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ABSTRACT

Alzheimer's disease (AD) is the most common cause of dementia in the elderly, affecting up to 20% of
population aged over 90 years. With the increasing longevity of our population, AD is already
approaching epidemic proportions with no cure or preventative therapy yet available. AD is a
progressive, fatal neurodegenerative disorder leading to loss of independence and ability to cope with
the tasks in everyday life which usually requires hospitalization. Neuropathologically, AD is
characterized by the accumulation of amyloid B-protein (AP) and the formation of intracellular
neurofibrillary tangles in the brain. AD is multifactorial disease to which both genetic and
environmental factors contribute. Age is the major risk factor for AD, with a doubling of risk every
five years after the age of 65. In addition to age, a positive family history of dementia is considered to
be a definite risk factor for AD. Mutations in APP, PSEN1, and PSEN2 genes are known to cause the
autosomal dominant form of early onset AD. Additionally, APOE &4 allele was the first recognized and
still only clear genetic risk factor in both early and late onset AD. Since the vast majority of AD occurs
after the age of 65, putative risk genes affecting to pathogenesis of late onset AD have particular
interest. The APOE ¢4 allele accounts for about 50% of the genetic background of the late onset AD
suggesting that additional susceptibility genes exist. Identifying new genes involved in the
pathogenesis of AD could open new avenues for the development of rational treatment and prevention
for AD.

In the present series of studies, the objective was to identify new risk genes for AD and to
study their expressional changes in AD models using biological approaches. Six gene regions were
studied and particularly polymorphisms in three genes, i.e. insulin degrading enzyme (IDE), neprilysin
(NEP) and somatostatin (SST), showed a significant risk effect among Finnish AD patients. A
accumulation is thought to derive from an imbalance between AP production and degradation and
recently, IDE and NEP have been identified as key enzymes responsible for the degradation and
clearance of AP. In this thesis, we show that genetic variants of IDE and NEP increase the risk of AD
among un-stratified Finnish AD cases. Additionally, the first genetic association study between
somatostatin (SST) and AD indicates that genetic variations in the SST gene may increase the risk of
AD among the APOE &4 carriers. Interestingly, SST is known to modulate NEP expression and in that
way it can influence AP degradation. Our data also suggest that accumulation of the pathological AP
peptide may modify its own degradation. In particular, expression levels of IDE may be regulated
through APP or its derivatives and there may be cross-regulation between IDE and NEP. We also
demonstrated that analyzed polymorphisms of HHEX, BDNF and its receptor TrkB genes are not
contributing significantly to risk in Finnish AD patients. In conclusion, the factors which affect AP
degradation show particular relevance in AD. More studies are warranted to investigate further these
associations and their functional implications as well as to evaluate the potential of using genes
associated with AD as therapeutic targets in the search for prevention and treatment of this devastating
disease.
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1. INTRODUCTION

The most common form of dementia is Alzheimer’s disease (AD). This insidious and
devastating neuronal degeneration robs its victims of their most human qualities such as
memory, reasoning, abstraction, and language, and it is believed to afflict more than 30
million people worldwide (Townsend et al., 2006). AD frequency increases strongly with age,
from less than 1% in people aged 65 to 69 years to over 20% in those who are 90 years or
older. As the population ages, AD is now recognized as a major public health problem and
financial burden on society. Unless effective prevention or treatment is found for AD, the
magnitude of the problem will continue to increase.

Our knowledge of pathogenesis of AD has grown enormously in the past decade but
the causes and mechanisms of the disease still remain unclear. In addition to age, both genetic
and environmental factors contribute to the pathogenesis of AD. Compared to monogenic
disorders, in which defects in a single gene result in a characteristic disease phenotype it is
extremely challenging and laborious to recognize the risk factors and genes for such a
multifactorial, complex disease. Mutations in amyloid precursor protein (APP) (Goate et al.,
1991), presenilin 1 (PSEN-1)(Sherrington et al., 1995), and presenilin 2 (PSEN-2) (Levy-
Lahad et al., 1995, Rogaev et al., 1995) genes are known to cause the autosomal dominant
form of early onset AD (EOAD) (Corder et al., 1993b, Saunders et al., 1993b, Chartier-Harlin
et al., 1994, van Duijn et al., 1994) while the apolipoprotein E (APOE) €4 allele has been
associated with an increased risk of developing both EOAD and late onset AD (LOAD)
(Roses, 1997). APOE &4 allele accounts for about 50% of the genetic background of the
LOAD, suggesting that additional susceptibility genes exist (Saunders et al., 1993a,
Combarros et al., 2002, Bertram and Tanzi, 2004a, Raber et al., 2004).

The objective of the present series of studies was to study genes which might affect the
risk of AD and to assess the function of putative risk genes. Candidate genes in close
proximity to the AD associated loci and also genes which are biologically relevant for AD
provided the primary targets for genetic and functional studies. The patients and controls used
in the study derived from a geographically restricted area in eastern Finland. Genetic isolates
with a history of a small founder population, long-lasting isolation and population bottlenecks

can modify gene pools significantly, rendering some populations more suitable than others for
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gene mapping strategies (Peltonen, 2000). In line with these ideas, the strength of the present
study originates from the homogeneity of patients and control subjects used. Additionally,
considering the possibility to find true differences between the compared groups, there was an
adequate number of subjects in the whole study populations. The diagnostic procedure was
also carried out by experienced personnel. The diagnosis of AD was based on the globally
used DSM-IIIR criteria for dementia (APA, 1987) and NINCDS-ADRDA criteria for AD
(McKhann et al., 1984). Additionally, the function of putative risk genes of AD was studied
by using well characterized transgenic APP/PSEN1 mice lines with AD-like amyloid
pathology (Borchelt et al., 1997, Jankowsky et al., 2004).

It is well known that AD is characterized by the progressive and severe accumulation
of amyloid B-protein (AB) and neurofibrillary tangles in the brain. Prevention of Af
production and accumulation is currently being evaluated as a potential therapeutic
intervention for AD. Thus a considerable amount of research activity has been expended on
clarifying the cellular mechanisms of A3 formation but relatively less effort has been aimed at
understanding AB metabolism and degradation, although these factors are also noteworthy
when trying to clarify the mechanisms of AD pathogenesis. In this thesis, we show that
genetic variants of two A degrading genes, IDE and NEP increase the risk of AD.
Additionally, genetic variants of the SST gene which is known to modulate NEP expression
(Saito et al., 2005) increase the risk of AD in the APOE &4 carriers. Our data also suggest that
age- and region-specific changes in the proteolytic degradation of AP may contribute to
pathogenic mechanisms in AD. Moreover, accumulation of the pathological AP peptide may
modify its own degradation. In particular, expression levels of IDE may be regulated through
APP or its derivatives and there may be cross-regulation between IDE and NEP. In
conclusion, the factors which affect AB degradation show particular relevance in AD and
further studies are warranted. One important challenge for the future is moving from the genes
to proteins, to elucidate the biological relevance resulting from altered genetic information.

This kind of progress is also likely to be the key to finding a curative treatment.
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2.  REVIEW OF THE LITERATURE

2.1. Alzheimer’s Disease (AD)

AD is the most common cause of dementia in the elderly. AD is a progressive, fatal
neurodegenerative disorder characterized by global cognitive decline involving memory,
orientation, judgment, and reasoning. The expected survival time after the disease onset is
estimated to be 5 to 12 years and the patients usually die of infectious or other incidental
illnesses. The disease is named after Alois Alzheimer, a Bavarian psychiatrist with expertise
in neuropathology (Figure 1a). Alzheimer presented the case of his first patient Auguste D in
1906 (Figure 1b) (Maurer et al., 1997)). Fifty one year old Auguste was diagnosed with what
we would now refer to as “early onset dementia”. However, although there are rare examples
of early-onset dementia due to genetic mutations, the vast majority of AD occurs after the age
of 65; prevalence is 0.6% for individuals aged 65 to 69 years and 22% for those aged over 90
years (Lobo et al., 2000). In Finland it is estimated that in 2005 there were 120 000 patients
with dementia and 65-70 % of the dementia cases were attributable to AD (Erkinjuntti et al.
2006). AD is categorized according to the age of onset into early and late onset forms by using
65 years as the cut-off point (Terry and Katzman, 1983). With the increasing longevity of our

population, AD is already approaching epidemic proportions with no cure or preventative

therapy in sight.

Figure 1. a) De Alois Alzheimer (1864-1915) and b) Auguste D., the first AD patient in 1906
(Graeber et al., 1998, Graeber and Mehraein, 1999).
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2.1.1. Clinical diagnosis of AD

The diagnosis of AD is of importance since it permits the initiation of the currently available
symptomatic treatment as early as possible. One widely used system for the clinical diagnosis
of AD is based on the criteria defined in the Diagnostic and Statistical Manual of Mental
Disorders (DSM-III-R and DSM-IV, American Psychiatric Association 1987 and 1995) and
on the criteria of the National Institute of Neurological and Communicative Disorders and
Stroke and Alzheimer’s Disease and Related Disorders Association Work Group (NINCDS-
ADRDA) (McKhann et al.,, 1984). The NINCDS-ADRDA criteria divide AD into three
categories i.e. probable, possible and definite. Although a clinical diagnosis of AD can be
made with considerable certainty during life, a diagnosis of definite AD still requires
postmortem observation of the classical lesions in microscopic sections of hippocampus,
amygdala, and the association cortices of the frontal, temporal, and parietal lobes. The criteria
defined by the Neuropathology Task Force of the Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD) are usually the basis for the neuropathological diagnosis of
AD (Mirra et al., 1991).

The development of different imaging techniques such as computed tomography (CT),
magnetic resonance imaging (MRI), positron emission tomography (PET) and functional MRI
(fMRI) has provided tools for diagnostic purposes. Functional imaging techniques represent
non-invasive methods of mapping human brain functions in vivo, while structural imaging
allows the detection of atrophy and ischemic changes. Cerebrospinal fluid (CSF) biological
markers may also be of valuable help in the diagnosis of AD, with total tau, phosphorylated
tau (P-tau) and AP42 being the most promising candidates (Blasko et al., 2005, Herukka et al.,
2005). CSF AP42 has been consistently shown to be decreased and total tau and P-tau
increased in AD when compared to healthy subjects (Vandermeeren et al., 1993, Jensen et al.,
1995, Motter et al., 1995, Vigo-Pelfrey et al., 1995). It has been proposed that the most
accurate assay for AD among the patients with mild cognitive impairment (MCI) would be the
combination of AB42 and P-tau. MCI is considered a transition state between normal aging
and dementia. Subjects with MCI exhibit cognitive decline but do not fulfill the criteria for

dementia.
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2.1.2. Characteristic features of AD brain

AD is characterized by the accumulation of abnormally folded proteins, amyloid
B—protein (AB) to neuritic plaques and tau to neurofibrillar tangles, in the brain leading to
neuronal degeneration and synaptic loss. Neuritic plaques, which are also found to some
extent in the brains of normal aged individuals, are mainly composed of A in its insoluble,
fibrillar form (Figure 2a) (Masters et al., 1985). Other essential constituents of neuritic plaques
are dystrophic neurites, reactive astrocytes, and activated microglia cells (Terry and Katzman,
1983). Additionally, neuritic plaques have been shown to contain many other compounds such
as specific proteoglycans, apolipoprotein E (APOE), a;-antichymotrypsin and complement
factors (Abraham et al., 1988, Eikelenboom et al., 1989, Snow and Wight, 1989, Namba et al.,
1991). In addition to neuritic plaques, non-fibrillar plaques (diffuse) primarily composed of
the A component can be observed in AD. It has been suggested that diffuse and neuritic
plaques actually exist in the cortex in a morphological continuum, rather than as two distinct
types of lesions (Dickson et al., 1995). The formation of abnormally phosphorylated tau
protein which is also detected in other degenerative brain diseases, leads to production of the
neurofibrillary tangles, which are intraneuronal inclusions made up of the paired helical

filaments (PHF) of the abnormally phosphorylated tau (Figure 2b) (Terry and Katzman, 1983).

Figure 2. Plaques and tangles in the AD
brain. (a) A representative micro-
photograph of amyloid plaques in the AD
brain. Amyloid plaques were visualized by
immunostaining with an anti-Ab42 specific
antibody. Scale bar: 125 mm. (b) A
representative microphotograph of
neurofibrillary  tangles. Tangles were
visualized by immunostaining with an anti-
PHF1 specific antibody. Scale bar: 62.5
mm  (LaFerla and Oddo, 2005).
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2.2. Amyloid precursor protein (APP) and amyloid B-protein (Ap)

During most of the 20" century, very little progress was made in understanding the etiology of
AD and the majority of AD cases display no clear mode of inheritance. Finally, in 1981
Heston et al. reported that relatives of 125 subjects who had autopsy-confirmed AD exhibited
a significant excess of dementing illness consistent with genetic transmission (Heston et al.,
1981). In the same study, when compared to controls, the relatives of affected individuals
derived from families with a significantly greater incidence of Down's syndrome (DS;
chromosome 21 trisomy). AD-type neuropathology was also observed in the brains of middle-
aged patients with DS. These observations pointed to a possible genetic link between AD and
an abnormal gene or structural defect on chromosome 21. In 1984, Glenner and Wong
published the AP sequence (Glenner and Wong, 1984) and two years later four different
groups isolated the gene encoding the B-amyloid precursor protein (APP) which Glenner had
predicted mapped to chromosome 21 (21g21.3) (Goldgaber et al., 1987, Kang et al., 1987,
Robakis et al., 1987, Tanzi et al., 1987).

The biological function of a widely expressed cell surface protein APP itself is unclear.
Cell biological studies are strongly suggestive for a regulatory role of APP in cell adhesion
and perhaps in this way it contributes to neurite outgrowth and synaptogenesis (Reinhard et
al., 2005). However, APP and its gene family members do not share strong structural and
functional similarities with other cell adhesion molecules, and it remains unclear how APP can
influence to cell-cell or cell-matrix interactions. For instance, APP-induced neurite outgrowth
depends on the intracellular domain but not on the ectodomain (Leyssen et al., 2005) evidence
that intracellular interactions with the cytoskeleton and signaling contribute importantly to this
adhesion function. Several proteins interact with the intracellular domain of APP including
kinases and adaptor proteins (King and Scott Turner, 2004). Cu®" homeostasis is one aspect of
the ectodomain’s function, but how relevant this is for the organism remains to be elucidated
(Barnham et al., 2003, Kong et al., 2007). The possible role of APP as a growth factor remains

also to be clarified.
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2.2.1. APP metabolism

APP has a long extracellular or luminal N-terminal domain and a short intracellular C-terminal
domain (Figure 3) (Hardy, 1997). APP is ubiquitously expressed in different human tissues
where it is alternatively spliced, leading to the production of APP isoforms of different sizes
(695,751 and 770; 110-130 kD) (Neill et al., 1994). All of these encode multidomain proteins
with a single membrane-spanning region. They differ from each other in that APP751 and
APP770 contain exon 7, which encodes a serine protease inhibitor domain. The isoform of 695
amino acids is the predominant form in neuronal tissue, whereas APP751 is the predominant
variant elsewhere. In neurons, APP is trafficked from the ER, where some AP may be
generated, to the Golgi apparatus, where a significant amount of AP is produced in the trans-
Golgi network and then to the plasma membrane, where additional A appears to be generated
(Gouras et al., 2005). Although APP localizes especially to the trans-Golgi network, both APP
and AP appear to be present in vesicles within neuronal processes. An important site of A}
generation is in the endocytic pathway after APP internalization from the plasma membrane.
In AD, AP42 accumulates within multi vesicular compartments of vulnerable neurons,
especially within distal neuronal processes and the pre- and post-synaptic compartments.

There are two proteolytic processing pathways for APP and its metabolic derivatives
are presented in Figure 3. N-terminus of AP is generated from APP as a result of proteolytic
processing through the B-secretase pathway (Esler and Wolfe, 2001). Beta secretase is an
aspartyl protease known as BACE1 or Asp2 (Vassar et al., 1999). BACEI] is a transmembrane
protein with a luminal active side. The transmembrane domain enables the enzyme to properly
access the APP ectodomain at the B-cleavage site. BACE activity is highest in the acidic
subcellular compartments of the secretory pathway, including Golgi apparatus and endosomes
(Koo and Squazzo, 1994). During BACE overexpression, BACE also cleaves APP between
Tyr10 and Glull of A (Liu et al., 2002). The generation of the C-terminus of AP involves an
unusual intramembranous cleavage by a multiprotein y-secretase complex. Gamma-secretase
also catalyzes the proteolysis of Notch and other type I transmembrane receptors. Gamma-
secretase is a complex of at least four proteins such are presenilin (PSEN), nicastrin (NCSTN),
anterior pharynx-defective-1 (APH-1) and presenilin enhancer-2 (PEN-2) (Vassar et al., 1999,
Kimberly et al., 2003, Vetrivel et al., 2006). PSEN proteins are transmembrane proteins with
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nine transmembrane domains which are encoded by 12 exons in chromosome 14q24 (Spasic et
al., 2006). Gamma-secretase complex has a PSEN heterodimer in its catalytic site and a highly
glycosylated NCSTN associated with the enzyme (Hu and Fortini, 2003). NCSTN and APH-1
associate in an early subcomplex, leading to stabilization of APH-1. The subcomplex regulates
stabilization of PSEN holoprotein and its incorporation into a complex with NCSTN.
Maturation of NCSTN in the Golgi/trans-Golgi network and entry of Pen-2 into the maturing
complex promote PSEN endoproteolysis and formation of the active y-secretase (Periz and
Fortini, 2004). Endoproteolysis of the PSEN holoprotein cytoplasmic loop leads to formation
of C- and N- terminal fragments (CTF and NTF). Only a small portion of PSEN is found as a
holoprotein, suggesting that the heterodimers formed by CTF and NTF are the active forms of
the protein. Gamma-secretase cleavage does not seem to be site restricted since it generates
AP fragments of 37-43 amino acids in length. While the B-secretase pathway is favored in
neurons, processing of APP by the a-secretase pathway is predominant in all other cell types.
Alpha-secretase cleaves APP within the AP sequence (between amino acids 16 and 17) and
this is followed by vy-secretase cleavage generating an N-terminally truncated non-

amyloidogenic version of the AP peptide called p3.
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Figure 3. Metabolism of APP. Alpha-secretase cleaves APP within the AP sequence which
leads to generation of a non-amyloidogenic version of the AP peptide called p3. Cleavage of
APP by B-secretases produces a large soluble N-terminal fragment, soluble APPB (sAPPp),
and C99 membrane-bound C-terminal fragments (in the middle), respectively, which can be
further cleaved by y-secretase, leading to the release and secretion of AP (on the right). AICD
is produced after e-cleavage. The novel (-cleavage site locates between y- and e-cleavage sites.
PM = plasma membrane.

Recent studies have identified a PSEN-dependent C-terminal fragment of APP,
AICD/CTFy (APP Intra Cellular Domain/ C-terminal fragment y), that may mediate APP
signaling in a manner analogous to the NICD fragment of Notch. AICD is not a direct product
of cleavage at the y40/42 site(s) but is generated by cleavage in a site close to the cytoplasmic
border (e-cleavage site occurring between AP residues 49-50) of the APP transmembrane
domain (Sastre et al., 2001). The exact role of AICD remains unclear. It has been shown that
AICD enters the nucleus and acts as a transcription factor (Cao and Sudhof, 2001, Gao and
Pimplikar, 2001, Baek et al., 2002, Pardossi-Piquard et al., 2005). Additionally, in vitro
studies indicated that AICD can alter cell signaling and induce apoptosis (Passer et al., 2000,
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Kinoshita et al., 2002, Leissring et al., 2002). However, Hebert et al. (2006) claimed that
AICD is a poor gene transcription stimulator (Hebert et al., 2006).

There has been speculation on whether AICD and AP are generated simultaneously or
sequentially. Tesco et al. (2005) reported that APPV715F substitution, which has been
previously shown to dramatically decrease AB40 and AP42 while increasing AB38 levels, did
not affect in vitro generation of AICD (Tesco et al., 2005).They also revealed that the
APPL720P substitution, which has been previously shown to prevent in vitro generation of
AICD, could completely prevent AP generation. Additionally, a fragment of 50- and 49-
residue resulting from cleavage of APP at Val50 (AP numbering) and also the longer AP
species (1-45, 1-46, 1-48) has been identified from cells and brain tissue (Sastre et al., 2001,
Zhao et al., 2004, Qi-Takahara et al., 2005). These observations support the possibility that y-
secretase generates AP only after the e-cleavage. However, since some PSEN1 familial forms
of AD (FAD)-linked mutations dramatically decrease the levels of AICD while still causing an
increase in AP42 levels, it seems that e-cleavage of APP may not always be a requirement for
the generation of AP (Moehlmann et al., 2002).

Additional cleavage site between y- and e-cleavage sites has been reported (Zhao et al.,
2004). The novel (-cleavage site at AP46 is also the APP717 mutation site. It has been shown
that (-cleavage occurs after e-cleavage and before y-cleavage (Zhao et al., 2005). The data also
suggest that y-cleavage not only occurs last but also depends on (-cleavage, indicating that (-

cleavage may be crucial for the formation of secreted Ap.

2.2.2. Pathogenic role of Ap

Although AP is highly heterogenous both at its amino and carboxyl ends, the minor isoform
ending at Ala42 is believed to play a major pathogenic role in AD. This hypothesis is
supported by several pieces of evidence: 1) AB42 is the major component of senile plaques
(Masters et al., 1985), 2) AP42 has a lower critical concentration for amyloid formation in
vitro as compared to the more abundant soluble form, AB40 (Jarrett and Lansbury, 1993), 3)
many mutations in the APP and presenilin genes associated with autosomal dominant forms of
AD increase the steady state ratio of AB42/AB40 in cultured cells and brains of transgenic
mice carrying such mutants (Scheuner et al., 1996) and 4) AB42 is highly toxic for neurons in
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culture either in fibrillar or non-fibrillar oligomeric forms (Lambert et al., 1998). However, AB
is not likely to be the only cause of neuronal loss in AD; several other factors have been
proposed as mediators of AD pathogenesis, including oxidative damage, impaired energy
metabolisms, inflammation, mitochondrial dysfunction and APOE &4 allele.

The amyloid cascade hypothesis of AD is that generation and deposition of A leads to
neuronal and synaptic degeneration and loss. Extracellular deposits of AP may reduce
significantly the space and have harmful effects on these regions. Interestingly, naturally
secreted AP oligomers have been shown to be potent and selective inhibitors of certain forms
of hippocampal long-term potentiation (Townsend et al., 2006). It has also been shown that
AP causes a disruption of synaptic vesicle endocytosis in cultured hippocampal neurons (Kelly
and Ferreira, 2007). The chronic failure of certain synapses to function normally in the
ongoing presence of natural AP oligomers is likely to contribute to the downstream
neuropathology of AD. One study also showed that accelerating A fibrillation could reduce
oligomer levels and evoke a functional deficit in AD mouse model (Cheng et al., 2007).
Additionally, Zhao et al. (2007) showed that signal transduction by neuronal insulin receptors
is strikingly sensitive to disruption by soluble AP oligomers (Zhao et al., 2007). These studies
suggest that specifically AR oligomers have detrimental effects on the cellular processes.
Moreover, intraneuronal AP accumulation has been reported to be critical in synaptic
dysfunction, neurodegeneration, cognitive dysfunction and the formation of plaques in AD
(LaFerla et al., 1995, Takahashi et al., 2002, Billings et al., 2005, Heinitz et al., 2006, Oddo et
al., 2006). One study investigated the effect of different AP42 aggregates by using the
cholinergic cell line (Heinitz et al., 2006). Interestingly, many of the genes affected by
oligomeric AP42 shown to present in the endoplasmic reticulum (ER), Golgi apparatus and/or
otherwise involved in protein modification and degradation, indicating a possible role for ER-
mediated stress in APB-mediated toxicity. One hypothesis states that the neurotoxic action of
AP involves generation of reactive oxygen species and disruption of cellular calcium
homeostasis (Mattson, 2004). When A aggregation occurs at the cell membrane, membrane-
associated oxidative stress results in lipid peroxidation and consequent generation of 4-
hydroxynonenal (HNE), a neurotoxic aldehyde that covalently modifies proteins. Oxidative
modification of tau by 4HNE and other reactive oxygen species can promote tau aggregation

and may thereby induce the formation of neurofibrillary tangles. AP can also cause
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mitochondrial oxidative stress which eventually leads to generation of the hydroxyl radical, a
highly reactive oxyradical and potent inducer of membrane-associated oxidative stress that
contributes to the dysfunction of the endoplasmic reticulum. By disturbing cellular ion
homeostasis and energy metabolism, relatively low levels of membrane-associated oxidative

stress can render neurons vulnerable to excitotoxicity and apoptosis.

2.3. Genetic risk factors for AD

AD is a heterogeneous disorder to which both genetic and environmental factors contribute. In
addition to age, a positive family history of dementia is considered to be a definite risk factor
for AD. Approximately 10% of AD patients show clear autosomal dominant transmission of
disease and 30% of AD cases have a positive family history of AD, but insufficient evidence
of autosomal dominant transmission. Mutations in APP (Goate et al., 1991), PSENI1
(Sherrington et al., 1995), and PSEN2 genes (Levy-Lahad et al., 1995, Rogaev et al., 1995)
are known to cause the autosomal dominant form of EOAD (Corder et al., 1993a, Saunders et
al., 1993b, Chartier-Harlin et al., 1994, van Duijn et al., 1994) while the APOE &4 allele has
been associated with an increased risk of developing both EOAD and LOAD (Roses, 1997).
The APOE €4 allele accounts for about 50% of the genetic background of the LOAD
suggesting that additional susceptibility genes exist (Saunders et al., 1993a, Combarros et al.,
2002, Bertram and Tanzi, 2004a, Raber et al., 2004). Since the vast majority of AD occurs
after the age of 65, putative risk genes affecting to pathogenesis of LOAD is of particular
interest. Identifying new genes involved in the pathogenesis of AD could open new avenues
for the development of rational treatment and prevention for AD. On the basis of full genome
screens (used either linkage or association method; discussed in pages 44-46) there are a
number of loci that have been linked with AD by at least two independent groups (Table 1)
(Bertram and Tanzi, 2004Db).
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Table 1. Linkage and association regions observed in full-genome screens, and potential
candidate genes locating at the regions (revised from Bertram and Tanzi, 2004b). The samples
in Pericak-Vance et al., Myers at al., Li et al. and Blacker et al. partly overlap. Chr =

chromosomal
Chr Study Study Candidate | Relevance to AD pathogenesis
location method gene
1p36 linkage (Kehoe et al., 1999) MTHFR Homocysteine metabolism
linkage (Myers et al., 2002)
association | (Hiltunen et al., 2001b)
3q28 linkage (Habhs et al., 2006) SST Effects on AP degradation
linkage (Lee et al., 2006)
association | (Hiltunen et al., 2001b)
4q35 linkage (Li et al., 2002) SNCA Tau fibrillization, component of Ap
linkage (Blacker et al., 2003) plaques
5p13-15 linkage (Kehoe et al., 1999) -
linkage (Pericak-Vance et al., 2000)
linkage (Myers et al., 2002)
linkage (Blacker et al., 2003)
association | (Hiltunen et al., 2001a)
6p21 linkage (Kehoe et al., 1999) TNFA Inflammation and apoptosis
linkage (Myers et al., 2002) HLA-A2 Inflammation
linkage (Blacker et al., 2003)
association | (Hiltunen et al., 2001a)
6ql5 linkage (Pericak-Vance et al., 1997) ESRA Estrogen mediated action
linkage (Kehoe et al., 1999)
linkage (Myers et al., 2002)
9p21 linkage (Kehoe et al., 1999) VLDL-R Cholesterol metabolism
linkage (Pericak-Vance et al., 2000)
linkage (Myers et al., 2002)
9q22 linkage (Kehoe et al., 1999) ABCA1 Brain cholesterol metabolism
linkage (Myers et al., 2002)
linkage (Blacker et al., 2003)
10g21-22 | linkage (Kehoe et al., 1999) HHEX Hematopoietically expressed
linkage (Myers et al., 2002) homeobox
linkage (Blacker et al., 2003)
10g24-25 | linkage (Li et al., 2002) IDE Degradation of A
linkage (Blacker et al., 2003) PLAU Degradation of Ap
KNSL1 Thyroid receptor interacting protein
12pl1 linkage (Pericak-Vance et al., 1997) A2M AP clearance
linkage (Kehoe et al., 1999) LRP Internalization of APP and AP
linkage (Myers et al., 2002) TFCP2 Transcription factor
19q13 linkage (Kehoe et al., 1999) APOE AP aggregation
linkage (Pericak-Vance et al., 2000)
linkage (Myers et al., 2002)
linkage (Li et al., 2002)
linkage (Blacker et al., 2003)
association | (Zubenko et al., 1998)
Xp21 linkage (Kehoe et al., 1999) MAOA Metabolism of neuroactive and
linkage (Myers et al., 2002) vasoactive amines
linkage (Blacker et al., 2003)
Xq21-26 linkage (Kehoe et al., 1999) -
linkage (Myers et al., 2002)
association | (Zubenko et al., 1998)
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Screenings for additional susceptibility genes have revealed several potential
candidates associated with the disease (Table 2, see http://www.alzgene.org/). However, the
role of several potential risk genes in AD is controversial, as the numerous studies in different
ethnic populations have frequently failed to replicate the initial association results. Ambiguous
results may be due to the complex etiology of AD and the variable demographic history of
population. The average age of AD patients and the size of sample cohort examined affects to
the results, as well. Additionally, it is known that many of the genetic variants that alter the
risk for complex diseases are expected to have only a small effect on disease outcome. The
power to obtain typical thresholds of P value significance after applying multiple testing
correction is limited for such markers, because significance is a function of sample size, allele
frequency, and OR (Li et al., 2004). Hence, replication may be a more practical measure of
overall significance, especially for markers with small effect sizes and/or when multiple test

adjustment for large numbers of markers limits the available power given a fixed sample size.



Table 2. A sample of AD candidate genes studied worldwide. At the day of this writing (7 September 2007) the number of positive and
negative results are based on reported case-control studies of Caucasian population in AlzGene database (see www.alzgene.org).
Overall conclusion reached by authors of the original publication as follows; “positive” usually indicates significant (P<0.05)
association in at least one of the performed analyses, and “negative” indicates no evidence for significant association. Population
structure may have influenced these results. Na= not available

Gene Gene Chromosomal Relevance to AD pathogenesis Number of Meta-analysis (Association to AD risk;
symbol location (-/1) results rs number; OR (95% CI))
NCSTN nicastrin 1q22-23 component of y-secretase complex 3/4 + rs17370539 OR 1.38 (1.03-1.83)

SOATI sterol O-acyltransferase 1925 regulate the production of AP 2/3 -
CHRNB2 | cholinergic receptor, | 1q31.3 beta subunit of neuronal acetylcholine | 2/1 + 154845378 OR 0.69 (0.51-0.94)
nicotinic, beta 2 reseptor
DHCR24 | 24-dehydrocholesterol 1p33-p31.1 encodes seladin 1, a cholesterol | -/1 na
reductase synthesizing enzyme; protects neurons,
participates in AB42 formation
TF transferring 3q22 iron transporter, oxidative stress 5/1 + 151049296 OR 1.24 (1.06-1.45)
NEP neprilysin 3q25 degradation of AP 1/2 -
APOD apolipoprotein D 3926 lipid metabolism -/1 na
UBQLNI | ubiquilin 1 9q22 PSEN degradation, APP maturation | 10/2 -
and intracellular trafficking
TFAM transcription factor A 10g21 mitochondrial dysfunction -/4 + 152306604 OR 0.78 (0.67-0.91)
PLAU plasminogen activator 10g22 degradation of AP 10/11 -
IDE insulin degrading enzyme | 10923 degradation of AP 18/5 -
BDNF brain derived neurotrophic | 11p13 survival of neuronal cells 12/4 +  1s6265 OR1.1(1.01-1.19)
factor
APBBI1 APP binding, family B, | 11pl5 encodes FE65 protein, APP binding | 3/2 -
member 1 protein
SORL1 sortilin-related receptor 11q23.2-q24.4 | APP sorting, AP production -/5 + rs1010159 OR 1.14 (1.02-1.29)
rs1699102 OR 1.13(1.02-1.25)
rs2070045 OR 1.26 (1.08-1.46)
rs2282649 OR 1.16 (1.04-1.3)
rs3824968 OR 1.3 (1.07-1.58)
rs661057 OR 0.88 (0.80-0.97)
LRP low density lipoprotein | 12q13 receptor for APOE and A2M 19/8 -
receptor
A2M alpha 2 magroglobulin 12p13 clearance of AB 35/6 -

6¢C



Table 2. continued

Gene Gene Chromosomal Relevance to AD pathogenesis Number of Meta-analysis (Association to AD risk;
symbol location (-/1) results rs number; OR (95% CI))
PSEN1 presenilin 1 149243 component of y-secretase complex 23/11 -
CYP46 cytochrome P450 family 14g32.1 elimination of cholesterol 9/8 -
46, cholesterol 24S-
hydroxylase
CYP19 cytochrome P450 family 15g21.1 encodes aromatase protein, regulate | -/3 na
19 estrogen synthesis
MAPT microtubule-associated 17g21 forms PHF of NFTs 11/5 + rs2471738 OR 1.3 (1.01-1.67)
protein tau
ACE angiotensin converting 17q23 degradation of A 16/13 + 151800764 OR 0.79 (0.68-0.92)
enzyme 154291 OR 0.82 (0.7-0.96)
rs4343 OR 0.83 (0.72-0.96)
LDLR low density lipoprotein 19p13.3 binds APOE, transport cholesterol 5/4 -
receptor
APOE apolipoprotein E 19q13.31 AP aggregation 8/25 + 15405509 OR 0.73 (0.68-0.78)
rs440446  OR 0.56 (0.48-0.64)
rs449647  OR 0.74 (0.62-0.8)
PCK1 phosphoenolpyruvate 20q13.31 regulation of gluconeogenesis 2/4 + 158192708 OR 1.29 (1.09-1.52)
carboxykinase 1
CST3 cystatin C 20p11 protease inhibitor, AP fibril formation | 6/5 + 5'UTR-72 OR 1.28 (1.05-1.56)
rs5030707 OR 1.28 (1.05-1.56)
APP amyloid precursor protein | 21g21.3 precursor of AP 1/2 na

0¢€
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2.3.1. APP and PSEN mutations

The APP, PSEN1 and PSEN2 genes include over 160  mutations
(http://www.molgen.ua.ac.be/ADMutations/). Mutations in the APP gene, that are the reason
for FAD, are located around o-, B- and y-secretase cleavage sites. To date 25 different
mutations in APP have been found in AD families with early onset and autosomal dominant
inheritance from different parts of the world. Mutation V7171 known as London mutation is
the most frequent APP mutation found in 23 AD families, while other mutations have been
found only in one to three families (Figure 4). The direct consequence of APP mutations is
increased production of AB42, a variant of AP that is more prone to aggregate into fibrils. APP
mutations in amino acid positions 714 to 717 at the y-secretase site increase the ratio of Ap42:
AB40 (De Jonghe et al., 2001), and the Swedish double mutation K670N/M671L at the B-
secretase cleavage site increases both AB40 and AB42 deposits (Citron et al., 1992). Mutations
may also affect the amyloid fibrils formation. AB with the Arctic mutation (E693G) forms
protofibrils at a much higher rate and in larger quantities than wild-type AP (Nilsberth et al.,
2001). This may lead to rapid protofibril formation of AP leading to accelerated buildup of
insoluble AP both intra- and extracellularly. Additionally, Arctic mutation has been shown to
favor intracellular AP production by making APP less available to a-secretase (Lord et al.,
2006, Sahlin et al., 2007).

Some APP mutations have also been shown to decrease AB40 and AP42 levels. Recent
data from APPV715F substitution, which has been previously shown to dramatically decrease
levels of AB40 and AP42 while increasing the amount of APB38, does not affect in vitro
generation of AICD (Tesco et al., 2005). Additionally, APPL720P substitution, which has
been previously shown to prevent in vitro generation of AICD, completely prevents AP
generation. Both substitutions significantly increase the distance between the N- and C-
terminus of PSEN1, which has been proposed to contain the catalytic site of y-secretase. Data
suggest that y-segretase activity can be modulated by conformational changes. Additionally, it
has also been shown that AB42-lowering non-steroidal anti-inflammatory drugs increase the
distance between the PSEN1-N and C-termini in favoring the production of AB1-38 (Lleo et
al., 2004)

Gene dosage alterations can also be involved in the etiology of neurodegenerative
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disorders caused by protein accumulation. It has been shown that APP locus duplication
causes autosomal dominant EOAD with cerebral amyloid angiopathy (CAA) and that the
duplication region varies in size and localization between the reported families (Rovelet-
Lecrux et al., 2006). Additionally, Cabrejo et al. (2006) showed that the EOAD/CAA
phenotype was not dependent on the size of the duplication and that there was no clinical
feature of Down's syndrome (Cabrejo et al., 2006). A Finnish study confirmed that an increase
in APP gene dosage is linked to a phenotype consisting of early onset dementia and CAA and
that the phenotype does not depend on the size of the duplicated region, but may vary between
families and between the genders (Rovelet-Lecrux et al., 2007). These findings support the
hypothesis that the APP gene is located in a region of increased recombination.

To date 155 mutations in PSEN1 gene (encodes PSENT1 protein) have been found in
AD families with early onset and autosomal dominant inheritance from different parts of the
world. The mutations in PSEN1 are located primarily within the transmembrane domains and
in the N-terminal portion of the cytoplasmic loop, close to the endoproteolytic cleavage site.
PSEN1 FAD mutations have also been shown to affect the intracellular levels of longer forms
of AP in a distinct manner. For example, PSEN1M146L mutation led to an increase in the
levels of AP1-48, while PSEN1G384A evoked a decrease in the levels of AP1-48 (Qi-
Takahara et al., 2005). Ten pathogenic mutations have been found in the PSEN-2 gene with

somewhat later onset ages and greater variability in penetrance than with PSEN1 mutations.
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Figure 4. The mutations causing FAD in APP surround the cleavage sites of the three
secretases. The amino acid sequence of the region encompassing AP is given; amino acids
mutated in familial AD are circled, and the corresponding amino acid changes (KM->NL: KM
mutated in NL) are indicated. The country from where the families originate is also mentioned
in the figure. Amino acid numbering of APP is written in black and of AP in white.
Arrowheads indicate the cleavage sites of a-, B- and y-secretase. Notice, the novel {-cleavage
site locate in the same site as the London mutation (V7171) (Wilquet and De Strooper, 2004).

2.3.2. APOE 4 allele and AD

The APOE €4 allele has been associated with an increased risk of developing both EOAD and
LOAD (Roses, 1997). APOE &4 allele was the first identified and still the only clear genetic
risk factor for LOAD. However, the APOE &4 allele is estimated to account for about 50% of
the genetic background of the LOAD suggesting that additional susceptibility genes must exist
(Saunders et al., 1993a, Combarros et al., 2002, Bertram and Tanzi, 2004a, Raber et al., 2004).
There are three alleles in APOE that encode three different isoforms of apolipoprotein E (€2,

€3 and &4). In most Caucasian populations, €3 is the most common allele (78%) compared to
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€2 (8%) and &4 (14%) occurrence, although the allele distribution varies in different ethnic
populations (Utermann et al., 1980). The allele code for APOE proteins differs at amino acid
position 112 and 158 so that €2 has a cysteine in both positions, €3 has cysteine and arginine
and &4 has two arginines (Zannis et al., 1993). Inheritance of one APOE &4 allele increases the
likelihood of developing late-onset AD by 2 to 5-fold, and the inheritance of two alleles
elevates the risk by 4 to 10-fold or more (Mahley and Rall, 2000). Although APOE ¢4 allele is
an established risk factor for AD, the exact role of APOE in the pathogenesis of AD still
remains to be elucidated. One hypothesis is that APOE may act as a chaperone for AB by
binding the peptide and altering its conformation, thereby influencing its clearance and ability

to aggregate.

2.4. Genes encoding for proteins influencing to Ap clearance

Accumulation of AP in the brain is considered the initial pathological event leading to AD
(Hardy and Selkoe, 2002). An imbalance between AP production and clearance may trigger
AD. An overview of genes encoding for proteins influencing the AP life cycle is presented in
Table 3 (Tanzi and Bertram, 2005). Recently, insulin degrading enzyme (IDE), neprilysin
(NEP), endothelin-converting enzyme 1 (ECE1), ECE2 and plasmin have been postulated as
candidate enzymes, responsible for the degradation and clearance of AP (Tanzi and Bertram,
2005). Particularly the IDE and NEP are interesting. The finding that IDE can degrade A
prompted a search for possible genetic linkage and/or allelic association of late-onset AD to
the IDE region on chromosome 10, with the first positive evidence being reported by Bertram
and colleagues (Bertram et al., 2000). Subseguently several laboratories have reported
evidence of genetic linkage and/or allelic association of the IDE and NEP to AD and some not
(see www.alzgene.org and discussion). Several studies have also indicated that there are
reduced IDE and NEP levels in AD patients (Perez et al., 2000, Akiyama et al., 2001,
Yasojima et al., 2001a, Yasojima et al., 2001b, Cook et al., 2003, Wang et al., 2003, Caccamo
et al., 2005). It has also been shown that overexpression of IDE and NEP in a transgenic AD
mouse model could prevent plaque formation, secondary pathology and premature death, and
that there may be possible cross-regulation between these two proteases (Leissring et al.,

2003). Taken together, the available genetic evidence and the functional data suggest that IDE
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and NEP could have a role of regulating A levels as presented in Figure 5.

Table 3. Overview of genes encoding for proteins influencing the AP life cycle.

Gene (Location [Mb])*

Functional Relevance to AD

A2M (12p13 [9])

AB clearance

ADAMDY (3p11 [39])

o-secretase

ADAMI0 (15921 [57])

a-secretase

ADAMI17 (2p25 [10])

a-secretase

APHIA (1q21 [147])

y-secretase

BACEI (11q23 [117])

B-secretase

BACE2 (21422 [42])

-, a-secretase

ECE2 (3927 [185]) AP degradation
HTRAI1 AP degradation
IDE (10923 [94]) APB/AICD degradation

LRP1 (12q13 [56])

AP clearance

NCSTN (1q23 [157])

y-secretase

NEP (3¢25 [156])

AP degradation

PEN2 (19913 [41])

y-secretase

PLAT (8pl1 [42])

AP degradation (via plasmin)

PLAU (10922 [75])

AP degradation (via plasmin)

PLG (6926 [161])

AP degradation (via plasmin)

* Location according to “UCSC Human Genome Browser,” May 2004 assembly (URL:
http://genome.ucsc.edu/cgi-bin/hgGateway). For a more formal summary of studies for any
specific gene, including meta-analysis, visit the “AlzGene” database (URL:
http://www.alzgene.org)(revised from (Tanzi and Bertram, 2005). Proteases with proposed a-
secretase function belong to the ADAM (a disintegrin and metalloproteinase domain) family
of proteins; these include ADAM 9, ADAM 10 and ADAM 17. Gamma-secretase is a
complex of PSEN, NCSTN, APH-1 and PEN-2 proteins (Vassar et al., 1999, Kimberly et al.,
2003, Vetrivel et al.,, 2006). A2M; alpha-2-macroglobulin, ADAM; disintegrin and
metalloprotease, APH1A; anterior pharynx defective 1 homolog A, BACE; beta-site APP-
cleaving enzyme, ECE; endothelin-converting enzyme, HTRA1; HtrA serine peptidase 1,
IDE; insulin degrading enzyme, LRP1; low density lipoprotein-related protein 1, NCSTN;
nicastrin, NEP; neprilysin, PEN2; presenilin enhancer 2 homolog, PLAT; plasminogen
activator, PLAU; plasminogen activator urokinase, PLG; plasminogen.
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Figure 5. Schematic pathway of AP metabolism and formation of AP fibrils in the brain (Iwata
et al., 2005).
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The clearance of soluble AP from the brain is a complex process consisting of at least
three major mechanisms. First, receptor-mediated flux of AP across the blood brain barrier
(reviewed in (Zlokovic, 2004)), second, intracellular and extracellular proteolytic degradation
(Iwata et al., 2001, Morelli et al., 2002) and third, the interstitial fluid bulk flow into the CSF
(Silverberg et al., 2003). Newly generated A is rapidly cleared from the brain, suggesting that
AB-degrading proteases could play an important role in regulating cerebral levels of the
peptide (Savage et al., 1998, Iwata et al., 2000). IDE and NEP proteases may contribute to
overall AP degradation in the brain by complementing each other. It has been postulated that
deposition of AB may begin intracellularly, and because IDE appears to be more effective at
degrading intracellular AP, changes in the relative expression or activity status of IDE may
have severe consequences on the pathogenesis underlying the AD (Sudoh et al., 2002). NEP
has been shown to reduce not only extracellular but also cell-associated AB-levels, suggesting
that NEP may degrade AP through a secretory pathway and possibly act on the cell surface
(Hama et al., 2004). Moreover, human NEP is capable of degrading AP not only in the
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monomeric form but also the pathological oligomeric form (Kanemitsu et al., 2003). It seems
likely that both enzymes affect AB-clearance mechanisms. Upregulation of IDE and NEP
proteases could represent a potential novel therapeutic approach to reduce the steady-state AP

levels and prevent the pathogenesis of AD.

2.4.1. Insulin degrading enzyme (IDE)

The human IDE gene is located in chromosome 10 (10g23-g25) and it spans more than 120
kb. IDE gene encodes IDE protein (E.C. 3.4.24.56), also known as insulysin and insulinase
which is a 110-115 kDa zinc metallopeptidase capable of degrading a number of peptides
including insulin, glucagon, atrial natriuretic factor, transforming growth factor a (TGFa),
amylin, AP and AICD (Kurochkin and Goto, 1994, Duckworth et al., 1998, Edbauer et al.,
2002). IDE has been highly conserved during evolution and its substrate specificity is very
selective (reviewed in (Kurochkin, 2001)). IDE is expressed in various tissues including
many regions in brain (Farris et al., 2005). Although IDE is primary located in the cytosol
(Duckworth et al., 1998), it is also found in endosomes (Hamel et al., 1991), in peroxisomes
(Authier et al., 1995), in mitochondria (Leissring et al., 2004), in brain microvessels (Morelli
et al., 2004), while a small fraction of the enzyme can be found on the plasma membrane (Seta
and Roth, 1997, Vekrellis et al., 2000) as well as being secreted (Qiu et al., 1998).

It is proposed that 3'UTRs play an important role in regulation of mRNA stability,
control of mRNA subcellular localization, and efficiency of mRNA translation (Conne et al.,
2000). Six distinct human IDE transcripts were identified and much of the variability of
mRNA size is due to alternative polyadenylation sites: four with a wide tissue distribution
(~3.5, ~3.8, ~5.5, ~9 kb) and two exclusive to testis (~2.0, ~4.0 kb) (Farris et al., 2005). All
four of the multitissue IDE variants mRNA contains the catalytic site sequence which lies in
exon 3. Additionally, one IDE protein isoform from an alternative splicing has been described.
This novel isoform is widely expressed at low levels in multiple tissues, including in several
brain regions and interestingly, it has a decreased ability to degrade insulin and AP. Moreover,
Leissring et al. 2004 reported the novel IDE isoform generated by translation at an in-frame
initiation codon 123 nucleotides upstream of the canonical translation start site (=the first

initiation codon), which contain additional 41 amino acids in N-terminus and is targeted to
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mitochondria (Leissring et al., 2004). When the second initiation codon is used, IDE localizes
predominantly to the cytosol. It is suggested that IDE degrades AP via endoplasmic
reticulum-associated degradation, in which the endoplasmic reticulum-localized AP is
translocated into the cytosol where it is degraded by IDE (Schmitz et al., 2004). Interestingly,
it is believed that the accumulation of AP leads to oxidative stress and the formation of
reactive oxygen species. Shinall et al. (2005) suggested that these reactive oxygen species
would lead to inactivation of IDE and NEP (Shinall et al., 2005). Decrease of IDE and NEP
would in turn lead to an increase in AP due to a reduction in its degradation.

Epidemiological studies suggest that insulin resistance as a consequence of type 2
diabetes mellitus (DM2; a non-insulin dependent form of diabetes mellitus, characterized by
glucose intolerance, obesity and hyperinsulinemia) is associated with a 2- to 3-fold increased
relative risk for AD (Ott et al., 1996, Leibson et al., 1997). The IDE region of chromosome 10
has been genetically linked to both AD and DM2 (Bertram et al., 2000, Wiltshire et al., 2001).
It has been proposed that there might be competition between insulin and A for degradation
of IDE. Watson et al. (2003) has shown that boosting insulin levels in human subjects
increases AP42 levels in cerebrospinal fluid, suggesting that insulin may modulate Ap42
levels acutely in humans (Watson et al., 2003). Interestingly, it has also been shown that
insulin-resistance caused by a high-fat diet is associated with reduced IDE levels and increased
amyloidosis in an AD animal model (Ho et al., 2004). Additionally, missense mutations in
IDE that cause partial loss of function, result in decreased catalytic activity of IDE and a
deficit in the degradation of both insulin and AP, possibly to increase the risk of DM2 and AD,
respectively (Fakhrai-Rad et al., 2000, Farris et al., 2004). These findings provide compelling
support for the hypothesis that there is co-morbidity between AD and DM2 and in some cases

this may be attributable to impairment in IDE function.

2.4.2. Neprilysin (NEP)

The human NEP gene (NEP, MME) is located in chromosome 3 (39q25.1-g25.2) and it spans
more than 104 kb. NEP (EC 3.4.24.11), also known as neutral endopeptidase, enkephalinase,
CDI10 and common acute lymphoplastic leukemia antigen (CALLA), is a 97 kDa type II

membrane metalloendopeptidase with an active site containing a zinc-binding motif at the
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extracellular carboxyl terminal domain. NEP exists on the plasma membrane as a
noncovalently associated homodimer.

NEP, functioning at the cell surface, acts mainly on peptides smaller than 5 kDa (540
amino acid residues in length) based on the size of known substrate peptides. With regards
polypeptide length, APB; 4, is the longest known NEP substrate. NEP may play a role in
degrading a variety of neuropeptides, such as enkephalin, somatostatin, atrial natriuretic
peptide, substance P, neurokinins, cholecystokinin, nociceptin, and corticotrophin-releasing
factor (reviewed in (Iwata et al., 2005). However, at present, AP is the only physiological
substrate peptide for which degradation in the brain has been proven to be regulated by NEP.
The active site of NEP faces the extracellular side, where AP should be released, indicating
that it would have access to physiological AP in vivo. The overexpression of NEP led to
significant decreases in secreted and membrane-associated AP in primary cortical neurons
(Hama et al., 2001). NEP is also capable of degrading oligomeric forms of Ap (Kanemitsu et
al., 2003) although IDE cannot degrade the oligomers (Walsh et al., 2002, Morelli et al.,
2003).

The expression of NEP is transcriptionally regulated in a tissue-specific manner
(Figure 6) (Iwata et al., 2005). The 5 -untranslated region including exons 1, 2 and 3 is
alternatively spliced, resulting in 4 types of mRNA transcripts. From these transcripts, NEP
protein with the same amino acid sequence is translated. Neurons predominantly express the
type 1 transcript containing exon 1, and oligodendrocytes express the type 3 transcript starting
at exon 3, while type 2a and 2b are major forms in peripheral tissues (Li et al., 1995). The
sequences in alternatively spliced 5°-untranslated regions might affect the mRNA translation
rate or stability and the protein expression levels. It is possible that at least some of the
mutations or polymorphisms in 5 -untranslated regions could influence the expression of NEP
in a neuron-specific manner and consequently alter the AP levels in the brain. Interestingly,
NEP mRNA levels are known to be much higher, while APP695 and PSEN1 mRNA levels are
known to be much lower in the periphery than in the brain (Yasojima et al., 2001b). It seems
that in plaque prone regions of the AD brain, the capacity to degrade AP is weak, while the
capacity to generate AP is high.
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Figure 6. Diagrams of NEP gene, transcripts and protein. Four types of mRNA transcripts with
different structures at the 5'-noncoding region are generated from the NEP gene in a tissue-
specific manner by alternative splicing. From these transcripts, NEP protein of the same amino
acid sequence is translated (Iwata et al., 2005).

In neurons, the synaptic and axonal localization of NEP suggests that after synthesis
in the soma, NEP is axonally transported to the presynaptic terminals, where A degradation
likely takes place (Figure 7.) (Fukami et al., 2002). APP also undergoes axonal transport to
presynaptic terminals, while AP is generated through sequential cleavages by B- and y-
secretases and is released to extracellular space. AP released from presynaptic sites contributes
to extracellular amyloid deposits, as demonstrated by in vivo experiments (Lazarov et al.,
2002, Sheng et al., 2002). Degradation of Ap by NEP is likely to take place at or near synapses
and may also proceed inside the secretory vesicles during axonal transport if both APP and
NEP are co-localized in the same vesicles. Thus, the sites for release and degradation of AP
seem to be closely related to each other. In fact, the synaptic localization of NEP is of
particular importance in supporting a link of this enzyme with AD pathology. Moreover, the
expression of NEP is observed in reactive astrocytes surrounding amyloid plaques of aged

APP Tg mice but not in microglial cells (Apelt et al., 2003, Iwata et al., 2005).
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Figure 7. AB is produced from APP, which undergoes axonal transport, by proteolytic
cleavage, and is released into the extracellular spaces and, in part, to the intravesicular side.
NEP, a transmembrane-integrated protein, is taken into secretory vesicles after synthesis in the
soma and axonally transported to the presynaptic terminals, where it degrades A (Iwata et al.,
2005).

It has been shown that presenilin-deficient cells fail to degrade AP and exhibit a drastic
reduction in the transcription and activity of NEP (Pardossi-Piquard et al., 2005). NEP activity
is restored by transient expression of PSENI, PSEN2 or AICD. In addition, NEP gene
promoters are transactivated by AICD but not by AP. This presenilin-dependent regulation of
NEP, possibly mediated by AICD, provides a physiological means to modulate A levels. In
contrast, Hébert et al. (2006) showed that the significant decrease or even the absence of
endogenous AICD production was not reflected in systematic changes in the levels of
expression of NEP (Hebert et al., 2006). Similarly, Chen et al. (2007) were unable to provide
evidence that NEP levels and activity would be regulated by presenilin-mediated processing of
APP (Chen and Selkoe, 2007). Interestingly, Pardossi-Piquard et al. (2006) also observed that
nicastrin, a member of the y-secretase complex, deficiency could drastically lower neprilysin
expression, membrane-bound activity and mRNA levels  (Pardossi-Piquard et al., 2006).
Nicastrin restores NEP activity and expression in nicastrin-deficient, but not presenilin-
deficient fibroblasts, indicating that the control of NEP necessitates the complete y-secretase
complex harboring its four reported components. Since it is crucial to understand the proceses
involved in NEP regulation, as inhibition of AP generation by y-secretase inhibitors would

affect such a putative signaling pathway, more studies are needed to clarify this point.
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The ageing of the human brain is a cause of cognitive decline in the elderly and the
major risk factor for AD. Interestingly, it has been shown that NEP mRNA and protein levels
are decreased with aging (Iwata et al., 2002, Apelt et al., 2003). It is also known that in
human brains, the expression of neuropeptide, somatostatin (SST) significantly declines after
the age of 40 (Lu et al., 2004). Based on the down-regulation of SST and NEP occurring with
aging and the finding that SST influences brain AB42 level by modulating the activity of NEP
(Saito et al., 2005), one hypothesis is that the down-regulation of SST expression in the human
brain at the early stage of aging initiates a gradual decline in NEP activity, resulting in a
corresponding elevation in the steady-state levels of AB. When this goes on for it leads to AP
accumulation and this then triggers the AD pathological cascade (Figure 8). Moreover, Wang
et al (2003) showed that NEP in both controls and AD human brains can be modified by HNE
but the ratio of oxidized form to total NEP protein is greater in the brains of AD patients than
in age-matched control brains (Wang et al., 2003). If NEP undergoes inactivation by such
oxidative modification, in addition to down-regulation, age-related cerebral amyloidosis

would be further exacerbated in AD.
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Figure 8. The age-dependent reduction of the neuropeptide, SST, specifically suppresses
neuronal NEP activity triggering the accumulation of A (Iwata et al., 2005).
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2.5. SST, BDNF and TrkB as a possible risk genes for AD

2.5.1. Somatostatin (SST)

SST is one of the most selective neuropeptides in the mammalian central nervous system
(CNS) that consistently decreases in the brain and cerebrospinal fluid of AD patients
suggesting that genetic determinant(s) may underlie the altered SST expression or stability
(Reichlin, 1983, Soininen et al., 1984, Epelbaum, 1986, Reinikainen et al., 1987, Bissette and
Myers, 1992). SST is important hypothalamic hormone with one of its many functions being
to inhibit the secretion of growth hormone, thyrotrophin, glucagon, insulin and gastric acid.
SST deficiency displays a close association with senile plaques and neurofibrillary tangles in
AD brain (Davis et al, 1999). Additionally, in AD brain tissue, loss of SST-like
immunoreactivity in the cortex is directly linked to poor cognitive function and memory
impairment (Grouselle et al., 1998). Saito et al. also demonstrated that SST may be associated
with AD via modulation of NEP as discussed in the previous chapter (Saito et al., 2005).

SST is located on chromosome 3q27.3 (spans 2308 bp), close to a linkage region with
late-onset AD (Hiltunen et al., 2001a). Two other family-based studies of individuals
from different ethnic backgrounds have also identified the same locus as possibly harboring a
genetic variant that increases late-onset AD susceptibility (Hahs et al., 2006, Lee et al., 2006).
Two endogenous bioactive forms of SST, (SST-14 and SST-28, reflecting their amino acid
chain length) can be synthesized. Both forms of SST are generated by proteolytic cleavage of
prosomatostatin, which itself is derived from preprosomatostatin (Patel and O'Neil, 1988,
Kumar, 2005). The biological actions of SST are mediated by a family of G-protein coupled

receptors and five known subtypes of these receptors have been identified.

2.5.2. BDNF and TrkB

Neurotrophins are neuronal growth factors, which regulate a variety of functions in the
nervous system. Neurotrophins can promote both either survival or the death of neurons,
induce differentiation of specific neuronal populations and modulate neuronal activity and

synaptic events related to plasticity (Huang and Reichardt, 2001). Brain-derived neurotrophic
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factor (BDNF) is a pro-survival factor induced by cortical neurons that is necessary for
survival of neurons in the brain. The BDNF gene is located in chromosome 11p13-p14 (~68
kb) and encodes BDNF protein (13.5 kDa). Tyrosine kinase receptor B (TrkB, 145 kDa
transmembrane glycoprotein) has been shown to function as a receptor for BDNF (Klein et al.,
1991). The TrkB gene is located in chromosome 9q22.1 (376 kb). Since BDNF, via activation
of its TrkB receptor, regulates a wide variety of cellular processes in the nervous system,
genetic alterations in these genes may confer an increased risk for neurodegenerative changes,
such as those seen in AD. Additionally, previous studies have shown that one polymorphism
in 5° pro-region of the human BDNF gene is associated with AD (Kunugi et al., 2001,
Riemenschneider et al., 2002) and another affects activity-dependent secretion of BDNF and
human memory and hippocampal function (Egan et al., 2003). Data from transgenic mice
models suggest that lack or improper BDNF signaling is accompanied by seriously impaired
learning and memory function, which is also one of the earliest clinical symptoms in patients
with AD (Linnarsson et al., 1997, Saarelainen et al., 2000) and that, conversely, enhanced
TrkB signaling improves learning and memory (Koponen, 2004). Reduced gene expression of
BDNF has also been observed in the post-mortem hippocampus and temporal cortex of AD
patients (Phillips et al., 1991, Connor et al., 1997). Additionally, a selective decline has been
detected in protein expression of the BDNF/TrkB signaling pathway components in the frontal
cortex and hippocampus in AD (Ferrer et al., 1999). According to these data, BDNF and its
receptor TrkB genes may affect the AD pathogenesis.

2.6. Mapping of novel AD genes

In the past two decades, many genes that were implicated in single gene (Mendelian) diseases
have been identified by using genetic linkage and positional cloning methods. Less success
has been enjoyed in trying to use family-based linkage analysis to study complex diseases
without any clear Mendelian inheritance patterns. Complex diseases are more likely to be
caused by many genes, each with a small overall contribution and relative risk leading to the
situation where the pathological pathway may involve a wide spectrum of biological
mechanisms. An individual phenotype results from the sum of the total effects of all the

numerous contributing loci (Risch, 2000). Additionally, complex diseases typically vary in
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severity of symptoms and age of onset, which results in difficulty in defining an appropriate
phenotype and selecting the best population to study (Mayeux, 2005). Thus, in family-based
linkage analysis, in addition to the heterogeneity difficulties are related to the limited number
of affected members in different generations available for genetic and phenotype analyses and
to the possibility that carriers of the disease causing mutation or polymorphisms die before the
appearance of the symptoms of late-onset disease. It has been suggested that in complex and
heterogenic disorders, the loci associated with the disease under study may be identified more
readily by studies of association and linkage disequilibrium (LD) (Jorde, 1995, Risch, 2000,
Emahazion et al., 2001).

2.6.1. Association studies

Linkage refers to co-segregation of a genetic marker with a given phenotype in a set of
families, whereas association denotes the correlated occurrence of two investigated factors,
typically a DNA sequence and a phenotype, in a group of cases as compared to those of
controls (Emahazion et al., 2001). Because closely linked sequences are less likely to be
separated by the DNA reshuffling that takes place during meiotic recombination than distantly
spaced sequences, markers that tend to co-segregate with the disease provide pointers to the
approximate chromosomal location of the underlying disease gene. In association analysis,
rather than focusing merely on the position of a tested marker, instead one determines whether
a particular allele of a marker, a genotype (set of alleles for one marker in an individual) or a
haplotype (a particular series of marker alleles along a stretch of DNA), are associated with
diseased individuals when compared to unaffected controls. Allelic enrichment implies that
the associated marker is causally involved in disease predisposition, or that nearby (within a
few kb) pathogenic sequences exist that are themselves nonrandomly mixed (in linkage
disequilibrium (LD)) with alleles of the associated marker.

One clear advantage of association studies compared to linkage-based approaches is
the large number of cases and controls that are more easily collected compared to trying to
locate families with multiple affected members (Kwon and Goate, 2000). In particular,
candidate-gene approaches are useful for studying complex genetic traits. Rather than relying

on markers that are evenly spaced throughout the genome without regard to their function or
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context in a specific gene, candidate-gene studies focus on genes that are selected because of a
priori hypothesis about their role in disease pathogenesis. Another approach is to choose the
candidate gene based on its localization in genomic region that has been linked to the disease
in a genome wide scan. The most promising positional candidate genes for AD are those genes
that are also biological susceptibility genes for AD.

For association analysis the current trend is to use polymorphic DNA markers such as
single nucleotide polymorphisms (SNP). SNPs are sites in the human genome where
individuals differ in their DNA sequence, by a single base. SNPs are the most frequently
detected type of genetic polymorphisms, with an estimated 11 million SNPs present in the
human genome. Markers tested for association must either be the causal allele or be highly
correlated (in LD) with the causal allele (Jorde, 2000). SNPs with very low allele frequencies
would need to have very large relative risk associated with them to be detected in a candidate
gene study, and alleles with very high relative risk would have been detected using linkage
analysis. Therefore, SNPs with frequencies of at least 5% are generally more likely to be
useful in a candidate gene study (Risch, 2000). Recently, there has been increased attention on
the effects of polymorphisms in transcriptional promoters and regions of DNA that regulate
the expression of genes (Drysdale et al., 2000). It is reasonable to place a high priority on such

a sequence variants when SNPs are being selected.

2.6.2. Linkage disequilibrium (LD) and haplotype blocks

Another important consideration in selecting SNPs for an association study is whether there is
significant LD in the candidate gene among the study population. LD is the non-random
association of alleles at adjacent loci and is found when alleles of different loci are inherited
together more often than would be expected based on their frequencies (Ardlie et al., 2002).
The ability to use LD to map genes that increase the risk of diseases depends critically on the
distance at which LD extends around the disease and the marker loci. In a Caucasian
population LD may extend over an unexpectedly large region (Dunning et al., 2000). For
example, it was recently shown that it is possible to detect allelic association with SNPs lying
40 kb from the APOE polymorphism (Martin et al., 2000). Most of the genome falls into

segments of strong LD and it has been suggested that the human genome can be arranged into
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a block-like pattern of LD, referred to as haplotype blocks (Daly et al., 2001). Studies have
also shown that most of the common SNPs in the genome have groups of neighbours that are
all nearly perfectly correlated to each other. Once the pattern of LD is known for a given
region, a few SNPs (tagging SNPs) can be chosen such that, individually or in multimarker
combinations (haplotypes), they will be able to capture most of the common variation within
that region. However, due to enormous variation in the extent of LD from one region of the
genome to another, relying on the average extent of LD when designing an association
mapping study might be considered as risky (Ardlie et al., 2002). A higher density of SNPs
must be characterized to comprehensively survey the fraction of the genome that exhibits low
LD.

Several variables are used as measures of LD. The D-value is common with most
other measures of LD and it quantifies disequilibrium as the difference between the observed
frequency of a two-locus haplotype and the frequency it would be expected to show if the
alleles were segregating at random (Ardlie et al., 2002). The numerical value of D is of little
use for measuring the strength of and comparing levels of LD. This is due to the dependence
of D on allele frequencies. As a result, several alternative measures based on D have been
proposed. One good candidate is the D' value. The absolute value of D' is determined by
dividing D by its maximum possible value, given the allele frequencies at the two loci. For
example, D' is 1 if two SNPs have not been separated by recombination during the history of

the sample.

2.6.3. Genome-wide association studies

Genome-wide association studies require knowledge about common genetic variation and the
ability to genotype a sufficiently comprehensive set of variants in a large patient sample. Due
to the expense and labour involved, the extension of candidate-gene studies to a genome-wide
approach has not, until now, been feasible. Genotyping technology has considerably improved
and became cheaper in recent years. Emerging technologies make it possible to genotype
hundreds of thousands of SNPs simultaneously. By using GeneChips technology, it is now
possible to analyze over 500 000 taq SNPs on a single slide per sample (Carlson, 2006, Pe'er
et al., 2006). LD patterns on a genome-wide scale through HapMap project (2003) will be
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useful for methods that use markers selected on the basis of LD. The use of tag SNPs
improves the power of association studies as only a subset of loci needs to be genotyped
though still maintaining the same information and power as if one had genotyped a larger

number of randomly chosen SNPs.

2.6.4. The International HapMap project

The International HapMap Project is a multi-country effort to identify and catalog genetic
similarities and differences in human beings (2003). The Project is collaboration among
scientists and funding agencies from Japan, the United Kingdom, Canada, China, Nigeria, and
the United States. The aim of the International HapMap Project is to determine the common
patterns of DNA sequence variation in the human genome in DNA samples from populations
with ancestry from parts of Africa, Asia and Europe. More than one million SNPs for which
accurate and complete genotypes have been obtained in 269 DNA samples extracted from four
populations (2005). These data document the generality of recombination hotspots, a block-
like structure of linkage disequilibrium and low haplotype diversity, leading to substantial
correlations of SNPs with many of their neighbours. By making this information freely
available, the project provides tools that allow the association approach to be applied readily
to any functional candidate gene in the genome, to any region suggested by family-based

linkage analysis, or ultimately to the whole genome for scans for disease risk factors.

2.6.5. Population choice in complex disease gene mapping and study examples from

Finnish population

Genetic isolates with a history of a small founder population, long-lasting isolation and
population bottlenecks can modify gene pools significantly, and may render some populations
better suited than others for linkage disequilibrium (LD) based gene mapping strategies
(Peltonen, 2000). The Finnish population has been frequently cited as an example of a gene
pool which demonstrates the effect of multiple bottlenecks in its population history, and LD
has been used successfully in mapping of genes responsible for numerous rare diseases whose

frequency has been enriched in this population (Peltonen et al., 1999, Varilo et al., 2003).
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There are two consequences of founder effects and subsequent isolation of Finnish population
i.e. reduced disease disposing alleles and fewer influencing genes. Population isolates,
starting from a small founding population, have higher overall levels of LD than outbred
populations, and they have fewer regions of very low LD (Peltonen et al., 1999, Jorde et al.,
2000, Peltonen, 2000, Service et al., 2006). LD observed in disease alleles adds power to
linkage and association analysis and helps to define the exact location of disease loci on the
genetic map. In this respect, descendants derived from subpopulations founded in the late
settlement regions of Finland during the 16th and 17th centuries are believed to represent an
ideal population also for association studies of complex diseases (Peltonen et al., 1999, Jorde
et al., 2000). As an example, in an attempt to identify new risk genes associated to LOAD,
genome-wide LD mapping studies were carried out aiming at finding novel susceptibility loci
for LOAD (Hiltunen et al., 1999, Hiltunen et al., 2001a). Forty-seven patients with LOAD and
51 age-matched control subjects were carefully chosen from the same geographic area in
eastern Finland, where the population is descended mainly from a small group of original
founders. These subjects were initially genotyped with 379 polymorphic microsatellite
markers, and a follow-up analysis was performed with additional microsatellite markers for
those chromosome loci found to be associated with AD. In these studies, a total of 22
chromosomal loci were found to be associated with AD and screening of the LD regions with
additional microsatellite markers revealed 8 chromosomal loci where more than one
microsatellite marker was associated with AD (1p36.12, 2p22.2, 3928, 4p13, 10p13, 13ql2,
18q12.1 and 19p13.3). The candidate genes in close proximity to these loci and other genes
which are biologically related to AD provide targets for genetic association and functional
studies of AD. Many moderate susceptibility genes have been already found in the Northern
Savo population by using association analysis (Table 4). More studies are still needed to

estimate the disease risk genes and to clarify the pathological mechanisms of AD.



Table 4. A sample of studied susceptibility genes in the Northern Savo population.

Gene Chr Relevance to AD pathogenesis Association with OR (95%CI) for risk Study®
location AD in genotypes
un-stratified
population
ACT 14q32 found in AP plaques Negative (Helisalmi et al., 1997)
BCHE 3926 associate to NFT and AB Negative (Hiltunen et al., 1998)
APOE 19q13.32 AP aggregation Positive® gd-allele 5.85(3.29-0.41) (Helisalmi et al., 1999)
PSEN1 14q24.3 component of y-secretase complex Negative (Helisalmi et al., 2000a)
E318G
NPY Tpl5 affects total and LDL cholesterol levels Negative (Helisalmi et al., 2000b)
MPO 17923 found in activated migroglia surrounding Negative (Reynolds et al., 2000)
amyloid plaques and in the plaques themselves
A2M 12p13-12 clearance of A Negative ™ (Pirskanen et al., 2001)
IL1A 2ql4 proinflammatory gene Negative (Pirskanen et al., 2002)
HSPG2 1p36.12 promotes tau phosphorylation, binds to Ap and Negative (Iivonen et al., 2003)
accelerate AP fibril formation
ICAM1 19p13 contribute to inflammatory responses Negative (Mattila et al., 2003)
NCSTN 1q22-23 component of y-secretase complex Negative ™ (Helisalmi et al., 2004a)
APOD 3q26 lipid metabolism Negative ™ (Helisalmi et al., 2004b)
CYP19 15g21.1 encodes aromatase protein, regulate estrogen Positive “9 CT+TT 1.49 (1.05-2.12)" (Iivonen et al., 2004)
synthesis CT+TT 1.49 (1.10-2.02)>
TT 1.40 (1.06-1.84)°
GA+GG 1.51 (1.11-2.06)*
TA+TT 1.46(1.07-1.98)°
CT+TT 1.41(1.02-1.94) ¢
ESR2 14q22 mediate the effects of estrogens Negative "¢ (Pirskanen et al., 2005)
IL6 7Tp21 inflammatory response Negative ™ (Koivisto et al., 2005)
CYP46 14q32.1 elimination of cholesterol Positive © CC 1.38 (1.01-1.89) 7 (Helisalmi et al., 2006)
PPARy 3p25 increases BACE gene promoter activity, regulate | Negative (Koivisto et al., 2006)
the inflammatory responses

* Populations do not fully overlap; ® Association with AD in stratified population; ¢ Association to a single nucleotide polymorphism;

4 Association to a haplotype; ' 1s1008805; 2 rs767199; 3 1s727479; 4 rs1065778; > rs1143704; 6 rs10046; " 1s754203

Abbreviations: Chr = chromosomal, ACT; alpha 1-antichymotrypsin, BCHE; buturylcholinesterase, APOE; apolipoprotein E, PSEN1; presenilin 1, NPY;
neuropeptide Y, MPO; myeloperoxidase, A2M; alpha-2-macroglobulin, IL1A; interleukin 1 alpha, HSPG2; heparan sulfate proteoglycan 2, ICAM I;
intercellular adhesion molecule 1, NCSTN; nicastrin, APOD; apolipoprotein D, CYP19; cytochrome P450 family 19, ESR2; estrogen receptor 2, IL6; interleukin
6, CYP46; cytochrome P450 family 46,PPARY; peroxisome proliferators-activated receptor gamma 3p25, DHCR24; 24-dehydrocholesterol reductase, LDLR;
low density lipoprotein receptor, SOAT1; sterol O-acyltransferase.

0¢
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2.7. Functional studies

Genetics is a powerful tool to identify factors contributing to different abnormal conditions
and can be used as a first step toward unraveling mechanisms involved in biological processes
of interest. The most important challenge for the future is moving from risk genes of AD to
proteins, to elucidate what happens in the organism normally and in response to the presence
of altered genetic information. Putative risk genes found by using genetic tools should be
characterized further by using functional methods. Since expression levels and processing of
APP clearly influence AD pathogenesis, it is essential to clarify how expression levels of
putative AD risk genes can affect APP expression and/or processing. Figure 9 shows an
example how putative candidate genes could be characterized further.

In living cells, the regulation of function is based on many regulatory events.
Regulatory systems are like three-dimensional networks where many factors are influencing
each others in different regulatory levels. By affecting one gene, it may have severe effects on
several biological processes. It is essential to gain a more profound knowledge of the
endogenous regulation of gene expression and the association of altered expression to cellular
changes for understanding the pathogenesis of the disease and identifying molecular targets

for drug development.
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Figure 9. Workflow from association studies to functional studies.
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2.8. Aims of the study

The present work was designed to study putative risk genes in AD. Mutations in APP, PSEN1,
and PSEN2 genes cause the autosomal dominant form of EOAD while the APOE &4 allele has
been associated with an increased risk of developing both EOAD and LOAD. APOE &4 allele
accounts for about 50% of the genetic background of the LOAD suggesting that additional
susceptibility genes exist. Identifying new genes involved in the pathogenesis of AD could
open new avenues for development of rational treatment and prevention for AD. The aim was
to use the homogenous eastern Finnish population to identify new candidate genes for AD and

to clarify the function of putative risk genes.

The specific aims of the study were:

1)  To study whether polymorphisms in the BDNF and TrkB genes are associated with AD
in the Finnish population (Study I).

2)  To study whether polymorphisms in the NEP gene are associated with AD in the
Finnish population (Study II).

3)  To study whether polymorphisms in the IDE gene and the HHEX gene at its vicinity are
associated with AD in the Finnish population (Study III).

4)  To study whether polymorphisms in the SST gene are associated with AD in the Finnish
population (Study IV).

5) Based on the findings of studies II and III, the aims were
a) To study whether the pathological accumulation of A modify its own degradation.
b) To study the age and brain region specific alterations in expression levels of IDE and

NEP (Study V).
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3. MATERIALS AND METHODS

3.1.

Materials for studies I to IV

All AD patients and controls derived from eastern Finland and were examined at Kuopio

University Hospital. The Ethics Committee of the Kuopio University Hospital and Kuopio
University approved the study. According to the NINCDS-ADRDA, all patients fulfilled
clinical criteria for probable AD (McKhann et al., 1984, Lehtovirta et al., 1996a). EOAD

patients with an onset age of < 65 years had been screened previously and did not carry any

known mutations in APP, PSEN1 or PSEN2 genes. Control subjects had no signs of dementia

according to interview and neuropsychological testing. The neuropathological investigation

was carried out according to standard procedures, and the diagnosis of AD was based on the

CERAD criteria (Mirra et al., 1991). The demographic data of the AD patients and controls is

presented in Table 5.

Table 5. Demographic data of the AD patients and controls for studies I to IV

Study I Study II Study II1 Study IV
(BDNF, TrkB) (NEP) (IDE, HHEX) (SST)

AD CO AD CO AD CO AD CO
Number of 375 460 390 468 370 454 424 466
subjects
'Age 7247 70£5 | 72+7 70£5 7247 70+£5 71£7 70+£5
Gender (% 69 60 70 61 69 61 67 60
women)
APOE €4 277 126 283 129 273 125 312 129
n (%) (74%) | 27%) | (73%) | (28%) | (74%) | (28%) | (74%) | (28%)
OR for APOE *4.9 *4.7 *4.8 *4.8
&4 allele (95% CI13.9-6.2) | (95% CI13.8-5.9) | (95% CI13.8-6.1) | (95% CI 3.8-5.9)
Number of 60 119 63 112 61 116 70 112
subjects
<65 years

Populations are mostly overlapping. AD=Alzheimers's disease, CO=controls, ' =AD, mean
age at onset; CO, mean age at examination or death. *P<0.001 in Pearson's y” test.
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3.2. Materials for study V

Transgenic mice (Tg) expressing either the human PSEN1 (A246E mutation) or a chimeric
mouse/human APP695 (K595N, M596L, Swedish mutation; APPswe) (Borchelt et al., 1997)
were backcrossed to C57BL/6J mice for 6 generations, and then the lines were crossed
together to generate double Tg mice co-expressing both transgenes. Double Tg mice were
used in this study and age-matched non-transgenic (NT) littermates served as controls. The
numbers of mice in use in the study were as follows: 4-month-old mice, Tg (n=15), NT
(n=13); 11-month-old mice, Tg (n=15), NT (n=17), 12-month-old mice, Tg (n=9), NT (n=9)
and 17-month-old mice, Tg (n=17), NT (n=5). For verification of significant results
APPswe/PSEN1(dE9) mice were used. The APPswe/PSEN1(dE9) founder mice were obtained
from Johns Hopkins University, Baltimore, MD, USA (D. Borchelt and J. Jankowsky, Dept.
Pathology) and a colony was established in the University of Kuopio. In brief, mice were
created by co-injection of chimeric mouse/human APPswe (mouse APP695 harboring a
human AP domain and mutations K595N and MS596L linked to Swedish familial AD
pedigrees) and human PSEN1-dE9 (deletion of exon 9) vectors controlled by independent
mouse prion protein promoter elements. The two transgenes co-integrated and co-segregated
as a single locus (Jankowsky et al., 2004). This line was originally maintained in a hybrid
C3HeJ x C57BL6/J F1 background, but the mice of the present study derived from
backcrossing to C57BL6/J for 5-6 generations. The numbers of mice in use in the study were
Tg (n=11) and NT (n=7); 9-month-old mice. The AP accumulation is more severe in these
APPswe/PSEN1(dE9) mice and the first plaques develop around 4 months of age. The housing
conditions (National Animal Center, Kuopio, Finland) were controlled (temperature +21°C,
light from 7:00 AM to 7:00 PM; humidity 50-60%), and food and fresh water were freely
available. The experiments were conducted according to the Council of Europe (Directive
86/609) and Finnish guidelines, and approved by the State Provincial Office of Eastern
Finland. For the reverse transcription polymerase chain reaction (RT-PCR) and protein
analysis, animals were killed by decapitation, the brains were quickly removed, and cortex and
cerebellum were dissected on ice. In addition, the hippocampus was dissected for total AB40
and AP42 measurements by an ELISA method. Brain samples were frozen in liquid nitrogen

and then stored in -70 °C until further examinations.
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3.3. Gene analysis for studies I to IV

3.3.1. DNA extraction and sequence analysis

Genomic human DNA was extracted from peripheral leucocytes using a phenol-chloroform-
isoamyl alcohol method (Vandenplas et al., 1984). The polymerase chain reaction (PCR)
products and polymorphisms sites of studies I to IV were ascertained with cycle-sequencing
using automated ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). The PCR primers
used are listed in Table 6. PCR products were purified using QIAguick'™ PCR Purification
Kit (Qiagen) and the sequencing was conducted with the Ready Dye Terminator Cycle
Sequencing Kit with AmpliTaq DNA polymerase (Applied Biosystems). PCR products were
cycle-sequenced with the genetic analyzer and the data were analyzed by using ABI PRISM
Sequencing Analysis Software (Applied Biosystems).

3.3.2. SNaPshot procedure

SNPs were selected according to the frequency of their minor allele (>0.1) among the eastern
Finnish population as well as their location in the gene. Primers used for PCR reactions are
presented in Table 6. PCR amplification was followed by Shrimp alkaline phosphatase (SAP,
Amersham Pharmacia Biotech) and Exol (New England Biolabs Inc.) enzymatic treatment
(Table 7). SAP/Exol treated PCR products were subjected to SNaPshot Multiplex PCR in a 10
ul reaction volume containing 1.25 pl SNaPshot Multiplex Ready Reaction Mix (Applied
Biosystems) and appropriate amount of each SNaPshot primer (primers SS in Table 6). The
SNaPshot multiplex reaction was followed by enzymatic SAP treatment. The samples were
analyzed using ABI 3100 Genetic Analyzer (Applied Biosystems) and the allele determination
was carried out with the Genotyper 3.7 program or GeneMapper' ™ 3.0 software (Applied

Biosystems).
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Table 6. SNPs and primers used in association studies I to III.

Study Variation

(Gene)

SNP's
rs-number’

Primers (F=forward primer, R=reverse primer, SS=SNaPshot primer)

T (BDNF) 2030324 C/T

F:TCCAAACATCACACAGCCTAA
R:TGGTCAAAAGGGATGTGAGA
SS: CATTGAATCAGATGAAAGATGAACT20

1 (BDNF) 2049045 C/G

GCAACAGAGGGAACCAACTC
AAGCCTGAACAGTGGACCAG
SS: AAATTGGGTTACCTCCTGGGAAT28

1 (BDNF) 6265 A/G

F:ACTCTGGAGAGCGTGAATGG
R:ACGTGTACAAGTCTGCGTCCT
SS: TGGCTGACACTTTCGAACACT36

I (BDNF) 2203877 A/G

F:AGTTCCTCACCTGCAAAGGA
R:CATTTCACCCTGGCTTCAGT
SS: GGATCTCTTCCAGGAGTCTGAATAT37

1 (BDNF) * AG

F:TGCTGATCACCTGCTCTCAC
R:AAGTTGCTTTCCCTGACTGC
SS: CACAGGTGAATGAAAATGTCCACT44

I (TrkB) 1212171 A/G

F:TCTGTCCAAAGGACAAACTGC
R:CATGTCAATGCGGTATGGAG
SS: CGGTGGTTTGTACACCAGAAGATS6

1(TrkB) 1187326 A/G

F:AGTGCCTCTCGGATCTGGT
R:TGTCACACTTCTCCCTGCAC
SS: TGGCCAGCTCGGGCCCTAT66

1 (TrkB) 1187327 A/G

F:GAGCAGGCGTGATACATACC
R:AGCTGAAGTTACGTGCGTCT
SS: AATGTCCCACTATTTGTGTTCTTAGT64

11 (NEP) 989692 C/T

F: TCCCCCTTACTCCCCTCTTA
R: GCAAAACGAATGAACACATGA
SS: T37AATAGATACTGGTATCAGTAG

1T (NEP) 2196521 C/T

F: AAAGCCTACCATCAGGGACA
R: CATGGACCACGCATTGAATA
SS: TI9CTCACCTCTGATTAATCCCTT

T (NEP) 1025192 C/T

F: CACTCCATTTTCCAATGTGCT
R: TCCACTGTCGGACTTATCACC
SS: C26TCCACTATAAAAAATTCATC

1T (NEP) 1816558 C/T

F: GTAGAGACGGGGTTTCACCA
R: AACCAACACCTTTCCCCAAT
SS: C43AAAACTAATAATCTTACAC

T (NEP) 3773885 C/T

F: CTTTACACACATTTCCATTTTTGC
R: CCTAGCATAATTAAGCCAACCATT
SS: TSO9AAGCTTAAAGGCTTTGTTTTC

II (NEP) 3773882 C/T

F: GCTCCAAGGGGTTTAGAAAGTT
R: GCCTTCCCAAGAAGAAGAAAAT
SS:C30ATCAAAAAAGAAAAAATTTC

I (NEP) 3736187 A/G

F: TCTGTGATGAGGAGGGATGAC
R: GATACACCATGCACTGGGATT
SS:CS4TTTTACTTAAATAAATATATTA

11 (IDE) 3758505 A/C

F:CCACTAGGAGGCTTGCCATA
R:TTGCACCCACGAACAACTTA
SS:CAAAAACGGTGTCCTTAGTCCATS1

11 (IDE) 4646953 C/T

F: CCCTCACAGTCAGACACACG
R: AGCTGCGGAGAGGTAGCTG
SS:CCTCGGCTGTCCGCGGTCTS9

11 (IDE) 4646955 C/T

F:GTAGGCCTGAAGCCTCATTT
R: CATGAACACCTAGAAGGTGC
SS:TGAATTATCCAACTTTGTGTACTTAT75

I (IDE) SNP5 A/G

F:TTCCACATTTTCACCTAACACTG
R:TCCTCTGGATGGCTCATTTC
SS:ATTACATACATGTCAATAAAGAGG(TS3)

1 The NCBI SNP Cluster ID (rs-number)
* (gi: 37541814, position 26429483)
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Table 7. Overview of SNaPshot procedure:

1) Template preparation
= amplify genomic DNA
= remove dNTPs and primers
(SAP, enzyme inhibitor; Exol, primer inhibitor)
= obtain purified template
2)Reaction preparation
= prepare sample reaction (combine: template, SNaPhot primer,
SNaPshot Multiplex ready reaction mix)
4) Thermal Cycling (Post-Extension treatment)
= perform thermal cycling (denature the sample, anneal unlabeled primer,
extend primer with target complementary ddN'TP)
= Remove unincorporated ddNTPs (with SAP)
4) GeneScan Analysis
= Electrophorese samples (for example with ABI Prism 3100 instrument)

= Analyze data (for example with Genemapper)

3.3.3. High-throughput fluorescence detection system
High-efficiency fluorescence polarization (rs1544210 and rs2251101) detected single-base
extension on a Criterion Analyst AD high-throughput fluorescence detection system

(Molecular Devices).

3.3.4. Allelic discrimination

SNPs were selected for screening using SNPbrowser  software 3.0 and genotyping was done
using TagMan® Pre-Developed Assay Reagents for Allelic Discrimination (Applied
Biosystems, Foster City, CA). In allelic discrimination assays, the PCR assay includes
specific, fluorescent, dye-labeled probes for each allele. The probes contain different
fluorescent reporter dyes to differentiate the amplification of each allele. During the PCR,
each probe anneals specifically to complementary sequences between the forward and reverse

primer sites. AmpliTaq Gold® DNA polymerase can cleave only probes that hybridize to the
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allele. Cleavage separates the reporter dye from the quencher dye, which results in increased
fluorescence by the reporter dye. Thus, the fluorescence signal(s) generated by PCR
amplification indicate(s) the alleles that are present in the sample. The TagMan genotyping
reaction was amplified on a MJ Research PTC-200 Cycler (50 C for 2 min, 95°C for 10 min,
followed by 40 cycles of 92°C for 15 s and 60°C for 1 min), and fluorescence was detected on
a ABI Prism 7000 sequence detector (Applied Biosystems, Foster City, CA).

3.3.5. Determination of APOE allele forms

For detection of the APOE allele forms (€2, €3 and €4), PCR and Hhal (New England Biolabs
Inc.) digestions of the PCR products were carried out with primers and conditions as
previously described (Tsukamoto et al., 1993) or using SNaPshot procedure as previously

described (Lehtovirta et al., 1996b).

3.4. Gene and protein analysis for study V

3.4.1. RNA extraction

Total RNA was extracted from 50-100 mg mouse tissue using TRIzol reagent (Gibco BRL,
Grand Island, NY, USA). To avoid coamplification of genomic DNA, DNase treatment of the
total mouse RNA samples was performed using RNase-Free DNase Set (QIAGEN GmbH,
Hilden, Germany). The quality of RNA was determined by electrophoresis in ethidium

bromide stained agarose gels.

3.4.2. cDNA synthesis

The reverse transcription was performed to generate ¢cDNA using TagMan® Reverse
Transcription Reagents Kit (Applied Biosystems, Foster City, CA, USA) with random
hexamers in 50 pl reaction volumes from 1pug of total RNA. The samples were incubated for
10 min at 25°C, the reverse transcription step was 2 h at 37°C, following the inactivation of

reverse transcriptase for 5 min at 95°C. Efficiency of cDNA synthesis was confirmed by
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analysing triplicate cDNA samples using RT-PCR. The minus RT reaction was performed to

detect possible co-amplification of genomic DNA.

3.4.3. Relative mRNA quantification

Relative mRNA quantification of mouse IDE and NEP was performed using glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as an endogenous control. Real-time quantification of
IDE and NEP relative mRNA levels was carried out using ABI PRISM® 7000 or 7500
Sequence Detection System with FAM dye-labeled fluorescent mouse assays (Assays-On-
Demand™ Gene Expression Products, Applied Biosystems), and the endogenous control
gene, GAPDH with VIC dye-labeled TagMan® Rodent GAPDH Control Reagents kit (Applied
Biosystems). Amplifications were performed in multiplex or singleplex reactions according to
the manufacturer’s instructions. In multiplex reactions, the concentrations of primers used in
the study were limited to avoid primer competition.

The relative quantification was performed using the relative standard curve method or
the comparative Ct —method depending on the study. In standard curve methods, the R* for the
standard curves varied from 0.988 to 0.997 in NEP mouse study. In the GAPDH studies, R
for the standard curves varied from 0.989 to 0.997. For each experimental sample, the amounts
of IDE, NEP and GAPDH were determined from the appropriate standard curves. The IDE or
NEP amount was then divided by the GAPDH amount to obtain a normalized target value. A
calibrator was included in each assay run, and each normalized target value was divided by the
calibrator to generate the relative mRNA levels. The comparative Ct method is similar to the
standard curve method, except that it uses arithmetic formulas to achieve the same results for
relative quantitation. The benefit of resorting to the Ct method is to eliminate the use of
standard curves for relative quantitation. The PCR efficiencies of mouse IDE and rodent
GAPDH were measured to ensure that they were equivalent. In the Ct method, the IDE
amount of target, normalized to GAPDH and relative to a calibrator which was included in
each assay run, is given by 2" where AACt = ACt target — ACt calibrator and ACt is the
difference in threshold cycles for IDE and GAPDH. Control reactions were performed to
verify that no amplification would occur without cDNA. The means calculated from three

parallel PCR reactions were used in the statistical analyses.
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3.4.4. Western blotting

Western blotting was performed to measure protein levels of IDE, NEP, APP-FL, C-terminal
fragments of APP-FL; APP-C99 and APP-C83, GAPDH and a-tubulin from the cortex of 12-
month-old APP/PSEN1 (A246E) Tg mice and NT littermates (n=9 in both groups) and from
the cortex of APP/PSENI(dE9) Tg (n=11) mice and NT littermates (n=7). Proteins were
extracted with T-Per solution (Pierce, Biofellows Oy) according to the manufacturer's
instructions. The following rabbit polyclonal antibodies were used: Anti-NEP (AB5458,
Chemicon International, Temecula, CA), anti-IDE (AB25970, Abcam, Cambridge, UK) and
anti-APP C-terminal (A8717, Sigma, St.Louis, USA). The following mouse monoclonal
antibodies were used: anti-GAPDH (AB8245, Abcam, Cambridge, UK) and anti-a-tubulin
(T5168, Sigma, St.Louis, USA). Signals were detected with ECL+ system (Amersham
Biosciences, Buckinghamshire, UK) and proteins were quantified from scanned membranes
with Quantity One software (Bio-Rad). Protein levels were assessed by using GAPDH as an

endogenous control.

3.4.5. AB40 and Ap42 ELISAs

To analyze total AP levels, the mouse hippocampus was homogenized in a guanidine buffer
(5.0 M guanidine-HCL/50 mM Tris-HCL, pH 8.0) in proportion to their weight. The samples
and AP-peptides used as standards were prepared to contain 0.5 M guanidine-0.5% BSA-1
mM AEBSF in the final composition. The levels of transgenic human AB40 and AB42 were
quantified using the Signal Select'™ Beta Amyloid ELISA Kits (BioSource International Inc.)
according to the manufacturer's protocol. The total AB40 and AB42 levels were standardized

to brain tissue weight and expressed as ng AP/g (brain tissue).
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3.5. Statistical analyses

3.5.1. Studies I to I'V:

Standardized D’ values, which were used to measure pair-wise linkage disequilibrium (LD),
were calculated using the 2LD program
(http://www.iop.kcl.ac.uk/loP/Departments/PsychMed/GEpiBSt/software/21d.stm). The
significance of linkage disequilibrium as well as the Hardy-Weinberg distribution of
genotypes among the AD and control groups was assessed using GenePop option 2 and 1
forms, respectively (http://wbiomed.curtin.edu.au/ genepop/genepop opl.html.). Single locus
allele and genotype frequencies were compared by using two-tailed Pearson’s y* test with
SPSS 11.5 software. Odds ratios (OR) for combined genotype data were calculated using uni-
and multivariate logistic regression with 95% confidence intervals (CI). For stratified data, the
Bonferroni correction was applied by multiplying P values with the number of tests. The
Expectation-maximization (EM) algorithm was used to obtain maximum-likelihood estimates
of haplotype frequencies of genes SNPs with Arlequin ver. 2.000 software
(http://anthro.unige.ch/arlequin). Haplotype frequencies with absolute chromosome numbers
were compared between AD and control groups using the RxC program that employs the
Metropolis algorithm to obtain unbiased estimates of exact P-values with standard errors (SE)
(Raymond ML and Rousset F, 1995). Haplotype block predictions were performed by using
the Haploview program which is based on D' value, the standardized disequilibrium

parameter. The level of statistical significance was defined as P < 0.05.

3.5.2. Study V:

All statistical analyses were performed using SPSS 11.5 software applying non-parametric
Mann-Whitney U-test, Kruskall-Wallis H-test and Spearman’s correlation analysis. All data
are expressed as means + standard error and the level of statistical significance was defined as

P<0.05.
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4. RESULTS

4.1. BDNF and TrkB polymorphisms; Study I

Five SNPs in BDNF gene and 3 SNPs in TrkB genes promoter region were used in this study.
Locations of BDNF SNPs are indicated in Figure 10. The Hardy-Weinberg equilibrium was
tested separately among stratified and un-stratified AD and control groups for all SNPs, with
no deviations from equilibrium being observed. The distribution of APOE &2/3/4 alleles

differed as expected for the 375 AD cases from the 460 control subjects (Table 5).

rs2030324 rs2049045 rs6265  rs2203877 SNP5
(32 600) (14 300) (9000) | (5400)
< > | <« » | —mmmm | —»

H—Hit  aaaaa

Figure 10. Schematic map of BDNF. The numbers in brackets indicate distances between
analyzed SNPs (kb). Boxes represent exons and lines introns. Exon orientation (1—7) from
contig NT 086780.

When AD patients and controls were analyzed together in a pairwise LD analysis (1670
alleles), a strong LD was observed between all five SNPs in the BDNF gene as well as
between all three SNPs in the TrkB gene (Table 8). The allele and genotype frequencies of the
BDNF and TrkB SNPs did not differ significantly between un-stratified AD and control
groups (Table 9). In addition, no significant differences were found in single or overall

haplotype distributions.



Table 8. Pairwise LD (D above diagonal) and statistical significance
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(P-value below diagonal) for BDNF and TrkB SNPs.

BDNF SNP 1 2 3 4 5

1 1.000 1.000 0.960 0.960
2 <0.001 0.995 0.905 0.905
3 <0.001 <0.001 0.905 0.905
4 <0.001 <0.001 <0.001 1.00
5 <0.001 <0.001 <0.001 <0.001

TrkB SNP 1 2 3

1 0.994 0.997

2 <0.001 1.000

3 <0.001 <0.001

Since the AD group consisted of both early- and late- onset patients, the sample
cohorts were analyzed separately using 65 years as the cutoff age. Nonetheless, comparison of
the allele, genotype and haplotype distribution of BDNF and TrkB SNPs between these
subgroups did not reveal any significant differences. In addition, even after stratification
according to gender or APOE status, there were no major differences in allele, genotype or
haplotype frequencies of BDNF and TrkB SNPs between cases and controls. When BDNF
data was stratified according to familial status, significant differences were observed in allele
frequencies of four SNPs between sporadic AD and control populations (Table 10). Three
haplotypes out of seven (CCGGG, TGAAA and TCGAA), as well as in un-stratified material
exceeded the previously considered threshold haplotype frequency of 0.05 (Xu et al., 2002).
Association testing of individual haplotype distribution revealed that the haplotype CCGGG
was significantly over represented among the sporadic AD group before Bonferroni correction
(frequencies in sporadic AD; 0.51, 0.13 and 0.33 and in controls; 0.44, 0.17 and 0.35; P=0.04;
SE=0.006; Bonferroni corrected P value: P=0.8). The distribution of APOE €2/3/4 alleles was
0.04/0.80/0.15 and 0.02/0.55/0.43 in control and sporadic AD groups (P < 0.001),
respectively. The APOE e4-allele was significantly more common in the sporadic AD group
compared to the control group (P < 0.001, OR = 4.24; 95% CI 3.19-5.64). Stratification of

TrkB polymorphisms according to familial status did not reveal any significant results.
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Table 9. Allele, genotype and haplotype frequencies of the BDNF polymorphisms for
patient and controls.

BDNF Allele Allele frequency P value | Genotype | Genotype frequency | P value for
Control AD for Control AD Genotype®
(N =920) | (N=750) | Allele” (N =460) | (N=375)
rs2030324 | C 0.53 0.51 0.35 CC 0.27 0.24 0.62
T 0.47 0.49 CT 0.52 0.53
TT 0.21 0.23
rs2049045 | C 0.87 0.86 0.72 CC 0.75 0.75 0.65
G 0.13 0.14 CG 0.23 0.23
GG 0.02 0.02
1s6265 G 0.87 0.86 0.71 GG 0.75 0.74 0.65
A 0.13 0.14 GA 0.24 0.23
AA 0.02 0.02
rs2203877 | G 0.52 0.49 0.18 GG 0.26 0.23 0.39
A 0.48 0.51 GA 0.51 0.51
AA 0.23 0.26
SNP5 G 0.52 0.49 0.18 GG 0.26 0.23 0.39
A 0.48 0.51 GA 0.51 0.51
AA 0.23 0.26
TrkB
rs1212171 | G 0.36 0.38 0.46 GG 0.14 0.16 0.74
A 0.64 0.62 GA 0.45 0.45
AA 0.42 0.40
rs1187326 | G 0.19 0.20 0.94 GG 0.05 0.04 0.86
A 0.81 0.80 GA 0.30 0.31
AA 0.66 0.65
rs1187327 | G 0.64 0.62 0.49 GG 0.41 0.40 0.71
A 0.36 0.38 GA 0.45 0.45
AA 0.14 0.16
BDNF Control AD P-value’
Haplotype® (N =920) (N =750)
CCGGG 0.507 0.477 0.237£0.021
TGAAA 0.125 0.132 0.717£0.012
TCGAA 0.334 0.350 0.448+0.026
Others 0.033 0.040 0.522+0.010
Overall 0.641+0.023
TrkB Control AD P-value®
Haplotype® (N =920) (N =750)
GGA 0.193 0.196 0.892+0.006
GAA 0.165 0.181 0.565+0.019
AAG 0.638 0.623 0.520+0.021
Others 0.003 - 0.256+0.002
Overall 0.473+0.036
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Table 10. Allelic and genotypic frequencies of the polymorphism of the BDNF gene in
patients with sporadic AD (n=160) and controls (n=460).

BDNF Allele Allele frequency P-value | Geno- Genotype frequency P-value
locus for type for
CcO AD Allele® co AD Geno-
(n=920) (n=320) (n=460) (n=160) type’
1s2030324 C 0.53 0.46 0.04 CcC 0.27 0.22 0.09
T 0.47 0.54 0.8% CT 0.52 0.49
TT 0.21 0.29
rs2049045 C 0.87 0.83 0.06 CcC 0.75 0.69 0.12
G 0.13 0.18 CG 0.24 0.28
GG 0.02 0.04
156265 G 0.87 0.82 0.04 GG 0.75 0.68 0.06
A 0.13 0.18 0.8%* GA 0.24 0.28
AA 0.02 0.04
rs2203877 G 0.52 0.45 0.04 GG 0.26 0.22 0.09
A 0.48 0.55 0.8* GA 0.51 0.47
AA 0.23 0.31
SNP5 G 0.52 0.45 0.04 GG 0.26 0.22 0.09
A 0.48 0.55 0.8%* GA 0.51 0.47
AA 0.23 0.31

* P-values calculated using two-tailed Pearson’s y test
PP_values calculated using RXC program
* Bonferroni corrected p-values for 20 tests

4.2. NEP polymorphisms; Study II

Seven intronic SNPs in NEP gene were selected for screening (Figure 11). All SNPs were in
Hardy-Weinberg equilibrium in both cases and controls (P>0.05). The distributions of APOE
e2/e3/e4 alleles differed as expected for the 390 AD cases compared with the 468 control
subjects (Table 5). In a single locus analyses among 7 studied SNPs 2 SNPs rs989692 and
rs3736187 differed significantly between the study groups (Table 11). In carriers of the SNP 1
T-allele and the SNP 7 A-allele, an age and sex adjusted odds ratio for the risk of AD was 1.32
(95% CI 1.00 to 1.74; P=0.05) and 4.06 (95% CI 1.14 to 14.4; P=0.03), respectively. The age
and sex adjusted odds ratio for the risk of AD in homozygous carriers of the SNP 1 T-allele
and the SNP 7 A-allele was 1.85 (95% CI 1.17 to 2.94; P=0.01) and 1.46 (95% CI 1.08 to
1.97; P=0.01), respectively. No significant differences were found in the APOE stratified

groups.
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Figure 11. Schematic map of NEP gene. The numbers in brackets indicate distances between
analyzed SNPs (kb). Boxes represent exons and lines introns. SNP rs989692 is in different
intron compared to what we earlier reported. This is due to the fact that the amount of new
genomic data is increasing continuously which leads to changes in intron/exon locations and
numbering. Exon orientation (1—24) from contig NT 086780.

Table 11. Allelic and genotypic frequencies of the polymorphism of NEP gene for AD
patient (n=390) and controls (n=468). * P-values calculated using two-tailed Pearson’s y’
test, "P-values calculated using RXC program. Bonferroni corrected values are given in
parenthesis.

NEP Alleles Allele frequency *P-value | Geno- Genotype *P-value
rs-number types frequency
Cco AD Cco AD
n=936 n=780 n=468 n=390
15989692 C 0.70 0.64 0.01 cC 0.48 0.41 0.01
(SNP1) T 0.30 0.36 (0.14) | CT 0.45 0.46 (0.14)
TT 0.07 0.13
1s2196521 C 0.12 0.14 0.36 CC 0.03 0.03 0.54
(SNP2) T 0.88 0.86 CT 0.19 0.22
TT 0.78 0.75
rs1025192 C 0.52 0.53 0.92 CC 0.28 0.28 0.98
(SNP3) T 0.48 0.47 CT 0.49 0.49
TT 0.23 0.23
rs1816558 C 0.41 0.39 0.50 CC 0.18 0.17 0.73
(SNP4) T 0.59 0.61 CT 0.46 0.44
TT 0.36 0.39
rs3773885 C 0.68 0.68 1.00 CC 0.46 0.47 0.62
(SNP5) T 0.32 0.32 CT 0.44 0.41
TT 0.10 0.12
rs3773882 C 0.78 0.78 1.00 CC 0.59 0.61 0.62
(SNP6) T 0.22 0.22 CT 0.37 0.34
TT 0.04 0.05
1rs3736187 G 0.19 0.14 0.01 GG 0.03 0.01 0.01
(SNP7) A 0.81 0.86 (0.14) GA 0.31 0.25 (0.14)
AA 0.66 0.74
NEP AD frequency Control frequency ®P-value
Haplotype n= 780 alleles n= 936 alleles
CTTTTCA 0.12 0.17 NS
CTCCCCG 0.07 0.12 NS
CTCCCCA 0.10 0.09 NS
CTCCCTA 0.06 0.07 NS
CTTTCCA 0.07 0.07 NS
TTCCCCA 0.09 0.06 0.02




68

When AD patients and controls were analyzed together in a pair-wise LD analysis (1716
alleles) 62% of SNP pairs demonstrated LD (Using a threshold D' value of 0.30). With the
likelihood ratio test of LD, 67% of SNP pairs had p <0.01. Haplotypes with frequencies above
5% were included into the statistical tests (Table 11). Haplotype TTCCCCA includes T and A
alleles for rs 1s989692 and rs3736187, which were also significantly overrepresented in the
AD cohort in the single locus analyses.

Haplotype blocks as determined with the use of Haploview software on the basis of the
strength of the linkage disequilibrium (using a threshold D’value >0.95, Confidence interval
(Gabriel et al., 2002)) showed two separate blocks in analyzed NEP gene region (Figure 12).
In block two, three haplotypes were observed (Table 12). Haplotype CA was overrepresented
in the AD cohort compared to controls. Conversely, haplotype CG was underrepresented

among the AD patients.
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Figure 12. Haplotype blocks as determined with the use of Haploview software on the basis of
the strength of the linkage disequilibrium. A) Numbers 1 to 7 indicate SNPs rs989692,
1s2196521, rs1025192, rs1816558, rs3773885, rs3773882, rs3736187, respectively. Shades of
gray represent decreasing degrees of LD between pairs of SNPs; dark gray represent strong
LD.



Table 12. Estimated haplotype frequencies for NEP polymorphisms,
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rs 3773882 and rs3736187 based on Haploview software.

NEP Haplotype | AD frequency Control P-value
n= 780 alleles frequency
n= 936 alleles
CA 0.64 0.59 0.02
TA 0.22 0.23 NS
CG 0.14 0.19 <0.01

4.3. IDE and HHEX polymorphisms; Study IIT

Five IDE SNPs and 1 HHEX SNP were selected for screening. Locations of IDE SNPs are
indicated in Figure 13. All SNPs were in Hardy-Weinberg equilibrium in both cases and
controls (P>0.1). The APOE €4 allele was significantly overrepresented among 370 AD
patients when compared to 454 control subjects (Table 5). Genotyping of the IDE and HHEX
SNPs revealed that the minor allele frequency of IDE intron 20 SNP (12973709) was < 0.01 in
both AD and control cohorts, which led us to exclude this SNP from further analysis.

rs2251101
(IDE7)

rs3758505 rs4646953
(IDE1) (IDE2)

|(823)\ (39 656) \
+—> | < » | «

—HH - HAHHHH

Figure 13. Schematic map of IDE gene. The numbers in brackets below arrows indicate
distances between analyzed SNPs (kb). Boxes represent exons and lines introns. Exon
orientation (1—25) from contig NT 086775.1.

rs4646955

(83 000)

v

Comparison of the genotype and allele distribution of SNPs between AD and control
cohorts revealed that IDE SNPs rs4646953 and rs4646955 showed nominal evidence of
association with AD (Table 13). When the sample was stratified based on onset age using 65
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years as cut off, significant genotype and allele association of IDE SNPs rs4646953 (P<0.03
and P<0.03, respectively) and rs4646955 (P<0.03 and P<0.03, respectively) were observed
with late-onset, but not with early-onset AD patients. Stratification according to gender and
APOE status did not reveal any major differences between subgroups. IDE SNPs rs4646953
and rs4646955 conferred an approximately two-fold increased risk for AD in logistic
regression analyses (Table 13). The risk effect of IDE SNPs rs4646953 and rs4646955

appeared to be somewhat stronger among the LOAD patients when compared to whole cohort.

Table 13. Single locus, uni- and multivariant logistic regression test results for IDE and HHEX
SNPs.

Allele | Allele frequency P-value | Geno- | Genotype P-value
NCBI rs-number type frequency
and location (kb)* CcO AD Cco AD
(n=908) | (n=740) (n=454) | (n=370)

rs1544210° A 0.566 0.535 0.21 AA 0.322 0.300 0.32
HHEX (0) G 0.434 0.465 AG 0.476 0.446

GG 0.192 0.232
rs3758505 G 0.052 0.053 0.93 GG 0.004 - 0.48
IDE 5'-UTR (153) | T 0.948 0.947 GT 0.095 0.105

TT 0.901 0.895
rs4646953 C 0.338 0.284 0.02 CC 0.126 0.076 0.04
IDE 5'-UTR T 0.662 0.716 (0.10) CT 0.425 0.416 (0.20)
(154) TT 0.449 0.508
rs4646955 C 0.380 0.327 0.03 CcC 0.152 0.095 0.04
IDE Intron 3 T 0.620 0.673 (0.15) CT 0.456 0.465 (0.20)
(194) TT 0.392 0.441
rs2251101 C 0.177 0.174 0.87 CcC 0.030 0.027 0.87
IDE 3'UTR T 0.823 0.826 CT 0.289 0.295
(276) TT 0.678 0.678
Uni-and OR (95% CI) OR (95% CI)
multivariant Univariate Adjusted for age, gender and APOE
logistic regression for | Whole > 65 years Whole > 65 years
significant IDE SNPs
rs4646953 1.75(1.09-2.82) 2.21(1.29-3.80) 2.08(1.20-3.60) 3.00(1.58-5.69)
CT+TT vs CC * *H *H *
rs4646955 1.72(1.11-2.64) 2.08(1.29-3.36) 1.95(1.18-3.23) 2.58(1.45-4.57)
CT+TT vs CC * *H *H *H

"Distance from HHEX SNP rs1544210. All SNPs were in Hardy-Weinberg equilibrium in
both cases and controls (p>0.1). "AD patients n = 362, Controls n = 449. “Allele and genotype
frequencies were compared using two-sided Pearson’s y® and Fischer’s exact tests,

respectively. P-values were corrected for multiple testing using Bonferroni correction (in
parenthesis). * P<0.05, ** P<0.01.
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Haplotype estimation analysis was performed using IDE SNPs rs3758505, rs4646953
and rs4646955 as these SNPs were shown to be a part of same haplotype block in the 5’-prime
end of the IDE gene (Figure 14). Four haplotypes were identified in the AD and control
cohorts (Table 14). Assessment of individual haplotype distributions showed that the TTT
may be significantly overrepresented in the AD cohort and conversely, haplotype TCC was
underrepresented among the AD patients. Haplotype TTT includes T alleles for rs4646953 and
rs4646955, which were also significantly overrepresented in the AD cohort in the single locus
analyses. The frequencies of the TCC and TTT haplotypes were similar in the early- and late-
onset AD patients when compared to the whole cohort, but the distribution of these haplotypes
was significantly different from cases only in the late-onset AD patients when compared to

age-matched controls (TCC, p=0.03 and TTT, p = 0.03).

Figure 14. Haplotype blocks as determined with the use of Haploview software on the basis of
the strength of the linkage disequilibrium. Numbers 1 to 5 indicate SNPs rs1544210,
rs3758505, rs4646953, rs4646955, 1s2251101, respectively. Shades of gray represent
decreasing degrees of LD between pairs of SNPs; dark gray represent strong LD.

Table 14. Estimated haplotype frequencies for IDE gene. P-values calculated
using RXC program.

IDE haplotypes Control frequencies AD frequencies P-value
n=740 alleles n=908 alleles
TCC 0.34 0.28 0.02
TTT 0.57 0.62 0.03
GTT 0.05 0.05 NS
TTC 0.04 0.04 NS
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4.4. SST polymorphisms; Study IV

The distributions of APOE ¢€2/e3/e4 alleles was 0.04/0.80/0.16 in control (n=466) and
0.02/0.51/0.47 in sporadic AD (n=424) groups, respectively, (P<0.001) and were consistent
with those previously described in the same population (Table 5) (Lehtovirta et al., 1996b).
All SNPs were in Hardy-Weinberg equilibrium in cases and controls (P>0.05).

The allele and genotype frequencies did not differ significantly between whole AD and
control groups (Table 15). However, an increased frequency of C-allele carriers of SNP
rs4988514 can be seen in AD cases (0.31) compared to controls (0.26). By using a binary
logistic regression analysis, we found that in whole study group, an age, sex and APOE
adjusted OR for the risk of AD in C-allele carriers of the rs4988514 was 1.42 (95% CI 1.02-
2.00; P=0.04). When AD patients and controls were analyzed together in a pair-wise LD
analysis (1780 alleles), a strong LD was observed between all three SNPs in the SST gene
(D'=1.0 in all pairs, P<0.01). The frequencies of all observed haplotypes were above 0.05 and
they all were included into statistical tests. The association testing of individual haplotype
distributions in whole samples showed that a major haplotype TTG was less common for cases

compared to controls (Table 15). No other significances were found in whole samples.

It is known that the SST protein levels are significantly lower in AD patients carrying
the APOE &4 allele (Grouselle et al., 1998). To study the genetic background of the SST gene
in this particular AD group, we stratified the data according to APOE. In the APOE &4 allele
group, the allele and genotype frequencies of rs4988514 differed significantly between AD
cases (n=312) and controls (n=129) (Table 15) and the age and sex adjusted OR for the risk
of AD in C-allele carriers of the rs4988514 was 2.05 (95% CI 1.23-3.41; p=0.006,
Bonferroni corrected p=0.018). As in the whole group, the major haplotype TTG in the
APOE &4 allele group was underrepresented for cases compared to controls. Additionally, 2-
fold overrepresentation of TCG haplotype in APOE €4 samples for AD cases was
significantly overrepresented among cases compared to the remaining haplotypes (Table 15).
When all haplotype combinations were compared between the study groups, a significant
difference was detected in APOE €4 samples with P=0.012. We did not find any significant

differences in APOE €4 negative subjects between the study groups.
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Table 15. Genotype, allele and haplotype frequencies of the polymorphism of SST gene

for whole and APOE ¢4 (+) samples.

* P-values calculated using GenePop option, "P-

values calculated using RXC program. Bonferroni corrected P-values are given in

parenthesis.
SST Whole Samples "P-value APOE &4 (+) *P-value
AD co AD CO
SNP Genotypes AD CO AD CO
(n=424) (n=466) (n=312) (n=129)
1s7624906 TT 0.73 0.78 0.134 0.71 0.71 0.828
CT 0.25 0.21 0.27 0.28
CC 0.02 0.02 0.02 0.01
rs4988514 TT 0.69 0.74 0.079 0.69 0.81 0.002
(0.024)
CT 0.29 0.25 0.29 0.19
CC 0.02 0.01 0.03 0
rs3864101 GG 0.62 0.66 0.166 0.05 0.04 0.656
GT 0.34 0.30 0.35 0.33
TT 0.04 0.04 0.60 0.63
SNP Alleles AD CcoO AD CO
(n=848) (n=932) (n=624) (n=258)
187624906 C 0.14 0.12 0.127 0.15 0.15 0.839
T 0.86 0.88 0.85 0.85
rs4988514 C 0.16 0.14 0.078 0.17 0.09 0.004
(0.012)
T 0.84 0.86 0.83 0.90
1s3864101 G 0.79 0.81 0.160 0.78 0.79 0.661
T 0.21 0.19 0.22 0.21
Sample and AD frequency CO frequency P-value® OR (95% CI)
Haplotype (n=alleles) (n=alleles)
Whole Sample: | AD (n=848 alleles) | CO (n=932 alleles)
TTG 0.622 (528) 0.678 (632) 0.012+0.004 0.78 (0.64-0.95)
TTT 0.069 (59) 0.067 (62) 0.854+0.006 1.05 (0.73-1.52)
TCG 0.164 (139) 0.135 (126) 0.110+0.009 1.25 (0.97-1.63)
CTT 0.143 (122) 0.120 (112) 0.136+0.008 1.23 (0.93-1.62)
Overall 0.073+0.011
APOE ¢4: AD (n=624 alleles) | CO (n=258 alleles)
TTG 0.609 (380) 0.702 (181) 0.012+0.004 0.66 (0.49-0.91)
TTT 0.067 (42) 0.058 (15) 0.652+0.007 1.17 (0.64-2.15)
TCG 0.169 (106) 0.093 (24) 0.004+0.001 2.00 (1.25-3.19)
CTT 0.154 (96) 0.147 (38) 0.839+0.005 1.05 (0.70-1.58)
Overall 0.012+0.002




To investigate the possible interaction between SST and APOE genes, ORs were

calculated for SST and APOE genes separately and in combination, using cases and controls
who had neither APOE €4 nor SST C-alleles of SNP rs4988514 as the reference (Table 16).
The results indicated that the SST C allele carriers with APOE &4 allele had an increased risk

of AD. Additionally, logistic interaction analysis supported the hypothesis that APOE &4 and
SST C alleles interact with AD (P=0.045; OR 2.0 with 95% CI 1.01-4.04). Both analyses
showed that the SST C allele was not independently associated with AD risk, whereas APOE

€4 was an independent risk factor

Table 16. OR of AD cases when taking the subjects with neither APOE &4 nor SST C alleles
as reference.

* APOE

*SST rs4988514

b
cdt C+ AD Control OR (95% CI) P-value
80 240 reference
+ 32 97 0.99 (0.62-1.59) 1.0
+ 214 105 6.11 (4.33-8.63) <0.001
+ + 98 24 12.25 (7.33-20.46) <0.001

} °P<0.01;0R 2.0
(95% CI 1.21-3.32)

* The minus sign indicates cases/controls who lack these genotypes; plus indicates

number of cases with these genotypes.

b Pearson x2 test.

4.5. Expression analysis of IDE and NEP; Study V

4.5.1. AP levels in AD like Tg mice and NT littermates

The cortical and cerebellar samples from APPswe/PSEN1(A246E) Tg mice and NT
littermates at 4, 11 and 17 months of ages were used in this study. In APP/PSEN1(A246E) Tg

mice, in agreement with published results (Borchelt et al., 1997) the formation of AB plaques
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began in the hippocampus and soon extended to all cortical areas but the cerebellum remained
free of plaques (Figure 15). During the studied period of time (from 4 month to 17 month),
the total hippocampal levels of AB42 in APP/PSEN1(A246E) Tg mice increased exponentially
from 15 to 5455 ng/g (Spearman’s correlation r=0.79, P<0.01, Figure 15A) and those of AB40
from 70 to 4325 ng/g (Spearman’s correlation r=0.81, P<0.01). No A deposition or detectable

AP levels were observed in NT littermates at any age.
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Figurel5. Low power photomicrographs (A-D) to demonstrate the pattern of Af labeling with
increasing age in the entorhinal cortex (A-C) and cerebellum (D) (mo=month) of
APP/PSEN1(A246E) mouce brain. Note that cerebellum remains free of plaques. Scale bar in
A equals 500 um and applies to all (Thomas van Groen).

4.5.2. IDE and NEP mRNA levels in cortex of AD like Tg mice and NT littermates

A statistically significant positive correlation between AB40 or AP42 and relative mRNA-
levels of IDE in cortex was observed (Spearman’s r = 0.33, p = 0.030 and r = 0.35, p = 0.018,
respectively). The IDE mRNA-levels in NT mice showed an age-related decrease from 4 to
11 months of age (Figure16B). Consequently, the IDE mRNA-levels in the cortex differed
significantly between APPswe/PSEN1(A246E) Tg mice and NT littermates at the age of 11
months (p=0.002, Figure 16B). The cortical NEP mRNA-levels decreased age-dependently in
both APPswe/PSEN1(A246E) Tg mice and NT littermates. However, the cortical NEP
mRNA-levels were higher in APPswe/PSEN1(A246E) Tg mice compared to NT littermates



from 11 to 17 months of age (Figure 16C) although the difference did not reach statistical

significance. Interestingly, a significant positive correlation was observed also between IDE

and NEP mRNA-levels in cortex of 17-month-old mice (Spearman's correlation r=0.51,

p<0.05).
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Figure 16. The relative mRNA-levels of
IDE and NEP in the cortex compared to
total hippocampal levels of AP in mice
brain. In panel A the total AB42 levels
were standardized to brain tissue weight
and expressed as ng AP/g brain tissue
(values above column). APPswe/PSEN1
(A246E) Tg mice exhibited an
exponential increase in hippocampal
AP42 levels from 4 to 17 months of age
(Spearman’s correlation 1=0.79, p<0.01).
In panels B and C, mRNA levels of IDE
and NEP are expressed as percentage
changes relative to the levels of 4-month-
old NT mice. The IDE mRNA-levels
differed significantly between
APPswe/PSEN1 (A246E) Tg mice and
NT littermates at the age of 11 months (p-
value: ** <0.01, panel B). Age related
changes are presented by comparing each
time point to 4-month-old NT or
APPswe/PSEN1 (A246E) Tg mice (p-
values: *<0.05, **<0.01, ***<0.001).
Note that the age-related increase in IDE
mRNA-levels paralleled the age-related
AP accumulation in APPswe/PSENI1
(A246E) Tg mice. The numbers of male
mice used in the study were as follows: 4-
month-old APPswe/PSEN1 (A246E) Tg
(n=15) and NT (n=13), 11-month-old
APPswe/PSEN1 (A246E) Tg (n=15) and
NT (17) and 17-month-old
APPswe/PSEN1 (A246E) Tg (n=17) and
NT (n=5).
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4.5.3. IDE and NEP mRNA levels in cerebellum of AD like Tg mice and NT littermates

The relative mRNA-levels of IDE in the cerebellum did not differ between
APPswe/PSEN1(A246E) Tg mice and NT littermates at any age (Figure 17A). An age-
dependent increase of mRNA-levels of IDE was seen in both APPswe/PSEN1(A246E) Tg
mice and NT littermates from 4 to 11 months (p<0.001, Figure 17A). As was the case in the
cortex, mMRNA-levels of NEP in the cerebellum decreased age-dependently in
APPswe/PSEN1(A246E) Tg mice from 4 to 17 months (p<0.001, Figure 17B). The same
trend of an age-dependent decrease in the mRNA-levels of NEP was also seen in NT mice.
Interestingly, the NEP mRNA-levels in the cerebellum were significantly higher in
APPswe/PSEN1(A246E) Tg mice compared to the NT littermates at the age of 11 months (p=
0.047). Additionally, the mRNA-levels of IDE were significantly higher in the cerebellum
compared to the cortex at all ages (p-values for both APPswe/PSEN1(A246E) Tg mice and
NT littermates: 4 months: p<0.001, 11 months: p<0.001, and 17 months: p<0.05; the average
increase being 2.4-fold in NT littermates and 1.8-fold in APPswe/PSEN1(A246E) Tg mice).
Opposite results were observed for NEP, such that NEP mRNA levels were significantly lower
in the cerebellum than in the cortex at all ages (p-values for both APPswe/PSEN1(A246E) Tg
mice and NT littermates: 4 months: p<0.001, 11 months: p<0.001, and 17 months: p<0.01; the
average decrease being 4.0-fold in NT littermates and 3.9-fold in APPswe/PSEN1(A246E) Tg

mice).
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Figure 17. The relative mRNA-levels of IDE and NEP in the cerebellum. The mRNA levels
of IDE and NEP in panels A and B are expressed as percentage changes relative to the levels
of 4-month-old NT mice. The NEP mRNA-levels differed significantly between
APPswe/PSEN1(A246E) Tg mice and NT littermates at the age of 11 months (p-value: *
<0.05, panel B). Age related changes are illustrated by comparing each time point to 4-month-
old NT or APPswe/PSEN1(A246E) Tg mice (p-values: * <0.05, ** <0.01, *** <0.001). The
numbers of male mice wused in the study were as follows: 4-month-old
APPswe/PSEN1(A246E) Tg (n=15) and NT (n=13), 11-month-old APPswe/PSEN1(A246E)
Tg (n=15) and NT (17) and 17-month-old APPswe/PSEN1(A246E) Tg (n=17) and NT (n=5).

4.5.4. IDE and NEP protein levels in cortex of AD like Tg mice lines and NT littermates

Since the IDE mRNA-levels differed significantly = between  11-month-old
APPswe/PSEN1(A246E) Tg mice and NT littermates, IDE and NEP protein levels were
measured in the cortex from additional mice of closely matching ages
(APPswe/PSEN1(A246E) Tg mice n=11 and NT littermates n=7, 12 months of age;
APPswe/PSEN1(dE9) Tg mice n=11 and NT littermates n=7, 9 months of age). In addition,
protein levels of full-length APP (APP-FL) and C-terminal fragments of APP, APP-C83 and
APP-C99 were measured.

GAPDH normalized protein levels were measured from the cortex of 12 month old
APPswe/PSEN1(A246E) Tg mice which develop the first signs of amyloid plaques around 9
months of age. Protein levels of APP-FL in APPswe/PSEN1(A246E) Tg mice were on
average 5.3-fold higher (range 3.5-7.5-fold) than in their NT littermates ( p<0.001, Figure 18A
and B). Similarly, levels of APP-C83 were significantly higher in APPswe/PSEN1(A246E) Tg
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mice compared to NT littermates (p<0.01, Figure 18A and B). Levels of APP-C99 were below
the detection level in NT littermates but the fragment was clearly seen in
APPswe/PSEN1(A246E) Tg mice (Figure 18A). Interestingly, in agreement with the mean
mRNA-levels of IDE and NEP, the protein levels of IDE and NEP in APPswe/PSEN1(A246E)
Tg mice were higher than in NT littermates (11% and 16% increase, respectively), although
the difference did not reach statistical significance (Figure 18A and C). We also calculated the
mean protein levels of IDE and NEP by normalizing the data for a-tubulin and both results
were consistent (data not shown). To verify these results, a-tubulin normalized protein levels
were measured from the cortex of 9 month old APPswe/PSEN1(dE9) mice which develop
plaques already around 4 months of age. Similarly, protein levels of APP-FL in
APPswe/PSEN1(dE9) Tg mice were on average 2.8-fold higher (range 1.7-4.0-fold) than in
their NT littermates (p<0.001) and protein levels of APP-C83 were significantly higher in
APPswe/PSEN1(dE9) Tg mice compared to NT littermates (p<0.001, Figure 19A and B).
Protein levels of APP-C99 were below detection level in NT mice but the protein was clearly
seen in APPswe/PSEN1(dE9) Tg mice (Figure 19A). Interestingly, protein levels of IDE were
significantly higher in APPswe/PSENI1(dE9) Tg mice compared to NT littermates (58 %
increase, p<0.01, Figure 19A and B). Protein levels of NEP were higher in
APPswe/PSEN1(dE9) Tg mice compared to NT littermates, although the increase was not

significant (37 % increase).
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Figure 18A) Protein levels of APP-FL, APP-C83, APP-C99, IDE and NEP were analyzed from
the cortex of 12-month-old APPswe/PSEN1(A246E) Tg mice (n=9) and NT littermates (n=9).
B) APP-FL and APP-C83 protein levels were significantly higher in APPswe/PSEN1(A246E)
Tg mice compared to NT littermates and similarly C) IDE and NEP protein levels of cortex in
APPswe/PSEN1(A246E) Tg mice were slightly higher compared to NT littermates. GAPDH
normalized levels are indicated in figures.
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Figure 19A) Protein levels of APP-FL, APP-C83, APP-C99, IDE and NEP were analyzed
from the cortex of 9-month-old APPswe/PSEN1(dE9) Tg mice (n=11) and NT littermates
(n=7). B) APP-FL and APP-C83 protein levels were significantly higher in
APPswe/PSEN1(dE9) Tg mice compared to NT littermates and similarly C) IDE and NEP
protein levels of cortex in APPswe/PSEN1(dE9) Tg mice were higher compared to NT
littermates. Note that the increase was significant in IDE study (58% increase, p<0.01).
Alpha-tubulin normalized levels are indicated in figures.

Since a significant positive correlation was observed between IDE and NEP mRNA-
levels in 17-month-old mice, we tested whether we could detect a correlation between these
two proteases at the protein level by using APPswe/PSEN1(A246E) Tg mice and their NT

littermates. Interestingly, a significant positive correlation was found between protein levels of
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IDE and NEP (Spearman's correlation r=0.50, p<0.05, Figure 20A). In addition, the protein
levels of IDE correlated with the protein levels of APP-FL (Spearman's correlation r=0.54,
p<0.05, Figure 20B). The correlation between the protein levels of NEP and APP-FL did not
reach a significant value (Spearman’s correlation r=0.30, p=0.23). In addition, the protein
levels of APP-FL correlated with the protein levels of APP-C83 (Spearman's correlation r=0.5,
p<0.05). In APPswe/PSEN1(A246E) Tg mice the protein levels of APP-FL did not correlate
with the protein levels of APP-C99. In contrast, levels of the control protein GAPDH or o-
tubulin did not correlate with any of the measured protein levels. Similar findings were
observed from APPswe/PSEN1(dE9) mice study. A significant positive correlation was found
between IDE and NEP protein levels (Spearman's correlation r=0.75, P<0.001, Figure 20C).
Similarly, the protein levels of IDE nominally correlated with protein levels of APP-FL
(Spearman's correlation = 0.53, p<0.05, Fig 19 D). We did not find a significant correlation
between the protein levels of NEP and APP-FL (Spearman's correlation r=0.26, p=0.31). In
addition, the protein levels of APP-FL correlated with the protein levels of APP-C83
(Spearman's correlation 1=0.71, p<0.01). In APPswe/PSEN1(dE9) Tg mice the protein levels
of APP-FL did not correlate with the protein levels of APP-C99. In contrast, levels of the

control protein a-tubulin did not correlate with any of the measured protein levels.
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Figure 20. A and C) A significant correlation was found between IDE and NEP protein levels
from the cortex region in both studied mice lines. B and C) A nominally significant
correlation was also found between protein levels of IDE and APP-FL in both studies. Protein
levels are indicated in arbitrary units. When Tg and control groups of APP/PSEN1(A246)
study were analyzed separately, a significant correlation was found between protein levels of
IDE and APP-FL in Tg group (r=0.68 p<0.05) but not in the control group (r=0.63 p=0.07).
When Tg and control groups of APP/PSENI1(dE9) study were analyzed separately, a
significant correlation was found between protein levels of IDE and APP-FL in the control
group (r=0.86 p<0.05) but not in the Tg group (r=0.32 p=0.34).
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5. DISCUSSION

5.1. Methodological considerations of association studies I to IV

There have been enormous advances in genetics studies resulting from the increased
knowledge about the human genome. New data allows the use of novel powerful methods to
find putative risk genes of complex diseases. Population isolates are increasingly being used in
attempts to map the genes underlying complex diseases. Variations in demographic histories
between populations generate substantial differences in the extent and distribution of LD and
therefore cause variability between populations in the number of SNPs required for association
studies. It has been proposed that population isolates have longer stretches of LD than outbred
populations and may require fewer markers for genome-wide association studies. It has been
also proposed that the Finnish population is particularly suitable for association studies
because of its homogenous genetic background (Peltonen et al., 1999, Jorde et al., 2000,
Peltonen, 2000, Service et al., 2006). Service et al. (2006) concluded that association analysis
in samples from Finland would require at least 30% fewer markers than studies in outbred
populations (Service et al., 2006). On the contrary, it has been speculated that isolated
populations of constant size will be more useful for mapping genes underlying complex
disorders than populations (such as that of Finland) that have recently expanded in size
(Terwilliger et al., 1998). Further studies are needed to clarify the utility of constant-sized
populations for association-based mapping of common disease genes.

The strength of the present study is in the homogeneity of the patients and control
subjects. Both study patients and controls were derived from a geographically restricted area
in northern Savo or Kuopio city. There were an adequate number of subjects in the whole
study population to have detected true differences between the compared groups. We
estimated power in our whole dataset (450 cases and 450 controls) and found that our study
sample have >80% power to detect a moderate odds ratio 1.5 at a significance level of less
than 0.05. The power calculations imply that our data is sufficient to detect relatively low
genetic risk genes between all AD cases and controls. Power calculations were carried out
using the Genetic Power Calculator (Purcell et al., 2003). Additionally, the diagnostic
procedure was carried out by experienced personnel. The diagnosis of AD was accepted only

if made according to the globally used DSM-IIIR criteria for dementia (APA, 1987) and
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NINCDS-ADRDA criteria for AD (McKhann et al., 1984). In this thesis, the candidate genes
in close proximity to loci which have been shown to associate with AD and other genes which
are biologically related to AD represented the targets for genetic and functional studies of AD.

Although huge advances have been made in recent years association studies related to
complex disease aetiology are known to be complicated. It is more difficult to unravel the
aetiology of complex diseases, which are more likely to be caused by many genes, each
making a small overall contribution and slightly elevating relative risk. If a disease is not
lethal, then disease-causing mutations may persist in populations for a long time (Jorde et al.,
2000). In this case, the mutation may persist for such a long period of time that disequilibrium
will dissipate to undetectable levels. In the case of a minor risk, multiple testing issues reduce
the statistical power to obtain significant results. Genetic heterogeneity, population
stratification, clinical diagnosis of used samples and sample sizes affect the observed
association results as well. Due to these facts, association studies between a putative risk gene
and different ethnic populations can give rise to a spectrum of results (see www.alzgene.org).
It has been claimed that a better way is to perform independent replication studies rather than
using correction of data that might lead to false negative results. For example, Oda et al. have
corrected their results of the NEP study by using Bonferron's method and reported a negative
result. It is possible that there are false positive and false negative results concerning the
particular gene. In following chapters, the results of this thesis work are discussed in the light
of the published literature. The numbers of positive and negative results are based on reported

case-control studies in AlzGene database before April 2007 (see www.alzgene.org).

5.2. BDNF and TrkB polymorphisms; Study I

We genotyped multiple SNPs among AD patients and controls originated from eastern part of
the Finland in order to examine the genetic association of the BDNF and TrkB genes with AD.
Although BDNF, via activation of its receptor TrkB, is considered as a plausible candidate for
contributing to AD we did not find any association between the unstratified Finnish AD
population and the polymorphisms of BDNF and TrkB.

The functional polymorphism in the coding region of BDNF gene (1s6265), 196A/G,

Met66Val) has recently been investigated in many studies (see www.alzgene.org). In
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Caucasian populatios rs6265 has been claimed to associate to sporadic AD in 2 study
populations but negative results have been observed in 11 other studies. Another well studied
polymorphic site is C270A which is located near to the rs6265 polymorphic site (74 bp
downstream). The minor allele frequencies of this SNP are low, especially in the control
population and thus it is only marginally informative. In Caucasian populations, there are two
positive and seven negative findings concerning this polymorphic site. Riemenschneider et al.
(2002) concluded that the BDNF C270T polymorphism is a relevant risk factor for AD,
particularly in patients lacking the APOE ¢4 allele in German population. Olin et al (2005)
also detected an association of this same C270T polymorphism between AD and controls in
US population but their results were independent of the APOE ¢4 allele. Interestingly, in an
Asian population, 1s6265 and C270T polymorphisms have been shown to associate to AD in 4
studies with one negative result being reported. The meta-analysis of rs6265 by using all
published AD association (case-control) studies showed no significant risk effect but
interestingly, when only Caucasian AD association studies were used, a nominal OR was
observed (OR 1.1; 95 CI 1.01-1.19, data from date 18.04.2007; see www.alzgene.org). Meta-
analysis of C270T by using all or only aCaucasian population did not show any risk effect.

In our study, the data showed that BDNF and TrkB genes did not contribute any
significant risk effect among Finnish AD patients. We also studied the BDNF SNP rs6265 and
no association was found to AD. Our results are in line with another study from Finland
(Saarela et al., 2006). Additionally, we studied four other SNPs which cover the whole BDNF
gene region. None of these SNPs or haplotypes revealed any signal for association. These
results are in line with the majority of results obtained from a Caucasian population.
Stratification according to familial status revealed a possible allele and haplotype association
of the BDNF gene with AD among the sporadic group instead of the familial AD group.
However, this result should be viewed with caution since multiple testing issues limit the
power to find conclusive evidence of an association and independent replication studies are
needed to verify this finding in other populations.

In the TrkB study we had SNPs from the promoter region and since TrkB is a large
(~356 kb) gene, the lack of association in promoter region does not exclude the possibility that
an alteration in other parts e.g. the coding or non-coding region of the TrkB gene, could

increase the risk for AD. Our data suggest that the BDNF and TrkB genes do not contribute a
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significant risk effect among the Finnish AD population. However, it is still possible that
regulation of BDNF transcription or translation may be altered in AD (Connor et al., 1997,
Garzon and Fahnestock, 2007). Interestingly, AP oligomers have been shown to decrease the
mRNA levels of BDNF in human neuroblastoma cells (Garzon and Fahnestock, 2007).
Perhaps it is time to focus on factors affecting transcriptional or translational regulation of

BDNEF rather than studying genetic factors related to BDNF gene itself.

5.3. NEP polymorphisms; Study II

NEP is an AP degrading enzyme expressed in the brain, and accumulation of A is the
neuropathological hallmark in AD. Our candidate gene based association study with the NEP
gene in a large clinic based series of AD and control subjects originating from the eastern part
of Finland implicated NEP as a risk gene for AD. SNPs rs989692 and rs3736187 had
significantly different allelic and genotypic frequencies between AD and control subjects and
the haplotype analysis reinforced this observation. Others have also conducted the same kind
of studies in independent populations (see www.alzgene.org). In addition to our study, one
positive and one negative study have been reported in Caucasian populations. In Asian
populations two positive and two negative studies have been published. The data is
controversial. However, we and Shi et al (2005) have studied several SNPs which allow the
use of powerful haplotype analysis. Both of these studies were positive which strengthens the
idea of association between NEP polymorphisms and AD. It is possible that NEP gene
contributes to the pathogenesis of AD in both populations but additional independent
replication studies are clearly needed. According to our results, polymorphisms in the NEP
gene confer an increased risk for AD among un-stratified Finnish AD cases. Additionally,
because of its biological function, NEP is a highly relevant candidate gene for AD. Based on
the genetic findings it would be interestingto study what happens in the organism because of
the altered genetic information. Additionally, based on the biological function of NEP,
functional studies to clarify the regulation of NEP expression are needed.

In study II, we reported one haplotype block in the studied NEP gene region. However,

based on the Haploview program two haplotype blocks can be identified. In study II, we used
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a threshold D’value of 0.30 (livonen et al., 2004) which was the common way to do the
analysis at that time. However, threshold D’value >0.95 (Confidence interval) is more
accurate and the Haploview software uses these parameters (Gabriel et al., 2002). Nonetheless,
in both methods, single locus analysis gave consistent results (data not shown). Additionally,
based on the Haploview software, the haplotype CA comprising of SNPs rs3773882 (SNP6)
and rs3736187 (SNP7) were significantly over-represented in AD cases compared to controls.
In study II, the significantly over-represented haplotype TTCCCCA in AD cases contains this
CA haplotype. Based on the results from Haploview software, single SNP rs989692 (SNP1)
was also significantly over-represented in AD cases compared to controls. Interestingly, the

data may indicate that there is another risk region in the NEP gene.

5.4. IDE and HHEX polymorphisms; Study IIT

IDE has been demonstrated to play a key role in AP degradation in vitro and in vivo and is
selective for the Ap monomer (Vekrellis et al., 2000, Farris et al., 2003, Farris et al., 2004).
IDE is located on chromosome 10g24 close to a region for which linkage and association with
late-onset AD have been previously described (Bertram et al., 2000). In addition, genetic
linkage was simultaneously reported on chromosome 10 in a region approximately 30 Mb
from IDE (Ertekin-Taner et al., 2000, Myers et al., 2000). Numerous subsequent case-control
studies have reported genetic association between IDE and AD, though some others failed to
observe significant effects (see http://www.alzgene.org). To assess the genetic contribution of
IDE in the Finnish population, we genotyped six non-coding SNPs in the 276 kb genomic
region spanning the IDE and HHEX in a large clinic-based series of AD patients and control
subjects. HHEX gene is located next to the IDE gene and by analyzing one SNP from that
region we could study more precisely the interval region. Two IDE SNPs, rs4646953 and
rs4646955 were significantly associated with AD conferring an approximately two-fold
increased risk for AD. Additionally, the risk effect appeared to be somewhat stronger among
the LOAD patients when compared to whole cohort.

Strong evidence of linkage to LOAD has been observed on chromosome 10, which
implicates a wide region and at least one disease-susceptibility locus (Bertram et al., 2000,

Ertekin-Taner et al., 2000, Myers et al., 2000). Although significant associations with several
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biological candidate genes including IDE on chromosome 10 have been reported, these
findings have not been consistently replicated and they remain controversial. Grupe et al.
(2006) found a novel locus on chromosome 10 showing a strong association with LOAD
(Grupe et al., 2006). This observed locus is located relatively close to linkage peaks identified
earlier. However, the most consistently associated SNP marker, rs4980535, is located in a gene
annotated as an RPS3A homologue in the Entrez Gene database. RPS3A is an important
player in the early phase of apoptosis, a feature observed in AD-affected brains. They
conclude that the results point to a role of RPS3A homologue gene, adjacent genes, or other
functional variants (e.g. noncoding RNAs) in the pathogenesis of AD. This new region should
be further characterized and independent replication studies are needed to verify this finding in
other populations.

A few case-control studies have reported that genetic variants in IDE increase the risk
for AD (see www.alzgene.org). Until April 2007, in Caucasian populations a total of four
positive and 18 negative association studies had been previously described. Meta-analysis of
commonly studied SNPs rs3758505 (IDE1), rs4646953 (IDE2) and SNP rs2251101 (IDE7)
showed no significant risk effect (see www.alzgene.org). There are 3 negative studies in Asian
populations. The conflicting results in different populations may be due to genetic
heterogeneity, population stratification, and a small genetic effect confounded by sample sizes
insufficient to replicate the initial reports. However, in our sample, polymorphisms in the IDE
gene confer an increased risk for AD in these Finnish patients. Additionally, IDE is interesting

because of its biological background and further functional studies are clearly warranted.

5.5. SST polymorphisms; Study IV

The SST gene is located in close proximity (~ 500 kb) to microsatellite marker D3S2436 on
chromosome 3g28 which we have previously shown to associate with late-onset AD
(Hiltunen et al., 2001a). Two other family-based studies of individuals from different ethnic
backgrounds have also identified the same locus as possibly harboring a genetic variant that
increases late-onset AD susceptibility (Hahs et al., 2006, Lee et al., 2006). We evaluated
whether genetic variations across the SST gene could modify the risk for AD in our Finnish

population. As far as we are aware, this is the first genetic association study between SST and
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AD.

It is known that the SST protein levels are significantly lower among AD patients
carrying the APOE ¢4 allele (Grouselle et al., 1998). Because of this biological relevance we
wanted to study the genetic background of the SST gene in this particular AD group and
stratified the data according to APOE status. We found that in APOE &4 carrier group, an age
and sex adjusted OR for the risk of AD in C-allele carriers of the rs4988514 was 2.05 (95% CI
1.23-3.41; P<0.01) and the haplotype data reinforced this observation. Strong LD was detected
between all three SNPs spanning the whole genomic region (~ 2300 bp) pointing to one
haplotype block. Risk haplotype TCG encompassed the C allele for SNP rs4988514, which
was also significantly overrepresented among the AD APOE &4 group in the single locus
analyses. Additionally, SNP rs4988514 may interact with the APOE &4 allele to increase the
risk of AD. Due to the smaller sample sizes in the APOE stratified study groups, independent
replication studies will be needed to verify these significant findings in other populations.

The observation that SST and the APOE ¢4 allele may interact was interesting. The
APOE ¢4 allele is the major genetic risk factor for both EOAD and LOAD (Saunders et al.,
1993, Chartier-Harlin et al., 1994, Farrer et al., 1997). It has been shown to be associated with
higher amyloid-plaque burden in the brain and decreased levels of CSF AB42 (Corder et al.,
1993b, Schmechel et al., 1993, Galasko et al., 1998, Prince et al., 2004, Sunderland et al.,
2004). Interestingly, SST protein levels are known to be significantly lower in AD patients
carrying the APOE ¢4 allele (Grouselle et al., 1998). Moreover, SST is believed to regulate
the metabolism of AP in the brain by modulating the protein turnover and cellular localization
of AP degrading enzyme NEP (Saito et al., 2005). One possible hypothesis is that the down-
regulation of SST expression in the human brain due to the possible altered genetic
information initiates a gradual decline in NEP activity, resulting in a corresponding elevation
in the steady-state levels of AP, and when this continues for a decade or more it ultimately
evokes AP accumulation that triggers the AD pathological cascade in AD patients carrying the
APOE ¢4 allele. It is not known whether the observed association reflects a functional
alteration in the SST gene leading to lower SST expression levels in APOE &4 AD patients;
clarification will require further studies.

The haplotype TTG was significantly under-represented among the entire study
population of AD patients and also when stratified according to APOE &4 allele. Interestingly,
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this major haplotype TTG may provide a protective effect against AD. Consistently, the
protective haplotype TTG does not include the risk allele C of SNP rs4988514.

The three genotyped markers for SST covered ~10 kb and were located ~1.4 kb
upstream, in the 3'UTR region and ~7kb downstream of the gene and were found to be in
complete LD with each other. According to the HapMap database, they belong to a 40 kb
haplotype block as defined by the Confidence intervals of LD (Gabriel et al., 2002) from Utah
residents with ancestry from northern and western Europe population (CEU) encompassing
the whole genomic region of SST. No other genes are known to exist within this haplotype
block, reinforcing the hypothesis that SST may be a putative risk gene for AD. Additionally,
the SST gene is located a mere ~500 kb away from the microsatellite marker D3S2436
associated with LOAD (Hiltunen et al., 2001a). This workflow is a good example of how a
particular locus region can be found and how it is further characterized. The next step will be
to study the functional role of SST and to elucidate what happens in the organism because of

possible altered genetic information.

5.6. Methodological considerations of expression analysis of IDE and NEP; Study V

There are many benefits of using real-time PCR in preference to other methods to quantify
mRNA levels. It is highly sensitive, can be highly sequence-specific, has little to no post-
amplification processing, and is amenable to increasing sample throughput. However, to
obtain an optimal benefit from these advantages, is required a clear understanding of the many
options available for running a real time PCR experiment (Wong and Medrano, 2005). One
important step is the sample preparation. Samples must be taken avoiding contamination,
frozen in liquid nitrogen and transferred immediately to the freezer (at least -70 °C) after
sampling. RNA isolation, DNase treatment if needed and cDNA synthesis needs also extreme
care to avoid contamination and to obtain a sufficient amount material for further analysis
(Bustin, 2002). By verifying each sample preparation step, the material will be valid and the
QPCR method is easy to perform. Another important step is to validate the best endogenous
control gene for analysis. The significance of the obtained results strongly depends on how the
data is normalized to compensate for differences between the samples. The most widely used

approach is to use endogenous reference genes (=housekeeping genes) as internal standards
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(Thellin et al., 1999, Wong and Medrano, 2005). This approach is heavily debated in the
literature because none of the reference genes are stably expressed throughout all biological
samples. The ideal control gene should be expressed in an unchanging fashion regardless of
experimental conditions, including different tissue or cell types, developmental stage, or
sample treatment. Ribosomal RNA is another possible reference gene for normalization.
However rRNAs are transcribed with a different polymerase than mRNA and changes in
polymerase activity may not affect both types of RNA expression equally. Gene expression
measurements may be normalized also against total RNA concentrations. However, total RNA
levels are affected by cellular processes, reverse transcription efficiency is not considered and
normalization is only as accurate as the RNA quantification.

The use of housekeeping genes as internal controls needs to be examined critically;
otherwise they can be lead to misleading quantification results. There are voices favouring or
criticising the use of GAPDH as an endogenous control gene (Bustin, 2002, Gilsbach et al.,
2006). Based on Thellin et al. (1999) study, GAPDH can be used as internal standard without
any problems when comparing the mRNA results of cerebellum, brain cortex, brain stem or
subcortical structures of murine brain (Thellin et al., 1999). Since we used samples of cortex
and cerebellum from mice, it is believed that the use of GAPDH as an internal control should
give accurate results. Moreover, according to our analysis, GAPDH showed a stable
occurrence between samples. The inclusion of one particular sample, which is called the
calibrator, in each run, improves the comparison between different runs.

We used Ct method and standard curve method to calculate relative values. The benefit
of resorting to the Ct method is that it eliminates the need for standard curves for relative
quantitation. However, it does require more verification than the standard curve method and in
some cases it may not be suitable to use. The standard curve method is easier to perform and it
does give accurate data. For statistical testing we used nonparametric tests because of the
small sample number and the abnormal distribution of the values.

At the cellular level, regulatory elements form a wide network by affecting each other
and the final effect is the sum of inhibitory and activator effects. Nature regulates genes
function in many ways e.g. by controlling histone acetylation, transcription, translation, post
modifications and activity. When gene function is being studied, it is important to clarify the

expression levels at different regulatory levels. High levels of mRNA do not necessarily lead
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to high levels of protein and vice-versa, since mRNA stability might play important roles in
the translation process. Even more importantly, since AP is degraded by IDE and NEP, it is
the specific activity of these enzymes, rather than either their mRNA or protein levels, that
plays a key role in AP degradation. However, mRNA and protein levels of IDE and NEP
proteases are indicative. We have measured the protein levels of IDE and NEP by using
standard western blotting. We are currently setting up activity measurements of IDE and NEP

to clarify the function of these proteins.

5.7. Expression analysis of IDE and NEP; Study V

The availability of Tg mice which develop AP plaques in the brain with ageing represents a
unique experimental approach to study how the pathological accumulation of Af can modify
its own degradation (Borchelt et al., 1997). We examined the mRNA levels of IDE and NEP
proteases from the cortex and cerebellum of APPswe/PSEN1(A246E) double Tg mice and
their non-transgenic (NT) littermates at three ages by using real-time PCR quantification
(Schmittgen, 2001). Protein levels of IDE and NEP were also measured from 12 month old
APPswe/PSEN1(A246E) mice as well as from 9 month old APPswe/PSEN1(dE9) mice.
APPswe/PSEN1(A246E) mice carried mutated APPswe and PSEN1-A246E genes.
The Tg strain exhibits neuropathological changes such as accumulation of amyloid plaques in
the brain starting around the age of 9 months (Borchelt et al., 1997). The formation of amyloid
plaques is primarily detectable in the subiculum and caudal cortex, and extends later to
hippocampus and other cortical areas. At the age of 12 months, Tg mice exhibit significant
deficits in water maze learning when compared to wild type littermates (Puolivali et al., 2002).
According to our APP-FL protein measurements, the used APPswe/PSEN1(A246E) mice line
showed approximately 5.3 times higher (range 3.5-7.5-fold) APP-FL expression levels of
cortex region in Tg mice compared to NT-littermates at the age of 12 month. C-terminal
fragments of APP, C83 and C99, were also clearly upregulated in Tg mice compared to NT-
littermates. However, these mice do not show cholinergic cell loss in the basal forebrain at an
adult age. Experiments were performed with APPswe/PSEN1(A246E) 4-, 11- and 17-month-
old mice that are representatives of different age groups according to the following age

criteria: 4 months; young adults without AP plaques, 11 months; AP have started to
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accumulate to plaques around 9 months of age and 17 months; mice with high levels of AB
plaques. Additionally 12 month old APPswe/PSEN1(A246E) mice and 9 month old
APPswe/PSEN1(dE9) mice were used for protein quantitation. The AP accumulation is more
severe in these APPswe/PSEN1(dE9) mice, so that the first plaques develop around 4 months
of age. Protein levels of APP-FL in APPswe/PSEN1(dE9) mice were on average 2.8-fold
higher (range 1.7-4.0-fold) than in their NT littermates (p<0.001). Protein levels of APP-FL
are not as high as those found in APPswe/PSEN1(A246E) mice but the range is more stable.
Levels of APP-C83 were significantly higher in APPswe/PSEN1(dE9) mice compared to their
NT littermates. Levels of APP-C99 were below the detection level in NT mice but the
fragment was clearly seen in APPswe/PSEN1(dE9) mice.

As mentioned above, the APPswe/PSEN1(A246E) mice develop the first signs of
amyloid plaques around 9 months of age (Borchelt et al., 1997). Interestingly, soon after that
critical age, mRNA levels as well as protein levels of IDE and NEP became elevated in Tg
mice compared to the NT littermates. Additionally, in 9 month old APPswe/PSEN1(dE9)
mice, protein levels of IDE and NEP became even more elevated in Tg mice compared to the
NT littermates. It is noteworthy, that in these APPswe/PSEN1(dE9) mice, the first plaques
develop around 4 months of age. These results may reflect up-regulation of the IDE/NEP
levels in response to the permanently elevated amounts of APP or its derivatives (AB/AICD)
as well as AP accumulation during aging. However, the degree of up-regulation of Ap-
degrading proteases does not appear to be sufficient to compensate for the severe ongoing A}
accumulation.

Up-regulation of IDE mRNA levels may be controlled by AB40 and AP42 production,
since hippocampal AB40 and AB42 levels exhibited a positive correlation with mRNA levels
of IDE but not with those of NEP in the cortex. Additionally, protein levels of APP-FL and
IDE correlated in both studied mouse lines. However, when Tg and control groups were
analyzed separately, we found significant correlation between protein levels of IDE and APP-
FL in two groups instead of four (see Figure 20 legends). The number of cases could have
influenced these results. In the light of these results, regulation of IDE through APP-FL or its
derivatives other than AP such as AICD remains a possible alternative. Currently the possible
regulation of NEP by APP-FL or its derivatives is a subject of debate. First, Pardossi-Piquard
et al. (Pardossi-Piquard et al., 2005) showed that the regulation of NEP expression is
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presenilin-dependent and mediated by AICD. However, in a recent attempt to replicate that
study, Chen and Selkoe (Chen and Selkoe, 2007) failed to observed any such a regulation. Our
results present additional evidence for the hypothesis that the increased expression of IDE and
NEP may be a response to the continually elevated levels of APP or its derivatives. Further
studies to clarify the exact regulation mechanisms are warranted.

In our study, an interesting finding was the possible cross-regulation of IDE and NEP
protein levels. This was seen in both Tg and NT mice. A recent paper indicated that APP
derived AICD possibly regulate the NEP protein levels (Pardossi-Piquard et al., 2005). Further
studies will be needed to clarify whether APP or some unknown factor(s) is the link to IDE
and NEP cross-regulation.

In summary, our data suggest that age- and region-specific changes in the proteolytic
degradation of AP make an important contribution to the pathogenic mechanisms in AD. IDE
and NEP expression levels may be regulated through APP or its derivatives and there may be
cross-regulation between IDE and NEP. Upregulation of IDE and NEP proteases represents a
potential novel therapeutic approach to reduce the steady-state AP levels, but this would
require a more profound knowledge of the endogenous regulation of IDE and NEP
expression.These findings emphasize the need for further studies to clarify the exact regulation

mechanisms involved in IDE and NEP expression.
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6. CONCLUSION

The main focus in this study was to find new risk genes for AD among the Finnish population.
Six gene regions were studied and particularly polymorphisms in three genes, IDE, NEP and
SST showed a significant risk effect among Finnish AD patients. Studied genetic variants in IDE,
NEP and recently investigated APOE (Helisalmi et al., 1999) and CYP19 (livonen et al.,
2004) genes confer increased risk for AD among un-stratified Finnish AD patients.
Additionally, the first genetic association study between SST and AD indicates that genetic
variations in the SST gene may modify the risk for AD among Finnish AD subjects with the
APOE ¢4 allele. We also demonstrated that the studied polymorphisms in HHEX, BDNF and
its receptor TrkB gene are not contributing a significant risk effect among Finnish AD
patients. In addition, because of the genetic findings and biological function of IDE and NEP,
we clarified the expression status of these genes in AD mouse model. Our data indicate that
age- and region-specific changes in the proteolytic degradation of AP may contribute to
pathogenic mechanisms in AD. Additionally, our data suggest that accumulation of the
pathological AP peptide may modify its own degradation. In particular, expression levels of
IDE may be regulated through APP or its derivatives and there may be cross-regulation
between IDE and NEP.

AD is a complex disorder and among the other risk factors many genes affect its
pathogenesis. One important aspect to be considered is the degradation of AP, the main
constituent of senile plaques. In this thesis work, we provided evidence that genetic variants of
two AP degrading genes, IDE and NEP increase the risk of AD. Additionally, genetic variants
of the SST gene which is known to modulate NEP expression increase the risk of AD in
APOE &4 carriers. In conclusion, the factors which affect AP degradation have particular
relevance in AD and further studies to clarify their roles are warranted. One important
challenge for the future is moving from genes to proteins, to elucidate what happens in the
organism as a result of altered genetic information. This progress may also represent the key

to identifying novel disease process modifying treatments.



97

REFERENCES

(2003) The International HapMap Project. Nature 426:789-796.
(2005) A haplotype map of the human genome. Nature 437:1299-1320.

Abraham CR, Selkoe DJ, Potter H (1988) Immunochemical identification of the serine
protease inhibitor alpha 1-antichymotrypsin in the brain amyloid deposits of Alzheimer's
disease. Cell 52:487-501.

Akiyama H, Kondo H, lkeda K, Kato M, McGeer PL (2001) Immunohistochemical
localization of neprilysin in the human cerebral cortex: inverse association with vulnerability
to amyloid beta-protein (Abeta) deposition. Brain Res 902:277-281.

Apelt J, Ach K, Schliebs R (2003) Aging-related down-regulation of neprilysin, a putative
beta-amyloid-degrading enzyme, in transgenic Tg2576 Alzheimer-like mouse brain is
accompanied by an astroglial upregulation in the vicinity of beta-amyloid plaques. Neurosci
Lett 339:183-186.

Ardlie KG, Kruglyak L, Seielstad M (2002) Patterns of linkage disequilibrium in the human
genome. Nat Rev Genet 3:299-309.

Authier F, Bergeron JJ, Ou WJ, Rachubinski RA, Posner BI, Walton PA (1995) Degradation
of the cleaved leader peptide of thiolase by a peroxisomal proteinase. Proc Natl Acad Sci U S
A 92:3859-3863.

Baek SH, Ohgi KA, Rose DW, Koo EH, Glass CK, Rosenfeld MG (2002) Exchange of N-
CoR corepressor and Tip60 coactivator complexes links gene expression by NF-kappaB and
beta-amyloid precursor protein. Cell 110:55-67.

Barnham KJ, McKinstry WJ, Multhaup G, Galatis D, Morton CJ, Curtain CC, Williamson
NA, White AR, Hinds MG, Norton RS, Beyreuther K, Masters CL, Parker MW, Cappai R
(2003) Structure of the Alzheimer's disease amyloid precursor protein copper binding domain.
A regulator of neuronal copper homeostasis. J Biol Chem 278:17401-17407. Epub 12003 Feb
17428.

Bertram L, Blacker D, Mullin K, Keeney D, Jones J, Basu S, Yhu S, Mclnnis MG, Go RC,
Vekrellis K, Selkoe DJ, Saunders AJ, Tanzi RE (2000) Evidence for genetic linkage of
Alzheimer's disease to chromosome 10q. Science 290:2302-2303.

Bertram L, Tanzi RE (2004a) Alzheimer's disease: one disorder, too many genes? Hum Mol
Genet 13:R135-141. Epub 2004 Feb 2005.

Bertram L, Tanzi RE (2004b) The current status of Alzheimer's disease genetics: what do we
tell the patients? Pharmacol Res 50:385-396.



98

Billings LM, Oddo S, Green KN, McGaugh JL, LaFerla FM (2005) Intraneuronal Abeta
causes the onset of early Alzheimer's disease-related cognitive deficits in transgenic mice.
Neuron 45:675-688.

Bissette G, Myers B (1992) Somatostatin in Alzheimer's disease and depression. Life Sci
51:1389-1410.

Blacker D, Bertram L, Saunders AJ, Moscarillo TJ, Albert MS, Wiener H, Perry RT, Collins
JS, Harrell LE, Go RC, Mahoney A, Beaty T, Fallin MD, Avramopoulos D, Chase GA,
Folstein MF, Mclnnis MG, Bassett SS, Doheny KJ, Pugh EW, Tanzi RE (2003) Results of a
high-resolution genome screen of 437 Alzheimer's disease families. Hum Mol Genet 12:23-32.

Blasko I, Lederer W, Oberbauer H, Walch T, Kemmler G, Hinterhuber H, Marksteiner J,
Humpel C (2005) Measurement of Thirteen Biological Markers in CSF of Patients with
Alzheimer's Disease and Other Dementias. Dement Geriatr Cogn Disord 21:9-15.

Borchelt DR, Ratovitski T, van Lare J, Lee MK, Gonzales V, Jenkins NA, Copeland NG,
Price DL, Sisodia SS (1997) Accelerated amyloid deposition in the brains of transgenic mice
coexpressing mutant presenilin 1 and amyloid precursor proteins. Neuron 19:939-945.

Bustin SA (2002) Quantification of mRNA using real-time reverse transcription PCR (RT-
PCR): trends and problems. J Mol Endocrinol 29:23-39.

Cabrejo L, Guyant-Marechal L, Laquerriere A, Vercelletto M, De la Fourniere F, Thomas-
Anterion C, Verny C, Letournel F, Pasquier F, Vital A, Checler F, Frebourg T, Campion D,
Hannequin D (2006) Phenotype associated with APP duplication in five families. Brain
129:2966-2976. Epub 2006 Sep 2967.

Caccamo A, Oddo S, Sugarman MC, Akbari Y, LaFerla FM (2005) Age- and region-
dependent alterations in Abeta-degrading enzymes: implications for Abeta-induced disorders.
Neurobiol Aging 26:645-654.

Cao X, Sudhof TC (2001) A transcriptionally [correction of transcriptively] active complex of
APP with Fe65 and histone acetyltransferase Tip60. Science 293:115-120.

Carlson CS (2006) Agnosticism and equity in genome-wide association studies. Nat Genet
38:605-606.

Chartier-Harlin MC, Parfitt M, Legrain S, Perez-Tur J, Brousseau T, Evans A, Berr C, Vidal
O, Roques P, Gourlet V (1994) Apolipoprotein E, epsilon 4 allele as a major risk factor for
sporadic early and late-onset forms of Alzheimer's disease: analysis of the 19q13.2
chromosomal region. Hum Mol Genet 3:569-574.

Chen AC, Selkoe DJ (2007) Response to: Pardossi-Piquard et al., "Presenilin-Dependent
Transcriptional Control of the Abeta-Degrading Enzyme Neprilysin by Intracellular Domains
of betaAPP and APLP." Neuron 46, 541-554. Neuron 53:479-483.



99

Cheng IH, Scearce-Levie K, Legleiter J, Palop JJ, Gerstein H, Bien-Ly N, Puolivali J, Lesne
S, Ashe KH, Muchowski PJ, Mucke L (2007) Accelerating amyloid-beta fibrillization reduces
oligomer levels and functional deficits in Alzheimer disease mouse models. J Biol Chem 4:4.

Citron M, Oltersdorf T, Haass C, McConlogue L, Hung AY, Seubert P, Vigo-Pelfrey C,
Lieberburg I, Selkoe DJ (1992) Mutation of the beta-amyloid precursor protein in familial
Alzheimer's disease increases beta-protein production. Nature 360:672-674.

Combarros O, Alvarez-Arcaya A, Sanchez-Guerra M, Infante J, Berciano J (2002) Candidate
gene association studies in sporadic Alzheimer's disease. Dement Geriatr Cogn Disord 14:41-
54.

Conne B, Stutz A, Vassalli JD (2000) The 3' untranslated region of messenger RNA: A
molecular 'hotspot' for pathology? Nat Med 6:637-641.

Connor B, Young D, Yan Q, Faull RL, Synek B, Dragunow M (1997) Brain-derived
neurotrophic factor is reduced in Alzheimer's disease. Brain Res Mol Brain Res 49:71-81.

Cook DG, Leverenz JB, McMillan PJ, Kulstad JJ, Ericksen S, Roth RA, Schellenberg GD, Jin
LW, Kovacina KS, Craft S (2003) Reduced hippocampal insulin-degrading enzyme in late-
onset Alzheimer's disease is associated with the apolipoprotein E-epsilon4 allele. Am J Pathol
162:313-319.

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, Roses
AD, Haines JL, Pericak-Vance MA (1993a) Gene dose of apolipoprotein E type 4 allele and
the risk of Alzheimer's disease in late onset families. Science 261:921-923.

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, Roses
AD, Haines JL, Pericak-Vance MA (1993b) Gene dose of apolipoprotein E type 4 allele and
the risk of Alzheimer's disease in late onset families. Science 261:921-923.

Daly MJ, Rioux JD, Schaftner SF, Hudson TJ, Lander ES (2001) High-resolution haplotype
structure in the human genome. Nat Genet 29:229-232.

Davis KL, Mohs RC, Marin DB, Purohit DP, Perl DP, Lantz M, Austin G, Haroutunian V
(1999) Neuropeptide abnormalities in patients with early Alzheimer disease. Arch Gen
Psychiatry 56:981-987.

De Jonghe C, Esselens C, Kumar-Singh S, Craessaerts K, Serneels S, Checler F, Annaert W,
Van Broeckhoven C, De Strooper B (2001) Pathogenic APP mutations near the gamma-
secretase cleavage site differentially affect Abeta secretion and APP C-terminal fragment
stability. Hum Mol Genet 10:1665-1671.

Dickson DW, Crystal HA, Bevona C, Honer W, Vincent I, Davies P (1995) Correlations of
synaptic and pathological markers with cognition of the elderly. Neurobiol Aging 16:285-298;



100

discussion 298-304.

Drysdale CM, McGraw DW, Stack CB, Stephens JC, Judson RS, Nandabalan K, Arnold K,
Ruano G, Liggett SB (2000) Complex promoter and coding region beta 2-adrenergic receptor

haplotypes alter receptor expression and predict in vivo responsiveness. Proc Natl Acad Sci U
S A 97:10483-10488.

Duckworth WC, Bennett RG, Hamel FG (1998) Insulin degradation: progress and potential.
Endocr Rev 19:608-624.

Dunning AM, Durocher F, Healey CS, Teare MD, McBride SE, Carlomagno F, Xu CF,
Dawson E, Rhodes S, Ueda S, Lai E, Luben RN, Van Rensburg EJ, Mannermaa A, Kataja V,
Rennart G, Dunham I, Purvis I, Easton D, Ponder BA (2000) The extent of linkage
disequilibrium in four populations with distinct demographic histories. Am J Hum Genet
67:1544-1554.

Edbauer D, Willem M, Lammich S, Steiner H, Haass C (2002) Insulin-degrading enzyme
rapidly removes the beta-amyloid precursor protein intracellular domain (AICD). J Biol Chem
277:13389-13393. Epub 12002 Jan 13323.

Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A, Zaitsev E, Gold
B, Goldman D, Dean M, Lu B, Weinberger DR (2003) The BDNF val66met polymorphism

affects activity-dependent secretion of BDNF and human memory and hippocampal function.
Cell 112:257-2609.

Eikelenboom P, Hack CE, Rozemuller JM, Stam FC (1989) Complement activation in
amyloid plaques in Alzheimer's dementia. Virchows Arch B Cell Pathol Incl Mol Pathol
56:259-262.

Emahazion T, Feuk L, Jobs M, Sawyer SL, Fredman D, St Clair D, Prince JA, Brookes AJ
(2001) SNP association studies in Alzheimer's disease highlight problems for complex disease
analysis. Trends Genet 17:407-413.

Epelbaum J (1986) Somatostatin in the central nervous system: physiology and pathological
modifications. Prog Neurobiol 27:63-100.

Ertekin-Taner N, Graff-Radford N, Younkin LH, Eckman C, Baker M, Adamson J, Ronald J,
Blangero J, Hutton M, Younkin SG (2000) Linkage of plasma Abeta42 to a quantitative locus
on chromosome 10 in late-onset Alzheimer's disease pedigrees. Science 290:2303-2304.

Esler WP, Wolfe MS (2001) A portrait of Alzheimer secretases--new features and familiar
faces. Science 293:1449-1454.

Fakhrai-Rad H, Nikoshkov A, Kamel A, Fernstrom M, Zierath JR, Norgren S, Luthman H,
Galli J (2000) Insulin-degrading enzyme identified as a candidate diabetes susceptibility gene
in GK rats. Hum Mol Genet 9:2149-2158.



101

Farris W, Leissring MA, Hemming ML, Chang AY, Selkoe DJ (2005) Alternative splicing of
human insulin-degrading enzyme yields a novel isoform with a decreased ability to degrade
insulin and amyloid beta-protein. Biochemistry 44:6513-6525.

Farris W, Mansourian S, Chang Y, Lindsley L, Eckman EA, Frosch MP, Eckman CB, Tanzi
RE, Selkoe DJ, Guenette S (2003) Insulin-degrading enzyme regulates the levels of insulin,

amyloid beta-protein, and the beta-amyloid precursor protein intracellular domain in vivo.
Proc Natl Acad Sci U S A 100:4162-4167. Epub 2003 Mar 4112.

Farris W, Mansourian S, Leissring MA, Eckman EA, Bertram L, Eckman CB, Tanzi RE,
Selkoe DJ (2004) Partial loss-of-function mutations in insulin-degrading enzyme that induce
diabetes also impair degradation of amyloid beta-protein. Am J Pathol 164:1425-1434.

Ferrer I, Marin C, Rey MJ, Ribalta T, Goutan E, Blanco R, Tolosa E, Marti E (1999) BDNF
and full-length and truncated TrkB expression in Alzheimer disease. Implications in
therapeutic strategies. J Neuropathol Exp Neurol 58:729-739.

Fukami S, Watanabe K, Iwata N, Haraoka J, Lu B, Gerard NP, Gerard C, Fraser P, Westaway
D, St George-Hyslop P, Saido TC (2002) Abeta-degrading endopeptidase, neprilysin, in
mouse brain: synaptic and axonal localization inversely correlating with Abeta pathology.
Neurosci Res 43:39-56.

Gabriel SB, Schaffner SF, Nguyen H, Moore JM, Roy J, Blumenstiel B, Higgins J, DeFelice
M, Lochner A, Faggart M, Liu-Cordero SN, Rotimi C, Adeyemo A, Cooper R, Ward R,
Lander ES, Daly MJ, Altshuler D (2002) The structure of haplotype blocks in the human
genome. Science 296:2225-2229. Epub 2002 May 2223.

Gao Y, Pimplikar SW (2001) The gamma -secretase-cleaved C-terminal fragment of amyloid
precursor protein mediates signaling to the nucleus. Proc Natl Acad Sci U S A 98:14979-
14984. Epub 12001 Dec 14911.

Garzon DJ, Fahnestock M (2007) Oligomeric amyloid decreases basal levels of brain-derived
neurotrophic factor (BDNF) mRNA via specific downregulation of BDNF transcripts IV and
V in differentiated human neuroblastoma cells. J Neurosci 27:2628-2635.

Gilsbach R, Kouta M, Bonisch H, Bruss M (2006) Comparison of in vitro and in vivo
reference genes for internal standardization of real-time PCR data. Biotechniques 40:173-177.

Glenner GG, Wong CW (1984) Alzheimer's disease and Down's syndrome: sharing of a
unique cerebrovascular amyloid fibril protein. Biochem Biophys Res Commun 122:1131-
1135.

Goate A, Chartier-Harlin MC, Mullan M, Brown J, Crawford F, Fidani L, Giuffra L, Haynes
A, Trving N, James L, Mant R, Newton P, Rooke K, Roques P, Talbot C, Pericak-Vance M,
Roses A, Williamson R, Rossor M, Owen M, Hardy J (1991) Segregation of a missense



102

mutation in the amyloid precursor protein gene with familial Alzheimer's disease. Nature
349:704-706.

Goldgaber D, Lerman MI, McBride OW, Saffiotti U, Gajdusek DC (1987) Characterization
and chromosomal localization of a cDNA encoding brain amyloid of Alzheimer's disease.
Science 235:877-880.

Gouras GK, Almeida CG, Takahashi RH (2005) Intraneuronal Abeta accumulation and origin
of plaques in Alzheimer's disease. Neurobiol Aging 26:1235-1244.

Graeber MB, Kosel S, Grasbon-Frodl E, Moller HJ, Mehraein P (1998) Histopathology and
APOE genotype of the first Alzheimer disease patient, Auguste D. Neurogenetics 1:223-228.

Graeber MB, Mehraein P (1999) Reanalysis of the first case of Alzheimer's disease. Eur Arch
Psychiatry Clin Neurosci 249:10-13.

Grouselle D, Winsky-Sommerer R, David JP, Delacourte A, Dournaud P, Epelbaum J (1998)
Loss of somatostatin-like immunoreactivity in the frontal cortex of Alzheimer patients
carrying the apolipoprotein epsilon 4 allele. Neurosci Lett 255:21-24.

Grupe A, Li Y, Rowland C, Nowotny P, Hinrichs AL, Smemo S, Kauwe JS, Maxwell TJ,
Cherny S, Doil L, Tacey K, van Luchene R, Myers A, Wavrant-De Vrieze F, Kaleem M,
Hollingworth P, Jehu L, Foy C, Archer N, Hamilton G, Holmans P, Morris CM, Catanese J,
Sninsky J, White TJ, Powell J, Hardy J, O'Donovan M, Lovestone S, Jones L, Morris JC, Thal
L, Owen M, Williams J, Goate A (2006) A scan of chromosome 10 identifies a novel locus
showing strong association with late-onset Alzheimer disease. Am J Hum Genet 78:78-88.
Epub 2005 Nov 2015.

Hahs DW, McCauley JL, Crunk AE, McFarland LL, Gaskell PC, Jiang L, Slifer SH, Vance
IM, Scott WK, Welsh-Bohmer KA, Johnson SR, Jackson CE, Pericak-Vance MA, Haines JL
(2006) A genome-wide linkage analysis of dementia in the Amish. Am J Med Genet B
Neuropsychiatr Genet 141:160-166.

Hama E, Shirotani K, Iwata N, Saido TC (2004) Effects of neprilysin chimeric proteins
targeted to subcellular compartments on amyloid beta peptide clearance in primary neurons. J
Biol Chem 279:30259-30264. Epub 32004 Apr 30220.

Hama E, Shirotani K, Masumoto H, Sekine-Aizawa Y, Aizawa H, Saido TC (2001) Clearance
of extracellular and cell-associated amyloid beta peptide through viral expression of neprilysin
in primary neurons. J Biochem (Tokyo) 130:721-726.

Hamel FG, Mahoney MJ, Duckworth WC (1991) Degradation of intraendosomal insulin by
insulin-degrading enzyme without acidification. Diabetes 40:436-443.

Hardy J (1997) Amyloid, the presenilins and Alzheimer's disease. Trends Neurosci 20:154-
159.



103

Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer's disease: progress and
problems on the road to therapeutics. Science 297:353-356.

Hebert SS, Serneels L, Tolia A, Craessaerts K, Derks C, Filippov MA, Muller U, De Strooper
B (2006) Regulated intramembrane proteolysis of amyloid precursor protein and regulation of
expression of putative target genes. EMBO Rep 7:739-745. Epub 2006 May 2019.

Heinitz K, Beck M, Schliebs R, Perez-Polo JR (2006) Toxicity mediated by soluble oligomers
of beta-amyloid(1-42) on cholinergic SN56.B5.G4 cells. J Neurochem 98:1930-1945.

Helisalmi S, Dermaut B, Hiltunen M, Mannermaa A, Van den Broeck M, Lehtovirta M,
Koivisto AM, Ilivonen S, Cruts M, Soininen H, Van Broeckhoven C (2004a) Possible
association of nicastrin polymorphisms and Alzheimer disease in the Finnish population.
Neurology 63:173-175.

Helisalmi S, Hiltunen M, Mannermaa A, Koivisto AM, Lehtovirta M, Alafuzoff I, Ryynanen
M, Soininen H (2000a) Is the presenilin-1 E318G missense mutation a risk factor for
Alzheimer's disease? Neurosci Lett 278:65-68.

Helisalmi S, Hiltunen M, Valonen P, Mannermaa A, Koivisto AM, Lehtovirta M, Ryynanen
M, Soininen H (1999) Promoter polymorphism (-491A/T) in the APOE gene of Finnish
Alzheimer's disease patients and control individuals. J Neurol 246:821-824.

Helisalmi S, Hiltunen M, Vepsalainen S, livonen S, Corder EH, Lehtovirta M, Mannermaa A,
Koivisto AM, Soininen H (2004b) Genetic variation in apolipoprotein D and Alzheimer's
disease. J Neurol 251:951-957.

Helisalmi S, Mannermaa A, Lehtovirta M, Ryynanen M, Riekkinen P, Sr., Soininen H (1997)
No association between alphal-antichymotrypsin polymorphism, apolipoprotein E and
patients with late-onset Alzheimer's disease. Neurosci Lett 231:56-58.

Helisalmi S, Valve R, Karvonen MK, Hiltunen M, Pirskanen M, Mannermaa A, Koulu M,
Pesonen U, Uusitupa M, Soininen H (2000b) The leucine (7)-to-proline (7) polymorphism in
the signal peptide of neuropeptide Y is not associated with Alzheimer's disease or the link
apolipoprotein E. Neurosci Lett 287:25-28.

Helisalmi S, Vepsalainen S, Koivisto AM, Mannermaa A, Iivonen S, Hiltunen M, Kiviniemi
V, Soininen H (2006) Association of CYP46 intron 2 polymorphism in Finnish Alzheimer's
disease samples and a global scale summary. J Neurol Neurosurg Psychiatry 77:421-422.

Herukka SK, Hallikainen M, Soininen H, Pirttila T (2005) CSF Abeta42 and tau or
phosphorylated tau and prediction of progressive mild cognitive impairment. Neurology

64:1294-1297.

Heston LL, Mastri AR, Anderson VE, White J (1981) Dementia of the Alzheimer type.



104

Clinical genetics, natural history, and associated conditions. Arch Gen Psychiatry 38:1085-
1090.

Hiltunen M, Mannermaa A, Helisalmi S, Koivisto A, Lehtovirta M, Ryynanen M, Riekkinen
P, Sr., Soininen H (1998) Butyrylcholinesterase K variant and apolipoprotein E4 genes do not
act in synergy in Finnish late-onset Alzheimer's disease patients. Neurosci Lett 250:69-71.

Hiltunen M, Mannermaa A, Koivisto AM, Lehtovirta M, Helisalmi S, Ryynanen M, Riekkinen
P, Sr., Soininen H (1999) Linkage disequilibrium in the 13q12 region in Finnish late onset
Alzheimer's disease patients. Eur J Hum Genet 7:652-658.

Hiltunen M, Mannermaa A, Thompson D, Easton D, Pirskanen M, Helisalmi S, Koivisto AM,
Lehtovirta M, Ryynanen M, Soininen H (2001a) Genome-wide linkage disequilibrium
mapping of late-onset Alzheimer's disease in Finland. Neurology 57:1663-1668.

Hiltunen M, Mannermaa A, Thompson D, Easton D, Pirskanen M, Helisalmi S, Koivisto AM,
Lehtovirta M, Ryynanen M, Soininen H (2001b) Genome-wide linkage disequilibrium
mapping of late-onset Alzheimer's disease in Finland. Neurology 57:1663-1668.

Ho L, Qin W, Pompl PN, Xiang Z, Wang J, Zhao Z, Peng Y, Cambareri G, Rocher A, Mobbs
CV, Hof PR, Pasinetti GM (2004) Diet-induced insulin resistance promotes amyloidosis in a
transgenic mouse model of Alzheimer's disease. Faseb J 18:902-904. Epub 2004 Mar 2019.

Hu Y, Fortini ME (2003) Different cofactor activities in gamma-secretase assembly: evidence
for a nicastrin-Aph-1 subcomplex. J Cell Biol 161:685-690.

Huang EJ, Reichardt LF (2001) Neurotrophins: roles in neuronal development and function.
Annu Rev Neurosci 24:677-736.

Iivonen S, Corder E, Lehtovirta M, Helisalmi S, Mannermaa A, Vepsalainen S, Hanninen T,
Soininen H, Hiltunen M (2004) Polymorphisms in the CYP19 gene confer increased risk for
Alzheimer disease. Neurology 62:1170-1176.

Iivonen S, Helisalmi S, Mannermaa A, Alafuzoff I, Lehtovirta M, Soininen H, Hiltunen M
(2003) Heparan sulfate proteoglycan 2 polymorphism in Alzheimer's disease and correlation
with neuropathology. Neurosci Lett 352:146-150.

Iwata N, Higuchi M, Saido TC (2005) Metabolism of amyloid-beta peptide and Alzheimer's
disease. Pharmacol Ther 108:129-148. Epub 2005 Aug 2019.

Iwata N, Takaki Y, Fukami S, Tsubuki S, Saido TC (2002) Region-specific reduction of A
beta-degrading endopeptidase, neprilysin, in mouse hippocampus upon aging. J Neurosci Res
70:493-500.

Iwata N, Tsubuki S, Takaki Y, Shirotani K, Lu B, Gerard NP, Gerard C, Hama E, Lee HJ,
Saido TC (2001) Metabolic regulation of brain Abeta by neprilysin. Science 292:1550-1552.



105

Iwata N, Tsubuki S, Takaki Y, Watanabe K, Sekiguchi M, Hosoki E, Kawashima-Morishima
M, Lee HJ, Hama E, Sekine-Aizawa Y, Saido TC (2000) Identification of the major Abetal-
42-degrading catabolic pathway in brain parenchyma: suppression leads to biochemical and
pathological deposition. Nat Med 6:143-150.

Jankowsky JL, Fadale DJ, Anderson J, Xu GM, Gonzales V, Jenkins NA, Copeland NG, Lee
MK, Younkin LH, Wagner SL, Younkin SG, Borchelt DR (2004) Mutant presenilins
specifically elevate the levels of the 42 residue beta-amyloid peptide in vivo: evidence for
augmentation of a 42-specific gamma secretase. Hum Mol Genet 13:159-170. Epub 2003 Nov
2025.

Jarrett JT, Lansbury PT, Jr. (1993) Seeding "one-dimensional crystallization" of amyloid: a
pathogenic mechanism in Alzheimer's disease and scrapie? Cell 73:1055-1058.

Jensen M, Basun H, Lannfelt L (1995) Increased cerebrospinal fluid tau in patients with
Alzheimer's disease. Neurosci Lett 186:189-191.

Jorde LB (1995) Linkage disequilibrium as a gene-mapping tool. Am J Hum Genet 56:11-14.

Jorde LB (2000) Linkage disequilibrium and the search for complex disease genes. Genome
Res 10:1435-1444.

Jorde LB, Watkins WS, Kere J, Nyman D, Eriksson AW (2000) Gene mapping in isolated
populations: new roles for old friends? Hum Hered 50:57-65.

Kanemitsu H, Tomiyama T, Mori H (2003) Human neprilysin is capable of degrading amyloid
beta peptide not only in the monomeric form but also the pathological oligomeric form.
Neurosci Lett 350:113-116.

Kang J, Lemaire HG, Unterbeck A, Salbaum JM, Masters CL, Grzeschik KH, Multhaup G,
Beyreuther K, Muller-Hill B (1987) The precursor of Alzheimer's disease amyloid A4 protein
resembles a cell-surface receptor. Nature 325:733-736.

Kehoe P, Wavrant-De Vrieze F, Crook R, Wu WS, Holmans P, Fenton I, Spurlock G, Norton
N, Williams H, Williams N, Lovestone S, Perez-Tur J, Hutton M, Chartier-Harlin MC, Shears
S, Roehl K, Booth J, Van Voorst W, Ramic D, Williams J, Goate A, Hardy J, Owen MJ
(1999) A full genome scan for late onset Alzheimer's disease. Hum Mol Genet 8:237-245.

Kelly BL, Ferreira A (2007) Beta-amyloid disrupted synaptic vesicle endocytosis in cultured
hippocampal neurons. Neuroscience 147:60-70. Epub 2007 May 2017.

Kimberly WT, LaVoie MJ, Ostaszewski BL, Ye W, Wolfe MS, Selkoe DJ (2003) Gamma-
secretase is a membrane protein complex comprised of presenilin, nicastrin, Aph-1, and Pen-2.
Proc Natl Acad Sci U S A 100:6382-6387. Epub 2003 May 6389.



106

King GD, Scott Turner R (2004) Adaptor protein interactions: modulators of amyloid
precursor protein metabolism and Alzheimer's disease risk? Exp Neurol 185:208-219.

Kinoshita A, Whelan CM, Berezovska O, Hyman BT (2002) The gamma secretase-generated
carboxyl-terminal domain of the amyloid precursor protein induces apoptosis via Tip60 in H4
cells. J Biol Chem 277:28530-28536. Epub 22002 May 28524.

Klein R, Nanduri V, Jing SA, Lamballe F, Tapley P, Bryant S, Cordon-Cardo C, Jones KR,
Reichardt LF, Barbacid M (1991) The trkB tyrosine protein kinase is a receptor for brain-
derived neurotrophic factor and neurotrophin-3. Cell 66:395-403.

Koivisto AM, Helisalmi S, Pihlajamaki J, Hiltunen M, Koivisto K, Moilanen L, Kuusisto J,
Helkala EL, Hanninen T, Kervinen K, Kesaniemi YA, Laakso M, Soininen H (2006)
Association analysis of peroxisome proliferator-activated receptor gamma polymorphisms and
late onset Alzheimer's disease in the Finnish population. Dement Geriatr Cogn Disord 22:449-

453. Epub 2006 Sep 2021.

Koivisto AM, Helisalmi S, Pihlajamaki J, Moilanen L, Kuusisto J, Laakso M, Hiltunen M,
Keijo K, Hanninen T, Helkala EL, Kervinen K, Kesaniemi YA, Soininen H (2005)
Interleukin-6 promoter polymorphism and late-onset Alzheimer's disease in the Finnish
population. J Neurogenet 19:155-161.

Kong GK, Adams JJ, Harris HH, Boas JF, Curtain CC, Galatis D, Masters CL, Barnham KJ,
McKinstry WJ, Cappai R, Parker MW (2007) Structural studies of the Alzheimer's amyloid
precursor protein copper-binding domain reveal how it binds copper ions. J Mol Biol 367:148-
161. Epub 2006 Dec 2021.

Koo EH, Squazzo SL (1994) Evidence that production and release of amyloid beta-protein
involves the endocytic pathway. J Biol Chem 269:17386-17389.

Koponen E, Voikar V, Riekki R, Saarelainen T, Rauramaa T, Rauvala H, Taira T, Castren E
(2004) Transgenic mice overexpressing the full-length neurotrophin receptor trkB exhibit
increased activation of trkB/PLC-gamma pathway, reduced anxiety, and facilitated learning.
MolCellNeurosci in press.

Kumar U (2005) Expression of somatostatin receptor subtypes (SSTR1-5) in Alzheimer's
disease brain: an immunohistochemical analysis. Neuroscience 134:525-538.

Kunugi H, Ueki A, Otsuka M, Isse K, Hirasawa H, Kato N, Nabika T, Kobayashi S, Nanko S
(2001) A novel polymorphism of the brain-derived neurotrophic factor (BDNF) gene
associated with late-onset Alzheimer's disease. Mol Psychiatry 6:83-86.

Kurochkin IV (2001) Insulin-degrading enzyme: embarking on amyloid destruction. Trends
Biochem Sci 26:421-425.

Kurochkin IV, Goto S (1994) Alzheimer's beta-amyloid peptide specifically interacts with and



107

is degraded by insulin degrading enzyme. FEBS Lett 345:33-37.
Kwon JM, Goate AM (2000) The candidate gene approach. Alcohol Res Health 24:164-168.

LaFerla FM, Oddo S (2005) Alzheimer's disease: Abeta, tau and synaptic dysfunction. Trends
Mol Med 11:170-176.

LaFerla FM, Tinkle BT, Bieberich CJ, Haudenschild CC, Jay G (1995) The Alzheimer's A
beta peptide induces neurodegeneration and apoptotic cell death in transgenic mice. Nat Genet
9:21-30.

Lambert MP, Barlow AK, Chromy BA, Edwards C, Freed R, Liosatos M, Morgan TE,
Rozovsky I, Trommer B, Viola KL, Wals P, Zhang C, Finch CE, Krafft GA, Klein WL (1998)
Diffusible, nonfibrillar ligands derived from Abetal-42 are potent central nervous system
neurotoxins. Proc Natl Acad Sci U S A 95:6448-6453.

Lazarov O, Lee M, Peterson DA, Sisodia SS (2002) Evidence that synaptically released beta-
amyloid accumulates as extracellular deposits in the hippocampus of transgenic mice. J
Neurosci 22:9785-9793.

Lee JH, Cheng R, Santana V, Williamson J, Lantigua R, Medrano M, Arriaga A, Stern Y,
Tycko B, Rogaeva E, Wakutani Y, Kawarai T, St George-Hyslop P, Mayeux R (2006)
Expanded genomewide scan implicates a novel locus at 3q28 among Caribbean hispanics with
familial Alzheimer disease. Arch Neurol 63:1591-1598.

Lehtovirta M, Soininen H, Helisalmi S, Mannermaa A, Helkala EL, Hartikainen P, Hanninen
T, Ryynanen M, Riekkinen PJ (1996a) Clinical and neuropsychological characteristics in
familial and sporadic Alzheimer's disease: relation to apolipoprotein E polymorphism.
Neurology 46:413-419.

Lehtovirta M, Soininen H, Helisalmi S, Mannermaa A, Helkala EL, Hartikainen P, Hanninen
T, Ryynanen M, Riekkinen PJ (1996b) Clinical and neuropsychological characteristics in
familial and sporadic Alzheimer's disease: relation to apolipoprotein E polymorphism.
Neurology 46:413-419.

Leibson CL, Rocca WA, Hanson VA, Cha R, Kokmen E, O'Brien PC, Palumbo PJ (1997)
Risk of dementia among persons with diabetes mellitus: a population-based cohort study. Am
J Epidemiol 145:301-308.

Leissring MA, Farris W, Chang AY, Walsh DM, Wu X, Sun X, Frosch MP, Selkoe DJ (2003)
Enhanced proteolysis of beta-amyloid in APP transgenic mice prevents plaque formation,
secondary pathology, and premature death. Neuron 40:1087-1093.

Leissring MA, Farris W, Wu X, Christodoulou DC, Haigis MC, Guarente L, Selkoe DJ (2004)
Alternative translation initiation generates a novel isoform of insulin-degrading enzyme
targeted to mitochondria. Biochem J 383:439-446.



108

Leissring MA, Murphy MP, Mead TR, Akbari Y, Sugarman MC, Jannatipour M, Anliker B,
Muller U, Saftig P, De Strooper B, Wolfe MS, Golde TE, LaFerla FM (2002) A physiologic
signaling role for the gamma -secretase-derived intracellular fragment of APP. Proc Natl Acad
Sci U S A 99:4697-4702. Epub 2002 Mar 4626.

Levy-Lahad E, Wasco W, Poorkaj P, Romano DM, Oshima J, Pettingell WH, Yu CE, Jondro
PD, Schmidt SD, Wang K, Crowley AC, Fu YH, Guenette SY, Galas D, E. N, Wijsman EM,
Bird TD, Schellenberg GD, Tanzi RE (1995) Candidate gene for the chromosome 1 familial
Alzheimer's disease locus. Science 269:973-977.

Leyssen M, Ayaz D, Hebert SS, Reeve S, De Strooper B, Hassan BA (2005) Amyloid
precursor protein promotes post-developmental neurite arborization in the Drosophila brain.
Embo J 24:2944-2955. Epub 2005 Jul 2928.

Li C, Booze RM, Hersh LB (1995) Tissue-specific expression of rat neutral endopeptidase
(neprilysin) mRNAs. J Biol Chem 270:5723-5728.

Li Y, Nowotny P, Holmans P, Smemo S, Kauwe JS, Hinrichs AL, Tacey K, Doil L, van
Luchene R, Garcia V, Rowland C, Schrodi S, Leong D, Gogic G, Chan J, Cravchik A, Ross D,
Lau K, Kwok S, Chang SY, Catanese J, Sninsky J, White TJ, Hardy J, Powell J, Lovestone S,
Morris JC, Thal L, Owen M, Williams J, Goate A, Grupe A (2004) Association of late-onset
Alzheimer's disease with genetic variation in multiple members of the GAPD gene family.
Proc Natl Acad Sci U S A 101:15688-15693. Epub 12004 Oct 15626.

Li YJ, Scott WK, Hedges DJ, Zhang F, Gaskell PC, Nance MA, Watts RL, Hubble JP, Koller
WC, Pahwa R, Stern MB, Hiner BC, Jankovic J, Allen FA, Jr., Goetz CG, Mastaglia F, Stajich
JM, Gibson RA, Middleton LT, Saunders AM, Scott BL, Small GW, Nicodemus KK, Reed
AD, Schmechel DE, Welsh-Bohmer KA, Conneally PM, Roses AD, Gilbert JR, Vance JM,
Haines JL, Pericak-Vance MA (2002) Age at onset in two common neurodegenerative
diseases is genetically controlled. Am J Hum Genet 70:985-993. Epub 2002 Mar 2001.

Linnarsson S, Bjorklund A, Ernfors P (1997) Learning deficit in BDNF mutant mice. Eur J
Neurosci 9:2581-2587.

Liu K, Doms RW, Lee VM (2002) Glull site cleavage and N-terminally truncated A beta
production upon BACE overexpression. Biochemistry 41:3128-3136.

Lleo A, Berezovska O, Herl L, Raju S, Deng A, Bacskai BJ, Frosch MP, Irizarry M, Hyman
BT (2004) Nonsteroidal anti-inflammatory drugs lower Abeta42 and change presenilin 1
conformation. Nat Med 10:1065-1066. Epub 2004 Sep 1026.

Lobo A, Launer LJ, Fratiglioni L, Andersen K, Di Carlo A, Breteler MM, Copeland JR,
Dartigues JF, Jagger C, Martinez-Lage J, Soininen H, Hofman A (2000) Prevalence of
dementia and major subtypes in Europe: A collaborative study of population-based cohorts.
Neurologic Diseases in the Elderly Research Group. Neurology 54:54-9.



109

Lord A, Kalimo H, Eckman C, Zhang XQ, Lannfelt L, Nilsson LN (2006) The Arctic
Alzheimer mutation facilitates early intraneuronal Abeta aggregation and senile plaque
formation in transgenic mice. Neurobiol Aging 27:67-77. Epub 2005 Feb 2017.

LuT, Pan Y, Kao SY, Li C, Kohane I, Chan J, Yankner BA (2004) Gene regulation and DNA
damage in the ageing human brain. Nature 429:883-891. Epub 2004 Jun 2009.

Mahley RW, Rall SC, Jr. (2000) Apolipoprotein E: far more than a lipid transport protein.
Annu Rev Genomics Hum Genet 1:507-537.

Martin ER, Lai EH, Gilbert JR, Rogala AR, Afshari AJ, Riley J, Finch KL, Stevens JF, Livak
KJ, Slotterbeck BD, Slifer SH, Warren LL, Conneally PM, Schmechel DE, Purvis I, Pericak-
Vance MA, Roses AD, Vance JM (2000) SNPing away at complex diseases: analysis of
single-nucleotide polymorphisms around APOE in Alzheimer disease. Am J Hum Genet
67:383-394.

Masters CL, Simms G, Weinman NA, Multhaup G, McDonald BL, Beyreuther K (1985)
Amyloid plaque core protein in Alzheimer disease and Down syndrome. Proc Natl Acad Sci U
S A 82:4245-4249.

Mattila KM, Hiltunen M, Rinne JO, Mannermaa A, Roytta M, Alafuzoff I, Laippala P,
Soininen H, Lehtimaki T (2003) Absence of association between an intercellular adhesion

molecule 1 gene E469K polymorphism and Alzheimer's disease in Finnish patients. Neurosci
Lett 337:61-63.

Mattson MP (2004) Pathways towards and away from Alzheimer's disease. Nature 430:631-
639.

Maurer K, Volk S, Gerbaldo H (1997) Auguste D and Alzheimer's disease. Lancet 349:1546-
1549.

Mayeux R (2005) Mapping the new frontier: complex genetic disorders. J Clin Invest
115:1404-1407.

McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM (1984) Clinical
diagnosis of Alzheimer's disease: report of the NINCDS-ADRDA Work Group under the

auspices of Department of Health and Human Services Task Force on Alzheimer's Disease.
Neurology 34:939-944.

Mirra SS, Heyman A, McKeel D, Sumi SM, Crain BJ, Brownlee LM, Vogel FS, Hughes JP,
van Belle G, Berg L (1991) The Consortium to Establish a Registry for Alzheimer's Disease

(CERAD). Part II. Standardization of the neuropathologic assessment of Alzheimer's disease.
Neurology 41:479-486.

Moechlmann T, Winkler E, Xia X, Edbauer D, Murrell J, Capell A, Kaether C, Zheng H, Ghetti



110

B, Haass C, Steiner H (2002) Presenilin-1 mutations of leucine 166 equally affect the
generation of the Notch and APP intracellular domains independent of their effect on Abeta 42
production. Proc Natl Acad Sci U S A 99:8025-8030. Epub 2002 Jun 8024.

Morelli L, Llovera R, Gonzalez SA, Affranchino JL, Prelli F, Frangione B, Ghiso J, Castano
EM (2003) Differential degradation of amyloid beta genetic variants associated with
hereditary dementia or stroke by insulin-degrading enzyme. J Biol Chem 278:23221-23226.
Epub 22003 Apr 23214.

Morelli L, Llovera R, Ibendahl S, Castano EM (2002) The degradation of amyloid beta as a
therapeutic strategy in Alzheimer's disease and cerebrovascular amyloidoses. Neurochem Res
27:1387-1399.

Morelli L, Llovera RE, Mathov I, Lue LF, Frangione B, Ghiso J, Castano EM (2004) Insulin-
degrading enzyme in brain microvessels: proteolysis of amyloid {beta} vasculotropic variants
and reduced activity in cerebral amyloid angiopathy. J Biol Chem 279:56004-56013. Epub
52004 Oct 56015.

Motter R, Vigo-Pelfrey C, Kholodenko D, Barbour R, Johnson-Wood K, Galasko D, Chang L,
Miller B, Clark C, Green R, et al. (1995) Reduction of beta-amyloid peptide42 in the
cerebrospinal fluid of patients with Alzheimer's disease. Ann Neurol 38:643-648.

Myers A, Holmans P, Marshall H, Kwon J, Meyer D, Ramic D, Shears S, Booth J, DeVrieze
FW, Crook R, Hamshere M, Abraham R, Tunstall N, Rice F, Carty S, Lillystone S, Kehoe P,
Rudrasingham V, Jones L, Lovestone S, Perez-Tur J, Williams J, Owen MJ, Hardy J, Goate
AM (2000) Susceptibility locus for Alzheimer's disease on chromosome 10. Science
290:2304-2305.

Myers A, Wavrant De-Vrieze F, Holmans P, Hamshere M, Crook R, Compton D, Marshall H,
Meyer D, Shears S, Booth J, Ramic D, Knowles H, Morris JC, Williams N, Norton N,
Abraham R, Kehoe P, Williams H, Rudrasingham V, Rice F, Giles P, Tunstall N, Jones L,
Lovestone S, Williams J, Owen MJ, Hardy J, Goate A (2002) Full genome screen for
Alzheimer disease: stage II analysis. Am J Med Genet 114:235-244.

Namba Y, Tomonaga M, Kawasaki H, Otomo E, Ikeda K (1991) Apolipoprotein E
immunoreactivity in cerebral amyloid deposits and neurofibrillary tangles in Alzheimer's
disease and kuru plaque amyloid in Creutzfeldt-Jakob disease. Brain Res 541:163-166.

Neill D, Hughes D, Edwardson JA, Rima BK, Allsop D (1994) Human IMR-32
neuroblastoma cells as a model cell line in Alzheimer's disease research. J Neurosci Res
39:482-493.

Nilsberth C, Westlind-Danielsson A, Eckman CB, Condron MM, Axelman K, Forsell C, Stenh
C, Luthman J, Teplow DB, Younkin SG, Naslund J, Lannfelt L (2001) The 'Arctic’ APP
mutation (E693G) causes Alzheimer's disease by enhanced Abeta protofibril formation. Nat
Neurosci 4:887-893.



111

Oddo S, Caccamo A, Smith IF, Green KN, LaFerla FM (2006) A dynamic relationship
between intracellular and extracellular pools of Abeta. Am J Pathol 168:184-194.

Ott A, Stolk RP, Hofman A, van Harskamp F, Grobbee DE, Breteler MM (1996) Association
of diabetes mellitus and dementia: the Rotterdam Study. Diabetologia 39:1392-1397.

Pardossi-Piquard R, Dunys J, Yu G, St George-Hyslop P, Alves da Costa C, Checler F (2006)
Neprilysin activity and expression are controlled by nicastrin. J Neurochem 97:1052-1056.
Epub 2006 Apr 1055.

Pardossi-Piquard R, Petit A, Kawarai T, Sunyach C, Alves da Costa C, Vincent B, Ring S,
D'Adamio L, Shen J, Muller U, Hyslop PS, Checler F (2005) Presenilin-Dependent
Transcriptional Control of the Abeta-Degrading Enzyme Neprilysin by Intracellular Domains
of betaAPP and APLP. Neuron 46:541-554.

Passer B, Pellegrini L, Russo C, Siegel RM, Lenardo MJ, Schettini G, Bachmann M, Tabaton
M, D'Adamio L (2000) Generation of an apoptotic intracellular peptide by gamma-secretase
cleavage of Alzheimer's amyloid beta protein precursor. J Alzheimers Dis 2:289-301.

Patel YC, O'Neil W (1988) Peptides derived from cleavage of prosomatostatin at carboxyl-
and amino-terminal segments. Characterization of tissue and secreted forms in the rat. J Biol
Chem 263:745-751.

Pe'er I, de Bakker PI, Maller J, Yelensky R, Altshuler D, Daly MJ (2006) Evaluating and
improving power in whole-genome association studies using fixed marker sets. Nat Genet
38:663-667. Epub 2006 May 2021.

Peltonen L (2000) Positional cloning of disease genes: advantages of genetic isolates. Hum
Hered 50:66-75.

Peltonen L, Jalanko A, Varilo T (1999) Molecular genetics of the Finnish disease heritage.
Hum Mol Genet 8:1913-1923.

Perez A, Morelli L, Cresto JC, Castano EM (2000) Degradation of soluble amyloid beta-
peptides 1-40, 1-42, and the Dutch variant 1-40Q by insulin degrading enzyme from
Alzheimer disease and control brains. Neurochem Res 25:247-255.

Pericak-Vance MA, Bass MP, Yamaoka LH, Gaskell PC, Scott WK, Terwedow HA, Menold
MM, Conneally PM, Small GW, Vance JM, Saunders AM, Roses AD, Haines JL (1997)
Complete genomic screen in late-onset familial Alzheimer disease. Evidence for a new locus
on chromosome 12. Jama 278:1237-1241.

Pericak-Vance MA, Grubber J, Bailey LR, Hedges D, West S, Santoro L, Kemmerer B, Hall
JL, Saunders AM, Roses AD, Small GW, Scott WK, Conneally PM, Vance JM, Haines JL
(2000) Identification of novel genes in late-onset Alzheimer's disease. Exp Gerontol 35:1343-



112

1352.

Periz G, Fortini ME (2004) Functional reconstitution of gamma-secretase through coordinated
expression of presenilin, nicastrin, Aph-1, and Pen-2. J Neurosci Res 77:309-322.

Phillips HS, Hains JM, Armanini M, Laramee GR, Johnson SA, Winslow JW (1991) BDNF
mRNA is decreased in the hippocampus of individuals with Alzheimer's disease. Neuron
7:695-702.

Pirskanen M, Alafuzoff I, Hiltunen M, Mannermaa A, Helisalmi S, Lehtovirta M, Koivisto
AM, Laakso M, Soininen H (2001) An association between a subset of Finnish late-onset
Alzheimer's disease and alpha2-macroglobulin. Neurogenetics 3:171-172.

Pirskanen M, Hiltunen M, Mannermaa A, Helisalmi S, Lehtovirta M, Hanninen T, Soininen H
(2005) Estrogen receptor beta gene variants are associated with increased risk of Alzheimer's
disease in women. Eur J Hum Genet 13:1000-1006.

Pirskanen M, Hiltunen M, Mannermaa A, livonen S, Helisalmi S, Lehtovirta M, Koivisto AM,
Laakso M, Soininen H, Alafuzoff I (2002) Interleukin 1 alpha gene polymorphism as a
susceptibility factor in Alzheimer's disease and its influence on the extent of histopathological
hallmark lesions of Alzheimer's disease. Dement Geriatr Cogn Disord 14:123-127.

Puolivali J, Wang J, Heikkinen T, Heikkila M, Tapiola T, van Groen T, Tanila H (2002)
Hippocampal A beta 42 levels correlate with spatial memory deficit in APP and PS1 double
transgenic mice. Neurobiol Dis 9:339-347.

Purcell S, Cherny SS, Sham PC (2003) Genetic Power Calculator: design of linkage and
association genetic mapping studies of complex traits. Bioinformatics 19:149-150.

Qi-Takahara Y, Morishima-Kawashima M, Tanimura Y, Dolios G, Hirotani N, Horikoshi Y,
Kametani F, Maeda M, Saido TC, Wang R, Thara Y (2005) Longer forms of amyloid beta
protein: implications for the mechanism of intramembrane cleavage by gamma-secretase. J
Neurosci 25:436-445.

Qiu WQ, Walsh DM, Ye Z, Vekrellis K, Zhang J, Podlisny MB, Rosner MR, Safavi A, Hersh
LB, Selkoe DJ (1998) Insulin-degrading enzyme regulates extracellular levels of amyloid
beta-protein by degradation. J Biol Chem 273:32730-32738.

Raber J, Huang Y, Ashford JW (2004) ApoE genotype accounts for the vast majority of AD
risk and AD pathology. Neurobiol Aging 25:641-650.

Raymond ML, Rousset F (1995) An exact test for population differentiation. Evolution
49:1280-1283.

Reichlin S (1983) Somatostatin. N Engl J Med 309:1495-1501.



113

Reinhard C, Hebert SS, De Strooper B (2005) The amyloid-beta precursor protein: integrating
structure with biological function. Embo J 27:27.

Reinikainen KJ, Riekkinen PJ, Jolkkonen J, Kosma VM, Soininen H (1987) Decreased
somatostatin-like immunoreactivity in cerebral cortex and cerebrospinal fluid in Alzheimer's
disease. Brain Res 402:103-108.

Reynolds WF, Hiltunen M, Pirskanen M, Mannermaa A, Helisalmi S, Lehtovirta M, Alafuzoff
I, Soininen H (2000) MPO and APOE-epsilon4 polymorphisms interact to increase risk for
AD in Finnish males. Neurology 55:1284-1290.

Riemenschneider M, Schwarz S, Wagenpfeil S, Diehl J, Muller U, Forstl H, Kurz A (2002) A
polymorphism of the brain-derived neurotrophic factor (BDNF) is associated with Alzheimer's
disease in patients lacking the Apolipoprotein E epsilon4 allele. Mol Psychiatry 7:782-785.

Risch NJ (2000) Searching for genetic determinants in the new millennium. Nature 405:847-
856.

Robakis NK, Ramakrishna N, Wolfe G, Wisniewski HM (1987) Molecular cloning and
characterization of a cDNA encoding the cerebrovascular and the neuritic plaque amyloid
peptides. Proc Natl Acad Sci U S A 84:4190-4194.

Rogaev EI, Sherrington R, Rogaeva EA, Levesque G, lkeda M, Liang Y, Chi H, Lin C,
Holman K, Tsuda T, Mar L, Sorbi S, Nacmias B, Piacentini S, Amaducci L, Chumakov I,
Cohen D, Lannfelt L, Fraser PE, Rommens JM, St George-Hyslop PH (1995) Familial
Alzheimer's disease in kindreds with missense mutations in a gene on chromosome 1 related
to the Alzheimer's disease type 3 gene. Nature 376:775-778.

Roses AD (1997) A model for susceptibility polymorphisms for complex diseases:
apolipoprotein E and Alzheimer disease. Neurogenetics 1:3-11.

Rovelet-Lecrux A, Frebourg T, Tuominen H, Majamaa K, Campion D, Remes AM (2007)
APP locus duplication in a Finnish family with dementia and intracerebral haemorrhage. J
Neurol Neurosurg Psychiatry 18:18.

Rovelet-Lecrux A, Hannequin D, Raux G, Le Meur N, Laquerriere A, Vital A, Dumanchin C,
Feuillette S, Brice A, Vercelletto M, Dubas F, Frebourg T, Campion D (2006) APP locus
duplication causes autosomal dominant early-onset Alzheimer disease with cerebral amyloid
angiopathy. Nat Genet 38:24-26. Epub 2005 Dec 2020.

Saarela MS, Lehtimaki T, Rinne JO, Huhtala H, Rontu R, Hervonen A, Roytta M, Ahonen JP,
Mattila KM (2006) No association between the brain-derived neurotrophic factor 196 G>A or
270 C>T polymorphisms and Alzheimer's or Parkinson's disease. Folia Neuropathol 44:12-16.

Saarelainen T, Pussinen R, Koponen E, Alhonen L, Wong G, Sirvio J, Castren E (2000)
Transgenic mice overexpressing truncated trkB neurotrophin receptors in neurons have



114

impaired long-term spatial memory but normal hippocampal LTP. Synapse 38:102-104.

Sahlin C, Lord A, Magnusson K, Englund H, Almeida CG, Greengard P, Nyberg F, Gouras
GK, Lannfelt L, Nilsson LN (2007) The Arctic Alzheimer mutation favors intracellular
amyloid-beta production by making amyloid precursor protein less available to alpha-
secretase. J Neurochem 101:854-862.

Saito T, Iwata N, Tsubuki S, Takaki Y, Takano J, Huang SM, Suemoto T, Higuchi M, Saido
TC (2005) Somatostatin regulates brain amyloid beta peptide Abeta42 through modulation of
proteolytic degradation. Nat Med 11:434-439. Epub 2005 Mar 2020.

Sastre M, Steiner H, Fuchs K, Capell A, Multhaup G, Condron MM, Teplow DB, Haass C
(2001) Presenilin-dependent gamma-secretase processing of beta-amyloid precursor protein at
a site corresponding to the S3 cleavage of Notch. EMBO Rep 2:835-841. Epub 2001 Aug
2023.

Saunders AM, Strittmatter WJ, Schmechel D, George-Hyslop PH, Pericak-Vance MA, Joo
SH, Rosi BL, Gusella JF, Crapper-MacLachlan DR, Alberts MJ, et al. (1993a) Association of
apolipoprotein E allele epsilon 4 with late-onset familial and sporadic Alzheimer's disease.
Neurology 43:1467-1472.

Saunders AM, Strittmatter WJ, Schmechel D, St George-Hyslop PH, Pericak-Vance MA, Joo
SH, Rosi BL, Gusella JF, Crapper-MacLachlan DR, Alberts MJ, et al. (1993b) Association of
apolipoprotein E allele epsilon 4 with late-onset familial and sporadic Alzheimer's disease.
Neurology 43:1467-1472.

Savage MJ, Trusko SP, Howland DS, Pinsker LR, Mistretta S, Reaume AG, Greenberg BD,
Siman R, Scott RW (1998) Turnover of amyloid beta-protein in mouse brain and acute
reduction of its level by phorbol ester. J Neurosci 18:1743-1752.

Scheuner D, Eckman C, Jensen M, Song X, Citron M, Suzuki N, Bird TD, Hardy J, Hutton M,
Kukull W, Larson E, Levy-Lahad E, Viitanen M, Peskind E, Poorkaj P, Schellenberg G, Tanzi
R, Wasco W, Lannfelt L, Selkoe D, Younkin S (1996) Secreted amyloid beta-protein similar
to that in the senile plaques of Alzheimer's disease is increased in vivo by the presenilin 1 and
2 and APP mutations linked to familial Alzheimer's disease. Nat Med 2:864-870.

Schmittgen TD (2001) Real-time quantitative PCR. Methods 25:383-385.

Schmitz A, Schneider A, Kummer MP, Herzog V (2004) Endoplasmic reticulum-localized
amyloid beta-peptide is degraded in the cytosol by two distinct degradation pathways. Traffic
5:89-101.

Service S, Deyoung J, Karayiorgou M, Roos JL, Pretorious H, Bedoya G, Ospina J, Ruiz-
Linares A, Macedo A, Palha JA, Heutink P, Aulchenko Y, Oostra B, van Duijn C, Jarvelin
MR, Varilo T, Peddle L, Rahman P, Piras G, Monne M, Murray S, Galver L, Peltonen L,
Sabatti C, Collins A, Freimer N (2006) Magnitude and distribution of linkage disequilibrium



115

in population isolates and implications for genome-wide association studies. Nat Genet 2:2.

Seta KA, Roth RA (1997) Overexpression of insulin degrading enzyme: cellular localization
and effects on insulin signaling. Biochem Biophys Res Commun 231:167-171.

Sheng JG, Price DL, Koliatsos VE (2002) Disruption of corticocortical connections
ameliorates amyloid burden in terminal fields in a transgenic model of Abeta amyloidosis. J
Neurosci 22:9794-9799.

Sherrington R, Rogaev EI, Liang Y, Rogaeva EA, Levesque G, Ikeda M, Chi H, Lin C, Li G,
Holman K, Tsuda T, Mar L, Foncin JF, Bruni AC, Montesi MP, Sorbi S, Rainero I, Pinessi L,
Nee L, Chumakov I, Pollen D, Brookes A, Sanseau P, Polinsky RJ, Wasco W, Da Silva HAR,
Hanes JL, Pericak-Vance MA, Tanzi RE, Roses AD, Fraser PE, Rommens JM, St George-
Hyslop PH (1995) Cloning of a gene bearing missense mutations in early-onset familial
Alzheimer's disease. Nature 375:754-760.

Shinall H, Song ES, Hersh LB (2005) Susceptibility of amyloid Beta Peptide degrading
enzymes to oxidative damage: a potential Alzheimer's disease spiral. Biochemistry 44:15345-
15350.

Silverberg GD, Mayo M, Saul T, Rubenstein E, McGuire D (2003) Alzheimer's disease,
normal-pressure hydrocephalus, and senescent changes in CSF circulatory physiology: a
hypothesis. Lancet Neurol 2:506-511.

Snow AD, Wight TN (1989) Proteoglycans in the pathogenesis of Alzheimer's disease and
other amyloidoses. Neurobiol Aging 10:481-497.

Soininen HS, Jolkkonen JT, Reinikainen KJ, Halonen TO, Riekkinen PJ (1984) Reduced
cholinesterase activity and somatostatin-like immunoreactivity in the cerebrospinal fluid of
patients with dementia of the Alzheimer type. J Neurol Sci 63:167-172.

Spasic D, Tolia A, Dillen K, Baert V, De Strooper B, Vrijens S, Annaert W (2006) Presenilin-
1 maintains a nine-transmembrane topology throughout the secretory pathway. J Biol Chem
281:26569-26577. Epub 22006 Jul 26514.

Sudoh S, Frosch MP, Wolf BA (2002) Differential effects of proteases involved in
intracellular degradation of amyloid beta-protein between detergent-soluble and -insoluble
pools in CHO-695 cells. Biochemistry 41:1091-1099.

Takahashi RH, Milner TA, Li F, Nam EE, Edgar MA, Yamaguchi H, Beal MF, Xu H,
Greengard P, Gouras GK (2002) Intraneuronal Alzheimer abetad2 accumulates in
multivesicular bodies and is associated with synaptic pathology. Am J Pathol 161:1869-1879.

Tanzi RE, Bertram L (2005) Twenty years of the Alzheimer's disease amyloid hypothesis: a
genetic perspective. Cell 120:545-555.



116

Tanzi RE, Gusella JF, Watkins PC, Bruns GA, St George-Hyslop P, Van Keuren ML,
Patterson D, Pagan S, Kurnit DM, Neve RL (1987) Amyloid beta protein gene: cDNA, mRNA
distribution, and genetic linkage near the Alzheimer locus. Science 235:880-884.

Terry RD, Katzman R (1983) Senile dementia of the Alzheimer type. Ann Neurol 14:497-506.

Terwilliger JD, Zollner S, Laan M, Paabo S (1998) Mapping genes through the use of linkage
disequilibrium generated by genetic drift: 'drift mapping' in small populations with no
demographic expansion. Hum Hered 48:138-154.

Tesco G, Ginestroni A, Hiltunen M, Kim M, Dolios G, Hyman BT, Wang R, Berezovska O,
Tanzi RE (2005) APP substitutions V715F and L720P alter PS1 conformation and
differentially affect Abeta and AICD generation. J Neurochem 95:446-456. Epub 2005 Aug
2008.

Thellin O, Zorzi W, Lakaye B, De Borman B, Coumans B, Hennen G, Grisar T, Igout A,
Heinen E (1999) Housekeeping genes as internal standards: use and limits. J Biotechnol
75:291-295.

Townsend M, Shankar GM, Mehta T, Walsh DM, Selkoe DJ (2006) Effects of secreted
oligomers of amyloid beta-protein on hippocampal synaptic plasticity: a potent role for
trimers. J Physiol 572:477-492. Epub 2006 Feb 2009.

Tsukamoto K, Watanabe T, Matsushima T, Kinoshita M, Kato H, Hashimoto Y, Kurokawa K,
Teramoto T (1993) Determination by PCR-RFLP of apo E genotype in a Japanese population.
J Lab Clin Med 121:598-602.

Utermann G, Langenbeck U, Beisiegel U, Weber W (1980) Genetics of the apolipoprotein E
system in man. Am J Hum Genet 32:339-347.

van Duijn CM, de Knijff P, Cruts M, Wehnert A, Havekes LM, Hofman A, Van Broeckhoven
C (1994) Apolipoprotein E4 allele in a population-based study of early-onset Alzheimer's
disease. Nat Genet 7:74-78.

Vandenplas S, Wiid I, Grobler-Rabie A, Brebner K, Ricketts M, Wallis G, Bester A, Boyd C,
Mathew C (1984) Blot hybridisation analysis of genomic DNA. ] Med Genet 21:164-172.

Vandermeeren M, Mercken M, Vanmechelen E, Six J, van de Voorde A, Martin JJ, Cras P
(1993) Detection of tau proteins in normal and Alzheimer's disease cerebrospinal fluid with a
sensitive sandwich enzyme-linked immunosorbent assay. J Neurochem 61:1828-1834.

Varilo T, Paunio T, Parker A, Perola M, Meyer J, Terwilliger JD, Peltonen L (2003) The
interval of linkage disequilibrium (LD) detected with microsatellite and SNP markers in
chromosomes of Finnish populations with different histories. Hum Mol Genet 12:51-59.

Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA, Denis P, Teplow DB, Ross S,



117

Amarante P, Locloff R, Luo Y, Fisher S, Fuller J, Edenson S, Lile J, Jarosinski MA, Biere AL,
Curran E, Burgess T, Louis JC, Collins F, Treanor J, Rogers G, Citron M (1999) Beta-
secretase cleavage of Alzheimer's amyloid precursor protein by the transmembrane aspartic
protease BACE. Science 286:735-741.

Vekrellis K, Ye Z, Qiu WQ, Walsh D, Hartley D, Chesneau V, Rosner MR, Selkoe DJ (2000)
Neurons regulate extracellular levels of amyloid beta-protein via proteolysis by insulin-
degrading enzyme. J Neurosci 20:1657-1665.

Vetrivel KS, Zhang YW, Xu H, Thinakaran G (2006) Pathological and physiological functions
of presenilins. Mol Neurodegener 1:4.

Vigo-Pelfrey C, Seubert P, Barbour R, Blomquist C, Lee M, Lee D, Coria F, Chang L, Miller
B, Lieberburg I, et al. (1995) Elevation of microtubule-associated protein tau in the
cerebrospinal fluid of patients with Alzheimer's disease. Neurology 45:788-793.

Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R, Wolfe MS, Rowan MJ, Selkoe DJ
(2002) Naturally secreted oligomers of amyloid beta protein potently inhibit hippocampal
long-term potentiation in vivo. Nature 416:535-539.

Wang DS, Iwata N, Hama E, Saido TC, Dickson DW (2003) Oxidized neprilysin in aging and
Alzheimer's disease brains. Biochem Biophys Res Commun 310:236-241.

Watson GS, Peskind ER, Asthana S, Purganan K, Wait C, Chapman D, Schwartz MW,
Plymate S, Craft S (2003) Insulin increases CSF Abeta42 levels in normal older adults.
Neurology 60:1899-1903.

Wilquet V, De Strooper B (2004) Amyloid-beta precursor protein processing in
neurodegeneration. Curr Opin Neurobiol 14:582-588.

Wiltshire S, Hattersley AT, Hitman GA, Walker M, Levy JC, Sampson M, O'Rahilly S,
Frayling TM, Bell JI, Lathrop GM, Bennett A, Dhillon R, Fletcher C, Groves CJ, Jones E,
Prestwich P, Simecek N, Rao PV, Wishart M, Bottazzo GF, Foxon R, Howell S, Smedley D,
Cardon LR, Menzel S, McCarthy MI (2001) A genomewide scan for loci predisposing to type
2 diabetes in a U.K. population (the Diabetes UK Warren 2 Repository): analysis of 573
pedigrees provides independent replication of a susceptibility locus on chromosome 1q. Am J
Hum Genet 69:553-569. Epub 2001 Aug 2001.

Wong ML, Medrano JF (2005) Real-time PCR for mRNA quantitation. Biotechniques 39:75-
85.

Xu CF, Lewis K, Cantone KL, Khan P, Donnelly C, White N, Crocker N, Boyd PR, Zaykin
DV, Purvis 1J (2002) Effectiveness of computational methods in haplotype prediction. Hum
Genet 110:148-156.

Yasojima K, Akiyama H, McGeer EG, McGeer PL (2001a) Reduced neprilysin in high plaque



118

areas of Alzheimer brain: a possible relationship to deficient degradation of beta-amyloid
peptide. Neurosci Lett 297:97-100.

Yasojima K, McGeer EG, McGeer PL (2001b) Relationship between beta amyloid peptide
generating molecules and neprilysin in Alzheimer disease and normal brain. Brain Res
919:115-121.

Zannis VI, Kardassis D, Zanni EE (1993) Genetic mutations affecting human lipoproteins,
their receptors, and their enzymes. Adv Hum Genet 21:145-319.

Zhao G, Cui MZ, Mao G, Dong Y, Tan J, Sun L, Xu X (2005) gamma-Cleavage is dependent
on zeta-cleavage during the proteolytic processing of amyloid precursor protein within its
transmembrane domain. J Biol Chem 280:37689-37697. Epub 32005 Sep 37612.

Zhao G, Mao G, Tan J, Dong Y, Cui MZ, Kim SH, Xu X (2004) Identification of a new
presenilin-dependent zeta-cleavage site within the transmembrane domain of amyloid
precursor protein. J Biol Chem 279:50647-50650. Epub 52004 Oct 50613.

Zhao WQ, De Felice FG, Fernandez S, Chen H, Lambert MP, Quon MJ, Krafft GA, Klein WL
(2007) Amyloid beta oligomers induce impairment of neuronal insulin receptors. Faseb J
24:24.

Zlokovic BV (2004) Clearing amyloid through the blood-brain barrier. J Neurochem 89:807-
811.

Zubenko GS, Hughes HB, Stiffler JS, Hurtt MR, Kaplan BB (1998) A genome survey for
novel Alzheimer disease risk loci: results at 10-cM resolution. Genomics 50:121-128.



APPENDIX: ORIGINAL PUBLICATIONS (I-V)



Genetic analysis of BDNF and TrkB gene polymorphisms in Alzheimer’s disease

Vepsaldinen S, Castren E, Helisalmi S, livonen S, Mannermaa A, Lehtovirta M,

Héanninen T, Soininen H, Hiltunen M

Journal of Neurology 2005; 252:423-428

Reprinted with kind permission of Springer Science and Business Media



Polymorphisms in neprilysin gene affect the risk of Alzheimer's disease in
Finnish patients

Helisalmi S, Hiltunen M, Vepséléinen S, livonen S, Mannermaa a, Lehtovirta M,
Koivisto A M, Alafuzoff I, Soininen H

Journal of Neurology, Neurosurgery and Psychiatry 2004; 75:1746-1748

Cited in Journal of Medical Genetics 2005;42:158

Reprinted with permission of BMJ Publishing Group Ltd



Insulin degrading enzyme is genetically associated with Alzheimer’s disease in

the Finnish population

Vepsaldinen S, Parkinson M, Helisalmi S, Mannermaa A, Soininen H, Tanzi R,
Bertram L, Hiltunen M

Journal of Medical Genetics 2007; 44(9):606-608

Reprinted with permission of BMJ Publishing Group Ltd



Somatostatin genetic variants modify the risk for Alzheimer's disease

among Finnish patients

Vepsaldinen S, Helisalmi S, Koivisto A M, Tapaninen T, Hiltunen M, Soininen H

Journal of Neurology (in press)

Reprinted with kind permission of Springer Science and Business Media



Increased expression of AP degrading enzyme IDE in the cortex of transgenic
mice with Alzheimer's disease-like neuropathology

Vepsaldinen S, Hiltunen M, Helisalmi S, Wang J, van Groen T, Tanila H, Soininen H

Submitted for publication



PUBLICATIONS
SERIES OF REPORTS, DEPARTMENT OF NEUROLOGY

1.

N

W

— e \© OO0 1
_o s T

13.

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.
24,

25.

26.

27.

28.

29.

30.

31.

Juhani Partanen (1978): Time-locked phenomena of human motor unit potentials. An
electromyographic study of satellites and doubles.

Eeva Leino (1981): Clinical and biochemical studies on progressive myoclonus epilepsy.
Hilkka Soininen (1981): Senile dementia. A clinical, neurochemical and etiological study.

Rolf Danner (1982): Adverse effects of anticonvulsive treatment on peripheral nerve conduction
and posterior dominant EEG rhythm.

Markku Saksa (1982): The autonomic nervous system in experimental allergic neuritis. A
functional, morphological and biochemical study.

Juhani Sivenius (1982): Studies on the rehabilitation, epidemiology and clinical features of
stroke in East Central Finland.

Asla Pitkéinen (1987): Somatostatin in epilepsy. An experimental and clinical study.

Esa Mervaala (1987): Evoked potential in human epilepsy. A neurophysiological study.

Kari Reinikainen (1988): Neurotransmitters in Alzheimer’s disease.

Tapani Keréinen (1988): Epilepsy in adults. An epidemiologic study in Eastern Finland.

Jukka Jolkkonen (1988): Vasopressin in the central nervous system. A study based on
cerebrospinal fluid measurements.

Jouni Sirvio (1989): The cholinergic system in ageing and dementia. With special reference to
acetylcholinesterase.

Hannu Koponen (1989): Delirium in the elderly. A clinical, neurochemical, neuropsychological
and neuroradiological study.

Asla Pitkéinen (1989): Somatostatin in experimental and human epilepsy.

Eeva-Liisa Helkala (1990): Memory in patients with Alzheimer’s disease and demented
patients with Parkinson’s disease.

Paavo Riekkinen Jr (1990): Animal models of age-related degeneration of subcortical
regulatory systems. With special reference to cholinergic, noradrenergic and serotonergic
systems.

Toivo Halonen (1990): Neurotransmitter amino acids in epileptic convulsions and during
vigabatrin treatment.

Ulla Lepola (1990): Panic disorder. A clinical, neurochemical, neuropsychological, and
neuroradiological study.

Kari Murros (1991): Stress reactions of brain infarction. A prospective study on 105 patients
with acute ischemic brain infarction of internal carotid artery territory.

Aarne Ylinen (1991): Hippocampal reactions and their pharmacotherapy in experimental
epilepsy.

Antti Valjakka (1992): The subcortical deafferentation of the hippocampus and noradrenergic
lesions as experimental models of dementia. Hippocampal electrophysiology.

Aimo Rissanen (1992): Cerebrovascular disease in the Jyvéskylé region, Central Finland.
Reetta Kilvidinen (1992): Newly diagnosed epileptic seizure disorder in adults. A prospective
follow-up study on 100 patients.

Maria Mazurkiewicz (1992): The effects of the enhanced GABAergic transmission on
cognitive functions: An experimental study.

Pekka Jikidld (1992): Modulation of attention and working memory by noradrenergic,
serotonergic and cholinergic systems. An experimental neuropsychopharmacological study.

Kari Alhainen (1992): Anticholinesterase drug, tacrine (THA), in Alzheimer’s disease.
Discrimination of responders and nonresponders.

Riitta Miettinen (1993): Inhibitory circuits and subcortical innervation of the rat hippocampus:
Implications for normal function and pathophysiological processes.

Hannele Lahtinen (1993): Hippocampus in experimental models of temporal lobe epilepsy.
Amino acid-mediated neurotransmission and nerve cell injury following the transection of
fimbria-fornix and the electrical stimulation of perforant pathway in rat.

Pdivi Hartikainen (1994): Normal ageing. A neurochemical, neurophysiological and
neuropsychological study with special reference to Alzheimer’s disease, Parkinson’s disease and
amyotrophic lateral sclerosis.

Outi Heinonen (1994): Neuropathologic and peripheral markers of Alzheimer’s disease with
special emphasis on 3-amyloid accumulation.



32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

5S.

56.

57.

58.

59.

Minna Riekkinen (1994): The interactions between cholinergic and serotonergic systems in the
modulation of spatial navigation and passive avoidance behavior. An experimental
neuropsychopharmacological study.

Keijo Koivisto (1995): Population-based dementia screening program in the city of Kuopio,
Eastern Finland: Evaluation of screening methods, prevalence of dementia and dementia
subtypes.

Arja Tuunainen (1995): Evaluation of epileptic patients for temporal lobe surgery and
postoperative follow-up. An electrophysiological study with neuropsychological, psychiatric and
clinical correlates.

Mervi Pitkdnen (1995): The role and pharmacological modulation of the NMDA
receptor/channel on hippocampal synaptic transmission and behavior.

Olli Kosunen (1996): A neuropathologic study on Alzheimer’s disease with a special emphasis
on diagnostic accuracy.

Mikko Laakso (1996): MRI of hippocampus in incipient Alzheimer’s disease.

Maarit Lehtovirta (1996): Familial Alzheimer’s disease. A clinical and molecular genetic
study.

Tuomo Hiinninen (1996): Age-associated memory impairment. A neuropsychological and
epidemiological study.

Vesa Savander (1997): Organization of intrinsic connections in the rat amygdaloid complex
with special emphasis on the lateral, basal and accessory basal nuclei.

Heikki Sorvari (1997): Neurons containing calcium-binding proteins in the human amygdaloid
complex.

Tiina Kotti (1997): Excitotoxicity-induced neuropathological changes in the rodent
hippocampus. Possible functional consequences and drug treatments.

Sirja Ruotsalainen (1997): Serotonergic system and its interactions with cholinergic receptor
mediated mechanisms in the modulation of working memory. An experimental study.

Seppo Helisalmi (1998): Molecular genetics of Alzheimer’s disease with special emphasis on
presenilin, amyloid beta precursor protein and apolipoprotein E genes.

Merja Hallikainen (1998): Age-associated memory impairment, and apolipoprotein E. A
population-based clinical, neuropsychological, neurophysiological and neuroimaging study.
Matti Vanhanen (1998): Cognitive function in glucose intolerance in the elderly: the role of
hyperinsulinemia.

Kirsi Juottonen (1998): MRI-volumes of the entorhinal, perirhinal and temporopolar cortices in
normal aging and in Alzheimer’s disease.

Raimo Pussinen (1999): An experimental study on the role of a;-adrenoceptors and putrescine
in the modulation of hippocampal plasticity and memory encoding - interactions with NMDA
receptors.

Tarja Puumala (1999): Monoamines in the modulation of attention and response inhibition:
development of a new animal model of attention deficit and impulsivity.

Mia Mikkonen (1999): The human entorhinal cortex. Anatomic organization and its alteration
in Alzheimer's disease and temporal lobe epilepsy.

Jukka Puolivili (2000): An experimental study on the cholinergic modulation of cortical
arousal and cognitive functions. With special emphasis on apolipoprotein E.

Kauko Pitkinen (2000): Stroke rehabilitation in the elderly. A controlled study of the
effectiveness and costs of a multidimensional intervention.

Mikko Hiltunen (2000): A molecular genetic study of factors involved in Alzheimer's disease.
Sami Ikonen (2001): The role of the septohippocampal cholinergic system in cognitive
functions.

Tuuli Salmenperi (2001): Damage in the hippocampus, amygdala, entorhinal and perirhinal
cortex of adults with partial epilepsy.

Zinayida Bezvenyuk (2001): Multiple pathways of DNA disintegration during neuronal
apoptosis.

Tero Tapiola (2001): Biological markers for Alzheimer's disease. With special emphasis on
cerebrospinal fluid B-amyloid and tau.

Kirsi Puurunen (2001): The effects of pharmacotherapy and training on functional recovery
after global and focal cerebral ischemia in rats.

Maaria Ikonen (2001): Apoptosis-associated changes in neuronal gene expression. With special
emphasis on the insulin-like growth factor system.



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.
74.
75.
76.
77.
78.
79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

Inga Kadish (2002): Plasticity in the entorhinal-hippocampal pathway. Influences of gene
mutations and hormones.

Pauliina Korhonen (2002): Gene regulation in neuronal degeneration - Role of mSin3 and YY1
factors.

Miia Kivipelto (2002): Vascular risk factors in Alzheimer's disease and mild cognitive
impairment. A longitudinal, population-based study.

Margit Overmyer (2002): Gliosis in relation to Alzheimer's hallmark lesions in aging and
Alzheimer's disease. A postmortem immunohistochemical study.

Marja Aikii (2002): Verbal memory in newly diagnosed partial epilepsy. A neuropsychological
study.

Li Liu (2003): Cholinergic neurotransmission, amyloid-f peptide and the pathogenesis of
Alzheimer’s Disease. A study in the APP and PS1 double transgenic mouse model.

Jun Wang (2003): The role of AB-peptide on spatial memory, EEG, auditory evoked potentials
and nicotinic cholinergic receptors in A/P transgenic mice.

Juhana Aura (2003): Interaction of muscarinic acetylcholine and N-methyl-D-aspartate —type
glutamate receptors in the regulation of spatial learning and memory.

Johanna Kuhmonen (2003): Neuroprotection in experimental acute cerebral ischaemia: o2-
adrenoreceptor agonism, MAO-B inhibition, and enhancement of GABAergic neurotransmission
as neuroprotective strategies.

Jaana Autere (2003): Genetics of Parkinson’s Disease in the Finnish Population.

Erkki Kuusisto (2004): Role of the p62 protein in the formation of neuropathological
cytoplasmic inclusions.

Maija Pihlajaméki (2004): Functional MRI studies on human declarative memory.
Chuan-sheng Zhao (2005): Psychotropic medication and functional recovery following cortical
stroke in aged rats.

Dimitrije Jakovljevi¢ (2005): The roles of chronobiological and socioeconomic factors in the
occurrence of cerebrovascular diseases.

Sinikka Peurala (2005): Rehabilitation of gait in chronic stroke patients.

Laura Parkkinen (2005): Impact of a-synuclein pathology on aging.

Iain Wilson (2005): Hippocampal place cells as a window into cognitive aging.

Susan livonen (2005): Genetic and expressional studies of Alzheimer's disease candidate genes.
Emphasis on CYP19, seladin-1 and HSPG2 genes.

Jouni Ihalainen (2005): Regulation of dopamine release in the forebrain by alpha2-
adrenoceptors and NMDA glutamate receptors - a microdialysis study.

Giedrius Kalesnykas (2005): Cholinergic neurons of the rodent basal forebrain and their
content of estrogen receptor alpha.

Marina Boccardi (2006): MRI studies in frontotemporal dementia.

Anne Koivisto (2006): Genetic components of late-onset Alzheimer's disease with special
emphasis on ApoE, IL-6, CYP46, SERPINA3 and PPARY.

Taneli Heikkinen (2006): Cognitive effects of estrogen in ovariectomized, aged and transgenic
mice modeling Alzheimer's disease.

Minna Korolainen (2006): Proteomic analysis of post-translationally modified proteins in
Alzheimer's disease.

Petri Kerokoski (2006): Regulation of cyclin-dependent kinase 5 (Cdk5) with special emphasis
on changes occurring during neuronal cell death.

Corina Pennanen (2006): Brain atrophy in mild cognitive impairment: MRI volumetric and
voxel-based method study.

Jari Huuskonen (2007): Microglial response to inflammatory stimuli-impact of protein
acetylation and phosphorylation.

Katriina Viinikainen (2007): Epilepsy, female reproductive health and neurodevelopment of
the offspring.

Sanna-Kaisa Herukka (2007): Usefulness of cerebrospinal fluid biomarkers in diagnosis of
early Alzheimer's disease.

Heli Karhunen (2007): Long-term studies on the epileptogenesis after focal cerebral ischemia
in rats.



	Front Page
	Abstract
	ACKNOWLEDGEMENTS
	ABBREVIATIONS
	LIST OF ORIGINAL PUBLICATIONS
	CONTENTS
	1. INTRODUCTION
	2. REVIEW OF THE LITERATURE
	2.1. Alzheimer’s Disease (AD)
	2.1.1. Clinical diagnosis of AD
	2.1.2. Characteristic features of AD brain

	2.2. Amyloid precursor protein (APP) and amyloid β-protein (Aβ)
	2.2.1. APP metabolism
	2.2.2. Pathogenic role of Aβ

	2.3. Genetic risk factors for AD
	2.3.1. APP and PSEN mutations
	2.3.2. APOE ε4 allele and AD

	2.4. Genes encoding for proteins influencing to Aβ clearance
	2.4.1. Insulin degrading enzyme (IDE)
	2.4.2. Neprilysin (NEP)

	2.5. SST, BDNF and TrkB as a possible risk genes for AD
	2.5.1. Somatostatin (SST)
	2.5.2. BDNF and TrkB

	2.6. Mapping of novel AD genes
	2.6.1. Association studies
	2.6.2. Linkage disequilibrium (LD) and haplotype blocks
	2.6.3. Genome-wide association studies
	2.6.4. The International HapMap project
	2.6.5. Population choice in complex disease gene mapping and study examples fromFinnish population

	2.7. Functional studies
	2.8. Aims of the study

	3. MATERIALS AND METHODS
	3.1. Materials for studies I to IV
	3.2. Materials for study V
	3.3. Gene analysis for studies I to IV
	3.3.1. DNA extraction and sequence analysis
	3.3.2. SNaPshot procedure
	3.3.3. High-throughput fluorescence detection system
	3.3.4. Allelic discrimination
	3.3.5. Determination of APOE allele forms

	3.4. Gene and protein analysis for study V
	3.4.1. RNA extraction
	3.4.2. cDNA synthesis
	3.4.3. Relative mRNA quantification
	3.4.4. Western blotting
	3.4.5. Aβ40 and Aβ42 ELISAs

	3.5. Statistical analyses
	3.5.1. Studies I to IV:
	3.5.2. Study V:


	4. RESULTS
	4.1. BDNF and TrkB polymorphisms; Study I
	4.2. NEP polymorphisms; Study II
	4.3. IDE and HHEX polymorphisms; Study III
	4.4. SST polymorphisms; Study IV
	4.5. Expression analysis of IDE and NEP; Study V
	4.5.1. Aβ levels in AD like Tg mice and NT littermates
	4.5.2. IDE and NEP mRNA levels in cortex of AD like Tg mice and NT littermates
	4.5.3. IDE and NEP mRNA levels in cerebellum of AD like Tg mice and NT littermates
	4.5.4. IDE and NEP protein levels in cortex of AD like Tg mice lines and NT littermates


	5. DISCUSSION
	5.1. Methodological considerations of association studies I to IV
	5.2. BDNF and TrkB polymorphisms; Study I
	5.3. NEP polymorphisms; Study II
	5.4. IDE and HHEX polymorphisms; Study III
	5.5. SST polymorphisms; Study IV
	5.6. Methodological considerations of expression analysis of IDE and NEP; Study V
	5.7. Expression analysis of IDE and NEP; Study V

	6. CONCLUSION
	REFERENCES
	PUBLICATIONS - SERIES OF REPORTS, DEPARTMENT OF NEUROLOGY
	Figures

	Figure 1. a) De Alois Alzheimer (1864-1915) and b) Auguste D. ...
	Figure 2. Plaques and tangles in the ADbrain.
	Figure 3. Metabolism of APP. Alpha-secretase cleaves APP within the Aβ sequence whichleads to generation of a non-amyloidogenic version of the Aβ peptide called p3.
	Figure 4. The mutations causing FAD in APP surround the cleavage sites of the threesecretases.
	Figure 5. Schematic pathway of Aβ metabolism and formation of Aβ fibrils in the brain
	Figure 6. Diagrams of NEP gene, transcripts and protein.
	Figure 7. Aβ is produced from APP, which undergoes axonal transport, by proteolyticcleavage, and is released into the extracellular spaces and, in part, to the intravesicular side.
	Figure 8. The age-dependent reduction of the neuropeptide, SST, specifically suppressesneuronal NEP activity triggering the accumulation of Aβ
	Figure 9. Workflow from association studies to functional studies.
	Figure 10. Schematic map of BDNF.
	Figure 11. Schematic map of NEP gene.
	Figure 12. Haplotype blocks as determined with the use of Haploview software on the basis ofthe strength of the linkage disequilibrium.
	Figure 13. Schematic map of IDE gene.
	Figure 14. Haplotype blocks as determined with the use of Haploview software on the basis ofthe strength of the linkage disequilibrium.
	Figure15. Low power photomicrographs (A-D) to demonstrate the pattern of Aβ labeling withincreasing age in the entorhinal cortex (A-C) and cerebellum (D) (mo=month) ofAPP/PSEN1(A246E) mouce brain.
	Figure 16. The relative mRNA-levels ofIDE and NEP in the cortex compared tototal hippocampal levels of Aβ in micebrain.
	Figure 17. The relative mRNA-levels of IDE and NEP in the cerebellum.
	Figure 18A) Protein levels of APP-FL, APP-C83, APP-C99, IDE and NEP were analyzed fromthe cortex of 12-month-old APPswe/PSEN1(A246E) Tg mice (n=9) and NT littermates (n=9).
	Figure 19A) Protein levels of APP-FL, APP-C83, APP-C99, IDE and NEP were analyzedfrom the cortex of 9-month-old APPswe/PSEN1(dE9) Tg mice (n=11) and NT littermates(n=7).
	Figure 20. A and C) A significant correlation was found between IDE and NEP protein levelsfrom the cortex region in both studied mice lines.

	Tables
	Table 1. Linkage and association regions observed in full-genome screens, and potentialcandidate genes locating at the regions
	Table 2. A sample of AD candidate genes studied worldwide.
	Table 3. Overview of genes encoding for proteins influencing the Aβ life cycle.
	Table 4. A sample of studied susceptibility genes in the Northern Savo population.
	Table 5. Demographic data of the AD patients and controls for studies I to IV
	Table 6. SNPs and primers used in association studies I to III.
	Table 7. Overview of SNaPshot procedure:
	Table 8. Pairwise LD (D`above diagonal) and statistical significance(P-value below diagonal) for BDNF and TrkB SNPs.
	Table 9. Allele, genotype and haplotype frequencies of the BDNF polymorphisms forpatient and controls.
	Table 10. Allelic and genotypic frequencies of the polymorphism of the BDNF gene inpatients with sporadic AD (n=160) and controls (n=460).
	Table 11. Allelic and genotypic frequencies of the polymorphism of NEP gene for ADpatient (n=390) and controls (n=468).
	Table 12. Estimated haplotype frequencies for NEP polymorphisms,rs 3773882 and rs3736187 based on Haploview software.
	Table 13. Single locus, uni- and multivariant logistic regression test results for IDE and HHEXSNPs.
	Table 14. Estimated haplotype frequencies for IDE gene. P-values calculatedusing RXC program.
	Table 15. Genotype, allele and haplotype frequencies of the polymorphism of SST genefor whole and APOE ε4 (+) samples.
	Table 16. OR of AD cases when taking the subjects with neither APOE ε4 nor SST C allelesas reference.




