glass/Teflon homogeniser. Samples were 

freeze-thawed as above prior to immediate assaying.

2.8 Preparation of muscle homogenates

Samples were stored at -70°C and removed and weighed as for brain samples. 

The muscle was allowed to thaw and dissected rapidly into small pieces using a 

disposable scalpel. The pieces were then homogenised in ice-cold 

homogenisation buffer using a glass/glass homogeniser. Samples were freeze 

thawed as above and assayed immediately.

2.9 Preparation of fibroblast homogenates (for aconitase activity)

Eight confluent plates of fibroblasts were harvested, washed 3 times in PBS and 

the pellet frozen overnight at -70°C. The pellet was thawed and resuspended in 

1 ml ice-cold homogenisation buffer. The sample was freeze-thawed three times 

prior to assaying immediately.

2.10 Protein assays

All protein assays were performed using the Pierce-Warriner BCA™ Protein 

assay reagent. This system uses the reaction of protein with Cu^  ̂ in an alkaline 

environment to form Cu '̂' which is then detected by the reagent bicinchoninic 

acid (BCA). The purple reaction product of BCA and Cu^" is water soluble and 

exhibits a strong absorbance at 562nm. For each assay a set of protein 

standards was made using dilutions of bovine serum albumin (BSA) in the same 

diluent as unknown samples. The standards were made to cover the range of 

protein concentrations expected for each type of sample, in the range 0, 20, 40, 

60, 80, 100 and 120pg BSA was used. The assays were performed according to 

the manufacturer’s instructions and the protocol requiring 30 minutes incubation 

at room temperature was used. Each assay was performed in triplicate.
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2.11 Protein extraction methods for Western Blotting

2.11.1 Extraction of protein from brain for analysis of respiratory 

chain enzymes

Samples of brain (~50mg) were removed from the -70°C and thawed in SOOpI 

ice-cold homogenisation buffer (see appendix 1) containing 1mM (fc) leupeptin, 

1mM (fc) pepstatin A and 1mM (fc) PMSF (all from Sigma Chemical Co.) as 

protease inhibitors. The sample was homogenised in glass homogenisation 

tubes and 1x v/v sample/dissociation buffer (minus p-mercaptoethanol and 

bromophenol blue) added (see Appendix 2). This was vortexed and an aliquot 

removed for protein estimation (using the homogenisation buffer/dissociation 

buffer as diluent for standards). The remainder was frozen at -70°C until further 

analysis. Prior to loading 2% p-mercaptoethanol and 0.1% bromophenol blue 

was added and the samples vortexed to mix and heated at 37°C for 30 minutes. 

The samples were microcentrifuged for 5 minutes at 6000g to pellet any 

insoluble material prior to loading on the SDS-PAGE gel.

2.11.2 Extraction of protein from tissue culture cells

One confluent plate of cells was washed in PBS and the cells harvesting using a 

cell scraper, the pellet was washed twice in PBS, and then resuspended in 1ml 

PBS and protease inhibitors as described above (2.11.1) The pellet was then 

collected after centrifugation at 1500g for 2mins and stored at -70°C. The pellet 

was thawed and resuspended in 500-900p.l 1x dissociation buffer (see appendix 

2) in PBS/protease inhibitors and the mixture vortexed. The sample was then 

sheared using a 19G needle and 1ml syringe to break up the genomic DNA and 

therefore render the sample less viscous. Prior to loading samples, 2% p- 

mercaptoethanol (v/v) and 0.1% bromophenol blue (v/v) was added and the 

samples vortexed to mix and heated at 37°C for 30 minutes. The samples were 

microcentrifuged for 5 minutes at 6000g to pellet any insoluble material prior to 

loading on the gel..

2.12 SDS-PAGE of protein extracts

Proteins were separated on SDS-PAGE gels of varying percentage of acrylamide 

(between 4-15% w/v) according to the size of the protein of interest. 6M urea 

was added to gels separating aggregating proteins such as huntingtin. For all gel 

recipes and buffers used see appendix 2. Separating and stacking gels were
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prepared in BioRad Mini-Protean II gel systems. 20-50pg of protein in 

dissociation buffer was loaded per well, prestained molecular weight markers 

were used- either low molecular weight markers 3-43k (Life Technologies) for 

small proteins or rainbow wide range molecular weight markers (Sigma) for 

larger proteins. The gel was run at 100V until the bromophenol blue had run 

through the stacking gel and then at 200V until the bromophenol blue had

reached the bottom of the separating gel.

2.13 Staining of protein gels

Gels were stained overnight with 0.1% (w/v) Phastgel blue R250 dye in 40% 

methanol and 10% glacial acetic acid (v/v) and then rinsed in ddHgO for 5-20 hrs 

to destain. This was used to check equal protein loading of gels by direct visual 

ascertainment; and to check for efficient transfer of proteins post blotting.

2.14 Western Blotting

Gels were equilibrated in transfer (Towbins) buffer (see appendix 2) for 30 

minutes. The separating and stacking gels and a polyvinylidene difluoride 

(PVDF) membrane prewetted in methanol (Millipore, Bedford , MA) were placed 

between two sheets of blotting paper (Whatman No.1, Whatman Ltd, Kent) and 

placed in a BioRad mini blotting tank containing transfer buffer. Blotting was 

performed for 1 hour at 100V with an ice pack keeping the tank cool. Post blot 

gels were stained as described (section 2.13). The PVDF membrane was

blocked in 10% low fat milk (MarveP^) in PBS for 2 hours at RT. After two

washes with 0.3% Tween/PBS (each wash at RT for 10 minutes), the membrane 

was incubated overnight with the diluted primary antibody (individual details in 

chapters 5 and 6) on a shaker at RT. The membrane was washed three times for 

5 minutes each at RT with 0.3% Tween/PBS and incubated with the appropriate 

secondary antibody (individual details in chapters 5 and 6) for 2 hrs at RT. After 

3 further washes in 0.3% Tween/PBS at RT each for 5 minutes and 2 washes for 

5 minutes in PBS alone, the membrane was developed for 1 min in 1:1 volumes 

of chemiluminescence oxidising reagent and enhanced luminol reagent 

(Renaissance kit, Dupont NEN, Boston, MA). The membrane was then exposed 

to ECL film (Amersham) for varying times (from 5 secs to 5 mins) before 

development and fixation.
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2.15 Immunohistochemistry methods

2.15.1 Preparation of slides

Slides were coated in adhesive agents with one of three types of coating to 

prevent brain section loss during the immunohistochemical procedures. Poly-L- 

lysine and Vectabond™ pre-coated slides were purchased from Vector Labs 

(Peterborough, UK). Poly-L-lysine coated slides were used with all control brain 

and Huntington’s disease brain samples from the Cambridge Brain Bank. 

Vectabond™ pre-coated slides were used for R6/2 HD and control transgenic 

mouse brain sections. All other slides were coated in 3- 

aminopropyltriethoxysilane (APES, Sigma). This was done by first de-greasing 

slides by washing them in hot detergent (Hospec, Young’s detergent, Bolton, UK) 

and rinsing them in 100% EtOH and then ddHgO and air-drying for 10 mins. The 

slides were then immersed for 2 minutes in a freshly prepared 2% solution of 

APES in acetone. The slides were briefly drained and then washed in ddHgO 

before drying overnight at 40°C.

2.15.2 Mounting brain sections

All HD brain and matched control sections were the kind gift of the MRC 

Cambridge Brain Bank. Formalin fixed and paraffin embedded human control 

sections for optimising the procedures were kindly donated by Dr J McLaughlin 

from the Dept, of Histopatholgy, RFH. Transgenic mouse brains were fixed in 

formalin and embedded in paraffin by Mr John Difford in the Dept of Pathology, 

RFH. Paraffin embedded brain blocks were sectioned (10pm) using a Leica 

microtome, allowed to dry initially at 37°C, and then overnight at 55°C. 7pm 

frozen sections were cut on a CM 1900 Leica cryostat and mounted on poly-L- 

lysine coated slides, air-dried for 30 min at room temperature (RT), fixed in 

acetone for 10 min and again air-dried for 30 min. Paraffin embedded sections 

were stored at RT whilst frozen sections were stored at -20°C.

2.15.3 Antigen retrieval methods for paraffin embedded sections

For each new antibody used with paraffin embedded section the following 

antigen retrieval techniques were used to assess optimum conditions. These 

were all performed before the serum blocking stage. All chemicals were from 

Sigma, UK.
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0.1% trypsin in ddHgO for 12 minutes on slide at RT, then 0.1^g/ml soybean 

trypsin inhibitor in PBS for 5 minutes to terminate the reaction.

0.1% pepsin in 0.01 M HCI, pH2.3 for 15 minutes at RT, followed by 3 five minute 

washes in ddHgO .

0.02Units/ml Neuraminidase in PBS for 60 mins at RT followed by three washes 

in PBS.

Sections were placed in citrate buffer lOmM, pH6 and heated in a water bath at 

97°C for 2 hours, then section were washed in PBS.

Sections were heated in a 2L bath containing citrate buffer lOmM in the 

microwave (High setting) for 20 minutes.

2.15.4 Basic Immunohistochemistry protocol

The avidin-biotin-complex technique (ABC) was used throughout with both 

horseradish peroxidase (MRP) and alkaline phosphatase (AP) conjugates. 

Peroxidase was demonstrated using 3’diaminobenzidine (DAB, Sigma) 

chromagen and alkaline phosphatase was demonstrated using the Vector 

SK5100 kit with 0.1M levamisole.

2.15.4.1 ABC horseradish peroxidase (HRP) system with 

diaminobenzidine hydrochloride (DAB) for paraffin embedded 

sections

Paraffin embedded sections were de-waxed by sequential washes (three times 

each) in : xylene, 100% EtOH, with a final wash in ddHgO. To remove 

endogenous peroxidase sections were incubated in 0.3% HgOz/methanol for 30 

mins, then washed for lOmins in ddHgO. At this stage the appropriate antigen 

retrieval was performed (see 2.5.13) then sections were washed in PBS. 

Blocking was achieved by incubation with 10% v/v normal goat serum 

(DAKO)/PBS for BOmins at RT in a humidified chamber. Sections were then 

drained and the primary antibody applied and incubated in a humidified chamber 

with incubation time and temperature optimised for each antibody (see 

5.2.2.4;5.2.3.5). The sections were washed in PBS and incubated with the 

appropriate biotinylated secondary antibody for BOmins at RT. This was followed 

by three washes in PBS and the AB Complex (DAKO) was applied to the 

sections for BOmins at RT. To prepare the DAB substrate (Sigma) 2.5mg of DAB 

was dissolved in 5ml PBS to which 50|il of 0.3%Hz02 was added. Sections were 

then incubated with this solution and observed for staining intensity (takes from
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5-10 mins and observed by direct visualisation). The sections were then washed 

for lOmins in running tap HgO, then nucleii were counterstained with Meyer’s 

haematoxylin and differentiated in acid/alcohol/0.5% HCI in 70% EtOH (this 

removes the cytoplasmic colour and leaves the stained nuclei). Sections were 

dehydrated in 95%/100% EtOH and cleared in xylene before mounting in DPX 

(contains xylene, Agar Scientific Ltd. Cambridge UK).

2.15.4.2 ABC Alkaline phosphatase system for frozen sections

This was used because it produced a sharp red colour with positive antibody 

staining in frozen sections with little background.

Blocking was achieved by incubation with 10% v/v normal goat serum 

(DAKO)/PBS for 60mins at RT in a humidified chamber. Sections were then 

drained and the primary antibody applied and incubated in a humidified chamber 

with incubation time and temperature optimised for each antibody (see 5.2.2.4; 

5.2.3.5). The sections were washed in PBS and incubated with the appropriate 

biotinylated secondary antibody for GOmins at RT. This was followed by three 

washes in PBS and the AB Complex (DAKO) was applied to the sections for 

GOmins at RT. The sections were then rinsed in PBS for 5 minutes, then the 

alkaline phosphatase was demonstrated using the Vector SK5100 kit (Vector

Labs, according to manufacturer's instructions) with 0.1M levamisole (Sigma).

Nucleii were counterstained with Meyer’s haematoxylin and differentiated in 

acid/alcohol/0.5% HCI in 70% EtOH before dehydration in 95%/100% EtOH and 

clearing in xylene before mounting in DPX.

2.16 Cytochemical staining

2.16.1 COX staining

Transgenic mouse and control brain sections were washed in PBS and then

incubated for 1 hour at 37°C in COX activity dye solution prepared as follows:

0.5M NaPj pH 7.4 1ml

DAB 5mg

Horse heart oxidised cytochrome c lOmg

PBS/catalase (2mg/ml) lOpI

HgO 9ml

Sections were then washed in PBS and counterstained with haematoxylin before 

dehydrating and clearing and mounting in DPX (2.15.4.2).
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2.16.2 Succinate dehydrogenase (SDH) staining

Transgenic mouse and control brain sections were washed in PBS and then 

incubated for 1 hour at 37°C in SDH dye solution prepared as follows;

0.2M sodium succinate 5ml

0.2M potassium phosphate buffer 5ml

Nitrobluetetrazolium 1 mg/ml

Sections were then washed in PBS and counterstained with haematoxylin before 

dehydrating, clearing and mounting in DPX (2.15.4.2).

2.16.3 Microscopy and photography

All microscopy for immunohistochemistry and cytochemical staining was 

performed using the Zeiss axiophot microscope (Carl Zeiss Microscope Division, 

Oberkochen, Germany) with Kodak T64 film for light microscopy.
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Chapter 3 - The Influence of Nuclear Background on the 

Biochemical Expression of 3460 LHON

3.1 introduction

3.1.1 Clinical, investigative and pathological features of LHON

In 1871, Theodor Leber described an inherited form of blindness, Leber's 

hereditary optic neuropathy (LHON) (Leber, 1871). It is now recognised as the 

commonest cause of isolated blindness in otherwise healthy young men with a 

peak age of onset between 15-30 years. LHON is characterised by bilateral, 

acute or subacute, loss of central vision resulting in a central or centrocaecal 

scotoma. Loss of visual acuity is severe and complete blindness can occur. The 

ratio of affected males to females is 3:1. The mean age of onset is in the mid-20s 

for both sexes although cases have been described in children less than 10 yrs 

and in adults in their 70s (Newman et al 1991, Riordan-Eva et al 1995). 

Fundoscopy shows a circumpapillary telangiectatic microangiopathy with swelling 

of the peripapillary retinal nerve layer. Fluorescein angiography usually does not 

show staining or leakage from the telangiectatic vessels. This combination of 

features is said to be pathognomic for LHON (Smith, Hoyt and Susac 1973). 

Axonal loss continues over several months and optic atrophy is seen after 6 

months (reviewed in Riordan-Eva et al 1995). Visual evoked potentials (VEPs) 

can be normal in early disease but are abnormal in more severe cases and often 

absent in those with longstanding visual loss. Neuropathology (reviewed in 

Howell 1997) reveals a selective degeneration of the retinal ganglion cell layer 

and optic nerve with sparing of the photoreceptors, bipolar cell layer and retinal 

pigment epithelium.

In addition to the optic neuropathy patients with LHON have been reported to 

have additional neurological features. Severe encephalomyelopathy (Wallace 

1970), peripheral neuropathy (Johns 1993), dystonia (Jun et al 1994), cerebellar 

ataxia (Funakawa et al 1995) and tremor (Chalmers and Harding 1996) have 

been described in patients with LHON. There also has been reported an 

increased incidence of an multiple sclerosis-like illness in LHON families with the 

11778 mutation (Harding et al 1992) (this is discussed further in section 3.1.4). In 

the wider context of the disease however additional neurological abnormalities 

are fairly uncommon, in a large British study only 7 out of 107 affected cases had
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additional neurological abnormalities and alcoholism was thought to be the cause 

of the neurological dysfunction in 2 of these patients (Riordan-Eva et al 1995).

3.1.2 Molecular Genetics of LHON

It was first noted by Leber in 1871 that LHON cases were familial with 

inheritance through the maternal lineage. This inheritance pattern led to the 

suggestion that a primary mtDNA mutation could be responsible for the disease 

(Erickson 1972).

The first association of a mtDNA mutation with LHON was made in 1988 by 

Wallace et al (Wallace et al 1988). They identified a G to A mutation at position 

11778bp converting an arginine to histidine in the ND4 subunit of complex I. This 

mutation was found in nine out of eleven LHON families studied from Finland and 

the USA (Wallace et al 1988). The mutation was present in all maternally related 

individuals in these families, regardless of whether they were affected or not, but 

none of 45 control subjects. Wallace’s group later provided evidence that this 

mutation was causative rather than just associated with LHON (Singh et al 

1989). MtDNA has a high mutation rate and exhibits considerable variation 

(polymorphism) in the normal population. Using restriction fragment analysis, 

Singh et al (1989) compiled mtDNA haplotypes for three patients with LHON and 

four control subjects. The simplest evolutionary tree which could be constructed 

for these mtDNAs indicated that the mutation at 11778bp must have occurred on 

two occasions independently. This mutation has subsequently been described 

world-wide and accounts for 50-80% of all LHON families (Harding et al 1995). 

Subsequently two other primary pathogenic mtDNA mutations causing LHON 

have been described. The 3460bp mtDNA mutation is a G to A mutation 

converting an alanine to a threonine in the ND1 subunit of complex I (Huoponen 

et al 1991). This mutation has been described worldwide and accounts for 10- 

20% of LHON families (Harding et al 1995). The 14484bp mtDNA mutation was 

originally described in two Australian pedigrees (Mackey and Howell 1992) 

resulting in a T to C mutation which causes a valine to methionine substitution in 

the ND6 subunit of complex I. This mutation accounts for 10-20% of LHON 

families (Harding et al 1995). These three mutations have been termed the 

primary pathogenic mtDNA mutations causing LHON. They have only been 

found associated with LHON and never in control subjects and they all affect 

highly conserved amino acids.
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other ‘secondary’ mtDNA base pair changes have been described in association 

with LHON families (Table 3.1) but their significance is unclear because many 

also occur in the normal population as mtDNA polymorphisms. In contrast to the 

primary mutations, these ‘mutations’ tend to encode more conservative amino 

acid changes, alter less strictly conserved residues and can co-exist with other 

known pathogenic mutations. Another feature against most of these ‘mutations’ 

being of primary pathogenic significance is that they are always homoplasmic 

(Chalmers and Schapira 1998). Heteroplasmy has never been described in 

relation to harmless polymorphisms, despite the high mutation rate of mtDNA 

(Harding and Sweeney 1994). Two of the ‘secondary’ mtDNA ‘mutations’ are 

possibly of pathogenic significance. The 4160bp mutation was described in a 

large Australian pedigree who all had both the 14484bp and 4160bp mtDNA 

mutations, the 4160bp mutation has not yet been found in controls and is clearly 

associated with a severe form of LHON in this large family (Howell et al 1989). 

The other mutation is the 14459bp mutation which was reported in a four 

generation Hispanic family of whom two members had classical LHON and one 

had LHON and dystonia. A further eight family members had only dystonia. The 

mutation is heteroplasmic in this family and the mutation has since been found in 

two further independent pedigrees with different phylogenetic backgrounds 

(Shoffner et al 1995). The true significance of these ‘secondary mutations’ is not 

clear, Johns and Berman (1991) and Wallace et al (1992) have suggested that 

these ‘secondary mutations’, which occur at possibly a lower frequency in the 

healthy population, are only likely to cause optic nerve disease when they are 

associated with other mtDNA mutations in the same individual.
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Table 3.1- 'Secondary’ mtDNA base pair changes in LHON

MUTATION GENE BASE

CHANGE

AA

CHANGE

FOUND IN 

CONTROLS

REFS

(FIRST

AUTHOR)

14459 ND6 G to A A to V No Jun 1994

4,160 ND1 TtoC LtoP No Howell

1991b

4136 ND1 A to G CtoY No Howell

1991b

13078 ND5 G to A A toT Yes Johns and 

Berman 1991

4917 ND2 A to G DtoN Yes Johns and 

Berman 1991

4216 ND1 T to 0 YtoH Yes Johns and 

Berman 1991

15257 cyt b G to A DtoN Yes Johns and 

Berman 1991

15812 cyt b G to A V to M Yes Johns and 

Berman 1991

5244 ND2 G to A GtoS No Brown 1992a

7444 C0X1 G to A Term.To

K

Yes Brown 1992b

3394 ND1 TtoC YtoH Yes Johns 1992a

13730 ND5 G to A GtoE No Howell 1993

9438 COXIII G to A G to 3 Yes Johns and 

Neufeld 1993

9804 COXIII G to A A to T No Johns and 

Neufeld 1993

9101 ATPase

6

TtoC I toT No Lamminen

1995

AA=amino add represented by their conventional symbols
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3.1.2.1 Role of Nuclear genes in LHON

Although clearly associated with LHON the primary pathogenic mutations do not 

appear to be the sole determinant of the phenotype. Transmission of the 

mutation is not always associated with disease (reduced penetrance), and they 

do not explain the excess of affected males which cannot be accounted for by 

simple mitochondrial inheritance.

Bu and Rotter (1991) studied the patterns of inheritance in 31 LHON pedigrees 

from published series and their data suggested the existence of an interacting X- 

linked visual susceptibility locus (VLSL). In their model the development of LHON 

in males is due to the inheritance of a pathogenic mtDNA mutation and an X- 

linked VLSL, whilst affected females were either homozygous for the 

susceptibility allele or heterozygous with inappropriate X-inactivation (skewed 

lyonisation). Harding et al in 1995 analysed 85 UK families and their pedigree 

data was entirely compatible with Bu and Rotter’s proposed X-linked 

susceptibility locus with 40% of affected females being homozygous and the rest 

being explained by heterozygosity and disadvantageous X-inactivation (Harding 

et al 1995). A number of groups have tried unsuccessfully to demonstrate the 

existence of an X-linked VLSL. A study of six Finnish families showed linkage to 

DXS7 (Villki et al 1991) but analysis of British, German and Italian families failed 

to confirm this linkage (Sweeney et al 1992, Carvalho et al 1992). Later re

analysis of the Finnish families with expansion of the data set failed to show the 

DXS7 linkage (Juvonen et al 1993). A study of British families by Chalmers and 

colleagues excluded the presence of a single VLSL acting according to the 

model of Bu and Rotter over 169cM of the X chromosome in families with the 

11778 LHON mutation (Chalmers et al 1996). However these studies do not 

completely exclude an X-linked VLSL. Firstly large parts of the X-chromosome 

have not been excluded. Secondly the presence of two or more separate X- 

linked VLSLs in families with the 11778 LHON mutation has not been excluded, 

nor has the possibility that families carrying the 3460 LHON or 14484 LHON 

mutations harbour X-linked VLSL.

Pegoraro et al (1996) studied X-inactivation by analysing X-chromosomal 

méthylation patterns in the leucocytes of 35 females with known primary LHON 

mutations to determine if an X-linked gene predisposed to the LHON phenotype. 

Méthylation of deoxycytosine residues is involved in X-inactivation and the X-
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linked human androgen receptor shows méthylation patterns that correlate with 

X-inactivation and therefore méthylation patterns in this gene was analysed from 

DNA isolated from each of the patient’s leucocytes according to the methods of 

Allen et al (1992). The results of Pegoraro et al did not support a strong X-linked 

determinant with only 2/10 affected cases and 3/25 non-manifesting carriers 

showing unbalanced X-inactivation. Oostra et al (1996) found similar results with 

16 LHON affected females where analysis of X-chromosomal méthylation 

patterns revealed X-chromosome inactivation in only 15-20% of cases which was 

no different from controls. However the absence of unbalanced X-inactivation in 

the leucocytes of females does not exclude its occurrence in the tissues affected 

in LHON. Bu and Rotter proposed that the clinical manifestations of LHON could 

be dependant upon X-inactivation in optic nerve embryonic precursor cells for by 

simple mitochondrial inheritance (Bu and Rotter 1991).

3.1.3 Disease penetrance and mtDNA heteroplasmy in LHON

Some have suggested that mtDNA heteroplasmy may be a factor determining 

the penetrance of the disease. Most LHON families are homoplasmic in blood for 

their mutation but heteroplasmy in blood has been found in 11778bp, 144484bp, 

and 3460bp LHON families (Sweeney et al 1992, Harding et al 1995). LHON 

families have been reported in which a rapid segregation of mutant mtDNA 

toward heteroplasmy in blood of either the 11778bp or 3460bp mutations have 

been associated with the development of LHON in later generations. Smith et al 

(1993) looked at 75 patents and 101 unaffected relatives with the 11778 mutation 

of whom 14% were heteroplasmic. Patients with >25% wild-type mtDNA were not 

affected and there was a non-significant trend suggesting that heteroplasmic 

individuals were more likely to remain asymptomatic. Where heteroplasmy did 

exist there was a drift towards homoplasmy in later generations. 3460 LHON 

families have been reported in which segregation towards mutant mtDNA 

homoplasmy in blood has also been associated with the later development of 

LHON (Black et al 1996). It is possible that heteroplasmy does play a role in 

disease expression but it is not applicable to the majority of individuals who are 

homoplasmic. It is also possible that some of the unaffected cases in the studies 

above may yet become symptomatic therefore affecting the data. Another point 

about heteroplasmic individuals is that the mutant load in blood may not reflect 

the mutant load in their optic nerve and other tissues. In a post-mortem study of 

an affected female 11778 LHON patient they found 33% mutant mtDNA in blood
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with 95% and 100% in her optic nerve and retina respectively (Howell et al

1994), so levels of mutant load in blood may not be an accurate representative of 

the optic nerve and these heteroplasmic families described may in fact be 

homoplasmic for the LHON mutation in their optic nerves.

3.1.4 Possible role of autoimmunity in LHON

A number of features of LHON has led to speculation that LHON could have an 

autoimmune basis. Harding et al reported six females with a family history 

suggesting LHON who presented with bilateral optic neuropathy but later 

developed other neurological features compatible with MS (Harding et al 1992). 

All cases had the 11778 LHON mutation. Two other female cases of LHON and 

MS have been reported (Harding and Sweeney 1994). The microangiopathic 

appearance of the optic disc in the acute stage of LHON is similar to MS but 

there has not been any evidence of inflammation found in the retina/optic nerve 

of LHON patients unlike in MS (Howell 1997). Screening MS patients for mtDNA 

mutations have failed to find any association (Nishimura et al 1995, Chalmers et 

al 1996) except in a small subgroup of females with severe bilateral visual loss 

(Kellar-Wood et al 1994). In the latter study 307 MS patients were screened and 

they found one patient with the 11778 LHON mutation and two with the 3460 

LHON mutation. These were three female patients with MS and severe early 

bilateral optic neuropathy. In addition Pallini et al have found oligoclonal bands in 

the CSF of LHON patients (Pallini et al 1988). This possible association between 

MS and LHON therefore raised the possibility that LHON might also have an 

autoimmune basis. In view of this and the known association between MS and 

the major histocompatibiltiy antigens (MHO) HLADR2 and HLA DQw6, LHON 

cases have been screened for MHO Class I and II associations but none have 

been found (Govan et al 1994, Chalmers et al 1996). Using a different approach 

to study possible autoimmune factors, Smith et al (1995) found antibodies to 

tubulin, an optic nerve protein, present at high frequency in the blood from LHON 

patients (50-80%) and their unaffected maternal relatives (25-55%) and at low 

frequency in controls or ischaemic or compressive optic neuropathies (17%). The 

fact that these antibodies were not present in other cases of optic nerve disease 

is interesting and suggests that they are not a non-specific finding. It is possible 

that they are involved in disease pathogenesis and it would be important to study 

these antibodies in the CSF of LHON patients.
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3.1.5 Possible environmental factors in LHON

There is some evidence that alcohol and tobacco use may influence the clinical 

picture in LHON. This has come from anecdotal reports from patients with the 

3460 LHON and 14484 LHON mutations (Johns et al 1992, 1993). A case- 

control study suggested that there was no excess alcohol and tobacco 

consumption in patients with the 11778 LHON mutation but that there was 

significant increase in consumption of alcohol and tobacco at age of onset in 

patients with the 3460 LHON and 14484 LHON mutations in comparison to 

controls (Chalmers and Harding 1996). LHON is clinically similar to 

tobacco/alcohol amblyopia which is a bilateral optic neuropathy caused by 

tobacco and alcohol use. There is also a reported association between tobacco 

smoking and reduced platelet complex I activity (Smith et al 1993) which is 

interesting in the context of mitochondrial dysfunction in LHON. One of the 

difficulties of ascertaining secondary risk factor in LHON is that it is not clear if 

they must act immediately prior to the onset of the acute phase thus making 

possible environmental factors difficult to clearly define (Howell 1997).

3.1.6 Mitochondrial dysfunction in LHON

The three primary pathogenic LHON mutations all affect subunits encoding 

Complex I of the respiratory chain. Thirty-four of the 41 subunits of complex I are 

nuclear encoded, and mtDNA encodes the other seven. The complex spans the 

inner mitochondrial membrane where it catalyses the oxidation of NADH, the 

reduction of ubiquinone and the translocation of protons across the inner 

mitochondrial membrane (1.1.2.1). Many groups have studied respiratory chain 

function in patients with each of the mutations and results are interesting 

although provide no definite clues to pathogenesis.

The 3460 LHON mutation has provided the most clear-cut evidence of a 

biochemical defect with several groups showing consistent severely reduced 

complex I specific activity. Howell et al (1991a) showed an 80% reduction in 

isolated platelet mitochondria complex I activity from 3460 LHON cases 

confirmed by Smith and colleagues (Smith et al 1994). A similar defect was 

found in 3460 LHON lymphocytes (Majander et al 1991). Cock et al (1999) 

measured complex I in fibroblast mitochondria from three 3460 LHON cases 

(one affected and two unaffected) and found a 57% decrease in complex I 

activity. However despite the severe complex I defect, ATP synthesis measured 

in digitonin permeabilised 3460 LHON fibroblasts was normal (Cock et al 1999).
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They found that a 60% rotenone-induced decrease in complex I activity resulted 

in reduced ATP synthesis in normal fibroblasts therefore implying that the 

decrease in complex I activity found in the 3460 LHON fibroblasts was below the 

threshold required to affect ATP synthesis (Cock et al 1999).

The 14484 LHON mutation has been associated with an -80% reduction in 

complex I specific activity in platelet mitochondria from the Queensland family 

with both the 14484bp and 4160bp mutations (Parker et al 1989), but Cock et al 

(1995) found no defect in specific activity from fibroblasts grown from 14484 

LHON patients with no other known secondary mutations. It may be possible 

that the complex I defect described in the Australian pedigree is due to the 

4160bp mutation, which like the 3460bp mutation is in the ND1 subunit of 

complex I. However Oostra et al (1995) have reported a 45% reduction in 

Complex I specific activity in lymphocyte mitochondrial preparations from 

patients with the only the 14484 LHON mutation.

In isolated muscle mitochondria from both affected and unaffected 11778 LHON 

patients no complex I defect was found when measured spectrophotometrically 

(Larsson et al 1991). However when they measured oxygen consumption 

polarographically they found with NADH linked (complex I linked) substrates 

there was a 50% decrease when compared to normal controls. Similarly 

Majander et al (1991) studied lymphoblast lines derived from 11778 LHON 

patients and found normal complex I activity measured spectrophotometrically 

but a 75% decrease when measured by polarography. This suggests a functional 

defect in intact mitochondria which is not detected by spectrophotometry on inner 

mitochondrial membrane preparations. Measurement of mitochondrial 

preparations examines the isolated enzyme activity whereas polarography 

examines oxygen consumption and ATP production by the intact mitochondria 

and is more physiological which therefore may pick up subtle biochemical 

defects. Cigarette smoking is known to affect complex I activity (Smith et al 

1993) and a mild (25%) decrease in complex I activity was seen in the only study 

to exclude smokers (Smith et al, 1994). This factor may have been relevant in 

the previous functional studies.

Thus all three primary LHON mutations are associated with mitochondrial 

respiratory chain dysfunction although they are somewhat paradoxical because 

the 11778 LHON mutation is the most severe clinically and appears to be the
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least severe in terms of complex I activity although ATP synthesis is reduced. 

This implies that there is not a simple direct link between complex I activity and 

clinical severity in LHON although it must be acknowledged that the tissues 

studied are not those pathologically affected in LHON and interpretation must 

bear this in mind. Teleologically there must be some link between complex I 

dysfunction and LHON; firstly because all three primary mutations are in complex 

I subunits. Secondly the degeneration in LHON occurs in retinal ganglion cells 

which have a very high energy demand and it is likely that any biochemical 

defect in mitochondria in the optic nerve would have deleterious effects. Thirdly 

chloramphenicol which is an inhibitor of mitochondrial protein synthesis with 

resultant failure of ATP synthesis causes a similar optic neuropathy to LHON in 

humans (reviewed in Howell 1997).

3.1.7 MRS studies in LHON

^̂ P magnetic resonance spectroscopy MRS) has been used extensively in 

the diagnosis and investigation of mitochondrial diseases (Matthew et al 1991, 

Taylor, Kemp and Radda 1994). In exercising muscle, ATP is produced by 

glycolysis, mitochondrial oxidation and transfer of high energy phosphate from 

phosphocreatine (PCr) to ADP, while recovery after exercise is fuelled by 

oxidative metabolism only. ^̂ P MRS measures changes in intracellular pH (pHJ 

and the concentrations of PCr and P, during exercise and recovery in muscle and 

these measurements contain information about all the processes involved in 

ATP production in vivo. A full discussion on the methodology of ^̂ P MRS is 

beyond the scope of this thesis but is reviewed in Arnold, Matthews and Radda 

1984 and Kemp et al 1993. Combining resting and postexercise recovery data, 

MRS can disclose in vivo skeletal muscle mitochondrial deficits even in the 

absence of morphological or in vitro biochemical abnormalities (Matthews et al 

1991).

The effect of the LHON mtDNA mutations on mitochondrial respiration has been 

evaluated in vivo, using MRS. It has been used to study in vivo muscle 

metabolism in three 11778 cases and demonstrated both a brain and skeletal 

muscle respiration failure in both patients and asymptomatic carriers 

homoplasmic for the 11778 mutation (Cortelli et al 1991). No data is available on 

the 3460 and 14484 LHON mutations.
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3.1.8 Cybrid studies and the role of nuclear factors/genes in LHON

To determine whether the biochemical defects found in patients’ cells would be 

manifested in the absence of the patients’ nuclear background two groups have 

studied cybrid lines created by fusing mitochondria from 11778 LHON cases and 

controls with rho-zero (p°) lines as described in section 1.1.5.3. Hofhaus, Vergani 

and colleagues measured oxygen consumption in cybrid cells from 11778 LHON 

fibroblasts fused with 206p° cells; and found the biochemical defect was directly 

linked to the presence of the 11778 mutant mtDNA because it was still present in 

the new nuclear environment (Vergani et al 1995, Hofhaus et al 1996). Cock (MD 

Thesis 1996) studied 3460 cybrids to elucidate the nature of the biochemical 

defect and the role of nuclear factors/gene defects in LHON. Fibroblasts 

exhibiting a 57% complex I defect from an affected LHON male homoplasmic for

the 3460bp mtDNA mutation, were fused with A549p°cells. Two control fibroblast 

lines were also fused with the A549p° cells. OS and complex I were measured in 

all the resulting 3460/A549p° and control cybrids. When the mean activities from

the 3460/A549 p° cybrids were compared to those of control/A549 p° cybrids, the 

57% complex I defect previously identified in the 3460 LHON fibroblasts was no 

longer expressed. All the resultant 3460/A549p° cybrids were confirmed to have 

homoplasmic mutant 3460bp mtDNA confirming that the change in biochemical 

function was not due to shifts in levels of mutant mtDNA. This data suggested 

that a new nuclear environment could modify the 57% complex I defect found in 

the 3460 fibroblasts suggesting that a nuclear gene/factor can restore complex I 

activity in these 3460 LHON cybrids. This supports the role of a nuclear 

gene/factor in the pathogenesis of 3460 LHON and could explain why the 

presence of the primary pathogenic LHON mutations do not appear to be the 

sole determinant of the phenotype (as discussed in section 3.1.2.1).
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3.1.9 Aim of LHON study

The role of mitochondrial dysfunction in LHON together with the role of nuclear 

genes/other factors in the pathogenesis of LHON requires further study and 

clarification. In order to address the potential influence of the nuclear 

environment on the biochemical expression of the 3460 LHON mtDNA mutation, 

this thesis has examined complex I function in 3460 fibroblasts cells in different 

nuclear backgrounds. This involved fusing cytoplasts bearing the mutant

mitochondria with a new host cell devoid of its own mtDNA (206 p°). This study 

has chosen to concentrate on the 3460bp mutation as it is associated with the 

most severe biochemical defect and therefore there are clear markers for both 

the genotype and biochemical phenotype. It will also clarify the findings of Cock 

(MD thesis) where the new nuclear environment of A549p° cells corrected the 

complex I defect in the 3460 LHON fibroblasts.

To address the relationship between mitochondrial genotype and biochemical 

phenotype in LHON MRS analysis has been used to study mitochondrial 

function in vivo in affected and unaffected LHON subjects. Although skeletal 

muscle is clinically spared in LHON it is an ideal tissue in which to assess in vivo 

mitochondrial ATP production rate because it can by easily studied at rest, during 

exercise and during recovery from exercise. MRS can disclose in vivo skeletal 

muscle mitochondrial defects even in the absence of in vitro biochemical defects. 

In the present study skeletal muscle energy metabolism was assessed using 

MRS in LHON patients and carriers with the 14484bp, 3460bp and 11778bp 

mtDNA mutations.
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3.2 - Material and Methods

3.2.1 Experimental outline

Primary fibroblast lines were established (section 2.2.1.1) from an affected male 

3460 patient (RJ) known to be homoplasmic for the mutation (Harding et al

1995). The patient was an affected male aged 26yrs. He developed bilateral 

sequential visual loss at age 19 with visual acuity 6/60. Over the previous two 

years he had some mild visual improvement. He had no other history and was a 

non-smoker. This patient’s fibroblasts were known to have a 57% complex I 

defect (Cock HR MD thesis 1996). Control fibroblast lines were set up (section 

2.2.1.1) from a healthy age-matched (26 years) non-smoking male control. 

Fibroblasts from RJ and the control were fused with 206p° cells (2.2.5.1), the 

resulting cybrids were analysed by PCR to check their mtDNA content (2.4.7). 

Mitochondrial preparations were isolated from the cybrids (2.6) and mitochondriai 

respiratory chain measurements performed (2.5). Control and patient cybrid 

samples were analysed simultaneously in batches within a week of preparation. 

The CS and complex I assays on the 3460/206p° cybrids and controi/206p° 

cybrids were performed in collaboration with Dr Hannah Cock.

3.2.2 Analysis of mtDNA in LHON cybrids

PCR of cell lysates was used to amplify a 630bp product. The forward primer 

was: mtDNA bp 2928-2947 = CCT AGO GAT AAC AGC GCA AT, and the 

reverse: mtDNA bp3558-3539 = TAG AAG AGC GAT GGT GAG AG, with an 

annealing temperature of 59°C. The 3460bp G to A LHON mutation results in the 

loss of a Hin11 restriction site and restriction digestion of the 630bp product with 

this enzyme results in no cleavage whereas normal controls produce two 530bp 

and lOObp products. This restriction digest was used to check for the presence 

of the 3460bp mtDNA mutation in the mutant cybrids. For restriction enzyme 

analysis lOpI of PCR product was incubated with 3.5 units of Hin11 (Strategene) 

at 37°C for 2 hours in a buffer containing 50mM NaCI, 25mM Tris-CI (pH 7.7), 

lOmM MgClg, lOmM p-mercaptoethanol and lOmg/ml BSA (bovine serum 

albumin). To ensure that there was efficient digestion, 3460bp mutant mtDNA 

and normal DNA from controls were restricted at the same time.
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3.2.3 In vivo skeletal muscle mitochondrial function in LHON 

measured by MRS

This work was done in collaboration with Dr Raffaele Lodi from the MRS 

department (Univ. of Oxford). Skeletal muscle energy metabolism in patients and 

asymptomatic carriers with the 14,484bp, 3460bp and 11778bp LHON mutations 

was studied. Ten patients were studied from four different families. Three 

subjects (1 affected male and 2 unaffected females) carried the 11778bp LHON 

mutation. Four subjects (1 affected male and 3 unaffected females) carried the 

14484 LHON mutation. Three subjects (1 affected male and his unaffected 

brother and sister) carried the 3460 LHON mutation. All affected cases showed a 

reduced visual acuity as a consequence of subacute visual loss, with the affected 

14484 LHON patient having the best visual outcome. The presence of the LHON 

mutations and the degree of heteroplasmy had been ascertained prior to the 

study by Mary Sweeney, Neurogenetics Dept, Institute of Neurology using 

methodology as described (Sweeney et al 1992).

The study used a 2.0T superconducting magnet (Oxford Magnet Technology, 

Oxford, UK) interfaced to a Bruker spectrometer (Bruker, Coventry, UK). 

Subjects lay with the right calf overlying a 6cm diameter surface coil, and muscle 

was exercised by plantar flexion at 0.5Hz, lifting a weight of 10% lean body mass 

(calculated from body weight and skinfold thickness) thorough a distance of 7cm. 

Spectra were acquired at rest and during exercise and recovery as described 

(Lodi et al 1997). Intracellular pH, apparent maximal mitochondrial capacity 

(Vmax), and relative concentrations of inorganic phosphate (Pi), phosphocreatine 

(PCr), ATP and free cytosolic ADP were calculated by Dr Lodi as described (Lodi 

et al 1997, see publications section).

The effects of the different mutations on in vivo muscle mitochondrial function 

was compared. All patients and carriers were homoplasmic for the LHON 

mutation except for the two asymptomatic 3460 LHON carriers who showed 15% 

and 80% of mutated mtDNA respectively (Harding et al 1995). Age and sex 

matched healthy control volunteers were used, and individual results were taken 

as abnormal when they fell outside the entire range of the control values.

no



3.3 - Results

3.3.1 206 fusions

Confirmation of absent mtDNA in the 206p° cells was shown by lack of product 

upon PCR amplification of mtDNA (3.2.2). DNA from a normal control was 

amplified at the same time (data not shown). To check the sensitivity of the cells 

to BrdU pre-fusion, LHON and control fibroblasts were grown in BrdU containing 

medium (100mg/ml) and they all died within 7 days. Prior to fusion 206p° cells 

were grown in selection media lacking pyruvate and uridine. After 10 days there 

were no viable 206p° cells left confirming that they were unable to grow in this 

media. With the centrifuge speed (12000g) as described in section 2.2.5.1 there 

was -50% enucleation of LHON and control fibroblasts assessed by 

appearances under the light microscope as described in section 2.2.5.1. 

Fibroblasts from the affected homoplasmic LHON patient were successfully 

fused with the 206 p° cells. The control fibroblast line was also fused with the 206 

p° cells for comparison. After 6 weeks of growth in selection media and BrdU 

(lOOmg/ml) cybrid colonies had grown from both the 3460 LHON fibroblast/206p° 

fusions and control fibroblast/ 206p° fusions. Twenty of each were ring-cloned 

and grown for preparation of mitochondrial enriched fractions. Each of the clones 

was tested for mtDNA which confirmed the presence of either wild-type mtDNA 

or A3460G mtDNA (data not shown).

Twenty of each of the 3460 LHON and control 206 p° cybrids were assayed for 

CS and complex I activity. Comparison of complex I activity in 3460/206 p° 

cybrids with control/206 p° cybrids revealed that a severe (mean 54%) complex I 

defect was still expressed (Table 3.2 and Figure 3.1c). Although the CS activity 

was slightly lower in the 3460/206 p° cybrids, the complex I defect was still 

apparent whether expressed as a specific activity or a ratio to CS. Figure 3.1 

shows the complex l/CS activity of the 3460 LHON fibroblasts (Fig 3.1a), A549p 

°/ 3460 LHON cybrids (Fig 3.1b) and the 3460/206p ° cybrids (Fig 3.1c) with 

matched controls in each group. The data for Fig 3.1a and 3.1b is from Dr Cock 

(MD thesis 1996) as discussed in section 3.1.8. The LHON patients fibroblasts 

expressed a significant severe (mean 57%) defect in complex I activity when 

compared to the control group (Figure 3.1a). When the mean activities from the 

3460-A549p ° cybrids were compared to those of control-A549p ° cybrids, the 

complex I defect previously identified in 3460 LHON fibroblasts was no longer

111



expressed although the values for two clones fell below the control range (Figure 

3.1b). An increase in the overall complex I activity, and in the spread of data was 

seen in both control and 3460/A549p ° cybrids. In contrast comparison of 

complex I activity in 3460-206p ° cybrids with control-206 p ° cybrids revealed the 

complex I defect was still expressed (Table 3.2 and Figure 3.1c).

Table 3.2- Complex I activity in control/206p° cybrids and 3460/206g_ 

cybrids

CELLS CITRATE

SYNTHASE

(SPECIFIC

ACTIVITIES)

COMPLEX 1 

(SPECIFIC 

ACTIVITIES)

CXI/CS RATIO 

X I00

Control/206p° 

cybrids (n=20)

278.8 ± 75.3 15.08 ±6.15 5.59 ± 2.43

3460/206p° cybrids 

(n=19)

230.0 ± 67.0* 4.12 ±2.01** 1.96 ±1.20**

Activities are expressed as nmol/min/mg protein. Values are the mean ± SD of n 

cybrid clones from each fusion group. *p <0.05 Mann Whitney U test; ** 

p<0.0001 Mann Whitney U test
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3.3.2 In vivo skeletal muscle mitochondrial function in LHON 

measured y MRS

All patients/carriers were homoplasmic for the 11778bp, 14484bp and 

3460bp LHON mutations except the two 3460 LHON carriers who showed 80% 

and 15% of mutated 3460bp mtDNA.

The maximum rate of mitochondrial ATP production (V̂ ax) in muscle was 

measured during the recovery period after exercise. V̂ ax was calculated by using 

V which is the PCr resynthesis rate after exercise and the end-exercise [ADP] 

according to standard methods (Kemp, Taylor and Radda 1993, Lodi et al 1997). 

During recovery from calf exercise, the maximum rate of mitochondrial ATP 

production (V̂ ax) was reduced to 27% of normal in the 11778bp mutation patient/ 

carrier groups and to 53% in the 14484bp mutation patient/ carrier groups (Fig

3.2). In the unaffected 3460 LHON carriers mitochondrial V̂ ax was within the 

normal range; the affected 3460 LHON patient had mitochondrial V̂ ax reduced to 

65% of the mean normal value although it was still within the normal range (Fig

3.2)
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3.4 Discussion

3.4.1 The influence of the nuclear background on the biochemical 

expression of 3460 LHON

The 3460bp A to G mutation changes a highly conserved alanine to threonine in 

subunit ND1 of complex I. The ND1 subunit, has been implicated in the binding 

site of the inhibitor rotenone (Earley et al 1987) and in ubiquinone binding (Singer 

et al 1994) and may therefore play an important role in electron transfer. The 

57% Complex I defect demonstrated in fibroblast mitochondria with the 3460 

LHON mtDNA mutation (Cock et al 1999) is consistent with previous studies on 

lymphocyte (Majander et a! 1991) and platelet mitochondria (Smith et al 1994). 

The severe complex I defect present in 3460 LHON has led to the suggestion 

that the 3460bp mutation affects a critical binding site or alters the conformation 

of the holoenzyme complex in such a way as to impair normal electron transfer 

from NADH to ubiquinone, possibly by affecting the kinetics of ubiquinone 

binding (Majander et al 1996). As discussed in the Introduction (section 3.1.8) 

cybrids generated from 3460 LHON fibroblasts homoplasmic for the mutation 

and A549p° cells no longer expressed the complex I defect when compared to 

control/A549p° cybrids (Cock MD thesis 1996). These findings supported the 

presence of a nuclear factor/gene affecting the biochemical expression of the 

3460mtDNA defect. To study further the biochemical consequences of the 3460 

LHON mutation and the possible role of nuclear factors in the biochemical 

expression, cybrids were generated from the same LHON 3460 fibroblasts and 

fused with 206p° cells to from 3460/206p° cybrids. This placed the LHON 3460 

mutant mtDNA in a novel nuclear environment. The complex I activity in the 

3460/206p° cybrids compared with the control/206p° cybrids showed that the 

severe (mean 57%) complex I defect was still expressed. The persistence of this

biochemical defect in the 3460/206 p° cybrids confirms that the presence of the 

3460 mtDNA mutation is important in determining the complex I defect. In the

presence of the A549 p° nuclear environment the 3460 linked complex I 

deficiency was no longer observed. In A549p° cells there is upregulation of 

mitochondrial activity which could account for the absence of any defect in the 

cybrids. But A549p° cells have been used as nuclear donors in other cybrid

studies where the respiratory chain abnormality has been maintained. In A549 p° 

cybrid clones generated by transfer of mitochondria with the 3243bp mtDNA
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mutation associated with MELAS the respiratory chain defect persisted in the 

cybrids (Dunbar et al 1996).

Also in A549p° cybrid clones generated by fusion with platelets from patients with 

Parkinson’s disease the complex I defect was maintained (Gu et al 1998). This 

suggests that the restoration of complex I activities to control levels in 3460/A549

p° cybrids was not a non-specific finding peculiar to the A549 p° nuclear 

environment. In addition, as the biochemical defect in 3460 LHON patients has 

been observed in transformed lymphoblasts (Majander et al 1991) and persists in

the 3460/206 p° cybrids, the loss of the biochemical defect in 3460/A549 p° cells

is not due to loss of expression in transformed cells. It is clear that the A549p° 

nuclear background is able to influence significantly the biochemical expression 

of this mutation. The persistence of the complex I defect in the 3460/206p° 

cybrids and not in the 3460/A549p° cybrids implies that a nuclear factor/gene 

may have been present in the A549 cells to complement the biochemical defect 

and therefore correct it. As discussed in the Introduction (section 3.1.2) the 

possible existence of an X linked/nuclear gene defect involved in the clinical 

expression of LHON is well-known and many groups have been searching for X- 

linked genes/nuclear genes with no success. This work therefore provides 

evidence to support the proposition that a nuclear gene, or genes, can influence 

the expression of the biochemical defect associated with the 3460 LHON mtDNA 

mutation in vitro. This could, in the face of the widespread distribution of the 

mtDNA mutation, contribute to the tissue specificity of the disease. It is possible 

for instance that the nuclear environment in the affected retinal ganglion/optic 

nerve cells is such that an otherwise clinically insignificant biochemical defect, 

becomes detrimental to physiological cell functioning in some way.

It may be that the nuclear gene/factor together with the biochemical defect result 

in chronic excitotoxicity causing neurodegeneration in the retinal/optic nerve cells 

which have a very high ATP demand and are therefore less able to adapt to any 

respiratory chain dysfunction even if mild. It may be possible to study the nuclear 

factor/gene complementing the complex I defect further by transfecting small 

pieces of A549p° chromosomes (chromosomal microfusions) into the 3460 

LHON fibroblasts and see if their complex I defect is corrected. This would allow 

localisation of the complementary factor to a specific chromosome and then
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using a cDNA expression library from that region it may be possible to identify 

any specific factor involved.

3.4.2 In vivo skeletal muscle mitochondrial function in LHON 

assessed by MRS

The results of this study show altered in vivo skeletal muscle energy metabolism 

in LHON patients and asymptomatic carriers with the 14484bp and 11778bp 

mtDNA mutations. Conversely, a LHON patient homoplasmic for the 3460bp 

mutation showed only a subtle alteration of mitochondrial function. The maximum 

rate of mitochondrial ATP production (V̂ ax ) did not differ between affected and 

unaffected subjects homoplasmic for the same mutations. The maximal rate of 

mitochondrial ATP production (V̂ ax) was calculated from the rate of PCr recovery 

postexercise, a very sensitive index of mitochondrial functionality, because it 

depends entirely on mitochondrial respiration and end exercise [ADP] which is its 

driving force (Lodi et al 1997). PCr recovery is a quantitative measure of 

oxidative ATP synthesis in vivo.

The 11778bp mtDNA mutation resulted in a severe reduction of mitochondrial 

Vmax in the three subjects carrying the mutation. All three 11778bp subjects 

showed a mean reduction in V̂ ax to 27% of the mean normal value. This result is 

consistent with the first in vivo MRS study performed on an Italian pedigree 

that identified a deficit of mitochondrial function in LHON patients and carriers 

homoplasmic for the 11778bp mtDNA mutation (Cortelli et al 1991, Barbiroli et al

1995). The extent of the reduction of mitochondrial V̂ ax found in the 11778 

LHON cases in vivo is very similar to the in vitro reduction of rate of oxidation of 

NADH linked substrates in isolated mitochondria from 11778bp mutation cases 

(Majander et al 1991). The findings with the subjects with the 11778bp mtDNA 

mutation confirm that in vitro measurements of the respiratory rate or Og 

consumption in intact mitochondria better reflect the in vivo activity of complex I 

than isolated enzymatic assays. This data confirms that the 11778bp mtDNA 

mutation itself results in a biochemical defect. This finding is supported by the 

cybrid studies of Hofhaus as discussed (3.1.8). They found a 40% decrease in 

complex I linked respiration in their 11778 LHON/206p° cybrids indicating that the 

biochemical defect was directly linked to the presence of the 11778bp mutant 

mtDNA because it was still present in the new nuclear environment (Hofhaus et 

al 1996).
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Three subjects with the 14484bp mtDNA mutation showed a significantly reduced 

Vmax , and in the fourth subject it was at the lower end of the normal range. The 

14484bp mtDNA mutation resulted overall in a mean V̂ ax (n=4) reduced to 53% 

of normal controls, indicating that the in vivo reduction of maximal rate of 

mitochondrial ATP synthesis is milder than that associated with the 11778bp 

mutation.

The Vmax in the affected homoplasmic 3460 LHON patient was 65% of normal. 

The two 3460 LHON carriers had 80% and 15% mutant mtDNA and their Vmax 

were both in the normal range in contrast with their affected brother who is 

homoplasmic for the 3460 LHON mutation. Although the heteroplasmy levels in 

blood may not reflect accurately the mutant mtDNA levels in skeletal muscle, the 

difference in Vmax amongst the three 3460 LHON cases could reflect the degree 

of wild-type mtDNA in each subject. It was not possible to obtain muscle biopsy 

samples from these 3460 LHON cases to ascertain the level of mutant 3460bp 

mtDNA in their muscle. Heteroplasmy may be important particularly in the 

development of the phenotype in some rare 3460 LHON families (section 3.1.3; 

Black et al 1996). There has been reported to be a significant association 

between levels of mutant 3460bp mtDNA and manifestation of the disease 

phenotype (Black et al 1996) and the MRS study confirms an association 

between mutant mtDNA levels and in vivo skeletal muscle energy metabolism.

In this study the effect of the three primary LHON mutations on in vivo skeletal 

muscle mitochondrial metabolism was assessed. The 11778bp mutation resulted 

in the most severe mitochondrial impairment; and the 3460 mutation caused only 

a mild depression of muscle mitochondrial ATP production. The intermediate 

reduction of mitochondrial function found in the case of the 14484bp mutations 

compared with the 11778bp mutations is consistent with the better visual 

outcome of LHON patients with the 14484bp mutation ((Mackey and Howell 

1992, Johns et al 1993, Riordan-Eva et al 1995). However, the less pronounced 

muscle bioenergetic failure found in the cases of the 3460bp mtDNA contrasts 

with the modest visual recovery reported for LHON patients with this mutation 

(Riordan-Eva et al 1995; Johns, Smith and Miller 1992). None of the subjects 

studied exhibited or described any muscle weakness or fatigue despite the 

evidence for an in vivo defect of energy metabolism. There is no data available 

on mitochondrial function in the brains and in particular the optic nerve fibres
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from these subjects. It may be that compensatory mechanisms active in the 

skeletal muscle of patients with LHON mtDNA mutations may be absent in the 

central nervous system and in particular the retinal ganglion cells. This may 

result in a lower threshold for clinical expression of a given respiratory chain 

defect with consequent visual loss.

The use of anti-oxidants and respiratory chain enhancers in the treatment of 

patients with LHON could be evaluated using MRS studies. This has already 

been performed using treatment with idebenone in a male affected 11778 LHON 

patient with optic neuropathy and spastic paraparesis. They found clinical 

amelioration and worsening associated with parallel changes in brain and 

skeletal muscle bioenergetics following the administration and withdrawal of 

idebenone respectively (Cortelli et al 1997). Thus there could be therapeutic 

potential in the use of co-enzyme Qio as a membrane soluble electron carrier to 

enhance ATP production, or antioxidants such as vitamins 0  and E early on in 

the disease course of LHON. MRS has already been used successfully to 

assess the potential therapeutic benefit of co-enzyme Qio and vitamin E in 

patients with Friedreich’s ataxia (Dr Mark Cooper, personal communication).
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CHAPTER 4 Mitochondrial DNA in focal dystonia - a cybrid 

analysis

4.1 Introduction

4.1.1 Clinical features of dystonia

Dystonia is defined as a syndrome of sustained involuntary muscle contractions, 

often causing twisting and repetitive movements or abnormal posture (Fahn, 

Marsden and Caine 1987). The dystonias are a relatively common group of 

neurological disorders with estimates of 300, 000 affected people in the UK 

(Quinn and Marsden 1990). Dystonia can be divided into primary and secondary 

forms. Primary or idiopathic torsion dystonia (ITD) classifies those patients where 

no identifiable cause is found. Secondary dystonia is so named because the 

dystonia is due to another underlying neurological condition. Examples of causes 

of secondary dystonia include drugs e.g. neuroleptics; metabolic disorders such 

as Wilson’s disease, Lesch-Nyhan syndrome, and metachromatic 

leucodystrophy; degenerative disorders such as akinetic Huntington’s disease, 

chorea-acanthocytosis, and Parkinson’s disease; focal lesions of the basal 

ganglia such as stroke; cerebral palsy; and head injuries. It is the study of the 

secondary dystonias that established the theory that dystonia results from 

dysfunction of the basal ganglia motor circuits (Bhatia and Marsden 1994).

Primary dystonia is classified according to anatomical distributions of the 

symptoms into a number of sub-groups which are classified below:

Focal dystonia - a single body part affected ie. blepharospasm, torticollis 

Segmental dystonia - two or more contiguous parts affected 

Multifocal dystonia - two or more non-contiguous parts affected 

Generalised dystonia - widespread areas affected 

Hemidystonia- ipsilateral arm and leg affected

Primary dystonia may occur at any age and the younger the onset the more 

severe the dystonia. Those with onset in childhood tend to develop generalised 

dystonia whereas focal dystonias usually begins in adults over the age of 40 

(Marsden et al 1976). The underlying cause of primary dystonia is unknown, 

however there are a number of families with inherited forms of dystonia which
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accounts for a small proportion of cases. Some studies have found defects of the 

mitochondrial respiratory chain in patients with focal primary dystonia and a 

number of gene mutations encoding mitochondrial proteins have been described 

in patients with dystonia so mitochondrial dysfunction may play a role in the 

pathogenesis. This introduction will review both the role of genetics and 

mitochondrial dysfunction in the aetiology of dystonia.

4.1.2 Pathophysiology of Dystonia

The pathophysiology of dystonia is complicated and dysfunction of the basal 

ganglia appears to be the underlying problem. Support for basal ganglia 

dysfunction comes from imaging studies, neuropathological examinations, PET 

studies and neurophysiological studies. A review of 240 patients with lesions of 

the caudate, putamen and globus pallidus showed that dystonia was the 

commonest movement disorder reported. Dystonia was present in 63% of 

patients with a lesion affecting the putamen (Bhatia and Marsden 1994). Drugs 

which affect the dopaminergic pathways of the basal ganglia such as 

neuroleptics cause secondary dystonia and it has been suggested that primary 

dystonia is due to a biochemical disturbance of the basal ganglia. A post

mortem neurochemical study of two cases of ITD found markedly reduced 

noradrenaline concentrations and moderately reduced serotonin and dopamine 

concentrations in varying brain regions with high noradrenaline in other regions 

with the suggestion that the monoamine abnormalities found could result in 

cholinergic overactivity causing motor overactivity (Hornykiewicz et al 1986, 

1988). Using positron emission tomography (PET), Karbe et al (1992) 

demonstrated reduced regional cerebral glucose metabolism in the caudate and 

lentiform nucleus and in the frontal cortex projection field of the mediodorsal 

thalamic nucleus in studies of patients with primary dystonia. This suggested 

impaired connections between the basal ganglia, thalamus and frontal 

association areas. These findings were in concordance with the neuroanatomic 

concept of dystonia described by Marsden and colleagues (Marsden et al 1985) 

who proposed that lesions in the thalamus, as well as the basal ganglia, have the 

common ability to disrupt the thalamic input to the frontal cortex and ultimately to 

the motor areas. Regional cerebral blood flow was measured using PET in six 

patients with primary dystonia. They found overactivity of contralateral premotor 

cortex, rostral supplementary motor area (SMA) , Brodman area 8, anterior 

cingulate area 32, ipsilateral dorsolateral prefrontal cortex and bilateral lentiform
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nuclei (all striato-frontal projections) with significant underactivity in the caudal 

SMA, bilateral sensorimotor cortex, posterior cingulate and mesial parietal cortex 

(motor executive areas). They suggested that these results were consistent with 

inappropriate overactivity of striato-frontal projections and impaired activity of 

motor executive areas in primary dystonia (Ceballos-Baumann et al 1995) which 

explains the simultaneous dystonie posturing and bradykinesia evident in these 

patients. Ikoma and colleagues found neurophysiological evidence to support the 

findings of cortical overactivity, using transcranial magnetic stimulation they 

found cortical motor excitability increased in dystonia (Ikoma et al 1996) which 

agrees with the PET studies described. These findings point towards a common 

theme of reduced inhibition at many levels of the motor system and this may 

account for the excessive muscle activity seen in dystonia.

4.1.3 Genetics of primary dystonia

The most severe and commonest hereditary form of primary dystonia is the 

early-onset generalised dystonia. Symptoms usually begin in one limb at a mean 

age of 12 years old (ranging from 4yrs to 44yrs) and spreads to other limbs 

within about 5 years to form a generalised dystonia.(Greene et al 1995). The 

clinical spectrum of early-onset dystonia is similar in all ethnic populations with 

the highest prevalence in Ashkenazi Jews (Risch et al 1995). Inheritance is 

autosomal dominant with 30-40% penetrance (Risch et al 1990), and variable 

penetrance so genetic counselling can not always accurately predict the 

phenotype (Warner and Jarman 1998). The gene was mapped in Jewish and 

non-Jewish families to 9q34 (Ozelius et al 1989, Kramer et al 1994). The gene 

(DYT1) was cloned and a 3bp deletion found in the coding sequence of all 

affected and obligate carriers with 9q linked primary dystonia. The deletion 

results in the loss of^a pair of glutamic acid residues near the carboxy terminus of 

a novel protein termed torsinA. This is an ATP binding protein with homologues 

in nematodes, rats, mice and humans (Ozelius et al 1997). The function of 

torsinA in the nervous system and how the mutation results in disease is as yet 

unknown.

The genetics of focal and segmental primary dystonia is less clear. Focal 

dystonia is the most common form of primary dystonia and the majority of cases 

appear to be sporadic. There is evidence for genetic factors in some cases of 

focal dystonia with some families exhibiting autosomal dominant inheritance

123



(Micheli et al 1994). A genetic study of index cases found affected relatives in 

25% of cases ( Waddy et al 1991, and reviewed in Warner and Jarman 1998). 

Linkage to chromosome 18p has been found in a large German kindred with 

adult onset cervical dystonia and spasmodic dysphonia (Leube et al, 1996).

4.1.4 Mitochondrial dysfunction in dystonia

A number of mutations in mitochondrial proteins have been found linked to 

dystonia. A specific G14459A missense mutation in the mtDNA complex I gene, 

ND6, has been linked to maternally inherited dystonia and Leber’s hereditary 

optic neuropathy (LHON) (Jun, Brown and Wallace 1994). Cells from patients 

containing this mutation have a 55% reduction in complex I activity (Jun et al 

1996). Recently a mutation in a nuclear DNA gene encoding a protein involved 

in the import of mitochondrial inner membrane carrier proteins has been 

associated with dystonia (Koehler et al 1999). This disorder is the X-linked 

Mohr-Tranebjaerg syndrome, which presents in early childhood with deafness 

and then dystonia, spasticity, mental deterioration and cortical blindness. Those 

patients who develop dystonia exhibit progressive degeneration of the basal 

ganglia, corticospinal tracts and brain stem. The gene responsible for Mohr- 

Tranebjaerg syndrome was identified through a patient with a deletion of the 

locus. The identity of the gene was identified in two additional families harbouring 

deletions. This gene, designated DFN-1, generates a 1167bp cDNA encoding a 

97-amino acid, IlkD a polypeptide, named DDP1 (Koehler et al 1999). DDP1 

was found to be a protein involved in the importing of mitochondrial proteins by 

transporting proteins through the mitochondrial outer membrane transport 

complex (TOM) and into the intermembrane space (Koehler et al 1999). Hence 

the deafness and dystonia associated with Mohr-Tranebjaerg syndrome is due to 

a defect in the importing of proteins into the mitochondria with consequent 

mitochondrial dysfunction. As yet there is no published biochemical analysis of 

these patients. This raises the possibility that nDNA encoded mitochondrial 

genes may therefore be responsible for other types of dystonia or that 

mitochondrial dysfunction in general can give rise to dystonia (Wallace and 

Murdock 1999).

The first reported evidence of a biochemical mitochondrial respiratory chain 

defect in primary dystonia was from a study by Benecke and colleagues who 

found decreased complex I activity of the mitochondrial respiratory chain in
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platelets from patients with focal, segmental and generalised primary dystonia 

with a direct correlation between disease severity and complex I dysfunction 

(Benecke et al 1992). They found that patients with generalised or segmental 

dystonia had a mean reduction of 62% in complex I activity and patients with 

focal dystonia had a mean reduction of 37%. In a separate study the complex I 

defect was confirmed in platelets from patients with sporadic focal dystonia ( a 

mean reduction of 21% in patients) but was found to be not significantly different 

from controls in the generalised dystonia group linked or not to 9q34 (Schapira et 

al 1997). These results suggest that a mitochondrial complex I defect in sporadic 

focal dystonia may contribute to the pathogenesis of this disorder.

Abnormal platelet complex I activity could be caused by a circulating toxin, down 

regulation of protein expression or by a genetic mutation. Complex I is the largest 

of the respiratory chain proteins. Seven proteins of its 41 subunits are encoded 

by the mitochondrial genome, the remainder by nuclear DNA. It is possible to 

differentiate between nuclear and mitochondrial DNA (mtDNA) causes of MRC 

dysfunction by fusing enucleated cells (fibroblasts, myoblasts) or platelets, with 

cells devoid of mtDNA (p°)(section 1.1.5). The fusion of platelets with p° cells has 

been used to study the MRC defects observed in platelets from patients with 

MERRF (Chomyn et al, 1994)(section 1.2.1.3), and Parkinson’s disease 

(PD)(Swerdlow et al 1996, Gu et al 1998). In the latter two studies a different 

methodology was used (Swerdlow et al 1996, Gu et al 1998). This involved 

mixing the entire population of cybrid clones generated from each patient and 

biochemical analysis being performed on the entire cybrid population. Platelets 

from the patients and controls are fused with p°cells and the entire cybrid 

population from the fusion is grown together for 5-6 weeks resulting in mixed 

cybrid clones. This contrasts with single clonal cybrid analysis in which individual 

cybrid clones from one fusion are picked and analysed individually. With mixed 

cybrid analysis a large number of individuals are studied; with single clonal 

analysis many single clones from one patient are studied. In the study by Gu et 

al (1998) eight pre-selected PD patients with a mean 24% deficiency of complex 

I in platelets were studied. Both mixed cybrid analysis and individual cybrid 

analysis were performed. Analysis of the PD fusions provided evidence for a 

mtDNA defect underlying the complex I defect in these patients. The mixed PD 

fusion clones had a 25% decrease in CS corrected complex I activity. There was 

a significant correlation between an individual control or patient’s complex I
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activity and their cybrid complex I activity. The analysis of the individual clonal 

lines produced a mean 25% decrease in complex I. This same combined 

deficiency had been seen in the original PD patients from whom the individual 

clones derived. Mixed cybrid analysis has been used by Swerdlow et al (1996) to 

also demonstrate that the complex I defect in PD appears to be determined by 

mtDNA. They fused platelets from 24 patients with PD (with a mean 20% 

complex I defect) with neuroblastoma p° cell lines. Analysis of their mixed cybrids 

demonstrated found that the complex I defect was maintained (Swerdlow et al

1996).

4.1.5 Aim of dystonia cybrid study

In this study we fused the platelets from the original group of patients with 

sporadic focal dystonia and a mean 21% complex I defect reported by Schapira 

et al (1997) with A549p° cells, to form cybrids. Both mixed and individual clonal 

cybrid analysis was performed to examine the molecular basis of the complex I 

deficiency in sporadic focal dystonia.
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4.2 - Materials and Methods

4.2.1 Patients

Nine patients with sporadic focal dystonia and a complex I defect of 21% 

previously reported were studied (Schapira 1997), Patients had either cervical 

dystonia (n=8) or writer’s cramp (n=1). Controls (n=9) were age and sex matched 

(mean patient age 44.5 years, mean control age 46 years). All were non-smokers 

except one patient and one control. None of the patients or controls were on any 

drugs known to influence platelet mitochondrial function.

4.2.2 Experimental outline

Platelets from 9 patients and 9 controls were prepared (section 2.2.5.3) and 

fused with A549p° cells (section 2.2.5.3). The fused cells from each patient and 

control were plated onto three 10cm culture dishes in standard growth medium. 

After 3 days the mixed cybrids were transferred into selection medium, and 

grown for 4-6 weeks to obtain sufficient cells to prepare a mitochondrial enriched 

fraction for analysis of mixed cybrid lines (section 2.2.5.3). Thus the mixed cybrid 

lines were continuously grown in selection media allowing only fused cybrids to 

grow. A control plate of A549p° cells grown in selection medium died completely 

within one week.

To establish individual clonal cybrid lines the procedure was identical except the 

fused cells were plated at lower density (10 XI 0cm plates) and after 3-4 weeks in 

selection medium individual growing clones were ring-cloned (section 2.2.5.4) 

and grown in standard growth medium supplemented with pyruvate and uridine. 

Ten clones from each of two patients (with the lowest platelet complex l/CS ratio) 

and two matched controls were analysed.

Mitochondrial enriched fractions were prepared from 15 confluent plates (40- 

45x10® cells)(section 2.6) and assayed for complex I and citrate synthase 

activities at 30°C (section 2.5). The activities from patients and controls were 

compared using the Mann-Whitney U test.
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4.3 - Results

The platelet MRC activities of the 9 patients studied here have been reported 

previously (Schapira et al 1997). The mean platelet complex l/CS ratio in these 9 

patients was decreased 21% (p<0.003). Following fusion and cybrid growth, 

complex I activities were determined and the results expressed as a ratio with 

CS. There is evidence of variation in the complex l/CS ratios between cybrids but 

in both the mixed cybrid (Fig 4.1 A) and clonal cybrids (Fig 4.IB) the values for 

the dystonia cybrids fell within the control range. Grouping the data there was no 

significant difference in the complex l/CS ratios in either the mixed cybrids 

(dystonia 1.15 ± 0.51 n= 9 , control 0.97 ± 0.53 n=9) or the clonal cybrids 

(dystonia 1.32 ± 0.55 n=20, control 1.23 ± 0.68 n=20).
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Fig 4.1 A Complex l/CS ratios for mitochondrial enriched fractions isolated from the 
control and individual patient mixed cybrid lines. Each line was assayed in triplicate 
from three separate mitochondrial preparations.
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Fig 4 .1 B Complex l/CS ratios for mitochondrial enriched fractions isolated from the 
control and dystonia clonal cybrid lines: 10 clonal lines were assayed from each of 
the two controls and patients. There was no difference in clonal values between the 
two patients and controls.



4.4 - Discussion

The 21% deficiency in complex l/CS ratio observed in the platelets from patients 

with sporadic focal dystonia was not detectable in the any of the A549p°/dystonia 

cybrids whether from mixed or clonal cybrids. The rationale behind p°/platelet 

cybrid experimentation suggests that while the maintenance of a biochemical 

defect in the cybrids is virtually diagnostic of a mtDNA mutation in the patients’ 

platelets, the absence of the biochemical defect in the cybrids could be explained 

by three mechanisms. A heteroplasmic mtDNA mutation present in the focal 

dystonia platelets could have caused the original complex I defect. In the cybrids 

generated, this mtDNA mutation may have fallen below a critical threshold 

required to give the biochemical deficiency. Alternatively the novel nuclear 

environment of the cybrids complementing the previous complex I deficiency 

could indicate that the mitochondrial defect in focal dystonia was caused by a 

nuclear gene mutation. A third possibility is that a toxin, endogenous or 

exogenous, circulating in the patient’s blood or bone marrow, was responsible for 

the platelet complex I defect. Each of these possibilities will be discussed.

The threshold of mutant mtDNA required to give abnormaf-MRC function has 

generally been shown to be relatively high (>90%) for the A3243G and A8344G 

mutations (Chomyn et al 1992, 1994). Several studies have shown cybrids 

generated from cells with a known mtDNA mutation can give rise to cybrid clones 

with variable levels of mutant mtDNA which may be influenced by the nuclear 

background of the p° cells (Dunbar et al 1996, Chomyn et al 1992). Although it 

has not been shown what generally happens to the level of mutant mtDNA in 

mixed cybrid lines, the generation of individual clonal cybrids has two advantages 

in this respect. It allows more independent cell lines to be analysed per patient 

studied, and also encourages cells with higher levels of mutant mtDNA to grow 

by switching to supplemented medium at a much earlier stage. By growing the 

individual clonal lines we would therefore increase the chances of selecting 

cybrids with >90% mutant mtDNA thus revealing any biochemical defect if 

present. In support of this, A549p° cells fused with platelets from a patient with 

A3243G mutant mtDNA resulted in many cybrid clones generally with a much 

higher mutant load than the original platelets (Gu 1998, PhD thesis). Platelets 

from a patient harbouring the A3243G mtDNA mutation with 15% mutant load 

were fused with A549p° cells and 41 individual cybrid clonal lines analysed. Many 

of the cybrids (n=26) had more than 30% A3243G mutant mtDNA and two had
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90% mutant mtDNA. These results clearly show amplification of mutant mtDNA 

in this system (Gu 1998, PhD thesis). If there were a biochemical defect in the 

platelets due to mutant mtDNA (which would have to be at a level of >90% for 

the biochemical defect to be expressed, as discussed above) then this defect 

would remain or increase in a percentage of the clonal cybrids. Consequently the 

normal complex I function in all the clonal cybrids (n=20) from the dystonia 

patients indicate that a decrease in mutant mtDNA was unlikely to be the cause 

of the normal complex I function in the clonal cybrids. However it is also useful 

and important to perform mixed cybrid analysis for a number of reasons. Many 

more patients can be studied simultaneously whereas only one or two patients at 

a time can be analysed by individual clonal analysis. Mixed clonal analysis is 

much quicker and less labour intensive not requiring ring cloning of individual 

colonies. But mixed clonal analysis cannot be performed in isolation because if 

the resulting cybrids show normal mitochondrial activity then it may be that faster 

growing ‘normal’ cybrids have overgrown the slower growing ‘mutant’ cybrids. 

Analysis of individual clonal cybrids overcomes this possible problem and allows 

a more accurate study.

The normal complex l/CS ratios in both the clonal and mixed cybrids in this study 

contrasts with the abnormal complex l/CS ratios maintained in both mixed and 

clonal cybrids generated from the fusion of A549p° cells and platelets from PD 

patients which used exactly the same A549p° cells and methodology (Gu et al

1998). As discussed in the introduction to this chapter, Gu et al (1998) used 

both mixed and single clonal analysis to demonstrate that the complex I defect in 

PD appears to be determined by mtDNA because the biochemical defect was 

maintained in all the cybrids studied (Gu et al 1998). Comparison with the PD 

studies not only implies a mtDNA mutation is unlikely to be present in the 

dystonia patients but also helps validate the use of these techniques with these 

A549p° cells.

It is possible that a toxin, endogenous or exogenous, circulating in the patient’s 

blood or bone marrow, was responsible for the platelet complex I defect in the 

dystonia patients. Platelets are not necessarily reflective of events occurring in 

the basal ganglia but they are an easily available and non-invasive source of 

cells from patients. It is of interest that a defect in complex I is found in both PD 

patients’ platelets as well as in their substantia nigra (Schapira 1998). It is not yet
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known whether the complex I defect occurs in the basal ganglia or other areas of 

the dystonia brain, or in other peripheral tissues from patients with dystonia. If 

the complex I defect was found in muscle for example, it would make the 

presence of a circulating toxin causing the platelet complex I defect less likely 

and support the role of a nuclear encoded mitochondrial protein defect more 

likely. We are presently studying mitochondrial respiratory chain function in other 

tissues from patients with focal dystonia to assess for the presence of a complex 

I defect.

The cybrid analysis data reported here supports the possibility of a nuclear gene 

defect causing the complex I defect in the sporadic focal dystonia patients. As 

discussed in the introduction to this chapter, the gene responsible for Mohr- 

Tranebjaerg syndrome which results in dystonia and deafness is a nuclear 

encoded mitochondrial carrier protein DDP1. It appears that the deafness and 

dystonia associated with Mohr-Tranebjaerg syndrome is due to a defect in the 

import of carrier proteins into the mitochondria and insertion into the inner 

mitochondrial membrane (Koehler et al 1999). Nuclear gene mutations encoding 

mitochondrial proteins have been identified in a variety of other 

neurodegenerative diseases (section 1.2.2.2) namely Leigh’s syndrome (section

1.2.2.2), hereditary spastic paraplegia (section 1.2.2.2), and Friedrich’s ataxia 

(section 1.2.2.2). It is therefore a possibility that a nuclear encoded mitochondrial 

protein has a pathological role in sporadic focal dystonia. How could a 

mitochondrial defect cause dystonia? Many primary mtDNA disorders result in 

degeneration of the basal ganglia, it is therefore possible that a subtle defect of 

mitochondrial function could disrupt the biochemistry of the basal ganglia and 

result in focal dystonia. It would be of interest to perform MRS on the brains 

of these patients to look for an energetic defect in vivo, and to perform post

mortem biochemical analysis of basal ganglia from dystonia patients if tissue 

became available.
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Chapter 5 - Biochemical abnormalities and excitoxicity in 

Huntington's Disease

5.1 Introduction

George Huntington first described the clinical features of Huntington’s chorea in 

1872. He described a progressive disorder combining behavioural disturbance, 

dementia and chorea. He also astutely noted it was transmitted in an autosomal 

dominant inheritance pattern with complete gene penetrance. This disease has 

an estimated prevalence in North America and Europe of 4-10 out of 100,000 

(Folstein 1989).

5.1.1 Clinical Features

Symptoms usually begin in the fourth or fifth decades of life, with about 10% of 

cases presenting in childhood or adolescence (juvenile HD) or in the sixth or 

seventh decade (Folstein 1989). The disease often presents with psychiatric 

disturbance particularly depression, schizophrenia, or other psychotic disorders. 

There is also a high rate of interpersonal difficulties, marital breakdown, and 

conduct disorders in pre-symptomatic individuals (Harper 1989). Choreiform 

movements can present early or later in the disease course and can affect all 

muscles including the face and ventilatory muscles. Parkinsonian features , in 

particular bradykinesia and dystonia, become common as the disease 

progresses. Oculomotor function is abnormal and common features include slow 

and hypometric saccades, saccadic pursuit, convergence paresis, and gaze 

impersistence. Orolingual and manual dyspraxia is common, and later in the 

course of the disease, global dementia occurs (Harper 1989). A small number of 

patients present with an akinetic-rigid syndrome (Westphal variant) instead of 

chorea. Action tremor or myoclonus is occasionally present. There are other 

clinical subgroups including those with neurological features and no psychiatric 

features and vice versa. Death most commonly results from aspiration 

pneumonia, suffocation or dysphagia usually 10-20 years after onset. Suicide is 

also a common cause of death (Harper 1989).

Juvenile HD patients have an earlier onset disease with a more severe prognosis 

with a much shorter life expectancy. The akinetic rigid variant is more common
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in juvenile HD cases, and juvenile HD cases have a much higher incidence of 

seizures (Harper 1989).

5.1.2 Neuropathology of HD

In the early stages of disease the brain can look macroscopically normal but later 

there is marked cortical atrophy with ventricular dilatation. There is severe 

atrophy of the caudate and the putamen to a lesser extent, with atrophy of the 

internal segment of the globus pallidus and substantia nigra pars reticulata. 

Histology reveals neuronal loss and gliosis in the neostriatum. The neuronal loss 

is selective with marked depletion of medium spiny neurones, and relative 

preservation of cholinergic interneurones and medium-size aspiny neurones 

(Kowall et al 1987). The most well recognised neuropathological classification is 

the Vonsattel grade. There are five grades (Vonsattel et al 1985): grade 0, in 

which HD brains show no gross or generalised microscopic abnormalities 

consistent with HD, despite premortem symptomatology and positive family 

history, progressing to grade 4, which shows extreme atrophy (Vonsattel et al 

1985).

5.1.3 Genetics of HD

The HD locus was one of the first disease associated loci to be mapped using 

restriction fragment length polymorphisms (Gusella et al 1983).

This finding allowed pre-symptomatic detection of HD-allele carriers. It also 

showed that HD is a true dominant condition with homozygotes possessing a 

clinical phenotype indistinguishable from heterozygotes (Wexler et al 1987, 

Myers et al 1989). It was 10 years later in 1993 that the gene responsible was 

discovered (The Huntington’s Disease Collaborative Research Group 1993). 

Exon amplification of cosmids in the chromosome 4p16.3 interval yielded 

‘interesting transcript 15’ (IT15) from a novel gene in which an expanded GAG 

repeat size within the predicted open reading frame was associated with HD. The 

IT15 nucleotide sequence and protein product was termed huntingtin. Other than 

the poly GAG tract the gene lacked homology to any known genes. Studies have 

shown there is significant sequence homology of huntingtin across a wide variety 

of mammalian species (Rubinsztein et al 1994). Genomic sequencing of the 

exon-intron boundaries indicated that IT15 spans 180kb and contains 67 exons. 

(Ambrose et al 1994). The predicted open reading frame yields a protein, 

containing 3144 amino acid residues, with a predicted molecular mass of 348kDa
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which has been confirmed by immunoprécipitation studies (Hoogeveen et a! 

1993).

Detailed studies involving large numbers of patients with HD and controls 

showed that the normal huntingtin CAG repeat length is 9-39, with a mean of 18- 

19. HD patients with mutant huntingtin have CAG repeat lengths of 36-121 with a 

mean of 42-46 repeats (Snell et al 1993). Repeat lengths of greater than 40 

virtually guarantees that a patient will develop HD. There are a small number of 

HD patients who are affected clinically but whose repeat length falls between 30- 

40. Rubinsztein et al (1996) studied 178 world-wide patients with HD, and found 

7 patients with 36 repeats (they found no cases with lower number), and 

individuals with 36, 37, 38 and 39 repeats who did not have any signs of the 

disease (all aged >69 yrs old). They describe a 95 year old man with 39 repeats 

who did not have the disease which suggests the gene may not be fully 

penetrant in rare cases.

CAG repeat lengths vary from generation to generation, with both expansion and 

contraction of the number of repeats, but with a tendency for repeat lengths to 

increase (Gusella et al 1993, Zuhlke et al 1993, Kremer et al 1995). The sex of 

the transmitting parent was found to be important in terms of repeat length 

expansion. When transmitted from the mother, repeat length increased or 

decreased about 4 CAG repeat lengths with a tendency to increase. When 

transmission occurred through the father there was a much larger expansion with 

up to a doubling of paternal repeat length, with expansions occurring much more 

than contractions (Gusella et al 1993, Zuhlke et al 1993, Kremer et al 1995). 

These sex dependant effects implicate different effects of gametogenesis, in 

males versus females, on intergenerational CAG repeat stability. The instability 

of the CAG expansion with the tendency to expand during transmission underlies 

the phenomenon of anticipation. Genetic anticipation describes the increasing 

severity of an inherited disease during intergenerational transmission and is a 

hallmark of HD and other trinucleotide repeat disorders.

There is a direct correlation between the CAG repeat size, the age of onset of 

the disease and the severity of the phenotype such that the larger the size of the 

repeat, the earlier the onset and the more severe the phenotype. (Snell et al 

1993, Duyao et al 1993, Brandt et al, 1996). Most individuals with greater than 50
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repeats develop the disease before the age of 30. It has also been found that 

the CAG repeat number appears to directly govern the development rate of 

neuropathological changes (Penney et al 1997) with more rapid degenerative 

changes seen with longer CAG repeat lengths which probably explains the 

earlier onset and more severe phenotype with longer CAG repeats.

5.1.4 Other polyglutamine triplet repeat disorders

Molecular genetic studies to date have identified nine neurodegenerative 

diseases caused by inheritance of an expanded CAG repeat encoding a 

polyglutamine tract. They are all autosomal dominant except spinal-bulbar 

muscular atrophy which is X-linked. These diseases are HD, dentatorubropallido- 

Luysian atrophy (DRPLA) (Koide et al 1994, Nakafuchi et al 1994), spinalbulbar 

muscular atrophy (SBMA) or Kennedy’s disease (Nakamura et al 1993, LaSpada 

et al 1991), spinocerebellar ataxia (SCA) type 1 (Orr et al 1993, Banfi et al 1994), 

type 2 (Imbert et al 1996, Pulst et al 1996), type 3 (Kawaguchi et al 1994), type 6 

(Zhuchenko et al 1997), type 7 (David et al 1997) and type 12 (Holmes et al 

1999). With the exception of SBMA (androgen receptor) and SCA 6 (alpha 

subunit of a Purkinje-cell-specific-calcium channel) the proteins are ubiquitously 

expressed and of unknown function. These CAG triplet repeat disease all cause 

neurodegeneration of a specific subset of neurones (Table 5.1) and present with 

particular clinical phenotypes (Table 5.1). with each disease being associated 

with a different pathological CAG repeat size (Table 5.1). Neuronal intranuclear 

inclusions (Nils) are a feature of many of these diseases (except SCA 2, 6 and 

12) which are composed of all or part of the specific mutated protein and 

ubiquitin (see 5.1.7.6). Cloning of the SCA12 gene is very recent and to date no 

data on Nils is available.
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Table 5.1 - NEUROLOGICAL DISEASES CAUSED BY UNSTABLE EXPANDED CAG REPEATS

DISORDER PROTEIN NORMAL REPEATS MUTANT REPEATS MAIN SITE OF 
PATHOLOGY**

PREDOMINANT 
CLINICAL FEATURES

HD Huntingtin 11-36 37-120 Corpus striatum, cortex Chorea, dementia
SBMA Androgen receptor 11-33 40-62 AHC, BSMN Muscular atrophy, bulbar 

palsy, hypogonadism
SCA1 Ataxin 1 25-36 41-81 Cerebellar Purkinje cells, 

Inferior olive, BSMN
Ataxia, opthalmoplegia, 
pyramidal signs

SCA2 Ataxin 2 15-24 35-59 Cerebellar Purkinje cells. 
Inferior olive, BSMN

Ataxia, hyporeflexia,
supranuclear
opthalmoplegia

SCA3 Ataxin 3 13-36 62-82 Dentate nucleus, AHC, 
DRG, SN

Ataxia, parkinsonism, 
muscular atrophy

SCA6 Ataxin 6* 4-16 21-27 Cerebellar Purkinje cells. 
Inferior olive

Pure cerebellar ataxia

SCA7 Ataxin 7 7-17 38-130 Retina, Cerebellar 
Purkinje cells

Ataxia and pigmentary 
macular dystrophy

SCA 12 Ataxin 1 2 7-28 66-78 No data Cerebellar ataxia, 
abnormal eye 
movements

DRPLA Atrophin 7-25 49-85 Dentate nucleus, red 
nucleus, STN, SN, 
Globus pallidus

Ataxia, myoclonus, 
chorea, epilepsy, 
dementia

* ttia-subunit of a voltage-dependent calcium channel. Allelic disorder w ith episodic ataxia 2 and familial hemiplegic migraine * *  More widespread pathology occurs In Individuals 
with longer repeat numbers. AHC-Anterlor horn cell, DRG-Dorsal root ganglia, SN-SubstantIa nigra, BSMN- braln-stem motor nuclell, STN-Subthalam Ic nucleus



The mechanism of pathogenesis of these disorders is still unknown but it is 

possible that there is a common molecular event by which each of the 

polyglutamine expanded proteins elicit toxicity to the specific population of 

neurones in each disease.

5.1.5 Huntingtin expression and localisation

Initial northern analyses of gene expression indicated that the 10.5kb IT15 

transcript was expressed throughout the brain (The Huntington’s Disease 

Collaborative Research Group 1993). Further analysis with in situ hybridisation 

in rat and human tissues has shown that IT15 transcripts are expressed widely in 

both neural and non-neural tissues with relatively high expression in neurones, 

testes, ovaries, and lung (Strong et al, 1993). There was no qualitative difference 

seen in expression between different brain regions and different neuronal 

subtypes. Thus there is no correlation between transcript expression and 

neuropathological changes.

The intracellular localisation of huntingtin is still somewhat controversial 

(Petersen et al 1999). Hoogeveen et al (1993), in an immunohistochemical study 

using antisera directed against the C-terminus of huntingtin, demonstrated that 

huntingtin is localised to both the cytoplasm and nucleus in neurones from HD 

patients. In contrast in non-neural tissue they found it localised to the cytoplasm. 

To study expression of normal and mutant huntingtin protein Trottier et al 

developed a panel of monoclonal antibodies against different regions of 

huntingtin. The 102 antibody was able to distinguish between normal and 

expanded CAG repeat lengths with much stronger affinity for the expanded 

polyglutamine length (Trottier et al 1995a). They found widespread expression in 

HD neural and non-neural tissue. In neural tissue from post-mortem HD brain 

they found expression primarily in nerve fibres and varicosités and in some cell 

bodies (Trottier et al 1995a). DiFiglia et al showed in 1995, also using 

immunocytochemistry, that in normal human brain, huntingtin is present in the 

cytoplasm of neuronal somata, dendrites and axons. More recently Gourfinkel et 

al (1997) demonstrated that mutant huntingtin is only present in neuronal 

perikarya and proximal nerve processes but not in nerve endings. Using sucrose 

density gradients, Di Figlia's group (1995) revealed that huntingtin is found in 

vesicle-enriched fractions. It has also been demonstrated that huntingtin is 

associated with cytoplasmic granules, resembling multivesicular bodies.
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organelles involved in protein transport and degradation in some HD cortical and 

striatal neurones (Sapp et al 1997). In addition other studies have indicated that 

huntingtin associates with microtubules. These findings indicate a possible role 

for huntingtin, directly or indirectly, in vesicle trafficking (Aronin et al 1999). 

Further support for this concept is provided by findings showing that both mutant 

and normal huntingtin associates with clathrin-coated vesicles in the Golgi 

network, cytoplasm and the plasma membrane (Velier et al 1998). Importantly, 

Di Figlia et al (1997) demonstrated that in HD patients there is an N-terminal 

fragment of mutant huntingtin in neuronal intranuclear inclusions and in 

dystrophic neurites indicating that there may be proteolytic cleavage and 

processing of mutant huntingtin that does not occur in normal brains and this 

subject is discussed in section 5.1.7.6 .

5.1.6 Normal function of huntingtin

The absence of major homology between huntingtin and other proteins means 

that there are no clues to its normal function. From studies on IT15 homologues 

in mouse, rat and pufferfish the gene seems highly conserved through evolution 

(Sharp and Ross 1996). This high degree of preservation suggest that huntingtin 

must normally have an important cellular function. To examine the normal 

function of huntingtin a number of studies have focused on targeted disruption of 

the homologous gene in mice (Hdh). The studies have used different 

approaches, targeting disruptions in exon 5 (Nasir et al 1995), exon 4 (Duyao et 

al 1995) and the promoter region (Zeitlin et al 1995). All their experiments 

showed that the protein is functionally indispensable to development because 

nullizygous embryos (embryos with targeted disruption of both Hdh genes) were 

developmentally retarded and died in utero. Nasir et al (1995) also generated a 

heterozygous mouse with a normal Hdh allele and an allele with the exon 5 

disruption as described above. These mice expressed a 20kDa truncated N- 

terminal Hdh protein from the allele with the exon 5 disruption, as well as one 

copy of the normal allele (Nasir et al 1995). The mice appeared normal with no 

overt nervous system dysfunction. However on specific behavioural tests they 

showed abnormalities of cognition and motor activity similar to animals with 

lesions of the striatum. In addition, quantitative analysis of two of the animals 

suggested fewer neurones in the globus pallidus and decreased size of the 

subthalamic nucleus. These results would suggest that huntingtin is important for 

normal development of the basal ganglia (Nasir et al 1995). Another
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heterozygote mouse model with a normal Hdh allele and an allele with a 

disrupted exon 4, did not express the 20kDa N-terminal truncated protein, and 

appeared to show no abnormalities in the heterozygous animals (Duyao et al 

1995). Therefore normal huntingtin is crucial for neural development but the 

exact function is as yet unknown.

5.1.7 Pathogenic mechanisms in HD

5.1.7.1 Evidence for a toxic “gain of function”

The dominant mechanism whereby the polyglutamine expansion causes disease 

is unknown. Three general mechanisms have been used to explain the 

pathogenesis of diseases with autosomal dominant inheritance (Aronin et al

1999): i) the mutated gene might not be transcribed resulting in a decrease in 

active protein to levels insufficient to perform important cellular functions; ii) a 

protein might be translated but be unable to perform its activities, or block the 

activity of the wild-type protein (dominant negative effect); iii) the protein may 

change its function or gain a new toxic function (Aronin et al 1999). Several 

important observations suggest that the HD mutation causes disease by a toxic 

“gain of function”. Firstly the mutation does not inhibit transcription or translation 

of the HD gene as mutant huntingtin can be detected on Western blots of protein 

isolated from both brain and peripheral tissues (Trottier et al 1995a) thereby 

indicating there is not loss of the protein or mRNA. Secondly there is no 

indication that patients homozygotic for mutated IT15 develop the disease earlier 

or exhibit faster progression (Wexler et al 1987), implying that the presence of a 

normal gene is not important. Thirdly, in rare genetic mutations, individuals with 

deleted IT15 gene have been identified and they do not exhibit any symptoms of 

HD (Peterson et al 1999). A dominant negative effect of mutant huntingtin is 

very unlikely because HD homozygotes are indistinguishable from their 

heterozygous siblings (Wexler et al 1987). Therefore a gain of function 

mechanism is likely in which the defect confers a novel CAG length-dependant 

property that leads to the death of specific neuronal cells. It is not yet known how 

huntingtin acquires toxic properties when the number of CAG repeats reaches 37 

or more. It may be that mutant huntingtin interacts with other proteins resulting in 

toxicity, or that mutant huntingtin itself interferes with a vital neuronal function 

such as ATP production. The HD mutation confers a new property on huntingtin 

that is specifically deleterious to specific target neurones, and is likely to be
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subtle given the relatively late age of onset and long time course of the disorder 

(Macdonald and Gusella, 1996).

How specific neuronal death occurs in HD is not known although there is support 

for a variety of pathogenic processes. There is however no clear definite role for 

any individual process and it is possible that all the pathogenic processes to be 

discussed are contributory in some way. The remainder of this introduction will 

review all the known proposed pathological mechanisms contributing to cell 

death in HD: i) the known huntingtin interacting proteins; ii) the evidence for 

excitotoxicity and impaired energy metabolism in HD; iii) the role of protein 

aggregation in the pathogenesis of the disease and the use of transgenic mice 

and cell culture models of HD.

5.1.7.2 Huntingtin interacting proteins

As discussed the regional pattern of expression of the IT15 gene cannot explain 

the selective neuropathology in HD. It is likely that medium spiny neurones 

possess certain properties making them vulnerable to damage induced by 

expanded polyglutamine lengths. This concept has stimulated a search for 

huntingtin-associated proteins which could be selectively expressed in the 

striatum, or selectively interact with huntingtin in the neurones that die in HD. 

Using the yeast two hybrid system a number of huntingtin interacting proteins 

have been discovered (Table 5.2).

HAP-1

In 1995, Li and colleagues (Li et al 1995) were the first to identify a protein that 

binds to huntingtin which they named HAP1 (huntingtin-associated protein). The 

binding was enhanced by an expanded polyglutamine repeat, it was found 

enriched in the brain and is implicated in intracellular protein trafficking (Li et al 

1995). Within the human striatum, there seems to be a heterogeneous 

distribution of HAP-1 (Ferrante et al 1997). It is found in both medium spiny and 

aspiny neurons, but not in glial cells (Ferrante et al 1997) and a higher content of 

HAP-1 is seen in the medium spiny neurons which die first in HD (Ferrante et al

1997). Both huntingtin and HAP-1 are transported in both anterograde and 

retrograde directions in neurons and are therefore thought to be involved in 

vesicle trafficking (Block-Galarza et al 1997).
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GAPDH

In 1996 Burke et a! (Burke et a! 1996) found that glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) binds to both normal and mutated huntingtin. 

Increased affinity for GAPDH was found with expanded polyglutamine lengths 

and cleaved N-terminal fragments of the full-length protein (Burke et al 1996). 

Interestingly, GAPDH also binds to other polyglutamine containing proteins such 

as ataxin 1 (Koshy et al 1996), atrophin (Burke et al 1996) and the androgen 

receptor in SBMA (Koshy et al 1996), indicating a possible role in these 

diseases. GAPDH has an essential role in glycolysis, and abnormal energy 

metabolism is considered to be involved in the pathogenesis of neuronal loss in 

HD (see 5.1.7.4). An interesting animal experimental finding is that intrastriatal 

injection of the GAPDH inhibitor iodoacetate produces striatal lesions that are 

attenuated by removal of the corticostriatal glutaminergic input, suggesting an 

excitotoxic mechanism (M atthew s et al 1997).

Furthermore, striatal murine cultures have been shown to more sensitive to cell 

death induced by the GAPDH inhibitor a-monochlorohydrin, with a selective 

sparing of NADPH diaphorase neurons as occurs in HD (Sheline and Choi 1998). 

These findings support the theories of excitotoxicity and altered energy 

metabolism in HD which is discussed in section 5.1.7.3. In addition to its role in 

glycolysis, GAPDH also binds to RNA, ATP, actin and tubulin (Peterson et al 

1999). A mutation in GAPDH is known to alter endocytosis in Chinese hamster 

ovary cells (Robbins et al 1995), and as huntingtin has been suggested to 

function in vesicle transporting as discussed above, it is possible that an 

interaction between GAPDH and mutant huntingtin may alter important cellular 

transport systems (Peterson et al 1999).

HIP-1

HIP-1 (huntingtin interacting protein) was isolated by two groups (Wanker et al 

1997, Kalchmann et al 1997). It is a human homolog of Sla2p, a protein essential 

for function of the cytoskeleton in Saccharomyces cerevisiae, with the possibility 

that, in HD, there could be a loss of normal huntingtin-HIPI interaction which 

could contribute to a defect in membrane-cytoskeletal integrity in the brain 

(Kalchmann et al 1997). Contrary to the binding between HAP-1 and huntingtin, 

the degree of HIP-1 interaction with huntingtin is inversely correlated to the 

length of the polyglutamine stretch.
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HIP-2
HIP-2, described in 1996 by Kalchmann et al, is the hE2-25K ubiquitin- 

conjugating enzyme (HYPG) which is involved in protein turnover and cellular 

regulation (Kalchman et al 1996). In contrast to HAP-1, there is no correlation 

between the extent of binding of HIP-2 and the length of the polyglutamine tract 

in huntingtin (Kalchman et al 1996). The HIP-2 enzyme is highly expressed in 

brain, including regions affected in HD. Mutant huntingtin itself is ubiquinated 

(Kalchman et al 1996), and degradation of ubiquinated proteins may play a role 

in HD pathogenesis. Notably, there is a report describing ubiquitin positive 

neurites in HD (Cammarata et al 1993), and the N-terminal fragments of mutant 

huntingtin in the neuronal intranuclear inclusions and dystrophic neurites in HD 

brain as described by DiFiglia et al are ubiquinated (DiFiglia et al 1997).

Calmodulin
Bao and colleagues demonstrated in 1996 that huntingtin can form a complex 

with calmodulin (Bao et al 1996). This interaction is normally Ca^* dependant, but 

when huntingtin has an expanded polyglutamine repeat, it occurs even in the 

absence of Ca^" (Bao et al 1996). The association between mutant huntingtin 

and calmodulin could suggest a role for excitotoxic mechanisms in HD 

pathogenesis (section 5.1.7.3). Thus NMDA receptor activation leading to 

activation of nNOS by the calmodulin/ Câ "̂  associated phosphatase, calcineurin 

(section 1.3.2.1) may be enhanced by the binding of huntingtin to calmodulin.

Cystathlone ^-synthase (CBS)
Boutell et al (1998) described a specific interaction between the N-terminus of 

normal and mutant huntingtin with cystathione p-synthase (CBS) (Boutell et al 

1998). The interaction was not polyglutamine repeat length dependant. 

Homocysteine, one of the substrates of CBS, is known to accumulate in 

homocystinuria and is metabolized to homocysteate and homocysteine 

sulphinate, both known to be powerful excitotoxic amino acids which again is 

interesting in the context of excitoxicity and HD pathogenesis (Boutell et al

1998)(section 5.1.7.3). However there is no evidence to suggest that 

homocysteine levels are increased, or that CBS activity is reduced, in HD brain.
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Table 5.2 PROTEINS INTERACTING WITH HUNTINGTIN (see text for individual details)

PROTEIN ABBREVIATION LOCALISATION IN THE BRAIN PRESUMED FUNCTION

HAP-1 Cytoplasm and synaptic vesicles Synaptic vesicle transportation

GAPDH Nucleus and cytoplasm Energy metabolism - glycolysis

HIP-1 Cytoplasm membrane associated Cytoskeletal protein

HIP-2 Nucleus and cytoplasm Ubiquitin-conjugating enzyme

CALMODULIN Cytoplasm Interaction w ith nNOS

CYSTATHIONE-p-SYNTHASE Cytoplasm Catalyses formation of cystathione

HYPA, HYPB, HYPG (WW domain 
proteins)

?Nucleus and cytoplasm Non-receptor signalling, protein 
degradation and pre-mRNA splicing



HYPA. HYPB and HYPC

Recently Faber et al (1998) have described the interaction of huntingtin’s N- 

terminus with a family of three WW domain proteins named HYPA, HYPB and 

HYPC (Faber et al 1998). The interaction is mediated by huntingtin’s proline rich 

region and is enhanced by lengthening the adjacent glutamine tract. The WW 

domain is a small globular domain which is composed of 38-40 amino acids and 

is involved in mediating protein-protein interactions (Sudol 1996). The name 

refers to one of the distinguishing features of the domain: the presence of two 

highly conserved tryptophan residues (W) which are spaced 20-22 amino acids 

apart (Sudol 1996). This domain has been found in a wide range of structural, 

regulatory and signalling proteins (Sudol 1996). The exact function of HYPA, 

HYPB and HYPC is not known but the finding of this class of proteins as 

huntingtin interactors extends the range of huntingtin interacting proteins and the 

authors suggest that a WW domain process such as protein degradation may 

participate in HD pathogenesis (Faber et al 1998).

5.1.7.3 Excitotoxicity in HD

The expression excitotoxicity was coined in 1969 as a description of the 

neurotoxic effects of excitatory amino acids (section 1.3.2.1). The first 

observation that excitoxicity may play a role in HD was made by Coyle and 

Schwarz and by the McGeers in 1976. They observed that intrastriatal injections 

of the glutamate analogue kainate resulted in striatal lesions that were very 

similar to HD. At the site of the injection, the striatum is depleted of neurones, 

while afferent fibres to the striatum, non-neuronal cells such as glia and the large 

striatal interneuornes were spared (Coyle and Schwarz 1976). This led to the 

suggestion that glutamate may play a central role in HD pathogenesis.

Lesions with NMDA agonists, such as quinolinic acid, provide a neurochemical 

model that even more closely mimics the alterations observed in HD striatum 

(Table 5.3)(Schwarz et al 1983, Beal et al 1986, 1989). In rats, motor 

hyperactivity, learning deficits, and reduction in striatal glucose metabolism are 

seen (Sanberg et al 1978, Sanberg et al 1989). In primates, quinolinic acid 

induced excitotoxic lesions result in chorea induced by dopamine agonists (Beal 

et al 1989, Storey et al 1994). Similar to HD, quinolinic acid selectively spares 

striatal interneurones containing somatostatin, neuropeptide Y (Beal et al 1989) 

and NADPH diaphorase (Koh, Peters and Choi 1986). There is also
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degeneration of the medium-sized GABAergic spiny efferent neurones projecting 

from the striatum to the globus pallidus and pars reticulata of the SN as occurs in 

HD (Beal et al 1989). These findings demonstrate that experimental quinolinic 

acid lesions in animals can serve as a model of HD supporting a role for 

excitotoxicity in HD.

Some studies on HD patients also support the role of excitoxicity in HD. 

Increased striatal glutamate levels have been found in HD caudate (Taylor- 

Robinson et al 1996), and NMDA receptors are depleted in HD striatum to a 

greater extent than other neurotransmitter receptors, supporting the notion that 

the cell that die in HD have a higher density of NMDA receptors (Young et al 

1988). The relevance of this latter finding to the pathogenesis of HD is unclear 

however because the distribution of neuronal loss in HD does not correlate to the 

density of NMDA receptors in brain (Wagster et al 1994) and NMDA receptors 

are present in high concentrations in other parts of the brain not affected by the 

disease process. The experimental excitotoxic models discussed and some of 

the human data suggest that NMDA-receptor mediated excitotoxicity may play a 

role in HD but further study is required and in particular the relationship between 

excitoxicity, oxidative stress and mitochondrial dysfunction in the pathogenesis of 

HD.

5.1.7.4 Impaired energy metabolism in HD

There is evidence that defective energy metabolism may be involved in the 

pathogenesis of HD. The first suggestions in support of this hypothesis arose 

from the observation that patients with HD become catabolic (lose weight) 

despite consuming large number of calories per day. Obese patients with HD 

appeared to fare better than lean patients (Myers et al 1981). Since then, studies 

in HD brain using PET have demonstrated glucose hypometabolism in the 

striatum and cerebral cortex (Kuwert et al, 1990, Martin et al 1992). Metabolic 

changes in HD brains have also been observed using MRS with increased 

lactate levels found in occipital cortex and basal ganglia of HD patients (Kuwert 

et al 1990, Jenkins et al 1993, 1998). However others have not found an 

abnormality in HD brain using MRS studies (Hoang et al 1998). Studies of HD 

CSF have shown an elevated lactate/pyruvate ratio suggesting defective 

mitochondrial function (Koroshetz et al 1997). In this study they showed that 

treatment of HD patients with coenzyme Q10, an essential cofactor of the
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mitochondrial respiratory chain, resulted in significant decreases in cortical 

lactate concentration which reversed following withdrawal of therapy. In the 

same study they found elevated inorganic phosphate levels in HD muscle 

suggesting defective oxidative phosphorylation in muscle, a tissue not affected 

clinically in the disease (Koroshetz et al 1997). This finding provided evidence for 

a generalised energy defect in HD and possibly a direct link between the 

presence of mutant huntingtin and defective mitochondrial function outside the 

CNS. Arenas et al (1998) measured mitochondrial respiratory chain activity in 

HD muscle and found a variable defect (25% - 63%) of complex I activity in four 

HD patients, and on muscle biopsy they had enlarged mitochondria with 

abnormal cristae (Arenas et al 1998) supporting a defect of energy metabolism in 

HD muscle, however there are no other reports of MRC activity in HD muscle.

Biochemically there is evidence of impaired mitochondrial function in HD brain. 

In 1990 Mann and colleagues reported a severe (77%) decrease in complex 11/111 

activity in HD caudate nucleus from 4 patients (Mann et al 1990). Expanding this 

early study to 10 patients, Gu et al (1996) found a decrease in complexes II and 

III activity (56%), and a lesser defect of complex IV activity (33%) in HD caudate. 

Browne et al (1997) found the same defect in caudate and putamen but not in 

other regions examined. These observations are supported by toxin models in 

animals using mitochondrial respiratory chain inhibitors. Most work has 

concentrated on malonate and 3-nitropropionic acid (3-NP), which are reversible 

and irreversible inhibitors respectively, of succinate dehydrogenase (complex II 

of the mitochondrial respiratory chain). Chronic low-grade systemic 

administration of 3-NP to rats produced age dependant lesions that closely 

mimicked HD (Brouillet et al 1993, Beal et al 1993a). The lesions appeared to 

involve an excitotoxic mechanism as prior decortication, which removes the 

striatal glutaminergic input, significantly attenuated the lesions. Similar chronic 

administration of 3-NP to primates produced selective striatal degeneration and 

abnormal choreiform movements (Brouillet et al 1995).
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Table 5.3 Similarities between HD striatum and striatal

(see text for details)

HD brain Excitotoxin lesions

Clinical Clinical
Chorea Dopamine-lnducible chorea in
Dementia primates
Decreased striatal glucose Learning deficits
metabolism Decreased striatal glucose
Onset in middle age metabolism

Resistance of immature animals

Histology Histology
Preserved NADPH-dlaphorase Preserved NADPH-diaphorase
neurones neurones'
Preserved parvalbumin neurones Preserved parvalbumin neurones'
Preserved acetylcholinsterase Preserved acetylcholinsterase
neurones neurones
Decreased enkephalin and Decreased enkephalin and
substance P neurones substance P neurones

Neurochemistry Neurochemistry
Decreased GABA Decreased GABA
Decreased substance P Decreased substance P
Decreased enkephalin Decreased enkephalin
Decreased choline Decreased choline
acetyltransferase acetyltransferase
Increased somatostatin Increased somatostatin'
Increased neuropepetide Y Increased neuropepetide Y'
Increased neurotensin Increased neurotensin
Preserved dopamine Preserved dopamine
Increased serotonin Increased serotonin

Receptors Receptors
Decreased NMDA receptors Decreased NMDA receptors
Decreased opiate receptors Decreased opiate receptors
Decreased muscarinic receptors Decreased muscarinic receptors
Decreased GABA, benzodiazepine Decreased GABA, benzodiazepine
receptors receptors
Decreased serotonin receptors Decreased serotonin receptors
Decreased dopamine Dg receptors Decreased dopamine D; receptors
3 Seen with NMDA agonists only. GABA=gamma aminobutyric acid
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In vitro studies on cultured cerebellar granule neurones showed that 3-NP 

treatment resulted in concentration and time dependant neurotoxicity, and its 

toxicity was increased when the cells were exposed to subtoxic doses of NMDA 

agonists implying that the mitochondrial dysfunction results in cell death via 

excitotoxic mechanisms (Weller and Paul, 1993)(see section 1.3.2.2 on MRC 

dysfunction and excitotoxicity). Both NMDA antagonists MK-801 and 2-amino-5- 

phosphonovaleric acid delayed but did not prevent the 3-NP toxicity in the 

cultured cerebellar cells (Weller and Paul, 1993) suggesting excitotoxicity is 

involved in 3-NP toxicity but it is not the only mechanism. Intrastriatal injections 

of malonate in rats produced dose dependant striatal excitotoxic lesions that 

were attenuated by NMDA antagonists (Beal et al 1993b, Greene et al 1993, 

Greene and Greenmayre 1995). The glutamate-release inhibitor lamotrigine also 

attenuated the malonate induced lesions (Henshaw et al 1994) implying an 

excitotoxic mechanism. Malonate induced striatal lesions produced a selective 

loss of the medium spiny neurones in the rat striatum (Greene et al 1993) 

suggesting that the neuronal population that is most affected in HD is particularly 

sensitive to energy impairment.

In humans 3-NP causes a neurological illness similar to HD. In China children 

exposed to 3-NP from a fungal contaminant of sugar cane developed a 

gastrointestinal disturbance followed by encephalopathy and coma, and dystonia 

and choreiform movements upon recovery (Ludolph et al 1991). Their brain CT 

scans showed bilateral hypodensities in the putamen and globus pallidus 

implying degeneration of the basal ganglia induced by the 3-NP (Ludolph et al 

1991). Ingestion in livestock resulted in hind limb weakness, goose stepping, and 

knocking together of the hind limbs whilst walking (Ludolph et al 1991).

The observations that complex II inhibition by itself can induce a similar 

phenotype to HD both clinically and pathologically, and the observation of 

reduced complex II, III and IV in HD striatum (Mann et a! 1990, Gu et al 1996, 

Browne et al 1997) all strengthen the hypothesis that defective energy 

metabolism may play a role in the pathogenesis of the disease. There is 

evidence from the toxin studies in animals for an inter-relationship between 

excitoxicity and mitochondrial dysfunction in HD but this has not been studied 

directly in human tissues.
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5.1.7.5 Abnormal protein aggregation in the pathogenesis of HD

5.1.7.6 Aggregation of polyglutamine repeats and Nils

Perutz analysed the structure of polyglutamine peptides and demonstrated how 

they may form p-pleated sheets which could be linked together by hydrogen 

bonds between both their main-chain and side-chain amides (Fig 5.1, courtesy of 

Perutz et al 1999) to form a polar zipper structure (Perutz 1996). Perutz 

proposed that if such polar zippers are formed between mutant huntingtin 

molecules or between mutant huntingtin and other proteins, the functions of the 

proteins might be impaired or altered therefore affecting vital cellular functions 

(Perutz 1996). Perutz also showed that the longer the polyglutamine repeat, the 

more stable the polar zipper (Perutz 1996). There is now increasing evidence for 

misfolding of the polyglutamine domain and aggregation of mutant huntingtin in 

HD (Paulson 1999). Direct evidence for an altered conformation of mutant 

huntingtin is the existence of antibodies such as the 1C2 antibody that 

specifically bind expanded, but not normal, polyglutamine repeats indicating that 

there is a novel secondary structure (Trottier et al 1995a). There is also a good 

deal of evidence from in vitro work, cell culture models and transgenic mouse 

models which demonstrate that expanded polyglutamine repeats form insoluble 

protein aggregates.

In vitro studies of recombinant huntingtin fragments have been particularly 

informative. Scherzinger et al (1997) demonstrated N-terminal huntingtin 

peptides (exon 1) with polyglutamine tracts in the pathological range (51-122 

glutamines), but not with polyglutamine tracts in the normal range (20 and 30 

glutamines) formed high molecular weight protein aggregates in vitro. These 

were analysed using electron microscopy and the aggregates were noted to 

have a fibrillar or ribbon-like morphology similar to scrapie prions and p-amyloid 

fibrils (Scherzinger et al 1997) and similar to the polar zipper structures 

described by Perutz (1996).
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Fig 5.1 Perutz s polar zipper structure of 
polyglutamine repeats



Scherzinger et al extended their study and demonstrated that the formation of 

the amyloid-like huntingtin aggregates in vitro not only depended upon the 

polyglutamine repeat length but also critically depended on protein concentration 

and incubation time. They demonstrated that it was a ‘self-initiated’ process 

following a nucleation-dependant pathway (they used exogenous pre-formed 

fibrils as seeds) similar to the process of crystallisation (Scherzinger et al 1999). 

They propose that the length of time required to form polyglutamine aggregates 

in HD will depend on the time it takes to reach the critical concentration of the 

huntingtin molecule that is capable of aggregation (Scherzinger et al 1999).

Most of the data on protein aggregation in HD has come from mouse and cell 

culture models. The first HD transgenic mouse model was created by Mangiarini 

and colleagues (1996) who generated a mouse transgenic for exon 1 repeats (69 

amino acids plus the number of polyQ residues) of the human HD gene, 

containing highly expanded GAG, under the control of the human HD promoter 

(Mangiarini et al 1996). The transgene is ubiquitously expressed at both the 

mRNA and protein level including brain and skeletal muscle. The R6/2 transgenic 

line has -145 GAG repeats. The R6/2 mice develop normally but exhibit a 

progressive neurological phenotype from about 8  weeks that has many of the 

features of HD, including choreiform-like movements, involuntary stereotypic 

movements, tremor and epileptic seizures (Mangiarini et al 1996). They also 

show marked loss of body weight from about 6  weeks similar to the weight loss 

seen in HD. The disease progresses rapidly and the mice are rarely kept beyond 

14 weeks of age. Although the R6/2 mice demonstrate an abnormal neurological 

phenotype, their brains, other than loss of brain weight, appeared grossly normal. 

However detailed neuropathological study of the brains of these mice, before the 

onset of neurological signs, revealed discrete neuronal intranuclear inclusions 

(Nils) (Davies et al 1997). These Nils contained the transgene protein with the 

expanded polyglutamine repeat and ubiquitin. The presence of the inclusions 

leads to morphological changes within the nucleus. The nuclear membrane 

developed prominent invaginations accompanied by an apparent increase in the 

density of nuclear pores (Davies et al 1997). It has been suggested that the 

transgenic fragment of huntingtin is transported to the nucleus where it forms 

amyloid-like protein aggregates, analogous to scrapie prions and p-amyloid fibrils 

in Alzheimer’s disease (Scherzinger et al 1997). These important findings in the 

R6/2 HD transgenic mouse prompted a search for similar changes in human HD;
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and a major finding demonstrating that protein aggregation actually occurs in 

vivo was the discovery of Nils containing the ubiquinated N-terminal fragment of 

mutant huntingtin in HD brain. Interestingly these ultrastructural nuclear changes 

had been previously reported in EM studies from human HD patients (Roizin et al 

1979) but their pathogenic significance and relevance to the disease was not 

realised. DiFiglia et al (1997), using antibodies to huntingtin’s N-and C-termini 

found the N-terminus antibody immunolabelled Nils in HD brain, whereas the C- 

terminus antibody did not indicating it was only the N-terminus of mutant 

huntingtin that was present in the Nils in human brain (DiFiglia et al 1997). They 

described the localisation of the N-terminal fragment of mutant huntingtin in Nils 

throughout HD cortex and striatum and also demonstrated that the Nils were 

ubiquinated (DiFiglia et al 1997). One spherical inclusion per nucleus is most 

common and they were detected in all cortical layers, with the highest frequency 

in juvenile forms of HD (Becher et al 1998). No Nils were found in controls or 

pre-symptomatic HD patients (DiFiglia et al 1997) implying a direct link between 

Nils and HD pathogenesis.

Similar spherical ubiquinated Nils have now been described in postmortem 

brains from SCA1 (Skinner et al 1997), SCA3 (Paulson et al 1997), SCA7 

(Holmberg et al, 1998), DRPLA (Becher et al 1998, Igarashi et al 1998) and 

SBMA patients (Li et al 1998). In all the cases they are composed of the specific 

polyQ containing protein and ubiquitin. The two exceptions are SCA 2 and SCA 6  

which interestingly have the shortest glutamine repeats (Table 5.1). In addition 

aggregates outside the nucleus have been noted in HD (dystrophic neurites or 

neuropil aggregates) (DiFiglia et al 1997).

Since 1996 there have been a number of other transgenic HD mice created. 

Difference between the models include the length of the polyglutamine 

expansion, the size of the huntingtin transgene, the promoter and the 

background mouse strain and a review of HD transgenic mouse models to date 

can be found in Perutz, Harper and Ferguson-Smith 1999. Hodgson and 

colleagues created yeast artificial chromosome (YAC) transgenic mice containing 

full length human huntingtin including all the regulatory elements, with 18, 46 and 

72 repeats (YAC 18, 46 and 72)(Hodgson et al 1999). Only the YAC72 mice had 

a neurological phenotype developing at 9 months of age. By 12 months of age, 

the YAC 72 mice had selective degeneration of the medium spiny neurones in
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the lateral striatum associated with the translocation of N-terminal fragments of 

huntingtin into the nucleus. Neuronal loss was seen in the absence of nuclear 

inclusions demonstrating that these aggregates were not essential to initiation of 

neuronal death (Hodgson et al 1999).

Polyglutamine aggregation has been seen in a number of HD cell models using a 

variety of different constructs. Using 293 human kidney cells Martindale and 

colleagues (1998) created a transient expressing in vitro system to study the 

functional consequences of expression of N-terminal fragments of mutant 

huntingtin. They demonstrated that increasing polyglutamine length led to the 

formation of aggregates in a length dependant manner with increasing CAG 

length leading to increased aggregate formation. They also found that truncated 

mutant huntingtin protein expression resulted in increased aggregate formation 

and formed both nuclear and perinuclear aggregates. Similarly Cooper et al 

(1998) and Li and Li (1998) found that N-terminal fragments of huntingtin with 

expanded glutamine repeats aggregate both in the cytoplasm and nucleus, and 

aggregation only occurred if the CAG repeat length was in the pathological 

range. Cells transfected with full-length huntingtin contained aggregates only in 

the cytoplasm. Thus cellular localisation of huntingtin aggregates has been 

shown to be influenced by the length of the protein, with truncated N-terminal 

fragments being localised to the nucleus. So far all the cell culture models 

described have been transiently expressing systems. Lunkes and Mandel (1998) 

developed a stable cellular model using a neuroblastoma cell line. They were 

able to induce the expression of full-length and truncated forms of wild-type and 

mutant huntingtin using the reverse tetracycline-inducible system. In this system 

the addition of doxicycline to the culture medium induced huntingtin expression. 

Inducible expression prevents the problem of toxic effects of overexpressed 

mutant huntingtin which occurs in transient transfections and therefore limits the 

length of time that the cells can be studied. To study the effects of full-length 

huntingtin compared to truncated huntingtin they created the following constructs 

- full-length huntingtin (3144 amino acid residues) with 15, 73 and 116 repeats, 

truncated huntingtin (the first 502 amino acids) with 15 and 73 repeats, and an 

even shorter huntingtin protein (the first 80 residues) with 15, 73 and 120 

repeats. These were used to study protein aggregation in vitro and they 

demonstrated that the expression of mutant full-length huntingtin leads to the 

formation of cytoplasmic and nuclear inclusions in a time- and polyglutamine
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length-dependant manner (the longer the repeat the more rapid the aggregation). 

They also found the inclusions to be ubiquitinated, and the nuclear inclusions 

appeared more rapidly in cells expressing the truncated forms of mutant 

huntingtin. They also studied cellular processing of wild-type and mutant full- 

length huntingtin protein and found that selective proteolytic processing of 

mutant, but not wild-type full-length huntingtin occurred with the production of a 

truncated N-terminal fragment which appeared to be involved in building up 

cytoplasmic and nuclear inclusions (Lunkes and Mandel 1998). These cell 

models described provided tools to study proteolytic processing of huntingtin and 

the effects of intracellular aggregates on cellular physiology.

5.1.7.7 Proteolytic processing of mutant huntingtin

As discussed above many cell model studies have indicated that truncated 

portions of polyglutamine proteins are more toxic than the full-length protein. The 

studies with mouse models also support the notion that truncated fragments of 

mutant huntingtin are more toxic. The R6/2 HD transgenic mouse (section 

5.1.7.6 ) contains a very short N-terminal fragment (exon 1) with a marked 

behavioural and neurological phenotype with rapid death. A transgenic mouse 

with high levels of expression of a full-length mutant huntingtin construct led to 

comparatively delayed expression of neurological phenotype and death (Reddy 

et al 1998). The human neuropathological data supports the notion that 

truncation of mutant huntingtin is involved in the disease process with only N- 

terminal fragments being found in Nils in vivo (DiFiglia et al 1997). The 

mechanism of truncation of the N-terminal polyglutamine containing fragment of 

mutant huntingtin is not yet clear. It is likely that it is proteolytically cleaved 

(Paulson 1999, Ross/^l 999) although most evidence for this has come from in 

vitro studies. In vitro studies have indicated that several of the polyglutamine 

proteins can be cleaved by caspases. With mutant huntingtin this process is 

thought to be repeat-length dependant (Goldberg et al 1996) and caspase 

cleavage sites have been defined for huntingtin, atrophin, and the androgen 

receptor (Wellington et al 1998) with mutant huntingtin being cleaved most 

efficiently at amino acid 513 (Wellington et al 1998) resulting in truncated N- 

terminal fragments containing the polyglutamine repeat. Identification of the 

mechanism of cleavage of mutant huntingtin in vivo is still required and studies of 

transgenic mice expressing full-length mutant huntingtin should facilitate this.
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although cleavage of huntingtin was not described in the full-length huntingtin 

model of Reddy et al (1998)

5.1.7.8 Importance of Nuclear localisation

Several studies have shown that the localisation of the protein may be more 

important than whether it forms aggregates or not. Klement et al (1998) 

generated SCA1 transgenic mouse using the mutant (82 repeats) ataxin-1 gene; 

overexpression of the mutant protein in these mice resulted in progressive ataxia 

and Purkinje cell degeneration with ataxin-1 aggregating and localising to the 

nucleus in the Purkinje cells of these SCA1 mice. To assess the importance of 

nuclear localisation of ataxin-1 and its role in SCA pathogenesis, transgenic mice 

were created (Klement et al 1998) in which the nuclear localisation signal of 

ataxin- 1  was mutated so that full-length ataxin- 1  would remain in the cytoplasm. 

Mice from this line did not develop any ataxia or pathology suggesting that 

mutant ataxin-1 is pathogenic only in the nucleus. Similarly Saudou et al (1998) 

transfected primary rat striatal cells with a mutant huntingtin construct containing 

an exogenous nuclear export signal, when the protein did not localise to the 

nucleus there was much less cellular toxicity. However a HD cell model created 

by Hackam et al (1999) using mutant huntingtin fragments suggested that 

nuclear localisation did not increase cellular toxicity.

Thus, while more work needs to be done to clarify the role of nuclear localisation 

of mutant huntingtin it has been suggested that nuclear localisation is an 

important component of polyglutamine pathogenesis (Ross et al 1999). One way 

that nuclear localisation of mutant huntingtin may compromise neuronal function 

is by interfering with regulatory nuclear proteins or by sequestering transcription 

factors. Many transcription factors contain glutamine-rich or pure-polyglutamine 

domains and recent studies of transfected cells and transgenic Drosophila 

indicate that Nils can sequester certain other polyglutamine containing proteins 

such as the basal transcription-factor TATA-binding protein (Perez et al 1998).

The discovery of Nils was exciting because they seemed to represent a unifying 

pathological structure found in the polyglutamine diseases. This suggested that 

they may be important in the pathogenesis of the diseases. On the basis of more 

recent findings however the link between Nils and specific neuronal susceptibility 

may not be so compelling. For example medium spiny neurones are the most
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vulnerable neurones in HD and they do not show abundant Nils (Paulson 1999). 

Two transgenic mouse models of HD also suggest a dissociation between Nils 

and neuronal degeneration. Laforet and colleagues (1998) created transgenic 

models of HD expressing a substantially larger portion of the huntingtin protein in 

comparison to the R6/2 TgHD mice. The mice created by Laforet et al expressed 

either a 46 or 100 CAG repeat in the first 3221 bases of huntingtin cDNA. The 

animals exhibited motor deficits, lost about 2 0 % striatal cells and lived beyond 

one year (Laforet et al 1998, Aronin et al 1999). Nils were apparent, but not 

abundant in the striatum of affected mice with either 46 or 100 glutamine repeats 

(Laforet et al 1998). Reddy and co-workers generated transgenic mice with 16, 

48 and 89 CAG repeats in full-length huntingtin. Only mice expressing 48 and 89 

repeats developed progressive behavioural and motor dysfunction. Interestingly 

no phenotypic difference was noted between mice with 48 and 89 repeats but it 

was thought to be due to the higher expression of the 48 repeat length protein 

(Reddy et al 1998). Nils were detected, but they were not abundant and the 

animals had about a 2 0 % cell loss in the striatum and cortex, with evidence of 

apoptosis as measured by TUNEL labelling (Reddy et al 1998). Both the 

transgenic lines created by Laforet and Reddy and colleagues had significant 

striatal degeneration without many Nils and did not therefore support a direct 

causative role for Nils in HD pathogenesis (Laforet et al 1998, Aronin et al 1999, 

Reddy et al, 1998, 1999).

An in vitro neuronal model of HD also failed to show a correlation between 

neuronal death and Nil formation (Saudou et al 1998). In Saudou’s study 

cultured rat striatal neurones were transfected with cDNAs encoding truncated 

(the first 480 amino acids) wild-type (17CAG) or mutant (6 8 CAG) versions of 

huntingtin and scored for cell survival. The cells expressing a truncated 

huntingtin containing an expanded polyglutamine stretch led to the accumulation 

of large nuclear aggregates and ultimately to cell death by apoptosis 1 2  days 

post-transfection. However the presence of nuclear inclusions was in no way 

predictive of neurodegeneration and cell death. Exposure of mutant huntingtin- 

transfected striatal neurones to conditions that suppress the formation of 

inclusions (achieved by inhibiting ubiquination of mutant huntingtin) resulted in an 

increase in mutant huntingtin induced cell death (Saudou et al 1998). The 

authors suggested that the inclusions may reflect a cellular mechanism to protect 

against huntingtin-induced cell death. These findings notwithstanding, it is not yet
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possible to state that Nils do not have an important role in the pathogenesis of 

HD and other polyglutamine diseases and the full physiological and pathological 

significance of Nils and polyglutamine aggregation remains to be elucidated.

5.1.7.9 Further studies on the R6/2 transgenic mouse model of HD

Several observations suggest that the R6/2 TgHD (section 5.1.7.6)(Mangianni et 

al 1996) mice are more susceptible to excitotoxic cell damage. A loss of 

presynaptic mGluR2 receptors has been demonstrated in the R6/2 TgHD mouse 

brain (Cha et al 1998). These receptors are responsible for regulating glutamate 

release in corticostriatal terminals (Calabresi 1996, Petralia 1996) and so their 

loss might result in impaired feedback control of glutamate release and lead to 

excitotoxicity. Furthermore, increased glutamate receptor sensitivity to NMDA 

application has also been shown in these mice (Levine et al 1998). The R6/2 

mice also show increased striatal 3,4-dihydroxybenzoic acid levels (an index of 

hydroxyl radical generation) and enhanced lesion size in response to 

intraperitoneal 3-nitropropionic acid, the complex II inhibitor (Bogdanov 1998).

5.1.8 Aim of this thesis study on HD

The HD work in this thesis has sought to clarify the role of mitochondrial 

dysfunction in HD, and to extend the original observations on complex I I/I 11 

dysfunction in HD brain (Gu et al 1996). The distribution of the mitochondrial 

defect in HD brain areas has been determined and the molecular mechanisms 

underlying the complex I I/I 11 deficiency. GAPDH activity has been examined in 

HD brain to determine the effect of the polyglutamine stretch on its glycolytic 

function. Aconitase activity has been assayed in HD brain as an indirect marker

of NO and superoxide generation and excitotoxicity. Finally, respiratory chain

function in HD fibroblasts has been assessed to investigate mitochondrial activity 

in non-neuronal cells expressing mutant huntingtin. The relative sensitivities of

respiratory chain complexes and aconitase to NO inhibition have been explored 

to help interpret the results of HD brain enzyme activities.

As discussed there is some evidence for excitotoxicity in the R6/2 mouse model; 

and together with the similarities between the R6/2 TgHD mouse and HD at the 

pathological and phenotypic level this mouse is an ideal model in which to study 

the biochemical events that may occur in HD pathogenesis. The mice were
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studied at 1 2  weeks of age when they exhibited a neurological phenotype, and 

neuropathological analysis demonstrated the presence of Nils although there 

was no evidence of neuronal death. An immunohistochemistry study has also 

been undertaken in the R6/2 transgenic mice to look for evidence of superoxide 

and peroxynitrite mediated cellular damage. A similar immunohistochemical 

study of HD brain was also performed and results compared with the R6/2 TgHD 

mouse.

To extend the study of human HD brain and the R6/2 TgHD mouse, an in vitro 

cell culture model of HD has been created to allow detailed analysis of the 

relationship between mutant huntingtin, mitochondrial dysfunction, excitotoxicity 

and cell death at a cellular level.

159



5.2 Materials and Methods

5.2.1 HD fibroblasts studies

Skin biopsies were taken from five clinically affected (and genetically proven) HD 

patients (2 male, 3 female: CAG repeat lengths 44-50 ascertained in Dept, of 

Medical Genetics, University of Cardiff), and five age and sex matched normal 

controls. They were biopsied and the fibroblasts grown as described in section 

2 .2 .1 .1.

Mitochondrial fractions were prepared from 20 confluent plates (30-40 million cells) 

as described in section 2.6 and frozen at -70°C for 5 days. Complexes II, III, citrate 

synthase (CS) and aconitase were assayed as described in sections 2.5 and 2.9. 

The assays were each performed in triplicate and each fibroblast strain was 

separately grown up and processed twice. Protein estimation and western blot 

analysis of fibroblast huntingtin protein was undertaken as described in sections 

2.10-2.14. 150pg of each sample were separated on a SDS-4% polyacrylamide gel 

as described in section 2 . 1 2  and, following transfer, blots were probed with the 

polyglutamine expansion specific IC2 antibody (dilution 1/1000)(courtesy of Dr 

Yvon Trottier) and developed as described in section 2.14.

5.2.2 HD post mortem brain studies

5.2.2.1 Enzyme assays

Post mortem brains were obtained from HD patients and controls (courtesy of 

the MRC Cambridge brain bank). The patients had not been on any drugs known 

to affect mitochondrial function prior to death. They had been frozen to -70°C 

and stored at this temperature. No freeze-thawing had occurred at any time prior 

to biochemical analysis. Samples were matched for age and post mortem delay 

with the exception of HD caudate which, although matched for post mortem 

delay, did have a mean age 13 years younger than controls (Table 5.4). This was 

the result of difficulty in obtaining sufficiently young control brains for the HD 

patients, but this is not considered to affect adversely comparison of enzyme 

deficiencies in the HD group as, if anything, activities would be higher in the 

younger brains (Table 5.4). The clinical diagnosis of HD was confirmed by 

pathological examination (John Xuereb, MRC Brain Bank, Cambridge) and by 

confirming an abnormal CAG expansion (Dept.of Medical Genetics, University of
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Cardiff). Caudate, putamen, frontal and temporal cortex (Brodmann’s areas 10 

and 38) and cerebellum were dissected at -40°C. Samples were coded, 

homogenised (as described in 2.7) on ice and assayed immediately. Complex 

I I/Ill, IV, CS , GAPDH and aconitase were assayed as described in sections 2.5. 

10-15 individual patients and controls were assayed. There was insufficient 

material for complex II, complex III and CS activity measurements in the caudate 

samples. Also, these enzyme activities in HD caudate had recently been the 

subject of study in the host laboratory (Gu et al 1996).

5.2.2 2 Western Blotting of HD brain

Brain samples were homogenised as described in section 2.11.1. Western blot 

analysis was performed as described in the section 2.10-2.14. Blots were probed 

using monoclonal antibodies to porin (an outer mitochondrial membrane protein; 

Calbiochem, dilution 1/120,000); the SOkDa Fe-S SDH subunit (courtesy of Dr 

Taanman, dilution 1/100); and the 70kDa flavoprotein SDH subunit (courtesy of 

Dr Taanman, dilution 1/1000); core I of complex III (courtesy of Dr Taanman, 

dilution 1/1000); and subunit I of complex IV (COI, courtesy of Dr Taanman, 

dilution 1 / 1 0 0 0 0 ) and detected using goat anti-mouse horse-radish peroxidase 

conjugated secondary antibody (Calbiochem, dilution 1/3000) as described in 

section 2.14. Protein determinations were performed using the Pierce BCA 

protein assay (C. Pierce Chemical Co, USA) using BSA as standard as 

described in section 2 .1 0 .
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Table 5.4 Age and PM delay of HD and control brains

C HD C HD
n Age (years) Age (years) PM delay (hrs) PM delay (hrs)

Putamen 15 57 .8 + 18 .8 55 .2+ 8 .39 2 1 .1 2 ± 1 1 .7 17.5 +  8 .2

Cortex 10 57 .3  +  22 .0 54 .5  + 10.0 16.7 + 9.2 15.6 + 7 .0

Caudate 10 6 9 .6 + 1 0 .0 5 6 .7 + 5 .3 * 18.2+9.2 19.4+8.9

Cerebellum 5 5 8 .6 + 13 .7 5 2 .8+ 14 .4 29.2+12.1 21 .5+ 5 .0

p <  0.01 (Mann-Whitney U test)



5.2.2.3 Effect of nitric oxide on mitochondrial respiratory chain 

activities and aconitase

Purification of rat brain mitochondria and submitochondrial particles (SMP)
This work was done by Dr Mike Cleeter, Dept of Clinical Neurosciences, RFHSM. 

Rats were killed by cervical dislocation. Forebrains were removed and placed 

into ice cold isolation buffer (10mM Tris/HCI buffer pH 7.1, 320mM sucrose and 

ImM potassium EDTA), washed and coarsely chopped with scissors. The 

material was then homogenised in a hand-held glass/glass homogenisation tube 

(0.1mm clearance) with 11 strokes of the plunger. After centrifugation at 1300g 

for 5 minutes on a Kontron T-124 centrifuge, the supernatant was centrifuged at 

17,000g for 10 minutes. Mitochondria were separated from the synaptosomes 

and myelin in the pellet by a floatation method ( Lai and Clark 1976) using a 

discontinuous ficoll gradient. During centrifugation at 99,000g for 30 min the 

mitochondria formed a pellet; this was then washed in isolation buffer and 

resuspended in the same at approximately 2-5mg/mM.

SMPs were made by sonication essentially as described (Ragan et al 1987). 

Briefly, mitochondria were suspended in isolation medium and sonicated for 6  x 5 

second bursts using a MSE model 1-73 ultrasonicator and a 3mm probe. The 

mitochondria were cooled on ice for 30 seconds between sonications. Following 

centrifugation at 14,000g for 1 0  minutes, the supernatant was centrifuged for 60 

minutes at 99,000g. The resultant SMP pellet was resuspended at approximately 

1mg/ml’\  frozen in small aliquots and stored at -70°C until used. Protein was 

measured as described.

Treatment of SMPs with nitric oxide
SMPs (at O.Img/mM) were incubated in a buffer (0.25M sucrose/1 OOmM Tris- 

HCI pH 7.4) containing 0-4mM S-nitroso-L-glutathione (GSNO) (Alexis Corp., 

Nottingham, UK) for 60 minutes at 28°C. Aliquots were assayed for NADH-CoQ^ 

reductase, succinate cytochrome c reductase, succinate ubiquinone 

oxidoreductase , ubiquinol cytochrome c oxidoreductase and cytochrome 

oxidase activities.
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Effect of nitric oxide on aconitase and succinate cytochrome c reductase 

activities in neuroblastoma cells
SKNMC neuroblastoma cells were grown on 10cm plates in Dulbecco’s Minimal 

Essential Media containing standard medium at 37°C and 8 % COg until 

confluent. After removal of the medium, 2-10ml of fresh medium were added, 

containing GSNO (1-1 OpM). The plates were then incubated for 2 hours, the 

medium was removed by aspiration and the plates washed with 10ml of PBS, 

and the cells harvested. Cell pellets were resuspended in 0.25M sucrose, 

lOOmM Tris-HCI, pH 7.4 (1ml per plate). Aconitase and succinate cytochome c 

reductase activities were assayed as described previously, except that succinate 

cytochrome c reductase activity was measured in the presence of digitonin (0 .1 % 

w/v prior to dilution for the assay)

5.2.2.4 HD brain immunohistochemistry

lOpm paraffin embedded sections of HD caudate and putamen (n=3) with 

Vonsattel grade 1-IV and age-matched control sections were a kind gift from the 

MRC Brain Bank, Cambridge, UK. Other control brain sections were prepared 

as described in section 2.15.2.

Nitrotyrosine immunostaining
These methods were based on those described by Vieral et al 1999, and from 

personal communication with JS Beckman, Dept, of Anaesthesiology and 

Biochemistry, University of Alabama, Birmingham, USA. The 10pm paraffin 

embedded brain sections were prepared as described in sections 2.15.1 and 

2.15.2., and antigen retrieval optimised as described in section 2.15.3 and for the 

nitrotyrosine antibody was achieved by microwaving sections in 0.1 M citrate 

buffer pH 6  in a 2 litre bath for 20 min. Immunostaining was performed as 

described in section 2.15. Nitrotyrosine antibody (mouse monoclonal, 1/100 

dilution. Upstate Biotechnology Inc, Lake Placid, NY) was applied and sections 

incubated at 4°C overnight. Sections were washed twice in Tris/HCI buffered 

saline (TBS) pH 7.6 and incubated with a goat anti-mouse biotinylated IgG 

(1/400, DAKO) for 30 min at room temperature, washed three times in TBS and 

then incubated with peroxidase streptavidin-biotin complex (DAKO) for 30 min at 

room temperature. Immunostaining was visualised using DAB and 

counterstained as described section 2.15.4.1. Pre-incubation with 20mM 3- 

nitrotyrosine prevented the nitrotyrosine antibody binding and established the
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specificity of the antibody. A lOOmM solution of 3-nitrotyrosine (Sigma) in PBS 

was freshly prepared, to dissolve the nitrotyrosine a few drops of concentrated 

HCI was added to lower the pH. This was then adjusted to pH 7.4 with 0.1M 

NaOH. The lOOmM stock was diluted to a final concentration of 20mM with PBS 

and pre-incubated with the nitrotyrosine antibody (1 / 1 0 0  dilution) for 1 hour at 

37°C. The mixture was then applied to the sections to establish specificity of 

binding.

Positive control sections were created by treating control sections after 

deparaffinisation with freshly prepared peroxynitrite added directly to the slide. 

This has been shown to result in nitration of the tissue in a few seconds (JS 

Beckman, personal communication). The peroxynitrite was prepared in two 

different ways to ensure reproducibility. The first was by rapidly mixing on ice 

10ml of a HNO3 /H2 O2 solution (prepared by mixing 854pl 30% H2 O2 with 6 ml 

HNO3 and 3.15 ml H2 O) with 10ml 1.2M sodium nitrite and then mixing this 

solution rapidly with 10ml 1.5M sodium hydroxide. All the apparatus was pre

cooled at -20°C. A bright yellow solution of peroxynitrite resulted, 2ml of this was 

applied directly to the section. The tissue was nitrated in a few seconds when the 

solution was acidified with a drop (~10pl) of conc. HCI. The second method of 

preparing peroxynitrite generated it ‘in situ’ on the slide by mixing ImM nitrite and 

ImM hydrogen peroxide in acetate buffer pH5 and leaving it for 15 minutes at 

RT. At the acid pH, peroxynitrite was formed by the reaction of nitrous acid with 

hydrogen peroxide. A third positive control was also used. Nitration is found to 

occur in the non-diseased state in the terminal tips of the epithelial lining of the 

ileum. Nitration is absent in the crypt regions but is found in the villous tip where 

epithelial cells undergo apoptotic death (Vieral et al 1999). With every 

experiment a positive control section of human ileum was used.

Neuronal NOS immunostaining of HD brain

The 10pm paraffin embedded brain sections were prepared as described in 

sections 2.15.1 and 2.15.2., and antigen retrieval was achieved as for 

nitrotyrosine immunostaining. Neuronal NOS (mouse monoclonal from Santa 

Cruz, USA) was used at a 1/100 dilution and the sections were incubated with 

the antibody overnight at 4°C. The immunostaining protocol was as described 

using the alkaline-phosphatase/streptavidin (DAKO) system (section 2.15.4.2), 

demonstrated using the Vector SK5100 kit with 0.1 M levamisole (section
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2.15.4.1) and counterstained for nucleii as described (section 2.15.4.2).

5.2.3 R6/2 HD transgenic mouse studies

5.2.3.1 R6/2 HD Transgenic Mice.

Transgenic mice were a kind gift from Professor Gill Bates, Dept, of Medical 

Genetics, UMDS, London, and mice were maintained on a SDS No.3 breeders 

diet. R6/2 mice and control littermates were sacrificed at 12 weeks of age by 

cervical dislocation and the brains dissected and frozen immediately in 

isopentane and then stored at -80°C . Genotyping of the animals was performed 

as described in Mangiarini et al 1996.

5.2.3 2 Enzyme Assays on R6/2 transgenic mice

All assays were performed blinded. Brain samples were prepared as described in 

section 2.5. Muscle samples were homogenised as for brain samples. 

Complexes I, I I/I 11 , IV, CS and aconitase activities were assayed as described in 

section 2.5. Protein determinations were performed as described in section 2.10. 

Statistical analysis was performed using the Mann-Whitney U test (using Instat 

computer software).

5.2.3.4 Western Blot Analysis on R6/2 transgenic mice

This was performed as described for the HD brains (section 5.2.2.4). Blots were 

probed with a monoclonal antibody to porin (an outer mitochondrial membrane 

protein, Calbiochem-NovaBiochem Ltd., Nottingham, UK, Dilution 1/120,000) and 

with a monoclonal antibody to subunit CO I (courtesy of Jan-Willem Taanman, 

dilution 1/10000), with goat anti-mouse MRP secondary antibody as described in 

section 5.2.2.2. Protein determinations were performed using the Pierce BCA 

protein assay (C. Pierce Chemical Co, USA) using BSA as standard as 

described in section 2 .1 0 .

5.2.3.5 R6/2 transgenic mouse immunohistochemistry

All analyses of mouse brains were performed blinded and 12 whole brains ( 6  

transgenic, 6  control) were processed. Brains were split into two hemispheric 

halves and one half was formalin fixed and paraffin embedded and the other kept 

at -70°C. 7pm frozen sections were cut on a CM 1900 Leica cryostat and mounted 

on poly-L-lysine coated slides, air-dried for 30 min at room temperature (RT), fixed
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in acetone for 10 min and again air-dried for 30 min. All incubations were 

performed in a humid chamber.

Sections were pre-incubated in Tris/HCI buffered saline (TBS) pH 7.6 for 10 min. 

Sections were blocked using the blocking reagent from the Zymed Histomouse 

kit (Zymed Labs, San Francisco, USA), and then washed in TBS for 10 min. 

Mouse monoclonal antibodies were incubated for 1h and polyclonal antisera for 

30 min, both at room temperature. Sections were then washed in Tris/HCI 

buffered saline (TBS) pH 7.6 for 5 min and incubated with goat anti-mouse 

biotinylated IgG (1/400, DAKO, Cambridge, UK) or swine anti-rabbit biotinylated 

IgG (1/500, DAKO) respectively for 30 min at room temperature. Sections were 

washed in TBS for 5 mins and incubated with peroxidase streptavidin-biotin 

complex or alkaline-phosphatase/streptavidin (DAKO) for 30 min at RT. Sections 

were washed in TBS for 5 mins, the peroxidase was demonstrated using 

3’diaminobenzidine (DAB) chromagen for 5 min and counterstained with 

haematoxylin, cleared, dehydrated and mounted in DPX (section 2.15.4.1). 

Alkaline phosphatase was demonstrated using the Vector SK5100 kit with 0.1M 

levamisole (section 2.15.4.2) and counterstained as above.

Immunohistochemistry was performed on frozen sections using antibodies to 

subunit CO I of complex IV (mouse monoclonal, 1/250 dilution, Molecular 

Probes), manganese superoxide dismutase (MnSOD, sheep polyclonal, 1/200 

dilution, Calbiochem) , Cu/Zn SOD (mouse monoclonal, 1/250 dilution, Sigma- 

Aldrich Co. Ltd., Dorset, UK ), neuronal nitric oxide synthase (nNOS, mouse 

monoclonal ,1/100 dilution, Santa Cruz, USA) and inducible NOS (iNOS, rabbit 

polyclonal, 1/500, Serotec, Oxford, UK).

10pm paraffin sections were cut as described (section 2.15.2), and mounted on 

Vectabond (Vector Laboratories Ltd., Peterborough, UK) coated slides, then 

dried overnight at 37°C and for 5h at 54°C. Sections were dewaxed and 

endogenous peroxidase activity was blocked with 0.5% HgOg/methanol for 10 min 

then washed in running tap water for 10 min. Antigen retrieval was optimised 

(section 2.15.3) and achieved by microwaving sections in 0.1M citrate buffer pH 

6 in a 2 litre bath for 20 min, washing in ddHgO and TBS each for 5 min and 

blocking for 1h at room temperature using the blocking agent from the Zymed 

Histomouse kit as described above. Nitrotyrosine antibody (mouse monoclonal, 

1/100 dilution. Upstate Biotechnology Inc, Lake Placid, NY) was applied and 

sections incubated for 2h at 37°C. Sections were washed twice in TBS for 5 mins 

and incubated with a goat anti-mouse biotinylated IgG (1/400, DAKO) for 30 min
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at room temperature, washed three times in TBS for 5 mins and then incubated 

with peroxidase streptavidin-biotin complex (DAKO) for 30 min at room 

temperature. Immunostaining was visualised using DAB and counterstained 

(section 2.15.4.1). Positive controls and specificity of antibody binding was as 

described for the HD brain sections (section 5.2.2.4).

5.2.3 6 Enzyme histochemistry on mouse muscle and brain

Complex IV (COX) and succinate dehydroganese (SDH) activity staining was 

performed on 7pm frozen sections as described in section 2.16.

5.2.7 Construction of cell models of HD

5.2.7.1 Experimental Outline

Four groups of HD constructs were designed (Fig 5.2). Three of these constructs 

(Gps I, II and III) cloned into pIND were a kind gift from Dr Lesley Jones 

(University of Cardiff). For the synthesis of Group IV constructs whole genomic 

DMA was isolated from blood from a juvenile HD patient with 61 CAG repeats 

(repeat length assessed by M Sweeney at the Institute of Neurology) and a 

control with 15 CAG repeats (repeat length assessed by M Sweeney). Two 

different sets of forward and reverse PCR primers were used to amplify the N- 

terminal fragment of the HD gene (illustrated in Figs 5.2 and 5.3). The first PCR 

amplification used the primers named G34 (forward) and G35 (reverse) to 

amplify bp137 to bp513 of the HD gene. This PCR product was further amplified 

using nested primers G24 and G25 (Fig 5.3) which resulted in an HD gene 

fragment bp137 -bp513 but also containing a Kpnl site at the 5’ end, and the HA 

epitope, a Bcl-1 site and a stop codon at the 3’ end (Fig 5.3). The final amplified 

PCR products were run on an agarose gel and the products cut out of the gel 

and cleaned up. These were restricted with Bcl-1 and Kpn-1 restriction enzymes 

and then ligated into the Kpn-1 and BamHI sites in the multiple-cloning site of 

pIND. The ligation product was then propagated through E. coli, and plasmid 

purified prior to either manual or automated sequencing to check that the 

huntingtin gene insert was in the correct orientation and that there were no 

sequence changes. The HD constructs were then used to transfect NT2 and 

EcR293 cells to produce the HD cell model. Methods are all described as follows.
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5.2.4.2 The HD Constructs

Group I HD construct- from bp 316 (ATG start) to bp 823 of the HD gene with 

variable CAG repeat lengths (17, 24, 59 and 60). This construct included the 

whole of exon 1. The herpes simplex virus (HSV) glycoprotein D epitope 

(purchased from Novagen, Madison, Wisconsin, USA) was cloned in at the 3’ 

end to act as a reporter gene.

Group II - The same constructs as group I but without an HSV reporter gene.

Group III - The same construct as group I but with the haemagglutinin epitope 

cloned in at the 3’ end as the reporter gene.

Group IV - from bp 137 to bp 513 with two constructs with 17 and 61 CAG 

repeat lengths respectively. These constructs included the HD gene start codon 

ATG(bp316) and the HD consensus Kozak sequence. The haemagglutinin 

epitope (HA) had been inserted at the 3' end as a reporter gene (Fig 5.3).

Group I, II and III constructs were synthesised by Dr Lesley Jones (Univ. of 

Cardiff) These constructs were base pair (bp) 316 (ATG start) to bp 823 (unique 

Xho 1 site) with repeat lengths of 17, 24, 59 and 60. A consensus Kozak 

sequence was cloned in before the ATG start. The amplified HD fragment and 

reporter gene was cloned into pIND by Dr Lesley Jones between the Nhel and 

Xhol sites of the pIND multiple cloning site (MCS).
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Fig 5 .2  Schematic illustration of four groups of HD constructs. 
ATG = start codon of HD gene constructs 
(CAG)n =  polyglutamine expansion.
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Fig 5.3 Design of Group IV HD constructs showing the amplification of the HD gene fragment from bp140-513

Bp 140-531 of the HD gene is shown with the forward and reverse primers shown at their annealing sites on the gene. ATG is the start codon of exoni of the HD 
gene and TGA is the stop codon which has been inserted into the G25 primer. The restriction sites Kpnl and Bell are shown on the forward and reverse primers 
respectively. These are the cutting sites to allow ligation into the multiple cloning site of the pIND plasmid. The HA epitope sequence is shown in bold on the G25 
primer.

Kpnlsite
5 '  TTGGTACCGAACGTCTGGGACGCAAGGC forward primer G24

KOZAK site
HD GENE 5 '  bpl40CGAACGTCTGGGACGCAAGGCGCCGTGGGG bp 171... .310 CCGCC GCG ACC CTG GAA AAG CTG ATG AAG GCC TTC GAG TCC CTC AAG

s t a r t  exo n  1
TCC TTC (CAG)n CAA CAG GCG CCA CCG CCG CCG CCG CCG CCG GCG CCG GCG CCT CCT CAG CTT CCT CAG CCG GCG CCG CAG GCA CAG

bp513
CCG CTG CTG CCT............

5' CCG CCT CCT CAG CTT CCT CAG
TAG

CCA
TAG

GAC HA EPITOPE 
reverse primer G25 gtc

CCA
GAC

TAG
GCT

T G A  s t o p *
Bell site TCA
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S.2.4.3 Synthesis of Group IV constructs

Methods used are described in Chapter 2.

PCR amplification of HD gene fragment

Whole genomic DNA was isolated from blood (section 2.4.2) from a juvenile HD 

patient with 61 CAG repeats (repeat length assessed by M Sweeney at the 

Institute of Neurology) and a control with 15 CAG repeats (repeat length 

assessed by M Sweeney). The isolated DNA was purified (section 2.4.3) and 

concentration estimated (section 2.4.4) prior to PCR (section 2.4.5). For all PCR 

reactions the High Fidelity PCR system (Boehringer) was used with the addition 

of 10% DMSO to the final PCR mixture. Two reactions were run at all times, one 

reaction amplifying DNA from the HD patient with 61 repeats and the other using 

control DNA with 15 repeats as described above. Firstly the region 

encompassing bp 140-513 of the HD gene was amplified using the forward primer 

G34 and the reverse primer G35;

5' CGA ACG TCT GGG ACG CAA GGC FORWARD PRIMER 034  
5’ CTG AGG AAG CTG AGG AGG GGG REVERSE PRIMER 035

Conditions were as described (section 2.4.5) using Ipg DNA template with an 

annealing temperature of 60°C and 35 cycles of PCR reaction. Products were 

visualised on a 3% metaphor gel (section 2.4.9). The mutant HD gene 

amplification yielded a fragment of 535bp and the wild-type a 397bp fragment. 

The DNA products were extracted from the gel (section 2.4.10), purified (section 

2.4.3) and then amplified further using the PCR primers G24 (forward) and G25 

(reverse) as illustrated in Figure 5.3. An annealing temperature of 67°C was 

used for this reaction with the G24 and G25 primers and 35 cycles of PCR 

reaction. The mutant HD gene fragment resulted in a 577bp product and the 

wild-type in a 439bp product. These PCR products were demonstrated using a 

3% metaphor gel then extracted from the agarose gel, cleaned up (section 2.4.6) 

and restricted prior to sticky-end ligation into pIND (section 2.4.11).

Restriction enzyme digest of amplified HD gene fragments and plND

This was performed exactly as described for the a-synuclein constructs (section 

6.2.9). Both mutant and wild-type amplified HD gene fragments were restricted 

with Kpn-1 and Bcl-1 and cloned into the Kpn-1 and BamHI sites of pIND vector.
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sticky-end ligation and propagation through E.coli
The restricted products were ligated overnight at 14°C. These ligated products 

were then used to transform E coli (section 2.4.13). Transformed E coli were 

plated out onto agar plates (section 2.4.12) and incubated overnight at 37°C.

Screening piND for the presence of the HD gene construct
The was performed in two ways. Initially this was achieved by randomly picking 

off transformed E coli colonies from the agar plates and then isolating plasmid 

from each of them using the Wizard™ mini-prep kit (section 2.4.14). The plasmid 

preparations were then all run on a 0.8% agarose gel to see which pIND 

preparations contained an insert. pIND alone (5kB) was run as a control; with 

pIND plus mutant HD gene insert running at approx.5.6kB and wild-type running 

at approx. 5.4kB. Those plasmid preparations that clearly contained an HD gene 

insert were then sequenced as described (section 2.4.15). The second method of 

screening was developed because it was more rapid and efficient. Colony 

screening was performed exactly as described for the a-synuclein constructs 

(section 6.2.11). The resultant PCR products were visualised on a 1.2% agarose 

gel (section 2.4.9). Those colonies that contained the mutant HD gene insert (61 

repeats) gave a 777bp product and those that contained the wild-type HD gene 

insert (15 repeats) gave a 639bp product. pIND alone gave a 210bp product. In 

this way it was possible to rapidly screen tens of clones for the presence of 

construct. Those colonies that were positive for the inserts were then removed 

from the agar plate and the E coli grown up to isolate the plasmid (section 

2.4.14).

Sequencing of Group IV constructs in pIND
The resultant purified plasmid was sequenced to check if the constructs were in 

the correct orientation and the coding sequence was correct. This was performed 

using both manual and automated sequencing (section 2.4.15) using the pIND 

sequencing primers (Forward G49: 5’ CTC TGA AT A CTT TCA ACA AGT 

TAC 3’; and Reverse G50: 5' TAG AAG GCA CAG TCG AGG 3') as 

described (section 2.4.15).

5.2.4.4 Cell lines and transfections

HEK293 cells stably expressing pVgRXR were purchased from Invitrogen 

(EcR293 cells). These were transfected with 5|ig each of both mutant and wild-
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type Group III HD gene constructs in pIND using the Escort (Sigma) lipofection 

method (section 2.3). 24 hours post transfection stable clones were selected with 

Zeocin (400|ig/ml) and G418 (400|ig/ml). After approx. 15 days stable clones 

were ring-cloned, and individual clones analysed for expression.

NT2 cells that had been stably transfected with pVgRXR (section 5.3.4.1) were 

tested for pVgRXR expression by transfecting with pIND lacZ as described 

(section 2.3) and then treated with Ponasterone A (lO^M) for 24 hours post 

transfection. These were then stained for p-galactosidase expression as 

described (section 2.3.3). The clone with the highest expression of p- 

galactosidase was chosen for further transfection experiments. This 

NT2/pVgRXR clone was then transfected with Group I, II and III HD constructs 

as described above for the EcR293 cells.

5.2.4.5 Detection of HD gene expression in EcR293 and NT2 cells

This was performed using immunofluorescence (IF) as described (section 2.3.4) 

using the antibodies in Table 5.5 at the dilutions given. Cells were pre-treated for 

48 hours with lOpM Ponasterone A to induce protein expression.

TABLE 5.5

Antibodies and dilutions used for IF detection of HD gene expression

HD antibodies Dilutions

102 mouse monoclonal 1/200

675 rabbit polyclonal** 1/100

HA-Fluorescein tagged mouse monoclonal*** 1/100

* a kind gift from Dr Yvon Trottier, against the expanded polyglutamine stretch

** a kind gift from Dr Lesley Jones, against the N-terminus of huntingtin (both

wild-type and mutant); ***from Boehringer Mannheim, against the HA tag
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5.3 Results

5.3.1 HD fibroblast analysis

Mitochondrial fractions were prepared from HD and control fibroblasts (n=5) and 

assayed for complex II and III and CS activity. There was no significant 

difference in the activities of complex II, complex III, or CS activities in fibroblast 

mitochondria from HD patients and controls (Table 5.6 and Fig 5.4). The complex 

II and III activities were also corrected for 08 activities to adjust for any 

difference in mitochondrial content between samples but again showed no 

significant difference. Aconitase activity was measured in whole cell 

homogenates from HD fibroblasts and controls (n=5) and there was no difference 

in aconitase activity between the two groups (Table 5.6 and Fig. 5.4).

Mutant huntingtin expression in human fibroblasts was confirmed in our patients 

by immunoblotting using the 102 antibody which specifically recognises the 

expanded polyglutamine stretch in mutant huntingtin (data not shown).

Table 5.6 Enzyme activities in control and HD fibroblasts (n=5)

CONTROLS HD
Complex ll/OS ratio 0.30±0.10 0.30±0.09

Complex lll/CS ratio(xlO) 0.64±0.31 0.59±0.22

Aconitase (nmol/min/mg protein] 0.46±0.26 0.79±0.36

5.3.2 HD Brain analysis

Oomplex I I/Ill, OS, aconitase and GAPDH enzyme activities were assessed in 

homogenates from four brain regions from control and HD brains. When 

expressed per unit protein, there were highly significant decreases in mean 

complex I I/I 11 activity in HD putamen (to 40% of control mean) whilst activity in 

the HD cortex and cerebellum was within control values (Table 5.7 and Fig 5.4). 

OS activity was significantly decreased in HD putamen and cortex to 59% and 

73% of the control mean respectively. When expressed as a ratio with OS 

activities, the complex I I/I 11 activities were significantly reduced in putamen to 

70% of control values but were not significantly different from controls in cerebral 

cortex.

Complex IV activ ity  in HD putamen was assayed by Dr Paul Hart, Dept, of Clinical 

Neurosciences, RFHSM and was not significantly different from control putam en  

(Fig 5 .4 ).



Aconitase activities were significantly 

decreased in HD caudate (to 8% of control), putamen (to 27% of control), and 

frontal/temporal cortex (to 52% of control) but was unaffected in cerebellum 

(Table 5.7 and Fig 5.4). GAPDH levels were comparable in controls and HD 

samples in all four brain regions studied. Fig 5.4 graphically illustrates the 

significant enzyme defects found in HD brain and it can be seen that the defects 

in aconitase, complex I I/I 11 and IV parallel the neuropathological severity of the 

disease with caudate and putamen being most affected.
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Table 5.7 HD brain enzyme activities

Caudate Putamen Cortex Cerebellum
(BA 10 and 38)

N=10 N=15 N=10 N=5

Complex ll/lll 0 25.9±5.9 20.82+8.46 22.62+6.4 15.05+5.35
(nmol/min/mg/protein) HD 11.2+4.8 8.30+2.98 16.48+6.5 16.91+2.46

P 0.0001 0.0001

CS 0 168+ 30 222.4+70.0 259.1+59.5 244.3+41.5
(pmol/min/mg protein) HD 153± 43 131.2+48.9 188.8+ 45.2 215.6+63.6

P 0.0016 0.01

Complex ll/lll ICS ratio 0 0.156+0.031 0.098+0.030 0.088+ 0.001 0.063+0.020
HD 0.074+0.032 0.069+0.035 0.089+ 0.032 0.082+0.018
P 0.0001 0.03

GAPDH 0 1.08±0.18 1.26+0.20 1.14+0.23 1.98+0.24
(pmol/min/mg protein) HD 0.86 + 0.31 1.32 +0.33 1.48+1.10 1.87+0.28

Aconitase C 13.8±3.4 9.0+1.9 13.9+3.6 13.4+4.2
(nmol/min/mg protein) HD 1.1±1.0 2.4+1.9 7.2+22 12.8+5.4

...2........................ 0.0003 0.0009 0.0015
Statistical significance by Mann-Whitney U test. 
Data in bold on caudate is from Gu et al 1996.

BA=Brodmann’s areas GAPDH=Glyceraldehyde 3-phosphate dehydrogenase



Fig 5.4 Graph of HD brain and fibroblast CxII/lll. CxIV and aconitase activity expressed as % of control
ference, CxII/ll and IV activity in caudate is from Gu et ai 1996.
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5.3.2.1 Western blots HD brain

Control and HD caudate and putamen samples were immunoblotted with a 

variety of antibodies to subunits of complex II, III, IV and porin. Equal protein 

loading in the various lanes was confirmed by Coomassie stained gels run in 

parallel (data not shown). Figs 5.5 and 5.6 show that porin immunoreactivity was 

reduced in HD caudate and putamen. Linearity of the porin signal was 

demonstrated by serial dilution of the sample (data not shown). Densitometric 

analysis quantified porin levels as a 50% decrease in HD caudate (signal 

integration; control 7.94+1.80SD;HD 3.93+0.25, n=3 for both groups) and a 40% 

reduction in HD putamen (signal integration:control, n=2, mean 9.65: HD, n=3, 

5.80+0.50). In caudate, bands representing the 70kDa flavoprotein and 30kDa 

Fe-S protein of complex II (succinate dehydrogenase), the core I protein of 

complex III (47kDa) and the mitochondrially encoded subunit I of complex IV 

(COX)(38kDa) showed a reduced immunoreactive signal that paralleled porin 

levels (31kDa) and, when expressed as a ratio to porin, showed no significant 

difference from control. In putamen there was no significant change in 

immunoreactive signal of the two complex II subunits, but a trend for their ratios 

to porin to be increased relative to control.

5.3.2.2 Effect of NO on aconitase and mitochondrial respiratory 

chain activities

The sensitivity of MRC activities to NO’ was investigated by incubating SMPs

with 0-4mM GSNO for 60 minutes. Complex II and complex ll/lll activities were 

the most sensitive with IC5 0  of 0.13mM and 0.16mM GSNO respectively (Fig.5.7). 

Enzyme activities representing complexes II and ll/lll were inhibited to a similar 

degree which probably relates to the fact that the succinate cytochrome c 

reductase assay mainly reflects complex II activity. The sensitivities of the 

remaining complexes were: complex III (IC5 0  1.5mM GSNO) > complex I (IC5 0  

1.9mM GSNO) > complex IV (IC5 0 2.8mM GSNO).
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W ESTERN BLOTS - CAUDATE

C1 P1 P2 P3 C2 C3

PORIN

SDH Fp

SDH Ip

CxIII core I

COX I

Fig 5.5 Western blot analysis of porin, the 70KDa (SDH Fp) 

and 30kDa (SDH IP) subunits of complex II, the core 1 protein 

of complex III (CxIII Core 1) and subunit 1 of complex IV (COX I) 

in caudate homogenates (25pmg) from control (C) and Hunting

ton’s disease patients (P).

WESTERN BLOTS - PUTAMEN

G1 P1 P2 P3 02 03

SDH Fp

SDH Ip

Fig. 5.6 Western blot analysis of porin, the 70KDa (SDH 

Fp) and 30kDa (SDH IP) subunits of complex II in putamen 

homogenates (25pmg) from control (C) and Huntington’s 

disease patients (P).
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To investigate the sensitivity of MRC enzymes to NO in a whole cell system intact 

SKNMC cells were incubated with 0-0.8 mM GSNO for 2 hours. Analysis was 

restricted to the two most sensitive enzymes, aconitase and complex ll/lll. Inhibition 

of aconitase activity occurred at relatively low levels of GSNO (IC5 0 of 0.2mM) 

(Fig.5.8 ). In these intact cells, however, complex ll/lll activity was not affected by 

GSNO, even at higher concentrations (5-1 OmM, data not shown).

S.3.2.3 HD brain immunohistochemistry

10pm paraffin embedded sections of HD caudate and putamen (n=3) with 

Vonsattel grade 1-IV and age-matched control sections were immunostained 

with antibodies to nitrotyrosine and nNOS. There was immunostaining for 

nitrotyrosine in all 3 samples of HD caudate and putamen when compared to 

controls (n=3) where no positive nitrotyrosine immunostaining was seen. Positive 

staining in the HD samples was scattered throughout both regions. The positive 

staining was diffuse around cells (Figs 5.9). The oxidants that produced 

nitrotyrosine are able to diffuse over distances of a cell diameter thus making the 

staining pattern diffuse (Vieral et al 1999). There was both intracellular and 

extracellular staining seen, the nitrotyrosine epitope is small and has been found 

on both intra- and extra-cellular proteins (Vieral et al 1999). With every 

experiment a positive control section of human ileum was used (Fig 5.10). 

Nitration has been found to occur in the non-diseased state in the terminal tips of 

the epithelial lining of the ileum and as expected, nitration was absent in the crypt 

regions but was found in the villous tip where epithelial cells undergo apoptotic 

death (Fig 5.10)(Vieral et al 1999). As a negative control nitrotyrosine antibody 

was preincubated with free 3-nitrotyrosine, under these conditions all staining in 

HD brain was abolished (Fig 5.11). 10pm paraffin embedded sections of HD 

caudate and putamen (n=3) and controls were immunostained for nNOS. Fig 

5.12 shows the positive staining of nNOS in HD caudate localised to neurones 

and their dendritic processes. The HD brains appeared to have a slightly higher 

number of cells staining for nNOS than control brains in a smaller region of tissue 

(not quantitated). This was most likely to be due to atrophy of the caudate in HD 

with preservation of the NADPH diaphorase positive neurones (Vonsattel et al 

1985).
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Fig 5.9 Nitrotyrosine immunostaining in human HD caudate

lO^im paraffin embedded section of HD caudate immunostained with 
antibody to nitrotyrosine. Positive staining in the HD samples was scattered 
throughout the caudate and in Figure 5.9 the positive staining can be seen in 
a diffuse pattern around cells. The oxidants that produced nitrotyrosine are 
able to diffuse over distances of a cell diameter thus making the staining 
pattern diffuse. No positive staining was seen in any controls brain samples.

Fig 5.10 Human ileum demonstrating positive nitrotyrosine 
immunostaining With every experiment a positive control section of human 
ileum was used (Fig 5.10). Nitration can be seen in the terminal tips of the 
epithelial lining of the ileum where epithelial cells undergo apoptotic death 
(arrowed).



Fig 5.11 HD caudate showing nitrotyrosine antibody preincubated with 
free 3-nitrotvrosine as a negative control. Under these conditions all 
staining in HD brain was abolished (Fig 5.11).

Fig 5.12 lOiLim paraffin embedded section of HD caudate 
immunostained for nNOS. Fig 5.12 shows the positive staining of nNOS in 
HD caudate localised to neurones and their dendritic processes (arrowed).



5.3.3 R6/2 HD Transgenic mouse brain results

5.3.3.1 R6/2 HD Transgenic mouse enzyme assays

Complex I, ll/lll, IV, citrate synthase (CS) and aconitase enzyme activities were 

assessed in homogenates from striatum, cortex and skeletai muscle from control 

and TgHD R6/2 mice. Figure 5.13 shows the results of the analysis of 

mitochondrial respiratory chain function (expressed as CS ratios), aconitase and 

CS activities in the TgHD mouse striatum (Fig. 5.13A), cortex (Fig. 5.1 SB) and 

skeletal muscle (Fig. 5.13C). The complex IV; CS ratio was decreased in the 

TgHD striatum, cortex and skeletal muscle to 73% (p=0.01), 72% (p=0.041) and 

81% (not significant) of the control mean values respectively. The CS activity and 

compiexes i-lli: CS ratios were not significantly different from control values in 

any of the tissues studied. Aconitase activity was decreased to 66% (p=0.005) of 

controi mean in TgHD mouse striatum but was not significantly different in cortex 

and increased to 151% (p=0.018) of controi muscle.

5.3 3.2 Western Blotting R6/2 HD transgenic mouse

Control and TgHD mouse cortex samples were immunoblotted with CGI and 

porin antibodies. Equai protein loading in the various lanes was confirmed by 

Coomassie stained gels run in parallei (data not shown). Anaiysis of controi and 

TgHD mouse cortex with CGI and porin antibodies did not demonstrate any 

difference in immunostaining ievels (Fig 5.14), suggesting that there was no 

decrease in mitochondrial mass and no selective loss of complex IV protein 

relative to mitochondrial mass. This indicates that the reduction in complex IV 

activity seen in the R6/2 TgHD mouse brain is not due to reduced levels of 

complex IV — such as may occur with down regulation of complex IV secondary 

to decreased neuronal activity (Wong-Riley 1989)
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Fig 5.14 Western blot of tgHD mice cortex and controls
probed with antibodies against C O X  subunit I  and 
porin.

29 kDa

Tg c Tg c Tg c

Tg = tgHD mice 
C = Control

COX subunit 1 
Porin

25|Lig of homogenised R6/2 and 
control mouse cortex were 
separated on a 12.5% SDS- 
PAGE gel and probed with 
antibodies against COX subunit 1 
and porin



5.3.3.3 R6/2 HD Transgenic mouse enzyme histochemistry 

Muscle
Frozen muscle sections from 3 control and 3 R6/2 TgHD 12 week old mice were 

stained histochemically for complex IV (COX) activity. There was no difference 

between transgenic mice and controls, both groups showed diffuse COX staining 

throughout all muscle fibres (data not shown).

Brain
Frozen brain section from 3 control and 3 R6/2 TgHD 12 week old mice were 

stained histochemically for complex II (SDH) and complex IV (COX) activity. 

There was diffuse granular staining throughout the brain with lower staining 

intensity in the white matter. There were no qualitative differences between the 

striatum and cortex of control and transgenic mice (data not shown).

5.3.3A  R6/2 HD Transgenic mouse immunohistochemistry

12 whole brains (6 transgenic, 6 control) were processed. Brains were split into 

two hemispheric halves and one half was formalin fixed and paraffin embedded 

and the other kept at -70°C. 7pm frozen sections through the striatum and 

cerebral cortex of the mice were immunostained for CGI, nNOS, Cu/Zn SOD and 

MnSOD and iNOS. 7pm paraffin embedded sections were stained for 

nitrotyrosine.

001 staining in both TgHD R6/2 and control mouse brains showed a widespread 

diffuse granular pattern, with a lower intensity in the white matter reflecting 

mitochondrial distribution (Fig 5.15). nNOS showed positive staining in neuronal 

cell bodies and dendrites (Fig 5.16). Cu/Zn SOD and MnSOD immunochemistry 

produced diffuse cytoplasmic staining throughout all the sections (data not 

shown). All these immunocytochemical stains described above were qualitatively 

similar in the striatum and cortex of both wild type and mutant mice.
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Fig 5.15 Complex IV subunit 1 immunostaining (C01) in TgHD R6/2 
striatum. C01 staining in both transgenic and control mouse brains showed 
a widespread diffuse granular pattern, with a lower intensity in the white 
matter reflecting mitochondrial distribution (Fig 5.15). There was no 
difference between transgenic and controls.

Fig 5.16 Immunostaining with nNOS in TgHD R6/2 striatum.
Fig 5.16 shows the positive nNOS staining in neuronal cell bodies and 
dendrites. There was no difference between transgenic mice and controls.
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Fig 5.17 Immunostaining demonstrating a microglial cell staining 
positive for iNOS (arrowed in Fig 5.17b). No staining was seen in control 
brains (Figs 5.17a).

&
#

ê

h m

a b
Fig 5.18 Immunostaining demonstrating neurons in TgHD mice 
striatum staining positive for nitrotyrosine residues (Figs 5.18b). This 
staining was scattered throughout the TgHD mouse striatum and cerebral cortex 
but not in the control mice (Fig 5.18a).
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5.3.4 An inducible stable cell model of HD

5.3.4.1 Stable transfections of NT2 cells with pVgRXR

NT2 cells were transfected with 5|Lig of the pVgRXR plasmid using the Escort 

lipofection method, and eventually a clonal line of NT2 cells stably expressing the 

pVgRXR plasmid was created. To isolate this stable NT2 clone twelve stable 

Zeocin resistant (250pg/ml) NT2 clones were ring-cloned and grown up 

individually. These were individually transiently transfected with pIND JacZ, and 

then induced with Ponasterone A (10)iM for 48 hours) to test the inducible 

Ecdysone system. After staining for (3-galactosidase, a bright blue colour was 

produced by the cells expressing both pVgRXR and (3-galactosidase, and was 

visualised using light microscopy (Fig 5.19). One NT2/pVgRXR clone (clone 10) 

was chosen for all further transfections with the pIND based constructs; this 

clone was chosen because it had the highest percentage of (3-galactosidase 

expressing cells (-10%, quantitated by visual analysis). Each time clone 10 was 

frozen down and later defrosted, a transient transfection with pINDIacz was 

performed, followed by Ponasterone A induction and (3-galactosidase staining to 

test that the clone was still expressing pVgRXR and still functional.
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Fig 5.19 NT2 clone 10 demonstrating positive P-galactosidase 
staining after Pon A induction. NT2 cells stably transfected with pVgRXR 
were transiently transfected with pINDIacZ, and then induced with 
Ponasterone A (lOpM for 48 hours). After staining for p-galactosidase, a 
bright blue colour was produced by the cells expressing both pVgRXR and p- 
galactosidase (Fig 5.19, arrowed).

5.3.4.2 Synthesis of Group IV HD constructs

Group IV HD constructs consisted of the N-terminus of the HD gene from bp 

137 to bp 513 with 17 and 61 CAG repeat lengths respectively were 

synthesised as described in section 5.2.4.3. Forty of each wild-type 

(17CAG) and expanded (61 CAG) Group IV inserts in pIND were isolated and 

sequenced. But all the inserts with expanded 61 CAG repeats had either 

missense point mutations, large deletions of DNA or completely rearranged 

DMA sequences. This was due to the instability of long CAG repeat lengths 

in E coli (see section 5.4.3). An insert with the correct sequence and in the 

open reading frame was obtained with 17 CAG repeats but not with the 

longer 61 CAG repeat expansion.



5.3.4.3 Stable transfections of NT2/pVgRXR with Group I constructs

The Group I HD constructs (section 5.4.2.2) consisted of the N-terminus of the 

HD gene from bp 316 (ATG start) to bp 823 of the HD gene with variable CAG 

repeat iengths (17 and 59 repeats). The herpes simplex virus (HSV) glycoprotein 

D epitope had been cloned in at the 3’ end to act as a reporter gene. This 

construct in pIND was transfected into the NT2/pVgRXR clone 10. After 4 weeks 

growth G418 and Zeocin resistant ciones were isolated; 15 clones with normal 

length CAG repeat (17 repeats) and 13 clones with expanded CAG repeat (59 

repeats). Ail these individual clones were treated with lOjiM Ponasterone A for 

48 hours and then screened by immunofluorescence with the anti-HSV antibody 

but no expression of either wild-type or expanded construct with the HSV tag 

could be seen. G418 resistance but lack of protein expression in stable clones 

with pIND and pVgRXR has been recognised as a problem with the Ecdysone 

system (see section 5.4.6)

5.3.4.4 Stable transfections of NT2/pVgRXR with Group II constructs

Group II HD constructs were similar to Group I HD constructs with the N- 

terminus of the HD gene from bp 316 (ATG start) to bp 823 of the HD gene with 

variable CAG repeat lengths (24 and 59 repeats) but with no reporter gene. This 

construct in pIND was transfected into the NT2/pVgRXR clone 10 and 3-4 weeks 

growth

G418 and Zeocin resistant clones were isolated; 26 stable clones with normal 

length CAG repeat (24 CAG) and 30 clones with expanded length CAG repeat 

(59 CAG) were isolated and grown up. All of these were screened by inducing 

protein expression for 48 hours with lOpM Ponasterone A then performing 

immunofluorescence using the 675 antibody to the N-terminus of the HD protein 

(Table 5.5). Two NT2 clones of each (wild-type and expanded repeat length) 

were shown to be expressing the HD gene fragment as analysed by 

immunofluorescence (Figures 5.20 a, b, and c). Aggregates of protein were seen 

in the cytoplasm, and in a peri-nuclear distribution after 48 hours of Pon A 

induction. At 48 hours induction no difference in staining was seen between the 

cells expressing wild-type and expanded repeat length proteins. It was also 

observed that even within a clonal line there was variable levels of protein 

expression between cells.
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5.3.4.5 Stable transfections of NT2/pVgRXR and EcR293 cells with 

Group III constructs

Group III HD constructs consisted of the N-terminus of the HD gene from bp 316 

(ATG start) to bp 823 of the HD gene with variable CAG repeat lengths (17 and 

59 repeats) but with the haemagglutinin epitope cloned in at the 3’end. This 

construct in pIND was transfected into both the NT2/pVgRXR clone 10 and EcR 

293 cells and G418 and Zeocin resistant clones were isolated.

30 stable NT2/pVgRXR clones transfected with the group III constructs with both 

normal (17repeats) and expanded CAG length (59 repeats) were induced with 

10|iM Pon A for 48 hours and then analysed by both immunofluorescence and 

western blotting with the anti-HA tag antibodies, and there was no clear evidence 

of protein expression. This may reflect the relatively small number of clones 

screened, or because in some cases the NT2 cells in some way switch off the 

Ecdysone promoter, a feature seen in Hela cells (see section 5.4.6).

Twenty stable EcR293 clones expressing both the normal length (17) and 

expanded repeat (59) construct were isolated and analysed using 

immunofluorescence with the anti-HA antibody following 48 hours of Pon A 

induction. Aggregates of expressed huntingtin fragment protein were seen in the 

cytoplasm of the cells (Figure 5.21a, b and c).
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Fig 5.20 Stable NT2/pVgRXR clones expressing Group II HD 
constructs Two NT2 clones of each (wild-type and expanded repeat length 
respectively) were shown to be expressing the HD gene fragment as analysed by 
immunofluorescence using the 675 antibody against the N-terminus of huntingtin 
(Figures 5.20 b and c). Aggregates of protein were seen in the cytoplasm, and in 
a peri-nuclear distribution after 48 hours of Pon A induction (Fig 20 b and c). At 
48 hours induction no difference in staining was seen between the cells 
expressing wild-type and expanded repeat length proteins. It was also observed 
that even within a clonal line there was variable levels of protein expression 
between cells. Only background staining to the native huntingtin in NT2 cells was 
seen in the control line not treated with Pon A (Fig 5.20a).



Fig 5.21 HEK293 cells expressing group III HD constructs after 48 
hours Pon A induction Stable EcR293 clones expressing both the normal 
length (17) and expanded repeat (59) Group III HD construct were isolated and 
analysed using immunofluorescence with the anti-HA antibody following 48 hours 
of Pon A induction. Aggregates of expressed huntingtin fragment protein were 
seen in the cytoplasm of the cells (Figure 5.21 b and c) with no clear difference 
discernible between mutant and wild-type expressing cells. No staining is seen in 
the cells not treated with Pon A (Fig 5.21a).



5.4 Discussion

5.4.1 Evidence for MRC dysfunction in HD brain

A deficiency of complex ll/lll and IV activities has been reported in HD caudate 

(Mann et al 1990, Gu et al 1996, Browne et al 1997). The defect of complex ll/lll 

activity in HD putamen described in the present study, but normal activity in HD 

cerebral cortex, cerebellum or cultured fibroblasts indicates this defect is 

restricted to the striatum and is in agreement with data published by Browne et al 

(1997). Thus it appears that the mitochondrial defect parallels the severity of 

neuronal loss in HD brain, the striatum being most severely affected.

In order to investigate the molecular basis of the respiratory chain defect in HD, 

immunoblotting was undertaken using antibodies to subunits of complexes II, III 

and IV. In view of the reduced CS activity in putamen which suggests a 

significant reduction in mitochondrial mass, anti-porin antibodies were used as an 

additional indicator of mitochondrial content in HD striatum. Porin is an outer 

mitochondrial membrane protein and is neither a part of the TCA cycle (unlike 

aconitase and 08) nor the respiratory chain. Thus changes in porin 

concentration should be independent of individual enzyme activities In these 

pathways. Although immunoblotting can only be considered a semi-quantitative 

technique, the reduced porin cross-reactivity in HD caudate and putamen 

suggested reduced mitochondrial numbers in these regions. This may be a 

reflection of neuronal loss and secondary gliosis, such as is observed in MSA 

(Gu et al 1997). However the decrease in complex ll/lll activity was statistically 

significant even when corrected for CS activity, implying loss of complex ll/lll 

activity above that expected from the loss of mitochondrial numbers. In fact the 

levels of 70kDa and 30kDa subunits of complex II were in anything relatively 

increased in HD putamen suggesting that the decreased complex ll/lll activity 

was not due to loss of complex II proteins. Whilst the decrease in porin is in line 

with the reduced CS activity in HD putamen; HD caudate CS levels were not 

decreased (Gu et al 1996) in contrast to the porin levels, but this difference may 

relate to the fact that different samples were analysed. Interestingly, Browne et al

(1997) also found CS activity reduced in putamen but not caudate. The 30kDa 

and 70kDa subunits of complex II represent the most important catalytic subunits 

of this protein. The decrease in the levels of these polypeptides in caudate 

appeared proportional to the porin levels as did the decrease in complex III and

198



IV subunits. Thus, there was no evidence of any disproportionate reduction in the 

levels of any respiratory chain subunits studied and so no evidence of a specific 

interaction with mutant huntingtin leading to increased protein turnover. It can be 

concluded therefore that despite markedly reduced activity, protein levels of 

Complexes II, III and IV are preserved in HD brain. Their reduced activity 

therefore is not related to down-regulation of enzyme levels.

Complex II/Ill deficiency has not been seen in the substantia nigra from patients 

with either Parkinson’s disease (Schapira et al 1990) or multiple system atrophy 

(Gu et al 1997) despite significant neuronal degeneration in this area in these 

diseases. Thus the defect in HD is unlikely simply to be a non-specific result of 

neuronal loss. The brains studied here were from patients who had not been 

taking drugs known to affect mitochondrial function within six months of their 

death. Thus it is unlikely that the respiratory chain deficiency was the result of 

exogenous toxins. The apparent restriction of the complex I I/I 11 deficiency to the 

HD striatum, despite the widespread expression of the mutant protein in other 

brain areas and tissues, including cerebellum and fibroblasts, suggests that the 

respiratory chain abnormality and neuronal cell loss are caused by factors 

selective for the striatum. Therefore it would seem likely that the pathogenicity of 

the expanded CAG repeat in ITI5 is mediated via specific biochemical or 

pharmacological features of the HD brain areas affected. It has been suggested, 

for instance that certain huntingtin binding proteins which are expressed at high 

levels in the striatum, lead to a greater concentration of the mutant protein and 

thus enhanced cell toxicity (Li et al 1995, Faber et al 1999). The polyglutamine 

stretch encoded by the CAG repeat has been shown to increase the binding of 

mutant huntingtin to GAPDH (Burke et al 1996) and could therefore affect the 

functions of this enzyme. The present results in HD caudate, putamen, cortex 

and cerebellum together with those of Browne et al (1997) show that the 

glycolytic activity of GAPDH is unaffected in HD. However, GAPDH does also 

have other functions e.g. in translational regulation, and it remains possible that 

these activities may be influenced by mutant huntingtin.

5.4.2 Evidence for oxidative damage in HP brain

Aconitase has an iron sulphur cluster (4 FeS)̂ "" that is necessary for its catalytic 

activity in converting citrate to isocitrate! Aconitase has been shown to be 

extremely sensitive to superoxide which converts the iron sulphur cluster to its
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oxidised form (3FeS)\ This inactivation is reversible and has been used as an 

indirect indicator of free radical generation (Hausladen and Fridovich 1994, 

Castro et al 1994). However, although oxidative stress and damage have been 

suggested to contribute to neuronal loss in neurodegenerative disease including 

amyotrophic lateral sclerosis, Parkinson’s disease and Alzheimer’s disease 

(Olanow 1993) only a few studies have looked at evidence for oxidative stress 

and damage in HD brain. In one, reduced GSH levels were found to be 

comparable to controls in HD cortex, caudate and substantia nigra, but oxidised 

glutathione levels were increased significantly in caudate (Sian et al 1994). In a 

further study the levels of 8 -hydroxydeoxyguanosine, a marker for free radical 

damage to DMA, were increased in HD caudate, cytosolic CuZn superoxide 

dismutase (SOD) activity was mildly decreased in HD parietal cortex and 

cerebellum, but not striatum or frontal cortex, and mitochondrial Mn-SOD 

activities were unchanged in all regions studied (Browne et al 1997). Thus, in 

HD, the decreased aconitase activity is further evidence for oxidative damage.

Inhibition of aconitase activity has been observed in models of excitotoxicity. 

There was a rapid calcium dependent inhibition of aconitase activity in rat cortical 

cell cultures treated with 50pM NMDA which preceded cell death (Patel et al 

1996). Similar observations were made with lower NMDA concentrations (3- 

lOpM) but with longer incubation times. NMDA induced inhibition of aconitase 

activity can be prevented with cell permeable superoxide dismutase mimetics,

but not nitric oxide synthase inhibitors, implicating superoxide ions but not NO in

mediation, at least in this system. However, 0N00~, the product of NO

reaction with superoxide, has been reported to inhibit aconitase in other 

circumstances (Hausladen and Fridovich 1994, Castro et al 1994).

5.4.3 Evidence for NO generation in HD brain

The experiments described using SMPs demonstrated that complexes II and III

were most sensitive to NO . However, in cultured SKNMC cells, aconitase proved

substantially more sensitive to NO than complex ll/lll. The high sensitivity of 

aconitase to GSNO in the context of whole cells emphasises the vulnerability of

this enzyme to inhibition by NO /0N 00~ . The apparent decrease in sensitivity

of complex ll/lll to GSNO induced inhibition in the SKNMC cells, as compared to
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isolated SMPs, probably reflects the presence of antioxidant defence 

mechanisms and additional cellular targets for NO (or 0 N 0 0 “  ) damage in

intact cells. GSNO as a source of NO has the advantage of providing a means

to manage and control NO production, most being generated in the first 10 

minutes of the reaction. Although GSNO also generates oxidised glutathione 

(GSSG), the latter has not been found to have any effect on aconitase or 

respiratory chain activity (M. Cleeter, RFUCMS, personal communication). From 

these data alone it was not possible to identify whether NO or 0N 00~  is the 

inhibitor, but previous reports suggest aconitase is inactivated by 0N 00~  rather 

than NO itself (Hausladen and Fridovich 1994, Castro et al 1994). interestingly 

the relative sensitivity of aconitase and complex ll/lll activity to NO generation is 

in agreement with the observation that aconitase was 6 -fold more sensitive than 

succinate dehydrogenase activity to 0N 00~  (Castro et al 1994).

Aconitase activity was severely decreased in HD caudate, putamen and cortex, 

but similar to control values in the cerebellum and fibroblasts. As aconitase is

predominantly an intramitochondrial enzyme, free radicals (Oz'.ONOO” ) must be

generated intramitochondrially to cause detectable inhibition in intact cells. Both 

NMDA and glutamate have been shown to increase the generation of free 

radicals from mitochondria in rat cortical neurone cultures (Reynolds and 

Hastings 1995). Furthermore, inhibition of complex III with antimycin A has been 

shown to result in a decrease in mitochondrial aconitase activity in human A549 

cells probably through increased free radical generation by the respiratory chain 

(Gardner et al 1995). There is evidence therefore for a direct link between

glutamate/NMDA excitotoxicity and aconitase inhibition via NO and MRC

dysfunction with excess mitochondrial free radical generation (reviewed in 

section 1.3.2). The finding that the pattern of aconitase inhibition in the HD brain 

parallels the severity of neuronal loss, but markedly exceeds the loss of 

mitochondrial mass as defined by CS or porin, adds support to the role of 

excitotoxicity in this disease. Immunohistochemical techniques using antibodies 

directed against 3-nitrotyrosine provide good evidence for the formation of 

0N 00~  and reactive nitrogen species in vivo ((Vieral et al 1999, and reviewed in

section 1.3.1.2). NO itself does not generally yield nitrotyrosine when added to

biological samples (Gunther et al 1997, Beckman 1996). However as previously
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described (1.3.1.2), NO reacts at near diffusion-limited rates with O2 " to from the 

strong oxidant ONOO~ and nitration on the 3-postition of tyrosine is a major 

product of 0 N 0 0 “  attack on proteins.

5.4.4 Role of excitotoxicity in HD

The evidence for the role of excitotoxicity in HD has been reviewed in section 

5.1.7.3, and the pattern, severity and anatomical distribution of the biochemical 

abnormalities described here allow the generation of a hypothesis on their cause 

and sequence in HD (see Fig. 5.22). As discussed in Chapter 1.3.2, there is

clear evidence that excitotoxicity leads to increased NO and free radical

generation. It is proposed that a mild increase in NO due to low levels of

excitotoxicity will lead to reversible complex IV inhibition (Cleeter et al 1994),

which in turn will lead to increased O2 " generation from the MRC (Cleeter et al

1992). The superoxide produced together with 0 N 0 0 “  generated from the

reaction of O2 with NO will inactivate aconitase (Pathway A, Fig. 5.22). This

situation may correspond to the observations in the HD cortex. Higher levels or 

prolonged NO generation from extensive excitoxicity would lead to even greater 

levels of O2"  and 0N 00~ generation causing inhibition of complexes ll/lll 

(Pathway B, Fig. 5.22) with free radical damage to DNA lipids and proteins, 

including complex IV activity. Although studies with isolated SMPs suggest 

complex I and complex II are the most sensitive components of the respiratory 

chain to Og (Zhang et al 1990), both studies in cell culture (Hartley et al 1993) 

and in vivo (Thomas et al 1993) indicate that complex IV is the most sensitive 

and first to be affected by increased Og"production. This observation, together 

with the data presented here showing that complexes II and III are the most

sensitive to NO', helps account for the findings in HD striatum. It predicts the

levels of inhibition of aconitase and complexes ll/lll and IV activities should relate 

to the degree of HD pathology and ONOO generation, greatest in the striatum 

(severe inhibition of aconitase and complex ll/lll), intermediate in the cortex 

(aconitase only inhibited) and least in the cerebellum (no enzyme inhibition 

detected). This equates to activation of pathways A and B (Fig. 5.22) in the 

striatum, and only pathway A in the cortex.
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ATP generation in HD brain would be affected at several levels; the TCA cycle 

through aconitase inhibition and oxidative phosphorylation through inhibition of 

complexes ll/lll and IV. This hypothesis is supported by recent data in HD 

lymphoblasts. Ross and colleagues (1999) assessed the effects of the 

mitochondrial toxins rotenone, 3-NP and antimycin (which inhibit complexes I, II 

and III respectively), cyanide and azide (which both inhibit complex IV) on 

mitochondrial depolarisation (assessed using the fluorescent dye JC1) in 

lymphoblasts. They compared lymphoblasts derived from patients with juvenile 

HD with matched controls and lymphoblasts from patients with SCA1. They 

found that the HD lymphoblasts’ mitochondria depolarised more markedly 

compared to controls or SCA1 lymphoblasts in response to the complex IV 

inhibitors with a milder response to 3-NP. There were no differences in 

depolarisation with rotenone or antimycin A. They also found that the HD 

lymphoblasts showed increased apoptotic cell death in response to staurosporine 

(an inducer of apoptosis dependant on the MPT pore, see 1.2.4.2), compared to 

controls or SCA 1 cells (Sawa et al 1999). This study demonstrates a difference 

in peripheral cells between HD patients and controls and the authors conclude 

that complex IV appears to be vulnerable early when the lymphoblasts are 

stressed, which supports the present data and hypothesis. Sawa and colleagues 

also conclude that the stress induced abnormalities they found are likely to 

reflect primary disturbances directly attributable to the presence of mutant 

huntingtin; with mutant huntingtin disrupting mitochondrial resistance to inhibition 

of the MRC and leading to sensitivity to apoptosis (Sawa et al 1999)(see section 

5.4.7 for discussion on HD, mitochondrial dysfunction, excitotoxicity and 

apoptosis)

Impaired energy metabolism together with oxidative stress and damage would 

together form a self amplifying cycle of cell toxicity, determined and initiated by

excitotoxicity and NO production. The mechanism(s) by which mutant huntingtin

precipitate this cascade remain unknown and the study by Sawa et al (1999) on 

HD lymphoblasts does not offer any direct clues. The absence of any defect in 

fibroblasts which also contain low levels of mutant huntingtin make a simple 

direct inhibitory interaction with the respiratory chain unlikely. Mutant huntingtin 

may increase neuronal sensitivity to excitotoxic stimuli. However, defining the 

terminal elements of neuronal cell loss in HD offers clues to more proximal 

factors in the pathogenetic pathways and to novel treatment strategies that might
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successfully intervene. In this respect, the preliminary data suggesting that co

enzyme Qio can reduce lactate production in HD brain (Koroshetz et al 1997) 

offer an opportunity to reverse the oxidative phosphorylation defect. The effect of 

such intervention on disease development or progression will be important to 

establish.

In summary, this work provides further support for a respiratory chain defect in 

HD which primarily involves complex ll/lll and parallels the severity of neuronal 

loss in HD brain. Fibroblasts and cerebellum from HD patients do not exhibit the 

complex ll/lll deficiency despite mutant huntingtin expression. This suggests that 

other factors are required to mediate the mitochondrial defect. The severe 

deficiencies of aconitase activities in affected HD brain regions suggest 

NO/ONOO“  and free radical production is increased. It is proposed that the 

complex ll/lll and aconitase deficiencies are the product of a self amplifying cycle 

precipitated by excitotoxicity, NO and superoxide generation resulting in cell 

toxicity through ATP depletion and oxidative damage.

5.4.5 Mitochondrial dysfunction and free radical damage in the R6/2 

transgenic mouse model of HD

The development of a transgenic mouse model of HD (R6/2 TgHD), with stable 

expression of a systemically expressed mutant protein has provided valuable 

insights into the pathogenetic mechanisms that may be involved in HD. Several 

parallels at clinical and pathological levels have been demonstrated between HD 

and the R6/2 TgHD mice. The work in this thesis sought to determine whether 

parallels also existed between HD patients and the R6/2 TgHD mice at the 

biochemical level.

In the R6/2 TgHD mice studied here. Nils develop in cerebral cortex, 

hippocampal and then striatal neurones from 3-5 weeks. This precedes the onset 

of abnormal movements and muscle wasting at around 8  weeks. Even at 14 

weeks, when the mice are severely affected clinically, there is evidence only of 

selective neuronal cell loss (G Bates, personal communication). Thus the clinical 

features in these mice are more likely to be related to neuronal dysfunction than 

death. This would imply that at 12 weeks the TgHD mouse is a model for the 

biochemical and pathological changes that might be seen in early HD, before 

severe cell loss occurs.
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The decreased aconitase activity found in TgHD mouse striatum mimics the 

observations in HD striatum and is consistent with elevated NO , and 

peroxynitrite generation (Hausladen and Fridovich 1994). Nitric oxide is 

synthesised by NOS which exists in 3 forms; neuronal (nNOS), inducible (iNOS) 

and endothelial (eNOS)(discussed in Chapter 1.3.1.2). The distribution of nNOS 

was similar in neurones from control and TgHD mouse brains, however, 

unfortunately this analysis gives no information regarding the relative activation 

of nNOS in these animals. Cells positive for iNOS were scattered throughout the 

TgHD mouse brains but not in controls. These positive cells were 

morphologically consistent with being activated microglia (Dr J McLaughlin, Dept, 

of Pathology, RFUCMS) which have been found in a variety of pathological 

conditions (Murphy and Grzybicki 1996). The increased staining for nitrotyrosine 

in the TgHD mouse brain would indicate there is increased ONOO' generation in 

the mouse model. Although the source of the NO is not known the neuronal 

localisation of the nitrotyrosine residues would also suggest nNOS activation, 

rather than iNOS, an observation consistent with excitotoxic damage (Coyle and 

Puttfarcken 1993).

As discussed in the previous section on HD brain it is proposed that excitotoxic 

related formation of NO, Oj" and ONOO' in HD brain results in inhibition of the 

activities of aconitase and complexes II, III and IV. As aconitase activity is more 

sensitive to the presence of NO than either complexes ll/lll or IV, the 34% 

decrease in aconitase activity in the TgHD mouse striatum but normal activity of 

complex ll/lll is consistent with a more mild level of free radical damage than is 

seen in HD striatum. In contrast, the normal aconitase activity in the TgHD 

mouse cortex suggests free radical damage was not present in this region. This 

is in agreement with the findings of a recent report in forebrain from another 

transgenic HD mouse model (Schilling et al 1999).

The normal complex ll/lll activity in the TgHD mouse striatum contrasts with the 

marked defect found in HD striatum suggesting the latter is related to events 

occurring with advanced HD pathology, possibly more severe free radical 

damage. The cause of decreased complex IV activity in TgHD mouse striatum, 

cortex and the milder non significant decrease in skeletal muscle is not known. 

Histochemical and immunohistochemical staining and Western blot analysis of 

TgHD mouse cortex for complex IV was not qualitatively different from control.
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This would suggest that the complex IV deficiency was not expressed focally and 

that the decrease in activity was not due to down-regulation of complex IV 

synthesis in specific cell types. Although complex IV activity is vulnerable to free 

radical damage as discussed in the previous section, it is less sensitive than 

either aconitase or complex ll/lll. Consequently, whilst free radical damage may 

be contributing to aconitase and complex IV inhibition in the TgHD mouse 

striatum, there is currently no evidence of free radical damage in the cortex. A 

more widespread decline in complex IV activity may relate more directly to 

mutant huntingtin expression. This possibility is also raised by Sawa and 

colleagues from their study on mitochondrial depolarisation in HD lymphoblasts 

and increased susceptibility to complex IV inhibition as discussed in the previous 

section (5.4.4), although a mechanism for this has yet to be identified. The 

possible interaction between complex IV and mutant huntingtin in turn may 

contribute to an increased vulnerability of the neurones to glutamate induced 

excitotoxicity (Novelli et al 1998) and therefore link these mechanisms 

contributing to cell death in HD.

The previously reported defective energy metabolism in HD skeletal muscle 

(Koroshetz et al 1997, Arenas et al 1998; and reviewed in section 5.1.7.4) 

contrasts with the present finding of a miid non significant decrease in complex 

IV activity, normal complex IV histochemistry, and normal complex l-lll function 

in the muscle of the TgHD mouse despite marked muscle atrophy and nuclear 

inclusion formation (Sathasivam et al 1999). This suggests that a decline in 

muscle energy metabolism is not likely to be responsible for the muscle atrophy. 

It has been noted that these R6/2 TgHD mice develop diabetes mellitus and this 

could possibly account for the weight loss (Hurlbert et al 1999) although the 

molecular mechanism is not known.

In summary, this work has identified some biochemical abnormalities which are 

common to both the TgHD mouse brain and HD striatum. These include 

decreased activities of aconitase and complex IV, however the decreased 

complex ll/lll activity found in HD striatum was absent in the TgHD mice. In 

addition this work has identified increased iNOS levels and increased 

nitrotyrosine residues in the TgHD mice brains. Defining the sequence in which 

these abnormalities develop and their relationship to mutant huntingtin 

expression should provide insight into the pathogenesis of HD itself. There is
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evidence, both in HD patients and the TgHD mouse, that excitotoxic mechanisms 

may contribute to cell death. In the mouse at least, this may be related to altered 

sensitivity to glutamate (Cha et al 1998, Calabresi et al 1996). The decrease in 

aconitase activity and increased nitrotyrosine residues in the TgHD mouse brain

may be caused by excitotoxic activation of NO and Og" generation in addition to

iNOS induction, and appears to precede cell death. Thus the R6/2 HD transgenic 

mouse probably represent an early biochemical model of HD prior to neuronal 

degeneration (Fig 5.23a). Again an early defect of complex IV is supported by 

the findings of Sawa et al discussed above indicating increased mitochondrial 

depolarisation in HD lymphoblasts compared to controls when treated with 

complex IV inhibitors (Sawa et al 1999).

The decline in complex ll/lll activity in HD striatum may be a representation of 

more advanced pathology involving cell death (Fig 5.23b). Given the parallels 

between HD and the R6/2 TgHD mouse, it will be interesting to determine 

whether there is an increase in iNOS residues in HD brain and whether a defect 

of complex ll/lll activity develops in this or another mouse model of HD.
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Fig 5.23a Schematic Diagram of Early Events in HD
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Fig 5.23b Schematic Diagram of Late Events in HD
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5.4.6 Stable and inducible cell culture model of HD

Although still in early stages of analysis the development of this stable and 

inducible cell model expressing the N-terminus of mutant huntingtin will provide a 

useful tool to study the interrelationship at the cellular level between the

presence of mutant huntingtin and mitochondrial dysfunction, NO', excitotoxicity

and cell death. Studies on such a cell line are complementary to those already 

done on the human brain samples and the R6/2 TgHD mouse model. Two cell 

lines have been used - NT2 and HEK293 cells. NT2 cells are neuronal precursor 

stem cells derived from a human teratocarcinoma. Following treatment with 

retinoic acid the cells form post-mitotic mature neurones (hNT 

neurones)(Pleasure and Lee 1993, Pleasure et al 1992). Terminally differentiated 

NT2 cells elaborate processes that differentiate into axons and dendrites and 

express cytoskeletal proteins, and neuronal cell surface markers (Pleasure et al

1992). Both NMDA and non-NMDA glutaminergic receptors have been identified 

electrophysiologically and mRNAs for NMDA and non-NMDA receptors have 

been identified in the differentiated cells (Younkin et al 1993). They are the only 

available human neuronal cell line expressing these receptors (apart from 

primary neuronal cultures) and they have been used in models of glutamate 

induced excitotoxicity (Munir M et al 1995). The NT2 cells can be transfected in 

the stem cell state and then terminally differentiated with retinoic acid (which 

takes approx. 5 weeks) and it has been shown that the mature differentiated NT2 

cells will still express the transfected gene (Pleasure et al 1992). This makes it 

the ideal cell system to study the inducible expression of our mutant huntingtin 

constructs because of its similarity to the striatum neurochemically. HEK293 cells 

are human embryonal kidney cells and this line was also used because these are 

easier cells to culture and transfect than the NT2 cells (personal observation) 

and have been used in a number of in vitro models of HD as discussed 

(Martindale et al 1998, Hackam et al 1999).

The stable inducible cell line described in this study is only one of a few inducible 

cell culture models described. To date the only other stable and inducible model 

of HD is that of Lunkes and Mandel (1998). This is a tetracycline inducible model 

of HD in the mouse/rat neuroblastoma/glioma cell line NG108-15 where protein 

expression is activated by treating the transfected cells with doxicycline (section 

5.1.7.6 ). The Ecdysone-lnducible Mammalian Expression System (Invitrogen) is 

based on the ability of the insect hormone 2 0 -0 H ecdysone to activate gene
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expression via the ecdysone receptor. The system utilises a heterodimer of the 

ecdysone receptor (VgEcR; derived from Drosophila) and the retinoid X receptor 

(RXR; derived from mammalian cells) that binds a modified ecdysone response 

element (EcRE) in the presence of a ligand such as ecdysone (or ponasterone 

A) (Figure 5,24). Binding of the heterodimer to the EcRE activates transcription. 

Since mammalian cells are not normally responsive to ecdysone (or its analogs) 

and do not contain the ecdysone receptor, basal levels of transcription are very 

low or absent altogether. The plasmid pVgRXR contains VgEcR and RXR genes, 

and the pIND plasmid contains the modified ecdysone response element and the 

multiple cloning site (MCS). This study utilised the ecdysone system to create 

inducible and stable cell models of HD. There are however a number of 

problems associated with the ecdysone system that have come to light during 

the present study. Firstly a stable clonal line expressing the first plasmid 

pVgRXR has to be created. This took many months with the screening of many 

clones which was performed by sequential transfection with pINDIacZ, and 

staining for (3-galactosidase expression. Then a second plasmid (pIND) is 

transfected into the pVgRXR clone, and again stable clones have to be isolated 

that express both pIND and pVgRXR. It was found during the construction of 

these HD cell models that even after screening more than 30 clones such as 

occurred with the Group I (HSV tagged) constructs, no expressing lines were 

isolated. Indeed the manufacturer’s (Invitrogen) now state that often over 80 

individual clones have to be screened to find protein expression (B. Yahiaoui, 

Invitrogen, Netherlands, Personal communication). In addition it is difficult to get 

stable and inducible expression with this system although transient expression is 

quite straightforward.
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The Ecdysone Inducible Mammalian Expression System
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Fig 5.24 Schematic Cartoon of the Ecdysone Inducible 
Mammalian Expression System

The Ecdysone-lnducible Mammalian Expression System utilises a heterodimer 
of the ecdysone receptor (VgEcR) and the retinoid X receptor (RXR) that binds 
a hybrid ecdysone response element in the presence of the synthetic analogue 
of ecdysone, ponasterone A. The ecdysone receptor (VgEcR) is derived from 
the natural Drosophila ecdysone receptor.
RXR is the mammalian homologue of USP (u/frasp/rac/e),the natural partner to 
the Drosophila ecdysone receptor. This receptor recognises one half-site from 
the natural ecdysone response element. Both of these receptors are expressed 
from the pVgRXR vector in the Ecdysone System. In the presence of 
ponasterone A, RXR and VgEcR associate together and bind to the ecdysone 
response element.
P- HSP is the Drosophila minimal heat shock promoter. Transcription is acti
vated from the minimal heat shock promoter via the VP16 transactivation do
main in the modified ecdysone receptor.



In some cell lines, for example, Hela cells, the pIND promoter has been switched 

off by the cell itself or protein expression may be turned off after expressing for a 

few months (M Brodie, Invitrogen, personal communication), presumably by a 

similar mechanism used to switch off the promoter of either pVgRXR or pIND. 

However clonal stable and inducible lines have been successfully created for 

Group II (no HA tag) and III (HA tag) constructs in NT2 cells and EcR293 cells.

Synthesis of Group IV constructs proved to be unsuccessful because of the base 

changes and deletions in the sequence of the insert DNA after propagation 

through E coli. This is a well recognised problem with bacterial propagation of 

expanded triplet repeats. Maintenance of long triplet repeat sequences in 

bacterial systems is difficult because they are readily deleted to sequences of 

shorter length when contained in plasmids (Kang et al 1995, Shimizu et al 1996). 

The length of the repeat is important since longer CAG tracts (30 or more) show 

a greater degree of instability compared to shorter inserts (30 or less)(Wells 

1996). This is consistent with the fact that it was possible to isolate a Group IV 

construct with the correct insert sequence and orientation with 17 repeats but not 

one with 61 repeats. The cause of the genetic instability of CAG repeat 

sequences contained in plasmids in E coli is not completely known. Bowater et 

al have studied the instability of long CAG and CTG repeats lengths from 

plasmids in E coli (Bowater et al 1997). They found that E coli harbouring 

plasmids containing deleted CAG sequences had a growth advantage over E coli 

harbouring plasmids with long non-deleted CAG sequences. They also found that 

long CAG repeats were shown to have a higher frequency of deletions upon 

active transcription into the CAG repeat sequence. This elevated frequency of 

deletions (5-20 fold for each growth cycle) was not proportional to the number of 

generations of culture but was produced by passage of cultures through 

stationary phase (defined in their study as 24h culture and an optical density 

measurement at 600nm of > 2). However the molecular process responsible for 

the effects of transcription on deletion frequency was not clear from this study 

(Bowater et al 1997). Besides the occurrence of deletions in our group IV 

constructs during propagation through E coli, point mutations were also found. 

These may have occurred during E coli propagation or during the PCR 

amplification procedure. During PCR amplification a mutation frequency of 2.6 x 

10 ® is described, with increasing error rates as the PCR fragment size increases 

and the number of PCR cycles increases. During the synthesis of the Group IV
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constructs several PCR reactions had to be performed to amplify the construct. 

It was due to these point mutations that the High Fidelity PCR system 

(Boehringer) was used in the synthesis of the a-synuclein constructs in Chapter 

6 . This is reputed to be associated with a lower frequency of mutations because 

a different Tag polymerase is used (Boehringer) with a quoted error rate of 8.5 x 

10"® (Boehringer).

These points notwithstanding, stable and inducible cell lines expressing N- 

terminal fragments of mutant huntingtin have been created for both EcR293 and 

NT2 cells using the Group II and III constructs. These lines are presently 

undergoing further analysis to try and aid our understanding of the cellular 

mechanisms involved in the pathogenesis of HD. The inducible nature of mutant 

huntingtin expression in this cell model will allow the study of the relationship 

between differing concentrations of protein expression and cell toxicity, and the 

interaction between the presence of protein aggregates and the cells’ 

susceptibility to oxidative stress and excitotoxicity. Study of these cell lines may 

establish the exact relationship between expression of N-terminal mutant 

huntingtin and cell death, and the role played by mitochondrial dysfunction, 

oxidative stress and vulnerability to excitotoxicity. it will allow the possible 

interaction between the N-terminus of mutant huntingtin and complex IV to be 

studied at the cellular level. This should allow neuroprotective strategies to be 

devised to alleviate the effects of oxidative stress (ie. by the addition of 

antioxidant such as ubiquinone, N-acetylcysteine, and Trolox); to prevent the 

opening of the mitochondrial transition pore (ie. by cyclosporin); or to prevent 

excitotoxicity (ie. by using lithium or MK801) and protect the neurones from the 

effects of mutant huntingtin expression.

5.5.7 Apoptosis, Mitochondrial dysfunction and Excitotoxicity in HD 

- an overview

The mode of cell death (whether necrosis or apoptosis) in HD is not clear from 

neuropathological studies. Using the terminal transferase-mediated deoxyuridine 

triphosphate-biotin nick-end labelling (TUNEL) method to detect DNA strand 

breaks in apoptotic cells, Portera-Cailliau and colleagues (1995) showed that a 

subset of neurones and glia in the neostriatum of HD patients appear to undergo 

apoptosis. Isolated medium spiny neurones were stained, most intensely in the 

putamen, followed by the globus pallidus and caudate. Labelling was also
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increased in more advanced cases of disease. However, even in those advanced 

cases only a small fraction of the cells were labelled with TUNEL. The authors 

conclude that it is possible that fragmented DNA was present below the limit of 

detection in a larger number of cells or the low frequency of labelling reflects the 

slow progression of the disease (Portera-Cailliau et al 1995). Findings from other 

studies employing the TUNEL technique support the idea that apoptosis occurs 

in HD (Dragunow et al 1995, Thomas et al 1995), and it has also been shown 

that there is positive correlation between the number of CAG repeats in HD and 

the degree of nuclear fragmentation in the HD striatum using DNA fragmentation 

assays (Butterworth et al 1998). The transgenic mouse created by Reddy et al

(1998) (section 5.1.7.5) expressing full-length huntingtin shows significant 

apoptotic neurodegeneration as measured using TUNEL. However it is important 

to note that the DNA damage assessed by in situ end -labelling techniques such 

as TUNEL may not always be completely specific for apoptosis, and additional 

morphological evidence is usually required for unequivocal evidence of apoptosis 

(Tatton and Olanow 1999). Nuclear events other than apoptosis may be picked 

up and maintenance of brain tissue in fixatives or tissue drying can induce false- 

positives or false-negatives (Tatton and Olanow 1999). There is however much 

indirect evidence for an apoptotic process contributing to cell death in HD. 

Saudou et al (1998) found morphological features of apoptosis (chromatin 

condensation, nuclear pyknosis, or nuclear fragmentation) in degenerating 

striatal neurones transfected with mutant huntingtin, they also stained positively 

by TUNEL. Saudou et al also found they could protect neurones against mutant 

huntingtin induced cell death by co-expressing BcIXl which prevented apoptosis 

from occurring (Saudou et al 1998). BcIXl is an anti-apoptotic channel forming 

protein responsible for maintaining normal mitochondrial physiology (section 

1.2.4)(Vander Heiden et al 1997).

To investigate further the role of apoptosis in HD, Ona and colleagues (1999) 

crossed the R6/2 HD transgenic mice with another strain containing a dominant- 

negative mutation that inhibited the function of caspase 1 (part of a family of 

cysteine proteases that are important in regulating apoptosis, for further details 

on caspases and apoptosis see Chapter 1.2.4, and the review by Budihardjo et 

al 1999). Caspase 1 (interleukin-1 p-converting enzyme, ICE) has been shown to 

function mainly in cytokine processing (Wang et al 1998). The authors found that 

the resulting mice - which co-expressed the mutant huntingtin fragment and the
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caspase-1 mutant - developed normally, had a delayed appearance of Nils and 

neurotransmitter receptor alterations, and showed a dramatic delay in the 

progression of motor dysfunction. Moreover the characteristic weight loss was 

reduced and the onset of the disease delayed. They found overall a 55% 

increase in disease duration and the mice lived 20% longer than the R6/2 native 

mice. They also found that when they blocked caspase-1 by infusing a caspase 

inhibitor into the brains of the native R6/2 tg HD mice they observed improved 

motor performance and increased lifespan (Ona et al 1999). Caspase 1 and 

caspase 3 have also been demonstrated to cleave wild-type and mutant 

huntingtin in vitro, to yield N-terminal fragments, with mutant huntingtin being 

preferentially cleaved (Goldberg et al 1996, Wellington et al 1998).

As discussed in Chapter 1, (section 1.2.4.2) mitochondria play a pivotal role in 

the initiation and propagation of apoptosis. Could mitochondrial dysfunction,

increased free radical and NO" generation and excitotoxicity all link together in

the pathogenesis of HD leading to apoptosis? It is well established that 

glutamate excitotoxicity mediated via the NMDA receptor leads to accumulation 

of intracellular Ca^* with resultant cellular dysfunction (section 1.3.2.1). One of 

the late consequences of excitotoxic insult is the release of cytochrome c from 

mitochondria and the consequent activation of caspases (Leist and Nicotera 

1998) which promote apoptosis. As discussed in section 5.1.7.2, mutant 

huntingtin has been shown to interact with calmodulin which activates nNOS via 

the calmodulin/ Ca^ associated phosphatase, calcineurin. This activation of

nNOS would result in increased NO', consequent mitochondrial dysfunction and

the formation of ONOO' as discussed. The resultant mitochondrial impairment

with reduced ATP levels would result in activation of NMDA receptors by ambient 

glutamate levels (section 1.3.2.2) resulting in increasing cellular dysfunction 

(section 1.3.2.2). A vicious cycle ensues with increasing mitochondrial 

dysfunction, reduced ATP levels, and consequent opening of the MPT pore and 

release of cytochrome c and consequent activation of caspases. Mutant 

huntingtin can be cleaved into N-terminal fragments by caspase 1 and 3 with the 

consequent formation of intranuclear inclusions. The Nils may impair nuclear 

function and attempts at cellular restoration, and damage the cell further. Once 

initiated this cycle would perpetuate with progressive mitochondrial dysfunction 

and ATP depletion resulting in further membrane depolarisation, NMDA receptor
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activation and so on until the neurone dies by apoptosis.

Another hypothesis to explain the mitochondrial abnormalities described is that 

mutant huntingtin may inhibit or interact with nuclear genes encoding 

mitochondrial proteins or nuclear transcription factors involved in the synthesis of 

mitochondrial proteins. The consequent mitochondrial dysfunction would then 

result in excitotoxic mechanisms as described and consequent activation of the 

apoptotic pathway as discussed.

However there are many questions still unanswered in HD and the hypotheses 

generated do not answer them. For example, why are primarily the medium spiny 

neurones in the striatum affected when other cells that express mutant huntingtin 

at the same level remain unaffected, and why also does it take so long for the 

pathology to develop? The solution to these issues is probably dependant on an 

improved understanding of both the role of normal huntingtin in neurones and of 

the perturbing effects of mutant huntingtin expression on the medium spiny 

striatal neurones in particular, and study of the HD cell model as described 

above will attempt to answer some of these question.
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Chapter 6 A Cell Culture Model of Parkinson's disease

6.1 Introduction - Parkinson's Disease (PD)

6.1.1 Clinical Features of PD

PD is one of the commonest neurodegenerative diseases with a prevalence in 

the Western world of 1 in 350 with a lifetime risk of 1 in 40. it is characterised by 

the triad of tremor, rigidity and bradykinesia. Onset can be between the fourth 

and seventh decade, with increasing age being the single most consistent risk 

factor. The diagnosis of PD is made on the basis of clinical criteria, and although 

there are features that make it possible to distinguish idiopathic PD from other 

causes of parkinsonism, neuropathological examination remains the gold 

standard for diagnosis.

6.1.2 Pathological features of PD

Pathologically PD is characterised by degeneration of the pars compacta of the 

substantia nigra, the locus coeruleus and substantia innominata. The substantia 

nigra pars compacta projects dopaminergic fibres to the striatum but not all 

dopaminergic projection areas are equally susceptible. Within the substantia 

nigra pars compacta, neuronal loss tends to be greatest in the ventrolateral tier 

(loss is estimated to be 60 to 70 percent at the onset of symptoms), followed by 

the medial ventral tier and dorsal tier (Fearnley and Lees, 1991). This pattern of 

cell loss is relatively specific to PD; it is the opposite of that seen in normal 

ageing and differs from patterns seen in striatonigral degeneration and 

progressive supranuclear palsy. It results in a regional loss of dopamine, most 

prominently in the dorsal and intermediate subdivisions of the putamen, a 

process that is believed to account for the akinesia and rigidity (Kish, Shannak 

and Hornykiewicz 1988).

Another important pathological feature is the presence of Lewy bodies and Lewy 

neurites in PD. Lewy neurites are degenerating ubiquitin-positive neuronal 

processes or neurites which are found in all affected brainstem regions, 

especially the dorsal motor nucleus of the vagus (Gai, Blessing and Blumbergs

1995). The Lewy body is an eosinophilic hyaline intracytoplasmic inclusion 

consistently observed in selectively vulnerable neuronal populations, in PD they
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are found in the SN, locus coerulus, dorsal motor nucleus of the vagus nerve, 

and other pigmented brainstem nuclei, as well as the substantia inominata and 

the intermediolateral cell column of the spinal cord. Brainstem-type Lewy bodies 

appear as inclusions, 5-25pm in diameter, with a dense eosinophilic core and 

clearer surrounding halo. Ultrastructurally, they are composed of a dense core of 

filamentous and granular material that is surrounded by radially oriented 

filaments (Duffy and Tennyson 1965). When Lewy bodies appear in the cerebral 

cortex they are associated with the disease cortical Lewy dementia. Here they 

are spherical inclusions that lack a core and halo but are biochemically similar to 

brain stem Lewy bodies. Biochemically Lewy bodies are composed of ubiquitin 

and recently it has been shown that a-synuclein forms the major filamentous 

component of Lewy bodies and Lewy neurites (Spillantini et al 1997).

The mechanism of Lewy body formation, the importance of the Lewy body to the 

pathogenesis of PD, and its role in the neurodegenerative process is currently 

not known and is an area of great research interest.

6.1.3 Pathogenesis and mechanism of cell death in PD

The mechanisms responsible for cell death in PD are largely unknown. There are 

a number of factors implicated in neuronal degeneration in PD which have been 

extensively reviewed, namely genetic factors (Gasser 1998), environmental 

toxins (Langston 1998), mitochondrial dysfunction (Schapira et al 1998), 

oxidative stress (Jenner and Olanow 1998), excitoxicity (Flint Beal 1998), 

deficient neurotrophic support and possible immune mechanisms causing 

inflammation (Hirsch et al 1998).

A critical question in PD, as in HD, is why specific neurones are selectively 

vulnerable. It may be that the specific neurones are able to take up both 

endogenous and exogenous toxin compounds through selective carrier 

mechanisms, such as the dopamine transporter. Other possible explanations 

include increased genetic susceptibility, metabolic stress, high physiological rates 

of protein oxidation, selective generation of potential toxins or failure to detoxify 

or dispose of the them (possible because of the presence of neuromelanin), and 

specific requirements for neurotrophic support.
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6.1.4 Environmental Toxins in PD

The disease was first formally described at the time of the Industrial Revolution, 

which suggested that an environmental toxin may have an important causative 

role although there are descriptions of PD-like illnesses before this time. A rural 

environment has been found to be associated with an elevated risk of PD. There 

has been suggestion of a relation with such factors as the use of herbicides or 

pesticides and exposure to well water. However the proportion of patients with 

such exposure is limited to about 10% of the whole population with PD 

(Semchuck, Love and Lee 1992) therefore the importance of these risk factors is 

limited. One factor consistently associated with a reduced risk of PD is smoking 

(Morens, Grandinetti, Reed et al 1995). One of the most recent large scale 

evaluations demonstrating this negative association found that ever having 

smoked reduced the risk of PD by half (Hellenbrand et al 1997). How smoking 

could be protective is not known.

A number of toxins have been shown to give rise to similar selective neuronal 

loss and parkinsonism in humans, primates and rodents. These agents include 

MPTP (1-methyl-4-phenyl-1,2,3,6-tetra hydropyridine), manganese, iron, 

cyanide, azide, p-carbolines and Isoquinolines. The importance of toxin models 

is two-fold. Firstly environmental toxins that induce parkinsonism give us clues to 

possible environmental aetiological factors, and secondly many of these toxins 

inhibit components of the mitochondrial respiratory chain and identical 

biochemical deficiencies have been discovered in relevant areas in humans with 

PD (see section 6.1.5) which make the toxin models important as tools to study 

cell death in PD.

MPTP parkinsonism is the best known model of PD, this was discovered when 

drug addicts in California inadvertently took a heroin substitute contaminated with 

MPTP and developed sub-acute parkinsonism (Ballard et al 1985). MPTP 

induces parkinsonism in man and other primates through specific uptake and 

conversion pathways which preferentially target the dopaminergic neurones of 

the substantia nigra. MPTP is oxidised to its toxic metabolite MPP^ by 

monoamine oxidase B found in high concentration in glia. MPP"” is taken up via 

the dopamine transporter and is consequently concentrated within nigrostriatal 

dopaminergic neurones (Chiba et al 1985, Javitch and Snyder 1984). MPP^ is 

further concentrated in the mitochondria where it specifically inhibits complex I of
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the MRC (Ramsay et al 1986, Nicklas et al, 1985) with a consequent reduction in 

ATP synthesis. Several studies both in vivo and in vitro also implicate the 

involvement of free radicals in MPTP toxicity. Mouse brain mitochondria 

incubated with MPTP induced superoxide formation (Rossetti et al 1988), and 

transgenic mice overexpressing the superoxide dismutase 1 (S0D1) gene which 

acts as a free radical scavenger (see 1.3.1.5) were resistant to MPTP toxicity 

(Przedborski et al 1992). There is also evidence that NO plays a role in MPTP 

induced neuronal death probably via the production of peroxynitrite, an extremely 

toxic and reactive species which is formed by the combination of NO and the

superoxide radical (0%" ). 7-nitroindazole, a selective neuronal nitric oxide

synthase (nNOS) inhibitor protects against MPTP-induced dopamine depletion in 

mice (Schulz et al 1995a) and dopamine depletion and loss of tyrosine 

hydroxylase positive neurones in baboons (Hantraye et al 1996). Also nNOS 

knockout mice are resistant to MPTP induced neuronal death (Przedborski et al 

1996).

Elevated iron concentrations in the SN pars compacta have been implicated in 

the development of idiopathic PD (Dexter et al 1989, Hirsch et al 1991). A 

number of groups have stereotactically injected the SN of rats with iron (Ben- 

Shachar and Youdim 1991, Sengstock et al 1993) with the resultant loss of SN 

neurones and dose dependant loss of striatal dopaminergic markers. The 

mechanism whereby iron causes specific neuronal loss is not known but iron is 

capable of catalysing oxidation reactions resulting in excess free radical 

formation (Halliwell and Gutteridge 1989) and inactivation of complexes I and IV 

of the mitochondrial respiratory chain has been found in response to iron induced 

oxidative stress in cultured PCI 2 cells (rat dopaminergic cells) (Hartley et al

1993).

Isoquinolines are structurally related to MPTP and MPP"̂  and occur naturally in 

the human brain (Sjoquist, Eriksson and Winblad 1982, Niwa et al 1991), being 

formed by a condensation of biogenic amines with aldehydes. A number of 

animal models of Parkinson's disease have been studied using isoquinoline 

derivatives. N-methyl-®-sals^nol injected into rat striatum resulted in behavioural, 

biochemical and pathological changes very similar to those seen in PD with 

selective toxicity to dopaminergic neurones (Naoi et al 1996, Naoi et al 1997). 

This compound has been found in human brains (Niwa et al 1991) and in the
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CSF of patients with newly diagnosed and untreated Parkinson’s disease (Naoi 

et a! 1997) suggesting that N methyl-®-salsinol may be an endogenous 

neurotoxin involved in the pathogenesis of PD. Another isoquinoline derivative,

1-benzyl-1,2,3,4-tetrahydroisoquinoiine has been injected into mice resulting in 

dopaminergic neuronal loss (Kotake et al 1995) and long term administration of 

tetrahydroisoquinolines to monkeys produced a parkinsonian syndrome 

(Yoshida, Niwa and Nagatsu 1990). Intraventricular administration of 1,2,3,4- 

tetrahydro-2-methyl, 6,7-isoquinolinetriol into rats caused reduced striatal 

dopamine and reduced noradrenaline in the locus coeruleus with a similar 

potency to MPTP (Liptrot, Holdup and Phillipson 1993). It has been shown that 

isoquinoline derivatives are potent inhibitors of complex I of the mitochondrial 

respiratory chain (McNaught et al 1995a) and a-ketoglutarate dehydrogenase 

(McNaught et al 1995b). Studies with PCI 2 cells suggest that the cytotoxicity of 

these compounds is related to their affinity for the dopamine reuptake system 

and the ability to concentrate in neurones in addition to their ability to inhibit the 

mitochondrial respiratory chain (McNaught et al 1996).

6.1.5 PD and mitochondrial dysfunction

Many of the toxins as discussed above exert their toxicity by inhibiting complex I of 

the mitochondrial respiratory chain. These models are of particular interest 

because an identical biochemical deficiency has been found in patients with PD.

A number of biochemical studies of PD post-mortem tissue have been performed. 

Complex I defects have been detected in the SN of PD brains but not in other brain 

regions (Schapira et al 1989). These findings are supported by 

immunohistochemical evidence of a down regulation of complex I subunits in some 

dopaminergic neurones, whereas other subunits are unaffected (Hattori et al

1991). As discussed above, MPTP causes neuronal dysfunction and death by 

inhibiting complex I via its toxic metabolite MPP"". Post-mortem analysis of patients 

with multiple system atrophy, with similar SN degeneration and l-dopa therapy had 

normal MRC function in the SN (Schapira et al 1990, Gu et al 1997), thus 

supporting the specificity of the complex I defect in PD and making it unlikely that it 

is related purely to neurodegeneration per se. Complex I abnormalities have also 

been observed in platelets from PD patients (Schapira et al 1994). Much work has 

been carried out in order to determine whether the defect in respiratory chain 

function is primary or secondary. The defect could be primary and caused by; a 

mutation in a mitochondrially encoded complex I subunit; a circulating complex I
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toxin, or a mutation in a nuclear gene encoding a Cx I protein. (For further 

discussion on this see section 4.1.4). Seven of the forty-one subunits of complex I 

are encoded by mtDNA and results from fusion studies support a mtDNA defect in 

PD (section 4.1.4). Swerdlow and colleagues demonstrated that the complex I 

defect in PD platelets could be transferred to mixed fusion cybrids (Swerdlow et al

1996), implying that the complex I defect was determined by mtDNA. Gu and 

colleagues found similar results using platelets from PD patient’s and A549p° 

fusion cybrids (Gu et al 1998). A number of groups have looked for mtDNA 

mutations in PD patients but no mtDNA mutations have emerged from sequencing 

studies so far. Secondary causes of the Cx I defect on PD include exogenous 

toxins as discussed (section 6.1.4), or endogenous toxins such as free radicals 

and excitotoxicity.

6.1.6 Oxidative stress and PD

As discussed in Chapter 1 a variety of critical biomolecules, including lipids, 

proteins, and DNA can be damaged by free radicals (section 1.3.1.3) potentially 

leading to neuronal death. Oxidative stress is believed to be a key event in the 

pathogenesis of cell death in PD (Jenner and Olanow 1996), the evidence for 

this derives from both in vitro and in vivo studies. Increased malondialdehyde (a 

product of lipid peroxidation) (Dexter et al 1994), increased levels of 8- 

hydroxyguanine (a marker of oxidative DNA damage) (Alam et al 1997), and 

increased protein carbonyls (caused by increased protein oxidation) have been 

found in SN of PD brains.

The metabolism of dopamine itself, by chemical or enzymatic means, can 

generate free radicals and other reactive oxygen species (ROS) (Olanow 1990, 

Jenner and Olanow 1998). The enzymatic oxidation of dopamine catalysed by 

monoamine oxidase (MAO) leads to the formation of hydrogen peroxide (HgOg). 

Normally H2 O2 is inactivated by catalase or by reduced glutathione (GSH) in a 

reaction catalysed by glutathione peroxidase. In an iron catalysed reaction H2 O2

can form the highly toxic hydroxyl radical OH'. Elevated iron concentrations in the

SN pars compacta have been implicated in the development of idiopathic PD 

(Dexter et al 1989, Hirsch et al 1991). Iron itself is a pro-oxidant that can donate 

an electron to enhance redox reactions through its conversion from its ferrous 

(Fe^*) to its ferric form (Fe^ )̂. In this way it can catalyse the formation of ROS 

from the oxidation of dopamine or levodopa (Jenner and Olanow 1998). The
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defect in complex I found in the SN of PD patients could contribute to oxidative 

stress. As discussed in chapter 1 (1.3.1.3) the inhibition of complex I of the 

respiratory chain produces increased free radicals and this may render the nigral 

neurones more vulnerable to apoptosis and susceptible to toxins that would 

otherwise be harmless (Jenner and Olanow 1998). Another important factor 

supporting the hypothesis that the SN is in a state of oxidative stress in PD is 

evidence of alterations in the antioxidant defences. Probably the most important 

change is the decrease in the level of GSH. GSH removes HgOg and therefore

prevents the iron catalysed decomposition of HgOg to OH . Catalase can perform

a similar function but levels in the brain are relatively low (Chance et al 1979). 

Therefore GSH represents one of the most important anti-oxidant defence 

mechanisms in the brain. GSH has been reported by a number of groups to be 

reduced by -30-40% in the SN of PD brain, with the extent of the loss correlating 

with disease severity (Sian et al 1994, Sofic et al 1992). The cause of the GSH 

depletion in PD is unknown, there is no evidence for reduced synthesis (Sian et 

al 1994) therefore a number of possibilities have been raised. It may be related 

to increased oxidative stress, secondary to the complex I defect or to levodopa 

therapy itself (Jenner and Olanow 1998).

6.1.7 Excitotoxicity and NO in PD

A theoretical role for excitotoxic processes in PD has been proposed based on a 

number of observations (Beal 1998). Consistent with a possible excitotoxic 

mechanism in PD, studies of MPTP neurotoxicity in both mice and primates have 

shown that inhibition of neuronal NOS exerts neuroprotective effects (Schulz et 

al 1995a and b, Ayata et al 1997). Studies using NMDA antagonists have been 

inconclusive, however, in demonstrating a neuroprotective effect. Using MK-801 

some groups have not shown neuroprotection from MPTP induced toxicity in 

mesencephalic cultures (Michel and Agid 1992) or mice (Sonsalla et al 1992). 

However other groups have shown that NMDA antagonists are protective against 

MPTP toxicity in mice (Brouillet and Beal 1993, Barneoud et al 1996) and 

primates (Zuddas et al 1992). A number of groups have shown that by inhibiting 

NOS with 7-nitroindazole the neurotoxic effects of MPTP in rats and primates are 

markedly attenuated (Hantraye et al 1996, Przedborski et al 1996). 

Immunostaining for nNOS in the SN has shown nNOS positive neurones in direct 

apposition with SN tyrosine hydroxylase neurones (dopaminergic neurones)
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implying that that nNOS may be involved in the pathogenesis of dopaminergic

cell death in the SN. Although there is evidence implicating excitoxicity and NO

in the pathogenesis of MPTP toxicity further work is required to elucidate the role

of excitoxicity and NO in PD (Beal 1998). If similar mechanisms are occurring in

vivo then there may be a role for NMDA antagonists or nNOS inhibitors as 

neuroprotective agents. The Cx I defect in PD is important with respect to the 

possible role of excitotoxicity in PD. The impaired energy metabolism may make 

cells susceptible to slow excitotoxicity (section 1.3.2.2)(Novelli et al 1988, Beal

1992) contributing to neuronal degeneration. The SN neurones in humans 

contain NMDA receptors and there are glutaminergic inputs to the SN from both 

the cerebral cortex and the subthalamic nucleus; and the SN NMDA receptors 

are more sensitive than AM PA receptors to endogenous glutamate 

(Christofferesen and Meltzer 1995). These NMDA receptors could be activated 

by ambient glutamate levels when ATP levels are low (Schinder et al 1996, Beal 

1998;section 1.3.2.2). As discussed in section 1.3.2.1, after activation of NMDA 

receptors, there is an influx of calcium (Choi 1987), followed by activation of

neuronal NO synthase (nNOS) which can lead to the generation of ONOO"

(Dawson et al 1991,1993) with resultant cellular dysfunction.

6.1.8 Genetics of PD

The identification of genes contributing to the aetiology of PD is complicated by 

the fact that PD is unlikely to be one single disease with a single cause. 

Degeneration of the substantia nigra and the development of Lewy bodies with 

the consequent clinical phenotype is likely to be multifactorial with a combination 

of genetic predisposition and environmental factors. The evidence for a genetic 

contribution comes from epidemiological surveys, twin studies and analysis of 

families with a high incidence of PD.

6.1.8.1 Epidemiological studies

Several case control studies have shown that PD is more common among 

relatives of index cases compared to a matched control population (Payami et al 

1994, Vieregge et al 1995, De Michele et al 1996, Marder et al 1996). The risk 

for relatives appears to increase as the number of individuals already affected in 

a family increases, a feature indicative of a multifactorial aetiology with a 

inheritable component in a subset of families (Lazzarini et al 1994). Taking all the
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studies together, the relative risk in first degree relatives of probands with PD is 

in the range of 2-3 times that of the general population (Gasser 1998).

6.1.8.2 Twin studies

Demonstrating an increased concordance rate of a disease amongst 

monozygotic (MZ) as opposed to dizygotic twins (DZ) is strong evidence 

supporting the genetic aetiology of a disease. Five studies of twins compared the 

PD concordance rate in MZ pairs with that in DZ pairs (Ward et al 1984, 

Vieregge et al 1992, Marttila et al 1988, Tanner et al 1999, Marsden 1987). 

Golbe summarises the findings from all these studies (Golbe 1999); concordance 

was found in 21 out of 162 (13%) MZ pairs and 16 out of 147 DZ pairs (10.9%). 

This MZ/DZ concordance ration 1.2/1.0 is not significant and would argue against 

a significant genetic component in PD. However there are a number of inherent 

problems with twin studies. There is no bio-marker for PD and the diagnosis 

rests on purely clinical features which may not always be accurate. In addition 

concordance rates are particularly difficult to establish in late-onset 

neurodegenerative disorders where there may be several years between the 

clinical features in twins, and this factor is thought to have contributed to the low 

concordance rates in the five prior twin studies where there was a range of 10-26 

years difference in onset of PD between the MZ co-twins (Golbe 1999). Some 

of the problems described have been circumvented by the use of ^®F-dopa 

positron-emission tomography (PET) which is a sensitive and specific marker for 

PD by imaging the presynaptic reuptake mechanism of surviving nigrostriatal 

dopaminergic neurones (Brooks 1990). Piccini and colleagues (1999) scanned 

18 healthy individuals who had a twin with PD, repeating the procedure 4 years 

later. They found abnormally steep declines in ^®F-dopa uptake between the 

examinations in all 10 of the MZ co-twins and in only 2 of the 8 DZ co-twins 

(Piccini et al 1999). The concordance was 72% for MZ twins and 18% for DZ 

twins. This study establishes that a genetic component is possibly important in 

PD, although supportive PET studies are required.

6.1.8.3 Autosomal dominant PD (ADPD) and mutations of the a- 

synuclein gene

In 1996 analysis of the Contursi kindred, a large Italian/American kindred (the 

extended family pedigree consisted of 592 members with 60 affected individuals) 

with highly penetrant autosomal dominant PD demonstrated linkage to
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chromosome 4q21-23 (Polymeropoulos et al 1996). The clinical picture of the PD 

phenotype in this family has been well documented (Golbe et al 1990). They 

have typical PD features but infrequent tremor; with an average age of onset of 

46 ± 13 years with a fairly rapid progression to death and a mean survival of 10 

years. Affected cases showed typical neuropathological findings of PD and the 

presence of Lewy bodies. A year later a mutation in the a-synuclein gene was 

identified in all but one of the affected members (Polymeropoulos et al 1997). 

This was a G to A substitution at base 209 (G209A), this mutation codes for a 

substitution of threonine for alanine at amino acid 53. The same mutation was 

also found in 3 Greek families from Patras with AD PD. The A53T mutation was 

not found in 230 patients of European descent with autosomal dominant PD 

(Vaughan et al 1998a), in sporadic PD cases in the UK (Warner and Schapira 

1998) nor in young onset PD cases (Chan et al 1998).

However a second mutation was found in the a-synuclein gene in a German 

family (Kruger et al 1998) causing a G to C substitution at base 88 producing 

amino acid substitution of proline for alanine at amino acid 30. Both reported 

mutations result in a hydrophobic residue being substituted for alanine and both 

mutations occur in a coding region linking repeats of a consensus sequence of 

amino acids, KTKEGV (Golbe et al 1999). The substitution in the Contursi 

kindred lies between repeats 3 and 4, whereas that of the German kindred 

occurs between repeats 2 and 3. The two protein defects might therefore be 

expected to produce a similar change in the chemical behaviour or structure of 

a-synuclein.

So far five families with mutations in the a-synuclein gene have been described 

and sequencing of the whole gene in 30 index cases from European and 

American kindreds with autosomal dominant PD has failed to find any further 

mutations (Vaughan et al 1998b). As a cause of PD it is therefore very rare but 

understanding the mechanisms by which mutations in this gene result in the 

clinical and pathological features of PD seen in these families should provide 

important insight in the pathogenesis of idiopathic sporadic PD.
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6.1.8.4 Other ADPD mutations

In two members of a German family with ADPD, Leroy and colleagues (1998) 

identified a missense mutation (lle93IVIet) in the ubiquitin carboxy-terminal 

hydrolase LI (UCH-L1) gene. UCH-L1 is one of the most abundant proteins in 

the brain, comprising up to 2% of total brain protein (Wilkinson et al 1989). 

Immunoreactivity for this protein has been found in Lewy bodies in PD (Lowe et 

al 1990); it belongs to a family of deubiquinating enzymes and is thought to 

cleave polymeric ubiquitin to monomers and to hydrolyse bonds between 

ubiquitin and small adducts such as glutathione and cellular amines (Leroy et al 

1998). This mutation Me93Met has been shown to cause a partial loss of the 

catalytic activity of this thiol protease, which could lead to aberrations in the 

proteolytic pathway and aggregation of proteins (Leroy et al 1998).

A third locus for autosomal dominant PD with Lewy body pathology was 

described (Gasser et al 1998) located on chromosome 2p13. Clinical features 

closely resemble that of idiopathic sporadic PD with a mean age of onset of 59 

years. The penetrance was estimated to be 40% suggesting it may play a role in 

idiopathic sporadic PD. Although the locus has been found the gene has not yet 

been identified.

6.1.8.5 Autosomal recessive juvenile PD (ARJPD)

ARJPD has been most commonly seen in the Japanese population and is 

characterised by onset before age 40 years, mild dystonia, a good response to I- 

dopa and symptomatic improvement following sleep (Yamamura et al 1973). 

Resting tremor is seen less frequently than in idiopathic sporadic PD, and they 

may have brisk tendon reflexes but no other pyramidal, cerebellar or autonomic 

features. Pathologically there is dopaminergic cell loss in the SN pars compacta 

and locus coerulus but no Lewy bodies (Takahashi et al 1994). The gene 

responsible for ARJPD was mapped to 6q25.2-q27 (Matsumine et al 1997), and 

in 1998 the gene was discovered and named parkin (Kitada et al 1998). Affected 

patients all carry deletions in parts of the parkin gene and in a subsequent 

analysis of 18 unrelated families 34 patients were found to carry deletions of the 

parkin gene (Hattori et al 1998). The function of the parkin protein is not known 

but it has homology at the N-terminus to ubiquitin and a ring finger motif at the C- 

terminus. It may be that parkin has ubiquitin type properties but as mentioned 

above ARJPD cases do not have Lewy bodies or inclusions and therefore a clear
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p ath o lo g ica l ro le  fo r park in  is not o bv ious in this r e s p e c t . .

Abbas et ai (1999) analysed the coding regions of the parkin gene in 35 mostly 

European families with early onset ARPD and found a wide variety of point 

mutations in addition to deletions in the parkin gene. In addition they found a 

mutation in the parkin gene associated with a patient of 58 years demonstrating 

that mutations in the parkin gene are not always associated with early onset PD.

6.1.8.6 g-synuclein and PD

a-synuclein is a small, flexible monomeric protein of 140 amino acids (14kDa) 

with little secondary structure. It is a pre-synaptic protein and was initially 

described in 1988 in the cholinergic synapses of an electric fish and in 1992 in 

mammalian central nervous system (CNS) synaptic terminals. It is abundantly 

expressed in the nervous system in which it is concentrated in pre-synaptic 

terminals and a-synuclein mRNA has been found at low levels in all tissues 

studied except liver (Ueda et al 1993). The protein is composed of three separate 

domains - the amphipathic region from residues 1 to 60, the NAC (non-beta- 

amyloid component of plaque) region from residues 61 to 89, and the acidic 

region from residues 100 to 130. The normal function of a-synuclein is unknown. 

Its homolog in the zebra finch is upregulated during song learning, suggesting a 

role in neuronal plasticity (George et al 1995). In 1993 it was found that a- 

synuclein is the precursor protein to the non-beta-amyloid component of amyloid 

plaques (NAC) in Alzheimer’s disease (Ueda et al 1993). This non-amyloid 

component is a 35aa residue segment derived from a-synuclein. An important 

finding suggesting that PD is a disease involving abnormal protein aggregation 

was that Lewy bodies are predominately composed of a-synuclein (Spillantini et 

al 1997), the previously known major components were neurofilament and 

ubiquitin. Ubiquitin conjugates with proteins targeted for proteolysis, and along 

with several other Lewy Body constituents, appears to be the part of the cellular 

response to the abnormal neurofilament aggregation. The neurofilament is 

mostly intact but hyperphosphorylated, as if being prepared for another type of 

proteolysis. Ubiquitin staining is usually in the outer halo of the Lewy body whilst 

a-synuclein staining is uniform and in the core of the Lewy body (Spillantini et al

1997). a-synuclein staining has now replaced ubiquitin staining as the standard 

diagnostic test for Lewy bodies. Lewy bodies stain with antibodies to both the C- 

and N- termini of a-synuclein, and the staining pattern aligns closely to the
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filaments seen in Lewy bodies (Spillantini et al 1998). This suggests that a- 

synuclein itself aggregates abnormally into filamentous structures which may 

precede the aggregation of neurofilament and the ubiquination steps, thus 

implying that aggregation of a-synuclein maybe a key factor in the pathogenesis 

of PD.

A number of cell culture models using mutant G209A (one of the mutations found 

in ADPD; section 6.1.7.3) and wild-type a-synuclein have been created in an 

attempt to study the possible pathogenic role of a-synuclein expression in PD. A 

stable but not inducible model expressing G209A wild-type and mutant a- 

synuclein in PCI 2 cells (rat phaeochromocytoma)(Stefanis et al 1999) showed 

that PCI 2 cells expressing wild-type a-synuclein were indistinguishable from 

control cell lines in terms of phenotype and morphology. However 

overexpression of A53T mutant a-synuclein resulted in increased cell death and 

a marked increase in ubiquitin staining. Ostrerova et al (1999) studied transient 

transfections of HEK293 and SK-N-SH (human neuroblastoma cells) and 

observed that overexpression of A53T a-synuclein induced increased cell death 

which appeared to be necrotic whereas overexpression of wild-type a-synuclein 

stimulated apoptosis (Ostrerova et al 1999). However transiently expressing high 

concentrations of wild-type or mutant A53T a-synuclein is not a good model of 

the in vivo situation because there is no evidence of over-expression of either 

mutant A53T or wild-type a-synuclein in the brains of either the Contursi kindred 

or idiopathic PD patients. Other mechanisms involving a-synuclein must be 

involved to produce the pathological phenotype.

As discussed above Lewy bodies contain ubiquitinated a-synuclein aggregates, 

neurofilament and the 26S proteasome. Covalent binding of ubiquitin to proteins 

marks them for subsequent degradation by a ubiquitin/ATP-dependant 

proteinase known as the 26S proteasome. This is a multicomponent enzymatic 

complex, the catalytic core of the 26S proteasome is the 20S proteasome which 

hydrolyses most peptide bonds present in a protein (Alves-Rodrigues et al 1998). 

The 26S proteasome is primarily a cytosolic enzyme, but it is also found in 

association with microsomal membranes and is localised in the nuclei. Recently 

Bennett et al (1999) using transiently transfected SHSY5Y (human 

neuroblastoma cells) investigated the degradation of both wild-type and A53T 

mutant a-synuclein and found that degradation of mutant a-synuclein took 50%

231



longer than wild-type and degradation of both isoforms was inhibited by the 

selective proteasome inhibitor p-lactose indicating that both forms of a-synuclein 

were degraded by the ubiquitin-proteasome pathway. They propose that the 

slower degradation of A53T a-synuclein favours its aggregation in vivo. The 

accumulation of ubiquitin/protein aggregates in neurodegenerative diseases was 

first described in neurofibrillary tangles. Since then they have been found in a 

whole host of neurodegenerative diseases (Table 6.1). Although specific sets of 

neurones are affected in each of the neurodegenerative diseases listed in Table 

6.1, they share the morphological feature of accumulation of ubiquinated 

aggregates of proteins. Are the aggregates directly related to cell death or are 

they merely an epiphenomenon resulting from the cell trying to protect itself. This 

is discussed in detail for HD in Chapter 5.1.7.6. In general accumulation of 

ubiquinated proteins are not found in healthy cells because they are rapidly 

degraded by the ubiquitin/ATP dependant pathway. Failure to eliminate the 

ubiquinated deposits might result from a malfunction of the ubiquitin/ATP 

dependant pathway or from structural changes in protein substrates, rendering 

them inaccessible to proteolysis such as occurs with abnormal prion protein. 

Neurones may be especially sensitive to malfunction of the ubiquitin/ATP- 

dependant pathway. In the early stages of cell injury, when ATP is sufficient and 

the proteasome is still operational, ubiquinated proteins are degraded. If the 

factor(s) inducing cell stress is removed or therapeutic intervention arrives in time 

the cell can be salvaged and degeneration prevented. However, a malfunction or 

overload of the ubiquitin/ATP-dependant pathway might impair the neuronal 

response to stress conditions. For example this may occur if ATP levels are 

reduced in the cell such as may occur with mitochondrial dysfunction or oxidative 

stress. In PD, for example, the complex I defect could contribute to reduced ATP 

levels, and there is good evidence for oxidative stress in PD as discussed 

(section 6.1.3). The damaged proteins although ubiquinated, are not degraded, 

and form aggregates, ultimately causing cell death. Of interest in this respect is 

the results of a study by Hashimoto et al (1999) who found that increased 

oxidative stress promoted a-synuclein aggregation in vitro and the aggregation 

could be blocked by anti-oxidant agents. They also found that cytochrome c 

stimulated a-synuclein aggregation in vitro which could be an important finding in 

particular because of its role in the respiratory chain and the initiation of 

apoptosis (section 1.2.4.2).
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Transgenic mice expressing wild-type human a-synuclein have recently been 

reported (Masliah et al 2000). In these mice neuronal expression of human wild-type 

a-synuclein resulted in progressive accumulation of a-synuclein, and ubiquitin- 

immunoreactive inclusions in the neocortex, hippocampus and SN. Ultrastructural 

analysis revealed both electron-dense intranuclear deposits and cytoplasmic 

inclusions. Interestingly these alterations were associated with loss of dopaminergic 

terminals (tyrosine hydroxylase positive) in the basal ganglia and progressive motor 

impairment in the animals. Drosophila transgenic for mutant A53T and wt a- 

synuclein also developed degeneration of dopaminergic neurones, cytoplasmic a- 

synuclein inclusions and locomotor dysfunction (Feany and Bender 2000). Therefore 

there is evidence that pathological accumulation of a-synuclein, both wild-type and 

mutant may play a role in the pathogenesis of PD and the elucidation of the 

mechanisms underlying the resultant cellular dysfunction is particularly important.
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TABLE 6.1 NEURODEGENERATIVE DISORDERS WITH UBIQUITIN

IMMUNOREACTIVITY AND PROTEIN AGGREGATES IN CELL INCLUSIONS
INCLUSIONS DISEASES PROTEIN COMPONENTS CELL TYPE

CYTOPLASMIC

Ballooned neurons

Pick's disease, CBD, AD, 

CJD, ALS

Neurofilaments Neurons

Corpora amylacea Normal ageing and AD

HSP27 and HSP72 Astrocytes

Dystrophic neurites AD, PD, DLBD, MND

Neurofilaments and 

proteasomes

Neurites

Glial tangles CBD Tau in straight filaments

Perikarya, 

neurons and glia

Lewy bodies PD, DLBD Neurofilaments, a-synuclein 

26S proteasome

Monoaminergic 

and cholinergic 

neurons

Glial cytoplasmic 

Inclusions

MSA a-synuclein Neurons and 

oligodendrocytes.

Lewy body-like 

inclusions

ALS Neurofilaments Motorneurons

Neurofibrillary tangles AD, PSP, FTDP17 Paired helical filaments (AD) 

Straight filaments (PSP), 

tau

and HSP

Perikarya, 

axons and nerve 

endings

Pick bodies Pick's disease Paired helical filaments 

with tau

Neurons

ENDOSOMAU

LYSOSOMAL

Lysosome related 

structures

Prion diseases, AD Prion protein, HSP70 Neurons

Bunina bodies ALS Vimentin, HSP70 Motorneurons

NUCLEAR

Intranuclear inclusions Polyglutamine diseases 

ie, Huntington’s Disease

Specific mutant protein 

ie mutant huntingtin

Neurons, 

and motor 

neurons in SBMA

Abbreviations: AD, Alzheimer’s disease; ALS, Amyotrophic lateral sclerosis; CBD, corticobasal degeneration; 
CJD, Creutzfeldt-Jakob disease; DLBD, Diffuse Lewy body dementia; HSP, heat shock protein; MND, motor 
neuron disease; PSP, progressive supranuclear palsy; FTDP17, frontotemporal dementia with parkinsonism 
linked to chr17
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6.1.8.8 Rationale behind an a-synuclein model of PD

The rationale behind constructing a stable and inducible cell model of PD using 

mutant and wild-type a-synuclein is that by understanding how a-synuclein 

causes cellular dysfunction we may get clues to the pathogenesis of idiopathic 

sporadic PD. Two separate mutations in the a-synuclein gene have been found 

to cause Parkinson’s disease and a-synuclein is an important component of 

Lewy bodies implying a possible causative role. Patients with the a-synuclein 

mutations have a similar clinical and pathological endpoint as patients with 

idiopathic PD, therefore by investigating how a-synuclein could cause cell death 

or dysfunction we may get clues to the pathogenesis of idiopathic PD.

By studying a cell model expressing both wild-type and mutant G209A a- 

synuclein we would hope to answer a number of fundamental questions. Does 

a-synuclein itself result in increased cell death, does it aggregate in the cells, is it 

processed or sequestered by particular organelles, does it render the cells more 

susceptible to oxidative stress or excitotoxicity and importantly does it interfere or 

inhibit the mitochondrial respiratory chain, in particular complex I. By studying 

expression in a neuronal (NT2, section 5.4.6) and a non-neuronal cell line with a 

dopamine transporter (HEK 293, section 5.4.6) we will examine the importance 

of neurone specific factors in a-synuclein expressing cells. Finally this model 

could serve as a model in which to test therapeutic strategies with 

neuroprotective agents.
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6.2 Materials and Methods

6.2.1 Experimental outline

Lymphoblasts from an affected male PD patient from the Contursi kindred with 

the G209A a-synuclein mutation were a kind gift from M Pomeropolous (NIH, 

Betheseda, USA). Control lymphoblasts with wild-type a-synuclein were 

purchased from ECACC (Wiltshire, UK). These were cultured (section 2.2.3), and 

mRNA isolated from the lymphoblasts (section 6.2.2 - 6.2.4). Total cDNA was 

isolated using reverse-transcriptase PCR (section 6.2.5). PCR was then used to 

amplify the a-synuclein gene (section 2.4.5), two separate PCR reactions were 

used with nested primers to first amplify the full-length a-synuclein cDNA and 

then separate primers to amplify the ORF of a-synuclein. The PCR products 

were run on an agarose gel (section 2.4.9) and the products cut out of the gel 

(section 2.4.10) and cleaned up (section 2.4.6). These were restricted with Bcl-1 

and Kpn-1 restriction enzymes (section 6.2.9) and then ligated into the Kpn-1 

and BamHI sites in the multiple-cloning site of pIND (section 2.4.11). The 

ligation product was then propagated through E. coli (section 2.4.13), and 

plasmid purified prior to automated sequencing to check the orientation of the a- 

synuclein insert (sections 2.4.14-2.4.15). 5pg of plasmid was then used to 

transfect NT2 cells and EcR 293 expressing the pVgRXR plasmid (section 2.3). 

Both transient and stable transfections were performed (sections 2.3.1-2.3.2) 

and after Ponasterone A induction for 48 hours were analysed for expression of 

the a-synuclein gene by immunofluorescence and western blotting (sections 

2.3.4; 2.11-2.14). All methods not described in full in this chapter are found in 

Chapter 2.

6.2.2 Isolation of mRNA from lymphoblasts

mRNA was isolated by a modification of the method as described by 

Chomczynski & Sacchi (1987). All the solutions were made RNAase free by 

treatment with diethylpyrocarbonate (DEPC)(100mM) for 12-16hrs at 37°C, which 

was then removed by autoclaving. Tips and eppendorf tubes were autoclaved. 

All equipment was also treated with DEPC by immersion overnight.

Greater than 3x 10® cells were harvested and washed once in PBS. The cell 

pellet was resuspended on ice in 1 ml of ice-cold PBS and transferred to an ice- 

cold, RNase-free eppendorf tube (1.5 ml). The cells were pelleted in a microfuge
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at 200g for 2-3 min at 4°C and the supernatant removed whilst keeping the 

eppendorf on ice. The cell pellet was homogenised in 125 pi of ‘denaturing 

solution’ (see appendix I) with a disposable microcapillary pipette tip at room 

temperature. 12.5 pi of 2M sodium acetate (pH 5.0), 125 pi of phenol saturated 

with 0.1 M citrate buffer (pH 4.3), and 25 pi of bromo-chloropropane - isoamyl 

alcohol mixture (49:1) was sequentially added to the homogenate with thorough 

mixing by vortexing for 10 sec after the addition of each reagent. The final 

suspension was incubated for 10 min on ice. The sample was then centrifuged at 

12,000g for 20 min at 4°C. The aqueous phase was transferred to a fresh, 

RNase-free eppendorf tube, vortex mixed with 75 pi of phenol and 75 pi of 

bromo-chloropropane - isoamylalcohol (49:1) for 10 sec and then incubated on 

ice for 5 min. The sample was again centrifuged at 12,000g for 10 min at 4°C 

and the aqueous phase transferred to a new, RNase-free tube. The RNA was 

precipitated with TA volumes of ethanol at -70°C for 4-16 h, and collected by 

centrifugation at 12,000g for 10 min at 4®C and dissolved in 90 pi diethyl 

pyrocarbonate-treated water. RNA was selectively precipitated in 0.8 M LiCI 

twice and recovered by ethanol precipitation (Sambrook et al 1989). 10 pi of 

RNase-free 8M LiCI was added, the sample mixed and incubated on ice for 2 h. 

The RNA was collected by centrifugation at 12,000g for 10 min at 4°C. The pellet 

was dissolved in 90 pi diethyl pyrocarbonate-treated water. To this was added 15 

pi of 2 M RNase-free sodium acetate (pH 5.0) and 250 pi of ethanol (-20 C), the 

sample mixed and incubated overnight at -70 C. The RNA was recovered by 

centrifugation at 12,000g for 10 min at 4“C and the pellet air-dried and then 

dissolved in 20 pi DEPC-treated water at room temperature and kept on ice.

6.2.3 Determination of RNA purity and concentration

The RNA was analysed spectrophotometrically as described for DNA (section 

2.4.4). A 2-pl sample is dissolved in 498 pi of water and scanned from 310 to 

210 nm. The RNA concentration (pg/pl) was calculated assuming a 1 mg/ml RNA 

solution has an absorbance of 25 at 260nm. The purity of the RNA was accepted 

when the A2 6 0 /A2 8 0  ratio was 1.7 - 2.0.

6.2.4 Resolution of RNA on agarose gels

A further, visual check was performed to ensure that the RNA was not degraded.

1.5 pg of RNA in -10 pi of RNA loading buffer (Appendix 1) was resolved by 

electrophoresis through a 1.25% agarose gel in TBE buffer (Appendix 1)
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containing 0.5 îg ethidium bromide per ml. The ratio of the intensity of the 28S 

and 18S rRNA bands was 2 when RNA is not degraded and was <2 when RNA 

was degraded. This was assessed by direct visualization of the gel.

6.2.5 Isolation of total cDNA using reverse-transcriptase PCR (RT- 

PCR)

This was performed using the Invitrogen cDNA Cycle® kit. This kit uses reverse 

transcriptase to generate full-length, first-strand cDNA from total RNA, this cDNA 

was then used as the template for further PCR amplifications of the a-synuclein 

gene.

1pg total RNA was diluted to 11.5fil with sterile DEPC treated ddHgO and 1̂ 1 of 

oligo (dT) primer (from Invitrogen cDNA Cycle® kit) added. To remove the 

secondary structure the solution was heated at 65°C for lOmins and placed at 

room temperature for 2mins. The following reagents were then added: 1|il RNase 

Inhibitor (10U /jliI) , 4pl 5X “reverse transcriptase” buffer (Invitrogen), 1|il lOOmM 

mixed dNTPs, 1p.l 80mM Sodium Pyrophosphate and 0.5|il Reverse 

Transcriptase (10U/|il).

The solution was mixed, briefly centrifuged at 10,000g and heated in a waterbath 

at 42°C for 60mins. The mixture was then incubated at 95°C for 2mins to 

denature the RNA-cDNA hybrids and then briefly centrifuged and placed on ice. 

The product was then either added directly to a PCR amplification reaction or a 

phenol extraction and ethanol precipitation was performed before freezing and 

storing the cDNA at -70°C. This was done by adding to the cDNA product 1 |il of 

0.5M Kg EDTA pH 8 and 20p.l phenol-chloroform and then centrifuging at room 

temperature and 10,000g for 2 mins. The top aqueous layer was carefully 

removed and placed in a fresh sterile tube. 22jil of ammonium acetate (CONC) 

and 88jil of 100% ethanol was added, the mixture vortexed and then frozen at - 

70°C for 30mins. The solution was thawed and centrifuged at 10,000g at 4°C for 

15mins. The cDNA pellet was air-dried for 5mins at 37°C and then resuspended 

in 20jLil of sterile ddHgO and stored at -20°C.
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6.2.6 PCR amplification of total a -synuclein cDNA

For all PCR reactions the High Fidelity system (Boehringer) was used.

Full length a-synuclein cDNA was amplified using forward primers from bp16-37 

of the a-synuclein gene (S' CAT TCG ACG ACA GTG TGG TGT) and reverse 

bp586-607 (S’ CTG CTG ATG GAA GAC TTC GAG). The resultant DNA 

product was extracted from the agarose gel (section 2.4.10), purified (section 

2.4.3) and this DNA was used as a template for further PCR amplification using 

the G6S, G66 and G67 primers as described below .

6.2.7 Design of the a-synuclein constructs

Four a-synuclein constructs were designed (Fig 6.2). For full description see 

Figure 6.1.

G66 series - these contained the full-length ORF of the a-synuclein cDNA with a 

haemagglutinin epitope cloned in at the 3’ end to act as a reporter gene for 

tagging of the expressed protein. Both wild-type and G209A mutant G66 

constructs were synthesised.

067 series - these contained the full-length ORF of the a-synuclein cDNA but 

no reporter gene. Both wild-type and G209A mutant G67 constructs were 

synthesised.

The Kozak initiation site of the a-synuclein gene was used; the stop codon TAA 

of the a-synuclein gene was used for the G67 series of constructs; for the G66 

series a stop codon TO A was inserted at the 3’ end of the reverse primer G66 as 

seen in Figure 6.1.

6.2.8 PCR amplification of the ORF of the a -synuclein gene

The open reading frame of a-synuclein was amplified using forward primer (G65) 

bp 26-44 (5'-AAG GTA CC GAC AGT GTG GTG TAA AGG AAT) and either 

reverse primer G66 bp 456-478 with the haemagglutinin epitope (S'- AAT GAT 

CAA GCG TAG TCT GGG ACG TCG TAT GGG TAG GCT TCA GGT TCG TAG 

TCT TAC) as illustrated in Fig 6.1, or the reverse G67 primer bp456-478 (5'-AAT 

GAT CAG GCT TCA GGT TCG TAG TCT TG) with no reporter gene tag. The 

PCR products were extracted from the agarose gel (section 2.4.10), cleaned up 

(section 2.4.6) prior to restriction enzyme digestion.
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Figure 6.1 Schematic illustration of a-synuclein construct design with the HA tag primer 
(G66) and restriction sites Kpn-1 and Bcl-1
A
A
G FORWARD PRIMER G65

S
T Kpnl site 
A

Q K o z a k
Q GAC AGT GTG GTG TAA AGG AAT M D V F M K G L S K A K E G  14aa
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Fig 6.2 A lpha Synuclein C onstructs in pIND
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6.2.9 Restriction enzyme digest of amplified a -synuclein and pIND

Both mutated G209A and wild-type a-synuclein amplified fragments from the 

G66 and G67 series were restricted with Kpn-1 and Bcl-1 (Fig 6.1), and cloned 

into the Kpn-1 and BamHI sites of pIND vector.

pIND (Ipg) was restricted with Kpnl and BamHI in Buffer A (Promega) for 2 

hours at 37°C. The cleaned up amplified a-synuclein products were restricted 

with Kpnl first in Buffer A for one hour at 37°C. The Bcl-1 enzyme requires a 

high NaCI concentration of 50mM therefore the concentration of the buffer A was 

brought up to this concentration by the addition of the 5M NaCI. Therefore 0.62|il 

5M NaCI was added to buffer A with Bcl-1 and the reaction incubated for a 

further 2 hours at 37°C. The digests were cleaned up using the PCR clean-up kit. 

The restricted products were further purified using ethanol precipitation.

6.2.10 Sticky-end ligation and propagation through E.coli

The restricted products were ligated overnight at 14°C (section 2.4.11). These 

ligated products were then used to transform E coli (section 2.4.13). 

Transformed E coli were plated out onto agar plates (section 2.4.12) and 

incubated overnight at 37°C.

6.2.11 Colony screening for the presence of the g-synuclein 

construct

E coli colonies were individually numbered on the base of the plate, and a small 

part of the colony was picked off using a sterile disposable loop. This was used 

as a PCR DNA template and added directly to lOpI IX  High Fidelity PCR Buffer 

(20mM Tris-HCI, lOOmM KCI pH 7.5). The mixture was heated to 94°C for 10 

minutes. Then the remaining PCR mixture (dNTPs, IVIgClg, High Fidelity Tag 

polymerase as described in section 2.4.5) was added to a final volume of 50pl 

with the G49 and G50 forward and reverse primers (section 2.4.15) to amplify 

the MCS of pIND (section 2.4.15). The resultant PCR products were visualised 

on a 1.2% agarose gel. Those colonies that contained an a-synuclein insert gave 

a 710bp product and those that contained pIND alone gave a 210bp product. In 

this way it was possible to rapidly screen tens of clones for the presence of 

construct. Those colonies that were positive for the a-synuclein insert were then 

removed from the agar plate and the E coli grown up to isolate the plasmid 

(section 2.4.14).
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6.2.12 Sequencing of g-synuclein constructs in pIND

The resultant purified plasmid was sequenced to check that the a-synuclein 

constructs were in the correct orientation and the coding sequence was correct. 

This was performed using automated sequencing as described in section 2.4.15. 

When plasmid was sequenced and shown to have the correct sequence then a 

maxi-prep was performed to isolate large quantities of plasmid DNA (section 

2.4.14). The plasmid was further cleaned up (section 2.4.14) and sequenced 

again prior to transfection.

6.2.13 Cell lines and transfections

HEK293 cells stably expressing pVgRXR were purchased from Invitrogen 

(EcR293 cells). These were transfected with 5pg each of wild-type and G209A 

pIND-a-synuclein DNA from the G66 series of constructs using the Escort™ 

(Sigma) lipofection method (Sigma). Empty pIND plasmid was also transfected 

as a control cell line.

NT2 cells that had been stably transfected with pVgRXR (section 5.3.4.1) were 

transfected with G67 wild-type and G209A mutant a-synuclein constructs as 

described above for HEK293 cells. Both transient and stable clones were created 

and analysed for expression.

6.2.14 Detection of a-synuclein expression in NT2/pVgRXR and 

EcR293 cells

Immunofluorescence (section 2.3.4) was performed on all transfected cells after 

48 hours Ponasterone A (lOpM) treatment to assess for a-synuclein expression. 

Antibody concentrations for IF are described in Table 6.2 Microscopy was 

performed using confocal laser microscopy (section 2.1)

6.2.15 Western blotting detection of a -synuclein protein

This was performed on transfected cells as described in sections 2.11-2.14. 

Plates of confluent cells were treated with varying concentrations of Ponasterone 

A ranging from 0.1-10pM for 48 hours before harvesting. Antibodies and dilutions 

were as described below in Table 6.2. Protein concentration was assayed as 

described (section 2.11). Purified recombinant a-synuclein protein was used as a 

positive control and was a kind gift from Dr Maria G Spillantini (Dept, of 

Neurology, Addenbrooke’s Hospital, Cambridge, UK).
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TABLE 6.2

Antibodies and dilutions used for IF and Western Blotting -

ANTIBODIES IF WB

HA High Affinity rat monoclonal (Roche/Boehringer) 1/3000

HA-Fluorescein tagged mouse monoclonal (ditto) 1/200

a-synuclein rabbit polyclonal (Chemicon) 1/100 1/1000

a-synuclein mouse monoclonal (Zymed) 1/200

PER4 rabbit polyclonal* 1/1000

*antibody against a-synuclein was a kind gift from Dr Maria G Spillantini

6.2.16 Mitochondrial enzyme analysis of a -synuclein expressing cells

Stable a- synuclein expressing HEK293 clones were treated with SpM 

Ponasterone A for 48 hours. These cells were then harvested, and mitochondrial 

enriched fractions (MEFs) prepared section 2.6) which were assayed for complex 

l-IV and CS (section 2.5).
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6,3 Results

6.3.1 Isolation of mRNA from lymphoblasts

Lymphoblasts from an affected male PD patient from the Contursi kindred with 

the G209A a-synuclein mutation and control lymphoblasts with wild-type a- 

synuclein were harvested, and RNA extracted. RNA from these patients is shown 

in Fig 6.3. There are two wild-type/control and one mutant sample in lanes 1,2 

and 3 respectively. The 28SrRNA and ISSrRNA bands can be seen, with the 

smear throughout the gel being mRNA (Fig 6.3). The isolated RNA was then 

used to generate total cDNA using RT-PCR.

6.3.2 PCR amplification of a -synuclein cDNA

The resultant cDNA was used immediately to PCR amplify total a-synuclein 

cDNA using the nested primers. A PCR annealing temperature of 56°C for 30 

cycles of reaction was found to give maximal yield of the 591 bp PCR product 

(total a-synuclein cDNA) as assessed by direct visualisation on a 1.2% agarose 

gel (data not shown). This total a-synuclein cDNA PCR product was used as the 

DNA template for PCR amplification of the a-synuclein open reading frame 

(ORF) which was performed using the G65 (fon/vard) and G66/G67 (reverse) 

primers as described (section 6.2.8). An annealing temperature of 56°C for 30 

cycles was found to give maximal yield of the G66 series 508bp product. An 

annealing temperature of 54°C for 30 cycles was found to give maximal yield of 

the G67 475bp product. Figure 6.4 shows a 1.2% agarose gel demonstrating the 

amplified wild-type and G209A mutant a-synuclein ORF after PCR amplification 

with the G65 forward and G66 reverse primers with the expected 508bp product.
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a full size a- synuclein insert resulted in a 710 bp 
product and these are arrowed.



6.3.3 Colony screening for the presence of the a -synuclein construct

Both mutated G209A and wild-type a-synuclein amplified fragments from the 

G66 and G67 series were restricted with Kpn-1 and Bcl-1, and cloned into the 

Kpn-1 and BamHI sites of the pIND vector This ligation product was then 

propagated through E. coli and then individual colonies screened by PCR 

amplification for the presence of an a-synuclein insert as described (section 

6.2.11). Those colonies that contained an a-synuclein insert gave a 710bp 

product and those that contained pIND alone gave a 210bp product. Figure 6.5 

shows a 1.2% agarose gel demonstrating PCR amplified E. coli colonies 

containing pIND alone which ran at 210bp, and those with full-size a-synuclein 

constructs in pIND which ran at 710bp (these are arrowed). In this way many 

colonies could be screened for the presence of the a-synuclein constructs. 

Positive colonies were picked off and pIND plasmid isolated from the E coli. 

These plasmid preparations were then sequenced.

6.3.4 Sequencing of g-synuclein constructs in pIND

Eight a-synuclein constructs of each wild-type and G209A mutant G66 and G67 

series’ a-synuclein were sequenced and found to have the correct orientation 

and sequences. Three constructs had missense rearrangements of the a- 

synuclein gene as the plasmid was propagated through E. coli but this was a rare 

occurrence.

6.3.5 Stable transfection of NT2/pVgRXR and EcR293 cells

HEK293 cells stably expressing pVgRXR (and therefore also named EcR293 

cells) were transfected with 5pg each of wild-type and G209A pIND-a-synuclein 

DNA from the G66 series of constructs using the Escort™ (Sigma) lipofection 

method (Sigma). Empty pIND plasmid was also transfected as a control cell line. 

NT2 cells that had been stably transfected with pVgRXR (NT2 clone 10;section 

5.3.4.1) were transfected with G67 wild-type and G209A mutant a-synuclein 

constructs as described above for HEK293 cells. Twenty-four hours post 

transfection stable clones were selected with Zeocin (400|Lig/ml, selecting for 

pVgRXR) and G418 (250|^g/ml, selecting for pIND). All clones not resistant to 

these selection antibiotics died after approx. 10 days. After 2-3 weeks stable 

clones were ring-cloned, and individual clones analysed for expression.
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i) NT2/pVgRXR/g-synuclein clones - After 3 weeks of treatment with G418 

and Zeocin there were 15 antibiotic selected colonies of G67 wild-type and 18 

colonies of G67 mutant a-synuclein transfected cells. These were all ring-cloned 

and grown up to give 3 confluent 10cm plates each being specifically coded and 

numbered. Two plates of each clone were frozen down (section 2.2.4) and stored 

in liquid nitrogen. The third plate was harvested for analysis of expression by 

immunofluorescence. All the clones were analysed and seven clones showed 

virtually no a-synuclein expression, eight showed varying percentages of 

between 10-70% expression and one of each wild-type and mutant a-synuclein 

G67 construct showed >90% cells expressing and these were chosen for further 

analysis.

ii) HEK293(EcR293)/g"Synuclein clones - After three weeks of treatment 

with G418 and Zeocin as described above, over 30 antibiotic selected colonies of 

both the wild-type and mutant G66 a-synuclein grew. 15 of each wild-type and 

mutant G66 a-synuclein transfected clones were analysed as described for NT2 

cells and two stable clones of each wild-type and mutant G66 a-synuclein 

respectively were chosen for further analysis because they expressed a- 

synuclein in over 90% of the clonal cells.

pIND zero clones (clones containing pIND but with an empty multiple cloning 

site) were also isolated as described for NT2 and HEK293 clones, and these 

were used throughout as negative controls.

6.3.6 Immunofluorescence analysis of a -synuclein expression

6.3.6.1 Transient a -synuclein expression

NT2/pVgRXR clone 10 cells were transiently transfected with G66 wild-type and 

mutant G209A a-synuclein constructs. 24 hours after transfection the cells were 

treated with lOpM Ponasterone A for 48 hours and immunofluorescence 

performed with the anti-HA antibody against the HA tag reporter gene inserted at 

the 5’ end of the G66 a-synuclein construct. Fig 6.6 shows transient expression 

of G209A mutant a-synuclein protein in the cytoplasm of NT2 cells. As there is 

only transient expression only a proportion (10-15%) of the NT2 clones 

expressed the a-synuclein protein and expression lasted for ~ 7 days.
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6.3.S.2 Stable a -synuclein expression

Stable clones of both NT2 and HEK293 cells were created as described above 

(section 6.3.5). Figure 6.7 shows a stable clone of NT2.pVgRXR cells treated 

with Ponasterone A (10}iM) for 48 hours and expressing the G67 mutant a- 

synuclein construct detected with the rabbit polyclonal antibody against a- 

synuclein (Table 6.2). Both the wild-type and mutant a-synuclein protein was 

seen to aggregate in the cytoplasm of the cells. The clones not treated with 

Ponasterone A showed no protein expression as seen in Fig 6.7. this clearly 

demonstrated the inducible nature of this cell system and that there is no basal 

expression of a-synuclein in cells not induced with Ponasterone A.

Figure 6.8 shows stable clones of HEK293 cells treated with Ponasterone A 

(5pM) for 48 hours expressing both wild-type (Fig 6.8) and mutant (Fig 6.8) G66 

series a-synuclein. These were performed using the mouse monoclonal anti-HA 

antibody (Table 6.2) against the HA reporter gene, a-synuclein aggregated in the 

cytoplasm and no difference was detected between wild-type and mutant a- 

synuclein. pIND zero with an empty MCS was used as the control and never 

showed any staining (Fig 6.8 control).

6.3.7 Western blotting of HEK293 cells expressing a -synuclein

To confirm that the protein expressed was a-synuclein, and that the system was 

inducible with protein expression controlled by varying concentrations of 

Ponasterone A, western blotting was performed as described (section 6.2.15). 

Figure 6.9 shows HEK293 cells (25pg) separated on a 12.5% SDS- 

polyacrylamide gel and probed with antibody to the HA reporter gene (dilution 

1/3000;Table 6.2XHEK293 cells were treated with varying concentrations of 

Ponasterone A from 0-5pM. This western blot demonstrated that as the 

concentration of Ponasterone A increased there was a dose dependant increase 

in mutant a-synuclein expression (Fig 6.9). The blot was exactly the same with 

wild-type a-synuclein. This clearly demonstrates that the system is truly inducible 

with no basal expression noted and as the concentration of Ponasterone A 

increases so the concentration of a-synuclein expressed.
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6.3.8 Effect of wild-type and mutant a-synuclein expression on 

mitochondrial respiratory chain function

Stable a- synuclein expressing HEK293 clones were treated with 5pM 

Ponasterone A for 48 hours. These cells were then harvested, and mitochondrial 

enriched fractions (MEFs) prepared which were assayed for complex l-IV and CS 

to assess if wild-type or mutant G209A a-synuclein expression affected directly 

the MRC. Assays showed that there was no difference in MRC function 

(complexes I, I I/Ill and IV) or CS activity between HEK293 cells expressing both 

wild-type and mutant a-synuclein for 48 hours and control HEK293 cells (data 

not shown).

Some of the experiments in sections 6.3.6 - 6.3.8 were done in collaboration with 

Dr Michael Orth and Dr Mark Cooper, RFUCMS. Further experimental studies 

have been performed on these inducible and stable a- synuclein expressing 

clones in the continuation of this work by Drs Orth, Cooper and Professor 

Schapira and are discussed in section 6.4 below.
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Fig 6.6 Transient a-synuclein expression in IMT2 clone 10 -
NT2/pVgRXR clone 10 cells were transiently transfected with G66 mutant 
G209A a-synuclein constructs. 24 hours after transfection the cells were 
treated with 1 Ĝ iM Ponasterone A for 48 hours and immunofluorescence 
performed with the anti-HA antibody. Fig 6.6 shows transient expression of 
G209A mutant a-synuclein protein in the cytoplasm of NT2 clone 10 cells 
(stained green). As there is only transient expression only a proportion (10- 
15%) of the NT2 clones expressed the a-synuclein protein and expression 
lasted for ~ 7 days.



alpha-synuclein expression in NT 2 cells

without ponasterone A with ponasterone A

Fig 6.7 This shows a stable clone of NT2.pVgRXR cells treated with 

Ponasterone A (10|.iM) for 48 hours and expressing the G67 mutant a-synuclein 

construct detected with the rabbit polyclonal antibody against a-synuclein 

(Table 6.2). Both the wild-type and mutant a-synuclein protein was seen to 

aggregate in the cytoplasm of the cells. There is no protein expression in the 

clones not treated with Ponasterone A.



a-synuclein expression in HEK 293 cells

control wild type mutant

Fig 6.8 This shows stable clones of HEK293 cells treated with Ponasterone 
A (5mM) for 48 hours expressing both wild-type and mutant G66 series 
a-synuclein. IF was performed using the mouse monoclonal anti-HA antibody 
(Table 6.2). a-synuclein aggregated in the cytoplasm and no difference was 
detected between wild-type and mutant a-synuclein. Empty pIND was used as 
control and never showed any staining (control).



Fig 6.9 Western blot of a-synuclein concentration and 
Ponasterone A

Fig 6.9 shows HEK293 cells (25^g) separated on a 
12.5% SDS-polyacrylamide gel and probed with 
antibody to the HA reporter tag. The HEK293 cells 
were treated with varying concentrations o f Ponasterone 
A from 0-5pM.

23kDa
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6.4 Discussion - A stable and inducible cell model of PD 

using g-synuclein

The construction of cell models of diseases using gene expression can be done 

in a number of ways:

Transient expression - Plasmid containing the gene of interest is transfected into 

cells, and the gene of interest is transiently expressed; this system has been 

used commonly in a number of cell models including many of HD (see 5.1,7). 

This type of expression is useful for morphological analysis of protein expression 

but the disadvantages are that one is not able to control protein expression, only 

a proportion of cells express the protein (usually 20-30% transfection rate) and 

expression is short-lived with most cells expressing for 7-10 days, 

ii) Constitutive and stable expression means the cell line permanently expresses 

your protein but the disadvantage is that protein can be overexpressed and can 

physically overload the cell with protein, and is therefore not always a good 

replica of the in vivo situation.

An inducible and stable system means, in addition to stable expression as 

above, one is also able to control the level of gene and therefore protein 

expression.

The work in this thesis chapter is the first described stable and inducible system 

expressing both wild-type and mutant A53T a-synuclein, at the time of writing the 

model is currently undergoing detailed analysis. A number of cell culture models 

expressing mutant and wild-type A53T a-synuclein have been described (section 

6.1.8.6) but these are transiently expressing systems apart from that by Stefan is 

et al (1999) which is a stable model; all the systems described have highly 

overexpressed a-synuclein which resulted in increased cell death which, 

although useful as an observation, may not be an accurate model of PD because 

there is no evidence for overexpression of PD either in idiopathic or the AD 

families with the A53T a-synuclein mutation as discussed in section 6.1.8.6.

In the a-synuclein cell model presented here there is both stable and inducible 

expression in two different cell lines - NT2 and HEK293 cells. The properties of 

these cells have been described in section 5.4.6. NT2 cells are neuronal 

precursor stem cells derived from a human teratocarcinoma and following
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treatment with retinoic acid the cells form post-mitotic mature neurones (hNT 

neurones)(Pleasure and Lee 1993, Pleasure et al 1992). Terminally differentiated 

NT2 cells elaborate processes that differentiate into axons and dendrites and 

express cytoskeletal proteins, and neuronal cell surface markers (Pleasure et al 

1992) and the a-synuclein expressing cells are therefore a good model of the in 

vivo system. HEK293 cells are human embryonal kidney cells and the majority of 

the initial studies have been performed on this line.

An advantage of this inducible expression system is one can carefully control level of 

protein expression and one can therefore mimic the physiological state accurately by 

not overloading the cell with foreign protein. The western blot in Fig 6.10 clearly 

demonstrates the inducible nature of the Ecdysone system and this system allows 

the concentration of a-synuclein protein to be controlled with Ponasterone A. Both 

the western blot and immunofluorescence data demonstrate that there is no basal 

expression of a-synuclein unless Ponasterone A is added to the culture medium. The 

advantages and drawbacks of the ecdysone inducible system have been discussed 

already in section 5.4.6.

Our analyses of the expressing NT2 and HEK293 cells shows that a-synuclein 

appears to aggregate in the cytoplasm. The initial studies on this PD model could 

discern no difference visually between the aggregates produced by either the 

wild-type or mutant a-synuclein expressing cells. In vitro studies have suggested 

that the A53T a-synuclein aggregates at higher concentrations more rapidly into 

Lewy body like fibrils in solution (Conway et al 1998). They hypothesise that the 

A53T mutations may cause early-onset PD by accelerating a-synuclein fibrillation 

which may then be an early step in Lewy body formation. Conway et al propose 

that acceleration of wild-type a-synuclein aggregation by other mechanisms such 

as increased expression (for which there is no evidence in vivo) or decreased 

degradation, may explain the idiopathic form of PD. However thus far we have 

found no evidence for increased aggregation of the A53T mutant a-synuclein but 

EM ultrastructural analysis has not yet been performed. In addition there has not 

been any increased cell death observed in our cells expressing mutant A53T a- 

synuclein alone, this may be because we have not induced very high expression 

of the protein. Therefore, in vivo, other additional factors must be important in 

cell death in PD, a-synuclein expression per se is clearly not the only 

mechanism.
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Further analysis of the HEK293 a-synuclein model has been performed in 

collaboration with Dr Michael Orth (Dept, of Neurosciences, RFUCMS). Co

localisation immunofluorescence studies have been performed using antibodies 

to mitochondria, proteasomes, Golgi bodies and endoplasmic reticulum in 

addition to a-synuclein. These co-localisation studies have shown that the a- 

synuclein aggregates are not localised to any of these organelles, and 

particularly is not taken up by the proteasome system, or sequestered in 

mitochondria in our cells. However co-localisation studies using antibody to 

vesicle associated membrane protein (VAMP) has shown that both wild-type and 

mutant A53T a-synuclein aggregates were localised to the vesicular 

compartment. (Dr Orth, personal communication). This finding is of interest, in 

particular with the recent report that a-synuclein appears to be involved in the 

regulation of the pre-synaptic vesicular pool (Murphy et al 2000). Further 

immunostaining in our model with vesicle monoamine transporter 1 (VMAT1 ) has 

demonstrated that the a-synuclein aggregates are associated with 

monoaminergic vesicles with are responsible for dopaminergic release (M Orth, 

personal communication). A knockout mouse model of a-synuclein has 

demonstrated that wild-type a-synuclein does not appear to be vital for normal 

development of tyrosine hydroxylase (dopaminergic) neurons but may play a 

regulatory role in the release of dopamine from presynaptic vesicles because 

these mice have reduced striatal dopamine content (Abeliovich et al 2000). A 

series of cell death experiments have been performed on our cell lines and have 

demonstrated that increasing concentrations of dopamine are toxic to the a- 

synuclein expressing cells, but mutant A53T expressing cells are much more 

sensitive compared to the line with wild-type expression (M Orth, personal 

communication). However the wild-type expressing cells are still more sensitive 

than the control cell line. These results, although analysis is still in the early 

stages, provide an explanation for the preferential dopaminergic neuronal 

degeneration seen in the brains of both idiopathic and familial PD patients 

(section 6.1.2), and in the transgenic wild-type a-synuclein mice and the 

transgenic Drosophila models discussed in section 6.1.8.6. How mutant A53T 

and wild-type a-synuclein cause increased dopamine toxicity is not known but 

studies of our cell model should help delineate pathogenic mechanisms involved.
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Our initial experiments studying mitochondrial function in these cells only looked 

at respiratory chain function after acute expression of a-synuclein for 48 hours, 

with no direct effect on any of the activities of the respiratory chain complexes. 

Obviously in PD the pathological process is much slower occurring over many 

years, and long term chronic expression of wild-type and mutant A53T a- 

synuclein over several months (using low concentrations of Ponasterone A) will 

be important to assess mitochondrial function. In view of the known association 

between PD and mitochondrial defects (Schapira et al 1998) it would also be of 

interest to transfect our a-synuclein constructs into cells harbouring known 

mitochondrial defects and ascertain if there is a synergistic deleterious effect on 

the cell’s function. It has been postulated that mitochondrial DNA mutations in 

addition to an inherited predisposition may explain the variable aetiology in 

idiopathic PD (Golbe et al 1999).

The creation of these stable and inducible cell models expressing either wild-type 

or A53T mutant a-synuclein described in this thesis will therefore be useful to 

study factors such as ROS, environmental toxins such as MPTP; the mechanism 

of toxicity of dopamine; the role of a-synuclein aggregation and degradation; 

mitochondrial function and particularly relate the known complex I defect in 

idiopathic PD; and how they may possibly interact to cause cellular dysfunction.

Future work on this unique stable and inducible model cell system will aim to answer 

the following key questions:

1. What is the mechanism underlying the increased sensitivity to 

dopamine in cells expressing A53T a-synuclein? Is the cell death 

apoptotic or necrotic?

2. Does A53T a-synuclein expression alone result in increased cell death 

and is cell death apoptotic or necrotic?

3. Is A53T a-synuclein expression per se associated with oxidative stress 

and damage, or does it make the cell more susceptible to oxidative stress?

4. Does A53T a-synuclein expression affect mitochondrial function when 

chronically expressing over several months, in particular complex I?

5. Does A53T a-synuclein expression increase neuronal sensitivity to MPP^ or 

glutamate?

6. Can the NT2-A53T a-synuclein model be used to study neuroprotective agents?
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Work is currently underway in an attempt to answer these questions, results of 

which will hopefully give clues to the mechanism of cell death in PD and in particular 

the role of mitochondrial dysfunction in the aetiology of this disease.
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APPENDIX 1

Homogenisation buffer 

Sucrose 0.25M 

Tris-HCI 10mM 

EDTA-Kg 1mM 

pH7.4

Tyrodes buffer

NaCI 150mM

NaHgPO^ 0.55mM

NaHCOg 7mM

KCI 2.7mM

Glucose 5.6mM

EDTA-K2 1mM

pH7.4

TE Buffer 

Tris-HCI 10mM 

EDTA-K2 1mM 

pH7.4

Cell Lysis Buffer 

KCI 50mM

Tris-base 20mM

MgClz 2.5mM

Tween20 0.45% (v/v)

Nonidet P40 0.45% (v/v)

pH8.3
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APPENDIX 2 - Western blotting

5 X Dissociation buffer 

Mix in a 50-ml screw top tube

- 6 ml of glycerol,

- 2 g of SDS,

- 5 mg of bromophenol blue,

- 1 ml of 1 M Tris-HCI (pH 6.5)

2ml of ddHgO was added and the mixture dissolved in a hot water (-80°C) bath, 

and then made up to a total volume of 10 ml with ddHgO. (3-Mercaptoethanol (10% 

v/v) was added after protein estimation because it interferes with the BOA assay.

Pre-stained low MW markers (Gibco BRL) 2.5 ^il/lane. Adjust applied volume with 

Ixdissociation buffer to the volume used for the protein samples.

Electrophoresis buffer:

- 28.8 g of glycine

- 6 g of Iris  (Trizma base)

- 2 g of sodium dodecylsulfate (SDS)

Final volume of 2 I with ddHgO .

Towbins Blotting buffer (25 mM Tris, 192 mM glycine, 20% methanol).

- 7.57 g of Tris

- 36.04 g glycine

- 500 ml methanol

Final volume of 2.5 I with water. pH 8.3 and refrigerated before use.
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Gel recipes for one pair of mini-gels (0.75 mm spacers) using BioRad Mini- 
Protean system

STACKING SEPARATING

3% 10% 12.5% 15%

3.75 M Tris-HCI (pH 8.6) - 920 pi 920 pi 920 pi

0.5 M Trls-HC! (pH 6.5) 500 pi - - -

40% acrylamide/bis (37.5:1)^ 450 pi 2.5 ml 3.1 ml 3.7 ml

20 % SDS 25 pi 46 pi 46 pi 46 pi

Urea 1.8g 3.25 g 3.25 g 3.25g

ddHsO 3.25 ml 4.1 ml 3.5 ml 2.9ml

10% ammonium persulfate 25 pi 44 pi 44 pi 44 pi

TEMED' 3 pi 6 pi 6 pi 6 pi

 ̂ From BioRad
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