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Preface

To understand Alzheimer’s disease (AD) is one of the major thrusts of
present-day clinical research, strongly supported by more fundamental
cellular, biochemical, immunological and structural studies. It is these latter
that receive attention within this book. This compilation of 20 chapters
indicates the diversity of work currently in progress and summarizes the
current state of knowledge.

Experienced authors who are scientifically active in their fields of study
have been selected as contributors to this book, in an attempt to present a
reasonably complete survey of the field. Inevitably, some exciting topics for
one reason or another have not been included, for which we can only
apologize.

Standardization of terminology is often a problem in science, not least in
the Alzheimer field; editorial effort has been made to achieve
standardization between the Chapters, but some minor yet acceptable
personal / author variation is still present, ie. PB-amyloid/amyloid-p;
APB4A2/AB1-42/AB 12!

The book commences with a broad survey of the contribution that the
range of available microscopical techniques has made to the study of
Alzheimer’s amyloid plaques and amyloid fibrillogenesis. This chapter also
serves as an Introduction to the book, since several of the topics introduced
here are expanded upon in later chapters. Also, it is significant to the
presence of this chapter that the initial discovery of brain plaques, by Alois
Alzheimer, utilized light microscopy, a technique that continues to be
extremely valuable in present-day AD research. Then follow 19 further
chapters dealing with interesting areas of research that have a bearing upon

Xi



xii Preface

Alzheimer’s disease. The authors present their own data within the context
of a review of related work from others in their field of study.

Transgenic mouse models for AD are increasingly important and widely
used, as is the understanding of the enzymology and biochemistry of
amyloid B production from the amyloid precursor protein (APP) by the -
and y-secretases, and the non-amyloidogenic APP cleavage products due to
a-secreatases. Similarly, discussion of the enzymes responsible for the
natural degradation of amyloid-p is included. Oxidative stress in AD and the
possible protective role of vitamin E have emerged as highly significant
topics. Likewise, the role of the metals, aluminium copper and zinc in AD is
thoroughly addressed, along with the possible value of metal chelation.
Current concepts as to the fundamental importance of amyloid-f oligomers
versus AP fibrillar deposits (diffuse and senile plaques) in the pathogenesis
of AD is presented, along with the likely role of tissue and cellular
cholesterol in the promotion of AP fibrillogenesis, and Congo red binding to
AB fibrils.

Several naturally occurring human proteins have the ability to bind to AP
and are found in AD diffuse and senile plaques. Apolipoprotein E4, clusterin
(ApoJ) and acetylcholinesterase are considered in depth. The direct effects of
AP on neuronal membranes, in terms of neuronal membrane fluidity changes
and calcium ion transport are dealt with, then the role of amyloid inhibitors
and B-sheet breaking drugs is included. The likely important beneficial
effects of the cholesterol-lowering drugs, the statins, in lowering brain Ap
and consequently the therapeutic prevention of AD by reducing AB
deposition in plaques is discussed thoroughly. Finally, an exciting new
concept is advanced, namely the possible significance of phosphorylated A
in Alzheimer’s disease. From in vitro experiments AB phosphorylation
appears to increase the proportion of AP oligomeric forms, an observation
which correlates with the higher cytotoxicity of this species, compared to
non-phosphorylated Af.

The editors hope that this book will be of interest and value to both
medical and scientific research communities working on AD, and to others
with a more general interest in the understanding of this devastating
neurodegenerative disorder of the elderly.

Prof. J. Robin Harris
Prof. Falk Fahrenholz

University of Mainz
August, 2004
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Chapter 1

The Contribution of Microscopy to the Study of
Alzheimer’s Disease, Amyloid Plaques and Ap
Fibrillogenesis

J. Robin Harris
Institute of Zoology, University of Mainz, D-55099 Mainz, Germany

Abstract: A broad survey is presented in this chapter, dealing with the impact that
microscopy has made to the study of Alzheimer’s disease, amyloid plaques
and amyloid-f fibrillogenesis. This includes classical light microscopy and the
modern immunolabelling and confocal microscopies, together with the
contribution of transmission electron microscopy and atomic force
microscopy. Whilst usefully standing alone, the individual microscopies often
contribute most effectively when they are integrated with cellular, biophysical
and molecular approaches.

Key words:  Amyloid-B, AP, diffuse plaque, senile plaque, light microscopy, electron
microscopy, atomic force microscopy, oligomer, fibril, fibrillogenesis.

1. INTRODUCTION

Since the initial post-mortem definition of cerebral amyloid plaques in
the brains of ageing demented patients by Alois Alzheimer in the early
1900s from light microscopical (LM) observations, tremendous advances
have occurred. Today much greater microscopical precision is now applied
to brain intracellular neurofibrillary tangles and the extracellular diffuse and
dense-cored/senile amyloid plaques; emphasis will be placed primarily on
extracellular amyloid throughout this chapter.

Whole brain non-invasive 3D neuroimaging by Roentgen/X-ray
computed tomography, magnetic resonance imaging and single

1



2 J. Robin Harris

photon/positron emission computed tomography has recently provided
useful information enabling the early diagnosis and progression of
Alzheimer’s Disease (AD) to be assessed at the gross anatomical and
histological level (Heckl, et al., 2004; Klunk et al, 2003; Masdeu, 2004;
Mathis et al, 2004; Petrella et al., 2003). Wadghiri et al. (2003), using
transgenic (Tg) mouse animal models for AD presented a method to detect
AP plaques by whole brain magnetic resonance microimaging (microMRI),
correlated with immunohistochemistry. This technique may well be of future
significance for the detection of plaques in AD patients. Similarly, the use of
radioiodinated thioflavine derivatives as tracers for imaging amyloid plaques
by autoradiography holds considerable potential (Kung et al., 2003). Such
approaches cannot be considered further here. Rather, it is my intention to
emphasise the contribution of light microscopical (LM) imaging, using
conventional tissue staining and specific staining for amyloid deposits, and
then lead on to contribution made by transmission electron microscopy
(TEM) and atomic force microscopy (AFM) at the cellular and
macromolecular level.

A distinction can be made between AD studied in vivo, with samples
taken from man or an animal and then studied experimentally ex vivo, such
as during cell culture or biochemical analysis, with experiments that are
more truly in vitro because they use purified cloned proteins or chemically
synthesised peptides. Whilst for most researchers the simple distinction
between in vivo and in vitro is often sufficient, the recent use of the term ex
vivo sometimes provides a useful element of precision for the description of
some experimental systems,

Although most LM studies were initially performed on human autopsy
samples, increasingly LM is being applied to the brains of animal AD
models (e.g. gene knock-out and transgenic mice) and neuronal tissue in cell
culture. The newer techniques of LM, such as fluorescence, confocal and
multiphoton imaging are also increasingly being used and provide a
meaningful continuity from the earlier LM data, now spanning almost a 100
years of AD research.

TEM has also made a useful contribution to studies on post-mortem brain
samples from AD patients and Tg animal AD models, by providing
supportive evidence for the existence and structure of extracellular diffuse
and compact neuritic/senile plaques. With the increasing availability of
synthetic amyloid-p (AB) peptides (e.g. 1-40, 1-42 and 1-43) and smaller
fragments thereof, together with A mutants and their synthetic equivalents,
several studies relate to AP fibrillogenesis and the subsequent investigation
of fibril stability, drug and protein interaction. In parallel with TEM studies
on AP, a wealth of generally supportive structurally relevant information has
come from studies on other amyloid systems, where pathological
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protein/peptide alteration involves a transformation of an initial a-helix-rich
native soluble peptide into an unfolded crossed B-sheet-rich inscluble fibril-
forming peptide. Usually, this related literature will only be commented
upon briefly. The full impact of TEM immunolabeling for the study of
amyloid plaque, ex vivo fibrils isolated from brain and in vitro-formed fibrils
from synthetic AP peptides has yet to be seen; more extensive single and
double immunolabeling studies can be expected in the future.

With the ready availability of commercially constructed equipment and
the increasing expertise in its use, atomic force microscopy (AFM) and the
related scanning tunnelling microscopy (STM) have been increasingly
applied to the study of AP oligomers, fibrils and fibrillogenesis over the past
~10 years. The data produced does in general conform well with and extend
from that produced by TEM, but the possibility of directly performing
dynamic experiments on oligomer formation and fibril polymerisation, and
drug-induced disruption of these events, makes this microscopical technique
extremely valuable.

The contribution of TEM and AFM in this field cannot be considered in
isolation from the range of available biophysical, biochemical and biological
techniques. When appropriate, some discussion of these additional
approaches will be included. Often researchers utilize and integrate a number
of approaches, with TEM sometimes representing only a minor experimental
component that fails to do full justice to the possible contribution of this
technique. Because of the diversity of the content of this chapter, it can to
some extent be considered as an introductory survey to much that will
appear in the subsequent chapters.

2. LIGHT MICROSCOPY

2.1 Background

Light microscopy has been widely used for investigations into
Alzheimer's disease since the earliest studies in this field. In this chapter,
only aspects relating directly to the formation and properties of AP-
containing diffuse and senile plaques will be emphasized, leaving many
other significant LM applications unmentioned. LM studies have utilized
human (postmortem) and animal brain samples as well as cultured cells
(neurones, microglia). Recently, studies using Tg animal models for AD
(mice and Caenorhabditis elegans) have made a strong impact, in many
cases using LM alongside cellular and biochemical approaches.

Conventional LM with hematoxalin and eosin (H&E), silver and Congo
red staining, as well as fluorescence microscopy with Congo red,
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thioflavine-S/T, an improved lipophilic thioflavine-T derivative (Kung et al.,
2002) and dimethylamino-fluorenes (Lee et al., 2003), fluorescein- or biotin-
conjugated antibodies to AP and other components of the extracellular
amyloid plaques and immunoperoxidase labeling, have all been successfully
used. Advanced double-labeling immunofluorescence microscopy and
confocal microscopy are making an increasing contribution. Classification of
the progressive plaque formation in brain has been achieved by LM.
Initially, immature/primitive plaques represent a loose accumulation of Af
surrounded by abnormal neurones. Diffuse plaques are composed of an
amorphous (non-fibrillar) or finely fibrillar accumulation of Af. Such
diffuse plaques tend to stain only lightly with Congo red and thioflavine-S,
but stain strongly with antibodies to AB. Mature/neuritic/senile plaques,
which stain strongly with Congo red and thioflavine-S, tend to have a dense
core of fibrillar amyloid surrounded by reactive astrocytes (macroglia) but
no abnormal dystrophic neurones. Microglial (macrophage) cells are usually
associated with all plaque types. Alzheimer senile plaques are found to be
distributed throughout the cerebral cortex, cerebellum, amygdala, substantia
innominata, hypothalamus, claustrum, tegmentum of the midbrain and
rostral pons. In addition, senile plaques often occur adjacent to cerebral
capillaries or larger vessels that have accumulated AP within their walls
(cerebral amyloid angiopathy). These extracellular structural features can be
detected by LM in the brains of non-demented persons, with or without head
injury, but in a more pronounced manner in individuals suffering from AD,
Down’s syndrome (DS) and Creutzfeldt-Jacob disease (CJD) (Mochizuki et
al., 1996). A useful grading system for AD lesions has been advanced by
Metsaars et al. (2003), within which the chronological sequence of
neocortical lesions was graded 1 to 4, based on H&E and Congo red
histology, and immunolabeling with anti-tau, -Ap8-17 peptide, -APP, -
ubiquitin and -cathepsin D. Immunohistochemistry was performed using
biotinylated secondary antibodies and the streptavidin-biotin-peroxidase
method, and the LM data was assessed by morphometric methods to
minimize any subjective interpretation.

2.2 Application of light microscopy to cellular and
extracellular studies on Ap

Despite increasing claims that oligomeric forms of A are responsible for
nerotoxicity (e.g. Lambert et al., 1998), an extensive literature exists, often
including LM studies, showing that fibril formation may be important
(Lorenzo and Yankner, 1994). Thus, in the present state of knowledge, it is
best to keep a relatively open mind; both aspects will be duly mentioned
within this chapter.
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The prime location of AP oligomerization and fibril polymerization, i.e,
cellular (neuronal/non-neuronal) or extracellular, has not been finally
decided. Blood platelets are accepted as a major source of soluble plasmatic
AP peptide, but it is not certain that the platelet-derived peptide is a principal
source of brain AP plaques. Al-Khan (2002) discussed the concept that
microglial cells may be responsible for the cellular processing of AP, via
their lysosomal compartment. This was supported by EM studies of Weigel
et al. (2000; 2001b) (see below). Accumulation of the amyloid precursor
proten (APP) inside multivesicular bodies in cultured human brain pericytes,
leptomeningal smooth muscle cells and vascular endothelial cells was shown

ko

Figure 1. Immunofluorescence staining of untreated (A,C,E) and IFN-y treated (B,D,F)
cultures of human brain pericytes (A,B) human leptomeningeal arterial smooth muscle cells
(C,D) and human microvascular endothelial cells (E,F) with anti-APP MAD P2-1. Large APP-
positive intracellular organelles are present in all cell types after exposure to [FN-y. Bar = 3
um. Reproduced, with permission, from Verbeek et al., Accumulation of the amyloid-p
precursor protein in multivesicular body-like organelles. Journal of Histochemistry &
Cytochemistry 50: 681-690, 2002.

using LM (Figure 1), including elegant double labeling immunofluorescence
and EM by Verbeek et al. (2002). They suggested that multivesicle bodies
function as an intermediate location in the intracellular trafficking of APP.
That microglia could be involved in the clearance of exogenous Ap1-42 was
advanced by Takata et al. (2003), together with the fact that this cellular
activity was facilitated by heat shock protein-90 (Hsp90). Furthermore,
accumulation of AB1-42 within astocytes and the subsequent formation of
astrocytic amyloid plaques in AD brains was shown using impressive LM
immunohistochemistry by Nagele et al. (2003). Exclusive localization of AB
in small astrocytic plaques to the subpial portion of the molecular layer of
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the cerebrocortex and co-localization with glial fibrillary acidic protein are
features which distiguish these plaques from those derived from neurones.

Activation of microglial cells within amyloid plaques appears to be
associated with an inflammatory response. Lue ef al. (2001) cultured
microglia from post-mortem brain tissue from AD and non-demented (ND)
individuals. They showed significant differences between AD and ND
individuals with respect to the secretion of M-CSF and complement Clq.
Although microglia are phagocytic there is no evidence for the
internalization of extracellular oligomeric or fibrillar Ap or for ingestion and
loading with cell fragments and cholesterol-rich membranes from dead
neurones, as occurs in inflammatory macrophage/foam cells associated with
circulatory atherosclerotic plaques.

Others mmplicate neuronal cells in the formation of amyloid plaques.
Wang et al. (2002) suggested that the a7 nicotinic acetylcholine receptor
could be involved in AP accumulation in Purkinje cells and the formation of
cerebrellar diffuse amyloid plaques. Whether the associated neuronal lysis
could also account for the presence of significant quantities of membrane-
derived cholesterol in the amyloid plaques was not addressed. However, it is
abundantly clear that such cholesterol is derived from cholesterol
synthesized within brain tissue rather than from the blood plasma. An
interesting although not widely appreciated fact is the link between AD and
cataract formation in the lens. Goldstein et al. (2003) have found that in AD
individuals AP accumulates as electron dense deposits in the cytoplasm of
supranuclear cortical lens fibre cells of AD individuals. These deposits
contain AP immunoreactivity and show Congo red birefringence. In vitro
fibril assembly studies showed that AP bound to aB-crystallin and promoted
aggregation of this lens protein.

Application of LM to the study of AP in cerebellar plaques was
performed by Tamaoka et al. (1995). The detection of AB1-42 and Ap1-43
as major components of diffuse-initial phase plaques implied the importance
of these two AP species in AD pathogenesis. Immunohistochemical analysis
of hippocampal sections from AD brains by Shimizu et al. (2002) combined
with dot and Western blotting and in vitro AP peptide aggregation indicated
that acceleration of spontaneous isomerization of the Asp23 might be
significant for the formation of fibrillar amyloid in sporadic AD and that
mutations or modifications of Glu22 and Asp23 could play a pathogenic role
(Figure 2). The advanced LM technique of laser confocal microscopy was
used by Dickson and Vickers (2001) to define morphologically the
characteristic substructure of diffuse, fibrillar and dense-cored Alzheimer
plaques. In this work, the plaque-associated dystrophic neurites labeled
strongly for tau and neurofilament proteins.
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Figure 2. Immunohistochemical analysis of AD brain. Positively stained senile plaques and
amyloid-bearing vessels in hippocampal sections. Bar = 50 ym. Reprinted by permission of
Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc. from Shimizu er al., Isoaspartate
formation at position 23 of amyloid beta peptide enhanced fibril formation and deposited onto
senile plaques and vascular amyloids in Alzheimer’s disease. J.Neurosci. Res. 70: 451-461 ©

2002.

From a detailed morphometric LM analysis of elderly non-demented and
AD subjects Wegiel et al. (2001a) concluded that even at the end stage of
AD the process of fibrillar plaque formation persists. Using quantitative
immunohistochemical  analysis activation of the Ap-degrading
endopeptidase, neprilysin (a zinc metalloproteinase), has been found to be
reduced during aging of mouse hippocampus (Iwata er al., 2002). This
Down’s regulation of neprilysin was considered to be relevant to AD
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pathology and to AP deposition during normal aging. Using a similar
approach with transgenic AD-like mice, Apelt et al. (2003) maintained that
neuronal neprilysin Down’s-regulation was accompanied by up-regulation in
astroglia associated  with AB-containing plaques. The up-regulation of
neprilysin following gene transfer can be considered to be one possible route
for gene therapy in AD (Marr et al., 2003).

The alternative theory, that small AP oligomers are responsible for
neuronal death centers on the direct action of oligomers on neuronal
membranes and on the channel hypothesis. This latter concept has received
support from the AB-induced unregulated calcium entry into neurones via
calcium channels (Kawahara and Kuroda, 2000), resulting in cell death.
Intracellular calcium fluorescence was quantified and correlated with loss of
cell viability (see also Chapter 17).

23 Down’s syndrome

Down’s syndrome (DS) individuals have an extra copy of chromosome
21, which carries the gene for APP. Among the several clinical abnormalites
of DS are mental retardation, dementia and development of AD-like
symptoms, often at a relatively young age. Indeed, in this respect DS
subjects can almost be considered to be natural transgenic individuals, as
they express a greater quantity of brain APP and AB. The age-dependent
progression of AD-like features in DS subjects was demonstrated
immunohistochemically by Hirayana et a/. (2003). They showed AB1-42 and
APB1-43 accumulation in cortical neurones, but with AB1-40 in the cores of
senile plaques. Neuronal damage was believed to be due to AB1-43
accumulation, and this was advanced as an explanation for the formation of
neurofibrillary tangles. In an impressive application of LM and EM, Wegiel
et al. (2002) correlated the development of vascular fibrosis and calcification
in the hippocampus of normal, DS and AD individuals. Although AD
subjects showed marked hippocampal vascular fibrosis, this was
significantly less in DS subjects. An age-dependent association of the first
complement component Clq with thioflavine-S positive mature plaques in
hippocampus and frontal entorhinal cortex of DS subjects was shown using
immunohistochemistry by Head ef al. (2001). Neurones were also Clg
positive and were associated with activated microglia. This again implicates
inflammation in the development of AD neuropathology.

2.4 Transgenic animals

Although early transgenic (Tg) mouse models for B-amyloidosis were not
fully equivalent to the pathology of AD, Walker et al. (2002) considered that
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seeding of AP in vivo by injection of AD brain extracts into mouse brain
might potentiate the pathological similarities. Indeed, Kuo et al. (2001)
maintained that SDS-solubility of amyloid plaques from Tg mice was much
greater than AD plaques. This was apparently accounted for by a reduced
level of post-translational modification, such as N-terminal degradation,
isomerization, racemization, pyroglutamy! formation, oxidation and covalent

Figure 3. Amyloid deposits in the Tg2576 mouse brain. Senile plaques with large dense cores
and amyloid angiopathy in 23-month-oid transgenic mice visualized by AB1 (a), AB40 (b) and
AP42 (c) antiboides. Note astrogliosis in close proximity to the dense-cored plaques in 20-
month-old Tg2576 mice visualized using double staining Congo red and glial fibrillary acidic
protein immunohistochemistry (d). Bars = 1 mm (a), 200 um (b,c) and 50 um (d). Reprinted,
with permission, from Sasaki et al., Amyloid cored plaques in Tg2576 transgenic mice are
characterized by giant plaques, slightly activated microglia, and the lack of paired helical
filament-typed, dystrophic neurites. Virchows Arch. 441: 358-367, © Springer-Verlag 2002.

linkage of AP dimers, required to fully stabilize the fibrillar AP within
transgenic mouse plaques. Nevertheless, when brains from transgenic mice
carrying the human APP (Swedish mutation) were compared with AD brain
samples by LM immunohistochemistry and EM (Sasaki et al., 2002),
extremely large cored plaques were found in the older mice (18-29 months),
which also contained slightly activated microglia (Figure 3). With a triple-
transgenic AD mouse model (for APP, presenilin 1 and tau) Oddo et al.
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(2003a) attempted to clarify the pathogenic role of intraneuronal AP in
synaptic plasticity, within the context of both AP plaques and neurofibrillary
tangles. In a further study, using the same triple transgenic model, (Oddo et
al., 2003b) concluded that amyloid deposition precedes tau tangle formation.
An impressive combination of behavioural, and light and electron
microscopical studies by Richardson et al. (2003), using the TAS10 Tg
mouse line, have shown that definable changes precede amyloid deposition.
Elegant LM immunohistochemistry of the hippocampus and entorhinal
cortex using the PDAPP Tg mouse model, with 3D reconstruction of AB
deposition, enabled Reilly et al. (2003) to differentiate the deposition of
diffuse AP and compact plaques. A firm link between inflammation,
assessed by the presence of activated astrocytes around plaques, and the
early deposition of AP in the brain of TgCRNDS8 mice, was advanced by
Dudal et al. (2004). The low molecular mass heparin, enoxaparin, has been
found to reduce the size of AP deposits in the brains of Tg mice
(Bergamaschini ef al., 2004) and at the same time markedly reduced the
number of surrounding activated astrocytes.

Methoxy-X04 is a lipophilic derivative of Congo red, and has been used
to label AP fibrils in AD plaques and in Tg mice. Systemic administration
of methoxy-X04 enabled production of fluorescent images from the brains of
living transgenic mice by multiphoton microscopy, thereby revealing
individual plaques (Klunk et al., 2002). Furthermore, these authors proposed
that methoxy-X04 might be suitable as an in vivo amyloid imaging agent in
AD patients using photon emission tomography.

A doubly Tg mouse model, prone to both atherosclesosis and AD has
been established by Li et al. (2003). Significantly, these mice show aortic
atherosclesosis and cerebral B-amyloidosis, both conditions being enhanced
by a lipid/cholesterol-rich atherogenic diet, along with impairment of
learning capacity. Such considerations correlate with the views of de la
Torre (2004), who believes that AD is more closely related to vascular
disease than is commonly thought.

Transgenic Caenorhabditis elegan has been engineered to express human
AP, produce amyloid deposits that stain with Congo red and thoflavin-S (Fay
et al. (1998). In this animal model system for AD, Leu'’Pro and Meth**Lys
substitutions blocked the formation of thioflavine-S-reactive deposits,
indicating an inability of AP to polymerize. The fluorescent, amyloid-
specific dye X-34 (also a Congo red derivative) enabled in vivo staining of
amyloid deposits to be monitored over a period of time (Link et al., 2001).
Transgenic C. elegans expressing a non-fibrillar A peptide variant did not
stain with X-34, but was positive with anti-Af antibodies. Drosophila
expressing human AP1-40/42 have also been uses as a potential model for
AD. lijima et af. (2004), by immunostaining, showed the distribution of A
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deposits in the fly brain, with late onset of neuronal loss the the AB1-42
brains.

Some further consideration of the increasing use of transgenic animals will
be given elsewhere in this chapter (section 2.5 and 2.6, and see also Chapter
2). However, the fact that all mouse AD Tg models are by no means equal,
as emphasized by Lehman ef al. (2003), must not be lightly overlooked.
Furthermore, Schwab et al. (2004) considered that Tg mice overexpressing
AP are an incomplete model for AD.

2.5 Oxidative stress

The possible involvement of reactive oxygen species (ROS) in the
deposition of fibrillar AP and the neurotoxicity of AP is a concept that has
been discussed for several years (Behl, 1999). As with other Ap-related
topics, LM continues to make an important contribution in this area.
McLellan et al. (2003) have used both the AD Tg mice model and ex vivo
human AD brain tissue for investigations on ROS. By multiphoton
microscopy for the detection of oxidised fluorogenic compounds they
showed that only dense cored/senile plaques produced oxygen free radicals.
This supported the earlier claims of Matsuoka et al. (2001) using more
conventional LM for the detection of the natural oxidative stress markers 3-
nitrotyrosine and 4-hydroxy-2-nonenal. However, it was maintained by
Drake et al. (2003), using the Tg C. elegans Alzheimer model, that oxidative
stress precedes fibril formation. Because of the ability of AB to bind metal
ions (Cuw/Zn/Fe/Al) it is likely that oxidative events in SP cores should not be
considered in isolation from the chemical properties of these metals and the
way they may mediate oxidative damage promoted by AP (Dong et al.,
2003). Although AP neurotoxicity, apparently not mediated by hydrogen-
peroxide, was implied by the study of Saito et al. (2001), a direct potentation
of AP fibrillogenesis in vitro by hydrogen peroxide has recently been
observed (see below, 3.3.3). Immunocytochemical evidence for impairment
of several endogenous enzymic antioxidant systems in brain by AP infusion
has been demonstrated by Kim er al. (2003). That oestrogen and related
compounds might be beneficial antioxidants is under intensive investigation
(Behl and Mossmann, 2002), (see also Chapter 3).

2.6 Senile plaque-associated proteins

Several proteins have been found to associate with fibrillar A within
senile/dense cored plaques; they are often not present to the same extent
within diffuse plaques. As already mentioned (see 2.2, above) lens aB-
crystallin is one of these proteins; others are acetylcholinesterase (AchE) the
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apolipoprotein epsilon 4 genotype (ApoEs, Apolipoprotein J (Apol;
clusterin), al-antichymotrypsin, heparan and chondriotin sulphate
proteoglycans, catalase, complement Clq, the two pentraxins serum amyoid
P component (SAP) and C-reactive protein (CRP), the complement receptor
CD11b, glial fibrillar acidic protein (GFAP), cystatin C, vascular endothelial
growth factor (VEGF) and others. In most cases LM has contributed
significantly to the assessment of presence and localization of these Af-
associated proteins in senile plaques, but this was not the case for catalase,
where Milton (1999) found the affinity of this anti-oxidant enzyme for AP
on microplates.

The ApoE, genotype has been shown by LM to be linked to the
formation of classic/senile AD plaques in preference to diffuse plaques
(Oyewole et al, 1999). Also, immunohistochemicaal localization of
apolipoprotein E in cerebral blood vessels in association with amyloid
deposits was demonstrated by Navarro et al. (2003). Thioflavine-S-reactive
plaques in doubly transgenic mice expressing APP and human AchE (Rees
et al., 2003) were found to be formed more rapidly than in singly APP
transgenic mice. AchE was shown histologically to be associated with the
plaques and thus it was suggested that it might play a role in the
pathogenesis of AD. Indeed, the C-terminal region of acetylcholinesterase
has been implicated in amyloid fibril formation (Cottingham et al., 2003).
That cholinergic dysfunction is a feature of AD was emphasized by the study
of Luth et al. (2003). These workers used LM and TEM of thin sectioned
brain to demonstrate choline acetyl transferase immunoreactivity of nerve
fibres in the vicinity of AB-containing plaques.

Boyett et al. (2003) found that when complement Clq was injected into
the brains of doubly transgenic APP, PS1 mice, it resulted in an increase
number of Congo red staining fibrillar deposits. This ir vivo potentiation of
amyloid fibrillogenesis agreed with earlier in vitro data showing that Clq
promoted AP nucleation and aggregation (Webster ef al., 1995). AB1-42
induced activation of microglia by the plaque-associated proteins Clq and
SAP was shown by Veerhuis et al. (2003); the pro-inflammatory cytokines
IL-1a, IL-1B, IL-6, and TNFa were all increased. These authors suggested
that microglial activation precedes the neurodegenerative changes associated
with AD. A generalized role for the pentraxins (SAP and CRP) in
inflammatory diseases, including AD, was advanced by McGeer et al.
(2001), leading to the concept that the pentraxins could be targets for
therapeutic intervention, as expanded upon by Pepys et al. (2002) within the
context of peripheral amyloidosis rather than for amyloid-f plaques in the
brain.
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2.7 Cholesterol in amyloid plaques

Accumulation of cholesterol in dense-cored fibrillar plaques in AD and
transgenic APP (SW) mice was shown initially by Morti ef al. (2001), using
fluorimetric staining for filipin and enyzmically using cholesterol oxidase.
This work was extended by Burns ef al. (2003), who showed co-localization
of cholesterol and ApoE in hippocampus of transgenic PS1/APP mice
(Figure 4). Data from both these groups showed that cholesterol was not
associated with diffuse plaques, indicating AP fibril-specific cholesterol
binding (see also section 3.3.5).

It is known that the epsilon 4 isoform of ApoE is a predominant genetic
risk factor in both familial and sporadic AD (reviewed by Poirier, 2003). The
binding and transport of cholesterol by ApoE, to microglia and astrocytes
may provide a cellular pathway for non-esterified cholesterol to be recovered
from injested neuronal membranes, released and transported to amyloid
plaques. It is likely that cholesterol is bound to fibrils in a molecular or
micellar form rather than a microcrystalline form (as is known to occur in
atherosclerotic plaques, in association with calcium phosphate). Also,
conversion of brain cholesterol to 24S-hydroxycholesterol, due to the
presence of a microglial oxidative cytochrome P-450 (termed CYP46), was
advanced by Bogdanovic et al. (2001) as a significant factor in relation to
the mechanism for cholesterol efflux from microglia.

Using LM immunohistochemistry and image analysis Pappola et al.
(2003) assessed the amyloid load in human brain and correlated this with the
presence of cholesterolemia. They were able to conclude that serum
hypercholesterolemic could be an early risk factor in AD development, but
from older subjects their data was not clear-cut (the data may have been
biased by deaths due to cardiovascular disease). Conclusive evidence for the
link between CSF cholesterol and brain amyloid has come from the genetic
study of Wollmer ef al. (2003) who linked the incidence of polymorphism of
the gene encoding acyl-coenzyme A: cholesterol acyltransferase with a low
CSF cholesterol level and low brain amyloid load.

However, a note of caution comes from the work of Park et al. (2003)
who showed that in female transgenic mice, lovastatin actually enhanced A
production and senile plaque deposition. Nevertheless, the cholesterol-fed
rabbit has been used as a model system for AD (e.g. Sparks, 1996).
Furthermore, that trace quantities of copper are required for the formation of
amyloid plaques in cholesterol-fed rabbits has been shown by Sparks and
Schreurs (2003), using immmunohistochemistry to define senile plaques.
The link between cholesterol and iron-dependent oxidative damage in both
atherosclerosis and neurodegeneration has been reviewed by Ong
and Halliwell (2004), with the conclusion that this might explain why
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Figure 4. Co-localization of fibrillar amyloid with cholesterol oxidase in the cortex of a 12-
month-old PS/APP mouse. (A) A low-power overview of amyloid plaques stained with 4G8.
(B-D) Plaques from within the boxed areas double-labeled for AB (B) and thioflavine-S (C),
and a consecutive section labeled for cholesterol oxidase (D). Scale bar = 100 um. Reprinted
from Burns et al., Co-localization of cholesterol, apolipoprotein E and fibrillar Af in amyloid
plaques. Molec. Brain Res. 110: 119-125, copyright (2003), with permission from Elsevier.

hypercholesterolemia is a risk factor in AD. In addition, differential
expression of cholesterol hydroxylases has been advanced as a mechanism to
explain the pathophysiology of AD (Brown et al., 2004).

2.8 LM and in vitro A fibrillogenesis

In their review on the structure of amyloid fibrils, Gorman and
Chakrabartty (2001) show elegantly how LM usefully provides a basis from
which the more molecular approaches used to study AP fibrillogenesis
extend. Indeed, by direct observation the growth of amyloid fibrils can be
monitored light microscopically by thioflavine-T fluorescence (Ban et al.,
2003). These workers used total internal reflection fluorescence microscopy
(TIRFM) in a study of fibril dynamics for several different amyloid fibrils
and were able to determine the exact length of growing AP fibrils. That
slightly acidic conditions, such as pH 5.8, promote fibril formation from the
AP peptide was shown with fluorescein-conjugated Ap1-42 (Su and Chang,
2001), using the protocol established by Chang and Su (2000) This work
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correlates well with the suggestion from cellular studies that AP present in
acidic (lysosomal) organelles in neurones or microglia may initially form
neurotoxic fibrils more readily than A in neutral subcellular compartments.

3. TRANSMISSION ELECTRON MICROSCOPY

3.1 Technical background

The various techniques available to prepare specimens for transmission
electron microscopy (TEM) have enabled extensive studies to be performed
on human post-mortem and animal brain samples, and also on cultured
neurones, microglia, astrocytes and other cells used for AD studies. Quite
separate from these tissue and cellular studies, TEM has contributed widely
to knowledege of reconstituted AP and other amyloid fibre-forming systems
in vitro. Brain and cell culture studies have generally utilized conventional
thin sectioning of resin-embedded samples, but more recently the addition of
pre- and post-embedding antibody labeling has increasingly made a useful
contribution. This latter represents a higher resolution extension to
immunofluorescence LM and often enables precise localization of colloidal
gold or other label on intracellular or extracellular structures definable by
TEM study.

Oligomerization and fibrillogenesis of the AP peptides (primarily Af1-
40, 1-42, and fragments) has received considerable attention from electron
microscopists, often using the negative staining technique and more recently
by cryo-TEM of unstained frozen-hydrated specimens; see Harris (1997) and
Harris and Scheffler (2002) for techniques. The more specialist approach of
scanning transmission electron microscopy (STEM) has also made a
contribution. This technique enables a direct measurement of the mass of
macromolecules to be made and determination of the mass/unit length of
fibrils (Antzutkin er al., 2002)). Combination of TEM with one or more
biophysical/biochemical techniques (X-ray fibre diffraction, electrospray
ionization MS, CD, NMR and solid state NMR spectroscopy, fluorescence
spectroscopy, dynamic light scattering, small angle neutron scattering, SDS-
PAGE, analytical ultracentrifugation) often provides the strongest possible
approach for the study of fibrillogenesis. However, when applied with care,
experience and knowledge of the biological samples, TEM alone has great
potential, as will be demonstrated below.
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3.2 Thin sectioning TEM studies of brain

At the subcellular level, thin section TEM often supports and extends the
data available from parallel LM studies. This is impressively shown in
several of the publications from Jerzy Wegiel and his colleagues (Figure 5).
The role of microglial cells in fibrillar plaque formation in the brains of man
and transgenic APPsyw mice was shown by Wegiel et al., 2000; 2001a. This
interpretation was subsequently supported by the study of Sasaki et al.
(2002) using the Tg2576 transgenic mouse. Further evidence that vascular
inflammatory microglial infiltration in transgenic mice contributes to the
formation of cored AP plaques also comes for the ultrastructural study of
Wegiel et al. (2003), using computer-aided 3D reconstruction of the tissue to
assist the image interpretation. The LM study on hippocampal vascular
fibrosis and calcification on normal aging, AD and DS subjects (Wegiel et
al., 2002) was supplemented by TEM, which strengthens the link between
brain vascular pathology and sclerosis in AD.

Ultrastructural and immunocytochemical studies on neurones have been
usefully used to assess the synaptic location and quantification of APP and
presenilins in rodent brains (Ribaut-Barassin et a/., 2003). Understanding the
change in synaptic distribution of these proteins during development and
aging may be of use for the understanding of synaptic loss that precedes the
deposition of extracellular AB. Supplementary to this, Takahashi et al.
(2004) showed by immunoelectron microscopy that oligomerized AP
accumulates within the neuronal processes and synapses of Tg2576
transgenic mice.

Using the transgenic C. elegans Alzheimer model Link et al. (2001)
extended their extensive LM observations by immunogold TEM labeling.
They provided convincing evidence for the location of extracellular AB
deposits, which at high magnifications clearly showed a fibrillar
ultrastructure. Simlarly, Verbeek et al. (2002) using cultured human brain
pericytes, also showed multivesicle-like bodies by thin section TEM, with
accumulation of APP.

Furthermore, the intracellular accumulation of AB within multivesicle
bodies in neurones of normal human, rat and mouse brain was shown by
Takahashi et al. (2002). For Tg 2576 mice and human AD brain the A
accumulation in microvesicles was more pronounced and increased with
aging. This intraneuronal deposition of AP initially occurred with normal
synaptic morphology and prior to extracellular plaque formation, thereby
suggestive of a crucial role in the development of AD. In their TAS10
transgenic mouse AD model Richardson er al (2003) also showed
dystrophic neurons containing multi-vesicle/multi-lamellar inclusions and
activated microglia, alongside amyloid plaque.
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Figure 5. A small plaque in the thin sectioned brain of transgenic mouse (Tg2576). The
micrograph show the body of a microglial cell, an immunolabeled amyloid star, dystrophic
neurities and a few astrocytic processes. Previously unpublished micrograph, courtesy of
Jerzy Wegiel.

Although there is evidence that Congo red and thioflavine-T (Th-T)
inhibit cerebral A fibrillogenesis, both these drugs fail to pass the blood-
brain barrier (BBB). Use of polymeric nanoparticles as drug carriers, which
have potential to pass the BBB has been investigated by Hartig et al. (2003).
Fluorescent Th-T incorporated into latex nanoparticles was injected into the
hippocampus of mice. After the photoconversion of Th-T it was detectable
by LM and TEM, following injestion by microglia and subsequent
aggregation. These authors speculated that such nanoparticles might be
useful delivery system to target both intracellular and extracellular AP in the
brain.

3D-Reconstruction from electron micrographs of amyloid deposits and
microglial cells in the APP232 transgenic mouse model (Stalder et al., 2001)
conclusively showed that microglia do not phagocytose extracellular
amyloid deposits and that there is no intracellular amyloid production in
microglia. TEM immunogold-labelling of amyloid plaques and associated
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inflammation, in PS2APP transgenic mice, was impressively correlated with
progressive age-dependent cognitive deficits (Richards et a/., 2003). Using
confocal LM and TEM, Hu et al. (2003) showed preferential infiltration of
dystrophic cholinergic presynaptic boutons into fibrillar amyloid aggregates,
in doubly (APP + PSI) transgenic mice. The implication of this observation
was claimed to relate to the degeneration of cholinergic nerve terminals in
advance of those of other neurotransmitter systems.

3.3 Amyloid-p oligomerization and fibrillogenesis

Despite some considerable overlap within the literature, it is appropriate
to present this topic in three sections, dealing in turn with AP oligomers,
protofilaments and fibrils.

331 AP Oligomers

Possible variability of the commerically available synthetic AR peptides
was commented upon by Soto et al. (1995), with respect to their ability to
form oligomers, protofilaments and fibrils. This was expressed as a varying
ability to transform from o-helix to B-sheet. Since that time, reasonable
standardization appears to have been achieved, yet data produced by
different groups performing in vitro fibrillogenesis is not always in accord or
mutually supportive.

A careful comparative analysis of oligomerization of the AB40 and AB42
peptides was performed by Bitan ez a/. (2003). They showed by SDS-PAGE
that cross-linked oligomers revealed distinct small molecular mass
distributions, with AP42 forming somewhat higher mass oligomers than
AP40. TEM analysis by negative staining showed the presence of ~5 to 20
nm spherical particles (termed paranuclei), which aggregated to form larger
elongated oligomers and clusters. Essentially similar convincing TEM
evidence was provided earlier by Nybo ef al. (1999), using AB42.
Immunodetection of neurotoxic oligomers by their epitope specificity, this
epitope being absent on the AP peptide and fibrils, may prove to be
diagnostically useful (El-Agnaf et al., 2003; Kayed et al., 2003). Also, it 1s
likely that future immunoelectron microscopical studies using the anti-Ap-
oligomer antibody will have considerable potential.

An o-helix containing AP oligomer was defined by Kirkadze et al.
(2001). By utilizing AP peptides of difference amino acid sequence they
concluded that asparagine and histidine are important for the conversion to
protofilaments. Support for this concept also comes from the study of Fezoui
and Teplow (2002), in which they proposed that a partly unfolded AP
intermediate, still containing a-helix, is involved in fibrillogenesis.
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Figure 6. Oligomerization of human AB1-42 following incubation for 24h at 37°C in the
presence of water alone. This negatively stained image shows that oligomers and flexuous
protofibrils are present, but few mature fibrils (JRH, previously unpublished data).

Contrary to this, Huang et al. (2000) showed by CD spectroscopy that
the very small AP oligomers contain an irregular secondary structure, i.e. no
a-helix and no B-sheet, but that larger ~0.94 MDa oligomers do contain a -
sheet structure. This important observation may pin-point the AP
oligomerization stage at which the a-helix to B-sheet conversion occurs, and
thus enable the subsequent polymerization of a stable structural intermediate
to proceed in order to generate the ~5 nm protofilaments and ~10 nm fibrils
{see below). Although the TEM data discussed here does not provide any
clear evidence that this intermediate (paranucleus) is a ring-like structure,
others have produced averaged images of ring-like/annular oligomers or
short protofilaments (Lashuel et al., 2002a), which correlated with the
concept that such oligomers could be responsible for penetration of the
neuronal surface membrane. Our own data (Figure 6), using the human AB1-
42 peptide shows that after 24 h incubation a range of short protofilament
and smaller, possibly annular oligomers are present. From small angle
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neutron scattering data Yong er al. (2002) concluded that a stable micelle-
like oligomeric A intermediate has a spherocylindrical shape (radius ~2.4
nm and height ~11 nm), but it is not clear that this relates directly to the
annular oligomers of Lashuel et al. (2002).

Further evidence that AP oligomers can form ion channels comes for
experimental work using lipid bilayers, liposomes, neurones, oocytes and
other cells (Kagen et al., 2002; Lin et al., 2001); see also Chapter 17. The
possibility that cell membrane cholesterol/ganglioside/sphingomyelin-rich
microdomains (rafts) could be the predominant sites of Ap interaction was
advanced by Kakio et al. (2003).

A parallel is shown by the scrapie prion protein, which oligomerizes to
form stable ~10 nm annular structures, that have the ability to form 2D
crystalline arrays (Willie et a/., 2002). These prion annuli correlated with the
interpretation that they stack or polymerize longitudinally to form the
amyloid-like prion rods. Interestingly, a rapidly-formed but transient nano-
crystalline from of a 14-amino acid AP peptide has been described by Otzen
and Oliveberg (2004). Using TEM these workers showed that the
nanocrystalline form of this peptide leads to the formation of a tangled
aggregate (hours) and amyloid fibres (days).

3.3.2 Ap protofilaments

Definition of the B-sheet-containing protofilament that can be formed by
AP and several other fibril-forming amyloidogenic peptides is by no means
clear and may differ from the putative annular oligomer described above.
Indeed, Lashuel et al. (2000) considered that the protofilament is ~2-3 nm in
width, representing a single linear crossed B-sheet assembly of the peptide,
without any indication of a globular or annular repeating structure. It is
likely that the different amyloidogenic peptides may not behave in an
identical manner when they undergo the folding change necessary to
generate 5-6 nm single or 10-12 nm double helical filaments and in some
cases large multi-filament ribbons.

In a series of publications, many including TEM studies, David Teplow
and his colleagues have defined the AP protofilament intermediates involved
in fibrillogenesis (Walsh er al, 1997; 1999). Again a combination of
biophysical techniques was used, including size-exclusion chromatography
to isolate the AP polymers of increasing mass. Their sequential model for
fibrillogenesis is essentially similar to that of Lashuel ef al. (2000), although
a globular ‘nucleus’ or monomer aggregate (equivalent to the ‘paranucleus’
of Bitan et al., 2003) is included prior to protofilament assembly.

In a recent study Lashuel er al. (2003), using the Arctic AB1-40 variant
(E22G) as well as wild-type AB1-40, from extensive negative stain TEM
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studies concluded that the pathogenic E22G variant more readily produced
transformation of protofibrils to fibrils than did a mixture of E22G and wild-

type.

Figure 7. Negatively stained images of Al1-40 (A) and EV40 (B) aggregates following
incubation for 48h. Reprinted, with permission, from Qahwash et al., Identification of a
mutant amyloid peptide that predominantly forms neurotoxic protofibrillar aggregates. J. Biol.
Chem. 278: 23187-23195, © (2003).

Using a synthetic AB1-40, termed EV40, that had substitutions in the first
two amino acids, Quhawash et al. (2003) showed by TEM that this variant
could only form protofilaments, rather than fully-formed/mature Ap fibrils
(Figure 7). Remarkably, the EV40 peptide was even more toxic than AB1-40
towards neuroblastoma cells, and cortical and hippocampal neurones,
suggesting the possible importance of this EV40 intermediate, beit
protofilament or oligomer.

333 AB fibrils

In vitro conversion of clearly defined ~5 nm A protofilaments to mature
~10 nm fibrils has not been intensively studied. It is acknowledged that some
variability or fibril polymorphism exists for the different AB peptides, as for
other fibril-forming peptides. In general, the mature AP fibril appears to be
straight, with a smooth surface and a clear helical periodicity, generated
from two protofilaments each of which itself contains two linear strands of
helical crossed B-sheets. That this amyloid fibril then resembles a hollow



22 J. Robin Harris

tubule was advanced by Malinchik et al. (1998), from X-ray diffraction and
TEM data (negative stain and thin section). A representative example of
mature helical AB1-42 fibrils produced by incubation in the presence of 1
mM hydrogen peroxide is given in Figure 8. Aggregation of AB1-40 fibrils
to form large ball-like aggregates was shown by Westlind-Danielsson and
Armnerup (2001). This distinguished the polymorphic behaviour of AB1-40
from AB1-42, which formed parallel fibril bundles.

Figure 8. Amyloid-B1-42 fibrils formed after 24h 37°C incubation of the peptide (rat) in water
in the presence of 1mM hydrogen peroxide (JRH, previously unpublished data).

The influence of pH on the fibrillogenesis of AP1-40 was assessed by
Wood et al. (1996) using a range of biophysical techniques, including TEM.
They concluded that at pH 5.8 AB1-40 tended to form turbid aggregates but
at pH 7.4 transparent fibrils were formed. However, Abe ef al. (2002), using
the AB12-24 fragment found that 10-12 nm fibrils and 17-20 nm ribbons
were formed at low pH. Others have attempted to define which amino acid
residues are important for fibril formation (Fraser et al., 1994; Bond ef al.,
2003; Tjernberg et al., 2002). The role of AB1-42 Gly33 and Meth35 in
relation to neurotoxicity and free radical attack was advanced by Kanski et
al. (2001). These workers also implicated the hydrophobic environment of
Meth35 in the neurotoxicity and oxidative properties of Ap1-42 (Kanski et
al., 2002). TEM and STEM were combined with solid state NMR to assess
the fibrillogenesis of AP10-35, AB1-40 and AP1-42 by Antzutkin et al.
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(2002). The value of mass/unit length measurement by STEM in relation to
determination of the number of single filament crossed-B-sheets and
protofilaments present in any one mature fibril was clearly demonstrated.

Using negative stain TEM as one of their approaches, Romano et al.
(2003) assessed the structure of both synthetic and neuronally secreted AP
fibrils. Both types of fibrils labeled with monocolonal antibodies against Af
amino acid epitopes 1-17 and 17-24, as shown by immunonegative staining.
Significantly, however, only the naturally secreted neuronal fibrils interfered
with long-term memory loss in a crab learning model. Definition of the aa
sequence of AP responsible for fibril formation has been investigated by
Williams et al. (2004). By scanning proline mutagenasis they shwoed that
the AP15-36 B-sheet-rich core region could create a hydrogen-bonded stack
of peptides. Again, negative stain EM contributed to the understanding of the
structure of the different proline mutant A fibrils.

Further TEM and STEM work on short synthetic AP fragments of known
length and sequence, as well as on the naturally occurring mutant AP
peptides, is likely to continue to provide useful data.

3.34 AP fibril-associated proteins

From biochemical microplate-binding studies Hamazaki (1995) showed a
calcium-dependent affinity of AB1-40 for serum amyloid P component
(SAP). This has been confirmed using TEM by others, including the author,
and appears to be of significance for the inflammatory response and the
coating of AP fibrils with SAP may also prevent or reduce the natural
proteolytic degradation of AP deposits. Nielsen ez al. (2000) have shown by
TEM of negatively stained specimens that SAP and heparan sulphate
proteoglycan both bind to pre-formed fibrils. Binding was confirmed by
immunostaining with 5 nm Protein A/G-gold particles after on-grid
incubation with polyclonal anti-SAP. Our own data essentially agrees with
that of Holm Nielsen et al. (2000), with the additional observation that
mature AP fibrils bind SAP more efficiently than protofibrils (Figure 9).
This may correlate with the varying binding of SAP in diffuse and dense
cored amyloid plaques.

A link between SAP complement Clq and microglial activation was
advanced by Veerhuis et al. (2003), using LM, TEM and ELISA assays. A
marked increase in AB1-42 fibril formation was claimed in the presence of
Clq and SAP. This implies that the inflammatory response may actually
potentiate AP fibrillogenesis. That ol-antichymotrypsin regulates AP
fibrillogenesis was shown by Eriksson et al. (1995) and the cysteine protease
inhibitor cystatin C has also been localized in A deposits (Vattemi et al.,
2003).
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Figure 9. Amyloid-B1-42 fibrils (human aa sequence) formed in the presence of 0.5 mM H,0,
with bound SAP (+ 0.5 mM calcium and magnesium chloride). Note the coating of the mature
paired helical fibrils by SAP, but the absence of binding to the single protofibrils (JRH,
previously unpublished data).

The biochemical evidence for catalase binding to AP peptide and fibrils
(see also section 2.6) has recently been supported by TEM studies, as shown
in Figure 10. Although the amino acid sequence of AP responsible for the
affinity of catalase has been defined, it is not clear how this might influence
fibrillogenesis, other than by inhibition of the anti-oxidant activity of this
enzyme.

Acetylcholinesterase (AChE) has been shown to accelerate AP
fibrillogenesis (Di Ferrari et al., 2000; Inestrosa et al., 1996). In both these
publications TEM evidence was presented for binding of AchE to Ap fibrils
(Figure 11). Inhibition of AchE and AchE-induced Ap fibrillogenesis by
the drug 3-(4- {[benzyl(methyl)amino}methyl}-phenyl)-6,7-dimethoxy-2H-2-
chromenone (AP2238) (Piazzi et al., 2003), designed initially to bind to
both the catalytic and peripheral sites of AchFE, indicates the possible value
of AP2238 for AD therapy.
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Figure 10. Amyloid-$1-42 fibrils (human aa sequence) formed in the presence of 0.5 mM
H,0,, with bound human erythrocyte catalase (JRH, previously unpublished data).

Figure 11. Amyloid ~f fibrils (human aa sequence) with bound acetylcholinesterase. (a) Ap1-
40 fibrils alone. (b) AP fibrils assembled in the presence of Torpedo AChE. (c) AP fibrils
assembled in the presence of the hydrophobic AChE fragment Hjzq303. Reprinted with
permission from Di Ferrari et al., A structural motif of acetylcholinesterase that promotes
amyloid P-peptide fibril formation. Biochemistry 40. 10447-10457. Copyright (2001)

American Chemical Society.



26 J. Robin Harris

The LM study of Goldstein et al. (2003) on aB-crystalin (see also section
2.6) was supplemented by successful TEM double immunogold labeling of
AP protofilament/fibril aggregates with bound aB-crystalin. Binding of AP
by mitochondrial alcohol dehydrogenase (Lustbader ef al., 2004) has been
linked to mitochondrial dysfunction and neuronal oxidative stress in AD.

3.35 AB fibrillogenesis and cholesterol

Despite the considerable LM and biochemical evidence for cholesterol
localization in AP deposits in brain, the available supportive evidence from
TEM is limited. This may be because of the difficulty encountered when
attempting to stain for cholesterol in thin sectioned tissue and the lack of
knowledge regarding the chemical state (molecular, micellar or
microcrystalline) of any cholesterol that is bound to or associated with AP
fibrils, and the esterification state of any such cholesterol. However, direct
addition of cholesterol microcrystals or micellar “soluble cholesterol”
(polyoxyethyl cholesterylsebacate) to AP1-42 peptide at the start of the
fibrillogenesis incubation has been found to potentiate fibril formation
(Harris, 2002), and provided evidence for cholesterol binding/association
with mature fibrils (Figure 12). Addition of these two cholesterol reagents to
pre-formed AP fibrils has also shows the binding of AP fibrils to cholesterol.
Note that this affinity of AP for cholesterol is present in the absence of the
cholesterol-binding lipoprotein ApoE,, which has itself an affinity for Ap.

MecLaurin et al. (2000) assessed the action of several proteins and lipids
on the secondary structural characteristics of Ap and on AP fibrillogenesis.
They provided strong supportive evidence that interaction of chondriotin and
heparan sulphate proteoglycans enhances transtormation to crossed $-sheet,
with fibril formation. Among the phospholipids they investigated, both
phosphatidylserine and phosphatidylinositol enhanced A fibril formation,
as did iron, copper and zinc ions; however, the potentiating effects of
cholesterol and hydrogen peroxide was not included in this study. The
involvement of heparan sulphate proteoglycans in AD has been reviewed by
van Horssen ef al. (2003), with emphasis upon LM and biochemical aspects.

3.3.6 Drug inhibition of AP fibrillogenesis
Numerous compounds have been claimed to retard or inhibit AP

fibrillogenesis. Often studies rely upon reduction of Congo red or
thioflavine-T (Th-t) fluorescence, as a measure of reduced oligomerization
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Figure 12. Amyloid-B1-42 fibrils (rat) assembled in the presence of cholesterol microcrystals
(CM). Moditied from Harris (2002).

and fibril formation; only work relating to or including TEM assessment will
be mentioned here (for LM, see section 2.8). Indeed, an inhibitory action of
Congo red itself was found by Lorenzo and Yankner (1994) when this
compound was added to the AP peptide at the start of in vitro fibrillogenesis.
The hormone melatonin has been shown by Pappola et al. (1998) to inhibit
AP fibrillogenesis, but the related compound S-hydroxy-N-acetyl-tryptane
had no effect, neither did the powerful non-specific anti-oxidant N-t-butyl-a-
phenylnitrone.

In Switzerland, the EM groups of Jacques Dubochet and Ueli Aebi have
independently both been involved in significant investigations on inhibition
of AP fibril assembly, in collaboration with pharmaceutical companies.
Goldberg er al. (2000) provided both TEM and STEM data that enabled
characterization of the polymorphic AB1-40 fibril assemblies to be assessed.
From their extensive data a scheme advanced for the development of fibril
polymorphism was advanced, which is essentially similar to that of Lashuel
et al. (2000). The inhibitory interaction of several morpholinotriazines was
considered by Bohrmann et a/. (2000), from their TEM and biophysical data,
to occur at the level of small AB1-42 structural intermediates.

Remarkably, Kiuchi et a/. (2002a) maintained that type IV collagen
inhibits AB1-40 fibrillogenesis, and Ueda et a/. (2002) showed that high
concentrations of sucrose (1.5 M) retarded the fibrillogenesis of Ap1-42.
Significantly, in the presence of sucrose, a compact amorphous AB1-42
aggregate remained which did not produce Th-T fluorescence (¢f the effect
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of aspirin, below). The effect on AB1-40 fibrillogenesis of a new class of
apomorphine derivatives was investigated by Lashuel et al. (2002), using
TEM, Th-T fluorescence and analytical ultracentrifugation. Auto-oxidation
products of the drugs apparently acted directly on the AP peptide to inhibit
fibrillogenesis. That the commonly used analgesic and anti-inflammatory
drug aspirin, and other non-sterol anti-inflammatory drugs (NSAIs) such as
probucol, have potential as inhibitors of AP fibrillogenesis has been
indicated in the clinical literature for a number of years. Direct in vitro
evidence that aspirin inhibits AB1-42 fibrillogenesis comes from the author’s
own TEM work (Harris, 2002), as shown in Figure 13.

Figure 13. The inhibition of cholesterol-potentiated AB1-42 (rat) fibrillogenesis by 1 mM
aspirin. Note the absence of fibrils and the presence of small Af clusters (arrowheads)
binding to the cholesterol microcrystals (CM). Modified from Harris (2002).

Because of the therapeutic potential, in addition to basic understanding of
the inhibition of A fibrillogenesis, considerable interest has also be directed
towards the possibility that drugs and other compounds may produce
disassembly of pre-formed A fibrils, detectable by TEM and correlated
with reduction of Th-T fluorescence. In our own studies, only a slow and
possibly insignificant effect was detected with aspirin and other compounds
require further careful investigation using pre-formed mature AP fibrils
prepared in the presence of cholesterol or low concentrations of hydrogen
peroxide.

Basement membrane components (collagen IV, entactin and liminin)
have been shown to be reactive by producing disassembly of pre-formed
AB1-42 (Kiuchi et al. 2002b). This correlates with the work of Kiuchi et al.
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(2002a), mentioned above, where they inhibited fibrillogenesis using
collagen IV alone. Similarly, the anti-oxidant nordihydroguaiaretic acid can
apparently both inhibit AP fibrillogenesis and produce breakDown’s of pre-
formed fibrils (Naiki et al. 1998; Ono et al., 2002a). The same group also
showed that nicotine prevents AP fibrillogenesis and induced fibril
breakDown’s (Ono et al., 2002b), due specifically to the N-
methylpyrrolidine moiety. If this is the case in man, it would seem possible
that nicotine could readily be administered to Alzheimer patients orally or
transdermally, but addiction is likely and other side effects would need to be
carefully monitored. An alternative explanation for the action of nicotine has
been advanced by Dickerson and Janda (2003). These workers linked Af
glycation as the likely mechanism for the neuroprotection by nicotine. That
both the D-(+) and L-(-) enantiomers of nicotine interfere with AP
fibrillogeneis and cytotoxicity was shown by Moore et al. (2004). A more
disrupted type of AP aggregate, shown by negative staining, was formed in
the presence of nicotine, rather than well defined fibrils. The reduction of
insoluble AB deposits in the brain of APPsw transgenic mice by relatively
short-term (10 day) administration of nicotine (Hellstrom-Lindhal e al.,
2004) implies a direct action of this drug on amyloid fibres and an influence
on their physiological clearance.

4. ATOMIC FORCE MICROSCOPY

4.1 Technical background

When the scanning probe microscopies (SPMs), atomic force microscopy
(AFM) and scanning tunneling microscopy (STM), were first applied to
biological samples the images produced were often difficult to interpret and
fraught with artefacts. Today, this situation has largely been overcome.
Confidence can be placed in the validity of the images, especially due to
correlative studies where both TEM and SPM have been used, as is often the
case within the Alzheimer and other fields of study. It is also apparent that
the quality of SPM images has improved significantly throughout the past
~10 years, and new modes of imaging have extended the possibilities for the
high resolution study of biological structures. For technical detail the reader
is referred to the recent review Yang et al. (2003). As with the TEM studies
on Alzheimer fibrils, SPM studies are often linked to LM and the various
biophysical approaches, in particular light scattering, the spectroscopies,
analytical ultracentrifugation and SDS-PAGE.

The first SPM contributions to AP fibrillogenesis appeared in the mid-
1990s. Since then there has been a marked expansion of the available data,



30 J. Robin Harris

particularly from AFM. Although there is considerable overlap and
agreement between the data from AFM and TEM, only the former has so far
provided useful information on AP oligomerization dynamics and the
formation of protofilaments; both have provided data on the oligomerization
and the structure and polymorphism of mature Ap fibrils.

Instead of subdividing the specific contributions from AFM and STM in
the manner of section 3 above, it is more appropriate to now summarize the
available SPM data as a whole. An element of chronological order will be
included, with indication of the larger groups that have made major
contributions and the smaller groups whose contributions may be no less
significant.

4.2 AFM: AP oligomerization and fibrillogenesis

One of the first assessments of progressive AB1-40 filament assembly
came from Shivji et al. (1995), using STM with platinum-carbon-coated
samples. The AFM was used by Oda et al. (1995) to show inhibition of AB1-
42 fibril formation by clusterin (Apol) (see also Chapter 14). Smaller, more
slowly sedimenting AP complexes were produced in the presence of
clusterin, which induced greater oxidative stress and neurotoxicity,
compared to untreated AP fibrils. Elongation of AB1-40 protofilaments by
addition of monomers (and oligomers) and the lateral association of
protofilaments was monitored by Nichols et al. (2002) using light scattering
and AFM.

In a series of articles Peter Lansbury and colleagues have presented AFM
data on comparative fibrillogenesis, with emphasis on the formation and
structure of AP1-40 protofilaments (Harper et al., 1997a,b: Harper et al.,
1999; Koo et al., 1999). More recently, JoAnne McLaurin and colleagues
have published extensive AFM data demonstrating the structure of soluble
oligomers of AB1-40 (Huang et al., 2000) and the interaction of AP1-28,
AP1-40 and AP1-42 with lipid bilayers (Yip and McLaurin, 2001, Yip ef al.,
2002). Their review on modulating factors and AP fibrillogenesis (McLaurin
et al., 2000) remains a valuable contibution to the subject that presents both
TEM and AFM data. The incorporation of both AB1-40 and AB1-42 into
mixed pre-fibrillar aggregates was assessed by fluorescence, CD
spectroscopy and AFM (Frost et al., 2003). This approach is important in
view of the varying deposition of Ap1-40 and AB1-42 in diffuse and senile

plaques.
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Figure 14. An AFM image Amyloid—p1-42 reconstituted on a planar bilayer membrane.
Individual donut-shaped structures protruding from the membrane surface represent
individual channels (arrows). Reprinted, with permission, from Lin et al., Amyloid B protein
forms ion channels: implications for Alzheimer’s disease pathophysiology. FASEB J. 15:
2433-2444. Copyright (2001).

By spreading AB1-42 for AFM on the surface of mica (hydrophilic) and
graphite (hydrophobic) Kowalewsk and Holtzman (1999) showed structural
differences in AP assembly. On graphite, sheet-like parallel linear aggregates
were formed, whereas on mica AP globules and short globular protofibril
chains were produced. These workers suggested that their observations could
have relevance for AP interaction with the hydrophobic membrane bilayer
and lipoproteins. More recently, the same group (Legleiter et al., 2004),
assessed the effect of two sequence-specific anti-Af monocolonal antibodies
on AP fibrillogenesis by AFM. An antibody against the N-terminal aa
residues 1-5 slowed fibril formation, whereas an antibody against aa residues
13-28 prevented fibril formation. Liu ef a/. (2004a) using ThT fluorescence
and AFM showed that single chaing variabale antibody fragment (scFv) to
aas 17-28 of AP inhibited both AP aggregation and neurotoxicity. AP
aggregation on hydrophobic graphite was also studied by high resolution
AFM and STM by Wang et al. (2003), who suggested that the AP fibrils had
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a characteristic right-handed helical twist with an underlying domain texture
due to association of protofilaments and monomers.

Lin et al. (2001) who showed by AFM that globular oligomers of AP1-42
formed in solution at short incubation times, but when the peptide was
incorporated into planar lipid bilayers 8-12 nm diameter ring-like ion
channels were formed (Figure 14). These workers also correlated their data
with cellular studies using cultured neurones and LM. Changes in neurone
morphology and viability were assessed following the addition of AB1-42, to
emphasize the likely significance of the ion channels with respect to
production of neuronal death.

AFM has considerable potential for dynamic “real-time” aqueous
imaging of AP oligomerization and fibril growth, as demonstrated by
Goldsbury et al. (2001) and Parbhu ez a/. (2002). By TEM, samples can
readily be made at increasing time intervals from the start of Ap incubation,
but by AFM the growth of the same individual fibril can be monitored over a
period of time (Figure 15).

An impressive combination of AFM with SDS-PAGE, determination of
oligomer mass by ultracentrifugation and neuronal viability testing has
recently been published by Dahlgren et al. (2002) and Stine ef al. (2003).
Particular care was taken by these workers to standardize their
oligomerization and fibrillogenesis protocols, with AB1-40, AB1-42, and the
Dutch and Arctic mutants of AB1-42. Attention to such detailed aspects is of
undoubted importance for the accurate structural definition of the small and
larger AP oligomeric intermediates and the correlation of oligomer structure
and fibrillogenesis with neurotoxicity.

Fibril-free stable neurotoxic globular Af1-42 oligomers, produced at 4°C
by Chromy et al. (2003), were analysed in detail by AFM and non-
denaturing gel electropheresis. Furthermore, these workers showed that
neuroprotection by Ginkgo biloba extracts correlated with inhibition of AP
oligomer formation. By co-incubation of AB1-40 with the fragments AB25-
35 and AB17-40 Liu et al. (2004b) concluded from AFM studies that the
residues 17-20 and 30-35 play a critical role in the formation of oligomers
and protofibrils.

S. CONCLUDING COMMENTS

The diversity of the microscopical data presented above indicates the
many exciting aspects of current research into amyloid-B peptide
oligomerization and polymerization to form fibrils and AP involvement in
the pathogenesis of Alzheimer’s disease. Nevertheless, some may readily
dismiss the contribution of microscopy; this chapter attempts to rectify this
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Figure 15. Seeded growth of Af1-40 fibrils on a mica surface, imaged by AFM. Reprinted
from Goldsbury er al., Visualizing the growth of Alzheimer’s AP amyloid-like fibrils.
TRENDS in Molec. Med. 7: 582. Copyright (2001), with permission from Elsevier.

misguided opinion. LM, TEM and AFM all continue to make a major
contribution to the Alzheimer field. This is best exemplified by quoting the
most recent publications where microscopy makes a major contribution (e.g.,
Anderson et al., 2004; Li et al., 2003; Miu and Andreescu, 2003; Ribaut-
Barassin et a/., 2003; Richardson et al., 2003; Schwab et al., 2004). Indeed,
the combination of several microscopical techniques, alongside NMR and
electron paramagnetic resonance, was reviewed by Antzutkin (2004), for the
study of AP fibrillogenesis and metal binding by amyloid fibrils.

Although the modern microscopies can be stand-alone techniques, their
strength is best shown when the data they produce is integrated with that
from cellular, biochemical and biophysical approaches. This important
aspect is not neglected above. There is little doubt that the combination of
immunology with microscopy, as demonstrated by the use of monospecific
polyclonal and monoclonal antibodies as labels for subcellular structures and
for molecular-level labeling of AP oligomers, protofilaments and fibrils in
vitro, and the other amyloid plaque-associated proteins, has even more to
contribute.
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1.

Transgenic mice with neuronal expression of human AD-mutant APP[V7171]
in their brain recapitulate robustly the amyloid pathology as seen in
Alzheimer’s disease (AD) patients. The AD related pathological phenotype
consisting of amyloid plaques and vascular amyloid pathology, develop
progressively and relative late in ageing APP transgenic mice, between 10 and
15 months of age. In contrast to the late - and clinically irrelevant - amyloid
plaque-pathology, the early cognitive defects and behavioural features are
clinically more interesting. This review discusses the generation and in depth
phenotypic characterization of both aspects of the APP[V717I] transgenic
mice. Attention is focussed on the relation of biochemical data of the different
APP fragments and amyloid peptides to the formation of the typical early
defects and the late parenchymal and vascular amyloid depositions. The
APP[V7171] transgenic mice are a perfect model to characterize and
investigate early biochemical and cognitive aspects and a potential resource to
define pathological interactions of different factors known to be involved in
AD. Finally, any therapeutic intervention can be directly tested and explored
in these transgenic mice as excellent pre-clinical models

Transgenic mice, Alzheimer’s disease (AD), amyloid-plaque-pathology.

INTRODUCTION: GENETICS AND
PATHOLOGICAL FEATURES OF ALZHEIMER’S
DISEASE

Alzheimer patients are characterized by mostly a-typical clinical features
during life and by very typical pathological lesions in their brain, observed
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post-mortem: extra-cellular amyloid deposited as parenchymal plaques and
vascular angiopathy, in addition to intra-cellular neurofibrillary tangles.
Because of the ill-defined and largely unknown relations between the
clinical and pathological problems on the one hand, and between both
pathological lesions on the other hand, this chapter will first concentrate on
the brain pathology and its robust recapitulation in transgenic mouse brain.
Those late defects will then be related and traced back to early defects,
mainly referring to behavioral and cognitive aspects that are obvious even at
the "pre-amyloid" stage of the disease in APP transgenic mice.

Inherited familial forms of AD are very rare (<1% of all cases) and
mainly caused by mutant Presenilin genes. Most AD cases are sporadic of
unknown ethiology (for reviews see St. George-Hyslop, 2000; Selkoe,
2001), but all AD cases comprise by definition the pathological combination
of amyloid plaques and intra-neuronal tau-aggregates (Braak and Braak,
1991; Delacourte and Buée, 2000). Independent of their genetic make-up or
epi-genetic history, all familial and sporadic AD patients present with the
same pathological lesions in their brain at autopsy, i.e. extracellular amyloid
senile plaques and intracellular neurofibrillary tangles, both concentrated in
the hippocampus and the cerebral cortex. This is the pathological definition
of this neurodegenerative disorder, brought "to light" almost a century ago
by silver impregnation of brain sections (Alzheimer, 1906). Practically all
AD-patients have also amyloid deposits in the wall of small blood vessels in
the brain, although comparable cerebral amyloid angiopathy (CAA) is also
evident in about a third of all elderly people. In this chapter we will
concentrate on the amyloid pathology in brain parenchym and vasculature
and on its successful recapitulation in the brain of APP[V717I] transgenic
mice - and we will explore how the amyloid hypothesis is tested and
extended towards the early defects. It must be remembered that knowledge
of these early defects, not only in clinical and cognitive terms, but especially
in functional and molecular detail, is essential for the development of early
detection and treatment of this devastating diseases, i.e. before irreversible
brain damage has occurred.

1.1 Amyloid plaques in brain

The types of amyloid deposits that are evident in the parenchym of the
human brain are named as diffuse and as neuritic or senile plaques. The
latter are very typical and diagnostic for AD. They consist predominantly as
deposits with a central core of amyloid that is up to 100 um across and are
surrounded by abnormal neuronal processes originating from neighboring
cells. These swollen and dystrophic neurites are distended and contain a
variety of degenerating cellular organelles, mitochondria and lysosomes,
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besides being immuno-reactive for many synaptic and cytoskeletal markers.
Interspersed among the neurites are processes and occasionally also cell-
bodies of activated microglia and of activated astrocytes. This is taken as
evidence for an ongoing inflammatory reaction in and surrounding the
plaques that is attracting more and more attention in terms of its negative
pathological involvement and as potential therapeutic target.

1.2 Cerebral amyloid angiopathy (CAA)

The abluminal deposition of amyloid peptides in cerebral vessel walls is
inherent and a diagnostic element of the AD pathology. CAA occurs
sporadically and is observed in a third of all elderly people over 60. The
vascular amyloid is deposited most commonly in meningeal and cortical
arteries and arterioles, and less frequently in veins and capillaries. Vascular
amyloid disturbs the smooth muscle cells and the basal lamina of the vessel
walls, causing degeneration and weakening of the vessel walls and
provoking small and large aneurysms. These lesions have been estimated to
be responsible for 15% of all hemorrhagic strokes in elderly people. The
CAA as an essential pathological feature in AD patients might constitute a
direct link to the closely related and clinically difficult to distinguish entity
of vascular dementia, the ethiology of which is unknown but involves
defects in the vascular wall. In daily clinical practice, the difficult
differential diagnosis of AD and vascular dementia has led to the assumption
that these are two extremes of a similar pathology, with a mixed type of
dementia in between that is hard or even impossible to define precisely.

1.3 Neurofibrillary tangles

Neurofibrillary tangles (NFT) consist mainly of protein tau and typify not
only AD but many neurodegenerative diseases, e.g. fronto-temporal
dementia (FTD), corticobasal degeneration, Pick's disease, ... collectively
termed tau-opathies (Delacourte and Buée, 2000). Primary tau-opathies are
caused by diverse mutations in the tau gene and named fronto-temporal
dementia with Parkinsonism linked to chromosome 17 (FTDP-17) (Heutink,
2000; Delacourte and Buée, 2000; Ingram and Spillantini, 2002). AD is not a
primary, but by far the most prevalent tau-opathy, however it is not caused
by mutations in the tau gene.

Aggregated protein tau is invariably hyper-phosphorylated supporting the
assumption that hyper-phosphorylation is inherent to the mechanism of
tangle formation. In addition, hyper-phosphorylated protein tau readily
forms paired helical filaments in vitro while de-phosphorylation decomposes
tau-filaments into soluble tau-monomers. Conversely, it cannot be excluded
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that in diseased human brain, neuronal protein tau forms aggregates that
subsequently become hyper-phosphorylated and thereby stabilized, causing
or contributing to their neurotoxicity by disturbing axonal transport (for
review see Terwel et al., 2002).

2. MAJOR QUESTIONS IN AD

Three phases are recognized in the clinical condition of AD patients: (i)
mild cognitive impairment (MCI) with minor short-term (recent) memory
problems, progressing into (ii) obvious and then massive deficits in learning
and memory with important repercussions in personality, emotional state and
character (intermediate clinical stages), rapidly worsening into (iii) deep
dementia with associated “brain atrophy” (late clinical phase).

The first and major clinical feature or symptom that is observed but not
typical for AD patients is the inability to learn and remember new facts. In
the absence of objective biochemical or molecular methods to diagnose AD
early and reliably, the clinical diagnosis is uncertain and heavily dependent
on the actual stage, evolving from "probable" to "possible" to practically
"definite” AD only in the late clinical stages. It must be remembered that
definite diagnosis can only be obtained post-mortem, by pathological
examination of brain sections after silver staining (¢f. A. Alzheimer, 1906).

It is evident that objective and early diagnosis is absolutely needed, not
only to solve the social and clinico-medical problems, but even more so to
allow the pharmacological and/or other developments of effective therapy.
The many problems encountered in this respect are beyond the scope of this
chapter, but readers should be aware of their utmost importance.

The major problem in AD remains to decipher what is cause, correlation
and consequence of the disease, despite - or perhaps due to - the multiplicity
of molecular and biochemical defects and brain lesions that have been and
are being reported. Unanswered questions remain whether dementia and
neurodegeneration in patients are equal to loss of neurons or only of
synapses, or whether only a functional disturbance of synaptic transmission
is at stake. Other important issues in the overall pathogenic process — which
emerge in many hypotheses — are the apoptosis of neurons and loss of
synapses and the malfunction of the glutamate neurotransmitter system,
resulting in excitotoxicity.

Here, we will concentrate on transgenic mice that recapitulate robustly
the amyloid related neuro-pathology as seen in AD patients. This is a major
contribution to understand the biochemical and physiological aspects of
amyloid precursor protein (APP), of a- and B-secretase and of presenilin in
the complex context of the brain. It is generally believed that mishaps in
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processing of APP, in which presenilin is intimately involved (De Strooper
et al., 1998) will eventually lead to amyloid peptide production as the central
problem in AD (Hardy, 1997; Selkoe, 2001).

Many aspects of the pathogenesis and the role of amyloid plaques and of
cerebral amyloid angiopathy in AD remain for a large part unclear. The fact
that senile plaques and vascular amyloid are diagnostic in all AD patients
and that they consist mainly of amyloid peptides, has been taken to suggest
that they are essential and central in the overall process of
"amyloidogenesis" in AD. All other and non-specific clinical and
pathological features of AD are thought to be secondary to or caused by
amyloid peptides, i.e. synaptic loss, gliosis, neuronal loss, brain-shrinkage,
and even neurofibrillary tangle formation. Nevertheless, the in-depth
characterization of APP transgenic mice, and of multiple transgenic derived
strains, have yielded strong evidence that the amyloid pathology does not
per se involve physical deposition, but that the concept of the amyloid
cascade must incorporate the early stages where the amyloid peptides are
present as dimers, oligomers and small aggregates. How these cause the
early defects in synaptic transmission or synapse loss, probably underlying
MCI and early stage AD, constitutes the evident challenge for this research-

field.

3. A ROBUST MODEL FOR AMYLOID
PATHOLOGY: APP[V7171] TRANSGENIC MICE

We generated and have characterized in depth the transgenic mouse
strain named APP-London or APP[V717I] that shows all the robust and
reproducible features of the late amyloid pathology as observed in the brain
of AD patients: starting with diffuse amyloid plaques that evolve with ageing
into numerous thioflavine-S-positive senile plaques, followed by extensive
cerebral amyloid angiopathy. This transgenic mouse strain was obtained by
overexpression of the London-mutant of human amyloid precursor protein
(APP) i.e. APP[V7171], carrying the mutation just Down’sstream of the y-
secretase cleavage site. This human gene was incorporated into a construct
based on the neuron-specific elements of the murine thy-1 gene promoter
(Moechars et al.,, 1996, 1999). In the brain of heterozygous APP[V717I]
transgenic mice, the level of over-expression of human APP is about 2 to 3
times higher than that of endogenous murine APP. Significant for the
operational aspects of this model, the expression of human APP is restricted
exclusively to the neurons of the central nervous system, as demonstrated by
in situ hybridization and by immuno-histochemistry (Moechars et al., 1999;
Van Dorpe et al., 2000) and the expression is moreover appreciable only in
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the second or third week after birth, thereby eliminating any interference
with the development of the brain.

3.1 Occurrence and progression of diffuse and senile
amyloid plaques

At about one year of age, the APP[V717I] transgenic mice begin to
develop pathological features that are strikingly similar to those observed in
the brain of AD patients. From that point onwards, the APP[V717I]
transgenic mice develop diffuse and neuritic plaques with a morphology that
is characteristic for and practically identical to those observed post-mortem
at autopsy in human brain. The senile or neuritic plaques contain a core of
amyloid that stains intensely with thioflavine-S (Figure 1) and with Congo
red, surrounded by numerous dystrophic neurites. Ultrastructurally, the core
consist of bundled amyloid fibers that are 8 to 10 nm in diameter that are
immuno-stained with practically all antibodies directed against amyloid
peptides of either 40 or 42 amino acids, i.e. AB40 and AB42. Diffuse plaques
in APP{V7171] transgenic mice are detected immuno-histochemically with a
pan-Ap antibody (Figure 2) as well as with antibodies directed against AB40
and AB42. Similar to AD patients, these diffuse plaques are quantitatively
more important - by about a factor of 10 - than the senile, thioflavine-S-
positive plaques in ageing APP[V717I] transgenic mice. Amyloid plaques
develop first in the subiculum and spread to other regions of the
hippocampus and the cerebral cortex. With ageing they continue to increase
in numbers, up to about 20-24 months of age of the transgenic mice, and
remain preponderantly in the hippocampus and neocortex, but are also
evident in thalamus and other brain regions, but are never observed in the
cerebellum (Moechars et al., 1999; Van Dorpe et al., 2000; Dewachter ef al.,
2002). These qualitative and quantitative features of the amyloid plaques, i.e.
type, evolution and regional distribution approach very closely what is
known of the amyloid pathology in AD patients, as far as it can be
progressively traced by post-mortem analysis of occasional cases, dying
from accidental or unrelated causes.

3.2 Cerebral amyloid angiopathy

Besides and in addition to the amyloid plaques in the brain parenchym,
the older APP[V717I] transgenic mice progressively develop very abundant,
thioflavine-S-positive amyloid deposits in their cerebral blood vessels. The
phenomenon of cerebral amyloid angiopathy (CAA) is at first evident in the
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leptomeningeal pial blood-vessels, and further develops in cortical, thalamic,
and hippocampal vessels (Figure 3). The accumulation of amyloid in blood-
vessels is observed some few months later than the amyloid depositions in
the brain parenchym, i.e. in APP[V717I] transgenic mice that are older than
15 months of age. This indicates that they form later than the amyloid
plaques and, similar to AD patients, show variation in individual
APP[V7171] transgenic mice, both in distribution and extent.

Figure 1. Thioflavine-S staining of typical neuritic plaques in the subiculum, hippocampus
and the neocortex of a 22 months old APP[V7171] mouse. Bar=300 pm.

A minor difference is that neither diffuse nor senile plaques, nor vascular
amyloid deposits were ever observed in the cerebellum of APP[V717I]
transgenic mice. This is due to the low expression of the human transgene in
cerebellum relative to forebrain. This is an intrinsic characteristic of the
mouse thyl gene promoter construct, but since in AD patients cerebellar
pathology is also not well developed, this aspect is in fact a bonus of the
APP[V717]] transgenic model.
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Figure 2. Immunohistochemical detection of diffuse and senile plaques with pan-AB in a 22
months old APP[V717]] transgenic mouse. Bar=300 um

The staining with thioflavine-S reveals the most severely affected arteries
to exhibit amyloid-based fluorescence in patterns of concentric rings, while
less affected vessels show focal abluminal accumulations similar to human
CAA. Arteries are more affected than veins that show only small focal
accumulations. Capillaries are rarely affected in the APP[V717I] mouse
brain but some capillaries have been observed with amyloid depots
penetrating into the neuropil, resembling dyshoric amyloid in AD patients.
Very similar to human CAA, the large arteries at the base of the transgenic
mouse brain constituting the circle of Willis, nor the extra cranial blood
vessels were affected (Van Dorpe et al, 2000). Vessels with important
amyloid deposition show loss of smooth muscle cells, while rarely the
internal elastic lamina damaged. The vessel wall damage leads to dilation
and aneurysms, again as in human patients, but hemorrhage was not evident
in brain of APP[V717]] transgenic mice. Moreover, the cerebral blood flow
was measured by laser-Doppler flowmetry and proved unaffected even in
very old APP[V717I] transgenic mice.
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Figure 3. Cerebral amyloid angiopathy (CAA) in a 22 months old APP[V7171] transgenic
mouse. At this age, thioflavine-S-positive amyloid deposits are abundantly present in the
leptomeningeal pial (arrows) and cortical (arrowhead) blood vessel. Bar=100 pm.

33 Ageing and amyloid pathology, a paradox of
pathology versus biochemistry

In APP[V7171] transgenic mice, both vascular and plaque amyloid load
progressively increased with age. Quantitatively, amyloid plaque pathology
begins to develop in the 10-12 months age window, while vascular
pathology forms not before the age of 15 months. Both types of amyloid
pathology progress further and continue to increase quantitatively during the
2" year of life of these mice. At all age-points analyzed, the thioflavine-S
and immuno-reactive amyloid plaque load correlated closely with the
number of vessels containing vascular amyloid (Van Dorpe et al., 2000). In
APP[V7171] transgenic mice 2 years of age, more than 90% of the
leptomeningeal arterioles over the cerebrum were abundantly loaded with
amyloid deposits. At that age, the subiculum of these old mice is literally
inundated with diffuse and senile plaques, similar to some cortical regions.

In humans, ageing remains the most important, but least understood
parameter or risk factor for dementia and for AD. The APP[V717I]
transgenic mice were therefore compared at ages of 3 months, 6-9 months
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and 15 months, to measure APP and its different products of proteolytic
processing, ie. the membrane bound precursor (APPm), the soluble and
plaque-associated amyloid peptides AP40 and AB42, the secreted
ectodomain of APP processed by a- or B-secretase (APPsa, APPsf) and the
C-terminal transmembrane and cytoplasmatic domain resulting from p-
secretase cleavage, referred to as "B-C-stubs" (Dewachter ef al., 2000). The
comparative analysis revealed that ageing did not appreciably affect the
normalized levels of either the a-secretase cleaved ectodomain nor the
residual B-secretase cleaved C-terminal stubs of APP. Between the age of 3
to 15 months, the most pronounced effect concerned the dramatic and
expected increase in insoluble amyloid peptides, AB40 and AP42, as well as
an increased AB42/40 ratio.

Ageing of the APP[V717I] transgenic mice caused progressively more
aggregation of the amyloid peptides in the physical form of amyloid plaques,
due to increased levels of soluble amyloid peptides, especially of the least
soluble AP42. This phenomenon did however, never occur before the age of
10-12 months in the APP[V717I] transgenic mice, as observed in unrelated
APP transgenic mouse models in which A also increased with age (Hsiao et
al., 1996; Johnson-Wood et al., 1997). Measurements of the mRNA coding
for endogenous murine APP and for human transgene APP[V7171] increased
with age in the brain of transgenic mice (Moechars ez al., 1999). Membrane-
bound APP protein increased in close parallel with mRNA levels, with levels
reaching 122% and 169% respectively at 6-9 months and 15 months
(Dewachter et al., 2000).

The combined data demonstrate that in brain of the APP[V717I]
transgenic mice, ageing per se did not markedly affect the normal processing
of APP as mediated by a- and B-secretase. Therefore, the marked increase in
both soluble and plaque-associated amyloid peptides, essentially situated at
the age of 12 months, was not a direct consequence of a disturbed or tilted
balance in the two competing proteolytic events that govern APP
metabolism, ie. the non-amyloidogenic pathway by ADAMIO as a-
secretase (Postina ef al., 2004; see also Chapter 6) and the amyloidogenic
pathway mediated by the combined actions of B- and v-secretases (reviewed
by Dewachter and Van Leuven, 2002). Whereas amyloid deposition is
unequivocally further increasing with age, the production of amyloid
peptides is not increasing! This apparent paradox between pathology and
biochemistry points to another mechanism, i.e. that degradation and/or
clearance of the amyloid peptides must be impaired in the APP[V717I]
transgenic mice - and by extrapolation, also in the brain of AD patients (see
Chapter 7). This conclusion implies, among other factors, an operational
mechanism of liquid drainage from the brain into the CSF, functionally
similar to the lymphatic system in peripheral organs (Weller and Nicoll,
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2003) which thereby directly connects the amyloid depositions in parenchym
and in the peri-vascular spaces, i.e. the amyloid plaques and the CAA
pathology, as discussed in the following section.

34 Pathogenesis of cerebral amyloid angiopathy

A long-standing debate concerns the origin of the vascular amyloid
depositions. In human and mouse brain, as well as in other tissues,
endogenous APP is ubiquitously expressed by many cell types, including
these of the vasculature. Some proposed that AP in the vessel walls would
derive from vascular smooth muscle cells or pericytes since pial vessels are
most often affected, implying local production as potential source of Ap.
This hypothesis failed, however, to explain the specific neuroanatomical
pattern of cerebral amyloid angiopathy and its exclusive localization in
intracranial vessels.

We demonstrated by Western blotting that blood plasma of aged
APP[V717]] transgenic mice did not contain detectable levels of amyloid
peptides (i.e. lower than picogram-levels) as opposed to CSF that contains
AP in the range of 10-20 ng/ml (Van Dorpe et al, 2000). This finding,
combined with the strong evidence for the exclusive neuronal expression of
the APP transgene in this mouse strain (Moechars et al, 1999) and the
abluminal deposition of vascular amyloid (Van Dorpe et al, 2000),
unequivocally demonstrated that amyloid peptides originating exclusively
from neurons within the brain are the direct cause of amyloid plaques in the
brain parenchym as well as of the CAA.

CAA appears in vessels that do not express the transgene, but evidently
requires and implies a means of transport of amyloid peptides to the
deposition sites. This problem is less evident or obvious in the formation of
senile plaques. Amyloid peptides are present in the CSF of normal and AD
individuals and drainage pathways must be involved along the perivascular
space surrounding intracortical and leptomeningeal arteries. These channels
eventually connect with nasal lymphatics draining to the cervical lymph
nodes. The suggestion that significant amounts of AP drain along this
pathway in humans (Weller et al., 1998) is fully confirmed by the objective
analysis of all data in the APP[V7171] transgenic mice (Van Dorpe et al.,
2000). Recently, in AD patients the hypothesis of the neuronal origin of AB
and the drainage of AP via the interstitial fluid from the central nervous
system to capillary walls is confirmed in AD patients (Roher er al., 2003;
Attems et al., 2004).
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3.5 AP42 is the primary cause of amyloid deposition in
parenchym as well as in blood vessels

In brain of AD patients, the ratio of AB42 to AB40 is higher in plaques
than in the vascular amyloid deposits, which is recapitulated in the
APP[V7171] transgenic mice that also have much higher AB42/AB40 ratios
in the amyloid plaques than in the vascular amyloid (Van Dorpe et al.,
2000). The purely neuronal origin of the amyloid peptides then allows us to
define their path and their fate.

After secretion by neuronal cells (by as yet unknown mechanisms) the
level of the amyloid peptides in the intercellular and interstitional spaces
increases to reach levels at which the least soluble AP42 peptides begin to
aggregate into oligomers (see also Chapter 1). These form the nuclei for
further aggregation in which also A40 peptides participate, as well as less
abundant AB38 and eventual other species. These aggregates develop into
diffuse and progress later into senile plaques by accruing more amyloid and
other insoluble proteins that are either trapped or otherwise become lodged
into these plaques, that can reach diameters of up to 1 mm.

At the same time, excess peptides are being drained by the perivascular
route into the CSF, eventually taking also some of the smaller aggregates to
flow along and become trapped in the perivascular spaces. These form the
nuclei of the CAA, whereby evidently the more soluble AB40 peptides
diffuse faster and further than the least soluble AB42 peptides. A gradient of
A[42 thereby must form de facto, with highest levels in the neurons and
decreasing towards the CSF - explaining also why in AD patients the AB42
concentration in CSF actually decreases with the progression of the
pathology (Blennow et al., 2003).

Hence, similar to senile plaque formation, the AB42 is first to become
deposited in the vessel walls (nucleation) while the more soluble AB40 is
subsequently entrapped (growth). This is further supported by the earlier and
increased formation of senile plaques and of cerebral amyloid angiopathy in
double transgenic APP[V717I] x PS1{A246E] mice, obtained by crossing
the respective single transgenic mice. In these double transgenic mice, the
extra incorporation of the human mutant PS1 transgene caused a selective
increase in production of AP42 over AB40 (Dewachter et al., 2000).

More recent evidence in BACE x APP[V7171] double transgenic mice
add further weight to this hypothesis, demonstrating that N-terminal
truncated forms of the AP peptides that are even less soluble than AB42,
actually increase amyloid deposition in brain parenchym while reducing
CAA in the vessel walls (Willem et al., 2004). The fact that N-terminal
truncated APx-40/42 aggregate faster and more easily than the full-length
counterparts (Liu et al., 2002) further supports the hypothesis as well as the
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negative correlation between plaque and CAA pathology in human AD brain
(Tian et al., 2003).

Although APP[V7171] transgenic mice express APP at higher levels than
in human brain, the striking similarity to human cerebral amyloid angiopathy
is more than a strong suggestion that similar mechanisms cause the vascular
amyloid deposition in patients and transgenic mice, alike.

4. EARLY COGNITIVE AND BEHAVIOURAL
DEFECTS OF APP[V7171] TRANSGENIC MICE

Besides the specified and characteristic pathological defects caused by
insoluble AP40 and AB42, the APP[V717I] transgenic mice additionally
display early phenotypic behavioural and cognitive impairments (Moechars
et al., 1999). With the revival of the hypothesis of "synaptic deficit" in AD
(Selkoe, 2003) these early defects were and will be more and more
interesting as typical characteristics of a mildly impaired cognitive
phenotype and as read-out to define effects of genetic or epigenetic factors
and treatment (Dewachter ef al., 2002; Dewachter and Van Leuven, 2002).

As opposed to plaque formation that develops after 10-12 months of age,
disturbed behaviour and cognitive defects occur at an age as early as 3-6
months. Profound disturbances in behaviour are evident as hyperactivity,
anxiety, aggression and neophobia. Some of these obvious and typical
characteristics were observed in APP[V717I] transgenic mice as young as 8
weeks and came progressively more evident with age. Cognition, spatial
learmning and memory as estimated by the Morris water maze paradigm, by
novel object recognition and by contextual d-fear conditioning are
significantly impaired compared to age and sex-matched non-transgenic
mice with the same genetic background (Moechars et al, 1998, 1999;
Dewachter et al., 2000; 2002). In addition, a progressive decay of long term
potentiation (LTP), an accepted parameter or even model for synaptic
plasticity, was evident long before any plaques were formed in the brain
parenchym. Intriguingly, the early behavioural and cognitive defects were
also observed to a large extend in transgenic mice that overexpressed the
human APP695 wild-type isoform (Moechars et al., 1999), providing strong
evidence for a direct role of APP metabolites and against amyloid plaques
that never formed in these mice. The APP[V7171] transgenic mice studied
over the last years and as presented here, are therefore perfect tools to study
the early cognitive defects in relation to the early and late biochemical
characteristics of the induced AD-like amyloid pathology.
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5. MODULATING AMYLOID PEPTIDE
PRODUCTION: THERAPEUTIC VALUE?

Presenilin-1 (PS1) is essential in the generation of amyloid peptides from
APP (De Strooper et al.,, 1998) either by exerting the proteolytic activity
itself or by acting as an essential component of the complex that constitutes
y-secretase. The crucial and causal role of PS1 in the development of
amyloid pathology has also made it a primary therapeutic target, despite the
fact that inactivation of the PS1 gene resulted in embryonic death due to
pleomorphic effects, i.e. disturbed somitogenesis, cranial hemorrhages,
impaired neurogenesis, cerebral cavitations and malformation of the brain
(Wong et al., 1997; Shen et al., 1997; De Strooper et al., 1998).

To allow us to study the function of PS! in adult brain, we have
generated conditional PS1-knockout mice, with a post-natal, neuron-specific
deletion of PS1 not impairing their health, fertility nor normal life-span up to
the age of 2 year (Dewachter et al, 2002). Subsequently, these PS1(n-/-)
mice were crossed with the APP[V7171] transgenic mice described above to
define the effect on the amyloid pathology. In the APP[V7171] x PS1(n-/-)
double transgenic mice, the neuronal absence of PS1 effectively prevented
the formation of all amyloid pathology. In contrast to the parental
APP[V717]] transgenic mice, no thioflavine-S-reactive amyloid plaques nor
immuno-reactive diffuse amyloid deposits were detected in the brain of
double transgenic mice. The fact that the neuron-specific inactivation of PS1
in vivo was positive and had no major adverse effects on these animals
proved that adult neurons can manage without PS1, at least in mice and
possibly because PS2 took over some functions. Moreover, the prevention of
both types of amyloid pathology, i.e. amyloid plaques and CAA, again
demonstrated their common origin (Dewachter ez al., 2002).

The inactivation of PS1 effectively inhibited the formation of amyloid
peptides but caused the accumulation of their obligate precursor, i.e. the C99
or B-CTF or B-C-terminal fragments of APP. Although it is hardly likely that
these have a physiological function on their own, it has been postulated,
based on cellular studies, that these CTF can be neurotoxic (for review see
Dewachter and Van Leuven, 2002). That could explain our unexpected
observations that the inhibition of amyloid peptide formation did actually not
improve, but aggravated the cognitive defects even of young APP[V7171] x
PS1(n-/-) double transgenic mice, relative to age matched APP[V717I]
single transgenic mice (Dewachter et al., 2002). That outcome confirmed the
negative expectations from short-term experiments with fy-secretase
inhibitors that these were not effective, and moreover very toxic (Wong et
al., 2004).
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In another vein, a recent collaborative study aimed to define the role of
the desintegrin and metalloproteinase ADAMI10 as the major o-secretase in
the non-amyloidogenic pathway, by cleaving membrane bound APP in the
middle of the amyloid region to prevent formation of amyloid peptides. In
double transgenic mouse models, we provided the first evidence that
ADAMI0 effectively acted as an a-secretase in vivo (Postina et al., 2004,
see also Chapter 6)). Neuronal co-expression of wild type ADAMI10 or of a
catalytically inactive dominant-negative mutant together with APP[V7171 in
double transgenic mice, respectively stimulated and inhibited the non-
amyloidogenic processing of APP. Beneficial results of enhanced o-
secretase cleavage of APP were the increased production of secreted
neurotrophic APPsa, concomitant with reduced formation of amyloid
peptides and an almost complete prevention of their deposition into amyloid
plaques at old age. Moreover, the cognitive defects of the parental
APP[V747I1] transgenic mice were improved by co-expression of ADAMI0
(Postina et al., 2004). Inversely, co-expression of the dominant-negative
mutant of ADAMI0 led to increased amyloid plaques in the brain of double
transgenic mice.

6. CONCLUDING REMARKS AND PROSPECTS
FOR AD MODELS: A CASE FOR MULTIPLE
TRANSGENIC MICE?

The senile plaques and cerebral amyloid angiopathy in the APP[V7171]
mouse exhibit a very striking similarity to those observed in familial and
sporadic AD patients at old age. The morphological pattern, the
ultrastructural aspects and the biochemical composition of senile plaques and
vascular amyloid deposits in humans are reproduced in an almost identical
manner in the APP[V7171] transgenic mice (Moechars et al, 1999; Van
Dorpe et al., 2000; Dewachter et al., 2002). In humans, AD is characterized
by a protracted clinical course covering up to 20 years while the lifespan of a
laboratory mouse does not exceed more than 2 years. It is therefore
surprising that the entire pathological history of the disease can be
compressed into about 18 months, but presenting opportunities and
advantages for further investigations into the pathogenesis of this devastating
neurodegenerative disease. In particular, we anticipate to be able to identify
new markers, targets and procedures for the early and objective diagnosis,
allowing us to test novel therapeutic drugs and strategies in these pre-clinical
models. They will help to accelerate drug discovery, leading to the
recognition of therapeutic agents that are effective in postponing the onset or
slowing the progression of neurodegenerative disease.
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Whereas amyloid pathology in all its aspects in the brain of AD patients
has now been approximated or even "copied” almost exactly by
overexpression of mutant forms of APP, with or even without PS1, a similar
strategy failed to yield neurofibrillary tangles in brain of transgenic mice -
thus far. Generating an animal model for Alzheimer’s disease that contains
or develops all the neuropathological features was and is an enormus
challenge. Following up the current amyloid success, models are needed to
include the evident progression with age as in patients, with matching
topology and regional distribution and including quantitative characteristics
that parallel the human disease.

The successtul generation of mice with amyloid plaques and angiopathy
that actually seem to miss only the neurofibrillary tangles to show the
complete AD-pathology, is evidently very encouraging. Moreover, the
combination with other transgenic mouse strains, i.e. PS1 mutant, PS1(n-/-),
ADAMI10, BACE, APP-/-, ApoE4, have provided us with invaluable data,
impossible to otherwise obtain. This evidently makes a strong case for more
multiple transgenic mice.

To further explore the relation between the amyloid and tau-pathologies,
we have generated APP[V717I] x PS1 x tau-4R triple transgenic mice.
Surprisingly, the resulting offspring suffered very high premature mortality,
surviving between 6 to maximally 20 weeks; this prevented extensive
analysis of the phenotype of adult and aged mice. We confirmed that these
mice are extremely sensitive to external environmental stress as reported by
others, although the exact cause of death was not evident (Pedersen ef al.,
1999). Subsequently we have modeled FTD by generating tau-P301L
transgenic mice (Terwel et al., unpublished resuits) and combined these with
the APP[V7171] into double transgenic mice. Although these experiments
are ongoing, these mice do not appear to develop a really synergistic
pathology (Muyllaert ef al., unpublished results), as claimed to be observed
in similar models (Lewis et al., 2001).

Despite the lack of neurofibrillary tangles in any of our APP single or
double transgenic mice, the mice allowed us to study and explore APP-
processing in vive, in particular at a young age. The double transgenic
APP[V717]] x BACE, APP[V747I] x ADAMIO and APP[V717I] x
PS1[A246E] mice are excellent tools to further investigate the origin and
repercussions of the amyloid peptides, both at young and old age.

The mechanism(s) by which neurons become non-viable and are
eventually "executed" in AD is still in need of detailed understanding at the
molecular level. The reported and discussed findings do emphasize the role
and importance of clearance pathways of amyloid peptides (Vekrellis et al,
2000; Li et al, 1999) and of the involvement of ApoE-lipoproteins and its
receptors in brain (Tesseur et al., 2000a,b; May and Herz, 2003). It is clear
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that our continued effort to model all aspects of the pathology of AD will
eventually have to answer these and more fundamental questions that are
bound to surface. We believe that a continued effort in transgenesis and in
combined mouse models will further prove of great value to understand the
interactions of human genes, or rather proteins in vivo, that can only be
studied in multiple transgenic mice.
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Oxidative stress is a marker of neurodegeneration and has been recently shown
to be also involved in the early stages of the pathogenesis of various
neurodegenerative disorders. In general, all biomolecules of the cell can be
oxidized and thereby damaged. Consequently, the concept of neuroprotection
by antioxidants has been developed. In many cases the direct scavanging of
free radicals have been used as a strategy to prevent oxidative stress damage
and a variety of physiological and synthetic antioxidant molecules have been
identified and synthesized including the female sex homone estrogen. In
Alzheimer’s Disease amyloid-f protein on its way to brain deposition can also
induce oxidative changes rendering nerve cells more vulnerable to additional
insults. In addition, inflammatory mediators are attracted by amyloid deposits
that can further speed up the generation of an oxidative micro-environment.
Based on recent clinical data the use of a combination of various antioxidants
might indeed be effective in preventing Alzheimer’s Disease. Nevertheless, the
exact molecular mechanisms and the real impact of oxidative stress on the
development and progression of Alzheimer’s Disease as well as of other
neurodegenerative disorders still needs to be further investigated.

Oxidative stress, free radicals, lipid peroxidation, protein oxidation, DNA

oxidation, amyloid-B protein, inflammation, vitamin E, vitamin C, anti-
inflammatory drugs, estrogen, blood-brain-barrier.
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1. INTRODUCTION

A variety of human neurodegenerative disorders and symptoms have
been associated with damage to essential biochemical structures of the cells
of the nervous systems. While the specific sources of these oxidations and
their main targets clearly vary from one pathology to another, there are some
general patterns of experimental observation which lead to the conclusion
that free radical damage to nervous system cell types may constitute a final
common pathway of the pathogenesis of many neurodegenerative disorders.
These diseases include Amyotrophic lateral sclerosis, Demyelinating
disease, Down’s syndrome, HIV neuropathy, Huntington's disease,
Parkinson’s disease, Prion diseases, Stroke, and most of all also Alzheimer’s
disease (AD), the most common form of dementia in the elderly.

Oxidative damage to proteins, lipids and DNA is caused by highly
reactive oxygen and nitrogen species (ROS, RNS). There is a constant
production of ROS and RNS in the cells and under homeostatic conditions
accumulating ROS and RNS are efficiently detoxified by potent antioxidant
defence systems that include biochemical structures such as vitamins
(vitamin E and vitamin C) and antioxidant enzymes (e.g. glutathione
peroxidase, catalase).

Induced by exogenous signals, such as neurotoxins or UV-light or by
intracellular changes that are based on genetic conditions such as mutations
this balance of free radical production and detoxification is significantly
disturbed leading to the accumulation of ROS and RNS. This overflow of
reactive species leads to rapid oxidation of cellular structures leaving
remaining molecules non-functional (for review see Halliwell and
Gutteridge 2003).

For AD many factors have been discovered that either directly or
indirectly induce disturbance of the oxidative homeostasis, including the
amyloid-f protein (Ap), that is one major hallmark protein of Alzheimer’s
neuropathology. The significance of these findings will be discussed below
but it has to be mentioned here that changes in protein cleavage and
biochemistry, such as in AD, have also been discussed for other human
neurodegenerative diseases, so that various neurodegenerative disorders can
now be considered as protein aggregation disorders (e.g. AD, Huntington’s
disease, Parkinson’s disease) suggesting that aggregation of protein and
misfolding of protein leads to changes in protein degradation and also
subsequent changes in oxidative conditions. While oxidative stress has long
been believed to be a downstream event of pathological conditions in
neurodegeneration recent findings strongly indicate that oxidation can occur,
very frequently upstream in the disease process and experimental evidence is
mounting that it can indeed play a direct causative role.
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2. OXIDATIVE CHANGES IN ALZHEIMER’S
DISEASE PATHOGENESIS

The manifestations of free radical damage observed in AD have recently
been reviewed in detail (Markesberry and Carney 1999; Joseph et al., 2001).
In general, it can be summarized that specific oxidative changes can be
observed in pathological neurodegenerative disorders. These include:

e Levels of oxidatively altered metabolites generally rise in case of
neurodegenerative disease.

o Afflicted cells in neurodegenerative disorders show specific
characteristics of an oxidative stress response.

o Disturbances of energy metabolism, especially with respect to
mitochondria, can be observed, which are accompanied by an
increased production of free radicals.

e Animal models reproducing specific neuropathological hallmarks
of neurodegenerative disease concomitantly show signs of
oxidative stress.

¢ Certain neurodegenerative disorders can present as sporadic or
familiar forms. In some of these familiar forms, mutations of
antioxidant enzymes or mutations in proteins which indirectly
serve to maintain oxygen or nitrogen radical homeostasis have
been found.

The fact that many neurodegenerative processes in the brain are
characterised by oxidation and oxidative destruction suggest that the brain is
particularly vulnerable to oxidative damage. Indeed, it can be argued that the
brain is indeed more prone to oxidation because it has high energy
requirements and a high physiological oxygen consumption rate. Moreover
the brain is enriched in non-saturated fatty acid side chains in its diverse
cellular membranes, it contains high levels of transition metals which can act
as catalysts for the formation of ROS and it has a relative low level of
antioxidants, compared to other tissues in the body (for review see Floyd,
1999).

Since AD is an age-associated disorder the involvement of oxidative
stress in the pathogenesis of this disorder is further supported by the free
radical hypothesis of aging which states that the age-related accumulation of
reactive oxygen species results in damage to major cell components
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(Harman, 1992; Ames et al.,, 1993). Quantitative markers of oxidative stress
in AD brain have been described and include:

e Lipid peroxidation (e.g. lipid hydroperoxids, 4-hydroxynonenal,
isoprostanes)

e Protein oxidation (e.g. protein carbonyls, nitrotyrosine)
e DNA oxidation
e Glyco-oxidation (e.g. advanced glycation end products).

During lipid peroxidation the non-saturated carbohydrate fatty acid side
chains of membrane phospholipids are peroxidized during the attack by
ROS. Indeed markers of brain lipid peroxidation have been the most studied
biochemical finding of oxidative stress in AD. In quantitative post mortem
studies lipid peroxidation has been quantified by measuring
malonedialdeyde levels. In addition, lipid hydroperoxide and isoprostane
levels have been measured in AD tissue. Protein oxidation results in the
formation of protein carbonyls or nitrotyrosine. Again quantitative post
mortem studies can be preformed using standardised oxidation assays and
have been presented in various studies (for review see Pratico and Delanty,
2000).

The more recent findings that markers of oxidative stress precede the
appearance of other, preferable more disease-specific pathological
hallmarks, has been of great value in proving a causative role of oxidative
stress in AD. In this respect, increased 8-hydroxyguanosine and nitrotyrosine
levels have been documented to precede the formation of amyloid B plaques
in Down’s syndrome, which is frequently discussed as a human model of
AD disease caused by the overproduction of A (Nunomura ef al., 2000). In
an experimental transgenic mouse model of AD overexpressing amyloid
precursor protein, an increased level of isoprostane, a well known marker of
lipid peroxidation, has been reported to occur before the appearance of
immuno-stainable amyloid plaques (Pratico ef af, 2001). But what is the
experimental evidence that oxidation directly or indirectly caused by AB is
indeed involved in the early pathogenesis of AD?

AD is possibly the best characterized neurological disorder with respect
to the involvement of oxidative stress and free radical changes (for review
see Markesbery and Carney, 2001; Harman, 1996; Christen, 2000). As for
many years it has been found that oxidation end products of lipids proteins
and DNA do indeed occur in the pathological tissue of AD and that there are
increased levels of a variety of oxidation products when Alzheimer tissue is



Oxidative Stress in Alzheimer’s Disease 69

compared with age-matched controls, more recently focus has been put on
the kinetic analysis of the occurrence of oxidative products during the AD
process. Most interestingly, recent kinetic analysis of the time point of
occurrence of oxidatively altered metabolites in Down’s syndrome, AD and
some animal models of both disorders, have suggested that oxidative stress
might constitute a rather early event in the cause of these diseases. These
changes may even trigger some of the neurodegenerative cascades in these
disorders (Nunomura et al., 2000; Pratico et al, 2001, Nunomura et al,
2001). Various oxidative mechanisms to initiate neuronal degeneration have
been clearly described, for instance the oxidative cross-linking of some
amyloid-p peptides to form a first proteolysis-resistant aggregation weed
(Galeazzi et al, 1999; Koppaka and Axelsen, 2000, Perutz and Windle,
2001). So, biochemistry can explain the fact that oxidative changes can
cause downstream neurodegenerative events.

A large number of animal models for AD have been developed in order
to study the pathogenesis of the disease. Generally they used the strategy of
transgenic overexpression of APP, the precursor protein of amyloid-B
protein. Very frequently mutant forms of APP, derived from familiar cases
of AD, are used for the generation of transgenic animals. Frequently,
combination with a mutation in another gene that is associated with familiar
forms of AD, such as the presenilin gene, is also used (Games et al,, 1995;
Sturchler-Pierrat and Abramowski, 1997; Holcomb et al, 1998). Indeed,
these animal (usually mouse) models are of great value to study the process
of amyloid formation and deposition in the brain tissue (see also Chapter 2).
Unfortunately, these animal models do not fully represent the pathogenetic
process of AD, since additional factors are obviously necessary to develop a
full AD neurodegeneration. In all of these animal models the nerve cell death
that does occur is only very limited, if occurring at all. Nevertheless, as
mentioned before they provide biochemical tools to study amyloid
processing under in vivo conditions. These transgenic mice mirror single
neuroanatomical or physiological characteristics of the disease, such as Ap
deposition, changes in synaptic formation, presence of an inflammatory
reaction, hyperphosphorylation of tau, some behavioural deficits and a
general age-dependence of these individual pathological manifestations to a
varying degree. Unfortunately, they have usunally not been able to reproduce
the combined major features of AD, ie. AP and tau pathology,
concomitantly (for review see Dewachter er al, 2000). Apart form these
animal models, a major model used to test and identify potentially beneficial
AD drugs is the direct and indirect toxicity of AP in cell and tissue culture.
Since first described by Bruce Yankner (Yankner et al., 1989) much effort
has been put into the identification of the possible toxicity mechanisms of
the AP peptides. Of course, it was very intriguing that the AP protein that is
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deposited in high amounts in the brain also induces toxicity at the cellular
level. Based on tist, we have been able to show that under certain cell culture
conditions nerve cells undergo an oxidative degeneration induced by A and
this could be prevented by free radical scavengers such as vitamin E (a-
tocopherol) that directly prevent lipid peroxidation (Behl et al,, 1992; 1994),
Many groups confirmed the finding of a direct oxidative toxicity but the
concept of AP toxicity in vitro developed some weakness, such as the
dependences of the toxic effect on relatively soft influences (peptide sources,
peptide conformation and the exact application procedure). Subsequently,
the toxicity model was further modified and it was described that perhaps it
is not only a direct toxic effect of the AP on neurons in cell culture but rather
it is the attraction of inflammatory mediators that cause secondary oxidation,
frequently seen during inflammation in tissue (for review see McGeer and
McGeer, 1996). The strongest evidence that argues against a direct
detrimental toxic effects of aggregated AP deposits on the nerve cells is
given by the APP transgenic animals, since there is no significant
neurodegeneration surrounding the plaques formed in these animals. Still,
the importance of AP misprocessing by certain secretases for AD
pathogenesis is strongly supported by much experimental data (for review
see Selkoe, 1999), most of all by the fact that familiar cases of AD cause an
overproduction of AP in an autosomal dominant manner. More recently the
concept of amyloid toxicity has been further developed and it has been found
that it is not the fully aggregated AP that can be found in senile amyloid
plaques in AD brain tissue but rather early forms of amyloid aggregation
such as AP oligomers and protofibrils. Indeed, it has been found that only
such early AP oligomers and protofibrils on their way to be deposited as
amyloid plaque in the brain, can disturb synaptic function, as documented by
the adverse changes in synaptic transmission during long-term potentiation
(Walsh er al., 2002). Despite some problems in the in vitro amyloid toxicity
model it is still used as an AD relevant paradigm of neurodegeneration, and
is useful in order to develop novel antioxidant compounds. But how are
antioxidants defined, how do they function and what is the experimental and
clinical evidence for a role of antioxidant compounds in the prevention and
perhaps in the therapeutic treatment of AD?
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3. ANTIOXIDANTS AND ALZHEIMER’S DISEASE

31 Biochemical classification of antioxidant compounds

When discussing antioxidants the term free radicals scavengers is
frequently used synonymously. In fact the potentially toxic cellular overload
with free radicals and other electrophils can essentially be alleviated by three
mechanisms that can be clearly distinguished (for review see Sies, 1993).
Those strategies are:

¢ The inhibition of free radical formation.
e The direct scavenging of free radicals by antioxidant compounds.

o The strengthening self-defence of the cell and its damage repair
capacity.

While each of these strategies may be equally promising most data with
respect to neuroprotection and prevention against neurodegenerative diseases
in vitro and in vivo, including clinical studies, the focus is mostly put on
compounds acting according to the second strategy, substances that directly
act at the biochemical level with reactive free radical species.

Compounds that chemically interfere with formed free radicals are also
called direct antioxidants and include a variety of chemicaily different
compounds such as tocopherols and other monophenols, flavonoids and
other polypheonls, arylamines and indoles, ebselen and other selenium
containing compounds, carotin, lyocopen, retinol and other polyenes, and
finally manganese containing mimetics of catalase/superoxide dismutase.

The action of direct antioxidants does not rely on endogenous cellular
macromolecules to exert their primary effect, since they react with a
damaging free radical molecule itself. The major classes of antioxidants in
this group are chain breaking antioxidants such as phenols, which can
be divided into monopheolic compounds (tocopherol, estrogen, serotonin)
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which are mainly endogenous and polyphenolic compounds, which are
usually exogenous such as flavonoids, stilbenes and hydrochinons. Low
molecular weight enzyme mimetics constitute a slightly different group of
antioxidant compounds since their mechanism of reaction is more dependent
on endogenous reducing systems, compared to the chain breaking
antioxidants. Enzyme mimetics react with small diffusible free radicals at
relatively high velocities and are very effective, but they need to be
cyclically re-reduced in order to exhibit true catalytic efficacy. Today,
enzyme mimetics for a few but important antioxidant enzymes are known,
most notably ebselen and other selenium compounds and a variety of
manganese containing complexes. Ebselen mimics glutathione peroxidase
and scavenges peroxinitrite, while manganese complexes mimic superoxide
dismutase and to some extent catalase (for review see Moosmann and Behl,
2002; Klotz and Sies, 2003).

3.2 Experimental and clinical evidence of antioxidant
neuroprotection

A powertul neuroprotective role as an antioxidant in an in vitro model of
oxidative neurodegeneration, caused by AP, has been initially assigned to
vitamin E (o-tocopherol) (Behl and Davis, 1992). These in vitro studies
were followed by experimental and clinical studies and therefore tocopherol
has been the prime model antioxidant for AD. In a multi-centre, double
blind, placebo controlled study on 341 patients with moderate to severe AD,
200 IU of a-tocopherol administered for two years lead to a slight but
significant delay in reaching the primary outcome, which were generalized
markers of neurological decline (Sano et al., 1997). This initial result fuelled
a number of other vitamin E intervention studies in AD. It is also worth
mentioning another multi-centre clinical trial by the AD cooperative study
on patients with mild cognitive impairment, presumably containing
individuals with AD at a very early stage of the disease. The outcome of this
particular study will be very interesting but it is not yet finalised. The
relevant aspects of tocopherol treatment in AD have been reviewed in detail
recently (Grundman, 2000).

Acetylcarnitine (3g/per day) as an antioxidant showed no significant
effects in an one year clinical trial in 229 early onset AD patients which
confirmed the outcome of two earlier trials of this compound (Thal et a/,
1996, 2000; Spangnolia et al., 1991). Following these earlier trials the minor
positive effects induced by acetylcarnitine could not subsequently be verified
(Spangnolia et al., 1991).

Idebenon, another metabolic antioxidant, which might beneficially affect
mitochondrial function, has been employed in a relatively large clinical
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study. Idebenon which is structurally similar to ubichinon has been reported
to slow down AD progression in dose-dependent fashion (Gutzmann and
Hadler, 1998). The exact mechanism as to how this protective effect is
reached is still not clear and needs to be investigated further in greater detail.
While there are a number of other antioxidants under consideration in
clinical trials with AD patients a few other approaches should be mentioned
here which also include aspects of antioxidant neuroprotection. These
approaches include estrogen replacement therapy (ERT) (Paganini-Hill and
Henderson, 1996; Tang et al., 1996; Waring et a/.,1999; Carlson et al., 2001)
and the chronic intake of anti-inflammatory drugs (in t' Veld et al., 2001;
Breitner and Zandi, 2001; Zandi and Breitner, 2001; Nourhashemi et al,
2000). Estrogen is a well known neuroprotective compound and part of its
protective activity is mediated vig its function as a monophenolic direct
antioxidant (for review see Behl, 2002). Based on the fact that estrogen is a
multifunctional hormone and develops many estrogen receptor-dependent
activities throughout the body, including the brain, it is not a prime
antioxidant. Nevertheless, antioxidant activity produced by estrogen needs to
be considered whenever possible oxidant damage occurs in tissue. Since it is
known that estrogen can enter the brain quite readily to develop its activities
in various target areas, it could function as a blueprint structure for the
development of other estrogen-derived antioxidants which do not develop
hormonal side-effects, as investigated by Moosmann and Behl (1999).
Anti-inflammatory drugs may interfere with immunological components
in the development of AD (Zandi and Breitner, 2001; McGeer and Rogers,
1992; Akiyama et al, 2000). Non-steroidal anti-inflammatory drugs
(NSAIDs) inhibit cyclo-oxygenase enzymes which reduce the production of
oxidants by the enzymes themselves as well by arachidonic acid attracted
and activated microglia (Babior, 2000). In addition they may prevent
excitotoxicity and oxidative glutamate toxicity both of which involve cyclo-
oxygenase activities. The statistical significance of the negative association
between AD and the long-term intake of NSAIDs is strongly supported by a
recent prospective cohort study conducted in the Netherlands (the Rotterdam
study) (in t' Veld et al., 2001). The Rotterdam study reported a relative risk
of AD of 0.2 for long-term (over 24 months) users of NSAIDs as compared
to none-users. The effects on NSAIDs in the Rotterdam study appeared to be
strongly dependent on extend period of drug use (in t' Veld et al., 2001).
Further clinical intervention studies have so far yielded only negative results,
which do not necessarily contradict the results of epidemiological studies
{Zandi and Breitner, 2001). But there is another interesting link between
NSAIDs and AD pathogenesis, when focusing on APP processing. Weggen
et al. (2001) have shown that NSAIDs directly interfere with the secretase
process preventing the formation of AP aggregates. Therefore the
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neuroprotective effect of NSAIDs in AD could be mediated by their
antioxidant activity by blocking cyclo-oxygenases as well as by their effect
on APP processing. Whether both processes are linked is under
investigation.

Additionally, other compounds with direct or indirect antioxidant
activities have been used in experimental and clinical AD prevention and
therapy including Ginkgo biloba extracts (e.g. Oken et al.,1998), the pineal
hormone melatonin (e.g. Brusco and Marquez, 2000) and the Cw/Zn chelator
clioquinol. The latter used in APP transgenic mice at a concentration of 30
mg/kg/day resulted in an amelioration of general health parameters and a
reduction of amyloid deposition in the brain (Gouras and Beal, 2001). Given
the overwhelming evidence that metals cause oxidative stress in an AP
bound form, such a treatment might prevent neuronal cell loss by preventing
oxidant formation (Smith ef al., 1997; Huang et al., 1999). One single-blind
study with desferrioamine, a transition metal chelator administered
intramuscularly, on 48 patients AD patients has reported essentially positive
effects of this class of compounds on AD progression (Crapper McLachlan
etal., 1991).

In summary, despite the rather ambivalent general picture to-date, we
expect that direct antioxidants will nevertheless become part of a future
standard therapy for certain neurodegenerative disorders, including AD.
Based on the biochemical evidence the highest potential may lie in blood-
brain-barrier permeable chain-braking antioxidants of the tocopherol type
and in enzyme mimetics of the glutathione peroxidase or SOD/catalase type.

Very likely, the best outcome of neuroprotection is when such
compounds are used in a preventive fashion. Just recently a large clinical
trial (Cache study) has shown that combined administration of vitamin E (o.-
tocopherol) and vitamin C (ascorbate) is associated with reduced prevalence
and incidence of AD. The authors concluded that antioxidant supplements
merit further studies as agents for the primary prevention of AD (Zandi et
al., 2004), strongly supporting the effort to identify and design novel
neuroprotective antioxidant compounds for neurological disease prevention.
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Abstract:

Key words:

Amyloid plaques, hallmark neuropathological lesions in Alzheimer’s disease
(AD) brain, are composed of the B-amyloid peptide (AB). A large body of
evidence suggests Af is central to the pathophysiology of AD and is likely to
start this intractable neurodegenerative disorder. Mutations in three genes
(amyloid precursor protein/APP, presenilinl, presenilin2) cause early on-set
familial AD by increasing synthesis of the toxic 42 amino acid species of A
(AP42). Fibrillar Af in amyloid plaques appears to cause neurodegeneration,
although recent studies suggest soluble A oligomers may also be neurotoxic.
Regardless, given the strong correlation between AP and AD, therapeutic
strategies to lower cerebral AP levels should prove beneficial for the treatment
of AD. AP is derived from APP via cleavage by two proteases, B- and y-
secretase. f-secretase, recently identified as the novel aspartic protease
BACE]I, initiates the formation of AB. Consequently, BACE! in principle is
an excellent therapeutic target for strategies to reduce the production of Ap in
AD. However, the discovery of the homologue BACE2 raised the question of
whether it too may be a B-secretase. To settle this issue, our group and others
have used gene targeting to generate BACE! deficient (knockout) mice. These
BACE! knockout mice have been instrumental in validating BACE] as the
authentic B-secretase in vivo. Here, 1 review the roles of BACE1, APP, and AB
in AD and discuss the implications of therapeutic approaches that target
BACE] for the treatment of AD.

B-secretase, amyloid precursor protein (APP), B- amyloid (AB), BACE1
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1. INTRODUCTION

AD is a neurodegenerative disorder characterized by progressive
dementia that inevitably leads to incapacitation and death. Synaptic loss and
neuronal death occurs in AD brain regions critical for cognitive function,
including cerebral cortex, entorhinal cortex, and hippocampus (reviewed in
(Terry et al., 1999)). The inexorable loss of neurons and synapses over the
course of AD is responsible for the dementia that slowly robs AD patients of
their memories, personalities, and eventually their lives. Clearly,
understanding the pathophysiological mechanisms underling
neurodegeneration in AD is essential for the rational design of therapies
aimed at slowing or stopping disease progression.

Two characteristic neuropathological lesions define AD: 1. amyloid
plaques, extracellular deposits primarily composed of the 4 kDa, 40-42
amino acid AP peptide (Glenner and Wong, 1984), a product of APP
proteolysis, and 2. neurofibrillary tangles, intracellular aggregates of the
microtubule associated protein tau (Lee et al., 1991). The relationships
between amyloid plaques, neurofibrillary tangles, and the pathogenic
mechanisms causing AD are controversial. However, cumulative evidence
from a large number of studies indicates that AP is critically involved at an
early stage in AD pathogenesis.

A strong genetic correlation exists between early-onset familial forms of
AD (FAD) and the 42 amino acid species of the AP peptide (AP42)
(reviewed in Hutton et al., 1998; Sisodia et al., 1999; Younkin, 1998).
Autosomal dominant mutations in the genes for APP, presenilinl (PS1), and
presenilin2 (PS2) all increase production of AP42 and cause FAD with
nearly 100% penetrance. Moreover, Down’s syndrome (DS) patients, who
all develop early-onset AD, have an extra copy of the APP gene on
chromosome 21, thus causing AP42 overproduction. In FAD, the Af42
increase occurs years before AD symptoms arise, suggesting that AB42 is
likely to initiate AD pathophysiology. The exact structural form of AP42
conferring pathogenicity in AD is unclear, since both fibrillar AB42 found in
amyloid plaques and soluble AP42 oligomers appear to cause
neurodegeneration in vitro and in vivo (see Section 9). Although the majority
of AD cases appear to be sporadic, the strong association of Ap42 with FAD
argues in favor of a critical role for AB42 in the etiology of sporadic AD as
well. Consequently, elucidating the molecular pathways responsible for the
generation of AP, particularly AB42, is essential for developing rational
therapeutic approaches that lower cerebral AB levels in AD.

The AP peptide is generated by the endoproteolysis of the large type I
membrane protein APP (reviewed in (Selkoe, 2001; Vassar and Citron,
2000). APP is expressed ubiquitously, and AP is a normal product of APP
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metabolism in all cells studied to date. A protease called B-secretase first
cleaves APP to form the N-terminus of AP at the Asp+1 residue of the AP
sequence. Two [-secretase cleavage products are produced: a secreted
ectodomain of APP named APPsfB and the C99 fragment, the membrane
bound C-terminal 99 amino acids of APP. Following -secretase cleavage,
C99 is cut by a second protease called y-secretase, which cleaves to generate
the C-terminus of AP. Thus, the mature AP peptide is formed and is
subsequently secreted from the cell. y-secretase cleavage is not precise and
produces a spectrum of AP peptides varying in length by several amino acids
at the C-terminus, the majority of which end at A} amino acid 40. A third
protease, c-secretase, cleaves APP in the middle of the AP domain (at
Leut17) and precludes the formation of AP (see also Chapter 5). a-
Secretase cleavage produces two products: the secreted APPso ectodomain,
and the membrane bound C-terminal fragment C83, which in turn is cleaved
by y-secretase to form the non-amyloidogenic 3 kDa fragment, p3.

Interestingly, the mutations in APP that cause FAD are all located near
the secretase cleavage sites and they directly affect the efficiency or position
of secretase cleavage. For example, the Swedish mutation (discovered in a
Swedish family), is the amino acid substitution LysMet—»AsnLeu at the P2-
P1 positions immediately N-terminal to the B-secretase cleavage site in APP
(Mullan et al., 1992a). This mutation makes APP a more efficient substrate
for f-secretase and dramatically increases the rate of cleavage at the -
secretase site, thus leading to increased production of total AB. Several other
FAD mutations have been identified near the y-secretase site that shift the
balance of y-secretase cleavage toward greater production of Ap42
(reviewed in Hutton et al., 1998). In addition, some FAD mutations occur
near the o-secretase site and appear to reduce the efficiency of a-secretase
cleavage, thus providing more APP for B-secretase processing.

Until recently, the secretases were described only as APP-cleaving
activities found in cells and tissues, but now molecular identities have been
proposed for all. Two different proteases appear to be responsible for the o-
secretase activity: TACE (TNF-o converting enzyme)(Buxbaum et al.,
1998) and ADAM-10 (a disintegrin and metalloprotrotease domain protein)
(Lammich et al., 1999). The presenilin proteins, PS1 and PS2 (Wolfe ef al.,
1999a; Wolfe et al., 1999b), appear to be components of the y-secretase
complex, along with nicastrin (Yu et al., 2000), Aphl and Pen2 (Francis et
al., 2002; Takasugi et al., 2003). Finally, the B-secretase has been identified
as the novel transmembrane aspartic protease BACEl (for B-site APP
Cleaving Enzyme 1) (Sinha et al., 1999; Vassar et al., 1999), also known as
Asp2 (for novel aspartic protease 2) (Hussain et al., 1999; Yan et al., 1999)
and memapsin2 (for membrane aspartic protease/pepsin 2) (Lin et al., 2000).
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2. THE FUNCTIONAL PROPERTIES OF 8-
SECRETASE

Following the discovery that AR was a product of APP endoproteolysis
(Kang et al, 1987; Tanzi et al., 1987), a large number of studies were
undertaken to define the properties of P-secretase activity in cells and
tissues. This information was essential for the validation of BACE]I, since
the characteristics of a strong B-secretase candidate must match one-to-one
with the previously established functional properties of B-secretase activity.
Therefore, I summarize the major properties of B-secretase below.

B-secretase activity is present in the majority of cells and tissues of the
body (Haass et al., 1992), although maximal activity is found in neural tissue
and neuronal cell lines (Seubert et a/., 1993). Interestingly, astrocytes exhibit
less B-secretase activity than neurons (Zhao et al., 1996). Therefore, it was
predicted that the PB-secretase enzyme would be widely expressed in many
tissues and cell lines, but should be at higher levels in neurons of the brain.

B-secretase activity in cells efficiently cleaves membrane-bound APP
substrates only: APP constructs lacking the transmembrane domain are not
cleaved in transfected cells (Citron et al, 1995). This implies that -
secretase is likely to be a membrane-bound protease or, alternatively, is
tightly associated with a membrane protein.

B-secretase has maximal activity at acidic pH, since agents that disrupt
intracellular pH inhibit B-secretase activity (Haass et al., 1995a; Haass et al.,
1993; Knops et al., 1995). Moreover, [-secretase activity is highest in the
acidic subcellular compartments of the secretory pathway, including the
Golgi apparatus and endosomes (Haass ef al., 1995b; Koo and Squazzo,
1994). These data suggest that the active site of B-secretase is located within
the lumen of acidic intracellular compartments.

Site-directed mutagenesis of the amino acids surrounding the cleavage
site in APP has defined the sequence preference of the B-secretase (Citron et
al., 1995). Substitutions of larger hydrophobic amino acids (such as Leu
found in the Swedish FAD mutation) for the Met residue at P1 improve the
efficiency of B-secretase cleavage. Conversely, substitution of the smaller
hydrophobic amino acid Val at the same position inhibits cleavage. Many
other substitutions at this site and at surrounding positions decrease
cleavage, and indicate that the B-secretase is highly sequence-specific.

Radiosequencing demonstrates that AP isolated from amyloid plaques, as
well as that produced in cell lines, predominantly begins at the Asp+1
residue of AR (Roher er al., 1993), although minor Af species begin at Val-
3, Ile-6, and Glu+11 (Haass et al., 1992). Inhibitor studies suggest that the
Val-3 and He-6 species are generated by a protease that is different than -
secretase (Citron et al., 1996). However, the Glu+11 species is produced in
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parallel with Asp+1 AP (Gouras et al., 1998), suggesting that B-secretase is
responsible for cleaving at both positions. Interestingly, the Glu+11 species
is the predominant form of Af made in rat primary neuron cultures (Gouras
et al., 1998). Finally, PB-secretase is insensitive to pepstatin, an inhibitor of
many (but not all) aspartic proteases.

3. THE CLONING AND CHARACTERIZATION OF
BACE1

Three different methodologies were employed to identify BACEL. We
used an expression cloning strategy designed to identify genes that increase
AP production in cells (Vassar et al., 1999). Following transfection with
pools of ~100 random cDNAs from an HEK 293 cell cDNA expression
library, AP levels were measured by enzyme linked immunosorbent assay
(ELISA), positive pools were broken down to single clones by sib selection,
and the full-length BACE! ¢DNA was isolated and sequenced. Sinha and
colleagues (Sinha et al., 1999) employed an affinity purification approach to
isolate the [-secretase from human brain. Their affinity ligand was a
peptide-based transition-state analog that strongly inhibits and binds tightly
to the enzyme. Using an in vitro assay to follow B-secretase cleavage, the
group then performed several enrichment steps before the final affinity
purification step with the substrate analog inhibitor. N-terminal sequencing
revealed a single amino acid sequence, which was used to isolate the full-
length ¢cDNA by conventional cloning methods. The other groups employed
various genomic strategies to identify novel aspartic proteases that were
evaluated for B-secretase properties (Hussain et al., 1999; Lin et al., 2000;
Yan et al., 1999). For example, based on the sequence characteristics of the
B-secretase cleavage site, Yan and colleagues (Yan et al., 1999) reasoned
that the B-secretase might be an aspartic protease and therefore searched the
C. elegans genome database to identify novel aspartic proteases. Using the
C. elegans protease sequences, they searched vertebrate expressed sequence
tag (EST) databases and found four novel human aspartic proteases. The
group then screened the candidates for B-secretase function using antisenese
technology, and determined that only one protease had bona fide B-secretase
activity. Most importantly, all the groups identified exactly the same protein
and concur it is B-secretase, even though the groups used very different
methodological approaches. This fact provides strong support for the
hypothesis that BACE1/Asp2/memapsin2 (henceforth referred to as BACE1)
is the authentic B-secretase.

BACE! exhibits all the known functional properties and characteristics
of the B-secretase. First, BACE! is clearly a protease: the 501 amino acid
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sequence exhibits the hallmark features of eukaryotic aspartic proteases of
the pepsin family. Two aspartic protease active site motifs of the sequence
DTGS (residues 93-96) and DSGT (residues 289-292) are present in
BACE], and mutation of either aspartic acid residue inactivates the enzyme
(Bennett et al., 2000b; Hussain et al., 1999). BACE] has an N-terminal
signal sequence (residues 1-21) and a pro-peptide domain {residues 22-45)
that are removed post-translationally, so the mature enzyme begins at residue
Glud6. Importantly, BACE] has a single predicted transmembrane domain
near its C-terminus (residues 455-480). Thus, BACE]1 is a Typel membrane
protein with a lumenal active site, features predicted for B-secretase. The
position of the BACE] active site within the lumen of intracellular
compartments provides the correct topological orientation for cleavage of
APP at the B-secretase site. Similar to other aspartic proteases, BACE! has
several N-linked glycosylation sites and six lumenal cysteine residues that
form three intramolecular disulfide bonds.

The expression pattern of BACE] is consistent with that of B-secretase
(Marcinkiewicz and Seidah, 2000; Vassar et a/., 1999; Yan et al., 1999). The
levels of BACE! mRNA by Northern analysis are highest in pancreas and
brain, and are significantly lower in most other tissues. Moreover, by in situ
hybridization analysis, BACFE1 is highly expressed in neurons but little, if
any, is present in glial cells of the brain, as expected for B-secretase. The
protein is abundant in both normal human and AD brain (Marcinkiewicz and
Seidah, 2000; Vassar et al., 1999). The high pancreatic mRNA expression
was initially confusing, given the low levels of B-secretase activity in this
tissue (Sinha ef al., 1999). However, recent reports indicate that a significant
proportion of BACE! mRNA in the pancreas consists of a splice variant
missing the majority of exon 3 (Bodendorf et al., 2001). This splice variant
encodes a BACE! isoform lacking B-secretase activity, thus providing an
explanation for the low [-secretase activity found in the pancreas. The
functional relevance of this pancreas-specific splice variant is unclear.

When transfected into stable APP-overexpressing cell lines, BACE!
induces a dramatic increase in B-secretase activity (Hussain et al., 1999; Lin
et al., 2000; Sinha et al., 1999; Vassar et al., 1999; Yan et al., 1999). The
immediate products of fB-secretase cleavage, APPsp and C99, are increased
several fold over levels found in untransfected cells. AB production is also
elevated by BACE! transfection in cells overexpressing wild-type APP
(APPwt), but (surprisingly) not in cells overexpressing APP with the
Swedish mutation (APPsw), even though C99 levels are dramatically
increased. Possibly, the very high C99 levels produced by endogenous
BACE]1 in APPsw cells may saturate y-secretase and prevent processing of
the additional C99 made after BACEL! transfection. Interestingly, APPsa
levels are reduced upon BACE]1 transfection of APPwt and APPsw cells,
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suggesting that o- and P-secretases compete for APP substrate in cells.
Contrary to the effects of BACE1 transfection in cells, treatment of APP-
overexpressing cells with BACE1 antisense oligonuclteotides decreases
BACE1 mRNA and inhibits [3-secretase activity (Vassar et al., 1999; Yan et
al., 1999). BACE! antisense inhibition reduces production of APPsf, C99,
and A in cells; conversely, APPsa generation is elevated.

BACE]! cleaves APP only at the known B-secretase sites of Asp+1 and
Glu+11 of AB, as determined by radiosequencing of AP and APP C-terminal
fragments from APP and BACEL! co-expressing cells (Vassar et al., 1999).
Moreover, purified recombinant BACE] directly cleaves APP substrates at
these same sites in vitro, demonstrating that the BACEl molecule
intrinsically exhibits protease activity (Vassar et al., 1999; Yan et al., 1999).
The sequence specificity of purified BACEL! is the same as J-secretase: it
cleaves Swedish mutant APP substrate much more efficiently than wild-
type, and does not cleave a P1 Met—»Val mutant substrate that is resistant to
B-secretase cleavage when expressed in cells. Like J-secretase activity,
BACE1] has optimal activity at ~pH 4.5, is resistant to inhibition by
pepstatin, and is localized within acidic subcellular compartments of the
secretory pathway, primarily the Golgi apparatus and endosomes. Taken as a
whole, the properties of BACELI correlate extremely well with the previously
established functional characteristics of B-secretase in cells and tissues.

4. THE HOMOLOGUE BACE2

Soon after the discovery of BACEIL, searches of EST databases with the
BACE!1 sequence identified a homologous novel aspartic protease, BACE2
(also termed Aspl, mempapsinl, and DRAP) (Acquati et al., 2000; Bennett
et al., 2000a; Lin et al., 2000; Saunders et al., 1999; Solans et al., 2000; Yan
et al., 1999). BACE! and BACE2 have ~64% amino acid similarity, and
both have two aspartic protease active site motifs, six conserved lumenal
cysteine residues, a C-terminal transmembrane domain, N-linked
glycosylation sites, and other similar structural characteristics. Although
BACE1 and BACE2 are most closely related to the pepsin family, they
possess features that clearly set them apart from other aspartic proteases.
First, BACE1 and BACE2 share only ~40-44% amino acid similarity to
individual pepsin family members, while similarity within the pepsin family
is significantly higher (~52-69%). Moreover, the positions of only two of the
six lumenal cysteine residues of BACE1 and BACE2 are conserved with
those of the pepsins. Thus, the disulfide bond structure of BACE] and
BACE2 is very different than that of the pepsin family, and may influence
enzyme properties such as stability, activity, or substrate specificity (Haniu
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et al., 2000). Most importantly, BACE] and BACE2 are the only aspartic
proteases identified that have a C-terminal extension with a predicted
transmembrane domain. Membrane attachment may facilitate intracellular
localization or may serve to increase the local concentration of enzyme in
the lipid bilayer for the processing of membrane-bound substrates. Taken
together, the characteristics of BACE1 and BACE?2 define a novel family of
transmembrane aspartic proteases distinct from the pepsins and the
evolutionarily more ancient retroviral aspartic proteases that include the
human immunodeficiency virus (HIV) protease (Bennett ef a/., 2000a).

The high degree of similarity between BACE1 and BACE2 initially
suggested that BACE2 might also function as a B-secretase. The BACE!
gene is localized on chromosome 11q23.3 (Saunders et al., 1999). So far, no
mutations in the BACE] gene have been identified that strongly associate
with AD (Murphy et al., 2001), although a weak association between a
polymorphism in BACE1 exonS and AD in individuals carrying an ApoE4
allele has been recently reported (Nowotny et al., 2001). Intriguingly, the
BACE2 gene is located in the obligate DS region on chromosome 21
(Saunders et al., 1999). Thus, a third copy of the BACE2 gene (and the APP
gene) is present in DS and suggests a potential role for BACE2 in the early-
onset AD of DS patients. Indeed, cell transfection studies demonstrate that
BACE2 cuts APP at the B-secretase site (Farzan et al., 2000; Hussain et al.,
2000; Yan et al., 2001). However, BACE2 cleaves with higher efficiency at
two other positions within the AP domain near the o-secretase cleavage site,
Phe+19 and Phet+20. Interestingly, the Flemish FAD mutation of APP
(Ala—>Gly at +21 of AP) is adjacent to the Phe+20 cleavage site and causes
an increase in Af} production that is mediated by BACE2 but not BACE! in
transfected cells (Farzan et al., 2000). Thus, BACE2 may play a role in the
pathogenesis of Flemish FAD. However, BACE2 acts like an alternative a-
secretase on wild-type APP, so that APP processing by BACE2 typically
reduces A production in cells.

BACE2 mRNA is expressed in most tissues at moderate to low levels,
but is nearly undetectable in whole brain by Northern analysis (Bennett et
al., 2000a; Marcinkiewicz and Seidah, 2000). At the cellular level, in situ
hybridization studies reveal an intriguing distribution of BACE2 mRNA in
the brain: the message is very low or undetectable in most brain regions, but
appears high in neurons of a small number of discrete nuclei including
ventromedial hypothalamus, mammilary body, and isolated nuclei of the
brain stem (Bennett et al., 2000a). The neuroanatomical pattern of BACE2
mRNA expression does not reveal a clear physiological function for BACE2,
but implies a role in the processing of substrates important for these specific
neuronal populations. The overall expression pattern of BACE2 mRNA in
the brain contrasts markedly with that of BACE1 mRNA, which is highly
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expressed in neurons of most brain regions (Vassar er al, 1999).
Consequently, the high levels of B-secretase activity found in the brain are
inconsistent with the very low levels of cerebral BACE2 mRNA. This
observation together with the o-secretase-like cleavage activity of BACE2
argues against a major role for BACE2 in AP generation.

5. THE GENERATION AND CHARACTERIZATION
OF BACE1 KNOCKOUT MICE

Soon after the discovery of BACE], a flood of data strongly suggested
BACE1 was the authentic B-secretase. However, it was still formally
possible that BACE2 or an as yet unidentified enzyme might have [-
secretase activity and thus contribute to A generation in vivo. To address
this issue, it was necessary to disrupt the BACE] gene (BACE1 knockout) in
the mouse in order to unequivocally prove that BACE1 was the bona fide §3-
secretase in the brain. BACE1 knockout mice were also required to
determine whether BACE1l had a vital function in vivo, or if it was
dispensable. These questions are of critical importance to investigators
interested in the therapeutic development of BACEI inhibitors.

Given the importance of the knockouts, several groups undertook efforts
to generate BACEl deficient mice by gene targeting. Four knockout
strategies were used to inactivate the BACE] gene: 1. deletion of exonl,
thus removing the ATG start codon (Cai et al., 2001); 2. insertion of a B-
galactosidase reporter gene immediately downstream of the ATG start codon
(Roberds et al., 2001); 3. deletion of exon2, thus removing the N-terminal
protease active site motif (Luo et al., 2001); 4. deletion of exon4 through
exon8, causing the removal of the C-terminal half of the protease domain
(Roberds et al., 2001).

All of the knockout strategies produced viable, fertile BACE!1 deficient
(BACE1") mice at the expected Mendelian frequency (Cai et al., 2001; Luo
et al., 2001; Roberds et al., 2001). Lack of expression of the BACE! gene in
the knockouts did not appear to adversely affect embryonic development,
nor did it significantly affect the morphology, physiology, biochemistry, and
behavior of post-natal or adult mice. Detailed analysis of the phenotype of
adult BACE1™ mice revealed no discernable abnormalities in tissues
(morphology, weights, histology), hematology, or blood and urine
chemistries, as compared to wild-type mice (Luo et al., 2001; Roberds et al.,
2001). Since brain expresses high levels of BACELI, brain histology from the
knockout mice was closely examined and no microscopic differences with
wild-type brain was observed, irrespective of brain region (Luo ef al., 2001;
Roberds et al., 2001).
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To more closely investigate brain function in the knockout mice, Roberds
and colleagues (Roberds et al., 2001) investigated gross behavioral and
neuromuscular parameters of BACE1™" mice and found that no demonstrable
differences existed, as compared to wild-type mice. For example, BACE1™
mice exhibit normal locomotor activity, gait, and exploratory behavior, and
are neither hyperactive nor sedated. In addition, the knockouts have normal
grip strength, righting reflex, geotaxis, eye-blink reflex, and reactions to
tactile stimuli. Overall, it is clear from these studies that the absence of
BACE]1 is well tolerated in vivo and does not appear to cause untoward
effects in the embryonic, post-natal, or adult mouse.

Importantly, B-secretase activity is abolished in brains and cultured
neurons of BACE1™ mice. Since endogenous A is difficult to detect in the
mouse, we mated BACE]™ mice with Swedish APP-overexpressing
transgenic mice (Tg2576) (Hsiao et al., 1996), which produce robust levels
of AP in the brain and develop cerebral amyloid deposits with age. BACE1™
*Tg2576 bigenic mice were generated, and brain extracts were analyzed for
APP soluble ectodomains (APPso, APPsf), C-terminal fragments (C83,
C99) and AP species (total AP, AB40, AB42) (Luo et al., 2001). BACE1™
*Tg2576 mice lacked all forms of AP in the brain, as well as APPsp and
€99, as compared to BACE1""Tg2576 or BACE1"*+Tg2576 mice. In other
words, all products of APP processing by B-secretase, including A, were
abolished in BACE] knockout brain. This result unequivocally proves that
BACEI is the major, if not only, B-secretase responsible for AP generation
in the brain,

The work of Cai (Cai et al., 2001) and Roberds (Roberds er al., 2001)
also demonstrated that BACE!1 is the principle B-secretase. Cai and
colleagues infected cultures of BACE1™ embryonic neurons with APP-
expressing adenovirus and determined that AP and C99 are abolished in
these cells by using mass spectrometry and gel electrophoresis analysis,
respectively. In BACEL™ cultures, the absence of AP species starting at
Phet19 or Phet20 (the major sites of BACE2 cleavage) indicated that
BACE?2 is not significantly involved in APP cleavage in neurons (Cai et al.,
2001). In addition, Roberds and colleagues found no measurable AP by
ELISA or B-secretase activity using an in vitro assay in extracts of whole
brain or cultured neurons from BACE1" mice. Peptide-based statine
inhibitors of BACE1 showed essentially the same IC50s for both purified
human BACE! and brain extracts from wild-type mice, demonstrating that
mouse and human BACE1 have similar enzymatic properties, as expected
(Roberds et al., 2001).

Interestingly, the a-secretase cleavage products APPs o, C83, and p3
were dramatically elevated in BACE1"*Tg2576 brain, demonstrating a
competition between a- and -secretases for cleavage of APP in vivo (Cai et
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al., 2001; Luo et al., 2001). These results were similar to those obtained with
BACE]1 antisense inhibition experiments that show an elevation of -
secretase cleavage in BACE! antisense treated cultured cells (Vassar ef al.,
1999; Yan et al., 1999).

By co-infecting BACE1™ neurons with APP and BACE! adenoviruses,
Cai (Cai et al., 2001) determined that B-secretase cleavage at Glu+11 is
species-specific. Mass spectrometry analysis revealed that both the Asp+l
and Glu+11 cleavages of APP caused by BACE! are abolished in BACE1™
primary neuronal cultures. By co-expressing different combinations of
human or mouse BACE1 with human or mouse APP, Cai and colleagues
found that the Asp+l site is always cleaved, regardless of whether the
substrate or enzyme comes from man or mouse. In other words, the Asp+1
site shows no BACEI species selectivity. However, the Glut+ll site is
cleaved only when BACE] enzyme and APP substrate are from the same
species. These observations make sense in light of the fact that the sequence
surrounding the Asp+l1 site is absolutely conserved between mouse and
human, while the Glu+11 sequence is divergent (Cai et al., 2001). Moreover,
these results suggest that APP and BACEI have co-evolved within a species
to preserve cleavage at Glu+1l, although the functional significance of
Glu+11 cleavage is unknown. Since Glut+1l is a major site of B-secretase
cleavage in neurons, and Glu+11 AP appears to be more fibrillogenic and
neurotoxic than Asp+1 AP in vitro (Pike et al., 1995), AP species starting at
Glu+11 may play a significant, but currently under-appreciated, role in AD
pathophysiology.

Recently, we have shown BACE1"+Tg2576 mice not only lack cerebral
AP, but also fail to develop amyloid plaques with age (Luo et al., 2003).
Tg2576 mice begin to deposit amyloid in the brain at ~9-12 months of age.
Conversely, BACE1""+Tg2576 bigenic mice show no evidence of amyloid
deposits even at 13 months of age. Wong and colleagues have also
performed experiments similar to our own and have obtained the same result
(International  Alzheimer’s Conference, 2002; Abstract#560). Taken
together, these results demonstrate BACEl is required for amyloid
formation. Since BACE1"+Tg2576 mice have elevated a-secretase cleavage,
as judged by increased APPsa and C83, their p3 levels are also likely to be
increased. Although it remains to be confirmed that BACE1"+Tg2576 mice
have increased p3 levels, the apparent lack of amyloid deposits in these mice
implies that p3 is in fact non-amyloidogenic, as expected. Wong and
colleagues are currently investigating whether partial inhibition of BACE],
as occurs in heterozygous BACE1"" mice, significantly delays the on-set of
amyloid formation in BACE1™+APP mice. If so, it implies that only partial
(~50%) therapeutic inhibition of BACEl may be sufficient to delay AD
pathogenesis in human patients.
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As a whole, the results of the BACE! knockout experiments conclusively
demonstrate that BACE1 is the major, if not only, B-secretase in vivo.
Therefore, BACE2 and other proteases can be excluded from serious
consideration as f-secretase candidates (with the possible exception of a role
for BACE2 in Flemish FAD; (Farzan et al., 2000)). The normal appearing
phenotype of BACET™" mice indicates that BACE]1 is dispensable for normal
development and physiological functions in vivo. In contrast, the ablation of
the PS1 gene, which is required for y-secretase function, causes embryonic
lethality. This suggests the possibility that, unlike y-secretase inhibitors,
BACE1 inhibitors may not be associated with mechanism-based toxicity in
human beings. Finally, the lack of AP generation in the brains of BACE1
deficient mice indicates that therapeutic inhibition of BACE] should reduce
AB levels and amyloid development, an outcome widely believed to be
beneficial for the treatment of AD.

6. BACE1 OVEREXPRESSING TRANSGENIC MICE

Recently, transgenic mice that overexpress BACE! in the brain have
been generated (Bodendorf ef al., 2002). The rationale for these experiments
was 1.) to determine if elevated BACEIL expression would increase the
steady-state levels of AP in the brain, and 2.) to test whether increased
steady-state levels of AP caused by BACE! overexpression could accelerate
amyloid deposition. The transgenic mice of Bodendorf and colleagues
overexpress human BACE!L driven by the neuron-specific mouse Thyl
promoter. Both single BACE! transgenics and mice bigenic for both BACE1
and APP transgenes show a significant increase in the steady state levels of
all APP cleavage products made by B-secretase (APPsf, C99, C89, AB40
and AP42), but increases are relatively modest (~1.5-2 fold) probably due to
high levels of clearance in the rodent brain. Levels of the APP metabolites
C99, APPsp, and AP all show a similar increase in BACE] transgenic brain,
indicating a direct relationship between amyloidogenic processing of APP
and an increase in Af. This suggests that B-secretase cleavage of APP by
BACE]I, rather than y-secretase cleavage, is the rate-limiting step in the
production of AP in vivo.

In cultured cells, BACEI not only cleaves full-length APP, but also cuts
C99 at Glut+11 to produce C89 (Farzan et al., 2000). To explore whether this
occurs in vivo, Bodendorf (Bodendorf et a/., 2002) compared the steady-state
levels of C89 and C99 in transgenic mice expressing matched levels of either
wild-type APP (APPwt) or APP with the Swedish mutation (APPsw). As
expected, since APPsw is a better substrate for BACE] than APPwt, the
APPsw mice expressed about 4 fold more C99 than the APPwt mice.
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Interestingly, the levels of C89 were the same in both APPsw and APPwt
mouse brains. Since C89 levels were not increased in APPsw mice, the
authors concluded that, in contrast to the results observed in cell culture, in
vivo C89 is not made by BACE! cleavage of C99, but rather C89 is
generated directly from full-length APP. Finally, the study by Bodendorf and
colleagues found no evidence for the species-specificity of the Glutil
cleavage, again in contrast to cell culture experiments (Cai et al., 2001).
Clearly, the resolution of the discrepancies surrounding Glu+11 generation
and species-specificity must await further investigation.

Thus far, it has not yet been reported whether BACE1 overexpression
accelerates amyloid deposition in APP transgenic mice, analogous to the
effects of mutant PS1 transgenes. These experiments will provide insight
into the potential role of BACEl overexpression in humans as a
pathophysiological initiator or accelerant during AD. In the future, it will be
useful to introduce a human BACE! transgene into BACE1 knockout mice
in order to test the specificity and efficacy of BACE]! inhibitors in vivo, thus
preventing any confounding effects from endogenous mouse BACE]. In
addition, testing BACE1 inhibitors in BACE1” mice will also be
informative for investigating possible non-specific side effects that are not
directly due to inhibition of BACEL.

7. BACE1 X-RAY STRUCTURE

Structural information about the interaction of substrate with the active
site of BACE1 would greatly facilitate the rational design of small molecule
BACE] inhibitors. Toward this end, Sauder et al. (Sauder et al., 2000) used
molecular modeling to simulate the BACE] active site bound with wild-type
or mutant APP substrates. Since the basic structure of most aspartic protease
active sites is well conserved, the X-ray structure of pepsin was used to
model BACEL. X-ray structural information of a peptide inhibitor bound to
rhizopuspepsin was also incorporated to model the interaction with APP.
The molecular modeling identified several residues in BACE! that
potentially contribute to substrate specificity. In particular, Arg296 forms a
salt-bridge with the P1” Asp+1 residue of the B-secretase cleavage site, thus
explaining the unusual preference of BACE] among aspartic proteases for
substrates that are negatively charged at this position. In addition, several
hydrophobic residues in BACE1 form a pocket for the hydrophobic Pl
residue. The model also showed that the Swedish FAD mutation,
LysMet—Asnleu at P2-P1, interacts more favorably with Agr296 and the
hydrophobic pocket of BACE! than does wild-type substrate, providing an
explanation for the enhanced cleavage of this mutation. Conversely, the
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substitution of Met—Val at P1 blocks the catalytic Asp93 residue,
explaining the lack of cleavage of this mutation by BACEI.

Shortly after the molecular modeling study, the X-ray structure of the
BACE] protease domain co-crystalized with a transition-state inhibitor was
determined to 1.9 A resolution (Hong et al., 2000). As expected, the BACE1
catalytic domain is similar in structure to pepsin and other aspartic proteases,
despite the relatively low sequence similarity. Interestingly, the BACE1
active site is more open and less hydrophobic than that of other aspartic
proteases. Four hydrogen bonds from the catalytic aspartic acid residues
(Asp93 and Asp289) and ten additional hydrogen bonds from various
residues in the active site are made with the inhibitor, most of which are
conserved in other aspartic proteases. The X-ray structure indicates that
Arg296 and the hydrophobic pocket of the active site play an important role
in substrate binding, confirming the results of the molecular modeling study.
In addition, the bound inhibitor has an unusual kinked conformation from
P2’ to P4’. The BACE] X-ray structure suggests that small molecules
targeting Arg296 and the hydrophobic pocket residues should inhibit B-
secretase cleavage. Moreover, mimicking the unique P2’-P4’ conformation
of the bound inhibitor may increase the selectivity of inhibitors for BACE]
over BACE2 and the other aspartic proteases.

8. BACE1 INHIBITOR DEVELOPMENT

The challenges facing BACEL! inhibitor development are significant, but
not insurmountable. Two transition-state analog inhibitors of BACEI]
modeled on the -secretase cleavage site of the Swedish mutation have been
reported with relatively low IC50 concentrations. The first inhibitor, P10-
P4’StatVal, contains Asn at P2 (like the Swedish mutation), a statine group
at P1, and Val at P1’ and has an IC50 of ~30nM (Sinha et al., 1999). The
second, called OM99-2, has an IC50 of ~1.6nM and is P4-P4’ with AsnLeu
at P2-P1, Ala at P1’, and a hydroxyethylene isostere between P1 and P1’
(Ghosh et al., 2000). The former inhibitor was used as the affinity ligand for
the purification of BACE! protein from human brain, and the later inhibitor
was co-crystallized with BACE1 for the X-ray structure determination.
Enzyme inhibitors with therapeutic potential are preferably smaller than 700
daltons and have low nanomolar IC50 concentrations or better, so these large
peptide-based inhibitors are not viable drug candidates. However, they are
starting points for rational drug design efforts and are useful reagents for
studying the enzymatic properties of BACEIL. For example, one group has
recently used P10-P4’StatVal to study the kinetics of BACE! inhibition
(Marcinkeviciene et al., 2001). They concluded that inhibition involves a
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two-step process: a fast initial association between inhibitor and enzyme,
followed by a slower “tightening up” of the complex due to conformational
changes in the flap region and displacement of the catalytic water in the
active site of BACEL. Such studies enhance our mechanistic understanding
of BACEI inhibition and provide the foundation for further advances in
BACEI inhibitor development.

Several other factors must be taken into consideration for the
development of a viable BACE! drug candidate: 1. in addition to small size,
high potency, and low toxicity, the candidate should exhibit favorable
pharmacokinetic properties; 2. the inhibitor must possess sufficient
lipophilicity to a) efficiently cross the blood-brain barrier and achieve high
concentrations in the brain, and b) to traverse two lipid bilayers and reach
BACE] localized in the TGN/endosomal lumen (although the periodic
cycling of BACE! to the cell surface may facilitate enzyme-inhibitor
binding); 4. since it is not yet known whether BACE?2 is dispensable in vivo,
it may be necessary to design BACE1-selective drugs that exhibit minimal
cross-inhibition of BACE?2 and other aspartic proteases. Regarding this latter
point, the high degree of homology between BACE1 and BACE2 suggests
that the active sites of the two proteases are quite similar, thus making the
design of BACE-selective drugs potentially difficult.

9. SOLUBLE AB OLIGOMERS AS PATHOGENIC
AGENTS IN AD

The amyloid plaque is a deposit in the parenchyma of the brain composed
mainly of insoluble fibrils of the AP peptide (reviewed in Selkoe, 2001). The
more fibrillogenic AP42 is the predominant species of AB in amyloid
plaques, and is increased in production in autosomal dominant forms of FAD
(see Section 1). Given these associations, and the fact that A fibrils appear
neurotoxic in vitro, it was postulated that amyloid plaques are pathogenic
and cause neurodegeneration in AD, as stated in the original amyloid
cascade hypothesis (reviewed in Hardy and Selkoe, 2002). However, direct
evidence that amyloid plaques are pathogenic in vivo has been difficult to
obtain. Transgenic mice that overexpress APP with FAD mutations have
elevated cerebral AP levels and develop amyloid deposits with age
(reviewed in Hsiao Ashe, 2001). APP transgenics have many of the
neuropathological characteristics of AD, including neurodegenerative
changes, and they exhibit memory deficits. On the other hand, the mice do
not develop neurofibrillary tangles, nor do they have significant neuronal
loss, both important features of AD. Moreover, plaque number poorly
correlates with severity of dementia in AD (Terry ef al., 1999). Although the
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total amount of A in the brain (AP load) directly correlates with dementia
(Cummings and Cotman, 1995; Parvathy et al., 2001), the fact that plaque
number does not correlate, together with the incomplete recapitulation of AD
pathology in APP transgenic mice, calls into question the role of amyloid
plaques in AD pathogenesis.

Recently, research has begun to focus on soluble, non-fibrillar oligomeric
forms of A as potential toxic agents in AD. The first indication that soluble
forms of AP may play a role in AD came from Roher and colleagues who
determined that the amount of water-soluble A in AD brain tissue was
significantly greater than in contro! tissue (Kuo ef al., 1996). Interestingly,
evidence suggests amyloid deposits in APP transgenic mice are dynamic and
can increase in size or be cleared over time (Bacskai et al., 2001). These
results imply that AP can make the transition from soluble (oligomer) to
insoluble (plaque) form in a reversible fashion. Given the high
concentrations of soluble AP in AD brain, and that it may diffuse large
distances through the parenchyma, soluble Af} may have great neurotoxic
potential.

Next, studies investigated whether soluble AP was toxic to neurons,
causing neuronal dysfunction and neurodegenerative changes (reviewed in
(Klein ef al., 2001)). AP derived diffusible ligards (ADDLs) (Lambert et al.,
1998) and protofibrils (Hartley et al., 1999) are non-fibrillar Ap assemblies
that are soluble in physiological solutions. Although the precise structures of
ADDLs and protofibrils are still under investigation, gel electrophoresis and
atomic force microscopy indicates they are small oligomers probably
composed of less than ~10 AP molecules in ADDLs and perhaps a few
dozen AP molecules in protofibrils (see also Chapter 1). Preparations of
these AP assemblies are potent neurotoxins and kill neurons at nanomolar
concentrations in vitro (Hartley et al., 1999; Lambert et al, 1998).
Interestingly, ADDLs and protofibrils disrupt neuronal physiology including
long-term potentiation, a cellular correlate of memory and learning, in
hippocampal slices. Thus, soluble AP oligomers appear toxic to neurons and
interfere with physiological mechanisms of memory that are likely to be
important in AD.

Evidence that soluble AP oligomers may be toxic to neurons in vivo and
could impair memory has begun to emerge recently. APP transgenic mice
develop memory deficits prior to the formation of amyloid deposits,
implying that increased cerebral levels of soluble AP disrupt memory
function (Hsiao Ashe, 2001). Moreover, studies with these APP transgenic
mice have demonstrated that anti-A antibodies, either generated
endogenously by AP vaccination (Schenk et al., 1999) or administered
exogenously by peripheral injection (Bard et al., 2000), reduce amyloid
deposition and AP levels in the brain. Ap-immunized APP transgenic mice
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also show improved performance in memory tests as compared to non-
immunized transgenics (Janus et al., 2000; Morgan et al., 2000). Passive
immunization of APP transgenics with anti-Af} monoclonal antibodies
demonstrated rapid memory improvement (Dodart et al., 2002; Kotilinek et
al., 2002), in one study occurring as early as 24 hours after a single
peripheral injection of antibody (Dodart et al., 2002). Since amyloid burden
was unaffected by passive immunization in these studies, the authors
concluded that some form of soluble AP (rather than the amyloid deposit)
was likely to cause memory deficits in the APP transgenic mice and in AD.
Although the underlying mechanisms of memory rescue in these cases are
unknown, presumably antibody-mediated sequestration and clearance of
soluble AP in the brain is responsible.

Finally, we have recently conducted studies to determine whether
BACE]! deficiency, and the consequent ablation of AP, is sufficient to rescue
memory deficits in Tg2576 APP transgenic mice (Ohno et al., 2004). Since
Tg2576 mice develop memory impairments at an early age before the onset
of amyloid deposition (Hsiao Ashe, 2001), we chose to study young pre-
deposit mice to analyze the contribution of soluble AP to memory
dysfunction. Our work demonstrated that memory deficits and cholinergic
dysfunction in the hippocampus did not develop in BACE1"Tg2576
bigenic mice that lacked AP, while florid deficits were apparent in AP-
overproducing Tg2576 monogenics. Because the AP in Tg2576 at the time
of testing was non-fibrillar and soluble, we concluded that soluble AJ
assemblies rather than amyloid plaques are responsible for at least some
aspects of AD-related memory deficits. Moreover, our work is further
validation of BACE] as a prime therapeutic target for AD.

To put these studies into perspective, it was recently discovered that
soluble AP potentially has a normal function as a negative regulator of
excitatory synaptic transmission (Kamenetz et al., 2003). Upon electrical
stimulation of glutaminergic pathways in hippocampal slices, presynaptic
terminals release AP, which then inhibits postsynaptic neurons from further
depolarization. Such a mechanism may be important for “putting on the
brakes” on excitatory transmission in order to protect against over-
stimulation under certain conditions. Most importantly, these resuits
convincingly suggest a normal function for soluble AP and indicate that
cerebral AP levels may need to be maintained within a narrow margin, or
else memory function may become disrupted.

Taken together, the evidence suggests that soluble AP oligomers are an
important pathogenic agent in AD. However, significant work remains
before we can confidently conclude that soluble AP is at the root of AD
etiology. In fact, amyloid plaques are also likely to contribute to
pathogenicity in AD, since clear signs of inflammation and
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neurodegeneration such as dystrophic neurites are increased in the
immediate vicinity of amyloid deposits in both AD and APP transgenic mice
(Selkoe, 2001). In the end, it is likely that both soluble AB oligomers and
amyloid plaques are involved in the pathophysiology and progression of AD.

10. CONCLUSIONS

A large body of evidence has demonstrated that BACE! is the authentic
B-secretase. Yet, these are still early days in the study of BACE1 (and
BACE?2) and its potential as a drug target in AD. The lack of AB production
and amyloid deposition in BACE! deficient mice clearly validates BACE1
as the [B-secretase and indicates that BACEL inhibitors should reduce
cerebral AP levels, but questions remain. What percentage of BACE!
inhibition is required to significantly delay amyloid deposition? In addition,
does the other f-secretase cleavage product, Glu+11l AB, have any role in
amyloid deposition? These questions have important implications for both
AD pathogenesis and therapeutic development and thus require further
investigation.

Despite progress in characterizing the molecular and cellular properties
of BACE1 and BACE2, little is known about the substrates (other than APP)
and the biological functions of these two proteases. Recent results suggest
that a Golgi-resident sialyltransferase, ST6Gal I (Kitazume ef al., 2001), and
P-selectin glycoprotein ligand-1 (Lichtenthaler er al., 2003) are BACEI
substrates, however the functional significance of these data is unknown and
further work in this area is required. Although the apparently normal
phenotype of BACE! knockout mice is uninformative regarding BACEI
function in vivo, it is possible that subtle effects of BACE1 deficiency may
be revealed with challenge. Phenotypes uncovered by different challenges or
stresses could provide a clue to the biological function of BACE! and would
guide predictions regarding potential side effects of BACE1 inhibitors in
humans under certain conditions.

Regarding BACE2 function, the intriguing pattern of BACE2 expression
in the brain suggests an important role for BACE2 in specific neuronal
subpopulations. The generation of BACE2 knockout mice will be
instrumental for addressing this question. BACEL and BACE2 are highly
homologous and have expression patterns that partially overlap, implying
that these enzymes may be functionally redundant in some tissues. The
analysis of BACE1"*BACE2" compound knockout mice could provide
insight into this issue. Clearly, identification of other substrates for BACE!
and BACE?2 will vastly increase our understanding of the functional role of
this novel family of transmembrane aspartic proteases.
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To date, no mutations in the BACE] gene have been identified that
definitively associate with AD. Still, it is possible that mutations in the
BACE]1 gene could increase the risk of AD by elevating either BACE1 gene
expression or enzyme activity. Such BACE1 mutations would be expected to
increase the production of A, thus potentially contributing to AD
pathogenesis. Increasing the level of AP by 50% is enough to cause early on-
set AD in DS, and it is possible that even much smaller AP increases may
have profound effects over time to cause some forms of late-onset AD. In
this light, it is interesting to note that BACE] levels appear to be increased
by ~2.7 fold or more in the brains of at least some late-onset AD cases, as
compared to age-matched controls, and that C99 levels were ~2 fold higher
(Holsinger et al., 2002). A recently identified polymorphism in exon5 of the
BACE] gene has been found to weakly associate with AD (Nowotny et al.,
2001) and one may speculate that such mutations may increase BACE1 and
AP levels, although currently there is no evidence to support this hypothesis.
In any case, further analysis of BACEI protein levels and BACE] gene
sequences from AD patients is warranted and may eventually reveal
mutations that increase the risk of AD.

Finally, as the key enzyme that initiates AP formation in vivo, BACEL1 is
a prime drug target for inhibiting the production of AP. Regardless of
whether soluble or fibrillar AP is the pathogenic agent in AD, therapeutic
inhibition of BACEL! is expected to lower cerebral A levels, which should
prove beneficial for AD. Although the creation of pharmaceutically viable
BACE]! inhibitors will be challenging, it is likely that BACE1 drugs will be
developed with time. Drugs that inhibit other therapeutically important
aspartic proteases such as renin and the HIV protease have been successfully
developed, and these drugs provide paradigms for the rational design of
BACE]! inhibitors for the treatment of AD.
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1.

The amyloid cascade hypothesis is the most accepted explanation for the
pathogenesis of Alzheimer’s disease (AD). APP is the precursor of the amy-
loid B peptide (Ap), the principal proteinaceous component of amyloid plaques
in brains of Alzheimer’s disease patients. Proteolytic cleavage of APP by the
a-secretase within the AP sequence precludes formation of amyloidogenic
peptides and leads to a release of soluble APPso which has neuroprotective
properties. In several studies, a decrecased amount of APPsa in the
cerebrospinal fluid of AD patients has been observed. Three members of the
ADAM family (a disintegrin and metalloproteinase) ADAM-10, ADAM-17
(TACE) and ADAM-9 have been proposed as a-secretases. We review the
evidence for each of these enzymes acting as a physiologically relevant o-
secretase. [n particular, we focus on ADAM-10, which recently was shown in
a transgenic mouse model for AD, to act as an o-secretase in vive. We also
discuss the pharmacological up-regulation of a-secretases as a possible
therapeutic treatment for AD.

a-secretase, non-amyloidogenic pathway, Alzheimer’s disease, ADAM-9,
ADAM-10, ADAM-17, cholesterol, G-protein-coupled receptors, acetyl
choline esterase inhibitors.

INTRODUCTION

The accumulation of the B-amyloid peptide (Af) in the brain is a central
event leading to the development of Alzheimer’s disease (AD). AP is a
40/42-residue fragment of the brain transmembrane protein B-amyloid
precursor protein (APP), released by two proteases known as PB- and
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y-secretase. The AP-peptide sequence is located at the junction between the
integral membrane domain and the extracellular domain of APP (Kang et al.,
1987). In the alternative non-amyloidogenic pathway APP is cleaved within
the AP domain by a-secretase between amino acids 16{Lys) and 17(Leu) of
the AP region (Haass and Selkoe, 1993; Selkoe, 1996). The action of the a-
secretase not only precludes the formation of AB peptides but also induces
release of the large APP ectodomain from the cell surface. Soluble
N-terminal APP fragments of 105-125 kDa (APPsa) are released
constitutively into vesicle lumens and from the cell surface; similar species
are identified in human plasma and in the cerebrospinal fluid (Weidemann et
al. 1989). Secreted APPsa appears to have beneficial effects, evoking
coordinated responses in neuronal and some peripheral target cells. APPsa
exerts proliferate effects in a variety of cell types as well as neurotrophic
effects (Mucke et al., 1996; Mattson et al., 1993). The C-terminal 591-612
region of APPsa. contains a heparin-binding domain that is lacking in APPsf3
and that appears to play a key role in the neurotrophic and calcium
regulation effects (Furukawa et al, 1996). APPsa has potent memory-
enhancing effects and blocks learning deficits induced by scopolamine in
mice (Meziane ef al., 1998). It is also interesting to note that a reduction of
APPsa is evident in the cerebrospinal fluid of AD patients (Lannfelt ef al.,
1995; Sennvik et al., 2000).

Stimulation of the a-secretase may have beneficial effects for two
reasons: i) by preventing the formation of the neurotoxic Af; ii) by
increasing the amount of the neuroprotective APPsa. Therefore,
pharmacological up-regulation of the o-secretase could be a possible
therapeutic treatment for AD.

In this article we review: 1) enzymes of ADAM family as a-secretase
candidates, and 2) the pharmacological up-regulation of a-secretases as a
possible therapeutic treatment for AD.

2. BIOCHEMICAL AND PHYSIOLOGICAL
PROPERTIES OF o-SECRETASES

Processing of APP by a-secretases was the first proteolytic pathway of
APP to be characterized in detail. The amyloid precursor protein belongs to a
family of type I membrane-spanning glycoproteins and is constitutively
expressed in many types of mammalian cells. The major proteolytic pathway
of APP is the constitutive secretory pathway that involves cleavage by a
putative o-secretase within the AP sequence at the cell surface (Sisodia,
1992; Haass et al., 1992; Tkezu et al., 1998), and in the trans-Golgi network
(Kuentzel et al., 1993; De Strooper et al., 1993; Sambamurti et al., 1992,
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Tomita et al, 1998). Cleavage of APP by the a-secretase generates the
soluble N-terminal APP fragment (APPsa) of 105-125 kDa and a C-terminal
fragment of 10 kDa, which is further cleaved by the y-secretase to yield the
p3 fragment. In most investigations p3 was not found in amyloid cores of
classical plaques. Therefore, this pathway is often called the “non-amyloido-
genic pathway” (Figure 1). Studies in various cell types confirmed that the
major o-secretase cleavage site is between Lys-16 and Leu-17 in the AR
domain, but multiple minor cleavages around this site have been observed
(Zhong et al., 1994; Simons et al., 1996).

non-amyloidogenic way amyloidogenic way

APP
APPsa APPsp

1. processing by [ 1. processing by
a-secretase B-secretase

E Ap40/42

2. processing by
CTF 83 y-secretase CTF 99

B-avyloid peptide
ISMMSGMQHWWV%MMCMG TVIVITLVMLEKK

o

Figure 1. Processing of the amyloid precusor protein (APP)

Several studies have shown that the principal determinants of APP
cleavage by a-secretase appear to be an a-helical conformation and the
distance (12-13 residues) of the hydrolyzed bond from the membrane, and
that the specificity of cleavage is independent of the primary sequence of the
precursor (Sisodia, 1992; Sahasrabudhe et al, 1992). To characterize the
enzyme class of o-secretase several inhibitors were examined for their
ability to inhibit the production of APPsa. Studies with the range of class-
specific proteinase inhibitors demonstrated that only the zinc chelating agent
1,10-phenantrolin resulted in a significant reduction of APPsa secretion
(Roberts et al., 1994). Other studies have shown that hydroxamic acid-based
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compounds, such as TAPI, batimastat and marimastat, inhibited the release
of APPsa in the medium of a variety of neural and peripheral cell lines
(Arribas et al., 1996; Parvathy et al., 1998; Parkin ef al., 2002; Racchi et al.,
1999). The results of these studies classified the a-secretase to be a
metalloprotease.

3. DISINTEGRIN METALLOPROTEASES
(ADAMS) AS a-SECRETASES

3.1 Structure and functions of ADAMs

Proteinases of the ADAM family are the main candidates as
physiologically relevant a-secretases. Three members of the ADAM family
(a disintegrin and metalloproteinase) ADAM-10, ADAM-17 (TACE) and
ADAM-9 have been proposed as w-secretases (Lammich et al, 1999;
Buxbaum et al., 1998; Koike et al., 1999).

ADAMSs are members of the zinc protease superfamily and belong to the
metzincin subgroup. All proteases are type I integral membrane proteins and
have a multi-domain structure consisting of 1) an N-terminal signal peptide;
2) a prodomain containing a potential cleavage site [RX(R/K)R)] for
prohormone convertase; 3) a catalytic domain typical of the metzincin
metalloproteinases; 4) a cysteine-rich, disintegrin-like domain; 5) a
hydrophobic transmembrane domain, and 6) a cytoplasmic domain (Seals
and Courtneidge, 2003), see Figure 2. The prodomains of several ADAM
proteins have been shown to be cleaved constitutively by furin-type
proprotein convertases (Roghani et al., 1999; Lum et al., 1998; Loechel et
al., 1998).

Currently, there are 29 distinet ADAM family members, 17 are predicted
to be catalytically active based of the presence of a conserved zinc binding
sequence (HEXGHXXGXXHD; X represents any amino acid) in the
protease domain. For most ADAM proteinases their physiological substrates
are unknown.

The ADAM family has been implicated in the control of cytokine and
growth factor shedding, membrane fusion and cell migration as well as in
processes such as muscle development and fertilization. ADAM-mediated
shedding of diverse membrane proteins occurs both constitutively and in
response to a variety of stimuli, including peptide growth factors, changes in
intracellular calcium concentration and protein kinase C (PKC) activation.
Given this diversity of signals and substrates for sheddase action, it is
possible that shedding is controlled by multiple regulatory mechanisms
(Pandiella and Massague, 1991).
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We will now focus on the three ADAMs known to be functional
proteases involved in the cleavage of a variety of membrane proteins,
releasing (“shedding™) their extracellular domains from cells: ADAM-10,
ADAM-17, and ADAM-9.

proprotein convertasess

disintegrin domain

cysteine-rich domain

EGF-like domain

ADAM (a disintegrin and metalloprotease)

Figure 2. Domain structure of ADAM-10

3.2 ADAM-10

The enzyme ADAM-10 was purified in 1989 from bovine brain based on
its ability to cleave myelin basic protein (Chantry et al., 1989). ADAM-10 is
closely related to Kuzbanian (Kuz), its Drosophila homologue which is
involved in neurogenesis and myoblast differentiation (Fambrough et al,
1996; Rooke et al., 1996,). High levels of ADAM-10 proteins are found in
the brain and in other tissues such as heart, muscle, lung and kidney
(Chantry and Glynn, 1990; Howard et al, 1996). ADAM-10 mRNA is also
found in bone and cartilage (Dallas et al, 1999). Putative ADAM-10
substrates are: precursor TNF-« (Rosendahl et al., 1997; Lunn et al., 1997),
Notch receptor (Pan and Rubin, 1997) and Notch ligand Delta (Qi et al,
1999; Six et al,, 2003), type IV collagen (Millichip et al., 1998), ephrin-A2
(Hattori et al, 2000), L1 adhesion molecule (Gutwein er al., 2003) and
chemokine fractalkine (CX3CL1) (Hundhausen ef al., 2003).
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ADAM-10 is synthesized as an inactive zymogene and is processed to its
mature form by cleavage of the prodomain by proprotein convertases, such
as PC7 and furin (Anders ef a/., 2001). We have purified membrane-bound
metalloprotease ADAM-10 from bovine kidney. Characterizing the enzyme
we noticed a striking similarity between the inhibition of ADAM-10 by
various inhibitors, and the results reported for inhibition of APP cleavage by
a putative a-secretase (Lammich et al., 1999). We therefore investigated
whether ADAM-10 protease has a-secretase activity and is involved in basal
and stimulated ectodomain shedding of APP. Our studies showed that over-
expression of ADAM-10 in HEK cells led to a several fold increase of
APPsa. and of the pl0 fragment. The increase in shedding activity was
stronger in cells with a higher expression level of ADAM-10. This enhanced
a-secretase activity, caused by overexpression of ADAM-10, could be
further increased by stimulation of protein kinase C with phorbol esters, a
characteristic feature of the proposed a-secretase. The enhanced a-secretase
activity was inhibited by hydroxamic acid-based zinc metalloprotease
inhibitor BB-3103.

The endogenous basal and phorbol ester-stimulated a-secretase activity
in HEK cells was inhibited by a dominant-negative form of ADAM-10 with
a point mutation in the zinc-binding site. Studies with Af fragments showed
that purified ADAM-10 protease from bovine kidney cleaved the
octadecapeptide Af3)1.2s spanning the a-secretase cleavage site at the Lys16-
Leul7 bond. We also showed that the extent of peptide cleavage by
ADAM-10 is conformation-dependent. The octadecapeptide AB;i.og with
a-helical conformation was a better substrate for ADAM-10 than a similar
yet unstructured peptide APj 2 with the substitution Ala — Gly at
position 21 corresponding to the Flemish mutation.

The colocalization of APP, BACE and ADAM-10 in mouse and human
brains support the role of ADAM-10 and BACE as authentic a- and (-
secretases (Marcinkiewicz and Seidah, 2000).

For investigating the role of ADAM-10 in vivo, ADAM-10-deficient
mice were generated. They die at day 9.5 of embryogenesis with multiple
defects in the developing central nervous system, somites and cardiovascular
system. /n situ hybridization revealed a reduced expression of the Notch
target gene hes-5 in the neural tube, and an increased expression of the
Notch ligand dll-1, supporting an important role for ADAM-10 in Notch
signaling in vertebrates. The early lethality precluded the establishment of
primary neuronal cultures, and therefore APPsa generation was analyzed in
embryonic fibroblasts. Fibroblasts from the knockout mice were found to
have a preserved a-secretase activity in most cases, although there was a
significant variation between clones, including several ones with increased
a-secretase activity (Hartmann ef al., 2002). The early lethality of knock-out
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animals prevented a reliable analysis of the ADAM-10 function in vivo,
especially in neuronal cells.

Recently we provided strong evidence for ADAM-10 to act as an effi-
cient a-secretase of APP in vivo. We showed that even a moderate neuronal
overexpression of ADAM-10 in mice transgenic for human APP [V7171]
increased the production of secreted neurotrophic APPso, reduced the
formation of AP peptides and prevented their deposition in plaques.
Functionally, impaired long-term potentiation and cognitive deficits were
alleviated. Expression of the catalytically inactive ADAM-10 mutant led to
an enhancement of the number and size of amyloid plaques in the brains of
double-transgenic mice (Postina et al., 2004).

Generation of mice overexpressing ADAM-10 provides strong evidence
for ADAM-10 to act as an efficient a-secretase in vivo and to be a promising
therapeutic target in AD. However, the existence of several a-secretases
which might interact to cleave APP at the a-secretase cleavage site, cannot
be excluded.

Recently it was shown by using expression silencing technique (RNA
interference, RNAI) that three ADAMSs, namely 9, 10 and 17, to a similar
extent are involved in the o-secretase cleavage of APP in a human
glioblastoma cells (Asai ef al., 2003).

3.3 ADAM-17

ADAM-17, often referred to as TACE, has been identified as the protease
responsible for shedding of the transmembrane form of the tumor necrosis
factor-a (TNF-a) at its physiological processing site (Black et al., 1997;
Moss et al., 1997). TACE mRNA is found in most tissues, and expression of
the protein is largely constitutive (Black et al., 1997). The mature form of
TACE is generated similarly to other proteolytically active ADAMs from the
proform by proteolytic removal of the prodomain by furin-type proprotein
convertase (Schlondorff ef al., 2000; Srour et al., 2003; Endres et al., 2003).
The catalytic domain of TACE has been co-crystallized with a hydroxamic
acid inhibitor and the structure solved at 2.0 A resolution. The X-ray
structure shows that the zinc environment and the placement of the major
structural  elements closely resemble those of snake venom
metalloproteinases. Of all identified ADAMs only ADAM-10 has significant
sequence homology with TACE; 91% of the ADAM-10 catalytic domain
residues are identical to those of TACE (Maskos et al., 1998).

Subsequent studies using mice and cell lines lacking TACE activity
implicated TACE in the shedding of TGF-a, L-selectin, p75 TNF-receptor
(Peschon et al., 1998). TACE is also involved in the processing of Notch
signaling (Brou et al., 2000), the chemokine fractalkine (Garton et al, 2001),
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and the HER4/erbB4 receptor, a member of the epidermal growth factor
receptor family (Rio et al., 2000). TACE appears to be a sheddase with a
wide range of substrates in adult organisms and additional substrates
required for development.

The role for TACE as an a-secretase stems from the analysis of APP
processing in primary embryonic fibroblasts derived from TACE*"**" mice.
The majority of TACE**2%" mice died between embryonic day 17.5 (e17.5)
and the first day after birth. All newborn TACE*™*%" mice could be
identified by the presence of stunted vibrissae and open eyelids. Histological
examination of TACE*"*™ fetuses on el7.5 revealed muliiple additional
defects, primarily in epithelial cell maturation and organization.

In primary embryonic fibroblasts derived from TACE***** mice the
constitutive release of APPsa was unatfected, but the regulated phorbol
ester-stimulated o-secretase activity was strongly inhibited. The authors
conclude that there are two classes of u-secretases, one involved in basal
secretion, and another (probably TACE) involved in the regulated secretion.
It was also shown that recombinant TACE could cleave a synthetic 10-mer
peptide spanning the a-secretase cleavage site at the Lys16-Leul7 bond in
the AP domain (Buxbaum et al., 1998).

In contrast, it has been reported that TACE is involved in the constitutive
a-secretase cleavage of APP in non-neuronal cells. In HEK cells transiently
transfected with TACE, constitutive APPsa release was increased several
fold, but the muscarinic- receptor activated APPsa release was not altered in
TACE transfectants (Slack ef al., 2001).

In situ hybridization performed in mice during prenatal and postnatal
development and in adulthood revealed an only partial overlap of the
expression of TACE and APP (Marcinkiewicz and Seidah, 2000). According
to an immunohistochemical analysis of human brain, TACE was present in
neurons and co-localized with A deposits in AD brains. These observations
support a neuronal role for TACE and suggest a mechanism for its
involvement in AD pathogenesis (Skovronsky et al., 2001).

Until now, evidence is still lacking for a role of TACE in a-secretase
processing of APP in neuronal cells. Generation of transgenic mice
overexpressing TACE specifically in neurons will be necessary to answer

this question.

34 ADAM-9

ADAM-9, also known as MDC 9 or meltrin-y, is expressed in a variety of
tissues and in hematological malignancies (Wu at al., 1997). ADAM-9 has
been implicated in the ectodomain shedding of the heparin-binding EGF-like
growth factor (HB-EGF) from epithelial cells (Izumi et al., 1998), and it
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plays a role also in regulating the motility of cells by binding to the integrin
agPy (Nath ez al., 2000).

An a-secretase activity of ADAM-9 has been shown by co-expression of
mouse ADAM-9 with APP in COS cells. Overexpression of both proteins
fed to an increase of constitutive and phorbol ester-stimulated APPsa
secretion (Koike et al., 1999). It has also been reported that the secreted
form of human ADAM-9 (hADAM-9s), which lacks the carboxy-terminus,
has a-secretase activity: when hADAM-9s was co-expressed in COS cells
with APP and treated with phorbol ester an increased secretion of APPsu
was observed (Hotoda et al., 2002). However, recombinant ADAM-9 did not
cleave a 12-mer peptide at the Lys16-Leul7 bond, but at the His14-Glnl5
bond in the AP domain (Roghani et a/. 1999). Alternative cleavage sites in
APP have been identified in primary cultures of rat hippocampal neurons,
one of which corresponds to the His14-Gln-15 bond in AP (Simons ez al.,
1996). To learn more about ADAM-9 function, mice lacking functional
ADAM-9 were generated. These animals had no evident abnormalities
during development or adult life. There were no differences in the
production of APPsa, p; fragment and AP in cultured hippocampal neurons
from ADAM-9 knockout or wild-type mice, arguing against an essential
major role of ADAM-9 as an a-secretase in mice (Weskamp et al., 2002).

3.5 o-Secretases and Alzheimer’s Disease

Several studies examined a-secretase activity in AD patients. A
decreased amount of APPsc in the cerebrospinal fluid (CSF) of familial and
sporadic AD patients was observed (Lannfelt et al., 1995; Sennvik et al,
2000). a-Secretase activity was also reduced in temporal cortex homogenates
from AD patients (Tyler et al., 2002). The studies of Colciaghi et al. suggest
that alteration of the a-secretase activity might occur both in the neuronal
compartment and in peripheral cells. ADAM-10 protein levels expressed in
platelets obtained from AD patients were significantly reduced, and a
decreased APPsa amount was observed both in thrombin-activated platelets
and CSF in the same pool of AD patients (Colciaghi et al., 2002).

The mechanism by which APPsa in CSF is decreased is not yet fully
understood. One can speculate that the observed reduction of soluble APPsa
might result from alterations in either the expression level or the activity of
a- and f-secretases.
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4. THE o~-SECRETASE AS ATARGET FOR THE
TREATMENT OF ALZHEIMER’S DISEASE

The cleavage of APP by a-secretase precludes the formation of A, and
released APPsa stimulates neurite outgrowth and has potent memory-
enhancing effects (Furukawa et al, 1996; Meziane et al, 1998). This
suggests that processing of APP through this pathway not only does not lead
to AD pathology, but also may be neuroprotective. Therefore,
pharmacological a-secretase stimulation may be a therapeutic interventional
strategy in Alzheimer’s disease.

4.1 Activation of G-protein-coupled receptors and
downstream signaling pathways

Phorbol esters

v
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Figure 3. Stimulation of the non-amyloidogenic pathway

One approach for upregulation for a-secretase activity is the activation of
G-protein-coupled receptors for neurotransmitters and neuropeptides in brain
areas affected by Alzheimer's disease. In many cases in which an effect on a-
secretase activity has been demonstrated, these receptors have been shown to
be coupled to the activation of the phospholipase C and protein kinase C
system.

The first receptors which have been shown to be connected to the stimu-
lation of the a-secretase activity were muscarinic acetylcholine receptors
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(Nitsch er al., 1992). Stimulation of M1 and M3-receptor subtypes with
carbachol increased the basal release of secreted APP within minutes. The
receptor-activated APP release was blocked by staurosporin suggesting that
protein kinase C mediates neurotransmitter receptor-controlled APP
processing. These first experiments were performed in human embryonic
kidney cells. The results were confirmed and extended to several animal
experiments. Treatment of normal or aged rats and rats with severe basal
forebrain cholinergic deficits with a muscarinic receptor agonist resulted in
increased levels of secreted APP in the cerebrospinal fluid and in changes of
cognitive functions (Lin ez al., 1999). In several animal models mimicking
different aspects of AD, M1 muscarinic agonists restored cognitive
impairments and, in selected cases, induced a decrease in brain AB levels
(Fisher et al., 2003). In a study with AD-patients, the selective muscarinic
M1i-agonist AF102B significantly decreased levels of total AB in the
cerebrospinal fluid (Nitsch er af., 2000). Until now, however, intensive
clinical tests showing clear beneficial effects of muscarinic agonists are still
lacking.

Several other studies demonstrated that APP processing and regulation of
the a-secretase activity is under control of several major neurotransmitters.
Metabotropic glutamate receptors stimulate APPsa secretion from peripheral
cells via the receptor subtype la (Nitsch et al., 1997), and from neural cells
via subtypes 1o/ and 5o (Jolly-Tornetta et al., 1998). Furthermore, it has
been shown that stimulation of serotonin 5-HT2a and 5-HT2c leads to
secretion of the amyloid precursor protein ectodomain (Nitsch et al., 1996).
In most studies, protein kinase C was involved in signal transduction,
although the participation of other effector systems, like phospholipase A or
the mitogen-activated protein kinase pathway, was evident.

The serotonin 5-HT(4) receptor plays a role in memory and cognition.
Activation of this receptor has been shown to stimulate secretion of APPsa
from peripheral and neural cells. In contrast to the receptors mentioned
above, its activation leads to the production of cyclic AMP. This
phenomenon involves the small GTPase Rac of the Rho (p)-family, which is
regulated by cAMP in a PKA-independent manner (Maillet et al., 2003;
Robert et al., 2001). The peptide hormone bradykinin induced an increase in
the release of soluble APP from human fibroblasts, the effect appeared to be
dependent on interaction of the ligand with the B2-type of bradykinin
receptors, yet was independent of activation of protein kinase C (Racchi ez
al., 1998).

It is now generally accepted that activation of protein kinase C by phor-
bol ester increases secretion of APPsa. In cultured cells, the a-secretase
activity of ADAM-10 (Lammich et al., 1999) and ADAM-17 (Buxbaum et
al., 1998) was stimulated by treatment with phorbol esters. Recently, new
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amide-bearing benzolactam-based protein kinase C modulators were
developed that induce enhanced secretion of the APP metabolite APPsa.
Since these compounds show a marked loss of tumor-promoting activity,
they are therefore valuable candidate compounds in the search for
Alzheimer’s therapeutics capable of modulating amyloid processing
(Kozikowski et al., 2003). It has, however, been shown that constitutive
overactivation of protein kinase C in guinea pig brain increases APPsa
without decreasing A generation. Apparently in some systems there is
dissociation between the generation of APPsa and AP, the reasons for which
are not yet understood (Rossner et al., 2000).

4.2 Cholinesterase inhibitors

Inhibition of acetylcholine esterase increases the amount of
neurotransmitters at the cholinergic synapses and consequently the
cholinergic transmission. AChE-inhibitors represent the first generation of
anti-AD agents. However, they only slow down but do not halt or reverse the
progression of the disease.

There is evidence that they act via an additional mechanism, the
activation of the non-amyloidogenic pathway. In neuronal cell cultures an
elevation of released APP and PKC-levels was found after treatment with
ACHE inhibitors (Pakaski er al., 2001). Other reports suggest an additional
involvement of the MAP-kinase and tyrosine kinase-dependent pathway in
the enhancement of the APPsa release by the AChE inhibitor (Youdim et al.,
2003). A short treatment of SH-SYSY neuroblastoma cells with ganstigmine,
a novel geneserine-derived AChE inhibitor, promoted an increase in the
APPsa secretion (Mazzucchelli ef al., 2003). As a reasonable hypothesis, the
a-secretase pathway may be stimulated by ganstigmine through indirect
stimulation of muscarinic receptors.

4.3 Steroid hormones

A number of in vitro studies have shown that treatment of cells with
physiological concentrations of estrogen (17 B-estradiol) is associated with
accumulation in the conditioned medium of the amino-terminal cleavage
product of APP, indicative of non-amyloidogenic processing (Jaffe et al.,
1994; Manthey et al., 2001; Xu et al., 1998). Xu et al. have reported that
estrogen reduces the generation of AB, possibly by promoting the trafficking
of APP out of the endoplasmic reticulum and Golgi, where f-secretase
cleaves APP. In another report (Manthey et al., 2001) it has been shown that
a rapid secretion of APPsa might be induced via the mitogen-activated pro-
tein kinase pathway. They provide evidence that this pathway is independent
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of estrogen receptors. Testosterone also increases the production of APPsa
and decreases AP generation from N2a cells and rat primary cerebrocortical
neurons (Gouras et al., 2000). Interestingly, according to a recent study, tes-
tosterone concentrations were lower in men who developed Alzheimer’s
disease and this difference occurred several years before AD diagnosis
{(Moffat er al.,, 2004). Future research may determine whether higher en-
dogenous free testosterone levels offer protection against Alzheimer’s dis-

ease in older men.
4.4 Other pharmacological agents

Hormones and growth factors acting via tyrosine kinase receptors like
epidermal growth factors (EGF) and insulin stimulate the secretion of APPsa
from various cell lines. The results demonstrate that in A431 cells activation
of the EGF receptor increases a-secretase activity by a mechanism that
partly depends on PKC activity (Slack e al., 1997). Insulin regulated APPsa
production is mediated mainly via the phosphatidyl inositol 3-kinase
pathway and may act at the level of vesicular trafficking (Solano et al.,
2000).

It has been proposed that treatment with non-steroidal anti-inflammatory
drugs (NSAIDs) reduces the risk for AD. Various NSAIDs such as the
cyclooxygenase inhibitors, nimesulide, ibuprofen and indomethacine,
stimulate the generation of APPsa into the conditioned media of SH-SYS5Y
neuroblastoma and PC12 cells. This effect was mediated by protein kinase C
and mitogen-activated protein (MAP) kinase (Avramovich et al., 2002).

It has been reported that adding copper to Chinese-hamster ovary (CHO)
greatly reduced the levels of AP and caused an increase in the secretion of
the APP ectodomain; thus copper promoted the non-amyloidogenic pathway
of APP (Borchardt er al, 1999). Recent in vivo-experiments in APP-
transgenic mice demonstrated that copper treatment lowered AB production
and reduced amyloid plaques (Bayer et al., 2003). Further studies with
dietary copper in AD patients should reveal whether it has a beneficial

effect.
4.5 Cholesterol-lowering drugs

Biochemical, epidemiological and genetic aspects demonstrate a link
between cholesterol levels, AP production and Alzheimer’s disease. The &4
allele of apolipoprotein E, which is associated with higher plasma
cholesterol levels, has been shown to be a risk factor for the disease (Corder
at al., 1993), and elevated levels of serum low-density lipoprotein and total
cholesterol positive correlate with APy, levels in the AD brain (Kuo et al.,
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1998). Epidemiological studies indicate that the prevalence of AD is reduced
among people taking a class of cholesterol-lowering medicines, termed
statins, such as lovastatin and simvastatin (Wolozin et al., 2000; Jick et al.,
2000). Both studies suggest that patients taking statins have an approx. 70%
lower risk of developing AD. Statins are 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors that competitively inhibit
HMG-CoA reductase, the enzyme catalyzing conversion of HMG-CoA to
L-mevalonate, a key intermediate in cholesterol synthesis. Increasing
evidence suggests that statins can inhibit Ap production.

In our studies, we have shown that modulation of cholesterol
concentration can influence the activity of the o-secretase; in particular we
identified the a-secretase ADAM-10 as a major target of the cholesterol
effects. Treatment of various peripheral and neural cell lines with either the
cholesterol extracting agent methyl-p-cyclodextrin (MBCD) or lovastatin
resulted in a drastic increase of secreted APPsa. In the human astroglioma
cells overexpressing APP, the increase of a-secretase activity resulted in a
decreased secretion of AP peptides. Several mechanisms were elucidated as
being the basis of enhanced «-secretase activity: increased membrane
fluidity and impaired internalization of APP were responsible for the effect
observed with MPBCD; treatment with lovastatin resulted in higher
expression of the a-secretase ADAM-10. Our results demonstrate that
cholesterol reduction promotes the non-amyloidogenic o-secretase pathway,
increased formation of neuroprotective APPso and reduction of Af
production (Kojro et al., 2001).

In accordance with this finding, it has been demonstrated that lovastatin
and simvastatin reduce intracellular and extracellular levels of AByand APy,
peptides in primary cultiures of hippocampal neurons and mixed cortical
neurons. Reduction of AP levels was also observed in vivo. Guinea pigs
treated with high concentration of simvastatin show up to 50% decrease in
AP production within 3 weeks (Fassbender et al., 2001). In addition, high
dietary cholesterol accelerated AD-related pathologies in a transgenic mouse
model, including AP deposition (Refolo et al., 2000). Preliminary studies
performed in humans analyzed the effects of statins on AP levels. Persons
with elevated low-density lipoprotein cholesterol were treated with different
doses of lovastatin for three months. In the serum of these patients a
significant reduction of AP concentration up to 40% has been observed
(Friedhoff et al, 2001). In other studies, treatment with simvastatin in
normocholesterolemic patients with Alzheimer's disease resulted in small
decrease of AP levels in the cerebrospinal fluid of patients with mild
Alzheimer's disease (Simons et al., 2002). Both studies indicate that statins
can decrease AP levels in humans by reducing CSF and plasma Ap.
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Increasing evidence suggests that the enzymes generating A3, the p- and
y- secretases operate best in a high-cholesterol environment. Lipid rafts are
cholesterol-enriched membrane microdomains implicated in signal
transduction, protein trafficking and proteolytic processing (Simons and
Toomre, 2000). Cholesterol plays a crucial role in maintaining lipid rafts in a
functional state (Simons and Ikonen, 2000). Several studies demonstrated
that lipid rafts are critically involved in regulating A} generation, and that f3-
secretase {BACE) is associated with rafts. Recombinant BACE expressed in
three distinct cell lines has been found in lipid rafts (Riddel ez al., 2001).
Wild-type BACE was found in rafs prepared from a human neuroblastoma
cell line (SH-SY5Y), and it was shown that addition of GPI-anchor to BACE
targets the enzyme exclusively to lipid raft domains. Expression of GPI-
BACE drastically increased the secretion of both APPsf3 and A peptides
(Cordy et al., 2003). Production of AP was also increased when APP and
BACE clustering was induced upon cross-linking with antibodies to
cholesterol-rich membrane microdomains (Ehehalt et al., 2003). Also, the
v-secretase complex was shown to be raft-associated. Consistent with this
localization, it was found that gamma-secretase activity is cholesterol-
dependent. Depletion of membrane cholesterol completely inhibits
v-secretase cleavage, which can be restored by cholesterol replacement
(Wahrle et al, 2002). Other studies showed that y-secretase activity is
present in rafts, but the membrane cholesterol content does not directly
modulate the enzyme activity (Wada et al., 2003). It was shown that — in
contrast to B- and y-secretases — active o-secretase ADAM-10 is not
localized in lipid rafts: cholesterol depletion led to disruption of rafts and
caveolae and increase in enzyme activity (Kojro et al.,, 2001). Thus, high
membrane cholesterol content favors AP production, and low membrane
cholesterol content favors APPsa production.

5. PERSPECTIVES

The finding that neuronal overexpression of ADAM-10 in an AD mouse
model prevents amyloid plaque formation and hippocampal defects, provides
evidence that ADAM-10 acts as an efficient a-secretase without excluding
other members of the ADAM family as a-secretases.

For AD treatment, activation of the a-secretase, especially of ADAM-10,
may be particularly promising as compared to other targets, because it
combines several beneficial effects: inhibition of AP peptide production by
cleavage of APP at the a-secretase site, further reduction of the AB level by
cleavage of soluble AP peptides, and, in addition, generation of
neuroprotective APPsa. In spite of intense efforts, it has been difficult to
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find safe and selective B- and y-secretase inhibitors, mainly resulting from
the influence on other substrates. Activation of proteases degrading AP, like
the insulin-degrading enzyme or neprilysin, represents another therapeutic
approach (Leissring et al., 2003). These enzymes, however, have a number
of substrates, and the signaling pathways for upregulation at present are
largely unknown. Cleavage of putative substrates other than APP by
ADAM-10 might play a role during neural development (Hartmann et al.,
2002; Hattori et al., 2000; Mechtersheimer et al., 2001), but probably has no
or only minor effects in adults. In our mouse model we found at least no
indications that ADAM-10 affects Notch signaling in the brain of adult

animals.
It will be important to show whether an increase of o-secretase

expression and activity at later stages in life could exert such beneficial
effects as shown in the animal model, since this would open approaches to a
therapy of the neurodegeneration in AD.
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Abstract: Amyloid f (AB) accumulates in the neuropil and within the walls of cerebral
vessels in association with normal aging, dementia or stroke. AB is released
from its precursor protein as soluble monomeric species yet, under
pathological conditions, it self-aggregates to form soluble oligomers or
insoluble fibrils that may be toxic to neurons and vascular cells. A levels
could be lowered by inhibiting its generation or by promoting its clearance by
transport or degradation. Here we will summarize recent findings on brain
proteases capable of degrading AP, with a special focus on those enzymes for
which there is genetic, transgenic or biochemical evidence supporting a role in
the proteolysis of AB in vivo.

Key words:  Amyloid B, dementia, stroke, amyloidoses, Alzheimer’s disease, brain
proteases, insulin degrading enzyme.

1. INTRODUCTION

The progressive accumulation of amyloid B peptide (AB) in the form of
soluble oligomers or insoluble fibrils is part of the normal process of brain
aging (Glenner and Wong, 1984; Coria et al., 1987; Wang et al., 1999). Such
accumulation reaches very high levels in the neuropil and cerebral
microvessels in several neuropathological conditions characterized by
dementia or stroke. These include Alzheimer’s disease (AD), Down’s
syndrome beyond the age of 35 years, sporadic cerebral amyloid angiopathy
(SCAA) and dementia pugilistica (reviewed in Morelli et al., 2002). The
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development of these sporadic disorders may be strongly influenced by
genetic and environmental factors such as the apolipoprotein E (apoE)
genotype (reviewed in Roses, 1997), chronic trauma or cholesterol
metabolism (Hartman et a/., 2002; Hartmann, 2001; Pappolla et «l., 2003).
In addition, the Ap-associated disorders comprise rare genectic diseases
known as familial early-onset AD, hereditary cerebral haemorrhage with
amyloidosis (HCHWA) of Dutch and Italian types and dementia with
amyloid angiopathy of Flemish, Arctic or Jowa origin. This group of
autosomal dominant disorders is associated with mutations in the amyloid -
precursor protein (APP) and Presenilin (PS)1/2 genes (reviewed in Rocchi et
al., 2003; Miravalle et al., 2000). From the study of APP and PS mutations
using in vitro (synthetic peptides, cell cultures) and in vivo (transgenic mice)
models, three basic mechanisms to understand AP accretion in the brain have
emerged. The first mechanism is related to an increase in the rate of total Af
production, as described with the Swedish double mutation (NL-APP) at the
B-secretase site and with the Flemish mutation (A692G) (Citron et al., 1992;
De Jonghe et al., 1998). While the former seems to accelerate the generation
of the N-terminus of Af by B-secretase, the latter may impair the non-
amyloidogenic a-secretase cleavage between positions 16-17 of AB. A
second mechanism is the relative increase in the production of “long AB”
species ending at Ala42 or Thr43 that are more hydrophobic and tend to
aggregate more rapidly than “short AP” ending at Val40. This shift in the
processing of AR C-terminus is related to a group of APP mutations close to
the y-secretase site and with most of the PS1/2 mutations studied so far
(Suzuki et al., 1994; Citron et al., 1997). The third mechanism is associated
with mutations that are clustered in the middle region of A and result in the
generation of AP variants with a high fibrillogenic potential under
physiologic pH and ionic strength, such as the Dutch (E22Q), Arctic (E22G)
and Iowa (D23N) species (reviewed in Miravalle et al., 2000; Van Nostrand
et al., 2001). However, none of these mechanisms seem to participate in the
accumulation of cerebral AP in the vast majority of cases, such as in
sporadic AD, SCAA or normal aging, in which mutations are not in play.
Recent studies in transgenic mice carrying human APP mutants suggest that
the removal of AB from the brain is a very active process, raising the
possibility that a defective clearance of AP may contribute to its
accumulation under physiological and pathological situations (Dewachter et
al., 2000). After being released by secretases in the CNS, soluble AP can
follow three possible main pathways (Figure 1): 1) it can be transported to
the systemic circulation along perivascular drainage channels via the CSF or
directly, across the blood brain barrier (Shibata et al., 2000; Kuo et al,
2001), 2) it can undergo extracellular or intracellular proteolytic degradation,
and 3) it can self-assemble, aggregate and deposit in the form of brain
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amyloid plaques or amyloid angiopathy. Since this third pathway is
critically dependent on concentration, minor flaws in the two mechanisms of
clearance (transport and proteolysis) may rapidly shift the equilibrium to AB
oligomerization. In this Chapter we will briefly review the recent advances
on the major proteases involved in AP clearance, their possible participation
in disease and their potential significance from a therapeutic perspective in
cerebral AB amyloidoses.
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Figure 1. Schematic representation of A pathways in the brain. 1) AP is released from APP
by B and y secretases; 2) soluble AP can be transported to the systemic circulation across the
blood-brain-barrier (BBB) or along perivascular drainage pathways; 3) Af can be degraded
by proteases in the intracellular or extracellular compartments. 4) Af that escapes from
pathways 2 and 3 accumulates as aggregated species.

2. AP DEGRADATION PATHWAYS

The proteolytic degradation of soluble Ap in the brain is believed to take
place both in intracellular and extracellular compartments. Various
mechanisms of AP internalization into neurons and glial cells have been
described, including non-saturable uptake as well as receptor-mediated
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endocytosis by the serpin-enzyme complex, the LDL-receptor related
proteins (LRP-1 and LRP-2), scavenger receptors and the receptor for end
glycation products (RAGE) (reviewed in Morelli et al., 2002). The LRP
pathway mediates the internalization of several ligands including
apolipoprotein E, a-2 macroglobulin and APP, all related to the pathogenesis
of AD, with LRP-1 being expressed mainly in neurons and LRP-2 in
choroids plexus and ependymal cells. As a result of internalization, A may
be degraded by lysosomal proteases including cathepsins D, B and S, which
have been shown to hydrolyze AP in vitro (Hamazaki, 1996; Liuzzo et al.,
1999; Gupta-Bansal ef al., 1995). In support of this mechanism, chloroquine
treatment of cultured cells inhibited the degradation of internalized A by
the LRP receptor and co-infusion of synthetic A with leupeptin in the rat
brain resulted in the intra and extracellular accumulation of AP (Hammad et
al., 1997; Frautschy et al, 1998). In AD brains, the high expression of
lysosomal hydrolases in vulnerable neurons and extracellularly, in close
association with AP deposits suggests a significant activation of the
lysosomal system in the course of the disease (Cataldo and Nixon, 1990).
Moreover, mice with an 80% reduction in LRP levels due to genetic
disruption of its ligand RAP, when crossed with mice expressing mutant
human APP show a significant increase in extracellular AP deposition,
reinforcing the role of the LRP pathway in A clearance (Van Uden et al.,
2002).

In addition, several lines of evidence support a role for the plasmin
system in the degradation of Ap. Plasminogen, tissue (tPA) and urokinase-
like plasminogen activators (uPA) are synthesized by neurons, with high
levels in the hippocampus (Chen and Strickland, 1997). Plasmin degrades
AP in vitro, and a recent study in two models of APP transgenic mice
showed that the plasmin system was compromised long before the onset of
detectable amyloid deposition, further suggesting the importance of a
degradative failure in this process (Melchor ef al., 2003). Moreover, an
important reduction in the levels of plasmin and plasminogen found in the
neocortex and hippocampus of AD patients raises the possibility that an
initial up-regulation of the system may become exhausted in the course of
the disease (Ledesma et al., 2000). Other peptidases that may participate in
the extracellular degradation of AB are matrix metalloproteinases (MMPs).
MMP-9 has been detected in pyramidal neurons in human hippocampus, is
found in neuritic plaques and seems to be overexpressed in AD brains as
compared to controls (Backstrom et al., 1996). MMP-9 can degrade AP in
vitro and species ending at Glys;, consistent with its activity, have been
found in amyloid extracted from leptomeningeal and cortical vessels. Active
forms of MMP-2 are capable of degrading Ap1-40 and AB1-42 purified from
vascular amyloid and treatment of primary hippocampal cultures with
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synthetic Af increased the production of MMP-2, MMP-9 and MMP-3 (Deb
etal., 1996; 1999).

In addition to the proteolytic systems mentioned above, that may
participate in the degradation of AP under pathological conditions, recent
compelling evidence indicates that a group of zinc-metallopeptidases
including neprilysin, endothelin-converting enzymes and insulin-degrading
enzyme may regulate the steady state levels of AP in the mammalian brain
(Table I).

Table I. Major AB-degrading proteases

Protease Type Cellular Overexpression Knock out
localization (transfected cells) mice
Neprilysin Neutral, Ptasma { AB (EC,IC) T Ap*
Zn-metallo membrane (gene-dose
effect)
Endothelin - Neutral / acidic Plasma
Converting Zn-metallo membrane, { AB (EC) 1 Ap*
Enzymes Internal (gene-dose
membranes effect)
Insulin- Neutral, Cytosol,
Degrading Zn-metallo Membranes, { AB (EC,IO) T Ap*
Enzyme Peroxisomes, (gene-dose
Secreted effect)

EC, extracellular; [C, intracellular, * As determined in brain tissue homogenates

3. NEPRILYSIN

Neprilysin is also known as neutral endopeptidase (NEP), EC3.4.24.11,
enkephalinase, CD10 and common acute lymphoblastic leukaemia antigen
(CALLA). NEP is a widely expressed zinc metallopeptidase with a HEXXH
active motif that is strongly inhibited by thiorphan and phosphoramidon, a
property shared with other members of the M13 subfamily (reviewed in
Turner and Tanzawa, 1997). NEP is a type II integral membrane protein
with a large lumenal-extracellular domain that contains the active site
(Oefner er al., 2000). Such topology allows NEP to hydrolyse several
peptides at the cell surface, including enkephalins, substance P, atrial
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natriuretic peptide, somatostatin, endothelin and insulin B chain. Within the
CNS, NEP predominates in synaptic terminals of the neuropil in which it
may participate in terminating the action of neuropeptides (Schwartz et al,
1980; Turner et al., 2001). Early reports on the possible relationship of NEP
with AP metabolism included the staining of AD senile plaques with a
monoclonal anti-NEP and the degradation of synthetic AB1-40 in vitro by
NEP purified from rabbit kidney (Sato et al., 1991; Howell et al., 1995).
More recently, it was shown that synthetic radiolabeled AB!-42 injected into
the rat hippocampus was degraded by a thiorphan-sensitive NEP-like
activity. Remarkably, the continuous infusion in these animals of thiorphan
for several weeks resulted in the accumulation of endogenous AB42 in the
form of Congo red-negative deposits that resembled diffuse plaques in the
cortex and hippocampus (Iwata et al., 2000). Mice with disruption of the
NEP gene have a lower capability in degrading injected AP in a gene-dose
dependent manner. Moreover, the accumulation of endogenous AP is highest
in the hippocampus and lowest in the cerebellum, in parallel with the
severity of pathology in AD and transgenic mice models of AD (Iwata er al.,
2001). In the human brain, NEP distribution shows an inverse correlation
with the vulnerability to AP deposition, including a low expression in
hippocampal neurons and smooth muscle cells in the microvasculature
affected with amyloid angiopathy (Yasojima et al., 2001; Carpentier et al.,
2002). The potential anti-amyloidogenic effects of NEP in vivo has been
recently assessed by the injection of a lentiviral vector expressing this gene
into the CNS of APP transgenic mice that develop amyloid deposition. A
higher expression of NEP in the injected hemi-brain correlated with smaller
plaques, a reduction of approximately 50% in AP burden and a mild
improvement in MAP-2 dendritic staining that suggested less neuronal
damage (Marr et al., 2003).

4. ENDOTHELIN-CONVERTING ENZYMES

Endothelin-converting enzymes (ECEs) are type Il integral membrane zinc
metalloproteases belonging like NEP, to the M 13 subfamily of mammalian
neutral endopeptidases. One major physiologic role of ECEs is the cleavage
of big endothelin to generate the potent vasoconstrictor peptides known as
endothelins (Turner et al., 1997). Several isoforms of ECEs have been
identified, namely ECE-1, ECE-2, and ECE-3. Within each of the first two
groups, several sub-isoforms derived from the splicing of single genes have
also been determined (reviewed in D'Orleans-Juste et al., 2003). ECE-1
isoforms are mainly located on the plasma membrane and widely expressed
in endothelial cells and non-vascular cells, including neurons and astrocytes
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in the CNS. ECE-2 isoforms, that predominate in intracellular membranes,
also have a ubiquitous expression with high levels in the brain, (reviewed in
Davenport et al., 2000; Eckman et al., 2001). Recently, Eckman er a/. (2001)
reported that treatment of cell lines that express ECE with phosphoramidon
caused a 2-3-fold increase in extracellular AP steady-state levels and that
overexpression of ECE-1 in CHO cells, which lack endogenous ECE
activity, reduced dramatically extracellular AP concentration. Moreover, a
recombinant soluble form of ECE was capable of cleaving synthetic Af1-40
at the amino- side of Leuy;, Val;s and Pheyo, consistent with the known
preference of ECEs for hydrophobic residues at P1’. ECE-1 homozygous
knock out mice have severe cardiac and cranial abnormalities that result in
embryonic lethality, however, ECE-1 (+/-) and ECE-2 (-/-) animals are
viable and healthy. The study of mice with these genotypes at 3-4 weeks of
age showed a mild (20-30%) though significant increase in AP levels in a
soluble fraction of brain homogenates. Interestingly, ECE-2 deficiency
showed a gene-dose effect on AB accumulation (Eckman et al., 2003). These
results strongly support a key participation of ECEs in the physiological
catabolism of AP in the mammalian brain.

5. INSULIN-DEGRADING ENZYME

Insulin-degrading enzyme (IDE) or Insulysin is a thiol zinc-
metallopeptidase that belongs to the “inverzincin” family, name that
describes an inverted active sequence HXXEH as compared to the typical
zinc peptidases such as thermolysin, NEP or ECEs (Becker and Roth, 1992).
IDE is highly conserved in evolution and has a ubiquitous expression
including high levels in testis, ovary, kidney, liver, red cells, pancreas,
muscle and brain (Kuo et al., 1993). IDE has been implicated in broad
physiological roles, such as cellular growth and differentiation, the
modulation of proteasomal activity and steroid signaling. Although it is
mainly found in the cystosol and peroxisomes, IDE has been also located in
active form at the surface of many cell types, including neurons (reviewed in
Duckworth ef al., 1998; Vekrellis et al., 2000). Moreover, a secreted form of
the protease has been found in the conditioned media of different cell lines
and primary cultures (Safavi et al, 1996; Gasparini et al, 2001). The
biochemistry of the association of IDE to membranes and the mechanism of
its secretion remain to be studied since IDE seems not to have a typical
signal peptide and no isoforms or post-translational modifications have been
described so far.
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5.1 IDE: an amyloid-degrading protease

IDE is known to degrade several peptides, many of which have a
propensity to form amyloid fibrils in vitro and in vivo including insulin,
glucagon, amylin, atrial natriuretic peptide, calcitonin and AP (reviewed in
Duckworth et al., 1998). Although IDE has no sequence specifity, it shows
some preference for basic or hydrophobic residues on the carboxyl-side of
the scissile bonds, suggesting a recognition of secondary or tertiary structure
shared by amyloid-forming peptides. AR degradation by IDE was first
shown with synthetic peptides and purified protease and subsequently
demonstrated in a variety of cultured cells and brain homogenates (Vekrellis
et al., 2000; Kurochkin and Goto, 1994; Sudoh et al., 2002; McDermott and
Gibson, 1997; Perez et al, 2000). With regard to the effect of AP
oligomerization upon IDE activity and specificity, it has been proposed that
IDE is capable of degrading monomeric A more efficiently than oligomeric
AP species, which are thought to be toxic to neurons or vascular cells
(Walsh et al., 2002). We have recently shown, in support of such notion, that
a recombinant rat IDE degraded very efficiently Ap monomers while SDS-
resistant dimers were almost completely resistant to proteolysis (Figure 2).

IDE may recognize a motif on monomeric A within positions 18-22, a
hydrophobic stretch that is critical for amyloid formation (McDermott and
Gibson, 1997; Soto et al, 1995). It is possible that when these residues
participate in peptide self-assembly, they are no longer accessible to IDE
catalytic site. To confirm the effect of AP dimerization upon proteolysis, the
study of peptide species isolated under native conditions is needed, yet, the
possibility that AB dimers exist at physiological concentrations in the brain
(Garzon-Rodriguez et al., 1997) raises an important question about Af
catabolism with potential therapeutic implications.

Recently, mice with targeted deletions of the IDE gene have been
generated and characterized (Farris et a/., 2003; Miller et al., 2003). Brain
membranes and soluble fractions isolated from IDE (-/-) animals showed a
significant decrease in synthetic AP degradation. Moreover, endogenous
brain levels of AP were increased, with an inverse correlation with IDE
activity (Miller et al., 2003). Interestingly, the loss of activity of IDE in this
animal model also resulted in the accumulation of an unphosphorylated form
of the carboxyl-terminal domain of APP, hyperinsulinemia and glucose
intolerance (Farris et al., 2003).
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Figure 2. Degradation of A variants by recombinant rat IDE. Panel A, western blot analysis
with monoclonal 6E10 of degradation of ABWT and AP genetic variants by rIDE. m, AB
monomers; d, AB dimers. Panel B, densitometric quantitation of the immunoreactivity of Ap
as in panel A. m, monomers; d, dimers. Bars represent the mean + SE of three independent
experiments. *, p<0.01 (Student’s ¢ test ) as compared with ABWT. From Morelli et al.,
2003, by permission of the American Society for Biochemistry and Molecular Biology, Inc.
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Figure 3. Schematic representation of cleavage sites within ABWT, AB rodent, and AP
human genetic variants by rIDE. Arrows show the peptide bonds hydrolysed by rIDE. Open
arrowheads (V) indicate loss of cleavage under the experimental conditions tested. The lines
represent identity of amino acid sequence and cleavage sites. Amino acid substitutions in each
AP variant are shown in circles. From Morelli et al., 2003, by permission of the American
Society for Biochemistry and Molecular Biology, Inc.

5.2 IDE degrades AP genetic variants

A group of autosomal dominant mutations in the APP gene result in
amino acid substitutions at positions 21, 22 or 23 of A sequence. Although
these A} variants present with a primarily vascular deposition, they translate
into different clinical phenotypes. Af Arctic (E22G) and AP Towa (D23N)
are characterized by presenile dementia, AP Flemish (A21G) is associated
with early onset dementia and cerebral hemorrhage, while A} Dutch (E22Q)
and AP Italian (E22K) variants have a predominant vascular phenotype
characterized by massive strokes (reviewed in Miravalle et al., 2000). We
have recently studied the degradation of AP WT and AR variants by
recombinant IDE. Monomers of ABWT, ABA21G, ABE22K and ABD23N
were readily degraded with an apparent similar efficiency. In contrast,
APE22Q and ABE22G monomers were substantially more resistant to
proteolysis by rIDE (Figure 2). More studies are needed to clarify the
mechanism of such resistance, including the influence of AP oligomerization
and the kcat/Km for each Af species at low concentrations to minimize
aggregation. Interestingly, amino acid substitutions did not affect
substantially IDE specificity, with the exception of minor changes in the
sites of cleavage in the Flemish and Jowa variants (Figure 3). These results
support the concept that up-regulation of IDE activity may promote the
removal of soluble AP in hereditary forms of AP diseases.
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53 A pathogenic role of IDE in AD?

An early study by our group suggested that IDE activity was significantly
reduced in a soluble fraction obtained from the temporal cortex of AD
patients as compared to age-matched controls (Perez er al., 2000).
Subsequently, Cook et al (2003) have shown that a decrease in IDE
expression was more pronounced in the hippocampus in late-onset AD
patients carrying the APOE €4 allele. Genetic linkage studies indicate that a
locus on chromosome 10q within 195 kilobases of the IDE gene is
associated with late-onset Alzheimer's disease (LOAD) (Bertram et al,
2000; Myers et al., 2000; Ertekin-Taner et al., 2000; Abraham et al., 2001).
So far, the analysis of all the coding exons, untranslated regions, and two
intronic polymorphisms of the IDE gene has failed to reveal association with
AD (Prince et al., 2003; Boussaha et al., 2002). However, a more recent
study of five IDE polymorphisms stratified by APOE genotype raised the
possibility that the lack of a minor IDE haplotype may be predictive of AD
in APOE e4-negative individuals (Edland er al., 2003). Although these
results need confirmation with larger numbers of AD patients and controls,
they raise the interesting possibility that IDE expression levels are related to
the APOE genotype. Moreover, together with biochemical and functional
data, they suggest that IDE may participate in the pathogenesis of LOAD.

6. FUTURE PERSPECTIVES

The recent and significant advances on our knowledge about AP
degradation raise the possibility that in the near future brain proteases may
be manipulated to promote AP clearance. However, several aspects of AP
metabolism remain to be clarified, both in normal conditions and disease. It
is yet not clear which is the main compartment for A degradation in the
brain and whether the initial AP oligomerization takes place intra or
extracellularly. The apparent redundancy in A proteolysis suggests that the
process is ubiquitous, with A degradation taking place, at a given time, in
different compartments and by different peptidases. Yet, protease efficiency
may be strongly dependent upon AP oligomerization. This process is
influenced, in turn, by the primary structure of the peptide, postranslational
modifications, or interaction of AP with other proteins. Moreover, several
aspects related to protease manipulation need to be carefully addressed in
animal models. The list includes the impact on basic aspects of brain
physiology such as insulin signaling, neuropeptide transmission, blood flow,
clot formation or extracellular matrix integrity. As an example, fibrinolytic
therapy of myocardial infarction with tPA has been associated with cerebral
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hemorrhage in patients with SCAA (Wijdicks and Jack, 1993), thus, the
pharmacological activation of plasmin may be particularly problematic in
this group of patients. Several proteolytic systems seem to be chronically
stimulated in AD brains and therefore, increasing their expression or activity
may have little impact on AP metabolism. On the other hand, the promotion
of the activity of proteases that are thought to be decreased in AD such as
NEP or IDE may have profound effects on the steady-state levels of soluble
AP. With the transgenic animal models currently available, the proteases that
degrade AP can be up-modulated and the consequences upon Af levels and
its purported toxicity assessed in vivo (Marr et al., 2003). These experiments
may be decisive to clarify the potential of treatments based on AP
degradation for the management of AD and related disorders.
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The Protective Role of Vitamin E in Vascular
Amyloid p-Mediated Damage
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Abstract: Amyloid B peptide (AB) accumulation produces the senile plaques in the brain
parenchyma characteristic of Alzheimer’s Disease (AD) and the vascular
deposits of Cerebral Amyloid Angiopathy (CAA). Oxidative stress is directly
involved in AB-mediated cytotoxicity and antioxidants have been reported as
cytoprotective in AD and CAA. Vitamin E has antioxidant and hydrophobic
properties that render this molecule as the main antioxidant present in
biological membranes, preventing lipid peroxidation, carbonyl formation and
inducing intracellular modulation of cell signalling pathways. Accordingly,
vascular damage produced by AP and prooxidant agents can be decreased or
prevented by vitamin E. The protective effect of vitamin E against AP
cytotoxicity in vascular cells in comparison to the neuronal system is reviewed
in this chapter.

Key words:  Amyloid B-peptide, Cerebral Amyloid Angiopathy, vitamin E, vascular cells,
antioxidants, oxidative stress.

1. VASCULAR AMYLOIDOSIS

The different systemic diseases generally termed amyloidosis are all
characterized by the misfolding of proteins into PB-pleated sheet-rich
structures that in turn leads to the aggregation and fibrillogenesis of the
proteins, triggering pathological processes in the tissues. The most
representative pathologies affecting the brain vessels are those produced by
the aggregation of cystatin C (hereditary cerebral hemorraghe with
amyloidosis of the Icelandic type; HCHWA-I), transthyretin (familial
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transthyretin amyloidosis; TTR), gelsolin (familial amyloidosis of the
Finnish type; FAF), prion protein (Gerstmann-Striussler-Scheinker
syndrome; GSS), ABri (familial British dementia; FBD), ADan (familial
Dannish dementia) and the amyloid B-peptide (Alzheimer disease and
cerebral amyloid angiopathy; AD and CAA).

2. CEREBRAL AMYLOID ANGIOPATHY

CAA is present in most cases of AD and it is characterized by the
deposition of amyloid B-peptide (AB) in the media and adventitia of both
leptomeningeal arteries and intracortical arterioles and capillaries (Figure 1),
and less frequently in veins (Vinters et al., 1988; Calhoun et al, 1999).
These vascular deposits are mostly composed by AP wild type (Castafio et
al,, 1996) and produce degeneration of vascular smooth muscle cells
(VSMCs) from the media (Wisniewski and Wegiel, 1994; Zhang et al.,
1998) and endothelial cells from the intima (Wisniewski er al, 1992;
Kalaria, 1997). A variant of CAA with an early onset of the disease is
hereditary cerebral haemorrhage with amyloidosis of the Dutch type
(HCHWA-D). HCHWA-D is caused by AB-encoding gene point mutation
which produces substitution of Glu—Gln at the position 22 (Levy et al.,
1990) resulting in a peptide with increased ability to form amyloid fibrils
(Wisniewski et al, 1991). Although HCHWA-D patients show diffuse
amyloid deposition in the brain parenchyma, the main hallmarks of AD
(mature senile plaques and neurofibrillary tangles) are not observed
(Timmers et al., 1990; Maat-Schieman et al, 1994). In both CAA and
HCHWA-D, the vascular amyloid deposits contain extracellular matrix
molecules and other common components of senile plaques from the
neuropil of AD patients (Snow et al., 1988; Verbeek et al., 1998; Mesulam
et al.,, 1992; Van Duinen et al., 1995). Significantly, as in senile plaques
(Vehmas et al., 2003), the vascular deposits show the presence of reactive
glia (Uchihara et al., 1997).

3. ORIGIN OF VASCULAR A
The amyloid precursor protein (APP) is present in VSMCs, pericytes and

endothelial cells (Schmechel et al., 1988; Shoji et al., 1990; Tagliavini et al.,
1990; Wisniewski and Wegiel, 1994), but the origin of vascular AP deposits
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Figure 1. Amyloid deposits identified by Congo red staining in brain samples from the frontal
cortex of control (A,B) and AD patients (C,D) with AD in the VI stage. Arrows show the
blood vessels. The samples from AD patients show that most of the blood vessels are Congo

red-positive.

is controversial (Weller ef al., 1998). VSMCs are able to produce AP
(Frackowiak et al., 1995), which has been identified even in intracellular
compartments of VSMCs (Mazur-Kolecka et al., 1995; Wisniewski et al.,
2000). Nevertheless, transgenic mice overexpressing neuronal mutated APP
(Dutch-Iowa-Swedish mutations) also develop CAA (Davis et al., 2004),
indicating that neuronal AP is deposited in the vessels. It could be due to the
flux from the neuronal A drainage, but the contribution of VSMCs to the
vascular AP deposits could be also relevant by producing seeds for the
fibrillation of the AP coming from the neurons. It could be due to the flux
from the neuronal AP drainage, but the contribution of VSMCs to the
vascular AP deposits has been demonstrated in cell cultures (Frakcowiak et
al., 2004) and human brain vessel cultures (Mazur-Kolecka et al., 2004).
Moreover, if neurons were the producers of all the vascular AB, a gradient of
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immature AP deposits should be shown from the parenchyma to the vessels
and it does not occur in arteries or small arterioles, where A deposits have
been found. Nevertheless, such a gradient is shown in the proximity of veins,
probably corresponding to the clearance of neuronal AB. These findings
suggest that the vascular AP is produced by both type of cells, neurons and
VSMCs, and that VSMCs play a key role in the AP secretion.

4. AP EFFECTS ON THE VESSELS

CAA is characterized by the degeneration of VSMCs and endothelial
cells (Miyakawa et al, 1997; Kalaria, 1997). AP deposits are present in the
tunica media of large vessels at early stages of AD. VSMCs close to AB
deposits have swollen nuclei and express the proliferating cell nuclear
antigen. When the amyloidosis is at advanced stages, the tunica media is
replaced by amyloid deposits and VSMCs degenerate becoming scarce
(Wisniewscki et al., 2000). Thus, it has been reported that there is an
increase in the number of apoptotic VSMCs and endothelial cells in AD (De
la Monte et al., 2000). A direct toxic effect of A on VSMCs in vitro has
been also demonstrated (Davis and Van Nostrand, 1996; Mufioz et al.,
2002).

At the functional level, AP enhances the vessel contraction (Crawford et
al., 1998; Suo et al, 2000) and decreases the endothelium-dependent
vasodilatation (Thomas et al., 1997) despite the increased nitric oxide (NO)
production by AD endothelial cells (Grammas et al., 2000). The lack of
vasodilatatory properties of NO may be due to the sequestration of NO in a
pro-oxidant environment to produce peroxynitrite, a powerful oxidant
produced from the reaction of superoxide anion (O,”) and NO. There is also
evidence of endothelial cell degeneration in CAA (Miyakawa ef al., 1997),
which produces blood vessel damage and increased permeability of the
blood-brain barrier (Wisniewski ef al., 2000).

5. OXIDATIVE STRESS IN THE ETIOLOGY OF AD

Oxidative stress could be involved in the development of AD since it has
been demonstrated that the expression and activity of BACE, the proposed
B-secretase for APP, is increased by oxidative stress (Tamagno et al., 2002),
and that oxidative stress enhances the production of Ap (Frederikse et al.,
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1996). Moreover, homocysteine, a well-known risk factor for atherogenic
damage and vascular disease, has been also proposed as a risk factor for AD
(Seshadri et al., 2002), and the deleterious effect of homocysteine on blood
vessels may be mediated by oxidative stress (Perna et al., 2003). Thus the
putative role of homocysteine in the development of AD could be related to
a pro-oxidant activity yielding to an increase in the production of A, and/or
because homocysteine increases AB-induced cytotoxicity (Mok et al., 2002).

6. OXIDATIVE STRESS IN AB-MEDIATED
CYTOTOXICITY

The existence of a specific receptor mediating the cytotoxicity induced
by AR has been proposed, but none of the putative candidates can explain all
the cytotoxic effects observed. There is an increased amount of experimental
and histopathological evidence suggesting that oxidative stress plays a key
role in AP-mediated cytotoxicity (Behl et al. 1994; Miranda et al., 2000;
Mufioz et al., 2002).

AP generates hydrogen peroxide (H,0O,) through metal ion reduction
(Huang et al., 1999) and is able to increase the free radical generation by
metals such as iron, copper and zinc (Bondy et al., 1998), which are highly
concentrated within the core and periphery of AP deposits (Lovell e al.,
1998). The oxidative damage of proteins generates an increase in carbonyl
groups (Stadtman, 1990). Carbonyl residues and protein nitration in AD
brain may come from the action of peroxynitrites (Smith et al, 1997).
Proteins can alsoc be modified by non-enzymatic reaction with
monosaccarides, such as the Maillard reaction, when irreversible advanced
glycation end products (AGEs) are formed, concomitant with hydroxyl
radical (HO') generation (Miinch et al., 1997a). It has been demonstrated in
vitro that AP induces lipoperoxidation of membranes (Koppal et al., 1998,
Mark et al., 1997) leading to the disruption of the physiological signalling
pathways (Kelly et al, 1996). Moreover, it impairs the function of
membrane-regulatory proteins, including cation transport ATPases (Mark ez
al., 1995). The impairment of ATPase function means that the intracellular
calcium cannot be pumped out. The progressive cytoplasmic accumulation
of calcium and the oxidative damage on mitochondria and nucleic acid
(Gabbita et al., 1998; Nunomura et al., 1999) trigger cellular apoptotic
mechanisms. Therefore, extracellular Ap produces a cascade of ROS which
induces intracellular damage (Figure 2).
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Figure 2. AP produces oxidative damage leading to the cell death. Reactive oxygen species
(ROS) induce peroxidation with damage to both membrane lipid and protein. This event
disrupts cell homeostasis. The intracellular ROS cascade is increased by the formation of
peroxynitrites. Mitochondrial oxidative damage is triggering apoptotic pathways by the
release of cytochrome C and the enhancement of intracellular calcium, which even activates
endonucleases. Vitamin E can prevent the cell death by inhibiting the damage from
extracellular ROS in the membrane and in the intracellular ROS cascade.

7. INTRACELLULAR SIGNALLING PATHWAYS
INVOLVED IN THE OXIDATIVE DAMAGE

The mitogen-activated protein kinase (MAPK) pathways are involved in
the deleterious effect of AP, but the specific role of the extracellular signal-
regulated kinase (ERK), c-Jun NH,-terminal protein kinase (JNK) and
p38/RK/MpK2/CSBP kinases in the AP toxicity is controversial (Zhu et al.,
2002).

Low levels of radical/reactive oxygen species (ROS) play an important
role in normal cell proliferation (Burdon, 1995; Benhar et al., 2002) and
regulate cellular signalling by the activation of MAPKs leading to induction
of gene expression to protect cells. But at high concentrations, these agents
activate ERK2 and JNK and ICE/Ced-3 caspase pathway inducing apoptosis
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(Kong et al., 1998). Other authors propose that low concentrations of H,0,
activates phosphatidylinositol-3-kinase (PI-3K) giving an increase in the cell
survival by the activation of ¢c-AMP response element binding protein
(CREB) throughout the action of ERK1/2 and Akt/PKB pathways, while
high concentrations of H,O, are proapoptotic throughout the activation of
JNK/c-jun cascade in cortical neurons (Crossthwaite et al., 2002). In cardiac
myocytes two of the MAPK pathways, JNK and p38 are reported as
proapoptotic, whereas ERK pathway is considered antiapoptotic (Aikawa et
al., 1997; Turner et al., 1998).

Regarding A, it triggers the INK/c~jun cascade (Figure 3) producing cell
death and increasing the expression of proapoptotic molecules in neurons
(Okazawa and Estus, 2002). Therefore, the inhibition of INK protects PC12
cells against AB-mediated cytotoxicity (Troy et al., 2001). The involvement
of JNK and p38 pathways in AD has been also demonstrated in an animal
model. Thus, both MAPK pathways are activated in the cerebral cortex of a
double transgenic mice for mutant APP (Swedish mutations) and mutated
presenilin-1 (P264L), which produces a dramatic increase in the production
and the consequent aggregation of AP (Savage et al., 2002). All these results
show that firstly the activation of MAPK pathways rendering apoptosis or
protection depends on cell type and the concentration of the prooxidant
agent. Secondly, the specific role of ERK1/2 in oxidative stress/AD/CAA is
the most controversial but JNK and p38 appears to be directly involved in
the cell damage.

On the other hand, oxidative stress produces the activation of redox-
sensitive transcription factors, such as nuclear factor-xf3 (NF-xf) (Piette et
al., 1997) and activator protein-1 (AP-1) (Lo et al., 1996; Vollgraf et al.,
1999) triggering apoptosis or inducing the protection of the cells (Bossy-
Wetzel et al., 1997). AP-1 is a protein complex containing Jun and Fos
proteins or Jun dimers (Gass and Herdegen, 1995), and the activation of the
migration to the nucleus of AP-1 and NF-xP is mainly controlled by JNK
and p38 pathways (Behrens ef al., 1999). These mechanisms have been
demonstrated to occur under the effect of AP in neurons (Kaltschmidt ez al.,
1997; Mattson et al., 1997), and in vascular cells with different pro-oxidant
insults (Yin et al., 2002; Wang et al., 2002; Robbesyn et al., 2003)

8. INTRACELLULAR ANTIOXIDANT DEFENCES

The cellular mechanism of protection against oxidative stress is
constituted by different intacellular enzymes, mainly catalase, superoxide
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Figure 3. c-jun activation identified by immunohistochemical staining with peroxidase in
brain samples from the frontal cortex of control (A, B) and AD patients (C, D) with AD in the
VI stage. Asterisks indicate the presence of vessels. Arrows show the positive areas for c-jun
activation into the vessels and the brain parenchyma. Positive areas for c-jun correlate with
AD brain vessels and their periphery in all the samples analysed from AD patients.

dismutase (SOD), thioredoxin, the peroxiredoxins and the enzymes related
to the glutathione (GSH) pathway. GSH is a tripeptide formed by glutamate,
glycine and cysteine, and its antioxidant properties depends on the thiol
group of the molecule. GSH-peroxidase is considered one of the most
important enzymes involved in the hydrolysis of peroxides in the brain.
Furthermore, different neuronal cell lines showed resistance against Ap-
mediated cytotoxicity which was directly proportional to the levels of GSH-
peroxidase (Calderén et al., 1999). The relevance of the protective role of
antioxidants in the vasculature was first evidenced by the observation that
AB-induced endothelial damage is prevented by the enzyme SOD (Thomas
et al., 1996; 1997; Crawford ef al., 1997). These results are in agreement
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with a direct effect of O, in AB-mediated cytotoxicity in vascular cells, as it
was demonstrated by the measurement of the dihydroethidium fluorescence,
an indicator of ROS, in VSMCs and endothelial cells challenged by AB

(Mufioz et al., 2002).

9. PROTECTION BY ANTIOXIDANT MOLECULES

Antioxidants such as vitamin E, 17p-estradiol or melatonin have
demonstrated protective properties on neuronal cells against the Ap-
mediated cytotoxicity (Behl, 2000; 2002; Behl et al., 1992; 1997; Mattson
and Goodman, 1995; Pappolla er al., 1997; Bonnefont et al., 1998), (see also
Chapter 3). Vitamin E can protect VSMCs and endothelial cells against
alcohol, which may induce oxidative stress (Altura and Gebrewold, 1996),
and against AB-mediated cytotoxicity (Mufloz et al., 2002). Vitamin C,
which shares anti-oxidant properties (Podmore et al., 1998), prevents p-
amyloid-induced intracellular calcium increase and cell death in PC12 cells
(Yallampalli et al., 1998). However other authors have not found any
protection with antioxidants such as vitamin E, trolox (a hydrosoluble form
of vitamin E), vitamin C or N-acetyl-L-cysteine (NAC) on neuronal cells
(Lockhart et al., 1994; Pike et al., 1997). This lack of protection could be
due to the experimental procedures. The steroidal hormone 178-estradiol has
also been proposed to play a key role in the prevention or retardation of AD
related pathologies, since women treated with estrogen replacement therapy
showed a lower prevalence of AD (Tang et al., 1996; Kawas et al., 1997)
due to the pleiotropic effects of 17p-estradiol (Behl, 2002).

10. PROTECTION BY VITAMIN E

Vitamin E was discovered by Evans and Bishop in 1922. Vitamin E is a
term which includes a group of tocopherols and tocotrienols, both having
four isomers (alpha, beta, gamma and delta). The alpha-tocopherol is the
most active in humans because of the high affinity of the tocopherol
transporter protein (TTP) for this molecule (Hosomi et al., 1997). The
relevance of this transporter is shown when there are mutations in the TTP
gene. It produces a reduction of alpha-tocopherol in plasma and tissues
yielding to ataxia with vitamin E deficiency (Ben Hamida et al., 1993).
When considering the vitamin E distribution in brain, there are no specific
areas of the brain or spinal cord that are richer in vitamin E than others,
however, the uptake of vitamin E is considerably high in the cerebellum

(Vatassery, 1992).
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Due to the antioxidant and hydrophobic characteristics of vitamin E, it is
the main antioxidant present in biological membranes (Perly et al., 1985),
preventing lipid peroxidation (Halliwell and Gutteridge, 1984) by trapping
the peroxyl radicals (Naiki et @/., 1998). Vitamin E has protective properties
on neuronal cells against the Ap-mediated cytotoxicity (Behl et al., 1992).
These neuronal protective properties have been demonstrated even in
synaptosomas challenged with A (Koppal et al.,, 1998). Regarding the role
of vitamin E on blood vessels (Figure 4), it has been reported that alpha-
tocopherol can protect VSMCs and endothelial cells against alcohol (Altura
and Gebrewold, 1996) and against Af-mediated cytotoxicity even when both
types of cells were challenged with the Dutch variant of AB, which is more
toxic for vascular cells than the wild type AB (Muiloz et al., 2002).

The protective effect of vitamin E against oxidative stress is not just due
to the free radical scavenging activity of the molecule but also due to the
modulation of signalling pathways. In fact, vitamin E has been reported to
protect against oxidative stress by decreasing JNK activity and increasing
the ERK activity in cardiac myocytes (Qin et al., 2003), and inhibiting
caspase-3 activation in vascular endothelial cells (Uemura et al., 2002).

Moreover, in Hel a cells, pretreatment with free radical scavengers NAC,
GSH or vitamin E, inhibited JNK pathway activation by prooxidant agents
(Kong et al., 1998). Furthermore, the protective roles of vitamin E could also
be related to other intracellular effects such as the activation of PP2A, the
inhibition of alpha-PKC in VSMCs (Ricciarelli et al., 1998), the inhibition
of the production of eicosanoids (Pratico et al., 1998; Jialial ef a/., 2001; Lee
et al., 1999) or the inhibition of inducible NO synthase (iNOS) (Badger et
al., 2000; Guan et al., 1998) which leads to a decrease in the protein
peroxyunitration. On the other hand, vitamin E protects neurons and vascular
cells against oxidative cell death in vitro by the activation of NF-«f3 (Behl,
2000; Li-Weber et al., 2002). Alpha-tocopherol also induces the expression
of connective tissue growth factor (CTGF) in VSMCs in a PKC-independent
pathway (Villacorta et al., 2003) and increases the synthesis of alpha-
tropomyosin in VSMCs (Aratri er al., 1999), suggesting an improvement in
the VSMC function in the vessels. Moreover, vitamin E can be a
vasodilatatory agent since thrombin-mediated PKC activation and endothelin
secretion are inhibited by alpha-tocopherol in endothelial cells (Martin-
Nizard et al., 1998). A clinical trial confirmed the positive role of vitamin E
in preventing AD in ageing people (Sano et al., 1997). There are also reports
suggesting that use of high vitamin E and vitamin C supplements may
decrease the risk of AD (Morris et al., 1998). Other studies suggest that
vitamin E could be also protective in vascular disease (reviewed by
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Figure 4. The water-soluble analogue of Vitamin E (Trolox) protects human umbilical vein
endothelial cells (HUVEC) and human aortic vascular smooth muscle cells (HA-VSMC) from
H,0, and Dutch AB,.4 fibrils cytotoxicity. Representative experiments were performed in
quadruplicate. Cells were challenged with 4 uM H,0, in HUVEC and 50 puM H,O, in HA-
VSMCs (A), and 0.25 uM AP in HUVEC and 0.125 yM AB in HA-VSMCs (B). For the
protection studies, cells were treated with 500 uM Trolox. Cell viability was evaluated by
MTT reduction after 24h of incubation. Control cells were assumed to have 100% of viability.

Steinberg, 1995; Gotto, 2003). In addition, there are experimental data
demonstrating that treatment with antioxidants such as idebenone and alpha-
tocopherol prevents learning and memory deficits caused by AP in rats
(Yamada et al., 1999). Furthermore, decreasing serum levels of vitamin E
were associated with poor memory performance in older people (Perkins ef
al., 1999), however this effect was not found in rats (Ichitani er al., 1992).
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11. CONCLUSIONS

Oxidative stress is directly involved in AB-mediated cytotoxicity. Thus,
free radical scavengers and antioxidants are considered key pharmacological
tools against AD and CAA. Vascular damage produced by AP and
prooxidant agents can also be decreased or avoid by vitamin E. These
findings suggest that vitamin E is a good biological cytoprotective agent, but
more work is needed to elucidate all the intracellular mechanism triggered
by vitamin E and the changes in the expression of specific protective genes
such antiapoptotic molecules. Moreover, considering that Af production has
been related directly with oxidative stress, vitamin E could prevent the
triggering of AD by decreasing the production of AB in vascular cells.
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Chapter 8

Amyloid Accumulation and Pathogensis of
Alzheimer's Disease: Significance of Monomeric,
Oligomeric and Fibrillar AP

Charles C. Glabe
University of California, Irvine. Irvine, C4 92697, USA

Abstract: This chapter reviews recent findings that indicate that soluble amyloid
oligomers may represent the primary pathological species in Alzheimer’s and
other degenerative diseases. Various amyloids share a number of common
properties, including their structures and pathways for fibril formation and
accumulation in disease. Recent findings suggest that toxic amyloid oligomers
share a common structure, suggesting that they also share a common
mechanism of pathogenesis

Key words:  Amyloid, AB, oligomer, fibril, pathogenic mechanisms

1. INTRODUCTION

The accumulation of amyloids is increasingly recognized as a key feature
of the pathogenesis of a variety of diseases, including Alzheimer’s,
Parkinson’s, Huntington’s diseases and type II diabetes. The amyloid
deposits present in these diseases characteristically consists of a particular
protein or proteolytic fragment of protein, although it has been increasingly
recognized that more than one type of amyloid may accumulate in a disease.
Regardless of the protein sequence, the amyloid fibrils have a characteristic
“crossed B-sheet” structure and share a common aggregation pathway
involving the misfolding or partial denaturation of the protein, adoption of p-
sheet structure and oligomerization to form soluble aggregation
intermediates on the pathway to fibril formation. Amyloids are deleterious
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to cells in vitro and in vivo, suggesting that they play a causal role in
pathogenesis. Recent evidence suggests that amyloid oligomers and fibrils
have a common structure, suggesting that they all may share a common
primary mechanism of pathogenesis.

2. KEY EVENT: PROTEIN MISFOLDING

Amyloidoses are fundamentally diseases of protein misfolding. The
propensity to misfold may be enhanced by mutation, environmental factors
or posttranslational modification and some proteins are “natively misfolded”
or conformationally mutable. Cells contain elaborate machinery, like
chaperones to ensure that proteins fold properly and selective degradation
systems, such as the proteasome to dispose of misfolded proteins. What
distinguishes amyloids from other misfolded proteins appears to be that the
ability to aggregate into higher order oligomeric and fibrillar structures
allows them to evade these quality control systems. Inhibition of the
proteasome (Waelter et al, 2001) or lysosomal degradation systems
(Bendiske and Bahr, 2003; Hajimohammadreza et al., 1994) can lead to the
accumulation of misfolded amyloidogenic proteins and peptides. Amyloid
aggregates also inhibit the proteasome, perhaps by adopting stably folded
structures that cannot be unfolded to allow transport into the central catalytic
pore of the enzyme complex (Gregori et al., 1995; Keck et al., 2003). The
adoption of a stable aggregated B-sheet structure my be a critical initiating or
nucleating event in the formation of amyloid seeds that can grow and
propagate because the amyloid structure is relatively resistant to degradation
in vivo. The formation of these stable nuclei is dependent on the
concentration of aggregation competent misfolded proteins and this may
explain why a small increase in the concentration of misfolded proteins can
dramatically accelerate onset of disease.

3. COMMON STRUCTURES

Many proteins assemble into amyloid fibrils, even ones that are not
disease related. Amyloid fibrils are approximately 6-10 nm diameter
unbranched fibrils characterized by a “crossed B-sheet” structure in which
the polypeptide chain is oriented perpendicular to the fiber axis with the
hydrogen bonding parallel to the axis. The ability to form amyloids is not
limited to disease-related proteins (Dobson, 1999). Rather, it appears to be a
fundamental polymer motif of the polypeptide backbone, although it is not
commonly observed in native proteins. The observation that a number of
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different polyamino acids form crossed B-sheet amyloid fibers indicates that
specific sequences or side chain interactions is not required for amyloid
formation and suggests that the fundamental tendency to form amyloids is
overcome by the propensity of specific sequences to adopt other stable
structures (Fandrich and Dobson, 2002). Amyloid fibrils have a number of
common properties that may be a reflection of their underlying common
structure. They display characteristic tinctorial properties, binding Congo
red and thioflavinee dyes (LeVine, 1993). A wide variety of different
amyloid fibrils have also been reported to be recognized by a conformation
dependent monoclonal antibody, independently of their sequence. More
recent structural analysis suggests that they have a common parallel, in-
register organization that may be characteristic of their structure (Balbach et
al., 2002; Benzinger ef al., 1998; Der-Sarkissian et al., 2003; Torok et al.,
2002). The P sheets of AB40 and AB42 amyloid fibrils are formed from
parallel B strands (Antzutkin ef al., 2002), while fibrils formed from smaller
peptide segments, such as AB11-25 are antiparallel (Petkova et al., 2004).
Although the spacing is different in the structures formed from smaller
fragments, the side chains are still in register along the strands that are facing
in the same direction.

4. COMMON PATHWAYS OF AGGREGATION

Amyloid (3 aggregation/oligomerization pathways were among the
earliest characterized because the ability to chemically synthesize large
amounts of the naturally occurring peptide provided ample biochemical
material for study. These early studies established that peptide
concentration, low pH, time of incubation and the length of the carboxyl
terminus are important parameters in determining the rate of fibril assembly
(Burdick et al., 1992). Some of this early work reported conflicting results
and even variable results between different lots of peptide or peptide
preparation, but more recent analysis indicates that much of this variation
can be traced to differences in the solvents used and conformationally
heterogeneous samples that retain a considerable amount of “conformational
history” after purification and lyophilization (Shen and Murphy, 1995;
Zagorski et al., 1999). This variation can be largely eliminated by starting
with stock solutions of fully solvated random coil peptide, such as peptides
dissolved in hexafluoroisopropanol (Dahlgren e al., 2002; Kayed et al,
2003; Zagorski et al., 1999).

In addition to fibrils and monomer, quasi-stable intermediate aggregates
ranging from dimers up to particles of a million Da or greater have been
observed by a variety of techniques, including SDS gel electrophoresis
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(Burdick et al., 1992), gel filtration (Hilbich et al., 1991; Soreghan et al.,
1994), fluorescence resonance energy transfer (Garzon-Rodriguez et al.,
1997), light scattering (Walsh et al., 1997), and atomic force microscopy
(Harper et al., 1997b). In particular, soluble spherical aggregates of 2-20 nm
have been observed for many different types of amyloids by electron and
atomic force microscopy (Anguiano et al., 2002; Harper er al., 1997b;
Lashuel et al, 2002). These spherical oligomers appear at intermediate
times of incubation and disappear as fibrils appear, suggesting that they
represent intermediates in the pathway of fibril formation. Although these
various aggregates have been observed by many different laboratories and
under different conditions, the relationships of these intermediates, their
roles if fibril growth and elongation and relationship to disease pathogenesis
are only now being clarified.

One particular hypothetical pathway for AB fibril assembly is shown in
Figure 1. The earliest event in the process of aggregation is the formation of
dimers (Hilbich et al., 1991; Soreghan et al., 1994). Upon further incubation
increasing amounts of higher order aggregates form as the amount of dimer
decreases (Hartley et al, 1999). These high molecular weight aggregates
have apparent sizes ranging from approximately (Lomakin et al, 1997,
Soreghan et al., 1994) 10° to 10° Da with an average size corresponding to
approximately 24 monomers. The high molecular weight Af oligomers
appear as spherical particles of approximately 3 nm in diameter (Anguiano et
al., 2002; Harper et al, 1997b; Lashuel er al, 2002) and have the
characteristics of a protein micelle (Soreghan et al, 1994). AP is
amphipathic and lowers the surface tension of water. The formation of the
high molecular weight aggregates displays a critical concentration of
approximately 25 pM and the formation of the high MW aggregates is
correlated with the formation of a new hydrophobic environment into which
hydrophobic fluorescent dyes partition (LeVine, 2002; Soreghan et al.,
1994). At longer times of incubation, the spherical oligomers appear to co-
aggregate to form curvilear fibrils with a characteristic beaded appearance
that have been termed “protofibrils” (Harper et al., 1997a; Hartley et al.,
1999). The spherical oligomers and protofibrils appear to be intermediates
in the pathway of fiber formation because they disappear at mature fibrils
accumulate and the rate of monomer dissociation from them is too slow to
account for fibril growth (Kayed et al., 2003). The transition from spherical
oligomers and protofibrils to mature fibrils appears to involve a major
conformational change, because fluorescence quenching analysis indicates
that the carboxyl terminus is highly shielded from the aqueous solvent in the
soluble oligomeric state, whereas it is exposed to the solvent in the fibrillar
state (Garzon-Rodriguez et al., 2000). Once the amyloid fibril lattice has
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been established, it can grow by the addition of monomer onto the ends of
the fibrils (Esler et al., 2000; Tseng et al., 1999).

e -
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Figure 1. Pathway of AB aggregation and fibril formation. Top row: AR is derived from a
segment of APP that is believed to be predominantly alpha helical in its native state,
Monomeric AP is largely random coil in solution. The formation of AP dimers is coincident
with the adoption of partial § structure. The AP dimers assemble into higher order aggregates
or oligomers. Bottom row: The higher order AP aggregates are protein micelles with a
hydrophobic core and a polar exterior that appear as 3 nm spherical particles in the atomic
force or electron microscope. At later times, these spherical particles appear to form
curvilinear strings or “protofibrils”. The protofibrils undergo a conformation change to form
the straight, unbranched mature fibrils. Once the amyloid fibril lattice has been established,
the fibril can grow by the addition of Ap monomer or dimer at the ends of the fibril

5. COMMON MECHANISMS

The concept that amyloid oligomers rather than mature fibrils represent
the primary toxic species arose as a consequence of the inadequacy of fibril
accumulation to account for pathogenesis. Terry and coworker have long
noted that there is a poor correlation between amyloid deposits and dementia
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or disease progression (Terry, 1996). Non-demented control individuals
occasionally have high levels of AD pathology as determined by the
presence of amyloid plaques. Moreover, there are reports of individuals
bearing FAD PS mutations that had massive amounts of “cotton wool”
amyloid deposits and these individuals were not demented (Houlden et a/.,
2000; Verkkoniemi ef al., 2000). Alzheimer’s disease brain also contains
soluble AP oligomers that are typically defined as the fraction of peptide not
sedimenting at 100,000 x g or more (Gong et al., 2003; Kuo et al., 1996;
Pitschke et al., 1998). This soluble population of AR correlates better with
dementia than the fibrillar AP (Lue ef al., 1999; McLean ef al., 1999). In
some transgenic mouse models of AD, neurological deficits precede the
deposition of significant amounts of AP, suggesting that the onset of
pathology occurs prior to amyloid fibril deposition (Hsia et al., 1999;
Westerman et al., 2002). Because of these problems, the amyloid hypothesis
has been modified to include the possibility that soluble oligomers of Af and
not the fibrillar amyloid deposits represent the primary toxic species (Hardy
and Selkoe, 2002; Klein et al., 2001).

Numerous in vitro studies have indicated that Af oligomers are toxic to
cells or interfere with the normal function of neurons (reviewed in:
(Kirkitadze et al., 2002; Klein et al., 2001; Walsh et al., 2002). Mounting
evidence indicates that soluble amyloid oligomers are generally toxic for a
wide variety of disease related amyloids (Caughey and Lansbury, 2003) and
indeed soluble oligomers are intrinsically toxic even when they are formed
by proteins that are not disease related (Bucciantini ez al., 2002). Although
the idea that soluble AP oligomers may play a primary role in AD pathogens
is attractive, the evidence in support of this is largely correlative and derived
from in vitro toxicity studies. In order to evaluate the role of soluble Ap
oligomers in diseased human brain, we would need some way of
distinguishing them from soluble Af} monomer, APP and AR fibriis. All of
these species contain the same amino acid sequence, but differ in
conformation, so a conformation-dependent antibody that distinguishes
between the different forms would be very useful. We produced a
polyclonal antibody that is specific for soluble Af oligomers and does not
recognize AP monomer, APP or AP fibrils (Kayed et afl, 2003). The
experimental approach was to immunize rabbits with a covalently
constrained mimic of AP in same the conformation as it exists in soluble
spherical oligomers. The AP peptide in the molecular mimic antigen is
covalently coupled to the surface of colloidal gold particles via its carboxyl
terminus to mimic the overall organization that exists in soluble oligomers
(Figure 1). The covalent attachment of AP prevents the dissociation of Af
to monomers and the conformation change that is required for the transition
to mature fibrils, locking A in the oligomeric conformation. The resulting
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immune serum is remarkably specific for spherical oligomers and
protofibrils as determined by dot blot and ELISA assays. Even after
immunization more than 12 times over a period of 9 months, no reactivity
against AP monomer or fibrils was detected. The oligomer-specific epitope
in AP 42 appears after approximately 6 hr of incubation, reaches a maximum
at approximately 24-48 hours and disappears coincident with the formation
of mature fibrils. The smallest size oligomer recognized by the antibody
has the approximate size of an octamer (Kayed et al., 2003).

Surprisingly the structure of soluble oligomers from different types of
amyloidogenic proteins is much more similar than their obvious
morphological similarity suggests. The antibody specific for AB oligomers
also recognizes soluble oligomers from a wide variety of amyloid forming
peptides and proteins equally well (Kayed er al, 2003). As for AP, the
monomeric and fibrillar forms of these amyloids are not recognized by the
antibody. This indicates that the antibody recognizes an epitope that is
independent of the amino acid sequence and is shared in common among all
types of amyloids examined. The anti-oligomer antibody also blocks the
toxicity of all types of soluble oligomers in vitro. Since the oligomers share
a common structure and they are all intrinsically toxic to cells, this suggests
that mechanism of toxicity is also shared in common among the various
amyloid-related degenerative diseases.

The availability of an antibody that can distinguish the conformations of
amyloids in the soluble oligomeric state from the native conformation,
random coil monomer and fibrillar states facilitates an examination of the
localization of oligomeric amyloid in AD brain. The anti-oligomer antibody
detects a unique subset of amyloid deposits in AD brain and does not co-
localize with thioflavine-S positive fibrillar amyloid plaques (Kayed et al.,
2003). The staining is predominantly extracellular and does not appear to be
preferentially localized with any cell type. Occasionally, anti-oligomer
immunoreactivity is observed in the vicinity of large diffuse amyloid
deposits stained with the Af 10-17 specific antibody, 6E10, but the staining
is distinct and does not overlap. Diffuse amyloid deposits are generally
regarded as non-fibrillar because of the lack of thioflavine-S staining and the
absence of fibrils upon ultrastructural examination. The fact that the
majority of these diffuse AP deposits are not labeled by anti-oligomer
antibody indicates that they are conformationally distinct from both the
thioflavine-S positive fibrillar neuritic and cored plaques and the soluble
oligomer deposits identified by the anti-oligomer antibody. Because soluble
oligomers appear to be an intermediate on the pathway to fibril formation in
vitro, this suggests that the anti-oligomer immunoreactive deposits may
represent an early stage of amyloid deposition and perhaps the nidus for the
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formation of fibrillar amyloid deposits. The relationship between the diffuse
plagues and oligomeric deposits remains a mystery.

An important issue that remains to be addressed is whether the
oligomeric amyloid deposits precede the appearance of fibrillar and diffuse
and fibrillar amyloid deposits and whether they are intimately associated
with imitation of dementia and cognitive decline. In an initial study of
soluble PBS lysates of frontal cortex from 27 AD patients, 2 patients with
mild Braak changes (MBC) and 5 age matched controls, indicated that
soluble oligomers are greatly reduced or absent in control brains, while they
are detected in both MBC samples and the majority, but not all of the AD
brain samples. The absence of detectable soluble oligomers in some of the
AD cases is consistent with the idea that soluble oligomers represent a
transient intermediate in the formation of fibrillar deposits and that they are
not continuously produced during the progression of disease. It remains to
be established whether their presence is a good predictor of disease onset or
progression.

If soluble oligomers have a common mechanism of toxicity, it predicts
that they would act on the same primary target. This restricts the number of
potential targets to ones that are plausible for all of the different types of
soluble amyloid oligomers. Since some amyloids are cytosolic while others
are lumenal or extracellular, this suggests that the primary target of
oligomers must be accessible to both compartments. The most obvious
target that meets this criterion is the plasma membrane that separates the two
compartments. Amyloid oligomers, such as AP, alpha synuclein and IAPP
have been widely reported to disrupt membranes or to form pores or
channels in membranes (Caughey and Lansbury, 2003; Kagan et al., 2002),
see also Chapter 1. The disruption of intracellular Ca homeostasis that has
been reported as a common component of amyloid toxicity could be directly
related to membrane perturbations that increase membrane permeability
{Mattson, 2002). A wide variety of transmembrane signalling processes and
the production of reactive oxygen species could also be directly related to
membrane perturbation by soluble oligomers. Even though soluble
oligomers may not be acutely toxic in vivo as they are in vitro, the chronic
leakage of ions across the plasma membrane may be sufficient to disrupt
normal neuronal function and serve as a source of chronic stress in
maintaining a normal membrane potential.
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Chapter 9
Cholesterol and Amyloid p Fibrillogenesis
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Abstract: Evidence is accumulating to suggest that cholesterol is a potent risk factor for
the development of Alzheimer’s disease. An increase in cholesterol level in
neuronal membranes may facilitate the generation and aggregation of the
amyloid B-protein (AP). Our results and those of other groups suggest that
cholesterol has both direct and indirect effects of acceleration of AP
fibrillogenesis. A novel concept of cholesterol neurobiology is necessary to
elucidate the mechanism underlying cholesterol-dependent A pathology.

Key words:  Amyloid B-protein, fibrillogenesis, cholesterol, GM1 ganglioside, lipid raft,
senile plaque, aging, apolipoprotein

1. INTRODUCTION

Amyloid B-protein (AB) deposition in the brain is one of the fundamental
processes in the development of Alzheimer’s disease (AD); however, the
molecular mechanism underlying the conversion of AP from its nontoxic
soluble form to its toxic aggregated form remains to be determined. AR, a
naturally occurring proteolytic (B-secretase) derivative of the amyloid
precursor protein (APP), is believed to self-aggregate. Indeed, AP forms
amyloid fibrils following its incubation in vitro at concentrations higher than
those in physiological biological fluids. However, AP aggregation in vitro
can be significantly suppressed by subjecting an Af solution to “de-
seeding”. In the case of familial AD, the expression of genes responsible for
AD is likely to enhance AP deposition through accelerated AP generation.
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However, no evidence has ever been reported to indicate that Af} generation
is perturbed in sporadic AD, a major form of the disease. Thus, it is
reasonable to assume that AP deposition in the brain is induced by not only
an increase in AJ3 concentration in cells and/or extracellular space but also as
yet unknown environmental factors. Recently, evidence is accumulating to
suggest that cholesterol is a potential risk factor for AD development
(Simons et al., 2001; Puglielli et al., 2003). In regard to the possible role(s)
of cholesterol in the acceleration of AP deposition in vivo, several
investigators have reported that processes in AP generation, including APP
cleavage by B- and y-secretases, can be facilitated by an increase in cellular
cholesterol concentration (Wahrle et al., 2002; Fassbender ef al., 2001;
Frears et al.,1999; Simons et al., 1998). Alternatively, we and other groups
have suggested that A fibrillogenesis is also modulated through direct and
indirect interactions with cellular lipids including cholesterol (McLaurin et
al., 2002; Yamazaki et al., 2001; Yip et al., 2001; Kakio et al., 2001;
Mizuno et al., 1999; Mizuno et al., 1998).

2. CHOLESTEROL AS A RISK FACTOR FOR AD
DEVELOPMENT

Previous studies revealed that a number of genetic risk factors are
involved in AD development. Notably, among them, there are many genes
that encode proteins directly involved in the regulation of lipid metabolism.
Apolipoprotein E (ApoE) is a major lipoprotein in the central nervous
system. Moreover, it is generally accepted that the genetic polymorphism of
the ApoF gene is closely related to the prevalence of AD (Corder et al.,
1993; Poirier et al., 1993; Saunders et al., 1993, Strittmatter et al., 1993).
Much effort has been exerted to elucidate the pathogenic effect of one of
ApoE isoforms, ApoE4, the gene product of ApoE allele ¢4, the presence of
which is a strong risk factor for AD. However, it still remains to be
determined how ApoE4 accelerates the progression of AD at molecular and
cellular levels. We have been attempting to clarify this question from a
viewpoint of the physiological function of ApoE, that is, regulation of
cholesterol metabolism in the central nervous system (Michikawa and
Yanagisawa, 1998). We have reported that ApoE regulates the turnover of
cholesterol and other lipids through the modulation of influx and efflux of
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these lipids in an isoform-dependent manner (Gong et al., 2002; Michikawa
et al., 2000). Recently, we have also found that ApoE modulates the
cholesterol distribution in neuronal membranes as discussed below (Hayashi
et al., 2002).

Since the relationship between the presence of ApoE allele €4 and the
prevalence of AD has been confirmed in various ethnic groups, a number of
investigators have paid attention to the question as to whether cholesterol
metabolism is perturbed in the central nervous system of individuals with
AD. Jarvik and colleagues reported that the role of ApoE allele €4 in the
acceleration of AD development is dependent on serum total cholesterol
(TC) level as well as age and sex (Jarvik et al., 1995). Additionally, Notkola
et al. (1998) performed a longitudinal study and concluded that an increase
in serum TC level in midlife can be a risk factor for the development of late-
life AD. This possibility was supported by the results of Kivipelto et al.
(2001) who also confirmed that there was a relationship between the level of
midlife hypercholesterolemia and the prevalence of late-life mild cognitive
impairment (MCI), a putative preclinical stage of AD. Recently, two groups
have independently performed retrospective epidemiological studies and
reported that statin, an inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A
reductase, a key enzyme in cholesterol synthesis, has a beneficial inhibitory
effect on suppression of AD development (Jick et al., 2000; Wolozin et al.,
2000), see also Chapter 19.

Previous studies using animal models of AD also suggested that
cholesterol can be a risk factor for AD development. Sparks et al. (1994)
reported that a high-cholesterol diet potentially induces an increase in AB
immunoreactivity in the brain (Sparks et al., 1994). However, it remains to
be clarified how the oral intake of cholesterol can alter the metabolism of
lipids and proteins in the central nervous system. Although the accelerated
AP deposition in the brain induced by high-cholesterol diet requires an
explanation, the result of Sparks and collelagues has been supported by
recent studies by Refolo et al (2000) who reported that
hypercholesterolemia induced by high-cholesterol diet accelerated the AP
deposition in the brain of APP-transgenic mouse model of AD. They also
reported that a cholesterol-lowering drug that inhibits 7-dehydrocholesterol-
reductase, the enzyme working upstream of cholesterol biosynthesis, can
reduce AP deposition in the brain of the same transgenic mouse model
(Refolo et al., 2001). These lines of evidence suggest that cholesterol can be
transported from plasma to the brain and alter AP pathology.
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3. CHOLESTEROL AND Af FIBRILLOGENESIS

3.1 Direct effect

The interaction of AP with plasma membranes is an important subject that
needs elucidation. Wood and his colleagues previously examined the
possibility of the direct binding of AP to lipids, including cholesterol,
phosphatidylcholine and fatty acids (Avdulov ef al., 1997). They found that
AP binding to lipids is dependent on the aggregation state of A, that is,
monomeric AP does not bind to lipids and only aggregated Af binds to
lipids in a lipid class-dependent manner. Alternatively, McLaurin and her
colleagues investigated whether Ap-lipid interaction is modulated by
cholesterol level in membranes using various techniques (Yip et al., 2001).
They reported that the extent of AP binding to the surface of cultured PC 12
cells decreases with increasing cholesterol content in the cells and that
cholesterol-depleted cells had a higher extent of AP-cell surface binding.
Miieller and his colleagues found that cholesterol content in neuronal
membranes negatively correlates with the membrane perturbing effect of
AP (Kirsch et al., 2002). Taken all together, it is highly likely that AP
interaction with neuronal membrane is significantly modulated by
cholesterol content in such membranes. However, in regard to the potency of
cholesterol to accelerate or inhibit AP fibrillogenesis, previous studies have
caused controversy. Harris investigated how AP fibrillogensis in vitro is
modulated in the presence of cholesterol by transmission electron
microscopy using aqueous suspensions of microcrystalline cholesterol and
other lipids (Harris, 2002). He found that the marked acceleration of AR
aggregation is induced in the presence of cholesterol and cholesterol-
containing liposomes. Furthermore, Harris suggested that the potentiation of
AP polymerization is likely to be induced by the hydrophobic interaction
between the amino acid side chains of AB and the tetracyclic sterol nucleus.
In contrast, McLaurin and her colleagues suggested on the basis of the result
obtained from in situ atomic force microscopy and ex situ electron
microscopy that bilayer cholesterol content in total brain lipid extracts
inversely correlates with the extent of A insertion into the membranes and
subsequent AP fibrillogenesis on the membrane surface (Yip et al., 2001).
Sui and his colleagues focused on AP insertion into the membranes and they
suggested that the extent of AP insertion into lipid bilayers rather increases
as cholesterol content increases and such insertion subsequently inhibits AP
fibrillogenesis on the membrane surface (Ji et al., 2002). Thus, although
much effort has been exerted in elucidating the direct effect of cholesterol
content on AP fibrillogenesis, the results reported to date are still
controversial. It is very difficult at this point to conclude whether an increase
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in the cholesterol content of neuronal membranes directly accelerates or
inhibits A fibrillogenesis.

3.2 Indirect effect

3.2.1 Identification of GM1 ganglioside-bound A

To elucidate the molecular mechanism underlying the initiation of AP
aggregation in the brain, we previously attempted to identify an AP species
that initially accumulates in the brains of AD patients (Yanagisawa et al.,
1995). We performed sucrose density gradient fractionation of cerebral
cortices. We prepared a fraction with the density of the plasma membrane
{(membrane fraction), which was not likely to contain aggregated A, as well
as a fraction with the protein density (amyloid fraction), which was enriched
with amyloid cores of senile plaques. We performed Western blot analyses
of such fractions using various anti-Af} monoclonal antibodies, including
antibodies specific to the carboxyl- and amino-terminals, and midportion of
AB. On the blot of the fractions prepared from AD and Down’s syndrome
(DS) patients in the advanced stage of AD, strong immunoreactivities of
those antibodies were observed in the amyloid fraction with a molecular
weight of 4 KD. No Af immunoreactivity was detected in any fractions
prepared from control non-demented individuals, whose cerebral cortical
sections did not show AP deposition. In contrast, a unique AP
immunoreactivity was observed in the membrane fractions prepared from the
brains which exhibited early pathological changes of AD, including diffuse
amyloid plaques. Briefly, AB was only detected by antibodies specific to the
carboxyl- and amino-terminals of AP but not by antibodies specific to the
midportion of AB. AP also showed smearing on the blot with retarded
mobility on the gel compared with synthetic AB. To determine that the
generation of this unique AP species is associated with the early pathological
stage of AD, we examined a number of brains, including those of AD and
DS patients, and nondemented individuals. We performed quantitative
densitoscanning of the Western blots and neuropathological analyses of
cerebral cortices. The AP immunoreactivity ratio of the amyloid fraction to
the membrane fraction was determined for each case. The level of diffuse
plaque formation was used as a marker of the early stage of AD pathology
whereas the level of neurofibrillary tangle formation as that of the advanced
stage of AD pathology. From this assessment, the AP} imunoreactivity ratio
of the amyloid fraction to the membrane fraction is positively and negatively
correlates with the level of neurofibrillary tangle formation and the level of
diffuse plaque formation, respectively. These results suggest that membrane-
bound AR is preferably generated in the early stage of AD.
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Based on the unique molecular features of membrane-bound AB, including
the absence of the immunoreactivity of anti-Af} antibodies, which were
specific to the midportion of AP, smearing and retarded mobility on the gel,
we hypothesized that a small molecule, such as a lipid, is bound to AB. To
examine this possibility, we performed delipidation using various organic
solvents, including methanol, ethanol, ether, and acetone. Interestingly, only
treatment with methanol markedly altered the features of AP, that is,
immunoreactivity of the antibody specific to the midportion of AB was
recovered, and the smearing and retarded mobility of AP disappeared after
methanol treatment. Since a lipid with a charge is sensitive to methanol, we
expected that ganglioside is bound to AP in the membrane fraction. To
confirm this possibility, we incubated the blot of the membrane fraction with
cholera toxin, a specific ligand to GM1 ganglioside. Notably, AB in the
membrane fraction was labeled with cholera toxin. This binding of cholera
toxin to AP was lost following methanol treatment. Alternatively, to
determine the molecular species of AP, we performed Western blot analysis
using antibodies specific to AP40 and AB42. AP in the membrane fraction
was only recognized by the antibody specific to AP42. To determine the
amino terminus of the AP, we performed mass spectrometry following
peptidase treatment. Based on the results of these experiments, we concluded
that the A species that accumulated in the membrane fraction is AB1-42. To
further confirm that AB1-42 is generated in the membrane fraction of the
brain, we attempted to immunoprecipitate AB from the membrane fraction
prepared from the AD brain. In this experiment, AB1-42 in the GM1
ganglioside-bound form was successfully precipitated (Yanagisawa et al.,
1998). Interestingly, in the experiment of immunoprecipitation, the antibody
specific to the midportion of A failed to precipitate AP from the membrane
fraction. This result supports our hypothesis that AB adopts an altered
conformation through binding to GM1 ganglioside. To further confirm the
alteration of AP conformation through its binding to GM1 ganglioside, we
attempted to generate a monoclonal antibody specific to the GMI
ganglioside-bound form of AR (GAP) (Yanagisawa ef al., 1997). Because of
the limitated amounts of AP obtained from cerebral cortices, we performed
in vitro immunization. The IgM monoclonal antibody (4396) was obtained
by this method. MAb 4396 specifically recognized the AP species in the
membrane fractions prepared from the brains which exhibited early AB and
the AP recovered in the amyloid fraction prepared from AD brains.
pathological changes of AD. However, it did not react with synthetic soluble
In binding analysis, MAb 4396 recognized AB bound to GMI-containing
liposomes. These results strongly suggest that GAP adopts a conformation
distinct from those of soluble and aggregated APs. Based on its unique
molecular characteristics, including its extremely high aggregation potential
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and altered immunoreactivity, we concluded that A binds to GMI
ganglioside at the early stage of AD and adopts an altered conformation, and
subsequently accelerates the aggregation of soluble AP by acting as a seed.
Following our initial report, several investigators performed in vitro
experiments to confirm the potency of GAP to serve as a seed. Surewicz and
his colleagues prepared liposomes with or without GM1 ganglioside (Choo-
Smith and Surewicz, 1997; Choo-Smith et al., 1997). They incubated soluble
A with liposomes in a buffer with physiological ionic strength to avoid the
non-specific binding of AP to liposomes, which is likely to occur under a
condition of low ionic strength. They reported that soluble AP in the
presence of GM1 ganglioside aggregates to form amyloid fibrils (Choo-
Smith ef al., 1997). These results, taken together with our previous finding,
strongly suggest that GAP accelerates the aggregation of soluble AB by
acting as a seed.

3.2.2 Cholesterol-dependent generation of GAf

It remains to be determined how GAP is generated in vivo; however, we
found interesting phenomena in our previous studies, that suggested
dependence of GAP generation on cholesterol level (Mizuno et al., 1998;
Mizuno et al., 1999). We investigated the molecular mechanism underlying
the generation and secretion of AP using MDCK cells, which had been
extensively studied in terms of cell polarity. We analyzed the AP species
secreted into the apical and basolateral compartments from MDCK cells.
Interestingly, in that experiment, we detected an A species, only in the
apical compartment, with unique molecular characteristics shared with GAB,
such as its appearance as a smear on a blot and its altered immunoreactivity.
In regard to the mechanism underlying the generation of this unique AB
species that was secreted into the apical compartment, apical Af we
hypothesized that cholesterol and/or glycosphingolipids play an important
role since these lipids are abundant in apical surface membranes as well as in
apically transported vesicles (Simons and Ikonen, 1997). To examine this
possibility, we treated cultured MDCK cells with compactin, an inhibitor of
cholesterol synthesis. The cholesterol level in the cells decreased to 40% of
the control level following treatment with compactin at concentrations
ranging from 500 to 1000 nM. The treatment of the cells with compactin at
concentrations higher than 5000 nM caused marked cell death, whereas cell
death caused by treatment with compactin in the concentrations ranging
from 500 to 1000 nM was negligible. Notably, the compactin treatment of
the cells significantly decreased the extent of apical AP generation. This
result suggests that apical AP generation is dependent on cholesterol level in
membranes. The apical AP observed as a smear on immunoblots disappeared
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dramatically following treatment of cells with compactin. Since AP
smearing suggested the potency of apical A} to act as a seed for the
fibrillogenesis of soluble AB, we performed a thioflavin T (ThT) assay of the
incubation mixture containing synthetic soluble AP and apical A
immunoprecipitated from the conditioned media of the apical compartment
of the cell cultures. The fluorescent intensity of ThT increased without a lag
phase and reached equilibrium hyperbolically in the presence of apical AP.
In contrast, the ThT fluorescence intensity of the solution of synthetic A in
the presence of the AB immunoprecipitated from the conditioned media of
the basolateral compartment did not increase. To further confirm the
acceleration of the fibrillogenesis of soluble AP by apical AB, we performed
electron microscopy analysis. Typical amyloid fibrils were observed in the
incubation mixture containing synthetic and apical ABs. Notably, apical AP
lost its potency to act as a seed following the treatment of the cells with
compactin. These results suggest that AP with a seeding activity is
endogenously generated in a cholesterol-dependent manner by the cells.
Based on the finding that a seed AP is endogenously generated in a
cholesterol-dependent manner, we then extended our study to investigate
whether GAP generation is also dependent on cholesterol level (Kakio et al.,
2001). In this study, we first prepared liposomes with lipids, e.g. cholesterol,
phosphatidylcholine, phosphatidylserine, sphingomyelin and GM]I
ganglioside of various concentrations. To avoid the nonspecific binding of
AP to lipids under a low-ionic strength condition, we incubated liposomes
with soluble AP in an incubation buffer containing 150 mM NaCl. We
labeled synthetic AP with 7-diethylamonocoumarin-3-carbonyl group
(DAC) at its amino terminus. The binding of DAC-labeled AP to liposomes
was estimated by determining the fluorescence intensity from DAC. With
this system, we found that soluble AP specifically binds to liposomes
containing GM1 ganglioside. Other groups previously reported that solubie
AP binds to phospholipid vesicles that lack ganglioside; however, they used
an incubation buffer with a low ionic strength. Thus, as Surewicz and his
colleagues clearly pointed out, it is highly likely that AP binding to
ganglioside-free liposomes at a low ionic strength is due to nonspecific,
purely electrostatic interaction between AP and lipids. We then examined
how the lipid composition of liposomes modulates Af binding to GM!1
ganglioside-containing liposomes. We found that AP binding is dependent
not only on the concentration of GM1 ganglioside but also on cholesterol
concentration in a given liposome. Interestingly, the effect of cholesterol
concentration in the liposomes on the acceleration of AB binding was more
marked in the case of a GM1 ganglioside-poor system (20% molar ratio)
compared with that in a GM1 ganglioside-rich system (40% molar ratio).
These suggest the following: first, GAP generation in vivo likely occurs in
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GMI1 ganglioside- and cholesterol-rich environments; second, cholesterol
plays a critical role in the regulation of AP binding to GM1 ganglioside in
vivo since the concentration of GM1 ganglioside in the brain cannot be as
high as 40 mol% in neuronal membranes. To elucidate the molecular
mechanism underlying the cholesterol-dependent acceleration of AP binding
to GM1 ganglioside, we labeled GM1 ganglioside with BODIPY, a well-
known fluorophore, to form an excimer that emits redshifted fluorescence
compared with monomers through collision of two dye molecules. The
fluorescence emission spectra of BODIPY-GM1 ganglioside were recorded
using various liposomes. We found that excimer fluorescence increases in a
cholesterol-dependent manner in liposomes with a constant concentration of
GM1 ganglioside. These results suggest that GM1 ganglioside forms a
cluster in a cholesterol-rich environment (Figure 1).

GMiganglioside
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Figure 1. Hypothetical model of cholesterol-dependent oligo-/polymerization of Af through
GApB formation on GM 1-ganglioside cluster in cholesterol-rich environment.

Recently, evidence has been growing to suggest that APP processing
occurs in cholesterol- and GM1 ganglioside-rich microdomains, lipid rafts,
in the cells (Ehehalt ef al., 2003). It has been suggested that f-cleavage,
which is an initial step in AP generation from APP, is closely associated
with lipid rafts (Fassbender er al., 2001; Frears et al., 1999). Moreover, y-
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cleavage, which is the next step to PB-cleavage, has also been recently
suggested to be cholesterol-dependent (Wahrle et al., 2002). Taken together
with results of our previous studies, it is intriguing to speculate that AP
generated in lipid rafts or raft-like microdomains start to aggregate following
binding to GM1 ganglioside induced by as yet unknown alteration of the
composition of lipids, including cholesterol and GM1 ganglioside, of the
lipid rafts. This possibility is supported by the following studies: Firstly,
Sawamura ef al. (2000) previously reported that insoluble Af accumulates in
the fraction of lipid rafts in the brains of the transgenic mouse model of AD.
Secondly, Molamder-Melin and colleagues have recently analyzed lipids in
the lipid rafts obtained from human brains and suggested that lipid
composition is significantly altered in the lipid rafts obtained from AD
brains (Molander-Melin et al., 2003). Several investigators previously
observed intracellular Af deposition prior to the extracellular formation of
senile plaques (Gyure et al., 2001; Gouras et al, 2000). With this
information, it is interesting to examine whether intracellularly accumulated
AR is colocalized with marker molecules of lipid rafis, including flottilin
and/or GM1 ganglioside. Alternatively, Af} aggregation induced by GAP
may occur after the shedding of GA into extracellular space. In this regard,
it is interesting to note that cerebral amyloid can be seeded irn vivo. Kane et
al. previously reported that the inoculation of a dilute AD brain extract
induces AP deposition in the brains of APP-transgenic mice (Kane et al.,
2000).

Matsuzaki and his colleagues have recently investigated how the
interaction of AP with ganglioside is modulated by ganglioside species
(Kakio et al., 2002). They prepared liposomes with a lipid composition
similar to that of lipid rafts, containing cholesterol, sphingomyelin and
ganglioside. They used major gangliosides in the central nervous system,
including GM1, GD1a, GD1b and GT1b. Interestingly, the binding of AB to
ganglioside was in the order of GM1<GD1b<GD1a=GT1b, suggesting that
the number of sialic acid residues plays a critical role in inducing AP
binding. However, GM1 exhibited the strongest potency to induce the
generation of a seed for AP fibrillogenesis among the gangliosides
examined. GM1 ganglioside is physiologically expressed on the surface of
neurons, particularly on synaptic plasma membranes. It is likely that GM1
ganglioside plays a critical role in the modulation of neuronal function and
viability. Thus, one could assume that A binding to GM1 ganglioside exerts
adverse effects on neurons. McLaurin and Chakrabartty previously reported
that AP interaction with lipids, including ganglioside, induces membrane
disruption (McLaurin and Chakrabartty, 1996). Furthermore, Matsuzaki and
Horikiri investigated how A binding to ganglioside affects the structure of
the membranes and found that AP interaction with ganglioside-containing



Cholesterol and Amyloid B Fibrillogenesis 189

such membranes induces the dehydration of lipid interfacial groups and the
perturbation of the acyl chain orientation, suggesting that A imposes a
negative curvature strain on ganglioside-containing lipid bilayers (Matsuzaki
and Horikiri, 1999). Taken together, all these results suggest that, aside from
accelerating AP fibrillogenesis, Af} binding to GM1 ganglioside directly
suppresses neuronal viability through membrane damage.

3. CHOLESTEROL AND A DEPOSITION IN VIVO

The deposition of AP in the brain as senile plaques is a fundamental
process in AD. However, the precise mechanism underlying the formation of
senile plaques remains to be determined. Probst et al. previously suggested
that AP initially deposits on neuronal plasma membranes (Probst et al.,
1991). Yamaguchi et al. performed careful immunohistochemical analysis to
clarify the ultrastructural localization of AP in diffuse plaques of brains with
hereditary cerebral hemorrhage with amyloidosis and AD (Yamaguchi et al.,
2000). From their results, they suggested that AP starts to deposit in its
membrane-bound form. These results suggest that the initial deposition of
AP occurs on the neuronal surface although it remains to be determined how
AP adsorbs onto lipids of neuronal membranes. Taken together with results
of our studies, one of the possible scenario is that AB binds to GMI1
ganglioside on the neuronal surface and accelerates the aggregation of
soluble Ap.

Alternatively, Mori et al. (2001) directly examined whether cholesterol is
associated with senile plaques. They found the abnormal accumulation of
cholesterol in cores of mature plaques but not in diffuse or immature plaques
in AD brains. They also examined the transgenic mouse model of AD and
obtained an essentially similar result. The results of Mori and colleagues
suggest that cholesterol plays a role in formation, progression and/or
stabilization of senile plaques.

With regard to the initial site of A deposition in the brain, Ihara and his
colleagues performed immunochemical analysis of human prefrontal cortices
and the brains of the transgenic mouse model of AD (Oshima et al., 2001).
They fractionated the cortices by sucrose density gradient centrifugation and
then isolated detergent-insoluble low-density membrane (LDM) fractions.
They determined AP level in those fractions and found that AP associated
with LDM fractions reflected the extent of the level of extracellularly
deposited AB. This result, together with the result of their previous study
(Sawamura et al, 2000), suggests that AP initially deposits in LDM that is
likely to be cholesterol- and GM1-ganglioside-rich microdomains.
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4. CHOLESTEROL IN BRAIN AND NEURONAL
MEMBRANES

Cholesterol is one of major lipids in cellular membranes and is essential
for many cellular functions. This is also the case for cholesterol in the brain;
however, little is known about cholesterol metabolism in the brain. The brain
is highly enriched in cholesterol. It accounts for only 2% of the whole body
mass but contains almost one-quarter of the unesterified cholesterol in the
whole body (Dietschy and Turley, 2001). Although recent study provided
the possibility of cholesterol transport across the blood-brain barrier (Refolo
et al., 2000), it has been generally accepted that cholesterol turnover is
restricted only inside the brain, at a very low rate. Only 0.02% of the
cholesterol pool in the brain undergoes a turnover each day (Dietschy and
Turley, 2001). This is less than 1% as fast as the cholesterol turnover in the
whole body (Dietschy and Turley, 2001). These lines of evidence imply that
function and metabolism of cholesterol in the brain is unique. Again,
although the results of recent study suggest that cholesterol input from
plasma into the brain is not negligible (Refolo ez al., 2000), most cholesterol
in the brain is likely to come from in situ synthesis. Interestingly, the rate of
in situ cholesterol synthesis in many organs, including nervous system,
depends on age (Cenedella and Shi, 1994; Stahlberg et al., 1991; Goodrum,
1990; Popplewell and Azhar, 1987). In general, the rate of cholesterol
synthesis is high in fetuses and newborn animals and decreases with age.
Furthermore, Vance et al. (1994) previously reported that cholesterol is the
only major lipid in the brain that cannot be synthesized at the end of neurites,
implying that cholesterol level at the ends of neurites depends on two inputs,
including axonal flow from the soma and uptake from the extracellular space
through apolipoprotein receptors. Thus, it is reasonable to assume that the
functions of neurons in the elderly depend on exogenous cholesterol level to
a higher degree than those in young individuals. Aging is the strongest risk
factor for the AD development, thus, it is interesting to speculate the
pathological significance of aging for AD from the viewpoint of the aging-
associated alteration of the synthesis and transport of cholesterol.

Neurons have a large plasma membrane compared with any other cell
types. Moreover, part of the neuronal surface is specialized to integrate
neuron-specific functions such as synaptic transmission. Cholesterol
accounts for over 40 mol% of the total membrane lipids in synaptic plasma
membranes (Schroeder ef al., 1991; Wood et al., 1989). Thus, it is important
to clarify how cholesterol in neuronal membranes, particularly in synaptic
plasma membranes, is regulated. Wood and his colleagues and other groups
have exerted much effort to clarify this issue and suggested the following
(Wood et al., 1999): First, cholesterol is not evenly distributed throughout
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neuronal membranes but is located in different pools, including cholesterol
lateral domains and transbilayer cholesterol domains. In regard to cholesterol
lateral domains, there seem to be two distinct pools: cholesterol in one pool
is not stable but rather easily exchangeable following biochemical treatment,
including incubation with small unilamellar vesicles, whereas that in the
other pool is non-exchangeable. It was previously reported that the
acetylcholine receptor is closely associated with the poorly exchangeable
pool (Leibel et al., 1987), thus, it is important in future studies to elucidate
how the physiological function and pathological changes of neurons are
associated with these two types of cholesterol lateral domain. Alternatively,
regarding transbilayer cholesterol domains, previous studies have revealed
an alteration in cholesterol distribution in the domain in association with the
risk factors for AD development, as discussed below (Hayashi et al., 2002;
Igbavboa et al., 1997; Igbavboa et al., 1996).

It has been a controversial issue whether the net cholesterol content is
altered in the AD brain. Mason et al. (1992) previously performed X-ray
diffraction analysis of lipid membranes extracted from the cortical gray
matter of AD  brains. They found that the unesterified
cholesterol:phospholipid molecular ratio significantly decreased by 30% in
the AD brain compared to that in age-matched controls. Soderberg et al.
(1992) performed a similar analysis using different brain regions from AD
patients. In their experiments, the cortical area affected with AD showed an
elevated phosphatidylinositol content; however, cholesterol level was highly
variable but mostly unchanged. It seems likely that this controversy stems
from the difference in techniques employed to determine lipid level. Another
important point noted when we evaluated the data obtained from postmortem
tissue is that autopsy samples may show meodified the levels of lipids or
proteins, which are different from those observed during the disease process.

Pathological changes, including the formation of senile plaques, can be
induced in the brains of elderly patients with Down’s syndrome (DS). One
possible explanation for the AD development in the DS brain is the high
expression level of the APP gene by trisomy of chromosome 21. However,
previous studies also provided evidence suggesting that lipid metabolism is
altered in DS (Scott et al., 1994; Naeim and Walford, 1980). Naeim and
Walford reported that a membrane prepared from the peripheral
mononuclear cells of DS patients showed an increased rigidity, suggesting
the increased cholesterol level in the membrane (Naeim and Walford, 1980).
Diomede et al. obtained additional results that supported the conclusion of
the earlier study showing the increase in serum cholesterol level in DS. In
order to clarify the mechanism underlying the altered lipid metabolism in
DS, Diomede and co-workers analyzed liver cholesterol levels and the
activities of the sterol regulatory element binding proteins, SREBP-1 and
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SREBP-2, which are involved in the regulation of cholesterol synthesis
(Diomede et al., 1999). They found that trisomy 21 fetuses show an altered
pattern of SREBP activation such as the sterol-independent maturation of
SREBP-1. This result suggests that alteration in the regulation of cholesterol
synthesis is induced by trisomy 21, resulting in high circulating and tissue
cholesterol level.

Recently, novel information on cholesterol metabolism in AD has been
obtained by determining 24S-hydroxycholesterol (24S-OH-Chol) level in
cerebrospinal fluid. 24S-OH-Chol, an endogenously oxidized metabolite of
cholesterol, is almost exclusively produced in the brain (Bjorkhem et al.,
1998), that is, the 24S-OH-Chol concentration in the brain is 30-1500-fold
higher than those in any other organs. An important feature of 24S-OH-Chol
is its potency to pass through the blood-brain barrier. It has been previously
suggested that a continuous flux of 24S-OH-Chol across the blood-brain
barrier is critical for cholesterol homeostasis in the brain. The plasma 24S-
OH-Chol level is dependent on age; the level is high before age 20 and then
falls after age 20. Based on the characteristics of 24S-OH-Chol, it is likely
that the plasma 24S-OH-Chol level can be a peripheral marker of cholesterol
metabolism in the brain. Liitjohann et al. (1996) performed determination of
the plasma 24S-OH-Chol level in AD, non-AD demented and depressive
patients and in healthy controls. The plasma 24S-OH-Chol levels in the AD
and non-AD demented patients was elevated modestly but significantly
compared with depressive patients and healthy controls. There was no
significant difference in the 24S-OH-Chol levels between the AD and non-
AD demented patients. Importantly, plasma 24S-OH-Chol level negatively
correlated with the severity of dementia. This finding was supported by the
study of Papassotiropoulos et al. (2000). The inheritance of the apoE4 allele
is associated with the reduced plasma 24S-OH-Chol level in a manner
independent of the severity of dementia in the patients examined. It has also
been reported that the 24S-OH-Chol level was elevated in the cerebrospinal
fluid in patients with mild cognitive impairment (MCI), an early stage of
AD, and AD (Papassotiropoulos et al., 2002; Schonknecht et al., 2002),
suggesting that cholesterol turnover is accelerated in the brain of the patients
with AD. It remains to be determined how the plasma 24S-OH-Chol level is
elevated in association with AD. In this regard, it is interesting to note that
polymorphism in the cholesterol 24S-hydroxylase (CYP46) gene, which
encodes enzyme involving in conversion of cholesterol to 24S-OH-Chol, is
associated with AD (Papassotiropoulos et al., 2003; Kolsch et al., 2002). A
genotype that is more prevalent in the AD group is associated with an
increased 24S-OH-Chol/cholesterol ratio in CSF. Taken together, it is
possible to assume that the accelerated conversion of cholesterol to 24S-OH-
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Chol, which may or may not be with polymorphism of the CYP46 gene,
predisposes to AD by altering cholesterol turnover in the brain.

Aging is the strongest risk factor for AD development. Thus, it is
important to elucidate whether cholesterol distribution in neuronal
membranes is altered with aging. As discussed above, there are two
transbilayer cholesterol pools, including the cholesterol pool in exofacial and
cytofacial lipid leaflets. Importantly, membrane fluidity and cholesterol
distribution differ between these leaflets. A cytofacial leaflet contains seven
times as much cholesterol as an exofacial leaflet (Igbavboa et al., 1996). In
accordance with this asymmetric distribution of cholesterol throughout the
lipid bilayer, a cytofacial leaflet is much less fluid compared with an
exofacial leaflet. Wood et al. (1999) previously carefully determined the
age-dependent alteration of membrane fluidity and cholesterol distribution.
They examined the synaptic plasma membranes (SPMs) obtained from mice
in three different age groups, namely, 3-4, 14-15, and 24-25 months old. In
that experiment, the exofacial leaflet of SPM from young mice was
significantly more fluid than the cytofacial leaflet. In contrast, the difference
in membrane fluidity between the exofacial and cytofacial leaflets was not
significant in the SPM prepared from old mice. There was an approximately
two-fold increase in the cholesterol level of the exofacial leaflet in the old
mice compared with that in the young mice. Since the total amount of
cholesterol in SPM did not change, they concluded that the asymmetric
distribution of cholesterol throughout the lipid bilayer of SPM changes with
age.

At this point, the mechanism underlying the generation of asymmetry in
the cholesterol distribution throughout lipid bilayers remains to be
determined. Wood and his colleagues suggested that apoE and the LDL
receptor are involved in the regulation of the distribution of cholesterol in
the SPM lipid bilayer from the results of their studies (Igbavboa et al.,
1997). Using apoE- and LDL-receptor-deficient mice, they performed
experiments similar to those on aged mice. Interestingly, the cholesterol
level in the SPM exofacial leaflets of the apoE- and LDL-receptor-deficient
mice showed a twofold increase compared with that in wild-type mice. The
possibility of apoE involvement in the regulation of the cholesterol
distribution in the SPM lipid bilayer has been further supported by the
results of our recent study. We analyzed the transbilayer distribution of
cholesterol in the SPM of human apoE3- and apoE4-knock-in mice (Hayashi
et al., 2002). In these experiments, we prepared various subcellular fractions,
including plasma membrane and endoplasmic fractions, and determined the
levels of phospholipid and cholesterol (total and free) in the fractions. There
were no significant differences in lipid concentration in the subcellular
fraction among the wild-type, apoE3- and apoE4-knock-in mice. The
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asymmetric distribution of cholesterol in the SPM of the apoE3-knock-in
mice did not differ from that of the wild-type mice; however, it was
significantly altered in the apoE4-knock-in mice. The difference observed in
the SPM prepared from the apoE4-knock-in mice was essentially the same as
those observed in the aged and apoE-knock-out mice; that is, there was an
approximately two-fold increase in the cholesterol concentration in the
exofacial leaflet of SPM in the apoE4-knock-in mice compared with those in
the other two groups of mice. Concomitantly, there was a significant
decrease in the level of cytofacial leaflet cholesterol. The total amount of
cholesterol in SPM did not significantly differ among the three mouse
groups; thus, we concluded that apoE4 expression induces alteration in the
cholesterol distribution throughout the lipid bilayer of SPM, thereby
resulting in the exofacial leaflet having a higher cholesterol level than the
cytofacial leaflet.

Aging and apoE4 expression are the major risk factors for AD
development. Thus, it may be important that these two factors exert the same
effect on the cholesterol distribution in SPM. It is also interesting to note that
the extent of increase in the cholesterol level of the exofacial leaflet induced
by these two factors are essentially the same. This result suggests that there
are two pools of cholesterol in the lipid bilayer of SPM; cholesterol level in
one pool changes in association with biological factors, including aging and
apoE expression, whereas that in the other pool is rather stable.

The possible role of cholesterol in the acceleration of AP deposition in
the brain has also been suggested by recent studies on Nieman-Pick type C
disease (NPC). NPC is an autosomal recessive neurovisceral lipid storage
disorder (Pentchev et al., 1995). It is characterized by the abnormal
accumulation of free cholesterol in lysosomes. The causative genes,
including Niemann-Pick C1 (NPC1), have been identified and evidence is
growing to indicate that the abnormal trafficking of exogenous cholesterol is
closely associated with the progression of the disease. Previous pathological
studies on NPC brains revealed the formation of neurofibrillary tangles,
composed of hyperphosphorylated tau, which are indistinguishable from
those formed in AD brains (Auer et al., 1995; Suzuki et al., 1995). Recently,
it has been reported that AR deposition is induced in NPC brains. Murayama
and his colleagues performed serial immunohistochemical examination of
nine NPC brains (Saito et al., 2002). They found AP deposition in the form
of diffuse plaques in three of the nine brains. Notably, all the three NPC
patients positive for AP deposition were below age 40 and were homozygous
for apoE allele £4. At age 40, it is is too early to observe A3 deposition even
in individuals homozygous for apoE allele e4; thus, it is likely that the
expression of the mutated NPC gene, combined with homozygosity for apoE
allele &4, is responsible for the induction of AP deposition in the brain. At
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this point, it remains to be elucidated how abnormal trafficking and/or
cholesterol accumulation in lysosomes is associated with AB deposition in
the brain. In this regard, a report by Sugimoto er al. (2001) should be to
noted. They investigated the intracellular trafficking of lipids, including
cholesterol and GM1 ganglioside, in NPCl-deficient cells. In their
experiment, they found the accumulation of not only cholesterol but also
GM1 ganglioside in NPCl-deficient cells. Although GM1 ganglioside and
cholesterol accumulate in different vesicular compartments of NPCI-
deficient cells, that is, cholesterol is accumulated in lysosomes whereas
GM1 ganglioside in early endosomes, one can assume that the abnormal
accumulation of these two lipids is responsible for AP deposition in vivo.
Yamazaki et al. (2001) investigated whether AP aggregation is induced in
NPC-deficient cells. They treated CHO cells with U18666A, which induces
the NPC-mimicking accumulation of cholesterol in the cells. They, then,
determined intracellular AP level and found that AB accumulates in its
aggregated form in the late endosomes of the cells in association with
intraceltular cholesterol accumulation. The accumulated AP in the cells
disappeared following U18666A withdrawal. Importantly, the level of AB
secreted into the culture medium was not altered with UI8666A treatment.
These results suggest that intracellular Af accumulation is closely associated
with the abnormal accumulation of cholesterol in the cells and that this
abnormal A accumulation is not due to accelerated AP generation. Recent
studies suggest that an increase in cholesterol content potentially upregulates
AP generation. However, evidence obtained from the NPC model cells
suggests that an increase in intracellular cholesterol level facilitates AP
aggregation through an as yet undetermined process, which is not dependent
on accelerated AP generation induced by cholesterol.

5. CONCLUSIONS AND PERSPECTIVES

In the past few years, considerable attention has been focused on the
possible link between cholesterol metabolism and AD development.
However, we are still far from understanding the mechanism underlying the
cholesterol-dependent acceleration of the pathological processes of AD. In
regard to the putative acceleration of the early phase of amyloid cascade by
cholesterol, evidence obtained to date suggests that both the generation and
aggregation of AP is accelerated in a cholesterol-rich environment (Figure
2).

To further elucidate the pathological significance of cholesterol in AB
metabolism, we need technological progress that will enable us to visualize
cholesterol domains and to monitor cholesterol turnover inside neurons.
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Cholesterol is not likely to be evenly distributed, but rather, concentrated in
particular domains, including lipid rafts. Only recently, a probe for detecting
cholesterol-rich microdomains has been developed. This probe will provide
new approaches for the understanding of cholesterol homeostasis in neurons.
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Figure 2. Possible mechanisms underlying cholesterol-dependent facilitation of A
fibrillogenesis.

Our studies also show that a decrease in cholesterol content in neurons
causes pathological changes, including hyperphosphorylation (see also
Chapter 20) and apoptosis, that are neuronal pathological features other than
AP deposition in AD brains. At this point, we do not know whether too
much or too little cholesterol is more crucial to AD development. AD is a
disease whose pathological processes occur for more than a decade. Thus, it
is likely that cholesterol is involved in the pathological process of AD in
different manners during the long development of the disease. In conclusion,
cholesterol is linked to AD development. A careful functional analysis of
cholesterol from both physiological and pathological viewpoints will be
helpful in future studies to further our understanding of AD.
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Chapter 10

Alzheimer's B-Amyloid: Insights into Fibril Formation
and Structure from Congo Red Binding

Hideyo Inouye and Daniel A. Kirschner
Department of Biology, Boston College, Chestnut Hill, M4 02467-3811, USA

Abstract: ‘We consider here the chemistry of Congo red (CR), its binding equilibrium to
Alzheimer’s f-amyloid, and the kinetics of f-amyloid formation.
Spectroscopic UV/Vis measurements for the pH- and time-dependence
binding of CR to AP analogues are analysed by Scatchard binding and the
theory of nucleation-dependent fibril formation. CR likely binds
electrostatically to the imidazolium sidechains of histidine residues that are
exposed at the surface of amyloid fibrils. As revealed by atomic models of the
AP protofilament, such as the nanotube B-helix and parallel (-sheet, the
regular arrangement of histidines likely acts as a template for the end-to-end J-
aggregation of CR molecules, which produces a red shift in UV/Vis absorption.

Key words:  kinetics of amyloid aggregation, histidine, spectroscopy, B-helix, parallel B-
sheet

1. INTRODUCTION

When histological sections of Alzheimer’s brain tissue are viewed
between crossed polarizers after treatment with Congo red (CR) in alkaline
ethano! solution saturated with NaCl (Puchtler et al., 1962), the amyloid
plaques exhibit green birefringence. Saturated NaCl is needed to distinguish
the amyloid from collagen and elastin fibrils, as the latter two give similar
birefringence in dilute NaCl solution (Elghetany et al., 1989). The
birefringence of amyloid was initially thought to arise from CR binding to
sugar; however, it was later shown to come from binding to proteins that
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have an extensive f-sheet conformation, which is one of the defining
characteristics of amyloid fibrils in Alzheimer’s and other amyloidoses (Sipe
and Cohen, 2000; Glenner et al. 1972). Use of CR for diagnostic or
therapeutic purposes has been proposed in the hope that this dye might
detect early stages of amyloid formation or be used to disrupt or arrest
amyloidogenesis (Linke, 2000; Kisilevsky et al., 1995; Caughey and Race,
1992). CR effects are concentration dependent, i.e., at lower concentration
CR binds to the unfolded protein and can promote amyloidogenesis, whereas
at higher concentration the dye acts as an inhibitor of amyloid fibril
formation (Kim er «l., 2003). A similar aggregation effect of CR on B-
lactoglobulin aggregation is evident from small-angle X-ray scattering
(Khurana ef al., 2001).

Mechanisms that have been proposed for CR binding include: (1)
hydrogen-bonding between the amino groups of CR and the hydroxy! group
of the peptide or sugar (Puchtler et al., 1962); (2) non-specific dye
intercalation in amyloid (Cooper, 1974); (3) ionic interactions between the
sulfonate group of CR and basic residues of the peptide (Klunk et al, 1999,
1994, 1989a,b); and (4) intercalation of CR between two anti-parallel
hydrogen-bonded B-sheets (Carter and Chou, 1998; Turnell and Finch,
1992). Mechanisms (1), (2) and (4) are based on electron microscopy and/or
X-ray diffraction, and (3) uses UV/Vis spectroscopy. The binding constant
for CR to fibrils (including insulin, poly-lysine, -serine, and -glycine, and
AP) has been estimated only with the UV/Vis method. CR binding has also
been used to monitor amyloid fibril formation as a function of time (Inouye
and Kirschner, 2000; Wood et al., 1996) and pH (Inouye et al., 2000}, and in
the presence or absence of the excluded volume effect due to dextran
(Hatters et al., 2002).

Molecules and macromolecular assemblies other than amyloid bind CR,
e.g., dehydrogenases (Edwards and Woody, 1979), RNA polymerase
(Woody ef al., 1981), cellulose (Quenin and Henrissat, 1985), elastin (Tan et
al., 1991), chitin (Bartnicki-Garcia et al., 1994), and HIV-1 protease (Qjala
et al., 1995), and CR inhibits the accumulation and propagation of prions
(Caspi et al., 1998). Polyanions that are more extensive than CR, such as
DNA and RNA, can promote prion fibril formation, likely due to ionic
interactions (Deleault et a/., 2003; Nandi et al., 2002).

Two basic questions regarding CR binding are: (1) the strength of the
binding, and (2) the number of binding sites as a function of time during
fibril formation. With respect to the latter, a relation between the observed
concentration of bound CR and the number of monomers in the fibril needs
to be studied. In this paper we review the chemistry of CR, the binding
equilibrium for CR (Scatchard, 1949), and the theory of nucleation-
dependent aggregation as probed by the binding of CR (Inouye and
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Kirschner, 2000; Ferrone, 1999; Oosawa and Asakura, 1975). We also
consider whether current atomic models for AP fibrils, e.g., a nanotube B-
helix (Perutz et al., 2002) and a parallel 3-sheet (Tycko, 2003), can account
for the observed binding of this dye.

2. CHEMISTRY AND MOLECULAR STRUCTURE

Congo red (CR) is a sulfonated diazo compound which typically is used
as a pH-dependent colour indicator. Thus, the colour change of CR in water
from red at alkaline pH >4 to blue at acidic pH <4 arises from resonance
effects due to protonation or to binding of cations to the unshared electron
pairs of the nitrogen atoms of the naphthalene rings and azo groups (Mera
and Davies, 1984). In non-aqueous media CR shows a different pH range, in
which CR appears either blue or red, depending on the way that the local
electrostatic field influences the proton titration (Inouye ef al., 2000). The
sulfonate groups are protonated at pH ~2 and amino groups at ~4, as the
proton dissociation constant for the aniline amino group is 4.6 in water
(Gutbezahl and Grunwald, 1953). Thus, the net charge for CR is +2 at
pH<~2, 0 at ~pH 2-4, and -2 at pH>~4 (Inouye et al., 2000). The UV/Vis
spectrum of CR at neutral pH shows a n-n* band at 498 nm, another n-n*
band at 350 nm, and low intensity n-n* bands associated with the azo groups
(Cooper and Stone, 1998; Mera and Davies, 1984). The absorption spectrum
shows blue or red shifts when CR binds to peptides. For example, a red shift
and hyperchromicity occur when CR binds to Alzheimer’s AB1-40 (Klunk et
al., 1999), insulin fibrils (Klunk et al., 1989a,b), the f form of poly-L-lysine
(Klunk et al., 1989a), and to (AEAEAKAKAEAEAKAK)y (“EAK9”), a
nona-repeat peptide (Goeden-Wood er al., 2003). By contrast, a blue shift
and hypochromicity occur when CR binds to the short peptide acetyl-
YAAAKAAAAKAAAAKA-amide (“YAK123”) (Cooper and Stone, 1998).

X-ray crystallographic analysis of CR shows that the molecule is
extended and flat (Figure 1) (Ojala et al., 1995). The central domain of
biphenyl rings is hydrophobic, while the sulfonate and amino groups are
hydrophilic. In the single crystal form the sulfonate groups are oriented anti
with respect to the molecule’s long axis (Ojala et al., 1995); however, when
complexed with insulin the sulfonates have a syn orientation (Turnell and
Fintch, 1992), indicating torsional flexibility in the biphenyl region. CR
molecules aggregate into a larger assembly which may be its form in binding
to amyloid fibrils (Skowronek et al, 1998), and which may underlie its
birefringence and blue or red shift in UV/Vis absorption (Cooper and Stone,
1998). The hypsochromically-shifted H-aggregate (H for hypsochromic, or
shift to a shorter wavelength in its absorption spectrum) and batho-
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chromically-shifted J-aggregate (J for Jerry who studied this shift to a longer
wavelength) of other dyes may be similar to that for the CR assembly. These
two types of dye aggregates show characteristic absorption shifts from the
absorption maximum of the monomer, i.e., a blue shift for A- and red shift
for J-aggregation. X-ray and electron microscopy of dyes show highly
ordered structures for dye aggregates, e.g., the rod-like helical structure of
H-aggregates for merocyanine (Wurthner et al., 2003), the columnar (H-)
and sheet (J-) structures of polyphyrins (Shirakawa et al., 2003), the H- and
J-aggregates for the DNA-templated cyanine (Garoff et al, 2002), and
tubular cylinder of porphyrin (Gandini et al., 2003). The helical peptide
YAK123 causes CR to stack parallel, forming H-aggregates, while peptide
EAKD9 causes CR to stack end-to-end, forming J-aggregates (see above).

Figure 1. Crystallographic structure of Congo red (Ojala ez al, 1995). The sulfonate groups
are oriented anti with respect to the long axis. The length of the molecule is ~24 A, and the
width across the planar face is ~6 A. (The structure was rendered using RASTER3D [Merritt
and Bacon, 1997] after being displayed with VMD software [Humphrey et al., 1996]).

3. CR BINDING EQUILIBRIUM

3.1 Scatchard plot

According to the independent binding model (Inouye et al., 2000;
Scatchard, 1949), the binding equilibrium defines how strongly CR binds to
a site and how many sites there are. As CR binding likely depends on the pH
of the aqueous medium, the proton dissociation constant as well as the CR
dissociation constant K, must be explicitly written. Accordingly, the
dissociation equilibrium is written as
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RLSL+R

where L, is free ligand, R, is the binding site for the species, and R,L is
bound ligand. The dissociation constant K () 1S given by

Ky =L AR )IRL]-

Given the total concentration of binding sites as B, ., =[R]+[RL], and
assuming that the dissociation constants for different species are constant
and that K, ;, =K, , then the concentration of bound CR for different sites

a= Z[R,-L] is given by
a={B~(B"=4L D By} /2,

where =) B +[L]+K,.

Assuming a single type of binding site, then i =1 and B, = B,,,, and the
linearized form gives the classic Scatchard plot

[RLI/[L,]= B,y /K, ~[RLVK,.

3.2 Effect of pH on CR binding

If the CR binding site is titratable by protons, the concentrations of the
protonated and unprotonated sites in the proton dissociation reaction

BH" < B +H"

are given by the proton dissociation constant

K =[BIH VBH'.

If CR binds only to positive-charged protonated sites, and one CR molecule
(with two sulfonates) does not bind to more than two sites, then the
concentration of the site is given by
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Bmax(i) = [BiH+]/m’

where m is the binding stoichiometry 1 or 2. Using the total concentration of
B, =[B]+ [B.H'], then

B i = (B 1/ m)/(1+ 10775,

4. UV/VIS SPECTROSCOPY OF CR BINDING

4.1 UV/Vis spectroscopy

Filtration and spectroscopy (using two wavelengths) are two methods for
measuring the concentration of bound CR molecules (Klunk et al., 1989a,b).
For the spectroscopic method the extinction coefficients of both the free and
bound forms of CR and peptide must be known to determine the
concentration of bound CR. The concentration of CR, for example, can be
calculated using the equation

C, = A, /25,295 4,,, /46,306,

where C, is the concentration of bound CR, and As4 and Ay are the
absorption at wavelengths 540 nm and 480 nm, respectively. This equation
was derived from the binding of CR to insulin fibrils (Klunk et /., 1989a,b)
and has been applied to AP (Wood et al., 1996). Corrected for light
scattering and for the specific extinction coefficient of CR binding to AB
fibrils (Goldsbury ef al., 2000; Klunk et al., 1999), the equation becomes

C, = A, /47,800 — 4,,,/38,100.

The filtration method, on the other hand, needs only an extinction coefficient
for free CR, e.g., 5 x 10*M ! em' (Inouye et al., 2000; Edwards and Woody,
1979), because there is a physical separation of the bound and free forms.
When used to study the binding of CR to A analogues (Inouye et al., 2000),
this method employed 1K-size cut-off filters (MICROSEP Micro-
concentrators; Filtron Technology Corporation, Northborough, MA 01532)
in which the pore size was much smaller than that used by Klunk er al.
(1989a,b). For example, the concentration dependence of bound CR on total
CR for AP11-28 is shown in Figures 2 and 3. For the experimental
conditions illustrated, the number of binding sites n is 2.5 and the CR
dissociation constant K is 10.8 pM.
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Figure 2. The concentration of bound CR vs. total CR for 10 uM AB11-28 at pH 4.0 (Inouye
et al., 2000) for different K; values (from | to 100) and constant n=2.5. The continuous curves
were derived from Scatchard plots defined by B,,,=n[P], where #n is the number of binding
sites, [P/ is the peptide concentration, and K} is the dissociation constant (in uM). The best
curve was for n=2.5 and K;~=10.8. Experimentally, peptide solution in a {-ml Eppendorf
microfuge was applied to the upper layer of the micro-concentrator and spun at 3000 x g for
3-4 h at 4 °C until all of the solution had passed through the filter. Here, 80% ethanol-
solubilized CR but not aqueous CR at the same pH and ionic strength was completely filtered,
likely due to self-aggregation of the aqueous dye (Edward and Woody, 1979). Lower
concentration of ethanol (10%) also has been shown to prevent micelle formation (Klunk et
al., 1994).

4.2 pH titration shows specific CR binding site: histidine

Electrostatic effects on the binding of CR depend on the proton
dissociation constant of the binding site for a given pH and ionic strength of
the bulk medium. Analysis of the pH dependency of CR binding to Ap
amyloid analogues having different numbers of charged residues (Fraser et
al., 1992b), therefore, may help to identify where CR binds. Systematic pH
titration experiments for a number of AP analogues (Table 1) including
shorter peptides, peptides with amino acid substitutions, and full-length Af
from other species, illustrate this approach (Inouye et al., 2000).
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The concentration of bound CR as a function of pH shows that for all
amyloid analogues except 19-28 (which had nearly zero binding of CR over
the examined pHs) the bound CR is at a much higher concentration at acidic
pH ~4 than at alkaline pH (Table 2 and Figure 4). Above pH 6 all analogues
showed almost no CR binding. This pH dependency is similar to the proton
dissociation for the imidazolium sidechain of histidine, which has an
intrinsic pK=6.3. At pH 4, all analogues showed their maximum binding, in
the order AB1-40 > ABI1-28 = AB13-28 > AB11-25 >> AB19-28. A similar
pH dependency, i.e., stronger binding at acidic pH and weaker binding at
alkaline pH, 1s observed for AB1-40 from different origins. The maximum
binding at pH 4 decreased in the order Pr(40-1) > Pr(1-40) = Du(1-40) >
Ro(1-40). Replacement of a single residue in the AB11-25 sequence showed
different maximum binding concentration at pH 4, with the concentration of
bound CR decreasing in the order D23K > 11-25 > H14D > H13D. This
order correlates with the number of histidine residues.

= N W bh 1NN
o O O O O O o O

BOUND CONGO RED (MM)

o

0 20 40 60 80 100
TOTAL CONGO RED (KM)

Figure 3. The dependence of the concentration of bound CR on total CR for 10 pM AB11-28
at pH 4.0 (Inouye et al., 2000) for different n values (from | to 10) and constant K=10.8. See
legend to Figure 2 for details.

The NH, group of CR becomes deprotonated at pH 4, and the two
sulfonates are likely to be fully dissociated at pH>4. Thus, over the pH range
4.0-9.5 the net charge of CR is -2. Proton dissociation of the ionizable
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groups in protein are likely influenced by the local electrostatic field which
shifts the intrinsic pK to apparent pK values (Inouye and Kirschner, 1988;

Nozaki and Tanford, 1967).

Table 1. Sequences for AB1-40 and analogues

Analogue® Sequence”
Pri-40 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
Rol-40 DAEFGHDSGFEVRHOKLVEFAEDVGSNKGAIIGLMVGGVY
Dul-40 DAEFRHDSGYEVHHQRLVEFFAQDVGSNKGAIIGLMVGGVV
Pr40-1 VVGGVMLGIIAGKNSGVDEAFFVLKQHHVEYGSDHRFEAD
11-28 EVHHQKLVEFFAEDVGSNK
13-28 HHQKLVFFAEDVGSNK
19-28 FFAEDVGSNK
11-25 EVHHQKLVFFAEDVG
11-25HI3D EVDHOKLVEFFAEDVG
11-25 H14D EVHDQKLVEFAEDVG
11-25 D23K EVHHQKLVFFAEKVG

2 Pr, primate; Ro, rodent; Du, Dutch type
b residue substitutions are highlighted

Table 2. Summary of characteristics related to CR binding

Analogue  pI H  b(A) pKy K pK,
Pr1-40 5.4 3 1.7 5.6 5.9 53
Dul-40 6.0 3 1.7 56 59 53
Pr40-1 5.4 3 1.7 56 59 5.3

11-28 6.3 2 9.1 57 28 5.5
1328 7.4 2 8.8 56 2.8 55
1125 5.4 2 8.8 56 28 5.5
Rol-40 49 2 17 59 2.8 5.5
D23K 7.9 2 8.6 56 28 5.5
HI3D 4.2 1 8.6 5.9 55 5.0
H14D 4.2 1 8.6 59 55 5.0
19-28 4.2 0 74 - - -

?pl was obtained from pH at which net peptide charge is zero. Charge was calculated from
intrinsic pK values for the ionizabie residues including N and C termini. Effect of ionic
strength on charge was not considered.

® H, number of histidine residues in the peptide; b, radius of peptide sphere used for
calculating protein surface charge; pKy, proton dissociation constant of His in medium with
low dielectric constant (38.2 for 80% ethanol).

All peptides showed a lower pKy than intrinsic value 6.3 of histidine. pK, values estimated
from concentration of bound CR were smaller than pKj, indicating that the histidine residues

are in a hydrophobic environment, and interact with the positive-charged residues.
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Using the formula for CR binding as a function of pH, we calculated the
concentration of bound dye by assuming CR only binds to histidines and
with a 1:1 stoichiometry, and determined the best dye dissociation (K;) and
proton dissociation (pK,) constants (Table 2 and Figure 4). Peptides having
three histidines include Prl1-40, Dul-40 and Pr40-1, those having two
histidines are 11-28, 13-28, 11-25, Ro1-40, and D23K, and those having a
single histidine are H13D and H14D. The best values were pK,=5.3, K~=5.9
uM (relative error between observed and calculated bound CR, R=15.3%)
for three histidines, pK,=5.5, Ks=2.8 uM (R=16.1%) for two histidines, and
pK:=5.0, K4=5.5 uM (R=26.1%) for one histidine {(Inouye et al, 2000).
These K, values are similar to those reported for CR binding to AR
analogues (Klunk et al., 1994).

30

BOUND CONGO RED (MM)

i8]

Figure 4. Concentration of bound CR vs. pH of incubation medium for amyloid analogues
containing: O, three histidines (Pr1-40); O, two (AB11-28); and A, one (H13D) (Inouye et al.,
2000). Total concentrations were 10 uM peptide and 46.44 uM CR. The calculated pH
titration curves for 1:1 dye binding were derived with (from the top) K4=5.9 uM and pK=5.3
(three histidines), K4=2.8 uM and pK=5.5 (two) and K4=5.6 uM and pK=5.0 (one).
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S. KINETIC STUDY OF AGGREGATION AND CR
BINDING

The nucleation-dependent self-assembly model defines a critical
aggregation number of nuclei, rate constant for production, and rate of
monomer addition (Oosawa and Asakura, 1975). This model and a modified
form have been used in explaining the time evolution of various protein
assemblies (Inouye and Kirschner, 2000) including fibrils related to
neurodegenerative diseases, i.e. AP amyloid, prion peptide fragments, yeast
prion, Alzheimer’s paired helical filaments, a-synuclein, and polyglutamine-
containing huntingtin fragments. The experimental methods for studying
fibril formation vary (Inouye and Kirschner, 2000), and include electron
microscopy (Fraser et al., 1991a,b), light scattering (Lomakin et al., 1997;
Tomski and Murphy, 1992), sedimentation (Burdick et al., 1992), turbidity
(Taylor et al., 2003), thioflavinee T (LeVine, 1993; Naiki ef al., 1991), CR
(Inouye and Kirschner, 2000; Wood et al 1996), and atomic force
microscopy (Khurana et al., 2003). Equations relating the concentration of
bound CR to the aggregation number (i.e. monomer concentration in fibrils)
as a function of time and pH (Inouye and Kirschner, 2000) allow one to
calculate the kinetic parameters and the size of the nucleus from
experimental data on the concentration of bound CR (Wood ef al., 1996).
This determination is based on the following:

¢ At pH ~3-7, there is a conformational change from the native
monomeric structure to the fibrillar.

e Under these conditions AP sediments (Burdick et al., 1992),
forms P sheets (Barrow ef al., 1992), and binds CR (Wood et
al., 1996) and thioflavinee T (LeVine, 1993).

e Aspartate, glutamate, and histidine residues are likely involved
in the pH dependency of B amyloid aggregation (Kirschner et
al., 1987), for the proton dissociation constants of their side
chains are in this pH range (3-7).

¢ CR binds preferentially to the aggregated but not to the mono-
meric form of amyloid (Klunk ef al., 1989a,b).

* CR binding sites are likely to be exposed on the fibril surface
while concealed in the native monomers.

o The histidine residues are exposed on the surface of the fibrils
(Inouye et al., 1993).

» Histidines are proposed to be the binding sites for CR, based on
the pH dependency of CR binding to preformed fibrils (Inouye
et al., 2000; Fraser et al., 1992a) and the likelihood that the
imidazolium is positive-charged at pH ~3-7.
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The concentration of the monomers within a fibril can be calculated from
the total concentration of peptide and the proton dissociation constants of the
carboxyl (pK;) and imidazole (pK>) groups. The reaction scheme for self-
assembly of AP (Oosawa and Asakura, 1975) is

I k, k,
i ?Aio A, + 4 ‘?Aio wA atd ?Ai(,wh.’.;...';

k. k,
A+ A A A+ A A 0000
k. k.

where 4 denotes an AB protein molecule, 4, is the monomer, 4, is the
nucleus (considered to be the smallest assembly), 4, is the i{-mer assembly,
k., k are the rates of nuclei production and dissociation, and k. and k_are
the rates of polymer i production and dissociation (where i is larger than the
number of monomers forming a nucleus ;). The maximum i is assumed to
be large and is not explicitly indicated. The concentration of AB nuclei is
A, and that of /-mer assemblies is 1,. At time zero A, =c,, where ¢, is the
total monomer concentration. The monomer concentration as a function of

time is then

L A=Chlept)”

1=(1= (& /e )y

If the polymer concentration m is constant as a function of time, the term
dz A;/dt becomes zero, and seeded assembly can be written as

i

- (2i0)1/2(k:k+)l/zc}'9 /Zt.

A (1) = Ay(0) = exp(=k, mt)[ 4,(0) - 4, (0)].
Taking the logarithm of both sides,

In{2, (1) = Z4(0)] = —k, mt + In[4,(0) — 2,(x0)],

where 4,(0)=c, at t=0 andtﬂq(OO) =k_/k, since at equilibrium the term
di,/dt=0 . In this case k, (the rate constant for nucleus formation)
becomes 0, indicating that the seed is already present and no seeds are
spontaneously created. This equation is the same as that for amyloid fibril
elongation (Naiki ef al., 1991), and for the kinetics of fibril formation at low
peptide concentration (Lomakin et al., 1997). The parameters [M],,k_, %, in
Naiki et al. (1991) correspond to A (w0),k_,k, in the notation here (Inouye
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and Kirschner, 2000), and £, in Lomakin ez al. (1997) is identical to k,m
used here.

Using the concentration vs, time data for CR bound to Af1-40 at pH 5.8
(Wood et al., 1996), nonlinear least squares (Inouye et al., 1989) optimizes
the kinetic parameters for two different assembly processes, ie., (1)
spontaneous and (2) seeded. Input constants include the total concentration
of peptide (3.69 uM), total CR concentration (24 uM), the number of His (3)
and the number of Asp and Glu (6) residues, proton dissociation constant
pK; (3.0), and pH of the medium (5.8). The parameters include number of
molecules per nucleus i, kinetic rate coefficient &k, , dissociation constant
K, of bound CR, proton dissociation constant pK for the former spontaneous
model, and Ky, pK,, and the rate coefficient k m for the latter (seeded)
model. The calculated optimized values for spontaneous assembly are
K#=55.1, k:k+ =2.0, pK;=6.3, and i;=3; and the ones for seeded assembly
are K4=53.7, k,m=5.0, and pK,=6.22. The agreement between the observed
and calculated values for both models is good; however, the seeded one fits
slightly better than spontaneous assembly (Figure 5).
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Figure 5. The concentration of bound CR as a function of time for AB1-40. The experimental
data (O) are from Figure 2A of Wood e al. (1996). The thin and thick lines indicate
spontaneous and seeded assembly, respectively, at pH 5.8, 6.3, 6.5 and 6.8. The total peptide
concentration is 3.69 uM and the CR concentration is 24 pM. The kinetics parameters are
cited in the text and in Inouye and Kirschner (2000).



216 Hideyo Inouye and Daniel A. Kirschner
6. CR BINDING SITE IN AMYLOID g FIBRILS

Electron microscopy and X-ray diffraction show that ~30 A-diameter
protofilaments constitute Af amyloid fibrils, both in vivo (Miyakawa et al.,
1986) as well as in different in vitro assemblies formed by AP analogues
consisting of residues 6-25, 11-28, and 1-28 (Inouye ef al., 1993; Fraser et
al., 1991ab; Kirschner et al., 1987) as well as full sequence 1-40 (Malinchik
et al., 1998). The protofilaments are cylindrically arrayed, building a thicker
fibril. Electron density profiles suggest that the subunit of the protofilament
(or B-crystallite, as defined by X-ray diffraction) is mostly formed by the
hydrophobic sequence Leul7-Vall8-Phel9-Phe20-Ala21 within Af (Inouye
and Kirschner, 1996; Inouye et al., 1993). The neighbouring hydrophilic
residues His13-His14 that are N-terminal to this domain are, therefore, likely
to be on the surface of the protofilament. Previous studies (Fraser et al.,
1992a) show that fibrils formed by AP analogues having no histidine
residues or at alkaline pH where histidines are uncharged do not show CR-
induced lateral aggregation, suggesting that the protonated histidines on
neighboring fibrils may be bridged by CR molecules to promote lateral
packing. The histidine domain Vall2-His13-His14-Glnl5-Lys16-Leul7 in
AP is similar to the known binding motif XBBXB (B=basic, X=hydrophobic)
for heparan sulfate proteoglycan (HSGP) (Watson et al., 1997; Brunden et
al., 1993; Kisilevsky, 1989). The negative-charged groups in CR and in
HSGP (sulfonates and sulfates, respectively), therefore, must interact with
the same positive-charged histidine residues that are exposed in A fibrils
(Ojala et al., 1996).

7. AMYLOID p ATOMIC MODELS

7.1 Structure in solution

The atomic coordinates for A determined by solution NMR (Protein
Data Bank, 1AML; Sticht et al., 1995) indicate an o-turn-o structure where
the two helices are in the regions GInl5-Asp23 and Ile31-Met35, and the
turn is at Gly25-Ser26-Asn27. The positions of the first helix and turn are
nearly consistent with the ones predicted by the methods of Chou-Fasman
and Garnier (Malinchik et al., 1998). The binding of CR to the hydrophilic
and flexible N-terminal domain (Figure 6) may facilitate amyloid formation
(Kim et al., 2003).
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7.2 Nanotube B-helix

Based on analysis of X-ray diffraction and electron microscopy from a
polyglutamine peptide assembly, (Asp)-(Gln)s-(Lys);, Perutz and
colleagues (2002) proposed an atomic model which they suggested might be
valid also for other fibrillar amyloids, i.e., a water-filled nanotube. The
authors interpreted the diffraction pattern as a fiber pattern, i.e., with the 4.8
A reflection along the fibril axis. Their model depicts a B-helical array
having 20 residues per turn; and the diameter of the helix as defined by the
wrapping of the main chain is 20 A. The 30 A-outer diameter accounts for
the observed low-angle reflection as well as for the size of the glutamine side
chains of 5 A, ie., 30 A - 2x5 A) =20 A. Rather than attributing the
prominent 8.3 A reflection series to intersheet stacking of B sheets, the
authors attributed it to a feature of unknown origin, and suggested that the
absence of the typical 10 A intersheet reflections meant that the B sheets are
not stacked, but instead there is a single § sheet constituting the thin wall of
the tube. The equatorial doublet at 3.2 A and 3.6 A was interpreted as arising
from the repeat of amino acids in a parallel B-sheet (forming the tube), with
the side chain amides in a circle facing the internal water-filled cavity
(Perutz et al., 2002). The structural consequence of this model is that two
turns having 40 residues are held together by hydrogen bonds between

Figure. 6. NMR solution structure for AB1-40 (entry #1 AML, Protein Data Bank; Sticht ef al.,
1995). The three histidine residues (His6, Hisl3 and Hisl4, shown as balls and sticks) are
located in the N-terminal flexible region, and Gly25-Ser26-Asn27 is located at the tumn.
Model drawn using MOLSCRIPT (Kraulis, 1991).
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amides of successive turns, and this gives a stable nucleus for growth of a
helical fibril. In this way the model cleverly accounts for the correlation
between the neurodegenerative triplet-repeat CAG diseases that require a
polyglutamine length greater than 40 residues.

Because the helical pitch is the 4.8 A-hydrogen bonding distance, and the
asymmetric unit on the discrete helix consists of two residues in the B-chain
direction, then the helical selection rule is 1/¢ = n/P + m/h where ¢ is the
period along the fiber direction, P is pitch, and 4 is rise per unit. Because ¢ =
P=48 A, and h=4.8A/10, then 1 = n + 10m, and the helical radius is 10 A.
This helical array predicts that the layer lines are at every (4.8 A)” along the
fiber direction. The first layer line at 4.8 A spacing corresponds to the J,
Bessel function which gives an off-meridional intensity maximum in the
radial direction at R=(35 A)". The nanotube model is consistent with the
finding that AP with 40-42 residues gives a similar diameter protofilament
and a 4.7 A reflection (Perutz et al., 2002; Malinchik et a/., 1998).

Figure 7. Model for AB1-40 as derived from nanotube model of polyglutamine (Perutz et al.,
2002). The model is viewed nearly normal to the fibril axis. We built the model given the
assumed helical selection rule and radius of the helix (see text for details). Balls and sticks
indicate the three histidines, where Hisé and Hisl4 face inward and Hisl3 faces outward.
Model drawn using MOLSCRIPT (Kraulis, 1991).

Using the P helical chain structure proposed for polyglutamine, we
replaced the side chains with ones for AB1-40 (Figure 7). Within the putative
domain for CR binding (Vall2-His13-His14-Glnl5-Lys16-Leul7) His13
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faces outward, and Hisl4 faces inward. Because His6 in the N-terminal
domain also faces inward, then CR molecules that bind histidines should be
localized both within and on the surface of the AP helical tube.

7.3 Parallel P sheet model

Solid state NMR indicates that the AP amyloid protofilament is built up
from parallel §§ chains (Tycko, 2003). AB9-40 is modelled as two extended J
chains with a turn at Ser26-Asn27-Lys28 (Figure 8). Two B chains interact
across the intersheet space so that the stacking of the peptides along the
hydrogen bonding direction gives parallel § sheets. Another similarly folded
molecule placed along the intersheet direction accounts for the ~30 A width
of the protofilament, and there are four B chains in this direction (Malinchik
et al., 1998). The hydrophilic N-terminal domain is on the surface of the
protofilament, while the hydrophobic C-terminal domain is located in the
protofilament core. Both His13 and His14 residues are on the surface of the

filament, and can be bound to CR.
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Figure 8. The parallel B chain model for AB (Tycko, 2003). (Leff) AB9-40 has a tum at Ser26-
Asn27-Lys28 which creates anti-parallel § chains in the inter-sheet direction (vertical axis).
The hydrogen-bonding direction is normal to the page. His13 and His14 are indicated by the
balls and sticks. (Right) The fibril grows in the hydrogen bonding direction (vertical direction
axis). Models drawn using MOLSCRIPT (Kraulis, 1991).
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8. CONCLUSIONS

Both ionic and non-ionic types of molecular interactions have been put
forward to explain the binding of CR to AP fibrils. In the first type, negative-
charged sulfonate groups of CR are proposed to interact with positive-
charged histidine side chains of the peptide. Atomic structures for the -
helix nanotube and parallel B-sheet models both indicate a regular array of
histidine residues on the surface of the fibrils, where ionic interactions
between CR and the histidines (Inouye et al., 2000) would facilitate lateral
aggregation of protofilaments into fibrils (Fraser et ai., 1992a) either by
reducing the electrostatic repulsion between edge- or surface-located
histidines, or by the dye molecules chelating or bridging neighbouring
protofilaments. A similar role for histidines in lateral packing of fibrils has
been reported to underlie the Cu**-induced aggregation of betabellin (Lim et
al., 1999). Regular arrangement of histidines on the protofilament may act as
a template for the end-to-end J-aggregate of CR molecules, which produces
a red shift in UV/Vis absorption.

At neutral pH where histidine is deprotonated and no longer charged, or
at high ionic strength, CR still binds to AP amyloid fibrils (Wood et al.,
1996). In fact, CR appears to bind universally to amyloid fibrils having the
cross-p arrangement. When the length of the B-chain (~6 residues) (Inouye
et al., 1993) is comparable to the ~20 A-length of the flat CR molecule
which is parallel to the chain, van der Waals interactions between the peptide
and the dye’s 7 system (Hermel ez al., 1995) might be stronger, promoting
dye binding to amyloid even in the absence of protonated histidines. Since
the protofilaments from various amyloids are similar in size (Inouye and
Kirschner, 1998; Cooper, 1974), this type of interaction may account for
non-ionic binding of CR to amyloids under histological staining conditions.
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Abstract: Aluminium (Al) is found associated with B-amyloid (AB) in the brain in
Alzheimer’s disease. Al precipitates A in vitro as distinct fibrillar structures
composed of B-pleated sheets of peptide. The aetiology of their association in
vivo is not known. Al is known to increase the brain AP burden in
experimental animals and this might be due to a direct influence upon A
anabolism or direct or indirect affects upon AP catabolism. It is difficult to
rationalise from an evolutionary perspective the precipitation and persistence
of AP in vivo. However, Al has not been subject to the same evolutionary
pressures as Af, it is a recent addition to the biotic environment, and its
precipitation of AP may have only been subjected to natural selection in the
recent past. Whether AD is also part of this ongoing selection process remains
to be elucidated

Key words:  Aluminium, AP, APP metabolism, AP aggregation, Af catabolism,
AP neurotoxicity;

1. INTRODUCTION

What is the connection between aluminium (Al) and the p-amyloid
peptide (AB)? Was the first observation of their co-localisation in senile
plaques serendipitous or erroneous (Duckett and Galle, 1980)? The case for
serendipidity has remained open (Exley, 2001) whilst the question of
whether Al is co-localised with AP in senile plaques has been addressed and
Al has been shown to be one of a number of metals found associated with
these structures (Beauchemin and Kisilevsky, 1998). The authors of this

225



226 Christopher Exley

study were acutely aware of the purported problems associated with the
contamination of reagents (Landsberg er al, 1992) and took great care to
account for any such possible sources of error. They showed unequivocally
that Al was the second most abundant metal, behind iron, that was found
associated with senile plaques isolated from Alzheimer’s brain tissue. So
why do some authors continue to contest this issue? Their objections seem to
go beyond scientific reasoning.

Of course the role of AP in the aetiology of AD is itself contentious
though this shall not be addressed herein. Regardless of the cause of AD the
‘Amyloid Cascade’ is a description of the probable metabolism of AP ir vivo
(Hardy and Higgins, 1992), and this established series of events will form
the framework of this insight into the association of AP with Al. This review
has been written so as to complement and not repeat the content of a recent
publication in this field (Exley and Korchazhkina, 2001a).

2. ALUMINIUM AND THE ANABOLISM OF AB

It is equivocal as to whether Al influences the expression of the amyloid
precursor protein (APP) (Exley and Korchazhkina, 2001a). However, the
recent suggestion that APP metabolism might be linked to neuronal iron
homeostasis (Rogers et al, 2002) may also suggest a role for Al. The
identification of an iron regulatory element (IRE) within the 5’-untranslated
region of APP mRNA has implicated iron regulatory proteins (IRP1 and
IRP2) in APP translation. IRE binding of an IRP signals a translation event
and Al has been shown to both promote (via IRP2) (Yamanaka et al., 1999)
and inhibit (via IRP1) (Oshiro et al., 1998) IRE binding of IRP’s. In the case
of IRP2 the effect was attributed to either an Al-induced stabilisation of the
IRE/IRP2 complex or an Al-induced inhibition of the oxidative breakdown
of IRP2. The authors speculated that IRP2 contained a binding site for iron
which would also bind Al The inhibition of IRE activity by Al has been
attributed to IRP1 binding Al (Oshiro, 2002). IRP1 in the inactive state
contains an iron-sulphur cluster (4Fe-4S). Activation of IRP1, such that it is
bound by an IRE, is achieved by the oxidation of the 4Fe-4S cluster by the
superoxide radical anion (O;") and the subsequent release of Fe(Il). The
authors speculated that the substitution of the labile Fe in the Fe-S cluster by
redox-inactive Al (thus, Al-3Fe-4S) would protect IRP1 against oxidation
and so prevent it being bound by an IRE and signalling a translation event.
Al substitution for Fe in an Fe-S cluster is not supported by the reported
weak binding of Al by S ligands (Harris er al, 1996). An alternative
mechanism whereby Al might influence the oxidation of IRP1 without being
bound by the cluster might involve it acting as a competitive substrate for
0,". The formation of the putative aluminium superoxide semi-reduced
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radical ion (AlO,™") (Exley, 2004) would limit the availability of O,” and
would reduce the rate of oxidation of the Fe-S cluster and so inhibit IRE
binding of IRP1. The influence of Al on the activity of IRP’s could provide a
mechanism for an Al-induced increase or decrease in the translation of APP.
These effects could be mediated via direct interactions with IRP’s or through
indirect actions upon neuronal iron homeostasis (Ward et al., 2001).

It is not known if Al exerts any direct influence upon the secretases
(o, B, v) that have been charged with the proteolytic cleavage of APP. We do
know that Al inhibits the activity of the serine protease, plasmin,
Korchazhkina et al., 2002) and that this enzyme is known to promote
processing of APP via the non-amyloidogenic «-secretase pathway
(Ledesma et al., 2000). The latter may be achieved either by direct cleavage
of APP, for example, plasmin has been shown to cleave AP between Lysyg
and Gly,y (Korchazhkina ef al., 2002) and may also cleave at the a-secretase
site (Lys;s — Leuyy) or by activation of MMP-9, a matrix metalloproteinase
which is known to cleave A at the a-secretase site (Backstrom et al., 1996).
In addition exposure of explanted human brain neural cells in primary
culture to only 100 nM Al resulted in down-regulation of the gene for
MDC9, a putative a-secretase (Koike et al., 1999), and up-regulation of a
gene for APP (Kuroda er al., 2003). The action of Al in inhibiting the o-
secretase pathway whilst concomitantly increasing APP expression would
alter the physiological balance which exists between the a- and P-secretase
pathways in favour of the formation of AB. Whether this balance is altered in
the sporadic form of AD is equivocal whilst AP is produced in larger
amounts in familial forms of the disease and in Down’s syndrome.
Interestingly, AD and Down’s syndrome are linked in that in both conditions
the gastrointestinal absorption of Al is significantly increased (Moore et al.,
2000; Moore et al., 1997). Whether the increased production of AB in both
of these diseases is as a consequence of a higher body burden of Al or vice
versa is not known. The enzymatic processing of APP could be influenced
directly by it binding Al in such a way as to alter the accessibility of the
secretases to cleavage sites (Exley and Korchazhkina, 2001a) or indirectly
by Al acting as a prooxidant (Exley, 2004) in altering the structure and
composition of neuronal membranes or rafts where APP is localised. Until
the requisite research is funded and carried out it will remain equivocal as to
whether the burgeoning burden of brain Al is influencing the synthesis,
transport, function and metabolism of APP.
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3. ALUMINIUM AND THE AGGREGATION OF Ap

A possible rationale for the co-localisation of Al and AP in senile plaques
is that the peptide forms a complex with Al. Direct experimental evidence to
support this contention was first presented over a decade ago when we
demonstrated that Al disrupted the conformation of APy in a membrane-
mimicking solvent (Exley et al, 1993). It was shown using circular
dichroism spectroscopy that APy, adopted a partially helical conformation
which was severely disrupted by a stoichiometric excess of Al. Abolition of
a-helical structure was evident for a two-fold molar excess of Al and
complete for a six-fold excess. The result demonstrated unequivocally that
APB4 complexed Al and that only a small molar excess of the metal was
required to induce a change in its conformation in the presence of a
membrane-mimicking solvent. This first observation of A binding Al has
been confirmed in a decade of further research (reviewed in Exley and
Korchazhkina, 2001a) though it has not been supported by the determination
of a formation constant for an Al-Af complex. The latter is not a trivial
pursuit for either metals or metal-peptide complexes which are extremely
insoluble at circumneutral pH and the lack of a thermodynamic constant
does not, as has been suggested, preclude the existence of the complex.

There can be no question that AB forms B-pleated sheets in the presence
of Al (Exley and Korchazhkina, 2001¢). It does not form B-pleated sheets in
the presence of copper (Zou et al., 2001) and it only forms such in the
presence of zinc after a considerable period of aging (House et al., 2004).
The classical indicator of B-pleated sheet formation is their binding of
thioflavine T (ThT) to produce a fluor which upon excitation at ca 450 nm
will emit a characteristic fluorescence at ca 482 nm (Levine, 1993). In
solutions of AP which are aggregating Al has been shown to both promote
and reduce the formation of ThT-reactive material. Generally, the
aggregation of A4 is promoted whereas that for APy, is reduced (Exley and
Korchazhkina, 2001c). However, it has recently come to our attention that
there may be a simple explanation for such apparently opposite effects. By
correlating ThT fluorescence (B-pleated sheet formation) with images
obtained using transmission electron microscopy (TEM) we have found that
Al promoted the self-aggregation of ThT-reactive material (B-pleated sheets)
and that as a consequence it reduced the availability of binding sites for ThT.
Thus AP in the presence of Al was precipitated in compact fibrillar
structures which gave a lower ThT fluorescence than Af precipitated in the
absence of additional Al. This property of Al was only observed when the
metal was present to a molar excess such that crosslinking of peptide-bound
Al via hydroxy-Al bridges would be favoured (House et al, 2004).
Aluminium’s known activity as a cross-linking agent (Exley, 1998) may also
explain how ligands which are competitive with hydroxide for binding Al,
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such as ATP (Exley, 1997) and inorganic phosphate (Bondy and Truong,
1999), increased ThT fluorescence of AP in the presence of Al by inhibiting
the formation of hydroxy-Al bridges and thereby preventing the self-
aggregation of ThT-reactive material. The high inherent propensity for A4,
to aggregate would be expected to accentuate the influence of Al and might
explain why this effect is less evident for AP, (Exley and Korchazhkina,
2001c).

Connected to the capacity for Al to induce self-aggregation of B-pleated
sheets of AP, was the recent observation that in vitro preparations of Ay,
were contaminated with Al (House ef al., 2004). For example, we found that
1 uM concentrations of APy, which had been prepared in PIPES-buffered
Krebs-Henseleit media contained ca 0.7 pM Al. This combination of APy,
and Al resulted in the formation of ThT-reactive material and amyloid fibrils
as viewed by TEM whereas the same combination in the presence of an Al
chelator, DFO, neither resulted in ThT fluorescence nor amyloid fibrils. APy,
did not form P-pleated amyloid fibrils when Al that had been present as a
contaminant was chelated by DFO. The inability of 1 pM peptide to form
fibrils was supported by the recent suggestion that the saturation constant for
AP, was > 2 pM (Sengupta et al, 2003). In our recent study Al was a
prerequisite to amyloid fibril formation. Whether Al could act as a nidus for
the precipitation of APy, as B-pleated sheets in vivo must now be considered

a possibility.

4. ALUMINIUM AND THE CATABOLISM OF ApB

A number of proteases which are able to degrade AP both in vitro and in
vivo have been identified (Carson and Turner, 2002). All are known to
cleave monomeric AP whilst only plasmin has additionally been implicated
in the degradation of soluble oligomers (Selkoe et al., 2003) and B-pleated
sheet aggregates (Tucker et al., 2000) of AP. Importantly, the degradation of
AP by plasmin does not resuit in the formation of amyloidogenic Af
fragments (Exley and Korchazhkina, 2001b) and consequently plasmin
protects against the neurotoxicity of AB. Plasmin is also an a-secretase and
its formation via the urokinase plasminogen activator system is genetically
linked through chromosome 10 to late-onset AD (Finckh et al, 2003).
Plasmin is a serine protease and the activities of this class of enzymes are
known to be influenced by Al (Clauberg and Joshi, 1993). We investigated
the degradation of Afys3s by plasmin and showed that the peptide was
cleaved between Lysys and Gly,y to produce two non-amyloidogenic
fragments. Al reduced the activity of plasmin by half and this interaction was
attributed to a direct interaction with the enzyme as opposed to the APBss.ss
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substrate (Korchazhkina er al, 2002). It has not been determined if Al
inhibits the activity of plasmin either in in vitro cell/tissue culture or in vivo.
However, inhibition of plasmin activity could result in stimulation of the -y
secretase pathway and reduced clearance of AB. In spite of the fact that the
plasmin proteolytic cascade was induced by AP (Tucker et al., 2000) brain
tissue from AD has been shown to contain reduced levels of plasmin
(Ledesma et al., 2000). A physiologically significant concentration of Al
(0.10 uM) down-regulated the gene for the urokinase plasminogen activator
receptor in explanted human brain neural cells in primary culture (Kuroda et
al., 2003) and this would be expected to reduce the formation of plasmin via
the urokinase plasminogen activator system. Whether the persistent down
regulation of this system would be sufficient to influence the catabolism of
AP over a lifetime remains to be determined.

5. ALUMINIUM AND THE NEUROTOXICITY OF
AB

AP is clearly neurotoxic in vitro. However, we cannot be sure if
neurotoxicity which follows either its injection into the brain in experimental
animals or its endogenous expression in the brain of transgenic mice is due
to a direct affect of AP (Caughey and Lansbury, 2003). However, what we
do know is that the toxicity seen in each of these cases can be augmented by
Al For example, dissociated hippocampal and cortical neurones from
embryonic rat brain were maintained in culture for up to six months and
thereafter exposed to either freshly-prepared A4, aged APy or aged ABy+
Al. Both aged preparations of APy resulted in degeneration though the
extent of neuronal damage was far greater in the additional presence of Al
(Kuroda et al. 1995). Similarly, Oka et al. combined ARy with Al to assure
brain dysfunction following injection of the peptide into rat cerebral
ventricle (Oka et al., 1999). Most dramatically, in the only study thus far on
the influence of Al on transgenic mice that over express human APP, dietary
Al was shown to have exacerbated neurotoxicity (Pratico ef al., 2002). The
latter was manifested as significant increases in soluble and insoluble AP
(AB4 and APy,) in both the cerebral cortex and hippocampus, including the
deposition of AP in plaques, and significant increases in isoprostane levels, a
marker of in vivo oxidative stress, in both plasma and urine.

Whilst it is clear that Al can augment the neurotoxicity of AP there is
additional evidence that exposure to Al accelerates the formation and
deposition of endogenous AP (Miu et al., 2003; Varner et al., 1998; Zhang
et al., 2003). This has been observed both in vitro and in vivo and the link
may well be the prooxidant activity of Al (Exley, 2004). For example, in the
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aforementioned transgenic study the exacerbation by Al of both oxidative
stress and deposition of AP was abolished by the additional presence of
vitamin E in the diet. The presence of antioxidant abolished neither the
oxidative stress nor the amyloid burden which could be attributed to the over
expression of APP but only the exacerbation of these effects by Al. Vitamin
E has been shown to be similarly effective in abolishing Al-induced AR
deposition in a non-transgenic animal study (Zhang et al., 2003) and it is
interesting to note that a number of antioxidants have been shown to abolish
the prooxidant activity of Al without necessarily acting upon the background
level of oxidative stress. Al is a prooxidant in vivo and a mechanism has
been proposed to explain both this activity and the possible link with AD
(Exley, 2004).

6. CONCLUSIONS

The recent literature purporting to review the interaction of AP with
metals has ignored Al (Bush, 2003). Al has no known biological function but
this lack of function hides both an ubiquitous presence and an extensive
biochemistry. Unlike for other metals, both essential and non-essential, there
is no specific or evolutionarily defined biological response to the presence of
Al (Exley, 2003). The body copes with its interference in biochemical
processes and the usual outcome to the many and varied (and unconscious!)
compensatory mechanisms is no more than an additional drain upon energy
stores. AP is produced via the metabolism of APP and its normal function is
unknown. In AD it is found precipitated primarily as aggregates of B-pleated
sheet conformers the persistence of which suggests that they are resistant to
proteolytic degradation. The in vivo accumulation of AB would appear to be
naive from an evolutionary perspective and may simply be a consequence of
its precipitation by the equally evolutionarily novel Al. Whether this
coincidental combination leads to or from AD remains to be determined.
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Abstract: Alzheimer's disease (AD) is associated with the abnormal aggregation of
amyloid-beta (AB) protein. AP and its precursor protein (APP) interact with
metal ions such as zinc, copper and iron. Evidence shows that these metals
play a role in the precipitation and cytotoxicity of AP. Despite recent advances
in AD research, there is a lack of therapeutic agents to hinder the apparent
aggregation and toxicity of AB. Recent studies show that drugs with metal
chelating properties could produce a significant reversal of amyloid- plaque
deposition in vitro and in vivo. Here we discuss the interaction of AP with
metals, metal dyshomeostasis in the CNS of patients with AD, and the
potential therapeutic effects of metal chelators.

Key words:  Metal chelators, Zinc, Copper, Iron

1. INTRODUCTION

Alzheimer’s disease (AD) is characterized by progressive loss of
cholinergic neurons with concomitant deterioration of memory and cognition
(Arendt er al., 1984; Winblad ef al., 1985; Hyman et al., 1986; Hu et al.,
2003; Luth et al., 2003). In AD brain, there is marked accumulation of
amyloid-f (AB) protein, the main constituent of senile plaques, particularly
its longer and more amyloidogenic form AP1-42 (Glenner and Wong,
1984; Citron et al., 1997). Evidence shows that formation of neurofibrillary
tangles (NFT) and neuropil threads occur subsequent to amyloid
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deposition (Lombardo et al., 2003). The A protein is generated from the
amyloid precursor protein (APP) by the proteolytic activities of - and v-
secretases (Wolfe, 2003; Yang er al, 2003). Majority of AD cases are
classified as sporadic and approximately 5% of AD patients suffer from an
early-onset familial AD (FAD) form. Mutations of the APP (chromosome
21), and presenilin (chromosomes 1 and 14) genes are linked to forms of
FAD (Levy-Lahad et al., 1995; Tanzi et al., 1996; Levy-Lahad et al., 1998).
Several risk factors for late-onset AD have been identified such as
apolipoprotein E (apo-E; €4 allele) on chromosome 19 (Roses et al., 1995)
and op-macroglobulin (A2M) gene on chromosome 12 (Blacker et al., 1998;
Saunders et al., 2003). In addition, a genetic locus on chromosome 10 was
identified that may be also a risk factor for late-onset AD (Bertram et al,
2000; Ertekin-Taner et al., 2000).

The pathophysiologic effects of FAD gene mutations result in increased
production of A protein and its subsequent cerebral deposition, especially
of AB1-42 isoform (Citron et al., 1992; Citron et al., 1997). Note, however,
much is not known how amyloid plaques can form and accumulate in AD
brain without any genetically determined elevation in AP synthesis.
Furthermore, overproduction of AB1-42 associated with FAD or Down’s
syndrome (Citron et al., 1992; Lemere et al., 1996; Citron et al., 1997) does
not fully explain its pathologic deposition in the brain, suggesting that other
neurochemical factors initiate A deposition for FAD and sporadic or late-
onset AD. Mitigating factors that may initiate amyloid deposition are the
pathologic interactions of cerebral Af with transition metals such as zine,
copper or iron (Bush et al., 1994b; Huang et al., 1997; Atwood et al., 1998).
Zinc, copper, and iron have been implicated as possible pathogenic agents in
AD due to high concentration gradients of these metals in the cortex,
hippocampus and the cortical vasculature (Smith, 1983; Dwork et al., 1988;
Frederickson, 1989); brain regions that are severely affected by the
pathological lesions of AD (Goedert ef al., 1991). Studies performed in our
laboratory, as well as by other groups clearly demonstrated that these metals
interact and induce A protein precipitation (Lovell ef al., 1998; Garzon-
Rodriguez et al, 1999; Atwood et al., 2000a; Cuajungco et al, 2000b;
Hirakura et al, 2000; Miura et al., 2000; Yang ef al., 2000; Kozin et al.,
2001; Suzuki et al., 2001; Yoshiike et al., 2001). The role of metals in AD
pathogenesis remains unclear despite numerous reports and hypotheses that
attempt to link them with AD. Notwithstanding, there is compelling
evidence that chelation of transition metal, which prevents their promiscuous
interactions with Af protein, has therapeutic potential for AD pathology.
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2. CEREBRAL METAL ACCUMULATION IN
ALZHEIMER’S DISEASE

Previous studies that attempt to quantify cerebral, cerebrospinal fluid
(CSF), or peripheral levels of zinc, copper and iron in AD produce highly
variable results (Hershey ef al., 1983; Sahu et al., 1988; Basun et al., 1991;
Constantinidis, 1991a, b; Corrigan et al., 1993; Samudralwar et al., 1995;
Tully et al., 1995; Deibel et al., 1996; Licastro et al., 1996; Cornett et al.,
1998b; Cornett et al,, 1998a; Molina et al., 1998; Gonzalez et al., 1999).
These inconsistencies are likely due to differences in methodology
employed, technical difficulties encountered during tissue processing, and
small sample size (Cuajungco and Faget, 2003). A consistent finding is that
abnormal levels of these metals are associated with AD-affected brain areas
that contain high amyloid burden (Lovell et /., 1998; Suh et al., 2000). It is
worth noting that zinc also accumulate in the brains of APP transgenic mice,
but is only present in mature, cored senile plaques (thioflavine-T staining
positive), and not in diffuse or pre-amyloid plaques, suggesting that zinc
may be responsible for plaque maturation (Lee et al, 1999). A rather
interesting observation is that when ZnT3, a neuronal vesicular zinc
transporter, was knocked out (ZnT37/") and crossed with the APP Tg2576
mouse transgene, the amyloid burden in brains of resulting APP2576":
ZnT37/" transgenes have significantly decreased when compared with
controls (Lee et al., 2002). Consequently, these mice have increased levels
of soluble AP with no apparent adverse effects particularly on life span and
at the cellular synapse (Lee et al., 2002).

Like zinc levels, there are also inconsistent reports on cerebral copper
levels in postmortem AD brain. Some observations show a significant
decrease of copper concentrations in AD brain (Deibel et al., 1996), while
other studies report a 2-fold increase of copper levels in the CSF (Basun et
al., 1991), amyloid plaque rim (Lovell et al., 1998), as well as an increase in
brain and CSF ceruloplasmin levels, a known copper-binding/transporting
protein (Loeffler ef al.,, 1994). There is also an indication that serum copper
levels are significantly elevated among AD patients (Squitti et al., 2002). It
is interesting to note that in situ, copper ions found in plaques and tangles are
redox active (Sayre et al., 2000). Meanwhile, abnormal cerebral iron levels
and its associated binding protein have been consistently observed in
postmortem AD brain tissue (Connor et al., 1992; Smith et al., 1997; Lovell
et al., 1998; Smith et al., 1998a). Iron ions present within amyloid plaques
deposited in human brains (Smith er al., 1997; Lovell et al., 1998; Smith et
al., 1998b), as well as in amyloid-bearing APP transgenic mouse brains
(Smith et al., 1998b) are redox-active and likely to be neurotoxic (Schubert
and Chevion, 1995). The implication of abnormal copper and iron levels in
AD pathology is inherent to the redox properties of these two metals where



238 Math P. Cuajungco et al.

they could likely contribute to oxidative stress in the central nervous system
(Halliwell, 1992, 2001), a phenomenon typically seen in brain tissues of
patients with AD and animal model of the disease (Smith ez a/., 1998b;
Huang et al., 1999b; White et al., 1999; Huang et al., 2000; Perry et al.,
2003).

3. METAL-BINDING PROPERTIES AND METAL
INTERACTIONS OF AMYLOID-B AND APP

3.1 APP is a metalloprotein

APP has specific and saturable binding sites for zinc (APP 181-200; K4
= 750 nM) (Bush et al., 1993) and copper (APP 135-135; Kp = 10 nM)
(Hesse et al., 1994). These binding sites suggest that zinc and copper serve a
physiological role for APP and that these sites have homology to all known
members of the APP superfamily (Bush er al., 1994a; Simons et al., 2002),
and the amyloid precursor-like proteins 1 and 2 (Wasco et al., 1992; Wasco
et al., 1993) giving some weight on the importance of both metals in APP
function and metabolism. In fact, overexpression of APP carboxyl-terminal
fragment containing AP, results in significantly reduced copper and iron
levels in the transgenic mouse brain (Maynard et al., 2002). On the other
hand, APP overexpression in Tg2576 mouse transgenes results in
significantly reduced levels of copper, but not iron, even prior to the
appearance of amyloid neuropathology and throughout the lifespan of the
mouse (Maynard et al., 2002). For reasons that are unclear, an associated
increase in cerebral manganese levels was observed in both transgenic
strains. Nevertheless, these observations confirm the roles for APP and Ap
in physiological metal regulation.

The role of zinc on APP is believed to be in a structural capacity. For
example, zinc has been shown to enhance the binding of several
proteoglycans and basement membrane proteins to APP (Bush et al., 1994a;
Multhaup, 1994; Multhaup et al., 1994; Multhaup et al., 1995). Zinc also
inhibits cleavage of full-length APP from human platelets (Li ez al., 1995).
An effect that could influence the generation of AP from APP and may
increase the biological half-life of AP by protecting the peptide from
proteolytic attack (Bush et al., 1993; Bush et al., 1994a). Nevertheless, there
has been no report to date which shows that zinc binding to APP results in
an increase production of AP from APP in vivo. In fact, zinc (£ 50 uM) was
shown to specifically increase secreted APP, which consequently decreased
the release of AR in the media of cultured Chinese hamster ovary (CHO)
cells (Borchardt et al., 2000). Like zinc, copper (10 uM) also produces a
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similar effect in CHO cells where it precludes generation of AP by
enhancing synthesis of full-length, non-amyloidogenic APP (Borchardt et
al., 1999). One caveat, however, is that APP can reduce Cu(Il) to Cu(l)
which results in oxidation of Cysl44 and Cysl55 and the formation of a
corresponding intramolecular disulfide bridge (Multhaup et al., 1996; Ruiz
et al., 1999). The resulting APP-Cu(I) complex is prone to redox reactions
resulting in site-specific and random APP fragmentation (Multhaup et al.,
1998) thus increasing the possibility of pathologic production of the
amyloidogenic protein.

3.2 AP is a metalloprotein and interacts with transition
metals: aggregation, oxidation and cytotoxicity

The aggregational state of AP is spatially- and temporally-dependent,
and is influenced by its concentration, by pH, and by the ionic
concentrations of zinc, copper, or iron (Bush et al, 1994b; Huang et al.,
1997; Atwood et al., 1998; Huang et al., 1999b; Atwood et al., 2000a). AB1-
40 contains a high affinity binding site for zinc 1:1 (zinc:AB; Kp = 107 nM),
and a 2:1 low affinity binding site (Kp = 5.2 uM) (Bush et a/., 1993; Bush et
al., 1994b). The zinc binding site spans AA positions 1-16 of the A protein
sequence (Kozin et al., 2001). Zinc and copper binding sites are mediated by
histidine residues at positions 13 and 14 (Liu et al., 1999; Yang et al., 2000).
In addition, an intramolecular histidine bridge at position 6 of AP peptide
may also coordinate the zinc or copper ion (Curtain et al., 2001).

Zinc (> 10 pM) binds and precipitates AP protein over a wide pH range
(pH 6.0-8.0) (Bush et al., 1994b; Brown et al., 1997, Huang et al., 1997).
Zinc preserves the a-helical conformation of AB1-40 and its complexation is
completely reversed by chelation (Huang et al, 1997). Indeed, this
observation was recently substantiated and it was also observed that zinc-AB
complexes (ie. zinc-induced aggregates) are soluble and stable for several
months (Kozin et al., 2001).

Copper ions [Cu(Il)] are not much better than iron, aluminum, calcium,
magnesium, manganese, mercury, lead, or nickel at precipitating A protein
at physiological pH (pH 7.0) (Atwood et al., 1998). Note, however, that
Cu(Il) precipitates Af in a reaction that is potentiated by mildly acidic (pH
6.6) conditions (Atwood et al, 1998; Miura et al., 2000). Copper-Af
complexes (ie. copper-induced aggregates) have been characterized as highly
structured and soluble, similar to that of zinc-Ap aggregates (Atwood et al.,
1998; Miura et al, 2000; Curtain et al., 2001; Suzuki et al, 2001).
Interestingly, although A binds equimolar amounts of Cu(II) and Zn(II) at
pH 7.4, Cu(Il) displaces Zn(Il) from Zn(II):AB complex under mildly acidic
conditions (pH 6.6) (Atwood et al, 1998; Atwood et al, 2000a) by
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occupying the intramolecular histidine-bridge coordination sites (Curtain et
al., 2001). Copper seemingly competes for the zinc binding site when the
Cu(I):AB ratio is 4, although a much lower copper concentration is needed
to disrupt zinc-induced AP aggregation (Suzuki ef al., 2001). Note, however,
that the stoichiometry of Cu(Il): A increases from zero (when AB is soluble)
to 1.0-2.5 when A is aggregated by Cu(II). AB1-40 has higher affinity (log
K,y 10) and lower affinity (log Ky, 7.0) binding sites for copper, but the
affinity of copper for AB1-42 is much greater for both sites (log K,y 16.0
and log K, 8.0, respectively) (Atwood et al., 1998; Atwood et al., 2000a).
Under mildly acidic conditions (pH6.8), the affinity of AB1-40 and AB1-42
for Zn(Il), but not Cu(ll) decreases at the lower affinity binding sites
(Atwood er al., 2000a). Unlike Zn(1I), both Cu(Il) and Fe(Ill) induce greater
AP aggregation under mildly acidic conditions (e.g. pH 6.6) (Atwood et al.,
1998). Recent studies indicate that copper’s strong pH-dependence
interaction with A} protein is due to its specific ability to bind either the N-t
of the histidine imidazole ring and main-chain amide nitrogens or N-n atom
(Miura et al., 2000; Suzuki et al., 2001). The N-t bridge results in copper-
induced insoluble AP aggregation, while the N-m bridge produces soluble
AP aggregates (Miura et al, 2000; Suzuki et al, 2001). Interestingly,
displacement of Zn(Il) by Cu(Il) from AP’s zinc binding sites supposedly
inhibits zinc-induced AP aggregation via direct competition by Cu(Il) at
histidine sites. It is interesting to note that at physiological pH, zinc-induced
AP aggregates have subtle differences from copper-induced Ap aggregates
in terms of its relative density and resolubilization state (ie. zinc-APR
aggregates are denser, and harder to resolubilize than its copper-Af
aggregates) (Moir ef al., 1999).

3.3 The neurotoxicity of AP is mediated by its oxidative
state and redox metals

Many studies have confirmed that aged A is neurotoxic in vitro (Pike et
al., 1991a, b) and in vivo (Emre ef al., 1992; Weldon et al., 1998). While
APB1-40 fragment is known to be neurotoxic (Yankner et al., 1989; Pike et
al.,, 1991a, b; Kowall et al., 1992}, AB1-42 is more neurotoxic than Ap1-40
(Huang et al., 1999b), and is more likely to generate hydrogen peroxide
(H,0,) than APB1-40 (Huang et al., 1999a). In fact, the redox activity of AR
species is greatest for AB1-42>AB1-40>>ratAB1-40 (Huang et al., 1999b).
There is compelling evidence that H,O, production is central to AB1-42’s
apparent cytotoxicity (Figure 1) (Behl et al, 1994; Huang et al., 1999b;
Cuajungco et al., 2000b). Binding of trace levels of redox active metals,
Cu(Il) or Fe(Ill), to APB1-42 engenders a cell-free catalytic production of
H,0; from O, via metal reduction (Huang et al., 1999a; Huang et al., 1999b)
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Figure 1. Effect of Zn?" upon AP1-42 cytotoxicity. A, B. Primary rat neuronal cultures were
incubated with AB1-42 (4, 20 uM; B, 10 uM) and/or other factors for 48 h, and cell survival
measured by Live-Dead assay, compared to untreated cultures. 4, Effects of co-incubation
with catalase (AB+Cat), buthionine sulfoximine (AB+BSO), Zn>* (20 uM, AB+Zn), Cu®* (20
uM, AB+Cu), incubated and effects of these factors alone, upon neuronal survival are
shown. C, human embryonic kidney 293 cells were with Ap1-42 (10 pM) £ o™ (10 uM) or
Zn*" alone, as shown. Surviving cells were assayed, compared to untreated control cultures.
Data are represented as mean £ SEM, N = 5-6 experimental trials performed in triplicate wells
(* p <0.01, ** p < 0.001). Reprinted with permission, Cuajungco ez al. 2000, J. Biol. Chem.,
275:19439-19442. Copyright 2000, The American Society for Biochemistry and Molecular
Biology, Inc.

and can be inhibited by high concentrations of zinc (Figure 2) (Cuajungco et
al., 2000b). On the other hand, copper competes with zinc, and is believed to
augment the oxidation of AP which could affect its metabolism (Atwood et
al., 2000b) and neurotoxicity (Huang et al., 1999b; Cuajungco et al., 2000b).
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AB’s conformational state mediates its intrinsic toxicity and oxidative
properties in the presence of redox active metals (Pike et al., 1991a, b;
Lorenzo and Yankner, 1994; Huang et al., 1999b; Atwood et al., 2000b;
Cuajungco et al., 2000b; Monji et al., 2001, 2002). In fact, it was observed
recently that the oxidative cytotoxicity of AP is caused by pre-fibrillar
structure and not fibrillar AP, at least in a specific C. elegans strain (Drake
et al., 2003).

Hydrogen peroxide (uM)
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3 —
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Figure 2. Effect of Zn>" on cell-free H,0, production by AB1-42. AB1-42 peptide (10 uM)
was incubated for 1 h at 37°C in PBS with CuCl, (Cul = [ uM), £ ZnCl, (Zn1 =1 uM, Znl10
= 10 uM) and levels of H,O, measured. The background levels of H,O, production in the
absence of peptide were also measured. Data are means + SEM (¥ = 5 experimental trials
performed in triplicate wells). Reprinted with permission, Cuajungco ef al. 2000, J. Biol.
Chem., 275:19439-19442. Copyright 2000, The American Society for Biochemistry and
Molecular Biology, Inc.

Nevertheless, the biochemical relationship between AB’s toxicity and
oxidative stress in AD is rather complex and not well understood. Studies
indicate that cerebral AP deposition and oxidative stress are considered
closely related to the etiology of AD. Indeed, metabolic signs of oxidative
stress such as oxygen radical-mediated damage of brain proteins, lipids and
nucleic acids, as well as systemic signs of oxidative stress and the response
of antioxidant systems have all been observed in AD tissue (Mecocci et al.,
1994; Smith er al., 1997; Smith et al, 1998b; Mecocci et al, 2002).
Likewise, AP induces lipid peroxidation (Butterfield et al, 1999a;
Butterfield et al., 2002a; Butterfield et al, 2002b; Butterfield and
Lauderback, 2002) and exerts toxicity through mechanisms involving the
generation of cellular H,O, through redox metal interactions (Behl et al,,
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1994; Huang et al., 1999b; Cuajungco et al., 2000b). This toxic effect is
abolished by superoxide/H,O, scavengers, antioxidants, and metal chelators
(Schubert and Chevion, 1995; Bruce ef al., 1996; Butterfield ez al., 1999b;
Sayre et al., 2000; Rottkamp et al., 2001). In a clinical setting, there is
evidence that treatment of patients suffering from AD with an antioxidant
(vitamin E) delays their cognitive decline (Sano er al, 1997). Taken
together, it seems that the oxidative stress in AD occurs via elevated H,O;
levels and promote cytotoxicity by incessantly taxing cellular antioxidant
system, and by interacting with transition metals that could produce the
highly toxic hydroxyl radicals (Halliwell, 1992, 2001). These reports
reinforce the belief that the pathologic basis of AD is through oxidative
stress mitigated by abnormal metabolisms of AP and its interaction with
redox active metals.

4. METAL CHELATORS: THERAPEUTIC
POTENTIAL FOR ALZHEIMER’S DISEASE

4.1 Basic science studies: chelator-induced
neutralization of Ap-mediated oxidative activity and
resolubilization of amyloid plaques

AP reduces Cu(Il) and Fe(Ill) to Cu(l) and Fe(II), respectively, and that
AP can generate H,O; through a metal-dependent reaction (Huang et al,,
1999a; Huang et al., 1999b; Cuajungco et al., 2000b). Henceforth, using
metal chelating agents to disrupt this interaction with redox active metals
and oxidative activity seems to be the most promising and appropriate
therapy for AD. Indeed, Huang et al. previously reported that the metal
chelators, bathophenantroline disulfonic acid (BP) and diethylenetetraamine
pentaacetic acid (DTPA), significantly hindered with the redox activity of
A by quenching the H,O, produced through AB-metal interactions (Huang
et al., 1999b). Furthermore, desferrioxamine (DFO; Fe[lll]-, and Cu[ll]-
selective), and DTPA (Fe[lll]-, Fe[ll], Cu[ll]- and Zn[II]-selective) have
been found to neutralize AP-metal-generated H,O, in situ (Sayre et al.,
2000). Note that when A is pretreated with DFQ, its neurotoxicity in vitro
is abolished (Rottkamp et al., 2001).

To assess the potential of metal chelating agents to abstract metals from
AP and solubilize the protein from senile plaques, Chemy et al.
used N N N’ N’-tetrakis-(2-pyridylmethyl)-ethylenediamine ~ (TPEN),
bathocuproine disulfonic acid (BC), and ethylene glycol-bis-(-aminoethyl
ether)-N,N,N’ N’-tetraacetic acid (EGTA) and successfully showed an
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enhancement in resolubilization of AB deposits from post-mortem AD and
non-AD brain samples (Figure 3) (Cherny et al., 1999). Likewise, using
either triethylenetetraamine (TETA; a high affinity Cufll] chelator) or
bicinchoninic acid (BCA; a Cu[l]-selective chelator), marked increase in
resolubilization of AP deposits from brain samples of APP Tg2576 was also
observed (Gray et al., 1998). This led Cherny et al. to perform a pilot blind
study using clioquinol (iodochlorhydroxyquin, CQ; a hydrophobic drug
with metal chelating property that crosses the blood-brain barrier) as an oral
therapy for 21-month old APP Tg2576 transgenic mice (Cherny et al.,
2001). The group found that after 9 weeks, a 49% decrease in brain AB
deposition (-375 pg/g wet weight, p = 0.0001) was observed. In addition to
the lowering of cerebral amyloid burden, there was a modest increase in
soluble AP (1.45% of total cerebral Af), while the levels of APP,
synaptophysin, and glial fibrillary acidic protein (GFAP) were not
significantly affected. It appeared that the animals showed an overall
increase in weight, general health, motor activity, and alertness relative to
untreated controls; however, these improvements did not affect the lifespan
of these animals.

While the above results show some promise on chelation therapy, one
caveat for using metal chelators in the brain is that it has been reported that
certain chelating agents, regardless of their affinity or specificity for a
particular brain metal, must be used with caution since distinct compounds
can produce severe side effects that could lead to seizure and significant
neuronal death when administered directly into the brain (Cuajungco and
Lees, 1996, 1998; Lees et al., 1998; Armstrong et al., 2001).

4.2 Clinical studies: past and present

The principle of a therapeutic drug abstracting a metal on a protein
target is well-developed in pharmacology. A number of well-known
antibiotic, anticonvulsive, antitumor, and antiinflammatory drugs exert their
pharmacological effect by interacting with the Cu-, Zn- or Fe-active sites of
their target protein (Cuajungco et al., 2000a). Historically, the use of the
iron chelator, DFO, in a clinical setting was the first published attempt as
therapeutics for AD. DFO proved to have some positive effects on the rate
of cognitive decline among AD patients (Crapper McLachlan et al., 1991).
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Figure 3. Release of AP from sedimentable deposits by chelators. Frontal cortex from an AD
brain was homogenized in PBS, pH 7.4, with or without increasing concentrations of TPEN
(4), EGTA (B), or BC (C). Following centrifugation, Af in the supernatants was visualized
by Western blot using anti-AP monoclonal antibody WO2 (lower panels), and quantified by
densitometry (graphs above corresponding blots). Although there is considerable variation in
the optimum chelator concentration for the maximal recovery of AP from case to case, these
data are representative of 17 AD cases. Reprinted with permission, Cherny et al. 1999, J.
Biol. Chem., 274:23223-23228. Copyright 1999, The American Society for Biochemistry and

Molecular Biology, Inc.
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There was, however, no follow-up study done to verify this result. DFO,
while it binds iron with high avidity, also chelates zinc and copper
(Cuajungco et al, 2000a; Cuajungco and Faget, 2003). CQ, a USP
antibiotic with metal chelating properties, shows some promise for clinical
use in AD as current reports showed that the drug appears to be well-
tolerated in mice when administered orally (Cherny et al., 2001; Nitzan et
al., 2003). Recently, a short-term Swedish study on the efficacy of CQ on
10 AD patients (80 mg/day) resulted in modest cognitive improvement after
21 days (Regland et al., 2001). Because this was a very short study with
small patient number, it was hard to conclude if CQ was really effective.
More recently, though, Ritchie et al. reported a more promising result on
the use of CQ for AD (Ritchie et al., 2003). The effect of CQ treatment was
significant in the more severely affected group with a baseline cognitive
subscale score of greater than or equal to 25 using the Alzheimer's Disease
Assessment Scale (ADAS). The placebo group had substantial worsening
on ADAS scores when compared with minimal deterioration for the CQ-
treated group. It is noteworthy that measurement of plasma AB1-42 levels
declined in the CQ-treated group while the placebo group showed an
increase. While the drug was well tolerated, plasma zinc levels rose in the
CQ-treated group with no apparent ill effects. It was argued that while the
sample size in this pilot Phase 2 clinical study was small, the results warrant
further investigation on this novel treatment strategy for AD.

5. CONCLUDING REMARKS

Metal chelation therapy for AD is still in its infancy. Recent observations
indicate that an ideal chelating drug to dissolve AB would involve a
molecule that avidly binds and is relatively selective for Cu(l), Zn(Il) and
possibly Fe(IIl), but does not sequester other abundant, yet crucial cations
like calcium and magnesium. Electrically neutral and non-polar molecules
are ideal chelators, since they are best absorbed across the gastrointestinal
tract and achieve a broad distribution throughout various tissues. Abstraction
of metals from protein still has many obstacles due to the potential
difficulties in: (a) route of administration; (b) reaching the specific target
brain tissue due to protection by the blood-brain barrier; (c) possible
associated non-specific problems of systemic metal ion depletion; and (d)
potential severe side effects by the drug itself. Further investigations on the
molecular and physiological effects of metal chelating agents are necessary
to circumvent these potentially severe complications. Notwithstanding, can
we ask the question therefore whether metal chelators will be
pharmacologically useful for Alzheimer’s disease? The answer to this
question remains uncertain, although very encouraging on the bases of
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several pilot Phase 2 clinical trials of clioquinol: More clinical investigations
to establish unequivocal drug efficacy of clioquinol and other candidate
metal chelators for patients with AD are clearly warranted.
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Chapter 13

The Interaction of Amyloid-p with ApoE
The form of beta amyloid is a partial determinant of the
interaction with Apolipoprotein E

Donald B. Carter
CNS Therapeutics, Pfizer Corporation, Kalamazoo, MI, USA

Abstract: Brain plaque deposition in the form of amyloid-beta (AP) peptide is a
pathological hallmark of Alzheimer's disease (AD). Apolipoprotein E (ApoE)
is thought to be involved in plaque formation. Individuals afflicted with AD
carrying the ApoE4 isoform have shown a greater number of Af plaques when
compared to ApoE3 carriers, and inheritance of an ApoE4 allele increases the
risk of AD when compared to ApoE2 and ApoE3 carriers. The role of ApoE
in the pathogenesis of AD is not well understood but a hypothesis gaining
widespread support is that ApoE is involved in deposition or clearance of A}
by direct protein-to-protein interaction. We have established that various
human AP conformations apparent during spontaneous aggregation confer
differing degrees of binding to the three ApoE isoforms. When associated
with lipid, ApoE4 bound preferentially to an intermediate aggregated form of
AP and had higher avidity than did ApoE2 or ApoE3.

Key words:  Apolipoprotein E (ApoE), amyloid-beta (Af), protofibrils, cerebral spinal fluid
(CSF)

1. INTRODUCTION

Alzheimer's disease is characterized by progressive neurodegeneration
associated with the deposition of extracellular proteinaceous amyloid-beta
peptide (AP is a collection of peptides derived from amyloid precursor
protein including peptides with lengths from positions 1-12 to positions 38-
43) in the form of senile plaques (Selkoe, 2002). The ApoE4 allele of
apolipoprotein E is a well established risk factor for late onset Alzheimer’s
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disease (LOAD) (Saunders et al., 1993). The mechanisms underlying the
increased risk of AD in ApoE4 carriers are currently under investigation in
numerous labs but there is accumulating evidence that the capacity of ApoE
to interact with AP and mediate its clearance or conformation is of prime
importance. Genetic epidemiologic studies have shown that ApoE4 allele is
also associated with cerebral amyloid angiopathy (CAA), another
neurodegenerative disease in which excessive deposition of AP occurs in
cerebral blood vessels.

ApoE is a 34kDa (299 amino acids) lipid transport protein which is
primarily synthesized in liver and brain and is found associated with
compartment specific lipid-vesicles in plasma and brain (Mahley, 1988).
ApoE exists as three primary isoforms in the human population, E2 (Cys'",
Cys"™®), E3 (Cys'?, Arg'™®), and E4 (Arg'?, Arg"®), with E3 being the most
common allele at approximately 80% frequency in the Caucasian population
(Corbo et al,, 1999). In the central nervous system ApoE is the most
abundant apolipoprotein in the CSF and is secreted predominantly by glia in
a high-density lipoprotein (HDL) like particle (Pitas ef al., 1987a,b; LaDu et
al., 1998; Fagan et al., 1999). Within the brain ApoE is derived from inside
the blood-brain-barrier where it is found in the CSF at approximately 5
mg/ml (Linton et al., 1991). Strittmatter et al. (1993a) first showed that the
E4 allele of ApoE was a genetic risk factor for LOAD. Subsequently other
researchers confirmed this finding (Corder et al., 1993; Mayeux et al., 1993;
Saunders et al., 1993; Corder et al., 1994; Strittmatter and Roses, 1996). A
potential interaction between ApoE and amyloid proteins was first suggested
when ApoE immunoreactivity was detected in extracellular amyloid deposits
in the brains of patients with AD, Down’s syndrome, cerebral and systemic
amyloid (Namba ef al., 1991; Wisniewski and Frangione, 1992). More
recently data was published which suggests that C-terminal residues of
ApoFE bind to AP plaques and that apoE may help aid in the progression of
small AP deposits to larger deposits (Cho ef al., 2001). These results are
consistent with early in vitro data which implicated the C-terminal residues
of ApoE in AP binding. Early in vitro studies have also shown that either
lipid free or lipid associated ApoE can bind AP with isoform specificity
(Strittmatter ef al., 1993a,b; LaDu et al., 1993; LaDu et al., 1995).
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2. INVITRO APOE-AB INTERACTIONS

2.1.  ApoE isoform dependence of A interaction
(delipidated ApoE)

Strittmatter and colleagues (1993a,b) first described the interaction
between de-lipidated forms of ApoE with membrane bound synthetic AB(1-
40), AB(12-28) or AB(1-28). They found that formation of an SDS-stable
complex of ApoE with AP was dependent on oxidation of the ApoE and the
pH of the medium. SDS-stable binding of ApoE with AB was maximal at pH
7.5 and decreased rapidly as pH was lowered. However it is possible that
other physiologically relevant complexes were formed which were not SDS-
stable and this possibility was not addressed in these studies. Also the forms
of AP actually attached to the filters were not defined thus making
interpretation of these experiments difficult since it was subsequently shown
that the binding of ApoE and A is dependent on the form of AB (Shuvaev
and Siest, 1996). Strittmatter et al. (1993a,b) also demonstrated that peptide
fragments from the C-terminal portion of ApoE were capable of forming
SDS-stable complexes with AB(1-28) but N-terminal fragments from ApoE
were not competent to bind the peptide AP(1-28). This work was extended to
examination of the effects of ApoE on the conformation of AP (Sanan et al.,
1994) which showed that ApoE/Af coincubates yielded monofibrils 7 nm in
diameter. The precise forms of the AP conformations were dependent on the
ApoE isoform in the incubation and both ApoE3 and ApoE4 were seen to be
uniformly distributed along the Ap monofibrils with ApoE4 forming a more
dense matrix of monfibrils. Several other studies have suggested that there
is an interaction between soluble forms of AP and delipidated ApoE which
influences fibrillogenesis of Ap (Ma et al., 1994; Wisniewski ef al., 1994;
Castano et al.,, 1995; Soto et al., 1996). Ma et al. (1994). They observed the
interaction of AP(1-42) with lipid-free plasma derived ApoE2, 3 and 4 using
electron microscopy starting from fibril free preparations of AP(1-42).
ApoE4 was concluded to be the most active at promoting filament
formation, ApoE2 the least active and ApoE3 having an intermediate level
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of activity when the peptide: ApoE molar ratio was 200:1. This molar ratio of
AB:ApokE reflects the ratio found in localized amyloid plaques in diseased
brain (Castano et al., 1995). In addition, Ma et al., (1994) discovered that
ApoE2 was capable of competing against ApoE4 in the reaction. These
results were confirmed and extended to AB(1-40) using recombinant human
ApoE at a ratio AP(1-40):ApoE of 100:1 (Wisniewski et al,, 1994). In this
study the AP(1-40) peptide was denatured in 1% trifluroacetic-50%
acetonitrile before stock solution preparation in order to disaggregate the
peptide. Another report showed that the interaction between delipidated
ApoE and AP is dependent on the AP peptide conformation (Golabek ez al.,
1996). These workers found no ApoE isoform dependence on the AP
interaction strength and characterized the ApoE-AB(1-40) interaction by
saturation binding analysis of soluble ApoE incubated with AP(1-40)
immobilized in microtiter plastic wells. A Kp of 20 nM was computed from
the saturation binding curves and competition studies with other forms of Af
indicated that the K; for competitors is inveresely proportional to the amount
of f-sheet conformation contained in the peptide. In a similar solid-state
binding paradigm Shuvaev and Siest (1996) showed by surface plasmon
resonance that for immobilized AP(1-40) and soluble delipidated ApoE3 the
binding constant for soluble delipidated ApoE3 was 10 nM, in good
agreement with the saturation studies of Golabek ef al. (1995). Shuvaev and
Siest (1996) also showed that only a small fraction of the immobilized Af
was capable of binding the ApoE and confirms the importance of AB
conformation on binding. Levine (2000) used I'* radiolabelled ApoE
purified from pooled human VLDL in a competitive binding filtration assay
to measure the ICs, for displacement of I'**-ApoE from fibrillar AB(1-40) by
various lipoproteins. The I'*-ApoE was presented to the fibrillar AB(1-40)
in solution phase and the bound aggregate captured on filters. The I1Cs,
values for displacement of I'*-ApoE from fibrillar AP(1-40) for delipidated
VLDL ApoE and baculovirus expressed ApoE2, ApoE3, ApoE4 were 43nM,
9.5 nM, 50 nM, and 13 nM respectively which compares well with the K
values of Golabek er al. (1996). In the Levine (2000) study, reconstituted
lipidated ApoE was also used as competitor but no controls were shown to
verify that the preparation contained intact lipoprotein particles (it is known
that lipoprotein particle integrity is compromised by freeze-thaw). The
question of whether the N- or C- terminal thrombin fragments of delipidated
ApoE are responsible for binding Af was originally investigated by
Strittmatter et al. (1993) but the peptide used was AB(1-28). This question
was also pursued by Pillot et al. (1999) using tryptophan fluorescence
quenching with synthetic ApoE peptides but the AP peptides used were
AB(29-40), AB(29-42), AP(22-42) and AB(12-42). The results of this study
showed that the C-terminal peptides of ApoE2 and ApoE3 were primarily
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responsible for the binding of ApoE-APB(1-40 and 29-40) peptides and not N-
terminal ApoE peptides. Golabek ef al. (2000) returned to this question but
they utilized the more physiologically relevant AB(1-40) in their binding
studies. Also using tryptophan fluorescence quenching similar to studies
carried out by Pillot er al. (1999), Golabek et al. (2000) determined that the
22 Kd N-terminal thrombin fragment of ApoE3 binds Ab(1-40) with a Ky of
~ 11 nM and the C-terminal 10 kD thrombin fragment binds Ap(1-40) with a
Kp ~ 45 nM in excellent agreement with their previous results with whole
delipidated ApoE (Golabek et al., 1996) and with those of Shuvaev and Siest
(1996). Three other studies showing the importance of the N-terminal of
delipidated ApoE in AB(1-40) interactions have been published (Evans et al.,
1995; Wood et al., 1996; Chan et al., 1996). Evans et al. (1995) showed that
the N-terminal domain of thrombin cleaved ApoE3 or 4 was an inhibitor of
AB(1-40) nucleation at concentrations as low as 40 nM with an ApoE/AB(1-
40) ratio of 1/1000. The lag time for fibrillogenesis is extended in a dose-
dependent manner for all three isoforms of lipid free ApoE. Their studies
also revealed that the ApoE3 dimer was a more potent inhibitor than either
ApoE3 or ApoE4 monomer. Chan et al. (1996) also showed that the N-
terminal of ApoE3 (amino acids 1-191) was capable of interacting with
AP(1-40) under native conditions of binding. However, the experiments with
N- and C-terminal thrombin-cleaved ApoE fragments may not extrapolate to
the intact protein. It is well known that there are N- and C-terminal domain
interactions in ApoE which determine what forms of lipoprotein particles
each ApoE-isoform associates with as well as effects on receptor-binding
activity (Weisgraber, 1994). This sequence of studies with various forms of
AP teaches the importance of the primary structure as well as the secondary
structure of A interaction with various lipid free-ApoE protein fragments.

2.2. ApoE isoform dependence of Af interaction
(lipidated ApoE)

In vivo ApoE is always found associated with lipoprotein particles and in
the CNS these particles resemble HDL-like lipoproteins (Pitas et al.,
1987a,b; LaDu et al., 1998). One of the first studies (LaDu et al., 1994)
carried out on the interaction of lipid associated ApoE with AB(1-40) used
the technique of assessing SDS-stable complexes of ApoE-Af on PAGE
introduced by Strittmatter et al. (1993a). The results of these experiments
suggested that lipidated ApoE3 and ApoE4 were capable of forming an
ApoE-AP(1-40) complex and that ApoE3 was more competent to form the
complex than ApoE4. In addition LaDu et al. (1994) showed that similar
phenomena occurred with the truncated peptide AB(1-28) and that formation
of both the ApoE3 and ApoE4 AP(1-40) interactions are sensitive to the
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presence of mercaptoethanol. As noted above the physiological significance
of SDS-stable ApoE-AB(1-40) is unknown and the observation that the SDS-
stable complex is an undetermined fraction of the total ApoE-Af(1-40)
complex that could be formed if the reaction were complete presents
problems with interpretation. These results are in direct contrast to the
observations of Strittmatter ef al. (1993) who concluded that ApoE4 formed
more stable-SDS complexes with AB(1-40) than ApoE3 using delipidated
ApoE. The source of LaDu’s ApoE was from HEK cells transfected with
human ApoE3 and ApoE4 cDNAs and human plasma VLDL fractions from
individuals homozygous for ApoE3 or ApoE4. Other than different sources
of ApoE, these two studies differed by how the AB(1-40) was presented to
ApoE; in the case of LaDu et al,, (1994; 1995) the peptide was in solution at
250 mM and probably consisted of a mixture of monomeric and polymeric
forms of Ab(1-40) and in Strittmatter’s et al. (1993) study the AP(1-40)
peptide was immobilized in a undefined conformation on filters. Thus the
differences in isoform specific binding of AB(1-40) to ApoE3 or 4 could
have been due to the conformation of AP(1-40) presented to ApoE as
suggested by the studies of Golabek er al. (1996) and Shuvaev and Siest
(1996) or the manner of presentation of the AP peptides (immobilized on
filters or in solution). Similar results for formation of SDS-stable ApoE-
AB(1-40) complexes were obtained for native ApoE3 and ApoE4 expressed
by Raw-624 macrophages (Zhou et al., 1996), from CHO cells (Yang et al,
1997) and from BHK-21 cells (Aleshkov et al., 1997), where the format of
AP presentation to ApoE was in solution. The ApoE structural requirements
for the formation of SDS-stable complexes with AB(1-40) were investigated
by Bentley et al. (2002). It was found that changing residue cysteine 112 in
ApoE to alanine or lysine abolished complex formation whereas serine
substitution at position 112 retained the ability to form the complex. Bentley
et al. (2002) concluded that the nature of the cysteine residue at position 112
and interactions between the N- and C-terminal domains of ApoE are
important for formation of stable SDS-ApoE complexes. More recently
Tokuda et al. (2000) used a solid-phase assay to report the binding of lipid
particle-associated and purified delipidated ApoE3 and ApoE4 to both
immobilized AP(1-40) and AP(1-42). In an attempt to control the
conformation of the immobilized AP, Tokuda et al (2002) attached two
varieties of A peptide to polystyrene microtitre plates: freshly prepared and
presumably non-aggregated species and 72 hour aggregated species.
Detection of bound ApoE was done with monoclonal anti-ApoE 3D12
antibody. Saturation binding experiments with native ApoE derived from
RAW-264 and HEK cell lines as well as delipidated ApoE from these cell
lines and Sf9 baculovirus expressed ApoE were carried out in an ELISA
format with the AP peptides immobilized on plastic and dissociation
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constants (Ky) determined by analysis of the binding isotherms. The results
indicated that regardiess of the source of the native ApoE, there was a
consistently higher Ky for the ApoE4 isoform than the ApoE3 isoform by a
factor of ~2. For the lipid free ApoE the binding was shown to be 5-10 fold
lower than with lipid associated ApoE but the K, values did not depend on
the isoform of ApoE used. These observations were independent of the
species of AP used in the assays and the results are in reasonable agreement
with those from the earlier studies with lipid free ApoE (Golabek et al.,
1996). Thus it appears that AP has a high affinity for ApoE (~5-20 nM) as
determined by different labs using Ab immobilized on several different
surfaces independently of the lipidation state of the ApoE protein. Whether
this is the presentation format of AP to ApoE in vive is an important
question. Others have postulated that ApoE is a pathological chaperone
which binds AP and induces beta-pleated sheets and in these experiments
soluble forms of AP have been mixed with soluble lipid-free ApoE to
simulate a solution phase interaction of the two molecules (Wisniewski and
Frangione, 1992; Wisniewski et al., 1994; Sanan et al., 1994; Ma et al.,
1994). One could envision that a physical ApoE-Ab solution interaction
would reasonably occur in cerebral spinal fluid (CSF). A series of
informative experiments were done by Zhou et al. (1996) with CSF from
ApoE3 and ApoE4 homozygotes in which two forms of ApoE-associated Ab
were distinguished: one dissociable from ApoE in the presence of SDS and
the other, resistant to SDS. Zhou et al. (1996) also used conditioned media
from mouse macrophages stably transfected with human ApoE3 and ApoE4
¢DNA as a source of lipid-associated ApoE. The ApoE concentration in the
conditioned media was between 0.4 and 0.8 mM and AB(1-40) was added at
a concentration of 100 mM (these concentrations are similar to those used by
LaDu et al. (1994)). For the SDS dissociable complexes most of the AP was
monomeric with smaller amounts of dimeric and oligomeric species
detectable on the SDS polyacrylamide gels. The SDS resistant ApoE-AB
complex showed a ~ 9-fold increase in association with AB(1-40) for ApoE3
over that for ApoE4 and a ~2-fold increase in the SDS-releasable association
with ApoE3 over ApoE4. Greater than 50% of the of the ApoE3-associated
AP(1-40) was SDS-resistant and the bulk of the ApoE4-associated AB(1-40)
was SDS-releasable. When CSF was used as the source of the ApoE, the
same pattern of preference of ApoE3-AP(1-40) was seen in the SDS-
resistant fraction but the ability of the CSF ApoE3 to form a complex was
dramatically lower. In addition the capacity of the ApoE3 CSF to form SDS-
resistant complexes was only 3-fold higher than the ability of the ApoE4
CSF. One interpretation is that CSF might contain molecules which inhibit
complex formation and reduce the isoform dependence of SDS-resistance
complex formation. Another interpretation could be that the conditioned
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media recombinant ApoE from the cultured cells was different from the CSF
ApoE-bearing lipoprotein particles. Since no controls for the integrity of the
lipoprotein particles present in the conditioned media or the CSF were
reported in the references contained in this review, firm conclusions
regarding the impact of ApoE isoform on A interactions are difficult to
make. An effort to examine the interaction of lipidated ApoE isoforms with
spontaneously aggregating AB(1-40) species in solution was carried out by
Stratman et al. (2003). The integrity of the ApoE reconsituted lipoprotein
particles (made the same day of the experiments) was checked by
ultracentrifugation prior to use in the experiments and the AP(1-40)
aggregation reactions were carried out in a standardized format which gave
highly reproducible results (Taylor et a/., 2003). The AB(1-40) aggregation
reaction proceeded in a three step process consistent with that reported by
Taylor et al. (2003); a lag phase of 40 minutes, a phase in which
intermediate sized species were formed and a third phase in which the
formation of fibrils occurred. Based on kinetic anaylsis the intermediate
species of AP reached its highest concentration at 60 minutes which
coincided with the time that the lipidated ApoE demonstrated an isoform
specific binding to the AP(1-40) aggregate. These binding interactions
revealed the formation of ApoE4 complexes with 60 minute AP(1-40)
aggregates at levels that were 2-3 fold greater than either ApoE2 or ApoE3-
AB(1-40) complex levels. Nonlipidated apoE isoforms did not show isoform-
specific binding differences to any of the AB(1-40) aggregated species. The
binding interactions could only be detected by antibodies specific for the N-
terminal of ApoE and not the C-terminal, implying that the ApoE-AB(1-40)
interaction domain was in the C-terminal region of ApoE. The in vitro
approach to understanding possible in vivo ApoE-Ap interactions has not
produced a unified picture of how the ApoE-AP compex is formed but it has
pointed to the possible variables that must be accounted for in an attempt to
deduce information from in vivo models of ApoE and AP interaction. Some
of those variables are: the state of the AP peptide, the isoform of ApoE,
where the ApoE is expressed and how the ApoE and A are presented to
cach other. In addition there may be other molecules in vivo which are not
present in vitro which can influence the binding of ApoE lipoprotein
particles to various forms of AB.
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3. INVIVO MODELS OF ApoE AND AB INTERACTION

3.1. In vivo Models of ApoE and AB Interaction
(human brain)

In humans the association between ApoE, AD and A was first suggested
by Namba et al. (1991 and 1992) and Wisniewski and Frangione (1992)
when they observed ApoE- immunoreactivity localized with extracellular
amyloid deposits in the brains of subjects with AD, Down’s syndrome, and
Cruetzfeld-Jakob disease. Furthermore Rebeck et al. (1993), Schmechel et
al. (1993) and Hyman et al. (1995) observed that the density of AP deposits
in ApoE4 individuals was increased significantly relative to the ApoE3
homozygotes and that plaque density tended to be related to the dose of the
ApoE4 allele. When fibrillar Ap was isolated from individuals with AD,
ApoE was found to be stably bound with the Ap (Naslund et al., 1995;
Wisniewski et al., 1995). ApoE has also been found associated with soluble
forms of Af derived from normal human brain (Russo ez al., 1998). A large
portion of water soluble brain AP derived from normal brain tissue was
shown to be complexed with ApoE in a SDS-resistant species which
migrated at a molecular weight of ~40 kD in SDS PAGE (Russo ef al. 1998).
Presumably this complex could be composed of a monomer or dimer of
AB(1-40 or 42) and one molecule of ApoE. However Russo et al. (1998)
found that the level of the SDS-resistant ApoE-AB complex was markedly
decreased in soluble extracts from AD brains with the greater decrease
apparent in the ApoE4 homozygotes as compared to the ApoE3
homozygotes. These results are complemented by those of Naslund er al.
(1995) which showed that the the majority of SDS-stable ApoE-Af
complexes from AD brains was found in 70% formic acid extracted fractions
which presumably solubilizes most of brain A (Gravino et al., 1995 ). In
addition Naslund et a/. (1995) found that the complexed structure of ApoE
was the C-terminal fragment originating in the region after amino acid
residue 158 which would not include any of the common ApoE polymorphic
sites. In a recent study in which ApoE domains were quantitated in Ap
deposits in AD and cerebral amyloid angiopathy (CAA) brains using ApoE
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N- and C-terminal specific antibodies, it was determined that plaque cores
contained the entire ApoE molecule whereas C-terminal fragments of ApoE
were found only in the outer regions of the AP plaque deposits (Cho et al.,
2001). The numbers of plaques labelled by N- and C-terminal ApoE
antibodies were equal but accounted for only 60% of the total AP plaque
number and most of the AB positive and ApoE negative plaques were of the
smallest variety (< 150 mm?). These data were interpreted to suggest that C-
terminal residues of ApoE bind to AB and aid in the progression of small AB
deposits to larger deposits (Cho ef al,, 2001). The observations by Cho et
al. (2001) are consistent with the observations of Wisniewski et al. (1995)
who biochemically isolated amyloid beta from senile plaques and found that
a carboxyl-terminal fragment (residues 216-299) of apolipoprotein E co-
purified. Thus it appears that in human brains with Alzheimer’s disease,
ApoE is most likely to be associated with amyloid deposits in which the C-
terminal portion of ApoE has been consistently identified as the moiety
associated with AP in various laboratories. Since the C-terminal portion of
ApoE (amino acids 193-299) does not contain the common polymorphic
regions of ApoE, there is no straightforward interpretation to explain the
rank order of AD risk conferred by ApoE2, 3 or 4. It is known that the N-
and C-terminals of ApoE can interact intramolecularly to cause a preference
of ApoE3 for HDL and ApoE4 for VLDL in plasma (Dong et al, 1994;
Dong and Weisgraber, 1996). One could conjecture that the ApoE first
binds either the soluble AP before deposition or the insoluble AP after
deposition (at which point the ApoE-isoform preferences for AB are
realized), then is cleaved by unknown proteases which release the N-
terminal fragment of ApoE. It is known that ApoE does bind the diffuse
plaques in young Down’s syndrome brains (Arai ef al., 1995; Lemere ef al.,
1996). Whether ApoE binds to nascent diffuse plaques and converts the
bound AP to B-sheet structures capable of binding thioflavine-S or Congo
Red is not known but that is one possible interpretation of the data presented
above.

In human brain tissue from AD patients, increased AP senile plaque
frequency in E4 genotypes was largely attributed to a significant increase in
AP(1-40) immunoreactive plaques, both in number and ratio of AB(1-40) to
AP(1-42) plaques in contrast to lack of differences detected in AB(1-42)
immunoreactive plaques with either E3 or E4 genotypes (Gearing et al,
1996). This study was done with 68 AD brain samples 10 of which were E4
homozygotes and 32 E3/E4. Another smaller study with 28 AD brains
showed that in humans, the E4 genotype is associated with increases in both
AP(1-40) and AP(1-42) using immunohistochemistry (McNamara et al.,
1998). Mann et al. (1997) also observed that preferential deposition of
Ap(1-40) was associated with a gene dosage effct of ApoE4 in a sample of
54 patients with AD. Using formic acid extraction from 36 AD brains, Af(1-
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40) levels were found by ELISA to be significantly higher in E3/E4 and
E4/E4 cases than in E3/E3 cases (Ishii er al, 1997). There is strong
agreement between the Gearing er al. (1995), Mann et al. (1997) and Ishii et
al. (1997) studies showing that the presence of ApoE4 significantly
increased the levels of AB(1-40) relative to the levels of AB(1-42) in AD
brain tissue. One interpretation of these results posits that the ApoE4 allele
caused the selective deposition of AP(1-40) relative to AP(1-42) or that
clearance of AP(1-40) was selectively retarded relative to AP(1-42).
Morishima-Kawashima et al. (2000) observed that ApoE4 tended to foster
the deposition of AB(1-42) in younger brains (< 50 years of age) and at ages
of >60 years AP(1-40) showed increased deposition relative to AP(1-42).
These data from human brain tissue have not been explained adequately by
the data from in vitro binding experiments with various forms of either AS
or ApoE. However there is a correlation of this body of data with the
observations from in vivo mouse models of ApoE-AB interactions to be
discussed in the following section.

3.2. In vivo models of ApoE and AP interaction (transgenic
mouse brain)

Studies using genetically modified mice have demonstrated that ApoE-
AP interactions are important in the simulation of aspects of human AD and
CAA pathology. The genetically modified mice overexpressed amyloid
precursor protein (APP) with the AD familial mutations APP(V717F) or
APPsw (Games et al., 1995; Hsiao ef al., 1996). In both these models APP
is overexpressed primarily in neurons and develop age-dependent AP
deposition which was either diffuse (thioflavine-S and Congo red negative)
or dense neuritic plaques which stain positively with thioflavine-S and
Congo red. The APPsw mice also develop CAA-like AP deposition at 12
months of age. AP deposition is present in the cortex and hippocampus and
is also prominent within leptomeningeal and cortical blood vessels of all
APPsw*ApoE (+/+) mice. Deposition of AP in cerebral blood vessels is not
detectable in the APP(V717F) mouse model of AD; whether this is because
of the use of the PDGF promoter in the APP(V717F) mice versus the prion
promoter in the APPsw model is unknown. Bales et a/. (1997) published a
landmark paper showing the impact of ApoE on AP deposition in the
APP(V717F) mouse. Using mice homozygous for the APP(V717F)
transgene bred into an ApoE knockout (-/-) background Bales et al. (1997)
showed that AB deposition still occurred but that when compared to 6 month
APP(V717F) mice with endogenous ApoE (+/+), there were two important
differences in the pattern of AP deposition. First, the level of AB deposition
in the mice on the ApoE (-/-) background was markedly lower than the
amount of AP deposition in the mice on the wild type ApoE background.
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The second was the lack of formation of thioflavine-S or Congo red positive
plaques in the brains of the mice on the ApoE (-/-) background at 6 months
of age. In addition there was a dose effect for ApoE for both attributes
discussed above. In ApoE (+/-) APP(V717F) mice the neuropatholgy was
intermediate to the ApoE wild type and the ApoE (-/-) mice. Furthermore an
extension of this study to mice 22 months of age revealed that APP(V717F)
ApoE (+/+) mice had large brain deposits of thioflavine-S and Congo Red
positive A} plaques in cortex and hippocampus (Bales et al, 1999). In
contrast, 22 month APP(V717F) ApoE (-/-) mice had developed thioflavine-
S and Congo red negative A9 deposition only in the hippocampus. In
addition Bales ef al, (1999) observed that > 99% of the thioflavine-S
fluorescent AP deposits were also ApoE immunoreactive. Moreover the
absence or presence of ApoE at time points before deposition did not impact
the levels of 5.5 M guanidine extractable AP in brain tissue homogenates.
Similar results were seen in the APPsw*ApoE(+/+), ApoE(+/-) ApoE(-/-)
mice (Holtzman et al., 2000b). This observation goes to the question raised
in the previous section of this review; namely whether ApoE interacts with
the extracellular AP before or after deposition. One can envision several
scenarios whereby ApoE could influence the quantity and quality of
deposited AR from this study. In one scenario ApoE could bind a soluble
monomer or oligomer of AB and influence the secondary structure of Af to
assume a f-pleated sheet which then deposits on cellular surfaces. Another
scenario would be the deposition of the oligomeric AB first, followed by
ApoE binding and conversion of the deposited AP to the beta sheet
structures capable of binding thioflavine-S or Congo red. It is also possible
that ApoE could influence aspects of A deposition by both mechanisms.
ApoE isoform-dependent AP deposition was observed in the
APP(V717F) mouse model by replacement of the endogenous mouse ApoE
with human ApoE 3 or 4 under the control of the glial fibrillary acid protein
promoter (Holtzman et al., 2000a). The results of this study confirmed those
of Bales et al.(1997) and showed that expression of either human ApoE3 or
ApoE4 restored the deposition of thioflavine-S positive AB to levels seen
with the endogenous ApoE(+/+) mice and substantially more fibrillar
deposits were seen with ApoE4 than ApoE3 in mice at 15 months of age.
Fagan et al. (2002) extended the study of the APP(V717)*hApoE mouse
model to include hApoE2 replacement of the endogenous mouse ApoE gene.
Analysis of APP(V717) (+/-) mice at 18-24 months of age showed that A9
deposition followed the rank order ApoE4(+/-)> ApoE3(+/-) ~ApoE2(+/-) ~
ApoE(-/-). Fagan et al. (2002) also observed that in APP(V717F)*ApoE(-/)
mice greater than 20 months of age, AB deposits could be detected which
were thioflavine-S positive. Thus Fagan and colleagues (2002) concluded
that ApoE facilitates but is not required for formation of AP thioflavine-S
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positive deposits. In a study of Af} deposition in the APPsw mouse in which
human ApoE isoforms are expressed on the ApoE wild type background
under the control of the transferrin promoter Carter et al. (2001) found that
AP deposition was accelerated in APPsw(+/-)* ApoE4(+/-) mice relative to
APPsw(+/-)*ApoE3(+/-) mice at 8-10 months of age. In this case the excess
AP deposition could be accounted for entirely by an increase in the amount
of AB(1-40) versus AP(1-42). This phenomenom appears to recapitulate the
observations made with regard to ApoE isoform-dependence of AP
deposition in humans (Gearing et al., 1996; Mann et al.,, 1997 and Ishii et
al, 1997). In the APP(V717F)*ApoE models there is no isoform-specific
effect on the length of the AP peptide deposited since no alteration of the
AP(1-42)/ AP total ratio was observed at either young, middle or older ages
(Holtzman et al., 2000a; Fagan et al., 2002). The differences between the
APP(V717F) and APPsw*ApoE models could be the due to the different
promoters used for transgene expression, the genetic backgrounds of the
mice or most likely to the APP mutation used for transgene expression. It is
known that the APP(V717F) mutation confers greater ability for expression
of the AP(1-42) versus total AP in vitro whereas the Swedish mutation
APPsw constructs increases both AP(1-40) and AP(1-42) synthesis
proportionately in neurons (Suzuki ef al., 1994; Citron et al., 1992). The
discovery by Stratman et al. (2003) that lipidated ApoE4 has greater affinity
for oligomeric species of AP than either ApoE3 or ApoE2 in vitro is
consistent with the hypothesis that ApoE4 can interact with AP(1-40)
preferentially.

4. CONCLUSIONS

Increasing evidence suggests that interactions between CNS derived
ApoE-associated lipoproteins and various forms of AP are critical in the
etiology of Alzheimer’s disease. In vitro and in vivo data suggest that ApoE
interactions with AP can affect mechanisms of both clearance and deposition
of AB. Experimental evidence also suggests that ApoE interactions with Af
can also influence the secondary structure of AP to cause the maturation of
diffuse plaques into neuritic plaques. Mouse models of the human AB-ApoE
interaction appear to faithfully reproduce key aspects of Alzheimer
neuropathology in human brain tissue. With a more complete understanding
of how parenchymal AP in the brain interacts with ApoE, new therapeutic
approaches may become evident for treating Alzheimer’s disease and
perhaps CAA.
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1.

Clusterin (apolipoprotein J) is a ubiquitous multifunctional
glycoprotein with the capability to interact with a broad spectrum of
molecules, among them the Alzheimer’s A peptide. Due to its co-
localization with fibrillar deposits in systemic and cerebral amyloid
disorders, clusterin is also considered an amyloid-associated protein.
Although no genuine function has been attributed to this protein so far,
it has been implicated in a wide variety of physiological and
pathological processes, a role that may vary according to the protein
maturation, sub-cellular localization, and the presence of certain
tissue- or cell-specific factors. This review focuses on the importance
of clusterin in health and disease conditions, with particular emphasis
in its role in AP amyloidosis and other disorders of protein folding.

apolipoprotein  J; amyloid B; cerebral amyloidosis; neuroprotection;
neurotoxicity

INTRODUCTION

Clusterin' (also known as apolipoprotein J, apoJ) is a fascinating highly
conserved glycoprotein with a nearly ubiquitous tissue distribution, that is
remarkably regulated under certain conditions among them apoptosis,
cancer, inflammation, as well as in nearly all neurodegenerative disorders

! Alternative names commonly used in the literature: sulfated glycoprotein 2, SGP2;
complement-associated protein, SP-40,40; complement lysis inhibitor, CLI; testosterone-
repressed prostate message 2, TRPM2.
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described to date. Clusterin is a unique molecule both from a structural and a
functional perspective and some of its most interesting aspects are often
displayed as a dichotomy of opposite effects or a multiplicity of attributes.

The impressive number of ligands reported and the many, and often
opposite, functions attributed to clusterin clearly indicate the need for a
better understanding of the protein structure-function relationship, as well as
the determination of its physiologically relevant functions. Fortunately,
recent studies are starting to shed light on its role in certain physiological
processes and the actual significance of many of its attributed ligand-binding
interactions. The development of clusterin-deficient mouse models, the
understanding of the disparity of roles played by secreted and nuclear
isoforms, and the appreciation of the involvement of unstructured regions of
the molecule in binding to hydrophobic ligands have played a key role for
gaining new insights into the genuine function of this molecule.

2. CLUSTERIN STRUCTURE AND EXPRESSION

2.1 Secreted and intracellular forms of clusterin

Clusterin, a 70-80 kDa secreted protein (Kirszbaum et al., 1989), was
first described in 1983 as one of the major proteins present in ram rete testis
fluid and was named after its ability to elicit clustering of different cell types
(Blaschuk et al., 1983; Fritz et al., 1983). In humans, clusterin is coded by a
single gene located on chromosome 8p21-pl12 (Slawin et al., 1990; Purrello
et al., 1991; Tobe et al., 1991) that is organized into nine exons spanning a
region of 16,580 bp (Wong et al., 1994). Heat shock and apoptotic signals in
rat and human cells are able to induce alternative splicing of the clusterin
gene resulting in the generation of a variant mRNA lacking exon V and
coding for a protein isoform missing the C-terminal two-thirds of the
molecule (Kimura and Yamamoto, 1996; Kimura et al, 1997). Recently,
another alternative splicing has been described that omits exon II, which
contains the first translation start site (AUG) and codes for the endoplasmic
reticulum-targeting peptide. In this variant, a downstream AUG in exon III
becomes the first available translation start site originating a shorter mRNA
and resulting in a 49-kDa intracellular protein (Leskov et al., 2003) normally
present at low levels and which expression presumably increases under
cellular stress conditions.

Clusterin gene promoter is highly conserved among vertebrates and
contains several potential regulatory elements such as AP-1, AP-2, Spl and
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Secreted clusterin Nuclear clusterin

Figure 1: Schematic representation of secreted and nuclear clusterin. The secreted form
contains a leader sequence (amino acids 1-22, open box), six N-glycosylation sites (positions
86, 103, 145, 291, 354 and 374), five putative amphipatic helices (hatched boxes), four
predicted disordered regions (dotted boxes), two heparin-binding sites (open ovals), and two
segments with cell adhesion activity (shadowed ovals). The regions involved in the binding of
stressed proteins, LRP-2 and unstressed ligands are indicated. The nuclear form contains two
coiled-coil segments (light grey areas) and two nuclear localization signals (open circles). The
Ku70 binding site is indicated. Both, secreted and nuclear forms contain five disulphide
bonds (-S-S-).
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NF (Herault et al., 1992; Wong et al., 1994; Michel et al., 1995; Michel et
al., 1997) that result in differential expression in response to a number of
growth factors, cytokines, and stress and apoptosis inducing agents in a cell-
type or tissue specific manner (Jin and Howe, 1997; Michel et al., 1997;
Gutacker et al., 1999; Trougakos and Gonos, 2002).

In humans, clusterin is mainly a secreted glycoprotein, although
intracellular -cytoplasmic and nuclear- isoforms originated by the above
described alternative splicing mechanisms have also been described (Jin and
Howe, 1997; Leskov et al., 2003). Secreted clusterin (sCLU) results from
the translation of the full clusterin mRNA that codes for the 449 residues-
long protein and contains a 22-mer leader sequence. After synthesis, the
structure of the molecule is stabilized by the formation of five disulfide
bonds (Choi-Miura ef al.,, 1992) and the mature form of the protein finally
generated by posttranslational cleavage at peptide bond R*7-S™* in the trans-
or post-Golgi, rendering two ~40 kDa antiparallel subunits (named o- and -
chains) (Murphy et al., 1988; Jenne and Tschopp, 1989; Kirszbaum et al.,
1989; de Silva et al., 1990a; de Silva et al., 1990b; Kirszbaum et al., 1992)
(Figure 1). Clusterin is heavily glycosylated and the carbohydrate molecules
attached to the six existing sites (three on each chain) constitute about 30-
40% of the molecular mass of the secreted protein (Urban et al, 1987,
Kapron et al., 1997). Other reported post-translational modifications include
sulfation (Urban et al., 1987), lipid binding (Jenne et al., 1991; Burkey et al.,
1992), iodination, mannose-6-phosphorylation (Lemansky et al., 1999), and
glycation (Mitsuhashi et al, 1997). In addition, similarity searches to
identify protein motifs and potential post-translational modifications
performed against the Swiss-Prot and Prosite data bases at the ExPASY
(Expert Protein Analysis System) server (http//www.expasy.org) of the
Swiss Institute of Bioinformatics indicate putative phosphorylation sites for
protein kinase C, casein kinase II and tyrosine kinase.

Cytoplasmic clusterin (cCLU) is normally expressed at very low levels as
the translation product of a shorter mRNA produced by alternative splicing,
as described above. The translated protein, lacking any signal peptide, is
unable to be secreted and, probably as a result of retrograde transport from
the Golgi to the ER, accumulates as a 49-kDa cytoplasmic, disulfide-linked,
non-glycosylated, and uncleaved isoform. Under cellular stress, cCLU is
assumed to be post-translationally modified, presumably phosphorylated,
and subsequently translocated into the nucleus most likely via two functional
nuclear localization signals. In the nucleus it is found as a 50-53 kDa nuclear
clusterin (nCLU) (Leskov er al., 2003; O'Sullivan et al., 2003) that remains
uncleaved at the peptide bond R*’-$** (Park et al., 1997) (Figure 1).
Recently, this nuclear form has been shown to bind Ku70, a DNA damage
sensor and key double-strand break repair protein that mediates cell death
responses, through its C-terminal domain (Leskov et al., 2003).
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2.2 Tissue expression: an ubiquitous protein

Clusterin mRNA is present in almost all mammalian tissues (Collard and
Griswold, 1987; de Silva et al., 1990a) and protein expression in nearly all
body fluids (de Silva et al., 1990c; de Silva et al., 1990b; Sylvester ef al.,
1991; Aronow et al., 1993). The normal concentration of clusterin in plasma,
where it is primarily distributed within the high-density lipoproteins (de
Silva et al., 1990a; de Silva ef al., 1990c; de Silva et al., 1990b; Jenne et al.,
1991; Stuart et al., 1992), ranges between 35 and 105 pg/ml (0.44 - 1.35
uM) (Murphy ef al, 1988). About 30% of the protein seems to be
sequestered by the alpha granules of platelets and can be released upon
platelet activation (Witte et al., 1993). Clusterin is about four-times more
concentrated in seminal fluid than in plasma (O'Bryan et a/., 1990), while the
CSF values vary between 1.2 and 3.6 pg/ml (15-45 nM) (Choi-Miura et al.,
1992; Harr et al., 1996) with clusterin also co-localizing with high-density
lipoproteins.

Within a given tissue, clusterin is expressed predominantly in particular
cell types. Secreted clusterin is constitutively and developmentally expressed
in epithelial cells, mainly at the fluid-tissue interface in the case of
biologically active fluids such as gastric, pancreatic, and biliary secretions,
urine and CSF (Aronow et al., 1993; French et al., 1993). In this sense it is
present in the epithelial lining of the esophagus, biliary ducts, gallbladder,
urinary bladder, ureter, kidney distal convoluted tubules, gastric glands,
Brunner's glands, choroid plexus, ependyma, ocular ciliary body,
endometrium, cervix, vagina, testis, epididymus, and visceral yolk sac
(Aronow et al., 1993). Clusterin is also expressed at high levels in several
non-epithelial secretory cell types that line fluid compartments, such as
synovial lining cells and ovarian granulosa cells (Aronow et al., 1993).

The anatomical and cellular distribution of clusterin within the CNS has
been studied in particular detail. In the adult rat brain the mRNA shows
regional differences with the highest levels in the ependymal lining of the
ventricles followed by various gray matter areas, mainly the hypothalamic
and brainstem nuclei, the habenular complex, and the motorneurons of the
ventral horn of the spinal cord (Danik et al., 1993). In situ hybridization
combined with immunocytochemistry studies (Pasinetti et al, 1994)
demonstrated clusterin mRNA in astrocytes throughout the normal adult
brain as well as in specific neurons, but not in microglial cells. Among
neuronal areas, clusterin was prevalent in pontine nuclei and in the red
nucleus of the midbrain tegmentum whereas it was expressed in only a
subset of substantia nigra dopaminergic neurons or locus ceruleus
noradrenergic neurons (tyrosine hydroxylase immunopositive). Clusterin
immunopositive cells were also observed in the Purkinje cell layer of the
cerebellum, medial and interposed cerebellar nuclei, trigeminal motor and
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red nucleus, but not in the striatum (Pasinetti et al., 1994). Interestingly,
clusterin expression in the adult rat CNS changes dramatically following
brain injury from a constitutive restricted neuronal distribution to a
widespread inducible astrocytic expression (Danik ef al., 1993; Pasinetti ef
al., 1994).

3. A CONSERVED STRUCTURE FOR A MYRIAD
OF LIGANDS

Clusterin is a highly conserved protein amongst mammals, showing 70-
80% sequence identity at the amino acid level. Secondary structure analysis
by circular dichroism shows a majority of a-helical domains, predicted to be
forming three amphipathic o -helices and two coiled-coil regions (de Silva ef
al., 1990a; de Silva et al., 1990b) (Figure 1). It has recently been proposed
that clusterin likely includes three extended regions of natively disordered or
molten globule-like structures, flexible and thereby highly sensitive to
trypsin digestion, that contain the putative amphipathic a-helices. It has been
suggested that these natively disordered regions may confer to clusterin the
ability to bind a variety of molecules (Bailey et al., 2001).

A short review of the literature reveals that clusterin binds to an
impressive array of different ligands including apolipoproteins, lipids,
immune system related molecules, cellular receptors, amyloid- forming
proteins and peptides, enzymes, bacterial proteins and heparin. More
recently, it has been demonstrated that clusterin is also able to bind to a
number of stressed, partially folded proteins (Poon et al., 2000; Lakins ef al.,
2002; Trougakos and Gonos, 2002). Except for the amyloid-forming
peptides that will be further analyzed below, all described ligands of
clusterin are summarized in Table 1 and will not be discussed in detail.

According to Lankins and collaborators (2002), secreted clusterin has at
least three distinct sites by which it binds three different types of ligands,
namely: i) unstressed ligands such as the APi4 peptide, Complement
Components C7, C8, C9, and IgG, ii) stressed proteins, and iii) cell-surface
receptors. Experimental data and sequence analysis predictions indicate that
these sites are located at different parts of the molecule (Figure 1). The
binding site for unstressed ligands may involve the amphipathic helices
located at the C-terminal of the B-chain and the N-terminal of the a-chain.
The binding to stressed proteins — seemingly of high affinity and low
specificity- is apparently mediated by natively disordered or molten globule-
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Table 1. Clusterin ligands
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Ligands References
Apolipoproteins & Lipids
ApoAl Tschopp J, 1993; Jenne DE, 1991; Ehnholm C, 1991
ApoCIl Hatters DM, 2002
Paraoxonase Kelso GJ, 1994
Lipids Jenne DE, 1991; Yokoyama M, 1988; Burkey BF, 1992

Bacterial proteins

Streptococcus pyogenes (Prot SIC)
Streptococcus sanguis
Staphylococcus aureus
Staphylococcus epidermidis
Bactcriorhodopsin

Akesson P, 1996

Hogg SD and Embery G, 1979
Partridge SR, 1996

Li DQ and Ljungh A, 2001
Bailey RW, 2001

Immune system related molecules
Complement components

Immunoglobulins

Mumphy BF, 1988; Kirszbaum L, 1989; Tschopp J, 1993;
Tschopp J and French LE, 1994
Wilson MR, 1991; Wilson MR and Easterbrook-Smith SB, 1992

Intracellular ligands
Ku proteins (Ku70, Ku86)

Glycoproteins H, J, K

Leskov KS, 2001; Yang CR, 1999; Yang CR, 2000; Trougakos 1P
and Gonos ES, 2002
Palmer DJ and Christie DL, 1992

Cellular receptors
TGFP receptors
Megalin/LRP-2/gp330

Golabek A, 1995
Zlokovic BV, 1996; Kounas MZ, 1995

Amyloid forming proteins
AP peptide

PP

Corneal amyloid GDCD and LCD-I
a-synuclein

ABri

ADan

McGeer PL, 1992; Oda T, 1995; Matsubara E., 1996; Calero M,
2000, De Mattos RB, 2002

Sasaki K, 2002; McHattie S and Edington N, 1999; Calero M,
2000

Nishida K, 1999

Sasaki K, 2002

Ghiso J, 1995; Ghiso J, 2002

Ghiso J, 2002

Stressed ligands

Catalase, B-lactalbumin, BSA
Denatured [gG, ovotransferrin,
lysozyme

Humphreys DT, 1999

Hochgrebe T, 2000

Other molecules
Glutatione-S-transferase
al-microglubulin

Humphreys D, 1997
Calero M, unpublished observation

Heparin de Silva HU, 1990; Pankhurst GS, 1998
Leptin Bajari TM, 2003
MT-6 MMP Matsuda A., 2003

GDCD: gelatinous drop-like corneal dystrophy

LCD-I: lattice corneal dystrophy type |

TGFp: transforming growth factor beta

MT-6 MMP: membrane-type 6 matrix metalloproteinase

like regions at the N-terminal of the B-chain and the C-terminal of the a-
chain containing the putative amphipathic «-helices. On the contrary, the
highly conserved and well structured disulphide- linked central region of the
molecule may be involved in the highly specific, and probably fundamental
for its function, binding to the LRP-2 cell receptor (Bailey et al., 2001;




280 Miguel Calero et al.

Lakins et al., 2002). More recently, studies with the intracellular form of
clusterin have indicated a fourth type of binding site, probably located within
the C-terminal coiled-coil region of the protein, involved in cell death
responses through the interaction with Ku70 (Leskov et al, 2003) (sce
Figure 1 and Table 1).

Interestingly, at mildly acidic pH clusterin shows increased binding for
some of its ligands -heparin (Pankhurst et al., 1998), IgG, C9, apoAl and
GST (Hochgrebe et al., 2000)- most likely due to modifications in its
aggregation state than to conformational changes resulting from the change
in pH. In this sense it should be noted that at physiological pH clusterin
exists in an array of multimeric forms, whereas mildly acidic pH favors the
formation of clusterin monomers more easily available for binding
interactions. This enhancement has potential physiological relevance as
clusterin is locally produced at sites of tissue damage and inflammation,
where local acidosis also occurs (Hochgrebe et al., 2000).

4. CLUSTERIN AS A MULTIFUNCTIONAL
PROTEIN

4.1 The many professions of clusterin

Mostly as a result of the interaction with the many ligands described
above, clusterin has been implicated in a number of diverse biological
processes including cell-cell interactions (Fritz ef al., 1983; Silkensen et al.,
1995), sperm maturation (Collard and Griswold, 1987; Sylvester er al,
1991), apoptosis (Buttyan et al., 1989), complement inhibition (Murphy et
al., 1988), lipid transport (de Silva et al., 1990c; Jenne et al., 1991), tissue
remodeling, membrane recycling (Danik et al., 1991; Palmer and Christie,
1992), and clearance of cellular debris (Bartl et al, 2001), as well as
degradation of the extracellular matrix through the interaction with the
membrane-type 6 matrix metalloproteinase (Matsuda et al., 2003).

The structural nature of the different binding sites described above may
explain, at least in part, many of clusterin’s putative functions that result
from its competence for binding such a diverse array of molecules. For
instance, the presence of the amphipathic a-helices, a type of secondary
structure that mediates interactions with hydrophobic molecules (de Silva et
al,, 1990a; de Silva et al, 1990b) may originate broad and non-specific
interactions with some of the ligands shown in Table 1 that, in turn, may not
be physiologically significant. In this sense, recent data suggest that clusterin
may not be a relevant regulator of complement activation at physiological
concentrations (Hochgrebe et al, 1999) in spite of its ability to bind
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components of the membrane attack complex (Blaschuk et al., 1983). In
contrast, the interaction with LRP-2, the only known cellular receptor for
clusterin, is highly specific and it most likely plays a crucial role in clusterin
function by either triggering signal transduction pathways or by directing
internalization and lysosomal degradation of different ligands through
receptor-mediated endocytosis. Other relevant biological function of
clusterin may relate to its capacity to participate in signal transduction
pathways such as regulation of the transcription factor NF-xB signaling
(Santilli et al., 2003).

Although some results are controversial, a number of evidences support
the idea that clusterin is directly involved in the response to cellular stress
and mediates in apoptotic signaling, Clusterin mRNA level is increased in
regressing tissues (Viard et al., 1999) and endothelial cells undergoing
apoptosis show transcriptome changes that include not only down regulation
of survival signals, and alteration of cell cycle elements and apoptosis
regulators, but a significant increment in clusterin expression (Johnson et al.,
2004). Controversially, a number of findings point out to a
cytoprotective/anti-apoptotic role. Clusterin over-expression is able to
protect cells in culture from the cytotoxic effect of TNF-a (Humphreys et
al., 1997), and blocking clusterin biosynthesis by anti-sense oligonucleotides
or by silencing gene expression with small interfering RNAs induces
apoptosis, reduces growth ability and enhances susceptibility for oxidative
stress (Viard et al.,, 1999; Trougakos et al., 2004). Mouse models also
provide contradictory information evidencing once more that the role of
clusterin may vary according to particular circumstances, the final
maturation and localization of the protein, as well as tissue or cell specific
* factors. Whereas studies performed on clusterin-deficient mice have
demonstrated that, under certain conditions, the protein may have a
protective effect against apoptosis (Bailey et al, 2002), mice suffering
hypoxic-ischemic brain injuries, a model of cerebral palsy, show clusterin
accumulation in dying neurons contributing to caspase-3-independent brain
injury (Han et al., 2001)

In order to fully comprehend clusterin’s diverse and many times
contradictory functions, the importance of protein maturation and sub-
cellular localization, as well as the potentially differential roles of the
secreted and intracellular isoforms should be taken into consideration.
Although secreted clusterin seems to act as an inherent pro-survival and anti-
apoptotic protein under stress, intracellular clusterin becomes highly toxic
and strongly accumulates in ubiquitinated form in juxtanuclear aggregates
leading to profound alterations of the mitochondrial network (Debure ef al.,
2003) presumably triggering cell death signals through Ku70/Ku80 binding
(Yang et al, 2000). Additionally, different stress conditions including
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ionizing radiation or apoptosis provoked by treatment with TNF-a or
antiestrogens, induce nuclear translocation of intracellular clusterin.

4.2 Clusterin as an extracellular chaperone

Clusterin has been described as the first identified extracellular
mammalian chaperone which binds to a wide variety of partly unfolded
stressed proteins, inhibiting their stress-induced precipitation, via an ATP-
independent mechanism (Poon et al., 2000; Wilson and Easterbrook-Smith,
2000). Although the ultimate biological function of clusterin is still not well
defined, its role as an extracellular chaperone is consistent with its
involvement in tissue remodeling and protective responses against cellular
stress. Chaperone activity may arise from the presence of the amphipathic
helices in combination with natively disordered stretches in the protein
structure that allows the formation of a putative, dynamic, molten globule-
like binding site with ability to transiently bind to a variety of molecules
(Bailey et al., 2001), preferentially partly folded protein intermediates that
are slowly aggregating as a result of stress. Through this interaction,
clusterin contributes to solubilize high molecular weight complexes and
inhibits rapid and irreversible protein precipitation producing a pool of
inactive but stabilized molecules from which in turn, other intracellular
refolding chaperones, such as heat shock protein 70 (HSP70) can
subsequently rescue functional proteins (Poon et al., 2000; Poon et al,
2002a). Interestingly, clusterin is also the first chaperone molecule shown to
be activated by mildly acidic pH and not by increased temperature. This
unique mode of activation appears to result from an increased solvent-
exposed hydrophobicity of the molecule with acidic pH, independent of any
major changes in the secondary or tertiary structures (Hochgrebe et al.,
2000; Poon et al., 2002b).

5. AMYKLOID 3 AMYLOIDOSIS: A DISORDER OF
PROTEIN FOLDING

Protein misfolding and aggregation associate with a variety of human
disorders. Among them, particular interest has been devoted to a large group
of chronic and progressive neurodegenerative conditions characterized by
the selective loss of neurons associated either with cognitive, motor or
sensory systems as well as the intra~ or extra-cellular deposition of protein
aggregates and/or fibrils in different regions of the CNS (Table 2).
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Table 2. Disorders of protein folding, characteristic neuropathology and deposited proteins

Disease Neuropathology Protein

Neuritic plaques, pre-amyloid
lesions neurofibrillary tangles, AB
cerebrovascular amyloid deposits.

Alzheimer’s disease, Down’s syndrome,
normal aging, Sporadic cerebral amyloid
angiopathy, Familial AD

Cerebrovascular amyloid deposits,
neurofibrillary tangles, neuritic ABri
plaques, pre-amyloid lesions.

Familial British dementia

Cerebrovascular amyloid deposits,

Familial Danish dementia pre-amyloid lesions, neurofibriilary ADan
tangles

Creutzfeldt-Jakob disease, Gerstinann- . . s
Spongiform degeneration , gliosis, Peps

Straussler-Schinker disease, fatal familial

; R neuronal loss
insomnia, Kuru

Loss and athophy of neurons,

Pick’s inclusion bodies tau

Fronto-temporal dementia, Pick’s disease

Diffuse Lewy body disease Diffuse Lewy bodies a-synuclein

Neuronal loss, Lewy bodies in

pigmented neurons a-synuclein, parkin

Parkinson’s disease

Huntington’s disease Neuronal loss Huntingtin
Spinocerebellar ataxia Type 1 Neuronal loss Ataxin 1
Spinocerebellar ataxia Type 2 Neuronal loss Ataxin 2
Spinocerebellar ataxia Type 3 Neuronal loss Ataxin 3
Spinocerebellar ataxia Type 6 Neuronal loss aaV-Ca C
Spinocerebellar ataxia Type 7 Neuronal loss Ataxin 7
Spinocerebellar ataxia Type 8 Neuronal loss untranslated

Multiple-system atrophy Neuronal and ghial inclusions a-synuclein

Neuronal loss in sensory and motor

Friedereich’s ataxia Frataxin
systems
Dentatorubropallidolusyan atrophy Neuronal loss Atrophin 1
Upper and lower motor neurons
Amyotropic lateral sclerosis ) ogs " SOD1
Familial Spastic paraparesis Upper motor neurons loss Paraplegin
SMN

Spinal muscular atrophy

Lower motor neurons loss

Spinal and bulbar muscular atrophy

Lower motor neurons loss

Androgen receptor

A subset of these diseases, collectively known as cerebral amyloidosis, is
characterized by the deposition of poorly soluble, long, twisted amyloid
filaments composed of low molecular weight proteins that are normally
soluble under physiologic conditions. In cases in which the amyloid lesions
are primarily restricted to the cerebral vessel walls, the common clinical
manifestation is stroke; contrastingly, a widespread distribution throughout
selected parenchymal areas, particularly the limbic structures, is associated
with dementia. Alzheimer’s disease (AD) is the most common form of
cerebral amyloidosis in humans and the major cause of dementia. In
hereditary as well as in sporadic AD, extracellular amyloid deposits in the
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form of amyloid plaques and cerebral amyloid angiopathy co-exist with
intraneuronal neurofibrillary tangles in the brain parenchyma. The major
component of the amyloid lesions, AP, is a 40-42 residues internal
proteolytic fragment of a larger type I transmembrane precursor molecule
APP codified by a single multi-exonic gene located on chromosome 21.
Although a soluble form of AB (sAPB, predominantly 40 residues in length)
has been identified in biological fluids, systemic deposits of AP cannot be
demonstrated in AD patients (Ghiso and Frangione, 2002). Whether the
circulating soluble forms of AP represent immediate precursors of the
deposited amyloid, reflect brain clearance, or both, are not solved issues.
Certainly, the blood-brain barrier has the capability to modulate this
equilibrium.

The brain uptake of free sAB entails the participation of two different
receptors: RAGE (the receptor for advanced glycation end-products) (Yan et
al., 1996) and SR-A (scavenger receptor type A) (Christie et al., 1996; El
Khoury et al, 1996). RAGE is present in different cell types, including
vascular endothelial and smooth-muscle cells, choroid plexus epithelium and
phagocytes (Brett et al,, 1993) whereas SR is expressed on macrophages,
microglia and vascular endothelial cells (Lucarelli et al., 1997). RAGE
mediates patho-physiological responses in the vasculature when occupied
with glycated ligands or A (Brett ef al., 1993; Yan et al., 1996; Mackic et
al., 1998), whereas SR-A promotes endocytosis and degradation of oxidized
LDL and glycated ligands (Christie et al., 1996). Both RAGE and SR-A
modulate brain endothelial endocytosis and transcytosis of AP from the
luminal side of the blood-brain barrier (Mackic et al., 1998; Deane et al.,
2003). In vitro, AP binding to brain microvascular endothelial cell
monolayers is time-dependent, polarized to the apical side, saturable, and
susceptible to inhibition by anti-RAGE antibodies (~63%) and by acetylated
LDL (~33%) (Mackic et al., 1998). Consistent with these data, both RAGE-
transfected cells and macrophage SR-A displayed binding and
internalization of radiolabeled AP (Mackic ef al, 1998) and systemic
administration of soluble RAGE reduced accumulation of AP in brain
parenchyma of transgenic APP mice (Deane ef al., 2003).

The brain clearance mechanism of the AP peptide appears to be in part
regulated by the LDL receptor-related protein 1 (LRP-1), a promiscuous
receptor highly expressed in the CNS. More than twenty ligands have been
identified for LRP-1 (Hussain et al, 1999), including apoE-containing
lipoproteins, chylomicron remnants, activated o-2 macroglobulin and
Receptor Associated Protein (RAP). When injected into the brain,
radiolabeled AP is rapidly removed across the blood-brain barrier with a t;,
~25 minutes being its clearance significantly inhibited by RAP and by
antibodies against LRP-1 and a2 —macroglobulin. In in vitro experiments,
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LRP-1 has also been implicated in AP clearance by smooth-muscle cells,
neurons and fibroblasts (Narita et a/., 1997; Urmoneit et al., 1997; Jordan et
al., 1998; Qiu et al, 1999). Interestingly, LRP-1 is abundant in brain
microvessels of young mice but is down-regulated in older animals (Shibata
et al., 2000), suggesting that a failure in the clearance mechanism leads to
the accumulation of A in the brain with the consequent amyloid formation.

6. CLUSTERIN AND ITS RELATION TO AB

6.1 Clusterin as an AB-carrier molecule

Soluble A co-localizes with high-density lipoprotein (HDL) particles in
serum (Koudinov et al., 1994) and CSF (Koudinov ef al, 1996). Under
normal circumstances, about ninety percent of the circulating sAp is
associated with plasma HDL fractions (Matsubara et al., 1999), largely
complexed to the carrier clusterin (Ghiso ef a/., 1993).

The AP-clusterin complex is transported from the blood to the brain
across the blood-brain barrier through the only known clusterin receptor, the
low-density lipoprotein receptor related protein 2 (LRP-2; also known as
megalin or gp330) (Zlokovic et al., 1996), broadly expressed in vascular
CNS tissues including the choroid plexus, the blood-brain barrier
endothelium and the ependyma (reviewed in (Calero er al., 2000). LRP-2
interacts with clusterin with high affinity, mediates clusterin endocytosis and
its subsequent lysosomal degradation (Kounnas et al., 1995; Hammad et al.,
- 1997) or transcytosis (Zlokovic et al., 1996). In the case of sAB40-clusterin
complexes, the transport mechanism is identical to that of free clusterin,
being specifically abolished by native clusterin as well as by anti-LRP-2 and
RAP. Free sAJ peptides which, as described above, are internalized by a
completely different mechanism do not exert any inhibitory effect.

In in vitro binding experiments, clusterin is specifically retrieved from
plasma and CSF by immobilized A} species. Clusterin-Ap interaction is
saturable and specific, with Kd values in the low nanomolar range (2-4 nM),
and is not affected by the degree of lipidation of the apolipoprotein
(Matsubara et al., 1995; Matsubara et al., 1996; Calero et al., 1999). As a
result of the complex formation, in vitro peptide aggregation, polymerization
and amyloid fibril assembly is significantly prevented (Oda et al, 1995;
Matsubara, et al., 1996, Calero et al., 2000), as it is the AP neurotoxicity
(Oda et al., 1995; Boggs et al., 1996; Lambert ef al., 1998). These protective
properties of clusterin, consistent with its extracellular chaperone activity
described above, are not restricted to the AP peptide. Clusterin was shown
to prevent in vitro, in a dose-dependent manner, the spontaneous aggregation
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of a synthetic peptide homologous to residues 106-126 of human prion
protein (McHattie and Edington, 1999). Sub-stoichiometric levels of
clusterin inhibited apoC-II amyloid formation, although they did not
promote fibril dissociation (Hatters ez al., 2002). Clusterin binds to slowly
aggregating proteins, such as some forms of stressed a-lactalbumin, o-
crystallin and lysozyme preventing their aggregation (Poon et al., 2002a).
Moreover, as supported by data obtained from a clusterin knock-out mouse
model, the expression of clusterin participate in the prevention of
progressive glomerulopathy in aging mice, which is characterized by the
deposition of immune complexes consisting of IgG, IgM and IgA together
with complement components (Rosenberg et al., 2002).

6.2 Clusterin as an amyloid associated protein

Paradoxically to its chaperone activity, clusterin has been found co-
deposited with all amyloid molecules tested so far, not only in cerebral forms
but also in systemic types of amyloidosis. There is extensive
immunohistochemical data indicating that besides clusterin, a variety of
unrelated proteins -serum amyloid P-component, o,-antichymotrypsin,
apolipoprotein E, complement components, vitronectin, cytokines,
glycosaminoglycans and extracellular matrix proteins, among many others-
co-deposit in the lesions composed of different amyloid molecules, including
AP in senile plaques and vascular deposits. These components, collectively
known as amyloid associated proteins, co-localize with the lesions but are
not a structural part of the final fibril. It is still not clear whether these
elements are innocent bystanders or if their presence is related to the
mechanism of amyloidogenesis / fibrillogenesis.  Several lines of
investigation favor the latter notion, at least for some of these proteins, since
various studies suggest that they can modulate the formation of amyloid-like
fibrils in vitro (Ghiso and Frangione, 2002).

As illustrated in Figure 2, anti-clusterin antibodies effectively highlight
parenchymal and vascular lesions in Ap-related disorders [AD (panel A),
Down syndrome (panel B), FAD cases associated to the lowa and Dutch
mutations (panels C and D)} as well as in non-Ap cerebral amyloidosis [CID
panel E), HCHWA-I (panel F), familial British dementia (panel G) and
familial Danish dementia (panel H)]. In all these cases, clusterin is present
(in both, fibrillar (amyloid) and non-fibrillar (pre-amyloid) deposits.
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Figure 2: Clusterin co-localizes with parenchymal and cerebrovascular amyloid deposits.
Clusterin in A: AD, AP plaques; B: Down syndrome, primitive AP plaques; C: familial AD
(Towa kindred), cerebrovascular ABN23 deposits; D: familial AD (Dutch kindred), cerebro-
vascular ABQ22 deposits; E: Creutzfeldt-Jakob disease, PrP plaques; F: hereditary cerebral
hemorrhage with amyloidosis - Icelandic type, leptomeningeal Cystatin C Q68 deposits; G:
familial British dementia, perivascular ABri plaques; H: familial Danish dementia,
cerebrovascular ADan deposits. Magnification X880.
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In addition, clusterin co-localizes with plaque-type deposits but not with
punctuate-type prion protein (PrP) lesions in human and animal TSEs
(Manuelidis et al., 1997; McHattie et al., 1999; Sasaki et al., 2002b; Sasaki
et al., 2002¢). It is associated with a-synuclein aggregates in cortical Lewy
bodies and glial cytoplasmic inclusions in cases with multiple system
atrophy, Parkinson's disease, and dementia with Lewy bodies (Sasaki et al.,
2002a). Furthermore, clusterin also co-localizes with amyloid in gelatinous
drop-like and lattice type I corneal dystrophies (Nishida er al, 1999).
Abnormal staining for clusterin has been described in dystrophic neurites,
some neurofibrillary tangles in the Parkinson’s dementia of Guam and in
ischemic Purkinje cells (Yasuhara et al, 1994). Clusterin is also
differentially expressed in the retinas of patients with retinitis pigmentosa
(Jones et al, 1992), and elevated levels were described in human
cerebrospinal fluid in a number of acute neuropathies (Polihronis et al,
1993; Schreiber et al., 1993). Complete cerebral ischemia also leads to the
accumulation of clusterin in neurons and in multiple extracellular deposits
located close to microvessels (Kida et al., 1995).

In AD tissue, antibodies to clusterin strongly stain senile plaques,
dystrophic neurites and neuropil threads, while cellular processes around A3
are not highlighted. Clusterin antibody also shows punctuate staining of
some normally appearing AD pyramidal neurons, and very scattered
reactivity with intracellular neurofibrillary tangles (Choi-Miura et al., 1992;
McGeer et al., 1992), although it was rarely observed in NFT-containing
neurons (Giannakipoulos et al., 1998). In cortex and hippocampus extracts
clusterin is about 40% higher in AD than in control individuals (Oda et al.,
1994), while normal clusterin levels are present in cerebellum (Lidstrom et
al., 1998). Within the AD group, there is a significant negative correlation
between clusterin levels in hippocampus (but not in the frontal cortex) and
severity of dementia. No significant correlations are found between clusterin
levels and the number of senile plaques or neurofibrillary tangles (Lidstrom
et al., 1998). Interestingly, there are no changes in CSF-clusterin levels from
patients with different neurological disorders such as AD, vascular dementia,
Parkinson's disease or acute stroke, when compared to controls (Harr et al.,
1996; Lidstrom et al., 2001).

6.3 The role of clusterin tested in a transgenic mouse
model of AD

The protective properties of clusterin, preventing aggregation and
polymerization of AP in vitro, drastically contrast with its co-localization
with amyloid and pre-amyloid deposits. An interesting model to test the role
of clusterin in amyloid formation emerged from the crossing of the PDAPP
mice, homozygous for the APPV717F transgene (Games ef al., 1995; Bales
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et al., 1997) with a clusterin knock-out mouse (McLaughlin et a/., 2000; Han
et al., 2001). If clusterin prevented fibril formation as indicated by in vitro
experiments, an increase in the amyloid load in the off-springs would be
expected. However, at 12 months of age, PDAPP-clusterin "~ animals had a
similar degree of AP deposition compared with PDAPP-clusterin
counterparts although the deposits were largely thioflavin negative,
indicating that fewer fibrillar AP (amyloid) deposits were formed (DeMattos
et al., 2002). Although electronmicroscopic evaluation of the lesions was not
performed, these results suggest that, opposite to what was observed in vitro,
clusterin may have a role in facilitating the conversion of soluble Af into
forms with high B-sheet content in vivo. Interestingly, these results were
similar to those previously obtained for PDAPP/apoE” mice (Bales et al.,
1997; Bales et al., 1999).

Surprisingly, breeding PDAPP-apoE” with PDAPP-clusterin™ mice
resulted in an unexpected phenotype. Opposite to both single knock-out
models, the double knock-out PDAPP-apoE -clusterin”™ mice revealed
earlier onset and greater levels of AP deposition with a parallel increase in
both AB40 and AP42 in interstitial fluid and CSF but not in plasma
(DeMattos et al., 2004). Contrary to previous conclusions achieved through
the single knockout models, these results suggest that apoE and clusterin
cooperatively suppress AP deposition. Whether the discrepancies observed
between the single and the double knock-out animals are the consequence of
significant interactions between both molecules that modulate their
responses or a phenomenon self-related to the particular transgenic used in
the experiments remains to be elucidated. Certainly, a comparison of the
biochemical properties of the AP deposits in all these models would help

- with the interpretation.

7. CONCLUDING REMARKS

Current data indicate divergent and controversial functions for clusterin,
ranging from cytoprotection to cytotoxicity. As a result, it is still difficult to
assign a definitive role for clusterin in the molecular mechanism(s) of AP
amyloidogenesis. The double knockout data suggest that clusterin, likely in
cooperation with apoE, may normally function as a neuroprotective and anti-
amyloidogenic molecule.  Consistent with its extracellular chaperone
function, clusterin transports the AP peptide in biological fluids, maintains
its solubility, modulates its uptake by the brain across the blood-brain barrier
and contributes to its clearance. In addition, clusterin has the capability to
inhibit the formation of the membrane-attack complex during the
complement activation cascade and to bind to partly unfolded stressed
structures, both contributing elements to the inflammatory conditions seen in
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AD. As an amyloid associated protein, however, it co-localizes with AP
amyloid and pre-amyloid lesions without being a structural part of the final
fibrils, possibly allowing the conversion of soluble AP into forms of high B-
sheet content. Under these circumstances, clusterin may also promote
neurotoxicity by triggering uncontrolled cell death signals. Whether these
opposite effects reflect structural differences (i.e. full-length vs. truncated
forms), specific sub-cellular distribution (i.e. secreted vs. nuclear) or still
undefined regulatory interactions with some of its multiple ligands and/or
unknown partners remains unknown. Certainly the use of DNA microarrays
and comprehensive functional proteomic analysis will provide a large-scale
gene expression assessment and a panoramic view of the relevant pathways
and binding molecules associated with clusterin regulation in AD. These
pathways / physiologic ligands may, in turn, become targets for therapeutic
interventions.
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Key words:

Acetylcholinesterase (AChE) is an enzyme involved in cholinergic and non-
cholinergic functions in both the central and peripheral nervous system, most
of the AChE is found as a tetrameric form bound to neuronal membranes. Early
cytochemical studies have demonstrated that the AChE associated with senile
plaques differs enzymatically from the AChE associated with neurons in
several respects. Biochemical studies indicated that AChE induces amyloid
fibril formation and form highly toxic AChE-AP complexes. A 3.5 kDa
peptide containing a tryptophan of the enzyme peripheral binding site (PAS)
mimics the effect of the whole enzyme on amyloid formation. The
neurotoxicity induced by AChE-AB complexes indicated that they trigger
more neurodegeneration than those of the AP peptide alone, both in vitro
(hippocampal neurons) and in vivo (rats injected in the dorsal hippocampus as
a model of Alzheimer). The fact that AChE is able to accelerate amyloid
formation and that such effect is sensitive to drugs that block PAS of the
enzyme, suggests that specific and new AChE inhibitors may well provide an
attractive possibility for treating Alzheimer’s disease.

Amyloid B peptide (AB), Acetylcholinesterase (AChE), Alzheimer’s Disease
(AD), Peripheral Anionic Site (PAS).
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1. INTRODUCTION

ACHhE has been described in cholinergic and non-cholinergic processes in
both the central and peripheral nervous system (Massouli¢ et al., 1993;
Grisaru et al., 1999). The enzyme is secreted and becomes associated with
extracellular structures, namely the synaptic basal lamina at the
neuromuscular junction and the amyloid plaques of Alzheimer's disease
{AD) brain (Inestrosa and Perelman, 1989; Inestrosa et al., 1997). Most of
the AChE is found as a tetrameric form bound to neuronal membranes
(Inestrosa et al., 1987). However, in AD brains, AChE appears to be mainly
associated with insoluble material found between cells -i.e. an extracellular
matrix of amyloid fibrils, called senile plaques, whose main component is
the amyloid-B-peptide (AB) (Soto et al., 1994; Selkoe, 2001). Histochemical
studies have demonstrated that the AChE associated with senile plaques
differs enzymatically from the enzyme associated with normal nerve fibrils
and neurons in several respects (Geula and Mesulam, 1994). We have also
shown that AChE promotes the assembly of A into amyloid fibrils
(Inestrosa et al., 1996), and that a monoclonal antibody directed against the
peripheral binding site of AChE inhibits the effect of the enzyme upon
amyloid formation (Reyes et al., 1997).

AD is a progressive dementia paralleled by selective neuronal cell death,
which is probably caused by A fibrils or oligomers (Selkoe, 2001). According
to the “amyloid cascade” hypothesis, neurodegeneration in AD begins with
abnormal processing of the amyloid precursor protein (APP) and results in the
production and aggregation of AP peptide forming oligomers and amyloid
fibrils, which form the senile plaques. It is thought that either AP species
trigger the formation of neurofibrillary tangles and eventually neuronal cell
death. In fact, the “amyloid cascade” hypothesis has received considerable
support from genetic studies into the early-onset familial forms of AD
(FAD), for which mutations in APP or presenilin genes lead to an increase in
AP production. Nevertheless, while the study of FAD individuals has proved
to be significant in the understanding of the onset of the disease in its
familial form (~1 % of AD cases), the onset as well as the reasons for the
selective neuronal vulnerability of AD sporadic cases (~99 %) remains open.
AD is normally diagnosed only after death when the examination of the
brain of an AD patient reveals the presence of amyloid plaques which are the
hallmark of the disease. These deposits have been shown to be composed not
only of the AP peptide but other proteins have been detected and identified.
Here we will discuss our studies concerning the interaction of AChE with
the AP peptide, the role of the enzyme on amyloid formation and brain
deposition and the effect of AChE-A complexes on neuronal toxicity.
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2. MOLECULAR CHANGES IN AChE IN AD BRAIN

Several studies on brains displaying AD lesions have shown changes in
the expression and distribution of AChE, the enzyme responsible for the
hydrolysis of the neurotransmitter acetylcholine (Kasa et al., 1997; Talesa,
2001). Firstly, AChE activity is lost in specific regions of the AD brain, such
as the cortex, hippocampus, amygdala and nucleus basal of Meynert (Hyman
et al., 1984; Geula and Mesulam, 1994). Secondly, the relative proportions
of the different forms of AChE change, with a decrease in the tetrameric
globular G, AChE form (Atack et al., 1983; Fishman et /., 1986) and a
parallel increase in the monomeric G; and the asymmetric AChE forms
(Younkin et al. 1986), although the latter normally corresponds to a small
fraction of the total enzyme present in the human brain (Figure 1).

Finally, AChE has also been found to co-localize with AP deposits, such
as those present in pre-amyloid diffuse deposits, mature senile plaques and
cerebral blood vessels (Geula and Mesulam, 1989; Ulrich et al., 1990;
Kalaria et al., 1992). AP deposition is an important step in the
neurodegenerative processes associated with AD (Masters et al., 1985;
Roher et al, 1986). However, there is no explanation for the selective death
of specific populations of neurons in AD brain. It is possible that senile
plaque components may be involved in this selective neuronal cell death and
AChE is one plausible candidate, suggesting an important role in AD
pathogenesis. In fact, among the neurons that degenerate in AD, there are
populations that do not contain choline acetyltransferase yet still express
AChE, suggesting that a major characteristic of degenerating neurons could
be the expression of AChE. Furthermore, most of the cortical AChE activity
present in AD brain is probably promoting the aggregation of AP into
amyloid fibrils, thus increasing its toxicity (Inestrosa et al., 1997; Alvarez et
al., 1998).

3. AMYLOID DEPOSITION AND THE ROLE OF
AChE

Although AD is a complex disorder with mutations in many genes
accounting for 1% of AD patients, the large majority of AD cases occur
sporadically (Inestrosa et al., 1997). There is therefore a need to search for
the mechanisms responsible for the progressive cognitive decline observed
in these cases. It is presently thought that the amyloidogenic process that
converts soluble AP from its relatively inert form to its putative pathogenic
state into amyloid fibrils is a nucleation-dependent process (Jarret and
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Figure 1. AChE Isoforms. AChE can have a variety of quaternary structures. The catalytic
monomer can associate with other monomers to form complexes that are different in their
hydrodynamic parameters and ionic or hydrophobic interactions. Then, they can be separated
in the laboratory because they show different sedimentation coefficients. Molecular forms of
the enzyme are of two types: Globular (G) and Asymmetric (A), and according to the number
of catalytic monomers in them they are named G, G,, G4 and Ay, Ag and A;,. The globular
forms can have different amphiphilicity depending on if they are attached to the plasma
membrane or not (Gsa type I form is attached to the membrane through a GPI anchor, and the
G,a form is anchored through its 20 kDa. hydrophobic P subunit). The other forms are fully
soluble (Gyna) or are weakly associated to the membrane, being easily solubilized without
detergents (Gya type Il and G,a type II). The asymmetric forms are formed by three tetramers
of catalytic subunits attached to the basal lamina through a collagen-like tail (ColQ). The
catalytic monomer H in humans is unique to cells of the haematopoietic lineage. In the central
nervous system, the Gja type I1, Ga type I, G4 and Gyna forms are usually found, while the
asymmetric forms are found in the postsynaptic space of the neuromuscular junction. In AD
there has been shown that variations in the levels of different molecular forms occurs with an
increase in the monomeric and asymmetric forms and a decrease in the tetrameric globular
forms. The fact that AChE is found associated to senile plaques, accelerates the AP peptide
aggregation and induced selective neuronal cell death suggest that this enzyme plays a critical
role on the pathogenesis of AD.
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Lansbury, 1992) that probably requires structural transitions of AP (Soto et
al., 1995). Although the molecular factors underlying this transition in vivo
remain unknown, the participation of additional senile plaque constituents
known as “companion” or “chaperone” molecules has been proposed. AChE
is an enzyme that in AD brains is associated predominantly with the amyloid
core of mature senile plaques, pre-amyloid diffuse deposits, and cerebral
blood vessels (Geula and Mesulam, 1994), and those brain areas where
senile plaques are present are strongly AChE positive (Ulrich et al., 1990).

Interestingly when AChE became associated with the amyloid fibrils, the
enzyme changes some of its characteristics including, sensitivity to low pH
and high substrate concentration, under these conditions the AChE-AB
complexes are more toxic than the amyloid fibrils alone (Table 1 and Figure
2B). Considering that AChE has been designated as a marker for the
cholinergic deficit observed in AD brains, this data suggests that
“companion” molecules detected in senile plaques may indeed represent the
link between amyloid deposition and the selective death of neuronal
populations in AD brains.

Table 1. Effect of different inhibitors on bovine AChE in its free state and complexed with
the A peptide.

Inhibitors AChE AP, 4+AChE
Active Site (ICs)

Tacrine (10° M) 4450+ 17.6 1074.8+73.3
Edrophonium (10 M) 5.36 + 0.48 17.6 £ 4.6
BW284c51 (10°M) 571%1.3 116.9+2.7
Peripheric Site (IC)

Propidium (106 M) 34612 72.0+4.8
Gallamine (103 M) 8.76 + 0.46 13.3+045
Fasciculin (10-'' M) 249+ 1.5 274.6 +28.0

For determination of IC,; values, samples were incubated in the presence of appropriate
concentrations of inhibitors 15-30 minutes at 37° C and the enzymatic activity was
determined. The ICs(, values were obtained from the inhibition curves. Values represent the
mean * s.d. (Adapted from Alarcon R. 1999.)
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Figure 2. AChE accelerates the aggregation of the AB peptide, forms a stable complex with
the fibers and through this tight interaction confers strong neurotoxicity to Af fibrils. (A)
Aggregation assay of 100 uM A peptide alone (empty circles) or with 0.1 uM of AChE
(filled circles). Note that the lag period is decreased in the presence of the enzyme. (Adapted
from Alvarez et al., 1998). (B) Neurotoxic effect of different concentrations of the complex
AChE-AB on PC12 cells followed through the MTT reduction assay, an indicator of cell
redox activity (from Mufioz and Inestrosa, 1999). (C) Amyloid fibril labeled with anti-AChE
conjugated to gold particles. Scale bar: 80 nm. (Adapted from Alvarez er al., 1998).

A few years ago we found that AChE was able to promote the formation
of amyloid fibrils (Inestrosa et al., 1996). The enzyme seems to affect the
kinetics of the AP aggregation process, as well as the lag period of
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fibrillogenesis, although the final amount of amyloid formed is similar in
both cases (Figure 2A). Moreover, at concentrations sufficient to increase
the nucleation of AB;_49, AChE did not affect the thermodynamic solubility
of the peptide, indicating that AChE acts as a kinetic and not a
thermodynamic activator (Inestrosa and Alarcon, 1998; Alarcédn, 1999).

It was also found that stable AChE-AfB complexes are formed during
fibrillogenesis in vitro (Figure 2C) (Alvarez et al., 1997). AChE associated
to amyloid was found to be more resistant to low pH conditions than free
enzyme when AChE-AJ complexes were incubated under varying pH
conditions (Alvarez et al., 1998). Further analysis of the catalytic activity of
the AChE incorporated into these complexes shows an anomalous behaviour
reminiscent of the AChE associated with senile plaques (Alvarez et al.,
1998). In a broad context, our results support the notion that the AChE-AfB
fibril association determines changes in the enzymatic properties of AChE,
as occurs in the senile plaques of AD brain.
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Figure 3. Effect of different inhibitors of AChE over amyloid formation. Amyloid formation
quantitated by the Thioflavine-T assay, a specific probe for amyloid fibrils. Note that the use
of Propidium (a specific PAS inhibitor) and Decamethonium (a dual active site and PAS

inhibitor) block the effect of AChE on amyloid formation. Edrophonium, an active site
inhibitor, did not have any effect. (Adapted from Inestrosa et al., 1996).

Previous studies have suggested that AChE interacts with AP in a
hydrophobic environment close to the peripheral anionic binding site (PAS)
of the enzyme, and thus promotes amyloid fibril formation (Inestrosa et al.,
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1996). In addition, AChE is incorporated into senile plaques in vitro, by
forming macromolecular complexes with the growing AP fibrils (Alvarez et
al., 1997) which are resistant to the action of detergent and high ionic
strength conditions (Alvarez et al., 1998). Moreover under some conditions,
it is possible to show cross-linking between the AP peptide and the AChE
(Opazo and Inestrosa, 1998).

Several anti-cholinesterase drugs are able to decrease the effect of AChE
on amyloid formation (Inestrosa and Alarcén, 1998). No effect is observed
when active site inhibitors, like tacrine or edrophonium are used, on the
contrary, propidium and fasciculin, anti-cholinesterase agents that inhibit the
PAS of the enzyme, are able to block amyloid formation (Figure 3). These
findings are entirely consistent with studies carried out using a monoclonal
antibody directed against the PAS site of AChE (Reyes et al., 1997).

3.1 Structural motifs of AChE involved in amyloid
formation

To identify the AChE motif that promotes AP fibril formation, molecular
dynamic techniques have been used in order to model the docking of A
onto the catalytic subunit of AChE. Using this approach four potential sites
were identified, one of them (site I) spans a major hydrophobic sequence
exposed on the surface of AChE, a polypeptide of 3.4 kDa called H peptide
(aa. 274-308 in Torpedo californica AChE) that was able to accelerate A
fibril formation, as shown by turbidity measurements (De Ferrari et al.,
2001) (Figure 4). This site corresponds to a hydrophobic AChE sequence
(Lag1 - Msys), previously identified by its capacity to interact with
membranes (Shin et al., 1996). These experiments indicate that the AChE
motif that promotes A fibril formation is located in a small hydrophobic
peptide that contains a conserved tryptophan (W279), an amino acid residue
which belongs to the PAS site of the catalytic subunit of AChE (Inestrosa et
al., 2004a).

Efficient AChE therapeutic inhibitors should be able to reach the active
site at the base of the gorge as well as to the PAS. This latter site contributes
to the catalytic efficiency by the transient binding of ACh until they reach
the acylation site, disrupting interactions between AChE and Ap. Ligands,
which are able to bind to the PAS, can act by inhibiting or accelerating
reactions towards the acylation site. In fact, caproctamine, a polyamine, was
developed as a non-covalent inhibitor of AChE, which was able to bind at
PAS (Tumiatti ef al., 2003).

On the other hand, binding of ligands to the acylation site can alter the
conformation of the PAS showing an intimate structural communication
between both sites. Structural data involved in the regulation of catalysis by



Acetylcholinesterase Interaction with Alzheimer Amyloid f 307

PAS ligands like propidium, decidium and gallamine, offer information on
the residues which interact with other molecules and which participate in the
nucleation process of AP fibrils. Novel inhibitors, which could bind both, the
catalytic and the PAS sites of AChE, could offer an effective therapeutic
approach for the treatment of AD. Such mechanism would include the
blockade of the acceleration effect of AChE on the AP aggregation and at
the same time keep the cognitive abilities of the AD patients (Colombres et

al., 2004).
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Figure 4. A hydrophobic peptide close to the PAS induces amyloid formation. Aggregation
assay of 100 uM AP alone or with 1 uM of each peptide used. The aggregation assay shows
that the H peptide derived from TcAChE was able to accelerate the aggregation of the Af
peptide as also occurs with the native AChE. The Q peptide (Q,;, »-5), also derived from the
TcAChE, was chosen to perform the same experiment due to the fact that it is an exposed
region of the enzyme that blocks the PAS when the enzyme is in its dimeric form. Q has a
disulfide bridge and L is its linear counterpart. Note that these two peptides have no effect
over the aggregation process. (Adapted from De Ferrari et al., 2001)

A short sequence in human AChE has been found to form amyloid fibrils
in vitro (Cottingham et al., 2002). It is a hypothetical tryptic fragment
derived from the C-terminal tail of the synaptic T isoform of the enzyme
(AChEsgs.599), which presents certain sequence identity with the N-terminal
sequence of AP peptide (Greenfield and Vaux, 2002) and is also conserved
in the sequence of AChE from other mammalian sources (Figure 5).

The C-terminal tail of AChE corresponds to the oligomerization domain
in the dimeric and tetrameric molecular forms of the enzyme. The peptide
AChEsgss99 shows to be amyloidogenic, and considering that
butyrylcholinesterase (BuChE) is also present in senile plaques but does not
contain the PAS which interacts with Af} peptide, it was proposed as an
additional motif of interaction between AChE and the AP peptide. Given the
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amyloidogenic properties of the C-terminal peptide, it also remains to be
determined whether the C-terminal tail interacts with the AP peptide and
whether it accelerates its deposition.

Human APP 674DAEFRHDSGYEVHHQKL Veo1
Human AChE 58sKAEFHRWSSYMVHWKNQFs02
Rat AChE s8sKAEFHRWSSYMVHWKNQF 602
Mouse AChE s8sKAEFHRWSSYMVHWKNQF 602

Human BuChE 572KAGFHRWNNYMMDWKNQF 590
Mouse BuChE 572KAGFHRWSNYMMDWQNQFss0

Figure 5. Protein alignment of APP, AChE and BuChE. In bold are shown underlined
residues that match with the human APP region corresponding to AP.

We performed some experiments to evaluate this possibility. Results
suggest that this AChE peptide could play some influence in the process of
aggregation of AP peptide as well as in the effect of the enzyme over the
process (Figure 6). However, we were not able to see any amyloid formation
from the AChE derived peptide when aggregated alone at high
concentrations, as reported previously (Cottingham, ef al., 2002).

Along with its amyloidogenic properties, the AChEsgss99 peptide is
cytotoxic. Greenfield and colleagues have proposed that this neurotoxicity is
mediated by the activation of voltage-gated calcium channels in the
membrane leading to an excessive influx of Ca™ ions triggering apoptotic
signals in the cell (Day and Greenfield, 2003).

On the other hand, AChE has been shown to have non-cholinergic
properties independent of its enzymatic activity, such as effects on
neuromuscular junction development, neurite outgrowth (Layer ef al., 1993;
Bigbee et al., 2000), hematopoiesis and osteogenesis (Grisaru et al., 1999).
In fact, it presents neurotrophic (Muiioz ef al., 1999) and adhesive (Johnson
and Moore, 1999) properties mediated through the PAS region.
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Figure 6. (A) Aggregation assay of AP peptide in the presence of AChE. In Cottingham's
work, he shows that an AChEg, ., peptide is able to form amyloid fibrils, suggesting that the
location of this peptide on the wild-type enzyme could be an additional site of interaction with
senile plaques (Cottingham er al., 2002). We evaluated this possibility using a truncated form
of the recombinant human AChE which lacks the last 40 aa. of the C-terminal tail (T,
peptide) (Kronman, er al. 1992; Cohen, et al., 2001). This region includes the AChEy <00
peptide and it has been shown to be the oligomerization domain of the enzyme that is
responsible for the contact with other catalytic monomers to form the different molecular
forms present in any organism (G, and G,). The kinetic stirred assay was carried out using 19

g of both enzymes. This preliminary experiment shows that the wild-type enzyme reduces
the lag phase of the aggregation as we have shown previously in our work using a bovine
source for the enzyme (see figure 2 for comparison). The effect of the truncated form of the
enzyme (AChEAC) over the AP peptide aggregation seems to be a partial effect since it does
not reach the effect obtained with the wild-type enzyme, suggesting that the region
corresponding to the AChE peptide might have some influence in the aggregation process of
the Af peptide. (unpublished results).

(B) Aggregation assay of AP peptide in the presence of the AChE o 5994, peptide. As for
the other experiments, a kinetic stirred assay was carried out to evaluate the effect of the
AChEg;;45.590am PEPtide over the aggregation of the AP peptide. This assay measures solution
turbidity, which is due to the formation of particles that are able to cause an interference with
the light beam that crosses the solution of the peptide. AChE o5, <004, PEPtide is a chemically
modified variant of the original AChEg, o4, peptide, which has a biotinylated N-terminus, and
an amidated C-terminus to exclude the effect of charged terminals of the peptide (Cottingham
et al., 2002). The assay shows that the AChE peptide accelerates the aggregation but probably
forming smaller particles.
(C) To evaluate the formation of amyloid fibrils we used the Thioflavine-T assay (Th-T
assay). Th-T binds specifically to amyloid fibrils inducing a shift in its emission spectra. The
Th-T assay shows that there is much amyloid formed in the presence of the AChE peptide.
The mass ratio used in this experiment was 1:50 tfor AB and AChE peptide respectively. In
previous experiments (not shown), we tested the ability of AChEy 54 (the unmodified
peptide with its charged terminals) to form amyloid fibrils using concentrations up to 300 uM,
however the peptide showed low turbidity and the Th-T assay indicated that the nature of
these aggregates was not amyloid. This is in contrast to previous studies (Cottingham et al.
2002). In spite of our observation, results suggest that this peptide might be exerting some
influence in the aggregation process of AP peptide. Further experiments are necessary to
evaluate this possibility. (Unpublished results).

3.2 AChE induces AP deposition in mammalian brain

In vivo studies also indicate that AChE has the ability to enhance AB
aggregation and amyloid fibril formation. In fact, when AChKE is infused
stereotaxically into the CA, region of the rat hippocampus, novel plaque-like
structures are formed (Chacén et al., 2003). These amyloid plaques formed
de novo share features with the lesions actually found in Alzheimer’s brain,
including amyloid deposits reactive to antibodies anti-Af and to thioflavine-
S. The fact that rats never form amyloid plaques under normal conditions (its
AP has 3 amino acids substitutions in relation to the human sequence),
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indicate that it is highly remarkably that the presence of AChE in the rat
hippocampus was able to trigger the deposition of endogenous rat Ap.

ACHhE has been previously shown to be neurotoxic for neuronal and glial-
like cells in vitro (Calderén et al., 1998) at low concentrations (nM range).
Toxicity depends on the enzyme concentration, time of incubation, and cell
culture density. The effect of AChE over cells involves alterations of the
actin filament skeleton and induction of DNA fragmentation, along with
cytoplasmic  shrinkage and nuclear condensation, morphological
characteristics of an apoptotic process. These effects are independent of the
enzymatic activity of AChE, since the use of specific active site inhibitors do
not change the neurotoxicity of the enzyme, and the same effects are
observed after heat inactivation of the enzyme, a fact that suggests that the
three-dimensional conformation of the enzyme is required to excert such
effects.

It has been also observed that APP processing and AChE expression are
modulated through the same environmental stimuli, i.e. cell differentiation
and cell-cell or cell-matrix interactions. Since both molecules are membrane-
associated proteins and they are thought to be delivered to their functional
space via the secretory pathway, common signaling mechanisms may
underlie basic aspects of their normal metabolism (Bronfman et al., 1996).

33 ACHE-Ap complexes increase the neurotoxicity of
Alzheimer’s fibrils in vitro and in vivo

Since it has been demonstrated that amyloid fibrils are toxic to neuronal
cells in culture, we hypothesised that the fibrils of the AChE-AB complexes
would also be neurotoxic. To evaluate this, experiments using AChE-AB
complexes and AP aggregates (aged for 5 days) were carried out in cell
cultures and in vivo using hippocampal infusion. Firstly, cells exposed to the
AChE-AB complexes presented dramatic changes in comparison to those
incubated with the AP aggregates (Alvarez et al., 1998). Similarly, when
neuronal cells were processed using TdT mediated dUTP nick end labeling
(TUNEL) to detect cell death in situ, cells treated with AChE displayed
patterns of DNA fragmentation, indicating that apoptotic cell death is at least
one of the cytotoxic mechanisms of AChE (Calderon et al., 1998).

In vivo studies carried out using the injection of AChE into the
hippocampus of rats as a model of AD (Chacon et al., 2003) show
neurological changes into the site of injection seen as neuronal cell loss and
hypertrophic astrocytes, (detected by the glial fibrillary acidic protein
immunoreactivity, GFAP), an indication of inflammatory processes in
response to brain injury. Behavioural studies show that injection of AChE
produces cognitive impairment demonstrated by an altered Morris water
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maze performance (Chacon et al, 2003) Moreover, the toxicity of the
AChE-Af complex is dependent on AChE concentration in the complexes
(Mufioz and Inestrosa, 1999; Muiloz et al., 2002; Chacdn et al, 2003).
Furthermore, the neurotoxicity seen in our model confirmed previous studies
in a transgenic mouse model that over-expresses the human AChE (Beeri et
al., 1995). In this model, besides learning and memory impairments (Cohen
et al.,, 2002), there are hypertrophic hippocampal astrocytes just as those
seen in the rats injected with the enzyme and in AD brains, suggesting that
activation of astrocytes is triggered as a response against a detrimental
factor, i.e. an excess of AChE. A remarkable fact using the rat model is that
these animals never form amyloid plaques under normal conditions.
Neuropathological changes generated by human AP fibrils and AChE-
AP complexes have been recently compared in rat hippocampus in vivo.
Results showed that AChE-AB complexes trigger a more dramatic response
in situ than AP fibrils alone as characterized by the following features
observed 8 weeks after treatment: (1) amyloid deposits were larger than
those produced in the absence of AChE. In fact, AChE strongly stimulates
rat AP aggregation in vitro as shown by turbidity measurements, Congo red
binding as well as electron microscopy, suggesting that AChE-AP deposits
observed in vivo probably recruited endogenous AP peptide; (2) the
appearance of laminin expressing neurons surrounding AChE-AP deposits.
Such deposits are resistant to disaggregation by laminin in vitro; (3) an
extensive astrocytosis revealed by both GFAP immunoreactivity and number
counting of reactive hypertrophic astrocytes and; (4) a stronger neuronal cell
loss in comparison with AP injected animals (Inestrosa and Reyes, 1998;
Reyes et al., 2004). We conclude that the hippocampal injection of AChE-
AP complexes results in the appearance of some features reminiscent of
Alzheimer-like lesions in rat brain. Our studies are consistent with the notion
that AChE-AP complexes are more toxic than AP fibrils and that AChE
triggered some of the neurodegenerative changes observed in AD brains
(Reyes et al., 2004).

Recent studies support our initial observation that AChE accelerates Af3
deposition (Inestrosa et al., 1998). In fact, a double transgenic mice over
expressing both the human APP containing the Swedish mutation and the
human AChE has been developed, such double transgenic starts to form
amyloid plaques around 3 months earlier than mice expressing only the APP
transgene, moreover the double AChE-APP transgenic presents more
plaques and bigger ones than control animals, as well as some behavioural
deterioration, as shown by a working memory test (Rees et al., 2003).

In conclusion, the above data indicate that AChE, being an enzyme
associated with amyloid deposits in the brain of AD patients, may indeed
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play a critical role in contributing to the toxic effects that may trigger
neurodegeneration in AD brain.

4. THE Wnt SIGNALLING PATHWAY RESCUES
NEURONS FROM AB-INDUCED DAMAGE

The neurotoxicity produced by AP and induced by AChE-AB complexes
can be prevented by the activation of a cellular process, which has been
described as the Wnt signalling pathway (De Ferrari and Inestrosa, 2000;
Inestrosa et al., 2002). The Wnt ligand binds to a receptor of the Frizzied
family and transduces its signal to the intracellular inactivating glycogen
synthase kinase-3f (GSK-3fB). As a consequence of GSK-3p inactivation,
intracellular levels of B-catenin increase, allowing its binding to components
of the high mobility group family of transcription factors (T-cell
factor/lymphoid enhancer-binding factor; Tc/LEF), which regulate the
expression of multiple target genes. Conversely, in the absence of Wnt
ligand (or in this case, the prescence of AB), the GSK-3p activity is switched
on phosphorylating  f-catenin for  ubiquitin-proteasome-mediated
degradation. As a net result, B-catenin levels are diminished within the
cytosol and therefore the expression of Wnt target genes is repressed.
Previous studies have suggested a relationship between AP and AChE-AB
complexes induced neurotoxicity and lower cytoplasmatic levels of B-
catenin. On the other hand, inhibition of GSK-3f by lithium protects rat
neurons from AP-induced damage (De Ferrari ef al., 2003). These evidence
led to the idea that a sustained loss of Wnt signaling function may be
involved in the AP dependent neurodegeneration as observed in AD
(Inestrosa et al., 2004b; Alvarez et al., 2004).

5. CONCLUDING REMARKS

The above data indicate that AChE is able to accelerate amyloid
formation, and that such effect is sensitive to drugs that block the peripheral
site of the enzyme; these studies suggest that specific and new AChE
inhibitors may well provide an attractive therapeutic possibility for treating
AD. In vivo studies confirm that the neurotoxicity and the behavioral
impairments generated by the AChE-AP complexes is dependent on the
enzyme concentration in such complexes and that this effect can be
prevented by the activation of the Wnt signalling pathway.
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Abstract: The interaction of AP with synaptosomal plasma membranes decreases
membrane fluidity. Using model membrane/liposome systems the interaction
of AP with specific lipids (e.g. phospholipids, gangliosides, cholesterol) has
been defined. The formation of the B-sheet structure of AB when undergoing
peptide aggregation is important for AB’s membrane perturbing properties.
This effect can be correlated with the peptide length of AP, the longer AB, 4
having the greatest effect on membrane fluidity and on neurotoxicity.

Key words:  B-amyloid (AB), membrane fluidity, brain membranes, cholesterol,
phospholipid, ganglioside

1. INTRODUCTION

Beta-amyloid (AB) protein is the major constituent of senile plaques and
cerebrovascular deposits characteristic of Alzheimer's disease (AD). The
causal relationship between [B-amyloid deposition and AD-specific
neuropathological lesions, like neurodegeneration and cortical atrophy is still
not known. Observations that AP has neurotoxic properties (Pike et al., 1991,
Yankner et al.,1990) represented the first link between AP formation and the
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AD specific neuropathological lesions. Subsequent studies have confirmed
the neurotoxic effect of Af (Kawahara and Kuroda, 2000; Small and
McLean, 1999) and have further suggested that its mechanism is probably
related to the amplifying effect of AP on cellular calcium signaling and/or
the induction of oxidative stress (Butterfield et al,, 1999; Hartmann et al.,
1993; Kawahara and Kuroda, 2000; Keller et al, 1997, Mattson and
Horitiri,1993; Small and McLean, 1999). The molecular mechanism of the
Ca’" amplifying and the oxidative stress inducing effects are not known. The
possibility that AP alters membrane properties was originally supported by
preliminary findings indicating that A may disrupt membranes (McLaurin
and Chakrabartty, 1996) and directly decrease the fluidity of artificial
unilamellar liposomes (Chauhan et al., 1993) or of mouse brain membranes
(Mattson et al., 1993).

Membrane fluidity is a general term used to describe the movement of
lipids in membranes. Actually, fluidity consists of different components
including, for example, rate of probe motion, a dynamic component, and
extent of probe motion, a static component (Lakowicz, 1983; Yeagle,1989).
A variety of physical techniques have been utilized to assess membrane
fluidity. These include among others different fluorescence techniques.
When added to cellular or even artificial membranes, the fluorescent dye
DPH (1,6-diphenylhexa-1,2,3-triene) is localized preferentially in the
hydrocarbon core, while its cationic trimethylamino derivative TMA-DPH
remains at the level of the polar heads of the phospholipid bilayer (Figure 1).
DPH intercalates preferentially axial between the acyl chains of membrane
fatty acids (Kaiser and London,1998). Accordingly, its mobility
predominantly depends on acyl chain flexibility that is restricted by the
physico-chemical environment of the membrane. Pyrene diffuses laterally in
the hydrocarbon core of the membrane and mainly labels the interphase
between both membrane leaflets (Figure 1). Excimer formation of the
fluorescent probe pyrene represents predominantly the lateral motion of the
probe within the lipid bilayer (bulk fluidity), while annular fluidity as
measured by energy transfer from tryptophan residues to pyrene gives
information about the fluidity of lipids close to membrane proteins(Igbavboa
et al., 1996). Herein we use the term fluidity in the broadest sense to
describe an average lateral motion in the membrane lipid environment
without making a distinction between dynamic and static sates of fluorescent
probe motion.
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Figure 1. Location of fluorescence probes within the membrane. The physico-chemical
properties of phospholipid bilayers can be examined using fluorescence dyes.
Diphenylhexatriene (DPH) intercalates axial between the acyl-chains of phospholipids and
labels the hydrocarbon core of the membrane. Its trimethylammonium derivative TMA-DPH
localizes in the hydrophilic region of the phospholipids. The lipophilic pyrene molecule labels
predominantly the hydrophobic area of the membranes and thus its motion is a measure of
membrane bulk fluidity.
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2. B-AMYLOID PEPTIDES ALTER MEMBRANE
FLUIDITY IN MOUSE AND RAT BRAIN
MEMBRANES

Several studies have examined the effects of AP peptides on membrane
fluidity in model and biological membranes of mice, rats and humans (Table
1). Effects of AR on membrane fluidity have been proposed as contributing
to disruption in different cell functions. AP.4 was reported to increase
polarization of DPH in small unilamillar vesicles (SUV) that indicates a
more ordered membrane state (Chauhan et al., 1993). This observation was
confirmed for Afi.4 and A3 peptides using large unilamillar vesicles
(Kremer et al., 2000). This study ruled out that self-aggregation of Af
monomers into aggregates (1-20 uM) exposes hydrophobic sites and induces
a decrease in membrane fluidity.

In one of the first studies on AP and membrane fluidity using biological
tissue, the fragment AB,s.35 which represents AP's neurotoxic sequence (Pike
et al., 1991; Yankner et al.,1990) increased anisotropy of DPH in mouse
and rat brain membranes as well as in lymphocyte membranes (Hartmann et
al., 1994; Miiller et al.,1995). ABss.3s or AP .4 in the concentration range of
1-10 pM significantly reduced the acyl-chain flexibility of the tested
membranes. A control peptide with the inverse sequence (AP;sas) was
without any effect (Miiller et al., 1995). In membranes of young animals, the
effect was nearly maximal at 1 pmol/l.

Increasing Afys.as concentration tenfold had only little further effect on
anisotropy. By contrast, anisotropy of aged mouse brain membranes was
less affected by APjs.as concentrations up to 1 pmol/l, but showed some
changes at a peptide concentration of 10 pmol/l (Miiller et al., 1995).
Several subsequent studies including brain tissue from humans with and
without AD have shown that different Af peptides reduce the membrane
fluidity (Eckert et al., 2000; Eckert et al., 2001; Kirsch et al., 2002; Miiller
et al., 1998; Yip et al., 2001). Several neurotoxic AP peptides decrease the
acyl-chain flexibility of human cortex membranes in a concentration
dependent fashion while the non-neurotoxic AB s was only weakly active
(Miiller et al., 1998; Pike et al., 1991). The effect of AR on membrane
fluidity increases with peptide length, is most pronounced for Af;4; and can
be detected at concentrations as low as 100 nM. Although this concentration
is still above the physiological A level in human brain (Pirttila ez al., 1996),
it is substantially lower than the in vitro concentrations usually employed to
demonstrate AB's neurotoxic properties (Pike et al., 1991; Yankner et al.,

1990).
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Figure 2. Effect of four AP peptides on the anisotropy (DPH) of human frontal cortex
membranes. All data are means + S.D. of 6 experiments each representing an individual brain
sample (according to (13). (***p<0,001; n.s. not significant, when compared with the
anisotropy without A} (paired t-test)). [nset: The effect of increasing concentrations of AP,s.
35, APz peptides on the anisotropy (DPH) of human frontal cortex membranes. ABss.,5 was
used as control. All data are means + S.D. of 6 experiments each representing an individual
brain sample (according to Miiller et al., 1995). (***p<0,001, +++p<0,001, ++p<0,01 when
compared with the anisotropy without Af} (paired t-test)).

The effect of A3 peptides on fluidity of the phospholipid bilayer is more
pronounced in the hydrocarbon core than in the region of the hydrophilic
heads. For this investigations DPH-anisotropy and TMA-DPH anisotropy
were used as markers for the membrane hydrocarbon core and the
hydrophilic region of the membrane phospholipid head groups, respectively
(Miiller et al., 1998).The pathologically relevant fragments AP;4; and ABy.43
affected the membrane in the same manner, but were much more active than
the neurotoxic sequence AP;s3s, confirming data with mouse brain
membranes (Miiller et al., 1995). Diverse disturbing effects of A on
different membrane areas were confirmed subsequently using human
hippocampal membranes (Eckert et al., 2000). Membranes isolated from
brains of AD patients showed reduced baseline fluidity measured as
enhanced DPH-anisotropy values compared to controls (Eckert et al., 2000).
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Incubation of hippocampal membranes with APy and AP,s.ss lead to a
concentration dependent decrease of the acyl-chain flexibility. The
disordering effect was much more pronounced for the physiological peptide
AP, compared with the synthetic fragment Ap;s.;s. The amyloid peptides
affected membranes from AD patients and controls in the same fashion and
to about the same extent. While the observed differences of the acyl-chain
flexibility between control and AD membranes were still apparent in the
presence of even high concentrations of Af,s.3s, treatment of hippocampal
membranes with high concentrations of Af;.4; abolished the differences of
DPH anisotropy between control and AD tissues (Eckert et al., 2000).

The above-mentioned studies used a rather crude brain membrane
fraction. Investigations of A effects using purified synaptosomal/synapatic
(SPM) as well as mitochondrial membranes isolated from brains of young
and aged mice confirmed that AP decreases the flexibility of membrane
acyl-chains (Eckert et al., 2001). From this data it appears that AP has a
rigidifying effect on membranes. However, it has been reported that A
disorders or increases fluidity of membranes (Avdulov et al., 1997a
Chochina et al., 2001; Eckert et al., 2001; Mason et al., 1999). AB.4
increase both annular fluidity and bulk fluidity in SPM using energy transfer
from protein tryptophan residues and excitation of pyrene (annular fluidity)
and pyrene excitation alone (bulk fluidity) (Avdulov ef al., 1997a; Chochina
et al., 2001; Mason et al., 1999). AP peptide also increased the lateral
mobility of pyrene in brain mitochondria membranes isolated from young
and aged mice. Infact AP, 4, caused the strongest effects on the bulk-fluidity
in mitochondrial membranes (Eckert et al., 2001). So. there is no agreement
on the effects of AP proteins on membrane fluidity. Acyl-chain flexibility
was increased in human brain Golgi membranes in the presence of APj44
but just the opposite effect was noted in endosomal, lysosomal and
mitochondrial membranes from the same human samples (Waschuk et al.,
2001). Certainly, differences in effects of AP on fluidity could result from
variations in tissue source and preparation, and whether AP is soluble or
aggregated. However, it is most likely that the differences in effects of AP
on fluidity are largely the result of differences in the location of the
fluorescence probes in the membrane environment and the lifetime of the
fluorescence probes. The majority of studies examining AP and fluidity have
used steady-state fluorescence of DPH and TMA-DPH as well as pyrene
fluorescence. Generally, studies reporting a reduction in fluidity induced by
AP have measured polarization or anisotropy of DPH or TMA-DPH. In
contrast, studies finding that AP increases membrane fluidity have measured
energy transfer and excitation of pyrene. Structurally, DPH and pyrene differ
and this difference can influence their behaviour in membranes (Kaiser et
al., 1998; Mulders ef al., 1986, Wood et al., 2003). DPH is a rod like



Membrane Disordering Effects of f-Amyloid Peptides 327

structure whose axis is parallel to the acyl groups and pyrene is spherical in
structure and is positioned at the terminal end of the acyl groups. As the
lifetime of a fluorescent probe establishes the duration of time for which the
probe interacts in its environment such as membranes, the longer lifetime of
pyrene may increase interaction with different areas of the membrane
(Lakowicz et al., 1983). The most parsimonious explanation for the reported
differences in AP effects using fluorescence of DPH or TMA-DPH and
pyrene is that the fluorescent probes are reporting on behavior of AB in
different membrane environments as a function of the location and of the
lifetime of the fluorescence probes.

3. AP INTERACTIONS WITH MEMBRANES

Localization of AP, 4 on the cell surface plasma membranes of neurones
from the brains of patients with AD was revealed using electron microscopy
(Yamaguchi et al., 2000). The authors concluded that AP ; 4, deposition on
the cell surface plasma membrane was an initial event in formation of
diffuse plaques that gradually develop into fibril amyloid. Similar findings
were recently reported in aged dogs, which are an accepted model of AD,
since dogs exhibit age-dependent cognitive decline that is correlated with the
accumulation of AP (Torp ez al., 2000). Neuronal labelling indicated that
AP, 4 was associated with the neuronal plasma membrane and it was
suggested that the peptide might be produced at the dendritic plasma
membrane. Two pools of insoluble A were identified in human prefrontal
cortices (Oshima et al., 2001). One pool was located in a cholesterol-
enriched low density membrane domain while the second pool comprised
extracellular AP deposits. In the same study, it was shown that mice that
over express the amyloid-precursor protein (APP) and develop plaques, low-
density membrane domains showed accumulation of AP, ;. Other studies
have also reported that APP and AP were associated with cholesterol-rich
low-density membrane domains (Hayashi et al., 2000; Oshima et al., 2001).
Studies in vitro, using model membranes and biological membranes, have
also shown that A associated with membranes. Electrostatic binding of AP
to phospholipid polar head groups has been proposed to be a mechanism that
may contribute to AP neurotoxicity (McLaurin et al., 1997; Terzi et al.,
1997). Circular dichroism spectroscopy showed that AR, 4, interacted with
negatively charged unilamellar vesicles but no effect was detected in
vesicles containing deuterated phosphatidylcholine mixed with
phosphatidylglycerol using deuterium NMR and that AB; 4 did not penetrate
into membranes (Terzi ef al., 1997). AB_4 had a more pronounced effect on
disrupting and aggregating negatively charged lipid vesicles than
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zwitterionic vesicles (McLaurin and Chakrabartty, 1997). Conversely,
studies of AP peptides in both model membranes and biological membranes
indicated that soluble or fresh AP partitioned into the hydrophobic core of
membranes (Mason et al., 1996; Mason et al., 1999). Liposomes consisting
of 1-palmitoyl-2-oleoylphosphatidylcholine revealed that the peptide
fragment AP,s_3s localized in the membrane hydrocarbon core (Mason et al.,
1996). Moreover, soluble AP, 4 and aggregated AP 4 were found to differ
in their location in rat synaptic plasma membranes (SPM) (Mason et al.,
1999). Soluble AB|_4 intercalated into the hydrophobic region of SPM.
Aggregated APi_4 was positioned at the polar head group region of the
membrane (Figure 3).

1 Soluble Ap,.4

jm Aggregated
AByg0

Figure 3. A schematic representation of the proposed molecular membrane interactions of
soluble versus aggregated AP, 4o with synaptic plasma membranes, based on the results of
this study. Soluble AP, intercalates deep into the plasma membrane hydrocarbon core,
whereas aggregated A4 interacts with the membrane bilayer at the head group/water
interface, resulting in a marked reorganization of the lipid bilayer, including increased trans-
gauche isomerizations. Adapted from (Mason et al.,1999).

Differences in results of the aforementioned studies may have occurred
as a consequence of variations in peptide structure and dissimilarities in
structure of liposomes versus biological membranes. Results of studies using
the AP peptide fragment 25-35 have to be viewed cautiously in view of the
fact that this fragment is not present in vivo. Nevertheless, it can be seen
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from Table 1 that AP does have a physico-chemical interaction with
membranes. It has been previously proposed that A may interact with lipids
both by hydrophobic interactions and electrostatic interactions at the
membrane surface, particularly with negatively charged phospholipids
(McLaurin and Chakrabartty, 1997). The cytofacial lipid monolayer of
biological membranes is negatively charged as a result of enrichment of
phosphatidylinositol and phosphatidylserine as compared to the zwitterionic
exofacial monolayer. Electrostatic interaction of A} with phospholipid polar
head groups may be greater in the cytofacial lipid monolayer than the
exofacial monolayer and this prediction is consistent with the affinity of AB
for negatively charged lipids (McLaurin and Chakrabartty, 1997; Terzi et al.,
1997).

4. THE RELEVANCE OF CHOLESTEROL

Cholesterol is known to be an essential modulator of the physico-
chemical state and functional activity of biological membranes and hence,
plays an essential role in the regulation of synaptic function and cell
plasticity. The majority of cellular cholesterol resides within the plasma
membrane (PM). The cell tightly regulates levels and distribution of PM
cholesterol (Palacino et al., 2001; Wood ef al., 2002). The plasma membrane
lipid bilayer consists of two monolayers that are asymmetric in lipid
distribution, electrical charge, fluidity, function and possibly the localization
of lipid rafts. Within the PM, 70-85% of free cholesterol reside in the
cytofacial bilayer monolayer, whereas only 15-30% join the exofacial leaflet
(for review, refer to Wood et al., 1999). Even in this outer membrane
domain, the intra-membrane distribution of cholesterol follows a strict
organization into structural pools and is altered e.g. during aging (Igbavboa
et al., 1996). Exofacial cholesterol builds up lateral membrane domains like
kinetic pools or lipid rafts (Wood et al., 1999). Lipid rafts are specialized
plasma membrane micro domains highly enriched in glycosphingolipids and
multiple membrane proteins (Eckert et al., 2003a). Strong evidence suggest
that cholesterol condenses the packing of sphingolipid molecules and thus
cholesterol-sphingolipid microdomains form a separate lipid-ordered phase
in the exofacial leaflet (Brown and London, 1998). Functionally, lipid rafts
are thought to be involved in intracellular trafficking of proteins and lipids,
secretory and endocytic pathways as well as in cell-surface proteolysis and
signal-transduction-pathways (Simons and Ikonen, 2000; Simons and
Toomre, 2000). Reducing cholesterol levels appear to decreases the
production of AP (Bodovitz et al., 1996; Kojro ef al., 2001). On the other
hand, there are data indicating that cholesterol may act to attenuate the

effects of AP.



330 Gunter P. Eckert et al.

It has been shown that membrane cholesterol reduces the disordering
effects of AB on mouse brain membranes in vitro (Mattson et al., 1993) and
that endogenous membrane cholesterol differently modulates AP effects on
brain membranes from AD patients (Eckert es al, 2000). Moreover,
cholesterol protects PC12 cells from AP toxicity in vitro (Arispe et al.,
2002a; Eckert et al, 2003b) and inhibits the effects of AP on cellular
calcium signaling (Mattson et al., 1993). Accordingly, enhanced cholesterol
levels and rather reduced disordering effects of AP peptides in SPM
membranes isolated from aged mice brains were reported (Eckert et al.,
2001). To further evaluate the role of cholesterol in regulating the membrane
disordering effects of AB, cholesterol was depleted from SPM using methyl-
B-cyclodextrin (MBCD), a water soluble cyclic oligosaccharide (Kirsch et
al., 2002). Cholesterol-cyclodextrin-complexes were used to enrich
membrane cholesterol. Depletion of cholesterol using 16 mmol/l MBCD
significantly reduced the cholesterol content of about 50% in SPM isolated
from brains of 12 middle-aged (12 months) and aged (22 months) mice.
Accordingly, using MBCD-inclusion-complexes SPM cholesterol levels
could be enhanced up to about 150%. However, SPM from aged mice were
not equally accessible to external cholesterol enrichment that might be due to
the high physiological cholesterol load of these membranes per se. Effects of
AB,.4 on the interior membrane region of cholesterol-modulated SPM from
middle age and aged mice determined by DPH anisotropy measurement
were negatively correlated with the cholesterol content as shown in Figure 4.

Brain membranes from middle-aged mice were more susceptible to
ABi4z. Cholesterol depletion of brain membranes from middle-aged and
aged mice significantly enhances the effects of AB;4 on DPH anisotropy
values; cholesterol enrichment strongly decreases the effect. Analogously,
the disordering effects of APy on the hydrophilic region of neuronal
membranes determined by TMA-DPH anisotropy measurements were again
strongly dependent on the cholesterol content of membranes from middle-
aged and aged mice (Kirsch et a/., 2002). Hence, weaker interactions of Af
peptides with cholesterol-loaded neuronal membranes should lead to more
moderate disturbances on membrane-related signal transduction processes,
e.g. calcium signaling. This hypothesis is underlined by earlier findings
evaluating functional effects of AB on signal cascade pathways. AP induced
changes in free intracellular calcium levels were significantly lower in
dissociated brain cells from mice that were enriched in cholesterol

(Hartmann et al., 1993).
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Figure 4. Cholesterol modulation in SPM isolated from brains of middle-aged (12 months)
and aged (22 months) mice according to (23). Correlation of cholesterol levels and the effects
of A4 (I pmol/l) on DPH anisotropy values of cholesterol modulated SPM isolated from
brains of middle-aged and aged mice. Means + SEM; n=4-5, *p<0.05, **p<0.01 significant
vs. control (t-test). ***p<0.001 significant correlation (Pearson). depl. = depletion; enrich. =
enrichment.

5. FUNCTIONAL SIGNIFICANCE

AB-induced changes of fluidity parameters in neuronal membranes are
connected with effects on the activity of different enzymes and on signal-
transduction processes. It is well recognized that changes in the physico-
chemical state of the membrane can markedly alter activity of various
membrane proteins (Burger et al, 2000). Effects of AB on membrane
fluidity have been proposed to contribute to disruption in different cell
functions.

AP enhances tyrosine kinase activity (McDonald et a/., 1997) and effects
the activity of PLC (Hartmann et a/., 1996; Shimohama et al., 1995). Several
studies confirmed AB’s amplifying effect on calcium signaling in different
cell types, including neurons and astrocytes (Hartmann et al., 1994; Haughey
et al.., 2003; Mattson and Sherman, 2003). At low concentrations, Af} alone
does not affect baseline Ca*, but enhances Ca®” influx after various stimuli
(Hartmann et al., 1993), suggesting the activation of endogenous Ca®*
channels (Hartmann et al., 1994). Observations that AP produces at high
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concentrations Ca’” fluxes through artificial planar lipid bilayers suggest that
AP may also disrupt or disturb membrane structure or integrity leading to
channel like alterations of the membrane (Arispe et al., 1993; Arispe et al.,
2002b). Recently, it has been shown using patch clamp analysis that low
nanomolar concentrations of protofibillar AB;4, induce reversible Ca*”
dependent increase in spontaneous action potentials and membrane
depolarization (Ye et al, 2003). AP’s effects on intracellular calcium
homeostasis could be mediated by G-protein regulated phosphoinoside
hydrolysis and adenylate cyclase pathways (Cowburn et al., 2001; Soomets
et al., 1999), that have been shown to be altered in AD post-mortem brains,
including impaired agonist and G-protein regulation of phospholipase C
(PLC), decreased phosphokinase C (PKC) levels and activity, and a reduced
number of receptor sites for the second messenger, Ins(1,2,5)P3 (Cowburn et
al., 2001; Garrido et al., 2002; Olariu et al., 2002). However, PKC seems to
modulate AP’s neurotoxic effects. Activation of PKC by phorbolesters
protected rat hippocampal neurons from AP toxicity (Garrido ef al., 2002).
This effect was accomplished by inhibition of glycogen synthase kinase-beta
activity that led to the accumulation of cytoplasmic p-catenin and
transcriptional activation of Wnt target genes. Classical activators of the Wnt
pathway mimicked PCK activation (Garrido et al., 2002). Accordingly,
chronic intracereboroventricular infusion of AP,y decreased the activity of
PKC in the hippocampus of rats and impaired memory (Olariu ef al., 2002).

6. CONCLUSIONS

AP not only disturbs membrane properties of synaptosomal plasma
membranes but also of mitochondrial membranes. Brain aging also
differently modulates both AP effects and itself modifies the fluidity of
intracelfular membranes. AB-induced changes in membrane fluidity can be
explained by physico-chemical interactions of the peptide with membrane
components (Kanfer et al,, 1999). According to X-ray diffraction analysis
AB localizes in the membrane hydrocarbon core (Mason et al., 1996). Using
phospholipid vesicles it was shown that A interacts electrostatically with
phospholipids (Fletcher and Keire, 1997) and binds to gangliosides
(Matsuzaki and Horikiri, 1999). Moreover, it has been demonstrated that AB
adsorbs to membrane components such as fatty acids and cholesterol
(Avdulov et al., 1996; Avdulov et al., 1997b).

Aggregation of AP peptides leads to p-sheet-like protein structures (Soto
et al., 1994). Effects of AP on neuronal membranes are clearly related to
peptide aggregation. The extent of the formation of B-sheet structures
defines Af’s membrane disturbing properties. Accordingly, AB toxicity



Membrane Disordering Effects of [-Amyloid Peptides 333

correlates with the aggregation state of the peptide (Hirakura et al., 1998);
blocking peptide aggregation abolishes Af's toxic properties (Drouet et al.,
1999; Soto et al, 2000). Aggregated AP incorporates into membrane
bilayers (Mason et al., 1996) and disturbs membrane structure. This leads to
restricted membrane fatty-acid mobility and consequently to decreased
membrane fluidity, as indicated by enhanced DPH and TMA-DPH
anisotropy values. Changes in membrane fluidity affect membrane
components (e.g. ion channels) and thereby modulate signal transduction
processes (Gimpl et al., 1997; Scheuer et al, 1996) that at least partly
contribute to AP’s effects in the brain. Effects of AR on membrane
properties are also dependent on peptide length. The synthetic APs.as
possess only weak effects on membrane properties (Miiller et al., 2001).
Compared to APy, the full-length AB,.4, effects membrane fluidity much
stronger and also shows higher neurotoxicity (Miiller et al., 2001; Pike ef al.,
1995). These properties possibly contribute to genetically determined forms
of AD that are associate with relatively high A4, brain levels and early
development of AD symptoms (Haass and De Strooper, 1999; Sinha and

Lieberburg, 1999).
All findings together are of particular interest in view of the neurotoxic

properties of AP and its intracellular biology. Moreover, the available data
point to membrane alterations in AD brain as possible therapeutic target.
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Chapter 17

The Role of Alzheimer AP Peptides in lon Transport
Across Cell Membranes

Vernon M. Ingram
Department of Biology, M.I.T, 31 Ames Street, Cambridge, MA 02139,USA

Abstract: Accumulation of beta amyloid (AB) fibrils in senile plaques and cerebral blood
vessel walls is characteristic of Alzheimer’s disease (AD). We discuss several
models that seek to explain the neurotoxic consequences, in particular the
manner in which the neurotoxicity promotes cell dysfunction and cell death by
an increase in cytosolic calcium ion concentration. To base correctly a new
therapy on in vitro experiments, one must choose the right model mechanism.

Key words:  Alzheimer’s disease, AR peptide, ionophore, misfolding, B-sheets, calcium
homeostasis, AMPA receptor.

1. INTRODUCTION

The pathology of Alzheimer's disease (AD) was first defined by Alois
Alzheimer in 1907. He saw by light microscopy "senile plaques" (see Figure
1) and also "tangles" in stained sections from post-mortem brains of his
patients. Much later the chemistry of the plaque components was described
(Glenner and Wong, 1984; Sisodia et al., 1990). It turned out that the
plaques were composed of fibrils formed by the aggregation of short
peptides, mostly 40 and 42 amino acids long, which had a perfectly normal
amino acid sequence, common to both. They represented a part of a much
larger transmembrane “amyloid precursor protein” (APP), commonly found
but of unknown function. For a variety of reasons, some genetic, some
unknown, these peptides are overproduced in Alzheimer’s Disease. This
matters, because the two overexpressed peptides, AB1-40 and AP1-42, once
liberated from their parent APP, refold and aggregate spontaneously to a

339



340 Vernon M. Ingram

neurotoxic form. They attack paritcular neurons in the CNS, causing them to
become dysfunctional and eventually to die in large numbers. It should be
remembered that the plaques are extracellular and exert their toxic effect
from the outside. This distinguishes AD from other amyloidoses, such as
Huntington’s disease, for example, which are intracellular phenomena. A
part of the consequent dysfunction is thought to be the hyperphosphorylation
of the microtubule-asssociated protein tau (Ferreira ef al., 1997) which then
aggregates to form the “tangles” that fill then neuronal cell body and
produce dysfunctional neurons.

Figure 1. Plaques of Alzheimer’s Disease (The Internet Pathology Laboratory). Stained
section of an AD brain. The plaque is an accumulation of A fibrils; note that the surrounding
neuritis are also stained, indicating an interaction with plaque fibrils and neighboring neuritis.

The pathological over-production of this family of amyloid peptides is
due to a variety of causes, some of which are genetically controlled, giving
rise to the so-called Familial Alzheimer's disease, which are fortunately rare.
Clearly, there are other causes, the mechanisms of which are not yet clearly
understood. The accumulation of the AB1-42 peptide seems to be the most
important phenomenon in causing disease, although this notion is somewhat
controversial.
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It is characteristic of both AB1-40 and AB1-42 that once released from the
APP they rapidly and spontaneously refold to oligomeric aggregates that
quickly form long fibrils with high B-sheet content. A currently popular view
is that this "misfolding" produces a new conformation with new properties.
Current research is devoted to understanding the molecular mechanism of
AP neurotoxicity.

While these considerations place the emphasis on understanding the origin
and pathological role of the AP peptides, it ignores the formation and
function of the intracellular tangles. These fill the axons and somata of
affected neurons and thereby interfere with axonal transport, synapse
formation and signalling. It is unclear whether Ap plaque formation and tau
tangle formation are independent processes, or whether tangle formation is a
downstream event that follows AP formation and AP aggregation, as this
author believes. Further complicating this issue is the existence of a number
of tau mutations that seem to favor tau hyperphosphorylation and that are
associated with tangle formation and with severe dementia. The events
leading to tangle formation will not be considered further in this review.

We here review the mechanisms of AP peptide toxicity that are currently
under discussion. We must first devise a useful definition of "AB peptide
toxicity". In many literature quotations this is taken to mean the induction of
neuronal cell death by apoptosis or necrosis. These events occur in the
central nervous system. Generally little notice is paid to the always present
glial cells, their role in Alzheimer's and their fate. But there is a general
gliosis associated with Alzheimer's, often a “reactive astrocytosis”. Is there
no glial cell death in AD? For the purposes of our discussions, and ignoring
the uncertain fate of glial cells, we will assume that in AD AP peptide
toxicity is sufficient to lead to the death of neurons, at least in the first
instance.

Another important notion not usually mentioned is the important
intermediate stage between initial peptide-neuron interaction and eventual
cell death. It seems highly unlikely that a normal neuron "dies" instantly
when attacked by the toxin. We clearly need a new definition of neuronal
cell death. It seems more likely that there will be a series of stages when a
neuron becomes gradually more and more dysfunctional. We have no idea
how long this process might take or what its various steps will be. For the
purposes of this review, we will define "AP peptide toxicity" as the
mechanistic step that sends the neuron into the death process.

Although one's intuition is to find one single initiating mechanism, it is
quite possible that there are two, perhaps three, quite different mechanisms
that operate at different stages of Alzheimer's disease or that are found
simuitaneously in different brain cell types. The discussion that follows
explores four different neurotoxic mechanisms below. The proposed
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mechanisms all point to ABI-42 and AP!-40 as the best targets for
therapeutic intervention, which makes it all the more important to understand

these mechanisms.

1.1 Increased cytosolic [Ca®*] causes cell dysfunction and
cell death

While the action of aggregated AP peptides on neurons is the
precipitating factor in causing internal [Ca’] to rise by the mechanisms
discussed below, the real damage to the cell is done by the increased calcium
itself. It triggers a number of important downstream effects. For example,
Rao et al. (2004) write: “The endoplasmic reticulum (ER) regulates protein
synthesis, protein folding and trafficking, cellular responses to stress and
intracellular calcium (Ca’™) levels. Alterations in Ca’™ homeostasis and
accumulation of misfolded proteins in the ER cause ER stress that ultimately
leads to apoptosis. Prolonged ER stress is linked to the pathogenesis of
several different neurodegenerative disorders.” Other examples of the role of
Ca”" levels is described by Agell ef al. (2002) and Mattson et al. (1992) The
literature is extensive enough to reinforce the notion that disturbance of the
tightly controlled calcium homeostasis is pivotal in bringing about
deleterious downstream effects in Alzheimer’s disease.

2. AP PEPTIDES RAISE CYTOSOLIC Ca*
CONCENTRATIONS BY AN UNKNOWN
MECHANISM

Mattson et al. (1992) reported experiments using human cerebral cortical
cell cultures to test the hypothesis that “B-amyloid can destabilize neuronal
calcium regulation and render neurons more vulnerable to environmental
stimuli that elevate intracellular calcium levels.” The environmental stimuli
used are glutamate and other excitatory amino acids. The B-amyloid peptides
involved are AB1-38 and AP25-35, shorter versions of the main peptides
now known to be involved in AD, AP1-40 and AP1-42. More recent
experiments from other laboratories (eg Teplow, Ingram) indicate that the
state of aggregation of the peptide is crucial in determining whether an
aggregate is toxic to the neuron or not. Mattson and Furukawa (2003) in
their chapter found that over a period of several days these peptides by
themselves did not shorten survival times of the neurons, but they did
exacerbate the killing effect of glutamate during the same time. The first
time point recorded was 1 day. The relation of these findings to the
pathology of AD is not obvious, since AB25-35 is not found in the disease
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and AP1-38 is a minor product. Nevertheless these findings stimulated a
large number of experiments.

Mattson and Furukawa (2003) summarize more than a decade of work
from this group. Their ideas are centered on the notion that the Alzheimer
AP peptides disturb celiular calcium homeostasis and cause oxidative
changes in neuronal cell membranes. They see a large number of deleterious
processes in AD as down-stream from this phenomenon. The initiating event
is said to be that "during the process of self-aggregation, A} generates
hydrogen peroxide and hydroxyl radicals and the production of these
reactive oxygen species induces the peroxidation of lipids in the plasma
membrane which can impair the function of membrane ion-motive ATPases
(Na"/K'- and Ca™-ATPases, and glucose and glutamate transporters),
resulting in membrane depolarization and a decrease in cellular ATP levels."
Disruption of cellular calcium homeostasis follows. Evidence for these
downstream cellular events is given in the summary and in the group of
papers that are cited. These experiments involve substantial time delays from
application of AP peptide and reading of the assay. The initiating event
remains in doubt. Although the statement is made in Mattson and Furukawa
that "During the process of self-aggregation, AB generates hydrogen
peroxide and hydroxyl radical...... " followed by the downstream events
mentioned above, no direct evidence is given in the review or in the cited
references to substantiate this important notion concerning initiation.

Behl et al. (1994) [see also Chapter 4] produced evidence that "the
cytotoxic action of AP on neurons results from free radical damage to
susceptible neurons”. Using PC12 neuronal cells, B12 cells derived from rat
brain tumors and CNS primary cultures they showed that A causes the
overproduction of HyO,, leading to cell death. The AP peptides used were
only AP1-40 and AP25-35. (At the time of these experiments the importance
of AP1-42 overproduction in the pathogenesis of AD was not generally
appreciated.) Also, the question of whether the Alzheimer peptides are
aggregated or not is not addressed in this early paper. Since the toxicity
assays are done after considerable delay, one can assume that a measure of
aggregation has taken place during the A challenge. They show an increase
in H,0, production which could "lead directly to cell death, probably via
hydroxyl radical induced oxidative damage". These authors demonstrate
cytotoxicity in three ways: the MTT assay, thought to reflect early redox
changes in the cell, LDH release, a sign of necrotic cell death, and the
Trypan Blue assay which measures loss of membrane integrity. Oxidative
damage is clearly demonstrated in these experiments, as is the role of various
anti-oxidants in preventing cell death, as measured in their assays. There
were striking time lapses before measurements were taken, ranging from
several hours to 1 day. Therefore, all the biochemical events described or
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postulated might be downstream from an initiating event or events. They
remain important possibilities in the pathogenesis of AD.

The notion that Alzheimer pathogenesis is primarily due to or at least
involves disturbance of calcium homeostasis is very appealing. In particular
the impairment of long-term potentiation by AP peptides is intriguing, since
it provides a mechanistic link between AP toxicity and the characteristic
memory deficits of AD (Ferreira ez al., 1997).

Glabe (2004) recently pointed to the ability of AP peptide oligomers to
effect ion transport across membranes. He writes ““... We also examined the
effect of soluble (amyloid) oligomers on membrane conductance. We found
that soluble oligomers and not low MW species or fibrils from all types of
amyloids tested specifically increase the conductivity of the membrane. The
conductivity is not ion selective and does not appear to be due to pore or
channel formation. This increase in conductivity could have a detrimental
effect on a broad range of biological processes, ...”. The actual mechanism
remains to be determined.

3. Ap PEPTIDES RAISE CYTOSOLIC Ca**
CONCENTRATIONS BY INFLUX THROUGH AN
IONOPHORE FORMED BY Ap PEPTIDES

Starting with the early work of Arispe and colleagues (Arispe et al.
1993a,b; Durell er al., 1994) the Alzheimer AP1-40 peptide has been
reported to form calcium-specific ionophore "holes" in artificial membranes,
allowing a Ca®" current to flow down its electrochemical gradient. Some of |
these experiments have been repeated in membranes from a hypothalamic
cell line. Models of possible ionophore configurations have been proposed
based on certain assumptions of the a-helical content of AB1-40. The
putative ionophores are not blocked by the usual antagonists of voltage-
gated calcium channels (VGCCs), but are blocked by A" and by high
concentrations of Tris". At their simplest, such ionophores should be
effective Ca*"-channels in all cells, neuronal and non-neuronal alike. But
Alzheimer's is highly regionalized and is especially active in killing neurons
in particular brain nuclei.

Our early patch clamp experiments (Sanderson et al., 1997) using hNT
neuronal cells support such a mechanism for Ca®* influx caused by the
synthetic AB25-35 peptide. This is a short version of the naturally occurring
AP1-40, AB1-42 peptides, but does not itself occur in AD or in normal
brains. Models for the conformation of this peptide have been proposed, but
curiously they postulate mostly a-helices in the aggregated AB25-35, even
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though this is a peptide region generally assumed to be in P-sheet
conformation. This question remains unresolved.

Ap42(aggr) causes Ca”" Influx ,
82531 Inhibited by AMPA-antagonist NBQX [ ——nRetio |
34 , e

- Ap 4Zaggr lonomycin

Net fluorescence ratio 340/380

0 Tyrodes Aﬁ423ggr + NBQX Aﬁ42agg

0 500 | 1000 : 1500 Seconds

Figure 2. Aggregated 10 uM AB1-42 raises cytosolic Ca’" in CATH.a cells. The AMPA
antagonist NBQX completely block AB1-42 calcium influx into CATH.a cells, an effect that

is partially reversible.

4. AP PEPTIDES RAISE CYTOSOLIC Ca**
CONCENTRATIONS BY ACTIVATION OF
LIGAND-ACTIVATED ION CHANNELS

Recent experiments from our laboratory (Blanchard et al., 1997; 2000)
have established a third mechanism of AP neurotoxicity that is active on
neuronal cells in culture. This is an immediate and very early mechanism,
producing a measurable influx of external Ca*" ions within a few seconds.
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Our proposal for this third mechanism states that aggregated AB1-42, and
probably also AB1-40, interact specifically with Ca’ -permeant a-amino-3-
hydroxy-5-methylisoxazolepropionic acid (AMPA) receptors on the surface
of certain neurons, thereby aliowing a dramatic immediate influx of external
Ca’ ions.

As can be seen in Figure 2, Ca®* ions flow into the cell within seconds of
application. This does not occur when the external Ca’* concentration is
zero, Le. it is not due to release of Ca®" ions from internal storage. It is
completely inhibited by NBQX, a specific AMPA-receptor antagonist.
Earlier experiments with CNQX, another AMPA antagonist, confirm this
observation. These observations prove the direct and crucial involvement of
Ca’*-permeant AMPA receptors in this mechanism.

As was said earlier, both Ap1-40 and AB1-42 self-aggregate and form
cytotoxic aggregates that eventually lead to neuronal death (Blanc ez al.,
1997; Yankner et al., 1990). This process would account for the enormous
neuronal loss in AD, affecting specific types of neurone that carry the
specific AMPA-receptor involved.

Donut-like oligomers/aggregates of the AB1-42 peptide are very common
at early incubation times at, pH7.4 (Blanchard et a/., 2000, and unpublished
data). Certainly in vitro these donuts quickly change into protofibrils and
then into fibrils. It is conceivable that in accordance with the ionophore
mechanism, as described above, these donuts might insert into neuronal cell
membranes and conduct Ca®” influx as ionophores. In our hands, this is not
the case. AP1-42 must be pre-incubated for at least 24 hours before the
preparation will promote Ca’"-ion influx. By this time they have turned into
protofibrils and some fibrils. This transition into protofibrils and fibrils is
likely to occur in vivo, as in vitro. Furthermore, donuts, the early oligomeric -
forms, do not contain B-sheet structures, as do protofibrils and fibrils. Such a
scheme could explain the neurotoxicity (deleterious Ca®*-ion influx) as well
as the singular distribution of cell loss.

As seen in the electron microscope (e.g. by negative staining)

(AB1-42); > (AP1-42), > (AP1-42)prototibrits 2 (AB1-42)sipriss
not visible “donuts™  —emeemee- NEeUrotoXic-----------

Only certain neurons have the specific receptors that are sensitive to
AB1-42 protofibrils and fibrils. The aggregated peptide (AP1-42)aprs
apparently opens Ca’*-permeant AMPA receptors, causing Ca’ -influx only

! donut-like aggregates are very commonly observed at very early AP
incubation times, at pH7.4 (see also Chapter 1)
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in those neurons that have this type of receptor. This view would explain the
nucleus-specific nature of Alzheimer's disease, since it is known that the
distribution of, for example, a calcium-permeant AMPA-receptor is quite
restricted.

It seems that AD pathology correlates with a much higher proportion of
the AP1-42 species. The accumulated AP-peptides and their apparent
mechanism of action are obvious targets for the development of therapeutic
strategies (see Chapter 19).

5. AP PEPTIDES MODULATE SIGNALLING
MECHANISMS

There are very interesting reports that the Alzheimer AP peptide can
inhibit Long Term Potentiation (LTP) in brain slices (Wang et a/., 2002).
Transgenic mice over-expressing APP gene show greatly diminished LTP in
vivo, although regular transmission is normal (Chapman ef al., 1999). It is
not known whether any of the above ionic transmembrane mechanisms are
involved in LTP.

6. CONCLUSIONS

Three of the four models described agree that the end result of AB1-42
action on neuronal cells is a destabilization of cytosolic calcium homeostasis
in the direction of increased [Ca’']. The mechanisms, however, differ with
respect to neuronal specificity and the initiation of calcium dyshomeostasis.
Only one, involving the action of fibrils of aggregated AB1-42 peptide on
certain AMPA-receptors is effective within a few seconds.

Much remains to be done. At present, all the proposed mechanisms are
based on in vitro experiments, yet we apply them to the in vivo situation.
Currently that is the only thing that we can do. But there is hope! The direct
photography of Alzheimer plaques in the lining mouse brain (Bacskai ef al.,
2003) gives us hope that a refinement of that technique might make possible
the detection of at least early protofibrils. That would substantiate part of the
mechanism #4 above, since visualization is through dyes that specifically
interact with PB-sheet-containing structures. A time course, using such a
technique, would be very helpful

It remains to be seen whether therapeutic candidates for treating
Alzheimer’s disease, that are based on in vitro findings, will be successful in
animal models and in human trials.
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Chapter 18
Amyloid Inhibitors and p-Sheet Breakers

Claudio Soto and Lisbell Estrada
Protein Misfolding Disorders Laboratory, Department of Neurology, University of Texas
Medical Branch, Galveston, TX, USA

Abstract: Compelling evidence indicates that a key pathological event in Alzheimer’s
disease is the misfolding and aggregation of normal soluble amyloid-B peptide
into B-sheet-rich oligomeric structures which have a neurotoxic activity and
ability to form insoluble amyloid deposits that accumulate in the brain. B-sheet
breakers constitute a new class of drugs that are designed to specifically bind
amyloid-B peptide blocking and/or reversing the misfolding process. In this
article we review this approach and summarize the data supporting the view
that B-sheet breakers could be serious candidates to combat this devastating

disease.

Key words:  Alzheimer’s disease; amyloid; B-sheet breakers; therapy

1. INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of late-life dementia,
and represents one of the leading causes of death in the developed world.
AD is a progressive and devastating neurodegenerative disorder
characterized by memory loss, and a variety of cognitive disabilities. This
disease is a major social and health care problem, because of its increasing
prevalence, long duration and high cost of care. Despite important efforts
aimed at elucidating its underlying molecular mechanisms, there is still no
effective treatment available for this disease.

351



352 Claudio Soto and Lisbell Estrada

The major neuropathological changes in the brains of AD patients are
neuronal death, particularly in regions related to memory and cognition and
the presence of abnormal intra- and extracellular abnormal protein
aggregates, known as neurofibrillary tangles and amyloid plaques,
respectively (Terry, 1994; Selkoe, 1997). Tangles are paired helical
filaments composed largely of abnormally hyperphosphorylated tau protein
(Terry, 1994). Amyloid plaques deposit in AD brain parenchyma in the form
of senile plaques and around the cerebral vessels walls (Selkoe, 1997).
Amyloid deposits have revealed to be essentially composed of aggregated
amyloid-B peptide (AP). This 39-42 residue peptide is derived from the
processing of a large ubiquitous type I transmembrane protein called APP
(amyloid precursor protein), whose gene is located on chromosome 21
(Selkoe, 1997). The AP domain, which starts on the cell surface and ends
within the membrane is sequentially cleaved by - and y-secretase at the N-
and C-terminus, respectively (Selkoe, 1997). Although the role of tangles
and amyloid plaques in the pathogenesis of the disease is not fully
understood they represent a typical signature of AD and their presence is
needed to make a definitive postmortem diagnosis of the disease.

2. IS AMYLOID THE CAUSE OF AD
PATHOGENESIS?

In spite of numerous studies aimed at understanding the aetiology of AD,
the triggering events leading to neuropathology remain to be clearly defined.
Compelling evidence has accumulated in the last fifteen years indicating that
amyloid may be the cause of neurodegeneration in AD or at least a central
event in the pathogenesis (Selkoe, 1997; Selkoe, 2000b). These evidences
come primarily from studies of individuals affected by the familial form of
the disease or by Down’s syndrome patients. Almost all patients with
Down’s syndrome (trisomy 21), which contain three copies of the APP gene,
develop AD neuropathology at an early age, and the presence of diffuse
amyloid deposits has been shown to precede other alterations (Mann, 1989).
The fact that mutations in the amyloid protein precursor (APP) gene are
associated to familial AD is a strong indication of the importance of amyloid
in the pathogenesis of the disease (Selkoe, 2000a; Hardy er al., 1998). In
addition to APP, three other genes have been so far linked with AD:
apolipoprotein E (apoFE, chromosome 19), presenilin 1 (PS!, chromosome
14) and presenilin 2 (£S2, chromosome 1). Mutations or polymorphisms in
these genes induce an increase in the production or amyloidogenicity of Af
and therefore appear to be implicated in the disease through the formation of
amyloid (Selkoe, 2000a; Selkoe, 2000b; Younkin, 1995; Fraser et al., 2000;
Price et al., 1998). Moreover, transgenic mice that express high levels of
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human mutant APP progressively develop many of the pathological
hallmarks of AD, including cerebral amyloid deposits, neuritic dystrophy,
astrogliosis and behavioral alterations (Price er al, 1998; Van Leuven,
2000).

Based on these findings it was thought during several years that mature
amyloid plaques deposited in brain parenchyma were the culprit of
neurodegeneration and disease. This idea was further supported by results
indicating that amyloid aggregates are toxic to neuronal cells in culture and
that citotoxicity was dependent upon AP aggregation (Pike et al., 1993;
Lorenzo and Yankner, 1994). However, in the last couple of years this view
has been changing progressively in favour of soluble misfolded oligomeric
intermediates as the toxic specie (Caughey and Lansbury, 2003; Walsh ef al.,
2002). Recent in vitro experiments obtained in cell culture experiments
suggest that the soluble oligomeric intermediates (also known as AB-derived
diffusible ligands) and protofibrils could be even more toxic than amyloid
fibrils (Walsh et al., 1999; Lambert et al., 1998). Moreover, temporal studies
of the appearance of AD-like alterations in APP transgenic animals have
shown that significant cerebral damage and cognitive impairment appear
before amyloid plaque detection (Moechars et al., 1999). The nature of the
toxic AP specie is very important to design efficient therapeutic strategies
based on arresting the negative influence of the AP pathway. Indeed, some
scientists have proposed that the deposition of amyloid plaques could even
be considered a protective event allowing the deposition and isolation of the
toxic abnormally folded AP oligomers (Caughey and Lansbury, 2003).

A clear mechanism to explain the role of AP in neurodegeneration is still
missing (Yankner, 1996; Soto, 2003). Cell culture experiments involving the
conversion of soluble AP into B-sheet rich AP have suggested that amyloid
deposits, protofibrils and/or soluble oligomers could be directly toxic to
neurons (Selkoe, 1997; Soto, 2003; Caughey and Lansbury, 2003). Various
mechanisms have been proposed to explain AP neurotoxicity, including
mitochondrial redox activity impairment leading to increased free radicals,
intracellular Ca®" increase, ion channels formation, or signal transduction by
interaction with specific cellular receptors (Soto, 2003; Yankner, 1996).
Alternatively, amyloid could be indirectly toxic through a locally induced
chronic inflammatory response, with the abnormal A structures acting as an
irritant that triggers inflammation (Soto, 2003; McGeer and McGeer, 1998).
Indeed, AD brains are characterized by microglia and astrocyte activation, as
well as by numerous inflammatory proteins, including complement factors,
pro-inflammatory cytokines and acute phase-reactant proteins (McGeer and
McGeer, 1998). However, it remains to be clarified whether one central
mechanism mediates amyloid toxicity or if it is dependent on an interplay of
several direct and indirect processes.
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3. AMYLOID AGGREGATION INHIBITORS

AP misfolding and aggregation is probably the first pathological
processes in AD. This fact and the abundant knowledge accumulated about
the molecular mechanism of amyloid formation make the inhibition of AP
misfolding and oligomerization an attractive therapeutic target for AD.
However, uncertainties respect to which A species is mostly involved in the
disease pathogenesis complicate this approach, because inhibiting the
process in the wrong step may lead to accumulation of toxic intermediates.

Several unrelated small molecules have been shown to prevent and/or
reverse AP polymerization in vitro. Among these compounds is possible to
mention the following (Fig. 1): congo red (Lorenzo and Yankner, 1994),
hexadecyl-N-methylpiperidinium bromide (Wood et al, 1996), small
sulfonated anions (Kisilevsky et al, 1995), benzofuran-based compounds
(Allsop et al., 2001), rifampicin (Tomiyama et al, 1994), melatonin
(Pappolla et al., 1998), nicotine (Salomon er al., 1996), estrogen (Hosoda et
al., 2001), glycosaminoglycans mimetics (Gervais et al., 2001), nitrophenols
(De Felice et al., 2001), tetracycline (Forloni ef al., 2001), anthracycline 4'-
iodo-4'-deoxydoxorubicin (Merlini ez al., 1995), clioquinol (Cherny et al,
2001), ibuprofen (Lim et al, 2000) and  N,N’-bis(3-
hydroxyphenyl)pyridazine-3,6-diamine (Nakagami et al., 2002). The activity
of many of these compounds has also been shown in vivo using AD animal
models and even some of them are currently under clinical evaluation in AD
patients. However, the usefulness of these small molecules as amyloid
inhibitors is compromised by their lack of specificity and their (in most of
the cases) unknown mechanism of action, which makes it difficult to
improve them. In addition, many of these compounds are highly toxic.

A more rational approach to make inhibitors of amyloid formation is to
design specific peptide ligands based on the well-known self-recognition
ability of AB and on the study of the structural requirements for AP
aggregation (Soto, 1999; Findeis, 2002; Mason et a/., 2003). This knowledge
was used to develop peptide inhibitors that contain the self-recognition
motif, which binds AP and partially inhibits amyloid fibril formation in
vitro. Several different peptides around the sequence 16-22 of AP are under
development (Soto, 1999; Findeis, 2002; Mason et al., 2003).

Tjernberg and co-workers showed that the AB(16-20) peptide is able to
bind full-length AP and prevent its assembly into fibrils (Tjernberg et al.,
1996).



Amyloid Inhibitors and f-Sheet Breakers 355
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Figure 1. Chemical structure of some small-molecule amyloid inhibitors. Several structurally
diverse small chemical molecules have been reported to inhibit either amyloid fibril formation
or amyloid neurotoxicity in vitro. Some of them have also been shown active in animal
models of AD. Unfortunately, their lack of specificity and, in many cases, toxicity diminishes
their therapeutic use.

Using molecular graphics simulations, they hypothesized that it binds

stereospecifically and in an antiparallel conformation to AB. However, A
(16-20) spontaneously aggregates into amyloid-like fibrils and thus its use
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as an inhibitor might be problematic. Therefore, several groups began to
modify this sequence to produce peptide derivatives containing the self-
recognition motif, but at the same time a disrupting element enhancing their
inhibitory activity. Our approach using -sheet breaking amino acids was the
first to lead to modified peptides with inhibitory activity (Soto ef al., 1996).
This strategy will be discussed in the next section.

Based on the fact that the major force driving AP aggregation is
hydrophobicity, Murphy and colleagues have added charged residues to the
ends of the recognition motif as a disrupting element (Ghanta et al., 1996;
Pallitto et al., 1999). Having shown that at least three lysines are required as
an appropriate disrupting element, the compound (KLVFFKKKK) showed
activity in altering fibril morphology and reducing cellular toxicity in vitro.
The anionic disrupting compound KLVFFEEEE had similar effects, whereas
the neutral compound KLVFFSSSS was ineffective, suggesting that the
charged nature of the disrupting element is critical (Pallitto et al., 1999).
Another approach to produce peptide inhibitors have been reported by
Findeis and co-workers (Findeis et al., 1999; Findeis et al., 2001). Their
strategy was to retain a peptide sequence that could bind to AP and add a
bulky group, such as a steroid, at its terminus to hinder AB polymerization.
The all-D-amino acid peptide cholyl-LVFFA-OH was shown to be a potent
inhibitor of AB polymerization, but was cleared up almost completely upon
hepatic first pass, possibly because the cholyl group was recognized as an
endogenous bile component (Findeis et al., 2001). Several other peptides
with different chemical groups having improved pharmacological properties
are under development. Various teams are studying the incorporation of N-
methyl amino acids into peptides as disrupting elements (Hughes et al.,
2000; Gordon et al., 2001). The idea behind is that one side presents a
hydrogen-bonding ‘complementary’ face to the protein, with the other side
having N-methyl groups in place of backbone NH groups, thus presenting a
“blocking' face (Mason et al., 2003). Hughes et al. have shown that N-methyl
derivatives of AP(25-35) are able to prevent aggregation and inhibit toxicity
in PC-12 cells (Hughes et al., 2000). Meredith and co-workers investigated
N-methylated peptides corresponding to 16-22 and subsequently 16-20
sequence of AB. These peptides can prevent A fibrils from forming and
break down preformed fibrils (Gordon et al, 2001). N-methylation
contributes additionally to make the peptides more resistant to proteolysis
than regular peptides (Adessi and Soto, 2002). More recently, Kapurniotu
and colleagues reported an AP1-28 analog constrained by an internal cycle
between residues Lysl7 and Ala21. This modified peptide inhibited AP
aggregation and cytotoxicity (Kapurniotu et al., 2003).
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4. B-SHEET BREAKERS

B-sheet breakers have emerged in the last few years as the prototype class
of compounds inhibiting and reversing protein misfolding and aggregation.
Indeed, although we coined this name to refer specifically to our compounds
rationally-designed to break f-sheets, in recent years the [-sheet breaker
concept has been used to refer to any compound with amyloid inhibitory
properties, such as some of those described in the previous section.

Our approach to produce B-sheet breakers uses the AP self-recognition
motif (17-20) to achieve binding and specificity, but replacing a residue
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Figure 2. B-sheet breaker peptides as a promising approach for the treatment of AD. A 5
residues peptide (chemical structure in center panel) has been shown to be active in several in
vitro, cellular and in vivo models. In vitro studies showed that the compound was able to
inhibit and dissolve amyloid plaques in the test tube, as studied by electron microscopy (top,
left panel) among other techniques. In cell cultures, the peptide prevented neuronal death
induced by amyloid (top, right panel) as studied by staining procedures that allow to
distinguish healthy (green) from death (orange) cells. In vivo experiments were done by using
two different animal models; a rat model of cerebral amyloidosis (bottom, left panel) and a
double transgenic mice model of AD (bottom, right panel). In both models, the 5 residues b-
sheet breaker showed a significant activity on preventing and dissolving amyloid plagues.
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important for forming B-sheets by an amino acid thermodynamically unable
to fit inside this structure (Soto et al., 1996; Soto, 1999). Valine at position
18 of AP plays an important role on stabilizing -sheet folding in Af (Soto
et al., 1993), but seems not to be absolutely necessary for self-recognition.
Therefore, we decided to replace this amino acid by proline, a residue that
because of its particular chemical structure is an efficient B-sheet breaker
(Wood et al., 1995; Kim and Berg, 1993). A prototype S-residue p-sheet
breaker peptide (iAB5 Seq: LPFFD) has been tested in different in vitro,
cellular and in vivo assays (Figure 2). The in vitro activity was
quantitatively demonstrated using a thioflavine T binding assay, which is a
commonly used fluorometric method to quantify amyloid, and qualitatively
confirmed by electron microscopic examination of amyloid fibrils (Soto et
al., 1996; Soto et al., 1998). This peptide appeared not only to inhibit the
abnormal AP conversion and subsequent amyloid formation, but also to
dissolve preformed fibrils (Soto et al, 1996; Soto et al, 1998). Human
neuroblastoma cell culture experiments revealed that iABS was able to
prevent neuronal death induced by the formation of B-sheet-rich oligomeric
AQ structures (Soto et al., 1998). Two animal models have been employed to
monitor the activity of B-sheet breaker peptides in vivo. In the first model,
amyloid deposition was induced by injecting non-aggregated AB1-42 in rat
brain. After some time, a single fibrillar lesion with ultrastructural properties
similar to AD amyloid plaques could be observed at the site of injection
together with some AD-typical neurodegenerative features such as extensive
neuronal shrinkage, astrocytosis and microglial activation (Soto et al., 1998;
Sigurdsson et al., 2000). Co-injecting iAB5 with AP1-42 reduced cerebral
AP accumulation and completely prevented the formation of fibrillar
amyloid-like lesions (Soto et al., 1998). In a second experiment in the rat
model, iAB5 even proved to be able to induce a significant reduction in the
size of preformed AP fibrils when it was injected into the cerebral amygdala
8 days after injecting AP at the same place (Sigurdsson et al., 2000). A
reversion of the associated cerebral histopathological changes, such as
neuronal shrinkage and microglial activation, was also observed in this
experiment. No effect was detected by injecting unrelated peptides (used as
controls) under the same conditions.

5. FROM B-SHEET BREAKER PEPTIDES TO -
SHEET BREAKER DRUGS

Like most short unmodified peptides, B-sheet breaker peptides are very
prone to peptidase degradation and exhibit very short half-lives in vivo
(Adessi et al., 2003; Adessi and Soto, 2002). For example, incubation of



Amyloid Inhibitors and f-Sheet Breakers 359

iABS5 in human plasma revealed a half-life of only 5 minutes (Permanne et
al., 2002a). Since no metabolites could be detected, it was concluded that
degradation was complete and most probably due to exopeptidases. In order
to block this enzymatic activity, iABS was end-protected by N-terminal
acetylation and C-terminal amidation, yielding iABSp (Ac-LPFFD-NH,).
iAB5p appeared to be very stable both in human plasma and CSF, with little
or no degradation after 24 hours of incubation (Permanne ez a/., 2002a). This
better stability made possible the evaluation of iAB3Sp efficacy in a more
relevant transgenic animal model by reasonable routes of administration. A
double transgenic mouse model overexpressing human APP with the London
mutation (V7171) and human PS1 with the A246E mutation develops many
AD pathological features, such as extensive deposition of amyloid plaques,
neuritic dystrophy, astrogliosis and some degree of tau neuropathology
(Dewachter et al, 2000). Such animals were treated with iABSp via
intracerebroventricular infusion (icv) or intraperitoneal injection (ip, three
times a week) for a period of 8 weeks. This treatment resulted in a
significant lowering of cerebral amyloid load (67.3% and 46% for icv and ip,
respectively) compared to vehicle administration, as well as a decreased
brain inflammation and neuronal loss (Permanne et al., 2002b). However, by
contrast with in vitro stability experiments, pharmacokinetic studies in rats
revealed an in vivo 1AB5p half-life of only 37 minutes. In order to further
increase enzymatic stability, we identified the major cleavage sites in vivo
and protected these peptide bonds by introducing various chemical
modifications around them (Adessi et a/., 2003). From the numerous newly
engineered iABSp derivatives, one peptide appeared to have the same in
vitro activity as iABSp in inhibiting amyloid fibril formation and amyloid
neurotoxicity, while exhibiting a much higher stability in rat brain
homogenate and a 10-fold greater half-life after intravenous administration
to mice (Adessi et al., 2003).

Minimizing the weakness of a peptide by specific chemical modifications
may increase the drug-like properties of the compound, but in order to have
an orally available and highly effective drug, the design of a non-peptide
mimetic is needed. For this purpose, it is important to know the mechanism
of action of the lead compound, the chemical groups responsible for activity
and the tridimensional structure of the active compound (Adessi and Soto,
2002; Adessi and Soto, 2002; Moore, 1994).

Although numerous experiments involving various f-sheet breaker
peptides have shown that these drug candidates were very efficient both in
vitro and in vivo, the mechanism underlying their activity remains mostly
unclear. f-sheet breaker peptides appear to bind to the central self-
recogunition motif of AP through hydrophobic interactions. Hydrophobicity is
also the major driving force for APB-AP interaction through the self-
recognition sequence (Soto et al, 1994). Indeed, the replacement of
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hydrophobic residues by hydrophilic ones in this region of AP has been
shown to prevent amyloid formation, thereby suggesting that aggregation of
AP monomers is driven by hydrophobic interactions (Hilbich et al., 1992).
Since B-sheet breaker peptides exhibit a certain degree of homology to the
self-recognition region of Af, they may compete with A monomers to bind
this region through similar interactions. Consistent with this view, molecular
modelling studies of the interaction between the three-dimensional structure
of AB1-40 and iAPB5p, both elucidated by nuclear magnetic resonance,
suggest that the B-sheet breaker binds to a hydrophobic pocket in the central
region of AP in an antiparallel way (unpublished observations).

From our structure-activity studies, it seems that Pro and Phe at positions
2 and 3, respectively, play a fundamental role in the activity of f-sheet
breaker peptides (Adessi er al, 2003). It has been shown previously by
several groups that Phe 19 (equivalent to the Phe 3 of iABSp) is critical for
AP-Ap interaction and amyloid formation (Hilbich et al., 1992; Tjemberg et
al., 1996; Wood et al., 1995). 1t is likely that the phenylalanines (second and
third position) and leucine (first position) residues are responsible for
selective binding of the B-sheet breaker peptides to AB. Also an ionic
interaction between positively and negatively charged residues in AP and
1ABS appears to be important for binding affinity. On the other hand, the Pro
residue does not seem to play a role on binding, but is critical for activity.
These results suggest the importance of maintaining a key balance between
the sequence homology between AP and the B-sheet breaker, and the
presence of amino acids able to disrupt B-sheet folding. Indeed, a B-sheet
breaker peptide with full sequence homology to Af would have a strong
affinity but would not be able to block the pathological conformational
change. On the other hand, a compound with too many proline residues to
inhibit B-sheet structures would be inactive because of low affinity due to
poor homology.

With all this information in hand, now the aim is to design compounds
with similar chemical groups in the correct tridimensional position but tied
together by a non-peptidic scaffold (Adessi and Soto, 2002; Moore, 1994).
Although this is a challenging task, the small size of the peptide lead and the
abundant knowledge of its structure and properties, coupled with the
accelerated advance on scaffold chemistry, make it feasible.
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Cholesterol and Alzheimer’s Disease: Statins,
Cholesterol Depletion in APP Processing and Ap
Generation

Tobias Hartman
Center for Molecular Biology Heidelberg (ZMBH), university of Heidelberg, Im Neuenheimer
Feld 282, D-69120 Heidelberg, Germany

Abstract: Molecular and more specifically subcellular analyses of the neurodegenerative
mechanisms involved in Alzheimer’s disease (AD) had been considered most
of the time an interplay of proteins and genes. However, some of the
observations could not be explained this way. Recently, a number of research
groups found the missing link ... lipids! Among the variety of lipids that had
been investigated, most investigations had been focused on cholesterol and
some derivatives. A recent statistic found that for every primary research
article on AD and cholesterol/statins, approximately two reviews were
published. This clearly reflects as much the interest in this topic, as it gives
evidence that this field is still in its juvenile phase and most aspects have yet to
be covered or clarified. To date there is evidently no final answer to whether
this approach will eventually provide a therapeutic solution to treat or prevent
AD. At the end of the day such answers can only be obtained from clinical
studies and to date only two studies with a suitable design have published their
results, one of them with preliminary results only. This review focuses on what
we know about the cellular mechanisms involved in the AD-lipid connection
and what kinds of problematic issues; theoretical and practical, are at hand.

Key words:  Cholesterol, neurodegeneration, amyloid, risk factor, therapy, molecular
mechanism, disease prevention, animal model, sub cellular compartments,

lipid trafficking, statin.
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1. INTRODUCTION

Cholesterol has its own reputation and is best known as a risk factor in
cardio-vascular diseases. Accordingly, cholesterol is the best-studied lipid,
however very little is known about its role in brain. Recognition as
straightforward risk factor in AD came late, the overall risk it contributes is
small but significant (Kivipelto et al., 2002; Kivipelto et al., 2001; Pappolia
et al., 2003). There is more indirect indication that point towards cholesterol.
But this risk factor is beneficial and very strongly reduces the AD risk.
These are cholesterol-lowering drugs called statins. In retrospective studies,
patients who received statins were strongly underrepresented in the AD, but
not the control group(s) (Jick et al., 2000; Rockwood et al., 2002; Wolozin
et al., 2000). And there is more to this. Carriers of the €4 allele of cholesterol
(and other lipids) transporting protein ApoE develop AD symptoms years
before others(Corder ef al., 1993), since ApoE alleles and cholesterol seem
to work hand in hand when it comes to AD progression (Evans et al., 2004).
ApoE e4 is the major genetic risk factor in AD (St George-Hyslop, 2000), it
therefore clearly deserves some attention. Cholesterol turnover in adult
human cerebral neurons is comparably low; overall, brain cholesterol half-
life is approx. 6 month (Bjorkhem and Meaney, 2004; Dietschy and Turley,
2001). Thus brain cholesterol is very stable as compared to blood cholesterol
in which the steady state level is fully adjusted after a maximum of only 6
weeks statin treatment. Cholesterol is also not shuffled between the
peripheral blood system and neurons or glia in any reasonable amount. This
is even more remarkable, considering that the central nervous system
represents approx. 2% of the entire body weight but contains approx. one
quarter of the cholesterol. Therefore, regarding cholesterol, the brain might
be seen as a largely autonomous organ. The need for cholesterol in neurons
may change significantly upon stimulation. For instance, synapses are very
rich in cholesterol and some of the traffic along axons and dendrites may
critically depend on cholesterol to form the appropriate raft domains (Mauch
et al, 2001; Pfrieger, 2003a, 2003b). Under conditions of increased
cholesterol need the limited capability of neurons to synthesize cholesterol
might be insufficient to respond adequately. Astrocytes, on the other hand
are well able to produce and store surplus cholesterol rapidly (Pfrieger,
2003a). At this very moment ApoE comes into play, as it delivers the
cholesterol produced in astrocytes to neurons (Goritz ef al., 2002). Of course
neurons also have to remove excess cholesterol, e.g. following synapse
formation. This is done in a number of ways; cholesterol export via ApoE is
one of them. The cholesterol-ApoE complex is then taken up by astrocytes
and the exchange cycle is completed. There are a number of ApoE mutations
known, three of these, ApoE €2, €3 and &4 occur so frequent that they are
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regarded as alleles. The point mutation in the €4 allele results in altered
receptor binding and consequences to deliver and remove cholesterol to or
from neurons. Why should this be of relevance to AD? ApoE4 might leave
neurons transiently with increased cholesterol, which might therefore be one
risk factor in AD. Indeed there is now crystal-clear evidence from a number
of studies that cholesterol modulates AB production (Hartmann, 2001). This
gets furthermore emphasized, as some studies indicate that ApoE alters
aggregation of AP in an allele specific manner (Bales ef al., 1999; LaDu e¢
al., 1995; Ma et al., 1994; Niaslund et al., 1995; Wisniewski ef al., 1994).

2. INTRACELLULAR ASPECTS

One of the earliest indications that cholesterol might be relevant to AP
generation came from a study on rabbits (Sparks, 1996; Sparks ef al., 1994).
Animals fed with a high cholesterol diet formed amyloid deposits.
Histological analyses revealed that these deposits stained positively with an
AB directed antibody. No sequencing or Western-blot of this material had
ever been done, which raised some doubts if these are true (intracellular) AB
deposits. Some time later it was found that primary mouse neurons
transfected with an amyloid precursor protein (APP) expressing Semliki
forest virus, could be prevented from producing AP as soon as the cellular
cholesterol content was reduced (Simons et al., 1998). In fact, this reduction
was achieved by culturing these cells in the presence of lovastatin, the very
first statin approved for clinical use. Statins block the activity of 3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA) reductase (Alberts et al., 1980). This
enzyme is not only essential for cholesterol biosynthesis; it is also the central
point of a regulatory cascade used to stabilize cholesterol homeostasis
involving the SREBP/SCAP system (Brown and Goldstein, 1999; Brown et
al., 2000). In cell-culture based experiments lovastatin or simvastatin
(another statin) is usually given at equilibrium concentration (Fassbender et
al., 2001). At this concentration the cholesterol biosynthesis pathway is
reproducibly blocked (see Figure 1). This however results in cellular
toxicity, since some essential nonsteroidal products produced in pathways
branching from of the main cholesterol biosynthetic pathway are not
produced anymore. Addition of small amounts of mevalonate (the product of
HMG—CoA reductase) prevents this (Langan and Volpe, 1987; Rao et al.,
1999). Apparently, mevalonate is shuttled mainly to the side pathways and
thus prevents toxicity without causing significant cholesterol production.
One interesting observation is that one of the branching pathways following
HMG-CoA reductase activity leads to geranylgeranyl-pyrophosphate
(Meske et al., 2003; Sawamura et al., 2003). If the HMG—CoA-reductase
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pathway is blocked, irrespective of cholesterol levels, abnormal tau
phosphorylation occurs. This is a very unexpected link between lipids and
Alzheimer’s disease that certainly warrants careful consideration.

Since cholesterol is abundant its in cells and turnover in neurons is
limited, statin treatment was originally not effective to reduce cellular
cholesterol levels. This treatment was therefore supplemented with a rather
harsh but effective and specific cholesterol extraction method. For this 5 mM
methyl-B-cyclodextrin (CDX) was added to the cell culture media, CDX
rapidly extracts cholesterol from the plasma membrane. However, this has
quite a number of consequences: 1) CDX in the originally applied
concentration (SmM for 20 min.) is fully sufficient to completely abrogate
AB production in most cell types, including primary neurons (Bergmann,
unpublished observation), it was therefore not possible to establish whether
statins do affect AP production when applied in combination with CDX.
Indeed lovastatin alone did not prevent AB formation (Simons et al., 1998),
most likely because after 48 hours of treatment internal cholesterol stores
remain sufficiently intact. Eventually, statin treatment was lengthened up to
72 hours, which strongly reduced AP production, showing that statins do in
fact prevent AP production in vitro (Fassbender et al., 2001). 2) Another
consequence is that CDX treatment enabled further insight into the cellular
mechanisms involved to be obtained. Both statins and CDX produced
cholesterol reduction by entirely separate mechanisms: statins prevent de
novo cholesterol synthesis, but CDX physically removes cholesterol from
cells. The outcome is identical — AP production declines. It was therefore
concluded that the levels of cellular cholesterol and not its precursors are
related to lowering of AP production (Fassbender et al., 2001). This was
later confirmed by the treatment of transgenic mice (Refolo et al., 2001) and
guinea pigs (Fassbender and Hartmann unpublished observation) with
BM15.766. BM15.766 inhibits the final step of cholesterol synthesis and
results in reduction of cerebral Af levels in both animal models.

3. INTRACELLULAR AB AND CHOLESTEROL

Cholesterol is not evenly distributed throughout the cells. Cholesterol is
synthesized at the endoplasmic reticulum (ER) and trafficked to the plasma
membrane. Cholesterol concentration is very low in the ER and increases
continuously along the secretory pathway. Its concentration is highest at the
plasma membrane, especially in lipid micro domains or raft domains

Figure 1. (On facing page) The cholesterol biosynthetic pathways. Indicated are enzymic
steps of interest for AP generation and tau phosphorylation.
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(Simons and Ikonen, 1997). There are several routes for cholesterol up-take
but eventually all cholesterol is trafficked back to the ER. From here
cholesterol is either redistributed or esterified and stored in lipid-droplets.
Puglieli ef al. found that esterified cholesterol too, affects AB production
(Puglielli ez al., 2001). However, it appears that this is due to a new cleavage
site in APP that is activated by intracellular esterified cholesterol levels and
presumably results in retargeting of APP towards a non-amyloidogenic
degradation pathway and might be independent of the effects, cholesterol has
on APP-secretase activity (Kovacs, personal communication).

The Niemann-Pick Cl1 (NPC1) protein mediates one of the critical
pathways of cholesterol up-take. NPC1 is essential for transfer of cholesterol
and a number of other lipids from late endosomes into a Rab7 positive
compartment; involved in cholesterol sorting (Cruz and Chang, 2000; Cruz
et al., 2000; Liscum et al., 1989). From here cholesterol is transferred to the
ER. NPC1 activity can be suppressed by UI866A or Imipramine. This
results in an accumulation of cholesterol in endosomes and a parallel
increase in y-secretase activity (Runz et al., 2002). However, as detailed
analyses showed, the intracellular AP accumulation occurs in a compartment
separate from that of the cholesterol accumulation. AB accumulates in the
actual Rab7 positive compartment that is normally involved in cholesterol
sorting, while cholesterol remains in endosomes. The most likely cause of
increased AP production is a shift in presenilin (PS) localization from the ER
into the Rab7 positive compartment. This is also confirmed by increased y-
secretase activity. However, at the same time B-secretase activity is reduced
(Runz et al., 2002; Yamazaki ef al., 2001). The finding that PS localization
depends on NPC1 activity and cholesterol trafficking in vitro and in vivo
(Burns et al., 2003) is especially remarkable, in the context of a connection
between AD and lipids. The function attributed to the Rab7 positive
compartment is that of lipid trafficking. Purification of these vesicles
revealed a relative small variety of proteins; indicating that one of the
biological functions of one of the enzymes central to AD pathogenesis might
be associated with lipid trafficking or lipid homeostasis. It is important to
highlight that this compartment links endosomes with ER and at least upon
inhibition of NPC1 function some ER proteins are present in this
compartment as well. This shift in localization is therefore not as provoking
as it appears on first sight. This is also confounded by small amounts of PS
already colocalizing with Rab7 during normal cholesterol trafficking (Runz
et al., 2002).

The reason for reduced B-secretase activity is not entirely clear, but might
be related to very strong cholesterol increase in endosomes; the site of major
B-secretase activity. There are a number of other findings that link p-
secretase activity to cholesterol rich rafts, which may contribute to reduced
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B-secretase activity (Cordy et al., 2003; Ehehalt et al., 2003; Marlow et al.,
2003; Riddell et al., 2001).

Since y—secretase scission has to be preceded by B-secretase cleavage
(Hartmann, 1999), y—secretase activity cannot be judged independently of -
secretase activity when APP is used as substrate. Therefore y-secretase
activity had to be judged by using a truncated APP construct, C99 (Tienari et
al., 1996), which is identical to the B-secretase cleavage product. In this
respect it is important to note that due to the strong inhibition of B-secretase
activity no increase in AP can be observed when cholesterol retrograde
trafficking is blocked and APP is used as substrate (Runz et al., 2002).

One way of analyzing B- and y—secretase activity together is to use a
construct that can be cleaved independently by both enzymes. The Cl11
construct (Tienari et al., 1996) contains both cleavage sites but is sufficiently
short at the amino-terminal side to be processed by 7y-secretase
independently. Here depressed B-secretase and increased y—secretase activity
was observed upon NPCI inhibition. Moreover, this substrate can also be
used to address, which amyloidogenic secretase is mainly affected by
cholesterol and what pools of intracellular Af are reduced? Neurons produce
intracellular AB42 early in the secretory pathway, mainly in the ER
(Hartmann et al,, 1997). The TGN produces mainly AB40, which is not
present in the ER, and low amounts of AB42 (Grimm et al, 2003).
Cholesterol depletion with CDX affects primarily the plasma membrane,
followed by some cholesterol depletion in the late secretory pathway due to
membrane ftrafficking, but cholesterol levels in the Golgi and earlier
compartments remain unchanged. With C111 it is now possible to
specifically address these AP pools. As can be expected from the cholesterol
distribution, AP42 levels are only slightly altered indicating that the
intracellular y—secretase 42 activity remains resistant to such treatment. The
B- and y—secretase 40 activities, however, are strongly reduced, confirming
that most B- and y—secretase 40 activities are present in the late secretory
pathway (Bergmann and Hartmann unpublished observation).

Statins seem to act very differently here. Since they are slow acting and
internal cholesterol stores have to be reduced before the AP metabolism is
affected statins reduce secretase activity more uniformly and do not
discriminate between AP40 and AP42. Nevertheless, it cannot be excluded
that some statins might shift the AB40/42 ratio as well. The reason might be
that y—secretase cleaves the APP trans-membrane domain (APP-TMD) in a
site, but non-sequence specific manner. The exact cleavage site is
determined by the integration of APP-TMD into the membrane. y-cleavage
always occurs at the membrane center, most likely at the lipid leaflet
interface (Grziwa et al., 2003). In thin membranes, e.g. the ER membrane,
the APP-TMD shifts towards the C-terminus, resulting in a shift of the
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cleavage site as well. In case of the ER this is by exactly two amino acids,
resulting in AP42 production rather than AB40 that would be typical for A
produced in the thick plasma membrane. Alteration exclusively in one
membrane leaflet should have similar effects. Kirsch ef al. found that some
statins may do exactly this (Kirsch ez al., 2003). Lovastatin and pravastatin,
but not simvastatin, reduced cholesterol specifically in the exofacial
membrane leaflet. Nevertheless, it remains to be seen whether this is of in
vivo relevance, currently no such changes in AP ratio upon statin treatment
were observed in clinical trial.

Whereas cholestero! reduction decreases (- and y—secretase activity, it
has just the opposite effect on a-secretase activity, which should result in
further decreased AP production (Kojro, 2001). Aspects of the non-
amyloidogenic pathway are described in detail in Chapter 5.

4, INVIVO ASPECTS

Several attempts have been made to address this question in vivo. One of
the most difficult aspects is standard animal models for AD, the transgenic
mouse model handles exchange to peripheral organs and brain cholesterol
differently from humans (Fassbender ef al., 2001). Therefore statin based
animal experiments appear to be very difficult to perform and may or may
not reflect the human situation. The only published amyloid mouse model
treated thus far with statins, resulted in an increased AP production in
female, but not male, mice (Park ef al, 2003). While statins effects on
mouse cerebral AR metabolism remain a critical issue an interesting note has
to be added in respect to ApoE. Refolo and Pappolla found that statins
decrease glia derived ApoE levels (Petanceska et al., 2003). Moreover,
atorvastatin, which does not cross the blood brain barrier effectively, also
affects ApoE brain levels. It thus appears possible that statins not need to
cross the blood brain barrier to affect AD pathology.

This situation is somewhat more straightforward in animals with a
cholesterol homeostasis system more closely related to humans (Fassbender
et al., 2001; Horsmans et al., 1990). In guinea pigs, high dosage simvastatin
treatment resulted in very effective, fast and reversible decrease of AP levels
in cerebrospinal fluid and brain tissue. After three weeks of treatment AJ
levels were reduced by 50%. Although animals showed the typical adverse
effects of statin treatment, but no significant signs of toxicity were observed
(Fassbender e¢ al, 2001). When treatment was continued for another 3
weeks, toxicity parameters did not increase further, however the further
prolongation of this animal trial was interrupted when clear signs of toxicity
appeared following further extension of the treatment duration (Fassbender
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and Hartmann unpublished observation). Unlike blood cholesterol levels,
statins are not expected to decrease total brain cholesterol levels in any
measurable manner, as confirmed by analysis of brain material from
experimental animals. Significant alterations in cholesterol precursors, as
expected from HMG-CoA reductase inhibition, and cholesterol degradation;
indicative for slower cholesterol re-supply, were observed. Total cholesterol
levels, however, remained within experimental error margins. It is important
in this context to realize that brain cholesterol is not evenly distributed.
Large amounts of cholesterol are present in specialized membranes that are
unlikely to participate in AP production; other cholesterol fractions are
present as esterified cholesterol. Thus alterations might occur in membranes
engaged in AP production, but this would be revealed only by more
specialized assays. Indeed it is known that statins reduce the cholesterol
content in synaptosomal membrane fractions. Moreover, investigations on
lipids other than cholesterol indicate that secretases are actively involved in
lipid homeostasis.

Feeding transgenic mice with cholesterol enriched diet or treatment with
drugs other than statins seems to be less problematic. In a number of studies
cholesterol feeding was found to increase amyloid load (Levin-Allerhand et
al., 2002; Refolo er al., 2000; Shie et al., 2002), but one study (Howland et
al, 1998) found an inverse effect. Interestingly, the more directly
cholesterol-lowering drug, BM15.766 too resulted in strongly decreased AB
accumulation. Strengthening the interpretation that, at least in these animal
models, AB reductions are due to cholesterol reduction, not due to other

statin effects.

S. RELEVANCE TO AD?

There are a number of retrospective epidemiological studies that focused
on statins and dementia. Uniformly these studies reported an approx. 70%
reduction in disease prevalence or incidence. It is unclear from these studies
to which extend AD is affected, as dementia is a rather broad group of
diseases. Since AD represents the vast majority of all dementia cases it
would be very difficult to perceive any situation in which AD would have
been excluded from the protective statin effects. There are however, a
number of important considerations that need to be kept in mind. Obviously,
epidemiological studies are not designed to reveal cause - effect
relationships. Moreover, these were retrospective studies and it is reasonable
to assume that the statin group received this treatment for a specific cause,
most likely due to high blood LDL-C levels. Statins are now the most widely
used pharmaceuticals and risk benefit considerations are particularly good.



374 Tobias Hartman

Nevertheless, when statins were introduced into the market, a bias towards
medication of the well-educated population might have occurred. There a
number of additional issues some have already been resolved by the more
recent studies, but some still need to be addressed. One of the important
points relates again to disease specificity, vascular aspects often coincide
with AD and this is the point where statin properties including cholesterol
lowering, wvascular protection and immunomodulation may provide
protection beyond AP lowering (Hofman et af., 1997; Kalaria and Ballard,
1999). It should also be noted that large prospective studies, like the
PROSPER study (Shepherd et al., 2002), which attempted to address
potential dementia aspects. In these studies no effect on cognition was
observed, but doubts had been raised whether cognitive performance had
been tested adequately to detect early stages of AD.

If one considers AP generation as the molecular target to treat AD,
prevention rather than treatment of clinically manifest AD is certainly
preferable. During the pre-clinical phase AP triggered neurodegeneration
should be rather mild and the self-healing capacity of the brain should
further assist as soon as the toxic impact of AP is reduced together with
lowered AP production. However, unlike epidemiological studies dedicated
AD-statin trials are performed with patients well inside the clinical phase of
AD. Given the duration of AD, the long half-life time of cerebral cholesterol
and comparatively the mild impact statins have on brain cholesterol,
treatment duration and statin dosage become critical. We therefore selected
for our small prospective clinical trial a dosage of 80mg simvastatin and 6-
month duration (Simons es al, 2002). Statin treated patients showed
decreased cerebrospinal fluid AP levels, which correlated with declined
cholesterol degradation and cognitive decline was absent as assessed by
MMSE. Importantly, patients in the mild AD group (MMSE >20) responded
best to the treatment and no difference between treated and placebo group
was observed by ADAS-Cog. The correlation between AP decline and
cholesterol degradation is of especial interest and may help in future to
separate responders from non-responders early on. Cholesterol cannot be
degraded in the human brain, instead it is modified to a slightly more
hydrophilic derivative that passes the blood brain barrier and is ultimately
transformed to bile acids and then secreted. The two major brain cholesterol
degradation products are 27S-OH-cholesterol and 24S-OH-cholesterol
(cerebrosterol). AD-patients usually have increased cerebrosterol levels
(Lutjohann and von Bergmann, 2003; Papassotiropoulos et al., 2002;
Schonknecht et al.,, 2002) and two intronic polymorphic forms of the
cholesterol modifying enzyme, CYP46, are presumably associated with AD
(Kolsch et al., 2002; Papassotiropoulos et al., 2003). Cerebrosterol is
produced almost exclusively in the brain and thus allows monitoring brain
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cholesterol drainage. Under conditions of limited cholesterol re-supply, e.g.
during statin treatment, cerebrosterol secretion is down regulated. Evidence
for statin dependent down regulation of AB production also comes from a
second study. Here blood A levels were measured from volunteers treated
with controlled released lovastatin. Decreased A} was observed in the 40 mg
and 60 mg treatment group, but not in the 10 mg or 20 mg groups (Buxbaum
et al., 2002). Cognitive parameters were not studied. In another small trial
presented at the Springfield symposium 2004, patients were treated for 12
months with 80 mg atorvastatin. Atorvastatin is less efficient in brain
penetration than simvastatin but it is approx. twice as efficient in lowering
blood cholesterol levels. In this study two thirds of the subjects responded
positively and cognition either remained stable or improved in half of the
patients as determined by ADAS-Cog. The complete details of this study are
not available so far. There is also a number of post-hoc and prospective
studies that used low dosages of various statins and sometimes patients with
hypercholesterolemia were employed. In agreement with the aforementioned
studies no effect was observed on AP or cognitive performance (Hoglund et
al., 2004; Ishii et al., 2003; Sjogren et al., 2003).

6. OUTLOOK

All APP-secretase activities are modulated by cellular lipid composition.
At least some undergo altered intracellular trafficking and y-secretase
localizes to a cholesterol/lipid sorting compartment. One additional proteases
apparently cleaves APP specifically depending on cholesterol ester levels.
Abnormal HMG-CoA reductase transcripts, CYP46 and ApoE are
candidates for genetic AD risk factors and the cholesterol biosynthetic
pathway is involved in tau phosphorylation. There are several additional
factors concerning non-cholesterol lipids, thus outside of the scope of this
review, but all of this points towards an inherent link between the molecular
biology of AD and lipid biology. This clearly highlights the importance of
lipids in AD and their role as important risk factors. It might also indicate
that additional disturbances in lipid homeostasis are present in AD and that
the discovery of the role of cholesterol in AD represents only the tip of the
iceberg. In respect to treatment this should also raise the investigators
attention to potential side effects. However, if applied rationally, then this
will allow to design even more intricate treatment strategies to down regulate
the amyloidogenic APP processing pathway even more effectively.
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1.

Phosphorylated Amyloid-B (AB) was identified in Alzheimer's disease (AD)
brain. Using an anti-sense peptide approach the human cyclin-dependent
kinase-1 (CDK-1) was identified as being responsible for AB phosphorylation.
The phosphorylated AB peptide showed increased neurotoxicity and reduced
ability to form Congo red-positive fibrils. Mutation of the serine 26 residue
and inhibition of AB phosphorylation by the CDK-1 inhibitor olomoucine
prevented Ap toxicity, suggesting that the phosphorylated AP peptide
represents a toxic intermediate. Cannabinoids prevented phosphorylated Af
toxicity. The results from this study suggest that AB phosphorylation could
play a role in AD pathology and represent a novel therapeutic target.

Phosphorylation, cyclin-dependent kinase, mitogen-activated protein kinase
cannabinoid, olomoucine, anti-sense peptide

INTRODUCTION

The Amyloid-cascade hypothesis for Alzheimer’s Disease (AD) has been
central to AD based research and is well supported by the observations of
mutations in the amyloid-B precursor protein (APP) gene causing early onset
AD (Selkoe, 1999; Milton, 2004a). Within this cascade the role of
phosphorylation is placed downstream of amyloid-p (AB) deposition, in part
due to the observations that deposition of hyperphosphorylated tau protein in
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the form of neurofibrillary tangles (NFT’s) appears after amyloid plaques in
AD. However, recent observations point to a role for phosphorylation in the
cleavage of the APP to produce AP (Lee ef a/., 2003) and to a direct role of
phosphorylation in the cytotoxicity of AR (Milton, 2001a; 2002a; 2004b).
Results have suggested that the actions of the B-APP cleavage enzymes
(BACE), which cleave APP at the N-terminus of Ap, are influenced by APP
phosphorylation (Lee et al, 2003). Protein kinases including cyclin-
dependent kinases (CDK: Alvarez et al., 2001; Copani et al., 1999; Giovanni
et al., 1999), mitogen-activated protein kinase (MAPK: Abe and Saito,
2000) and protein kinase C (PKC: Nakai ef al, 2001) have also been
implicated in the mechanisms underlying Ap cytotoxicity.

Phosphorylation defects are a major pathological feature of AD and the
form of tau responsible for NFT deposition is hyperphosphorylated (Buee et
al., 2000). Many of the kinases mentioned above, which influence AB
cytotoxicity, show increased expression and activity within the AD brain,
Since the profound neuronal loss seen in AD is associated with NFT’s and
AP containing plaques these two proteins have been central to the search for
the cause of and cure for AD. The diagnosis of AD is dependent on detection
of neurofibrillary pathology in the form of NFT and/or AP containing
neuritic plaques (Braak et al, 1993; Jellinger, 1998). The observations of
phosphorylation defects and their role in the actions of both AP and tau
suggest that phosphorylation may be an important process in the pathology
of AD and a target for therapeutic intervention.

Two questions raised from this are:

(a) Is A itself phosphorylated?
(b) Does AP increase the activity of protein kinases?

This chapter will address the recent research which attempts to answer
these questions and will review the recent evidence that points to the
importance of links between AP and protein kinases.

2. PHOSPHORYLATED AMYLOID-$ PEPTIDE

The main amino acid residues of proteins that can be phosphorylated are
serine, threonine and tyrosine. The kinase enzymes can be sub-grouped into
the serine/threonine kinases and the tyrosine kinases. The Ap 1-43 sequence,
the longest of the major forms associated with AD, contains serines at
residues 8 and 26, a tyrosine at residue 10 and a threonine at residue 43. The
NetPhos 2.0 computer program, which predicts phosphorylation sites in



Phosphorylated Amyloid-f 383

proteins (Blom et al., 1999), was used to determine whether any of these A
residues were potential targets for phosphorylation. The NetPhos 2.0 scores
were obtained from the output score of the ensemble of neural networks
trained on that acceptor residue type and a value > 0.5 was considered
significant. The scores for Af serine 8, tyrosine 10 and serine 26 were 0.963,
0.870 and 0.787 respectively, suggesting that these A residues have a
significant chance of being phosphorylated (Milton, 2001a).

Neuronal extracts were prepared to determine whether a phosphorylated
form of AP was present. The extraction techniques were optimised
to preserve phosphoproteins and AB (Milton 2001a; 2004b).
Immunoprecipitated and chromatographically purified AB-like material from
AD brains and human NT-2 (NTera2/D1) neurons was found to contain a
serine phosphorylated form of Ap-like immunoreactivity. SDS-PAGE
analysis of this material demonstrated that the serine-phosphorylated Ap-like
material was a similar size (4 kDa) to synthetic AP (Figure 1). The levels of
immunoreactive phosphorylated AP, detected with a two-site immunoassay,
represented approximately 20% of the total immunoreactive A in extracts
of AD brains (Milton, 2001a).

14.3 kDa

4 kDa

Ir-AR Ir-pS

Figure 1. Western blot analysis of immunoprecipitated AR from AD brain. Samples were run
on a 15% SDS-PAGE gel prior to transfer to nitrocellulose and staining with anti-AB
monoclonal antibody ALI-01 (Ir-Ap) or with anti-phosphoserine polyclonal antibody (Ir-pS).
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These results indicate that AB can be phosphorylated by neurons and is
present in AD brains. The purified A from these tissues did not contain
larger fragments of APP, as indicated by SDS-PAGE analysis.

21 Which kinase phosphorylates the amyloid-§ peptide?

The presence of a serine phosphorylated A form in AD brains and
human NT-2 neurons indicates that AP phosphorylation involves a
serine/threonine protein kinase. The two serine residues are located at
positions 8 and 26. These sites correspond to a potential casein kinase 11
(CKII) substrate sequence (Pinna, 1990) and a PKC site (Kishimoto ef al.,
1985; Woodgett et al., 1986). However, neither of these kinases has been
shown to phosphorylate A in vitro (Chauhan et al., 1993; Lee et al., 2004).
The activities of both CKII and PKC are modified by AP suggesting that
interactions occur, however, the failure of these kinases to phosphorylate A
suggests that a different kinase phosphorylates AB.

The human genome contains over 500 protein kinases (Manning et al.,
2002) and clearly a screening assay to identify potential kinases that could
phosphorylate AP is a prerequisite.

2.1.1 Anti-sense peptide screening

The principles of the anti-sense approach are summarised as follows:
Anti-sense peptide sequences are derived from the complementary strand of
DNA encoding a given protein, read in the same open reading frame (ORF).
They can also be derived directly from the amino acid sequence of a protein,
via reverse translation to produce a complementary DNA sequence.
However, due to the degeneracy of the genetic code, there is typically more
than one anti-sense sequence for any one protein. The complementary DNA
strand for each individual amino acid can be read in either the forward 3°-5°
or reverse 5°-3” direction, adding further degeneracy to the potential anti-
sense peptide sequences. The sequence of the complementary DNA strand
may encode a stop codon. In these circumstances, it is necessary to introduce
an appropriate amino acid residue. The replacement amino acid residue will
usually be derived from an alternative coding sequence for the amino acid of
the coding strand. For example, if the coding strand is ATC (isoleucine), the
complementary strand is a stop codon TAG. Isoleucine is also encoded by
ATA, the complement of which encodes tyrosine (TAT). Therefore, tyrosine
is used at the position corresponding to the stop codon. For database
screening an unknown residue (X) can be used in the anti-sense peptide
sequence. Anti-sense peptides have been shown to bind with high affinity to
the given protein due to hydropathic interactions. Anti-sense peptides have
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also been shown to have sequence similarity to receptor binding sites and
compounds, such as antibodies, that specifically bind such anti-sense
peptides, have been used to isolate receptors (Bost and Blalock, 1989).

The binding of AP to itself can occur in both parallel and anti-parallel
orientations (Serpell, 2000) with consequent interactions between for
example two N-terminals in parallel binding or an N and a C terminus in
anti-parallel binding. If binding of a peptide to an anti-sense peptide
sequence were to occur in an anti-parallel orientation then the anti-sense
peptide would have to be synthesized in the anti-parallel direction with the C
terminus occupying the N-terminus of the resultant peptide. Similarly an
anti-parallel binding interaction between a binding protein and a peptide may
be identified by comparison of the anti-sense peptide sequence in the C-
terminus to N-terminus orientation with the binding protein sequence in the
normal N-terminus to C-terminus orientation. Since protein interactions can
occur in using both parallel and anti-parallel binding it is necessary to use
the two anti-sense peptides derived from the DNA sequence in both N-
terminus to C-terminus orientation and the C-terminus to N-terminus
orientation for screening purposes.

Previous studies have demonstrated the potential of Anti-Sense peptide
screening to identify AP interactions with enzymes (Milton ef al., 2001). The
interaction of AP with the ABAD or ERAB protein was characterised using
this technique and identified ERAB residues 99-108 as the site of interaction
with AR (Milton et al, 2001; Milton, 2004b). This region of ERAB was
confirmed as the AP binding site using mutational analysis and X-ray
crystallography (Lustbader et al, 2004). The anti-sense approach was
applied to identification of the kinase involved in AB phosphorylation
(Milton, 2001a; 2004b).

2.1.2 Identification of a potential interaction between Cyclin-
Dependent Kinase-1 and Amyloid-p

Figure 2 illustrates the four potential AP 1-43 anti-sense peptides (ABAS)
which could be used in searches to identify proteins having sequence
similarity to APAS and hence possibly interacting via hydropathic binding
with the AP peptide. An initial BLAST comparison (Altschul et al., 1997) of
the protein kinase domain consensus sequence (Pfam 00069) identified the
forward ABAS 3-30 sequence, derived by reading the complementary (non-
coding) strand of DNA from the region encoding the AB 1-43 peptide in the
3'-5' direction, as having 23% identity and 46% similarity with 100-127
region.

The forward ABAS 1-43 sequence was used in a subsequent BLAST
search of the human genome encoded proteins. The results showed that the
forward ABAS 3-30 sequence had 46% identity and 68% similarity with the
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human CDK-1 enzyme 105-132 region. This region of CDK-1 contains the
Aspartic acid residue (128) that has been suggested to transfer a Phosphate
group from ATP to the CDK-1 substrates and constitutes an active site of the
enzyme (DeBondt et al,, 1993). The alignment of the ABAS 26 residue,
which corresponds to the AB serine 26 residue, with this active site residue
in CDK-1 indicated that AR 1-43 could be phosphorylated by CDK-1 and
suggested that the serine 26 residue would be the target.

Human AB [-43 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIAT

Forward ABAS N-C LRLKAVLSPILQVVVFNHKKRLLHPSLFPRXXPEYHPPQQYRC
Forward ABAS C-N CRYQQPPHYEPXXRPFLSPHLLRKKHNFVVVQLIPSLVAKLRL

Reverse ABAS N-C ICFESMVXSIFNMMLFQHEKCFIHTXVFTCDNSEHHATNDYRC
Reverse ABAS C-N CRYDNTAHHESNDCTFVXTHIFCKEHQFLMMNFISXVMSEFCI

Figure 2. Amyloid-B anti-sense sequences derived from the complementary DNA strand read
in the 3'-5" direction (Forward) or 5'-3' direction (Reverse). N-C = N terminus to C terminus
sequence, C-N = C terminus to N terminus sequence

The BLAST comparison between the forward ABAS and human CDK-1
(Accession No. GI 87058) also identified three other regions of sequence
similarity. CDK-1 residues 56 to 63 showing 50% identity and 75%
similarity with ABAS 20-27; CDK-1 residues 95 to 99 showing 80% identity
with APAS 37-41; and CDK-1 residues 229 to 238 showing 40% identity
and 50% similarity with ABAS 33-42.

The CDK family shows considerable similarity around the active site and
these enzymes are thought to be proline directed kinases. Figure 3 illustrates
the sequence similarities between the CDK family members and the forward
ABAS 3-30 sequence.

The principle of anti-sense peptides is that the hydropathic character of a
peptide derived from the coding strand will be opposite to that derived from
the complementary strand. Therefore, even though the actual anti-sense
amino acid sequence will be very different from that derived from the coding
strand, there will be a relationship in respect of the hydropathic character
(Bost and Blalock, 1989). Because an anti-sense peptide will, in general,
have a hydropathy profile opposite to that of the corresponding sense
peptide, it is expected that both will undergo protein-protein interactions.
Indeed binding peptides can be derived based on opposite hydropathy scores
(Villain et al., 2000).
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AB (3 - 30) EFRHDSGYEVHHQKLVFFAEDVGSNKGA
ABAS(F) (3 - 30) LKAVLSPILQVVVFNHKKRLLHPSLFPR
CDK-1 (105 - 132) VESYLYQILQGIVFCHSRRVLHRDLEKPEQ
CDK2 (104 - 131) IKSYLFQLLQCGLAECHSHRVLHERDLEKEQ
CDK3 (104 - 131) IKSYLFQLLQGVSFCHSHRVIHRDLEPRDQ
CDK4 (117 - 144) IKDLMRQFLRGLDFLHANCIVHRDLEKPEE
CDKS (103 - 130) VKSFLFQLLKGLGFCHSRNVLHRDLEKPDOQ
CDKS6 (122 - 149) IKDMMFQLLRGLDELHSHRVVHRDLEKZPEQ
CDK7 (114 - 141) IKAYMLMTLQGLEYLHQHWILHRDLEKPEBN
CDKS8 (128 - 155) VEKSLLYQILDGIHYLHANWVLHRDLEKPA
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Figure 3. Comparison of Cyclin Dependent Kinase family member sequences with the
forward Amyloid-p Anti-sense Sequence 3-30 sequence and Amyloid-f 3-30 sequence. The
boxed in region contains the active site Aspartic acid (D) residue of the CDK family
members. Underlined amino acids are identical to the BAS sequence.

The hydropathic profiles of AB 3-30 and CDK-1 105-132 were opposite
(Figure 4) suggesting that a protein-protein interaction between these
compounds could occur. The alignment of the active site of CDK-1 with Ap
serine 26 provides a potential mechanism an AP phosphorylation reaction
mediated via hydropathic interactions between AP and the kinase. Since the
CDK family of kinases share similar structural features around the ATP
binding and phosphate group transfer residues, it is possible that Ap could be
phosphorylated by other CDK kinases, and this may explain why different
groups have shown roles for different CDK enzymes in A cytotoxicity.
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Cyclins are co-factors for CDK-1, which are required for enzyme
activity. These proteins also contain substrate recognition sequences which
may play a role in the recruitment of substrate molecules to the active CDK-
1/cyclin complex. The CDK-1/cyclin Bl enzyme complex plays a role in
cell division and is a major active form purified from cells. To test if this
protein contained an AP binding site the ABAS reverse peptide sequence,
read in the C to N direction was used in a BLAST comparison with the
cyclin Bl (Accession No GI 116176) protein sequence. Results showed a
region with 30% sequence identity and 43% sequence similarity between
this ABAS peptide and the cyclin B1 257-285 region.

2.1.3 Biochemical characterisation of the interaction between
Cyclin-Dependent Kinase-1 and Amyloid-f

Interactions between AP peptides and CDK-1 were characterised using
binding assays. Since the MAPK-1 protein kinase shows some sequence
similarity and is also inhibited by the CDK-1 inhibitors such as olomoucine
(Senderowicz & Sausville 2000) this kinase was also tested. Binding studies
indicated that AP 1-42, AR 1-40 and A 25-35 bound to human CDK-1 and
also to human MAPK-1 (Figure 5).
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Figure 5. Binding of Amyloid-f 1-40 peptide to Human Cyclin Dependent Kinase-1 and
Mitogen-Activated Protein Kinase-1. Biotinylated AP 1-40 was incubated on CDK-1 (open
columns) or MAPK-1 (hatched columns) coated plates for 24 h and binding determined by
ELISA. * = P < 0.05 vs Biotinylated A binding to CDK-1; 1 = P < 0.05 vs Biotinylated A
binding to MAPK-1

Peptides containing A residues 17-28 could inhibit the binding of AB to
CDK-1. The ABAS 14-23 but not the ABAS 27-36 peptide also inhibited
binding of AR to CDK-1. The binding of AP 1-40 to CDK-1 was
concentration dependent and showed an affinity constant (Kp) of 12.7 + 4.3
uM. The inhibition of AB binding to CDK-1 by the AB 17-28 but not the AP
31-35 fragments indicated that the CDK-1 56-63 region identified in the
BLAST search above could also contribute to AP binding. The alignment
within this CDK-1 region of A residue 23 (a negatively charged Aspartic
acid residue) with the positively charged Arginine 59 of CDK-1 suggested
that a charge-based interaction may occur at this location. The tertiary
structure of CDK-1 suggests that the 56-63 region plays a role in interactions
with the substrate bound to the active site region surrounding CDK-1 residue
128. To confirm binding to the active site region a synthetic peptide
(CDKP1) corresponding to CDK-1 residues 119-133 was tested for ability to
bind AP peptides. Results showed that AP 1-40 and 25-35 both bound to
CDKP1. Binding of AP 25-35 to the CDKP1 peptide could be inhibited by
peptides containing the AP 17-28 sequence and by either anti-Ap 17-28 or
anti-CDKP1 antibodies.
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Binding of AP to MAPK-1 was also concentration dependent and showed
an affinity constant of (Kp) of 273 £ 41 uM. Binding of Ap to this kinase
was inhibited by the ABAS 14-23 and AP 17-28 containing peptides,
suggesting that a similar binding interaction was involved.

Binding assays using cyclin Bl coated plates showed that cyclin Bl
bound to biotinylated A 1-40 and 25-33. The binding was inhibited by Ap
31-35 containing peptides. The affinity constant for AB 1-40 binding to
cyclin Bl was 2.3 + 0.5 uM. The binding could be inhibited by the forward
ABAS 27-36 but not the ABAS 14-23 peptide (Milton 2002a; 2004b). This
suggested that the CDK-1/Cyclin Bl enzyme may be a prime candidate for
phosphorylation of AB.

2.14 Amyloid-p phosphorylation by Cyclin-Dependent Kinase-1

Having identified two kinases which bind the AP peptide the next step
was to determine whether either could phosphorylate the Ap peptide. Using
biotinylated AP 1-40 as a substrate it was determined that both active CDK-
1/Cyclin Bl and MAPK-1 could phosphorylate the AP peptide. Results
showed that AP 1-42, AB 1-40 and AP 25-35 incorporated *P from y*’P-
ATP in the presence of CDK-1/Cyclin-Bl. Both CDK-1/Cyclin-B1 and
MAPK-1 caused the appearance of phosphorylated serine residues in AB 1-
42, AB 1-40 and AP 25-35. Phosphorylation of AB by both CDK-1 and
MAPK-1 was inhibited by olomoucine, a purinergic CDK-1 inhibitor, the
CDKP1 peptide, Ap 12-28 and AB 17-28. The levels of phosphorylated
serine residues in AP were significantly greater when incubated with CDK-1
than with MAPK-1, (Figure 6). Kinetic analysis of the reaction between Ap
and CDK-1 showed that the phosphorylation was concentration dependent
and the Michaelis constant (Ky) for the phosphorylation of Ap 1-40 was 5.2
uM, which compared with a Ky of 2.7 uM for the H1 peptide substrate
(Milton, 2001a; 2004b).

The lack of a proline residue in the AP peptide sequence indicates that Ap
does not contain a normal CDK-1 or MAPK-1 recognition sequence. The
structural features of many CDK substrates have been characterised (Brown
et al., 1999; Knockaert et al., 2002). These features include the presence of
B-turn regions containing the target serine or threonine residue (Mager,
1998). The serine 26 residue in AB is located within a B-turn region and this
structural feature may be important for the Ap phosphorylation reaction. The
lack of a substrate consensus sequence in the AP peptide that the enzyme-
substrate complex formation between AP and the kinase is mediated via a
novel mechanism. The proposed mechanism for AB phosphorylation is a
direct hydropathic interaction between AP and the active site of the kinase.



Phosphorylated Amyloid-f 391

0.5
= i
£
5 0.4 *
£
Z
803’ *
e T
?.__0.2' T
o)
3]
£ 017
o
S
0.0
© © = 0 o © T O
‘3“7‘%-%‘?‘\.‘&%
— N «— N
£ 520 2 220 ¢
<+§ <+§
+ 5 + 5
+ +

Figure 6. Phosphorylation of Amyloid-f by Cyclin-Dependent Kinase-1 and Mitogen-
Activated Protein Kinase 1. Biotinylated AP was incubated with CDK-1 (open columns) or
MAPK-1 (closed columns) in the presence of y*’P-ATP for 30 min and *P incorporation
determined. * = P < 0.05 vs AP incubated with CDK-1; + = P < 0.05 vs AP incubated with
MAPK-1

2.2 Is Cyclin-Dependent Kinase-1 relevant to
Alzheimer’s disease pathology?

The levels of the CDK-1 protein plus associated cyclins are elevated in
Alzheimer's disease brains (Pei et al., 2002; Smith et al., 1999; Vincent et
al., 1997), suggesting a role for this kinase in the disease process. The CDK
kinases also play an important role in the cell cycle and are proline directed
serine/threonine kinases (Hutchinson and Glover, 1995). The CDK-1 protein
kinase plays a role in the G2 to M phase of the cell cycle and is homologous
to the yeast cell division control protein 2. The CDK enzymes require a



392 Nathaniel G. N. Milton

phosphorylation step and binding to a cyclin for activity. CDK-1 is also
known to phosphorylate the tau protein (Buee et al., 2000), which forms a
key part of the neurofibrillary tangles associated with the disease pathology.

The CDK-1 protein kinase phosphorylates the APP and causes changes in
the relative levels of the AB 1-40 and AP 1-42 isoforms in vitro (Ando et al.,
1999). These observations all point to a role for CDK enzymes in
Alzheimer's disease and pose the question as to whether the disease could be
caused by cell cycle abnormalities associated with the disease pathology
(Nagy, 2000).

The similarities between the CDK structures and the interactions between
the different components of the cell cycle mean that CDK inhibitors may
lack specificity. Likewise manipulation of CDK expression, using for
example antisense oligonucleotides, may have indirect effects on both the
levels and activity of other CDK enzymes. The ability of CDK inhibitors to
prevent A toxicity has been linked to CDKs 4, 5 and 6 using chemical
inhibitors and gene manipulation (Alvarez et al., 2001; Copani et al., 1999,
Giovanni et al, 1999), however, such studies cannot exclude the
involvement of other CDK enzymes in the response. The human CDK-1
gene has been localized to Chromosome 10 and the recent sequencing of the
human genome identified its precise location (Nazarenko et af., 1991).
Recent studies have suggested that Chromosome 10 also contains an
Alzheimer's disease linked locus (Bertram et al., 2000; Ertekin-Taner et al.,
2000; Myers et al., 2000). The gene for CDK-1 is 1.3 Mbps distal to the
polymorphism marker D10S589 that has been linked to elevated AP levels
(Ertekin-Taner et al., 2000) and lies within a region linked to late onset
Alzheimer's disease (Myers ef al., 2000). The proximity suggests that CDK-
1 could be a candidate gene responsible for this observed linkage (Milton
2001a) and indeed a polymorphism in the splice site after exon 6 of the
CDK-1 gene shows an increased frequency in AD (Johansson et al., 2003).

2.3 Does amyloid-f directly influence the activity of
Cyclin-Dependent Kinase-1?

Since AP binds to both the CDK-1 and cyclin B1 components of the
active enzyme it is possible that AB modulates the activity of the kinase.
This was tested by performing kinase activity measurements using a
biotinylated Histone H1 substrate peptide (PKTPKKAKKIL) and
measurement of incorporation of *?P from *2P-ATP. Results showed that A3
1-40, 17-35, 25-35 and 31-35 all increased the phosphorylation of the Hl
peptide by CDK-1/cyclin Bl (Milton 2002a; 2004b), suggesting that AB
could activate the kinase. The fragments capable of activation were the same
as those which inhibited AB 1-40 binding to cyclin Bl and these results
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suggest that the binding to cyclin Bl may be a mechanism for the enzyme
activation. The binding of A to cyclin-B1 is suggestive of the recruitment
of substrate peptides to CDK-2 by cyclin-A (Schulman ef /., 1998) and may
also play a role in the activation of CDK-1 by AP peptides.

The AP 31-35 sequence which interacts with Cyclin Bl and activates the
CDK-1 enzyme is the minimal fragment of AP that causes neurotoxicity
(Milton 2001b) and also interacts with other enzymes including catalase
(Milton 1999). The ability of AP to directly activate the CDK-1 enzyme
could also contribute to the other major pathological feature of AD
pathology — tau phosphorylation, which is in part mediated by CDK-1 (Buee

et al., 2000).

24 How might amyloid-B phosphorylation play a role in
Alzheimer’s disease pathology?

The two major features of A which are thought to contribute to its role
in AD pathology are its ability to aggregate into the insoluble fibrils that are
found in amyloid plaques and its ability to kill neurons.

2.4.1 Effects of phosphorylation on the aggregation of amyloid-$

Following the isolation of the AP peptide from the AD plaques by
Glenner and Wong (1984) this peptide has been implicated as a causal agent
in AD. The ability of synthetic AP to aggregate and form fibrils in vitro
suggests that this 40-43 amino acid peptide may have a causal role in plaque
formation (Kheterpal et al, 2000). The levels of phosphorylated AP in
Alzheimer's Brain extracts suggests that it may not be present in the AP
aggregates, which comprise the majority of the total AB in such extracts
(Mattson, 1997; Selkoe, 1999). The AP 17-35 region contains the CDK-1
and cyclin-B1 binding sites, the CDK-1 target residue (serine 26), plus the
cytotoxic domain and the hydrophobic core region that plays a role in
peptide aggregation (Mager, 1998). The aggregation characteristics of Af
17-35, a serine 26 to alanine mutated AP 17-35 derivative (S26A) and a
phosphoserine 26 (pS26) containing AP 17-35 derivative were therefore
tested using a spectral assay for determination of Af-fibril concentrations
within AP solutions (Klunk et al, 1999). Results showed that a 50 uM
solution of the AR 17-35 contained 18.9 + 1.5 uM A fibrils after a 24 hr
incubation, the AP 17-35 S26A peptide contained 19.1 + 1.4 uM fibrils and
the AB 17-35 pS26 peptide contained 10.8 £ 0.3 uM fibrils (P < 0.05 vs AP
17-35; students t-test; n=6 for each group). This suggests that
phosphorylation alters the ability of the peptide to aggregate, possibly by
causing an increase in the levels of soluble (oligomeric) forms.
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2.4.2 Neurotoxicity of phosphorylated AP

The effects of Ap 1-40, AB 17-35, an S26A mutated Ap 17-35 derivative,
a pS26 containing AP 1-40 derivative and a pS26 containing AB 17-35
derivative on MTT activity (Shearman, 1999) in human NT-2 neurons were
tested to see if phosphorylation affected cytotoxicity. The pS26 containing
AP 1-40 derivative caused a dose dependent neurotoxicity which was
significantly more potent than that caused by the AP 1-40 peptide (Figure 7).
The concentrations of pSAB 1-40 and AP 1-40 required to cause a drop to
50% MTT reduction were calculated as 330 nM and 6.1 uM respectively
from the dose response curves. The AP 17-35 S26A peptide was
significantly less toxic than the AB 17-35 peptide whilst the pS26 containing
AP 17-35 peptide was significantly 10-100 fold more toxic to human NT-2
neurons (Milton, 2001a). Similar results were obtained when cytotoxicity
was determined by measuring cell viability by trypan blue dye exclusion.
Olomoucine dose dependently inhibited the toxicity of AB 17-35 but not the
phosphorylated AP 17-35 derivative, suggesting that phosphorylation of the
peptide may play a direct role in the cytotoxicity.

Neurons exposed to A 17-35 peptides showed increased levels of ir-Af.
Measurement of ir-pSAP in the same cell extracts showed that cells exposed
to AP 17-35 and the pS26 containing Af 17-35 derivative both contained
increased amounts of ir-pSAf whilst cells exposed to the Ap 17-35 S26A
peptide showed no difference to control cells. These results demonstrate that
neurons can phosphorylate exogenously added Af. The increase in ir-pSAB
levels when cells were treated with AP was prevented by the CDK-1
inhibitor olomoucine, confirming the involvement of CDK-1 or a related
kinase in the response.

A previous study has shown that substitution of the serine 26 residue with
an alanine residue in A 25-35 has no effect on the toxicity of the peptide
(Sato et al., 1995) suggesting that phosphorylation of the serine 26 residue is
not essential for AB cytotoxicity. However, the serine 26 residue is within a
turn region of the AP molecule (Mager, 1998) and phosphorylation may alter
the structure sufficiently to cause the observed changes in cytotoxicity and
aggregation. The ability of the CDK inhibitor olomoucine to prevent the
both cytotoxicity and phosphorylation of AP peptides indicates that
phosphorylation of Ap by CDK like enzymes could be crucial to the
cytotoxicity of the AP peptide. Such a mechanism for toxicity involving
phosphorylation of AP is supported by the failure of A 17-35 S26A to elicit
a full cytotoxic response and the increased cytotoxicity of Al 17-35 pS26
derivative (Milton, 2001a). Olomoucine can inhibit many members of the
CDK family plus MAPK enzymes (Senderowicz and Sausville, 2000) and as
such these in vitro observations cannot directly confirm a role for CDK-1 in
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Figure 7. Neurotoxicity of Amyloid-§ 1-40 and Phosphorylated Amyloid-§ 1-40. AB 1-40
(open circles) and Phosphorylated AB 1-40 (closed squares) were added to NT-2 neurons in
the presence or absence of test compounds for 24 h and MTT reduction determined. * = P <
0.05 vs Control; ¥ = P < 0.05 vs A8 1-40, students t-test n=6.

NT-2 neurons. Since the AP 17-35 pS26 form has a reduced ability to
aggregate it is possible that phosphorylated A, in its non-fibrillar form,
mediates the cytotoxic response. Changes in the structure of AB induced by
phosphorylation may also allow the cytotoxic AB 31-35 region within the
peptide to act on a downstream target protein, possibly cyclin-B1 or catalase.
The concentration of phosphorylated AP in NT-2 neuronal cell extracts are
similar to those found in Alzheimer's brain extracts (Milton, 2001a) and
probably represent AP derived from the intracellular pool, which has been
suggested to play an important role in neurodegeneration and aging
(Skovronsky et al., 1998).

A second mechanism for cytotoxicity mediated by AP activation of
CDK-like enzymes is supported by the ability of AR 31-35, which lacks a
residue that could be phosphorylated, to increase CDK-1 activity plus the
ability of olomoucine to prevent the cytotoxicity of Ap 31-35. The failure of
AB to activate MAPK and PKC directly suggests that the roles of these other
kinases in AP cytotoxicity (Abe & Saito, 2000; Nakai ef al., 2001) are not
mediated by the same mechanism or occur downstream of CDK activation,
since both kinases are themselves activated by phosphorylation. The ability
of AP to increase CDK-1 phosphorylation of substrate molecules suggests
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that AB could contribute to the tau hyperphosphorylation observed in
Alzheimer's disease. The cytotoxicity of an AP 25-35 derivative with an
S26A mutation (Sato ef al, 1995) further supports a role for
unphosphorylated AP in the cytotoxicity. The failure of olomoucine to
inhibit the cytotoxicity of the phosphorylated AR 17-35 pS26 derivative,
however, suggests that the AP phosphorylation reaction itself may play a
role in cytotoxicity. The ability of AP to increase H,O, levels and
antioxidants to prevent AP cytotoxicity (Milton 2004a) suggests that the A
phosphorylation plus CDK activation mechanisms are not necessarily the
only routes via which A kills cells. However, the toxicity of both Ap and
H,0; can be blocked by the kinase inhibitor staurosporine (Tan et al., 1997),
which also effects CDK activity family (Senderowicz & Sausville, 2000),
and it is therefore possible that these mechanisms are in fact linked.

3. PHOSPHORYLATED AMYLOID-§ TOXICITY
PREVENTION?

The AP peptide is cytotoxic to both neuronal and non-neuronal cells
(Mattson, 1997), with the 31-35 region thought to be a functional cytotoxic
domain (Milton, 1999; Milton, 2002b). The cytotoxicity of A is thought to
be dependent on aggregation of the peptide (Ueda et al., 1994). Intracellular
AP binding to the endoplasmic reticulum Ap-binding protein (ERAB; Yan et
al., 1997) has also been suggested to play a role in toxicity. The mechanisms
underlying the cytotoxicity are however unclear since a large number of
compounds including anti-oxidants (Miranda et al., 2000), caspase inhibitors
(Nakagawa et al., 2000), protein phosphatase inhibitors and protein kinase
inhibitors (Tan et al, 1997) can all inhibit cytotoxicity in vitro. These
observations all point to a role for A§ in the neurodegeneration associated
with AD. Antioxidants, Ap-antisense peptides, anti-Af antibodies, Ap
binding peptides, a caspase inhibitor, an HMG-CoA reductase inhibitor, a G-
protein inhibitor, kinase inhibitors and a synthetic cannabinoid were tested
for their ability to prevent both pS26 AB 1-40 and AP 1-40 induced toxicity.
The Ap-antisense peptides, anti-Af antibodies, AP binding peptides
protected against both pSAB 1-40 and AB 1-40, see Figure 8.

The kinase inhibitor, olomoucine, which inhibits both CDK and MAPK
enzymes, was effective against A but not the pS26 derivative suggesting
that phosphorylation of AP is a key step in the toxicity of the peptide.
Cannabinoids have been suggested as neuroprotective agents and potential
therapeutic agents for the treatment of neurodegenerative disorders. Receptor
mediated actions of cannabinoids can be antagonised by MAPK inhibitors
and activation of MAPK via CB, receptors has been shown to prevent Af
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neurotoxicity (Milton 2002b). The synthetic cannabinoid (WIN 55212-2
mesylate), was effective at preventing the neurotoxicity of the pS26
derivative of AR 1-40.

The protective actions of anandamide, noladin ether and WIN 55,212-2
mesylate against pS26 derivative of Af 1-40 could be prevented by
cannabinoid receptor antagonists. In neuronal cells the CB; cannabinoid
receptor antagonist AM251 was able to totally block cannabinoid protection
whilst the CB; cannabinoid receptor antagonist AM630 had no affect. In
myeloma cells neither antagonist prevented the protection by anandamide
but a combination of both AM251 and AM630 was effective. The
anandamide uptake inhibitor AM404 and the vanilloid receptor antagonist
capsazepine had no affect on the protective actions of either anandamide or
noladin ether. The MAPK kinase inhibitor PD98059 had no affect on pS26
AP 1-40 toxicity and prevented the protective action of both cannabinoids.
Neuronal cells showed similar increases in the levels of total
immunoreactive (ir)-Ap after incubation with either AB 1-40 or pS26 AR
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Figure 8. Prevention of Phosphorylated Amyloid-B neurotoxicity. AP 1-40 (open columns)
and Phosphorylated A 1-40 (closed columns) were added to N'T-2 neurons in the presence or
absence of test compounds for 24 h and MTT reduction determined. * = P < 0.05 vs AB alone;
1 =P <0.05 vs Phosphorylated AB alone, students #-test, n=6.
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1-40. The levels of ir-pSAP were also elevated after both treatments. The
increase in ir-pSASB caused by AP [-40 was abolished by pretreatment of the
cells with olomoucine but was unaffected by anandamide, noladin ether or
WIN 55,212-2 mesylate, confirming that the cannabinoids were acting
downstream of AP phosphorylation.
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Figure 9. Phosphoamyloid Hypothesis

4. CONCLUSIONS

In conclusion, the results from this study demonstrate that the A peptide
can be phosphorylated by CDK-1 and MAPK-1. The increased toxicity of
phosphorylated AB and its apparent intracellular localization suggest that it
may be a key component involved in AP cytotoxicity and hence potentially
in the neurodegenerative changes characteristic of Alzheimer's disease. The
ability of AP to directly increase the activity of CDK-1 may also contribute
to the phosphorylation abnormalities characteristic of Alzheimer's disease,
particularly the tau protein which is hyperphosphorylated in the disease. The
actions of phosphorylated AP and its role in AD pathology are illustrated in
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Figure 9. The ability of compounds to prevent AB phosphorylation or its
cytotoxic actions may represent the future of AD therapeutic advances.
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