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Series Preface 

The neurosciences are one of the most diverse and rapidly changing areas in the bio- 
logical sphere. The need to understand the workings of the nervous system pervades 
a vast array of different research areas. By definition research in the neurosciences 
encompasses anatomy, pathology, biochemistry, physiologg pharmacologg molecular 
biolog~ genetics and therapeutics. Ultimately, we are striving to determine how the 
human brain functions under normal circumstances and perhaps more importantly 
how function changes in organic disease and in altered states of mind. The key to 
many of these illnesses will unlock one of the major therapeutic challenges remaining 
in this era. 

The difficulty lies in the vastness of the subject matter. However I trg I find it almost 
impossible to keep abreast of the changes occurring in my immediate sphere of inter- 
est, let alone those exciting advances being made in other areas. The array of jour- 
nals dealing with neurosciences is enormous and the flow of reprints needed to keep 
me updated is daunting. Inevitably piles of papers accumulate on my desk and in my 
briefcase. Many lie there unread until sufficient time has passed for their content to 
be overtaken by yet more of the ever rising tide of publications. 

There are various approaches that one can take to deal with this problem. There 
is the blinkered approach in which you pretend that literature outside your area does 
not exist. There is the ignore it totally option. Indeed, one colleague of mine has 
ceased to read the literature in the belief that, if there is a publication of critical 
importance to his research, someone will tell him about it. I am not that brave and 
instead I arrived at what I thought was the ideal solution. I started to read critical 
reviews of areas of current interest. But I soon came unstuck as I realized that, for 
many subjects of importance to the neurosciences, such authoritative works did not 
exist. 

Instead of simply moaning that the literature was incomplete, I conceived the idea 
of Neur0science Perspectives. For purely selfish reasons I wanted to have available a series 
of individually edited monographs dealing in depth with issues of current interest to 
those working in the neuroscience area. Already a number of volumes have been pub- 
lished which have been well received and the series is thriving with books on a range 
of topics in preparation or in production. Each volume is designed to bring a multi- 
disciplinary approach to the subject matter by pursuing the topic from the laboratory 
to the clinic. The editors of the individual volumes are producing balanced critiques 
of each topic to provide the reader with an up-to-date, clear and comprehensive view 
of the state of the art. 

As with all ventures of this kind, I am simply the individual who initiates a chain 
of events leading to the production of the series. In reality, it is key individuals at 
Academic Press who are really responsible for the success of Neur0science Perspectives. In 
particular Lrona Daw had the uneviable task of recruiting editors and authors and 
keeping the ship on an even keel. 

xi 
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Finally, I hope that Neuroscience Perspectives will continue to be enjoyed by my col- 
leagues in the neurosciences. Already the series is being read, understood and enjoyed 
by a wide audiences and it is fast becoming a reference series in the field. 

Peter Jenner 
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Preface 

Improvements in the diagnosis and treatment of the major diseases of childhood and 
early to mid-adulthood has led to a major increase in mean life span in the popula- 
tions of the developed world during the last hundred years. This has obviously been 
accompanied by an increase in the number of people suffering from diseases of old 
age. Indeed, Alzheimer's disease is now the fourth leading cause of death in the United 
States after heart disease, cancer and stroke. This disease not only causes an irre- 
versible reduction in the quality of life of the sufferer but also places a tremendous 
burden on care-givers and welfare systems. During the next 40 years with the ageing 
of the baby-boom generation it is predicted that the number of people affected with 
Alzheimer's disease will more than double. Understanding the causes of Alzheimer's 
disease and developing treatments is therefore one of the major scientific and medical 
challenges of the late 20th century. 

The major aim of this book is to outline the various approaches being taken to 
understand the pathobiology of Alzheimer's disease. Two striking features of the 
neuropathology of Alzheimer's disease have received most attention concerning the 
pathogenesis of Alzheimer's disease and provide the major focus for this volume. They 
are the senile plaque and the neurofibrillary tangle. Neither is unique to Alzheimer's 
disease but in combination their characteristic distribution is pathognomonic for 
Alzheimer's disease. 

The recent use of molecular genetics to study early-onset Alzheimer's disease 
has led to the identification of the first cause of Alzheimer's d isease-  mutations 
within the amyloid [3-protein precursor (APP) gene. Indeed, the demonstration 
that only a very few cases of Alzheimer's disease are caused by this mechanism 
shows that Alzheimer's disease is not a single disease entity but probably has 
many causes manifesting with a similar phenotype. Subsequently much research 
has focused upon an understanding of the expression and function of APP in 
normal and disease states. From these studies a common pattern seems to be 
emerging in neurodegenerative diseases: that the selective neuronal vulnerability 
observed in each disease is not a direct result of selective expression of the disease 
gene, rather other, as yet unknown, downstream factors must bring about this 
selective vulnerability. 

The study of the genetics of late-onset Alzheimer's disease has also led to the 
identification of the first putative risk factor for this common form of the disease. 
Alleles of the apolipoprotein E (ApoE) gene appear to influence risk for disease - the 
ApoE-E4 allele increases the risk of developing disease, whilst ApoE-E2 appears to 
decrease the risk, at least in the Caucasian population. Although ApoE is found 
deposited in senile plaques and neurofibrillary tangles, the biology of ApoE 
with regard to Alzheimer's disease had not previously been well studied. One of 
our present challenges is to understand how ApoE alleles influence risk for disease. 
Several hypotheses have been proposed involving both [3-amyloid and tau, the major 
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Preface 

constituent of neurofibriUary tangles. However, experimental evidence is not conclu- 
sive in favour of any hypothesis. 

While we have progressed a long way in our understanding of Alzheimer's disease, 
we still have a considerable way to go before rational drug design can be used to 
develop treatments. The research outlined in the following pages presents some of the 
major ideas and fields contributing to our present understanding of Alzheimer's 
disease. 

Common Abbreviations 
AD=Alzheimer's disease 
AI3=Amyloid [3-protein 
ApoE=Apolipoprotein E 
APP=Amyloid [3-protein precursor 
FAD=Familial Alzheimer's disease 
NFT=Neurofibrillary tangle 
PHF=Paired helical filament 

xiv 



CHAPTER 1 
PLAQUES AND TANGLES IN 
ALZHEIMER'S DISEASE: A 

HISTORICAL INTRODUCTION 
Frank Ashall 

Saint Louis University School of Medicine, 1402 South Grand Boulevard, St 
Louis, Missouri 63104, USA 

Table of Contents 
1.1 The Alzheimer century 
1.2 Early history of dementia and Alzheimer's disease 
1.3 Alois Alzheimer and his disease 
1.4 Further progress with plaques and tangles 

References 6 

1.1 The Alzheimer century 

Progress in understanding the biochemical, cellular and molecular genetic basis of 
Alzheimer's disease has been so rapid in recent years that it is almost impossible for 
texts such as this one to keep abreast of developments. It has been almost 90 years 
since Alois Alzheimer first reported the disease that bears his name, and it is not unre- 
alistic to believe that rational prevention or treatment will be available before the year 
2007, when the ~Mzheimer century' comes to an end. 

Many significant contributions from diverse fields have helped to produce the ever- 
clearer picture we have of Alzheimer's disease. Even Alzheimer's own work could not 
have been done without new techniques in tissue staining and fixation, application of 
cell theory, improvements in psychiatric definitions and diagnoses, and theories con- 
cerning the organic basis of psychiatric diseases. As the 20th century progressed, epi- 
demiological and family studies contributed to an understanding of the impact of 
Alzheimer's disease on human society and led to the realization that there are genetic 
causes ofthe disease. More sophisticated tissue studies of brains allowed clearer defini- 
tion of the lesions that characterize Alzheimer's disease and provided information on 
how these lesions are related to the progress of the disease. Biochemistry provided the 
tools for isolation and molecular characterization of the major components of plaques 
and tangles, as well as identification of other molecular defects that occur during the 
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course of the disease. Use of cultured cells has allowed dynamic studies of some of the 
molecular and cellular processes that are associated with the disease. Thanks to 
breathtaking advances in recombinant DNA technologg gene mutations predisposing 
to Alzheimer's disease have been identified and valuable animal models have now 
been developed. Even as this book was in preparation, a major step forward was made 
in the production of a mouse model of the disease. Using microinjection technologT, 
transgenic mice were generated that overexpress a human amyloid precursor protein 
(APP) gene carrying a mutation (APP717v-*r) found in familial cases of Alzheimer's 
disease (Games et al., 1995). Careful neuropathological examination of the brains 
from these transgenic mice reveals the presence of large numbers of extracellular 
thioflavin S-positive A[3 deposits, neuritic plaques, synaptic loss, astrocytosis and 
microgliosis. Preliminary attempts to identify neurofibrillary tangles with tau anti- 
bodies were negative. However, the animals are still only about a year old and the life 
span of a laboratory mouse can be as high as 24 months. As in humans, the plaque 
density increases with age in these transgenic mice. These mice support a primary role 
for APP/A[3 in the genesis of Alzheimer's disease and may provide a preclinical model 
for testing potentially therapeutic drugs in Alzheimer's disease. 

Many questions remain to be answered but research progress is clearly such that 
many puzzles, which were seemingly unanswerable a decade ago, are not far from 
being explained. 

1.2 Early history of dementia and Alzheimer's disease 

Refined definitions of psychiatric disorders, and particularly of dementia, were crucial 
for our understanding of different forms of dementias. Reviews of the history of 
dementia and Alzheimer's disease have been published (Torack, 1978, 1983; 
Amaducci et al., 1986; Berrios, 1987, 1990) and much of the following comes from 
these articles. 

Prior to the late 19th century, the definition of dementia was vague and the term 
usually referred to general mental deterioration associated with chronic brain disease. 
By the end of that centurg dementia was largely synonymous with memory loss. 
Indeed, as early as 1838, Esquirol had defined several types of dementia, including a 
senile form, 'demence senile', which he said was associated with 'the progress of age' 
and involved 'loss of memorg especially recent memory'. 

From the mid-19th century onwards, not only were efforts made to find patholog- 
ical abnormalities associated with dementia (and other brain disorders), but also 
improved diagnostic techniques were available for both identifying and quantifying 
the severity of dementia. 

Until histological procedures were developed that allowed brain sections to be pre- 
served and appropriately stained, attempts at discovering pathological changes in 
brain-associated diseases were based chiefly on gross anatomical changes, such as size, 
colour, mass, and relative amounts of fluid and solid material. In 1822, for example, 
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Bayle reported changes in arachnoid in patients with motor and psychiatric symp- 
toms, and numerous studies suggested that senile dementia was associated with cere- 
bral cortical atrophy, enlarged ventricles and changes in the physical consistency of 
brain tissue. 

With the advent of improved tissue storage, preservation and staining methods, 
combined with microscopy, scientists had at their disposal techniques for examining 
the brain with unprecedented detail, and many of them recognized that here was a 
chance to find pathological changes in mental disorders that may be too small to be 
detected using gross anatomical examination. During the last few decades of the 19th 
century, microscopic and histological studies had allowed the visualization of necrotic 
brain cells, senile plaques and neurofibrillary tangles, even before Alzheimer 
described them in his first patient. 

In 1882, Blocq and Marinesco described plaques (often called 'miliary foci' at the 
time) in the brains of an epileptic who had no dementia. This is considered by many 
science historians to be the first ever description of neuritic plaques. Subsequently, 
similar plaques were found in the brains of patients with other diseases. For example, 
in 1898, Redlich observed plaques in brains of two senile patients with memory loss 
and confusion; both brains showed cerebral atrophy. In 1907, Fischer noted 'miliary 
necrosis' in the cerebral cortices of 12 out of 16 patients with senile dementia, but 
failed to find significant numbers of plaques in any of 45 patients diagnosed with pro- 
gressive paralysis but having no dementia. 

Neurofibrillary tangles had also been detected in brain specimens before Alzheimer 
described them. Fragnito, in 1904, observed neurofibril degeneration and damage in 
cerebral cortical cells ofbrains from patients with senile dementia, and three years later 
Fuller also described neurofibrillary accumulations in senile dementia. 

Adzheimer himself contributed significantly to the advances in preservation and 
staining of brain tissue and, by 1910, many methods were available for staining brain 
tissue; more than ten of them could detect neurofibrils. 

By the early 1900s, it was clear that at least some mental diseases were caused by 
pathological changes in the brain. Indeed, syphilis was one of the few mental diseases 
for which a specific physical cause was known. Dementia due to cerebral infarcts 
caused by arteriosclerosis was also known to occur in elderly people, although other 
patients with dementia were found at autopsy to have general cerebral atrophy 
without arteriosclerotic lesions. It should be borne in mind that dementia was not as 
serious a public health problem in those days as it is nowadays: the life expectancy at 
the turn of the century was well below 65 years, so senile dementia was not so 
common. However, it was known that dementia could occur at any age and 'presenile 
dementia' was a recognized disease entity. 

Freud's psychoanalysis movement was also powerful at the beginning of this 
centu~, and his ideas that mental illness was due mainly to disturbances of the sub- 
conscious mind were at odds with those who believed that such disorders were caused 
by specific pathological, cellular and chemical lesions. The great psychiatrist, 
Kraepelin, was one of the main proponents of the organic theory of mental illness and 
he was highly influential in the eventual definition of Alzheimer's disease. 
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1.3 Alois Alzheimer and his disease 
i , i . . . . . .  i 

Kraepelin was the head of the Munich Psychiatric Clinic where Alois Alzheimer 
made his 'discovery'. Kraepelin had already made important contributions to our 
understanding of the different forms of dementia, particularly those associated with 
the psychoses, cerebral arteriosclerosis and senile dementia. He became convinced 
that diseases of the mind were caused by abnormalities of tissues, cells and biochem- 
icals, and the institute he headed represented this hypothesis. Alzheimer held the same 
convictions and sought, using up-to-date histological techniques, to contribute to the 
neuroanatomical basis of psychiatric disease. 

More than 10 years prior to Alzheimer's description of the 'first' patient with 
Alzheimer's disease, he and Kraepelin detected arteriosclerotic lesions and cerebral 
atrophy in the brains of 50-70-year-olds with dementia ('arteriosclerotic dementia'). 
One of the staining methods that was valuable for Alzheimer's work, and the one he 
used to detect lesions in his 'first patient', was a modified silver staining procedure 
developed by Bielschowsky in 1903, which allowed neurofibrils within neurons to be 
stained. 

On 3 November 1906, Alzheimer attended a meeting of South Western German 
Alienists (psychiatrists) in Tubingen, where he presented the now famous case history 
that led to the baptism of Alzheimer's disease. A year later he published the findings 
in a paper entitled 'Uber eine eigenartige Erkrankung der Hirnrinde' ['On a peculiar 
disease of the cerebral cortex'] (Alzheimer, 1907). The patient was a 51-year-old 
woman who was jealous of her husband, showed signs of paranoia and loss ofmemor~ 
Her short-term memory loss was particularly defective and her symptoms were pro- 
gressive. Four-and-a-half years after she first visited Alzheimer, the patient died as a 
result of chronic deterioration of her symptoms. Alzheimer could find no obvious 
macroscopic abnormalities of her brain, although when he examined brain sections 
microscopically after Bielschowsky staining, he noticed cellular atrophy and neuro- 
fibrillary tangles. 'Miliary foci' (plaques) were abundant in the cerebral cortex, par- 
ticularly in the upper layers. Alzheimer also noticed arteriosclerotic lesions. 

By the time Kraepelin published the eighth edition ofhis famous handbook of psy- 
chiatry (Psychiatric: Ein Lehrbuch fiir Studierende und Arzte) in 1910, several more brains 
from cases of presenile dementia had been studied, and plaques and tangles were 
found in most of these. This led Kraepelin to coin the term ~lzheimer's disease'. 
Although he gave the name to the presenile forms of dementia characterized by the 
pathology described by Alzheimer, it appears that he did consider it to be essentially 
the same as senile dementia, and that it differed from the senile form mainly insofar 
as its age of onset was concerned. Arguments as to whether or not presenile demen- 
tia is simply an early-onset form of senile dementia lasted from that time until recently. 
Nowadays, it is generally accepted that the two forms are pathologically identical, and 
in any case, both types are referred to as Alzheimer's disease. 

Many arguments have been put forward to explain why Kraepelin so eagerly 
named Alzheimer's disease on the basis of studies of only a handful of brains. For 
example, it has been suggested that he was eager to justify funding of research at his 
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clinic or that he wanted a member of his own institute to be credited with the discov- 
e ~  It has also been proposed that he wished to strengthen the case for the organic 
cause of psychiatric illness in order to counter Freud's theories. Torack (1978) even 
suggests that 'in reality, neither Alzheimer nor Kraepelin established Alzheimer's 
disease; it was Freud who did so'. 

Alzheimer published a study of another case of the disease in 1911 (Alzheimer, 
1911; Tonkogony and Moak, 1988), although this time he did not find neurofibrillary 
tangles. By 1912, nearly 50 articles had been published on plaques and tangles in 
dementia, and it was recognized that tangles and senile plaques were not significantly 
elevated in syphilis, affective disorders and arteriosclerotic dementia. 

1.4 Further progress with plaques and tangles 

The biochemical nature of senile plaques goes back further than the discovery of 
plaques in human brains. When they were first discovered, many scientists saw 
similarities between the plaques and other deposits known generally as 'amyloid', 
from which the name of the peptide deposited in senile plaques derives its name. Such 
deposits were first detected in 1842 following iodine staining of tissues by Rokitansky 
and, in the 1850s, Virchow coined the name 'amyloid' to describe these apparently 
starch-like deposits. The diseases in which these deposits formed were generally 
named the 'amyloidoses'. In 1859, Friedrich and Kekule obtained evidence that 
'amyloid' deposits, far from being starchy, were mainly proteinaceous. 

By the early 1970s, plaques had been isolated from brains of Alzheimer's disease 
patients and subjected to biochemical analysis. Nikaido et al., for example, showed 
that their major constituent was proteinaceous: amino-acid analyses demonstrated 
that isolated plaques were rich in glutamate, glycine, leucine and alanine, while plaque 
cores were rich in glycine, glutamate, aspartate, serine and leucine (Nikaido et al., 
1970, 1971). These and other studies were the beginnings of serious biochemical 
investigations of Alzheimer plaques and they coincided with important improvements 
in biochemical methods for characterizing cellular molecules. Another great advance 
was the isolation and sequencing of the major protein constituent, the [3-amyloid 
peptide (A[3), from cerebrovascular amyloid deposits of Alzheimer brains (Glenner 
and Wong, 1984). Masters et al. (1985) subsequently confirmed this finding when they 
isolated a similar peptide from neuritic plaques. Sequencing of the AI3 soon led to 
cloning of the gene encoding it, which turned out to be a larger precursor protein, the 
13-amyloid precursor protein (APP). 

Major advances in the study of neurofibrillary tangles also coincided with the 
appearance of advanced cellular and biochemical techniques. Electron microscopic 
studies (Kidd, 1963; Terr 5 1963) provided ultrastructural information about them, 
and Kidd was the first to refer to the 'paired helical filaments' that comprised the 
tangles found in Alzheimer's disease. Once tangles were isolated biochemically 
(Crowther and Wischik, 1985; Wischik et al., 1985), their molecular characteristics 
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could be more readily characterized, and Brion et al. (1985), followed by other groups, 
subsequently showed that the microtubule-association protein, tau, was a major 
constituent of tangles. 

Genetic components of Alzheimer's disease have also contributed a great deal to 
our understanding of Alzheimer's disease in general and to the specific involvement 
of [3-amyloid. Several early studies (Meggendorfer, 1925; Schottky, 1932; Lowenberg 
and Waggoner, 1934) described familial clustering particularly in early-onset cases of 
Alzheimer's disease, suggesting that at least some cases of Alzheimer's disease may be 
heritable. In a classic study published in 1952, Sjorgren et al. (1952) studied 36 cases 
of Alzheimer's disease and more than 1200 of their relatives, and provided convinc- 
ing evidence that predisposition to the disease may be heritable. The identification of 
families in which an early-onset form of the disease behaves as a classic autosomal 
dominant trait led eventually to the discovery of the first mutation known to be asso- 
ciated with Alzheimer's disease (Goate et al., 1991). 

The current status of plaques and tangles in Alzheimer's disease, the genetics of 
AIzheimer's disease and the recently demonstrated role of apolipoprotein E in the 
disease are described in the remaining chapters of this volume. 

Where is Alzheimer's disease research leading us? Certainly, it is producing a 
clearer understanding of the cellular and biochemical changes that underlie the 
pathologg and this will inevitably lead to rational approaches to treatment or preven- 
tion of the disease. Such clinical applications will be timely, for Alzheimer's disease is 
most frequent in the age group over 80, which also happens to be the most rapidly 
growing age group in the USA and other developed countries. It will not be too long 
before the disease also becomes a major problem in underdeveloped countries, where 
the elderly portion of the population is also increasing. 
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2.1 The anatomy of neurofibrillary degeneration 

The German psychiatrist, Alois Alzheimer, based his initial description of the disease 
that bears his name on a 51-year-old female patient whose clinical presentation began 
with a paranoid delusional disorder of late onset, progressing rapidly to severe cogni- 
tive deterioration and death 4'/2 years later. Post-mortem examination of her brain 
showed generalized atrophy with no macroscopic lesions. Using a silver staining 
method developed by Bielschowsky, Alzheimer found extracellular 'multiple miliary 
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lesions' (plaques) and, in more than a quarter of the cortical neurons, flame-shaped 
fibrillary structures (neurofibrillary tangles). He also reported severe neuronal loss, 
particularly in the outer layers of the neocortex (Alzheimer, 1907). 

Neurofibrillary tangles are generally found within the cell bodies of large pyrami- 
dal neurons, from where they extend into the proximal apical dendrite, but not into 
the axonal hillock. As the tangle comes to occupy more of the cytoplasm, the nucleus 
is displaced to an eccentric position and the dendritic arborization is pruned. The 
morphology of the tangle conforms to the outlines of the pyramidal cell while it 
remains intracellular (Plate I), but, after cell death, the tangle swells and disperses in 
the extracellular space as it is invaded and progressively degraded by astrocytes. The 
loss of pyramical cells is highly correlated with the accumulation of neurofibrillary 
tangles (r = 0.76, p < 0.001; Bondareffet a/., 1993). 

The appearance of neurofibrillary pathologg in the form of neurofibrillary tangles 
and dystrophic neurites, follows a stereotyped pattern recently described by Braak and 
Braak ( 1991) on the basis of cross-sectional analysis ofunselected cases coming to post- 
mortem. Neurofibrillary tangles are first found in the pre-a layer (layer II) of the 
transentorhinal cortex and the entorhinal cortex (Stages I and II). By the time neuro- 
fibrillary pathology spreads to layer I of Ammon's horn in the hippocampus, extra- 
cellular tangles have appeared in the entorhinal cortical regions (Stage III). Next, 
tangles appear in the deeper pre-ct layer (layer IV) of the entorhinal cortex and in CA 1 
of the hippocampus (Stage IV). Pathology then spreads into sectors CA2, 3 and 4 of 
the hippocampus, the subiculum, and into isocortical areas, particularly the temporal 
and parietal cortices (Stage V). The final Stage VI is characterized by more extensive 
spread in neocortical areas, with relative sparing of primary motor and sensory areas, 
and the appearance ofneurofibrillary tangles in the granule cells of the fascia dentata. 

Van Hoesen and Damasio (1990) have discussed the neurophysiological implica- 
tions of this pattern in terms of the progressive disconnection of the hippocampal 
formation from the rest of the neocortex. Multimodal cortico-cortical projection path- 
ways converge on the layer II pyramidal cell islands of the entorhinal cortex. These 
are the cells of origin of the perforant pathway, projecting to dendrites of the granule 
cells of the fascia dentata and directly on to pyramidal cell dendrites of CA1 of the 
hippocampus. The granule cell axons project to dendrites of hippocampal and sub- 
icular pyramidal cells, which provide the major hippocampal output back to layer IV 
of the entorhinal cortex, which in turn has wide projections in the cerebrum (Figure 
1). The striking feature of the pathology of Alzheimer's disease is the progressive and 
systematic disconnection of both the inputs and the outputs of this circuit. 

The cognitive neurophysiology of this circuit has been investigated in terms of habitua- 
tion, or its converse, the detection of novelty (Gray, 1982) and/or episodic memory (Treves 
and Roles, 1994). Habituation to multimodal stimuli is accompanied by inhibition offiring 
in the subicular output of this circuit, whereas stimuli coded for attentive processing gain 
access via CA 1 and subicular pyramidal cell projections to the 'feedback' isocortical pro- 
jection system. The relationship between these phenomena of attentional coding and 
memory is not well understood, but it is clear that bilateral hippocampal disconnection is 
associated with profound deficits in episodic and autobiographical update memory. 
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Figure 1 Schematic representation of the input and output of the hippocampus. Multimodal 
cortico-cortical projections terminate on the layer II islands of the entorhinal cortex. Pyramidal 
cells of this layer are the cells of origin of the perforant pathway; which projects to dendrites of 
granule cells of the dentate gyrus and also to dendrites of pyramidal cells of stratum pyramidale 
of the hippocampus (CA3) and subiculum. Axons from these cells project to dendrites of CA1 
pyramidal cells and subiculum, which send projections back to layer IV of the entorhinal cortex. 
This represents the major hippocampal output, projecting to a variety oftelencephalic and dien- 
cephalic structures. The striking feature ofneurofibrillary pathology of Alzheimer's disease is the 
graded destruction of pyramidal cells at each of the points of this circuit, excepting the granule 
cells of the dentate gyrus. The latter are prominently affected in another neurodegenerative dis- 
order involving changes in tau protein processing, Pick's disease. CS, collateral sulcus; DG, 
dentate gyrus; FF, fimbria-fornix; HF, hippocampal fissure; HP, hippocampus; PROSB, prosub- 
iculum; SB, subiculum; T, temporal isocortex; U, uncal hippocampus; V, lateral ventricele. 

Although there is as yet no precise quantitative metric for the Braak staging system, 
qualitative staging is broadly correlated with degree of dementia determined prospec- 
tively by the Blessed scale for dementia (Bancher et aL, 1993; Braak et aL, 1993). 
Furthermore, the fundamental axiom of the system, that the greater the density of 
neurofibrillary pathology in any given region, the greater the number of regions in 
which neurofibrillary pathology can be detected, has been borne out in a recent 
prospective study ofunselected cases coming to post-mortem at early stages of pathol- 
ogy (r = 0.85; Gertz et al., submitted). 

Thus, the anatomically ordered progression of neurofibrillary degeneration is 
closely linked to neuropsychological deficit in ways that appear to have meaning in 
terms of our understanding of the neurophysiology of higher cortical function. There 
can be little doubt that the destruction of specific corfico-corfical projection systems, 
which is linked quantitatively with neurofibrillary degeneration of the Alzheimer 
type, represents neuronal damage, which must at some point underlie irreversible 
dementia. 
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2.2 The ultrastructure of neurofibrillary tangles 

Electron microscopical studies ofneurofibrillary tangles showed that their main struc- 
tural constituent was an abnormal fibre, which differed in appearance from any of the 
normal fibrous constituents of the neuronal cytoplasm. In  his initial report, Kidd 
(1963) observed that there appeared to be more of these abnormal fibres inside dys- 
trophic neurites scattered throughout the neuropil than there were in tangles. This 
morphological impression has since been confirmed in quantitative studies of 
advanced cases comparing biochemical and histological measures of neurofibrillary 
pathology (Mukaetova-Ladinska et aL, 1993). Thus, an important unifying feature of 
this pathology is the presence of the same pathological 'neurofibres' in tangles, in dys- 
trophic neurites throughout the neuropil, and in neuritic plaques (Braak et aL, 1986; 
Braak and Braak, 1988). 

There was initial debate as to the correct structural description of these fibres, which 
alternate in diameter between 8 and 20 nm with a periodicity of 80 nm. Terry's view 
that these fibres were 'twisted tubules' (Terr-fi 1963) for some time gave rise to the errone- 
ous beliefthat the pathological 'neurofibres' were abnormal microtubules. This impres- 
sion arose from certain electron micrograph images in which the filament could be 
observed to have a clear centre. So strong was this expectation that biochemical isolates 
were produced, which duly reported the presence of a 50 kDa band thought to be 
tubulin as a major constituent of paired helical filaments (PHFs) (Iqbal et aL, 1974, 1975). 

Kidd used the term 'paired helical filaments' because he observed midline splitting 
of the fibres in some images. The structural model of two strands twisted helically 
around each other cannot be reconciled with the twisted tubule model. One way of 
explaining the unstained centre could be in terms of peripheral distribution of stain 
in axial images. Since a normal thin section for electron microscopy has a thickness 
generally in excess of 70 nm, an axial image of a PHF would include an almost com- 
plete helical rotation, and so would appear circular. A preferential distribution of stain 
at the periphery would produce an image with a dense periphery and an 'empty' 
centre, hence giving the impression of a tubule. 

The PHF model produced a different series of biochemical and immunohistochemical 
interpretations. Careful analysis of well-prepared biopsy specimens suggested to Metuzals 
that continuity could be demonstrated between the two filaments of the PHF and the 
neurofilamentous network, which he interpreted as implying that the PHF was an altered 
neurofilament (Metuzals etal., 1984, 1987). This impression received immunohistochem- 
ical support from the work of Anderton, in which he showed that monoclonal antibodies 
raised against bovine neurofilament preparations, which labelled neurofilament proteins, 
also labelled neurofibrillary tangles, concluding that neurofilament proteins make a struc- 
tural contribution to PHFs (Anderton et al., 1982). Selkoe, attempting to purify PHFs on 
the basis of sodium dodecyl sulphate (SDS) and urea insolubili~, proposed that the PHF 
was composed of altered neurofilament proteins with pathological e-amino linkages 
(Selkoe et al., 1982). This view also had good theoretical support from basic cell biology, 
since the collapsed neurofilament networks seen in cells after depolymerization of micro- 
tubules have a strong resemblance to neurofibrillary tangles. 
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The work on PHF structure undertaken in Cambridge was based on analysis of 
isolated PHFs visualized by negative stain (Crowther and Wischik, 1985; Wischik et 
al., 1985; Figure 2). This produced superior resolution of ultrastructural detail and 
permitted the use of image reconstruction techniques. Images obtained from such 
preparations confirmed that filaments split in the midline, implying that the paired 
helical model was correct. Characteristic clean transverse truncations without fraying 
implied the absence of the axial protofilaments seen in neurofilaments. Metal shad- 
owing suggested that the marked wide-to-narrow modulation was the product of a 
twisted ribbon structure with a high aspect ratio, i.e. a structure with greater breadth 
than depth. Thus, the PHF could be characterized structurally as a double helical 
assembly of transverse subunits twisted into a left-handed helical ribbon. Further sub- 
structural information could be deduced from regularly repeating 3/4 longitudinal 
striations. This could be explained by the presence of two C-shaped subunits each 
containing three domains. This domain substructure could also be demonstrated 
directly in computed cross-sectional density maps of isolated PHFs (Figure 3). A 
similar organization was demonstrated by Crowther (1991) in the 15 nm straight fila- 
ments, which copurify with PHFs and which tend to be located in axons. The 'straight 
filament' appearance is caused by a lower aspect ratio, i.e. the transverse breadth is 
comparable to the depth of the filament. Although the same paired C-shaped subunit 
organization is present, the subunits are arranged back to back rather than base to 
base, producing a more nearly rounded cross-section. Thus the straight filament is a 
structural variant of the PHE 

This structural description of the PHF made no predictions regarding its molecu- 
lar composition. The main implication of this regular structure is that there are spe- 
cific sites of molecular association, which are reproduced throughout the filament. 
Many proteins have been found to have the capacity to form such paracrystalline fil- 
amentous arrays. However, since PHFs are a constant feature of neurofibrillary 
pathology, regardless of histological appearance as tangles, dystrophic neurites or neu- 
ritic plaques, the important theoretical implication at the molecular level is that a 
characteristic modification of one or a small set of proteins is responsible for a process 
of de novo polymerization, which becomes extremely widespread throughout the brain 
in Alzheimer's disease. 

2.3 Molecular analysis of the PHF core 

Immunohistochemical studies demonstrated that neurofibriUary tangles contain 
neurofilament proteins (Anderton et al., 1982; Perry et al., 1985; Sternberger et al., 
1985; Gambetti et al., 1986; Miller et al., 1986), vimentin (Yen et al., 1983), actin 
(Vogelsang et al., 1988), ubiquitin (Mori eta/., 1987; Perry eta/., 1987; Shaw and Chau, 
1988), MAP2 (Yen eta/., 1987), tau (Brion eta/., 1985; Delacourte and Defossez, 1986; 
Grundke-Iqbal et al., 1986; Ihara et al., 1986; Kosik et al., 1986; Nukina and Ihara, 
1986; Wood et al., 1986) and amyloid [3-protein (A[$) (Kidd et al., 1985; Masters et al., 
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Figtwe 2 Electron micrographs of isolated paired helical filaments (PHFs), showing splitting 
of filaments into single strands, confirming the paired helical organization of the filament. 
Longitudinal striation patterns are also readily seen, which are characteristically three-fold or 
four-fold. This is caused by the superimposition of domains of the underlying C-shaped subunit 
organization of the PHE 

14 



m 

m 

m 

o O O o  
O O e  

o O O O  

~ O a ,  

e : O o  
O o  

o O 0 O  

o el,O,o �9 
e,oO,~mm 

o O O e  
e O 0 o  
o O 0 o  

imm 
-T2 

it 

Structure of paired helical filaments 

O e  
O o  
O 
ql, o e  
o o o  

end 

.g 

MD 

o O  

0 o  

Z 

e O 0 o  
o B O e ,  

g o  
o ~ o  
o emOo e 

b 

C 

d 

e 

Figure 3 Schematic representations of the subunit organization of the PHF (a, b, c) and com- 
puted cross-sectional density maps (d, e). In the course of the helical rotation of the basic C- 
shaped subunits, superimposition produces an impression of either three or four elements. 
'Straight filaments' are structural variants of this basic C-shaped organization, except that the 
subunits are base to base rather than back to back. The actual packaging of molecules within 
this overall structure is unknown. From mass data, each of the domains could correspond to a 
single 12 kDa core tau unit, since there are probably six of these per nanometre in the core PHE 

1985). Isolated PHFs could be immunodecorated with antibodies against MAP2, 
neurofilament, ubiquifin and tau. Antibodies raised against PHF preparations 
included those with reactivity against tau, MAP2 and A[]. These results suggested a 
theoretical view at odds with the structural view described above. Whereas the struc- 
ture of the PHF suggested that neurofibrillary degeneration should be understood in 
terms of de novo polymerization of a characteristically modified subunit, the 
immunohistochemical data suggested rather that neurofibrillary degeneration should 
be viewed as a nonspecific disorder of cytoskeletal proteins, an end-stage process of 
cytoskeletal aggregation that might be initiated in many different pathological set- 
tings, including head trauma, viral diseases, the Guam-Parkinsonism-dementia 
complex and Down's syndrome (Shankar et al., 1989). The link between neuro- 
fibrillary degeneration and cell death did not appear particularly surprising, if this 
simply represented an agonal precipitation of cytoplasmic/cytoskeletal proteins. 

In this context, the discovery of a genetic association between abnormalities in 
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amyloid [3-protein precursor (APP) processing and dementia proved to be extremely 
attractive as a basis for understanding Alzheimer's disease, since it offered the prospect 
of elucidating a process with apparent molecular specificity for Alzheimer's disease. 
More particularlg a practical judgement was made by many researchers that 
abnormalities in the processing of APP held the key to understanding early stages in 
molecular pathogenesis, which would open the way to discovering novel therapeutic 
approaches (Goate et al., 1991; Crawford and Goate, 1992; Haas and Selkoe, 1993). 
The possibility that neurofibrillary degeneration might also represent a pathological 
process with a high degree of molecular specificity has not begun to gain wide accep- 
tance in the field until quite recently. 

The structure of the PHF suggests that its assembly should be understood in terms 
of specific changes in a small number of molecules that result in a relentless process 
of polymerization. Studies of isolated PHFs showed that many of the immunological 
ambiguities regarding PHF composition could be resolved by removing a fuzzy coat, 
which surrounds the core structure of the PHF (Wischik et aL, 1988a). It was observed 
that after digestion with proteases (Pronase) a core was left behind, which retained all 
the essential structural features of the PHE However, this core was found to lack 
immunoreactivity for any of the proteins which had been claimed as tangle/PHF 
constituents, including tau (Wischik et al., 1988a). 

A protocol was developed for preparing highly enriched preparations ofprotease- 
resistant core PHFs. Acid treatment of this PHF core fraction was found to release an 
essentially pure preparation of a 12 kDa protein (Figure 4), which was labelled by a 
monoclonal antibody (mAb) raised against the PHF core fraction, which also labelled 
PHFs (mAb 423). Sequence analysis of this protein showed that it was derived from 
the tandem repeat region of the microtubule-associated protein tau. This established 
that tau protein represents at least one integral constituent of the core structure of the 
PHF (Wischik et al., 1988b). 

Tau protein is known from sequencing of cDNA libraries prepared from human 
and other mammalian sources to exist in six isoforms, ranging from 352 to 441 amino 
acids derived by alternative RNA splicing from a single gene on chromosome 17 
(Figure 5). Each isoform contains three or four tandem repeats of 31 or 32 amino acids 
located in the C-terminal half of the molecule. Each repeat contains a characteristic 
Pro-Gly-Gly-Gly motif. The repeats are rich in basic amino acids and are involved in 
the binding of tau to an acidic domain oftubulin. The extra repeat in the four-repeat 
isoform is inserted within the first repeat in a way that preserves the periodic pattern. 
Similar microtubule binding repeats are found in the carboxy-terminal domain of 
high molecular weight microtubule-associated proteins MAP2 and MAP-U (Goedert 
et al., 1988, 1989a, b). 

The 12 kDa tau peptides derived from the PHF core originate from both three- and 
four-repeat isoforms, but are restricted to three repeats in length (Jakes et a/., 1991). 
The N-termini of these fragments are aligned at homologous positions with respect to 
the maximum homology alignment of the repeat region, but are 14-16 residues out 
of phase. Information regarding the C-terminal extent of the PHF-core tau fragments 
was determined by detailed analysis of the epitope of antibody mAb 6.423, which was 

16 



Figure 4 Coomassie-stained gel of PHF-core preparation from control elderly brain (lanes 
1-3) and from a case of Alzheimer's disease (lanes 4-6). The first lane in each set (lanes 1 and 
4) represents an acid supernatant fraction ('F5.5') obtained after sonicating the preparation at 
pH 5.5. There is a prominent 12 kDa band only in the AD preparation (arrow). The second 
pair of lanes in each set contains the material insoluble at pH 5.5 brought into solution using a 
protocol developed in this laboratory for solubilizing PHF-core preparations completely. Apart 
from the 12 kDa band, no other major difference between the control and AD preparations is 
apparent. Thus, the 12 kDa material is the major constituent of the PHF core preparation. 

i~ i  1 2 1  

mAbs 7.$1 423 

F 5 . 5  i , 4  

! I i ; 3 R e p e a t  
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mAbs 7.51 423 
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I . . . .  I 

: 1 ~ _ ~ . ~  / - - I s t  ! *  ! : : 4 R e p e a t  : : : : : : : 
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Figm-e 5 Schematic representation of the six isoforms of tau protein. These arise by alternative 
splicing to include inserts shown as' 1' and '2' in the N-terminal half of the molecule, and insert'3' 
in the tandem repeat region, giving rise to six possible combinations. The segments denoted 'F5.5', 
which span precisely three repeats of both three- and four-repeat isoforms, correspond to the 
species found to comigrate as the 12 kDa band shown in Figure 4. The fragments are phase-shifted 
by half a repeat with respect to the maximum homology alignment structure of the tandem repeat 
region, and terminate at position Glu-391 at the C-terminus, or a postion homologous to this in 
the 4-repeat isoform. The epitopes of mAb's 7.51 and 423 are shown. 
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found to depend critically on a C-terminal truncation at Glu-391 in two species of the 
12 kDa PHF core peptides (Novak et al., 1993). Surprisingly, this truncation site is situ- 
ated 93/95 residues from the N-terminus of the core tau fragment, the precise equiv- 
alent of three repeats. Indeed it is possible to demonstrate a homologous alignment 
structure for the core tau species, which preserves the three-repeat organization of 
intact tau but which is phase-shifted by 14/16 residues with respect to normal. Thus 
the limits of susceptibility to proteolytic digestion of tau protein within the core struc- 
ture of the PHF are very precisely defined. It is likely that these limits are determined 
by the attachment site of the tau molecule within the PHF core (Figure 6). 

Although PHFs isolated without protease digestion can be immunolabelled by tau 
antibodies directed against epitopes located in the N-terminal half of the molecule, 
this immunoreactivity is lost after proteolytic stripping of the fuzzy coat (Wischik et aL, 
1988a). Further biochemical and immunochemical studies of PHF core preparations 
have failed to reveal any amino acid sequence or immunoreactivity derived from the 
N-terminal half of the molecule (Caputo et al., 1992). Thus, the N-terminal half of the 
tau molecule is located entirely in the fuzzy outer coat of the PHF and makes no struc- 
tural contribution to the regular paracrystalline structure of the core. Furthermore, 
the N-terminal half of the tau molecule can be removed proteolytically without affect- 
ing the structural integrity of the PHE 

2.4 Development and application of quantitative methods for 
measuring PHF-bound tau 

The relative purity of the core PHF preparation has made it a useful starting point for 
the development ofimmunochemical assays for measurement oftau, which is integral 
to the PHE Two independent assays were developed on the basis of mAbs 423 and 
7.51 (Harrington et al., 1991 a, b; see Figures). As noted above, the former detects tau 
truncated at Glu-391. mAb 7.51 detects an epitope located in the tandem repeat 
region, which is present in all tau isoforms, and is also present in the 12 kDa tau frag- 
ment of the core PHF (Novak et al., 1991). The mAb 7.51 epitope is occluded when 
tau is bound within the PHF core but is exposed after it has been released by acid 
treatment. By contrast, the mAb 7.51 epitope is not occluded when tau is free. This 
suggests that the phase-shifting of the repeat region associated with binding of tau 
within the PHF is characterized by a conformational change, which distinguishes it 
from tau-tubulin binding. The binding can also be distinguished chemically, in that 
tau can be released from microtubules by changes in salt concentration, whereas 
much harsher treatments are required to release tau from PHFs. 

Acid-dependent mAb 7.51 immunoreactivity has been found to be highly corre- 
lated with mAb 423 immunoreactivity in PHF-core preparations (r = 0.95 Wischik et 
al., 1995). Since mAb 7.51 is able to detect all tau species that contribute to the PHF 
core irrespective of C-terminal truncation and, since not all of these terminate at Glu- 
391 (for example, the fragment encompassing the first three repeats from the four- 
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Figure 6 N-Terminal sequence analysis of the 12 kDa F5.5 fragments released from the PHF 
core shows the existence of six fragments beginning at the positions indicated by the arrows. 
These positions are located half-way through tubulin-binding domains (shown underlined). 
The C-termini of some of the fragments have been defined by epitope mapping of mAb 423 
used in Plate I. Using recombinant tau fragments, all and only those terminating at Glu-391 
were found to be recognized by mAb 423. 

repeat isoform), the correlation with mAb 423 immunoreactivity implies that the tau 
isoforms which contribute to the core structure of the PHF do so in a regular stoi- 
chiometric relationship. The precise stoichiometry is not yet known. 

These assays have been used in an extensive series of studies of cases coming to 
post-mortem with and without a diagnosis ofAhheimer's disease. Ahheimer's disease 
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Figure 7 Total tau protein content in controls and Alzheimer's disease, as measured by mAb 
7.51 immunoreactivity. This antibody recognizes an epitope located in the 12 kDa tau fragment 
of the core PHF, and also normal tau protein. PHF-bound tau can be distinguished by the 
absence of mAb 7.51 immunoreactivity until after the core tau fragment has been released by 
acid treatment (see Figure 4). Although total tau protein is somewhat reduced in AD, this is not 
statistically significant. The major change appears in the redistribution of the tau protein pool 
from the soluble phase (white) to the PHF-bound phase (black). 

cases were shown to be characterized biochemically by a major redistribution of the 
tau protein pool from the soluble form to a form which is assembled into paired helical 
filaments. In frontal cortex, for example, there is a 95% loss of soluble tau and, in 
tempero-parietal cortices, there is a 45-fold increase in tau protein incorporated into 
PHFs relative to controls (Mukaetova-Ladinska et aL, 1992, 1993; Figure 7). This 
redistribution of a protein, which is essential for maintaining axonal microtubules in 
a polymerized state, may underlie the loss of synaptic connectivity in cortico-cortical 
association circuits (Terry et aL, 1991), which is though to be associated with clinical 
dementia (Figure 7). 

The contribution made by various histological forms of neurofibrillary pathology 
to the measured protease-resistant PHF pool has also been examined. PHF content is 
most closely related to the amount of dystrophic neurite pathology and only weakly 
predicted by counts ofneurofibrillary tangles in case of advanced Alzheimer's disease 
(Mukaetova-Ladinska et al., 1993). This supports the initial ultrastructural observa- 
tions made by Kidd, namely that the main bulk of PHFs in the Alzheimer's disease 
(AD) brain is located in dystrophic neurites. This impression was strongly confirmed 
by cases in which very high levels of protease-resistant PHFs were observed largely in 
the absence of neurofibrillary tangles (Mukaetova-Ladinska et al., 1992). The claim 
that protease-resistant PHFs are derived preferentially from neurofibrillary tangles at 
advanced stages of pathology (Goedert et al., 1992a) is not supported by this data. 
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2.5 Quantitative studies of tau protein in PHF preparations 

Although the studies discussed above show that at least the minimal protease resistant 
tau unit contributes to the structure of the PHF, they do not demonstrate that tau is 
the sole constituent of the PHF. Claims that tau is the sole constituent of PHFs have 
come from studies based on the analysis ofa subpopulation of PHFs, variously known 
as ~k68-PHFs', 'soluble PHFs', 'dispersed PHFs', which are prepared as a fraction 
insoluble in 1% sarkosyl from an initial low-speed supernatant from brain homogen- 
ate (Rubenstein et al., 1986; Greenberg and Davies, 1990; Lee et al., 1991). Although 
tau proteins are a minor constituent of the SDS-soluble species present in this 
material, these can be visualized selectively by immunoblot. Since the major tau 
species seen in such preparations are those corresponding to a characteristic triplet of 
bands of gel mobility 60, 64 and 68 kDa, the ~68-proteins', the inference has been 
drawn that the PHFs that are present are composed solely and entirely of A68 pro- 
teins (Lee et al., 1991; Goedert et al., 1992a). 

A68 proteins are full-length abnormally phosphorylated tau species. That at least 
some of the tau protein associated with some PHFs is abnormally phosphorylated can 
be deduced from the fact that some PHFs, notably those in the sarkosyl-insoluble 
preparation, can be labelled by phosphorylation-dependent tau antibodies, which 
also label the A68.proteins. Since this immunolabelling can be abolished by protease 
digestion, which leaves the PHF core intact, it follows that the phosphorylated epi- 
topes are located exclusively in the fuzzy coat of the PHE Indeed, mass-spectroscopic 
analysis of tau protein released from the protease-resistant PHF core preparations 
have failed to demonstrate that any sites within this segment of the molecule are phos- 
phorylated (Poulter et al., 1993). However, some of the tau species released by SDS 
treatment of A68-PHF preparations are phosphorylated in the tandem repeat region 
(Hasegawa et al., 1992). Presumably such species do not originate from the PHF core. 

The proportion of PHFs which are phosphorylated in the fuzzy coat has recently 
been determined in a study comparing measures of total PHF tau with measures of 
phosphorylated tau isolated from the same brain tissues. The technical feasibility of 
determining this parameter derives from the use of a protocol developed for bulk iso- 
lation of PHFs from AD brain tissues (Wischik et al., 1988b). Total PHF-tau in this 
fraction can be determined from acid-dependent mAb 7.51 immunoreactivity 
(Harrington et al., 1991). Phosphorylated PHF-tau can be determined using an 
ELISA based on mAb AT8 immunoreactivity (Harrington et al., 1994a). These para- 
meters were recently compared in 90 preparations derived from cases coming to post- 
mortem at early stages of neurofibrillary degeneration as determined by the Braak 
staging system. The contribution of phosphorylated PHFs was found to be less than 
5 % of total PHFs. Thus, phosphorylated PHFs represent a minority species even at 
the earliest stages of AD pathology (Lai et al., 1995). 

Another important quantitative question is how much of the tau in A68-PHF 
preparations is of full length. Scanning transmission electron microscopic (STEM) 
measurements have shown that the molecular mass of the protease-resistant core of 
the PHF is 65.2+0.7 kDa/nm (Wischik et al., 1988a). The only tau species identified 
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Figure 8 Frequency distribution of PHFs by mass in Pronase-treated [(�9 and non-Pronase- 
treated [(m)] PHF preparations as determined by scanning transmission electron microscopy. 
In each case 100 filaments were measured. The non-Pronase PHFs exist in several size classes 
(designated NP1-4, corresponding to non-Pronase Classes 1-4 in Table 1), of which the top 
10% group has a mean mass of 103 kDa/nm. There are two peaks in the Pronase-PHF 
preparation (designated P1, P2, corresponding to Pronase Classes 1, 2 in Table 1), corre- 
sponding to 61.6 kDa/nm and 71.6 kDa/nm (Table 1). These would correspond to six or seven 
of the 93/95 amino-acid residue core PHF fragments shown in Figures 5 and 6. This sets an 
upper limit of about one full-length tau molecule per nanometre contributing to the fuzzy outer 
coat of the PHF, which is lost in the course of Pronase digestion. Thus, of the tau molecules, 
which are intrinsic to the PHF, about 6/7 are truncated, and about 1/7 is N-terminally intact. 
A schematic model corresponding to these estimates is shown in Figure 9. 

after extensive biochemical (Wischik et al., 1988a) and immunochemical (Caputo et al., 
1992) analyses of such core PHF preparations are restricted to a 93/95 amino acid 
fragment (predicted mass 10.2 kDa) derived from the tandem repeat region, with a 
variable contribution of fragments from the C-terminal tail of tau. If the core PHF 
mass is to be accounted for entirely by tau, then there must be six tandem-repeat frag- 
ments per nanometre to account for the observed mass. The N-terminal domain of 
tau, which is only found in the fuzzy outer coat of the PHF and which is removed in 
the course of Pronase digestion, has a predicted mass in excess of 24 kDa. If each of 
the core tau fragments were to extend to the N-terminus in the intact PHF, this would 
add a further 6x24 k D a / n m  (144 kDa/nm),  and the predicted mass of the intact PHF 

would therefore exceed 208 kDa/nm.  STEM measurements of PHFs isolated without 
protease digestion have shown that PHFs in the top decile of the frequency distribu- 
tion (NP4) have a mass of 102.7+0.88 k D a / n m  (Wischik et aL, 1988a; Figure 8 and 
Table 1). A similar figure has been reported for STEM measurements of PHFs in the 
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Table 1. Frequency distribution according to mass of PHFs isolated 
from AD brain tissues with or without Pronase digestion, with mean _+ 
SEM for mass in each class. In the non-Pronase PHFs, classes 1-4 are 
designated NP1-NP4 in Figure 8. Class 1 (NP1) includes two sub- 
populations which are grouped as one. In the Pronase PHFs, there are 
only two main classes, designated P1 and P2 in Figure 8. The 
maximum mass loss after Pronase digestion is 37.5 _+ 1.11 kD/nm, the 
mean mass loss is 12.9 + 1.20 kD/nm. 

Non-Pronase PHF Mass 

Class 1 (12%) 62.1 _+ 0.98 kD/nm 
Class 2 (47%) 77.6 +_ 0.58 kD/nm 
Class 3 (18%) 91.5 _+ 0.70 kD/nm 
Class 4 (9%) 102.7 +_ 0.88 kD/nm 

All (100%) 78.1 +_ 1.30 kD/nm 

Pronase PHF Mass 

Class 1 (67%) 59.0 +_ 0.51 kD/nm 
Class 2 (33%) 73.9 +_ 0.46 kD/nm 

All (100%) 65.2 _+. 0.68 kD/nm 

Maximum Mass Loss After Pronase 
Mean Mass Loss After Pronase 

37.5 _+ 1.11 kD/nm 
12.9 +_. 1.20 kD/nm 

A68-PHF preparation (Ksiezak-Reding and Wall, 1994). This sets an upper limit of 
about 40 kDa /nm to the mass difference before and after Pronase digestion, the 
equivalent of about one full-length tau molecule per nanometre. The mass data for 
intact PHFs therefore imply that, if tau is the sole constituent of the PHF, the major- 
ity the tau molecules which contribute to its structure, even in A68-PHF preparations, 
must have undergone N-terminal truncation, and that only one in six or seven extends 
to the N-terminus (Figure 9). 

If a substantial proportion of the tau molecules which contribute to the structure 
of the PHF have already undergone truncation in the course of PHF assembly, then 
A68-PHFs could not be composed solely of full-length tau, whether or not hyper- 
phosphorylated, as has been claimed (Lee et al., 1991; Goedert et al., 1992a). Either 
tau is not the sole constituent of the PHF, or if it is, then the bulk is not full-length. 
Either wag the claims generally accepted as defining the molecular composition of 
the PHF are unlikely to be true. 

This then raises the question of the origin of the hyperphosphorylated tau 
species extracted by SDS from the sarkosyl-insoluble PHF preparation. These 
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Figure 9 Schematic model of PHF structure based on mass data shown in Figure 8 and bio- 
chemical data shown in Figure 4. The N-terminal half of the tau molecule contributes only to 
the fuzzy outer coat of the PHF, which is lost after Pronase digestion. The core structure of the 
PHF, which is left after Pronase digestion and which contains the basic C-shaped subunit 
organization shown in Figure 3, contains only tau species derived from the tandem repeat 
region, phase-shifted by 14-16 residues as shown in Figures 5 and 6. The contribution of the 
C-terminal tail of the tau molecule is more complex, and is shown as entirely lost after Pronase 
digestion. However, a portion, but not all, of the C-terminal tail survives Pronase digestion. The 
only regions of the tau molecule which are phosphorylated in some PHFs are those located in 
the fuzzy outer coat. 

could derive either from the surface tau molecules which coat the PHF core, or else 
they might represent tau protein, which copurifies with PHFs, or a combination of 
both. 

In a recent study which compared SDS-soluble A68-protein with total phospho- 
rylated tau content in the sarkosyl-insoluble fraction derived from AD brain tissues, 

no quantitative relationship could be demonstrated (Table 2). The reason for this is 
that only 12% of the phosphorylated tau which precipitates in sarkosyl can be found 
in the bulk PHF fraction, if the sarkosyl precipitation step is omitted. The remainder 

appears in several low-speed supernatant fractions where soluble or partially assem- 

bled tau species, but not PHFs, can be detected. Thus the bulk ofphosphorylated tau 

24 



Structure of paired helical filaments 

Table 2. Correlation matrix for measures (direct or competitive ELISA 
using mAb AT8, or densitometry of SDS-soluble A68-proteins) of 
phosphorylated tau prepared via the A68-protocol on the basis of 
insolubility in 1% sarkosyl. These are compared with each other, and 
with measures of PHF-bound tau in the Pronase-resistant core PHF 
preparation obtained from the same brain homogenate by the if-II 
protocol. Assays were carried out in 24 large scale preparations from 
12 cases on neuropathologically confirmed Alzheimer's disease. SDS- 
soluble A68 proteins are correlated neither with the phosphorylated 
tau content of the A68-tau fraction as measured by mAb AT8, nor with 
the PHF-tau content. By contrast, mAb AT8 immunoreactivity in the 
A68-tau fraction is highly correlated with PHF content. Therefore, the 
SDS-solubility of tau protein in the A68-tau fraction is non-quantitative. 
In any case, only 12% of phosphorylated tau in this preparation is in 
the form of PHFs. Therefore, SDS-gels of the A68-tau fraction do not 
provide a basis for determining the molecular composition of PHFs. 
Data from Wischik et al., 1995. 

A68-proteins mAb AT8- mAb AT8- 
S DS-so l u b le direct co m pe five 

PHF-core 0.256 0.835***  0.842***  
(mAb 423) 0.357 0.257 

A68-proteins 
-SDS-soluble 

mAb AT8 0.788***  
-direct 

* * * p  < 0.0001, otherwise NS 

recovered in the sarkosyl-insoluble fraction does not have the sedimentation proper- 
ties of PHFs in the absence of sarkosyl. Presumably these non-PHF forms of phos- 
phorylated tau contribute disproportionately to the SDS-soluble forms which are 
visualized an immunoblots (Wischik et al., 1995). 

Thus, two post-translational modifications of tau have so far been identified: 
truncation of tau which is intrinsic to the core structure of the PHF and abnormal 
phosphorylation of portions of the tau molecule located in the fuzzy outer coat of the 
PHE The quantitative relationship between these two processes is balanced very 
much in favour of truncation, in that only a minority of PHFs in AD brain tissues are 
abnormally phosphorylated, and only a minority of tau molecules which are incor- 
porated into PHFs are phosphorylated. Thus, although the terms 'PHF-tau' and 
'phosphorylated-tau' have tended to become synonymous in the literature, the two 
are in fact equivalent in less than 5 % of the tau molecules which appear in PHFs. This 
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therefore leaves open the question as to the actual pathogenic significance of 
phosphorylation and indeed at what point it occurs during the events leading to PHF 
assembly. 

2.6 Phosphorylation of tau protein 

Significant progress has been made in the elucidation of abnormal phosphorylation 
sites in tau in AD. Using site-directed mutagenesis and in vitro phosphorylation of 
mutant recombinant tau, Biernat et aL (1993) were able to map the phosphoryla- 
tion-dependent antibody mAb AT8. mAb AT8 recognizes A68-tau proteins before 
but not after dephosphorylation. The antibody also fails to recognize the bulk of 
adult tau proteins that are isolated from normal brain tissues. The epitope of mAb 
AT8 is very close to, if not identical with, the Tau-1 epitope, around residues 
189-207 (Kosik et al., 1988), and is dependent on phosphorylation in the vicinity of 
Ser-202 (Goedert et al., 1993). mAb Tau-1 has a complementary property to mAb 
AT8 in that it requires dephosphorylation (Binder et al., 1985) of Ser-199 and/or  
Ser-202 (Liu et al., 1993). Lichtenberg-Kraag et al. (1992) have used a series of phos- 
phorylation-dependent neurofilament antibodies (SMI-31, SMI-33 and SMI-34), 
which also recognize A68-proteins, to show that tau is phosphorylated at Ser-235, 
Ser-396 and Ser-404, Ser-235 and Ser-396. Ser-46 in one of the N-terminal tau 
inserts has also been shown to be phosphorylated in the A68-tau proteins of 64 and 
68 kDa mobility (Brion et al., 1993). Hasegawa et al. (1992) have shown variable 
phosphorylation at Thr-231 and Ser-262 by mass spectroscopy. The interest of Ser- 
262 is that it is the only site of abnormal phosphorylation so far identified in the 
tandem repeat region. However, even this site is outside the minimal protease-resis- 
tant tau unit of the core PHF (see above). Most of the sites so far identified are 
within Ser-Pro or Thr-Pro pairs, of which there are 17 distributed throughout the 
N- and C-terminal domains of tau. 

Numerous enzymes have been found which phosphorylate tau in vitro. Mitogen- 
activated protein kinase (MAP kinase) phosphorylates most of the 17 Ser-Pro and 
Thr-Pro sites (Drewes et al., 1992; Goedert et al., 1992b; Gustke et al., 1992). 
Glycogen-synthetase kinase-3[3 phosphorylates most of the Ser-Pro motifs (Hanger et 
al., 1992; Mandelkow et al., 1992). Both MAP kinase and GSK-3[3 are microtubule- 
associated proteins as defined by the criterion of copurification with microtubules 
during cycles of assembly and disassembly (Mandelkow et al., 1992). Two further 
kinases, called tau protein kinase 1 and 2, have been purified from microtubule-asso- 
ciated proteins and found to phosphorylate tau (Ishiguro eta/. ,  1988, 1991, 1992). 
Tau protein kinase 1 appears to be identical to GSK-3[~, and phosphorylates tau at 
Ser- 199, Thr-231, Ser-391 and Ser-413. Tau protein kinase 2 phosphorylates Ser- 
202, Thr-205, Ser-235 and Ser-404, which is similar to MAP kinase. Rodder and 
Ingram (1991) isolated two further kinases (PK36 and PK40), which phosphorylate 
tau at Ser-Pro and Thr-Pro sites, and also phosphorylate intermediate and heavy 
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neurofilament subunits. Other kinases include cAMP-dependent kinase (Pierre and 
Nunez, 1983), calcium-calmodulin-dependent kinase II (CaM kinase; Yamamoto et 
al., 1983), casein kinase I (Pierre and Nunez, 1983), casein kinase II (Steiner et al., 
1990), proline-directed kinase (Vulliet et al., 1992), cdc2 kinase (Drewes et al., 1992; 
Ledesma et al., 1992; Mawal-Dewan et al., 1992) and the cyclin-dependent cdk2 and 
cdk5 kinases (Baumann et al., 1993). Biernat et al. (1993) have isolated a 35/41 kDa 
kinase from rat brain extract that phosphorylates Ser-262, which produces a sub- 
stantial reduction in tau binding affinity for microtubules. It is not known which, if 
any, of these kinases are involved in the phosphorylation of tau in vivo, whether they 
are pathological and what their significance is regarding the development of neuro- 
fibrillary pathology in AD. 

Since phosphorylation may also be caused by a loss of phosphatase activi~, candi- 
date phosphatases have also been examined. Protein phosphatase 2A dephosphory- 
lates tau phosphorylated by p42 MAP kinase (also known as ERK2), whereas 
phosphatase 1 is ineffective (Goedert et al., 1992b; Drewes et al., 1993). Both phos- 
phatases 2A and 2B (calcineurin) dephosphorylate phosphorylated Ser-Pro and Thr- 
Pro motifs (Drewes et al., 1993; Gong et al., 1994), as well as Ser-262 within the first 
repeat (Drewes et al., 1993). The significance of these observations is at present 
unknown. 

One argument that has been advanced in favour of attributing a pathogenic sig- 
nificance to states of abnormal phosphorylation of tau has been the observation that 
phosphorylated tau has a reduced binding affinity for microtubules. Bramblett et al. 
(1992) have shown that tau protein isolated from the sarkosyl-insolublr fraction binds 
with less affinity to microtubules before dephosphorylation. Recombinant tau protein 
phosphorylatcd in vitro also has reduced binding affinity for microtubules (Gustkr et 
al., 1992), and phosphorylation at Sr appears to be particularly effective in this 
regard, although phosphorylation at Ser-Pro and Thr-Pro sites also contributes 
(Biernat et al., 1993). Similarly, MAP kinase-phospho~lated tau also has a marked 
reduction in binding affinity for microtubules. 

Two hypotheses regarding the pathogenesis of ncurofibrillary degeneration in 
Alzheimer's disease have been advanced on the basis of this data. The first has 
been that abnormal phosphorylation of tau reduces binding affinity to micro- 
tubules and hence cause their destabilization, and so reduces fast axonal transport. 
The second hypothesis is that abnormal phospho~lation of tau, by neutralizing 
positive charges in the basic residues just upstream from the repeat region, reduces 
electrostatic repulsion, and so favours the self-assembly of tau into PHFs 
(Crowther, 1993). 

However, there is as yet no evidence that any abnormal state of phosphorylation 
of tau favours self-association. Indeed, the only study that has examined the effect of 
phospho~lation on the polymerization of tau in vitro failed to demonstrate any quan- 
titative difference between phospho~lated and unphosphorylated tau (Crowther et 
al., 1994). We have recently measured the binding affinity of phosphorylated tau in a 
tau-tau binding assa)4 and found that phosphorylation in fact inhibits pathological 
self-association of tau ten-fold (Figure 10). Furthermore, tau which is sequestered in 
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Figure 10 A major argument, which has been advanced in support of phosphorylation of 
tau as a rate-determining post-translational modification responsible for PHF assembly, is the 
observation that phosphorylated tau binds with a lower affinity to microtubules than non-phos- 
phorylated tau. However, using a tau-tau binding assay developed in this laboratory, the 
binding affinity of phosphorylated tau was found to be ten-fold lower than unphosphorylated 
tau. Thus, phosphorylation inhibits pathological tau-tau association to the same extent as it 
inhibits tau-tubulin binding. T40, recombinant tau protein; T40P, recombinant tau protein 
phosphorylated in vitro with rat brain kinase extract; POTr, post-natal day 0 rat tau. 

the somatodendritic compartment for whatever reason is more phosphorylated rela- 
tive to axonal tau (Papasozomenos and Binder, 1987; Riederer and Innocenti, 1991), 
and this appears to be a mechanism for reducing both tau-tubulin association and 
transport of tau into the axon. Indeed the presence of phosphorylated tau in PHFs 
may simply be biologically synonymous with their occurrence in the somatodendritic 
compartment of the cell, and may carry no further pathogenic significance than this. 

2.7 I m m u n o h i s t o c h e m i c a l  s tud ies  of a l te red  tau  process ing  in 
A l z h e i m e r ' s  d isease  

The main evidence which is cited to show that phosphorylation is an early patholog- 
ical event is histological. Bancher et al. (1989) first observed pyramidal cells in regions 
vulnerable to neurofibrillary degeneration containing tau-immunoreactive granular 
material in the cytoplasm in the absence of neurofibrillary tangles, and Wolozin et al. 

(1986) also reported Alz-50 immunoreactivity in pyramidal cells without neuro- 
fibrillary tangles. The latter has been shown to recognize the N-terminus of tau 
(Goedert et al., 1991). Further immunohistochemical studies with antibodies such as 
mAb AT8 have likewise shown that these early deposits contain tau phosphorylated 
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at Ser-199/202, and a variety of other phosphorylation-dependent antibodies that 
detect other phosphorylation sites have shown similar results. Most interestingly, 
Braak et al. (1994) have recently reported that the earliest changes found in transitional 
entorhinal cortex, occurring as early as the fourth decade of life, are pyramidal cells 
immunoreactive with mAb AT8. 

However, similar findings have also been reported using mAb 423, which 
detects tau truncated at Glu-391. Pyramidal cells vulnerable to neurofibrillary 
degeneration, which do not yet contain neurofibrillary tangles, have also been 
found to contain fine immunoreactive granular material (Mena et a/., 1991; Plate 
II). This material is also immunoreactive with mAb 7.51 only after formic acid 
treatment of the section, showing that the tau protein is in a partially assembled 
state which occludes the tandem repeat region (Mena et aL, 1995). When exam- 
ined by electron microscopg these deposits are ultrastructurally amorphous (Mena 
eta/., 1995). Two other abnormal cytoplasmic inclusions that contain truncated tau 
have also been reported. The granule of the granulovacuolar degeneration (GVD) 
complex, a tertiary lysosomal structure whose appearance in the hippocampus is one 
of the characteristic neuropathological features of Alzheimer's disease, contains C- 
terminally truncated tau (Bondareff eta/.,  1991; Dickson et al., 1993). A second type 
of granule, the 'PHF core body', has also been reported (Mena et al., 1992). These 
granules are typically found in smaller numbers in the cell, have a smoother outline 
than the GVD granule and are typically located at the base of the apical dendrite. 
Neither of these two latter granular structures is labelled by markers for phosphory- 
lated tau. 

By the time typical intracellular neurofibrillary tangles appear within the cell, 
similar immunohistochemical features are preserved: mAb 423 immunoreactivity and 
mAb 7.51 immunoreactivity are both present, but in a form which requires formic 
acid treatment of the histological section for the epitopes to be accessible (Mena et al., 
1995). Some, but by no means all, intracellular neurofibrillary tangles are character- 
ized by mAb AT8 immunoreactivity (Bondareff et a/., 1995). 

Further stages of processing of neurofibrillary structures can be discerned in the 
extracellular space after cell death. Stage II extracellular tangles are characterized by 
loss of the very N-terminus of the tau molecule but preservation of regions closer to 
the tandem repeat region, and recognized by phosphorylation-dependent antibodies. 
These tangles can be seen to be extracellular, because they are no longer associated 
with a pyramidal cell nucleus, but remain fusiform and compact. Stage III extracel- 
lular tangles are characterized by loss of all immunoreactivity outside the tandem 
repeat region, although some immunoreactivity for the very C-terminus of tau is pre- 
served. Such tangles are also more dispersed in appearance and swollen beyond the 
dimensions of the original pyramidal cell, presumably due to invasion by astrocytic 
processes (Bondareff et al., 1990, 1994). 

Thus the immunohistochemical staging of neurofibrillary pathology appears to 
involve the following stages of abnormal processing of the tau molecule: 
(1) Appearance in the somatodendritic compartment of N-terminally intact tau 

(phosphorylated) and ultrastructurally amorphous tau deposits, characterized by 
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C-terminal truncation (mAb 423-reactive), tau-tau association (formic acid- 
dependent mAb 7.51 immunoreactivity). 

(2) Appearance of overt fibrillar assemblies, characterized as polymers with a core of 
truncated tau and superficial coating of full-length tau, some phosphorylated 
(Stage I tangles). 

(3) Stage II extracellular tangles, with loss of N-terminal tau immunoreactivity. 
(4) Stage III extracellular tangles, loss of all markers for the N-terminal half of the 

tau molecule, re-exposure of the marker for C-terminal truncation. 

2.8 Aetiology of abnormal tau processing in Alzheimer's 
disease- insights from other neurodegenerative disorders 

Aetiological theories for AD have included debate over the relative importance of 
neurofibrillary pathology. The formation and deposition of AI3 is regarded by many 
investigators as the specific aetiological agent in AD. This view has received the 
strongest direct support from studies of Down's syndrome and from genetic evidence 
in familial autosomal dominant AD. 

2.8.1 Down's syndrome 

Senile plaques and neurofibrillary tangles are found in a large proportion of Down's 
syndrome (DS) subjects (Jervis, 1948; Mann, 1988; Mattiace et al., 1991) irrespective 
of genotype (Whalley, 1982; Sylvester, 1986) and these increase with age. Trisomy of 
only the 21q22 band of chromosome 21 has been shown to be sufficient for the 
development of AD-type pathology (Neibuhr, 1974). The PHFs found in DS brain 
tissues are identical to those found in AD (Mukaetova-Ladinska et al., 1994). The 
extent of neurofibrillary pathology has been found to be correlated both with the loss 
of normal soluble tau and the quantity of tau in PHFs (Mukaetova-Ladinska et aL, 
1994). The quantity of PHF-tau is comparable in AD and DS cases with clinical evi- 
dence of dementia. Although some reports have claimed that there is more phospho- 
rylated tau in DS relative to AD (Goedert et al., 1992a), phosphorylated tau can in fact 
be detected in DS individuals regardless of clinical or neuropathological evidence of 
AD (Mukaetova-Ladinska et al., 1994), and neurons reactive with Alz-50 have been 
found to persist throughout life in DS (Sparks and Hunsaker et al., 1992). 

As with AD, there is a positive correlation between the amount of neuro- 
fibrillary degeneration and the amount of PHF-bound tau, and a negative 
correlation between neurofibrillary pathology and the amount of normal soluble 
tau (Mukaetova-Ladinska et al., 1993, 1994). No statistically significant relation- 
ship has yet been found between the amount of A[3 pathology and accumulation 
of PHF-bound tau. However, a significant positive correlation can be demon- 
strated in DS cases between the amount of A[3 pathology and the level of normal 
soluble tau (r = 0.52, p = 0.048; Mukaetova-Ladinska et al., 1994). This is also con- 
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sistent with reports that diffuse A[3 plaques are also positively correlated with 
neuron count (Cummings et al., 1993). Thus the only quantitative relationship 
which can be demonstrated either in AD or DS between A[~ pathology and tau 
protein is likely to be an indirect reflection of neuronal density. No relationship 
has yet been demonstrated that would support the hypothesis that AI3 deposition 
is linked in a quantitative manner to alterations in tau-protein processing in either 
AD or DS. 

2.8.2 Senile dementia of the Lewy body type 

A number of families have been identified with early-onset forms of AD which have 
been linked to markers on chromosome 21 (St George-Hyslop et al., 1987), and muta- 
tions identified in the APP gene itself(Goate et al., 1991; Fidani et al., 1992). However, 
not all APP mutations are associated with the clinical phenotype of Alzheimer's 
disease. Thus a dominant mutation at codon 693 of APP770 is associated with a hered- 
itary form of cerebrovascular amyloidosis without tau pathology (Levy et aL, 1990). 
One of the cases with a mutation at codon 717 of APP770 has been found at post- 
mortem to be characterized by a distinct pathological profile, which includes cortical 
Lewy bodies, amyloid angiopathy and stroke (Hardy et al., 1991). This has led to the 
view that deposition of A~ represents a unif~ng feature present in a range of neuro- 
degenerative disorders. 

There is some neuropathological overlap between AD, senile dementia of the 
Lewy body type (SDLT) and Parkinson's disease (PD), so that the current noso- 
logical status of Lewy body disorders remains controversial (Hansen and Galasko, 
1992). Nevertheless, it is possible to select cases of relatively pure SDLT on neuro- 
pathological grounds, which can be distinguished also on clinical grounds as pre- 
senting an atypical dementia syndrome characterized by a fluctuating confusional 
state, behavioural disturbance, visual and/or  auditory hallucinations and pro- 
gressive dementia (McKeith et al., 1992). Such cases have recently been studied bio- 
chemically, and were shown to have significant accumulation of SDS-insoluble AI3 
in the absence of accumulation either of abnormally phosphorylated tau protein or 
of tau protein incorporated into PHFs. These cases therefore demonstrate that APP 
dysmetabolism leading to deposition of SDS-insoluble AI~ can occur without induc- 
ing the pathological alterations in tau processing, which distinguish normal ageing 
from AD (Harrington et al., 1994a). 

It has been suggested that possession of the apolipoprotein E3 allele (or possibly 
the ApoE2 allele) may be protective against PHF formation (Strittmatter et al., 1994). 
The mechanism proposed is that ApoE3 binds to phosphorylated tau with higher 
affinity than ApoE4 and hence prevents PHF assembly. Quite apart from the ques- 
tion of whether phosphorylation oftau does or does not promote PHF assembly, there 
is no evidence that the possession of the ApoE3 allele is protective against PHF assem- 
bly. When the amount of PHF-bound tau and phosphorylated tau were compared in 
cases with and without the ApoE4 allele, no difference could be found (Harrington et 
al., 1994b). Furthermore, when pure SDLT cases were compared with AD, a similar 
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elevation in apoE4 allele frequency was found (0.341 in SDLT, 0.326 in AD, 0.140 in 
controls). These SDLT cases were characterized by the absence of any tau pathology 
(Harrington et al., 1994a), therefore, possession of the ApoE4 allele cannot by itself be 
responsible for pathological alterations in tau protein processing of the kind seen in 
AD. 

2.8.3 Envi ronmenta l  f a c t o r s -  a lumin ium exposure 

Interest in environmental triggers for the pathology of AD arises most notably from 
the consistent epidemiological observation that prevalence appears to be a simple 
exponential function of age (Rocca et al., 1991), with an approximate doubling of the 
rate of inception of new cases for every 5 years beyond the age of 70 (Paykel et al., 
1994). A recent study of renal dialysis patients with elevated levels of brain aluminium 
caused by high therapeutic exposure to aluminium-containing medications showed 
that changes in tau protein processing of the kind seen in AD were related in a quan- 
titative manner to brain aluminium accumulation (Harrington et aL, 1994c). 
Specifically, the accumulation of tau protein truncated at Glu-391 was found to be 
correlated with both the level of aluminium in the brain (r = 0.753, p = 0.001) and the 
loss of normal soluble tau (r = -0.573, p = 0.025). The frequency of cases in this series 
with accumulation ofprotease-resistant PHFs in frontal cortex (13 %) was significantly 
higher than expected for this age group (0.1%, p < 0.0001). Thus, although elevated 
levels of aluminium in the brain are not normally found in AD, these findings may 
indicate a pathological pathway whereby environmental toxins are able to induce 
pathological processing of tau protein without significant A[3 deposition (Harrington 
et al., 1994c). 

2.9 Conclusion 

Alzheimer's disease is an aetiologically heterogeneous disorder. Although several 
genetic factors have been identified that are associated with AD, there are many cases 
of neuropathologically typical AD in patients who do not have any evident mutation 
in the APP gene, show no linkage to the AD3 locus on chromosome 14 and do not 
carry any apolipoprotein E4 alleles. 

Therefore an important practical problem for understanding the molecular 
pathogenesis of dementia of the Alzheimer type is to define those molecular changes 
which are the critical substrates for clinical dementia. On the evidence currently avail- 
able, the argument for deposition of SDS-insoluble A[3 as a critical substrate is weak 
except in the minority of AD cases with APP mutations. Thus, deposition of SDS- 
insoluble amyloid is seen in normal ageing, in PD, in SDLT and in AD. Although the 
levels are higher in AD, SDLT cannot be distinguished from normal ageing in terms 
of insoluble A[3. Therefore, the accumulation of this material cannot be the explana- 
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tion of clinical dementia in SDLT and, since the levels are only marginally higher in 
AD, the same conclusion follows. As a unifying factor for the neurodegenerative dis- 
orders of late life, A[3 deposition emerges as a weak discriminator for dementia but a 
good marker for some kind of neurodegenerative change, which is very common in 
late life. 

It must be said that the changes in tau protein processing which are seen in AD 
also cannot be used to explain all of the neurodegenerative dementias of late life. 
Specifically, the redistribution of the tau protein pool from soluble to PHF-bound 
phases, which strongly discriminates cases with clinical dementia from normal ageing, 
is not seen in pure SDLT or Parkinson's disease patients with dementia. Thus, the 
redistribution of the tau protein pool cannot provide the explanation for dementia in 
these latter Categories of dementia, and some other process, which implicates neither 
tau protein nor APP, must be found. Furthermore, changes in tau protein processing 
are not only seen in AD. For example, at least at the immunochemical level, changes 
in tau protein similar to those found in AD (including endogenous truncation of tau 
at Glu-391) are also found in Pick's disease in the dentate gyrus (SoiUieux et al., unpub- 
lished observation). Nevertheless there appears to be a reasonably firm body of evi- 
dence to support the view that the extent of neurofibrillary patholog~ whether 
measured histologically or biochemically, correlates with the degree of clinical demen- 
tia of the Alzheimer type. Furthermore, the same underlying process also correlates 
with the degree of synapse loss in the frontal cortex, which in turn correlates with the 
degree of clinical dementia (Terry et al., 1991). 

However, the genetic evidence in regard to the mutations in the APP locus must 
be accepted as proving that, at least in these familial cases, genetically mediated altera- 
tions in the processing of APP are a sufficient cause to explain the observed or implied 
alterations in tau processing. It follows that changes in APP processing are able to 
trigger the alterations in tau processing, which are quantitatively linked to degree of 
clinical dementia. For the reasons discussed above, the molecular linkage between 
these two processes does not appear to be tight. Thus, it is possible to have extensive 
deposition of A[~ without triggering tau pathology. Likewise, it appears to be possible 
to trigger alterations in tau protein processing without the mediation of measurable 
changes in APP processing, for example, as in the case of aluminium exposure. 

It follows that therapeutic strategies which aim to block pathological alterations in 
APP processing need not necessarily prevent the alterations in tau processing which 
appear to underlie dementia, at least in AD. On the other hand, a successful thera- 
peutic strategy which prevented pathological alterations in tau protein processing 
would not be expected to provide a treatment for the other neurodegenerative dis- 
orders of old age, particularly SDLT, which is the second most significant cause of 
dementia after AD. 

As to the molecular mechanism of redistribution of the tau protein pool into 
PHFs which occurs in AD, it is widely held that phosphorylation plays a critical role 
and therefore that, if a link is to be found between 'APP dysmetabolism' and 'tau 
dysmetabolism', it is via the processes which regulate the pathological phosphoryla- 
tion of tau. Arguments have been advanced in this chapter which do not support 
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this position. Specificall% although 'phosphorylated tau' and 'PHF tau' have 
become synonymous in the literature, this is likely to prove a false conjunction. It is 
probable that, of tau molecules which have been incorporated into PHFs, as few as 
5 % are phosphorylated, even at the earliest measurable stages of the disease process 
and that, at any time, the total amount ofphosphorylated tau in the brain is less than 
10% of the total PHF-bound tau. It is perfectly compatible with the available evi- 
dence that phosphorylation of tau is an epiphenomenon in which a small propor- 
tion of PHFs become phosphorylated in the course of the events which lead to PHF 
assembly. There is no evidence presently available which forces one to conclude that 
phosphorylation of tau is the rate-determining step in the process of PHF assembly. 
Indeed, there is evidence to suggest that phosphorylation might even represent a 
normal physiological post-translational modification of tau, which reduces its ten- 
dency to bind either to tubulin or to self-polymerize in the somato-dendritic 
compartment. 

The molecular analysis of enriched PHF preparations suggests that the bulk of the 
tau protein, which contributes to the core structure of the PHF, has undergone exten- 
sive N- and C-terminal truncation, to produce a phase-shifted fragment which is 
restricted to the tandem repeat region. This 'amyloidogenic' processing oftau protein 
in Alzheimer's disease probably conforms to generic concepts of amyloidogenesis 
implicating other proteins, notably the prion protein and APP. Specifically, one can 
visualize the polymerization of tau protein into PHFs as a process which requires a 
repetitive cycle of high-affinity capture of normal tau by a truncated tau species, and 
subsequent partial proteolysis of the captured species to reproduce the truncated tau 
unit which is able then to capture another normal tau molecule, and so on. In the 
absence of either further tau capture or partial truncation, the process would cease or 
saturate. The dynamics of this process would be exponential, since the more truncated 
tau units which are produced, the more tau will be captured, with the reproduction 
of further tau capture sites. In other words, such a process would be autocatalytic 
(Figure 11). 

As regards the initiation of pathological tau truncation, it is conceivable that many 
different aetiological processes could operate, including alterations in APP processing, 
possibly via the endosomal/lysosomal system. The intrinsic amplification of patholog- 
ical tau processing which would occur via autocatalytic capture, truncation and poly- 
merization of tau would then produce large-scale alterations in the tau protein pool 
which need bear no quantitative relationship to the underlying initiating processes. 
Although a large shift in the tau protein pool might be required to explain clinical 
dementia, quantitatively minor but highly specific changes in other metabolic path- 
ways, which lead to the initial production of truncated tau units, would be adequate 
to initiate an explosive and irreversible sequence of events. There is good reason to 
believe that alterations in the processing of APP represent one potential triggering 
process, but need not represent the only or necessary trigger. 
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Figure 11 Schematic model of autocatalytic processing of tau protein to produce PHFs in 
Alzheimer's disease. In this model, initial deposits of truncated tau, of the kind shown in Plate 
II, represent high-affinity capture sites for normal intact tau (Ka = 22 nM, Figure 10). Partial 
proteolytic processing of this complex results in removal of N- and C-terminal domains of the 
tau molecule, leaving a core tau unit with the characteristic C-terminal truncation site at Glu- 
391 recognized by mAb 423. This is able in turn to capture a further molecule of full-length 
tau, and so on. This process is envisaged as being exponential and endless, because proteolytic 
degradation is incomplete, leaving an exposed tandem-repeat fragment able to capture a 
further molecule of intact tau. However, partial proteolytic processing is seen as essential, since 
otherwise the capture of full-length tau molecules would become saturable. 
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Summary 

Alzheimer's disease (AD), the most common cause of dementia in the elderly, is 
characterized by several different types of abnormalities that affect selectively vulner- 
able regions of the telencephalon. The major abnormalities include the deposition of 
amyloid [3-protein (A[3) in the extracellular space, the massive loss of cortical neurons 
and the accumulation of paired helical filaments (PHFs) in neurofibrillary tangles, dys- 
trophic neurites and neuropil threads. The subunit proteins of PHFs are derivatized 
forms of central nervous system (CNS) �9 proteins known collectively as PHF~. Relative 
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to adult CNS x proteins, PHFx is excessively phosphorylated and far more resistant to 
proteolysis than its normal counterpart although CNS x is phosphorylated at sites that 
are similar to those found in PHFx. Based on these and other differences between PHFx 
and normal CNS 1; proteins, the formation ofneurofibrillary lesions in AD may be the 
result of the abnormal or altered regulation of the phosphorylation state of adult CNS 
T in the AD brain. In this review, we summarize current understanding of the 
pathogenesis ofneurofibrillary lesions in AD. We then consider how the incorporation 
of abnormally phosphorylated CNS T into PHFs could disrupt the microtubule 
network in neurons, impair axonal transport and compromise the function and viabil- 
ity of neurons, thereby contributing to the development and progression of AD. 

3.1 Introduction 

Over the past 10 years, several different lines of research have provided increasing 
support for the hypothesis that Alzheimer's disease (AD) is not a unitary disorder, but 
rather a heterogeneous group of dementing illnesses that share several common clin- 
ical and pathological hallmarks. As illustrated in Figure 1, this notion has been rein- 
forced by a number of recent studies of the molecular genetics of familial (FAD) and 
sporadic AD that implicate genes on at least three different chromosomes (i.e. 14, 19 
and 21) in the aetiology of FAD (for reviews and additional citations, see Ashall and 
Goate, 1993; Hardy, 1993; Mullan and Crawford, 1993; Price et al., 1993; Selkoe, 
1993). Additionally, apolipoprotein E (ApoE) has been identified as a risk factor for 
familial and sporadic AD (Saunders et al., 1993; Strittmatter et al., 1994). For example, 
individuals who are homozygous for the ApoE4 allele have a far greater susceptibil- 
ity to develop sporadic AD than individuals who are homozygous for the ApoE2 or 
ApoE3 allele. Further, mutations in the amyloid-[3 protein precursor (APP) have been 
detected in a small number of FAD kindreds (Ashall and Goate, 1993; Hardy, 1993; 
Mullan and Crawford, 1993; Selkoe, 1993). These important findings implicate muta- 
tions in the APP gene in the aetiology of FAD. Nonetheless, missense mutations in the 
APP gene do not account for the vast majority (i.e. >99%) of sporadic and familial 
AD cases. Thus, AD exhibits considerable phenotypic and genotypic heterogeneity. 

If AD indeed represents a group of chronic progressive neurodegenerative condi- 
tions each of which is the result of different aetiologies, this concept will have impor- 
tant implications for research efforts to develop effective therapies for this common 
dementing illness of the elderly. For example, it might be necessary to elucidate the 
aetiology and pathogenesis of each variant of AD in order to design effective treat- 
ments that will prevent or block the progression of each form of this dementia of late 
life. Accordingly, AD may turn out to be like cancer or infectious diseases, which 
require different or individualized therapies for each type of cancer or infectious 
agent. 

While the development of individualized therapies for different variants of AD may 
be a daunting but unavoidable undertaking, it also might be possible to focus success- 
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Figure I This figure summarizes putative risk factors or aetiologies for AD that converge to 
generate characteristic AD brain lesions caused by the accumulation of A[3 and PHF. A[3 
deposits and PHF~-rich neurofibrillary lesions may be a final common pathway leading to 
neuron death and dementia in AD. Lewy bodies comprised of intraneuronal accumulations of 
neurofilament (NF) proteins (designated NF inclusions here) occur in some cases of AD known 
as the Lewy body variant of AD. The sequence of events shown here leading from putative risk 
factor or aetiology to the loss ofsynpases and neurons followed by dementia is hypothetical, but 
familial AD accounts for about 10% of cases and is linked to chromosome 21 (locus of the APP 
gene), 19 (locus of the ApoE gene) and 14. The ApoE4 allele (ApoE4) on chromosome 19 is a 
risk factor for FAD and sporadic AD. 

ful and effective drug discovery on alternative strategies that target neurodegenerative 
disease mechanisms common to all forms of AD even though they may be invoked or 
activated 'downstream' from a given aetiological event. For example, since AD is 
defined operationally as a diagnostic entity if an elderly patient exhibits clinical evi- 
dence of a chronic progressive dementia and post-mortem examinationreveals abun- 
dant senile plaques ( S P s ) a n d  neurofibrillary tangles (NFTs) in the brain 
(Khachaturian, 1985), these AD lesions may well represent 'final common pathways' 
that could serve as therapeutic 'targets'. This would be a plausible strategy if the 
formation of plaques and tangles is the site of convergence of different aetiological 
events that cause AD, and if plaques and tangles induce a cascade of cellular perturba- 
tions that inexorably lead to the degeneration of neurons and the emergence of the 
dementia in AD. Although the pathogenesis of plaques and tangles is far from well 
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understood at this time, Figure 2 provides a hypothetical scenario to account for the 
formation of these lesions in the AD brain. 

The deposition of A[3 peptides in diffuse and neuritic amyloid plaques as well as 
the accumulation of NFTs are not restricted to AD, and deposits of A[3 may be as 
profuse in cognitively intact elderly individuals as they are in AD patients (Dickson et 
al., 1991; Arriagada et al., 1992; Goedert, 1993; Trojanowski et al., 1993b). However, 
there is a close correlation between the burden of NFTs and the dementia in AD 
(Dickson et aL, 1991; Arriagada et aL, 1992). Further, while neuronal cytoskeletal pro- 
teins known as 1: are the building blocks of NFTs, related neurofibrillary lesions are 
also formed from 1; proteins and they too are abundant in AD brains (for recent 
reviews, see Goedert, 1993; Trojanowski et al., 1993a, b; Trojanowski and Lee, 1994b). 
Indeed, accumulating evidence suggests that alterations in the phosphorylation of 
CNS 1: proteins could lead to the formation of neurofibrillary lesions in AD. Here we 
review recent insights into mechanisms that might account for the disruption of the 
normal metabolism and post-translational processing of CNS "~ in AD. Additionally, 
we also discuss how neurons might become dysfunctional and degenerate as a result 
of the abnormal metabolism o f t  proteins in CNS neurons. 

3.2 Molecular components of the pathological signatures of 
Alzheimer's disease 

Paired helical filaments are found aggregated together (in addition to straight fila- 
ments and other granular or amorphous cellular debris or material) into NFTs in the 
perikarya of selectively vulnerable populations of neurons in AD. Despite some 
similarities between the amyloid fibrils of SPs and PHFs in NFTs, amyloid fibrils and 
PHFs are composed of different proteins. Specifically, amyloid fibrils are formed from 
peptides 39-43 amino acid long (designated AI3) that are normal cleavage products of 
one or more of the alternatively spliced APPs (reviewed in Ashall and Goate, 1993; 
Hardy, 1993; Mullan and Crawford, 1993; Selkoe, 1993) while PHFs are composed 
of derivatized forms of each of the normal adult CNS T proteins referred to here as 
PHF'c (reviewed in Goedert, 1993; Trojanowski et al., 1993a, b; Trojanowski and Lee, 
1994b). 

Figure 2 This two-part figure illustrates hypothetical mechanisms for the generation of 
neurofibrillary lesions (a) and the deposition of A[3 in amyloid plaques (b). 

(a) The conversion of normal brain "~ (rectangles overlying 2 MTs on the left) into PHF'~ 
(A68). PHFT is generated in neuronal perikarya and their processes as a consequence of the 
overactivity or inappropriate activation of kinase(s) and/or the hypoactivity or loss of phos- 
phatase(s) that regulate the phosphorylation state of CNS 1:. PHF'~ then accumulates in neuro- 
nal processes as NTs (top), in neuronal perikaryal as NFFs (middle) and in plaque-associated 
dystrophic neurites (bottom). PHFI: loses the ability to bind MTs, and this could lead to the 
depolymerization of MTs, the disruption of axonal transport and the dysfunction and/or 
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degeneration of neurons in AD. The accumulation of PHFs in neurons could exacerbate this 
process by sequestering normal �9 and by physically blocking the transport of proteins and 
organelles in neuronal perikarya, axons and dendrites. The death of the neuron (on the right) 
would be the ultimate outcome of all of these events. 

(b) Soluble A[3 (s-A[3) peptides (depicted by the filled circles here) are produced in neural cells 
(e.g. neurons) in the brain (N=nucleus of a cell) and secreted (A) into the extracellular space (B) 
from whence they are cleared in the brains of normal younger individuals (C). With advancing 
age, s-A[3 aggregates (D) into so-called diffuse amyloid plaques (closely packed filled circles to 
the right of the D). Some aggregated s-Al~ also may be cleared from these plaques (E). In AD, 
s-A[3 in diffuse plaques may come into contact with PHF'~ proteins (filled curvilinear profiles) 
that have been released from degenerating neurons or their processes, as well as with other 
factors (e.g. proteoglycans) in the extracellular space (filled curvilinear profiles). As a conse- 
quence of these interactions, s-A[~ may be induced to form fibrillar A[3 (f-A[3) aggregates (F) that 
lead to the formation of SPs (to the right of the F), which accumulate or 'trap' many additional 
components including more s-A~ (filled circles), PHF'~ (curvilinear profiles) and f-A[3 (short 
linear profiles), in addition to other fibrillogenic factors (curvilinear profiles), microglial cells (I) 
and reactive astrocytes (H). Nonfibrillar or s-A[3 (and possibly f-A[3) might be cleared from SPs 
(G), but the continued presence of factors that induce the fibrillogenesis and insolubility of s- 
A[3 would favour the persistence of SPs in the AD brain. 
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Despite intense research efforts into the pathological significance of A[3 deposits 
since the discovery of the A[3 peptide in the AD and Down's syndrome brain about a 
decade ago (Glenner and Wong, 1984; Masters et al., 1985; Wong et al., 1985), the role 
of A[5 in the pathogenesis of AD remains enigmatic. Additionally, neither the function 
of the A[3 peptides constitutively secreted by normal human brain cells and other cell 
types (Haas et al., 1992; Seubert et al., 1992; Shoji et al., 1992; Wertldn et al., 1993), nor 
that of any of the three major species of APPs, has been defined clearly (Ashall and 
Goate, 1993; Hardy, 1993; Mullan and Crawford, 1993; Selkoe, 1993). Indeed, one 
of the conundrums in understanding the role of A[3 in the pathogenesis of neuron loss 
or dysfunction in AD is the presence of abundant deposits of A[3 in the brains of elderly 
individuals who show no ante-mortem evidence of cognitive deficits (Dickson et al., 
1991). On the other hand, the early and excessive accumulation of AD pathology in 
Down's syndrome patients with a trisomy of chromosome 21, and the presence of 
mutations in the APP gene within or flanking the A[3 domain in a subset of FAD kin- 
dreds, provide strong circumstantial evidence for the involvement of A[3 and altered 
forms of APP in the aetiology or pathogenesis of at least some forms of AD (Ashall 
and Goate, 1993; Hardy, 1993; Mullan and Crawford, 1993; Selkoe, 1993). 

In contrast to APP and A[3, considerable information is available concerning the 
basic biology, pathology and normal functions of adult and fetal CNS 1; proteins 
(Goedert, 1993; Matus, 1994; Trojanowski et al., 1993a, b). As part of the neuronal 
cytoskeleton, CNS T proteins are a group of developmentally regulated low molecu- 
lar weight microtubule-associated proteins (MAPs) that bind to microtubules (MTs) 
and function to stabilize MTs in the polymerized state as well to facilitate the poly- 
merization of tubulin subunits into MTs (for further information and additional cita- 
tions, see Cassimeris, 1993; Drechsel et al., 1992; Goedert, 1993; Ludin and Matus, 
1993; Goode and Feinstein, 1994; Matus, 1994). Normal adult human brain 1: con- 
sists of six alternatively spliced proteins encoded by the same gene, and each 1; isoform 
contains either three or four consecutive MT binding motifs that are imperfect repeats 
of 31 or 32 amino acids (Goedert et al., 1989a, b). Further, human 1; isoforms differ 
with respect to the presence or absence of inserted sequences in the amino-terminal 
third of 1: that are 29 or 58 amino acids in length and of unknown function. 
Accordingly, the largest 1: isoform is 441 amino acids long (with four tandemly 
repeated MT binding motifs and a 58 amino acid long amino terminal insert), while 
the smallest �9 isoform is 352 amino acids long (with three consecutive MT binding 
repeats and no amino terminal insert). So-called 'fetal' 1: is the shortest ~ isoform, and 
it is expressed early in the developing human nervous system, while all six alterna- 
tively spliced �9 isoforms (including 'fetal' CNS 1:) are expressed in the adult human 
brain (Bramblett et al., 1993; Goedert et al., 1989a, b; Goedert, 1993; Goedert et aL, 
1993; Lee et al., 1993). These observations on the delayed expression of five of the six 
alternatively spliced CNS 1; isoforms until post-natal life suggest that the develop- 
mental regulation of the number of CNS �9 isoforms and their phosphorylation state 
(see below) may allow for greater flexibility in establishing an appropriate equilibrium 
between polymerized and depolymerized MTs during the complex series of molecu- 
lar events that transforms the immature CNS into the mature CNS. 
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3.3 Formation of neurofibrillary lesions from derivatized forms 
of CNS z (PHF~) in Alzheimer's disease 

A number of studies have demonstrated that PHFs are abundant in neuronal 
perikarya where they are the major structural elements of NFTs, but PHFs also have 
been shown to accumulate in dystrophic processes (Goedert, 1993; Trojanowski et al., 
1993a; Trojanowski and Lee, 1994b). These processes are known as neuropil threads 
(NTs) when they are dispersed throughout the CNS grey matter. Similar dystrophic 
neurites are also intermingled with A[~ fibrils in neuritic and diffuse amyloid plaques 
as well as in the olfactory epithelium (Braak et al., 1986; Ihara, 1988; Shin et al., 1989; 
Talamo et al., 1989; Arai et al., 1990, 1992; Perry et al., 1990; Schmidt et al., 1990, 
1991; Tabaton et al., 1991; Trojanowski et al., 1991; Masliah et al., 1992; Lee et al., 
1993). After the initial detection ofimmunoreactive "~ in AD NFTs and in PHFs (Brion 
et al., 1985; Delacourte and Defossez, 1986; Grundke-Iqbal et al., 1986; Kosik et al., 
1986, 1988; Wood et al., 1986), biochemical studies showed that fragments of 1: could 
be isolated from PHFs purified from the AD brain (Goedert et al., 1988; Kondo et al., 
1988; Wischik et al., 1988). These studies rapidly confirmed and further refined the 
emerging notion that "~ was involved in the formation of neurofibrillary lesions. For 
example, they provided compelling evidence that PHFs themselves were formed from 
polymers of partially proteolysed or full-length "~ proteins. Further, they showed that 
PHFI: was abnormally phosphorylated relative to normal isoforms of human T 
obtained from post-mortem samples of adult CNS tissues. 

However, controversy about the identity of the subunit proteins of PHFs persisted 
until sodium dodecyl sulphate (SDS)-soluble PHFs were purified from AD brains and 
shown to consist of CNS "~ proteins that were abnormally phosphorylated at specific 
residues (e.g. at Ser 396) in PHF'~ but not in normal "~ proteins isolated from the adult 
post-mortem brain (Lee et al., 1991). Validation of these results came rapidly from a 
number of different laboratories (Bramblett et al., 1992, 1993; Brion et al., 1991; 
Ksiezak-Reding and Yen, 1991; Greenberg et al., 1992; Shin et al., 1992; Goedert et 
al., 1993). Furthermore, AD PHFs were shown to contain variable amounts of all six 
alternatively spliced human CNS 1: proteins (Goedert et al., 1992c). Subsequent 
studies of recombinant fragments of human 1: that were comprised of non-phospho- 
rylated MT binding repeats demonstrated that these fragments were able to polymer- 
ize into PHF-like structures under in vitro conditions that required an acidic pH 
(Crowther et al., 1992; Wille et al., 1992). More recently, full-length recombinant 
human �9 with four MT binding repeats (clone htau40, which corresponds to the 441 
amino acid long adult CNS ~ isoform) was shown to polymerize into PHF-like struc- 
tures in vitro at neutral pH (Crowther et al., 1994). Notably, when these proteins were 
phosphorylated in vitro with brain extracts to resemble PHF~ biochemically and 
immunochemically, the PHFs formed from these proteins more closely resembled 
authentic PHFs in situ in the AD brain than the filaments formed from the non- 
phosphorylated recombinant T proteins. 

Thus, by the end of 1992, all of the alternatively spliced CNS T proteins had been 
convincingly shown to be the major, if not the sole, building blocks of the PHFs found 
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in the major neurofibriUary lesions of the AD brain including NFI's and dystrophic 
neurites. However, the highest molecular weight isoform of t  (which contains a unique 
amino-acid insert in its amino-terminal region) is found in peripheral nervous system 
neurons, and it does not appear to be converted into PHFT (Couchie et al., 1992; 
Goedert et al., 1992b). Taken together, these studies suggest that the generation of 
PHF~ results from the aberrant or excessive phosphorylation ofnormal adult CNS 1: 
(see Figure 2). To understand the significance of these events for the pathogenesis of 
AD, it became apparent that the mechanisms regulating the phosphorylation states of 
1: need to be elucidated (Lee, 1991; Lee and Trojanowski, 1992; Goedert, 1993; 
Trojanowski et al., 1993b; Trojanowski and Lee, 1994b). 

To begin to understand the mechanisms whereby normal adult CNS �9 is con- 
verted into PHF~ in AD, a number of laboratories have sought to identify the sites of 
aberrant phosphorylation that distinguish PHF~ from normal adult CNS 1: (Biernat 
et al., 1992; Lee et al., 1991; Drewes et al., 1992; Hasegawa et al., 1992; Bramblett et 
al., 1993; Goedert et al., 1993). Several approaches have been used to address this 
question. For example, two Ser residues found in all CNS 1: isoforms that are abnor- 
many phosphorylated in PHFI: relative to adult human CNS �9 were identified (i.e. 
Ser 2~ and Ser ~96) using immunological methods, synthetic ~ phospho-peptides and 
recombinant human �9 subjected to site-directed mutagenesis and in vitro 
phosphorylation (Lee et al., 1991; Lang et al., 1992; Bramblett et al., 1993; Goedert et 
al., 1993). The numbering system of Goedert et al. (1989b) for the longest human 
CNS 1: isoform was used in these studies, which showed that the abnormally phos- 
phorylated Ser 2~ and S e r  396 residues in PHF'~ reside within the epitopes recognized 
by two well-characterized PHF'~-specific mAbs known as AT8 and PHF1, respec- 
tively. Both of these antibodies have been extremely useful in mapping phosphory- 
lated residues in PHFI: because the epitope detected by each of them has been 
identified. For example, AT8 recognizes an epitope containing phosphorylated Ser 2~ 
in PHFT (Goedert et aL, 1993). Additionally, the PHF1 mAb has been shown to rec- 
ognize phosphorylated Ser 396 in PHF~ just like the T3P antibody (Lee et al., 1991; 
Lang et al., 1992; Bramblett et al., 1993), but PHF1 also appears to recognize phos- 
phorylated Ser 4~ in PHFT (Otvos et al., 1994). Although the AT8 mAb was thought 
to be complementary to the Tau 1 mAb, recent epitope mapping studies suggest that 
the Tau 1 epitope differs somewhat from the AT8 epitope (Szendrei et al., 1993). 
Specifically, Tau 1 recognizes dephosphorylated PHFx and normal adult CNS 1:, but 
not native PHFI: (Goedert et al., 1993), and Tau 1 binds to an epitope contained 
within amino acids 189-215 only when none of the Ser residues within this region 
are phosphorylated (Szendrei et al., 1993). 

Another approach used to identify normal and abnormal phosphorylation sites in 
PHF~ has been mass spectrometry, and protein or peptide sequencing. Using this 
strateg~ it has been shown that in addition to Ser 2~ Ser 396 and Ser 4~ PHFI: also is 
abnormally phosphorylated at Thr ~81, Thr TM, Ser 235 and Ser 262 relative to adult post- 
mortem brain-derived CNS 1: (Hasegawa et al., 1992). However, it should be noted 
that Ser 262 was observed to be phosphorylated only in a fraction of PHFI:. Thus, Ser 262 
may represent a secondary or less constant site of abnormal phosphorylation in PHF~. 
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Taken together, these studies indicate that all of the major sites of abnormal 
phosphorylation in PHFt are Ser/Pro or Thr/Pro sites. Since there are 17 Ser/Pro 
or Thr/Pro sites in the largest human brain t isoform and 14 of these sites are shared 
by all six CNS t proteins, it is important now to determine which of these sites are 
aberrantly phosphorylated in PHFt (relative to fetal and adult human CNS t), and 
which sites interfere with the normal function of t when they are aberrantly phos- 
phorylated. Given the proximity of Ser 396 and Ser 4~ to the MT-binding domain just 
carboxy terminal to the last MT binding repeat, as well as the inverse relationship 
between the extent to which t is phosphorylated and the ability o f t  to bind MTs, it is 
not surprising that the aberrant phosphorylation of Ser 396 in PHFt relative to normal 
adult human CNS t has been implicated in the loss of the ability of PHFt to bind to 
MTs (Bramblett et al., 1993). Nonetheless, this loss of function also could result from 
the abnormal or excessive phosphorylation of other Ser or Thr residues in t. 

Given the important role that abnormal phosphorylation may play in converting 
normal adult brain t into PHFt thereby altering the normal functions of CNS t, it 
was germane to compare the phosphorylation state of PHFt with both adult and fetal 
CNS t proteins. When such studies were carried out using post-mortem brain samples 
as sources of t proteins, it became apparent that the phosphorylation state of PHFt 
partially recapitulates the phosphorylation state of fetal CNS t (Kanemura et al., 1992; 
Bramblett et al., 1993; Goedert et al., 1993; Lee et al., 1993). For example, Ser 2~ and 
Ser 396 are phosphorylated in PHFt and in the smallest t isoform when it is expressed 
in the fetal CNS, but not in any of the six t isoforms isolated from post-mortem 
samples of the normal adult CNS (Bramblett et al., 1993; Goedert et al., 1993). Despite 
the fact that fetal human CNS t is phosphorylated at Ser 2~ and Ser 396 like PHFt, fetal 
human t is capable of binding to MTs (albeit less well than adult CNS t proteins), 
while PHFx completely loses the ability to bind MTs (Bramblett et al., 1993). However, 
this loss of function is reversible, since dephosphorylation of PHFt restores the ability 
of PHFt to bind MTs. Similar observations have been made in comparative studies 
of PHFt and fetal rat t (Yoshida and Ihara, 1993). In addition, the normal pro- 
grammed death of large numbers of neurons in the developing CNS occurs without 
any of the neurofibrillary lesions that are found in the AD brain. These conclusions 
are based on studies of several different regions of the developing human CNS includ- 
ing regions of the adult brain that are unaffected (e.g. spinal cord; Tohyama et al., 
1991), mildly affected (e.g. cerebellum; Yachnis et al., 1993)or severely affected (e.g. 
hippocampus; Arnold and Trojanowski, 1994) by the accumulation of amyloid and 
neurofibrillary AD lesions. 

The studies summarized above suggest that the accumulation of neurofibrillary 
lesions in AD may be caused by the aberrant reactivation of fetal protein kinases and 
the inactivation of fetal protein phosphatases in the AD brain. The absence of any AD 
lesions in the fetal CNS suggests that these kinases and phosphatases, which are nor- 
mally present and activated in the fetal nervous system, determine the phosphoryla- 
tion state of fetal t but do not generate derivatized forms o f t  that are fully equivalent 
to PHFt in the AD brain. Accordingly, it is timely now to undertake studies of how 
the phosphorylation state of fetal t is regulated in the normal fetal human brain, since 
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such information could help elucidate how adult CNS 1: is converted into PHF~ in the 
AD brain. 

In future studies conducted with similar analytical strategies, it should be possible 
to identify all of the abnormal phosphorylation sites that distinguish PHF "~ from 
normal �9 in the fetal and adult CNS. In fact, mass spectrometry and sequencing of 
fetal and adult rat CNS �9 were performed recently; and, despite considerable hetero- 
geneity in the results, these studies showed that fetal �9 harboured ten phosphorylated 
Ser or Thr residues compared to five Ser or Thr phospho-residues in adult brain 1: 
(Watanabe et al., 1993). Notably, almost all of these residues were followed by Pro 
residues, suggesting that they are phosphorylated by proline-directed kinases. The 
accomplishment of a similar type of study of human adult and fetal CNS �9 is impor- 
tant because it will facilitate efforts to identify the kinases and phosphatases that are 
involved in the generation of PHF~ in the AD brain (Figure 2). This goal is all the 
more important to attain now in view of emerging data from studies of human brain 
biopsy-derived CNS ~, which indicate that freshly isolated adult human �9 (i.e. �9 pro- 
teins isolated with little or no interval between tissue excision and analysis) may be 
phosphorylated at almost all of the same sites as PHF~ albeit to a far lesser extent at 
these sites than PHFT (Garver et al., 1994; Matsuo et al., 1994). Among other things, 
these data suggest that some of the differences previously noted between normal adult 
CNS �9 and PHFI: that were obtained from studies ofpost-mortem brain samples may 
reflect the more rapid dephosphorylation of normal 1: versus PHF~ during similar 
intervals between the death of the patient and the extraction of each of these species 
of'~ protein. Whether or not this is caused by the reduced levels or activity of specific 
phosphatases in the AD brain remains to be determined. 

3.4 Kinases and phosphatases potentially involved in the 
conversion of normal CNS �9 into PHF~ in Alzheimer's 
disease 

Indeed, several kinases have been shown to phosphorylate normal 1: in vitro at some of 
the same sites that are phosphorylated in PHF~ (Goedert, 1993; Trojanowski et aL, 
1993a; Trojanowski and Lee, 1994b). Some of the candidate proline-directed protein 
kinases that have been implicated in the phosphorylation of PHF~ in this manner 
include: (1) mitogen-activated protein (MAP) kinases, which also are known as extra- 
cellular signal-regulated kinases (ERKs) (Drewes et al., 1992; Goedert et al., 1992a; 
Ledesma et al., 1992; Trojanowski et al., 1993c; Hyman et al., 1994; Trojanowski and 
Lee, 1994a); (2) glycogen synthase kinase-3 (Hanger et al., 1992; Mandelkow et al., 
1992; Ishiguro et al., 1993); (3) a proline-directed protein kinase (PDPK) (Vulliet et al., 
1992); and (4) the cyclin-dependent kinases CDK2 and CDK5 (Baumann et al., 1993; 
Paudel et al., 1993). In addition, several other kinases have been shown to phospho- 
rylate normal 1: in vitro, but not at sites that have been documented to be phosphory- 
lated in PHF~, fetal �9 or adult 1; (Hasegawa et al., 1992; Watanabe et al., 1993). These 
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include such kinases as calcium/calmodulin-dependent protein kinase or CaMK II 
(Steiner et al., 1990; Wood et al., 1993) and cyclic AMP-dependent protein kinase 
(PKA) (Robertson et al., 1993; Scott et al., 1993). Thus, the role of these kinases in regu- 
lating the phosphorylation state of'~ in vivo remains to be clarified. Finally, recent 
studies suggest that the protein tyrosine kinasea~n may regulate the activity of candi- 
date proline-directed kinases involved in the abnormal phosphorylation of CNS ~, 
and thus may be involved in abnormal phosphorylation cascades in the AD brain 
(Shirazi and Wood, 1993). 

Presently there is even less information on the protein phosphatases that are 
potentially involved in the conversion of normal CNS �9 into aberrantly or excessively 
phosphorylated PHF~ in the AD brain. However, the preliminary studies conducted 
to date have suggested that protein phosphatase 2A1 (PP2A1) and protein phos- 
phatase 2B (PP2B or calcineurin) may be implicated in the conversion of normal 
into PHFT (Goedert et al., 1992a; Drewes et al., 1993; Gong et al., 1993, 1994; Harris 
et al., 1993; Billingsley et al., 1994 Matsuo et al., 1994). Nonetheless, given the 
complexity of the biology of Ser/Thr protein phosphatases and their regulatory sub- 
units in different tissues and cell types (reviewed in Mumby and Walter, 1993), and 
the relatively scant amount of information that exists on the protein phosphatases in 
the CNS (reviewed in Sim, 1991), it is clear that much more needs to be learned 
about these enzymes in the brain before their role in AD can be assessed. Indeed, it 
is highly likely that several different kinases and phosphatases will be shown to be 
involved simultaneously or sequentially in the progressive conversion ofnormal'~ into 
PHF~. Further, normal interactions between a kinase or phosphatase and �9 as a sub- 
strate could be perturbed by alterations in the axonal transport o f t  or of one or more 
of these enzymes, and this might explain the formation of different types of PHFg 
lesions (i.e. tangles versus dystrophic neurites) at different sites (i.e. perikarya versus 
processes) within neurons. If these speculations prove to be correct, then it may be 
necessary to elucidate the contributions and inter-relationships of all of these 
enzymes in the generation of PHFT before it is possible to understand fully the role 
of neurofibrillary pathology in the premature and excessive loss of neurons in AD, 
and the dementia that is so characteristic of this disorder. 

3.5 Functional implications of neurofibrillary lesions in 
Alzheimer's disease 

Although current understanding of the detailed pathobiology of AD and the signif- 
icance of neurofibrillary lesions in this disease is incomplete at this time, the avail- 
able information suggests that the conversion of normal g into PHF~ might have 
deleterious effects on neurons during the progression of AD. For example, it is well 
known that the accumulation of PHFz in AD cortex correlates with the abundance 
of NFTs as well as with diminished levels of normal MT binding competent "~ in the 
CNS (Bramblett et al., 1992, 1993; Khatoon et al., 1992). Further, since abnormal or 
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excessively phosphorylated PHF x is unable to bind to MTs (Bramblett et al., 1993; 
Yoshida and Ihara, 1993), we have proposed that the conversion of normal x into 
PHFx could lower the levels of MT binding x, destabilize MTs, disrupt axonal trans- 
port and lead to the 'dying back' of axons in AD (Lee, 1991; Lee and Trojanowski, 
1992; Trojanowski et aL, 1993a, b; Trojanowski and Lee, 1994a, b). Additionally, dis- 
ruption of the MT network in neurons could alter the compartmentalization, or tar- 
geting and translation of mRNA in different neuronal domains (Bassell et al., 1994). 
Thus, MTs, CNS x or PHFx could be therapeutic targets for the treatment of AD. 
Specifically, drugs that cross the blood-brain barrier and stabilize axonal MTs, 
enhance the ability of residual, normal CNS x to bind and stabilize MTs, or reverse 
the phosphorylation state of PHFx, such that it is more like normal x, might be effec- 
tive independently or in combination as therapeutic agents to retard the progression 
of AD. 

These speculations are consistent with current views of the regulation of tubulin 
assembly, the functions of MTs, and the role ofx proteins in promoting the assembly 
and stability of MTs (Cassimeris, 1993; Drechsel et al., 1992; Goedert et al., 1993; 
Ludin and Matus, 1993; Matus, 1994). Hence, as a result of the hypothetical scenario 
outlined here and in Figure 2, the progressive conversion of normal CNS x into PHFx 
in the AD brain could lead to the degeneration or loss of cortico-cortical connections 
and incremental impairments of synaptic transmission followed by the emergence of 
cognitive impairments. Furthermore, the accumulation of abundant PHFs in neuro- 
nal perikarya and processes could exacerbate the sequence of events outlined above 
by physically obstructing orthograde and retrograde intraneuronal transport. 
Whether or not the aberrant phosphorylation of CNS x is essential for the formation 
of PHFs and the neurofibrillary lesions in which these abnormal filaments accumu- 
late remains to be determined because the studies of Crowther and co-workers (1994) 
suggest that recombinant full-length x can form PHF-like structures when it is in a 
nonphosphorylated state. 

As an extension of these considerations and hypotheses about events leading to the 
formation of PHFs in AD, we have proposed (Shin et al., 1993; Trojanowski et aL, 
1993a, b; Trojanowski and Lee, 1994b) that the release of PHFx from dying neurons 
or dystrophic neurites could result in interactions between PHFx and the soluble AI~ 
normally secreted by neurons or other CNS cells (Seubert et aL, 1992; Shoji et al., 
1992; Wertldn et al., 1993). Indeed, some experimental data appear to support the 
notion that the release of PHFx into the extracellular space could contribute to the 
formation of SPs (Shin et aL, 1993, 1994). Briefly, injections of human PHFx into the 
rodent brain with and without aluminium salts induced codeposits of AI3 at the injec- 
tion site. Similar observations were not obtained following injections of other peptides 
and polypeptides including several different proteins that are frequently found in 
NFTs and SPs. For example, cerebral injections of normal adult and fetal human x, 
various x peptides, dephosphorylated PHFx, high molecular weight neurofilament 
proteins, ot 1-antichymotrypsin or ApoE isoforms with or without aluminium salts did 
not produce codeposits of AI3. On the other hand, it is interesting that some of the 
proteins associated with NFTs and SPs in the AD brain such as ubiquitin, ApoE and 
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a 1-antichymotrypsin were codeposited with PHF~ at the injection sites in the rodent 
brain (Shin et al., 1993, 1994). Thus, the chronic but progressive degeneration of 
neurons or their processes in the AD brain may release PHF~, other proteins and 
other materials into the extracellular space, which then are able to recruit or immo- 
bilize soluble A[3 into deposits. This same neuronal debris also may play a role in 
inducing aggregated A[3 to undergo fibrillogenesis and the formation of neuritic 
amyloid plaques. 

Although amyloid fibrils are dominant structural elements in SPs, it is well known 
that SPs are complex amyloid deposits that are invariably associated with PHF~, and 
other proteinaceous or cellular components (Arai et al., 1990, 1992; Masliah et al., 
1992; Schmidt et al., 1991, 1994; Trojanowski et aL, 1993a). Further, senile plaques 
appear to disrupt the surrounding neuropil, and they induce gliosis and a microglial 
response. In contrast, so-called diffuse plaques are comprised almost exclusively of 
A[3, and they do not disrupt synaptic profiles or elicit a gliotic response in the cere- 
bellum (Li et al., 1994), hypothalamus (Standaert et al., 1991) and striatum (Gearing 
et al., 1993), where diffuse plaques occur almost to the exclusion of SPs and neuro- 
fibrillary lesions. However, we recently showed by immunohistochemistry and con- 
focal microscopy that the PHF1 antibody labelled a denser meshwork of neuropil 
threads in AD neocortex than other antibodies to normal �9 or PHF~, and this mesh- 
work ofneuropil threads was so extensive in the AD neocortex that nearly all amyloid 
deposits were permeated by PHFl-positive dystrophic neurites including diffuse 
plaques (Schmidt et al., 1994). In marked contrast to AD neocortex, the neocortex of 
normal age-matched controls was nearly devoid of PHFl-positive neuropil threads 
and it exhibited very few plaques with associated neurofibrillary lesions. This is 
consistent with earlier suggestions (Arai et al., 1990, 1992) that plaques formed by 
the convergence of amyloid and neurofibrillary lesions may be more AD specific 
than other types of amyloid plaques. Further, these studies imply that mechanisms 
leading to the formation of neuritic amyloid plaques could involve interactions 
between PHFI: and A[3, and that these interactions are more likely to occur in the 
AD neocortex where PHF~-rich neuropil threads are abundant and widespread 
abnormalities. 

Accordingly; we speculate that interactions between secreted, soluble A[3 and other 
molecules (including PHF~ and other SP components such as proteoglycans) in the 
extracellular space could serve as a nidus for the induction of A[3 fibril formation and 
the generation of complex neuritic plaques. Whether or not the aggregation and 
fibrillogenesis of A[3 is reversible in vivo is uncertain, but there is in vitro evidence that 
the deposition of soluble A[3 in plaques may be reversible (Maggio et al., 1992). Figure 
2 depicts a hypothetical scenario summarizing how such events might occur in the 
AD brain. While the details of this hypothetical scheme remain to be elucidated, it 
appears increasingly likely that the conversion of soluble A[3 into insoluble amyloid 
fibrils in the extraceUular space leading to the formation of neuritic amyloid plaques 
is a multistep process that may involve a number of different cofactors (Shin et al., 
1993, 1994; Snow and Malouf, 1993; Snow et al., 1994a, 1994b; Trojanowski and Lee, 
1994b). 
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3.6 Concluding remarks 

The progressive disruption of several different components of the neuronal cytoskele- 
ton is a common feature of chronic dementias of the elderly, and alterations of the 
phosphorylation state and degradation of CNS �9 in AD is one of the most extensively 
studied examples of this kind of pathological process. While the disruption of the neuro- 
nal cytoskeleton and the incorporation of abnormally phosphorylated CNS "~ proteins 
into pathological inclusions provide markers for AD, these events also could compro- 
mise the function and viability of neurons thereby contributing to the emergence of 
dementia in AD. Thus, we anticipate that advances in understanding the mechanisms 
whereby neurofibrillary lesions are generated from normal adult �9 will provide further 
insights into how these lesions contribute to neuronal dysfunction and degeneration. 
Such insights will set the stage for developing strategies for the therapy of AD. 
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Note added in proof to Chapter 3 

Since the submission of this Chapter, 5 recent studies from several different research 
groups independently reported significant increases in the levels of tau in the CSF of 
AD patients relative to normal controls (2-5). Although additional research is needed 
to confirm and extend these preliminary data, the provocative findings on CSF tau 
reported from 5 different research teams in several different countries are remarkably 
concordant. Hence, measurements of CSF tau by ELISA or other quantitative 
methods may provide an objective antemortem diagnostic test for AD. Indeed, mea- 
surement of tau levels alone or in combination with other proteins that may be 
detected in CSF (i.e. AB or fragments of Ag precursor proteins, kinases, phosphatases, 
proteases, etc.) in multiple CSF samples from the same patient obtained at periodic 
intervals spanning all stages of AD may yield powerful new strategies for monitoring 
the progression of this disease and its response to novel therapeutic agents. 
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Summary 

After heart disease, cancer and stroke, Alzheimer's disease (AD) is the leading cause 
of death in the developed world. In the US alone, Alzheimer's disease affects 2-3 
million people. These individuals eventually require constant care with a majority 
being institutionalized. AD therefore constitutes a major health problem in developed 
societies where the average age of the population is increasing. Much effort is being 
expended in the search for the cause or causes of AD with the hope that a full under- 
standing of the disease will lead to preventive therapies. 
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4.1 Is Alzheimer's disease a genetic disease? 

As early as 1925 it was reported that AD ran in families (Meggendorfer, 1925). Many 
epidemiological studies have since been carried out to try to identify risk factors for 
AD (Henderson, 1986). The only factor consistently found is the presence of a family 
history of AD (Brody, 1982; Heyman et al., 1984; van Duijn et al., 1991 a). Other risk 
factors which have been investigated are head trauma, thyroid disease and aluminium 
intake. Of these, the only one to show any significant correlation with the disease is 
head trauma (van Duijn et al., 1991 b). The most convincing evidence supporting the 
importance of a genetic component comes from the existence of a number of large, 
multiply-affected families in which the disease segregates in a manner consistent with 
fully penetrant autosomal dominant inheritance (Schottky, 1932; Nee et al., 1983; 
Foncin et al., 1986). The disease in these families is often referred to as familial 
Alzheimer's disease (FAD). The majority of cases, however, have no clear family 
history and are classed as sporadic. Recently two subsets of FAD have been recognized 
on the basis of age of onset. These are late onset (LOAD), with age of onset over 65 
years, and early onset (EOAD), with age of onset under 65 years. Two problems con- 
found the determination of genetic contribution to LOAD. Firstly, family members 
may have died of other causes before reaching the age of onset of AD and, secondly, 
the appearance of familial clustering can be a chance occurrence owing to the high 
frequency of AD in the elderly. In FAD pedigrees the age of onset is fairly consistent 
between affected members of the same pedigree but differs markedly between pedi- 
grees. It was within the EOAD group that the first advances in understanding the mol- 
ecular basis of AD were made. 

4.2 Clinical and pathological features of Alzheimer's disease 

AD neuropathology is characterized by the presence of large numbers of senile 
plaques and neurofibrillary tangles, with extensive neuronal cell loss, primarily in the 
temporal cortex and hippocampus. Senile plaques are extracellular deposits consist- 
ing of a central core of amyloid fibrils, surrounded by a rim of dystrophic neurites 
together with reactive microglia and astrocytes. The major proteinaceous component 
of senile plaques is amyloid [3-protein (A[3), a 39-42 amino-acid fragment derived 
from the amyloid [3-protein precursor (APP) by proteolysis (Glenner et al., 1984). APP 
is a glycoprotein with a single transmembrane domain. A~ is derived from part of the 
transmembrane domain and the adjacent extracellular domain (Figure 1) (Kang et al., 
1987). More detail of APP processing can be found in Chapter 7. The APP gene con- 
sists of 19 exons coveting >400 kb (Rooke et al., 1993) with A[3 encoded by exons 16 
and 17. Neurofibrillary tangles consist mainly of an abnormally phosphorylated form 
of the tau protein in paired helical filaments. Neither of these pathological features is 
specific to AD. Cerebral deposition of A[3 is observed in several disorders including 
Down's syndrome (DS), hereditary cerebral haemorrhage with amyloidosis-Dutch 
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Figure I Diagramatic representation of APP showing the position of A[3 and the location of 
disease associated mutations (APP770 numbering). 

B = E x o n  16; ~ = E x o n  17; ~ ~ -  membrane larger box denotes position of A[3 
within APP. 

type (HCHWA-D), dementia pugilistica (Roberts et al., 1990) and Guam-Parkinson- 
ism-dementia (Mann and Jones, 1990) as well as during normal ageing. 
Neurofibrillary tangles have been reported in some instances of Creutzfeldt-Jakob 
disease (CJD) (Hsiao et al., 1992) and in Guam-Parkinsonism-dementia. 

4.3 Other cerebral amyloidoses 

AD is not the only dementia involving cerebral amyloidosis to show autosomal dom- 
inant inheritance. Prion diseases are a group of transmissible fatal neurodegenerative 
diseases characterized by the presence of congophilic amyloid plaques. In contrast to 
AD, these plaques contain the prion protein, mutations in which cause 
Gerstmann-Scheinker-Straussler syndrome (GSS), CJD or fatal familial insomnia 
(FFI) (Prusiner, 1994). CjD is represented by both familial and sporadic forms with 
the familial forms caused by point mutations within the prion protein gene (PrP). The 
familial forms represent only a small percentage of all cases of CJD; a similar situa- 
tion exists for AD, where the number of sporadic cases is far greater than the number 
of familial cases. Amyloid is also deposited in the cerebral angiopathies and, in the 
case of HCHWA-D, the amyloid deposits consist of A[3 as they do in AD (van Duinen 
et al., 1990). HCHWA-D also shows an autosomal dominant pattern of inheritance, 
but patients suffer from stroke and show no signs of dementia. HCHWA-Icelandic 
type involves amyloid deposition of a cystatin C variant and not A[3. A~ deposition is 
also seen in cases of severe head trauma and in dementia pugilistica caused by 
repeated blows to the head. 
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Figure 2 Idiogram of chromosome 21 showing position of relevant markers, APP and the 
Down's obligate region. 

4.4 Down's syndrome and Alzheimer's disease 

The first clue suggesting the involvement of chromosome 21 in AD came from the 
observation that Down's syndrome individuals who have an extra copy of chromo- 
some 21, invariably develop the clinical and pathological features of AD if they live 
beyond 30 years old (Mann et al., 1986). Studies ofpost-mortem brains from DS indi- 
viduals at different ages suggest that A[3 deposition in the form of diffuse plaques is 
one of the earliest events in the pathogenesis of AD, with neurofibrillary tangles and 
neuronal death being a secondary occurrence (Mann et al., 1986). With the associa- 
tion of AD neuropathology and trisomy 21, the search for the FAD gene focused on 
chromosome 21, and especially around the DS obligate region 21 q22 (Figure 2). 

4.5 Linkage to chromosome 21 

The power of linkage analysis had increased as large numbers of DNA markers detect- 
ing restriction fragment length polymorphisms (RFLPs) in human DNA were 
characterized. In 1987, St George-Hyslop et al. used a linkage strategy to analyse four 
large kindreds with histologically proven familial AD (FAD 1, 2, 3 and 4). This kind 
of strategy had already proved successful in the mapping of genes in other inherited 
disorders, e.g. Huntington's disease and adult polycistic kidney disease. St George- 
Hyslop showed evidence of linkage between FAD and two chromosome 21 markers 
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D21S1/Sl l  and D21S16. These two markers map to the 21ql 1.2-21q21 region 
(Figure 2). D21S 16, however, could not be accurately placed and the FAD locus could 
have been above or below D21S 1/S 11. Three-point analysis with these loci and AD 
gave a peak LOD score of 4.25 (a LOD score is the logarithm of the odds ratio, a 
measure of genetic linkage. A LOD score of 3 is taken to indicate linkage with a 
1/1000 chance that the score is a chance occurrence.) Crossover events occurred in 
both FAD 1 and FAD 4 between the FAD locus and D21S 1/S 11. The location of an 
FAD locus in bands 21 q 11.2-21 q21 placed it centromeric to the obligate DS obligate 
region of 21 q22. At the same time as St George-Hyslop reported the location of an 
FAD locus at 21 q 11.2-21 q21, several groups reported the mapping of the APP gene 
to the same region of chromosome 21, making APP an excellent candidate gene. A 
duplication of the chromosomal region around the APP gene was subsequently 
reported in some sporadic AD cases further strengthening the case for APP (Delabar 
et al., 1986). However, this result has never been replicated. 

4.6 Exclusion of the APP gene 

The APP gene appeared to be excluded as the chromosome 21 FAD locus when 
several studies reported recombination between FAD and the APP locus. The 
segregaton of an APP polymorphism in two kindreds with EOAD (onset <35 years) 
and five LOAD kindreds (onset--65 years), showing apparent autosomal dominant 
transmission of AD, led Van Broeckhoven et aL (1987) to conclude that APP was not 
closely linked to FAD in these families because recombination events were observed 
between the APP gene and AD. This demonstrated that APP and AD were genetically 
distinct unless these crossovers occurred within the APP gene. 

A larger study involving 15 families, including seven Volga-German kindreds, was 
carried out by Schellenberg et aL (1988). The Volga Germans are a distinct group of 
US and Russian families whose German ancestors settled along the Volga river in 
Russia in the mid-18th century; and in which FAD occurs at a high frequency. FAD 
did not appear to be caused by mutations in the APP gene even when the data were 
analysed without the inclusion of the Volga Germans. Indeed, no evidence for linkage 
to any chromosome 21 markers was observed in these families. This led to the sugges- 
tion that FAD is genetically heterogeneous, i.e. that AD can be caused by mutations 
in more than one gene. It was also suggested that the LOD score of St George-Hyslop 
may have been a chance occurrence, because only one other report provided evidence 
supporting a locus on chromosome 21 (Goate et al., 1989). 

In 1990, a large collaborative study was undertaken involving the analysis of all 
available members of 48 pedigrees (St George-Hyslop et al., 1990). They were all 
genotyped with five markers (D21S16, D21S13, D21S52, D21S1 and D21S11) con- 
stituting three independent loci. The data were then analysed using both maximum 
likelihood and affected pedigree member (APM) methods. APM does not require the 
specification of mode of transmission of the disease or the use of estimated parame- 
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ters (e.g. penetrance) eliminating some potential sources of inaccuracy. At D21S 1/S 11 
and D21S 16/S 13 (0.7 and 0.66% heterozygosi~, respectively) maximum likelihood 
pairwise analysis produced a LOD score of greater than three, the score normally 
taken to indicate linkage. Not all pedigrees contributed positive scores, a situation 
which could arise if the disease was heterogeneous. To avoid the confusion of hetero- 
geneity in linkage analysis a predivided sample test requiring families to be grouped 
according to an identifiable feature of the disease was done using age of onset as the 
dividing feature. The pedigrees were split into two groups: those with age of onset <65 
years and those with an age of onset >65 years. The group with the early age of onset 
gave a positive LOD score, while those with late onset gave minimal or negative LOD 
scores. The difference between the two groups was statistically significant. However, 
even within the EOAD subset giving a positive LOD score, it was not possible to local- 
ize the disease gene. Two peak LOD scores were obtained outside the marker map 
suggesting several possibilities: homogeneity with errors in the data owing to misdi- 
agnosis, nonpaternity or laboratory error, or nonallelic genetic heterogeneity within 
the EOAD families. A large proportion of the positive LOD score for the EOAD fam- 
ilies came from a single large British pedigree (F23), which was to become key to the 
APP/AD story. 

Genetic heterogeneity therefore became a more likely prospect with the probabil- 
ity that the APP gene, which had previously been excluded by data presuming homo- 
geneity, was actually responsible for some of the EOAD cases. With the presence of 
genetic heterogeneity in EOAD, it became necessary to evaluate each family separ- 
ately for linkage to the APP gene. Several families were identified showing clear 
linkage to chromosome 21 with no recombinants between the APP gene and the 
disease locus, indicating that in these families the APP gene could indeed be the site 
of a defect. 

4.7 Mutations in the APP gene 

4.7.1 Exon 17 

4.7.1.1 Hereditary cerebral haemorrhage with amyloidosis- Dutch type 

Prior to the 1990 collaborative studies that showed FAD to be genetically heterogene- 
ous, a mutation in the APP gene was observed to be linked to another disease- 
HCHWA-D, which is a rare autosomal dominant disorder causing stroke (Van 
Broeckhoven et al., 1990). The disease is characterized pathologically by amyloid 
deposits in cerebral vessel walls and by diffuse plaques in the brain parenchyma. The 
amyloid protein deposited in HCHWA-D is also A[~. The two exons encoding A[3 
were cloned and sequenced from two patients with HCHWA-D. The sequencing 
revealed a cytosine to guanine transversion, which results in a single amino-acid 
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change from glutamic acid to glutamine at codon 693 (APP770) of APP (Levy et al., 
1990a). The same strategy was used to obtain sequence data from a patient affected 
with AD and four unaffected individuals, all of whom possessed normal sequence. 
The point mutation at APP693 abolishes an MboII site. Loss of this site from a PCR 
product and oligospecific hybridization were used to confirm the presence of this 
mutation. The mutation was not found in any unaffected individuals. It has been pos- 
tulated that the mutation alters the physical properties of A[3 leading to an increased 
susceptibility to fibril formation. 

HCHWA-I, which occurs in Icelandic families, is histopathologically and clin- 
icaUy similar to HCHWA-D. The brains of HCHWA-I patients demonstrate amyloid 
angiopathy but, unlike HCHWA-D, the brain parenchyma is not affected and 
the amyloid fibrils are derived from degradation of a variant of cystatin C, an 
inhibitor of cysteine proteases (Cohen et aL, 1983). The variant cystatin C gene con- 
tains a mutation, again resulting in a single amino-acid change. Like cystatin C, one 
form of APP contains a protease inhibitor domain, although this is a serine not cys- 
teine protease inhibitor. Mutations in  these deposited proteins in the cerebral 
angiopathies pointed again to A[3 and mutations in the APP gene as being a possible 
cause of AD. 

4.7.1.2 Family 23 

The conclusions drawn from the 1990 FAD collaborative study and the discovery of 
the mutation in the APP gene associated with HCHWA-D led investigators to re- 
examine the possibility of an APP mutation causing FAD. The large British family, 
F23, that had contributed significantly to the positive LOD score obtained in the 1990 
FAD collaborative study was studied more closely. An extensive analysis of the 
segregation ofpolymorphic markers spanning up to 55 % of the long arm of chromo- 
some 21 was undertaken in this family (Goate et al., 1991). Two-point linkage analy- 
sis between all the markers gave a maximum LOD score of 2.9 between AD and an 
EcoRI polymorphism within the APP gene. Two individuals with recombinant 
chromosomes provided evidence for the position of the AD locus (Figure 3). The same 
allele is shared at D21S 17 between all affected members and an unaffected individ- 
ual 15 years over the mean age of onset (in 1991). This excluded the disease locus from 
being telomeric to this marker. The second individual with a recombinant chromo- 
some was unaffected but only 2 years over the mean age of onset, and (in 1991) shared 
the same alleles as affected individuals between D21S13 and D21S1/S11 but not at 
the APP locus. This then was a key individual, who, if he remained healthy, would 
place the disease gene telomeric of those markers or, if he were to develop AD, would 
exclude APP as the disease locus (Figure 3). Since this analysis could not exclude APP 
as the disease locus, the APP gene was analysed further in this family. Because of the 
location of the mutation in HCHWA-D in A[3, and the extensive deposition of A[3 in 
all AD cases, the initial effort was focused on sequencing the two exons of APP that 
contribute to this peptide, exons 16 and 17 (Figure 1). 

Sequencing ofexon 17 from affected individuals revealed a C-T transition at base 
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Figure 3 Chromosome 21 comparisons of the key individuals in F23 who provided an 
indication for the possible location of an FAD locus. The unaffected individuals are 5 and 18 
years over the mean age of onset (correct for 1994) and are unaffected to date. Black = portion 
inherited from chromosome carrying disease locus. 

2149 resulting in a valine (val) to isoleucine (fie) change at amino acid 717 (APP770). 
This base transition was probably the result of deamination of a methylated cyto- 
sine situated 5' to guanine, a relatively common mutation in human DNA. The 
transition creates a BclI restriction site, which allows the detection of the mutation 
by digestion of an exon 17 PCR product. Two-point linkage analysis between AD 
and this polymorphism gave a maximum LOD score of 3.37 and showed that it seg- 
regated with the disease. Screening of several hundred unrelated normal individu- 
als failed to reveal anyone with this substitution. The group went on to screen 14 
cases from nine families of LOAD, none of whom had this particular mutation. 
However, two out of 18 cases from 16 EOAD families were found to have the BclI 
restriction site (Goate et al., 1991). These two affected individuals came from a pedi- 
gree collected by the Duke research group (F372), which showed a modest positive 
LOD score between chromosome 21 markers and AD. The rare EcoRI poly- 
morphism at the 3' end of the APP gene was genotyped in all affected individuals 
from F23 and F372. In F23 the disease cosegregates with the rare allele, which is 
present in only 5% of the population. In contrast, the disease segregates with the 
common allele in F372. The two pedigrees are therefore unlikely to be related as 
only 20 kb separates the mutation and the polymorphism. This meant that the 
mutation had arisen more than once, giving credibility to the idea that it is a path- 
ogenic mutation. The failure to detect the substitution in normal chromosomes also 
supports this theory. 
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4.7.1.3 Other APP717 mutations 

Following the discovery of the first mutation to be linked to AD exon 17 was 
sequenced in many EOAD families. Another eight families (three Japanese, one 
British, one Canadian, one Australian and two Italian), multiply affected with AD, 
have been shown to segregate to have this particular mutation (Naruse et al., 1991; 
Yoshioka et a/., 1991; Fidani et al., 1992; Karlinsky eta/., 1992; Sorbi eta/., 1993). The 
sequencing also revealed two additional allelic variants at codon 717 (Chartier Harlin 
et al., 1991; Murrell et a/., 1991), which also segregated with AD. The amino-acid 
changes produced by these point mutations are valine to glycine or phenylalanine. 
The discovery of these variants provided more support for the hypothesis that the 
mutations are pathogenic. 

4.7.1.4 Other exon 17 mutations 

A family with a mixed AD/HCHWA-D phenotype was described by Hendriks et al. 
(1992). Four individuals have the symptoms of HCHWA-D with onset around 40 
years, whereas seven other individuals present with presenile dementia with onset 
around 49 years. All these affected members were found to have a mutation at codon 
692 in exon 17 of the APP gene, with alanine being replaced by glycine. Thus two 
distinct phenotypes appear to be caused by a single mutation. The pathogenicity of 
this mutation is confused, however, by the presence of one individual presenting with 
dementia but not having the mutation. The age of onset at 61 years for this indi- 
vidual was significantly higher than the mean. Also the individual does not share the 
same allele of the D21 $210 marker close to APP, suggesting that the disease in this 
individual may be a phenocopy. The factors determining the type of disease an indi- 
vidual displays remain to elucidated and could be genetic and/or  environmental in 
nature. A similar situation has been observed in pedigrees carrying the Asp to Asn 
mutation at codon 178 of the PrP gene. Families with this mutation present with 
either CJD or FFI, two clinically and pathologically distinct diseases (Goldfarb et al., 
1992). The phenotypic expression of this mutation is thought to be determined by 
the alleles at the codon 129 polymorphism within the PrP gene. The methion- 
ine/valine (met/val) 129 polymorphism is common in Caucasian populations and 
homozygosity for either allele predisposes individuals to the infectious form ofprion 
disease, iatrogenic and sporadic CJD (Owen et al., 1990; Collinge et al., 1991). It also 
predisposes to earlier ages of onset in inherited forms of prion disease such as GSS 
(Dlouhy et al., 1992). The phenotype seen with the codon 178 mutation depends 
upon the allele at codon 129 on the mutant chromosome. Codon 129 met is associ- 
ated with FFI and codon 129 val with CJD. Not only do the codon 129 alleles affect 
the disease phenoptype but homozygosity at codon 129 leads to a significantly 
shorter disease duration in both FFI and CJD (Goldfarb et al., 1992). In CJD homo- 
zygosity at codon 129 significantly reduces the age of onset, an effect not seen in FFI. 
Thus two distinct diseases are caused by a single point mutation at codon 178 but 
the phenotype is modified by the genotype at a different codon within the same 
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gene. Since all affected people in the APP692 family inherit the same mutant APP 
gene but will inherit one of two normal APP genes from the unaffected parent, 
heterozygosity versus homozygosity of a polymorphism elsewhere within the APP 
gene could modify the disease phenotype. Alternatively, polymorphism within a 
gene unlinked to APP or an environmental factor could also cause this modification 
of the phenotype. 

A mutation at codon 713 involving an amino-acid substitution has been identified 
in two individuals. The first of these to be described was in a chronic schizophrenic 
case with cognitive defects (Jones et al., 1992). Further screening of 100 schizophren- 
ics and 100 nondemented controls failed to detect the alanine to valine substitution. 
Another study of 86 unrelated chronic schizophrenics also failed to detect the 713 
mutation (Coon et aL, 1993). It seems unlikely therefore that this mutation is a primary 
cause of chronic schizophrenia. Linkage analysis does not indicate involvement of the 
APP gene in schizophrenia but, if heterogeneity of schizophrenia is considerable, the 
power of linkage analysis is reduced. Further evidence of the nonpathogenicity of 
mutations at this codon came with the identification of this mutation in a single indi- 
vidual with early onset AD (59 years). This individual had a double mutation, one at 
codon 713 and the other at codon 715. These were both G-A transitions resulting in 
an alanine to threonine change at 713 and a silent change at 715 (Carter et aL, 1992). 
The double mutation was also present in four siblings (two over 62 years) and an aunt 
(88 years), all of whom had normal neuropsychological profiles. A total of 123 unaf- 
fected individuals were screened for these changes but none were found. The 713 
mutation is therefore either nonpathogenic or has incomplete penetrance. It is the 
only APP missense mutation so far identified which does not segregate directly with 
the AD or HCHWA-D phenotype. 

A silent C-T base change has also been reported at codon 708 (Balbin et al., 1992; 
Kamino et al., 1992) as well as two point mutations and a six base pair deletion in 
intronic sequence surrounding exon 17 (Kamino et aL, 1992). The 708 base change 
has been found in normal individuals as well as in two AD patients. The six base pair 
deletion is in intron 17 and was also found in a 92-year-old nondemented control. The 
deletion does not segregate with AD and none of these changes appear to be patho- 
genic. 

4.7.2 Exon 16 

Two Swedish EOAD families were identified in which the APP gene was shown to 
be tightly linked to the disease locus using the GT12 (D21S210) marker. Exons 16 
and 17 were then sequenced in one affected individual, and a double mutation was 
identified at codons 670 and 671 (APP770) in exon 16 of the APP gene (Mullan et al., 
1992a). The mutations are caused by two base pair transversions of G-T and A-C, 
which result in lysine and methionine being replaced by asparagine and leucine at 
codons 670 and 671, respectively. The base changes result in the loss of an MboII 
site, which was used to identify the presence of the mutations in all of the affected 
members of both families, a result confirmed in four cases by sequencing. This double 
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mutation was not identified in 50 normal chromosomes, suggesting that the muta- 
tion is pathogenic for AD in these families. It has since been shown that the two fam- 
ilies originating from the same county in Sweden are in fact related. It is not known 
if both point mutations are required for pathogenicity. In vitro transfection experi- 
ments suggest that the codon 670 mutation produces the same change in A[3 produc- 
tion as the double mutation (Citron et al., 1992). The substitution at 671 may 
therefore be a polymorphic variant present in the normal population. However, since 
no convenient restriction digest exists to detect this change, no systematic population 
screening has been undertaken. 

4.8 Importance of APP mutations in Alzheimer's disease 

The presence of A[3 in AD plaques and the implication from DS that A[3 deposition 
is a primary event in AD pathology has led to speculation that APP has a central role 
to play in all types of AD. The discovery of mutations in the APP gene cosegregating 
with the disease at first seemed to support the importance of A[3 deposition in AD. 
However, in the 3 years since the discovery of the first mutation it has become clear 
that the APP mutations account for only a very small percentage of AD. These cases 
account for only a small proportion of the early-onset subset of FAD (ScheUenberg et 
al., 1991 b; Kamino et al., 1992; Tanzi et al., 1992). The APP V717I mutation appears 
to be of more significance in certain populations with three of the 12 reported fami- 
lies being Japanese and the others European or of European origin. Other APP muta- 
tions have only been reported in single families, so no geographic significance can be 
recognized. Pathogenic APP mutations have not been reported in any LOAD or spo- 
radic cases of AD, and the APP gene has also been excluded as the disease locus in 
many EOAD pedigrees by genetic linkage analysis (Tanzi et al., 1987; Schellenberg et 
al., 1988, 1991 b; St George-Hyslop et al., 1990; Kamino et al., 1992). Although APP 
mutations are important because they represent the first known cause of AD, they 
represent a small percentage of total AD cases and the focus of AD genetics has turned 
to the search for other genes involved in AD. It may be that the other genes involved 
play a role in the expression or metabolism of APP, and cause A[3 deposition as a result 
of their loss or change of function. APP processing could therefore be the final step in 
a chain of events in which disruption at any point could result in the abnormal deposi- 
tion of A[3. 

To date no mutations which cosegregate with disease have been found in any of 
the other 17 exons, introns or the promoter of the APP gene. Several base changes 
mentioned above have been identified in and around exon 17 (Balbin et aL, 1002; 
Kamino et aL, 1002; Zubenko et aL, 1002) but these do not segregate with the disease. 
However, since insufficient samples are available from most AD families for linkage 
analysis, and systematic screening has only been carried out on exon 16 and 17, muta- 
tions in APP may have been under-estimated as a cause of AD. 
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4.9 Pathogenicity of the APP mutations 

It is not yet known with absolute certainty that the APP mutations are pathogenic, 
although the genetic evidence supports this hypothesis with odds of 1" 103~ The 
mutations are found only in AD cases and individuals at 50% risk for AD. Haplotype 
analysis shows that all of the APP mutations are independent events, i.e. none of 
the families are related to one another. The mutations in APP could exert their effect 
in one of several ways. Since overexpression of APP appears to result in the pre- 
mature deposition of A[3, the mutations may alter the expression or degradation rate 
of APP, leading to accumulation of A[3. This effect could be exerted at the transcrip- 
tional or translational level, or through the stability of mRNA or protein. Another 
way in which the mutations may exert their effect is through alteration of post-trans- 
lational modification, alteration in the proteolytic processing of APP, or in the inter- 
action of APP or products of APP with other cellular components, e.g. ApoE, It is 
also possible that the mutations which are within A[3 could change its physico-chem- 
ical properties, making it more likely to assume the [~-sheet conformation found in 
the amyloid plaques. The 670/671 and 717 mutations do not lie within A[3 but flank 
it, lying very close to the sites of secretase cleavage which release A[3 from APP. This 
is in contrast to most hereditary systemic amyloidoses in which the mutated residue 
is within the deposited amyloid (Levy et al., 1990b; Nichols et al., 1990; Benson, 
1992; Benson et al., 1993; Pews et al., 1993). It has therefore been suggested that 
these mutations may have an effect upon the proteolytic processing of APP. Cell 
studies have been undertaken to try to elucidate the effect of the mutations upon 
processing of APP. These studies indicate that the 670/671 and 717 mutations 
appear to affect different processing pathways. Transfection of human neuro- 
blastoma cell lines with constructs containing the mutations at 670/671 result in an 
increase of soluble A[3 derivatives, whereas constructs containing 717 mutations 
have no effect upon soluble A~ levels (Citron et al., 1992; Cai et al., 1993). Recent in 
vitro work suggests that 717 mutations may exert their effect by increasing the 
amount of the longer forms of A[3 (Suzuki et al., 1994). Soluble Ai3 is a normal 
product of cell metabolism (Haass et al., 1992). In vitro transfection studies have 
shown that the Swedish mutation leads to elevated levels of soluble A[3 (Citron et al., 
1992), possibly because the mutant APP is a better substrate for the [3-secretase 
enzyme which cleaves between the methionine at 671 and the aspartate at 672. 
Recent preliminary data have shown that the HCHWA-D mutation, which is within 
A~, may alter the secondary structure resulting in premature A[3 deposition (Fabian 
et al., 1993). There is presently no adequate explanation for the vasculotropic action 
of APP693 whilst APP717 and APP670/671 cause preferential deposition in the brain 
parenchyma. Although the mutations in APP associated with AD have not been 
found in any unaffected individuals, it is not possible to saythat they are indeed the 
cause of the pathological changes. The only sure way of demonstrating the 
pathogenicity of any of these mutations is by the production of transgenic mice 
expressing mutant APP, which spontaneously develop neurodegenerative disease, 
possibly with AD neuropathology. Mice transgenic for PrP 102, a variant thought to 
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cause GSS, have been shown to undergo adult-onset spontaneous neurodegenera- 
tion, indicating that this mutation is pathogenic (Hsiao et al., 1990). This mutation 
was introduced by microinjection and overexpression of the mutant protein led to 
the disease phenotype. 

Since AD pathoIogy is seen in DS individuals several attempts have been made to 
create an overexpression model for AD by microinjection of normal APP cDNAs. Of 
these only one, expressing the full length 751 amino acid APP isoform, has shown any 
AD-like pathology (Quon et al., 1991). These mice exhibit diffuse extracellular AB 
immunoreactive deposits, similar to those of young DS adults, but no mature AD 
plaques (Higgins et al., 1994). 

The development ofYAC transgenic technology enabled the introduction of entire 
genes spanning several hundred kilobases as transgenes with all the intronic and flank- 
ing sequences intact. This removes the need for a heterologous promoter and ensures 
the expression of all possible isoforms. Two groups have introduced the entire APP 
gene (650Kb) into the mouse genome using YACs (Lamb et al., 1993; Pearson et al., 
1993). Although both groups report the expression of human APP mRNA isoforms 
and APP protein there have been no reports of AD pathology. 

While the overexpression of normal APP led to limited success in the production 
of AD pathology the production of transgenic mice expressing mutant APP has also 
been attempted. Games et al., (1995) reported the production oftransgenic mice over- 
expressing a human APP cDNA containing the 717 valine-phenylalanine mutation. 
The human APP minigene was under the control of a platelet-derived growth factor 
promoter and all three major splicing variants of human APP mRNA were expressed. 
These mice exhibited a more classical AD like pathology. This included, extracellu- 
lar AB deposits, dystrophic neuritic components, gliosis and loss of synaptic density 
with regional specificity resembling that of AD. While this represents the creation of 
an animal model which consistently produces AD-like neuropathology neither the 
Quon nor the Games' models however exhibit the formation of NFT's another clas- 
sical pathological feature of AD. Since overexpression of APP may be sufficient to 
cause AD-type pathology, by analogy with DS, the pathogenicity of the APP muta- 
tions has still not been demonstrated unequivocally. Gene targeting, a technique that 
enables the introduction of specific point mutations into the mouse genome without 
change in copy number provides the best means to test this, since the mutant protein 
would be expressed correctly and resulting pathology would be a consequence of the 
mutation and not inappropriate expression from multiple transgenes. 

4.10 Clinical and pathological features associated with APP 
mutations 

There is great variability in the clinical and pathological manifestations of AD. The 
variability led some investigators to believe that subsets of AD with differing aetiolo- 
gies may exist, which would be represented by specific clinical and/or  pathological 
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manifestations. As early as 1989, before the discovery of the APP mutations and while 
the controversy over linkage to chromosome 21 was still going on, 24 FAD kindreds 
were compared with respect to their clinical and neuropathological features (Bird et 
aL by 1989). They concluded that there was considerable phenotypic heterogeneity 
within AD and supported the grouping into LOAD and EOAD on the basis of age 
of onset. They found considerable overlap in the neuropathological characteristics 
of FAD families but suggested that the predominance of one pathological feature, e.g. 
neurofibrillary tangles (NFT), or the occurrence of additional pathological 
characteristics such as anterior horn cell loss may be useful distinguishing features. 
Since the identification of the 717 mutations, however, several studies have been 
undertaken to look at the association of clinical and pathological features of patients 
with these mutations (Karlinsky et al., 1992; Lantos et aL, 1992; Mann et al., 1992; 
Mullan et al., 1993). The age of onset for patients with the 717 val-ile mutation is at 
the higher end of the range of EOAD with a mean age of onset of 52 years (Mullan 
et aL, 1993). Despite differing genetic backgrounds and geographic location, the age 
of onset is fairly consistent between the families ranging from 49.4 years in F372 to 
54.9 years in F23. In comparison, the age of onset for chromosome 14-1inked FAD 
cases is significantly earlier, indicating that age of onset may be linked to disease aeti- 
ology. In contrast, the progression of the disease is variable even within a single 
family, indicating that factors other than the mutation are involved (Mullan et al., 
1993). Anecdotal evidence suggests that genotype at the ApoE locus can modify age 
of onset of AD in the APP mutation families with e4 alleles decreasing the age of onset 
and e2 alleles delaying onset (Hardy et al., 1993; St George-Hyslop et al., 1994). In 
general, the Japanese families showed a shorter survival period, but this could be as 
a result of later diagnosis or a difference in nursing practices, and not necessarily as 
a result of a more rapid rate of progression (Mullan et al., 1993). 

The neuropathology in APPTI7 families is generally typical of severe AD with 
numerous plaques and tangles, neuronal loss, neurofibrillary degeneration and mild 
angiopathy (Karlinsky et al., 1992; Lantos et al., 1992; Mullan et al., 1993). In one 
case, cortical and subcortical Lewy bodies were also present but comparison of 
cytoskeletal pathology between this case and sporadic AD cases revealed no sub- 
stantial differences (Lantos et al., 1992). Since not all 717 cases have Lewy bodies, 
this suggests that their presence is nonspecific or that the AD phenotype could be 
broader than previously suspected. Large variation in A[~ deposition in members of 
F372 who had similar disease duration also suggests that this feature of the pathol- 
ogy is independent of the mutation. Indeed, a recent study has shown that the 
amyloid burden in LOAD is proportional to the ApoE-e4 allele dosage (Schemechel 
et aL, 1993). The relationship between the molecular aetiology and specific neuro- 
pathology is not, therefore, a direct one, a situation also observed in some prion 
dementias (Collinge et al., 1990). Apart from the age of onset therefore no other clin- 
ical or neuropathological features could be associated with the mutation. Other 
cases involving the 717 val-gly and 717 val-phe showed typical AD pathology at 
autopsy with no apparent association of any feature with a particular mutation 
(Mann et aL, 1992). 
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4.11 Linkage of AD to other loci 

Since the percentage of EOAD which could be accounted for by the APP mutations 
was very small and APP linkage to LOAD was absent, the search for linkage to other 
chromosomes continued. In 1992, Schellenberg et al. reported linkage to chromosome 
14 markers in EOAD families which were not linked to chromosome 21. The fami- 
lies studied had three or more affected subjects in two or more generations, and at 
least one autopsy documented case. The families were analysed in two separate 
groups: the Volga Germans and early-onset non-Volga German (ENVG), and these 
sets combined. All these groupings gave negative LOD scores for APP, markers on 21 
centromeric of APP and chromosome 19. A total of 64 markers with at least one on 
each chromosome were analysed and two markers on chromosome 14 gave weak 
linkage to the disease in the ENVG group. On analysis with two further markers they 
found strong positive LOD scores with D 14S43 in seven out of nine families. Linkage 
was not observed in the Volga-German group of families. Analysis for heterogeneity 
between the two groups was highly significant with no evidence for heterogeneity 
within the groups. In the same year, three other papers all reported linkage to the same 
region of chromosome 14 (Mullan et al., 1992b; St George-Hyslop et al., 1992; Van 
Broeckhoven et al., 1992). The consensus of these papers was that linkage of AD to 
chromosome 14 existed in EOAD families, and that the flanking markers were 
D 14S53 and D 14S52. More recently this region has been narrowed down to 7 centi- 
morgans between D 14S289 and D 14S61 (Figure 4). The only known genes in the 
region were excluded so research efforts focussed upon creating new markers to 
reduce the distance between flanking markers and to clone the entire region into yeast 
artificial chromosomes (YAC's)(Clark et al., 1995). Recently Sherrington et al (1995) 
reported the isolation of several cDNA~s from this region. Five mutations were 
reported within one gene (S182) that segregated with the disease in eight early onset 
FAD pedigrees. Six novel mutations have since been identified segregating with 
disease in thirteen early onset FAD pedigrees (Clark personal communication). It 
would appear therefore that mutations within this gene account for a greater per- 
centage of early onset FAD cases than mutations within the APP gene. The gene has 
been localised to a 75Kb region between D 14S77 and D 14S71 (Figure 4) and codes 
for a 467 amino acid protein. Hydrophobicity plots of the protein predict six to eight 
transmembrane domains. Absence of a signal peptide suggests that the N-teminus of 
the protein is not on the external surface of the membrane. Data base searches have 
revealed expressed sequence tags (ESTs) with high homology to S 182 indicating the 
presence of a gene family. These ESTs map to chromosome 1 and may provide the 
location of yet another AD locus. 

Some of the familial LOAD cases showed linkage to chromosome 19 (Pericak- 
Vance et al., 1991) and the gene for Apo E has been implicated (Figure 4). ApoE is 
one of many proteins which is found deposited in senile plaques. Genetic association 
studies have demonstrated association between the ApoE-E4 allele and AD in 
familial and sporadic cases (Corder et al., 1993; Van Duijn et al., 1994). The risk of 
developing AD is dosage dependent: individuals carrying two E4 alleles have a higher 
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Figure 4 Idiograms for chromosomes 14 and 19 showing the positions of relevant markers 
and genes. 

risk and earlier onset of disease than those with one e4 allele who have a higher risk 
and earlier onset of disease than those with no e4 alleles. A second allele at the same 
locus (ApoE-e2) appears to be protective against AD (Corder et al., 1994; Talbot et 
al., 1994), supporting the hypothesis that the association between AD and ApoE has 
biological significance. In contrast to the two EOAD loci which cause AD, the ApoE- 
e4 allele is probably not sufficient to cause disease. It merely predisposes the individ- 
ual to AD. The precise mechanism is not yet known but AD cases show an ApoE-e4 
dose-dependent burden of A~ in the brain suggesting that ApoE-e4 may increase A[3 
deposition or decrease clearance of A[3 deposits. In vitro studies have shown that ApoE 
binds to A[3 (Strittmatter et al., 1993). However, in vivo ApoE is usually complexed 
with lipid and it is not yet known whether these lipoprotein complexes bind to A[3. 
ApoE-e4 has recently been shown to be associated with an increased risk of devel- 
oping another cerebral amyloidosis, CJD (Amouyel et al., 1994). This observation 
suggests that ApoE-e4 may have a more general role in enabling amyloidogenic 
proteins to take up a [3-sheet conformation since there is no similarity between A[3 
and PrP at the amino-acid sequence level. AD and ApoE is discussed in detail in 
Chapter 13. 
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4.12 Conclusions 

Over the past 5 years there have been many advances in the field of AD research. The 
first genetic cause of AD, discovered in 1991, was heralded as a great breakthrough. 
In subsequent years it has become clear that these mutations account for a minority 
of AD cases. Genetic heterogeneity has created a much more complicated picture 
than was at first imagined with at least three loci causing EOAD, on chromosomes 21, 
14 and 19. At least one other locus must exist because the Volga German families 
show no linkage to any of the known loci. Finally, association studies have revealed 
that ~4 alleles at the ApoE locus predispose to both familial and sporadic AD. Since 
there are many cases of AD carrying no ApoE-E4 alleles, there must be other genetic 
or environmental factors that predispose to AD. 
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Introduction 

The human amyloid ~-protein precursor (APP) gene is located on chromosome 21 
(Goldgaber etal., 1987; Kang etal., 1987; Robakis etal., 1987; Tanzi etal., 1987)and the 
mouse homologue on chromosome 16 (Lovett et al., 1987). The APP gene has a complex 
transcriptional unit with three polyadenylation signals (Kang et al., 1987). It contains at 
least 19 exons distributed over approximately 400 kilobases (Lemaire et al., 1989; 
Yoshikai et al., 1990; Rooke et al., 1993). Multiple transcripts derived from the APP gene 
by alternative splicing have been identified (Kang et al., 1987; Kitaguchi et al., 1988; 
Ponte et al., 1988; Tanzi et al., 1988; DeSauvage and Octave, 1989; Golde et al., 1990; 
Jacobsen et al., 1991; K6nig et al., 1992). These mRNA isoforms are transcribed from the 
same promoter, but differentially expressed in cells and tissues. The predominant iso- 
forms in most cells are APP695, APP751 and APP770, which all contain the amyloid 13- 
protein (A[~) domain located on exons 16 and 17 (Kang et al., 1987; Kitaguchi et al., 1988; 
Ponte et al., 1988; Tanaka et al., 1988; Tanzi et al., 1988; Golde et al., 1990). 
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5.1 Cell and tissue distribution of APP mRNA 

APP mRNA was detected in all major tissues and the expression pattern is similar 
between species (Selkoe et al., 1987; Manning et al., 1988; Yamada et al., 1989). The 
highest levels of APP or its transcripts are generally observed in brain and kidney, and 
the lowest, barely detectable, levels in liver (Manning et aL, 1988; Neve et aL, 1988; 
Tanzi et al., 1988). It is also expressed at varying levels in numerous cell lines 
(Q.uitschke and Goldgaber, 1992), as well as in primary human myoblasts and 
myotubes (Zimmermann et al., 1988). APP mRNA is also found in circulating plate- 
lets (Gardella et al., 1990). 

In brain, APP is primarily expressed in neurons and endothelial cells (Goedert, 
1987; Bahmanyar et al., 1987; Bendotti et al., 1988; Card et al., 1988; Manning et al., 
1988; Shivers et al., 1988; Yamada et al., 1989). However, APP has also been observed 
in some glial cells (Schmechel et al., 1988) and also at increased levels in reactive astro- 
cytes following neuronal damage (Siman et al., 1989). APP695 is the primary isoform 
in brain, whereas APP751 and APP770 are predominantly expressed in peripheral 
tissues (Neve et al., 1988; Mita et al., 1989; Tanaka et al., 1989; Golde et al., 1990; Kang 
and Mtiller-Hill, 1990). 

5.2 APP expression in Alzheimer's disease 

The analysis of APP expression is more complex in Alzheimer's disease because of the 
reliance on post-mortem material for evaluation, which in particular presents prob- 
lems with mRNA stability. Furthermore, the pathological condition is frequently well 
advanced with the consequence that neuronal damage has already occurred. The level 
of APP transcripts or the level of APP itself may therefore be secondarily affected by 
the pathological condition. However, a number of diverse results have emerged. For 
example, studies have shown that there is an increase in the level of APP transcripts in 
specific brain regions in Alzheimer's disease (Cohen et al., 1988; Higgins et al., 1988). 
This may be caused by a specific increase in the level of transcripts containing the 
Kunitz-type protease inhibitor in hippocampal pyramidal neurons (Johnson et al., 
1990) and other brain regions (Tanaka eta/., 1989). In contrast, the increase in the level 
of APP transcripts in nucleus basalis and locus ceruleus neurons was found to be attrib- 
utable to the APP transcript lacking the Kunitz domain (Palmert et al., 1988). 

5.3 APP expression in Down's syndrome 

The most striking instance in which overexpression of APP may serve as a contributing 
factor in amyloid formation is observable in Down's syndrome. Down's syndrome is 
characterized by a trisomy of chromosome 21, the same chromosome on which the APP 
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gene is located, and afflicted individuals gradually develop A[3 plaques at a compar- 
atively early age (Mann et al., 1990). The level ofAPP mRNA was found to be 4-5-fold 
higher in patients with Down's syndrome than in control individuals (Neve et al., 1988). 
For the purpose of this discussion, it is assumed that the higher level of APP message is 
attributable, at least in part, to a higher level of gene expression. It is not clear whether 
the extra copy of the APP gene in Down's syndrome accounts for the entire increase in 
expression, since the difference in mRNA levels is higher than would be predicted on 
the basis of gene dosage alone. However, similar results have also been observed in 
aneuploid mice with trisomy 16 (the chromosome carrying the mouse APP gene), sug- 
gesting that three copies of the gene definitely enhance APP expression (Bendotti et al., 
1988; O'Hara et al., 1989). In addition, transplanted mouse hippocampal tissue with 
trisomy 16 displays evidence of immunoreactivity to A[3 (Richards et a/., 1991). These 
observations suggest that the overexpression of APP, attributable to an extra copy of the 
gene, causes the signs of early Alzheimer-type pathology in this model system. 
Overexpression of APP is also likely to be related to the early development of A[3 
plaques in individuals with Down's syndrome, who develop neuropathological changes 
similar to those observed in Alzheimer's disease decades earlier than the general 
population (Coyle et a/., 1988; Rumble et al., 1989; Mann eta/., 1990). 

5.4 APP expression in response to activating factors 

It was observed that interleukin-1 (IL-1) causes a twofold increase in APP mRNA 
levels in human umbilical vein endothelial cells (HUVEC) (Goldgaber et al., 1989). In 
a different studg IL-1 was found to increase APP mRNA expression by 50% in 
human, and in murine brain-derived endothelial cells (Fodoni et al., 1992). Neuronal 
cells responded with a 175% increase in APP transcript levels whereas glial cells 
appeared to be unaffected by IL-1 (Forloni et al., 1992). Treatment of astrocytes with 
transforming growth factor-beta 1 resulted in a sixfold increase in total APP mRNA 
levels whereas exposure to IL- 1 had little effect on these cells (Gray and Patel, 1993a). 

Intedeukin-6 (IL-6) has been implicated in having a role in Alzheimer pathogene- 
sis, possibly by stimulating the synthesis of the protease inhibitor a2-macroglobulin 
(Ganter et al., 1991). However, there are conflicting results with regard to the effect of 
IL-6 on neuronal APP expression (Altstiel and Sperber, 1991; Bauer et al., 1993). 

Nerve growth factor has been reported to increase the level of APP transcripts in 
developing hamster brain (Mobley et al., 1988). However, no response to NGF of APP 
mRNA levels was observed in rat brain or neuronal cultures (Forloni et al., 1993), 
although it stimulates the release of APP from PC-12 cells (Refolo et al., 1989) and it 
induces differential splicing of the APP transcripts (Smith et al., 1991). 

Basic fibroblast growth factor (bFGF) produces a 5-10-fold increase in APP 
mRNA levels in C6 glioma cells but causes only a slight increase in PC- 12 cells (Quon 
et al., 1990). A twofold increase in APP mRNA was observed in HUVEC cultures with 
this factor (Goldgaber et al., 1989). Similarly, bFGF treatment of cultured fibroblasts 
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results in a 4.5-fold increase in APP mRNA and epidermal growth factor causes a 
twofold increase (Gray and Patel, 1993b). 

Heat shock induces a specific 1.6-fold increase in APP mRNA in human lym- 
phoblastoid cells (Abe et al., 1991) and, in response to stimulation with phyto- 
haemagglutinin, synthesis of APP is induced in human peripheral blood leucocytes 
(M6nning et al., 1990). Furthermore, evidence has been presented that APP expres- 
sion in culture is also dependent on cell density and the developmental stage of the 
cells. For example, there is a dramatic increase in APP mRNA levels in confluent 
HUVEC cultures as compared to cells grown at lower densities (Goldgaber et al., 
1989). In a related observation, senescent primary fibroblasts displayed greatly ele- 
vated levels of APP mRNA compared to early passage cells. Elevated APP mRNA 
levels could also be observed in early passage cells that had been growth arrested by 
serum deprivation (Adler et al., 1991). 

These observations suggest that APP gene expression is subject to regulation both 
in a cell- and tissue-specific manner and in response to external activating factors. 
Evidence that the APP promoter region per se contributes prominently to the regula- 
tion ofAPP gene expression was obtained in transgenic mice. A 4.5 kb DNA fragment 
from the 5' end of the human APP gene was placed 5' to the reporter gene Lac z .  The 
expression pattern from the APP promoter was found to closely resemble the distrib- 
ution pattern of the endogenous APP mRNA (Wirak et al., 1991). This suggests that 
the APP promoter contains sequence elements which are targets for regulatory 
transcription factors that mediate cell type specific expression. 

5.5 Sequence elements of potential regulatory significance in 
the APP promoter 

The human, mouse and rat APP promoter regions have been cloned and sequenced 
(Salbaum et al., 1988; La Fauci et al., 1989, Izumi et al., 1992; Chernak, 1993). The 
sequence of the human (Salbaum et al., 1988) and mouse (Izumi et al., 1992) APP pro- 
moter region from position-350 upstream from the transcriptional start site to posi- 
tion + 100, is presented in Figure 1. The published sequence of the corresponding rat 
APP promoter was adapted from Chernak (1993). The APP promoter is devoid of 
apparent CCAAT and TATA boxes. The main transcriptional start site was mapped 
by primer extension and nuclease S 1 protection in the human promoter and it is indi- 
cated at position + 1 (Salbaum et al., 1988; LaFauci et al., 1989) (Figure 1). Additional 

Figure I Sequence of the human (Salbaum et al., 1988; La Fauci et al., 1989), mouse (Izumi 
et al., 1992) and rat (Chernak, 1993) APP promoter as adapted from the respective references. 
The numbering system in the rat promoter was here changed to coincide with the transcrip- 
tional start site (+ 1) as determined for the human promoter (Salbaum et al., 1988). Selected 
putative recognition sequences for regulatory factors are boxed and have been adapted directly 
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-350 AP-I HSB 
human [TC.ULTT~GC TCACGGGGAC GAGCAGGAGC qCTCTCGACT TTTCTAC~GC 
mouse ACCACATTTG GGAGAGGCCT GCGGGGTCGG ,qTGACTCR~G CTCGCGCGGG 

AP-I 

-3O0 
human CTCAGCGTCC TAGGACTCAC CTTTCCCTGA TCCTGCACCG TCCCTCTCCT 
mouse GACGAGCCGA GAGCGCTCCC GACTTCC~TG GAACCTTAAC G~CCTACGGT 
rat NSE T CTAGGCCTCA 

-250 AP-3 
human E~GCCCCAG~C TCTCCCTCCC ACTGTTCACG AAGCCCAGGT GGCCGTCGGC 
mouse TCACCTTCTC CCGATTGTGG GGTCCTCTCC CTGACCCAGA TCACTCCCCA 
rat CTGGCCTAAT ACGACTCACT ~TAGGGA~.CT CGAGGATCAT TCCTCCCTTG 

AP-J 

-2OO 
human CGGGGAGCGG AGGGGGCGCG TGGGGTGCAG GCGGCGCCAA GGCGCTGCAC 
mouse ACTTGGTTCC CAGACCCCAT CGGGAGCGCG GCTCCCCTTA GCCCAAGACG 
rat GTTCCTGG~kC" CC~GGAA GCTCGGGTTC CTTAGCTGG~ GCCCR~GACG 

AP-2 AP-J 

-150 
human CTGTGGGCGC GGGGCGAGGG CCCCTCCCGG CGCGAGCGGG CGCAGTTCCC 
mouse CCGCACCTGT GGGCTCTGGG TTGCCTCCCG CTGCGCTCGG GCGCAGCTCC 
rat CCGCACCTGT GGGCTCCCTG TCGCCTCCCT TTGCGCTCGG GTGCA~ 

AP-2 

-lo0 spl 
human CGGCGGCGCC GCTAGGGGTC TCTCTCGGGT GCCGAGCDGG GTG~CGGA 
mouse CCGAGGCTCC GCTAGGGGTC TCTGTCGGGT GGCGAGCCGG G ~  
rat ~'G~GGC~CC GCTAGGGGTC TCTCTCGGGT GGCAAGCCGG G ~ ~ ~ A  

Spl 

-50 AP.~AP-I 
human T~AGCTGACT CGC 
m o u s e  T~GCTGACT CTG 
rat T~2kGCTGACT CTr 

+1 

c,c'rc .rc ccecGq cagcacac'rc Gaac'rcc 'e 
=CC~.-,CTG CG~CCCCGC I CGCFTC~TC C.a.~TCTGJZ'C 
~CGC-,CTG CCaF-,CCCCGq CGqCGCGCTC Ca.GCTCT~ 

Spl  

h u m a n  ~TCCTCG GCAGCGGTAG GCGAGAGCAC GCGGAGGAGC GTGCGCGGGG 
mouse AG~rTCCTCG pCGGCGGGA~ GCGAGAGCAC CGGGAGCAGA GCGAGCGCGG 
rat AGT~TCCTCG ~CGGCGGGA(~ GCGAGAGAGC ACTAGGAGCA GAGAGAGC[~ r 

~,, Spl 

+51 
human GCCCCGGGAG ACGGCGGCGG TGGCGGCGCG GGCAGAGCAA GGACGCGGCG 
m o u s e  GGCCACCGGA GACGGCGGCG GCGGCGGCGG CGGCGCGGAC ACAGCCAGGG 
rat ~~~CCACC GGAGACGGCG GCGGCGGCGG CGACGACGCG GACACAGTCA 

GCF 

from the respective species as they appear in the original references (Salbaum et al., 1988; La 
Fauci et al., 1989; Izumi et al., 1992; Quitschke and Goldgaber, 1992; Chernak, 1993). The ini- 
tiator element between positions-2 and + 3 in the vicinity of the main transcriptional start site 
(+ 1) is indicated (Inr). 
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minor start sites were identified in the vicinity of position + 1, which is not uncommon 
in TATA-less promoters. The GC content of the proximal promoter region (-96 to 
+ 1) exceeds 75 % and it contains multiple CpG elements. It is thus similar to a class 
of promoters that may be transcriptionally regulated through DNA methylation (Bird, 
1986; Gardiner-Garden and Frommer, 1987). However, analysis of CpG elements in 
the promoter region further upstream between positions -460 and-275 revealed no 
methylation of potential sites in healthy brain tissue (Milici et al., 1990). Some of the 
elements in the vicinity of the transcriptional start site may be potentially capable of 
forming hairpin structures (La Fauci et aL, 1989). It was proposed that these structures 
might either prevent the inappropriate initiation of transcription or function as initia- 
tion signals, although no experimental verification of the existence of such structures 
has been presented. 

In promoters lacking an apparent TATA box, as is the case in the APP pro- 
moter, the mechanism by which transcription is initiated is still the subject of 
debate and several different hypotheses have been advanced (Kageyama et al., 
1989; Wiley eta/.,  1992; Roy et a/., 1993; Zenzie-Gregory et al., 1993). It has been 
suggested that TFIID binds to the initiator element (Kaufmann and Smale, 1994; 
Kraus et al., 1994), as well as to sequence elements 20-30 base pairs upstream from 
the initiator element whether there is an apparent TATA box present or not (Wiley 
eta/., 1992; Zenzie-Gregory et al., 1993). Indeed, a correlation has been established 
between the binding affinity of TFIID to different initiator consensus sequences 
and transcriptional activity. The optimal initiator sequence TCAGT from position 
-2 to + 3 (Kraus et a/., 1994) is identical to the sequence at the transcriptional start 
site of the APP promoter (Figure 1). Alternatively, initiation in TATA-less promot- 
ers may be mediated by altogether different binding proteins (Kageyama et aL, 
1989; Roy eta/. ,  1993). 

The APP promoter from all three species contains a considerable number of con- 
sensus sequences for potential binding sites of nuclear regulatory factors, many of 
which are conserved between species (Figure 1). In addition, a compilation of 
recognition sequences within this domain is indicated. These sequences include AP- 
1, AP-2, AP-4, the heat shock element, GCF, and Sp 1 elements. More information 
on other binding sites and consensus sequences further upstream of position-350 is 
available in the original publications (Salbaum et al., 1988; La Fauci et al., 1989; 
Beyreuther and Masters, 1991; Izumi et al., 1992; Quitschke and Goldgaber, 1992; 
Chernak, 1993). 

However, most of the potential factor binding sites presented do not represent 
perfect matches with established consensus sequences and it is not known whether the 
respective factors will actually bind to their putative sites. For example, the APP pro- 
moter contains five potential recognition sequences for the homeobox protein Hox- 
1.3 at positions -2598, -2278, -1471, -1436, and -913. However, of these sites, only 
the sequences at positions -1471 and-2598 were shown actually to bind the corre- 
sponding transcription factor at an affinity resembling the binding affinity to the 
optimal consensus sequence (Goldgaber et al., 1991). However, the functional signifi- 
cance of this binding activity is not known. 
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5.6 Analysis of APP promoter regulation 

The primary method used to analyse APP promoter regulation has been to transiently 
transfect selected 5' deletions or other modified promoter constructs into various cell 
lines. The constructs are cloned 5' to a reporter gene, and the gene product is quan- 
tiffed either enzymatically or immunochemicaUy. To account for experimental varia- 
tions, the reporter gene is usually cotransfected with a control plasmid that expresses 
a different gene. The following sections briefly review the results from studies on APP 
promoter expression that have been performed to date. As will be apparent, the results 
and interpretations from the different studies show a certain degree of variability. 

5.6.1 Analysis of the effect of IL-1 on human APP promoter 
activity 

An increase in the level of IL-1 has been reported in the brains of individuals with 
Alzheimer's disease and Down's syndrome (Griffin et al., 1989). In addition, IL-1, 
phorbol 12-myristate 13-acetate, and heparin-binding growth factor I (HBGF-I) were 
found to increase the level of APP transcript in HUVEC cells (Goldgaber et aL, 1989). 
Of these agents, interleukin-1 displayed the most rapid response with a more than 
twofold induction after 6 h of exposure. Based on these observations, the effect of 
interleukin-1 on the expression from the APP promoter was analysed. Promoter dele- 
tions were cloned 5' to the human growth hormone gene and transiently transfected 
into the mouse neuroblastoma cell line AB 1 (Goldgaber et al., 1989; Donnelly et aL, 
1990). It was found that interleukin-1 stimulated APP promoter expression about 
twofold. Similar results were obtained in stably transfected AB 1 cells (Donnelly et al., 
1990). 

The sequence element responsible for this effect was traced to a promoter region 
between positions -485 and-305 .  This promoter region contains both an AP-1 
element at position -350 and a heat shock element at position -317 (Figure 1). It was 
proposed that intedeukin-1 acts on the AP-1 site via a protein kinase C-mediated 
pathway possibly involving cfos/cjun, since protein kinase inhibitors abolish the 
response to interleukin-1 (Goldgaber et al., 1989). 

5.6.2 The effect of 5' deletions on human APP promoter activity 
in HeLa and PC-12 cells 

In the human APP promoter, 5' deletions between positions-751 a n d - 1 0  were 
analysed by transient transfection into HeLa and PC-12 cells (Lahiri and Robakis, 
1991). The promoter constructs were placed 5' to the reporter gene chloramphenicol 
acetyl transferase (CAT). The constructs were cotransfected with a plasmid contain- 
ing the [3-galactosidase gene transcribed from the RSV promoter. The activity from 
this plasmid was used for normalization of experimental data. 

The results indicated a somewhat variable effect on the activity between promoter 
deletions in PC-12 and HeLa cells. However, in both cell lines the activity of promoter 
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Figure 2 Relative CAT activities generated by transient transfections of human APP pro- 
moter deletions into HeLa (shaded bars) and PC-12 cells (white bars). The promoter construct 
with the highest CAT activity within each cell line was assigned the value 100%. The promoter 
deletions are indicated by their position upstream from the transcriptional start site (+ 1). The 
negative control plasmid (0) does not contain a promoter element. The data were adapted from 
Lahiri and Robakis (1991). 

construct (-751) was the same as the activity of promoter construct (-489) (Figure 2). 
A further deletion to position -462 resulted in a sharp decline in activity. Activity was 
gradually, albeit partially, recovered through deletions at positions -415, -329 and 
-150. An additional deletion at position -10 caused another precipitous decline in 
promoter activity (Figure 2). These results were interpreted as indicating the existence 
of two regulatory blocks. One of these blocks is located between positions -600 and 
-460, which acts as a positive regulator; hence its removal results in a decline in pro- 
moter activity. The other element(s) is located between positions -450 and-150 ,  and 
acts as a negative regulator. Deletions across this domain gradually restore some of 
the promoter activity. 

5.6.3 Analysis of mouse APP promoter  act ivi ty in mouse 
neuroblastoma and L cells 

A similar deletion analysis was performed on the mouse APP promoter (Izumi et al., 
1992). The APP promoter constructs were placed 5' to the reporter gene CAT. 
However, in this study the cotransfected control plasmid contained the firefly 
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Figure 3 Relative CAT activities of mouse APP promoter deletions analysed by transient 
transfection into mouse neuroblastoma NB41A3 cells (shaded bars) and L cells (white bars). 
The activities of the APP promoter deletions were expressed as values relative to a positive 
control plasmid in which the CAT gene was transcribed from the SV40 promoter (100%). The 
negative control plasmid (0) is without promoter. 

luciferase gene, which was transcribed from the RSV promoter. The activities of APP 
promoter deletions from position-974 to position-37 were determined by transient 
transfection in mouse neuroblastoma and L cells. In both cell lines gradual deletions 
from position -974 to position -153 caused a decrease in promoter activity from 92% 
(relative to an SV-40 promoter-containing plasmid) to 26 % in the neuroblastoma cells 
and to 41% in L cells (Figure 3). Deleting the promoter to position -100 increased 
promoter activity to 117 % and 109% in neuroblastoma cells and L cells, respectively. 
Further deletions to posi t ion-64 a n d - 3 7  caused a stepwise decline to near back- 
ground activity (Figure 3). These results were interpreted to show the existence of a 
negative regulatory element between positions-153 and -100  and a positive regu- 
latory element between positions-100 and-37.  

In order to identify nuclear factors that bind to this domain, a DNase I protection 
assay was performed with nuclear extracts from neuroblastoma cells and a promoter 
fragment extending from positions-229 to + 1. This revealed the presence of three 
protected domains indicating the binding of nuclear factors. The protected sequence 
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Figure 4 (A) Sequence of the mouse APP promoter from positions -114 to -31. Boxed 
sequence elements from positions -114 to -94, -92 to -77, and -67 to -41 indicate DNase I 
protected domains. Within the boxed sequences, shaded domains indicate potential binding 
sites for regulatory factors GCF and Sp 1. Adapted from Izumi et al. (1992). (B) The same 
sequence as in (A) of the human APP promoter. Boxed sequences show DNase I protected 
domains C (positions -97 to -87), B (-82 to -75), and A (-65 to -47). The region around 
domain A is further subdivided into the Sp 1 recognition sequence (shaded) and the DNase I 
protected domain for C2A alone, which extends from positions -55 to -43. Adapted from results 
described by Pollwein et al. (1992) and Pollwein (1993). (C) Sequence of the human APP pro- 
moter. Boxed sequences show the DNase I protected domain of APBa from positions -55 to 
-31 and the sequence delineated by methylation interference of APBI3 from positions-93 to 
-82. Shaded areas indicate the core recognition sequences of the respective nuclear binding 
factors. Adapted from Q uitschke and Goldgaber (1992) and Q.uitschke (1994). 

elements were located from positions -114 to -94, -92 to -77, and-67 to -41 (Figure 
4A). The binding domain between position -114 and-94  coincides with the negative 
regulatory element postulated from the deletion analysis. An oligonucleotide con- 
taining this element was placed in the control plasmid. It was shown that this element 
shows some degree of reduction in promoter activity when placed either 5' to the 
SV40 promoter, or 3' to the CAT gene and SV40 enhancer of the control plasmid. 

The sequence within this element contains some similarities to the negative regu- 
latory element GCF (consensus sequence GCGGGGC) (Kageyama and Pastan, 
1989). Mobility shift gel electrophoresis was performed with oligonucleotides con- 
taining this domain and nuclear extracts from mouse liver, kidney and brain. The 
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results demonstrated that the nuclear factor that binds to this domain was present in 
nuclear extract from liver and kidneg but not from brain. It was also shown by mobil- 
ity shift electrophoresis that Sp 1 binds to the sequence element between positions-67 
and -41 (Figure 4A). 

5.6.4 Analysis of human APP promoter activity in HeLa cells 

In this study, the largest APP promoter fragment extended to position -488 (Pollwein 
et al., 1992). This fragment and subsequent deletions were cloned 5' to the luciferase 
gene, which was here used as a reporter gene. Plasmid pCH 110, which contains the 
[3-galactosidase gene activated by the SV40 promoter, was used as a control plasmid. 
The promoter constructs were analysed by transient transfection in HeLa cells and 
the deletion at position-380 was assigned the relative activity of 100%. 

A deletion at position-200 resulted in a 50% decline in activity. Promoter activity 
then remained unchanged at this level to position-94. A further decline to near back- 
ground levels was observed with deletions at positions 40 and-25  (Figure 5A). 

The main decline in promoter activity here was observed between positions-94 
and -40 suggesting the presence of an activating domain in this region. To determine 
if this region can activate a heterologous promoter, the fragment from positions-94 
to-35  was cloned 5' to the TATA box of the herpes simplex virus tk gene. This con- 
struct showed a 40-fold activation over the TATA box alone. However, the activating 
effect was only observable if the-94 to-35 fragment was placed close to the transcrip- 
tional start site suggesting positional constraints. DNase footprint analysis of the prox- 
imal APP promoter region revealed three protected domains: A (-47 to -65), B (-75 
to-82), and C (-87 to-97) (Figure 4B). When these domains were placed 5' to a het- 
erologous TATA box, it was found that domain C is the primary contributor to 
transcriptional activity in that construct (Figure 5B). In addition, domain A alone 
increases the level of expression significantly above the level observed with the TATA 
box alone. Adding domain B to domain A resulted in the same level of activity as 
domain A alone (Figure 5B). The proximal domain A was interpreted as being a 19 
base-pair-long GC-rich sequence, whereas domain C is a palindrome of the sequence 
GCGGCGCCGC (PoUwein et al., 1992). 

In an extension of this study, the proximal domain A was subjected to further analy- 
sis (Pollwein, 1993). It was found by mobility shift electrophoresis, DNase foot printing 
and methylation interference that two factors, C 1 a and C2A, bind to this domain. One 
of these factors, C 1A, specifically recognizes the sequence GGGGTGGG. Competition 
and mutation experiments indicated that the factor C 1A was identical to Sp 1. The 
other factor, C2A, was found to bind slightly downstream ofSp 1 (Figure 4B). The iden- 
tity of this factor has not yet been established but the binding site overlaps with the 
recognition sequence for transcription factor AP-4. However, competition experiments 
called into question whether the two factors are identical. 

Point mutations that either abolished binding to the Sp 1 site, the C2A site, or both 
were introduced into the APP promoter fragment extending to position -94. The 
wild-type sequence and the mutations were analysed by transient transfection in 
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Figm'e 5 Relative luciferase activities of human promoter constructs transcribing the 
luciferase gene analysed in HeLa cells. The promoter construct with the highest activity was 
assigned the value 100% in each series of experiments. (A) Deletion analysis of the APP pro- 
moter with the position of deletions indicated. (B) Analysis of APP promoter region containing 
combinations of DNAse I protected domains C, B, or A placed 5' to a heterologous promoter 
fragment containing a TATA box. Adapted from Pollwein et al. (1992). (C) Analysis of the 
human APP promoter region extending to position -94. -94WT represents the unmodified 
wild-type sequence,-94(-Sp 1) contains mutations that eliminate Sp 1 binding, and-94(-C2A) 
contains mutations that eliminate C2A binding. In construct-94(-C2A)(-Sp 1), both binding 
sites have been eliminated by substitution mutation. A deletion at position -40 is shown for 
comparison. These results were adapted in modified form from Pollwein (1993). 

HeLa cells. The results showed that the wild-type fragment ending at position-94 had 
an eightfold higher activity than the fragment ending at position-40. Mutations that 
disrupted either the Sp 1 binding site or the C2A binding site alone had little effect on 
promoter activity. However, disrupting both binding sites caused the activity to 
decline to the level of the deletion at posi t ion-40 (Figure 5C). 

5.6.5 Comparative analysis of the human APP promoter activity 
in cultured cell lines 

The largest promoter fragment in this study extended to position -2832. Additional 
5' deletions were introduced at p o s i t i o n s - 1 3 5 9 , - 4 8 8 , - 3 0 3 , - 2 0 4 , - 9 6  a n d - 4 9  
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(Quitschke and Goldgaber, 1992). The deletion constructs were introduced into the 
polycloning site of the specially designed expression vector pCAT2bGAL, which was 
used for transfection studies. This plasmid contains both the transcriptional unit of 
the bacterial [3-galactosidase gene transcribed from the chicken [3-actin promoter and 
the reporter gene CAT transcribed from APP promoter constructs in a colinear 
arrangement. The [3-actin promoter is devoid of enhancer elements, and it mediates 
high levels of constitutive expression via a CCAAT and a TATA domain in most cell 
lines and tissues (Seiler-Tuyns et al., 1984; Quitschke et al., 1989). It is therefore ideally 
suited as a control for experimental variation. Having both the reporter gene and the 
control gene with the control promoter on the same plasmid guarantees that the copy 
number of the two genes is the same in transfected cells. 

The APP promoter constructs were placed 5' to the reporter gene CAT and 
analysed by transient transfection in PC-12, H4 (human glioma), C6 (rat glioma), 
10T 1/2 (mouse mesodermal stem cell), and C2C 12 (mouse skeletal muscle myoblast) 
cells. When normalized to the activity of the ~-actin promoter, the highest level of 
expression from the APP promoter was observed in PC-12 cells (Figure 6A) and the 
lowest level in C2C 12 cells. Furthermore, the APP promoter could be deleted from 
position-2832 to position-94 without showing any significant effect on promoter 
activity in all cell lines. However, deleting the promoter to position-49 causes at least 
at 7-10-fold decline in promoter activity in all cell lines (Figure 6A). This suggested 
that an activator domain located between positions-49 a n d - 9 6  was removed. 
Mobility shift electrophoresis, DNase foot printing, and methylation interference with 
a fragment from positions-96 to +50 revealed a factor binding domain that extended 
approximately from positions -55 to -31. This binding site will here be referred to as 
APBct (Figure 4C). Transverse mutations revealed the core recognition sequence of 
nine base pairs TCAGCTGAC. Block mutations of three base pairs at a time within 
this domain completely eliminate factor binding. Mutating the three base pairs to the 
5' side of the core (GGA) causes a significant decline in binding activity. The nuclear 
factor binding to this domain was detected in nuclear extracts from all cell lines exam- 
ined (Quitschke and Goldgaber, 1992). 

However, no effect on promoter activity was observed when these block mutations 
that eliminated binding to APBot were introduced into the promoter region by site- 
directed mutagenesis and analysed by transient transfection in HeLa and PC-12 cells 
(Figure 6B) (Quitschke, 1994). From this observation it was concluded that the 
contribution of domain APBot to APP promoter activity was marginal, at least within 
the context of the region extending to position -94. In order to find a second site that 
is more important for promoter activity, a series of internal deletions of ten base pairs 
each from positions-31 to -80 and a 5' deletion at position-77 were analysed to 
determine their effect on promoter activity. It was found that the 5' deletion at posi- 
t ion-77 was the only construct that caused a significant decline in promoter activity 
(Figure 6B). This suggested the presence of an upstream activator domain, which here 
will be designated APB[3. Using methylation interference and mobility shift elec- 
trophoresis with wild-type and mutated oligonucleotides across this domain, a 12 
base-pair core recognition sequence was identified. Transverse block mutations of six 
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Figure 6 Relative CAT activities of human APP promoter constructs analysed by transient 
transfection. (A) Deletion analysis of the APP promoter from positions -2832 to -49. The dele- 
tions are defined by the positions of the respective restriction sites. The actual position of the 
deletion may be 1-4 base pairs shorter due to subsequent blunt-ending with T4 DNA poly- 
merase. The activity of the longest promoter construct extending to position -2832 was 
assigned the value 100%. The presented results are derived from transient transfection of PC- 
12 cells. However, essentially the same results were obtained in other cell lines as discussed in 
the text. Results were adapted in modified form from Q.uitschke and Goldgaber (1992). (B) 
Analysis of APP promoter constructs containing substitution mutations that eliminate either 
binding to APBct or APB[3. Construct -94(-APBct) contains only binding site APB[3, 
-488(-APB[3) contains only binding site APBct. Construct-77(-APBot) contains neither 
binding site. For comparison, the respective activities of the wild-type deletions are shown from 
positions -488 to -46. Adapted in modified form from Q uitschke (1994). 

base pairs each eliminate sequence-specific binding to the domain G C C G C -  
T A G G G G T  (Figure 4C). Block mutations 5' to this sequence have no effect on 
binding activi~, whereas a block mutation on the 3' side results in a small reduction 
in binding activity. When  the bindng and nonbinding mutations across domain APB[3 
were analysed by transient transfection, the results showed that the effect on APP pro- 
moter  activity correlated with in vitro binding activity. Specifically, nonbinding muta- 
tions showed the same promoter  activity as a deletion at pos i t ion-77 ,  whereas 
mutations that do not affect binding in vitro show the same promoter activity as the 
deletion at position -94  (Figure 6B). These results suggested that the nuclear factor 
that binds to APB[~ is the primary contributor to APP promoter  activity. 

Although there is a significant decline in APP promoter activity as a result of 
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removing APB[3, the activity from the deletion at position -77 was still found to be 
about fourfold higher than the deletion at position -46. This suggests that a small but 
consistent residual activity is observed in the absence of APB[3. To examine if this 
residual activity is attributable to binding domain APBa, the block mutations across 
this domain were analysed by transient transfection within the context of the deletion 
at position-77, which lacks the upstream APB[3 element. In this case, the activity of 
the constructs containing the block mutations across APBot indeed correlates with the 
in vitro binding activity. The block mutations across the core recognition sequence, 
which eliminate binding activity, display a promoter activity similar to the deletion at 
position -46. In contrast, a block mutation which has no effect on binding activity has 
the same promoter activity as the deletion at position -77 .  This suggests that APBct 
may contribute to the activity of the APP promoter. However, in this assay system the 
contribution of APBct is measurable only in the absence of APB[3. 

In summar~ 94 base pairs 5' to the transcriptional start site are sufficient for full 
cell-type-specific promoter activ@. Two nuclear factors bind to this region in a 
sequence-specific manner (Figure 4C). One of the two factors, here designated as 
APB~t, binds to a recognition sequence located between positions-30 a n d - 5 8  
upstream from the main transcriptional start site (+1). The other factor, APB[3, rec- 
ognizes a sequence between positions-70 and-94 .  In quantitative terms, APB[3 
contributes approximately 70-90% and APBot contributes approximately 10-30% to 
the transcriptional activity from the APP promoter in all cell lines that were analysed. 

5.7 Conclusion 

The studies described in the previous sections all address the issue as to which 
sequence elements in the APP promoter are relevant in regulating gene expression. 
However, the results and their interpretation are to some degree variable. In four of 
the studies the APP promoter was analysed by transfecting stepwise deletion constructs 
into various cell lines under standard culture conditions. The single point of agree- 
ment here is that a region between positions-100 and-40 contains one or several acti- 
vator elements essential for high levels of expression from the APP promoter. 

The role of sequence elements upstream from position- 100 is subject to different 
interpretations. Analysis of promoter deletions in HeLa and PC-12 cells (Lahiri and 
Robakis, 1991) showed a great deal of variation in activity between different deletions 
upstream from position-150 (Figure 2). In addition, upstream from position -462, 
identical deletions displayed considerable differences in activity between HeLa and 
PC- 12 cells. No such fluctuations were observed in the other two studies analysing the 
human APP promoter (Pollwein et al., 1992; Q.uitschke and Goldgaber, 1992). 
Pollwein et al. (1992) reported a 50% decline in a deletion at position -200 as com- 
pared to a deletion at positions-380 (Figure 5A). In contrast, Q uitschke and 
Goldgaber (1992) observed no significant change in activity in promoter constructs 
ranging from position -2832 to position-96 (Figure 6A). Analysis of the mouse APP 
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promoter yielded yet another set of different results. Here a gradual decline in pro- 
moter activity was observed between deletions from position-947 to position-153. 
This was followed by a 2-4-fold increase in activity in a deletion at position -100 
(Figure 3). It was argued that the increase in activity between positions-153 and-100 
was caused by the removal of a negative regulatory element, possibly the factor GCF, 
which binds to the consensus sequence GCGGGGC. However, the consensus 
sequence in the mouse promoter does not match this sequence perfectly. A similar 
sequence is also present in the same position in the human promoter and it appears 
to have no effect on promoter activity (Lahiri and Robakis, 1991; Pollwein et al., 1992; 
Quitschke and Goldgaber, 1992). 

These perplexingly diverse results on the contribution of sequence elements 
upstream from position- 100 to APP promoter regulation require some consideration. 
All studies agree that constructs carrying only sequence elements between positions 
-46 a n d -  10 are largely inactive. The difference in activity between these most prox- 
imal deletions and deletions upstream of position-100 are in the range of 6-20-fold 
and consequently quite dramatic. It is therefore conceivable that the effect of remov- 
ing upstream sequences is considerably more subtle. Therefore, measurements of pro- 
moter activities from deletions upstream of position -100 may to a greater extent be 
subject to experimental variations such as transfection efficiency, which can be quite 
substantial. Differences in activities in the range of 50% between such deletions could 
then be difficult to interpret even when normalized to a cotransfected control plasmid. 
Alternatively, regulatory factors may act on the upstream APP promoter by mecha- 
nisms that are not reproducible between different investigators. These factors may be 
contributed by media components such as serum, subtle differences in the cell lines 
used, or by other unidentified growth conditions. 

Although there is agreement on the importance of the proximal domain down- 
stream of position- 100 for APP expression, there are some different interpretations 
as to which sequences confer this effect. In one study on the human APP promoter 
(Quitschke and Goldgaber, 1992; Quitschke, 1994), the two nuclear factor binding 
sites APBet and APB[3 were characterized (Figure 4C). Of these, APB[3 is essential for 
high levels of expression in HeLa and PC-12 cells (Quitschke, 1994). The potential 
core recognition sequence for APB~ extends from posi t ions-93 t o - 8 2 .  
Furthermore, methylation interference and mobility shift assays suggest that 
sequence elements downstream of the core may also have a limited influence on 
binding activity. This binding domain has yet to be characterized by DNase foot 
printing. However, based on the minimal length of oligonucleotides required to 
support binding, it is likely that the sequence occupied by the binding factor extends 
at least ten base pairs on either side of the core domain (unpublished observation). 
In view of this, binding domain APB[3 partially overlaps with two adjacent binding 
domains observed by DNase foot printing in the mouse APP promoter (Izumi et al., 
1992) (Figure 4C). One of these was suggested to contain negative regulatory ele- 
ments. It also overlaps with a binding domain C (Figure 4B) described by Pollwein et 
al. (1992), an element that was found to be essential for high levels of transcription 
when fused to a heterologous TATA box (Figure 5B). Although the interpretations of 
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the recognition sequence vary somewhat, it is possible that binding domain C and 
APB[3 are the same binding site. It is also possible that at least one of the protected 
domains in the mouse APP promoter corresponds to binding domain C and APB[3 
(Figure 4). 

The other binding site, APBct (Quitschke and Goldgaber, 1992), was mapped by 
DNAse I foot printing to extend from positions -55 to-31.  This site overlaps with 
binding domain A from positions -65 to -47 (Pollwein et al., 1992), and a proximal 
site in the mouse promoter from positions -67 to -41, which was shown to bind Sp 1 
(Izumi et al., 1992). Binding domain A was shown to contain the binding sites for Sp 1 
and a second factor designated C2A. Indeed, DNase foot printing of C2A revealed a 
protected domain from positions-55 to-43, which more closely matches the domain 
established for APB(x. These results indicate that the binding sites for factors C2A and 
APBc~ may be identical (Figure 4). 

It was demonstrated that, if both the binding sites for C2A and Sp 1 were elimi- 
nated by substitution mutagenesis from the promoter region extending to position 
-94, promoter activity was essentially abolished even in the presence of domain C. 
However, eliminating either binding site alone showed little effect on promoter activ- 
ity (Pollwein, 1993) (Figure 5C). In a different study (Quitschke, 1994), it was shown 
that, in promoter constructs without APB[3, promoter activity was greatly reduced. 
However, a residual activity was observed and found to be attributable to APBct 
(Figure 6B). Hence the Sp 1 site alone could not compensate for the loss of both 
binding sites APB[3 and APBct. The two studies are not necessarily in disagreement 
since the function of the Sp 1 and APB(x sites in the presence of APB[3 was not specif- 
ically addressed. 

In summary, expression from the APP promoter requires at least 94 base pairs 
upstream from the transcriptional start site. Three factor binding sites were identified 
in this proximal region that have some role in promoter activity. These are an 
upstream element APB[3 (Quitschke, 1994) or binding domain C (Pollwein et al., 
1992), Sp 1 (Izumi et al., 1992; Pollwein, 1993), and C2a (Pollwein, 1993) or APBct 
(Quitschke, 1994) (Figure 4). Elements located upstream of position-94 have been 
proposed to modulate APP promoter activity. These include positive and negative ele- 
ments in both human and mouse promoters (Lahiri and Robakis, 1991; Izumi et al., 
1992). One region between positions -485 and-305 was identified that responds to 
induction by interleukin-1 (Goldgaber et al., 1989; Donnelly et al., 1990). 

Addendum 

Since the writing of this chapter addkional reports have been published with partic- 
ular relevance to transcriptional regulation of APP expression. Hoffman and Chernak 
(1994) have identified two sequence elements in the rat APP promoter that affect pro- 
moter activity. Deletion of one of these elements, located between positions-260 and 
-248 upstream from the translational start site, reduces promoter activity by 85%. 
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Deletion of a second element located between positions-223 and-192 reduces activ- 
ity by 30%. Both the location of these elements and their effect on promoter activity 
are remarkably similar to the APB[3 and APBet domains described by Quitschke 
(1994) (see section 6.5). 

Trejo et al. (1994) have reported the activation of APP expression by protein kinase 
C with phorbol 12-myristate 13-acetate in a human glioma cell line. It was found that 
the activation was likely to be mediated by the binding of c-jun homodimers to the 
upstream AP-1 binding site at position-350 rather than the downstream binding site 
at position -45 (see Figure 1). These results extend the observations made by 
Goldgaber et al. (1989) and Donnelly et al. (1990) (see section 6.1). 

Vostrov et al. (1995) have presented evidence based on thermostability, relative 
binding affini~, electrophoretic mobility and antibody recognition that the cellular 
factors that bind to APBet (see section 6.5) are heterodimers, of USF43 and USF44. 

References 

Abe, K., St George-Hyslop, RH., Tanzi, R.E. & Kogure, K. (1991)Neurosci. Lett. 125, 169-171. 
Adler, MJ., Coronel, C., Shelton, E., Seegmiller, J.E. & Dewji, N.N. (1991) Proc. Natl Acad. Sci. 

USA 88, 16-20. 
Altstiel, L.D. & Sperber, K. (1991) Progr. Neuro-Psychopharmac. BioL Psych. 15, 481-495. 
Bahmanyar, S., Higgins, G.A., Goldgaber, D., Lewis, D.A., Morrison, J.H., Wilson, M.C., 

Shankar, S.K. & Gajdusek, D.C. (1987) Science 237, 77-80. 
Bauer, J., Strauss, S., Schreiter-Gasser, U., Ganter, U., Schlegel, P., Witt, I., Yolk, B. & Berger, 

M. (1993) FEBS Lett. 285, 111-114. 
Bendotti, C., Forloni, G.L., Morgan, R.A., O'Hara, B.E, Oster-Granite, M.L., Reeves, R.H., 

Gearhart, J.C. & CoyleJ.T. (1988) Proc. NatlAcad. Sci. USA 85, 3628-3632. 
Beyreuther, K. & Masters, C.L. (1991) Brain Res. Rev. 16, 86-88. 
Bird, A.R (1986) Nature 321,209-213. 
Card, J.P., Meade, R.P. & Davis, L.G. (1988)Neuron 1,835-846. 
Chernak, J.M. (1993) Gene 133, 255-260. 
Cohen, M.L., Golde, T.E., Usiak, M.E, Younkin, L.H. & Younkin, S.G. (1988) Proc. Natl Acad. 

SCi. USA 85, 1227-1231. 
Coyle, J.T., Oster-Granite, M.L., Reeves, R.G., Gearhart, J.D. (1988) TINS 11,390-394. 
DeSauvage, E &Octave, J. (1989) Science 245, 651-653. 
Donnelly; RJ., Friedhoff, AJ., Beer, B., Blume, AJ. & Vitek, MJ. (1990) Cell. Mol. Neurobiol. 1 O, 

485-495. 
Forloni, G., Demicheli, E, Giorgi, S., Bendotti, C. & Angeretti, N. (1992) Brain Res. Mol. Brain 

Res. 16, 128-134. 
Forloni, G., Del Bo, R., Angeretti, N., Smiroldo, S., Gabellini, N. & Vantini, G. (1993) Brain Res. 

620, 292-296. 
Ganter, U., Strauss, S.,Jonas, U., Weidemann, A., Bayreuther, K., Volk, B., Berger, M. & Bauer, 

J. ( 1991) FEBS Lett. 282, 127-131. 
Gardella,J.E., Ghiso,J., Gorgone, G.H., Marratta, D., Kaplan, A.P., Frangione, B. & Gorevic, 

P.D. (1990) Biochem. Biophys. Res. Commun. 173, 1292-1298. 
Gardiner-Garden, M. & Frommer, M. (1987).7. Mol. BioL 196, 261-282. 
Goedert, M. (1987) EMBOJ. 6, 3627-3632. 
Golde, T.E., Estus, S., Usiak, M., Younkin, L.H. & Younkin, S.G. (1990)Neuron 4, 253-267. 

96 



Control of APP expression 

Goldgaber, D., Lerman, M.I., McBride, O.W., Saffiotti, U. & Gajdusek, D.C. (1987) Science 235, 
877-880. 

Goldgaber, D., Harris, H.W., Hla, T., Maciag, T., Donnelly, R.J.,Jacobsen, J.S., Vitek, M.P. & 
Gajdusek, D.C. (1989) Proc. Natl Acad. Sci. USA 86, 7606-7610. 

Goldgaber, D., Schmechel, D.E. & Odenwald, W.E (199 l) Brain Res. Rev. 16, 89-92. 
Gray; C.W. & Patel, A.J. (1993a) Mol. Brain Res. 19, 251-256. 
Gray, C.W. & Patel, A.J. (1993b) Neuroreport 4, 811-814. 
Griffin, W.S.T., Stanley, L.C.,Jing, C., White, L., Macleod, V., Perrot, L.J., White, C.L., III& 

Araoz, C. (1989) Proc. NatlAcad. Sci. USA 86, 7611-7615. 
Higgins, G.A., Lewis, D.A., Bahmanyar, S., Goldgaber, D., Gajdusek, D.C., Young, W.G., 

Morrison, J.H. & Wilson, M.C. (1988) Proc. Natl Acad. Sci. USA 85, 1297-1301. 
Hoffman, P.W. & Chernak, J.M. (1994) Biochem. Biophys. Res. Commun. 201,610-617. 
Izumi, R., Yamada, T., Yoshikai, S.-i., Sasaki, H., Hattori, M. & Sakaki, Y. (1992) Gene 112, 

189-195. 
Jacobsen,J.S., Muenkel, H.A., Blume, A.J. & Vitek, M.P. (1991)Neurobiol. Ag/ng 12, 575-583. 
Johnson, S.A., McNeill, T., Cordell, B. & Finch, C.E. (1990) Science 248, 854-856. 
Kageyama, R. & Pastan, I. (1989) Cell 59, 815-825. 
Kageyama, R., Merlino, G.T. & Paston, I. (1989)o7. Biol. Chem. 264, 15508-15514. 
Kang, J. & Mtiller-Hill, B. (1990) Biochem. Biophys. Res. Commun. 166, 1192-1200. 
Kang, J., Lemaire, H.-G., Unterbeck, A., Salbaum, M.J., Masters, C.L., Grzeschik, K.H., 

Multhaup, G., Beyreuther, K. & Mt~ller-Hill, B. (1987) Nature 325, 733-736. 
Kaufmann,J. & Smale, S. (1994)J. Cell. Biochem. Suppl. 18C, p. 20, Abstract L121. 
Kitaguchi, N., Takahashi, Y., Tokushima, Y., Shiojiri, S. & Ito, H. (1988) Nature 331,530-532. 
K6nig, G., M6nning, U., Czeck, C., Prior, R., Baniti, R., Schreiter-Gasser, U., Bauer, J., 

Masters, C.L. & Beyreuther, K. (1992)J. Biol. Chem. 267, 10804-10809. 
Kraus, R.J., Zink, N.M., Murray; E.E., Wiley; S.R., Loritz, K.J. & Mertz, J.E. (1994)J. Cell. 

Biochem. Suppl. 18C, p. 20, Abstract L123. 
La Fauci, G., Lahiri, D.K., Salton, S.R.J. & Robakis, N.K. (1989) Biophys. Res. Commun. 159, 

297-304. 
Lahiri, D.K. & Robakis, N.K. (1991) Mol. Brain Res. 9, 253-257. 
Lemaire, H.G., Salbaum, J.M., Multhaup, G., Kang, J., Bayney, R.M., Unterbeck, A., 

Beyreuther, K. & Miiller-Hill, B. (1989)Nucl. Acids Res. 17, 517-522. 
Lovett, M., Goldgaber, D., Ashley; P., Cox, D.R., Gajdusek, D.C. & Epstein, C.J. (1987)Biochem. 

Biophys. Res. Commun. 144, 1069-1075. 
Mann, D.M.,Jones, D., Prinja, D. & Purkiss, M.S. (1990)Acta Neuropathol. 80, 318-327. 
Manning, R.W., Reid, C.M., Lampe, R.A. & Davis, L.G. (1988) Mol. Brain Res. 3, 293-298. 
Milici, A., Salbaum, J.M. & Beyreuther, K. (1990) Biochem. Biophys. Res. Commun. 169, 46-50. 
Mita, S., Schon, E.A. & Herbert, J. (1989)Am.J. Path. 134,1253-1261. 
Mobley; W.C., Neve, R.L., Prusiner, S.B. & McKinley, M.P. (1988) Proc. NatlAcad. Sci. USA 85, 

9811-9815. 
M6nning, U., K6nig, G., Prior, R., Mechler, H., Schreiter-Gasser, U., Masters, C.L. & 

Beyreuther, K. (1990) FEBS Lett. 277, 261-266. 
Neve, R.L., Finch, E.A. & Dawes, L.R. (1988) Neuron 1,669-677. 
O'Hara, B.E, Fisher, S., Oster-Granite, M.L., Gearhart, J.D. & Reeves, R.H. (1989) Dev. Brain 

Res. 49, 300-304. 
Palmert, M.R., Golde, T.E., Cohen, M.L., Kovacs, D.M., Tanzi, R.E., Gusella, J.E, Usiak, 

M.E, Younkin, L.H. & Younkin, S.G. (1988) Science 241, 1080-1084. 
Pollwein, P. (1993) Biochem. Biophys. Res. Commun. 190, 637-647. 
Pollwein, P., Masters, C.L. & Beyreuther, K. (1992) Nucl. Acids Res. 20, 63-68. 
Ponte, P., Gonzalez-DeWhitt, P., Schilling, J., Miller, J., Hsu, D., Greenberg, B., Davis, K., 

Wallace, W., Lieberburg, I. & Fuller, E (1988)Nature 331,525-527. 
Quitschke, W.W. (1994)J. Biol. Chem., 269, 21229-21233. 
Quitschke, W.W. & Goldgaber, D. (1992)J. Biol. Chem. 267, 17362-17368. 

97 



W. W. Quitschke and D. Goldgaber 

Quitschke, W.W., Lin, Z.-Y, DePonti-Zilli, L. & Paterson, B.M. (1989)J. Biol. Chem. 264, 
9539-9546. 

Quon, D., Catalano, R. & Cordell, B. (1990) Biochem. Biophys. Res. Commun. 167, 96-102. 
Refolo, L.M., Salton, S.RJ., Anderson,J.P., Mehta, P. & Robakis, N.K. (1989) Biochem. Biophys. 

Res. Commun. 164, 664-670. 
Richards, S.-J., Waters, JJ., Beyreuther, K., Masters, C.L., Wischik, C.M., Sparkman, D.R., 

White, C.L., III, Abraham, C.R. & Dunnet, S.B. (1991) EMBOJ. 10, 297-303. 
Robakis, N.K., Wisniewski, H.M.,Jenkins, E.C., Devine-Gage, E.A., Houck, G.E., Yao, X.L., 

Ramakrishna, N., Wolfe, G., Silverman, W.R & Brown, W.T. (1987) Lancet 8529, 384-385. 
Rooke, K., Talbot, C., James, L. Hardy, J.A. & Goate, A.M. (1993) Mammalian Genome 4, 

662-669. 
Roy, A.L., Malik, S., Meisterernst & Roeder, R.G. (1993)Nature 365, 355-359. 
Rumble, B., Retallack, R., Hilbich, C., Simms, G., Multhaup, G., Martins, R., Hocke~; A., 

Montgome~, P., Beyreuther, K. & Masters, C.L. (1989) N Engl. J. Med. 320, 1446-1452. 
Salbaum,J.M., Weidemann, A., Lemaire, H.-G., Masters, C.L. & Beyreuther, K. (1988) EMBO 

J. 7, 2807-2813. 
Schmechel, D.E., Goldgaber, D., Burkhart, D.S., Gilbert, J.R., Gajdusek, D.C. & Roses, A.D. 

(1988) Alzheimer Dis. Assoc. Disord. 2, 96-111. 
Selkoe, DJ., Bell, D.S., Podlisny, M.B., Price, D.L. & Cork, L.C. (1987) Science 235, 873-77 
Seiler-Tuyns, A., Eldridge,J.D. & Paterson, B.M. (1984) Proc. NatlAcad. Sci. USA 81, 2980-2984. 
Shivers, B.D., Hilbich, C., Multhaup, G., Salbaum, M., Beyreuther, K. & Seeburg, P.H. (1988) 

EMBOJ. 7, 1365-1370. 
Siman, R., Card, J.R, Nelson, R.B., Davis, L.G. (1989)Neuron 3, 275-285. 
Smith, CJ., Wion, D. & Brachet, P. (1991) Mol. Brain Res. 10, 351-354. 
Tanaka, S., Nakamura, S., Ueda, K., Kameyama, M., Shiojiri, S., Takahashi, Y., Kitaguchi, N. 

& Ito, H. (1988) Biochem. Biophys. Res. Commun. 157, 472-479. 
Tanaka, S., Shiojiri, S., Takahashi, Y., Kitaguchi, N., Ito, H., Kameyama, M., Kimura, J., 

Nakamura, S. & Ueda, K. (1989) Biochem. Biophys. Res. Commun. 165, 1406-1414. 
Tanzi, R.E., Gusella, J.E, Watkins, RC., Bruns, G.A.P., St George-Hyslop, R, Van Keuren, 

M.L., Patterson, D., Pagan, S., Kurnit, D.M. & Neve, R.L. (1987) Science 235, 880-884. 
Tanzi, R.E., McClatchey; A.I., Lamperti, E.D., Villa-Komaroff, L., Gusella, J.E & Neve, R.L. 

(1988) Nature 33 l, 528-530. 
Trejo,J., Massamiri, T., Deng, T., Dewji, N.N., Bayney, R.M. & Brown,J.H. (1994)J. Biol. Chem. 

269, 21682-21690. 
Wileg R.S., Kraus, RJ. & Mertz,J.E. (1992) Proc. Natl Acad. Sci. USA 89, 581 4-5818. 
Wirak, D.O., Bayney, R., Kundel, C.A., Lee, A., Scangos, G.A., Trapp, B.D. & Unterbeck, AJ. 

(1991) EMBO J. 10, 289-296. 
Vostrov, A.A., Quitschke, W.W., Vidal, F., Schwarzman, A. & Goldgaber, D. (1995) Nucleic Acids 

Res. 23, In Press. 
Yamada, T., Sasaki, H., Dohura, K., Goto, I. & Sakaki, Y. (1989) Biochem. Biophys Res. Commun. 

158, 906-912. 
Yoshikai, S.-i., Sasaki, H., Doh-ura, K., Furuya, H. & Sakaki, Y (1990) Gene 87, 257-263. 
Zenzie-Grego~, B., Khachi, A., Garraway & Smale, S.T. (1993) Mol. Cell. Biol. 13, 3841-3849. 
Zimmermann, K., Herget, T., Salbaum,J.M., Schubert, W., Hilbich, C., Cramer, M., Masters, 

C.M., Multhaup, G., Kang, J., Lemaire, H.-G., Beyreuther, K. & Starzinski-Powitz, A. (1988) 
EMBOJ. 7, 367-372. 

98 



CHAPTER 6 

POST-TRANSLATIONAL CONTROL OF 
THE AMYLOID [3-PROTEIN 
PRECURSOR PROCESSING 

Joseph D. Buxbaum 

Laboratory of Molecular and Cellular Neuroscience, The Rockefeller University, 
New York, New York 10021, USA 

Table of Contents 
6.1 Introduction 99 
6.2 Protein kinase C and APP 101 
6.3 Regulation of APP processing by intracellular messengers 105 
6.4 Regulation of APP processing by calcium 107 
6.5 Regulation of APP processing in vivo 109 
6.6 Summary 110 

References 111 

6.1 Introduction 

6.1.1 APP and A[3 in Alzheimer's disease 

A hallmark of Alzheimer's disease (AD) is the build-up of an amyloid [3-protein (A[3) 
(Glenner and Wong, 1984; Masters et al., 1985) in the brain parenchyma and in the 
cerebrovasculature (Tomlinson and Corsellis, 1984). A[3 is derived from a large trans- 
membrane precursor, the amyloid [~-protein precursor (APP) (Goldgaber et al., 1987; 
Kang et al., 1987; Robakis et al., 1987; Tanzi et al., 1987, 1988; Kitaguchi et al., 1988; 
Ponte et al., 1988). For a variety of reasons, many researchers believe that the build- 
up of AI3 in the brain causes the synaptic loss and associated dementia that occurs in 
AD. These reasons include the observation that one of the several mutations (here- 
after referred to as the Swedish mutation; Mullan et al., 1992) in APP that cosegregate 
with AD is associated with an abnormally high production of A[3 (Citron et al., 1992; 
Cai et al., 1993). It therefore seems plausible to argue that increased production of A[3 
might underlie the symptoms of AD in individuals bearing this mutation. More 
recently it has been shown that an allele ofapolipoprotein E (ApoE4) is associated with 
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forms of AD (Corder et aL, 1993; Strittmatter et al., 1993). The different alleles of ApoE 
differ in their ability to induce the aggregation and precipitation of A[3 in vitro (La Du 
et al., 1995). In the case of individuals with ApoE4 it is possible that there is an associ- 
ated increase in A[3 deposition (Schmechel et al., 1993), which again might underlie the 
symptoms of AD. Most recently, it was shown that three APP mutations secrete 
increased levels of longer, more aggregatable, A[3 peptide (Suzuki et al., 1994). Thus, 
there is evidence to suggest that both increased A[3 production and decreased A[3 clear- 
ance may contribute to AD. From these findings it is a small jump to argue that decreas- 
ing A[3 formation and/or increasing A[3 clearance might slow the progression of AD. 

For some researchers this argument is sufficiently compelling to justify the study of 
the physiological regulation of APP processing and A[3 production. Regulation of APP 
processing might also give us insights into the function of APP and of its various prod- 
ucts. For example, it might suggest that the secreted form ofAPP (APPs) has an impor- 
tant role in the body's response to injury; the ability to regulate the secretion of APPs 
would then have important ramifications for its function. 

6.1.2 Methods for studying the regulation of APP processing 

To date there have been several methods used to study the regulation of APP pro- 
cessing. One of the most frequently used is pulse-chase analysis (Weidemann et al., 
1989). In this method, cells are first incubated with a radioactive amino acid for a brief 
period and then incubated in regular medium containing an excess of unlabelled 
amino acids. During this latter incubation (the chase), test compounds may be added 
to study their effects on APP processing. The advantage of this method is that by 
studying only the labelled APP molecules, synthesized before the addition of the test 
substance, one can dissociate post-translational effects of the test compounds from any 
other effects. This is particularly important because, as will be detailed below, many 
of the compounds that affect APP processing also affect APP expression. Other 
methods designed to distinguish post-translational effects of test compounds from 
other effects include experiments carried out with a short time course and the inclu- 
sion of protein synthesis inhibitors in such experiments. 

Another consideration regarding the methods used to assay the regulation of APP 
processing is the choice of antibodies used to detect the APP. It is advantageous to have 
antibodies against the amino- and carboxyl-terminal of APP as well as against A[3 in 
order to simplify analysis of the effects of various test compounds on APP processing. 
It is also important to use antibodies that can select for APP without cross-reacting 
with other members of the APP family (APLPs), particularly if one is interested in A[3 
production (which is derived only from APP). It is obvious from the homology among 
the various APP homologues that there could be cross-reactivity between the various 
antibodies, and this has in fact been observed in practice (e.g. Hunt et aL, 1994). A 
further complicating factor in the choice of antibodies is the fact that, in different cell 
types and in cells expressing different APP mutations, the cleavage of APP can be 
different; if the antibody used discriminates between the different products, the analy- 
sis of the results may be complex. For example, CHO cells and cells expressing the 
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Swedish mutation produce significantly more APP s cleaved at the amino terminal of 
A[3 domain ([3-cleavage) than other cell types. Analysing APP s from these cells using 
an antibody (like 6E 10; Kim et al., 1990) which cross-reacts with the amino terminal 
of the AI~ region, would only recognize the normally cleaved (a-cleaved) product. 

6.2 Protein kinase C and APP 

6.2.1 Protein kinase C regulates APP processing 

Soon after the discovery of APP it was noted that the cytoplasmic domain of this mole- 
cule could be an efficient subtrate for diverse protein kinases (Gandy et al., 1988). 
Phosphorylation had been shown to regulate the proteolysis of other transmembrane 
proteins, thus raising the possibility that generation of A[3 might be regulated by 
protein phosphorylation. Since those early studies on APP peptides, phosphorylation 
of APP has been demonstrated with intact APP both in vitro and in vivo. In vitro 
phosphorylation has been shown using purified protein kinase C and intact mem- 
brane-associated APP (Suzuki et al., 1992). In vivo phosphorylation at the Yhr TM, Ser 655 
and T h r  668 (the numbering system follows Kang et al., 1987) has been unequivocally 
demonstrated in both living cells and rat brain using phosphorylation-state specific 
antibodies (M. Oishi, unpublished observation). The potential significance of these 
phosphorylation sites is underscored by the fact that they are conserved to varying 
degrees amongst the different members of the APP family (see Figure 1). Thus, the 
phosphorylation site at Y h r  668 is conserved across all known APP homologues, while 
the phosphorylation site at Ser 655 is conserved in all homologues except APL-1 from 
C. elegans; the site at Thr TM seems restricted to vertebrate APP. 

At about the same time as the first demonstration that APP may be a phosphopro- 
tein it was shown that APP undergoes cleavage and secretion (Weidemann et al., 1989). 
This immediately raised the question as to whether this secretion was regulated by 
protein phosphorylation. To study this question, specific antibodies against the various 
parts of the APP molecule were used. The first experiments directed at studying the 
regulation of APP processing made use of a carboxyl-terminal antibody, which pre- 
cipitated both full-length APP and the carboxyl terminal of APP, which remains behind 
after the cleavage and secretion of APP s (we now know that this antibody also cross- 
reacts with other members of the APP family, see Hunt et al., 1994). It was observed 
that, when cells were treated with either phorbol dibutyrate (PBt2), an agent which acti- 
vates protein kinase C, and/or okadaic acid, an agent which inhibits protein phos- 
phatases 1 and 2A, the levels of mature (fully glycosylated and sulphated) APP 
diminished significantly, while the levels of carboxyl-terminal derivatives of APP 
increased (Buxbaum et al., 1990). Because APP s production from full-length APP 
involves the loss of full-length APP and the generation of the carboxyl-terminal frag- 
ment, it was tempting to speculate that these results could be explained by arguing that 
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Consensus: 

Mammalian APP: 

Xenopus APP: 

Human APLP2/APPH: 

Mouse APLP: 

C. elegans APL-I: 
Drosophila APPL: 

KKKQY. TI. . HG. VEVD. . . T ...... PEERHL. KMQ. NGYENPTYKFFEQMQ. 

KKKQYTS I H- HGVVEVDAAVT ...... P EERHL S KMQQNGYENPTYKF F EQMQN 

KKKQYTTI H-HGVVEVDAAVT ...... PEERHLTKMQQNGYENPTYKFFEQMQN 

RKRQYGT I S- HGIVEVDPMLT ...... P EERHLNKMQNHGYENPTYKYLEQMQ I 

KKK PYGT I S - HGVVEVD PMLT ...... L EEQQLRELQRHGYENPTYRF LEE- RP 

RRRA ..... MRGF I EVD- VYT ...... P EERHVAGMQVNGYEh'PTYS F FDS- KA 
KWRT SRS P HAQGF I EVDQNVTTHH P IVRE EKIVPNMQ I NGYENPTYKYF EV- KE 

Figure  1 Potential phosphorylation sites in the cytoplasmic domain of APP-related proteins. The optimally aligned cytoplasmic domains of the 
known APP-related proteins are shown. Phosphorylation sites at Thr 654, Ser 655 and Ser 668 are indicated (numbering follows Kang et al., 1987), as is 
the highly conserved NPTY sequence involved in targeting APP within the cell. The sequences were taken from the following sources: mammalian 
APP, Kang et al. (1987); Xenopus APP, Okado and Okamoto (1992); APLP2/APPH, Sprecher et al. (1993), Wasco et al. (1993); APLP, Wasco et al. 
(1992); C. elegans APL-1, Daigle and Li (1993); Drosophila APPL, Rosen et al. (1989). 
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APP s production was regulated by protein phosphorylation. When cells were incu- 
bated with H-7, an inhibitor of several protein kinases including protein kinase C, an 
increased recovery of cell-associated mature APP was observed, suggesting that protein 
phosphorylation played a role in basal APP processing in naive (untreated) cells. 

Maturation (glycosylation and sulphation) of APP, which is accompanied by a shift 
in apparent molecular weight in cultured cells, was not affected by phorbol esters, but 
was affected by okadaic acid. Furthermore, phorbol esters and okadaic acid, espe- 
cially in combination, caused an increased recovery of an unusually large carboxyl- 
terminal fragment of APP in PC 12 cells. The significance of these latter two effects of 
protein phosphorylation on APP metabolism is still unknown. 

Subsequent to the first study of phosphorylation on APP processing, the effects of 
protein phosphorylation on APP s production were studied by several groups. Using 
antibodies against the amino terminal of APP (which again later were shown to cross- 
react with other members of the APP family) and studying the APP s released into the 
extracellular space, it could be convincingly shown that phorbol esters and/or okadaic 
acid stimulate the production of APP s (Caporaso et al., 1992). That this was true for 
APP per se awaited studies carried out in transfected cells (where APP was the pre- 
dominant representative of the APP gene family; e.g. see Gillespie et al., 1992) and/or 
studies making use of APP-specific antibodies (e.g. see Buxbaum et al., 1993a). Most 
recently, H-7 was also demonstrated to inhibit APP s production (Gabuzda et al., 1993), 
again suggesting that basal APP processing in naive cells is under the control of 
protein phosphorylation. 

The regulation of APP processing and secretion by phorbol esters and okadaic acid 
was observed in many cell types, and appears to be a ubiquitous means of regulating 
APP cleavage and secretion. These include various cell types that might model the 
cells important in producing A[3 in the brain, such as human endothelial, neuro- 
blastoma and glioma cells (see Buxbaum et al., 1992, 1994). 

After it was shown that A[3 was produced normally by cultured cells, the role of 
protein kinase C, and protein phosphatases 1 and 2B in the regulation of APP pro- 
cessing was extended to include a role in regulating the production of A~ as well as 
p3. p3 is an A[3 fragment which is assumed to be derived after normal (or-) cleavage 
of APP (Haass et al., 1993). Several laboratories have recently shown that activation 
of protein kinase C and/or inhibition of protein phosphatases 1 and 2A lead to 
dramatically decreased production of A[3 with increased production of p3 (Buxbaum 
et al., 1993a; Gabuzda et al., 1993; Hung et al., 1993). If p3 is in fact derived after or- 
cleavage of APP, then it is not surprising that increasing a-cleaved APP s production 
is associated with increased p3 production. The decrease in A[3 production may be in 
part due to the amounts of full-length APP being limiting: increasing a-cleavage 
would then decrease the amounts of APP available for [3 cleavage (see Buxbaum, et al., 
1993a, and below). Stimulation ofAPP s formation by protein kinase C decreases the 
levels ofcarboxyl-terminal APP fragments containing full-length A[3 (Fukushima et al., 
1993), consistent with the hypothesis that A[3 is derived from such fragments. As 
before, the effects of protein kinase C activation on A[3 production have been observed 
in a variety of cell types, including primary human astrocytes (Gabuzda et al., 1993). 
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H-7 could apparently cause decreased p3 production (accompanied by decreased 
APP s formation) and increased A[3 production in naive cells (Gabuzda et al., 1993). 
Cells expressing any of several mutations in APP which cosegregate with AD, includ- 
ing the Swedish mutation, still respond to protein kinase C activation with decreased 
A[3 production (Buxbaum eta/., 1993a; Hung eta/., 1993), suggesting that regulating 
the production of A[3 as a therapeutic approach may be possible even in individuals 
with such mutations. 

In summary, activators of protein kinase C stimulate APP s and p3 formation with 
a concomitant decrease in A[3 production and in the levels of cell-associated full- 
length APP. An inhibitor of protein kinases has the opposite effect, while an inhibitor 
of protein phosphatases acts in a manner similar to activators of protein kinase C. 
Thus, increasing net phosphorylation in the cell is associated with increased produc- 
tion of APP s and decreased production of A[~ while decreasing net phosphorylation 
is associated with decreased APP s production and increased production of A[5. 

Okadaic acid inhibits both protein phosphatases 1 and 2B. By the use of the phos- 
phatase inhibitor calyculin A, it was recently shown that protein phosphatase 1 is the 
likely regulator of APP processing (da Cruz e Silva et al., 1995). Phorbol esters can 
activate several different protein kinase C isozymes: there is currently evidence sug- 
gesting that protein kinase C-cx may be an example of an isozyme of protein kinase C 
which can regulate APP processing (Slack et al., 1993). 

6.2.2 The cytoplasmic domain of APP does not mediate the 
effects of protein kinase C 

The mechanism(s) by which protein kinase C activation and protein phosphatases 1 
and/or 2B inhibition regulated APP processing were assumed to involve the 
phosphorylation of APP in the cytoplasmic domain by protein kinase C or other 
protein kinases. To test this assumption, APP molecules mutated in the cytoplasmic 
domain were studied for their response to protein phosphorylation. Point mutations 
of potential phosphorylafion sites in the cytoplasmic domain had no effect on the 
phorbol ester regulation ofAPP s and A[3 formation (da Cruz e Silva et al., 1993; Hung 
and Selkoe, 1994). Even deletion of the entire cytoplasmic domain of APP did not 
affect the phorbol ester-induced secretion of APP s. Thus, the well-characterized 
phosphorylation sites in the APP cytoplasmic domain apparently are not necessary in 
the regulation of APP processing by protein kinase C. A large portion of the extracel- 
lular domain (between residues of 78 and 590 of APP695), which includes the major 
site ofphosphorylation of APP in vivo, is also without an obvious role in the regulation 
of APP processing by protein kinase C (da Cruz e Silva eta/., 1993; Hung and Selkoe, 
1994). Furthermore, there is no major change in the phosporylation of APP caused 
by kinase C activation (Gabuzda et al., 1993; Hung and Selkoe, 1994), although using 
phosphorylation-state specific antibodies, changes have been shown to occur (M. 
Oishi, unpublished observation). These results indicate that protein kinase C regulates 
APP processing by the phosphorylation of some component of the processing pathway 
other than the amyloid precursor protein. This conclusion in turn raises two ques- 
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tons: (1) what is the role of the highly conserved potential phosphorylation skes in the 
cytoplasmic domain; and (2) what is the substrate for protein kinase C which is respon- 
sible for its effects on APP processing? 

A role for phosphorylaton has recently been proposed (Suzuki et al., 1994) for what 
appears to be the most highly conserved phosphorylation site in the cytoplasmic 
domain of APP, i.e. Thr 668. It has been shown that cell-cycle-dependent changes in 
cdc2 kinase correlate with changes in the migration of certain APP species in PAGE, 
the levels of APP s and APP carboxyl-terminal fragment, and the phosphorylation of 
full-length APP and APP carboxyl-terminal fragment. A possible causal relationship 
between changes in phosphorylation of APP and changes in its processing is sup- 
ported by the observation that okadaic acid treatment leads to activation of cdc2 
kinase, and increased levels of immature APP and APP carboxyl-terminal fragment; 
these same changes in APP processing also occur at the G2/M phase of the cell cycle 
where cdc2 is active. 

The mechanism by which protein kinase C regulates APP processing may be anal- 
ogous to the way this enzyme regulates the processing of other transmembrane pro- 
teins, such as pro-TGFct, and the CSF-1 and TNF receptors, where phosphorylation 
of the transmembrane protein is apparently also not necessary. Studies with per- 
meabilized and/or broken cells are being carried out to determine whether activation 
of a protease and/or modulation of a trafficking protein are the means by which 
protein kinase C regulates APP processing. 

The effects of okadaic acid on APP processing have not yet been examined to the 
same degree as those of phorbol esters. While it may be assumed that the effects of 
okadaic acid parallel those ofphorbol esters, it has been shown that okadaic acid treat- 
ment, in contrast to phorbol ester treatment, is associated with dramatically increased 
phosphorylation of full-length APP and APP carboxyl-terminal fragment in vivo 
(Suzuki et al., 1994). 

6.3 Regulation of APP processing by intracellular messengers 

6.3.1 Regulation of APP processing by phospholipase C-linked 
first messengers 

With the demonstration of a role for protein kinase C in the regulation of APP pro- 
cessing, it was predicted that various first messengers, which activate the phospholi- 
pase C/protein kinase C cascade, would also be capable of regulating APP processing. 
This prediction was confirmed in several subsequent studies. Cholinergic agonists 
were shown to regulate APP s formation by several groups: the effects could be medi- 
ated by muscarinic receptors, particularly muscarinic receptors known to be coupled 
to the phospholipase C/protein kinase C cascade (Buxbaum et al., 1992; Nitsch et al., 
1992). Acetylcholine is altered in Alzheimer's disease brain, making these studies par- 
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Figure 2 Scheme for the redundant regulation of APP processing by phospholipase C activa- 
tion. PLC, phospholipase C; IP3, inositol tris-phosphate; DAG, diacylglycerol; Ca 2+ cytoplasmic 
calcium; PBt~, phorbol dibutyrate; PKC, protein kinase C. Adapted from Buxbaum et al. (1993). 

ticularly interesting. Interleukin- 1 is also altered in Alzheimer's disease brain and cere- 
brospinal fluid (Griffin et al., 1989; Cacabelos et al., 1991) and can activate the phos- 
pholipase C/protein kinase C cascade. In these early studies interleukin-1 was also 
shown to be able to regulate APP s formation (Buxbaum et al., 1992; also Buxbaum et 
al., 1994). 

With the observation that A[3 is normally produced by cells, the effects of activa- 
tion of the phospholipase C/protein kinase C cascade on A[3 formation were studied. 
Direct activation of this cascade by mastoparan and mastoparan X increased the 
formation of APP s while decreasing the formation of A[3 (Buxbaum et al., 1993a). 
Similarly, muscarinic agonists could decrease A[3 production in cells overexpressing 
the M1 or M3 muscarinic receptors (Hung et al., 1993; Buxbaum et al., 1994). In 
human neuroglioma cells cholinergic and muscarinic agonists, as well as interleukin- 
1, could again regulate A[3 production to varying degrees (Buxbaum et al., 1994). The 
surprise came when the protein kinase C in cells overexpressing muscarinic receptors 
was down-regulated. In such cells it was predicted that cholinergic agonists should 
have little effect, however, no difference was observed in cells lacking phorbol ester- 
stimulated protein kinase C when compared to control cells, when examined for mus- 
carinic agonist regulation of APP processing (Buxbaum et al., 1994). This was 
interpreted as suggesting that the effects of the muscarinic agonists could be mediated 
by either the phospholipase C/protein kinase C cascade or by the phospholipase 
C/calcium cascade (see Figure 2). 

In summary, various protein kinase C/phospholipase C linker first messengers 
have been shown to regulate APP processing. These include acetylcholine, other 
cholinergic agonists and interleukin-1, as well as bradykinin, thrombin and ATE A 
recent report raises the possibility that the effects of phospholipase C-linked first 
messengers on APP processing may involve the activation of phospholipase A2 
(Emmerling et al., 1993). While the activation of protein kinase C by various phos- 
pholipase C-linked first messengers may be sufficient to mediate the effects of these 
first messengers on APP processing, it may not be necessary as increased cellular 
calcium in response to these first messengers may have similar effects as activation 
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of protein kinase C. Finally, comparing the relative efficiencies of different first mes- 
sengers for their ability to regulate APP s and A[3 production indicates that, for a 
given cell, compounds that are better able to stimulate APP s production are gener- 
ally better able to inhibit A[3 formation (see Table 2 in Buxbaum eta/., 1994), con- 
sistent with APP being rate-limiting in the formation of these metabolites (Buxbaum 
et a/., 1993a). 

6.3.2 Hormonal and growth factor regulation of APP processing 
and/or transcription 

Several physiological compounds, including cytokines, growth hormones and oestro- 
gen, have been studied for their effects on APP levels over several days. As mentioned 
previously, it is not always easy to distinguish between transcriptional and post-trans- 
lational effects of the test compounds in these sorts of studies. For example, incubat- 
ing PC 12 cells with NGF for 2 or more days increases the amount ofAPP s recovered 
in conditioned medium (Refolo et al., 1989; Schubert et al., 1989; Fukuyama, 1993). 
This may be caused by both effects of NGF on APP transcription (Mobley et al., 1988; 
Smith 1993; Ohyagi, 1993) as well as on APP processing [as judged by the relative 
changes in holoAPP and APP s following shorter NGF treatment (Refolo et al., 1989; 
Schubert eta/., 1989; but see Fukuyama et a/., 1993)]. Prolonged EGF treatment of 
cells can also lead to increased levels of APP s (Refolo et al., 1989) as can prolonged 
TNFc~, TFG[3 and PDGF treatment (Vaughan and Cunningham, 1993). Several of 
these growth factors have been shown to regulate APP transcription (Gray and Patel, 
1993a,b). Oestrogen treatment of cultured cells also increases APP s levels (Jaffe, et al., 
1994). 

6.4 Regulation of APP processing by calcium 

6.4.1 A role for calcium in the regulation of APP processing in 
cultured cells 

A potential role for intracellular calcium in the regulation of APP processing was first 
demonstrated using the calcium ionophore A23187. Treating B-104 neuroblastoma 
cells or differentiated PC 12 cells with A23187 led to increased production of APP s 
(Loftier and Huber, 1993). It was recently shown that A23187 treatment increased the 
production of AB in 293 cells (Ouerforth and Selkoe, 1994). These data suggest that 
voltage or ligand-gated calcium channels could regulate APP processing. Calcium 
released from intracellular stores has also been implicated in the regulation of APP 
processing. Treating various cells with thapsigargin or cyclopiazonic acid, compounds 
which inhibit the endoplasmic reticulum calcium ATPase, leading to the release of 
calcium into the cytoplasm, caused increased APP s formation (Buxbaum et al., 1994). 
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Significantly, the effects of these compounds on APP s formation were still observed in 
cells which had been treated for 24 h with phorbol esters to down-regulate protein 
kinase C, suggesting that the effects of these compounds are independent of protein 
kinase C. Under most conditions, increased APP s formation induced with thapsigar- 
gin and cyclopiazonic acid was accompanied by decreased A[3 formation. However, 
in the presence of low concentrations of thapsigargin, increases in A[~, or an A[3-1ike 
peptide, were observed. Similarly, caffeine increased A[~ production in 293 cells 
(Q.uerforth and Selkoe, 1994). 

Evidence for a physiological role of calcium in the regulation of APP s and A[3 
formation was mentioned above. In cells transfected with the M3 receptor and treated 
for 24 h with phorbol esters to down-regulate protein kinase C, carbachol was able to 
stimulate APP s formation and inhibit A[3 production. This indicates that the phos- 
pholipase C/calcium cascade is able to regulate APP processing in a protein kinase 
C-independent manner (see Buxbaum et al., 1994 and Figure 2). Similar results were 
observed with cells treated for 24 h with phorbol esters to down-regulate protein 
kinase C and subsequently treated with ATE 

In summary, there is now compelling evidence that calcium, derived from either 
extracellular or intracellular sources, can regulate APP processing. The mechanism 
by which calcium exerts its effects on APP processing is as yet unknown. The role of 
the cytoplasmic phosphorylation sites of APP in calcium-regulated APP processing is 
under investigation; preliminary studies indicate that they may not be necessary. It is 
interesting to consider the analogies between pro-TGFc~ and APP: both proteins can 
undergo secretory processing, which is stimulated by protein kinase C or calcium (see 
Pandiella and Massague, 1991) and for neither protein is phosphorylation of the holo- 
protein apparently required to mediate the effects of the stimulatory agent(s). 

6.4.2 A role for calcium in the regulation of APP processing in 
platelets 

Calcium can apparently also regulate APP processing and secretion in platelets. 
Incubating platelets with either thrombin, calcium ionophore or collagen stimulates 
the release of APP or APP fragments from the cell (Bush et al., 1990; Gardella et al., 
1990; Smith et al., 1990, Van Nostrand et al., 1990; Schlossmacher et al., 1992). The 
release of APP from platelets involves cleavage of full-length APP, probably within the 
A[~ domain, although some evidence for the release of full-length APP upon platelet 
activation has been reported by some researchers (Bush et al., 1990; Gardella et aL, 
1990), but not others (Schlossmacher et al., 1992). The effects ofthrombin and calcium 
ionophores on platelets probably involve a mechanism which is different from that 
which mediates their effects on neuronal and cultured cells because, for platelets, the 
APP is localized to a-granules where it is released upon degranulation. Interestingly, 
hyperacidification of platelets from patients with severe Alzheimer's disease in 
response to thrombin has recently been reported (Davies et al., 1993); this abnormal- 
ity may cause abnormal granule, and hence APP, secretion. 
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6.5 Regulation of APP processing in vivo 

6.5.1 Studying APP processing in vivo 

Several studies have examined the processing of APP in both the peripheral and 
central nervous system. Such studies, when carried out on mice and rats, have the 
limitation that it has been impossible (at the time of writing) to distinguish APP from 
APLPs. With cells in culture, one can overexpress APP or use APP-specific antibodies 
to identify APP. For in vivo studies, one must use either: transgenic animals (which have 
only recently become available, e.g. Lamb et al., 1993; Pearson and Choi, 1993); APP- 
specific antibodies, which cross-react with mouse or rat APP (the two widely used 
APP-specific antibodies, P2-1 and 6El0, preferentially recognize human, and not 
mouse or rat, APP; e.g. Buxbaum et al., 1993b); or use other species in which APP 
shares sufficient sequence homology with human APP to cross-react well with exist- 
ing APP-specific antibodies (for example, guinea pig APP will cross-react with the 
APP-specific antibody 6E 10). For these reasons, unless otherwise indicated, all of the 
in vivo results should be taken as studying APP and~or APLP processing. 

6.5.2 Normal processing of APP in the brain 

Studies on the transport of APP in vivo indicate that APP is transported as a full-length 
molecule via fast axonal transport, after which it can be metabolized (Koo et al., 1990; 
Morin et al., 1993; Sisodia et al., 1993). The first indication of regulation of processing 
of APP in the central nervous system was made when APP processing was studied in 
brain slices (Nitsch et al., 1993). In these experiments, it was shown that electrical 
stimulation caused the release ofAPP s into the superfusate. This effect could be inhib- 
ited by tetrodotoxin. 

It is of interest to determine whether the various means of regulating APP pro- 
cessing identified in cultured cells also are important in the brain. Several groups are 
pursuing this question in brain slices as well as in living animals. As an example of the 
latter approach, neurotoxin treatment associated with persistent protein kinase C 
activation is correlated with increased APP s formation in rat brains, which is appar- 
ently caused, at least in part, by changes in APP processing (E Cattabeni, unpublished 
observations). A related discovery demonstrated that lithium treatment, which alters 
neurotransmitter function, alters APP s levels in humans (Clarke et al., 1993a, b). 

6.5.3 Changes in APP processing in ageing 

The levels of various APP-derived proteins are altered in the brain and cerebrospinal 
fluid (CSF) in ageing and in AD (Palmert et al., 1990; Nordstedt et al., 1991; Van 
Nostrand eta/., 1992). These changes might reflect alterations in APP processing, as 
evidenced by differential changes with ageing in the levels ofholoAPP and in carboxy- 
terminal fragments of APP in brain (Nordstedt et aL, 1991), and differential changes 
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with ageing in the levels of two different soluble APP derivatives in CSF (Palmert et 
al., 1990). Changes in APP processing associated with ageing may be more pro- 
nounced in AD and may correlate with the degree of dementia (Palmert et al., 1990). 

6.5.4 Regulation of APP processing by injury 

Many groups have noted changes in APP levels and/or distribution following brain 
injury (Siman et al., 1989; Roberts et al., 1990; Abe et al., 1991; Kawarabayashi et al., 
1991; Otsuka et al., 1991; Iverfeldt et al., 1993; Kalaria et al., 1993; Wallace, et al., 1993; 
Griffin, et al., 1994). These changes reflect, in part, changes in APP expression and/or 
changes in the constellation of cells found at the injury site. However, there is some 
evidence for changes in APP processing following brain injury (Iverfeldt et al., 1993). 
By studying APP processing in areas of nerve terminal degeneration, far from the 
lesion site, it could be shown that changes in APP processing are caused by neuronal 
degeneration affecting APP processing, rather than altered APP processing affecting 
neuronal degeneration. The importance of these observations is underscored when 
one realizes that head injury is a risk factor for AD (e.g. Mortimer et al., 1991; van 
Duijn et al., 1992; Mayeux et al., 1993); other possible risk factors for AD, such as epi- 
lepsy and critical coronary artery disease (McAreavey et al., 1992; Sparks et al., 1993), 
are also associated with changes in APP expression and/or processing (Sparks et al., 
1993; Sheng et al., 1994a). 

One possible cause for the changes in APP levels and/or distribution following 
brain injury is that injury-related changes in interleukin-1 levels alter APP expression 
(see Goldgaber et al., 1989; Donnelly et al., 1990) and/or processing (Buxbaum et al., 
1992, 1994), or alter the constellation of cells surrounding the site of injury (e.g. 
Giulian et al., 1988). Interleukin-1 levels are altered in AD (Griffin et al., 1989; 
Cacabelos et al., 1991), and the levels of interleukin-1 correlate with the degree of 
dementia (Cacabelos et al., 1991). Correlation between increased interleukin-1 levels 
and increased APP levels have been observed in other neuropathological conditions, 
including HIV associated neurodegeneration, temporal lobe epilepsy and head injury 
(Griffin et al., 1994; Sheng et al., 1994a; Stanley et al., 1994). To study the effects of 
interleukin-1 on APP in vivo, interleukin-1 has been injected into the brains of experi- 
mental animals (Sheng et al., 1994b). APP levels, as measured by Western blotting, 
were elevated following interleukin-1 injection; studies aimed at detecting changes in 
APP processing under these conditions are currently under way. 

6.6 Summary 

APP processing appears to be under complex regulation. This regulation is apparently 
important under both normal and pathological conditions. Of direct clinical interest 
is the observation that A[3 formation can be regulated by various means. This raises 
the possibility that altered APP processing may cause an increase in A[3 formation in 
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AD, and suggests that it may be possible to regulate the production of A[3 as a thera- 
peutic approach in AD. As an example of the utility of the latter approach, consider a 
patient carrying the Swedish APP mutation. If it is true that the cause of AD in such a 
patient is a result of increased A[3 production, then decreasing A[3 production should 
delay the onset of the disease. Even in individuals where increased A[3 formation is not 
the cause of AD but some other cause, such as the presence of ApoE4, which causes 
AI3 accumulation and hence synaptic loss, decreasing A[3 formation may be beneficial. 
It is of course a very long way from in vitro experiments to therapy. The current empha- 
sis on studying APP processing and its regulation in vivo represents the next step towards 
this goal. The observation that lithium treatment alters APP s levels in CSF of patients 
supports regulating APP processing as a therapeutic approach in AD. 
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7.1 Amyloid and Alzheimer's disease 

Numerous proteins or fragments of proteins including serum amyloid A, 
immunoglobulin light chains, transthyretin, cystatin C, pancreatic islet cell amyloid 
peptide, calcitonin, [32-microglobulin, apolipoprotein A-l, prion protein and the 
amyloid [3-protein (A[3) are capable of forming amyloid deposits in vivo (Glenner, 1983; 
Cohen and Connors, 1987). The amyloid formed by these proteins is composed of 
straight fibrils 5-10 nm in diameter that are deposited extracellularly and these fibrils 
are insoluble in all but the harshest detergents. Histopathologically, amyloid can be 
identified by Congo red or Thioflavin S staining because the protein within amyloid 
fibrils is invariably in a [~-pleated sheet conformation. A number of pathological 
mechanisms for abnormal deposition of potentially amyloidogenic proteins have been 
described, including mutations resulting in variant proteins with enhanced fibrillo- 
genic potential, overproduction of a normal protein and abnormal processing of a 
normal precursor resulting in a proteolytically derived fragment that aggregates into 
amyloid fibrils (Cohen and Connors, 1987). 

Although deposition of the A[3 as amyloid in the brains of individuals with 
Alzheimer's disease (AD) is a characteristic and diagnostic feature of AD, only recently 
has strong evidence for a causal role of A[3 deposition in AD been obtained. Because 
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no animal models of this disease exist, this evidence has come from a convergence of 
genetic linkage studies showing that mutations in the amyloid ~-protein precursor 
(APP) can cause AD and analyses showing that the disease-producing mutations alter 
APP processing in a way that is amyloidogenic. These studies and their implications 
for the role of the A~ in AD are reviewed in this chapter. 

7.2 AI3 deposition in Alzheimer's disease 

In patient's with AD, large numbers of senile plaques are found throughout the cere- 
bral neocortex and hippocampus. These plaques are present in small numbers in the 
brains of some aged mammals and normal elderly individuals, but they are present in 
large numbers only in AD (Roth et al., 1966; Struble et al., 1982; Terrg 1985; Selkoe 
et al., 1987; Terry et al., 1987; Daigle and Li, 1993). Each classic senile plaque is a 
complex lesion consisting of a spherical cluster of altered neurites surrounding a 
central, extracellular amyloid core (Ter~, 1985). Activated microglial cells envelop the 
amyloid core in each classic plaque and there are reactive astrocytes at the periphery 
of each plaque (Wisniewski et al., 1981; Dickson et al., 1988; Cras et al., 1990). 
Additional extracellular amyloid is scattered among the dystrophic neurites in classic 
plaques and, in most cases of AD, amyloid fibrils are also found in the walls of cere- 
bral vessels (Glenner, 1983). 

Although numerous proteins are associated with the amyloid deposits in AD 
(Selkoe, 1991), the principal proteinaceous component of both plaque core and vas- 
cular amyloid is a - 4  kDa polypeptide referred to as the amyloid IS-protein (Glenner 
and Wong, 1984; Masters et al., 1985; Selkoe, 1986; Kang et al., 1987; Prelli et al., 
1988). More recently, the development of antibodies against the A[3 sequence has 
enabled the detection of diffuse immunoreactive A~ deposits in the AD brain 
(Yamaguchi et al., 1988, 1989; Mashiah, 1990). In contrast to the A[3 deposited in 
compact senile plaques, these deposits are not detected with Congo red or other dyes, 
such as Thioflavin S, that bind amyloid, nor are they accompanied by pathological 
neuritic or glial reaction. These lesions, which are referred to as diffuse plaques, have 
been thought to be early precursor lesions that eventually mature into classic senile 
plaques, but it remains possible that diffuse plaques are distinct nonpathological 
lesions. Several groups have examined the insoluble A[3 that remains after the AD 
brain is extracted with high concentration sodium dodecyl sulphate (SDS) (Mori et 
al., 1992; Miller et al., 1993; Roher et al., 1993a, b; Gowing et al., 1994). Recent 
reports using this approach, particularly those of Roher and his colleagues (Miller et 
al., 1993; Roher et al., 1993a, b; Gowing et al., 1994), indicate that the SDS-insolu- 
ble amyloid in senile plaque cores is primarily A[31-42 (Miller et al., 1993; Roher et 
al., 1993a), that diffuse plaques are primarily A[~17-42 (Gowing et al., 1994), and 
that vascular amyloid is a mixture of 25-42% A[31-40 and 58-75% A[31-42 (Roher 
et al., 1993b). Thus species ending at A[~42 may be critically important in the 
pathogenesis of AD. 
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7.3 The APP 

Processing of A~ precursor 

7.3.1 The APP resembles a cell surface receptor 

Cloning of the gene encoding the A[3 revealed that the 43 residue A~ is an inter- 
nal peptide within a larger precursor protein referred to as the amyloid [3-protein 
precursor (Figure 1) (Goldgaber et al., 1987; Kang et al., 1987; Robakis et al., 
1987; Tanzi et al., 1987). The single copy APP gene is located on chromosome 21 
and generates numerous APP isoforms through alternative splicing of several 
exons. The 43 residue A[3 begins 99 residues from the carboxyl terminus of the 
677-770 residue APPs, proteins whose primary structure resembles many other 
cell surface receptors, such as the (epidermal growth factor) EGF receptor, trans- 
ferrin receptor and many cytokine receptors (see Figure 1) (Kang et aL, 1987). The 
internal location of the A[3 within the APP indicates that at least two proteolytic 
cleavages are necessary to release it. One of these on the amino side of the A[3 
would occur near the carboxyl end of the large intraluminal/extracellular 
domain, the other on the carboxyl side of the A[~ would appear to involve an 
unprecedented cleavage within the single transmembrane domain. Neither puta- 
tive cleavage site necessary to generate A[~ is a consensus sequence for cleavage 
by a known protease. 

7.3.2 APP isoforms 

Multiple isoforms of the APP arise through alternative splicing ofAPP mRNAs. Two 
minor isoforms encode truncated APPs of 365 (Jacobsen et al., 1991) and 563 amino 
acids (De Sauvage and Octave 1989) that will not be considered further because they 
do not contain the A[3. Eight other isoforms arise through alternative splicing ofexons 
7, 8 and 15 (Goldgaber et a/.,1987; Kang et al., 1987; Kitaguchi et al., 1988; Ponte et 
al., 1988; Tanzi et al., 1988; Golde et al., 1990; Konig et al., 1992). These isoforms 
encode proteins of 677-770 amino acids that are referred to by the number of amino 
acids encoded (e.g. APP695 refers to the isoform lacking exons 7 and 8, but containing 
exon 15). Exon 7 encodes a 56 amino acid domain that is referred to as the Kunitz 
protease inhibitor (KPI) domain because it is homologous to the Kunitz family of 
serine protease inhibitors, whereas exon 8 encodes a 19 amino acid domain with 
homology to the MRC OX-2 antigen found on neurons and thymocytes (Weidemann 
et al., 1989). Although the KPI domain may have functional significance, no role in 
control of APP processing has been established. The recently described alternative 
splicing of exon 15 (Konig et aL, 1992) is of considerable interest, because the inclu- 
sion or exclusion of the 18 amino acids encoded by this exon, which are located 20 
residues amino to the A[3, could significantly influence processing at or near the A[3 
amino terminus. To date, however, the influence of exon 15 on APP processing 
remains unknown. 

117 



T. E. Golde and S. G. Younkin 

Figure  1 Structure of wild-type and FAD-linked mutant APPs. The primary structure of the 
APP resembles a transmembrane receptor with a single transmembrane domain (Kang et al., 
1987). The 43-residue A[3 sequence begins 99 residues from the carboxyl terminus of the APP 
and it extends from the extracellular/intraluminal region (28 residues) into the transmembrane 
region (15 residues). The expansion of the A~ region on the right shows the position of the 
known pathogenic mutations within the APP sequence. The A~ sequence is enclosed by an 
open box. The hatched box represents the remainder of the transmembrane domain followed 
by a lysine triplet that is thought to anchor the APP in the membrane. 
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7.3.3 APP expression 

The APP is expressed in numerous tissues with the highest levels seen in the brain and 
kidney (Goedert, 1987; Neve et al., 1988; Golde et al., 1990; Koo et al., 1990). 
Expression of the various isoforms is tightly regulated at both a tissue and cellular 
level. Peripheral tissues express mostly KPI-containing forms and, depending on the 
tissue examined, from 20% to 50% of these forms lack the exon 15 domain 
(Sandbrink et al., 1993, 1994). The brain expresses the largest amount of the KPI-free 
APP69s form. At a cellular level, APP695 is the major isoform only in neurons, whereas 
glial cells express significant amounts of KPI-containing isoforms. Recent data indi- 
cate that neuronal cells express minor amounts of exon 15-free forms (>5 % of total) 
whereas other cells within the brain express a significant amount of the KPI-contain- 
ing, exon 15-free isoforms (Sandbrink et al., 1993, 1994). 

In other amyloidoses, the source of the amyloid deposited is a circulating intra- 
vascular protein (Cohen and Connors, 1987). The widespread expression of the APP 
throughout the body indicates that the A[~ deposited could, in principle, arise from a 
number of sources including intravascular APP. However, given the high level of APP 
expression in brain, it is likely that the cerebral amyloid deposited in AD is derived 
primarily from an intracerebral source. 

7.4 Genetic evidence for a causal role of amyloid deposition in 
Alzheimer's disease 

7.4.1 Trisomy 21 and familial AD 

The pathology of AD is complex. In addition to senile plaques and amyloid deposi- 
tion, there is neuronal loss in many populations. In the perikarya of neurons in these 
degenerating neuronal populations, there are intracellular neurofibrillary tangles con- 
taining highly insoluble paired helical filaments, and paired helical filaments are also 
present in the altered neurites found in senile plaques. In hippocampal pyramidal 
cells, two other classic intracellular lesions, granulovacuolar degeneration and Hirano 
bodies, are observed. The central question with respect to amyloid deposition in AD 
has been whether amyloid deposition triggers the complex pathology observed in AD 
or is an end-stage product of that pathology. The genetic forms of AD have been par- 
ticularly helpful in resolving this issue. If amyloid deposition triggers the development 
of AD patholog~ then the genetic defects that produce AD should be related to 
amyloid deposition. This has, so far, proven to be the case. 

Individuals with Down's syndrome (DS, trisomy 21) who are over the age of 40 
invariably develop central nervous system pathology that is essentially identical to 
that seen in AD (Ropper and Williams, 1980; Mann et al., 1986). This observation 
is significant because it indicates that increased dosage of one or more of the loci 
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on chromosome 21 is sufficient to cause AD. The finding that the APP gene is 
located on chromosome 21 immediately indicates that the APP gene is likely to be 
the locus (or at least one of the loci) that is responsible for the AD pathology that 
develops in DS. This is supported by the observation that, in DS brains, deposits 
labelled with antisera to the A[3 are observed before other aspects of AD pathology 
develop. 

In rare families, Alzheimer's disease is inherited as an autosomal dominant trait. 
Analysis of a large number of familial Alzheimer's disease (FAD) kindreds 
(St George-Hyslop et al., 1990) has shown them to be genetically heterogeneous. 
Some families with early onset of symptoms show linkage to chromosome 21 
(Goate et al., 1989; St George-Hyslop et al., 1990) whereas other early onset fami- 
lies (Schellenberg et al., 1988; St George-Hyslop et al., 1990) and late onset families 
(Pericak-Vance et aL, 1988; St George-Hyslop et aL,  1990) do not. A number of 
FAD kindreds have now been identified in which point mutations at APP717 
(resulting in substitution of isoleucine, phenylalanine or glycine for valine 717 in 
APP770) cosegregate with the disease (Chartier-Harlin et al., 1991; Goate et al., 1991; 
Hardy et al., 1991; Murrell et al., 1991; Naruse et al., 1991; Yoshioka et al., 1991). 
These mutations have been identified in many unrelated families on different 
continents and they have not been detected in any controls despite exhaustive 
analysis. Thus there is excellent evidence that this mutation in the APP gene causes 
AD. Recentl~ another APP mutation has been shown to cosegregate with the AD 
phenotype in a large Swedish kindred (Mullan, 1992). In this case, the defect is a 
double mutation that converts the lysine-methionine located immediately amino to 
A[31 (lys670-met671 in APP770) to asparagine-leucine. The location of these muta- 
tions in close proximity to the amino and carboxyl ends of A[3 (Figure 1) immedi- 
ately suggests that they cause AD by altering APP processing in a way that is 
amyloidogenic. 

On the basis of this genetic evidence, it is reasonable to propose, as a working 
hypothesis, that AD is a heterogeneous disorder in which multiple initiating mech- 
anisms alter APP processing in a way that results in amyloid deposition, which, in 
turn, produces the complex pathology that characterizes this disorder. Recently muta- 
tions on chromosome 14 (MuUan et al., 1992; St George-Hyslop et al., 1992; 
ScheUenberg et al., 1992; Van Broeckhoven et al., 1992) have been linked to AD, and 
it has been shown that the ApoE4 allele, which is located on chromosome 19, sub- 
stantiaUy increases the risk that AD will develop (Pericak-Vance et aL, 1991; 
Borgaonkar et al., 1993; Corder et al., 1993; Hardy et al., 1993; Noguchi et al., 1993; 
Payami et aL, 1993; Poirier et aL, 1993; Saunders et aL, 1993a, b; Schmechel et aL, 1993; 
Strittmater et al., 1993a, b). Thes mutations are obviously not in the APP gene, but 
the affected genes may well encode proteins (e.g. proteases or protease inhibitors) that 
alter APP processing in a way that is amyloidogenic. Identifying these and other 
mutated genes that are linked to FAD and determining whether they alter APP pro- 
cessing in a way that is amyloidogenic is, therefore, an important way to continue to 
test the hypothesis that amyloid deposition plays a central role in the development of 
AD. 
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Processing of AI3 precursor 

7.5.1 Full-length APP is truncated at its carboxyl terminus to 
generate large secreted derivatives 

Studies in a number of laboratories have: (i) identified a set of-110-135 kDa mem- 
brane-associated proteins that represent full-length forms of the APP (Autilio- 
Gambetti et al., 1988; Schubert et al., 1988; Selkoe et al., 1988; Palmert et al., 1989a; 
Takio et al., 1989; Oltersdorfet al., 1990); and (ii) shown that, in human brain and cul- 
tured cells, these membrane-associated forms are processed into large, secreted, 
amino-terminal derivatives, referred to as secreted APP (s[3APP), that are readily 
detected in culture medium or human cerebrospinal fluid (CSF) (Schubert et al., 1988, 
1989; Palmert et al., 1989b; Wiedemann et al., 1989; Oltersdorf et al., 1990). This 
secretion is not isoform specific and appears to occur quite rapidly in cultured cells 
with the half-life for turnover of newly synthesized APP estimated to be -20-30 min. 
In addition, studies on cultured PC 12 cells indicate that secretion can be a major fate 
of the APP with up to -50% of newly synthesized APP cleaved and secreted into the 
medium (Wiedemann et al., 1989). 

Using cultured cells, several groups have established that secretion of newly syn- 
thesized APP occurs following extensive post-translational modification. During 
maturation, the APP is rapidly N-glycosylated then O-glycosylated and tyrosine sul- 
phated (Wiedemann et al., 1989; Oltersdorf et al., 1990). Subsequently the fully gly- 
cosylated, sulphated APP holoprotein is cleaved releasing sAPP into the medium and 
leaving behind a small cell-associated carboxyl-terminal fragment (CTF) (Oltersdorf 
et aL, 1990). 

Activation of protein kinase C (PKC) has a marked influence on APP processing in 
many cell types as reviewed elsewhere in this volume. In the cytoplasmic domain of 
the APP, there are several putative sites for phosphorylation by PKC (Gandy et al., 
1988, 1992; Wiedemann et al., 1989; Oltersdorf et al., 1990; Caporaso et al., 1992b; 
Hung et al., 1993), but it has not been definitively established that these sites are phos- 
phorylated by PKC under physiological conditions. Hung and Selkoe have recently 
shown that serine phosphorylation in the APP ectodomain does occur in vivo, but they 
find no evidence that the phosphorylation state of the APP influences its processing 
(Hung et al., 1993). Rather they suggest that the activation of PKC is likely to alter 
APP processing either by acting on proteases that cleave the APP or by altering its cel- 
lular targeting. 

7.5.2 The a-secretory pathway 

The first evidence that sAPP is produced by cleavage within the A[3 sequence was 
obtained by Sisodia et al. (1990). This group examined sAPP in CHO cells transiently 
transfected with a series of expression constructs in which various regions of the APP 
were deleted. These constructs produced sAPP of appropriate size, but secretion 

121 



T. E. Golde and S. G. Younkin 

ceased when a critical region containing the amino portion of the A[3 was deleted. On 
this basis the authors concluded that, in this system, sAPP is produced by cleavage 
within the A[3 sequence. Subsequently, Esch et al. (1990), using human embryonic 
kidney (293) cells transfected with full-length APP695 or APP75~ expression constructs 
definitively established that cleavage within the A[3 sequence provides sAPP. Purifying 
the large sAPP derivatives and a membrane-associated-10 kDa CTF described ini- 
tially by Oltersdorfet al. (1990), Esch et al. (1990) showed by direct sequencing that the 
soluble derivative ends at A[315 and that the - 10 kDa CTF begins at A[317. Thus, in 
this system, cleavage producing sAPP occurred at A[316 with subsequent removal of 
the A[316 lys residue from either the carboxyl end of sAPP or the amino end of the 
CTF by an exopeptidase. Subsequently, characterization of secreted derivatives in 
other cultured mammalian cells has enabled identification of sAPP derivatives ending 
at both A[315 and A[316 (Anderson et al., 1991; Wang et aL, 1991). Thus it appears that 
the cleavage generating the APP occurs on the carboxyl side of the lys at A[316 with 
a carboxyl-peptidase subsequently removing the lys at A[316 from the secreted deriv- 
ative. Characterization of sAPP in the brain and CSF from both AD and control 
patients by both biochemical and immunocytochemical methods has established that 
similar processing occurs in vivo (Palmert eta/., 1989b; Pasternack et al., 1992), thereby 
validating the use of cell culture models for studying APP processing. 

The protease, designated c~-secretase, that cleaves the APP at A[~ 16 to generate a 
large secreted derivative ending at A[315 or 16 (referred to specifically as sAPPa) and a 
cognate small CTF, has not been identified. Recent work (Maruyama et a/., 1991; Wang 
eta/., 1991; Zhong eta/., 1994) utilizing site-specific mutagenesis to clarify the sequence 
requirements for proteolytic recognition indicates that cleavage by a-secretase has rela- 
tively little sequence specificity. Only a very limited number of mutations alter cleavage, 
and normal levels of cleavage are seen even with fairly extensive modification of the 
primary amino-acid sequence at or near A[316. Since most known endoproteolytic cleav- 
age events are sequence dependent, the relative nonspecificity of ~x-secretase indicates 
that it may be a novel type ofendoprotease with a cleavage specificity regulated more by 
secondary structure of the substrate and distance from the membrane than primary 
sequence. Alternatively, cx-secretase cleavage could represent the combined activity of 
multiple proteases acting at or near the same site (Zhong et al., 1994). 

Cleavage of APP in the cx-secretory pathway can apparently occur on the cell 
surface or intracellularly (Haass et al., 1992a; Sambamurti et al., 1992; Sisodia, 1992); 
however, the precise location of intracellular processing is not known. As shown in 
Figure 2, processing of the APP in the cx-secretory pathway cuts the A[3 in two, thereby 
preventing formation of the A[3 that is deposited as amyloid in plaque cores. For this 
reason, the c~-secretory pathway is currently thought to be a pathway that prevents 
amyloid deposition. 

7.5.3 Carboxy l - te rmina l  f ragments  of the APP (CTFs) 

Since the ubiquitous processing that occurs in the or-secretory pathway precludes A[3 
generation, it was originally thought that A[3 might be generated only in association 
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Figm'e 2 Pathways processing the APP. The upper panel shows the cleavage by or- and ?-sec- 
retase that is postulated to release P3, the middle panel shows the cleavage by 13 and ? secretase 
that is postulated to release 4 kDa AI3, and the lower panel shows the complex set of carboxyl- 
terminal APP derivatives that may be produced by endosomal/lysosomal processing. 
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with the extensive amyloid deposition that occurs in the AD brain and, to a lesser 
extent, in association with the minimal amyloid deposition often seen in the normal 
elderly brain. The first evidence that this might not be the case was provided by Estus 
et al. (1992) who identified a complex set of8-12 kDa CTFs of the APP in both human 
brain and cultured cells. By using Tris-tricine SDS/PAGE to compare the-8-12 kDa 
CTFs from human brain with a synthetic protein, C 100, corresponding to the last 100 
amino acids of the APP, Estus et aL (1992) showed that the-11.8 and-11.4 kDa CTFs 
in human brain are potentially amyloidogenic derivatives large enough to contain the 
entire A[~. In addition, they showed that antibodies to A[31-15 specifically recognize 
the-11.8 and-11.4 kDa CTFs but fail to recognize the smaller (-10.9,-9.6 and-8.7 
kDa) proteins in the 8-12 kDa set. These findings provided strong evidence that the 
-11.8 and -  11.4 kDa CTFs in human brain are potentially amyloidogenic derivatives 
that contain intact A[3 peptide at or near their amino terminus. 

In cultured human neuroblastoma (M 17) and embryonic kidney (293) cells, there 
are-8.7,-9.6,-10.9 and-11.4 CTFs similar to those in human brain, but the-11.8 
kDa derivative does not appear to be present (Estus et al. 1992; Cheung et aL, 1994). 
Using a pulse chase paradigm, Estus et al. (1992) examined transfected M17 cells 
expressing APP695 and showed that the 8-12 kDa CTFs appear during the chase inter- 
val when full-length APP is degraded. Thus these CTFs are produced by normal cel- 
lular processing and not by artifactual proteolysis during isolation. Recently, Cheung 
et al. (1994) radiosequenced the CTFs in transfected M17 cells expressing APP69s 
cDNA. They found that the -8.7, -9.6, -10.9 and -11.4 derivatives begin at A[31, 
A[54, A[510 and A[317, respectively, indicating that they are CTFs of 99, 95, 89 and 
82 amino acids (Estus et al., 1992). The 8.7 kDa derivative beginning at A[317, which 
is the ot-secretase-derived fragment originally identified by Esch et al., is the major 
CTF in cultured cells, but there is also an appreciable amount of the 11.4 kDa deriv- 
ative that has intact A[3 peptide (Knops et al., 1992; Wolozin et al., 1992; Siman et al., 
1993). The amino termini of two of the larger CTF produced by FAD lymphocytes 
have been identified (Matsumoto and Fujiwara, 1993). These fragments of-15 and 
~ 16 kDa begin respectively at gly582 and ala567 (based on APP695), and therefore cor- 
respond to CTF of 113 and 128 amino acids. Recently, Zhong et al. (1994) have 
reported that the major CTFs in Down's syndrome fibroblasts begin at positions 
A[319, 22 and 25. Even smaller CTF in the 6-7 kDa range have also been identified 
by their reactivity with carboxyl-terminal antibodies (Estus et al., 1992; Wolozin et al., 
1992) and, in some cases, by augmention in transfected cells (T.E. Golde, unpublished 
observations). Based on their size alone, these fragments are unlikely to contain any 
A[3 peptide. Thus the 6-7 kDa CTF are probably produced by cleavage(s) at or 
beyond the carboxyl terminus of A[3 that could be involved in releasing the A[3 from 
its precursor. 

The finding that the APP is normally cleaved at multiple sites within or near the 
A[3 established that APP processing is complex and suggested that it might involve 
several pathways. Analysis of the APP sequence showed that the cytoplasmic domain 
contains a consensus sequence, Asn-Pro-Thr-Tyr, for endocytosis via clathrin-coated 
pits similar to that found in many cell surface receptors with single membrane span- 
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ning domains and short cytoplasmic tails (Chen et aL, 1990). The first evidence that 
the APP is, in fact, processed within the endosomal/lysosomal system was obtained 
by treating cells expressing APP with classical inhibitors ofendosomal/lysosomal pro- 
cessing. This treatment led to accumulation of the 8-12 kDa CTFs as well as larger 
CTFs and holoprotein (Cole et al., 1989; Caporaso et al., 1992a; Golde et aL, 1992; 
Haass et aL, 1992a; Knops et al., 1992; Siman et al., 1993). Subsequently, cell surface 
labelling of APP with biotin and anti-[SAPP antibodies showed that cell surface APP 
is internalized via clathrin-coated pits (Haass et al., 1992a), and that deletion of the 
endocytosis signal results in decreased internalization and increased secretion of APP 
(Wang et al., 1991; Haass et aL, 1992a). Finally, direct purification of late-endo- 
somes/lysosomes has shown unequivocally that lysosomes contain full-length APP 
and CTFs including multiple forms large enough to contain the entire A[3 (Haass et 
al., 1992a). Lysosomes isolated from cells treated with leupeptin showed a marked 
accumulation of these CTFs providing strong evidence that a lysosomal thiol protease 
either directly degrades these CTFs or activates proteases that degrade them. 

In short-term pulse-chase experiments examining transfected 293 cells expressing 
APP695, Golde et al. (1992) found that both leupeptin, a potent inhibotor of thiol pro- 
teases, and ammonium chloride, a general inhibitor of pH-dependent proteolysis, ini- 
tially inhibited production and then caused accumulation of the larger potentially 
amyloidogenic CTF, although neither drug had a detectable effect on APP secretion. 
These data indicate that potentially amyloidogenic CTF may not only be degraded 
but also produced in the endosomal/lysosomal pathway, although they do not pre- 
clude the possibility that potentially amyloidogenic CTF are produced outside this 
system. 

Overall, the studies summarized above show that normal APP processing produces 
a complex set of 8-12 kDa CTFs that includes potentially amyloidogenic forms with 
the entire AI3 at or near their amino terminus, larger less well-characterized CTFs of 
14-30 kDa, and smaller--6 kDa CTFs. The exact role that CTFs play in the 
pathogenesis of AD is not well understood. A survey comparing CTFs in sporadic AD 
and control brains failed to show elevated amounts of Al~-bearing CTFs (Estus et aL, 
1992), so there is no evidence that sporadic AD develops in association with an eleva- 
tion of these fragments. Comparison of human brain with various peripheral tissues 
did show, however, that brain has roughly equivalent amounts of the various 8-12 kDa 
derivatives, whereas peripheral tissues (liver, kidney; small intestine and muscle) have 
relatively low amounts of the larger potentially amyloidogenic forms (Estus et aL, 
1992). Thus, the selective deposition of amyloid in ageing brain may be related to the 
comparatively large amount of the AI3-bearing carboxyl-terminal derivatives in this 
tissue. Several interesting, although controversial, studies have demonstrated that 
overexpression of APP CTF, such as C 100 in rat PC 12 cells (Yankner et aL, 1989), 
mouse teratocarcinoma cell lines (Fukuchi et al., 1992) and human neuroblastoma 
cells (Fukuchi et aL, 1993b) can be cytotoxic when these transfected cells are treated 
with agents inducing neuronal differentiation. However, a high level expression of 
CTF in many cell culture systems results in no apparent toxicity (T.E. Golde, unpub- 
lished observations). 
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7.5.4 Secretion of AI3 during normal processing of the APP 

To release AI3 from A[3-bearing CTFs, these derivatives must be cleaved within their 
putative membrane-spanning domains. Given the tendency of A[3 to form insoluble 
amyloid, it seemed that any A[3 released by this unlikely cleavage would probably be 
highly insoluble and therefore difficult to detect. Thus it was quite surprising when 
several groups developed assays for AI3 and demonstrated that soluble A[3 is normally 
secreted into the media by cultured cells (Seubert et al., 1992; Shoji et al., 1992; 
Busciglio et al., 1993; Haass et al., 1993). In these experiments, AI3 was detected either 
by radiolabelling cells with [35S]methionine and then immunoprecipitating the radio- 
labelled A[3 from the media, or by immunoprecipitating unlabelled AI3 from condi- 
tioned media and then immunoblotting with a second anti-A[3 antibody. Using these 
paradigms, two distinct proteins of-4  kDa and-2-3  kDa were typically detected after 
separation by Tris-tricine/SDS PAGE. The --4 kDa band comigrated with synthetic 
AI31-40 and was not pelleted by high-speed centrifugation. Remarkably, secreted 4 
kDa AI3 was present at nanomolar concentrations in medium conditioned by trans- 
fected cells expressing full-length APP or A[3-bearing CTFs. It was immediately 
evident that equally impressive amounts of 4 kDa A[3 are secreted in vivo because 
human CSF also contained A[3 at nanomolar concentrations. 

Further characterization of the A[3 secreted by cultured cells using radioactive 
sequencing and mass spectrometry has shown that, like the A[g isolated from AD 
amyloid, secreted A[3 is a heterogeneous mix ofpeptides (Haass et al., 1992b; Seubert 
et al., 1992; Shoji et al., 1992; Busciglio et al., 1993; Dovey et al., 1993; Vigo-Pelfrey et 
al., 1993). These A[3 peptides are catalogued in Figure 3. The major 4 kDa species in 
both conditioned medium and human CSF is A[31-40, although some A[31-42 is also 
present along with minor amounts of other peptides (e.g. A[31-28, A[31-33, A[31-34, 
AI33-34, A[31-37, A[31-38 and A[31-39). The 2-3 kDa species termed P3 begins at 
A[~ 17 or 18. Thus it appears that the APP holoprotein is cleaved primarily at the 
amino terminus of the A[3 or at the ct-secretase site to generate CTF of 99 or 82 amino 
acids that are subsequently cleaved on the carboxyl side of A[3 to generate soluble A[3 
and P3 peptides. The complex array of minor A[3 peptides may be generated de novo 
by endoproteolytic cleavage ofholoprotein or CTFs at many sites. Alternatively these 
peptides may arise from secondary processing by exopeptidases of one or several 
major A[g species. 

From the foregoing analyses, it appears that there are significant differences in the 
composition of the A~ deposited as amyloid in the AD brain and the A[3 released into 
CSF or the medium of cultured cells (see Figure 3). As discussed earlier, the AI3 in 
plaque cores ends primarily at A[342, and it shows considerable amino-terminal 

]Figure 3 Known cleavage sites in the APP. All three schematics show the AI3 region of the 
APP. Amino termini are indicated by hatched arrows and carboxyl termini by solid arrows. The 
A[$ sequence begins at D 1 and ends at T43. The left panel shows the sites of cleavage during 
secretory processing of the APP. The proteolytic activities producing cleavage at these sites are 
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referred to as a-, [5- and ~,-secretase. The centre panel shows amino termini of APP carboxyl- 
terminal fragments (left arrows) as well as the amino and carboxyl termini of A[3 (right arrows) 
isolated from cell culture. M 17 refers to BE2C-M 17 human neuroblastoma cells, 293 to human 
embryonic kidney cells, CV- 1 to African monkey kidney fibroblasts, DSF to Down's syndrome 
fibroblasts, SF9 to Spodopterafiugiperda cells, and LFAD to EBV transformed lymphocytes from 
patients with FAD. The right panel shows the amino and carboxyl termini of A[3 isolated from 
human brain and CSE Arrows on the left show major cleavage sites, those on the right show 
minor sites. Bp indicates A[3 isolated from brain parenchyma, Bv indicates A[3 isolated from 
cerebral vessels, BDp indicates A[3 isolated from diffuse plaques and C indicates A[3 isolated from 
CSE References are cited in the text. 
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heterogeneity beginning anywhere from A[51 to A[311. Cerebrovascular amyloid 
shows considerably less amino-terminal heterogeneity and is a mixture of 25-42% 
A[31-40 and 58-75% A[31-42. The 4 kDa A[3 in CSF or in culture medium, on the 
other hand, is primarily A[31-40 with a small amount of A[31-42 and minor amounts 
of other peptides. Thus species ending at A[342, which appear to be a minor compo- 
nent of the A[3 that is normally secreted, constitute the bulk of the A~ that is deposited 
in the AD brain. The factors that account for this highly selective accumulation of 
species ending at A[342 are currently unknown. Recently it has been reported that a 
P3-1ike peptide, A[317-42, is the major species present in diffuse plaques. If confirmed, 
this is highly significant because it suggests that cleavage by ot-secretase may be 
involved in the production of some of the A[3 peptide that deposits in the AD brain. 

7.5.5 FAD-linked APP mutants show altered processing that 
fosters amyloid deposition 

Two independent studies using transfected human embryonic kidney (293) (Citron et 
al., 1992) or neuroblastoma (M 17) cells (Cai et al., 1993) have shown that cells express- 
ing APP695ANL secrete about sixfold more A[3 per mole of precursor than cells 
expressing wild-type APP695. In addition, Cai et al. found that M 17 cells expressing 
APP695ANL show a fivefold increase in the relative amount of the -11.4 kDa CTF that 
has A[3 at its amino terminus. Thus the double mutation on the amino side of A[3 
appears to accelerate production of an A[3-bearing CTF from which excess A[3 is then 
released. Taken together these studies provide strong evidence that APPANL causes 
AD because it undergoes altered processing that releases increased amounts of A[5, 
thereby promoting amyloid deposition. More generally, the demonstration that the 
Swedish form of FAD is linked to a APP mutation that increases A[~ production greatly 
strengthens the hypothesis that amyloid deposition plays an important role in the 
development of all forms of AD. 

If amyloid deposition is invariably pivotal in the development of AD, then both the 
APPANL and the APPA717 mutations (AI, AF and AG) should alter APP processing 
in a way that is amyloidogenic. Our data showed, however, that transfected M 17 cells 
expressing APP695AI do not release increased amounts of A[3 (Cai et al., 1993). To 
account for this observation, we proposed that the FAD-linked A717 mutations on the 
carboxyl side of A[3 (AI, AF, AG) shift cleavage to favour generation of longer A~s such 
as A[31-42 or A[31-43. Since these longer A[3s form amyloid fibrils more rapidly than 
A[31-40 (Hilbich et al., 1991; Burdick et al., 1992;Jarrett and Landsbu~, 1993;Jarrett 
et al., 1993), shifting the site of cleavage could result in amyloid deposition without 
increasing the overall amount of A[3 produced. 

To test this hypothesis, we have recently used two methods to compare the effect 
of the APP717 mutations on the relative amounts of A~ 1-40 and A[31-42,43 secreted 
by appropriately transfected M17 cells (Suzuki et al., 1994). In the first method, 
A~ 1-40 and A[31-42,43 were distinguished and quantified by isolating metabolically 
labelled A~ from conditioned media, digesting the A[3 with cyanogen bromide to 
release radiolabelled carboxyl-terminal peptides (A[336-40 or A[536-42,43), and 
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analysing the carboxyl-terminal peptides by RPLC using a C4 column. In the second 
method, highly sensitive sandwich ELISAs that discriminate synthetic A[31--40 from 
A[31-42,43 were employed. With both methods, we invariably observed the relative 
amount of A[31-42,43 produced by APP7~7 mutants (AI or AF) to be 1.5-2.0 times that 
produced by control APPs. Quantification of the sandwich ELISA data showed the 
percentages of A[51-42,43 secreted by cells expressing wild-type APP695, APP695AI, 
and APP695AF to be 17.5+0.5%, 25.7_+0.5% (p < 0.002) and 31.4_+0.6% (p < 0.0002), 
respectively. 

Although the APPy~7-induced increase in long A[3 production is relatively modest, 
in vitro studies by Lansbury and his colleagues (Jarrett et al., 1993a, b) indicate that the 
impact of this shift on amyloid deposition could be substantial. These studies indicate 
that A[3 aggregation into amyloid is a nucleation-dependent polymerization (Jarrett et 
al., 1993a, b) and this type of seeded polymerization can be extremely concentration 
dependent. Numerous studies have shown that A[31-42 and 43 nucleate rapidly com- 
pared to A[31-40 (Hilbich et al., 1991; Burdick et al., 1992;Jarrett et al., 1993a, b) and 
can seed aggregation of A[31-40 in vitro (Jarrett et aL, 1993a, b). Thus the modest 
increase in long A[3 produced by the A717 mutations could substantially increase 
amyloid deposition in the decades that precede the onset of clinical symptoms in 
patients who carry these mutations. 

The complex pathology observed in AD can be caused by trisomy 21, the FAD- 
linked APP mutations, or by mutation of the AD3 locus on chromosome 14. In addi- 
tion, there is evidence that the presence of the ApoE4 allele significantly increases the 
risk of AD, and it is clear that AD develops in many patients in which the aforemen- 
tioned genetic factors play no role. Thus AD is clearly a heterogeneous disorder in 
which pathology can be initiated or accelerated by a number of genetic or environ- 
mental factors. One of the hallmarks of AD pathology is the deposition of large 
amounts of A[3 as amyloid. The studies of transfected cultured cells reviewed above 
show: (i) that the FAD-linked APPANL mutation, which is located immediately amino 
to A~, increases A[3 release sixfold (Citron et al., 1992; Cai et al., 1993); and (ii) that 
the APP717 mutations, which are located close to the carboxyl end of A[3, enhance pro- 
duction of long A[3, which is known to form insoluble amyloid fibrils more rapidly 
than A[51-40. Thus all of the FAD-linked APP mutations alter APP processing in a 
way that increases the likelihood of amyloid formation, and this provides strong evi- 
dence that it is by enhancing amyloid deposition that these mutations produce AD. It 
is likely that trisomy 21 also causes AD by enhancing amyloid deposition, since 
patients with trisomy 21 have an extra copy of the APP gene (Goldgaber et al., 1987; 
Kang et aL, 1987; Robakis et al., 1987; Tanzi et al., 1987) and show increased expres- 
sion of APP (Tanzi et al., 1987), which is normally processed to release A[3. 

Two additional APP mutations have been described. One of these, which changes 
the glutamic acid at A[322 (residue 693 of APP770) to glutamine (Levy et al., 1990; von 
Broeckhoven et al., 1990), causes hereditary cerebral haemorrhage with amyloidosis 
of the Dutch type (HCHWA-D), a rare autosomal dominant disorder in which vas- 
cular amyloid deposition leads invariably to stroke in the fourth and fifth decades of 
life (Castano et al., 1988). The other, which converts the alanine at A[321 (residue 692 

129 



T. E. Golde and S. G. Younkin 

of APPy70) to glycine, appears to be capable of causing both early onset AD and cere- 
bral amyloid angiopathy. Studies of A[31-28 and A[31-40 peptides with the A693 sub- 
stitution indicate that these peptides aggregate more rapidly than the wild-type 
peptides (Burdick eta/ . ,  1992; Fraser et al., 1992; Fabian et al., 1993; Sorimachi and 
Craik, 1994). Thus, the HCHWA-D mutation may drive cerebrovascular deposition 
by altering the amyloidogenicity of the A[3 peptide rather than by altering A[~ genesis. 
Currently the mechanism(s) that restrict A[3 deposition to the cerebrovasculature are 
unknown. Perhaps further characterization of the effects of the A692 mutation will 
help to clarify the mechanisms responsible for the differential deposition of A[3 in AD 
and HCHWA-D. 

7.5.6 The I~- and y-secretory pa thways  

Recently, Seubert et al. (1993) reported the identification of a novel secreted, amino- 
terminal APP derivative ending at the methionine (met-1) that immediately precedes 
A[g 1. The approach taken in this study was to use antibodies specifically recognizing 
the carboxyl-terminal methionine in this derivative to distinguish it from the previ- 
ously identified secreted derivative, which was specifically identified using monoclonal 
antibodies to the A[31-15 domain at its carboxyl terminus. In human CSF and in 
culture medium conditioned with mixed human fetal brain cultures, the novel deriv- 
ative ending at met-1 was found to be a substantial part of the total secreted deriva- 
tive. The report by Seubert et al. (1993) is important because it suggests that, in 
addition to the previously identified APP secretase activity (ot-secretase), there is an 
additional activity ([3-secretase) that cleaves full-length APP between met-1 and A~ 1 
to produce a large, secreted derivative (sAPP[3) and a potentially amyloidogenic car- 
boxyl-terminal derivative with A[3 at its amino terminus (see Figure 2) that would be 
identical to the 11.4 kDa derivative identified by Esms et al. (1992) and characterized 
by Cheung et al. (1994). The activity of [3-secretase varies considerably with cell type. 
In their analysis of 293 cells expressing full-length APP, Seubert et al. (1993) found very 
little secreted derivative ending at met-1 (sAPP[3). In fact, the vast majority of the 
secreted derivative produced by these cells (-90%) was found to end at A[315 (sAPPc~). 
Thus the sAPP[3 produced by 293 cell tends, when analysed by SDS-PAGE, to get lost 
in the trailing edge of the more abundant sAPPot unless specific antibodies for sAPP[3 
are employed. This undoubtedly accounts for the failure to detect sAPP[3 in early 
studies of transfected 293 cells (Golde et al., 1992). 

Recently, Cheung et al. (1994) have radiosequenced the A[~ and the 11.4 kDa car- 
boxyl-terminal derivative produced by cells expressing APPANL. In these cells, as in 
cells expressing wild-type APP, both 4 kDa A[3 and the 11.4 kDa derivative begin at 
A[31. Since the ANL mutation is located at the [~-secretase cleavage site, this suggests 
that it may act by enhancing [3-secretase cleavage. If so, then the ANL mutation should 
increase not only the 11.4 kDa A[3-bearing carboxyl-terminal derivative but also the 
sAPPI3 produced by ~-secretase. Using systems that are capable of distinguishing 
sAPPot and sAPP[3 either by size or by differential detection with antibodies specif- 
ically recognizing carboxyl-terminal A[3 epitopes in sAPPot or sAPP[3, several groups 
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have now shown that the ANL mutation does, in fact, markedly augment sAPP[~ pro- 
duction. Thus analyses of the APPANL mutation have been highly informative. 
Overall, these studies indicate: (i) that the 11.4 kDa carboxyl-terminal derivative with 
A[3 at its amino terminus is produced, at least in part, through cleavage of the APP by 
~-secretase in a secretory pathway; (ii) that this 11.4 kDa derivative is an important 
intermediate in the generation of A[3; and (iii) that the ANL mutation acts by aug- 
menting [5-secretase cleavage. 

The protease(s) that release A[3 by cleaving on its carboxyl side are referred to as 
y-secretase(s) (Figure 2). Because the inclusion of residues beyond A[340 markedly 
enhances amyloidogenicity, it is critically important to understand the proteolytic 
mechanisms that are involved in producing A[3s with differing carboxyl termini. No 
known endoprotease has been shown to cleave a protein within its transmembrane 
domain when it is still membrane associated. Thus, one of the perplexing questions 
regarding A[3 generation involves the mechanism by which A[3 and P3 are generated 
from CTFs. One possibility is that y-secretase is a novel endoprotease that is, in fact, 
capable of cleaving CTFs or APP holoprotein in situ. Alternatively, the holoprotein or 
its CTFs may be released from the membrane prior to proteolyis at the ~, site. This 
release could occur: (i) by slippage of intact holoprotein or CTFs from the membrane, 
a presumably rare event that might occasionally occur in the course of the complex 
vesicle formation and resorption events that occur during membrane trafficking; (ii) 
by cleavage at or near the KKK membrane stop anchor to release a small CTF and 
a large, A[3-bearing amino-terminal fragment that might readily slip from the mem- 
brane environment; or (iii) by release of holoprotein or its CTFs in the course of 
'autophagocytic' mechanisms that normally degrade cell membrane. Once released, 
holoprotein or CTFs could be cleaved by conventional endoproteases and/or exo- 
proteases to produce the complex set of A[3s that is secreted. 

No protease involved in the generation of A[5 has been rigorously identified, 
although an extensive literature, much of it obtained using indicator peptides, has 
developed reporting the isolation of candidate proteases that cleave with appropriate 
specificity (Ishihura et al., 1989, 1990; Allsop et al., 1991; Maruyama et al., 1991; Small 
et aL, 1991; Tagawa et al., 1991; Kojima and Omori, 1992; McDermott et aL, 1992; 
Razzaboni et al., 1992; Sahasrabudhe et aL, 1993). The cellular compartments in 
which A[g genesis occurs are also currently uncertain. Several groups using a variety 
of cell lines have been unable to detect intracellular A[3 (Haass et aL, 1992b; Busciglio 
et al., 1993; Haass and Selkoe, 1993). A[5 secretion has, however, been shown to be 
blocked by both brefeldin A and monensin, inhibitors of trafficking through the Golgi 
apparatus (Busciglio et al., 1993; Haass and Selkoe, 1993; Wertldn et aL, 1993). 
Unfortunately, the inability to detect A[3 intracellularly limits the interpretation of 
these studies, since A[3 may be generated intracellularly in the presence of these agents 
but its secretion blocked. Alternatively, as suggested by the authors, these studies may 
indicate that trafficking through the Golgi is necessary for A[3 production. There is 
evidence (Shoji et al., 1992; Busciglio et al., 1993; Haass and Selkoe, 1993) that A[5 
secretion is inhibited by agents such as chloroquine and ammonium chloride, which 
act by alkalinizing compartments that are normally acidic, but interpretation of this 
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effect is also problematic because these agents could impair various events (proteoly- 
sis, trafficking, secretion) not only in lysosomes but also in other acidic compartments 
such as the late trans-Golgi or endosomes. Recently, Wertkin et al. (1993) have detected 
a 4 kDa peptide in lysates of differentiated human neuroblastoma (NT2N) cells that 
is almost certainly A[3, since it is recognized by specific anti-A[3 antibodies. It is likely 
that this peptide is intracellular and not extracellular cell-associated A[3, since pulse 
chase experiments show that newly generated peptide is detected in cell lysates prior 
to detection in the media. It may be that further study of NT2N cells will prove par- 
ticularly useful in identifying the intracellular compartments involved in A[3 produc- 
tion. 

7.6 Implications for future research on Alzheimer's disease 

If one examines the brains of demented, elderly individuals, the overwhelming major- 
ity have substantial amounts ofamyloid deposited extracellularl~ The central tenet of 
the amyloid deposition hypothesis is that amyloid deposition is a critical event in a 
serial cascade of age-related pathological changes that produces the dementia 
observed. The FAD-linked APPANL and APPT~7 mutations provide strong support for 
this hypothesis, because each of these genetic changes reliably produces AD, and each 
enhances amyloidogenesis by increasing secretion of total A[3 or A[31-42. It is now 
evident that there are many individuals with extensive cerebral A[3 deposition who are 
not demented. Given the strong genetic evidence favouring the amyloid deposition 
hypothesis, it is reasonable to propose that these are individuals who are at risk but 
have not yet progressed to dementia, either because amyloid deposition is recent or 
because genetic or environmental factors involved in the progression from amyloid 
deposition to dementia are not favourable. 

If amyloid deposition is, in fact, a rate-limiting element within a serial cascade of 
age-related pathological changes that produces AD then, in every patient with AD, an 
appropriate combination of genetic and/or environmental factors has produced 
amyloid, and that amyloid has provoked sufficient pathology to produce dementia. 
From this perspective, efforts to understand AD pathogenesis, to develop an animal 
model, and to provide effective therapy may be viewed as elements of a comprehen- 
sive effort to understand and to learn how to control amyloid deposition and the 
pathology that is provoked by amyloid deposition. Although this discussion focuses 
primarily on the APP processing events that result in amyloid deposition, it is evident 
that the pathological effects of deposited amyloid are critically important. Deliberate 
amplification of changes postulated to be key elements in the pathological cascade 
induced by amyloid could, for example, be pivotal in developing an animal model for 
AD. Similarly, effective therapy may be provided by agents that: (1) interfere with the 
pathological cascade produced by amyloid; or (2) enable the nervous system to com- 
pensate for damage inflicted by amyloid-induced pathology. 

With the discovery that A[3 is produced and released by normal processing of the 
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Figure 4 Processes that influence the amount of amyloid deposited in human brain. There 
is very little information on many of the processes likely to influence the amount ofamyloid that 
accumulates in the ageing human brain. Thus the relative importance of the various processes 
illustrated is unknown. 

APP, it is now clear that A[3 is an unusual secreted protein released from within the 
APP through cleavage by 13- and ~,-secretase (Figure 2). Thus in AD, as in the other 
known amyloidoses, amyloid deposition is a process in which a secreted protein forms 
insoluble fibrils that deposit extracellularl~ The rate at which amyloid accumulates in 
the brain will depend on four processes: (i) the rate at which the various A[3 peptides 
are secreted; (ii) the rate at which these secreted A[3 peptides are removed (together 
these two rates determine A[~ concentration); (iii) the rate at which A[3 fibrils form at 
any prevailing concentration of A[3; and (iv) the rate at which deposited amyloid fibrils 
are removed. Recently, it has become apparent that a number of extracellular pro- 
teins can form complexes with A[3 (Ghiso et al., 1993; Schwarzmann et al., 1993). 
Among the various proteins that may bind significantly to AI3 are apolipoprotein E, 
apolipoprotein J, heparin sulphate proteoglycans, ot~-antichymotrypsin, and trans- 
thyretin. These A[3-binding proteins are potentially very important not only because 
they will influence the fraction of A[3 that is free but also because they may sub- 
stantially influence removal of secreted A[3, the rate at which amyloid fibrils form, or 
the rate at which amyloid fibrils are removed (Figure 4). 

7.6.1 Imp l i ca t ions  for  AD pa thogenes is  

At autopsg there is some A[3 deposited in the brain of almost everyone over 65 indi- 
cating that the conditions needed for minimal amyloid deposition are commonplace 
in the elderly human brain. The realization that the incidence of AD may be as high 
as 50% in individuals over the age of 85 indicates that, with sufficient ageing, an extra- 
ordinary fraction of the population may deposit enough amyloid to produce demen- 
tia. Thus it appears that there is a strong tendency toward amyloid deposition in the 
ageing human brain and that relatively subtle differences in the factors that promote 
amyloid deposition may decide whether or not substantial amounts of amyloid are 
deposited. Since there appears to be considerable interindividual variation in the 
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pathology that is provoked by amyloid deposition, the challenge for those favouring 
the amyloid deposition hypothesis is to demonstrate that all AD can be accounted for 
in terms of factors that influence amyloid deposition or pathology that is provoked by 
amyloid deposition. 

It is likely that compelling proof for the amyloid deposition hypothesis will be pro- 
vided either by showing that AD pathology and cognitive impairment can be pro- 
voked by amyloid deposition in appropriate animal models or by showing that AD 
can be halted or prevented by therapy that specifically blocks amyloid formation. 
These possibilities are discussed in separate sections below. Until such proof is avail- 
able, the critical issues with respect to pathogenesis are to determine whether or not 
amyloid deposition is enhanced by all of the genetic alterations that promote AD and 
to determine if factors that enhance amyloid deposition are major risk factors for the 
development of 'sporadic' AD. These issues are discussed below in terms of the key 
factors regulating amyloid deposition (Figure 4). 

7.6.1.1 Formation of secreted AI3 

It appears that the FAD-linked APP mutations enhance amyloid deposition by 
increasing the rate at which total A[3 or A[31-42 are secreted. It is likely that a similar 
mechanism operates in trisomy 21 where there is an extra copy of the APP gene. Thus 
it is reasonable to postulate that other FAD-linked mutations may act by increasing 
A[3 secretion. Mutation within 13- or "/-secretase could alter their activity in a way that 
increases A[3 secretion as could mutation in any protease that activates [3- or y-secre- 
tase. More generally, any mutation that alters the expression, trafficking, post-trans- 
lational modification or proteolysis of the APP, [3-secretase or y-secretase could, in 
principle, increase secretion of total A[3, A[31-42, or some other highly amyloidogenic 
peptide (e.g. A[31-43 or 44). Since the expression and processing of all three molecules 
(APP, [3-secretase and y-secretase) is likely to be influenced by cell-cell interaction, 
genetically induced amyloidogenic change could even be produced indirectly by alter- 
ing cells whose only role is to influence other cells to increase secretion of A[3. Thus 
the mechanisms causing specific mutations to increase A[3 secretion may be complex, 
impossible to predict and difficult to elucidate. Once a specific mutation is identified, 
it may nonetheless be possible to determine whether it increases A[3 secretion by 
expressing the mutant transgene in appropriate cells and analysing secreted A[3 as has 
been done for the FAD-linked APP mutations. As the sensitivity and specificity of 
assays for secreted A[3 improve, it may even be possible to demonstrate that specific 
mutations increase A[3 secretion prior to identification of the mutation by showing 
that secretion is increased in cells (e.g. fibroblasts or transformed lymphocytes) from 
affected individuals who harbour the mutant gene. 

7.6.1.2 Removal of secreted, soluble AI3 

Together, the rates of formation and removal of secreted, soluble A[3 determine the 
concentration of soluble A[3, a factor that is critically important in determining the 
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rate of amyloid formation. Essentially nothing is known about A[3 removal in the 
brain. Removal may take place either through passive diffusion into CSF (which flows 
into the bloodstream) or through local removal within the brain by (i) extracellular 
proteolysis and/or (ii) cellular uptake followed by intracellular removal. It is possible 
that cultured cells will prove as useful for studying A[3 removal as they have been for 
studying A[5 secretion. If so, it may ultimately be possible to determine whether any 
of the FAD-linked mutations act by impairing AI3 removal. It should be noted that the 
mechanisms causing specific mutations to impair removal may be as complex as those 
described above for enhancing A[3 secretion. Thus as new FAD mutations are identi- 
fied, it may not be obvious whether they act by impairing removal and it will be impor- 
tant to test this possibility. 

Any A[3 binding protein may facilitate the uptake and removal of soluble A~. It is, 
for example, possible that ApoE acts in this manner. If so, then the ApoE4 allele might 
promote AD because it is less effective than other ApoE alleles in removing soluble 
A[~. Similar considerations apply to other A[3-binding proteins. Thus it will be impor- 
tant to determine whether or not A~ removal is facilitated by any of the AI3-binding 
proteins and, if so, to determine whether change in any of these proteins plays an 
important role in determining whether or not amyloid is deposited. 

7.6.1.3 Other considerations 

Factors that accelerate amyloid fibril formation in a concentration-independent 
manner may also play an important role in pathogenesis. There is, in fact, evidence 
that the HCHWA-D-linked mutation in A[3 accelerates fibril formation in vitro sug- 
gesting that accelerated fibril formation may play an important role in the deposition 
of cerebrovascular amyloid that characterizes this disorder. Similarly, the mixed phe- 
notype that is apparently associated with mutation at A[321 may be related, in part, 
to accelerated fibril formation. 

Because amyloid is perceived to be highly insoluble and therefore difficult to 
remove, scant attention has been paid to the possibility that A[3 deposits may turn over. 
It seems likely that A[3 deposited either as amyloid fibrils or in some other form may 
often be effectively removed preventing the formation of neuritic plaques and that the 
amyloid in classic neuritic plaques may also turn over enabling much of the pathol- 
ogy associated with these plaques to resolve. In fact, the poor correlation between 
deposited A~ or plaque number and the severity of dementia suggests that amyloid 
deposition and plaque number may reach a steady state dictated by the rate at which 
A[3 is deposited and the rate at which it is removed, most likely by microglia ingestion 
or extracellular proteolysis. In this concept, A[3 is deposited, a plaque may form 
causing pathologg some of which is probably irreversible, and the plaque then 
resolves. Thus, in the AD brain, there may be an ever changing population of diffuse 
and neuritic plaques that is relatively constant in number and that with time leaves 
behind an increasing burden of irreversible pathology. If this concept is correct, then 
AD pathogenesis may be governed as much by the mechanism(s) removing A[3 
deposits as by the mechanism(s) that cause A[~ to deposit in the first place. 
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The A[3 binding proteins may play a critical role in amyloid formation. These 
proteins could either accelerate or impair amyloid formation and they could do so 
either at the nucleus-forming stage or during the polymerization that occurs after 
nuclei are formed. Proteins that coprecipitate with A[3 or that bind to amyloid after it 
is formed may also play an important role in determining the rate at which A[3 
deposits are removed. Thus the influence of the various ApoE alleles on the develop- 
ment of AD may be explained by differences in A[3 binding that influence the effect 
that the various alleles have on A[3 deposition or on the removal of A[3 deposits. The 
recent study of Snow et al. showing that A[31-40 deposits and forms amyloid in rat 
brain far better when it is co-injected with heparin sulfate proteoglycan (HSPG) than 
when it is injected alone emphasizes the potential importance of HSPG in particular 
and more generally of the A[3-binding proteins as a class. From this brief discussion, 
it is evident that FAD could, in principle, be caused by mutation in any of the impor- 
tant A[3-binding proteins or in any of the plethora of genes that may regulate the 
concentration of these proteins. Environmental or polygenic factors that influence the 
A[3-binding proteins could play a similar role in the development of sporadic AD. 

From the foregoing discussion, it is evident that a complex set of factors determines 
the amount of amyloid deposited at any time in the human brain and that relatively 
subtle changes in these factors may be pivotal in determining whether or not AD devel- 
ops. In attempting to determine which factors are most important, it may be useful to 
begin by analysing the concentration of soluble A[3, since one set of mechanisms (those 
that influence the rate of formation or removal of secreted A[3) acts by increasing 
soluble A[3 concentration, whereas another set (those that influence removal of A[3 
deposits or that have a concentration-independent influence on fibril formation) does 
not. With the development of highly sensitive and specific sandwich ELISAs, it is now 
straightforward to analyse CSF or conditioned medium for A[3s ending either at A[340 
or at A[342,43. It may soon be possible to analyse A[3 similarly in plasma. Since plasma 
is far easier to obtain than CSF, the ability to measure the concentration of specific A[3s 
in plasma could be an especially powerful tool for evaluating the role in AD pathogene- 
sis of factors that increase the concentration of soluble A[3. 

7.6.2 Imp l i ca t ions  for  an ima l  mode ls  of  AD 

To model AD in an experimental animal based on the amyloid deposition hypothesis 
developed above, the concentration of soluble A[3 in brain must be increased to the 
point that A[3 is deposited extracellularly. This deposited A[3 must then persist and 
trigger pathology similar to that observed in the AD brain. In an effort to develop such 
a model, many groups have produced transgenic animals in which there is increased 
expression of wild-type human APP or A[3-bearing CTFs (Q.uon et al., 1991; 
Kammescheidt et aL, 1992; Fukuchi et aL, 1993a; Lamb et al., 1993; Hsiao et aL, 1994). 
So far, the amount of insoluble A[3 deposited in the brains of these animals has been 
unimpressive. Thus there has been little reason to expect AD pathology to develop in 
these animals and no convincing AD-like pathology has been observed. The foregoing 
discussion ofamyloid deposition indicates that there are many explanations for the dif- 
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ficulty that has been encountered in modelling amyloid deposition in transgenic 
animals. These explanations fall into two categories: (i) soluble A[3 in the transgenic 
brain has not increased in the same way that it increases in the AD brain; and (ii) 
amyloid has not deposited in the transgenic brain despite an adequate increase in 
soluble A[3 either because the factors determining fibril formation are less favourable 
or because removal of A[3 deposits is faster in the rodent than in the aged human brain. 

Soluble A[3 could fail to rise sufficiently if the rodent brain processes a small frac- 
tion of APP molecules to A[3 as compared to human brain, if rodent brain produces 
less of the critically important A[31-42 species, or if the rodent brain rapidly removes 
total soluble A[3 or the A[31-42 species. Although measurements of the soluble A[3 in 
brain is challenging, it should nonetheless be possible to assess whether or not there 
has been a sufficient increase by estimating the concentration of soluble A[3 in the AD 
and control human brain, and comparing those concentrations to the concentrations 
observed in control and transgenic brains. If soluble A[3 is not sufficiently elevated, 
rational efforts could be made to increase it to an appropriate target concentration. If 
soluble A[3 is rapidly removed in rodent brain, then it may be far easier to increase the 
level of soluble A[3 by impairing removal than by increasing secretion. If a sufficient 
understanding of A[3 removal can be developed, it might even be possible to produce 
amyloid deposition by simply blocking removal of the A[3 that is secreted endogenously. 

If amyloid fails to accumulate even when there is an appropriate elevation of 
soluble A[3, then efforts could be made to mimic the specific conditions in the aged 
human brain that favour this accumulation. This might be done by increasing expres- 
sion of HSPG, ApoE4 or other A[3 binding proteins thought to influence A[3 deposi- 
tion. As appropriate information develops, it may also be possible to foster amyloid 
accumulation by specifically blocking mechanisms involved in removing amyloid 
deposits. 

As the appropriate analytical methods are developed and information on the 
factors that determine amyloid deposition accumulates, it should be possible to 
develop animals in which cerebral amyloid is deposited in an increasingly rational 
manner. Careful exploitation of the APP mutations known to cause FAD and 
identification of additional mutations that produce FAD should be particularly helpful 
in developing this animal model. In culture, cells expressing APPs that have both the 
ANL mutation and a APP717 mutation not only secrete more total A[3, they also secrete 
a higher percentage of A[31-42. Thus, compared to wild-type APP, the combined 
mutant produces almost ten times more of the critical A[31-42 form. By creating 
transgenic animals expressing this combined mutant or another artificial construct 
that results in secretion of high levels of A[3 and then further engineering these animals 
to express other genes shown to cause FAD, it is quite reasonable to expect that an 
animal model for AD may ultimately be developed. 

7.6.3 Implications for therapy of AD 

Based on the amyloid deposition hypothesis, it is rational to develop therapies for AD 
aimed at: (i) blocking formation and secretion of soluble A[3; (ii) enhancing removal of 
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secreted, soluble AI3; (iii) blocking the formation of amyloid fibrils from soluble A[3; 
(iv) enhancing removal of fibrillar AI3; (v) interfering with the pathological cascade 
induced by amyloid (e.g. by interfering with the complement activation that amyloid 
may engender); or (vi) developing agents (e.g. anticholinesterases such as tacrine) that 
help the nervous system to compensate for amyloid-induced pathology. 

The strategy of blocking formation and secretion of A[3 is particularly attractive 
from both theoretical and practical points of view. For reasons discussed above, it is 
very likely that amyloid formation is highly concentration dependent. Thus relatively 
small reductions in A[3 concentration achieved by partial inhibition of 13- or y-secre- 
tase may be highly effective in reducing amyloid deposition. This means that effective 
therapy may be possible even if AI3 or the proteases that produce it are critical for 
normal cellular function. It is important to note that blocking amyloid formation 
could in time result in very substantial reductions in the total amyloid deposited and 
possibly in the total number of plaques present, if there are normal mechanisms at 
work that remove deposited AI3 permitting plaques to resolve. Thus halting amyloid 
deposition may halt disease progression and possibly even permit some recovery of 
function. By using sandwich ELISAs to measure the A[3 secreted by transfected cells, 
it is now straightforward to develop high throughput screens for compounds that 
impair A[3 secretion using a conventional 96-well format. Thus it is practical to screen 
the vast array of compounds available in the pharmaceutical industry for prototypic 
nontoxic compounds that inhibit A[3 secretion. Once such compounds are identified, 
it should be straightforward, using published methods, to determine whether they 
inhibit 13- or y-secretase or act through some other mechanism. There is, in fact, a 
good chance that several classes of compounds will be identified that work through 
different and possibly synergistic mechanisms. It will, of course, be important to deter- 
mine whether these compounds block secretion of A[31-42, which appears to be par- 
ticularly important for amyloid formation, as well as the more abundant A[31-40, and 
it should be straightforward to do so. An important practical advantage of develop- 
ing compounds that block the formation and release of A[~ is that the transition to 
development of an effective oral drug can proceed in the absence of an animal model 
for AD using reduction of soluble A[3 in the CSF, plasma, or brain of appropriate 
animals as an endpoint. 

Ideally, one would like to develop specific inhibitors of 13- or y-secretase by working 
directly with the isolated proteases. In this regard, it is important to point out that [3- 
and y-secretase are activities. At the moment, it is not known if either [3- or y-secretase 
activity resides in a single protease or in a set ofproteases, and it is unclear whether the 
carboxyl-terminal heterogeneity in secreted A~ is a result of cleavage by a single pro- 
miscuous y-secretase, a pair ofendoproteases that cleave at A[340 and A[342, or one or 
several endoproteases acting in concert with exoproteases that trim the carboxyl-end 
of secreted A~. In isolating proteases with 13- or y-secretase activity, it would obviously 
be invaluable to have an array ofinhibitors with known effects in order to avoid isolating 
irrelevant proteases that by chance cleave the APP at its y- and [3-cleavage sites. 

Based on the amyloid deposition hypothesis, one could also seek useful new drugs 
by developing rapid in vitro screens for compounds that: (i) inhibit the formation of 
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amyloid from synthetic A[5; (ii) inhibit the binding of A[5 to proteins such as HSPG, 
which are postulated to influence amyloid formation or removal; or ('lii) inhibit events 
likely to be important in pathogenesis such as A[3-induced complement activation. 
The efficacy in vivo of compounds identified through in vitro screens of this sort would 
either have to await the development of animal models for AD or be pursued in 
aggressive clinical trials. Given the recent evidence that anti-inflammatory drugs may 
be useful in slowing AD, it may also be worthwhile to pursue this class, which presum- 
ably acts by interfering in some way with pathology that is provoked by amyloid. 

This brief description of therapeutic approaches made possible by recent advances 
in our understanding of amyloid deposition has focused on approaches that currently 
seem most likely to be fruitful. As additional advances are made, other therapeutic 
approaches may become more attractive. In closing, it should be pointed out that, in 
the search for drugs effective in preventing amyloid deposition, compounds may be 
identified that prove useful in developing an animal model for AD. Thus this search 
could uncover drugs that increase the production and secretion of A~ or that enhance 
the formation of amyloid from synthetic A[~, and these agents could be quite useful in 
developing an animal model for AD. 
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8.1 Introduction 

The ultimate goal of research into Alzheimer's disease (AD) is to elucidate the mech- 
anism underlying the massive neuronal death seen in the brain with this disease. 
Among various pathological features of AD, deposition of amyloid fibrils in the brain 
is thought to be the most important hallmark. Indeed, many researchers have made 
intensive studies on the mechanism of amyloid deposition in their attempts to under- 
stand the pathogenesis of AD. However, it is unclear at present whether or not amyloid 
deposition directly induces neuronal death in AD. 

Amyloid fibrils are deposited in senile plaques and along the walls of the cerebral 
blood vessels in AD. Several types of senile plaques are classified according to their 
morphological characteristics (e.g. diffuse, primitive and classical plaques). Mature 
senile plaques consist of amyloid deposits surrounded by dystrophic neurites (neu- 
ritic plaques). These morphological characteristics have led to speculation that the 
amyloid masses at the extracellular space lead to the death of adjacent neurons. In 
peripheral amyloidoses including primary and secondary amyloidoses, large 
masses of amyloid induce organ dysfunction. These observations favour the 
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proposition that amyloid deposition is responsible for neuronal degeneration in 
AD. 

The principal constituent of amyloid fibrils in AD is amyloid 13-protein (A[3) 
(Glenner and Wong, 1984), which is derived from its precursor, the amyloid [3-protein 
precursor (APP). There are three major species of APP: APP695 (Kang et al., 1987), 
APP75~ (Ponte et al., 1988; Tanzi et al., 1988), and APPy70 (Kitaguchi et al., 1988). In 
APP molecules, the A[3 domain is situated at the boundary between the extracellular 
domain and the transmembrane domain (Figure 1). Studies on the generation of A[3 
from APP molecules may thus be indispensable for understanding the mechanism of 
amyloidogenesis and its potential neurotoxici~. 

To test whether the AI3 deposition causes neuronal death in AD, neurotoxic effects 
of synthetic A[3 peptides have been tested both in vitro and in vivo. DNA-transfected cell 
models overexpressing parts of APP or full-length APP have been utilized to examine 
whether intracellular overproduction of APP affects the processing of APP and cell 
viability. In this article, the recent findings on the neurotoxic effects of A[3 and related 
peptides are reviewed. Furthermore, on the basis of the findings with DNA-trans- 
fected cell models, a novel hypothesis for neuronal death in AD is presented. 

8.2 Neurotoxicity of AI~ and related peptides 

8.2.1 In vitro neuro tox ic i t y  

The neurotoxicity of an AI3-containing fragment was first demonstrated in a cultured 
cell system of PC 12 phaeochromocytoma cells transfected with complementary DNA 
(cDNA) encoding a carboxyl (C)-terminal fragment of APP (Yankner et al., 1989). 
They found that PC 12 cells transfected with cDNA encoding the C-terminal frag- 
ment containing the entire A[3 region and the cytoplasmic domain showed severe 
degeneration when the cells were treated with nerve growth factor (NGF), an inducer 
of neuronal differentiation in PC 12 cells. In addition, they found that conditioned 
medium from transfected PC 12 or NIH3T3 cells was toxic to neurons in primary cul- 
tures. The toxic agent was removed by immunoabsorption with an antibody directed 
against A[3. Thus, they concluded that the secreted C-terminal fragment of APP 
exerts the neurotoxic effect. 

Using hippocampal neuronal cultures, they further demonstrated that A[31-40 was 
trophic to immature neurons at low concentrations and neurotoxic to mature neurons 
at high concentrations (Yankner et aL, 1990b). The neurotoxicity of A[31-40 was 
observed at 1-20 ~tM, and A[325-35 was found to be the biologically active core 
sequence that mediates both the trophic and toxic effects. The effects of AI3 were mim- 
icked by tachykinin antagonists and completely reversed by specific tachykinin ago- 
nists such as substance P and physalaemin. 

In another study, Yankner et al. (1990a) demonstrated that AI31-40 showed signif- 
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icant neurotoxicity in the presence of NGF: NGF increased the neurotoxic potency 
of A[3 (ECs0 ofneurotoxicity of A[3 decreased from 0.1 ~tM to 1 pM). Exposure of A[3 
alone resulted in a marked induction of immunoreactive NGF receptors, and addi- 
tion of NGF with A[3 resulted in the appearance of neurodegenerative changes in 
NGF-receptor positive neurons. Since NGF is thought to be neurotrophic to hip- 
pocampal and basal forebrain cholinergic neurons, they speculated that neurotoxic 
interaction of A[3 with the NGF system is responsible for the neuronal degeneration. 
Roher et al. (1991) also reported a neurotoxic interaction of A[3 with NGF in periph- 
eral neurons; amyloid core proteins isolated from brains with AD showed severe toxic 
effects on cultured sympathetic and sensory neurons whose survival is dependent on 
NGE 

The neurotoxic effects of A[3 and related peptides have also been reported by 
Cotman and colleagues: Koh et al. (1990) reported ttiat exposure of mature cortical 
neurons to synthetic A[31-42 increased their vulnerability to excitotoxins such as glu- 
tamate, N-methyl-D-aspartate and kainate. Pike et aL (1991) demonstrated that 
A[31-42 showed aggregation after a 2-4 day incubation, and the aged peptide exerted 
a neurotoxic effect on hippocampal neurons in primary cultures. They further 
reported that A[3 peptides containing the core sequence A[325-35 formed stable 
aggregates and these peptides were toxic to cultured hippocampal neurons (Pike et al., 
1993). Furthermore, they reported that aggregated synthetic peptides (A1~25-35 and 
A[~1-42) triggered the degeneration of cultured neurons through activation of an 
apoptotic pathway (Loo et al., 1993). These suggest a relationship between the 
aggregation state of A[~ and its ability to promote degeneration. It is noteworthy, 
however, that A~25-35 (i.e. the core sequence essential for both aggregation and 
neurotoxicity in vitro) is devoid of most of A[31-28 sequence, which exhibits an anti- 
parallel [5-sheet structure (i.e. the basic secondary structure of amyloid fibrils) 
(Kirschner et al., 1987). 

Most of these neurotoxic effects of A[3 peptides have been demonstrated in vitro 
using primary neurons cultured in serum-free media. In this regard, Takadera et al. 
(1993) demonstrated a cytotoxic effect of aggregated A[322-35 on hippocampal 
neurons cultured in a serum-free medium, but addition of either calf serum or insulin 
prevented the neurotoxic response. Since deprivation of growth factors from culture 
media causes an apoptotic cell death, it is possible that aggregated A[3 at high 
concentrations may induce neuronal death by interfering with the trophic mech- 
anisms of some growth factors. 

Several laboratories have reported the lack of evident neurotoxicity ofA[3 peptides 
using various in vitro systems: May et al. (1992) have assessed the in vitro toxicity of A[3 
using high-density primary rat hippocampal cultures. They found marked lot-to-lot 
differences in the neurotoxic properties of synthetic peptide preparations obtained 
from the same supplier. Malouf (1992) has analysed the neurotoxic effects of various 
A[3 fragments (A[31-28, A[325-35 and A[31-40) on hippocampal slice cultures instead 
of dissociated cultures; addition of A[31-28 or A[325-35 to the medium did not 
produce significant changes in dendritic length or the number of branches. To avoid 
potential access problems, they injected these peptides directly into the cultures, and 
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found that only A[31-40 produced neurodegeneration around the site of injection. 
Mattson and Rydel (1992) found that A[~ exacerbated the ongoing neuronal death 
when cultures were unstable; A[31-40 and A[325-35 had a significant negative effect 
on neuronal survival in low cell-density rat hippocampal cultures in which consider- 
able neuronal death occurred in control cultures. However these A[~ peptides did not 
affect neuronal survival in more stable high cell-density cultures where little cell death 
occurred in control cultures. Therefore, they assumed that A[3 peptides would not 
cause neuronal damage in stable healthy cultures in which there is no ongoing neuro- 
nal death. 

We tested the neurotoxic effect of A[325-35 on hippocampal neurons which were 
prepared from a rat fetus at embryonic day 18 and cultured for 4 days. We found no 
neurotoxic effects of A[325-35, tested up to 100 ~tM, on the hippocampal neurons cul- 
tured in either serum-free or serum-supplemented medium (10% fetal calf serum). We 
thus concluded that A[325-35 had no toxic effect on the 'healthy neurons' (unpub- 
lished observations). 

Taken together, it is suggested that the neurotoxic effects of A[5 peptides are depen- 
dent on various factors, including cultured neurons (e.g. derivation, maturity and cell 
density), synthetic peptides, vehicles and cukure media (e.g. serum and growth 
factors). 

8.2.2 In vivo n e u r o t o x i c i t y  

KowaU et al. (1991) reported that injection of A[5 into the adult rat cerebral cortex 
caused profound neurodegenerative changes including neuronal loss and degener- 
ating neurites, and that co-administration of substance P prevented the neurotoxic 
effects. In these experiments, they dissolved A~ in a vehicle of 35 % acetonitrile/0.1% 
trifluoroacetic acid, and confirmed that the vehicle alone showed no neurotoxicity. 
Kowall et al. (1992) later made an additional report that injections of A[31-40 and 
A[325-35 produced localized necrosis surrounded by a zone of neuronal loss and 
gliosis in rat and monkey cerebral cortex. In contrast, Waite et al. (1992) reported that 
the 35% acetonitrile solvent alone showed gross toxicity, which was markedly 
enhanced by A[3, while A[3 dissolved in a cyclodextrin solution produced no marked 
toxic effects. Rush et al. (1992) found that A[51-40 or A[325-35 in a vehicle of 10% 
dimethyl sulphoxide induced tissue loss and neurodegeneration in rat but failed to 
replicate the antagonism of the toxicity with tachykinin agonists. 

Several laboratories have reported the lack of in vivo neurotoxicity in experimental 
animals. Podlisny et al. (1992) reported that synthetic A[31--40 injected in monkey cere- 
bral cortex failed to produce specific neurotoxicity after 2 weeks or 3 months. Games 
et al. (1992) observed the lack of Alzheimer pathology after injecting or infusing 
A[51-40, A[51-38 and A[325-35 into adult rat brain. Stein-Behrens et al. (1992) did 
not observe any evidence of consistent damage as tested by injecting A[325-35 into 
the rat hippocamus in vivo. Clemens and Stephenson (1992) evaluated the in vivo effects 
of A[3 peptides using lipid matrix implants to prolong tissue exposure, but found no 
cytopathology characteristics of AD in implanted young or old rat brain. Thus, it 
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seems very difficult to produce clear neuropathological changes resembling those seen 
in AD by injecting A[3 peptides directly into the brains of experimental animals. 

8.2.3 Amyloid deposition and neurotoxicity in the human brain 

Diffuse plaques consist of amorphous aggregates with a small amount of amyloid 
fibrils, but this type of senile plaque is not accompanied by degenerative changes in 
neurons and neurites. These findings suggest that the aggregations of A[3 accompa- 
nying nascent amyloid fibrils are nontoxic or biologically inert towards adjacent 
neurons in vivo. 

Amyloid angiopathy in the brain with AD is normally accompanied by very few 
dystrophic neurites. Furthermore, hereditary cerebral haemorrhage with amyloido- 
sis-Dutch type (HCHWA-D) is characterized by the deposition of A[3 in the meningeal 
and cortical arterioles. In HCHWA-D patients, a point mutation (G to C) was found 
in the APP gene causing a single amino-acid substitution (glu to gin) at position 22 of 
A[~ itself (Levy et aL, 1990). In HCHWA-D, neurofibrillary tangles and dystrophic 
neurites have never been found (Haan et al., 1991), suggesting that the deposition of 
A[3 is unrelated to neuritic reactions. These observations from human brains raise the 
possibility that A[3 deposition per se causes no neuronal degeneration in vivo. 

8.3 Neurotoxicity of carboxyl terminal fragments of APP 

8.3.1 Amyloidogenic property of carboxyl-terminal fragments of 
APP 

In senile plaques, A[3 forms the amyloid structure consisting of single helical fibres. A 
high concentration of A[31-28 forms a fibril-like structure in vitro (Kirschner et al., 
1987). A C-terminal fragment of APP (APP-CT, equivalent to APP-C 100) tends to 
self-aggregate in a cell-free translation system (Dyrks et al., 1988), suggesting that C- 
terminal fragments of APP including A[3 domain and cytoplasmic domain are capable 
of aggregation. 

A transient transfection of APP,C 100 (i.e. C-terminal 100 amino-acid residues 
containing the entire A[3 domain and cytoplasmic domain) into COS cells led to an 
accumulation of inclusion-like structures near nuclei (Maruyama et al., 1990). Electron 
microscopic observations revealed that the inclusions consisted of single helical fibres 
having varying diameters (8-22 nm) (Figure 2). These fibres contained the C-termi- 
nal sequences of APP, suggesting that APP-C 100 forms an amyloid-like structure 
without being further processed to A[3. Therefore, it is conceivable that a single cleav- 
age near the N-terminus of A[3 produces an APP-C 100-like fragment, which eventu- 
ally forms an initial type of amyloid fibrils ('primordial fibrils') (Yoshikawa et al., 1991). 
Double missense mutations have been found at codon 670 (lys to asn) and codon 671 
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Figure 2 Accumulation of amyloid-like fibrils in COS-1 cells transfected with APP-C 100. 
COS-1 cells were transfected with cDNA encoding APP-C 100 without a signal sequence (hi3) 
and examined 3 days after transfection. (A) Fluorescent micrograph ofAPP-C 100 cDNA trans- 
fected cells. Transfectants were stained with an anti-C-terminal antibody followed by indirect 
immunofluorescent cytochemistry. Note the intensely immunoreactive inclusion-like deposit 
(arrow) in the perinuclear region. Scale bar = 50 lzm. (B) Electron micrograph ofh[~-transfected 
COS cells. An ultrathin section of the cell having the inclusion-like deposit was stained with 
lead citrate and uranyl acetate, and observed under a transmission electron microscope. Note 
the accumulation of single helical fibres, which resembles [3 amyloid fibrils. Scale bar = 0.5 ~tm. 

(met to leu) in a Swedish family (see Figure 1) (Mullan et al., 1992). This type of muta- 
tion is valuable to correlate the abnormal cleavage near the N-terminus of A[3 with 
amyloid-associated pathogenesis of AD. 

8.3.2 Neurotoxicity of C-terminal fragments of APP 

By transfecting DNA into cultured cells, C-terminal fragments of APP have been over- 
expressed in cell lines which differentiate into neurons in response to chemical induc- 
ers. As described previously, overexpression of the C-terminal fragment of APP in 
PC 12 cells induced degeneration when treated with NGF (Yankner et al., 1989). 
Fukuchi et al. (1992b) reported a similar finding: P 19 cells (i.e. a mouse embryonal car- 
cinoma cell line) transfected with cDNA encoding APP-C 100 with a signal sequence 
showed degenerative changes when the cells were differentiated into neural cells by 
retinoic acid treatment. These stable PC12 and P19 transfectants of C-terminal 
fragments of APP showed cell death only when differentiated into neurons. Therefore, 
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the amounts of C-terminal fragments expressed in these transfectants may be insuffi- 
cient to produce cytotoxicity towards undifferentiated cells (otherwise the cloning of 
stable transfectants is impossible) but may exert toxic effects on differentiated neurons. 

Fukuchi et aL (1992a) transfected a cDNA sequence encoding APP-C 100 into 
heterogeneous human neuroblastoma cell lines (SK-N-SH), and isolated six inde- 
pendent clones, which were all fibroblast-like cells having nonneuronal phenotypes. 
These results suggest that overexpression of C-terminal fragments is toxic to neurons, 
so that only the nonneuronal cells grow well to form colonies. 

We have attempted to establish stable APP-C 100 cDNA transfectants using various 
cell lines including PC 12, P 19, glioma cells and NIH3T3 cells, but failed to obtain any 
clones expressing high amounts ofAPP-C 100 (unpublished observations). Therefore, 
we assumed that an intracellular accumulation ofAPP-C 100 is extremely toxic to any 
type of cells. 

8.3.3 Mechanism of neurotoxicity of C-terminal fragments of 
APP 

Yankner et al. (1989) reported that the C-terminal fragment of APP secreted into the 
conditioned medium caused neuronal death, although the construct they used lacks a 
signal sequence for secretion. We made a similar construct (hi3) encoding APP-C 100 
without a signal sequence, but no secretion ofAPP-C 100 from the transfected cells into 
the medium was detected (Maruyama et al., 1990). Another construct (shl3) encoding 
APP-C 100 with a signal sequence at the N-terminus was found to be successfully inte- 
grated into the membrane of COS cells and secreted into the medium. Neither the 
conditioned media of these hi5- and shl3- transfectants nor the cell extracts showed 
neurotoxicity when added in primary cultured hippocampal neurons (unpublished 
observations). Fukuchi et al. (1992b) reported a similar finding that the conditioned 
media of C-terminal cDNA-transfectants showed no neuronal degeneration when 
added in the culture medium. Furthermore, we have examined the in vitro neurotoxic- 
ity of APP-C100 purified from cDNA-transfected bacterial cells. The APP-C100 
preparation showed no toxic effect on hippocampal neurons in primary cultures (Figure 
3). These findings together suggest that APP-C 100 or similar C terminal fragments have 
no degenerative effects on primary cultured neurons 'from outside'. Thus, it seems rea- 
sonable to conclude that C-terminal fragments exert their cytotoxic effects 'from inside'. 

8.4 Neurotoxicity of abnormally metabolized APP fragments 

8.4.1 An embryonal carcinoma cell model 

P 19 embryonal carcinoma cells differentiate into neurons and glial cells when treated 
with retinoic acid. The neural differentiation of P 19 cells causes a marked increase in 
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Figure 3 Lack of in vitro neurotoxicity of purified APP-C 100. APP-C 100 expressed in E. coli 
using a prokaryotic expression system was separated by a preparative sodium dodecyl sulphate 
(SDS)-polyacrylamide gel electrophoresis, treated with acetone, and dissolved in betaine. 
Hippocampal neurons, prepared from rat fetus at embryonic day 18, were cultured for 4 days, 
and the purified APP-C 100 was added in the cultures (a final concentration of betaine was 
0.8%). As a control, proteins having a molecular size similar to that of APP-C100 (about 16 
kDa) were prepared from untransfected bacteria and added in the cultures (Control). No sta- 
tistically significant difference was noted between APP-C 100-treated and control groups. 

APP gene expression (Yoshikawa et al., 1990). We transfected full-length APP cDNA 
into undifferentiated P 19 cells using a mammalian expression vector and examined 
whether overexpression of APP produces abnormal metabolism that may affect the 
cell viability after neural differentiation (Yoshikawa et al., 1992). One hundred stable 
clones were randomly selected and the clones expressing higher APP immunoreactiv- 
ities were recloned by a limiting dilution method. For each APP695- and APP770-cDNA 
transfectant, four clones that stably express high levels of APP were established. When 
these cells were neurally differentiated by retinoic acid treatment, differentiated post- 
mitotic neurons showed a severe degeneration, and disappeared in a few days (Figure 
4B). Most of the surviving cells in the mixed cultures were degenerating neurons and 
nonneuronal cells (presumably astrocyte precursors), and some had intensely APP 
immunoreactive materials in lysosome-like structures (Figure 4D). Western blot analy- 
sis revealed that the differentiated P 19 cells contained degraded 12-100 kDa C-ter- 
minal fragments (Figure 5A). Among them, many bands corresponding to 16.5-35 
kDa were larger than APP-C 100 (16 kDa), suggesting that most of these N-terminal 
truncated C-terminal fragments are potentially amyloidogenic. These results suggest 
that the overexpression of APP induces degeneration of post-mitotic neurons and con- 
comitantly generates the abnormally processed C-terminal fragments. 

Neuronal death was always seen in APP cDNA transfected P19 cells having low 
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Figure  4 Degeneration of post-mitotic neurons derived from P19 embryonal carcinoma cells 
transfected with human full-length APP cDNA. P19 embryonal carcinoma cells were stably 
transfected with cDNA encoding full-length human APP695 and neurally differentiated by 
retinoic acid treatment for 3 days. The cells were examined 4 days after the treatment. (A,C) 
Control cells transfected with the empty vector. (B,D) Cells transfected with full-length human 
APP695 cDNA. (A,B) Phase-contrast micrography. (C,D) Fluorescent immunocytochemistry 
using the anti-C-terminal antibody. APP695 cDNA transfectants show severe degenerative 
changes (B), while control transfectants differentiate normally into neurons (A). Note the 
accumulation of APP-C-terminal fragments in lysosome-like organelles (arrows in D). Scale 
bars = 100 ~tm (for A,B) and 50 ~tm (for C,D). 
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Figure  5 Generation of APP C-terminal fragments in P 19 cells and Bu-17 glioma cells transfected with full-length APP cDNA. APP derivatives in 
total cell lysates of the transfectants were analysed by Western blotting using the anti-C-terminal antibody. (A) APP6o5 cDNA transfected P 19 cells. The 
control cells (transfected with the empty vector) (Control, lanes 1 and 2) and APP6o5 transfectants (APP695, lanes 3 and 4) were treated with (RA+, lanes 
2 and 4) or without (RA-, lanes 1 and 3) retinoic acid for 3 days, incubated for 4 days, and collected. Note the generation of the C-terminal fragments 
with various sizes in the retinoic acid-treated APP695 cDNA transfectants. (B) APP770 cDNA transfected Bu- 17 glioma cells. The transfectants were cul- 
tured in the presence of various protease inhibitors for 12 h (for chloroquine) or 24 h (for other compounds). Note the generation of the C-terminal 
fragments, similar to those found in the P19 transfectants, in the cDNA transfected glioma cells treated with protease inhibitors. Lane 1, APP-C 100 
(COS cells); lane 2, no treatment; lane 3, leupeptin (100 tag/ml); lane 4, antipain (100 tag/ml); lane 5, E-64 (6 taM); lane 6, chloroquine (100 taM). 
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passage numbers, and only a few transfectant lines no longer presented neuronal death 
after repeating subcultures (unpublished observations). This suggests that overexpres- 
sion or ectopic expression of APP is toxic even to undifferentiated cells and the cell 
population expressing high levels of APP reduces during the course of subculturing. 

Yankner et al. (1989) found that transfection of full-length APP into PC12 cells 
induced no degenerative changes after neuronal differentiation by NGF treatment. 
We noticed that the expression level of full-length APP is much lower in the PC 12 
transfectants than those in our P 19 transfectants (Yoshikawa et al., 1992). We found 
that stable APP transfectants expressing low or moderate levels of APP showed little 
or no degeneration of P19-derived neurons (unpublished observations). These 
observations suggest that neuronal degeneration can take place only when APP levels 
are high enough to exceed the capability of metabolizing APP completely in the 
neurons. 

8.4.2 A glioma cell model 

To examine whether the cytotoxicity induced by the abnormal metabolism of APP is 
specific to neurons, we then transfected full-length APP cDNAs into a human glioma 
cell line (Bu- 17) (Hayashi et al., 1992). Although large amounts offulMength APP were 
present in these stable transfectants, smaller C-terminal fragments were barely 
detected. When these cells were treated with protease inhibitors (leupeptin, antipain 
and E-64) or the lysosomotropic agent chloroquine, aberrantly processed C-terminal 
fragments of APP (potentially amyloidogenic C-terminal fragments) were generated 
(Figure 5B). When APP cDNA transfectants were treated with chloroquine, APP C- 
terminal immunoreactivity was localized in lysosome-like organelles (Figure 6A). 
Furthermore, APP cDNA transfectants showed significant cell death in response to 
chloroquine at low concentrations which are only slightly toxic to untransfected con- 
trols (Figure 6B). Neither leupeptin nor E-64 showed degenerative effects on the trans- 
fectants but the pretreatment with these inhibitors significantly enhanced the toxic 
effects of chloroquine. These results suggest that inhibition of lysosomal proteases 
impairs APP metabolism to generate the cytotoxic C-terminal fragments. Since leu- 
peptin, antipain and E-64 are known to be inhibitors for cystein proteases (e.g. cathep- 
sin B and L), it is likely that these lysosomal cathepsins process APP into nontoxic 
small fragments under physiological conditions. 

Figure 6 Chloroquine induces both intracellular accumulation of C-terminal fragments of 
APP and degeneration of APP cDNA transfected glioma cells. (A) Fluorescent 
immunocytochemistry for C-terminus of APP. Left panel, APPy70 cDNA transfectants without 
chloroquine treatment. Right panel, APPy70 cDNA transfectant treated with chloroquine at 150 
~M for 24 h. Note that a fine reticular distribution of the immunoreactivity changes into the 
granular accumulations in lysosome-like organelles in response to chloroquine treatment. (B) 
Dose-response curves of chloroquine-induced cytotoxicity in APP cDNA transfected glioma 
cells. The untransfected cells (untransfected), APP695 cDNA transfectants (APP695), and APP770 
cDNA transfectants (APP770) were grown to a near confluent density, and treated with various 
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concentrations of chloroquine for 3 days. The numbers of surviving cells were determined by 
trypan blue exclusion test. Note that the numbers of viable APP cDNA transfectants signifi- 
cantly decreased in response to chloroquine treatment. In addition, APP770 cDNA transfectants 
were pretreated with leupeptin (100 ~g/ml) (+Leu) or E-64 (50 ~tM)(+E-64) for 24 h and then 
treated with chloroquine (50 ~tM) for 3 days. Note the significant increase in susceptibility of the 
pretreated group to chloroquine. Normalized survival rates are expressed as the mean + SEM 
of four experiments. 
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We have found that the cytotoxicity of APP induced by chloroquine was evident 
when the cell density was confluent (Hayashi et al., 1992), suggesting that cell 
degeneration by abnormal metabolism of APP is dependent on the cell cycle. This 
may, at least in part, account for the selective death of P 19 cell-derived neurons that 
terminate the cell division permanently. 

8.4.3 Mechanism of neurotoxicity induced by abnormal 
metabolism of APP 

The results from the full-length APP cDNA transfected cell models lead to a new idea 
concerning neuronal death as a result of abnormal metabolism of APP. Figure 7 illus- 
trates a possible mechanism underlying neuronal death and A[3 formation by abnor- 
mal metabolism of APP. Under physiological conditions, APP in the neurons is 
metabolized through both the secretory pathway and the lysosomal pathway. The 
secretory pathway may not be dominant in terminally differentiated neurons (Hung 
et al., 1992). We found that in post-mitotic neurons APP was largely integrated into 
internal membranes, and a small portion was distributed into the plasma membrane 
and the secretory pathway (unpublished observations). Therefore, it is conceivable 
that neurons in vivo metabolize APP mainly by the lysosomal pathway. If APP is over- 
produced and/or inadequately metabolized owing to reduced lysosomal activities, 
then aberrantly processed APP fragments start to accumulate within the neurons, 
which eventually degenerate and die. Amyloidogenic fragments in the lysosomes are 
processed further into smaller amyloidogenic fragments containing the A[3 domain. 
During neuronal degeneration, these amyloidogenic fragments might be expelled into 
the extracellular space and serve as a source of amyloid fibrils. According to this 
proposition, the amyloid mass in senile plaques is not 'the cause' of neuronal 
degeneration but just 'an accompanying phenomenon' of the APP-associated neuro- 
nal death. 

The mechanism of neurotoxicity of aberrantly processed fragments remains to be 
elucidated: APP-C 100 overexpressed in COS cells accumulates to form amyloid-like 
fibrils near or on the nuclear membranes (Maruyama et al., 1990). The C-terminal 
fragments generated by abnormal metabolism of APP may self-aggregate within the 
neurons and the intracellular aggregates eventually impair the viability of the cells. 
Another possibility is that the aggregated fragments disrupt the lysosomes to liberate 
lysosomal enzymes into the cytoplasm of neurons. On the other hand, Nishimoto et 
al. (1993) reported that the cytoplasmic domain of the C-terminal sequence of APP 
contains the Go protein binding sequence (see Figure 1). Overproduction of C-ter' 
minal fragments including the Go protein binding domain impairs cell functions that 
are mediated by Go (e.g. phosholipase C, voltage-dependent calcium channel). If the 
cytoplasmic domain of APP, which is devoid of the A[~ domain, exerts a neurotoxic 
effect, then it is suggested that the two domains for neurotoxicity and amyloidogenic- 
ity are separable. Another possibility is that A[~-related fragments generated within 
the cells are toxic to neurons by forming calcium channels (Arispe et al., 1993) and 
increase the intracellular calcium concentration (Joseph and Han, 1992). 
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Figure 7 Proposed involvement of abnormal metabolism of APP in neuronal death and 
amyloid formation. On the basis of the findings with the APP cDNA transfected cell models, a 
hypothetical mechanism in which the abnormal metabolism of APP induces both neuronal 
degeneration and generation of AI~ is proposed�9 See text for details. 

159 



K. Yoshikawa 

8.5 An alternative hypothesis for amyloid-associated neuronal 
death in AD 

8.5.1 Internal disintegration hypothesis 

At present, the most accepted idea is that A[3 initially deposits as diffuse amorphous 
plaques, which eventually develop, over years, into neuritic plaques having condensed 
amyloid with degenerated neurites. Since the transition from diffuse plaques to neu- 
ritic plaques accompanies neuronal degeneration, one can speculate that formation 
of condensed amyloid structures is crucial to exert a destructive effect on adjacent 
neurons. However, even researchers who are convinced of such a proposition may 
have difficulty in answering the following questions: (i) why do neurons remain intact 
for years despite the presence of growing amyloid masses nearby, and should the 
amyloid burden be eliminated before manifesting its degenerative effect?; (ii) how do 
dystrophic neurites form a cluster around the amyloid core, and does the amyloid core 
first attract and then deteriorate the neuronal processes?; (iii) why do specific brain 
regions such as the hippocampus and association cortices contain more abundant 
neuritic plaques than other brain regions, and do these regions have a larger number 
of loci where the plaques develop? 

To explain these pathological features, I propose an alternative hypothesis for APP- 
associated pathogenesis of AD on the basis of the findings with APP cDNA-trans- 
fected cell models (Yoshikawa, 1993a, b). Figure 8 illustrates the alternative hypothesis 
of internal disintegration of neurons as a result of abnormal metabolism of APP. Post- 
mitotic neurons express high levels of APP throughout their lives; newly differentiated 
neurons as well as neurons in the mature CNS contain amounts of APP695 transcript 
(Yoshikawa et al., 1990). Therefore, each post-mitotic neuron is supposed to have a 
high capability of metabolizing a large amount of APP into nontoxic fragments and 
thus maintains the healthy state (Phase I). The overproduction of APP (e.g. an 
increased gene dosage of APP in Down's syndrome), a reduction of lysosomal activ- 
ity (e.g. an age-dependent accumulation of lipofuscin), or a missense mutation [e.g. a 
familial AD case reported by Goate et al. (1991)] leads to the abnormal metabolism of 
APP in the neurons, and aberrantly processed APP fragments start to accumulate in 
the lysosomes (Phase II). When the amount of these fragments reaches a critical level, 
the neuron starts to degenerate and disintegrate (Phase III). During degeneration, 
APP fragments are converted into smaller amyloidogenic fragments within the 
neuron or at the extracellular space. These fragments might form nascent fibrils (e.g. 
the primordial fibrils; Yoshikawa et al., 1991), which eventually develop into con- 
densed amyloid structures after they have undergone some modifications. After 
perikarya of degenerated neurons are completely scavenged by glial cells or 
macrophages, the condensed masses of amyloid and surrounding dystrophic neurites 
are left behind at the extracellular space. Thus, the dystrophic neurites in neuritic 
plaques might derive from presynaptic nerve terminals that miss their target neurons. 

The neuropathogical findings seen in AD brain could be just a temporary scenario 
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Figure  8 An internal disintegration hypothesis for neuronal death and formation of neuritic plaques in AD. A healthy neuron metabolizes APP 
completely (Phase I). Overproduction of APP, reduction of APP metabolism or mutation of the APP gene causes abnormal processing, which accu- 
mulates APP fragments in the lysosomes (Phase II). When the intracellular accumulation ofcytotoxic APP fragments reaches a critical point, neurons 
are internally disintegrated (ID) (Phase II to Phase III). During this transition period (Phases II-III), APP fragments are processed further into A~, 
which eventually form amyloid fibrils. Finally, the amyloid deposits and dystrophic neurites are left behind as 'extracellular' neuritic plaques follow- 
ing disappearance of the perikaryon. 
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of continuous changes of neuronal death and repairing processes. Our transient trans- 
fection study suggests that formation of amyloid-like fibrils consisting of APP-C 100 
occurs within a few days (Maruyama et al., 1990). This suggests that the formation of 
nascent amyloid fibrils in vivo is also completed on a time scale of days when amy- 
loidogenic peptides are highly condensed. 

This hypothesis accounts for the mechanism of formation of neuritic plaques but 
not for the generation of diffuse plaques, which contain no degenerating neuronal 
components. The regional distribution of diffuse plaques in the brain is different from 
that of neuritic plaques, suggesting that the mechanism of formation of diffuse plaques 
can be distinct from those of neuritic plaques. Since A[3 is physiologically secreted into 
the extracellular space and spinal fluid (Seubert et al., 1992; Shoji et al., 1992), the 
secreted A[3 peptides may contribute to the formation of diffuse plaques. 

The internal disintegration hypothesis cannot account for the formation of 
amyloid angiopathy either. The perivascular amyloid in AD brain, despite the pres- 
ence of [3-pleated sheet structure, is not accompanied by dystrophic neurites. In addi- 
tion, the absence of neuritic reactions in HCHWA-D suggests that amyloid 
angiopathy is unrelated to neuronal degeneration. Therefore, amyloid angiopathy, 
like diffuse plaques, might have its own aetiological background. 

8.5.2 Neuropathological findings supporting the internal 
disintegration hypothesis 

Benowitz et al. (1989) demonstrated that immunocytochemistry using an antibody 
against C-terminal sequence of APP revealed punctate concentrations of APP frag- 
ments in pyramidal cells of the neocortex, particularly in associative regions, and 
intense staining in the CA1 pyramidal cells of the hippocampus. By electron 
microscop~ this distribution coincided with dense concentrations of APP fragments 
in secondary lysosomes. In the hippocampus of several AD cases, abnormally dense 
immunostaining in enlarged intracellular domains accompanied a severe atrophy of 
the CA1 neurons. These observations suggest that the lysosomal accumulation of C- 
terminal fragments of APP actually occurs within degenerating neurons (Phase II in 
Figure 8). 

Cataldo and Nixon (1990) reported that enzymatically active lysosomal proteases 
were associated with A[3 deposits in AD brain. High levels of immunoreactivities for 
cathepsins, which are normally intracellular proteolytic enzymes associated with lyso- 
somes, were localized in extracellular senile plaques in AD brain. At the ultra- 
structural level, cathepsin immunoreactivity was localized principally to lysosomal 
dense bodies and lipofuscin granules in 'extracellular' senile plaques. In addition, they 
found that in more advanced stages of degeneration, cathepsin immunoreactivity was 
present throughout the cytoplasm, suggesting that cathepsin-containing lysosomes 
are liberated from degenerating neuronal perikarya into the extracellular space. Thus, 
these findings strongly support the idea that degenerating neurons in AD brain actu- 
ally disintegrate to liberate the lysosomes into the extracellular space (Phases II and 
III in Figure 8). 
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The presence of active lysosomal enzymes in the extracellular space may be 
responsible for the further processing of APP into more dense amyloid fibrils. 
Cathepsins in the lysosomes may play a major role in metabolizing APP into small 
fragments under physiological conditions, but may cleave different sites of APP in 
abnormal pH environments such as the cytoplasm outside the lysosomes and the 
extracellular space. The abnormally processed fragments of APP can be effectively 
condensed to form amyloid fibrils. 

The cathepsin-laden senile plaques were localized in layers III and V of the pre- 
frontal association cortex (Cataldo et al., 1990). A large number of neuropathological 
studies have demonstrated that neuritic plaques and neurofibrillary tangles were 
localized in layers III and V of the association cortices in AD. APP mRNA, mainly 
APP695 mRNA, was highly expressed in the association cortices (Tanzi et al., 1988). In 
situ hybridization histochemistry demonstrated that layers III and V of the primate 
prefrontal cortex contained neurons expressing high levels of APP mRNA, and there 
was a reduction in the signal intensity of APP mRNA in layer III of the AD brain 
(Bahmanyar et al., 1987). Taken together, it is conceivable that neuritic plaques are the 
most numerous in the brain areas that contain the perikarya of neurons expressing 
high levels of the APP gene. This may account for the preferential distribution of neu- 
ritic plaques in the association cortices of AD brain. 

The number and size of neurons in the association cortices of the primate brain 
have increased during evolution to reach the highest figures in man. These neurons 
are generated at the latest stages of phylogeny. Therefore, it is tempting to speculate 
that a class of neurons created at the final stage of mammalian evolution greatly 
expanded the intellectual activities of man, but simultaneously became vulnerable to 
APP-associated cytotoxici~, which might be closely associated with the pathogenesis 
of AD. 

8.6 Conclusion 

On the assumption that the extracellular amyloid deposition is responsible for neuro- 
nal degeneration in AD, a large number of studies have been made to understand the 
mechanisms underlying amyloid formation. Although many researchers would admit 
that the amyloid deposition is associated with the neuronal degeneration, it is still 
ambiguous at present whether the extracellular amyloid per se is the primary cause of 
neuronal death seen in AD. 

Clarification of the neurotoxicity of A[3 and related peptides is important not only 
for elucidating the pathogenesis of AD, but also for planning the strategies for preven- 
tion and treatment of AD. If the extracellular A[5 deposits kill neurons from outside, 
then one can expect that AD can be treated by either eliminating the A[3 deposits or 
preventing the extracellular accumulation of A[5. However, these strategies might be 
irrelevant if the extracellular amyloid deposition is simply a by-product of neuronal 
degeneration owing to the abnormality of intracellular APP metabolism; either 
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increasing the metabolism of APP or decreasing the production of APP within the 
neurons may be an achievable approach to prevent the progression of AD. Thus, 
further studies on intraneuronal metabolism of APP and the mechanism of neuronal 
degeneration as a result of its abnormality should be worthwhile to elucidate the 
pathogenesis of AD and to establish the therapeutic strategies for this devastating 
disease. 
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9.1 Introduction 

The intense study of the amyloid I3-protein precursor (APP) molecule during the 
last decade is a result of several key observations. The first was the isolation and 
characterization of amyloid filaments from both congophilic meningeal vessels 
(Glenner and Wong, 1984a, b) and neuritic plaque cores (Masters et al., 1985) in 
post-mortem brain tissue from individuals with Alzheimer's disease (AD) and 
Down's syndrome. Both of these neuropathological lesions contain as their 
primary constituent a 4 kDa peptide which was termed the amyloid [3-protein 
(A[3). Amino-acid sequencing of this solubilized peptide from meningovascular 
deposits provided essential information which permitted the cloning of various A[3 
cDNAs, and ultimately resulted in the identification and localization of the APP 
gene (Goldgaber et al., 1987; Kang et al., 1987; Robakis et al., 1987; Tanzi et al., 
1987). 

Another noteworthy observation was the detection of a missense mutation in the 
APP gene, which cosegregated in a family with a very early-onset form of AD (Goate 
et al., 1991). The absence of this mutation in unaffected individuals strongly suggested 
that this mutation was sufficient to be causative for AD and that APP metabolism 
played a key role in this disease. 

This chapter will selectively focus on only a few of the many studies which 
have been published concerning the possible biological functions and localization 
of APP, with an emphasis on the secreted isoforms. Some of these studies have 
led to an increased understanding of certain key physiological processes of the brain 
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in which APP has been shown to play a major role. Such studies have provided 
considerable insight into the pathogenesis of AD as well as other related cerebral 
amyloidotic disorders. 

9.2 Characterization and distribution of APP 

9.2.1 Initial cDNA cloning and preliminary characterization of APP 

The first reported isolation of a full-length complementary DNA (cDNA) clone encod- 
ing A[~ revealed a 695-residue precursor protein (calculated Mr 78 644) whose predicted 
amino-acid sequence contained an amino-terminal signal sequence, three extraceUular 
domains, both N- and O-glycosylation sites, a single transmembrane domain and a short 
(<50 amino acids) cytoplasmic domain, therefore resembling a transmembrane cell 
surface receptor (Kang et al., 1987). The A[3 peptide was determined to be a proteolytic 
breakdown product of this large precursor protein (Kang et al., 1987). The location of 
the A[3 peptide within the precursor protein was predicted to be partially amino-termi- 
nal to and partially embedded within the transmembrane domain (see Figure 1). 

Since this initial isolation, there have been a number of different A[5 precursor pro- 
teins identified by cDNA cloning. Virtually all of these (at least those discussed in the 
present chapter) appear to be the product of a single gene resulting from alternative 
splicing of the primary APP mRNA transcript. 

In 1988, three groups simultaneously reported the isolation of A[5-specific cDNA 
clones, which were shown to contain either one or two additional domains (compared 
to the original APP695 molecule), one of which showed extensive similarity to the Kunitz 
family of serine protease inhibitors (Kitaguchi et al., 1988; Ponte et al., 1988; Tanzi et al., 
1988). The other domain showed homology to the MRC OX2 antigen of thymus- 
derived lymphoid cells (Clark et al., 1985). The inclusion of the serine protease inhibitor 
domain (abbreviated KPI for Kunitz protease inhibitor) results in a 56 amino-acid inser- 
tion within a highly acidic region of the putative extracellular domain of the precursor 
protein. APP transcripts which contain nucleotides encoding this insert are denoted as 
APP75~. The full-length cDNA isolated by Kitaguchi and coworkers harboured, in addi- 
tion to the KPI domain, a further contiguous sequence of 19 amino acids directly 
carboxy-terminal to the serine protease inhibitor domain resulting in a 75 amino-acid 
extension of the original APP695. This isoform is therefore denoted as APP770. 

9.2.2 Localization of APP expression 

9.2.2.1 APP mRNA distribution studies 

The first A[3 cDNA identified (APP695) was isolated from a cDNA library constructed 
from 5-month-old fetal brain tissue (Kang et al., 1987). Subsequent full-length clones 

168 



Biological functions of APP 

Figa~e 1 Putative structural and functional domains of the APP molecule. Arrows refer to 
missense mutations known to be tightly linked to early-onset familial Alzheimer's disease 
and/or hereditary cerebral haemorrhage with amyloidosis. OX2 is the region of APP with 
structural homology to the MRC OX2 antigen of thymocytes. 

containing DNA encoding the serine protease inhibitor domain were isolated from a 
number of different cDNA libraries ranging from fibroblast cells, lymphocytes, post- 
mortem aged brain tissue (normal and AD), promyelocytic leukaemia cells and 
glioblastoma cells. These early findings implied that APP transcripts, which har- 
boured nucleotides encoding the protease inhibitory domain (APP75~ and APPT70), 
could be found in a variety of tissues whereas the transcript lacking nucleotides encod- 
ing this domain (APP695) could only be demonstrated in tissues of neural origin. 

Numerous studies have been published concerning the distribution of these various 
APP mRNA transcripts in mammalian tissues. Initial mRNA distribution studies of 
APP utilized cDNA probes, which could not distinguish among the various APP tran- 
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scripts. Two of these early studies reported APP mRNA distribution in neuronal cells 
essentially across all regions of the brain, including brain regions not usually affected 
with AD-type pathological changes (Bahmanyar et al., 1987; Goedert, 1987). APP 
mRNA was most abundantly expressed in the large pyramidal neurons in the fields of 
Ammon's horn in the hippocampus and in layers III and V of the prefrontal cortex 
(Bahmanyar et al., 1987). Another study revealed a regional pattern of expression in 
human brain showing highest levels of APP mRNA expression in associative regions 
of the neocortex (Tanzi et al., 1987). Subsequent studies by these same investigators 
using probes capable of distinguishing the alternate splice variants of the APP tran- 
script demonstrated that the KPI-containing transcripts (predominantly APP75~) were 
ubiquitously expressed across brain regions and the KPI-lacking transcript (APP695) 
was most abundant in the association cortex (Neve et al., 1988; Tanzi et aL, 1988). 

Analysis of the expression of alternatively spliced APP mRNAs has also been 
accomplished using perhaps more sensitive techniques such as polymerase chain reac- 
tion amplification of reverse transcribed cDNAs (Golde et al., 1990). Golde and col- 
leagues identified a previously undetected splice variant of APP termed APP714, which 
was shown to contain the KPI domain also present in APP751 and APPy70, but trun- 
cated at the C-terminus. This novel form was shown to be present in all brain regions 
�9 examined, however, the level of abundance of this transcript is so low that its physio- 
logical significance is in question. These studies also demonstrated marked differences 
in the relative amounts of these mRNAs in various tissues and brain regions. As 
expected, APP695 was the most abundant form in essentially all brain regions exam- 
ined, although hippocampus, white matter and the nucleus basalis of Meynert dis- 
played approximately equal levels of APP695 and APP751. APP751 and APPy70 were the 
most abundant transcripts in the peripheral tissues, where the kidney contained by far 
the highest levels of the various peripheral tissues that were examined. Approximately 
equivalent levels of the various APP transcripts (excluding of course the APPyl4 tran- 
script) were present in cerebral arteries, arterioles and microvessels. Nonneuronal 
brain-associated tissues such as meninges were shown to contain predominantly 
APP770 transcripts. 

One of the more intriguing studies involved quantitative analyses of in situ hybrid- 
ization patterns of APP mRNA in AD neocortex. APP-specific hybridization signal 
intensities were shown to negatively correlate with neurofibrillary tangles (NFTs) 
(Lewis et al., 1988). High numbers of NFTs in the superior frontal cortex of AD brains 
were associated with diminished numbers of positively hybridizing neurons. In control 
brains, neurons normally prone to NFT formation in AD (i.e. large pyramidal 
neurons of layers III and V in prefrontal cortex) were generally found to contain high 
levels of APP mRNA (Lewis et al., 1988). The virtual absence in all AD cases exam- 
ined in these studies of neurons containing both NFTs and APP mRNA suggested the 
possibility that APP down-regulation accompanied NFT formation. This observation 
could also have been explained by a general decrease in viability of neurons, which 
normally express high levels of APP mRNA; nevertheless, this study interestingly 
demonstrates an inverse correlation of APP gene expression with neurofibrillary 
degeneration. 
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Experiments employing antisense complementary RNA probes capable of dis- 
tinguishing between the various APP mRNA transcripts support the hypothesis that 
the majority of APP-specific mRNA transcripts in brain arise from neurons. In situ 
hybridization analysis of a relatively small number of AD and control cases suggested 
a significant increase in AD brain (cholinergic neurons of the locus ceruleus and 
nucleus basalis of Meynert) of KPI-lacking mRNA transcripts with essentially no 
change in the level of KPI-containing transcripts (Palmert et al., 1988). This same 
study, however, failed to reveal altered APP mRNA levels between AD and control 
brains in neuronal populations from other areas such as basis pontis, subiculum and 
cerebral cortex. A similar in situ hybridization study, which focused on serial hip- 
pocampal sections from AD and control brains, demonstrated that individual hip- 
pocampal pyramidal neurons contain both APP751 and APP695 mRNA transcripts 
(Johnson et al., 1990). These investigators also observed an AD-specific increase in 
APP751 mRNA in hippocampal neurons (in disagreement with Palmert et al.), which 
correlated to neuritic plaque density. 

Specific APP mRNA transcripts have also been directly measured in several brain 
regions of subjects with AD and controls of various ages using S-1 nuclease protection 
analyses (Koo et al., 1990). Relative levels of APP695 and APP75~/770 mRNAs were 
shown to undergo reciprocal changes during development and ageing. In fetal human 
brain, APP695 mRNA transcripts predominated while in aged human brain APP751/770 
mRNA transcripts were more abundant. Young adults were shown to contain approx- 
imately equivalent levels of APP695 and APP751/770 mRNA. These ratios appeared to 
remain constant throughout different brain regions of a given individual. In addition, 
the latter study did not detect any specific changes in APP mRNA transcripts between 
AD and controls. 

In rats, examination of the tissue distribution and cellular localization of mRNA 
transcripts for the APP695 homologue by in situ hybridization demonstrated high levels 
of expression throughout the cerebral cortex and cerebellum with a neuron-specific 
localization (Shivers et al., 1988). White matter oligodendroglia failed to show any 
hybridization signal. Immunocytochemical studies of APP localization in rat brain 
demonstrated a punctate staining pattern on the plasma membrane of neurons sug- 
gesting that the protein existed in aggregates, typical of an integral membrane protein. 
This suggests that, in rat brain, APP functions as a mediator of cell-cell or cell-matrix 
stabilization (Shivers et al., 1988). Localization of APP antigen in various rat brain 
tissue sections immunohistochemically has demonstrated that astrocytes and neurons 
contain APP (Card et al., 1988). 

9.2.2.2 Immunological studies of APP distribution 

In vitro translation studies with human, dog and rat brain polysomes followed by 
immunoprecipitation with domain-specific antipeptide antisera capable of differenti- 
ating between KPI-containing and KPI-lacking APP isoforms revealed significant 
differences in isoform expression patterns between these species (Anderson et al., 1989). 
Human brain was found to contain the highest ratios of APPyal/APP695 and rat brain 
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the lowest�9 Dog brain was found to contain intermediate ratios of APP751/APP695. In 
human brain, APP751 expression was highest in areas of the brain prone to neuritic 
plaque formation (i.e. cerebral cortex) and lowest in brain regions lacking these lesions 
(i.e. thalamus, cerebellum). As a result of the apparent lack of APP75~ expression in rat 
brain (a species which does not develop neuritic plaques), this particular isoform was 
proposed to play an essential role in amyloid plaque formation. 

Numerous studies have been published concerning immunolocalization in 
mammalian tissues of the various APP protein isoforms with a variety of antibodies. 
One of the earlier studies utilized antipeptide antibodies directed against the pre- 
dicted carboxyl-terminus of APP (Selkoe et aL, 1988). These antibodies were shown 
to immunolabel 110-135 kDa membrane-associated proteins in certain neural and 
nonneural tissues. Subsequent studies, which employed monoclonal and polyclonal 
antibodies directed against the amino-termini of the various APP isoforms, revealed 
that these antibodies immunolabelled senile plaque coronas and extraneuronal 
tangles in AD brain tissue (Van Nostrand et aL, 1989; Arai et aL, 1991; Cummings et 
al., 1992). Other structures reported to be labelled by these anti-amino-terminal APP 
antibodies were diverse neurons and their processes localized throughout the cerebral 
cortex and medulla, cerebellum (Purkinje cells), neurohypophysis and spinal cord 
(Arai et al., 1991). In this same study, examination of several peripheral tissues revealed 
APP immunoreactivity in ganglia and proximal nerves of the intestinal tract, 
adenohypophysis, dorsal root and trigeminal ganglia (both neurons and satellite glial 

�9 \ \ '\ �9 �9 �9 

cells), cardiac muscle an4megakaryocytes: Other peripheral tissues examined such as 
skin, liver, spleen, kidney; thyroid, lung, striated muscle, tongue, choroid plexus, ovary; 
aorta and urinary bladder failed to demonstrate any APP-positive immunoreacfivi~. 
Consistent with these findings was a report (Kim et al., 1992) describing immunore- 
active APP within the cytoplasm of human dorsal root ganglion neurons. 

Semiquantitative immunoblot analysis using a monoclonal antibody raised against 
native human APP, which recognizes all APP isoforms (APP695, APP751 and APP770), 
failed to detect APP in several peripheral tissues from nonhuman primates (skeletal 
muscle, lung, liver, spleen, pancreas, heart and spinal cord) (Wagner et al., 1993). In 
this same study, APP immunoreactivity was shown to be abundant in brain with rel- 
atively low amounts in kidney and testis. Within the primate brain, APP 
immunoreactivity was highest in the cerebral cortical areas, and lowest in the cere- 
bellum and brainstem. 

In a detailed immunohistochemical study of APP in AD and aged control brains 
using the same monoclonal antibody against native human APP, a number of inter- 
esting observations were cited (Cummings et al., 1992). Aged control brain tissue 
revealed a very faint homogeneous cytoplasmic neuronal staining quite distinct from 
the granular staining pattern obtained with AD tissue. In close proximity to the APP- 
immunopositive plaques in AD brain were APP-immunopositive dystrophic neurites. 
These immunopositive neurites (most prominent in the pyramidal cells of hippocam- 
pal fields CA3-CA1 and entorhinal cortex) often contained varicosities along their 
lengths. This type of staining pattern was not seen in the aged control brains and sug- 
gested a neuronal source for the APP-immunoreactivity found in senile plaques. In 
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addition to senile plaques, amino-terminal APP antibodies have been shown to 
immunolabel prion plaques in Gerstmann-Straiassler-Scheinker disease (Bugiani et 
al., 1993; Farlow et al., 1994) and congophilic vessels in the Dutch form of hereditary 
cerebral haemorrhage with amyloidosis (RozemuUer et al., 1993). 

In the most recent immunohistochemical study using AD brain tissue, antibodies 
directed against amino-, mid- and carboxyl-terminal domains of APP were found to 
label NFTs (both intraneuronal and extracellular) (Perry et aL, 1994), suggesting that APP 
present in NFTs potentially provided a source for the A[3 deposition detected on NFFs. 

Antibodies specific for the KPI-containing APP isoforms have been utilized to 
compare expression patterns in various tissues. Brain and cerebrospinal fluid (CSF) 
have been shown to contain soluble derivatives of APP isoforms, which both contain 
and lack the KPI domain (Palmert et al., 1989; Van Nostrand et al., 1991). The regional 
distribution of the relative abundance of KPI-containing in comparison to KPI- 
lacking APP isoforms in the human brain is not currently known, but may depend on 
certain factors such as age and disease status. Several studies have shown that CSF 
contains primarily APP695 (Palmert et al., 1989; Henriksson et al., 1991; Prior et al., 
1991; Van Nostrand et al., 1992a). Human platelets have also been shown to contain 
the KPI-containing APP isoforms within their c~-granules (Bush et al., 1990; Smith et 
al., 1990; Van Nostrand et al., 1990a). KPI-containing isoforms of APP have also been 
immunolocalized to proacrosomal granules and acrosomal vesicles of spermatid fla- 
gella (Shoji et al., 1990). 

Collectivel~ these studies suggest that APP expression in mammalian tissue occurs 
to a limited extent outside the nervous system, which involves predominantly the KPI- 
containing isoforms, and that brain contains by far the highest levels of APP gene 
expression products harbouring both KPI-containing and KPI-lacking APP isoforms. 
At present, there is no consensus regarding specific alterations of APP expression in AD. 

9.3 Potential physiological roles of APP 

9.3.1 Protease inh ib i tory  funct ions of APP 

9.3.1.1 Identity of KPI-containing APP and protease nexin-II 

The initial cloning ofKPI-containing APP cDNAs led to the identification of secreted 
forms of KPI-containing APPs as protease nexin II (PN-II). Although tissue and cel- 
lular distribution studies indicate that APP is a membrane glycoprotein, 
soluble/secreted derivatives of APP can be detected in a variety of extraceUular fluids 
using amino-terminal antibodies. In fact, PN-II was originally discovered in culture 
medium of human fibroblasts based on its ability to form sodium dodecyl sulphate 
(SDS)-stable inhibitory complexes with ~25I-labelled epidermal growth factor binding 
protein, a serine protease found in mouse submaxillary gland believed to be involved 
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in the proteolytic processing of epidermal growth factor (Knauer and Cunningham, 
1982). PN-II was later purified to homogeneity from conditioned medium of large- 
scale cultures of human fibroblasts and was shown to have an apparent Mr of 106 000 
and an isoelectric point of 7.2 (Van Nostrand and Cunningham, 1987). The purified 
PN-II protein was also capable of forming SDS-stable inhibitory complexes with two 
other serine proteases; namely, nerve growth factor-y, another mouse submaxillary 
gland serine protease whose apparent role is in the proteolytic processing of nerve 
growth factor, and the pancreatic enzyme trypsin. PN-II was shown to retain full 
activity even after treatment with 0.05% SDS or after prolonged incubation at pH 
1.5. A monoclonal antibody prepared against the purified PN-II (mAbp2-1) recog- 
nized proteins of apparently identical molecular weights in immunoblots of culture 
medium from human neuroblastoma cells, human glioblastoma cells and human 
fibroblasts. Furthermore, this anti-PN-II monoclonal antibody was shown to 
immunostain Alzheimer's disease neuritic plaques as well as pyramidal neurons in the 
hippocampus (Van Nostrand et al., 1989). Identification of PN-II as APP751/770 was 
confirmed based on alignment of the amino-terminal sequence of PN-II (Van 
Nostrand and Cunningham, 1987) with the deduced amino-acid sequence of APP 
(Oltersdorf et al., 1989; Van Nostrand et al., 1989). 

9.3.1.2 Inhibition of blood coagulation factors by APP751/77o and the KPI 
domain 

It has been demonstrated that PN-II and/or KPI-containing isoforms of APP are 
potent reversible inhibitors of chymotrypsin (K~ = 6x10 -~~ M) (Van Nostrand et al., 
1989). Subsequent studies with monoclonal antibody-purified APPy51/yy0/PN-II dis- 
played protease inhibitory properties of this protein towards a number of serine pro- 
teases (Van Nostrand et al., 1990b). Most notable was the inhibition of blood 
coagulation Factor XIa (K~ = 2.9x 10 -10 M), which could be augmented considerably 
by low concentrations ofheparin (K~ = 5 .5x10  -11 M). This latter inhibitory activity is 
of potential physiological significance because APP751/770/PN-II is localized to the 
platelet et-granule and is secreted following platelet activation (Van Nostrand et al., 
1990a). These observations suggest a potential role of APP751/770 in blood coagulation. 

The previously described protease inhibitory activities of APP7al/770/PN-II (includ- 
ing Factor XIa) were shown to be fully accommodated by the KPI domain. High-level 
recombinant expression and purification of the 57 amino-acid KPI domain, includ- 
ing an additional four amino acids of APP, which directly precede it, produced an 
inhibitor of equivalent potency and specificity to that of APP751/y70/PN-II (Wagner et 
al., 1992). The only difference observed between the KPI peptide and secreted 
APP751/y70/PN-II was the inability of heparin to augment the inactivation of Factor 
XIa by the recombinant KPI peptide. Incubation ofheparin (10 U/ml) alters the pro- 
tease inhibition constant of secreted APP751/yy0/PN-II for Factor XIa from approxi- 
mately 4.0• 10 -l~ M to approximately 5.5x 10 ~l M suggesting that heparin binds to 
regions on secreted APP75~/yy0/PN-II outside of the KPI domain (Wagner et al., 1992). 

Factor XIa is the initial protease of the intrinsic coagulation cascade, however, 
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abnormalities involving Factor XIa do not result in spontaneous haemorrhaging 
(Bolton-Maggs et a/., 1988). This is a result of the many compensatory mechanisms 
involved with blood clotting. IfAPPy5~/770/PN-II is truly involved in controlling blood 
coagulation it would be expected to interact with additional proteases within the clot- 
ting cascade. 

Secreted APP751/770/PN-I and the recombinant KPI peptide were subsequently 
shown to be potent inhibitors of coagulation Factor IXa (Schmaier et al., 1993). The 
equilibrium inhibition constants (/~) for inhibition of Factor IXa by KPI and 
APPy51/770/PN-II were 1.9x10 -7 M and 7.9x10 -ll M, respectively. Although 
APPy51/770/PN-II inhibits comparably both Factors IXa and XIa (Ki = 7.9x10 ~l M 
and 4.0x10 -~~ M, respectively), the recombinant KPI peptide is a much better 
inhibitor of Factor XIa than of Factor IXa (Ki = 4.5x 10 -l~ M and 1.9• 10 -7 M, respec- 
tively). The large difference between APP75~/y70/PN-II and KPI with respect to inhibi- 
tion of Factor IXa suggests that portions of the APPy5~/yy0/PN-II molecule other than 
the KPI domain are involved in the inhibition of Factor IXa. 

Factor IXa is a component of one of the two enzyme complexes capable of acti- 
vating coagulation Factor Xa, which is ultimately responsible for converting pro- 
thrombin to thrombin. In vitro clotting assays revealed that both APPys~/yy0/PN-II and 
the recombinant KPI peptide were capable of prolonging clotting time approximately 
twofold over pooled normal plasma. The plasma-borne serine protease inhibitor anti- 
thrombin III (AT-III) [believed to be the physiological inhibitor of Factor IXa 
(Rosenberg et al., 1975)] has a second-order association rate constant approximately 
70-fold slower than does APPy51/770/PN-II in the absence of heparin and 95-fold 
slower in the presence of heparin (Schmaier et a/., 1993). 

The potent inhibition of Factors XIa and IXa by APPys~/yy0/PN-II strongly sug- 
gests that this protein influences the activation and maintenance of the coagulation 
cascade (see Figure 2). The rich investment of APPy51/yy0/PN-II and the relative lack 
of thrombomodulin, a potent endothelial anticoagulant protein (Ishii eta/., 1986) in 
brain, suggest that APP751/770/PN-II may function as a critical intracerebral antico- 
agulant (Van Nostrand eta/., 1992b). The physiological significance of Factor IXa in 
the coagulation cascade is based on the spontaneous bleeding disorders (including 
intracerebral haemorrhages) of individuals with deficiencies in this protein (Biggs, 
1974). Interestingly, tissue factor pathway inhibitor (TFPI), another Kunitz-type pro- 
tease inhibitor, has been demonstrated to modulate the activation of coagulation 
Factor Xa by inhibiting Factor VIIa-tissue factor complex (Rao and Rapaport, 1987). 
Thus, APPy5~/770/PN-II would be the second Kunitz-type protease inhibitor impli- 
cated in the modulation of haemostasis. 

9.3.1.3 Identification of an additional domain of APP that displays protease 
inhibitory activity 

In addition to the KPI domain, another domain within the APP molecule has been 
shown to contain protease inhibitory activity. Culture medium from EJ-1 bladder car- 
cinoma cells contains a 100 kDa inhibitor of matrix-degrading metalloproteinases 
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Figure 2 Proposed role of protease nexin-II (PN-II/APP751/770) in controlling the coagula- 
tion cascade in the brain. HMWK, high molecular weight kininogen; PK, prekallikrein. 

(MMPs) (Miyazaki et aL, 1993). The amino-terminal sequence of the purified 100 kDa 
MMP inhibitor was found to be identical to that of APP without the signal peptide. 
The MMP inhibitory domain was localized within the APP molecule by reverse 
zymography of endoproteinase Lys-C-digested APP. A 28 kDa endoproteinase Lys-C 
fragment of APP was shown to retain gelatinase inhibitory activity according to 
reverse zymograph~ Amino-terminal sequence analysis of this 28 kDa fragment (Val- 
Glu-Ser-Leu-Glu-Gln-Glu-Ala) corresponded to amino acids 439-446 of APP 
(according to the APP770 numbering system). This domain is located within the C-ter- 
minal glycosylated region of all secreted isoforms of APP including APP695. One 
member of the MMP family (gelatinase A) was shown to be capable of hydrolysing a 
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synthetic peptide corresponding to amino acids 10-20 of A[3. The hydrolysis occurred 
precisely at the so-called c~-secretase site (Lys 16-Leu 17 of A[3) (Esch et al., 1990; 
Sisodia et aL, 1990), implicating gelatinase A as a candidate for the as yet uncharacter- 
ized ct-secretase enzyme. In addition, the 100 kDa secretory form of APP751/770 pur- 
ified from the medium of the bladder carcinoma cells was found capable of 
competitively inhibiting the gelatinase A-mediated hydrolysis of this peptide (Ki = 40 
nM). Thus, these studies have suggested modulation of MMPs as a potential physio- 
logical role for both KPI-containing and KPI-lacking forms of APP. Confirmation of 
the ability of KPI-lacking forms of APP to inhibit gelatinase A could be provided 
through studies of the inhibitory properties of APP695 or the 28 kDa Lys-C fragment 
of APE 

9.3.2 Growth-promoting functions of APP 

APP is a large molecule with multiple domains, which display a high degree of evolu- 
tionary conservation (Rosen eta/., 1989; Okado and Okamoto, 1992; Daigle and Li, 
1993). Thus, it is not surprising that multiple biological functions have been attributed 
to it. A fundamental biological role proposed for APP concerned its effects on the 
growth rates of cultured cells. Suppression of APP synthesis in cultured cells through 
transfection with a vector driving the expression of an anti-sense APP RNA resulted 
in a dramatically reduced growth rate for a human lung fibroblast cell line (Saitoh et 
al., 1989). These fibroblasts (A-1 lung fibroblasts) returned to a normal growth rate 
after addition of conditioned medium from the parental lung fibroblasts, but not if the 
medium had been passed over an anti-APP affinity column. Purified APP from brain 
tissue was also capable of restoring the growth of these A-1 fibroblasts in a dose-depen- 
dent manner with optimal concentrations occurring in the picomolar range. Normal 
growth rates could be achieved with either APP751/770 or APP695 added exogenously. 

Subsequent studies identified regions of the APP molecule responsible for these 
growth-promoting activities (Roch et al., 1992). Fragments of APP695 spanning differ- 
ent regions of the molecule were produced in an Escherichia coli expression system. The 
largest of these fragments (5 71 amino acids) retained full activity. Two other fragments 
(316 and 150 amino acids), which overlapped by only 40 amino acids in the ectodomain 
near the KPI insertion site, were also functionally active. In addition, a synthetic 40 
amino-acid peptide corresponding to the overlapping region of the 316 and 150 
amino-acid fragments was also shown to be capable of promoting growth in the A-1 
lung fibroblasts. This 40 amino-acid peptide corresponded to amino acids 296-335 of 
APP695. A battery of synthetic and recombinant peptides within this region of APP695 
was tested for growth-promoting activities in cultured A-1 fibroblasts (Ninomiya et al., 
1993). A pentapeptide (RERMS) localized within this functional domain (amino acids 
328-332 of APP695) was found to harbour the majority of this activity. The reverse 
sequence of this peptide was found to have no activity. Inactive peptides, which only 
partially overlapped the active sequence RERMS, were shown to be capable of antag- 
onizing the growth-promoting activity of RERMS, suggesting that an interaction of 
APP with specific cell surface molecules was responsible for this activity. 
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A related property of APP is based on its ability to stimulate adhesion of 
phaeochromocytoma cells (PC 12 cells) to cell substratum (Schubert et al., 1989). 
Highly purified soluble derivatives of APP695 and APP751, at subpicomolar concentra- 
tions, were approximately tenfold better than laminin at stimulating PC 12 cell adhe- 
sion in short-term adhesion assays. These studies suggest that APPs fall into the class 
of adhesion molecules that mediate the binding of cells to the extracellular matrix. In 
addition to stimulating the adhesion of PC 12 cells to substratum, both soluble and 
membrane-bound forms of APP (10-100 ng/ml) were capable of increasing neurite 
length and branching of PC 12 cells (Milward et al., 1992). In these same studies, 
higher concentrations of either membrane-associated or soluble APP (500 ng/ml) 
were cytotoxic to these cells. Subsequent studies suggested that the effects of APP on 
neurite outgrowth in cultures of chick sympathetic and mouse hippocampal neurons 
required an interaction with substratum-bound heparin sulphate proteoglycans 
(HSPGs) (Small et al., 1994). These investigators also identified a potential heparin- 
binding region on APP close to the amino terminus. APP has also been shown to be 
the same as LBP110, a 110 kDa membrane-associated laminin-binding protein 
(Kibbey et al., 1993). APP binds specifically to a pentapeptide of the laminin A chain 
and is up-regulated as migrating neural crest cells come into contact with laminin. 
This further demonstrates the involvement of APP with neurite outgrowth and neuro- 
nal cell migration (Pomeranz et al., 1993). Taken together, these growth-promoting 
and cell-adhesive properties of APP suggest that it may play a role in the develop- 
mental and synaptic plasticity of the nervous system that occurs under a variety of 
physiological and pathophysiological conditions. 

9.3.3 Neuroprotect ive funct ions of APP 

The early observation that nerve growth factor (NGF) caused an increase in APP 
mRNA expression in the septal nuclei of the hamster suggested a role for APP in syn- 
aptogenesis (Mobley et al., 1988). Subsequent studies showed that expression of APP 
is dramatically increased following an intracerebroventricular injection of the neuro- 
toxin kainic acid (Siman et al., 1989). The neuronal damage was accompanied by a 
long-lasting induction of APP expression mediated by reactive astrocytes. APP is 
increased in the rat cerebral cortex following N-methyl-D-aspartate (NMDA)-induced 
unilateral lesions of the nucleus basalis of Meynert (Wallace et al., 1993). In addition, 
subcortical lesions of the cortically projecting noradrenergic and serotonergic systems 
similarly induced cortical APP expression. CNS insults such as head trauma and cere- 
bral ischaemia alter APP expression (Abe et al., 1991; Stephenson et al., 1992; 
Gentleman et al., 1993), however, general central nervous system perturbations (i.e. 
adrenalectomy or streptozotocin treatment), which do not involve neurotransmitter 
deficits, fail to induce APP expression (Wallace et al., 1993). This suggests a role for 
APP in interneuronal communications. 

Some of the more compelling evidence thus far in support ofa neuroprotective role 
for APP comes from experiments concerning the effects of secreted forms of APP 
(APP695 and APP751) on neuronal survival in cultured cell systems (Mattson et al., 1993; 
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Mattson, 1994). In these studies, rat hippocampal and septal neurons, as well as human 
cortical neurons, were exposed to hypoglycaemic conditions for prolonged periods of 
time. Neurons are normally unable to survive these hypoglycaemic conditions, 
however, when the neurons were treated with nanomolar concentrations of secreted 
APP695 or APP751, a highly significant percentage of the neurons survived. The extent 
of neuronal survival Correlated with the exogenously administered APP concentra- 
tions in the range of 10 pM to 100 nM. The neuroprotective activities exhibited by the 
secreted APP695 and APP751 isoforms appear to reside in a region just amino-terminal 
to the A[3 region (see Figure 1) based on studies using a panel ofpeptide-specific anti- 
bodies. A specific monoclonal antibody (epitope amino acids 444-592 of APP695) pre- 
vented the neuroprotective effects of secreted APP695 and APP751. Antibodies to other 
regions of APP were not capable of inhibiting the neuroprotective activities. 

The ability of secreted APP695 and APP751 isoforms to prevent the hypoglycaemia- 
induced neuronal cell death appeared to be related to their effects on intracellular 
calcium concentrations [Ca2+]i. Concentrations of secreted APP695 or APP751 as low as 
1 pM significantly reduced [Ca2+]i in resting hippocampal pyramidal neurons. 
Nanomolar concentrations of secreted APP695 or APP751 prevented the threefold 
increase in [Ca2+]i that accompanied hypoglycaemic insults to hippocampal pyrami- 
dal neurons. In addition, nanomolar concentrations of secreted APP695 or APP751 pre- 
vented neuronal cell death in hippocampal cultures normally elicited by high 
concentrations (100-200 ~tM) of glutamate. 

These neuroprotective activities of secreted APP isoforms, which apparently result 
from their ability to control intracellular calcium ion concentrations, are analogous to 
effects elicited by other neuronal growth factors such as nerve growth factor and basic 
fibroblast growth factor. Taken together, the studies demonstrating the ability of APP 
to support the growth of cultured cells, to promote adhesion and neurite extension of 
cultured neurons, and to protect them from environmental insults, shed new light on 
the potential biological role(s) of this protein. 

9.4 Conclusions 

APP has evolved from literally being the precursor of a pathological peptide (A[3) into 
a molecule with potentially diverse biological functions. The initial cloning of a cDNA 
encoding APP revealed primary structural homology to a single membrane-spanning 
cell surface receptor (Kang et al., 1987). Although to date there has been no ligand 
found to support this notion, a recent report has shown that a region of the APP cyto- 
plasmic sequence forms a specific complex with Go, a major GTP-binding protein in 
brain (Nishimoto et aL, 1993). Future studies may indeed demonstrate that APP is 
involved in the transportation of some very critical molecule(s). 

The identification of APP isoforms containing a Kunitz-type protease inhibitor 
domain (APP751 and APPy70) led to the discoveries that APP751/770 can modulate two 
key pro-coagulant enzymes better than any physiological protease inhibitors known, 
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thus providing the first unequivocal biological function attributed to this molecule. 
Potential physiological role(s) for the APP695 isoform, although extremely exciting, 
appear to be at this stage somewhat more speculative; however, the rich investment of 
this particular isoform in human brain will no doubt lead to findings which have a 
major impact on neuroscience. Finally, the intimate association of this molecule with 
the hallmark pathological lesions of AD will continue to demand intense scientific 
attention. 
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10.1 Introduction 

Alzheimer's disease (AD), the most common dementing disorder of late life, is a 
major cause of disability and death in the elderly (McKhann et aL, 1984; 
Khachaturian, 1985; Evans et aL, 1989). The disease is manifested by the appearance 
of abnormalities in the brain, particularly involving the hippocampus, amygdala, 
thalamus and neocortex. Lesions in these regions are associated with dysfunc- 
tion/death of neurons and deafferentation of targets ~hitehouse et aL, 1982; 
Hyman et al., 1984; Arnold et al., 1991; Braak and Braak, 1991 a, b; Terry et al., 199 l). 
The principal pathological hallmarks of AD are deposits of the amyloid [3-protein 
(A[3) in extracellular parenchyma and cerebral vessels, and neurofibrillary tangles 
(NFT). This review focuses on the biology of the amyloid [3-protein precursor (APP) 
as studied in vitro, with an emphasis on mechanisms relevant to the generation and 
deposition of A[3, and studies of animal models, particularly the aged nonhuman 
primate. 
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10.2 Biology of APP and AI3 

10.2.1 In vitro s tud ies  o f  APP and AI3 

A principal hallmark of AD is the presence of deposits of A[3 in parenchyma, partic- 
ularly in the hippocampus and neocortex. Extracellular A[3 deposits are generally 
associated with neurites in senile plaques (Glenner and Wong, 1984; Masters et al., 
1985a, b; Selkoe et al., 1987; Probst et al., 1991) but are also present in pre-amyloid 
deposits and within the walls of leptomeningeal and cerebral vessels (Selkoe et al., 
1987; Martin et al., 1991). 

A[3, a 39-43 amino-acid peptide, is comprised of 11-15 amino acids of the trans- 
membrane domain and 28 amino acids of the extracellular domain of the larger APP 
(Kang et al., 1987; Kitaguchi et al., 1988; Ponte et al., 1988; Tanzi et aL, 1988). The 
APP gene, encompassing-400 kilobases of DNA (Lamb et al., 1993), gives rise to alter- 
natively spliced APP mRNAs that encode A[3-containing proteins of 695, 714, 751, 
and 770 amino acids (Kang etal., 1987; Kitaguchi etal., 1988; Ponte etal., 1988; Tanzi 
et al., 1988). APP is matured through the constitutive secretory pathway and is mod- 
ified by the addition of both N- and O-linked carbohydrates, phosphate, and sulfate 
moieties (Oltersdorf et al., 1989; Weidemann et al., 1989; Hung and Selkoe, 1994). 
Varying levels of newly synthesized APP molecules appear at the cell surface 
(Weidemann et al., 1989; Haass et al., 1992a; Sisodia, 1992); some of these molecules 
are cleaved endoproteolytically by APP 'ot-secretase' within the A[3 sequence (Esch et 
al., 1990; Sisodia et al., 1990; Anderson et al., 1991; Wang et al., 1991) to release the 
ectodomain of APP, including residues 1-16 of A[3, into the medium. Thus, APP 
cleavage within the A[3 domain precludes the formation of A[3. 

The presence of secreted APP isoforms that contain A[3 epitopes in cerebrospinal 
fluid suggests that similar processing events occur in vivo (Palmert et al., 1989a, b, 1990; 
Weidemann et al., 1989). A fraction of cell-surface APP is also internalized and 
degraded via endosomal-lysosomal pathways (Cole et al., 1989; Golde et al., 1992; 
Haass et al., 1992a). Processing via the endosomal-lysosomal pathway results in the 
production of fragments that contain the entire A~ region and APP C-terminus and 
are, hence, potentially amyloidogenic (Golde et al., 1992; Haass et al., 1992a). Recent 
reports indicate that peptides similar to A[3 ([31-40) and truncated forms of A]3 
([317-40) are secreted constitutively by primary and tissue culture cells (Haass et al., 
1992b; Seubert et al., 1992; Shoji et al., 1992; Busciglio et al., 1993) and are present in 
cerebrospinal fluid (Shoji et al., 1992; Seubert et al., 1993). The cellular and molecu- 
lar mechanisms of A~ generation are not clearly understood, but several recent studies 
have shed some light on the process. For example, despite excitement created by the 
discovery of potential amyloidogenic fragments generated in endosomal-lysosomal 
pathways, several lines of evidence now suggest that the lysosomal degradation of APP 
is unlikely to contribute to the production of A[3. Kinetic studies show that: AI3 is 
released in parallel to APPs (Busciglio et al., 1993; Haass et al., 1993); A[3 is not detected 
in purified lysosomes (Haass et al., 1992 b); A[3 production is not inhibited by leu- 
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peptin, an inhibitor of lysosomal protease function (Haass et at,  1992b); and, finally, 
AI3 is released by cultured fibroblasts from patients with I-cell disease, in which pro- 
teases fail to target to lysosomes (Haass et al., 1993). However, agents that interfere 
with pH gradients (i.e. ammonium chloride and chloroquine) inhibit the production 
of A[3 (Haass et aL, 1992b; Shoji et aL, 1992), suggesting that AI3 may be generated in 
acidic compartments (i.e. endosomes or late Golgi). Furthermore, diminished levels 
of soluble A[3 are released from cells that express APP deleted of the entire cytoplasmic 
tail (APPAC) (Citron et al., 1992; Haass et al., 1993). These results suggest indirectly 
that the reinternalization of APP from the cell surface may favour the generation of 
AI3. Studies showing A[3 generation from surface-labelled APP support this model 
(Koo, 1993; Koo and Squazzo, 1994). Although these studies suggest that A[5 may be 
produced and released in vitro and in vivo, the relationship of these A[3-related frag- 
ments to deposits of A[3 isolated from AD (which is principally 42-43 amino acids) is 
not clear (see below). 

10.2.2 APP mu ta t i ons  

Autosomal dominant linkage to missense mutations of APP has been demonstrated in 
a relatively small subset of patients with early-onset familial AD (Goate et aL, 1991; 
Mullan et al., 1992). In--12 early-onset pedigrees, missense mutations generated 
amino-acid substitutions at residue 717 (ofAPPy70) within the transmembrane domain 
of APP (Chartier-Harlin et al., 1991; Goate eta/., 1991; Naruse eta/., 1991). In one 
newly described family with a mutation at codon 692 of APP that resulted in a 
Gly-Ala substitution, biopsies from affected individuals disclosed diffuse deposits of 
A[5, congophilic angiopathy, and scattered senile plaques but no NFT (Hendricks et 
al., 1992). Finall~ in two large, related families from Sweden (Mullan et al., 1992), a 
double mutation at codons 670 and 671 that resulted in the substitution of Lys-Met 
to Asn-Leu was linked to early-onset AD. 

Cellular transfection approaches have provided considerable insight regarding the 
mechanism whereby mutations in APP affect the processing of the precursor protein 
and contribute to A[5 production. For example, tissue culture cells expressing APP har- 
bouring the 'Swedish' substitutions secrete higher levels of A[3-containing peptides as 
compared to cells expressing wild-type constructs (Citron et al., 1992; Cai et al., 1993). 
Additional studies of cells that express APP harbouring the Ala-Gly substitution at 
amino acid 692 (Hendricks et aL, 1992) reveal that ot-secretase processing of this 
mutant polypeptide is inefficient and that secreted A[3 species exhibit considerable 
microheterogeneity including the appearance of more hydrophic species (Haass et al., 
1994). Finally, recent studies have demonstrated that cells expressing APP harbour- 
ing '717' substitutions do not appear to secrete higher levels of A[3 but, rather, secrete 
a higher fraction of longer A[3 peptides (i.e. extending to A[3 residue 42) relative to 
cells that express wild-type APP (Suzuki et a/., 1994). Furthermore, because cells that 
express APP harbouring the Swedish mutation secrete higher levels of A[~, the level of 
secreted A[31-42 peptides increases accordingly (Suzuki et al., 1994). The finding that 
APP harbouring 717 mutations is processed to generate higher levels of longer AI3 
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peptides is of considerable interest, because recent physicochemical studies have indi- 
cated that amyloid formation is a nucleation-dependent phenomenon and that the C- 
terminus may be a critical determinant of the rate of amyloid formation (Jarrett and 
Lansbury, 1993; Jarrett et al., 1993). These studies argue that A~1-42 and/or 
A[31-43, rather than A[31-40, may be the pathogenic proteins in AD. It is possible 
that the formation of A[31-40 can be 'seeded' by trace amounts of A[31-42 fibrils 
(Jarrett and Lansbury; Jarrett et al., 1993). In any event, the observation that APP 
mutations in early-onset familial AD invariably flank the A~ sequence suggests that 
altered processing of APP is central to the formation of amyloid in these individuals 
(see below). In support of the latter physicochemical studies, elegant 
immunocytochemical studies of human AD cortex performed with antibodies 
uniquely specific for A~ 1-40 or A[31-42 revealed that A[3-deposition most likely 
begins with A[~ 1-42(43) and not with A[~ 1-40 (Iwatsubo et al., 1994). 

10.3 Animal models of AD 

10.3.1 A g e d  n o n h u m a n  p r i m a t e s  

Aged nonhuman primates develop age-associated impairments in performance on 
cognitive and memory tasks early in the third decade of life (Presty et al., 1987; Rapp 
and Amaral, 1989, 1991; Bachevalier et al., 1991). These impairments in performance 
on specific behavioural tasks are thought to be associated, in individual animals, with 
the deposition of A[~ (Wisniewski and Terry, 1973; Struble et al., 1985; Selkoe et al., 
1987) and the formation of neurites (Struble et al., 1982; Kitt et al., 1984; Cork et al., 
! 990; Martin et al., 1991). In many old animals, AI3 appears as diffuse deposits, in the 
cores of senile plaques, and around blood vessels (Wisniewski and Terry, 1973; Struble 
etal.,  1982, 1985; Selkoe etal., 1987; Walker etal.,  1987, 1988, 1990; Abraham etal.,  
1989; Cork et al., 1990). The earliest lesions in the parenchyma are the presence of 
slightly enlarged neurites (i.e. distal axons, nerve terminals, and dendrites) and pre- 
amyloid deposits (Struble et al., 1982, 1985; Selkoe et al., 1987; Walker et al., 1988; 
Cork et al., 1990; Martin et al., 1991). Neurites often contain membranous elements, 
mitochondria (some degenerating), lysosomes, APP, phosphorylated neurofilaments, 
synaptophysin and transmitter markers (Martin et al., 1991). In individual plaques, 
APP- and synaptophysin-immunoreactive neurites are often surrounded by a halo of 
distorted neuropil and A[3 immunoreactivity (Martin et al., 1991). The presence of 
APP-like immunoreactivity in neuronal perikarya, axons and neurites within A[3-con- 
taining plaques suggests that neurons can serve as one source for some A[3 deposits. 
In addition, the proximity of A[3 to reactive astrocytes and microglia, and to vascular 
cells suggests that these populations of nonneuronal cells may participate in the 
formation of AI3 (Abraham et al., 1988, 1989; Wisniewski et al., 1989; Wegiel and 
Wisniewski, 1990; Koo et al., 1991; Wisniewski and Wegiel, 1991; Strittmatter et al., 
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1993). Neurites appear to represent disconnected axons and swollen dendrites. 
Research focusing on A[3 amyloidogenesis has focused upon understanding the inter- 
actions of cells (i.e. neurons, astroglia, astrocytes and vascular cells), colocalized pro- 
teins [i.e. Otl-antichymotrypsin (Abraham et al., 1988, 1989; Pasternack et al., 1989; 
Koo et al., 1991), apolipoprotein E (Strittmatter et al., 1993)], SP40,40 (apolipoprotein 
J) (Ghiso et al., 1993), and constituents of the complement cascade (McGeer et al., 
1989; Johnson et al., 1992). 

10.3.2 Transgenic mice 

Transgenic approaches can directly test whether the expression of exogenous wild- 
type or mutant APP, or the expression of A[3-containing fragments, is involved in the 
pathogenesis of AD-type abnormalities. Over the past few years, several groups have 
attempted to produce mice with A[3 deposits using cDNA and yeast artificial chromo- 
some (YAC)-based transgenic technologies. Some of these efforts are reviewed below. 
Unfortunately, although a variety of transgenic lines have been developed, with one 
possible exception (Quon et al., 1991), these animals have not developed the brain 
abnormalities characteristic of AD. Initial transgenic studies (Wirak et al., 1991) 
attempted to overexpress the human A[3 peptide or the C-terminal 100 amino acids 
of APP (Kawabata et al., 1991). In the first of these studies (Wirak et al., 1991), clusters 
of A[3-immunoreactive structures were visualized in the hippocampus, but subsequent 
analyses (Jucker et al., 1992) revealed that these lesions were age-related intracyto- 
plasmic inclusions that occur independently of the transgene. In the second study 
(Kawabata et al., 1991), animals were reported to show neuritic plaques, NFT, amyloid 
deposition and neuronal degeneration. However, failure to replicate the initial neuro- 
pathological abnormalities resulted in retraction of this paper (Kawabata et al., 1992). 
More recently, animals with a transgene encoding the C-terminal 100 amino acids of 
APP, driven by the brain dystrophin promotor, were reported to develop A[3- 
immunoreactive deposits in cell bodies and neuropil as well as abnormal neurites and 
neuronal degeneration (Kammesheidt et al., 1992). However, failure to document 
transgene-derived polypeptide expression in these animals limits interpretation of the 
reported pathology. 

On the basis of in situ hybridization studies that indicated an increase in levels of 
transcripts encoding APP751 in hippocampal neurons in AD (Johnson et al., 1990), 
several investigators have attempted to produce transgenic mice that overexpress 
human APP751 in brain. The initial report describing transgenic mice expressing 
APP751 (Quon et al., 1991) showed poorly resolved extracellular A[3 deposits and A68- 
immunoreactive processes in cortex. However, the authors provided no information 
pertaining to the absolute levels of transgene-derived mRNA or polypeptide prod- 
ucts relative to endogenous species. Moreover, to date, these brain abnormalities 
have not been reproduced by other laboratories using transgenic approaches with 
similar constructs. More recent studies from this group (Higgins et al., 1994) report 
that the murine deposits closely resemble the pre-amyloid deposits in the brains of 
young adults with Down's syndrome or patients with early-stage AD. The authors 
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utilized a human A[3-specific antibody and several other A[3 antibodies to visualize 
the diffuse deposits. In the absence of peptide competition studies or other biochem- 
ical controls for specificity of the immunological reagents, and without documenta- 
tion oftransgene expression levels, it has been difficult to interpret the significance of 
the study. 

The finding that several missense mutations in APP are genetically linked to pedi- 
grees with early-onset AD has led investigators to assess the phenotype of transgenic 
mice that overexpress mutant APP. In one such study, transgene encoding myc 
epitope-tagged human APP695 (HuAPP695myc) or HuAPP695myc harbouring the APP717 
mutation were placed under the transcriptional control of the hamster prion gene 
(PrP) promoter (Scott et al., 1992), and several lines of transgenic mice were generated 
with these constructs. No developmental or pathological abnormalities were evident 
in 'wild-type' animals despite abundant HuAPP695myc expression in all neurons of the 
central nervous system; the level of total APP was elevated -2.5-fold in wild-type lines. 
Remarkably, mice that expressed mutant APP at levels similar to or slightly higher 
than wild-type expressers showed markedly reduced life spans (50-100 days). Death 
was not preceded by wasting, could not be attributed to a specific inju~ and was not 
accompanied by A[3 plaques or NFT (Borchelt et al., 1994; Hsiao et al., 1994). The 
biochemical or physiological bases for the premature death phenotype are presently 
uncertain. 

The overexpression of APP, as occurs in individuals with Downs's syndrome, is 
thought to lead to the premature deposition of A[3 in the brain (Glenner and Wong, 
1984; Masters et al., 1985a, b; Giaccone et al., 1989; Rumble et al., 1989; Cork et al., 
1990). To mimic the trisomic APP dosage imbalance observed in individuals with 
Down's syndrome, a YAC containing-650 kilobases of human genomic DNA, includ- 
ing the APP gene, was transfected into embryonic stem (ES) cells (Lamb et al., 1993). 
ES cells that contain stably integrated YAC DNA were microinjected into mouse blas- 
tocysts and chimeric mice were generated. After breeding, it was established that 
human APP sequences were transmitted to the mouse germline. Furthermore, human 
APP mRNA is actively transcribed in mouse tissue and the splicing pattern of human 
APP transcripts in transgenic mouse tissue mirrored the endogenous pattern of alter- 
natively spliced mRNA. Using antibodies specific for human APP, Western blot analy- 
sis of transgenic mouse brain extracts revealed that human APP contributed -40% of 
total APP levels. No AD-type pathology was demonstrable in young (<2 months) 
animals. Furthermore, no pathology has been observed in animals as old as 14 months 
(Kitt, C.A., Lamb, B.T., Price, D.L. and Gearhart, J.D., unpublished observations). 
Ongoing additional breeding approaches are intended to increase human APP gene 
copy number and, hence, APP levels. The YAC-ES strategy can be used to introduce 
modified human APP YAC that encode familial AD mutations into the mouse 
germline and to determine whether the presence of these mutations predisposes to A[3 
deposition and, possibly, other brain abnormalities that occur in individuals with AD. 
Moreover, these mice produced by transgenic strategies will allow analyses of the 
sequential biochemical, cellular and molecular pathologies characteristic of early- 
onset familial AD. 
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11.1 Introduction 

At a psychiatric meeting in southwestern Germany on 3-4 November 1906, Alois 
Alzheimer reported clinicopathological findings in a woman who developed demen- 
tia at age 51 years. Publication of the case report the following year (Alzheimer, 1907) 
led to lively debates concerning functional versus organic bases for mental illnesses 
(Torack, 1979) and whether 'senium praecox', later designated as Alzheimer's disease, 
was an entity distinct from senile dementia (Bick, 1994). Underlying these arguments 
were uncertainties about the relationship of senile plaques and neurofibrillary tangles, 
the neuropathological lesions reported by Alzheimer, to the clinical symptoms seen in 
dementing disease and in ageing. Lacking a clear understanding of the pathogenetic 
role and disease specificity of these abnormalities, Alzheimer cogently predicted 
that in mental diseases, ' . . .  histological examination must be effected to determine 
the characteristics of each single case. We must reach the stage in which the vast 
well-known disease groups must be subdivided into many smaller groups, each with 
its own clinical and anatomical characteristics.' (Alzheimer, 1907; translation in 
Bick and Amaducci, 1989). Almost 90 years later, the central question encountered 
by Alzheimer and his contemporaries of how plaques and tangles relate to basic 
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mechanisms of Alzheimer's disease (AD) and its features still is unresolved. After 
reviewing the clinical phenotype of AD, this chapter will discuss the importance of 
plaques and tangles for the histopathological diagnosis of the disorder and their 
correlation with dementia severity and other clinical features of AD. 

11.2 Clinical phenotype 

The clinical features of AD are pleiomorphic and in the early stages overlap the 
changes associated with normal ageing. In the absence of a validated biological 
marker for the disease, clinical diagnosis rests first on establishing the presence of 
dementia. The probability that dementia is caused by AD then is determined by the 
exclusion of other known causes of dementia and by the degree to which the clinical 
presentation and course are characteristic of known cases of AD. 

11.2.1 Differentiation of dementia from ageing: clinical 
distinctions 

Dementia is a symptom of brain dysfunction and can be caused by many factors. It is 
defined as 'the development of multiple cognitive deficits that include memory 
impairment and at least one of the following cognitive disturbances: aphasia, apraxia, 
agnosia or a disturbance in executive functioning' (American Psychiatric Association, 
1994). Operationally, a demented person performs everyday activities less well than 
before because of diminished cognitive ability. 

Diagnosis of dementia often is greatly facilitated by information provided by a col- 
lateral source, generally the spouse or adult child of the patient, who can address 
changes in the patient's cognitive function. The level of premorbid cognitive per- 
formance may vary greatly among individuals because of differences in native intelli- 
gence, educational attainment and accustomed cognitive demand (e.g. demand 
generally is greater for patients who are still employed versus those who have retired). 
Although clinical and neuropsychological procedures can quantify cognitive function 
at the time of examination, a collateral source can best provide the historical observa- 
tions of how function has changed relative to past performance. Collateral source 
information about these changes can be sensitive to even very mild impairment 
(Morris et al., 1991; Koss et al., 1993) and can be more reliable than the patient's own 
memory complaints, which tend to correlate better with personality traits and depres- 
sion than with dementia (Jorm, 1988; Bolla et al., 1991; Hanninen et al., 1994). It has 
been stated that 'the patient's self-report of cognitive function bears no relation to cog- 
nitive performance whereas the informant's judgement provides a reliable guide' 
(Evans, 1988). 

Quantitative measures of cognitive performance are used to: (i) provide objective 
documentation of impaired cognition and thus support the clinical judgement that 
dementia is present; (ii) longitudinally assess cognitive changes; and (iii) identify pat- 
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terns of selective cognitive deficits for elucidation of brain-behaviour relationships. 
Brief cognitive tests allow the rapid assessment of a limited number of cognitive 
domains for screening and follow-up purposes. Commonly used brief measures 
include the informant-based Dementia Scale of Blessed and colleagues (Blessed et al., 
1968), the Information-Memory-Concentration test of the patient in both its origi- 
nal (Blessed et al., 1968) and shortened (Katzman et al., 1983) versions, and the Mini- 
Mental State (Folstein et al., 1975). Full-scale neuropsychological batteries 
systematically evaluate the major cognitive functions affected by dementia: primary 
and secondary memory (verbal and nonverbal), language, visuospatial function, 
problem solving and sequencing ability, attention and psychomotor performance, 
including timed tasks (Salmon and Butters, 1992; Schmitt and Sano, 1994). 
Quantitative cognitive measures, however, are limited by several factors, including the 
influence of age (Rubin et al., 1993), and race, ethnicity and education (Tombaugh and 
McIntyre, 1992). Moreover, they may be insensitive to very mild stages of dementia 
where substantial individual variability in performance overlaps the distributions of 
normal elderly persons (Storandt and Hill, 1989; Hansen et al., 1988; Morris et al., 
1991). The diagnosis of dementia, therefore, is based on the informant-based clinical 

judgement that cognitive decline is sufficient to interfere with everyday functioning 
and not simply on cognitive test performance. 

As noted above, cognitive changes associated with normal ageing can complicate 
the diagnosis of dementia, particularly in its mildest forms. The distinction is further 
compounded by heteroscedastici~, or the wide individual variation among elderly 
persons in physiological and psychological function (Rubin et al., 1993; Morse, 1993), 
and by the relative paucity of prospective comprehensive studies of intellectual func- 
tion with age. Lifestyle influences (e.g. exercise) and cohort effects (secular differences, 
such as nutrition, in generations) can further blur consideration of what is truly 
normal for age. A pertinent factor in the interpretation of longitudinal data from 
control research participants is selective attrition, in which 'at risk' subjects are pro- 
gressively less likely to be available for evaluation; the residual sample increasingly 
consists of'supernormals' (Perls et al., 1993). The terms 'usual' and 'successful' ageing 
have been suggested to partially address this issue and differentiate persons with little 
or no loss of function ('successful ageing') from those with clinically evident age-asso- 
ciated changes, such as arthritis or mild cognitive deficits ('usual ageing') (Rowe and 
Kahn, 1987). The difficulty in defining a 'normal' range of performance in older 
adults is reflected in the statement that 'to draw a distinction between disease and 
normal ageing is to attempt to separate the undefined from the undefinable' (Evans, 
1988). 

With the above caveats in mind, normal ageing generally is characterized by 
decline in some aspects of cognition but not in others (Craik, 1991). Measures of 
secondary memory or 'learning' typically show age-related deterioration, particu- 
larly when retrieval of the learned material (e.g. a person's name) is self-initiated. 
Use of environmental guides or other cues can minimize this deficit (Petersen et al., 
1992; Verhaeghen et al., 1993), which has been interpreted as reflecting an age- 
related reduction in cerebral processing resources needed for encoding and retrieval 
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of information (Craik, 1991). This interpretation is consistent with an adverse 
effect of age on 'working memory', in which certain information must be 'held' in 
memory during performance of another cognitive activi~. Increasing age may be 
associated with progressive reductions in the pool of processing resources needed to 
maintain the desired information during the competing task (Salthouse and 
Skovronek, 1992). Additional deficits with age are seen for divided attention, visuo- 
spatial abilities, language and psychomotor speed (Howieson et aL, 1993; Rubin et al., 
1993), but tasks of primary memory ('immediate' memo~, where the material to be 
assessed remains in conscious awareness), implicit memory (unconscious memory, 
such as priming) and remote memory (for facts or events of years ago) are relatively 
unaffected by age. 

In intellectually healthy older adults, age-associated decrements in secondary 
(recall) and working memory correspond to complaints of poor retrieval of names of 
familiar persons and limited capacity to keep several things in mind simultaneously 
('I forgot what I came here to get'). These changes may be more apparent with 
increased extraneous demands on resources (job, family, social activities); typically, the 
items to be recalled are trivial and have merited little attention or emotional charge. 
These age-associated changes generally do not interfere substantively with everyday 
life, especially when compensatory strategies (e.g. making lists) are used. Self-reported 
memory complaints of normal older persons usually are not associated with pro- 
gressive cognitive decline (Flicker et al., 1993). The neurobiological basis for senescent 
memory changes may be neuronal degeneration in the hippocampus, entorhinal 
cortex and other medial temporal lobe regions. These structures have been implicated 
in both normal and disordered memory function (Hyman et aL, 1990; Squire and 
Zola-Morgan, 1991). 

11.2.2 Clinical diagnostic criteria for dementia of the Alzheimer 
t ype  

Standardization of diagnostic criteria for AD has notably improved diagnostic accu- 
racy and allowed meaningful comparison of results from therapeutic trials and other 
clinical investigations. In the United States, two compatible sets of clinical criteria 
have been widely used. The Work Group convened by the National Institute of 
Neurological and Communicative Disorders and Stroke (NINCDS) and the 
Alzheimer's Disease and Related Disorders Association (ADRDA) published criteria 
in 1984 that established three levels of confidence for the diagnosis ofAD (McKhann 
et al., 1984). In a person with dementia (defined as documented deficits in at least two 
cognitive areas in an alert patient), probable AD is present 'if there is a typical insidious 
onset of dementia with progression and if there are no other systemic or brain diseases 
that could account for the progressive memory and other cognitive deficits' 
(McKhann et al., 1984). Possible AD is diagnosed when there are variations in the 
presentation or course of dementia, such as early and disproportionate language 
disturbance, or when another potentially dementing disorder (e.g. stroke) is present 
but is not believed to be responsible for the dementia. D~nite AD is reserved for prob- 
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able AD patients in whom the histopathological lesions of AD are confirmed by biopsy 
or autopsy. The NINCDS-ADRDA criteria for probable AD are similar to revised 
criteria for dementia of the Alzheimer type (DAT) as recently published in the 
Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV) (American 
Psychiatric Association, 1994). In patients in whom other causes of dementia have 
been ruled out, DAT is defined as the gradual onset and progression of cognitive 
deficits, including memory impairment, sufficiently severe to 'cause significant 
impairment in social or occupational functioning and represent a decline from a pre- 
vious level of functioning' (American Psychiatric Association, 1994). In a demented 
person without known cause, the salient clinical diagnostic feature for AD in both 
the NINCDS-ADRDA and DSM-IV criteria is the gradual onset and progression of 
dementia. 

With the recognition that the two terms largely are interchangeable, for simplicity 
and consistency 'DAT' rather than 'probable AD' is chosen here to designate the clin- 
ical syndrome of AD. 

11.2.3 Phenomenology of DAT 

In addition to gradual onset and progression of dementia, other clinical features also 
are characteristic of DAT. A description of the usual picture must be tempered, 
however, by acknowledging that the manifestations of the disorder are rich and varied 
and can result in markedly different presentations and rates of progression in indi- 
vidual patients. 

Memory impairment is the cardinal symptom of DAT. Minor forgetfulness begins 
so insidiously that it is difficult, even in retrospect, to date the onset precisely. It often 
takes several years for the memory changes to interfere sufficiently with everyday 
functioning and to be recognized by the family as serious enough to warrant evalua- 
tion. Common examples of mild memory impairment are the failure to recall details 
of recent conversations or events, misplacement of items without independent 
retrieval, and repetition of statements or questions. These examples indicate that 
there is an early defect in the acquisition and retrieval of new information, at least for 
events and facts. Temporal and geographical disorientation also is common in this 
stage and the patient may need directions to find even familiar locations. As demen- 
tia progresses, recent events are rapidly forgotten, sometimes within minutes of their 
occurrence, and recall of highly learned material (e.g. relationships of spouses or rel- 
atives) also is impaired such that not only is there an inability to process new informa- 
tion but stored memories eventually deteriorate as well. 

Executive functioning, or the ability to inhibit inappropriate responses and select 
key information and behaviours for action (Oscar-Berman et al., 1991) often is 
affected early in DAT, and results in poor judgement and problem solving. Inability 
to operate appliances (especially those that are complicated or new), increased dis- 
tractibili~, inappropriate or disinhibited behaviours, and reduced or absent insight 
(including into the presence of dementia) are common manifestations of the dysex- 
ecutive syndrome. Related symptoms include personality changes such as passivi~, 
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disinterest and withdrawal (Rubin et aL, 1987; Bozzola et aL, 1992). Impaired ability 
for calculations is manifested by difficulty in balancing the cheque book, figuring a 
tip and making change. Word-finding difficulty, hesitancy of speech and diminished 
verbal output are among the language disturbances associated with the early stages 
of DAT. Visuospatial dysfunction can also occur and may compound geographical 
disorientation. 

With progression of DAT, day-night disorientation and other troublesome 
behaviours complicate the clinical picture. Restlessness and wandering, aggression 
(verbal and physical), suspiciousness, delusions (e.g. belief that misplaced items 
were stolen; accusations of spousal infidelity), and occasionally visual and auditory 
hallucinations can be very disruptive (Swearer et al., 1988; Teri et al., 1989; Lachs 
et al., 1992) and may prompt institutionalization. As dementia progresses, language 
deteriorates further with impaired comprehension of written and spoken language, 
paraphasic errors and dysgraphia (Cummings et al., 1985; Faber-Langendoen et al., 
1988). It is difficult for the patient to accomplish even simple tasks, such as washing 
dishes or setting the table, and increasing dependence on others occurs for 
performance of basic care functions such as dressing, eating, personal hygiene and 
toileting. With advanced DAT only fragments of memory remain, language 
declines to near mutism, and urinary and then faecal incontinence is present. 
Eventually, total dependence on caregivers is the rule. The terminal stage is 
marked by a bedridden, uncomprehending, vegetative state with swallowing diffi- 
culties and weight loss. Death usually results from inanition, aspiration, or com- 
plicating illnesses such as pulmonary embolus, pneumonia or urosepsis. Although 
highly variable, the total duration of DAT from onset until death averages 8-10 
years (Walsh et aL, 1990). 

Many aspects of DAT display a clear stage dependency. For example, disordered 
language increases in prevalence with dementia severity (Faber-Langendoen et al., 
1988), behavioural disturbances most often occur in moderate, as opposed to mild or 
severe, DAT (Drevets and Rubin, 1989), and many motor complications, including 
falls (Morris et al., 1987), extrapyramidal dysfunction (Morris et al., 1989; Chui et al., 
1994), and generalized seizures (Romanelli et aL, 1990), develop with increasing sever- 
ity of dementia. Several clinical staging instruments provide a global rating of demen- 
tia severity and serve as meaningful measures of cognitive disability over the full range 
of DAT, in part because they are less subject to 'floor' and 'ceiling' effects than are 
neuropsychological tests (Berg et aL, 1992). Some widely used global scales include the 
Global Deterioration Scale (Reisberg et al., 1982), the Cambridge Mental Disorders 
of the Elderly Examination (CAMDEX) (Roth et al., 1986) and the Clinical Dementia 
Rating (Hughes et al., 1982; Morris, 1993). 

In summa~, the clinical phenotype of AD consists of a symptom complex of slowly 
progressive cognitive and noncognitive dysfunction. Memory impairment is uni- 
formly present and is combined with deficits in executive functioning, language, visu- 
ospatial abilities, personality, behaviour and self-care. Not all areas are equally 
impaired at the same time and wide interindividual variability exists for the expres- 
sion of certain behaviours or symptoms. 
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11.2.4 Heterogenei ty  in DAT 

Variations in the presentation and course of DAT are common. There is increasing 
support for the possibility that phenotypic variants of DAT reflect different aetiologies 
that share a final common pathway of cerebral degeneration that in turn produces the 
general clinical features of gradually progressive impairment of memory and other 
cognitive functions (Khachaturian, 1992). Selected aspects of the heterogeneity of 
DAT are presented here. 

11.2.4.1 Age at onset 

AD generally occurs after age 65 years. Its prevalence is strongly age-associated 
(Graves and Kukull, 1994) and increases exponentially in successively older age groups 
such that, by age 85 years, DAT may affect up to 47 % of individuals (Evans et al., 1989). 
However, patients with earlier ages of onset are well documented, including those in 
the fourth decade of life (Heyman et al., 1983; Schoenberg et al., 1987). Age at onset 
prior to age 65 years (arbitrarily designated 'early-onset' AD) has been associated with 
more rapid progression of dementia (Chui et al., 1985; Huff et al., 1987), greater lan- 
guage involvement (Selnes et al., 1988), and increased frequency of seizures and 
myoclonus (Bird et al., 1989); there also is the perception that early-onset cases more 
often are familial (Farrer et al., 1990). A recent report, however, found no differences 
between early- and late-onset DAT patients in rate of cognitive decline (Haupt et al., 
1993). It is likely that age at onset modifies the clinical expression of the illness (e.g. 
dementia likely will be recognized earlier in a corporate executive in her 40s than in a 
retired person in his 80s). Until aetiological differences can be shown for the two forms, 
most investigators consider early- and late-onset AD to represent the same disorder. 

11.2.4.2 Family history 

Several types of inheritance have been proposed for at least some forms of AD. 
Inheritance patterns include Mendelian (single gene) autosomal dominant, chromo- 
somal (e.g. Down's syndrome), mitochondrial and multifactorial (combination of 
genetic and environmental factors) (Bird, 1994). Genetic transmission clearly has been 
established for multigenerational families with autosomal dominant early-onset AD, 
with point mutations identified in the amyloid [3-protein precursor gene on chromo- 
some 21 (Goate et al., 1991) and on another locus on chromosome 14 (Sherrington et 
al., 1995); a particular form of familial AD has been localized to yet another gene on 
chromosome 1 (Levy-Lahad et a t ,  1995). Such mutations account for only a very small 
number of all AD cases but contribute to evidence that early-onset familial AD is more 
likely to be autosomal dominant, whereas late-onset familial AD is more likely to 
demonstrate other inheritance patterns (e.g. shared polygenes; multifactorial) (Farrer 
et al., 1990). Although multigenerational pedigrees of AD are rare, a familial occur- 
rence (i.e. one or more affected first-degree relatives) can be shown for about 20-40% 
of all AD cases (Bird, 1994). Numerous epidemiological studies have demonstrated an 
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increased risk for AD in individuals with affected relatives (Graves and Kukull, 1994), 
with a risk of 2-5 times that of the general population. One genetically determined 
risk factor for AD, mediated by allelic variants of apolipoprotein E, recently has been 
characterized in both familial and ostensibly nonfamilial ('sporadic') late onset AD 
(Saunders et al., 1993; Strittmatter et al., 1993). The apolipoprotein E gene is on 
chromosome 19; combined with the known loci on chromosomes 1, 14 and 21, it is 
clear that AD is genetically heterogeneous (Clark and Goate, 1993). Phenotypic het- 
erogeneity also is likely in familial AD, not only for age at onset (i.e. early- versus late- 
onset) but also for the presence of unusual associated features such as amyotrophy and 
anterior horn cell loss (Bird et al., 1989). In general, however, familial AD cases are 
identical to sporadic AD in the spectrum and frequency of clinical symptoms and 
signs, rate of decline, and mean duration of disease (Edwards et al., 1991; Duara et al., 
1993; Haupt et al., 1993). 

11.2.4.3 'Focal' presentations 

The classical approach to the understanding of brain function has been correlational 
studies of behavioural deficits in persons with circumscribed areas of damaged brain 
(Damasio and Damasio, 1989). It is now appreciated that, rather than localization to a 
single anatomic site, many complex psychological functions are subserved by large-scale, 
multifocal neural networks (Mesulam, 1990). Nonetheless, insight into brain-behaviour 
relationships still can be gained from the occasional patient who presents with a seem- 
ingly isolated and unexplained cognitive deficit; in many instances, the deficit is associ- 
ated with corresponding focal cerebral atrophy on neuroimaging studies (Caselli et al., 
1992). Specific 'focal' syndromes include progressive aphasia (Mesulam and Weintraub, 
1992), apraxia (Crystal et al., 1982), several forms of visual agnosia, including Balint's 
syndrome (Mendez et al., 1990), and behavioural (frontal lobe) disorders (Gustafson, 
1987). These focally presenting cognitive deficits may gradually progress to global DAT 
and AD has been confirmed pathologically in some cases (Crystal et aL, 1982; Green et 
al., 1990; Levine et al., 1993; Victoroff eta/., 1994). Perhaps closely related to these cases 
are patients who are disproportionately impaired in language, visuospatial or frontal lobe 
functions in the early stages of DAT. Such occurrences illustrate that occasionally 
memory disturbance in DAT can be overshadowed by other cognitive dysfunction, at 
least initially, and predict that, in addition to memory structures, higher order associa- 
tion cortex may demonstrate selective vulnerability to the AD pathogenic process. 

11.3 Plaques, tangles and Alzheimer's disease 

11.3.1 Histopathology of AD 

Macroscopic changes in AD are inconsistent and nondiagnostic. The diagnosis thus 
is established by histological criteria as described by Alzheimer: '[the examination 
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Figure 1 (A) Typical neuritic plaque with thickened neurites surrounding a central amyloid 
core in the neocortex of a patient with Alzheimer's disease (Bielschowsky stain, • (B) 
Diffuse plaque without thickened neurites (Bielschowsky stain, x300). Reproduced with per- 
mission from Mirra et al. (1993). 

showed] an evenly affected atrophic brain without macroscopic f o c i . . .  Numerous 
neurons, especially in upper cell layers, had totally disappeared. Dispersed over the 
entire cortex, and in large numbers especially in the upper layers, miliary foci could 
be found . . . .  The Bielschowsky silver preparation showed very characteristic changes 
in the neurofibrils. . ,  they accumulated forming dense bundles.' (Alzheimer, 1907; 
translation in Bick and Amaducci, 1989). The 'miliary foci', which had been 
described in 1892 by Blocq and Marinesco, now are termed 'senile plaques' and the 
bundled neurofibrils are known as 'neurofibrillary tangles'. Both are argyrophilic and 
silver stains such as Bielschowsky's remain the principal method for their detection. 

Senile plaques are extracellular and are found in two major forms - diffuse and 
neuritic (Figure 1). The amorphous diffuse plaques vary from 20 ~tm to 80 ~tm in 
diameter. Not infrequently, they are clustered and it can be difficult, particularly when 
small, to distinguish individual lesions. Diffuse plaques are immunoreactive for the 
AD-associated amyloid protein (A[3) but contain little or no neuritic pathology 
(Schmidt et aL, 1994). In contrast, neuritic plaques are characterized by deposits of 
amyloid fibrils, often coalesced into a central amyloid core about which abnormally 
thickened axons or dendrites (neurites) are radially arranged to form a discrete spher- 
ical lesion averaging about 30 ~tm in diameter. Variations in size and in the presence 
of an amyloid core are common (Mirra and Gearing, 1994). The dystrophic neurites 
contain paired helical filaments (PHF) and various organelles, including lysosomes, 
mitochondria, and synaptic vesicles. Neuritic plaques typically are surrounded by 
astrocytes and microglia (Kalaria, 1993). In addition to A[3, neuritic plaques are 
immunoreactive with many molecules, including tau, growth associated protein 
(GAP43), ct-l-antichymotrypsin, apolipoprotein E, glycosaminoglycans and several 
neurotransmitters, including acetylcholine (Terry et al., 1994). Both diffuse and neu- 
ritic plaques are distributed in varying proportions throughout AD neocortex and 
total plaque burden can be extensive (Figure 2). 

Neurofibrillary tangles are intracellular aggregates of PHF that occupy the cell 

201 



J. C. Morris 

Figure 2 Bielschowsky stain (x34) of neocortex of Alzheimer's disease brain with many neu- 
ritic and diffuse plaques. Reproduced with permission from Mirra et al. (1993). 

body and apical dendrite and generally are observed in large pyramidal neurons. Both 
globoid and flame-shaped forms are seen (Figure 3). Although primarily intra- 
neuronal, in some regions (e.g. the entorhinal cortex) extraneuronal or 'ghost' tangles 
can be recognized and apparently represent the insoluble residue of neurons that have 
died. The major constituent of PHF is abnormally phosphorylated tau, a micro- 
tubule-associated protein. Tau normally polymerizes tubulin but in states of abnor- 
mal phosphorylation is unable to bind to microtubules with consequent 
destabilization of the neuronal cytoskeleton and disruption of axonal transport 
(Trojanowski et al., 1993). Abnormally phosphorylated tau and PHF also are found in 
dystrophic neurites, both those associated with senile plaques and in individual neu- 
rites in the cortex between plaques. These latter forms are termed 'neuropil threads' 
and are believed to originate in axonal or dendritic processes of tangle-bearing 
neurons (Braak et al., 1986). 

In addition to these classic markers of AD, other lesions often are present. In the 
hippocampus, these include granulovacuolar degeneration, in which a small vacuole 
containing a dense central granule is present in the cytoplasm of pyramidal neurons, 
and the Hirano body, a rod-like filamentous structure generally adjacent to pyrami- 
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Figure 3 Neurofibrillary tangles as demonstrated by Gallyas silver impregnation of sub- 
iculum in the hippocampal formation (scale bar = 20 ~tm). Reproduced with permission from 
Vallet et al. (1992). 

dal neurons. Amyloid, indistinguishable from the peptide found in cores of senile 
plaques, not infrequently is deposited in the walls of leptomeningeal and small corti- 
cal vessels. Neuronal loss in the hippocampus (Ball, 1977), entorhinal cortex (Hyman 
et al., 1984), nucleus basalis ofMeynert (Whitehouse et al., 1982; Oyanagi et al., 1989), 
brainstem (Bondareff et al., 1982; Aletrino et al., 1992), and neocortex has been 
demonstrated in AD. As compared with age-matched controls, 30-60% (younger 
patients with greater decline) of large neurons in midfrontal, superior temporal and 
inferior parietal cortex are lost in AD (Hansen et al., 1990). Extensive synaptic loss also 
occurs in AD. Quantitative ultrastructural (Scheff et al., 1990) and immunocytochem- 
ical (Hamos et al., 1989; Terry et al., 1991; Zhan et al., 1993) studies reveal that densi- 
ties ofpresynaptic and total synaptic elements in AD patients are reduced by 25-50% 
from control levels. 

11.3.2 Neuropathological criteria for the diagnosis of AD 

The seminal studies of Tomlinson, Blessed and Roth in Newcastle, UK (Blessed et 
al., 1968; Tomlinson et al., 1968; Tomlinson et al., 1970) underscored that quanti- 
tative measures of plaques and tangles distinguished AD from vascular and other 
causes of dementia, and could serve as histological correlates of the cognitive 
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deficits observed in AD patients. However, none of the pathological abnormalities 
associated with AD, including plaques and tangles (Wisniewski et al., 1979; 
Katzman et al., 1988), are pathognomonic. In particular, most of the histological 
features of AD are found to a lesser extent in brains of apparently nondemented 
older adults (Katzman et al., 1988; Crystal et al., 1993; Price, 1993). A further 
complication is that there is considerable heterogeneity in the neuropathological 
findings of AD. Not only can plaques and tangles vary in their distribution and 
densi~, but occasionally tangles may be virtually absent from neocortex (Terry et 
al., 1987) or in unusual cases plaques may be lacking (Sumi et al., 1992). Finally, 
variations in sampling, staining techniques and interpretation can lead to marked 
inter-rater differences in the quantitative assessment of AD. These differences were 
highlighted in a study (Mirra et al., 1994) of 24 neuropathologists, independently 
using their routine staining methods and interpretative criteria, for quantitative and 
semiquantitative rankings of plaques and tangles in contiguous frontal lobe sections 
from the same AD brain; although good inter-rater reliability was found for tangles 
(r = 0.66), diffuse plaque counts ranged from 0 /mm 2 to 204/mm 2 (Figure 4). This 
range suggests that the same case could be classified from normal to fully estab- 
lished AD, depending on the methodology. Reproducibility can be improved with 
consensus discussions (Paulus et al., 1992), rank ordering (McKeel et al., 1993) or 
semiquantitative methods (Mirra et aL, 1994), but what is accepted as AD and how 
to define it remain major issues in need of resolution for neuropathologists 
(Tomlinson, 1989). 

In an attempt to establish minimum microscopic standards for AD, a panel of 
experienced neuropathologists, convened by the National Institutes of Health (NIH) 
and the American Association of Retired Persons (AARP), recommended diagnostic 
criteria based on age-adjusted plaque densities in the neocortex (Khachaturian, 
1985). In the absence of other obvious dementing illnesses, these criteria suggest for 
a diagnosis of 'pure' AD that the number of senile plaques in a 1 mm 2 field should 
exceed 2-5 in a patient less than 50 years of age, eight in a patient 50-65 years of 
age, ten in a patient 66-75 years of age, or 15 in a patient greater than 75 years of 
age (Khachaturian, 1985). Downward revision of the criteria, perhaps as much as 
50%, was acceptable in the presence of a clinical history of dementia. Reservations 
about the application of these criteria were revealed several years following their 
publication when only 21% of neuropathologists specifically used them for the 
histopathological assessment ofAD (Wisniewski et aL, 1979). To encourage adoption 
of standardized diagnostic criteria, the Consortium to Establish a Registry for 
Alzheimer's Disease (CERAD) proposed a uniform methodology and a simple proto- 
col for AD diagnosis based on semiquantitative assessment (sparse, moderate, fre- 
quent) of age-related neocortical neuritic plaque density in an area of maximum 
involvement (Mirra et al., 1991). Although some neuropathologists have adopted, at 
least in modified form, the NIH/AARP or the CERAD criteria (Joachim et al., 1988; 
Jellinger et al., 1990; Mendez et al., 1992a; Berg et al., 1993), a substantial number 
continue to use other quantitative or qualitative criteria to diagnose AD (Wisniewski 
et al., 1979; Alafuzoffet al., 1987; Wade et al., 1987; Tierney et al., 1988; F6rsfl et al., 
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Figure 4 Range of quantitative ([-]) and semiquantitative (O) counts of diffuse plaques in 
frontal cortex of a single AD case as generated by individual neuropathologists relying on their 
routine staining methods. The marked variability associated with nonuniform methods and cri- 
teria is evident. Courtesy of Suzanne Mirra, MD, based on data from Mirra et aL (1994). 

1992; Crystal et aL, 1993). The lack of agreement resulting from the differing neuro- 
pathological methodologies and criteria for AD severely limits comparison of data 
across centres. 

Part of the dissatisfaction regarding recommended neuropathological diagnostic 
criteria (Khachaturian, 1985; Mirra et al., 1991) derives from their reliance on plaque 
densities; tangle burden is de-emphasized. Although remarkable advances in the 
understanding of the molecular neurobiology of amyloid suggest to some that plaque 
formation (abnormal deposition of A[3) represents the critical event in the pathogene- 
sis of AD (Rosenberg, 1993), tangles remain as a characteristic lesion of AD. Several 
classification systems for AD have been proposed on the basis of neurofibrillary 
degeneration alone (Bondareff et aL, 1993; Braak et aL, 1993) and the consistent 
involvement by tangles ofhippocampal structures has contributed to the proposal that 
AD can be defined as a hippocampal disorder (Ball et al., 1985). Even 'plaque-only' 
cases of AD in which tangles are virtually absent from the neocortex have substantial 
numbers of tangles in the hippocampus (Terry et al., 1987). It remains uncertain, 
however, that either plaques or tangles are appropriate markers for AD as they may 
represent downstream events from more fundamental aetiopathogenic mechanisms. 
In this view, they may only be secondary and relatively nonspecific results of neuro- 
nal degeneration that may be produced by several different aetiologies, at least in the 
case of tangles. Of particular importance for the diagnostic utility of plaques and 
tangles for AD is whether neuronal changes occurring with age alone can produce 
these lesions. 
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11.3.3 Plaques and tangles with senescence: 'normal' ageing or 
presymptomatic AD? 

Following Alzheimer's description of the neurofibrillary tangle as a correlate of demen- 
tia (Alzheimer, 1907), application of the newly developed Bielschowsky silver 
impregnation method demonstrated identical lesions in brains of apparently nonde- 
mented old people. Indeed, in 1938, Gellerstedt reported that senile plaques and 
neurofibrillary tangles could be detected in 80% of all persons aged 65 years or more. 
The distinction between senile change and AD grew to be based on quantitative rather 
than qualitative criteria. This concept is embodied in the influential work of the 
Newcastle group, who showed that in 28 hospitalized nondemented patients (mean age 
75 years), senile plaques were present in 22 and neurofibrillary tangles (confined to the 
hippocampal region in all but three) were present in 17 (Tomlinson et al., 1968). In eight 
of the 22 cases in which plaques were detected, plaques were described as 'numerous' 
and by today's criteria (Khachaturian, 1985) approached densities diagnostic for AD. 
Tomlinson and coworkers (1968) interpreted these findings to indicate that plaques 
and tangles increasingly appeared with age and stated that their presence 'is not syn- 
onymous with the diagnosis of senile dementia, for all these changes may be found in 
nondemented old people'. In their studies of 50 demented patients (mean age = 76 
years), all hospitalized in a mental institution, plaques were present in 42; plaque den- 
sities in 26 were greater than any of the nondemented brains (Tomlinson et al., 1970). 
Plaque distribution, however, was similar in both demented and nondemented patient 
groups. Tangles were present in 35 of the 50 demented cases and involved the neo- 
cortex in 31. Thus, tangles occurred in the hippocampus in both normal and 
demented elderly individuals but 'severe generalized neurofibrillary change' (i.e. 
tangles in neocortex) was observed only in demented persons (Tomlinson et al., 1970). 
These findings led to the conclusion that 'no qualitative histologic feature of senile . . .  
type was encountered in the dements that was not found in the controls; only the 
degree to which the change occurred or the distribution of the change differed in the 
two groups' (Tomlinson et al., 1970). The current assumption that individuals without 
cognitive impairment accumulate plaques and tangles as part of normal ageing derives 
largely from these studies and forms the basis of the age-adjusted histological criteria 
found in the NIH/AARP and CERAD protocols. 

By current standards, the 'control' group used by Tomlinson et al. was inappropri- 
ate" not only were all putatively nondemented patients hospitalized with terminal 
physical illnesses, encephalopathies and psychiatric disorders, the criterion for cogni- 
tive normality was a 'cutoff' score of less than four on the Dementia Scale (Blessed et 
al., 1968). It is now recognized that pathologically confirmed AD can be clinically 
detected in individuals scoring in the 'normal' range (0-3) on this measure (Morris et 
al., 1991). As noted, over a third of the 'normal' cases ofTomlinson et al. would satisfy 
current histological criteria for AD. It is highly probable that the conclusions of 
Tomlinson and colleagues regarding a quantitative rather than qualitative distinction 
between AD and normal ageing may have been flawed by the contamination of the 
control group with unrecognized cases of AD. 
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Clearly, the crucial issue in distinguishing AD from senescence is the definition of 
'normal'. It may not be possible, given the limited current knowledge about AD 
pathogenesis and the absence of a surrogate marker for AD, to choose between the 
traditional model of an age-disease dichotomg in which biological ageing is separate 
from pathological ageing, versus a unimodal process in which AD merely is an 
accentuation of normal ageing phenomena (Von Dras and Blumenthal, 1992). To 
resolve this dilemma, carefully assessed control subjects, evaluated by informant- 
based clinical methods in addition to neuropsychological measures, must be studied 
longitudinally to determine the natural history of normal ageing and at autopsy for 
clinicopathological correlation. This approach can identify intellectually healthy 
patients up to age 89 years of age who on post-mortem examination have no neo- 
cortical plaques or tangles (Morris et al., 1991; Kazee et al., 1993). Although these find- 
ings support (but do not prove) the concept that ageing and AD are qualitatively 
distinct, they also can be interpreted to indicate that the individuals simply did not 
survive to the age where they would naturally manifest AD lesions and thus cannot 
refute the notion that plaques and tangles are an inevitable consequence of ageing. 
Although virtually all centenarians studied to date have amyloid (A~) plaques (Dela~re 
et al., 1993), there are exceptions (Giannakopoulos et al., 1993) and thus the dilemma 
is unresolved. 

It is increasingly evident that accumulation of neurofibrillary tangles restricted to 
the hippocampus and other limbic regions is an inevitable accompaniment of age. 
Ulrich (1985) assessed 51 brains from putatively nondemented individuals who died 
between the ages of 55 and 64 years, and found tangles in 35, almost always localized 
in the entorhinal cortex with less frequent involvement of the hippocampus, olfactory 
bulb, amygdala and nucleus basalis of Meynert. Because no clinical data were avail- 
able, the clinical correlates of Ulrich's findings cannot be assessed but the frequency 
of tangle detection and the confined topography in these brains is very similar to the 
findings of Tomlinson et al. (1968) in nondemented patients. Studies at Washington 
University's Alzheimer's Disease Research Center have focused on detecting the earl- 
iest clinical manifestations of AD, as staged by the Clinical Dementia Rating (CDR) 
(Hughes et al., 1982; Morris, 1993). This global staging instrument uses an informant 
interview and clinical examination of the patient to determine the presence or 
absence of dementia and, when present, to rate its severity on a five-point scale: 
CDR = 0 indicates no cognitive impairment, and CDR = 0.5, 1, 2 or 3 indicates ques- 
tionable, mild, moderate or severe dementia. The longitudinal study design has per- 
mitted recognition of several cases just on the threshold of cognitive impairment (e.g. 
a subject who consistently was CDR 0 over several years but at last assessment merited 
a CDR 0.5 rating). Experience has shown that these 'questionably' impaired patients 
have fully developed AD on histopathological examination (Morris et al., 1991) and 
thus the CDR 0.5 assignment in this selected population may characterize very mild 
AD rather than 'questionable' dementia. 

Many CDR 0.5 subjects perform in the normal range on brief cognitive tests and 
neuropsychological measures (Storandt and Hill, 1989; Morris et al., 1991); the 
designation rests on clinical judgement based heavily on the informant report of subtle 
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cognitive decline relative to past abilities. Reliance on neuropsychological per- 
formance alone to identify 'normal' cases almost certainly would contaminate control 
samples with these very mild AD patients. In spite of minimal or no quantitative cog- 
nitive deficit, these cases already have very high plaque concentrations in the neo- 
cortex (Morris et al., 1991; Price et al., 1991); other workers have reported similar 
findings (Hof et al., 1992). True control brains (CDR 0) have few if any neocortical 
lesions. In controls over the age of 54 years, studies mapping the distribution of 
plaques and tangles in Bielschowsky-stained sections of ventral forebrain with a com- 
puter-assisted microscope digitizer (Price et aL, 1991) or with manual quantitative 
neuropathology (Morris et al., 1991; Berg et al., 1993), reveal that tangles invariably 
are present in hippocampus (CA1) and parahippocampal gyrus (entorhinal and 
perirhinal cortices). Moreover, tangle density in these cytoarchitectural areas increases 
as a function of age (Price et al., 1991). The topography of tangles in normal ageing is 
qualitatively identical to that seen in mild and severe AD, and follows a hierarchical 
pattern of involvement from limbic areas, especially those close to the hippocampal 
formation, to neocortex with a gradient in density from inferior temporal cortex to 
superior temporal cortex (Price, 1995). Similar results have been reported by others 
(Arriagada et aL, 1992a). The appearance ofneocortical tangles outside of medial tem- 
poral cortex essentially does not occur with normal ageing and thus the presence of 
tangles in other cortical regions serves as a reliable indicator ofAD (Wilcock and Esiri, 
1982; Morris et al., 1991; Price et al., 1991). 

Tangle distribution also follows a laminar pattern in certain regions. Cells in layer 
II of the entorhinal cortex give rise to projections to the granule cells of the dentate 
gyrus of the hippocampus; the hippocampus in turn projects back to the entorhinal 
cortex from cells of origin in CA1/subicular zone. Layer II entorhinal and CA1 and 
subicular neurons are most vulnerable to tangle formation in nondemented elderly 
persons; progressively severe involvement of these cells is seen with AD (Hyman et al., 
1990; Arriagada et al., 1992b; Braak et al., 1993). Processing of information from 
visual, auditor, olfactory and somatosensory areas involves the convergence of input 
from multimodal association cortex on the entorhinal cortex, which relays the 
information via the perforant pathway to the dentate gyrus; information is returned 
to the neocortex through the subiculum and entorhinal cortex (Zola-Morgan and 
Squire, 1993). Nearly all cortical input to the hippocampus thus is carried by the per- 
forant pathway. The progressive neurofibrillary involvement of perforant pathway 
cells of origin in layer II of the entorhinal cortex in ageing and in AD is postulated 
effectively to disconnect the hippocampus from neocortex, and interfere with the 
acquisition and learning of new facts and events (Hyman et al., 1986). 

Unlike tangles, plaques are not invariably associated with ageing. Although the fre- 
quency of detection of plaques increases with advancing age, sensitive silver stains and 
amyloid immunohistochemistry fail to reveal plaques in some nondemented individ- 
uals up to age 100 years (Giannakopoulos et al., 1993; Price, 1995), although in 
another series plaques were detected in all 15 nondemented patients aged 100 years 
or more (Delarre et al., 1993). When plaques are present in nondemented ageing, typ- 
icaUy they are fewer in number and are proportionately greater for diffuse plaques 
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Figure  5 The relation between tangle densi~, dementia severi~, and age in the hippocam- 
pus (average of field CA1 and the entorhinal cortex) and neocortex (average of temporal, insular 
and orbital cortex). Each dot represents one case. The cases are grouped according to their 
Clinical Dementia Rating (CDR); within each CDR group the cases are arranged by age (the 
nondemented cases vary from 54 to 89 years of age). Within the CDR 0 group (see text) the 
Spearman's rank correlation coefficient of age vs tangle density in the hippocampus is 0.69, p 
< 0.01. Reproduced with permission from Price (1993). 

than is typical for AD (Price, 1995). Although the increasingly frequent appearance 
of at least some diffuse plaques with advancing age has been interpreted to indicate 
that, like tangles, A[3 deposition represents an age-related process, plaque density does 
not correlate with age (Price, 1995). The failure to find a correlation of increasing 
numbers of plaques with age is inconsistent with an age-associated phenomenon. 

In ageing, tangles are present in limbic structures in the absence of detectable 
plaques, and in AD follow a hierarchical pattern of progression with initial and 
uniform involvement of the hippocampal formation and entorhinal cortex and, ulti- 
mately, the neocortex (Braak et al., 1993). Plaques, however, typically affect the neo- 
cortex in AD to a much greater extent than the hippocampal formation (Price et al., 
1991; Arriagada et al., 1992b) and do not demonstrate a regular relationship with age. 
These findings imply that plaques and tangles develop by independent processes, at 
least initially (Price, 1993). The different relationships of plaques and tangles to age 
and to the presence and severity of AD are shown in Figures 5 and 6. 

Although unanswerable at present, the question arises whether the brains of indi- 
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Figau'e 6 The relation between diffuse ('primitive') and neuritic ('mature') plaque density, 
dementia severi~, and age in the hippocampus (average of field CA1 and the entorhinal cortex) 
and neocortex (average of temporal, insular and orbital cortex). The cases are ordered as in 
Figure 5. Note that there is no clear relation between age and plaque density in the nonde- 
mented (CDR 0) group (see text). Reproduced with permission from Price (1993). 

viduals known to be nondemented during life but displaying appreciable numbers of 
neocortical plaques at autopsy represent presymptomatic AD. This concept is sug- 
gested by the remarkably high densities of plaques (preponderantly but not exclusively 
of the diffuse type) in cortical regions of patients just at the threshold of detectable 
dementia, i.e. CDR 0.5 individuals (Morris et al., 1991; Berg et al., 1993; Price, 1993) 
(see Figure 6). Intuitively, years or even decades must be required for the accumulation 
of such large numbers of plaques. That is, plaque development must be ongoing during 
the years of cognitive normality prior to CDR 0.5 designation. Evidence in support of 
this hypothesis is found in Down's syndrome patients, in whom neocortical plaques and 
tangles in densities and neuroanatomical distribution commensurate with AD occur 
uniformly past the age of 30-40 years (Wisniewski et al., 1985; Mann et al., 1990). 
Dementia develops at a later age, with mean age of onset after 50 years (Lai and 
Williams, 1989; Evenhuis, 1990). The incubation period of 10 years or more between 
the onset of neuropathological lesions and expression of DAT in Down's syndrome 
patients is consistent with a threshold effect in which a critical level of pathology must 
develop before symptoms appear (Mann et al., 1990). A threshold effect also has been 
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postulated to explain the apparent protective influence of education on the develop- 
ment of AD in elderly populations (Stern et a t ,  1994), perhaps because an increased 
'brain reserve' (e.g. greater number of neurons, strengthened synaptic connections) 
presumably associated with higher education requires a greater pathological burden 
before symptoms of dementia appear (Zhang et al., 1990; Katzman, 1993). 

A presymptomatic stage in which histological AD is present years before demen- 
tia is recognized appears increasingly likely (Hof et al., 1992; Berg et al., 1993; Coria 
et al., 1993; Kazee et al., 1993). Reports of cases who potentially represent pre- 
symptomatic AD but are interpreted as 'pathological ageing' have relied on neuro- 
psychological measures and cognitive test scores to define cognitive normality, and 
thus it is uncertain whether very mild dementia as detected by collateral sources may 
have been present (Crystal et a t ,  1988, 1993; Katzman et al., 1988; Dela~re et al., 
1990). It is also possible that pathological ageing and presymptomatic AD are two 
sides of the same coin; that is, given appropriate survival, all pathological ageing cases 
will manifest DAT. What is needed are more studies of normal ageing in which cases 
of very mild dementia are excluded so that the neuropathology of truly normal cog- 
nitive ageing can be defined and the frequency of presymptomatic AD determined, if 
indeed it can be shown to exist. 

11.3.4 Correlation of plaque and tangle densities with dementia 
severity 

Neither plaque nor tangle densities correlate particularly well with dementia severi~. 
Although Blessed and coworkers (1968) reported significant correlations of mean cor- 
tical plaque counts with scores on brief cognitive tests, they pointed out that the 
correlations may have been skewed by inclusion of a substantial number of control 
patients with normal test scores and few or no plaques. Similar interpretative prob- 
lems apply to the significant correlations between test scores and plaque counts 
reported by the Katzman group, who included not only normal subjects but patients 
with multiple infarcts in their analyses (Katzman et al., 1983), and the Charles Foix 
Longitudinal Study (Duyckaerts et al., 1988). Although AD may occur in the presence 
of other potentially dementing conditions (Hansen et al., 1990), elimination of non- 
AD case material is necessary to determine the true correlation of plaque counts with 
dementia severity. With this restriction, numerous studies find weak or no correlation 
between neocortical plaque densities and clinical severity measures (Morimatsu et al., 
1975; Wilcock and Esiri, 1982; Neary et al., 1986; McKee et al., 1991; Morris et al., 
1991; Terry et al., 1991; Arriagada et al., 1992b; Berg et al., 1993; McKeel et al., 1993). 

Tangle densities in the hippocampus and entorhinal cortex generally (but see 
McKee et al., 1991) do not correlate with dementia severity (Arriagada et al., 1992b; 
Berg et a t ,  1993; Price, 1993). The lack of correlation of hippocampal tangles with 
presence or severity of AD is consistent with the interpretation that neurofibrillary 
degeneration in these regions reflects ageing rather than disease (Price, 1995). 
However, in the neocortex tangles are significantly related to the presence and sever- 
ity of dementia (Wilcock and Esiri, 1982; McKee et al., 1991; Morris et al., 1991; 
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Arriagada et aL, 1992b; Berg et aL, 1993). A significant association between dystrophic 
neurites (neuropil threads) with clinical measures of dementia also has been noted 
(McKee et aL, 1991). Neuropil threads are dense intraneuronal (probably intra-axonal) 
accumulations of PHF and, in conjunction with tangles and neuritic plaques, form part 
of the spectrum of neurofibrillary changes observed in AD. Along with neurofibrillary 
tangles, they are useful markers of the pathological stages of AD (Braak et aL, 1993). 

In general, correlations between neocortical tangle (and neuropil thread) densities 
and clinical measures of dementia severity are greater than for neocortical plaques 
and dementia severi~. However, neither tangles nor plaques are wholly adequate 
markers for AD. It is unresolved whether plaques, especially the diffuse type, can be 
a phenomenon of normal ageing. Tangles are uniformly present in limbic regions in 
AD but often in densities comparable to those found in these areas with age alone. As 
discussed, tangles characterize other diseases (Wisniewski et al., 1979) and thus are less 
specific than plaques for AD. There is also the consideration of cases of'plaque only' 
AD in which neocortical tangles are few or absent (Terry et aL, 1987). Finally, neither 
plaques nor tangles increase consistently with disease duration: comparison of quan- 
titative assessments of cortical biopsy material and adjacent cortical sections at 
autopsy from 3 to 7 years later in five AD patients found no accumulation of these 
lesions in spite of documented cognitive decline (Mann et al., 1987). 

To summarize, the distribution of plaques and tangles may be as meaningful as their 
densities in the assessment of AD. Current evidence suggests that tangle deposition in 
limbic regions is a ubiquitous function of age. Plaques, on the other hand, appear to 
develop first in the neocortex where their presence establishes the diagnosis of AD. This 
last statement assumes that plaques in nondemented individuals indicate pre- 
symptomatic AD rather than normal or pathological ageing. Although the appearance 
of tangles in the neocortex is associated with the presence of AD, plaques are more reli- 
able markers for AD diagnosis because tangles may be relatively absent from neocortex 
in some cases (Terry et al., 1987). When present, neocortical tangles are better corre- 
lates than plaques of dementia severity. Both of these classical lesions remain useful 
pathological hallmarks for AD in spite of their limitations (Table 1). It is appropriate, 
however, to consider whether other alterations are better, more relevant markers of AD. 

11.3.5 Nonplaque, nontangle structural correlates of dementia 
severity 

Neuronal counts, synaptic densities and vascular amyloid burden have been investi- 
gated for associations with clinical status in AD (Terry et al., 1994). Glial markers and 
neurotransmitter indices also have been studied but will not be discussed here. 

11.3.5.1 Neuronal loss 

Although the mechanism of cell death in AD is unknown even with conventional light 
microscop34 neuronal loss has been appreciated since the time of Alzheimer's case 
report (Alzheimer, 1907). The degree of loss is variable and can be difficult to detect 
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T a b l e  I Mean values for neuropathological measures in control and 
Alzheimer's disease (AD) groups 

Controls All AD Pure AD 
(n = 5) (n = 36)  (n = 25) 

Brain weight (g) 1346 1133t 1132t 
Regional atrophy 

Surface 1.58 2.275 2.305 
Coronal 1.46 1.96 1.96 
Ventricular dilatation 1.25 1.915 1.855 

CAAM, region 
1-3 0.87 1.52 1.43 
5A 0 0.26 0.29 
5B 0.60 0.63 0.38 

CAAP, region 
1-3 0.33 0.85 0.80 
5A 0 0.47 0.67 
5B 0 0.39 0.42 

NFT, region 
1-3 0.12 9.935 11.91 $ 
5A 8.46 41.435 46.235 
5B 12.50 20.56 22.70 

TSP, region 
1-3 1.33 80.10t 85.79t 
5A 0.02 11.07t 12.57t 
5B 1.36 30.77t 35.40t 

CSP, region 
1-3 0.16 7.39t 8.01t 
5A 0.02 2.28t 2.525 
5B 0 4.431 4.44t 

NFT, neurofibrillary tangles; TSP and CSP, total and amyloid cored (neuritic) 
senile plaques, all expressed as counts/mm 2. CAAM and CAAP, meningeal and 
parenchymal cerebral amyloid angiopathy. Regions 1-3 indicate frontal, 
temporal, and parietal cortex; region 5A, CA1/subiculum; region 5B, entorhinal 
cortex. 
Significant differences between control and AD groups: tp < 0.01 and 
Sp < 0.05. Reproduced with permission from Berg et al. (1993). 
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in some cases; when present, there often is a microcystic appearance of the involved 
areas, especially in the superficial layers ofneocortex. Several reports have shown sig- 
nificant relationships between loss of large neurons (greater than 90 ~m 2 in cross-sec- 
tional area) in frontal, temporal and parietal cortex, and cognitive measures (Neary et 
al., 1986), age (Hansen et al., 1988) and duration of AD (Mann et al., 1987). However, 
morphometric studies can be cumbersome and confounded by methodological diffi- 
culties (West, 1993), and the correlations of dementia with neuronal loss have not been 
sufficiently compelling to favour this method over traditional quantification of plaques 
and tangles. 

11.3.5.2 Synaptic density 

Because cognition is dependent on large-scale distributed neural networks (Mesulam, 
1990) and hence on neuronal connectivi~, synaptic integrity is of clear biological rel- 
evance for dementia. Ultrastructural studies and the development of im- 
munohistochemical methods for the measurement of synapfic markers, including 
synapsin and synaptophysin, have yielded convincing data to show that extensive syn- 
aptic loss is characteristic of AD (Hamos et al., 1989; Zhan et al., 1993). In frontal 
cortex, synaptic loss in AD approaches 40% of normal and overcomes a compen- 
satory increase in the size of remaining synapses such that total synaptic contact area 
is reduced (Scheff et al., 1990). Synaptic loss in the frontal lobe correlates powerfully 
with measures of dementia severity (Dekosky and Scheff, 1990; Terry et al., 1991) and 
occurs to a greater degree than the loss of large neurons in the same region (Terry et 
al., 1991), suggesting that the synapse is an earlier target of the AD degenerative 
process. This process has been hypothesized to involve neurotoxic effects, perhaps 
precipitated by A[3 deposition and plaque-associated reactive microglia with conse- 
quent cytokine production and complement activation (McGeer and Rogers, 1992; 
Kalaria, 1993). Alternatively, synaptic injury may precede and contribute to AI3 
deposition (Masliah et al., 1993). Disrupted axonal transport (Trojanowski et al., 1993) 
is another possible mechanism underlying synaptic loss. 

11.3.5.3 Cerebrovascular amyioid 

Amyloid angiopathy commonly, but not always, is present in AD and is variable in 
intensity and distribution. Small leptomeningeal and cortical vessels typically are 
involved, particularly in the occipital and cerebellar regions. Because plaques and 
tangles generally are sparse in occipital cortex, this dissociated topographical 
predilection suggests that parenchymal and vascular amyloid deposition are not 
closely related (Terry et al., 1994). No significant relationships of meningeal or 
parenchymal amyloid angiopathy with the presence of dementia or its severity have 
been found (Berg et al., 1993). Particular mutations in the amyloid precursor protein 
gene have been associated in families in the Netherlands with hereditary cerebral 
haemorrhages caused by marked A~ deposition in cerebral blood vessels (Vinters, 
1992). 
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11.4 Clinicopathological correlations in AD 

11.4.1 Diagnostic accuracy 

As discussed above, plaques and tangles are not entirely adequate as markers for AD. 
Combined with varying methodologies for their detection and differences in the inter- 
pretation of their role in the assessment of AD, it is apparent that a neuropathological 
'gold standard' for the diagnosis of AD does not currently exist. In the absence of an 
established biological marker for the disease, however, validation of the clinical 
diagnosis of AD rests on tissue confirmation, generally through autopsy studies, of the 
presence of plaques and tangles in the neocortex. When informant-based methods 
and adherence to specific clinical criteria are lacking, accuracy rates range only from 
45% to 58% (Ala fuzo f fe ta l . ,  1987; Homer etal., 1988). The development of standard- 
ized clinical diagnostic criteria for DAT, however, has improved diagnostic accuracy 
in recent years, and rates of 80% or greater now are the rule (Joachim et al., 1988; 
Mirra et al., 1991; Mendez et al., 1992a; Becker et al., 1994). Two studies with small 
samples of highly selected DAT cases report 100% accuracy rates (Martin et al., 1988; 
Morris et al., 1988). The high accuracy of clinical diagnostic methods alone must be 
equalled or surpassed by proposed surrogate markers for AD before they can be 
accepted as diagnostic. 

11.4.2 Cognit ive features 

11.4.2.1 Memory 

The hierarchical neuroanatomical involvement oflimbic structures by neurofibrillary 
degeneration (Hyman et al., 1990; Price eta/., 1991) and neuronal loss (West, 1993) in 
ageing and AD can be considered as the morphological correlates of the character- 
istic memory changes seen in these conditions. These changes selectively damage 
components of the perforant pathway (Vogels et al., 1990) and can be postulated to 
isolate the entorhinal cortex and hippocampus from their cortical and subcortical 
connections. The medial temporal lobe memory components (hippocampus; entorhi- 
nal, perirhinal, and parahippocampal cortices) subserve a fast, limited-capacity 
system for establishing long-term memories, i.e. the ability to learn facts and events 
and consciously recall them (Squire and Zola-Morgan, 1991; Hamos et al., 1989). The 
pathological involvement of these structures predicts that acquisition of new knowl- 
edge ('learning') is adversely affected, as is observed with normal ageing (Petersen et 
al., 1992) and to a greater extent in very mild DAT (Petersen et al., 1994). in contrast, 
immediate recall, remote memory for events stored (presumably) in the neocortex, 
and nondeclarative memory (skill and habit learning) are independent of the medial 
temporal lobe memory system and can remain intact even in fully amnestic patients 
(Zola-Morgan and Squire, 1993; Victor and Agamonolis, 1990). 

In AD, lesions in other cortical and subcortical structures almost certainly contrib- 
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ute to memory deficits such that they are more severe than those seen with age alone. 
Cholinergic neurons in the nucleus basalis of Meynert are notably reduced in number 
in AD and residual cells commonly contain tangles. In addition to providing cortical 
cholinergic innervation, the nucleus basalis is closely related to medial temporal lobe 
structures and AD pathology in the cholinergic system may contribute substantially 
to memory dysfunction (Whitehouse et al., 1981). 

11.4.2.2 Cortical disconnection syndrome 

Consistent with the prevalent intellectual and personality deficits in DAT, AD is 
predominantly a neocortical disease and specifically displays regional and laminar 
predilections that subserve the cognitive and behavioural functions most affected in 
the disorder. Tangles are found principally in pyramidal neurons in layers III and V 
of cerebral cortex. These neurons have been implicated as cells of origin for cortico- 
cortical pathways with three patterns of connectivity: feedforward (from a primary 
sensory area to an association area), feedback (from an association area to a primary 
sensory area), and lateral (integration of cortical regions of similar functional levels) 
(Felleman and Van Essen, 1991). Moreover, tangle density is approximately 20 times 
greater in association cortex compared with primary sensory cortex (Lewis et al., 
1987). Plaques are more diffusely distributed than tangles throughout the neocortex 
but may have slightly higher densities in layer IV (Lewis et al., 1987), the termination 
area of feedforward corticocortical pathways. Taken together, the preferential 
regional and laminar distribution patterns of AD histopathology are consistent with 
the concept of AD as a cortical disconnection syndrome. The degeneration of cortic- 
ocortical circuits may be the distinguishing feature of AD as compared with normal 
ageing, which shares with AD neurofibrillary alterations within limbic areas, and is an 
appropriate pathoanatomic correlate of the multiple cognitive dysfunctions that 
characterize the clinical syndrome (Hof and Morrison, 1994). Investigations of the 
selective vulnerability of the specific neuronal classes to the AD process may yield 
important insights into the pathogenesis of the disorder. 

11.4.2.3 Heterogeneous aspects 

The presence or absence of a family history of AD in a clinicopathological study of 407 
AD patients did not influence the neuropathological findings; that is, the neuro- 
pathology of cases with and without a family history were not different (Mendez et al., 
1992b). Another investigation found no correlation of age at dementia onset with the 
number of hippocampal tangles (Bondareff et al., 1993). Although these studies are 
limited, the findings are consistent with the prevailing consensus that early- and late- 
onset, and familial and nonfamilial AD all represent the same general clinocopatholog- 
ical disorder (this does not suggest that these forms all share the same aetiology). 
Disproportionate, regionally appropriate AD pathology has been documented in cases 
that present with focal cognitive deficits, although only a very few have been examined 
histopathologically. In patients with primary progressive aphasia, significantly greater 
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plaque density was found at post-mortem examination in the left (mean = 58 
plaques/mm 2) versus right (mean - 21 plaques/mm 2) inferior parietal cortex (Green 
et al., 1990). Selective left hemispheric involvement by AD pathology was reported in 
a similar case (Pogacar and Williams, 1984). DAT patients presenting with marked 
visuospatial disturbances have been reported (Hof et al., 1993; Levine et al., 1993) who 
at autopsy showed widespread AD lesions with very high densities of plaques and 
tangles in primarg secondary and association visual cortex. These cases indicate that 
AD can selectively involve specific cortical systems and that primary as well as associa- 
tion cortex can be vulnerable to plaques and tangles. The pathogenic basis for these 
findings is not understood and is made more complex by reports in which AD lesions 
do not predominate in those cortical regions corresponding to focal cognitive syn- 
dromes (Victoroff et al., 1994), and by cases notable for extensive focal neuronal loss 
and gliosis but lacking plaques, tangles or hallmarks of other neurodegenerative dis- 
eases (Green et al., 1990; Neary et al., 1993; Scheltens et al., 1994; Victoroffet al., 1994). 

11.4.3 Noncogn i t i ve  features 

Tangles can be found in large numbers in several subcortical structures that project 
to the cerebral cortex, including the amygdala, ventral tegmental area, dorsal raphe, 
locus ceruleus, and certain thalamic and hypothalamic nuclei. Relatively little atten- 
tion has been given, however, to neuropathological correlates of the behavioural dis- 
turbances associated with AD. Major depression occurring during the course of DAT 
is related at autopsy to degenerative changes in the substantia nigra and locus ceruleus 
(Zubenko and Moossg 1988; Zweig et al., 1988). Degeneration of the ventral teg- 
mental area, the medial-most region of dopaminergic cell bodies in the mesen- 
cephalon particularly may be associated with depression as a prominent feature of 
dementia, although the degenerative changes consist of neuronal loss and gliosis 
rather than neurofibrillary change (Torack and Morris, 1988). In addition to the 
association with depression, tangle density in the locus ceruleus is reported to corre- 
late with duration and severity of dementia (Bondareffet al., 1993). Tangles frequently 
involve the dorsal raphe nucleus in AD. The clinical significance of tangle-bearing 
raphe neurons is not apparent, although only a handful of cases have been studied 
systematically (Halliday et al., 1992). 

11.5 Conclusions 

Essential for investigations of AD is the definkion of normal ageing in both clinical 
and pathological terms. Evidence is accumulating to suggest that: (i) tangle deposition 
in the hippocampal formation is an invariable accompaniment of age; (ii) the presence 
of tangles in neocortex indicates AD; and (iii) the appearance of plaques, including 
the diffuse form, in putatively nondemented elderly persons represents presympto- 
matic or unrecognized very mild AD. The regional and laminar distribution of tangles 
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in AD disconnects neural networks important for cognitive processing, and corre- 
sponds well with the memory impairment and other intellectual deficits characteristic 
of the clinical disorder. 

The fundamental relationship, however, of plaques and tangles to AD phenotype 
is only incompletely understood. The presence of these lesions in the neocortex 
remains the cardinal feature for both the qualitative and quantitative assessment of 
AD, but neither lesion is pathognomonic. The growing view that these lesions mark 
a final common pathway of cerebral degeneration as secondary rather than primary 
changes cannot be proven until the causes of AD are elucidated. Both plaques (e.g. A[g 
deposition) and tangles (e.g. abnormally phosphorylated tau) provide important clues 
in the search for aetiopathogenic mechanisms of AD, and thus validate the critical sig- 
nificance of Alzheimer's original observations of nearly a century ago. 
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12.1 Apolipoprotein E 

Apolipoprotein E (ApoE) is a polymorphic protein associated with plasma lipopro- 
teins (Mahleg 1988). It interacts with the 'remnant receptor' (ApoE receptor) and the 
LDL receptor (ApoE/B receptor) of liver and other organs, to modulate the catabol- 
ism oftriglyceride-rich lipoprotein particles. It has been extensively studied in nervous 
and non-nervous tissues as one of several apolipoproteins that direct lipid metabolism. 
Because ApoE facilitates cholesterol movement both in and out of cells, and from cell 
to cell, it has been well characterized in studies dealing with abnormal cholesterol and 
phospholipid metabolism (Mahl%; 1988). 

Human ApoE is a 37 kDa protein encoded by a four-exon gene (3.6 kb in length) 
on the long arm of chromosome 19. Common ApoE polymorphisms at residues 112 
and 158 are determined by three different alleles at the ApoE locus, designated E4, 
E3 and E2 (for a review, see Davignon et al., 1988) (Figure 1). The ancestral isoform, 
ApoE3, has a cysteine at residue 112 and an arginine at residue 158, whereas argi- 
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nine in ApoE4 and cysteine in ApoE2 are present at both sites. This polymorphism 
results in six ApoE phenotypes in the population: E2/2, E3/3 and E4/4 in homo- 
zygotes, and E3/2, E4/2 and E4/3 in heterozygotes. Functionally, ApoE2 has a lower 
affinity for the LDL receptor than E3 and E4 (Wesgraber et al., 1982). Lipoproteins 
associated with ApoE4 are cleared more efficiently than the ones containing ApoE3 
and ApoE2. It has been estimated that 60% of the variation in cholesterol is genet- 
ically determined and that ApoE polymorphisms account for 15 % of this genetic vari- 
ation (Sing and Davignon, 1985). 

ApoE-containing lipoproteins such as VLDL and LDL, which contain apolipopro- 
tein B (ApoB), bind to the same cell surface receptor, namely the LDL receptor 
(Wesgraber and Mahle~ 1986). The LDL receptor has been extensively character- 
ized. It is a glycoprotein of an apparent molecular weight of 160 kDa, which is 
encoded by a 45 kb gene made up of 18 exons and 17 introns (Sudhof et al., 1985). A 
number of lines of evidence suggest that positively charged amino acids of ApoE 
located between residues 140 and 150 interact with negatively charged amino acids 
of the LDL receptor. The binding of lipoproteins to the LDL receptor is calcium 
dependent and inhibited by proteases (Brown and Goldstein, 1986). The LDL recep- 
tor pathway consists of cell surface binding of ApoE- or Apo B-containing lipopro- 
teins followed by internalization and degradation of the LDL particle via a lysosomal 
pathway (Goldstein et al., 1983). As the incoming cholesterol concentration increases, 
gene expression and activity of the rate-controlling enzyme in cholesterol synthesis, 
3,3'-hydroxymethyl-glutaryl coenzyme A reductase (HMG-CoA reductase), becomes 
progressively repressed (Brown et al., 1973). The intracellular accumulation of cho- 
lesterol also reduces the synthesis of LDL receptor and favours the esterification of the 
cholesterol excess via activation of acyl-CoA : cholesterol acyltransferase for storage. 

12.2 ApoE and LDL receptor: a role in PNS regeneration and 
CNS reinnervation 

ApoE is unique among apolipoproteins in that it has a special relevance to nervous 
tissue where it is involved in the mobilization and redistribution of cholesterol in repair, 
growth and maintenance of myelin and neuronal membranes during development or 
after injury in the PNS (Boyle et al., 1985, 1989; Pitas et al., 1987; Mahle~ 1988; Leblanc 
and Poduslo, 1991). In the central nervous system (CNS), ApoE plays a pivotal role in 
the mobilization and redistribution of cholesterol and phospholipid during membrane 
remodelling associated with synaptic plasticity (Poirier et al., 1991a, b, c, 1993a). The 
importance of ApoE in the brain is further underscored by the absence of other key 
plasma apolipoproteins such as ApoA1 and ApoB (Roheim et al., 1979) in this tissue. 

After a sciatic nerve injury in the PNS, large amounts of lipids are released from 
degenerating axon membranes and myelin. In response, macrophages synthesize and 
release ApoE within the peripheral lesion in order to scavenge cholesterol from both 
cellular and myelin debris (Boyle et al., 1985, 1989; Leblanc and Poduslo, 1991). 
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During this critical phase, cholesterol synthesis is markedly depressed, suggesting a 
receptor-mediated down-regulation of cholesterol synthesis by the internalization of 
lipoprotein (Goodrum, 1990). Much of the cholesterol generated during this phase is 
stored in macrophages and appears to be reused during axonal regeneration (Rawlins 
et al., 1970). 

In the CNS, the ability of neurons to regenerate is very limited. However, the brain 
has the ability to induce proliferation of presynaptic extensions from axons or termi- 
nals derived from undamaged neurons in order to compensate for the loss of specific 
input. A classical example of reactive synaptogenesis is illustrated by the compen- 
satory response of the hippocampal formation to entorhinal cortex lesions (ECL). 
ECL was shown to cause the loss of nearly 60% of the synaptic input to the granule 
cell layer of the hippocampus. The loss of synapses, however, is transient. Beginning 
a few days after denervation, new synapses are formed, virtually replacing the lost 
inputs within a few months (Matthews et al., 1976). These new synapses originate from 
the cholinergic septal neurons (Lynch et al., 1972), glutamatergic commissural-associ- 
ational pyramidal cells of the CA3/Hilus areas (Lynch et al., 1976; Scheff et al., 1980) 
and, to a lesser extent, from neurons of the contralateral entorhinal cortex (Steward 
and Scoville, 1976). 

This sequence of compensatory changes in the CNS was found to correlate with 
the increased expression of ApoE in the deafferented zone of the molecular layer 
(Poirier et al., 1991b, c, 1993a). In the injured CNS, cells that synthesize ApoE have 
been identified as astrocytes (Poirier et al., 1991 c) rather than macrophages. 

Ultrastructural studies of the molecular layer of the dentate following ECL showed 
that throughout the 2-11 days post-lesion, astrocytes progressively engulf both pre- 
synaptic terminals and preterminal axons (Lee et aL, 1977). It has been postulated that 
once metabolized, these neuron-derived particles could generate a large astroglial 
store oflipids, providing a convenient and readily retrievable pool for membrane syn- 
thesis of precursors used in the formation of neuronal sprouts and in the reorganiza- 
tion of the dendritic field of granule cell neurons in the hippocampus (Figure 2, #1 
and #2). The accumulation of large amounts of sudanophilic lipids and deposits (cho- 
lesterol esters and phospholipids) in the molecular layer of the dentate gyrus during 
the early phase of the reinnervation process is compatible with such a concept (Pokier 
et al., 1993a). 

Figure 2 Role of astrocytes in the catabolism of degenerating terminals following hip- 
pocampal deafferentation. Degenerating terminals are initially internalized and degraded. The 
non-esterified cholesterol (FC) (1) is used (2) as free cholesterol for the assembly of an 
ApoE/cholesterol/lipoprotein complex or it is converted into cholesterol esters (CE) for storage 
purposes. The newly formed ApoE/cholesterol/lipoprotein complexes are then directed 
toward the circulation and to specific brain cells requiring lipids. ApoE complexes are appar- 
ently internalized by the neuronal LDL receptor pathway (4) and the cholesterol released for 
dendritic proliferation and/or synaptogenesis (5). As a consequence of the internalization 
process, cholesterol synthesis in neurons (via the HMG-CoA reductase pathway) becomes pro- 
gressively repressed. 
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Figure 3 Autoradiographic analysis of the [125I]LDL receptor binding activity in the hip- 
pocampus of rat following right unilateral entorhinal cortex lesions (from Poirier et al., 1993a). 
(A) Non-specific binding; (B) LDL receptor binding in control (sham-lesioned) rats; and (C) 
LDL receptor binding in ECL rats at 14 days post-lesion. Note the increased binding activity 
at 14 days post-lesion in ependymal cells surrounding the ventricular space and in neurons of 
the dentate gyrus and CA1 subfields on the right (lesioned) side. 

Figure 2 illustrates the working model used to examine the role of astrocytic ApoE 
in the response to injury in the CNS. Once lipid-rich ApoE-containing complexes are 
released in the neuropil, two alternate pathways can be proposed to explain the fate 
of terminal breakdown products in the hippocampus. First, lipids could be transferred 
to the circulation and targeted to liver for disposal. Indeed, autoradiographic analy- 
sis of the LDL receptor binding at 14 days post-lesion reveals a marked increase of the 
binding activity in periventricular epidymal cells (Figure 3; Poirier et al., 1993a). 

Alternatively, ApoE/lipoprotein complexes could be taken up by local cells requir- 
ing cholesterol and phospholipids for membrane synthesis. The time-dependent, cell- 
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specific induction of [~25I]LDL binding in granule cells (Figure 3) in ECL rats is con- 
sistent with such a concept. Figure 4 illustrates the concomitant alterations in ApoE 
protein levels, LDL receptor binding activity in granule neurons of the dentate and 
total hippocampal HMG-CoA reductase activity of rat following ECL (Poirier et al., 
1993a). The accumulation of cholesterol in granule cell neurons via the ApoE/LDL 
receptor pathway is certainly compatible with the down-regulation of the hippocam- 
pal HMG-CoA reductase activity at 6-8 days post-lesion, and is apparently the result 
of a cholesterol-mediated suppression of the HMG-CoA reductase transcription in 
reinnervated neurons. 

Interestingly, the induction of the LDL receptor binding activity in granule cell 
neurons correlates very well with the extent of the compensatory cholinergie plastic- 
ity in the outer portion of molecular layer of the dentate gyrus (Poirier et al., 1993a). 
On account of the role of ApoE-lipoprotein complexes in the transport of phospho- 
lipids in blood, it is tempting to postulate that ApoE could play a similar role in the 
CNS. Membrane phospholipids such as phosphatidyl-ethanolamine and phos- 
phatidylcholine are well-known precursors of acetylcholine. It is thus quite conceiv- 
able that, in addition to the transport of cholesterol required for synaptogenesis, ApoE 
could also affect cholinergic activity of the hippocampus through the availability of 
precursor lipid in the synthesis of acetylcholine. This possibility will be discussed later 
in relation to the recent ApoE4 association with sporadic Alzheimer's disease. 

Together, these results indicate that the CNS has evolved a powerful mechanism 
allowing lipid redistribution during neuronal reinnervation, despite the fact that it 
lacks some critical apolipoproteins used in PNS regeneration. Moreover, since the 
adult brain does not accumulate cholesterol (Pardridge and Mietus, 1980), the role 
played by ApoE and its receptor during reinnervation becomes even more critical for 
the redistribution of available cholesterol and phospholipids to sprouting neurons and 
glial cells. The cascade of cholesterol/phospholipid transport and re-uptake may ulti- 
mately prove to be essential in the ability of the CNS to compensate for the neuronal 
loss associated with normal brain ageing and neurodegenerative conditions such as 
Alzheimer's disease. Alternatively, impairment of these compensatory mechanisms 
might likewise contribute to the emergence of CNS dysfunctions. 

12.3 Synaptic remodelling and Alzheimer'$ disease: a role for 
ApoE? 

During Alzheimer's disease (AD), the hippocampus undergoes selective neuronal 
degeneration, particularly in the CA 1 and subiculum area (Brun and Englund, 1981). 
Neurofibrillary tangles accumulate in the subiculum and CA 1 areas, whereas plaques 
are more prominent in the dentate gyrus than in the CA 1 and CA3 regions. Deficits 
in hippocampal function are attributed to the loss of intrinsic neuronal connections 
as well as to degeneration of the entorhinal cortical neurons of layers II and III, 
which project to the hippocampus via the perforant pathway (Hyman et aL, 1984). 
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This functional deafferentation elicits in a small group of patients regenerative 
changes in the dentate gyrus (Geddes et al., 1985; Hyman et al., 1987), which resem- 
ble the hippocampal response of rats submitted to entorhinal cortex lesions. However, 
this observation has been challenged by a number of independent investigators. 

Geddes et al. (1985) reported an expansion of the glutamatergic receptor field 
(kainate type) in the molecular layer of the dentate, whereas Greenamyre et aL (1987) 
and Represa et al. (1988) showed severe reduction of the [~H]glutamate and [3H]- 
kainate binding sites in the dentate gyrus of AD brains. Hyman et al. (1987) reported 
enhanced acetylcholine esterase (ACHE) staining in the molecular layer of the dentate 
in a subgroup of AD subjects, which was interpreted as evidence of compensatory 
sprouting of septohippocampal cholinergic neurons. A decrease rather than an 
increase in cholinergic sprouting was recently reported by Ransmayr et al. (1989) using 
choline acetyltransferase (CHAT) immunoreactivity. Electron microscopy studies 
failed to detect the expected compensatory growth associated with the entorhinal 
innervation deficits. Flood and Coleman (1987) demonstrated a loss of proliferating 
dendrites in the hippocampus of AD while de Ruiter and Uyling (1987) showed a loss 
of dendritic spine and length in the dentate of AD patients. 

These results suggest that the usual compensatory growth of fibres associated with 
hippocampal deafferentation is lost in most AD patients. These observations in the 
hippocampus add up to recent reports on cerebral cortex integrity in AD that showed 
a 45 % decrease in presynaptic terminal density in the neocortex (Masliah et al., 1989) 
and a significant synaptic loss in layer V of the frontal cortex (-27%) and temporal 
cortex (-36%) (Davies et al., 1987). 

On account of the critical role played by ApoE and the LDL receptor in compen- 
satory reactive synaptogenesis in the injured rat hippocampus following ECL, it is 
quite conceivable that the poor reinnervation capacity observed in most AD subjects 
could be caused by a selective impairment of the ApoE/LDL receptor axis. 

Previous studies have shown that ApoE mRNA levels are increased (Deitrich et al., 
1991) or unchanged (Poirier et al., 1991 a) in post-mortem brains of AD patients. These 
results were obtained from patients whose ApoE genotypes were undetermined. Since 
ApoE expression (mRNA and protein levels) is markedly increased in the hippocam- 
pus of entorhinal cortex lesioned rats (Poirier et al., 1991 b, c, 1993a) and during the 
demyelination phase in humans with multiple sclerosis (Rifai et al., 1987), we exam- 
ined ApoE mRNA levels in the hippocampus of AD patients whose genotypes have 
previously been established. Figure 5 illustrates Northern blot analyses of ApoE levels 
in the autopsied hippocampus of control and AD subjects as a function of their respec- 
tive ApoE genotype. Autoradiographic analyses of the band corresponding to ApoE 
revealed no differences between control and AD hippocampal tissues, irrespective of 
their ApoE genotypes. These results are consistent with a preliminary report (Poirier 
et al., 1991 a) showing that despite astrocytic hyper-reactivity and increases in astro- 
cyfic glial fibrillary acidic protein mRNA levels in the hippocampus ofAD, ApoE gene 
expression remained relatively unchanged in the hippocampus. 

At least three different hypotheses can be proposed to explain the lack of changes 
in ApoE gene expression in AD. 

233 



J. Poirier, J. Nalbantoglu, D. Guillaume and P. Bertrand 

Figure 5 Northern blot analysis of ApoE mRNA prevalence in the post-mortem hip- 
pocampus of AD and age-matched control subjects whose ApoE genotypes were determined 
as described in Nalbantoglu et al. (1994). 

First, in contrast to animal models, terminal sprouting and reactive synaptogene- 
sis in humans may not require the presence of ApoE for the transport of cholesterol 
and phospholipids. However, reports that patients with multiple sclerosis show 
increased cerebrospinal fluid (CSF) levels of ApoE during remission phases (active 
remyelination) but not during the exacerbation phases (myelin breakdown) (Rifai et 

al., 1987) suggest a role for ApoE in lipid homeostasis associated with CNS remodel- 
ling in humans. 

A second possibility could be a selective alteration of the ApoE-synthesizing glial 
cell population in AD. Although there is little information regarding the number of 
ApoE-immunopositive astrocytes in AD versus control subjects, there is a marked 
increase in the number ofglial fibrillary acidic protein (GFAP)-positive astrocytes and 
in GFAP mRNA prevalence in the hippocampus of AD (Finch, 1987). 

A third possible explanation is that the unidentified aetiological factor(s) causing 
AD could modulate directly or indirectly ApoE gene expression. Alternatively, the 
presence of specific mutation(s) in the ApoE gene could result in the poor regulation 
of its own expression. Because of the widespread expression of ApoE in the human 
body, one has to assume that a disruption of ApoE gene regulation should have a 
generalized impact on lipid homeostasis. Indeed, several previous studies have 
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reported high blood cholesterol levels in AD versus control and stroke subjects 
(Giubilei et al., 1990), and in AD versus multiple-infarct dementia subjects (Muckle 
and Roy, 1985). 

Differences in amino-acid sequences corresponding to the major ApoE isoforms 
were shown to be major determinants of the differences in plasma cholesterol levels 
within the general population, with ApoE playing a key role in the clearance of cho- 
lesterol from plasma (Davignon et al., 1988). The synthesis of ApoE is under the 
control of three independent alleles, located at a single gene locus, coding for the 
major isoforms E2, E3 and E4 with respective frequencies of 8, 77 and 15% for the 
Eastern Canada population (Sing and Davignon, 1985). The homozygote E3/E3 is 
the most common phenotype encountered and E2/E2 is the least common. As a 
result, the avidity of ApoE-containing lipoproteins for lipoprotein receptors increases 
from ApoE2 to ApoE3 to ApoE4. The gradient in serum cholesterol is associated with 
a gradient in ApoE phenotype, E2 being associated with lower serum lipoproteins and 
total cholesterol levels than E3 and E4 (Davignon et al., 1988). Thus, if an impaired 
regulation of lipid homeostasis was to be part of the aetiological process associated 
with AD, then subjects with the E4/E4 or E3/E4 phenotype should be at an increased 
risk of having AD. 

This concept would also agree with the reported genetic association between some 
families with late-onset AD. The 3.5 kb allele of a Taql RFLP on chromosome 19 is 
less than 50 kb from the ApoE locus on the 5' end of the gene (Schellenberg et al., 
1992). 

12.4 Alzheimer's disease and ApoE4 

Recently, several independent research groups have examined the frequency distrib- 
ution of ApoE isoforms in AD subjects in the USA, Canada, France, Japan and 
Germany. The frequency of the ApoE4 allele was shown to be markedly increased in 
sporadic (Lucotte et al., 1993; Noguchi et al., 1993; Poirier et al., 1993b; Saunders et 
al., 1993) as well as in late-onset familial AD (Corder et al., 1993; Payami et al., 1993; 
Saunders et al., 1993). A gene dosage effect was observed in both familial (Corder et 
al., 1993) and sporadic (Poirier et al., 1993b) cases (i.e. as age of onset increases, E4 
allele copy number decreases). 

Figure 6 represents the ApoE4 allele frequency and prevalence as a function of 
age distribution in living patients with probable AD (Poirier et al., 1993a) and autop- 
sied-confirmed AD subjects (Nalbantoglu et al., 1994) from Eastern Canada. As 
many as 80% of all clinical AD with age 65-75 carry at least one copy of the ApoE4 
allele. Interestingly, there is a sharp decline in the prevalence of ApoE4 in AD at 
very old age; this suggests the presence of a late-late onset form of AD. A similar dis- 
tribution profile was observed in the post-mortem AD cases. Comparable results 
were obtained by Rebeck et al. (1994) with a large clinical cohort of AD patients from 
the Boston area. 
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Figure 6 ApoE4 allele frequency and prevalence in autopsied (top) and clinical (bottom) spo- 
radic Alzheimer's disease subjects from Eastern Canada. Note the age-dependent reduction of 
the ApoE4 allele frequency in both living and autopsied AD cases. 

Control cases represent an interesting challenge. It was shown that living control 
subjects with mini-mental state scores greater than 28 (n = 74; mean age 75.5 years) 
exhibit an ApoE4 allele frequency of 12.2% (Poirier et aL, 1993b). Post-mortem 
control subjects with plaque and tangle counts below AD threshold (n = 78; mean age 
70.2) exhibit an ApoE4 allele frequency of 5 % (Nalbantoglu et al., 1994). Finally, living 
French centenarians (n = 325; mean age 100.7) showing no signs of dementing ill- 
nesses exhibit an ApoE4 allele frequency of 5 % (Schachter et al., 1994). There is an 
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important drop in ApoE4 allele frequency between cognitively normal octogenarians 
(Pokier eta/., 1993b) and cognitively normal nonagerians (Rebeck et a/., 1994) living 
in North America. 

These studies suggest that more than 60% of cognitively normal individuals aged 
65-80 carrying a copy of ApoE4 allele are at risk of developing AD before they reach 
the age of 90. Canadian women, who are at a greater risk of developing sporadic AD 
(women/men ratio: 2/1; from the Canadian Study of Health and Aging Working 
Group, 1994), showed a marked increase in ApoE4 allele frequency when compared 
to age-matched men (Poirier et al., 1993b). 

The inheritance of late-onset AD is clearly associated with the inheritance of the 
E4 allele in individuals who live long enough to be at risk. Thus, the population fre- 
quencies of the E4 allele may contribute to the prevalence of AD in different geo- 
graphical locations and in genetically distinct populations. Analysis of ApoE allele 
frequencies in 45 populations shows that there are differences in ApoE allele fre- 
quencies between Caucasians, Japanese and Chinese (Gerdes et al., 1992). Some 
differences in ApoE allele frequencies between Caucasian populations were noted 
and discussed by Davignon et al. (1988). 

Although the definition of dementia or the methods of assessment may vary from 
centre to centre, there is a noticeable variation in prevalence and incidence of AD 
around the world (Breteler eta/., 1992). Interestingly, a recent study by Mayeux et al. 
(1993) showed that the association between ApoE4 and AD varied significantly across 
three different ethnic groups (black, hispanic and white) from New York City. 

A careful examination of the published ApoE phenotypes and genotypes for 
several different populations worldwide (Gerdes et al., 1992) and the age-adjusted 
prevalence of AD (Breteler et al., 1992) reveals an interesting relationship (Figure 7). 
There is a highly significant correlation between the ApoE4 allele frequency and the 
AD prevalence in six different countries (and seven regions) for which allele frequen- 
cies and AD prevalence values are currently available. In contrast, there is no correla- 
tion between the ApoE3 and ApoE2 allele frequencies and AD prevalence in those 
same regions. This observation suggests that the well-established association between 
ApoE4 and AD is not population specific but represents a worldwide effect of genetic 
aetiology. 

12.5 ApoE4 and neuropathological features 

It has been shown that ApoE-like immunoreactivity was found to be associated with 
amyloid in senile plaques, cerebral vessels and neurofibriUary tangles (Namba et al', 
1991). In vitro, amyloid 13 (A[3) binds more avidly to ApoE4 than to ApoE3 (Strittmatter 
et al., 1993; Wisniewski et al., 1993). Increased peptide deposition was recently 
reported in the cerebral cortex (Schmechel et al., 1993) and hippocampus (Poirier et 
al., 1994) of late-onset AD carrying one or two copies of the ApoE4 allele. Analyses 
of the effect of ApoE4 allele copy number on the prevalence of senile plaques in the 
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hippocampus of 59 AD patients (Figure 8) reveal highly significant correlations 
between those two markers in the CA1 subfield, the subiculum and the parasubicu- 
lum (Poirier et al., 1994). This study also revealed significant correlations between the 
ApoE4 allele copy number and the density of neurofibrillary tangles in the CA 1 sub- 
field and the subiculum but not in the parasubiculum of sporadic AD subjects. 

12.6 ApoE4 and cholinergic deficits 

As losses of cholinergic neurons and/or ChAT activity are well-known classical hall- 
marks of AD (Davies and Maloney, 1976; Perry et al., 1977; McGeer, 1984), a possible 
relationship between the ApoE4 genotype and a cholinergic marker was deemed as 
highly relevant. On the basis of its well-recognized post-mortem stability, ChAT activ- 
ity was examined in relation to ApoE genotype. Figure 9 illustrates that the reduction 
in ChAT activity [as measured by the method of Tucek (1978)] in the hippocampus 
and temporal cortex of AD cases is proportional to the ApoE4 allele copy number (i.e. 
as ApoE4 allele copy number increased, ChAT activity decreased) (Poirier et al., 
1994). Results obtained in our laboratory clearly indicate the existence of distinct 
genetic entities in sporadic AD, which show a differential degree of alteration of 
cholinergic innervation, at least as revealed by ChAT activity. 

The ApoE4 allele copy number-related reduction in ChAT activity could be 
caused by at least two distinct phenomena. First, phospholipids such as phos- 
phatidylcholine (PC) and phosphatidyl-ethanolamine (PE), which serve as precursors 
to choline in the synthesis of acetylcholine (Ach), could be transported into neurons 
via the classical ApoE-LDL receptor pathway. An isoform-dependent impaired regu- 
lation of the transport of phospholipids in the brain of ApoE4 carriers could explain 
the reduced levels of PC, PE and choline reported in the AD brain (Pettigrew, 1989; 
Nitsch et al., 1992); this would then lead to decreased Ach synthetic capacities. 

Alternatively, the reduction in neuronal ChAT activities and choline levels could 
be secondary to losses of cholinergic neurons in the basal forebrain, including the 
nucleus basalis ofMeynert (NBM), diagonal band ofBroca (DBB) and the septal area. 
A preliminary analysis of the number of acetylcholinesterase-positive neurons in the 
NBM and DBB of a small number of AD patients (n = 7) revealed marked losses of 
cholinergic neurons in ApoE4 versus ApoE3 homozygous AD cases (~ 70% in NBM 
and ~ 45 % in DBB; Figure 10). 

Taken together, these results clearly suggest that cholinergic function in AD-E3/3 
subjects may at least be partially spared when compared to AD-E4/3 and AD-E4/4 
carriers. Most importandy, this genetic susceptibility could result in subgroups of AD 
patients that may respond differently to cholinomimetics, ApoE4 subjects having lost 
most of their Ach synthetic capacities. 

The cholinergic hypothesis of geriatric memory dysfunction as discussed by Bartus 
more than a decade ago (Bartus et al., 1982) raised some fundamental questions 
regarding the observed heterogeneity of clinical responses toward various choli- 

239 



140 - -0 ,  0 0 0 /  C A 1  ' ' 120 C A  . 

,, , , 80 ~ ~ . t 

60 ; __ o- o ~ I 

- a ,~  - ; - - - - - - - " - - " - ~ l  " 20 o . o  " l :oP' - ' - '~  , ! l -i ~ o . . . . . .  �9 ~:80[p=0.,0001 S U O I C U L U M  "( l ~:E 1 2 0 ~ . - - n / I 1 ~  ' S U O I ~ U L U M  

.= 60i . . . ~ .  ~00[" . . . . . .  . . 80[ o * 

40 = ; .  . ~ ~ 
== == . ^ ~ 0 ~  . - : , .  4 u ~  = 

20 ~ onl o ~  .... i o ~ ,  : "  , ,  ': I == o, -o,o , o, . . . .  

P A R A S U B I C U L U M  1240[ p = ( ~ 0 0 1 ,  P A R A S U B I C U L U M  . 

8 0 [  

~o~ - i -  =,- 
.40 / . l ~  | �9 �9 

2,,~ .~_-,Z. , ,w--- - ' - - -%. �9 v [.--- , S ' ' , ,  : l ~ S  " ; 
r , � 9  

i 0 /  = i i i i i , ,  

140~ 
120[ 
100[ 

,60 
~40 
20 
,o t 

!0 1 2 

o a 
u 

~  o - 8  o o o 

RoBB 0 9 .  
a a H B a  a " B ~  " ~ , , ~ 

.o i ' 

A P O  E 4  A L L E L E  C O P Y  N U M B E R  

Figure  8 ApoE4 allele copy number, senile plaque (left) and neurofibrillary tangle (right) densities in different subfields of the hippocampus in 
Alzheimer's disease. Each dot refers to one AD subject. Statistically significant correlations are indicated by the p values in the figure. 



HIPPOCAMPUS TEMPORAL CORTEX 

~>_- 14 

-~. 12 

q~OW, ~ lO 
Co) 

,m~ 8 

(D r" 
m , m  
m 

0 4 
c- 
O 

CONTROLS ALZHBMER'S DISEASE CONTROLS ALZHBMER'S DISEASE 
I I I I 

....................... 0 ........................................................................................................................................................................................................................... 

p<O.05 p<O.05 

..... I L I .... o<o.o , p<O.O(O)l ~ p<O.~ I 

e 

e 
e 

m 
m 

m 

e 

- . -  p .  
e 

~ _-~ m 

i i 
0 0 

m m 

I l I I 

1 2 0 0 

APO E4 ALLELE COPY NUMBER 

m 

m 

m 
nm --m-- 
m mm 
i I 

1 2 

Figu re  9 ApoE4 allele copy number and choline acetyltransferase activity in post-mortem control and Alzheimer's disease brains in hippocam- 
pal formation and temporal cortex. Each dot refers to one subject: control subjects are represented by solid circles; AD subjects are represented by 
solid squares. Significant differences between group are indicated by the p values on the figure. 



J. Poirier, J. Nalbantoglu, D. Guillaume and P. Bertrand 

( c ~  

"k'k 

NUCLEUS BASALIS OF MEYNERT 

loo 

w t-- 
2 
::3 50 
O 
Z 

.'!=~ 0 

O 150 I1. 
u.I 
J= 

"5 
L _  

0 e,J 
E 50 

Z 

DIAGONAL BAND OF BROCA 

N 3 

(Ch2), 

3/3 414 
APO E GENOTYPES 

]Figure 10 Acetylcholinesterase-positive neuronal cell counts in the nucleus basalis of 
Meynert (top panel) and diagonal band of Broca (bottom panel) as a function of ApoE geno- 
type in homozygous Alzheimer's disease subjects. Bars represent mean _+ S.D. The methods 
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nomimetics in patients with AD. The absence of clear beneficial effects of choline and 
lecithin on geriatric patients with and without AD is still intriguing. Furthermore, clin- 
ical trials based on the use of esterase inhibitors such as physostigmine (Davis et al., 
1979) have shown that in contrast to young subjects, the optimal acute dose necessary 
to facilitate performance on memory tasks varied considerably among individual aged 
control subjects and AD patients. 

Individual variations in residual brain cholinergic innervation in AD and clinical 
responses to cholinergic agents could be the result of the presence of the ApoE4 allele; 
ApoE4 carriers are unlikely to be good responders, at least with the use of Ach pre- 
cursor and esterase-based therapies. This could have a significant impact on the 
design of future cholinomimetic-based trials in AD. Prospective-retrospective analy- 
ses of genotyped AD patients, which were either good or poor responders to choli- 
nomimetics, are currently underway to examine the effect of the presence of ApoE4 
allele on the clinical response of these patients. 
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12.7 Conclusion 

Results gathered around the world indicate a significant over-representation of ApoE4 
in sporadic and familial late-onset AD patients compared to controls. These reports 
indicate that the inheritance of the ApoE4 allele represents a very strong risk factor 
for AD. Although it is not possible at the moment definitively to assess the aetiolog- 
ical role of ApoE4 in AD without large-scale epidemiological studies, it is clear that 
ApoE4 has a direct impact on: (i) senile plaque accumulation; (ii) neurofibriUary tangle 
accumulation in selected brain areas, and (iii) cholinergic deficits (CHAT activity and 
cholinergic neuronal cell loss) - three neuropathological landmarks of AD. Whether 
ApoE4 is an aetiologically relevant gene or an amplifying gene remains to be estab- 
lished. Preliminary data suggest that the interactions between ApoE4 and A[3 appear 
to be closely related to the formation of amyloid plaques and could play a role in the 
pathophysiological process leading to AD. 
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Plate  I Intracellular, Type I neurofibrillary tangle visualized immunohistochemically using 
mAb 423, a monoclonal antibody raised against PHF-core preparations which has been shown 
to recognize tau C-terminally truncated at Glu-391. Adjacent is a normal pyramidal cell which 
lacks neurofibrillary pathology. 



Plate  II An early stage of neurofibrillary degeneration involves the accumulation in the soma- 
todendritic compartment of pyramidal cells of amorphous deposits of tau truncated at Glu-391 
and recognized by mAb 423, as shown in this figure. Other structures that are recognized by 
mAb 423 include the larger granules of the GVD complex. The red deposits are autofluo~ 
rescent unlabelled lipofuscin granules. 
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