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General abstract

Late-onset Alzheimer’s disease (LOAD) is a heritable disorder. It is invariably
characterised by a decline in cognitive abilities, however, marked variation in
behavioural symptoms and age at onset are observed between sufferers. This
clinical heterogeneity may be genetically modified, hence, may provide a
productive avenue of exploration for those seeking to unravel the genetic aetiology
of LOAD. This thesis employed a sequential three stage approach to search for
loci implicated in the development of genetically influenced features of the
disease.

Behavioural symptoms in 1,120 unrelated individuals with LOAD were assessed
using the Neuropsychiatric Inventory. The 12 symptom domain scores were
subjected to principal components analysis. Three interpretable components were

identified, comprising: “frontal lobe dysfunction”, “psychosis” and “mood”. These
components remained stable when taking account of disease severity.

The familiality of clinical variation was assessed. Affected siblings from 388
families were characterised in terms of aggression, psychosis and mood
disturbances. Age at onset data were available for affected siblings from 458
families. Familial clustering was found for age at onset, psychosis, aggression and
mild depression, with the strongest evidence noted for age at onset and psychosis.
Major depression and a combined phenotype of depression with anxiety showed
limited evidence of familial aggregation.

Covariate linkage analysis was employed to search for loci which may influence
clinical variation in LOAD. This included a sample of 513 affected relative pairs.
Increases in LOD were observed with age at onset (chromosome 1, 2, 12, 19 and
21), aggression (chromosome 9), psychosis (chromosome 7 and 15) and minor
depression (chromosome 21).

Understanding factors associated with behavioural symptoms and age at disease
onset may lead to the achievable goal of disease modification. These findings
support the hypothesis that clinical variation in AD is genetically modified, setting
the stage for future linkage and association studies.



Chapter 1
General Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder and is the
primary cause of dementia in elderly populations. It is estimated that AD accounts
for about two thirds of subjects with dementia (Nussbaum and Ellis 2003) and that
it afflicts approximately 15 million individuals worldwide (Fratiglioni et al. 1999). In
the United States alone it is estimated that as many as 4.5 million individuals are
currently suffering with AD (Hebert et al. 2003). In England and Wales there are
thought to be approximately 180,000 new cases of dementia each year (Matthews
and Brayne 2005).

Aside from the obvious detrimental effects to sufferers, AD also causes severe
distress for family members and caregivers, along with placing a huge burden on
the economy (Lowin et al. 2001). in the United Kingdom, the direct costs of AD are
between 7 and 14 billion pounds per year (Lowin et al. 2001), whilst in the United
states the total annual cost has been estimated at around $76 billion (Rice et al.
1993). Current projections suggest that the number of elderly people will double in
the next generation, resulting in more than a billion people over the age of 60 by
2025 in Europe alone (Taket 1992). Given that AD is age dependent, the
escalating growth of the elderly population, particularly in the oldest age group,
means that the economic and societal costs of the disease will increase over the
coming years (Villareal and Morris 1999). Herbert and colleagues (2003)
estimated that, baring a cure, the number of individuals with AD in the United
States will increase almost threefold by 2050, to over 13 million people. The
predicted increase in the prevalence will undoubtedly have an enormous impact
on society (Souetre et al. 1999).

There is currently no cure for AD. Cholinesterase inhibitors and N-methyl d-
aspartate receptor-targeted therapies are, at present, the only treatments available
in the UK. These forms of medication provide modest benefits to cognition,
activities of daily living and behaviour, and can provide temporary stabilisation of
the rate of decline (Desai and Grossberg 2005). However, they do not benéfit all



AD sufferers and their positive affects are usually temporary (Cummings and Cole
2002). As such, there is an urgent need for more effective therapeutic
interventions. Even treatments which reduce the incidence of AD by only 1%
would offset the projected increase in costs due to an aging population
(Brookmeyer et al. 1998). It is therefore essential that we gain a comprehensive
understanding of its aetiology. Such an understanding could lead to the
achievable goal of disease-modification. In recent years major advances in
understanding the causes and pathogenesis of AD have arisen from molecular
genetic research and this powerful tool will undoubtedly continue to provide
important conceptual and practical advances. Therefore, gaining a more complete
understanding of the genetic contribution to AD must be a priority, as it will provide
a strong platform for the development of future preventative and therapeutic
strategies.

1.1 Clinical definition of Alzheimer’s disease

The diagnosis of AD is difficult. To date there are no specific neuroimaging or
biological markers for the disease. Histopathological examination of brain tissue at
post mortem is the only way to diagnose AD definitively. However, even this is
problematic, as only 50% to 60% of individuals meeting neuropathological criteria
for AD will have experienced cognitive decline during life (Knopman et al. 2003).

Diagnosis of AD is generally based on physical examination, patient history and
detailed cognitive assessment. These approaches serve to compare each
individual against a series of inclusion criteria and also allow competing causes of
dementia to be systematically excluded (e.g. vascular dementia, dementia with
lewy bodies etc.). These approaches can be complimented by the use of
neuroimaging which generally serves to identify vascular contributions to dementia
and rule out potentially treatable causes (Kantarci and Jack 2003). Typically, AD is
characterised by an insidious onset and gradual decline in cognition and functional
abilities (Desai and Grossberg 2005). An initial phase of forgetfulness is usually
accompanied by difficulty learning, recalling new information and progressive
language disorder, from anomia in the early stages to complete aphasia as the
illness progresses. Visuospatial difficulties can often become apparent,



manifesting as geographical disorientation or difficulty with copying figures in
cognitive testing (Cummings and Cole 2002). Furthermore, deficits in executive
function usually occur over the course of the illness (Baudic et al. 2005; Rainville
et al. 2002). Motor disturbances are common in the later stages of disease
development, including gait changes, rigidity and seizures (McKhann et al. 1984).
The advanced stages of the disease are characterised by total dependence on
others for assistance in activities of daily living. At this point patients often lose all
semblance of speech and are frequently bed bound (Villareal and Morris 1999).
Without treatment those with AD usually survive for between 7 and 10 years after
onset of symptoms (Bracco et al. 1994; Larson et al. 2004).

DSM-IV (American Psychiatric Association, 1994) and the National Institute of
Neurological and Communication Disorders and Stroke and the Alzheimer's
disease and Related Disorders Associations (NINCDS-ADRDA) (McKhann et al.
1984) criteria are generally used in both research and clinical settings to make a
diagnosis of Alzheimer’s disease. These criteria were mainly developed to attain
uniformity of classification for research and treatment purposes (Clarfield and
Foley 1993). They both require deficits in memory and one other area of cognition,
including aphasia, apraxia, agnosia and executive functioning, further stipulating
that these difficulties should cause significant decline in functional abilities and
activities of daily living. DSM-IV and NINCDS-ADRDA criteria also stipulate that
the iliness should be characterised by an insidious onset and gradual decline in
cognitive and functional abilities, and that competing causes of dementia are ruled
out. NINCDS-ADRDA guidelines specify separate criteria for possible and definite
AD. A diagnosis of possible AD is reserved for those with an atypical course of
iliness or individuals who might have some other co-morbid iliness that can lead to
dementia but that is not considered to be the primary cause of the disease.
Definite AD is reserved for cases where pathological evidence is available, either
by autopsy or brain biopsy, which shows an excess abundance of neurofibrillary
tangles and senile plaques COmpared to what would be expected among healthy
age matched individuals (McKhann et al. 1984).

The reliability and validity of DSM and NINCDS-ADRDA criteria for AD have been
found to be good. To assess the inter-rater reliability of diagnostic criteria for AD



O’Conner and colleagues (1996) compared diagnoses of 100 elderly people, with
a variety of diagnoses, within and between five research centres based in
Australia, Germany, the Netherlands, United Kingdom and United States. The
within centre inter-rater reliability, using DSM criteria for AD, was high, whilst
between centre reliability was reported to be moderate to good. To assess the
validity of these diagnostic criteria a number of studies have attempted to confirm,
via autopsy, diagnoses made using NINCDS-ADRDA and DSM criteria during life.
In general, the accuracy of clinical diagnosis relative to neuropathology has been
reported to be between 86% and 93% (Becker et al. 1994; Gearing et al. 1995;
Holmes et al. 1999). However, despite the validity of the diagnostic criteria it is still
notable that ‘pure AD’ only accounts for between 50% and 60% of all dementia
cases, with a further 20% to 30% showing AD pathology in conjunction with other
pathological lesions (Desai and Grossberg 2005; Gearing et al. 1995; Holmes et
al. 1999).

Both DSM-IV and NINCDS-ADRDA criteria support a cut-off of 65 to differentiate
between early- and late- onset AD. Both early- and late- onset forms of AD are
often categorised as sporadic or familial (Ashford and Mortimer 2002). The term
familial AD is usually reserved for cases in which a clear pattern of autosomal
dominant inheritance is observed, or for cases carrying genetic mutations known
to cause early-onset forms of the disease. Familial cases usually present with the
disease before 65 years of age. Sporadic, or non-familial AD, which constitutes
around 95% of cases of the disease, includes those in which no clear mode of
inheritance is observed (Ashford and Mortimer 2002).

The neuropathological hallmarks of the disease include extracellular deposits of B-
amyloid in senile plaques, neurofibrillary tangles of phosphorylated tau protein,
neuron degeneration and synaptic loss (Cummings and Cole 2002; Kamboh
2004). The current criteria for pathological diagnosis of definite AD require the
presence of both senile plaques and neuropathological tangles (Reagan Institute
Working Group on Diagnostic Criteria for the Neuropathological Assessment of
Alzheimer's Disease 1997). The main constituent of the extracellular senile
plaques is the 42 amino-acid amyloid B peptide (AB) that is derived from the
amyloid precursor protein (APP) (Kamboh 2004). The APP protein is present in



almost all tissues, and undergoes three alternative steps of cleavage by a-, 8- and
y-secretase enzymes. When cut by a-secretase and then y-secretase, APP
generates a harmless peptide. However, when cut by B-secretase and then y —
secretase, APP generates peptides of 39 to 43 amino acids, of which AB-42
accounts for about 10%. AB-42 is neurotoxic and involved in the formation of
senile plaques in AD brains (Selkoe 2001). Tangles are the second major
histopathological feature of AD. They contain paired helical flaments of
abnormally phosphorylated tau protein which occupy the cell body and extend into
the dendrites. Senile plaques and neurofibrillary tangles can occur independently
of one another (Selkoe 2001). AD is also characterised by reduction in synaptic
density and loss of neurons. Neuronal loss or atrophy in the nucleus basalis, locus
ceruleus and raphe nuclei of the brainstem leads to deficits in cholinergic,
noradrenergic and serotonergic transmitters, respectively (Cummings and Cole
2002). Synaptic loss is the best current pathologic correlate of cognitive decline,
and synaptic dysfunction is evident long before synapses and neurons are lost
(Coleman et al. 2004).

1.2 Epidemiology of late-onset Alzheimer’s disease

AD accounts for between 45% and 76% of cases of dementia in those over 65
years of age (Bachman et al. 1992; Gautrin et al. 1990; Kokmen et al. 1989;
Ostbye and Crosse 1994; von Strauss et al. 1999). It is estimated that between 2.3
and 4.5 million individuals are currently suffering with AD in the United states
(Brookmeyer et al. 1998; Hebert et al. 2003). In England and Wales it is estimated
that there are approximately 180,000 new cases of dementia each year (Matthews
and Brayne 2005). Perhaps the most notable risk factors for late-onset Alzheimer’s
disease (LOAD) are a family history of dementia and the presence of the
Apolipoprotein (APOE) €4 allele. Numerous population based twin studies have
been conducted and generally support a heritability estimate of around, or in
excess of, 60% (Bergem et al. 1997; Gatz et al. 1997; Raiha et al. 1996), whilst
family based studies consistently find the presence of one or more affected family
members to be a strong risk factor for the disease (Fratiglioni et al. 1993; Jarvik et
al. 1996; Martinez et al. 1998; Sleegers et al. 2004; van Duijn et al. 1991). Twin
and family studies of late-onset AD are discussed in more detail in sections 3.1.2



and 3.1.3. Despite displaying substantial heritability, APOE is currently the only
gene to show consistent association with LOAD. The association between APOE
and AD will be discussed in section 1.3. In addition to genetics, numerous other
risk factors have been reported, of which increasing age, female gender and low
levels of education are the most consistent and will be discussed briefly in this
chapter. Other, less well supported, risk factors have been reported, including
smoking (Bowirrat et al. 2001; Lee 1994, Letenneur et al. 1994b), head injury
(Launer et al. 1999; Nicoll et al. 1995; Canadian Study of Health and Aging 1994),
depression (Devanand et al. 1996; Speck et al. 1995), cardiovascular risk factors
(Luchsinger et al. 2004) and oestrogen replacement therapy (Henderson et al.
1994; Schmidt et al. 1996). However, a full review of these is beyond the scope of
this introduction.

1.2.1 Aging and late-onset Alzheimer’s disease

Increasing age is the most notable non-genetic risk factor for AD. Numerous
studies have aimed to estimate the risk attributable to aging. Comparisons
between these studies are hampered by the use of different methodology and
study populations. Some have sought to determine the prevalence of AD (e.g. the
proportion of affected individuals in the population at a specific point in time),
according to age and other risk factors. Alternatively, others have focused on
disease incidence over time (e.g. the number of newly acquired cases among
previously healthy individuals over a given period of time). In theory, cumulative
incidence at specific ages should equal the age specific prevalence.

Prevalence estimates have tended to vary across studies. The Rotterdam study,
employed a cross sectional, population based, design incorporating 7,528
participants from a suburb of Rotterdam (Ott et al. 1995). The prevalence of AD
was estimated to be 0.9%, 7.4% and 26.8% among those in the 65 to 74, 75 to 84
and 2 85 year age groups respectively. These estimates are somewhat lower than
those reported elsewhere. For example, in a population based study of all
individuals aged 65 years or older in three urban Chicago neighbourhoods, Hebert
and colleagues (2003) reported a steady rise in AD prevalence from around 5%



among those between 65 and 74 years of age, to nearly 50% in those aged 85
years or older.

Some have suggested that the increasing risk of AD with age may be exaggerated
by studies looking at the age specific prevalence rates, as prevalence is
determined by both incidence and duration of the disease. Hence, differential
survival within specific age groups could affect the age distribution of dementia
prevalence (Drachman 1994). As such longitudinal based studies which focus on
the incidence of AD may be better placed to delineate the relationship between
aging and dementia.

A number of larger, multi centre and meta-analyses have been performed, which
are likely to provide the most reliable and informative sources of data. Recently,
Matthews and Brayne (2005) reported data from the MRC-CFAS study, in which
individuals from England and Wales were assessed longitudinally for 2 years.
They found that the incidence of AD rose with age, from 7.4 per 1,000 person
years at 65 to 69 years of age to 84.9 per 1,000 person years in those aged over
85. These findings are comparable with other large population based analyses of
AD incidence. For example, Jorm and Jolley (1998) performed a meta-analysis
using data from 23 published studies, concluding that incidence rates for both
dementia and AD rose exponentially up to the age of 90 years. Incidence rates
differed according to ethnicity and with diagnostic criteria for dementia, with lower
incidence in Eastern Asians, but were largely comparable to those reported by
Matthews and Brayne (2005). Similarly, consistent results were reported by the
authors of the European studies of dementia network (EURODEM) (Launer 1992).
EURODEM was formed in 1988 to harmonise protocols used in a number of
population based follow up studies on incident dementing illness. In 1999,
analyses of 528 incident dementia patients were presented, incorporating over
28,000 years of person follow up (Launer et al. 1999). Of these, 352 patients were
diagnosed with AD. They reported that disease incidence increased steeply with
age, from 2.5 per 1000 person years at 65 years of age to 85.6 in those aged 90+
years.



Further to these larger studies, findings from numerous population based samples
at single sites have been used to determine age specific incidence rates for AD in
a variety of populations, including American rural (Ganguli et al. 2000) and urban
communities (Bachman et al. 1993; Fillenbaum et al. 1998; Havlik et al. 2000;
Hebert et al. 1995; Kawas et al. 2000; Newman et al. 2005; Tang et al. 2001),
Canada (Canadian Study of Health and Aging 1994), Italy (Di Carlo et al. 2002),
Nigeria (Hendrie et al. 2001), Sweden (Fratiglioni et al. 1997; Guo et al. 1999; von
Strauss, 1999), Rotterdam, Holland (Ott et al.), Cambridge, UK (Paykel et al.
1998), Australia (Waite et al. 2001) and Japan (Yoshitake et al. 1995).

On the whole most studies report incidence rates of between 1 and 7.4 per 1000
person years in those aged around 65, raising to between 20 and 85 per 1000
person years among those aged over 85. There is some variation in incidence
rates reported in these studies. For example, compared to findings elsewhere,
lower levels of AD were reported in the Framingham Study (Bachman et al. 1993)
and in a study of community dwelling Italians (Di Carlo et al. 2002). Variable
incidence rates could be attributable to differences in study design, population
sampling methods, diagnostic criteria or real geographical incidence variations.
For example, the study of an Italian population, reported by Di Carlo and
colleagues, employed a two stage assessment approach, in which all individuals
were screened using the mini mental state examination (MMSE). Those who
scored below a certain cut-off were referred for further diagnostic evaluation.
However, such an approach assumes perfect screening test sensitivity (Rogan
and Gladen 1978). This is a particular problem as the MMSE is known to have low
sensitivity for cognitive decline, especially in the early stages of disease
development (Cummings and Cole 2002). Furthermore, they did not correct for
educational level. Those with a higher education generally perform better on
cognitive tests (Qiu et al. 2001; Stern et al. 1994b), increasing the possibility that
those with a high education could have been falsely recorded as not having
dementia. It is advantageous to perform detailed evaluations with a random
sample of those who pass and fail initial screening, thus, the proportion of ‘false
negatives’ can be estimated and adjusted for (Matthews and Brayne 2005). In
addition, a number of studies have used different diagnostic criteria and reported
contrasting response rates, which further hinders comparisons between findings.



In the Framingham study only those with moderate to severe dementia were
considered, which is likely to explain the relatively low incidence of AD reported. It
should also be noted that non participation in population based samples is likely to
bias incidence estimates. Participation is likely to be biased towards those not
suffering with dementia. As such, one would expect lower participation rates to be
associated with an underestimation of dementia prevalence. However, moderate
to high participation rates have generally been reported, usually between 70% and
80%.

Despite these methodological concerns, there is a general consensus that the risk
of AD increases exponentially with age, with incidence rates approximately
doubling every five years up to 90+ years of age. Kukull and colleagues (2002)
plotted the incident rates per 1000 person years against age for 7 independent
population studies. Although, incidence rates differed between studies, the slope
of the lines plotting incidence against age were remarkably similar, confirming that
age is a strong risk factor for AD. Increasing risk with age could be taken to imply
that the disease is inevitable in those who live long enough. However, some have
hypothesised that there is an ‘extreme survivor’ effect, where the risk of
developing AD begins to reduce after a certain age (Ritchie and Kildea 1995).
Analyses of this hypothesis are problematic as most studies do not include
sufficient numbers of very old people to draw reliable conclusions. Studies which
have included adequate numbers of those aged over 80 and 90 years have
reported contradictory findings. Ritchie and colleagues (1995) carried out a meta-
analysis of nine epidemiological studies of senile dementia, including samples of
elderly individuals over 80 years of age. They reported that the rate of increase in
dementia prevalence reduced after the age of 80 years, levelling of around 40% at
approximately 95 years of age. However, these estimates were based on varying
forms of dementia. Studies which have differentiated between AD and vascular
dementia, seem to show that the age related increase in risk is stronger in AD
(Ruitenberg et al. 2001; von Strauss et al. 1999). Studies which have specifically
sought to investigate age specific incidence of AD among the very elderly have
generally not reported a reduction in risk among the those aged over 90
(Gussekloo et al. 1995; von Strauss et al. 1999). For example, Von Strauss and
colleagues (1999) assessed the prevalence of AD among the very elderly in the
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Kungsholmen study. They examined 1,424 individuals aged over 77 years and
identified 358 cases of dementia, of which 274 were considered to have AD. They
found that the risk of AD developing rose exponentially even after the age of 85,
with those aged 95 or over being approximately 9 times more likely to develop AD
compared to those aged less than 84 years. However, they did provide some
evidence that the risk of AD began to plateau after the age of 90 among males.
This observation has been noted elsewhere. Miech and colleagues (2002)
reported that among the Cache County population the incidence of AD increased
exponentially until ages 85 to 90 years, but appeared to decline after 93 years in
men and 97 years in women. However, the majority of incidence studies have
shown an increase in risk of dementia after the age of 90 (Jorm and Jolley 1998;
Matthews and Brayne 2005; Paykel et al. 1998), although a number of these have

been limited to small numbers of nonagenarians.

1.2.2 Gender and late-onset Alzheimer’s disease

Female gender has been reported as a risk factor for AD. However the findings
are somewhat contradictory. In general AD is more prevalent in females; however
these estimates are largely biased by the differential life expectancy among males
and females. Epidemiological population based studies have reported differing
results regarding the effect of gender on AD risk. A number of studies have
reported different incidence rates among males and females. Brayne and
colleagues (1995) performed a 2.4 year follow up of a cohort aged 75 years and
over. They reported that the incidence of AD was 1.5 and 3.3 per 1000 person
years among males and females, respectively. Likewise, Fratiglioni and colleagues
(1997) reported a positive association between gender and AD risk in the
Kungsholmen study, finding increased incidence rates for AD at all ages in women
compared to men. This effect became more notable with increasing age. In total,
women were found to be over 3 times more likely to develop AD than males.
Hagnell and colleagues (1992) also reported a significant association between
gender and lifetime risk of developing AD (25.5% among males, compared to
31.9% among females)
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Several studies have reported no difference in the prevalence of dementia
according to gender. For example, no notable sex differences were found in the
Framingham study (Bachman et al. 1993), the Rochester population based study
(Rocca et al. 1998), in a population based study of a French community
(Letenneur et al. 1994a), or in the studies reported by Ganguli and colleagues
(2000) and Paykel and colleagues (1994). These studies have generally included
no more than 2,000 participants, followed up for only 2 to 4 years, hence
prevalence estimates are likely to be imprecise (Ruitenberg et al. 2001). This is
particularly problematic in the later age groups, with the majority of these studies
incorporating only a small number of participants in the later stages of life. Also
follow up was often hampered by incomplete response rates due to refusal and/or
death of participants.

Larger studies, have offered useful insights into the relationship between gender
and AD. For example, Reitenburg and colleagues (2001) assessed the
relationship between gender and AD risk in the population based Rotterdam study.
They included a cohort of nearly 8,000 individuals over 55 years of age at baseline,
and completed one follow up after 3 to 4 years with almost 80% of participants,
and a further follow up 4 to 6 years later with over 60% of participants. They
reported that the incidence of AD for males and females was generally similar.
However, in those aged 90 to 94 years the incidence rate of AD among males and
females was 11% and 53%, respectively. In those aged 295 years the incidence
rate was 86% among females, whereas no males were reported to develop AD in
this age group. As such, females were found to have over a five-fold increase in
risk of developing AD after the age of 90, compared to males. These differences
could not be explained by differential response rates. Similarly, in the EURODEM
study, 528 incident cases of dementia were identified (Launer et al. 1999).
Significant gender differences in the incidence of AD were reported in those aged
above 85 years. At 90 years of age, the incidence rate among women was 81.7%,
compared to just 24.0% in men. These findings suggest that the differential risk to

males and females may be restricted to very old age.

1.2.3 Education and late-onset Alzheimer’s disease

Low levels of education have been reported to increase the risk of developing AD.

12



Katzman (1993) proposed that education might enhance the brains reserves by
increasing synaptic density in the neocortical association cortex. Others have
extended the cognitive reserve hypothesis to incorporate the possible beneficial
effects of mental activity throughout the lifespan, taking into account other lifestyle
and occupational factors associated with mental activity (Stern et al. 1994Db).

The effect of education on AD risk has been examined in a number of population
based longitudinal studies. For example, in the Rotterdam study, Ott and
colleagues (1995) found that the relative risk of dementia decreased in a dose
dependent manner, with increasing educational status. The effect could not be
explained by the confounding effect of cardiovascular disease. Likewise in the
Kungsholmen study, Qui and colleagues (2001) followed a dementia free cohort of
1,296 individuals over 75 years of age, identifying 109 cases of AD. Low levels of
education were associated with over a two-fold increase in risk for disease
development. Findings from the EURODEM study also suggest that less time in
education increases risk of AD, but only among females (Launer et al. 1999). This
effect remained unchanged after accounting for the confounding effects of
cardiovascular disease or stroke. The gender specific association could have
reflected a lack of power in this study as only 96 males were available for
hypothesis testing. Further epidemiological longitudinal studies (Canadian Study
of Health and Aging 1994; Di Carlo et al. 2002; Mortimer et al. 2003; Schmand et
al. 1998; Zhang et al. 1990) and cross sectional studies (Hill et al. 1993; Katzman
1993; Mortel et al. 1995; Risch 2000; Stern et al. 1994b) have reported an
association between AD and education.

These findings suggest that education related factors, operating in childhood,
could be associated with cognitive function in later life and the subsequent
development of AD. Indeed, Plassman and colleagues (1995) have provided
strong evidence that intelligence and education in early adulthood correlate with
cognitive function in later life. They combined data regarding education and
intelligence, assessed on enrolment into the US armed forces in the 1940’s, with
cognitive function in a group of elderly male twins. Cogpnition in later life was
correlated with both intelligence and education assessed in early adulthood.
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Despite the preponderance of evidence suggesting that education is associated
with AD, a number of large studies have failed to find a relationship (Cobb et al.
1995; Fratiglioni et al. 1991; Paykel et al. 1994). A firm association between AD
and education is difficult to establish for a number of reasons. There are numerous
lifestyle factors which differ according to education (Winkleby et al. 1992) which
are likely to bias findings if not successfully accounted for. Perhaps the most
obvious confounding variable would be socioeconomic status (SES). Most studies
show a moderate to high correlation between education and SES (Evans et al.
1997b; Winkleby et al. 1992). However, studies which have simultaneously
assessed the effect of education and SES on AD have generally concluded that
education remains a strong predictor of AD development after controlling for SES.
For example, Evans and colleagues (1997b) investigated the effect of education,
occupational prestige and income on AD risk, concluding that education was the
strongest predictor of disease development. Low income and lower occupational
status were both associated with AD risk in individual analysis, however were not
additionally predictive after controlling for education. Likewise, De Ronchi and
colleagues (1998) tested the association between education and AD, after
controlling for occupational level, in a sample of 495 elderly subjects with middle to
high SES, among which a large proportion had received no formal education.
Those with no education were reported to have a four-fold increase in risk of
developing AD, compared to those who had been educated. This effect was
particularly strong in those between 61 and 69 years of age. More recently, Karp
and colleagues (2004) have extended their earlier work (Qiu et al. 2001), by
determining whether their previously reported association between educational
level and AD could be explained by occupation based socioeconomic status. In
univariate analysis education was a strong predictor of AD development,
associated with over a three-fold increase in risk. This effect remained significant
after controlling for socioeconomic status. Low levels of education were associated
with an increased AD risk in both those with a low and high SES. However, one
report has suggested that occupational level is a stronger predictor of disease
development than education (Bonaiuto et al. 1995). However, the sample used in
this analysis was relatively small, comprising only 48 cases and 96 matched

controls; hence interpretation of these findings should be made with caution.
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The relationship between education and AD is complicated by issues surrounding
the diagnosis of the disease. Those with a higher education perform better on
neuropsychological tests, thus are less likely to be diagnosed with dementia (Qiu

et al. 2001; Stern et al. 1994b). A number of positive findings to date have
originated from studies which have aimed to determine the incidence of AD within
given populations (Di Carlo et al. 2002; Launer et al. 1999; Mortimer et al. 2003;

Ott et al. 1995; Qiu et al. 2001; Schmand et al. 1998; Zhang et al. 1990). These
studies largely rely on relatively basic means of cognitive screening. Those who
perform poorly on screening are generally referred for further diagnostic evaluation.
As such, those with a low education are more likely to be evaluated extensively, if
indeed they do perform worse on screening tests. However, given these limitations,
the majority of studies appear to show an association between education and AD.
This would suggest that increasing education either directly, or indirectly, reduces
the risk of developing AD, maybe by increasing cognitive reserves.

Research into risk factors for AD has been plagued with inconsistent results,

owing largely to methodological variations between studies (Hendrie 1998). A
large number of studies have relied on cross sectional, case-control, designs,
which are hindered by case ascertainment biases and differential survival. As
discussed in sections 1.2.1 to 1.2.3 numerous population based studies have been
conducted, which may provide more useful insights. However, population based
methods still suffer from problems related to sample stratification, and the extent to
which findings from specific populations can be generalised to the wider

population is often not clear. There are numerous difficulties inherent in the search
for risk factors for AD. For example, information about risk factors may be
systematically biased between cases and controls. On the whole data regarding
AD sufferers generally comes from an informant, or proxy. It is possible that the
proxy of an AD case may recall previous medical history differently to the proxy of
a control, or the control themselves (Launer et al. 1999). Also, studies are often
biased as it is difficult to ascertain whether a particular risk factor is associated
with the disease per se or whether it is associated with increased survival after the
onset of dementia. In summary, it would appear that increasing age is the only
non-genetic factor, which is widely acknowledged to increase risk of developing
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AD, whilst female gender and low levels of education are perhaps the next most

consistent contributory factors to the disease.

1.3 A brief overview of the genetics of Alzheimer’s

disease

The most significant genetic advances have come from the rare autosomal
dominant forms of AD, characterised primarily by lower ages at onset compared to
LOAD. To date, mutations in three genes including the gene encoding APP on
chromosome 21 (Goate et al. 1991), presenilin 1 (PSEN1) on chromosome 14
(Sherrington et al. 1995) and presenilin 2 (PSEN2) on chromosome 1 (Levy-Lahad
et al. 1995b; Rogaeva et al. 1995) have been found to cause AD in families with
early-onset autosomal dominant forms of the disease. Together, mutations in
these genes account for approximately 50% of early onset AD cases, with the
main contribution from PSEN1 (Tandon et al. 2000). The identification of these
genes has provided useful insights in understanding the biological mechanisms in
AD as a whole. For example, most of the pathogenic mutations in the APP and
presenilin genes are associated with abnormal processing of APP, which leads to
the overproduction of toxic AB42 found in senile plaques (Kamboh 2004).
However, these genes are not believed to be implicated in the more common form
of late-onset AD.

As mentioned in section 1.2 and discussed further in sections 3.1.2 and 3.1.3,
LOAD is thought to have a substantial genetic component, with twin studies
reporting heritability estimates of around 60% (Bergem et al. 1997; Gatz et al.
1997; Raiha et al. 1996). To date, the Apolipoprotein gene (APOE), located on
chromosome 19, is the only widely acknowledged gene associated with LOAD.
APOE has three major isoforms (apoE2, apoE3 and apoE4), which differ in amino
acid sequence at two sites, codon 112 and 158.These isoforms are coded for by
alleles, APOE €2, €3 and €4. In normal populations the €3 allele is the most
frequent, whilst €4 occurs slightly more often than the €2 allele (Hendrie 1998).
The €4 allele increases the risk of LOAD in a dose dependent manner, whilst €2 is
thought to be protective (Farrer et al. 1997). The association between APOE and
AD was first reported in a series of publications in 1993 (Corder et al. 1993;
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Saunders et al. 1993; Schmechel et al. 1993). Saunders and colleagues (1993)
reported an association between the APOE €4 allele and AD using a small
prospective series of sporadic AD cases and spouse controls, which replicated in
a sample of autopsy confirmed cases. Authors from the same group reported that
the APOE ¢4 allele was associated with both late-onset familial and sporadic forms
of AD, increasing risk for the disease from 20% to 90% and reducing the age at
onset (AAO) from 94 to 68 years with increasing €4 alleles (Corder et al. 1993).
They concluded that homozygosity for the APOE €4 allele was almost sufficient to
cause AD by 80 years of age. Around the same time, the same group also
reported that the €4 allele was associated with increased AB deposition in senile
plaques, which are a major neuropathological feature of AD (Schmechel et al.
1993).

Taken together these findings provided strong evidence that the APOE gene was
implicated in the development of LOAD. Since then hundreds of studies, using
divergent populations, have demonstrated an association between AD and the
pathogenic €4 allele. The findings in relation to APOE have been remarkably
consistent with only a few failing to find an association, largely in selective
populations. An excellent review of these findings can be found at:
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=107741, alternatively, Raber

and colleagues (2004) and Ashford and colleagues (2002) have also provided

reviews.

The strength of the relationship varies among epidemiological studies, however
the APOE &4 allele is generally not found to be necessary nor sufficient to cause
AD. For example, in the Framingham study cohort, comprising 1,030 elderly
individuals, Myers and colleagues (1996) reported that 45% of €4 homozygotes
had not developed dementia by the age of 80. In addition, they reported that about
50% of AD in their cohort was not attributable to APOE genotype. Likewise, in a
further population based study Evans and colleagues (1997) found that APOE only
accounted for a small proportion of the incidence of AD. Indeed, they reported that
if the allele did not exist or had no effect on disease risk, the incidence would be
reduced by only 13.7%. These findings refute claims that the €4 allele is either
necessary or sufficient to cause AD. It should be noted that epidemiological
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samples often require study populations in which enough individuals will develop
AD for the study to be economically and practically viable, as such populations are
often restricted to those over 65 years of age. However, many individuals with one
or more APOE ¢4 alleles are likely to develop AD at a younger age than the study
criterion. Also, many such studies are based on samples that are dementia free at
onset. Those with AD risk alleles are therefore more likely to be excluded from the
study, which could lead to an underestimation of the APOE effect. in general,
estimates of population risk attributable to APOE are between 20% to 57%
(Nalbantoglu et al. 1994; Seshadri et al. 1995; Slooter et al. 1998).

The APOE €2 allele is reportedly protective against AD (Bickeboller et al. 1997;
Corder et al. 1994; Talbot et al. 1994). Despite being nearly as common as the €4
allele in the general population, there are relatively few AD patients studied with
the €2 allele (Raber et al. 2004). Talbot and colleagues (1994) presented evidence
that the €2 allele may confer protection to AD, and that its effect is not simply due
to the absence of the €4 allele. These findings have been replicated by others, for
example Corder and colleagues (1994) found that the risk of AD was lowest in
subjects with the £€2/€3 genotype, reporting that although a substantial proportion
of AD is due to the presence of the €4 allele, up to 23% of AD was attributable to
the absence of APOE €2 in their sample.

The neuropathological pathway by which APOE increases the risk of developing
AD is not well understood. A number of studies have reported that the APOE ¢4
allele is associated with increased senile plaque and neurofibrillary tangle
formation in brains of AD sufferers studied at autopsy (Ghebremedhin et al. 2001).
Furthermore, Bennett and colleagues (2003) found that after controlling for the
effect of AD pathology, including senile plaques and neurofibrillary tangles, the
association between APOE and AD no longer remained, suggesting that the €4
allele is related to AD through an association with the pathological hallmarks of the
disease, rather than via some other mechanism. In addition to these findings the
APOE ¢4 allele has been associated, in a dose dependent manner, with elevated
rate of hippocampal atrophy in longitudinally assessed patients (Mori et al. 2002).
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The effect of the APOE €4 allele is thought to reduce with increasing age, with
some authors suggesting that is has little effect on risk of developing AD after 90
years of age (Farrer et al. 1997; Meyer et al. 1998). However, in a sample of 109
cases and 303 controls aged over 85 Skoog and colleagues (1998) reported the
APOE €4 allele remained predictive of AD. Numerous studies have reported a
lower AAO among those with increasing numbers of APOE €4 alleles (Corder et al.
1993; Lucotte et al. 1994). Indeed, Meyer and colleagues suggested that APOE
genotype does not appear to influence whether subjects will develop AD, but
rather when susceptible individuals will develop the disease. However, others
have reported that APOE explains <10% of the variance in AAO (Slooter et al.
1998). The €4 allele is also thought to reduce AAO among some, but not all,
familial forms of early onset AD (Levy-Lahad et al. 1995a). In addition to the €2
and €4 alleles, polymorphisms in the APOE promoter region have been implicated
with the disease, however the results of these associations are often contradictory
(Bullido et al. 1998; Lambert et al. 2002; Lambert et al. 1998; Song et al. 1998;
Wang et al. 2000).

Despite the robust association between APOE and AD, the €4 allele is neither
necessary nor sufficient to cause the disease. Several studies have indicated that
a number of other genes are implicated in the development of LOAD (Jarvik et al.
1996; Martinez et al. 1998; Steffens et al. 2000). Tremendous effort has been put
into identifying these genes. Linkage analysis offers a means of identifying regions
which are likely to contain disease loci. To date, findings from linkage analysis
studies of LOAD have generally been inconclusive, with perhaps the most
convincing region of linkage located on chromosome 10 (Bertram et al. 2000;
Ertekin-Taner et al. 2000; Farrer et al. 2003; Li et al. 2002; Myers et al. 2000). A
further explanation of linkage analysis is presented in section 4.1.2 of this thesis
and linkage findings in relation to late-onset AD are discussed in sections 4.1.4
and 4.1.5. Numerous functional and positional candidate genes have been
identified. Functional candidate genes are those which have a known biological
function which could be implicated in the development of AD (e.g. those that are
involved in the production, degradation and clearance of AB within the brain),
whereas positional candidate genes are those located in genetic regions identified
through linkage analyses. Most studies have been restricted to genes which are
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both functional and positional candidates for AD (e.g. functional candidate genes
within regions of linkage). Like linkage studies, results from association analyses
have generally been negative, inconclusive or contradictory. Since the year 2000,
it is estimated that over 200 publications, reporting positive associations in over 50
genes with AD have been published (Becker et al. 2004). However, very few of
these associations have positively replicated when analysed in independent
samples, increasing the possibility that they are ‘false positives’ (Brookes and
Prince 2005). In general, it would appear that LOAD is not likely to be due to a
mutation in a single gene. However, it is more probable that a number of genes,
interacting with environmental risk factors, cause AD (Brookes and Prince 2005).
A full review of association studies with AD as a whole is beyond the scope of this
thesis, although reviews are provided by Brookes and Prince (2005), Bertram and
Tanzi (2004) and Kamboh (2004).

Association and linkage studies of LOAD are plagued by issues of locus
heterogeneity and phenocopies. Heterogeneity is the term used when identical
phenotypes arise from different mutations at the same or different loci, whereas
the term phenocopies refers to subjects with clinically indistinguishable non-
genetic forms of the disease. Rare genetic variation may be associated with a
small proportion of cases, and therefore undetectable using current experimental
designs (Pritchard 2001). It is possible that those linked to specific susceptibility
loci could display phenotypically distinguishable forms of AD (e.g. as observed in
those carrying mutations for early-onset AD). Thus, the challenge for geneticists is
to identify the phenotype which is associated with variation in a particular gene
(Freimer and Sabatti 2003). Clinical variation commonly observed in AD may offer
a suitable candidate to identify genetically homogenous forms of the disease.

1.4 A brief overview of clinical variation observed in

late-onset Alzheimer’s disease

The clinical phenotype of LOAD is invariably associated with deficits in several
areas of cognition. As noted in section 1.1 deficits in memory and two other areas,
including aphasia, apraxia, agnosia and executive functioning, are generally
required to formulate a diagnosis of probable AD occurring to DSM-IV (American
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Psychiatric Association 1994) and NINCDS-ADRDA (McKhann et al. 1984)
criteria. However, a number of behavioural symptoms are commonly displayed by
disease sufferers. The following quote is taken from the case report of the first

incidence of what is known as Alzheimer's disease:

‘Sometimes she greets the doctor as if he were a visitor... on other
occasions she screams that he wants to cut her open... on others yet
she fears him as a threat to her honor as a woman... she seems to
have auditory hallucinations. Often she screams for many hours in a
horrible voice’ (Alzheimer 1907)

The description was of a 51-year-old woman who presented with focal cognitive
deficits, but also delusions of jealousy and auditory hallucinations (Alzheimer
1907). Behavioural disturbances in AD can include affective symptoms, agitation,
aggression and psychosis (Burns et al. 1990a, b, c). The type, severity and
prevalence of behavioural symptoms vary greatly and they are not generally
believed to be an inevitable consequence of disease progression (Cummings
2000; Sweet et al. 2003). As such they are not a diagnostic requirement for
probable AD.

There is controversy about how best to categorise behavioural symptoms. DSM-IV
guidelines suggest the use of additional coding to encapsulate AD with depressive
mood and AD with delusions. However, specific guidelines for the diagnosis and
classification of behavioural symptoms in AD are not available. Behavioural
problems are associated with many serious consequences, including increased
functional deficits (Stern et al. 1994a), cognitive impairment (Jeste et al. 1992),
increased rate of decline (Neumann et al. 2001; Wilson et al. 2000), earlier
institutionalisation (Borson and Raskind 1997; Steele et al. 1990), and increased
caregiver distress (Donaldson et al. 1998; Craig et al. 2005a). As such, gaining a
more comprehensive understanding of their aetiology is essential.

Another notable aspect of clinical variation in AD is AAO. Symptoms of AD can
present at anytime from 30 to 90+ years of age. Despite sharing major clinical and
neuropathological features a distinction is often made between those with disease
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onset before and after the age of 65. Those with a disease onset less than this are
widely termed as ‘early onset AD’, which is often taken to represent a distinct
disease ‘sub-phenotype’ (Raskind et al. 1995; Whitehouse 1995). However, the
classification of early onset AD as a clinical subtype remains controversial.
Evidence for this dichotomy comes from numerous studies which have reported
clinical differences between those with early- and late- onset AD. For example,
early onset forms of the disease have been found to be characterised by shorter
survival, more rapid cognitive deterioration, more severe language disturbances
and more severe AD related neuropathology (Koss et al. 1996; Sevush et al. 1993;
Villareal and Morris 1999). The most compelling evidence for a distinction between
early- and late-onset AD comes from genetic studies. As already noted in section
1.3 genetic mutations which cause autosomal dominant AD are almost entirely
restricted to those with an early age of disease onset (Villareal and Morris 1999).
Others have hypothesised that further categorisation by AAO may be useful for
genetic studies of AD. For example, Olson and colleagues (2001) have reported
evidence that suggests those with a disease onset over the age 80 years may be

linked to a genetic locus on chromosome 21.

It is clear that Alzheimer's disease is a clinically heterogeneous disorder.
Currently, little is known about the underlying causes of the clinical differences
observed in AD. Gaining a more comprehensive understanding may aid both the
study of the clinical heterogeneity and AD as a whole. A more detailed overview of
the clinical variation observed in AD can be found in sections 2.1.1 to 2.1.3 of this
thesis.

1.5 General aims and outline of this thesis

Genetic and epidemiological studies of LOAD rely largely on comparisons made
between ‘cases’, diagnosed to published criteria for AD, and healthy elderly
individuals. Implicit in such an approach is the concept that LOAD is clinically
homogeneous and can be defined categorically as either present or absent.
However, LOAD is a clinically heterogeneous illness and increasing attention is
now being paid to utilizing defined subgroups in the hope of unpicking the complex
aetiology of the illness (Olson et al. 2001; Pericak-Vance et al. 2000; Sweet et al.
2003)..
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Clinical variation in the disease phenotype offers a means of characterising sub-
phenotypes or limiting the effect that ‘phenocopies’ have on genetic analyses.
Using aspects of clinical variation to identify sub-phenotypes has proved
successful in identifying genes for other complex disorders (Rioux et al. 2001; Van
Eerdewegh et al. 2002), whilst the categorisation by AAO proved crucial to the
identification of mutations which cause early onset forms of AD (Lendon et al.
1997).

The aim of this thesis is to investigate the underlying genetic aetiology of the
clinical variation observed among AD sufferers. It is important to consider clinical
variation from two distinct standpoints. First, clinical variation could identify distinct
‘sub-phenotypes’, or more homogeneous forms of the disease. Under such a
model, genetic variation would increase disease risk but only within a specific sub
group of sufferers, for example, among the very elderly. Alternatively, genetic
variants may act as ‘disease modifiers’. According to such a model, genetic
variation would not increase the risk of developing AD, but could influence disease
processes and presentation in the presence of neurodegeneration owing to

genetic variation at another locus, or environmental influences.

Two aspects of clinical variation will be considered in this thesis. First, behavioural
symptoms, which represent a substantial problem in AD (Cummings 2000).
Second, age at disease onset, which has already been used to define clinical
homogeneous subsets of the disease, will be investigated. Both age at disease
onset and behavioural symptoms may fluctuate as a result of genetic variation or
may act as clinical markers for disease sub-phenotypes.

In this thesis a three stage approach to identifying genes which are implicated in
the clinical heterogeneity observed in AD is presented. In the first stage, the
emphasis is placed upon characterising behavioural disturbances. As already
noted, a wide variety of symptoms are common among AD sufferers and a number
of these can often appear in tandem. This represents a methodological problem to
studies aiming to delineate their underlying causes (Borson and Raskind 1997).
The evidence to date suggests that certain symptoms in AD occur more frequently
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together than one would expect by chance and could, therefore, represent
behavioural components (Frisoni et al. 1999). In chapter 2 of this thesis data
regarding 12 common symptoms, assessed using the Neuropsychiatric Inventory
(Cummings 1997), in a large sample of 1,120 AD cases, will be subjected to
principal components analysis. The primary aim of this study is to elucidate
behavioural components which will be useful in further genetic analyses, under the
assumption that behavioural problems may reflect differing manifestations of
common underlying neuropathology. This approach has the further advantage of
reducing the dimensionality of the data. This is particularly beneficial in this
exploratory investigation as it reduces the number of statistical tests required in
subsequent analyses. Before proceeding to investigate the genetic underpinnings
of behavioural components, or age at disease onset, it is important to determine if
they are likely to be subject to genetic influence. In chapter 3 of this thesis, the
familiality of AAO and behavioural components will be assessed using a large
sample of affected sibling pairs. Familial clustering of age at disease onset and
behavioural components would suggest that they are genetically modified and

provide justification for future genetic studies.

In chapter 4, aspects of clinical variation which show evidence of being genetically
influenced will be used to test for linkage using a regression based method of
covariate analysis. Linkage analysis provides a means of locating regions which
are likely to harbour genes which increase susceptibility to a particular phenotype.
As noted in section 1.3 and discussed in more detail in sections 4.1.4 and 4.1.5
linkage studies have yielded a number of regions which could harbour genes that
increase susceptibility to AD. However, studies to date have been characterised
by a lack of consistency and failure to replicate positive findings (Bertram and
Tanzi 2004). Incorporating covariates into linkage analysis has two main
advantages. First, genetic variation which does not increase susceptibility to the
disease, but rather modifies its progression can be identified. Second, covariate
linkage analysis allows for locus heterogeneity owing to the covariates. Using
partly overlapping samples, Myers and colleagues (2002) and Blacker and
colleagues (2003) have reported two of the largest genome screens for LOAD to
date. In chapter 4, data from these two studies is combined to provide a large
sample of relative pairs, well characterised in terms of phenotypic variation,
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genotyped on a dense grid of markers. The identification of regions harbouring loci
which increase susceptibility to genetically modified aspects of clinical variation will

set the stage for future linkage and association studies.
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Chapter 2

Phenotypic characterisation of late-onset

Alzheimer’s disease

2.1 Introduction

2.1.1 Clinical presentation of late-onset Alzheimer’s disease.
Alzheimer’s disease (AD) is characterised by an insidious onset and progressive
decline in memory and cognitive abilities (McKhann et al. 1984). Individuals with
AD show fluctuations in the severity of cognitive impairment over days or weeks,
but over a number of years the pattern is one of unavoidable decline (Mohs 2005).
Rate of disease progression varies, however on average one would expect to
observe progression from disease onset to terminal stages in 7 to 10 years
(Larson et al. 2005; Jost and Grossberg 1995; Knopman et al. 1988).

Symptoms of AD can present from the age of 30 up to 90+ years of age. DSM-IV
(American Psychiatric Association 1994) criteria for the diagnosis of Alzheimer's
disease supports the widely used, but somewhat arbitrary, cut-off of 65 years for
distinguishing between early- and late- onset AD. The early-onset form of the
disease is usually familial and follows an autosomal dominant pattern of
inheritance with a high penetrance. Mutations in the gene encoding the Amyloid
Precursor Protein (Goate et al. 1991), Presenilin 1 (PSEN1) (Sherrington et al.
1995) and the Presenilin 2 (PSEN2) (Levy-Lahad et al. 1995b) genes account for
around 50% of early-onset AD cases (Tandon et al. 2000). AD prevalence
increases exponentially between the ages of 60 and 90 (Jorm and Jolley 1998).
The late-onset form of AD (LOAD) accounts for around 99% of all cases of the

disease (Rocca et al. 1991).

Disease progression in AD is associated with decline in numerous areas of
cognition, including deficits in short term memory, attention (Petersen et al. 2001),
aphasia (Carlomagno et al. 2005; Grossman et al. 2004), visuospatial ability
(Henderson et al. 1989; Lineweaver et al. 2005) and executive functioning
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(Cummings 2000). Increasing disease severity and cognitive impairment are also
associated with a notable and catastrophic decline in functional abilities and
activities of daily living (Harwood et al. 2000; Matsuda and Saito 2005). Long-term
memory, general intelligence, vocabulary, reading ability, perceptual abilities and
the capability to perform previously well-learned activities, are more severely
affected in the later stages of disease development (Mohs 2005). These changes
are widely believed to be invariable consequences of disease progression, with
AD sufferers eventually losing all semblance of cognitive function (Cummings
2000; Mohs 2005; Morris et al. 1989).

A wide range of behavioural symptoms can also occur during the iliness, including
delusions, hallucinations, agitation, depression, apathy and irritability. Such
symptoms are common but vary greatly among disease sufferers (Cummings
2000). A number of studies have attempted to determine the prevalence of these
symptoms in AD. Depression, anxiety and apathy are widely reported to be the
most common behavioural symptoms (Lyketsos et al. 2000; Mega et al. 1996;
Craig et al. 2005a). Depressive symptoms occur more frequently in AD than they
do in the healthy population (Burns et al. 1990c). However, the relationship
between depression and AD is a complex one. Such symptoms are common in the
early stages of the disease and increased prevalence rates of depression have
even been reported in the pre-clinical stages of AD (Gatz et al. 2005a). However,
it is unclear whether depression is a preclinical symptom, occurring before the
onset of cognitive decline, or whether it acts as a risk factor for AD. The
relationship between AD and depression is further complicated as cognitive
deficits are often associated with depression in the absence of dementia (Abas et
al. 1990), which can make the distinction between depression and AD difficult,
especially in the early stages of disease development. Although symptoms of
depression are common in AD they often occur in the absence of a major
depressive episode (Purandare et al. 2001), with the prevalence of dysthymia
being approximately double that of major depression. Starkstein and colleagues
(1997) performed longitudinal assessments with a consecutive series of AD
patients and found major depression to be a longer lasting mood change. Those
who had dysthymia were less likely to be depressed after 18 months of follow up
than those who met criteria for major depression at study entry.
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Apathy is also among the most common behavioural disturbances observed in
patients with AD (Craig et al. 2005a). It is broadly defined as a loss of motivation
and manifests in behaviours such as diminished initiation, poor persistence, lack of
interest, indifference, low social engagement, blunted emotional response and lack
of insight. Apathy often becomes apparent early in the clinical course and has
been shown to increase in severity in tandem with worsening cognitive abilities
(Mega et al. 1996). Prevalence estimates indicate that around a half of AD cases
experience symptoms of apathy (Starkstein et al. 1995; Weiner et al. 2005; Craig
et al. 2005a), however it has been suggested that as many as 92% of patients in
the later stages of disease development will have displayed apathetic behaviour at
some point during their iliness (Mega et al. 1996). There is a considerable overlap
between symptoms associated with depression and apathy, for example loss of
interest or pleasure and fatigue could be used as indicators for both symptoms.
However, certain behaviours are specific to either apathy or depression; for
example, suicidal ideation and pessimism are indicators of depression whereas
poor persistence and indifference are more in coupling with apathy (Landes et al.
2001). As such it is possible for trained observers t