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Preface

Alzheimer's disease is the most common cause of senile dementia. Since
the discovery in 1984 of the amyloid -peptide (A) as the core protein of the
senile plaques present in the brains of Alzheimer's disease sufferers, an immense
amount of research has gone into mapping out the molecular basis of this
debilitating disease.

The aim of Alzheimer's Disease: Methods and Protocols is to bring together
the main biochemical, cell biological, and molecular biological techniques
and approaches that are being used to investigate the molecular basis of
Alzheimer's disease. This volume begins with chapters of an introductory/
review nature. Chapter 1 provides a historical introduction to Alzheimer's dis-
ease with particular emphasis on the central role played by A and its rela-
tion to tau. Chapter 2 examines the genetics underlying this neurodegenerative
disease, covering the amyloid precursor protein, apolipoprotein E, and the
presenilins. Chapter 3 presents an overview of currently available therapeutic
agents and prospects for drugs of the future.

The remaining chapters, as with other volumes in the Methods in Molecular
Medicine series, deal with individual (or a small group of closely related) tech-
niques that are currently being used to further our understanding of the molecu-
lar basis of Alzheimer's disease. Chapters 4 to 18 provide details of many
methodologies used to study the function, posttranslational processing, and
proteolytic cleavage of the amyloid precursor protein, including the genera-
tion and characterization of antibodies against the -secretase cleavage site,
and the use of reporter constructs and other techniques to characterize the o.-,
B-, and y-secretases. Also included are methods used to distinguish between
AP, ,,and AB, . and approaches to assess the function and degradation of Ap.
Chapters 19 to 24 cover techniques that are being used to determine the struc-
ture and function of the presenilins, including determination of their normal
and apoptotic cleavage, phosphorylation, and interaction with other proteins.
Finally, Chapters 25 to 27 focus on the tau protein, in particular the phos-
phorylation of tau and the generation and use of antibodies recognizing
hyperphosphorylated tau.
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I would like to thank all the authors for their scholarly contributions and
apologize to them for editorial changes in the interests of consistency and
clarity.

Nigel M. Hooper
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1

Introduction to Alzheimer’s Disease

David Allsop

1. Introduction

In 1907, Alois Alzheimer published an account (1) of a 51-year-old female
patient, Auguste D., who suffered from strong feelings of jealousy towards her
husband, increased memory impairment, disorientation, hallucinations, and
often loud and aggressive behavior. After four and a half years of rapidly dete-
riorating mental illness, Auguste D died in a completely demented state. Post-
mortem histological analysis of her brain using the Bielschowsky silver
technique revealed dense bundles of unusual fibrils within nerve cells (neu-
rofibrillary tangles or NFTs) and numerous focal lesions within the cerebral
cortex, subsequently named “senile plaques” by Simchowicz (2) (Fig. 1). This
combination of progressive presenile dementia with senile plaques and neu-
rofibrillary tangles came to be known as Alzheimer’s disease (AD), a term that
was later broadened to include senile forms of dementia with similar neuro-
pathological findings. It was Divry (3) who first demonstrated the presence of
amyloid at the center of the senile plaque, by means of Congo red staining. All
amyloid deposits were originally thought to be starch-like in nature (hence the
name), but it is now apparent that they are formed from a variety of different
peptides and proteins (the latest count being 18). All amyloid share the prop-
erty of a characteristic birefringence under polarized light after staining with
Congo red dye, which is due to the presence of well-ordered 10 nm fibrils. The
underlying protein component of these fibrils invariably adopts predominantly
an antiparallel B-pleated sheet configuration. Ultrastructural observations have
confirmed that the core of the senile plaque consists of large numbers of
closely-packed, radiating fibrils, similar in appearance to those seen in other
forms of amyloidosis (4,5), and have also revealed the presence of paired heli-
cal filaments (PHFs) within the NFTs (6). However, it took more than 50 yr

From: Methods in Molecular Medicine, Vol. 32: Alzheimer’s Disease: Methods and Protocols
Edited by: N. M. Hooper © Humana Press Inc., Totowa, NJ
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2 Allsop

Fig. 1. (A) Neurofibrillary tangle (Palmgren silver technique).

from Divry’s original observation to determine the precise chemical nature of
the senile plaque amyloid. Many neuropathologists have regarded this amyloid
as a “tombstone” (an inert bystander) of AD. However, the advent of molecular
genetics has finally and firmly established the central role of amyloid in the
pathogenesis of the disease, although this is still disputed by some workers in
the field. This introductory chapter is written in support of what has become
known as the “amyloid cascade” hypothesis.

2. Chemical Nature of Cerebral Amyloid and PHFs

The first attempts to determine the chemical nature of senile plaque amyloid
were based on immunohistochemical methods, which, not surprisingly, gave
unequivocal results. A method for the isolation of senile plaque amyloid “cores”
from frozen post-mortem brain was first reported in 1983 (7), and around the
same time methods were also developed for the isolation of PHFs (8). The
unusual amino acid composition of the senile plaque core protein clearly
excluded forms of amyloid known at the time (e.g., AA, AL types) as major
components of the plaque core (7). In 1984, a 4-kDa protein, termed “B-protein,”
now commonly referred to as AB, was isolated from amyloid-laden meningeal
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Fig. 1. (B) Senile plaque (Anti-Af} immunohistochemistry, monoclonal antibody
1G10/2/3, ref. 11). Magnification for both x1100.

blood vessels (a frequent concomitant of AD), and its N-terminal amino acid
sequence was determined to be unique (9). Antibodies raised to synthetic pep-
tides corresponding to various fragments of AP were found to react with both
senile plaque (Fig. 1B) and cerebrovascular amyloid in brains from patients
with AD (10,11), and immunogold labeling studies showed that the amyloid
fibrils were decorated with gold particles (12). It was soon recognized that
synthetic AP peptides will assemble spontaneously into fibrils closely resem-
bling those seen in AD (13). These observations clearly demonstrated that A3
is an essential and integral component of the Alzheimer amyloid fibril.

The chemical nature of PHFs remained in dispute for some time after the
discovery of AP, until evidence for the microtubule-associated protein tau as
the principal constituent of PHFs became overwhelming (14-17). The demon-
stration that structures closely resembling PHFs could be assembled in vitro
from tau established beyond reasonable doubt that tau is an integral component
of the PHF (18). There are six major isoforms of human tau (see Fig. 2) derived
by alternative mRNA splicing from a single gene on human chromosome 17.
Alternative splicing of exon 10 gives rise to 3-repeat and 4-repeat forms, which
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Fig. 2. Diagrammatic representation of the major isoforms of human tau.

refers to the number of microtubule-binding units. All six of these tau isoforms
are expressed in the adult brain, but only the shortest isoform (tau-352) is
expressed in the fetal brain. Tau can be phosphorylated at multiple sites, and
tau from the fetal brain is more heavily phosphorylated than tau from the adult
brain. Tau protein extracted from PHFs (PHF-tau) was found to contain all of
the six major isoforms (19). NFTs in AD are composed predominantly of tau in
the form of PHFs, but a minority of pathological tau can also exist in the form
of so-called “straight” filaments. Intraneuronal filamentous inclusions in other
neurodegenerative diseases (e.g., progressive supranuclear palsy) can be com-
posed almost entirely of straight filaments. The studies of Goedert and cowork-
ers (18) on the in vitro assembly of filamentous structures from different tau
isoforms suggest that PHFs and straight filaments are formed from 3-repeat
and 4-repeat forms of tau, respectively.

Numerous studies (reviewed in ref. 20) using antibodies specific for par-
ticular phosphorylation-dependent epitopes demonstrated that PHF-tau appears
to be abnormally hyperphosphorylated (i.e., more heavily phosphorylated
than fetal tau, and at additional unique sites in the molecule). It later became
apparent that the abnormal hyperphosphorylation of tau in AD may have been
overemphasized in these studies. Some of the supposed AD-specific phospho-
rylation sites on tau have now be seen in living neurons. In particular, analysis
of human biopsy tissue has suggested that tau protein is more highly phospho-
rylated than previously thought in living brain, due to a rapid (1-2 h) postmor-
tem dephosphorylation (21). This has led to the conclusion that there may be a



Introduction to Alzheimer’s Disease 5

Kunitz-type MRC OX-2
inhibitor

APPrro Seré® phosphorylation

Signal APP;5, N-glycosylation ‘NPTY’ coated-pit
peptide ‘RERMS' intemalization
| ; | [T | APPs
Heparin Zinc Heparin Gelatinase Collagen G,-protein
binding binding binding inhibitor binding recognition

Membrane

Fig. 3. Structure of APP, showing some of the major functional domains.

deficiency (or inhibition) of phosphatase activity in brains from patients with
AD (21). However, on balance, it is clear that abnormal aggregates of tau in a
highly phosphorylated state are a hallmark of AD pathology, and it remains
likely that tau phosphorylation plays a role in NFT formation. Levels of phos-
phorylated tau are significantly higher in fresh lumbar puncture samples of
cerebrospinal fluid taken from AD patients than in similar samples from age-
matched controls (22). Furthermore, a number of studies have now shown that
fibrillized forms of AP can induce tau phosphorylation in vitro and in vivo.
This reinforces the possibility of a direct link between amyloid deposition and
tau phosphorylation (considered further below).

3.The Amyloid Precursor Protein (APP)

The amino acid sequence of the AP peptide was used by Kang et al. (23) to
identify from a fetal brain cDNA library a full-length clone that encoded A as
part of a much larger 695 amino acid precursor (APPg¢gs). This precursor was
predicted to contain a single membrane-spanning domain towards its carboxyl-
terminal end, with the sequence of the AP peptide commencing at amino acid
residue 597 and terminating part way through the membrane-spanning region
(see Fig. 3). Subsequently, a number of slightly longer cDNA clones were
isolated by other workers. The 751 amino acid APP sequence (APP;s)
described by Ponte et al. (24) contained an additional 56 amino acid insert
encoding a Kunitz-type serine proteinase inhibitor (KPI). Kitaguchi et al. (25)
identified another precursor (APP;;,) with both the KPI sequence and an
additional 19 amino acid insert. These isoforms of APP arise as a result of
alternative splicing of exons 7 and 8 during transcription of the APP gene.
Additional isoforms generated by alternative splicing of exon 15 have also been
described (26). It is not clear if all of these various isoforms of APP can give
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Fig. 4. AP region of APP, showing the pathogenic APP mutations and the o-, -,
and y-secretase cleavage sites.

rise to amyloid in the brain. DeSauvage and Octave (27) have also found a
smaller APP mRNA variant (APP-593) lacking the Af} coding region.

4. Proteolytic Processing of APP

Following discovery of the full-length APP cDNA clone, numerous studies
were undertaken to detect the APP protein in cells and tissues. Full-length,
membrane-bound forms of APP were readily detected by Western blotting, and
it soon became apparent that a large, soluble, N-terminal fragment of APP
(sAPPq) is released by the action of a putative “o.-secretase” into conditioned
tissue culture medium, cerebrospinal fluid, serum, and tissues such as brain
(see Fig. 4). Esch et al. (28) and Anderson et al. (29) showed that this was due
to cleavage of APP at the Lys'®-Leu'” bond in the middle of the AP sequence,
which would preclude formation of the intact AP peptide. This led to specula-
tion that the production of AP from APP must be a purely pathological event
(30). However, it soon became apparent that C-terminally truncated forms of
secreted APP completely lacking AP immunoreactivity could also be detected
(31,32), along with C-terminal membrane-associated fragments of APP appar-
ently containing the entire AP sequence (33). Seubert et al. (32) demonstrated
the existence of a form of secreted APP (sAPPP) that terminates at the Met>%
residue immediately prior to the N terminus of the AP sequence. This was dem-
onstrated by means of a specific monoclonal antibody (termed “92”) to resi-
dues 591-596 of APPgys, the reaction of which depended on the presence of the
free carboxyl-terminal Met3%. These observations suggested the presence of
an alternative “B-secretase” activity that cleaves APP to release the N terminus
of the AP peptide. The detection of AP itself in culture medium from cells, and
in body fluids (cerebrospinal fluid, blood, urine) from normal individuals (34-37),
showed that this peptide is, in fact, a product of the normal metabolism of APP.
These findings also inferred the action of a third “y-secretase” activity that acts
within the membrane-spanning domain of APP to produce the C-terminus of
AB. The detection of “short” (predominantly AB40) and “long” (predominantly



Introduction to Alzheimer’s Disease 7

AB42) forms of AP (see, e.g., ref. 38) was also important, given later data on
the effects of familial AD mutations on APP processing. The AP peptide may
be physiologically active in brain, as in its soluble form it has weak neurotrophic
properties (see below).

The identity of the o-, B-, and y-secretases is unknown, although it is likely
that o-secretase is a zinc metalloproteinase (39). There are numerous reports
claiming identification of B-secretase and fewer reports claiming the identifi-
cation of y-secretase, but in no case for the various candidates in the
litreature is there strong evidence that they are actually B- or y-secretase.
As far as B-secretase is concerned, the multicatalytic proteinase or “proteasome”
has been implicated (40), as have several chymotrypsin-like serine protein-
ases (41-43). The metallopeptidase thimet has been proposed (44), but has
always been an unlikely candidate, as it seems not to tolerate large substrates
such as APP, and can now be discounted (45). Cathepsin D (an aspartyl pro-
teinase) has received considerable attention as a potential B-secretase due to its
ability to cleave peptide substrates containing the APP Swedish mutant se-
quence at a much faster rate than the normal sequence (46). However, the fact
that cathepsin D knockout mice still produce AP (47) indicates that this en-
zyme cannot be -secretase.

A number of small peptide aldehydes of the type known to inhibit both cys-
teine and serine proteinases have been shown to inhibit A formation from
cultured cells, probably through inhibition of the y-secretase pathway (48-51).
The activity of these compounds as inhibitors of y-secretase cleavage has been
shown to correlate with their potency as inhibitors of the chymotrypsin-like
activity of the proteasome, suggesting that the latter may be involved, either
directly or indirectly, in the y-secretase cleavage event (52). Further candidates
for y-secretase include prolyl endopeptidase (53), and cathepsin D (54).

In the case of y-secretase, there is the additional complication that there may
be separate enzymes responsible for the generation of AB40 and AB42 (50,51).
APP is synthesized in the rough endoplasmic reticulum, and follows the con-
ventional secretory pathway through the Golgi apparatus where it is tyrosyl
sulfated and sialylated (55), and then to secretory vesicles and the cell surface.
Studies on the subcellular compartments where the o-, B-, and y-secretase
cleavages take place are complicated by the fact that the sites of processing
may well be different in neuronal and nonneuronal cells, and also the fact that
many published data were obtained using APP-transfected cells where the
overexpressed APP could be forced into a nonphysiological compartment. Cur-
rent evidence suggests that in differentiated neuronal cells the formation of
AB40 occurs in the trans-Golgi network, whereas AB42 is synthesized at an
earlier point en route to the cell surface within the endoplasmic reticulum (56).
This finding that AB40 and AB42 appear to be formed in different subcellular



8 Allsop

compartments has strengthened the possibility that they may be derived by
different y-secretases. However, an alternative possibility is that the intracellu-
lar membranes at the sites of production of AB40 and AR42 by the same
v-secretase are slightly different thicknesses (56).

5. Aggregated Forms of A} Show Neurotoxic Properties

Whitson et al. (57,58) first reported that AP} has mild neurotrophic effects in
vitro, and Yankner et al. (59) showed that AP can also have neurotoxic proper-
ties. Initial difficulties in reproducing these findings in other laboratories were
largely resolved when it was realized that the physiological properties of AP are
critically dependent on its state of aggregation. Freshly dissolved, soluble pep-
tide appeared to promote neuronal survival, whereas peptide that had been “aged”
for >24 h (and was therefore in an aggregated, fibrillar form) showed neurotoxic
properties (60). The precise mechanism by which aggregated AP causes neu-
ronal degeneration in vitro is unclear, but the effect is likely to be due to disrup-
tion of Ca?* homeostasis and induction of oxidative free radical damage. Also,
AP can induce apoptosis or necrosis, depending on the concentration of A and
the cell type under investigation. There is still no clear evidence that this toxic-
ity is mediated via an initial binding between A} and a membrane-bound recep-
tor, although the “RAGE” (receptor for advanced glycation end products) has
been suggested to be involved (61). The identity of the precise molecular form
of AP responsible for its cytotoxic effects is unclear, with both mature fibrils
(62) and dimers (63) being implicated. The identification of a protofibrillar
intermediate in B-amyloid fibril formation may shed light on this matter (62,64).
There is also considerable debate concerning the relevance of these observa-
tions to the actual process of neurodegeneration in the brains of patients with
AD. Yankner has recently provided compelling evidence that AP also shows
neurotoxic properties in vivo when injected into the brains of aged primates
(65). This effect was not found with younger animals, suggesting that the aged
brain may be particularly vulnerable to AB-mediated neurotoxicity. This very
important finding also casts doubt on the relevance of many of the in vitro
APB-induced models of toxicity.

It has also become increasingly apparent that the in vivo aggregation of AB
probably precipitates a chronic and destructive inflammatory process in
the brain (66). Activation of both microglia and astrocytes occurs in the imme-
diate vicinity of senile plaques in the brains of AD patients. These two cell
types are the primary mediators of inflammation in the CNS, through the pro-
duction of a wide range of proinflammatory molecules such as complement,
cytokines, and acute-phase proteins. Because APP synthesis is upregulated by
interleukins such as IL-1, this is likely to lead to a vicious cycle whereby amyloid
deposits stimulate microglial activation and cytokine production, leading to
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even higher expression of APP (66), with the whole process culminating in the
degeneration of neuronal cells, possibly via the production of free radicals by
activated microglia, or by complement lysis of neuronal membranes. The initi-
ating event in this process may be the AB-mediated activation of complement
(67,68), or the binding of AP peptide to microglia via scavenger (69,70) or
RAGE receptors (61).

6. The Normal Functions of APP

Many potential functions have been ascribed to either full-length or secreted
APP, including protease inhibition, membrane receptor (possibly G, coupled),
cell adhesion molecule, regulation of neurite outgrowth, promotion of cell sur-
vival, protection against a variety of neurotoxic insults, stimulation of
synaptogenesis, and modulation of synaptic plasticity (see ref. 71 for a recent
review).

Kang et al. (23) originally pointed out similarities between full-length APP
and cell-surface receptors. This idea has received some support from the find-
ing that the cytoplasmic domain of APP can catalyze guanosine triphosphate
(GTP) exchange with G suggesting that APP might function as a Gy-coupled
receptor (72). However, this finding remains to be confirmed by others. If this
finding is true, the activating ligand is unknown, but APP is clearly not a con-
ventional 7-transmembrane G protein-coupled receptor.

The secreted form of APP containing the (KPI) insert was found some time
ago to be identical to protease nexin II, a growth regulatory molecule produced
by fibroblasts (73). Protease nexin II is an inhibitor of serine proteinases,
including factor XIa of the blood clotting cascade (74). APP has also been
found to inhibit the matrix metalloproteinase gelatinase A (75), possibly
through a small homologous motif between residues 407417 of APP-695 and
Cys3—Cys!3 of tissue inhibitor of matrix metalloproteinases (TIMP) (76).

Several studies have suggested that APP functions as an adhesion molecule,
promoting cell—cell or cell-extracellular matrix interactions (71). APP has at
least one high-affinity heparin-binding site (77), a collagen-binding site (78),
and an integrin-binding motif (amino acid sequence RHDS at residues 5-8 of
AP (79) and has been shown to bind to laminin, collagen, and heparan sulfate
proteoglycans (80).

A growth-promoting effect of soluble APP has been shown for fibroblasts
and cultured neurons, and this activity has been claimed to reside in the amino
acid sequence RERMS at residues 328-332 of APPgos (81,82). Synthetic
RERMS peptide and a 17-mer peptide containing this sequence were reported
to retain the neurotrophic properties of soluble APP. In addition, the bioactivity
of these peptides was reversed by the antagonist peptide RMSQ, which over-
laps the active RERMS pentapeptide at the C-terminal end. Specific and satu-
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rable binding for soluble APP and the 17-mer has been detected on a rat neu-
ronal cell line (B103) after heparinase treatment (Kd = 20 nM) (83). Thus, the
beneficial trophic effects of soluble APP would appear to be mediated via an
unknown membrane receptor.

Soluble APP has also been reported to be neuroprotective (71), which might
explain its rapid upregulation in response to heat shock, ischemia, and
neuronal injury. Soluble APP can protect against AB- or glutamate-mediated
neuronal damage (84,85), and the 17-mer peptide mentioned previously has been
claimed to retain these properties. Soluble APP or the 17-mer peptide have also
been reported to protect against neurological damage in vivo (86,87). However,
not all of the neurotrophic and neuroprotective activities of soluble APP can be
attributed to the RERMS pentapeptide region (88). Soluble APP released by
cleavage at the o-secretase site (SAPPa) seems to be ~100-fold more potent
than sAPPJ in protecting hippocampal neurons against excitotoxicity or
AB-mediated toxicity (89). This may be due to the VHHQK heparin-binding
domain (residues 12-16 of AB) which is present on sAPPo but not sAPPJ.

7.The “Amyloid Cascade” Hypothesis

The relative importance of senile plaques and neurofibrillary tangles in AD
has been the subject of debate ever since they were first discovered. Molecular
genetic analysis of early onset familial AD has provided powerful evidence
that the formation and aggregation of A in the brain are central events in the
pathogenesis of AD and some forms of inherited cerebrovascular amyloidosis
(CVA). This was set out clearly in a review by Hardy and Allsop in 1991 (90).
The first mutation to be discovered in the APP gene on chromosome 21 was the
Glu?2 GIn (Dutch) mutation within the AP sequence (91). Synthetic AP pep-
tides containing this mutation were shown to have an increased propensity to
aggregate (92,93). This is a common theme in inherited forms of amyloidosis,
where a mutant protein or peptide is particularly “amyloidogenic,” i.e., it has
an increased tendency to form antiparallel B-pleated sheet fibrillar structures.
Subsequently, some families with early onset AD were found to have pathogenic
mutations at position 642 of APP (numbered according to APPgys), resulting in
a change from Val to Ile, Gly, or Phe (94-96). These mutations were all shown
to result in an increase in the relative amounts of long AB42 compared to short
APB4O (see ref. 97 for key references). Because synthetic AB42 aggregates more
readily in vitro than APB40 (98), this suggests that these mutations directly
influence amyloid deposition, in this case by diverting the proteolytic pro-
cessing of APP towards the production of the longer, more amyloidogenic
forms of AP. The development of specific monoclonal antibodies for determi-
nation of these different length forms of AP has been crucial in providing
experimental support for these effects. The Swedish double mutation (Lys%,
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Fig. 5. Version of the “amyloid cascade” stressing the central role of AP aggregation
in the pathogenesis of AD. Note that neurotoxic A can precipitate NFT formation,
but in FTDP-17 intracellular aggregates of tau can also be induced by mutations in
the tau gene.

Met5%6— Asn, Leu on the immediate N-terminal side of A) results in secretion
of larger amounts of AP in total, presumably through enhanced cleavage at the
B-secretase site (99,100). Thus, all of these APP mutations seem to influence
either the production or properties of AP, and because some of these APP
mutations give rise to familial AD with large numbers of NFTs, this suggests
that amyloid deposition precedes and precipitates the formation of NFTs in
these patients (i.e., a cascade of events including NFT formation and culminat-
ing in neurodegeneration and dementia is initiated by the formation/aggrega-
tion of AR — see Fig. 5). The effects of the Ala?! Gly mutation (found in a
Dutch family with a history of both CVA and AD) are less clear, as A peptides
incorporating this mutation seem to have a reduced propensity to aggregate
(101), but cells transfected with this mutant form of APP produce more A
than cells transfected with wild-type APP (102).

The amyloid cascade hypothesis predicted that all of the other undiscovered
familial AD gene mutations would also have effects on APP processing and A3
formation/aggregation. Shortly after this hypothesis was clearly formulated,
the genes responsible for the majority of cases of familial AD were found to be
presenilin-1 (PS1) on chromosome 14 (103) and presenilin-2 (PS2) on chro-
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mosome 1 (104). These PS mutations were also shown to divert APP process-
ing towards production of long AB42 compared to short AB40 (105,106).

The reasons for the deposition of aggregated forms of AP in the brain in
late-onset sporadic AD are less clear, but may be due to a variety of factors
including increased production of AP, reduced clearance of AP by pro-
teolytic or other mechanisms, or induction of “pathological chaperones”
such as apolipoprotein E that induce the aggregation of A into insoluble
fibrils.

In considering the amyloid cascade hypothesis, it is important to realise that
the amyloid fibrils themselves do not neccessarily initiate the cascade of events
that ultimately leads to neurodegeneration and dementia. The real culprit in
AD may be an intermediate aggregate en route to fibril formation, as this is
more likely to show neurotoxic properties (A that has been “aged” for several
days eventually loses its neurotoxicity). In this respect, mature amyloid fibrils
could turn out to be an “inert tombstone.” What is clear is that the AP-peptide
in some form plays a seminal role in the pathogenesis of AD. Indeed, the cul-
pable form of AP need not be extracellular. Given recent data on the intracel-
lular formation of AB42 (56), it is possible that AP aggregation begins in an
intracellular environment, and that this initiates NFT formation and
neurodegeneration. Whether intracellular aggregates of AP can be regarded as
“amyloid” is a matter of semantics, and is not a helpful argument. It should
also be borne in mind that alterations in APP processing can affect not only the
synthesis and aggregation of AP, but also production of the potentially
beneficial and protective soluble APP. Thus, lack of soluble APP could also
contribute to disease pathology.

8. Mutations in Tau Cause Inherited Frontotemporal Dementia

An increased interest in tau and neurodegeneration has arisen through the
recent identification of certain families with a mutation in the tau gene leading
to an inherited form of dementia called “frontotemporal dementia and Parkin-
sonism linked to chromosome 17" or FTDP-17 (107-109). This condition
occurs between the ages of 45-65 yr, and is characterized clinically by behav-
ioral, cognitive, and motor disturbances. At postmortem, patients with FTDP-17
display a pronounced frontotemporal atrophy, with neuronal loss, gray and
white matter gliosis, and spongiform changes. Many cases also have inclusions
within neurons that react with antibodies to tau, but are not typical NFTs.

The human tau gene contains 11 exons. As noted previously, the alternative
splicing of exon 10 generates the 3-repeat and 4-repeat isoforms. Hutton et al.
(107) identified three missense mutations in the tau gene, namely, Gly?’?Val
(within exon 9), Pro3%Leu (within exon 10), and Arg*®Trp (within exon 13).
Poorkaj et al. (108) identified an additional Val?3 Met mutation (within
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exon 12). The Pro®*!Leu mutation within exon 10 can affect 4-repeat tau only,
whereas the other mutations can affect all of the tau isoforms. Those mutations
within the 3/4-repeat region of tau (exons 9-12) are likely to influence
tau-microtubule binding, and give rise to tau-immunoreactive inclusions within
neurons that are not typical NFTs. On the other hand, the Arg**Trp mutation
in exon 13 was found in a family diagnosed with progressive supranuclear
palsy, including the presence of typical Alzheimer’s-like PHFs.

Families with FTDP-17 have also been identified with mutations in a small
cluster of nucleotides 13—16bp 3' of the exon 10 splice donor site, which is
postulated to be part of a stem—loop structure involved in the alternative splic-
ing of exon 10 (107). The latter mutations were shown to result in an increase
in the proportion of tau mRNA encoding the 4-repeat forms. These mutations
suggest that an alteration in the ratio of 3/4-repeat tau can lead to tau dysfunc-
tion and neurodegeneration.

What is clear from these studies is that tau mutations can result in
neurodegenerative disease, but they do not give rise to typical AD, unlike the
APP and PS1/PS2 mutations. The amyloid cascade hypothesis would predict
that AP aggregation can lead to tau pathology, but not vice versa. So far, this
does appear to be the case, as tau mutations do not produce a pathological
picture that includes the presence of substantial deposits of AP. The presence
of NFTs or tau-derived inclusions in a wide range of neurodegenerative condi-
tions (e.g., postencephalitic Parkinsonism, progressive supranuclear palsy,
amyotrophic lateral sclerosis) suggests that NFT formation is a relatively non-
specific neuronal response to a variety of neurotoxic insults, one of which is
the accumulation of A in the brain. Mutations in the tau gene can lead directly
to the formation of pathological tau inclusions.

9. Relation Between Amyloid Deposition
andTauPhosphorylation

A number of studies have now shown that exposure of cells, including human
primary neuronal cultures, to fibrillised forms of B-amyloid leads to tau
phosphorylation (110-111). More recently, these studies have been expanded
to include whole animal studies. Geula et al. (65) have reported that microin-
jection of fibrillar AP into aged rhesus monkey cerebral cortex leads to tau
phosphorylation at sites Ser292 and Ser3%6/Ser*%4, as detected by antibodies
AB31 and PHF-1. Although APP transgenic mice are reported not to show
full-blown NFTs, they do show evidence of tau phosphorylation in the vicinity
of senile plaques (112). All of these observations support the idea of a direct
link between amyloid deposition and NFT formation in AD. If NFTs or PHFs
could be induced in an APP transgenic mouse (or APP/PS double transgenic)
then this would provide strong confirmatory evidence for the amyloid cascade
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hypothesis. So far, true PHFs have not been observed in such transgenic mice,
but this may only be possible in mice containing the human tau gene.

Clearly, as explained briefly in this chapter, our understanding of the
molecular neuropathology and genetics of AD has advanced enormously over
the last 20 years. In particular, the central role played by amyloid A in the
pathogenesis of the disease has been highlighted. This book details many of the
biochemical, cell biological, and molecular biological techniques and approaches
that have made this possible. Hopefully, the next 20 years will see even more
rapid progress, given the huge amount of both academic and pharmaceutical
company research in this area worldwide, and eventually culminate in the
successful treatment of the disorder.
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The Genetics of Alzheimer’s Disease

Nick Brindle and Peter St. George-Hyslop

1. Introduction

Since the first description of Alzheimer’s disease (AD) at the beginning of
the century until relatively recently, it was customary to define Alzheimer’s
disease as occurring in the presenium. The same neuropathological changes
occurring in brains over the age of 65 were called “senile dementia.” Because
there have been no clinical or pathological features to separate the two groups,
this somewhat arbitrary distinction has been abandoned. Although AD is cur-
rently considered to be a heterogeneous disease, the most consistent risk factor
to be implicated other than advancing age is the presence of a positive family
history. This potential genetic vulnerability to AD has been recognized for some
time. Some of the earliest evidence suggestive of a genetic contribution to AD
came from Kallmann’s 1956 study (1) demonstrating a higher concordance
rate in monozygotic twins for “parenchymatous senile dementia” compared
with dizygotic twins and siblings. This monozygotic excess has been confirmed
in studies applying more rigorous diagnostic criteria although there may be
widely disparate ages of onset between twins (2). The most convincing evi-
dence for a genetic contribution to AD has come form the study of pedigrees in
which the pattern of disease segregation can be clearly defined. Thus, the aban-
donment of the early and late-onset dichotomy has occurred at a time when, at
the genetic level, important differences have been identified through the dis-
covery of specific gene defects in early onset cases

2. Genetic Epidemiology

A number of case control studies have reported a severalfold increase in AD
in first degree relatives of affected probands and often demonstrating a more
pronounced effect in early onset cases (3-10). Although the reported risk var-
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ies between studies van Duijn et al. (10) calculated a threefold increase in the
disease in first-degree relatives and that genetic factors could play a part in at
least a quarter of cases. Familial aggregation of both AD and Down’s syn-
drome has been postulated because of the higher frequency of presenile AD
observed in relatives of Down’s syndrome (11). Four other studies have
observed a significant association between family history of Down’s syndrome
and AD (7,10,12,13), although the relationship remains controversial (14). A
variety of patterns of inheritance of AD have been implicated. Some have sug-
gested that all cases are inherited in an autosomal dominant fashion with age-
dependent penetrance (8,15), whereas others have proposed a more complex
interaction between genetic and environmental processes (16). What has
become apparent is that there are a minority of pedigrees, principally with early
onset disease, that clearly segregate AD as an autosomal dominant trait.

Despite epidemiological and genetic studies suggesting familial aggrega-
tion for AD (FAD), genetic studies of AD and other late-onset dementias have
a number of inherent problems. There is an innate inaccuracy of clinical diag-
nosis to contend with and although definite diagnosis requires autopsy confir-
mation this may also be subject to interpretation. In addition, there are a number
of factors that tend to underestimate the familiarity of AD. As the disease is
generally one of later life, individuals who are genetically predisposed may die
of other causes prior to disease development. Individuals may be examined
before an age at which they would be likely to express the disease and affected
relatives of AD patients will usually be dead, limiting the number of individu-
als in whom marker genotyping is possible for linkage analysis.

3. Molecular Cloning and Alzheimer’s Disease

The evidence that has unequivocally defined the importance of genetic fac-
tors in at least a proportion of cases has come from the application of molecu-
lar cloning techniques. Stratification of these affected families into early-onset
AD (EOAD) and late-onset AD (LOAD) depending on age of onset before
60-65 yr has simplified genetic analyzes considerably. This dichotomy has
lead to the identification of three genes that when mutated cause a particularly
aggressive form of AD that may present as early as the third decade. In addition
possession of the 4 allele of the apolipoprotein E gene (ApoE) is a risk factor
for both the sporadic and late-onset familial forms of AD (see Table 1).

Although extremely important, the group of patients with EOAD and a spe-
cific gene defect is small. The much larger group of late-onset cases is likely to
be etiologically and genetically more heterogeneous. This group may consist
of a mixture of dominantly inherited single-gene effects, polygenetic effects
and other environmental influences. As a result of this etiological complexity,
there are a number of methodological issues in specifying the pattern of trans-
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Table 1

Chromosomal Localization of AD Loci

Locus Localization Gene Early/late-onset
FAD 1 21q21 APP EOAD

FAD 2 19q13.2 ApoE LOAD/sporadic
FAD 3 14q24.3 Presenilin 1 EOAD

FAD 4 1q31-42 Presenilin 2 EOAD

APP = amyloid precursor protein, Apo E = apolipoprotein E; FAD = familial AD; EOAD =
early onset AD; LOAD = late-onset AD.

mission and the precise genetic effects in families with apparent late-onset dis-
ease. For instance, the incidence of AD in late life may mean that the clustering
of AD that occurs in late-onset families may be due to nongenetic factors. How-
ever, in a genomewide search, Pericak-Vance et al. (17) established linkage to
markers on chromosomes 4, 6, 12, and 20 in late-onset familial AD. The best
evidence was demonstrated to a 30-centimorgan region on chromosome
12p11-12. Replication of linkage to this region of chromosome 12 was con-
firmed in approximately half of the 53 late-onset families analyzed by Rogaeva
etal. (18), although the genetic complexity of late-onset disease was illustrated
by the failure of Wu et al. (19) to demonstrate chromosome 12 linkage in their
data set.

4. Apolipoprotein E
4.1. Genetic Epidemiology of Apolipoprotein E

Apolipoprotein E (ApoE) is encoded by a gene on chromosome 19q within
aregion previously associated with familial late-onset AD (20). Common ApoE
alleles are designated by €2, €3, and €4. The three isoforms differ in the pres-
ence of cysteine/arginine residues in the receptor-binding domain: ApoE2,
Cys112 Cys 158; ApoE3, Cys 112 Argl158; and ApoE4, Arg 112 Arg 158.

An association of the ApoE €4 allele with late-onset FAD was first reported
by Strittmater et al. (21). In a series of 243 people from 42 FAD families, an
eightfold increase in risk of AD was associated with inheritance of two €4 alle-
les. Late-onset FAD patients inherited a single €4 allele at a rate three times
that of the normal population. In a postmortem series of sporadic AD, the allele
frequency of the €4 allele in autopsy confirmed AD patients was 0.4 compared
with 0.16 in the normal control population (22) (see Table 2 for genotype fre-
quencies reported by Saunders et al.). This relationship between ApoE €4 and
AD has been confirmed in more than 50 studies conducted worldwide. Corder
et al. (23) demonstrated a dose effect of the inheritance of ApoE £4 on the age
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Table 2
Genotype Frequencies in Sporadic AD and Controls Reported
by A. M. Saunders, et al. (22).

Sporadic
Alzheimer’s % Control subjects %
Apo E genotype
4/4 29/176 17 2/91 2
3/4 76/176 43 19/91 21
3/3 58/176 33 52/91 57
2/4 7/176 4 791 8
2/3 6/176 3 10/91 11
2/2 0/176 0 1/91 1
% with 1 or 2 64 31
€4 alleles
% with no 36 69
€4 allele
Allele frequency
ApoE ¢4 0.40 0.16
Apo E €3 0.56 0.74
Apo E €2 0.04 0.10
352 182
chromosomes chromosomes

of onset in FAD. Each ApoE €4 allele inherited increases the risk and decreases
the age of onset of the disease. The inheritance of an €2 allele is associated with
a lower relative risk and later age of onset (24). Thus the mean age of onset of
disease for those who inherit the €4/e4 genotype is under 70 yr and for those
with the €2/e€3 genotype the mean age of onset is over 90.

In contrast to these case/control studies, in a large population-based
study, Evans et al. (25) confirmed an increased risk associated with the €4
allele, although it accounted for only a small fraction of the disease incidence
in their population. Therefore, because approximately half of AD cases do
not possess any €4 alleles the utility of ApoE typing as a predictive test is unre-
liable, although it can be argued that it has a role in the differential diagnosis
of dementia.
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In studies of the effect of the ApoE type in different ethnic groups,
Osuntokun et al. (26) did not find an association between Apoe4 and AD in
Nigerians, although Hendrie et al. (27) reported an association in African-
Americans. Another large study by Tang and colleagues (28) reported a higher
relative risk of AD in African-Americans and Hispanics living in Manhattan,
New York City, although this risk was not modified by the ApoE genotype.
However, meta-analysis of over 14,000 AD sufferers by Farrer et al. (29) con-
firmed that the €4 allele represents a major risk factor in a large number of
ethnic groups of both sexes.

4.2. Apolipoprotein E and the Pathogenesis of AD

In the periphery ApoE is found complexed to lipid particles involved in lipid
delivery and uptake. Much less is known about the biochemistry of ApoE in the
central nervous system, but it is thought to be involved in the movement of
cholesterol during membrane remodeling. Although controversial, a number of
isoform-specific functions of ApoE have already been characterized that may
contribute to the pathogenesis of the disease. Variation in isoform specific
interactions include binding with the low-density lipoprotein receptor and with
AP peptide (21). In vitro studies have demonstrated that ApoE3 containing
lipoproteins were more efficient at binding and clearance of AP than those
containing ApoE4 (21,30-32). There are variations in the ability of the ApoE
isoforms to associate with the microtubule-associated proteins tau (33) and
MAP-2 (34). In vitro, ApoE2 and ApoE3 but not E4 bind to the microtubule
binding domains of tau and MAP2c. Binding of ApoE2 and E3 to tau may also
inhibit the ability of tau to self-associate in the formation of PHFs. In culture
experiments the ApoE isoforms differentially determine neurite extension in
neurons (35), ApoE3 containing lipoproteins stimulate neurite outgrowth while
ApoE4 containing lipoproteins fail to do so.

ApoEA4 is associated with the earlier presence and greater density of the two
major deposits in AD, amyloid plaques and neurofibrillary tangles (NFTs),
along with greater loss of synaptic density and cerebral atrophy in patients
meeting clinicopathological criteria for AD. In addition, the presence of the €4
allele may significantly enhance the severity of magnetic resonance imaging
(MRI) defined hippocampal atrophy (36) and be associated with more severe
memory impairment in AD. The ApoE genotype influences the levels of amy-
loid deposited in the brains of individuals with AD and coexistent Down’s syn-
drome (37). There are, however, no effects on the expression of other
neurodegenerative diseases such as Parkinson’s disease or Lewy body demen-
tia (38). The €4 genotype has disparate effects on the expression of mutant
phenotypes, lowering the age of onset in the APP kindreds and having no effect
on presenilin mutants.
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Further studies have illuminated the effect of the ApoE isoforms on brain
function. Recovery from severe head trauma, concussion, boxing stroke, and
intracerebral haemorrhage are impaired in an ApoE isoform-specific manner
comparing €4-carrying and non-g4-carrying groups. Functional differences in
brain metabolism have been demonstrated by positron emission tomography
(PET) in cognitively normal €4/e4-carrying subjects aged between 40 and
60 yr compared with controls (39).

ApoE is therefore the single most common genetic susceptibility locus to
AD and it has been estimated that ApoE genotype may account for 50% of the
risk for AD (23). It is evident that many individuals who inherit the €4 allele do
not develop disease, and therefore it is not invariably associated with AD. Thus,
ApoE should not be considered to be a disease locus but a genetic association
conferring a different relative risk for the development of the disease. Inherit-
ance of particular isoforms may modify this risk by demonstrable differences
in brain function in asymptomatic individuals and differential effects on the
pathogenic processes of the disease.

5. The Amyloid Precursor Protein and AD
5.1. The Amyloid Cascade Hypothesis

The amyloid cascade hypothesis invokes a central role for the deposition of
B—amyloid (AP) in the pathogenesis of AD. The amyloid precursor protein
(APP) is the transmembrane glycoprotein precursor of A mapping to chromo-
some 21. APP exists in more than 10 different forms generated by alternative
mRNA splicing. A is mainly a 40—42 amino acid peptide that forms one of the
major constituents of neuritic plaques and vascular deposits of amyloid in AD.
It is postulated that the accumulation of AP is the primary abnormality in AD
and that its deposition finally leads to neuronal cell death and the secondary
features of the disease such as NFTs. The evidence in favor of the amyloid
cascade hypothesis arises from a number of observations but is broadly derived
from three strands: the association of AD with Down’s syndrome, the associa-
tion of mutations in the APP gene and AD, and data derived from experimental
neurotoxicity of AP.

5.2. Alzheimer’s Disease and Down’s Syndrome

It has long been recognized that individuals with Down’s syndrome inevitably
develop the pathological hallmarks of AD by their fourth decade (40). Down’s
syndrome can result from partial or complete trisomy of chromosome 21 leading
to three copies of the APP gene. Overexpression of APP mRNA has been
confirmed in Down’s syndrome and preamyloid deposits can occur as early as
the age of 12 yr. Therefore, APP overexpression in Down’s syndrome may be
partially or wholly responsible for the early development of AD type pathology.
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5.3. APP Mutations

There were initial unsuccessful attempts to demonstrate linkage of
sporadic and familial AD to APP. However, Goate et al. (41) subsequently
demonstrated linkage to chromosome 21 in one family. Segregation of
disease in this family was then demonstrated to be a result of a Val-Ile
substitution at codon 717 of APP. There have now been a total of five
mutations discovered in the APP gene that lead to AD (see Fig 4., Chapter 1).
Two mutations result from the substitution of Gly or Phe at the 717 codon
(42-45). Disease in two large Swedish kindreds was demonstrated to
cosegregate with a double amino acid substitution at codons 690/671 (46).

Other APP mutations have been described that lead to hereditary cerebral
hemorrhage with amyloidosis (HCHWA). The first family of this type was found
to have a mutation within exon 17 resulting in a Gln~Glu change at codon 693
(HCHWA-Dutch) (47). The affected individuals presented with recurrent cerebral
hemorrhages in the fourth decade. A second family exhibiting a similar pheno-
type has been described with an Ala—Gly substitution at position 692, which
causes AD in some cases and cerebral hemorrhages and angiopathy in others. All
APP mutations are 100% penetrant and lie near or within the A} domain close to
the sites of processing by the putative secretases. APP mutations are, however,
responsible for a vanishingly small proportion (approx 2%) of FAD cases. Less
than 20 APP mutant pedigrees have been identified worldwide and mutations
have not been identified in a large number of FAD or sporadic cases (48).

5.4. APP and Amyloidogenesis

In vitro studies using synthetic AP} peptides have demonstrated that toxicity
depends on the presence of a fibrillar, predominantly (3 pleated, sheet conformation.
This form is more easily adopted by the AP species that is 42 amino acid residues
in length (ABy4,). It is suggested that Ay, production is accelerated in AD and is first
deposited in preamyloid (diffuse) lesions. These become compacted over a period
of many years and gradually acquire the properties of amyloid leading to neuronal
damage and NFTs. All the APP mutations described to date have demonstrable
effects on the production of this longer species of AP. Cells transfected with the
Swedish double mutation at codons 670/671 of APP secrete higher levels of total
AP (49). However cells expressing the codon 717 mutation produce more of the
putatively more toxic Ay,. It has been suggested that APP mutations not only alter
changes in AP secretion but may also influence the intracellular processing and
subsequent trafficking of APP. Further in vivo evidence has been generated in
transgenic experiments. Mice expressing high levels of mutant human APP show
the development of diffuse amyloid plaques (50), and although there have been no
clear neurofibrillary changes demonstrated in the animal models memory deficits
have been reported in mice expressing mutant APP and amyloid fragments.
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Although there is compelling evidence in support of the amyloid hypothesis
there remains a number of inconsistencies. APP expression levels have been
closely examined in AD and there is no convincing evidence that local
overexpression of APP contributes to the neuropathology of AD. There is con-
siderable discrepancy in the mechanism and conformation of the AP species
leading to neurotoxicity, and there is a poor anatomical and temporal correla-
tion between the deposition of neuritic plaques and the appearance of NFTs.
Indeed, both amyloid deposition and neuritic plaque formation may occur
independently of each in other disease states as well as in normal, nondemented
individuals. Therefore, it remains uncertain as to whether AR deposition is
causally related to the disease process or represents a surrogate marker for
some other more fundamental disturbance in neuronal metabolism.

6. The Presenilins
6.1. Molecular Genetics of the Presenilins

Following the discovery of mutations in APP and the fact that they were a
rare cause of FAD, several groups undertook a survey of the remaining nonsex
chromosomes excluding chromosomes 19 and 21. Robust evidence of link-
age (z = 23) was demonstrated between an early onset form of FAD and a
number of polymorphic genetic markers on chromosome 14q24.3 (51-53).
Subsequent genetic mapping studies narrowed the region down and employing
a positional cloning strategy the disease gene was cloned (presenilin-1/PS-1)
(54). The gene was found to be highly conserved in evolution encoding what
appears to be an integral membrane protein (see following).

To date, more than 40 different mutations have been discovered in PS-1.
The majority are missense mutations giving rise to the substitution of a single
amino acid and were therefore considered to be “gain in function” mutations.
A single splicing defect has been identified in a British pedigree that is caused
by a point mutation in the splice acceptor site at the 5' end of exon 10. This
leads to an in-frame deletion of the exon and an amino acid substitution (55).
More recently, however, a G deletion in intron 4 was recognized in two cases
of early onset AD, resulting in a frame shift and a premature termination
codon (56). Mutations have been identified throughout the coding sequence
although there are areas of regional concentration. They are predominantly
located in highly conserved transmembrane domains (TM, see following) at
or near putative membrane interfaces and in the N-terminal hydrophobic or
C-terminal hydrophobic residues of the putative TM6-TM?7 loop domain.
Two main clusters of mutations within exon 5 and exon 8 are observed in
PS-1 and contain approx 60% of mutations and seem to be associated with an
earlier mean age of onset. It is likely that mutations in PS-1 account for
around 50% of early onset FAD.
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Although it was clear that many early onset families were linked to the FAD
3 locus on chromosome 14, a further locus on chromosome 1 at 1q31-g42 was
identified in FAD pedigrees of Volga-German ancestry (57). Subsequent to the
cloning of PS-1, a very similar sequence mapping to the chromosome 1 locus
was identified in expressed sequence tagged (EST) databases (58). After the
full-length cDNA (STM-2 or E5-1) was cloned, it was evident that this
sequence was derived from a gene encoding a polypeptide with substantial
amino acid homology to PS-1 (approx 60%). Mutational analyzes discovered
two different missense mutations in this gene. The first mutation (Asnl41Ile)
was detected in a proportion of the Volga-German families (58,59). The second
mutation (Met239Val) was identified in an Italian pedigree (58) and affects a
residue that is also mutated in PS-1. Screening of large data sets revealed that
mutations in this gene, now named presenilin-2 (PS-2), are likely to be rare
(60). Mutations in PS-1 appear to be fully penetrant with PS-1 kindreds exhib-
iting a narrower range and earlier mean age of onset than families possessing
either of the two PS-2 mutations.

The open reading frame of both genes are encoded by 10 exons with highly
conserved intron/exon boundaries and the 5' untranslated regions are encoded
by a further two exons (54,61). Northern blot analysis demonstrates two mRNA
species for PS-1 at approx 2.7 and 7.5kb (54) and two for PS-2 at 2.3 and 2.6 kb
(59) and that both messages are present in most tissues. In situ hybridization
studies show transcripts for PS-1 and PS-2 in neuronal cells of the hippocam-
pus, cerebral cortex, and cerebellum with particularly prominent staining in
the choroid plexus in both human and mouse brain.

Alternatively spliced forms have been identified for both PS-1 and PS-2. A
splice variant common to both PS-1 and PS-2 leading to loss of transcript
encoding part of the sixth transmembrane domain and the beginning of the
hydrophilic loop domain results in deletion of exon 8 (54,58). An additional
PS-1 transcript lacking four amino acids (VRSQ) at the 3' end of exon 3 has
also been reported (54,61). When present, this sequence constitutes a potential
phosphorylation site for protein kinase C. In addition Anwar et al. (62)
identified a number of truncated transcripts of PS-1 using splice sites different
from the previously defined intron/exon boundaries, although the functional
significance of this is unclear. Other splice variants of PS-2 have been identified
lacking exons 3 and 4 resulting in loss of transcript for TM1 and alternate use
of splice acceptor sites in intron 9 and intron 10.

Examination of the hydropathy plots for both proteins reveals a number of
sequences that are sufficiently hydrophobic to be candidates for TM spanning
stretches. The original interpretation was that the presenilins were likely to
be seven transmembrane-spanning proteins with a large hydrophilic loop that
colocalize with proteins from the Golgi appararatus (63). Subsequent studies
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provided evidence for a six or eight transmembrane structure with both
N-terminus and loop domains facing toward the cytoplasm (63,64). However,
the exact membrane topology remains controversial, Dewji and Singer (65)
provided evidence for a seven-transmembrane structure with an exoplasmic
orientation of N-terminal and loop domains. Endoproteolysis of both
presenilins has been demonstrated in vivo and in vitro. For example, the PS-1
holoprotein migrates at 43—47 kDa, with proteolyis generating two fragments
of 25-28 kDa (amino terminal) and 16-18 kDa (carboxy terminal).

6.2. Functions and Pathogenesis
of the Presenilins and Their Mutated Isoforms

A potential clue to the function of the presenilins comes from the recogni-
tion of strong homology of PS1 to Caenorrhabditis elegans proteins sel-12 and
spe-4. PS-1 shares 60% homology with sel-12 (66), which has been demon-
strated to facilitate Lin-12-mediated signaling. In mammals, lin-12 homologues
are members of the Notch family of receptors known as Notchl, Notch2, and
Notch3. The molecular homology of both presenilins to sel-12 implies a role in
the signal transduction mechanisms mediated by lin-12/Notch, thus they may
play a direct role in the cell fate decisions mediated by these same genes.
Reducing or eliminating sel-12 in C. elegans causes an egg-laying defective
(Egl) phenotype. Normal human presenilins can substitute for the C. elegans
sel-12 and rescue the Egl phenotype (67). Mutant presenilins were found to
incompletely rescue the sel-12 mutant phenotype suggesting they have lower
presenilin activity. PS-1 homology to spe-4 in C. elegans, a protein involved in
sperm morphogenesis, suggests a role in protein transport and storage.

PS-1 knockout mice die during early embryogenesis due to defects in somite
segmentation. This suggests that the presenilins play an important part in
directing the development of the axial skeleton (68). The importance of Notch
signaling in the development of the central nervous system raises the possibility
that presenilins may be directly involved in neuronal differentiation. To this end,
presenilin expression and proteolytic processing has been shown to be
developmentally regulated during neuronal differentiation (69,70). In mouse and
rat brains the developmental expression of presenilin mRNA parallels Notch
expression (71).

Presenilins are also substrates for a caspase-3 family of proteases and were
cleaved at alternative sites during apoptosis (72). Cells expressing mutant PS-2
showed an increased ratio of alternatively cleaved PS-2 relative to normal. These
findings suggest that neuronal cell death in AD could be contributed to by alter-
nate caspase-3 cleavage in sensitive cells, although Brockhaus et al. (73) demon-
strated that caspase-mediated processing of PS-1 and PS-2 is not required for
A4, production or the effect of mutant PS proteins on abnormal AP generation.
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All PS-1 and PS-2 mutations analyzed have demonstrable effects on the gen-
eration of the more toxic APy, fragment. AR production in fibroblasts and
plasma levels of A in carriers of PS mutations indicate altered APP process-
ing in favor of APy, generation (74,75). Similar increases in A4, production
results were obtained in transgenic mice overexpressing PS mutations (76).
Double transgenic mice expressing mutant human PS-1 with a 670/671 APP
mutant cDNA demonstrated earlier deposition of fibrillar AB with a selec-
tive increase in APy, compared with singly mutant APP littermates (77).
The mechanism of amyloidogenesis as a result of PS mutations remains more
obscure although De Strooper et al. (78) demonstrated that PS mutants increase
Y-secretase activity.

In conclusion, the presenilins are highly conserved proteins that may play
important roles in the trafficking of proteins through the Golgi apparatus and
the endoplasmic reticulum, and in cell fate determination via the Notch
pathway. Mutations are clustered in regions encoding putative transmembrane
domains and could be directed toward a hydrophilic core formed by the
predicted transmembrane-spanning regions. How mutations in the presenilins
lead to the pathology of the disease is not entirely clear. It may be through an
effect on APP metabolism as evidenced by the increase in the plasma concen-
tration of APy, in subjects with presenilin mutations. Increased ARy, secretion
has also been demonstrated in culture and transgenic models of AD. Mutations
in the presenilins may also render cells more vulnerable to apoptotic cell death,
or neuronal death in AD may result from altered interaction of the presenilins
with other proteins such as the catenins (79).

7. Association Studies in Alzheimer’s Disease

Association studies typically compare a marker frequency in patients with
that in control subjects. The studies implicate either the gene from which the
polymorphic marker was derived or a nearby susceptibility gene in linkage
disequilibrium with the marker. Although association studies are simpler to
conduct and may be capable of detecting minor susceptibility loci, they are less
robust than linkage analysis and positive results are often less conclusive.
Discrepancies arise through difficulties associated with deriving appropriately
matched controls, lack of power, or through population specific effects. A
selection of reported associations is outlined as follows, and illustrates some of
the inconsistencies encountered in such studies.

In view of the association of ApoE with sporadic AD, polymorphic vari-
ants of genes encoding proteins involved in lipid metabolism have been
examined. Apolipoprotein CII maps to the same region of chromosome 19 as
apolipoprotein E. Schellenberg et al. (80,81) reported an association between
apolipoprotein C2 in affected family members. Homozygosity of a common



34 Brindle and St. George-Hyslop

variant in the ApoE transcription regulatory region was demonstrated in AD
(82) independent of the Apoe4 status and it was suggested that there may be
effects on the level of ApoE protein expression, although Song et al. (83) were
unable to replicate these findings.

Okuizumi et al. (84) reported an association between a 5—repeat allele in the
very-low-density lipoprotein receptor in a cohort of Japanese AD patients.
However in other population- and clinic-based studies, the association was not
confirmed (85-87). Another candidate gene is the low-density lipoprotein
receptor-related protein (LRP1), which maps close to the region demonstrating
linkage to late-onset FAD. The encoded protein acts as a receptor for ApoE and
as a putative receptor for clearance of extracellular APP. At least three studies
have suggested associations between AD and different alleles of LRP1
(88-90), although others have failed to confirm this association (17,91).

Other genetic associations have demonstrated similarly contradictory
results. Wragg et al. (92) reported an association between an intronic
polymorphism in PS-1 downstream from exon 8 and late-onset AD without
family history. The more common allele (allele 1) was associated with an
approximate doubling of risk in AD cases compared with the 1,2 and 2,2
genotypes combined. It was suggested that the polymorphism could affect
splicing of exon 8 or that it was in linkage disequilibrium with a pathological
variation somewhere else in the gene. Kehoe et al. (93) subsequently
confirmed this association. However other large studies have been unable to
replicate these findings (94-97).

The o-1-antichymotrypsin (ACT) gene was invoked as a candidate gene to
explain part of the remaining genetic component of AD. This was prompted by
the observation that ACT expression is enhanced in AD brains and thus may be
important in the pathogenesis of the disease. Kamboh et al. (98) reported that a
common polymorphism in ACT conferred a significant risk for AD.
Furthermore, they reported a gene dosage effect between homozygosity of the
A/A variant and ApoE €4/4 genotypes. Although this study has met with some
published support (99-101) analyzes on larger cohorts have failed to confirm
this result (102-105).

The K variant of the butyrylcholinesterase (BCHE) gene was reported by
Lehmann and colleagues (106) to be associated with AD in carriers of the Apo
€4 allele. The excess of K-variant carriers in LOAD was replicated by
Sandbrink et al. (107), but they found no major interaction between BCHE-K
and ApoE. At least two other studies (108,109) have been unable to confirm
this association of BCHE-K with sporadic disease, and analysis of the segrega-
tion of microsatellite markers flanking the gene on chromosome 3 in AD
kindreds suggested that there is no gene in linkage disequilibrium with
BCHE-K contributing to familial disease (108).
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An association has been reported between homozygosity of a polymorphism
in bleomycin hydrolase and sporadic AD (110). The protein encoded by this
gene belongs to the papain family of cysteine proteases, which have been
implicated in APP processing. The gene exists in two forms, depending on the
presence of a G or A nucleotide at position 1450 resulting in a Ile/Ile, Ile/Val,
or Val/Val genotype at residue 443. Val/Val homozygosity was significantly
increased in cases compared with controls, although in a larger cohort
Premkumar et al. (111) were unable to confirm this association in Caucasian
patients.

More recently, an association with a variant of o-2-macroglobulin was
reported (112) although again this has not been confirmed in other patient
populations (St. George-Hyslop, unpublished data). Although by no means an
exhaustive list of associations, the lack of consistency between studies argues
for caution in over-interpreting the role of these loci in AD and should not be
used to provide information about individual risk of AD. Novel approaches
employing variations of allelic association such as transmission disequilibrium
testing (TDT) and genome searches by association using single nucleotide
polymorphisms (SNPs) may hold future prospects for identifying further
susceptibility loci.

8. Summary and Conclusions

There has been remarkable progress in molecular genetic and biological
research into AD over the past decade. Mutations and polymorphisms in four
different genes have now been shown to be either causative or associated with
the onset of AD. Mutations in PS-1, PS-2, and APP directly cause the disease
with very close to 100% penetrance. Inheritance of the €4 allele of the ApoE
gene is associated with an increased risk of developing AD but is not sufficient
to cause the disease.

It is evident that the neurodegeneration associated with AD involves a
complex system of cellular and molecular interactions, including components
of the inflammatory response, the complement system, excitotoxic and
oxidative damage etc. leading to metabolic derangements, abnormal protein
deposition, cytoskeletal abnormalities, and cell death. It is also apparent that
genetic factors lead to quantitatively worse brain disease but not to a
qualitatively different pattern of brain involvement. Despite some of the pitfalls
of the amyloid cascade hypothesis, the deposition of A} seems to be the neuro-
pathological factor most strongly influenced by genetic factors, and any
hypothesis of the pathogenesis of AD must address the mechanisms of
proteinacious deposition of AP and tau. Thus, AD is probably similar to other
complex trait diseases in that there may be a common pathophysiological
process to which various genetic and environmental influences might
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contribute, possibly by causing increased A deposition, resulting in a similar
clinical and neuropathological phenotype.

Despite the considerable advances made in delineating genetic determinants
of AD, the precise biochemical events leading to the disease phenotype remain
to be fully elucidated. Following the identification of mutant genes, the ulti-
mate goal is to characterize the normal and pathophysiological mechanisms
involved through the generation of animal and cellular models. Genetic map-
ping of further genes, particularly those involved in late-onset disease, is cur-
rently underway. This holds the promise of generating further insights into the
pathogenesis of the disease and the possibility of in vivo testing of potential
therapeutic compounds.

It is to be hoped that these important discoveries will fuel advances into the
development of more useful diagnostic markers for the disease. Currently avail-
able markers such as ApoE genotype lack positive predictive value limiting
utility in diagnosis and prediction. There is insufficient confidence in minor
genetic susceptibility loci for them to be employed as meaningful genetic mark-
ers. However, in the future it may be possible to stratify individuals according
to their genetic risk factors such that they may be more effectively targeted for
preventative strategies.
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Advances in Methodology and Current Prospects
for Primary Drug Therapies for Alzheimer’s Disease

David S. Knopman

1. Introduction

There has been gratifying progress in the development of drugs for
Alzheimer’s disease (AD). Even though the current generation of medications,
the cholinesterase inhibitors (CEls), has produced only modest benefits, our
concept of an “effective” therapy has matured considerably over this time. A
less visible but equally important advance has been a quantum leap in expertise
in clinical trial methodology. This chapter reviews the methodological
underpinnings of clinical trials in AD: patient selection issues, key design
issues, and an overview of currently available agents and the prospects for
drugs of the future.

2. Patient Selection
2.1. Definition of Alzheimer’s Disease

The development of the NINCDS-ADRDA criteria (1) has proved to be a
major advance for the identification of potential AD drug trial participants. The
criteria define probable AD and also provide an operational definition of exclu-
sionary criteria. The key features for probable AD involve documented
cognitive impairment involving recent memory disturbance as well as one other
cognitive deficit, decline from a previously higher level and evidence for
progressive worsening of memory and other cognitive functions. Clinical
pathological studies of derivatives of the NINCDS-ADRDA criteria have
shown that 87% of patients who are diagnosed with probable AD proved to
have the neuropathological diagnosis of AD when they eventually died (2).

As our understanding of the pathology of AD has increased, so has our
understanding of the diagnostic limits of AD. The presence of coexistent
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cerebrovascular pathology probably does not eliminate a diagnosis of AD (3,4).
Similarly, the presence of extrapyramidal signs does not rule out AD (5).
Instead, AD and cerebrovascular pathology, and AD and Parkinsonian
pathology coexist, probably more frequently than we realize. Regardless of the
overlap of these disorders, from the perspective of defining which patients
should participate in clinical trials, maintenance of diagnostic purity is
still necessary. Clinical trials are most reliable when the enrolled patients are
homogeneous. Although exclusion of patients with AD plus cerebrovascular
or Parkinsonian pathology may limit enrollment somewhat and may reduce
generalizability of results, the benefits of diagnostic homogeneity to the
investigation of new anti-AD agents is almost certainly to increase the probability
of detecting drug effects.

2.2. Dementia Severity

In addition to diagnosis, patient severity is an important point to consider in
AD clinical trials. The standard approach in most studies to date has been to
define a range on a mental status examination, the Mini-Mental State examina-
tion (MMSE), of 10-26 points correct (out of a possible 30) (6). This range
was chosen to select a patient cohort that was not so mild as to lead to the
inclusion of nondemented patients. The range also ensured that the symptoms
of enrolled patients were not so severe that cognitive testing became impossible.

Recently, there has been considerable interest in including milder patients in
clinical trials. The spectrum of preAD known as mild cognitive impairment
(MCI) could become an area of major focus for new agents for AD. Petersen
and colleagues have defined mild cognitive impairment as a disorder of recent
memory, with other cognitive functions preserved and with functional status
preserved (7). Approximately 15% of MCI patients per year decline to the point
of being diagnosed with probable AD. Thus, MCI could either be viewed as an
at-risk state or as the earliest manifestation of AD. At the moment the criteria
for MCI have not been use