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Preface

Alzheimer’s disease: A century of scientific

and clinical research

George Perry, Jesús Avila, June Kinoshita and Mark A. Smith

The centennial of Alois Alzheimer’s original de-

scription of the disease that would come to bear his

name offers a vantage point from which to commem-

orate the seminal discoveries in the field. To identify

the breakthroughs, we used citation analysis, milestone

papers identified by current researchers, and our own

suggestions. Our process took into account the per-

spectives of individuals who recall the impact of find-

ings at the time they were made, as well as of scientists

today who have the advantage of hindsight in weighing

the lasting influence of these findings. Because modern

Alzheimer disease research was triggered by the sem-

inal work of Tomlinson, Blessed, and Roth some four

decades ago, we are especially fortunate that the vast

majority of these milestone authors are still with us.

Each contributor was invited to discuss what made

their particular article a milestone in the context of its

time. Furthermore, contributors were asked to provide

a highly personal perspective, by recounting the tale of

how each discovery unfolded and by frankly describing

the contradictions among studies and the debates that

once took place in whispered tones in remote corners

of seminar rooms and conference halls.

These writings bring to the practitioner, student and

interested lay person a perspective not only on the past

but also on where the Alzheimer disease field is likely

to go in the future. Only time will tell whether these

milestones have charted the future accurately, but they

are unquestionably the foundation upon which the fu-

ture will be built.

N.B. The photo’s displayed on the title page of the
papers show the (corresponding) author.

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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Progress in the history of Alzheimer’s

disease: The importance of context

Jesse F. Ballenger
Pennsylvania State University, University Park, PA, USA

Abstract. The history of Alzheimer’s disease (AD) is typically formulated as

the history of great doctors and scientists in the past making great discoveries

that are in turn taken up by great doctors and scientists in the present – all

sharing the aim of unraveling the mysteries of the disease and discovering how

it can be prevented or cured. While it can certainly be edifying to study the

“great men” and how their contributions laid the foundation for current work,

there are problems with this approach to history. First, it oversimplifies the

actual historical development of science. Second, using history to legitimate

the present can keep us from asking critical questions about the aims and limits

of contemporary research. This chapter urges a broader view of the history of AD, one that recognizes that context

is as important as the great doctors to the historical development of the concept of AD. Thought of this way, I argue

that it is useful to divide of the history of AD into three periods. First there was the period in which Alzheimer

and Kraepelin laid the clinical and pathological foundations of the disease concept. Then there is our own period,

which began in the late 1970s and has emphasized the biological mechanisms of dementia. In between, there is

the period – almost completely ignored in most histories of AD – that conceptualized dementia in psychodynamic

terms. It is true that the psychodynamic model of dementia did not directly contribute to the concepts and theories

that dominate AD research today. But it did change the context of aging and dementia in important ways, without

which AD could not have emerged as a major disease worthy of a massive, publicly supported research initiative.

1. Introduction

Without a doubt, the history of Alzheimer’s disease

(AD) is a history of progress. As it is usually formu-

lated, progress in medicine means the history of great

doctors and scientists in the past making great discov-

eries that are in turn taken up by great doctors and sci-

entists in the present – all sharing the aim of unraveling

the mysteries of disease and discovering how it can be

prevented or cured. In this way of looking at the his-

tory of science and medicine, the research of previous

generations is noticed only to the degree to which it

anticipated or contributed to current concepts and re-

search initiatives. In the case of AD, this produces a

historical narrative that begins with Alzheimer’s first

description in 1906 and Kraepelin’s naming of the dis-

ease in 1910 as the historical foundation, then virtually

ignores the next five decades as a veritable dark age –

mentioning only a handful of articles that were “ahead

of their time” in seeming to anticipate current concepts

and concerns (e.g., [37,38]), then skipping ahead to the

history of current research projects rooted in the 1970s

or later.

It can certainly be edifying to study the “great men”

and how their contributions laid the foundation for cur-

rent work. And it seems appropriate and noble on the

occasion of the 100th Anniversary of Alzheimer’s first

description of the disease to acknowledge that, as the

cliché goes, “if we see farther now it is because we stand

on the shoulders of giants.” But there are problems

with this approach to history. First, it oversimplifies

the actual historical development of science – and as I

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved



6 J.F. Ballenger / Progress in the history of Alzheimer’s disease: The importance of context

will argue below that is certainly true in the case of AD.

Second, using history to legitimate the present can keep

us from asking critical questions about the aims and

limits of contemporary research. If our present course

seems foreordained, the logical and inevitable fruit of

historical progress, we may be unwilling to consider its

pitfalls, and unaware of potential alternatives.

Thus, as a historian, I want to use the attention to

history that the 100th Anniversary of AD will garner,

to urge a broader view that understands that context

is as important as the great doctors to the historical

development of the concept of AD. As an alternative to

the metaphor of “standing on the shoulders of giants,”

I would suggest that we view the evolution of scientific

and medical ideas about dementia as a garden, and

the social and cultural context important factors in the

climate and soil that favor the growth of some ideas

over others. Changes in that context may of course

create opportunities for different sorts of ideas to thrive.

Thought of this way, progress in medicine becomes a

more complex matter. Progress can be seen when some

particularly idea takes deep root and grows over a long

period of time, e.g., the original clinical-pathological

entity described by Alzheimer, but it can also occur

when ideas die and wither away, changing the quality of

the soil and atmosphere,and perhaps making conditions

ripe for new ideas to emerge.

Thought of this way, I argue that it is useful to di-

vide of the history of AD into three periods. First there

was the period in which Alzheimer and Kraepelin laid

the clinical and pathological foundations of the disease

concept. Then there is our own period, which began

in the late 1970s and has emphasized the biological

mechanisms of dementia. In between, there is the pe-

riod – almost completely ignored in most histories of

AD – that conceptualized dementia in psychodynamic

terms. It is true that the psychodynamic model of de-

mentia did not directly contribute to the concepts and

theories that dominate AD research today. But it did

change the context of aging and dementia in important

ways, without which AD could not have emerged as a

major disease worthy of a massive, publicly supported

research initiative.

2. Alzheimer, Kraepelin and the foundations of AD

Alois Alzheimer and Emil Kraepelin are usually seen

as the founders of the modern concept of AD [52].

There is good reason for this view – Alzheimer did

provide a thorough, unified description of the clinical

symptoms of AD and what have remained its essential

pathological features [34]. But the context in which

they worked was much different, and this different con-

text seemed to lead them away from conceiving of it

as we do – one of the most devastating diseases af-

flicting the elderly. Although there is great need for a

detailed history of Alzheimer and Kraepelin’s work on

the dementias, thinking about how they conceptualized

AD and senile dementia in the context of psychiatry

at that time can help us understand what today seems

most puzzling about their work in this area – why, de-

spite their insights about the clinical and pathological

nature of the dementias, they viewed AD as a rare and

relatively insignificant disorder.

As is well known, Alzheimer first described the dis-

ease that would eventually be named for him at a meet-

ing of the South West German Psychiatrists in Tübingen

in 1906. It was a brief report of the case of a 51-

year old woman who developed progressive dementia,

accompanied by focal signs, hallucinations and delu-

sions. On post-mortem, her brain was found to contain

numerous senile plaques and a newly observed patho-

logical structure – densely twisted bundles of neurofib-

rils, or neurofibrillary tangles, which were made visible

to microscopic observation through a newly developed

silver-staining technique. In 1910, Alzheimer’s mentor

Emil Kraepelin bestowed the eponym in the 8th edi-

tion of his influential psychiatric textbook, and, as the

story goes, the foundation of AD as a disease entity

was established, waiting to be built upon by subsequent

research [34].

However, the idea that this episode marked the foun-

dation of the scientific study of one of the most impor-

tant diseases of the twentieth century would have left

Alzheimer and his contemporaries more than a little

surprised. Indeed, what seems most remarkable about

the episode from today’s vantage point is how insignif-

icant it seemed at the time. Alzheimer’s initial report

drew no reaction or enthusiasm from the audience of

psychiatrists who heard him give it, nor did its publica-

tion in 1907 draw any significant attention [33]. Krae-

pelin devoted only a few pages of his massive textbook

to it, and his naming of it was somewhat offhand and

equivocal:

The clinical interpretation of this Alzheimer’s dis-

ease is still confused. While the anatomical find-

ings suggest that we are dealing with a particularly

serious form of senile dementia, the fact that this

disease sometimes starts already around the age of

40 does not allow this supposition. In such cases

we should assume at least a ‘senium praecox,’ if
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not perhaps a more or less age-independent unique

disease process [8, pp. 77–78].

Perhaps most surprisingly, given the importance of

AD today, after Alzheimer death in 1915, few of the

many tributes to him written by his colleagues even

made any reference to AD. Alzheimer was remem-

bered by his contemporaries, including Kraepelin, for

his clinical and histopathological acumen and intensive

work ethic, not for having discovered the “disease of

the century” for which his name is a household word

today [33].

The insignificance of AD to Alzheimer and his con-

temporaries is easier to understand when put in histor-

ical context. At the turn of the twentieth century, there

was a feeling that scientific medicine’s ability to define

the pathogenesis and etiology of discrete disease enti-

ties through bacteriological and pathological research

was leaving clinical psychiatry behind [40]. The one

exception was the discovery by German psychiatrists

in 1857 that general paresis, one of the most common

forms of insanity, was connected to syphilitic infection.

The example of general paresis raised new hope that

clinical-pathological correlations would lead to etiolog-

ical theories, and ultimately therapeutic interventions,

for other forms of mental illness [1,12,46].

Although these grand hopes never materialized, in

the first decade of the twentieth century, Kraepelin and

his protégés, Alois Alzheimer and Franz Nissl, nearly

made AD the second major mental disorder for which

a clear pathological basis had been established. The ef-

fort failed because of the inability to resolve the issue of

whether the clinical symptoms and pathological struc-

tures constituted a disease entity or a part of the normal

processes of aging. Ironically, Kraepelin, known as the

Linnaeus of psychiatry because he established a sim-

ple and rational nosological system based on careful

observation of the natural history of mental diseases,

exacerbated the confusion by creating the entity “AD”

to distinguish the relatively rare cases in which demen-

tia developed before the age of 65 (pre-senile demen-

tia) from the common occurrence of dementia in more

advanced ages (senile dementia). Kraepelin made this

distinction despite the fact that the pathological hall-

marks, clinical symptoms, and natural history of both

pre-senile and senile dementia were virtually identical.

Age of onset appeared to be the only criteria on which

the distinction was made. In grappling with Kraepelin’s

classification of the dementias, subsequent researchers

had to puzzle not only about the relationship of AD to

senile dementia, but about whether both of them were

related to aging in the same way or at all [6].

Alzheimer himself appeared to be ambivalent about

whether AD should in fact be considered a disease

distinct from senile dementia. In a longer 1911 paper

on such cases he wrote that:

As similar cases of disease obviously occur in the

late old age, it is therefore not exclusively a prese-

nile disease, and there are cases of senile dementia

which do not differ from these presenile cases with

respect to the severity of the disease process. There

is then no tenable reason to consider these cases

as caused by a specific disease process. They are

senile psychoses, atypical forms of senile demen-

tia. Nevertheless, they do assume a certain separate

position, so that one has to know of their existence

. . . in order to avoid misdiagnosis [2, p. 93].

As German Berrios concludes, it seems that all

Alzheimer meant to emphasize in describing these

cases in both the 1907 and 1911 publications was that

senile dementia could occur in a younger person [7].

So why then did Kraepelin create and assert the ex-

istence of the new entity? It has been theorized that he

did so as part of a struggle against the inroads being

made by Freud and psychoanalysis, hoping to create in

AD a second example (general paresis being the first)

of a mental illness with a clearly defined pathological

substrate [50]; that he did so in order to garner prestige

for his department, which was in a rivalry with that of

Arnold Pick in Prague [3]; that he did so in order to

justify the creation of Alzheimer’s expensive pathol-

ogy lab in Munich [35]; finally, that he did so with full

intellectual honesty out of the assumption that differ-

ences in age of onset was a sufficient reason to make

the distinction, and that in any case, he was reserving

final judgment for more decisive evidence [6]. All of

these explanations may be true, but until more detailed

historical research is done on Kraepelin and Alzheimer,

they remain somewhat speculative.

What does seem clear is that for Kraepelin it made

no sense to call senile dementia a disease since the

pathological processes of old age were understood to

be “normal,” while dementia occurring at earlier ages,

even though associated with the same brain pathology,

seemed to suggest a disease. As many historians have

pointed out, this assumption that mental and physical

deterioration were normal in old age was deeply em-

bedded in medicine and Western culture more broadly,

and remains powerful today [19,27]. This assumption

remained powerful, and seemed to be the reason that

the psychiatric literature maintained the distinction be-

tween AD as a rare disorder distinct from senile demen-

tia through the 1970s, despite the fact that researchers
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were well aware of, and puzzled by, their similarity [24,

25]. But beginning in the 1930s, a different orientation

towards dementia in psychiatry and the emergence of

social gerontology would challenge these assumptions,

setting the context for the emergence of the current

understanding of AD in the late 1970s.

3. The psychodynamic model of dementia, the rise

of social gerontology, and the fight against

senility

In the 1930s, the age-associated dementias posed two

kinds of problems for psychiatrists. They continued to

pose the sort of vexing nosological puzzles described

above, and new questions were raised about the role of

the associated brain pathology. A large autopsy series

published in 1933 reported that the correlation between

the clinical symptoms of dementia and the presence of

brain pathology post-mortem was surprisingly loose [4,

15]. In some cases, the senile plaques and neurofib-

rillary tangles that were found in the brains of patients

suffering from dementia were also found in the brains

of patients who had shown no sign of dementia in life.

In other cases, the brains of patients who died severely

demented were found at autopsy to be relatively intact.

But the age-associated dementias posed a second,

more practical sort of problem as well, at least for psy-

chiatrists in the United States. In the late-nineteenth

century, reforms in public policy made care of the men-

tally ill the responsibility of state rather than local gov-

ernments. An unintended result of this was that local

welfare officials were given a strong financial incen-

tive to regard the old people who could no longer live

independently in the community as insane so that they

would be institutionalized in the state mental hospitals

at the expense of state governments As a result, both the

absolute and proportional number of aged patients ad-

mitted to the state hospitals increased dramatically, and

the mental hospitals remained the institutional center of

psychiatry in the United States during this period [16,

17]. Because psychiatry regarded senile dementia as

incurable, its rising prevalence in the state mental hos-

pital patient population undermined the therapeutic en-

vironment that the state hospitals were supposed to pro-

vide. Because the overall population was aging, the

problem was regarded by many as an impending cri-

sis – a demographic avalanche that would bury the state

hospital as a viable institution, and the professional le-

gitimacy of psychiatry along with it [4]. This remained

a concern for psychiatry through the mid-1950s, when

American psychiatrists began to increasingly move to-

ward office-based practice in the community. In 1965,

provisions in the Medicare and Medicaid legislation

made the federal government responsible for funding

nursing-home care of the elderly, resulting in the shift

of many thousands of elderly patients out of the mental

hospitals and into nursing homes and various commu-

nity care arrangements [18].

In the mid-1930s, American psychiatrists, led by

David Rothschild of the Worcester State Hospital, de-

veloped a new theory of dementia that seemed to an-

swer both sets of problems. The new concept of demen-

tia emphasized psychosocial factors over brain pathol-

ogy in the etiology of dementia – thus bringing the

age-associated dementias into mainstream psychiatry.

The basis of this re-conceptualization was an inability

to establish a definitive correlation between dementia

and brain pathology, as reported by Gellerstedt and by

Rothschild himself [15,42,43,45]. Rothschild and his

followers argued that the lack of correlation between

clinical and pathological data could best be accounted

for by a differing ability among individuals to compen-

sate for organic lesions. Seen this way, age-associated

dementia was more than the simple and inevitable out-

come of a brain that was deteriorating due to disease

and/or aging. Rather, dementia was a dialectical pro-

cess between the brain and the psychosocial context

in which the aging person was situated. Factors such

as pre-morbid personality structure, emotional trauma,

disruptions of family support and social isolation were

regarded as at least as important in explaining dementia

as the biological processes within the brain that pro-

duced plaques and tangles [4].

For psycho dynamically oriented American psychi-

atrists, the psychodynamic approach was a more satis-

fying theory of dementia, and provided a logical basis

for making meaningful therapeutic interventions. Thus

it is no surprise that there was a surge of interest in age-

associated dementias within American psychiatry dur-

ing this period. In the 10 years from 1926–1935, there

had only been nine articles concerning senile dementia

and/or AD published in the American Journal of Psy-

chiatry and the Archives of Neurology and Psychiatry,

the two leading professional journals; in the following

decade, 36 articles appeared. Much of this literature

concerned the use of therapies that had previously been

considered inappropriate for aged patients – including

psychotherapy, ECT, hormones, vitamins, and other

drug treatments. From 1935 to 1959, thirty-five arti-

cles reporting on the use of therapies including group

psychotherapy, hormone treatments, appeared in these
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two journals. These reports were generally enthusiastic

about the results, but this probably said as much about

how badly clinicians wanted meaningful treatments for

dementia as about the efficacy of these approaches. In

any case, these initial studies were generally not ex-

tensive or rigorous, and positive results were usually

not replicated when more careful studies began to be

conducted in the 1970s [4].

But the psychodynamic model offered more than an

end-run around nosological problems and a rationale

for the therapeutic efforts of desperate psychiatrists in

the state hospitals. It also seemed to provide insight

into the entire experience of aging in post-World War II

America. In the 1940s and 1950s, virtually all Amer-

ican psychiatrists working on senile dementia, includ-

ing Rothschild himself, who had developed his model

on extensive post-mortem evidence, stopped investi-

gating brain pathology. Nor did they attempt to de-

lineate various disease entities based on pathological

lesions, but folded Alzheimer-type dementia, cerebral

arteriosclerosis, and functional mental disorders into

a broad concept of senile mental deterioration, whose

pathological hallmarks were not brain deterioration but

modern social relations. The locus of senile mental

deterioration was no longer the aging brain, but a soci-

ety that, through mandatory retirement, social isolation

and the disintegration of traditional family ties, stripped

the elderly of their role in life. Bereft of any meaning-

ful social role and suffering the effects of intense so-

cial stigma, it was not surprisingly that the elderly be-

gan to deteriorate mentally. As Rothschild argued, “in

our present social set-up, with its loosening of family

ties, unsettled living conditions and fast economic pace,

there are many hazards for individuals who are growing

old,” he wrote. “Many of these persons have not had

adequate psychological preparation for their inevitable

loss of flexibility, restriction of outlets, and loss of

friends or relatives; they are individuals who are facing

the prospect of retirement from their life-long activities

with few mental assets and perhaps meagre material

resources.” [44, p. 125] Other psychiatrists pushed the

turn to the social much further than Rothschild, going

so far as to argue that that social pathology should in

fact be regarded as the cause of brain pathology. Mau-

rice Linden and Douglas Courtney argued that “senility

as an isolable state is largely a cultural artifact and that

senile organic deterioration may be consequent on atti-

tudinal alterations” [32, p. 912], though the authors ac-

knowledged that this hypothesis was difficult to prove.

David C. Wilson was less circumspect, arguing that the

link between social pathology and brain deterioration

was simply a matter of waiting for “laboratory proof”

to support what was adequately demonstrated by clini-

cal experience – that the “pathology of senility is found

not only in the tissues of the body but also in the con-

cepts of the individual and in the attitude of society.”

Wilson cited the usual evidence of pathological social

relations in old age: the break-up of the traditional fam-

ily, mandatory retirement, and social isolation. “Fac-

tors that narrow the individual’s life also influence the

occurrence of senility,” he asserted. “Lonesomeness,

lack of responsibility, and a feeling of not being wanted

all increase the restricted view of life which in turn

leads to restricted blood flow” [53, p. 905]. Social

pathology could even be discerned, it seemed, within

the constricted blood vessels of the aging brain.

Because it brought together cultural anxieties about

the isolation, emptiness and stigma of aging in mod-

ern society with the frightening symptoms of dementia,

the broad concept of senile mental deterioration gained

currency far beyond professional psychiatry. It fig-

ured especially in popular and professional discourse

that sought to make retirement a meaningful and desir-

able stage of life by making it financially secure and

emotionally satisfying. To the emerging field of social

gerontology, the high prevalence of senile mental dete-

rioration, as construed by psychiatrists like Rothschild,

was an indictment of society’s failure to meet the needs

of the elderly [5, Chapter 3].

The “adjustment” of the individual to aging was the

key concept for social gerontologists in the 1940s and

50s. This adjustment could be negative, resulting in se-

nile mental deterioration, or it could be positive, result-

ing not only in the preservation of mental health, but the

discovery of new and satisfying interests and activities

to replace those that had been lost with age [11,14,22,

39,47]. Though adjustment to old age was ultimately a

personal matter, prominent gerontologists argued that

“in modern America the community must carry the re-

sponsibility of creating conditions that make it possible

for the great majority of older people to lead the inde-

pendent and emotionally satisfying lives of which they

are capable” [21, p. 17]. The community’s responsi-

bility went beyond altruism, for if their needs were not

met the burgeoning aging population would result in

a catastrophic increase in senility. As Jerome Kaplan,

an advocate for recreation programs argued, “with the

number of people who are over 65 increasing signif-

icantly each year, our society is today finding itself

faced with the problem of keeping a large share of its

population from joining the living dead – those whose

minds are allowed to die before their bodies do” [26,
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p. 3] The solution was a program to provide older peo-

ple with meaningful activities to fill the remainder of

their lives.

Broadly construed, this was the program of social

gerontology for reconstructing old age. And whatever

the scientific merits of this model of the social produc-

tion of “senility” as an account of the pathogenesis of

dementia, those who embraced it were generally suc-

cessful in winning a series of significant policy changes

that helped to transform the experience of aging in

America. By the 1970s, much of this program had in

fact been accomplished. The material circumstances of

old age had been markedly improved, though not to an

equal extent for all older people; significant legal pro-

tections had been won against age discrimination; neg-

ative stereotypes in popular and professional discourse

were increasingly challenged, and, perhaps most im-

portantly, the elderly themselves organized for effective

political advocacy an action on their own behalf [10,

20]. In this context, the problem of age-associated

dementia became more visible and tragic. As noted

above, after 1965 deinstitutionalization increased the

burden that dementia posed to communities and fam-

ilies, while heightened expectations for old age made

senile dementia an even more devastating prospect [5].

4. The biomedical deconstruction of senility and

the emergence of Alzheimer’s disease

The expansive concept of senility that had been the

basis of psychodynamic psychiatry and gerontology in

the 1940s and 50s no longer seemed appropriate in the

new era of aging that was taking place in the 1970s.

“Ageism” replaced “adjustment” as the key term in so-

cial gerontology for a more aggressive and politicized

generation of gerontologists in the 1970s. The term

ageism was coined by Robert Butler in 1968 to de-

scribe the “process of systematic stereotyping of and

discrimination against people because they are old, just

as racism and sexism accomplish this with skin color

and gender” [9, p. 12]. One of the worst aspects of

the stereotypical view of aging, in Butler’s view, was

the belief that the process of aging entailed inevitable

physical and mental decline. Butler and other gerontol-

ogist argued that virtually all of the physical and mental

deterioration commonly attributed to old age was more

properly understood as the product of disease processes

distinct from aging. “Senility” in this view was not a

medical diagnosis, but a “wastebasket term” applied to

any person over sixty with a problem. Worse, it ra-

tionalized the neglect of those problems by assuming

that they were inevitable and irreversible. “‘Senility’

is a popularized layman’s term used by doctors and the

public alike to categorize the behavior of the old,” But-

ler argued. “Some of what is called senile is the result

of brain damage. But anxiety and depression are also

frequently lumped within the same category of senility,

even though they are treatable and often reversible.”

Because both doctors and the public found it so “con-

venient to dismiss all these manifestations by lumping

them together under an improper and inaccurate diag-

nostic label, the elderly often did not receive the ben-

efits of decent diagnosis and treatment” [9, pp. 9–10].

Butler did not discount the reality of irreversible brain

damage, as had an earlier generation of psychiatrists.

Rather, he argued that the refusal to systematically dis-

tinguish the various physical and mental disease pro-

cesses from each other and from the process of aging

itself was a manifestation of the ageism that kept soci-

ety from taking the problems of older people serious.

In this context, a group of clinical neurologists and

psychiatrists, neuropathologists and biochemists who

entered the field in the 1960s and 1970s worked to re-

cast age-associated dementia in old age as a number of

disease entities distinct from aging.

The first step in this was to put the connection be-

tween pathology and the clinical manifestation of de-

mentia on a firmer foundation. The British research

group of Martin Roth, Bernard Tomlinson and Gary

Blessed accomplished this by developing procedures

for quantifying both the clinical manifestation of de-

mentia and the number of plaques and tangles found in

the brain, enabling them to calculate the degree of cor-

relation between them. In a series of heavily-cited arti-

cles [41,48,49] the group provided statistically signifi-

cant correlations between plaques and scores on a num-

ber of dementia scales. In their initial article in Nature,

they proclaimed that “far from plaques being irrelevant

for the pathology of old age mental disorder, the density

of plaque formation in the brain proves to be highly cor-

related with quantitative measures of intellectual and

personality deterioration” [41, p. 110]. The authors

ultimately claimed that fully 90% of the cases in their

demented group could be satisfactorily accounted for

by pathological changes that distinguished them from

the control group. That 10% of the cases of dementia

could not be explained pathologically was not surpris-

ing to the authors, for perfect correlation “would mean

that the pathological associations of all dementias in

old age are recognized.” Though occasional anomalies

no doubt occurred, the authors concluded that there was
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no evidence to support Rothschild’s claim that equally

severe pathological destruction could be found in nor-

mal old age as found in senile or arteriosclerotic de-

mentia [49, pp. 234–235]. Although the study did not

completely resolve all issues regarding the relative im-

portance of pathology [31], from the time in which it

was published it was widely regarded as providing au-

thoritative evidence for a strong and probably causal

relationship between pathology and dementia [29].

The second step was to clarify the nosological posi-

tion of AD. One aspect of this was distinguishing be-

tween irreversible age-associated progressive demen-

tias produced by conditions like AD, and reversible de-

mentias produced by treatable conditions [36]. More

importantly, it involved recasting irreversible progres-

sive dementia in old age as a number of disease entities

distinct from aging, the most important of them being

AD. In a 1976 editorial in the Archives of Neurology,

neurologist Robert Katzman argued that distinction be-

tween AD and senile dementia should be dropped since

at both the clinical and pathological level they were

identical. This dramatically increased the number of

cases of AD. Extrapolating from a number of small

community studies that had been done in the 1950s and

1960s, Katzman estimated that there were as many as

1.2 million cases of AD in the United States in 1976,

and 60,000–90,000 deaths a year from it – making it

the fourth or fifth leading cause of death in the United

States [28]. In 1978, Katzman along with Robert Terry

and Katherine Bick enlisted the support of the directors

of the National Instituted of Neurological Disorders

and Stroke, the National Institute of Mental Health,

and the newly established National Institute on Aging

(NIA) to convene a major workshop conference on AD

to address nosological issues and encouraging talented

researchers from a variety of fields to being working

on the disease [30]. An essential outcome of Katz-

man’s editorial and the conference was consensus not

only that AD and senile dementia was a unified entity –

Senile Dementia of the Alzheimer Type – but that this

entity was not part of the normal aging process aging.

Rather, it was a disease whose mechanisms could be

unraveled through basic research leading eventually to

effective treatments and ultimately prevention [29].

This re-formulation of AD was politically power-

ful, allowing researchers, aging advocates, and policy-

makers committed to AD research to make a convinc-

ing case that public resources should be allocated for

research into Alzheimer’s disease. Perhaps the most

prominent advocate for AD research was Robert But-

ler, who was appointed the first director of the NIA

when it was established in 1974. Butler made AD

the focal point of the fledgling institute, following a

disease-specific lobbying strategy that had worked for

other institutes within the National Institutes of Health.

Butler’s strategy was highly successful; by the end of

the 1980s, the NIA budget for Alzheimer’s disease re-

search had increased more than 800% [13]. Federal

funding for AD research has continued to grow, even in

an era characterized by budgetary constraints, reaching

$700 million in 2005.

5. Conclusion

The reformulation of AD as a distinct disease entity,

separate from the process of normal aging, provided

a rich intellectual, social and political environment in

which many ideas and approaches to AD have flour-

ished. The flowering of AD research in the modern era

is well described in the chapters of this volume. But we

would be wise to consider that the context of aging and

dementia will continue to change. Globalization, our

ongoing experience with an aging population, and the

difficulty we have had in finding meaningful medical

interventions may create a context that favors different

conceptions of AD. The call to situate dementia in the

broader context the biological, cultural and social pro-

cesses of aging [51] and increased attention to the role

of intellectual and physical exercise in preventing de-

mentia among the elderly [23] may be indications that

such changes are already underway. The one certainty

is that the complex process of making “progress” on

this condition will continue.
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Abstract. As we commemorate the first centennial since Alzheimer’s disease (AD)

was first diagnosed, this article casts back into the past while also looking to the

future. It reflects on the life of Alois Alzheimer (1864–1915) and the scientific work

he undertook in describing the disorder suffered by Auguste D. from age 51 to 56 and

the neuropathological findings revealed by her brain, reminding us of the origin of the

eponym. It highlights how, throughout the 1960’s, the true importance of AD as the

major cause of late life dementia ultimately came to light and narrates the evolution of

the concepts related to AD throughout the years and its recognition as a major public

health problem. Finally, the article pays homage to the work done by the Alzheimer’s

Association and the research undertaken at the Alzheimer’s Disease Centres within the

framework of the National Institute on Aging (NIA) Program, briefly discussing the

long road travelled in the fight against AD in the past 25 years and the scientific odyssey

that we trust will result in finding a cure.

1. Introduction

It is a curious irony that the professional and pop-

ular discourses surrounding Alzheimer’s disease (AD)

proceed with little awareness of its past, as Whitehouse

et al. mention in the preface to an excellent collec-

tion of essays [35]. It is my hope, in writing this ar-

ticle commemorative of the centennial of AD crucial

discovery, to contribute to a global understanding and

a much needed assessment of this irony. My idea is

not simply to preserve the past for its own sake, but

to better understand where we are and where we may

be going. As quoted by Bick [5], Thomas Carlyle, at

the beginning of 19th century, pondered the symbio-

sis between the search for knowledge and knowledge

of history. He went on to invoke reasoning and belief

as equally essential as action and passion. The reader
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will note that action, emotion, and reasoning have their

impact on my view of this mythical disease.

2. Alois Alzheimer: The “Psychiatrist with the

Microscope”

An overview of Dr. Alois Alzheimer’s life and work,

all meticulously compiled in a book published origi-

nally in German in 1998 and subsequently translated

into English [21], is most certainly a worthwhile ven-

ture. Born at dawn on 14 July 1864, in Markbreit, a

town in the German region of Lower Franconia, he was

the son of the second marriage of Eduard Alzheimer to

Theresia, his first wife’s sister. The Alzheimer family

moved to Aschaffenburg to give the children the oppor-

tunity to attend a prestigious high school. Alois “was

praised for his profound understanding of the natural

sciences but he was excused from gymnastics”. He

completed these studies in 1883. Imbued with the de-

sire to serve others, a traditional trait in a family com-

prised of teachers and clerics, Alois decided to become

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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a doctor. In the autumn of that same year, he com-

menced his medical studies at the University of Berlin,

at that time the epicentre of medical science. In 1884,

he transferred to the University of Würzburg, where he

was an active participant in student life. There, in the

lab of Kolliker, he learned the histological techniques

and use of the microscope that would be key in his fu-

ture career. He studied at the University of Tubinga in

1886–1887, but later returned to Würzburg to continue

perfecting his work with the microscope. He graduated

in May 1888, and completed his doctoral thesis at the

same university over the following months, studying

the wax-producing glands of the ear.

In December 1888, Alzheimer applied for a position

as a resident at the The Municipal Asylum for the Insane

and Epileptic in Frankfurt am Main and although still

very young, was awarded a place by Professor Emil

Sioli, Director of the Asylum, on the strength of his

outstanding academic achievements. Just a few months

after starting work in Frankfurt, Franz Nissl, discoverer

of the new nerve staining technique that bears his name,

joined the hospital staff. Alzheimer and Nissl took

to each other immediately and became close friends

and collaborators. Together with Sioli, they formed a

triumvirate that transformed the asylum into a sound

Psychiatric Clinic where two primary concerns were

foremost: firstly, to avoid the use of physical restraint

to reduce patient agitation; and secondly, to promote

research by doing as many autopsies and neurological

studies as possible.

Alois Alzheimer published significant studies on a

variety of neuro-psychiatric topics, including vascular

dementia and neurosphyillis. His professional prestige

continued to grow, and his colleagues nicknamed him

“the psychiatrist with the microscope”, for the way he

focused his work. By day he examined his patients with

painstaking care and tenderness, and by night he sat at

his microscope to study the samples he had prepared.

He was convinced that mental disorders were actually

diseases of the brain, a view that was in sharp con-

trast to the prevailing freudian psychoanalytical theory

of the times, which traced psychological problems to

traumatic childhood experiences.

His marriage to Cecilie Geisenheimer, the rich

widow of a banker, in 1895, gave him enough money

to support himself working as an assistant professor

without a salary. The couple had three children before

she died in 1901.

Alzheimer, “an obsessed doctor and scientist”, con-

tinued to reap triumph after triumph. In 1902, he

left Frankfurt and moved to Heidelberg to do research

with Emil Kraepelin, whom he followed to Munich a

year later. He was appointed Director of the famous

Cerebral Anatomical Laboratory, which trained distin-

guished physicians from Italy,Poland, Spain, Germany,

Russian, and Switzerland. Alzheimer was also a mag-

net that drew eminent students from overseas. In the

words of Perusini, “all of us were seeking to discover

the neuropathology of psychosis” [5].

Alzheimer received his qualification as a university

professor in 1904. Two years later he discovered the

characteristic lesions that cause the disease that have

borne his name since 1910. In 1912, he was appointed

as Professor in Psychiatry at the University of Bres-

lau, but his health had been seriously weakened by

rheumatic fever with endocarditis, which led to his

death of renal failure on 15 December 1915, at age

51 [21].

Alzheimer is buried in the central cemetery in Frank-

furt. His birthplace was discovered in 1989 by Kon-

rad Maurer, his wife Ulrike and other colleagues from

the Department of Psychiatry and Psychotherapy at the

Unviersity Joham Wolfgang Goethe in Frankfurt, dur-

ing a symposium held in Markbreit to commemorate

the 125th anniversary of his birth. It was purchased in

1995 by the Eli Lilly company and, thanks to the metic-

ulous work of Ulrike, is now a museum and conference

centre [34].

3. Patient Auguste D[eter]: A historical case

report and brain donation

On 4 June 1997, the newspaper Frankfurter Rundds-

chau published the following news item: “For two years

Drs. Maurer, Volk and Gerbaldo have systematically

but unsuccessfully searched the files of the State, the

City Historical Institute and the Psychiatric Unit at the

University Clinic in Frankfurt for the files on Auguste

D[eter], examining all the case histories of patients

registered under the initials A.D., in reference to the

patient who contributed to the scientific discovery of

a new disease”. Twelve different files marked with

those initials were found, but none of them proved to

be related to the patient they were seeking. However,

the element of chance came to their assistance. The

medical files they searched for were found stored in the

basement of the University Clinic, in a section set aside

for a completely different year. They had lain there for

years, misfiled with the case histories of other patients

treated after 1920. Thus, by a stroke of luck, the doctors

finally came upon what they had been searching for
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so assiduously, in their last attempt, on 21 December

1995 [21].

The documents found comprised 32 well-preserved

pages in a dark blue folder tied up in string. The cover

shows the patient’s personal data: Auguste D., wife of a

railway worker, born on 16 May 1850, of the Reformed

faith. Admitted on 25 November 1901.

Maurer and Maurer comment on the document as

if discussing a novel: The assistant physician, Dr.

Nitsche, examined Auguste on the day she was admit-

ted and informed Alzheimer that the patient showed

unusual clinical symptoms. Alzheimer interviewed her

the following day, as recorded on the first page that

he personally wrote, transcribing his conversation with

the patient.

– What is your name? was his first question.

– Auguste.

– And your surname?

– Auguste.

– What is your husband’s name?

– Auguste, I think.

– I am asking for your husband’s name . . .

– Oh, my husband!

– Are you married?

– To Auguste.

– Are you Mrs. D[eter]?

– Yes, to Auguste.

– How long have you been here?

– Three weeks.

3.1. An extraordinary case history

The file records the onset, symptoms, and course of

the disease, the cause of death and the autopsy find-

ings. There are six pages written by Alzheimer. Four

of them, dated between 26 and 30 November 1901,

describe conversations between the doctor and his pa-

tient, and include samples of the patient’s writing. Four

photographs of Auguste taken by Rudolph, the hospi-

tal photographer, were also found. According to Mau-

rer and Maurer [21], the case history, pieced together

with the information provided by the husband, was as

follows:

“D., Auguste, 51 and one half years-old. Her mother

suffered convulsive attacks after menopause,during

which she did not lose consciousness; she died of

pneumonia at the age of 64. Her father died of

throat anthrax at age 45. She has three healthy

siblings. There is no family history of alcoholism or

mental disorders. Auguste has never been ill prior

to this time. She lived quite happily, married in

1873, had a healthy daughter and no miscarriages.

She was a polite, hard-working, shy and slightly

anxious woman. There is no data that leads us

to believe that either she or her husband have a

syphilitic infection.”

On approximately 18 March 1901, Auguste began to

suffer from the delusion that her husband was seeing a

neighbor woman. Soon after, she began having trou-

ble remembering things. Two months later, she was

making serious mistakes in her cooking and constantly

wandering restlessly through the house for no apparent

reason. Little-by-little, she became indifferent to ev-

erything and lost all sense of the value of money. These

symptoms worsened progressively. She believed a train

conductor who frequented the house was attempting to

harass her. She thought that everyone was talking about

her. At times, she was terrified that she was dying and

trembled violently. She rang her neighbours’ doorbells

for no reason. She was unable to find objects that she

herself had put away.

The following is another example of a dialogue be-

tween Alzheimer and Auguste while she was eating

cauliflower and pork [21].

– What are you eating?, Alzheimer asked her.

– Spinach.

She chewed, rather than ate the meat. And then she

said:

First I eat the potatoes and then the radishes.

He showed her various objects. After a short lapse,

she did not remember having seen them. Meanwhile

she talked and said repeatedly:

– Mister Twin, I know Mr. Twin, twins.

– Write Mrs. D[eter] here, Alzheimer requested.

She wrote: Mrs, but not her surname. She could

write her full name when it was dictated to her. Instead

of Auguste, she wrote Auguse.

The patient found it difficult to write ordered phrases

and sentences, and showed signs of compulsive verbal

repetition. When reading, she jumped from line to line

and repeated the same sentence up to three times. She

did not appear to understand what she was reading.

Her general medical exam was normal. The alter-

ations lay in memory, language, thought and behaviour.

Later, she frequently became agitated and cried out.

She seemed to be panicking and repeated incessantly:

– I don’t want them to hurt me; I don’t want to hurt

myself.
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From that day on, her behaviour became hostile, she

cried out frequently and attacked whoever tried to ex-

amine her. She was repeatedly given sedatives, which

were effective only at times. She was also given ther-

apeutic baths, sometimes with cold water, sometimes

with hot, nearly every day. She was distracted in the

common room and touched and hit the other patients

in the face. It was difficult to imagine exactly what she

wanted and she had to be isolated from the rest of the

patients. When attempts were made to speak to her,

she said:

– I don’t want to, I haven’t time.

The symptoms worsened month by month. Three

years after she was admitted, there is a note dated 11

November 1904 indicating that she lay in foetal position

on her bed, curled up under the blankets in the midst

of her feces. She no longer cried out as she did previ-

ously. Another note made on 12 July 1905 remarked

that she appeared completely dazed and lay constantly

on her bed in her urine and feces with her knees drawn

up, totally silent. She was also visibly losing weight.

The last 15 lines describe her final days: at the begin-

ning of 1906 she developed bed sores. Her physical

deterioration was progressive. Throughout the month

of March of this year, she had a fever of up to 40 ◦C.

She was diagnosed with pneumonia and continued to

be very agitated, crying out loudly. In early April, her

stupor increased and her fever rose to 41◦C. Finally, at

quarter past six on 8 April 1906, she died.

Her illness had lasted just over five years.

3.2. Initial autopsy report

This morning, exitus letalis. Cause of death: Sep-

ticaemia as a result of the bed sores; blood poisoning.

Anatomical diagnosis: Slight external-internal hydro-

cephalus. Cerebral atrophy. Arteriosclerosis of the

small cortical vessels? Pneumonia of both lower lobes.

Nephritis.

The doctors in Frankfurt called Alzheimer to give

him the news of Auguste’s death. Alzheimer asked

Professor Sioli to send him the autopsy samples in Mu-

nich. When he received them, he wrote up the epicrisis

of the illness and recorded it in the corresponding vol-

ume under number 181, dated 28 April 1906, twenty

days after her death [7].

3.3. Presentation of the case. The lesions

Of course, AD existed prior to its description in 1906.

But no one had written up the symptomatology as ac-

curately as Alzheimer did on his patient. Moreover, he

was the first to describe the microscopic lesions, later

known as neurofibrillary tangles, in full detail. From

1901 on, Alzheimer was convinced that Auguste’s case

was extraordinary, and he quickly began the study of

her brain. He used Bielchowsky’s silver impregnation

staining technique, and had access to both the most

powerful microscopes made by Zeiss and the best cam-

era lucida available in day. He contrasted his findings

with Perusini and Bonfiglio, who also examined the

samples. All three firmly believed that this was a very

unusual case history and that the neuropathology in-

volved had not yet been described. The lesions that

appeared were similar to those sometimes found in the

brains of 70 and 80-year olds who suffered dementia.

But the most surprising findings were that in Auguste’s

case, the lesions were much more marked and the on-

set of the illness occured when the patient was just 51.

Thus, just six months after her death, on d November

1906, Alzheimer presented his clinico-pathological ob-

servations at the 37th Assembly of the Southwest Ger-

man Psychiatrists in Tübingen. Alzheimer had put a

great deal of thought and preparation into his presenta-

tion entitled “On a Peculiar, Severe Disease Process of

the Cerebral Cortex” [21].

Once again, Maurer and Maurer tell the story as if

they had been present: “The autopsy showed gener-

alised cerebral atrophy without other visible macro-

scopic lesions. The large cerebral arteries had un-

dergone atherosclerotic changes. Histological samples

showed significant changes in the neurofibrils. Inside

each neuron, including those that appeared to be nor-

mal, one or more fibrils stood out for their thickness

and impregnatibility. Upon further examination, fibrils

that run parallel were seen to change in the same way.

Then the merge into thick bundles and gradually rise

to the surface of the cells. Finally, the nucleus decays,

and the cells, and only a crumpled bundle of fibrils

indicates the place on which a ganglial cell had lain.

Given that these fibrils were stained differently from

normal neurofibrils, it was clear that these structures

had undergone a chemical change. This may well ex-

plain why these pathological neurofibrils survived the

neuronal destruction. These alterations appeared in the

majority of the neurons in the cerebral cortex. Many

of the neurons in the upper layers had completely dis-

appeared”. “Spread over the entire cortex, especially
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numerous in the upper layers, one finds millet seed-

size lesions, which are characterized by the deposit of

a peculiar substance in the cerebral cortex”. “The glia

have formed substantial threads, and alongside them,

many glial cells show large fatty deposits”. “Taken as

a whole, I believe I have just presented a clearly de-

fined and hitherto unrecognised disorder”. There were

no comments from the audience. Alzheimer had to be

disappointed. Did his colleagues not understand? [21].

3.4. Publication of the case

Alzheimer published the Auguste’s observation in

1907 [1]. He described his findings of neurofibrillary

degeneration. Use of the Bielschowsky silver stain

clearly showed characteristic changes in the neurofib-

rils. The nucleus disappeared and only a tangled bundle

remained in the cytoplasm where there once had been

a neuron. The transformation of the fibrils was accom-

panied by the storage of a pathological by-product of

neuron metabolism. These alterations appeared in one

third or one fourth of the neurons in the cerebral cortex.

Many of the neurons had disappeared completely.

He then went on to describe the plaques. A profusion

of milliary foci in the cortex showed the areas where

the abnormal substance was deposited in abundant dis-

persion throughout the entire cortex, particularly in the

upper layers. These were located outside the neurons

and were recognisable even without staining, although

their presence was even more evident after staining.

Alzheimer ended his observations by remarking, “As

a whole, it is clear that this disorder which, over

the course of five years, caused profound dementia

in a young adult, represents an entirely new clinico-

pathological entity” [21].

3.5. Alzheimer’s findings confirmed ninety years later

For some time it was speculated that Auguste’s disor-

der could be of a vascular nature, given that the autopsy

report indicated atherosclerotic changes; some even

maintained that it could possibly have been a leukodys-

trophy. Thus, the tissue slides taken from Auguste her-

self were sought out with great interest. Fortunately,

they were found at the Institute of Neuropathology of

the University of Munich in 1997 [VI] and do not con-

tain any data that indicates the presence of ischemic

or other types of lesions. As Alzheimer had shown 91

years earlier, the slides totally corroborated the exis-

tence of abundant neurofibrillary tangles and a profu-

sion of amyloid plaques, particularly in the upper lay-

ers of the cerebral cortex. Interestingly enough, these

slides did not include the hippocampus nor the entorhi-

nal cortex, where the disorder typically begins. Au-

guste was not a carrier of the genetic risk factor APOE

E4 [9].

4. The Eponym

There were various hypotheses regarding the ori-

gin of the eponym. The most likely of these is that

the eponym was born in the close collaboration be-

tween Kraepelin and Alzheimer, as well as in Krae-

pelin’s awareness of the pre-senile cases published by

Alzheimer in 1907 and by Perusini in 1909 [22].

When Kraepelin began his revision of Chapter 8 of

the eighth edition of his Treatise on Psychiatry pub-

lished in 1910 entitled “Dementia at the Degenerative

Age”, he was already familiar with the publications

mentioned above and the clinical observations on the

four other patients, similar to Auguste, then studied

in Munich. A new version of this highly-demanded

book was urgently needed, and the rapid growth of the

psychiatric sciences now made a second volume nec-

essary. The first of these reached the bookshops in

February 1909. The second, devoted to “Clinical Psy-

chiatry” and the most important of the two, appeared

in July 1910. In it Kraepelin’s gratitude to Alzheimer

was expressed in Chapter 7, entitled “Pre-senile and

senile dementia”. There, in the table of contents is the

name Alzheimer’s Disease [20]. On page 624 Krae-

pelin wrote: “Alzheimer described a group of cases

that showed severe neuronal alterations” Interestingly

enough, when Alzheimer published his article on a sec-

ond patient, Johann F., in 1911, he made no reference

to the fact that the disease had been baptised by Krae-

pelin with his surname. – Alzheimer’s disease (AD).

According to Berrios [3], Alzheimer did not claim to

have “discovered” the disease that became named after

him.

5. Confounding concepts between presenile and

senile dementia

After the classical period, in which the clinical and

histopathological acumen of Alzheimer and Perusini

brought the disease into scientific focus, Kraepelin

made the inscrutable decision to distinguish between

presenile and senile dementia, confounding research

for generations [2]. It was accepted that AD was a type
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of premature cerebral senility, and it was generally as-

sumed that “senile dementia” was a different disorder.

By 1912 only 13 cases had been written up. The pa-

tients were an average of 50 years-old, the mean du-

ration of the illness was seven years, six patients were

male and seven were female [5]. From 1907 until the

1950’s, AD went practically unnoticed.

At that time, autopsy studies in search of new cases

of AD were only done on patients under 65 with pre-

senile dementia. In addition to the fact that very few

people lived longer at that time (the average life ex-

pectancy was almost half what it is today), the purpose

of the studies was to confirm whether the findings of the

Munich school were actually sound. However, stain-

ing techniques gradually improved and microscopes at-

tained greater optical capacity. Thus, over time, more

and more cases of AD were discovered, but always in

non-senile patients. Nonetheless, by 1931, the debate

regarding the relationship linking AD, senility and nor-

mal aging was already underway [10], even into the

1950s it was not easy to understand the intellectual dis-

array about late-life cognitive changes. There was a

failure to establish a clear clinopathological relation-

ship between intellectual impairment and either brain

weight or abundance of plaques and tangles [16].

5.1. Cognitive decline in the elderly and AD

pathology – The first prospective study:

Newcastle

The turn in the tide of opinion, which demonstrated

the true importance of AD as the major cause of late life

dementia, arose throughout the 1960’s. Martin Roth,

a professor of psychiatry in Newcastle upon Tyne, de-

signed a study that was decisive in revealing that this

disease was actually the greatest and most frequent

cause of in senile dementia [11]. A neuropsychological

test was developed to measure the mental status (mem-

ory, concentration, orientation, etc.) of elderly patients

without symptoms of dementia admitted to general hos-

pitals for a variety of reasons, and of other elderly pa-

tients in psychiatric hospitals with overt signs of de-

mentia. Garry Blessed developed and administered the

test to the two patient groups and later had access to

the autopsy reports on both groups of subjects. Pathol-

ogist Bernard Tomlinson created a scale for the quanti-

tative assessment of the lesions inherent to AD. In their

study published in 1968, the British authors firmly es-

tablished that neuritic plaques and neurofibrillary tan-

gles were the main cause of what was then known as

senile dementia [6]. In a study of all the brains, includ-

ing those with areas of cerebral infarctions and other

diagnoses, they found that 50% showed the histologi-

cal characteristics of AD without vascular lesions; 17%
showed only cerebral infarctions and 18% showed a

combination of vascular disease and AD. This, then,

meant the end of the belief that most cases of senile
dementia were caused by arteriosclerosis, or “lack of

circulation in the brain”. By proving that the majority

of patients with senile dementia had AD, this disorder,
hitherto seen as very rare, became a central focus of

attention. In a way, it can be said that the disease was

actually “rediscovered” [16].

6. Recognition of the public health importance of

AD

Robert Katzman, inspired both by a personal involve-

ment with AD and by an awareness of the demograph-
ics – the greying America – considers that his most

important contribution has been to focus our attention
(scientists, doctors, and the general public) on the fact

that AD is one of the most common diseases that af-

flicts mankind and so demands our most intense efforts
to combat its ravages [4]. He wrote the 1976 edito-

rial in the Archives of Neurology, his most cited pa-

per [19]. Combining the epidemiological data obtained
in small studies on the elderly with the data reported

by Blessed et al. affirmed that between 48 and 58%

of elderly patients with senile dementia actually had
AD, and estimated that there were between 800,000

and 1,200,000 patients suffering from this disorder in

the United States. This has had an enormous impact on
public opinion.

In 1977, the first meeting organised under the aus-

pices of the NIH was the trigger for extensive research
into the disorder, the creation of an appropriate social

response, and the demand for reliable diagnosis. Katz-

man took up the standard for a genuine crusade toward
the discovery of the causes and treatment of AD, and of

a social movement that maintained that “senility” was

not merely a consequence of growing old, but rather a
disease that should be studied and dealt with like any

other.
In view of Katzman’s insistence, the NINCDS or-

ganised a conference with the support of the NIA and

the NIMH. The driving force behind this conference
was Katherine Bick, who worked in the offices of the

NINCDS and later played a very active role in Associ-

ation of Alzheimer’s Patients’ Families set up in 1979.
Thus began the great scientific adventure of funding

research projects that have since thrown so much light

on the intricacies of AD and its possible treatment.
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6.1. Alzheimer’s Association

The next important step Katzman took was to cre-

ate health organisations comprised of volunteers inter-

ested in the disease. As always in this type of ven-

ture, certain key figures tend to emerge. In this case,

Lonnie Wollins, who lost his father to AD in the 70’s.

Wollins, an expert in non-profit foundations, wanted

to found an association. When he met with Katzman

and asked him, “What can we do about this disease?”

Katzman answered “What we really need is an organi-

sation of health volunteers. You, Lonnie, are a lawyer

with expertise in this field – why don’t you organise

an association for Alzheimer’s?” Wollins did not ac-

tually take the initiative until some years later, when

his father’s brother died and the autopsy revealed that

he had also suffered from AD. Of Lonnie Wollins’ fa-

ther’s six brothers, five died from AD with onset from

age 60 to 78. Thus, his motivation for starting up

the Alzheimer’s Disease Society in New York, a body

devoted entirely to research, education, services, etc.,

was patently clear. Katzman pointed out that what

was truly needed were wealthy people interested in

the project, who could support it with their donations.

Multi-millionaire Jerome Stone, whose wife suffered

from AD for 17 years, from age 50 until her death

in 1983, was the first philanthropist to become fully

committed to the Association [17].

In addition to the association in New York, there

were seven similar organizations in Washington, Seat-

tle, San Francisco, Columbus, Ohio, Pittsburgh, Boston

and Minneapolis. On 29 October 1979, all these or-

ganisation joined together under the auspices of the

NIH. It was agreed to found the Alzheimer’s Disease

and Related Disorders Association (ADRDA), which

would later be called simply the Alzheimer’s Associa-

tion, now the most important organization worldwide

devoted to the care of AD patients and to conquering

this disease.

Many celebrities have contributed to general public

awareness of the devastation caused by AD. Rita Hay-

worth, the unforgettable Gilda, was the first. In 1981,

the New York papers reported that the film star suffered

from alcoholism. It was said that she was constantly

drunk, and neighbors at her luxury apartment in Cen-

tral Park West asked her to move out of the building

and leave them in peace. Dr. Katzman was able to

explain that Hayworth’s behavior disorders were actu-

ally due to AD, not to alcohol ingestion [4,17]. Rita’s

daughter, Princess Yasmin Aga Khan, became an ac-

tive fund-raiser for AD. When Hayworth died in 1987

at the age of 68, then-President Ronald Reagan, her

co-star in various films, remarked: “The courage and

sincerity shown by Rita and her family have done us a

great public service by calling the world’s attention a

disease that all of us hope will soon be curable”. It was

then that Stone encouraged Princess Yasmin to join the

Board of Directors of the Association. She accepted the

challenge and later was appointed as Alzheimer’s As-

sociation Chairwoman. Years later, she also presided

over the umbrella organization known as Alzheimer’s

Disease International (ADI).

For over 20 years, the Alzheimer’s Association has

provided reliable information, set up support and ser-

vice programmes for families, substantially increased

the funding for research and influenced political deci-

sions related to AD.

7. Alzheimer’s Disease Centers Program

In the mid-1980s, the Director of NIA, T. Franklin

Williams, established the Office of Alzheimer’s Dis-

ease, and with the support of NIH Director James Wyn-

gaarden began to consolidate the NIA’s coordination

of AD research [24]. In 1984, the leaders at the NIA

decided it was time to develop a national, interdisci-

plinary research program specifically focused on the

causes and course of AD and the differences between

AD and normal aging. The concept of a network of

centers on AD (ADCs) began to germinate. Zaven

Khachaturian, as Associate Director, Neuroscience and

Neuropsychology of Aging Program and the first Di-

rector of the Office of Alzheimer’s Research, is widely

regarded as the architect of ADCR program. Such a

network created the necessary infrastructure to promote

longitudinal clinical-pathological studies; integrate ba-

sic and clinical research; standardize clinical assess-

ment tools method, and clinical trials; and establish na-

tional data banks to share resources for clinical, neu-

ropathlogical, and genetic studies. For twenty years,

nearly all significant advances in the research on AD

have had their origins in these ADCs.

8. Ronald Reagan and AD

On Thanksgiving Day 1982, President Ronald Rea-

gan called for a national awareness week about AD.

One of the guests at the reception held in the White

House on this occasion was George Glenner, the man

who in 1984 would discover the amino acids of the



22 J.M.M. Lage / 100 Years of Alzheimer’s disease (1906–2006)

amyloid peptide. Years later, Glenner told a journal-

ist from a San Diego newspaper that President Reagan

had looked him in the eye and asked him: “What is

Alzheimer’s disease?” Glenner explained that it was

caused by the formation of neuritic plaques and neu-

rofibrillary tangles in the cerebral cortex, causing the

death of numerous neurons, the clinical result of which

is dementia, behavior disorders and functional incapac-

ity. Reagan smiled and said: “All I know is that my

mother was very elderly and living in an old people’s

home when she died, and at the last she didn’t even

recognize me” [31]. His official biographer, Edmund

Morris, confirms that Nelle Reagan suffered dementia

at her death, most probably due to AD.

In 1993, Reagan underwent a full medical examina-

tion at the Mayo Clinic in Rochester, Minnesota and

was diagnosed as suffering from AD. On 5 Novem-

ber 1994, he published a famous, hand-written letter

in which he informed his fellow citizens that he was

“just one more of the millions of Americans suffering

from Alzheimer’s. Upon learning this news, Nancy and

I had to decide whether as private citizens we would

keep this a private matter or whether we would make

this news known in a public way. [. . .] So now, we

feel it is important to share it with you. In opening our

hearts, we hope this might promote greater awareness

of this condition. Perhaps it will encourage a clearer

understanding of the individuals and families who are

affected by it”. The letter did society a great service.

Reagan commenced the journey that led him, in his

own words, to the sunset of his life, but not without

first, in 1995, establishing the Ronald and Nancy Rea-

gan Research Institute within the Alzheimer’s Associ-

ation. Reagan died in 2004, 10 years after the he was

diagnosed with the disease.

9. The modern era of AD research. The scientific

odyssey

The modern period of AD research began during

the 1960s with technological and conceptual break-

throughs and the pressure of an aging population cre-

ated explosive interest and progress. A synopsis of

the remarkable progress that has been achieved in the

time since that 1977 gathering is in the epilogue of the

Katzman and Bick book [15].

9.1. Electron microscope studies

Michael Kidd was the first researcher to apply the

electron microscope to the study of the neurofibrillary

tangles and neuritic plaques using his own technique of

the vibratome [13]. In January 1963, he was the first to

report in Nature the paired helical filament structure of

AD neurofibrillary tangles. A year later, he described

the ultrastructure of the plaques in brain. Also in 1963,

Robert Terry used this same technique in a study of

biopsied and autopsied tissue. He observed that the

neurofibrillary tangles were comprised of paired micro-

tubules organized in a double helix and subsequently

published these findings. One year later, he established

that the nucleus of the neuritic plaques was made of

amyloid protein [18]. Decades after the discoveries

made by Kidd and Terry, others showed that the neu-

rofibrillary tangles are made of phosphorylated tau pro-

tein and that the nucleus of plaques is comprised of

amyloid-beta peptide with 40–42 amino acids.

9.2. First animal experiments

Henry Wisniewski developed an experimental en-

cephalopathy in rabbits by administering aluminium

and verifying that plaques and tangles subsequently ap-

peared in their brains [12]. This gave fuel to the idea

that this light metal perhaps influenced the onset of

AD, a theory that was later ruled out. Wisniewski also

showed that plaques identical to those existing in hu-

mans also appear in the brains of older dogs and mon-

keys. However, although the monkeys showed tangles,

the dogs did not.

AD appears to be exclusive to human beings [8].

This suggests a relationship between the disease and ge-

netic, functional and structural changes that have taken

place throughout the evolution of the human brain.

9.3. The cholinergic hypothesis

Research directly addressing the study of AD and the

discovery of a suitable treatment commenced in 1976,

by David Bowen, Elaine and Robert Perry, and Peter

Davies, whose respective discoveries occurred almost

simultaneously [14].

L-dopa, the first drug to be successful in controlling

the symptoms of Parkinson’s disease,appeared in 1968.

For years, it was widely known that in this disease, the

striatum stops synthesising dopamine due to nigrostri-

atal degeneration. L-dopa, a precursor of dopamine,

counteracted this dopamine deficiency. Thus, a broad
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range of substitute therapies emerged, similar to what

occurred with insulin in the treatment of diabetes. The

key, then, was to find what was missing in the brain in

AD and to attempt to correct it.

David Drachman devoted his efforts to the in-depth

study of memory and to research in the field of AD [14].

In 1974, he began to study the effects of scopolamine,

a substance used as an anaesthesia in surgery, which

erases memory during surgical procedures in healthy

young adults. He was well aware that scopolamine

neutralises the action of acetylcholine, which is an es-

sential element in the formation of memories, retrieval

of information and learning processes. A subject under

the effects of scopolamine will show memory disorders

very similar to those common in the elderly, particu-

larly elderly AD patients. Therefore, he hypothesized

that an acetylcholine deficiency could be present in AD.

Through the study of autopsy tissue and cerebral

biopsies provided by Nick Corcellis, David Bowen dis-

covered that AD involves a lack of cholinacetyltrans-

ferase (CAT). From that moment on, it was clear that

the therapeutic target for AD research was to attempt to

correct this neurostransmitter deficiency. The cholin-

ergic hypothesis was proven definitively some years

later, when research demonstrated a loss of 75% of

the cholinergic neurons in the cerebral cortex and the

substantia innominata, where an abundance of neuritic

plaques and neurofibrillary tangles also appears [34].

9.4. The first drugs

The research mentioned was the trigger for a “cholin-

ergic war”, a fever that burned in researchers to find

a way to correct the cerebral acetylcholine deficiency.

First attempts included the use of choline and lecitine,

precursors to acetylcholine and found in various food

supplements. Wurtman undertook a series of tests but

his work unfortunately did not meet with success.

Anaesthetists in the 1970’s who used scopolamine

also used a drug called tacrine to counteract the effects

of the scopolamine after surgery. Hence, research be-

gan on tacrine as a possible drug to be used in treat-

ment of AD, given its anti-scopolamine effects. In

1986, Summers published the first results obtained with

tacrine in the New England Journal of Medicine [30].

Some of his results seemed to point to the possibility of

a miracle cure. This theory seemed so noteworthy that

the prestigious journal devoted an editorial to his work.

Summers’ research was repeated by other scientists but

only modest improvements were obtained with tacrine

in more rigorous testing, and the patients treated with

this drug showed very high transaminases, evidence of
the drug’s hepatoxicity.

Nonetheless, tacrine, which soon was set aside, was
the first of the approved drugs in the first generation
of anticholinesterase inhibitors. New, well-tolerated
and more efficient second generation anticholinesterase
inhibitors, such as donepezil (1996) and rivastigmine
(1998) subsequently made their appearance; later in
2000, galantamine was brought out. This drug, in ad-
dition to being an anticholinesterase inhibitor, also ac-
tivates the nicotinic cholinergic receptors. All of these
drugs provide temporary relief of symptomology, but
do not halt the progress of the disease [26].

The disease also causes a glutamatergic hyperfunc-
tion which produces excitotoxicity and neuronal death.
The use of memantine, an NMDA receptor antagonist,
to treat patients in moderate to severe stages of the
disease was approved in 2002 [25].

9.5. Peptide amyloid-β sequence

The nature of amyloid was not to be definitively dis-
covered until 1984. On realizing the difficulty involved
in examining the substance in the cerebral cortex,
George Glenner opted for studying it in the meninges
and its vessels. Together with Wong, he was able to
dissolve it and found two different proteins, which he
and his colleague named alpha and beta. With the help
of a Bekman analyzer, they discovered the sequence of
the amino acids comprising the substance. It is a 40–42
amino acid peptide, the now classic amyloid-β. They
published their findings on 16 May 1984 in Biochem-
ical and Biophysical Research Communications mag-
azine. A year later, Australian researcher Colin Mas-
ters and German scientist Konrad Beyreuther isolated
amyloid-β from the cerebral plaques themselves in pa-
tients with Down’s syndrome, where lesions identical
to those found in AD disease appear between the ages
of 40 and 50 [31].

These discoveries led to characterizing the amyloid
precursor protein (APP), a molecule with 771 amino
acids in its longest form,and locating its encoding gene.

9.6. Tau protein

The protein that makes up the paired helical fila-
ments in the neurofibrillary tangles was finally isolated
in 1986, a breakthrough Terry had been pursuing for
15 years [18]. With the assistance of Khalid Iqbal and
Inge Grundke-Iqbal, both specialists in protein chem-
istry, he identified the protein associated to the micro-
tubules that comprise the tangles. He called it tau, the
last letter in the Hebrew alphabet, because it was the
last to be discovered.
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9.7. Genetics of the disease

The next step in AD research was to seek out the

genes related to the disease and to discover the function

of the proteins encoded by these genes. Since 1990,

enormous progress has been made in understanding the

genetic and non-genetic causes of AD, the mechanisms

involved and the possibilities for a cure that lie on the

horizon. One of the key figures in this process, Rudy

Tanzi, set out his story enthusiastically and in great

detail [31].

Familial early onset AD accounts for no more than

2% of all cases and is autosomally dominantly inher-

ited. The family trees in these cases will show fam-

ily members affected in every known generation. A

causative genetic mutation is detected in 50% of these

families. It is important to keep this genetically caused

form of the disease in mind when confirming that at

least three members of the patient’s close family in two

different generations have been affected. There are

some 2,000 families worldwide known to have a proven

mutation. The onset of symptoms occurs early, be-

tween the ages of 30 and 60, the clinical progress of the

disease is rapid, its manifestations are severe and death

occurs within a few years. Known mutations are not

detected in the other 50% of familial early onset AD,

so it is possible that new mutations may be discovered

in the future. The same may be said of sporadic early

onset AD not caused by currently known mutations.

Late onset AD is the prototypical form of the dis-

ease, and accounts for 98% of all cases. The late on-

set familial form (with at least one close relative also

affected) comprises 50% of the cases, although not

through autosomic dominant inheritance. The genetic

analysis of this form suggests that various genes, rather

than determining mutations, cause susceptibility to the

disease. The most significant of these is the E4 allele

on the APOE gene that codes apolipoprotein E (ApoE).

ApoE is a plasma protein synthesized in the liver, as-

trocytes and oligodendrocytes. It is responsible for the

intracellular transport of cholesterol and lipids, plays a

significant role in neuronal maintenance and has a key

function in the development of the process. The lack of

the E4 allele in approximately 50% of the cases of late

onset AD of any type leads researchers to believe that

there may be other genetic polymorphisms involved in

susceptibility to the disease.

Rudy Tanzi joined the research team led by Jim

Gusella, which discovered the gene causing Hunting-

ton’s disease located on chromosome 4 in 1983 [31].

He was encouraged to study chromosome 21, as he

wanted to learn more about Down’s syndrome, given

that Down’s subjects are carriers of an extra copy of

this chromosome. Chromosome 21 is the shortest of

the 23 pairs of human chromosomes, making its de-

tailed study more feasible. Similar to those appearing

in AD, Down’s patients also form amyloid plaques and

neurofibrillary tangles in their brains after age 40 to 50.

Hence, this chromosome could also shed some light on

AD. Tanzi soon had the cell lines for various members

of a Canadian family with early onset AD studied by

Ronald Polinsky and Linda Nee in Bethesda, and thus

was able to begin searching for mutations on chromo-

some 21. He did the same with an Italian family from

the province of Calabria, also with familial early on-

set AD, the members of which had settled throughout

Italy, France and the US. At that time, Glenner con-

tinued to assure that “the genetic defect responsible

for Alzheimer’s disease is located on chromosome 21”.

All bets backed the idea that AD was a cerebral amy-

loidosis. Later, Massachusetts General Hospital re-

ceived new cell lines from two additional families with

early onset AD, a very extensive one from Germany,

and another from Russia. Peter St. George-Hyslop

commenced their study.

In 1987, the Massachusetts General team, with Jie

Kang as primary author, and other Australian, German

and American researchers, published findings showing

that the gene that codes AβPP is located on chromo-

some 21 in position D21S1 and is comprised of 3,200

pairs of bases. Isolation of the amyloid-β gene was a

crucial step, but still fell short of proving that this gene

was actually the cause of AD. The four families studied

by Tanzi showed no mutation whatsoever in this gene.

The same conclusion was reached by John Hardy and

Christine Van Broeckhoven (who discovered the ge-

netic mutation responsible for hereditary cerebral hem-

orrhage with amyloidoisis-Dutch type on chromosome

21 in 1990). Nonetheless, the concept of a mutation

on chromosome 21 in certain families with early onset

AD was widely believed by all the researchers.

At the same time, enormous progress was being

made in gaining in-depth knowledge of the molecular

basis of the disease. The biology of AβPP, the produc-

tion of amyloid-β and its deposition in the brain were

gradually brought to light.

Finally, John Hardy and molecular geneticist Alison

Goate found a family in London with familial early on-

set AD that showed the much sought-after mutation on

chromosome 21. The study on the “London mutation”

was published in February 1991. This first AD-causing

mutation consisted of a simple change in the position of
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the amino acids in AβPP: valine occupied the position

that should have been occupied by isoleucine. This

same mutation appeared in the DNA of another family

whose tissue samples had been in Hardy’s laboratory

for the previous two years, sent by Allen Roses, from

Duke University. At that time, Roses (who would later

discover the APOE gene that causes susceptibility to

sporadic or familial late onset AD) did not believe that

amyloid-β played a integral role in the disease. Hardy

“could not” tell Roses about the discovery of the first

mutation found in the London family and the family

supplied by Duke. Furthermore, an additional 22 sam-

ples of DNA from families with early onset AD that

Hardy had in his laboratory did not show the mutation

that his team had just discovered. Thus, it was evident

that there had to be other mutations in other genes on

other chromosomes, and they it was imperative to find

them. Peggy Perikak-Vance, who worked in Roses’

laboratory at Duke, had found that certain cases of late

onset AD were related to a gene located on chromo-

some 19. Surprisingly enough, in the autumn of 1992,

this gene was found to be responsible for coding apoE.

This APOE gene has three possible alleles, named with

the Greek letter epsilon (ε) and numbered 2, 3 and

4. The predisposition, although not the determining

genetic cause, for AD is located precisely on allele ε4.

In 1995, a mutation of the gene that codes the protein

presenilin 1, located on chromosome 14, was discov-

ered by Robin Sherrington, Peter Hyslop’s right-hand

man at his laboratory in Toronto. Tanzi also had a hand

in this success [31].

A group of German families, known as the “Volga

Germans”, settled on the fertile banks of the Volga

River in the 18th century; later, members of these fam-

ilies emigrated to the US and Italy. Amongst these

Volga Germans, there were various families with early

onset AD, and their DNA samples held great interest

for researchers. Once again, Tanzi’s team found the ge-

netic mutation responsible for causing the early onset

AD in the Volga Germans, which was isolated on the

gene that codes presenilin 2 protein on chromosome

1 [31].

The discoveries of these three genetic mutations, the

AβPP gene, the PS1 gene and the PS2 gene, were enor-

mously valuable in learning how the lesions of AD are

created and how to avoid them. Specifically, they en-

abled the creation of experimental models of AD in

mice, which are microinjected with the mutated human

gene (hence, their name, transgenic mice). After injec-

tion, their brains develop the lesions of AD and they

show learning disorders. These transgenic mice also

serve to carry out important therapeutic tests.

Rudy Tanzi recently stated that we are still very much

in the dark regarding 70% of the genetics of AD [32].

In any event, research continues to seek a way to define

the individual profile of genetic polymorphisms in each

patient to be able to draw up a predictive,and eventually

preventive, risk pattern.

10. Alzheimer 2006: Discernible control of the

disease

Nearly all of the etiopathogenesis of AD has now

been revealed, thereby opening the door to the hope

that curative treatments that control the progression of

the disease may be on the horizon. “If science can halt

the deposit of amyloid-β in the brain, it can prevent the

appearance of Alzheimer’s or halt its progression” [27–

29].

In July 2005, the First International Conference on

Early Diagnosis and Treatment of Alzheimer’s Dis-

ease was held in Washington D. C convened by the

Alzheimer’s Association. There appeared clear that

new research brings AD early detection closer to real-

ity and that innovative therapies show promises. Drugs

treatment and lifestyle-based interventions shared the

spotlight at this first ever prevention conference.

The event was filled with an air of optimism with

respect to the possibility of predicting the future ap-

pearance of the disease in the cognitively healthy el-

derly. Two diagnostic indicators have emerged in this

respect: hypometabolism of the enthorrinal cortex in

the FDG-PET scan and a decrease in the Aβ42/Aβ40

plasma quotient. Those who voluntarily submit to these

tests and show signs of anomalies in the scan and an-

alytical findings may be advised by their physicians to

commence preventive treatment. This early treatment

model, beginning in the pre-symptomatic stage, could

conceivably be similar to the current practices used to

control arterial hypertension or hypercholesterolemia,

and is being popularized by Newsweek magazine [33].

The profusion of new techniques for studying DNA,

protein biology, molecular genetics, cellular biology,

biochemistry, transgenic mice, scans for protein ag-

gregates, etc. have already made it possible to reach

phase III in clinical testing of agents that prevent the

aggregation of amyloid-β (Alzhemed), reduce the pro-

duction of fibrillogenic Aβ42 (Flurizan) or remove it

from the brain through passive immunization. Further-

more, genes interact with the environment and patients’

lifestyle, and thus, it is essential to reduce the external

risk factors that have been proven to increase suscepti-
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bility to AD. These include: a reduction in cholesterol

and homocysteine levels; b) maintenance of blood pres-

sure within the normal range; c) control of diabetes; d)

regular exercise; and, e) participation in intellectually

stimulating activities [23].
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Abstract. In the absence of any naturally occurring animal model of

Alzheimer’s disease (AD), the British conviction in the 1970’s that clinico-

pathological investigations of human cases offered the best approach to unrav-

eling the pathogenesis of AD rapidly influenced clinical neuroscientists, neu-

ropathologists and funding agencies in Canada and the USA. But as with my

confreres, years of our quantifying AD lesions in autopsy brains have yet to

yield definitive conclusions about what is the most important neuronal abnor-

mality. However, during my elusive search, evidence has been slowly gath-

ered that reactivation of latent Herpes simplex virus, traveling from trigeminal

ganglia into neighbouring mesial temporal cortex, might best explain the lim-

bic predilection for and earliest site of neurofibrillary tangle formation. This

maturing hypothesis may serendipitously prove to have been a more essential

byproduct of generating the voluminous data than all the publications from our

laboratory that reflected endless hours of quantitative morphometry.

Keywords: Alzheimer’s disease, morphometry, neurofibrillary tangles, Herpes simplex virus, hippocampus

1. Introduction

While on sabbatical leave in 1972 from the Univer-

sity of Western Ontario, London, Canada, it was my

honour to spend a study year abroad at the National

Hospital for Nervous Diseases, Queen Square, in the

Neuropathology Department of the University of Lon-

don. There Dr. Anthony Dayan, a Faculty member un-

der Professor William Blackwood,1 and who was one

of the first to apply the new tool of morphometry to

what had hitherto been largely descriptive techniques

of pathological anatomy, had agreed to tutor me in the

nuances of quantitative histopathology.

1. . . then busily editing the latest edition of “Greenfield’s

Neuropathology”.

During that exciting year, I was deeply impressed

with the guidelines just issued by the Medical Research

Council (MRC) of Great Britain for how best the re-

search community might address the burgeoning chal-
lenge of dementia of the elderly, or as the foremost dis-

order in the “epidemic” of organic dementias became

better known, “SDAT” (senile dementia Alzheimer

type), or simply “AD” (Alzheimer’s disease). The MR-

C’s call for action was greatly influenced by the mod-
ern “father of AD neuropathology”, Professor Bernard

Tomlinson of the University of Newcastle-upon-Tyne,

later Sir Bernard, whose pre-retirement reflection upon

problematic aspects of AD pathology remains amongst
the most thoughtful publications in the entire field [27].

Dr. Tomlinson, who at an international conference in

New York had also employed the term “multi-infarct”

dementia for the second most common cause of chronic
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organic neurodegeneration,2 had already begun to pro-

mulgate the understandably appealing notion that one

particular lesion seen in the Alzheimer victim’s brain

would ultimately prove to be the most robust explana-

tion for patients’ cognitive deterioration.

Hence his landmark papers with psychiatrist Sir Mar-

tin Roth and with Dr. Gary Blessed (who did the actual

lesion-counting) on the correlation between number of

senile (neuritic) plaques and severity of dementia [7,

28,29] . . . although the statistical strength of that pu-

tatively linear correlation Tomlinson did acknowledge

was somewhat over-stated [26]. Nevertheless, his in-

herently attractive theory provided considerable mo-

mentum for the MRC’s published advice that longitudi-

nal clinicopathological studies, tracking many patients

until death and brain autopsy, would soon (if not even-

tually) reveal exactly which of the plethora of striking

cellular abnormalities observed more plentifully in AD

brains (senile plaques, neurofibrillary tangles, granulo-

vacuoles, rod-like bodies of Hirano, nerve cell drop-

out) was “the key lesion” of blame.

It thus transpired that I returned to Canada suffi-

ciently buoyed by this concept, and so naively enthu-

siastic to promote and commence trying the approach,

that in short order my very first grant application ever

submitted to the National Institutes of Health, USA

(a programmatic proposal from the Dementia Study

Group which I founded at the University of Western

Ontario) met with surprising fiscal success.3 Dr. Za-

ven Khachaturian, one of the first NIH administrators

to capitalize upon the aging phenomena besetting geri-

atric members of the United States Congress, so avidly

supported our prototype of a comparative investiga-

tion of normal subjects and dementing individuals, that

very soon thereafter roughly twoscore such academic

“Alzheimer research centres” sprouted all across Amer-

ica, funded chiefly by the National Institute on Aging.

Who could have forecast in those halcyon days what

a tempest of confusion lay in wait for devotees of this

modus operandi?

2. Locus minoris resistentiae?

Much to my amazement, my morphometric paper

appearing in Acta Neuropathologica of 1977 [1] has

2. . . popularized by the clinical Ischemic rating scale developed

by Dr. Vladimir Hachinski [11].
3Some would opine that the American peer review system, un-

likely the British, was (at least in those times) not infrequently as

much seduced by size of Grant proposal as by quality.

proven, if not more durable, at least more quoted than

any others I have been privileged to publish. Yet around

the same time, innovative observations being made on

the basal forebrain by the Johns Hopkins University

cadre led Dr. Donald Price and colleagues [32] to insist

that the primary trouble in the Alzheimer brain lay in the

nucleus basalis of Meynert . . . a locus formerly so ob-

scure that in those days four out of five neuroanatomists

at the University of Western Ontario4 were unable to

tell any of us its location. (Exactly how the Baltimore

group could adequately visualize intraneuronal tangles

from cresyl violet-stained Nissl preparations of five de-

mented subjects’ brains retrieved from the Yakovlev

archives was a similar curiosity.)

The debate about which was the most important neu-

ronal lesion in AD thereupon widened not long after-

wards to include predictions about what was the most

important site of such a lesion in the entire central ner-

vous system (CNS) . Hence my Acta Neuropathologica

article, arguing for the primacy of neurofibrillary tan-

gle formation and, with tangle-bearingneurones having

shown us smaller nucleoli [9], for related hippocam-

pal nerve cell loss, was followed very soon by our still

louder contention that histopathological perturbations

afflicting the hippocampal formation were far more ger-

mane than anything going on in the basal forebrain [4].

Labouring under the boundless audacity of middle age,

I proposed in that publication a new term for AD, “a

hippocampal dementia”. Yet the relative paucity of ci-

tations of this later screed possibly reflects the fact that

our Lancet paper, while rich in anecdotal histological

and biochemical observations, was devoid of abundant

hard data. Still, Dr. A. Damasio and co-workers in

Iowa came out virtually simultaneously with a similar,

though far more eloquently phrased insistence upon the

critical role of mesial temporal lobe degeneration, in-

cluding the entorhinal cortex adjacent to hippocampus

proper, in the pathogenesis of A D dementia [16].

As this Alzheimer Centenary issue of the Journal of

Alzheimer’s Disease calls for reflection on what has

happened since the “seminal” paper each of us pub-

lished, I bemoan the fact that a comprehensive review

I was invited to contribute for a rarely referenced Eu-

ropean book edited by Ulrich [5] has never been cited

with anywhere near the same frequency. For it was in

that publication that I proferred the following forecast

(paraphrased): “. . . Once we can explain why neurofib-

4Where Professor Murray Barr had described the juxtanuclear

“Barr body” or female sex chromatin [6].
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rillary tangles always make their C N S debut specif-

ically here, in the hippocampal formation, we will be

within reach of unravelling the etiology of AD”. The

subsequent “staging” schema advanced by Heiko and

Eva Braak [8], which cited neither Damasio’s nor our

own convictions about tangles in the mesial tempo-

ral cortex, surely reiterates all the same just how vital

such early entorhinal and adjacent temporal lobe le-

sions must be . . . even though if misused as a post-hoc

predictor of clinical severity their pathological staging

pattern falls short of the mark [22].

Moreover, a goodly number of more contempo-

rary papers recurrently underscores the fact that lim-

bic pathology both in Mild Cognitive Impairment

(MCI) [23] and in early AD remains persistently the

favoured patho-anatomic (and neuroimaging) basis for

distinguishing normal aging without cognitive decline

from preclinical and from earliest dementia of the

Alzheimer type [15,21,24,25].

At this juncture, then, rather than stirring yet again

the roiling caldron of “Plaque-advocates versus tangle-

proponents”, or of “Tauists versus B’APPtists” (? Beta-

amyloidopathists), I feel it far more useful to rephrase

the critical conundrum thusly: What is it about mesial

temporal lobe that renders it the locus minoris resisten-

tiae, always the very first place we find neurofibrillary

tangles?

3. Is herpes simplex virus the culprit?

Thanks to the unflagging tenacity of Professor Ruth

Itzhaki and her associates at the University of Manch-

ester, England [14,19], the possibility which I originally

fancied in 1982 [2] and which our in situ hybridiza-

tion data reinforced in Dr. Anne Deatly’s 1990 autopsy

study [10], is nowadays enjoying a renaissance – i.e.,

that reactivation of Herpes simplex virus type 1 (HSV-

1), latently residing in the trigeminal ganglia of nearly

all adults, may touch off the pathological cascade even-

tuating in the limbic predilection of and earliest site

for neurofibrillary induction, and even in the eventual

dementia of AD. To date my explication remains un-

bending, that the reactivated HSV-1 virus utilizes for its

route of entry into the mesial temporal lobe those small

Vth cranial nerve sensory fibres from the Gasserian

ganglion which track (not down to the site of a recurrent

cold sore, but) up towards the basal meninges of the

middle cranial fossa; each trigeminal ganglion, myste-

riously filled from birth through old age with chronic

inflammatory (immunosurveillance) cells [3] lies only

a few mm. away from the entorhinal and hippocampal

cortices.

Ruth Itzhaki has been waging a painfully slow, uphill

battle for grant support from British agencies, but of

late some fiscal acknowledgmentapprises us that critics

now suspect she could in actuality be on the right track.

Equally refreshing is the very recent modicum of

NIH support for my colleague Professor James Hill’s

virological investigations commencing at Louisiana

State University, New Orleans [13], where tissues duti-

fully harvested from several hundred autopsies during

a decade of my directing the Oregon Brain Bank in

Portland are to be analyzed with appropriate molecular

probes, evaluating this delicious hypothesis still fur-

ther. Cholesterol-lowering statin drugs, I have posited,

may even diminish the risk for AD by limiting lipid

raft-dependent viral endocytosis, thus decreasing the

trans-neuronal spread of HSV-1 [12].

4. Through the retrospectoscope . . .

Thus it seems, nearly thirty years later, that a large

pot of money and a huge investment of microscopy have

been thrown at the moving target, “Which is the es-

sential lesion causing A D ’s dementia?” Additionally,

no less than three (inter)national Working Groups have

grappled with the conundrum of, “Which minimum

histopathological criteria ought we to concur are those

needed to diagnose A D upon brain examination?” [17,

18,20].

Yet each successive endeavour apparently leaves us

more with untidiness than with tightly consensual in-

sight into how to untangle the neuropathological con-

catenation . . . an elusive goal not unlike trying to de-

fine the camel, also called “a horse designed by a com-

mittee”. On rare occasion, thorough neuropathological

examination of the brain of an Alzheimer victim may

even fail to find any light-microscopic lesions at all to

account for the typical clinical history [30], although

assuredly the measurement of significant neocortical

neuronal depletion is a daunting task, especially if not

using laborious, unbiased stereological methods [31].

If there is any overarching lesson one might gar-

ner from George Perry’s tempting each of this issue’s

contributors to re-examine the “success” of our most

quoted disquisition, perchance it is this: that quiet, rare

intuition, such as softly strikes one in the pre-arousal

wee hours of the morning, may more solidly advance

the progress of biomedical research than most of the

multi-center, hugely expensive mega-Projects which
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Fig. 1. Small sensory nerve fibres can be seen leaving the Trigeminal Ganglion (at left), proceeding towards the basilar meninges of the middle

and anterior cranial fossae (see SOLID arrows). Reproduced with permission from R.T. Johnson, “Viral Infections of the Nervous System”, 2nd

ed., Fig 6.3, page 142, Lippincott-Raven Press, Philadelphia, 1998.

have been steamrolling across this continent, too fre-

quently discouraging those young investigators who

feel they have a really bright, novel and worthy idea to

pursue.

Whether Herpes simplex virus will ultimately prove

a major AD trigger, it is my fervent hope to stay tuned in

long enough to learn. And as with all scientific pursuits,

maybe the journey itself truly is more important than

its final destination.
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Heiko Braak∗, Udo Rüb, Christian Schultz and Kelly Del Tredici
Institute for Clinical Neuroanatomy, J.W. Goethe University, Frankfurt am Main, Germany

Abstract. Alzheimer’s disease (AD) and sporadic Parkinson’s disease (PD) are

the most frequently occurring degenerative illnesses of the human nervous sys-

tem. Both involve multiple neuronal systems, but only a few types of nerve

cells are prone to develop the disease-associated intraneuronal alterations. In

AD affected neurons produce neurofibrillary tangles and neuropil threads, while

in PD they develop Lewy bodies and Lewy neurites. In both illnesses select

types of projection cells that generate long, unmyelinated or sparsely myelinated

axons are particularly susceptible. This kind of selective vulnerability induces a

distinctive lesional pattern which evolves slowly over time and remains remark-

ably consistent across cases. In the present review, lesions developing in the

cerebral cortex are described against the backdrop of the internal organisation

and interconnectivities linking involved cortical areas and subcortical nuclei. In

AD, six and in PD, three stages can be distinguished, reflecting the predictable

manner in which the proteinaceous intraneuronal inclusions spread through the

cerebral cortex. In AD stages I–II and in PD stage 4, the pathological process

makes inroads into the anteromedial temporal mesocortex, entorhinal allocortex,

and Ammon’s horn; thereafter, in AD stages III–IV and in PD stage 5, it proceeds into the adjoining high order

association areas of the basal temporal neocortex. In AD stages V–VI and in PD stage 6, the damage affects additional

neocortical association areas including first order association areas and eventually extends into the primary areas

of the neocortex. The gradually evolving lesional pattern in AD and PD mirrors the ground plan of the cerebral

cortex. The highest densities of lesions occur in the anterior mesocortical transitional zone between allo- and

neocortex. From there, the involvement diminishes by degrees and extends into both the hippocampal formation and

the neocortex. The severity of the neocortical lesions decreases in inverse proportion to the trajectories of increasing

cortical differentiation and hierarchical refinement.
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ical Neuroanatomy, Theodor Stern Kai 7, D-60590 Frankfurt/Main,

Germany. Tel.: +49 69 6301 6900; Fax: +49 69 6301 6425; E-mail:
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1. Preliminary remarks

Alzheimer’s disease (AD) and spontaneously occur-

ring Parkinson’s disease (PD) are the most common

degenerative disorders of the human nervous system.

Both disorders affect multiple neuronal systems and in-

volve pathological aggregation of potentially danger-

ous proteins in select neuronal types [14]. In AD,
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susceptible nerve cells develop an abnormal fibril-

lary material chiefly consisting of altered microtubule-

associated tau protein, which appears in the form of

somatic neurofibrillary tangles (NFTs) and neuropil

threads (NTs) in cellular processes [8,29,45], whereas

in PD intraneuronal inclusion bodies predominantly

composed of the misfolded α-synuclein protein occur

as Lewy bodies (LBs) and Lewy neurites (LNs) [2,21,

23,24,46]. In both illnesses, the vulnerability of spe-

cific nerve cell groups is reflected in a characteristic to-

pographical distribution pattern of the lesions through-

out the cerebral cortex that remains remarkably consis-

tent across cases [4,11,16]. The aim of the present study

is to review some phylo- and ontogenetic trajectories

that pertain to the problem of selective vulnerability in

both AD and PD [15].

2. Neuronal constituents and myelinated axonal

plexuses of the cerebral cortex

The cerebral cortex consists of many types of pro-

jection cells with a relatively long axon and a variety

of short-axoned local circuit neurons [9,37]. Func-

tional maturity of projection cells occurs only after the

axon has undergone myelination [18,47,48]. With age,

lipofuscin granules accumulate within the nerve cell

somata, varying in amount and distribution pattern in

different cortical layers and areas [9,10].

The outer and inner lines of Baillarger in neocortical

layers IV and Vb are chiefly comprised of a plexus of

myelinated axonal collaterals belonging to suprajacent

projection neurons. Sublayer IIIb with its affiliated

myelinated plexus, the line of Kaes Bechterew, tends

to separate from IIIc, foreshadowing an evolutionary

shift toward an increase in the number of layers and

myelinated lines in the neocortex [33].

3. Three fundamental subdivisions of the cerebral

cortex

The various areas of the human cerebral cortex are

hierarchically arranged reflecting phylogenetic and on-

togenetic trends of differentiation. The two most fun-

damental subdivisions are the small allocortex and the

expansive neocortex (Fig. 1a) [9,50]. The neocortex is

principally the interface between the individual organ-

ism and the outside world. It constantly receives so-

matosensory, auditory, and visual data and, at the same

time, regulates somatomotor impulses that impact on

the environment (Fig. 1a, d). The allocortex includes

the olfactory bulb and related areas as well as superor-

dinate centers of the limbic system, such as the entorhi-

nal region, presubicular region, and hippocampal for-

mation. These limbic system centers are important for

learning and memory and, among other functions, act

as a neuronal bridge that links the external and internal

worlds (Fig. 1a, d) [34].

Transitional zones between the neocortex and the

allocortex comprise the periallo- and proneocortex,

which together form a singularly late-maturing archi-

tectonic entity, the mesocortex (Fig. 1a, d). Its tempo-

ral portion is remarkably broad among higher primates

and especially in humans [9].

The neocortex of the parietal, occipital, and tempo-

ral lobes is divided in each instance into a highly re-

fined primary field with particularly dense input from

specific thalamo-cortical projections. Each of these

fields is flanked by somewhat less highly differentiated

first order sensory association areas or premotor fields,

and these fields, in turn, are interconnected with large

high-order sensory association areas or prefrontal fields

(Fig. 1a, d) [34].

A gradual increase in cortical differentiation is ob-

servable if one follows an imaginary line from the sim-

ply organized temporal mesocortex through prefrontal

or high-order sensory association areas and premotor

or first order sensory association areas into the highly

refined primary fields of the neocortex. This archi-

tectonic hierarchy is reflected by an equally hierar-

chical arrangement of the major interconnecting fiber

tracts [34].

Exteroceptive data is relayed from primary sen-

sory fields to the primary motor field and allocortex

(Fig. 1d). Visual, auditory, and somatosensory infor-

mation flows upstream from the primary sensory fields

through first order to succeeding high-order associa-

tion areas and from there via long and sparsely myeli-

nated cortico-cortical projections to the prefrontal cor-

tex. Short, downstream pathways lead away from the

prefrontal areas to premotor areas and the primary mo-

tor field which acts as a major gateway for motor pro-

grams being relayed to brain stem and spinal premo-

tor and motor neurons. The striatal and the cerebel-

lar loops (Fig. 1d, semicircular arrows) function as the

main routes for this return pathway and integrate the

basal ganglia, many lower brain stem nuclei, and the

cerebellum into the regulation of cortical output.

Superordinate limbic system centers participate in

this data flow at that juncture where exteroceptive input

is transferred from the high-order sensory association
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Fig. 1. (a) Composition of the human cerebral cortex. The allocortex (black) consists of the olfactory bulb, entorhinal region, hippocampal

formation, and associated areas. The mesocortex (cross-hatching) mediates toward the much larger neocortex. The latter consists of primary

sensory or motor fields (dark gray), first order sensory association areas or premotor areas (light gray), and related high-order sensory association

areas or prefrontal fields (white). (b) Neocortical myelination begins in the primary sensory and motor fields (dark gray) and progresses (white

arrows) via first order sensory association areas and premotor areas (medium gray) to the related high-order sensory association and prefrontal

areas (lighter gray tones, indicated by arrows). This results in dense myelination of the primary sensory and motor fields in the human adult. With

increasing distance from the primary fields, the average myelin content gradually lessens and is minimal in anterior portions of the mesocortex.

(c) An inverse relationship between the myelination process and the destruction of the neocortex exists in AD and/or PD. The first cortical lesions

occur in the anterior temporal mesocortex and extend into adjoining high-order association areas, eventually reaching the first order association

areas and primary fields of the neocortex (arrows). (d–f) Diagrams showing main subdivisions of the cerebral cortex and components of the

limbic loop. Via the afferent trunk of the limbic loop, data are funneled through the anterior temporal mesocortex to both the temporal allocortex

and amygdala. The efferent trunk of the limbic loop includes the ventral striatum, ventral pallidum, and mediodorsal thalamus; it directs data

to the prefrontal areas. (d) Initial changes in AD stages I–II and/or PD stage 4 mildly hamper the data flow from sensory association areas

to superordinate centers of the limbic system. (e) Moderately severe lesions in AD stages III–IV and/or PD stage 5 tend to disconnect the

superordinate centers of the limbic system from the neocortex. (f) The destruction in AD stages V–VI and/or PD stage 6 disconnect the neocortical

sensory association fields from the prefrontal cortex as well. Abbreviations: endocrine syst. – endocrine system, first o. sens. ass. f. – first order

sensory association fields, MD – mediodorsal nuclei of the thalamus, olfact. input – olfactory input, prim. sens. fields – primary sensory fields,

ventr. pall. – ventral pallidum, ventr. str. – ventral striatum.
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Fig. 2. Stages I–IV of cortical neurofibrillary changes of the Alzheimer type in 100 µm polyethylene glycol-embedded hemisphere sections

immunostained for abnormal tau (AT8, Innogenetics). Stage I: involvement is slight and all but confined to the transentorhinal region (part

of the temporal mesocortex), usually located on the medial surface of the rhinal or collateral sulcus (arrow). This section originates from a

non-demented 80 year-old female. Stage II: Additional immunoreactivity occurs in layer pre-α or layer II of the entorhinal region (arrow). The

layer gradually sinks into a deeper position in the transentorhinal region (arrow). The border between entorhinal and transentorhinal regions

is clearly recognizable in these early stages (arrowhead). The section was obtained from a non-demented 80 year-old male. Stage III: The

lesions make headway into the hippocampal formation (arrow), layers pre-α and, additionally, pri-α of the deep entorhinal layers, the temporal

mesocortex (arrow) – largely buried (between the arrowheads) in the banks of the rhinal sulcus, and eventually reach into the adjoining high order

sensory association areas of the temporal neocortex. The lesions do not extend beyond the occipitotemporal (arrow) and lingual gyri. The section

comes from a 90 year-old female. Stage IV: The third and fourth sectors of the Ammon’s horn and a large portion of the insular cortex (arrow)

become affected. The involvement of the neocortical high order sensory association cortex of the temporal lobe now extends up to the medial

temporal gyrus and stops short of the superior temporal gyrus. The primary fields of the neocortex (see gyrus of Heschl, marked by an arrow)

and to a large extent also the premotor and first order sensory association areas of the neocortex remain spared of the pathology. This section was

taken from an 82 year-old demented female. Scale bar applies to stage I–IV.
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Fig. 3. Stages V–VI of cortical neurofibrillary changes of the Alzheimer type in 100 µm polyethylene glycol-embedded hemisphere sections

immunostained for abnormal tau (AT8, Innogenetics). Stage V: In addition to the presence of AD-related lesions in all of the regions mentioned in

Fig. 2, pathological changes appear in the superior temporal gyrus (asterisk) and even encroach to a mild degree upon the premotor and first order

sensory association areas of the neocortex. In the occipital lobe, the peristriate region (Brodmann area 19) shows varying degrees of affection,

and lesions occasionally can even be seen in the parastriate area (Brodmann area 18). These sections were obtained from a 90 year-old female

with dementia. Stage VI: Strong immunoreactivity can be detected even in the first order sensory association areas (e.g., the parastriate area,

Brodmann area 18, arrows) and the primary areas of the neocortex (e.g., the striate area, Brodmann area 17, between arrowheads) of the occipital

neocortex. Compare the superior temporal gyrus (asterisk) and transverse gyrus of Heschl at stage V with the same structures at stage VI. Both

stage VI sections originate from a severely demented 70 year-old female Alzheimer patient who died of aspiration pneumonia. Left hand scale

bar applies to both hemisphere sections, right hand scale bar to both occipital sections.
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areas to the prefrontal cortex. Via the limbic loop, data

diverge from the mainstream and proceed through the

mesocortex, eventually converging upon the entorhinal

region and amygdala, thereby making the neocortex the

main source of input to the human limbic system. In

addition to this exteroceptive data, the superordinate

centers of the limbic system receive input from internal

organs (Fig. 1d). As a result, the system is equipped to

select from the incoming exteroceptive and interocep-

tive data the information needed to produce an appro-

priate response to any given situation. It influences the

voluntary motor system via the prefrontal cortex as well

as the nuclei that regulate endocrinal and autonomic

functions [20,38].

4. Cortical evolutionary trends

The primary fields are the departure points of neo-

cortical evolution and, as such, occupy the most space

in the neocortex of lower mammals and early primates.

Then follow the less expansive and more simply orga-

nized first order sensory association and premotor ar-

eas. Least voluminous are the most simply organized

high-order sensory association and prefrontal areas. In

the course of primate evolution, the association areas

expand disproportionately to the primary fields, so that

with growing distance from the primary neocortical

fields and increasing proximity to the anterior meso-

cortex, the neocortex exhibits increasingly prominent

features of structural immaturity [3,12].

5. Cortical myelination and pigmentation

The phylo- and ontogenetic trends reviewed above

can be assessed not only in Nissl sections of the adult

human cortex but also in material processed for intra-

neuronal lipofuscin deposits or myelin.

Myelination is the final step in brain maturation and,

in the human cortex – particularly in the lines of Bail-

larger and Kaes Bechterew – the process is a late-onset

one that progresses in a predetermined sequence and

persists well into adulthood [39,49].

Initial myelin traces appear in the primary neocor-

tical fields. Thereafter, myelination continues into the

premotor and first order sensory association areas and,

subsequently, into the prefrontal and high-order sen-

sory association areas (Fig. 1b). The last region to

myelinate belongs to the anterior mesocortex. Excep-

tionally dense myelination of the primary fields is the

end-result in the human adult. With increasing distance

from the primary fields, however, myelin density falls

off gradually (Fig. 1b), so that the anterior mesocortex

is very poorly myelinated [39,47].

The brain of the human adult also is particularly

well supplied with intraneuronal lipofuscin or neu-

romelanin deposits. In this respect, it differs notably

from the brain of other primates. The lipofuscin gran-

ules within cortical projection neurons are usually los-

sely distributed throughout the soma. Local circuit

neurons either remain free (or almost free) of such de-

posits or are packed with granules. Cortical lipofus-

cin deposition begins in early adulthood and continues

with aging [9,10,19,22,25,44]. The degree of lipofus-

cin accumulation in projection cells of various cortical

layers and cortical areas represents the opposite trend

of cortical myelination: projection neurons in heavily

myelinated areas and densely myelinated layers dis-

play far fewer lipofuscin granules than those in the

late-myelinating temporal mesocortex that is one of the

most richly pigmented regions of the human cortex [9,

10].

6. The propensity of select cortical neuronal types

to develop AD- and/or PD-related pathology

Of the many neuronal types within the human ner-

vous system, only a few develop the abnormal proteina-

ceous aggregations associated with AD and PD. By

contrast, other directly adjacent nerve cells maintain

their morphological integrity.

Neuronal constituents of the cerebral cortex prone

to become involved in one or both disease processes

have two properties in common. First, all are projec-

tion neurons [9,50] and, among these, only cells with

disproportionately long and thin axons in relation to

the size of the parent soma show a tendency to develop

the lesions [36]. Short-axoned projection cells, such as

the spiny stellate cells of the fourth neocortical layer or

those in the presubicular parvocellular layer, resist the

pathology.

Short-axoned local circuit neurons likewise remain

untouched by the pathological processes [27,28], with

the occasional exception of chandelier cells, which, in

AD, display a soluble, abnormal tau material charac-

teristic of the pretangle phase [8] but vanish from the

tissue without developing NFTs. To date, PD-related

α-synuclein-aggregations have not been seen to occur

in cortical local circuit neurons. In sum, AD- and/or

PD-related intracellular lesions of the cortex seemingly
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develop only in projection cells with a long and thin

axon.

The vulnerable nerve cell types share a second fea-

ture: namely, their long and thin axons remain unmyeli-

nated or have only a thin myelin sheath. By contrast,

cortical projection neurons with a heavily myelinated

axon resist the formation of AD- and/or PD-related

pathologies [16,20]. Pertinent examples are Betz cells

in the primary motor cortex and Meynert pyramidal

cells in the striate area.

A mature myelin sheath reduces the metabolic de-

mands placed on the parent nerve cell for the trans-

mission of impulses [26]. Thus, rapid-firing projection

neurons with unmyelinated or incompletely myelinated

axons may be subjected to higher energy turnovers and

exposed to greater oxidative stress, a probable contrib-

utory factor to the pathogenesis of AD and/or PD [1,7,

30,31,43]. In addition, heavily myelinated projection

cells are more stable and more resistant to pathological

sprouting [32]. Oligodendrocytes may well be capa-

ble of producing as yet unknown protective agents that

interact with the axon.

Vulnerable cortical projection neurons develop cross-

linked aggregates of the tau protein or of α-synuclein

that usually are concentrated in the vicinity of lipofus-

cin granules. Both the pigment granules and the pro-

teinaceous aggregations are stable and inert. For this

reason, no special fixatives are necessary and the ma-

terial can be assessed at autopsy even after consider-

able post-mortem delay. Cortical projection neurons

are rugged and can survive for decades despite large ac-

cumulations of such pathological material. Neverthe-

less, the functional capabilities of nerve cells filled with

NFTs/NTs or LBs/LNs probably decline long before

actual cell death [16,36].

7. Progression of AD- and/or PD-associated

cortical lesions

Within the cortex, the neurodegenerative process(es)

of AD and/or PD first affects a single highly vulnerable

area, the periallocortical transentorhinal region, within

the anteromedial temporal lobe. Additional areas and

ever larger expanses of the cortex become involved

(Fig. 1c). A continuum can be said to exist from the

first AT8 or α-synuclein-immunopositive changes to

the fully-developed cases of AD or PD seen at autopsy

in [11,13,16]. For practical purposes, the six stages rec-

ommended for the cortical AD-related neurofibrillary

pathology can be subsumed under three general sub-

units (I–II, III–IV, V–VI). Initial diagnosis as to whether

abnormal tau inclusions are detectable in the temporal

mesocortex (stages I–II), limbic allocortex and amyg-

dala (stages III–IV), or in the neocortex (stages V–VI)

simplifies the subsequent task of differentiation. These

subunits correspond to the three PD stages where cor-

tical affection also is evident (stages 4–6) [16].

7.1. Mesocortical AD stages I–II and PD stage 4

The neuronal damage that occurs in the early AD

stages I–II and in PD stage 4 slightly impairs the trans-

mission of neocortical sensory information – via an-

teromedial temporal mesocortex – to the superordinate

allocortical centers of the limbic system and amygdala

(Fig. 1d).

AD Stage I: The transentorhinal region (periallocor-

tex) becomes involved first (Fig. 2). The most vulner-

able cells are projection neurons in the superficial en-

torhinal layer (layer pre-α), which, in the transentorhi-

nal region, gradually slopes downwards on the medial

surface of the rhinal sulcus (Fig. 2).

AD Stage II: The lesions in the transentorhinal region

are more severe. The pathology now extends into the

superficial cellular layer (layer pre-α or layer II) of the

entorhinal region (Fig. 2). Additionally, the first and

second sectors of the hippocampal formation become

involved to a variable degree (Fig. 2).

PD Stage 4: Inclusion bodies appear for the first time

in the cerebral cortex, specifically in the anteromedial

temporal mesocortex. A network of LNs forms in the

superficial layers, while projection neurons in the deep

layers develop LBs [16].

7.2. Limbic AD stages III–IV and PD stage 5

The damage typical of the intermediate AD stages

III-IV and of PD stage 5 impairs the transmission of

neocortical sensory information – via the entorhinal

region and hippocampal formation – to the prefrontal

neocortex (Fig. 1e).

AD Stage III: The lesions in previously involved

stage II sites worsen. The deep entorhinal layer pri-α

shows additional affection. From the temporal proneo-

cortex, the disease process gradually encroaches upon

the adjoining mature neocortex that covers the occipi-

totemporal and lingual gyri (Fig. 2).

AD Stage IV: Lesional density increases and the dis-

ease process progresses more widely than previously

into neocortical high order association areas. In the
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temporal lobe, it gradually extends up to the superior

temporal gyrus (Fig. 2).

PD Stage 5: From the temporal mesocortex, the

pathological process extends into related mesocortical

insular and anterior cingulate areas, and thereafter into

prefrontal and high order sensory association areas of

the neocortex. The density of LNs is low in the superf-

ical neocortical layers, and LB-bearing projection cells

prevail in their deep layers [16].

7.3. Neocortical AD stages V–VI and PD stage 6

The destruction seen in the late AD stages V–VI and

in PD stage 6 cases disconnects not only the allocortex

and amygdala from the neocortical fields but also the

sensory association areas from the prefrontal neocortex

(Fig. 1f).

AD Stage V: From sites involved at stage IV, the

neocortical pathology fans out frontally, superolater-

ally, and occipitally. In the occipital lobe, the patches

of NFTs extend into portions of the peristriate region

(Brodmann area 19) (Fig. 3).

AD Stage VI: The secondary and primary areas of the

neocortex become involved. In the occipital lobe, the

pathological process encroaches through the parastriate

area (Brodmann area 18) to the striate area (Brodmann

area 17) (Fig. 3).

PD Stage 6: The lesions occur in the premotor and

first order sensory association areas of the neocortex. A

few LBs and LNs even develop in neocortical primary

areas, e.g., Heschl’s gyrus [16].

8. Progression of the cortical pathology in AD and

PD is congruent with the pattern of

pigmentation and recapitulates the myelination

process in reverse order

The sequential appearance of AD and/or PD-related

neocortical lesions is the reverse of the cortical myeli-

nation process (compare Fig. 1c with Fig. 1b) – thereby

corroborating the earlier observation that regressive

changes tend to repeat the maturation process but in

reverse order [5,6,12,35,40–42] – and parallels both

the sequence and degree of lipofuscin accumulation

in cortical projection neurons. Whereas the sparsely

pigmented projection cells of the primary neocortical

fields (only exception: Betz cells) are heavily myeli-

nated and become involved only in the end stages of

both disorders, meso- and neocortical areas that un-

dergo myelination late and whose projection neurons

begin lipofuscin accumulation early are especially vul-

nerable and develop neurofibrillary changes or Lewy

body pathology earlier in the disease process and at

greater densities [17]. In fact, the lesions commence

formation in the vicinity of the lipofuscin granules and

the poorly myelinated anteromedial temporal mesocor-

tex is the site of the earliest AD- and/or PD-related

lesions in the cerebral cortex. By contrast, cortical

nerve cells that remain virtually free of lipofuscin de-

posits even at an advanced age resist the pathological

processes associated with AD and/or PD regardless of

the axon’s myelin status (e.g., the solitary cells of Ca-

jal). Similarly, heavily myelinated projection neurons

do not develop NFTs or LBs even in the presence of

considerable lipofuscin deposition [17].

9. Future considerations

It is unclear whether or when the myelination pro-

cess in human high-order associations areas ends and

under the influence of which factors. Were it possi-

ble to modify the maturation process so that vulnerable

cortical neurons could myelinate more effectively, they

might become more resistant to the AD- and PD-related

inclusion body pathologies [6]. To have an impact on

the prevalence of both disorders, it appears necessary to

prevent or at least postpone the beginning of the under-

lying disease process. Strategies designed to improve

cortical myelination and delay the possibly detrimental

accumulation of intraneuronal lipofuscin would have to

be implemented in early childhood and large numbers

of such individuals followed longitudinally.
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Abstract. The invitation to participate in the commemorative issue celebrating the

100th anniversary of Dr. Alois Alzheimer’s report on the disease that would later bear

his name has evoked memories of my early experiences in the study of dementia, my

teachers, my role-models, my aspirations and my accomplishments. Early in my career,

I was fascinated with the study of hereditary neurological disorders. The observation

of families in which dementia was inherited in an autosomal dominant pattern excited

my scientific curiosity. Three very different phenotypes in patients from three separate

families have been the basis for novel scientific discovery, which has taken place over the

past 30 years. This could not have taken place without the help of many generous patients

and their families as well as wonderful colleagues for whom I am deeply grateful. Some

of the original observations in these families have led to the discovery of genetic mutations

in three genes that are among the most commonly affected in hereditary dementia.

The work on these families has enriched the scientific community and our knowledge of dementing illnesses.

1. Introduction

The invitation to participate in the commemorative

issue celebrating the 100th anniversary of Dr. Alois

Alzheimer’s first report on the disease that would later

bear his name has evoked memories of my career [1].

I first became familiar with the concept of demen-

tia when in high school I read the following in one of

Juvenalis’ (60–140 A.D.) satires: “. . . omni membro-

rum damno major dementia,quae nec nomina servorum

nec vultum agnoscit amici, cum quo praeterita coenavit

nocte, nec illos, quos genuit, quos eduxit”; “. . . worse

still than all decay of limbs is memory’s decay, which

recalls neither his slaves’ names nor the friend’s fea-

tures, with whom he supped but yesternight, nor those

whom he begot and bred [46].” Only a few years later,

a more complete picture of dementia started to unfold

in front of me. As a medical student, I started an in-

ternship in the Institute of Psychiatry at the University

of Pisa in 1963. The director of the institute at that time

was Dr. Pietro Sarteschi, a neurologist and psychiatrist,

whose father, also a psychiatrist, had written a paper in

1909 entitled “Contribution to the Pathologic Histology

of Senile Dementia” [70]. It was Professor Sarteschi

who directed me toward the study of neuropathology

and eventually to Dr. Gian Carlo Guazzi’s laboratory

where I studied from 1968 to 1970 [10,11,22,26,44,

67]. It was there that I was introduced to the wonder-

fully mysterious world of this discipline. During that

time, I read a translation of Dr. Alzheimer’s paper orig-

inally published in 1907, Dr. Van Bogaert’s papers on

familial Alzheimer disease, Dr. Terry’s papers on the

ultrastructure of plaques and neurofibrillary tangles and

the proceedings of the CIBA symposium held in Lon-

don on November 11th–13th 1969 [6,86,87,103,105].

By bringing together neurologists, pathologists, psy-

chiatrists and biophysicists, the symposium organized

by Dr. W.H. McMenemey encapsulated the multiple

facets of Alzheimer disease and related disorders.

Following a letter written in 1969 by Dr. Guazzi,

Dr. Robert Terry agreed to allow me to study in his
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laboratory provided I had my own funding and that I

stayed at least two years. I was successful in obtain-

ing a scholarship from the Italian National Research

Council and in May 1970 I set sail for the Albert Ein-

stein College of Medicine where I was to study axonal,

synaptic and dendritic pathology as well as the modal-

ity of trans-synaptic degeneration in animal models [27,

28,41,67]. Upon my arrival, Dr. Henryk Wisniewski

was assigned to be my mentor by Dr. Terry. I found

working with Henry, to be exciting due to his wealth of

ideas and high level of energy. The excitement reached

a very high point when one afternoon while examin-

ing tissue from an aged monkey under an electron mi-

croscope, I observed paired helical filaments similar to

those characteristic of Alzheimer’s neurofibrillary tan-

gles. I showed Henry my findings and within minutes

Dr. Terry and several members of his team surrounded

the electron microscope [104].

The intellectual atmosphere at the Albert Einstein

College of Medicine was extraordinary. The faculty

in neuropathology and neuroscience was composed by

well-known scientists. In addition, lectures by visiting

scholars were another source of wonder. It is still fresh

in my memory, the long list of neuroscientists who were

already classics in the literature or who would become

such in the following few years. Among the lectures on

dementia by many visiting speakers, I remember those

by Drs. Corsellis, Sourander, Tomlinson, and Brion.

Among the neuroscience lectures, one that stands out

in my memory is that by Dr. Richard Sidman. I saw

the potential for studying neurological mutant mice as

a model of the neurodegenerative process. All of this

influenced me to the point that by 1973 I had decided

not to return to my alma mater.

After six years of studying at the Albert Einstein

College of Medicine, the time came for me to move on

even though the separation was very hard. Dr. Wolf-

gang Zeman invited me to become a member of his

neuropathology team at the Indiana University School

of Medicine. I accepted with great trepidation. During

the time between my acceptance and my starting date,

Dr. Zeman decided to leave Indiana University and we

never worked together.

At Indiana University, I developed two lines of re-

search. One was directed to the study of nerve cell

degeneration in experimental models and the other was

directed to the study of human hereditary dementia.

I studied the process of nerve cell degeneration in

New Zealand rabbits inoculated with various chemi-

cal agents and in neurological mutant mice. Using

chemical agents that disrupt the cytoskeleton, I was

able to observe how maytansine, maytanprine, noco-

dazole and other agents affected microtubules, induced

neurofibrillary pathology and affected the axoplasmic

transport [19–21,25,33,71]. Using metallic aluminum

powder, a chronic intoxication was induced that led to

the accumulation of neurofilaments and to nerve cell

loss [7,25,31,89]. In spite of multiple attempts, the

formation of the type of tangles that were characteris-

tic of Alzheimer disease never took place. In the area

of neurological mutant mice, numerous studies using

the weaver mutant mice and Purkinje cell degeneration

mice were carried out for over twenty years [24,32,

34,38–40,47,49–51,72,73,88,90–92,94,97–102]. One

important finding was the discovery that the neurons

of the substantia nigra in weaver mutant mice degener-

ate causing a severe dopamine deficiency in the nigro-

striatal system [73]. These animal studies involved

many people and I am particularly grateful to the fol-

lowing for their interactions: S. Bayer, S. Dlouhy, M.E.

Hodes, M.J. Schmidt, L.C. Triarhou, T. Verina, and J.

Wei.

My work on human hereditary dementia began in

1976 by studying the neuropathology of an autosomal

dominant form of Alzheimer disease in a family that

had been identified by Dr. Zeman. Over the subsequent

30 years, my work involved several forms of hereditary

dementias and numerous families.

The approach has been that of studying carefully

the main neuropathologic characteristics of any given

genetically-determined dementing illness, identifying

unique features of the disease process by classic neu-

ropathology, and electron microscopy. As new tech-

niques of immunohistochemistry, biochemistry, and

molecular genetics became available to my laboratory,

our approach widened to include the immunohisto-

chemical and biochemical characterization of protein

deposits as well as the genetic linkage analysis and

DNA sequencing of candidate genes.

I was very fortunate that many investigators shared

their enthusiasm and expertise in these research efforts.

I am particularly grateful to the following people for

their contributions in molecular genetic and biochem-

ical studies: M. Benson, R.A. Crowther, S. Dlouhy,

B. Frangione, M. Goedert, A. Klug, L. Miravalle, J.

Murrell, P. Parchi, P. Piccardo, S. Prusiner, A. Roher,

M.G. Spillantini, F. Tagliavini, R. Vidal and K. Young.

I am equally grateful to the following individuals for

their contributions in the neuropathologic studies: O.

Bugiani, B. Crain, E. Cochran, M.B. Delisle, P. Gam-

betti, G. Giaccone, J. Ironside, S. Mirra, P.K. Pane-

gyres, S. Spina, M. Takao and K. Yamaguchi. Also, the
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following people have contributed to clinical studies:

B. Boeve, M. Farlow, D. Kareken, O. Rascol, C. Rentz

and F. Unverzagt. There are many more people with

whom I have collaborated and I have been fortunate

to have been associated with, including those generous

individuals who have shared cases with my laboratory.

I am grateful to the NINDS and the NIA for provid-

ing financial support during the last three decades. I

have also been blessed to have received support from

many wonderful staff members including C. Alyea, L.

Bailey, B. Dupree, F.R. Epperson, B.S. Glazier, and R.

Richardson.

2. Familial Alzheimer disease

Upon my arrival at Indiana University in 1976, I

started to analyze a brain biopsy and autopsy from an

individual that Dr. Zeman studied in the late 1960s.

The patient had been diagnosed with Alzheimer disease

and several members of her family had been known

to have developed dementia in their fifth decade of

life. I discussed with members of the family about

the possibility of continuing the studies initiated a few

years earlier by Dr. Zeman. The sister of Dr. Zeman’s

patient died in 1980 in a mental institution and I was

able to obtain the brain through the assistance of this

patient’s daughter. I am very grateful to her for her

help in carrying on the analysis of this family. She

continued to help me until she became affected along

with other individuals from her generation.

This type of AD was peculiar. There was a very

severe neurofibrillary pathology with paired helical fil-

aments, but the plaques were not typical. In 1991, Jill

Murrell, a graduate student in Dr. Merrill Benson’s lab-

oratory, found a V717F mutation in the AβPP gene in

affected individuals from two generations of this fam-

ily [48,56]. This was the first mutation found to be

associated with familial Alzheimer disease reported by

a laboratory in the United States. Dr. Martin Farlow

continues to follow members of the family from the

clinical point of view [14,16].

Over the past fifteen years, numerous familial cases

of AD have been studied clinically, neuropathologi-

cally, biochemically and genetically [8,53–55,69,95].

The multidisciplinary approach has allowed us to char-

acterize the phenotypes associated with two AβPP mu-

tations, several Presenilin 1 mutations and one Prese-

nilin 2 mutation (Table 1). In some instances, novel

mutations have been identified (marked with an asterisk

in Table 1) [17,57,68,82,83].

3. The Indiana Kindred

In 1977, Dr. Jans Muller who had succeeded Dr.

Zeman as the Director of the Division of Neuropathol-

ogy assigned to me a brain of a patient from an Indi-

ana family that had been traced for many generations.

There were numerous multicentric amyloid cores sur-

rounded by a neuritic crown in the cerebral cortex.

These plaques were quite different from those associ-

ated with Alzheimer disease in both size and shape.

There were numerous neurofibrillary tangles through-

out the cortex and subcortical nuclei. The cerebel-

lum had large plaques in the molecular and granu-

lar cell layer. In 1978, the brother passed away and

a brain autopsy was carried out. I found that this

individual’s brain contained the same pathologic le-

sions. We debated on the nature of the disease. In

1985, these two cases were finally published with the

title “Cerebellar plaques in familial Alzheimer’s dis-

ease (Gerstmann-Sträussler-Scheinker Variant?)” [2].

Shortly after, using antibodies against the prion protein

it was then clear that the core of the plaque was im-

munoreactive for the prion protein and not for the Aβ

protein of Alzheimer disease; therefore, we realized

that we were dealing with a novel pathologic pheno-

type of Gerstmann-Sträussler-Scheinker disease. We

embarked on a study that was directed toward under-

standing the clinical and neuropathologic aspects of

the disease as well as the biochemical pathology of

the prion protein and the molecular genetics [13,15,

23,35–37,42,43,45,93,107–109]. With the help of Dr.

Fabrizio Tagliavini, who at the time was a part of Dr.

Blas Frangione’s laboratory, it was possible to uncover

the nature of the prion protein amyloid within the core

of the plaques. The main molecular component of the

core was a fragment of the prion protein. At the same

time, a linkage analysis, carried out by Dr. Stephen

Dlouhy, revealed that the disease in the Indiana Kindred

was linked to chromosome 20 and a molecular genetic

analysis carried out by Dr. Karen Hsiao in Dr. Stan-

ley Prusiner’s laboratory identified the F198S mutation

in the Prion Protein gene in affected members of this

family [13,45].

Over the past fifteen years, we have studied several

additional hereditary prion diseases, identified novel

mutations (marked with an asterisk in Table 2), and

characterized several pathologic phenotypes [60–66,

77–80,85]. One of the most unexpected findings was

the prion protein amyloid angiopathy, which is char-

acterized by deposition of PrP amyloid at the level of

cerebral blood vessels and the presence of severe tau

pathology in neurons [34].
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Table 1

Alzheimer disease

Gene Mutations

Amyloid β Protein Precursor gene V717F*, V717L*

Presenilin 1 gene A79V, F105L, Y115C, M139V, I143T, M146L, L166P*, S169L,

G217D*, K239E, A260V, V261F, V261I, P264L, R269G, C410Y,

A426P, A431E*, del exon 9

Presenilin 2 gene N141I

Table 2

Prion disease

Disease Mutations

GSS P102L, A117V, G131V, H187R, F198S*, D202N*, Q212P*, Q217R

PrP-CAA Y145 Stop

fCJD E200K, V210I

Table 3

FTDP-17

Gene Mutations

Tau gene N279K, P301L, P301S*, S305N, Exon 10 +3*, Exon 10 +16, G389R*, R406W

4. Multiple System Tauopathy with Presenile

Dementia (MSTD) Family

One of the pivotal moments of my scientific work
was when in 1993 I initiated the studies of the neu-

ropathology of cases from a family with a mysterious
autosomal dominant disease. After twenty five years
in neuropathology, I had not seen anything like what I
saw in the proband of the MSTD family. Using anti-

bodies to tau, I saw a landscape that was not familiar
to me. Tau deposits in neurons and glia, in the gray
and white matter, throughout the central nervous sys-
tem. Dr. Jill Murrell carried out a linkage analysis

and found that MSTD is linked to a three cM region
on chromosome 17q21–22 [58]. Biochemical studies
carried in collaboration with Dr. Maria Grazia Spillan-

tini and Dr. Michel Goedert revealed that abnormal fil-
aments from the brain of the affected individuals con-
sists of tau isoforms with four repeats [74,75]. Molec-
ular genetic analysis carried out by Dr. Spillantini and

Dr. Murrell revealed the presence of a mutation in the
third nucleotide of the intron following exon 10 of the
Tau gene [76]. The neuropathologic study of additional
familial cases of dementia associated with severe tau

pathology and in some instances Pick bodies led to the
identification of mutations in the Tau gene, some being
novel (marked with an asterisk in Table 3) [5,9,12,18,

29,52,59].

5. Other neurodegenerative dementias

Neurodegenerative dementias with protein deposits

continue to be revealed through the careful neuropatho-

Table 4

Other dementias

Gene Mutations

Neuroserpin gene S52R

Ferritin Light Polypeptide gene 498-499insTC

logic examination followed by biochemical and molec-

ular genetic analyses [81,84,96]. Recently, we have

studied diseases that are characterized by the accumu-

lation of neuroserpin in neurons and ferritin in neu-

rons and glia (Table 4). Dr. Benson and Dr. Murrell

have found the mutation in the neuroserpin protein and

Neuroserpin gene respectively [81,106]. Dr. Vidal

has characterized a hereditary ferritinopathy associated

with severe deposition of ferritin peptides throughout

the central nervous system and tc duplications in Fer-

ritin Light Polypeptide gene [96].

As Alois Alzheimer stated in the closing of his 1907

paper, the same words are still true today. His words

were “On the whole, it is evident that we are dealing

with a peculiar, little known disease process. In recent

years, these particular disease-processes have been de-

tected in great numbers. This fact should stimulate us

to further study and analysis of this particular disease.

We must not be satisfied to force it into the existing

group of well-known disease patterns. It is clear that

there exists many more mental diseases than our text

books indicate. In many such cases, a further histologi-

cal examination must be effected to determine the char-

acteristics 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 one with its

own clinical and anatomical characteristics.”
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ease (P102L): amyloid deposits are best recognized by an-

tibodies directed to epitopes in PrP region 90–165, J. Neu-

ropathol. Exp. Neurol. 54 (1995), 790–801.

[64] P. Piccardo, J.P.M. Langeveld, A.F. Hill, S.R. Dlouhy, K.

Young, G.A.H. Wells, G. Giaccone, G. Rossi, M. Bugiani,

O. Bugiani, R.H. Meloen, J. Collinge, F. Tagliavini and B.

Ghetti, An antibody raised against a conserved sequence of

the prion protein recognizes pathologic isoforms in human

and animal prion diseases, including vCJD and BSE, Am. J.

Pathol. 152 (1998), 1415–1420.

[65] P. Piccardo, J.J. Liepnieks, A. William, S.R. Dlouhy, M.R.

Farlow, K. Young, D. Nochlin, T.D. Bird, R.R. Nixon, M.J.

Ball, C. DeCarli, O. Bugiani, F. Tagliavini, M.D. Benson and

B. Ghetti, Prion proteins with different conformations ac-
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Abstract. Argentophilic neurofibrillary tangles were described in the cerebral cortex

of Alzheimer’s disease and later in the pigmented neurons in the brain stem of pos-

tencephalitic parkinsonism. In 1961, wide distribution of Alzheimer’s neurofibrillary

tangles in the central nervous system was observed in endemic fatal neurodegenera-

tive diseases affecting the native Chamorro population on Guam: amyotrophic lateral

sclerosis and parkinsonism-dementia complex on Guam. Abundant neurofibrillary

tangles were found but no senile plaques. A topographic analysis of tangles in cases

inGuam and at Montefiore were published in 1962 [23]. Thereafter, Alzheimer’s neu-

rofibrillary changes were documented in various areas of the nervous system of many

other diseases. This communication is a brief review of the topographic investigation

of Alzheimer’s neurofibrillary changes. Occurrence of tangles in various conditions

seems to indicate that various pathological agents can induce tangles. On the other hand, Alzheimer’s neurofibrillary

tangles, in general, show a rather striking predilection to affect particular neurons in the involved regions.

Keywords: Alzheimer’s disease, Alzheimer’s neurofibrillary changes, parkinsonism-dementia complex on Guam, topographic

study

1. Introduction

As an author of one of the milestone studies in AD

research [23], I was invited to participate in this issue to

commemorate the Alzheimer Centennial. According

to their planned format, we reviewed an earlier topo-

graphic study of Alzheimer’s neurofibrillary changes

and put it in the context of the following work.
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2. Alzheimer’s discovery of neurofibrillary

changes in the cerebral cortex

In 1907 Alzheimer [2] first described neurofibrillary

changes with the Bielschowsky silver method in the

cerebral cortex of a 51-year-old woman who had had a

4 and half year history of progressive dementia. This

was an epoch making discovery for the study of de-

mentia. About a fourth to a third of all the neurons of

the cerebral cortex revealed such changes. The distri-

bution of this neuronal alteration was not specified fur-

ther in this presentation. Later, in 1911 [3], Alzheimer

clearly illustrated three stages of the fibrillary changes

in pyramidal neurons. Dramatic alteration of affected

ganglion cells with metallic impregnation was one of

the most impressive findings in neuropathology and

became the target of numerous investigations.

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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Analyzing 108 brains, including 48 with senile de-

mentia, in 1911 Simchowicz [58] stressed the Am-

mon’s horn as the area of predilection for neurofibril-

lary changes. He observed more of these alterations

in the frontal and temporal cortexes and fewer in the

occipital, motor and sensory cortex. He did not de-

scribe them in the brain stem but emphasized their ab-

sence in the cerebellum and spinal cord. As cases accu-

mulated, topographic studies of Alzheimer’s neurofib-

rillary changes, especially in the cerebral cortex were

made by many investigators [23].

3. Neurofibrillary changes in the pigmented

neurons of the brain stem in post-encephalitic

parkinsonism

Neurofibrillary changes in the subcortical nuclei and

brain stem were less conspicuous, and investigation

of the neurofibrillary changes in published case re-

ports was usually limited to the pyramidal neurons in

the cerebral cortex. In 1953, Greenfield and Bosan-

quet reported special characteristics of these neurofib-

rillary changes in detail in the pigmented neurons of

the brain stem in post-encephalitic parkinsonism [19]

and reviewed previous reports on the observation of

tangles by I. Fenyes in 1932 and J. Hallervorden in

1933. This paper attracted our attention for three rea-

sons. First of all, clear and straightforward detailed

histological pathology of Parkinson’s disease was de-

scribed. Basal ganglia were the target of neuropatho-

logical studies by many investigators. These studies,

however, failed to reveal convincing results. In con-

trast, loss and alterations of the pigmented neurons in

the substantia nigra were clearly described in this paper.

Second, two characteristic neuronal inclusion bodies

were observed in two different types of parkinsonism.

Namely Lewy bodies were found in Parkinson’s disease

while neurofibrillary tangles were observed in posten-

cephalitic parkinsonism. Accordingly, neuropathology

contributed to diagnosis of two diseases. Third, there

seemed to be a somewhat different configuration of neu-

rofibrillary tangles in the brain stem from those found in

Alzheimer’s disease. Namely, neurofibrillary changes

in the brain stem of the postencephalitic parkinsonism

revealed, in general, globose-shaped tangles instead of

flame-shaped tangles found in pyramidal neurons of the

cerebral cortex in Alzheimer’s disease. On the other

hand, neither neurofibrillary changes nor Lewy bodies

were found in their control cases.

4. Neurofibrillary changes in the nervous system

among Chamorro natives of Guam

The island of Guam in the Pacific Ocean represents a
geographic isolate with a phenomenally high incidence

of fatal neurological diseases [24]. Best known of these
ailments is amyotrophic lateral sclerosis (ALS) affect-
ing the Chamorro population. ALS on Guam consti-
tuted approximately 5–10 percent of the adult deaths
among the population. ALS on Guam was clinically
and pathologically indistinguishable from ALS in any
other part of the world. However, to our surprise, neu-
rofibrillary tangles were consistently observed in cer-

tain areas of the central nervous system in all ALS
cases on Guam [42]. They were found in the pyramidal
neurons in the hippocampus, pigmented neurons in the
brain stem as well as many other areas in the central
nervous system.

During the course of ALS investigation on Guam,an-
other fatal neurological disorder was discovered among

the same population. The patients showed clinical fea-
tures of parkinsonism and, in addition, to our surprise,
many of them were associated with progressive de-
mentia. Incidence of this disease was about equal to
that of ALS. In addition some patients showed ALS
syndrome. Family history was commonly found. A
new term was coined to describe the clinical entity as
parkinsonism-dementia complex (PDC) on Guam [24].

The brains of these PDC patients showed marked at-
rophy and severe depigmentation of the substantia ni-
gra. Histological changes were characterized by neu-
ronal loss and the presence of abundant neurofibrillary
changes in the pigmented neurons of the brain stem
and also in the pyramidal neurons in the hippocampus
and certain specific areas in the central nervous system.
The topography of Alzheimer’s neurofibrillary changes

was similar to the topography of those found in Gua-
manian ALS patients [25]. Initially postencephalitic
parkinsonism was considered. A clinical history of en-
cephalitis was, however, not obtained and oculogyric
crises typical of postencephalitic parkinsonism were
not observed in any of the patients.

Lewy bodies, the marker for Parkinson’s disease,

were, in general, not detected. Ten percent of 46 PDC
cases examined revealed only a very small number of
neurons with Lewy bodies in the brain stem but neu-
rofibrillary tangle-bearing neurons were also found in
the vicinity in all cases [26]. Furthermore neurons con-
taining both Lewy bodies and tangles were observed
in the midbrain of one case [26]. It is noteworthy
that in spite of abundant neurofibrillary changes, senile

plaques were usually absent in Guamanian cases unlike
the cases in Alzheimer’s disease.
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5. Distribution of Alzheimer’s neurofibrillary

changes in cases in Guam [23,25]

In general, neurofibrillary changes were much more

numerous in the PDC cases than in the ALS cases.

However, in spite of the difference in the number of

altered neurons, the distribution was essentially simi-

lar. Since neurofibrillary changes are so abundant and

conspicuous without senile plaque formation in a wide

area of the central nervous system we decided to in-

vestigate the topography of Alzheimer’s neurofibrillary

tangles in cases in Guam.

The distribution of the neurofibrillary changes in

the parahippocampal gyrus and adjacent structures re-

vealed that they were most abundant in the glomeru-

lar formation (entorhinal cortex). In the hippocampus,

many neurons of the pyramidal cell layer as well as the

end-plate showed these changes. They were most nu-

merous in the Sommer’s sector (CA 1) and subiculum.

There was a rather abrupt decrease of these changes at

the margin of Sommer’s sector (CA2 and CA3). By

contrast, not even a single neuron with neurofibrillary

changes was seen in the lateral geniculate bodies. The

frontal and temporal cortexes were always involved.

On the other hand, these changes were quite rare in the

visual cortex, especially in the calcarine region. Sim-

ilarly, the pre- and post-Rolandic areas were usually

spared these changes. They were practically absent

from Betz cells.

The substantia innominata (nucleus basalis of Meyn-

ert), amygdaloid nucleus, adjacent temporal cortex and

various hypothalamic nuclei were sites of severe in-

volvement. Neurofibrillary changes were observed in

the olfactory bulb in all seven cases examined. The

subthalamic nuclei and globi pallidi contained occa-

sional fibrillary changes, but they were rarely found in

the putamen and caudate nuclei while the claustrum

and adjacent insular cortex were commonly involved.

They were relatively scant in the thalamus.

In the midbrain, the periaqueductal gray and mid-

line structures were commonly involved. The neu-

rones of the nucleus of the mesencephalic portion of

the trigeminal nerve, however, were always free of fib-

rillary changes. These were present in the oculomotor

nuclei. The substantia nigra was usually so severely

damaged in the cases of PDC that neuronal loss was the

most conspicuous feature, but neurofibrillary changes

were always found in many of the remaining neurones.

However, neurofibrillary changes were rarely found in

the red nuclei.

In the pons and medulla, the locus caeruleus, the

dorsal raphe nucleus, neurones in the midline structure

and scattered neurons in reticular formation in the brain

stem were always severely affected. On the other hand,

hypoglossal nuclei and other motor nuclei only rarely

contained these changes. Neurofibrillary changes were

infrequently found in the neurones of the inferior olives

and the dentate nuclei of the cerebellum.

Small numbers of neurones with tangles were ob-

served in the spinal cord. On the other hand, these

changes were not found in the Purkinje cells of the

cerebellum in any of the cases.

Neurofibrillary tangles in the pyramidal cells are usu-

ally flame-shaped and tangles in the brain stem, hy-

pothalamus, subcortical nuclei are, in general, globose-

shaped in cases in Guam. The different configuration

of tangles in these areas is based on the shape of neu-

rons involved rather than the difference in the nature of

the tangles.

In summary, neurofibrillary changes were found not

only in cerebral cortex or pigmented neurons in the

brain stem but they were distributed in certain specific

neurons of the central nervous system. Certain neurons

are prone to tangle formation. These are pyramidal

cells in the Sommer’s sector and glomerular formation,

neurones in the nucleus basalis of Meynert, pigmented

neurons in the brain stem and dorsal raphe nucleus,

while others are infrequently affected, like Betz cells

and the anterior horn cells in the spinal cord. No neu-

rofibrillary changes are found in Purkinje cells. These

findings are also, in general, applicable in various cer-

tain other diseases than ALS in Guam and PDC [23].

6. Further studies

6.1. Occurrence of Alzheimer’s neurofibrillary

changes

Since these studies, aged brains of Caucasians with-

out known neurological disease have been shown to

contain small numbers of Alzheimer’s neurofibrillary

tangles [23]. Furthermore, while usually fewer than

in Guamanian ALS or PDC patients, the tangles were

present and distributed in a similar manner in the

Chamorros who died of other causes [4,26]. Numbers

of affected neurons with neurofibrillary changes were

more in Chamorros than Caucasians.

There have been other reports in which numerous

Alzheimer’s neurofibrillary changes have been found

in wide distributions in the central nervous system.
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These include subacute sclerosing panencephalitis [9,

41,43,44], Down’s syndrome [8,45], brains of prize-

fighters [10,18,28,57], and progressive supranuclear

palsy [61].

In addition, neurofibrillary changes have been rec-

ognized in the following diseases: certain lipi-

doses [33] especially Niemann-Pick disease type

C [62], tuberous sclerosis [27], Salla disease [5],

sclerosing angioma [40], meningoangiomatosis [21],

Fukuyama congenital muscular dystrophy [64], Cock-

ayne’s syndrome [63], young adult form of demen-

tia with neurofibrillary tangles and Lewy bodies [55],

Hallervoden-Spatz disease [12,72], congenital hydro-

cephalus [14], normal pressure hydrocephalus [6,17],

ganglioglioma [32,51,59], sudanophilic leukodystro-

phy [20], myotonic dystrophy [39,76], ipsilateral nuclei

projecting to massive cerebral infarcts [16,35], retro-

grade development of Alzheimer’s neurofibrillary tan-

gles associated with necrotising encephalitis selectively

involving the fornix and splenium [75], striatonigral de-

generation [56], chronic alcoholics [11], verrucose dys-

plasia of the cerebral cortex [48],Ewing’s sarcoma [53],

corticobasal degeneration [15], frontotemporal demen-

tia and parkinsonism linked to chromosome 17 (FTD-

17) [60], diffuse neurofibrillary tangles with calcifica-

tion [65], senile dementia of the neurofibrillary tangle

type (tangle-only dementia) [73], among others [44,

72].

6.2. Topographical distribution of Alzheimer’s

neurofibrillary changes

Since a major histological hallmark and key diag-

nostic feature of Alzheimer’s disease is the neurofibril-

lary changes [47], numerous intensive investigations of

topographical distribution of the cerebral cortex have

been reported. The topographic distribution of neu-

rofibrillary changes in Alzheimer’s disease was essen-

tially similar to that found in cases in Guam. The

most severe neurofibrillary changes were found in the

entorhinal cortex, CA1 and the subiculum of the hip-

pocampus, the amygdala and adjacent areas of tempo-

ral lobe, whereas the motor, somatic sensory, and pri-

mary visual areas were virtually unaffected [1,54]. In

1991, Braak and Braak reported that the progression

of neurofibrillary changes followed a predictable pat-

tern [7]. The first stage was marked by the transen-

torhinal region followed by the entorhinal region of

the temporal cortex. The topographic distribution of

Alzheimer’s neurofibrillary changes in the cerebral cor-

tex of Alzheimer’s disease was concisely well docu-

mented by Mirra and Hyman in their chapter, Aging

and dementia, in Greenfield’s Neuropathology [47].

Interestingly, a striking difference was reported

in the laminar distribution of neurofibrillary changes

in parkinsonism-dementia complex on Guam and

Alzheimer’s disease by Hof et al. [31]. Guamanian

cases demonstrated a preferential localization of neu-

rofibrillary changes in superficial layers of the neo-

cortex, whereas in Alzheimer’s disease they predom-

inated in the deep layers. Progressive supranuclear

palsy case [30], postencephalitic parkinsonism [29],

and dementia pugilistica cases [28] also demonstrated

a preferential localization of neurofibrillary changes in

layers II and III of the neocortex similar to Guamanian

cases. Distribution of neurofibrillary changes in the

hippocampal formation in these cases was similar to

that observed in cases with Alzheimer’s disease. How-

ever, distribution of neurofibrillary changes in a young

boxer revealed neurofibrillary changes in all neocorti-

cal areas, but tangles were notably absent in the sites

that are involved early in Alzheimer’s disease: namely

entorhinal cortex and hippocampal formation [18]. It

was concluded that the mechanism of tangle forma-

tion induced by repetitive head trauma may be different

from that in Alzheimer’s disease.

Distributions of neurofibrillary changes in subcorti-

cal structures are similar to Guamanian cases but gener-

ally less pronounced. Among them, the nucleus basalis

of Meynert deserve special attention for its selective

and remarkable loss of cholinergic neurones [49,71].

Until now, no clear-cut evidence concerning cause(s)

of Alzheimer’s neurofibrillary tangles, except perhaps

genetic factors, had been reported. We studied a case

of massive cerebral infarct in the territory of the mid-

dle cerebral artery on one side of the brain. Many

Alzheimer’s neurofibrillary changes were observed in

the nucleus basalis of Meynert, ipsilateral to the in-

farct [35]. Tangles were absent or rare in the opposite

nucleus of the basalis of Meynert or in other areas of

the brain. Considering the widespread projection of

nucleus basalis of Meynert axons to the ipsilateral cere-

bral cortex, this suggests that formation of neurofibril-

lary tangles can occur as a retrograde reaction in nu-

cleus basalis neurons secondary to massive, old cere-

bral infarction. Similar phenomena had been reported

in other regions, such as the substantia nigra secondary

to massive basal ganglia infarct [16] and subiculum sec-

ondary to necrotising encephalitis selectively involving

the fornix and splenium [75].

During the study of the distribution of neurofibril-

lary changes, we found that limbic system seemed to
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be the site of predilection. Therefore we extended our

study to the olfactory bulb and were surprised to find

many Alzheimer’s neurofibrillary tangles for the first

time in all Guam cases examined [23]. There had been

no confirmation reported on tangle formations in the

olfactory bulb for 22 years after our observations. In

1984, Esiri and Wilcock described neurofibrillary tan-

gles in the olfactory bulb in Alzheimer’s disease [13].

Further extensive studies on olfactory involvement in

neurodegenerative diseases have been reported there-

after [37,38,52,54]. The invariable observation of se-

vere involvement of the olfactory regions in Alzheimer

disease led Pearson et al. to suggest the possibility of

the olfactory pathway as the site of initial involvement

of the disease [54].

Neurofibrillary changes were also reported by

Ishii [34] in Alzheimer’s disease in the brain stem and

hypothalamus although it was less intensively involved

than Guamanian cases. Among these nuclei the dorsal

raphe nucleus deserves special attention. Diffuse sero-

tonergic fibers are presumed to project to the cerebral

cortex from the nucleus raphe dorsalis of the midbrain

in a manner similar to the cholinergic projections from

the nucleus basalis of Meynert to the cerebral cortex. In

Alzheimer’s disease the dorsal raphe nucleus revealed

39 times more neurofibrillary tangles than those in the

controls [74].

6.3. Immunohistochemical investigations of

Alzheimer’s neurofibrillary changes

During the past 25 years the advent of immunohisto-

chemical techniques has made possible the evaluation

of neurofibrillary tangles easier and much better than

the modified Bielschowsky stain or other conventional

silver impregnation techniques. For an example, we

studied the topographic distribution and immunohisto-

chemical characteristics of spinal cord neurofibrillary

tangles in Guamanian cases, using antibodies to tau

protein and ubiquitin [46]. The neurofibrillary tangles

were immunoreactive with both antibodies, but stain-

ing for tau was more pronounced. As identified by this

reactivity, all the Guamanian ALS and PDC cases ex-

amined showed spinal cord neurofibrillary tangles. The

posterior horn had the most and the anterior horn, the

least. In the posterior horn the neurofibrillary tangles

were located mainly in the marginal areas. Large ante-

rior horn cells disclosed few, if any, neurofibrillary tan-

gles. In addition to perikaryal neurofibrillary tangles,

tau-reactive neurites were found. Our results provided

evidence that spinal cord neurofibrillary changes are not

uncommon in Guamanian ALS and PDC and that they

were more numerous than previously observed with

conventional methods. Furthermore neuropil thread-

like structures were demonstrated in spinal cord white

matter in Guamanian ALS and PDC [66] and also in

progressive supranuclear palsy [67] in addition to var-

ious areas of brain.

In addition to those areas described above, some

other structures were reported to disclose Alzheimer’s

neurofibrillary tangles. The indusium griseum is a thin

layer of gray substance on the dorsal aspect of the cor-

pus callosum. It is also called supracallosal gyrus and

is part of the structures of the limbic system. Neu-

rofibrillary tangles were observed, for the first time, in

the indusium griseum of patients with Alzheimer’s dis-

ease [68]. Neurofibrillary tangles had not been thus far

reported in neurons of the peripheral nervous system.

In 1987 Kawasaki et al. [36] described the presence of

many neurofibrillary tangles in the neurons of the up-

per cervical sympathetic ganglia in an elderly Japanese,

non-demented patient. Occurrence of tangles was re-

ported in the celiac ganglia of an aged individual [69],

in the neurons of the spinal dorsal root ganglia of two of

five patients with progressive supranuclear palsy [50]

and in the sympathetic ganglia in two elderly individ-

uals without Alzheimer pathology [70]. On the other

hand, no neurofibrillary tangles were detected in the

sympathetic or spinal ganglia in Alzheimer’s disease

and in progressive supranuclear palsy in the study of

Wakabayashi et al. [70]. After reviewing 10 autopsy

cases with neurofibrillary tangles in the sympathetic

ganglia, Wakabayashi et al. concluded that neurofibril-

lary tangles in the peripheral ganglia are uncommon and

develop independently of the neurofibrillary pathology

that occurs in the central nervous system.

Along with the application of various advanced tech-

niques further involvement of neuronal processes and

synaptic terminals were recognized in various diseases

manifested in neuropil threads and grains in addition to

perikaryal tangles. Furthermore tau positive abnormal

tangles were discovered not only in neurons but also in

glial cells in certain diseases. These discoveries led to

the concept of tauopathy. Original discovery of con-

stricted form of neurofibrillary tangles in Alzheimer’s

disease with the electron microscope stimulated active

fine structural investigations of tangles and along with

immunohistochemical application of various antibod-

ies for neurofibrillary tangles, vast amounts of informa-

tion have been elucidated during the past century [22].
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Abstract. A retrospective clinico-pathological study of a consecutive autopsy

series of 1050 elderly demented individuals (mean age 83.4± 6.0 years; MMSE

< 20) was performed. Clinical diagnoses were probable or possible Alzheimer

disease (62.9%), nonspecific degenerative dementia (10.4%), vascular demen-

tia (10%), Parkinson disease with dementia (9.5%), 1.5% mixed dementia, and

5.7% other disorders. At autopsy, 86% revealed Alzheimer-related pathology,

but only 42.8% showed “pure” Alzheimer disease, with additional cerebrovas-

cular lesions in 22.6% and Lewy body pathology in 10.8%, while among 660

cases of clinically suspected Alzheimer disease, Alzheimer pathology was seen

in 93%, only 44.7% in “pure” form, and additional vascular lesions and Lewy

bodies in 27.7 and 10%, respectively. The non-Alzheimer cases included Hunt-

ington and Creutzfeldt-Jakob disease, frontotemporal dementias, and others.

These and other recent data indicate that in patients with the clinical diagnosis

of Alzheimer disease its combination with cerebrovascular lesions and Lewy

body pathologies is rather frequent. Comparison of clinical and postmortem

diagnoses revealed postmortem confirmation of Alzheimer disease in 93%, of

mixed and vascular dementia in 60 and 52.3%, respectively. 78% of clinically suspected degenerative dementias were

pathologically definite Alzheimer disease, while in the clinical Parkinson + dementia group dementia with Lewy

bodies accounted for 35%, Parkinson+Alzheimer disease, and “pure” Alzheimer disease for 29%, each. A sample

of 207 prospectively studied elderly showed significant negative correlation between the preterminal psychostatus

assessed by MMSE and the neuritic Braak stages, with a broad “gray” zone of Alzheimer lesions in mildly to

moderately demented subjects. Similar relations between CDR and Braak stages were seen in very old subjects.

The present study and the results of other recent series indicate increasing agreement between clinical and autopsy

diagnoses in demented aged individuals with variable accuracy rates for different forms of dementia disorders.

Keywords: Dementia disorders, Alzheimer disease, clinico-pathological correlations, diagnostic accuracy rates

1. Introduction

In 1990, the relative incidence of major types of de-

mentia disorders and the agreement rates between clin-

ical and neuropathological diagnosis were analysed in

a consecutive autopsy series of 675 elderly subjects in

Vienna, Austria (mean age 79.5, SD 9.6 years). Clin-

ical diagnosis of probable or possible Alzheimer dis-

ease (AD) was made in 59.2%, of vascular dementia

(VaD) in 21.7%, of mixed AD+VaD dementia in 3.1%,

of Parkinson’s disease (PD) and other dementing disor-

ders in 16%. At autopsy, 76.7% fulfilled the histolog-

ical criteria for Alzheimer disease, but only 60% were

“pure” forms, while 8.2% showed additional features
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of Parkinsonism and 7.9% coexisting cerebrovascular

lesions indicating mixed AD+VaD. 15.7% were VaD

with no or only very little AD pathology, 7.4% other

central nervous system (CNS) disorders, and 0.3%

of the brains showed nothing abnormal beyond age-

related changes. The overall coincidence rates for the

clinical and pathological diagnosis of AD were 85.2%,

for VaD and mixed dementia 60.5–62%, respectively,

but only 51% for PD/PD+AD [29]. These data and

the results of other recent studies showing clinico-

pathological accuracy rates for AD ranging from 49 to

100% with a realistic mean of 81% and a mean specifity

of the diagnosis of probable AD of 70% with a range of

47 to 100% (see [39]), emphasized the need for more

appropriate clinical and neuropathological criteria in

the diagnosis of dementias.

In the meantime, a number of guidelines for the

clinical and neuropathological diagnosis of AD – e.g.

the Consortium to Establish a Registry for Alzheimer

Disease/CERAD [48], the Braak staging of neuritic

AD changes [9], the Washington University quantita-

tive criteria [5,6,44], and the guidelines of the National

Institute for Aging (NIA) and the Ronald and Nancy

Reagan Institute of the Alzheimer’s Association (RI)

for making the postmortem diagnosis of AD [27] have

been established and the evaluation of the latter crite-

ria, combining both CERAD and Braak scores, demon-

strated fairly good correlations with the clinical de-

mentia and good agreements with pathological meth-

ods, their easy and rapid use in AD and nondemented

subjects, but much less reliability for other dementing

disorders. Comparison of these criteria with clinical

scores identified almost all cases with severe dementia,

but often failed in mild to moderate dementias. Most

nondemented cases were assigned to the low or inter-

mediate categories, but several studies in those with no

or only mild cognitive impairment showed a wide range

of AD-related pathology, and even the combined use

of all available criteria often could not distinguish be-

tween questionable and definite dementia (see Table 1).

Although the sensitivity and specificity of the above

algorithm are suggested to be around 90%, only 40 to

50% of the brains of patients with the clinical diagnosis

of probable or possible AD show “pure” AD pathology,

thus reducing their predictive value to 38–44% [8].

For dementia with Lewy bodies (DLB), a relatively

new term for a progressive dementia syndrome, as-

sociated clinically with the core neuropsychiatric fea-

tures of fluctuating cognition,visual hallucinations, and

parkinsonian features, clinical consensus criteria are

well established [45,46], but the pathological guide-

lines, based on scoring the numbers and distribution

of Lewy bodies in the cerebral cortex and subcorti-

cal areas, did not provide definitive diagnostic criteria.

Since they were formulated prior to the introduction of

the specific alpha-synuclein immunohistochemistry for

the detection of LBs [22], classification of most ear-

lier cases appears questionable. The validity and reli-

ability of consensus criteria for DLB is still variable,

with a sensitivity and specificity ranging from 0 (!) to

100%, and positive and negative prediction values also

between 0 and 100 (see [46]).

Among other dementing disorders, several recent

consensus criteria for clinical and postmortem diag-

nosis of frontotemporal dementias (FTD), and other

tauopathies, both sporadic and familial, have been pro-

posed [51,59], but, due to continuous detection of new

mutations, undergo frequent changes.

A particular problem are dementias associated with

cerebrovascular disease, referred to as vascular demen-

tia (VaD), vascular-ischemic dementia (VID) or vas-

cular cognitive disorder/impairment (VCD/VCI). The

currently used clinical diagnostic criteria – IDC 10;

DSM-IV, SCANDDTC [11], and NINDS-AIREN cri-

teria [57] – show variable sensitivity (average 50%)

and specificity (range 65–98% [20,38,49,56], while the

recent Mayo clinical criteria (temporal relationship be-

tween stroke and dementia or worsening of cognition or

bilateral infarction in specific regions) were reported to

have 76% sensitivity and 81% specificity for autopsy-

proven VaD [38]. However, generally accepted and

validated neuropathological criteria for VaD have not

been established so far. Hence, the postmortem diag-

nosis of VaD/CVI currently is a subjective one and a

matter of discussion (see [36]).

The same is true for so-called mixed type dementia

(MD) characterized by combined pathologies of both

AD and VaD or other dementing disorders, and the

relationship between these conditions is controversial.

Here again, generally accepted and validated histolog-

ical criteria for the diagnosis of MD are not avail-

able, and its frequency is unknown, prevalence rates

in autopsy series ranging from 2 to 56% in prospec-

tive studies and from 9 to 54% in retrospective stud-

ies with means around 15% [23,31,39,41]. Criteria for

AD and VaD are of limited value for the diagnosis of

MD, and more distinct criteria based on prospective

clinico-pathological studies for this category are neces-

sary. It should further be born in mind that all additional

pathologies that frequenly occur in the aged brain, may

interact with the above changes in inducing cognitive

impairment. Hence, the combination of two or more
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Table 1

Likelihood of dementia (in percent) due to AD according to NIA-R-Institute criteria in

various autopsy series

Disorder CERAD/Braak: Low Interm. High Mean age

A/0–II B/III–IV C/V/VI (years)

Cochran et al. (1998)

Demented (n = 17) 47 41 12 ?

Non demented (n = 40) 72.5 22.5 5 ?

Newell et al. (1999)
AD (n = 33) 0 3 97 83

DLB (n = 15) 48 26 26 81

PSP (n = 12) 75 17 8 68

Controls (n = 17) 76 24 0 77

Harding et al. (1998)

AD (n = 31/22-no LB) (CDR 1–3) 26/13 20/27 54/60 77

DLB, neocort. (n = 11) 73 18 9 76

PD (n = 7) (CDR 0–0.5) 83 17 0 79
Controls (n = 18) (CDR 0–0.5) 83 17 0 79

Davis et al. (1999)

Controls (n = 57, MMSE 27–29) 88 – 12 84

McKee et al. (2002)

AD (n = 12) (CDR 1–3) 0 17 83 81

Cogn. normal (n = 23) (CDR 0) 62 38 0 83

Jellinger (2003 [in Iqbal-Winblad])

AD (n = 100) (MMSE 0–17) 0 24 76 85
DLB (n = 36) (MMSE 0–20) 25 33 42 77

PSP (n = 10) 70 20 10 72

PD dem. (n = 20, MMSE 0–20) 25 50 25 83

PD non dem. (n = 17, MMSE >20) 70 30 0 72

Controls (n = 20, MMSE 28–30) 100 0 0 81

pathological processes may influence the manifestation

and severity of cognitive deficits and represents another

major diagnostic challenge.

Given these preclusions and limits, we tried to eval-

uate the relative incidence of different typs of demen-

tia disorders in a consecutive autopsy series of aged

demented individuals.

2. Material and methods

The sample included 1050 consecutive autopsy cases

of elderly subject in Vienna, Austria, derived from two

large general hospitals with chronic care facilities in a

15-years’ period (1989 to end of 2004). There were

665 female and 385 males aged at death 55 to 103

years (mean 82.4 ± 6.0 SD years). Retrospective eval-

uation of the hospital chards and autopsy assignments

was blinded without knowledge of the neuropatholog-

ical diagnoses. They all fulfilled the clinical criteria

of at least moderate dementia according to ICD 10

and DSM IV with a Mini-Mental-Score (MMSE) be-

low 20. Around 250 of these patients had been in the

Vienna Prospective Dementia study [4], with regular

clinical, neuropsychological and neuroimaging exami-

nations, including MMSE evaluation, no longer than 6

months prior to death. From this series, 660 cases with
the clinical diagnosis of probable or possible AD ac-

cording to DSM-IV, CERAD, and NINCDS-ADRDA

Work Group criteria [47] were evaluated separately.
The remaining group of 390 autopsy cases had clinical

diagnoses other than AD, senile dementia (10.7%), not

specified (n = 110), VaD (n = 106), PDD (n = 100),
Creutzfeldt-Jakob (n = 21) and Huntington’s disease

(n = 17), FTD (n = 8), and others (n = 15).

In all cases, a full post-mortem evaluation was per-
formed (see [3,35]). All brains were examined ac-

cording to an established protocol, and histological ex-

amination was performd on multiple paraffin blocks
of frontal, cingulate, temporal, parietal, frontobasal,

and occipital cortices, hippocampus with adjacent en-

torhinal cortex and amygdala, basal ganglia, brain-

stem and cerebellum, using routine stains, modified
Bielschowsky, and occasionally Gallyas silver im-

pregnations, and immunohistochemistry for tau-protein

(antibody AT-8, Innogenetics, Ghent, Belgium), α-
synuclein (Chemicon, Hofheim, Germany), GFAP

(Daco, Gilstrup, Denmark), and Aβ amyloid peptide

(clone 4G8, Signet Laboratories, Dedham, Ma, USA).
Diagnosis of AD followed the CERAD criteria [48],

Braak staging [9], and the NIA-Reagan Institute crite-

ria [27]. Diagnosis of the other neurodegenerative dis-
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orders was made according to current guidelines (see

above), that of VaD/VCI and mixed dementia followed

recently published criteria (see [36]).

3. Results

In the current autopsy cohort of over 1000 elderly de-

mented individuals with a mean age of 83.4± 6.0 years,

collected in a 15-year period from two large general

hospitals with chronic (geriatric) care facilities, retro-

spective evaluation of major clinical diagnosis revealed

62.9% possible or probable AD, 10.0% VAD, 9.5%

PD with dementia (PDD), and 1.5% mixed dementia,

while 10.4% were classified “degenerative dementias”,

and 5.7% were considered other dementing disorders,

including Creutzfeldt-Jakob and Huntington’s disease,

frontotemporal dementias, and others.

At autopsy, among the total series, 86% revealed

AD-related pathology, but only 42.8% showed “pure”

AD of the classical plaque and tangle type and 7.4% had

other or atypical AD forms, e.g. plaques”-only type,

limbic AD (Braak stages up to 4), or neurofibrillary

predominant type of senile dementia (NFT/SD), with

neurofibrillary pathology mainly in the limbic system

with no or very little amyloid deposits (see [32]). In

the rest of cases, AD pathology was associated with

various forms of cerebrovascular pathology (lacunar

state, recent or old infarcts, hippocampal sclerosis) –

22.6%, Lewy body pathology (either DLB or AD plus

PD, nigral lesions or so-called incidental Lewy body

disease) – 10.8%, while 3.1% fulfilled current criteria

of mixed dementia (AD plus severe lacunar state or

multiple small or larger infarcts totalling up to 50 ml).

14% of the demented cohort revealed other pathologies:

7.3% showed different types of cerebrovascular pathol-

ogy without AD lesions surmounting age-related lim-

its – multiple infarct encephalopathy (MIE), subcortical

atherosclerotic encephalopathy (SAE) or strategic in-

farct encephalopathy (SID), while 5.7% were other dis-

orders associated with dementia (Creutzfeldt-Jakob and

Huntington disease, FTD, chronic alcoholism, etc.). In

one percent, the morphological basis of dementia was

not detected even with extensive neuropathological and

immunohistochemical investigations; they all had se-

nile plaques but no isocortical neuritic AD lesions, with

Braak stages below 3 and no further abnormalities (Ta-

ble 2A).

Similar results were seen in the group of 660 clini-

cally suspected AD patients. They showed AD pathol-

ogy in 93%, which, however, was “pure” in only 44.7%,

while additional minor to moderate cerebrovascular le-

sions not fitting the criteria of “mixed” dementia were

present in 27.7% and additional LB pathology in 10.1%

(4.5% with criteria of DLB and 6.1% of PDD, i.e. com-

bination of AD+PD), AD with nigral lesions and/or

incidental Lewy body pathology, 1.8% each, corre-

sponded to mixed dementia or showed AD plus other

pathologies (multiple sclerosis, multisystem atrophy,

tumors, etc.). Among the 6.8% non-AD cases, 2.4%

showing “pure” vascular pathology without essential

AD lesions were diagnosed VaD, while 3.8% repre-

sented other degenerative disorders associated with de-

mentia. This group of clinically suspected AD in-

cluded the following pathologies: FTD/Pick’s disease

(n = 12), CJD and brain tumor (n = 3 each), cor-

ticobasal degeneration (n = 2), and single cases of

PSP, HIV-encephalitis, Huntington’s disease, familial

insomnia, and intravascular non-Hodgkins lymphoma

(n = 1 each). 0.6% of this sample showed nothing

abnormal beyond normal aging (Table 2B).

These data indicate that, although “pure” VaD and

“mixed” dementia in large autopsy series of aged de-

mented individuals are less frequent than previously

suggested, combination of cerebrovascular lesions with

AD pathology is rather frequent [3,28,35,62].

Comparison of clinical and postmortem diagnoses

gave the following results (see Table 2B, Fig. 1):

Among 660 patients with the clinical diagnosis of pos-

sible or probable AD, postmortem confirmation was

achieved in 93%, with PD+AD and DLB in 10.6%,

VaD and mixed dementia in 2.4 and 1.8%, respectively,

while 3.8% revealed other disorders, and 0.6% revealed

nothing abnormal beyond age-related changes. In the

group of patients with the clinical diagnosis of “non-

specific/degenerative dementias” (n = 109), around

78% were pathologically definite AD, less than 8%

VAD, 6.7% mixed dementia, and the rest other de-

menting disorders (e.g. single cases of posttraumatic

encephalopathy, atypical encephalitis, or Wernicke en-

cephalopathy), with three negative cases. The clini-

cal diagnosis of VAD (N = 105) was confirmed in

52.3%, while 32.4% morphologically revealed AD with

or without lacunar states and/or mild cerebrovascular

lesions, and 15.3% represented mixed dementia, i.e.

definite AD (Braak stages 5 or 6) combined with se-

vere lacunar state, multiple cortical and/or subcortical

microinfarcts or larger cortical infarcts. In the clinical

PDD group (n = 100) DLB and PD+AD accounted

for 35 and 29%, respectively, “pure” AD without sub-

cortical LB pathology was seen in 29% and “pure” PD

(usually Braak PD stages 4 and 5) [10] without further
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Table 2

Morphological diagnosis in consecutive Vienna autopsy series (1989–2004) (A) of demented individuals, 385 males, 665 females,

age 50–103 (mean 83.3 ± 6.0) years; and (B) of patients with clinical diagnosis of probable or possible AD (mean age 81.3 ± 6.0

years)

Morphological diagnosis (A) (B)

n % n %

“Pure” AD (CERAD pos., Braak V–VI) 400 38.1 280 42.4

Alzheimer type pathol. (plaque type 27/11, limbic AD 27/9, NFT/SD 25/23) 78 7.4 43 6.5

AD+CVD (lacun. state 140/123, infarcts old 53/38, infarcts recent 32/15, AH-sclerosis 12/17) 277 22.6 183 27.7

AD+cerebral hemorrhage (CAA) 28 2.7 15 2.3

Lewy body variant AD (27/22), Diff. Lewy body disease (28/8) 55 5.2 30 4.5

AD + Parkinson pathol. 27/18, +nigral lesions 24/12, +subcort. LBs 17/10 (incidental LBD) 58 5.6 40 6.1

MIX type dementia (AD+MIE 23/19, +SAE 8/2, +SID 2/1) 33 3.1 12 1.8
AD+other pathologies (tumors, MS, MSA, etc.) 14 1.3 12 1.8

Alzheimer pathology total 903 86.0 615 93.1

Vascular dementia (MIE 22/3, SAE 37/7, SID 16/4, AhScl 2/2) 77 7.3 16 2.4

Other disorders (Huntington disease, FTD, CJD, others) 60 5.7 25 3.8

Nothing abnormal beyond age 10 1.0 4 0.6

Non-Alzheimer pathologies 147 14.0 45 6.8

Total 1050 100.0 660 100.0

100

80
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40

20

0

%

AD
(660)

Dementia
(109)

PDD
(100)

VaD
(105)

MIX
(15)

Clinical diagnosis

PDD + SiD

PD

Others

MIX

VaD

DLB

PD + AD

Def. AD

Nothing
abnormal

Fig. 1. Correlation between clinical and neuropathological diagnosis in 1050 consecutive autopsy cases of elderly individuals.

pathologies in only 4 percent; 7% showed predomi-
nantly cerebrovascular lesions without LB pathologies
and were morphologically classified subcortical arte-
riosclerotic or strategic infarct encephalopathies (SIE),
while 2 cases showed PD plus SIE, 3% were mixed
dementias. Within the group of other dementing dis-
orders (n = 60), Huntington’s disease (n = 17) and
FTDs (n = 8) had been diagnosed clinically in 90–
100%, CJD (n = 20) only in 70%, the remainder show-
ing the morphological pictures of AD or DLB, while
other dementias were associated with Wernicke’s or
posttraumatic encephalopathies.

In the sample of 207 elderly individuals from the
Vienna Prospective dementia Study with a mean age
of 81.7 ± 8.6 years who had been examined clinically
and neuropsychologically [4] no longer than 6 months

prior to death, the final psychostatus assessed by the
MMSE score was compared with the neuritic Braak
stages of AD pathology (Fig. 2). In elderly patients
without associated pathologies, there was a highly sig-
nificant negative correlation between the MMSE score
and Braak stages. Neocortical Braak stages 5 and 6
were mainly, but not exclusively, seen in severely de-
mented, often no longer testable patients, while non-
demented individuals or those with mild cognitive im-
pairment (MCI), i.e. MMSE scores between 28 and 30,
showed no or only very mild AD pathologies (negative
or entorhinal Braak stages 0–2). Patients with mild
to moderate dementia (MMSE 12–26) showed a wide
range of neuritic AD pathology between Braak stages
0 to 5. Similar correlations have been observed in both
younger individuals [13,14,19,26] and very old sub-
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Fig. 2. Relationship between Mini Mental State Examination

(MMSE) and Braak neuritic AD stages in 207 consecutive autopsies

of aged individuals (mean age at death 81.4 ± 8.6 years).

CDR

B
ra

ak
 N

F
T

 s
ta

g
e

Fig. 3. Column scatter plot of Braak stages vs. Clinical Dementia

Rating (CDR) scores in 100 oldest-old people (mean age at death

92.5 ± 2.5 years).

jects [17,21,30], indicating a broad “gray zone” of mild

to moderate dementia showing a wide range of neuritic

AD lesions (Fig. 3). The majority of demented DLB

cases and of those with mixed dementia (AD + vascular

encephalopathy) in the Vienna cohort also showed high
neuritic Braak stages, with only a few brains showing

Braak score 3, while the different types of VaD with

low MMSE scores revealed only mild or even negative

neuritic Braak stages (Fig. 2).

4. Discussion

Several recent prospective and retrospective clinico-

patholgical studies of elderly demented subjects found

average diagnostic accuracy rates between 43 and

100% (see [29,39]). However, the incidence of major
types of cerebral disorders causing cognitive decline

showed considerable variation, with considerable de-

viations between clinical and autopsy findings [1,7,18,

29,33,37,44,54]. The combination of the “possible”

and “probable” categories of AD had higher sensitivity

but lower specificity compared to the “probable” AD

category alone which suggests that neuropathologically

definite AD has a more pleomorphic clinical picture

than previously suggested. Because AD with coexis-

tent pathology is common, specificity improves when

the pathological diagnosis of AD is broadened, to al-

low the diagnosis of AD to be made in the presence of

other pathologies. This is clearly illustrated in the re-

cent study, showing that the incidence of AD pathology

in patients with the clinical diagnosis of possible and

probable AD was 93%, but only less than 45% showed

“pure” AD pathology, wheras the rest was associated

with other pathologies, in particular cerebrovascular le-

sions and Lewy body changes. In the CERAD study,

85% of the clinically diagnosed AD cases met the his-

tological criteria for AD, but only 43% were histolog-

ically “pure” forms, while additional PD markers or

cerebrovascular lesions were present in 18 and 27%,

respectively [48].

In most instances in routine clinical practice, the di-

agnostic criteria of the NINCDS-ADRDA workgroup,

the DSM-IV, and others, yielded an accurate view of the

diagnosis of AD accounting around 63% as compared

to the pathological diagnosis of AD of about 86%.

In comparison to autopsy, considered the diagnostic

“gold standard”, the most important deficiencies in the

clinical dignosis are (1) the failure to recognize that

AD is the principal diagnosis in the setting of alter-

native medical or neurological diagnoses, and (2) fail-

ing to recognize relevant coexisting pathologies when

most of the clinical picture looks into typical AD [39].

The agreement rate of 93% between the clinical diag-

nosis of possible/probable AD and its histopathologi-

cal confirmation in the present cohort was similar or

even higher than in other retrospective studies using

similar clinical and morphological criteria [1,7,37,54],

and was comparable to that in several recent prospec-

tive case control studies [44,58]. Only in small co-

horts, using very highly selected populations, two re-

search groups achieved a diagnostic accuracy for AD of

100% [42,50] which, however, appears not to be repre-

sentative for the general AD and dementia population

as a whole, since in one of these prospective studies of

31 autopsy cases using explicit clinical inclusion and

exclusion criteria to idenify AD, additional histologi-

cal features of PD and cerebral infarcts were present

in 38 and 35% of the cases, respectively. Hence, the

histological features of “pure” AD were present in only

33% of this cohort, while additional brain pathologies

were observed in two-thirds of the cases that might
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have contributed to dementia [50]. A similar incidence

of coexisting pathologies was seen in a recent cohort

of 149 demented elderly subjects of the University of

Washington group: Morphologically, “pure” AD was

seen in only 57%, AD with other pathologies in 18%,

PD, DLB with or without other coexistent pathologies

in almost 10%, and “pure” VaD and no primary diag-

nosis in 0.7%, each [44]. In the Nun study patients

with autopsy-confirmed AD plus cerebrovascular le-

sions had a higher prevalence of dementia than those

without infarcts [55]. In a population-based study in the

UK among 209 autopsies of elderly subjects,48% being

demented, 78% with cerebrovascular lesions and 70%

with AD pathology, the proportion of multiple vascular

pathology was higher in the demented group [52],while

only 21% showed “pure” AD [16]. In a health mainte-

nance organization study dementia registry, only 36%

of patients had AD and not other findings, while 45%

had pathologically definite AD plus coexistent vascular

lesions, 22% plus DLB features [40]. Among 333 au-

topsied men in the Honolulu-Asian Aging Study (120

demented, 115 marginal, 96 with normal cognition),

24% of the dementias were linked with vascular le-

sions, and dementia frequency more than doubled with

coexistent cerebrovascular lesions (45 vs 20%) [54].

Hence, the majority of demented elderly patients, of-

ten clinically suggested as AD, in fact show combined

pathologies, most frequently with associated vascular

or Lewy body pathologies. In the group of cases clin-

ically diagnosed as “nonspecific degenerative demen-

tia”, 78% showed AD pathology, VaD and mixed de-

mentia accounted for 7.6 and 6.7%, respectively, while

4.6% showed other disorders, and 2.9% nothing abnor-

mal beyond age-related lesions.

Compared to AD, in the present cohort, the accuracy

rates between clinical and neuropathological classifi-

cation were lower in the VAD group and for mixed de-

mentias which were 52.3 and 60%, respectively, while

between 20 and 32% of these patients showed “pure”

AD pathology. These accuracy data were similar to

those in our previous cohort (60.5 and 61.9%, respec-

tively), but were higher than in other autopsy series

of demented patients, where the sensitivity for VaD

ranged from 25 to 44.4%, and that of mixed dementia

was around 31% [60,61]. In the group of PDD cases,

35% showed the pathology of DLB, 20% of combined

PD plus AD, while 29% revealed AD pathology with

our without minor coexisting cerebrovascular lesions;

4.6% showed other pathologies, e.g. multisystem de-

generation or PSP, and 2.9% had nothing abnormel. In

general, non-demented PD patients have AD pathology

largely restricted to the limbic system, corresponding

to Braak stages 4 or less, whereas PPD cases often have

severe neuritic AD lesions [14]. Some studies sug-

gested diffuse or transitional DLB with mild to moder-

ate AD pathology as the major pathological substrate

of PDD [2]; others revealed significant correlations be-

tween cognitive impairment and widespread neuritic

AD pathology [31]. In general, the main changes un-

derlying dementia in PD seem to be Lewy body pathol-

ogy in the cerebral cortex and limbic system, and fre-

quent co-existence of neuritic AD pathology [15], with

particular involvement of the limbic system, suggesting

that both pathologies independently or synergistically

contribute to dementia [25].

In addition to the major groups of dementing disor-

ders, 60 cases showed other pathologies, the majority

were CDJ and Huntington disease cases, which had

been diagnosed clinically in 95 and 50%, respectively.

Correct clinical diagnoses had been made in 6/8 FTD

patients and 2/3 DLB cases, while those with dementia

related to chronic alcoholism (n = 9) showed chronic

Wernicke encephalopathy and posttraumatic lesions in

5 cases, AD and VaD in one case each.

The present study and the results of other recent

series indicate increasing agreement between clinical

and autopsy diagnosis in prospective and retrospec-

tive evaluation of case series of demented aged indi-

viduals when following standardized classification and

consensus criteria. However, current data document

variable accuracy and sensitivity rates for the mor-

phological confirmation of the major clinical dementia

groups. The presented data and the results of other

recent clinico-pathological studies, indicate the need

for more sophisticated and validated clinical and neu-

ropathological critieria for an appropriate classification

of dementing disorders in the elderly, in order to im-

prove the diagnostic reliability as a major factor of early

detection and effective management of dementias.
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Abstract. The original recognition of the paired helical filaments is discussed

and amplified. The original description of what are now the neuropil threads

is mentioned. The ensuing importance of both these structures is emphasised

and a morphology-based hypothesis of the development of the disease from the

original stimuli is offered.
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1. Introduction

One hundred years ago Alois Alzheimer described

neurofibrillary tangles in neocortical neurons in the de-

menting disease which now bears his name [2]. In 1961

when I set out to examine neocortical biopsies from

Alzheimer’s disease patients with the electron micro-

scope I expected, like most people, that the neurofib-

rillary tangles would be composed of large numbers of

normal, or maybe thickened neurofilaments. Neurofil-

aments had been well described using the the electron

microscope by my old friend and teacher George Gray

with Rainer Guillery [7]. I was therefore surprised and

puzzled to find that the filaments of the tangle were

not neurofilaments but a new type of filament which I

called a ‘paired helical filament’ (PHF) [10].

It is necessary here to go into some detail on the

subject of the recognition of cellular structures in the

electron microscope because of the subsequent disputes

as to the interpretation of the ultrastructural images of

these unusual filaments. In general, tissues of almost

any kind at some level of magnification show orienta-
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tion of their constituents, including their cells. Below a

certain size limit, however this orientation is often lost

and is also often not possible with human cortical biop-

sies. It follows therefore that the ultractructure of some

features must be deduced on the assumption that they

are observed in many different random orientations,

and that these different images must be synthesised into

a conceptual whole. The margins of these structures

were more dense than the centre of the pair which at

first sight made them paired filaments with some in-

tervening material, but they appeared to be variable in

oblique sections.

It took me some time to realise that these varying pro-

files were simply different views of the same filaments

depending on the angle at which they sloped obliquely

through the thickness of the section, especially if the

section was rather too thick. I will show how I found

this, as at the time of my Nature letter in 1963 [10]

I was not able to present the geometrical arguments

graphically; so that some authors did not seem to un-

derstand my description. The accompanying diagram

(Fig. 1) shows how observing paired helical filaments

from different sloping angles gives strange cycloidal

profiles when seen with the electron microscope. I

wished to avoid the term ‘double helix’, which would

suggest that these helices had anything to do with the

DNA helix, which they clearly had not. It then seemed
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Fig. 1. Diagram showing the provenance of the irregular profiles seen in the EM when a PHF is viewed at various oblique angles, giving the

views drawn on the left panel of the diagram. The conventional eyeballs and broken lines represent different possible viewpoints at the indicated

angles of view. The observed projected images result from viewing one strand more transversely and the other more longitudinally. (From a

computer program).

that Dr Robert Terry and co-workers [25,26] thought
I was referring to all neurofilaments and not simply
the tangle filaments (which I immediately had recog-

nised were not neurofilaments); and both those pub-
lications recorded that the tangle filaments were ‘not
different from normal neurofilaments’ in appearance –

these authors did not then make a simultaneous iden-
tification of PHFs or of ‘twisted tubules’ or that they
recognised these filaments as being structurally abnor-

mal at that time. Some authors have referred to [26]
as the first description of PHFs, but that publication
clearly disagrees with this model. In [26] (published

when my results were already known) Dr Terry and
his colleagues referred to two different ‘neurofilament’
types, one constricted (or twisted) at intervals (without
giving measurement of any periodicity) and the other

untwisted. These were both referred to as normal neu-
rofilaments, and no distinction was made between these
and the tangle filaments. Tubules with fixed regularly-

spaced twists would not show the structures seen in
transverse or near-transverse sections seen in Fig. 7 of
my publication [11], showing the dot-curve or double

curve profiles described in the Nature letter [10]; ex-
plained in Figs 2a and 2b here. Curiously, in [26] Terry
et al. show nearly identical profiles in their Fig. 12,

but instead interpret them as ‘circlets and triple den-
sity curved elements’ and not as described by myself
in [11], and they cite them as evidence of tubules with
intermittent constrictions. Such a structure is difficult

to visualise either as a macroscopic model or on the
molecular scale we are dealing with here. In 1970
I showed the first images of negatively-stained PHFs,

some of which showed flattening of the helix onto the

formvar film substrate [12] (Fig. 3). In 1968 Hirano and
colleagues [9] described straight filaments in tangles in
Alzheimer’s cases and also in Guam-Parkinson demen-

tia, and these did not appear to be neurofilaments. It
was established by immunocytochemistry in 1987 [21]
that these straight tangle filaments were tau-positive.

Thirteen years later, with co-authors Wisniewski and
Narang [30] Terry agreed that these were paired helical
filaments by using a high-angle electron microscope

tilting stage; a method which showed by rotating the
filament pair around its axis that the cross-over points
move along the filament pair, as with a helix.

There has been a number of publications since then
on the architecture of these unique features, using other
physical methods of analysis of filamentous structures
and deducing a variety of models of these structures.

For example Polanen and his colleagues [22] pub-
lished results using the atomic force microscope which
seemed to suggest a flattened quasi-helical structure.

However this model implies that in sections of solid
material there would be images of regularly constricted
ribbons with variable diameters, (since they would be

randomly rotated in relation to the electron beam) and
only those ribbons arranged at right angles to the elec-
tron beam would show the same appearance as that

shown when on a flat substrate. Perhaps their observa-
tions show the effect of a flattening process when the
grids were prepared and also a lack of resolving power
in the atomic force microscope – although they did at-

tempt to make corrections for the shape of the scanning
tip.

Using image-averaging computer techniques on

negatively-stained PHFs [28] Wischik in a group with



M. Kidd / The history of the paired helical filaments 73

(a) (b)

Fig. 2. These diagrams are derived from Fig. 1, and show the two main types of profile seen when an obliquely-sectioned PHF lies in a thin
section.

Fig. 3. Electron micrograph of a PHF in a preparation from a macerated formalin-fixed post-mortem brain from a case of Alzheimer’s disease.
This shows a paired filamentous structure with intervening material, with some evidence of flattening from a true helical form.

Aaron Klug confirmed that these are paired helical fil-
aments, and that the individual filaments of the pair

are L-shaped in transverse section. Crowther [5] also
found that the so-called straight filaments [9] consist of

the same two strands, but arranged differently so that
they appear to be a single filament at usual electron

microscopical resolutions.
In any event these abnormal structures are uniquely

twisted, and this serves to distinguish certain brain dis-
eases from others, for example helps to distinguish

Alzheimer tangles from those in experimental alu-
minium myelo-encephalopathy [27]. The observations

reported in my 1963 letter to Nature [10] also showed
that these structures are present in neurites coursing

through the neuropil. These were later named ‘neuropil
threads’ by Braak et al. [4], where they amplified my

observations and found an effective histological silver
staining method for these neurites. My 1964 Brain pa-

per [11] also showed that these filaments are present
in neurites in the periphery of the the senile plaque. It

should be emphasised that none of these observations
could have been made if the PHFs were not recognis-

ably different from normal neurofilaments. For exam-
ple, the later identification of these tangle filaments as

an abnormal form of tau – a microtubule-associated
protein – could not have been made. I need not discuss

at length the further observations which derived from
my two publications since other papers in this volume

will cover this evidence.

I admit that I was disappointed when I became con-

vinced by the ample literature that the PHFs are essen-
tially tau protein with some form of abnormal phos-

phorylation [6,8,15,18,29,31]. It may be remembered

that, with some colleagues I suggested that the tangle

protein and A4β protein were the same [13]. As far

as I was concerned this was mainly on grounds of ‘sci-

entific economy’, how could there be ‘two different

amyloids in one head’? Well it seems that there are

two since ‘amyloid’ at the histological level seems to

be any filamentous protein that stains with Congo red
to give birefringence (usually in a beta-pleated sheet

form). This subject has been reviewed by Landon et

al. [17].

2. Hypothesis

Those helices in scattered neurites in the neuropil

consist of a more complete molecule than those of

the cell body and are therefore probably earlier in
date [16]. It is also interesting that the studies of the

1970s which showed tangles in remote places such as

the basal nucleus of Meynert [1] and in some of the

fourth ventricle nuclei [20] all suggest that the PHF ma-

terial or influence travels centripetally from axon end-

ing to perikaryon. In this context Braak & Braak [3]

(using conventional histological methods) suggest that

this process, whatever it is, starts chronologically in
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the entorhinal area and spreads outwards from there,

and Ohm and Braak [19] show that this process also

passes from the prepiriform cortex to the olfactory bulb.

Prusiner [23] has proposed that the scrapie agent,chem-

ically a normal protein, may exist as a non-functional

abnormal structure, and that this configuration also con-

verts normal molecules to the abnormal structure by

some kind of non-DNA copying process. Could this

be true of of the abnormal form of tau? The spread

through and from the rhinencephalon is similar to that

of some pathogens. Of course, I am not saying that

abnormal tau is identical with prions, but perhaps it

behaves like them. Such a process would necessar-

ily involve phosphorylytic reactions unlike the prion

copying process, perhaps the conformational change

exposes phosphorylation sites.

In summary: I identified the tangle filaments as spe-

cial, I identified them as twisted (= helical) but also I

found them in the neuropil and in the periphery of the

senile plaques.
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Abstract. Two principal findings in the Pearson et al. paper [73] are com-

mented on here. The first is the regional selectivity within the cerebrum of

neurofibrillary tangle (NFT) formation in Alzheimer’s disease (AD) which tar-

gets association cortex and the primary olfactory cortex alone among regions of

primary sensory cortex. The second finding is the clustering of NFT in columns

of supra- and infra-granular layers of association cortex. We review recent

evidence confirming these findings and comment on their possible significance.

We consider that the most attractive hypothesis to explain the vulnerability of

the olfactory system and association cortex is the persistent neural plasticity of

these regions. On this basis there would be no need to postulate a progressive

spreading process. The columnar distribution of clustered NFT can be well

understood in the context of recent concepts of columnar organization of the

cerebral cortex. The original interpretation that this distribution of NFT re-

flects pathology in neurons subserving cortico-cortical and cortico-subcortical

connections seems to us to have stood the test of time.

Keywords: Alzheimer’s disease, olfactory system, neocortex, cortical minicolumns, neural plasticity

1. Introduction

The Pearson et al. (1985) paper [73] was the

outcome of collaboration in Oxford between two

neuroanatomists (R.C.A. Pearson, T.P.S. Powell), a

neuropathologist (M.M. Esiri), a geriatrician (G.K.

Wilcock) and a statistician (R.W. Hiorns). A few years

previous, Drs. Wilcock and Esiri teamed up to try

to determine the feature of Alzheimer’s disease (AD)

∗Address for correspondence: Department of Neuropathology,

Radcliffe Infirmary, Oxford OX2 6HE, UK. Tel.: +44 1865 224403;

Fax: +44 1865 224508; E-mail: Margaret.esiri@clneuro.ox.ac.uk.

pathology that most closely correlates with the in vivo

cognitive deficit. This work had pointed decisively to

neurofibrillary tangle (NFT) as that feature [96], a find-

ing which has been repeatedly confirmed [10,11,68].

It therefore became logical to try to understand better

the distribution of NFT in the hope that this enhanced

understanding would lead to pathogenetic clues and

potential preventive or therapeutic intervention for AD.

The neuroanatomical expertise of Carl Pearson and

Tom Powell was crucial to our efforts. The late Tom

Powell, who was one of the most distinguished neu-

roanatomists of his time [56], had spent decades under-

taking meticulous experiments in animals tracing con-

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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nections between one part of the cerebral cortex and

another and connections between the cerebral cortex

and various subcortical nuclei. It was particularly satis-

fying to him that as he neared retirement he found that

the knowledge gained from these experimental stud-

ies, undertaken in the spirit of pure intellectual enquiry,

might inform a practical understanding of a condition

that was increasingly being recognized as the major

cause of dementia in humans.

The main findings of the Pearson et al. [73] paper

were 1) that in AD, within the temporal, parietal, oc-

cipital and frontal lobes, it was the cortical association

areas that were targeted for NFT formation while pri-

mary motor and sensory (exemplified here by visual)

cortex, often in close proximity, were almost totally

spared. A subsequent study of ours confirmed that this

sparing was also true of primary auditory cortex [32].

The exception to this rule was the heavy involvement

of the primary olfactory sensory cortex with NFT; 2)

NFT occurred in clusters and involved predominantly

pyramidal neurons within supra and infragranular lay-

ers with the clustering in these layers often being in

register with each other. This clustering of NFT in

cortical neurons presumptively giving rise to cortico-

cortical (layer II and III) and cortico-subcortical (layer

V) projections was closely reminiscent of the known

origin of such projections from columns of neurons in

experimental studies; 3) in all areas examined except

the occipital association cortex NFT were more numer-

ous in layer V than in layer III of association cortex; 4)

cortical plaques had quite a different distribution even

though this overlapped the distribution of NFT. Plaques

occurred predominantly in layers II and III of asso-

ciation cortex and showed a random distribution with

no clear clustering in these layers. This distribution

was thought to be consistent with plaques occurring at

axonal terminations. In brief, our paper clarified the

anatomical connectional basis of the pathology of AD

in cerebral cortex, in this way complementing work by

Hyman et al. [51] published the previous year on the

anatomical connectional basis of the hippocampal and

entorhinal pathology in AD and the work by Arendt et

al. [4] on the anatomical basis of nucleus basalis neu-

ron loss and involvement of anatomically connected

regions of cerebral cortex in plaque formation in AD.

The aspects of this work that we comment on below

are the differential involvement of olfactory, in con-

trast to other, primary sensory cortex, and the columnar

clustering of NFT.

2. The olfactory connection in AD

The olfactory connection emphasized in Pearson et

al. [73] built on our earlier study of the olfactory bulbs

in AD [31] in which we showed that the anterior ol-

factory nuclei regularly harbor NFT. Subsequent stud-

ies of this region have repeatedly confirmed this and

shown the presence here of plaques and neuron loss as

well [20,24,35,50,58,59,61,82,83,86,92]. Clinical im-

pairment of the sense of smell, reflecting this pathol-

ogy and pathology at central olfactory connections, has

also become well recognized in AD [33,66,89]. Mov-

ing peripherally, the olfactory mucosa itself has been

described as showing distinctive AD pathology or ox-

idative damage in AD [38,76,87,88,91] and biopsy of

the olfactory mucosa was briefly considered to have

potential diagnostic value. The olfactory system is now

also recognized both clinically and pathologically to be

involved in the pathology of Parkinson’s disease [27,

45,60,63,98].

The observation contrasting with the olfactory sys-

tem involvement in AD is the lack of involvement of

other primary sensory systems as highlighted in [73].

This observation has been frequently noted [14,25,30,

39,74,79] but we still lack clear understanding of why

it is. One explanation for the contrast between the fates

of olfactory and other sensory systems in AD that has

been considered is the possibility that an environmental

factor that favors NFT formation may reach the brain

along the readily accessible olfactory route and extend

to the hippocampus and from thence to association but

not primary sensory cortex. Possible factors that have

been put forward are Herpes simplex virus (HSV) [41,

53,55,80], zinc [77] and aluminum [75]. HSV is read-

ily transported across synapses and can be shown ex-

perimentally to extend via the olfactory pathways as

well as trigeminal pathways to the brain [90]. Acute

HSV encephalitis in humans has a distribution of dam-

age closely corresponding to the areas most severely

affected in AD [29]. On account of its wide distribution

in humans, its capacity to establish latent infection in

neurons [94] and its ability in vitro to promote amyloid-

β fibril formation [22] HSV represents a plausible, if

controversial, environmental factor to consider. In its

favor are studies suggesting that HSV in the presence

of ApoE ε4 genotype is a risk factor for AD [53].

Metal ions display a limited but still potentially sig-

nificant ability to extend across synapses after entry

to the brain via the olfactory system [77]. Zinc and

aluminum have been investigated for possible cofactor

roles in AD pathogenesis [75,77].
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3. Relationship of neuronal plasticity to regional

pathology in AD

Ease of entry of an environmental factor posing a risk

of AD is not the only possible explanation for why the

olfactory system damage is more severe in comparison

to other sensory systems in AD. Another important

property of the olfactory system,as of the hippocampus,

that has become more apparent over the last 20 years

is a high degree of local synaptic plasticity. Before

discussing the relevance of this we need to consider

broader views about the etiology of AD.

Much research on AD during the last 15 or so years

has been based on the widely accepted amyloid cascade

hypothesis [43,44,85] which considers that the initial

step leading to the full-blown pathology of AD and its

clinical consequences is an accumulation of amyloid-

β as insoluble deposits in the extracellular space in a

wide distribution in the brain, particularly the cerebral

cortex. Fibrillary amyloid-β, or a precursor form of

it, is considered to be toxic to neurons and capable of

inducing NFT formation, although the exact mecha-

nism by which amyloid-β causes NFT formation re-

mains unclear. The amyloid hypothesis is based on

the demonstration that mutations in the gene coding for

amyloid-β protein precursor (AβPP) cause AD [40].

Further credence was provided by the recognition that

other gene mutations that cause AD also influence the

metabolism of AβPP. However, cases of AD caused

by such mutations constitute only a tiny proportion of

all AD cases and the pathogenetic route to the final

common AD pathology may, in sporadic cases, be dif-

ferent and, indeed, varied. Recent work in transgenic

animals engineered to contain both amyloid-promoting

and NFT-promoting mutations gives credence to the

pathogenetic sequence predicted by the amyloid hy-

pothesis. Thus, removing the amyloid-β by immune

clearance at a stage when hyperphosphylated tau had

not accumulated prevented its accumulation. Con-

versely, allowing the amyloid-β plaques to re-form pro-

moted hyperphosphorylated tau accumulation [12,71].

One problem with the amyloid cascade hypothesis,

and one that is particularly pertinent to this review,

is that it does not readily provide an explanation for

the regionally selective distribution of NFT observed

in AD. In some ways it might be easier to explain the

widespread distribution of amyloid-β as secondary to

NFT formation which,occurring initially in the transen-

torhinal regional and hippocampus [13] could give rise

to widespread plaques if these were related to the axon

terminals of NFT-bearing neurons; however, this would

put the tangle cart in front of the amyloid-β horse. This

brings us back to the idea that synaptic plasticity is a

possible basis for explaining the vulnerability of me-

dial temporal lobe structures, including the olfactory

cortex, for NFT formation.

There is regional variation in the potential for neu-

roplasticity in the adult brain. Age-related dendritic

growth is most pronounced in limbic cortical areas,

while the primary sensory and motor cortex show either

dendritic stability or regression [2,3,5,6]. An interme-

diate degree of dendritic remodeling occurs in associ-

ation cortex. These results are mirrored by regional

differences in growth associated protein (GAP-43) ex-

pression – greatest in limbic areas and lowest in motor

and sensory areas.

Several aspects of neuroplasticity are evident in the

adult CNS, including, alterations of dendritic ramifi-

cations, synaptic remodeling, long-term potentiation

(LTP), axonal sprouting, neurite extension, synapto-

genesis, and neurogenesis [64]. Simple behavioral

challenges such as learning new associations, will in-

duce these plastic processes in adult experimental an-

imals. Neuronal death may also cause increased den-

dritic branching among remaining neurons [1]. Main-

tenance of synapse number is likely to require reactive

synaptogenesis as existing synapses breakdown over

time and must be replaced [64]. It is suggested that

regions exhibiting high neuroplasticity are meeting a

regional demand and that factors increasing the propen-

sity to AD are those which make neurons work harder

to meet those demands [64]. Increasing age is one such

potent factor as free radical damage to cell membranes

makes synapse maintenance more demanding. The re-

sulting compensatory upregulation of neuroplastic ac-

tivity may lead to the development of AD pathology.

As more is discovered about molecular and metabolic

aspects of neurogenesis and synaptic plasticity the more

intricately enmeshed with AD these features seem to

become.

Adaptive neuroplastic changes in synapses involve

reversible phosphorylation including phosphorylation

of tau similar to that seen in AD. Arendt [3] suggests

that a modest increase in tau phosphorylation may pro-

tect neurons from apoptosis by stabilizing tau during

periods of ‘torpor states’. In an experimental setting

such a state that has been investigated is hibernation

in which brain (and body) metabolism and function

are greatly reduced. Reversible tau phosphorylation in

these conditions may mark sites where synapses are

required to be re-established on arousal and represent a

physiological adaptation to preserve synapses at times
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of reduced neuronal activity. One is tempted to wonder

if some of the episodes of ill health or anesthesia that
anecdotally often precede onset of initial symptoms of
AD in humans may bear some similarity to such ‘tor-

por states’ and represent an opportunity for failure of
reversal of tau phosphorylation and establishment of
paired helical filaments (PHF) in the most plastic neu-

rons. Kinases that phosphorylate tau in a PHF-like
manner, and phosphatases that de-phosphorylate it, are
all associated with the cell division cycle (see below).

Immature neurons at sites of neurogenesis, not sur-
prisingly, undergo cell division cycle events. Molecules
involved in the cell division cycle are, more unexpect-

edly, expressed in neurons in the human brain in ag-
ing and AD [2,3,62,69,70,72,93]. Loss of synapses
exposes neurons to the risk of dedifferentiation and re-
entry into the cell division cycle. The olfactory system

in experimental animals is one where there is a remark-
ably high turnover of neurons even in adults. In rodents
1% of total olfactory bulb interneurons are added each

day [26]. When neurons die their input to the next or-
der neurons are deprived of their synaptic influence at
least until newly formed, or already existing, neurons

replace it. Re-entry into the cell division cycle may
be reversible in the G1 phase but is irreversible in the
G2 phase. Faced with an inability to divide a neuron

in G2 may either die as a result of an apoptotic-like
process, if cell death-promoting enzymes are active, or
develop NFT under the influence of enzymes activated

to prepare the cell for division. Significantly, cell cy-
cle re-entry involves interconnected neurons in regions
of vulnerability to NFT formation in AD and upregu-
lation of amyloidogenic metabolic pathways of AβPP

metabolism.

4. Other contributory factors

There have been a number of other factors that have
been suggested to underlie vulnerability of brain re-
gions to NFT formation.

4.1. Degree of myelination

A link between regional pathology distribution and
regional vulnerability has also been proposed to be
due to differential myelination. The majority of NFT-
containing nuclei in AD (cholinergic basal forebrain

neurons, locus ceruleus and the raphe nuclei) have cor-
tical projections that are poorly myelinated. Other cor-
tical projection neurons with few tangles, such as tha-

lamic nuclei, have more myelination.

4.2. Influence of attenuated cholinergic innervation

A striking loss of cortical cholinergic innervation oc-

curs in AD. Neurons of the basal nucleus of Meynert,

which provide the main cholinergic innervation of the

cortical mantle, are among the first cells to exhibit hy-

perphosphorylated tau and NFTs [64]. Normally, lim-

bic areas, including the hippocampus and amygdala,

contain the highest density of cholinergic axons. As-

sociation cortex exhibits an intermediate density, and

primary visual cortex contains the lowest density of

fibers [37]. The loss of cholinergic axons in AD also

shows regional variation. The greatest loss is in the

temporal lobe including entorhinal cortex and the hip-

pocampus. Intermediate loss occurs in frontal and pari-

etal association areas, as well as in the insula cortex

and temporal pole. Primary motor, somatosensory and

visual cortex, and the anterior cingulate undergo only

a mild loss [37].

4.3. Calcium flux in neurons

Regulation of calcium flux within neurons is of

great importance for synaptic plasticity. CaM kinase

II is enriched in neurons susceptible to NFT forma-

tion. Some cortical neurons containing the calcium

binding protein calbindin are enriched in normal ag-

ing but reduced in AD. Outside the cortex, primate nu-

cleus basalis neurons in which calbindin is normally

present in high amounts show reduced levels with ag-

ing which, if a similar reduction occurs in humans,

may render them more susceptible to NFT formation

in AD. Parvalbumin-containing neurons are well repre-

sented in monkey brain stem nuclei which, in humans,

are resistant to NFT formation whereas calbindin neu-

rons are well represented in nuclei that are vulnerable

to NFT formation. This calcium binding protein vari-

ability with respect to vulnerability of neurons to NFT

formation is important but does not on its own fully

explain regional NFT distribution in cortex.

5. Clustering and columns in dementia

Subsequent to the Pearson et al. paper [73] it was

found that NFT clustering is highly correlated with

symptoms: “high numbers of NFTs restricted to small

areas are more important in disturbing function than

NFTs in a widespread distribution (with the same mean

values)” [67]. In addition to the evidence that tangles

are selectively distributed across cortical regions and
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their distribution is linked to symptom progression, this

lends weight to the significance of tangle clustering.

Although plaques also appear to show a degree of clus-

tering [7] between dendritic clusters [57], the proxim-

ity of symptoms to pathology distribution is less strik-

ing than it is for tangles. The finding that NFTs are

clustered coincidentally across supragranular and in-

fragranular layers provides an important component of

the argument that the pathology is distributed to some

degree in a columnar fashion.

During embryonic development of the cerebral cor-

tex the cells of the brain migrate towards the surface

and form columns of cells. Our understanding of the

functional role of these mini-columns is incomplete

(see Fig. 1 for a structural description). They appear

to be grouped into larger macro-columns, which form

the basis of the mapping of functions across the brain’s

surface. Mini-columns are structurally disorganized in

association cortex in AD [15]. Furthermore, the clus-

tering of tangles is positively correlated with the degree

of mini-column disruption [15]. A study of Down’s

syndrome brains suggests that children with the disor-

der exhibit early adult-like neuronal mini-column spac-

ing [16]. This may relate to the apparently accelerated

aging and early onset of AD in Down’s syndrome.

Subsequently, the issue of columnar organization and

clustering has been pursued with respect to other patho-

logical structures. Disruption of the columnar organi-

zation of glial processes has been reported for AD [21].

Lewy bodies and Pick bodies [8,9] also exhibit clus-

tered distributions. The potency of a link between

pathology that clusters and mini-column abnormality

is also borne out by the finding that mini-columns were

disrupted even in the absence of an overall loss of neu-

rons, in a group of patients with Lewy body demen-

tia [15]. In AD, the finding of NFT clustering may offer

some insight into the roles that plasticity and connec-

tivity play in the spread of pathology.

6. Columns and connectivity

It is possible that the modular organizationof the cor-

tex from mini-columns, to macro-columns, to surface

regions, determines the pattern of pathological spread

in Alzheimer’s disease and, consequently, the pattern of

function loss. The progression of pathological changes

through anatomically connected regions in AD is con-

sistent with the concept of the disease exploiting the

brain’s modular organization at the regional level. The

macro-column is a smaller anatomical module, which

has a diameter reflecting the tangential spread of affer-

ent projections to the cortex of approximately 500–800

microns [84]. Smaller still, at 50–90 microns, is the

mini-column. NFT clustering occurs at a similar scale

to that of macro-column size. In a follow-up to the 1985

paper Hiorns et al. [47] observed that the distribution

of the cells of origin of ipsilateral cortico-cortical pro-

jections to a given cortical area were clustered in bands

of a similar size to macro-columns and a distribution

comparable to that of NFTs in AD.

Casanova [17] has anticipated that “the spread of

neurofibrillary tangles (NFT) preferentially to corti-

copetal neurons causes clustering of the neurodegener-

ative changes which reflect modular structure”.

The cells of a macro-column are selectively inter-

connected with those of other macro-columns which

share a similar stimulus sensitivity. The development

of NFT in neurons of layers III and V is consistent

with the spatial coincidence of supragranular and in-

fragranular NFT clusters due to shared connectivity of

cells in the same macro-column. Consequently NFT

clustering may reflect the selective grouping of connec-

tions which is fundamental to columnar organization

(Fig. 2). However, the formation of columns also de-

pends on the segregation of competing inputs and this

requires neuronal plasticity.

7. Columns and neuronal plasticity

The most common macro-columns investigated

are the ocular dominance and orientation preference

columns of visual cortex. This columnar organiza-

tion is dependent on excitatory competition and cell

plasticity. Glutamate (NMDAR1) receptor function is

required for the development of orientation selectiv-

ity [81] and manipulation of GABAergic inhibition per-

turbs the development of columnar architecture [46].

Markers of dendritic arborization also reflect macro-

column organization during development [34]. SMI32

neurofilament protein is absent at ocular dominance

column borders and as a result of monocular stimu-

lus deprivation its distribution is altered. In monoc-

ular deprived dominance columns MAP2 is reduced,

concomitant with a reduction in size of the deprived

columns. When age related dendritic remodeling oc-

curs, as the demand for plasticity increases again late

in life, the association between macro-column size and

MAP2 expression may be informative.

Myelin staining also varies in distribution according

to macro-columnar organization during development.
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Fig. 1. (Left) Large pyramidal cells (outlined in white), can be used by minicolumn detection software (see ref. 16) to identify areas of high cell

concentration. (Middle) White lines depict the geometric minimum distance trees defining the cores of the minicolumns. (Right) Black lines

depict the boundaries of the areas of high cell concentration, used to compute minicolumn width and spacing.

It is more intense in ocular dominance column centers

compared to the column borders and becomes darker

and wider in columns dominant due to monocular stim-

ulus deprivation. If myelination is linked to pathologi-

cal susceptibility in AD, one may expect that the myelin

sparse macro-column borders will show greater vulner-
ability. It is not clear how macro-columns are affected

in AD, but age-related cortical shrinkage and the dis-

ruption of mini-columns suggests that macro-columns

may become smaller and less defined. A smaller myeli-

nated core and greater disruption of the periphery would

exaggerate this process.

Regional variation in the extent of remodeling seems

to reflect the hierarchy of dendrite complexity, with

greater remodeling occurring in areas containing more

complex and more spinous processes. The demand for

remodeling to integrate associations in an aging net-

work may be most intense in these regions. Just as the

dendritic complexity of pyramidal neurons in associa-

tion cortex tends to be greater than that of neurons in

the primary sensory regions [28] so too mini-column

number and spacing reflect the hierarchical relationship

between primary and association auditory cortex, with
wider mini-columns in the association cortex [19].

8. Columns and cortical cholinergic innervation

One of the first groups of cells to be lost in

Alzheimer’s disease are cholinergic neurons in the nu-

cleus basalis of Meynert and other nuclei such as the

diagonal band and medial septum that normally project
to the hippocampus and mesial temporal region [37,

99].

The cholinergic system stimulates both muscarinic
and nicotinic receptors. Several of the normal ac-

tions of activating these receptors may render cells
that lose their cholinergic innervation vulnerable to

Alzheimer’s pathology. Protein kinase C is a com-

mon second messenger coupled to both M1 and M3
muscarinic receptors. One of its actions is to enhance

α-secretase which cleaves the AβPP molecule and in-
hibits formation of amyloid protein. It also inhibits

glycogen synthase kinase-3 (GSK3) which phosphory-

lates tau. Muscarinic agonists therefore increase non-
amyloidogenic metabolism of AβPP and reduce tau

phosphorylation [36,65]. The nicotinic α7 receptor is
the receptor for amyloid. Amyloid binding to the re-

ceptor may stimulate pathology in AD, including tau

phosphorylation [95].
Acetylcholine projections are known to innervate

the cerebral cortex in a modular distribution, span-
ning macro-columns, and are believed to contribute

to relevant stimulus detection by excitation of the

stimulus-sensitive column and inhibition of the sur-
rounding columns. Cholinergic innervation of macro-

columns can be altered by behavioral conditioning in
animals [97]. Auditory cortex is particularly densely

innervated by cholinergic projections, and this may

contribute to this region’s comparative resistance to
pathology. It may also confer sensitivity to the effect

of anticholinesterase medication on this region since
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Fig. 2. (Top) The purple, red and yellow glow of high neural plasticity is shown with its origin in olfactory areas of the medial and anterior

temporal cortex. Its spread seems to reflect the spread of AD pathology. (Bottom) The columnar organisation of connections and tangle

distribution in a cross-section of superior temporal association cortex is illustrated schematically. Layer III pyramidal cells sending feedforward

connections through the white matter (WM) are green, layer V pyramidal cells sending feedback connections are blue. Pink and yellow zones are

macrocolumns demonstrating selective connectivity to each other (pink connects to pink). Tangles (black filled cells) cluster in macrocolumns.

conditioning-related responses in auditory cortex can

be manipulated in humans by altering levels of acetyl-

choline.

9. Columns and inhibitory neurons

Acetylcholine projections from the Basal nucleus in-

nervate a proportion of inhibitory interneurons. The

innervation of nicotinic receptors on inhibitory cells in

layer V excites the vertical axons of inhibitory cells to

upper layers, therefore, enhancing columnar inhibition.

Many of the inhibitory neurons in receipt of choliner-

gic projections have the columnar dendritic morphol-

ogy and electrophysiological properties of double bou-

quet cells [100]. This is a major class of calbindin-

containing interneurons. We have found calbindin-cell

size is larger in subjects with larger minicolumns. High

immunoreactivity to calbindin is also found (in lay-

ers III and IV) at the borders of macro-columns and it

is thought to be associated with synaptic competition

on excitatory neurons [34]. Calbindin in neurons ap-

pears to be relatively protective in aging, but may be

lost as AD advances [42,52]. Therefore an interaction

between acetylcholine, calbindin cell inhibition, and

columnar organization in AD is plausible.
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10. Columns and normal aging

In normal aging a distributed synaptic loss may be

absorbed as cortical shrinkage with only a subtle effect

on cognitive performance. Degeneration of terminal

dendrites is prominent in Layer 1 in prefrontal cortex,

with a 30–60% reduction of synapse density per unit

volume, in aging monkeys [78]. A 46% decrease in

spine number and density has been reported in humans

over 50 years old [54]. However, a threshold appears to

be reached that marks the boundary between normal de-

cline with aging and the onset of dementia. The transi-

tion involves additional synaptic loss as well as neuron

loss and the development of plaques and tangles that

are the pathological hallmarks of AD. In AD, synapse

loss exceeds that which can be accounted for by neuron

loss through NFT formation [49] and is likely to be

an early event in degeneration showing continuity with

normal aging. Further synaptic loss cannot be absorbed

by the neuronal network and the breakdown in cortical

structure becomes focal.

The mini-column structure of the cortex is defined

by the contacts between its constituent cells. We have

shown, in work on normal elderly subjects, that mini-

column width in temporal lobe association cortex be-

comes less with normal aging [18]. The mini-column

represents a larger unit that can compensate for the

lost connections of a proportion of its individual cells.

However, as more synapses and dendrites are lost the

column structure will begin to break down. In monkeys,

mini-columns in the frontal cortex become more disor-

ganized with increasing age and this disorganization is

correlated with age-related cognitive decline [23]. The

apparently greater deficit of plasticity in association

cortex reflects regional differences in the effect of ag-

ing on minicolumn structure. In normal human aging,

there is mini-column narrowing in middle temporal and

superior temporal auditory association cortex,while the

normally more narrowly spaced mini-columns of pri-

mary auditory cortex show little change [18] (Fig. 3). A

threshold will be reached sooner in areas of cortex with

minimal redundancy, such as the serially connected

entorhinal-hippocampalpathway [48]. At this point the

benefit of columnar organization is lost and the coor-

dinated connectivity of mini-columnar units reveals its

double-edged nature as it provides a basis for the focal

clustering of pathological features with the result that

the clustering of tangles is positively correlated with

the degree of mini-column disruption [15].
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Fig. 3. Scatterplot with best fit regression lines. Columns become

thinner with increasing age in temporal lobe association cortex of the

MTG (middle temporal gyrus) (r − 0.53, p < 0.05) and Planum

temporale (BA 22) (r− 0.49, p < 0.05) but the correlation does not

hold for primary auditory cortex (A1) (r − 0.21, p = 0.44).

11. Conclusion

The regional selectivity with respect to NFT forma-

tion shown by the cortex in AD is a core feature of

the disease and still lacks a full explanation. The most

adequate hypothesis to account for it is, in our opinion,

neuronal plasticity and the mechanisms that underlie it.

These are still in the process of being elucidated and

further enlightenment about AD can be expected to fol-

low from increased insights into the nature of neuronal

plasticity. The hibernation model seems to us a valu-

able one to explore in this context. If neuronal plas-

ticity provides the conditions needed to support NFT

formation there is no need to postulate any progressive

spread of an etiological ‘agent’.

The columnar distribution of NFT in association cor-
tex in AD reflects the fate of mini- and macro-columns

with their integral contribution to cortical organization.

Methods of study that are sensitive to this organization

have more to contribute to an understanding both of

neuronal plasticity and of brain aging and AD.

The thinking behind the Pearson et al. paper [73]

was that neuroanatomical knowledge has much to con-

tribute to an understanding of AD. In the interven-

ing years neuroanatomists have continued to provide

significant insights about the disease. Are such con-

tributions still relevant today? We think they are.

Transgenic animal models of AD show a non-uniform

anatomical distribution of pathology that needs inter-

pretation in the light of neuroanatomical knowledge.

Neural plasticity, which we have suggested may have

an important role to play in the etiology of the dis-

ease, is regionally restricted and reflects neuroanatom-

ical reality. And the dismantling of specific cortico-

cortical connections, which determines the phenotypic

expression of the disease, can only be understood on
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the basis of neuroanatomical knowledge. Long may the

neuroanatomical-neuropathological connection flour-

ish in AD research.
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Abstract. Cognitive functioning is dependent on synapse density in the brain.

Factors modulating synapse density might include the balance between synaptic

pruning and sprouting. Loss of synapses during aging might explain cognitive

decline and while previous reports have suggested a 10–15% synapse loss

occurs during the normal aging process, more recent studies have found that

decline in synaptic density only occurs after 65 years of age. In this context, the

main objective of this manuscript is to discuss the findings of our 1993 study

in light of more recent studies in aging, synapses and Alzheimer’s disease.
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1. Introduction

Since the seminal contribution by Alois Alzheimer

in 1907 [2], considerable progress has been made in

understanding the pathogenesis and etiology of this

devastating neurological condition. Because famil-

ial Alzheimer’s disease (AD) is associated with muta-

tions within the amyloid β-protein precursor (AβPP)

gene [32,39,104] or the β-secretase complex [101], a

regulator of amyloid β protein (Aβ) production, most

studies have focused at understanding the role of Aβ

protein in the mechanisms of neuronal damage and

neurodegeneration. However, several lines of evidence

suggest that although the amyloid deposits and the

plaques are useful diagnostic markers, they are not the

best correlate to the neuronal damage and cognitive al-

terations. In fact, we, as well as several other groups,

have found that synaptic damage is an early pathologi-
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cal hallmark of AD [19,38,47,59,65,79,80,91] and that

it is the best correlate to the cognitive deficits in these

patients [20,102,108]. Therefore the physical basis for

the dementia in AD is the loss of synaptic contacts,

although other AD-related pathologies might also par-

ticipate [5].

These findings were brought about by the question

as to what extent synapse loss in AD is part of the spec-

trum of synaptic remodeling during aging, or if it is

an independent pathological process [87,109] (Fig. 1).

In response to this query, in the early 90’s we under-

took a study to further understand the effects of aging

on synapse loss in AD, as well as its relationship to

amyloid deposition in non-demented controlled aged

individuals [73]. For this purpose, sections from the

frontal cortex of control (ages 16–98 years) and AD

patients were double-labeled with antibodies against

synaptophysin (a synaptic marker) and Aβ protein and

analyzed by confocal microscopy. We found that indi-

viduals older than 60 years of age had an average 20%

decrease in synapse density compared with individuals

younger than 60 years of age. There were no signif-

icant correlations between the age and the number of
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amyloid-positive plaques or between synaptic density

and the number of amyloid plaques. Further analy-

sis of the digitized serial optical images showed fo-

cal areas of synapse loss and distended synaptophysin-

containing boutons in the mature plaques of the nor-

mal aged cases. However, we found no microscopic

changes in the synaptic content inside and outside the

diffuse plaques. Taken together, the data suggested

that a loss of synaptic input in the neocortex is an age-

dependent factor that contributes to the overall synaptic

loss in AD, but that this might be largely independent

of the amyloid deposits [73].

As part of this Alzheimer Anniversary Issue of the

Journal, the main objective of this manuscript is to

discuss the findings of our 1993 study in the context of

more recent studies in aging, synapses and AD.

2. Synapse loss during the aging process

Mild decline of cognitive functions is a known oc-

currence during normal aging. Functions that decline

include speed of learning, performance and name re-

call [89]. However, vocabulary, information storage

and several other executive functions are not affected

as is the case in AD patients [89]. The substrate of the

cognitive decline during aging has long been a subject

of controversy; initial studies focused at the potential

role of neuronal loss. However, studies by Terry et

al. [105] and Haug et al. [40] demonstrated that in hu-

man brains, total neuronal populations do not decline

but rather shrink into a smaller size class. This sug-

gested that reduction in the synapto-dendritic complex-

ity might precede the changes in the neuronal cell body.

In the 70’s and 80’s diverse ultrastructural studies in the

aged human brain as well as Golgi impregnationstudies

showed a significant decrease in the hippocampal den-

tate gyrus and frontal cortex synapses [1,7,31,46]. Con-

sistent with these studies, our group as well as others

have shown that during normal aging there is a 10–15%

loss of synapses in the frontal cortex, compared to the

25–50% loss observed in AD [60,73]. Since then, a few

more studies in the aging human brain have been pub-

lished, among them probably the most comprehensive

is the one by Scheff et al. [94]. This study utilized short

postmortem brain samples from neurologically control

patients analyzed by electron microscopy and stereol-

ogy. This study found that the total synapse density in

the superior middle frontal cortex is not decreased in

individuals older than 65 years of age, and suggests that

the synapse loss in AD might be disease-related rather

than part of the aging process [94]. Both studies in ex-

perimental animal models as well as in the aging human

brain have shown some variability in the results and de-

gree of synapse decline that might correlate with learn-

ing deficits [30,86]. Several technical factors might

explain the variability observed among various groups,

including age range and distribution of samples, homo-

geneity of brain regions, gender, sampling strategy and

method to estimate synapse numbers [94]. However, it

is likely that independently of the differences observed

by these studies, subtle changes in synaptic functioning

and morphology occur during aging that might account

for the cognitive decline [73]. A promising direction

to investigate such changes in real time is the recent

development of transgenic (tg) animal models express-

ing green fluorescent protein (GFP) and GFP-tagged

synaptic and dendritic molecules such as postsynaptic

density protein-95 (PSD95), synaptophysin and others

that allow imaging of synapses and spines over a pe-

riod of time using two-photon microscopy laser tech-

nology. Recent reports in this direction using GFP-

tagged neurons in mice have shown that a fraction of

persistent spines grew gradually during development

until adulthood. At 6 months of age spines turn over

more slowly, possibly reflecting differences in capacity

for experience-dependent plasticity [44].

The functional and structural stability of the CNS

microcircuitries during aging depends on the stabil-

ity of the circuitries [42] and on the neuronal capac-

ity to exchange information across the synaptic junc-

tion [24]. Neurons generate complex patterns of synap-

tic interconnectivity that exhibit a remarkable plas-

ticity both during development and adulthood [85].

Synaptic functioning depends on the patterns of synap-

tic plasticity and density. Synaptic density might de-

pend on synaptic pruning, synaptogenesis, synapse

remodeling and spine dynamics, among others [42].

Furthermore, synapse density might depend on the

balance between factors promoting synapse pruning

and sprouting. During the aging process, decline in

spine activity, decreased synaptosomal membrane flu-

idity [15], increased synapse pruning and reduced ex-

pression, and oxidative alterations in cytoskeletal, sig-

naling and vesicle molecules might be responsible for

the decreased synaptic function. Other factors medi-

ating synapse and spine stability include expression

and activity of calcium dependent proteolytic enzymes

such as calpain. On the other hand, decreased activ-

ity of regulatory mechanisms involved in remodeling

and sprouting, including deficient expression of growth

factors, signaling pathways involved or molecules such
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Fig. 1. Synaptic loss and sprouting during aging and in AD. (A) Diagrammatic representation of trends in synapse populations during aging and

AD. (B) Presynaptic boutons in aged brain identified by laser scanning confocal microscopy of synaptophysin-labeled sections. (C) Synapses in

aged brain visualized by electron microscopy. Bar = 35 µm (B), 15 µm (C).

as growth associated protein-43 (GAP43) might also

play a role. Elucidating the mechanisms involved in

regulating synaptic density, plasticity and regeneration

in the adult CNS has long been an area of intense in-

vestigation for both basic neurobiologists and for those

interested in developing novel treatments for AD and

other neurodegenerative disorders.

3. Synaptic pathology in Alzheimer’s disease

Alzheimer’s disease is the most common neurode-

generative dementing illness affecting the elderly [27,

50,51]. AD is characterized clinically by progressive

cognitive decline and neuropathologically by early loss

of synapses (Fig. 2A–D), formation of neurofibrillary

tangles (NFTs), and neuritic plaques (NPs) composed

of aggregated Aβ in the neocortex and limbic sys-

tem [28,75,107]. The pathogenesis of the synaptic

damage in AD can be divided into two phases: 1) in

the early stages, the disease is characterized by synap-

tic dysfunction (initiation phase; loss of plasticity) and

2) in a second phase, cycles of aberrant sprouting and

neuritic disorganization eventually result in neurode-

generation (propagation phase; degeneration).

The progression of the neuropathological lesions in-

cluding synapse loss in these disorders and their rela-

tionship with the cognitive deficits are central to the

understanding of the mechanisms involved in demen-

tia [67]. In this regard, studies conducted in patients

with early stages of AD suggest that the neurodegen-

erative process initiates in the entorhinal cortex (EC)

resulting in denervation of the hippocampus with loss

of synapses in the molecular layer of the dentate gyrus

(DG), followed by degeneration of the neocortex and

nucleus basalis of Meynert (NbM) [10,11,63,68,72].

Plaque formation, development of NFTs and gliosis ac-

company this process. Of these pathological changes,

early loss of synapses and tangle formation are the

strongest correlates to the severity of the dementia [5,

20,108]. This sequence of events is consistent with ex-

perimental studies in the aged macaque [61] and in tg

models of AD where synaptic loss and memory deficits

precede amyloid deposition and plaque formation, but

are associated with increased production of Aβ1−42 in

the limbic system [63,84].

Thus, the dementia in AD is associated with the dis-

ruption of neuritic substructure and loss of synaptic

contacts in specific cortical and subcortical areas [41].

The damage to these circuitries in early stages of AD

results in memory loss followed by attention deficits,

judgment impairments, mood changes, confusion and

inability to maintain purposeful thinking [76]. Cases

displaying clinical and neuropathological features of

early or incipient AD showed a significant 20% loss of

synapses in the outer molecular layer of the hippocam-

pal DG [90,112]. Cases presenting with more severe

disease showed a progressively more significant loss

of synapses in the neocortex, as well as in the outer

molecular layer of the hippocampal DG [62]. Fur-

ther supporting these findings, measurements by elec-

tron microscopy and immunohistochemistry have both

shown very strong correlations between synaptic num-

bers in the frontal cortex and tests of global cognition

in AD [9,20,57,114]. These findings have been con-

firmed by immunochemical quantification of various

synaptic proteins [114,118]. For example, the levels of

the synaptic-like marker EP10 in all cortical areas and

the hippocampus were correlated (p < 0.05 − 0.01)

with the Blessed test, but not with the Object Memory

Examination [21]. The concomitant atrophy and loss of

dendritic spines in AD also contributes to the severity

of dementia [3,8].

Ultrastructural analyses have shown a highly signif-

icant AD-related decline in synaptic numbers in lam-

ina III and V in both superior and middle temporal

gyrus [92] and cingulate cortex [94]. There were no

correlations between synaptic density and synaptic ap-

position length or density of senile plaques [92]. In

contrast, in the EC no change in synaptic density was
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Fig. 2. Progressive synapse loss in AD. (A-D) Representative images of synaptic integrity in a non-demented control (A) and progressive synapse

loss in early (B), intermediate (C) and advanced (D) AD. (E) Mechanisms involved in amyloid-mediated synapse loss in AD. Bar = 20 µm.

observed between control and AD, in either lamina III

or V [93]. This preservation of synaptic numbers may

be related to a plastic response that is greater in the

entorhinal area than in other areas of the cortex [92]. In

advanced stages of the disease, decline in synapse den-

sity is often accompanied by increased synapse size rep-

resenting a compensatory response. In more advanced

AD cases, as well as in cases with DLB, there is an

approximate 30 to 50% loss of synapses in the frontal,

parietal and temporal cortex [19,38,69,78,80,112]. In

addition, ultrastructural studies have shown that in AD

the synapses are swollen and abnormally accumulate

cytoskeletal proteins, vesicles and lysosomes [33,34,

65]. For a comprehensive review on synapse loss and

pathology the reader is advised to consult Jones and

Harris [48] and Scheff and Price [95].

In addition to the extensive synapse loss observed

in AD, there is abundant formation of dystrophic neu-

rites, some scattered in the neuropil and others asso-

ciated with amyloid fibrils and glial cells constituting

neuritic plaques [22,77,106]. At the present time a

controversy still exists as to the significance and origin

of the neuritic components of the plaque. While some

groups postulate that they represent degenerating pro-

cesses, others suggest that at least a subpopulation of

them might be aberrant sprouting neurites [18,29,71]

based on the presence of GAP43 [71,100]. Previous

studies in the aged monkey [16,17], as well as in the

cortex in AD and DLB [4,57], have shown that the ab-

normal neuritic elements in the plaque contain several

synaptic and axonal specific proteins including AβPP,

GAP43, chromogranin, synaptophysin, EP10 antigen,

SV-2, p65, synapsin, tau, and phosphorylated neurofila-

ments (detected by monoclonal antibody SMI312) [66,

112]. These studies support the possibility that plaque

formation might start with synaptic and neuritic alter-

ations accompanied by the accumulation of AβPP in

the altered neurites, followed by amyloid deposition.

AβPP, a molecule suggested to be centrally involved in

AD [53,97], has been demonstrated to be transported

in the axon to the presynaptic site [54] where it might

play a role in synaptic plasticity.

4. Mechanisms of synapse loss in AD

The molecular mechanisms involved in mediating

synapse loss and aberrant sprouting in AD are currently

under investigation. However, most evidence points

to excess accumulation of products of the AβPP β-

secretory pathway (Fig. 2E). Supporting this view, sev-

eral lines of investigation have shown that AβPP and

its proteolytic fragments play a role in guiding growing

neurites in the fetal brain [70,110], and in vitro stud-

ies have suggested that, depending on the concentra-

tion, AβPP and its fragments could be neurotoxic or

neurotrophic [115]. Furthermore, AβPP is transported

by fast axonal transport to the nerve terminals where

it concentrates and plays a role in modulating memory

formation [49,83] and glutamate levels at the synaptic

cleft [74]. More recent studies have shown that of the

products of the β-secretory pathway, soluble Aβ1−42

stimulates sprouting of cholinergic fibers [64]. In con-

trast, aggregated Aβ interacts with the integrin leading

to signaling though the focal adhesion pathway [35].

The resulting sprouting neurites eventually degenerate

into dystrophic neurites similar to the ones observed

in the mature plaques of AD patients. Taken together,
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these studies suggest that altered neuritic outgrowth

and synapse formation in AD might be associated with

abnormal processing of AβPP.

The mechanisms leading to synaptotoxicity and neu-

rodegeneration in AD are currently under intense inves-

tigation. While several studies support the contention

that early accumulation of Aβ oligomers plays a major

role [52,56,96] (Fig. 2E); others have suggested that

axonal transport and cytoskeletal alterations associated

with tau phosphorylation might be important players

in AD pathogenesis [6]. Both scenarios involve al-

terations in common and divergent signaling pathways

that otherwise are critical mediators of synaptic func-

tioning, neuronal survival and cell death. In familial

forms of AD, mutations that increase or disturb the pro-

duction of Aβ1−42 have been shown to be involved in

triggering the development of AD [13,23,32,97,117].

More recently, the role of Aβ in synaptic pathology

in AD has been further investigated in synaptosomal

preparations, where increased Aβ accumulation was

associated with decreased PSD95 expression [36]. An

excellent commentary on the subject by Dr. G. Perry

accompanies the manuscript [58].

However, in sporadic AD it is less clear why Aβ

accumulates. It has been proposed that while in some

patients [e.g., those with Apolipoprotein E4 (apoE4)

genotype], deficient Aβ clearance might be respon-

sible, in others a shift in AβPP processing resulting

from increased activity of proteolytic enzymes might

be an important contributor [37]. Cleavage of AβPP

by β-secretase results in the secretion of a large N-

terminal ectodomain. In an alternative pathway, AβPP

is also cleaved by β-secretase to generate a soluble

NH2-terminal fragment (AβPPs) and a 12-kDa COOH-

terminal fragment (C99), which remains membrane

bound. C99 is further cleaved by γ-secretase, re-

sulting in the production of Aβ peptides, which vary

in length [25]. The β-site AβPP-cleaving enzyme

(BACE1) or β-amyloid-converting enzyme 1, has been

identified as a membrane-bound aspartic protease and

is now considered to carry out the major β-secretase ac-

tivity in vivo [98,99,111]. Interestingly, recent studies

have shown that in the brains of patients with sporadic

AD, the levels of BACE1 expression are increased and

AβPP C-terminus fragments are elevated [26,43,45,

88]. Thus, increased BACE1 activity might accelerate

or augment AD-like pathology.

Although it appears clear that abnormal accumula-

tion of products of the AβPP β-secretory pathway (e.g.:

Aβ, C100) plays an important role in the pathogenesis

of AD, it is less clear which are the precise cellular

and molecular mechanisms involved. Several possibil-

ities have been postulated, among them, some studies

suggest that increased lysosomal leakage, increased in-

tracellular trafficking of calcium, accumulation of in-

tracellular Aβ in the synapse [103], reduced synaptic

vesicle trafficking [12,116], deficient axonal transport,

abnormal activation of signaling pathways and activa-

tion of caspases at the synapse terminal [81,82] might

play a role in the mechanisms of synapse loss mediated

by Aβ oligomerization. More recently, several lines

of investigation have provided additional data suggest-

ing that Aβ oligomers rather than fibrils [113] might

directly damage synapses probably via activation of

Fyn [14] and alterations in the expression of the synap-

tic plasticity associated molecule the activity-regulated

cytoskeletal-associated protein (Arc) [55].

In conclusion, it is likely that either in combination

or by themselves, these mechanisms might play an im-

portant role at the various stages of the neurodegenera-

tive process in AD and they might represent attractive

targets for future drug development.
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Abstract. Alzheimer’s disease (AD) is a progressive disorder that is char-

acterized by the accumulation of neuropathologic lesions and neurochem-

ical alterations. Ultrastructural investigations in many association regions

of the neocortex and the hippocampal dentate gyrus have demonstrated

a disease-related decline in numerical synaptic density. This decline in

brain connectivity occurs early in the disease process and strongly corre-

lates with the cognitive decline observed in AD. The synapse loss does

not appear to be an inevitable consequence of the aging process. This

article reviews the ultrastructural studies assessing AD-related synaptic

loss and the possible compensatory changes in the synaptic complex that

occur as a result of the loss in brain connectivity.

Keywords: Plasticity, limbic, cognition, synapse, ultrastructure

1. Introduction

The prevalence of neuropathology such as senile

plaques (SP) and neurofibrillary tangles (NFT) not

only in the neocortex but also the hippocampus and

other limbic structures has been the driving force for a

plethora of research in AD. The progressive decline in

cognitive function has been strongly associated with the

presence of increased incidence of this neuropathology

beginning with the original work by Blessed et al. [8]

and the excellent work by Braak and Braak [9–12].

Numerous studies have now shown that non-demented

elderly individuals can manifest significant numbers of

these neuropathologic lesions in the cerebral cortex,

suggesting that SP and NFT may be a feature of nor-

mal brain aging [4,16,18,28,39,43,44,65,75,91]. What
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differentiates AD from normal aging is the early sub-

tle impairment in cognitive function. These individu-

als lose their ability to store recent information, which

subsequently has devastating consequences for every

day living. There is now accumulating evidence that

the reason for the progressive cognitive decline is a loss

of synapses resulting in a disruption of corticocortical

connectivity. The present review examines the ultra-

structural studies that support the synaptic loss hypoth-

esis of AD.

2. Age-related synaptic change

Most neurobiology text dealing with age-related

changes in the central nervous system include a

section describing neuronal and synapse decline in

neocortical and subcortical structures. These discus-

sions usually rely upon older literature that was ini-

tially fueled by the dramatic pictures of “wind swept

neurons” published by the Scheibels [87–90]. The ad-
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vent of the new stereology [30,31,95] and unbiased

sampling techniques have begun to challenge the older

views of the aged CNS by demonstrating patterns of

minimal neuronal loss in individuals without signifi-

cant neuropathology [68]. Recent studies of the en-

torhinal cortex, an area believed to be an early site of

AD-related pathology, shows no significant change in

total neuron number as a function of aging [46,74].

Most notably there does appear to be a significant age-

related loss of white matter, suggesting a loss of brain

connectivity indicative of a loss of synapses. The loss

of such brain connectivity is important since several

studies have now demonstrated a good correlation be-

tween synaptic numbers and cognitive ability [19,96,

97].

Issues concerning inevitable age-related changes in

synaptic connectivity are complicated since the meth-

ods for identifying and quantifying synapses in hu-

man tissue are either indirect (immunohistochemical,

ELISA) or labor intensive (electron microscopy). Early

studies reported significant age-related loss of synapses

in the frontal region (Brodmann areas 9, 10, 46) [53,

54,57], inferior parietal (Brodmann area 39, 40) [54],

inferior temporal (Brodmann area 20) [54] and poste-

rior cingulate cortex (Brodmann area 23) [54] using

immunohistochemical (IHC) synaptophysin analysis.

Individuals over the age of 60 show less synapses com-

pared to younger individuals. Two ultrastructural stud-

ies [1,27] also reported age-related loss of synapses

in neocortex. Gibson reported a decline in the supe-

rior frontal region while Adams [1] demonstrated an

age-related change in the pre-central cortex (Brodmann

area 4). In this latter study no age-related change was

observed in the post-central gyrus (Brodmann area 3),

an area that is primary sensory cortex. An ELISA and

immunoblotting study with synaptophysin [37] failed

to detect any age-related differences in the occipital

cortex (Brodmann area 17), superior temporal cortex

(Brodmann area 22), or hippocampus, suggesting that

different regions of the neocortex age differently.

Unlike most of the previous assessments of age-

related changes in synaptic numbers, we used an ul-

trastructural approach and sampled two different lam-

inae (III & V) of Brodmann area 9 [84]. Stereolog-

ical methods were employed in an attempt to obtain

an unbiased estimate of the synaptic packing density.

Constraints on tissue acquisition at the time of autopsy

precluded estimating total synaptic numbers. Detailed

measurements were of cortical thickness and careful

evaluations were made for possible influences related

to neuropathologic lesions. This study is unique in that

at least five short post mortem (PMI < 11 h; mean 5.5,

SD 2.2) cases were obtained for each decade of life and

all were believed to be from individuals who were con-

sidered neurologically normal and without cognitive

impairment. Ages for the subjects ranged from 20–89

years. Most of the individuals 65 years of age and older

had been cognitively tested within 1 yr prior to death.

Almost all of the cases were from well educated indi-

viduals (mean 16.1 years, SD 2.1) and each age group

had almost equal numbers of males and females. A

previous study has shown that gender of the individual

is an important factor in predicting neocortical neuron

number and can account for as much as 21% of the

variance [68]. It required almost eight years to collect

these autopsy samples since younger individuals (20–

50 years of age) who expire without CNS involvement

are typically not autopsied within an acceptable PMI

for this study at the university hospital.

In addition to the above cases we obtained 5 cases

from individuals older than 89 who also met the PMI,

education and neurologically intact, criterion. These

additional five cases were not included in the initial

analysis because they represented individuals that could

have been considered “survivors” since they were con-

sidered to be outside of the normal human life ex-

pectancy [3]. The results of the entire group are shown

in Fig. 1. Neither lamina 3 or 5 showed any signif-

icant correlation with age indicating that the packing

density of synapses in this Brodmann area remains sta-

ble. In addition there were no significant gender effects

indicating that both males and females had equivalent

packing densities. An interesting change was observed

when comparing individuals in the ninth decade of life

with those of the second and third decade. In both lami-

nae, the older group was significantly lower, suggesting

that whatever mechanism is used to maintain synaptic

numbers, it begins to wane in the oldest old. Similar

aging results have been observed by other groups [21,

22]. These results are important because they support

the idea that neocortical regions in cognitively normal

individuals can maintain constant synaptic numbers

throughout the normal life expectancy. Surprisingly,

individuals greater than 89 show a precipitous drop in

synaptic numbers yet did not show significant cogni-

tive decline. It is tempting to categorize this as a case

of cognitive reserve. Numerous studies have reported

AD-related loss of synapses in the frontal cortex [17,

19,58–60,69,79,97,105]. Our results suggest that age-

related synaptic loss in the frontal cortex does not ap-

pear to be a contributing factor in the AD dementia.
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Fig. 1. Numerical synaptic density in the superior frontal cortex, Brodmann area 9, was determined for subjects of different age at the time of

death. A minimum of five subjects were evaluated for each decade of life beginning at age 20. All subjects are believed to have been cognitively

normal prior to death. Synaptic density was determined in both lamina III and V of the cortex using transmission electron microscopy. Dashed

lines indicate the overall mean for each lamina. Bars represent group mean and standard deviation. (see [84] for details).

3. AD-related synaptic alterations in neocortex

The laboratory had the opportunity to assess possi-

ble changes in synaptic numbers in numerous areas of

the neocortex in both AD and non-demented control

subjects. One of the earliest studies utilized conven-

tional transmission electron microscopy (EM) to exam-

ine the frontal cortex [79]. In that particular study, and

in many of our subsequent investigations, two different

laminae (III and V) were evaluated. Previous work in

the laboratory [20] demonstrated significant changes

in cholinergic circuitry in the frontal cortex of AD

subjects. The greatest changes in choline acetyltrans-

ferase (ChAT) activity were observed in laminae III

and V. These same laminae also contained substantial

AD-related neuropathology and were relatively easy

to identify with the light microscope when preparing

samples for ultrastructural analysis. We hypothesized

that if there was a significant change in synaptic num-

bers in AD they would most likely be detected in these

two laminae. In order to make comparisons with other

areas of the neocortex more standardized, we contin-

ued to study these two laminae throughout almost all

of our ultrastructural investigations. While one could

argue that different laminae may be more important for

different areas, it was the above logic that guided us

throughout our experiments.

These initial experiments were challenging in that

specific criterion had to be met. Since our Alzheimer’s

Disease Research Center (ADRC) was not tracking

large numbers of non-demented control subjects at that

time. From previous human synapse studies it was ob-

vious that not only did the tissue need to come from

short PMI subjects, but also that the groups needed to

be matched in terms of age. All of the AD subjects

had been closely followed in the clinic and met the

NINCDS-NIA clinical criteria for probable AD [63]

and pathological criteria for tissue diagnosis of AD as

well [45]. All of the AD subjects were considered to be

“end-stage” with an average illness duration of 8 years.

The control subjects were obtained from the normal

autopsy service at the university hospital and retrospec-

tive review of medical charts were gleaned to deter-

mine whether or not there was any clinical history of

neurological or psychiatric disease. As the ADRC be-

gan to expand its patient base to include non-demented

elderly individuals, relevant clinical neurological data

was available. Since we limited the PMI to a maxi-

mum of 13 h, and the average PMI was 7–8 hours, the

quality of the tissue was quite good and the identifica-

tion of synapses with transmission EM was acceptable

(Fig. 2).

Although the same individuals acquired tissue at

each of the autopsies, the number of samples taken from

any given region was limited and certainly didn’t repre-

sent the entire Brodmann region. This is important be-

cause consequently we could not apply all the rules of

unbiased stereology. A minimum of three tissue blocks

per region were taken from each subject and 15 disec-

tors were evaluated from this tissue. From these sam-

ples the number of synapses per mm3 was calculated.

The findings from this initial set of experiments were

better than expected. The detailed analysis revealed a

highly significant 42% loss of synapses in lamina III
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Fig. 2. Electron micrographs of human middle temporal gyrus (lam-

ina III) 8 h postmortem are shown. Micrograph A is from one of the

non-demented control subjects and the micrograph in B is from an

end-stage Alzheimer subject that is age-matched. Asterisks indicate

some of the synaptic complexes that are clearly visible in these sam-

ples and demonstrate the quality of the tissue that was routinely used

in the ultrastructural studies. Calibration bar = 1 µm.

and a 29% loss in laminae V, very similar to results re-

ported earlier [17]. We failed to detect any age-related

change in synaptic density in either the non-demented

control group or the AD group similar to the findings

from our more extensive normal aging study [84]. A

regression analysis also failed to show any relationship

between the laminar width and the synaptic density rul-

ing out atrophy as a mechanism to increase packing

density in the control subjects. The significant AD-

related synaptic decline observed in both laminae sup-

ported the previously published IHC reports, although

the overall magnitude of the decline appeared to be

greater with the synaptophysin antibody [58]. Never-

theless, the ultrastructural studies and the IHC results

agreed that during the course of the disease, the frontal

cortex failed to maintain the normal compliment of

synapses.

One question that was heavily discussed in our group

concerned how early in the course of the disease was the

cortical circuitry altered as a result of a loss of signifi-

cant synaptic numbers and was the decline in synapses

responsible for the progressive cognitive decline that

was the behavioral hallmark of the disease. We were

Fig. 3. Individuals were administered a test of overall cognitive func-

tion, Mini-Mental Status Exam (MMSE), shortly before undergoing

a biopsy of the superior frontal cortex. The results showed a signifi-

cant (r = +0.772) correlation with the synaptic packing density ob-

served in lamina III of the superior frontal cortex (Brodmann area 9).

The results suggest that loss of synaptic connectivity in this region

is reflected by lower scores on the MMSE, indicative of a decline

in cognitive function. The open circles represent individual patient

scores and synaptic density. ∗p < 0.01.

fortunate enough to be able to shed some light on this

question. A large study was in progress to assess the

benefit of intracerebroventricular bethanechol chloride

infusion in AD subjects as a means of enhancing the

cholinergic circuitry [34]. Patients in an early stage

of the disease were selected for biopsy according to

the NINCDS criteria [63] and only admitted if their

mini-mental state examination (MMSE) scores were

between 10 and 24 and their global deterioration rat-

ing (GDS) was 4–5 [76]. Tissue was obtained from

Brodmann area 9 on the right side and immediately

processed for ultrastructural analysis. The quality of

this tissue was far superior to any of the autopsy tissue

that we had been working with and synaptic profiles

were much easier to detect. We were concerned that

this might influence the counting especially since we

did not have any “normal” biopsy control tissue. Our

investigation concentrated on lamina III, which showed

the greatest loss in the autopsy tissue. Synaptic val-

ues were significantly higher in the biopsy group when

compared to the autopsy AD subjects but showed a dra-

matic 35% loss of synapses compared to age-matched

autopsy control subjects. These subjects also had a

significant loss of ChAT activity [19]. Since these sub-

jects had completed an MMSE just prior to biopsy, it

was possible to compare their scores with the individual

synaptic volume density.

Results of this analysis are shown in Fig. 3 and

demonstrated a highly significant correlation (r =
0.772, p < 0.01) indicating that as the number
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synapses in the superior frontal cortex declined so did

the individuals cognitive status of the individual. These

results also indicated that synaptic loss may be an early

event in progression of AD. Davies et al. [17] suggested

a similar scenario in their more limited biopsy study of

frontal cortex. Rather than suggest that the specific loss

of synapses in the frontal cortex was the cause for the

cognitive decline, we considered the synaptic decline

as indication that many regions of the neocortex may be

involved early in the disease process. There was also

the possibility that some type of plasticity may be dys-

functional in the neocortex despite the fact that some

indication of synaptogenesis may be active in the AD

brain [23,77]. Terry and colleagues [97] have also pre-

sented strong multivariate analysis indicating that loss

of neocortical synapses is functionally very important

in the cognitive decline associated with AD.

At the time of tissue acquisition for the frontal cor-

tex study, we had the foresight to collect samples from

several other areas as well. Retrospectively it would

have been advantageous to collect tissue from as many

different areas as possible, but because of the labor in-

tensiveness of processing tissue for EM analysis and

the lack of being able to predict which areas would

subsequently be important, we limited our acquisitions

to the frontal, superior and middle temporal, and en-

torhinal cortex (ERC). The ERC tissue was more diffi-

cult to obtain than the other areas because it is a small

area and in demand by the neuropathologist. Early on

we reported a somewhat surprising finding. Following

a careful analysis of both lamina III and V in 10 AD

and aged-matched controls, we were unable to detect a

significant change in ERC synaptic density [85]. These

results were somewhat controversial since this limbic

cortical area performs an important role as a relay be-

tween the hippocampal formation and other neocorti-

cal regions. Information from various regions of the

brain converges on the ERC, which subsequently pro-

vides an excitatory input by way of the perforant path

to the outer molecular layer of the dentate gyrus. It

was already known that the ERC was affected early in

the disease process [9,33,40,99]. This cortical area is

somewhat problematic to work with because the cy-

toarchitectonics varies greatly. Consequently, the anal-

ysis was confined to the more caudal aspects of the

cortical structure. The major pathology in the ERC is

concentrated to lamina II and the upper aspects of lam-

ina III, consisting of numerous neurons with neurofib-

rillary tangles and a concomitant loss of neurons in this

region. We speculated that the maintenance of synap-

tic numbers might be the result of a synaptic compen-

satory response resulting from a loss of afferents to this

region [98]. It is important to consider that a simple

maintenance of synaptic numbers does not necessarily

indicate normal functional quality or if the synapses

utilize the same neurotransmitter. It is interesting to

note that IHC studies have failed to demonstrate a de-

cline in synaptophysin ERC staining when compared

to appropriate control material [32,59].

We were interested in determining if the synaptic

decline observed in the frontal region was isolated to

that region or part of a cortical pattern and the ERC

was more of an exception. Numerous studies concern-

ing the distribution of neuropathological lesions in AD

implicated the temporal lobe as a region that was sig-

nificantly affected in the disease process. Several IHC

studies reported significant loss of synaptophysin stain-

ing in both the superior and middle temporal lobes [58,

59,97]. Our results demonstrated a 23–33% loss of

synapses in the temporal lobe [80]. As with area 9,

both laminae III and V in both the middle (Brodmann

area 21) and superior (Brodmann area 22) temporal

lobe areas were significantly affected (Fig. 4). Again,

these reports supported an initial speculation that early

in the disease process the synaptic numbers in the tem-

poral lobe were affected [17]. Curiously, the magni-

tude of synapse loss was not as robust as that observed

with IHC. Both temporal lobe regions showed similar

declines in synaptic density.

Many of the same subjects used in our first autopsy

study of area 9 were also assigned to this investigation

and afforded us the opportunity to test for possible cor-

relations between cortical regions. Our cross correla-

tion analysis was somewhat interesting. When we com-

bined all the data from both the AD and control sub-

jects, there emerged a very strong correlation between

area 9 and both areas 21 and 22 for both laminae III and

V. As shown in Fig. 5, both regions of the temporal lobe

appeared to correlate to the synaptic density in area 9

to the same degree. However, when we analyzed the

AD subjects separately there was virtually no indica-

tion that the two regions responded the same. Loss of

synapses in the frontal cortex did not predict temporal

lobe changes. The strongest correlations within the AD

group, although not very robust, were between the two

temporal lobe regions. The disease process most likely

affects regions of the association cortex in a different

temporal manner perhaps based upon different cortico-

cortical connectivity [10,12]. Other variables that need

to be considered are the relatively small sample size

and the fact that the AD cases used in these studies are

“end-stage” and most likely reflect the greatest amount

of synaptic decline for these regions.
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Fig. 4. Alzheimer related changes in the density of synapses in various regions of the neocortex. Values are plotted as a percent change of the

mean value of age- and PMI-matched control group. All tissue was obtained within 13 h postmortem and represents end-stage of the disease.

The entorhinal cortex (Brodmann area 28) failed to show any significant loss for either lamina III or V. Lamina V of the anterior cingulated region

(Brodmann area 24) also failed to show any disease-related loss of synaptic density. Open bars represent lamina III and shaded bars represent

lamina V. Bars represent group means with standard deviation and was calculated from a minimum of 9 Alzheimer subjects. # p < 0.05,∗∗ p <

0.01.

Fig. 5. Many of the same subjects analyzed for possible changes in synaptic numbers in the superior frontal cortex (Brodmann area 9) were

also assessed for possible changes in the middle temporal (Brodmann 21) and superior temporal (Brodmann 22) cortical regions. When both

non-demented control subjects and AD subjects are combined, both cortical regions show a strong correlation with the values obtained in Area

9. In A the results are shown for lamina III and in B the results for lamina V are displayed. For both cortical regions the relationship with Area

9 is almost identical. However, when only the AD cases are analyzed the correlation is no longer significant. Each of the symbols represents an

individuals synaptic density for each area. ∗∗ p < 0.01.

Many areas of the neocortex appear to be affected

in AD and the progression appears to follow a course

involving specific brain regions early in the disease

process [10,11,41,75]. The cingulate gyrus,consisting

of both the anterior (Brodmann area 24) and posterior

(Brodmann area 23) cingulate cortex has recently been

identified as an area that may play an important role

in the early progression of the disease [38,50,64,103].

The anterior cingulate plays a prominent role connect-

ing the frontal lobe and various subcortical structures,

while the posterior cingulate is involved in a variety of

memory and spatial orientation functions [100].

As with previous investigations, both AD and non-

demented control groups were age and PMI-matched



S.W. Scheff and D.A. Price / Alzheimer’s disease-related alterations in synaptic density: Neocortex and hippocampus 107

with the AD subjects having an average of 9 year ill-

ness duration indicative of “end-stage” of the disease.

Most of the control cases were from individuals that

had been followed by the UK-ADRC and were recently

cognitively tested. The brains of the AD subjects con-

tained abundant SP and NFT in the hippocampus and

neorcortical regions. Cortical samples were taken from

both the anterior and posterior regions of the cingu-

late in each subject and great care was used to ensure

that the same region was assessed between subjects and

groups. As we discovered later, this was a fortunate

decision since we were unaware of the heterogeneity

of this brain region and its diverse connectivity. Lam-

inae III and V were examined in order that the results

could be compared and contrasted with previous re-

sults. Both the anterior and posterior cingulated cortex

demonstrated significant loss of synaptic numbers in

AD [81]. The posterior cingulate gyrus demonstrated

greater loss in both lamina III (24%) and lamina V

(33%) compared to the anterior cingulate in the AD

group. Surprisingly, the anterior cingulate region only

showed a loss in lamina III (20%) and no decline in

lamina V (Fig. 4). This lack of synaptic loss in area 24

was extremely puzzling and we initially attributed it to

a possible basic difference in afferents to this area [101,

102]. We subsequently learned that the portion of the

cingulate gyrus used in this investigation, the caudal an-

terior cingulate, connects to several supplemental mo-

tor regions and plays a role in motor activities. Numer-

ous morphological studies have demonstrated that both

motor and primary sensory areas are the least affected

in AD and the involvement of area 24 in this motor

system may be directly related to the maintenance of

synapses. Synaptophysin IHC has also demonstrated a

loss in the posterior cingulate with values considerably

greater than we obtained [54]. A chemical analysis

of synapsin I levels, a neuron-specific synaptic vesicle

phosphoprotein, failed to show any AD-related change

in the cingulated cortex [70]. Correlations between

the two cingulate areas were similar to that found in

the temporal lobe. While there was a positive trend

in the data, neither region could be used to predict the

response of the other.

Several early studies had reported significant loss of

synaptophysin staining (44–57%) in the inferior pari-

etal cortex (Brodmann area 39–40) [54,58,59,97]. This

neocortical region is known to be heavily involved in

AD and has been implicated in significant oxidative

damage [15,49]. The inferior parietal region is a mul-

timodal association area intimately involved in lan-

guage comprehension rather than language expression.

Deficits in tasks related to verbal fluency, such as those

observed in AD, are affected by disruption of the cir-

cuitry in this region. Tissue samples from individu-

als with illness duration similar to those used for the

other cortical regions was obtained at autopsy and pro-

cessed as before for transmission EM. Both lamina III

and V was analyzed for possible AD-related changes.

As shown in Fig. 6, we observed a significant (25%)

decline in synapses in lamina III and a 21% decline in

lamina V. We also began to sample the inferior tem-

poral gyrus (Brodmann are 20). This region is intri-

cately connected to the parahippocampal gyrus and a

region affected early in the disease [5,24–26]. It is a

tertiary association area that plays an important role in

higher visual function and believed to provide part of

the anatomical substrate for the perception and memory

of shapes and objects. Some of the same subjects used

to study the inferior parietal region were also sampled

in this study. We again observed a significant decline

(31%) in synaptic numbers in lamina III and a similar

(29%) decline in lamina V. The declines observed were

very similar to those previously obtained for the supe-

rior and middle temporal gyrus. For the AD subjects,

there was a very high correlation (r = 0.882) between

the two lamina in this cortical region suggesting that

the two laminae are affected at the same time and to the

same degree.

4. AD-related synaptic alterations in the

hippocampus

Early studies of morphological substrates underlying

the progressive AD dementia involved the hippocampal

formation and specifically the molecular layer of the

hippocampal dentate gyrus. As noted above, the gran-

ule cell dendrites in the outer molecular layer (OML) of

the dentate gyrus receive a very significant input from

the ipsilateral entorhinal cortex, an area that is noted

for its abundance of NFT containing cells in AD. Many

of the early IHC studies concentrated on this region

and reported significant declines in staining [13,29,32,

35,37,51,59,104,105]. A previous ultrastructural study

also reported a loss of synapses in this region of the

dentate gyrus [6]. The laboratory felt it was important

to directly visualize synaptic numbers within the hip-

pocampus since the magnitude of the loss reported in

the IHC studies varied considerably between laborato-

ries and the previous ultrastructural study only exam-

ined the supragranular region of the dentate gyrus.
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Fig. 6. Synaptic density measurements determined by quantitative ultrastructural analysis in the inferior parietal lobule (Brodmann area 39/40)

and the inferior temporal lobule (Brodmann area 20). Both laminae III and V in each of the two cortical regions of the Alzheimer group (stripped

bars) showed a significant decline in synaptic numbers compared to age- and postmortem-matched non-demented controls (open bars). Bars

represent group means with standard deviation ∗ p < 0.05; ∗∗ p < 0.01.

Although the primary afferents to the OML arise

from the entorhinal cortex,and these neurons are known

to be affected early in the disease, we speculated that

a compensatory plasticity response in the OML of AD

subjects, similar to that observed in experimental an-

imal [78] and also reported in AD [23], might alter

the synaptic circuitry. Ten short PMI (< 8 h) non-

demented control subjects were compared to age and

PMI-matched AD subjects that had an illness duration

of approximately 9 years indicative of end-stage in the

disease. A stereological sampling scheme was used to

estimate the packing density of synapses in the OML.

We found a significant 21% loss of synapses in the

OML [86] and a 15% decline in the inner molecular

layer (IML) as shown in Fig. 7 [82]. Coupled with

these findings was a significant (26%) decline in the

width of the dentate gyrus molecular layer in the AD

group that could significantly impact upon the packing

density and result in an underestimation of the total

synaptic loss.

We interpreted the synaptic decline in the OML as

a reduction in plasticity in this region that occurs in

the end-stage of the disease. It is unknown whether or

not synaptic numbers in this region are affected early

in the disease. If this region is vulnerable and fails to

maintain a normal compliment of synapses, it might ex-

plain some of the memory changes observed in individ-

uals with mild cognitive impairment [73]. In all of the

cases used in these investigations, the diagnosis of AD

was based upon not only neuropathological findings

of the autopsy tissue, but also according to NINCDS-

NIA clinical criteria. These criterion are important

when interpreting possible AD-related changes espe-

cially when the variance within groups is quite large.

Two previous studies reporting changes in hippocampal

IHC stated that many of their AD subjects had either

Fig. 7. The molecular layer of the hippocampal dentate gyrus

was evaluated in short post mortem tissue from Alzheimer’s dis-

ease subjects with a long duration illness. Age- and PMI-matched

non-demented subjects were also evaluated. Both the outer 2/3

(OML) and inner 1/3 (IML) of the molecular layer were evaluated

separately. The greatest loss was observed in the OML but a sig-

nificant decline in synaptic density was also observed for the IML

suggesting that whatever mechanism is responsible for the synaptic

decline it may affect not only afferents but also target neurons. Bars

represent group means and standard deviation. ∗∗ p < 0.01.

no change in staining or only very mild changes [29,

51].

The more interesting finding from our hippocampal

studies was the significant decline in the IML. This

region of the dentate gyrus differs from the OML in

that it does not receive input from the ERC. Like the

OML, this synaptic zone receives cholinergic afferents

originating in the septal region, fibers originating from

the dentate polymorph cells, along with fibers origi-

nating from the thalamus, hypothalamus and brainstem

nuclei [42]. Our studies of the dentate gyrus also mon-

itored changes in the packing density of granule cells

in both the AD and control groups and allowed us to

calculate a synapse to granule cell ratio for this region.

We observed a significant decline in this ratio for both
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the IML (27%) and the OML (29%). The decrement

indicates that reasons for the loss of synapses are a

global problem probably affecting both afferents and

target cells.

5. Changes in apposition size

Early in our work on synaptic decline in AD we ob-

served that the size of the synaptic contacts in the AD

tissue was substantially larger compared to the non-

demented controls [79]. Studies in both human and an-

imal work had reported similar findings and suggested

it might be part of a compensatory mechanism [2,7,14,

17,36,52]. As shown in Fig. 8, we observed a signif-

icant inverse correlation in almost all of the neocorti-

cal regions we studied [79–82,86], suggesting that this

is a common response throughout the neocortex and

hippocampus. As the number of synapses declined in

a given region, the size of the residual synapses in-

creased. Initially we thought this change in synaptic

size may be a response found only in end-stage AD sub-

jects. Our studies clearly show that this compensatory

response not only occurs in control subjects but also

can be observed early in the course of the disease [19].

To test the hypothesis that the change in synapse

size in the AD material might be the result of a pref-

erential loss of small synapses from the neuropil, we

constructed frequency histograms of the size of over

8,000 synapses in both the middle and superior tem-

poral gyrus [80]. While the shape of the histograms

was very similar between both the AD and control sub-

jects, the distribution of synapses for the AD samples

was skewed to the right, indicative of clear shift in the

central location of synapse size. This suggests that

the change occurred throughout the entire distribution

of synapses and that the loss was not targeted towards

smaller synapses. Since the AD and non-demented

controls were both age and PMI-matched, the overall

increase in apposition size in the AD group is most

likely disease related. Other than a change in the

size of the apposition length, the synapses in both the

AD and non-demented control tissue appeared identical

with approximately the same packing density of synap-

tic vesicles. Although we did not specifically quan-

tify the total number of perforated and non-perforated

synapses, the frequency did not appear to differentiate

the two groups.

Possible functional importance of this change in

synapse size has been a topic of speculation with our

group from the very first study [79]. We used the synap-

tic measurements to determine the total synaptic con-

tact area (TSCA) in each of the regions that were inves-

tigated and subsequently compared the AD and non-

demented control groups. The results of the analysis

were surprising. For many of the areas, the increase in

the synaptic size off set the significant loss of synapses

in terms of the TSCA (Table 1). Only two areas that

manifested a significant increase in synaptic size (area

9 lamina III; area 22 lamina III) was their a failure to

restore TSCA. In two other areas (Brodmann 20 and

39/40) there was no significant change in synaptic size

and consequently the TSCA was significantly reduced.

This may indicate that these neocortical areas have lost

a significant amount of their plasticity potential during

the progressive course of the disease. The failure to

completely restore TSCA in area 9 in end-stage sub-

jects is in contrast to the biopsy data from early AD

subjects that does demonstrate a restoration of TSCA.

We have previously proposed a model that might help

to interpret the importance of the synaptic enlargement

and TSCA in AD [83]. In this model, target neurons

strive to maintain a set level of contacts and they do

so by monitoring the overall level of synaptic contact.

As inputs decline, the target neurons signal the need

for new afferents to replace those lost. As part of the

compensatory process, remaining afferents enlarge and

subsequently reduce the strength of the signal of the

target neuron. Maximal denervation would generate

the strongest signal in an attempt to attract synaptic

contact. In end-stage of the disease process, some ar-

eas of the AD brain are more involved than others. In

these regions one would expect to see preserved TSCA

perhaps early in the disease and subsequently a fail-

ure to maintain TSCA later, such as in area 9. As the

disease progresses not only do the target neurons fail

to initiate and maintain a strong attracting signal, but

afferents also fail to launch a compensatory response

(increase in synapse size). The overall effect is a loss

of synaptic density coupled with a decline in baseline

TSCA. It is extremely interesting that the two regions

that demonstrated a failed compensatory response were

areas known to be affected early in the disease and ar-

eas with the smallest synapses of all the regions inves-

tigated.

6. Possible basis for synaptic decline in AD

The amyloid cascade hypothesis states that amyloid

β protein precursor (AβPP) and presenilin (PS) mu-

tations combine to promote the formation of a highly
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Fig. 8. Relationship between synaptic apposition length and the numerical density of synapses in different regions of the neocortex and

hippocampus is displayed. Graphs are representative of the findings in both lamina III (◦) and V (•) for the Alzheimer group. As the density of

synapses in the different cortical regions declined, the size of the apposition length of the residual synapses enlarged. This may be a compensatory

mechanism used by the different cortical structures to maintain total synaptic contact area. Lines represent simple regression analysis.

insoluble amyloid-β (Aβ) and that the progressive ac-

cumulation of Aβ triggers neuronal and synaptic ab-

normalities associated with AD. The key biochemical

component of the AD plaque is fibrillar amyloid beta

protein that is an end product of the processing of the

AβPP, a protein that may play an important role in

synaptic activity and cell adhesion. Early in our inves-

tigations of synaptic change in AD we stained tissue

adjacent to that used for ultrastructural study and sub-

sequently counted the number of SP and attempted to

correlate it to the synaptic counts. Individual counts

were made for both lamina III and V. In every area stud-

ied the number of plaques was significantly greater than

in the non-demented controls. However, the number of

plaques failed to demonstrate any significant relation-

ship to synaptic numbers in either lamina [79,80,84].
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Table 1

Change in total synaptic contact area (TSCA) in Alzheimer’s disease

Region studied % Synaptic change % Apposition change % TSCA change

Area 9

Lamina III − 42 + 23 − 11

Lamina III (Biopsy) − 35 + 28 + 5

Lamina V − 29 + 20 + 2

Area 20

Lamina III − 31 + 5 − 26

Lamina V − 29 + 3 − 17

Area 21

Lamina III − 33 + 22 + 3

Lamina V − 23 + 15 0

Area 22

Lamina III − 32 + 16 − 9

Lamina V − 29 + 19 + 5

Area 23

Lamina III − 23 + 17 + 7

Lamina V − 33 + 23 − 1

Area 24

Lamina III − 20 + 29 + 28

Lamina V + 3 + 2 + 10

Area 39/40

Lamina III − 25 − 4 − 27

Lamina V − 30 − 1 − 30

Hippocampus

OML − 21 + 18 + 4

IML − 15 + 12 + 4

It is unclear, however, if amyloid load correlates with

changes in synaptic numbers. There is now mounting

evidence that a soluble from of Aβ (sAβ) is also found

in brain tissue of both normal and AD patients [47,48]

and may be correlated with synaptic loss [55,66].

As a further test of the significance of amyloid de-

posits and synaptic decline we studied individuals who

had a 75% or greater stenosis of at least one ma-

jor epicardial artery at the time of death. These non-

demented individuals have a very high incidence of dif-

fuse agryophyilic plaques equivalent to that found in

AD subjects [93,94]. Synaptic numbers in the frontal,

middle temporal, and superior temporal (only areas

studied) from heart disease subjects were equivalent to

those in our previous tissue from non-demented con-

trols and significantly higher than the AD subjects [83].

The NFT in these subjects with heart disease was at

the same density as that found in our non-demented

controls without heart disease.

There is also increasing evidence that oxidative stress

and damage are fundamentally involved in the patho-

genesis of AD [56,71,72] although the exact role in

the progression of the disease is still controversial [92].

Oxidative damage is one of the earliest events in AD

with some evidence that levels diminish with duration

of the disease [67]. We tested whether or not mea-

sures of oxidative stress/damage might correlate with

synaptic numbers in two regions (inferior parietal and

inferior temporal) of the AD tissue. Tissue adjacent

to that used for ultrastructural analysis was frozen in

liquid nitrogen at the time of autopsy and subsequently

evaluated. Both of these areas demonstrated significant

declines in the end-stage AD tissue (Fig. 6). While

none of the correlations were significant, probably be-

cause of the long PMI and disease duration, there was

a trend in the direction of the correlations. Measures of

increased oxidative damage (4-hydroxynonenal) were

higher in individuals with lower synaptic counts [83] as

were markers of antioxidants (superoxide dismutase;

glutathione). The analysis of oxidative stress/damage

was determined for the entire cortical region while the

synaptic counts were carried out in specific lamina.

Nevertheless, we are encouraged by these findings and

new experiments are underway to further explore the

relationship.

7. Conclusion and summary

Synaptic connectivity lies at the very essence of brain

function and requires that a multitude of cellular ma-

chinery work in concert to maintain this connectivity.

Synapses are certainly not permanent structures within

the CNS and many experimental studies have docu-
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mented the loss and reacquisition of these morphologi-

cal structures under conditions as “simple” as hormonal

change, stress, and learning [61,62]. Aging in the ner-

vous system does not necessary result in a loss of neu-

rons or neuronal connectivity as evidenced by our re-

sults assessing synaptic density in the frontal cortex.

These results amplify the devastating consequences ob-

served in AD. Even early in the disease process the

frontal association cortex is significantly altered and

must contribute to the decline in the individual’s cogni-

tive ability. The ability to attend to a stimulus and sub-

sequently determine the merit of that stimulus requires

that multiple associational areas of the cortex work in

concert. The ability to store important information and

to recall that information also requires that multiple

regions of the brain work together. The progressive

cognitive decline observed in AD most likely reflects

an anatomical disruption in the cooperation of various

regions of the CNS. Our ultrastructural studies over the

last decade and a half have documented the decline of

cortical connectivity in multiple association regions of

the neocortex and portions of the hippocampus. Clearly

the nervous system tries to respond to the impending

loss of the connectivity but the compensatory response

appears to ultimately fail with progression of the dis-

ease. The challenge is to isolate the mechanism(s) un-

derlying this loss of connectivity early in the disease

process and to mount a therapeutic regime that halts

the synaptic loss and encourages synaptogenesis. Even

with a replacement of synaptic numbers it is unclear

that the most appropriate connectivity will be made and

that the ravished nervous system will be able to incor-

porate an altered circuitry to carry out its complicated

tasks. It is important that we attempt to make headway

in this regard and probe the underlying resilience of the

nervous system.
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Abstract. This brief paper reviews the work on dementia by the Neuropathol-

ogy group at the Einstein College of Medicine and later at the University of

California, San Diego, from the time of our first approaches to Alzheimer Dis-

ease in 1959. The electron microscope studies concerned the tangle (got it

wrong) and then the plaque (got it right). Lysosomes and active microglia were

noted in the plaques. Axoplasmic transport was suggested to be abnormal. We

studied the plaques in old dogs and old monkeys, and then went on to use image

analysis to count neurons in the neocortex of Alzheimer cases and in examples

of normal aging. Later in San Diego we quantified presynaptic boutons and

recognized their loss as the major direct cause of dementia. Many collaborators including Henry Wisniewski

participated in these early attempts to understand the disease.

In 1959 I moved from Montefiore Hospital where I

had been nominally in charge of Neuropathology (Dr.

Harry Zimmerman was still very active) to the Albert

Einstein College of Medicine across the Bronx to form

a new neuropathology section in the Department of

Pathology but, very significantly, with space in Neurol-

ogy of which Saul Korey was Chair. Saul and I imme-

diately began discussions about possible collaborative

research on human disease. He was a neurochemist and

I an electron microscopist having learned the technique

in Paris a few years previously.

We settled on Tay Sachs disease and Alzheimer dis-

ease (AD) because both were distributed diffusely in the

neocortex, microscopically identifiable and fatal. Cor-

tical biopsies were to be performed by Leo Davidoff, a

superb senior neurosurgeon.

Tay Sachs specimens yielded spectacular pict-

ures [20], but AD was more durable in terms of lasting

interest and complexity. We knew of no one else work-

ing in the field. Of course, we, like everyone else, had

no idea of the real prevalence of the disorder. Within

a few years it became apparent that the most common

form of senile dementia was in most aspects identical

to the very rare presenile AD, and then the real size of

the affected population began to dawn on us. But it

was not until 1976 that my colleague Robert Katzman’s

brief publication [6] brought the attention of clinicians

and government to bear on the problem.

Davidoff’s frontal biopsies were carefully excised

and excellently preserved, and readily revealed the first

EM (Siemens) images of the neurofibrillary tangle. I

think that ours at Montefiore had been the first elec-

tron microscope in a neuropath lab in 1954,but the

new Siemens apparatus in the Einstein lab was vastly

more effective. The only previous ultrastructural work

on the normal central neuron had been published by

Palay [12], but the microtubules were not very clear in

the published images. On that basis I thought that the

tangle was made up of twisted microtubules [15], but

Kidd proved correct in identifying the fibers as paired

helical filaments (PHF) [7]. My own micrographs had

displayed numerous circular profiles, so I persisted with

the twisted tubule notion until Wisniewski, Narang &

I presented a scale model which when sectioned to
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scale perfectly reproduced the EM images of PHF, and

explained the circular profiles on the basis of section

thickness [23].

Meanwhile the plaque proved more difficult to elu-

cidate. It was only after studying EM sections from

no fewer than 150 blocks, that I finally felt confident

to publish [17]. We identified the amyloid, the neu-

rites,the microglia and the astrocytes. Others published

soon thereafter, but Luse [9] apparently did not notice

the amyloid, and Kidd [8], even after trans-Atlantic

consultations, essentially confirmed all we had already

written. Suzuki and I applied the acid phosphatase tech-

nique to the sections proving that the dense bodies com-

mon in the dystrophic neurites were lysosomes [14].

We also suggested in that paper the possibility that ax-

oplasmic transport was reduced in the affected neurons

because of the diminished and twisted microtubules,

and that this might be relevant to the dystrophic neu-

rites.

Silver stains were slow, expensive and of variable

quality, so I turned to thioflavin S following the work of

P. Schwartz [13] who had used thioflavin T to demon-

strate senile amyloid in aged organs other than the brain.

With an excitation filter bluer than the usual FITC filter,

the images were brilliant and the technique was sensi-

tive, simple, quick and inexpensive. Manual counting

of plaques and tangles was feasible, but our correla-

tions with in vivo psychologic tests never came up to

the levels reported by Blessed et al. [1].

I managed to acquire an image analysis apparatus

(the first in a US neuropath lab) thanks to a generous

grant from the Kresge Foundation, and we began cell

counting utilizing the new editing capacity to separate

contiguous cells, eliminate blood vessels and artifacts,

and, also important, to measure the cross -section area

of the neuronal somata [19]. Neuron counts were sta-

tistically low in AD but did not correlate with cogni-

tion with the expected strength. Later counting corti-

cal neurons in normal aging (in specimens mostly pro-

vided by Joe Rogers, PhD) produced surprising results

which were at strong variance from the classical data.

We found that there was little or no loss of neurons

in normal aging, but significant shrinkage of the large

neuronal somata [16]. It is important to note that while

stereologic methods have recently replaced and even

condemned image analysis, careful results do not differ

from those we had reported [4,19]!

Meanwhile, in collaboration with Henry Wisniewski,

Dino Ghetti and others, we examined by EM the brains

of old dogs [22] and old monkeys [21]. We reported

that both species had typical plaques with amyloid, but

no PHF and no tangles.

In about 1976, Peter Davies, working in Edinbor-

ough, reported that choline acetyl transferase (ChAT)

was significantly depressed in Alzheimer cortex [2].

Peter was readily persuaded to join us in New York,

where we pursued the cholinergic aspects and other

chemical abnormalities including the deficiency of so-

matostatin [3].

The cholinergic findings opened the field to the phar-

macologists and neuro biologists.

It was a few years later, now at UCSD, that Eliezer

Masliah and I developed a technique for staining

synapses with anti-synaptophysin and for quantifying

their population density, first by image analysis [10].

The confocal microscope (I think ours was the first

in a neuropath lab) enabled even more precise, semi-

automated synapse counts [11]. Here, finally, we found

the sort of strong clinico-pathologic correlations with

tests of cognition that were entirely convincing of a

rational causal mechanism of dementia [18].

During those first 15 or 20 years, I was most fortunate

to have in the lab for a year or more Kinuko Suzuki,

Nick Gonatas, Mike Shelanski, Henryk Wisniewski,

Dino Ghetti, Mauro Dal Canto, Dick Horoupian, Roy

Weller, Jan Leestma, Fernando Aleu, Cedric Raine,

John Prineas, Peter Davies, Khalid Iqbal, Jim Powers,

Jim Goldman, Sue Yen, Dennis Dickson and several

other excellent people. I hesitate to say that I trained

them, because what I really did was simply to provide

the environment and leave them pretty much alone to

develop. Their collaboration and their individual work

played a major role in all our thinking and in whatever

we accomplished.

Indeed, I’ve been very lucky.
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Abstract. Understanding the pathophysiology and treatment of Alzheimer’s

disease is vitally important. Alzheimer’s disease threatens to affect currently at

least 30% of all individuals currently alive in the 12 most financially developed

countries, unless interventions are discovered to prevent or treat the disease. Al-

though memory loss is the cardinal symptom of Alzheimer’s disease, the patho-

physiological mechanisms leading to cognitive deficits are poorly understood. It

is difficult to address this problem in human studies, and impossible in cultured

cells. Therefore, animal models are needed to elucidate the molecular mecha-

nisms leading to dementia. A large number of animal models have focussed upon

the role of amyloid plaques in the pathogenesis of Alzheimer’s disease, because

amyloid plaques are an essential diagnostic feature of the disease. However, the

mechanism by which amyloid plaques or their principal molecular constituent,

the amyloid-β protein (Aβ), disrupt cognitive function is not well understood.

Herein, I describe my perspective on what we have learned about how Aβ impairs

memory from research on Alzheimer’s disease in mice and rats.

Keywords: Memory, transgenic, mice, rats, Morris water maze, operant behavioral task, Aβ oligomers

1. Natural history of Alzheimer’s disease

To appreciate the context in which animal mod-

els have helped us understand the pathophysiology of

memory loss, it is important to delineate the natural his-

tory of Alzheimer’s disease. Alzheimer’s disease has a

very insidious onset; we do not know precisely when

neural dysfunction begins. The brains of patients dying

with Alzheimer’s disease are devastated by widespread

plaques, tangles and neuron loss. In 1999 it became
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ment of Neurology, Mayo Mail Code 295, 420 Delaware Street, SE,

Minneapolis, MN 55455, USA. Tel.: +1 612 626 0652; Fax: +1 612
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clear that there is a prodrome to Alzheimer’s disease,

which is frequently referred to as mild cognitive im-

pairment [12]. These individuals have subjective com-

plaints and mild clinical abnormalities on examination.

The brains of individuals at this stage of illness have

some plaques and tangles, but neuron loss is restricted

to the entorhinal cortex [4,11].

Intriguingly, asymptomatic individuals at risk genet-

ically for Alzheimer’s disease have evidence of brain

dysfunction in functional magnetic resonance imaging

and positron emission tomography studies [2,13], sug-

gesting that there may be a latent phase of Alzheimer’s

disease. Although we do not know what kind of brain

pathology exists in these individuals, it is likely that

they have rare plaques and tangles, because these neu-

ropathological abnormalities appear in autopsy series
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of cognitively intact individuals after the age of 40 [9].

However, neuron numbers in asymptomatic individuals

are normal [11]. Thus, pre-clinical individuals at high

risk for Alzheimer’s disease have no neuronal loss but

may have subtle abnormalities in brain function.

2. Memory function in APP transgenic mouse

models of Alzheimer’s disease

When I began research on Alzheimer’s disease 1 year

ago, the role of structural changes in the pathogenesis

of the cognitive dysfunction, such as amyloid plaques,

neurofibrillary tangles, synaptic degeneration and neu-

ron loss, dominated the field, and still governs the con-

duct of much of the research today. In 1995 I began

to doubt the primacy of these structural abnormalities

when the first transgenic mice expressing the amyloid

β protein precursor (AβPP) created in my laboratory at

the University of Minnesota developed age-related neu-

rological deficits in the absence of plaques or neurode-

generative changes [6]. It became clear that focusing on

brain dysfunction, in addition to structural brain pathol-

ogy, was crucial and indispensable to achieving a gen-

uine and complete understanding of the pathogenesis

of Alzheimer’s disease. Thus, began an 11-year quest

to determine the molecular basis of brain dysfunction

in AβPP transgenic mice, which came to a successful

conclusion earlier this year when my colleagues and I

showed that a 56kDa soluble complex of Aβ, called

Aβ*56 in the brains of the Tg2576 mouse model of

Alzheimer’s disease that disrupts cognitive function in

the absence of amyloidosis or neuronal loss [5,10].

In Alzheimer’s disease there is severe neurodegener-

ation, but in the Tg2576 model there is memory impair-

ment without structural changes [5,8]. It is precisely

because of this difference that I believe our discovery of

Aβ*56 is so important. The identification and isolation

of Aβ*56, a highly specific form of soluble Aβ which

impairs memory in the absence of neurodegenerative

changes, offers the potential for detecting its correlate

in humans with pre-clinical Alzheimer’s disease. If

we are ever to develop truly effective treatments for

Alzheimer’s disease, we need to target the molecule

which initiates brain dysfunction and abort the disease

before permanent structural changes have developed.

The discovery of Aβ*56 provides a specific answer to

the central question of the nature of the molecular en-

tity initiating brain dysfunction in a mouse model of

Alzheimer’s disease, with attendant therapeutic impli-

cations.

3. Intellectual and technical advances leading to

the discovery of Aβ*56

Never before has the specific molecule causing brain

dysfunction in cognitively impaired animals modelling

a neurodegenerative disease been identified and iso-

lated. In the effort to determine the molecular ba-

sis of memory loss in Alzheimer’s disease, there were

numerous technical and intellectual hurdles to over-

come. The first major technical challenge was to create

a transgenic mouse model amenable to memory test-

ing. Drawing upon experience creating the first trans-

genic mouse model of neurodegenerative disease, an

inherited form of prion disease [7], my colleagues and

I created Tg2576 mice by expressing mutant AβPP at

adequately high levels in the appropriate background

strain of mice [5]. The second challenge was to de-

velop memory tests for mice with sufficient sensitivity,

specificity and dynamic range. Valuable discussions

with Michela Gallagher at Johns Hopkins University

led us to tailor the Morris water maze to suit mice in

different background strains [14]. The third challenge

was to separate brain proteins with high fidelity into

fractions corresponding to relevant subcellular com-

partments. The secret to overcoming this problem in-

volved a series of biochemical extractions of brain tis-

sue meticulously designed by Sylvain Lesné, in my

laboratory [10]. The fourth challenge was to develop

a highly sensitive cognitive bioassay for soluble Aβ

oligomers. James Cleary at the Minneapolis VA Med-

ical Center and I developed a suitable rat operant be-

havioral paradigm that is at least one order of magni-

tude more sensitive than traditional rodent behavioral

tests, such as the Morris water maze. In collabora-

tion with Dennis Selkoe and Dominic Walsh at Harvard

Medical School, we demonstrated adverse effects on

cognitive function of 20 µl of picomolar solutions of

Aβ oligomers injected into the cerebral ventricles of

healthy, young rats [3]. Michela Gallagher and Ming

Teng Koh then extended these studies to show that

Aβ*56 injected into the lateral ventricles of young rats

transiently disrupted spatial reference memory using a

modified, highly sensitive version of the Morris water

maze [10].

The main intellectual dilemma was appreciating that

the solution to the enigma that the dramatic increase in

all previously measured Aβ occurred at a time when

memory deficits were unchanging implied the existence

of a specific soluble complex of Aβ which disrupted

memory in the absence of neuronal loss or Aβ amyloi-

dosis, called Aβ* [1]. Another was recognizing that
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ELISA assays, which have become the standard method

for measuring Aβ, fail to detect Aβ*. A third was

becoming aware that Tg2576 mice mimick pre-clinical

Alzheimer’s disease better than they resemble actual

Alzheimer patients.

We surmounted the intellectual and technical ob-

stacles along the road leading to the discovery of the

56 kDa soluble complex of Aβ because stimulating and

fruitful collaborations both within and outside my lab-

oratory and University. In addition to the individuals

named above, Greg Cole at UCLA, Steven Younkin at

Mayo Clinic Jacksonville and Brad Hyman at Harvard

Medical School helped to perform the first molecular

pathological and biochemical characterizations of the

Tg2576 mouse. These individuals, along with George

Carlson at the McLaughlin Research Institute and Paul

Chapman at Cardiff University, helped formulate the

Aβ* hypothesis.

4. Conclusion

Animal models are essential for elucidating the

pathophysiological and molecular mechanisms leading

to dementia in Alzheimer’s disease. Transgenic mouse

models expressing Aβ, the principle molecular compo-

nent of amyloid plaques in Alzheimer’s disease, have

helped to determine the molecular and cellular pro-

cesses involved in producing cognitive deficits. Soluble

Aβ oligomers are the leading candidate for Aβ species

responsible for disrupting memory in AβPP transgenic

mice. Recently, we identified and isolated a soluble

Aβ complex, called Aβ*56, causing memory deficits

in the Tg2576 mouse model of Alzheimer’s disease.

If Aβ*56 can be detected and successfully targeted

in humans with pre-clinical Alzheimer’s disease, then

this would be likely to have a similar impact in the

field of neurology as the early detection and treatment

of high blood pressure and high cholesterol have had

in the field of stroke and myocardial infarction pre-

vention. Thus, the study of a mouse model of pre-

clinical Alzheimer’s disease has been a valuable en-

deavour because it may lead to therapies that will

prevent the irreversible structural changes found in

Alzheimer’s disease. Although the Tg2576 model, cre-

ated in my laboratory, is the most widely used model

of Alzheimer’s disease in the world, the majority of

investigators using the model have yet to recognize that

it more closely mimics individuals at high risk for de-

veloping Alzheimer’s disease than it resembles actual

Alzheimer patients. This knowledge, together with

our discovery of Aβ*, places the Alzheimer’s research

community in the position of being able to develop

interventions for treating Alzheimer’s disease before

significant structural changes have occurred.
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Abstract. Researchers since the 1990s have predominantly

focused on the amyloid hypothesis and the formation of

amyloid fibrils as the culprit behind AD when we began

working on soluble Aβ (sAβ). Unexpectedly, this work

produced several novel findings. First, we observed that

N-terminal truncated peptides are the major components

of soluble and insoluble Aβ in AD; secondly, that all sAβ

species belong to the 42 form and the sAβ x-40 species

is virtually absent in AD parenchyma; thirdly, that Aβ 42

in the soluble form is non-detectable by immunoblots inPierluigi Gambetti Massimo Tabaton

plaque-free, normal brains. The later observation that sAβ 42 species is present in amyloid β protein precursor

(AβPP) over-expressing brains of patients with Down syndrome in prenatal and early postnatal development argued

that sAβ is present in brain in abnormal conditions and that its appearance seeds Aβ aggregation and accumulation.

Although the sAβ we described in intact brain tissue appeared to match the soluble Aβ oligomers detected in cell

media, which were subsequently shown to be the most toxic form of Aβ, our research has been virtually ignored

by the Alzheimer field. It continues nevertheless. Recently we demonstrated that the sAβ species present in

physiologically aging brains are different from those present in brains with sporadic AD as the latter form oligomers

more quickly, are more toxic to neurons, and produce more severe membrane damage than the Aβ species associated

with normal brain aging. Furthermore, in familial AD, the composition of soluble Aβ appears to dictate distinctive

features of the disease phenotype introducing the notion of Aβ strains, a concept well established in prion diseases.

1. Once upon a time there were insoluble fibrils

Amyloid fibrils and paired helical filaments. . . the

veterans of Alzheimer research have been haggling

with these terms for a long time. After the first de-

scription of their fine structure [25], amyloid and paired

helical filaments (PHF) have been considered the main

structural lesions of Alzheimer’s disease (AD). But

which of them is the real culprit? To answer this ques-

tion, scientists in the early eighties examined correla-

tions; they morphometrically assessed these two lesions

at autopsy in subjects cognitively tested shortly before

death. These quantitative studies, however, failed to

identify the primary lesion.

The identification of β-protein, or A4 (later called

amyloid-β) [Aβ], as the constituent of amyloid fibrils,

and the cloning and positioning of its precursor protein

(AβPP) gene, led to the amyloid, or cascade, hypoth-

esis. This hypothesis was put forth when, besides the

evidence of Down’s syndrome, it was shown that AβPP
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mutations caused familial AD and also when it was

demonstrated that amyloid fibrils killed neurons in cul-

ture [5,6,8,10,13,31]. By then, we were in the nineties

and all researchers who believed in the amyloid hypoth-

esis were focused on understandinghow Aβ could form

amyloid fibrils. Other topics of interest were the chem-

ical and physical properties of Aβ and the length of its

C-terminus. Primarily, however, researchers wanted to

know how amyloid fibrils caused toxicity in neurons.

The culprit turned out to be the insoluble fibrils; they

were visible, rigid and sticky. These fibers had all the

features of the Bad and the Ugly. In contrast, Aβ by

itself was the Good, since, as reported by Selkoe et al.,

Aβ, at low, non-forming fibril concentrations, actually

promoted neuronal survival [29].

2. The concept of soluble amyloid-β

The idea of working on soluble Aβ (sAβ) came to us

in 1991. By this time, the use of anti-Aβ antibodies had

led to the discovery of diffuse plaques and their amor-

phous non-fibrillary appearance [30]. We predicted that

diffuse plaques were different from neuritic plaques in

terms of Aβ species and associated proteins, and we

chose to examine the cerebellar cortex because it was

the brain region that exclusively contained such diffuse

plaques. The first study was carried out in AD brains

using immunoblot to compare fractions extracted with

various detergents from the cerebral cortex with similar

fractions extracted from the cerebellum. Differences

between the cerebral cortex and cerebellum were not

found. Paradoxically, the use of detergents to extract

Aβ caused poor peptide resolution and a smear of reac-

tivity that blurred the actual migration of the peptides;

immunoblots were still developed with diaminobenzi-

dine at the time.

In 1992, Steven Younkin and his group at the Insti-

tute of Pathology of Case Western Reserve University

and Selkoe’s group, independently, discovered that Aβ

is normally produced by cells, and that in the cell media

Aβ was present in a soluble, non-aggregated form [7,

21]. We were aware of the Younkin’s finding prior to

its publication as Steve worked on the same floor as we

did and had informed our group of their results. The

evidence that sAβ was produced under normal condi-

tions triggered our decision to immediately search for

sAβ in brain tissue of normal and AD subjects in or-

der to answer two questions: First, whether sAβ was

present in the soluble fraction of brain tissue from in-

dividuals who were not only cognitively intact but also

free of amyloid, neuritic and diffuse plaques; secondly,

whether soluble and insoluble Aβ present in the AD

brains had the same composition.

The project was straightforward. We analyzed water-

soluble and insoluble fractions of the cerebral cortex

and cerebellum from AD cases. As normal controls we

used cerebral cortex and cerebellum from age matched,

normal individuals that immunocytochemistry on sec-

tions obtained from the very same brain tissues used

to generate the fractions excluded the presence of all

types of AD plaques [22].

3. A novel pattern of Aβ composition

The results were unexpected. Water-soluble Aβ,

immunoprecipitated from AD brains, was loaded onto

Tris-Tricine gels, and detected on blots using 4G8 an-

tibody. Results revealed three sharp bands of 4.5 kDa,

4.0 kDa, and 3.3 kDa, respectively. Using monoclonal

antibodies specific to different portions of Aβ and to

the C-termini 40 and 42 (provided by Drs. Seubert

and Shenk, Elan Inc., and Takeda, Inc.), we were able

to establish that the low MW bands corresponded to

the N-terminal truncated Aβ species and that all the

Aβ peptides belonged to the long “42” form. More-

over, the intermediate 4 kDa band was consistently the

most prominent in all 20 AD cases examined. Insolu-

ble Aβ, extracted from amyloid fractions with formic

acid, showed an identical immunoblot pattern. We also

ascertained that water-soluble Aβ was not detectable

with this particular method in the cerebral cortex that

was free of plaques. Instead, immunoblots performed

on the cerebrospinal fluid (CSF) from normal subjects

demonstrated a single 4.5 kDa band corresponding to

full-length Aβ 1–40/42.

This study disclosed many novel findings that were

further defined by us at a later date. It also included data

that would be published by other investigators in the

years following our original work. Firstly, our research

established that N-terminal truncated peptides are the

major components of soluble and insoluble Aβ in AD.

Secondly, we showed that all Aβ species belong to the

42 form and the Aβ x-40 species is virtually absent in

AD parenchyma. Previous direct analysis of amyloid

fractions yielded the wrong Aβ composition, probably

due to large parts of Aβ species being lost by harsh

extraction methods [14]. Hence, our method was the

first to allow for the precise determination of the type

of Aβ species that accumulates in AD brains, as was

confirmed in the following years [9,19]. Thirdly, our
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study demonstrated that Aβ 42 in the soluble form is

non-detectable by immunoblots in plaque-free, normal

brains. Advances in ECL sensitivity allowed us to

ascertain eight years later that 1 ng is the threshold

amount for Aβ 1–42 detection in immunoblots using

4G8. Concomitantly, a sandwich ELISA assay with

a detection limit of 5 pg for Aβ 42 (IBL, Gumna)

failed to detect Aβ 42 in soluble fractions obtained from

normal cerebral cortex from 40–60 year-old, plaque-

free individuals [23]. This finding implies that Aβ

42 does not exist in significant amounts in the normal

brain, and that its appearance seeds Aβ aggregation.

This, in turn, triggers the process of Aβ accumulation,

which is the initial event in AD. These results also argue

for the presence of a mechanism rapidly binding or

breaking down Aβ 42, such as the complex system of

extracellular proteases (neprylisin, IDE, plasmin, etc.)

discovered in later years.

So, our first study had in its core many data that were

subsequently shown to be critical in the understanding

of AD pathogenesis. Nevertheless, the study [22] was

almost ignored by the Alzheimer field. Why?

4. The reasons for an unsuccessful discovery

We failed to exploit the potential of our findings. We

did not precisely characterize (with mass spectrometry)

the composition of sAβ. We also failed to emphasize

and quantitatively determine the predominance of the

N-terminal truncated Aβ species over the full-length

form, nor did we determine the state of aggregation of

sAβ. This characterization was completed only in our

follow-up studies. Perhaps the most important omis-

sion was that we did not bring to the forefront the con-

cept of sAβ being absent in the normal brain. As we

stated above, Aβ 42 species is virtually undetectable

in soluble brain fractions from normal brain. That is

the crucial point: the appearance of Aβ 42 in the solu-

ble fraction of cerebral cortex and its detection in im-

munoblots mark the initial formation of soluble and dif-

fusible Aβ aggregates. It is the first clear sign that the

process of Aβ accumulation has started. Only recently,

in an article revealing that Aβ is different in AD than in

normal aging, we demonstrated that in the presence of

diffuse plaques, sAβ constitutively exists in the brain

in the form of small aggregates larger than 10 kDa and

composed of a mixture of variable Aβ species. These

aggregates separate under denaturing conditions into

monomers and several SDS-resistant oligomers [15].

Thus, we were not effective in the presentation of

our data, and our message was neither received nor un-

derstood. We also encountered an inexplicable, silent

(in one instance public) opposition to our data and con-

clusions, which were systematically ignored or repro-

duced, at least in part, without sufficient acknowledge-

ment. Perhaps, researchers who were influential at the

time were unsympathetic to the idea that data from cell

cultures showing the presence of Aβ under normal con-

ditions might not be applicable to brain tissue in situ.

Several groups claimed to have found sAβ in normal

brains following ELISA quantification of “soluble” Aβ

extracted with detergents or formic acid [11,20]. Un-

fortunately, most of these studies used the brains of

cognitively-intact elderly people as controls. These

brains almost invariably contain diffuse plaques, a sign

that the process of Aβ accumulation has already oc-

curred. The basic concept of sAβ, the native counter-

part of the toxic diffusible oligomers, was still misun-

derstood.

5. Our studies on soluble Aβ go on. . . slowly

In 1992–1993, we planned the studies that we were

going to carry out in the following years: direct analysis

of sAβ species, timing of Aβ appearance and accumu-

lation, and type and pattern of Aβ species in early-onset

familial AD. The execution of this plan slowed down

for logistical reasons (i.e., one of us went back to Italy

to an unfinished lab). The studies were re-initiated in

1995 with an important contribution by Claudio Russo,

a research associate from Italy, who came to Cleveland

to work on these projects.

Our collaboration with Takaomi Saido, who gener-

ously provided antibodies specific for various Aβ N-

termini, allowed for the initial characterization of the

sAβ composition, which was later better defined with

MALDI-TOF mass spectrometry (MS). Using epitope

mapping, we determined that a) the Aβ forming the

highest MW band on the immunoblot started with an

aspartic acid at position 1; b) the peptide best repre-

sented in AD was Aβ 3–42, with the glutamate cyclized

into pyroglutamate, and was the major part of the inter-

mediate 4 kDa band; and c) Aβ pyroglutamate 11–42

migrates with the smaller 3.3 kDa band. Analyses with

MS then demonstrated other Aβ species truncated at

the N-terminus, including 2–42, 3–42 and 4–42, that

were not detectable in all cases of AD. Results also

showed that Aβ 1–40 was found only in AD cases with

intense parenchymal amyloid angiopathy [17,18]. The
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timing of sAβ aggregation and accumulation was inves-

tigated by analyzing the brains of 22 cases of Down’s

syndrome spanning both prenatal and postnatal peri-

ods. Soluble Aβ 42 was detected in half of the fetal

brains, and in all postnatal cases, even in the young

cases (from 4 days up to 14 years old) where diffuse

amyloid plaques had not yet formed. In the same study,

we established that the pyroglutamate 3–42 peptide ap-

peared later than the full-length form, and its appear-

ance correlated with the formation of amyloid plaques.

Soluble Aβ1–40 and Aβx-40 were not detected in any

Down’s syndrome case examined [24]. This study had

two major implications: 1) the overproduction of total

Aβ due to AβPP over expression in Down’s syndrome,

causes the seeding of only the Aβ 42 species; and 2)

the initial seeding may begin more than a decade before

amyloid fibrils are formed.

6. How are the soluble and diffusible Aβ oligomers

in vitro related to the soluble Aβ aggregates in

brain tissue?

In 1995, Podlisny et al. in Selkoe’s group re-

ported that sAβ secreted in vitro forms SDS-insoluble

oligomers [16]. The same group reported in a series

of articles written between 2000 and 2002 that Aβ

oligomers secreted by cells cause neuronal dysfunc-

tion in vivo [26,28]. These findings revolutionized

the concept of amyloid toxicity and changed the inter-

pretation of AD pathogenesis. As was subsequently

demonstrated, Aβ oligomers are more neurotoxic than

Aβ fibrils [27]. This propensity for toxicity applies

to other amyloid-forming peptides [1]. The soluble

and diffusible Aβ oligomers were identified as the ac-

tual trigger of AD pathogenesis, and various hypothe-

ses were put forward to explain how they caused neu-

ronal dysfunction and degeneration [12]. This novel

line of research was well received. The term “soluble

Aβ” became a hot buzzword among researchers, and a

large part of subsequent studies in the Alzheimer field

focused on this issue.

We were surprised by the lack of acknowledgement

of our study on brain sAβ. The soluble Aβ that we

previously had described clearly looked like the native,

diffusible aggregates that Selkoe et al. had found in the

cell media and that were neurotoxic upon inoculation

into mouse brain. Furthermore, our studies on Down’s

syndrome, that had demonstrated the existence of sAβ

oligomers in the absence of amyloid, could further sup-

port the hypothesis that under special conditions, such

as overproduction, soluble Aβ aggregates could exist

in human brain in the absence of detectable amyloid. A

possible explanation for the apparent discrepancy be-

tween Selkoe et al.’s data on cell culture and ours on

intact brain tissue is that Aβ is indeed produced under

normal conditions but in brain tissue it is immediately

sequestered or rapidly catabolized, possibly with the

participation of other tissue components. When this Aβ

removal mechanism is overwhelmed by overproduc-

tion, as in Down’s syndrome, or by impaired removal,

Aβ deposition and plaque formation start. Later, we

were even more surprised when several groups began

to search for native, soluble Aβ oligomers in brain tis-

sue using correct, albeit complicated, methods such as

using antibodies specific for the conformation of Aβ

small aggregates. These studies completely ignored

the fact that almost ten years earlier we had shown

that the presence of sAβ could be demonstrated with

a simple immunoblot [4]. “Our” soluble Aβ seems to

have disappeared from the literature, but, as we stated

above, perhaps we were not vocal enough. So, the

brain sAβ remained damned elusive. . . like the Scarlet

Pimpernel, “we sought it here, we sought it there. . . ”.

7. The composition of soluble Aβ dictates the AD

pathologic phenotype: the concept of “Aβ

strains”

The study of the sAβ pattern in familial AD, planned

in 1993, was carried out in 1999. The results demon-

strated that the soluble and plaque-related Aβ species

truncated at the N-terminus preferentially accumulated

in the brains of subjects carrying presenilin-1 (PSEN1)

mutations as compared to sporadic AD. This suggested

that PSEN1 not only affected the γ-secretase cleavage

but also cleavage by β-secretase [18]. Furthermore,

the over-representation of the Aβ N-terminus truncated

species was associated with a more malignant pheno-

type of AD as determined by the earlier age of onset

and the more rapid course.

We suspected the existence of a correlation between

the molecular pattern of sAβ and the disease pheno-

type, and also that this correlation might reflect the

type and degree of Aβ neurotoxicity. We pursued this

idea in several different ways. One avenue was the

comparative study of the sAβ species associated with

physiological brain aging and with sporadic AD. Even

in cognitively-intact individuals, aging of the brain is

very often associated with Aβ deposition but not with

NFT, suggesting that in these subjects Aβ accumula-
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tion does not produce neuronal damage [2]. When

we compared plaque-containing, but NFT-free brains

from cognitively-intact individuals against AD brains,

the results were striking. We found that the species of

sAβ present in physiologically aging brains was differ-

ent from those present in brains with sporadic AD; the

full-length 1–42 was the predominant Aβ species in

brain aging, while in AD the N-terminus truncated py-

roglutamate 3–42 Aβ species was the best represented.

We also observed that the Aβ species associated with

AD forms oligomers more quickly, are more toxic to

neurons, and produce more severe membrane damage

than the Aβ species associated with normal brain ag-

ing [15]. Hence, the two different patterns of soluble

Aβ have specific properties of aggregation and toxicity

that correspond to two quite different phenotypes: 1.

“normal” brain aging, characterized by scarce neuronal

pathology and normal mental status; 2. AD.

A second approach to the study was the correla-

tion between disease phenotype and Aβ species, or Aβ

strains, provided by a case study of an early-onset AD

brain bearing a novel PSEN1 mutation. The disease

presented in the third decade with a cerebellar syn-

drome and myoclonus later followed by rapidly pro-

gressive dementia. The clinical diagnosis was atyp-

ical prion disease. The histopathological examina-

tion showed a novel pattern of Aβ deposition that was

widespread and abundant and heavily involved in the

cerebellar cortex, where diffuse amyloid plaques were

associated with severe loss of the Purkinje cell arboriza-

tion. This PSEN1 mutation caused a novel pattern

of Aβ secretion in PSEN1 mutated cells characterized

by a three-fold increase of both the 40 and 42 Aβ

species. The combination of the soluble and insoluble

Aβ species present in the brain tissue was also novel:

About 90% of the accumulating Aβ, which included

not only the 42 but also the 40 C-terminus species, was

N-terminal truncated. These findings illustrate a simi-

larity between the scrapie prion protein (PrPSc) of prion

diseases and the Aβ protein of AD that is much closer

than previously suspected. In prion diseases, different

conformers of PrPSc, termed prion strains, dictate the

phenotype, in terms of age at onset and duration of

the clinical disease as well as distribution, severity, and

timing of the brain alterations [3]. It is tempting to

speculate that the combination of different Aβ species,

determined by genetic and epigenetic factors, leads to

differently conformed Aβ soluble aggregates that ex-

hibit a large spectrum of toxicity. The term “Aβ strains”

seems appropriate to label this novel concept. Perhaps

with our contributions, and those of other laboratories,

sAβ is becoming less elusive now.
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Abstract. Progress in understanding and treating

Alzheimer’s disease (AD) has been tremendously bolstered

by the era of transgenic models of AD. The identification of

disease-causing mutations in proteins such as amyloid-β pre-

cursor protein (βAPP) and presenilin1 (PS1), together with

the discovery of other high risk factors (e.g., Apolipopro-

tein E4), as well as pathogenic mutations in the tau protein

has led to the creation of several transgenic mice, including

those expressing bi- and tri-genic constructs. Each modelDora Games Dale Schenk

has unique pathologies that provide insights into disease mechanisms and interactive features of neuropathologic

cascades. More importantly, therapeutic hypotheses are now testable in a manner unheard of less than 15 years ago.

The wealth of new approaches currently in clinical and preclinical evaluations can be directly attributed to the impact

of these animals on our ability to model relevant aspects of the disease. As a result, we may see containment or even

the elimination of AD in the near future as a direct consequence of these advances.

Keywords: Transgenic mice, βAPP, amyloid-β, Alzheimer’s disease, plaques, pathology, therapeutic, immunization

1. Introduction

One hundred years after Alzheimer’s disease (AD)

was first described in a demented female patient, trans-

genic mice have been engineered that express bits of

human genetic material and develop neuropathologies

that resemble her catastrophic disease. Today we take

transgenic mouse models of AD for granted; however,

a little over a decade ago they did not exist at all. These

valuable animals are now extensively used for both

mechanistic studies and the evaluation of previously

untestable potential therapeutic interventions. The pur-

pose of this commentary is to review a few illustra-
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tive examples of the applications to AD research and

the subsequent advancements made possible since the

first transgenic AD models were identified in the mid

1990s. Insights about the complex components of dis-

ease continue to emerge as the use of these mice and

their descendents escalate in the AD field. This expe-

dited progress in disease modeling offers real hope for

the eventual treatment and cure of AD.

1.1. The first generation of transgenic mouse models

of AD

Transgenic mice are produced by the introduction of

a human gene sequence into the mouse genome, re-

sulting in expression of a human protein. This is most

commonly achieved by the microinjection of a comple-

mentary DNA construct, but genomic fragments com-

plete with promoters, introns and exons have been used
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to express a single whole gene, while other methods

manipulate endogenous genes to “knock in” a human

sequence. Regardless of the tactic, the challenge of

creating a mouse model of AD involves recapitulating

a chronic, progressive disease that takes decades to de-

velop in humans within the short lifespan (about two

years) of a mouse.

In the early to mid-1990s several laboratories at-

tempted to generate such mice by overexpressing a va-

riety of human amyloid-β precursor protein (hβAPP)

constructs and by using various promoters. At the time,

our laboratories had tried for many years to develop any

kind of in vivo model; not using only transgenic tech-

nology, but also grafts of transfected cells and infusions

of amyloid-β peptide (Aβ) directly into the brain [33].

None of these early approaches produced anything that

looked like an amyloid plaque or other recognizable

AD-type pathology. The first report of amyloid depo-

sition in a transgenic mouse was published in 1991 by

Quon et al. [86]. This effect was produced by express-

ing wildtype βAPP751 under control of the NSE pro-

moter. Although deposits meeting classic plaque crite-

ria were very rare and infrequent, the mice did exhibit

age-related cognitive deficits. At that time, the paucity

of overt AD pathology made disease-related implica-

tions of the behavioral findings difficult to place, al-

though recent behavioral studies support non-plaque,

Aβ-related effects on cognition (see “Behavioral Ab-

normalities” below). The creation of a robust animal

model of amyloid deposition remained elusive, and was

an unyielding roadblock that blocked the assessment of

therapeutic approaches.

At the heart of most attempts to create an βAPP

transgenic mouse was the goal of expressing enough

hβAPP in the CNS to produce amyloid deposits. After

many years of searching for this signature trait, mice

were created by Exemplar, Inc. that expressed high lev-

els of hβAPP in the CNS. We examined the brains of

mice that were a year old, reasoning that plaque pathol-

ogy might take time to accumulate in mice as it does

in humans. We were able to see numerous extracellu-

lar deposits of human Aβ in the cortex and hippocam-

pus of the first brain we examined. We subsequently

found that a number of these deposits were associated

with dystrophic neurites and, as in human AD cases,

activated astrocytes and microglia. We contacted Dr.

Eliezer Masliah, who performed the first confocal anal-

ysis of these lesions and confirmed what we saw using

standard light microscopy. We were very encouraged;

it was possible, after all, to model a number of aspects

of AD pathology in mice. This confirmed that endoge-

nous enzymatic processes had cleaved human βAPP

and produced Aβ that was appropriately deposited into

plaques. Better yet, this meant that relevant biologic

systems were in place that would support therapeutic

target discovery for AD.

1.2. Common features of βAPP transgenic mice

We named the animal that we examined the “PDAP-

P” mouse, a shortened nomenclature for the PDGF-β

chain promoter that was driving the “Indiana” mutation

(βAPP V717F) associated with certain cases of famil-

ial AD [79] which increased the relative proportion of

the more aggregation-prone Aβ isoform Aβ42 [96]. A

minigene construct allowed for alternative splicing to

overproduce all three major βAPP isoforms on a mixed

triple background strain (C57bl6 XSWXDBA), result-

ing in a four to six fold increase in expression of hβAPP

compared to endogenous mouse protein. In subsequent

analyses [32] we found that similar to AD, diffuse and

compacted plaque pathology developed over time. Re-

gions of the brain that were first affected at around 6

months of age were the cingulate cortex and hippocam-

pus, followed by an accelerated involvement of the re-

maining cortex and certain subcortical areas such as

the striatum and thalamus, but not the cerebellum [52].

Dystrophic neurites were closely linked to the com-

pacted plaques, as were the first waves of astrocytosis

and microgliosis. Importantly synaptic loss was also

identified in the cortex and hippocampus, accompanied

by further gliosis. Cytoskeletal abnormalities, includ-

ing the accumulation of phosphorylated neurofilaments

and tau, have also been documented at the ultrastruc-

tural level [70]. Although the cytoskeletal alterations

did not form the paired helical filaments typical of AD,

the displacement of filaments from an axonal to so-

matic location, as well as their accumulation in dys-

trophic neurites resembled some aspects of early AD

pathology. However, the severity and abundance of

these cytoskeletal abnormalities were mild compared to

the human disease. The development of more aggres-

sive neurofibrillary (NFT) pathology would come later,

with the creation of bigenic mice (See “NFT Pathol-

ogy” below). Interestingly, synaptophysin immunore-

activity (used as a correlate measure of synaptic loss),

was decreased in young transgenic mice prior to plaque

deposition, but worsened with age. Could these early

changes be due to the overexpression of βAPP or sol-

uble (not deposited) Aβ. Answers to questions such as

these would have to await the advent of Aβ-lowering
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agents that could be administered to the mice (See “Im-

munotherapy” below).

In 1996, Hsiao et al. described a transgenic mouse

(Tg2576) that used the hamster prion promoter to ex-

press another disease-causing mutated form of βAPP

(K670N/M671L,“βAPP Swedish”, βAPPSwe) that in-

creases total Aβ production. The Tg2576 mouse also

deposited Aβ plaques, formed neuritic dystrophy and

developed gliosis beginning at around 6–10 months, as

well as progressive behavioral deficits [44]. The devel-

opment of this mouse also underscored the interactive

effects of background strain on pathology and survival,

since early death affected the mice when bred to FVB/N

or C57Blk6 strains, but not the C57Blk6/SJL combi-

nation. The confirmation of AD-type pathology in a

second mouse line using a different promoter to drive a

different mutation highlighted the reliability and power

of the transgenic approach for modeling this chronic

disease. The Tg2576 mouse has since become the most

widely used transgenic mouse in the AD field, and has

been crossed with several other transgenic mice, in-

cluding those for bigenic studies (See “Genetic Manip-

ulations” below).

The recapitulation of Aβ plaque and plaque-related

pathologies was described by Sturchler-Pierrat et

al. [94] in another line, the APP23 mice. The Thy1

promoter was employed to drive strong neuronal ex-

pression of hβAPP with the βAPPSwe mutation. In ad-

dition to the predominantly cortical and hippocampal

Aβ and neuritic plaque pathologies, these mice were

reported to have some neuronal loss in the hippocampal

CA1 region, which correlated with plaque load (also

see “Neuronal Loss” below). More recently, neocorti-

cal cell loss was also described in these mice, despite in-

creased neuronal numbers at a young age [7]. An espe-

cially predominant feature of these animals was severe

vascular amyloid pathology, or cerebral congophilic

amyloid angiopathy (CAA) [107]. Indeed, the vascular

damage was so pronounced as to model certain aspects

of hemorrhagic stroke. The emerging picture became

clearer: plaques, neuritic pathology (Fig. 1) and gliosis

were common features of hβAPP transgenic mice, but

certain other aspects of pathology (e.g. vascular amy-

loid) differed amongst models (Table 1). Among the

myriad factors influencing pathology were background

strain, promoter, hβAPP mutation, expression levels

and ratios of Aβ40:Aβ42 production.

Other successful transgenic approaches involved the

introduction of entire genomic copies of the hβAPP

gene (R1.40 YAC [57,59]), expression of very effective

combinations of mutations to increase Aβ levels and ac-

celerate pathology (TgCRND8 [17] and gene-targeting

to produce Aβ deposition in the absence of hβAPP

overexpression (βAPPNLh/NLh/PS1P262L/P264L [30]).

1.3. Degenerative changes in transgenic mice

Despite difficulties with producing widespread neu-

ronal loss in transgenic mice (Also see “Neuronal Loss”

below), both hβAPP and presenilin 1 (PS1; a second

gene linked to certain familial AD cases [92]) trans-

genic mice develop several anatomical deficits that

should adversely affect neuronal function. Synaptic

loss, a strong correlate to cognitive decline in AD, is

evident in some [32,78] but not all [97] models. Impor-

tantly, this substrate of neuronal function can be mod-

ulated by altering Aβ levels (Fig. 2; See “Immunother-

apy” below). A number of detrimental changes in

the cholinergic system have also been reported in

hβAPP and PS1 transgenic mice, including degen-

eration of choline acetyl transferase (ChAT)-positive

fibers [68], an alteration of vesicular acetylcholine

(VAChT)-immunoreactive bouton densities [45], re-

ductions in cholinergic terminal density [2,35], as well

as a reorganization of cortical terminals [109]. Fib-

rillar amyloid deposition is frequently associated with

neuritic pathology (Fig. 1), and with synaptic abnor-

malities and breakage of neuronal branches [101], as

well as the focal loss of neurons [102]. Evidence of

altered brain metabolism including decreased glucose

utilization [88,103] and N-acetylaspartate (NAA [105])

has also been reported. Others have reported deficien-

cies in long-term potentiation (LTP [62,100]) and other

measures of synaptic transmission [29], as well as dis-

turbances in sleep and circadian rhythms [46]. These

impairments are likely due to a variety of factors, as

deficits in pre-plaque-bearing mice have also been re-

ported, including LTP transmission [36,82], corpus cal-

losum length [38] dendritic structure [110] and dentate

gyrus volume [87].

1.4. Behavioral abnormalities

In addition to the AD-like histopathological fea-

tures of hβAPP and PS1 transgenic mice, these mouse

models also demonstrate cognitive deficits that have

been extensively examined (Table 2). Impairments

in memory-based tasks have been described in sev-

eral hβAPP transgenic models, including PDAPP,

Tg2576, APP23, and TgCRND8 mice. The majority

of these hβAPP transgenic mice have abnormalities in

hippocampally-mediated spatial memory tasks such as
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Table 1

Key Features of Representative Transgenic Mice

Phenotype

Mouse Transgene Strain Promoter AP INeur. DN VA Gli Syn NFT NL COG Ref

Aβ Loss

NSEAPP βAPP 751 JU NSE + + − − ++ [86]

PDAPP βAPPIndiana B6/D2/SW PDGF-b + + + + ++ + + + + ++ − − ++ [32]

Tg2576 βAPPSwe B6/SJL PrP ++ + + ++ ++ − − − ++ [44]

APP23 βAPPSwe B6/D2 Thy1 + + + ++ + + + + + + − − + ++ [94]

PSAPP βAPPSwe PS1

M146L

B6/SW/D2 PDGF-b

PrP

+ + ++ + + + ++ + + + − − − ++ [43]

APPDutch βAPP E693Q B6 Thy1 + + + ++ + + + [41]

TGFβ1/APP TGF-

b1βAPPSwe

APIndiana

Balbc/SJL/

B6/D2

GFAP

PDGF-b

+ + + + + ++ [112]

TAPP Tau P301L

βAPPSwe

B6/D2/SW PrP ++ + ++ ++ ++ + NA [64]

3XTG PS1 M146V

βAPPSwe

Tau P301L

B6 Thy1.2 ++ + + ++ + + + + + + ++ [82]

APP-PS1 βAPPSwe,

βAPPLondon

PS1M146L

B6/CBA Thy-1

HMG

+ + + + + ++ + + + + + + − + + + [91]

Mouse strains: B6 = C7BL6; D2 = DBA2; SW = Swiss Webster

Phenotypes: AP = Amyloid Plaques; INeur. Aβ = Intraneuronal Aβ; DN = Dystrophic Neurites; VA = Vascular Amyloid;

Gli = Giosis; Syn Loss = Synaptic Loss; NFT = Neurofibrillary Tangle Pathology; NL = Neuronal Loss; Cog = Cognitive Deficits

Symbols: + = present; ++ = consistent feature; + + + = abundant; + + ++ = very abundant; − = not present; blank square: not reported

NA: Not applicable due to other deficits

Table format modeled after Higgins et al. [42].

Fig. 1. Examples of Aβ plaque and related pathologies typical of transgenic mouse models of AD. Aβ plaques reacted with a human-specific

Aβ antibody (3D6- recognizing the first 5 amino acids of Aβ), in sections of the neocortex from an (A) AD brain and (B) the PDAPP transgenic

mouse. (C) Plaque associated dystrophic neurites, labeled with an antibody against human βAPP (8E5). (D) Confocal image of a compacted

amyloid plaque (red) associated with dystrophic neurites (green) in a PDAPP mouse.

the water maze, the radial arm water maze, the circu-

lar holeboard maze, contextual fear conditioning, op-

erant learning, passive avoidance, and the T- and Y-

mazes [11,13,17,20,22,24,43,46,53,55,85,106]. In ad-

dition, hβAPP mice display impaired performance in a

number of non-spatial memory tasks, including audi-

tory startle, eyeblink conditioning, object recognition,

and paired pulse inhibition [11,24,58,72,104]. While

some aspects of all of these impairments are present be-

fore the appearance of Aβ deposits in singly-transgenic

hβAPP mice, other deficits in working memory re-

tention and acquisition in the water maze, the hole-

board maze, and auditory startle tasks progressively

worsen with age and parallel the appearance of cere-

bral plaques [11,13,53,106]. Transgenic hβAPP mice

also have a wide range of non-memory sensorimo-

tor perturbations, including hyperactivity, reductions in

open field activity and disturbed sleep/wake patterns,

which suggest a broad hβAPP phenotype that may in-

clude anxiety in addition to established memory im-

pairments [1,11,24,58,104].

Examination of the types and onset of behavioral

phenotypes in hβAPP and PS1 mice has served to

strengthen the concept that excess Aβ production can

drive cognitive loss. Correlations between the decrease

in behavioral performance and the rise of insoluble pre-

deposition amyloid assemblies such as oligomers and

protofibrils have been reported [19,56], and may serve

as harbingers of future pathology and further cognitive

decline. Indeed, in doubly-transgenic models of AD

which overexpress human mutant forms of βAPP and

PS1 that drive more rapid accumulation of amyloid, the

onset of water maze and Y-maze cognitive deficits is
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earlier relative to singly transgenic hβAPP animals [1,

22,43,56].

2. The manipulation of pathologies: Mechanistic

insights and therapeutic potentials

The characterization of AD-type lesions in trans-

genic mice set the stage for the next compelling use

of these animals: the manipulation of their phenotypes

to either exacerbate or ameliorate the lesions. This

valuable information could reveal either mechanistic

insights or actual therapeutic approaches that may ul-

timately lead to disease modifying treatments for AD.

The pathologies in hβAPP transgenic mice have been

manipulated by two major methods: (1) genetically, by

the co-expression of other genes and (2) by the admin-

istration of exogenous agents.

3. Genetic manipulations

3.1. Aβ plaque-related pathologies

The quest to reveal causal factors of Aβ deposition

and modulate plaque formation began with the first con-

firmation of bona fide Aβ plaques in hβAPP mice, and

continues to this day. These hallmarks of AD plaque

pathology, despite controversy over their direct role in

toxicity, still represent the principle gauge by which

disease-relevant mechanisms and potential therapeutics

are measured. Factors that enhance or deter the pro-

duction, clearance or aggregation of plaques have all

been examined in transgenic mouse models of AD.

Shortly after plaque pathology was produced in the

PDAPP and Tg2576 mice, transgenic expression of

disease-linked mutant PS1 was found to subtly ele-

vate Aβ42 in the absence of extracellular plaque for-

mation [25]. This effect was also further established

by other investigators who produced several mutant

PS1 lines that were cross-bred with wildtype hβAPP

transgenic mice [18]. Remarkably, when mutant PS1

and Tg2576 mice were cross-bred, the resulting bi-

genic mice had greatly enhanced and accelerated plaque

deposition compared to the original line of TG2576

mice [43]. Plaque acceleration was also demonstrated

in another study of bigenic mice expressing another

PS1 mutation (A246E), together with the βAPPSwe

mutation, while it did not occur in bigenic mice ex-

pressing wildtype PS1 [8]. Intriguingly, these early ob-

servations suggested that exacerbated plaque pathology

might result from shifting ratios of Aβ40:Aβ42.

Recently this notion was further substantiated by el-

egant and innovative experiments that directly exam-

ined the effects of altering Aβ40:Aβ42 ratios in var-

ious transgenic mouse lines. Interestingly many Aβ

mutations do not reside at the β and γ secretase cleav-

age sites of βAPP, but occur more internally within

the Aβ domain. These typically do not produce the

full extent of parenchymal plaque pathology, but in-

stead result in increased CAA. One such mutation in

the Aβ sequence is E693Q (Aβ Dutch) [41]. Herzig et

al. [41] developed several transgenic lines of mice that

expressed either: (1) human wildtype βAPP, (2) Aβ

Dutch or (3) Aβ Dutch and mutant PS1 (PS45 mice;

G3848 mutation). In young mice prior to plaque depo-

sition, these lines were characterized by differences in

Aβ40:Aβ42 ratios, with Aβ Dutch> wildtype βAPP >

bigenic AβDutch/PS45. The greater degree of Aβ40

production in the Aβ Dutch mice resulted in profound

CAA formation, with the virtual absence of parenchy-

mal plaques and concomitant vascular smooth mus-

cle cell degeneration, hemorrhages and neuroinflam-

mation. In contrast, wildtype βAPP mice, expressing

similar levels of transgenic βAPP protein but with an

Aβ40/Aβ42 ratio nearly half that of the Aβ Dutch, de-

veloped parenchymal plaques with very limited vascu-

lar deposits. Notably, it took on the order of 1.5 years

to develop the respective wildtype βAPP and Aβ Dutch

phenotypes. When the Aβ Dutch mice were crossed

with the PS45 mice that carried a PS1 mutation known

to increase Aβ42 production, their phenotype was dra-

matically altered. Instead of the typical vascular depo-

sition pattern, parenchymal plaques became the domi-

nant form of Aβ pathology; therefore, the pathologies

were not simply additive, but shifted. These results

imply that the different species of Aβ, although all

neuronally produced, interact differently with separate

extracellular environments and associated loci within

the CNS. However, the complexity of these systems is

demonstrated by the recent observations of Cheng et

al. [14]. Mice transgenic for another mutation at the

same Aβ site (“Arctic” mutation; E693G), as well as the

βAPP Swe and βAPP Indiana mutations, developed ag-

gressive parenchymal plaque deposition and associated

neuritic pathology, despite a high Aβ40:42 ratio. How-

ever, no obvious increase in CAA was found. These

mice also had an increased C99/hβAPP ratio (enhanced

beta secretase cleavage) and accumulated shorter Aβ

species in their brains. The myriad factors affecting

the fate of Aβ moieties underscores the importance
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of considering the impact of potential therapeutics on

Aβ homeostasis when the production or clearance of

specific isoforms is differentially modified.

In support of the hypothesis that Aβ deposition may

be differentially regulated in the CNS, plaque formation

in βAPP transgenic mice has been modified by a num-

ber of co-expressed proteins. The E4 allele (apoE4)

of the lipid carrier protein apolipoprotein E (ApoE) is

well established as a risk factor for the development

of sporadic AD [89,93], while the ApoE2 and ApoE3

isoforms are associated with lower risk [27]. Autopsy

studies of AD brains reveal that a greater plaque load

was more associated with the ApoE4 than the ApoE3

carriers [48,74]. In order to directly compare the dif-

ferential effects of these alleles on plaque formation,

several lines of bigenic PDAPP mice were created by

knocking out endogenous mouse ApoE and replac-

ing it with one of the three human ApoE alleles [26].

It emerged that, compared to mice with endogenous

ApoE that was either left intact or knocked out, ex-

pression of the human Apo E3 and ApoE4 isoforms

in bigenic mice actually delayed Aβ deposition, with

ApoE3 having the greatest effect. It was also observed

that only ApoE2 prevented the development of fibrillar

plaques, and interestingly, the proportion of Aβ in the

soluble pool of pre-plaque bearing mice differed with

expression of the various ApoE isoforms. Intriguingly,

and similar to the Herzig paper above, the two condi-

tions (endogenous Apo E intact, Apo E knocked out)

with the highest levels of Aβ42 (and therefore low-

est Aβ40:42 ratios), had the greatest degree and most

rapid development of parenchymal plaque formation.

Conversely substantial CAA was reported to develop in

TG2576/apoE4 “knock-in” bigenic mice and was asso-

ciated with a higher Aβ40:42 ratio in brain [31]. There-

fore, the modulation and ultimate deposition fate of spe-

cific isoforms of Aβ responsible for the parenchymal

and CAA plaque pathologies are likely due to numer-

ous interacting factors, some of which (like inflamma-

tory processes) may be further induced or perpetuated

by the disease process itself.

A robust inflammatory response has been docu-

mented in AD (for a review see [73]) and is gen-

erally believed to be detrimental. However, studies

using bigenic mice by Wyss-Coray et al. [112] have

demonstrated that under certain conditions, appropri-

ately stimulated inflammatory responses may be bene-

ficial. Plaque pathology was shown to be dramatically

reduced by co-expression of the inflammatory media-

tor, transforming growth factor-β1 (TGF-β1), in astro-

cytes of hβAPP transgenic mice. The decrease in amy-

loid load was also associated with a reduction in com-

pact plaque-associated neuritic dystrophy as visualized
with a hyperphosphorylated tau antibody. Complicat-

ing the picture and reminiscent of the studies mentioned
above, the decrease in parenchymal load was associated
with an increased CAA burden and vascular degener-

ation [113]. This inverse correlation between plaque
load and CAA was also observed in sections from AD

brain, and a positive correlation was found in the human
cases between TGF-β1 mRNA levels and CAA sever-

ity [112]. In an earlier study, it was shown that trans-
genic TGF-β1 expression was associated with a pro-
nounced alteration of the extracellular matrix (ECM),

including increased deposition of laminin, fibronectin
and heparin sulphate proteoglycan [111]. The amount

of Aβ42 did not appear to be altered in young bigenic
mice. Instead, the expression of TGF-β1 in perivas-
cular astroglial endfeet resulted in CAA formation in

older animals, possibly due to the increase of perlecan
and fibronectin in the vascular ECM beginning at a

young age.
Since C3, a central component of the complement-

mediated inflammatory cascade, was elevated in the

brains of TGF-β1/βAPP bigenic mice, Wyss-Coray
and his colleagues created another line of bigenic mice

to determine the role of C3 in plaque deposition [114].
Complement-related receptor protein (Crry), an in-

hibitor of C3 convertases, inhibits the pro-inflammatory
capability of C3. When soluble Crry was expressed in
hβAPP mice, the resulting bigenic mice actually had

a 2–3 fold increase in plaque load. An accumulation
of electron dense neurons, loss of the neuronal marker

Neu N and a decrease in MAP-2 positive dendrites in
the bigenic mice suggested that degenerative cascades
might also have been potentiated by C3 inhibition.

New insights regarding the regulation of amyloid
processing continue to emerge using bigenic βAPP

mice. An example comes from a recent study in which
transgenic mice overexpressing the neuronal adaptor
protein X11b were crossed with the Tg2576 transgenic

mice [63]. X11b is a member of a family of adaptor
proteins that can bind to the carboxyl terminus of βAPP.

Plaque formation was markedly reduced in these older
bigenic mice. Similar results were reported by this

group after overexpression of a related protein, X11a,
in TG2576 mice. Although the precise mechanisms
underlying these effects remain unknown, it illustrates

the potential of alternative Aβ-modulating approaches.

3.2. Neurodegenerative pathologies

As indicated above, βAPP transgenic mice have a

number of deficits that indicate neuronal function is
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compromised. However these deteriorations, although

significant, do not model the hallmark neurofibrillary

tangles (NFTs) and widespread neocortical and limbic

neuronal loss of AD, despite the abundant presence of

amyloid plaque pathologies.

3.3. Neuronal loss

Until quite recently, modeling significant neuronal

loss in hβAPP transgenic mice remained elusive. The

first incidence of neuronal loss was reported in the hip-

pocampus of βAPP 23 transgenic mice (Table 1), how-

ever the magnitude (∼15%) was considerably smaller

than that found in AD, where up to ∼90% of neu-

rons are lost in layer II of the entorhinal cortex [37].

Additional studies have documented focal, neuronal

loss associated with large and dense Thio S-positive

plaques in PS1βAPP mice [102]. The effect was too

small to be identified by standard unbiased stereo-

logical methods which were previously used to ex-

amine other hβAPP mice [49]. It appeared that de-

spite the pronounced overproduction of Aβ, extensive

neuronal loss could not be modeled- a dilemma il-

lustrating the difficulty of reproducing a chronic, pro-

gressive human disease in rodents. However, signifi-

cant neuronal loss has been reported very recently in

mice expressing hβAPP by introducing multiple muta-

tions [91] or using knock-in methods [10]. Schmitz et

al. [91] expressed βAPP751 with both βAPPSwe and

βAPP V717I (βAPPLondon [12]) mutations driven by

the Thy1 promoter in mice with C57Bl6/CBA back-

ground. These mice were then crossed with C57Bl6

mice harboring the PS1 M146L mutation driven by

a HMG promoter. Unbiased stereologic methods re-

vealed a significant (∼35%) loss of hippocampal neu-

rons compared to controls. The loss was detected not

only in the vicinity of plaques, but also at distant, non-

plaque associated areas. Despite some caveats related

to controls and other experimental considerations [21],

this is the first transgenic AD mouse model to con-

vincingly develop a substantial degree of neuronal loss.

An important characteristic of this effect is likely to be

early intraneuronal Aβ immunoreactivity, which was

present by 3 months of age [108]. A second report

by Casas et al. [10] knocked-in two presenilin muta-

tions (M233T/L235P) into a mouse that as then bred

to a Thy-I promoter driven, double hβAPP (βAPPSwe,

βAPPLondon) mutant transgenic mouse, with a resul-

tant high 42:40 ratio. Again, extensive neuronal loss

(>50%) was reported in the hippocampus that corre-

lated with the accumulation of intraneuronal Aβ. In-

traneuronal Aβ, particularly Aβ42, has also been im-

plicated as an early event in Downs syndrome pathol-

ogy [40,77] and AD [39]. Another more recent study

demonstrated that behavioral deficits were correlated

with intraneuronal Aβ in the 3xTg transgenic mice [6]:

Also see “NFT Pathology” below and Table 1). It ap-

pears that the production of substantial neuronal loss in

rodents requires quite aggressive tactics-the creation of

these “triple and quadruple” mutated animals are cer-

tainly different creatures from the first generation of

hβAPP mice. Despite these accomplishments, no sig-

nificant NFT pathology developed in mice expressing

hβAPP and PS1 mutations. For years, it was not clear

that rodents could ever develop tangle pathology, under

any condition.

3.4. NFT pathology

This quandary has since been addressed by the cre-

ation of bigenic mice that express mutated forms of

human βAPP and tau proteins. Transgenic tau mice

(called JNPL3 mice) were first created that expressed

a mutated form of tau (P301L), linked to human cases

of frontotemporal dementia and Parkinsonism linked to

chromosome 17 (FTDP-17) in which NFTs are a pre-

dominant feature [65]. These mice developed the elu-

sive NFT pathology, being appropriately labeled with

the classic Congo red, thioflavin and silver-based stains.

Pick body-type and pre-tangle lesions (tau immunore-

active only) were also found. The NFTs were predom-

inantly located in subcortical regions, while the pre-

tangle pathology was noted in the cortex and hippocam-

pus. Severe motor deficits were associated with axonal

degeneration and loss of motor neurons in the spinal

cord. Insoluble tau from the brain and spinal cord of

the mice co-migrated with insoluble tau from AD and

FTDP-17 brains. Ultrastructural analysis revealed in-

traneuronal accumulations of 15–20 nm straight and

wavy filaments composed of tau [67]. Although the

characteristic periodic twists typical of NFTs found in

AD [54] were not seen in the mice, the morphologywas

similar to a number of other human tauopathies. In or-

der to examine the effects of Aβproduction on this NFT

pathology, the P310L mice were crossed to Tg2576

mice (the bigenic progeny called TAPP mice) [64]. Al-

though the extent of Aβ pathology was not affected

in the TAPP mice, a striking alteration in the distri-

bution of the NFTs occurred. In older female mice,

they were found in the hippocampus, subiculum and

cortex –regions that rarely or never formed NFTs in the

JNPL3 animals. The increased NFT pathology devel-
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oped in regions that were predominantly affected with

plaque pathology. However, the close morphological

association between plaque and NFT pathologies typ-

ically seen in AD was not observed, suggesting that

other non-plaque but Aβ-related events were inducing

the NFT pathology. The demonstration of Aβ-driven

tau exacerbations provided tantalizing support for over-

lap in neurodegenerative cascades across disorders in-

volving intraneuronal protein accumulation. This pos-

sibility was further supported by the characterization of

triple transgenic mice (3XTg-AD) that expressed PS1

(M146V) and βAPPSwe mutations, as well as a tau

(P301L) mutation [82]. Aβ accumulation preceded the

development of tau pathology. Tau then accumulated

in hippocampal and cortical regions, and progressively

became hyperphosphorylated. More definitively, an-

other series of experiments showed that clearance of

Aβ by Aβ based immunotherapy led to a reduction in

intraneuronal tau [81], as well as the rescue of early

cognitive deficits [6]. Taken together these observa-

tions imply that impacting one feature of disease (i.e.

Aβ production) may alter other aspects of a converging

degenerative cascade (i.e. tau accumulation).

One of the most relevant pathological correlates to

cognitive decline found in both AD and βAPP mice is

the loss of neocortical and hippocampal synaptic ter-

minals, which is associated with a decrease in synap-

tophysin protein [71,98]. Genetic manipulations that

affect this degenerative pathology in βAPP transgenic

mice have provided novel insights about the modula-

tion of synaptic density under presumably toxic con-

ditions associated with AD-type pathologies. The co-

expression of additional genes in these mice reveals

how other factors may interact in this environment

to either exacerbate or rescue the deficit. For exam-

ple, when bigenic βAPP mice harboring both the Indi-

ana (V717F) and Swedish (K670N, M671L) mutations

(βAPPSwe, Ind) were crossed with Fyn kinase knockout

mice, the loss of hippocampal synaptophysin was abol-

ished, as was the correlation between synaptophysin

density and Aβ levels [16]. Conversely, the overex-

pression of FYN in the transgenic mice exacerbated

the synaptic loss, as well as induced a premature mor-

tality. Interestingly, the aberrant sprouting of axonal

terminals characteristic of the βAPP bigenic mice was

not effected by the FYN kinase manipulations, sug-

gesting that it was regulated by a separate pathway.

Another example of effectors of synaptic integrity in-

volves the apolipoproteins (ApoEs). Apolipoprotein

E4 is a well-established risk factor for the development

of AD [27,93]. In addition to the previously men-

tioned effects on plaque and cerebrovascularpathology,

apolipoproteins appear to differentially modulate the

age-dependent loss of synaptophysin in βAPP trans-

genic mice. For example, the expression of ApoE3

delayed the age-related loss of presynaptic terminals

in hβAPP (βAPPSwe, Ind)/Apo E-null mice, while this

effect was not observed with ApoE4 expression. No-

tably, these effects appeared independent of plaque-

deposition [9].

Postsynaptic deficits represent another important in-

dicator of synaptic degeneration, and these have been

identified in βAPP transgenic mice by different detec-

tion methods. An acceleration of the age-dependent

loss of dendritic spines on hippocampal neurons in both

TG2576 and PDAPP mice was identified by the classic

Golgi silver staining method [61]. This deficit was re-

versed in TG2576 mice by the overexpression of Apo

E2. Interestingly, the loss of spines in both lines of

mice was found to occur before overt plaque deposi-

tion, raising the possibility that ApoE2 modulated the

detrimental effects of a soluble Aβ moiety.

4. Therapeutic interventions

Aside from having utility in characterizing the pro-

gression and interdependencies of various AD-like

pathologies, the overriding goal of these animal models

of the disease is to employ them in identifying therapies

for treating, and ideally preventing or reversing, the dis-

ease in man. Before transgenic models became avail-

able, trying to identify potential Alzheimer’s disease

modifying therapies was an extremely difficult propo-

sition. One approach has been to conduct epidemio-

logical searches of various patient databases to identify

therapies that may impact the course or induction of

AD. The results of these efforts remain in many cases

controversial or not borne out in actual clinical trials and

include investigations of anti-inflammatory drugs, vi-

tamins, hormone replacement therapy, cholesterol low-

ering agents, and essentially all medicines commonly

dosed into large populations of elderly subjects [115].

A number of trials to monitor AD progression with

potential protective or preventative therapies have also

been initiated based on various hypotheses, typically

using medicines approved for other indications. Such

studies serve to illustrate the huge cost, lengthy trial

duration, and relatively large cohorts needed to test

a given treatment. For example, a study designed to

test whether the COX-2 inhibitor rofecoxib could de-

lay the progression to Alzheimer’s disease in mild cog-
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Fig. 2. Synaptophysin immunoreactivity in (A) 18 month old PDAPP mice is decreased compared to (D) non-transgenic mice. Synaptophysin

immunoreactivity is preserved in PDAPP mice after (E) active (administration of adjuvanted Aβ 1–42) and (F) passive (administration of anti-Aβ

antibodies) treatment paradigms, compared to (B, C) their respective non-treated control groups. Bar = 50 µm.

Fig. 3. A confocal image of phagocytosis of deposited Aβ (green) by MHC II-positive microglial cells (red) in a PDAPP mouse brain, after 6

months of immunization with adjuvanted Aβ 1–42.

nitive impairment patients took over 700 patients and

4 years of study to reach a negative conclusion [99].

Clearly animal models that predict clinical outcomes

would be invaluable in accelerating the drug discov-

ery process, allowing broad testing of many hypothe-

ses and to potentially simultaneously assess safety and

efficacy. Many potential therapies have been described

using these models, including some quite unexpected

approaches, and certain of these are now in human clin-

ical trials largely due to results from AD-animal model

testing. It is not an exaggeration to say that the AD ani-

mal models have revolutionized the AD drug discovery

process.

4.1. Immunotherapy

The most widely replicated and thoroughly inves-

tigated therapeutic approach in these preclinical stud-
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ies has been the use of anti-Aβ immunotherapies (Re-

viewed in [34] and [75]). In 1999, our group described

the impressive AD-neuropathologypreventative effects

of immunizing the PDAPP transgenic mouse with

Aβ [90]. Subsequent studies in our laboratories and

many others demonstrated that anti-Aβ antibodies were

capable of reducing amyloid plaques and associated

neuropathologies. Also encouraging is the preserva-

tion of cortical synaptophysin levels by immunotherapy

(Fig. 2), an important correlate of cognitive function in

humans.

Further strengthening the case for functional im-

provement following immunotherapy, a number of

studies using transgenic hβAPP and PS1 mice have

been published, describing amelioration of established

behavioral deficits (Table 2). Long-term Aβ immuniza-

tion of Tg2576 and βAPP + PS1 mice resulted in im-

provements in both the radial arm and typical versions

of the water maze [51,76]. Passive immunization stud-

ies in which Aβ antibodies were given for short-term

treatment schedules also resulted in positive cognitive

changes in transgenic mice, as PDAPP mice given the

monoclonal 266 antibody had improved object recog-

nition performances, while Tg2576 mice given the N-

terminus amyloid antibody BAM-10 showed increased

spatial memory retention in the water maze relative to

controls [23,56].

Precise details of the possible immunotherapeutic

mechanisms of action are still an area of spirited sci-

entific discussion. The overall consensus is that anti-

bodies are capable of having several effects including

plaque clearance (through both monocyte-mediated [4]

(Fig. 3) and direct effects [3] and capture/clearance of

soluble Aβ species that are neuroactive/toxic [60]. Re-

cently, antibody-mediated clearance of even intracellu-

lar amyloid has been reported [6,81].

Immunization with Aβ1–42 (referred to as AN-1792

in clinical trials) was tested in human AD cases with

noteworthy effects. Dosing in the trials was suspended

after several cases (eventually 6% of the treated sub-

jects) developed meningoencephalitis [83]. This side

effect highlights a limitation of the animal models in

that they do not necessarily perfectly predict clinical

outcomes, which may be due to limitations in the mod-

els’ pathology as well as the more genetically varied

human population. Interestingly, several cases from

these studies have gone to autopsy due to causes other

than the immunotherapy, and showed strikingly simi-

lar reductions in AD neuropathologies as predicted by

the mouse model [28,69,80]. Finally, certain memory

related tests, as well as the CSF biomarker tau, seemed

improved by therapy [5], [Gilman et al. in press]; these

hints of cognitive efficacy and robust pathology reduc-

tion are encouraging. A new clinical trial has been

initiated using the “passive” administration of an Aβ

monoclonal antibody, which differs from the “active”

immunization approach used in the original trials. Very

recently clinical trials were initiated using a fragment

of Aβ as an “active” immunogen that was designed to

avoid an inflammatory response.

5. AD-mouse models have identified many novel

therapeutic approaches

In the decade since mouse models have emerged,

an extensive range of therapies besides immunotherapy

have been tested in several different AD-models. Pre-

liminary results from dozens of approaches have been

presented in various venues, and a full review of all

these studies is beyond the scope of this review. In-

stead, Table 3 presents a sampling of results involving

chronic treatment (> 2 weeks) using transgenic mod-

els which have appeared in peer-reviewed journals and

which have been selected to illustrate the breadth of

potential therapeutic approaches. Small molecules, in

many cases orally bioavailable, have shown effective-

ness by approaches ranging from natural products that

bind Aβ [66], metal chelation [15], lipid metabolism

inhibitors [47], to inflammation modulators [50]. As

a testament to the creativity of these scientists, the

sources of compounds range from curry spice to drugs

in clinical trials for other indications. It is hard to

imagine that in the pre-transgenic model of AD era that

funding and allowance to test even a fraction of these

compounds in AD patients would have happened.

As is also evident from Table 3, studies vary widely

in the choice of model, duration of therapy, and per-

haps most importantly, the age/amyloid burden present

when therapy was initiated. This great variability in

paradigms exclude head-to head efficacy assessments

and predictions. Our experience with immunother-

apy suggests that preventing amyloidosis may be easier

(when expressed as percent reduction in plaque area)

than reducing existing burdens (even though treatment

of older plaque bearing animals may result in a larger

absolute reduction when expressed as ng of Aβ/gm

brain tissue).

One point that is interesting to note in Table 3 is that

none of the tested compounds have the same proposed

mechanism of action and none are direct inhibitors of

the amyloidogenic secretases. Thus the pharmaceu-
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Table 2

Behavioral Phenotypes of Transgenic Mouse Models and Cognitive Changes Following Amyloid Immunotherapy

Transgenic Behavioral Phenotypes Age of Phenotype (mo) Treatments and Behavioral Endpoints

Model Amyloid-Modifying Treatment Result References

PDAPP Water maze (spatial reference,

serial memory)

3, 10, 13, 18 m266, 1x week for 6 weeks Treated PDAPP mice displayed [23]

Holeboard maze (spatial reference

memory)

3–5, 20–26 4 and 24mo PDAPP mice improved object recognition

Radial arm maze 3 performance relative to

Object recognition 6, 9–10 Untreated PDAPP animals

Operant bar pressing 3, 6

Cued fear conditioning 11

Eyeblink conditioning 6, 10

Hyperactivity 3, 6, 9

Perturbed sleep/wake patterns 3–5, 20–26

Tg2576 Water maze (spatial acquistition,

reference, retention memory)

6–11, 12–15, 12–18, 20–25 Aβ1–42, 1x mo from 7.5mo, Treated Tg2576 mice displayed [76]

Water maze (visual cued navigation) 3, 9, 19 Tg2576 mice tested at 11.5, 15.5 mo lesser radial arm water

Radial arm water maze (spatial

acquisition, serial memory)

11.5, 15.5 maze error rates, improved

Holeboard maze (spatial reference

memory)

3, 7, 9 spatial acquistion

T-maze (alternation forced) 10, 16

Y-maze (alternation) 10, 16–18 BAM-10 antibody, given 1, 4, 6, 12d Treated Tg2576 mice displayed [56]

Contextual fear conditioning (spatial) 16–18 after initial testing, Tg2576 mice improvements in water maze

tested at 9-11mo spatial retention memory

Hyperactivity 17

Open Field 10, 16

APP23 Water maze (spatial acquisition,

retention memory)

3, 6, 18, 25

Passive Avoidance (spatial memory) 25

Hyperactivity 1.5–2, 3, 6

Open Field 3, 6

Rotorod 3, 6

TgCRND8 Water maze (spatial acquisition,

retention memory)

2.75 Aβ1–42, given 1x mo from 6w, Treated TgCRND8mice displayed [51]

Auditory Startle 1.5, 2.5–3, 3–3.5, 3.5–4.25 TgCRND mice tested at 11, 15, 19, 23w improvements in water maze

Prepulse Inhibition 1.5–2, 3–3.5, 3.5–4.25 spatial reference memory

APP + PS1 Water maze (spatial acquisition

learning)

15–17 Aβ1–42, 1x mo from 7.5mo, Treated APP + PS1 mice displayed [76]

Radial arm water maze 4–5, 11.5, 14.5–16.5, 15–17, 15.5 Tg2576 mice tested at 11.5, 15.5 mo lesser radial arm water

Y-maze (alternation, entries) 3–3.5, 5–7, 6, 9, 15–17 maze error rates, improved spatial acquistion

Boldface type indicates specific behavioral tasks in which hAPP performance progressively worsens with age, and their time of onset in months.
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Table 3

A Sampling of the Diverse Approaches Reported to Reduce Alzheimer’s Pathology in Transgenic AD Models

Test Article Proposed

Mechanism of

Action

Dose and Route Length AD Model Age/Amyloid

Burden at Therapy

Initiation

Percentage Reduc-

tion in

Plaque Burden

Other Reported

Efficacy

Ref

Curcumim Amyloid bind-

ing anti-oxidant

in curry powder

160 and 5000

ppm in chow

6 mo Tg2576 10 months of age

when few plaques

present.

@ low dose ∼50%;

NS at high dose Re-

duced levels of ox-

idized proteins and

IL-1B

[66]

iABeta5p β-sheet disrupt-

ing peptide

1 mg, 3x/week

I.V.

8 wk βAPPV717I X

PS-1A246E

9 months (3 months

after plaques begin

to appear).

45% in cortex; 29%

in hippocampus

Reduced

neuronal death in

subiculum

[84]

Lithium GSK3β Kinase

inhibition

2.4 g/kg in chow 7 mo PDAPP

(homozygous)

1 month old, before

plaques present.

∼75% [95]

CP-113,818 ACAT inhibitor 7.2 mg/kg/day

Subcu-taneous

implant

2 mo Aβ PPSw

+Ldn

4.5 months, when

plaques are just

forming

∼90% Spatial learning

improved

[47]

Clioquinol Copper-Zinc

chelation

30 mg/kg/dayoral 9 wks Tg2576 21 months of age,

well after plaque

initiation

49% [15]

NCX-2216 NO-releasing

NSAID;

microglial

activation

375 ppm in chow 5 mo SwAPP X PS-

1M146L

7 months, plaque

formation evident

at that age

45% Reduced Congo

red + deposits

[50]

References were selected from peer-reviewed reports in which therapeutic agents showed efficacy in reducing, at a minimum, amyloid plaque

load after chronic (>2 months) treatment. Note that despite very different reported mechanisms of action, all have reported efficacy. The wide

variance in animal models, duration and age of treatment, and methods of quantitation preclude direct comparisons between studies.

tical universe of potential amyloid directed therapies

is quite diverse and cause for optimism that effective

therapies will emerge and be validated clinically in the

near future.

6. Summary

While truly effective therapies for AD are still works

in progress, the past decade has seen a revolution in

potential treatments that may eventually spell the end

to one of the most increasingly common and dreaded

diseases. The advent of transgenic animal models has

exponentially enabled rapid exploration of mechanisms

of disease and potential therapies. Testing of hypothe-

ses that could never have been approved or afforded

for study in man are now routine because of these an-

imal models. The existence of these mice could not

have been imagined 100 years ago, when AD was first

described. Hopefully, before the next century is over,

living with AD will itself be unimaginable.

Acknowledgement

The authors thank Terry Guido and Dr. Sally

Schroeter for assistance with preparation of figures.

References

[1] G.W. Arendash, D.L. King, M.N. Gordon, D. Morgan, J.M.

Hatcher, C.E. Hope and D.M. Diamond, Progressive, age-

related behavioral impairments in transgenic mice carrying

both mutant amyloid precursor protein and presenilin-1 trans-

genes, Brain Research 891 (2001), 42–53.

[2] J.S. Aucoin, P. Jiang, N. Aznavour, X.K. Tong, M. Buttini,

L. Descarries and E. Hamel, Selective cholinergic denerva-

tion, independent from oxidative stress, in a mouse model of

Alzheimer’s disease, Neuroscience 132 (2005), 73–86.

[3] B.J. Bacskai, S.T. Kajdasz, R.H. Christie, C.W. Carter,

D. Games, P. Seubert, D. Schenk and B.T. Hyman, Anti-

amyloid-beta antibodies promote clearance of amyloid-beta

deposits imaged in vivo in PDAPP mice, Society for Neuro-

science Abstracts, [print] 26 (2000), Abstract No.

[4] F. Bard, C. Cannon, R. Barbour, R.L. Burke, D. Games, H.

Grajeda, T. Guido, K. Hu, J. Huang, K. Johnson-Wood, K.

Khan, D. Kholodenko, M. Lee, I. Lieberburg, R. Motter,

M. Nguyen, F. Soriano, N. Vasquez, K. Weiss, B. Welch, P.

Seubert, D. Schenk and T. Yednock, Peripherally adminis-

tered antibodies against amyloid beta-peptide enter the cen-

tral nervous system and reduce pathology in a mouse model

of Alzheimer disease, Nature Medicine 6 (2000), 916–919.

[5] A.J. Bayer, R. Bullock, R.W. Jones, D. Wilkinson, K.R. Pa-

terson, L. Jenkins, S.B. Millais and S. Donoghue, Evalua-

tion of the safety and immunogenicity of synthetic Abeta42

(AN1792) in patients with AD, Neurology 64 (2005), 94–

101.

[6] L.M. Billings, S. Oddo, K.N. Green, J.L. McGaugh and

F.M. Laferla, Intraneuronal Abeta causes the onset of early

Alzheimer’s disease-related cognitive deficits in transgenic

mice, Neuron 45 (2005), 675–688.



D. Games et al. / Mice as models: Transgenic approaches and Alzheimer’s disease 145

[7] L. Bondolfi, M. Calhoun, F. Ermini, H.G. Kuhn, K.H.

Wiederhold, L. Walker, M. Staufenbiel and M. Jucker,

Amyloid-associated neuron loss and gliogenesis in the neo-

cortex of amyloid precursor protein transgenic mice, Journal

of Neuroscience 22 (2002), 515–522.

[8] D.R. Borchelt, T. Ratovitski, J. van Lare, M.K. Lee, V. Gon-

zales, N.A. Jenkins, N.G. Copeland, D.L. Price and S.S. Siso-

dia, Accelerated amyloid deposition in the brains of trans-

genic mice coexpressing mutant presenilin 1 and amyloid

precursor proteins, Neuron 19 (1997), 939–945.

[9] M. Buttini, G.Q. Yu, K. Shockley, Y. Huang, B. Jones,

E. Masliah, M. Mallory, T. Yeo, F.M. Longo and L.

Mucke, Modulation of Alzheimer-like synaptic and cholin-

ergic deficits in transgenic mice by human apolipoprotein

E depends on isoform, aging, and overexpression of amy-

loid beta peptides but not on plaque formation, Journal of

Neuroscience 22 (2002), 10539–10548.

[10] C. Casas, N. Sergeant, J.M. Itier, V. Blanchard, O. Wirths,

N. van der Kolk, V. Vingtdeux, E. van de Steeg, G. Ret, T.

Canton, H. Drobecq, A. Clark, B. Bonici, A. Delacourte, J.

Benavides, C. Schmitz, G. Tremp, T.A. Bayer, P. Benoit and

L. Pradier, Massive CA1/2 neuronal loss with intraneuronal

and N-terminal truncated Abeta42 accumulation in a novel

Alzheimer transgenic model, American Journal of Pathology

165 (2004), 1289–1300.

[11] P.F. Chapman, G.L. White, M.W. Jones, D. Cooper-

Blacketer, V.J. Marshall, M. Irizarry, L. Younkin, M.A.

Good, T.V. Bliss, B.T. Hyman, S.G. Younkin and K.K. Hsiao,

Impaired synaptic plasticity and learning in aged amyloid

precursor protein transgenic mice, Nature Neuroscience 2

(1999), 271–276.

[12] M.C. Chartier-Harlin, F. Crawford, H. Houlden, A. Warren,

D. Hughes, L. Fidani, A. Goate, M. Rossor, P. Roques, J.

Hardy et al., Early-onset Alzheimer’s disease caused by mu-

tations at codon 717 of the beta-amyloid precursor protein

gene, Nature 353 (1991), 844–846.

[13] G. Chen, K.S. Chen, J. Knox, J. Inglis, A. Bernard, S.J. Mar-

tin, A. Justice, L. McConlogue, D. Games, S.B. Freedman

and R.G. Morris, A learning deficit related to age and beta-

amyloid plaques in a mouse model of Alzheimer’s disease,

Nature 408 (2000), 975–979.

[14] I.H. Cheng, J.J. Palop, L.A. Esposito, N. Bien-Ly, F. Yan

and L. Mucke, Aggressive amyloidosis in mice expressing

human amyloid peptides with the Arctic mutation, Nat Med

10 (2004), 1190–1192.

[15] R.A. Cherny, C.S. Atwood, M.E. Xilinas, D.N. Gray, W.D.

Jones, C.A. McLean, K.J. Barnham, I. Volitakis, F.W. Fraser,

Y. Kim, X. Huang, L.E. Goldstein, R.D. Moir, J.T. Lim, K.

Beyreuther, H. Zheng, R.E. Tanzi, C.L. Masters and A.I.

Bush, Treatment with a copper-zinc chelator markedly and

rapidly inhibits beta-amyloid accumulation in Alzheimer’s

disease transgenic mice.[see comment], Neuron 30 (2001),

665–676.

[16] J. Chin, J.J. Palop, G.Q. Yu, N. Kojima, E. Masliah and L.

Mucke, Fyn kinase modulates synaptotoxicity, but not aber-

rant sprouting, in human amyloid precursor protein trans-

genic mice, Journal of Neuroscience 24 (2004), 4692–4697.

[17] M.A. Chishti, D.S. Yang, C. Janus, A.L. Phinney, P. Horne,

J. Pearson, R. Strome, N. Zuker, J. Loukides, J. French, S.

Turner, G. Lozza, M. Grilli, S. Kunicki, C. Morissette, J.

Paquette, F. Gervais, C. Bergeron, P.E. Fraser, G.A. Carlson,

P.S. George-Hyslop and D. Westaway, Early-onset amyloid

deposition and cognitive deficits in transgenic mice express-

ing a double mutant form of amyloid precursor protein 695,

Journal of Biological Chemistry 276 (2001), 21562–21570.

[18] M. Citron, D. Westaway, W. Xia, G. Carlson, T. Diehl, G.

Levesque, K. Johnson-Wood, M. Lee, P. Seubert, A. Davis,

D. Kholodenko, R. Motter, R. Sherrington, B. Perry, H. Yao,

S. Lieberburg Robert Vv, J. Rommens, S. Kim, D. Schenk,

P. Fraser, P. St George Hyslop and J. Selkoe Dennis, Mutant

presenilins of Alzheimer’s disease increase production of 42-

residue amyloid beta-protein in both transfected cells and

transgenic mice, Nature Medicine 3 (1997), 67–72.

[19] J.P. Cleary, D.M. Walsh, J.J. Hofmeister, G.M. Shankar, M.A.

Kuskowski, D.J. Selkoe and K.H. Ashe, Natural oligomers of

the amyloid-beta protein specifically disrupt cognitive func-

tion, Nature Neuroscience 8 (2005), 79–84.

[20] K.A. Corcoran, Y. Lu, R.S. Turner and S. Maren, Overex-

pression of hAPPswe impairs rewarded alternation and con-

textual fear conditioning in a transgenic mouse model of

Alzheimer’s disease, Learning & Memory 9 (2002), 243–

252.

[21] D.W. Dickson, Building a more perfect beast: APP trans-

genic mice with neuronal loss.[comment], American Journal

of Pathology 164 (2004), 1143–1146.

[22] K.T. Dineley, X. Xia, D. Bui, J.D. Sweatt and H. Zheng, Ac-

celerated plaque accumulation, associative learning deficits,

and up-regulation of alpha 7 nicotinic receptor protein in

transgenic mice co-expressing mutant human presenilin 1 and

amyloid precursor proteins, Journal of Biological Chemistry

277 (2002), 22768–22780.

[23] J.C. Dodart, K.R. Bales, K.S. Gannon, S.J. Greene, R.B.

DeMattos, C. Mathis, C.A. DeLong, S. Wu, X. Wu, D.M.

Holtzman and S.M. Paul, Immunization reverses memory

deficits without reducing brain Abeta burden in Alzheimer’s

disease model, Nature Neuroscience 5 (2002), 452–457.

[24] J.C. Dodart, H. Meziane, C. Mathis, K.R. Bales, S.M. Paul

and A. Ungerer, Behavioral disturbances in transgenic mice

overexpressing the V717F beta-amyloid precursor protein,

Behavioral Neuroscience 113 (1999), 982–990.

[25] K. Duff, C. Eckman, C. Zehr, X. Yu, C.M. Prada, J. Perez-

tur, M. Hutton, L. Buee, Y. Harigaya, D. Yager, D. Morgan,

M.N. Gordon, L. Holcomb, L. Refolo, B. Zenk, J. Hardy and

S. Younkin, Increased amyloid-beta42(43) in brains of mice

expressing mutant presenilin 1, Nature 383 (1996), 710–713.

[26] A.M. Fagan, M. Watson, M. Parsadanian, K.R. Bales,

S.M. Paul and D.M. Holtzman, Human and murine ApoE

markedly alters A beta metabolism before and after plaque

formation in a mouse model of Alzheimer’s disease, Neuro-

biology of Disease 9 (2002), 305–318.

[27] L.A. Farrer, L.A. Cupples, J.L. Haines, B. Hyman, W.A.

Kukull, R. Mayeux, R.H. Myers, M.A. Pericak-Vance, N.

Risch and C.M. van Duijn, Effects of age, sex, and ethnicity

on the association between apolipoprotein E genotype and

Alzheimer disease. A meta-analysis. APOE and Alzheimer

Disease Meta Analysis Consortium.[see comment], Jama

278 (1997), 1349–1356.

[28] I. Ferrer, M. Boada Rovira, M.L. Sanchez Guerra, M.J.

Rey and F. Costa-Jussa, Neuropathology and pathogene-

sis of encephalitis following amyloid-beta immunization in

Alzheimer’s disease, Brain Pathology 14 (2004), 11–20.

[29] S.M. Fitzjohn, R.A. Morton, F. Kuenzi, T.W. Rosahl, M.

Shearman, H. Lewis, D. Smith, D.S. Reynolds, C.H. Davies,

G.L. Collingridge and G.R. Seabrook, Age-related impair-

ment of synaptic transmission but normal long-term po-

tentiation in transgenic mice that overexpress the human



146 D. Games et al. / Mice as models: Transgenic approaches and Alzheimer’s disease

APP695SWE mutant form of amyloid precursor protein,

Journal of Neuroscience 21 (2001), 4691–468.

[30] D.G. Flood, A.G. Reaume, K.S. Dorfman, Y.G. Lin, D.M.

Lang, S.P. Trusko, M.J. Savage, W.G. Annaert, B. De

Strooper, R. Siman and R.W. Scott, FAD mutant PS-1 gene-

targeted mice: increased A beta 42 and A beta deposi-

tion without APP overproduction, Neurobiology of Aging 23

(2002), 335–348.

[31] J.D. Fryer, K. Simmons, M. Parsadanian, K.R. Bales, S.M.

Paul, P.M. Sullivan and D.M. Holtzman, Human apolipopro-

tein E4 alters the amyloid-beta 40:42 ratio and promotes the

formation of cerebral amyloid angiopathy in an amyloid pre-

cursor protein transgenic model, Journal of Neuroscience 25

(2005), 2803–2810.

[32] D. Games, D. Adams, R. Alessandrini, R. Barbour, P.

Berthelette, C. Blackwell, T. Carr, J. Clemens, T. Donaldson,

F. Gillespie et al., Alzheimer-type neuropathology in trans-

genic mice overexpressing V717F beta-amyloid precursor

protein.[see comment], Nature 373 (1995), 523–527.

[33] D. Games, K.M. Khan, F.G. Soriano, P.S. Keim, D.L. Davis,

K. Bryant and I. Lieberburg, Lack of Alzheimer pathology

after beta-amyloid protein injections in rat brain, Neurobiol-

ogy of Aging 13 (1992), 569–576.

[34] D.S. Gelinas, K. DaSilva, D. Fenili, P. St George-Hyslop

and J. McLaurin, Immunotherapy for Alzheimer’s disease.

[Review] [73 refs], Proceedings of the National Academy of

Sciences of the United States of America 2 (2004), 14657–

14662.

[35] D.C. German, U. Yazdani, S.G. Speciale, P. Pasbakhsh, D.

Games and C.L. Liang, Cholinergic neuropathology in a

mouse model of Alzheimer’s disease, Journal of Compara-

tive Neurology 462 (2003), 371–381.

[36] J. Giacchino, J.R. Criado, D. Games and S. Henriksen, In vivo

synaptic transmission in young and aged amyloid precursor

protein transgenic mice, Brain Research 876 (2000), 185–

190.

[37] T. Gomez-Isla, J.L. Price, D.W. McKeel, Jr., J.C. Morris,

J.H. Growdon and B.T. Hyman, Profound loss of layer II

entorhinal cortex neurons occurs in very mild Alzheimer’s

disease, Journal of Neuroscience 16 (1996), 4491–4500.

[38] F. Gonzalez-Lima, J.D. Berndt, J.E. Valla, D. Games and

E.M. Reiman, Reduced corpus callosum, fornix and hip-

pocampus in PDAPP transgenic mouse model of Alzheimer’s

disease, Neuroreport 12 (2001), 2375–2379.

[39] G.K. Gouras, J. Tsai, J. Naslund, B. Vincent, M. Edgar, F.

Checler, J.P. Greenfield, V. Haroutunian, J.D. Buxbaum, H.

Xu, P. Greengard and N.R. Relkin, Intraneuronal Abeta42

accumulation in human brain, American Journal of Pathology

156 (2000), 15–20.

[40] K.A. Gyure, R. Durham, W.F. Stewart, J.E. Smialek and

J.C. Troncoso, Intraneuronal abeta-amyloid precedes devel-

opment of amyloid plaques in Down syndrome, Archives of

Pathology & Laboratory Medicine 125 (2001), 489–492.

[41] M.C. Herzig, D.T. Winkler, P. Burgermeister, M. Pfeifer,

E. Kohler, S.D. Schmidt, S. Danner, D. Abramowski, C.

Sturchler-Pierrat, K. Burki, S.G. van Duinen, M.L. Maat-

Schieman, M. Staufenbiel, P.M. Mathews and M. Jucker,

Abeta is targeted to the vasculature in a mouse model of

hereditary cerebral hemorrhage with amyloidosis.[see com-

ment], Nature Neuroscience 7 (2004), 954–960.

[42] G.A. Higgins and H. Jacobsen, Transgenic mouse models

of Alzheimer’s disease: phenotype and application, Behav

Pharmacol 14 (2003), 419–438.

[43] L. Holcomb, M.N. Gordon, E. McGowan, X. Yu, S.

Benkovic, P. Jantzen, K. Wright, I. Saad, R. Mueller, D.

Morgan, S. Sanders, C. Zehr, K. O’Campo, J. Hardy, C.M.

Prada, C. Eckman, S. Younkin, K. Hsiao and K. Duff, Ac-

celerated Alzheimer-type phenotype in transgenic mice car-

rying both mutant amyloid precursor protein and presenilin

1 transgenes, Nature Medicine 4 (1998), 97–100.

[44] K. Hsiao, P. Chapman, S. Nilsen, C. Eckman, Y. Harigaya, S.

Younkin, F. Yang and G. Cole, Correlative memory deficits,

Abeta elevation, and amyloid plaques in transgenic mice.[see

comment], Science 274 (1996), 99–102.

[45] L. Hu, T.P. Wong, S.L. Cote, K.F. Bell and A.C. Cuello, The

impact of Abeta-plaques on cortical cholinergic and non-

cholinergic presynaptic boutons in alzheimer’s disease-like

transgenic mice, Neuroscience 121 (2003), 421–432.

[46] S. Huitron-Resendiz, M. Sanchez-Alavez, R. Gallegos, G.

Berg, E. Crawford, J.L. Giacchino, D. Games, S.J. Henriksen

and J.R. Criado, Age-independent and age-related deficits

in visuospatial learning, sleep-wake states, thermoregula-

tion and motor activity in PDAPP mice, Brain Research 928

(2002), 126–137.

[47] B. Hutter-Paier, H.J. Huttunen, L. Puglielli, C.B. Eckman,

D.Y. Kim, A. Hofmeister, R.D. Moir, S.B. Domnitz, M.P.

Frosch, M. Windisch and D.M. Kovacs, The ACAT inhibitor

CP-113,818 markedly reduces amyloid pathology in a mouse

model of Alzheimer’s disease, Neuron 44 (2004), 227–238.

[48] B.T. Hyman, H.L. West, G.W. Rebeck, S.V. Buldyrev, R.N.

Mantegna, M. Ukleja, S. Havlin and H.E. Stanley, Quanti-

tative analysis of senile plaques in Alzheimer disease: ob-

servation of log-normal size distribution and molecular epi-

demiology of differences associated with apolipoprotein E

genotype and trisomy 21 (Down syndrome), Proceedings of

the National Academy of Sciences of the United States of

America 92 (1995), 3586–3590.

[49] M.C. Irizarry, F. Soriano, M. McNamara, K.J. Page, D.

Schenk, D. Games and B.T. Hyman, Abeta deposition is as-

sociated with neuropil changes, but not with overt neuronal

loss in the human amyloid precursor protein V717F (PDAPP)

transgenic mouse, Journal of Neuroscience 17 (1997), 7053–

7059.

[50] P.T. Jantzen, K.E. Connor, G. DiCarlo, G.L. Wenk, J.L.

Wallace, A.M. Rojiani, D. Coppola, D. Morgan and M.N.

Gordon, Microglial activation and beta -amyloid deposit

reduction caused by a nitric oxide-releasing nonsteroidal

anti-inflammatory drug in amyloid precursor protein plus

presenilin-1 transgenic mice, J Neurosci 22 (2002), 2246–

2254.

[51] C. Janus, J. Pearson, J. McLaurin, P.M. Mathews, Y. Jiang,

S.D. Schmidt, M.A. Chishti, P. Horne, D. Heslin, J. French,

H.T. Mount, R.A. Nixon, M. Mercken, C. Bergeron, P.E.

Fraser, P. St George-Hyslop and D. Westaway, A beta peptide

immunization reduces behavioural impairment and plaques

in a model of Alzheimer’s disease.[see comment], Nature

408 (2000), 979–982.

[52] K. Johnson-Wood, M. Lee, R. Motter, K. Hu, G. Gordon, R.

Barbour, K. Khan, M. Gordon, H. Tan, D. Games, I. Lieber-

burg, D. Schenk, P. Seubert and L. McConlogue, Amyloid

precursor protein processing and A beta42 deposition in a

transgenic mouse model of Alzheimer disease, Proceedings

of the National Academy of Sciences of the United States of

America 94 (1997), 1550–1555.

[53] P.H. Kelly, L. Bondolfi, D. Hunziker, H.P. Schlecht, K.

Carver, E. Maguire, D. Abramowski, K.H. Wiederhold, C.

Sturchler-Pierrat, M. Jucker, R. Bergmann, M. Staufenbiel



D. Games et al. / Mice as models: Transgenic approaches and Alzheimer’s disease 147

and B. Sommer, Progressive age-related impairment of cog-

nitive behavior in APP23 transgenic mice, Neurobiology of

Aging 24 (2003), 365–378.

[54] M. Kidd, Paired helical filaments in electron microscopy of

Alzheimer’s disease, Nature 197 (1963), 192–193.

[55] D.L. King, G.W. Arendash, F. Crawford, T. Sterk, J. Menen-

dez and M.J. Mullan, Progressive and gender-dependent cog-

nitive impairment in the APP(SW) transgenic mouse model

for Alzheimer’s disease, Behavioural Brain Research 103

(1999), 145–162.

[56] L.A. Kotilinek, B. Bacskai, M. Westerman, T.

Kawarabayashi, L. Younkin, B.T. Hyman, S. Younkin and

K.H. Ashe, Reversible memory loss in a mouse transgenic

model of Alzheimer’s disease, Journal of Neuroscience 22

(2002), 6331–6335.

[57] L.S. Kulnane and B.T. Lamb, Neuropathological character-

ization of mutant amyloid precursor protein yeast artificial

chromosome transgenic mice, Neurobiology of Disease 8

(2001), 982–992.

[58] R. Lalonde, T.L. Lewis, C. Strazielle, H. Kim and K. Fukuchi,

Transgenic mice expressing the betaAPP695SWE mutation:

effects on exploratory activity, anxiety, and motor coordina-

tion, Brain Research 977 (2003), 38–45.

[59] B.T. Lamb, K.A. Bardel, L.S. Kulnane, J.J. Anderson, G.

Holtz, S.L. Wagner, S.S. Sisodia and E.J. Hoeger, Amyloid

production and deposition in mutant amyloid precursor pro-

tein and presenilin-1 yeast artificial chromosome transgenic

mice, Nature Neuroscience 2 (1999), 695–697.

[60] M.P. Lambert, K.L. Viola, B.A. Chromy, L. Chang, T.E.

Morgan, J. Yu, D.L. Venton, G.A. Krafft, C.E. Finch and W.L.

Klein, Vaccination with soluble Abeta oligomers generates

toxicity-neutralizing antibodies, Journal of Neurochemistry

79 (2001), 595–605.

[61] T.A. Lanz, D.B. Carter and K.M. Merchant, Dendritic spine

loss in the hippocampus of young PDAPP and Tg2576 mice

and its prevention by the ApoE2 genotype, Neurobiol Dis 13

(2003), 246–253.

[62] J. Larson, G. Lynch, D. Games and P. Seubert, Alterations

in synaptic transmission and long-term potentiation in hip-

pocampal slices from young and aged PDAPP mice, Brain

Research 840 (1999), 23–35.

[63] J.H. Lee, K.F. Lau, M.S. Perkinton, C.L. Standen, B. Rogelj,

A. Falinska, D.M. McLoughlin and C.C. Miller, The neuronal

adaptor protein X11beta reduces amyloid beta-protein levels

and amyloid plaque formation in the brains of transgenic

mice, Journal of Biological Chemistry 279 (2004), 49099–

49104.

[64] J. Lewis, D.W. Dickson, W.L. Lin, L. Chisholm, A. Corral, G.

Jones, S.H. Yen, N. Sahara, L. Skipper, D. Yager, C. Eckman,

J. Hardy, M. Hutton and E. McGowan, Enhanced neurofib-

rillary degeneration in transgenic mice expressing mutant tau

and APP.[see comment], Science 293 (2001), 1487–1491.

[65] J. Lewis, E. McGowan, J. Rockwood, H. Melrose, P.

Nacharaju, M. Van Slegtenhorst, K. Gwinn-Hardy, M. Paul

Murphy, M. Baker, X. Yu, K. Duff, J. Hardy, A. Corral,

W.L. Lin, S.H. Yen, D.W. Dickson, P. Davies and M. Hut-

ton, Neurofibrillary tangles, amyotrophy and progressive mo-

tor disturbance in mice expressing mutant (P301L) tau pro-

tein.[erratum appears in Nat Genet 2000 Sep;26(1):127], Na-

ture Genetics 25 (2000), 402–405.

[66] G.P. Lim, T. Chu, F. Yang, W. Beech, S.A. Frautschy and

G.M. Cole, The curry spice curcumin reduces oxidative

damage and amyloid pathology in an Alzheimer transgenic

mouse, Journal of Neuroscience 21 (2001), 8370–8377.

[67] W.L. Lin, J. Lewis, S.H. Yen, M. Hutton and D.W. Dick-

son, Ultrastructural neuronal pathology in transgenic mice

expressing mutant (P301L) human tau, Journal of Neurocy-

tology 32 (2003), 1091–1105.

[68] H.J. Luth, J. Apelt, A.O. Ihunwo, T. Arendt and R. Schliebs,

Degeneration of beta-amyloid-associated cholinergic struc-

tures in transgenic APP SW mice, Brain Research 977

(2003), 16–22.

[69] E. Masliah, L. Hansen, A. Adame, L. Crews, F. Bard, C.

Lee, P. Seubert, D. Games, L. Kirby and D. Schenk, Abeta

vaccination effects on plaque pathology in the absence of en-

cephalitis in Alzheimer disease, Neurology 64 (2005), 129–

131.

[70] E. Masliah, A. Sisk, M. Mallory and D. Games, Neurofib-

rillary pathology in transgenic mice overexpressing V717F

beta-amyloid precursor protein, Journal of Neuropathology

& Experimental Neurology 60 (2001), 357–368.

[71] E. Masliah, R.D. Terry, R.M. DeTeresa and L.A. Hansen,

Immunohistochemical quantification of the synapse-related

protein synaptophysin in Alzheimer disease, Neurosci Lett

103 (1989), 234–239.

[72] M.F. McCool, G.B. Varty, R.A. Del Vecchio, T.M. Kazdoba,

E.M. Parker, J.C. Hunter and L.A. Hyde, Increased auditory

startle response and reduced prepulse inhibition of startle in

transgenic mice expressing a double mutant form of amyloid

precursor protein, Brain Research 994 (2003), 99–106.

[73] E.G. McGeer and P.L. McGeer, Innate immunity in

Alzheimer’s disease: a model for local inflammatory reac-

tions, Mol Interv 1 (2001), 22–29.

[74] M.J. McNamara, T. Gomez-Isla and B.T. Hyman,

Apolipoprotein E genotype and deposits of Abeta40 and

Abeta42 in Alzheimer disease, Archives of Neurology 55

(1998), 1001–1004.

[75] D. Morgan, Antibody therapy for Alzheimer’s disease, Ex-

pert Review of Vaccines 2 (2003), 53–59.

[76] D. Morgan, D.M. Diamond, P.E. Gottschall, K.E. Ugen, C.

Dickey, J. Hardy, K. Duff, P. Jantzen, G. DiCarlo, D. Wilcock,

K. Connor, J. Hatcher, C. Hope, M. Gordon and G.W. Aren-

dash, A beta peptide vaccination prevents memory loss in an

animal model of Alzheimer’s disease.[see comment][erratum

appears in Nature 2001 Aug 9;412(6847):660], Nature 408

(2000), 982–985.

[77] C. Mori, E.T. Spooner, K.E. Wisniewsk, T.M. Wisniewski,

H. Yamaguch, T.C. Saido, D.R. Tolan, D.J. Selkoe and C.A.

Lemere, Intraneuronal Abeta42 accumulation in Down syn-

drome brain, Amyloid 9 (2002), 88–102.

[78] L. Mucke, E. Masliah, G.Q. Yu, M. Mallory, E.M. Rock-

enstein, G. Tatsuno, K. Hu, D. Kholodenko, K. Johnson-

Wood and L. McConlogue, High-level neuronal expression

of abeta 1–42 in wild-type human amyloid protein precursor

transgenic mice: synaptotoxicity without plaque formation,

Journal of Neuroscience 20 (2000), 4050–4058.

[79] J. Murrell, M. Farlow, B. Ghetti and M.D. Benson, A muta-

tion in the amyloid precursor protein associated with heredi-

tary Alzheimer’s disease, Science 254 (1991), 97–99.

[80] J.A. Nicoll, D. Wilkinson, C. Holmes, P. Steart, H. Markham

and R.O. Weller, Neuropathology of human Alzheimer dis-

ease after immunization with amyloid-beta peptide: a case

report.[see comment], Nature Medicine 9 (2003), 448–452.

[81] S. Oddo, L. Billings, J.P. Kesslak, D.H. Cribbs and F.M.

LaFerla, Abeta immunotherapy leads to clearance of early,

but not late, hyperphosphorylated tau aggregates via the pro-

teasome.[see comment], Neuron 43 (2004), 321–332.



148 D. Games et al. / Mice as models: Transgenic approaches and Alzheimer’s disease

[82] S. Oddo, A. Caccamo, J.D. Shepherd, M.P. Murphy, T.E.

Golde, R. Kayed, R. Metherate, M.P. Mattson, Y. Akbari

and F.M. LaFerla, Triple-transgenic model of Alzheimer’s

disease with plaques and tangles: intracellular Abeta and

synaptic dysfunction, Neuron 39 (2003), 409–421.

[83] J.M. Orgogozo, S. Gilman, J.F. Dartigues, B. Laurent, M.

Puel, L.C. Kirby, P. Jouanny, B. Dubois, L. Eisner, S. Flitman,

B.F. Michel, M. Boada, A. Frank and C. Hock, Subacute

meningoencephalitis in a subset of patients with AD after

Abeta42 immunization.[see comment], Neurology 61 (2003),

46–54.

[84] B. Permanne, C. Adessi, G.P. Saborio, S. Fraga, M.J.

Frossard, J. Van Dorpe, I. Dewachter, W.A. Banks, F. Van

Leuven and C. Soto, Reduction of amyloid load and cerebral

damage in a transgenic mouse model of Alzheimer’s dis-

ease by treatment with a beta-sheet breaker peptide, FASEB

Journal 16 (2002), 860–862.

[85] P.N. Pompl, M.J. Mullan, K. Bjugstad and G.W. Arendash,

Adaptation of the circular platform spatial memory task for

mice: use in detecting cognitive impairment in the APP(SW)

transgenic mouse model for Alzheimer’s disease, Journal of

Neuroscience Methods 87 (1999), 87–95.

[86] D. Quon, Y. Wang, R. Catalano, J.M. Scardina, K. Murakami

and B. Cordell, Formation of beta-amyloid protein deposits

in brains of transgenic mice, Nature 352 (1991), 239–241.

[87] J.M. Redwine, B. Kosofsky, R.E. Jacobs, D. Games, J.F.

Reilly, J.H. Morrison, W.G. Young and F.E. Bloom, Dentate

gyrus volume is reduced before onset of plaque formation in

PDAPP mice: a magnetic resonance microscopy and stereo-

logic analysis, Proceedings of the National Academy of Sci-

ences of the United States of America 100 (2003), 1381–

1386.

[88] M. Sadowski, J. Pankiewicz, H. Scholtzova, Y. Ji, D. Quar-

termain, C.H. Jensen, K. Duff, R.A. Nixon, R.J. Gruen and T.

Wisniewski, Amyloid-beta deposition is associated with de-

creased hippocampal glucose metabolism and spatial mem-

ory impairment in APP/PS1 mice, Journal of Neuropathol-

ogy & Experimental Neurology 63 (2004), 418–428.

[89] A.M. Saunders, W.J. Strittmatter, D. Schmechel, P.H.

George-Hyslop, M.A. Pericak-Vance, S.H. Joo, B.L. Rosi,

J.F. Gusella, D.R. Crapper-MacLachlan, M.J. Alberts et al.,

Association of apolipoprotein E allele epsilon 4 with late-

onset familial and sporadic Alzheimer’s disease.[see com-

ment], Neurology 43 (1993), 1467–1472.

[90] D. Schenk, R. Barbour, W. Dunn, G. Gordon, H. Grajeda,

T. Guido, K. Hu, J. Huang, K. Johnson-Wood, K. Khan,

D. Kholodenko, M. Lee, Z. Liao, I. Lieberburg, R. Motter,

L. Mutter, F. Soriano, G. Shopp, N. Vasquez, C. Vandevert,

S. Walker, M. Wogulis, T. Yednock, D. Games and P. Seu-

bert, Immunization with amyloid-beta attenuates Alzheimer

disease-like pathology in the PDAPP mouse, Nature 400

(1999), 173–177.

[91] C. Schmitz, B.P. Rutten, A. Pielen, S. Schafer, O. Wirths,

G. Tremp, C. Czech, V. Blanchard, G. Multhaup, P. Rezaie,

H. Korr, H.W. Steinbusch, L. Pradier and T.A. Bayer, Hip-

pocampal neuron loss exceeds amyloid plaque load in a trans-

genic mouse model of Alzheimer’s disease.[see comment],

American Journal of Pathology 164 (2004), 1495–1502.

[92] R. Sherrington, E.I. Rogaev, Y. Liang, E.A. Rogaeva, G.

Levesque, M. Ikeda, H. Chi, C. Lin, G. Li, K. Holman et

al., Cloning of a gene bearing missense mutations in early-

onset familial Alzheimer’s disease.[see comment], Nature

375 (1995), 754–760.

[93] W.J. Strittmatter, A.M. Saunders, D. Schmechel, M.

Pericak-Vance, J. Enghild, G.S. Salvesen and A.D. Roses,

Apolipoprotein E: high-avidity binding to beta-amyloid and

increased frequency of type 4 allele in late-onset familial

Alzheimer disease, Proceedings of the National Academy of

Sciences of the United States of America 90 (1993), 1977–

1981.

[94] C. Sturchler-Pierrat, D. Abramowski, M. Duke, K.H. Wieder-

hold, C. Mistl, S. Rothacher, B. Ledermann, K. Burki, P.

Frey, P.A. Paganetti, C. Waridel, M.E. Calhoun, M. Jucker,

A. Probst, M. Staufenbiel and B. Sommer, Two amyloid

precursor protein transgenic mouse models with Alzheimer

disease-like pathology, Proceedings of the National Academy

of Sciences of the United States of America 94 (1997), 13287–

13292.

[95] Y. Su, J. Ryder, B. Li, X. Wu, N. Fox, P. Solenberg, K.

Brune, S. Paul, Y. Zhou, F. Liu and B. Ni, Lithium, a common

drug for bipolar disorder treatment, regulates amyloid-beta

precursor protein processing, Biochemistry 43 (2004), 6899–

6908.

[96] N. Suzuki, T.T. Cheung, X.D. Cai, A. Odaka, L. Otvos, Jr.,

C. Eckman, T.E. Golde and S.G. Younkin, An increased

percentage of long amyloid beta protein secreted by famil-

ial amyloid beta protein precursor (beta APP717) mutants,

Science 264 (1994), 1336–1340.

[97] A. Takeuchi, M.C. Irizarry, K. Duff, T.C. Saido, K. Hsiao

Ashe, M. Hasegawa, D.M. Mann, B.T. Hyman and T. Iwat-

subo, Age-related amyloid beta deposition in transgenic mice

overexpressing both Alzheimer mutant presenilin 1 and amy-

loid beta precursor protein Swedish mutant is not associated

with global neuronal loss.[erratum appears in Am J Pathol

2000 Oct;157(4):1413], American Journal of Pathology 157

(2000), 331–339.

[98] R.D. Terry, E. Masliah, D.P. Salmon, N. Butters, R. DeTeresa,

R. Hill, L.A. Hansen and R. Katzman, Physical basis of

cognitive alterations in Alzheimer’s disease: synapse loss

is the major correlate of cognitive impairment, Annals of

Neurology 30 (1991), 572–580.

[99] L.J. Thal, Therapeutics and mild cognitive impairment: Cur-

rent status and future directions, Alzheimer Disease & Asso-

ciated Disorders 17 (2003), S69–S71.

[100] F. Trinchese, S. Liu, F. Battaglia, S. Walter, P.M. Math-

ews and O. Arancio, Progressive age-related development

of Alzheimer-like pathology in APP/PS1 mice, Annals of

Neurology 55 (2004), 801–814.

[101] J. Tsai, J. Grutzendler, K. Duff and W.B. Gan, Fibrillar

amyloid deposition leads to local synaptic abnormalities

and breakage of neuronal branches, Nature Neuroscience 7

(2004), 1181–1183.

[102] B. Urbanc, L. Cruz, R. Le, J. Sanders, K.H. Ashe, K. Duff,

H.E. Stanley, M.C. Irizarry and B.T. Hyman, Neurotoxic

effects of thioflavin S-positive amyloid deposits in transgenic

mice and Alzheimer’s disease, Proceedings of the National

Academy of Sciences of the United States of America 99

(2002), 13990–13995.

[103] J. Valla, K. Chen, J.D. Berndt, F. Gonzalez-Lima, S.R.

Cherry, D. Games and E.M. Reiman, Effects of image resolu-

tion on autoradiographic measurements of posterior cingulate

activity in PDAPP mice: implications for functional brain

imaging studies of transgenic mouse models of Alzheimer’s

Disease, Neuroimage 16 (2002), 1–6.

[104] D. Van Dam, R. D’Hooge, M. Staufenbiel, C. Van Ginneken,

F. Van Meir and P.P. De Deyn, Age-dependent cognitive



D. Games et al. / Mice as models: Transgenic approaches and Alzheimer’s disease 149

decline in the APP23 model precedes amyloid deposition,

European Journal of Neuroscience 17 (2003), 388–396.

[105] M. von Kienlin, B. Kunnecke, F. Metzger, G. Steiner, J.G.

Richards, L. Ozmen, H. Jacobsen and H. Loetscher, Altered

metabolic profile in the frontal cortex of PS2APP transgenic

mice, monitored throughout their life span, Neurobiology of

Disease 18 (2005), 32–39.

[106] M.A. Westerman, D. Cooper-Blacketer, A. Mariash, L. Koti-

linek, T. Kawarabayashi, L.H. Younkin, G.A. Carlson, S.G.

Younkin and K.H. Ashe, The relationship between Abeta and

memory in the Tg2576 mouse model of Alzheimer’s disease,

Journal of Neuroscience 22 (2002), 1858–1867.

[107] D.T. Winkler, L. Bondolfi, M.C. Herzig, L. Jann, M.E. Cal-

houn, K.H. Wiederhold, M. Tolnay, M. Staufenbiel and M.

Jucker, Spontaneous hemorrhagic stroke in a mouse model

of cerebral amyloid angiopathy, Journal of Neuroscience 21

(2001), 1619–1627.

[108] O. Wirths, G. Multhaup, C. Czech, N. Feldmann, V. Blan-

chard, G. Tremp, K. Beyreuther, L. Pradier and T.A. Bayer,

Intraneuronal APP/A beta trafficking and plaque formation

in beta-amyloid precursor protein and presenilin-1 transgenic

mice, Brain Pathology 12 (2002), 275–286.

[109] T.P. Wong, T. Debeir, K. Duff and A.C. Cuello, Reorganiza-

tion of cholinergic terminals in the cerebral cortex and hip-

pocampus in transgenic mice carrying mutated presenilin-1

and amyloid precursor protein transgenes, Journal of Neuro-

science 19 (1999), 2706–2716.

[110] C.C. Wu, F. Chawla, D. Games, R.E. Rydel, S. Freedman,

D. Schenk, W.G. Young, J.H. Morrison and F.E. Bloom, Se-

lective vulnerability of dentate granule cells prior to amy-

loid deposition in PDAPP mice: digital morphometric analy-

ses, Proceedings of the National Academy of Sciences of the

United States of America 101 (2004), 7141–7146.

[111] T. Wyss-Coray, L. Feng, E. Masliah, M.D. Ruppe, H.S. Lee,

S.M. Toggas, E.M. Rockenstein and L. Mucke, Increased

central nervous system production of extracellular matrix

components and development of hydrocephalus in trans-

genic mice overexpressing transforming growth factor-beta

1, American Journal of Pathology 147 (1995), 53–67.

[112] T. Wyss-Coray, C. Lin, F. Yan, G.Q. Yu, M. Rohde, L. Mc-

Conlogue, E. Masliah and L. Mucke, TGF-beta1 promotes

microglial amyloid-beta clearance and reduces plaque bur-

den in transgenic mice.[see comment], Nature Medicine 7

(2001), 612–618.

[113] T. Wyss-Coray, E. Masliah, M. Mallory, L. McConlogue, K.

Johnson-Wood, C. Lin and L. Mucke, Amyloidogenic role of

cytokine TGF-beta1 in transgenic mice and in Alzheimer’s

disease, Nature 389 (1997), 603–606.

[114] T. Wyss-Coray, F. Yan, A.H. Lin, J.D. Lambris, J.J. Alexan-

der, R.J. Quigg and E. Masliah, Prominent neurodegenera-

tion and increased plaque formation in complement-inhibited

Alzheimer’s mice, Proceedings of the National Academy of

Sciences of the United States of America 99 (2002), 10837–

10842.

[115] P.P.B.J.C.S. Zandi, Do NSAIDs prevent Alzheimer’s disease?

And, if so, why? The epidemiological evidence, Neurobiol-

ogy of Aging 22 (2001), 811–817.



This page intentionally left blank



Journal of Alzheimer’s Disease 9 (2006) 151–153 151
IOS Press

Alzheimer’s disease: The amyloid cascade

hypothesis: An update and reappraisal

John Hardy
Laboratory of Neurogenetics, National Institute on Aging, Porter Neuroscience Building, 35, Convent Drive,

Bethesda, MD20892, USA

Tel.: +1 301 451 6081; E-mail: hardyj@mail.nih.gov

Abstract. Here I recap the scientific and personal background of the delineation

of the amyloid cascade hypothesis for Alzheimer’s disease that I wrote with Gerry

Higgins and the events leading to the writing of that influential review.

My former and wise Head of Department, Bob

Williamson, used to quip that the greatest thing about

molecular genetics was that knowledge was a handi-

cap and this is certainly why I have enjoyed a career

in genetics. By that he meant that all you needed to

know about a disease was its mode of inheritance. Po-

sitional cloning would lead you to the mutant gene

which, unambiguously, caused disease. And after that,

there would be no argument: pathogenesis would start

from there.

In the 1970’s and 1980’s there were huge numbers of

ideas, mostly rather vague and untestable, about what

was the cause of Alzheimer’s disease: slow viruses,

aluminum exposure,“accelerated aging” (whatever that

is, beyond a smokescreen for sloppy thought, has never

been clear to me), or an environmental toxin were

among the favorite notions. There was also some con-

fusion about the relative importance of, and the rela-

tionships between, the different elements of the disease

pathology: the plaques, which Glenner [2] and Mas-

ters and Beyreuther [12] had shown were made of the

amyloid-β peptide in the mid 1980s, the tangles, which

Wischik and Goedert [5] had shown was made of tau

in the late 1980s, and the neuronal loss.

We geneticists made some missteps: the original

linkage report was wrong, and yet had pointed at a chro-

mosomal 21 gene [14]. It took us some time to realize

the disease was genetically heterogeneous [15]: how-

ever, with this realization and because of the linkage

of the amyloid gene to Hereditary Amyloidosis, Dutch

Type [11,16], our group suddenly understood that the

simplest interpretation of all the genetic data was that

AβPP mutations caused a minority of early onset auto-

somal dominant Alzheimer’s disease. We focused our

attention on those families that showed evidence for

linkage to chromosome 21 markers and immediately

began to find mutations in AβPP, close to the amyloid-β

part of the molecule [4]. These data were important be-

cause they gave us the first defined cause of the disease,

and they also gave us the possibility to make transgenic

models of the disease. I realized that these findings

proved one cause of disease. More importantly, I real-

ized they implied that all causes of disease would share

mechanistic relationships with this first cause. Over-
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expression of AβPP in Down syndrome immediately

became an obvious second defined cause, as Glenner

had been suggested many years before [3].

Emboldened by these ideas, but aware of my limita-

tions as a discussant of amyloid processing, I contacted

David Allsop [1], who had originally worked out the

amino acid composition of amyloid, and together we

wrote the widely cited review for Trends in Pharma-

cological Sciences [6]. Dennis Selkoe had also under-

stood the significance of our genetic data and reviewed

the field for Cell [13], and these reviews, together with

the Science review are widely seen as the start of the

dominance of the “Amyloid Cascade Hypothesis” for

Alzheimer’s disease. I think this attribution is a lit-

tle unfair: presumably, Glenner [3] and Masters and

Beyreuther [12] had isolated amyloid and cloned the

amyloid gene because they believed something along

the lines of the amyloid cascade hypothesis although

they never expressed their ideas clearly.

The story of how the review was written is a little

complicated. In late 1991, I had visited the United

States to give a talk to Gerry Higgins’ group at the

National Institute on Aging (coincidentally, my current

employer, though no longer Gerry’s: in fact, Gerry’s

former secretary is my Senior Administrator). While I

was visiting Gerry’s lab, he and I had got on very well,

and he showed me a manuscript he had in press in Na-

ture [10], describing the production of transgenic amy-

loid mice with fulminant Alzheimer pathology, both

plaques and tangles. He offered to show me slides

from the mice, but he couldn’t lay his hands on them

at that time. I didn’t mind because looking down a

microscope is always a waste of time for me. How-

ever, the manuscript was stunning, and ostensibly de-

scribed the full modeling of the disease process. After

I was back in London, Gerry and I spoke by ‘phone

several times, and I suggested we review the genetic

and animal data together. He agreed, and contacted

a friend of his who was an editor at Science to see if

they were interested. To my surprise, they were, and I

drafted the paper immediately, with him correcting the

draft and supplying the figure: the title was also his

choosing. The review took possibly a week to write.

At the time, I was organizing a small meeting in Lon-

don about Alzheimer’s disease and I invited him to be

the Plenary Lecturer. But as this was all brewing, he

began to tell me that people didn’t believe him about

the pathology in his mice. At last, the day before we

were to have the meeting, he ‘phoned to say he couldn’t

come: he was having serious problems at work, and

perhaps he should withdraw his name from the paper.

I said of course he should be an author: we had written

the paper together, and that is how we left it. Apart

from taking him to lunch 5 years later, during a visit of

his to Florida to interview to become an administrator

at NASCAR, I have never seen or spoken to him since.

As the probable fraud of his mouse analysis was un-

covered, he resigned, left science and disappeared. So

this paper, while it could be seen as the beginning of

the amyloid cascade hypothesis, was Gerry’s last.

What do I think of it today? First, it is simple, clear

and short: too many articles are complicated, muddy

and long: even a venture capitalist or a corporate CEO

can read to the end of it. Second, while adjudication of

final truth depends on successful therapy, I think there

can be little doubt that it is largely correct, as we have

recently reviewed [8]. Third, as an idea, the amyloid

cascade hypothesis has been extremely valuable in fo-

cusing research. Fourth, I have found it irritating to

be asked time and time again to present and defend it,

rather like Procul Harem being asked endlessly to sing

“A Whiter Shade of Pale”.

Subsequent findings which have supported the basic

tenet of the article have included (see ref. [8]):

1) the observation that presenilin mutations have the

same effect on amyloid processing as AβPP mu-

tations and presenilin is in fact, part of the enzyme

complex which produces Aβ from AβPP,

2) the realization that tau mutations lead to tangles,

cell loss and dementia, indicating that tau is in-

deed downstream from Aβ,

3) the observation that the crossing of an AβPP

transgene into a tau transgenic mouse does indeed

push tangle formation and this effect is rescued

by reducing the amyloid load: (thus, years later,

we were indeed able to make mice with pathology

similar to those fraudulently described by Gerry).

4) the genetic linkage screens for late onset Alzhei-

mer’s disease show up both the AβPP gene and a

locus on chromosome 10 which influence AβPP

metabolism.

Amyloid-based treatments, the final test of the amy-

loid cascade hypothesis, are showing some hopeful re-

sults, but they are certainly not yet conclusive.

The amyloid cascade hypothesis has been exten-

sively criticized particularly by those who point out that

by “amyloid” we originally meant “plaque amyloid”

(although I note that at the time, the official name for

what we now call Aβ was amyloid-β peptide). While

I accept this criticism because most people, including

me, now think it is some smaller oligomeric species,
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I find it tiresome. Of course, our ideas have changed.

If they hadn’t, we would have wasted the last 13 years

doing research: the article in Science was intended to

generate ideas and act as a framework for a research

agenda, not to be a definitive statement. I re-read it for

the first time in at least 10 years to write this article:

when I wrote it, I certainly didn’t mean it to be laid

down on a tablet of stone and consulted to ascertain ul-

timate wisdom about Alzheimer’s disease. Other criti-

cisms have seemed, to my intolerant ear, to be merely

vague murmurings of malcontents who have consis-

tently failed to come up with a viable alternative.

Writing this short memoir enables me to spread the

thanks for this work. I wrote the widely cited review,

but my thoughts at that time were influenced by the

conversations I had with my boss, Bob Williamson,

with my postdocs, Alison Goate, Mike Owen, Marie-

Christine Chartier-Harlin and Mike Mullan and also

with Christine Van Broeckhoven and Peter St George

Hyslop. There was a community of ideas and our

discussions, both within our group and with Christine

and Peter, were free and open: I wish it were always

so. Karen Duff, Mike Hutton and Jada Lewis have

led subsequent transgenic work, which I think has al-

most proved the amyloid hypothesis beyond reasonable

doubt. Colleagues like these and Dave Morgan have

made science both productive and fun for me and most

of the collaborations started in those days continue to-

day.

I believe we are close to a therapy for Alzheimer’s

disease based on the amyloid cascade hypothesis, but

time will tell.

“We skipped the light fandango

Turned cartwheels cross the floor.

I was feeling kind of sea sick,

The crowd called out for more.

The room was humming harder

As the ceiling flew away.

When we called out for another drink

The waiter brought a tray

And so it was that later

As the miller told his tale

That her face at first just ghostly

Turned a whiter shade of pale.”
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Abstract. Many participants played a role in discovering the composition and

sequence of the Aβ amyloid of Alzheimer’s disease. This sequence enabled the

cloning of the amyloid precursor protein (APP), which elucidated its proteolytic

origin from the membrane of neurons. The proteolytic enzymes which process

APP and the Aβ fragment itself are now the prime validated drug targets for

therapeutic intervention.

Approaching the centennial year of Alzheimer’s pre-

sentation of a distinct form of neurodegeneration [2],

we can look back over the past two decades during

which an extraordinary research effort has been under-

way elucidating the role of Aβ amyloid in the causation

of Alzheimer’s disease (AD). Our contributions in the

1980’s [20,27–33,44] to the purification and N-terminal

sequencing of the amyloid plaque cores (APC) of AD

and the discovery of its biogenesis from a neuronal

precursor (the amyloid protein precursor – APP) by

proteolytic cleavages (the β- and α-secretases) needs

to be seen on the background of many years of prior

research activity from a diverse range of individuals

and groups. In this article, we summarize the inter-

connecting pathways which led to these discoveries and

∗Corresponding author: Colin L. Masters, Department of Pathol-

ogy, The University of Melbourne, Victoria 3010, Australia. Tel.:

+61 3 8344 5868; E-mail: c.masters@unimelb.edu.au.

the subsequent torrent of research activity around Aβ

amyloid and APP.

1. Prior to the modern era – up to the mid 1960’s

For one of us (CLM), the “modern era” commences

in the mid-1960s with his initial studies on the nature

of spongiform change in the transmissible spongiform

encephalopathies. These studies commenced in 1968

as part of a collaborative project between Byron Kaku-

las, Michael Alpers, Joe Gibbs and Carleton Gajdusek.

At that time, Masters was a medical student exploring

the morphologic features of the “slow virus” diseases,

specifically Creutzfeldt-Jakob disease and kuru, occur-

ring both naturally and after experimental transmission

to non-human primates. In addition to the characteris-

tic features of spongiform change, gliosis, and neuronal

loss [31], it was well known at that time that a variable

feature was the “kuru plaque”, an amyloid deposition
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(as described by Igor Klatzo in 1957). Masters’ interest

in these kuru plaques began when he observed similar

structures in some of the experimentally infected ani-
mals being assessed from 1968 to 1975. It was gener-

ally recognized at that time that the kuru plaques were

morphologically distinct from the Alzheimer’s plaque,
not only in their intrinsic shapes and in the nature of

the surrounding neuritic and glial reaction, but also in

their topographic distribution within the brain.
Prior to the mid-1960’s, very little progress had been

made in understanding the pathological significance

and biochemical nature of the amyloid depositions ei-
ther in the brain (the concept of amyloid dates from

Virchow’s description of cerebral corpora amylacea) or

systemically. Von Braunmühl was among the leaders
of the German school of pathologists who attempted to

understand the “colloidal” nature of amyloid. The same
school had developed the use of the cotton dyes, such

as Congo Red, for the differentiation of amyloid from

other proteinaceous deposits. The fact that abnormal
degenerative and regenerative changes occurred in re-

sponse to cerebral amyloid deposition was fully appre-

ciated [3,7], but the origin of the cerebral deposits re-
mained enigmatic, particularly since some forms were

clearly associated with small blood vessels, the amy-

loid congophilic angiopathy (ACA) of Pantelakis. The
concept of a vascular or hematogenous origin of the

cerebral amyloid plaque clearly arose during this pe-

riod, and as we will see below, was promoted by the
general (non-neuropathologically trained) pathologists

who were used to evaluating the systemic forms of

amyloidosis.

2. Beginning the modern era – mid-1960’s to 1970

Three major intellectual streams emerged during

the latter half of the 1960’s. First, Friede [8] de-

scribed the histochemical reactivity of the AD “senile”
plaque, and observed the enzymatic activity specific

for acetylcholinesterase. This eventually developed into

the cholinergic theory of AD [43] and the current class
of cholinesterase inhibitors useful in the symptomatic

treatment of AD. Second, the emergence of the tech-
nology behind electron microscopy led to the “great

tangle debate” between the schools of Bob Terry and

Michael Kidd: was the Alzheimer neurofibrillary tan-
gle (NFT) a paired helical filament or a twisted tubule?

Electron microscopy also made major inroads into the

filamentous structure of the amyloid plaque core and
surrounding neuritic changes. Third, and more pro-

ductively, the unlocking of the structural basis of the

systemic amyloid filament had begun.

3. Early studies on the structural and biochemical

nature of the Alzheimer plaque – the 1970’s

In the early 1970’s, despite the technical advances

in histochemistry (including immunocytochemistry),

electron microscopy, x-ray crystallography and pro-

tein chemistry (including N-terminal sequencing), lit-

tle progress was made in understanding the amyloid

plaques in both AD and the “slow virus” diseases.

Remarkably, the first attempts at purifying the APC

came from James Austin’s group in Denver, Colorado

in 1971/72 [35,36], but they had used formalin-fixed

tissues. Nevertheless, their studies did reveal the pres-

ence of non-proteinaceous elements such as silicon, a

forerunner to later interest in aluminum, copper and

zinc.

In the first half of the 1970’s, George Glenner had

made spectacular progress in the biochemical elucida-

tion of the AL types of systemic amyloid [11]. Glen-

ner, who died in 1995 at the age of 67 from the com-

plications of cardiac amyloidosis, was among the first

to obtain N-terminal sequences on the amyloid AL

light chains derived from plasma cell myelomas (Bence

Jones proteins). He had conducted his seminal stud-

ies at the NIH in Bethesda, having moved there in

1958. Over the years he had built a reputation as a

great biomedical scientist, yet at the same time difficult

to deal with at the personal level. He may have had

problems with a bi-polar depressive disorder, or he may

just have had an ornery personality. One characteris-

tic that colleagues noted was his reluctance to quote

the work of other scientists with whom he was directly

competing, best illustrated in reference to the late Earl

Benditt’s work on the systemic amyloids. Other views

may yet be forthcoming from the surviving pioneers of

these systemic amyloid studies – Merrill Benson, Per

Westermark, Martha Skinner, Alan Cohen, Blas Fran-

gione and Mordechai Pras. It was against this back-

ground that Masters approached Glenner.

Masters’ first post-doctoral position was with EP

Richardson in Boston in 1976/77, continuing studies on

the AD/CJD amyloid plaques at a morphological level.

In late 1977, Masters moved to the NIH laboratories

of Carleton Gajdusek and Joe Gibbs, to continue the

collaboration which had started in 1968. After some

discussion with Joe Gibbs, it was agreed that Masters

should start a project on purifying and characterising

the amyloid plaques from the human transmissible dis-

eases (kuru, CJD and the Gerstmann-Sträussler Syn-

drome – see [28,29]). Joe Gibbs, of course, knew of

George Glenner’s scientific reputation and of his pres-
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ence on the NIH campus, and suggested that Masters

visit Glenner’s laboratory. By this time, Glenner had

begun to think about the AD-amyloid connection, and

had decided that the best approach would be to isolate

the AD amyloid from the leptomeningeal vessels, but

he had not commenced work on this subject. Masters

and Glenner met on two or three occasions, and Glen-

ner then drafted a research proposal which he sent to

Joe Gibbs. As a result of this, an intramural NIH confer-

ence was convened in 1978, at which Glenner, Masters,

Gibbs and others presented ideas on how to approach

the general methods involved in purifying the AD/CJD

amyloids. From the very start, Glenner assumed that

the AD amyloid was derived from the vascular com-

partment, in the same manner as had been identified for

the AA and AL proteins.

Over the ensuing two years (1978–1980), Glenner

and Masters met only on one or two occasions in Glen-

ner’s laboratory to discuss progress, but at each meet-

ing Glenner remained very secretive and obfuscatory

about his own activities. At this stage, samples had not

been exchanged between their respective laboratories

at the NIH, nor was it clear that Glenner had actually

begun dissecting any human AD brain tissues.

Masters’ approach at the NIH was to try and adapt

the known detergent – high salt extraction methods pre-

viously used for the purification of intermediate fila-

ments, relying on the relative insolubility of the APC

of both kuru and GSS brains. Because of the scarcity

of tissue samples and the low numbers of APC in these

conditions, Masters also began using AD brains to es-

tablish the methodologies.

While these studies were going on at the NIH from

1978 to mid-1980, other connections and collabora-

tions were being established. In the AD field, sev-

eral groups were actively engaged in the purification of

the NFT, including Denis Selkoe in Boston and Hen-

ryk Wisniewski and his team at Staten Island (includ-

ing Khalid Iqbal and Patricia Merz). On one of their

many visits to Salem and Boston,Gajdusek and Masters

dropped in unannounced to see Selkoe at his McLean

laboratory, to check on progress with his NFT prepa-

rations. This would have been in 1979, and it was ap-

parent at that time that Selkoe was not directly working

on an APC purification strategy. In contrast, Pat Merz

and Steve Bobin at Staten Island were very interested

in the amyloid purifications in both scrapie/kuru/GSS

and AD. Masters, Bobin and Merz set up a collabo-

ration in which they shared protocols, samples, and

techniques. This eventually resulted in a publication

in 1983 (submitted in November 1982), which was the

first to describe in detail some of the methods that had

been jointly developed for the purification of amyloid

from AD, GSS and scrapie frozen brains [33]. This

paper concentrated on the electron microscopic appear-

ances of the different types of amyloid filaments, which

at the time was a very controversial area because of the

studies emerging from the Prusiner laboratory in San

Francisco. In retrospect, it was evident that we had

relatively “pure” preparations of scrapie/GSS amyloid

in our laboratories at a time well before Prusiner had

“pure” preparations of the prion protein (PrP). If we had

been able to solubilize and characterize the scrapie/GSS

amyloid protein at that time, it would have led us di-

rectly to the PrP protein, pre-empting Prusiner’s later

discoveries by several years.

4. Dramatic discoveries on many fronts in the

1980’s

Masters left the NIH labs in the latter half of 1980

for a year in Heidelberg with Melitta Schachner before

returning to Australia in 1981, where he re-commenced

studies on the sporadic and genetic cerebral AD/CJD

amyloids [28,29]. For uncertain reasons, George Glen-

ner moved to San Diego in 1982, having published a

major review on the “β-fibrilloses” in 1980 [10]. His

attempts to dominate the amyloid nomenclature debate

with his emphasis on their β-pleated sheet structure

(emanating from his earlier discoveries) were to be car-

ried forward in his AD studies in California, where he

found more ready access to AD brain tissues. During

1982/83, Masters was in communication with Glenner,

and samples of pure AD-APC were sent to him on the

understanding that it was a collaboration in which he

would perform X-ray diffraction studies. It was never

clear what became of those samples, as results were

never forthcoming from his laboratory. Also, in 1982,

Prusiner visited Masters’ Australian laboratory while

attending the International Congress of Biochemistry

in Perth, at which he set up the collaboration with

Charles Weissman, which was to lead to the eventual

cloning of the PrP gene. During Prusiner’s visit, Mas-

ters discussed progress in isolating the AD and GSS

amyloid. Although Prusiner, at that time and for many

years thereafter, maintained that his “prion rods” were

distinct from amyloid fibrils and Merz’s “scrapie asso-

ciated fibrils”, it came as a great surprise that he subse-

quently consulted with Glenner, and published obser-

vations on the Congo Red negative birefringence of the

aggregated prion rods [39].
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In 1983, another surprising paper appeared from

Michael Kidd, Mike Landon and David Allsop in

the Nottingham Medical School [1] disclosing their

method of AD-APC purification (discontinuous su-

crose gradient with subtilisin pre-digestion) and show-

ing that their total amino acid composition was differ-

ent from the known AA/AL amyloid proteins. We [33]

had not been aware of competitors other than Glenner.

Much later, we also learned that Alex Roher had also

been working on purified APC [40]. In subsequent dis-

cussions with Allsop and Landon, it was clear that they

had made plans to determine the N-terminal sequence,

but their chosen collaborator failed to deliver. More-

over, they apparently had not discovered a method to

solubilize the APC, a pre-condition for determining the

N-terminal sequence.

In retrospect, it was clear that Glenner had been very

busy and productive during 1983 and 1984, as his two

papers on the N-terminal sequence of the AD amy-

loid protein appeared in May and August 1984 [12,13].

As expected, he had confined himself to the amyloid

extractable from the leptomeningeal vasculature, and

his method required predigestion with collagenase and

(partial) solubilization in 6M guanidine-HCl, followed

by Sephadex G100 chromatography. He also found the

amyloid was soluble in 88% formic acid for HPLC. In

his first paper, he obtained an N-terminal sequence as

far as residue 24, with a mistake at residue 11 (iden-

tified Gln instead of Glu). He named contents of the

two G100 peaks “β1, β2 peptide” after the “β-pleated

sheet” configuration determined by X-ray crystallog-

raphy (in contravention to the International Amyloido-

sis Nomenclature Committee rules which required the

A-“x” system). He predicted that the β1/β2 peptides

would be derived from a unique serum protein precur-

sor, and cited 12 papers (eight of which were his own).

Masters first saw this paper when travelling to

an EMBO-sponsored meeting on the Transmissible

Spongiform Encephalopathiesbeing organizedby Alan

Dickinson in Edinburgh. At this meeting, Konrad

Beyreuther and Stan Prusiner were present: Beyreuther

because of his association with Heino Diringer who

had interested him in some of the properties of scrapie

fibrils isolated in Diringer’s Berlin laboratories, and

Prusiner was there with some important unpublished

information on the N-terminal sequence of PrP. Mas-

ters approached Beyreuther, known for his expertise in

amino acid sequencing, to help with his studies on the

AD amyloid plaque cores. By that time, Masters had

also determined their solubility in strong chaotropes

such as guanidine, and had discovered formic acid to be

the most effective solvent (a tip derived from the pre-

vious generation of Australian wool protein chemists).

Beyreuther readily agreed to collaborate, and Masters

sent purified AD-APC to him and Gerd Multhaup for

sequencing at the Institute for Genetics, Cologne. Our

method for the APC purification now consisted of a

pepsin digestion, Triton X100/high salt extraction fol-

lowed by separation on a discontinuous sucrose gradi-

ent. Beyreuther and Multhaup were able to solubilize

the AD-APC in formic acid and obtain a very ragged

N-terminal sequence as far as residue 28 (four more

than Glenner!). On SDS gels, dimers and higher order

aggregates were readily observed of the 4 kD monomer,

which at the time, in conformance with the Interna-

tional Nomenclature rules, we referred to as “A4” (and

the oligomers as A8, A16, A64, etc., the “A” standing

for either Amyloid or Alzheimer). We noted the pH-

dependence of this aggregation process as being typical

of protonation of histidines.

Glenner’s next paper [13] appeared while we were

making rapid progress with our own analyses. He now

referred to the “β1/β2 peptide” as “the β protein”, cor-

rected his sequencing error at residue 11, and predicted

that since the amyloid N-terminal sequence from a vas-

cular preparation from a case of Down’s syndrome was

the same as from AD, that there would be a gene defect

on chromosome 21 responsible for AD.

By late 1984, we had assembled enough data from

our APC studies to draft a manuscript which was sub-

mitted to PNAS, and accepted in January 1985 [32].

In the acknowledgements, we thanked Steve Bobin,

Michael Landon and George Glenner for “helpful dis-

cussions”. This was certainly true for Bobin and Lan-

don, with whom we had developed cordial relation-

ships. Glenner, however, maintained a very “stand-

offish” attitude, and even had the presumption to re-

quest further supplies of our purified APC (see Fig. 1 –

“1 mg would be fine”!). Our PNAS paper [32] was

published in June 1985. Subsequent discussions with

Glenner showed that he believed that we could never

have obtained our results without reference to his 1–24

sequence, and that he was extremely annoyed at our

incursion into his domain. For many years thereafter,

he maintained that the basic amyloid subunit was 28

residues in length. Initially, we ourselves were uncer-

tain whether the N-terminal raggedness was an artefact

of the preparative method, or caused by non-specific

degradation of material remaining in situ for extended

periods. Further studies from our laboratories [16,30]

and others [14] suggested that the latter interpretation

was more likely. The strong amyloidogenic propensity

of synthetic A4 was easily demonstrable [22,30].
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Fig. 1. Image of a reprint sent to CLM from George Glenner, at some time in late 1984, with the inscription “1 mg would be fine”, referring to the

collaboration in which Masters had previously sent him samples of purified AD-APC for X-ray diffraction studies, Glenner was now requesting

further supplies. No results ever came from this collaboration.

The most important question which needed to be

addressed in early 1985 was the origin of the cere-

bral amyloid. We immediately set out to raise antis-

era to the purified and fractionated APC and to a va-

riety of synthetic peptides of A4 (the Aβ peptide, as

it subsequently became known). Using these antis-

era on AD brain sections, we were privileged to be

the first to see the full extent of amyloid deposition in

the human AD brain – a major revelation to the eyes

of a classically trained neuropathologist! The Not-

tingham group had drawn attention to the similarity in

amino acid composition between APC and NFT prepa-

rations [21], and we were very surprised to find similar

(but more ragged) N-terminal sequences from our own

NFT preparations [16,30]. Even more surprising, some

antisera raised to both native and synthetic APC/A4 re-

acted with a subpopulation of NFT in situ [30]. All

of the antisera reacting with APC also strongly reacted

with the vascular amyloid (ACA). We [30] also ob-

served that the APC might have a non-proteinaceous

component (see also [6]). From these observations we

made several bold predictions including that the A4

(Aβ) subunit would be of neuronal origin, consist of

about 40 residues, and would be derived from a pre-

cursor protein [30]. The concept of a neuronal origin

of an intracerebral amyloidogenic protein (diametri-

cally opposed to the prevailing views of Glenner, Fran-

gione and Wisniewski) received further support with

the studies of Ghiso and Frangione who showed that a

neuronally-derived protein, cystatin C, was the cause

of a rare Icelandic congophilic angiopathy [9,26]. But

the more compelling evidence for the neuronal origin

of the AD-APC/ACA was to come eventually from the

cloning of the Aβ precursor protein (APP) itself [20].

Looking back, what should we say about our con-

clusions that NFT contain Aβ? Early reports of NFT

reacting with antisera to “neurotubules” [15] were fol-

lowed up with the discoveries of tau [5,18] and ubiq-

uitin [34] in the NFT, which have dominated the field

over the past two decades. Initial studies on the bio-

chemical nature of the NFT [17,19,42] did reveal prop-

erties in common with the APC, particularly in terms

of solubility. At one point, Selkoe’s group came very

close to believing that the NFT and APC shared a com-

mon (vascular) origin [41]. More recent studies have

maintained the possibility that Aβ can accumulate in

intracellular locations, yet there is still no compelling

evidence from either in vitro experiments or the trans-

genic mice AD models for direct Aβ and tau/ubiquitin

interactions. We would now conclude that the ques-

tion of NFT formation in AD is as puzzling today as

it was 20 years ago, and leave open the question of

whether Aβ has any direct role in the aggregation of

tau (phosphorylated or not!).

Further support for the neuronal origin of the AD

amyloid came from the parallel studies of the prion

protein in CJD/GSS. In our PNAS paper, we made

detailed reference to the biochemical similarities be-
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tween the APC of AD and the chemical profile of in-

hibiting infectivity of scrapie [32]. At that time (late

1984), the PrP protein had been identified [4], the prion

rods/filaments were known to bind Congo Red [39]

and the N-terminal sequence of PrP had been pub-

lished [38]. By the time we had assembled the argu-

ments for the “neuronal origin” paper [30], the full se-

quence of the PrP cDNA was known [37] and observed

to be expressed in the brain (equally in control and in

infected animals). Within a short period of time, the

PrP-composition of the CJD/GSS/scrapie-amyloid was

confirmed by immunological techniques [24] and the

neuronal origin of PrP demonstrated [25]. Just as we

had observed with AD-APC immunoreactivity for Aβ

epitopes, the antigenic enhancement of PrP amyloid

with formic acid pre-treatment [27] suggested a com-

mon conformation underlay both types of extracellular

deposits. Thus, by 1987, we could see that the puri-

fied kuru plaques and GSS amyloid that had led us into

the AD story were also repositories of the secrets of

the inherent infectivity of the PrP protein. It has now

taken Prusiner’s team and collaborators almost another

20 years to devise the experimental conditions required

for the proof of the prion theory. There still remains a

major gap in the prion field in that the molecular mech-

anisms underlying the toxicity (neuronal vacuolation?)

leading to neurodegeneration remain unexplained. Our

observations in 1985/1986 that the AD brain is under

severe oxidative stress [27] were the first to suggest that

the accumulation of Aβ in the AD brain might cause

damage through some redox-active chemistry. This is

currently one of our major strategies directed at ther-

apeutic interventions in AD. It remains probable that

similar processes might underlie the damage induced

by an abnormal conformer of the PrP protein (and in-

deed the α-synuclein of Parkinson’s disease, the SOD-

1 in amyotrophic lateral sclerosis, the polyglutamine

expansions of Huntington’s disease, the tauopathy of

Pick’s disease, and complement factor H in age related

macular degeneration).

Once we had determined the N-terminal sequence of

the AD amyloid, it was clear that the major challenge

ahead was to use this information to derive a cDNA

clone to uncover the precursor protein. This came to

fruition in the second half of 1986 [20,44].
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[26] H. Löfberg, A.O. Grubb and A. Brun, Human brain cortical

neurons contain α-trace. Rapid isolation, immunohistochem-

ical and physiochemical characterization of human α-trace,

Biomedical Research 2 (1981), 298–306.

[27] R.N. Martins, C.G. Harper, G.B. Stokes and C.L. Masters, In-

creased cerebral glucose-6-phosphate dehydrogenase activity

in Alzheimer’s disease may reflect oxidative stress, J. Neu-

rochem. 46 (1986), 1042–1045.

[28] C.L. Masters, D.C. Gajdusek and C.J. Gibbs Jr, The famil-

ial occurrence of Creutzfeldt-Jakob disease and Alzheimer’s

disease, Brain 104 (1981), 535–558.

[29] C.L. Masters, D.C. Gajdusek and C.J. Gibbs Jr, Creutzfeldt-

Jakob disease virus isolations from the Gerstmann-Str̈aussler

syndrome. With an analysis of the various forms of amy-

loid plaque deposition in the virus-induced spongiform en-

cephalopathies, Brain 104 (1981), 559–587.

[30] C.L. Masters, G. Multhaup, G. Simms, J. Pottgiesser, R.N.

Martins and K. Beyreuther, Neuronal origin of a cerebral amy-

loid: neuro-fibrillary tangles of Alzheimer’s disease contain

the same protein as the amyloid of plaque cores and blood

vessels, EMBO J 4 (1985), 2757–2763.

[31] C.L. Masters and E.P. Richardson Jr, Subacute spongiform

encephalopathy (Creutzfeldt-Jakob disease). The nature and

progression of spongiform change, Brain 101 (1978), 333–

344.

[32] C.L. Masters, G. Simms, N.A. Weinman, B.L. McDonald, G.

Multhaup and K. Beyreuther, Amyloid plaque core protein in

Alzheimer disease and Down syndrome, Proc. Nat. Acad. Sci.

USA 82 (1985), 4245–4249.

[33] P.A. Merz, H.M. Wisniewski, R.A. Somerville, S.A. Bobin,

C.L. Masters and K. Iqbal, Ultrastructural morphology of

amyloid fibrils from neuritic and amyloid plaques, Acta Neu-

ropathol. (Berl) 60 (1983), 113–124.

[34] H. Mori, J. Kondo and Y. Ihara, Ubiquitin is a component of

paired helical filaments in Alzheimer’s disease, Science 235

(1987), 1641–1644.

[35] T. Nikaido, J. Austin, R. Rinehart, L. Trueb, J. Hutchinson, H.

Stukenbrok and B. Miles, Studies in aging of the brain I. Iso-

lation and preliminary characterization of Alzheimer plaques

and cores, Arch. Neurol. 25 (1971), 198–211.

[36] T. Nikaido, J. Austin, L. Trueb and R. Rinehart, Studies in

aging of the brain II. Microchemical analyses of the nervous

system in Alzheimer patients, Arch. Neurol. 27 (1972), 549–

554.

[37] B. Oesch, D. Westaway, M. Wälchli, M.P. McKinley, S.B.

Kent, R. Aebersold, R.A. Barry, P. Tempst, D.B. Teplow, L.E.

Hood et al., A cellular gene encodes scrapie PrP 27–30 protein,

Cell 40 (1985), 735–746.

[38] S.B. Prusiner, D.F. Groth, D.C. Bolton, S.B. Kent and L.E.

Hood, Purification and structural studies of a major scrapie

prion protein, Cell 38 (1984), 127–134.

[39] S.B. Prusiner, M.P. McKinley, K.A. Bowman, D.C. Bolton,

P.E. Bendheim, D.F. Groth and G.G. Glenner, Scrapie pri-

ons aggregate to form amyloid-like birefringent rods, Cell 35

(1983), 349–358.

[40] A. Roher, D. Wolfe, M. Palutke and D. KuKuruga, Purifica-

tion, ultrastructure, and chemical analysis of Alzheimer dis-

ease amyloid plaque core protein, Proc. Natl. Acad. Sci. USA

83 (1986), 2662–2666.

[41] D.J. Selkoe, C.R. Abraham, M.B. Podlisny and L.K. Duffy,

Isolation of low-molecular-weight proteins from amyloid

plaque fibers in Alzheimer’s disease, J. Neurochem. 46 (1986),

1820–1834.

[42] D.J. Selkoe, Y. Ihara and F.J. Salazar, Alzheimer’s disease:

insolubility of partially purified paired helical filaments in

sodium dodecyl sulfate and urea, Science 215 (1982), 1243–

1245.

[43] W.K. Summers, L.V. Majouski, G.M. Marsh, K. Tachiki and A.

Kling, Oral tetrahydroaminoacridine in long-term treatment of

senile dementia, Alzheimer type, N. Engl. J. Med. 315 (1986),

1241–1245.

[44] B.U. Zabel, J.M. Salbaum, G. Multhaup, C.L. Masters, J.

Bohl and K. Beyreuther, Sublocalization of the gene for the

pre- cursor of Alzheimer’s disease amyloid A4 protein on

chromosome 21, Cytogenetics and Cell Genetics 46 (1987),

725–726.



This page intentionally left blank



Journal of Alzheimer’s Disease 9 (2006) 163–168 163
IOS Press

Amyloid β-peptide is produced by cultured

cells during normal metabolism: A reprise

Dennis J. Selkoe
Center for Neurologic Diseases, Harvard Institutes of Medicine, Rm 730, 77 Avenue Louis Pasteur, Boston MA

02115, USA

Tel.: +1 617 525 5200; Fax: +1 617 525 5252; E-mail: dselkoe@rics.bwh.harvard.edu

Abstract. In the twenty years since George Glenner identified the amyloid β-

protein (Aβ), advances in understanding the biochemical pathology, genetics

and cell biology of Alzheimer’s disease have led to a detailed molecular

hypothesis for the genesis of AD and brought us into human trials of anti-

amyloid agents. The ability to study Aβ dynamically in cultured cells and

in vivo derives from the recognition in 1992 that Aβ is a normal product

of cellular metabolism throughout life and circulates as a soluble peptide in

biological fluids. Here, I review the background underlying this discovery and

then discuss its implications for research on Alzheimer’s disease, particularly

for the development of disease-modifying therapies.
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More than two decades have passed since the seminal

identification of the amyloidβ-protein by George Glen-

ner and Caine Wong [1]. The concept that Alzheimer’s

disease might share key pathogenic features with other

primary amyloidoses motivated Glenner to isolate the

subunit protein of cerebrovascular amyloid fibrils and

initiated a long and arduous scientific journey that, in

my view, is likely to lead to treatments – and even

to prevention – of this most common form of men-

tal failure in humans. Glenner’s hypothesis about the

origin of Alzheimer’s disease was based on extensive

studies of a range of systemic amyloidotic disorders

conducted over the years by many scientists, including

him. Although the theory that Alzheimer’s disease rep-

resents, in essence, a primary cerebral amyloidosis has

not been definitively proven at this writing and remains

controversial, the wealth of insights about the biology

of certain membrane proteins that Glenner’s discovery

spawned exemplifies the salutary intersection of basic

and disease-oriented research.

My own initiation into the complexities of neu-

rodegenerative disease began many years before I met

George Glenner and learned about his hypotheses. Dur-

ing the third year of medical school, I developed an

enduring fascination with the dysfunction of the human

nervous system. Among my initial impressions, I was

struck by the fact that some of the most interesting dis-

eases of the brain were assigned to the backs of medical

textbooks in short sections that contained little mean-

ingful information. Alzheimer’s disease, now recog-

nized as one of the most common disorders of the hu-

man brain, was no exception. I began studying neurol-

ogy the year prior to the report by Blessed, Tomlinson

and Roth that the putatively rare “presenile dementia”

that Alois Alzheimer had described was similar to, if

not virtually indistinguishable from, the major form of

common senile dementia [2]. I did not actually come
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across this fundamental reinterpretation of the nature

of Alzheimer’s disease until some years later, as I com-

pleted my residency in neurology. But I recall that

my first encounter as a medical student with a patient

with Alzheimer’s disease piqued my interest about this

obscure disorder that robbed its victims of their most

human qualities – insight, judgment, abstraction and

memory. Like other authors in this volume and like

many investigators worldwide, I have retained my early

fascination for understanding the molecular origins of

this disorder, which continues to represent an enormous

personal and societal tragedy.

By the time my colleagues and I undertook the in-

vestigations that led to the subject paper of this re-

view, Glenner’s hypothesis and his pursuit of the iden-

tity of the amyloid β-protein had been followed by sev-

eral crucial observations, particularly the recognition

that the amyloid fibers comprising the cores of senile

plaques were composed of seemingly the same subunit

protein that Glenner had described in vascular amy-

loid [3] and that this subunit was a fragment of a large,

single-transmembrane precursor protein (AβPP) [4–

7]. The isolation of the first full-length complemen-

tary DNA clones of APP by Konrad Beyreuther and

co-workers [4] enabled studies on the biology of this

previously unrecognized polypeptide to go forward. In

my formative laboratory at McLean Hospital, my col-

leagues and I had already developed a method to pu-

rify amyloid plaque cores by fluorescence-activated cell

sorting and had recognized the close biochemical rela-

tionship of their subunit to Glenner’s vascular amyloid

protein but its distinction from the protein filaments of

neurofibrillary tangles [8]. By 1986, when we pub-

lished our first study on β-amyloid, I had become con-

vinced that understanding how the small amyloid β-

peptide fragment arose in the brain and how it appar-

ently triggered a complex series of neuronal alterations

could prove key to deciphering Alzheimer’s disease [9].

The work that Christian Haass and Michael Schloss-

macher in my laboratory carried out, together with our

collaborators, in 1991–1992 [10] constitutes one of the

most exciting experiences that I have enjoyed during

my time in scientific research. Glenner himself had

assumed that there would be a soluble, circulating pep-

tide that served as the subunit of the highly insoluble

amyloid fibrils that he first isolated [1]. This idea, cou-

pled with the numerous parallels between the amyloid

pathology of Alzheimer’s disease and the characteris-

tics of numerous organ-limited and systemic amyloi-

doses occurring outside of the brain, convinced me that

it should be possible to find a soluble form of the amy-

loid β-protein in biological fluids, including plasma.

An intensive search for evidence that the amyloid β-

protein circulated in human plasma did not yield a clear

signal; in retrospect, this was due to the insensitivity of

our initial immunochemical approaches. But closely

related work that Michael Schlossmacher and Christian

Haass performed on normal cultured cells revealed a

small (∼ 4 kDa), entirely soluble peptide in the con-

ditioned medium of the cells that comigrated on elec-

trophoretic gels with synthetic peptides having the se-

quence of the β-protein obtained from amyloid plaque

material (Fig. 1) [10]. We also observed a slightly

smaller, 3 kDa peptide in the conditioned medium of

the cells, which we subsequently designated “p3”. A

series of experiments reported in the paper [10] showed

that a variety of cell types that express APP naturally

secrete Aβ and the smaller 3 kDa fragment into the

medium under normal metabolic conditions, includ-

ing primary neurons cultured from fetal human brain

(Fig. 2). Radiosequencing performed by David Teplow

and Christian Haass on these two secreted peptides in

the medium of human embryonic kidney 293 cells sta-

bly transfected with APP695 confirmed that the absolute

positions and periodicity of the principal radioactive

peaks were entirely consistent with those predicted to

arise from Aβ and from a truncated Aβ molecule [10].

The main 4 kDa species began at Aspartate-1 and there-

fore corresponded to the Aβ that had been originally

isolated by Glenner and Wong from vascular amyloid

and by Masters et al from amyloid plaques. The 3 kDa

species began at Leucine 17 or Valine 18 in these cells.

Because Leucine 17 was the known amino-terminus of

the ∼ 10 kDa APP C-terminal fragment produced by

α-secretase cleavage of AβPP [11], we speculated that

the 3 kDa peptide represented an N-terminal fragment

of this species. In this early work, we were unable

to detect Aβ peptide in total cell lysates of the APP-

expressing 293 cells, whereas it was readily detected

in their conditioned medium. This result did not mean

that the peptide was not generated intracellularly but

rather that our methods were apparently too insensitive

at that juncture to detect the small amounts that were

generated prior to secretion into the medium.

Our work was performed at the same time as parallel

studies by our colleagues, Peter Seubert, Carmen Vigo-

Pelfrey, Ivan Lieberburg and Dale Schenk at Athena

Neurosciences, who had developed novel, highly sensi-

tive antibodies that allowed the first detection of Aβ by

enzyme-linked immunosorbant assays (ELISA) in bio-

logical fluids, including cerebrospinal fluid and plasma.

This key finding was published in a companion paper
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Fig. 1. Peptides of Mr , 4 kDa and 3 kDa are specifically immunopre-

cipitated from culture medium by various antibodies to Aβ. Com-

parison of the amounts of 4 kDa and 3 kDa peptides produced by un-

transfected 293 cells (lane 2) and by 293 cells stably transfected with

β-APP695 (lane 4). R1280 precipitated substantially more 4 kDa

and 3 kDa peptides from the transfected cells. Preimmune serum was

negative (lanes 1 and 3). A 218 kDa protein was nonspecifically pre-

cipitated in variable amounts by both preimmune and immune sera.

From Nature 359, 322–325, 1992. Copyright permission granted by

Nature.

to ours [12]. Closely similar observations by Mioki

Shoji, Steven Younkin and their colleagues [13] were

entirely in agreement with our own, and the three stud-

ies together established definitively that Aβ was a nor-

mal product of cellular metabolism throughout life and

circulated in human biological fluids.

My collaborators and I were excited about this dis-

covery and about the opportunities it appeared to open

up. In our paper, Haass, Schlossmacher and I pointed

out that the cells we studied were morphologically nor-

mal and did not admit vital dyes. This observation,

coupled with the absence of a detectable signal for in-

tracellular Aβ in the very cells that showed readily de-

tectable extracellular Aβ, made it clear that the gener-

ation of Aβ required neither preexisting cellular injury

nor aberrant proteolysis of APP (as had been generally

assumed) and that the Aβ found in the medium did

not represent peptide released from dying cells. This

conclusion was strongly supported by the companion

observation that Aβ was present in the cerebrospinal

fluid and plasma of normal humans [12,13]. At the end

of our paper, we commented “The finding that Aβ is

Fig. 2. The 4 kDa and 3 kDa peptides are produced by a variety of

different cell types. Conditioned medium from radiolabeled human

fetal mixed-brain cultures (HFMBC) (lane 3) and from transfected

293 cells (lane 2) were precipitated with R1280. The 4 kDa and

3 kDa peptides produced by the two cell types comigrate. Lane

1, radioiodinated Aβ. HFMBC consistently produced the highest

amounts of Aβ. From Nature 359, 322–325, 1992. Copyright

permission granted by Nature.

generated in vitro as a soluble peptide that can readily

be quantitated leads us to propose the use of various

cultured cells, both neuronal and non-neural, as sim-

ple screens to identify synthetic and natural molecules

which increase or decrease the production, release or

stability of Aβ.” Although there were several impli-

cations of the discovery of normal Aβ production, I

viewed this one as perhaps the most significant. We

further hypothesized in our paper that, “chronically en-

hanced production and/or decreased clearance of sol-

uble, diffusible Aβ could lead to the gradual precipi-

tation of aggregated non-diffusible Aβ in the form of

spherical plaques and vascular deposits in Alzheimer’s

disease and Down’s syndrome. Our findings indicate

that several cellular sources could contribute to such

deposits.”

From my perspective, the discovery that soluble Aβ

is physiologically secreted by healthy cells in the ab-

sence of detectable membrane injury had at least three

broad implications for further research on AD and re-

lated basic biological questions. First, the biochemical

and cell biological events underlying Aβ generation
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could now be studied dynamically and in great detail,

both in cell culture and in laboratory animals. Until

this time, Aβ had only been obtained painstakingly

and in small quantities from the insoluble vascular or

plaque amyloid deposits of postmortem human brains

via lengthy purification.

Second, the ability to detect and quantify the prin-

cipal protein constituent of the invariant histological

lesion of AD (senile plaques) in CSF and plasma

opened up new avenues towards identifying a labora-

tory marker to support a clinical diagnosis and per-

haps monitor progression of the pathology. In this re-

gard, subsequent work indeed demonstrated that de-

creases in the levels of the 42-residue form of Aβ in

CSF correlated with the presence of Alzheimer’s dis-

ease and could potentially be useful diagnostically [14].

In a review that immediately followed our 1992 pa-

pers [15], I speculated: “the possibility that the levels

of soluble Aβ in CSF might actually decline during

the course of progressive cerebral β-amyloid deposi-

tion must also be borne in mind. Such a situation oc-

curs in another familiar cerebrovascular amyloidosis,

hereditary cerebral hemorrhage with amyloidosis of the

Icelandic type [16].” This was prior to the recognition

that Aβ42 levels fell – rather than rose – in patients

with Alzheimer’s disease. In that review, I noted “it

has often been suggested that AD may represent an

augmentation of a process that invariably accompanies

brain aging, and this concept takes on an important

new credibility when it is realized that Aβ is a pro-

tein that is produced throughout one’s lifespan by each

one of us.”

The third broad implication of the discovery of cel-

lular Aβ production, and arguably the one with the

greatest impact, has been its role in the development

of amyloid-inhibiting therapeutics. For the first time,

investigators had a simple, manipulable cellular screen

to identify compounds, whether randomly tested or ra-

tionally designed, that alter Aβ production, release or

clearance. My colleagues and I assumed that once non-

toxic, cell-permeable compounds that decrease Aβ se-

cretion were identified in culture, their effects on solu-

ble Aβ levels in CSF or brain tissue of animals could

then be assessed [15]. We hoped that this combined in

vitro and in vivo screening system would offer a prac-

tical route toward ultimately validating the hypothesis

that Aβ accumulation in regions of the brain serving

memory and cognition was responsible for initiating

Alzheimer’s disease (Fig. 3).

An outcome of the first implication mentioned above

developed rather quickly after our report. Martin Cit-

ron and others in my laboratory, in collaboration with

Tilman Oltersdorf and Ivan Lieberburg, showed that

same year that a mutation in APP in familial AD results

directly in increased generation of the Aβ peptide by

cells [17]. The findings in this paper provided the first

direct link between an Alzheimer’s disease genotype

and the biochemical phenotype of progressive Aβ ac-

cumulation in the brain. Closely similar work by Xiao-

Dan Cai and Steve Younkin on this particular mutation

of APP (the KM → NL, or “Swedish”, mutation) [18]

also supported the concept that mutations causing in-

herited forms of Alzheimer’s disease might produce the

disorder by altering the cellular production of Aβ, as

has been borne out by many subsequent studies.

Besides its provision of a simple culture system for

studying many aspects of Aβ production and clearance,

the discovery of Aβ secretion has led to the identifi-

cation of small molecules that can inhibit the β- and

γ-secretase enzymes which generate Aβ. While γ-

secretase inhibitors with substantial potency and drug-

like properties have only very recently begun to be

tested in humans, there remains the hope that chronic

modulation of Aβ secretion will slow the progression

of Alzheimer’s disease or, perhaps more importantly,

prevent its initiation. A great deal of further preclinical

and clinical research will be needed to bring this hope

to full realization.

Finally, among the several criticisms raised about

the “Aβ hypothesis” of Alzheimer’s disease has been

the concern that interfering therapeutically with Aβ

generation may prevent its normal function and incur

toxicity. In this regard, we had observed in our original

report that our “findings raise the possibility that Aβhas

a physiological function throughout life” [10]. While

its function is not yet clearly established and could well

turn out not to be vital, the goal of Aβ-lowering therapy

has always been to do so partially, in a way that would

return cerebral Aβ levels towards normal but certainly

not to sub-physiological levels.

Conclusion

On a personal level, it was enormously exciting and

satisfying to be able to participate in the studies re-

viewed herein. I am deeply indebted to Christian Haass

and Michael Schlossmacher and to our innovative and

committed collaborators mentioned earlier. Science in

the modern era has increasingly flourished on the basis

of the sharing of ideas and techniques by colleagues of

diverse backgrounds. The particular discovery that I
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Fig. 3. A hypothetical model of the pathogenesis of Alzheimer’s disease based on currently available information.

have reviewed in this article certainly exemplifies that.

It is both a privilege and a responsibility to continue

this line of research until our field achieves the goal of

safe and effective disease-modifying therapy.
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Abstract. In this volume we commemorate the centennial of Alois Alzheimer’s dis-

covery of what was later known as Alzheimer’s disease, named by Alzheimer’s mentor,

Emil Kraepelin [1]. In a much more low level, our group remember in this issue a paper

published twenty years ago. In that paper it was described that tau can self-polymerize

and, at that time, it suggested that tau was not only a component of Alzheimer paired

helical filaments, as indicated some months earlier during that year, 1986, but that it

was the main component of Alzheimer paired helical filaments.

Keywords: Alzheimer disease, paired helical filament, phosphorylation, tau

1. Introduction

One hundred years ago, Aloı̈s Alzheimer described

in a meeting the disease, a work that was published a

year later [2]. In the description, he indicates the pres-

ence of two aberrant structures. Today, we know those

structures like senile plaques (SP) and neurofibrillary

tangles (NFT). Later on, he wrote “. . . the plaques are

not the cause of senile dementia, but only an accompa-

nying feature of senile involution of the central nervous

system” [3], suggesting that the other structures were

involved in the dementia, as suggested more recently

by other authors [4].

The discovery of the main component of senile

plaques (always, historically, the plaques were ahead of

the tangles) was done in 1984 by Glenner and Wong [5],

and at that time almost nothing was known about the

component of NFT except that they were composed of

paired helical filaments (PHF), as described for the first

time by Kidd [6].

Two years later, and after several efforts to charac-

terize and isolate PHF by Iqbal and colleagues [7], the

first knowledge about the composition of NFT arises.

1986 was a good year in the identification of NFT

components. In a pioneer paper Grundke-Iqbal et al. [8]

described that tau was a component of PHF (tau is a mi-

crotubule associated protein discovered by Kirschner’s

group [9]). The observation of Iqbal et al was further

supported by two other papers published in the same

issue of PNAS [10,11], and by other work published

in Japan [12]. Also, another manuscript by Grundke-

Iqbal et al. [13], described that tau, in PHF, was in

hyperphosphorylated form. Additionally, during that

year it was commented a previous publication by Brion

et al. [14] that also suggested the presence of tau in

PHF. Also in 1986, it has been described that antibodies

against PHF reacted with a 68 kD protein [15]. Some

years later this protein was identified like hyperphos-

phorylated tau [16].
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Fig. 1. An example of the assembled tau polymers (see text).

2. The article

Almost at the end of 1986 it was already clear that

tau was a component of PHF. However, to prove that

it was the main component of PHF, which is involved

in making the scaffold of the PHF, it must show that

it polymerizes into PHF-like filaments. The objective

of the work that is commented in this review was to

know if tau was able to polymerize into fibrillar PHF-

like polymers. The title of the manuscript was: “Self-

assembly of microtubule associated protein tau into

filaments ressembling to those found in Alzheimer’s

disease” by E. Montejo de Garcini, L. Serrano and

me, and it was published in Biochem. Biophys. Res.

Commun. 141, 790–796, in 1986.

In that report [17], it was suggested that tau was not

only a component of PHF but the main component.

Also, it was suggested that tau polymerization can be

facilitated by deamidation. Some years later, Watanabe

et al. [18] described deamidation in tau from paired

helical filaments.

3. The self-criticisms of the published paper

At that time our objective, almost our obsession, was

to know if tau, a very soluble protein, was able to form

(or not) fibrillar polymers. We tested many conditions

for that. We knew that tau was able to bind to nucleic

acids [19], but when we mixed tau with DNA, no poly-

mers were found. Pierre and Nuñez (1983) [20] de-

scribed that tau was able to be phosphorylated in vitro;

we tried that, but polymers were not obtained. Also,

we looked for conditions that were able to destroy mi-

crotubule polymerization, like the presence of Tris, or

the use of urea, since it will denature tubulin but prob-

ably not a protein with a structure of random coil like

tau [21], but negative results were obtained. Finally,

one day we found that tau was able to form filaments

in vitro, in the presence of urea (see Fig. 1).

Thus, the interest of the work was based in the in-

dication, for the first time, that tau is able to form fila-

mentous polymers in vitro. On the other hand, and after

20 years, self-critical reading of the manuscript indi-

cates a fact that occurs in vitro, but not in vivo. This fact

is the deamidation at glutamine residues (urea should

deaminate everything, glutamine and asparagines). In

the paper it was indicated that deamidation could facil-

itate tau assembly, mainly at glutamine residues. Sev-

eral years later, Watanabe et al. [22] described that, in-

deed deamidation takes place in tau from PHF, but that

it occurs mainly at asparagine residues.

Some time later, better conditions to raise in vitro

tau polymers were obtained, but the observation of its

assembly in 1986 was a very strong indication that tau

could be the main component of PHF.

4. Other studies on tau polymerization

The fact that tau was the main component of PHF was

further clearly supported by the work of C. Wischik in
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1988 [23,24], following an approach similar, but more

sophisticated, to that done by Glenner and Wong [5]

to analyze the component of senile plaques. Addition-

ally, M. Goedert [25], working in the same laboratory,

described the whole sequence of this human protein,

showing that it was almost identical to that described

by Lee et al. (1988) for mouse tau protein, and that it

was the main component of PHF.

Also, Wischik et al. [23,24] described that the “core”

of PHF was the tau region involved in its binding to

MT, previously indicated by Lee et al. 1988. Before

that, in 1985, the tubulin binding region bound to tau

was described [26].

Also, in 1988, it has been described that a fragment

of tau was enough, at high protein concentrations, to

assemble into fibrillar polymers resembling PHF [27].

In 1992, tau self-assembly was rediscovered by other

groups [28–30], describing that a fragment containing

the region involved in the binding of tau to microtubules

was sufficient to raise assembled polymers.

A main problem to polymerize tau into fibrillar struc-

tures was the huge amount of protein needed for that.

Thus, it started a search for compounds to decrease the

critical concentration needed for tau assembly. Since

G. Perry et al. (1991) described that in NFT there was

a non-protein component, heparin; the assembly of tau

in the presence of heparin was tested, and positive re-

sults were obtained [31]. In a few months, afterwards,

Goedert et al. [32] found the same result.

Later on, several groups described other components

like polyanions [33], fatty acids [34,35], or some or

their oxidized products [36,37], quinones [38], pro-

teins like α-synuclein [39], or 14-3-3 [40], solvents like

TFE [41] or others [42] that facilitate tau polymeriza-

tion. Some of these compounds mainly favour tau as-

sembly when it is in phosphorylated form [38]. In this

way, Alonso et al described that phosphorylated tau was

the real component of PHF [43]. Then, several studies

on tau protein kinases [44] and tau phosphatases [45]

have been done. Once we knew those enzymes, tau

polymerization in cultured cells was achieved in con-

ditions in which the presence of phosphotau and toxic

oxidant products facilitated that polymerization [46].

These experiments will be consistent with the possibil-

ity that a previous oxidative damage could be the cause

of the onset of some tauopathies [47].

Afterwards, the discovery that one of the causes of

a familiar tau frontotemporal dementia linked to chro-

mosome 17 (FTDP-17), was the mutation of tau gene

at specific sites [48–50], and the fact that in that disease

(tauopathy), aberrant tau filaments were assembled, al-

lowed the raise of several transgenic mice bearing some

of those tau mutations. These mice were used as mod-

els to study tau polymerization in vivo [51]. Also, trans-

genic mouse models overexpressing tau kinases have

been described [52].

Curiously, and previously, Harada et al. [53] de-

scribed that the presence of tau was not needed for

mouse viability, a result that was further confirmed by

another group [54].

In summary, our contribution to this volume has al-

lowed us to indicate the past, the present and some of

the consequences (there are some other excellent works

on tau that have not been commented in this brief re-

view, and I will excuse for that) of the work started

in 1986, twenty years ago, that, in my opinion, was a

good year to remember, for the people working in tau,

like the year when tau presence in PHF was described.
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Abstract. Neurofibrillary tangles are one of the neuropathological hallmark of

Alzheimer’s disease, described early as part of the pathological criteria of the

disease. Ultrastuctural studies in the sixties showed their unusual features but

their molecular composition was not unraveled before the mid-eighties. Initial

biochemical studies suggested that they were composed of modified unidenti-

fied brain proteins, and several immunocytochemical studies suggested that they

contained polypeptides cross-reactive with antibodies to cytoskeletal proteins.

In 1985, we demonstrated that neurofibrillary tangles were immunolabelled by

antibodies to the microtubule-associated protein tau and that antibodies raised

to neurofibrillary tangles cross-reacted with tau proteins. These results were

soon confirmed independently in several laboratories. Further studies were

devoted to the analysis of tau post-translationnal modifications in the affected

tissues and in cellular and animal models.

Keywords: Alzheimer’s disease, neurofibrillary tangles, tau proteins, microtubules, phosphorylation

1. Introduction

Neurofibrillary tangles (NFT) were first described

by Aloı̈s Alzheimer in his seminal paper describing the

pathological findings in a demented woman aged 51 [2],

using Bielschowsky silver staining. Alzheimer’s dis-

ease (AD) was initially considered as a rare disease,

belonging to the group of presenile dementia, until de-
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tailed anatomoclinical studies indicated that the charac-

teristics lesions of the disease, senile plaques and NFT,

are also common in patients with senile dementia and

thus that these conditions constitute a common patho-

logical entity, e.g. [89]. After their initial description,

little progress was made for the following decades in

the analysis of the molecular composition of NFT, with

the exception of the demonstration of their affinity for

amyloid dyes, i.e. Congo red, giving a green birefrin-

gence when observed under crossed polarization fil-

ters [28], suggesting that they were made of orderly

arranged subunits.

The early studies of NFT were devoted to the analysis

of their unusual ultrastuctural characteristics, their pe-

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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culiar biochemical properties and their antigenic com-

position. Many scientists have contributed to this ex-

citing research avenue. Our own contribution to the

initial identification of the molecular components (tau

proteins) of NFT is summarized below, tentatively in

the frameship of previous works that paved the way

towards our own studies and subsequent works by our

and other research groups.

2. Ultrastructural studies

A new leap in the description of NFT came with the

advent of ultrastructural studies in electron microscopy

in the early sixties. These studies showed that NFT

were composed of bundles of filaments. These fila-

ments were described as paired helical filaments [60],

twisted filaments or tubules [52,87,88]. These fila-

ments were also found in abnormal neurites in senile

plaques [41,88]. The term “paired helical filaments”

(PHF) is now widely used to describe them [93]. Sub-

sequent studies by negative staining showed that they

contained a filamentous substructure [10,92]. Sophis-

ticated ultrastructural studies have however revealed

their complex internal structure [21,82,90].

3. Biochemical analysis of PHF

Several groups used the unusual properties of PHF to

obtain preparations enriched in PHF for analyzing their

molecular composition. Some PHF were observed to

be insoluble in denaturing agents such as sodium dode-

cylsulfate (SDS) and urea [83], properties that impeded

the analysis of their molecular components. This prop-

erty was used to prepare fractions enriched in PHF and

use them as immunogenic preparations (see below).

Some conflicting results were however reported on the

solubility of PHF. In purified preparations of PHF, a

least a proportion of them were reported to be soluble

in SDS by repeated extraction and these preparations

observed to contain major unidentified polypeptides of

57 and 62 kDa [58].

4. Immunocytochemical analysis of PHF

About at the same time, several groups investigated

their antigenic composition. The latter approach was

taken either by generating antibodies to isolated PHF

and studying their cross-reactivity with normal brain

proteins, or by generating antibodies to normal proteins

and studying their cross-reactivity with PHF. The an-

tibodies raised to PHF preparations were found to re-
act strongly with NFT in light microscopy [54] and in

electron microscopy [11]. This labelling was absorbed

by brain homogenates from AD patients but not by ho-
mogenates from control subjects or only with high con-

centrations of proteins [19]. Similarly, some anti-PHF

serum was observed to react with neither polypeptides
of normal brain [47]. These results suggested that PHF

contained highly modified proteins exhibiting antigens

mainly present in AD brains.
In view of the filamentous appearance of the

PHF, several groups studied their immunocytochemi-

cal cross-reactivity with antibodies to cytoskeletal pro-
teins. An antiserum to brain microtubules was ob-

served to label NFT in light microscopy [48]; a sim-
ilar labelling of NFT by some antiserum to micro-

tubules was reported by other groups [79,97] and by

our-self [11] and PHF preparations were observed to
contain cross-reacting polypeptides detected by an an-

tiserum to microtubules [46], but the cross-reacting

polypeptides were not identified in these initial studies.
Some antibodies to MAP2 [61,74] and to vimentin [96]

also labelled NFT. Early studies also showed an imuno-

labelling of NFT by some anti-neurofilament anti-
serum [22,56,59], although the polyspecificity or the

ill definition of the antigens was raised as a potential

pitfall [37]. However, well-defined monoclonal anti-
bodies to neurofilament polypeptides [4,85] and neuro-

filament antisera [37] were found to label NFT in situ

and even isolated NFT [71,79]. At least some of these
neurofilament antibodies were however later found to

react also with tau proteins [64,76]. Thus at that time,

despite sound efforts to uncover the molecular compo-
sition of NFT, although it was suspected that NFT were

made of strongly modified normal polypeptides, their

clear identity was unknown. The positive reaction of
NFT with antibodies raised to complex mixtures of pro-

teins (e.g. microtubules) did not allow the exact identi-
fication of the core component of PHF. In addition, sev-

eral of these antibodies, even well defined monoclonal

antibodies, labelled a variable proportion of isolated
PHF extracted with SDS, suggesting that some of the

normal polypeptides identified in NFT were trapped in

NFT rather than authentic component of PHF.

5. The microtubule-associated protein tau is the

main antigenic component of PHF

P. Dustin and J. Flament-Durand in the Laboratory

of Pathology in Brussels were in the early eighties
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deeply interested in the study of microtubules and their

pathology [29] and I joined their Laboratory at this

time. They had previously made several ultrastructural

studies of biopsies specimens from AD patients, that

convinced them that neurons containing PHF had less

normal microtubules and contained accumulations of

dense bodies [30,36] and they suggested that distur-

bances of microtubule assembly might be the cause of

an abnormal axoplasmic transport in these cells [30].

Further observation of an accumulation of smooth en-

doplasmic reticulum also comforted this idea [81]. Al-

though these studies suggested an involvement of mi-

crotubules or other filaments in this pathological pro-

cess, we did not observe a labelling of NFT by anti-

tubulin or anti-70 kDa neurofilament antibodies [11].

Other groups [32,97] had also previously reported the

absence of tubulin immunoreactivity with well-defined

anti-tubulin antibodies in NFT [74]. These observa-

tions indicated that PHF did not result from the assem-

bly of tubulin but the labelling of NFT by some an-

tiserums to microtubules [11,48,79,97] suggested the

possibility that PHF might result from the pathologi-

cal assembly of other microtubule proteins. We thus

decided to test for the presence of other proteins asso-

ciated to microtubules in NFT, by generating specific

antibodies to some of them. J. Nunez was present in the

Free University of Brussels in 1983, in the Laboratory

of J. Dumont. He was interested in the developmental

study of microtubule-associated proteins and had pre-

viously demonstrated that the expression of tau protein

isoforms showed a developmental evolution [70]. In

collaboration with him, we prepared tau and MAP2

proteins from adult rat brain using the microtubule

assembly-disassembly method and the thermostability

of tau proteins. We then generated several antisera

against tau and MAP2 proteins using polypeptides ex-

tracted from polyacrylamide gels after electrophoretic

separation by SDS-PAGE. These antisera were char-

acterized by immunoblotting on purified preparations

of microtubule-associated proteins and found to react

with their cognate antigens. We then tested these anti-

sera by immunocytochemistry on tissue sections from

control subjects and AD patients. The anti-MAP2 sera

did not label NFT but to our surprise, the anti-tau sera

strongly immunolabelled NFT and abnormal neurites

around senile plaques, giving an immunolabelling in-

distinguishable from the labelling with our anti-PHF

serum (Fig. 1) [16]. We further characterized this im-

munoreactivity by immunogold labelling in electron

microscopy on tissue sections of AD patients: both the

anti-tau and the anti-PHF sera also labelled the PHF

on ultrathin sections (Fig. 1) and isolated PHF (Fig. 2).

Interestingly, the anti-PHF sera was also observed by

western blotting to react with the same set of proteins

as the anti-tau sera, confirming that it contained anti-

tau antibodies. These results showing that tau was a

major component and antigenic determinant of PHF

were published [13,16,19] and presented in interna-

tional meetings [12,19,35].

Several groups [27,44,62,75,95] soon confirmed the

identification of tau in PHF independently. The cloning

and sequencing of a cDNA encoding the core protein

of PHF [40] and the isolation of peptidic fragments

from the core of PHF [91] confirmed that tau proteins

were an authentic component of PHF. The immuno-

cytochemical analysis of NFT showed that they were

composed of the six tau isoforms [39], and in collab-

oration with B.H. Anderton and his team we also pur-

sued the immunocytochemical and biochemical anal-

ysis of NFT, showing that they were composed of the

whole tau proteins [14,15], although some NFT (e.g.

“ghosts” tangles) were lacking some of the N-and C-

termini of tau proteins [14], suggesting that tau proteol-

ysis is part of the pathological process and of the molec-

ular evolution of NFT. The comparison of NFT label-

ing with anti-PHF/anti-tau antibodies or silver stain-

ing showed that it was a robust method correlated to

the clinical data [31]. A tau immunoreactivity of fib-

rillary inclusions observed in other neurodegenerative

diseases was soon reported, e.g. in progressive supranu-

clear palsy [80]. Different neurodegenerative diseases

with a peculiar pattern of tau isoforms involvement

have now been identified [20]. The spreading of NFT

in AD brain follows a relatively stereotyped schema

that was established both by neuropathological [9] and

biochemical criteria [26].

Several other post-translational modifications of tau

proteins in NFT were found in subsequent studies. Tau

phosphorylation has been largely documented (see be-

low). The detection of ubiquitin in NFT by immuno-

cytochemistry [78] and after isolation [73] suggested

that these fibrillary lesions were hardly handled by the

ubiquitn-dependent degradation system. Modification

of tau by products of oxidative stress, favouring its

aggregation, was also reported later [77].

6. Tau proteins and pathological phosphorylation

Some early results indicated that the tau proteins in

PHF were phosphorylated [45,55]. The consequences

of tau hyperphosphorylation in AD were then further
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Fig. 1. Immunoabelling on a tissue section of the hippocampus of an AD patient with an antibody to rat tau proteins (A and B) and an antibody

to isolated PHF (C and D). The antibodies label only NFT in neurons and in dystrophic neurites in senile plaques, as shown in light microscopy

(A and C). The abnormal PHF are also labelled by the antibodies in electron microscopy (immunogold method) (B and D). Reprinted from Arch.

Biol. (Brux) 95 (1985), 229–235.

shown by studies showing a much-reduced induction of

MT assembly in AD brain [57]. We also later observed

a reduction of the immunoreactivity for stable micro-

tubules in neurons containing PHF [51]. By compar-

ison with controls, slower migrating tau species were

identified in AD tissue homogenates in areas rich in

NFT lesions and shown to be highly phosphorylated

tau species [34,49]. The “A68” polypeptides [94] iden-

tified in Sarkosyl-insoluble preparations of AD brain

were found to be modified phosphorylated tau species;

they showed an electrophoretic pattern of three main

bands [63], contained abundant PHF [65] and reacted

with antibodies to different tau isoforms [15]. The

mapping of tau phosphorylation sites (serine/threonine

residues) by several groups was accomplished using

both specific antibodies and mass spectrometry analy-

sis [3]. Tau is a phosphoprotein and even normal adult

tau is phosphorylated to some degree. We and others

observed that foetal tau is more highly phosphorylated

than adult tau [17] but less than PHF-tau; the phospho-

rylation of tau could be modulated using several ex-

perimental treatment of cultured cells, i.e. glutamate,

colchicine, Aβ amyloid [24] and oxidative stress [23].

The existence of highly phosphorylated tau species ob-

viously fuelled the search for protein kinases (and phos-

phatases) responsible for changes in tau phosphoryla-

tion. Many kinases are able to generate phosphoryla-

tion sites on tau proteins in vitro; the glycogen synthase

kinase-3β was one of the first neuronal kinase shown

to generate typical PHF-tau phosphorylation sites [50,

68,69] that might also play a role in Aβ amyloid toxic-

ity [86]. Other protein kinases might play a role in the

abnormal phosphorylation of tau in AD (e.g. cdk5) but

GSK-3β remains a prime suspect whose deregulation

seems important in AD.
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Fig. 2. Isolated PHF from an AD patient, observed in electron microscopy after simple negative staining (A) and after immunolabeling with the

original anti-tau antibody to rat tau proteins, used in reference [16]. Scale bar: 100 nm.

The pathogenic role of tau phosphorylation is still

a matter of debate; it has been known since early

studies that tau phosphorylation modulates its bind-

ing to microtubules [67] and its ability to stabilize

them. Hyperphosphorylated tau species do not bind

well to microtubules and this decreased biological ac-

tivity would thus be responsible for a “loss of func-

tion” in affected neurons. On the other hand, although

non-phosphorylated tau proteins can forms filamentous

structure in vitro, phosphorylation could favour the ag-

gregation of tau in PHF [1]. The pathological role of

PHF themselves is still not well understood: they could

mechanically interfere with several cellular processes,

e.g. with axoplasmic transport. Soluble or oligomeric

forms of phosphorylated tau could also be toxic by

themselves [33], leading to a “toxic gain of function”.

On the other hand, tau phosphorylation/aggregation

might well contributes to a protective answer of neu-

rons submitted to various insults; e.g. segregation of

harmful proteins in the form of inclusions has been

suggested to be protective in Huntington’s disease [6].

7. Modelization of NFT

In vitro aggregation of tau in filamentous, PHF-like

structures, has been accomplished early [72] and fac-

tors affecting this aggregation have been identified [7,

38]. Unexpectedly, several groups including us ob-

served that simple overexpression of wild-type tau in

transgenic mice was insufficient to generate NFT [18,

42]. Recent findings however suggest that endogenous

murine tau might inhibit NFT formation [5]. The dis-

covery of pathogenic tau mutations in familial forms

of frontotemporal dementias [53,84] has fuelled nu-

merous studies aimed at understanding the pathogenic

role of these fibrillary lesions and their modelization

in cellular and transgenic models. Overexpression of

these mutated tau proteins in transgenic animals almost

systematically leads to formation of NFT with many

of the ultrastructural, biochemical and antigenic prop-

erties of human NFT [43]. Others and we observed

that expression of some mutants tau affects microtubule

assembly [25], a potential “loss of function” property

that could play a role in neuronal dysfunction in these

diseases.

8. NFT and Aβ amyloid: End of the story?

Independent modelization of both NFT lesions and

amyloid deposits has been accomplished in transgenic

models (for a review, see [43]. Unexpectedly, oth-

ers and we observed that animals developing Aβ amy-

loid deposits did not develop NFT, including animals

also expressing a human wild-type tau protein, an un-
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expected result in the frameship of the amyloid cas-

cade [8]. However, Aβ seems to boost NFT formation

if the latter are “forced” to develop at a “basic” level,

as observed in double transgenic animals developing

Aβ deposits and expressing mutant tau proteins [66].

These tau mutations have however not been identified

in AD, and in a perfect model of AD lesions it would

be expected that NFT will be generated from wild-type

tau proteins in presence of Aβ amyloid.

Alzheimer’s disease has, and will still be, a fascinat-

ing example of a relatively neglected disease to a ma-

jor neurobiological research theme. To much extent,

it has propelled the interest of the research community

for neurodegenerative diseases and the search for the

understanding and the treatment of these devastating

diseases.
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Abstract. Alzheimer’s disease (AD) is a very frequent brain pathology of the

elderly, with an etiology by far more complicated than thought in the nineties.

In particular, the complexity comes from the coexistence of two degenerating

processes, tau aggregation and Aβ deposition, that affect polymodal association

brain areas, a feature never observed in non-human primates and difficult to

model. Genetic studies have shown that AβPP plays a central role in familial

and sporadic AD, but the role of tau has been for a long time understated. To

apprehend this role, we have developed a spatio-temporal analysis of tauopathy

in many brain areas of hundreds of non-demented and demented patients.

This prospective and multidisciplinary study showed us that tauopathy always

progresses in the brain along a very precise and invariable pathway, from the

entorhinal then hippocampal formation to polymodal association areas to end

in primary regions and in many subcortical areas. The cognitive impairment

follows exactly the progression of the affected brain regions. In strict paralle-

lism, neocortical Aβ deposits increase in quantity and heterogeneity, suggesting a direct link between both neurode-

generative processes. Altogether, our molecular study suggests that AD is a tauopathy fueled by AβPP dysfunction.

Restoring AβPP loss of function seems to be the most efficient therapeutic approach.

1. Introduction

First of all, scientists do not forget that Alzheimer’ s
disease (AD) is a devastating disease, not only for the
patient, but also for the family. But from a scientific
point of view, AD is an exciting field of research. At

present, we know that this disease is more complicated
than expected, with numerous risk factors. Therefore
finding the right lead of research for the scientist work-
ing in the Alzheimer field is quite a challenge.

AD is a very complicated disease at the physiopatho-
logical level. This was observed by Alois Alzheimer
himself who discovered this organic dementing disease
with two types of lesions: tangles inside neurons and
plaques outside, in the vicinity of degenerating neurons.

Alois Alzheimer was probably aware of the importance

of intraneuronal lesions, since he also discovered the

specific lesions of the fronto-temporal dementia char-

acterized by Arnold Pick, namely Pick bodies of Pick

disease.

One century after the princeps paper of Alois

Alzheimer, the question of the importance of plaques

versus tangles is still a matter of debate. Which lesion

is the cause, which one is a consequence, and more

importantly, which one will lead to a treatment?

Second, the complexity of the approach comes from

the fact that the disease is, on one hand, exclusively

present in the brain but, on the other hand, that the

brain is inaccessible to molecular investigations, well

protected behind the blood brain barrier, then the skull

and then by our cultural, social or religious rules.
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Third, AD is one of the rare disease that is totally

specific to human species. In very old non-human pri-

mates such as the baboon or the rhesus monkey, the

presence of tangles is strictly limited to the hippocam-

pal formation. The basic neuropathological criteria of

AD, namely plaques and tangles in the association cor-

tex, were never found in other non-human species [1,

2].

2. The “amyloid” period

After the discovery of Glenner and Wong in 1984,

showing that plaques result from the aggregation of

a polypeptide of 39 to 42 amino-acids, successively

named A4 then Aβ, a number of great discoveries have

shown the importance of physiological events linked to

plaques [3]. First of all, the discovery by Hardy’s team

of mutations on the Aβ protein precursor (AβPP) gen-

erated the amyloid cascade hypothesis in 1992 [4]. This

theory implies that neuronal dysfunction is generated

by amyloid toxicity. Other mutations of FAD located

on presenilin 1 and 2 by St Georges Hyslop’s team cor-

roborated this cascade hypothesis. Indeed, presenilin

cleaves AβPP and patients with PS1 mutations release

more Aβ42 species [5]. Then transgenic mice with

human APP and PS1 mutated genes developing numer-

ous plaques as well as a possible cognitive impairment,

corroborated the hypothesis of John Hardy [6]. Nowa-

days, all scientists agree that AβPP dysfunction plays

a central role in AD etiopathogenesis.

Legitimately, from the amyloid cascade hypothesis,

one can conclude that AD is a simple brain disease,

with a unique killer, the neurotoxic Aβ peptide, and a

unique and simple therapeutic target: the removal or

neutralization of Aβ aggregates. However, the accu-

mulation of data on the natural history of sporadic AD,

that represents more than 99% of all cases, has pro-

gressively changed our perception of AD physiopathol-

ogy and revealed that neurofibrillary degeneration is

the other inescapable feature that explains AD.

3. The Braak stages

Heiko Braak is a German neuropathologist that has

observed both lesions, plaques and tangles, at the

spatio-temporal level. Using silver staining on large

tissue sections of several thousands of brains of pa-

tients at different stages of the pathology, he demon-

strated that there is a progressive spreading of neu-

rofibrillary degeneration (NFD), along a precise path-

way, from the entorhinal and hippocampal formation

towards polymodal association then primary brain re-

gions [7]. Alzheimer dementia is observed when a

threshold of neurofibrillary degeneration in the as-

sociation cortical areas is reached, corresponding to

stages IV to VI [8].

The role of tangles to explain Alzheimer dementia

was so obvious that the Braak stages were incorporated

in the consensus criteria for a definite diagnosis of AD

in 1997 [9], in addition to the CERAD criteria based

only on the number of amyloid plaques.

4. The natural and molecular history of AD

In the same way, our strategy to study AD was the fol-

lowing: first to study the commonest form of AD, spo-

radic AD; then to develop a strategy similar to Braak,

but using molecular probes rather than histological ob-

servations. In our Lille Hospital network, with Prof.

Pasquier, Dr Lebert, Prof. Maurage, it has been possi-

ble to develop a prospective study combining clinical,

neuropathological and molecular data. Of course, this

approach on sporadic diseases is a difficult one, and

took us two decades to be complete. But we found it

was the only way to analyze the basic physiopatholog-

ical events that generate and fuel the disease.

To be as objective as possible, we studied the devel-

opment of the two degenerating processes that charac-

terize AD, tangles and plaques, using their basic com-

ponents as markers, namely tau proteins and Aβ pep-

tides. Then we analyzed if these two degenerating

processes were interconnected and their relationship to

dementia.

5. Aggregated and hyperphosphorylated tau

proteins: a powerful marker of neurofibrillary

degeneration

Tau proteins are the basic component of NFD, as ob-

served using histological and biochemical means. Ag-

gregation of tau is easy to observe at the biochemi-

cal level, rendering very convenient the quantification

of NFD. Indeed, aggregated tau proteins are not de-

phosphorylated by phosphatases during post-mortem

delay, while normal tau proteins are dephosphorylated.

Therefore, phosphorylated tau proteins of human brain

homogenates detected with phospho-dependant anti-

bodies are those that are aggregated. Using western
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blots, we have been able to detect and quantify ab-

normal tau species in AD brains, in that they are ag-

gregated, hyperphosphorylated and abnormally phos-

phorylated [10], in good agreement with the results of

Brion [11] and Iqbal [12]. In addition, we were able to

demonstrate that tau proteins in AD are reliable mark-

ers of the degenerating process. First we were able to

detect two abnormal bands in neocortical areas (Tau 64

and 68) [13], then a third one using more specific an-

tibodies (Tau 60) [14]. These pathological Tau bands

were specifically detected by an anti-PHF absorbed

with normal tau proteins. The antibody Alz-50 of Peter

Davies, that detects so well neurofibrillary degenera-

tion and a group of pathological proteins named A68,

was in fact immunostaining those abnormal tau proteins

Tau 64 and 68 [15]. This was confirmed later on by

Trojanowski’s team [16]. At last, using 2D gels and our

knowledge that tau proteins contain 6 isoforms [17],

we demonstrated the presence of a minor and fourth

abnormal tau protein at 72 kDa [18] (MW are those

given in the literature these days).

Interestingly enough, using the same approach, we

demonstrated that these tau aggregates were different in

other neurodegenerative dementing disorders, and that

there is a code-bar of tauopathies. In PSP and CBD, we

observed a specific characteristic upper doublet (Tau 64

and 69), due to the aggregation of tau isoforms with 4

repeats (4R tauopathy) [19,20], while in Pick’s disease,

there is a lower doublet (Tau 60 and 64), resulting from

the aggregation of 3R isoforms [21,22]. Other diseases

have other tau profiles such as the singulet in myotonic

dystrophy (DM1) [23,24], and soluble tauopathy in de-

mentia lacking distinctive histology (DLDH) [25]. For

DLDH, an heterogeneous group, it has been clearly

shown by Zhukareva et al. that a subgroup has a defect

in the synthesis of tau proteins [26].

All these specific biochemical signatures and differ-

ent sets of tau isoforms aggregated in specific subsets of

neuronal populations began to demonstrate that tangles

are not this unique and late answer to different types

of neuronal insults. Indeed, many demented disorders

result from a defect of tau proteins [27]. Therefore,

the question was to determine the natural history of tau

pathology in the aging human brain that develops or

not Alzheimer’s disease.

6. The spatio-temporal biochemical pathway of

tau pathology in aging and sporadic AD

6.1. Tau pathology spreading in cortical areas is

invariable and hierarchical

A prospective and multidisciplinary study of more

than 200 cases, including 70 non-demented patients

was undertaken. We gathered clinical and neuropatho-

logical data, and in parallel studied the presence of

neurofibrillary degeneration at the biochemical level,

using the triplet of abnormal tau proteins as a marker.

In Alzheimer brains, we observed that tau pathology

always extends along ten stages, corresponding to ten

brain areas that are successively affected. Paired heli-

cal filaments (PHF)-tau pathology was systematically

found to be present in variable amounts in the entorhi-

nal and hippocampal regions of non-demented patients

aged over 75 years. When tau pathology was found

in other brain areas, it was always along a stereotyped,

sequential, hierarchical pathway. The progression was

categorized into ten stages according to the brain re-

gions affected: transentorhinal cortex (S1), entorhinal

cortex (S2), hippocampus (S3), anterior temporal cor-

tex (S4), inferior temporal cortex (S5), mid temporal

cortex (S6), polymodal association areas (prefrontal,

parietal inferior, temporal superior) (S7), unimodal ar-

eas (S8), primary motor (S9a) or sensory (S9b, S9c)

areas, and all neocortical areas (S10) [28].

6.2. Lessons given by tau staging

6.2.1. Relationship with Braak staging

Together, there is a perfect agreement on the pathway

of progression of the degenerating process described by

Braak, ranked from stage I to VI at the histochemical

level, and our staging at the biochemical level. Sur-

prisingly, our biochemical approach was more precise

than the neuropathological one, in that we observed

precisely that the temporal pole was affected just af-

ter the hippocampus and prior to the inferior temporal

cortex. This step is included in our staging. Also we

were able to distinguish a transentorhinal stage prior to

the entorhinal stage and then to the hippocampal stage,

showing that the scalpel can also makes the approach

very precise.
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Fig. 1. Pathway of tau pathology in aging and in Alzheimer’s disease.

First, neurofibrillary tangles (i.e. tau pathology) are age-related but not age-dependent brain lesions. They appear in the entorhinal cortex of 20%

of people with an average age of 25 years. The ratio increases at 50% at the age of 50 years to affect all people at the age of 70 years or older,
as shown by Braak et al and in our study. This vulnerability varies dramatically among individuals. A few nonagenarians of our study were

very mildly affected. Therefore, the entorhinal formation is a vulnerable area always affected by tau pathology at old age (stages 1 and 2 of tau

pathology).

Second, tauopathy in aging tends to spread from the affected vulnerable area to other connected neuronal population, along a neuron-to-neuron

propagation that resembles a chain reaction or a domino effect. This spreading can be observed up to the temporal pole (stage 4 of tau pathology)

without Aβ deposition.

Third, the extension of tauopathy toward polymodal association areas is systematically observed in the presence of Aβ x-42 deposits (amyloid

stage of 1 to 4), as if these aggregates, directly (neurotoxicity) or indirectly (markers of AβPP dysfunction) were fueling tau spreading. This step
represents the beginning of incipient AD.

Fourth, when neuroplasticity will be no more able to compensate the progressing neurodegenerative process, clinical impairment and dementia

will appear. The cognitive impairment observed in Alzheimer’s disease is well explained by the brain areas that are successively affected by tau

pathology, from mild cognitive impairment (stages 3 to 6) to the different AD stages, from stage 6 to stage 10 of tau pathology. The amyloid

burden will also increase, in parallel to tau staging, with an amyloid staging between 5 and 10.

Fifth, tau pathology will continue its conquest of the brain toward primary regions and subcortical areas.

6.2.2. Relationship with aging

At the present time, we have probably studied more

than 500 patients comprising non-demented patients

and demented patients with different neurodegenera-

tive brain diseases, at the exception of prion diseases.

First we observed that all patients aged over 75 years,

controls or affected by a brain pathology, had at least

a tau pathology in the entorhinal formation, and very

frequently in the hippocampal formation. Since 100%

of patients have a tau pathology at the age of 75 years,

this means that tau pathology is an inevitable degener-

ating process that occurs in the human brain (Fig. 1).

This vulnerability to tau pathology in the entorhinal

and hippocampal formations is also present in a few

non-human species such as the baboon or the rhesus

monkey [1,2]. Immunohistochemistry is more sensi-

tive than biochemistry to analyze the formation of tau

pathology in some specific subsets of neuronal popula-

tions. Braak demonstrated that neurofibrillary degen-

eration can begin very early in the human brain. Using

the same histological approach and antibodies against

specific tau phosphorylated sites such as ser 199P, we

observed similar findings. Together, these studies show

that tauopathy is observed in 2 patients out of 10 at the

second to third decade of age. At the age of 50 years,

probably 1 patient out of 2 has a small but significant

entorhinal tau pathology. The frequency increases with

age to be constant at the age of 75 years using either

histochemical of biochemical means (Fig. 1).

From these results one could speculate that entorhi-

nal tau pathology is an age-associated process, but in

fact it is more a vulnerability that is revealed during

aging. Indeed, we have been able to study the brain

of non-demented centenarians. A few of these patients

had a very mild entorhinal tauopathy, demonstrating

the absence of a direct link with aging.

6.2.3. Brain lesion burden in mild cognitive

impairment (MCI)

There is no clinical method to determine if a patient

with MCI has incipient AD. Some will progress to AD

with dementia, or have a benign form of MCI without

progression. Our prospective study led us to collect all

data on the cognitive status as well as the extent of tau
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and Aβ pathology of patients with MCI [28,29]. We

observed that all 13 MCI patients from our brain bank

had a tau pathology, but not necessarily Aβ pathology.

Furthermore, all patients of our prospective study with

a mild tau pathology did not have MCI, probably be-

cause tau burden for these patients was compensated by

neuronal plasticity. These results are in perfect agree-

ment with those of the Mesulam group [30] showing

that tau pathology is more closely related to cognitive

impairment than is Aβ. However, from our knowl-

edge of Aβ aggregation in AD (following chapters), we

know that the presence of Aβ deposits in the brain of

MCI patients, as well as a decrease of Aβ x-42 in the

CSF [31], is the marker of incipient AD.

6.2.4. The threshold for dementia

Another interesting point of our staging of tau pathol-

ogy is the clinical status of patients at stage 7, with

a mild to moderate tau pathology in polymodal asso-

ciation areas. All of them are cognitively impaired,

but at very different levels. Altogether, we observed

that the patients that are fully demented at stage 7 have

generally in addition a significant vascular pathology.

The logical explanation is that vascular pathology has

an additional deleterious effect on neuronal plasticity,

that decreases the compensation effect of the not-yet

affected neuronal populations, and therefore increases

the cognitive deficit. These observations strengthen

the idea that clinical impairment results from an im-

balance between a progressing degenerating process

and decreasing compensatory effects from not-yet af-

fected neurons (Fig. 1). The best illustration comes

from Parkinson disease, with extra-pyramidal signs ex-

pressed only if more than 50 to 90% of dopaminergic

neurons are affected.

6.2.5. The mechanism of progression of tau pathology

The mechanism of tauopathy spreading is likely to

open relevant therapeutic avenues in the neuroprotec-

tion domain. From the study of AD, we observe that

this spreading is not diffuse, but on the contrary along

precise neuron-to-neuron connections, from the limbic

structures toward the neocortical association areas. In-

terestingly enough, we observe a similar mechanism of

spreading in other sporadic tauopathies, such as pro-

gressive supranuclear palsy (PSP). Neurodegeneration

in PSP is observed first in the brain stem, then in the

striatum, to conquer after the primary motor frontal

neocortical area (Broadmann area 4), then the unimodal

frontal areas and at last a spreading in all neocortical

and limbic areas [20]. In other words, the basic mech-

anism of tau spreading in sporadic tauopathies is likely

starting in a specific vulnerable neuronal population

(layer II of the entorhinal formation in AD; occulo-

motor nuclei for PSP). Then, this local tauopathy will

destabilize the connected neuronal populations that had

a cross-talk with the vulnerable area, and this degen-

erating process will extend, with a domino effect, to

other neuronal populations along a neuron-to-neuron

propagation phenomenon [32]. Knowing better this

mechanism of propagation will certainly open thera-

peutic strategies for AD as well as for other sporadic

tauopathies and synucleopathies.

6.3. The relationship between tauopathy and

amyloidosis in aging and sporadic AD

It is not surprising that tau pathology is well cor-

related with cognitive impairment, since it shows the

neurodegenerationprocess and its extent. However, we

do not know the factors that generate tauopathy and

its extension in brain areas. AβPP dysfunction is the

best candidate, as revealed by genetic studies. There-

fore, we quantified all AβPP metabolic products to see

a possible relationship with the different stages of tau

pathology. AβPP holoproteins, AβPP-CTFs and Aβ

species were analyzed in the different brain areas of all

our non-demented and demented patients. First, Aβ

species were studied. Insoluble Aβ-42 and -40 species

were fully solubilized and quantified after their extrac-

tion in formic acid. In order to simplify the interpreta-

tion of the results, we propose the following biochemi-

cal staging for the quantification of either Aβ 40 or Aβ

x-42 aggregates [29]:

Aβ quantification Stage

(µg/g of tissue)

From trace to 2.5 1

2.5 to 5 2

5 to 10 3

10 to 25 4

25 to 50 5

50 to 100 6

100 to 200 7

200 to 400 8

400 to 800 9

Over 800 10

The quantities of both Aβ species were compared

to the extent of tau pathology, as well as to cognitive

impairment. Aβ x-42 aggregates were observed at the
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early stages of tau pathology in non-demented patients

and all along AD pathology (Aβ stages 1 to 4), while

Aβ x-40 aggregates are markers of the last stages of

AD. During the progression of the disease, Aβ x-42

aggregates increase in quantity and heterogeneity (Aβ

stages 4 to 10), in close parallelism to the extension of

tau pathology. But unexpectedly, there was no spatial

overlap between Aβ aggregation that is widespread and

heterogeneously distributed in cortical areas and tau

pathology that is progressing sequentially, stereotypi-

cally, and hierarchically. Hence, there is a synergetic

effect of AβPP dysfunction on the neuron-to-neuron

propagation of tau pathology. Indeed, tau pathology

can be found in the hippocampal area without Aβ de-

posits, as mentioned by Braak [33]. In contrast, the

extension of tau pathology in polymodal association

areas was systematically found in the presence of Aβ

deposits (Aβ stages 4 to 10), as if these Aβ species,

directly or indirectly, were necessary to stimulate the

progression of tau pathology (Fig. 1). Altogether, our

study clearly demonstrated that amyloid deposits do not

precede tau pathology in sporadic AD, as mentioned in

the amyloid cascade hypothesis. Interestingly enough,

our proteomic analysis of the first Aβ 42 deposits that

appear in the aging human brain and in incipient AD

are not full length Aβ 1–42, but N-truncated species.

In other words, the first Aβ species that initiate amy-

loidosis are not physiological species, but pathological

species. This was observed at the biochemical and im-

munohistochemical levels. This discovery could im-

prove dramatically the vaccination approach [34].

7. Relationship between tau pathology and

amyloid β protein precursor dysmetabolism

The parallelism and synergy between tau and Aβ

aggregation led us to search an AβPP molecular event

linking the two degenerating processes. AβPP is an

ubiquitous protein found in all cell types of all species,

suggesting a basic and important role that remains to

be identified. A neurotrophic activity for AβPP and se-

creted sAβPP is often mentioned [35]. Therefore a loss

of function of AβPP rather than a gain of toxic function

of Aβ could be also a reasonable hypothesis to explain

the stimulation of tau pathology and neurodegeneration

(Fig. 1).

Complementary to this study of Aβ species, we

found no obvious modification of AβPP holoprotein

and its secreted sAβPP in correlation with the pathol-

ogy. However, AβPP -CTFs were found to be signif-

icantly diminished during the course of AD and well

correlated with the progression of tau pathology [36].

Beta, alpha and gamma stubs were also significantly

decreased in the brain tissue of individuals having an

inherited form of AD linked to mutations of presenilin

1, showing a general defect common to familial and

sporadic forms of AD. An important role of gamma

stub, also named AICD (AβPP intracellular domain),

as a gene regulator could explain its involvement in the

disease if these fragments are lacking [37].

In fact these observations directly lead to other ther-

apeutic strategies concentrated around the concept of a

loss of function of AβPP stimulating tau pathology, in

good agreement with other teams mentioning that Aβ

may be a planet, but AβPP is central [38–40]. From

our study on tau and Aβ in the human brain, we pro-

pose the following criteria for a good anti-Alzheimer

drug: the drug should 1) reduce the production of Aβ

x-42 species and in parallel 2) should stimulate the pro-

duction of the “good” AβPP-CTFs, namely the alpha

and gamma stubs. Theoretically, this drug should be

able to reduce or to stop the deleterious effect of AβPP

dysfunction, and therefore to stop the burden that fuels

tau pathology and provoke dementia in AD.

8. Conclusion

Altogether, many converging studies show that AD

is not a pure pathology of Aβ, nor it is a pure tauopa-

thy. We propose the following definition: AD is a

tauopathy fueled by AβPP dysfunction. The natural

and molecular history of sporadic AD shows that both

AβPP and tau are equally involved in the etiopathogen-

esis (Fig. 1). Both are also therapeutic targets and the

good news is that βAPists and tauoists must work to-

gether. From observations of the human brain, relevant

animal models are most likely those that demonstrate a

synergy between AβPP and tau lesions. Some interest-

ing models have already been described [41,42]. An-

other one with a severe neuronal loss is also interesting

to understand the loss of function of AβPP as well as

the role of intracellular Aβ deposition [43].

At last, one can see that most dementing neurodegen-

erative disorders are tauopathies, that most demented

patients have a tau pathology in neocortical areas and

that many different types of tau dysfunction lead to

dementia: mutations on tau gene in FTDP-17 (fronto

temporal dementia with Parkinsonism linked to chro-

mosome 17) [44], the haplotype H1H1 which is a risk

factor for PSP and CBD [45], the abnormal tau splicing
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in DM1 [24], tau-less DLDH [26], and the vulnerability
of specific brain areas to tauopathy as observed in the
entorhinal cortex and hippocampus for AD [46], or in
the brain stem nuclei for PSP and CBD.
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Abstract. In 1906, Alzheimer described the clinical and neuropathological

characteristics of the disease that was subsequently named after him. Although

the paired helical filament was identified as the major component of the neu-

rofibrillary pathology of Alzheimer’s disease in 1963, its molecular composi-

tion was only uncovered in the 1980s. In 1988, work at the MRC Laboratory of

Molecular Biology in Cambridge (UK) provided direct proof that tau protein

is an integral component of the paired helical filament. The paper highlighted

here [Goedert M., Wischik C.M., Crowther R.A., Walker J.E. and Klug A.

(1988) Cloning and sequencing of a core protein of the paired helical filament

of Alzheimer disease: Identification as the microtubule-associated protein tau.

Proc. Natl. Acad. Sci. USA 85, 4051–4055] also reported the first sequence of a human tau isoform and paved the

way for the identification of the six brain tau isoforms that are expressed by alternative mRNA splicing from a single

gene. By the early 1990s, it was clear that tau protein is the major component of the paired helical filament and that

the latter is made of all six tau isoforms, each full-length and hyperphosphorylated.

Keywords: Alzheimer disease, neurofibrillary tangles, paired helical filament, tau

1. The tangle discovery

On 3 November 1906, Alois Alzheimer, then head
of the Anatomical Laboratory at the Royal Psychiatric
Clinic of the Ludwig-Maximilians University in Mu-
nich, presented a paper at the 37th meeting of the So-
ciety of Southwest German Psychiatrists in Tübingen.
In it he described for the first time the clinical and neu-
ropathological characteristics of the form of dementia
that was later named after him, following a suggestion
by Emil Kraepelin, Director of the Royal Psychiatric
Clinic. The work in question was published in the short
paper of 1907 and in the more extensive article of 1911.

The paper of 1907 [1] gave the clinicopathological
description of the case of Auguste D., who presented

∗Corresponding author. Tel.: +1 44 1223 402036; Fax: +1 44

1223 402197; E-mail: mg@mrc-lmb.cam.ac.uk.

with clinical symptoms at age 51 and died aged 56. In

her cerebral cortex, Alzheimer saw abundant neurofib-
rillary tangles and neuritic plaques by Bielschowsky

silver staining (the original clinical file and histological

preparations were recently recovered [45,75] (Fig. 1).
Alzheimer described neurofibrillary tangles (he called

them “sehr merkwürdige Veränderungen der Neurofib-
rillen”, or “very odd changes of the neurofibrils”) for

the first time [1]. He later referred to the tangle as

“eigentümliche Fibrillenveränderung der Ganglienzel-
len”, or “peculiar fibrillary change of nerve cells” [2].

Plaques were first described in 1892 by Blocq and

Marinesco in the brain of an elderly patient affected by
epilepsy [7]. In 1898, Redlich described them as “mil-

iare Sklerose”, or “miliary sclerosis”, in two cases of
senile dementia [92]. This was followed by Fischer’s

1907 description of plaques in 12 out of 16 cases of se-

nile dementia and their absence in controls and in cases

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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Fig. 1. Sections from the cerebral cortex of Auguste D. stained

using Bielschowsky silver (from Alzheimer’s original collection).

(a), Numerous neurofibrillary tangles and neuritic plaques are in

evidence. (b), Examples of neurofibrillary tangles. Reprinted from

Graeber et al., Neurogenetics 1, 223–228 (1998), with permission

from Springer.

of progressive paralysis and functional psychosis [28].

He concluded that they are a specific feature of senile

dementia. Like plaques, the clinical characteristics of

dementia had been described before Alzheimer, most

notably by Esquirol in 1838 [27].

However, the combination of clinical dementia with

its histological counterpart of plaques and tangles and

extensive nerve cell loss in cerebral cortex had not been

described before and was suggestive of a new clinical

syndrome. By the time the 1911 article was published,

several additional cases of what appeared to be the same

disease had been identified by Alzheimer, Benvoglio

and Perusini. Kraepelin described the condition as pre-

senile dementia in the 8th edition of his textbook of

Psychiatry, which was published in 1910, and proposed

that it be called “Alzheimer’s disease” [63]. He created

the distinction between presenile and senile dementia

as distinct diseases, which was overturned only much

later, when it became clear that the two types of de-

mentia were similar, both clinically and neuropatho-

logically [6].

The article of 1911 [2] was devoted mostly to the

nosology of Alzheimer’s disease. It contains a pre-

scient discussion of the possible relationships between

plaques and tangles and their relevance for the dis-

ease process. Towards the end, Alzheimer compares

cases with plaques and tangles with two cases of cir-

cumscribed lobar atrophy that he had recently exam-

ined. Similar cases of what is now called “frontotempo-

ral dementia” had been described clinically by Arnold

Pick in 1892 [89]. Alzheimer reported on the ab-

sence of plaques and the presence of the “eigent ümliche

Fibrillenveränderung der Ganglienzellen” in the cases

with lobar atrophy. The fibrillary changes had a char-

acteristic round shape (he called them “Kugeln”, or

“balls”), which distinguished them from the tangles of

Alzheimer’s disease. They are now called Pick bodies

and the clinicopathological entity Pick’s disease. Over

the past twenty years, it has become clear that the fib-

rillary deposits of Alzheimer’s disease and Pick’s dis-

ease are made of the same protein. In many respects,

Alzheimer’s 1911 article set the scene for much of what

was to come, some of which is described below.

2. The paired helical filament

In the 1960s electron microscopy of tissue sections

was used to investigate the fine structure of neurofibril-

lary tangles in Alzheimer’s disease brain. Bundles of

abnormal cytoplasmic filaments were observed for the

first time in nerve cell bodies and their processes [57,

58,102,103]. In 1963, Michael Kidd described the

characteristic paired helical nature of the vast major-

ity of filaments [57] (Fig. 2A). He named the “paired

helical filament (PHF)”, because it appears to consist

of two filaments wound helically around one another,

with a longitudinal spacing between crossovers of about

80 nm and a width of 30 nm at the widest point and

15 nm at the narrowest. There was discussion about the

molecular nature of the PHF, with some arguing that it

is made of neurofilaments [102,103], and Kidd himself

favouring the view that it is unrelated to the normal

cytoskeleton [57,58]. Also found in the neurofibrillary

tangles of Alzheimer’s disease, as a minority species,

is the so-called straight filament (SF), a filament about

15 nm wide that does not exhibit the modulation in

width shown by the PHF (Fig. 2A). It was first de-

scribed by Hirano and collaborators in 1968 [52]. It

took another 20 years before the biochemical identity

of the Alzheimer filaments became known.

3. Molecular composition of the paired helical

filament

The molecular composition of the PHF was eluci-

dated in the 1980s. Immunological studies identified

several candidate proteins, such as neurofilaments [76],

vimentin [114], microtubule-associated protein 2 [61,

83], microtubule-associated protein tau [12,20,47,62,

85,113], amyloid-β [74] and ubiquitin [77,87]. Such

studies suggested that these molecules may share epi-
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Fig. 2. Electron micrographs of dispersed filament preparations from

brains of (a) a sporadic Alzheimer’s disease case and (b) a case of

frontotemporal dementia and parkinsonism linked to chromosome 17

(FTDP-17) with the V337M mutation in the tau gene. The PHFs in

each disease appear to have an identical morphology and in each there

is a minority of straight filaments (indicated by arrows). Scale bar,
100 nm. Reprinted from Spillantini et al., Acta Neuropathologica

92, 42–48 (1996), with permission from Springer.

topes with the PHF. However, they suffered from the
inherent inability to distinguish between molecules that
form an integral part of the PHF and material that
is merely associated with or adheres to the filamen-
tous structures. This difficulty was compounded by
the fact that different proteins (e.g., neurofilaments and
microtubule-associated proteins) possess epitopes in
common [64,84]. Furthermore, the insolubility of the
filamentous material precluded quantitative biochemi-
cal purification.

Martin Roth, the Professor of Psychiatry at the Uni-
versity of Cambridge, had brought the tangle problem
to Aaron Klug, then the Joint Head of the Structural
Studies Division at the MRC Laboratory of Molecu-
lar Biology (LMB), who involved Tony Crowther, a

member of the Scientific Staff of that Division. Claude

Wischik moved from the Department of Psychiatry to

the Division of Structural Studies, in order to isolate

tangles from Alzheimer brains. Crowther and Wischik

studied the morphology and structural organization of

the PHF by electron microscopy and image process-

ing [16,109].

Subsequently, the following approach was developed

by the Cambridge group in order to determine unam-

bigously the molecular composition of the PHF. The

PHF is inert and defined only by its ultrastructural ap-

pearance, but electron microscopy alone is unsuitable

for identification of an intrinsic chemical constituent of

the PHF. What was required was a label that identifies

both intact individual filaments in microscopy and at

the same time the protein bands obtained by gel elec-

trophoresis from successively purified tangle prepara-

tions. The protein bands could then be sequenced and

this information used for the isolation of cDNA clones

encoding the protein sequence. This approach estab-

lished that tau protein is an integral component of the

PHF [34,110,111].

Wischik used proteases to break down the insoluble

tangles. In order to obtain a label for following the

purification of PHF constituents, Cesar Milstein, the

Joint Head of the Division of Protein and Nucleic Acid

Chemistry at the LMB, Michal Novak from that Di-

vision and Wischik produced monoclonal antibodies,

one of which (called 6–423) decorated individual pro-

teolysed PHFs isolated from tangle fragments in elec-

tron microscopy and labeled a 12 kDa protein band ex-

tracted from purified PHF preparations. A chemical la-

bel was also used in the early stages to help identifying

tangles in the brain extracts. John Walker and Michael

Runswick, then in the Division of Protein and Nucleic

Acid Chemistry, determined the partial amino acid se-

quence of the 12 kDa band, which made it possible to

isolate cDNA clones encoding the PHF protein.

Michel Goedert, then in the Director’s Section of the

LMB, was enlisted into the project. He designed two

mixed synthetic oligonucleotides corresponding to the

amino acid sequence QIVYKP found in the 12 kDa

band and used them to screen a cDNA library that he

had made from the frontal cortex of an Alzheimer’s

disease patient. Screening of 650,000 clones yielded

one positive. A hybridization-positive 160 bp frag-

ment from the insert of this clone was found to en-

code the sequence QIVYKP, when it was subjected to

DNA sequencing by Goedert and Crowther. This frag-

ment was then used to screen a second cDNA library

(made from the brain of a 15 week-old human fetus).
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Screening of 50,000 clones gave 34 positives. Two of

these (with inserts of 2.8 and 2.9 kb) were sequenced

and found to encode a predicted protein of 352 amino

acids, which was unrelated to any sequence known at

the time. The most striking feature of this sequence

was a stretch of three repeats, 31 or 32 amino acids

each, in the carboxy-terminal half, with each repeat

displaying a distinctive PGGG motif. The QIVYKP

sequence was found in the first of these repeats. By

RNA blotting using the 160 bp fragment as the probe,

a major 6 kb and a minor 2 kb band were observed in

a number of brain regions, but not in heart, kidney or

adrenal gland. This pattern of bands was recognized

by Goedert as being similar to that described by David

Drubin and Marc Kirschner for mouse tau [25]. The

same blot was therefore rehybridized with the insert

from mouse tau clone pTA2, which Goedert had ob-

tained from Kirschner. The patterns of hybridization

and tissue distribution were identical to those obtained

with the 160 bp fragment, strongly suggesting that we

had cloned the cDNA for human tau. The identification

was confirmed with the publication in early 1988 of the

predicted amino acid sequence of a mouse tau isoform

with three repeats by Lee, Cowan and Kirschner [66],

part of which Kirschner had kindly communicated to

Klug in late 1987. Although there had been several

studies reporting the presence of tau-like immunore-

activity in neurofibrillary tangles or PHFs, the first by

Jean-Pierre Brion and colleagues [12], our work pro-

vided direct proof that tau protein is present in the PHF.

Klug, Goedert and Wischik presented these findings

at the Banbury conference organized by Caleb Finch

and Peter Davies at Cold Spring Harbor in April 1988.

The paper highlighted here [34], which was published

in June 1988, was the first in a series of three by the

Cambridge group. The second paper [110] described

the purification of protein fragments monitored by an-

tibody 6–423. The third paper [111] justified the use

of antibody 6–423 in the biochemical work by im-

munoelectron microscopy of filament cores that had

been stripped of some of the surface material but re-

mained morphologically intact. In November 1988,

Yasuo Ihara and collaborators also reported on the pres-

ence of the carboxy-terminal third of tau protein in the

PHF [60].

4. Six isoforms of tau in adult human brain

In the 1988 paper [34], we mentioned that we had

identified a second form of tau, with sequence variation

in the first repeat, and suggested that tau mRNA was

undergoing alternative splicing. Southern blotting had

shown that there was only one tau gene in the human

genome [82]. The second form of tau was identified

upon the sequencing of clones isolated from a cDNA

library prepared from frontal cortex of an adult control

individual [35]. It was identical in sequence to the first

form of tau, with the exception of an additional inserted

stretch of 31 amino acids. This extra sequence encoded

an additional repeat of the type present in the previ-

ously reported human tau sequence [34]. It was in-

serted within the first repeat in a way that preserved the

periodic pattern. Upon sequencing of genomic clones,

the extra repeat was found to be encoded by a separate

exon (now known as exon 10), flanked by consensus

splice acceptor and donor sequences. Probes derived

from cDNA clones encoding the three repeat (type I)

and four repeat (type II) tau protein isoforms detected

mRNAs for both forms in all adult human brain ar-

eas examined. However, in foetal brain, only type I

mRNA was found. Type I and type II mRNAs were

present in pyramidal cells in hippocampus and cere-

bral cortex, with hippocampal granule cells expressing

only type I mRNA. This work, which was published

in early 1989 [35], uncovered the existence of at least

two types of tau isoforms in human brain, those with

three repeats and those with four repeats. The protein

sequencing [110] had indicated the presence of two dis-

tinct sequences in the core of the PHF and the present

work established that they corresponded to three and

four repeats of tau.

Sequencing of a large number of cDNA clones re-

vealed the existence of additional tau isoforms with in-

serts of 29 and 58 amino acids, in combination with

both three and four tandem repeats [36]. With the iso-

forms described previously, this gave a total of six hu-

man brain tau isoforms ranging from 352 to 441 amino

acids in length (Fig. 3). Transcripts encoding the 29

and 58 amino acid inserts were found in adult, but not

foetal brain, as we had found previously for transcripts

encoding tau isoforms with three repeats. We raised

anti-peptide antibodies spanning the tau sequence and

found that they all stained the neurofibrillary pathology

of Alzheimer’s disease in a similar way, demonstrat-

ing the presence of multiple isoforms. These findings,

which were published towards the end of 1989 [36],

established the existence of at least six tau isoforms in

human brain. They provided a molecular underpinning

to the long-known heterogeneity of tau protein [13].

This work left open the question as to whether we

had identified the full complement of tau isoforms ex-
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Fig. 3. Schematic representation of the six tau isoforms expressed in

adult human brain. The regions common to all isoforms are shown in
blue, with the N-terminal inserts in red and green, respectively. The

alternatively spliced exon 10 in the repeat region is shown in yellow

and the microtubule-binding repeats are indicated by black bars.

pressed in human brain. To investigate this directly,

we expressed all six isoforms individually in E. coli

from full-length cDNA clones and compared the run-

ning pattern of the purified proteins on SDS-PAGE

with that of dephosphorylated tau from foetal and adult

human brain. Native tau was dephosphorylated with

alkaline phosphatase, because phosphorylation was a

known post-translational modification of tau that could
lead to a change in its mobility [71].

By SDS-PAGE, the recombinant tau isoforms gave a

set of six characteristically spaced bands, ranging from

48–67 kDa in apparent molecular mass (Fig. 4). The

pattern consisted of a triplet of bands corresponding to

isoforms with three repeats and an equivalent but dis-

placed triplet of bands corresponding to isoforms with

four repeats. The recombinant isoforms were biologi-

cally active, as assessed by their ability to promote mi-
crotubule assembly. The rates of assembly were 2.5–

3.0 times faster for isoforms containing four repeats

when compared with three repeat-containing isoforms,

with no significant contribution by the amino-terminal

inserts. These findings were in keeping with experi-

ments using tau fragments synthesized in vitro and syn-

thetic peptides, which had shown that the tau repeats

constitute microtubule binding units [26,67].

In adult cerebral cortex, following alkaline phos-
phatase treatment, four major tau bands and two mi-

nor bands were observed, which aligned with the six

recombinant isoforms. This showed that we had iden-

tified all the brain tau isoforms by cDNA cloning. The

four major bands aligned with the three- and four-repeat

containing isoforms without amino-terminal inserts and

the three- and four-repeat containing isoforms with the

29 amino acid amino-terminal insert. The two minor

Fig. 4. Immunoblot of PHF tau before and after dephosphorylation

compared with recombinant tau isoforms. Lane 1 represents the six

recombinant human brain tau isoforms, lane 2 represents PHF tau be-

fore dephosphorylation and lane 3 represents PHF tau after dephos-
phorylation with E. coli alkaline phosphatase at high temperature.

Antiserum 133, which recognizes the N-terminus of tau, was used

for immunoblotting. Note the presence of three strong (of 60, 64 and

68 kDa) and one weak (of 72 kDa) PHF tau bands (lane 2). Note

also the alignment of PHF tau bands after dephosphorylation (lane

3) with the recombinant isoforms (lane 1). Reprinted from Goedert

et al., Neuron 8, 159–168 (1992), with permission from Elsevier.

bands aligned with three- and four-repeat containing

isoforms with the 58 amino acid amino-terminal insert.

In foetal brain, following alkaline phosphatase treat-

ment, a 48 kDa band was present that aligned with the

shortest recombinant tau isoform. A second, broader

band of 50 kDa was also observed, probably because of

incomplete dephosphorylation. These findings, which

were published at the end of 1990 [37], showed that the

three repeat-containing isoform with no inserts is the

major foetal form of human tau and that isoforms with

three and four repeats,with and without amino-terminal

inserts, are expressed in adult brain. They also showed

that similar levels of three-repeat and four-repeat con-

taining tau isoforms are expressed in normal adult hu-

man brain. Two years later, we and others reported the

amino acid sequence of “big tau”, an isoform with a

large alternatively spliced insert in the amino-terminal

region of the longest isoform from brain [15,39]. Big

tau is expressed in the peripheral nervous system, but

not in brain or spinal cord.
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5. Dispersed filaments are made of full-length,

hyperphosphorylated tau protein

The insolubility of the bulk of PHFs and SFs from

tangle fractions had been a major impediment towards

their biochemical purification and molecular charac-

terization. It also precluded the quantitative analysis

of tau pathology. In 1990, in the development of a

preparation method involving sarkosyl extraction [94],

Greenberg and Davies obtained a fraction consisting

of dispersed filaments, the tangles themselves having

been removed in the first step of centrifugation [46].

By immunoblotting, three major tau bands of 60, 64

and 68 kDa apparent molecular mass were observed (a

minor fourth band of 72 kDa was described later [80]).

It was realized that these bands were probably the same

as the previously described A68 and SDS-soluble ab-

normal tau bands [29,112]. In 1991, Virginia Lee and

colleagues purified dispersed filaments to homogeneity

and used protein chemical analysis to demonstrate that

they were made of tau protein [68]. Crowther showed

that PHFs and SFs represent different assemblies of

an identical or closely related structural subunit [17].

This work established that tau is the major component

of the PHF and SF and removed any lingering doubt

about potential additional components that remained to

be discovered.

Lee and colleagues also showed that tau protein

from their purified filament preparations was hyper-

phosphorylated. Earlier studies by Inge Grundke-Iqbal

and colleagues and by Ihara and collaborators had al-

ready suggested that tau protein is hyperphosphory-

lated in Alzheimer’s disease brain [48,54]. In 1992,

we showed that after extensive dephosphorylation the

PHF tau bands aligned with the six recombinant brain

tau isoforms, indicating that PHF tau consists of all

six tau isoforms in an abnormally hyperphosphorylated

state [38] (Fig. 4). The relative amounts of the different

isoforms recovered were similar to those observed in

normal human brain.

Dispersed filaments were strongly decorated by an-

tibodies directed against the N- and C-terminal regions

of tau, but not by an antibody specific for the repeat

region (the latter antibody labelled PHF tau bands by

immunoblotting, indicating that its epitope was not

accessible in the core of the filament) (Fig. 5). To-

gether with the earlier work [34,110,111] these findings

demonstrated that full-length tau assembles through

its microtubule-binding repeats, with the N- and C-

terminal regions extending from the filament surface,

forming the fuzzy coat (first described in [111]) around

the filament. Treatment of filaments with pronase was

found to remove the fuzzy coat, leaving a pronase-

resistant core, which retains the characteristic appear-

ance of the starting filament (Fig. 5). Filaments in ex-

tracellular tangles, the remnants of neurofibrillary de-

posits left after a tangle-containing cell has died, show

a similar partial proteolysis of the constituent tau pro-

tein [8]. Similar to truncation, the ubiquitination of tau

was also found to be a secondary event that occurs after

filament assembly [78]. More recently, we showed that

PHFs and SFs have a cross-β structure, which is the

defining feature of amyloid fibres [5]. There had been

some controversy in the literature with regard to the

internal molecular fine structure of the filaments.

From the above work, hyperphosphorylation of tau

emerged as a potential trigger of filament formation.

PHF tau was found to have a greatly reduced ability

to bind to microtubules and this functional impairment

was shown to result from hyperphosphorylation [11,

115]. This finding was in line with earlier work, which

had reported that phosphorylationnegatively affects the

ability of tau to interact with microtubules [70]. Dur-

ing the 1990s, many phosphorylation sites in tau were

identified through mass spectrometry and the use of

phosphorylation-dependentantibodies [42,50,79]. The

latter provided sensitive and specific markers of tau

pathology [96] (Fig. 6a,c,e). The vast majority of phos-

phorylation sites was located outside the repeat re-

gion and many sites were found to be Ser/Thr-Pro se-

quences. Most phosphorylation-dependent antibodies

did not label normal adult brain tau, or recognized it

only weakly. By contrast, the same antibodies strongly

labelled fetal tau, the PHF-tau bands and isolated tau

filaments [41,56]. This indicated that in Alzheimer’s

disease brain the six adult brain tau isoforms are ab-

normally phosphorylated in a way similar to the nor-

mal phosphorylation of the single fetal tau isoform.

Candidate protein kinases for the hyperphosphoryla-

tion of tau were identified. They included mitogen-

activated protein (MAP) kinase [23], glycogen syn-

thase kinase-3 (GSK3) [49,73], cyclin-dependent ki-

nase 5 (CDK5) [59], microtubule affinity regulating ki-

nase (MARK) [24] and stress-activated protein (SAP)

kinases [44]. Protein phosphatase 2A was identified as

the major brain tau phosphatase [40].

6. Synthetic tau filaments

Hyperphosphorylation is believed to be an early

event in the pathway that leads from soluble to insol-
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Fig. 5. Immunoelectron microscopy of dispersed paired helical filament preparations, showing the presence of full-length tau and that the N- and

C-termini are cleaved by mild pronase treatment. (a), (c), (e) and (g) represent native material; in (b), (d), (f) and (h) the grids were treated with

pronase prior to immunodecoration. The antibodies used were as follows: 133, which recognizes the N-terminus of tau (a and b); 134, which

recognizes the C-terminus of tau; 135, which recognizes the microtubule-binding repeat region of tau (e and f); 6–423, which recognizes tau

truncated at residue 391 (g and h). Some straight filaments are indicated (S). Note immunodecoration of some but not all filaments with antiserum

133 in (a), of almost all filaments with antiserum 134 in (c), and of almost all filaments with antibody 6–423 in (h). Antiserum 135 failed to

decorate filaments (e and f). Scale bar, 100 nm. Reprinted from Goedert et al., Neuron 8, 159–168 (1992), with permission from Elsevier.

uble and filamentous tau protein. However, it remains

unclear whether it is sufficient for assembly into fila-

ments. The availability of large quantities of recombi-

nant human tau isoforms and the ease with which tau

fragments can be expressed facilitated studies aimed at

producing synthetic tau filaments. Early experiments

had shown that PHF-like filaments can be assembled in

vitro from bacterially expressed, non-phosphorylated

three repeat fragments of tau [18,107]. The formation

of these filaments lent strong support to the view that

the repeat region of tau is the only component necessary

for the morphological appearance of the PHF. However,

these studies failed to provide any insight into filament

formation in vivo, because the tau filaments were ob-

tained only with truncated tau under non-physiological

conditions.

Subsequently, experiments using sulphated gly-

cosaminoglycans (GAGs) to stimulate phosphorylation

of tau by a number of protein kinases led to the ob-

servation that sulphated GAGs induce the assembly of

full-length tau into filaments [43,86]. By immunoelec-

tron microscopy, these filaments were decorated by an-

tibodies directed against the N- and C-terminal regions

of tau, but not by an antibody against the microtubule-

binding repeat region, exactly like the tau filaments

from Alzheimer’s disease [43] (Fig. 7). The assembly

of tau is a nucleation-dependent phenomenon [31] and

a short amino acid sequence (VQIVYK) in the third
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Fig. 6. Immunohistochemical localisation of neurofibrillary pathology using phosphorylation-dependent anti-tau antibodies. (a,c,e), Cerebral

cortex from a sporadic Alzheimer’s disease case. (b,d,f), Cerebral cortex from a case of frontotemporal dementia and parkinsonism linked to

chromosome 17 (FTDP-17) with the V337M mutation in the tau gene. The phosphorylation-dependent anti-tau antibodies were: (a,b), AT8

(pS202 and pT205), (c,d), AT100 (pT212 and pS214) and (e,f), AT180 (pT231). The arrows in (a), (c) and (e) point to neuritic plaques, which

are characteristic of Alzheimer’s disease. Cases of FTDP-17 lack significant plaque pathology. Scale bar, 50 µm. Reprinted from Spillantini et

al., Acta Neuropathologica 92, 42–48 (1996), with permission from Springer.

microtubule-binding repeat was found to be essential

for heparin-induced filament assembly [105]. Subse-
quently, RNA and arachidonic acid were also found

to induce the bulk assembly of full-length recombi-

nant tau into filaments [51,55,108]. This work pro-

vided robust methods for the assembly of full-length tau
into filaments. Two recent studies have used heparin-

induced assembly of tau to identify small molecule in-

hibitors of filament formation [90,101]. Pathological
co-localization of sulphated GAGs and RNA with hy-

perphosphorylated tau protein has suggested that these

findings may also be relevant for the assembly of tau in

Alzheimer’s disease brain [32,88,104].

7. Tauopathies and neurodegeneration

By the early 1990s, the presence of tau protein

had also been described in the filamentous deposits
of Pick’s disease, progressive supranuclear palsy and

corticobasal degeneration [69]. Unlike Alzheimer’s

disease, these diseases lack significant Aβ pathology.

Subsequently, filamentous tau deposits were described
in many other neurodegenerative diseases, now often
referred to as tauopathies (Table 1).

Hyperphosphorylation of tau is a feature common
to all diseases with tau filaments. The phosphorylated
sites are similar, with only minor differences between
diseases. However, the pattern of abnormal tau bands
was found to vary. Thus, Alzheimer’s disease and other

conditions (such as the Parkinsonism-dementia com-
plex of Guam) are characterized by three major bands
of 60, 64 and 68 kDa and a minor band of 72 kDa. By
contrast, filamentous tau from brains of patients with
progressive supranuclear palsy and corticobasal degen-
eration lacks the 60 kDa band [30,65], whereas patho-
logical tau from Pick’s disease brain shows major 60
and 64 kDa bands [21]. Differences in the tau isoform
composition of the pathological filaments explain these
patterns of bands. This work revealed that the bio-
chemical composition of tau filaments is not uniform.

The molecular dissection of the PHF and SF of
Alzheimer’s disease gave quite a complete descrip-
tion of the composition of the filaments. It also pro-



M. Goedert et al. / Tau protein, the paired helical filament and Alzheimer’s disease 203

Fig. 7. Immunoelectron microscopy of synthetic paired helical-like
filaments formed following incubation of recombinant tau protein

with heparin. The antibodies used were as follows: 133, which

recognizes the N-terminus of tau (a); 134, which recognizes the

C-terminus of tau (b); 135, which recognizes the microtubule-binding

repeat region of tau (c). Note immunodecoration with 133 and 134,

but not with 135, as for Alzheimer filaments (see Fig. 5). Scale bar,

100 nm. Reprinted from Goedert et al., Nature 383, 550–553 (1996),

with permission from Macmillan.

vided clues regarding the mechanisms of filament for-

mation. However, it did not provide any direct in-

formation about the relevance of tau dysfunction and

filament formation for the disease process. This had

been suspected to be the case, largely because of the

good correlation between neurofibrillary pathology and

nerve cell degeneration [3,8,10]. However, the iden-

tification in 1991 and 1995, respectively, of causative

mutations in the amyloid β-protein precursor gene and

the presenilin genes in familial cases of Alzheimer’s

disease [33,72,81,93,95], led many to believe that tau-

positive inclusions were epiphenomena of little or no

Table 1

Diseases in which tau deposits have been described

Alzheimer’s disease

Amyotrophic lateral sclerosis/parkinsonism-dementia complex

Argyrophilic grain disease

Autosomal-dominant Parkinson’s disease

Autosomal-dominant parkinsonism

Autosomal-recessive juvenile parkinsonism

Corticobasal degeneration

Dementia pugilistica
Diffuse neurofibrillary tangles with calcification

Down’s syndrome

Familial British dementia

Frontotemporal dementia and parkinsonism linked to chromo-

some 17

Gerstmann-Sträussler-Scheinker disease

Guadeloupean parkinsonism

Hallervorden-Spatz disease
Myotonic dystrophy

Niemann-Pick disease, type C

Non-Guamanian motor neuron disease with neurofibrillary

tangles

Pick’s disease

Postencephalitic parkinsonism

Prion protein cerebral amyloid angiopathy

Progressive subcortical gliosis
Progressive supranuclear palsy

Subacute sclerosing panencephalitis

Tangle only dementia

consequence. For some, this was further compounded

by the presence of filamentous tau deposits in a number

of apparently unrelated conditions. What was missing
was genetic evidence linking dysfunction of tau protein

to neurodegeneration and dementia.

In 1994, an autosomal-dominantly inherited form of

frontotemporal dementia with parkinsonism was linked

to chromosome 17q21.2, a region that contains the
tau gene [106]. This was followed by the identifica-

tion of other forms of frontotemporal dementia that

were linked to this region, resulting in the denomina-

tion “frontotemporal dementia and parkinsonism linked

to chromosome 17” (FTDP-17) for this class of dis-
ease. Cases of FTDP-17 were found to exhibit fila-

mentous tau-positive inclusions, including Pick bod-

ies and Alzheimer-type tangles with PHFs and SFs, in

the absence of Aβ deposits [19,96,98,100] (Figs 2B,

6b,d,f). The now widely used term “tauopathy” was
introduced, because of the sheer abundance of tau in-

clusions in a family with frontotemporal dementia [97].

In June 1998, exactly ten years after the publication

of our paper describing the presence of tau protein in

the core of the PHF, the first mutations in the tau gene
in FTDP-17 were identified [31,91,99]. At the time

of writing, 37 different mutations, mostly affecting the

sequence or splicing of the repeat region, have been

reported. The study of FTDP-17 has established that
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primary lesions in tau can lead to neurodegeneration

and dementia, with the formation of tau filaments being

the likely gain of toxic function. It follows that dys-

function of tau is most probably also of central impor-

tance for the pathogenesis of sporadic diseases with a

filamentous tau pathology. This is strongly supported

by the extensive evidence implicating the tau gene as a

susceptibility locus for progressive supranuclear palsy

and corticobasal degeneration [4,14,22].
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Alters, Z Ges Neurol Psychiat 4 (1911), 356–385.

[3] P.V. Arriagada, J.H. Growdon, E.T. Hedley-White and B.T.

Hyman, Neurofibrillary tangles but not senile plaques parallel

duration and severity of Alzheimer’s disease, Neurology 42

(1992), 631–639.

[4] M. Baker, I. Litvan, H. Houlden, J. Adamson, D. Dickson,
J. Perez-Tur, J. Hardy, T. Lynch, E. Bigio and M. Hutton,

Association of an extended haplotype in the tau gene with

progressive supranuclear palsy, Hum Mol Genet 8 (1999),

711–715.

[5] J. Berriman, L.C. Serpell, K.A. Oberg, A.L. Fink, M. Goedert

and R.A. Crowther, Tau filaments from human brain and

from in vitro assembly of recombinant protein show cross-β

structure, Proc Natl Acad Sci USA 100 (2003), 9034–9038.
[6] G. Blessed, B.E. Tomlinson and M. Roth, The association be-

tween quantitative measures of dementia and of senile change

in the cerebral grey matter of elderly subjects, Brit J Psychiat

114 (1968), 797–811.

[7] P. Blocq and G. Marinesco, Sur les lésions et la pathogénie

de l’épilepsie dite essentialle, Sem Méd 12 (1892), 445–446.

[8] W. Bondareff, C.M. Wischik, M. Novak, W.B. Amos, A.

Klug and M. Roth, Molecular analysis of neurofibrillary de-
generation in Alzheimer’s disease, Am J Pathol 137 (1990),

711–723.

[9] W. Bondareff, C.Q. Mountjoy, C.M. Wischik, D.L. Hauser,

L.D. LaBree and M. Roth, Evidence of subtypes of

Alzheimer’s disease and implications for etiology, Arch Gen

Psychiat 50 (1993), 350–356.

[10] H. Braak and E. Braak, Neuropathological staging of

Alzheimer-related changes, Acta Neuropathol 82 (1991),
239–259.

[11] G.T. Bramblett, M. Goedert, R. Jakes, S.E. Merrick. J.Q. Tro-

janowski and V.M.-Y. Lee, Abnormal tau phosphorylation

at Ser396 in Alzheimer’s disease recapitulates development

and contributes to reduced microtubule binding, Neuron 10

(1993), 1089–1099.

[12] J.P. Brion, H. Passareiro, J. Nunez and J. Flament-Durand,
Mise en évidence immunologique de la prot́eine tau au niveau
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Abstract. Neurofibrillary tangles, one of the hallmarks of Alzheimer’s disease,

had been a target of modern neuropathology based on electron microscopy. In

1960s their unit fibrils were found to be paired helical filaments (PHF), the

unique appearance of which attracted many researchers to their nature. In the

late 1970s, a keen interest in their constituents at the molecular levels had in-

creasingly grown, but electron microscopic approach failed to address the issue.

I describe here what was going on at the turning point when electron micro-

scopic study yielded immunocytochemical approach and direct characterization

by isolation, with some emphasis on the situation in Japan. Personal memories

are provided about Dr Selkoe’s lab (1981–1982) in Mailman Research Center, Belmont, Boston, where we encoun-

tered a series of remarkable properties of PHF. How insolubility of PHF, and smearing on the blot was found is

described.

1. Introduction

When I was a resident of neurology (1973–75),I hap-

pened to take from the desk in a resident room a small

brochure that was distributed by a pharmaceutical com-

pany in Japan. The cover photo showed neurofibrillary

tangles (NFT) in Alzheimer’s disease (AD), the unusual

morphology of which so impressed me at a stage when

there was insufficient knowledge about its neuropathol-

ogy. Soon I learned that their nature had been the tar-

get of modern neuropathology. I also came to learn

about an attempt by Dr Khalid Iqbal to isolate NFT and

determine their major components by SDS-PAGE. The

paper written by Dr Iqbal, though only a short commu-

nication [6], had a great impact upon many young neu-

rologists/psychiatrists. It was probably this paper that

made young Khalid Iqbal world-famous. This is why in

1976 I joined the lab of Dr Yoshito Kaziro, Institute of

Medical Sciences, University of Tokyo, for the study of

microtubules (MT), simply because they have fibrous

structures somehow resembling NFT. I never imagined

at that time that the NFT I had started to struggle with

three years later were closely related to MT.

2. NFT before 1980

The introduction of electron microscopy to neu-

ropathology in the 1960s revolutionized morphological

studies; fine structures of many inclusion bodies were

uncovered for the first time. NFT were a representa-

tive example. They were shown to be composed of un-

usual filaments, paired helical filaments (PHF), which

consist of two 10 nm filaments wound around each

other, giving regular constrictions every 80 nm [20].

Because of their unique morphology, PHF allow us to

easily distinguish them from neurofilaments (NF) and

MT, which are two major cytoskeletal elements in neu-

rons. In addition, they are found only in humans, not

in other species, including nonhuman primates. Some-
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thing specific to humans – this was also why I was

highly attracted to NFT.

It was postulated in the late 1970s that PHF are de-

rived from normal cytoskeletons, and this possibility

has been extensively examined by electron microscopy.

Although there were few observations showing transi-

tion of NF into PHF [12,21], they were not confirmed

by other researchers. Nevertheless, many researchers

seemed to assume that PHF are altered NF, because (i)

NF are neuron-specific 10 nm filaments, and PHF were

believed to exist only in neuronal processes, and (ii)

NF can be transformed into a twisted configuration in

vitro [13].

Immunocytochemical studies of NFT began around

the late 1970s, an approach where various antibodies

are examined for their ability to stain NFT in the sec-

tion [7]. In particular, NF were highlighted. Many

researchers competed to generate antibodies to NF, and

test them for reactivity to NFT. On the other hand, in the

1970s, Dr Nishimura and his colleagues at Osaka Uni-

versity had initiated a series of pioneering works [11].

They attempted to isolate NFT from brain homogenates

from unfixed AD and control brains by sucrose den-

sity gradient centrifugation. Each interface was sub-

jected to fluorescence microscopy using thioflavin T

and polyacrylamide gel electrophoresis. Although their

attempts were not successful, their challenge inspired

many young researchers and medical students in Japan.

3. Earlier immunocytochemical works on NFT

Electron microscopic observations had never added

important information about the components of NFT,

despite intensive efforts. Thus, it was natural that

many researchers were going to focus on different ap-

proaches to identify PHF components. By 1980, there

were a couple of research groups seeking to identify

the PHF components, mainly using an immunocyto-

chemical approach. Drs P. Gambetti and D. Dahl de-

scribed how the antibodies to chick NF can intensely

stain NFT in formalin-fixed, paraffin-embedded sec-

tions [3]. Their preliminary immunocytochemical data

had already been published in a certain proceeding. I

also learned that Dr B Anderton was going to apply

monoclonal techniques to identify the components of

NFT [1].

On the other hand, I became aware that a major prob-

lem was that there was no brain bank in Japan. Pathol-

ogists hated the idea of providing someone else with

unfixed brains for biochemical studies. This kind of

atmosphere was most prevalent in Japan, and it was

almost impossible for us to obtain unfixed brains from

pathologists, before 1990. Thus, I was forced to take

an immunocytochemical approach by using a panel of

well-characterized antibodies. At about the same time,

“Immunocytochemistry”, a famous monograph writ-

ten by Ludwig A. Sternberger, was published. Ac-

cording to the monograph,conventional formalin-fixed,

paraffin-embedded sections and light microscope were

sufficient for the newly emerging immunoperoxidase

method.

I thought that the specificities of the antibodies used

for this purpose were a vital issue and they were not paid

sufficient attention or not fully characterized: it was

possible that the polyclonal antibodies used were con-

taminated with antibodies to unknown antigens, lead-

ing to an incorrect identification of the component. I

decided to generate well-characterized antibodies to NF

using gel-purified NF-H, NF-M, and NF-L. Partially

purified NF from rat spinal cords were subjected to

SDS-PAGE everyday, and the gel band corresponding

to each component was excised and extracted. Each

pooled antigen was used to immunize a rabbit. At the

end of March 1981, just before joining Selkoe’s labo-

ratory, I found that the first lot of NF-H antisera stained

a substantial fraction of NFT in the section [5]. This

was very exciting. For the first time monospecific an-

tibodies to NF-H were confirmed to label at least some

NFT and senile plaque neurites in the AD hippocam-

pus. This immunocytochemical result seemed to me to

be quite reasonable, and strongly suggested that PHF

were altered NF.

4. Dr Selkoe’s lab in the Mailman Research Center

(1981–82)

In 1979–80, I reached the age when I was allowed to

spend two or three years conducting research in foreign

countries, most commonly the US. Of course, I applied

to Dr Terry and to Dr Iqbal, the most active researchers

in this field, but my application was politely declined.

In 1980, when I was a manager of the department, Dr

Edward D. Bird visited us, who was well known for his

work on the GABA depletion in Huntington’s disease

brain. I learned that he was running a brain bank in

McLean Hospital in Boston. He kindly asked me what

I wanted to study in the US. Answering my wish, he

said “I know of only one person in the center who is

interested in Alzheimer’s. I can pass your letter onto

him”. This was the start of my correspondence with
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Fig. 1. SDS-NFT under polarized light microscope. Pieces from AD cortices were homogenized in 2% SDS buffer containing 1%

β-mercaptoethanol and heated to 90◦C for 10 min. SDS-insoluble stuff was collected by low-speed centrifugation, and smeared on glass slides,
followed by staining with 0.1% Congo red, and viewed under polarized light. A great number of ring-shaped, globose-typed NFT maintain their

configurations and show Congo-red birefringence. Original magnification, x200. Taken from Jikken Igaku (cover; Vol 4, No 11, 1986) with

permission.

Dennis J. Selkoe. At that time, Dennis was only a new-
comer, and known to only a limited number of people

for his work on aluminum-induced fibrous pathology
at Dr Shelanski’s laboratory [14].

In the middle of April 1981, I arrived at Logan air-
port. It was a gloomy day, typical of Boston in early
spring. I picked up my luggage and stepped down the

staircase to the exit. A handsome young man was at
the end of the staircase, and whispered to me just as I
passed him, “Dr Ihara”. It was Dennis J Selkoe, who
was working at the Mailman Research Center, McLean
Hospital, Belmont. The next morning, Dennis and I
discussed in his very small office what I should do for

the next two years in his laboratory. Dennis showed me
a memo pad on which about twenty project titles were
listed. I replied, “I have no interest in any but this”.
It read “purification of NFT from AD brain”. “It will
be difficult,” said Dennis. “Is that all right with you?”

“No problem!” I replied.
It was quite a small lab. Besides Dennis, there were

only three people working there: Kenneth S. Kosik as
a post doc, Carmela Abraham as a technician, and one
more technician, who soon left the lab. A secretary

told me that it had been more than 20 years since she
had met Japanese researchers at the Folch-Pi lab. The
best thing for me was that there were many nonfixed
AD brain slices in the deep freezer that should have
contained abundant NFT: this was what had brought

me to the US. But I was a little discouraged by the poor
equipment in the research center. In particular, there

was only an old-fashioned ultracentrifuge (for exam-

ple, a Beckman type L centrifuge, which I had never

seen in Japan) and no SW50.1 rotor (Beckman), which

was the most convenient for subcellular fractionation.

We borrowed a rotor from a lab at the Eunice Kennedy

Shriver Center (Waltham, MA) not far from our labo-

ratory, but on which only two buckets could hook. I

was also surprised to see that many old machines were

carefully maintained and still working. A huge Zeiss

fluorescence microscope in the core facility was made

in the 1950s! One thing I brought to the US with me

was a mini gel system, which I had rightly thought was

not available in the US.

5. Insolubility of NFT/PHF

I started to work in the lab in the middle of May

1981. Of course, my goal was the purification of PHF

and identification of their components. At that time,

Dennis confirmed that PHF are insoluble in 2% Triton

X-100, as judged by electron microscopy and, using

the detergent, he obtained a PHF-enriched fraction, but

found no difference in the bands on 1D gel or in the

spots on 2D gel between AD and control brains. In

particular, he could not find the so-called PHF-P (PHF

protein) at ∼ 50 kD, persistently claimed to be a PHF

component [6]. Dennis was absolutely puzzled by the

conflicting observations, and I believed that the purifi-
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Fig. 2. Purified SDS-NFT under polarized light microscope. An aliquot from 1.4/2.0 M sucrose interface was smeared on a glass slide, followed

by addition of 0.1% Congo red. Globose NFT were overwhelmed by needle-like tangles, which resemble velvet. Original magnification, x200.

Fig. 3. NFT stained specifically with an antiserum to SDS-NFT. Pieces of AD cortex were Dounce-homogenized in Tris saline (TS) buffer, followed

by differential centrifugation. Nuclear fraction was saved and aliquots were smeared on glass slides, which was processed for immunostaining

with anti-PHF. Original magnification, x200.

cation was not adequate for detecting PHF components.

What I tried first was to establish an easy method of

quantifying NFT under a light microscope. If one had

to depend on EM for identification and quantification

of PHF every time, it would be highly time-consuming.

I remember it took me more than one week for electron

microscopic observation, and only when the technician

agreed to Dennis’s urgent request. Regarding the as-

say method, I had already performed some preliminary

experiments in Japan, and had found that thioflavin T

was never good for raw materials: it gave so much

nonspecific fluorescence as to interfere with NFT iden-

tification. I tested Congo-red birefringence of NFT.

The dye was not so sensitive for NFT in the formalin-

fixed, paraffin-embedded section (for example, neu-

ropil threads were not visualized), but as far as unfixed

materials are used, it was highly sensitive and specific

under polarized microscopy (Fig. 1). Dipping in 0.1%

Congo red solution for < 1 min was enough for their
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Fig. 4. Western blot with anti-PHF of TS-soluble (left lanes in a and

b) and Sarkosyl-insoluble fractions (right lanes in a and b) from AD

(a) and control brain homogenates (20%) (b). Specimens from 10%

brain homogenates did not give such strong signals in the TS-soluble

fraction. Several bands clustered at mid molecular range represent

tau. A strongly stained smear (a, right) is seen in AD but not control
brain.

observation!

Now that I had a semiquantitative assay method for

NFT, I was in a position to examine each purification

step for its effectiveness quite easily. From Dennis’
data, NFT were insoluble in the nonionic detergent.

I selected urea, the most frequently used denaturant,

to try differential solubilization: an old and somewhat

tricky technique. One day in June 1981, I tested the

solubility of NFT by increasing the concentrations of
urea in the NFT suspension: 2 M, 4 M, to 6 M, step

by step. Most surprisingly, 6 M urea did not solubi-

lize NFTs in the suspension at all as judged by polar-

ized microscopy. This was true even with 8 M urea.

I immediately moved to 6 M guanidine-HCl and 2%
SDS, and finally heated 2% SDS with or without 1%

β-mercaptoethanol [15]. NFT were present with no

noticeable morphological alterations! (Fig. 1) NFT are

indeed insoluble in such harsh denaturants and deter-

gents, which were the most commonly used reagents
to solubilize any protein. This was when I learned that

even a strong detergent that is believed to solubilize any

protein cannot bring NFT into solution. Immediately

I realized that this insolubility could explain Dennis’s

enigmatic observations that even PHF-enriched frac-
tion never showed a protein that was not also found in

control brains. We had simply confirmed that in the

SDS/urea-solubilized fraction there was no significant

difference between AD and control brains. If that were

the case, so-called PHF-P should not be the component

of PHF, but presumably represent GFA (glial fibrillary

acidic protein). This was also suggested by the obser-

vation on the protein composition of Huntington’s dis-

ease brain [17]. It was as if I had got a beautiful whole

picture at the summit when the clouds had suddenly

cleared.

SDS–NFT became excellent specimens for deter-

mining whether the antibodies bind to integral compo-

nents making up the PHF framework, rather than their

associated proteins. As electron microscopic pictures

showed, after SDS treatment, individual PHF became

thinner and cleaner on their surface [15]. Thus SDS–

NFT were believed to be composed exclusively of the

integral component(s). If a certain antiserum can la-

bel SDS–NFT, it would be a particular antibody that

reacted with the real component but not loosely associ-

ated proteins. Using SDS-NFT specimens and several

NF antibodies, by the fall of 1982 I had a strong feeling

that PHF were not altered NF. I heard from Dennis that

major researchers who were interested in NFT/PHF

agreed at a semiclosed meeting in the summer that PHF

are derived from NF.

Then why are NFT or PHF insoluble in harsh de-

naturants or detergents? A possible explanation for

me was that the component was cross-linked to make

up PHF. I had never come across the idea that a cer-

tain noncovalent bond could be quite resistant to the

detergent, exhibiting apparent insolubility. Through

reading a certain volume of Methods in Enzymology,

I came to know transglutaminase that can catalyze

the formation of a covalent bond between free amine

groups (e.g., protein- or peptide-bound lysine) and the

gamma-carboxyamide group of protein- or peptide-

bound glutamine. It is known that transglutaminase

forms extensively crosslinked generally insoluble pro-

tein polymers. Carmela mixed transglutaminase and

isolated NF in vitro, but could not generate PHF, al-

though insoluble NF polymers were produced [16]. Be-

sides ε–γ cross-linking, dityrosine was another well-

characterized one. One day I noted a white-blue fluo-

rescence at the 1.4/2.0 M interface where purified PHF

are located (see below), but its emission spectrum was

found later to be different from that of dityrosine, which

emits a real blue fluorescence.

6. Preparation of PHF antibodies and PHF-smear

This insolubility characteristic makes NFT purifica-

tion quite easy: homogenizing AD cortical pieces in
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Fig. 5. Smearing of recombinant three- and four-repeat tau by prolonged incubation. Purified recombinant three- and four-repeat tau (0.1 mg/mL)
were incubated in 0.1 M sodium phosphate buffer, pH 7.4, at 37◦C, under sterile conditions for 10 to 90 days. The SDS sample buffer was added

to each tube at the indicated day, followed by western blotting with TM2, a monoclonal antibody to carboxyl terminal portion of tau. Extensive

smears emerged after 20-day incubation. Four-repeat tau disappeared significantly faster than did three-repeat tau.

hot SDS buffer containing 1% β-mercaptoethanol, fol-

lowed by centrifugation to collect the insoluble prod-

uct in which NFT should become enriched. Thus, the

insoluble stuff was further fractionated by sucrose den-

sity gradient centrifugation. PHF were mainly col-

lected at the interface of 1.4/2.0 M. As you can see

in Fig. 2, fine or thinner bundles as well as typical

perikaryal NFT were also enriched in the interface and

showed Congo-red birefringence. When sucrose layers

were made of 1.0/1.2/1.4/1.8/2.0 M, large NFT were

recovered at the interface of 1.8/2.0 M, while needle-

like NFT were exclusively seen at the 1.4/1.8 M inter-

face. At first, I did not realize that the stuff showing

velvet-like birefringence (see Fig. 2) also represented

PHF. Only time-consuming electron microscopy con-

firmed my assumption. Senile plaque cores were also

insoluble in SDS, and only partial separation from PHF

was possible: cores were heavier than NFT and recov-

ered in the 2.0 M sucrose layer below the 1.4/2.0 M

interface. Thanks to insolubility, I finally succeeded

in substantially purifying PHF, but had one problem:

protein determination. Because of the high insolubility

of PHF, conventional methods cannot be applied, and

I had to undertake an alkaline hydrolysis method that

I had never attempted before. The method took me

more than half a day for protein determination of sev-

eral samples! At most, 2–4 mg of PHF from 1 g of wet

weight AD cortex (corresponding to ∼1/20–1/40 of the

total protein) was recovered at the 1.4/2.0 M interface.

I then moved to the next step: identification of the

PHF component. I thought that I could soon identify

the component by releasing peptides from PHF using

specific proteases, but it turned out not to be the case

until 1987 [9]. This is because purified SDS-NFT was

resistant to any protease. Even proteinase K, an unusu-

ally nonspecific protease, cannot eliminate the Congo-

red birefringence of NFT. I applied many proteases

without success. At the end of 1981, I gave up this

direction.

I came to the conclusion that if it is very difficult to

handle the insoluble product, then one should deal with

its precursor, which must be soluble in the cytoplasm.

Thus, to identify the precursor, one must generate spe-

cific antibodies to PHF, and purified PHF were in my

hands. I was rather skeptical about my chances of ob-

taining specific antibodies because of its resistance to

proteases, but had no other good ideas. SDS-purified

PHF were immunized to two rabbits. Most unexpect-

edly, both rabbits raised specific antibodies: the antis-

era stained isolated NFT very strongly (see Fig. 3), and

those in the formalin-fixed, paraffin-embedded section

intensely. Moreover, besides NFT, we observed for the

first time extensive networks of thread-like structures

(later called neuropil threads or curly fibers) throughout

the AD neocortex [4]. The presence of curly fibers is

consistent with an observation that innumerable needle-

like small tangles, besides large NFT, are recovered

from AD brains (see Fig. 2).

Now that I had confirmed specific labeling of NFT

by the antibody, I was ready to identify a particular

(SDS-) soluble precursor(s) for PHF in the AD brain

homogenate. In May 1982, I prepared several brain ho-

mogenates from AD and control brains, and subjected

them to western blotting using one of the antisera. At
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Fig. 6. Pathways for deamidation/isoaspartate formation and peptide bond cleavage through a succinimide intermediate. L-Asparaginyl residues

can be converted spontaneously via a succinimidyl intermediate to form L-isoaspartyl and L-aspartyl residues (right). This reaction tends to occur

when asparaginyl residues are followed by a small residue such as glycine. In contrast, when bulky residues, especially leucyl or prolyl residue,
follow an asparaginyl residue, the peptide bond cleavage can occur through a succinimide intermediate (left).

the final stage of DAB (3, 3’-diaminobenzidine) devel-
opment, Dennis and Carmela joined me just in time
to observe the result. We had no doubt we would see
in the next moment a distinct band(s) on the blot that
can be labeled by the antiserum. “Something’s coming
out,” shouted Carmela. Only in lanes for AD brain ho-
mogenates, but not for control homogenates, emerged
smears [4] (later we called this PHF-smear) from high-
molecular weight regions to low-molecular weight re-
gions but no discrete bands. We had no words, and it
was the first time we had seen such a peculiar western
blot pattern. “This tells us something”, said Dennis af-
ter a pause. I repeated the same experiments using total
homogenates (10%) and soluble fractions. The results
were the same: AD, but not control, samples always
gave strong smears and no discrete bands. Of course,
homogenates from AD cerebella did not show any re-
action. In other words, smearing was a phenomenon
specific to AD cortices and for NFT abundance. I
sometimes came across several bands clustered around

∼ 50 kD in the supernatant in AD and control brain

homogenates, but never thought that these were signifi-

cant because such bands were seen as well in the super-

natants from control brains. I was very disappointed

with these peculiar results and, at the same time, the

smears of unknown origins were deeply etched on my

memory. I never imagined that their elucidation would

wait for another 20 years [18,19].

One day in June 1982, Dr Toyokura, professor of

neurology, University of Tokyo Hospital, gave me a call

and asked me to return to Japan by the fall. I knew that

many senior staff had left the department, which was in

a difficult situation regarding maintaining the levels of

clinical practice. I continued experiments until the end

of July 1982, and Carmela took over the experiments.

The following year, we were able to submit a short

paper to Nature [4], although the nature of the smears

was not known.
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7. Smears, twenty years later

In 1987–88, the two molecules, tau [8] and ubiqui-

tin [9], were definitively identified as the major com-

ponents of PHF, but the cause or significance of the

smear on the blot have remained an enigma. The smear

on the blot ranged from the gel top to ∼10 kD, with

the high molecular mass region showing the most in-

tense immunoreactivity (Fig. 4). This smear is not an

artifact during electrophoresis, but appears to represent

a real molecular form, because (i) it was fractionated

according to molecular sizes on gel filtration [10]; (ii) a

close inspection of the blot reveals that the smear in the

low molecular mass range consists of very fine, closely

spaced, discrete bands; the minimal unit of reactive

bands may migrate at 10–20 kD; and (iii) the smear

reacts strongly with tau antibodies to the carboxyl-

terminal portion, but not at all or only faintly with those

to the amino-terminal portion [19]. Thus, I speculated

that the smear was composed of carboxyl-terminal frag-

ments that should have a strong tendency to aggregate

into oligomers.

Ubiquitin was found to be bound to smeared tau,

which raised the possibility that ubiquitin is responsible

for the smearing, but this was not the case. There are

two kinds of smears: ubiquitin-positive and ubiquitin-

negative smears [10]. Thus, the ubiquitin-negative

smeared tau was subjected to extensive protein chem-

ical analysis. This was in late 1990s. The major dif-

ference between the soluble and smeared forms of tau

was the presence of structurally altered asparaginyl and

aspartyl residues in the microtubule-binding domain

(Fig. 5). There was site-specific deamidation and isoas-

partate formation (Asn-381 and Asp-387) in the do-

main from smeared tau in vivo, which had a stronger

tendency to aggregate independently of disulfide bond

formation [10].

Deamidation and isomerization are phenomena fre-

quently seen in peptides and proteins that have been

stored for a long time in vitro or have a long life in

vivo, and have been interpreted as representing pro-

tein aging [2]. In view of this, we investigated the

effect on carboxymethylated (SH-blocked) tau of pro-

longed incubation under near physiological conditions

(at the concentrations of ∼ 0.1 mg/mL). We finally

found that prolonged incubation of recombinant tau in

vitro leads to: (i) a smear on the blot very close to

that originally described [4] (Fig. 6); (ii) site-specific

deamidation and isomerization; and (iii) nonenzymatic

cleavage at the carboxyl side of asparaginyl residues

that are followed by a bulky residue (most of the as-

paraginyl residues are clustered within the microtubule-

binding domain of tau). Furthermore, the sequencing

of smeared tau in vivo obtained from AD brain iden-

tified similar degradation products starting from bulky

residues next to asparaginyl residues. Thus, deami-

dation/isomerization and nonenzymatic cleavage at as-

paraginyl residues through a succinimide intermediate

is the basis for smear formation on the blot, a unique

characteristic of AD brain [18]. Elucidation of the na-

ture of the smears has taken me more than twenty years!

What is learned in the cradle is carried to the grave.
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Abstract. Alzheimer disease was described by Alois Alzheimer in 1907,

but it was not until ∼ 60–70 years later that any new significant develop-

ments were reported on the pathology of this disease. The discoveries that

laid down the foundation for the exciting research that has been carried out

during the last ∼ 20 years and that have significantly enhanced our under-

standing of the disease are the ultrastructure of neurofibrillary tangles and

neuritic (senile) plaques, the clinical-pathological correlation of these le-

sions to the presence of dementia, and the bulk isolation and protein com-

position of paired helical filaments and plaque amyloid. We discovered

tau as the major protein subunit of paired helical filaments/neurofibrillary

tangles, the abnormal hyperphosphorylation of this protein in this lesion

and in Alzheimer brain cytosol and the gain of toxic function by the cytosolic abnormally hyperphosphorylated

tau in Alzheimer brain. Here we present a personal historical account of the work in our laboratories that led, in

1986, to the discoveries of tau and its abnormal hyperphosphorylation in paired helical filaments and Alzheimer

brain cytosol. This article also describes several major findings which subsequently resulted from the abnormal

hyperphosphorylation of tau and in a large part account for the current understanding of the role of this lesion in

Alzheimer disease and other tauopathies.

Keywords: Tau, abnormally hyperphosphorylated tau, neurofibrillary tangles, paired helical filaments, self-assembly of tau, protein

phosphatase-2A, protein phosphatase-1, microtubule assembly, MAP1, MAP2, glycogen synthase kinase-3β, cyclin-dependent

protein kinase-5, protein kinase A

Neurofibrillary degeneration and neuritic (senile)

plaques are the two histopathological hallmarks of

Alzheimer disease (AD) which were described by Alois

Alzheimer in 1907. The number of laboratories in-

volved and the pace of research on AD remained quite

slow till the 1980s. Since then our understanding of the

∗Corresponding author.

various mechanisms of the disease involved has been

progressing at a very encouraging rate. The discoveries

that laid the foundation for the exciting research that

has been carried out during the last ∼ 20 years and

that have resulted in very significant findings are (1)

the ultrastructure of neurofibrillary tangles and neuritic

(senile) plaques by Kidd [73,74] and by Terry [127,

128], and the quantitation of tangles and plaques and

the clinical-pathological correlation of these lesions to
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the presence and the degree of dementia by Roth et

al. [130]; and (2) the biochemical isolation of neurofib-

rillary tangles and plaque amyloid and the discoveries

of the abnormally hyperphosphorylated tau as the ma-

jor protein subunit of paired helical filaments (PHF) by

our team [47,48,59,60], and of Aβ peptide as the major

constituent of cerebral vascular and plaque amyloid by

Glenner [31,147].

In 1973, Robert D. Terry and Robert Katzman orga-

nized a one-day symposium on aging and dementia at

the Albert Einstein College of Medicine where we pre-

sented a preliminary report of bulk isolation and enrich-

ment of PHF from AD brain. George Glenner, a senior

investigator and expert on amyloids,gave a detailed talk

on amyloids and their tinctorial properties. Later that

afternoon, Henry Wisniewski hosted George Glenner,

and K. Iqbal was also invited. George was very friendly

and inquisitive about our work on the isolation of PHF.

Several years later, he described the first successful iso-

lation of amyloid-β (Aβ) and its β-peptide [31,147],

and we showed the isolation of PHF and identification

of tau and its abnormal hyperphosphorylation [47,48,

60].

This chapter describes the work that led to the bulk

isolation of neurofibrillary tangles from AD brain, the

discoveries of tau as the major protein subunit of PHF

and of the abnormal hyperphosphorylation of tau in

AD, and some of the advances made in the field in our

laboratories since these discoveries.

1. Bulk isolation of neurofibrillary tangles, their

polypeptide composition, and the identification

of tau as the major protein subunit of PHF

Bulk isolation of PHF/neurofibrillary tangles from

AD brain: In 1972, we developed a method for the

bulk isolation of neuronal and glial cells from fresh

and frozen human autopsied brains [57]. Because neu-

rofibrillary tangles are seen in the perikarya of affected

neurons, and the number of neurofibrillary tangles was

known to correlate with the degree of dementia, the

bulk isolation of the neuronal perikarya from the af-

fected areas of AD brain could serve as an important

initial step for the isolation of tangles/PHF.

Robert D. Terry, at that time the Head of Research

on AD and the Chairman of the Department of Pathol-

ogy at the Albert Einstein College of Medicine, Bronx,

New York, recognized the importance of the newly de-

veloped technique and approached us to investigate the

molecular composition of tangles/PHF.

Fig. 1. An electron micrograph of a TT-enriched fraction obtained

from the hippocampus of a patient with senile dementia. A: X 9,000

and b: X 60,000.

Reproduced with permission from Iqbal et al., Brain Res.

77:337–343, 1974.

Employing the protocol that we had developed for

subcellular fractionation of neuronal perikarya isolated

from Huntington disease brains [58], we succeeded

in obtaining a tangles/PHF-enriched fraction by sub-

cellular fractionation of neurons isolated from AD

brain [59]. For these studies, the presence of tan-

gles/PHF at all stages of tissue fractionation,from isola-

tion of neuronal perikarya to the tangles/PHF-enriched

fraction, was carried out by transmission electron mi-

croscopy (Fig. 1). All this laborious electron micro-

scopic evaluation of the preparations was carried out

by Henry M. Wisniewski.

After our 1974 report [59] was published, different

protocols for the isolation of PHF were developed by

different laboratories (Table 1). All of these subsequent

methods, including those we developed [42,60,109],
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Table 1

Methods for Bulk Isolation of PHF

Authors Method

Iqbal et al., 1974 [59] Nondenaturing conditions; isolation of neuronal perikarya, followed by conventional subcellular

fractionation.

Grundke-Iqbal et al., 1981* [42]

Iqbal et al., 1984 [60]

Isolation of neuronal perikarya, followed by treatment with 2% SDS at room temperature for 3–5 min.

and sucrose density gradient centrifugations; Yield: 10–100 µg protein/g tissue

Selkoe et al., 1982 [113] Differential centrifugation of tissue homogenate, followed by extraction in 2% Triton X-100; Yield:

1–2 mg protein/g tissue.

Ihara et al., 1983 [55] Boiling of tissue homogenate in 2% SDS and 0.1 M β-mercaptoethanol buffered with 0.05 M Tris,

pH 7.6; Yield: 50–80 µg/g tissue.

Masters et al., 1985 [91] Extraction of tissue homogenate with salts and Triton X-100, followed by digestion with pepsin,

sucrose discontinuous density gradient centrifugations, and extraction with 2% SDS.

Rubenstein et al., 1986 [109] Differential and rate zonal centrifugation of tissue homogenate digested with proteinase-K and

micrococcal nuclease and extracted by sonication with sarcosyl and sulfobetain 3–14; Yield: 0.2 µg/g

tissue.

Greenberg and Davies, 1990 [39] Treatment of 27,200 x g brain extract with 1% sarkosyl, followed by sedimentation at ∼ 80,000 x g

and sucrose density gradient centrifugation; Yield: 7 µg/g tissue.

∗Isolation of PHF employing treatment with SDS, polypeptide composition of isolated PHF and aggregation of PHF polypeptides at the top of

the gel was presented for the first time at the Annual Meeting of the American Association of Neuropathologists in 1981.

involved the use of detergents for the purification of

PHF.

1.1. Protein composition of PHF/neurofibrillary

tangles

In the early 1970s, SDS-PAGE was a relatively

new technique that became available to study the pro-

tein compositions of complex mixtures and to isolate

microamounts of proteins purified by this technique.

SDS-PAGE of the tangles/PHF-enriched preparations

revealed the presence of five prominent protein bands,

two of the upper three of which co-migrated with tubu-

lin (Fig. 2). We named one of these protein bands neu-

ronal protein (NP) and another, the ∼ 50 kDa band, en-

riched fraction band (EFP). We did so one year before

microtubule-associated protein tau was described [143]

and before any biochemical studies on AD were avail-

able in the literature. During those days, slab gel PAGE

was a relatively new technique and the slab gel elec-

trophoresis equipment and as well glass plates were

handmade in the machine workshop of Albert Einstein

College of Medicine.

1.2. Generation of the first antibody to

PHF/neurofibrillary tangles and identification of

PHF protein as a non-high molecular weight

microtubule-associated protein

To confirm that EFP, which we renamed PHF pro-

tein (PHFP) was a protein subunit of PHF, we raised

rabbit antibodies to this protein, purified by cutting

out the protein band from Coomassie blue-stained slab

gels of SDS-PAGE of the PHF-enriched fraction. The

antiserum to PHFP stained neurofibrillary tangles and

dystrophic neuritis of neuritic (senile) plaques in AD

brain and produced a reaction line of identity with brain

microtubule-associated protein (MAP) by Ouchterlony

double diffusion test [40,41]. Employing the Ouchter-

lony double diffusion test, we demonstrated that PHFP

reacted with a brain microtubule-associated protein

(MAP) other than tubulin and higher-molecular weight

(HMW) MAP [41]. We also raised an antiserum to

human brain microtubules that reacted with PHFP and

labeled neurofibrillary tangles in AD brain [40]. On

the basis of these findings, we were confident that we

had the PHFP and that it was a MAP other than the

HMW MAPs. At this stage, we took a two-pronged

approach: (1) to further purify the PHF-enriched frac-

tion and study its protein composition, and (2) to purify

the MAP with which the Alzheimer neurofibrillary tan-

gles (ANT) crossreacted, the ANT-crossreacting anti-

gen (ANTCA).

During our studies on the purification of tangles/PHF

from AD brains, we observed that the isolated tangles

looked like very clean preparations after staining with

Congo red, producing beautiful apple-green birefrin-

gence. However, when viewed by phase contrast mi-

croscopy, the same preparations showed heavy contam-

ination with what appeared to be mostly membranes.

To achieve higher purity of tangles/PHF, we first tried

treatment with TritonX-100 and then replaced it with

the inclusion of 2% SDS in the sucrose gradient solu-

tions [60]. With this detergent treatment, we were able

to isolate highly purified PHF/tangles (Fig. 3).
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Fig. 2. Sodium dodecyl sulfate (SDS)-polyacrylamide slab gels showing protein patterns of: 1: purified bovine neurofilament protein (F). Mol.

Wt. of major band is 51,000; 2: total neuronal proteins from a case of senile dementia mixed with the filament protein; 3: total neuronal proteins

as in 2 but mixed with purified human brain tubulin; 4, 5, 6: total neuronal proteins respectively from a case of senile dementia, a normal adult

control, and a normal young (5-year-old) control; 7: purified human brain tubulin, β-monomer, mol. Wt. 56,000, β-monomer, mol. Wt. 53,000;

8: a separate but similar gel with TT-enriched fraction from another senile dementia patient. F is the major neurofilament protein subunit; Tα
and Tβ are the α- and β-monomers of tubulin respectively; NP is a neuronal protein which migrates between the two tubulin monomers; and

EFB is the new band corresponding to the enrichment of twisted tubules. Dots on the left side of samples 2, 3, 4 and 8 indicate the position of

the band (EFB). Other differences seen in the electrophoretic patterns between diseased and control brain fractions were not consistent.

Reproduced with permission from Iqbal, et al., Brain Res. 77:337–343, 1974.

1.3. Controversy on the solubility of PHF

A serious setback in the field: At the 1981 Annual

Meeting of the American Association of Neuropathol-

ogists, we presented our technique for the bulk isola-

tion of PHF/tangles using detergent and showed that

PHF were made of proteins with molecular weights of

around 50–70 kDa. Dennis Selkoe contradicted our

findings, stating that the tangles were insoluble struc-

tures and that their protein composition could not be

studied. The paper by Selkoe et al. [113] that appeared

in Science, the first paper on AD ever published in that

journal, claimed that tangles/PHF, like β-crystallines

in senile cataracts [90], probably were made up of

polypeptides crosslinked by γ-glutamyl-ε-lysine, and

their protein composition could not be studied by SDS-

PAGE.

The significant impact that Selkoe’s Science paper

had on the field was astonishing and concerning. No-

body critically evaluated that we had, over several years

demonstrated the biochemical isolation of tangles/PHF,

identified a protein in these preparations, and shown

that antibodies to this protein labeled tangles in AD

brain and that antibodies to a MAP with which this pro-



K. Iqbal and I. Grundke-Iqbal / Discoveries of Tau, abnormally hyperphosphorylated tau 223

Fig. 3. Congo red birefringence of isolated ANT. A light micrograph of ANT isolated from an Alzheinmer brain and stained with congo red

showing birefringence in polarized light; a, ANT isolated by long procedure and b, by short procedure as described in Materials and Methods. X

490.

Reproduced with permission from Iqbal et al., Acta Neuropathol. (Berl) 62:167–177, 1984.

tein crossreacted had also labeled AD tangles [40,41,

59]. Most of the prominent AD researchers accepted

the thesis proposed in the Science paper, which did not

provide any data on γ-glutamyl-ε-lysine crosslinks in

tangles/PHF. Several reviews, including a major one in

Scientific American, were published, accepting the in-

solubility of PHF and its γ-glutamyl-ε-lysine hypoth-

esis. Even scientists in our own Institute accepted the

γ-glutamyl-ε-lysine crosslinking hypothesis and raised

questions about our several years of work on PHF pro-

tein composition. Henry M. Wisniewski, the Director

of our Institute at that time, even assigned some scien-

tists at our Institute to test the solubility of PHF. All this

led us to carry out further extensive studies to purify

PHF from AD brain and to quantitatively demonstrate

their solubility and protein composition by SDS-PAGE.

These studies took almost three years and showed that

the solubility of PHF was wide-ranging, from being

easily soluble in detergent to requiring repeated extrac-

tions with SDS-β-mercaptoethanol and that PHF were

made up mostly of proteins from 45–70 kDa and their

oligomers of proteins of a whole range of molecular

sizes [64].

1.4. Generation of monoclonal and polyclonal

antibodies to PHF isolated from AD brains and

immunolabeling of tangles/PHF in tissue

sections and 45 kDa–62 kDa polypeptides in

isolated PHF preparations

We generated both monoclonal [60] and poly-

clonal [43–45] antibodies against PHF purified from
AD brains [60]. These antibodies labeled neurofibril-

lary tangles and plaque neurites in AD brain sections,
and six protein bands in the 50-kDa–70-kDa area, a

typical tau pattern on Western blots of isolated PHF.
By immunoabsorption of the polyclonal antibodies to
PHF and antisera to microtubules which labeled tan-

gles on tissue sections, with tubulin, HMW MAP, neu-
rofilament triplet, keratin, and fibroblast lysates as a

source of tubulin and vimentin, we concluded that PHF
polypeptides were MAP of ∼ 50 kDA–70 kDa [44].

2. Discovery of tau as the major protein subunit of

PHF

While on one hand our work on purification of tan-

gles/PHF from AD brains, their protein composition
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and development of their Western blots with antibod-

ies to PHF had led us to patterns of molecular sizes

of MAP-tau, we had also in parallel studies pursued

the identification of the tangle-crossreacting antigen

in brain microtubules, based on our 1979 observa-

tions [40]. We observed that the tangle staining of anti-

PHF serum and of anti-microtubule sera could be ab-

sorbed only with tau and not with HMW MAP. How-

ever, having endured almost four years of intense con-

troversy and arguments on the solubility of PHF, we

had become very careful not to publish any new find-

ings without being certain of them by several forms of

evidence.

Since we had established that PHF protein was a nor-

mal brain microtubule protein other than tubulin and

HMW MAP, we purified tau from bovine brain by five

different methods. All of these tau preparations reacted

specifically with antibodies to PHF [47]. Employing

these purified tau preparations, we affinity-purified an-

tibodies to each of the six brain tau isoforms from the

anti-PHF serum and showed that antibodies to each

tau isoform reacted with most neurofibrillary tangles

on AD brain sections and with all six tau isoforms in

normal brain tau as well as in isolated PHF on West-

ern blots (Fig. 4). Employing PHF purified from AD

brains, we also demonstrated colocalization of the PHF

polypeptides with the six brain tau isoforms by SDS-

PAGE [47]. We were most excited that our systematic

approach of the previous∼ 12 years had finally resulted

in the identification of tau as a major protein subunit of

PHF.

The immunohistochemical staining of PHF/neuro-

fibrillary tangles with antibodies to neurofilaments [8,

25,30,67,103], vimentin [150], HMW-MAP [77], so-

matostatin [108], and tau [16,27,56,78,148] was ob-

served by several laboratories. However, immunohis-

tochemical crossreactivity between two proteins does

not necessarily allow one to assume any precursor-

product relationship. The size of an antigenic site de-

tected by an antibody is relatively small, and identi-

cal or closely related antigenic sites comprising a few

amino acid residues have been found on molecules

that are otherwise unrelated, e.g., between the trans-

forming proteins of Rous sarcoma virus and tubulin,

myosin, and vimentin [95]; between thymus and neu-

ronal cell surface proteins [34]; and between rabbit IgG

and PHF/tangles [46]. Furthermore, it is not possible to

determine with immunohistochemical techniques alone

whether crossreactivities may be due to similarities in

primary amino acid sequence or to antigenic sites cre-

ated from folding of different regions of a polypeptide

chain, i.e., conformation site(s) [13].

We completed our manuscript on tau by early sum-

mer of 1985. We took this manuscript and one on ab-

normal hyperphosphorylation of tau (see below) with

us on our vacation to Germany for final editing. We

knew we had an important discovery at hand and de-

cided to submit our paper to Lancet. On September

20, 1985, we received acknowledgement of the receipt

of this paper from Lancet. After several days, the edi-

tor of Lancet returned our manuscript without reviews,

stating that he had a large backlog of papers and did

not want to increase this backlog with our paper. We

then submitted it to the Journal of Cell Biology, whose

reviewers suggested that we try a specialty journal. We

then submitted the paper for publication in the Jour-

nal of Biological Chemistry (J. Biol. Chem.), where

a reviewer stated that our previous paper published in

Acta Neuropathologica [45] had unmistakably shown

tau bands in Western blots of PHF. To our surprise, this

reviewer also pointed out that John Brion, in the Journal

of Submicroscopic Cytology [17], had already shown

immunohistochemical labeling of neurofibrillary tan-

gles in AD brain with an antibody to tau. We were

shocked that we did not know of this finding, espe-

cially because John Brion and his collaborator, Flam-

ment Durrand, had inquired of us a lot about our data

on the identification of the protein composition of PHF

at the International Neuropathology Meeting but never

mentioned that they were carrying out similar studies.

We asked our Institute librarian to get a copy of J.

Brion’s publication through interlibrary service. We

were greatly relieved to see this publication, because

it reported that antisera to PHF could not be absorbed

with normal brain proteins including the microtubule

preparations.

We had revised our J. Biol. Chem. manuscript

and put together a cover letter to the editor, enclos-

ing J. Brion’s paper and showing that prior to us, no-

body had shown the presence of tau in PHF. It was De-

cember 23, 1985, and we had a second manuscript on

abnormal hyperphosphorylation of tau ready for sub-

mission for publication in the Proceedings of the Na-

tional Academy of Sciences, USA (Proc. Natl. Acad.

Sci. USA) (see below). Because of unreliable mail

during the Christmas season, we had decided to drive

to Rockefeller University, New York, NY, which is

about a 45-minute drive from our Institute, to person-

ally submit the Proc. Natl. Acad. Sci. USA manuscript

to Philip Siekevitz, who had agreed earlier to handle

our manuscript as a member editor of the National

Academy of Sciences. We parked our car on the street

in front of Rockefeller University and put our briefcases
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Fig. 4. Labeling of tau and PHF polypeptides on Western blots and of tangles and plaque neurites on tissue sections with antibodies purified by

immunoaffinity from five different molecular species of tau. For a, tau (Method 3) was electrophoresed on SDS-polyacrylamide gels (12.5%

acrylamide, 16 X 11 cm) and transferred to nitrocellulose paper. Strips were cut from the sides and developed with anti-MT (PHF) serum (a. MT)

and monoclonal antibody to tau (a, tau). The remaining blot was sued for affinity isolation of anti-tau antibodies from the anti-MT(PHF) serum.

Roman numerals (I–V) indicate the areas of tau species from which the antibodies wre purified. For details see “Materials and Methods”. In b,

immunoblots of tau and PHF polypeptides with affinity-purified antibodies from tau polypeptides of areas I–V are shown. Electro-transfer from

SDS gel, 7–10% acrylamide (8 X 6 cm). Differences in the staining intensities of the different antibodies are due to small individual viations in

the amounts of the samples applied to the gel. C shows immunocytochemical staining of tangles (some of the tangles marked with arrows) and

neurites of plaques (marked with circles) in paraffin sections of Alzheimer hippocampus with antibodies eluted from tau area I (left panel); the

background staining might correspond to the normal distribution of tau. The right panel shows at high magnification a neuron with the fibrils of

its tangle darkly stained by the antibody. Original magnifications: left panel, X 130; right panel, X 1500. Identical staining was obtained with

antibodies eluted from the other four tau areas; plaque amyloid was not stained with any of these five antibodies.

Reproduced with permission from Grundke-Iqbal et al., J. Biol. Chem. 261:6084–6089, 1986.

in the car trunk. When we reached home after seeing

Philip Siekevitz, we found that our two briefcases and

the Christmas shopping we had done were all gone,

because somebody had broken into our car trunk and

stolen everything. The biggest loss was our revised J.

Biol. Chem. manuscript, the reviewers’ comments,

and all the relevant papers and calculations. We called

the editor (Edward D. Korn) the next day and left a

message on requesting that he resend us the reviewer

comments. It took a grueling two weeks of work to
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Fig. 5. Immunocytochemical staining with mAb to τ and the effect of dephosphorylation. (a–c, f, g) Sections of Alzheimer hippocampus and (d,

e) temporal cortex; (h) section of hippocampus of a 80-year-old non-Alzheimer dementia individual; (i) tangle-enriched preparation that had been

washed twice with 2% (wt/vol) NaDodSO4 in a boiling water bath. (b, c, e–h) Sections were dephosphorylated with alkaline phosphatase prior

to immunolabeling; (a and d) nondephosphorylated controls; adjacent sections and corresponding areas to b and e treated identically except that

the alkaline phosphatase was substituted with buffer. Numbers of immunostained tangles, plaques, and neuropil threads are very much increased

in the dephosphorylated tissue sections in b and e as compared to the control treated sections in a and d. (c) Staining of plaque neurites but not of

central core amyloid; (f) a neuron with immunolabeled tangle extending into the apical dendrite; (g) a neuron with granulovacuolar inclusions;

(h) no staining is seen in the non0Alzheimer hippocampus even after dephosphorylation. (a, b) X 75; (c, f, g, and I) X 750; (d, e) X 300; (h) X

150.

Reproduced with permission from Grundke-Iqbal et al., Proc. Natl. Acad. Sci. USA 83:4913–4917, 1986.

find and recalculate some data and to revise and re-

submit the manuscript, which was accepted and then

was published in the May 5th, 1986, issue of J. Biol.

Chem. [47].

3. Discovery of the abnormal

hyperphosphorylation of tau

In December 1984, we attended a conference of the

New York Academy of Sciences on Dynamic Aspects

of Microtubule Biology, where Lester (Skip) I. Binder

presented on the immunohistochemical localization of
tau using monoclonal antibody (mAb) Tau-1 to tau,
which he and his colleagues had generated [14]. We
met him for the first time at this meeting and asked
him if we could have some Tau-1, which he very gra-
ciously provided us. When we tested Tau-1, although
it reacted very nicely and specifically with all six iso-
forms of normal brain tau on Western blots, we found
that it immunostained only a small number of neurofib-
rillary tangles in AD brain sections compared to our
anti-PHF serum and immunoaffinity-purified tau anti-
bodies. We wanted to know the reason for this discrep-
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ancy. We called Skip Binder and inquired if Tau-1 was
phosphodependent and found that he had not studied
this aspect and could not help us with this informa-
tion. We undertook this study and found that Tau-1
labeled practically all tangles and plaque neurites when
tissue was first pretreated with alkaline phosphatase
(Fig. 5). This finding suggested that Tau-1 was phos-
phodependent and recognized only dephosphorylated
tau at the epitope recognized by this antibody, and that
tau in tangles/PHF was in an abnormally phosphory-
lated state [48]. Furthermore, we found that Tau-1
could label PHF polypeptides on Western blots only
when they were first dephosphorylated either in a test
tube prior to SDS-PAGE, or on the nitrocellulose mem-
brane used for the Western blots (Fig. 6). Because tau, a
phosphoprotein, was phosphorylated in PHF/AD brain
differently than that from normal brain tau, we coined
the term “the abnormally phosphorylated tau” [48].

We were thrilled with the discovery that tau in tan-
gles/PHF was abnormally phosphorylated. When the
manuscript was completed for submission for publica-
tion in Proc. Natl. Acad. Sci. USA, we felt that al-
though Skip Binder had supplied us the mAb Tau-1 as
a gift, we should offer him co-authorship of the article.
We called Skip and described to him the discovery we
had made employing his tau antibody. He was totally
surprised, both by the fact that his mAb Tau-1 was
phosphodependent and that tau in PHF was abnormally
hyperphosphorylated. He was very happy that we of-
fered him co-authorship, which he readily accepted.
We sent Skip a copy of the manuscript for his input.
He called back after going through the manuscript,
disclosing that he had been working with John Wood
(Emory University) on immunohistochemical staining
of AD brain using his mAb Tau-1, and after reading
our manuscript, he (Skip Binder) understood why they
could not immunostain more than a few tangles with
Tau-1. Furthermore, Skip informed us that they had no
idea about the possibility of abnormal phosphorylation
of tau in tangles/PHF and that John (Wood) “fell from
his chair” when he (Skip) informed him of our findings.
Skip also told us that they had a paper on their work on
immunohistochemical staining of tangles with Tau-1 in
review for Proc. Natl. Acad. Sci. USA. The paper
by Wood et al. appeared in the June 1986, issue of
Proc. Natl. Acad. Sci. USA [148] and, to our horror,
it included dephosphorylation studies and claimed that
tau was abnormally phosphorylated – without citing or
acknowledging that they had carried out those studies
on the basis of information from us via Skip Binder.
After our strong protest, they agreed to publish a cor-
rection (Proc. Natl. Acad. Sci. USA, 83:9773, 1986)
citing our paper [48] which was in press at that time.

Fig. 6. Immunoblots of PHF polypeptides with (lane 1) anti-

serum to isolated PHF, 1:1,000 dilution; (lane 2) PHF-reactive

anti-microtubule serum, 1:3,000 dilution; (lane 3) mAb to τ at

0.1 µg/ml on dephosphorylated (*) and nondephosphorylated blots

and (lane 4) blots of PHF and neurofilament (NF) polypeptides with

mAb to NF, SMI 34, 1:10,000 dilution. (#) The dephosphoryla-

tion of PHF polypeptides on the paper blots was carried out with

alkaline phosphatase (43 µg/ml) before incubation with antibody.

Preoteins were electrotransferred from NaDodSO4/polyacrylamide

gel, 5–15% acrylamide gradient. Arrowheads indicate positions of

Mt markers from tot to bottom: myosin (200,000), phosphorylase

b (92,500), bovine serum albumin (68,000), ovalbumin (43,000),

α-chymotrypsinogen (25,700). Not shown in this figure, even at a

10-fold increase in the antibody concentration mAb SMI 34 did not

label PHF polypeptides. The background smear and the low Mt

bands in lane 1 most probably represent oligomers and breakdown

products, respectively, of the PHF polypeptides (3–5); similar im-

munostaining pattern is obtained with mAb to PHF (5). The far left

lane shows the Coomassie blue-stained polypeptide pattern of iso-

lated PHF (5-030T acrylamide gradient).

Reproduced with permission fro Grundke-Iqbal et al., Proc. Natl.

Acad. Sci. USA, 83:4913–4917, 1986.

4. Discovery of the microtubule assembly defect

and the cytosolic abnormal

hyperphosphorylation of tau in AD brain

Since our observation reported in 1979 [40] that a

microtubule-associated protein crossreacted with PHF

protein, we had initiated studies to prepare micro-

tubules by in vitro assembly from short-term post-
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Fig. 7. Western blots of microtubules assembled in vitro from a nor-

mal human brain (lanes 1 and 4) and an identically treated Alzheimer

brain (lanes 2 and 3) developed with monoclonal antibody to tau.

Reproduced with permission from Iqbal et al., Lancet 2:421–426,

1986.

mortem AD and control brains. After considerable ef-

fort, we had finally worked out a program whereby we,

a local hospital, and our neuropathologist coordinated

to collect brains by six hours postmortem. Over a pe-

riod of six years, we collected several AD and control

brains, mostly during off hours, and processed them for

up to two cycles of in vitro assembly of microtubules.

We observed that we could assemble microtubules from

control aged brains but not from AD brains [61]. We

could, however, assemble microtubules from both AD

and control brains by DEAE-Dextran, a polycation that

mimics tau in promoting microtubule assembly. We

traced the in vitro microtubule assembly defect in AD

brain to the presence of abnormally hyperphosphory-

lated tau in the cytosol (Fig. 7). This was the first study

demonstrating a functional impairment of the abnormal

hyperphosphorylation of tau in AD brain.

5. Discovery of neuropil threads

Heiko Braak and Eva Braak visited our Institute in

1985. We showed them micrographs of immunostain-

ing of AD brain sections with our antiserum to PHF,

which, along with neurofibrillary tangles and plaque

neurites, also labeled numerous thread-like structures.

They told us that they had observed similar structures in

Gallaya’s silver-stained AD brain sections. Our collab-

oration, employing both immunohistochemical stain-

ing and Gallaya’s silver staining of AD brain sections,

resulted in the identification of neuropil threads as a

third location of PHF outside of neurofibrillary tangles

and neuritic plaques [15].

6. Generation of the first monoclonal antibodies to

PHF and the first demonstration of increased

PHF immunoreactivity in CSF of patients with

AD

Employing the technique we had developed earlier

for bulk isolation of highly purified PHF as the im-

munogen [60], we generated three clones that secreted

mAb to PHF [139]. Employing mAb secreted by

the clone 5–25, we demonstrated an increase in the

PHF immunoreactivity in lumbar CSF of patients with

AD [92,139]. This was the first demonstration of the

presence and elevation of a brain-lesion associated pro-

tein in CSF of AD patients.

7. Discovery of glycosylation of tau in PHF

We discovered that, unlike normal tau, the abnor-

mally hyperphosphorylated tau in AD brain is glycosy-

lated and that glycan(s) maintains the helicity of PHF,

but does not have any apparent effect on the ability

of tau to promote the assembly of tubulin into micro-

tubules [141]. Removal of glycans by enzymatic deg-

lycosylation converted PHF into bundles of straight fil-

aments 2.5 ± 0.5 mm in diameter, suggesting the in-

volvement of glycosylation in the maintenance of the

PHF structure. Subsequent studies from our laboratory

showed that the glycosylation of tau precedes its abnor-

mal hyperphosphorylation and aggregation into PHF,

and that the glycosylation makes tau a more favorable

substrate for abnormal hyperphosphorylation [86,87,

111].

8. Generation of the first cell culture model of

neurofibrillary degeneration and demonstration

of the role of PP-2A/PP-1 activities in the

regulation of the phosphorylation of tau

We demonstrated that tau in SY5Y neuroblastoma

cells cultured in low serum was hyperphosphorylated
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at several of the same sites in AD brain. As in AD, the

hyperphosphorylated tau accumulated in the cultured

cells, and it did not bind to microtubules [124]. Em-

ploying the cell culture model,we subsequently showed

that the inhibition of PP-2A/PP-1 activities by okadaic

acid upregulated the activities of MAPK and cdk5 and

resulted in abnormal hyperphosphorylation of tau, a

decrease in stable microtubules, and an increase in cell

death; taxol inhibited this okadaic acid-induced cell

death [125]. We subsequently confirmed the regulation

of the phosphorylation of tau by PP-2A in mammalian

brain [11,12,38].

9. Generation and role of abnormally

hyperphosphorylated tau in neurodegeneration

After the discoveries of tau as the major protein sub-

unit of PHF, its abnormal phosphorylation, and the in

vitro microtubule assembly defect in AD, the next two

most important questions have been (1) if and how the

abnormal phosphorylation of tau might cause neurode-

generation and cognitive deficit, and (2) what causes

the abnormal phosphorylation of tau.

9.1. How abnormal hyperphosphorylation of tau

might lead to neurodegeneration and cognitive

deficit

Our discovery of the abnormal phosphorylation of

tau in AD brain cytosol and inhibition of microtubule

assembly from the AD brain cytosol [61] provided

the critical lead. In collaboration with the group of

Chris Bancher, Hans Lassmann, and Kurt Jellinger,

we demonstrated immunohistochemically the presence

of pretangle accumulation of abnormally hyperphos-

phorylated tau [10]. These lesions, which we termed

“pretangles”, showed as mostly amorphous protein ag-

gregates and, unlike mature tangles, had no ubiquitin

associated with them. This study suggested that the

abnormal hyperphosphorylation of tau most probably

preceded its polymerization into PHF/tangles.

The primary structure of tau was not known. We gen-

erated the CNBr peptides of tau purified from bovine

brain and determined their amino terminal sequences.

While the manuscript was in preparation, Lee et al. [80]

published the cloning and the cDNA-derived amino

acid sequence of murine tau. We found that while the

amino acid sequences of two of the three bovine CNBr

peptides could be seen in the murine tau sequence,

one sequence did not match [62,63]. We raised rabbit

antibodies to a synthetic peptide corresponding to the

bovine specific tau sequence and confirmed it to belong

to tau. While our paper was in press, Himmler [52]

and Goedert et al. [32] published the cDNA-derived

sequences of bovine and human taus to which our se-

quence matched. Antibodies to the bovine tau peptide

we had raised were phosphodependent and revealed

that tau was abnormally phosphorylated at Ser46 [63].

These studies provided the first evidence of a difference

between the primary structures of murine and bovine

taus and of abnormal hyperphosphorylation at other

than the mAb Tau-1 site.

We quantitated the level of tau in AD and age-

matched control brains and found that the AD brains

contained as much normal tau as the control brains,

plus up to ∼ 8-fold abnormally hyperphosphorylated

tau [70,71]. These findings became a basis for inves-

tigation of CSF levels of tau as a biomarker and of a

potential diagnostic test for AD by a number of lab-

oratories (e.g. [53,133]). Furthermore, up to 40% of

the abnormally phosphorylated tau was found in the

cytosol [76]. Separation of the cytosolic abnormally

phosphorylated tau from non-hyperphosphorylated tau

(normal-like tau) was carried out from AD brain by

phosphocellulose chromatography, and the former was

found to contain 5–9 moles of phosphates as compared

with 2–3 moles of phosphate per mole of the protein in

the latter [76]. These findings demonstrated that, like

PHF [79], AD P-tau was also hyperphosphorylated.

We found that tau polymerized into PHF was unable to

promote in vitro assembly of tubulin into microtubules,

but enzymatic dephosphorylation restored the ability of

PHF-tau to promote the assembly [64].

Studies on the cytosolic abnormally hyperphospho-

rylated tau (AD P-tau) and normal-like tau separated

from AD brain revealed that the normal-like AD tau

could readily promote microtubule assembly, but the

AD P-tau, instead of promoting microtubule assembly,

inhibited it and, when added to pre-assembled micro-

tubules, disassembled them [1]. Furthermore, we dis-

covered that the AD P-tau caused the inhibition and dis-

ruption of microtubules by sequestering normal tau [1].

Subsequent studies from our laboratory showed that the

binding of normal tau to AD P-tau was a polymer reac-

tion that could not be saturated by increasing concentra-

tions of normal tau and formed bundles of straight tau

filaments [2]. Essentially, the same phenomenon was

observed several years later in transgenic mice, when

tangles of straight tau filaments were found continuing

to grow even when the expression of P301L mutated

tau was inhibited at four months of age in these ani-
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mals [110]. The AD P-tau sequestered not only normal

tau but also MAP1 and MAP2 in vitro and in situ [1,3].

We found that tau promoted microtubule assembly

by stimulating the binding of GTP to the exchangeable

site of tubulin, and that the abnormally hyperphospho-

rylated tau from AD depressed the GTP binding [72].

Thus, it appears that the abnormal hyperphosphoryla-

tion of tau in AD not only results in the loss of normal

tau functions but in a gain of toxic function in which the

abnormal tau sequesters normal tau, MAP1, and MAP2

and compromises the microtubule network. The loss of

microtubules probably results in inhibition of axoplas-

mic flow, leading to a retrograde neurodegeneration and

loss of synapses and cognition in AD patients. Most re-

cently, we have demonstrated that the abnormal hyper-

phosphorylation of tau produced experimentally in nor-

mal adult rats by activation of brain cAMP-dependent

protein kinase (PKA) by forskolin or isoproterenol re-

sults in impairment of spatial memory [89,123]. Ab-

normal hyperphosphorylation of tau-induced memory

deficit has also been confirmed in a number of trans-

genic mouse models (see e.g. [96]). Thus, it appears

that the abnormally hyperphosphorylated tau, instead

of promoting assembly and stabilizing microtubules,

sequesters normal tau, MAP1 and MAP2, causing in-

hibition and disassembly of microtubules, which re-

sults in a retrograde neurodegeneration due to compro-

mised axoplasmic flow, and results in dementia. Such a

scenario of neurodegeneration, the tau hypothesis, was

proposed by us several years earlier [61].

9.1.1. Self-assembly of tau into PHF

Our previous studies had shown (1) that the in vitro

dephosphorylation of Alzheimer neurofibrillary tan-

gles/PHF by protein phosphatase (PP)-2A and PP-

2B disaggregated PHF, and the dephosphorylated tau

thereby released readily stimulated the in vitro assem-

bly of tubulin into microtubules [140]; and (2) that the

normal tau bound to the AD abnormally hyperphos-

phorylated tau (AD P-tau) in a non-saturation manner

and the product of the association of these taus were

bundles of straight tau filaments [2]. Since the major

protein subunit of PHF is the abnormally hyperphos-

phorylated tau [48], we investigated whether the ab-

normal hyperphosphorylation of tau alone was suffi-

cient to induce self-assembly of tau in PHF. We found

that AD P-tau readily self-assembled into tangles of

PHF in vitro, and its prior dephosphorylation, but not

deglycosylation, inhibited the self-assembly [4]. Fur-

thermore, we demonstrated that in vitro hyperphospho-

rylation of all six recombinant human brain isoforms

promoted their self-assembly into tangles of PHF. This

was the first demonstration of self-assembly of tau into

PHF under physiological conditions (Fig. 8). Previ-

ous studies were able to achieve assembly of tau into

straight filaments (SF) and PHF-like structures using

urea treatment for 60 hours; incubations with unsatu-

rated fatty acids, tRNA, heparin or polyglutamic acid;

and employing a tau fragment, tau concentrations of

up to 12 mg/ml, and incubation times up to several

days [24,29,33,68,93,102,112,135,144,145,149].

9.2. How and what causes the abnormal

hyperphosphorylation of tau

AD is multifactorial. In less than 1% of all cases,

AD cosegregates with certain mutations in amyloid

β protein precursor (AβPP), presenilin-1 (PS-1), and

presenilin-2 (PS-2) [18]. In over 99% of AD cases,

to date, no mutation has been associated with the dis-

ease. Independent of the etiology, neurofibrillary de-

generation of the abnormally hyperphosphorylated tau

and β-amyloidosis are the two hallmark lesions of AD.

These two lesions occur in disproportionate numbers

in AD, and neither of these lesions are unique to AD.

Some of the normal human aged brains contain as much

Aβ burden, in the form of compact senile plaques,

as in typical cases of AD [27,28,69]. In hereditary

cerebral hemorrhage with amyloidosis of the Dutch

type and sporadic cerebral amyloid angiopathy, the Aβ

burden is considerably greater than in AD but with-

out any neurofibrillary degeneration [23,81,134]. On

the other hand, a family of dementia disorders, called

tauopathies, such as frontotemporal dementia with

Parkinsonism linked to chromosome 17 (FTDP-17),

progressive supranuclear palsy, cortico basal degenera-

tion, Pick disease, Guam Parkinsonism-dementia com-

plex, dementia pugilistica, and argyrophillic grain dis-

ease, are characterized by neurofibrillary degeneration

of the abnormally hyperphosphorylated tau, but in the

absence of β-amyloidosis (see for review [129]). The

inherited FTDP-17 is caused by certain mutations in

the tau gene that involve either alternate splicing of its

mRNA, resulting in an increase in four-repeat to three-

repeat tau ratio, or missense mutations, in which a sin-

gle amino acid residue in tau protein is changed to a

different amino acid [54,104,122]. Thus, tau pathology

alone, in the absence of β-amyloidosis, is sufficient to

produce the disease. β-amyloidosis and neurofibrillary

degeneration of abnormally hyperphosphorylated tau

are probably produced by some common event such

as alteration in some signal transduction pathway(s)
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Fig. 8. In vitro polymerization of AD P-τ into tangles of PHF/SF and the effects of dephosphorylation and deglycosylation. AD P-τ , 0.4 mg/ml,

without treatment (a), dephosphorylated by AP (b), or deglycosylated by endoglycosidase F/N-glycosidase F (c), was incubated for 90 min, and the

products of the assembly were examined by NSEM. Dephosphorylation, but not deglycosylation, completely abolished AD P-τ polymerization.

Bar represents 50 nm. (Insets) PHF at higher magnifications. Arrows label examples of 10–15 nm (straight) and 4 nm (arrowhead) filaments. (d)

AD P-τ , 0.4 mg/ml, was incubated as above to induce assembly, and the aggregated protein was separated from the non-aggregated protein by

centrifugation at 35◦C and 100,000 X g for 15 min. The pellet (P) was resuspended to its original volume, and equivalent samples of the original

mixture (O), the supernatant (S), and the pellet (1, 2, and 4X) were analyzed by Western blots by using Tau0-1 antibody and dephosphorylation

of the proteins on the blot with AP. (e) The amount (mean × SD of 4 values) of AD P-τ?present in the original and the supernatant fractions was

quantitated by scanning the immunoblots. (f) SDS/PAGE (10% gel) of AD P-τ and blot of a lane from the same gel developed with Tau-1 antibody

after dephosphorylation. One strip (8 µg of protein/lane) was stained with Coomassie blue (c), and another strip (2 µg of protein/lane) was

stained with Tau-1 antibody after dephosphorylation of the proteins on the membrane (B). (g) For in vitro dephosphorylation and deglycosylation

of AD P-τ aliquots of AD P-τ were treated with (2) or without (1) the addition of AP to dephosphorylate (panels labeled 92e, Tau-1 and

PHF1) or endoglycosidase F/N-glycosidase F to deglycosylate (panels labeled GNA and PNA) the proteins as described. The immunoblots were

developed with 92e (dilution 1/5,000) to detect the total amount of, Tau-1 (1/50,000) to detect dephosphorylated τ , and PHF1 (1/250) to detect

phosphorylated τ . The increase in Tau-1 staining and decrease in PHF1 staining show dephosphorylation of AD P-τ . The immunoblots were

developed with lectin GNA or PNA to detect glycosylation. Decrease in the staining with the lectins shows deglycosylation of AD P-τ by the

glycosidase.

Reproduced with permission of Alonso et al., Proc. Natl. Acad. Sci. USA 98:6923–6928, 2001.
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(see [65]), rather than as a result of the direct neurotox-

icity of one lesion to the other, which was suggested by

the amyloid cascade hypothesis.

The state of phosphorylation of a phosphoprotein

is a function of the balance between the activities of

protein kinases and protein phosphatases that regu-

late its phosphorylation. Tau, which is phosphorylated

at more than 30 serine/threonine residues in AD [50,

94], is a substrate for several protein kinases [66,

116,118,120,121]. Among these kinases, glycogen

synthase kinase-3 (GSK-3), cyclin-dependent protein

kinase 5 (cdk5), protein kinase A (PKA), calcium,

calmodulin-dependent protein kinase-II (CaMKII),

mitogen-activated protein kinase ERK1/2, and stress-

activated protein kinases have been implicated the most

in the abnormal hyperphosphorylationof tau (see [66]).

Our laboratory led the studies on the role of site-site

interaction in the abnormal hyperphosphorylation of

tau [89,114,117,119,123,142]. We were the first to

demonstrate that phosphorylation of tau by non-proline

dependent protein kinases PKA, PKC, CaMKII and

casein kinase-1 (CK1) primed it for subsequent phos-

phorylation by proline directed protein kinases (PDPK)

cdk5 and GSK-3, showed quantitative inhibition of the

binding of tau to microtubules at various sites, and

identified Ser262 and Thr231 to be the two major sites,

phosphorylation of which inhibits the binding of tau to

microtubules [115,117,119]. In collaboration with Jin-

Jing Pei (Karolinska Institute, Stockholm, Sweden), we

demonstrated the association of GSK-3β and cdk5 with

neurofibrillary degeneration at all Braak stages of this

pathology [98–100].

9.2.1. Discovery of decrease in activities of protein

phosphatase (PP)-2A and PP-1 in AD brain

and the role of these enzymes in the regulation

of the phosphorylation of tau

We investigated both the phosphoseryl/phospho-

threonyl protein phosphatases involved in regulation of

the phosphorylation of tau and the activities of those

enzymes in AD and age-matched control brains. We

were the first to discover that the activities of protein

phosphatase-2A (PP-2A) and PP-1 were compromised

by ∼ 20% in AD brain [35] and that this decrease in

AD brain phosphatase activity was also towards the

abnormally hyperphosphorylated tau isolated from AD

brain [37]. Subsequently, we demonstrated that the

phosphorylation of tau that suppresses its microtubule

binding and assembly activities in adult mammalian

brain is regulated by PP-2A [11,12,36,38]. PP-2A also

regulates the activities of several tau kinases in brain.

We showed that inhibition of PP-2A activity by

okadaic acid in cultured cells and in metabolically ac-

tive rat brain slices results in abnormal hyperphospho-

rylation of tau at several of the same sites as in AD,

not only by a decrease in dephosphorylation, but also

indirectly by promoting the activities of CaM Kinase

II [12], PKA [85,125], MAP kinase kinase (MEK1/2),

extracellular regulated kinase (ERK1/2), and P70S6 ki-

nase [7,101]. Thus, barring the fact that tau is not the

only neuronal substrate of these protein kinases and

phosphatases, it should be possible to inhibit the ab-

normal hyperphosphorylation of tau by inhibiting the

activity of one or more tau kinases and/or restoring or

upregulating the activity of PP-2A.

Although the brain has several tau phosphatase ac-

tivities [19,20,105,106], PP-2A and PP-1 make more

than 90% of the serine/threonine protein phosphatase

activity in mammalian cells [97]. The intracellular ac-

tivities of these enzymes are regulated by endogenous

inhibitors. PP-1 activity is regulated mainly by a 18.7-

kDa heat-stable protein called inhibitor-1 (I-1) [21,22].

In addition, a structurally related protein, DARPP-32

(dopamine and cAMP-regulated phosphoprotein of ap-

parent molecular weight 32,000), is expressed predom-

inantly in the brain [137]. I-1 and DARPP-32 are acti-

vated on phosphorylation by protein kinase A and inac-

tivated at basal calcium level by PP-2A. Thus, inhibi-

tion of PP-2A activity would keep I-1 and DARPP-32

in active form and thereby result in a decrease in PP-1

activity. In AD, a reduction in PP-2A activity might

have decreased PP-1 activity by allowing upregulation

of I-1/DARPP-32 activity.

9.2.2. Discovery of cleavages and translocation of a

PP-2A inhibitor from neuronal nucleus to

cytoplasm

PP-2A is inhibited in the mammalian tissue by two

heat-stable proteins: (1) the IPP2A
1 , a 30-kDa cytosolic

protein [82] that inhibits PP-2A with a Ki of 30 nM and

(2) IPP2A
2 , a 39-kDa nuclear protein that inhibits PP-2A

with a Ki of 23 nM [83]. Both IPP2A
1 and IPP2A

2 have

been cloned from human kidney [84,132] and, in our

laboratory, from human brain [131]. I PP2A
1 has been

found to be the same protein as the putative histocom-

patibility leukocyte antigen class II-associated protein

(PHAP-1). This protein, which has also been described

as mapmodulin, pp32, and LANP [136], is 249 amino

acids long and has an apparent molecular weight of

30 kDa on SDS-PAGE. IPP2A
2 , which is the same as

TAF-1β or PHAPII, is a nuclear protein that is a ho-

mologue of the human SETα protein. We discovered
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that in AD brain the I2 PP2A is cleaved into amino ter-

minal and carboxy terminal halves and is translocated

from neuronal nucleus to cytoplasm [126]. Both IPP2A
1

and IPP2A
2 interact with the catalytic subunit of PP2A

(Chen et al., in preparation). We discovered that the

level of IPP2A
1 is ∼ 20% greater in AD brains than in

age-matched control brains, which probably is a cause

of the decrease in PP-2A activity in AD brain.

9.3. Substrate regulation of the phosphorylation of tau

In addition to the activities of the tau kinases and

phosphatases, the phosphorylation of tau is also regu-

lated by its conformational state. Free tau is more read-

ily hyperphosphorylated than is microtubule-bound tau.

The rate and extent of tau phosphorylation by PKA,

CaM Kinase II, C-kinase, casein kinase (CK)-I, cdk5,

and GSK-3 are dependent on its initial phosphoryla-

tion state. For instance, we demonstrated that when

recombinant human brain tau is prephosphorylated by

one of several non-PDPKs, i.e., PKA, CaM Kinase II

or C-kinase, its subsequent phosphorylations catalyzed

by the PDPK cdk5 or GSK-3 are stimulated several-

fold [117,119]. In addition, the rate and extent to which

various tau isoforms are phosphorylated also depend

on whether tau contains three or four repeats and zero,

one, or two N-terminal inserts [121].

We discovered that in addition to abnormal hyper-

phosphorylation, tau is also abnormally glycosylated,

and that in AD brain, the latter appears to precede the

former [86,87,141]. Furthermore, we found by in vitro

studies that the abnormal glycosylation promotes tau

phosphorylation with PKA, GSK-3β, and ckd5 and in-

hibits dephosphorylation of tau with PP2A and PP5 [9,

87]. In addition, like some other neuronal phospho-

proteins, tau is also O-GlcNAcylated [51]. In contrast

to classical N- or O-glycosylation, O-GlcNAcylation

which involves the addition of a single sugar at ser-

ine/threonine residues of a protein, dynamically post-

translationally modifies cytoplasmic and nuclear pro-

teins in a manner analogous to protein phosphoryla-

tion (see [88]). In collaboration with Cheng-Xin Gong,

we discovered that O-GlcNAcylation and phosphory-

lation of tau reciprocally regulate each other, and that

decreased glucose metabolism in cultured cells and in

mice, which decreases the O-GlcNAcylation of tau,

produces abnormal hyperphosphorylation of this pro-

tein. Furthermore, we found that in AD, probably as a

result of impaired glucose uptake/metabolism, there is

a global decrease in O-GlcNAcylation.

In inherited frontotemporal dementia linked to

chromosome-17 (FTDP-17), certain mutations in the

tau gene co-segregate with the disease. The most

studied of these mutations are the missense mutations

G272V, P301L, V337M, and R406W. We found that

tau with these mutations is a more favorable substrate

for hyperphosphorylation than the wild-type tau; the

mutated taus are hyperphosphorylated much faster and

polymerize into filaments at lower stoichiometry than

the identically treated wild-type tau [6]. Thus, all these

studies taken together suggest that, in addition to the

levels of the activities of tau kinases and phosphatases,

the phosphorylation of tau is regulated at the substrate

(tau) level. Impaired glucose metabolism via downreg-

ulation of O-GlcNAcylation in AD and mutations in tau

gene in FTDP-17 probably contribute to neurofibrillary

degeneration.

9.4. Discovery of intraneuronal Aβ and its

coexistence with neurofibrillary tangles

Since the first description of plaque amyloid by Alois

Alzheimer in 1907, all subsequent histopathological

studies by many laboratories had shown Aβ to be only

extracellular. George Glenner had demonstrated the

isolation and sequence of Aβ from the extracellular

amyloid from the meninges [31,147]. We were the

first to demonstrate the intraneuronal localization of

Aβ and its presence both in tangle bearing and non-

tangle-bearing neurons in AD brain [49]. This discov-

ery (Fig. 9) was made possible by using several mAbs

to Aβ that we had generated earlier [75]. Although

at present, it is increasingly believed that intraneuronal

Aβ is the major neurotoxic source and might lead to

neurofibrillary degeneration, this view is not univer-

sally supported, especially by studies of the brains of

normal aged and AD (see, for review [65]).

10. Phosphorylation sites involved in converting

normal functional tau into a toxic molecule

Tau is abnormally hyperphosphorylatedat more than

30 sites in AD. However, not all of these sites may be

involved in converting normal tau into a toxic molecule.

Identification of these critical sites has been most dif-

ficult. We demonstrated that phosphorylation of tau

at Ser-262, Thr-231, and Ser-235 inhibits its binding

to microtubules by ∼ 35, ∼ 25, and 10%, respec-

tively [115]. We observed that hyperphosphorylation

of tau at the level of 4–6 moles phosphate/mole of the
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Fig. 9. Immunostaining of Alzheimer (a–e) and 38-year-old control (f and g) hippocampus with mAb to amyloid (a, b and d–g) or anti-PHF

serum (c). (a) mAb to amyloid stains plaques (arrowhead) and intraneuronal material (arrows), which at low power looks like neurofibrillary

tangles. However, at high magnification (b), it presents a tightly packed granular material and can be easily distinguished from the tangles, which

are fibrillar when stained with anti-PHF serum (c) or thioflavine S (e). (d and e) Amyloid-immunoreactive material and thioflavine S-positive

fluorescent tangles frequently occur in the same neuron. (a, X 200; b and c, X 1000; d and e, X 420; f and g, x 280).

Reproduced with permission from Grundke-Iqbal et al., Proc. Natl. Acad. Sci. USA 86:2853–2857, 1989.

protein induces the toxic property whereby it sequesters

normal tau [6]. Additional phosphorylation to a level

of ∼ 10 phosphates per mole of the protein is required

to induce its self-assembly into filaments. We showed

that taus with the FTDP-17 mutations G272V, P301L,

V337M, and R406W are phosphorylated much faster

than the wild-type tau and self-assemble at lower levels

of phosphorylation than the wild-type protein. Time

kinetics of phosphorylation of these mutated and wild-

type taus at various abnormally phosphorylated sites

and the ability of these proteins to bind normal tau sug-

gest Ser-199/202/205, Thr-212, Thr-231/Ser-235, Ser-

262/356, and Ser-404 to be among the critical sites

that convert tau to a toxic-like protein. Further phos-

phorylation at Thr-231, Ser-396, and Ser-422 promotes

self-assembly of tau into filaments [6]. These sites are

known to be substrates of PKA, CaMKII, GSK-3β and

cdk5, among other protein kinases.

11. Inhibition of neurofibrillary degeneration and

outcome measures

AD is multifactorial and heterogeneous. Aβ and

neurofibrillary tangles are more likely products than

causes of AD. Our last three decades of studies have led

us to hypothesize the involvement of different signal

transduction pathways as primary pathogenetic events

in AD (Fig. 10). These signaling abnormalities could

be results of different metabolic abnormalities such
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Fig. 10. A schematic showing different major steps of the “Metabolic/signal transduction hypothesis”. AD and other tauopathies require a genetic

predisposition. They are triggered by a variety of environmental factors affecting one or more specific signal transduction pathways, which

result in a protein phosphorylation/dephosphorylation imbalance and the abnormal hyperphosphorylation of tau. This leads to neurofibrillary

degeneration and dementia. In Ad, the protein phosphorylation/dephosphorylation imbalance in the affected neurons is generated at least in part

by a decrease in the activities of tau phosphatases, i.e., PP2A and PP1; the activities of tau kinases such as cdk5, GSK-3, CaM kinase II and

PKA might also be increased in the affected neurons. This protein phosphorylation/dephosphorylation imbalance probably involves an alteration

of a specific signal transduction pathway(s) produced by an increase in the levels of an extracellular signal, e.g., FGF2 or an alteration in the

molecular topology of the neuronal cell membrane or both. With age, the molecular topology of the ell membranes is altered due to a decrease

in membrane fluidity. The mutations in transmembrane proteins, such as β-APP, PS1 and PS2, increase the vulnerability of the cell membrane

to alteration in pathological signal transduction. The increased risk for AD in the carriers of APOE4 allele as opposed to APOE2 or APOE3

alleles might also involve alteration of signal transduction through the interaction of APOE4 with the neuronal cell membrane. Any mutation

or post-translational modification of tau that will make it a better substrate for abnormal hyperphosphorylation will also increase the risk for the

disease. High cholesterol might be involved in decreasing membrane fluidity. Decreased glucose metabolism/uptake might lead to the abnormal

hyperphosphorylation of tau through a decrease in its O-GlcN-acylation.

Reproduced with permission from Iqbal and Grundke-Iqbal, Acta Neuropathol. (berl) 109:25–31, 2005.

as impaired brain glucose metabolism and as well as

certain mutations in transmembrane proteins such as

AβPP, PS-1 and PS-2. These alterations in different

signal transduction pathways probably lead to a com-

mon downstream deleterious functional effect – the hy-

perphosphorylation of tau. Thus, therapeutic interven-

tions that can overcome the deleterious effect/s of the

pathological tau appear promising.
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The most promising therapeutic approaches to in-

hibit neurofibrillary degenerationand consequently AD

are (1) to inhibit sequestration of normal MAPs by the

AD P-tau and (2) to inhibit the abnormal hyperphos-

phorylation of tau. The latter can be carried out either

by restoring the PP-2A activity in the affected areas

of the brain to normal levels or by inhibiting the ac-

tivity of one or more tau kinases that are critically in-

volved in converting normal tau into an abnormal state

whereby it sequesters normal MAP. In collaboration

with Jian-Zhi Wang, we demonstrated that the activa-

tion of PKA with forskolin or isoproterenol primes tau

for abnormal hyperphosphorylation by the constitutive

GSK-3β activity in adult rats, and the spatial memory

of these animals is impaired [89,123]. Co-treatment of

these animals with forskolin and RP-cAMPS, a PKA

inhibitor, inhibited the abnormal hyperphosphorylation

of tau and the impairment of spatial memory. We dis-

covered that memantine, a low- to moderate-affinity

NMDA receptor antagonist, which improves mental

function and the quality of daily living of patients with

moderate to severe AD [107,146], restores the okadaic

acid-induced inhibition of PP-2A activity, the abnormal

hyperphosphorylation of tau at Ser-262, and the asso-

ciated neurodegeneration in hippocampal slice cultures

from adult rats [85]. Furthermore, the restoration of

the PP-2A activity to normal levels by memantine also

results in the restoration of the expression of MAP2 in

the neuropil and a reversal of the hyperphosphoryla-

tion and the accumulation of neurofilament H and M

subunits.

Inhibition of the abnormal hyperphosphorylation of

tau and sequestration of normal MAPs by the hy-

perphosphorylated tau are among the most promis-

ing therapeutic targets for AD and other tauopathies.

Approaches to inhibit the abnormal hyperphospho-

rylation of tau include the inhibition of the one

or more tau kinase activities, activation of one or

more tau phosphatases, and the enhancement of brain

glucose metabolism, which directly affects the O-

GlcNAcylation of tau.

12. Concluding remarks

We have been most fortunate to study the biology

of AD and related conditions and to have been able

to make several key discoveries in the field. We were

among the first to study the molecular pathology of AD.

When we started studying AD in 1973, only morpho-

logical descriptions of the histopathology of AD and

the correlation of those brain lesions to clinical expres-

sion of the disease, i.e., the dementia, were available.

Our persistence in carrying out systematic studies on

neurodegeneration in AD led us to several key discov-

eries, which include (1) the isolation and protein com-

position of PH F [59,60]; (2) identification of tau and

its abnormally hyperphosphorylated state as the major

protein subunit of PHF [47,48]; (3) the presence of

the abnormally hyperphosphorylated tau in AD brain

cytosol and the inhibition of microtubule assembly by

the pathological tau [61]; (4) the decrease in the ac-

tivities of PP-2A and PP-1 in AD brain as a cause of

the abnormal hyperphosphorylation of tau [35,37]; (5)

the sequestration of normal tau, MAP1, and MAP2 by

the abnormally hyperphosphorylatedtau as a molecular

mechanism of neurofibrillary degeneration [1–3]; (6)

the promotion of the self-assembly of tau into tangles

of PHF by its hyperphosphorylation [4]; and (7) the

intraneuronal localization of Aβ [49].

During our more than 30 years of research work on

AD, we have had the fortune of collaborating with a

large number of senior scientists, and in our own re-

search group with graduate students, postdoctoral fel-

lows, and young scientists. We would like to acknowl-

edge Robert D. Terry, at whose initiative and with

whose support we entered the AD field. Henry M.

Wisniewski carried out the morphological evaluation of

the PHF preparations for our first study and fought for

us during the PHF solubility controversy in the early

1980s. Sabiha Khatoon’s discovery of normal levels of

normal-like tau and of the several-fold increase in ab-

normally hyperphosphorylated tau in AD not only laid

the foundation of subsequent studies on the molecular

mechanisms of neurofibrillary degeneration, but also

stimulated research on studies on the CSF levels of tau

and phosphor-tau as a potential diagnostic biomarker.

Gian Ping Wang was the first to generate monoclonal

antibodies to PHF, and he and Takashi Kudo demon-

strated the elevated level of conjugated ubiquitin in AD

CSF. Cheng-Xin Gong’s discovery of the decrease in

PP-2A/PP-1 activities in AD brain identified a cause

of abnormal hyperphosphorylation of tau and demon-

strated the involvement of these phosphatases in neu-

rofibrillary degeneration. Alejandra del C. Alonso dis-

covered the sequestration of normal tau, MAP1, and

MAP2 by the abnormally hyperphosphorylated tau as

a key likely step in the molecular mechanism of neu-

rofibrillary degeneration and demonstrated that abnor-

mal hyperphosphorylation alone is sufficient to cause

self-assembly of tau into tangles of PHF. Jian-Zhi Wang

found that neurofibrillary tangles/PHF could be dis-
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sociated by PP-2A or PP-2B, releasing dephosphory-

lated tau, which was biologically active in promoting

microtubule assembly. She also discovered that, un-

like normal brain tau, tau in PHF was glycosylated and

that the generation of AD-like abnormally hyperphos-

phorylated tau, which results in its self-assembly into

PHF, requires catalysis by cdk5 and GSK-3β, or one

of these kinases along with PKA and CaMKII. Jin-Jing

Pei demonstrated the association of GSK-3β and cdk5

with neurofibrillary pathology from early Braak stages.

Toshihisa Tanaka generated the first cell culture model

of neurofibrillary pathology. Fei Liu discovered that O-

GlcNAcylation and phosphorylation of tau reciprocally

regulate each other and that, due to decreased brain glu-

cose metabolism, there is most likely a global decrease

in O-GlcNAcylation in AD brain. Hitoshi Tanimukai

and Ichiro Tsujio discovered a decrease in the mRNAs

of PP-2A inhibitors and translocation of the N-terminal

half of the I2 of PP-2A from neuronal nucleus to the

cytoplasm in AD brains. Last but not least, our two re-

search assistants, Tanweer Zaidi and Yunn Chyn Tung,

helped develop the technique for the bulk isolation and

solubilization of PHF, and the generation of antibodies

and the identification of tau as the major component of

PHF, respectively.
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Tau phosphorylation and proteolysis: Insights

and perspectives

Gail V.W. Johnson∗

Department of Psychiatry, University of Alabama at Birmingham, Birmingham, AL 35294, USA

Abstract. In 1992 little was known about the specific protein kinases that

phosphorylate tau and the proteases that regulate tau turnover. Although we had

already demonstrated that tau was a substrate of the calcium-activated protease

calpain (Johnson et al. (1989), Biochem Biophys Res Commun 163, 1505–

1511), our publication entitled, “Phosphorylation by cAMP-dependent protein

kinase inhibits the degradation of tau by calpain” (Litersky and Johnson (1992),

J Biol Chem 267, 1563–1568) was the first demonstration that phosphorylation

by a specific kinase could inhibit the proteolysis of tau by calpain. At the

time these findings suggested that the abnormal phosphorylation of tau in

Alzheimer’s disease brain could result in impaired tau turnover and thus result in

an abnormal accumulation of the protein that could contribute to the formation

of pathological lesions. Since this initial finding, much has been learned

about the proteolysis of tau, not only by calpain, but by other proteases as

well. However, much remains unknown about how phosphorylation regulates

tau turnover in vivo and the specific proteases involved. In this article we

give a brief history of our initial findings and then discuss subsequent studies

from our laboratory, as well as others, on tau proteolysis and modulation by

phosphorylation and how these findings contribute to our understanding of the posttranslational processing of tau in

Alzheimer’s disease.

1. Tau proteolysis by calpain: a retrospect

The decisive year for the field of tau research was

1986, as this was the year that it was first demonstrated

that the major antigenic component of the paired he-

lical filaments (PHFs) and the neurofibrillary tangles

(NFTs) in Alzheimer’s disease brain was hyperphos-
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phorylated tau [13,14,21,41]. Even though tau had

been discovered as a protein factor that facilitated mi-

crotubule assembly in 1975 [40], very little was known

about tau in 1986 other than it was a microtubule-

associated phosphoprotein [5] and that phosphorylation

negatively impacted its ability to promote microtubule

assembly [24]. Nonetheless, soon after the initial dis-

covery, it was speculated that the hyperphosphorylation

of tau might make it more resistant to proteolysis and

thus more likely to accumulate in neurons contributing

to the formation of the PHFs and NFTs. However no

one at the time knew which proteolytic systems were

responsible for the turnover of tau.

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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Fig. 1. Immunoblots of the calpain-induced proteolysis of control tau

(A), tau phosphorylated by the catalytic subunit of PKA (B), and tau

dephosphorylated by alkaline phosphatase (C). Tau was proteolyzed

by calpain at an enzyme-to-substrate ratio of 1:20. Samples were

subjected to SDS-PAGE and immunoblotted (Tau 2, 1:15,000). Re-

actions were stopped at times indicated below each lane. Reprinted

from [25] with permission from the publisher.

Fig. 2. Quantitative analysis of the calpain-induced (1:20, en-

zyme-to-substrate ratio) proteolysis of control tau (open circle), tau

phosphorylated by PKA (closed circle), or tau dephosphorylated by

alkaline phosphatase (open triangle). Reprinted from [25] with per-

mission from the publisher.

Although little was known about the proteases that

degraded tau, in the early 1980’s Nixon and colleagues

provided evidence that neurofilaments, which are also

cytoskeletal proteins, were degraded by a calcium-

activated proteinase [30] and in 1986 Wisniewski’s

group verified that neurofilaments were substrates of

the calcium-activated neutral proteases [27], which are

also known as calpains. Given that calpains are present

in brain at high concentrations with neuronal localiza-

tion [32,39], and it had been demonstrated that they

could degrade cytoskeleton proteins such as neurofila-

ments [27], we decided to test the hypothesis that tau is

a substrate for calpain. For these initial studies we used

two different preparations of tau, both isolated from

bovine brain. We made twice-cycled microtubules and

subsequently purified tau from this preparation, and

also isolated tau from total brain without microtubule

cycling. Using these two preparations we found that

tau was a substrate of calpain, but that the two prepa-

rations of tau showed differential sensitivity to the pro-

tease. Tau isolated from twice-cycled microtubules

was degraded extremely rapidly by calpain, while the

total brain tau was degraded at a significantly slower

rate [19]. This was the first demonstration that tau was

a substrate of calpain and that there were at least two

populations of tau in the brain based on calpain sensi-

tivity. At the time we did not know what contributed

to this differential sensitivity of tau to calpain proteol-

ysis. However, given that Pant had shown the year be-

fore that dephosphorylating neurofilaments increased

their sensitivity to calpain [31] and the fact that tau in

Alzheimer’s disease brain is hyperphosphorylated[14],

we speculated that it was likely that the phosphoryla-

tion state of tau was regulating its sensitivity to degra-

dation by calpain. This speculation was also supported

by the fact that tau that was dephosphorylated bound

microtubules more efficiently, and thus would be ex-

pected to be enriched in the twice-cycled microtubule

tau preparation [24]. This initial finding and subse-

quent speculations are what lead us to carry out the

studies that were published in our classic study [25]

that is highlighted in this special issue of the Journal

of Alzheimer’s Disease. In the next paragraph we give

a retrospective of the studies in this paper.

To examine how phosphorylation affects the prote-

olysis of tau by calpain, we needed to find a protein ki-

nase that efficiently phosphorylated tau. Fifteen years

ago very little was known about the protein kinases

that phosphorylate tau. An earlier study by Pierre and

Nunez [34] had shown that cAMP-dependent protein

kinase (PKA) could phosphorylate tau. This finding

along with the report by Chen and Stracher that phos-

phorylation of actin-binding protein by PKA stabilizes

it against degradation by calpain [3] encouraged us to

examine how phosphorylation of tau by PKA mod-

ulated its susceptibility to calpain-mediated degrada-

tion. In this study we used bovine brain tau isolated

from twice-cycled microtubules and first showed that

tau was efficiently phosphorylated by PKA in vitro and

that this phosphorylation decreased its electrophoretic
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Fig. 3. Autoradiographs of two-dimensional phosphopeptide mapping of tau resulting from basal phosphorylation in situ (a), rolipram (a

phosphodiesterase inhibitor) and forskolin (an activator of adenylyl cyclase) stimulated phosphorylation (b), tau phosphorylated in vitro by PKA

(c), or a combination of (b) and (c) (d). Slices were treated as indicated, and tau was excised from polyacrylamide gels, digested with proteases

and subjected to electrophoresis on cellulose TLC plates, followed by ascending chromatography. Peptides phosphorylated in situ are indicated

by numbers (a, b and d) and peptides phosphorylated in vitro by letters (c and d). Reproduced with permission from Fleming and Johnson (1995),

Biochemical Journal 309, 41–47. c©The Biochemical Society.

mobility. This was intriguing given the fact that the

migration of PHF-tau on SDS polyacrylamide gels was

also reduced, albeit to a greater extent than tau that had

been phosphorylated by PKA [23]. We then went on to

clearly demonstrate that phosphorylation of tau by PKA

increased its resistance to calpain-mediated degrada-

tion (Figs 1 and 2). This was the first demonstration

that phosphorylation of tau by a specific kinase results

in increased resistance to proteolysis by calpain [25].

Interestingly, although calcium/calmodulin-dependent

protein kinase II also phosphorylated tau, phosphory-

lation of tau by this kinase did not alter its sensitivity

to proteolysis by calpain [18]. These data suggest that

the inhibition of calpain-mediated tau proteolysis after

phosphorylation by PKA was a selective rather than

general effect. At the time we hypothesized that ab-

normal phosphorylation by PKA, or other protein ki-

nases, could result in a protease resistant population of

tau, thus increasing tau levels and contributing to PHF

formation in Alzheimer’s disease.

2. Tau phosphorylation by PKA in situ and the

effects of phosphorylation on calcium

dependent proteolysis

After the discovery that phosphorylation of tau

in vitro by PKA increased its resistance to calpain-

mediated proteolysis [25], we wanted to determine

whether tau was an in situ substrate of PKA. To do

this we labeled rat brain slices with 32Pi, activated

PKA by stimulating adenylyl cyclase and inhibiting

phosphodiesterase activity, and subsequently isolated

tau and determined if this treatment increased tau 32P-

phosphorylation. The results of these studies clearly

demonstrated that increasing cAMP levels in the cell

resulted in an increase in tau phosphorylation, and fur-

ther by two dimensional phosphopeptide mapping we

demonstrated that many of the sites on tau that are

phosphorylated in situ in response to activation of PKA

were the same as those phosphorylated by PKA in vitro

(Fig. 3) [9]. We also observed an increase in tau phos-



246 G.V.W. Johnson / Tau phosphorylation and proteolysis: Insights and perspectives

Fig. 4. Asp421 truncated tau constructs are not phosphorylated by GSK3β as efficiently as full-length tau constructs. A. and B. Cells were

transiently transfected with T4L (Tau + exons 2,3 and 10), T4L-D421 (T4-D), T4 (Tau − exons 2 and 3, + exon 10), or T4-D421 (T4-D)

alone, or in combination with glycogen synthase kinase 3β (GSK3β) (The D421 constructs were truncated at Asp421 to mimic caspase-cleaved

tau). The expression level of all tau constructs was similar and GSK3β expression levels were also the same in all the transiently transfected

cells. Representative immunoblots with Tau5/5A6 (Total tau) showed that overexpression of GSK3β reduced the electrophoretic mobility of

T4L and T4 compared with the mobility observed in the absence of GSK3β. A. Phosphorylation of full-length tau (T4L or T4) by GSK3β

resulted in a robust increase in PHF-1 (Ser396/404) and AT180 (Thr231) immunoreactivity compared to that when tau was expressed alone. In

contrast, co-expression of GSK3β with the Asp421 truncated tau constructs (T4L-D4 or T4-D) resulted in minimal increases in PHF1 and AT180

immunoreactivity. The actin blots demonstrate that equal amounts of protein were loaded in each lane. B. Expression of GSK3β also resulted in a

robust increase in the phosphorylation of full-length tau (T4L or T4), but not the Asp421 truncated tau constructs (T4L-D4 or T4-D), at the Tau-1

epitope (Tau-1 recognizes a dephosphorylated epitope so decreased immunoreactivity indicates increased phosphorylation), Thr205 and Ser199.

12E8 immunoreactivity was the same for all constructs in the absence (−) or presence (+) of GSK3β. The actin blots shows that same amount of

protein was loaded in each lane. C. Representative autoradiograph (of 4 separate experiments) showing the phosphorylation of recombinant T4L

and T4L-D421 by recombinant GSK3β in an in vitro kinase assay. The tau constructs were incubated with GSK3β for the times indicated. The

data show that T4L is phosphorylated by GSK3β much more efficiently than T4L-D421. Reprinted from [4] with permission from the publisher.

phorylation in response to increasing cAMP levels in a

cell culture model system [26]. Overall these studies

strongly indicate that tau is an in vivo substrate of PKA.

In 1993 Scott et al. [37] identified the sites on tau that

are phosphorylated in vitro by PKA, and Davies and

colleagues [17] used this information to make antibod-

ies that specifically recognize two of these phospho-

epitopes on tau, Ser214 and Ser409. Davies and col-

leagues then went on to demonstrate that these antibod-

ies stained tau pathology in Alzheimer’s disease brain,

but did not stain normal brain. In addition, they pro-

vided evidence that PKA, as well as a PKA anchor-

ing protein (AKAP79), are tightly associated with NFT

pathology thus suggesting that PKA may contribute to

the abnormal phosphorylation of tau in Alzheimer’s

disease [17]. There is also data to suggest that PKA

may be involved in creating the Alzheimer’s disease-

selective epitope on tau that is recognized by the AT100

antibody [45]. Further, α-synuclein stimulates PKA-

catalyzed phosphorylation of tau [16], which is intrigu-

ing given the recent findings that α-synuclein induces

fibrillization of tau, and α-synuclein and tau co-localize

to filamentous inclusions in the brain [11]. Overall,

these and other studies strongly suggest that PKA phos-

phorylates tau in physiological as well as in pathologi-

cal conditions in vivo.

Although we had clearly demonstrated that tau is an

in vitro substrate of calpain, it was also important to

demonstrate that tau is an in situ substrate of calpain and

that the phosphorylation state of tau regulates its sus-
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Fig. 5. Tau and Tau phosphorylated by glycogen synthase kinase 3β (GSK3β) are cleaved by active caspase-3 at the same rate and to the same

extent. Lysates from cells transfected with either T4L (Tau + exons 2,3 and 10) alone or T4L and GSK3( (T4L/GSK3β) were incubated with

active caspase-3 for the times indicated and subsequently immunoblotted for total tau levels with Tau5/5A6. These data demonstrate that T4L

and phosphorylated T4L are equivalent substrates of caspase-3. Reprinted from [4] with permission from the publisher.

ceptibility to proteolysis. Therefore in our next study

we demonstrated that tau undergoes calcium-dependent

proteolysis in situ, and that increasing the phosphoryla-

tion state of tau significantly inhibits calcium-mediated

proteolysis [26]. Further, we also showed that the

calcium-mediated degradation of tau was blocked by

calpain inhibitors [42]. It is also interesting to note

that in a recent study it was demonstrated that protea-

somal inhibition paradoxically results in tau proteoly-

sis and that this is likely due to calpain activation as

a calpain inhibitor effectively blocked the degradation

of tau in response to proteasome inhibitors [7]. Taken

together, these studies strongly indicate that tau is an

in vivo substrate of calpain. Induction of apoptosis in

granule cells results in the formation of a dephospho-

rylated tau breakdown product, and the formation of

this proteolytic fragment is inhibited by both calpain

and caspase inhibitors indicating that tau is a substrate

of both proteases in vivo [1]. Indeed, in stress-induced

cell death models, tau dephosphorylation appears to

precede proteolysis.

Even though there is good evidence that tau is a bona

fide in vivo substrate of calpain, how site-specific phos-

phorylation modulates calpain-mediated proteolysis in

vivo remains unclear. Differentially phosphorylated fe-

tal tau isoforms are degraded at the same rate by cal-

pain, indicating that these phosphorylation events do

not regulate calpain-mediated proteolysis [29]. How-

ever, it needs to be considered that tau is rapidly de-

phosphorylated postmortem and therefore tau purified

from human brain is not truly representative of the in

vivo phosphorylation state of tau [28]. PHF-tau, which

is extensively phosphorylated, is extremely resistant to

calpain-mediated hydrolysis [29], but whether the re-

sistance of PHF-tau to calpain-mediated degradation is

due to phosphorylation state, conformation state [43,

44] or a combination of both remains to be clearly es-

tablished.

3. Tau proteolysis by caspases

In recent years there have been a growing number of

studies on the proteolysis of tau by proteases other than

calpain, and how phosphorylation affects these cleav-

age events. It is now well-documented that in certain

cell models tau is proteolyzed by caspases in response

to apoptotic-inducing stressors [1,22]. Caspases are a

family of cysteine aspartyl proteases that play critical

roles in apoptosis. The predominant site on tau that

is cleaved by many caspases is Asp421/Ser422 [10].

Using antibodies that specifically recognize tau trun-

cated at Asp421 (and hence caspase-cleaved), it has

been demonstrated that tau that has been proteolyzed

by caspases is present in Alzheimer’s disease brain but

not in control brain [10,35,36], and that most of the

tau pathologies contain caspase-cleaved tau. It is also

intriguing that tau truncated at Asp421 is more fibril-

logenic than full-length tau in in vitro polymerization

assays [10]. Interestingly, tau truncated at Asp421 is

inefficiently phosphorylated both in situ and in vitro

when compared to full-length tau, however phospho-

rylation of tau does not alter its sensitivity to caspase-

mediate proteolysis (Figs 4 and 5). These data sug-

gest that in Alzheimer’s disease brain, tau phosphory-

lation may precede caspase cleavage [4]. It is also in-

triguing to note that a combination of phosphorylation

and cleavage was required to induce the formation of

sarkosyl insoluble tau inclusions in a cell culture model

(Fig. 6) [4], suggesting that caspase cleavage events

and abnormal phosphorylation may synergize to facil-

itate tau fibrillization and aggregation in Alzheimer’s

disease.

4. Tau degradation by the proteasome

There is also evidence that the proteasome may play

a role in regulating tau turnover. In an in vitro assay tau
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Fig. 6. The Asp421 truncated tau constructs become sarkosyl in-

soluble in the presence of glycogen synthase kinase 3β (GSK3β).

A. Cells were transiently transfected with tau constructs alone or

with GSK3β. Cell lysates were then fractionated into soluble,

sarkosyl soluble and sarkosyl insoluble fractions. The expression

of the tau constructs was equivalent for all conditions (Total tau).

Co-expression of GSK3β resulted in both T4L-D421 (T4L-D) and

T4-D421 (T4-D) partitioning into the sarkosyl insoluble fraction.

Even in the presence of GSK3β, the full-length tau constructs were

never observed in the sarkosyl insoluble fraction. B. The sarko-

syl-insoluble fractions from cells transfected with GSK3β and either

T4L or T4L-D421 were probed with the phospho-tau independent tau

antibodies Tau5/5A6 or the phospho-dependent antibodies, PHF1,

phospho-Ser199, 12E8 or phospho-Thr231. These results show that

the T4L-D421 in the sarkosyl insoluble fractions is phosphorylated

at the PHF1 and Ser199 epitopes. The top panel (input) shows that

the amount of tau in the samples was equivalent prior to the prepa-

ration of the sarkosyl insoluble fractions. Reprinted from [4] with

permission from the publisher.

is efficiently degraded by isolated proteasomes [2], the

degradation occurs at both ends of the tau molecule and

relatively stable intermediates are produced because of

the less efficient proteolysis of the microtubule binding

domains [6]. Treatment of human neuroblastoma cells

with the irreversible proteasome inhibitor lactacystin

attenuates the turnover of tau [6]. Likewise, when an

oligodendroglia cell line engineered to overexpress tau

was treated with the proteasome inhibitor MG-132 a de-

crease in tau proteolysis was observed [12]. These stud-

ies suggest that tau may be degraded by the proteasome

through an ubiquitin-independent pathway. However,

more recent studies now suggest that tau may also be de-

graded by the proteasome through ubiquitin-dependent

pathways. The heat shock proteins hsp/hsc70 and

hsp90 bind tau [8,33,38], and this recruits in the E3 lig-

ase CHIP, which results in the ubiquitylation of tau [33,

38]. Overexpression of CHIP has been shown to re-

sult in an increase in tau degradation and a reduction

in the formation of detergent insoluble tau, suggesting

that tau degradation by the proteasome can be ubiquitin

dependent [15]. In one study data was presented sug-

gesting that phosphorylated tau is selectively ubiqui-

tylated by the CHIP-hsc/hsp70 complex [38], however

in another study non-phosphorylated tau was readily

ubiquitylated by CHIP-hsc/hsp70 [33]. Therefore it is

unclear at this point whether or not the phosphoryla-

tion state of tau modulates the process of ubiquityla-

tion and subsequent degradation. Intriguingly, PHF-

tau co-precipitates with the proteasome and proteaso-

mal activity was inversely correlated with the amount

of PHF-tau that co-precipitated. These data suggest

that PHF-tau may inhibit proteasome activity, perhaps

due to the fact that it cannot be efficiently degraded,

and thus contribute to neuronal dysfunction and death

in Alzheimer’s disease brain [20].

5. Summary

There is now significant evidence that tau is an in

vivo substrate of calpain, as well as caspases and the

proteasome. Further, site-specific phosphorylation of

tau regulates its susceptibility to calpain-mediated pro-

teolysis, however whether or not hyperphosphorylation

of specific sites on tau in Alzheimer’s disease brain

make it more resistant to calpain hydrolysis and thus

contribute to the tau pathogenic cascade remains to be

determined. It is also presently unclear how phospho-

rylation impacts tau proteolysis by the caspases or the

proteasome, and how dysregulation of these proteolytic

systems in Alzheimer’s disease may facilitate the for-

mation of tau pathology. Nonetheless, in the years since

our initial discovery that tau is a substrate of calpain

and that phosphorylation by PKA inhibits tau proteol-
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ysis by calpain [19,25] important advances have been

made in understanding the processes that regulate tau

turnover and the role dysregulation of these events may

play in the pathogenesis of Alzheimer’s disease.
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Abstract. Studies of the tau protein and its pathological fate as a neurofibrillary

tangle have been a pillar of Alzheimer’s disease research. The understanding

of the fundamental position that tau occupies in the disease cascade is a tribute

to an international group of scientists who brought rigor, candid assessments

of data, and critical thinking to the problem. The tau pathway winds its way

from astute clinical observations to pathological correlations, from molecular

and cellular experiments to mining informatic data, and from animal behavior

to the biophysics of protein structure. For most the vindication of this tireless

effort will come from tau-based therapies; but for others the remarkable biology

revealed by the Alzheimer disease process has been its own reward.

1. Setting the stage

When I began my post-doctoral fellowship in 1980,

fourteen years had already elapsed since the group of

Roth, Tomlinson, and Blessed began publishing a se-

ries of remarkable papers that paradigmatically im-

pacted the Alzheimer field more than any other work

since Alzheimer himself described the first case of this

disease [5,42,43,48]. Their studies made it clear that

Alzheimer’s disease was not a rare dementing illness in

patients under the age of 65; instead the pathological

process also accounted for the enormous toll of demen-

tia in those over age 65. Perhaps an even more im-

portant conclusion was the suggestion that Alzheimer’s

disease is not the inevitable consequence of aging, but

is a disease to which the elderly are particularly vulner-

able. Despite these startling findings, in 1980 research

in Alzheimer’s disease was conducted by a small com-

munity whose principle meeting venue was an annual

gathering of the American Association of Neuropathol-

ogists. At that time the Society for Neuroscience was

not interested in disease-related research. And nearly

all of the interest in Alzheimer neuropathology cen-

tered on the neurofibrillary tangle, the structure which

Alois Alzheimer had focused upon.

2. Microtubule-associated proteins: MAP2 and

tau are segregated in neurons

Although my assigned project in the lab, under the

direction of Dennis Selkoe involved aluminum toxic-

ity [27], a model believed at the time to have some

relevance to neurofibrillary disease, I pursued a side

project that involved the analysis of post-mortem brain

proteins by two-dimensional gel electrophoresis [26]

and stumbled into an interesting class of proteins called

microtubule-associated proteins (MAPs). This family

of proteins awakened a dual interest that continues to

this day: the role of MAPs in the pathogenesis of neu-

rofibrillary tangles and the role of MAPs in the on-

togeny and maintenance of neuronal polarity. The link

between these two problems – how an axonally com-

partmentalized protein can drive neuritic pathology in
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dendrites-remains unanswered. But I am getting ahead

of myself.

Using the relatively new monoclonal antibody tech-

nology brought to our laboratory by Larry Duffy (now

at the University of Alaska, Fairbanks), I raised an anti-

body to MAP2. Based on immunohistochemical data,

I first thought that MAP2 was associated with the neu-

rofibrillary tangle [28], but this turned out to be in-

correct. However, the MAP2 antibodies revealed the

extra-ordinary subcellular segregation of this MAP by

demonstrating an elaborate portrait of all the dendrites

on a section [15]. Previous approaches such as Golgi

labeling could not label all dendrites in a single section,

and instead tended to reveal very limited populations

of dendrites. Interestingly, this collaboration with the

neuroanatomists, Marta Escobar and Hernan Pimienta,

who were visiting the lab of Verne Caviness at the

Shriver Center from Cali, foreshadowed a long and

highly productive collaboration with many Colombian

scientists, but most notably Francisco Lopera [36].

3. Paired helical filaments are made of tau

polymers

In the early to mid 1980’s we were using a number of

polyclonal antibodies from the Selkoe lab raised against

extracted paired helical filaments. When I applied these

antibodies to our microtubule preparations we obtained

the surprising result that nearly all of the independently

raised polyclonal antibodies reacted with a band on a

gel that corresponded to the tau protein. It was highly

serendipitous that our erroneous earlier suspicion about

the association of MAP2 with neurofibrillary tangles

prepared us for the genuine discovery of the association

of tau with neurofibrillary tangles. The tau protein had

previously been characterized by Don Cleveland while

in the laboratory of Marc Kirschner where they con-

ducted experiments on proteins that co-purified with

microtubules as they were passaged through cycles of

temperature-dependent polymerization and depolymer-

ization [10,11,51]. With additional absorption exper-

iments and the use of tau antibodies we came to the

conclusion that tau protein was a component of the neu-

rofibrillary tangle. With my growing interest in MAPs,

I often spoke to investigators in the cell biology com-

munity who studied microtubules. Among these scien-

tists was a friend and colleague, Lester (Skip) Binder.

As we were preparing our studies on tau for publication,

Skip told me that he and his colleague, John Wood at

Emory, had reached similar conclusions concerning tau

and neurofibrillary tangles. We decided to co-publish

our results [29,52]. At about the same time Grundke-

Iqbal also recognized that tau protein was a component

of the neurofibrillary tangle [17,18], and just before

any of these papers were published Jean-Pierre Brion

reported [6] that tangles can be labeled with tau anti-

bodies. Two years later we showed that the entire tau

protein assembled into paired helical filaments by us-

ing a technique that was novel at the time, epitope map-

ping [31]. Since then many additional epitope specific

antibodies directed against a variety of sites in the tau

protein have been extra-ordinarily revealing. Also in

1988, Yasuo Ihara and Claude Wischik independently

confirmed that tau was the major component of the neu-

rofibrillary tangle. Yasuo, with whom I had shared lab

space while a post-doctoral fellow, fractionated and se-

quenced paired helical filament-derived peptides [23].

Claude Wischik [49,50] in the same year defined a

highly insoluble core component of the paired helical

filaments that consisted of the carboxy terminus of tau.

At the time these data were emerging it was widely

believed that neurofibrillary tangles were made of neu-

rofilament protein. The basis for this belief was first the

somewhat similar appearance of individual paired heli-

cal filaments to neurofilaments by electron microscopy,

and later based on cross reactivity between neurofib-

rillary tangles and some neurofilament antibodies. We

deduced that the basis for this mistaken impression was

the tendency for many neurofilament antibodies that

recognize a phosphorylation site on the neurofilament

to cross react with a phosphorylation-dependent epi-

tope on tau [40]. Another candidate component of

the neurofibrillary tangle was the antigen recognized

by the antibody Alz50 raised in the laboratory of Pe-

ter Davies. This antibody recognized neurofibrillary

pathology very strongly and did so quite early in the

disease process. We showed that the antigen for this

antibody too was tau [41]. By the end of the eighties

it was irrefutable that tau was the principle component

of the neurofibrillary tangle.

4. The neuritic pathology of Alzheimer’s disease is

extensive

Among the monoclonal antibodies we raised was

one to tau called 5E2. With this and other tau an-

tibodies in hand I began a very fruitful collaboration

with two neuropathologists, Neil Kowall and Ann Mc-

Kee at the Massachusetts General Hospital. When

we applied these antibodies to human post-mortem
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Alzheimer brain tissue, we were surprised by the exten-

sive neuritic changes [33,38]. Previously the pathol-

ogy was believed to be confined to the more limited

number of tangles observed within cell bodies or as

vestiges of dead cells called ghost tangles or tomb-

stones. The antibodies dramatically revealed that the

pathology extended to the neuronal processes, which

appeared as swollen dystrophic neurites that often com-

pletely dominated the principle anatomical target areas

of the Alzheimer brain. Not surprisingly these early de-

scriptions of neuritic pathology, referred to as neuropil

threads or curly fibers, foreshadowed another aspect of

the pathology-the loss of synapses [13].

5. Tau inclusions characterize several

neurodegenerative diseases: Common

mechanisms of the ‘foldopathies’

Although the term tauopathy had not yet been coined,

we along with others used antibodies to show that tau

protein assembled into the intra-neuronal inclusions

of other diseases [20,44], as well as morphologically

distinct lesions in Alzheimer’s disease [16,19]. Thus

tau is one of a growing category of proteins that are

predisposed to self-assemble into pathological aggre-

gates. The subset of proteins that are involved in vari-

ous “foldopathies” [32] constitutes a potentially infor-

mative class of proteins for which a common thread

is still lacking. The list of proteins that form disease-

associated intra-cellular or extra-cellular inclusions is

long and still growing, but in this context is notable

for the absence of other proteins which share a highly

homologous tau microtubule binding domain, the core

of the paired helical filament. A prominent example is

the absence of MAP2 in any known pathology related

to misfolding.

This theme of protein self-assembly and the inter-

face of the inclusions with the degradation machinery

of cells has captured the attention of many investiga-

tors. One of the questions posed is whether the inclu-

sions are harmful as toxic moieties themselves or pro-

tective as sequestering small highly toxic oligomeric

precursors as harmless inclusions. Our most recent

work supports the idea that inclusions are sequestered

as a response of the cell to fight back against the gen-

eration of more toxic forms of tau, specifically hyper-

phosphorylated tau monomers or oligomers. These

studies reported the association of PHF tau with Hsc70,

CHIP, and Hsp27 [45,46]. Through folding strategies

with chaperones, through delivery to the proteasome,

and through links to anti-apoptotic pathways the neu-

ron musters many mechanisms to salvage itself in the

face of a precipitant which seems to trigger tangle for-

mation.

6. Molecular techniques deliver a windfall of tau

data

During the intense period of the early eighties, the

techniques of molecular biology were beginning to find

their way into laboratories interested in Alzheimer’s

disease. Rachael Neve while working in the lab of

David Kurnit was a leader in applying molecular tech-

niques to the problems of Alzheimer’s disease. In col-

laboration with Rachael by the end of the decade we

had cloned and sequenced the human tau gene, de-

termined its chromosomal localization [39], identified

its microtubule binding domain [35], and discovered

its developmentally regulated splicing [25]. The in-

sights concerning tau splicing came to me on a very

late night flight to the University of Alaska at Fairbanks

where I was invited by Larry Duffy who had worked in

our group several years earlier. In scrutinizing the se-

quences we had obtained of the tau splice isoforms, and

comparing this sequence to the direct protein sequence

from the highly insoluble protein core of the paired he-

lical filaments (see Fig. 4 in [50]) it was clear that this

core component contained both splice isoforms. Sub-

sequently, both tau splicing and the microtubule bind-

ing domain have become foundational concepts in our

understanding of tau pathology.

Work on the molecular characterization of tau con-

tinued in the lab into the early nineties when we re-

ported the intron-exon structure of the tau gene [2] and

the promoter region [3]. The laborious sequencing of

the enormous intron between the tau exons 9 and 10,

before the availability of all human sequence with just

a few clicks at the keyboard, later contributed to the

identification of the tau mutations in frontotemporal

dementia of the Parkinson type (FTDP).

The concentration of FTDP mutations within the

exon 10 splice site links tau pathology to a ge-

netic theme found among other neurodegenerative

conditions-the gene dose of the pathological protein

is a critical determinant of age-related pathology [47].

Although promoter mutations are most commonly

thought of as increasing gene dosage, splice site mu-

tations can increase the amount of a splice isoform.

Indeed, the splice site mutations in the tau gene in-

crease the amount of four repeat tau,often by very small
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amounts. Because an altered ratio of three to four repeat

tau does not diminish tau binding to microtubules – in

fact, increased amounts of four repeat tau will actually

increase tau microtubule binding in living cells [37] –

the underlying nature of tau pathology is not a defect

in microtubule binding. More likely a small imbalance

in the ratio of three to four repeat tau over long peri-

ods of time can lead to self-assembly of tau monomers

into higher order toxic structures. Some tau mutations

are misense mutations, and among these, some do af-

fect microtubule binding. In these cases, it is likely

that a defect in microtubule binding results in increased

cytoplasmic tau and triggers a final common pathway

related to misfolding and degradation overload.

7. Neuronal polarity: Axonal and dendritic

identity

By 1990, with many molecular tools in hand, we

began to turn our attention to the function of the tau

protein. We had already been struck by the exquisite

segregation of tau and MAP2 into the axonal and so-

matodendritic compartments [30]. The contrast with

the normal compartmentation of tau to the axon high-

lighted the fact that pathological tau in Alzheimer brain

tissue was located in both axons and dendrites. Thus

tau can translocate to the axon despite the presence

of abundant microtubules in the somatodendritic com-

partment to which it is capable of binding through a

microtubule-bindingdomain that is highly homologous

to the corresponding region in MAP2. Furthermore, in

the first report on the localization of the tau mRNA by

in situ hybridization [24], we demonstrated that transla-

tion of tau can extend into the proximal dendrite. This

localization pointed to a possibly vulnerable time in-

terval when tau passages from the proximal dendrite

to its destination in the axon. The interval between

tau synthesis and arrival at its correct cytological locus

may be the moment when pathological self-assembly

is initiated.

In collaboration with Alfredo Caceres in 1990 we

used the emerging antisense technology to demonstrate

that tau has a role in the elongation of the axon after

a cultured neuron elaborates a symmetric array of pri-

mary neurites [7]. Furthermore, the elaboration of den-

drites required the prior elaboration of the axon; how-

ever once the dendrite-like processes appeared, they

could continue to grow in the absence of tau and the

axon [8]. Several years later we learned that the ab-

sence of tau protein could be compensated for by the

presence of an appropriate extra-cellular matrix [14].

A role for tau protein in the genesis of some facets

of axonal identity was again suggested by some very

surprising experiments in an entirely different sys-

tem. Lisa McConologue, while working at what was

a biotech start-up called Athena Neuroscience pre-

pared large amounts of tau protein in baculovirus. The

method requires the expression of a baculovirus ex-

pressing the protein of interest in a host insect cell

called the Sf9 cell. Because the aim is simply to pro-

duce protein and the cells are very hearty, usually little

attention is paid to the appearance of the cells; they are

grown and harvested for their protein products. But

Lisa noticed that the Sf9 cells expressing tau no longer

grew as simple rounded cells, but elaborated long tails.

In a series of publications we characterized these cells

as having certain structural features of an axon [4,21].

Specifically, they elaborated only a single process and

this process was of uniform caliber, contained micro-

tubules with their plus ends oriented aligned distally,

and had a broad flattened region at the tip which was

enriched in actin filaments, but relatively devoid of mi-

crotubules. These results suggested that tau was capa-

ble of establishing an axonal type organization of the

microtubules and transducing that organization for the

generation of a highly specific structure that resembled

an axon. This axon-like structure, which of course

lacked any of the physiological properties of an axon,

was not generated simply by the force of microtubule

elongation, but required a complex interaction with the

actin system and the presence of a growth cone-like

structure at the tip [12,22]. The complementary tech-

niques of antisense suppression in primary neurons and

the expression in Sf9 cells proved a useful paradigm

for insights concerning both tau and MAP2 [9,34].

8. The tau pathway

Needless to say the most satisfactory culmination to

the wealth of data now available on tau will be treat-

ments for patients. The maturation of the tau field

has made it possible to design experiments that ad-

dress treatment. Because tau phosphorylation appears

to be closely linked to the pathology and to the degra-

dation defect we have targeted tau kinases as a possi-

ble treatment. Given the spectacular clinical results of

trailblazing drugs such as Gleevec (imatinib mesylate),

an expanding number of kinases are being targeted by

drug developers in both industry and academia. Select-
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ing one kinase among the many that can phosphorylate

tau as the optimal target requires divining pathogenetic

mechanisms beyond what can deduced from the avail-

able data. Nevertheless, the number of candidate ki-

nases is limited and we have focused on CDK5. Most

recently we have identified several novel inhibitors in

a high through put assay [1] and are now optimizing

these compounds.

The road which began with a curious microscopic

structure called the neurofibrillary tangle has pro-

gressed quite neatly from the discovery of tau protein

as the principle component of the tangle to cloning the

tau gene and characterizing its molecular structure, to

the normal function of tau and ultimately to the exact

mechanism of its dysfunction. The end of the road is

not yet in sight because many questions remain about

tau function and dysfunction. However, the questions

we pose in this field are precise and answerable. Get-

ting these answers involves a flirtation with nature who

from time to time reveals herself a bit and then locks

the door again. By charming her with elegant data she

revealed the FTDP mutations, an extra-ordinary insight

to the pathology, but still not quite enough yet to solve

the disease. Based on this look backward and the rapid-

ity with which new and startling insights have emerged

in a relatively short time, it seems likely that what now

seems mysterious, will soon be clear.
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Abstract. The landmark description of neu-

rofibrillary tangles (NFTs) and senile plaques as

the pathological hallmarks of an unusual form

of dementia 100 years ago by Alois Alzheimer

launched the quest to understand a neurodegen-

erative disorder that now has become a scourge

in the 21st Century due to the unprecedented

increase in human life expectancy since 1900.

Indeed, while there are many benefits to indi-

viduals and society as a whole that will accrue

from the remarkable gains in longevity since

1900, the risk of developing Alzheimer’s dis-

ease (AD) increases exponentially with advanc-

ing age beyond the 7th decade of life. Hence, the prevalence of AD will rise inexorably in the coming decades unless

effective interventions are developed to delay the onset or progression of AD. Widespread international recognition of

the urgency of this problem has accelerated research to discover meaningful therapies for AD, and growing evidence

implicates impairments of axonal transport in mechanisms underlying AD due to pathological alterations in tau,

the building block proteins of NFTs. This brief review summarizes insights into mechanisms whereby pathological

alterations in tau impair axonal transport resulting in neurodegeneration and how these insights are being exploited

now to develop novel therapeutic interventions for the treatment of AD.
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1. Introduction

Alzheimer’s disease (AD) and a number of other neu-

rodegenerative disorders now are known to result from

the aggregation of proteins that misfold and accumulate

as fibrillar amyloid deposits in selectively vulnerable

regions of the central nervous system (CNS) where they

are thought to compromise the function and viability

of neurons and glia (for a recent review, see [5]). For
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example, abnormal tau filaments accumulate in neu-

rons as neurofibrillary tangles (NFTs) while extracel-

lular senile plaques (SPs) are composed of fibrillar Aβ

and both were first recognized by Alois Alzheimer at

the beginning of the 20th Century as the diagnostic

hallmark lesions of AD [5]. Although the discovery

of pathogenic mutations in the genes encoding tau and

the Aβ precursor protein in familial neurodegenerative

disorders definitively implicated these proteins in dis-

ease pathogenesis, the mechanisms whereby brain de-

generation results from NFTs and SPs still is not en-

tirely clear [5]. Since this special issue of the Journal of

Alzheimer’s Disease celebrates the centennial of Alois

Alzheimer’s seminal description of AD by featuring re-

views of the most significant advances in AD research

over the past 100 years, and the role of altered axonal

transport in neurodegenerative diseases also has been

reviewed recently [16], we provide a personal perspec-

tive here of our hypothesis that the impaired ability of

pathologically altered tau to bind microtubules (MTs)

in AD disrupts axonal transport leading to neurodegen-

eration (see Fig. 1). Based on predictions derived from

this hypothesis and extensive data supporting it, we

then discuss why MT binding drugs may be candidates

for the treatment of AD and other related neurodegen-

erative disorders by offsetting the loss of tau function

and maintaining axonal transport in the disease state.

To begin at the beginning for us, we embarked on

studies of AD in the 1980s during the heady and tu-

multuous early days of AD research on the molecular

basis of this enigmatic disorder when the field was in

the throes of a heated and highly disputatious contro-

versy that raged over the role of tau in the formation of

paired helical filaments (PHFs) and NFTs in AD (for an

extensive review of the earlier literature on AD PHFs

and NFTs, see [11]). We vividly recall this time as a

most exciting but very raucous epoch of AD research

when each new molecular advance was welcomed with

an exhilarating sense of awe that AD really could be

“cracked”, but the rush of wonder and amazement at

each new finding by no means diminished the inten-

sity of the contentious debates about the significance

and importance of many of these early molecular ad-

vances. Indeed, although several reports in the late

1980s had already implicated tau as the major building

block of PHFs (reviewed in [11]), this view was hotly

disputed and other potential subunit proteins were pas-

sionately proposed as candidate PHF building blocks

since there was no direct or “iron clad” evidence that

the structural components of PHFs (referred to as A68

at the time) were in fact pathologically altered forms

of tau [11]. Our contribution to the resolution of this

long standing and often “white hot” controversy came

in 1991 when we showed conclusively that abnormally

phosphorylated CNS tau proteins (designated A68, but

later known as PHFtau) form the PHFs in AD NFTs by

providing unequivocal evidence for this at the amino

acid sequence level [9]. This discovery, and our sub-

sequent follow up studies shortly thereafter showing

that the levels of normal tau diminished with increas-

ing accumulations of PHFtau and that PHFtau was un-

able to bind to and stabilize MTs because it was hyper-

phosphorylated relative to normal tau [1,2] prompted

us to pursue a line of research into the mechanistic role

of tau in AD pathogenesis and neurodegeneration that

continues to the present day [12,16,18,19].

These initial observations by our group in the early

1990s led us to hypothesize that the conversion of nor-

mal brain tau into PHFtau disrupts intraneuronal trans-

port due to the depolymerization of MTs as well as

to the occlusion of axons and dendrites by aggregated

PHFs and Fig. 1 here schematically summarizes key

aspects of this hypothesis [1,2,9]. Notably, there are

six soluble tau isoforms expressed in the normal adult

human brain that are generated from a single gene by

alternative splicing, and the normal functions of tau is

to bind to and stabilize MTs thereby maintaining the

networks of MTs that are essential for axonal trans-

port in neurons [11,16]. Thus, several years before

the landmark discoveries in 1998 of tau gene muta-

tions pathogenic for hereditary frontotemporal demen-

tia (FTD) with parkinsonism linked to chromosome 17

or FTDP-17 [3,7,14,17], and the observation that one

of the consequences of these mutations was a loss of tau

function [6], it was appreciated that wild type tau sus-

tained a loss of function that might impair axonal trans-

port thereby leading to a neurodegenerative disease

when tau was altered by pathological processes in AD

such as hyperphosphorylation. Accordingly, our hypo-

thetical model of PHFtau mediated neurodegeneration

in AD predicted the following scenario: 1) the conver-

sion of tau into PHFtau disrupts MT-based transport as

well as physically “blocks” intraneuronal transport due

to accumulations of PHFs within affected neurons and

their processes; and 2) the attendant failure of neurons

to export proteins from the cell body to distal processes

and to retrieve substances (e.g., trophic factors) inter-

nalized at axon terminals compromises neuronal via-

bility. Thus, we proposed that these events alone would

be sufficient to culminate in neuronal dysfunction and

degeneration leading to the onset/progression of AD.

Nearly all of the predictions of this disease model of
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Fig. 1. The misfolding, fibrillization and sequestration of tau into filamentous inclusions is schematically depicted here and, as described in

greater detail in the text, this compromises the survival of neurons by depleting levels of functional tau below a critical point which results in the

depolymerization of MTs and disruption of axonal transport. The brown arrows and text indicate points of potential therapeutic intervention to

ameliorate or reverse tau pathologies and their attendant neurodegenerative consequences.

tau pathology in AD and related tauopathies have been

validated through the generation and study of tau trans-

genic mice (for a recent review, see [12]), and the first

experimental demonstration of AD-like neurodegener-

ation linked to axonal transport failure came from the

studies of a tau transgenic mouse model of AD-like

tau pathologies [8]. Indeed, there appears to be an

emerging consensus that AD and other neurodegener-

ative diseases are linked to impaired axonal transport,

and a special issue of NeuroMolecuar Medicine (e.g.,

Volume 2, No. 2) focused on this topic in 2002 because

of the potential implications of this mechanism of dis-

ease for the discovery of new and better therapies for

AD and other neurodegenerative disorders.

Since the most significant predictions of our tau

hypothesis of AD neurodegeneration were that tau

pathologies would cause brain degeneration by impair-

ing intraneuronal transport thereby compromising the

function and viability of affected cells, we proposed

in 1994 that MT stabilizing compounds such as the

FDA approved anti-cancer drug paclitaxel (Taxol )

could be used for the treatment of AD by offsetting the

loss of tau function following its conversion into PHF-

tau [10]. However, although a steady stream of studies

published throughout the 1990s from our group and a

small number of other laboratories continued to con-

verge in support of the tau hypothesis of AD neurode-

generation [11], tau pathology was widely regarded as

an epiphenomenon by most AD researchers, and this

iconoclastic hypothesis was more often derided than

discussed. In fact, it did not begin to garner broader and

more serious support in the AD research field until very

recently [5,11]. One of the first significant catalysts

that led to a re-assessment of the tau hypothesis of AD

neurodegeneration came from a series of remarkable

discoveries beginning in 1998 showing that mutations
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in the gene encoding tau was pathogenic for hereditary

FTDP-17 syndromes [3,7,14,17] all of which are char-

acterized by prominent tau pathologies in the absence

significant amounts of other disease specific amyloid

lesions [11]. Thus, these findings provided unequivo-

cal proof that tau abnormalities were sufficient to cause

neurodegenerative disease. Since 1998, sporadic FTDs

characterized by prominent tau lesions, FTDP-17 syn-

dromes and the pathological significance of tau abnor-

malities for mechanisms of brain degeneration have be-

come an increasingly intense focus of basic and clini-

cal research. Moreover, there have been extensive ef-

forts to generate animal models of neurodegenerative

tauopathies [11,12]. In fact, the other compelling cat-

alyst for dispelling doubt about the critical importance

of tau pathologies as mediators of neurodegeneration

in AD and other neurodegenerative disorders has been

the successful development of worm, fly and mouse

models of tauopathies that show compelling verisimili-

tude to their authentic human counterparts (for a recent

review, see [12]).

By this time in the recent history of AD research,

there is a growing body of evidence from a number

of diverse lines of research suggesting that brain de-

generation in AD could be a consequence of impaired

intraneuronal transport resulting from loss of function

defects in tau and/or from toxic gains of functions

by pathologically altered tau proteins, including their

propensity to misfold, fibrillize and form NFTs in neu-

rons [5,11,16]. Indeed, recent studies of paclitaxel

(Taxol ) from our group have provided proof of the

concept that MT stabilizing drugs may have therapeutic

potential for the treatment of AD and other neurodegen-

erative diseases with prominent tau pathologies [19].

These studies were based on data summarized above

that linked tau abnormalities to mechanisms underlying

AD as well as to other neurodegenerative tauopathies,

including rare forms of hereditary FTDP-17 caused by

tau gene mutations. As in AD, the neuropathological

hallmarks of these other neurodegenerative tauopathies

are inclusions (mainly, but not exclusively found in

neurons) that are formed by accumulations of patho-

logical tau filaments with properties similar to those of

amyloid fibrils and AD PHFs, including the excessive

phosphorylation of pathologically fibrillized tau. Thus,

the AD-like tau pathologies in these other tauopathies

also result in a loss of normal tau function. As a con-

sequence thereof, axonal transport presumably is im-

paired in these other tauopathies thereby leading to the

dying back of axons as well as to the degeneration of

neurons just like in AD [10,11,16].

Studies we recently reported were specifically de-

signed to test our hypothesis that MT stabilizing drugs

could have therapeutic benefit in AD and related human

tauopathies by offsetting the loss of normal tau func-

tions resulting from the hyperphosphorylation of tau

and its sequestration into tangles [19]. Significantly,

these studies provided the first proof of concept data

validating the use of MT stabilizing drugs to treat AD

and related tauopathies. Briefly, transgenic (Tg) mice

(PrPT44) that model the neuropathologyof human neu-

rodegenerative tauopathies were treated with weekly

intraperitoneal injections of paclitaxel in a micelle ve-

hicle (PaxceedTM; Angiotech Pharmaceuticals, Inc.)

or the micelle vehicle alone for 12 weeks beginning at

9 months of age when disease onset is first detected.

Previous studies of these Tg mice showed that they

developed filamentous tau inclusions in spinal cord at

disease onset in association with reduced numbers of

MTs, reduced fast axonal transport, and impaired motor

behavior [8]. However, treatment with PaxceedTM re-

stored fast axonal transport, increased axonal MTs and

ameliorated motor impairments in tau Tg mice thereby

suggesting that MT stabilizing drugs could have ther-

apeutic benefit for human tauopathies. Notably, the

doses of paclitaxel used in the Zhang et al. study were

far lower than those used to treat cancer, and the treated

mice did not show any evidence of toxicity [19].

Paclitaxel (Taxol ) is a complex diterpene obtained

from the Pacific yew (Taxus brevifolia), especially from

the bark of the yew tree, and paclitaxel is the most well

studied MT binding compound for clinical use (for a re-

view of MT binding drugs, see [18]). Indeed, paclitaxel

was the first compound derived from a natural product

that was shown to stabilize MTs and inhibit cell repli-

cation, and it has become an important chemotherapeu-

tic agent for the treatment of cancer based on its abil-

ity to arrest mitosis by stabilizing MTs in the mitotic

spindle thereby leading to apoptosis [18]. For example,

Taxol has been approved by the FDA for the treat-

ment of a number of malignancies including ovarian,

breast and lung cancers. However, the mechanism of

action of paclitaxel and its cytotoxic action for cancer

chemotherapy are shared by a growing number of nat-

ural products derived from microorganisms, plants and

sponges [18]. For this reason, extensive research is be-

ing conducted to identify synthetic and/or natural prod-

uct derived paclitaxel-like MT binding compounds that

show less toxicity than paclitaxel, an improved ability

to enter the brain as well as elude the multi-drug re-

sistance efflux pump and better efficacy as anti-cancer

therapies [18]. Thus, by providing convincing exper-
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imental evidence supporting the concept that MT sta-

bilizing drugs could be novel therapeutic interventions

in patients with AD or other tauopathies by counter-

acting the loss of function effects of tau pathology and

maintaining the MT network and fast axonal transport

in a mouse model of a neurodegenerative tauopathy,

the study summarized above by Zhang et al. is likely to

stimulate further research on the potential therapeutic

utility of MT binding drugs for treating AD [19]. How-

ever, other strategies to develop novel therapies that

target tau abnormalities in AD already are an increas-

ing focus of AD drug discovery research [4]. Although

further studies of the pharmacobiology of MT stabiliz-

ing drugs in the CNS are needed, the data summarized

here are significant for designing treatments for AD

and other neurodegenerative tauopathies because they

suggest that stabilization of MTs is a “druggable” target

in tauopathies. Further, follow up studies may reveal

that toxicity can be minimized further while produc-

ing therapeutic benefits by using lower, less frequent

doses of MT stabilizing compounds over long periods

of time. Moreover, recent studies by Michaelis and

colleagues indicate that derivatives of paclitaxel can be

generated that cross the blood brain barrier better than

the native molecule, while other in vitro studies sug-

gest that Taxol may ameliorate the toxic effects of Aβ

amyloidosis in AD [13,15].

In conclusion, based on the data reviewed in this per-

sonal perspective on AD research on NFTs and PHF-

tau, we infer that it is plausible MT stabilizing drugs

such as PaxceedTM may be novel candidate compounds

worthy of further investigation for therapeutic poten-

tial in the treatment of patients with neurodegenera-

tive tauopathies, including AD. Indeed, MT stabiliza-

tion may be required to complement other emerging

AD therapies that target other mechanisms of neurode-

generation. Accordingly, the extensive progress in elu-

cidating the role of tau pathologies in mechanisms of

neurodegeneration in AD and related tauopathies since

the initial discovery of NFTs by Alois Alzheimer 100

years ago has created a sense of optimism that these

recent advances will culminate in the discovery of more

effective therapies for these disorders in the near fu-

ture. Thus, while AD research seems less convulsed

now than in previous decades by strident controversies

and stormy debates, the sense of optimism about dis-

covering more effective therapies for AD certainly in-

fuses this field of neuroscience research with the kind

of excitement that has been its trademark since the days

of Alois Alzheimer.
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Abstract. The invitation to contribute to the issue marking the 100th anniversary of

Alzheimer’s disease gave me pause to reflect on the significant milestones in my own

research. This brief and personal description of my laboratory’s search for the cause of cell

dysfunction and death in Alzheimer’s disease marks only highlights, and my apologies to

those whose work I have passed over.

1. Anniversaries

2006 is a significant anniversary year for me too. It

marks the 30th anniversary of my first publication in

the area of Alzheimer’s disease [1], the 20th anniver-

sary of our first paper using monoclonal antibodies to

investigate the disease [2], and the 10th anniversary of

our first publication on mitotic mechanisms [3]. For

me, these mark milestones on my own path of research.

2. The cholinergic hypothesis

The cholinergic deficit in Alzheimer’s disease was

discovered independently and simultaneously in three

labs in Great Britain [1,4–7] in 1976 and 1977. Where

that work has led is now well known to all in the

field: three of the four drugs currently approved by

the FDA for the treatment of Alzheimer’s disease are

cholinesterase inhibitors. Without going into the de-

bate of how well these drugs work, it will be sufficient

to say that they do not produce the kind of improve-

ments we hoped they would achieve. In the late 1970’s,

our neurochemical work was based on the Parkinson’s

disease model: a deficiency in dopamine was discov-

ered, and dramatic improvements in the symptoms of

the disease were achieved by administration of L-Dopa.

We are yet to reach the point in Alzheimer’s disease

research where we can match the efficacy of L-Dopa in

Parkinson’s disease.

The discovery of the cholinergic deficit was an enor-

mous stimulus to basic and clinical research on AD. I

vividly remember a psychiatrist I worked with in 1976

running across the street to buy choline bitartrate from

the local health food store, to attempt “precursor ther-

apy” for Alzheimer’s disease patients. Many simi-

lar attempts (all unsuccessful) followed, using choline

or lecithin (phosphatidyl choline). It was soon after

that trials of physostigmine and other cholinesterase

inhibitors began. Whether or not these are consid-

ered a success, the era of experimental therapy for

Alzheimer’s disease began in earnest in the late 1970’s,

and the pace has picked up considerably since then.

3. But why was there a cholinergic deficit?

The rest of my professional life has been spent essen-

tially working on the same question: why do cholin-

ergic neurons die in Alzheimer’s disease? It was ob-
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vious by 1980 that cholinergic neurons of the ventral

forebrain were a very consistent, identifiable target of

the disease [8,9]. Inspired by work from Zipser and

McKay [10], who made monoclonal antibodies to the

dissected nervous system of the leech, and found anti-

bodies that identified specific subsets of neurons, I won-

dered if it was possible to make monoclonal antibodies

to identify abnormalities in ventral forebrain cholin-

ergic neurons from patients with Alzheimer’s disease.

With help from Susan Roberts and Matt Scharff, Alex

Pruchnicki, Sophia Feisullin, Ben Wolozin and I immu-

nized mice with basal forebrain tissue dissected from

three cases of Alzheimer’s disease. Once the mice had

made high-titer antibodies to the immunogen, we took

the spleens and made hybridomas, screening many hun-

dreds of cell lines for antibodies that would distinguish

AD ventral forebrain from control tissues.

We made many different monoclonal antibodies, to

neurofilament protein phosphorylations [11], and to

galactolipids [12], but the most discrimination between

normal and AD ventral forebrain tissue was shown by

an antibody called Alz50 [2,13]. Much of the work

we and others published on Alz50 in the late 1980’s

and early 1990’s has stood the test of time, but a com-

plete explanation of the specificity of this antibody still

eludes us. Alz50 recognizes a soluble protein that ap-

pears to be absent from the normal brain, and to be

very widely distributed in the AD brain. The anti-

body labeled neurofibrillary tangles, neuritic elements

in plaques, and a very extensive network of neuritic

processes that has previously been largely ignored as a

pathological feature of AD [13,14]. To me, now using

third generation antibodies, the neuritic pathology of

AD stands out as far more extensive than either the tan-

gle or plaque pathology: these lesions appear to be the

tips of a very large iceberg, which extends throughout

the cortex of AD cases. There was also compelling

evidence that the appearance of Alz50 reactivity was

an early event in AD pathology, perhaps appearing be-

fore the classic neurofibrillary tangles [15,16]. It was

several years before we and others were able to work

out that Alz50 recognized a conformational epitope on

the microtubule associated protein tau [17–19]. New

conformation specific antibodies were made [18,19],

and more detailed studies established that indeed the

conformational changes in tau occur before detectable

filament or tangle formation, at least in hippocampal

neurons [20]. Although the references cited have pro-

posed models of folding for tau which may explain

the abnormal conformation recognized by Alz50, MC1

and the other conformation-dependent antibodies, the

molecular details are still uncertain, and we do not have

a clear idea of the mechanism of this abnormal folding.

The early changes in tau conformation led us to the

simple idea that phosphorylation of tau might be re-

sponsible for this change, and many monoclonal anti-

bodies to different phosphorylation sites were made, in

attempts to find evidence for a phosphorylation event

that would clearly precede the conformational changes.

These efforts continue to this day, although there is

yet to be compelling evidence for such a phosphoryla-

tion. The original reasoning behind this work remains

valid: changes in tau phosphorylation and conforma-

tion are among the earliest changes detectable in neu-

rons in Alzheimer’s disease cases. At worst, these are

responses to activation of a biochemical cascade that

leads to cellular dysfunction and ultimately to tangle

formation and cell death. In this interpretation, tau

changes are just an early marker of the activation of

the cascade. Clear identification of the biochemical

pathway leading to these tau abnormalities should of-

fer the chance to climb higher up the cascade. Many

people in those days (and in these) appear to believe

that amyloid-β is at the head of the cascade, but it is

probably well known that I am not among them.

4. The mitotic hypothesis

It was the antibodies to phosphorylation sites on tau

that first attracted the interest of my brilliant young

colleague, Inez Vincent, to examine the possible in-

volvement of mitotic kinases in generation of these epi-

topes [3]. One antibody in particular, TG3 [21] proved

to be a spectacular marker of mitotic cells, and is still

among the best antibodies for specifically labeling the

neuronal and neuritic pathology of Alzheimer’s dis-

ease [3,22]. It also ranks as one of the most popular an-

tibodies we have made in terms of requests from other

investigators. Many groups working in the area of mi-

tosis and anti-mitotic drug development have used this

antibody because of it’s ability to discriminate cells in

M phase from those in any other stage of the cell cycle

(e.g. [23–25].

A handful of laboratories, including mine, continued

to investigate the possible role of mitotic mechanisms

in AD [26–30]. In what for me are a series of clas-

sic papers, Lloyd Greene and his colleagues [31] es-

tablished that in some circumstances, activation of cell

division mechanisms preceded apoptosis of cells in re-

sponse to some stimuli. Evidence for apoptosis in AD

has never been easy to find, especially in post-mortem
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human brain tissues [32], and a variety of mouse mod-

els have been created in part to try to address the issue

of mechanism of cell death. The major problem with

the models that involve amyloid deposition (transgen-

ics with mutant human AβPP genes, for the most part)

is that there is little cell death to investigate. For several

years this has forced investigators to stay with the hu-

man brain to investigate mechanisms of cell death. We

have focused on trying to establish what mechanisms

might give rise to both abnormalities in tau conforma-

tion and phosphorylation, and to amyloid-β deposition.

This vision sees the tangles and amyloid deposits as

the results of activation of a biochemical cascade, and

seeks the pathways that lead to both tau changes and

alterations in AβPP processing. There has been some

progress in this area, and plausible schemes involving

both JNK and Pin1 have been investigated. One of the

most influential papers in this area was the discovery

by Herrup and colleagues that vulnerable neurons in

the AD brain not only show activation of cell cycle

markers, but at least in some cases, show evidence of

DNA replication (S-phase) [33,34]. While it is possi-

ble to argue that some dysregulation of cell cycle pro-

teins in neurons may be of little significance, it is very

hard to dismiss evidence that strongly suggests that

neurons in the AD brain duplicate a substantial propor-

tion of their DNA: can these neurons continue normal

function and survive under these circumstances? This

seems highly unlikely. The “mitotic hypothesis” has

also received support from the recent demonstration

that hypoxia/ischemia in the mouse and rat brain may

also result in activation of the cell cycle, aberrant tau

phosphorylation and DNA replication prior to neuronal

death [35,36].

Human tau transgenic mice appeared to offer an op-

portunity to unravel mechanisms of cell death, espe-

cially after it was shown that some human tau gene

mutations cause massive cell death. A significant frac-

tion of “Frontotemporal” dementia cases are caused by

mutations in the tau gene, cases so named because of

the obvious and massive neuronal death in frontal and

temporal cortex. Curiously, many of these cases do not

have the same substantial tau pathology that character-

izes AD, but show even more neuronal loss in affected

regions than the average AD case. This is perhaps a

hint that tau-mediated cell death does not necessarily

involve tangle formation, as many seem to have as-

sumed. Lewis et al made the first human tau transgenic

to unequivocally show neurofibrillary tangle formation,

using a human tau cDNA containing the P301L muta-

tion [37]. Since that work was published, several other

mice have been made, but few show clear evidence of

neuronal death.

Karen Duff made a human tau transgenic mouse by

insertion of the whole human tau gene into mice, with

levels of expression of the human gene about 4 times

those of the endogenous mouse tau. These mice, which

were called the 8c line, failed to develop any clear ev-

idence of pathology up to almost 2 years of age[38].

Cathy Andorfer, in collaboration with Karen, crossed

the 8c mice with a mouse in which the tau gene had

been disrupted by insertion of the gene for EGFP. After

two crosses, mice were obtained which still expressed

the human tau gene, but had two copies of the disrupted

mouse tau gene: these were called hTau mice. De-

tails of the pathology that develops in these mice have

been published [39,40], but most notable was the ex-

tensive cortical neuronal loss, which exceeded 50% in

the piriform cortex. Andorfer et al. were able to find

evidence of activation of the cell cycle in these mice,

and these therefore appear to be very attractive models

for detailed examination of the mechanism of neuronal

death.

5. But why?

Despite our meandering path, we seem to have

made progress towards understanding why cells die in

Alzheimer’s disease. But I sometimes feel like a three-

year old child, who asks a question, and responds to

every answer with “but why?”. If it is true that activa-

tion of cell cycle components causes neuronal death in

Alzheimer’s disease, what activates this pathway? My

priorities for the immediate future are to try to address

the issue of the functional significance of cell cycle ac-

tivation in neurons, using the hTau mouse and perhaps

other models. Greene and colleagues have performed

elegant studies in this area [41–43], and these will as-

sist our efforts. We have also begun to investigate the

mechanisms that can turn on the cell cycle machinery

in neurons. There are some obvious candidates for

this role, and progress should be rapid in this area. I

hope that 2006 will be another milestone year in AD

research.
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Abstract. Two basic discoveries have spurred research into inflammation as

a driving force in the pathology of Alzheimer disease (AD). The first was the

identification of activated microglia in association with the lesions. The second

was the finding that rheumatoid arthritics were relatively spared from the disease.

These findings spurred the first pilot trial of a classical NSAID in the treatment

of AD. This trial showed promise for indomethacin as a useful therapeutic

agent but appropriate follow up trials have not been done. However, more

than 20 epidemiological studies have since been conducted showing a sparing

effect for antiinflammatories in AD, including four which specifically addressed

the use of classical NSAIDs. Other key findings linking inflammation to AD

pathology are the identification of activated complement fragments, including

the membrane attack complex, as well as inflammatory cytokines in association

with the lesions. In vitro, activated microglia release factors which are toxic

to neurons, and these can be partially blocked by NSAIDs. Future directions

should include a search for other inflammatory mediators in AD and exploitation

of current knowledge to improve available treatments.

Keywords: NSAID, indomethacin, complement, membrane attack complex, immunohistochemistry, reactive microglia

Twelve years ago, Rogers et al. [31] published the

results of a small, placebo controlled, double blind trial

of the nonsteroidal antiinflammatory drug (NSAID)
indomethacin in Alzheimer disease (AD). The in-

domethacin appeared to arrest the mental deterioration

for the six months of the trial, while the placebo group

showed the expected deterioration. The rationale for

this trial was based on two discoveries: one was the
immunohistochemical demonstration of reactive mi-

croglia in AD brains [24,32]; the second was that per-
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sons suffering from rheumatoid arthritis had a greatly

reduced risk of AD [28]. The first was interpreted as

indicating a chronic inflammation in AD brain, while

the second was hypothesized to be due to the chronic

use of NSAIDs [27].

In the ensuing 12 years, there have been a great many

reports confirming and extending evidence for chronic

inflammation in AD brain. The large number of re-

views on the subject (e.g. [8,11,22,30]) indicate that it

is now widely accepted that such inflammation is an im-

portant part of the pathology. Reactive microglia have

been shown to produce large amounts of free radicals

and other neurotoxic substances which kill neurons in

culture [10,17]. Some activated T cells are also found

in the brain parenchyma in AD [20,21,39]. Such cells
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Fig. 1. Relative mRNA levels for amyloid P and C-reactive protein in the hippocampus of AD and control brain (data from [50]).

release inflammatory mediators including the powerful

proinflammatory stimulant γ-interferon.

A key discovery linking inflammation to AD was

the finding that consolidated amyloid β was a powerful

activator of complement [33]. It had previously been

shown that the complement system was activated in

AD [7] but antibodies, which were then considered

to be the main activators of complement, could not

be identified in association with AD lesions. It was

subsequently demonstrated that amyloid β activated

complement by binding to the collagen tail of C1q [44].

This is a different mechanism than classical activation

by antibodies where the globular head of C1q binds to

the immunoglobulin Fc tail.

It has now been shown that the complement cas-

cade can also be activated by other substances such

as the pentraxins (amyloid P and C-reactive protein

(CRP)) [12,15,46]. Upregulation of both pentraxins is

found in AD [50] (Fig. 1). CRP and amyloid P also

activate the complement cascade by binding to the col-

lagen tail of C1q.

The complement system has been shown to be fully

activated in AD. The complement cascade, once acti-

vated, produces anaphylatoxins which promote further

inflammation, opsonizing components which mark ma-

terial for phagocytosis, and the membrane attack com-

plex (the MAC) which is directly lytic to cells. The

MAC inserts itself into viable cell membranes, caus-

ing them to leak and producing death of the cell. It is

intended to destroy foreign cells and viruses, but host

cells are at significant risk of bystander lysis.

Figure 2 illustrates the difference between opsoniza-

tion by the early complement components and the lytic

effects of the MAC. Figure 2(a) shows double im-

munostaining for C4d, a fragment of activated comple-

ment, and complement receptors. C4d attaches cova-

lently to the amyloid deposit, while activated microglia,

which express high levels of complement receptors,

are attacking the deposit by attraction to their ligand.

Figure 2(b) shows a different phenomenon which is

invisible to the stains used in Fig. 2(a). That is the

attack on neurites within the plaque by assembly of

the terminal complement components. The MAC, or

C5b-9, requires a viable membrane surface for this to

take place. A neoepitope on C9 is formed which pro-

duces an opening in the membrane which can cause fa-

tal leakage. The MAC has a very short half life so find-

ing immunohistochemical evidence for its existence in

postmortem AD brains indicates the vigor of the attack.

A more revealing overall index may be the levels of

RNA expression of the complement proteins. There is

a marked upregulation in affected regions in AD [48]

(Fig. 3).

Identification of the MAC attacking dystrophic neu-

rites in AD [19,25,43] provides strong evidence of self

attack in AD. It also provides the only in vivo evidence

linking amyloid β deposits with neurotoxicity. A con-

spicuous shortcoming of the amyloid cascade hypoth-

esis of AD has been the failure of the massive amyloid

deposits in transgenic mice to cause significant neu-

ronal damage or to induce the formation of tangles [5,

36]. One explanation is the relatively weak recognition

by mouse C1q of human amyloid β [43]. The level of

complement activation is therefore less, with concomi-

tant sparing of neurons [5,36]. Nevertheless, comple-

ment may play a role in clearing of amyloid β in trans-

genic mice because crossing them with mice geneti-

cally engineered to overexpress an inhibitor of comple-

ment component C3 results in decreased clearance of

the amyloid β deposits [47]. Alternatively, Fonseca et

al. [9] found no alterations in amyloid β burden and de-
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Fig. 2. Contrast in the immunostaining of AD senile plaques by opsonizing fragments of complement compared with the terminal components

C5b-9. A. Double immunostaining for C4d and CD11c. The opsonizing fragment C4d (light staining) is covalently attached to plaque amyloid

β. Reactive microglia expressing high levels of the complement receptor CD11c (dark staining) agglomerate around the C4d ligand. B.

Immunostaining for the MAC (C5b-9). Dystrophic neurites within the senile plaque are prominently stained, indicating lytic attack on trapped

neuronal processes. Note the very weak immunostaining of neuropil threads in the surround.

Fig. 3. Relative mRNA levels for proteins of the complement cascade in the hippocampus of AD and control brains (data from [48]).

creased neurodegeneration when amyloid-developing

transgenic mice were crossed with C1q knockout mice.

A host of other inflammatory markers have now also

been shown to be upregulated in affected brain areas in

AD. They include many of the inflammatory cytokines

and such inflammatory stimulants as ICAM-1. Alleles

which favor production of IL-1α, IL-1β, IL-8, TNF

and other inflammatory cytokines have been frequently

reported to increase the risk of AD (reviewed in [22]).

In the past 12 years there have also been more than

twenty epidemiological studies showing that individu-

als are spared from AD if they have been taking nons-

teroidal antiinflammatory drugs, or have suffered from

conditions where such drugs are routinely used [29,38,

41,51,52]. Four large epidemiological studies have an-

alyzed the effects of NSAID consumption on AD. The

Baltimore longitudinal study [38] showed a sparing of

approximately 60% amongst NSAID users of greater

than 2 years duration; the Cache County study showed

a sparing of approximately 55% [52]; the Rotterdam

study, where NSAID consumption was verified through

prescription records, showed an 80% sparing [41]; and

the MIRAGE study showed a sparing of 36% [51].

Some [45] have argued that the NSAIDs which seem to

be effective are interfering with amyloid β production

rather than acting as COX inhibitors. However, the

concentrations of NSAIDs required to interfere with

such production are far higher than those achieved in

vivo, whereas the levels which inhibit COX, which are

at least 100 times lower, are in accord with in vivo

levels [16].

The major hypothesis underlying the clinical trial by

Rogers et al. [31] was that antiinflammatories would

slow the progression of AD. Follow up studies over

the past twelve years have been largely negative. Un-

fortunately the major clinical trials have been done

with inappropriate agents or doses which seem subop-

timal considering the available biological and epidemi-

ological evidence. They have included prednisone;

the COX-2 inhibitors celecoxib, rofecoxib and nime-

sulide; and hydroxychloroquine [1,2,34,40]. These

agents were known to be effective in treating arthritic

conditions but there was little or no evidence that they

would be useful in neuroinflammation. Steroids may
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be particularly harmful because they themselves cause

hippocampal damage [13].

As far as selective COX-2 inhibitors are concerned,

they have not been in use long enough for epidemiolog-

ical data to accumulate, but their failure could be pre-

dicted on the basis of immunohistochemical evidence.

Unlike COX-1, which is concentrated in human mi-

croglial cells [14], COX-2 is highly expressed in normal

pyramidal neurons, including pyramidal neurons of AD

cases [49]. Therefore, selective COX-2 inhibitors will

primarily target vulnerable pyramidal neurons rather

than microglia. This, combined with evidence of ex-

acerbation of neuronal death in some animal neuro-

toxicity models following COX-2 inhibition, suggests

COX-2 inhibitors are an inappropriate choice [23].

Hydroxychloroquine is not a general antiinflamma-

tory agent. Its mechanism of action in arthritis is uncer-

tain. It is noteworthy, however, that while its main side

effects are ototoxicity and retinal damage,some include

neuronal damage [37]. Since there is no epidemiologi-

cal or immunohistochemical evidence to support a role

for hydroxychloroquine or other 4-aminoquinolines in

neuroinflammation, the failure to be effective in AD is

disappointing but not surprising.

There have been two further small pilot stud-

ies with traditional NSAIDs since that of Rogers et

al. An NSAID trial, involving the mixed COX in-

hibitor diclofenac combined with misoprostyl, showed

marginally less deterioration in drug compared with

placebo patients, although the data fell short of statis-

tical significance at the p < 0.05 level [35]. A signif-

icantly slower cognitive decline compared to placebo

was reported in a Japanese trial where cases were

treated with a combination of estrogen, vitamin E and

an NSAID [4].

NSAIDs have been shown in vitro to reduce the neu-

rotoxicity of activated microglia toward neuronal type

cells [18]. Properly designed clinical trials of COX-1

inhibiting NSAIDs that reach the brain should be a high

priority for AD. Relatively high doses may be required

due to the strong inflammatory reaction present in es-

tablished AD. Low dosage may have been the problem

in the recent, failed trial with naproxen [3].

Gastrointestinal and other side effects are a prob-

lem with such agents, particularly with chronic use and

in aged individuals [6]. While such side effects are

significant, they may be small in comparison with the

inevitable progression and fatal outcome of AD with

currently approved methods of treatment. In the pi-

lot trials conducted to date, no effort has been made

to prevent or treat such gastrointestinal side effects al-

though doing so would be appropriate. It is possible

that a new class of COX-1 inhibiting NSAIDs, based

on introducing a nitrate ester moiety, may circumvent

the side effect problem. These so-called NO-NSAIDs

have greatly reduced gastrointestinal toxicity [42].

Other types of antiinflammatory agents may be ef-

fective. The spectrum of inflammatory mediators up-

regulated in AD suggests many routes for future ther-

apeutic intervention. It may be that multiple drug ad-

ministration, targeted at different inflammatory mech-

anisms, will prove far more effective than utilization of

any single agent. Agents capable of blocking formation

of the MAC in brain may be a particularly attractive

target. Such drugs might find use in other neurodegen-

erative diseases as well as AD since evidence is now

appearing that inflammation may also play a role in the

progression of various other disorders such as Parkin-

son disease, amyotrophic lateral sclerosis and multiple

sclerosis [26,30].
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Abstract. The identification of cathepsins in amyloid-β plaques revealed broad dys-

function of the lysosomal system in Alzheimer’s disease (AD). Coinciding with the

discovery that proteolysis is required to generate the Aβ-peptide, these findings her-

alded an era of intense investigation on proteases in neurodegeneration. This review

traces lysosomal system pathology from its early characterization to its origins within

two pathways leading to the lysosome, the endocytic and autophagic pathways. An

understanding has grown about how these two pathways are adversely influenced by

normal brain aging and by genetic and environmental risk factors for AD, resulting in

increased susceptibility of neurons to injury, amyloidogenesis, and neurodegeneration.

Keywords: Amyloid-β, cathepsin, apoptosis, endosome, autophagy, necrosis, Alzheimer’s disease, protease, endocytosis

1. Introduction

In the 1950s, when DeDuve discovered lysosomes

containing dozens of protein and membrane-degrading

enzymes, he not only recognized their importance for

maintaining cell homeostasis but also their destructive

potential [47,48]. The application of these findings

to nervous system disease was immediate; discover-

ies followed of lysosomal gene defects causing lysoso-

mal “storage” disorders that were associated with neu-

rodegeneration and cognitive decline. Over the next

decade, germinal work that highlighted the relation-

ship between structure and function of the lysosome

system in normal neurons by Holtzman, Novikoff, and
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Koenig reinforced the link between lysosomal system

dysfunction and neurodegenerative phenomena [84,97,

129]. Possible connections to Alzheimer’s disease

(AD) came from the pioneering ultrastructural descrip-

tions of neurofibrillary degeneration by Terry, Suzuki

and others, who also noted high numbers of acid

phosphatase-positive lysosomal dense bodies in dys-

trophic neurites [164,167].

Despite these auspicious beginnings to lysosomal

system research, a view prevailed that lysosomes and

their enzymes were mobilized mainly at the end stages

of degeneration to scavenge or remove debris and that,

contrary to DeDuve’s proposal, lysosomal proteases

(cathepsins) rarely triggered cell death. Despite a

strong rationale that a protease or protease dysfunction

should be associated with development of neurodegen-

erative diseases, especially in disorders where abnor-

mal proteins accumulate [141], interest in brain pro-

teases lay relatively dormant until the late 1980s when

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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the diversity of proteases and their complex roles be-

gan to be more widely appreciated. Interest in pro-

teases in AD was also fueled at this time by the dis-

covery that amyloid-β peptide was derived by prote-

olytic processing of a larger protein, amyloid-β protein

precursor (AβPP). An international meeting at the NIH

in 1991, dedicated to proteolysis in AD pathogenesis,

heralded a new era of intense research on proteases in

neurodegenerative diseases [125].

As part of early investigations in our laboratory

on proteases of the calpain and lysosomal systems in

neurodegeneration, we raised antibodies to cathepsins

which, when applied to AD brain, revealed robust and

widespread mobilization of the lysosomal system in

neurons [25]. The full report of these findings in 1990

in PNAS [30] stimulated considerable interest in part

because the study represented the initial attempt to link

AβPP processing in brain to the activity of a particu-

lar proteolytic system. Among the findings in this re-

port were that cathepsin-positive (i.e. lysosome-related)

vesicles accumulated in most neurons of targeted brain

regions in AD and that the concentrations of cathep-

sin immunoreactivity in senile plaques were exception-

ally high, an observation also made independently by

Bernstein [11]. Moreover, the cathepsins (Cat) D and

Cat B in senile plaques were shown by histochemi-

cal assays to be enzymatically active and also to be

present extracellularly to some degree. Companion

studies from our laboratory, including mRNA expres-

sion analysis, showed that these changes reflected a

generalized up-regulation of lysosomal system activity

[26,31,37]. These observations have been confirmed

and extended in AD brain and mouse models of AD [12,

86,122], most recently by proteomic analyses of neu-

ritic plaques [106] and by gene expression profiling

studies in single affected neurons in AD brain [22,23,

67], which show that Cat D expression is sustained

at high levels even after the expression of most other

transcripts has declined. Based on these observations,

we proposed that lysosomal system dysfunction, espe-

cially within degenerating or dystrophic neurites, could

impair neuron survival and promote the amyloidogenic

processing of AβPP characteristic of AD neuropathol-

ogy.

Research on the lysosomal system expanded greatly

in the years following our 1990 report, and the cumula-

tive findings underscore the close relationship between

dysfunction of this system and neurological disease,

especially AD. A deeper understanding of the two ma-

jor pathways of the lysosome system, endocytosis and

autophagy, has further clarified how dysfunction of the

lysosomal system is connected to genetic risk factors

for AD and, in turn, to mechanisms of neurodegener-

ation and amyloidogenesis. The emerging trends in

these areas are briefly considered here.

2. The lysosomal system

The lysosomal system comprises a family of com-

municating vesicular compartments that have an acidic

internal pH (3.5–6.0) and contain varying levels of acid

hydrolases. The basic organization of the lysosomal

system is depicted in Fig. 1, although the subcellular

features may vary with the cell type. The lysosomal

system includes those vesicular compartments involved

in endocytosis and autophagy in addition to lysosomes,

the most acidic compartment. Substrate acquisition

and targeting within these interacting pathways occurs

through tightly regulated organellar budding and fu-

sion events. The endocytic pathway is responsible for

internalizing plasma membrane and extracellular ma-

terials into early endosomes and then sorting certain

membrane components back to the surface or to the

trans Golgi network (TGN) for re-use. Most materi-

als internalized through the endocytic pathway, how-

ever, are delivered to the lysosome for processing or

terminal degradation [15,124,161]. To execute these

processing functions, early endosomes mature through

a “multivesicular body” stage to become late endo-

somes that receive acid hydrolases and a proton pump

for acidification from the TGN or by fusing with lyso-

somes. Most proteolytic processing occurs within late

endosomes but the processing of some substrates oc-

curs even in early endosomes where it could modu-

late endosome-mediated signal transduction. Macroau-

tophagy, the most common form of autophagy, is solely

responsible for turning over organelles and shares re-

sponsibilities with the proteasome for processing other

intracellular proteins [55,153,154]. The more general

term, “autophagy”, is used here unless the reference is

to macroautophagy specifically. Dramatic advances in

understanding macroautophagy in yeast [96,118,158],

and now increasingly in mammalian cells [46,104,185],

include the delineation of distinct steps in this process,

beginning with the initial sequestration of cytoplasm

within an elongated enveloping membrane to create the

autophagosome. This earliest subtype of autophagic

vacuole (AV) matures to one of several types of “late”

degradative AVs when it fuses with a lysosome to form

an autophagolysosome, or with a late endosome, to

create an intermediate compartment, the “amphisome,”
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Fig. 1. Representation of the Lysosomal System. The lysosomal sys-

tem is comprised of two main pathways, the Autophagic Pathway and

the Endocytic Pathway as discussed in the text and cited reviews. The

major organelles of the Autophagic Pathway are a pre-autophagic

structure (PAS) which sequesters large areas of cytoplasm within a

double membrane-limited autophagosome (AP). This organelle in-

teracts with either a lysosome to form an autophagolysosome (AL) or

a late endosome/multivesicular body (LE/MVB) to form an “amphi-

some”. Efficient digestion of substrates within these proteolytically

competent compartments, in both cases, yields a lysosome. Inter-

nalized materials entering the Endocytic Pathway in clathrin-coated

vesicles are directed to early (sorting) endosomes (EE). Specific con-

stituents are dissociated within EEs and recycled back to the plas-

malemmal surface and others are targeted further along the path-

way and degraded when EE mature to LE/MVB as they acidify and

receive hydrolases.

before lysosome fusion [9,53,54]. These different lyso-

somal system compartments, each dynamically chang-

ing in substrate and hydrolase composition and inter-

nal pH, represent diverse capabilities for protein pro-

cessing, including a potential for generating pathogenic

polypeptide fragments, especially when the efficiency

of the lysosomal system is impaired, as seen in AD.

3. The lysosomal system, genes, and

neurodegeneration

Endocytosis and macroautophagy are particularly

important to neurons. Unlike most cell types, which

can remove obsolete and potentially deleterious con-

stituents through cell division, post-mitotic neurons

rely mainly on efficient proteolytic systems, like au-

tophagy, to exercise quality control over especially

large volumes of cytoplasm. The extreme polarity of

neurons also imposes high demands on the endocytic

pathway to maintain axons and synapses and transduce

signals over long distances. These specialized needs

of neurons may explain in part why mutations of lyso-

somal system genes seem preferentially to affect the

nervous system and why a surprisingly large number

of the genes and proteins linked to neurodegenerative

disease have functions in the endocytic and autophagic

pathways [124]. A dozen or more lysosomal storage

disorders are associated with prominent nervous sys-

tem degeneration caused by defects in enzymes that

have different functions but share the same lysosomal

localization [70]. Cathepsin D is a ubiquitous lysoso-

mal protease, yet loss of function gene mutations espe-

cially affect the brain and cause progressive degener-

ation of the neocortex and hippocampus [98,120,172,

173]. Intriguing parallels can be drawn between the

mechanisms underlying neurodegeneration in AD and

in another inherited lysosomal disorder. In the juvenile

form of Niemann Pick type C disease (NPC), choles-

terol is mistrafficked in the endocytic pathway and ac-

cumulates in late endosomes and lysosomes leading to

a form of progressive neurodegeneration that is associ-

ated with AD-like pathology, including neurofibrillary

tangles, heightened amyloidogenic AβPP processing,

and endosomal abnormalities characteristic of AD [91,

123].

At least five genes that influence the risk for AD also

influence the lysosomal system and promote its dys-

function. App is triplicated in Down syndrome (DS)

and is believed to drive the early onset of AD in indi-

viduals with DS [110,142]. In a mouse model of Down

syndrome, App triplication is essential for the develop-

ment of endocytic pathway dysfunction, which mim-

ics the earliest known cellular pathology in AD and

DS [32], and possibly for the aging-related neurodegen-

eration of basal forebrain cholinergic neurons [151].

Normalizing App gene dosage without altering the

other trisomic genes ameliorates these pathologies [32].

The E4 isoform of the apolipoprotein E gene (apo E)

is the strongest genetic risk factor for late-onset AD.

Inheritance of one or both copies of this allele accel-

erates and exacerbates endosome dysfunction in early

AD [28] and promotes lysosome instability in cell mod-

els [90]. Mutations of presenilin-1 (PS1) cause early-

onset familial AD (FAD) [105,155] and potentiate lyso-

somal system pathology, amyloidogenesis, and neu-

rodegeneration in this disorder [35]. Recent evidence

suggests that PS1 is essential for normal lysosomal sys-

tem turnover [61,179] and that PS1 mutations in FAD

confer a loss of function on macroautophagy, as dis-

cussed later.

During the last decade, many additional genes have

been proposed to modify risk for AD, but only a few

have a confirmed association in meta-analyses of mul-

tiple studies. Among this very small group are two pro-
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teins associated with lysosomal system proteolysis –

Cat D and cystatin C. AD risk increases in the presence

of a functional Cat D T-224C polymorphism that alters

pro-Cat D trafficking [170] in some populations stud-

ied [43,114,135,136] but not all [13,14,116] although

a meta-analysis of all Caucasian populations (9 stud-

ies) establishes a significant negative association of the

T-224C polymorphism with AD [1]. Cystatin C (cys

C), an endogenous inhibitor of lysosomal cysteine pro-

teases, such as Cats B, S, H, and L, is neuroprotective

in injury settings [132,182]. Meta-analyses of stud-

ies confirm a highly significant protective effect of the

polymorphism of cys C in AD [2,177].

4. Lysosomal system pathology in AD

Building on the initial cathepsin findings in AD

brain, investigators from many laboratories have re-

ported prominent lysosomal system pathology in

mouse models of AD, including both amyloidosis and

tauopathy models [87,92,102,107,119,156]. Involv-

ing more than just degenerating neurons in AD brain,

lysosome proliferation was noted in nearly all neurons

within vulnerable brain regions, including regions af-

fected only at very late stages of the disease [27,29].

These findings and others, which suggested that lysoso-

mal system mobilization precedes neurodegeneration,

encouraged further studies focusing on the initial stages

of AD; these studies uncovered disturbances in stages

of the endocytic pathway upstream of lysosomes aris-

ing exceptionally early in the disease [28]. Beginning

before Aβ is deposited and when soluble Aβ levels

are just beginning to rise, endosomes in many neu-

rons become enlarged due to the increased transloca-

tion of endosome fusion effectors, rab5, EEA-1 and

rabaptin-5 to endosomes [28,36]. Many of these ab-

normal endosomes contain Aβ [33]. Preliminary gene

profiling analyses of single neurons with enlarged en-

dosomes [57] have shown increased expression of rab5

and rab4 at the mRNA level, markers of endosome fu-

sion and recycling, supporting other evidence that neu-

ronal endocytic activity increases very early in AD [34,

36]. In DS, for example, this endosomal pathophysi-

ology develops in some neurons even before birth and

is full-blown by the time classical AD neuropathology

appears [36]. A similar endosomal phenotype also de-

velops in the Ts65Dn mouse model of DS, in which

a critical segment of chromosome 16, the mouse ho-

mologue of chromosome 21, is triplicated [64]. Be-

sides displaying a DS-like dysmorphogenesis pheno-

type, these mice exhibit aging-related neurodegener-

ative changes of basal forebrain cholinergic neurons

(BFCN), hippocampus, and neocortex in the absence
of amyloid-β deposition or NFT formation [83]. Endo-

somal pathology, like that in human AD and DS brain,

appears at an early age in the same neuronal popula-
tions. Notably, both the endosomal abnormalities and

degenerative changes in the BFCN are reversed when

Ts65Dn mice are made diploid for App [32], establish-
ing that App triplication is directly related to endosome

dysfunction and neurodegeneration. The pattern of en-

dosome pathology seen in AD is not seen in normal
aging brain nor has it been seen in other neurodegener-

ative diseases [36] except NPC – a disease that shares

some pathobiological features with AD [91].
The recent surge of interest in macroautophagy has

led to a recognition that this process is frequently
involved in disease states, including AD. Using the

unique morphologies of autophagic vacuoles to de-

tect autophagy in pathological specimens, investi-
gators have reported autophagic vacuole pathology

of varying severity within affected neurons in sev-

eral neurodegenerative states [148]. The macroau-
tophagy pathology in AD brain is particularly strik-

ing [127]. Autophagic vacuoles, representing all stages

of the macroautophagic process from sequestration to
degradation, accumulate grossly in dystrophic neurites.

Lysosomes have long been known to be abundant in

dystrophic neurites but the marked accumulation of au-
tophagosomes that do not have lysosomal hydrolase or

LAMPs, an early stage of macroautophagy, in addition

to “late” AVs, implies delayed or impaired progression
of macroautophagy and possibly dysfunctional prote-

olysis, since early AVs are rarely seen in normal brain.

Although AV accumulations are not specific to the de-
generative phenomena of AD [3,93,143,189], the ex-

tensive neuritic dystrophy [111,152] and the character-

istic gross distension of these neurites predominantly
by AVs in AD are not typical features of other neurode-

generative diseases [8]. The same extensive autophagy
pathology develops in the PS/AβPP transgenic mouse

model of AD [186] and begins to appear at young ages

before amyloid-β pathology indicating that macroau-
tophagy induction is an early response in the disease

and not solely a consequence of amyloid deposition.

Indeed, accumulating AVs are a site of Aβ genera-
tion [186].

5. The lysosomal system and β-amyloidogenesis

Our 1990 PNAS report coincided with emerging in-

terest in the processing of AβPP to Aβ. Although Cat
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D was only one of the many lysosomal enzymes iden-

tified in plaques, its prominence there and its abnor-

mally high expression in neurons in AD prompted con-

siderable attention to this protease as a possible AβPP

secretase [7,62]. Remarkably, Cat D emerged from a

long list of AβPP-cleaving proteases as one of a very

few exhibiting both β-secretase activity toward AβPP

model substrates [100,109,149,180], and γ-secretase

activity which was enhanced by the Swedish FAD mu-

tation [18,39,52,74,109]. Enthusiasm about Cat D

in amyloidogenesis dampened, however, when Cat D

deletion proved to have minimal effects on Aβ secre-

tion [150] and several studies discounted lysosomes as

a site of Aβ generation [75,78]. Following these early

negative findings, a steady flow of evidence has im-

plicated lysosomal system compartments upstream in

the endocytic and autophagic pathways, including the

ones that become morphologically abnormal early in

AD. In AD, Aβ has been identified at three intraneu-

ronal sites within the lysosomal system: rab5-positive

endosomes [34]; autophagic vacuoles [187]; and mul-

tivesicular bodies [165] which could be related to ei-

ther the endocytic or autophagic pathways. It is now

believed that these cellular compartments may gener-

ate Aβ, not necessarily because of their cathepsins, but

because they are also rich sources of β- and γ-AβPP

secretases.

Aβ generation has been proposed to occur in the

ER [40,72], medial Golgi saccules [168], trans Golgi

network [174,181], autophagic vacuoles [187,188]

and endosomes of the endocytic pathway [77,99,160].

Among these sites, only endosomes have been shown

to be altered morphologically before amyloid begins to

deposit in AD brain. Endosomes contain β-site AβPP

cleaving enzyme (BACE) [85,178], presenilin [101],

and AβPP [75,76,128]: also, βCTF, the γ-secretase

cleaved carboxyl terminal domain of AβPP, is gener-

ated directly in endosomes [71,112,113]. Earlier stud-

ies demonstrated that Aβ production falls markedly

when AβPP internalization is reduced by AβPP muta-

genesis or blocking endocytosis [99,139,160] and rises

substantially when endosome function specifically is

modified [71,112]. Notably, Aβ generation increases

substantially when either of the two early appearing fea-

tures of endosome pathology in AD, rab5-driven endo-

some enlargement or MPR-driven increased cathepsin

delivery to early endosomes, is reproduced in cells [71,

112]. Antibodies to the AβPP β-cleavage site, which

target endosomal AβPP processing, significantly lower

Aβ production and are being explored as potential ther-

apeutic immunization strategies [4,134].

The macroautophagy branch of the lysosomal sys-

tem has also been shown recently to be a pathway for

Aβ peptide generation [186,188]. AVs isolated from

several different tissue sources contain all of the com-

ponents required for Aβ generation and are enriched in

components of the γ-secretase complex and presenilin-

dependent γ-secretase activity [138,186,188]. Im-

munoreactivity for these components is robust in AVs

that accumulate grossly in dystrophic neurites within

senile plaques in AD and the PS/AβPP mouse model

of AD. Interestingly, autophagy-related “rimmed” vac-

uoles containing AβPP, Aβ, BACE and presenilin [5,6]

also accumulate in inclusion body myositis, a condition

in which amyloid-β is deposited outside the nervous

system [6]. The localization of Aβ and Aβ-generating

machinery in pathologically accumulating AVs is not

coincidental. Aβ is generated during macroautophagy;

inducing or inhibiting macroautophagy by modulat-

ing mTOR kinase elicits parallel changes in extent of

AV proliferation and Aβ production [186]. Macroau-

tophagy may play a relatively minor role in constitutive

Aβ generation in the normal brain because, at the slow

rates of macroautophagy, AVs do not build up and the

Aβ generated in this system is usually degraded by the

cathepsins in lysosomes [79,80]. In AD, however, the

large accumulations of AVs in dystrophic neurites, re-

flecting delayed maturation of AVs to lysosomes, could

contribute substantially to defective proteolysis and ter-

minal degradation and amyloidogenesis.

6. The lysosomal system, neuron survival, and cell

death

Our 1990 findings implied that, rather than being

simply a scavenging mechanism to remove cellular de-

bris, the lysosomal system mobilization and its im-

pairment in AD, may actively promote disease patho-

genesis not only by accelerating amyloidogenesis but

also by triggering degeneration, as DeDuve predicted.

Attention in the 1990s, however, was being directed

mainly toward the rapidly emerging fields of caspases

and apoptosis. The involvement of lysosomal mech-

anisms in neuronal cell death was slow to be appre-

ciated despite the publication of a seminal paper by

Peter Clarke [41], describing in brain development a

form of programmed cell death, distinct from apoptosis

and associated with intense autophagy and endocyto-

sis, which he termed “autophagic cell death”. Caspase-

independent cell death associated with prominent au-

tophagy has now been validated in various pathological
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settings [16,17,56,163] and the roles of autophagy and

lysosomal proteases in cell death are currently being

investigated intensively. Autophagy may influence cell

survival in different ways depending on the setting. In

most circumstances, macroautophagy seems to be a cy-

toprotective response: failure in this role leads to cell

death by one of several mechanisms. Programmed cell

death involving solely the over-activation of a normally

functioning macroautophagy pathway, as described in

the developing brain by Clarke, seems to be a less com-

mon pattern in the adult mammal; although, it has been

unequivocally demonstrated in cells lacking the capa-

bility to undergo apoptosis [108,157].

In healthy cells, autophagy maintains survival when

supplies of growth factors or nutrients are low by

catabolizing intracellular substrates to replace energy

stores. Autophagy directly protects against apoptosis

by removing failing mitochondria and other factors that

could trigger apoptosis [21,103,169]. Signals on mito-

chondria stimulate autophagy of these organelles [51,

58] and may represent an important cell stress sensor.

The importance of this role in neurons is suggested

by the appearance of activated caspases in autophagy-

derived vacuoles in AD brain [126]. The neuropro-

tective role of macroautophagy is increasingly viewed

as particularly crucial in the aging nervous system.

Cellular aging is associated with cumulative oxidative

damage to proteins and membranes, translational errors

leading to the synthesis of defective proteins, and vari-

ous genetic and environmental insults to organelles and

proteins [20,159,166]. The cell’s survival in the face

of mounting aging- and disease-related insults [162]

is determined in significant part by how well this bur-

den of damaged cellular constituents can be eliminated

by the proteasome and lysosomal systems [10,68,73,

104]. Indeed, stimulating macroautophagy in a mouse

model of CAG-repeat disease has been shown to re-

duce inclusion development and improve neurological

deficits [144,145].

In light of these protective roles, there has been grow-

ing suspicion that the declines in macroautophagy ef-

ficiency during aging [44,45], and impairments of this

process in AD and possibly other neurodegenerative

diseases, reduce neuronal survival in these conditions.

This possibility is reinforced by evidence that PS is

required for macroautophagy and that FAD – related

mutations of PS exacerbate AD pathology, in part by

impeding protein turnover by macroautophagy [186].

Fibroblasts from patients with PS-FAD, when stressed,

accumulate AVs pathologically but display reduced

macroautophagic turnover of proteins consistent with

a block in the macroautophagy pathway. Moreover,

macroautophagy is virtually completely eliminated in

blastocysts lacking PS1 and PS2 genes [186], leading to

decreased turnover of protein substrates and accumula-

tion within AVs [61,179]. Failure of the important cy-

toprotective function of autophagy, therefore, provides

an explanation for the observation that neurons with

FAD mutations of PS are more susceptible to apoptosis.

Altered functioning of endosomes, as observed in

AD, also has consequences for synaptic function and

neuronal survival beyond influencing AβPP process-

ing. Endosomes are particularly important in neurons

in regulating synaptic transmission, levels of receptors

at the cell surface, and retrograde signaling from trophic

factors and other messengers. For example, defects in

endosome function have been implicated in the failed

retrograde NGF signaling and basal forebrain cholin-

ergic neuron degeneration in Ts65Dn mice [42,50].

Moreover, proteins that serve roles in both endocytosis

regulation and cell survival decisions link endosome

dysfunction directly to cell death cascades. ALIX/AIP

(ALG-2 interacting protein/x) regulates through one set

of binding partners the properties of endosomes and

endocytosis, and, separately modulates apoptosis me-

diated by either the type 1A – PI3 kinase pathway [38,

69] or the calcium-binding protein ALG-2 (apopto-

sis linked gene) [117,175,176]. Underscoring this re-

lationship between endocytic dysfunction and neuron

survival are recent reports linking endosome dysfunc-

tion to pathogenesis in several inherited neurodegen-

erative disorders [66,95,140,171], including familial

forms of ALS, primary lateral sclerosis, and hereditary

spastic paraplegia in which the causative mutations are

in genes directly involved in endocytic function [121,

133,183].

Lysosomal system dysfunction has also generated

growing interest as a basis for caspase-independent

forms of cell death. A purely lysosome-initiated cell

death may be achieved by the endocytosis of oxidizable

substrates that selectively injure lysosomal membranes,

cause leakage of Cat B or D, and induce apoptosis

or a mixed apoptotic/necrotic pattern [19,24,63,82,94,

131,147]. HSP70 promotes cell survival by inhibiting

chemical and physical membrane destabilization [130].

Induction of apoptosis under these conditions may be

upstream of p53 [60], cytochrome c release and cas-

pase activation [59,94,146] or downstream from these

events [137]. Endocytosed Aβ1-42, which accumu-

lates in lysosomes of cultured neurons, may exert tox-

icity through this mechanism [184]. Aβ-activated mi-

croglia also release Cat B, which contributes to neuro-
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toxicity [65]. Cathepsins also trigger apoptosis and are

essential to the completion of this process in some cell

systems [19,24,49,81,82,88,89,115,131,147].

7. Conclusion

Interest in the lysosomal system and its cathepsins as

agents and mediators of pathology in disease states has

risen exponentially in the past decade. Nowhere is this

growing interest more apparent than in the investiga-

tion of neurodegenerative diseases. Early studies of the

lysosomal system in AD identified a robust mobiliza-

tion of this system in neurons (e.g., lysosome prolifer-

ation, increased acid hydrolase expression), even in the

most mildly affected cell populations. Later investi-

gations showed that stimulated lysosomal degradation

may be a crucial pro-survival response to accumulating

damaged and defective proteins in aged and diseased

neurons. Mobilization of the lysosomal system in AD

has now been traced to heightened activity and eventual

dysfunction of its two main branches, the autophagic

and endocytic pathways, which serve critical roles in

the specialized functions and survival of neurons, in

addition to protein turnover. The autophagic and endo-

cytic pathways, which are also known to be sites of Aβ

production, begin to fail at the earliest stages of AD.

We are learning that many genetic and environmen-

tal risk factors for AD drive the dysfunction of these

pathways, and thereby promote Aβ generation and,

as importantly, impede the vital signaling and protein

turnover functions of these two pathways. The failure

of the lysosomal system on several different levels in

AD not only increases the vulnerability of neurons to

degeneration but may also trigger and mediate aspects

of cell death.
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personal perspective after 25 years
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Abstract. It is now 25 years since the publication of our original paper investi-

gating the association aluminum with Alzheimer’s disease. This publication re-

ported on the results of scanning electron microscopy coupled with x-ray spec-

trometry microprobe elemental studies of both neurofibrillary tangle-bearing

and tangle-free neurons in the hippocampus of cases of Alzheimer’s disease

and controls. Peaks related to the presence of aluminum were consistently de-

tected within the tangle-bearing neurons. This paper supported the association

of aluminum and Alzheimer’s disease on the cellular level of resolution and

caused considerable interest and discussion. Subsequent work demonstrated

prominent evidence of aluminum accumulation in the tangle-bearing neurons

of cases of amyotrophic lateral sclerosis/parkinsonism-dementia complex of

Guam. This latter observation has now been replicated using five different

forms of microanalysis. Finally, using laser microprobe mass analysis, we

demonstrated that the abnormally high aluminum-related signal which we

originally detected was actually located within the neurofibrillary tangle, itself, and was accompanied by excess

concentrations of iron. Although it is unlikely that aluminum represents an etiologic cause of Alzheimer’s disease,

we believe that this highly reactive element, known to cross-link hyperphosphorylated proteins, may play an active

role in the pathogenesis of critical neuropathologic lesions in Alzheimer’s disease and other related disorders.

1. Introduction

Although the association of aluminum and Alzhei-

mer’s disease did not begin with me, my 1980

paper [19] coauthored with Arnold Brody entitled

“Alzheimer’s Disease: X-ray spectrographic evidence

of aluminum accumulation in neurofibrillary tangle-

bearing neurons”, provided critical data that extended

this association to the cellular level of resolution. The

paper greatly raised the awareness of the association of

this non-essential trace element and Alzheimer’s dis-

ease and has stimulated further research, discussion and

controversy that continue to this day. Over the past 25

years, this paper has been formally cited over 600 times

and literally hundreds of times I have been asked to dis-

cuss it and its implications at meetings and seminars. I

appreciate the opportunity to look back and give some

personal perspectives on the paper and the subsequent

research that it spawned.

2. History of the publication

In 1976, I was recruited as Director of Neuropathol-

ogy at the University of Vermont College of Medicine

in Burlington, VT. At the time, I had no particular re-

search interest in Alzheimer’s Disease or specific plans

to engage in studies on the subject. Soon after I ar-

rived, I met a talented young Assistant Professor in the

Pathology Department, Dr. Arnold Brody. Arnie was

interested in mineral dust-related occupational lung dis-

eases such as silicosis, talcosis, and asbestosis. Work-
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ers in Vermont, a location with active asbestos, gran-

ite, talc and marble quarries and mines, commonly suf-

fered from such occupational lung diseases and this was

the basis for an active Specialized Centers of Research

(SCOR) program at the University of Vermont College

of Medicine funded by the Heart, Lung and Blood In-

stitute of the NIH. At the time, Dr. Brody ran a very

productive facility within Vermont’s SCOR program

that was engaged in the study of human and experi-

mental animal-derived lung tissues using the approach

of scanning electron microscopy coupled with energy

dispersive x-ray microprobe analysis (SEM-XES). We

quickly became friends and as an extension of our

friendship, sought ways in which we could collaborate

scientifically.

Although the microprobe analytic techniques Brody

and others were using were very sensitive, at the

time, very little research had been done employing

SEM-XES to study brain specimens, especially hu-

man tissues. However, I was aware of the publications

emerging from the laboratories of Dr. Donald Crapper-

McLachlan and colleagues in Toronto. In 1973 [2],

they published the results of a study demonstrating that

Alzheimer’s disease brain tissues showed a 2 to 3-fold

increase in aluminum concentrations when compared

to normal control tissues. A subsequent study [3] pro-

vided further data indicating considerable regional vari-

ation in aluminum concentration in Alzheimer’s dis-

ease brain tissue and suggested that the regions with

the highest concentration of aluminum were those con-

taining the greatest number of neurofibrillary tangles

(NFTs). The implication was that aluminum played a

role in the formation of the NFT, a cardinal lesion of

Alzheimer’s disease. The rationale behind these two

studies had been the earlier publications by Terry and

Peña [26] and of Klatzo,Wisniewski, and Streicher [12]

demonstrating the acute induction of widespread NFTs

in cerebral cortical, brain stem and spinal cord neurons

of rabbits following direct exposure of the brain to a va-

riety of aluminum-containing compounds. In the early

years, it was argued that the aluminum-induced tangles

of the rabbit were composed of straight neurofilaments

and therefore were entirely different from that of hu-

man paired-helical filaments [27]. Subsequent studies

by Savory and colleagues [11,23,24] have pointed out

that there are many shared constituents between these

experimental lesions and those of man.

The studies by Crapper-McLachlan employed atomic

absorption spectrometry and provided bulk tissue el-

emental concentrations within relatively small tissue

samples. Inherent in this kind of bulk analysis is the in-

ability to further localize the aluminum being detected

within the sample at the cellular or subcellular level

of resolution. Faced with this data and the obvious

question of where the aluminum was localized in the

tissues, I turned to Dr. Brody and suggested that we

might collaborate and try to investigate this problem

using the microprobe technology available in his labo-

ratory. He agreed to work with me on this but indicated

that although he was an expert on tissue microprobe

studies, he knew little about the brain, Alzheimer’s dis-

ease or how to proceed with the cellular localization we

would require. His prior research experience had been

to identify and characterize inhaled mineral deposits

in lung tissues. The mineral deposits being detected

in the lung specimens he was evaluating were focal

but had extremely high elemental concentrations and

the instrumental detection limits were rarely, if ever, a

problem.

We first had to devise a method to prepare autopsy-

derived brain tissues for SEM-XES analysis. There

were no prior published studies to rely upon and so we

proceeded to develop these ourselves. This involved

using frozen sections of formalin-fixed tissues that were

mounted on one-inch in diameter pure carbon disks.

We decided to concentrate on the hippocampus, where

I knew that many examples of NFTs could be found in

the large pyramidal neurons of the CA1 region. The

sections had to be carbon coated in order to support

electrical conduction through the specimen and allow

for high resolution scanning electron microscopic visu-

alization. This allowed us to clearly visualize the hip-

pocampus and identify pyramidal neurons in the CA1

region. However, with this approach we could not tell

which neurons contained NFTs and which were tangle-

free. This would be needed so that we could compare

the two populations of cells in each case. In order to ac-

complish this, we developed a modified version of the

Bielschowsky silver technique which could be applied

to the sections prior to their being mounted on the car-

bon disks. Once the stained sections were mounted and

placed in the SEM, they could be imaged using a back-

scattered electron detector, which visualizes dense el-

emental concentrations. Using this detector, the NFTs

stood out boldly, with an appearance that was remark-

ably similar to histologic preparations that I was used

to seeing as a neuropathologist (Fig. 1).

With all this preparatory work accomplished, we

were now ready to begin the analytical phase of the

work. In those days, energy dispersive x-ray analyz-

ers were quite primitive, by today’s standards. Today,

one can purchase sophisticated computer-driven pack-
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Fig. 1. Using a combination of scanning electron microscopy

and backscattered electron imaging we could readily identify

NFT-bearing and NFT-free neurons in frozen sections of the CA1

region of the hippocampus, modified Bielschowsky stain.

ages which will examine spectra automatically and de-

tect and quantify the individual elements present. At

the time we were working, the steps for the analysis

of the spectra we collected had to be done individu-

ally and painstakingly by hand. The instrument had

to be carefully aligned and adjusted to maximize col-

lection of a clean spectrum. For such critical issues,

Arnie Brody played an essential role and was a world

authority. When we got stumped, Mr. Joe Geller,

then an analytical specialist working with the JEOL

company, added his considerable technical expertise

and experience. It was also clear that we had added

high concentrations of silver to the tissues and that this

increased the amount of background (non-specific or

Bremstrallüng) x-rays which were produced. We were

concerned that there might have been inadvertent alu-

minum contamination in the stain ingredients and these

ingredients were probed directly, as were non-specific

stain deposits within the tissue sections. Such analyses

never showed evidence of detectable aluminum-related

signals using the same instrumentation.

From the beginning, it was clear that we were at-

tempting to detect very low concentrations of aluminum

in these tissues. This required us to set criteria for

determining whether an aluminum-related peak was

present or not in any particular probe site. These cri-

teria were written down and placed beside the instru-

ment and strictly adhered to in interpreting each spec-

trum we produced. We analyzed hippocampal sec-

tions derived from clinically and neuropathologically

confirmed cases of Alzheimer’s disease and from non-

demented elderly controls. Intact pyramidal neurons

were identified through the three-dimensional scanning

electron microscope mode and then determined to be

either NFT-bearing or NFT-free using the backscattered

electron detector. Once the neuron was chosen for anal-

ysis X-ray spectra were collected and analyzed from

four probe-sites in the “nuclear region” of the neuron

and from its adjacent non-tangled cytoplasm. With

the instrument optimally adjusted, we began to identify

aluminum-related peaks from probe-sites directed to

the nuclear region of the NFT-bearing neurons (Fig. 2).

Under identical analytic conditions, similar peaks were

rarely identified in the uninvolved cytoplasm of the

NFT-bearing neurons or of the NFT-free cells. It is

important to note that we had been working for close to

a year before the problems of sample preparation and

analytic parameters had been worked out and the first

aluminum-related peaks were finally noted. This was a

different era and the demands for positive research re-

sults, needs for scientific productivity, etc., were more

relaxed. We were young and perhaps more patient and

persistent than today’s more frantic pace would allow.

I seriously doubt if we had initiated these studies today,

we would have had the freedom and perseverance to

reach the results we did.

A word about the “nuclear region” and what was

meant by that term. We were probing what had origi-

nally been a cryostat section cut at a thickness of 20 mi-

crons. These sections were stained and then air-dried

resulting in a specimen that was less than 10 microns

thick. At the accelerating voltages we used (25 Kv)

the electron beam likely penetrated through the section

but it is unlikely that sufficient numbers of x-rays with

elementally defining profiles would emerge from the

depths of these sections. Accordingly, we could not tell

with any certainty whether the aluminum-related peaks

we reported were actually coming from the nucleus, it-

self. Rather, these aluminum positive probe sites were

directed to the main perikaryal region, as opposed to the

axon hillock, which was generally chosen as “adjacent

cytoplasm”. Many read our paper and assumed we had

localized the aluminum to the nucleus, itself, which we

were incapable of doing with the analytic approach we

were using, nor had we ever claimed this to be the case.
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Fig. 2. Typical SEM-XES sprectrum obtained from the nuclear

region of an NFT-bearing neuron of a case of Alzheimer’s disease.

Note the aluminum-related peak present.

The paper reported that under carefully controlled

analytic parameters, aluminum-related peaks were

identified in the “nuclear region” of a high percentage

of NFT-bearing neurons of three cases of Alzheimer’s

disease and three non-demented elderly controls. The

probe sites directed to the non-involved cytoplasm of

these NFT-bearing neurons and of adjacent non-tangled

neurons were virtually free of detectable aluminum.

In the paper we also reported data on magnesium and

silicon-related peaks from these probe sites and nei-

ther of these elements showed significant differences in

the resultant peaks emerging from the NFT-bearing and

NFT-free probe sites. An important piece of data was

shown in one of the figures of the paper which demon-

strated the aluminum-related X-ray signal emerging

from a line scan passing through one of the NFT-

bearing neurons (Fig. 3). Here, the aluminum-related

signal showed a dramatic increase when the scan passed

through what appears to be the nucleus of that neu-

ron. This had been one of Joe Geller’s important con-

tributions and, in retrospect, he should have been an

author on the paper. It is important to note that this

line scan reports wave-length dispersive x-ray data re-

lated to the presence of aluminum. The significance

of this aspect of the study was not generally appreci-

ated but bears particular mention. Everyone, including

ourselves, concentrated on our energy-dispersive x-ray

data for the detection of aluminum. That we could de-

tect aluminum’s presence using wave-length dispersive

x-ray analysis, a separate form of analysis using differ-

ent physical principles, served as a significant corrob-

oration of our findings.

Arnie and I collated our data, wrote it up, and sent the

manuscript to Science. After the usual anxious waiting

period, we received three very supportive reviews, yet

the paper was rejected. We were disappointed by this

and wrote to the editor-in-chief pointing to the very

positive reviews as well as indicating that Science had

published Crapper-McLachlin’s original Alzheimer’s

disease bulk aluminum analysis paper [2]. After a short

delay, the paper was then accepted for publication with

very little revision.

Soon after the publication of the paper, I was faced

with a modest number of inquiries from the press.

Some calls came in asking for interviews, comments

and statements on the significance of our findings. We

had not issued a press release about the paper and I was

not ready for the extent of interest in our results. About

three months after the paper appeared, I received a huge

flurry of calls about the work coming from all over the

world. These inquiries asked for my interpretation of

the results with respect to potential hazards of human

exposure to aluminum in the form of pots and pans as

well as other aluminum-containing food substances. I

was puzzled by this renewal of interest and soon found

that Dr. Steven Levick had just published a short letter to

the editor in the New England Journal of Medicine [14]

citing our work and raising the potential health risks of

using aluminum pots and pans. I had never heard of

Dr. Levick but later found out that he was, at the time, a

psychiatry resident at Yale. I later learned that Levick

had also received numerous calls for comments on his

letter. He had not done any research in the area other

than noting that an aluminum pan he used in his hum-

ble resident’s apartment showed considerable erosion

causing him to wonder in a rather public fashion about

where the aluminum had gone and what were the conse-

quences of exposure of this type. Although we had not

discussed the issue directly in our paper, Levick raised

an important issue, namely, could aluminum represent

the etiology of Alzheimer’s disease and did exposure to

aluminum-containing products represent a health haz-

ard. This potential concept really stirred up interest

by the lay press and was like pouring gasoline on a

smoldering fire. The phone calls, interviews, stories

on TV, radio and in the press throughout the world es-

calated and have continued this interest over the years.

As scientists, at times we are often unaware of the im-

pact that our findings may have once they have been

‘set free’ on the public at large and been subjected to

the interpretation of poorly informed and scientifically

naive reporters. We assume that the scientific process

rules the day but as any one who has participated in
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Fig. 3. Line scan through an NFT-bearing neuron, Alzheimer’s disease, showing the aluminum-related wavelength dispersive x-ray signal with

an increase in intensity as it passes through the apparent area of the nucleus. This image was used in Fig. 4 of the original article (reprinted with

permission, Science).

any charged issue knows the process becomes quickly

sacrificed and then subsequently politicized. The press

had taken the story and ran with it; the genie was out

of the bottle and there was nothing I could do to keep

the discussion on a level that was in accord with what

scientific data was available.

3. Subsequent studies

After the paper with Brody appeared, I now wanted

to use this approach to probe other disorders in which

NFTs appeared. This quickly led to an interest in

examining brain tissues from cases of amyotrophic

lateral sclerosis (ALS)/parkinsonism-dementia com-

plex of Guam. ALS/parkinsonism-dementia com-

plex of Guam is a unique neurodegenerative disorder

which appears with high prevalence among the native

Chamorro population living on the island of Guam in

the western Pacific. Clinically and neuropathologi-

cally, it has features of the three major age-related neu-

rodegenerative diseases seen elsewhere in the world,

namely, ALS, Parkinson’s disease and Alzheimer’s dis-

ease. Importantly, the brains of affected individuals

show large numbers of NFTs. I started to contact col-

leagues who had worked on the neuropathology of

ALS/parkinsonism-dementia complex of Guam to see

if I could obtain samples for x-ray microprobe analysis.

Everyone directed me to Dr. D. Carleton Gajdusek, a

Nobel laureate, then at the NIH, as the source of such

tissues. Dr. Gajdusek knew of my work and indicated

that he was anxious to establish a collaboration with

me. Soon a large box arrived in my laboratory at the

University of Vermont containing many brain samples

of both affected cases and Guam-derived controls.

I had asked that Gajdusek send me ALS/parkin-

sonism-dementia complex of Guam cases with particu-

larly dramatic hippocampal NFT formation and Guam

controls that were virtually NFT-free. The ALS/PDC

cases used for this study had such severe pathologic in-

volvement in the CA1 region of the hippocampus that it

could be assumed that virtually all the pyramidal cells

in that region contained an NFT. These cases would be

compared with specimens from Guam natives that were

free of neurologic impairment and showed no NFTs in

the hippocampus. Since all of the identifiable neurons

in the affected cases contained an NFT, the specimens

could be examined as unstained sections. Because the

cases and controls had been fixed and handled in an

identical fashion and no staining procedure had been

used, this effectively avoided any potential controversy

regarding inadvertent post-mortem introduction of alu-

minum to the tissues prior to analysis. We set up the

experiment to analyze the samples in a blinded fash-

ion, namely, the sections were cut without my involve-

ment, coded and then provided to me for probing with-

out my knowing if they were extensively involved by

NFTs or were NFT-free. I can still clearly remember

sitting down at the SEM-XES instrument, introducing

the first specimen into the chamber and turning on the

electron beam. The x-rays were collected from the first

probed neuron and this produced the most prominent

aluminum-related peak I had ever seen coming from

a neuron. It was much greater than anything we had

previously detected in our Alzheimer’s disease-related

work. Other neuronal probe-sites produced similar
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peaks. I quickly changed to the next specimen and

similar peaks appeared. Probes to neurons in the third

specimen were entirely free of such peaks (Fig. 4A,

B). Although we rigorously adhered to examining the

specimens in a blinded fashion, from the first day I was

certain that we had a most significant finding and that

at least in Guam-derived specimens, I could readily

distinguish the tangle-bearing neurons from tangle free

cells based on their aluminum content.

Since we were examining unstained tissue samples,

the lack of silver deposits produced low background

x-ray emissions that were relatively uniform among the

specimens. This meant that we would be able to collect

quantitative data consisting of aluminum-related x-ray

counts following background subtraction. When the

probing of all the samples was completed, the blind was

broken and the data were, as I had originally suspected,

quite dramatic. Probe sites directed to NFT-bearing

neurons of the two cases of parkinsonism-dementia

complex of Guam showed a mean aluminum-related

x-ray count of 236.2 ± 21.3 and 232.1 ± 23.9 whereas

the neuronal probe sites to an NFT-rich case of Guam

ALS emitted a mean aluminum-related signal of 296.3

± 26.2. In contrast, the neuronal probe sites to four

Guam controls without hippocampal NFTs produced a

mean aluminum-related signal of 77.3 ± 7.2. These

differences were highly significant (p < 0.01).

These data were written up in collaboration with

Gajdusek’s NIH group, submitted to Science and the

manuscript was rather rapidly accepted for publica-

tion [20]. The data were dramatic and compared to

our prior Alzheimer’s disease paper the experimental

approach more rigorous and quantitative. Soon after

the paper appeared, Gajdusek asked me to visit the NIH

in order to talk to Dr. Charles Fiori, an NIH scientist

who had raised a number of questions and concerns

about how we had produced and handled our data. Gaj-

dusek was unable to respond to these questions and he

asked me to speak to Fiori and hopefully defend our

paper. Chuck Fiori was a world leader in x-ray micro-

probe analysis and was then in the process of develop-

ing a state-of-the-art laboratory for elemental detection

in cells (he was primarily interested in determining in-

tracellular calcium distribution using a microprobe ap-

proach). Fiori grilled me for two hours on every aspect

of our experimental design and, in particular, how the x-

ray spectra had been produced, collected and analyzed.

At first, he was particularly troubled by our approach,

but most of his concerns appeared to relate to a lack of

methodologic details in the published paper based on

word and style limitations imposed by Science. After

a rather tense and, at times, adversarial discussion of

our work, Fiori said that he basically thought we had

done a good job, considering the equipment we had

available, but that he wanted to attempt to confirm our

results independently, using his own facilities. This led

to Fiori’s confirmation published in the Proceedings of

the National Academy of Science (PNAS) [4] in the

following year. Fiori used X-ray wave-length spec-

trometry (we had used energy dispersive x-ray analysis)

for his study and ultimately, our findings related to in-

creased aluminum concentrations being present in the

NFTs of Guam ALS/parkinsonism-dementia complex

were confirmed using 5 separate physical principles

and were performed in three different laboratories [15,

21,22].

4. Laser Microprobe Mass Analysis (LAMMA)

In the early 1980’s, I learned of a new technology that

had developed in Germany that I thought might assist

us in this work, namely laser microprobe mass analysis

or LAMMA [9]. The LAMMA instrument employs a

focused high energy laser pulse to perforate a semithin

plastic-embedded tissue section and produce a time-

of-flight mass spectrum providing information on the

elemental content of the probed tissue. The instrument

is able to simultaneously detect virtually all positively

charged elements throughout the entire atomic table

with a minimum detection limit for most elements of

less than ten parts per million. The tissue perforation is

directed by a continuous low energy aiming laser and

one can stain the tissue with toluidine blue to allow

for visualization of histologic detail and selection of

specific sites to be targeted for analysis. Finally, the

high energy laser can be focused to a probe-site of

approximately 1 µm in diameter.

Using this technology, we published the results of

probing tangle-bearing and adjacent non-tangled neu-

rons of 10 consecutively accessioned Alzheimer’s dis-

ease cases and showed clear evidence of excess alu-

minum concentrations in the NFT-bearing neurons,

when compared to the next nearest non-tangled neu-

rons [5]. Importantly, the excess aluminum could now

be specifically localized to the NFT, itself. In addition,

we were able to examine the resultant spectra for ev-

idence of abnormal concentrations of many other ele-

ments. Of all the other elements examined, the only

other element that was consistently seen in excess in

the NFT was iron. These confirmatory data, using a

completely different analytic approach, was published
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Fig. 4. Typical SEM-XES spectra obtained from the nuclear region of hippocampal neuron of a Guam control that is NFT-free (A) and a case of

parkinsonism-dementia complex of Guam (B). Note the prominent aluminum-related peak obtained from the parkinsonism-dementia complex of

Guam case which has extensive NFT-formation. Unstained frozen sections, hippocampus.

in 1993. In this paper we also reported obtaining

mass spectra containing prominent mass-27 aluminum-

related peaks from probe sites of hippocampal neu-

rons of Alzheimer’s disease specimens that were snap

frozen, cryosectioned and examined as unstained sec-

tions. These spectra clearly demonstrate that the alu-

minum we were detecting in the NFT-bearing neurons

could not represent a contaminant of fixation, plastic

embedding or toluidine blue staining. We considered

these base-less speculative concerns to represent the

grasping at straws of our critics and were glad we could

finally put this issue to rest.

Once again, I was fortunate to have as a collabora-

tor, Dr. Paul Good, who became an expert in the op-

eration of the instrument, especially in the proper tun-

ing and alignment of the ionizing laser. This allowed

for standardization of the operation of the microprobe

and minimized any day-to-day variations. When the

group at the University of Kentucky failed to replicate

our results [16], it was clear to us that their data had

considerable variability in signal intensity and we sur-

mised that they had failed to learn these lessons [6].

I found it interesting that people would readily accept

our data demonstrating that increased iron concentra-

tions characterized neurofibrillary tangles and encour-

aged further interest in oxidative stress in association

with this lesion [8,10,17]. Despite this, over the years

people have appeared to have trouble considering that

aluminum could also be an important constituent and,

as such, could play an active pathogenetic role in the

disease process.

5. Why has the potential role of aluminum in the

pathogenesis of Alzheimer’s disease been so

controversial?

Over the years, rather vocal criticism of our work

and those of others who began to explore the aluminum

hypothesis became loudly heard at meetings where I

was invited to speak and in the scientific literature. The

source of these criticisms came from a relatively small

number of individuals, many of whom, I later learned,

were serving as paid consultants to the aluminum in-

dustry. I still do not know how many there were but a

few were rather prominent academic figures with con-

siderable influence on the field. At the time, the rules

regarding disclosure of financial ties and conflicts of

interest were not yet in force for authors and speakers at

meetings, and, for the most part, few were aware of this

serious breach in the impartiality of this vocal portion

of the academic community. To my knowledge, none

have ever publicly acknowledged their close ties to the

aluminum industry. I have often wondered if I should

have directly addressed the fact that the most consis-

tent and vocal critics of our findings were also secretly

tied financially to the aluminum industry. Frankly, in

the early days of this work I was naively unaware of

this connection and later I assumed that since our data

showing that aluminum was a constituent of the neu-

rofibrillary tangle, had been properly collected, openly

and honestly reported in major peer-reviewed journals

and were essentially correct, that the validity of our

studies would eventually be known and ultimately ac-

cepted Although today one must be more open in iden-

tifying ties to industry, there is much more pervasive
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support of many phases of academic research by for-

profit companies. However, this represents a Faustian

bargain and is accompanied by pressures to support hy-

potheses which underlie stock prices. Potential profits

or losses loom as not so subtle influences.

Another distracting factor had been the conflicting

data regarding mineral deposits in the cores of se-

nile plaques, as reported by Candy and coworkers [1]

in Newcastle-upon-Tyne. These workers reported the

use of electron probe techniques similar to ourselves

and claimed seeing very high concentrations of alu-

minum and silicon in the cores of senile plaques of

cases of Alzheimer’s disease. These were interpreted

to be aluminosilicate deposits. We attempted to repli-

cate these findings but were unable to identify such

deposits either by SEM-x-ray energy spectrometry or

by LAMMA [25]. Both techniques would have had

sufficient detection limits to identify these elements

had they been present, as reported by Candy. Sub-

sequently, Landsberg and coworkers [13] used a fo-

cused 3 MeV ion beam nuclear microprobe to investi-

gate senile plaques from Alzheimer’s disease cases and

failed to identify evidence of significant amounts of alu-

minum within their specimens. Unfortunately, when

this study was reported in Nature, the authors used their

negative data regarding senile plaques as a basis to ar-

gue that aluminum could not possibly play any role in

Alzheimer’s disease pathogenesis. As we subsequently

pointed out [7], their study dealt only with the trace

elemental content of senile plaques and contained no

data on the elemental content of neurofibrillary tangles.

We were particularly pleased to read the studies of

Murayama and coworkers [18] who published in 1999

on the association of aluminum and Alzheimer’s dis-

ease using a very different approach. They showed that

Morin staining of neurofibrillary tangles (Morin is a

histochemical method for identifying aluminum in tis-

sues) could be abolished by pretreatment of the tissue

sections by the harsh treatment of boiling them in des-

ferioximine, a known aluminum chelator. Further, they

showed that pretreatment of Alzheimer’s disease brain

sections with aluminum-containingsolutions abolished

the immunostaining of the NFTs within the sections by

antibodies directed against hyperphosphorylated epi-

topes. When the sections were then treated with des-

ferioxamine, the immunoreactivity returned, indicating

that aluminum binding favored these hyperphosphory-

lated sites. Finally, they showed that aluminum treat-

ment caused aggregation of paired helical filaments and

that this was reversible by dephosphorylation of the

tangle preparation. This important study strongly sug-

gests that aluminum binding to the neurofibrillary tan-

gle is part of the biology of Alzheimer’s disease and

not a postmortem artifact. It further demonstrates that

aluminum binds to phosphorylation sites, presumably

of tau, causing cross-linking stabilization of this con-

stituent protein, mechanisms we hypothesized many

years ago. Finally, it provides an important indepen-

dent confirmation of our work.

6. Final words

Finally, controversy has also surrounded a mistaken

impression that our data must be interpreted as imply-

ing an etiologic role for aluminum an Alzheimer’s dis-

ease, something we never claimed to be the case. It is

highly unlikely that aluminum represents an etiologic

agent for Alzheimer’s disease. However, based on our

studies, and those of many other workers, it has seemed

to me that aluminum does represent a constituent of

the neurofibrillary tangle and, as such, likely plays a

role in the pathogenetic process leading to the disease.

The concept of aluminum playing an active role in the

pathogenetic cascade does not lessen the potential im-

portance of these findings since, with the exception of

infectious diseases, most approaches to treatment and

prevention of disease relates to an understanding of

pathogenetic mechanisms rather than etiologic ones.

Over the past 15 years there has been a dramatic

increase in our understanding of the genetic factors

which play a role in the development of Alzheimer’s

disease. Despite this considerable scientific progress,

it is highly unlikely that Alzheimer’s disease, an ex-

tremely common late life disorder, is wholly genetic

in its etiology. More likely, Alzheimer’s disease rep-

resents an interaction of both genetic (polygenic) and

environmental factors (with a healthy dose of aging

effects). This interaction of genes and environmental

factors is certainly true for some of the other common

late life diseases such as atherosclerosis leading to my-

ocardial infarction and cancer. With this in mind, it

is important to recognize that our current approaches

to prevention of, for example, coronary atherosclerosis

primarily involve our understanding of relevant envi-

ronmental risk factors (diet, exercise, smoking, etc.)

and their modification by the at-risk patient. This ap-

proach has certainly shown the effectiveness of this ap-

proach in this and other similar disorders of the elderly.

If we are to make progress in devising approaches to

effectively prevent Alzheimer’s disease we must look

for evidence related to relevant environmental factors.
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Unfortunately, we currently have little in the way of

information of the effects of a variety of environmental

factors on the subsequent development of Alzheimer’s

disease. Whether aluminum plays a role in this regard,

despite over 25 years of research and controversy, re-

mains unanswered. It is clear that to disregard the pos-

itive data mentioned here, plus much that I have not

reviewed, leaves a line of research unresolved. It is my

hope that there are young scientists out there who have

the courage to think creatively about these concepts and

begin to investigate the interaction of the brain with a

wide variety of environmental factors. Hopefully, in

that process the role of aluminum in the development

of Alzheimer’s disease can finally be clarified.
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Abstract. Dissection of neurofibrillary tangles has been confounded by the insol-

ubility of their fibers. While the majority of biochemical studies have considered

τ filaments equivalent to neurofibrillary tangles, they forget that the former are

soluble and the latter completely resistant to solvents. What, then, accounts for the

insolubility of neurofibrillary tangles while τ filaments are soluble? Investigation of

these distinctions played a critical role in our findings on proteolytic abnormalities

and oxidative stress.

Alzheimer disease (AD) research began for me

nearly a quarter of a century ago when Iqbal [14] and

Selkoe [31] established that fibers of neurofibrillary

tangles (NFT), paired helical filaments (PHF), were

insoluble in denaturants, a feature prohibiting direct

quantitative biochemical analysis by the approaches

available in the early 1980’s. There were suggestions

that PHF were structurally similar and shared epitopes

with two major cytoskeletal systems of neurons, mi-

crotubules [12,13,15] and neurofilaments [8,9], but that

work was confounded by the low resolution of light mi-

croscopy, which could not identify if immunoreaction

was due to cytoskeletal fibers being intermixed with

PHF. Certainly work showing many of the cytoskeletal

epitopes were stripped with detergents supported this

premise. Pierluigi Gambetti, Lucila Autilio-Gambetti,

Nicola Rizzuto, and I worked to develop ultrastructural

localization of the cytoskeletal elements in PHF and

succeeded in 1985, establishing neurofilaments and mi-

crotubule proteins as insoluble elements of PHF [22].

We showed that the microtubule proteins in PHF were

not tubulin or high molecular weight MAPs but did not

determine the exact microtubule protein in PHF. I did

not think it important to determine the exact protein

since my focus was on the processes that drive abnor-

mal filament formation, which I saw as involving the

microtubule-neurofilament matrix rather than a single

protein, and stressed in this and succeeding papers the

pleotropic change in the cytoskeleton. Yet, even at that

time, we knew it was likely τ , based on an experiment

I performed in 1984 but published in 1989 [20] show-

ing immobilized PHF can be used to immunopurify

antibodies selective for τ . The view of neurofilament-

microtubule (τ ) interaction to form pathological struc-

tures was questioned by those that put the emphasis

on a single protein, τ , and its phosphorylation as the

sole basis of NFT development. In 1986, two articles

claimed that neurofilament epitopes in PHF are not dis-

tinct from τ and represent crossreaction of neurofil-

ament antibodies to τ , due to close similarity of the

sequences of the multiple phosphorylation sites found

in τ and neurofilaments [16,21]. Although subsequent

work by at least three groups showed neurofilament

epitopes in PHF are distinct from τ by several orders

of magnitude [17,20,40], neurofilament involvement

in PHF was subsequently seldom studied. And while

great strides have been made with “τ only”, it was

through broader dissection of the processes involved

in the pleotropic changes in cytoskeletal proteins that

lead to our work on proteolysis [24] and oxidative ab-
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normalities [32,33]. We analyzed and found insolubil-

ity for the filaments of Pick disease [25], progressive

supranuclear palsy [36], and Parkinson disease [7], but,

in contrast, cortical Lewy body disease [3] or Hirano

bodies (Galloway and Perry, unpublished observation)

were found soluble. In 1991, Sharon Greenberg found

a new way to isolate PHF (PHF-τ ), fractions that were

soluble and that subsequently were the standard prepa-

ration for biochemical studies on PHF [11].

As with the τ -only hypothesis, this led to great strides

in our understanding of PHF biochemistry, but at the

cost of discontinuing analysis of the fibers that form

NFT in vivo. NFT fibers vary from straight to PHF [26–

28], extend the length of the neurons, and are insolu-

ble [35]. In constrast, soluble PHF are homogenous

in form and soluble in SDS. Further, their isolation

requires the addition of a detergent to a non-filament

containing supernatant, suggesting soluble τ filaments

result from sarcosyl-induced assembly of τ present in

brain extracts. So while soluble τ has revealed much

of PHF biochemistry, they have not revealed why the

PHF in brain are insoluble and contain numerous com-

ponents of the cytoskeleton beyond τ (e.g. [6]).

The first suggested biochemical mechanism for PHF

insolubility was crosslinking by glutamyl-lysine, bonds

catalyzed by transglutaminase [30]. In vitro, transglu-

taminase can crosslink τ or neurofilaments but in vivo

evidence such as detection of glutamyl-lysine has been

scant. Insolubility resulting from crosslinking is a crit-

ical event, making polymers resistant to removal, thus

inhibiting the normal proteolytic pathways [5]. Ubiq-

uitination of PHF in vivo [19,24] and persistence in

neurons for years [2] suggest NFT are resistant to pro-

teolytic removal. Glycation of PHF [33,39] discovered

in the mid-1990’s provided a basis for insolubility [35]

and resistance to proteolytic removal, as did the sub-

sequent findings of lipid peroxidation related modifi-

cation [29] – all suggesting reactive carbonyls play an

important role in PHF biochemistry. Aldehyde mod-

ifications also play an important role in PHF specific

epitopes, for while several antibodies raised to PHF

recognize phosphorylated τ more than normal τ , they

are phosphate independent. Establishing these epitopes

are induced by the reaction of carbonyls with phospho-

rylated but not non-phosphorylated τ may explain the

phosphorylation requirement for τ in PHF [18]. In-

terestingly, some of the antibodies raised to PHF, e.g.,

Alz50, only recognize intermediates in the reaction of

carbonyls with τ and not highly crosslinked τ [37].

Neurofilaments showed similar properties, with anti-

bodies raised to NFT recognizing normal neurofila-

ments, but not τ , following carbonyl treatment of phos-

phorylated NFH [23,34]. In both τ and NFH, lysine

residues are critical for carbonyl reactivity and may

involve the lysine of the phosphorylation site of KSP

in NFH and KXSP in τ [37]. NFH modification by

carbonyls is not restricted to AD, but is also prominent

in neurofilaments of the major axons throughout the

body, with similar levels during aging suggesting a reg-

ulated process, with phosphorylation being the major

mediator [38].

Oxidative crosslinks are a property of NFT and ox-

idation can increase insolubility, but the two proper-

ties have not been quantitatively linked. As with all

inclusion fibers a rigorous accounting of composition

and posttranslational modifications remains to be per-

formed. With the evolution of powerful analytical ap-

proaches (i.e., mass spectroscopy), it seems dissec-

tion of filament insolubility will be conquered in the

coming years. Hints can be drawn from analytical

approaches that revealed a major lipid component in

PHF [10], solubility in base [35] and precipitation of

soluble PHF-τ by the detergent sarcosyl [11]. Paral-

lels can also be drawn from senile plaques where the

oxidative crosslink dityrosine increases insolubility in

vitro but yet is only detected in vivo at low levels [1,

4] (Perry and Chen, unpublished observations). There

too, amyloid is but one of numerous components of

senile plaques, a topic for another day.

PHF insolubility remains an important issue. The

contribution of phosphorylation, oxidation, deamida-

tion, lipid, or yet to be identified factors will continue

to be an active area and a major focus of my labora-

tory for the foreseeable future. Balancing reduction-

ist progress with natural complexity will continue to

confound modern biology as it has for over a half cen-

tury. Added knowledge will surely tilt the balance to

understanding.
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Abstract. The role of oxidative stress in the pathogenesis of Alzheimer

disease has gone from epiphenomena to phenomena. This transition, from

disregarded to accepted theory, started in the early-mid 1990s and was ac-

celerated by a number of reports in the literature showing that redox-active

sources of transition metals, such as iron, were increased in the brain at early

stages of disease. As such, it became apparent that not only was there damage

but, more importantly, the machinery to exact such damage was ever present.

In this review, the author chronicles his personal perspective on the past,

present, and future of oxidative stress in Alzheimer disease.

Scientists tend to be resistant to new ideas, likely in

fear of losing ground to the competition [1]. However,

scientists are even more resistant to old ideas formerly

dismissed, likely in fear of looking foolish. In the early

1990’s, oxidative stress clearly fell into the latter cate-

gory. The seminal observations of Ralph Martins [2],

Kurt Jellinger [3], and Bill Markesbery [4], were, much

like our own observations [5], dismissed as an epiphe-

nomena [6]. In my opinion, a great deal of this bias

was based on the notion that senile plaques and neu-

rofibrillary tangles (NFT) were long-lived and hence

“expected” to accumulate oxidative damage in much

the same way as other long-lived proteins such as colla-

gen [7]. Additionally, the cloning of amyloid β protein

precursor (AβPP) [8] and toxicity of amyloid-β in vitro

through an oxidative mechanism [9,10] clearly (sic)

placed oxidative stress as a secondary event. This was

the era of amyloid-β and all other theories were hidden

by its shadow. Yet, from the shadows emerged an accu-

mulating body of data that refused to be ignored. Key

to this, in my opinion, was the initial demonstrations by

Barry Halliwell, Kurt Jellinger, Dan Perl, and Jim Con-

nor, among others, that iron, a chemically-irrefutable

source of oxidative stress, was elevated in the brains

of individuals with Alzheimer disease (AD) [3,11–15].

Standing on the shoulders of such giants,our paper [16],

published much later I might add, on face value added

little, but on reflection, proved to be a real turning point

for the study of oxidative stress in AD and this, more

than anything, accounts for its high impact (citation-

based) to the field. To my mind, our paper, modesty

aside, was a “tipping point” that provided an “in your

face” graphic representation of redox-active iron in AD

versus aged control brain (Fig. 1). The latter aspect

concerning “true” redox activity was later proven by

Sayre [17]. With an increased source of radical produc-

tion, the concept of the brain simply rusting over a long

period (i.e., slow protein turnover of lesion-associated

proteins) was rejected and oxidative stress came to be

viewed as much more dynamic process.

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved



306 M.A. Smith / Oxidative stress and iron imbalance in Alzheimer disease

Fig. 1. Histochemical detection of iron in AD (A) compared with control cases (B) show striking association of iron with neurofibrillary tangles

(arrowheads) and senile plaques (arrows) characteristic of the AD brain. (Scale bar = 200 µm.) From Proc Natl Acad Sci USA 94:9866–9868,

1997. Copyright 1997 National Academy of Sciences, USA.

Fig. 2. Lesion-associated iron (see Fig. 1A) could be completely stripped with deferoxamine (A) but readily rebound to the same sites following

incubation with iron(III) citrate and iron(II) chloride (B). * indicates landmark blood vessel in adjacent section. (Scale bar = 100 µm.) From

Proc Natl Acad Sci USA 94:9866–9868, 1997. Copyright 1997 National Academy of Sciences, USA.

With increased iron in the brain of individuals with

AD, the realization came that the reported beneficial

effects of desferoxamine, used primarily to chelate alu-

minum during the 1980’s (reviewed in [18]), were most

likely beneficial because of iron chelation (Fig. 2). To

this day, I find it strange that desferoxamine or other

chelator studies, despite reported efficacy, were not

followed up based on trends in our perceived under-

standing of the disease. Thankfully, efficacy rather

than mechanistic knowledge drove our predecessors in

drug development, otherwise aspirin, may have never

seen the light of day. This aside, based on increased

iron in the brain of individuals with AD, the door was

now open and other redox-active metals, most notably

copper, emerged as important contributors to the dis-

ease [19]. With this, chelation therapy is now back in

vogue and clinical trials are ongoing.

Is the giant, namely amyloid-β, involved in iron/oxi-

dative stress? As previously indicated, amyloid-β can

cause oxidative stress in vitro and this “toxicity” is re-

lated to its ability to bind to iron [20,21]. However, cell

culture studies aside, what happens in vivo? Is amyloid-

β or amyloid-β/iron linked to oxidative stress? The

answer depends on whether you look for “RUST” or

“FUSS”! Rust, as any car owner can readily attest, tends

to be cumulative, and exponentially so. Proponents of

the rusting notion were somewhat correct; long-lived

proteins do accumulate oxidative damage. However,

this is not where the majority of iron, or for that matter

the majority of the oxidative damage, is aberrantly lo-

calized [22]. Therefore, another key “tipping point” in

our story was the finding of oxidized RNA in neurons

in AD [23] and Down syndrome [24]. Since RNA is

rapidly degraded (i.e., turned over), looking at its ox-

idation state gave investigators the opportunity to see

a “snapshot” of ongoing oxidative stress as opposed to

the cumulative history of such stress. In other words,

one could directly visualize the current status of redox

balance/oxidative stress. Doing so revealed extremely

novel insights regarding the pathogenesis of AD. First,

oxidative stress is among the earliest, if not the earli-

est, change in disease pathogenesis [25]. Second, RNA

serves as a major iron binding molecule in AD [22].

Third, and perhaps of most import, oxidative stress is

inversely related to amyloid-β and tau pathology [25,

26]. The latter findings showing that oxidative stress

is lowest in neurons containing intracellular amyloid-

β or phosphorylated tau indicated that not only is the

pathology of the disease secondary to oxidative stress

but that it serves to attenuate such stress. Indeed, in

light of seminal findings by Jesus Avila showing that

oxidative stress can lead to tau phosphorylation and ag-
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gregation to PHF [27,28] and other groups, including

the initial demonstration by David Stern and Shi Du

Yan, showing that oxidative stress leads to increased

levels of amyloid-β in culture [29], there emerges a pic-

ture whereby oxidative stress both precedes amyloid-β

and tau phosphorylation [25,30] and serves to increase

amyloid-β [31] and tau phosphorylation [27]. Most

importantly, however, such increases in amyloid-β and

phosphorylated tau are then associated with decreases

in oxidative stress [25]. This led us to propose the con-

cept that amyloid-β and tau are not only secondary but

also a protective response mounted by the brain in an

effort to lessen oxidative damage [21,26,32–37]. View-

ing amyloid-β and tau as antioxidants provides an ex-

planation for the in vitro “oxidative” effects of amyloid-

β (since all antioxidants are, by definition, also prooxi-

dants dependent on environment) as well as the in vivo

antioxidant properties of amyloid-β. Therefore, as we

celebrate the 100th anniversary of Alois Alzheimer’s

original paper describing the pathological lesions, we

find ourselves at a crossroads, namely is the pathology

a harbinger of disease or a protective response to the

disease. The latter would represent a major paradigm

shift but, I ask, after 100 years, is it not about time!?
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Abstract. Glycogen synthase kinase-3 (GSK-3) is a pivotal molecule in the de-

velopment of Alzheimer’s disease (AD). GSK-3β is involved in the formation of

paired helical filament (PHF)-tau, which is an integral component of the neurofib-

rillary tangle (NFT) deposits that disrupt neuronal function, and a marker of neu-

rodegeneration in AD. GSK-3β has exactly the same oligonucleotide sequence as

tau-protein kinase I (TPKI), which was first purified from the microtubule fraction

of bovine brain. Initially, we discovered that GSK-3β was involved in amyloid-β

(Aβ)-induced neuronal death in rat hippocampal cultures. In the present review,

we discuss our initial in vitro results and additional investigations showing that Aβ

activates GSK-3β through impairment of phosphatidylinositol-3 (PI3)/Akt signal-

ing; that Aβ-activated GSK-3β induces hyperphosphorylation of tau, NFT forma-

tion, neuronal death, and synaptic loss (all found in the AD brain); that GSK-3β

can induce memory deficits in vivo; and that inhibition of GSK-3α (an isoform of

GSK-3β) reduces Aβ production. These combined results strongly suggest that GSK-3 activation is a critical step

in brain aging and the cascade of detrimental events in AD, preceding both the NFT and neuronal death pathways.

Therefore, therapeutics targeted to inhibiting GSK-3 may be beneficial in the treatment of this devastating disease.

Keywords: GSK-3β, NFT, Aβ, AD, tauopathy

1. Introduction

Multiple lines of evidence suggest that modification

of tau is critical in Aβ-induced neurofibrillary tangle

(NFT) formation and neuronal loss, although tau abnor-

malities do not appear to be the single causative factor

in AD. First, increasing deposition of tau is found in

the brain during aging and neuronal death is observed

in the same brain regions as NFTs; both neuronal death

and NFTs correlate with duration and severity of illness

in AD, although the amount of neuronal death is many

times more than the number of NFTs [24]. Second, a

tau mutation was recently identified as the causal factor

in frontotemporal dementia parkinsonism-17 (FTDP-

17), a dementing disease with NFT formation and neu-

ronal loss [23,35,36,39,74,85]. The elucidation of mu-

tated tau in FTDP-17 conclusively demonstrated that

tau dysfunction or abnormality alone could induce neu-

rodegeneration characterized by NFTs and neuronal

death and leading to clinical dementia, similar to that

found in AD. Third, although the generally accepted

amyloid-β hypothesis asserts that Aβ is the initiator of

the neuronal death and NFT formation [29,70], Aβ did

not cause neurotoxicity in primary neuronal cultures

from tau knockout mice [66].

Thus, although Aβ may initiate the AD cascade, tau

must be a critical step, and the parallel pathways of

NFT formation and neuronal death occur only after tau
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is modified. Phosphorylation is the major modification

of the tau protein present in NFTs, and hyperphospho-

rylation of tau has been shown to be the critical step in

NFT formation. Thus, phosphorylation of tau and NFT

formation are useful in investigating mechanisms and

pathways of neurodegeneration, and provide potential

therapeutic targets.

One of the kinases that can phosphorylate tau in vivo

is glycogen synthase kinase-3β (GSK-3β). GSK-3β

was first called tau protein kinase 1 (TPK1), and iden-

tified from the microtubule fraction of bovine brain as

a tau kinase that induced hyperphosphorylation of tau

with the same epitopes as paired helical filament (PHF)-

tau, which is an integral component of NFTs [43].

Cloning of TPK1 revealed that TPK1 was identical to

GSK-3β [42]. GSK-3 was first identified as a calcium-

and cyclic nucleotide-independent kinase of glycogen

synthase, which is a rate-limiting enzyme for glycogen

biosynthesis and a substrate for several kinases [89].

Based on the partial peptide sequence of GSK-3, two

GSK-3 isoforms were cloned, GSK-3α and GSK-3β.

GSK-3α and GSK-3β are encoded by different genes,

but have 85% homology [89]. GSK-3β, the smaller

isoform, is a single polypeptide of 482 amino acids

with a molecular weight of 47 kDa. GSK-3β is reg-

ulated by a promoter containing putative binding sites

for AP1, AP2, c-Myb, CRE, MZF1, Sp1, and Tst-

1 [51]. Although GSK-3β is widely expressed in all

tissue, its levels are highest in the brain, and GSK-3β

is more abundant in neurons than in astrocytes, and ex-

pression levels are elevated in developing brains [76,

77]. Although GSK-3β is found predominantly in the

perikarya and proximal portion of dendrites in adult

neurons, it is also found in axons in embryos [52,77].

Importantly, GSK-3β has also been detected in mito-

chondria and in nuclei [16,65,79]. Surprisingly, the

GSK-3β homolog, shaggy, is involved in cell fate in

development of Drosophila, suggesting that GSK-3β

may be involved not only in glycogen homeostasis but

also in cellular signaling cascades.

Unlike many other kinases, GSK-3β is constitutively

active in resting cells and in neurons without extracel-

lular stimulation. GSK-3β activity is regulated by Ser9

phosphorylation at the phosphorylation site of protein

kinase A (PKA), protein kinase B (PKB, also called

Akt), protein kinase C (PKC), p90Rsk, and p70 S6 ki-

nase [26]. Cell survival signals activate PKA, PKB,

and PKC, thereby inactivating GSK-3β. Thus, GSK-

3β is activated in response to reduced cell survival

signals, such as the reduction of growth factors. The

active form of GSK-3β can phosphorylate many sub-

strates and participates in various cellular events in-

cluding metabolism, signaling, and transcription [26].

Although GSK-3 is categorized as a proline-directed

kinase, most GSK-3 targets are phosphorylated by an-

other kinase before they can be bound by activate GSK-

3β. GSK-3β binds to the resulting phosphate at posi-

tion P0 + 4 through the GSK-3β “priming pocket” and

transfers a phosphate to position P0 [19,30]. This type

of phosphate transfer is a distinctive feature of GSK-3,

and is not seen in the other kinases.

2. Results

1. GSK-3β Phosphorylation of Tau

Although a number of kinases and phosphatases

regulate tau phosphorylation,GSK-3β is the main

tau kinase in vivo [5,9,38,45,46,53,54]. A 1988

report showed that GSK-3β (then called TPK1)

generated PHF-like epitopes on tau [40] Yang

et al. reported that GSK-3 could incorporate 4

moles of phosphate into each mole of tau, and that

GSK-3 slowed the electrophoretic mobility of tau

on SDS gels [91]. Ishiguro et al. demonstrated

TPK1/GSK-3β-mediated phosphorylation of the

Tau-1 site [43], and reported phosphorylation at

Ser199, Thr231, Ser396, and Ser413 [43]. Using

monoclonal antibodies, Mandelkow et al. showed

that GSK-3β could also phosphorylate tau at

Ser202/Thr205, Ser396/Ser404, and Ser235 [55].

Hanger et al. confirmed that GSK-3β was able

to phosphorylate Ser396 [28]. These observa-

tions were extended using peptide-sequence anal-

ysis [91], polyclonal antibodies [41], 2D map-

ping [22,37], and nanoelectrospray mass spec-

trometry [67]. To date, GSK-3β has been

proven to phosphorylate 15 sites on tau: Ser46,

Thr50, Thr175, Thr181, Ser199, Ser202, Thr205,

Thr212, Thr217, Thr231, Ser235, Ser396,

Ser400, Ser404, and Ser413. Ser400 and Ser413

are the only non-proline-directed sites.

2. Aβ-Induced GSK-3 Activation Causes Hyper-

phosphorylation of Tau

Because GSK-3β is involved in hyperphospho-

rylation of tau, GSK-3β may be a critical factor

for Aβ-induced neuronal death and NFT forma-

tion, and may be activated either directly or in-

directly by Aβ. Therefore, focusing on the role

of GSK-3β may reveal a mechanism of neurode-

generation in AD and a therapeutic target. To

test whether GSK-3β is activated by Aβ, we in-
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duced neuronal death in rat hippocampal cultures

by introducing aged Aβ to the cultures and ex-

amining the resulting GSK-3β activity and tau

phosphorylation [80]. We found that GSK-3β

activation increased approximately twofold over

controls, the activation induced hyperphosphory-

lation of tau, and that these events preceded neu-

ronal death [56]. Considering the known mecha-

nisms of activation of GSK-3β, we hypothesized

that Aβ might block an external signal, thereby

activating GSK-3β. After further experiments,

Aβ was found to inhibit phosphatidylinositol-3

(PI3) kinase, and this inhibition of PI3 kinase

resulted in activation of GSK-3β (Fig. 1) [34].

3. GSK-3β Activation by Aβ-Treatment Disrupts

Axonal Transport

In Aβ-treated hippocampal cultures, the activa-

tion of GSK-3β also induced cytoplasmic accu-

mulation of the secreted form of the amyloid β-

protein precursor (AβPP). Inhibition of GSK-3β

in the Aβ-treated hippocampal cultures prevented

the cytoplasmic AβPP accumulation [81]. In

healthy cells, AβPP is metabolized while being

carried by the axonal transport system from the

endoplasmic reticulum (ER) to the synaptic re-

gions [71]. When the axonal transport system

is impaired, AβPP remains trapped between the

Golgi and the synaptic regions, and this trapped

AβPP is rigorously metabolized, prematurely re-

leasing the secreted form of AβPP into the cyto-

plasm [81]. From these results, we hypothesized

that the GSK-3β activation after Aβ treatment

might be disrupting the axonal transport system

in addition to hyperphosphorylating tau.

The role of GSK-3β in axonal transport was con-

firmed by treating tau-overexpressing drosophila

mutants with a GSK-3 inhibitor [60]. They

showed that GSK-3β inhibition reversed axonal

transport defects and behavioral phenotypes in

drosophila. The disruption in axonal transport

might be caused by microtubule destabilization

resulting from hyperphosphorylation of tau, or

might be caused by kinesin (a motor protein that

is also a substrate of GSK-3β) losing its ability to

bind to the cargo protein of vesicles after being

phosphorylated by activated GSK-3β.

4. Additional Pathways Can Contribute to Aβ-

Induced Neuronal Cell Death

Because the various Aβ-induced cellular events

are dependent both on the aggregation status of

Aβ and on the specific type of cells used in ex-

periments, activation of other signaling cascades

in Aβ-induced death cannot be excluded. For ex-

ample, Aβ accumulation may trigger the activa-

tion of the p75 receptor, the induction of reactive

oxygen species, or an increase in the intracellu-

lar calcium concentration; any of these pathways

could lead to cell death.

Although GSK-3β activation can phosphorylate

tau, the number of GSK-3β phosphorylation sites

is limited. The Ser422 site, a specific phospho-

rylation site in AD brain, cannot be phosphory-

lated by GSK-3β. Because Aβ treatment can en-

hance Ser422 phosphorylation, factors other than

GSK-3β activation are likely to be involved in

Aβ-induced tau phosphorylation and NFT for-

mation. An analysis of R406W mutant human

tau transgenic mice [84] revealed increased lev-

els of GSK-3β and active c-Jun N-terminal ki-

nase (JNK) immunoreactivity in the cytoplasm of

NFT-bearing neurons (unpublished data). Active

JNK can phosphorylate Ser422. These results

suggest that the activation of both GSK-3β and

JNK activation could be involved in NFT forma-

tion. Therefore, we overexpressed tau; JNK; the

JNK activator, delta mitogen-activated protein ki-

nase/ERK kinase kinase (MEKK); and GSK-3β

in COS 7 cells. All of the possible phosphory-

lation sites of tau showed enhanced phosphory-

lation in this quadruple expression, and tau was

recovered in the sodium dodecyl sulfate (SDS)-

insoluble fraction [69]. Thus, hyperphosphory-

lation of tau by GSK-3β and JNK was shown to

be able to induce NFT formation. Because it was

reported recently that GSK-3 could phosphory-

late MEKK1, and consequently activate JNK, Aβ

treatment might activate JNK indirectly through

activation of GSK-3β (Fig. 1) [49].

5. GSK-3β Can Induce Memory Deficits In Vivo

Because GSK-3β activity is regulated through

phosphorylation at Ser9, we investigated activity

upstream from Ser9 phosphorylation. We found

that PI3 kinase is downregulated by Aβ, and

this downregulation subsequently activates GSK-

3β [79]. Activated GSK-3β phosphorylates tau

and other substrates that may produce the vari-

ous symptoms of AD [26]. GSK-3β transgenic

mice had tau hyperphosphorylationand exhibited

impaired spatial recognition and memory in the

Morris water maze test [32]. Thus, GSK-3β ac-

tivation induced memory deficits similar to those

seen in AD patients. GSK-3β activation could be
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Fig. 1. Mechanism of Aβ-induced NFT formation, synapse loss, and neuron loss.

connected to measurable memory deficits through

two known mechanisms.

The GSK-3β substrates, tau and kinesin, are in-

volved in axonal transport, which is impaired

when phosphorylated, thereby leading to memory

impairment as a result of synaptic dysfunction.

As mentioned above, tau hyperphosphorylation

by GSK-3β activation destabilizes microtubules,

resulting in impairment of axonal transport. This

cascade reduces neural activity and leads to mem-

ory loss. Kinesin, a motor protein that is a sub-

strate of GSK-3β, loses its ability to bind to the

cargo protein of vesicles after it is phosphorylated

by activated GSK-3β, thus also impairing axonal

transport [58,63].

CREB (cyclic AMP response element binding

protein) is another substrate for GSK-3β and

modulates the gene expression of promoters con-

taining cyclic AMP response elements [8,57,

87]. CREB regulates many critical neural pro-

cesses, such as long-term memory and the mainte-

nance of synaptic plasticity [13,14,73,75]. When

inactivated or mutated CREB proteins are in-

troduced into a cell or when CREB antisense

oligonucleotide treatment is used, the formation

of long-term potentiation (LTP) is blocked [6,27,

47]. When CREB is phosphorylated at Ser133

by PKA, CREB is activated. The active CREB

induces transcription activity [1,21,72,90], and

expresses gene products relating to formation of

LTP. However, when CREB is phosphorylated

at Ser133, active GSK-3β recognizes that phos-

phorylation, phosphorylates CREB at Ser129,

and inhibits CREB-mediated transcriptional ac-

tivity [10,18,26]. Thus, GSK-3β activation in-

hibits CREB, further reducing the cell’s ability to

produce LTP and consequent memory formation.

6. GSK-3 May Be the Critical Step in Neuronal

Death

Recently, an intriguing link between GSK-3β

and cell death was recognized. Several stud-

ies showed that LiCl, a known GSK-3β in-

hibitor, protected neurons from a wide variety

of neurotoxic insults, including: nerve growth

factor (NGF) deprivation of PC12 cells [86],

low-potassium treatment in cerebellar granule

cells [12], glutamate excitotoxicity [61], stau-

rosporine treatment in SH-SY5Y cells [4], and

Aβ neurotoxicity in rat hippocampal neurons [2].

The mechanisms underlying this GSK-3β-

induced apoptosis might be related to the inacti-

vation of transcription factors, rather than to the

phosphorylation of tau,because GSK-3 also regu-

lates heat shock factor-1 (HSF-1), one of the most

crucial signaling components mediating cellular

defense mechanisms [4,48,59]. Oxidative stress

has been implicated in the etiology of brain aging

and AD, and can activate HSF-1 to induce heat

shock protein (HSP) expression [3]. However,

increased GSK-3β activity results in the phos-

phorylation of HSF-1 at Ser303, and the inhibi-

tion of HSF-1 DNA-binding activity [11,31,50]}.

This suggests that an increase in GSK-3 activity

would reduce the effectiveness of cellular defense

systems, resulting in increased vulnerability to

oxidative stress.

The anti-apoptotic protein bcl-2 is a target of

CREB, another GSK-3β substrate. Therefore,

when GSK-3β phosphorylates CREB, bcl-2 ac-

tivation might be affected [44,64,68,88]. Hence,

GSK-3β activation may reduce cellular resistance

to apoptosis.

Thus, GSK-3β activation in response to Aβ may

be a common mechanism, phosphorylating mul-

tiple substrates, impairing neuronal survival and
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Fig. 2. Relationship between NFT formation and Aβ deposition.
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Fig. 3. Development of AD requires brain aging, and FTDP17 mutation or Aβ accelerates the aging process, leading to dementia.

defense systems, and underlying all of the detri-
mental pathways activated by Aβ, including for-
mation of NFTs and neuronal loss in AD.

7. GSK-3β Acceleration of Aging in Animal Mod-
els of AD
The lack of an animal model that includes both
NFT formation and neuronal loss impedes efforts
to evaluate the effects of GSK-3 inhibition in AD.
Importantly, the Braak and Braak study shows
that NFT formation in the entorhinal cortex pre-
cedes Aβ deposition, whereas NFTs appear in
the limbic and neocortical areas only after Aβ

deposition [7] (Fig. 2). Based on their analysis,
NFT formation in entorhinal cortex may develop
during the course of normal brain aging, and only
spread into the limbic and neocortical areas in the
disease state of AD. That is, the chronology of the
pathological changes appears to start with NFTs
developing in the entorhinal cortex in the absence
of Aβ, and to continue with Aβ deposition, which

then triggers the spread of NFTs into the limbic
and neocortical areas. This hypothesis implies
that brain aging is characterized by NFT devel-
opment in the entorhinal cortex and that Aβ can
accelerate this “normal” brain aging, resulting in
AD (Fig. 3).
Therefore, to establish a viable AD model, a
model that exhibits brain aging similar to hu-
mans is required. If this hypothesis of chronol-
ogy is correct, the baseline would be a model that
develops NFTs as it ages without accumulating
Aβ. The FTDP-17 tau mouse fits this require-
ment, because these mice (expressing FTDP-17
mutant human tau) exhibit NFTs without Aβ de-
position [23,35,36,39,74,85]. Injections of Aβ42
into P301L mutant tau transgenic mice induce
NFTs in the amygdala [25], therefore, in FTDP17
mutant tau mice, which already show age-related
NFT formation, Aβ should accelerate brain aging
by increasing the rate of NFT formation.
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We generated two different strains of transgenic

mutant tau mice, each showing NFT-like pathol-

ogy in the hippocampus in old age [82,84]. These

mice also exhibited memory impairments in the

fear-conditioning test, similar to impairments as-

sociated with old age. Aβ40 fibrils were injected

into the CA1 region of one of these strains. Four

weeks after Aβ injection into 3-month-old trans-

genic mice, NFT-like neurons with immunoreac-

tivity for a phosphorylation-dependent tau anti-

body were observed in the CA3 and CA4 regions

of the hippocampus, in areas of axonal projection

to the CA1 region. In biochemical analyses of the

hippocampal region, we found that the Akt sig-

naling cascade was impaired, consequently acti-

vating GSK-3β. We concluded that, in vivo, Aβ

activates GSK-3β, which leads to NFT formation

(mimicking accelerated brain aging) in neurons

that project axons into the area affected by Aβ.

Therefore, we propose that GSK-3β may be an

accelerating factor for brain aging.

Aβ injections into tau transgenic mice resulted in

synaptic loss in the CA1 region, NFT formation

and neuronal loss in the CA1 and CA3 regions,

and memory impairment. Either LiCl adminis-

tration or the inhibition of GSK-3β prevented all

Aβ-induced phenomena, again suggesting that

GSK-3β is involved in AD pathophysiology (un-

published data).

In addition to Aβ-induced pathophysiological

changes, based on a finding that presenilin 1 (PS1)

associates with GSK-3β, we hypothesized that

GSK-3β may be involved in Aβ production [56].

We found that LiCl treatment inhibited Aβ gen-

eration [69]. Another group confirmed these re-

sults and showed that GSK-3β was involved in

Aβ generation using siRNA [62].

8. Perspectives in AD Research on the Role of GSK-

3β

GSK-3 appears to be integrally involved in the

development of AD. We suspect that brain ag-

ing is a prerequisite for AD and that GSK-3 is

involved in brain aging. Genetic studies of ag-

ing that cloned lifespan-determining factors sug-

gest that reducing the insulin-related signal might

extend lifespan [20,33]. However, reducing the

insulin-related signal in neurons activates GSK-

3β by impairing PI3 kinase/Akt activity, making

neurons more vulnerable to apoptotic stimuli, and

potentially leading to aging related changes in the

brain. It appears that having a longer lifespan in-

creases the susceptibility to brain aging caused by

NFT formation via GSK-3β activation. This may

explain why susceptibility to AD increases with

age. The PS1 mutation is the causative gene for

early onset familial AD, was also found in fron-

totemporal dementia patients [15,17,83], and can

activate GSK-3β [78]. Moreover, hyperphospho-

rylated tau accumulated in mutant PS1 knock-in

mice without Aβ deposition. Thus, PS1 muta-

tions affect not only Aβ deposition, but also NFT

formation and the rate of brain aging, and Aβ

aggregation further accelerates the brain aging,

causing an early onset of AD.

3. Discussion

Accumulating data show that GSK-3β phosphory-

lates several substrates, including tau, and participates

in multiple cellular events. For example, GSK-3β

phosphorylation of kinesin inhibits kinesin binding

with cargo proteins, thereby leading to synaptic dys-

function resulting from the impairment of protein traf-

ficking. As tau disassociates from microtubules and

is hyperphosphorylated, the microtubule becomes un-

stable. This impairment of the protein trafficking sys-

tem may also lead to synaptic dysfunction, and synap-

tic dysfunction leads to synaptic loss, which can cause

neuronal death.

GSK-3β can also phosphorylate transcription factors

and inhibit protein synthesis, leading to apoptosis and

decreased LTP and memory formation. GSK-3β phos-

phorylation of HSF1 inhibits the expression of HSP

that is a defense against cellular stress. Thus, GSK-3

reduces the cellular defense system. As a result, cells

become more vulnerable to stressors, such as Aβ and

oxidative stress. Therefore, although the activation of

GSK-3β itself is not toxic, its actions within cells can

lead to neuronal death during aging and especially in

AD.

Using both in vitro and animal models, we have

shown that GSK-3β is essential to multiple pathways

in the pathogenesis of AD. NFT formation may reflect

the extent of brain aging, GSK-3β activation may occur

during brain aging, and Aβ may accelerate the brain

aging and increase the GSK-3β activation, which may

increase Aβ deposition. Therefore, GSK-3 inhibition

is a potential therapy for AD, because it may inhibit

both Aβ generation and Aβ-induced pathophysiologi-

cal events in AD models.
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Abstract. Neuronal homeostasis requires a constant balance between biosyn-

thetic and catabolic processes. Eukaryotic cells primarily use two distinct

mechanisms for degradation: the proteasome and autophagy of aggregates by

the lysosomes. We focused on the ubiquitin-proteasome system (UPS) and

discovered a frameshift protein for ubiquitin (UBB+1), that accumulates in the

neuritic plaques and tangles in patients with Alzheimer’s disease (AD). UBB+1,

unable to tag proteins to be degraded, has been shown to be a substrate for ubiq-

uitination and subsequent proteasomal degradation. If UBB+1 is accumulated,

it inhibits the proteasome, which may result in neuronal death. We showed

that UBB+1 is also present in other tauopathies (e.g. Pick’s disease) and in

several polyglutamine diseases, but remarkably not in synucleinopathies (e.g.

Parkinson’s disease). Accumulation of UBB+1 -being a reporter for proteaso-

mal dysfunctioning- thus differentiates between these conformational diseases.

The accumulation of UBB+1 causes a dysfunctional UPS in these multifactorial

neurodegenerative diseases. Novel transgenic mouse models and large-scale

expression profiling and functional analyses of enzymes of the UPS compounds – enabling us to identify the targets

of the UPS in these conformational diseases – may now pave the way for intervention and treatment of AD.

Keywords: Conformational diseases, molecular misreading, polyglutamine diseases, synucleinopathies, tauopathies, vasopressin

1. Degradation mechanisms and

neurodegeneration

Conformational diseases are now acknowledged as

a group of disorders that share the accumulation of in-

soluble protein deposits in affected cells [1]. To this

group belong many age-related neurodegenerative dis-

∗Corresponding author. Tel.: +31 20 5665510; Fax: +31 20

6961006; E-mail: f.van.leeuwen@nih.knaw.nl.

orders, such as tauopathies (e.g. Alzheimer’s disease,
AD), synucleinopathies (e.g. Parkinson’s disease) and
polyglutamine diseases (e.g. Huntington’s disease) [2].
Non-neuronal conformational disorders like inclusion
body myositis, α 1-antitrypsin deficiency, liver cirrho-
sis [1,3,4] also belong to this group. Although the de-
posits vary with regard to protein composition, shape
and localization, each of these structures (e.g. aggre-
gates or inclusions) is mainly composed of insoluble
misfolded proteins (e.g. hyperphosphorylated tau, α-
synuclein, huntingtin and cytokeratins), several molec-
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ular chaperones (e.g. heat shock proteins) and numer-

ous components of the ubiquitin-proteasome system

(UPS). These include E3 ligases such as parkin and

CHIP, the latter forming a link between the chaperone

and proteasome system [5]. In addition CDC 48 – a

chaperone required for substrate recruitment and seg-

regation – and E4 compounds – the latter involved in

shipping and targetting of ubiquitinated proteins to the

19S regulator and 20S proteasomal subunits – are also

present in the inclusions. For these compounds an es-

cort pathway has been proposed [6]. The presence

of these factors suggests that these insoluble proteins

are misfolded and have been targeted for degradation,

but instead of being properly refolded or proteolyti-

cally degraded, they accumulate in insoluble protein

deposits [7]. The coexistence of heat shock proteins

and UPS compounds is not surprising, since one of the

fundamental tasks of the UPS is to degrade damaged

or abnormal proteins and to protect cells during stress

responses. In addition, adaptation of proteasome com-

position is possible [8]. When the capacity of the UPS

is exceeded [9], autophagins, molecular determinants

of autophagic vacuole formation, are recruited to ag-

gresomes, pericentriolar cytoplasmic inclusion bodies,

essential for the elimination of aggregates and subse-

quent lysosomal degradation [10]. Many reviews on

the UPS [2,11] and autophagy [12] in relation to neu-

rodegeneration have been published (e.g. [13,14]). Ap-

parently evolution has provided cells with many ways

to protect themselves against cytotoxic insults asso-

ciated with the accumulation of proteinaceous aggre-

gates [15].

2. Frameshift proteins and inclusions

Apart from genomic mutations (see chapters by Van

Broeckhoven, Hardy and Tanzi) there is evidence that

small deletions in transcripts (∆ GA or ∆ GU) of amy-

loid β protein precursor (APP) and ubiquitin (UBB) are

linked to neurodegeneration [16,17]. This process of

generation of these faulty transcripts has been dubbed

molecular misreading [18], an event that occurs in the

brains of all patients examined, and is most likely of

transcriptional origin [19,20]. However, the resulting

aberrant frameshift (+1) proteins (APP+1 and UBB+1)

accumulate in the hallmarks of AD (i.e. neurofibrillary

tangles and neuritic plaques in sporadic and familial

forms of AD and Down syndrome patients but not in

controls lacking neuropathology [16,21] (Figs 1, 2A).

These +1 proteins coexist and this suggests a common

denominator in transcription infidelity and subsequent

proteasomal insufficiency.

APP+1 interacts with APP and could contribute to

amyloid β-40 formation [23]. Its presence in cere-

brospinal fluid is negatively correlated with the de-

gree of AD neuropathology as indicated by Braak stag-

ing [24] and the level of APP+1 in the cerebrospinal

fluid can be an additional marker for early neuropatho-

logical stages of AD.

We have shown that UBB+1 is both a substrate and

inhibitor of the UPS [25]. In a cell-free system and

in neuronal cell lines, UBB+1 is an inhibitor of the

UPS [25,26] and overexpression of this protein induces

heat shock protein expression, subsequent resistence

to oxidative stress [27] and leads to apoptosis [28,29].

The presence of UBB+1 in affected neurons in AD,

other tauopathies and several polyglutamine diseases,

but not in synucleinopathies (Fig. 2), can be used as a

marker for proteasome insufficiency [19,29]. However,

it has been reported that the proteasome is not only

inhibited in AD [31] and Huntington’s disease (shar-

ing UBB+1 accumulation) but also in Parkinson’s dis-

ease (references in [32]). We surmise that the mecha-

nisms leading to proteasomal insufficiency are differ-

ent in these diseases. Whereas in Parkinson’s disease

the ubiquitination and deubiquitination machinery may

be hampered, in AD UBB+1 inhibition of the protea-

some may act at the cap, potentially due to clogging

of 19S subunit(s) with substrates such as ubiquitinated

UBB+1 [26]. Indeed, genetic data point to a role for

ubiquitination and deubiquitinating enzymes in famil-

ial Parkinson’s disease (Parkin and UCH L-1) [33].

3. Molecular misreading and inclusions in

non-neuronal cells and UBB+1

Using the vasopressin (VP) system as a reporter (see

review [34]), we were able to address the question

whether molecular misreading occurs outside of neu-

ronal cells. In order to do so we used transgenic mice

in which the rat VP gene is expressed ectopically in

epithelial structures of secretory organs under the con-

trol of the mouse mammary tumor virus long termi-

nal repeat promotor. Indeed, VP was found in the go-

nadal system (e.g. testis and epididymis). Using an-

tisera specific for frameshifted VP (VP+1), we were

able to show that VP+1, VP and other parts of the VP

precursor coexist in the principal cells of the caput of

the epididymis. This result was corroborated by spe-

cific in situ hybridization [35]. Thus, VP+1 is syn-



F.W. van Leeuwen et al. / Frameshift proteins in Alzheimer’s disease and in other conformational disorders 321

Fig. 1. Coexpression of several +1 proteins in Alzheimer’s disease.

Consecutive paraffin sections of the hippocampus of an Alzheimer patient (70 years old) labeled with frameshift proteins for amyloid precursor
protein (APP+1, A), UBB+1 (B) and GFAP+1 (C). Note that the same cells are reactive for all three +1 compounds. GFAP+1 is produced due

to missplicing of GFAP [22]. As UBB+1 has a dual substrate/inhibitor effect on the proteasome, it is very likely that other essential neuronal

functions are disturbed as well. Bar = 50 µm.

Fig. 2. UBB+1 expression in several tauopathies, polyglutamine disease and a non-neuronal conformational disease.
Frameshift ubiquitin (UBB+1) is present in the hallmarks of tauopathies in AD (A), Pick’s disease (B,C), progressive supranuclear palsy (PSP;

D,E) and argyrophilic grain disease in polyglutamine diseases: Huntington’s disease (G) and spinocerebellar ataxia type-3 (SCA-3)(H). UBB+1

is also present in inclusions of non-neuronal cells such as in Mallory bodies of hepatocytes of patients with liver cirrhosis (I) [30].

In A: insert shows UBB+1 in neurofibrillary tangles and neuropil threads (�). In B and C Pick bodies are present in pyramidal cells (B) and

in granular cells (C). In PSP both neurofibrillary tangles (D) and glial cells (�, E) are labeled. In F the grains are seen. In HD (G) intranuclear

inclusions (n = 1, 2, 3) are seen, in SCA-3, both the nucleus and cytoplasm are UBB+1 positive. A = 50-µm-thick vibratome sections and B–I

are 6 µm paraffin sections. Bar in A–F and H–I = 50 µm, G = 25 µm. Inserts are blow-ups.

thetized in non-neuronal cells, due to molecular mis-

reading of the transgene. Subsequently, frameshifted

ubiquitin (UBB+1) was found in inclusions of various

non-neurologicaldiseases and suggests a similar mech-

anism for transcript mutations as reported previously

in neuronal cells: the Mallory bodies of hepatocytes

during cirrhosis in alcoholic liver disease (Fig. 2) [30],

in hepatocytes of patients with an α1-antitrypsin defi-
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ciency [4] and in aggregates of inclusion body myosi-

tis [3].

4. Which studies are currently in progress?

Presently we focus on various issues, of which

the degree in which UBB+1 contributes to proteaso-

mal and neuronal dysfunction is the most important

one. We have generated various transgenic lines ex-

pressing UBB+1 at different levels and are studying

the downstream effects with regard to axonal trans-

port, spatial reference memory, motor behavior [36]

and post-translational modifications of proteins by pro-

teomics [37]. As a next step we are enhancing cellular

stress by crossing our mouse line with a high UBB+1

expression with mouse models for AD and Hunting-

ton’s disease [36].

Furthermore the tremendous increase of knowledge

and the number of available tools to study the important

players of the UPS (e.g. [6]), has enabled us to suc-

cessfully combine qPCR and immunocytochemistry on

postmortem human tissue of brain areas (e.g. temporal

cortex versus gyrus cinguli) heavily involved in AD and

Parkinson’s disease (Van Leeuwen, unpublished data).

5. Challenges for the near future

A large number of possibilities is now available to

understand the role of UBB+1 in the UPS and its pos-

sible contribution to neuropathogenesis in conforma-

tional diseases in general [38]. Novel transgenic mouse

lines have been generated. Large-scale expression pro-

filing by transcriptomics and particularly proteomics

and functional analyses of UPS compounds can be per-

formed.

6. Transgenic mouse lines

– Aberrations in the UPS have been implicated, ei-

ther as a primary cause or secondary consequence,

in the pathways of both inherited and acquired

conformational diseases, such as AD [2]. Of

course when using transgenic mice, one should re-

alize that AD and other related conformationaldis-

eases are multifactorial. The step towards multiple

transgenic mice has been taken (e.g. [39]) and the

numerous contributing factors to AD can be orga-

nized in a temporal pattern (e.g. [40,41]). The re-

cently generated UBB+1 mouse lines are obvious

candidates for further crossings with models for

AD [36]. Long term potential (LTP) measurements

in the hippocampus of these mice and changes in

transcript and protein levels (e.g. CREB, synapto-

physin and AMPA receptors linked to proteasomal

inhibition) [42], as well as further proteomic anal-

yses to reveal post translational modifications [37]

are currently under investigation.

– Synaptic plasticity and axonal transport are known

to be affected in AD [43,44]. The UPS and its

inhibition by UBB+1 are attractive candidates for

further research since the UPS is also important in

synaptic plasticity [45]. The recently developed

transgenic UBB+1 mouse lines may contribute in

this respect [36].

– Another challenge is trying to substantiate the ef-

fects of different cellular stressors (e.g. Aβ, E2-

25K/Hip2, UBB+1) expressed in transgenic mice

(e.g. [36,39]) by rescue experiments, i.e. silencing

the effect of UPS compounds by means of RNA

interference [41,46].

– The question whether inclusions themselves are

protective [47] or toxic [48] can be addressed in

AD, similar to a strategy in a transgenic mouse line

expressing both ataxin-7 and the GFP reporter for

proteasomal activity [49], but now using a multiple

transgenic AD mouse line (e.g. [39]).

– Development of tools to study the role of the UPS

in neurodegeneration. In order to facilitate fu-

ture live-imaging (two-photon) and similar in vitro

and in vivo experiments for studying UPS activity,

UBB+1 fusion constructs with fluorescent proteins

were developed (Fig. 3).

7. Characterization of UPS compounds

– Relevant essential subunits of the ubiquitination

and deubiquination machinery as well as of essen-

tial proteasome subunits are now ready for analysis

to study their contribution to neuropathogenesis

(e.g. [6,52]). As the tools are now available (e.g.

combination of immunocytochemistry and qPCR),

we can address research questions such as: are

there putative targets in the cellular safeguards for

neuronal functioning (e.g. in protein quality con-

trol by the UPS and autophagy) in AD and Parkin-

son’s disease and how can we modulate them.
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Fig. 3. Tools to track cellular proteasomal dysfunction: UBB+1 fusion proteins and usable for screening RNAi libraries.

Schematic presentation of plasmids pDFF130 and pDFF131 encoding, respectively, a mRFP-UBB+1 red fluorescent and EGFP-UBB+1 green

fluorescent proteins fused to UBB+1. 293T cells were transfected with either pDFF130 or pDFF131 and analyzed after 48 hrs. UBB+1 [16]

was cloned by PCR in the HindIII and SalI sites of pEGFP-C1 [16], Clontech or mRFP-C1 [16], generating a fusion protein with an N-terminal

fluorochrome and C-terminal aberrant ubiquitin. Plasmids were tested in 293T human embryonic kidney cells. 5 microgram of plasmid DNA

was transfected by calcium phosphate precipitation in 6-well plates. Images were made after 48 hrs using a Nikon Digital Net100 camera on a

Nikon Eclipse TS100 microscope under simultaneous phase-contrast and fluorescent illumination.

– Other possible mechanisms to cope with insol-

uble proteins are posttranslational modifications

by ubiquitin paralogues (sumoylation and ned-

dylation) but also phosphorylation and oxidation

(e.g. [53]). The relation of these modifications to

inclusion formation in the various conformational

diseases is currently investigated by proteomics.

8. Therapeutic UPS targets

– It is clear that proteasomal activators (without side-

effects) are badly needed. Proteins as activators

of the 20S proteolytic core are known as PA28

and PA200, and are obvious targets for the de-

velopment of even more potent molecules mo-

bilizing the proteolytic machinery [54]. Alter-

natively, elucidation of deubiquitinating enzymes

(DUBS) by screening RNAi libraries might re-

sult in DUBS promoting deubiquitination of ubiq-

uitinated UBB+1 (Fig. 3) [55]. It was shown

that polyubiquitinated UBB+1 chains are refrac-

tory to disassembly by DUBS and potently inhibit

the degradation of a polyubiquitinated substrate

by purified 26S proteasomes [26]. RNA silenc-

ing techniques to neutralize UPS transcripts or vi-

ral technology to compensate for a lack of them

are the candidates for therapy as has been shown

in polyglutamine diseases such as spinocerebellar

ataxia-1 [46,56].
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Abstract. Amyloid protein deposited in cerebral vessel walls

and diffuse plaques of patients with hereditary cerebral hem-

orrhage with amyloidosis, Dutch type (HCHWA-D), is simi-

lar to the 40–42 residues amyloid β (Aβ) in vessel walls and

senile plaques in brains of patients with Alzheimer’s disease

(AD), Down’s syndrome, and familial and sporadic cerebral amy-

loid angiopathy (CAA). In 1990 we sequenced the amyloid β-

protein precursor (AβPP) gene from HCHWA-D patients re-

vealing a single mutation that results in an amino acid substi-

tution, Aβ E22Q. Subsequent identification of additional mu-

tations in the AβPP gene in familial AD (FAD) pedigrees re-

vealed that whereas substitutions in the middle of Aβ, residuesEfrat Levy Blas Frangione

Aβ21-23, are predominantly vasculotropic, those found amino- or carboxyl-terminal to the Aβ sequence within

AβPP enhance amyloid parenchymal plaque deposition. Studies of transfected cells showed that substitutions amino-

or carboxyl-terminal to Aβ lead to either greater Aβ production or to enhanced secretion of the more hydrophobic

thus more fibrillogenic Aβ1-42. Substitutions in the center of Aβ facilitate rapid aggregation and fibrillization,

slower clearance across the blood-brain barrier and perivascular drainage to the systemic circulation, possibly higher

resistance to proteolysis, and enhanced toxicity towards endothelial and smooth muscle cells. However, most AD

patients have no genetic defects in AβPP, indicating that other factors may alter Aβ production, conformation, and/or

clearance initiating the disease process.

Keywords: Alzheimer’s disease, hereditary cerebral hemorrhage with amyloidosis, Dutch type (HCHWA-D), cerebral amyloid

angiopathy (CAA), amyloid β-protein precursor (AβPP), amyloid β (Aβ)

Several neurological disorders are related to altered

protein conformation and aggregation, leading to fib-

rillization (amyloid). Diverse proteins with no obvi-
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ous amino acid sequence homology acquire a β-pleated

sheet structure and form highly insoluble fibrils, some

of which are implicated in diseases of the central ner-

vous system [136]. A great advantage in the study of

amyloidoses has been the development of methods of

extraction of amyloid fibrils from the brain and identifi-

cation of the amyloid proteins. In 1983 the first cerebral

amyloid protein was extracted from leptomeninges of
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patients with hereditary cerebral hemorrhage with amy-

loidosis, Icelandic type (HCHWA-I) [25]. The amyloid

deposition in cerebral arteries and arterioles in these

patients leads to recurrent hemorrhagic strokes causing

serious brain damage and eventually fatal stroke before

the age of 40 years [48]. The leptomeningeal amyloid

was identified as a variant of cystatin C [7], also known

as γ trace [55], a cysteine protease inhibitor [3,7]. A

mutation in the cystatin C gene in HCHWA-I patients

results in a L68Q substitution [25,38,69]. In the same

year, 1983, Prusiner et al. [98] purified scrapie prion as

the protein that forms amyloid aggregates in the brain

of hamsters.

The same approach of extraction of the amyloid pro-

tein from leptomeninges was utilized to isolate amy-

loid from the brain of AD and Down’s syndrome pa-

tients. The initial amino-terminal sequence analysis

yielded a 28 amino acids peptide called amyloid β

protein (Aβ) [40]. A year later Aβ was purified and

characterized as the major amyloid protein of plaque

cores from brain parenchyma of AD and Down’s syn-

drome patients [76], indicating a common origin for

the amyloids of plaque core and of congophilic an-

giopathy. The length of the plaque amyloid protein was

reported to be 42–43 residues [76]. Additional stud-

ies clarified that the complete length of leptomeningeal

vascular Aβ is 39–40 residues [95]. Finding that the

same protein forms the amyloid in brain parenchyma

and vasculature in Down’s syndrome and AD patients

suggested that the defect in AD is localized on chro-

mosome 21 [39,76]. Immunohistochemical and bio-

chemical studies demonstrated that Aβ composed of 42

amino acids is the major molecular species deposited

in brain parenchyma and Aβ species ending at posi-

tion 40 are predominantly deposited in the blood ves-

sel walls [17]. However, species ending at position 42

are also present, and sometimes are the sole deposited

peptide species in CAA [123].

Isolation of the amyloid protein enabled cloning of

the gene revealing that Aβ is part of a larger amyloid

β protein precursor (AβPP) [43,64,66,100,116]. The

AβPP gene located on chromosome 21, consists of 19

exons that are alternatively spliced into several mRNA

forms, four of which, encoding 695, 717, 751, and 770

amino acids, contain the Aβ-encoding sequences.

Diseases that involve Aβ deposition seem to be het-

erogeneous in etiology and clinical presentation. Al-

though most cases of AD appear sporadic, a small num-

ber of cases occur in families with autosomal dom-

inant form of inheritance of the disease. Epidemio-

logical studies showed autosomal dominant inheritance

of this disease in families with early and late onset

familial AD (FAD) (before or after 65 years of age)

with multigenetic involvement. Until 1990, studies

of genomic DNA and cDNA clones encoding AβPP

from AD, Down’s syndrome, and FAD patients re-

ported sequences identical to those obtained from unaf-

fected individuals [43,67,100,116,130]. Although the

genetic defect causing FAD was localized to chromo-

some 21 [110],no linkage was found between the AβPP

gene and FAD, suggesting that this gene is not the site

of the inherited defect underlying the disorder in the

families studied [103,117,121].

We sequenced the AβPP gene in patients with

HCHWA-D, a rare, autosomal dominant form of severe

CAA that presents clinically between the age of 45 and

60. Survivors of the first stroke have further strokes that

lead to cognitive deficits [135]. Neuropathologically,

Congo red positive amyloid deposits in HCHWA-D are

mainly localized in leptomeningeal and cortical walls of

arteries and arterioles. Amyloid deposits often replace

the entire vessel wall, including the smooth muscle cell

layer. Inflammatory markers, reactive astrocytes, mi-

croglial cells, and some dystrophic neurites surround

the amyloid laden vessels. In most cases, there are

amyloid deposits also in brain parenchyma that are

predominantly in the form of diffuse plaques that are

Congo red negative and lack the dense amyloid cores

commonly present in AD [27,50,72,124,135]. Diffuse

plaques are occasionally surrounded by dystrophic neu-

rites, although neurofibrillary tangles are consistently

absent [119]. The amyloid fibrils in HCHWA-D are

formed by a 39–40-amino acids amyloid that is similar

to Aβ deposited in AD [124]. Restriction fragment

length polymorphisms verified that the AβPP gene is

tightly linked to HCHWA-D [122]. Sequence analy-

sis of genomic DNA of HCHWA-D patients showed

a single mutation, cytosine instead of guanine, at po-

sition 1852 of AβPP in affected members of the fam-

ily, but not in unaffected relatives [68]. We demon-

strated that the single mutation is the only change in

the AβPP gene by sequencing the complete coding re-

gions within the 18 exons of the gene [128]. A diag-

nostic assay for HCHWA-D for high-risk populations

and prenatal evaluation was developed. It involves hy-

bridization analysis of genomic DNA by examining a

PCR amplification product with an oligonucleotide that

contains the mutated sequence [96]. It was shown that

the mutation segregates with the disease, being present

in DNA from HCHWA-D patients and absent from non

affected family members [2]. All the patients were

found to be heterozygous, having both the normal and
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Fig. 1. AβPP pathogenic substitutions. The amino acid sequence of Aβ (uppercase) and flanking regions (lowercase), the sites of secretase

cleavages, the amino acid substitutions found in pedigrees with familial Alzheimer’s disease (FAD) that produce Alzheimer’s disease phenotypes,

and those that are primarily associated with CAA phenotypes.

the mutated alleles. Moreover, both glutamine and glu-

tamic acid were found at position 22 of Aβ in amyloid

fibrils derived from leptomeningeal vascular walls of

HCHWA-D patients [96] (Fig. 1).

Following the discovery of the HCHWA-D muta-

tion a search for mutations in the AβPP gene lead to

the identification of linkage to chromosome 21 in a

few early onset FAD pedigrees and of several AβPP

missense mutations within or flanking the Aβ region

(Fig. 1). Although the AβPP mutations account for

less than 0.1% of all AD cases, they carry complete

penetrance leading to AD between the fourth to sev-

enth decades of life [115]. The presence of a mutation

is important in determining the rate and age at which

amyloid fibrils are deposited in a patient. Moreover,

the different mutation sites in the AβPP gene influence

the clinicopathological manifestation of the resulting

disease. Point mutations in genes encoding amyloid

precursor proteins have been detected in different types

of amyloidosis, and prevalent thought is that the con-

sequent amino acid substitution alters the conforma-

tion of the proteins and/or their proteolysis promot-

ing aggregation. Therefore, it was suggested that sub-

stitutions located amino- or carboxyl-terminal to Aβ

may affect either β-secretase or γ-secretase cleavage

of AβPP. Although the mutations found in several FAD

pedigrees were thought to have a quantitative or quali-

tative effect on Aβ production, the only mutation that

proved to affect the amount of the secreted peptide

is the K670N/M671L double mutation located amino-

terminally to Aβ, found in a Swedish kindred [15,22,

85]. Using cultured cells transfected with AβPP ex-

pression constructs, it was shown that cells expressing

mutated AβPP secrete higher levels of Aβ compared

to cells expressing the normal sequence [13,51,104,

107]. The substitutions found proximal to the carboxyl-

terminus of Aβ at codon 717 [19,41,86,89,139]seem to

lead to an increased proportion of secreted Aβ ending at

residue 42 and 43 rather than 40 [113,114,140]. Prese-

nilin (PS1 and PS2) missense mutations found in some

families with early onset FAD [71,97,105] also modify

the length of Aβ generated [8,23,33]. The longer Aβ

contains more hydrophobic residues than Aβ1-40 and

therefore it is more fibrillogenic and enhances aggre-

gation of shorter peptides [11,54,60,61].

AβPP amino acid substitutions located amino- or

carboxyl-terminal to Aβ and those found in PS1 and

PS2 mainly produce deposition of wild type Aβ pep-

tide in the form of parenchymal plaques. Whereas in

most cases low levels of vascular amyloid deposition

exist, several PS1 and PS2 mutations also cause severe

CAA [73,93]. In addition to the Dutch variant, several

amino acid substitutions were identified in the middle

of Aβ peptide, at positions 21, 22, and 23 [10,52,63,68].

These substitutions are associated with extensive cere-

brovascular pathology. As mentioned above, Dutch

patients with the E693G substitution have severe CAA

causing cerebral hemorrhages, whereas parenchymal

amyloid deposits are rare, and neurofibrillary tangles

are absent [27,50,72,124,135]. Members of an Italian

kindred with an E693K substitution at residue 22 of

Aβ present with recurrent hemorrhagic strokes later in

life than Dutch HCHWA patients, between 60 and 70

years of age. Although they have extensive Aβ de-

posits in leptomeningeal and cortical vessels and to a

lesser extent, amyloid plaques in the neuropil of the

cerebral cortex, the vascular deposits are rarely de-

tected by thioflavin S fluorescence, suggesting a non-

fibrillar Aβ organization in the absence of neurofibril-

lary changes [10]. Unlike other substitutions found at

position 22 of Aβ, the E693K Arctic substitution [63]

causes early onset clinical history typical for AD with

neuritic plaques and neurofibrillary tangles but no signs

of stroke or vascular lesions [91]. An A692G substi-
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tution, at residue 21 of Aβ, has been identified in a

Flemish family with a history of both pre-senile de-

mentia and cerebrovascular amyloidosis [52]. In ad-

dition to CAA, Flemish patients usually have abun-

dant parenchymal amyloid deposition with large se-

nile plaque cores and neurofibrillary tangles. However,

cerebral hemorrhages appear to be less frequent in a

family of British origin with the Flemish AβPP muta-

tion [9]. The D694N Iowa substitution, at position 23

of Aβ, is associated with severe CAA [45]. Another

Italian family with autosomal dominant dementia and

severe CAA with multiple infarcts has an A713T sub-

stitution at Aβ42. This indicates that a mutation at the

γ-secretase cleavage site can also be responsible for

AD with symptomatic CAA [101].

Aβ undergoes spontaneous post-translational mod-

ifications in AD brains, such as isomerization and

racemization at their aspartyl residues. It was demon-

strated that Aβ isomerized at position 23 is deposited in

plaques and vascular amyloid, and in vitro it was shown

that isomerization at position 23, but not position 7, en-

hances aggregation. Thus, modifications at the central

region of Aβ have a pathogenic role in the deposition

of Aβ and development and progression of sporadic

AD may be accelerated by spontaneous isomerization

at position 23 of Aβ [106]. A short peptide partially

homologous to the central hydrophobic region of Aβ

(residues 17–21), but containing proline that prevents

the adoption of β-sheet structure, binds Aβ and inhibits

amyloid fibril formation in vitro, suggesting an impor-

tant role for this region in fibrillogenesis [109]. An-

other modification, oxidation of methionine Aβ35 [95]

enhances the oxidative stress and neurotoxic properties

of Aβ1-42 (for review see [14]).

Several in vitro studies have investigated the effect of

amino acid substitutions at residues 21, 22, and 23 on

production, structure, fibrillization properties, stabil-

ity, clearance, proteolytic removal, and toxicity of Aβ.

The first identified substitution, the Dutch E22Q, is the

most extensively studied. While it was demonstrated

that the substitution does not affect AβPP processing

and Aβ production [75], in vitro analysis of the full-

length E22Q peptide, as well as of fragments contain-

ing the mutation, revealed that the Dutch peptide aggre-

gates and forms amyloid-like fibrils at a faster rate than

wild type Aβ [124,135,138]. The substitution results

in an altered secondary structure of the variant peptide

characterized by a considerably higher β-structure con-

tent [34,36], and a greater tendency to assemble into

stable amyloid fibrils than the normal peptide. Fur-

thermore, the Dutch peptide influences the assembly

of the wild type Aβ peptide by providing E22Q fibril

nuclei from which the wild type or mixed fibrils can

elongate [81,124,135]. While wild type Aβ1-42, but

not Aβ1-40, induces pathologic responses in cultured

human leptomeningeal smooth muscle cells, including

cellular degeneration, the HCHWA-D substitution con-

verts the non-pathologic Aβ1-40 into a highly patho-

logic form of the peptide [29,80,127]. Deposition of

Aβ in the walls of cerebral blood vessels is accompa-

nied by extensive degeneration of smooth muscle cells

both in AD and in HCHWA-D [65] and Aβ1-40 is the

major form deposited in vascular walls. Thus, these

changes in properties of the peptide may contribute to

the early and severe CAA pathology in HCHWA-D.

Investigation of the effect of the various amino acid

substitutions at residues 21, 22, and 23 of Aβ showed

a great difference between the variant peptides. Un-

like the Dutch E22Q, the Flemish A21G substitution

upregulates both Aβ1-40 and Aβ1-42 secretion by

AβPP transfected cells [31]. This variant causes an in-

creased Aβ/p3 ratio, indicating an effect on γ-secretase

cleavage [134]. It does not affect Aβ fibrillogene-

sity [24], but increases the solubility of Aβ1-40, de-

creases the rate of formation of thioflavin-T-positive

assemblies, and increases the SDS-stability of peptide

oligomers [132]. Similar to wild type Aβ, the A21G

peptide is not toxic to cultured human cerebrovascu-

lar smooth muscle cells, human cortical microvessels

and aortic smooth muscle cells [133]. The Italian

E22K peptide like the wild type Aβ1-40, exhibits lower

content of β-sheet conformation and slower aggrega-

tion and fibrillization properties compared to the Dutch

E22Q peptide. Furthermore, the Dutch peptide in-

duced apoptosis of cerebral endothelial cells, whereas

the same concentration of the wild type or Italian pep-

tides had no effect [81]. However, it was shown that

unlike wild type Aβ1-40 the E22Q and E22K peptides

are toxic to human smooth muscle cells [29,80,127].

Carriers of the Arctic E22G substitution have de-

creased Aβ1-42 and Aβ1-40 levels in the plasma and

transfected cells secrete reduced levels of both variant

peptides. While no difference in fibrillization rate was

observed, the Arctic substitution formed larger quanti-

ties of protofibrils at a much higher rate than wild type

Aβ. These findings may reflect that rapid Aβ protofib-

ril formation leads to accelerated buildup of insoluble

Aβ [91].

Similar to the Dutch peptide and unlike the Flemish

Aβ, it was found that the Iowa D23N variant does af-

fect the amyloidogenic processing of AβPP expressed

in cells. The Iowa synthetic Aβ1-40 peptide rapidly
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assembles in solution to form fibrils and induces robust

pathologic responses in cultured human cerebrovascu-

lar smooth muscle cells [126].

Insufficient proteolytic removal of Aβ by proteases

such as neprilysin, endothelin-converting enzymes,

insulin-degrading enzyme, angiotensin-converting en-

zyme, the plasmin system, and matrix metallopro-

teases, also has been proposed as a mechanism that

leads to Aβ accumulation in the brain (for review,

see [83]). It was shown that insulin-degrading enzyme

from isolated human brain microvessels is capable of

degrading wild type Aβ1-40 as well as the variants

A21G, E22Q and E22K. The activity of the enzyme

in vessels from AD patients with CAA was reduced,

supporting the possibility that a defect in Aβ proteol-

ysis contributes to the accumulation of the peptide in

cortical microvasculature [84]. In addition, the amino

acid substitutions at Aβ21, Aβ22, and Aβ23 reduce the

clearance of the peptides from the brain. There is evi-

dence that the Dutch, Flemish, Italian, and Arctic sub-

stitutions make Aβ1-40 resistant to proteolytic degra-

dation by neprilysin [120] and extend the half-life of

Aβ in the brain. It was also demonstrated that the E22Q

substitution impairs elimination of Aβ from brain by

reducing its rapid transport across the blood-brain bar-

rier and the vascular drainage pathways, which in turn

may result in accumulation of the peptide around blood

vessels and in the brain [82].

These data indicate that specific amino acid sub-

stitutions in the center of Aβ enhance amyloid de-

position in cerebral vasculature and resultant hemor-

rhages. Other substitutions cause large amyloid de-

position in brain parenchyma. Furthermore, in vitro

analyses of CAA causing substitutions yielded differ-

ent results demonstrating that CAA may be caused by

a variety of pathogenic mechanisms. Thus, different

amino acids at positions 21 to 23 confer distinct struc-

tural properties to Aβ that appear to influence the onset

and aggressiveness of the disease as well as the clini-

cal phenotype. The charge of the amino acids at that

position is a likely factor for the cytotoxic effects and

vascular localization of the amyloid [80,81].

Using different promoters a variety of transgenic

mouse models have been engineered to overexpress in

the brain either full-length human AβPP or its deriva-

tives. Several models reproducibly develop some of

the prominent pathological and behavioral features of

AD, including age-related amyloid deposition, neuritic

changes, neuronal loss, gliosis, abnormal tau phos-

phorylation, and impairment in learning and memory.

Some transgenic lines develop various degrees of CAA.

In one model, mice overexpressing the AβPP gene with

the V717F mutation driven by the PDGF-β promoter

(PDAPP) [37], have age related parenchymal plaque

deposition with little vascular amyloid [56,62].

A line of mice overexpressing AβPP with the

K670N/M671L Swedish double mutation, Tg2576,

driven by the hamster prion protein promoter develops

neuritic plaques in the neocortex and hippocampus at

an older age [57]. Although cerebrovascular amyloid

deposition has been noted in these mice [131] it is not

a prominent feature of this line [12] and there is no

evidence of hemorrhagic stroke [21]. Coexpression of

mutant PS1 with AβPP potentiates amyloid deposition

in Tg2576 mice [79]. Using a human Thy1.1 expres-

sion cassette to drive AβPP with the Swedish mutation

the line APP23 was developed [112]. In addition to

parenchymal amyloid deposition, there is a significant

amount of cerebrovascular amyloid in this line accom-

panied by hemorrhages that range from multiple, recur-

rent microhemorrhages to large hematomas [16,137].

Thy1.1-neuronal specific expression of the AβPP gene

with the V717I London mutation also resulted in plaque

and vascular amyloid pathology [32], however, in the

absence of hemorrhages [123].

While the above mentioned transgenic mouse mod-

els overexpressing AβPP mimic the Aβ amyloid de-

position observed in AD, a transgenic mouse model

of HCHWA-D recently generated mimics the human

disease. Overexpression of the Dutch E693Q AβPP

variant in mice under control of a human Thy1.1 ex-

pression cassette resulted in extensive amyloid depo-

sition in leptomeningeal and cortical vessels, smooth

muscle cell degeneration, hemorrhages, and neuroin-

flammation [53]. Similar to HCHWA-D patients only

a few parenchymal plaques were found and they were

composed of diffuse Aβ. However, while HCHWA-

D patients are affected early in life, HCHWA-D trans-

genic mice show onset of vascular amyloid deposition

and hemorrhage at old age (22–25 months of age) [53].

This transgenic mouse model confirms for the first time

the hypothesis that the E22Q substitution is the cause

of the predominant cerebrovascular amyloid deposition

in HCHWA-D. Since the E693Q AβPP gene was ex-

pressed in these mice using a neuron-specific promoter,

the vascular amyloid deposits originate from neuronal

cells and are probably due to reduced clearance of the

peptide [82]. The amyloid deposited in the cerebrovas-

culature of the E693Q AβPP transgenic mice consists

predominantly of Aβ1-40. Cross-breeding these mice

with mice expressing a PS1 variant that increases Aβ1-

42 production, resulted in early (starting at 3 months
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of age) accumulation of parenchymal amyloid plaques

and reduced CAA [53]. Thus, similar to humans, the

major component of blood vessel amyloid is Aβ1-

40, and modification of the Aβ42/Aβ40 ratio favors

parenchymal amyloid deposition with higher Aβ1-42

content.

Another mouse model expresses the human AβPP

gene with three substitutions: the Dutch, Iowa, and

Swedish under control of the Thy1.2 promoter. Even

though these mice express the human gene at levels

below those of endogenous mouse AβPP they develop

early-onset and robust accumulation of Aβ in the brain

with perivascular and vascular Aβ deposits with occa-

sional microhemorrhages [30]. In vitro studies have

shown that an experimental Aβ peptide containing both

the Dutch and Iowa substitutions possesses more robust

fibrillogenic and pathogenic properties compared with

peptides with either single substitution [126]. More-

over, this peptide compared to wild type Aβ is poorly

cleared from mouse brain into the circulation, indicat-

ing that a clearance deficit contributes to accumulation

of Aβ in and around cerebral blood vessels and in the

parenchyma of transgenic mice [30]. While CAA in

AβPP mouse models with neuronal specific expression

of the transgene evinces that the source of cerebrovas-

cular amyloid can be neuronal, it remains to be de-

termined if Aβ deposition can originate also from the

circulation.

The development of Aβ depositing transgenic mice

which exhibit some typical characteristics of AD

pathology, endorses the concept that Aβ is one etio-

logical factor in the initiation of the disease process.

Conversely, mutations expressed as protein variants are

not a prerequisite for fibril formation because amyloid

fibrils in AD are usually processing products of a nor-

mal precursor protein [118]. Thus, mechanisms such

as aberrant binding to tissue specific factors (chaper-

ons) must have a crucial role in the process of amyloid

formation. Although Aβ is the major constituent of

the amyloid deposits in AD, there are minor compo-

nents such as P-component [26], apolipoprotein E [88],

apolipoprotein J [20,78], proteoglycans [108], lysoso-

mal proteinases [4,5,18,87,92] and the proteinases in-

hibitors, α1-antichymotrypsin, α1-antitrypsin [1,44],

α2-macroglobulin [99,125], and cystatin C [49,58,70,

74,129]. Some proteins associated with AD lesions

may have a role in the pathological processes leading to

amyloidogenesis and neuronal degeneration and others

may bind secondarily to amyloid deposits. Proteins

associated with Aβ may initiate and/or enhance fibril

formation and deposition, or alternatively, they may

solubilize Aβ. Genetic data support the involvement

of some of these proteins in the pathological process

leading to AD, including apolipoprotein E [102,111]

and cystatin C [6,28,35,42,94]. The apolipoprotein ε4

and ε2 alleles as well as cystatin C are thought to be

risk factors for CAA. They exert different effects on

the progression of CAA, with apolipoprotein ε4 stimu-

lating deposition of Aβ and apolipoprotein ε2 causing

affected vessels to degenerate and bleed [46,47,77,90].

Severe cystatin C immunoreactivity is a risk factor for

the occurrence and enlargement of the hemorrhage, as

well as induction of recurrent hemorrhages [58,59,74,

129].

Thus, Alzheimer’s disease is a complex disease with

multigenetic involvement. The identification of a muta-

tion in the AβPP gene in Dutch patients with HCHWA

that segregates with the disease showed for the first

time that Aβ is one etiological factor, and abnormal

expression or altered structure can initiate the disease

process.
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Abstract. In 1991 we described a missense mutation in the amyloid β-protein

precursor (AβPP) gene in two familial Alzheimer’s disease (FAD) kindreds. This

gene encodes the amyloid β peptide deposited in senile plaques in AD. We made four

predictions based upon these results: 1. Other FAD kindreds would be identified

wth AβPP mutations; 2. FAD is genetically heterogeneous; 3. Aβ deposition is

central to the pathogenesis of AD and 4, Regulatory variants in the AβPP gene lead

to late onset AD. In the ensuing years substantial evidence has accrued in support of

these predictions. Nineteen mutations in the AβPP gene have been reported. These

mutations have all been shown to alter AβPP processing or Aβfibrillogenesis, leading

to early Aβ deposition. Furthermore, mutations in the genes encoding presenilin 1

and presenilin 2, that cause FAD, also lead to changes in AβPP processing and Aβ

deposition. Together these observations strongly support the hypothesis that Aβ deposition is central to AD

pathogenesis. Suprisingly, the fourth prediction, that variation in AβPP expression may predispose to late onset AD,

has not been rigorously tested, despite the fact that overexpression of AβPP is sufficient to cause dementia and AD

neuropathology in Down Syndrome.

Keywords: Familial Alzheimer’s disease, Amyloid β-protein precursor, Amyloid β, gene, mutation, pathogenesis

1. Introduction

In 1991 little was known about the pathobiology of

Alzheimer’s disease. Earlier studies had demonstrated

that plaques contain amyloid β (Aβ) and that neurofib-

rillary tangles were composed of paired-helical fila-

ments of hyperphosphorylated tau [7,11,21]. However,

it was unclear whether either of these inclusions was

causative, largely because Aβ plaques were believed

to be common in non-demented elderly and NFT were

known to occur in many neurodegenerative diseases.

Thus neither inclusion appeared to be specific for AD.

Early studies suggested that NFT showed a better cor-

relation with dementia than plaques and thus it was ar-

gued they were more likely to be the cause of disease.

A major impediment to the molecular dissection of AD

was the absence of cellular or animal models of disease.

2. Genetic linkage to chromosome 21 in Familial

Alzheimer’s disease

Although it had been known for more than 50 years

that families existed in which AD had an early onset

(< 60 yrs) (FAD), and was inherited as an autosomal

dominant trait [20], the techniques of molecular genet-
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ics only began to make analysis of these families fea-
sible in the late 1980s. The Human Genome Project
led to major methodological advances including the de-
velopment of genetic and physical maps of the human
genome, methods for linkage analysis and PCR. Ini-
tial studies of FAD focused on chromosome 21 for two
reasons, all individuals with Down syndrome (trisomy
of chromosome 21) develop AD by middle age and Aβ

had been shown to be derived from a larger precur-
sor protein, the amyloid β protein precursor (AβPP)
encoded by a gene on chromosome 21 [10,17,34,48].
Linkage was first reported between DNA markers on
chromosome 21 and FAD in 1987 [43]. However, some
groups failed to replicate these results in other family
series [32,37]. When AβPP was shown to be encoded
by a gene on chromosome 21 it was clearly a very
strong candidate gene. However, the AβPP gene was
quickly excluded because recombination events were
observed between the AβPP gene and AD in several
families [49,50]. At this time FAD was assumed to be
a genetically homogeneous disorder and therefore the
observation of recombinants in one family excluded the
gene in all families. With the benefit of hindsight this
appears to be a very naive viewpoint. Fifteen years on,
non-allelic genetic heterogeneity in neurodegenerative
diseases is common [41].

3. Familial Alzheimer’s disease is genetically

heterogeneous

A turning point in AD genetics was the multi-
center investigation headed by Peter Hyslop and John
Hardy [42]. This paper analyzed data from many fam-
ilies and came to the conclusion that FAD exhibited
non-allelic genetic heterogeneity i.e. that some fami-
lies were linked to a locus on chromosome 21 but that
many families were not. Furthermore, there was more
than one linkage signal on chromosome 21 raising the
possibility of more than one gene on chromosome 21
leading to AD. This observation meant that a gene on
chromosome 21 could only be excluded if the family
showed evidence of linkage to chromosome 21 and that
data from families should be analyzed individually, not
pooled with other families, unless the families show
linkage individually.

4. A Missense mutation in the AβPP gene causes

FAD

After this paper, and two other papers describing
linkage to the AβPP gene and a mutation in AβPP in

a disorder called Hereditary cerebral hemorrhage with

amyloidosis, Dutch type (HCHWA-D) [18,51] John

Hardy and myself resolved to re-evaluate the AβPP

gene in our own series of FAD kindreds. We had pre-

viously reported linkage to chromosome 21 in these

families, and a large part of the linkage signal around

AβPP in the multi-center study came from one of our

families [9,42]. Segregation analysis of multiple mark-

ers along the entire length of chromosome 21 in this

family demonstrated a common disease haplotype in

all affected individuals. However, there were two un-

affected individuals who provided important informa-

tion. An unaffected cousin of the main sibship shared

10 Mb of chromosome 21 telomeric of D21S17. This

individual was fifteen years over the mean age of onset

in the family and remained unaffected. This ruled out

the telomeric region as the site of the disease locus.

The second unaffected individual was a sibling of the

main sibship who shared 19 Mb centromeric of D21S1.

This person, while unaffected, was only two years older

than the mean age of onset, giving odds of two to

one against this person developing AD. If the person

remained healthy the disease locus must lie between

D21S1 and D21S17, a region that includes the AβPP

gene. Although the odds were not huge we decided to

evaluate the AβPP gene because we could not exclude

the gene genetically. Exons 16 and 17 were sequenced

first because these exons encode the part of AβPP that

gives rise to the Aβ peptide and because the mutation

that causes HCHWA-D is in exon 17. This sequencing

identified a single nucleotide substitution that results in

a missense mutation, V717I [8]. This substitution was

present in all of the affected individuals in the family

but none of the unaffected individuals. Furthermore,

it was absent from 100 unrelated normal individuals

but present in one of sixteen early onset FAD kindreds

screened. A polymorphism, in the 3’ end of the AβPP

gene, distinguished the two V717I families indicating

that the mutation had arisen independently in these two

families. The V717I substitution is conservative but

its location, close to the C-terminus of the Aβ peptide

suggested that it may influence production of Aβ.

We made several predictions based upon these re-

sults: 1. Other FAD kindreds would be identified that

carry AβPP mutations; 2. FAD is genetically hetero-

geneous; 3. Aβ deposition is the central event in the

pathogenesis of the disorder and 4, Regulatory variants

in AβPP might lead to late onset AD.
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5. Mutations in AβPP cause AD and stroke

resulting from cerebral hemorrhage

Eight months after our original report, we reported

a second mutation in AβPP that caused FAD [2]. This

mutation was also at codon 717 but resulted in a V717G

amino acid substitution. Based upon the two mutations

we hypothesized that FAD mutations in AβPP alter

AβPP processing to enhance Aβ production and thus

Aβ deposition. At this time nothing was known about

AβPP processing, indeed it was not even known that

Aβ was produced in normal individuals. However,

these observations clearly gave urgency to the need to

understand more about the proteolytic processing of

AβPP.

In the fourteen years since the publication of these

papers 23 amino acid substitutions have been described

in the AβPP gene (http//:www.alzforum.org/home.asp).

The majority of these substitutions (19/23) have unam-

biguously been demonstrated to be pathogenic (Fig. 1).

Many of the mutations have been shown to segregate

with disease in an FAD kindred [2,8,22,23], and are not

observed in unrelated controls. Some have also been

shown to alter Aβ metabolism in vitro or cause age-

dependent Aβ deposition in vivo (reviewed in [39]).

Strikingly, all of these mutations occur in exons 16 and

17, the exons that code for the Aβ sequence and flank-

ing regions (Fig. 1). The location of these mutations

strongly supported our hypothesis that FAD mutations

in AβPP result in altered Aβ processing.

The analysis of AβPP processing in neuronal and

non-neuronal cells has subsequently demonstrated that

AβPP can be proteolytically cleaved via two mutually

exclusive pathways (Fig. 2). The first pathway, which

is the most common in all cells except neurons, re-

sults in cleavage within the Aβ sequence by an activ-

ity termed α-secretase, to release a soluble N-terminal

fragment called sAβPPα and a membrane associated

C-terminal fragment called C83. In neurons an alter-

nate pathway, called the β-secretase (BACE) pathway,

cleaves at the N-terminus of Aβ generating sAβPPβ

and a C-terminal fragment C99, which is subsequently

cleaved by γ-secretase to generate Aβ and AβPP in-

tracellular domain (AICD). C83 can also be cleaved by

γ-secretase to generate P3 and AICD.

In vitro overexpression of AβPP FAD mutations has

demonstrated that all mutations affect AβPP process-

ing leading to changes in the amount of Aβ produced,

changes in the ratios of the Aβ species produced and/

or changes in the physico-chemical properties of the

Aβ [3,12,47]. Some but not all of these mutations

also alter the production of AICD [12]. The so-called

Swedish mutation, located at the N-terminus of Aβ,

results in an AβPP molecule that is a better substrate

for BACE resulting in higher levels of Aβ [3]. In con-

trast FAD mutations located between AβPP714 and

AβPP723 result in altered cleavage by γ-secretase [47].

The effect of these mutations is more complex in that

the amount of Aβ and the ratios of the different Aβ

species (Aβ37-Aβ43) vary with each mutation [12].

However, a common feature of all mutations seems to

be an increase in Aβ42 relative to other Aβ species.

Five mutations have been reported within the Aβ se-

quence at residues AβPP692-694. These mutations are

often associated with cerebral hemorrhage rather than

AD [13,18,27]. Although these mutations are located

near the α-secretase cleavage site and thus could alter

AβPP processing they are also within the Aβ peptide

and thus alter the physico-chemical properties of the

peptide leading to increase protofibril formation [27,

44].

Several of these mutations have also been used to de-

velop transgenic animals [6,16,46]. A consistent prop-

erty of these animals is an age dependent Aβ deposi-

tion. However, unlike humans these mice do not de-

velop overt neurodegeneration or neurofibrillary tan-

gles. Another, striking observation coming from these

mice is that overexpression of Aβ42 leads to parenchy-

mal Aβ deposition, such as that seen in AD, while over-

expression of Aβ40 leads to Aβ desposition primarily

in the cerebral vessels [14]. Thus AβPPSwe, which

results in higher levels of both Aβ40 and Aβ42 leads

to both pathologies [5], while AβPP717 mutations lead

to parenchymal Aβ deposition [6] and AβPP692 leads

to Aβ deposition in the cerebral vessels [14].

6. Mutations in at least three genes can cause FAD

The second prediction was that FAD exhibited non-

allelic genetic heterogeneity. This has also been

demonstrated to be correct. In 1992, Schellenberg

& colleagues reported linkage to chromosome 14 in

early onset FAD and in 1995 St. George-Hyslop and

colleagues identified mutations in a novel gene, later

named presenilin 1 [38,40]. A third FAD gene, prese-

nilin 2 was identified only a few months later because

of its homology to presenilin 1 [19,35]. In vitro and in

vivo studies have demonstrated that FAD mutations in

PS1 and PS2 also lead to changes in γ-secretase cleav-

age of AβPP, resulting in higher Aβ42/Aβ40 ratios and

early Aβ deposition (reviewed in [39]). All known
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Fig. 2. AβPP is proteolytically cleaved via two pathways. In most cells AβPP is cleaved by α-secretase followed by γ-secretase. In neurons the

predominant pathway involves sequential cleavage by β-secretase and γ-secretase.

FAD mutations appear to alter AβPP processing to pro-
duce more Aβ, increase the propensity of Aβ to form
protofibrils or alter the ratio of the Aβ species. Most
early onset FAD kindreds appear to carry a mutation in
either the substrate or the enzyme that generates Aβ.
It is unclear how many other FAD genes there may be
because most large FAD kindreds carry a mutation in
one of the three known genes.

A major focus of current genetic research is the
identification of genetic risk factors for late onset AD
(LOAD). Currently the only known genetic risk factor
for LOAD is APOE4 [4,45]. However, only 50% of
AD cases carry one or more copies of the E4 allele sug-
gesting that there must be other risk factors. Genetic

linkage studies have implicated several chromosomal

regions (e.g. chromosomes 9, 10, 12 and 21) but no

consistent evidence has been reported for any single

gene on these or any other chromosomes [1,24,25,31].

7. Is Aβ deposition central to the disease process?

The third prediction has proven to be the most contro-

versial. While it is clear that FAD mutations in AβPP

result in increased Aβ deposition, it is unclear whether

the deposition is itself pathogenic. Several alternative

hypotheses have been put forward. Rather than the
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deposited Aβ being neurotoxic some have suggested

that the neurodegeneration observed in AD is caused

by either soluble oligomers of Aβ, the build up of C-

terminal fragments of AβPP or abnormal signaling by

the intracellular domain of AβPP [26,52].

A key question for many years was whether late on-

set AD also involves an Aβ-centric mechanism. Ele-

gant transgenic animal studies have demonstrated that

APOE is required for Aβ fibrillogenesis (amyloid for-

mation) and that APOE4 promotes Aβ deposition and

amyloid formation when compared to the other APOE

alleles, E3 and E2 [15]. A second intriguing obser-

vation in these mice is that the distribution of Aβ de-

position is altered in mice lacking APOE and in mice

carrying only human APOE2. These results suggest

that in addition to being necessary for amyloid forma-

tion APOE is likely to be involved in the transport or

clearance of Aβ. Indeed, we have shown that APOE

genotype influences the age of onset of AD in individ-

uals with FAD mutations suggesting an additive effect

of PS mutations and the APOE4 allele [30,53].

The fact that all four known AD genes implicate Aβ

and that APOE implicates Aβ fibrillogenesis directly,

provides support for the hypothesis that Aβ deposition

is central to the disease.

8. Can overexpression of AβPP lead to AD?

The fourth prediction was that variants in AβPP that

altered the level of AβPP expression might also re-

sult in AD. This is strongly supported by the observa-

tion that Down syndrome individuals with partial tri-

somy of chromosome 21, who are not trisomic for the

AβPP gene, do not develop AD neuropathology, i.e.

AD pathology in DS is associated with three copies of

the AβPP gene [33]. Suprisingly, this hypothesis has

not been rigorously tested with respect to late onset

AD. Genetic linkage studies in late onset AD families

have reported evidence for linkage on the long arm of

chromosome 21, suggesting that a genetic risk factor is

present on this chromosome [25]. Subsidiary analyses

suggest that this linkage is associated with absence of

an APOE4 allele and later age of onset [28,29]. Despite

these promising results genetic analyses of the AβPP

gene in late onset AD have been very limited and inad-

equate to test the hypothesis. The AβPP gene is a large

gene spanning more than 300 kb [36]. No published

study has looked at more than a couple of SNPs within

the gene, an inadequate number to rigorously exclude

AβPP as a candidate gene. Thus more than fourteen

years after the original report of a missense mutation

in the AβPP gene causing early onset FAD, the AβPP

gene remains a promising but untested candidate risk

factor for late onset AD.
In summary, our report of a missense mutation in

the AβPP gene that caused FAD provided an important

turning point in AD research. This paper and subse-
quent papers provided information that has led to the

developmentof cellular and animal models that recapit-

ulate at least part of the AD phenotype. These models

have greatly enhanced our understanding of the patho-
biology of AD and have ultimately led to the identifi-

cation of drug targets for AD and the development of

drugs that are currently in clinical trials. Furthermore,
the major predictions of this paper have withstood the

test of time remarkably well.

On a more personal note this paper also had a large

impact on the lives and careers of many of the paper’s
authors. The paper was the most cited scientific paper

in 1991 and obviously received an immense amount of

publicity in the media. John and I received both the
Potamkin Award from the American Academy of Neu-

rology and the MetlLife Award for Alzheimer’s dis-

ease research for this work. We shared the Potamkin

Award with Dr. Blas Frangione and Christine Van
Broeckhoven because of the importance of the work on

HCHWA-D in leading to the discovery of the AβPP

mutations in AD. Although most of the authors on our

paper were junior scientists (graduate students, post-
doctoral fellows and research assistants), half of them

continue to publish in the AD research field more than

ten years later. As so often happens with success many
members of the team were lured away from St. Mary’s

Hospital Medical School to other academic institutions.

Within eighteen months of the publication of this pa-

per John Hardy and several members of the laboratory
moved to the University of South Florida in Tampa,

while myself and several others moved to Washington

University in St. Louis, where I took up a faculty po-
sition. Despite moving to different institutions within

the USA, John and I have continued to collaborate on

the genetics of dementia for the last fifteen years. This

collaboration continues to be a stimulating and produc-
tive endeavor, but the fall of 1990 remains a high-water

mark with regard to the special excitement felt by all

who were involved in the project.
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Abstract. When I decided to clone the amyloid gene I did not know that

there were some twenty groups around the research world that desperately

tried to do the same. If I knew that I would have never started the project.

I was so ignorant about the disease that I did not know how to spell the

name Alzheimer. I had to look at the papers of other researchers to make

sure that my spelling was correct. After the cloning, I was invited to

numerous national and international meetings on AD. These meetings

became my University where I majored in AD.

Fig. 1. Dr. Carleton Gajdusek at his home in Yonkers, New York,

Christmas 1994.

To Carleton Gajdusek.

We wish we know more about the work that lead

to the first paper describing Alzheimer’s disease (AD)

that was published 100 years ago. We wish we know

more about the people who were involved in that work

and the circumstances that lead Alois Alzheimer to the

realization that the patient had indeed a novel disease.

The aim of my story is to describe events that took

place 20 years ago and that may be of interest to a few

people later.

The following is the story of my work on the cloning

of the amyloid gene. The facts are correct. At the very

least they are as I remember them.

When I decided to clone the amyloid gene I did not

know that there were some twenty groups around the

research world that desperately tried to do the same. If I

knew that I would have never started the project because

I hate competitions. Competition in most projects in

science means that the problem will be solved sooner

or later. I, on the other hand, am always looking for

novel ideas and new things to do, and always tried to

open new doors instead of jumping on a band wagon.

I was so ignorant about the disease that I did not

know how to spell the name Alzheimer. I had to look

at the papers of other researchers to make sure that my

spelling was correct.

After the cloning, I was invited to numerous national

and international meetings on AD. I never refused and

during the next several years I went to every one. These

meeting provided me with a great education. The irony
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was that people at the meeting hoped to learn new

things about AD from me, who knew nothing about the

disease. I, on the other hand, was eager to learn from

them who knew so much. I would come to a seasoned

established scientist and ask- Could you tell me what

you think about AD? What are you working on? And

most people were very generous with me. They liked

to talk about their work and about their ideas. These

meetings became my University where I majored in

AD.

And now back to the story.

1984 was my fourth year in America and I happily

studied hantaviruses in Carleton Gajdusek’s lab at NIH.

It was my fourteenth year in the field of virology and

I became a bit restless. I wanted to go back to my

roots – molecular biology, in which I majored at the

Leningrad Polytechnic Institute (LPI) in the Depart-

ment of Semion Bresler, the father of molecular biology

in the Soviet Union. In fact, I had two majors – physics

and molecular biology. However, since graduation I

worked in the area of virology using biochemical and

molecular biological techniques.

Luckily, there, at the National Cancer Institute (NCI)

was Michael (Misha) Lerman, a molecular biologist

from Moscow. Michael was a well known scientist

in the Soviet Union and he had publications in inter-

national journals. He was very knowledgeable with

a hands-on experience in molecular biology. In our

conversations he praised working with DNA and urged

me to forget about my viruses and come to work for

him. Misha came to America while he was in his early

50’s. In the US he had to start, as many immigrants

do, at a lower position. He had to work once more as

a bench scientist. He did and he did it well. He was

hunting oncogenes. By the time we met he already had

several publications in peer-reviewed journals. Misha

was working at Fort Detrick in Frederick, MD, in the

NCI building located next to Carleton’s building. He

worked in the laboratory of Dr. Saffiotti and had a single

technician.

It looked like that we would both benefit if I could

spend some time with him and pick up techniques. I

asked Carleton if I could spend a few months working at

NCI with Michael Lerman. I told him that I wanted to

pick up some modern molecular biological techniques

and then use them in projects that were central in Car-

leton’s lab – the Laboratory of Central Nervous System

Studies (LCNSS). At that time there were no molecular

biologists in his lab and Carleton agreed.

I understood that Misha’s primary motivation was to

get some additional help that he could not get from the

NCI. That was fine with me. I told him that I would be

coming as an apprentice. I didn’t need any "pay" in the

form of papers. I told him that I always work hard and

that the knowledge I gain will be my pay.

Early 1985.

I plunged into Misha’s projects spending most of my

waking hours in the lab of Dr. Saffiotti. Dr. Saffiotti

was very supportive and a real gentleman. We worked

on chemical cancerogenesis trying to find oncogenes

that were responsible for the transformation of ker-

atinocytes treated with cancer inducing chemicals. I

enjoyed working with Misha very much and I learned

a lot. I learned many new methods including making

various cDNA and genomic libraries and gene cloning.

I know that he too was very happy with me because

I was a quick learner, worked hard, generated a lot of

data, and had great respect for Misha.

The idea

Time passed very quickly and in the fall of 1985 I

finally felt that I have to begin working on a project that

Carleton would be interested in. Carleton at that time,

as well as now, was very interested in brain amyloid.

He saw a lot of similarities between amyloid found in

scrapie, Kuru, Creutzfeldt-Jakob disease on one hand

and AD on the other hand.

Colin Masters, who spent many years in Car-

leton’s lab, and his colleagues in Germany in Konrad

Beyreuter’s lab just published a paper in PNAS with

a sequence of the A4 peptide that was almost identi-

cal to the sequence of amyloid beta protein (Aβ) that

was published 1984 by George G. Glenner and his as-

sociate C.W. Wong. The Americans purified the pep-

tide from leptomeninges of AD and Down’s syndrome

(DS) brain [1,2]. Colin and company purified the pep-

tide from the plaques of AD and DS brains [3]. The

sequence of a peptide called A4 by a German group

was almost identical to the sequence of the Aβ peptide

of George Glenner, except for minor differences and

the fact that the sequence of A4 was longer. In fact,

Colin and colleagues would not have been able to un-

derstand the protein sequencing results if not for the

published peptide sequence of Glenner. Plaque amy-

loid is composed of a mixture of peptides of identical

sequence but of different length because of the ragged

N- and C-termini. Therefore, it was practically im-

possible to decipher the sequencing signals of peptide

mixture without knowing the Aβ peptide sequence of

Glenner.
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Fig. 2. George G. Glenner (left) and Colin L. Masters at the First

International Conference on Alzheimer’s Disease and Related Dis-

orders, Las Vegas, 1988.

In the fall of 1985 I went to Carleton and proposed

to clone the Alzheimer’s amyloid gene – the gene that

encodes the Aβ protein that Glenner and Wong purified

from the AD brain and published in 1984. Carleton

supported me. The paper of Masters and his colleagues

in Germany was just published in PNAS and Carleton

was very excited by it [3]. He later told me that at that

time he did not believe that I would succeed. But, as

it happened before me to others, Carleton never pro-

hibited people in his lab from doing what they thought

was important. He might have discouraged them if he

did not believe in their ideas, but he never stopped them

from trying.

First attempts

It was known that amyloid was detected in extracel-

lular plaques and in intraneuronal neurofibrillary tan-

gles (NFTs). I discussed the project with Carleton and

we decided that there was a good chance that Aβ could

be a fragment of one of the neurofilament proteins (NF).

At that time only the sequence of the NF small was

known and it did not contain Aβ. The sequence of

NF medium was known only partially and therefore it

could have had Aβ. The sequence of NF large was not

known. I thought that at first I will try to clone NF large

by screening of brain cDNA expression libraries with

antibodies generated against NF large.

I found that Virginia Lee from the University of

Pennsylvania published a number of papers using anti

NF antibodies that she generated. I contacted Virginia

and she sent me some antibodies. However, screening

of cDNA expression libraries did not produce a single

positive clone and I abandoned this direction.

Soon afterwards I learned that Ivan Lieberburg from

the Rockefeller University was planning to present the

sequence of NF large at a cell biology meeting (Amer-

ican Society for Cell Biology). I went to the meeting

to see the sequence, but Ivan did not show up at his

poster. After the meeting I contacted him and learned

that he had only partial sequence of NF large and it did

not contain an Aβ region. Later, I sequenced Ivan’s NF

large clone during the sequencing course that I took at

University of North Carolina in the spring of 1986. I

found that the sequence of NF large did not contain an

Aβ sequence and therefore Aβ was not a fragment of

any of the three NF proteins.

Conception

In parallel I was developing an alternative strategy –

screening of brain cDNA libraries with an oligonu-

cleotide probe that was based on Glenner’s and Colin

Masters’ sequences of Aβ [1–3]. The sequence of the

probe could not be precisely known because of the de-

generacy of the code. At that time researchers were us-

ing a mixture of partially correct probes. Usually it was

done either by mixing different oligos (with variable

nucleotides at every ambiguous position), or by synthe-

sis of a mixture of oligonucleoltides using a mixture of

nucleotides at every step that corresponded to an am-

biguous position. None of these approaches produced

really good probes and successes in cloning were far

fewer than failures.

Luckily, in 1985 a group from Japan published a pa-

per in PNAS [4]. In this paper they proposed a very

clever approach of generating probes for gene cloning.

They also proved that this approach worked by cloning

several known genes. The main idea was to use de-
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oxyinosine in ambiguous positions. Because deoxyi-

nosine is a small molecule it does not interfere dur-

ing hybridization with sequences of genes containing

any of the four nucleotides at the position opposite to

deoxyinosine.

Another problem in cloning was the existence of se-

quences in many proteins that were similar to the se-

quence of the peptide or to one of it regions. I under-

stood that it was important to find a unique region in

the sequence of Aβ. At that time very few researchers

knew how to compare sequences and BLAST was not

at their fingertips as it is now.

Nina Goldgaber, who was my wife at that time, was

working for a computer firm that serviced NIH scien-

tists at Fort Detrick. One of her duties was analysis of

protein and DNA sequences. I asked Nina to compare

the sequence of Aβ with the database of known pro-

teins and protein sequences predicted from the cloned

genes in the GeneBank. The purpose was to identify

regions of Aβ that had the least similarities to known

sequences. I wanted to use the sequence of the unique

region of Aβ for generating a probe with deoxyino-

sine in every ambiguous position. Nina compared the

sequences and I saw that there was indeed a region

of Aβ that was similar to regions found in many pro-

teins. However, there was another region of Aβ that

had no significant homology to known sequences in the

GeneBank. These two steps – the use of deoxyinosine

and the identification of a unique region of Aβ (plus a

bit of luck) – were crucial in the successful cloning of

the amyloid gene.

I told Misha about Nina’s results, showed him the

unique region of Aβ and the sequence of the probe

with deoxyinosine. Misha had no objections and I

ordered the probe in the fall of 1985. There were

only two companies in the United States that made

deoxyinosine at that time. I send the request to one

of these companies. Surprisingly, I did not receive my

probe for several months. When I called to find why

the probe was not made, I was told that there was an

explosion in the room next to the one where they were

making deoxyinosine and the hallway and all adjacent

rooms were sealed for investigation. But they told

me that the investigation was almost over. After my

call they opened the room, made deoxyinosine, and

synthesized my probe.

I continued to work with Misha on his projects in

Saffiotti’s lab. It was an exiting time. I spent days and

sometimes nights in the lab. I remember that one day in

1986 I came out of the lab during the daytime and was

surprised to see it was already spring. I was working

Fig. 3. Dmitry Goldgaber with Alan T. Bankier, Sanger’s MRC

Laboratory of Molecular Biology, Cambridge, 1987.

so hard and spent so much time in the lab that I actually

missed the passing of winter!

Around that time I learned from Bob Rohwer, who

spent many years in Carleton’s lab and who had moved

to UNC, that there was a sequencing course that was be-

ing given by Alan T. Bankier from Sanger’s lab (MRC

Laboratory of Molecular Biology, Cambridge). The

very same Sanger who received two Nobel prizes – one

was for sequencing proteins, and the second for se-

quencing DNA. Alan learned sequencing directly from

Sanger! I was very excited about a possibility to learn

sequencing from Alan, in a way making me a student

of a student of Sanger.

Bob sent me the application form and I applied for

the course. I was however late – they already had

enough students. Bob knew the director of the course

who promised to notify me if some of the participants

will not be able to come. G-d was on my side again

and I received a call that one place became available

and I could come. I decided to drive to North Carolina.

However, after a few hours I began loosing oil. I bought

a lot of cans of oil and kept adding oil every time I saw

that the level of oil became too low. Finally, I made it

to UNC, but the gasket of the engine was blown and the

engine suffered irreparable damage. I had to buy a new

engine. It did not stop me. I was happy that I could be

learning sequencing from the student of Sanger.

The two weeks of the course passed very quickly. I

stayed at Bob’s place and every day he drove me to the

course. My first sequencing gel was the worst of all

students. But I kept making and running gels and in

the end I generated many more sequences than anyone

else. I was very happy, because I became a master of

sequencing.

Among the genes that I brought with me for sequenc-

ing, as I mentioned earlier, was a clone of NF large
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Fig. 4. Dmitry Goldgaber with Konrad Beyreuther (left) and Gerd

Multhaup at the University of Cologne, 1987.

from Ivan Lieberburg. I sequenced it but it did not

contain the Aβ region. I also had several clones from

Misha’s projects and sequenced all of them. During

the course at UNC I learned from Misha that my probe

with deoxyinosine has finally arrived.

Birth

It was already June of 1986. Misha’s project on

chemical cancerogenesis was finished. Unfortunately,

we did not find the oncogene. Misha was leaving the

NCI. He had a good offer from the Dental Institute

in Bethesda – he would get his own lab with several

positions and a good research budget. Finally, I had

time to work on my own project on the amyloid gene.

I had several cDNA and genomic libraries to screen

with my deoxyinosine containing probe. Some of these

libraries were purchased and some I made myself. At

first I screened my best libraries. Each time, after the

first round of screening I had some weak positive sig-

nals. I picked the clones from the positive areas and

re-screened them. No signals. They were false posi-

tives. Finally, in the second half of the summer, only

one library was left unscreened. It was a library from a

commercial source with very poor characteristics and

short inserts. After so many failed attempts I did not

believe that screening of this library would bring any-

thing different. But I had nothing else to do. And I

hate to miss chances. Even if I had only one chance in

a million, I would rather try it than later feel that I had

this chance, however small it was, and did not take it.

So, I screened the last library with my deoxyinosine

containing probe and, as before, I got several weak

signals. Without much hope I re-screened the picked

colonies and WOW – there was a HUGE signal!

When Misha showed up in the lab (at that time he

spent most of his time in Bethesda) I showed him the X-

ray film with the signals. For the first time in this project

Misha seemed to be interested. I finished screening and

isolated several clones. Three clones contained cDNA

inserts of similar size and I picked one for sequencing.

I cut the insert with several restriction enzymes and did

a Southern with my probe to determine which fragment

might contain the Aβ. I sequenced the fragment using

the Sanger method that I learned from Alan Bankier at

UNC just a couple of months ago. The first sequencing

reaction brought me terrific news: the clone contained

the Aβ sequence!!!

I remember it as if it was yesterday . . . I finished

sequencing Friday night and put an X-ray film for

overnight exposure. Next morning I developed the film

and read the sequence. It was around 11 am on Satur-

day, and there it was – the sequence of the Aβ peptide!

I was very, very lucky! The size of the cDNA frag-

ment that I cloned was 1000 bp. The sequence that was

recognized by my deoxyinosine containing probe was

located at the 5’ end of the clone and was only 53 bp

long. If this clone was just 50 bp shorter, I would not

have had the gene.

I was so excited that I could not work. Misha came

to the lab to collect some of his stuff. I showed him the

sequence and said “Look, I will not work today. I am

going to a liquor store to buy the best bottle of cognac

they have. And then I will go to Carleton’s house on

Prospect Hill and will have a drink with Carleton. Let’s

go and celebrate!” Misha was somewhat reluctant, but

I insisted and we went to the liquor store. I bought

XO cognac, the best they had, and we went to Prospect

Hill, Carleton’s house.

Carleton was home, upstairs. There were several

foreign guests in the house, as usual. I asked to find

glasses for everyone, and call Carleton. He came down

asking what the occasion was. I poured XO cognac

into glasses and told Carleton that we have the amyloid

gene. I said that I have a toast: “Carleton,” I said with

a chock in my throat, “Thank you Carleton for giving

me a chance!”

I felt very emotional at that moment. I did not how

to express my feelings. I was thinking about the years

in the Soviet Union and threats, the immigration I faced

and the uncertainties of an immigrant life and the years

in Carleton’s lab. What else was there to say? I was

so grateful to him for inviting me, an unknown Russian

Jewish immigrant, to work in his lab. So many people
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from all over the world were dreaming of working in his

lab and he invited me. I will never forget his kindness

and his support. He changed my life by giving me a

chance to work in his laboratory.

Carleton did not meet me personally during his trips

to Russia. I saw him at one of his lectures at my

Institute in 1977. I wrote him a letter during my journey

from Russia to the United States (November, 1979 –

March, 1980). It was my very first letter in English.

I did not know how to write letters in English. As an

example of how to write letters, I used a book from

a hotel in Vienna. It was a book for hotel managers

with examples of business correspondence in five major

European languages.

I remember that I wrote him that I had left the Soviet

Union, that I am in Vienna, and on my way to the

United States. That I am ready to do any work in the

United States, be it a parking attendant, to pump gas,

or to sweep floors. But, I said in the letter, I prefer to

do science, because this it what I was trained to do, this

is what I am good at, and this is where I can contribute.

I did not ask for a job. I asked him to guide me in my

search for a job.

It is hard to imagine how stunned I was when, while

still in Italy, I received his letter inviting me to work

on a project in his lab, if I find it interesting! “Interest-

ing”?!!! It was a dream. No. It was more than a dream,

because I did not dream of having THIS opportunity.

And this is why I said the toast – “Thank you Carleton

for giving me a chance!”

Soon after that Saturday Misha talked to Wesley

McBride, a senior scientist at NCI, about mapping of

the amyloid gene. Wesley had hybrid human-mouse

cell lines each containing various sets of human chro-

mosomes. By hybridizing the gene of interest to DNA

from these cell lines one can find the chromosomal lo-

cation of the gene. One week after he received the amy-

loid clone, Wesley called and told us with amusement

that the gene was on chromosome 21!!!

This was really exciting! The location of the amyloid

gene on chromosome 21 meant that the long-standing

puzzle – why there was such a similarity between brain

pathology in DS and AD – was solved!

Postpartum

Carleton told me that we should quickly find a place

where we can present this discovery. Carleton attended

a FESN meeting in the Pierre Hotel in New York in

the fall of 1986 and already talked about this work to

a number of people, including Henry Wisniewski, the

director of the Institute for Basic Research on Staten

Island and Floyd Bloom from the Scripps Clinic Re-

search Institute [5].

I began looking for meetings to present our work.

Luckily, in 1986 the Society for Neuroscience had a

meeting on November 9–14 in Washington, DC, in our

backyard so to speak. I looked at the schedule and

found one session with an appropriate title. The chair

of the session was John Morrison. He was from Floyd

Bloom’s place in California. A few weeks ago Floyd

Bloom attended the FESN meeting in New York when

Carleton announced that we cloned the amyloid gene.

Carleton called Floyd and he talked to John Morri-

son. John called me and said that he can’t allow me

to present my work at his session because only those

who submitted abstracts before the deadline were al-

lowed to present their data. However, he said that he

will announce there will be my presentation on cloning

and chromosomal localization of the Alzheimer amy-

loid gene AFTER his session is over. The word spread

around and by the end of the session, the room was full.

Bob Rohwer, who came from North Carolina for the

meeting, helped me with my presentation, correcting

my English. In the afternoon, I think it was November

12th, I went to the Convention Center and paced in the

hallway near the room where I would present my talk.

There were several people in the hallway. I did not

know any of them. I learned later that one was Ken

Kosik, a “Tau man” from Harvard. The other one was

his friend from Harvard-Huntington Potter. A third

was Rudy Tanzi, a graduate student of Jim Guzella and

Rachel Neve. One of them realized that I was the guy

who will make the presentation after the session and

asked me what chromosome the gene was on. I said

that I would reveal it during my talk. I was somewhat

nervous before the talk, but not too much. Finally, my

time came.

John Morrison was announcing my presentation after

each of the talks and ended the session saying that

now those who are interested will hear my presentation.

Then he left the podium.

I climbed up and saw that this huge room was full

of people. They were even sitting in the walkways

and more people were coming in. I gave my talk. At

the end I said: And the gene was mapped to chromo-

some 21. There was silence. I waited – no questions.

I was somewhat confused because questions were a

norm. But there was this silence. I will never forget

it. So, I said, if there were no questions, I thank you

for your attention. I was ready to leave the podium.
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At that moment some one in the third row stood up,

scratched his head and loudly said – what do you mean

there are no questions, of course we have questions,

lots of questions. It was Peter Davies, one of the lead-

ing researchers in Alzheimer’s field who just made the

discovery of NFT specific antibody Alz50. I did not

know him as I did not know anybody in the field of AD

research.

There were a lot of questions. Finally, I stepped

down from the podium and went to the hall. People

were congratulating me, asking more questions, asking

for my clone, patted my shoulder. And then there was a

press conference and more questions. Reporters at the

press conference wrote about our discovery and news-

papers and magazines published the story on the dis-

covery of the Alzheimer amyloid gene and the location

of the gene on chromosome 21 [6,7].

After the press conference Dennis Selkoe, whom I

also did not know, wanted to talk to me. He brought

me to a room in a hotel next to the meeting, introduced

me to a lot of people, and asked if I would be interested

in working for a newly formed company specializing

in AD research. The name of the company was Athena

Neuroscience. I said, thank you, no. I wanted to stay

in academia.

We moved to a lobby and Dennis introduced me to

some of the people in his lab. I remember one, Carmela

Abraham. Carmela told me that she also tried to clone

the amyloid gene, but did not get it. She used antibody

generated against amyloid preps from brains of patients

with AD for screening of expression libraries. She

cloned an inhibitor of proteases and was very upset that

it was not the amyloid gene. I told her not to despair. I

explained that her work was very valuable because the

sequence of the amyloid gene predicted a large protein

that has to be cleaved in order to make Aβ. Therefore,

the next step was to find proteases that will do the job

and inhibitors of proteases to control the processing

of AβPP. I said that she is already two steps ahead of

the game and therefore should finish her work and be

happy.

The other person who came to talk to me was Rudy

Tanzi. Rudy asked if I was interested in genetic studies

of AD. I said that I am interested but that I am not a ge-

neticist and that we don’t have AD families. He offered

collaboration and asked if I can give him my clone. I

agreed under the conditions that Carleton and Misha

Lerman will be coauthors of the collaborative paper

and said that I will give him the clone. Rudy agreed

to my conditions. He mentioned that he also tried to

clone the gene but he did not sequence the candidate

clones and did not know if any of them actually had

the Aβ sequence. And of course he did not know the

chromosomal localization of the gene. He told me that

during my presentation he and Rachel Neve decided to

write down the sequence of my clone. He wrote from

one end and Rachel wrote the sequence from the other

so they had as much sequence as they could get. So

did, apparently many others in the room.

Rudy was very interested in seeing actual Southern

blots because he wanted to see polymorphisms of the

gene. I suggested that we go to NIH by Metro and

he would see the blots and pick up the clone. I called

Wesley McBride. He was in his lab and agreed to show

the blots. So we went. Wesley showed Rudy the blots

and the EcoR1 polymorphism that he found. I gave

Rudy my clone and Rudy left a very happy fellow.

During the next several months Rudy called many

times. He told me that he was under a lot of pressure

from his bosses to write a paper. At one point he offered

me a co-authorship on a paper without Carleton and

Misha Lerman. I refused. He managed to publish his

paper without our names in the same issue of Science

that had my paper. But all of this happened later.

My priority after the November 1986 Neuroscience

meeting was to write the paper. This was the time when

I had to look at other papers in order to make sure that

I spell correctly the name Alzheimer. Not only did I

write this paper describing our work. I understood that

overexpression of Aβ was the basis of AD and wrote

about this in the discussion part of the paper.

For a long period of time researchers knew about

the similarity between AD and DS. But nobody could

understand why there was such a similarity between

these two different diseases: a simple genetic disease

of the young (DS) and a very complex and complicated

(from the point of view of etiology) disease of the aged

(AD).

Involvement of chromosome 21 in AD was sus-

pected, but was never understood. Now, the puzzle was

solved. Because the amyloid gene was located on chro-

mosome 21 there were three copies of the gene in pa-

tients with DS. The gene was overexpressed in patients

with DS and this overexpression led to the increase in

the amount of Aβ and consequently to the pathological

changes that were so similar to AD. That was obvious.

However, I went further. I understood, that the in-

creased quantity of Aβ was the key not only to the

pathology of DS. It should explain the pathology of

AD!!! However, numerous cytogenetic studies found

no trisomy 21 in AD. Therefore, the increased quantity

of Aβ in AD must have been achieved by other means.
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I speculated that overexpression of the Aβ peptide at

the level of transcription, translation and/or posttransla-

tional modifications or processing would result in over-

expression of Aβ? Such over-expression could be a

result of mutations in the gene or a gene dosage effect.

Because Aβ turned out to be only a part of much larger

precursor molecule, the proteolytic processing of this

molecule was essential. Therefore, mutations in other

genes that were involved in the processing of the pre-

cursor protein could also lead to the increase amount of

Aβ. It was also possible that the level of the precursor

and/or Aβ could increase in response to changes in the

environment. I speculated that these and other possible

mechanisms could lead to the over-production of Aβ,

its subsequent aggregation, formation of amyloid, and

other neuropathological changes observed in AD.

Thus, the mapping of the gene to chromosome 21 not

only explained why brain pathology in DS was similar

to AD, but it gave me a clue to the origin of the brain

pathology in AD.

Subsequent work in many laboratories showed that

almost all of these predictions were correct. Mutations

were found in the amyloid gene and these mutations led

to the increased generation of Aβ. Other genes (prese-

nilin 1 and 2) that are involved in the processing of the

AβPP gene were discovered. Mutations in these genes

led to overproduction of Aβ. We found that the level of

the AβPP gene expression was increased by cytokine

IL-1β, an inflammation marker, and by a growth factor

bFGF, thus showing that AβPP overexpression might

be a result of environmental influence. In fact, inflam-

mation was shown to be a major feature in AD with the

increased prominent expression of IL-1β in the brain.

I wrote the paper in a few short weeks. It was an easy

task. I did all the key experiments and Wesley McBride

mapped the gene to chromosome 21. We named the

gene Alzheimer’s Disease Amyloid Precursor (ADAP).

It was later renamed the amyloid β protein precursor

(APP or AβPP). The discussion was short and con-

tained my speculation on the over-expression of Aβ as

the key event in the pathology of the disease. Carleton

went over the paper and corrected it. Misha read it and

left it without corrections.

When I was finishing the paper, Carleton told me

that Konrad Beyreuther called him and said that they

(Colin and Konrad) too have the gene. They had not

mapped the gene but learned about its localization to

chromosome 21 from Carleton and from my presen-

tation. Konrad asked Carleton to wait and to publish

their paper back to back with our paper in PNAS. He

asked to give them 3 or 4 weeks to finish writing the

paper. Carleton agreed. Konrad and his people quickly

found a group in Germany to do the mapping of the

gene. The results confirmed that we were correct – the

gene was indeed on chromosome 21.

Two weeks later we learned from Colin that their

paper was sent to Nature and they are waiting for the

decision. He said that Benno Muller-Hill did not want

to send their paper to PNAS and insisted on sending it to

Nature. Benno was a well-known molecular biologist

and a co-author of their paper. In fact, it was his student

J. Kang who finally succeeded in the cloning of the full

length cDNA of the gene using a cDNA library made by

Axel Unterbeck who was a student of Konrad. So they

decided that if Nature would turn them down, then they

would send the paper to Carleton for PNAS. However,

they did not tell this to Carleton. When he later learned

the news from Colin, he was shocked and asked me

what should we do? Wait or not wait for Konrad. I said

that because he promised Konrad to wait, we have to

wait. But, I said we should send our paper to Science

right after the four weeks period that Carleton promised

to Konrad was over. Carleton agreed. He waited till

four weeks have passed and made a call to Science. The

associate Editor sounded very enthusiastic and asked

to send her the paper. I told Carleton that I would

personally deliver the paper to Science. So I took a

Metro to downtown Washington, DC and handed my

paper to the Associate Editor.

We began waiting for the reviewers’ response. Very

soon we learned that the reviewers liked the paper and

that it will be published in Science. The editors liked

that paper so much that they put on the cover the picture

showing the expression of our gene in the prefrontal

cortex of the brain.

Meanwhile Bob Rohwer told us that he reviewed for

Nature Colin and Konrad’s paper from Germany. Bob

was very enthusiastic about the paper. He was present at

my talk at the Neuroscience meeting in Washington and

saw the reaction of the people, the press conference, and

the enthusiasm. He understood the significance of this

work. However, he learned that their paper was rejected

by Nature despite his enthusiasm. Bob knew that our

paper was already accepted to Science. So he wrote a

passionate letter to the editors of Nature and told them

about our work, the reaction to my presentation at the

Neuroscience meeting, and the fact that the paper just

now was accepted to Science. Nature editors reversed

their decision and accepted the paper from Germany.

Someone from Nature later called me and asked if

my paper was indeed accepted to Science. I naively

said yes. She asked the second question – when it will
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Fig. 5. Dmitry Goldgaber with Benno Müller-Hill (right) and J. Kang (next to Benno) at the University of Cologne, 1987.

it be published. I said February 20. Thank you very

much said the voice with the perfect English accent

and hung up the phone. Thank you very much indeed.

What a fool I was.

Apparently Nature, after accepting the paper,planned

to publish it in March. After the “lovely” talk with

me they changed the date of publication and published

the paper in February 19 issue of Nature [8]. Science

published my paper in the February 20 issue. Thus,

Nature beat Americans by one day, which is apparently

so important in journalism. I, of course, was a bloody

fool, using their expression.

During my work on the galley proofs of our paper we

exchanged the galley proofs with Colin. When I com-

pared the sequences I found few minor discrepancies. I

checked my sequencing X-ray films and found that they

were right. I had misread a few nucleotides. I made

corrections in our galley proofs and acknowledged the

German group in my paper.

Meanwhile, the editors of Science decided to make

an Alzheimer’s issue of Science. They called Dennis

Selkoe and invited him to resubmit his paper describ-

ing amyloid depositions in several different mammals

including the polar bear.

They also waited for two papers from Jim Gusella.

One was Rudy’s paper on the cloning of the amyloid

gene and the other was the genetic paper from Peter St

George-Hyslop. Using several families with AD Peter

showed a positive linkage to a region of chromosome

21 [9]. That paper had a major impact on the thinking

about AD by showing that in some familial cases AD

is indeed a genetic disease.

Mapping the amyloid gene to chromosome 21 made

a big impression on everybody in the field, including

Peter. He thought, as many others at that time, that our

gene was the gene that caused AD. Peter later told me

that they tried to use my clone that I gave to Rudy, but

that it was not informative. Then they found a marker

located near the amyloid gene and succeeded in the

linkage analysis.

It turned out that none of Peter’s families was linked

to chromosome 21 because they had mutations in the

gene located on a different chromosome. I believe that

at least some of them had mutations in the presenilin 1

gene located on chromosome 14. In any case, Peter’s

was the first paper that brought the genetic aspects of

AD into the center of research. Mutations later were

found in the amyloid gene in other families.

As a result of all these actions, the publication of

our paper was delayed and everybody except for us

gained from it. Our paper was supposed to be first to

be published. But now it became only one of several

papers published simultaneously.

At present, 20 years later, a few days, a few months,

or even a year does not seem to make much difference.

But at that time it was so important and publications of

these other papers in Science and Nature had a major

affect on lives and careers of a large number of people.

The stories of publications in Science and Nature

in February 1987 do not cover the whole story of this
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Fig. 6. Dmitry Goldgaber with Allen D. Roses (center) and Don E. Schmechel (undated).

discovery. Peter Davies who was present at my talk at

the Neurosciences in November 1986,called me several

days later and invited me to attend a Banbury meeting

in Cold Spring Harbor Laboratories at the end of the

month.

At that meeting I met several remarkable people in-

cluding George Glenner who had sequenced Aβ, Allen

D. Roses from Duke who later discovered the role of

apolipoprotein E4 as a risk factor for AD, Peter Davies

from the Albert Einstein, Tuck Finch from the Uni-

versity of Southern California, an old Alzheimer hand,

Nick Robakis from the Henry Wisniewski’s Institute on

Staten Island, and Jim Gusella from Harvard famous

for his pioneering work on Huntington disease.

During my presentation I emphasized the contribu-

tion of Glenner. In fact, I said that without his sequence

of the Aβ none of what I was going to present would

have been done. George appreciated it because there

were people who tried to diminish or undermine his

contribution.

Nick had also tried to clone the gene. At the time

of Banbury meeting he presented sequences of several

genomic clones. However, none of his clones contained

the correct sequence of Aβ. Some of his clones had

partial sequences of Aβ but they were followed by

unrelated sequences. Nick of course heard about our

work from Henry and he tried to verify that the gene

was on chromosome 21. But at the time of the meeting

he told us that he had no information about the mapping

of the gene. However, a few weeks later Nick had the

correct information and his paper on the chromosomal

location of the amyloid gene appeared in Lancet as a

letter to the editor in February 1987 [10]. His full paper

with the correct sequence was published later in PNAS.

While my presentation at the Neuroscience meet-

ing was covered only by newspapers and magazines

including New Scientist and Science News [6,7], my

presentation at the November 1986 Banbury meeting

was published in the middle of 1987 in Banbury Re-

port 27 [11]. It became the third official publication of

our work. Our paper in the February issue of Science

was the second publication [12]. The first scientific

publication of our results was in the proceedings of a

meeting that was organized by MIT and held in Zurich

in January 1987. The proceedings of the meeting were

published before the meeting and were given to the

participants at the meeting. Thus it became the first

scientific publication of our results [13].

I also remember that Carleton made several presen-

tations in 1986 and 1987 but I don’t have information

about the dates and places of his presentations. Once

the paper was published I sent the AβPP clones to every

researcher who requested it. One request came from Dr.

Chamer Wei, vice president RD, Transgenic Sciences

Inc. (TSI), who wanted to create a transgenic mouse

model of AD. I sent him a full length AβPP clone and

Dr.Montoya, who worked for TSI at that time, created

the very first transgenic mouse with amyloid deposi-

tions. Later this transgenic mouse line was purchased

by Athena Neuroscience Inc. and became known as

the Athena mouse.
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Next step

For a long period of time, Aβ was believed to be a

pathological product of processing of AβPP. However,

in the early 90s, it was shown that Aβ was present in

serum and in CSF of people who did not have AD.

These results changed the prevailing view because they

showed that Aβ was a normal product of AβPP pro-

cessing. By that time it was known that Aβ is cyto-

toxic and self-aggregates easily forming oligomers and

amyloid. Because Aβ was a product of normal cellu-

lar events the organism must have had a mechanism of

neutralizing and disposing of this toxic self-aggregating

product. So, I switched from thinking about the pro-

cesses of generation of Aβ to the ideas of its disposal

and neutralization. I reasoned that this mechanism

must work well in healthy individuals, otherwise we

would all have AD pathology, and that the pathologi-

cal changes observed in AD might develop because of

the failure of this mechanism. At the molecular level

this mechanism must involve an interaction of Aβ with

other molecules. Such interaction may neutralize cy-

totoxicity of Aβ and prevent amyloid formation. My

sequestration hypothesis was published in 1993 and we

began the search for Aβ sequestering molecules. We

found that indeed there was a major protein in CSF that

formed complex with Aβ. Surprisingly, it was a well

known transporter protein transthyretin (TTR). TTR

transports thyroid hormone T4 as well as retinol A.

TTR is produced primarily in liver and choroids plexus.

TTR is a well known nutritional marker and a negative

response protein. It is down regulated by inflamma-

tion. We found TTR- Aβ complexes in human CSF

and showed that interaction of TTR with Aβ prevented

formation of amyloid. In addition, TTR neutralized

Aβ toxicity. A number of studies directly or indirectly

supported the sequestration hypothesis. For example,

the levels of TTR is low in CSF of patients with AD.

The levels of TTR in CSF inversely correlated with

amount of neuritic plaques in hippocampus. Recently,

a dramatic increase of TTR was detected in transgenic

mice that overproducedAβ but did not develop massive

amyloid depositions. Infusion of anti TTR antibody

into the brains of these mice resulted in an increase of

amyloid, phosphorylation of tau, and caused neuronal

cell loss. It seems that TTR protects these transgenic

mice from the detrimental effects of Aβ. Reversely,

conditions that lead to a decrease of amyloid burden

in model systems were accompanied by an increase in

the amounts of TTR and TTR- Aβ complexes. Epi-

demiological data pointed to the role of non-steroidal

anti-inflammatory drugs (NSAIDs) in protection from

AD. The mechanism of protection is not known. We

found that a number of NSAIDs increased the levels of

TTR in TTR producing cultured human HepG2 cells.

These results suggest that the protection by NSAIDs

might work by the increase in TTR, the protein that

sequesters and neutralize Aβ. Thus, neutralization and

removal of Aβ by TTR is an important mechanism im-

pairment of which may lead to AD. Therefore, agents

that increase levels of TTR might not only protect from

AD, but might help patients with AD.
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Abstract. The association of Apolipoprotein E-4 with the age of onset of com-

mon late-onset Alzheimer’s disease (AD) was originally reported in three 1993

papers from the Duke ADRC (Alzheimer’s Disease Research Center) group [1–

3]. The Center was investigating two diverse experimental streams that led

to this discovery. The first being a genetic linkage study performed in multi-

plex familial late-onset AD in which a linkage was discovered at chromosome

19q13 [4,5]. The 1991 multilocus analysis of linkage had been considered very

controversial [6]. The second stream came from a series of amyloid-β binding

studies in which a consistent protein “impurity” was present on gel separation

analyses [1]. After sequencing this “impurity” band, several tryptic peptide

sequences were found to be identical for apoE which, at that time, had no known

association with Alzheimer’s disease.

The flash of recognition was the knowledge that APOE was one of the first genes

localized to chromosome 19 in the mid-1980’s. Within a three week period in

late 1992, a highly significant association was identified in clinical patients from

multiplex families, in sporadic clinical patients, and in autopsy diagnosed

series [1,2]. Within the first two months of 1993, it was possible to clearly demonstrate that the APOE isoforms were

associated with differing ages of onset, but the course of illness following diagnosis was related more to age than

APOE genotype [3]. The earliest submitted paper reported the familial association and amyloid-β binding [1]. The

second reported the association with common sporadic late-onset, [not-known to be familial] AD patients [2]. The

third reported that APOE4 carriers had earlier rates of onset of clinical disease than APOE2 or APOE3 carriers [3].

Subsequently, over more than a decade, the biological expression of apoE in human neurons was confirmed as

distinct from rodent brain [7,8] Proteomic experiments and positron emission tomography data have led to a series of

clinical trials with agents selected to increase glucose utilization. These agents also regulate inflammatory responses

of neural cells. Rosiglitazone, a PPARγ agonist which also leads to mitochondrial proliferation shown efficacy as a

monotherapy in a Phase IIB clinical trial of 511 patients in an APOE allele-specific analysis.

1. Introduction

At the time of the APOE/AD discovery in 1992,

the Joseph and Kathleen Bryan Alzheimer’s Disease

Research Center group had been involved in testing a

genetic susceptibility theory for AD for more than a

dozen years. In the late 1970’s, Dr. Albert Heyman

initiated clinical studies of AD patients, each of whom
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had more than one family member with AD which

suggested a familial contribution to the disease [4] In

1979, our group at Duke University initiated a Brain

Bank and a DNA Bank for neurological diseases [9]. In

the early 1980’s, before the initiation of the NIA ADRC

program, the Duke group began collecting multiplex

AD families and storing the clinical phenotypes in early

computer databases [4].

When the NIA issued a call for Research Center ap-

plications in 1983, Dr. Albert Heyman was contacted.

Dr. Heyman was a former Chief of Neurology at Duke

who had published in the field of Alzheimer’s Disease.

Dr. Heyman, the then-Head of the NIA Duke Aging

Center and the Chancellor of Duke Medical School

called me for a meeting to tell me that they would like

me to be the principal investigator for an ADRC ap-

plication. My colleagues and I followed the guidelines

and submitted an application based on a genetic strat-

egy for AD including susceptibility locus identification

and use of subtraction cDNA hybridization of rapidly

autopsied brain from patients and age-matched normal

controls to identify genes. After a flurry of three months

to prepare the application, we simply went back to our

funded research in muscular dystrophies and inherited

neuropathies.

One afternoon about eight months later I received

a call from Dr. Zavin Khachaturian. He identified

himself as the Head of the AD Section of the NIA and

asked me if I wanted the “good news or the bad news.”

I took the good news first: the application came out

#6 of 21 applications – the bad news was that only

five would be funded. Instead of ending it there, he

told me that our application was quite distinct from

the others, but that none of the reviewers felt that we

could get rapid-autopsied brain from AD patients and

controls with intact “preserved RNA” in less than one

hour after death. He suggested that we re-apply because

the second round would have a site visit.

I met Dr. Khachaturian for the first time, face to face,

months later during our site visit. We presented our

application before the lunch break, allowed the Visitors

to dine and commune, at which time they continued

to show their concern that we could not get autopsied

material from AD patients and controls fast enough to

confirm our “preserved RNA” theory. We presented

the results of our first two “rapid autopsies,” one at

23 minutes and the other at 41 minutes [delayed by a

coal train crossing between the hospital and the autopsy

suite!] [9]. We demonstrated the quality of the mRNA

which was not degraded – a heavily quoted paper at

the time actually blamed AD on the degradation of

RNA seen in late autopsies [10]. After this surprising

demonstration, the application was approved and later

funded.

2. The linkage

In 1988, after the ADRC was founded, my first non-

ADRC research funding in AD [and my last!] was an

NIA LEAD [Leadership and Excellenxe in Alzheimer’s

Disease] Award for seven years. Shortly after, we had

increased the rate of ascertainment, examination, and

DNA sampling of patients in our Clinical Core and their

families, our statistical geneticist reported significant

linkage in late-onset AD multiplex families on chromo-

some 19q13 by a newly applied method of “multipoint

analysis” [6,11]. It is now hard to believe the level of

skepticism in 1991 when barely a decade later we can

perform genome wide screening based on variants in

the sequenced Human Genome. We also had identified

a large single family with 12 siblings, several of whom

were diagnosed with early-onset autosomal dominant

AD, and several more family members who were at risk.

We determined chromosome 21 linkage, then gave the

information and DNA samples to a collaborating St.

Mary’s Hospital group [12]. In addition, we generated

a relatively huge family resource with early onset au-

tosomal dominant AD that we transferred to Dr. Gerry

Schellenberg’s laboratory where they were searching

for loci other than chromosome 21 [13]. Both families

were included on the first reports of AβPP717 muta-

tions (of the two families [12]) and what turned out

to be chromosome 14-linked presenilin mutations (the

largest family of the four [13]). The fractious nature of

the AD genetic field was illustrated early when the ini-

tial submission of the AβPP717 paper eliminated any

mention of the collaboration and had to be corrected

“in proof”. The second paper never acknowledged the

very large familiy and collaboration.

We were actively participants in the early chromo-

some 19 Gene Mapping Consortium by concentrating

on the then-laborious task of discovering, sequencing

and testing candidate genes at or near 19q13. It also

helped that our major research had been in myotonic

muscular dystrophy which had also mapped to chro-

mosome 19. The first gene localized to chromosome

19 had been apolipoprotein E – which everyone knew

had nothing to do with either myotonic dystrophy or

AD.
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3. The intercept of data

In 1990, Dr. Warren Strittmatter joined our ADRC.

He was an “amyloidologist” which made him, by def-

inition, an AD researcher. He generated CSF binding

data for amyloid peptide that was repeatedly contam-

inated by another protein band of different molecular

size [1]. In trying to figure out the identity of this

protein, I charged Dr. Strittmatter to extract the pro-

tein from gels, make tryptic peptides and sequence the

peptide fragments. Two of the tryptic peptides were

identical to sequences of apoE.

It was still crystal clear that apoE was not related

to AD. Dr. Strittmater had spent four months on the

peptide analysis and was quite agitated with his results.

He walked into my office with two large volumes –

Hurst’s “Cardiology” and Stanbury et al.’s “Metabolic

Basis of Inherited Diseases” – slammed them on my

desk and stated that the #7*@$** peptides were apoE

and they have nothing to do with AD.

My own laboratory, with seven post-doctorial scien-

tists, was devoted to looking for candidate genes on

chromosome 19q13. I felt like another lightening bolt

hit me – similar, but less painful, than the myocardial

infarction of two years earlier. I knew the location of

APOE was on chromosome 19q13! Using the refer-

ences provided in the textbooks, I found that there were

three known alleles that could be accurately measured

by PCR. I was a laboratory director and had no ability

to set up a PCR assay – but my seven post-docs did –

however none would – the Chief was off on one of his

crazy ideas. Each had their own genes to work on.

It was the first week of December 1991, and Duke

had defeated Harvard in the first basketball game of

the season. My new daughter was two days old and

had attended her first Duke game. My wife, Dr. Ann

Saunders, was home on maternity leave. She was a

scientist, known in gene mapping circles as the “mouse

lady,” because of her work in mapping genes in syntenic

mice, but she knew how PCR reactions were done [14].

We cut a deal: she would go to my lab and set up the

PCR for APOE and I would stay home with our new

daughter.

Before Christmas the PCR was working, validated,

and producing markedly different results on gels of fifty

AD patients versus fifty controls. By the end of Jan-

uary, the strong associations of APOE4 with familial

AD, sporadic AD and brain pathology were identified.

By April, we had mapped genotypes against age of on-

set and determined that APOE4 alleles were associated

with earlier age of onset compared to APOE3 – and that

APOE2/3 individuals had very late age-of-onset per-

haps indicating that APOE2 was a longevity gene. Dr.

Saunders never went back to the syntenic mouse lab-

oratory and has been committed and productive. She

was the lead author on the initial genetic association

with sporadic AD and continued the subsequent exper-

iments and later headed the “APOE Team” in GSK that

led to the clinical trial problem for glucose metabolism

and apoptosis research [34].

4. The follow-up

The first presentation of the familial APOE data was

in November 1992 at the Society for Neurosciences

ADRC meeting [15]. Three papers were prepared. The

first described the amyloid experiments leading to the

association of APOE4 to familial AD and was pub-

lished in the Proc Nat Acad Sci USA in 1993 [1]. The

third paper prepared was published a month later by

Science [3]. The critical paper describing the sporadic

AD association was published eleven months after sub-

mission to Neurology [2]. (No press releases accom-

panied the first three papers, and the data were duly

ignored by the AD community.)

At the Academy of Neurology meeting in New York

City in April 1993, a ten minute presentation on the

sporadic AD data [at the time in press] was followed

by a seriously heated attack on the data during the dis-

cussion [16]. A reporter for the Wall Street Journal,

Michael Waldholz, was in attendance. Every good re-

porter likes controversy – so he followed the presenta-

tion up by calling folks in the AD research world during

May 1993. He did not call me but others told me of the

calls.

My life changed on June 7, 1993, when I awoke on

a Monday morning to a telephone call from a post-doc

that my picture was on the front page of the Wall Street

Journal [17]. Subsequent public meetings went from

vicious to nasty, with prominent colleagues explicitly

stating that they could not replicate the association [but

later quietly retracted due to lab errors!]. However, a

series of published letters in Lancet and other medi-

cal journals in which multiple investigators in Europe

and Japan confirmed the APOE4 association with rel-

atively small series of AD patients using their hospital

laboratory APOE genotyping.
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5. Towards a treatment

Space and decorum does not permit my view of

academic science from 1993–1997. When my seven

year NIA grant ended, so did my academic career.

Only grant applications that implicated amyloid as a

causative factor were fundable at the NIA study sec-

tions. Our work in apoE expression differences in

neurons from mice and humans went unnoticed [7,

8,18–24]. Moving to a leadership position in Glax-

oWellcome provided me the opportunity to apply ge-

nomics, proteomics and genetics in ways which were

unimaginable in academia. This work continued into

GSK [merger of GW and SmithKlineBeecham] and

has led to one of several AD programs active within

the company – some novel, some based on amyloid

involvement, and one based on the differences found

in protein expression between brain tissue expressing

neuronal human apoE4 and tissue expressing neuronal

apoE3 [25,26].

Positron emission tomography data developed first

by Dr. Eric Reiman in Arizona, and confirmed by Dr.

Gary Small at UCLA, clearly demonstrated that pa-

tients who carry the APOE4 allele – either homozygous

or heterozygous – metabolize glucose [FDG] at a lower

rate than patients with APOE3 and APOE2 alleles [27,

28].

A series of proteomic experiments in which brain

from APOE knock-out mice and APOE knock-out

mice transfected with human genomic APOE isoform-

specific genes [with human-like neuronal apoE expres-

sion] identified a small number of genes with decreased

or increased protein expression [25,26]. In additional

these experiments are supported by a wealth of physi-

ological supporting data, such as the use of thermogra-

phy as a heat surrogate for measuring the rate of glucose

metabolism in synaptosomes. A group of these genes

clearly identified by proteomic screening supported de-

creased glucose utilization associated with apoE4, and

these data were supported by thermography data.

In a series of in vitro thermography, glucose uti-

lization and glucose utilization experiments with com-

pounds known to affect glucose utilization through

several mechanisms, we generated data with several

lead compounds that increased glucose utilization in

APOE4 animals to the level found in APOE3 ani-

mals. These compounds are at various stages in the

pipeline [26].

The compounds were Perioxisome Proliferator-

activated Receptor γ Activators. The GW experiments

concentrated on PPAR γ agonists, including one under

development for type 2 diabetes mellitus, called 570.

At the merger, however, GSK already had an approved

drug for type 2 diabetes, rosiglitizone. A Phase IIA

clinical trial performed by Dr. Suzanne Craft at the

University of Washington with rosiglitizone provided

promising efficacy data [29–31]. Despite the fact that

rosiglitizone was originally selected to have low blood-

brain-barrier penetrance, because it was so far ahead of

other compounds in the pipeline GSK initiated a Phase

IIB proof of concept clinical trial of rosiglitizone as

primary therapy which completed in August 06 [34].

There were as expected, no serious adverse events with

a marketed product that has been proven to be quite

safe in hundreds of thousands of patients. A parallel

clinical trial in patients accompanied by PET is also

ongoing in Phoenix [Reiman] and UCLA [Small]. The

low brain penetrance may limit maximum clinical ef-

fectiveness for AD – but other GSK compounds are

moving forward in the queue. One possibility is that

the inflammation associated with AD will enhance ac-

cess of rosiglitizone, which also has direct effects on

neuronal cell inflammation responses.

The efficiency of a well organized pharmaceutical

company has led to a wealth of experimental data that

may lead to new classes of drugs based on the glu-

cose utilization, inflammation and also apoptotic re-

sponses associated in an APOE isoform-specific man-

ner in brain. Much of this work has remained under the

academic radar screen which has focused on patholog-

ical manifestations of late disease. The association of

APOE4 to the earlier age of onset of AD [now known to

occur in early-onset autosomal dominant AD diseases

as well] will soon lead to symptomatic and preventive

therapies. The complex “causes” and “effects” of AD

will soon be clarified.

Our current speculation is that neither amyloid-β nor

APOE4 causes AD. In its simplest form, our hypoth-

esis is that apoE isoforms affect glucose metabolism

over many years and the APOE4 form binds tighter

to amyloid-β [32]. Over years of decreased glucose

metabolism protein aggregations occur differentially so

that the onset of late symptoms relates to the kinetics

of amyloid and tau aggregation. Once the aggregation

begins and reaches a similar state in patients with, or

without an APOE allele, the cascade of disease progres-

sion relates to the similar rates of protein aggregation.

A prototype may be observed in the prion literature,

when protein aggregationsalso cause neuronal patholo-

gies [33]. In the case of AD, the critical rate – or incu-

bation period – relates to the APOE4/amyloid-β aggre-

gations in the presence of chronic, low level degrees of
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decreased glucose utilization and oxygen metabolism.

The practical significance separates out symptomatic

therapy programs from those that can confer preven-

tion.

Rosiglitazone, a PPARγ agonist used in the treat-

ment of type 2 diabetes mellitus has been tested as a

monotherapy in a Phase IIB clinical trial of 511 pa-

tients and demonstrated clinical efficacy in an APOE

allele-specific analysis. Patients who did not carry an

APOE4 allele responded to all three doses of rosigli-

tazone, while the response in patients who carried an

APOE4 allele was not significant in this trial, but a

higher dose effect was suggested [34]. PET studies had

previously demonstrated decreased glucose utilisation

in subjects with an APOE4 allele compared to APOE4

non-carriers [25,26]. Rosiglitazone is a mitochondrial

proliferator which results in stimulation of gulcose uti-

lization in neuronal cells. The C-terminal degradation

product of apoE4 protein binds to the outer mitochon-

drial membrane and disrupts mitochondrial dynamics.

Providing newly proliferated mitochondrial enhances

neuronal metabolism [35–37].
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Abstract. The genetics community working on Alzheimer’s disease and related de-

mentias has made remarkable progress in the past 20 years. The cumulative efforts by

multiple groups have lead to the identification of three autosomal dominant genes for

early onset AD. These are the amyloid-β protein precursor gene (APP), and the genes

encoding presenilin1 and 2. The knowledge derived from this work has firmly estab-

lished Aβ as a critical disease molecule and lead to candidate drugs currently in treat-

ment trials. Work on a related disease, frontotemporal dementia with parkinsonism –

chromosome 17 type has also added to our understanding of pathogenesis by revealing

that tau, the protein component of neurofibrillary tangles, is also a critical molecule in

neurodegeneration. Lessons learned that still influence work on human genetics include

the need to recognize and deal with genetic heterogeneity, a feature common to many

genetic disorders. Genetic heterogeneity, if recognized, can be source of information. Another critical lesson is

that clinical, molecular, and statistical scientists need to work closely on disease projects to succeed in solving the

complex problems of common genetic disorders.

Keywords: Alzheimer disease, AβPP, genetics, mutation, tau

My entry into Alzheimer’s disease genetics and re-

ally into human genetics began with a casual hallway

conversation with Tom Bird, a colleague in Neurology

at the University of Washington. He showed me some

dementia pedigrees, both large and small, and won-

dered if I was interested in working on a linkage study

of Alzheimer’s disease. The year was 1984, an exciting

time in human genetics. James Gusella had just used

linkage analysis and newly developed DNA markers to

map Huntington’s disease to the short arm of chromo-

some 4 [9]. Even though at this time, only 20–30% of

human chromosomes had been mapped, DNA sequenc-

ing was a tedious manual process, PCR had not been

invented, and the word “genome” was rarely used in

the same phrase with “human”, the optimistic view was

that the Huntington’s disease gene would be identified

in 2–3 years, no problem. So why not do the same for

thing with Alzheimer’s disease?

I was trained as a biochemist, and recognized the

power of genetics to find molecules responsible for bi-

ologic function. However, even though I had used ge-

netic tools throughout my career, just like using anti-

bodies does not make you an immunologist, I was not

a geneticist. My real interest in Tom’s proposition was

not out of an interest in genetics, but rather I figured

that if I helped map and clone the Alzheimer’s disease

gene, I would have a leg-up on working on the protein.

After all, this was only going to take a few years, so

I started to work with Tom. We were both highly en-

thusiastic about the project for different reasons. I was

enthusiastic out of complete ignorance about how dif-

ficult the work was going to be. Tom’s enthusiasm, on

the other hand, came from an earlier success. He and

Jurg Ott in 1980 had used non-DNA blood markers to

map a Charcot-Marie-Tooth locus to the Duffy locus,

a polymorphic antigen mapped to chromosome 1 [3].

At the time when this work was done, genetic markers

covered only a few percent of the genome, and there

were no off-the-shelf analysis packages. The Charcot-

Marie-Tooth locus was the first autosomal neurologic
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disease to be mapped, and was used as an example in
Jurg Ott’s classic book, “Analysis of human genetic
linkage” [16]. I figured I couldn’t go wrong, working
with Tom, an astute clinical neurogeneticist who also
had been so well prepared for an early moment of good
luck.

We started in 1984 with three large families and
several smaller kindreds, each with multiple cases of
early-onset Alzheimer’s disease, or at least some form
of dementia, and a disease pattern that looked autoso-
mal dominant. Each of these kindreds were to play a
prominent part in our work but not always for the rea-
son we initially thought. We had hoped that these large
families could be pooled and linkage analysis could be
used to find an Alzheimer’s disease gene. However,
as autopsies were accumulated, and antibodies for dif-
ferent amyloid proteins became available, it was clear
that not all of these families had the same disease. In
1984, we also had to complete our research team and
recruit a statistical geneticist, since the University of
Washington had not been able to retain Jurg Ott. We
first tried to recruit Mike Boehnke from the University
of Michigan, but could not, but are still trying to get
him to come to this day. We did succeed in getting
Ellen Wijsman to come, which not only completed our
group for the early work, but also, because of her efforts
to develop new statistical methodologies, she brought
novel quantitative trait analysis methods to Alzheimer’s
disease genetics.

One family, the BK or Seattle A family, was par-
ticularly perplexing. I call this the blind men and the
elephant family. When psychiatrists saw family mem-
bers early in the disease course, the diagnosis was mid-
life onset psychosis similar to schizophrenia. When
the subjects got to neurologists, late in the course of
disease, the diagnosis was severe dementia like or re-
lated to Alzheimer’s disease. The neuropathologists,
Mark Sumi and David Nochlin, presumably with eyes
wide open, really could do no better in assigning this
family to a known disease. The brains had abun-
dant neurofibrillary tangles throughout the cortex, with
the hippocampus relatively spared, but no amyloid
plaques [23]. This neuopathologic picture was consis-
tently observed in multiple autopsies. Michelle Goed-
ert and Maria Spillantini [21] later showed that the tan-
gles in this family were composed of tau and the iso-
form and phosphor-epitope pattern was indistinguish-
able from Alzheimer’s disease. The combined clinical
and neuropathologic pattern did not match any other
families in the literature, and to this day is unique. It
would be another 13 years before we could make any
sense of this family.

Another family added shortly after we started, the

GCSA family, had large diffuse non-neuritic plaques

that were eventually shown to be Aβ-negative but PRP-

positive. In collaboration with Karen Hsaio, a mutation

in the PRP gene (alanine to valine change at amino

acid 117) was identified in 1991 [10]. This was one

of the first Gerstmann-Straussler-Scheinker syndrome

families where a causative PRP mutation was identified.

The remaining families did fortunately have Alzhei-

mer’s disease. These included 2 large families, the L

and SNW kindreds, the latter had been described ear-

lier by Lowell Weitkamp [25], and several smaller fam-

ilies, the H and V pedigrees. Tom continued to ex-

pand our families focusing initially on early-onset on-

set families but subsequently he began collecting late-

onset kindreds. Through this continual evaluation of

Alzheimer’s disease families, Tom made two remark-

able discoveries. First, in interviewing family members

from some of the early-onset group, he heard the same

phrase from two different people in two different fam-

ilies. Both mentioned their families were from Russia,

but were actually Germans. The people turned out to

be descendants from Germans who had emigrated in

the 17th century to Russia and subsequently to the US

at the end of the 19th and beginning of the 20th cen-

tury. With a little more detective work, Tom found we

had a total of five families with the same history and

what is more remarkable, all had come from one of two

towns, Frank and Walter, that were no more than 5 km

apart near the Volga river in Russia [2]. Clearly a com-

mon ancestor, within Germany, or one of the original

migrants to Russia had carried an Alzheimer’s disease

mutation and had been the founder of these families.

The second finding from these studies was really a

prediction. Tom noted that based on age-of-onset, our

families fell into three classes. First were the very early

onset pedigrees with first symptoms occurring in the

late 30’s and early 40’s (e.g., the L and SNW families).

Second, were the Volga German families, with an in-

termediate onset age ranging from early 50’s to 60’s

and even into the 70’s. And finally, there were families

where all cases had late-onset disease. The conclusion

was that the genetics of Alzheimer’s disease was going

to involve at least 3 different genes and that onset-age

was useful in classifying the different types of fami-

lies [1] (Fig. 1). This prediction that Alzheimer’s dis-

ease was genetically heterogeneous was not particularly

popular at the time, because this meant that not all the

families could be pooled and finding Alzheimer’s dis-

ease genes was going to be more difficult than initially

thought. To this day, age-of-onset is still the best quan-
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Fig. 1. (A) Potential genetic and environmental factors producing

etiologic heterogeneity in AD. Possible gene/environment interac-

tions are noted in the bottom. (B) AD may represent a common end

result of the normal aging process. Several different genetic factors

could accelerate this process and produce AD at younger ages. Note

that in contrast to (A) above we show here that different mutations
and trisomy 21 could affect different steps in a single pathway, all

eventually leading to the AD phenotype. Reprinted from Neurobi-

ology of Aging, Volume 10, Bird TD, Schellenberg GD, Wijsman

EM, Martin GM, Evidence for etiologic heterogeneity in Alzheimer’s

disease, pp. 432–434, 1989, with permission from Elsevier.

titative phenotype for genetic analysis of Alzheimer’s

disease, though other traits such as Aβ levels may at

some point get us closer to the disease.

The molecular genetics and biology really started

in 1987 when the gene that encodes the Aβ peptide

in Alzheimer’s disease amyloid was cloned [13]. The

gene/protein is called the amyloid-β protein precursor

(APP). The gene, its location, and deduced protein se-

quence lead immediately to several interesting conclu-

sions. First, the gene location on chromosome 21 was

intriguing because an extra copy of this chromosome

leads to Down syndrome, a genetic condition where

Alzheimer’s disease -like amyloid plaques accumulate.

Second, the Aβ peptide that ended up in plaques was a

proteolytic fragment of a larger protein, APP, and the

mature Aβ peptide was the result of at least 2 prote-

olytic cleavage events. However, what the sequence

could not tell us was whether Aβ was at the heart of

the disease, or just a by-product of neurodegeneration.

However, as George Glenner reminded me at a meet-

ing in Niigata, Japan in 1988, in every amyloid he had

studied, causative mutations had been found in the gene

that encoded the amyloid protein.

In the same year, 1987, genetic linkage studies sug-

gest that the APP gene accounted for Alzheimer’s dis-

ease in early-onset Alzheimer’s disease families. This

was a frustrating time for our group because not only

could we not find a mutation in the APP gene, despite

sequencing over 500 subjects, but our linkage studies

of the APP region using our early-onset families were

also negative. When we published this in 1988 [18],

one of our conclusions was that more than one gene

was responsible for Alzheimer’s disease genetics.

The first mutation found in APP in 1990 was not

in Alzheimer’s disease but rather in a familial cerebral

disorder where Aβ was deposited in the cerebral vascu-

lar system [14,24]. Finally in 1991, Alison Goate and

John Hardy found an APP mutation in two Alzheimer’s

disease kindreds, firmly establishing that at least for

some families, Aβ caused Alzheimer’s disease. During

this early phase of Alzheimer’s disease genetics, the

closest we came to finding an APP mutation was a Glu

to Gly change at amino acid 693 of the APP gene [12].

This was at the same position as the Glu to Gln muta-

tion described for the hereditary cerebral hemorrhage

with amyloidosis – Dutch type kindred [14]. However,

the subject with the mutation (onset 63 years) had a

sibling with Alzheimer’s disease (onset 65 years) who

did not have the mutation, so we could not demon-

strate co-segregation and we could not find the same

mutation in any other family. We published this mu-

tation as an ambiguous result and had to wait 9 years

before Lars Lannfelt and colleagues found the same

mutation in a very large Swedish pedigree where he

could show the change, dubbed the Artic mutation, was

clearly pathogenic [15]. Remarkable, our US family

was a distant branch of the Swedish kindred. This mu-

tation is particularly interesting as Lars showed that the

mutation does not affect Aβ production but only accel-

erates Aβ aggregation rates. This finding points to Aβ

aggregates as the pathogenic molecule rather than the

naked Aβ peptide.

Because we could not find APP mutations in any of

our early-onset families, and could find no evidence

for any other gene on chromosome 21, in 1988 we set

off looking for genes on other chromosomes. We were

using early-onset, Volga German, and late-onset fami-
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lies, but keeping them separate because we were con-

vinced that genetic heterogeneity was important. This

was still a risky project since there were substantial

segments of the genome not covered by genetic mark-

ers. When we finally did get a positive linkage signal

in 1992 [19], the results were breathtaking. I guess

it should not have been surprising that given the right

families, appropriate analysis, and good genetic mark-

ers the project would pay off. However, the fact that

the approach really worked after years of preparation,

was still startling. There were several important con-

clusions that immediately jumped out of the results.

First, we had statistically unambiguous evidence from

our early-onset families for a new Alzheimer’s disease

gene on chromosome 14. The results were so strong

that the L family, one of our original kindreds, gave

a significant signal by itself. A second gratifying re-

sult was that the Volga German families did not show

a chromosome 14 signal, confirming our suspicions of

genetic heterogeneity. Finally, early the next year, we

also showed that the chromosome 14 gene was not re-

sponsible for late-onset Alzheimer’s disease [20]. Not

only did this start the race to identify the actual chromo-

some 14 gene, but also justified searching for genes for

the Volga German and late-onset Alzheimer’s disease.

Work on the latter continues to this day.

The early-onset families where Alzheimer’s disease

was caused by the chromosome 14 gene were relatively

straight-forward. Disease inheritance was clearly auto-

somal dominant, and the age-of-onset and disease dura-

tion were fairly tightly clustered in a given family. The

Volga German kindreds, on the other hand, were sig-

nificantly more complex. Onset ages ranged from 40

to 82 years with one obligate carrier dying apparently

cognitively intact at age 89. Also the disease duration

was not as short as in the chromosome 14 families and

ranged in the Volga Germans from 8 to over 20 years.

Because of the late-onset of Alzheimer’s disease in the

Volga German families, some kindreds had a fairly low

density of cases, presumably with some family mem-

bers dying of other causes prior to Alzheimer’s disease

onset. Thus the possibility existed that the etiology of

cases in these families could be mixed, with some hav-

ing an autosomal dominant disease and others simply

having late-onset Alzheimer’s disease. Another prob-

lem with these families was that not only were most of

the parents of the affected subjects missing, there were

also inbreeding loops in several of the families, making

analysis particularly cumbersome. Because of these

difficulties, once we did get an initial signal in 1994 to a

marker on chromosome 1, it took Ellen Wijsman a full

year of intensive analysis before we felt comfortable

in publishing the results. While Ellen worked on the

analysis, a bright young post-doctoral fellow, Ephrat

Levy-Lahad, who was focusing on the Volga German

project, had narrowed the region of interest down to

a single yeast artificial chromosome clone that was a

mere 300 kb. After the manuscript was submitted, Pe-

ter St George-Hyslop’s group identified the chromo-

some 14 gene called presenilin 1, and also a homo-

logue on chromosome 1. Once we determined that the

presenilin 1 homolog was on our target YAC, we were

sure that this homologue was the gene responsible for

Alzheimer’s disease in the Volga German kindreds.

Thus by 1995, after over a decade of work, we had

been able to solve the genetics of most of the larger

families that we had started with. However, the neu-

rofibrillary tangle-only BK family remained unsolved.

This kindred was clearly autosomal dominant with a

high density of cases in the family. Unfortunately, most

of the affected subjects had died before we could obtain

a DNA sample. Thus we did not have enough sam-

pled cases to be able to do linkage analysis just on this

family. Usually in genetics, if no single large family is

available for linkage analysis, data from other kindreds

with the same disease are pooled in hopes all have the

same underlying genetic cause. In this case, the re-

verse occurred with linkage analysis really identifying

families that should be pooled. Kirk Wilhelmson and

colleagues had used linkage analysis to identify a re-

gion of chromosome 17 responsible for a disorder in a

single large family where affected subjects had a com-

plex spectrum of symptoms that included behavioral

features such as disinhibition, and neurologic signs in-

cluding parkinsonism and amyotrophy in a single large

family [26]. When we examined the same region of

chromosome 17, we also observed a positive linkage

signal indicating these two rather dissimilar families

possible had the same disease. By 1997, 13 families,

all with substantially varied phenotypes all had been

mapped to the same region of chromosome 17 [7].

Though the genome had not been fully sequenced, and

thus the genes present in the target region not fully

described, it was clear that the gene that encoded tau,

called MAPT, was in the linkage region. Tau of course

is the protein component in neurofibrillary tangles and

our BK family had abundant tangle pathology. Exist-

ing genetic data also pointed to MAPT. Chris Conrad, a

graduate student in the late Tsunao Saitoh’s laboratory

had reported that a specific allele of MAPT increased

risk for supranuclear palsy (PSP) [5]. Even though this

was a genetic association study, a method notorious for
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producing false-positive results, remarkably, this result

was confirmed by multiple groups. However, extensive

sequence analysis has not yielded a PSP-specific mu-

tation, and the evidence suggested that there is a sus-

ceptibility rather than causative allele that contributes

to PSP.

The first gene sequenced in my laboratory was

MAPT. Parvoneh Poorkaj, a post-doctoral fellow in

my group, almost immediately found a mutation in

this family, a valine 337 site change to a methion-

ine [17]. However, the interpretation of this mutation

was not straight-forward. MAPT had already been se-

quenced in one chromosome 17 family and no mutation

found [8]. Also the conventional wisdom being dis-

cussed at meetings was that MAPT was not the chro-

mosome 17 gene because it had been sequenced in sev-

eral families and no mutations found. Was the V337M

a rare private change unrelated to disease only to be

found in one family? Since at least some of the chro-

mosome 17 families did not appear to have frank neu-

rofibrillary tangles, was there more than one neurode-

generative gene in this region of chromosome 17? Had

others simply missed mutations in this gene? It was

not until Mike Hutton and an international consortium

assembled a large panel of chromosome 17 families

and found MAPT mutations in most of their [11], and

Michelle Goedert and Maria Spillantini [22] had found

a tau mutation in a multiple system atrophy family, that

became clear that the V337M mutation mutation was

responsible for disease in the BK family.

The chromosome 17 story is not finished. While

most families where disease maps to chromosome 17

have mutations in or near the MAPT coding regions,

there are several families that do not have mutations.

These are large autosomal dominant kindreds where

rare pathogenic mutations should be easily recognized,

yet none have been found in MAPT. Are there mutations

in MAPT non-coding regulatory sequences within or

flanking MAPT tau responsible for disease in these

families? Though improbable, is there another gene

in the region that causes a neurodegenerative disease?

Since these families do not have obvious tau pathology,

perhaps another gene is responsible. Hopefully in the

next year or so, one of the groups working on this

problem will find the answer. Whatever the answer,

the result will almost certainly tell us much about the

neurodegenerative process.

In retrospect, our work in Seattle has been driven in

part by what families Tom Bird and collaborators were

able to identify. By solving the genetics of these fam-

ilies, we and others have firmly established the role of

Aβ as a pathogenic molecule, identified the presenilins

as part of the Aβ metabolism, and established tau as a

contributor to pathogenesis rather than neurofibrillary

tangles being simply an end-product of neurodegen-

eration. Lessons we have learned along the way that

influence our current work include the importance of

addressing genetic heterogeneity. While heterogeneity

is usually considered a stumbling block in disease ge-

netics, if dealt with, heterogeneity can be a rich source

of information concerning disease pathogenesis. An-

other lesson learned is that scientists studying the clin-

ical and neuropathology of families need to interact

closely and continually with scientists with molecular

and statistical expertise.

The genetic problems in Alzheimer’s disease and de-

mentia genetic that remain to be solved include finding

the genetic risk factors for late-onset Alzheimer’s dis-

ease. Ellen Wijsman’s analysis of late-onset families

suggests that there are 4–5 more genes with effect sizes

comparable to ApoE that remain to be identified [6].

Other out standing genetic problems in Alzheimer’s

disease and dementia genetics include identifying the

causative gene in the chromosome 17 families that do

not have MAPT mutations. Also the risk allele pre-

sumably in a regulatory component of MAPT that el-

evates PSP risk also needs to be identified. This may

require a more detailed understanding of how MAPT

expression and alternative splicing is regulated. New

methods are being applied to these problems including

novel statistical methods for dealing with quantitative

trait data in families, and methods for genome-wide

association studies. Hopefully the lessons learned in-

cluding an appreciation for heterogeneity and the need

for detailed phenotype information, both from clinical

data and autopsy results that comes from close collab-

orations scientists of different expertise.
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Abstract. Work in 1980s and early 1990s established that the microtubule-

associated protein tau is the major component of the paired helical filament

of Alzheimer’s disease. Similar filamentous deposits are also present in a

number of other diseases, including progressive supranuclear palsy,corticobasal

degeneration and Pick’s disease. In 1998, the relevance of tau dysfunction for

the neurodegenerative process became clear, when mutations in the tau gene

were found to cause the inherited “frontotemporal dementia and parkinsonism

linked to chromosome 17 (FTDP-17).” The paper highlighted here [Spillantini

M.G., Murrell J.R., Goedert M., Farlow M., Klug A. and Ghetti B. (1998)

Mutation in the tau gene in familial multiple system tauopathy with presenile dementia. Proc. Natl. Acad. Sci.

USA 95, 7737–7741] reported a mutation at position +3 in the intron following alternatively spliced exon 10 of

the tau gene in a family with abundant filamentous deposits made exclusively of four-repeat tau. Levels of soluble

four-repeat tau were increased in individuals with this mutation. It was proposed that the +3 mutation destabilises a

stem-loop structure located at the end of exon 10 and the beginning of the intron, thus resulting in an abnormal ratio

of three-repeat to four-repeat tau isoforms.

Keywords: Mutation, tau, tauopathy

1. Tau protein and the paired helical filament of

Alzheimer’s disease

On 3 November 1906, at the 37th meeting of the So-

ciety of Southwest German Psychiatrists in Tübingen,

Alois Alzheimer presented the clinical and neuropatho-

∗Corresponding author. Tel.: +44 1223 331145; Fax: +44 1223

331174; E-mail: mgs11@cam.ac.uk.

logical characteristics of the disease that was subse-

quently named after him. The work in question was

published in the short paper of 1907 [1] and the more

extensive article of 1911 [2]. To this day, abun-

dant neuritic plaques and neurofibrillary lesions con-

stitute the defining neuropathological characteristics

of Alzheimer’s disease (AD). Although Kidd had de-

scribed the paired helical filament (PHF) as the major

structural component of the neurofibrillary lesions in

1963 [21], the molecular nature of the PHF was only

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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uncovered in the late 1980s. By the early 1990s, it was

clear that tau was the major component of the PHF and

that the latter was composed of the six brain tau iso-

forms, each full-length and hyperphosphorylated [13,

24]. By that time, tau protein-like immunoreactivity

had also been described in the pathological deposits

of Pick’s disease (PiD), progressive supranuclear palsy

(PSP) and corticobasal degeneration (CBD). In con-

trast to AD and PiD, the abnormal deposits of PSP and

CBD were present in neurons and glia. Subsequently,

filamentous tau deposits were described in a number of

additional neurodegenerative diseases.

The molecular dissection of the PHF of AD gave

quite a complete description of the composition of the

filament. It also provided important clues regarding

the mechanisms of filament formation. However, it did

not provide any direct information as to the relevance

of filament formation for the disease process. As a re-

sult, tau-positive inclusions were frequently considered

to be nothing more than epiphenomena of little or no

consequence. What was missing was genetic evidence

linking the formation of tau filaments to neurodegen-

eration and dementia. This was provided by studies of

an inherited dementia.

2. Frontotemporal dementia and parkinsonism

linked to chromosome 17 (FTDP-17)

In 1994, Kirk Wilhelmsen, Tim Lynch and col-

leagues described a family with frontotemporal de-

mentia, parkinsonism and amyotrophy [Disinhibition-

Dementia-Parkinsonism-AmyotrophyComplex (DDP-

AC)] and mapped the genetic defect to chromosome

17q21–22 [26,43]. These reports attracted the attention

of those working on tau in AD, because the gene encod-

ing tau (MAPT) is located in this region of the long arm

of chromosome 17 [30]. A subsequent neuropatholog-

ical examination of three cases of DDPAC described

the presence of abundant argyrophilic, filamentous in-

clusions in neurons and glia, in conjunction with bal-

looned neurons, circumscribed nerve cell loss, gliosis

and spongiosis [33]. The neuronal inclusions were re-

ported to stain for phosphorylated neurofilaments and

ubiquitin, but not for tau protein. The oligodendroglial

inclusions, by contrast, were tau-immunoreactive, as

were ballooned neurons and some spheroids. In 1995,

a familial form of progressive subcortical gliosis was

linked to chromosome 17q21–22 [23,31], and in 1996

pallido-ponto-nigral degeneration (PPND) [42,44] and

the frontotemporal dementia in Duke family 1684 [46]

were also mapped to 17q21–22. Neuropathological

examination of PPND revealed the presence of exten-

sive nerve cell loss and gliosis in the substantia nigra

and amygdala, in the apparent absence of Lewy bodies,

neurofibrillary tangles and amyloid plaques, but in the

presence of tau-immunoreactive neuropil threads and

oligodendroglial microtubular masses. In Duke family

1684, senile plaques, neurofibrillary tangles, Pick bod-

ies and Lewy bodies were not observed. In early 1997,

hereditary forms of frontotemporal dementia in three

Dutch families were linked to chromosome 17q21–22,

with the apparent absence of tau deposits [17].

Having worked on filamentous tau inclusions for a

number of years, we were naturally very interested in

the existence of inherited neurodegenerative diseases

characterized by the presence of abundant tau inclu-

sions, in the absence of extracellular Aβ or prion pro-

tein deposits. The condition reported by Sumi et al. in

1992 [39] provided a striking illustration of this novel

concept. This disease is inherited in an autosomal-

dominant manner and is characterized clinically by

presenile dementia and psychosis. Neuropathologi-

cally, tau-positive neurofibrillary tangles and PHFs are

present in a number of brain regions, chiefly neocor-

tex, amygdala and parahippocampal gyrus. In 1994,

Michel Goedert obtained brain tissue from an affected

individual of what is now known as Seattle family A

from Mark Sumi and Tom Bird, which Maria Grazia

Spillantini, Tony Crowther and Goedert used to charac-

terize the tau deposits [34]. By using phosphorylation-

dependent anti-tau antibodies, they showed that these

deposits had the same staining characteristics as the

neurofibrillary lesions of AD. Glial deposits were not

observed. By electron microscopy, PHFs and straight

filaments (SFs) were present in the same proportions

as in AD. By immunoblotting, the sarkosyl-insoluble

tau bands from Seattle family A and AD were identi-

cal, indicating the presence of all six human brain tau

isoforms. In 1997, Bird and colleagues linked the ge-

netic defect in Seattle family A to chromosome 17q21–

22 [3].

In 1994, Bernardino Ghetti contacted Spillantini and

Goedert and proposed to join forces in the characteri-

zation of the tau pathology in an autosomal-dominantly

inherited form of presenile dementia that he and Mar-

tin Farlow had identified. Tau deposits were extremely

abundant and widespread and were present in neurons

and glia (Fig. 1). In view of this severe phenotype, the

disease was named “Multiple System Tauopathy with

Presenile Dementia” (MSTD), the first use of the term

“tauopathy” [35]. Tau-positive lesions were stained
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Fig. 1. Tau inclusions in familial MSTD brain. Temporal cortex from a patient with familial MSTD showing neurons and glia stained with

phosphorylation-dependent anti-tau antibodies. Neurons and glia in grey matter stained with antibodies AT8 (A), AT180 (D) and PHF1 (G). In

white matter AT8 (B and C), AT180 (E and F) and PHF1 (H and I) stained numerous glial cells with cytoplasmic inclusions (C, F and I). Antibody

12E8 stained granular deposits in neurons and glia in both grey (J) and white matter (K). Magnifications: A, B, D, E, G and H, x140; C,F and I,

x448; J, x760 and K, x112. Taken from Spillantini et al. [35] Copyright (1997) National Academy of Sciences, USA.

by a large number of phosphorylation-independent and

phosphorylation-dependentanti-tau antibodies. By im-

munoelectron microscopy, Crowther showed that the

anti-tau antibodies decorated isolated filaments, which

had a twisted ribbon morphology and differed markedly

from PHFs and SFs (Fig. 2). By immunoblotting, tau

protein extracted from filament preparations ran as two

major bands of 64 and 68 kDa and a minor band of

72 kDa (Fig. 3). This pattern of sarkosyl-insoluble tau

bands differed from that of AD, but was similar to that

previously described in PSP and CBD [5,22], two dis-

eases with neuronal and glial tau pathology. It raised

the question of the isoform composition of the sarkosyl-

insoluble tau in MSTD. Dephosphorylationwas used to

show the presence of four repeat-containing isoforms,

in the absence of three-repeat tau [35]. In parallel,

Jill Murrell performed linkage analyses to show that

the genetic defect in MSTD mapped to chromosome

17q21–22 [27]. This work made MAPT a strong candi-

date gene for MSTD. The open reading frame of MAPT

was therefore sequenced, but no pathogenic mutation

was found.

The work on Seattle family A and familial MSTD es-

tablished the presence of abundant tau pathology in two

families linked to chromosome 17q21–22. Affected

individuals from both families suffered from presenile

dementia, but the clinical pictures were otherwise quite

different. Similarly, the tau deposits had some char-

acteristics in common, such as the sites of hyperphos-

phorylation, but also showed significant differences. In

particular, tau filaments had different morphologies and

were made of all six brain isoforms in Seattle family A,

but comprised only four-repeat tau in MSTD. Further-

more, tau deposits were present in nerve cells in Seat-

tle family A and in both neurons and glia in familial

MSTD.

In October 1996, Ghetti, Murrell and Spillantini at-

tended the consensus conference on chromosome 17-
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Fig. 2. Tau filaments from familial MSTD brain. Immunoelec-

tron microscopy of isolated twisted ribbon-like filaments. The top

and bottom panels are unlabelled, and the others are immunogold

decorated with phosphorylation-dependent (PHF1, AT8, AT180 and

AT100) and phosphorylation-independent (133 and 134) anti-tau an-

tibodies. Scale bar, 100 nm. Taken from Spillantini et al. [35]

Copyright (1997) National Academy of Sciences, USA.

linked dementias organized by Norman Foster at the

University of Michigan, which brought together many

of those working in this emerging field. At the time, 13

kindreds were considered to have sufficient evidence of

linkage to be included in what was named “Frontotem-

poral Dementia and Parkinsonism linked to chromo-

some 17” (FTDP-17) [6]. At the conference, it became

clear that a variety of techniques, some suboptimal,

had been used to look for tau pathology and that Seat-

tle family A and familial MSTD were the only pedi-

grees where a systematic analysis had been carried out.

Spillantini therefore began to collaborate with a number

of groups, to look for the presence of tau pathology in

their families. These included DDPAC [26,43], Dutch

families I-III [17], Duke family 1684 [46], the Swedish

FTDP-17 family [7] and hereditary dysphasic disinhi-

bition dementia (HDDD2) [25]. When using state of

the art techniques, abundant tau deposits were detected

in DDPAC, Dutch families I and II and Duke family

1684. In HDDD2, tau deposits were also present, but

their abundance varied between cases. Some of this

work was later published [19,36,38]. These findings,

together with our earlier work, left little doubt that tau

deposits were an important feature of FTDP-17.

3. Mutation in MAPT in familial MSTD

The exclusive presence of four-repeat tau in the

MSTD filaments led us to examine the isoform com-

position of soluble tau. One possibility (among sev-

eral) was that certain tau isoforms might be abnormally

expressed in MSTD brain [35]. It was well estab-

lished that upon dephosphorylation soluble tau from

normal human cerebral cortex runs as four strong and

two weak bands on SDS-PAGE, which align with the

six recombinantly expressed human brain isoforms [8,

9]. In normal adult human cerebral cortex, the ratio

of three-repeat to four-repeat tau isoforms is approxi-

mately 1:1. Over the years, many experiments on both

control and diseased human brains had failed to reveal

a significant departure from this 1:1 ratio. Therefore,

the striking pattern of alternating stronger and weaker

bands that we observed upon immunoblotting of de-

phosphorylated soluble tau from MSTD brain was un-

precedented (Fig. 3). It showed a marked increase in

the level of four-repeat tau isoforms and a correspond-

ing reduction in tau isoforms with three repeats, with

no apparent change in total tau levels. This finding

provided a straightforward explanation for the exclu-

sive presence of four-repeat tau in MSTD filaments and

suggested, rather unexpectedly, that increased splicing

of exon 10 of MAPT might be the cause of familial

MSTD.

In early 1998, Spillantini, Bird and Ghetti wrote a

review article on FTDP-17 for “Brain Pathology” (it

was published on-line in early March that year) [36]. In

it they summarized what was known about the presence

of tau deposits in FTDP-17 and mentioned the increase

in soluble four-repeat tau in familial MSTD. They also

mentioned the V337M change in exon 12 of MAPT

that Parvoneh Poorkaj, Gerard Schellenberg and Bird

had identified in Seattle family A. However, it was

unclear then whether this amino acid change in the
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Fig. 3. Abnormal filaments from familial MSTD brain consist of tau

isoforms with four repeats and the level of soluble four-repeat tau is

increased in MSTD brain. (a), Schematic representation of the six

human brain tau isoforms. (b), Immunoblots of sarkosyl-insoluble

tau from familial MSTD brain before (lane 3) and after (lane 2)

alkaline phosphatase treatment using antibody 133. Note that be-

fore alkaline phosphatase treatment, two major tau bands of 64 and

68 kDa and a minor band of 72 kDa are present. After alkaline

phosphatase treatment, two major bands are visible that align with

four repeat-containing recombinant tau isoforms (lane 1) of 383 and

412 amino acids (isoforms D and E in schematic diagram). (c), Im-

munoblots of dephosphorylated soluble tau protein from the frontal

cortex of a control subject (lane 2) and a patient with familial MSTD

(lane 3) using antibody 133. Six tau isoforms are present in lanes 2

and 3. They align with the six recombinant human brain tau isoforms

(lane 1). In the frontal cortex from the familial MSTD patient, tau

isoforms with four repeats (isoforms D-F) are more abundant and tau

isoforms with three repeats (isoforms A-C) are less abundant than in

frontal cortex from the control. Taken from Spillantini et al. [35,37]

Copyright (1997, 1998) National Academy of Sciences, USA.

microtubule-binding repeat region of tau represented a

benign polymorphism, or was in some way involved in

the pathogenesis of the disease in this family.

In familial MSTD, sequencing of the intronic regions

flanking exon 10 had revealed a guanine (G) to adenine

(A) transition at position +3 in the intron following

exon 10. It segregated with the disease and was not

found in control samples. Furthermore, no change was

found in MAPT cDNA isolated from familial MSTD

brain, indicating that the MAPT exons were spliced cor-

rectly. This raised the question of how this nucleotide

change might lead to increased splicing of exon 10.

Following examination of the nucleotide sequence of

exon 10 and the 5’ intron junction by Aaron Klug, and

discussions with Gabriele Varani and Kiyoshi Nagai of

the MRC Laboratory of Molecular Biology, it became

apparent that the G to A transition at position +3 desta-

bilized a putative stem-loop structure encompassing the

last 6 nucleotides of exon 10 and 19 nucleotides of the

intron, including the GT splice-donor site. Varani then

set out to determine the three-dimensional structure of

the stem-loop, disruption of which was predicted to re-

sult in increased splicing of exon 10. A role for pre-

mRNA structure in the regulation of alternative splic-

ing had been well documented in other systems. More-

over, experimental studies had shown that the forma-

tion of stem-loop structures at the 5’ splice sites leads

to inefficient splicing. We also noticed that the G to A

transition at position +3 could increase binding of the

U1 snRNA to the 5’ splice site of exon 10, resulting in

increased splicing of exon 10.

4. Mutations in MAPT in FTDP-17

Towards the end of April 1998, Michael Hutton

and Spillantini presented their respective discoveries of

MAPT mutations in FTDP-17 at a closed meeting of the

US Alzheimer Center Directors in Minneapolis, which

was held ahead of the annual meeting of the American

Academy of Neurology. The news spilled over into the

main meeting and was discussed at the Potamkin Prize

Symposium.

In June 1998, the papers by Poorkaj et al. [32], Hut-

ton et al. [20] and Spillantini et al. [37] were published.

Poorkaj et al. reported two exonic mutations in MAPT

(V337M in Seattle family A and P301L in Seattle fam-

ily D). Hutton et al. reported six different mutations

in ten FTDP-17 families. Three of these mutations

(G272V, P301L and R406W) were in exons. The other

three were located in the intron following exon 10 (at

positions +13, +14 and +16), where they disrupted

a predicted stem-loop. By exon trapping, the intronic

mutations caused an increase in the transcripts encod-

ing four-repeat tau. Spillantini et al. reported the +3
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Fig. 4. Mutations in the tau gene (MAPT) in FTDP-17. (a), Schematic diagram of the six tau isoforms (352 to 441 amino acids) that are expressed

in the adult human brain, with mutations in the coding region indicated using the numbering of the 441 amino acid isoform. Twenty-five missense

mutations, two deletion mutations and three silent mutations are shown. The six tau isoforms are produced by alternative mRNA splicing from

a single gene. They differ by the presence or absence of three inserts, shown in red (encoded by exon 2), green (encoded by exon 3) and yellow

(encoded by exon 10), respectively. The migotubule binding repects are indicated by black bars. (b), Stem-loop structure in the pre-mRNA at the

boundary between exon 10 and the intron following exon 10. Nine mutations are shown, two of which (S305N and S305S) are located in exon

10. Exon sequences are boxed and shown in capitals, with intron sequences shown in lowercase letters. The two-dimensional representation of

the MAPT exon splicing regulatory element RNA is based on the three-dimensional structure determined in [41].

intronic mutation in familial MSTD and its effect on

the predicted stem-loop, as well as the increase in sol-

uble four-repeat tau in MSTD brain. Later that year,

the reported missense mutations were shown to reduce

the ability of tau to promote microtubule assembly [15,

18]. Some mutations also promote tau filament assem-

bly [11,28].

Varani determined the three-dimensional structure

of a 25 nucleotide-long synthetic RNA (extending

from position −5 to +19) from the exon 10-intron

junction by nuclear magnetic resonance (NMR) spec-

troscopy. This work, which was eventually published

in 1999 [41], established that the synthetic RNA does

form a stable stem loop with a structure similar to that

originally proposed [37]. The stem consists of a single

stable guanine-cytosine (G-C) base pair, which is sepa-

rated from a double helix of 6 base pairs by an unpaired

adenine. The apical loop consists of 6 nucleotides that

adopt multiple conformations in rapid exchange. Func-

tional experiments showed that the +3 mutation caused

a marked reduction in the thermodynamic stability of

the stem-loop. The same was also true of the +13, +14

and +16 mutations.

In 1999, coding region mutations in exon 10 itself

were identified which increase splicing by affecting

RNA regulatory elements [4,16]. By that time, mu-

tations in MAPT had been identified in most of the

FTDP-17 families mentioned in this article. Besides

Seattle family A (mutation V337M [32]) and familial

MSTD (+3 intronic mutation [37]), mutations were

identified in DDPAC (+14 intronic mutation [20]), fa-

milial progressive subcortical gliosis (+16 intronic mu-

tation [12]), Duke family 1684 (+16 intronic muta-

tion [19]), PPND (mutation N279K [4]), Dutch family

I (mutation P301L [20]) and Dutch family II (mutation

G272V [20]).

Since 1999, the number of known mutations in

MAPT has grown steadily. At the time of writing, 37

different mutations, mostly affecting the sequence or

splicing of the repeat region, have been reported in

over 100 families with FTDP-17 (Fig. 4). About half

of these mutations influence the alternative splicing of

MAPT pre-mRNA, whereas the other half have their

primary effect at the protein level. Besides MSTD, two

additional families with the +3 intronic mutation have

been described [29,40]. Overall, the existence of mu-

tations in MAPT in FTDP-17 established that dysfunc-

tion of tau is sufficient to cause neurodegeneration and

dementia.
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Abstract. About 1% of Alzheimer’s Disease (AD) cases have an early-onset

autosomal dominant familial form of the disease, genetic analyses of which

have found three causal genes: amyloid β-protein precursor (AβPP), presenilin

1 (PS1) and presenilin 2 (PS2). The APOE gene is the only robustly replicated

risk factor for the common form of AD with onset after 65 years of age. In at

least half of the AD cases, there is no known cause of the disease. Here we

provide an overview on known AD-linked genes and discuss the strategies of

searching for novel AD genetic risk factors.

Keywords: Alzheimer’s disease, presenilin, gene, AβPP, APOE

Abbreviations used in text: AD – Alzheimer’s disease; AβPP – amyloid β-protein precursor; PS1 – presenilin 1; PS2 – presenilin

2; APOE – apolipoprotein E.

1. Introduction

Alzheimer’s Disease (AD) is progressive dementia

accompanied by neuronal loss, neurofibrillary tangles

(formed of hyper-phosphorylatedtau microtubule asso-

ciated protein) and amyloid plaques, consisting mainly

of Aβ40/42 peptides generated by cleavage of the amy-
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loid β-protein precursor (AβPP). Multiple studies sug-

gest a complex etiology for AD, with both environ-

mental and genetic factors influencing disease patho-

genesis. Twin-studies found the concordance rate for

AD among monozygotic twins to be 78%, indicating

a strong genetic influence [2]. More than 95% of AD

cases are sporadic with onset after 65 years of age.

The earliest sign of AD brain pathology is the de-

position of extracellular amyloid plaques. The longer

and more neurotoxic isoform (Aβ42) appears to be el-

evated in the brains of individuals affected with AD.

Numerous genetic and biochemical data support the

amyloid cascade hypothesis, which suggests that Aβ

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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deposition is the primary event in disease pathogene-

sis [12,15,33]. The link between Aβ production and

tau protein is not currently established, although it is

clear that abnormal formation of neurofibrillary tangles

has neurotoxic consequences itself; because mutations

in the tau gene cause frontotemporal dementia [16].

Nevertheless, currently there is no convincing data that

tau is genetically involved in AD.

To date four AD genes have been identified:

AβPP [13], presenilin 1 (PS1) [35], presenilin 2

(PS2) [19,26] and Apolipoprotein E (APOE) [30,31].

The disease in AβPP-, PS1- and PS2-linked families

is transmitted as an autosomal dominant trait. In con-

trast, the APOE ε4-allele acts as an AD risk factor and

age-at-onset modifier for the late-onset and early-onset

forms of AD. Importantly, the common pathological

effect of all these genetic factors is to alter AβPP pro-

cessing and promote Aβ deposition (reviewed in [27,

36]).

AβPP: The AβPP gene is located on chromosome

21q21 and encodes a protein that can be cleaved by at

least two separate pathways. One involves α-secretase

cleavage within the Aβ peptide sequence. The other

pathway requires proteolysis by β- and γ-secretases

to generate the Aβ40−42 peptides (reviewed in [36]).

All known pathological AβPP mutations have a direct

effect on its processing and are clustered near the α-,

β-, or γ-secretase cleavage sites [14]. The majority

of them lead to either an elevation of the Aβ42 pep-

tide, to a more amyloidogenic peptide, or to an in-

crease of both the short and long forms of Aβ. To

date 25 different AD-associated mutations in the AβPP

gene have been published (including the duplications

of the AβPP locus), which affect more than 71 fam-

ilies with the age-at-onset ranging between 30 and

65 years (http://www.molgen.ua.ac.be/ADMutations/).

The most frequent pathological mutation is the

Val717Ile substitution, which is found in ∼ 50% of

AβPP-linked families. In addition, some of the AβPP

mutations are related to hereditary cerebral hemorrhage

with amyloid (congophilic) angiopathy [20,37].

PS1 and PS2: Mutations in the PS1 gene, located

on chromosome 14q24.3, account for 18%–50% of

all early-onset AD cases and are responsible for the

most severe form of the disease with the age-at-onset

ranging between 16 and 65 years [9,35]. To date

155 different PS1 mutations (mainly missense substi-

tutions) have been found in more than 315 AD families

(http://molgen-www.uia.ac.be/ADMutations/). The

Gly206Ala is the most frequent PS1 mutation observed

in 18 unrelated Caribbean Hispanic families [1]. In

contrast with AβPP mutations, PS1 mutations are not
clustered in any particular region, but rather broadly
distributed throughout the gene and cumulatively affect
∼ 25% of the coding region.

In 15 families with different PS1 mutations the dis-
ease (in addition to dementia) is associated with spastic
paraplegia characterized by progressive weakness of
the lower limbs (reviewed in [27]). The brain pathology
of these cases differs from the typical picture for AD.
Mature plaques are scarce. Instead, there are diffuse,
Aβ-positive cotton wool plaques without a congophilic
core and with only minor neuritic pathology and mark-
ers of inflammation [8]. The fact that, an identical PS1
mutation has been found in a family with variant AD,
as well as in a family with typical AD argues in favor of
the existence of genetic or environmental modifier(s)
in the variant AD families.

PS1 shares amino acid and structural similarities
with PS2 mapped to chromosome 1q31-q42. In con-
trast to PS1, mutations in PS2 gene are rare, vari-
ably penetrant and associated with a much later age-
at-onset [26,34]. To date only 10 different PS2 mu-
tations have been reported in 18 families with age-at-
onset ranging between 40 and 85 years (http://molgen-
www.uia.ac.be/ADMutations/).

Mutations in the PS1 and PS2 genes cause the over-
production of Aβ42, which further supports the con-
cept that changes in AβPP processing are central to AD
pathology [6]. The PS1 and PS2 proteins have a very
complex functional profile as integrators of several sig-
naling pathways. In addition to AβPP processing, PS1
and PS2 are essential for the proteolytic cleavage of
several other proteins including Notch [10]. Currently,
it is not clear whether a dysfunction of these other path-
ways could in part contribute to the neurodegeneration
process in mutation carriers.

APOE: The three common isoforms of the APOE
gene on chromosome 19q13.2 are encoded by alleles
ε2, ε3 and ε4. The link between the ε4-allele and AD
has been confirmed in numerous studies across multi-
ple ethnic groups (reviewed in [36]). The APOE ε4-
allele is considerably over-represented in AD subjects
(∼ 40% versus ∼ 15% in the general population). On
the other hand, the frequency of the protective ε2-allele
is reduced from 10% in the normal population to 2%
in AD cases [7,31]. Many studies suggest that AβPP
processing is affected by the APOE polymorphisms.
For instance, the absence or presence of one or two ε4-
alleles was found to correlate in a dose-dependent man-
ner with the relative density of amyloid plaques [32].

While the presence of the APOE ε4-allele may not be
sufficient to cause AD, it acts both as an AD risk factor
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Fig. 1. Linkage of age-at-onset to chr10 with AD as a co-variate. Variance component methods using SOLAR were applied to study

linkage/association between chromosome 10 markers and age-at-onset of AD.

and modifier of disease onset (the mean age-at-onset of
AD is less than 70 years among the ε4/ε4 population,
but over 90 years for the ε2/ε3 population) [30]. Unlike
the AβPP, PS1 and PS2 genes, the APOE gene itself
is not suitable for pre-symptomatic testing since not all
ε4-carriers will develop AD and ε4-association is not
entirely specific to AD. In the future however APOE
may be used in combination with other yet to be dis-
covered AD risk factors. Indeed, more than half of AD
cases do not have an APOE ε4-allele indicating that
additional factors are involved in the late-onset form of
AD.

Search for novel AD genes: Genome-wide linkage
surveys on late-onset AD datasets have identified more
than 20 different AD loci as the site of potential sus-
ceptibility genes, with the strongest support for link-
age being on chromosomes 10 and 12 [4,17,25]. A
subsequent follow-up study confirmed the presence of
an AD susceptibility loci on chromosome 12 [23,29]
and on chromosome 10 [3,11,18,24]. As is typical for
disorders with complex inheritance, these initial map-
intervals have been very broad (> 30 Mb), and not
infrequently do not point to exactly the same regions
on the chromosome, but depict intervals that may be
several million base pairs apart. Although not the most
parsimonious explanation, some have suggested that
these broad, weakly or non-overlapping genetic map-
ping results may in fact represent the presence of sev-
eral distinct AD genes on the same chromosomal arm.

In our dataset (133 North American AD families)
the overall evidence for an AD-susceptibility locus on

chromosome 10 is weak: linkage analysis of 39 mi-

crosatellite markers generated only a marginally signif-

icant result at position 133 cM (NPL = 1.14; p = 0.06).

However, we have obtained suggestive evidence for an

age-of-onset modifying locus near position 80 cM on

chromosome 10 (Fig. 1). In addition, we genotyped

several case-control and familial datasets with > 140

single nucleotide polymorphisms (SNPs) in the region

90–119 cM that is within 1-LOD score of the of the peak

locations identified in the previsouly published linkage

reports [3,11,24]. Our data do not support the notion

that any of the previously proposed candidate genes on

chromosome 10 are sites of prevalent and high effect

alleles causing AD. Thus, analysis of SNPs in insulin-

degrading enzyme (IDE), cholesterol 25-hydroxylase

(CH25H), plasminogen activator, urokinase (PLAU)

have not generated evidence for linkage or associa-

tion (p > 0.05). We have also tested allelic associa-

tions using a non-synonymous SNP (rs4925) in Glu-

tathione S-Transferase Omega 1 gene (GSTO1), which

has previously been implicated to modify age-at-onset

of AD [22] (Fig. 1). Contrary to the prior report, our

results show no evidence to support a role for GSTO1

as an age-at-onset modifying locus. However, we iden-

tified 15 SNPs in a cluster of 10 different genes, which

generate significant results in our case-control or fa-

milial datasets. The investigation of addition SNPs in

these genes is currently on the way.

In our North American familial dataset there is much

better evidence for an AD locus on chromosome 12: 34
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Fig. 2. Linkage of AD to Chromosome 12. The HLODs and GHP lods were generated using Genehunter Plus (GHP). HLODs are parametric

LODscores under heterogeneity, where alpha (fraction of pedigrees linked) was allowed to vary until the HLOD is maximized.

microsatellite markers generated a peak overall LOD

score of 3.57 and a peak overall NPL score of 2.57

(p = 0.0025) in a ∼ 5 Mb interval near position 20 cM

(Fig. 2). Furthermore, a second chromosome 12 AD-

linkage peak in our dataset exists in a ∼ 4 Mb interval

near position 70 cM (NPL = 1.94).

The identity of the chromosome 12 AD-susceptibility

gene remains to be identified. Currently we are ex-

amining > 200 polymorphisms (45% of which are

coding SNPs) in the regions with the highest support

for linkage. Both case-control methods and family-

based association studies are being used to investigate

the genotype data from the North European sporadic

dataset and two familial AD datasets of North Amer-

ican and Caribbean Hispanic origin. These analyses

generated several nominally significant results in the

North European sporadic case-control set for 22 SNPs

(p = 0.05 − 0.005). Three of these SNPs were pos-

itive in at least one of the familial datasets, including

a SNP in the glyceraldehyde-3-phosphate dehydroge-

nase (GAPD) gene. GAPD has recently been assosci-

ated with late-onset AD in an independent case-control

dataset [21]. Haplotype analysis of our datasets with

additional SNPs gave modest support for association

of the GAPD gene with AD in the Caribbean Hispanic

familial AD dataset [unpublished data]. However, the

specific alleles and haplotypes associated with AD in

this datset were not the same as those in the prior re-

port. Furthermore, we have also observed positive as-

sociation with SNPs in four other nearby genes, in-

cluding pregnancy zone protein (a homologue of α2-

macroglobulin (A2M)). A2M, which binds Aβ and has

previously been proposed as a site of AD-associated

polymorphism [5], maps to the telomeric end of this

interval. In agreement with our previous results [28],

none of the SNPs in A2M itself were associated with

AD. Consequently, the most likely interpretation of the

recent association reports with GAPD and other genes

in this region is that there is an AD susceptibility in this

region, but it is probably not any of the genetic variant

assessed to date.

Another way to identify AD risk factors is to se-

lect a gene by function (regardless of its chromoso-

mal location) and then to test if SNPs within the gene

are associated with AD. Since the common patholog-

ical effect imparted by all known AD-linked genes

is to alter AβPP processing and promote Aβ depo-

sition, the genes that encode the proteins involved

in excessive production or reduced degradation of

the Aβ peptides represent strong functional candidate
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genes. In recent years, many genes have been reported

to be associated with AD (http://www.alzforum.org/

res/com/gen/alzgene/chromo.asp?c=1); however, none

of these findings have received the same robust repli-

cation as the association between AD and the APOE

ε4-allele (reviewed in [27,36]). A possible explana-

tion for the contradictory results in different datasets is

that several genes (with different population allele fre-

quencies) could impart susceptibility to late-onset AD.

In addition, it is likely that the effect of these genes

could be modulated by gene-gene interactions, which

may explain the genetic, clinical and neuropathological

heterogeneity of AD.

2. Conclusion

The identification of genes bearing polymorphisms

or mutations that cause familial AD has already pro-

vided otherwise unattainable starting points from which

to explore the pathogenesis of this disease. Mutations

in the four known AD genes all cause the accumulation

of Aβ peptides as a central and initiating event in the

pathogenesis of disease. Cumulatively the four known

AD genes account for about half of the genetic risk

factors and recent studies have further confirmed the

genetic heterogeneity of AD. However, the conflicting

genetic data generated for numerous gene candidates

and late-onset AD loci in the recent past, reflects the

difficulty of genetic approaches to complex traits in

general, and is not a specific difficulty of AD genetics.

Various strategies have been proposed including the use

of surrogate, simpler endophenotypes (e.g. psychosis,

myoclonus, rapid decline, etc.) [38]. There are several

caveats about these strategies, and currently the most

robust strategy is still the incorporation of biologically

reasonable candidate genes, assessment in large cohorts

of well characterized cases and controls, and replica-

tion in independent datasets. An additional important

emerging target for future research in AD is the in-

creasing focus on the genetic epidemiology of AD with

the objective of investigating gene/environment inter-

actions, which are in fact likely to be a significant cause

of the current difficulty as environmental factors can

modify the effects of genetic factors and also introduce

purely non-genetic phenocopies, which confound the

genetic analysis unless their occurrence is incorporated

into the genetic statistical model.
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Abstract. Development of therapeutics begins with delineating the precise disease

pathology along with a reasonable understanding of the sequence of events responsible

for the development of disease, or disease pathogenesis. For Alzheimer’s disease

(AD), the classical pathology is now known for quite some time; however, the disease

pathogenesis has eluded our understanding for a complete century. This review, in

addition to providing a brief overview of all primary events, will highlight those aspects

of AD genetics and novel pathological descriptions linked to unique mutations within

AβPP that have led to our better understanding of the pathogenesis of AD. Specifically,

we will discuss how pathologies linked to the Dutch (E693Q) and Flemish AβPP

(A692G) mutations have helped in understanding the role of CAA in dementia and in the

development of dense-core plaques. In addition, this review will also point directions

that warrant additional studies.

Keywords: Dementia, Alzheimer’s disease, Cerebral Amyloid Angiopathy (CAA), cerebral hemorrhages, AβPP mutations,

Flemish APP692 disease, HCHWAD

1. Amyloid is the culprit protein in Alzheimer’s

Disease (AD)

Ever since Alois Alzheimer provided his first clini-

cal and neuropathological description of presenile de-

mentia in a 51-year old woman with senile plaques

(Herdchen) and neurofibrillary tangles (“Knäueln”) in

1906 [1], started the controversies some of which con-

tinue to mystify AD research today. The first confusion
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was in the use of the term presenile Alzheimer dementia
because similar neuropathological features were soon
identified in senile dementia patients. However, we
now well accept that AD is not strictly a presenile disor-

der and arbitrarily set a cut-off of 65 years to differenti-
ate early-onset AD from the late-onset. As we shall see
later, it is important to differentiate these two subsets

of disease populations as the genetic alterations in the
causation of early and late-onset AD have been shown
to be different. Consecutive findings demonstrated the
presence of amyloid in the senile plaque core by Paul

Divry [17] and in blood vessels by Scholtz [72]. The
atherosclerotic vascular lesions were already well rec-
ognized since 1911, when Simchowicz differentiated
senile dementia into ‘proper’ senile dementia charac-

terized by neurofibrillary tangles (NFT) and amyloid
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plaques, and arteriosclerotic senile dementia charac-

terized by vascular degeneration; the latter entity is

still recognized today as vascular dementia. However,

the recognition of congophilic (cerebral) amyloid an-

giopathy (CAA) as another hallmark of AD led into

yet another controversy that continues even today: is

there an overlap between AD and vascular dementia?

This controversy is most important to this review, as we

shall discuss AβPP mutations that are linked to strokes

and present recent findings that development of senile

plaques could be related to cerebral vessels.

A better structural characterization of the aggregate

lesions was obtained by electron microscopy showing

that tangles contained 10–20 nm paired helical fila-

ments (PHF) and that the amyloid within vessels con-

tained 10 nm thick filaments similar to the amyloid

observed in the senile plaques. The subsequent use

of x-ray diffraction and infrared spectroscopy demon-

strated a characteristic cross-β conformation and sug-

gested that the common features of amyloid protein in

different diseases might be the cross-β conformation.

Purification and biochemical characterization of AD

aggregates launched another era of AD research. Iron-

ically, the first amyloid characterized to be ≈4 kDa

amyloid-β (Aβ) peptides were amyloid isolated from

CAA from AD and Down’s syndrome (DS) patients

and not from senile plaques [23,24]. Soon after, the

amyloid protein of senile plaques was shown to be iden-

tical to the Aβ peptide [60]. Studies on neurofibrillary

tangles (NFT) and PHF were a bit more intricate due to

their difficult solubilization, but the breakthrough came

from histochemistry. Initially, however, microtubules

were implicated because microtubule-associated pro-

teins (MAP) like MAP-2 and tau inadvertently con-

taminated the purification process of microtubules [31,

100], but soon this controversy was closed with phos-

phorylated tau being recognized as the major, if not the

only, component of PHF [26,30,48,68].

2. The amyloid gene is central to AD genetics

Though increasingly better descriptions of the clin-

ical symptoms and pathological hallmarks became

available, the biochemical nature of the disease re-

mained largely unknown. One way to approach this

problem was by using molecular genetic techniques that

allowed identification of a disease gene and its respec-

tive protein using “positional cloning” techniques, i.e.,

segregation studies using genetic markers in extended

pedigrees to map the genetic defect to a chromosomal

region from which the actual gene could be identified

using recombinant DNA technologies. The mapping

approach had been successful for several monogenic

diseases like Duchenne muscular dystrophy and cystic

fibrosis. However, it was the successful mapping of

Huntington’s disease, another neurodegenerative brain

disease, to chromosome 4p that stimulated molecular

genetic studies in AD [32]. Rare families with prese-

nile AD had been documented in which the disease was

apparently inherited according to an autosomal domi-

nant trait. In our research group, we had access to two

large Belgian families, nicknamed AD/A and AD/B,

with presenile AD and onset age around 35 years that

had been followed for many years at the Institute Born-

Bunge, and of which very detailed clinical and patho-

logical descriptions were available [59,83].

While we did not have the access to the current

dense genetic maps for genome-wide scanning, alter-

native strategies had to be used that would allow rapid

mapping of the disease genes. Initial genetic studies

were targeted at chromosome 21 because almost all

middle-aged DS patients develop AD pathology [97].

It was hypothesized that in DS, AD is caused by over-

representation of a gene on chromosome 21 as a result

of the trisomy 21, while in AD a mutation in that same

gene leads to the production of an abnormal protein

or to the overproduction of a normal protein. While

segregation studies identified chromosome 21 linked

presenile AD families [80], a major breakthrough came

from the mapping of the amyloid-β protein precursor

gene (AβPP) to chromosome 21 in the region linked to

the disease [47]. Proteolytic cleavage of the 677–770

amino acid, type 1 integral membrane protein AβPP

produces Aβ, the culprit protein in senile plaques and

blood vessels in AD, making it the candidate gene for

AD. However, what some of us do not like to remem-

ber is that we first excluded AβPP as an AD gene, and

Aβ as a key protein in AD pathogenesis [82,85]. The

AβPP did not cosegregate with the disease in fami-

lies that later were shown to be linked to chromosome

14 [79,84], and segregated mutations in the presenilin

1 (PSEN1) gene [8,73]. It took up to 3 years to revive

the interest in AβPP and Aβ, and ultimately restore

its central position in the amyloid cascade, a working

hypothesis underlying the important role of amyloid

plaques in AD [35,36].

2.1. AβPP mutations linked to CAA and AD

While basically most geneticists had turned their

backs on AβPP and Aβ, and were searching in other
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areas of chromosome 21 or the human genome for the

ultimate AD gene(s), we started analyzing AβPP in an

AD related disorder namely hereditary cerebral hem-

orrhages with amyloidosis – Dutch type (HCHWAD).

HCHWAD is an autosomal dominant form of CAA

characterized by recurrent hemorrhages due to exten-

sive amyloid Aβ deposition in cerebral blood vessel

walls in the absence of senile plaques and NFT [33,88].

We showed that HCHWAD co-segregated with AβPP

in 3 families [2,86] and published the data side by side

with that of Levy and colleagues who identified a mu-

tation in exon 17 of AβPP in two Dutch HCHWAD

patients [55]. The mutation predicted an amino acid

substitution at codon 693 (AβPP 770 isoform) replac-

ing a glutamate (Glu, A) by a glutamine (Gln, G), and

is since then known by its nickname Dutch APP693

mutation. Subsequently, a mutation, dubbed London

AβPP mutation, was identified in a chromosome 21

linked presenile AD family [25], and so far 16 missense

mutations in AβPP have been identified causing auto-

somal dominant forms of early-onset AD (EOAD) [9];

www.molgen.ua.ac.be/ADMutations/ (Fig. 1). Support

for the genetic evidence of the role of AβPP in AD

was provided by the finding that AβPP and PSEN mu-

tations linked to familial early-onset forms of AD al-

tered AβPP processing to lead to increased Aβ42 pro-

duction [3,71], the more fibrillogenic Aβ species com-

pared to the physiological and more abundantly se-

creted Aβ40 [45].

The following year, we reported a second AβPP mu-

tation near the α-secretase site, the Flemish APP692

mutation replacing a glycine (Gly, G) by an alanine

(Ala, A) [39]. Patients carrying the Flemish APP692

mutation suffer from presenile dementia and cerebral

hemorrhage inherited in an autosomal dominant pat-

tern. In a recent follow-up of this family, we have

confirmed these data and shown that indeed the clin-

ical phenotypes overlap, i.e., cerebral hemorrhages

are reported in offsprings of demented patients and

vice versa [70]. Neuropathological studies performed

on brains from Flemish APP692 patients supported

the clinical diagnosis of AD [7,49]. Numerous se-

nile plaques with the largest central dense-cores ever

noted in AD – accompanied by a very severe degree

of leptomeningeal and parenchymal CAA – charac-

terize these brains. Also, in contrast to HCHWAD

and consistent with a clinical diagnosis of probable

AD, Flemish APP692 patients deposit abundant tau-

PHF in pyramidal neurons and dystrophic neurites [7,

49,56]. The uniqueness of Dutch APP693 and Flem-

ish APP692 mutations from the other AβPP mutation

linked to the classical AD was in their location near

the α-secretase cleavage site. While the full-length Aβ

(Aβ1–40 or Aβ1–42) is generated by sequential ac-

tivity of α-secretase [77,90] and α-secretase/presenilin

complex [12], α-secretase activity prevents the gener-

ation of full-length Aβ [78] (Fig. 1). Because of the

altered AβPP cleavage and because these mutations

would also change the primary Aβ sequence and there-

fore the fibrillogenic potential of the resulting mutant

Aβ peptide, these genetic forms of vascular amyloido-

sis linked to α-secretase site were again a strong sup-

port of AβPP in the disease mechanism and provided

one of the strongest rationales for studies of factors that

influence abnormal metabolism and aggregation of Aβ

in the causation of CAA with or without AD. With sub-

sequent identification of a series of AβPP mutations

in the proximity of α-secretase site -‘Arctic’ (E693G),

‘Italian’ (E693K), and ‘Iowa’ (D694N) [27,46,63,66]-

the Dutch and Flemish AβPP pathology became the

prototypes of pure cerebral hemorrhage at one end and

mixed AD/cerebral hemorrhage at the other, respec-

tively, and the clinicopathological descriptions of most

of these mutations fitted into this spectrum. For in-

stance, the Italian AβPP mutation had clinical mani-

festations similar to HCHWAD patients [63], the Arc-

tic [46,66] and Iowa AβPP [27] mutations showed fea-

tures of probable EOAD along with vascular features,

subsequently confirmed on neuropathology at least for

the Iowa pedigree (Table 1).

3. AβPP mutations near the α-secretase site cause

disease by different mechanisms

One of the primary reasons to study the α-secretase

site mutations was how did mutations on the same or

adjacent codons although causing distinct diseases, in-

variably lead to a severe degree of CAA. Ever since the

first description of CAA in AD brain by Scholtz [72],

there was a strong interest in understanding, firstly, how

CAA develops, secondly, by what all mechanism(s)

does the vascular amyloidosis cause dementia, and

thirdly, what precise role does CAA play in the devel-

opment of AD?

Two lines of investigation were immediately ap-

parent with studying α-secretase site mutations: one,

whether the mutations altered the aggregation property

as they also altered the primary sequence of Aβ, and

two, whether the mutations affect the AβPP processing

as they might affect α-secretase processing. The al-

tered aggregation property gained popularity as it was
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Fig. 1. The AβPP mutations within the region encoding for Aβ at the α-secretase site associate with CAA, and some associate with AD changes

as well. This location contrasts with AβPP mutations associated primarily with AD that flank the Aβ region (i.e., Swedish and London AβPP

mutations).

Fig. 2. Spectrum of diseases from primarily hereditary amyloidosis to pure familial forms of Alzheimer’s disease. The upper panel depicts Aβ

staining with 4G8 in an HCHWAD (E693Q) patient with CAA, Flemish AD patient with both CAA and plaques, PSEN1 (L282V) AD with

prominent CAA, and classical AD patient with PSEN1 (I143T) from our AD/A pedigree. The lower panel is AT8-phosphorylated tau staining in

temporal cortical region of the same patients. Note HCHWAD brain does not show tau staining and both Flemish AD and PSEN1 L282V show

phosphorylated tau (AT8) staining around CAA as observed for the neuritic plaques. Bars represent 10 µm.

soon recognized that cerebrovascular amyloid deposits

are chiefly composed of Aβ40, the less fibrillogenic

Aβ form. It turned out that most of the α-secretase site

mutations use both mechanisms in causing disease. For

instance, the Dutch APP693 substitution alters AβPP

processing by increasing Aβ in vitro beginning at D1,

V18 and Y19 [95] with an overall decrease in Aβ42 in

plasma of HCHWAD patients. However, more impor-

tantly, Dutch peptide has accelerated fibrillogenic ki-

netics [5,6,19,52,64,75,98]and stability [21], and leads

to an increased in situ aggregation on cultured cell sur-

faces, and enhances neurotoxicity to both smooth mus-

cle and endothelial cells [10,63,89,94]. It was thus rea-

sonable to presume that HCHWAD is a result of in-

creased propensity of the Dutch peptide to aggregate in

association with vascular smooth muscle and endothe-

lial cells and also the aggregates were more stable to

degradation.

The search for the pathogenic mechanism by which

Flemish APP692 mutation caused its pathology was

more intriguing. Early studies showed that Flemish

APP692 leads to an increased production of Aβ begin-

ning at D1, R5, and E11 [34] proposed to be mediated

by a β-secretase homologue, BACE 2 [20]. This results

in an increase in both Aβ40 and Aβ42 [11]. In addi-

tion, Flemish Aβ peptide fibrilizing slower than wild-

type Aβ, forms larger aggregates [5,6,64,92]. While

the large aggregates were characteristic of Flemish AD

pathology, the fibrillogenic property of these two mu-

tant Aβ peptides led to an apparent paradox where

the most fibrillogenic Dutch Aβ peptide neither caused

AD clinically nor pathologically, while the least fibril-

logenic Aβ in the Flemish APP692 patients caused a

clinical and pathological AD. This contrasted with the

‘amyloid cascade of AD’ where increased fibrillogenic

propensity of Aβ42 was thought to be responsible for

the disease.
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Table 1

Clinical and biochemical characteristics of mutations near the α-secretase site of AβPP

AβPP Codon* Substitution Position within Aβ Nick name Clinics References

692 Ala–>Gly A21G Flemish EOAD/Cerebral hemorrhage [39,49]

693 Glu–>Gln E22Q Dutch Cerebral hemorrhage [55,86]

Glu–>Gly E22G Arctic EOAD/Vascular symptomatology [46,66]

Glu–>Lys E22K Italian Cerebral hemorrhage [63]

694 Asp–>Asn D23N Iowa EOAD [27]

*Numbered according to the largest AβPP transcript AβPP 770.

4. Flemish APP692 pathology sheds light on one of

the mechanisms of dense-core plaque formation

In our laboratory, we studied this apparent paradox

of how Flemish APP692 patients, but not HCHWAD,

present with PHF-tau aggregates, dense-core plaques

and a clinical AD [7,56]. We first inferred on differ-

entiated SH-SY5Y cells that the observed differences

were not due to a direct interaction between mutant

Aβ and/or AβPP and tau phosphorylation by studying

a few epitopes commonly phosphorylated in AD [52].

Next, we showed that exogenous synthetic Flemish,

Dutch, and wild-type Aβ although increased phospho-

rylation of AD-specific tau epitopes but not differently

from each other [52]. It was the in vitro aggregation

properties, however, that pinpointed the likely cause.

Confirming earlier studies, we showed that Flemish Aβ

although was the least fibrillogenic peptide [5,6,52,64,

92], but was most toxic to differentiated SH-SY5Y cells

in the early stages of aggregation (compared to wild

type and Dutch Aβ) [52]. In the late stages of aggrega-

tion, the Dutch peptide was the most species, suggest-

ing that Aβ, at least in in vitro conditions, might be neu-

rotoxic in an initial phase due to its soluble oligomeric

or other early toxic Aβ intermediate(s), which was dis-

tinct from the late neurotoxicity incurred by aggregated

larger assemblies of Aβ [52]. This fitted well with

recent data showing that in addition to a direct toxic-

ity caused by Aβ fibril formation [69], non-aggregated

oligomeric, diffusible, and/or protofibrillar forms are

neurotoxic both in vitro and in vivo [37,54,93]. More-

over, it has been suggested that cytotoxic potential of

Aβ might lie in their ability to form extensive fibrils

directly on the cell surface, as preaggregation of Aβ

abolishes its neurotoxic effect as in smooth muscle

cells [10]. Thus, Dutch Aβ once released from the sites

of generation, aggregate almost instantaneously in the

parenchymal matrix as diffuse plaques. With this it

also loses its neurotoxic potential and therefore diffuse

plaques with a few exceptions [50] are commonly non-

neuritic [52,56]. The observed increased in vitro toxi-

city potential of Dutch Aβ thus might be relevant only

for vessels and not for parenchyma as the enormous ag-
gregates observed in vitro never occur in close proxim-

ity to neuronal cells in HCHWAD patients. Conversely,

slowly fibrilizing Flemish Aβ diffuse more readily in a
relatively soluble or low-fibrillar toxic form to the nidi

of plaque formation. The same year, we also showed
that dense-core plaques in Flemish APP692 patients

were centered on vascular walls [49], which might be

one of the major pathways of Aβ brain clearance for
Flemish Aβ as suggested for wild type Aβ [4,14,15,

61,74,87,96,101]. This not only brought the 2 major

types of amyloid deposits as spectrum of the same dis-
ease mechanism, but also connected parenchymal and

vascular dementia.
The remaining α-secretase site-related AβPP mu-

tations neatly fit into the spectrum of HCHWAD

and Flemish AD clinical and pathological descrip-
tions (where available). For the Italian peptide,

increased propensity to make fibrils and peptide-

mediated pathogenic effects was similar to the Dutch
peptide and not surprisingly, resembled clinicopathol-

ogy of HCHWAD (CAA and hemorrhagic strokes) [62,
64]. The Arctic mutation is also most likely due to

increased propensity of protofibril formation without

necessarily increasing the rate of fibril formation or the
amounts of Aβ [66]. Iowa mutation resembling both

Flemish APP692 and HCHWAD pathologically (a se-

vere degree of CAA and predominantly diffuse plaques
with some dense-core plaques [27]), shows cytotoxi-

city and aggregation properties that lie between those
caused by the Flemish and Dutch Aβ peptides [64].

None of these pathological descriptions, however, re-

capitulate the large and abundant dense-cores charac-
teristic of Flemish AD pathology as none of the mutant

Aβ parallel the low fibrillogenic potential of Flemish

Aβ.

5. Transgenic mice studies deciphering CAA and

dense-core plaque pathology: potential for

therapeutics

Essential clues in Aβ catabolism, trafficking, and

formation of CAA and dense-core plaques have also
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come from transgenic mouse studies. Although Dutch

and Flemish AβPP mice do not deposit Aβ in brain [42,

51] or deposit only at a very late stage [40], clues

have come from transgenesis with AD mutations ex-

hibiting progressive age-related development of dense-

core and diffuse plaques as well as of CAA [22,41,43,

81]. Formation of CAA in these mouse AD models,

where only neurons are designed to secrete Aβ, was

proposed to be due to Aβ entrapment in the periarterial

ISF drainage, one of the principal routes of Aβ elimi-

nation from brain in these models [4,87,96]. Utilizing

some of these mouse models in the study of develop-

ment of dense-core plaques, we have recently shown

that a great majority of dense-core plaques are also cen-

tered on vessel walls or in the immediate perivascular

regions [53]. In addition, we also identified ultrastruc-

tural microvascular abnormalities occurring in associa-

tion with dense-core plaques, similar to those described

in AD [53]. Aβ is normally cleared through vessels

by either periarterial ISF drainage pathway or by an

active transport across the blood brain barrier [14,15,

61,74,101]. Thus, in mouse models that secrete supra-

physiological amounts of Aβ, the majority of the Aβ

(that cannot be catabolized in brain) traffics towards

blood vessels by an undefined mechanism, and pre-

cipitates to form dense-core plaques. This is similar

to Flemish AD pathology where the less fibrillogenic

Flemish Aβ is upregulated ≈2 fold. As yet, we do

not know if this could be a mechanism of dense-core

plaque formation in general AD. If indeed this were a

major site and a mechanism of dense-core plaque for-

mation, increasing Aβ brain clearance by peripheral

sequestering as those tried recently by immune [15]

or non-immune [13,61] mechanisms will decrease the

burden of ‘neuritic’ dense-core plaques, so far the best

pathological substrate of AD. Moreover, there should

also be a concurrent search for molecules like select

gangliosides [38] that might help seed plaque deposi-

tion in close proximity to vascular walls and in turn

could also serve as a therapeutic target.

6. CAA causes progressive dementia in AD

Firstly, cerebral hemorrhage is not limited to Dutch

and Flemish AβPP pathology. While the majority of

cases of symptomatic CAA are sporadic, CAA lead-

ing to strokes has also been described in Down’s syn-

drome cases [18]. Some PSEN linked AD mutations

have abundant amyloid angiopathy, including those de-

scribed by us [16,44,57,76,99]. Some correlations have

also been made to the PSEN topology where a severe

degree of CAA has been linked to PSEN1 mutation

occurring after codon 200 [58]. Some of the PSEN

mutations also appear capable of causing hemorrhagic

strokes as those described for some of the members of

the Volga-German AD family [67].

Secondly, cerebral hemorrhage is also not the only

manifestation of CAA. Although the most common

clinical manifestation of CAA is indeed vessel rup-

ture and lobar hemorrhagic stroke, other clinical syn-

dromes also occur, including a progressive dementing

illness [28,29]. In a recent study on 19 HCHWAD

patients, extensive CAA was found to be sufficient to

cause progressive dementia in these patients [65]. As

yet, it is unknown how CAA per se can contribute

to the gradual progressive neurodegeneration seen in

AD. One of the mechanisms could be that Aβ deposit-

ing within CAA can trigger a perivascular neurode-

generative response, similar to that caused by dense-

core plaques. A similar explanation was recently sug-

gested in a neuropathological study of 2 cases with

senile dementia presenting with CAA and perivascu-

lar tau pathology in the absence of neuritic dense-core

plaques [91]. Secondly, severe degree of CAA might

also cause restricted blood flow. For instance, in HCH-

WAD patients that have almost no PHF-tau pathology,

the observed progressive dementia [65] is most likely

due to restricted blood flow through the amyloid-laden

blood vessels. In Flemish AD patients, where dense-

core plaques occur in association with blood vessels,

the role of vascular insufficiency as a cofactor in neu-

ronal toxicity is also strongly implicated.

7. Conclusions

With a brief historical recount of all major events

in AD research, we focused in this review on

the genotype-proteotype-phenotype studies related to

AβPP α-secretase site mutations and show how re-

search in this direction has facilitated in pinpointing

the role of CAA and other vascular abnormalities in

the clinics and in the pathology of AD. Especially, we

suggested that CAA should be considered an important

contributing factor in the progressive cognitive decline

observed in AD. We also discussed how multi-level in-

vestigations on Flemish AD have helped identify the

mechanism of dense-core plaque formation, which has

also been extended to some of the mouse AD models.

While future studies will address the generality of some

of the observations, detailed clinical, neuropathologi-
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cal, and biochemical descriptions of families or indi-

vidual patients with unusually severe CAA are likely

to contribute to our understanding of the role of CAA

in dementia.
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Abstract. Multiphoton microscopy is an optical imaging technique that allows

high resolution detection of fluorescence in thick, scattering tissues. The tech-

nique has been used for trans-cranial imaging of the brains of living transgenic

mouse models of Alzheimer’s disease. Direct detection of senile plaques in

these mice has allowed the characterization of the natural history of individual

senile plaques, the evaluation of plaque clearance during immunotherapy, and

the characterization of the kinetics and biodistribution of the PET ligand, PIB.

With the expanding repertoire of structural and functional fluorescent probes,

and the preclinical characterization of new contrast agents for complementary

imaging modalities like MRI, PET, SPECT, and NIRS, multiphoton microscopy

will continue to be a powerful tool in understanding and combating Alzheimer’s

disease.

1. Introduction

Despite the advances of the last century, the most

significant hurdle to the development of effective thera-

peutics for Alzheimer’s disease is, perhaps, a sensitive,

specific biomarker of disease progression. It is hard to

argue with the elegance of an imaging technique that

would allow early diagnosis and anatomically specific

monitoring of the disease. Diseases like cancer and

stroke have benefited from diagnostic imaging that al-

lows direct assessment of therapeutic interventions. No

such technique has existed for AD until recently. There

have been several advances in indirect imaging of the

disease with FDG-PET and high resolution MRI, that

while lacking specificity, have been used with success
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to help diagnose and monitor disease progression [5,

14,15,17]. Although the role of senile plaques in AD

is still debated, the accumulation of amyloid deposits

with progression is accepted. Therefore, the detection

of amyloid deposits in the brain, and efforts to prevent

or remove them have received considerable attention.

Recent advances using PET [21,22,31] and MRI [16,

29,35] to image plaques in mice show great promise.

This review, however, will focus on the efforts to image

senile plaques in vivo using multiphoton microscopy in

transgenic mouse models. While these efforts added to

our understanding of the natural progression of plaque

deposition, they were also instrumental in both eval-

uating anti-amyloid-β therapeutics and the preclinical

characterization of an in vivo amyloid ligand that is

currently in clinical trials as a PET imaging agent [22].

Multiphoton microscopy has an advantage over other

in vivo imaging approaches since the high spatial reso-

lution inherent to the technique allows direct immuno-

or histochemical confirmation of the imaged structures.

Multiphoton microscopy, therefore, allows direct eval-
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uation of the binding specificity and kinetics of novel

amyloid targeting reagents. It can be anticipated that

the screening of new clinical imaging agents for PET,

SPECT, MRI, NIRS, or any other in vivo technique will

be facilitated by testing with multiphoton microscopy

in animal models of AD.

2. Multiphoton microscopy

Multiphoton microscopy is an optical imaging tech-

nique similar to confocal microscopy that allows

diffraction-limited spatial resolution of cellular and

sub-cellular structures using a scanning laser for ex-

citation of fluorescence. Both techniques result in 3-

dimensional images with optical sectioning achieved

in different ways. Multiphoton microscopy is advan-

tageous when imaging thick scattering tissue like in-

tact brain, live cells, and fluorophores that require UV

excitation. The photophysical phenomenon of multi-

photon excitation of fluorescence is simply described

as the simultaneous acceptance of two low energy pho-

tons (in the near infrared) that would normally match

the single photon acceptance of a higher energy photon

(in the UV or blue region.) This is achieved by means

of a pulsed near infrared laser with low average power,

but very high peak power, and concomitant focusing of

the light to further increase the local photon flux. This

increases the probability that a fluorophore will accept

two low-energy photons nearly simultaneously. The

end result is that near infrared excitation, possessing the

advantage of deeper penetration through scattering tis-

sue with minimal phototoxicity, excites a broad range

of fluorophores only at the plane of focus, allowing a

narrow depth of field with confocal-like optical sec-

tioning without photodamage above or below the plane

of focus or the need for a signal-reducing pinhole [9].

The end result is sub-micron spatial resolution in three

dimensions deep within living tissue. Figure 1 shows

an example of simultaneous 2-color fluorescence de-

tection in the brain of a living transgenic mouse using

multiphoton microscopy.

While the technique can exploit extrinsic signals,

they are inherently weak. Alzheimer’s disease re-

search, however, has been endowed with a selection of

amyloid binding fluorophores that have been used and

characterized for decades. Our initial studies exploited

the fluorescence of thioflavin S as an amyloid bind-

ing reagent. Thioflavin S is a small, diffusible, non-

toxic fluorophore that binds specifically to the beta-

sheet structure of dense-core plaques in the brain. It ab-

Fig. 1. Simultaneous 2 channel in vivo multi-photon micrograph of an

amyloid plaque (red pseudocolor) amongst cortical YFP-expressing

neurites (green pseudocolor). The blood-brain barrier permeant

methoxy-X04 labeling agent was administered systemically to label

dense-core deposits in a PDAPP transgenic mouse. A maximum

intensity projection of 55 µm depth is displayed here.

sorbs UV light and emits fluorescence in the blue/green

spectrum. It is a bright, sensitive fluorophore amenable

to multiphoton excitation. Our first studies applied this

compound directly to the surface of the brain of living

transgenic mice to label amyloid deposits. Thioflavin

S allowed sensitive, chronic imaging of both plaques

and cerebrovascular amyloid angiopathy (CAA) up to

400 µm deep into the cortex, and enabled the character-

ization of the natural history of dense core plaques in

the Tg2576 mouse model [8]. This report demonstrated

that senile plaques form quickly, and are then stable in

size. Very little growth or shrinking was detected in the

chronic imaging experiments.

The establishment of a reliable in vivo imaging ap-

proach then permitted the evaluation of the efficacy of

anti-Aβ immunotherapy [3,4]. These studies used top-

ical application of anti-Aβ antibodies to the surface of

the brain to monitor directly the clearance of Aβ de-

posits in vivo. Multiphoton imaging allowed detection

of individual deposits before and after treatment. The

imaging approach was further exploited to character-

ize the effects of therapies on structural and functional

fluorescent readouts in the living mouse brain [6,23].

These assays used fluorescent outcomes as indicators
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of oxidative stress or neuritic morphology in vivo, and

illustrate one of the major advantages of the fluores-

cence imaging approach; the availability and selection

of fluorescent probes is extremely large, and ever ex-

panding. This allows multi-dimensional imaging of

structure and function at the cellular or subcellular level

in vivo. For example, genetically encoded fluorescent

reporters based on GFP for calcium, pH, kinase ac-

tivity, oxidative metabolism, and proteases have been

developed [13,26,37]. Furthermore, small molecule

fluorescent probes have recently been introduced into

mature brain in vivo and monitored with multiphoton

microscopy [27]. Together, these tools permit applica-

tion of a broad range of structural and functional fluo-

rophores that were previously limited to in vitro prepa-

rations.

3. 4-D imaging of PIB

William E. Klunk, Chester A. Mathis, and their team

at the University of Pittsburgh have been developing

rationally designed derivatives of known amyloid bind-

ing agents for the ultimate goal of clinical diagnostic

imaging of amyloid pathology in humans using PET.

Their synthetic approach started with known binding

agents like thioflavin T, which, although relatively spe-

cific for amyloid deposits in brain tissue, is too polar

to cross blood-brain barrier, and therefore not suitable

as a PET ligand. After several generations of deriva-

tives, Pittsburgh compound B (PIB), appeared to sat-

isfy the requirements for a suitable ligand. The com-

pound is small, somewhat lipophilic, crosses the blood-

brain barrier, and still retains high affinity for Aβ fibrils

(Kd ∼ 20 nM). In vitro assays have shown high speci-

ficity, and in vivo radio tracer studies demonstrated

promising brain entry and clearance [20,36]. The com-

pound is radiolabeled with C11 which has a half-life

of ∼ 20 min, dictating the need for rapid brain entry,

and rapid efflux of unbound probe. As a derivative

of the compound thioflavin T, however, PIB retained

the fluorescent properties of its parent, and was readily

detected using multiphoton microscopy in the AβPP

mouse models. Because PIB is fluorescent even when

not bound to amyloid deposits, the appearance and

clearance from the brain was easily monitored. Time-

lapse imaging of the biodistribution of PIB after IV in-

jection in the mouse models allowed direct examination

of the appearance in circulation, entry into the brain,

labeling of amyloid pathology, and egress of unbound

agent from the parenchyma [2]. A 4-dimensional im-

Fig. 2. Representation of 4-dimensional in vivo multiphoton record-

ing of the fluorescent biomarker PIB in the brain of a Tg2576

mouse. Three discreet time points are shown here simultaneously as

two-dimensional projections (maximum intensity) of their respective

3D volumes. Blue pseudocolor corresponds to the dye visible in the

volume immediately after i.v. injection, green 5 min later, and red at

t = 20 min. PIB enters the brain, is rapidly cleared from circulation,

and targets vascular and parenchymal amyloid deposits with high

specificity, making it a suitable in vivo biomarker.

age, showing the time-course of PIB distribution in an

imaged volume of mouse brain is shown in Figure 2.

These imaging results, not possible with PET or SPECT

imaging, demonstrated directly that PIB met the criteria

of a PET amyloid imaging agent. While the animal ex-

periments cannot replace experience with human imag-

ing, they do lend a considerable amount of confidence

that the agent is binding to the appropriate pathological

target, particularly since the amyloid plaques are too

small to be imaged individually with PET, due to the

lower spatial resolution of the technique.

PIB has been evaluated for imaging in humans, and is

currently under more widespread evaluation in several

imaging centers [19]. This radiolabel is now considered

the “gold standard” for amyloid imaging, partially due

to the overwhelming pre-clinical characterization of

the compound. While multiphoton microscopy played

only a small part in its development, it allowed direct

detection of binding in animal models with immuno-

histochemical confirmation. It is no surprise, there-

fore, that other compounds are being evaluated using

this technique. Indeed, relatively low resolution imag-

ing modalities like MRI, SPECT, or NIRS would ben-
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efit from the characterization of in vivo binding using

multiphoton microscopy.

4. New probes for imaging with NIRS

An alternative non-invasive approach for diagnos-

tic imaging in humans is based on near infrared spec-

troscopy (NIRS). This technique capitalizes on the

deep transmission of near infrared light through scat-

tering tissue. It is commonly used to take advan-

tage of the unique absorption spectra of oxy- and

deoxy- hemoglobin to detect changes in cerebral blood

flow and local oxygen utilization [7,10,24,34]. In this

sense, NIRS has been applied for functional imaging

in animals and humans, allowing regional detection of

metabolic changes in the brain associated with phys-

iological stimuli [30]. The spatial resolution of this

technique varies with depth, but can surpass 1 mm at

up to several centimeters into the brain [12]. Using

multiple source and detector arrays and sophisticated

image reconstruction algorithms, 3D optical tomogra-

phy can be performed, leading to PET or SPECT like

images of the brain, non-invasively, and without radi-

oligands [32]. The functional imaging of hemoglobin

relies on an intrinsic absorption spectra, however, tar-

geted fluorescent probes could be detected even more

sensitively, particularly if the excitation and emission

spectra lie within the range of 650–850 nm, between the

strong absorption bands of hemoglobin and water. It

is the development of novel molecular imaging probes

with spectra in this region that will accelerate varied ap-

plications of non-invasive optical imaging in the brain

and periphery. Indeed, a number of studies have been

performed with applications to peripheral imaging us-

ing existing near infrared fluorophores targeted with

antibodies or peptide recognition sequences [1,11,18,

25,28].

In the case of Alzheimer’s disease, diagnostic imag-

ing of amyloid-β deposits in the brain could be accom-

plished with a near infrared fluorophore that enters the

brain and targets amyloid plaques specifically. To this

end, a small fluorescent molecule like PIB could be

used as long as the fluorescent spectrum was shifted

from the UV/blue to the near infrared region. This will

require some clever chemistry, as maintaining the nec-

essary qualities possessed by PIB is not trivial. How-

ever, we have begun to develop molecular amyloid

binding reagents small enough to cross the blood-brain

barrier that are near infrared fluorescent [33]. Figure 3

demonstrates our early proof-in-principle approaches

towards non-invasive detection of fluorescence deep in

the brain. Because the detection hardware and imaging

software is already established, the development of a

chemical ligand is the last step for non-invasive optical

detection of amyloid in the brain. Successful devel-

opment of such a probe would have significant advan-

tages over PET or SPECT imaging for several reasons.

First, no radioactivity is required. Besides minimizing

the exposure to radioactivity (which is extremely low-

dose for PET or SPECT), ligands with short half-life

isotopes need to be synthesized on site, or delivered

with great speed and expense. Second, the technology,

maintenance, training, and staffing required for optical

imaging is much less expensive than for a PET or even

SPECT scanner. Together these factors will contribute

to easier accessibility for a massive and growing popu-

lation of potential patients. Lastly, optical biomarkers

can be exploited for greater sensitivity and increased

contrast because a probe can be designed such that the

optical properties can be sensitive to the local environ-

ment. For instance, the intensity, wavelength, or life-

time of the dye can change whether bound to the amy-

loid target or not. By capitalizing on these physical

changes in the dye, it is no longer necessary to clear

unbound dye from the brain, since bound vs unbound

probe can be discriminated based on the differences

in spectroscopic properties. This permits background

subtraction, and therefore substantially improved con-

trast.

As with the characterization of PIB in mouse mod-

els, multiphoton microscopy is useful for characteriz-

ing other novel molecular imaging probes. New amy-

loid targeting reagents can be evaluated in tissue sec-

tions and in vivo in mouse models with subcellular res-

olution to confirm non-invasive imaging results. Like

PET or SPECT, NIRS will not permit imaging of in-

dividual senile plaques, but rather a collective amyloid

burden representing binding to plaque-containing re-

gions in the brain. Therefore, imaging results will need

to be compared with immunostaining of post-mortem

brains. Chronic studies, however, can be performed in

parallel with multiphoton imaging of plaques in the cor-

tex. Multiphoton microscopy uses a near-infrared laser

source for excitation that can also be used as a tunable

single-photon source for near infrared fluorophores.

Lastly, while the mouse models have been excep-

tionally valuable for the preclinical development of

amyloid imaging agents, the utility of these agents for

amyloid imaging in mice has been underappreciated.

Screening of anti-amyloid therapeutics depends on re-

liable biomarkers to evaluate efficacy, and quantitative
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Fig. 3. Non-invasive detection of NIR fluorescence in vivo in the

brain of an intact mouse. A bolus intracerebral injection of Alexafluor

750 labeled BAM10 antibody (8 µL) was made in an anesthetized

mouse in the right hemisphere several millimeters deep from the

cortical surface. The skin was restored and sutured closed along

the midline. Shortly thereafter, the anesthetized mouse was imaged

using a commercial, laser scanning, small animal imaging platform

(eXplore Optix prototype, ART, Quebec) (A), and again on a flatbed

NIR laser scanner (LiCor Odyssey) (B). Imaging was performed

through the skin and skull of the intact, live animal with the focal

plane set at eye level in the eXplore Optix imager and at 4 mm from

the scanner surface of the Odyssey plate reader. The fluorescent

signal was readily detected with both instruments, and was confined

to the injected hemisphere. 24 hrs after injection, the mouse was

sacrificed, and the post-mortem brain was isolated and fixed in 4%

paraformaldehyde. The isolated brain was imaged using the LiCor

Odyssey with a 3 mm focus offset from the scanner surface (C). The

eXplore Optix image was captured at 0.5 mm resolution (pseudocolor

from purple to red) and superimposed on a white light CCD image

(A), in vivo Licor Odyssey image at 42 µm resolution (B), and ex

vivo brain image at 21 µm (C). Scale bars A = 1.8 cm B = 1 cm

C = 5.5 mm. Reprinted with permission from Skoch et al. [33].

Copyright SPIE, 2005.

imaging of amyloid burden is the most direct approach.

Thus, the combination of transgenic mouse models and

a reliable non-invasive imaging technique should lead

to rapid screening of anti-amyloid drugs without the

need for large cohorts of animals sacrificed at indi-

vidual time-points. To date, the attempts to use ra-

diolabeled PIB and micro-PET imaging in transgenic

mice have proven unsuccessful. While not completely

understood, this failure may result from low contrast

in the mouse brain due to non-specific binding that is

not observed with fluorescence imaging, or a lack of

sensitivity in the micro-PET devices. Future studies

should be able to overcome this obstacle, although an

all optical approach based on NIRS may well represent

the best alternative for low-cost non-invasive imaging

in the mouse brain, pending development of a suitable

molecular imaging probe.

5. Conclusions

This review describes the current and future impact

of multiphoton microscopy for increasing our under-

standing of AD as well as for developing diagnostic

tools suitable for use in mouse models and humans.

Multiphoton microscopy provides a bridge between

histo- and immunohisto-logical examination of tissue

and live animal imaging of Aβ pathology. This is due

to the very high spatial resolution afforded by the tech-

nique. This spatial resolution also limits the applica-

tions of multiphoton imaging to small regions of cor-

tex in animal models. As a tool for preclinical charac-

terization of amyloid binding agents, however, multi-

photon has been successfully used to characterize the

PET ligand PIB, which is now in use for clinical imag-

ing in humans. Development of other probes for PET,

SPECT, MRI, or NIRS will also benefit from charac-

terization with direct imaging in animal models with

multiphoton microscopy. There is much to be learned

about the etiology of AD and the effects of therapeu-

tics upon pathology in the mouse models from direct,

in vivo imaging with multiphoton microscopy. Indeed,

because of the extremely large collection of existing

fluorescent probes for structural and functional imag-

ing, and because the molecular imaging probe library is

constantly expanding, multiphoton microscopy is po-

sitioned for many years of fruitful studies. At this mo-

ment, multiphoton microscopy is the best-characterized

in vivo amyloid imaging approach in the transgenic

mouse models, and is therefore, the method of choice to

evaluate new anti-Aβ therapeutics in vivo. We believe

that better, faster, and cheaper imaging approaches will

be developed for amyloid imaging in mice and humans,

and we predict that multiphoton microscopy will be an

operative, if not essential reference for the characteri-

zation of these new probes and modalities.
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1. Introduction

The 1985 article in the Archives of Neurology, “Di-

agnosis of Alzheimer’s Disease” [1] represents a small

chapter in the prolonged efforts to characterize the

distinct clinical-pathological features of Alzheimer’s
disease (AD). Although the study of dementia has a

one hundred-year history, the attempt to address sys-

tematically the array of scientific and clinical issues

related to differential diagnosis is a relatively recent

phenomenon. This paper is an account of the early
history of the struggles to define the disease and the

more recent efforts at the National Institute on Aging

(NIA)/National Institutes of Health (NIH) to establish:

diagnostic criteria, standardized clinical assessment al-

gorithms, and validated screening instruments and/or
biological markers.

2. Early history

Although various forms of dementia have always

been part of the human experience, the efforts for sys-

tematic description of the clinical-pathological char-

acteristics of phenomenon gained traction in the late

1890s roughly paralleling advances in histology (chem-

istry of tissue stains), light microscopy, neuroanatomy

and other areas of biology [2,3]. The early pioneers

of the field were able to make some groundbreaking

observations about dementia because of access to a

wealth of new technologies for studying the brain and

the emergence of vibrant academic environments that

fostered interactions and cross-fertilization among psy-

chiatrist, neurologist and neuropathologist. Reports

by Blocq and Marinesco [1892] and later by Redlich

[1898] began to describe the relationships between neo-

cortical senile plaques and senile dementia. Oskar

Fisher [1907] was one of the first to suggest that severity

of dementia and memory loss might be associated with

senile plaques. Alois Alzheimer, a psychiatrist with an

abiding interest to “help psychiatry through the micro-

scope,” was among the first to exploit the newly emerg-

ing tools for histological study of the human brain. The

1907 paper by Alois Alzheimer became the index case

for “Alzheimer’s Disease”, however the term did not

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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receive broad endorsement until the eighth edition of

Emil Kraepelin’s “Textbook of Psychiatry” published

in 1910.

Nearly a century later, Alzheimer’s original report

remains a crucial milestone in the annals of dementia

research. The study approach, by Alzheimer, of com-

bining meticulous clinical observations with systematic

neuropathological analysis of brain lesions become the

template for NIA’s: a) strategy to develop its extramu-

ral program of research support for Alzheimer’s disease

and, b) program priority for promoting further interdis-

ciplinary research on the causal relationships between

the clinical-pathological phenotypes of dementia.

In the era between Alzheimer’s initial report and the

1960s, the primary focus of the scholarship on demen-

tia was the epistemology of the disease and the struggle

for consensus on the clinical definitions. Progress in

understanding the relationships between the behavioral

expression and pathological phenotypes of dementia

was relatively slow in this stage due to two impedi-

ments: first, the lack of validated standardized objec-

tive clinical assessment tools, and second, uncertainty

in the definition of the clinical phenomenon.

During the two decades following WWII, arguably

the start of the modern era of Alzheimer’s disease (AD)

research, the question of whether AD changes were

simply an accentuation of normal senescence, gradu-

ally began to emerge as a central research question.

The important clinical controversy revolved around the

issue of whether “presenile” and “senile” dementias

were the same disorder. Newton in 1948 and later Neu-

man and Cohn in 1953 suggested that these two forms

of the disease were identical. The challenge of distin-

guishing brain changes due to pathology from those al-

terations due to healthy aging were started in a number

of landmark investigations by the Blessed, Tomlinson

and Roth in the mid-1960s [4]. However, the dispute

could not be settled without comparisons of the clini-

cal/biological/neuropathologicalphenotypes of the dis-

ease. Such comparisons became possible in the early

1960s with, the introduction of the electron microscope

(EM) as a research tool, and the development of quan-

titative measures of dementia.

In 1963, Terry (in the US) and Kidd (in the UK) in-

dependently reported the findings of EM studies show-

ing the ultrastructure of a single neurofibrillary tangle

to contain masses of microscopic fibers with periodic

structure: paired helical filaments (PHF). These land-

mark studies enabled the field to: 1) develop quantita-

tive assessments of the hallmark lesions, 2) clearly de-

lineate the ultrastructure of the amyloid core (neuritic

plaque), 3) develop methods of isolating plaques, neu-

rofibrillary tangles and preparation of enriched PHFs,

and 4) set the stage for the discovery of more sophis-

ticated molecular and immunological probes to further

characterize the abnormal proteins associated with the

disease. Thus, these early ultrastructural studies by

Terry, Kidd and colleagues opened the door for more

detailed molecular characterization of the two fibrous

proteins and set the stage for the remarkable advances

of the last few years in understanding the molecular

neurobiology of AD.

The need for functional measures of severity and

objective/quantitative tools to assess mental status was

the crucial hurdles for progress in clinical/behavioral

studies of this period. This problem was surmounted

in 1968, with the publication of the Blessed, Tomlin-

son and Roth Dementia Scale (Information-Memory-

Concentration Test). This was an informant-based

scale of memory function, orientation, information,

concentration, activities of daily living, etc. The land-

mark prospective studies of this group for the first time

correlated quantitative measures of dementia (cogni-

tive and functional impairments) with estimates of the

number of the lesions (plaques), and the volume of

brain destroyed by infarcts. These efforts to quantify

the relationships between the clinical and biological in-

dices of the disease established the foundation for sub-

sequent program initiatives and several collaborative

multi-site longitudinal studies launched by NIA. In the

mid-1960 to mid-1980 period, four categories of ob-

jective clinical measurement tools were developed and

validated, some in longitudinal studies with autopsy

confirmations. These include: Mental Status Exams

(e.g., Dementia Scale or ICM Test-1968, Mini-Mental

Status Exam -1975 [5], Short Blessed Test -1983),

Global Measures of Dementia Severity (e.g., Clinical

Dementia Rating – 1993, Global Deterioration Scale –

1982, CAMDEX -1986), Behavioral Scales (Geriatric

Depression Scale – 1988, Agitation Inventory – 1986,

CERAD Behavioral Rating Scale for Dementia – 1995,

Clinical Impression of Global Change or CIBIC) and

Cognitive Assessment Batteries (e.g., Alzheimer Dis-

ease Assessment Scale or ADAS-cog) [6]. The efforts

to construct quantitative measures of cognition and the

validation of instruments for objective evaluation of

symptoms were critical to the refinements in the char-

acterization of the disease. These advances in assess-

ment of the severity of the disease became the founda-

tion for much of the current “routine clinical-workup”

and set the “standard” for clinical staging methods an

essential element of clinical research.
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While many investigators were laboring to develop

objective measures for assessing the severity of symp-

toms, the uncertainty about the clinical “identity” of

Alzheimer’s diseases lingered until the 1976 editorial

by Katzman [7]. This landmark paper for the first

time framed Alzheimer’s disease as an important pub-

lic health/medical issue. The Katzman editorial was an

important step towards: a) the recognition of a need

for specific diagnostic criteria and b) reviving the argu-

ment for a common cause for late-onset and pre-senile

dementia, an earlier thesis suggested by Newton [1948]

and by Neuman and Cohn [1953].

Recent history: NIA initiatives on “diagnosis of

Alzheimer’s disease”

The recent history of efforts to improve the diag-

nostic armamentarium, particularly the impact of the

1985 article on “Diagnosis of Alzheimer’s Disease”,

becomes meaningful only in the context of the over-

all struggles to establish the neurobiology of disease

program at the NIA.

The Institute was established in 1974 with an amor-

phous congressional authorization to address the “prob-

lems and diseases of the aged.” But, the NIA’s implicit

directive was to develop and support interdisciplinary

research on healthy (normal) aging as well as disor-

ders of aging. In 1977, this author was recruited to

translate the Institute’s broad legislative directive into a

specific a plan for organizing and developing a national

program of research on the neurobiology of aging and

AD. In the late-1970s the task of building the “Neuro-

science of Aging Program” had to overcome a number

of daunting challenges. Among these the most prob-

lematic hurdles were the: 1) lack of funds specifically

targeted funds for program development, 2) rudimen-

tary state of knowledge on diagnosis of AD, the neu-

robiology of aging and/or dementia, 3) low credibility

of “aging research” and prevailing negative attitudes of

the scientific community towards this field of study, and

4) difficulty in attracting competent new investigators

into “aging” or “AD” research. Meanwhile, the efforts

to develop a national program of clinical research on

dementia faced additional special impediments and a

more grueling uphill struggle to gain traction due to the

lack of:

– consensus on diagnostic criteria

– standardized assessment instruments

– infrastructure to support longitudinal clinical stud-

ies

– expertise in clinical trials

– well characterized postmortem brain tissue for

molecular studies

The strategy for addressing these challenges required

NIA to adopt a different model, for developing, or-

ganizing and managing the Institutes extramural pro-

gram, than those used by other well established insti-

tutes at NIH e.g., NINCDS or NIMH. The complexities

of the multi-facetted problem, such as contrasting nor-

mal “aging” from “diseases of aging”, required that the

program structure be based on the replica of a systems

research. This approach to program development de-

emphasized disciplinary “silos” and focused on build-

ing linkages for the integration of knowledge, skills and

points of views across a wide rang of disciplines. The

NIA’s program development efforts stressed: a) verti-

cally integration of basic research with clinical studies,

b) funding mechanisms to promote collaborative re-

search, e.g., program projects, centers, research consor-

tiums, c) building-up resources and infrastructure for

conducting longitudinal clinical research and/or clini-

cal trials, e.g., ADCS, and d) developing the “capabil-

ities” of the field for clinical research, including de-

velopment of diagnostic criteria, standardization of as-

sessment tools and the methodologies of clinical tri-

als. Thus the NIA plan to develop the nascent fields

of AD and brain aging stressed the importance of not

only on mechanisms of support for investigator initi-

ated projects but also initiatives that encouraged: coor-

dination, organization, and infrastructure building.

The series of “Research Planning Workshops”, or-

ganized by NIA since 1978, were primarily designed

to solicit advice from extramural scientific commu-

nity. These planning workshops were an essential

tool for identifying gaps in knowledge and formulating

strategies concerning new program directions. Also

they served as a critical vehicle for establishing col-

laborating network of clinical investigator and creating

the infrastructure necessary to developing standardized

diagnostic procedures. The 1985 Archives of Neu-

rology paper, which was based on the proceeding of

one such “Research Planning Workshop on Diagnosis

of Alzheimer’s Disease,” was organized in December

1983. The recommendations of this workshop lead

to several NIA initiatives in subsequent years and set

the stage for some of today’s ‘hot topics’. The Neu-

ropathology Panel of this Workshop took the first step

toward defining the minimum microscopic criteria nec-

essary for histological diagnosis of AD. The Neurol-

ogy Panel suggested that the term ’Alzheimer Disease’

be reserved for patients who show a compatible clin-

ical course along with the histopathological and neu-

rochemical changes associated with the disease. The

panel also considered the problem of distinguishing
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AD from benign senescent forgetfulness [MCI] and

non-Alzheimer type dementia. Other topics and rec-

ommendations of this workshop included: neuroimag-

ing, biomarkers, molecular genetics, longitudinal stud-

ies, brain banks, establishment of family registries and

pedigree studies, animal models and the need for re-

search on normal brain aging.

Prior to 1984, in the absence of specific diagnostic

criteria for Alzheimer, the DSM-III (DSM-IV) crite-

ria for diagnosis of dementia had fulfilled the require-

ments of clinical research [8]. Finally this need was

address with the publications of the: a) “Diagnosis

of Alzheimer’s Disease” [1] and b) NINCDS-ADRDA

Diagnostic Criteria [9], which specified inclusion-

exclusion factors and three levels of confidence: prob-

able, possible and definite [requiring histopathological

confirmation]. Since the publication of these papers,

substantial progress has been made in the accuracy, re-

liability, sensitivity and sophistication of diagnostic as-

sessment instruments and algorithms. Some of the most

significant contributions to current clinical knowledge

on diagnosis stemmed from the early efforts to: a) refine

the clinical description of the phenomenon/symptoms,

b) establish clinical – pathological correlations, c) de-

velop objective measures of behavior – psychometric

assessment instrument, d) establish diagnostic criteria

and standardize diagnostic procedures, e) establish in-

frastructure for longitudinal clinical-pathological stud-

ies and, the remarkable advances in understanding the

neurobiology of dementia during the last three decades.

One of the earliest NIA initiatives to expand re-

search on diagnosis and treatments focused on pro-

moting the construction and validation of assessment

tools specifically designed for cognitive changes in sev-

eral domains. The best know example of this was the

proposal funded in 1978 which resulted in the devel-

opment of the Alzheimer’s disease Assessment Scale

(ADAS) published in 1984 [6]. Other strategies were

required to address issues in the development of di-

agnostic criteria, standardization of assessment tools

and the methodologies of clinical trials. Thus the mid-

1980s were a watershed period for Alzheimer’s re-

search in general but in particular for improvements in

the technologies for diagnosis. In 1984 several con-

current developments enabled multi-site collaborative

clinical studies, these included: a) Alzheimer’s Dis-

ease Centers provided necessary research infrastruc-

ture, b) Standardized cognitive assessment instruments

and global measured of dementia severity were intro-

duced [ADAS, CDR, CIBIC], c) NINCDS-ADRDA

criteria provided a systematic clinical diagnostic sys-

tem supporting comparisons across centers, d) Glen-

ner and Wong identified amyloid, e) Consortium to

Establish Registries for Alzheimer’s disease (CERAD)

(1987), and f) Alzheimer’s Disease Cooperative Study

(ADCS) (1991).

Once the challenges of developing diagnostic cri-

teria and objective assessment instruments were over-

come, the next major impediment for clinical research

was the effort to 1) validate the diagnostic criteria with

histopathological confirmations; thus the need for neu-

ropathologic criteria, 2) standardize (reliability, sen-

sitivity, specificity) various clinical assessment instru-

ments, and 3) construct new measurements for changes

in behaviors, symptoms of various domains of cogni-

tion. The availability of standardized, well-validated

quantitative assessment instruments were indispens-

able prerequisites for NIA’s subsequent initiatives [e.g.,

Centers Program; CERAD; ADCS; ADNI etc].

To address the long-term strategic goal of developing

treatments, it was necessary for NIA to build a) mech-

anisms for promoting collaborative research, b) the ca-

pability of the field to conduct longitudinal clinical re-

search and clinical trials and c) infrastructure for clin-

ical research. The NIA began to create the necessary

national research infrastructure. The Alzheimer’s Dis-

ease Research Centers (ADRCs), established in 1984

and the Alzheimer’s Disease Core Centers (ADCCs),

established in 1990, were central components of the

research and capability infrastructure. These programs

referred to as the Alzheimer’s Disease Centers or ADCs

provide the infrastructure for integrating clinical and

basic science research and allowed the augmentation

of a wide range of studies on the etiology and patho-

genesis of AD. In 1991 the ’Satellite Clinics’ program

was established to fund outreach to underserved or ru-

ral patient groups now Satellites are an integral part of

many ADCs.

The ‘Alzheimer’s Disease Patient Registry’ Program

(ADPR) was launched in 1986 to address the goal of

developing standardized diagnostic assessments. This

program included the Consortium to Establish a Reg-

istry for AD (CERAD) led by Al Heyman and Gerda

Fillenbarum, the Mayo Clinic Registry led by Len Kur-

land and Ron Peterson, the Seattle site led by Eric Lar-

son, the Mon valley project with Lewis Kuller and Mary

Ganguli, and Denis Evans’s group in East Boston. The

CERAD project was successful in establishing uniform

methods for the diagnosis and assessment of AD be-

cause of the dedicated and effective leadership pro-

vided by Al Heyman and the cooperation of clinicians

and investigators nation and worldwide. The ADPR
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program overall was instrumental in the development

of assessment instruments and procedures but also in

filling gaps the epidemiology of AD [10,11].

During the following two decades the improvements

in the accuracy of the clinical diagnosis were remark-

able. The procedures for clinical assessment steadily

advanced towards well-validated algorithms for identi-

fication of positive clinical phenotypes of the diseases.

Early diagnosis has become one of the most important

clinical accomplishments with profound implications

for: 1) research, 2) establishing the prevalence of AD,

3) initiating treatment when it may have optimal ben-

efit, and 4) understanding the pathobiology of the dis-

ease. For example, the original cholinergic hypothesis

was based on neuropathologic material from end-stage

AD patients. Now that AD is diagnosed earlier, some

investigators [e.g., Ken Davis and Steve DeKosky] have

suggested that simple cholinergic hypofunction may

not be a feature of the initial stages.

The introduction of the construct of “mild cogni-

tive impairment (MCI)” as a potential precursor or

prodrome of the disease was another significant mile-

post [11]. Several groups (e.g., Barry Reisberg, Steve

Ferris and the NYU group, Thomas Crook at NIMH,

Ron Petersen and the Mayo Clinic group, Marilyn Al-

bert and the MGH group, and John Morris and the

Washington University group) contributed to efforts to

improve the definitions and algorithms for distinguish-

ing the early stages, MCI, from non-demented aging

and in characterizing border zone conditions.

The notion of prodromal stages of the disease en-

ergized the current explorations for early biomarkers.

Advances in molecular neurobiology and emerging

imaging technologies promise to provide much needed

surrogate markers to detect and/or monitor progres-

sion during the early clinically asymptomatic stages.

The classification of degenerative dementias is mov-

ing rapidly, not just toward diagnostic and prognos-

tic biomarkers, but toward antecedent biomarkers; a

system of categorization based on combined behav-

ioral and protein abnormalities (e.g., amyloidopathy,

tauopathies, synuceinopathies and prion protein disor-

ders). The potential value of an amyloid imaging com-

pound [Pittsburgh Compound] for early diagnosis was

recently demonstrated by Bill Klunk and Chet Mathis

(Pittsburgh), Henry Engler (Stockholm) and collabo-

rators from Uppsala and Boston with their success in

imagining Aβ-containing lesions in the living human

brain.

The prospects that validated molecular and biochem-

ical markers may soon complement clinical approaches

in making early and valid diagnoses are very good [12].

However, any potential biomarker must detect a fun-

damental biological feature of the disease and be vali-

dated in neuropathologic confirmed cases prior to rou-

tine clinical use. Presently none of the many [pro-

posed] putative bio-markers have been validated in

adequately powered investigations. Recent advances

in neuroimaging technologies [e.g., Pittsburgh Com-

pound with PET] offer the potential to detect and follow

longitudinally the clinical course of the disease. In the

future, it might be possible for neuroimaging technolo-

gies, perhaps MRI, to allow more direct monitoring of

some biological phenotypes of the disease (e.g., brain

metabolic changes, Aβ, Tau, synapse loss or cell death

via PET and other structural changes). In contrast to

neuropsychological measurements, imaging measure-

ments, when validated, will allow the more proximal

brain changes associated with disease progression to be

followed over time.

There is a general consensus that many of the ad-

vances in diagnosis, treatment(s), care and understand-

ing the cause(s) would not have been possible with-

out the creation of instruments, criteria, infrastructure

and programs that support interdisciplinary research.

Some of the spectacular clinical and research strides

attributable in some measure to the NIA initiatives in-

clude:

– improvements in antimortem and postmortem di-

agnosis

– access to samples of blood, DNA, CSF and post-

mortem tissues from well-characterized patients

for basic and clinical research

– advances in understanding the neurobiology of the

normal aging brain, as well as the mechanisms of

AD and related neurodegenerative diseases

– capacity to pool data on large cohorts of research

participants through the NACC, for example, the

landmark cooperative study assessing the diagnos-

tic impact of the APOE ε4 allele in the evaluation

of dementia patients

– insights into the role of immune mechanisms, the

complement cascade, proteases, glia, head trauma,

etc. in the pathogenesis of dementing disorders

– benefits of NIA’s “team science” are reflected

in the sharing of data and samples fostered

by the Alzheimer’s Disease Centers network,

Alzheimer Disease Cooperative Study and the Na-

tional Alzheimer Disease Coordinating Center and

the productivity of these groups.
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3. Prospects for the future

– Only thirty years ago AD was regarded as a hope-

lessly untreatable condition. Except for a hand-

ful of investigators, the area attracted little interest

and virtually no support for research.

– Twenty five years ago, the essential clinical in-

frastructures for longitudinal studies of well-

characterized patients did not exist.

– Twenty years ago, ideas about “cure” and “preven-

tion” were unconceivable; such things as diagnos-

tic criteria, standardized assessment instruments,

cadres of specialized professionals, memory dis-

order clinics, family support groups or outreach

programs, all taken for granted now, were not fully

developed.

– Fifteen years ago, the knowledge on biological

underpinnings and the genes associated with the

disease had not been identified.

– Ten years ago, animal models of the disease were

not available.

– Five years ago, persons risk for the disease could

not be identified and the concept of clinical trials

to delay the symptoms was unconceivable.

– Until 2004, the Aβ protein, hallmark lesions of

the disease, could not be directly visualized in

patients.

Today, the field is on the brink of major break-

throughs that may lead to more effective treatments

and, ultimately, to prevention. A great deal has

been learned about the pathogenesis of neurodegen-

eration, after less than three decades. Novel inter-

vention strategies are being developed to ameliorate

the neuro-toxicity caused by abnormal metabolic prod-

ucts and prevent processes that lead to cell death. A

large number of clinical trials are underway, both in-

dustry and government (NIA-ADCS) sponsored stud-

ies, with widely-used drugs (e.g., antioxidants, anti-

inflammatory agents, statins, vitamins and folate) that

might reduce the risk of AD. Intensive studies are un-

derway on multiple fronts, from basic science to ge-

netics to drug therapy to care giving. Recent public

policy initiatives on disease prevention and the gradual

shift of emphasis in drug discovery research, toward

disease modification, have underscored the need for

validated surrogate markers of AD. However, the ma-

jor impediment to prevention or interventions to slow

disease progression remains to be the lack of a positive

and validated marker or the technology for early and

accurate detection of the prodromal neurodegenerative

processes. The recently launched NIA “Alzheimer’s

Disease Neuroimaging Initiative” (ADNI) is the much

needed strategy to address this critical need.

The remarkable progress towards understanding AD

and the improved prospect of discovering disease mod-

ifying therapies would not have been possible without

the: 1) worldwide network of investigators working

closely and collaboratively, 2) research infrastructure

established by NIA and, 3) the successful partnership

between the NIA Alzheimer’s Association. Now these

partnerships need to be expanded to include industry,

foundations and individual philanthropists. The goal

for such public-private working partnership is to mobi-

lize all the necessary international resource for a new

initiative to discovery [and/or develop] of interventions

to prevent the disease. Time is running out; the epi-

demic of AD will completely overwhelm the health care

system due to the substantial growth in the numbers of

people with AD. The demographic changes, resulting

from the continuing increases in the life expectancy of

the oldest-old, are going to have their full impact in 20

to 30 years from now. The projected costs in human

suffering and lost opportunities will be incalculable and

unthinkable.
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Abstract. Dementia with Lewy bodies (DLB) was considered to be an uncommon

cause of dementia until improved neuropathological staining methods for ubiquitin

were developed in the late 1980’s. Subsequent recognition that 10–15% of dementia

cases in older people were associated with Lewy body pathology led to the publication

in 1996 of Consensus clinical and pathological diagnostic criteria for the disorder.

These have greatly raised global awareness of DLB and helped to generate a body

of knowledge which informs modern clinical management of this pharmacologically

sensitive group of patients. They have also enabled important issues surrounding the

relationships of DLB with Alzheimer’s disease and Parkinson’s disease to be addressed

and partially resolved. A recent re-evaluation of the Consensus criteria has confirmed

many aspects of the original recommendations, supplementing these with suggestions

for improved pathological characterisation, clinical detection and management. Virtu-ally unrecognised 20 years

ago, DLB could within this decade be one of the best characterised and potentially treatable neurodegenerative

disorders of late life.
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1. Background

This ambitiously titled paper [1] appeared in Neu-

rology in November 1996 as an account of the “First

International Workshop on Dementia with Lewy Bod-

ies (DLB)” which Elaine and Robert Perry and I had

organised in Newcastle upon Tyne in October 1995.

We took this initiative for several reasons. Research

into Lewy body (LB) related dementia had started to

gain momentum during the previous 4 or 5 years with

the publication of several articles about small series

of patients who had a clinical history of dementia and

neuropathological findings of cortical and sub-cortical

LBs [2–9]. Similar case reports had been appearing
in the literature since the 1960s [10] and some would

argue even earlier [11–13]. Kosaka’s group in Japan

had been developing a spectrum model of Lewy body

disease since the late 1970s [14,15] but it was gener-

ally considered to be an uncommon, if not rare, cause
of dementia in old age. Clinical details of these early

cases were often fairly limited.

A sudden upsurge of interest in LBs and demen-

tia was triggered by the realisation that the combi-

nation might be more common than previously sup-
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posed. This coincided with the introduction of anti-

ubiquitin immunocytochemistry as a sensitive way to

visualise cortical LB [16]. In the early 1990s, the var-
ious groups most interested in the disorder (in Yoko-

hama, San Diego, New York, Nottingham and Newcas-

tle) were starting to diverge in developing concepts and
terminology about what were in all probability the same

group of patients. This was a potentially damaging

trend. For LB dementia research to advance rapidly it
needed a collaborative approach and a common brand.

This was the prime mover behind “DLB1” as the First

International Workshop is now known.
The outputs of DLB1 were the Consensus Guide-

lines paper and a edited book comprising chapters from

94 contributors who attended the meeting [17]. Look-
ing back at the reports it is clear that the clinicians in

the group were motivated to generate diagnostic crite-
ria in the hope that the majority LB pathology cases

might be detected by purely clinical methods. The

pathologists by contrast wanted to agree a framework
of methods for assessing and reporting LB and Lewy

related pathologies without committing themselves to

defining diagnostic categories. They succeeded in de-
scribing three patterns of LB disease (brainstem pre-

dominant, limbic [transitional] and neocortical) based

upon semi-quantitative LB counts and they dealt with
the ever troublesome issue of concomitant Alzheimer

pathology (predominantly amyloid plaques, less fre-

quently tangles) by saying that its presence should be
documented and its significance was unclear. Brain ar-

eas to be examined were specified in detail, but stain-

ing methods for LB were left optional (H&E or anti-
ubiquitin). The term DLB was agreed by all parties

because it was agnostic as to the causative role of LB

in symptom formation and because the term had not
been used previously so “belonged” to the group rather

to any one of the participating players. Coalescing the

various terms in use at the time under the one umbrella
DLB, was probably the single most important step to

secure acceptance of the disorder. Despite being a little
unwieldy and containing the word “dementia” which is

disliked by many, DLB has been adopted globally and

the abbreviation seems useable by clinicians, carers and
patients alike. It has made it possible to use standard

criteria to recruit patients into clinical and neuroimag-

ing trials and other investigative studies with a 30 fold
expansion of published literature over the last ten years.

2. Immediate reaction

The 1996 paper was written within six months of the

DLB1 meeting and published six months after that. Re-

action was mixed. DLB appeared on the scene as a new

“type” of dementia just at the time when clinicians and

researchers had finally become comfortable with the

idea that Alzheimer’s disease (AD) and multi-infarct

dementia (MID) as it was then called, were the two

common causes of dementia and that other types were

relatively uncommon or rare. DSM III and ICD 9 con-

firmed this view as did the major textbooks. It was bad

enough to rock the boat by suggesting that a third com-

mon cause of dementia might exist (we suggested 10–

15% of all elderly cases) and that even in expert hands

relatively large numbers of people with DLB were prob-

ably being (mis)diagnosed as having AD or MID [18].

But even worse was the implication that our understand-

ing of those two disorders was also imperfect. DLB was

therefore an unwelcome newcomer. Clinicians dealing

only or predominantly with dementia seemed to have

less difficulty with the concept and quickly recognised

patients in their own clinics who showed fluctuating

cognition and consciousness, recurrent visual halluci-

nations and spontaneous motor parkinsonism. The as-

sociated features of syncope, falls and neuroleptic sen-

sitivity reactions were also often familiar to them. The

strongest rejections of DLB as a discrete entity came

from two sources. The first was the research commu-

nity itself. Several clinico-pathological “validation”

studies were published shortly after the Consensus pa-

per showing that although the clinical criteria had high

specificity for predicting LB pathology at autopsy, their

sensitivity to detect cases was very low, as low as 0%

in some reports [19,20]. The interpretation was either

that the clinical criteria were inadequate or that cortical

LB were poor predictors of a dementia syndrome. A

second source of rejection was from some Parkinson’s

disease (PD) clinicians who felt that DLB was simply

a variant or late manifestation of that condition. The

publication of the 1996 Consensus paper was designed

to consolidate knowledge and advance the position of

DLB. With hindsight it also had the effect of crystallis-

ing scientific and dogma-based rebuttals and it was in

response to these that the real advances have followed.

3. Why did the DLB concept prosper?

Before moving to a quick review of the new infor-

mation that has accumulated since DLB1, it is also

important to acknowledge some other factors bearing

on the “DLB or not-DLB” debate. The observation

that DLB patients were susceptible to severe neurolep-

tic sensitivity reactions [21] and that these carried a
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2–3 fold mortality risk was a powerful argument for

taking DLB seriously. Unsurprisingly this observation

has never been formally tested in a randomised clinical

trial, although it has been reproduced [22–24]. The

suggestion was also made, based upon post-mortem

neurochemical pathological findings, that DLB patients

might be particularly responsive to cholinesterase in-

hibitors (CHEIs) [25]. This soon found empirical sup-

port in case reports of patients enrolled in early trials

of CHEI in AD who responded well to treatment and

who turned out at autopsy to have DLB pathology [26,

27]. These reports combined two compelling pieces

of evidence; a) that DLB cases were out there and be-

ing misdiagnosed as AD even when rigorous trial cri-

teria were being applied and b) that they were capable

of being good CHEI responders. An early open-label

treatment of PDD patients with the CHEI tacrine re-

ported spectacular cognitive and psychiatric improve-

ments [28] that generated a brief déja-vu of the movie

“Awakenings” and the race was on to set up the first tri-

als of CHEIs in DLB patients. All of this was happen-

ing upon the background of a dementia field that was

advancing very rapidly, producing a climate in which

new ideas were more likely to be accepted than previ-

ously. New discoveries in molecular genetics were for

example revolutionising our understanding of AD and

the early cholinesterase inhibitor treatment trials were

beginning to report some success.

4. Major advances following the publication of the

1996 paper

A systematic review of the DLB literature in 2005

is outside the scope of this article (and I suspect now

beyond the scope of this author!) An attempt at such,

published last year [29] was Lancet Neurology’s most

downloaded article of the year with 4420 requests, a

good 1000 more than the second most requested. This

suggests that we have not yet managed to keep up with

the demand for information about DLB from clinical

and non-clinical scientists and the general public. Ad-

vances in the last ten years that were identified in that

review include a better understanding of the role of

AD- type pathology. While some cases of DLB have

little or none, it is a common feature in most. The 1996

paper suggested that the precise terminology used to

describe AD-type pathology should be considered less

important than the need to establish a common pro-

tocol for assessing and evaluating it. This approach,

appropriate at the time, has probably exaggerated con-

cerns about the diagnostic specificity and sensitivity of

the clinical diagnostic criteria for DLB in predicting

pathology because of uncertainty about the significance

of the co-existing AD-type pathology that is so often

seen.

A more productive view is that the likelihood that a

patient has the DLB clinical syndrome is directly re-

lated to the severity of Lewy-related pathology, and is

inversely related to the severity of concurrent AD-type

pathology. This is consistent with the observations that

“pure” DLB cases without any significant Alzheimer

pathology are highly likely to have DLB core symptoms

whereas those with high Braak stage AD changes are

not [30]. Neocortical neurofibrillary tangles in partic-

ular alter the clinical profile to look more like AD with

prominent amnestic symptoms, reducing the probabil-

ity of fluctuation, visual hallucinations and parkinson-

ism [30–32]. The collollary of this is that a significant

number of LB pathology cases will lack these core fea-

tures and be extremely difficult to recognise clinically.

This explains at least in part the apparently poor results

of the early clinico-pathological validation studies re-

ferred to above and one reason why many clinicians

still feel that they are poor at diagnosing DLB. It is not

they who are lacking in their powers of observation, nor

are the clinical diagnostic criteria incorrect. It is sim-

ply that not all DLB patients present with one typical

picture.

5. Improved case detection

To detect these less typical cases additional pieces

of clinical evidence are required, e.g. a history of REM

sleep behaviour disorder (RBD) [33] or of severe neu-

roleptic sensitivity. Even so, not all DLB cases are

going to be identifiable by clinical history and exami-

nation and biomarkers are needed to improve diagnos-

tic sensitivity . The most promising of these so far

are neuro-imaging methods,particularly those labelling

the dopamine transporter site in the basal ganglia [34,

35]. Scintigraphy with [I-123]metaiodobenzyl guani-

dine ([I-123] (MIBG) which enables the quantification

of postganglionic sympathetic cardiac innervation, is

reduced in DLB has also been suggested to have high

sensitivity and specificity in the differential diagnosis

from AD [36,37]. Other imaging investigations can

also be helpful including preservation of hippocampal

and medial temporal lobe volume on MRI [38,39], at-

rophy of the putamen [40] and occipital hypoperfusion

(SPECT) and hypometabolism (PET) [41–45] without
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occipital atrophy on MRI [46]. Other features such as

the degree of generalised atrophy, rate of progressive

brain atrophy and severity of white matter lesions do

not aid in differential diagnosis from other dementia

subtypes [47,48]. There are as yet no clinically appli-

cable genotypic or CSF markers to support a diagnosis

of DLB [29].

Identifying cortical LBs with traditional staining

methods such as hematoxylin and eosin (H&E) is rather

like looking for needles in a haystack. The development

of ubiquitin immunohistochemistry, which unequivo-

cally stains LBs and Lewy neurites (LNs) undoubtedly

contributed to the “discovery” of DLB as common in

the late1990s and was then recommended as the stain-

ing method of choice. However in cases with con-

current AD-type pathology, ubiquitin is also present in

NFTs, which can be easily confused with LBs. Im-

munohistochemical staining for alpha-synuclein has

therefore emerged as the most sensitive and specific

method currently available for detecting LBs and Lewy-

related pathology. Using such sensitive methods Lewy-

related pathology has also been reported as frequently

present in the amygdala and periamygdaloid cortex in

AD [49] calling into question yet again the significance

of LB in determining clinical phenotype. In these cases

the amygdala is the only brain region so affected and the

alpha-synuclein may simply represent a late-stage sec-

ondary change in neurones already metabolically over-

whelmed by tau deposition and tangle formation [50].

Determining the presence of alpha-synuclein pathol-

ogy in the amygdala in other dementias is a research

priority.

6. Lewy body disease as a spectrum disorder

Most parties now accept that DLB represents one part

of a spectrum of neurodegenerative disorders that share

dysregulation and aggregation of alpha-synuclein. The

clinical manifestations of LB disease include DLB, PD,

and autonomic failure. Multiple system atrophy (MSA)

is a related alpha-synucleinopathy in which LB forma-

tion is not seen. Drawing a distinction between these

clinical syndromes is helpful in the clinic but less log-

ical to laboratory researchers interested in understand-

ing mechanisms of disease. The 1996 paper partially

addressed the DLB/PD relationship in a straightforward

way by suggesting that the temporal sequence of ap-

pearance of symptoms should determine diagnostic cat-

egory. It was recommended that DLB should be diag-

nosed when dementia occurred before or concurrently

with parkinsonism and PDD should be used to describe

dementia that occurred in the context of PD which had

already been present for twelve months or more. This

now infamous “12 month rule” was acknowledged as

being an arbitrary convenience and remains that to this

day. Adoption of other (longer) time periods has been

suggested but would simply serve to confound attempts

at data pooling or comparison between research sam-

ples or studies. It has to be admitted that the clas-

sification of LB disorders/alpha-synucleinopathies re-

mains unresolved and we should accept that different

approaches work in different situations. A unitary ap-

proach may be preferable for molecular and genetic

studies and for developing therapeutics whereas de-

scriptive labels that include consideration of the tem-

poral course (DLB, PDD) are preferred for clinical, op-

erational definitions. The best term depends upon the

clinical situation and generic terms such as LB disease

are often helpful.

7. Genetics

It is clear from several case studies that familial cases

of DLB occur [51,52] and that LBs are commonly seen

in familial cases of AD [53]. There are recent reports

that triplication of the alpha-synuclein gene (SNCA)

can cause DLB, PD and PDD whereas gene duplication

is associated only with motor PD suggesting a gene

dose effect [54]. However, SCNA multiplication is not

found in most LB disease patients [55]. Continued

clinical, pathological and genetic evaluation of familial

cases of DLB and AD is therefore an important and po-

tential highly informative area for continued research.

8. Clinical advances

Probably one of the most important consequences of

the paper was that publication of operationalised clin-

ical diagnostic criteria meant that DLB patients could

be recruited into clinical studies, in particular imaging

studies and treatment trials. The imaging studies have

shown possibilities to improve case detection and open

label studies have demonstrated the effectiveness of

all three generally available CHEIs in DLB and PDD.

Placebo controlled trial data is only available to date for

rivastigmine [56,57]. The reported reduction in symp-

tom frequency and intensity of VH appears to be me-

diated at least in part by improved attentional function

and the presence of VH is associated with greater cog-
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nitive improvement [58]. Side effects of hypersaliva-

tion, lacrimation, and urinary frequency may occur, in

addition to the usual gastro-intestinal symptoms and a

dose dependent exacerbation of extrapyramidal motor

features may occur in a minority [59] The number of

patients entered into trials has however been modest

and neither DLB nor PDD are yet recognised indica-

tions for CHEIs. As a result prescribing remains off-

licence and in some localities is actively discouraged

by funding restrictions, formulary committees or other

guidelines.

9. Patients, families and carers

For families dealing with DLB the recognition that

the clinical picture and burden of care is different for

them compared with AD sufferers is a major step for-

ward. But it carries with it many frustrations, not least

that they often are more aware of DLB than their pro-

fessional carers. The Alzheimer and Parkinson’s As-

sociations and Societies, nationally and internationally

provide rapid access via the internet to a growing range

of fact-sheets and other sources of information about

DLB. More recently a carer -based organisation specif-

ically for Lewy body dementia has been established of-

fering on-line communication with other families and

providing more detailed and up to date information.

The range of topics about which DLB sufferers and their

carers need to know is extensive. In addition to the fluc-

tuating cognitive impairments which predominantly af-

fect attention and visuo-perceptual abilities, there may

also be psychiatric and behavioural abnormalities, mo-

tor deficits, autonomic dysfunction and sleep disorders.

How to impart such a diverse range of facts without

instilling pessimistic anticipation of the worst is truly

a challenge. The reality is that many of these symp-

toms of DLB are amenable to treatment, often but not

always pharmacological. As treatment guidelines for

DLB emerge, clinicians should become more confident

about prescribing not only single therapies but combing

them to target all symptoms identified by patient and

carer as troublesome enough to warrant intervention.

10. The future of DLB

If so much progress has been made in the last decade,

what can be hoped for in the next? The ideal would be

a drug which significantly interrupted the pathological

processing of alpha-synuclein and other proteins, ar-

resting the neurodegenerative process. A useful clini-

cal objective would be for our clinical diagnostic meth-

ods to have improved to such a point that patients with

DLB were reliably identifiable in the earliest stages of

disease when application of such a treatment would

be of most benefit. If one makes analogy with the

current status of amnestic mild cognitive impairment

(MCI) as a predictor for AD, it is clear that defining

the MCI equivalent of LB disease is likely to be a diffi-

cult task. Research effort needs to be directed towards

early detection of LB disease, likely using biological

markers such as dopamine transporter imaging in pa-

tients showing evidence of possible early symptoms.

For those with established DLB we need better symp-

tomatic treatments. This may involve new drug discov-

ery but there is huge scope for improvement in the man-

agement of individual patients using tailored regimes

of currently available medications. Specialist clinics

for DLB patients may be one way to deliver these, and

they could be embedded within existing provision for

people with dementia or movement disorders.

One of the most important aspects of the 1996 pa-

per was that it had impact on several fronts – clinical

practice, clinical and laboratory research, dementia and

movement disorder communities. A second report was

published in 1999 [60] which reviewed the accumulat-

ing literature and made a few minor modifications to

the clinical criteria. It performed a useful holding func-

tion while the exciting developments briefly outlined

above were taking place. In October 2003 the Con-

sortium on DLB met for the third time and significant

amendments to the clinical and pathological guidelines

were agreed and treatment recommendations offered

for the first time [61]. These have been framed in re-

sponse to critical reviews of “DLB1” with the aims of

improving diagnostic reliability and sensitivity, clari-

fying the nature of relationships with AD and PD and

recognising the broader concepts of LB disease/alpha-

synucleinopathy. The hope is to maintain the pace of

advance that followed the 1996 paper. Virtually un-

recognised 20 years ago, DLB could within this decade

be one of the best characterised and potentially treatable

neurodegenerative disorders of late life.
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Abstract. A primary goal of research on Alzheimer’s disease is to develop dis-

ease modifying therapeutics. The amyloid cascade hypothesis has focused the

initial efforts on methods to reduce amyloid. One surprising approach that has

shown considerable success in mouse models and has hinted at benefits in human

trials is anti-Aβ immunotherapy. Schenk first showed the amyloid reducing po-

tential of active immunization in 1999. This prompted our group and that of St.

George-Hyslop to investigate whether active immunization would similarly retard

the memory deficits that develop in amyloid depositing transgenic mice. Con-

trary to our initial predictions of premature memory dysfunction due to inflam-

mation, vaccination protected amyloid depositing mice from developing mem-

ory deficits. Subsequent studies found that passive immunization could reverse

memory deficits, even when administered for short periods. These encouraging findings led to a trial of an Aβ

vaccination in Alzheimer patients. The trial was cut short due to meningoencephalitic symptoms in 6% of patients,

yet, in a subset of patients, those developing brain reactive antibodies benefited from slower rates of cognitive decline.

These observations have accelerated the development of passive immunization protocols and safer vaccines. At this

time, anti-amyloid immunotherapy stands poised to be the first test of the amyloid hypothesis in the treatment of

Alzheimer disease.

Keywords: Alzheimer disease, amyloid-β, therapeutics, transgenic, vaccine

1. Introduction

Alzheimer’s disease (AD) is a significant health

problem afflicting over 1% of the population in the

USA and costing $100 billion, roughly 7% of the US

health care costs. The expansion of human longevity

and increasingly aged population predicts large in-

creases in patients with this late life disease. This will

be exaggerated when the demographic bulge known

as the baby boom skews population age distributions

over the next few decades. While palliative therapies
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may slightly delay institutionalization, disease modify-

ing approaches to the treatment of AD are desperately

needed.

As discussed elsewhere in this volume by Hardy

(2005), one potential target for disease modifying ther-

apies is the reduction of amyloid, material consisting

largely of the Aβ peptide that accumulates in the brains

of Alzheimer patients. A variety of avenues to reduce

Aβ deposition have been described, including reduc-

tion of Aβ production, increasing the degradation of

the Aβ peptide, dissolving the amyloid fibrils formed

from Aβ, or enhancing the rate of Aβ clearance from

the brain.

Immunotherapeutic approaches to disease modifica-

tion have led to a number of successes. The only

disease that has been eliminated by modern medicine,

smallpox, was cured by a vaccine (200 years post-

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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Jenner). Vaccination is also closing in on a perma-

nent cure for polio. Other forms of immunotherapy are

emerging. Monoclonal antibody therapy is maturing

with 16 FDA approved products such as Herceptin

and Remicade . Immunoconjugates and chimeric pro-

teins such as Ontak and Etanercept are similarly

expanding the range of possibilities. Thus, experience

with active immunization with vaccines and passive im-

munization with monoclonal antibodies is increasingly

accepted as common medical practice. The question

is whether degenerative diseases of the CNS would be

tractable to the immmunotherapeutic approach.

2. Anti-amyloid Immunotherapy and Aβ peptides

The first demonstration that antibodies against the

Aβ peptide might have some utility in modifying amy-

loid deposition came from in vitro studies by Beka

Solomon and her group [38,39] as discussed elsewhere

in this volume. These investigators found that anti-

Aβ antibodies at low stoichiometries could prevent Aβ

from forming fibrils in vitro. Even more important,

these antibodies could disaggregate preformed fibrils,

and protect neurons in culture from Aβ-induced toxi-

city. Subsequent work by this group has identified the

EFRH epitope at positions 3–6 of Aβ as a critical target

for these catalytic functions of the antibodies [15].

These early in vitro observations were followed by

the seminal work of Schenk and colleagues, demon-

strating that monthly inoculation with an Aβ vac-

cine preparation could lead to high anti-Aβ antibody

titers, and dramatic reductions in amyloid deposition

in PDAPP transgenic mice [34]. Even when initiated

after amyloid deposition had occurred, the vaccine was

able to slow or even reverse amyloid deposit formation.

Neuritic plaques and astrocytic reactions normally ob-

served in these mice were also quelled by the vaccine

administration.

These observations were followed shortly by work

demonstrating that many of the effects of the vac-

cine could be mimicked by passive administration of

murine anti-Aβ monoclonal antibodies [5]. More-

over, these studies demonstrated that antibodies ap-

peared to facilitate the clearance of amyloid by mi-

croglia/macrophages using an ex vivo tissue explant as-

say. Another important observation was that direct top-

ical administration of anti-Aβ antibodies to the surface

of the brain could be monitored over days and was ca-

pable of removing pre-existing amyloid deposits, not

simply block their formation [2]. Thus, these early

studies strongly indicated that humoral immunity was

probably sufficient to slow or reverse the accumulation

of amyloid, a process thought by many to be an essen-

tial feature predisposing to Alzheimer’s dementia.

3. Effects of immunotherapy on learning and

memory

At the time Schenk et al. published their results on

amyloid deposition, the learning and memory pheno-

type of amyloid depositing mice was in early stages

of investigation. No studies had yet correlated Aβ

load with memory performance in individual trans-

genic mice (although multiple groups now report such

observations, reviewed in [26]). We had just com-

pleted studies identifying such a relationship in our

AβPP + PS1 mouse model of amyloid deposition (later

published in [16]), and felt this would be an oppor-

tune model in which to investigate the effects of im-

munotherapyon memory performance. Based upon the

inflammation hypothesis of Alzheimer’s pathogenesis,

we were concerned that anti-Aβ antibody opsoniza-

tion of the plaques might provoke an excessive mi-

croglia/macrophage reaction which would so disrupt

neural function as to prematurely cause memory loss.

Thus, we started inoculating AβPP + PS1 mice at

7 months, an age when they already have amyloid de-

posits, and tested them for learning and memory per-

formance at 11 months, an age before they typically de-

velop spatial navigation deficits in a working memory

version of the radial arm watermaze task.

When we tested the mice at 11 months for learning

and memory, we found that all of the mice acquired

the task well, learning the platform location within the

maze on the first or second trial of the day, and re-

taining that through the 30 minute retention period.

Our initial concerns that inflammation associated with

the immunotherapy would disrupt memory proved un-

founded. We continued treatment through 15 months

of age, and tested the same mice on the same task. At

this age, we found transgenic mice given the control

vaccine now exhibited memory disruption, and could

not learn the new platform location each day. How-

ever, the transgenic mice given the vaccine against Aβ

could ultimately perform as well as the nontransgenic

mice [27]. These data were published coordinately

in Nature with a parallel study by Janus et al. [19],

showing a similar protection from spatial navigation

deficits in the TgCRND8 model of amyloid deposition

with vaccination against Aβ. A third paper in that is-
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sue, Chen et al. [6] demonstrated an amyloid associ-

ated learning and memory deficit in PDAPP mice us-

ing a working memory version of the open pool water

maze. As the mice aged, the deterioration of perfor-

mance correlated with the amyloid loads in the individ-

ual mice, linking these two aspects of the amyloid β

protein precursor (AβPP) mouse phenotype.

The active immunization against Aβ used multi-

ple inoculations over months to demonstrate effects in

transgenic mice. Part of the reason was the slow de-

velopment of titers against Aβ, requiring 2–3 boosts to

reach high levels using the Schenk et al. vaccination

regimen [8,11,25]. The question of whether passive

immunization could also benefit the cognitive deficits

in the transgenic mice was addressed in two papers in

2002. Both Dodart et al. [12] and Kotilinek et al. [20]

found that relatively short periods of anti-Aβ antibody

injections could improve the learning and memory per-

formance of AβPP transgenic mice. Importantly, these

improvements were found in the absence of detectable

changes in amyloid deposition. These data argued

that there was likely some pool of Aβ, not readily de-

tectable, that was most intimately linked to memory

disturbances and was reduced by the anti-Aβ antibod-

ies. Thus far the critical Aβ pool has not been identi-

fied. Nonetheless, these data emphasize the potency of

the immunotherapeutic approach in reversing the AβPP

mouse behavioral phenotype.

4. Mechanisms of amyloid lowering by

immunotherapy

Certainly a straightforward hypothesis for the amy-

loid reducing properties of anti-Aβ antibodies is op-

sonization of the deposits and phagocytosis by mi-

croglia after Fc receptor activation. This was first pro-

posed by Schenk et al. [34] and strongly supported by

Bard et al. [4,5]. However, an alternative hypothesis

was presented by DeMattos et al. [9]. They argued that

the entry of antibody through the blood brain barrier

was limited. They found that immunization with an an-

tibody directed against the mid-domain of Aβ resulted

in a massive elevation of Aβ in blood. They suggested

that the amyloid lowering effects were due to trapping

of the Aβ peptide in the bloodstream, increasing the net

efflux of Aβ from the brain and lowering amyloid loads.

Considerable evidence has accumulated supporting this

“peripheral sink” hypothesis [10,21]. A third possibil-

ity for the action of anti-Aβ antibodies was actually the

first to be described; the catalytic transformation of the

Aβ peptide into a secondary structure less compatible

with amyloid fibril formation [37].

The consensus emerging is that all three mechanisms

are likely to contribute to the actions of anti-Aβ anti-

bodies. It is important to note that the extent to which

Aβ production exceeds Aβ clearance is not known in

Aβ depositing mice. It is plausible that even slight

changes in the production/clearance ratio may have

considerable impact on the rate of amyloid deposition.

The first evidence that the opsonization argument could

not fully explain amyloid clearance was reported by

Bacskai et al. [3]. These authors found that topical

application of F(ab)2 fragments against the Aβ peptide

could readily clear amyloid deposits in a matter of days.

Given the absence of the Fc component of the IgG,

Fc receptor mediated microglial phagocytosis seemed

unlikely.

Our own work has focused on the mechanisms of Aβ

clearance using direct intracranial injections of mon-

oclonal antibodies into the hippocampus and cortex

of mice containing amyloid deposits. We observed a

rapid clearance of diffuse and compacted deposits that

is largely resolved within a week. The diffuse deposits

were cleared within 24 hours [41]. This clearance was

just as rapid when the antibodies are cleaved into F(ab)2

fragments, or when the microglial activation was inhib-

ited with anti-inflammatory agents (such as dexametha-

sone [42]). This is consistent with the catalytic dissolu-

tion hypothesis of Solomon. However, the compacted

deposits required longer to be cleared (2–3 days) and

their clearance was greatly reduced when F(ab)2 frag-

ments were used or microglial activation was inhibited

pharmacologically. Thus, it appears that for the com-

pacted deposits the microglial response to opsonized

antigen, at least, facilitates the clearance of the fibrillar

material.

When these monoclonal antibodies are applied sys-

temically, we find murine IgG decorating the con-

gophilic deposits in mice administered antibodies

against Aβ [43]. We also detect increased activation

of microglia early in the treatment regimen (detected

with antibody to Fc receptors and CD45), supporting

the argument that microglia/macrophages are actively

clearing the Aβ deposits. Simultaneously, we find mas-

sive elevation in circulating Aβ, consistent with the

amyloid sink hypothesis. These mechanisms are by no

means mutually exclusive. It is likely that they addi-

tively or even synergistically contribute to the remark-

ably potent amyloid lowering capacity of immunother-

apy. Recently, we have found that even mice started

at 22 mo of age on passive immunotherapy can have
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Table 1

Major events in the development of anti-Aβ immunotherapy

Year Event Reference

1996 Anti-Aβ antibodies catalytically disaggregate amyloid fibrils Solomon et al. [39]

1999 Aβ vaccine reduces amyloid deposition Schenk et al. [34]

2000 Passive immunization with anti Aβ antibodies reduces amyloid deposition; promotes phagocytosis Bard et al. [5]

2000 Aβ vaccines protect amyloid depositing mice from memory deficits Janus et al. [19]

Morgan et al. [27]

2001 Topical anti-Aβ antibodies remove pre-existing amyloid plaques Bacskai et al. [2]

2001 Anti-Aβ antibodies dramatically increase circulating Aβ; peripheral sink hypothesis DeMattos et al. [9]

2002 Systemic anti-Aβ antibodies reverse memory deficits in amyloid depositing mice Dodart et al. [12]

Kotilinek et al. [20]

2003 Aβ vaccines cause meningoencephalitis in some patients participating in a clinical trial Orgogozo et al. [31]

2003 AD clinical trial patients with high titers of brain reactive anti-Aβ antibodies benefit on measures of Hock et al. [17]

cognition compared to participants with low titers

2003-05 Autopsies from AD patients vaccinated against Nicoll et al. [30]

Aβ reveal areas of lower than expected amyloid load Ferrer et al. [14]

Masliah et al. [23]

90% reductions in congophilic parenchymal amyloid

plaque deposits (diffuse deposits are reduced by 50%),

and reversal of memory deficits in the radial arm water

maze [44]. Thus, multiple mechanisms likely mediate

the potential benefits of anti-Aβ immunotherapy.

5. A clinical trial of amyloid vaccination

Based on the accumulating evidence of benefit with-

out apparent adverse consequences in transgenic mouse

models of amyloid deposition, Elan partnered with

Wyeth to test an amyloid vaccine in humans in 2001.

The phase 1 studies used single and multiple doses

of the vaccine, demonstrating good immunological re-

sponses and tolerability of the vaccine. A phase 2a

study was initiated with 375 patients at several sites.

Shortly after the study was started, several patients

developed symptoms of aseptic meningoencephalitis.

The symptoms did not correlate with antibody titer.

Ultimately, 6% of the patients in the trial developed

these symptoms to varying degrees; many patients were

treated with steroidal therapy and recovered [31]. Be-

cause of these adverse events, the trial was halted pre-

maturely in early 2002, limiting its potential to demon-

strate effects of immunization on Alzheimer’s disease

(most patients had received only 1 or 2 inoculations be-

fore truncation of the study). At present, the explana-

tion offered for the problems encountered is that some

patients developed an autoimmune cellular response to

the vaccine. This led to T cell infiltration of the brain

and CNS inflammation. Such a condition was observed

in the cases with severe meningoencephalitis that went

to autopsy [14,30].

A complete analysis of the cognitive data from the

trial has not yet been reported. However, the results

from the cohort of patients in Zurich have suggested

that some patients benefited from the therapy. Hock

et al. [17] reported that a subset of patients remained

cognitively stable for 1 year after starting the trial. Be-

cause the investigators remained blind to the treatment

condition, they used the anti-Aβ antibody titers in the

patients of the trial to assign patients to groups. They

used both a standard ELISA measurement,and a TAPIR

assay, in which antisera were tested for immunoreac-

tivity against sections from AD brain tissue. Hock

et al. found that those patients with the high brain-

reactive anti-Aβ titers had significantly less deteriora-

tion of cognitive performance than patients with little

or no brain reactive antibody titers. Within the brain

reactive antibody group, those patients with the highest

levels were unchanged over 1 year of cognitive testing.

At recent meetings, data were presented that this sta-

bility of cognitive performance was maintained even

2 years after the trial was truncated. Importantly, one

of the patient’s in the high antibody group apparently

benefiting from the therapy had previously been treated

for meningoencephalitis and recovered. Although only

presented at scientific meetings, the full analysis of the

trial has suggested some modest cognitive benefit in

those patients with the highest ELISA anti-Aβ titers.

However, a full TAPIR analysis of anti-Aβ antibodies

from the trial participants has not been performed at

this time.

6. Passive immunization of old AβPP transgenic

mice

Enthusiasm for the immunotherapeutic approach has

followed an oscillatory pattern with a roughly 2 year
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periodicity. Following the initial report by Schenk in

1999 enthusiasm peaked at the beginning of 2001 with

the reports of the behavioral benefits of active immu-

nization [19,27]. However, 1 year later enthusiasm

plummeted with the premature termination of the phase

2a trial. Multiple commentaries appeared shortly there-

after, arguing that such an outcome might have been

predicted, and that the trial was initiated hastily. Some

even suggested, in an almost reflexive manner, that the

termination of the vaccine trial somehow disproved the

amyloid hypothesis of AD. The report by Hock et al.

raised the level of enthusiasm. Further tests of im-

munotherapy that would have less propensity for de-

veloping the adverse events found in the phase 2 a trial

were once again feasible. This led several groups to

develop vaccines that would be less likely to provoke a

cellular immune response against Aβ, often by using a

non-Aβ T cell epitope [1,22] or attempting to bias the

immune response to a Th2 reaction [7,35]. Others have

suggested using variants of Aβ that are less likely to be

toxic [36].

However, an alternative to testing different active im-

munization protocols is to investigate adoptive transfer

of immunity using humanized monoclonal anti-Aβ an-

tibodies. There are several advantages of such an ap-

proach; at least as a proof of principle that immunother-

apy may benefit AD patients. First, the dose can be

controlled. Active immunization results in highly vari-

able responses, especially in older populations. This

makes data analysis based on intention to treat prob-

lematic. It also makes dose response studies almost

impossible. Periodic injections of known amounts of

antibody overcome these problems. A second advan-

tage is the treatment can be discontinued. If an ad-

verse reaction develops, it should diminish as the in-

jected antibodies are cleared. With active immuniza-

tion, once the plunger goes down, there is no turning

back. Only severe immunosuppressive therapy can be

used to dampen a runaway immune response (and not

always successfully). A serious disadvantage of pas-

sive immunization is the cost of monoclonal antibod-

ies. However, this is still cost-effective when compared

to the costs of institutionalization. An alternative is to

consider injections of human gamma globulin. Many

humans spontaneously develop low titers of anti-Aβ

antibodies [18,28,29,40]. This has led to the proposal

that intravenous immunoglobulin might be an effective

therapy in AD [13].

A number of issues have arisen regarding the type(s)

of antibody to use for passive immunization studies.

Bard et al. [4] have argued that N-terminal domain an-

tibodies (the ones most prominently formed with active

immunization protocols [11,24] are the most effective

in vivo and ex vivo in clearing amyloid. They also sug-

gest that the antibody isotypes most likely to bind to Fc

receptors are also the most effective antibody isotypes.

Alternatively, DeMattos, Holtzman and the Lilly group

argue that a mid-domain antibody with little reactivity

to brain amyloid may be safe and effective [33]. Our

own work has found potent effects with a C-terminal

specific antibody [44].

However, even the passive immunization approach

will require caution in the conduct of human trials.

Pfeifer et al. [32] were the first to examine long term

adoptive transfer of antibody in old AβPP transgenic

mice. They reported reduced amyloid loads, but a dou-

bling of the number of microhemorrhages in 27 mo

old AβPP23 mice treated for 5 months with an N-

terminal specific anti-Aβ monoclonal antibody. Our

own work with a C-terminal specific antibody found

a similar increase in microhemorrhage with prolonged

(3–5 mo) treatment of old Tg2576 derived AβPP trans-

genic mice [44]. These mice had up to 90% reduc-

tions of parenchymal Congo red deposits (compacted

plaques), but 3–5 fold elevation in vascular congophilic

deposits (cerebral amyloid angiopathy). All microhe-

morrhages were in association with congophilic an-

giopathy. Remarkably, however, these aged mice with

reduced amyloid but increased vascular leakage had

learning and memory capacities equal to those of non-

transgenic littermates, and far superior to the deficits

found in transgenic mice given control antibody injec-

tions. Racke et al. [33] confirmed the observations of

Pfeifer et al. using a different N-terminal specific an-

tibody against Aβ, with a doubling of the extravenous

hemoglobin using a severity index scoring method.

However, a mid-domain antibody did not cause in-

creased vascular leakage. Racke et al. further indicate

that the mid-domain antibody does not react with brain

or vascular amyloid, suggesting that the antibody bind-

ing to vascular amyloid may predilect towards microhe-

morrhage. However, if the TAPIR analysis, indicating

that only brain reactive antibodies benefit patients cog-

nitively, is correct, it becomes difficult to decide what

type of antibody to consider for passive immunization

trials.

One issue is whether vascular amyloid increases and

microhemorrhage might also be the case with active

immunization. Thus far, active immunization has not

been investigated in old transgenic AβPP mice, in part,

due to impaired immune responses to vaccines. How-

ever, the 3 autopsy reports in the Aβ vaccine trial all



430 D. Morgan / Immunotherapy for Alzheimer’s disease

point to this possibility [14,23,30]. When compared to

index cases that were not part of the trial, these cases

from patients participating in the vaccine trial exhib-

ited less parenchymal Aβ staining, but no reductions in

vascular Aβ immunostaining. On some of the sections

from the patients in the trial, the only profiles which

are stained are vascular. Ferrer et al. [14] remark that

the case they studied had considerable cerebral amyloid

angiopathy and associated hemorrhage.

7. Conclusions

The attitudes towards immunotherapy for the treat-

ment of AD have followed an emotional roller coaster.

The initial enthusiasm was deflated by the unexpected

adverse events in the clinical trial. However, the cogni-

tive function data tantalize with suggestions that some

individuals have benefited from the treatment, in spite

of its abbreviated administration. Many approaches

are being investigated which might avoid the adverse

events associated with the active immunization trial.

Passive immunization approaches are attractive be-

cause of the greater control over the anti-Aβ titers and

potential to terminate the therapy. However, mouse

data suggest that high anti-Aβ titers might lead to in-

creased congophilic angiopathy and vascular leakage.

Further trials of immunotherapy are already underway.

One involves passive immunization with an N-terminal

antibody. A second involves use of a truncated Aβ pep-

tide vaccine to minimize T cell responses. Obviously,

experience with the prior trial will dictate a cautious

approach to these further studies of immunotherapeu-

tic intervention in AD. However, assuming these trials

continue to completion, they are likely to be the first

therapeutic evaluations of the amyloid hypothesis in

AD patients.
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Abstract. Site-directed antibodies which modulate conformation of amyloid-β pep-

tide (Aβ) became the theoretical basis of the immunological approach for treatment

of Alzheimer’s disease (AD). Indeed, antibodies towards the EFRH sequence, located

between amino acids 3–6 of the N-terminal region of Aβ, found to be a key position

in modulation of Aβ conformation, prevent formation of fibrillar Aβ and dissolve

already formed amyloid plaques.

The performance of anti-Aβ antibodies in transgenic mice models of AD showed

they are delivered to the central nervous system (CNS), preventing and/or dissolving

Aβ. Moreover, these antibodies protected the mice from learning and age-related

memory deficits. Development of such antibodies via active and/or passive immu-

nization against Aβ peptide fragments has been proposed for AD immunotherapeutic

strategies. Experimental active immunization with fibrillar Aβ 1-42 in hu-mans was

stopped in phase II clinical trials due to unexpected neuroinflammatory manifestations. In spite of the fact that it will

take considerable effort to establish a suitable immunization procedure, these results clearly strengthen the hypothesis

that Aβ plays a central role in AD, stimulating a new area for development of Alzheimer’s immunotherapeutics.
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1. Introduction

Alzheimer’s disease (AD) is characterized by pro-

gressive loss of memory and cognitive function. AD

is beginning to approach epidemic proportions in the

industrialized world. It is estimated by the year 2025

there will be approximately 22 million cases of AD

worldwide, with at least 10 million being in the US

alone [1].

The pathology of AD is characterized primarily by

extracellular plaques and intracellular neurofibrillary

tangles. Plaques are composed mainly of the Aβ pep-

tide, whereas tangles are composed of the cytoskeletal

protein tau [2]. He relationship between these lesions

and the disease process has long been debated [3,4].

The most studied hypothesis of what leads to de-

velopment of the disease is that of the amyloid cas-

cade [5,6]; it states that overproduction of Aβ, or fail-
ure to clear this peptide, leads to AD primarily through

amyloid deposition which is presumed to be involved

in neurofibrillary tangles formation; these lesions are

then associated with cell death, which is reflected in

memory impairment, the hallmarks of this dementia.

During the past ten years, the amyloid cascade hypoth-
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esis has gained strength and remains the most attractive

explanation as the underlying cause of AD based on the

general occurrence of amyloid pathology in the brains

of all AD patients. In strong support are the mutations

in familial cases of early onset AD in the genes coding

for amyloid β protein precursor (AβPP) [7,8].

The hypothesis of a “cascade” has exerted consider-

able attraction since that process would allow for inter-

vention at multiple and different points to slow or halt

the disease process [9].

2. In vitro modulation of amyloid formation

Amyloid filaments, similar to those found in amy-

loid plaques and cerebrovascular amyloid, can be as-

sembled from chemically synthesized Aβ under well-

defined experimental conditions in vitro, and the effect

on neural cells may be neurotoxic or neurotrophic, de-

pending on the Aβ fibrillar state [10]. In vitro amy-

loid formation is a complex kinetic and thermodynamic

process and the reversibility of amyloid plaque growth

in vitro suggests a steady-state equilibrium between Aβ

in plaques and in solution [11]. The dependence of Aβ

polymerization on peptide-peptide interactions to form

a β-pleated sheet fibril and the stimulatory influence

of other proteins on the reaction suggest that amyloid

formation may be subject to modulation.

If so-called pathological chaperones like ApoE, hep-

aran sulfate, increase the extent of Aβ fibrils [12], we

proposed site-directed monoclonal antibodies against

Aβ, which decrease Aβ fibrils, as therapeutic chaper-

ones [13–15].

Antibody-antigen interactions involve conforma-

tional changes in both antibody and antigen that can

range from insignificant to considerable. Binding of

high affinity monoclonal antibodies (mAbs) to regions

of high flexibility and antigenicity may alter the molec-

ular dynamics of the whole antigen [16,17]. Appropri-

ate mAbs interact at strategic sites where protein aggre-

gation is initiated, stabilizing the protein and preventing

further denaturation [18,19]. Experimental data show

that mAbs are able to stabilize the antigen by preventing

aggregation and resolubilizing already formed protein

aggregates [18–20]. Such antibodies were found to sta-

bilize the conformation of an antigen against incorrect

folding and recognize an incompletely folded epitope,

inducing native conformation in a partially unfolded

protein [20].

We demonstrated for the first time that antibodies

raised against the N-terminal region of Aβ bind to pre-

formed Aβ fibrils, leading to their disaggregation and

inhibition of their neurotoxic activity [14]. Using a

phage display peptide library composed of filamentous

phage displaying random combinatorial peptides, we

identified the 3–6 amino acid sequence of N-terminal of

Aβ (Glu-Phe-Arg-His or EFRH) as the epitope of these

anti-aggregating antibodies [21,22]. Blocking of this

epitope by highly specific antibodies prevents Aβ self-

aggregation and enables resolubilization of already-

formed aggregates (Fig. 1).

3. Immunological strategies for prevention and/or

reduction of amyloid plaques in AD transgenic

mice

The abundant evidence that Aβ aggregation is an es-

sential early event in AD pathogenesis has prompted an

intensive search for therapeutics that target Aβ [6,23].

Several laboratories have bred AD diseased models of

transgenic mice that produce human Aβ which develop

plaques and neuron damage in their brains, as recently

reviewed [24]. Even though they do not develop the

widespread neuron death and severe dementia seen in

the human disease they are used as models for the study

of AD.

Recently, the immunological concept in the treat-

ment of conformationaldiseases has gained more atten-

tion, and immunization approaches are being pursued

in order to stimulate clearance of brain Aβ plaques [25–

28]. They include both active and passive immuniza-

tion techniques. Active immunization approaches em-

ploy various routes of administration, types of adju-

vants, the use of modified Aβ epitopes and/or im-

munogenic Aβ conjugates. Passive immunization ap-

proaches include monoclonal antibodies or specific an-

tibody fragments directed against specific Aβ epitopes.

These approaches, originated from various institutions

and companies, are systematically reviewed by B. Im-

bimbo [26].

4. Active immunization

We developed an immunization procedure for the

production of effective anti-aggregating Aβ antibodies

based on filamentous phages displaying on their surface

the EFRH peptide as antigen. The EFRH sequence, en-

compassing amino acids 3–6 of the 42 residues of Aβ,

was previously found to be the main regulatory site for

amyloid modulation and the epitope of anti-aggregating
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Fig. 1. A: The full-length amyloid β protein precursor (AβPP). The regions encompassing Aβ as well as the sequence of EFRH are shown below.

The corresponding epitopes of the anti-Aβ antibodies are underlined. B: Protective effect of monoclonal antibodies against Aβ aggregation

induced by incubation of the peptide for 3 h at 37◦C. Each percentage is related to maximal binding of each monoclonal antibody to Aβ coated

onto ELISA plates in the absence of soluble Aβ (100%) and calculated by comparison with the binding of the same mAbs to the residual soluble

Aβ remaining after incubation at 37◦C in the absence of the respective antibody [15].

antibodies [21,22]. Effective anti-aggregating antibod-

ies were obtained by EFRH phage immunization, with-

out adjuvant, in guinea pigs which exhibit the Aβ se-

quence identical to that of humans [29,30]. Filamen-

tous bacteriophages are a group of structurally related

viruses which contain a circular single-stranded DNA

genome. The phages that infect Escherichia do not kill

their host during productive infection and do not infect

mammalian cells. Sera of EFRH-phage immunized an-

imals exhibited a protective effect in preventing Aβ-

mediated neurotoxicity toward PC12 cell culture and

stained human amyloid plaques. Experiments in trans-

genic animals support the immunogenetic studies. In

two different sets of experiments, we immunized the

AβPP[V717I] transgenic mice (16 months old) with the

EFRH-phage and analyzed them at age 21 months [31].

Amyloid burden in the brain was significantly reduced

in the immunized AβPP[V717I] transgenic mice that

developed anti-Aβ titers of at least 1:100, indicating

that a relatively low antibody-titer may be enough to

reduce reduce brain amyloid load.

Recently, double mutated hAβPP tg mice (9–10

months old), raised in the animal facility of JSW Re-

search, Austria, were immunized with the EFRH anti-

gens containing a different number of copies of the re-

spective antigen. Six intraperitoneal (i.p.) injections of

1011 phages/mouse took place every three weeks for a

total period of twelve weeks [32]. We found that phages

displaying high EFRH copy numbers are more effec-

tive in eliciting humoral response against the EFRH se-

quence which, in turn, relieved the amyloid burden in

the brains of AβPP transgenic mice and improved their

ability to perform cognitive tasks.

The efficacy of phage-EFRH antigen in raising anti-

aggregating Aβ antibodies versus whole Aβ shows that

(a) the high immunogenicity of the phage enables pro-

duction of a reasonable titer of IgG antibodies in a

short period of weeks without need of adjuvant ad-
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ministration; (b) the key role of the EFRH epitope in

Aβ formation and its high immunogenicity led to anti-

aggregating antibodies which recognize whole Aβ pep-

tide, substituting the use of Aβ fibrils.

5. Passive immunization

Another set of experiments showed that peripheral

administration of antibodies against Aβ was suffi-

cient to reduce amyloid burden in the affected mice

brains [33]. The investigation confirmed that circulat-

ing antibodies were able to cross the blood brain barrier

and bind to brain Aβ deposits. Despite their relatively

modest serum levels, the passively administered anti-

bodies were able to enter the central nervous system,

decorate plaques and induce clearance of preexisting

amyloid.

Of the antibodies tested, only mAbs 10D5, 3D6 and

Pab Aβ (1-42) directed to the N-terminal regions of

Aβ demonstrated efficacy in vivo. In contrast, mAbs

16C11, 21F12 and the control antibody TM2a, directed

to other regions of Aβ, were inactive. This result is

consistent with the inability of these two antibodies to

decorate plaques after in vivo administration and ex-

plains their inability to trigger plaque clearance. These

in vivo data confirm previous in vitro data [14] that only

antibodies directed to the strategic epitopes involved

in the aggregation process, such as EFRH, exhibit so-

called ‘chaperone-like’ properties in dissolving amy-

loid plaques.

Intravenous injection of mAb266 raised against mid-

dle region of Aβ to the AD transgenic mice led to

a 1,000-fold increase in the concentration of Aβ in

plasma. The researchers suggest that anti-amyloid an-

tibody decreases Aβ deposition, at least in part, by de-

creasing the transfer of Aβ from plasma to the CNS and

increasing its transfer from the CNS to plasma without

dissolving existing amyloid plaques [34].

In order to overcome low permeability of the blood

brain barrier, we applied antibody engineering meth-

ods to minimize the size of the monoclonal antibodies

while maintaining their biological activity. The result-

ing scFvs can be displayed on the surface of a phage for

further manipulation or can be used as soluble ScFvs

(∼ 25 kd) molecules.

We have previously shown that ScFvs raised against

Aβ, which contained only variable regions of light and

heavy chains of the antibodies lacking the constant re-

gion Fc, exhibit anti-aggregating properties similar to

whole site-directed antibodies [35,36].

Filamentous phages displaying ScFv delivered to the

CNS by repeated intranasal administrations reduced

the Aβ plaque load in different regions of the brain of

hAβPP transgenic mice and considerably improved the

cognitive functions of treated mice. Treated mice also

exhibited significantly low microglia activation [37],

suggesting that passive immunization with antibodies

devoid of Fc may prevent over-activation of microglia

and, thus, attenuation of autoantibody triggered neu-

roinflammation.

6. Concluding remarks

The immunological concept described in this study

was converted to a therapeutic strategy aimed at treat-

ment of AD, as well as of other diseases caused by over-

production or wrong folding of a physiological,normal

peptide.

For any immunization strategy to be effective, it

needs not only to identify the specific nature of the anti-

gen or of the epitope, but also to address the formula-

tion and method of delivery of the antigen or antibodies

as a major and critical parameter.

Active immunization with synthetic Aβ (1-42) pep-

tide reduces Aβ plaques in AβPP transgenic mice with-

out detectable toxicity [38], but the extension of this

approach to AD patients induced a neuroinflammatory

reaction in some of the study subjects, precluding fur-

ther testing with the preparation [39]. Vaccination with

non-toxic, small epitopes of Aβ, such as EFRH, may

partially avoid the undesirable effects of neuroinflam-

mation, e.g., by preventing T-cell activation.

On the other hand, humans may develop self-

antibodies when immunized with whole or fragments

of Aβ. These antibodies are capable of binding to a

variety of Aβ species in the brain, thus, immunization

could have contradictory effects: the desired inhibi-

tion of amyloid fibril formation versus Fc microglial

over-activation leading to neuroinflammation [40].

Several strategies for prevention of neuroinflamma-

tion are under investigation. One of these is the ad-

ministration of intravenous immunoglobulin (IVIG),

which has well-recognized anti-inflammatory activities

independent of the antigen-specific effect. A variety

of explanations have been put forward to account for

these activities, including Fc receptor blockade, atten-

uation of complement-mediated tissue damage, down-

regulation of B cell responses, etc. [41].

Another approach could be passive immunization

with antibodies devoid of Fc, which might prevent
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over-activation of microglia and, thus, attenuation of

autoantibody-triggered brain inflammation [35–37,42,

43].

Antibodies generated with the first-generation vac-

cine might not have the desired therapeutic properties to

target the ‘correct’ mechanism, however, new clinical

approaches are now under consideration.
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Abstract. The story of the development of tacrine began from its synthesis

as an intravenous antiseptic in 1940 by Adrian Albert in Australia. In the

1970’s William Summers began using tacrine in treating drug overdose coma

and delirium. He felt it might have application in Alzheimer’s based on work

done in England by Peter Davies. In 1981, Summers et al. gave intravenous

tacrine to Alzheimer’s patients showed measurable improvement. Between

1981 and 1986, Summers worked with Art Kling and his group at UCLA to

demonstrate usefulness of oral tacrine in treatment of Alzheimer’s patients.

The average length of tacrine use in 14 completing patients was 12.6 months

and improvement was robust. This sparked controversy in the field. In 1993,

after larger studies replicated the positive effect of tacrine, it was approved by

the US Food and Drug Administration for treatment of Alzheimer’s disease.

1. Introduction

In 1975, as a psychiatric resident at Washington

University (St. Louis), my interest was anticholinergic

delirium [33,34,39,40]. Dr. Robert N. Butler from the

National Institute of Aging, at a grand rounds that year,

raised the possibility that senile dementia could be the

same disease as pre-senile Alzheimer’s dementia [4].

This hypothesis was based on work by Dr. Robert D.

Terry [45].

My work centered around a theory that cholinergic

system dysfunction was the final common pathway to

delirium (acute brain syndrome). This was fueled by

Granacher and Baldessarini’s discovery that tricyclic

antidepressant overdose coma could be reversed by the

acetylcholinesterase inhibitor, physostigmine [12].

∗The text was carefully edited by Ray Faber, M.D., Department

of Psychiatry, University of Texas San Antonio. This work was

supported by Solo Non-Profit Research Ltd.

My belief was that there was a threshold within the

cholinergic system. Delirium resulted when this thresh-

old was crossed [28]. Often this threshold was trig-

gered in vulnerable, frail elderly by prescribed medi-

cations. It seemed logical that the Senile Dementia of

the Alzheimer’s Type (SDAT) might also represent a

cholinergic system deficit.

Treating acute cholinergic deliriums proved difficult

with physostigmine [12]. My personal experience with

physostigmine was problematic. The beneficial ef-

fects were ephemeral. The side effects of cardiac ar-

rhythmias and gastrointestinal side effects were com-

mon [39]. An exhaustive search in the library pointed

to tacrine. On paper, it appeared to be a more suitable

anti-cholinesterase.

Tacrine (tetrahydroaminoacridine, THA) has been

studied for about sixty five years. In Australia during

World War II, Adrian Albert Ph.D. attempted to find

a safe intravenous antiseptic to treat wounded troops.

His efforts were interrupted by the British production of

ISSN 1387-2877/06/$17.00  2006 – IOS Press and the authors. All rights reserved
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Penicillin. Of the ninety plus derivatives of monoamine

acridine synthesized, Dr. Albert was most intrigued by

tacrine [1]. Tacrine is a planar three-ring acridine with

minimal substitution of an amino group in the five posi-

tion (Fig. 1). Chemically tacrine had flat configuration,

like a frisbee, and a high pKa of 10. Thus, tacrine had

the capacity to pass through cell membranes as easily

as ethyl alcohol [7]. Tacrine was unique. It had a broad

spectrum of arousal of the central nervous system which

was credited to its reversible acetylcholinesterase in-

hibition [26]. Another unique feature of tacrine was

that the entire structure was essential for inhibition of

acetylcholinesterase [15].

In 1976, experience in humans with tacrine was lim-

ited. Samuel Gershon, M.D. working at Missouri In-

stitute of Psychiatry had used tacrine in experimental

psychosis [11]. Tacrine was able to reverse the psy-

chosis, but physostigmine did not. Dr. Gershon had

brought tacrine with him when he immigrated to the

United States from Australia. Dr. Gershon enthusias-

tically sponsored my IND(investigational number for a

drug) application with the FDA.

Shortly thereafter, I joined the faculty at the Univer-

sity of Pittsburgh. In 1977, I received approval to treat

overdose patients with tacrine. I obtained the tacrine

directly from a chemical house (Aldrich). I recall work-

ing one Saturday morning with John Fischer Ph.D., at

the pharmacy school laboratory to make up the vials of

tacrine used for the study. In today’s world, I believe

such casual innovation is not possible.

Tacrine was, as Dr. Gershon had promised, an im-

pressive intravenous anticholinesterase. One patient

had taken 10,000 mg of thioridazine (Mellaril), and he

was comatose on a respirator – ten minutes of intra-

venous tacrine, he awoke and was able to be extubated.

The patient drifted into lethargy about 12 hours later,

suggesting the clinical effect of tacrine was 12 hours.

The tacrine experience in reversing overdose coma in

five patients was published in Clinical Toxicology [36].

If tacrine worked principally as an anticholinesterase,

mixed overdose coma is a cholinergic phenomenon.

In 1976, Davies and Maloney made the discovery of

a central cholinergic deficit in Alzheimer’s disease [5].

This was soon confirmed by another British group [21].

In 1978, I moved to the University of Southern Cal-

ifornia in Los Angeles. Based on the new findings, I

expanded the study of tacrine into Senile Dementia.

The protocol was written and approved by spring

1979. The pilot study intent was to pharmacologically

confirm that memory deficits of SDAT were driven by

the cholinergic system. The first patient enrolled within

three months.

In designing the pilot study of tacrine and SDAT,

it was found there were no appropriate psychometric

instruments available. There were several instruments

to measure memory deficits and make the diagnosis.

However, there were no instruments to measure im-

provement in dementia.

In designing our own instruments we started with

known validated instruments and modified them to re-

flect repetitive use. A global score was developed using

a Swedish scale as a base [27]. This six stage scale rec-

ognized that dementia ranged from barely detectable

memory deficits to bedridden and uncooperative. The

late stage subjects had to be judged by the global scale

alone. Earlier stage subjects could be assessed and re-

assessed with tests that were biased toward short term

memory tasks. The simple “orientation test” was used

in the middle stages of SDAT. This was a twelve item

test with only one item that was repetitive. The test-

retest method of presentation was important to the va-

lidity of this test. The twelve common items were pre-

sented (e.g. day, date, floor, city, etc.). The subject was

asked to repeat the item immediately. This eliminated

the problem of poor hearing. At the conclusion of the

list of twelve items, the list was asked back. Thus

memory retention of under 3 minutes was being tested.

For those subjects in early states of SDAT, a complex

12 item paired-association test was developed. This

“Names-Learning-Test” was modified from validated

British cognitive tests of the 1970’s [14]. Four separate

versions of the 12 item list were made to prevent learn-

ing from repetition. It was interesting to find that a

number of patients would retain items from the first list

for weeks later, but could not learn items from the sec-

ond list. The inter-rater reliability and comparison to

commonly used instruments was later published [35].

In 1981, the results of the twelve patient pilot study

was published in Biological Psychiatry [43]. This pi-

lot was unique in dementia research. There were no

restrictions on the severity SDAT or presence of con-

comitant illnesses. Only medications with potent anti-

cholinergic effect were restricted.

The tacrine was given intravenously in varying doses

(0.25 mg/kg to 1.5 mg/kg), because there was limited

data as to what might constitute an effective dose. It

was noticed that side effects were limited to nausea and

diaphoresis (4 subjects) and emesis (2 subjects). These

side effects seemed to be related to individual tolerance,

rather that a group tolerance. For example, optimal

dose was not related to the subject’s age or duration of

illness. The data was illogical, until the twelve subjects

were separated by severity of illness with the modified
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Fig. 1.

Sjögren Stage Scale. When the orientation test was

separated out by stage, the beneficial effects of tacrine

could be clearly seen. The peak benefit occurred from

one to six hours after infusion. Nine of the twelve

subjects (75%) were measurably better.

Despite positive pilot data, funding attempts lan-

guished. An NIH grant application was rejected as was

an application to the State of California. My chair-

man refused to submit a NIH career research develop

award application. In April 1981, a three-day Geriatric

symposium in Los Angeles became my swan song for

academic medicine [42]. The symposium, especially

my research, became a focus of a press story.

Five months later, Mr. George Rehnquist contacted

me. He had read about the Los Angeles symposium.

He was in Knoxville, Tennessee – 2,100 miles from

my office. His wife, Lucille Rehnquist, had just been

diagnosed as having probable Alzheimer’s. He was

hopeful that I would accept his wife into my intravenous

tacrine protocol.

Mr. Rehnquist was told several times that I had

moved into private medical practice. He persisted.

Mr. Rehnquist was told that my work was not a treat-

ment of Alzheimer’s disease. Rather it merely demon-

strated that a cholinergic mechanism was involved in

Alzheimer’s disease. He persisted. He did not mind

bringing her across the country. He did not blink at stay-

ing in Los Angeles for the month the protocol would

require.

My arguments were exhausted.

In the spring of 1982, Mrs. Lucille Rehnquist re-

ceived intravenous tacrine. She did remarkably well.

Her data were never reported. She was the last SDAT

patient given intravenous tacrine. A makeshift con-

coction was devised. This was phosphatidyl choline

in large quantity with ophthalmic pilocarpine taken

by mouth. My belief was and continues to be that

Alzheimer’s disease is complex. It requires a combina-

tion chemotherapy approach, much as tuberculosis or

cancer does.

Also in spring of 1982, I was approached by Art

Cherkin, Ph.D. He was a neurophysiologist at UCLA

who championed the concept pharmaceutical synergy

in cholinergic systems. He encouraged me to resume

my research with tacrine. He did not view my posi-

tion as a private practice physician as a problem. Dr.

Cherkin introduced me to the Art Kling, M.D., who

was the chairman of psychiatry at the Sepulveda VA

Hospital, a division of UCLA. Dr. Kling offered me a

position on the clinical faculty at UCLA. First thoughts

of oral tacrine treatment of Alzheimer’s disease (AD)

began.

George Rehnquist would report in monthly about

his wife. He always asked if tacrine could be given

by mouth. Mr. Rehnquist began calling the FDA and

would ask them how his wife could receive oral tacrine.

Maurice Albin, M.D., an anesthesiologist of my ac-

quaintance at the University of Pittsburgh had told me

once that tacrine could be absorbed orally [2]. Several

faculty members at the Sepulveda VA, helped me prove

this point.

Dr. Kling arranged for animal absorption and safety

data to be developed in two species (mice and pri-

mates) [16,23]. This and other data were submitted to

the FDA to amend my IND for tacrine. Bulk tacrine

was manufactured by Aldrich Chemical Company in
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Milwaukee for the study. It was put up in double blind

fashion by a Southern California health supplement

company. They also made the placebo pills. Psycho-

metric testing was refined with the help of Larry Ma-

jovski, Ph.D. The oral tacrine protocol was approved by

four Southern California private hospital IRBs. One of

the hospital IRB, insisted on a change in protocol. The

tacrine dose would be titrated up at the same time that a

diagnostic evaluation was in progress. This change was

initially aggravating. Later this was appreciated. Non-

response to tacrine usually meant the patient would

prove to not have SDAT. Because a cranial MRI was

available at only one of the four hospitals, it was the

only hospital used throughout the study. Curiously, this

was not the hospital where the IRB insisted on modify-

ing the protocol. All of this took 16 months. For eight

months we waited for FDA approval to proceed with

the oral study.

Mr. Rehnquist continued to call me frequently. He

reported that my makeshift mixture was failing. Mr.

Rehnquist would ask if he might urge the FDA on with

a call.

A few days later I was urgently paged by my ex-

change. I pulled off the freeway to take a call from the

FDA’s, Robert Temple, M.D.

Dr. Temple verbally approved proceeding with oral

tacrine. He seemed a bit perturbed with Mr. Rehn-

quist, and added that Mrs. Rehnquist was on a special

compassionate-use IND. The thought has occurred to

me more than once that Dr. Temple, who is still with

the FDA, later regretted this decision . When contro-

versy later arose around tacrine, Dr. Temple was in the

center of the storm. If he had not called that day, per-

haps the work on tacrine with Lucille Rehnquist would

never have occurred. In that case, the whole field of

cholinergic enhancement treatment of Alzheimer’s dis-

ease would have been delayed if not abandoned. None

of the cholinergic enhancing agents available in 1984,

but tacrine, have stood the test of time.

On June 16, 1984 Lucille Rehnquist became the

first human to received the oral dose of Tacrine. She

did remarkably well. Lucille again did house work,

cooked, and drove short distances with George in atten-

dance. George began attending AD support groups in

Knoxville with Lucille to tell his story. Soon requests

to join the study began coming in from Eastern Ten-

nessee. Because of safety concerns, the second patient

was not started until eight months later. No promo-

tion for the study was ever done. Of the 23 patients

considered for the study, only two were from Southern

California.

The study was economically supported by income

from my private practice. This was my expensive

hobby. The funds required to develop oral tacrine be-

tween 1982 and 1985 cost me about $90,000. This

compares favorably with the pharmaceutical reported

costs up to $897 million per product [8]. By December

1985, the study had grown beyond my means. Three

approaches to fund the research developed.

First, it was discovered that our work could be

patented after a visit to a St. Louis based pharmaceu-

tical company, failed to get support. They suggested

tacrine for AD could be protected under a ‘use patent’.

A do-it-yourself book on patents was obtained, and the

arduous task of writing a patent was begun [22]. This

was important, because an economically unviable treat-

ment will have trouble making it to market. This was

the sad fate of lithium carbonate which did not have an

exclusive claim to the market [31].

Second, was the concept of charging the subject for

research. This idea came from the New England Jour-

nal of Medicine (NEJM) [18,31]. Here the actual re-

search drug could not be paid for by the patient, but the

other costs of research could be paid for by the subjects.

Third, was to seek traditional grants and support by

publishing our results to date. In May 1986, Dr. Kling

suggested that a paper with our data be submitted to the

NEJM. He reasoned that if accepted, this could result

in funding support.

The paper was written and submitted in June, 1986 to

the NEJM. In late July the manuscript was returned. It

would be publishable with certain modifications. The

data was updated, and “Oral tetrahydroaminoacridine

in long-term treatment of senile dementia, Alzheimer

type” was re-submitted in early September, 1986 [37].

Dr’s Majovski, Marsh, Tachiki, and Kling were listed

as co-authors because each had contributed to this paper

in specific ways. To the surprise of my colleagues and

I, the paper was accepted. It was given a rapid publish

date of November 13th.

The editors of the NEJM called to instruct us that we

were not to talk to the press about the article until after

an embargo date of November 12, 1986. By Wednes-

day, November 5, 1986 a number of calls were received

by my office. None of the calls were returned. A last

minute decision to attend the Neuroscience meetings

in Washington, DC was made, and the callers were

told that a press conference would be held after the

publication date. The press calls continued to come in.

I called the NEJM editors to report that someone had

leaked the article. I wanted to make it clear that it was

not me. I was surprised to find out that the leak was



W.K. Summers / Tacrine, and Alzheimer’s treatments 443

from the NEJM itself. Now, I was instructed to talk to

the press as any callers would have a pre-print copy of

the Journal, under an embargo understanding they had

with major press outlets.

The press coverage was very substantial. By

serendipity, three of the authors were at the Neuro-

science meetings in Washington DC. As one of the me-

dia capitals of the world, this only multiplied the cov-

erage. None of us spent much time at the meeting that

year.

The paper actually reported three protocols in one

study. The paper was tightly compacted into four and

a third pages and written for a broad reading audience.

The 1981 intravenous study had taught me that there is

a personal ‘best dose’ for each patient. Phase I was an

open label dose finding study, asking does this subject

respond to tacrine. If so what is this subject’s personal

best dose of tacrine. To this day, important aspects

of phase I are not well appreciated. First, the dose

of tacrine was increased rapidly. The personal ceiling

dose was determined by cholinergic toxicity. This typ-

ically was emesis with diaphoresis. The proper per-

sonal dose was the one just before toxicity. Later serum

levels confirmed that this was a correct strategy with

an anticholinesterase [20]. Optimal dose ranged from

25 mg tid (one subject) to 50 mg qid (two subjects).

The majority of subjects were on 50 mg tid. Second,

we understood that cholinergic excess was toxicity, not

a side effect. When the dose was properly set, tacrine

rarely gave any side-effects. Third, non-response to

tacrine signaled that the dementia was due to a cause

other than Alzheimer’s disease [49]. This seemly bold

claim bore up each time the patient was worked up in

detail. Twenty-three patients were screened in Phase I.

Six did not improve at any dose. Exhaustive evaluation

revealed these six did not have Alzheimer’s disease.

In Phase II, the design took advantage of the fact that

Alzheimer’s disease was unremitting and progressive.

Each patient could reliably serve as their own control.

This design eliminated the impact of non-study medi-

cations taken by subjects. As long as other medications

were stable in both the active agent and placebo arms

of the study, the effects canceled. One important ex-

ception was medications which had potent anticholin-

ergic effect [28]. The length of Phase II was 3 weeks in

each arm, which washed out short term effects that bias

toward placebo. Of fifteen patients who completed the

double blind crossover Phase II, fourteen demonstrated

measurable positive tacrine effect.

Phase III was the third mini-study within the same

paper. This was the long-term open label study. The

average length of tacrine use in the fourteen complet-

ing patients was 12.6 months. This was quite a robust

duration of study for the initial report of a treatment. It

was felt appropriate, because tacrine had potential for

long term hepatic, hematologic and neurologic toxicity.

Lengthy observation on the drug was desirable. Per-

mitting any other drug necessary to optimize health ac-

tually allowed observation of drug-drug interactions on

a small population of patients. This minimized Vioxx-

like surprises [49]. With this method, it was hoped

that even a small study, would discovered the major

adverse effects of tacrine. Indeed tacrine has now been

used on a daily basis in over 300,000 patients with less

than 5 deaths [32,41]. The design of inclusion of other

drugs then allowing the patient to be their own control

seemed effective in ferreting out adverse effects.

Reaction of researchers in the field was often nega-

tive. For example:

“There is a scientific rationale behind THA,” says

Dr. Leon Thal, a researcher at San Diego Veterans

Administration Hospital. “But the results are over-

whelming, and when you get results like that out of

the blue, the first reaction is to be skeptical.” [46].

And skeptical they were.

Subsequent to the November 1986 article, the NEJM

permitted publication of five of the six letters received

from its vast readership [38]. All were from prominent

researchers in the field. All were critical. The subse-

quent multicenter study, excluded my group. Instead

investigation in detail of our research by the FDA and

by UCLA was precipitated by researchers in the field.

These investigations and restrictions by FDA mini-

mized expansion of our work. Ultimately the integrity

of the research was confirmed [9,25]. On March 28,

1989 the US patent on tacrine was issued. Tacrine now

had a 17 year market value [29]. Eighteen months later

the pharmaceutical company that sponsored the multi-

center studies of tacrine, took a license on the patent by

means of a hostile litigation against me. Four pivotal

studies showed tacrine to be safe and effective [6,10,

17,48].

On September 10,1993, tacrine became the first FDA

approved treatment for Alzheimer’s disease [47]. The

post-market experience with tacrine has been that it is

much more benign that the FDA publicly proclaimed it

to be [31].

Today there are five FDA approved treatments for

Alzheimer’s disease. Four are anticholinesterases –

tacrine (Cognex ), donepezil (Aricept ), rivastigmine

(Exelon ) and galantamine (Reminyl ); and the first

NMDA receptor antagonist – memantine (Namenda ).
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Since the discovery of tacrine, the field of Alzhei-

mer’s disease has focused much attention on the cause

of the illness. Focus has been on amyloid beta-peptide

as causal [13]. The competing theory has been Tau

protein [44]. Much has been learned about the brain

in the amyloid beta and tau protein research. To me

neither of these theories seemed logical. Senile plaques

and neurofibrillary tangles always struck me as tomb-

stones derived from cellular debris. It is refreshing

then to seen a shift toward new theories of etiology of

Alzheimer’s [19,24].

Looking to the future, I believe the oxidative injury

theory will be able to explain both amyloid-beta and

tau protein theories. The oxidative injury theory points

to available treatments and the possibility to prevent

Alzheimer’s altogether [30].

I must give much credit for my story to many of

the above referenced people. I most especially wish

to credit Art Kling, Art Cherkin, and Ken Tachiki for

inspirations, support and assistance [3].

Much credit for the tacrine’s survival of the gauntlet

must be given to The Wall Street Journal. The late

Robert Bartley and his colleague Daniel Henninger,

saw the importance in protecting tacrine, and penned

a compelling set of editorials. These editorials which

defended tacrine, were a risk. The risk paid off. Work

on tacrine continued. The Bartley-Henninger risk has

lead to the wide acceptance that neurodegenerative ill-

ness can be treated. Today there are five FDA approved

treatment of Alzheimers disease and the future looks

very hopeful.
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Abstract. Our paper on loss of neurons in the Nucleus Basalis of Meynert (now con-

sidered part of the cholinergic basal forebrain) in Alzheimer disease (AD) stimulated

scientific interest in this little studied brain region. Our subsequent studies associated

pathology in the basal forebrain with other dementias, such as Parkinson’s disease,

and with neurotransmitter receptor changes, such as in nicotinic receptors. We and

many others worked to develop medications to treat AD through cholinergic mech-

anisms and eventually four cholinesterase inhibitors were approved. However the

effect sizes of currently available drugs are modest and ethical issues in conducting

research in dementia are challenging. In Cleveland we came to focus on the goals of

improving quality of life and the importance on non-pharmacological approaches to

treatment. International efforts were organized to improve the efficiency of drug de-

velopment and to focus on important cultural and pharmacoeconomic issues. Eventually I became concerned about

the very way we conceive AD and related concepts like MCI (mild cognitive impairment). As the hundredth

anniversary of the first case approaches I am helping to organize meetings to reflect deeply on what we have learned

and how to imagine creating a more positive future for persons affected by what I used to call AD.

Keywords: Cholinergic basal forebrain, Alzheimer disease, neuropathology, drug development, quality of life, bioethics, cognitive

science

1. Introduction

The quality of our lives depends more on serendipity

than most of us care to admit. Such is also true of

the quality of one’s academic career. In the 1980s, I

was fortunate enough to be in the right place, with the

right people, at the right time, using the right meth-

ods to ask a question about the biological substrate of

the cognitive impairment of Alzheimer’s disease (AD).
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Neurology, Case Western Reserve University, 12200 Fairhill Road,

Suite C357, Cleveland, OH 44120-1013, USA. Tel.: +1 216 844

6448; Fax: +1 216 844 6466; E-mail: peter.whitehouse@case.edu.

Our work at Johns Hopkins on the neuropathology and

neurochemistry of AD and related disorders was based

on concepts and approaches from the then-emerging

field of systems neuroscience. A series of papers out-

lining the pathology in the cholinergic basal forebrain

(also known as the nucleus basalis of Meynert (NBM)

or the substantia innominata built on the pioneering

work of Michael Johnson, Joseph Coyle, Mahlon De-

Long and others at Hopkins and elsewhere. I was given

the opportunity to pursue the studies by Donald Price

while I rotated through neuropathology as a resident in

training.

Our first challenge was to find this poorly appreci-

ated, mysterious, and unnamed area in the human brain
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by obtaining specimens serially sectioned through the

basal forebrain area. The cholinergic basal forebrain

is not a discreet nucleus, but a sheet of cells extending

from the septal area dorsally to a location underneath

the globus pallidus more ventrally. It was known to

project widely throughout telecephalon. Components

of the cholinergic basal forebrain encompass septal and

diagonal band structures as well as the main portion,

the NBM itself [1]. I remember well the excitement

when Arthur Clark and I realized that our problem find-

ing the NBM in our first cases of AD was not due to our

anatomical ignorance but rather to the fact that most of

the cells have disappeared.

Our first case published in the Annals of Neurol-

ogy [2] led not only to the launch of my career but

also to some limited fame in the academic and public

realm. The highlight of the opportunities to inform

a civic audience of our work occurred on the Oprah

Winfrey show. One of my guests on the show was

Dorothy French, a prima donna, married to a neuro-

surgery professor with AD, and had interesting ideas to

share about the role of antibiotics to treat AD. The other

guests included an African-American woman with AD

and her family, who informed me, as we were waiting

to go on stage that they never used the word AD around

their mother. I interviewed this woman with demen-

tia, and discovered that she had been lost in New York

City and cared for by homeless friends. Throughout

the show, Oprah persisted in asking what the difference

was between senility and AD. Each time, I gave her the

common expert’s scientific answer, “we do not use the

word senility clinically because it is an imprecise term

and is ambiguous as to whether it means disease or a

stage of normal aging.” However Oprah was voicing

the view – often found more strongly amongst African-

Americans – that AD, however undesirable, was a com-

mon and hence not unexpected aspect of aging itself.

As my studies of the NBM and other brain changes in

AD continued, I became suspicious of the claim that

AD is not a part of some people’s “normal” aging. In

retrospect, Oprah’s perhaps wise, but at the time repet-

itive and vexing, question continued to haunt me as I

looked for ways to improve the quality of life of older

persons through clinical care and research. I also saw

early in my career the need for communicating about

science with the public.

Once we described the pathology in AD we exam-

ined the NBM in other diseases such as Parkinson’s

Disease (PD), Progressive Supranuclear Palsy, Pick’s

and Huntington’s Disease [3–6]. My studies of the per-

sonal history of Theodore Meynert, and the nucleus he

identified in his research demonstrated an interesting

conceptual parallel between the brain psychiatry of his

time and the biological psychiatry of ours [7]. For ex-

ample, the relationships between cortical and subcorti-

cal structures were viewed as important to understand-

ing the pathophysiology of cognitive symptoms in dis-

ease in both eras. We re-discovered that the Lewy Body

had been first described in substantia innominata not

the substantia nigra. Our studies of autopsy specimens

from PD determined that neuronal loss occurred in the

basal forebrain and hinted at a relationship between cell

loss and degree of cognitive dysfunction.

The research group in Newcastle upon Tyne had al-

ready suggested that greater loss of cholinergic mark-

ers in AD related to more severe dementia. Since I

had been raised in Newcastle, this friendly competition

was more interesting and led to an alliance of sorts in

later years. Elaine and Robert Perry, a husband and

wife neurochemistry and neuropathology team from

Newcastle, raised the issue of whether neurons died

or merely shrank. These claims led us into comput-

erized assessment of microscopic images to help de-

termine the degree of pathology in various brain struc-

tures. We came to believe that shrinkage of neurons

did accompany eventual death. Earlier studies in PD

suggested that cell loss in the NBM might relate to

bradyphrenia – slowness of thought that accompanied

the bradykinesia, slowness of movement, in PD. This

idea foreshadowed ideas proposed by Martin Rossor

that the NBM is part of the reticular activating system

involved in arousal and attention. All this early work

helped accelerate research of medications to treat AD

based on the cholinergic deficiency model. Could they

improve memory and/or attention in patients with AD

and related dementias? Thus the so-called cholinergic

hypothesis was born. The strong form of the hypothe-

sis – that loss of cells in the cholinergic basal forebrain

explained most of the cognitive impairment – was of-

ten set up as a straw man to be torn down. The weak

form suggested with some greater validity that the loss

of cells in the NBM played some role in producing the

cognitive impairment. A true and perhaps most valid

test of this the hypothesis is whether drugs to benefit

human beings could be developed based on this model.

I surmised early in my career that being associated

with one disease, even a disease as important as AD,

and one neurotransmitter, acetylcholine, arguably one

of the most clinically relevant would be limiting to one’s

career. Hence, I started studying biominergic systems

like the locus ceruleus and ventral tegmental area, as

well as serotonergic raphe nuclei [8]. Here, the idea
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was to determine whether pathology in these structures

might relate to the non-cognitive symptoms in demen-

tia such as depression and psychosis. I also realized the

need to learn more basic biological techniques than just

quantitative pathology. I linked up with Mike Kuhar in

Sol Snyder’s Department of Neuroscience (Johns Hop-

kins) to learn in vitro receptor autoradiography, which

allowed microscopic imaging of the binding of radioac-

tively labeled drugs and neurotransmitters in tissue sec-

tions. We applied this approach to human autopsy tis-

sue and characterized a variety of receptor changes in

AD, PD, Huntington’s disease and amyotrophic lateral

sclerosis [9–12]. Perhaps our most important neuro-

chemical finding was the loss of nicotinic binding sites

in AD and PD, related to the dysfunction of neurons

in the NBM [13,14]. During the Fellowship in Neu-

roscience, I also worked in psychiatry to enhance my

clinical and research skills and began my interest in the

development of drugs for AD.

These early successes led to an offer to join both the

faculty at Case Western Reserve University (Case) and

the staff of University Hospitals of Cleveland where I

would be responsible for founding an Alzheimer Cen-

ter. During my transition from Hopkins to Case, a pa-

per appeared in the New England Journal of Medicine,

claiming the dramatic benefits of tacrine (now branded

as Cognex), a cholinesterase inhibitor, in patients with

dementia [15]. As director of a new program in Cleve-

land, I became engaged in a multimember follow-up

study sponsored by the National Institutes of Aging,

Alzheimer’s Association and Warner-Lambert Parke-

Davis. Scientific and ethical concerns about the orig-

inal study led to an abiding concern about conflict of

interest between physicians and pharmaceutical com-

panies, and other ethical issues centered on research in

persons with dementia [16]. I was asked to serve on

the FDA Central and Peripheral Nervous System Panel

and was involved in the eventual decision to approve

tacrine as the first drug for AD in modern times. In

one sense it was wonderful to see basic research studies

yield a product that could help people. However, the

full unfolding of the story has, in my opinion, been less

positive. Arguably, tacrine met the criteria outlined

in the antidementia drug guidelines developed by Paul

Leber at the FDA, but its therapeutic effects were mod-

est at best. I somewhat reluctantly voted in favor of the

approval, as I realized that this decision might lead to

many “me-too” drugs. But I was also aware that if we

did not approve tacrine, the industry might lose interest

in developing therapies for AD.

In the ensuing years, three other drugs have been ap-

proved in the same category of cholinesterase inhibitors

(donepezil or Aricept , rivastigmine or Exelon and

galantamine or Reminyl ) and one (memantine or

Nameda ) in a new category of glutamate receptor an-

tagonists. Tacrine was an easy target to improve upon

because of its liver toxicity and four times a day ad-

ministration. Donepezil, developed in Japan by Eisai,

ultimately became the safer once-a-day pill. It was

somewhat ironic that this compound had emerged from

a country that had been slowly recognizing that AD

was a problem for their citizens. Vascular dementia

had been thought to be more common than AD. More-

over, the Japanese pharmaceutical industry is composed

of many small, usually not-research intensive compa-

nies that have a hard time competing with big multina-

tional companies. Yet Eisai, one of the more innovative

Japanese companies, was able to develop the second

cholinesterase medication approved around the world

and now the best selling drug to treat AD.

The need to improve the efficiency of drug devel-

opment became apparent during these early days and I

served as a consultant to many pharmaceutical compa-

nies and biotechnology firms. Over the ensuing years,

I personally received millions of dollars in grants to

support various research and educational endeavors led

by the industry. One of the first grants at Case was from

Warner-Lambert Parke-Davis, the marketers of tacrine.

Rather than use this unrestricted grant to fund labora-

tory research I chose to study conflict of interest in the

early tacrine trials [17].

In 1994, I formed, with over 50 colleagues from

around the world, the International Working Group

for the Harmonization of Dementia Drug Guidelines

(IWHG) to foster global collaborations on dementia

drug development and to “standardize” the regula-

tory approval guidelines being developed in the United

States, Europe, Japan and Canada [18]. This process

established a rich international network of friends and

collaborators, and led to sabbaticals in Tokyo and Lon-

don. It was organized around various predictable topics

including domains of assessment and trial design, as

well as even more challenging areas for international

collaboration, cultural and ethical issues. We orga-

nized meetings in partnership with other groups such

as Alzheimer Disease International, the World Feder-

ation of Neurology and the International Psychogeri-

atrics Association. We were the first to develop confer-

ences on the treatment of vascular dementia and phar-

macoeconomics [19].

However, as the new drugs emerged on the market,

my concerns increased about the dominance of scientif-

ically and technologically-oriented approaches to fix-
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ing AD. Find a cure became the goal, if not the ob-

session, of the field. Attention to the softer, human

aspects of providing care was relatively neglected. I

became increasingly concerned about the very way we

conceptualize diseases like AD. Medicine- both in gen-

eral and in the Alzheimer’s field – intensified its attrac-

tion to for-profit models of research and the process of

commercialization intensified. Between the time of our

original work on the NBM and the approval of the last

drug for AD working with industry moved from being

viewed as a necessary evil beneath the dignity of many

academics to a competitive arena to see who could

make the most money by starting their own company or

consulting with big pharmaceutical companies. More-

over, federal legislation (like Baye-Dole) began a pro-

cess of undermining the very integrity of universities as

relatively more independent bastions of social criticism

and pursuit of knowledge. As marketing monies en-

tered the scene, physicians found increasing conflict of

interests between their professional responsibilities for

putting patient concerns first and enhancing personal

and organizational financial well-being.

In the basic science arena, systems neuroscience,

once the dominant methodology aligned with inter-

est in clinical/pathological studies and interests in

brain/behavior correlations, was replaced by molecu-

lar biology and genetic approaches. Attention in the

trial arena shifted from developing drugs to improve

symptoms, to drugs to prevent and even cure the dis-

ease. Gene therapies, neural transplants and stem cells

became the hypes, if not the hopes, for the future. I

felt that current drugs and future research promised

too much benefit to individuals and society. Direct-to-

consumer advertising created not only a demand from

patients for more expensive, less studied and hence less

safe drugs, but also contributed to creating the very dis-

eases from which the consumer/patient allegedly suf-

fered in the first place. The current outpouring of con-

cern about the power of the pharmaceutical industry,

particularly in its role as a global multinational agent,

is long overdue.

In the mid 1990’s I left the laboratory for good,

stepped down as director of Case’s Alzheimer Center

and steered increasingly to organizational and ethical

concerns. I began to focus my NIH funded research,

working with such groups as the IWGH and the Na-

tional Institute on Aging Alzheimer’s Disease Cooper-

ative Study, on the concept and measurement of qual-

ity of life and ethical issues, such as informed con-

sent in research and genetic testing [20–22]. After all,

developing trustworthy information about how to im-

prove quality of life appears to be the goal that every-

body seeks, from affected persons and their families to

molecular biologists and policy-makers. We tried to

raise the stakes for anti-dementia drugs by asking for

evidence not just for efficacy in trials but for effective-

ness in practice. Moreover, I came to realize that non-

biological interventions might have more profound ef-

fects on quality of life than drugs. As a result I be-

came involved in national and local initiatives involv-

ing daycare, special care units, hospice and educational

approaches. Eventually, I focused more on narrative

approaches to address the cognitive challenges of ag-

ing. How could the power of stories be used to heal

and relieve the suffering of those with cognitive impair-

ment? How could multimedia approaches aid mem-

ory through reminiscence and hence improve quality of

life in families affected by AD? Could advance direc-

tives, important to guiding end-of-life care, be supple-

mented by diary, scrap book approaches? How could

computers assist caregivers? Eventually I developed

with my wife and others, my most interesting organi-

zational response to the cognitive challenges of aging.

We founded The Intergenerational School, the first ever

public community school based on multi-age real-life

learning in community, to foster positive responses to

the impairment of memory and other cognitive abili-

ties that affect us all to one degree or another as we

age. Persons with memory impairment read and gar-

den with children from urban Cleveland attending our

public school.

The excessive claims of molecular biology-driven,

Nobel prize seeking, profit-driven scientists further

turned me away from what I was coming to see as

problematic lines of research and an uninhibited faith

in the power of basic biological research. I returned

in my memory to our earlier studies of the NBM and

nicotinic receptors and recounted that some cell and

receptor losses occurred in intellectually intact (or rel-

atively so) normal, older individuals. I also reflected

upon Oprah’s penetrating question about the alleged

differences between senility and AD.

Where does one draw the line between aging and dis-

ease I wondered? I worked on developing criteria for

Aging-Associated Memory Impairment [23] and Ag-

ing Related Cognitive Decline [24]. I was linked to,

but not directly involved in the American Association

of Neurology’s effort to develop guidelines for early

recognition of AD. Ron Petersen (Mayo Clinic) led the

effort to consider early diagnosis in AD in such a way

that it would intensify the reification of his concept of

mild cognitive impairment (MCI). Such a label threat-
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ened to create an enormous number of impaired elders

who would otherwise be poised on the threshold of

the AD. The label was created to tackle the laudable

but challenging goal of diagnosing people earlier so

as to develop treatments to prevent the emergence of

AD. Seduced by the power of molecular biology, we

attempted to develop (largely unsuccessfully) clinical

trials that would eventually allow regulatory claims that

a drug actually modified the biological progression of

AD. When clinical measurement appeared to falter as

an outcome measure, we turned to neuroimaging and

other biological markers. Millions of dollars are now

being spent trying to find a diagnostic test for AD, but

all will be limited by the need to establish an arbitrary

threshold on the continuum of biological changes that

occur with normal aging.

Although well-motivated, these efforts – driven by

the commercial engine of progress and the pathologiza-

tion of aging – led to greater concern on my part, and I

became increasingly critical of the concept of MCI [25–

29]. I recognized that challenging this concept would

also challenge the social value of the concept of another

discrete category on the continuum of cognitive aging –

namely AD.

We are at present thinking about our successes (and

failures) over the first one hundred years of work on

AD since the description of the original case by Alois

Alzheimer in 1906. I and others have realized the het-

erogeneity of AD at all levels: genetic, biological, clin-

ical and cultural. I have come to believe that the state-

ment that AD is not normal aging is more political than

scientific. I returned to my roots as a cognitive neu-

roscientist and psycholinguist to argue that AD is first

and foremost not a brain disease, but rather a two word

phrase attempting to capture a fuzzy concept – a so-

cially constructed eponym. We can choose to use terms

like MCI and AD, or challenge those labels just as we

did with terms like drapeomania (a pre-civil war dis-

ease that caused slaves to run away) and homosexual-

ity (which was abandoned by the American Psychiatric

Association as a disease category in 1973).

We can hope that biological approaches can slow

brain aging processes and hence treat the pathology

of AD. We should not expect to find these neurologi-

cal “fountains of youth” too quickly, though. Having

reached the one hundredth anniversary of the disease,

we need to reflect deeply on what we have learned

and not merely to extrapolate our increasingly-suspect

present scientific and social models of age-related cog-

nitive dysfunction onto our already challenged future.

The human race faces enormous social and health prob-

lems today and increasingly so in the near future. Iron-

ically, my training in bioethics opened my eyes to the

enormity of the moral issues facing our species, and

also to the limits of a narrowly construed,academically-

oriented biomedical ethics. Bioethics as envisioned by

the man who coined the term, Van Rensselaer Potter,

had a more global, spiritual and activist, dare I say

deeper, agenda [30]. Based on the land ethic of Aldo

Leopold, Potter advocated for bioethics as a bridge be-

tween science and the humanities and medicine and

public health. Deterioration of our environment and

challenges to our species to preserve the diversity of life

cannot be corrected through mere genetic manipula-

tions or pharmaceutical developments. Will our legacy

be the decimation of our planet and the blood of count-

less other life forms on our hands?

How do we prioritize the challenges of what we

now call AD in this more global picture in which the

health and wellbeing of children and future genera-

tions around the world are increasingly threatened ev-

ery day? Can we reframe AD so as to go beyond just

being critical of the molecular hype that produces false

hope through the promise of a pharmaceutical panacea?

Can we offer a positive vision of an achievable future

that we can create together? I think we can and I am

trying in my own life, in my practice as a healer, and

in my academic scholarship to address ways of refram-

ing the challenges of cognitive aging. My approaches

involve constructing different narratives for our indi-

vidual and collective lives than currently exist. Such

stories can celebrate learning about the brain and our

genetic make-up. However, such future stories must

also address priorities such as the fate of younger gen-

erations, especially their ability to gain an education

and be productive citizens. Any minor or even major

step towards a “cure” for the “diseases” of brain aging

should not devalue caring as we do today in the AD

field. We are all human beings living on the same planet

who age and die. We must develop a global bioethic,

not a narrow superficial bioethics like the one that cur-

rently dominates medicine. This global bioethic must

include a concern for social justice and sustainability

of diversity of life [30].

Reframing our conceptions of AD will be an essen-

tial part of this effort to create a sustainable society for

the future. We are all on a trajectory towards some

degree of memory loss as we age. Some will live long

enough to outlive their brain’s capacity to operate in

the world. Some (even some with memory problems)

will live long enough to contribute to intergenerational

learning and share stories that celebrate life and learn-
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ing even unto death. We should recognize that we all

gain some wisdom as we age and that creating collec-

tive wisdom, even in the face of disease and death, is the

opportunity and responsibility we all share. Better we

come to die celebrating the qualities of our own lives

as individuals, than we die as a species. In other words,

our personal mortality is the gift to future generations

for biological and cultural adaptation. Such collective

wisdom will hopefully emerge in our communities of

healing and of learning. My wife and I, along with oth-

ers, developed the world’s first intergenerational school

to promote such multi-age learning [31]. Perhaps the

next generation of cholinergic drugs will dramatically

improve our mindfulness and attention and enhance our

executive functions and wisdom. I would not bank on

it, but not to worry: we have the wisdom in ourselves

already, if we can only find it.
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