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ABSTRACT

Until 4 years ago, the role of genetic factors in the aetiology of PD was controversial
but subsequently, a number of families have been identified, in whom parkinsonism is
inherited as an apparently monogenic mendelian trait with high penetrance and in

several of these families, disease genes have been identified. However, most cases of

PD appear to be sporadic, with no clear mendelian mode of inheritance.

The formation of the Genetic Susceptibility in Parkinson’s disease (GSPD) enabled the
clinical assessment, collection and analysis of DNA samples from a large number of
affected sibling pairs (ASPs). Since 1996, three autosomal dominant PD loci have been
described (PARK]1, 3 AND 4), an average of 125 ASPs were therefore genotyped for
evidence of linkage to these regions. For three markers D4S1647 (PARK1, alpha-
synuclein, SNCA), D4S405 (Ubiquitin-C-terminal hydrolase, UCH-L1) and D2S1394
(PARKS3, locus at 2p13), nominal p-values of 0.05 or lower were observed suggesting
the presence of susceptibility regions. A PARK4 (locus 4p15) haplotype segregating

with Parkinson’s disease and postural tremor was detected in an Italian family.

A large intra-familial association study using ASPs obtained by GSPD found that the
slow acetylator genotype for N-acetyltransferase 2 (NAT2) was over-represented in
familial PD. GSPD collaborative analysis of the SNCA and UCH-L1 gene failed to
detect mutations by direct sequencing of SNCA and UCH-L1 in index cases from a
series of PD kindreds or screening of 230 index familial PD cases for the two known
mutations in SNCA. Hence, although of great interest, mutations in these genes are a
very rare cause of familial PD. In contrast, analysis of the Parkin gene in selected
families, sporadic and juvenile-onset cases showed that coding mutations in Parkin are
a common cause of autosomal recessive parkinsonism in Europe. The neuropathology

of the first UK case with a mutation in ;hé Parkin is described.

Two large familial PD kindreds in the UK were identified. No mutations were found in
the SNCA gene and linkage studies to the other dominant familial PD loci were also
negative. Further linkage and PET studies are ongoing to identify a novel familial PD

locus in these individuals.
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CHAPTER 1: GENERAL INTRODUCTION
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1.1 OUTLINE OF CHAPTER

Parkinson's disease (PD), a progressive neurodegenerative disorder, is a common cause
of disability. Although there are symptomatic treatments, none modify disease
progression. Up until 1996 the role of genetic factors in PD remained controversial, as
although epidemiological studies had suggested a familial risk, lack of concordance in
twin studies had been used to argue against this. However, genetic markers on
chromosome 4q21-q23 were found to be linked to the PD phenotype in a large Italian-
American family (the Contursi kindred) in 1996. The subsequent finding of a mutation
in the o-synuclein gene (SNCA) in this family in 1997 led to intensive global research
into the genetics of PD. The EU consortium, Genetic Susceptibility in Parkinson’s
Disease (GSPD), of which I was one of the UK partners, has played a central role in
this research since 1996 and my own work within this consortium is described in this

thesis.

Two novel genes, SNCA (Polymeropoulos et al., 1997) and Parkin (Kitada et al.,
1998a) as well as three further genetic loci (Farrer et al., 1999b; Gasser et al., 1998;
Valente et al., 2001) have now been implicated in the pathogenesis of familial PD.
These represent significant progress in our understanding of the disease, considering the
rarity of large families, low heritability and genetic heterogeneity. Mutations in a
further gene, UCH-L1, (Leroy et al., 1998), have also been described in familial PD and
are discussed in later chapters. Characterisation of the gene products encoded by these
PD genes in the future should help to elucidate the molecular mechanisms of
neurodegeneration in this disorder and perhaps also in other neurodegenerative diseases
where defects in particular metabolic pathways or in the intracellular handling of
proteins may be a common feature. Nigral degeneration with Lewy body formation and
the resulting clinical picture of PD may represent a final common pathway of a
multifactorial disease process in which both environmental and genetic factors have a

role.

In order to set my own work in context, this introduction outlines the importance of
multifactorial disease in neurology and the relevant genetic principles upon which much

of the experimental work performed as part of this thesis was based. The major
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advances in the field of PD genetics are described, illustrating how the existence of

genetic factors in PD has now become firmly established.
1.2 MULTIFACTORIAL GENETIC DISEASE
1.2.1 The importance of multifactorial genetic diseases in neurology

Of the 7000 human diseases inherited in a mendelian fashion, most are rare conditions,
such as the autosomal dominant spinocerebellar ataxias (SCA 1-3, 6-8), Huntington’s
disease and myotonic dystrophy, occﬁrring in less than 0.01% of the population. To
date, more than 1000 genes associated with monogenic disorders have at least been
localized to a chromosomal region by linkage analysis. By comparison, relatively few
genes have been similarly mapped for the common diseases. Determining the genetic
component of a disease may not be a simple task, as the occurrence of a rare disease in
multiple biological relatives is likely to have arisen from a single cause, whereas
familial aggregation of a common disease could have multiple causes which have
occurred by chance. The more common neurological disorders are probably not caused
by single genes but result from the interaction of multiple genes acting in concert with

various environmental factors.

To date, disease-causing genes have been described in certain forms of PD, epilepsy,
motor neuron disease and Alzheimer's disease as a result of parametric and non-
parametric linkage analysis as well as positional candidate and positional cloning
approaches (Bell and Lathrop, 1996; Gunel et al., 1996; Wood, 1997). These are
invariably the relatively uncommon familial variants of these diseases but molecular
analysis of these rare families may help to clarify the pathogenesis of the far more
common sporadic forms of these diseases and how a particular genotype correlates with

phenotype.

Cloning of disease genes has provided clinicians with the means for both diagnostic
testing and predictive testing of at-risk individuals, including prenatal diagnosis (for
example, for Huntington’s disease). These advances have improved genetic counselling
and increased its accuracy, thus directly benefiting patients. Classification of
neurological diseases in particular has been aided by their definition at the molecular as
well as clinical levels, as seen in the autosomal dominant spinocerebellar ataxias. This
is also exemplified by genotype-phenotype studies of PD, as a result of which it is now

clear that several genes may result in clinically indistinguishable phenotypes and that a
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single locus may cause more than one phenotypic manifestation (Farrer et al., 1999b).
Classification of many similar neurodegenerative disorders will no doubt in future be
based on genetic profile as well as phenotype. Despite being considered an archetypal
‘non-genetic’ neurological disorder, genetic analysis of PD has revealed new insights
into this disease. The identification of mutations in SNCA in the Contursi kindred
(Polymeropoulos et al., 1997) and the subsequent identification of a-synuclein protein
in pathological deposits in other ‘multifactorial’ disorders has led to the suggestion that
PD may share pathogenic mechanisms with multiple system atrophy and Alzheimer’s

disease (Farrer et al., 1999a).

1.3 THE HUMAN GENOME AND STRATEGIES FOR GENE
IDENTIFICATION

The human genome contains approximately 3 x 10° base pairs of DNA. The whole of
the human genome has been recently sequenced and comprises 25,000-35,000 genes
(Lander et al., 2001). Four general strategies exist for identification of disease genes:
functional cloning, positional cloning, positional candidate approaches and position-
independent candidate approaches. The suitability of each approach depends on the
degree of understanding of the molecular pathology of the disease, the availability for
study of patients and families with the disease, and the completeness of the available
gene map. Much of the work carried out as part of this thesis made use of linkage
techniques outlined below. Other work involved mutation analysis of cloned genes.
Positional and functional cloning work was not carried out by myself and therefore the

theoretical background to these techniques will only be described in brief.

1.4 CLONING OF DISEASE GENES

Functional cloning makes use of prior information about the presumed biochemical
defect of a disease gene. This technique does not rely on knowledge of the
chromosomal map position. In most cases this approach relies on demonstration of an
abnormal or deficient protein and subsequent purification of the protein. Functional
cloning was the first method of gene identification to be developed. The genes for

phenylketonuria (Robson et al., 1982) and factor VIII (Gitschier et al., 1984) were
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identified using this method. Functional cloning as a technique is limited, as it depends
on a high level of understanding of the molecular pathology of a disease to predict the
abnormal protein involved, yet the biochemical defect involved in most single gene

disorders is not known.

The term positional cloning refers to the isolation of a gene solely on the basis of its
chromosomal map position. The principle upon which positional cloning is based is the
initial localisation of the gene (by linkage techniques) to a specific subchromosomal
region, followed by successive narrowing of this candidate interval, which eventually
results in the location of the gene itself. Alternatively, the detection of chromosomal
deletions or translocations (cytogenetic abnormalities) have been used to accurately
identify disease genes. Positional cloning is now considered a standard means of gene
identification, although the positional candidate approach (see below) is currently

considered the most efficient way of identifying disease genes.

1.5 FROM DISEASE TO GENE

During the work of this thesis, a large number of affected sibling pairs with PD were
collected for the original purpose of mapping and identifying genes which confer
genetic susceptibility to PD as part of a genome-wide screen. From this pool of original
families, two larger kindreds were identified (UK 402, UK 403). Exclusion studies of
the known PD loci were performed on these two individual families and a genome-wide
screen is now in progress in order to identify the disease locus and then the mutation in
the gene responsible for the PD phenotype in these families. This work was not
completed by myself and is currently being finished. The principles behind this strategy
are as follows: the families in which the disease segregates are recruited and studied
using genetic markers, with the aim of identifying a marker linked to the disease gene.
Fine genetic mapping follows, to assign the gene to as small a genetic region as possible
between defined markers. The resolution achieved by genetic mapping depends upon
the number of informative meioses available in the pedigree material. In practice, it is
unusual to be able to localise a gene to a smaller genetic interval than one centimorgan
(cM), defined as the genetic distance over which two loci will be separated by
recombination in 1% of meioses. Often, however, the candidate region containing the

gene is larger. The minimum genetic localisation required for success in a purely
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positional cloning strategy is considered to be approximately 2-3 cM. One cM
corresponds to approximately 1 million base pairs (Mb) of DNA. A region, even of 2-3
c¢M may contain a substantial number of genes. As the techniques of physical mapping
are both expensive and time-consuming a given candidate region should be as narrow

as possible at the start of a cloning project.

1.6 GENETIC LINKAGE ANALYSIS

Genetic linkage analysis is the first step in the positional cloning and positional
candidate approaches to gene identification; the success of both are dependent to a large
degree on the exactness of initial genetic mapping. Gene mapping by linkage analysis

forms the basis of much of the work described in this thesis.

1.6.1 Principles of linkage analysis

Genetic linkage analysis makes use of the exception to Mendel’s Law of Independent
Assortment which states that alleles at different genetic loci assort at random during
meiosis. This applies to loci on different chromosomes which segregate independently
of one another. During meiosis homologous chromosomes cross over and exchange
genetic material, a process called recombination. As a result, widely separated loci on
the same chromosome may be separated during meiosis. Where the probability of
recombination between two syntenic loci during meiosis is 50%, these loci will also
segregate independently. Observation of chiasmata shows that there are an average of
53 crossovers during a male meiosis; there is a minimum of one crossover per
chromosome and there are on average 1.5 crossovers per (sex-averaged) chromosome
(Ott, 1991). Regardless of the number of crossovers between two widely separated loci,
the net result is that 50% of chromosomes will be recombinant, and 50% non-
recombinant for these loci. Loci which are in close physical proximity on the same
chromosome, however, are less likely than distant loci to be separated by recombination
if chiasmata occur at random along the chromosome. Thus such loci do not segregate
independently but tend to be inherited together more often than not. Two such loci are
said to be linked. The degree to which two loci tend to be inherited together is therefore

a measure of their physical proximity. Recombination will rarely separate loci that lie
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very close together on a chromosome, because only a crossover located precisely in the
small space between the 2 loci will create recombinants. Therefore, sets of alleles on the
same small chromosomal segment tend to be transmitted as a block thorough a
pedigree. Such a block of alleles is known as a haplotype. Haplotypes mark
recognizable chromosomal segments which can be tracked through pedigrees and
through populations. When not broken up by recombination, haplotypes can be treated
for mapping purposes as alleles at a single highly polymorphic locus. This may be

measured in practice by observation of the segregation of alleles in offspring.

1.6.2 Recombination Fraction

The proportion of offspring in which two parental alleles are separated by
recombination is the recombination fraction (8). Quite simply, 0 is the probability that a
parent will produce a recombinant offspring. The recombination fraction varies from 0
(for adjacent loci) to 0.5 (for distant loci) and may serve as a measure of the distance

between the loci (Ott, 1991).

For closely linked loci (where 0 < 0.05 - 0.1), it is reasonable to assume that the
probability of more than one recombination occurring between the loci is small. In these
circumstances the recombination fraction is equal to the genetic map distance between
the loci, thus two loci showing recombination in 1% of meioses (0 = 0.01) are
approximately 1 cM apart. Small values of 0 are equivalent to the actual map distance
(w) between loci, and thus recombination fractions are additive over small distances.
The simplest case relating 0 to w occurs when it can be assumed that multiple

crossovers between two loci do not occur when the distance is very small, then 6 = w.

For larger distances, recombination fractions are not additive because multiple
crossovers occur. When this is the case, mapping functions must be used to translate 0
values into actual map distance. Some commonly used mapping functions are those of
(Haldane, 1919; Kosambi, 1944). Haldane’s mapping function assumes no interference,
(i.e.crossing over is evenly distributed over the entire chromosome). In fact, the
phenomenon known as interference inhibits the formation of crossovers in the vicinity
of an existing crossover. The Kosambi mapping function takes interference into account

and is the mapping function most often used in humans.
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Linkage analyses are designed to test whether or not two genes transmitted from parents
to children segregate in an independent fashion, and the statistical analyses are either
parametric or nonparametric. Identification of large pedigrees with numerous affected
individuals is desirable in order to maximise the power of the study to detect linkage. In
practice, large pedigrees are often not available, particularly when studying recessive or
late-onset disorders (such as PD). Smaller families may then be grouped together for
linkage analysis, but locus heterogeneity (i.e. different disease genes resulting in
indistinguishable phenotypes) is a commonly encountered problem which complicates
this approach. Correct phenotypic designation of affected and unaffected status is an
essential requirement for successful linkage analysis, and should be decided at the
outset of the study in order to minimise bias. Linkage testing can fail as a consequence
of insufficiently informative markers, markers that are insufficiently close to the locus
of the disease (and thereby having a high rate of recombination between the marker and

disease gene), and genetic heterogeneity, in which the wrong locus is tested for linkage.

1.6.3 The lod score method

The lod score method (Morton, 1955), a maximum likelihood analysis, has been used
successfully to map a substantial number of mendelian disease genes. Linkage
calculates the probability that two loci are linked, expressed as a lod score which is a
log10 of the odds ratio favouring linkage. Convention dictates that a lod score >3,
which indicates a probability in favour of linkage of 1000 to 1, is enough to establish
linkage, and conversely a Lod score of -2 indicating a probability against linkage of 100
to 1 excludes linkage between the two loci being tested. The odds ratio favouring
linkage is defined as the likelihood that the two loci are liked at a specified
recombination (theta) versus the likelihood that they are not linked, theta +0.5. Lod
scores are calculated by computer programs over a range of values of theta, facilitating
the maximum probability of recombination (and hence genetic distance) between the
two loci to be calculated. The application of the lod score method to complex traits is
problematic, especially where a disease inheritance model cannot be specified with

confidence (this issue is further detailed below (Martinez and L.R., 1989)).

Standard lod score (parametric) analysis requires a precise genetic model, detailing the

mode of inheritance, gene frequencies and penetrance of each genotype. This requires
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that reproducible diagnostic criteria are established so that segregation analysis can
identify all of the above. Nonparametric linkage methods are alternatives to lod score
analyses as specification of the disease inheritance model is not required. Multipoint
linkage analysis quantitatively assesses the most likely location of a disease in a
framework order of marker loci by moving the disease within the framework and
calculating a location score, to express the likelihood that the disease locus is located
within that particular part of the framework. A location score is defined as twice the

natural log of the odds ratio (Strachan and Read, 1999).

1.6.3.1 Two-point and multipoint analysis

Two-point analysis simply involves simultaneous analysis of two loci. Multilocus
analysis allows a more efficient use of the data obtained as more than two loci can be
analyzed simultaneously. It is therefore particularly useful for establishing the
chromosomal order of a set of linked loci. This can be done by analysis of multiple
pairwise lod scores using computer programs such as the LINKMAP option in
FASTLINK (Lathrop et al., 1984; Schaffer et al., 1994). Multilocus mapping also helps
overcome problems caused by the limited informativeness of markers as simultaneous
linkage analysis of a number of markers extracts the full information. Programs such as
LINKMAP can notch the disease locus across the marker framework, calculating the
overall likelihood of the pedigree data at each position. The result is a curve of
likelihoocf against map location. Peak heights depend on precise distances between
markers and on the mapping function and in reality these are seldom accurately known.

The highest peak normally marks the most likely location (Strachan and Read, 1999).

1.6.4 Markers for genetic mapping

The tools needed for genetic mapping in humans have only become available during the
last two decades. Markers used for mapping must fulfil three requirements: they must
be polymorphic (two, or preferably more, common alleles in the population), their
chromosomal location must be known, and it must be easy to type the marker (i.e. to
distinguish between alleles). Initial attempts at mapping relied on the use of easily typed

protein polymorphisms such as blood group proteins and classical HLA antigens, but as
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the chromosomal location of these proteins was not known linkage groups could be
established but the diseases could not be mapped to a specific autosome. It was not until
the 1980s that a comprehensive array of human DNA markers, in the form of restriction
fragment length polymorphisms (RFLPs), became available (Botstein ef al., 1980). The
usefulness of RFLPs in genetic mapping is limited by their biallelic nature (i.e. the
presence or absence of a restriction enzyme cleavage site) which results in low
heterozygosity (50% maximum), and by the labour-intensive methodology required to
type large numbers. Although RFLPs are still useful in genetic mapping, particularly
when typed with the aid of the polymerase chain reaction (PCR), they have been largely
replaced in linkage projects by variable number tandem repeat markers (VNTRs) such

as microsatellites.

The use of panels of fluorescent tagged primers and microtitre plates for PCR as well as
computerised semi-automated genotyping techniques have significantly increased the
throughput accuracy of genotyping in recent years (Schwengel, 1994). A microsatellite
marker comprises a pair of fluorescently labelled primers. Microsatellite markers are
derived from polymorphic repetitive sequences, usually of variable numbers of
dinucleotide CA repeats (mono-, di-, tri-, or tetranucleotide, repeated in multiple
tandem copies). The number of repeat copies is usually highly variable between
individuals in a population, relatively stable between generations, and inherited in a
mendelian fashion. Microsatellites are abundant, occur throughout the genome, and may

be easily typed by PCR (Silver, 1992; Weber and May, 1989).

1.6.5 Genotyping

The technique of genotyping makes use of polymorphic microsatellite DNA markers to
identify a chromosomal region segregating with the diseéise in one or more families.
Multiple copies of a DNA fragment, which may be sized by electrophoresis on a high
resolution polyacrylamide gel, are produced after PCR amplification of a short segment
of DNA. Allele lengths for each marker are defined by their number of tandem repeat
sequences, enabling family members to be genotyped according to the pattern observed.
Segregation of a marker allele with the disease phenotype in a family suggests linkage

between the microsatellite marker and a putative disease gene.
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1.7 TOOLS FOR GENETIC LINKAGE
1.7.1 The polymerase chain reaction (PCR)

The polymerase chain reaction (PCR) enables the selective amplification of specific
DNA sequences. Two oligonucleotides act as primers by hybridising to opposite strands
of DNA flanking the target sequence during repeated cycles of DNA denaturation,
primer annealing and fragment length extension by thermostable DNA polymerases. As
the extension products of each cycle are used as templates in subsequent cycles, an
exponential accumulation of target DNA occurs, further moving the reaction
equilibrium towards target specificity. One primer may be labeled with a fluorescent
dye detectable by laser on an automated DNA sequencer, or the products may be
visualised under UV illumination after agarose electrophoresis in the presence of

ethidium bromide.

1.7.2 Computer Data Analysis

As identification of linkage for a mendelian disorder using a genome-wide search
usually requires the generation of thousands of genotypes, such improvements are of
great benefit in linkage studies. Linkage analysis in this thesis was performed using the
computer programs MLINK, ILINK and LINKMAP from the LINKAGE package,
version 5.1, FASTLINK (Lathrop et al., 1984; Schaffer et al., 1994), running via a
remote telnet connection to the HGMP computer system (see Chapter 2, Materials &
Methods). Disease frequency of familial PD was taken as 107, but varying this had no
significant effect on the results of the linkage analysis. Allele frequencies for each

marker were set as equal.

1.8 COMPLEX GENETIC ANALYSIS

1.8.1 Genetic Analysis in Complex disease

Genetic complexity may occur for one or more of the following reasons:
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1.

The disease may be aetiologically heterogeneous, with only a subset due to genes

conferring high risk.
The disease may involve many different genetic loci that act together to cause disease.

A gene for the disease may predispose only in the presence of a particular

environmental exposure.

Genetic studies of complex diseases such as PD face difficulties arising from
uncertainties in diagnosis, disease definition and lack of understanding of its genetic
transmission, although the several PD loci discovered to date have reduced this
uncertainty. In view of the difficulties of assigning a precise genetic model and to avoid
averages of the above variables being taken over a heterogeneous set of families,
several approaches can be used. These include seeking a pool of families in which the
disease segregates in a manner which would fit with autosomal dominant inheritance,
using affected members of the pedigree only in parametric analysis and using a non-
parametric (model-free) method of linkage analysis. The choice of strategy is based on

its ability to detect susceptibility gene(s) of a given effect.

1.8.2 Linkage analysis in families with autosomal dominant inheritance with

varying degrees of penetrance

Despite the apparent genetic complexity of PD, rare families can be found with many
affected members in a pattern consistent with autosomal dominant inheritance, although
some have reduced penetrance. Each of the genetically defined familial disorders share
clinical characteristics. These families can be used for a genome search using standard
lod score analysis. PD is known to be genetically heterogeneous (Gasser et al., 1997)
but identifying the mendelian subset does not necessarily cast any light on the causes of
non-mendelian disease. Several methods of analysis can be used and are described

below.

1.8.3 Use of affecteds-only pedigree analysis

This entails the use of a parametric method for analysis of only the affected members of
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a kindred. The penetrance is irrelevant for affected people and unaffected members are
scored as having an unknown disease phenotype. If the penetrance is low, unaffected
people provide relatively little information but the genotypes of affected people can be
inferred, as they must have the susceptibility allele. This strategy has been used during
the course of this thesis and resulted in linkage to the known susceptibility loci
described in PD being excluded in two dominant kindreds (see chapter 5). The risk of
false positives is reduced if the analysis is restricted to checking a few candidate loci.
Familial PD is also rare, minimising the risk of heterogeneity and of phenocopies (i.e.
affected individuals expressing the disease but lacking the proposed causative gene

mutation).

1.8.4 Non-parametric linkage analysis

An appropriate strategy for mapping complex disease traits involves the study of
affected relative pairs. Large numbers of pairs are required to demonstrate linkage to
anonymous polymorphic DNA markers. Methods of non-parametric linkage analysis
ignore unaffected family members and look for alleles or chromosomal segments that
are shared by affected individuals. However, the non-parametric sib-pair method
method has the additional disadvantage of poor localization capacity. Shared segment
methods can be used within nuclear families (sib pair analysis), within extended
families, or in whole populations. At the population level they constitute association

studies.

1.8.5 Identity by state and descent

Whether a particular allele is inherited identically by state (IBS) or identically by
descent (IBD) is of prime importance in establishing allelic ancestry. Alleles IBD are
demonstrably copies of the same ancestral allele. For very rare alleles, two independent
origins are unlikely, so IBS generally implies IBD, but this is not true for common
alleles. Multiallele microsatellites are more efficient than two-allele markers for
defining IBD, and multilocus multiallele haplotypes are better still as any one haplotype
is likely to be rare. IBD is more powerful but requires parental samples, which are not

necessarily available, particularly in the case of late-onset disorders like PD.
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1.8.6 Advantages and Limitations of the classical ASP method

Affected sib pairs (ASPs) allow model-free analysis in nuclear families. If both sibs are
affected by a genetic disease, then they are more likely to share whichever segment of
chromosome carries the disease locus. This allows a simple form of linkage analysis.
ASPs are typed for markers and chromosomal regions sought where the sharing is
above the random 1:2:1 ratios of sharing 2, 1 or 0 haplotypes identical by descent. Sib
pair analysis has been used as one of the main tools for seeking genes conferring
susceptibility to common mendelian diseases (Jawaheer et al., 2001) and played an
important role in the study of type 1 diabetes where excess allele sharing confirmed the
important role of HLA which is informative to such an extent that marker allele IBS is
equivalent to IBD, although the inheritance pattern fits neither a simple dominant or

recessive model.

There are clear limitations to the classical ASP method demanding that certain
extensions are used to allow meaningful analysis of the data. These include: 1) the need
for unambiguous assignment of IBD of the marker loci; 2) other affected relative pairs
are excluded from the analysis; 3) marker information from unaffected relatives is not
included, and 4) analysis is restricted to a single genetic marker. The power of ASP
linkage mapping is related to the magnitude of the relative risk (RR), defined as the
recurrence risk for a relative of an affected person divided by the risk for the general
population (Risch, 1990a). For a given RR value, the power decreases as the
recombination fraction (8) between the marker and the disease locus increases, and the
polymorphism information content (PIC) of the marker decreases (Risch, 1990d).
Assuming a trait with an RR value of 3 (as in PD), 100 ASPs are required to achieve
80% power using completely informative markers (PIC=1) at 6=0; when 6 =0.05, the
required sample size is threefold higher. Several non-parametric linkage methods have
been developed to relax some of the limitations of the classical ASP method, with
inclusion of other affected relative pairs (Risch, 1990a). However, for RR values of 3,
affected pairs of distant relatives are probably no more powerful than affected sib pairs
(Risch, 1990a). Furthermore, in the context of diseases with late onset such as PD, these

analyses may be sensitive to incorrect specification of marker allele frequencies
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(Babron, 1994). Other ASP extensions appear more suitable for linkage analysis in PD.
The Holmans method was used for this project as it maximizes information from sibs
with untyped parents (Holmans, 1993). The WPC-MP method relies on IBD scoring
and is robust to incorrect marker allele assumptions. The WPC-MP and Holmans

methods were used for analysis of data.

Candidate regions defined by ASP analysis are usually too large for positional cloning.
Unlike the process of fine-mapping in mendelian disease that can be used to narrow
down a candidate region, sib pair analysis will reveal a number of candidate regions. It
is not likely that a chromosomal segment can be defined that is shared by all affected
sib pairs, as the areas will be broad. This is understandable because, if a susceptibility
factor is neither necessary nor sufficient for disease, then not all affected sib pairs will
share the chromosomal segment that contains the susceptibility locus. Also, many ASPs
share many segments by chance including, perhaps, segments that lie coincidentally

close to a susceptibility locus.

1.8.7 The future of genetic analysis

A third generation of markers known as single nucleotide polymorphisms (SNPs), are
increasingly being used, allowing more rapid genome screening. SNPs are essentially
single base pair differences occurring at the same position in different individuals.
SNPs are highly abundant, occurring on average at least once per kilobase (Wang et al,
1998). When the two alternative bases both occur at appreciable frequency in the
population SNPs may be used as biallelic genetic markers. The disadvantage of SNPs is
that there can be a maximum of just four alleles in the population for any given SNP.
One great advantage, however, is that SNPs can be screened by high throughput
hybridization methods. DNA “chips” have been developed as part of hybridization
technology. These comprise high density arrays of oligonucleotides capab le of
hybridizing or not hybridizing to certain SNPs. Thus, an individual’s total genomic
DNA can be fluorescently labeled, momentarily placed on a chip to hybridize, and the
resulting pattern of spots detected nearly immediately using light signals (Goffeau,
1997; Wang et al, 1998). Considerably more markers could be rapidly screened,
although the information content per each marker would be less and sophisticated

computational methods of analysis would be required to decode the information.
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Although SNP maps are at an early stage of development they have the potential to

supersede microsatellite markers for mapping.

1.9 IS THERE A GENETIC BASIS FOR PARKINSON’S DISEASE AND
OTHER NEURODEGENERATIVE DISEASES?

Idiopathic (or sporadic) PD is one of the commonest neurodegenerative disorders, with
a clear age-dependent prevalence of 1 to 2 percent after the age of 65 years (De Rijk et
al., 1997a). PD has been found in every ethnic group and geographical area that has
been studied, with the lowest prevalence in China, Japan and Africa (Zhang and
Roman, 1993). Since its description by James Parkinson nearly 200 years ago
(Parkinson, 1817), intense efforts have been made to establish its aetiology. The
phenotype of idiopathic PD is characterised by resting tremor, rigidity and
bradykinesia, which responds well to L-dopa (Levodopa) treatment. The pathological
hallmarks of PD are the presence of Lewy bodies (Fig. 1.1) and massive loss of
dopaminergic neurons in the pars compacta of the substantia nigra. Parkinsonism is the
term used to describe this constellation of clinical signs but it also includes a number of
other neurodegenerative diseases which are often less responsive to L-dopa and have
different neuropathological findings. These diseases include multiple system atrophy
(MSA), progressive supranuclear palsy (PSP) and frontotemporal dementia and
parkinsonism linked to chromosome 17 (FTDP-17). They will be briefly covered here
for the sake of completeness, but most of the genetic work described in this thesis

relates to so-called ‘familial’ PD and the emphasis will be on this form of parkinsonism.
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1.9.1 Environmental factors

To date, the only unequivocally accepted risk factor for PD is increasing age but it
remains far from clear how this can help to understand the cause of the disease, as
striatal dopamine declines with normal ageing (Carlsson, 1995). In any case, the
absence of a convenient biomarker for PD has meant that all epidemiological studies
have tended to underestimate PD in a population. The discovery that N-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) can cause a clinical parkinsonian syndrome
(Irwin et al., 1987) suggested that toxins present in the environment could be
responsible. There is also a fascinating apparent inverse relationship between smoking
and the risk for PD (Morens ef al., 1994; Rybicki et al., 1999). Two explanations have
been offered for this observation. The first suggests that one or more compounds in
cigarette smoke are protective against environmental exposure to an external trigger, the
second that there could be an interaction between cigarette smoking and genetically
determined risk factors. Gene-environment interactions are further explored below.
Four lines of evidence have now emerged in favour of a genetic predisposition to PD: i)
epidemiologic surveys, ii) twin data, ii1) candidate gene studies, and iv) analysis of

families with apparent dominant or recessive inheritance of a ‘parkinsonian’ phenotype.

1.10 EPIDEMIOLOGICAL STUDIES

The genetic contribution in Parkinson’s disease has been debated for over a century,
when Gowers noted that 15% of his patients had affected relatives (Gowers, 1893).
Several case-control studies have consistently indicated that PD is more common
among relatives of index patients with PD compared with a matched control population,
as between 6 and 30 % of index patients had first- or second-degree affected relatives
(De Michele et al., 1996; Lazzarini et al., 1994; Marder et al., 1996; Payami et al.,
1994). These studies were subject to recall bias, but a large recent population-based
case-control study also found that PD significantly aggregated in families, the strength
of the association being age-dependent. This is in keeping with the fact that familial
factors, which can be genetic, environmental, or both, play a role in PD (Elbaz et al.,
1998). Overall, the relative risk in first degree relatives of individuals with PD is in the
range of 2 to 3, which is similar to that found in Alzheimer’s Disease (Farrer et al.,

1989). All of these studies have rested on the diagnosis of PD by the traditional clinical
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criteria of history and clinical examination without longitudinal follow-up. Since the
pathology of the disease begins years before it produces signs or symptoms, clinical
diagnosis currently has a low predictive value, particularly in those individuals with a

relatively high prior risk (e.g. with a family history of PD).

1.10.1 Twin studies and the role of positron emission tomography (PET)

Early twin studies found similar concordance rates between monozygotic (MZ) and
dizygotic (DZ) twins and this evidence was originally used to argue against a
significant genetic aetiology in PD. The aggregated MZ/DZ concordance ratio of 1.2:1
found in previous twin studies provided no evidence of a significant genetic risk
(autosomal dominant or recessive models are 2:1 or 4:1 ratios) and was much more in
keeping with an exogenous cause (Barucha et al., 1986; Marsden, 1987; Tanner, 1992;
Vieregge et al., 1992; Ward et al., 1983). Although the most recent twin study found
similar overall concordance rates for PD in a total of 19842 white male twins, genetic
factors appeared to be important when PD began at or before the age of 50 years
(Tanner et al., 1999). Concordance rates in twin pairs with PD were stratified by
zygosity and age at diagnosis: similar rates led the authors to conclude that genetic
factors do not play a major role in causing late-onset PD. However, subset analysis of
16 twin pairs with diagnosis at or before the age of 50 years showed a relative risk of 6
(95% confidence interval 1.69-21.26) suggesting that genetic factors appear to be
important in this age group. All 4 of the MZ pairs were concordant from this sub-set, as
compared to only 2 of 12 DZ pairs, supporting a primarily inherited cause of early-
onset PD (Tanner et al., 1999). The potential limitations of this study are: 1) it was
cross-sectional and therefore bias could have been introduced as observations were
made at a single time point, 2) diagnostic misclassification, 3) the cohort was
exclusively white US males so the relevance of these findings to women and non-
caucasian racial groups remains uncertain. The data obtained from these twin studies
suggested that the genetic contribution to PD is much less over the age of 50 and it can
be inferred that environmental factors are more significant in the development of PD in

this age group (Tanner et al., 1999).
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1.10.2 Why did early twin studies show MZ/DZ concordance?

The reliability of twin studies in estimating the genetic component of a disease has been
questioned, as a similar pattern of concordance in MZ pairs could be produced by
shared environment. However, no consistent perinatal risk factor has been linked to the
development of PD later in life. In addition, significant differences in the age of onset of
PD symptoms were observed in previous twin studies, contributing to the low
concordance rates. Cross-sectional studies do not allow detection of cases with
subclinical disease and latencies for clinical concordance vary greatly within PD twin
pairs, as illustrated by a previously reported pair wh'b;:);;réaégp:;ra?éé ;b“;}(‘th}'éz ‘decades e
(Gibb and Lees, 1988). Interestingly, even in rare families, such as the Contursi kindred
(described below), which show clear evidence of autosomal dominant inheritance, there
is a wide variation in the age of onset (Golbe et al., 1990). In summary, the early twin
studies cannot be viewed too simplistically. The evidence suggests that there are other,

as yet unidentified, modifiers of the expression of PD as well as the presence of genetic

factors but until these are identified a full interpretation of these results is not possible.

1.10.3 [®*F]-DOPA PET studies

The critical pathology underlying the PD phenotype is neuronal degeneration in the
substantia nigra resulting in dysfunction of the nigrostriatal dopaminergic pathway.
The use of positron emission tomography (PET) has been put forward as a sensitive,
specific way of detecting subclinical nigrostriatal dysfunction in PD in vivo (Burn et al.,
1992). Striatal uptake of ['®F]-dopa is believed to reflect nigrostriatal nerve terminal
aromatic amino acid decarboxylase activity (Hoshi et al., 1993). Patients with typical
PD display a characteristic reduction of striatal tracer uptake and the same alteration
can be found in clinically unaffected members of PD kindreds. The basic assumption of
PET studies in this context is that the dysfunction identified by [**F]-dopa PET
represents a subclinical (or preclinical) manifestation of the disease, although the
significance of finding reduced [lgF]-dopa uptake in a clinically normal subject remains
controversial (Piccini ef al., 1997). The disease process itself may be much more
frequent than clinically overt PD and the inherited nature of the disorder may be
masked by the low clinical penetrance of the mutations. A substantial role for genetic

factors in PD was also reported after analysis of a longitudinal study of dopaminergic
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function in twins, where the concordance levels for dopaminergic dysfunction were
found to be significantly higher in MZ than in DZ twin pairs with no apparent family
history (Piccini et al., 1999). Nevertheless, as all of these twin pairs shared the same
environment in early life, establishing a genetic component does not reduce the
possibility of an important concomitant environmental factor (Golbe et al., 1999b).
Future studies which examine the aetiology of PD must consider not just susceptibility

genes but also environmental factors and gene-environment interactions.

1.11 CANDIDATE GENE STUDIES FOR SUSCEPTIBILITY TO PD

Nigral degeneration with Lewy body formation and the resulting clinical picture of PD
may represent a final common pathway of a multifactorial disease process in which
both environmental and genetic factors have a role. Many studies have examined the
role of oxidative stress, xenobiotic toxicity, altered dopamine metabolism or impaired
proteosomal degradation in PD, and therefore research has focused on candidate genes
which might logically be involved in PD, such as the genes involved in dopamine
synthesis and metabolism, cellular detoxification and mitochondrial function (Frim et
al., 1994; Agundez et al., 1995; Bandmann, 1997; Bandmann et al., 1995a; Bandmann
et al., 1996; Bandmann et al., 1997a; Bandmann et al., 1995b; Parboosingh et al., 1995;
Plante-Bordeneuve et al., 1994a; Plante-Bordeneuve er al., 1994b; Plante-Bordeneuve
et al., 1997; Riedl et al., 1998). A number of approaches have been used over the last
decade in an attempt to identify susceptibility genes in PD such as linkage studies in
families, direct DNA sequence analysis of candidate genes, and allelic association
studies in familial and/or sporadic cases. The major studies and their contribution to our

knowledge of the pathogenesis of PD are outlined below.

1.11.1 Linkage analysis and exclusion of several candidate genes

Seven candidate genes for proteins involved in cell protection were originally studied
by genetic linkage in 8 autosomal dominant kindreds (Gasser et al., 1994), as free
radical toxicity is thought to play a role in the loss of nigral tissue by causing
degeneration of dopaminergic neurons. Interestingly, four of these proteins (glutathione

peroxidase (GPX1), catalase (CAT), copper-zinc (Cu/Zn) superoxide dismutase-1
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(SOD1) and debrisoquine 4-hydroxylase (CYP2D6)) are involved in detoxification
processes (see below). The other three candidates examined were tyrosine hydroxylase
(TH), brain-derived neurotrophic factor (BDNF) and amyloid precursor protein (APP).
Simple sequence tandem repeats (SSTRs, commonly called microsatellite markers)
spanning the chromosomal regions for these candidate genes were chosen. Summed lod
scores for all families excluded linkage to the genes GPX1, TH, APP, SOD1 and
CYP2D6 as well as to the chromosomal region containing the genes CAT and BDNF
(Gasser et al., 1994). Additional studies excluded the genes for basic fibroblast growth
factor (bFGF), the pre- and postsynaptic dopamine transporter, the aromatic
hydrocarbon receptor and its nuclear translocating factor, as well as for superoxide

dismutase-2 (SOD2) (Supala et al., 1994).

1.11.2 Direct sequencing studies

DNA sequencing is the most direct method for investigating possible candidate genes,
particularly because most PD kindreds are too small for linkage analysis. In one study,
sequencing of the SOD1 gene in 23 index cases of FPD failed to reveal any mutations
in the coding region (Bandmann ef al., 1995a). Examination of the coding regions of
SOD1, SOD2 and catalase genes using single stranded conformation analysis (SSCP)
also failed to find any pathogenic mutations (Parboosingh ef al., 1995). Homozygous
weaver mice, a mutant mouse strain, display progressive postnatal depletion of
dopaminergic cells in the mesencephalon and have thus been proposed as an animal
model for PD. A mutation in the putative G-protein inward rectifier potassium channel
(mGIRK?2) has now been identified as the causative gene in the weaver mouse (Patil et
al., 1995). However, analysis of the HS pore region of the human homologue (hGIRK?2)
in human familial and sporadic cases of PD has so far failed to find any abnormal

sequences (Bandmann et al., 1996).

1.11.3 Allelic association studies

Discovery of susceptibility loci can be important in understanding the causes of a
disease, especially in genetically heterogeneous disorders like PD (Gasser et al., 1997).

Allelic association studies compare the frequency of a given candidate gene
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polymorphism in patients with the disease of interest with those in controls and are
aimed at detecting a genetic background predisposing to disease. However, the power
of association studies depends mainly on: a) the cohort sizes used, and b) the
contribution of a given factor to the disease state. In most cases the relationship of the
factor to the disease state is unknown and therefore a negative study can only lend
weight to the evidence rather than provide an absolute answer (Wood, 1998). While the
characterisation of single genes involved in rare mendelian families with PD is likely to
be significant in enhancing our understanding of the disease, association studies should
be (if designed appropriately) the most powerful in trying to elucidate susceptibility
genes, if present, in PD as a whole. In order to generate the most useful data, recent
guidelines on the design of association studies have suggested that only associations
that make biological sense should be reported. They should also contain an initial study
as well as an example of independent replication and should be observed in family and
population-based studies. For alleles with modest effects, which might depend on
alleles at other genes, replication may be challenging. Several large, independent

datasets, with family studies, should be used to confirm the validity of the association.

Two types of allelic association study have been used in PD. One analysed sequence
variants without any known functional relevance (e.g. polymorphisms of tyrosine
hydroxylase). The second examined functionally relevant genetic polymorphisms, such
as the M1, M2 and M3 alleles of N-acetyltransferase-2 (NAT2) which lead to the slow
acetylation phenotype (see chapter 3 below). There are several inherent problems with
most of the association studies performed to date in PD, namely the type and
appropriateness of controls, small sample sizes and different diagnostic criteria between
studies. In PD, the presence of Lewy bodies in the brain is the ultimate diagnostic
finding but Lewy bodies are found in only about 80% of all cases examined at autopsy
(Hughes et al., 1992). Furthermore, to minimise the effects of population stratification
in association studies, the controls and study sample must be consistently matched for
age, sex and ethnicity. Population stratification is another bias of association studies as
subjects within a population tend to marry people like themselves (assortative mating)
and even in highly mixed populations found in many countries, populations are still
stratified. Unfortunately, robust association analyses such as the transmission
disequilibrium test (Spielman and Ewens, 1998) are difficult to apply in late-onset

disorders like PD, since parental marker information normally has to be extrapolated.

41



1.11.4 Detoxification Enzymes and PD

As mentioned above, MPTP has been identified as an environmental substance which is
toxic to dopaminergic neurons and therefore it may initiate nigral degeneration in
genetically predisposed individuals (Langston et al., 1983). Detoxification enzymes
such as those involved in xenobiotic metabolism have been studied in PD because
decreased hepatic metabolism of xenobiotics would probably increase their delivery
(and therefore toxicity) to the central nervous system. If one or more of these enzymes
carried a genetic mutation that led to defective enzyme production or function, then
affected individuals might be more susceptible to injury on exposure to environmental

toxins.

For example, the P450 enzyme system has a major role in the detoxification of
xenobiotics (Tsuneoka et al., 1993). Previously, six of the genes encoding P450
enzymes have been studied with respect to PD: CYP1A1, CYP2C9, CYP2C19,
CYP1A2, CYP2E1 and CYP2D6. The normal CYP2D6 gene contains nine exons and
encodes debrisoquine 4-hydroxylase, which has a number of functionally different
isoforms. The CYP2D6A mutant allele contains a deletion in exon 3, while the
CYP2D6B mutant allele contains a G-to-A transition at the intron3/exon4 junction.
Polymorphisms in CYP2D6 can produce active protein products with alterations in
catalytic function, protein stability or membrane integration (Riedl et al., 1998;
Tsuneoka et al., 1993). CYP2D6B has been the most intensively studied mutant allele
as it accounts for 75% of poor metabolisers. Several studies have revealed a positive
association of the poor metaboliser CYP2D6 genotype with an increased risk of
sporadic PD (Agundez et al., 1995; Armstrong et al., 1992) although other studies have
failed to replicate these findings (Bordet et al., 1994; Diederich et al., 1996; Gasser et
al., 1996). The two most recent studies (Ho ef al., 1999; Sabbagh et al., 1999) found no
evidence for an association between CYP2D6 and PD suggesting that the CYP2D6
locus is not a major genetic determinant of the disease. Other genes have been studied,
but the results so far are either conflicting, negative or await further confirmation.
These include dopamine transporter genes and dopamine receptors (Higuchi et al.,
1995; Parboosingh et al., 1995; Plante-Bordeneuve et al., 1997) monoamine oxidase
A&B (MAOA, MAOB) (Ho et al., 1995; Hotamisligil et al., 1994; Kurth et al., 1993;
Mellick et al., 1999), tyrosine hydroxylase (Plante-Bordeneuve et al., 1994b),
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glutathione-S-transferase (GSTM1) (Nicholl et al., 1999; Stroombergen et al., 1996)
and the tau gene AQ polymorphism (Pastor et al., 2000).

1.11.5 N-acetyltransferase 2 (NAT?2)

Over 40 years ago, neurological side-effects were observed when isoniazid (L-
isonicotinyl hydrazide) was administered to patients with TB, which was apparently
related to plasma concentrations of the unchanged drug (Evans et al. 1960). A wide
variation of metabolism of this substance was found in human populations and can
divide the population into fast or slow inactivators on the basis of excretion of the free
form of the drug in the urine. The fact that certain populations have a higher proportion
of fast inactivators relative to others and an early population genetics study (Knight et
al., 1959) suggested that this was determined by autosomal genetic factors and that slow
inactivation was recessive to fast inactivation. This activity is now known to be due to
variations in the levels N-acetyltransferase enzymes, responsible for arylamine N-
acetylation (Grant et al., 1990). As it has been suggested that poor acetylators may not
eliminate neurotoxic metabolites efficiently, recent candidate gene studies for
neurological diseases have looked at polymorphisms in the N-acetyltransferase-2
(NAT?2) gene (Bandmann et al. 1997, 1999; Nicholl et al. 1997; Agundez et al., 1998;
Maraganore et al. 2000).

The degree of activity of NAT2 determines the rate of detoxification of aromatic amines
and a slow acetylator genotype is defined by the presence of two mutant alleles. An
association has been described between the slow acetylator genotype for NAT2 and
familial PD (Bandmann et al., 1997b). This study has more recently been confirmed
using more precise genotyping methods (Bandmann et al., 1999). The biologically
plausible hypothesis is that slow acetylation could lead to impaired ability of patients

with familial PD to handle neurotoxic substances.

To further investigate the preliminary findings, a study of 161 nuclear families with PD
was undertaken as part of a family-based association study (see chapter 3). This

represents a novel approach to evaluate the importance of these results.
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1.11.6 Apolipoprotein E (APOE)

The partial overlap in the clinical phenotype and pathology of PD with Alzheimer’s
Disease (AD), as well as striking structural similarities of a-synuclein (involved in rare
forms of familial PD, see below) and apolipoprotein E (ApoE), prompted a recent report
(Kruger et al., 1999). The ApoE-¢4 allele is an important susceptibility factor in late-
onset AD (Roses and Strittmatter, 1996) but ApoE genotype analysis in PD was
inconclusive. Combined data on a polymorphism in the promoter region of SNCA with
the ApoE-€4 allele in 193 sporadic PD patients from Germany compared with 200
healthy controls matched for age, sex and origin showed a highly significant difference
between PD patients and control individuals (P<0.01). The risk factors were
independently associated with an increased risk of sporadic PD. This potentially
important observation has not, however, been reproduced by other investigators (N
Khan, personal communication). Interactions of ApoE-&4 with other loci have also been
suggested by the observation that the ApoE-¢4 genotype and gene polymorphisms of
CYP2D6 and SNCA are significantly associated with PD (Bon ef al., 1999). Another
report found an association between NACP-Rep1 and essential tremor (Tan et al.,

2000).

1.12 MITOCHONDRIA AND PD

The case for specific mitochondrial DNA mutations playing a role in PD is still
unresolved (Bandmann et al., 1997a). Mitochondrial respiratory failure and oxidative
stress appear to be two major components in nigral neuronal death in PD and several
groups have reported inhibition of mitochondrial respiratory chain function in PD
patients. A complex 1 deficit has previously been noted in the substantia nigra
(Schapira et al., 1990) and platelets (Parker et al., 1989). Human neuroblastoma cells
were depleted of their own mtDNA and repopulated with mitochondria derived from
platelets of PD or controls by means of a cell-hybrid system. A 20% reduction in
complex 1 activity was observed along with increased toxin susceptibility and oxygen
free-radical production in the cell hybrids containing the mtDNA of PD patients
(Swerdlow et al., 1996). These data suggest involvement of mtDNA in the development
of complex 1 deficiency but direct genetic studies of mtDNA in PD have so far been

negative. Other groups have speculated that although there is no evidence for increased



maternal transmission in PD, it is possible that complex heteroplasmic mitochondrial
inheritance could play a role in a sub-group of PD patients and that nuclear gene
disturbances may be important in another sub-group of PD patients. It is also possible
that several DNA sequence variants may be necessary to cause mitochondrial
dysfunction rather than a single point mutation (Bandmann et al., 1997a). It is important
to establish whether complex 1 deficiency is primary or secondary and whether it is
localised to the nigrostriatal system only. It has been postulated that the primary cause
of PD may be the combination of genetic background and putative nigral neurotoxins.
Exposure of nigral neurons with their high dopamine content to these toxins may lead to
oxidative damage thus causing the most serious complex 1 deficiency in nigral cells

compared with systemic organs.

1.13 CONTRIBUTION OF CANDIDATE GENE LINKAGE AND FUNCTIONAL
POLYMORPHISM ASSOCIATION STUDIES TO UNDERSTANDING PD

Association studies are aimed at establishing the importance of the different gene
polymorphisms in disease pathogenesis. Do these polymorphisms modify disease
process or alter susceptibility to PD? Either or both of these possibilities may be true.
Table 1.1 summarizes the major association studies undertaken on functional
polymorphisms in PD. A recent paper attempted to assess the variability and validity of
polymorphism association studies in PD (Tan, 2000). From 84 studies on 14 genes,
those with four or more independent studies of a specific gene polymorphism were
subjected to meta-analysis. Significant associations were found in polymorphisms of
NAT2, MAOB, GSTT1 and tRNAG]Iu. These results, however, have to be interpreted
with caution, as large study numbers are required as well as carefully matched controls
in order to establish whether a particular association implies linkage disequilibrium
with a disease-causing locus or if it is of functional importance in the disease process.
Future studies should be designed to circumvent these limitations and improve
confidence in genuine associations, as at present, despite the wealth of literature, testing
for these polymorphisms in patients with PD is not of any real diagnostic or predictive

value.
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Table 1.1: Summary of the major association studies of functional polymorphisms in

PD.

Candidate Polymorphism

References (abbreviated)

CYP2D6

CYP2E1

ApoE 4

MAO-A

MAO-B

Dopamine Transporter Protein
Dopamine Receptor, DRD2
NADPH-menadione reductase, NQ1

Glutathione transferase, GSTM1,
GSTP1, GSTZ1, GSTT1

N-Acetyl Transferase 2 (NAT2)
Tyrosine Hydroxylase, TH
Mitochondrial DNA polymorphisms

NACP-1 Rep

Riedl et al. 1998; Tsuneoka et al.
1993

Bandmann et al. 1997b

Kruger et al. 1999, Bon et al. 1999
Hotamisligil et al. 1994

Kurth et al. 1993; Mellick et al. 1999
Parboosingh et al. 1995

Oliveri et al. 2000

Bandmann et al. 1997b.

Bandmann ez al. 1997b

Bandmann et al. 1997b.
Plante-Bordeneuve et al. 1997

Bandmann et al. 1997a;

Tan et al.2000

1.13.1 Autosomal Dominant PD kindreds

Although, several pedigrees had previously been described with Parkinsonian features

(Allan, 1937; Bell and Clark, 1926; Spellman, 1962), often there was no pathological

data, and it is only more recently that an increasing number of well-documented multi-

generational Parkinsonian kindreds have been reported with evidence of autosomal



dominant inheritance with variable penetrance. However, only a few kindreds have
been reported where the clinico-pathological features are indistinguishable from the
sporadic form of the disease with a late age of onset, good Levo-dopa response and with
typical Lewy body inclusions (Wszolek et al., 1995). Others exhibit some atypical
features, such as young age of onset and rapid disease course (Golbe et al., 1996),
marked cognitive decline with an atypical distribution of Lewy bodies (Muenter et al.,
1998), or atypical Parkinsonian features such as apathy, hypoventilation and scattered
Lewy bodies (Perry et al., 1975; Perry et al., 1990). Finally, the chromosome 17 linked
syndromes of pallido-ponto-nigral degeneration (Clark et al., 1998; Wszolek et al.,
1992) and fronto-temporal dementia (Hutton et al., 1998) can show Parkinsonian

features as part of their rather broad phenotype.

The recent discoveries in mendelian PD families (see below) have firmly established
the existence of a genetic component in the disease. Indeed, the elucidation of the
molecular events leading to nigral degeneration in these inherited cases may help to
identify the molecular pathogenesis of the more common forms of PD. At present
however, there is no direct evidence that any of the genes for familial PD have a direct
role in the aetiology of the common sporadic form of PD, or in those cases who have a
limited number of affected family members, although circumstantial evidence (such as
the presence of a-synuclein and parkin in Lewy bodies (Shimura et al., 1999;

Spillantini et al., 1997)) suggests that this is likely.

1.14 DISEASE CAUSING LOCI AND PARKINSON’S DISEASE GENES

Traditional linkage analysis and positional cloning strategies in independent PD
kindreds have identified the o-synuclein gene, SNCA (OMIM 601508)
(Polymeropoulos et al., 1997) and three disease-causing gene loci on chromosomes
2pl13, 4p14-16.3and 1p35-p36 (Farrer et al., 1999b, Valente et al., 2001; Gasser et al.,
1998). Two further genes Parkin (Kitada et al., 1998a) and UCH-L1 (Leroy et al.,
1998)) were identified as a result of using a candidate approach in several families (see
below). A further locus (PARKS) has been allocated according to HUGO, the
nomenclature database (http//:www.gene.ucl.ac.uk), but details of this locus are yet to
be published However, the two genes aﬁpear to have differing significance in the

pathogenesis and overall cause of PD. Mutations in the Parkin gene are considered to be
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a major cause of autosomal recessive familial early-onset and isolated juvenile-onset 7
Parkinson's disease (AR-JP, OMIM 602544) (Kitada er al., 1998b) but to date only one " L

German kindred has been identified with the Ile93Met missense mutation in UCH-L1.” ' L',

1.14.1 Alpha Synuclein (PARK1)

The first definite evidence that a parkinsonian syndrome could be caused by a single
gene came from linkage studies in Lewy body parkinsonism in an Italian family, the
Contursi kindred. This is the largest PD pedigree characterised to date and consists of at
least 60 affected members in 4 generations who originate from the village of Contursi in
southern Italy. Some members had emigrated to America, so the family was initially
described as an “Italian-American kindred” (Golbe et al., 1990). Linkage of the disease
locus to chromosome 4q21-q23 in this family (Polymeropoulos et al., 1996) was
followed by identification of a G>A transition at position 209 in exon 4 of the SNCA

gene causing an alanine to threonine substitution in the a-synuclein protein (Ala53Thr).

Designated “Parkinson’s disease type 1” (PARK1), the disorder in this family was to
some extent typically parkinsonian, with Lewy bodies at post-mortem and a typical
pattern of dopamine deficiency in PET studies indistinguishable from sporadic PD
(Samii et al., 1999). However, there were also some atypical features, such as a
relatively early age of onset of illness at 46 113 years. In this family, the penetrance of
the gene was estimated to be 85%. This mutation was also found in 3 other apparently
unrelated Greek kindreds (Polymeropoulos et al., 1997). Phenotypic similarity, a
comparable age at onset and the fact that both kindreds originated from opposite ends of
the same Mediterranean trade route, suggested that this mutation came from a single
founder (Athanassiadou et al., 1999). Although this mutation is highly penetrant, there
is considerable variation in expression as the oldest “carrier” is an otherwise

asymptomatic 85 year-old with only mild rigidity on examination.

A mutation in a conserved region of exon 3 of SNCA has since been described in an
unrelated German kindred (Kruger ef al., 1998). Mutation analysis of all 5 translated
SNCA exons in an index case from an independent German familial PD kindred

detected a G to C transversion at nucleotide 88 of the coding sequence in exon 3 of
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SNCA causing the Ala30Pro substitution in the resulting protein (Fig. 1.2). The affected
individual developed signs of progressive parkinsonism at age 52 concordant with an
unusual family history, as his mother presented with symptoms at age 56 and died from
the disease at age 60. A younger sib, aged 55, reported impaired motor function in the
right arm and clinical examination was suggestive of Parkinson’s disease. The 33-year-
old child of the index patient and a 50-year-old sib were carriers of the mutation but,
although both cases were clinically abnormal, the phenotype did not fulfil the
diagnostic criteria of PD (Kruger et al., 1998). The Ala30Pro substitution was not found
in 1,140 chromosomes of control individuals leading the authors to conclude that SNCA

mutations participate in the pathogenesis of only rare cases of Parkinson disease.

The PARKI locus was examined in a series of autosomal dominant families collected
by the EU consortium (GSPD) of which I analysed two UK kindreds (section 5.4.2) in
order to detect the numerical importance of the locus-see appendix 3.3 (Gasser et al.,
1997). After the description of mutations in the SNCA gene in the Contursi kindred,
access to a large number of EU sibling pairs and a series of autosomal dominant PD
families enabled me to rapidly screen this series for the G209A and G88C coding
mutations in the SNCA gene (section 4.3; Vaughan et al., 1998a). Sequencing of SNCA
for new coding mutations was also performed by Dr M Farrer (Vaughan et al., 1998b)

(section 4.3.2 and appendix 2.2 and 4.1).
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Fig. 1.2: Schematic diagram of the SNCA gene, showing the two mutations (G88C and

G209A) so far identified associated with familial PD.
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1.14.2 The Synuclein family of proteins

Three distinct synucleins in human brain, o, 3- and y-synuclein, had been identified
(Jakes et al., 1994, Lavedan et al., 1998). Alpha-synuclein was detected as a 19 kDa
protein in the cytosolic fraction of brain homogenates and immunostaining of human
brain sections showed that it was concentrated at presynaptic nerve terminals (Jakes et
al., 1994). A computer search of protein sequence databases found c-synuclein shares
95% sequence homology with rat synuclein (Campion et al., 1995; Maroteaux and
Scheller, 1991), which is also expressed in the brain associated with synaptosomal
membranes in neurons. A fragment of o-synuclein forms the non-f amyloid component
(NAC) of amyloid plaques in AD (Ueda et al., 1993) and secondary structure modelling
predicted that this peptide has a strong tendency to form [-structures consistent with its
association with amyloid. Campion et al.,{995) mapped the a-synuclein (SNCA) gene
to chromosome 4 and sequenced the entire coding region. As it was a candidate for
familial dementia, RT-PCR products from 26 unrelated patients with familial early-
onset Alzheimer disease were sequenced, but no mutations were found (Higuchi et al.,
1998). However, 3 alternatively spliced transcripts were found in normal lymphocytes.
Northern blotting showed that SNCA mRNA was principally expressed in brain but was

also at low levels in all tissues except liver.

Shortly afterwards (Chen et al., 1995) mapped the locus more precisely to 4q21.3-q22
by PCR-based analysis of human/rodent hybrid cells and by fluorescence in situ
hybridisation (FISH). Alpha-synuclein also shares physical and functional homology
with 14-3-3 proteins, which are a family of ubiquitous cytoplasmic chaperones: regions
of alpha-synuclein and 14-3-3 proteins share over 40% homology (Ostrerova et al.,
1999). In addition, it has been suggested that synelfin, an orthologue of oi—synuclein in
the zebra finch, may play a role in song learning, but the function of mammalian
synucleins remains unclear. One hypothesis proposed that synuclein is involved in the
turnover of pre-synaptic membranes and synaptic signalling, processes important in
learning and memory (Clayton and George, 1998; Clayton and George, 1999). No
mutations in beta or gamma synuclein have been found in PD subjects to date (Lavedan

et al., 1998)
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1.14.3 Alpha Synuclein, the Lewy body and neurodegenerative disease

Despite the rarity of SNCA mutations in familial PD, the protein product, a-synuclein,
has become the centrepiece of a new understanding of the Lewy body and of a new
hypothesis of the pathogenesis of PD. The wider importance of o-synuclein in PD and
related disorders such as diffuse Lewy body disease and dementia with Lewy bodies has
since been recognized, as o--synuclein protein is a major fibrillar component of Lewy
bodies, Lewy neurites (Spillantini et al., 1997) and the glial cell inclusion bodies
(GClIs) of Multiple System Atrophy (MSA)(Tu et al., 1998 ). Lewy bodies are roughly
spherical structures (see Fig 1.1 above) comprising radially arrayed intraneuronal
aggregations of at least 20 known antigenic components, including various proteins,
fatty acids, sphingomyelin and polysaccharides. Alpha-synuclein and ubiquitin appear
to be the major constituents of Lewy bodies, although the latter is not always present
(Spillantini et al., 1997). Indeed, immunostaining for o-synuclein has now become

diagnostic for Lewy bodies.

1.14.4 Other Lewy body proteins implicated in PD

Following the identification of i-synuclein as the first single protein with a definite
pathological link with PD, other Lewy body components, some of which interact with
o-synuclein, have been suggested as candidate genes in familial PD. Evidence that o-
synuclein may have an interacting role with other familial PD gene products has also
been suggested from neuropathological studies of families linked to chromosome 4p15.
For instance, (Engelender et al., 1999) identified a novel a-synuclein-interacting
protein, synphilin-1, encoded by the gene SNCAIP. Synphilin-1 was present in many
regions in brain, including substantia nigra and in Lewy bodies of PD patients
(Wakabayashi et al,, 2000). Alpha-synuclein was found to interact with synphilin-1 in
neurons in vivo. As Lewy bodies contain many multi-ubiquitinated chains arising from
incomplete degradation of constituent proteins, a central role for ubiquitin in the
proteasome pathway has been proposed and implicated ubiquitin as a potential

candidate gene in Parkinson disease (Wilkinson et al., 1989).

Ubiquitin C-terminal hydrolase L1 (UCH-L1) is a member of a gene family whose

products hydrolyze small C-terminal adducts of ubiquitin to generate the ubiquitin
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monomer. Expression of UCH-L1 (which represents 1 to 2% of total soluble brain
protein) is highly specific to all neurons and to cells of the diffuse neuroendocrine
system and their tumors (Doran et al., 1983). UCH-L1 cDNA was cloned, the structure
of the gene defined and the gene product was referred to as PGP9.5 (Day and
Thompson, 1987, Day, 1990 #4755). UCH-L1 was mapped to chromosome 4 by PCR
analysis of DNA from a panel of human/rodent somatic cell hybrids (Edwards et al.,
1991). By in situ hybridization, the assignment was regionalised to 4p14. Interestingly,
an Ile93Met missense mutation in the ubiquitin C-terminal hydroxylase (UCH-LI) gene
was identified in a German family with familial PD. Indeed, kinetic studies of Ile93Met
UCH-L1 and wild-type enzymes showed that the mutant had nearly a 50% reduction in
activity (Leroy et al., 1998). Two models have been suggested which may explain the
toxic effect of this missense mutation on the neuron and these are further discussed in

chapter 6.

1.15 AUTOSOMAL RECESSIVE PD, PARK2 AND THE PARKIN GENE

1.15.1 Background to the discovery of Parkin and linkage studies in AR-JP
kindreds

Autosomal recessive juvenile parkinsonism (AR-JP, PARK?2, OMIM 602544) is one of
the monogenic forms of Parkinson’s disease (PD) initially described in Japan. AR-JP
patients show the typical signs of PD, but they are associated with a) early onset,
typically before the age of 40; b) dystonia at onset; c) diurnal fluctuations; d) slow
disease progression; and e) early and severe L-dopa induced dyskinesias. The clinical
features of 17 patients from 12 Japanese families with AR-JP have been described
(Ishikawa and Tsuji, 1996.). In 11 of these families, affected members were products of
consanguineous marriages with a mean age of onset of 27 (range 9 to 43) years. The
most prominent symptoms were retropulsion, dystonia of the feet, and hyperreflexia
with classic Parkinsonism. Symptoms of tremor, rigidity, and bradykinesia were mild.
Patients responded to L-dopa but dopa-induced dyskinesias and wearing-off phenomena
occurred frequently. A distinguishing feature of the phenotype was sleep benefit, with
reduction of parkinsonian symptoms after awakening. AR-JP is pathologically
characterised by highly selective degeneration of dopaminergic neurons in the zona

compacta of the substantia nigra and the absence of Lewy bodies (Ishikawa et al.,
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1996). Recently, the gene responsible for AR-JP was identified and designated Parkin

following linkage studies and positional cloning techniques (see below).

1.15.2 Linkage Analysis of PARK 2 and positional cloning of the Parkin gene

By linkage analysis using a diallelic polymorphism of the manganese superoxide
dismutase gene (SOD2; OMIM 147460), perfect segregation of the disease was found at
the SOD2 locus (Matsumine et al., 1997). By extending the linkage analysis to 13
families with autosomal recessive juvenile Parkinsonism, they discovered strong
evidence for the localization of the gene at 6q25.2-q27, including the SOD2 locus, with
the maximum cumulative pairwise lod scores of 7.26 and 7.71 at D6S305 (theta = 0.03)
and D6S253 (theta = 0.02) respectively. Linkage analysis was then performed on
further families to narrow the region prior to restriction mapping and positional cloning

to identify the gene responsible for AR-JP.

Non-Japanese PARK 2 families were first demonstrated in Europe, the United States
and the Middle East. Homozygous deletions in 3 AR-JP families greatly reduced the
initial 17cM candidate interval (Matsumine et al., 1998, Tassin, 1998 .Jones,
1998 ). Linkage of the gene for AR-JP to 6q25.2-q27 was described in 1 Algerian
and 10 European multiplex families as part of the EU GSPD consortium (Tassin et al.,
1998). The clinical spectrum of the disease in these families was broader than reported
previously, with age at onset up to 58 years and the presence of painful dystonia in
some patients. In all patients examined, 2 of the 3 cardinal signs of PD (akinesia,
rigidity, and tremor) were found. Marked improvement with L-dopa treatment occurred
in all except 2 untreated secondary cases found in family studies. Age at onset was less
than 40 years for at least 1 affected sib. Linkage to 6q25.2-q27 was also found in a
group of 15 families from 4 distinct ethnic backgrounds (Jones et al., 1998). A full
genomic screen excluded other candidate regions. Detailed mapping of the linked
region (including the position of the SOD2 gene) showed that recombination events
restricted the AR-JP locus to a 6.9-cM region and excluded SOD2 (Jones et al., 1998).
Moreover, nucleotide sequence analysis of the coding regions of the SOD2 gene did not

show causative mutations.

The gene responsible for AR-JP (Parkin) was isolated by positional cloning techniques

in a Japanese patient with deletion of 6q (including the closely linked marker D6S305)
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(PARK?2; 602544, (Kitada et al., 1998a)). The Parkin gene spans more than 500 kb and
has 12 coding exons with an open reading frame of 1,395-bp. Five exons (exons 3-7)
were deleted in the original patient. Four other AR-JP patients from 3 unrelated families
had a deletion affecting exon 4 alone (Kitada et al., 1998a). Alternative splicing of
these exons produces different parkin transcripts in different tissues (Sunada ez al.,
1998). The Parkin protein is composed of 465 amino acids with a moderate similarity to
ubiquitin at the amino terminus and a RING-finger motif at the carboxy-terminus
(Kitada et al., 1998a). Detailed mutational analyses have now clearly shown that Parkin
is numerically far more important than other genes so far described in PD (see chapter
4). Association studies of the Parkin gene in sporadic PD have been limited so far.
Heterozygosity at codon 167 in the Parkin gene has been reported as a genetic risk
factor for the development of spordic PD (Satoh et al.,1999) but this was not confirmed

in a population of Central European origin (Klein et al.,2000).

1.16 GENE LOCUS 2p13 (PARK 3)

Six families of European origin with autosomal dominant PD were studied. Affected
individuals in these families had a phenotype similar to idiopathic PD, with age of onset
ranging from 37 to 89 years (mean between 54 and 63 years) (Gasser et al., 1998).
Dementia was prominent in addition to parkinsonism in two of the kindreds. Autopsy
data from 3 of the families was consistent with Lewy body PD. Several markers
spanning an area on chromosome 2p (2p13) showed consistently positive lod scores in
two kindreds which held the greatest potential to show linkage. This region of 40cM
was subsequently investigated more closely by typing additional markers in all six
families in the study and a multipoint lod score over all six families was 3.96. Further
refinement of the interval determined by linkage analysis identified a common disease
haplotype over 7 markers spanning a 3.2 cM region in two kindreds which originated
from the same area in northern Germany and southern Denmark. This was suggestive of
a possible founder effect. Analysis of this haplotype in clinically unaffected members in
two of the linked families over the age of onset (mean 56 years) gave an estimated
penetrance of 40%. The authors speculated that as the disease expressed in these
kindreds appeared very similar to sporadic PD any mutation found may shed light on
the molecular aetiology in a significant proportion of the PD population as a whole. The

founder haplotype has not been identified in other German pedigrees with familial PD
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and a further study also failed to identify the haplotype in a population of patients from
northern Germany with sporadic or familial Parkinson’s disease (Klein et al., 1999).
The disease gene at this locus has yet to be identified, although sequencing of a
biologically plausible candidate gene in the area, TGF-a, which supports dopaminergic
neurons in vitro, did not reveal any mutations (T Gasser, personal communication).
Further parkinsonian kindreds which show linkage to 2p13 have yet to be reported. This
study highlighted the difficulties of using small kindreds and analysing them within the
same study, as one family (family K) was uninformative due to its small size at both

4q21(Gasser et al., 1997) and 2p13.

1.17 GENE LOCUS 4p15 (PARK 4)
1.17.1 Linkage in autosomal dominant PD

Farrer and colleagues identified an 8.7cM haplotype of six adjacent markers (4p14-
16.1) which segregated with autosomal dominant, early-onset parkinsonism and
essential tremor (ET) in a North American kindred from Iowa (Farrer et al., 1999b).
This kindred had previously been reported in detail (Muenter et al., 1998). Affected
members of the family share many features with typical idiopathic PD, although the
mean age of onset is considerably younger (mean 33.6 years), and several atypical
features are present, such as early weight loss, dysautonomia and dementia.
Neuropathological changes include, in addition to nigral degeneration and Lewy-body
formation, conspicuous vacuoles in the hippocampus and several other brain areas.
Multipoint linkage analysis at 4p14-16.1 yielded a lod score of 2.64 at theta =0,
(D4S391) insufficient for statistical significance in a genome search. Interestingly, the
disease-linked haplotype was also found in individuals in the pedigree who did not have
clinical Lewy body parkinsonism but instead had a clinical phenotype of postural
tremor. Rather than this being indicative of false positive linkage, it was suggested that
in some circumstances tremor can be an alternative phenotype of the same pathogenic
mutations as Lewy body parkinsonism (Farrer et al., 1999b). More recently identified
members of this kindred have allowed reanalysis at this locus such that the multipoint
lod score is now above 3.0 (M Farrer, personal communication). UCH-L1 has been
excluded as a cause of disease by both two-point linkage analysis and direct sequencing

of an index member of the kindred (Farrer et al., 1999b). Identification of additional
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families linked to 4p15-linked families would provide statistical support for the Iowan
haplotype and help refine a candidate region for positional cloning of 4p15. The results
of an independent Italian family, examined where 4 affected individuals in 2 successive

generations were screened for linkage to PARK 4 are described in chapter 3.

1.18 GENE LOCUS PARK 6 (1p35-p36)

A large Sicilian family has been identified with four definitely affected members
(referred to as the Marsala kindred). The phenotype was characterised by early onset
(range 32-48 years) Parkinsonism with slow progression and a sustained response to L-
dopa. Linkage of the disease to the Parkin gene was excluded. A genome wide
homozygosity screen was performed in the family. Linkage analysis and haplotype
construction allowed identification of a single region of homozygosity shared by all the
affected members, spanning 12.5cM on the short arm of chromosome 1 (1p35-p36).
This region contains a novel lbcus for autosomal recessive early onset Parkinsonism,
PARKG6. A maximum Lod score 4.01 at recombination fraction O was obtained for

marker D1S199 (Valente et al., 2001).

The study of other large dominant and recessive Parkinsonian kindreds will be
important in furthering our understanding of the pathogenesis of Parkinson’s disease.
Unfortunately, such kindreds are both rare and of limited size, making linkage analysis
to identify the gene loci problematic. The clinical and pathological features in 2 large
unpublished kindreds (UK402, UK403) who are not linked to any of the PD loci

described to date are presented in chapter 5.

1.19 OBJECTIVES OF THIS THESIS

In this thesis, I have attempted to apply molecular genetic techniques to the study of a
large population of sibling pairs and two large autosomal dominant PD kindreds (UK
402, UK 403) collected over a three year period as part of a genetic consortium formed
to study genetic susceptibility in Parkinson’s disease (GSPD). A range of techniques
were used, which include linkage studies and mutation analysis of candidate and cloned
genes. Where certain aspects of the work were undertaken by other partners, this is

clearly indicated. For example, the methodology for gene sequencing is attached as an
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appendix, as this was not carried out by myself. A brief introduction to each aspect of
the thesis work is given in the individual chapters. Kindreds were first followed up and
clinically ascertained by myself, and DNA collected for analysis (CHAPTER 3).
Microsatellite markers at key loci, previously identified in familial PD, were analyzed
by the author in the UK and Italian families (as part of GSPD- CHAPTER 3). An intra-
familial association study was performed solely by myself to examine the role of NAT2
in familial PD based on the preliminary work described above (chapter 3). A
comprehensive clinical and genetic study of the three genes described in familial PD to
date was performed within the GSPD collaboration (CHAPTER 4). A clinico-genetic
analysis of two major autosomal dominant kindreds is described in CHAPTER 5.
Exclusion mapping at the PD loci on chromosomes 4q (PARK1), 6q (PARK?2), 2
(PARK3) and 4p (PARK4) were performed in these families solely by myself.
Sequencing of the 2 genes (UCH-L1 and SNCA) was performed elsewhere but the
results are included for discussion purposes (CHAPTER 5). These studies were
performed as part of an overall strategy to complete a genome screen on the two
kindreds (which is still in progress). Potential future directions for this field are

discussed in CHAPTER 6.
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CHAPTER TWO: GENERAL MATERIALS AND METHODS
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2.1 OUTLINE OF CHAPTER

This chapter describes the materials and experimental methodology employed in this
study. The first part concerns the assessment and collection of affected sibling pairs and
their unaffected relatives (to determine allele segregation in the families). Subjects were
recruited as part of the EU collaboration, Genetic Susceptibility in Parkinson’s disease
(GSPD). They were all personally examined and videotaped using a standard protocol
(all 70 UK cases were clinically examined and DNA collected by myself) and were
only included in the study if they fulfilled rigorous diagnostic criteria for clinically
definite PD (see Table 2.1 below). The methodology of linkage analysis is described
here, from the extraction of DNA from blood, generation of DNA fragments using the
polymerase chain reaction (PCR), separation of fragments by polyacrylamide gel
electrophoresis (PAGE), scoring of genotypes and computational linkage analysis.
DNA sequencing methodology for Parkin, SNCA and UCH-L1 has been included as

appendix 2, as this was done by other laboratories.

2.2 DIAGNOSTIC CRITERIA FOR PD

In order to carefully define PD consistently across the EU partnership, clear diagnostic
criteria were established and agreed before the ascertainment and collection of families.
This was to prevent any confusion from allied disorders such as MSA and PSP and to
enable retrospective analysis of individuals or families, should interesting genetic
associations or mutations be identified. These inclusion criteria are summarised in
Table 2.1 below. They are similar to those previously proposed (Koller, 1992) but more

rigorously exclude allied conditions.
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Table 2.1: Clinical criteria used in this thesis and in the EU study to define PD and
exclude differential diagnoses. Index patients and their relatives were included in the

study if they had:

Pathologically proven PD (DNA obtained from frozen brain) PM samples only

Bradykinesia, rigidity, rest tremor, asymmetry of symptoms/signs at | 3 out of 4

onset
Improvement at some stage with L-dopa therapy over 50%
No supranuclear opthalmoplegia except 40%

limitation of

upgaze
No pyramidal or cerebellar signs or dyspraxia
No severe, early (<1 yr from onset) loss of postural reflexes
No prominent, early (<1 yr from onset) urinary symptoms) (urgency,
frequency,
incontinence)
No significant postural hypotension >30mm systolic
BP

No mini-mental test score of less than 24/30 within 2 yrs of onset
No neuroleptic drug ingestion in the 6 months prior to onset

No encephalitis or possible toxic exposure in the 6 months prior to

onset

Exclusion criteria could be supplemented by investigative data, including cerebellar
atrophy on imaging, denervation on external sphincter EMG. Wilson’s disease or other
metabolic causes of PD were screened if there was clinical suspicion (especially if PD

began in the index case under the age of 40 years).

61




2.3 PATIENTS AND FAMILIES
2.3.1 Ascertainment of affected sibling pairs with Parkinson’s disease

The methods of ascertainment varied between countries depending on the established
links and communication networks. In the UK (and Ireland) all registered neurologists
were circulated with a request to notify the study centre about families. The UK centre
(based at the Institute of Neurology) used the Parkinson’s Disease Society (a lay
charitable association), the PD Research Group (an established network of clinicians
interested in PD research) and the British Neurological Surveillance Unit which exists
as a reporting resource for precisely this kind of project. In the UK, ascertainment of
patients with familial PD had been in progress for several years and DNA from 24 sets
of affected siblings was already available. The collaboration started with access to
around 100 sibling pairs. Throughout the three years until August 1999, recruitment and
collection of blood from identified subjects in Italy, Germany, Holland, France and the

UK continued in parallel.

2.3.2 Assessment & collection of families
2.3.2.1 Ascertainment of index subjects

In each centre, the index patients were examined using a standard protocol by a
clinician with experience in the diagnosis of PD, either at home or in hospital. 30mls of
blood was taken from each subject with informed consent. Each patient was videotaped
using a standard format and inclusion was subject to the agreement of the examining
clinician and two videotape reviewers experienced in the diagnosis of PD (only used in
doubtful cases). This was done according to a standard protocol (see appendix 1). Index
subjects were only included if they fulfilled rigorous diagnostic criteria for clinically

definite PD (see below).

2.3.2.2 Ascertainment of families

Once an index subject was examined and found to fulfill the criteria for definite PD,

their affected and unaffected siblings and parents (if available) were examined
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according to the protocol described above. Parents and siblings were also allocated as

clinically definite/probable/possible/non-PD or unknown ‘PD’.

Samples were collected from subjects allocated as clinically probable and possible PD
but were not included in the initial exclusion studies on known PD loci. Participating
clinicians (including myself in the UK) also collected blood samples from parents and
unaffected siblings if available (to aid in determining allele segregation in the families),
the spouses of patients (to provide age, sex and ethnically matched control subjects for
determining allele frequencies in the normal population), and larger PD families.
Information was also obtained on age, age of onset, sex and ethnic origin of patients
and spouses. Patients without affected relatives (isolated cases) were sampled for future

association studies.

2.3.3 Data management and analysis methods

Three databases were designed for accurate data storage and transfer and for
appropriate data analyses. All clinical information was stored in a standard database
format. The central clinical and genotyping databases were stored in Paris (see
appendix 1) to allow the study of phenotype/ genotype correlation. All core information
on DNA samples and family trees was stored in the central databases in both London
and Paris. These databases were used to perform linkage analyses and to control inter-

lab consistency.

2.3.4 Geographical distribution and numbers collected

Up to the end of 1999, 246 families with familial PD were recruited by all collaborators.
Forty-three families had been excluded as they did not fulfill the rigorous inclusion
criteria for the study (see Table 2.1) or they had one or more of the exclusion criteria.
Many siblings had been seen at an early stage in their disease and therefore it was not
possible to assess their response to L-dopa treatment. A total of 176 families were
eligible for inclusion in a future genome screen after 27 families had been excluded
because they had mutations in the parkin gene (Abbas et al., 1999, Luecking, et al.,
2000). Summary table 2.2 shows the geographical origin and family statistics.

Collection of these families allowed analysis of four distinct chromosomal regions.
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A total of 85 sibling pairs were examined in the UK (by myself) and, of these, 49
fulfilled the rigorous inclusion criteria for the GSPD study. The pedigrees for all the
UK kindreds are collated in appendix A3.5. There was a wide geographical dispersion
of cases throughout the United Kingdom (see figure 2.1). An EU collaboration such as
the one described has several strengths. Not only does it allow recruitment of large
numbers of patients (necessary, as familial PD is rare with an incidence of 1:1000) but a
systematic method of data collection was set up with standardised documentation and
videotaping of individuals. The strict diagnostic criteria that were used and the
international ongoing collaboration through which collection has taken place minimises
the risk of mis-classification of PD in the absence of a biological marker (Hughes et al.,
1992). Ideally, perhaps, a more consistently accurate diagnosis would rely on
neuropathological and clinical criteria. In this study, response to L-dopa was used as a
major criterion: patients were excluded from the study if they did not demonstrate a
sustained response of greater than 50% to L-dopa. Any doubtful cases of PD were
reviewed by independent clinicians before a decision was made to include them in the

study.

Table 2.2: Geographical origin of EU sib pairs used in the GSPD study. The “UK”

group includes some Irish families, so is referred to here as “British Isles”.

Origin No. of families | No. of families | Total no. of | Total no. of
with 2 affected | with 3 affected | families affected sib
sibs sibs pairs

Netherlands (NL) | 26 2 28 32

Germany (DE) 21 1 22 24

France (FR) 59 2 61 65

Italy (IT) 29 0 29 29

British Isles (UK) | 32 4 36 44

Total 167 9 176 194
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2.4 DNA METHODS
2.4.1 DNA extraction from blood

Genomic DNA was extracted from venous blood samples using the Nucleon II kit
(Scotlab) according to the manufacturers instructions. Essentially, 10mls of blood was
added to 40mls of reagent A to lyse erythrocytes (see Buffers & Solutions below) and
the mixture was shaken for four minutes before centrifugation (Beckman, model GS-6R
centrifuge) at 2,600 rpm for five minutes to pellet the lymphocytes. The supernatant
was discarded, 2 ml of reagent B added to lyse lymphocytes (see Buffers & Solutions
below) and the pellet gently resuspended. 500 pl of S M sodium perchlorate was then
added to remove proteins from the mixture and the mixture shaken for 10 minutes at
room temperature and for 15 minutes in a 65°C water bath. Further proteins were
removed by the addition of 2 ml of chloroform and the contents shaken for one minute
before centrifugation for two minutes at 2,000 rpm (Beckman, model TJ-6 centrifuge).
Nucleon suspension (300 pl) was added and the mixture centrifuged as above for five
minutes. DNA was precipitated from the aqueous phase by the addition of two volumes
of absolute ethanol and gentle inversion of the mixture. The DNA was then transferred

into a tube containing 0.5 - 1 ml of sterile 1 x TE using a glass hook.

2.4.2 DNA extraction from human tissues

Approximately 100mg of tissue was finely ground in liquid nitrogen in a pestle and
mortar and lysed in 300ul of digestion buffer (68 mM NaCl /21 mM EDTA, pH 8; 0.5%
SDS) plus 5ul of 10mg/ml proteinasé K. Each lysis sample was incubated at 50°C for 2
hours followed by 37°C overnight. The following day, 300ul of 5M LiCl was added and
samples inverted for 1 minute. Next, 600ul of chloroform was added to each sample
and the tubes placed on a rotating wheel for 30 minutes. Samples were then centrifuged
at 10,000 rpm for 15 minutes and the supernatants transferred to clean microcentrifuge
tubes containing 2 volumes of absolute ethanol. These samples were gently inverted
several times to precipitate genomic DNA and then spun at 10,000 rpm for 5 minutes.
Ethanol was removed and DNA pellets briefly washed in 70% ethanol, followed by a
further centrifugation at 10,000 rpm for 5 minutes. All ethanol was removed and pellets

left to air dry for 10 minutes before being resuspended in 100-200ul of TE (10mM Tris-
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HCl, 1mM EDTA, pH 7.5). A 1ul aliquot was run on a 1% agarose gel to check the

DNA and the remainder evaluated by spectrophotometer.

2.4.3 Measurement of DNA concentration and dilution of DNA

DNA concentration was estimated by measurement of optical density (OD) using a
spectrophotometer (Cecil, model CE202) at a wavelength of 260 nm using quartz
cuvettes calibrated against distilled water. Purity of the DNA was monitored by
measuring the OD at 260/280 nm. DNA was considered to be of acceptable purity if the
ratio was greater than 1.6. For linkage analysis using fluorescent tagged primers and
microtitre plates, DNA was diluted to a concentration of 10 ng/ul in TE, and stored in
covered deep-wéll microtitre plates (Beckman) at 4°C when in frequent use or at -20°C
for longer term storage. Concentrations of all other DNA samples were adjusted to

approximately 50 - 100ng/ul.

2.5 GENETIC LINKAGE ANALYSIS: METHODOLOGY
2.5.1 Use of fluorescent-labeled primers for PCR of microsatellite markers

PCR reactions using fluorescent-labeled primers were carried out in final reaction
volumes of 20ul in 96-well microtitre plates (Micro Test III, Falcon) generally
consisting of 0.2 mM each of dATP, dCTP, dGTP and dTTP (Promega); 2 ul of
GeneAmp 10 x magnesium-free PCR Buffer II (Perkin Elmer); 1.2 ul of 25 mM MgCl,
(1.5 mM MgCly,); 10 ng of each primer; autoclaved and filtered distilled water to make
up reaction mixture volumes to 15ul; 0.5 units of DNA polymerase added last
(AmpliTaq Gold™ 5units/pl, Perkin-Elmer). The reaction mixture was prepared at
room temperature and aliquoted into microtitre plate wells using an eight-channel
pipette (Scotlab). 50 ng (5 pl) of template DNA was then added to each well and
overlain with approximately 25ul of light paraffin oil to prevent evaporation. Microtitre

plates were then centrifuged at 1000 rpm for 30 seconds (Beckman GS-6R centrifuge).
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PCR reactions were performed using a Perkin Elmer 9600 thermal cycler. Reaction
mixes were first heated to 95°C for 11 minutes to activate the AmpliTaq Gold™;

subsequent cycling conditions were:
94°C (denaturation) 30 seconds; 45 - 57°C (annealing) 30 seconds;
72°C (extension) 30 seconds:  (repeated for 32 - 40 cycles)

PCR conditions were optimised for each primer pair to determine the optimal annealing
temperature and the number of cycles required to produce an approximately constant
PCR yield. As PCR is a sensitive technique capable of amplifying very small quantities
of template DNA, great care was taken to avoid contamination during set-up and all
reagents and materials used were sterile. A negative control (omitting template DNA)

was always included in experiments.

2.5.2 Oligonucleotide primers for microsatellite markers

Microsatellite markers were used for exclusion mapping to investigate the main loci
discovered to date in familial PD. A genomic screen was also started on the two UK
autosomal dominant kindreds (see chapter 5), which utilised the Linkage mapping set
described below. The ABI PRISM TM Linkage Mapping Set is composed of 400
markers that define a ~10cM resolution human index map. The loci have been selected
from the Genethon linkage map, based on chromosomal locations and heterozygosity.
The map of marker loci was generated from the same CEPH genotype data used for the
1996 Genethon map. The markers are organized into 28 panels containing between 10
& 20 fluorescent dye-labeled pairs that generate PCR products that can be pooled and
detected in a single gel lane or capillary injection. Overlapping alleles are distinguished
by labeling with 3 different fluorescent dyes, [FAM], [HEX], and [NED], which are
displayed on the ABI PRISM 377 as blue, green and yellow respectively. The Linkage
Mapping Set User’s Manual (P/N 904999) gives comprehensive information on PCR
amplification conditions, electrophoresis conditions, detection and data analysis (see

Perkin Elmer website: www.perkin-elmer.com/ab).

Additional microsatellite markers used for exclusion mapping of known familial PD
loci (see chapter 1) were analysed using custom-made fluorescent-labeled primers,

manufactured by Perkin-Elmer with a 5° 6-FAM, TET, NED or HEX dye on one of
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each primer pair. Markers used were dinucleotide (CA)n repeats from the Généthon
genetic map (Dib et al., 1996), tetranucleotide repeats from the Utah marker
development group (The Utah marker development group, 1995), and tri- and
tetranucleotide repeats from the Cooperative Human Linkage Centre (CHLC) (Sheffield
et al., 1995). In all cases, markers with the highest possible heterozygosities were
selected for use in order to maximise informativeness. Additional microsatellite markers
were mostly from the Généthon map, details of which are available from the Genome

Database (GDB) at http://www.gdb.org.

2.5.3 Agarose gel electrophoresis

To check for the presence of a PCR product of the desired size and quantity, Syl of
reactions from four randomly selected wells plus the negative control were added to 2ul
of agarose gel loading buffer and visualised by electrophoresis on 3.2% agarose mini-
gels (Flowgen Instruments Ltd) stained with ethidium bromide (1mg/ml Sigma).
Electrophoresis was performed at 50 V for 30 - 60 minutes with a 100 bp size standard
(Gibco) (1ul) run alongside the PCR products to enable estimation of their size.
Ethidium bromide staining of the agarose gel permitted direct visualisation of DNA

products using transillumination with ultraviolet light.

2.5.4 Polyacrylamide gel electrophoresis of fluorescent-labeled PCR products

Electrophoresis through a polyacrylamide gel is an effective means of separating small
DNA fragments with high resolution, allowing fragments differing in size by as little as
1 bp to be separated. Denaturing polyacrylamide gels are polymerised in the presence of
an agent such as urea which suppresses Base pairing in nucleic acids. Denatured (single
stranded) DNA migrates through these gels at a rate that is determined by fragment size
and almost completely independent of base sequence and composition, permitting
sizing of fragments according to distance traveled through the gel. Smaller fragments
migrate further than larger ones because larger fragments are retarded more than

smaller fragments by the pore size of the gel polymer.

69



2.5.4.1 Polyacrylamide gel preparation

36cm well-to-read glass plates were used with a Perkin Elmer 377 automated
sequencer. Plates were cleaned with detergent and rinsed with distilled water. The dry
plates were assembled in the 377 cassette prior to pouring the gel. The catalysts
TEMED (Sigma) (35 pl) and freshly prepared 10% ammonium persulphate solution
(APS) (Sigma) (250 pl) were added to 50 ml of 4% acrylamide gel mix to start
polymerisation. The mix was then taken up into a 50 ml syringe and carefully
introduced into the notch between the front and back plates, spreading evenly between
the glass plates. A spacer was inserted into the upper notch between the plates and the
gel left for two hours to polymerise. After polymerisation, the upper spacer was
removed and a 48 or 64 well shark’s tooth comb was carefully inserted in its place. The
cassette and plates were then placed in the 377 sequencer and the plates checked for
background fluorescence using Genescan (version 2.0.2) software (Applied
Biosystems). Heating plate and buffer chambers were assembled and 1.3 L of 1 x TBE
buffer added before pre-running the sequencer until the gel temperature reached 50°C.

Samples were then loaded.

2.5.4.2 Pooling of PCR products for loading

Up to 12 non-overlapping microsatellite markers, amplified from a single DNA sample,
were run simultaneously in each lane (multipooled). PCR products from each DNA
sample were first pooled according to the dye they contained as follows: 6-FAM - 4ul;
TET - 4ul; NED - 4ul; HEX - 10pl. These volumes were adjusted according to the yield
of the PCR reaction as determined from agarose gel electrophoresis. Pooling was
performed in microtitre plates using an eight channel pipette. 2.5ul of pooled product
from each well was then aliquoted into a fresh microtitre plate and an equal volume of
loading mix added. The loading mix consisted of 100 ul of deionised formamide, 20ul
of loading buffer (blue dextran, 50mg/ml, EDTA 25mM, Perkin Elmer) and 24ul of
Genescan 350-TAMRA/ 500-TAMRA 400 ROX (if NED-labeled primer used) size
standard (depending on the anticipated size of the largest PCR fragment) (Applied
Biosystems). The final mix of pooled product and loading mix was denatured at 95°C
for 2 minutes in a Hybaid thermal cycler and then placed immediately onto ice before

loading.
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2.5.4.3 Gel loading and electrophoresis conditions

Wells were carefully flushed with 1 x TBE buffer immediately prior to loading.
Alternate (odd-numbered) wells were loaded with 1.8ul of final mix using Sorenson
MiniFlex 0.2mm flat tips (Anachem). Great care was taken to avoid spill-over into
adjacent wells. Electrophoresis at 3,000 V for two minutes ensured that samples were
run into the gel before even-numbered lanes were loaded. Loading of alternate lanes
made it possible to distinguish adjacent lanes in the final gel image and improved the
ability of the software to track lanes correctly. Total run time was two hours. A
maximum of 36 samples could be run in adjacent lanes. Where more than 36 DNA
samples from a single family were genotyped for a given marker (necessitating two
electrophoresis runs), five samples from the first run were included in the second run as

a control, to ensure gel-to-gel consistency of scoring.

PCR products produced using fluorescent-tagged primers were sized by electrophoresis
through a denaturing 4 % polyacrylamide gel in an automated DNA sequencer (Applied
Biosystems, model 377). During electrophoresis, a section of the gel furthest from the
loading comb is scanned by a laser causing each dye moiety (attached to one
oligonucleotide primer incorporated into PCR fragments) to emit light of a known
wavelength as it migrates past the laser. A size standard consisting of DNA fragments
of known size, labeled with the fluorescent dyes TAMRA or HEX, is run in each lane to
allow accurate sizing of PCR fragments. This method of DNA sizing has the great
advantage over radioactive methods in that markers of non-overlapping size and dye
composition may be multiplexed in each lane, maximising efficiency and increasing
sample throughput. As many as 24 microsatellites may be run in each lane although in

practice a maximum of 20 markers were run simultaneously during this study.
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2.6 DATA ANALYSIS FOR FLUORESCENT-LABELED PCR PRODUCTS
2.6.1 Initial data processing

Data collected during the electrophoresis run were analysed automatically using the
GeneScan program in order to size DNA fragments separated by electrophoresis.
Automatic lane tracking was checked using the gel image, and adjusted lane by lane
where necessary. To ensure accurate sizing, the automatic designation of peak sizes for
internal lane size standards was manually checked in each lane. Markers were only
sized if there were two size standard bands of greater size, and two of smaller size,
present in the lane. An example of a typical GeneScan run is shown in Figure 2.2

below.

2.6.2 Genotyping using the Genotyper programme

Fragment size data collected using the GeneScan program were then analysed using the
Genotyper (version 2.0) program (Applied Biosystems) as described in the program
manual. The Genotyper program labels fluorescent peaks with fragment size (to 0.01 of
a base) and filters out background peaks. Manual adjustments are required by scrolling
through all electrophoretograms to ensure that alleles are correctly labeled. Although
time-consuming, this step is extremely important as labeling of incorrect (non-allele)
peaks is a major source of genotyping error if not manually checked. Peaks in each
marker range are grouped into discrete alleles and sequentially numbered from smallest
to largest. Genotypes were scored blind without reference to the family pedigree to
minimise bias. An example of allele sizing of a microsatellite marker using the

Genotyper programme is illustrated in Figure 2.3 (below).
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Fig. 2.3: Example of allele sizing of a microsatellite marker using the Genotyper
program. As control size markers are run alongside all samples on the polyacrylamide
gel, precise sizes can be assigned to PCR products as well as the signal intensity at each

position. Genotyper interprets these data and generates graphs as shown here.

022 2 Green

20258 212.29

033 3 Green

04_4 4 Green
20062 21229
055 J Green

212.30
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2.7 GENOMIC SCREENING METHODS
2.7.1 Genotyping

Four partners from the European collaboration (Paris, Rotterdam, Munich and London)
participated in laboratory work. DNA was extracted from venous blood at each centre
(including the two Italian centres, Naples and Rome). Aliquots of DNA from all centres
were sent to London. Each laboratory partner analysed three regions on chromosome
2p, 4p and 4q (see Figure 2.4 and Table 2.3 below). A total of 125 highly informative
families with affected sib pairs (ASPs) were further analysed. My own role was to be
responsible for experimental analysis (PCR, gene-scanning and genotyping) of all
sibling pairs contributed from the UK and IT for the three dominant familial PD loci
(PARKI1: 4921-q23; PARK3: 2p13; and PARK4: 4p15-p16.1).
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Table 2.3: The markers from the Genethon map used to analyse each region. In all
families, DNA of parents or unaffected siblings was available to determine allele

segregation.

CHROMOSOMAL | MARKERS | HETEROZYGOSITY | ANNEALING
LOCATION TEMPERATURE
4g21-23 (PARK 1) | D4S2380 0.77 45°c

4q21-23 (PARK 1) | D4S1647 0.65 47°c

4q21-23 (PARK 1) | D4S1578 0.77 52°c

2p13 (PARK 3) D2S441 N/A 45°c

2p13 (PARK 3) D2S2109 0.74 52°c

2p13 (PARK 3) D2S139%4 N/A 52°c

4p15 (PARK 4) D4S2397 N/A 49°c

4p15 (PARK 4) D4S391 0.86 52°c

4p15 (PARK 4) D4S1609 0.67 52°c

4p15 (PARK 4) D4S230 0.85 49°c

4p15 (UCH-L1) D4S3350 N/A 55°c

4p15 (UCH-L1) D4S405 0.87 S5°c
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Figure 2.4. Schematic diagram of chromosomes 2p (PARK3), 4p (PARK4) and 4q

(PARK]1) indicating the location of Genethon markers used for genotyping.
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2.7.2 Analysis programs

Multipoint linkage analyses of the 3 UK kindreds (UK401, 402, 403) with familial PD
were performed using the LINKMAP program of FASTLINK (Cottingham e? al., 1993;
Lathrop et al., 1984; Schaffer et al., 1994). Power simulation studies were performed
using SLINK (Ott, 1989). A conservative ‘affecteds-only’ methodology was used for
the exclusion studies in the two kindreds described in chapter 5, in order to avoid bias
resulting from inclusion of possibly affected individuals or incorrect estimation of

penetrance or age of onset.

The FASTLINK 3.0 version of the MLINK linkage program was used to calculate
paired scores for each marker, assuming an autosomal dominant mode of inheritance
with a disease allele frequency set at 0.0001 (Cottingham et al., 1993; Lathrop et al.,
1984, Schaffer et al., 1994). The gene frequency of hereditary PD was estimated to be
0.0001 for the purposes of linkage analysis in this study. Genetic penetrance was set at
100% for these calculations to provide a more conservative means of assessing linkage
with LOD scores for selected markers. Marker allele frequencies were assumed to be
equal. All map distances are derived from the Marshfield Linkage Maps, URL address:
(http://www.research.marshfieldclinics/Map_Markers/data/Maps/).

2.8 MUTATION SCREENING

Mutation analysis of several genes identified to date in familial PD were undertaken. In
chronological order as described in this thesis they are as follows: N-acetyl transferase
2 (NAT?2), a-synuclein (SNCA), ubiquitin carboxy-terminal hydrolase L.1 (UCH-L1)
and Parkin. Mutation screening of the NAT2 gene and for the two known mutations in
SNCA (G209A, exon 4 and G88C exon 3 (Polymeropoulos et al., 1997, Kruger, 1998
#3815)) was undertaken solely by myself. Sequencing of SNCA and UCH-L1 was
undertaken by Dr S J Lincoln and Dr M Farrer (Florida, USA). Mutation screening of
UCH-L1 was undertaken by Dr S J Lincoln and Dr M Farrer. Screening for mutations
in the Parkin gene was undertaken by Dr N Abbas and Dr C Luecking (Paris, France).
Methodology for any work not solely performed by myself is attached as an appendix

for information and referenced as such below.
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All mutation screening involved initial amplification of exons by PCR following DNA
extraction. A control containing uncut PCR product (1pl of water substituted for the
restriction enzyme in each case) was always run with digested products and a digested

sample of control (wild type) DNA was always included.

2.8.1 Analysis N-acetyl transferase 2 (NAT2)

All PCR reactions were started with an initial denaturing step of 94°C for 5 minutes.
The restriction enzyme analysis was performed according to the protocol supplied by
the manufacturer (Promega/New England Biolab). Following digestion [Kpnl, BamH]I
at 370C, Taql at 650C] fragments were separated on an agarose gel, stained with
ethidium bromide and visualised using UV light. The NAT?2 typing method used in this
study is based on methods described elsewhere (Cascorbi et al., 1995, Bell, 1993
#1473). Initially, all samples were amplified using the primers 5’GGA ACA AAT TGG
ACT TGG and 5’ TCT AGC ATG AAT CAC TCT GC. Each polymerase chain
reaction (PCR) reaction contained 100ng of genomic DNA, 10pmol of each primer,
200nM dNTPs, 19mmol/L Tris-HCI (pH 8.3), 2mmol/L. MgCl,, and 2.0U of Taq
polymerase with a final volume of 50ul. The PCR conditions were: 94°C for 3 min,
followed by 35 cycles of 94°C for 45 s, 55°C for 45 s and 72°C for 90 s followed by a

final extension time of 5 min.

The genotype of N-acetyltransferase was analysed for the wild-type allele and the three
mutant alleles after restriction enzyme digest of all PCR products with the enzymes
Kpnl, Tagl and BamHI for the detection of the following polymorphisms: C481T,
G590A and G857A (mutant alleles M1, M2 and M3 respectively). The distinct sequence
variants encoding the different mutant alleles result in a loss of Kpnl, restriction site for
M1, a Taq] restriction site for M2 and a BamHI restriction site for M3. The presence of
any two mutant alleles defines the slow acetylator genotype, fast acetylators have one or
two wild type alleles. The restriction enzyme digest resulted in a characteristic fragment

pattern for each of the different polymorphisms (see Chapter 3, Fig. 3.4).
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2.8.2 Analysis of Alpha-Synuclein

PCR was performed using 75ng of genomic DNA per reaction, 10pmol of each primer,
10 mM Tris-HCL (pH 8.3), 50mM KCL, 1.5 mM MgCl and 0.5 units of Amplitaq Gold
DNA polymerase (Perkin Elmer) in a final volume of 20 pl. For mutation analysis

genomic DNA was amplified using a Hybaid thermal cycler as follows:

N
959(3 x 11 min, followed by 35 cycles of: 94°C for 30 sec, 55°C for 30 sec, 72°C for 30

seconds. A single 7 minute extension period at 72°C was included at the end.

Table 2.4: The two known mutations in SNCA were suitable for analysis by restriction

digestion of PCR products.

Exon 3 Exon 4
(Kruger et al., 1998) (Polymeropoulos et al., 1998)
Mutation G88C G209A
Ala30Pro Ala53Thr
Restriction enzyme Mva 1 Tsp451
Enzyme recognition site 5’ CC(A/T)GG 3’ 5’ GT(C/G)AC ¥
Buffer NE Buffer Buffer K
Incubation Temp 37°C 65°C

2.8.2.1 Exon 4 PCR for G209A mutation

This G to A transversion results in an alanine to threonine exchange at amino acid 53
(Ala53Thr) creating a novel Tsp45 I restriction site in exon 4 (Table 2.4). Restriction
digestion of PCR products was performed with Tsp45 I at 65°C according to the
manufacturer's protocol (New England Biolabs, Beverley, MA, USA) and the digested
PCR products separated by electrophoresis on a 3.2 % agarose gel, stained with
ethidium bromide and visualised using UV light. DNA from a member of the kindred

described carrying the G209A mutation was used as the positive control.

80

’

o i



To ensure the correct fragment was being amplified, PCR products from 3 index cases
were directly sequenced with the Perkin-Elmer dye terminator cycle sequencing kit on
an ABI 373 fluorescent sequencer. In addition, in order to further confirm that the
amplicons were correct, 10 more PCR products were digested with three different
enzymes, Hinf I, Alu I and Ddel at 37°C, and the restriction maps obtained were

compared with the known sequence.

2.8.2.2 Exon 3 G88C mutation of SNCA

This G to C transversion results in an Alanine to Proline change at amino acid 30
(Ala30Pro) creating a novel Mval restriction site in exon 3 (Table 2.3). Restriction
digestion of PCR products was performed with Mval at 37°C according to the
manufacturer's protocol (MBI) and the digested PCR products separated by
electrophoresis on a 3.2 % agarose gel, stained with ethidium bromide and visualised
using UV light. DNA from a member of the kindred described carrying the G88C

mutation was used as the positive control.

2.8.3 Sequencing SNCA
2.8.3.1 Sequencing of the a-synuclein gene in 30 autosomal dominant PD kindreds

This was done by Dr M Farrer of the Mayo Clinic, Jacksonville, Florida. Sequencing
methodology is supplied as appendix 2.

2.8.4 Sequencing Parkin
2.8.4.1 PCR amplification and sequence analysis

The sequencing and analysis of Parkin in both studies were all performed at INSERM
U289 in Paris as part of the EU consortium and therefore the full methodology is
provided in the appendices (appendix 2) and referenced (Abbas et al., 1999, Luecking
et al., 2000).
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2.8.5 Sequencing of UCH-L1

UCH-L1 exons were amplified from genomic DNA with primers designed to flanking
intronic sequence (appendix 2). This was done by Dr M Farrer of the Mayo Clinic,

Jacksonville, Florida. Sequencing methodology is supplied as attached appendix 2.

2.9 BUFFERS AND SOLUTIONS

Unless stated otherwise, buffers and solutions were prepared using distilled water. All
autoclaving was carried out at 121°C, 15 Ibs/square inch for 30 minutes. All chemicals
were of analytical grade and purchased from Merck (BDH) unless stated otherwise.

They are organised according to procedures.

2.9.1 Genomic DNA extraction

The Nucleon DNA extraction kit (Scotlab) was used for preparing genomic DNA

according to its instructions. Reagents involved:

Phosphate buffered saline (PBS): 130 M NaCl, 2 mM KCl, 8 mM Na2HPO4,
1 mM KHPO4, pH 7.4

Lysis buffer, Reagent A (blood leucocytes): 10 mM Tris/HCI pH 7.5, 5 mM MgClp,
0.32 M sucrose, 1% (v/v) Triton X-100

Lysis buffer, Reagent B: 10 ml 75 mM NaCl/24 mM EDTA, pH 8; 1 ml 0.5% SDS
Nucleon resin (composition unknown)

10x TE

100mM Tris/10mM EDTA (pH 8.0)

For 1 litre

12.11g Trizma Base

3.72g EDTA (Adjust pH to 8.0 with conc.HCI)
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2.9.2 Polymerase Chain Reaction (PCR)
dNTP solution for PCR (10X): 10 mM each dNTP (dATP, dCTP, dTTP, dGTP)

PCR Buffer 10x: 0.5 M KCl, 0.1 M Tris/HCl pH 8.4, 1-3mM MgCl2

2.9.3 Restriction Analysis

All enzymes for molecular biology were supplied by Promega except for Tsp45I and
Mval, supplied by New England Biolabs. Each enzyme was used with the buffers

supplied by the manufacturer.

2.9.4 Agarose gels
6x Agarose gel loading buffer
40% (w/v) sucrose in water

0.25% (w/v) bromophenol blue

10xTBE (I L)

(0.89 M Tris-HCI, pH 8; 0.89 M Boric acid; 20 mM EDTA)
Tris base (Trizma, Sigma) 121.1 g

Boric acid (anhydrous) 61.8 g

EDTA (Sigma) 7.4 g
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2.9.5 Acrylamide gels (for sequencing/Genescan)

4% acrylamide gel mix for 377 sequencer (50 ml)

Urea (Fison’s) 18 g

Nanopure water 27.5 ml

40% acrylamide solution (Biorad, 19:1 acrylamide:bisacrylamide) 5 ml
Amberlite resin (Sigma, deionising) 0.5 g

10 x TBE 5 ml

The TBE was filtered through Whatman filter system (0.45 pum filter). The remaining
constituents were mixed on a magnetic stirrer until dissolved. They were then filtered

onto TBE.

2x Formamide loading buffer: 95% (v/v) deionised formamide, 20 mM EDTA, 0.05%
(w/v) bromophenol blue, 0.05% (w/v) xylene cyanol.
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CHAPTER 3: GENETIC LINKAGE AND ASSOCIATION STUDIES IN PD ON
A LARGE EUROPEAN POPULATION OF AFFECTED SIBLING PAIRS

85



3.1 OUTLINE OF CHAPTER

During the course of experimental work for this thesis, four loci (Farrer et al., 1999b;
Gasser et al., 1998; Matsumine e al., 1997; Polymeropoulos e? al., 1996), and three
genes (Kitada et al., 1998a; Leroy et al., 1998; Polymeropoulos et al., 1997) have been
implicated in familial PD, as described in Chapter 1. PARK 6 (1p35-p36, no gene yet
identified) (Valente et al., 2001) was described only very recently, so no experimental
work was performed on this locus. The linkage studies described in this chapter
examined a large European population of affected sib pairs for each of the autosomal
dominant PD-associated loci reported to date in order to assess their contribution and
significance to the aetiology of PD. A detailed study of linkage analysis of the PARK 4
locus in a two generational Italian kindred is presented as part of this work. Studies on
PARK 2 and Parkin are described in chapter 4. The EU sibling pair series was used to
perform an intra-familial association study of N-acetyltransferase2 (NAT2). The
significance of the results presented in this chapter are discussed and future directions

of study suggested.

3.2 RESULTS OF EU AFFECTED SIBLING PAIR STUDY OF THREE
DOMINANT LOCI DESCRIBED IN FAMILIAL PD

3.2.1 Clinical analysis of EU sibling pairs

These are summarised in the following Tables 3.1, 3.2 and as Figure 3.1 over the
following pages. The motor scale of the UPDRS (Unified Parkinson's Disease Rating
Scale) assesses 27 motor functions of patients with Parkinson's disease. Each function is
scored from O (no impairment) to 4 (severe impairment), resulting in a total score
ranging from O to 108 (Fahn and Elton, 1987). B) Hoehn and Yahr stages describe
functional disability of patients with Parkinson's disease. The scale ranges from mild
unilateral symptoms (stage 1) to severely disabling disease: patient still able to stand
and walk unassisted but markedly incapacitated (stage 4) or patients confined to
wheelchair or bed unless aided (stage 5) (Hoehn and Yahr, 1967). C) The Mini-Mental
State examination tests orientation, naming, copying, short term memory, attention,
reading, writing, spatial and constructive capacities in 30 tasks, all scored with 1
(succeeded) or O (failed). The maximum score is 30, dementia was considered for

scores below 24.
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Table 3.1: Summary of clinical characteristics of 361 patients with definite Parkinson’s

disease gathered as part of the EU collaboration, GSPD, including 194 sib pairs.

Abbreviations: UPDRS, Unified Parkinson’s Disease Rating Scale; on, under treatment;

off, without treatment; MMSE, Mini Mental State Examination.

Number of Affected sibpairs 194
Number of patients 361
Women : Men 176 : 185

Mean age at onset in years (range)

Mean disease duration in years (range)

57.9+11.2 (24 - 84)
9.8+6.7(0-34)

Clinical signs

at onset Micrography (%) 48
Bradykinesia (%) 73
Tremor (%) 74
Asymmetric signs (%) 76
at examination  Bradykinesia (%) 98
Rigidity (%) 95
Rest tremor (%) 84
Urinary urgency (%) 30
Urinary incontinence (%) 19

UPDRS off 48 £25 (n=73)
UPDRS on 29+ 17 (n=282)
Hoehn and Yahr 28+14
MMSE 2519

on treatment Improvement with levodopa (%) 59119 (30 - 100)
Mean daily dose of levodopa 560 = 350
Duration of levodopa treatment in months 85 (7) £ 86 (7)
Dyskinesias (%) 46
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Table 3.2: Comparison of clinical characteristics of the PD sib-pair families in the EU

study expressed as mean (£SD), range, and median values of all measurables.

Parameter NL DE FR IT UK TOTAL
Meanageat | 674102  63.9£10.8 63.5 +12.7 66.1 £10.6 68.5 £8.4 66.0 £10.8
study £SD

Range 44-89 41-79 32-86 37-86 48-86 32-89
Median 68.5 66.5 66 68 69.5 67

Mean age at 59.6 £10.9 543 +12.0 52.9 £13.9 54.0 £12.9 56.9 £10.5 5544123
onset SD

Range 39-84 34-76 24-80 21-84 31-80 21-84
Median 60 55.5 52 57 58 57

Mean MMSE | 25.943.8 - 284125 26.4 3.0 29.5+2.1 275433
SDh

Mean 0 459 £17.2 32.8 £31.0 54.3£21.9 60.4 £23.6 46.8 £26.7
UPDRS off

1SD

Mean 253178 259+12.4 24.2 £16.5 31.5+15.8 44.4 £21.7 30.0£16.8
UPDRS on

1SD

Mean Hoehn- | 2.67 +0.88 2.7 £0.76 2.54 +1.16 2.99 +0.96 3.09 +£1.08 2.82+1.01
Yahr +SD

Mean daily 392+190.2 51524264 506 £276 572.2 759.4 562.7 £370
dose L-dopa +347.7 +314.5

+SD

Range 150-900 100-1400 100-1500 62-1850 62.5-3250 62-3250
Median 375 500 450 500 673.75 500

Mean 66.1 +42.6  73.6+47.3 89.9 +90 10431713 1136 92.3 £79.7
duration on +105.2

L-dopa 1SD

Range 2-158 1-168 4-324 3-336 6-660 1-660
Median 60 60 48 90 96 72

Initial mean | 50 + 50+ 61.7 +18.4 479179 58.5 £16.6 53.8£13.3
per cent

improvement

on L-dopa

1SD

Range 50-50 50-50 30-100 30-70 30-100 30-100
Median 50 50 50 50 60 50
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3.3 LINKAGE STUDIES IN EU AFFECTED SIBLING PAIRS OF THREE
DOMINANT LOCI (PARK 1, 3 AND 4) IN FAMILIAL PD

3.3.1 Linkage analysis of the major loci in PD in a large population of affected

sibling pairs

Linkage analysis of the three major loci described to date (PARK1 (Polymeropoulos et
al., 1996), PARK 3 (Gasser et al., 1998) and PARK 4 (Farrer et al., 1999b)) in
autosomal dominant PD (ADPD) was undertaken in one hundred and ninety-four
strictly diagnosed sibling pairs (see Section 2.3.2). This was done as part of the
European-based consortium (GSPD). PCR and genotyping of all sibling pairs of UK
and Italian origin was performed primarily by myself at the Institute of Neurology,
Queen Square, London. Fluorescent polymorphic markers spanning each described
locus were run in this cohort (see Section 2.5.1) and the genotypes analysed in Paris
using a non-parametric linkage method, assuming the level of significance to exclude

linkage to be set at p<0.05.

3.3.2 EU sib pair statistical data analysis at dominant PD loci (PARK1, 3 AND 4)

All of the statistical analysis was performed by Dr Maria Martinez, INSERM, Paris.
Allele frequencies for markers tested at each of the three loci (see Table 2.3) were set to
their maximum likelihood values estimated in the data with the computer program
VITESSE (O'Connell and Week&;’j. Pairwise and multipoint model free linkage
analyses were conducted with the SIBPAIR and MLBGH programs, respectively. To
test for linkage, the likelihood of association over all families were maximised as a
function of the rate of marker alleles identical by descent (IBD-y) among affected
siblings, and the likelihood ratio test statistic was calculated against the null hypothesis
of no linkage (y=0.5). The statistic follows a chi-square distribution with one degree of

freedom (df) and can thus be expressed as a lod score (see Table 3.3 below).

The above programs provide a model-free likelihood-based test statistic for linkage,
which applies to the whole sibship of affected siblings. A model-free linkage method
was used which was based on a likelihood ratio as in the MLS (maximum lod score)
method (Risch, 1990b). Both tests can be expressed as a LOD score (log10 of the ratio).

The MLS is maximised as a function of 2 f)arameters and it applies to sibling pairs only.

91



The LOD is maximized as a function of 1 parameter (thus, for a given significance level
it requires a lower criterion than that of MLS). The LOD method used here can analyze
each sibship as a whole and not as just sibling pairs (its statistical distribution is thus

not affected by non-independence).

Table 3.3: Overall pairwise 2 point LOD scores for each marker on chromosomes 2p13

(PARK3), 4p14-15 (PARK4 & UCH-L1) and 4q21-23 (PARK1).

2p13 4pl15 4q21-23
marker LOD score marker LOD score marker LOD
score

D2S441 0.09 D452397 0.06 D4S1647 0
D2S2109 0.13 D4S391 0.05 D4S1578 0.006
D2S1394 1.61 D4S1609 0.14 D4S2380 0

D4S230 0.02

D4S405 0.04

D4S3350 0.012

3.4 RESULTS OF LINKAGE ANALYSIS AT PARK 1,3 AND 4
3.4.1 Pairwise Linkage Analysis

The genotyping of the regions 2p13 (PARK3), 4p15 (PARK4) and 4q21-23 (PARK1)
in 125 families (see table 3.3) revealed one marker on chromosome 2p, D2S1394, with
an overall pairwise LOD=1.61 (nominal p-value=0.003). For the other markers overall
LODs were <0.14 (Table 3.3). When the data were analysed in subsets of specific
countries, the pairwise linkage analysis showed p-values smaller than 5% for marker

D4S405 (UCH-L1) in German families (LOD=1.22; p=0.01), marker D251394 in
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German families (LOD=0.71; p=0.04) and British families (LOD=0.91; p=0.02) and
marker D4S51647 in Italian families (LOD=0.67; p=0.04). However, when these country
specific results were adjusted for multiple comparisons (by multiplying the p-values
with the number of comparisons: n=6; one overall and five country specific
comparisons), no marker retained p-values smaller than 5%, therefore providing no

evidence of positive linkage.

3.4.2 Multipoint LOD score results

Multipoint LOD scores were all zero except at the PARK 3 locus (2p13). At PARK 3,
max LOD = 0.79 at D2S1394, thus the evidence for linkage with this marker is lower
than with the overall pairwise LOD score (1.61)-see table 3.3. Multipoint analyses were
run using inter-marker genetic distances estimated in the data as this is not always the
same as true genetic order. Use of data-estimated inter-marker genetic distances is the

more conservative approach.

3.5 EVIDENCE FOR A CHROMOSOME 4p14-15 (PARK4) HAPLOTYPE
SEGREGATING WITH PARKINSON’S DISEASE IN A KINDRED OF
ITALIAN DESCENT (ITNAO035)

3.5.1 Aims and design of the study

A chromosome 4p14-15 haplotype segregating with Parkinson’s disease and postural
tremor has previously been identified as the PARK4 locus for Lewy body parkinsonism
in an Iowan kindred (Farrer ef al., 1999b, Spellman, 1962 #1136, Waters, 1994 #1076,
Muenter er al., 1998). As part of the linkage studies described in Section 3.3 markers
linked to the PARK4 locus were analysed. Markers linked to the PARK4 locus (as
shown in table 3.3) were initially analysed by myself in London on all families. Fine
typing of the region in the single multiplex Italian family identified (ITNA 035) as a
result of this large study was performed by Dr Matt Farrer (Mayo Clinic, Jacksonville,
USA). Results from this combined study are as shown in Figure 3.2. All individual
family pedigrees were examined in the EU sibling pair series to determine if any shared

a similar segregating disease PARK4 haplotype to that originally described (Farrer et
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al., 1999b). One multi-generational Italian family (ITNA 035) was identified with 4
affected members sharing a linked haplotype at PARK4. A clinico-genetic analysis of

the kindred is described in the following sections.

3.5.2 Clinical description of the kindred

This Italian family (ITNA 035= EU central database code for the kindred) was
ascertained at the Movement Disorders Clinic of the Federico II University of Naples.

The pedigree of this family is shown in Figure 3.2.
3.5.2.1 Individual 033

The proband (033) is a 54 year old woman who presented with right arm motor
difficulties and resting tremor at age 49. Tests for secondary causes of parkinsonism
were negative (including a CT head which was normal). She was diagnosed with PD
and treated with carbidopa/L.-dopa (L-dopa) with a good response. The dosage was
titrated up to 700 mg of L-dopa per day (in divided doses). At the age of 51 years she
developed depression which was effectively treated with fluoxetine. Concurrently she
gave a history of early morning akinesia, wearing off and peak-dose dyskinesias.
Pergolide, 3 mg daily, was added. Neurological examination at age 52, during the “on”
state, revealed a Mini-Mental Status Examination score of 27/30 (Folstein et al., 1983).
The patient had normal speech, slight hypomimia, minimally slowed gait, infrequent
resting tremor of the right hand, slight rigidity of the right upper extremity, moderate
slowing and breakdown of movement with rapid alternating movements, moderate
diffuse dyskinesias, and right arm dystonia. Pertinent negative findings included

normal eye movements and no dysautonomia. Her UPDRS score was 25.

3.5.2.2 Individual 037

This patient developed activation tremor in all limbs and gait impairment at the age of
36 years. Initially symptoms were thought to be psychogenic and she was treated with
levosulpiride, which caused marked worsening of her parkinsonism. A neurological
examination at age 38 revealed hypomimia, normal eye movements and tremolous

speech. She had activation tremor in all limbs which was high frequency and somewhat
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irregular, and there was marked rigidity at the neck and the limbs, with brisk tendon
reflexes. The subject required assistance with ambulation. Raynaud syndrome and
tachyarrhythmia (105-125 bpm) were also noted. Marked weight loss had occurred (10
kg in about 1 year). Past medical history was significant for febrile seizures from 6
months until to 6 years of age. As an infant, mental development was reportedly slow
but she was able to become fully independent and lead a normal adult life. A CT scan
showed mild cortical atrophy. She was treated with benserazide/L-dopa (600 mg per
day in divided doses) with improvement. For example, a single dose of L-dopa allowed
independent walking for about 2 hours. However, peak dose dyskinesias, mainly of the
trunk and the lower limbs, and motor fluctuations appeared within the first months of
treatment. During “off” periods she complained of painful neck and foot dystonias. The
disease course was rapidly progressive with increasing mental and motor deterioration.
She was wheelchair bound at age 41. The treatment with L-dopa was discontinued at
age 45 due to intractable dyskinesias. Neurological examination at age 50 showed that
the subject was unable to ambulate, and was anarthric. She suffered from prominent
drooling, marked hypomimia, seborrhea, marked axial rigidity, generalized limb flexion
with ankylosis, weak tendon reflexes, perioral tremor, She had a positive snout reflex

and glabellar tap. She died at the age of 50.

3.5.2.3 Individual 035

This 81 year old woman noted the insidious onset of bilateral upper extremity resting
tremor at 68 years of age. Carbidopa/L.-dopa was administered but treatment was
withdrawn after a few days because of gastrointestinal side effects. She was
subsequently treated with anticholinergic drugs (bornaprine 4mg three times per day)
with slight benefit. Neurological examination at age 78 revealed a Folstein MMSE
score of 28/30. She had normal speech, slight hypomimia, mild bilateral upper
extremity resting tremor, and rigidity which was mild in the neck and upper extremities
and moderate in both lower extremities. Posture and gait were abnormal but she could
walk without assistance. Rapid alternating movements were moderately impaired, and

somewhat worse on the right than on the left (H&Y stage 3). She died at 82 years.
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3.5.2.4 Individual 034

At age 54 this patient noted stiffness and reduced dexterity of the right hand. Treatment
with L-dopa/carbidopa was started and gave improvement. L-dopa dosage was
progressively increased by the patient because of motor fluctuations and when she was
seen, at age 74, she was taking Sinemet 25/250, one tablet eight times daily. On
examination she had unintelligible speech, moderate hypomimia, no tremor, marked
neck rigidity, moderate to marked limb rigidity, severely stooped posture. She was very
unstable and gait was impossible. Hand and leg movements were severely impaired.
Choreic diffuse dyskinesias were present. UPDRS motor score was 53. Sphincter
function was normal, tendon reflexes brisk, plantar responses flexor. Mild cognitive
impairment was found (MMSE score 23). She died two years after examination at the

age of 76 years.

3.5.3 Power Analysis of ITNA 035

This pedigree was evaluated for its power to detect linkage using the SIMLINK
program version 4.12 (Ploughman and Boehnke, 1989). Marker frequencies were set at
0.40, 0.30, 0.20 and 0.10 and 500 replicates were performed. Genotype data was
managed and re-coded for linkage and haplotype analysis using Cyrillic 2.1.3 (Cherwell
Scientific, Inc) and MEGA?2 (http://watson.hgen.pitt.edu/docs/mega.html). SIMLINK
and MEGA 2 analysis was performed by Dr Matt Farrer, Mayo Clinic, Jacksonville,
Florida. Two-point linkage analysis for chromosome 4p14-p15.3 markers was

performed by myself using MLINK (Terwilliger and Ott, 1994).

As the disease appeared to segregate in an autosomal dominant fashion penetrance for
homo- and heterozygotes was set equal. Affecteds-only analysis was applied given the
wide range of onset age and as disease penetrance may be uncertain. Married
individuals were considered unaffected. The disease allele frequency was set at 0.0001,
given the population prevalence of familial Parkinsonism (Morgante et al., 1992).
Intermarker distances and frequencies were taken from the most recent version of the
Marshfield map (http://www.marshmed.org/genetics). SIMLINK analysis involved
simulating a marker segregating within the pedigree structure with a frequency of 0.4,
0.3,0.2 and 0.1 (with an average assumed heterozygosity of ~75%). Linkage analysis is

performed on all the simulations obtained (500 in this case, using a disease allele
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frequency of 0.0003), and an average of the lod score obtained (Elod). Power analysis

suggested that lod scores generated on the kindred would not be conclusive: observed z

values (0=0) from two-point MLINK analysis were positive but equivocal, consistent

with a priori power analysis (Table 3.4).

Table 3.4: Two-point linkage analysis and p values for sharing of chromosome 4p

markers. Chromosome 4p loci are shown in order from the telomere to centromere.

Only two-point lod scores at 6=0 are shown, p values derived from cluster analysis are

those most appropriate for an autosomal dominant trait. P value was generated by

permutation. Z score is the LOD, p is p-value generated by permutation.

PARK4 locus | cM Lod P
4p14-p15.1 Z
(6=0)

DRDS 31.05 |0.27 0.27
D4S403 N/A 0.57 0.28
D4S2639 N/A 0.40 0.28
D4S1546 N/A 0.23 0.26
D4S2305 39.3 0.27 0.27
D4S2397 4520 10.23 0.27
D4S1609 46.60 |0.26 0.27
D4S230 4720 |0.48 0.27
D4S2408 48.40 |0.27 0.27
D4S3350 53.70 |0.22 0.27
D4S405 N/A 0.25 0.25
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3.5.4 Haplotype and linkage analysis

Three recombinant haplotypes were observed in persons 035, 037 and 076 (see Figure
3.2), in good agreement with expectation for the size of the interval and number of
meioses examined. The haplotypes were generated by Monte Carlo simulations (Dr M
Farrer) which take into account both the genetic distances between markers and the
number of meioses. Expected numbers of meioses are calculated and compared with the
observed number in a repetitive/reiterative way (maybe 10,000 times) to generate both
the most parsimonious solution and an empirical distribution for the p-value.
Individuals with Parkinson’s disease within ITNA 035, all share a chromosome 4p
haplotype from DRDS to D45405, spanning a genetic distance of 31.05cM. Person 036
also shares the haplotype yet is not affected by disease (Figure 3.2). Notably, allele
sizes for four adjacent markers are shared in common with the Iowa haplotype:
D4S2305 (417bp), D452397 (138bp), D4S1609 (171bp) and D4S230 (195bp) with
allele frequencies of 0.167, 0.267, 0.250 and 0.240, spanning 5.36cM with intermarker
distances of 3.44, 1.39 and 0.53cM. These marker frequencies were obtained from
CEPH (allele frequencies were assumed to be similar in the French and Italian
population s) as allele frequencies were not available from a comparable Italian

population.

3.6 CANDIDATE GENE STUDIES IN FPD: SLOW ACETYLATOR N-ACETYL-
TRANSFERASE 2 (NAT 2) GENOTYPE: AN INDICATOR OF
SUSCEPTIBILITY TO FAMILIAL PARKINSON’S DISEASE?

3.6.1 Aims and design of the study

Preliminary data as part of a case-control study had suggested a highly significant
association between the slow acetylator genotype for N-acetyltransferase2 (NAT2) and
familial PD (Bandmann ef al., 1997b). The degree of activity of NAT2 determines the
rate of detoxification of aromatic amines and a slow acetylator genotype is defined by
the presence of two mutant alleles. The biologically plausible hypothesis is that slow
acetylation could lead to impaired ability of patients with familial PD to handle

neurotoxic substances (see section 1.11.5).
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A large intra-familial association study of EU sibling pairs was performed by myself to
determine if this original finding was reproducible. A total of 161 family units (affected
sibling pairs with all available unaffected relatives) were typed for the four most

frequent alleles of NAT2 in a given population (see Table 3.5).

3.6.2 Genotyping for N-acetyltransferase 2 (NAT-2)

The alleles of NAT?2 are as outlined in chapter 2 and illustrated below in Figure 3.3.
Restriction digestion of NAT2 PCR products was used to genotype individuals as
previously described in chapter 2 and illustrated below in Figure 3.4. Table 3.5 shows

the population frequencies of the commonest NAT2 alleles.

3.6.3 Statistical analysis

Statistical analysis was carried out by Dr Peter Holmans, Neuropsychiatric Genetics
Unit, University of Wales College of Medicine, Cardiff, UK. Analyses were done using
two different approaches allelic association and matched case-control study. Analyses
for the M1, M2 and M3 alleles only were done as they account for most slow

acetylators among white patients (Lin et al., 1993).
3.6.3.1.Allelic Association Study

Each allele was considered separately to see whether any particular allele was under-
represented in a given sample. The data was parameterised in terms of the likely
relative risk to homozygote and heterozygote carriers of the “disease” allele, and a
likelihood-ratio and chi-square calculated assuming heterozygote and homozygote risks

were equal,
3.6.3.2. Matched case-control analysis

All individuals were classified according to whether they were homozygotes for M1,
M2 or M3 or who carried any combination of two of these three alleles (and were
therefore slow acetylators). They were contrasted with the remaining subjects, fast
acetylators, containing at least one wild-type allele (matched case-control analysis).

Slow acetylators were tested against other genotypes using a matched case-control
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analysis with the affected sibs in each sibship as cases and the unaffected sibs as
controls. The relative risk was estimated through calculation of the odds ratio (OR). For
each odds ratio, a 95% confidence interval (CI) was computed and statistical tests were
performed by computing two-sided p values for which values less than 0.05 were

considered statistically significant.

Fig. 3.3: Structure of the NAT2 gene and illustration of its alleles, showing the

nucleotide differences responsible for restriction site changes in each allele.

Trivial allele name  m4 ml m2 m3 .
Alleles ___ o Gi91a l TI4IC  C481T I AB03G I
C282T G590A G857A
Restriction | .
enzymes  ° Mspl  Fokl Kpnl Taql Ddel BamH1

Proper name

*4 (wild type) G cC T G A G
*SA G cC ¢ I G A G
*5B G cC ¢ T G G G
*SC G C C C G G G
*6A G T T cC A A G
*78 G T T C G A A
*13 G T T C G A G
*14B A T T C G A G

Underlined nucleotides indicate mutant alleles
(After: Cascorbi et al., 1995)
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Table 3.5: Population frequencies of NAT?2 alleles in 372 Caucasian-Americans &129
African-Americans (Bell ez al., 1993).

Allele

Population frequency of

allele

Population frequency of

allele

Caucasian-American (372)

African-American (129)

Allele 1 (WT, wild type, 0.25 0.36
fast acetylator)

Allele2 (M1-slow 0.45 0.3
acetylator)

Allele 3 (M2-slow 0.28 0.22
acetylator)

Allele 4 (M3-slow 0.02 0.02
acetylator)

Allele 5 (M4-slow 0 0.09

acetylator)

3.6.4 Allelic association study (sib-TDT analyses using all 4 alleles) using

TRANSMIT

3.6.4.1 SIB-TDT Results.

All affecteds were used in the analysis, so positive results would be due to linkage

rather than association. (see Table 3.6).

All five samples showed an excess of allele 2 (M2), although this is minimal in the

Dutch and Italian samples. The distribution of the alleles in the four groups from the

total population of the 161 nuclear families studied is shown in table 3.6.
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All p-values are obtained by TRANSMIT using bootstrap simulation (see section

3.7.8.1) and are therefore valid for any number of affected siblings per independent

family.

Table 3.6: Allele-specific TDT-style analyses (using TRANSMIT) for each of the 4

alleles used for typing NAT2.

Allele | Observed | Expected Chi-sq (1 df) p-value
1 (wt) | 162 169.18 1.33 0.23
2 (ml) | 291 286.53 0.38 0.52
3 (m2) |207 200.82 0.93 0.34
4 (m3) |18 21.47 1.68 0.09

QOverall Chi-squared test

All 4 alleles simultaneously chi-sq = 3.37 on 3df. The simulated p-value from

TRANSMIT is 0.26.

Table 3.7: Matched case-control analysis to compare slow versus fast acetylators

Slow acetylators (2 non-WT alleles) compared with the rest;

Type of analysis Relative risk to 95% CI Chi-sq p-value

slow acetylators
Study 1 1.71 1.04-3.01 |4.08 0.025 <p< 0.05
Study 2 1.75 1.08-3.19 |4.01 0.024 <p0.05

Study 1:Total population of affected sibling pairs (n=161). Study 2:Population of sibling pairs with the

index case included in the original pilot study (Bandmann et al 1997) removed from analysis (n=161).

The results of study 1 show that confirm the previously described association between

NAT?2 slow acetylator genotype and familial PD (Bandmann et al., 1997b; Bandmann

et al., 2000). Reanalysis of this data having removed the original index case included

in the pilot study (Bandmann et al., 1997b) showed that the result was still significant

(a total of 46 families were included with just one affected sibling in study 2).
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3.7 DISCUSSION
3.7.1 Clinical data analysis on EU sibling pairs

Some interesting features of the above data are worthy of note (Tables 3.1 and 3.2;
Figure 3.1). Firstly, although the clinicians responsible for collecting clinical data in
each country were different, there is generally a remarkable concordance between the
countries. In particular, the mean age of individuals at the time of the study and the
mean age at onset of PD are very similar, although cases from the Netherlands (NL)
were a little older at onset (t-test, p<0.01) and cases from France (FR) tended to be
younger at onset (t-test, p<0.05). MMSE values obtained from Netherlands cases were
significantly different from other countries (t-test, p<0.0005), but this could be put
down to differences in the clinical judgement of the individual observer. Of particular
interest, however, is the difference between the mean daily dose of L-dopa in the UK
cases relative to the rest of Europe, as UK doses were significantly higher than all
countries except Italy (t-test, p<0.0005). Doses of L-dopa given to patients in the
Netherlands are particularly low relative to the rest of Europe, indicating different
prescribing habits here. Interestingly, the initial percentage improvement on L-dopa
noted from UK patients was significantly higher than in all other countries except
France, perhaps reflecting the higher mean dose. However, not all countries measured
this parameter as precise percentages. The mean length of duration of patients on L-
dopa was also generally longer in the UK cohort, although France and Italy were longer
than the Netherlands and Germany. In summary, it is encouraging to observe essential
similarities between countries as it strengthens the value of the pooled data from the EU
consortium. Differences between countries are also of interest as they may indicate

important differences in clinical practice across Europe.

3.7.2 Linkage analysis of the major dominant loci described in PD to date in a

large population of European affected sibling pairs (ASPs)

PD is now considered to be a genetically heterogeneous disease with complex
inheritance although, at the start of my studies, the role of genetic factors in the
aetiology of PD was controversial (see chapter 1). The establishment of a European
consortium (GSPD) allowed recruitment, analysis and screening of affected sib pairs for

a genome-wide screen of susceptibility genes in sib pairs with PD. Future work with
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this invaluable resource will allow completion of this genome screen as well as further

the opportunity to test the significance of published genetic factors responsible for PD.

During the course of this thesis work, 194 strictly diagnosed ASPs without known PD
mutations were identified by myself (in the UK) and other clinicians in the consortium.
A total of 246 families were collected up to the end of 1999, each family having at least
2 affected siblings. All the information was collected, analysed and stored on
centralised databases. The initial genotyping screen on a highly informative subset of
125 families with ASPs focused on chromosomal regions 4q 21-23 (PARK1), 2p13
(PARK?2), 4p15-16.1 (PARK4) and 4p14 (UCH-L1). Three additional markers gave
initial p-values <0.05 in country-specific analyses (D4S1647 in Italian families (4q21-
q23), D251394 in German and British families (2p13) and D4S405 in German families
(4p14)), although the findings did not reach significance at the level of 5% after

correction for multiple comparisons.
3.7.2.1 PARK 1 (4q 21-23)

Genetic markers D452380 and D4S1647 showed no obligate recombination events in
the affected individuals (Zmax=5.22 at D4s1647) in the Contursi kindred (a large
family of Italian descent) first linked to the PARKI1 locus (Polymeropoulos ef al.,
1996). The original G209A mutation in exon 4.of SNCA was then described in the
same family in affected individuals with parkinsonism (Polymeropoulos et al., 1997).
The only other families described as having the same mutation originate from the area
around a common trade route between Italy and Greece. Affected members in both the
Italian and Greek families may all be descendents of a single founder as they share the
same background haplotype (Athanassiadou et al., 1999). Interestingly, it was the
Italian subset of families which showed putative evidence for linkage at D4S1647. In
order to further investigate these results, the entire coding region of the SNCA gene was
also sequenced (by collaborators at the Mayo clinic, Jacksonville, Florida) in an index
case from each of the GSPD Italian families included in the original study and no
mutations found in the coding region (Dr M Farrer, personal communication). Thus,
although these families were from the same country of origin (Italy) further SNCA
mutations were not found, confirming the rarity of mutations in this gene as a cause of
familial PD (Vaughan et al., 1998a; Vaughan et al., 1998b). Despite this, D4S1647
remains an interesting marker, since a polymorphism in the promoter region of SNCA

(NACP-Rep 1), as well of the closely linked markers D4S1647 and D4S1628marker has
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been reported to be associated with PD (Kruger et al., 1999). Linkage disequilibrium
between NACP-Rep1 and the D4S1647 marker was identified in PD cases, which might
include the presence of a susceptibility gene. However, this association has yet to be

reproduced (Khan et al., 2001a).

3.7.2.2 PARK 3 (2p13)

The only marker for which a pairwise lod score was found with a P value of <0.05 in
the overall analysis, D2S1394, is localised near to the PARK3 locus (Gasser et al.,
1998). In the initial description of this locus, a significant maximum two-point LOD
score for D2S1394 was not described (Gasser et al., 1998), yet the marker was part of a
common haplotype spanning an interval of 3.2cM, segregating with PD in two families
originating from neighbouring regions of southern Denmark and northern Germany.
The presence of a founder mutation was proposed for this, although no genealogical
link between the families has been detected (Gasser et al., 1998). Although an initial
nominal p-value of 0.04 was found in the subset of ASPs collected from Germany in
our study, it is too early to comment on whether this finding strengthens the role of the
PARK3 locus as a susceptibility factor for PD: further cohorts of ASPs should be

examined to determine if this is a reproducible result.

3.7.2.3 PARK4 (4p14-16.3)

Analysis of the linkage data at the PARK 4 locus did not reveal significant linkage,
excluding PARK 4 as a major susceptibility locus in this population of affected sibling
pairs. However, familial analysis did indicate one dominant Italian kindred with an
identical shared PARK4 haplotype to that described in an Iowan kindred (Vaughan et
al., 1999) (see below). The D4S405 marker (4p14), which is closely localised to the
UCH-LI1 gene, showed some weak evidence for linkage in German families. The
mutation in the UCH-L1 gene that causes PD was originally detected in a German
family (Gasser et al., 1998). However, as described in chapter 4, no coding mutations in
UCH-L1 were found in a sample of index cases from the GSPD series which shared an

affected haplotype at 4p14-16.3 (Harhangi et al., 1999, Lincoln, 1999 #4356).
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3.7.3 Affected sibling pair analysis and complex disease

The strengths of this ASP study include the systematic data collection with standardised
documentation and videotaping of the affected individuals, the strict diagnostic criteria
that were used and the international ongoing collaboration through which a large
number of families with PD have been collected. The ASP method is a very appropriate
approach to map genes in a complex disease trait such as PD because prior assumptions
about the mode of inheritance do not have to be made. At present, with the exception of
a minority of dominant kindreds and mainly young onset cases with Parkin mutations
(see chapter 4), the mode of inheritance of the majority of PD is unknown. However, a
major disadvantage of the use of ASPs in genetic studies is the large numbers of
families required (especially to perform a future genome-wide seérch). Power in the
current GSPD sample is low due to the absence of parental haplotype information (only
10% of the sibling pair families had one or both parents available for sampling).
Clinically unaffected siblings were also not available in all families (due to reluctance
to consent, death or intercurrent illness). The other major problem to overcome in
genome-wide ASP studies is genetic heterogeneity as the proportion of ASPs that
harbour the same genetic mutation determines the power of the study (see section
1.8.6). Analyses become even more difficult for the geneticist in sibling pair studies if
susceptibility in a particular disease is based, not on a large number of the affecteds
harbouring mutations from a small number of different genes, but a large number of
susceptibility loci, acting in concert to cause the disease. Acting alone these loci may be
insufficient to give rise to the affected phenotype. The problem here is that it would be
impossible to detect positive linkage to an area (power would be too low) or to exclude
an unlinked area with sufficient confidence. Power is also usually low, in particular for

susceptibility loci with a low relative risk or low frequency of the risk allele.

Problems with ascertainment, diagnostic criteria, aetiological heterogeneity and failure
to correct for the testing of multiple genetic models, have all been blamed for failure to
replicate linkages in other family datasets using ASPs (Davies et al., 1994). It has been
shown (Risch, 1990b; Risch, 1990c) that if a complex trait is caused by, for example,
six loci all with equal effects, then the number of families required to achieve
replication (i.e. after an original genome screen has revealed several areas of interest,
and a further cohort of ASPs is needed to test these areas) is approximately five times

the number of families required for the first detection (N-1, where N is the number of
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loci). Although strict inclusion criteria were used to define cases, including “response to
L-dopa” as a major criterion, and any doubtful cases were reviewed by other experts via
videotape, misclassification of PD could have occurred in interpreting the data because
there is no biological marker for PD and a definite diagnosis of PD rests on post

mortem neuropathological findings.

Lod scores at the dominant loci in this study were generally below 1 for the reasons
discussed above which reduce the power of the sample. Follow-up studies are needed to
see if these findings are reproducible, both to investigate if the positive lod score at
PARK3 (D2S1394) is a biologically signficant finding and because, for all the data,
significance tests are not very reliable in evaluation of extremely small P values.
Replication of linkage findings /exclusion of linkage in complex genetic diseases has
often proved unreliable, resulting in confusion as to which linkages are true- or false-
positive findings. Reasons for this include use of insufficiently stringent thresholds for
identification of loci, genetic heterogeneity and inadequate power of replication studies.
It has been estimated that to achieve 80% power to detect a locus of magnitude A=1.8 in
a complex genetic disease, even at low significance threshold of LOD 1.0, will require
studying 200 affected sibling pairs (with both parents available for genotyping, using a
10-cM marker map). The low power of linkage studies to replicate samll genetic effects
must be considered in comparisons between the results of future genetic studies (Laval

etal.,2001).

These preliminary results show that a European Consortium (GSPD) has been
successfully established and recruited a large number of affected sib pairs with PD for a
genome wide search for susceptibility genes in PD. Evaluating the significance of the
currently described dominant susceptibility regions in PD (PARK 1, PARK3 and PARK
4) further will require their examination in a further cohort of sibling pairs. GSPD
studies on PARK2 have been described in chapter 4. PARK 6 has only recently been
published and therefore was not investigated as part of the experimental work of this

thesis.

3.7.4 Future work of the GSPD consortium

Genome-wide screening did not form a major part of this thesis and therefore comment

will be brief. Just prior to the submission of thisihesis, the first results of American
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analysis of ASPs has been published in abstract form (full report in press (Scott et al.,
2001)). Five major susceptibility regions were isolated from the first cohort analysed.
One hundred and seventy-four caucasian 174 Caucasian multiplex (2 or more sampled
PD patients) containing 870 sampled members (378 affected), 185 sampled affected
sibling pairs and 70 other sampled affected relative pairs were ascertained as part of a
multi-center genetic linkage study. Mean age at onset was 59.9+12.6 years. Recruitment
guidelines were similar to that of GSPD (see table 2.1). Marker genotypes were
obtained on 344 microsatellite markers (average spacing 10 cM). Families were studied
for linkage using a multi-analytical approach consisting of two-point parametric
(MLOD) and multipoint non-parametric (LOD*) methods. To identify potential genetic
heterogeneity by age at onset, 18 families having at least one family member with onset
prior to age 40 were considered separately from the remaining late-onset families
(n=156). Six regions were found to generate interesting lod scores. The strongest results
overall (MLOD or LOD* > 2) wereobtained for markers on chromosomes 5q, 8p, 9q,
and 17p-17q. Additional regions of interest (MLOD or LOD* > 1.5) were 14q and Xq.
Results in the late-onset subset were similar to those obtained overall. In contrast,
analysis of the 18 early-onset families detected significant evidence for linkage to
chromosome 6q (MLOD and LOD* > 5), in the vicinity of the parkin gene. Regions of
interest on 5q, 8q, 9q, and 17P-17q are currently being evaluated to identify positional
and functional candidate genes in these regions (Scott et al., 2001). These new areas
also confirm the genetic heterogen eity of PD (Gasser et al., 1997; Scott et al., 2001).

They will need to be investigated in the current cohort of EU sibling pairs.

The final issue that these studies may help to address is whether all the genes
responsible for PD or parkinsonism represent a spectrum of one clinicopathologic entity
or that they each reflect a different disease entity is not clear and thus the subject of
debate. From genotype-phenotype correlation studies, it is known that there are clinical
differences between the responsible gene and corresponding disease status. However, in
many patients, the phenotype is often indistinguishable from that of sporadic PD (Abbas
et al., 1999). Strategies to increase homogeneity by studying a founder population may
increase the chances of success as well as the use of a subset of larger families in which
the mode of inheritance is clear. Individual susceptibility loci detected in sibling pair
studies can be tested in these larger families which, on their own, may not have enough
power to generate sufficient odds for linkage. The collection of a large number of

dominant kindreds and extension of the sibling pair families already collected should
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allow this approach to be feasible in future work involving genome-wide screening.

3.7.5 Evidence for a chromosome 4p14-15 haplotype segregating with PD in a

kindred of Italian descent

As described in section 3.5, a segregating haplotype at 4p14.1-16.3 (PARK4 locus) with
Parkinson’s disease and postural tremor was detected in an Italian sibling pair (4
affected individuals in two generations). These data are consistent with linkage but not
conclusive. No mutations were found in the coding region of UCH-L1 in sequencing an
index case from both the Spellman-Muenter Waters-Miller (Iowa kindred) and the
Italian sibling pairs (M Farrer, personal communication). Positional cloning strategies
are currently being employed to find the causative gene at this locus (Farrer et al.,
1999b) but the Italian GSPD kindred may represent an important link in narrowing
down the PARK 4 candidate region (4p14-16.3).

3.7.6 Phenotypic comparison of both kindreds

Disease onset in the Iowa family is in the fourth decade. Invariably, affecteds are L-
dopa-responsive at first but the clinical course is rapidly progressive, with the
development of dementia noted in some affected family members in the terminal stages
(Muenter et al., 1998). While affecteds-only linkage analysis of early onset disease in
the Iowa kindred did not achieve a lod score of >3.0, mean lod scores generated were
consistent for the size of the kindred. In addition, eight Iowa family members, without
parkinsonism but with postural tremor, and three asymptomatic individuals have
subsequently been noted to share the haplotype. How may these differences in
expression and the variability in age of disease onset and duration between the Iowa and
Italian families be explained? At the present time, without having identified the
underlying molecular defect, speculation only is possible. While disease transmission
within either family appears autosomal dominant and highly penetrant, disease
segregation is likely to be influenced by bias in ascertainment with family branches

predominantly traced through affected family members.

The age of onset within both Italian and Iowa kindreds is variable (Iowa 33%8.5 years,
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Italian 52 + 16 years). Individual 036 in Fig 3.2 shares the affected haplotype, but
clinical examination at the age of 72 years was normal. Both non-penetrance and
postural tremor in disease haplotype carriers have been described (Farrer et al., 1999b;
Polymeropoulos et al., 1997). The age of onset in the Contursi kindred, where the
underlying Ala53Thr mutation in SNCA is known, is also variable as members of the
Contursi family with the mutation may be affected as early as 32, and yet some reach 85
years without any manifestation of disease. Assessement of expression of the G209A
allele in lymphoblastoid cell lines led authors to conclude that the lack of, or
significantly reduced expression of, the G209A allele in affected heterozygotes may
indicate that the timing of reduced expression may be critical for disease onset. If so,
the parkinsonian phenotype in the Contursi kindred may arise from haploinsufficiency
at the alpha-synuclein gene at a time point before symptom onset (Markopoulou et al.,
1999). Non-penetrance and variable expressivity of disease haplotypes in the Italian and
other kindreds with parkinsonism probably reflect the sum of both environmental and
genetic interactions with genetic mutations of major effect (Farrer et al., 1999b). The
phenotypic differences between the Italian (ITNA 035) and Iowan kindreds (Farrer et
al., 1999b) do not exclude the fact that the affecteds in each family may harbour the
same disease gene mutation. Rather, they serve to illustrate the fact that autosomal

dominant PD appears to have variable expressivity for the reasons outlined above.

3.7.7 ITNA 035: Haplotype and power analysis at the PARK4 locus

Power and linkage data on the family ITNA 035 was not informative given the
individuals close relationship, small size of the kindred and the lack of information on
phase (when DNA was not available, individual haplotypes were inferred). This may
have led to some inaccuracies in haplotyping and phase of some individuals as no DNA
was available on the oldest members of the kindred. The inferred haplotypes shown in
fig 3.2 are the best fit for the data. As stated in section 3.5.4, four affected individuals in
two successive generations of an independent Italian kindred (ITNAO35) all appear to
share part of the ‘lowa haplotype’ (Farrer et al., 1999b) for four adjacent, telomeric
markers, D4S2305, D4S2397, D4S1609 and D4S230 (same allele sizes in both
families). The Towa' haplotype shows no evidence for recombination. Three
recombinant haplotypes in the Italian family were observed. Assurhing inter-marker

linkage equilibrium, the region of shared haplotype between the Iowa and Italian
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families spans 5.36cM and has a frequency of 1/374 (according to the CEPH
population). Use of CEPH controls here may be an incorrect assumption. The GSPD
consortium is currently collecting unaffected controls from similar geographical areas
to the affected sibling pair population. These controls will have an important future role

as part of the collaborative genome screen.

Within the Italian family, the size of the interval shared is not unexpected given that
individuals were first degree relatives and only 15 meioses were considered within the
pedigree. According to Figure 3.2, person 036 also shares the haplotype yet is not
affected by parkinsonism (see section 3.5.2). In contrast, the expanded Iowa haplotype
spans the interval from D4S1551 to D4S3350, a genetic distance of 10.7cM (based on
the most recent sex-averaged Marshfield map (K)) and nine recombinant haplotypes
were observed in the 84 meioses considered (Farrer et al., 1999b). Further studies to
assess the frequency of the Iowa haplotype in the Northern European data set are
needed as identifying a family with parkinsonism with the haplotype may simply be due

to chance.

These findings support the assignment of PARK4 as a locus for Lewy body
parkinsonism but are not conclusive due to the small size of the Italian kindred. To
ultimately determine if this is a real finding and has not occurred by chance, a common
founder for both families or the mutation in the disease gene at the PARK4 locus would
need to be discovered. A genealogical link has yet to be established between the two
kindreds and despite several candidate genes being sequenced in the region, the disease
gene is yet to be identified (M Farrer, personal communication). To date no
genealogical link has been made between the two families, although the Iowa family
can only be traced to European immigrants who arrived in American in the 1820’s.
Little more is known about this multiplex Italian kindred beyond recent ancestry in
Naples. Although the high degree of similarity in allele sizes between Italian and Iowa
kindreds for more telomeric 4p15 markers, may imply the alternate and perhaps more
plausible conclusion of a common founder, unless one is demonstrated between the two
kindreds the family cannot be used with confidence to narrow the 4p14-16.3 candidate

region (PARK 4) (Farrer et al., 1999b; Vaughan et al., 1999)

Additional kindreds with parkinsonism, linked to 4p14-16.3, are required to confirm the
PARK4 locus. Identification of a segregating UCH-L1 mutation in a PARK4- linked

family would confirm the gene’s pathogenic assignment in Parkinson’s disease,
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although sequencing of UCH-L1 in an index case from the Iowan kindred failed to
reveal any coding mutations (Farrer ef al., 1999b). Alternatively, identification of
additional 4p15 linked families, without mutations in UCH-L1, would provide support

for the PARK4 locus and help refine a candidate region for positional cloning.

3.7.8 N-acetyltransferase 2, familial PD and association studies

Discovery of susceptibility loci can be important in understanding the causes of a
disease. PD is known to be genetically heterogeneous. While the characterisation of
single genes involved in rare ~mendelian families with PD have been significant in
enhancing our understanding of the disease, association studies should be (if designed
appropriately) the most powerful in trying to elucidate susceptibility genes, if present,
in PD as a whole. Recent guidelines (Anon, 1999) have suggested that association
studies should report associations that make biological sense and alleles that affect the
gene product in a physiologically meaningful way. They should also contain an initial
study as well as an independent replication and should be observed in family and
population-based studies. For alleles with modest effects, which might depend on
alleles at other genes, replication may be challenging. Several large, independent

datasets, with family studies, should be used to confirm the validity of the association.

For NAT?2, a number of biological and genetic studies had already been performed.
Indeed, preliminary data had suggested a highly significant association between the
slow acetylator genotype for N-acetyltransferase2 (NAT2) and familial PD. A large
intra-familial association study of EU sibling pairs found that the slow acetylator
genotype for N-acetyltransferase 2 (NAT2) was over-represented in familial PD. The
results in this study confirmed a significant association between the slow acetylator
genotype for NAT?2 and familial PD. Several functional polymorphisms in xenobiotic
metabolism have been studied in relation to patients with PD but none with consistent
results, although there is a biologically plausible hypothesis for the role of slow
acetylation in PD. N-acetylation is involved in a number of detoxification processes.
NAT1 and NAT2 (encoded by separate genes located at chromosome 8p21.3-23.1
(Hickman et al., 1994)) both catalyse the transfer of an acetyl group from the co-factor
acetyl coenzyme A to the amine nitrogen atom of aromatic amines and hydrazines (Fig.

3.5 below). The different isoforms due to polymorphisms/mutations in the NAT2 gene
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It may be that differences in translational efficiency or protein stability affect levels of
NAT?2 protein. In turn, these differences could affect susceptibility to aromatic amine-
induced toxicity. The precise substrates are important to identify in order to evaluate
toxicological risks associated with diseases such as PD and cancer. One such
mechanism could be by the production of reactive hydroxylamines which may in turn
be metabolised to form DNA-binding electrophiles. If these affected genes controlling
cell growth characteristics, they could lead to malignancy. Alternatively, if certain cell
types were more susceptible to levels of acetylation metabolism, such as neuronal
populations in the substantia nigra, an increased susceptibility to more focal disease

such as PD could occur.

In the original study, the slow acetylator genotype for NAT-2 was more common in the
familial PD' (69%) than in all controls (31%) producing an odds ratio of 3.79 (95% CI
2.08-6.9). There was also evidence for a highly significant trend for slow-acetylator
genotype from controls through sporadics to familial cases (P=0.000002), indicating
that the genetic loading for this factor is highest in familial PD (Bandmann ez al.,
1997b). This association was subsequently confirmed by typing of all the NAT-2 alleles
more precisely using a method which detected all mutant NAT?2 alleles with a
frequency of >1% in the Caucasian population. The slow acetylator genotype remained
considerably more common amongst FPD (73%) than normal controls (NPC, 43%)
(Bandmann et al., 2000). The results of this study confirmed the original association
found between the NAT2 slow acetylator genotype and familial PD in a sample
population and also suggested that the wild type allele 4 confers a protective effect
against the development of PD in patients with a positive family history for that

disorder.

This finding has since been examined by a number of groups but attempts by other
groups at replication of the original study have so far yielded inconsistent results. One
group failed to replicate the association of slow acetylation and PD in their own study
which included a larger number of controls, but a smaller number of patients with
familial PD (Nicholl et al., 1997). However, the inclusion of more than one affected
member of their 30 families in the chi square analysis was not statistically sound and no
precise details were given for age, sex, ethnicity and region of the patients and controls.
Thus, their negative results based on the analysis of a total of 46 affected family

members are questionable. A comparison between the NAT?2 slow acetylator frequency
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amongst our familial PD cases and the controls used by Nicholl and collegues (Nicholl

et al., 1997) continued to give a statistically significant difference (p < 0.025).

A smaller study detected a statistically significant higher frequency of slow-
acetylation genotypes in patients with early-onset sporadic PD (onset before the age of
50) compared with both healthy control subjects and with late-onset sporadic PD
(Agundez et al., 1998). However, only a small number of early-onset cases were| (n=37)
included and this data must therefore be interpreted with considerable caution. In
another study, a sample of 139 unrelated patients with PD and 113 control subjects the
NAT?2 M3 allele was found to be associated with PD (OR =7.9; 95% confidence-
iﬂterval=1.7-36.3). Case-control analyses for CYP2D6, APOE and NAT?2 and M1 or
M2 did not show a significant association (Maraganore et al., 1999 ). These
findings conflict with our original study as the association was originally described
between the slow acetylator genotype for NAT2 and familial PD. It was argued that this
result was less likely to represent linkage disequilibrium between one of the alleles and
another gene in the immediate vicinity and that the association implied direct
involvement of NAT?2 on the assumption that both alleles are inherited independently.
The findings of Maraganore are not directly comparable because the majority of their
cases had sporadic PD. Analyses restricted to familial PD cases were not possible
because only 19 cases were familial. As only one of three slow acetylator alleles was
associated with PD in this study, linkage disequilibrium of NAT?2 with another, as yet

unknown susceptibility gene cannot be excluded.

A similar study by a Rotterdam group investigated the three mutant alleles (M1, M2
and M3) of the NAT2 gene in 80 patients with sporadic PD and 161 age-matched
randomly selected controls from a prospective-based cohort study. The allelic
frequencies and genotype distributions in cases were very similar to those found in
controls arguing against the slow acetylator genotype being a significant susceptibility
factor in PD. However, these were sporadic cases and this association has to date
mainly been significant in familial PD. To date, three metabolic studies investigating in
vivo acetylation in patients with PD have been reported. Familial cases were
specifically excluded from two studies and no information on family history was given
in the remaining study (Ladero et al., 1989, Igbokwe, 1993 #3913, Peters, 1994 #3914).

The largest study on acetylation in European Caucasians with PD found a higher
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proportion of slow acetylators amongst patients (n=100) in comparison with controls

(n=93), but this did not reach statistical significance (Ladero et al., 1989).

3.7.8.1 Statistical Analysis

Explanations for the different findings in each of these studies relate to the usual
reasons for lack of reproducibility in association studies as a whole (Anon., 1999). The
matched case-control used as part of the analysis of the intra-familial association study
may not be robust to linkage. If there are 2 or more affected sibs in a sibship and there
is linkage to the locus being tested then these members may not be treated as
indepéndent with respect to the transmitted alleles/genotypes. This is because there is a
likelihood that they could be the same and cannot be distinguished from genuine
association by the analysis. This would also be a problem for TRANSMIT except that p
values can be obtained by bootstrap simulation. Bootstrap simulation is a way of
assessing the distribution of an estimated quantity (the genotypicl relative risk in this
study) without relying on assumptions like asymptotic normality (which fail here due to
the non-independence of allele transmissions to multiple affected sibs from the same
sibship).Obviously, if the study was repeated several times, the distribution could be

observed but this was not practical.

The basic idea of bootstrap simulation is to assume that the actual dataset is
representative of the population from which it was drawn, and thus to construct a large
number of replicate samples by sampling families at random from the original sample,
with replacement (which means that a family can be selected more than once (otherwise
all the replicate samples would be identical to the observed one). The quantity can be
estimated from each sample and the resulting distribution used to construct confidence
intervals for the observed value and/or p-values for hypothesis tests. The 95%
confidence intervals can be estimated in order of magnitude by picking the 2.5 and 97.5

percentiles.

How a ”genetic defect” such as slow acetylation, present in a considerable proportion of
the general population, should make some people more prone to develop dopaminergic
cell death, whilst others live healthily to old age without developing PD may be
explained in terms of ’susceptibility genes”. It is not the gene in isolation, but rather an
interaction between genetically determined endogenous factors and exogenous

influences such as exposure to particular environmental toxins which leads to the
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development of the disease. The biologically plausible hypothesis is that slow
acetylation could lead to impaired ability of patients with familial PD to handle
neurotoxic substances and therefore identifying the naturally occurring substrates for
NAT-2 would be an important step. Slow acetylators are known to be more susceptible
to low-level environmental exposure to carcinogens (Vineis ef al., 1994). Similarly,
slow acetylators might also be more susceptible to low exposure of neurotoxins. In
rabbits, hydrazine-induced central nervous system toxicity is related to the acetylator
genotype, slow acetylators showing greater susceptibility with increased irritability,
seizures and early death (Hein and Weber, 1984). Other hypotheses to explain the

observed effect ha\'/e been discussed previously (Bandmann et al., 1999).

3.8 SUMMARY & CONCLUSIONS

The studies described in this chapter were performed on a large population of affected
sibling pairs with PD. Their great value as a starting point for analysing whether there
are genetic variations which contribute to the development of PD has been illustrated. A
segregating disease haplotype at the PARK 4 locus has been described in an
independent Italian kindred although the two-point lod score analyses were not
sufficiently informative to show definite linkagé to PARK4. These studies have also
illustrated the potential and pitfalls of association studies for complex genetic diseases,
such as PD. They may be valuable in testing plausible hypotheses of aetiology of PD,
such as the role of genetic predisposition to environmental toxins due to different
genotypes of the N-acetyl transferase gene. Association studies, however, rely on large
numbers of affected patients in families and are also highly dependent on careful
choices of controls. Nevertheless, they may generate data with application to the more

common forms of PD.

In particular, an association has been confirmed between familial PD and slow
acetylator status for NAT2 using a family-based association study. Data from the
present family-based study confirmed an excess risk to slow acetylators but this effect
was only just significant at the 5% level in contrast to the low p-value in the original
study (Bandmann et al., 1997b). A discrepancy in significance levels between these
data may have arisen from the different choice of control groups, but the fact that this

has association has now been replicated in both population- and family-based studies
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lends weight to the validity of the association. Further work on NAT2 in PD should not
only include an attempt to replicate these findings in a different population, but also aim
to investigate the biological relevance of NAT?2 status on the handling of identified
dopaminergic neurotoxins such as MPTP and possibly also further examine the

influence of NAT2 status on gene expression in the basal ganglia.

The following chapter describes studies on three genes which have been identified in
familial PD cases to date, SNCA, UCH-L1 and Parkin and discusses their possible

epidemiological and biological relevance to PD.
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CHAPTER 4: GENES AND PARKINSON’S DISEASE
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4.1 OUTLINE OF CHAPTER

This chapter describes a series of studies following the discoivery of a mutation in exon
4 of the human o-synuclein gene (SNCA) in 1997 (Polymeropoulos et al., 1997), (see
“section 1.14). The mutation was initially reported in 4 families with autosomal
dominant inheritance of PD and a further mutation was later described in an
independent German kindred. In order to examine whether mutations in these exons are
commonly found in familial PD, 230 European familial index cases of PD and 100
cases of MSA were also screened for the Ala53Thr mutation in exon 4 and the
Ala30Pro mutation in exon 3 of the SNCA gene. A second part of the study involved
screening a series of cases of Multiple System Atrophy (MSA) for these 2 known
coding mutations in SNCA as antibodies raised against o-synuclein protein have been
found to stain the characteristic pathological bodies seen in MSA, glial cell inclusions

(GCIs) (Tu et al., 1998).

Work on other genes implicated in the pathogenesis of PD are also described, including
studies on the Parkin gene implicated in autosomal recessive PD (Kitada et al., 1998a)
and UCH-L1, a further gene implicated in autosomal dominant PD (Leroy et al., 1998).
The EU consortium, GSPD, undertook two major studies on Parkin of which I was one
of the UK clinical collaborators. The first study involved analysis of the 12 coding
exons of the Parkin gene in 35 families, mostly European, with early onset autosomal
recessive Parkinsonism. All sequencing work was done by investigators at INSERM,
Paris, so any results- of Parkin mutations are provided for the purposes of discussion.
The collection and clinical analysis of young-onset sibling pairs was performed by
myself. The second study involved examination of the frequency of Parkin gene
mutations and its associated phenotype in a large series of EU patients. Other clinical
collaborators for this study in the UK were Professor NP Quinn (NPQ), Dr A Schrag
(AS) and Dr DJ Nicholl (DJN). Finally, a neuropathological study was performed on a
series of 15 brains with a young-onset parkinsonism to screen for mutations in Parkin
and the pathological features of the first and only known UK brain from a patient with a
Parkin mutation are described. The histological analysis was performed at the
Parkinson’s Disease Society Brain Bank, UK. Collaborators for this project were Dr S

Daniel (SED), Dr A Kingsbury (AK) and Dr C Luecking (CL).
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4.2 ESTABLISHING THE RARITY OF a-SYNUCLEIN MUTATIONS AS A
CAUSE OF FAMILIAL PD

4.2.1 Aims and design of the study

To assess the significance of the first mutation to be described in familial PD, 230 cases
from families recruited as part of the sibling pair EU study (153 independent pairs),
multiplex family and two generational PD study (77 independent families) were
screened by myself at the Institute of Neurology for the Ala53Thr mutation in o-
synuclein. In the sibling pair study there were at least 2 individuals in each family,
fulfilling the diagnostic criteria of idiopathic PD (Maraganore et al., 1991). These cases
were drawn from the same population of ASPs available for PARK1 linkage screening
as described in section 3.3. Table 4.1 shows a demographic study of the cases studied.
PARK 1 linkage studies have been presented in sections 3.3 and 3.4 and did not exclude
linkage to this locus. SNCA mutation screening in these sibling pairs then became a
direct way of analysing large numbers of affected cases very quickly. Twenty-five
index cases from the multiplex and two generational PD study who did not completely
fulfil these criteria (including little or unknown response to L-dopa, severe postural
hypotension and relative paucity of tremor) were also examined but classified as
atypical. The initial mutation screening for the G209A mutation in SNCA was carried

out before publication of the G88C mutation in SNCA.

Table 4.1: Demographic and clinical characteristics of index cases of familial PD.

Origin No. of Mean age | Range Standard Sex ratio
cases at onset deviation | M:F
France 96 55.7 27-87 13.6 53:43
Germany 30 574 35-78 11.5 18:12
UK 69 56.5 31-71 11.14 36:33
Italy 35 513 34-73 11.3 18:17
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4.3 SCREENING FOR THE 2 KNOWN SNCA MUTATIONS IN A LARGE
POPULATION OF AFFECTED SIBLING PAIRS & SEQUENCING OF ALL 7
CODING EXONS IN A SERIES OF KINDREDS WITH FAMILIAL PD

4.3.1 Mutation screening by restriction digest of PCR products
4.3.1.1 G209A mutation in exon 4 SNCA

A specific band of 216 bp was detected in all samples tested and the sequence found to
be identical to the published data (Polymeropoulos et al., 1997). Digestion of the
positive control (obtained from a member of the Contursi kindred) with Tsp45 I
generated products of 88bp, 128bp (mutant allele), and 216 bp (normal allele) as
published, due to the novel restriction site created by the G209A mutation in one of the
alleles. None of the 230 cases which we screened by Tsp45 I digestion generated a
restriction pattern which differed from unaffected controls (Fig. 4.1), enabling us to

conclude that this particular mutation was not present in this population.
4.3.1.2 G88C mutation in exon 3 SNCA

This G to C substitution creates a new Mval restriction site. Digestion of PCR products
from mutation carriers generate fragment sizes of 192bp (normal allele) and 136 bp and
56 bp (mutant allele) (Kruger et al., 1998). No mutations of this product were detected
by Mval digestion in any of the 230 cases screened (Fig. 4.2).

4.3.2. Sequencing of the SNCA gene in a series of autsomal dominant PD kindreds

In order to examine whether mutations in SNCA are commonly found in familial PD,
all 7 exons of the SNCA gene were amplified by PCR from index cases of 30 European
Caucasian kindreds affected with familial Parkinson’s Disease. Each product was
directly sequenced and examined for mutations in the open reading frame. No mutations
were found in any of the samples examined, although mutations in the regulatory or
intron regions of the gene were not excluded by this study. As this work was largely
done by Dr M Farrer at the Mayo clinic, Jacksonville, USA, the methodology is
included in appendix 2 (Vaughan ef al., 1998b) and the results described here for

discussion purposes. Table 4.2 shows a clinical summary of the families sequenced.
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Table 4.2. Clinical characteristics of 16 of the European and American families. All

affected members exhibited at least two out of four of the cardinal parkinsonian signs

(akinesia, resting tremor, rigidity, postural instability), and improvement on L-dopa.

Family

IT-027

IT-1

UK
402

UK
401

UK
403

Number
of
affecteds

12

11

18

11

16

Number
affecteds

examined

Region of Origin

German-Canadian

Danish-American

German-

American

English-American

German-

American

Italian

Italian

Italian

German

English

English

English

Irish

English

Welsh

English

Mean age

of onset

51 (35-60)

62 (51-82)

60 (55-66)

63 (48-78)

56 (48-74)

55 (46-67)

54 (36-89)

56 (28-74)

56 (45-63)

60 (52-66)

45 (30-55)

53 (42-70)

35(31-41)

64 (58-70)

63 (59-65)

64 (42-75)

Atypical

features

Amyotrophy/

dementia (some)

Dementia (some)

None

None

Dementia (some)

None

None

None

None

None

None

None

None

None

None

None

Reference

Wszolek, 1993

Wszolek, 1993

Wszolek, 1993

Wszolek, 1995

Denson, 1997

unpublished

Bonifati, 1996

Bonifati, 1994

unpublished

unpublished

unpublished

unpublished

Sawle, 1990

unpublished

-unpublished

unpublished
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4.3.3 Identification of a new probable branch of the Contursi kindred

Twenty-seven Italian PD probands with an autosomal dominant inheritance of PD were
screened for the presence of the Ala53Thr mutation by restriction digestion of PCR
products with Tsp451. One of these cases was shown to carry this mutation (data of this
individual case are not shown, but the appearance was identical to the positive control
from a member of the Contursi kindred, see lane 8 of Figure 4.1 below). This case was
not included in the original series of Italian sibling pairs which were putatively linked
to PARK1 (see section 3.5) as the case was not part of an affected sibling pair. This
individual, a 34 year old man at the time of the study, developed symptoms of
parkinsonism at the age of 32. A history of other members of his family revealed that
his father and four more distant relatives had also been affected. The family originated
from near to Salerno, southern Italy, in a region close to the Contursi family, suggesting

a genealogical link.
4.3.4 Results Summary

These data confirm that the two known mutations in SNCA are a very rare cause of
familial PD in a large population of European sibling pairs, two generational families
and 30 cases of MSA. Novel coding mutations in SNCA were also excluded in index
cases from 30 autosomal dominant families further confirming the rarity of SNCA
mutations in familial PD as part of a collaborative effort (Vaughan et al., 1998b) (see
appendix 4). A new branch of the Contursi kindred was identified as a result of a

specific collaboration with the Italian group of GSPD who provided the clinical case.
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4.4 STUDIES IN FAMILIAL PD AND MULTIPLE SYSTEM ATROPHY

In collaboration with the Parkinson’s Disease Society Brain Research Centre, I was
supervised by Dr S Daniel (SED), and examined the substantia nigra in a series of 20
cases of pathologically proven familial PD. In addition, cortical sections from 10 cases
of pathologically proven MSA (4 OPCA, 6 SND) were examined in order to evaluate
the specificity of neuropathological features in familial PD and the corresponding
expression of a-synuclein. The average age of onset of familial PD was 64 (range 44-77
years) and in the MSA cases it was 55 (48-67). Details of family history of PD in most
cases were by history and the criteria for inclusion as “a family history” was the
presence of PD in a closely affected relative (Parent/sibling/cousin/aunt/uncle). Six
cases of MSA were classified histologically as striato-nigral degeneration (SND) and
four as olivoponto cerebellar atrophy (OPCA). Alpha-synuclein staining of Lewy
bodies was positive in all the cases of familial PD. The GCls in all 10 cases of MSA
were also positive for a-synuclein protein as originally described elsewhere (Tu et al.,
1998). All cases were screened for the two coding mutations G209A and G88C in
SNCA in 30 cases by restriction digestion of PCR products as described above. The
coding region of 4 of the cases of pathologically proven MSA were sequenced by
another investigator (SD) as part of this project but no pathological mutations were
detected (see appendix 2 for sequencing methodology). Figure 4.3 below shows -
synuclein staining of Lewy bodies and Lewy neurites in sections of brain from a PD
patient in this study. Methodology for immunostaining is described in appendix 4.3, as

this was done by SED and Dr Ann Kingsbury of the PDS Brain Bank.
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