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Preface

Dementia of Alzheimer type (DAT), multiinfarct dementia (MID)
and dementia occurring in the course of Parkinson’s disease (PD+ D)
now make up one of the largest categories of chronic diseases in the
elderly. In addition to the burden those illnesses impose on the affected
individuals and their families they consume large socio-economic re-
sources. In the light of all the above mentioned features, it seemed to us
that a Symposium on behalf of the 125th Anniversary of Birth of Aloys
Alzheimer was particularly well-suited to help to advance research on
Alzheimer’s disease and other dementias. This International Symposium
combined with a Satellite Symposium about “Clinical Aspects of Alz-
heimer Dementias” took place in June 1989 in Wiirzburg and has been
organized by the Psychiatric Departments of the Universities of
Wiirzburg and Munich (H. Beckmann, K. Maurer, P. Riederer, H.
Hippius and H. Lauter) and the Department of Pathochemistry and
General Neurochemistry of the University of Heidelberg (S. Hoyer). In
the chapters which follow, thorough reviews of recognized authorities
in the field of dementia are given in the four main fields of epidemiology,
neuropathology, neurochemistry and clinics.

This Symposium and the edition of this book would not have been
possible without the generous support of E. Merck, Darmstadt. In
particular we gratefully acknowledge the efforts undertaken by Mr.
Hernandez-Meyer to organizing this symposium and to publish this
book.

Furthermore we are grateful to the secretarial help by Mrs. Moeslein,
Miss Philipp and Miss Grobner.

Last but not least, we thank Springer-Verlag Wien New York for the
excellent production of this book and the excellent cooperation over the
last months.

August 1990 K. MAURER, P. RIEDERER, and H. BECKMANN
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Aloys Alzheimer 14. 06. 1864—19. 12. 1915

H. Hippius

Department of Psychiatry, University of Munich, Munich, Federal Republic of Germany

What is the reason, to celebrate the inauguration of the first
Alzheimer bust here in the Department of Psychiatry of the University,
in Wuerzburg, where Alzheimer has never worked in the field of psychi-
atry? Why not in Frankfurt, where Aloys Alzheimer observed the first
patient, suffering from an illness, which — by a suggestion of Emil
Kraepelin — was later to be called Alzheimer’s disease? Why not in
Munich, where Alzheimer had his most active and productive period as
a scientist, where he published his famous studies on Alzheimer’s dis-
ease and where — up to now — is the location of the house near by the
charming lake Wessling built by himself for his family? Why not in
Breslau, where Alzheimer in 1913 took over his first position as Head
of Department and full professor (ordentlicher Professor) of Psychiatry?

The reason is that 125 years ago, on the 14th of June, 1864, Aloys
Alzheimer was born nearby Wuerzburg in Marktbreit. He and his family
are deeply rooted in this area around Wuerzburg, the Lower Franconia.

He grew up in Lower Franconia, went to primary school in Markt-
breit, then to the Royal Humanistic Secondary School in Aschaffenburg
until his final school examinations in 1883. After a couple of terms at the
universities of Berlin and Tuebingen, he completed his medical studies
at the university of Wuerzburg; in Wuerzburg he took his final medical
exams at the beginning of 1888. He had been already promoted to doctor
of medicine with a histological thesis at the University of Wuerzburg a
year earlier in 1887. Alzheimer remained in Wuerzburg for a further term
following his medical exams and worked at the Anatomic Institute. This
step played a significant role in his life and work as a neuropathologist.
However, Alzheimer’s interest in psychiatry can also be traced back to
this first year after his final examinations: As he wrote himself, he
became the medical “travelling-companion of a mentally ill lady”
(Alzheimer, 1895) for a period of five months.



X1V H. Hippius

Immediately after he definitely left his home-town, where he had
spent most of time until then. After Wuerzburg, he went to Frankfurt,
Munich and finally to Breslau, cities which became the great stations of
his life.

In the foreground these cities mark Alzheimer’s path in life in a
purely geographical sense, but behind the names of these cities there is
more than meets the eye — the encounter and work with important
psychiatrists and researchers. In Frankfurt Alzheimer worked for 15
years with the clinician Emil Sioli. Here, he also met Franz Nissl. And
in Munich Alzheimer became one of the closest co-workers of Emil
Kraepelin.

Wuerzburg until 1888, Frankfurt until 1903, a few months in Heidel-
berg, Munich until 1913 and the triumvirate of the great teachers Emil
Sioli, Franz Nissl and Emil Kraepelin — that was the fundament, on
which Alzheimer was standing, when he was invited to take over the
professorial chair for psychiatry in Breslau. After taking over his office
in Breslau in 1913 Alzheimer wanted to complete his work as a clinical
psychiatrist and researcher. He planned a study on anatomical alterations
in the brains of patients suffering from endogenous psychoses. Howev-
er, he was not able to bring this plan to realization. He became ill soon
after moving to Breslau; he died at the age of only 51 years on the 19th
of December, 1915.

The most important step in Alzheimer’s professional life was in 1888
to leave the Wuerzburg Institute of Anatomy and to become a clinician,
a psychiatrist. And his whole life he stayed a clinician — in spite of
becoming prominent and famous as a neuropathologist! With 24 years
of age he left the university and took on a job as assistant doctor at the
Municipal Mental Hospital in Frankfurt am Main, the head of which was
Emil Sioli at that time. Sioli had introduced the principle of “non-re-
straint” to this hospital. Therefore the hospital in Frankfurt soon earned
itself the reputation of a progressive therapeutic institution for mentally
il patients. In a review of Sioli’s 25-year profession as psychiatrist,
Alzheimer later praised his achievements emphatically (Alzheimer,
1913). Alzheimer remained faithful to the Frankfurt hospital and his first
clinical teacher, Sioli, for more than half of these 25 years (December
1888 —October 1903).

The stay in Frankfurt was also decisive for Alzheimer’s development
as neuropathologist. When he came to Frankfurt, the pathologist and
anatomist Karl Weigert had been there since 1884 as director of the
Senckenberg Institute; Ludwig Edinger, who later became professor for
neurology in Frankfurt, was also working there at that time. However,
Alzheimer received his most important impulses during this time in the
hospital from another young co-worker of Sioli, who was only four
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years older than Alzheimer: Shortly after Alzheimer had begun to work
in Frankfurt, in 1889 Sioli fetched a co-worker of Bernhard von Gudden
and Hubert Grashey from Munich as senior assistant. That was Franz
Nissl (1860-1919).

Nissl described vividly how intensive the exchange of ideas between
the two co-assistants and later on very close friends Nissl and Alzheimer
was during their time in Frankfurt: “I was always grateful that fate led
me to meet colleagues in Frankfurt, who were enthusiastic about science,
and that Sioli did everything in his means to support our mutual scien-
tific endeavours. I showed Alzheimer my technique and convinced him
with my preparations and experimental results of the accuracy of my —
until now by no means generally accepted — views . . . The aim of our
endeavours was always sharply outlined: The greater part of the patho-
logical process in the mentally ill should be found” (Nissl, 1916).

In April 1894 Alzheimer married the widow Caecilia Geisenheimer,
nee Wallerstein, in Frankfurt. Franz Nissl was the witness. When Franz
Nissl went to Kraepelin in Heidelberg in 1895, Alzheimer became his
successor as senior assistant at the Frankfurt hospital. It was a heavy
blow for Alzheimer that his wife, by whom he had three children, died
in 1901.

During his 15-year employment at the Frankfurt hospital Alzheimer
obviously did not intend to start a scientific career, although no less than
Emil Kraepelin offered him a job in Heidelberg. Instead of accepting this
offer, Alzheimer applied for the directorship of a mental hospital. Krae-
pelin said the following in his “Memoirs™: “I had heard by chance some
time previously that this excellent researcher (Alzheimer) was about to
apply for the job of director of an asylum. A mutual friend intervened
on my behalf and urgently requested him not to make such a step, but
to start an academic career. Unfortunately, this advice was not successful
at first and it was not until Alzheimer’s attempts to become director of
an asylum failed, that he came to me and I persuaded him to join our
group” (Kraepelin, 1987). Before Alzheimer’s promotion in Heidelberg
took place, Kraepelin was appointed to the professorial chair in Munich
and Alzheimer came to Munich with him.

In Munich Alzheimer stayed co-worker of Emil Kraepelin until 1912.
Alzheimer took advantage of the fact that the new hospital building in
Munich was not complete and would not be opened until November
1904. As soon as the building was finished, he would have many exten-
sive clinical duties. As first assistant doctor he participated decisively in
the construction and organisation of the new clinic at the Nussbaum-
strasse. When Kraepelin’s senior doctor, the clinician Robert Gaupp, left
Munich for Tuebingen in 1906, Alzheimer became his successor.
Alzheimer was Kraepelin’s senior assistant and deputy until 1909.
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In 1904 Alzheimer was promoted to lecturer at the Munich Medical
Faculty with a thesis on “Histologische Studien zur Differentialdiagnose
der progressiven Paralyse” (histological studies on the differential diag-
nosis of general paresis) (Alzheimer, 1904).

Kraepelin wrote the following comments in his “Memoirs” about
this time: “From Heidelberg I had brought . . . Gaupp and Alzheimer to
Munich, who took over the management of the splendid rooms for
anatomical work. . . . Alzheimer started work in the clinic without being
paid, as I had no position for him and he wanted to spend his time as
he wished. In order to integrate him into the clinic, I created the class
of scientific assistants. This class consisted of researchers, who were free
to use the scientific facilities and equipment. Apart from Alzheimer,
Ruedin and Plaut were also connected to the clinic in this manner for a
long time, later also Isserlin. Without the self-sacrificing assistance of
these gentlemen it would have been absolutely impossible to get the
scientific work going at all” (Kraepelin, 1987).

Alzheimer’s histopathological laboratory at the Munich hospital soon
became a centre of research. Co-workers and scholars during this period
were U. Cerletti, H. G. Creutzfeldt, A. Jakob, F. Lothmar, and G.
Perusini.

Apart from the clinical and scientific work, as well as the time-con-
suming organisational and administrative tasks in the building phase of
the hospital, from the summer term 1905 until the winter term 1912/13
Alzheimer had to give a large number of lectures. In the university
prospectus of the Medical Faculty one finds his name as a docent for
many topics: “Introduction in Clinical Psychiatry”, “Brain and Soul”,
“Practice in the Exploration of the Mentally IlI”, “Forensic-psychiatric
Practice”, “Clinical Demonstrations for Advanced Scholars”, “Normal
and Pathological Anatomy of the Cerebral Cortex”.

A review of the many-sided, scientific work of Alzheimer proves
impressively his basic attitude: In all his studies he always kept the
question of the clinical relevance of his research in mind.

In an orbituary notice about Alzheimer, Spielmeyer points out that
two main stages in his work differ from one another (Spielmeyer, 1916):
Until his habilitation thesis about histological studies on the differential
diagnosis of general paresis (1904), which nowadays is often and justifi-
ably considered as classic, Alzheimer worked on clearly organically
induced psychiatric clinical pictures (mainly with progressive paralysis
and the so-called “arteriosclerotic mental disorders”). In his second
productive period (1904—-1915) questions as to the occurrence and rele-
vance of anatomical alterations in the brain in endogenous psychoses are
given more attention.
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However, Alzheimer’s name has become famous through his studies
on the premature occurrence of demential processes. In November 1901,
during his time at the Frankfurt hospital, Alzheimer treated a female, 51
year old patient (“Frau A. D.”). This patient had become conspicuous
because of a restriction in her power of comprehension and memory,
aphasic symptoms, orientation disorders, incalculable behaviour, and
paranoid thought contents. After the death of this patient, Alzheimer
reported in 1906 at the 37. Tagung der Suedwestdeutschen Irrenaerzte
(37th Conference of the South-West German Psychiatrists) on this par-
ticular case with the title “Ueber einen eigenartigen, schweren
Erkrankungsprozess der Hirnrinde” (on a peculiat, serious disease pro-
cess of the cerebral cortex) (Alzheimer, 1906, 107). That was the first
description of a particular form of the “presenile dementia”, which was
later — following Kraepelin’s suggestion — named “ Alzheimer’s disease”.

As a clinical scientist, Alzheimer by no means only concentrated on
histopathological problems. For example, already in 1896 he worked on
forensic-psychiatric topics. In this connection Alzheimer defended the
concept of the “inherited degenerative mental disorder” (Alzheimer,
1896). Further important studies dealt with the differential diagnosis of
imbecility (e.g., the tuberous sclerosis and the amaurotic idiocy).

The concept of the “degeneration” earns more and more interest and
scientific attention nowadays; Alzheimer was not only interested in its
connection with forensic problems. The concept of degeneration was
believed to have a principal significance for the etiology of all mental
diseases.

Other problems, which interested Alzheimer at the beginning of the
century, are nowadays also of pressing importance. In this context,
Alzheimer analysed the problem of “Indikation fiir eine kuenstliche
Schwangerschaftsunterbrechung bei Geisteskranken” (Alzheimer, 1907)
(indication for an abortion in the mentally ill). He worked on various
problems connected with epilepsy and was particularly interested in an
exact definition of epilepsy.

Alzheimer had always seen the danger that basic research can lose its
contact to the clinical side. Therefore, he emphasized continually that he
real aim of psychiatric research was to obtain knowledge, which would
be of advantage for clinical work. Alzheimer’s personal development
reflects his basic attitude: Alzheimer considered himself to be a clinician.
Initially, he turned down Kraepelin’s offer to start an academic career
and would have preferred to take over the directorship of a mental
asylum. It was not until his application for this position was not accepted
that he decided to go to Kraepelin in Heidelberg! Later, he accepted the
position as director of the Psychiatric Department of the Breslau Univer-
sity instead of continuing with his scientific work in the neuroanatomic
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laboratory of the Munich Psychiatric Hospital, although he had ideal
conditions in Munich for his scientific work. In this respect, he differed
form his 4-years older friend and colleague Franz Nissl: In 1918 Nissl
gave up his clinical professorial chair in Heidelberg and returned to
Munich to take over the histopathological department of the Deutsche
Forschungsanstalt fiir Psychiatrie in the rooms of Kraepelin’s hospital.

When Alzheimer left Munich in 1913, Kraepelin had ““a lively feeling
that the best that could be done by him for our science would disappear.
The new, worrying and time-consuming work, which was awaiting him,
secemed to satisfy him all the same” (Kraepelin, 1987).

During his time in Munich, Alzheimer often experienced almost
bitter quarrels about the demarcation of disease units in the psychiatric
field. Hoche contrasted the concept of the unspecifity of psychopatho-
logical syndromes and symptom complexes with Kraepelin’s postulated
differing disease units. In these arguments Alzheimer usually agreed
with Kraepelin’s point of view. He was of the opinion that the still
unclear boundaries between various disease units can be increasingly
better distinguished by research methods of a scientifically orientated
psychiatry. He could refer to the example of the progressive paralysis,
which he had worked on thoroughly himself. Alzheimer also criticized
Wernicke’s ideas on a localisation concept, which to a certain extent
contradicted with Kraepelin’s ideas. According to the localization theory
of Wernicke, a disotrder in the brain as far as the manifestation and form
of a psychiatric disease is concerned is of greater importance than its
etiology; Alzheimer considered this to be pure speculation and com-
plained that this concept neglected etiological research.

Alzheimer discerned principally between the “organic” and the “en-
dogenous” psychoses. He counted progressive paralysis and Kraepelin’s
dementia praecox (schizophrenia) to the organic psychoses. He consid-
ered the cause of the “endogenous” psychoses to be “mental degenera-
tion” in the sense of the degeneration theory. He included manic-depres-
sive illness in the endogenous psychoses as well as the hysterical disor-
ders and the psychogenic psychoses. In Alzheimer’s opinion there are
greater differential diagnostic difficulties in the endogenous psychoses
than in the organic ones. All the same, he thought that the “divided
stems of the degeneration” must be differentiated; he imputed the exis-
tence of Kraepelin’s distinct disease units.

During his last creative period Alzheimer worked intensely on the
basic problems of psychiatry. Many of the problems he dealt with in his
programmatic essay (Alzheimer, 1910) on “Die diagnostischen
Schwierigkeiten in der Psychiatrie” (the diagnostic difficulties in psychi-
atry) (1910) remain of pressing importance and interest sill nowadays.
Alzheimer had long intended to summarize his research in a textbook
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with a presentation of the histopathology of the psychoses. However,
because of his early death this plan did not exceed a rough draft.

Some of Alzheimer’s results in research are superseded. But two
points will last for ever: Firstly his fundamental description of clinical
picture and neuropathological findings in dementia of Alzheimer-type
and secondly his prominent example that research in psychiatry must
have its roots in clinical psychiatry. In spite of becoming mote and more
well-known as a neuropathologist he remained a clinician.

Therefore it is consequent that the first portrait sculpture of
Alzheimer from today on will have its place in a psychiatric hospital, in
the Department of Psychiatry of the Wuerzburg University.
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Some philosophical aspects of Alzheimer’s discovery:
an American perspective

R.]. Wurtman

Department of Brain and Cognitive Sciences, Massachusetts Institute of Technology,
Cambridge, U.S.A.

We are here to celebrate the 125th anniversary of the birth of Alois
Alzheimer and to convey to him, posthumously, Society’s gratitude for
his discovery of the disease that bears his name. At present that disease
remains poorly understood and even less well treated. However, the
speed with which new insights into its characteristic clinical and patho-
logical findings now arise gives us optimism that afflicted patients will,
someday soon, be better served than they can be at present.

Drz. Alzheimer’s contribution was considerably more than just medi-
cal: it also bore on a central concern of Western philosophers since the
time of Plato and Aristotle, namely the “Mind-Body-Problem.” The
enunciation of Alzheimer’s disease — in which a progressive clinical
disturbance involving the ability to think could be correlated with nes-
ropathological changes — provided one of the best proofs then available
that the distinctly human attributes of consciousness and cognition have
their origins in specific components of the brain. In the classic debate
between metaphysical dualists and monists, those who held that the
mind is best explored via the neurosciences had won a major victory; one
consequence of this victory was that academic psychiatry in much of the
world became strongly #esropsychiatric.

Coincidentally, Alzheimer’s period of greatest productivity over-
lapped with that of another very different but equally influential thinker
who had initially been trained as a neurologist — Sigmund Freud. Freud
focussed on subjective experience and its communication by verbal
expression as the principal means for understanding and treating diseases
of the mind; he also proposed a formulation of the mind’s structure and
developmental history that, he well recognized, bore no relationship to
the brain. For Freud, the brain would someday be paramount in psychi-



4 R. ]. Wurtman

atry, but for the time being this organ was, unfortunately, irrelevant. In
America, even more psychiatrists became Freudian dualists than
Alzheimer monists, and the strength of this commitment has diminished
only in the past few decades, largely because of the discovery of effective
psychotropic drugs whose clinical actions could be correlated with their
pharmacologic effects on specific brain neurotransmitters.

More broadly, much of twentieth century philosophy can be viewed
as a struggle between the followers of Alzheimer and those of Freud,
between those who find truth in objective »s. subjective phenomena;
most individuals now probably utilize a synthesis of the two approaches
when they attempt to understand themselves and other people. I am
reminded of an MIT colleague who creates artificial intelligence al-
gorithms by day and abstract expressionist paintings by night.

Medicine’s response to Alzheimer’s contribution raises questions in
another domain of philosophy — that of the philosophy of history: when and
how and why does a new intellectual construct become normative,
thereafter influencing the professional behavior of the majority of work-
ers in the field it attempts to explain? And in the case of Alzheimer’s
disease, why did it take seven decades for his explanation of senility to
become normative, and what finally caused its widespread acceptance?
Also, why has this acceptance, like that of Freud’s views, come about
more rapidly in the United States than in Europe? Clearly the general
increase in longevity and the consequent increase in the number of aged
people at high risk for developing senile dementia has magnified Soci-
ety’s interest in age-related cognitive disorders. But this increase in
interest needn’t have changed the way that senility came to be explained,
i.e., not as an inevitable consequence of aging but as the reflection of a
specific brain disease. Was the critical factor, at least in the United States,
the establishment of funding agencies — like the National Institute on
Aging — able to reinforce high-quality research efforts; or the rise of
sophisticated consumer groups (like the Alzheimer’s Disease and Relat-
ed Diseases Association) committed to promulgating this new view of
senility as a potentially-treatable disease; or pethaps the discovery of a
specific cholinergic deficit, which brought Alzheimer’s disease into the
mainstream of contemporary neuroscience and vastly increased the pool
of leading neuroscientists — especially in America — interested in working
on it? Probably all of these had some effect.

Dr. Alzheimer’s ideas ultimately did catch on, around the world, and
they did so, we believe, because they were correct: the neuropathologic
changes probably do cause the behavioral symptoms (indeed, the idea
caught on so well that the question now seems to be whether any
dementia syndromes really exist in the aged other than Alzheimer’s
disease). But the hypotheses that equate cerebral amyloid and/or defec-
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tive cholinergic neurotransmission to senility have yet to pass the critical
test of engendering a truly effective therapy, or even a reliable diagnostic
and prognostic tool. That is the unarticulated agenda of scientific meet-
ings like the present one. Dr. Alzheimer will always deserve our utmost
respect and gratitude for having gotten things started.

Correspondence: Dr. R.]. Wurtman, Department of Brain and Cognitive Sci-
ences, Massachusetts Institute of Technology, Room E 25-604, Cambridge,
MA 02139, U.S.A.



The aging brain and its disorders

A. Carlsson

Department of Pharmacology, University of Goteborg, Sweden

“Last scene of all,

That ends this strange eventful history,

is second childishness, and mere oblivion,
Sans teeth, sans eyes, sans everything.”
(Shakespeare, As you like it, II, vii)

Summary

In the search for the meachanisms underlying the aging process and for
approaches to alleviate the resulting functional losses, the neurotransmitter
strategy appears to offer great promise. This strategy is based on the hypothesis
that the biological properties and vulnerabilities of nerve cells depend largely on
the types of neurotransmitters they produce or are exposed to by innervation
from other nerve cells. It permits an insight into the complex interactions and
imbalances between neuronal systems that lead to age related functional losses.
The aging process may not only cause transmitter deficiencies. Owing to failure
of regulatory mechanisms neurotransmitters may prove harmful to the cells
producing them as well as to cells exposed to them by innervation. The former
mechanism is illustrated by the toxic potential of catecholamine autoxidation, the
latter by excitotoxins.

Introduction

A severe loss of mental functions with age has been recognized for
a very long time; it was aptly described by Shakespeare, as shown by the
above quotation. One can wonder how old the demented people de-
scribed by Shakespeare were, taking into account the dramatic “squaring
off” of the survival curve so often referred to. Presumably they were a
lot younger than the majority of demented people today. This is encour-
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aging, because it gives rise to the hope that the aging process is not
entirely determined by our genes. In fact, recent epidemiologic studies,
for example by Svanborg et al. (1986), indicate that elderly people re-
main in good health up to a higher age than before, and this includes
mental health. This again underlines the importance of environmental
factors for the aging process.

There are many research strategies to choose between today, when
trying to better understand what is going on in the aging brain. Among
them the neurotransmitter strategy has perhaps proven especially fruitful
so far. It can be used both for the identification of the substrates imme-
diately responsible for functional deficits and of the underlying, long-
term processes, and is thus useful for formulating strategies both for
treatment and prevention. The successful research on Parkinson’s dis-
ease can be appropriately referred to as a model in this context.

To illustrate what this approach can lead to in the case of normal
aging, it seems suitable to start out from a robust indicator of what can
be considered a normal, age-related functional stigma. I have chosen
here to discuss the liability to respond to a stressful impact by getting
into a confusional or delirious state. After discussing this in the short
perspective, I will discuss the long-term processes underlying this re-
duced vitality of the aging brain. I think it is necessary to try to under-
stand these normal phenomena before discussing the pathology of aging.
This viewpoint is supported by the difficulty to draw a distinct demar-
cation line between normal and pathological aging. Whereas, for exam-
ple, the increased liability to confusion is to be regarded a normal sign
of aging, pathological dementia conditions are generally characterized
by a further accentuation of this stigma.

Confusion liability as an age-related stigma:
search for the underlying mechanism

There seems to be consensus that with increasing age, starting per-
haps around the age of 60, it takes less and less of a stressful impact to
bring an individual into a state of confusion or delirium. Once the
stressful impact has been removed and adequate treatment has been
given, there seems likewise to be general agreement that the individual
may return to his normal baseline. One additional reason why this
particular sign of reduced vitality of the brain appears especially fruitful
to discuss, is that neuroleptics obviously provide a very efficient treat-
ment of confusional and delirious states. The neuroleptics are predomi-
nantly antidopaminergic agents. In addition, some of them have alpha-
adrenergic blocking properties (see Carlsson, 1978). Although this does
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not seem to be essential for their therapeutic efficacy, it may contribute.
In favour of this assumption is the likely involvement of locus ceruleus
and the central noradrenergic system in stress reactions (see Elam, 1985).

From the efficacy of the neuroleptics it seems reasonable to conclude
that there exists in the brains of delirious people an imbalance involving
an overweight of the dopaminergic system somewhere in the brain. Are
we dealing with a hyperdopaminergic state in absolute terms? The an-
swer is probably no. The level of dopamine goes down with age (see
Fig. 1). In fact, dopaminergic neurons appear to belong to the most
age-sensitive neurons of the human brain (see Carlsson, 1981). The
possible mechanisms underlying this phenomenon will be discussed in
a later section. The level of dopamine goes down with age in all brain
regions examined post mortem, and so does tyrosine hydroxylase and
the cell count of dopaminergic neurons. Recent PET data confirm the
marked age dependence of the dopaminergic system (Tedroff et al.,
1988).

The loss of dopaminergic neurons seems to be compensated by an
increase in the physiological activity of the remaining neurons, as indi-
cated by an increased HVA/DA ratio (Fig. 2, see Carlsson, 1988a). But
there does not seem to be an overshoot. Admittedly no data are available
to show how the dopaminergic neurons behave in the acute delirious
state. This issue will hopefully be a future task for the imaging people
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Fig. 1. Dopamine (DA) and choline acetyltransferase (CAT) in the hippocampus of three

age groups of demented patients and controls, examined post mortem. Shown are the

means and s.e.m. (n) * p<0.05; ** p<0.01; *** p<0.001 vs. age matched controls or, in

case of controls, vs. 64-year-old group (Data from a multicenter study by Gottfries C-G,
Carlsson A, Eckernis S-A, Svennerholm L; see Carlsson, 19882a)
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Fig. 2. The age dependence of the ratio of homovanillic acid (HVA) to dopamine (DA)
in the hippocampus of controls, examined post mortem (Data from a multicenter study by
Gottfries C-G, Catlsson A, Eckernis S-A, Svennerholm L; see Carlsson, 19882)

to resolve. However, in the following the assumption is made that the
already weakened dopaminergic system is unable to bring about a
severely hyperdopaminergic state.

In fact, we can probably not dismiss the possibility that a moderate,
age-related involution of the dopaminergic system may be favorable by
reducing the risk of transmitter imbalances, leading to confusion or
psychosis. This may well be true also of the noradrenergic system, which
is also markedly age dependent.

If we are dealing with a transmitter imbalance due to a deterioration
of a dopamine-antagonistic system, which overrides the dopamine
deficit, the question arises which this one could be. Presumably we can
rule out the cholinergic system because it seems to be more resistant to
the normal aging process than dopamine, thus leading to a relative
overweight of the cholinergic system (Fig. 1, see Catlsson, 1981). (This
is in contrast to Alzheimer’s disease, where the reduction of the cholin-
ergic system, compared to age-matched controls, is more severely affect-
ed than the dopaminergic system.) Another system to consider is the
serotonergic system. In support of this are some recent findings of
Gottfries and his colleagues with serotonin-uptake inhibitory. They
observed that citalopram is capable of alleviating certain symptoms,
including confusion, in demented patients (Nyth et al., 1987, 1988).
However, other systems will also tequire careful consideration. This will
be apparent from an examination of the various pathways interacting
with the dopaminergic system.
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The striatum: an important, cortex-controlled inhibitory structure?

The profound action of neuroleptics on cortical functions, as indicat-
ed by their antidelirious and antipsychotic effects, is not necessarily, or
perhaps only partly, due to a primary effect of these agents on the
cerebral cortex. In fact, both postmortem and more recently PET data
indicate that the level of dopamine and the density of dopamine D-2
receptors, which are the most relevant subtype in connection with most
of the neuroleptics in current use, are extremely low in the human
cerebral cortex (for references, see Carlsson, 1988b). Thus we must
seriously consider the possibility that not only the extrapyramidal but
also the mental actions of neuroleptic drugs depend largely, if not
entirely, on binding to receptor sites in the striatum. “Striatum”” is used
here in a wide sense and will thus comprise both the dorsal and the
ventral, “limbic” part of this structure (see Nauta, 1989).

There is an increasing awareness of the important role of the striatum
as an inhibitory structure, acting on a variety of both motor and mental
functions. The main targets for the dorsal and ventral striatal complexes,
which besides the striatum include the dorsal and ventral pallidum,
which may be looked upon as relay stations, appear to be the thalamus
and the mesencephalic reticular formation (see Fig. 3). We have pro-
posed that the inhibitory function of the striatum is at least partly
brought about by restricting the flow of sensory information relayed
through the thalamus on its way to the cortex and by counteracting the

Fig. 3. Schematic drawing serving to illustrate the hypothesis that the cerebral cortex is
capable of controlling its sensory input/arousal via 2 dopamine-modulated feedback loop
involving the striatal complexes and the thalamus/mesencephalic reticular formation
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arousal induced by the mesencephalic reticular formation as well as by
certain thalamic structures with similar function.

The striatum is controlled by several inputs. One is the mesostriatal
dopamine system, which appears to be inhibitory on the striatum and
will thus open up the flow of sensory information to the cortex via the
thalamus, and increase the level of arousal. The noradrenergic and sero-
tonergic systems, which originate in the mesencephalic reticular forma-
tion or in its close vicinity, may be part of this arousal-controlling
system.

Another, apparently very powerful input to the striatum is the corti-
costriatal glutamatergic pathway. (Whenever “glutamatergic” is used in
this context, it will comprise other endogenous excitatory amino acids
and related molecules, such as aspartic acid and quinolinic acid.) This
pathway is excitatory and will thus enhance the inhibitory function of the
striatum and counteract the dopaminergic influence. It will be apparent
then, that we are dealing here with a negative feedback loop, atising in
the cerebral cortex and returning to the cortex, and, in fact largely to the
same cortical area, via the striatum and the thalamus/mesencephalic
reticular formation. By means of this feedback loop the cortex should be
able to control the amount of incoming sensory information as well the
level of arousal. Moreover, the control is likely to be selective, that is,
less relevant inputs are filtered off in favor of more relevant and novel
information (for recent references on the neuranatomy of the striatum
and its afferent and efferent connections, see Heimer et al., 1985; Sele-
mon and Goldman-Rakic, 1985; Goldman-Rakic and Selemon, 1986;
Bjorklund and Lindvall, 1986; Alexander etal., 1986; Penney and
Young, 1983, 1986; Nauta, 1989).

Some recent animal data emphasize the importance of glutamatergic
mechanisms, and more specifically, those mediated via NMDA
receptors, for psychomotor activity (Carlsson and Carlsson, 1989a, b;
Carlsson and Svensson, 1990). We find that blockade of these receptors
in mice and rats, by the specific, noncompetitive NMDA antagonist
MK-801, exerts a pronounced stimulatory action on psychomotor activ-
ity, and that this effect, contrary to earlier belief, is largely independent
of catecholaminergic mediation (see Fig. 4). Moreover, we find that
already a partial blockade of NMDA receptors will be sufficient to
induce a considerable increase in the responsiveness to the stimulating
actions of the dopaminergic agonist apomorphine, the alpha-2-adrener-
gic agonist clonidine (see Fig. 5), and the muscarinic receptor antagonist
atropine. We feel that the corticostriatal glutamatergic pathway is a good
candidate for the antagonist to dopamine that we were looking for.

In other words, we propose that the age-related increase in the
liability to confusional and delirious states could be due to an insufficient
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Fig. 4. Effects of various doses of the non-competitive NMDA-receptor antagonist MK-

801 on motor activity in monoamine-depleted mice. Reserpine (10 mg/kg i.p.) was admin-

istered 18 h and alpha-methyltyrosine (250 mg/kg i.p.) 30 min prior to the i.p. MK-treat-

ment. Forward locomotion was registered for 30 min, beginning 60 min after MK-801

administration. Shown are the means and SEM, N=4. Thete was a significant correlation

between dose and number of meters covered in 30 min (+=0.6, p<0.01) (Data from
Carlsson M, Carlsson A, 1989b)

20}

NaCl Apo MK MK+Apo

Fig. 5. a Effects of MK-801 (1 mg/kg i.p.) and clonidine (2 mg/kg i.p.), given separately
or in combination, on forward locomotion in monoamine-depleted mice. b An analogous
experiment with apomorphine (0.1 mg/kg i.p.) instead of clonidine, *** p<0.001;
* p<0.02 vs. MK-801 (Mann-Whitney U-test) (Data from Carlsson M, Catlsson A, 1989 b)
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capacity of the cortiocostriatal glutamatergic system to counterbalance
the dopaminergic system and other arousal-inducing mechanisms.
Among the latter, the noradrenergic system is interesting in view of the
well documented responsiveness of the locus ceruleus to stressful stimuli
of various kinds. This will lead to hyperarousal and overflow of sensory
information to an extent overthrowing the integrative capacity of the
cerebral cortex, that is to a delirious state. Of course the effect of
atropine in this model is also of considerable interest, given the well-
known sensitivity of elderly people to the confusion-inducing action of
antimuscarinic drugs.

Whereas our own experiments are so far limited to systemic injections
of the various drugs, our interpretations concerning the specific role of
the corticostriatal glutamatergic system are supported by literature data,
showing that stimulation and blockade of NMDA receptors in the stria-
tum by locally applied specific agonists and antagonists will inhibit and
stimulate psychomotor activity, respectively (Schmidt and Bury, 1988;
Raffa et al., 1989).

Long-term aspects of the aging process

I now wish to switch gears and to discuss, very briefly, some more
fundamental, long-term processes, underlying the age-related decline of
brain function. Table 1 gives a list of some of the mechanisms now being
intensely discussed. Most of them will be discussed in some detail in
other chapters of this volume by authors more competent than myself.
I just wish to emphasize that not everything listed in Table 1 is related
to nerve-cell loss. We have, for example to consider insufficient supply
of nutrients, not only because of inadequate diets but also because of
failure of various transport mechanisms. These will include the gas-
trointestinal tract, the circulation and respiration, and the transport from
the blood into the brain. If relevant factors can be identified in this area,
it means a great advance because of the obvious therapeutic implications.
Another point to consider is that the various factors shown in the Table
may interact in a complex manner or operate sequentially. The identifi-

Table 1. Possible causes of age-related brain dysfunctions

— Free radicals Failure of membrane transport

— Endogenous toxins — Malnutrition
— Exogenous toxins — Circulatory dysfunction
— Deficiency of antioxidants — Dysfunction of immune system

— Deficiency of trophic factors
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cation of such interactions and sequences depends largely on pharmaco-
logical interventions, using specific inhibitors of various kinds, for ex-
ample, NMDA-receptor antagonists, calcium blockers, and agents caus-
ing degeneration of dopaminergic neurons or inhibition of dopamine
synthesis. These agents have been found capable of protecting brain
tissue from damage induced e.g. by ischemia or hypoglycemia (for
references, see Catlsson, 1989).

One further comment seems to be necessary here in view of the first
part of this paper, where I proposed that a deficient glutamatergic impact
on the striatum might be a factor favoring the development of confu-
sional states. Here we rather see an increase in the same endogenous
compounds, that is the excitotoxins. This may look like a contradiction.
However, if we introduce the concept of a dysregulation of glutamater-
gic systems, it will leave room for both hyper- and hypofunctional states,
occurring on different occasions. In any event it seems clear that the
glutamatergic and related systems do indeed deserve the considerable
attention being devoted to them at present. Among other things, the
development of specific glutamatergic agonists and antagonists, suitable
for both animal and human studies, are anxiously awaited.

A new CNS model for studying age-related oxygen toxicity

The last part of this chapter will be devoted to the area of oxygen
toxicity, which is of course also attracting a lot of interest at present. I
wish to focus on one special aspect which has interested us for some
time. Even if we are dealing here with a rather special case of oxygen
toxicity, it may have some general implications and may, in fact, serve
as a model. The study of free oxygen radicals and how they are con-
trolled by the complex antioxidant system present in tissues and body
fluids, is somewhat elusive, implying that there is indeed a need for
additional experimental models.

Figure 6 shows the autoxidation of dopamine. This is a dangerous
reaction for two reasons. Firstly superoxide anions, that is free radicals,
are formed, and secondly the autoxidation of dopamine leads to the

CHoCH,NH, CHCHaNHa CH,CHoNH,
©0H ; ;' @O‘ ( ; Oo
OH 0, 03 OH 02 0z 0

Fig. 6. Scheme illustrating the autoxidation of dopamine under formation of quinoids and
the superoxide anion (For references, see Moldéus et al., 1983)
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formation of semiquinones and quinones which are also highly reactive
and toxic species (see e.g. Moldéus et al., 1983). Further processing of
the quinones is generally believed to result in neuromelanin, the normal
occurrence of which is thus considered to be evidence in favor of the
actual existence of this autoxidation process, albeit at a low rate. It has
been proposed that the autoxidation process may be responsible for the
age-related loss of dopaminergic neurons as well as for Parkinson’s
disease. It may be speculated that the autoxidation process can be speed-
ed up by a failure of the protective antioxidant system. Alternatively
there could be a failure of the scavenger system detoxifying the
quinones.

To get a handle on the autoxidation mechanism we have made use of
the well known fact that quinones react very promptly with thiol groups,
and thus for example with glutathione and cysteine. Figure 7 demon-
strates this reaction. We have been able to identify the product 5-S-cys-
teinyl-dopamine and some related metabolites, using HPLC (Fornstedt
et al., 1986). Animal data show that 5-S-cysteinyl-dopamine accumulates
when dopamine is released intraneuronally by reserpine (Fornstedt and
Carlsson, 1989), but not when it is released into the extraneuronal space
by amphetamine. The ratio 5-S-cysteinyl-dopamine/dopamine is higher
in the human brain than in other species investigated. It is also higher
in the substantia nigra than in the terminal regions, suggesting at least
a partial correlation to the occurrence of neuromelanin. In human brain
analyzed postmortem we have discovered that the ratio of 5-S-cysteinyl-
dopamine to dopamine is higher in the brains of individuals with a
significant loss of dopaminergic neurons as indicated by depigmentation
of the substantia nigra (Fig. 8, Fornstedt et al., 1989). To examine this
phenomenon more closely we calculated the ratio 5-S-cysteinyl-do-
pamine/DOPAC. The rationale for doing so is that both the formation
of 5-S-cysteinyl-dopamine and DOPAC occur largely, if not exclusively,
intraneuronally in the cytoplasm of dopaminergic neurons. Thus a
change in this ratio would indicate a switch from one metabolic process

CHpCHaNHp CHp CHoNH,

RSH + —>
0 RS OH
0 OH

R-SH= Glutathione, cysteine, etc.

Fig. 7. Adduct formation from the quinonoid autoxidation product of dopamine and
thiol-containing molecules, leading e.g. to formation of 5-S-cysteinyl-dopamine
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Fig. 8. Ratio of 5-S-cysteinyl-dopamine to dopamine in different brain regions analyzed

post mortem. Comparison is made between a group of individuals with well pigmented

and a group with poorly pigmented substantia nigra; p <0.01 (Data from Fornstedt et al.,
1989 b)

Fig. 9. Ratio of 5-S-cysteinyl-dopamine to 3,4-dihydroxyphenylacetic acid (DOPAC) ver-
sus the level of dopamine (DA) in the substantia nigra, analyzed post mortem (Data from
Fornstedt et al., 1989b)

to another. As shown in Fig. 9, there appears, in fact to be such a switch.
As shown in this Fig. there was a considerable individual variation in the
dopamine level in the substantia nigra of these individuals, who may be
considered to have been essentially normal for the age (72—91 years),
with respect to the brain, except for one individual who had Parkinson’s
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disease, and a few patients who had mild dementia, possibly to be
considered normal for the age. This illustrates a considerable individual
variation in the sensitivity to the mechanisms leading to the age depen-
dent loss of dopamine neurons. As can be seen, low dopamine levels, and
thus a low number of surviving dopamine neurons, are correlated to a
high 5-S-cysteinyl-dopamine/DOPAC ratio. In other wotds, in individu-
als with a severe loss of dopamine neurons the metabolism of dopamine
appears to be in favor of autoxidation. The highest ratio is found for the
Parkinson patient.

It is of course impossible to draw any conclusions about causal
relations from these data, but it is tempting to suggest that the severe
loss of dopamine neurons in some patients was due to a relatively high
rate of dopamine autoxidation, leading to the formation of toxic oxygen
species and quinonoid products.

Conclusion

There is a wealth of promising clues in the area of aging and brain
disorders. This very timely meeting, honoring Alois Alzheimer, will no
doubt provide us with a host of new data and ideas. The further devel-
opment of this exciting research field will hopefully make an ever in-
creasing number of people feel inclined to agree with Longfellow (1875):

“For age is opportunity no less

Than youth itself, though in another dress,
And as the evening twilight fades away
The sky is filled by stars, invisible by day.”

(From Morituri Salutamus)
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Summary

A survey is given of population studies on the prevalence and incidence of
late-life dementia in general, showing an overall prevalence rate of 5-6% for
moderate and severe dementia at the age of 65 and over, and of Alzheimer’s and
vascular dementia in particular. In the European countries about 60% of all cases
of late-life dementia seem to belong to Alzheimer’s, about 20% to multi-infarct
dementia. In Japan and the USSR the share of vascular dementia is obviously
greater. Both diseases show an exponential increase of prevalence rates with age
in all populations investigated, starting from 2—3% in the age group 65—70 and
surmounting 30% beyond 90 years of age, MID and AD doubling about every
5 years. The incidence rates for late-life dementia also show an exponential
increase from about 0.3% at the age of 60—69, tripling every ten years of life and
reaching around 3—4% at the age of 80 and over. Thus the exponential increase
in prevalence is primarily due to the exponential age-dependent increase in the
true morbid risk. The sex distribution for both types of dementia is still under
discussion. The epidemiological study of genetic and environmental risk factors
indicates that up to now only Down’s syndrome and a family history of AD are
major risk factors for attracting AD in late life.

Introduction

On 3rd November 1906, on the occasion of the 37th meeting of
south-west German psychiatrists in Tiubingen, Aloys Alzheimer de-
scribed the case of a 51-year-old woman with a severe loss of memory,
disorientation, disturbances of language and paranoid ideas, who died
after four years of the disease in a state of severest dementia. With his
description he gave an account of the disease which is still valid today:
the clinical aspect of a progressive loss of cognitive, mnestic and lan-
guage functions and the neuropathological aspect of a degeneration of
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ganglia and an agglomeration of neurofibrillary tangles and plaques in
the cerebral cortex and in the hippocampus. The establishment of an
exact diagnosis of dementia of Alzheimer’s type still requires positive
findings in both clinical and neuropathological fields. The latter can
hardly be obtained from population studies. Peripheral markers which
would also in population studies allow to screen for possible cases or to
make a correct diagnosis of Alzheimer’s disease, such as the evidence of
B amyloid through monoclonal antibiodies in body fluids or through
biopsy of nervous olfactorius fibres from the nasal mucosa, are not yet
at our disposal.

Prevalence of dementia in later life

The epidemiology of Alzheimer’s disease is currently based on two
different approaches: first, the assessment of all cases of late-life demen-
tia and the subsequent estimation of the share of Alzheimer’s disease on
the basis of neuropathological reference data. These are still founded on
the findings of Tomlinson et al. (1970, 1976): primary dementia 53%,
vascular dementia 17%, mixed types of primary and vascular dementia
16% and the rest representing secondary dementia of different etiology.
In a prospective clinical and neuropathological study Molsi et al. (1985)
have essentially confirmed these findings. The method of estimating the
proportions has some disadvantages. It does not allow individual case
identification and, in addition, the reference data come from only few
countries, whereas the relative prevalence of Alzheimer and vascular
dementia seems to vary across countries.

The second approach constitutes the identification of cases of
Alzheimer’s disease on the basis of clearly defined clinical criteria such
as the DSM IIT R criteria, since the improved methods of diagnostic
discrimination through brain-imaging techniques (CCT, MRI and PET)
can hardly be applied in population studies. The most frequently used
instruments comprising operationalized clinical criteria for diagnosing
and subclassifying dementia by Alzheimer versus vascular and secondary
dementia and identifying probable or possible cases of Alzheimer’s dis-
ease are the NINCDS criteria (McKhann et al.,, 1984), the Ischaemic
score of Hachinsky et al. (1975) and CAMDEX (Roth et al., 1988).

The overall efficiency of these instruments, insofar as they have as yet
been validated in clinical and neuropathological findings, has been con-
siderably improved in comparison with the clinical judgement, but is
still limited with values of about 80% (Sulkava etal., 1983; Tierney
et al., 1988).

Cases of dementia in later life usually begin with slight cognitive
deficits, which cannot be clearly distinguished from psycho-organic
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Table 1. Prevalence of dementia in the elderly population: results from field
studies

Authors Country Age  Sample Prevalence in %
group  size _—
Severe or  Mild

moderate
Essen-Moller et al. (1956) Sweden 60+ 443 5.0 10.8
Nielsen (1962) Denmark 65+ 978 * 5.9 15.4
Primrose (1962) Great Britain 65+ 222* 4.5 -
Kay et al. (1964) Great Britain 65+ 505* 5.6 5.7
Kaneko (1975) Japan 65+ 531 7.2 52.7
Hasegawa (1974) Japan 65+ 4716 3.0 1.5
Broe et al. (1976) Scotland 65+ 808 3.8 4.3
Sternberg and Gawrilowa USSR 60+ 1020 3.6 21.0
(1978)

Cooper and Sosna (1983) FRG 65+ 519 * 6.0 5.7
Campbell et al. (1983) New Zealand 65+ 541 * 7.7 -
Weissman et al. (1985) USA 65+ 2588 3.4 12.7
Folstein et al. (1985) USA 65+ 923 6.1 -
Sulkava et al. (1985) Finland 65+ 1866 6.7

Copeland et al. (1987) Great Britain 65+ 1070 5.2 -
Weyerer and Dilling (1984) FRG 65+ 295 3.5 5.0

* Institutionalized elderly included.
Source: Cooper and Bickel (1989) by permission. Supplemented by the author

syndromes of different etiology and from normal memory problems in
old age. Reliable epidemiological data therefore refer to moderate and
severe dementias, which are defined by significant cognitive deficits
affecting social competence and individual autonomy and which can
thus be rather precisely diagnosed.

Table 1 presents the results of 15 virtually comparable population
studies. In the ten countries referred to the prevalence rates for severe
or moderately severe dementia vary between 3.0% and 7.7% of the
population aged 65 and over with a mean value of approximately 5%.
The high variability of the rates for mild dementia or psychoorganic
syndromes from 1.5% to 52.7% reflects the difficulties of case identifi-
cation mentioned and the different diagnostic procedures used.

Exponential increase with age of prevalence figures
for late-life dementia

Eight studies from different countries are shown in Fig. 1. The prev-
alence for moderate and severe cases of dementia rises from initial values
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Fig. 1. Age-group related prevalence rates of moderate and severe dementia from 8
population studies

of 2—3% of the population aged 65—70 to over 20% of those aged 80
to 89 and to over 30% for those aged 90 and over.

By means of a statistical model of estimation Jorm etal. (1987)
analysed 22 studies on the epidemiology of late-life dementia published
between 1945 and 1985. Table 2 shows the estimated prevalence rates by
5 year age intervals from 60—64 through 90—95. According to the model
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Table 2. Estimated prevalence rates for dementia by 5 year age intervals for
baseline population

Age-group Median age Estimated prevalence

(%)
60—64 62.5 0.7
65—69 67.5 1.4
70—74 72.5 2.8
75—179 77.5 5.6
80 —84 82.0 10.5
8589 87.0 20.8
90—95 91.5 38.6

Source: Jorm etal. (1987) by permission

of an exponential rise the prevalence rates double every 5.1 years.
Whether this exponential rise continues theotretically up to the maximum
of human lifespan, asymptotically approximating a prevalence of 100%
— thus supporting the assumption of a physiological process of ageing
— or of only about 50% — in line with the assumption of a dominant
Mendelian transmission of Alzheimer’s disease, which assumptions are,
however, unlikely to apply to the relatively small proportion of vascular
dementia ~ cannot be answered as yet. The presumed flattening of the
increase beyond the 90th year of age has so far been based on observa-
tions of very few cases and is therefore neither proven nor at least likely.

Differentiation of prevalence data on senile dementia
of Alzheimer’s type and multi-infarct dementia

Jorm et al. (1987) also analysed seven studies containing age-specific
data for both multi-infarct dementia and Alzheimer’s disease with re-
spect to the exponential age increase. With the exception of one US
study, they were found to give a satisfactory fit to the model for both
types of disease. The prevalence rates of multi-infarct dementia doubled
every 5.3 years, those of Alzheimer’s disease somewhat faster, namely
every 4.5 years.

While the age increase of prevalence rates for late-life dementia shows
a parallel course for all populations studied, the proportions of
Alzheimer’s dementia and multi-infarct dementia seem to vary signifi-
cantly from one region to the other. Tomlinsons’s reference values of
approximately 60% of Alzheimer’s disease and 20% of multi-infarct
dementia are apparently applicable to most European studies. However,
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one US and two Finnish studies analysed by Jorm et al. (1987) show
almost no excess of Alzheimer’s disease, whereas four Japanese and two
Russian studies, i.e. coming from countries with a high mortality of
stroke, show a significant excess of multi-infarct dementia over
Alzheimer’s disease, although with different odds ratios and partly high
shares of mixed dementia.

The gender difference in prevalence rates cannot be finally interpret-
ed. In connection with the higher life expectancy of females, the crude
rates for moderate and severe late-life dementia in all studies were higher
for females than for males. In the meta-analysis of Jorm et al. (1987) the
small number of studies showing age-adjusted prevalence rates for both
sexes do not allow to infer a significant gender difference in the overall
rates for late-life dementia. However, the prevalence rate for Alzheimer’s
disease was significantly higher for females than for males with a ratio
of 1.3 to 0.77 of the values expected. There is, however, a marked
variation of the sex ratios for both types of dementia, as shown in Table
3, which, up to now, does not allow to draw firm conclusions.

Jorm et al. (1988) developed a quantitative model providing detailed
estimates of the prevalence rates for dementia on the basis of population
projections up to the year 2025. For the Federal Republic of Germany
this results in an increase of 40.73% by 2025 (see Table 4). If this estimate
were to come true, we would have to reckon with 2 number of 850000
dementia sufferers in 2025. About 590000 of these would suffer from
Alzheimer’s disease partly combined with vascular dementia (Table 5).
Dependent upon demographic trends the figures for the other countries
vary considerably. To give but a few examples, by the year 2025 the
prevalence of dementia will have increased in Great Britain by 34%, in
the United States by 99%, in the USSR by 117%, in Australia by 162%
and in Japan by 215% (see Table 6).

Table 3. Prevalence of AD and MID by sex (rates are simple averages of
reported rates in percent)

Region n of studies AD MID

Males Females Males Females
Japan 4 0.8 1.5 33 2.7
Russia 1 1.1 3.8 6.1 2.1
Scandinavia 3 1.6 2.2 1.0 1.4
Britain 3 3.0 4.9 4.4 2.7
USA 2 0.7 2.1 35 0.8

Source: Jorm et al. (1987)
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Table 4. Projected increases in the number of dementia cases over the base year
1980 for the Federal Republic of Germany, moderate and severe cases 60 years

and over
1985 5.75% 2010 26.16%
1990 7.92% 2015 32.63%
1995 7.64% 2020 38.42%
2000 11.25% 2025 40.73%

2005 19.75%

Total population increase 1980—2025 —13.12% (without migration movement).
Source: Jorm et al. (1988), modified

Table 5. Estimated and projected numbers of persons aged 65 and over suffe-
ring from dementia and Alzheimer’s disease in the Federal Republic of Germany

1980 2025
Late-life dementia (all forms) 680 000 850 000
Alzheimer’s disease (only) 420000 590 000

Table 6. Increase in late-life dementia by 2025 over base year 1980 for different

countries
Great Britain 33.50%
Federal Republic of Germany 40.73%
USA 99.36%
USSR 116.90%
Australia 161.90%
Japan 215.40%

Source: Jorm et al. (1987), modified

Incidence of late-life dementia

In addition to the difficulties of obtaining the prevalence data, the
study of incidence rates faces two problems: the small rate of demented
which requires the study of a large quantity of persons and the difficulty
of precisely defining the onset of a process of dementia. A simple but
inaccurate method of calculating annual incidence rates is the division of
annual prevalence rates by the mean duration of the disease. With a
prevalence rate of approximately 6% of those aged 65 and over and a
mean time of survival of about 4 years (based on Cooper and Bickel,
1989), the resulting incidence rate for this age group is around 1.5%,
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which is within the range of the results produced by respective field
studies.

For directly calculating incidence rates in population studies the
longest possible period of observation should be chosen. The denomina-
tor comprises the number of person years, i.e. the sum total of the years
that all the persons of the sample survived without dementia. The
numerator is the number of cases of dementia diagnosed during the total
period of observation (Table 7).

The rates for those aged 65 and over vary between 10.7 and 16.3 per
thousand, as shown in Table 8. The analysis by age decades shows,
similar to that for prevalence rates, that there is an exponential increase
with advancing age (Fig. 2). For the age decade 60—69 the incidence rate
is around 0.3%, for 70—79 it lies between 1.2 and 2.3% and for 80 and
over it lies between 3.4 and 4.0%. This means that starting from the 60th
year of age the incidence rate triples about every ten years. The exponen-
tial increase in prevalence is therefore not only due to the accumulation

*fs of

population
60 «
A
4L 4 f’ Germany
/
/ Denmark
_,. Sweden
3 -
2 4
1 -
0 T T 1
60-69 70-79 80+

&—— —@ Germany - Cooper and Bickel 1989, Mannheim 1978 - 86
&———& Denmark- Nielsen et al. 1982, Samsg 1972 -77
[ IEEREEY ® Sweden - Hagnell et al. 1981, Lundby 1957 - 72

Fig. 2. Incidence rates of moderate and severe dementia by age (both sexes) from 3
population studies
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Table 7. Incidence of late-life dementia

Rough estimation:

point prevalence rate (%) 6 _ 15%
mean duration of illness (yeats) Ty 7

Annual incidence rate =

Calculation:

Number of dementia cases within population investigated

Person years = years spent alive without dementia by all persons
investigated during period of investigation

of chronic cases, but primarily to the exponential increase in the risk of
developing late-life dementia.

Population surveys providing incidence rates for different types of
dementia have been very scarce so far. The population study carried out
by Cooper and Bickel (1989) at the Central Institute of Mental Health in
Mannheim produced the following annual incidence rates 65 and over
for both sexes on the basis of CAMDEX criteria: AD 9.4/1000, MID and
mixed types 6.3/1000, secondary dementia 2.1/1000. These rates corre-
spond well to the reference data of Tomlinson et al. (1976) and Molsi
et al. (1985).

Duration of the disease

The survival time of demented people is cleatly reduced in compat-
ison with the population of the same age (Bickel, 1987). Bickel gave a
crude estimate of the mean duration of the disease on the basis of data
from three field studies (Bergmann et al., 1971; Nielsen et al., 1982;
Cooper and Bickel, 1989) by dividing the point prevalence values by the
annual incidence values. With 3.7, 4.6 and 3.9 years the results were
within a narrow range. Studies of deceased where the onset of the disease
was defined by first signs of cognitive decline and assessed with the help
of relatives (Barclay et al., 1985; Diesfeldt et al., 1986) obtained estimates
of 7 to 8 years for the 65 to 80-year-old demented people. The mean
duration of the disease can therefore be assessed to be approximately 7
to 8 years from the first occurrence of cognitive decline and about 4 years
from the first standardized diagnosis of “dementia”. In this respect there
seems to be only little or no difference between vascular dementia and
Alzheimer’s disease.
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Risk factors
Genetic determinants

An important risk factor for developing Alzheimer’s disease is triso-
mia 21, Down’s syndrome. In virtually all Down patients who survive
the age of 40, characteristic neuropathologic changes and amyloid A4
deposits can be found in the brain (Heston, 1982; Wisniewski et al.,
1985). This is accounted for by the existence of an additional Alzheimer
gene or a gene expressing the PreA4 amyloid.

When the strength of the genetic determination for senile dementia
of Alzheimer’s type is to be assessed, considerable difficulties arise in
practice, because only a limited number of individuals carrying the gene
and their family members live until the age of high risk. Therefore we
do not as yet dispose of large-scale twin studies. Children of affected
parents are too young to attract the disease (Jorm, 1987; Cooper, 1989).
Negative findings of family and pedigree studies are consequently of
little importance. The recent localization of a polymorphism on chromo-
some 21 in patients with familial SDAT (St. George-Hyslop et al., 1987)
has given new stimulation to genetic research.

Heston et al. (1981) and Whalley et al. (1982) found an increase in
SDAT rates among the siblings of Alzheimer patients (Fig. 3). Three
case-control studies (Heyman et al., 1984; Amaducci et al., 1986; Shalat
etal., 1986) obtained slightly increased rates of Alzheimer’s disease
among the families of SDAT patients in comparison with control groups
from the general population or from hospital patients. The evidence of
these studies is only limited, since the samples examined are not very
large and the statements of relatives about the dementia of long deceased
are not very reliable (Amaducci et al., 1988). Heston et al. (1981) found
a strong genetic determination in early-onset patients. Most of the other
studies quoted also assume a stronger genetic load in cases of earlier age
of onset (e.g. Amaducci before the age of 70). In late-onset cases Chandra
et al. (1987) found no increase in SDAT among family members. How-
ever, with respect to the sources of error mentioned, the findings are not
yet sufficient to give a clear picture of the strength of genetic determina-
tion in relation to age of onset, although very young age of onset is likely
to be associated with a stronger genetic load.

In view of the unimodal, exponential distribution across age of the
risk of first onset, the early Kraepelinian assumption of two diseases, the
Mendelian inherited presenile dementia and a non-inherited senile de-
mentia, must be considered unlikely.
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Fig. 3. Cumulative risk of DAT among siblings of DAT patients

The importance of environmental factors
Head trauma

From the dementia pugilistica of former professional boxers it has
long been known that head trauma is likely to be a risk factor for
Alzheimer-type changes in the brain (Corsellis et al., 1973; Rudelli et al.,
1982). The findings of retrospective case control studies on this question
are inconsistent. Some of them obtained an increased rate of severe head
trauma before the onset of dementia (Heyman et al., 1984; Mortimer
et al., 1985), whereas Amaducci et al. (1986), Chandra et al. (1987), Bhat-
rucha et al. (1983) and Sulkava et al. (1985) found no or only a slight,
insignificant connection.
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Toxic substances

Environmental toxic substances like aluminium or organic solvents
have also been discussed as risk factors for Alzheimer’s disease; alumini-
um salts because they are found in low concentration especially in the
centres of senile plaques (Candy et al., 1986) and because in animals they
cause the generation of neurofibrillary tangles (Klatzo et al., 1965),
which, however, differ from the Alzheimer tangles observed in humans.
Norwegian studies report of an increased death rate due to Alzheimer’s
disease in regions with a higher concentration of aluminium in the
drinking water (Flaten, 1988; Edwardson, 1988). However, among the
doctors certifying death there is such a variation in the diagnosis of
Alzheimer’s disease as cause of death that it is of no avail for epidemio-
logical studies. The study of Martyn et al. (1989) published recently in
“The Lancet”, which shows a geographical association between the
number of patients under 70 rated as “probable Alzheimer’s disease” by
CCT-scanning units in England and Wales and the concentration of
aluminium in drinking water, meets also with serious methodological
reservations.

Further sources of aluminium are the chronic ingestion as antacid
(Shore and Wyatt, 1983) and frequent renal dialysis. But the type of
dementia identified in these cases is not identical with Alzheimer’s dis-
ease (Heyman et al.,, 1984). Thus there is no evidence as yet for an
increase in the risk of Alzheimer’s disease due to increased absorption of
aluminium. The assumption that long phenacetin abuse may be a risk
factor for Alzheimer’s disease as recently alleged in Australia in connec-
tion with a phenacetin epidemic in the 1930s (Murray et al., 1971) still
needs to be verified. Chronic alcoholism, which may cause encephalo-
pathia Wernicke or atrophy of the brain clearly distinguishable from
Alzheimer’s disease, does not seem to be an important risk factor, either.

In the field of etiology of Alzheimer’s disease immune and virus
theories have also been discussed. Case control studies, however, did not
confirm the association with a family history of lymphoma, lymphosar-
coma, with Hodgkin’s disease or other immune system disorders found
in a comparative study by Heston et al. (1981). Neither was there conclu-
sive evidence for an association with prior viral diseases or possible
sources of viral infections, as Amaducci et al. (1986) stated in their
analysis of possible risk factors for Alzheimer’s disease.

Social risk factors

In the course of their prospective study covering an average period
of 7.8 years, Bickel and Cooper (1989) applied the “proportional hazard
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regression model” of Cox and found that neither severe physical impair-
ment nor low social status and living alone had a significant influence on
the risk of developing dementia. But if cognitive deficits are diagnosed
during the first examination, the probability that dementia will occur
rises by nearly 300%. This result is presumably trivial: slight cognitive
decline is often an indicator of beginning dementia and therefore a
powerful predictor of the occurrence of moderate or severe dementia
later in life.

Thus there seem to be no clear associations with social variables over
medium periods of time, insofar as confounding variables like age and
physical illness are controlled (Bickel and Cooper, 1989). But replication
studies with sufficiently large samples and studies on long-term risks are
still needed.

Conclusions

To sum up the state of epidemiological knowledge: there is at present
no conclusive evidence for the immune hypothesis or for an involve-
ment of infectious agents and toxic exposutes in the risk of developing
senile dementia of Alzheimer’s type. There is some indication that severe
head trauma, in particular the dementia pugilistica of professional box-
ers, causes changes of Alzheimer’s type in the brain; its quantitative
contribution to the morbid risk has yet to be investigated.

Confirmed, though not sufficiently clarified, is the genetic hypothe-
sis. The somewhat higher age-adjusted incidence of Alzheimer’s disease
with females should be mentioned with reservation.

The most important risk factor is old age. The exponential increase
in incidence rates, which does not become obvious until the 7th decade
of life, and the ensuing accumulation of prevalence rates of Alzheimer’s
dementia clearly indicate that this disease will continue to pose consider-
able human as well as economic problems, at least so long as we have
not succeeded in finding an adequate preventive or therapeutic ap-
proach.

The lack of knowledge in the field of epidemiology of Alzheimer’s
disease, especially of peripheral markers and true risk factors for the
disease, is still vast. This is partly due to the fact that research into
late-life dementia has only recently started intensively. The problem
itself had become evident much earlier with the ageing of populations.
Apparently, scientists find it hard to quickly react to newly emerging
problems. But now that the interest of researchers has been awakened
and the necessary instruments are available, let us hope that govern-
ments, too, will react rapidly enough to facilitate the progress urgently
needed in the research of Alzheimer’s disease.
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Summary

Alzheimer’s disease represents the most frequent cause of dementia in old
age. Available prevalence ratios (cases per 100 population aged 65 and over)
range between 0.6 in China (Shen et al., 1987), and 5.8 in Scotland (Broe et al.,
1976). This variability can be influenced by different definitions of the disease
under study and different case ascertainment procedures adopted. All the studies
consistently showed an exponential increase of the prevalence ratios with age,
and, in many studies, the age-specific prevalence ratios were consistently higher
in women than in men. In analogy with the prevalence pattern, the incidence rates
for Alzheimer’s disease raise exponentially with age and are higher in females.
The rate can be estimated around 0.01 per 1000 in the age 40— 60-year group and
it raises to 10 per 1000 in subjects aged 75 years and over (Mas et al., 1987).

As far as risk factors for Alzheimer’s disease are concerned, our knowledges
ptincipally base on findings derived from case-control studies. A family history
of dementia and a previous head trauma were found to be associated with
Alzheimer’s disease in case-control studies. Indications of the role of genetic
factors in the etiology of Alzheimer’s disease also derived from genetic studies,
which demonstrated a genetic defect localized on chromosome 21 in some
families with an high incidence of Alzheimer’s disease. Other factors found
associated with Alzheimer’s disease in case-control studies are smoking, and
exposure to aluminum. The comprehension of these and other hypothesized risk
factors need further investigations.

Introduction

‘The world population aged 60 years and over was approximately 371
million in 1980. By 1985, the number had reached 415 million. It is
expected to reach 1.1 billion by the year 2025 (United Nations, 1986).
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This phenomenon due to reductions in fertility, in infant mortality, and
in deaths from infectious diseases is becoming of great importance in
developed and also in developing countries. In 1980, 6% of the world’s
total population, aged G0 years and over, lived in developing countries.
In 1985 this percentage has reached 6.3%. By the year 2025, people aged
60 and over, living in the developing regions are expected to represent
11.9% of the wotld total population (United Nations, 1986).

The increasing number of elderly people will determine an increased
number of subjects at risk for age-associated disorders of the nervous
system including dementia. Dementia is a clinical syndrome character-
ized by memory loss associated with impairment in abstract thinking and
judgment, disturbances in higher cortical functions, and personality
change (American Psychiatric Association, 1987). This clinical syndrome
may have several causes. Dementing disorders were classified as primi-
tive and secondary according to the etiology (Wells, 1979). More recent-
ly the National Institutes of Health (U.S.A.) (1988) in the report of the
Consensus Conference on the differential diagnosis of dementing dis-
eases, held in July 1987, proposed the distinction between diseases that
appear to be primary in the brain and those which are outside the brain
and affected it secondarily; a fruitfull distinction for clinical purposes
was also made between progressive or fixed dementing pathological
states, and arrestable or reversible causes of dementias. Arrestable or
reversible causes of dementia include intoxications, infections, metabolic
disorders, nutritional disorders, vascular, space-occupying lesions, nor-
male pressure hydrocephalus and affective disorders.

These arrestable or reversible dementias represent 10—15 per 100 of
all causes of dementia and every effort must be done in recognize them,
because they are potentially reversible if an appropriate therapy is ap-
plied (Mardsen and Harrison, 1972).

However, the most frequent causes of dementia, as documented by
clinical studies of dementia (Wells, 1979), post-mortem examinations
(Tomlinson etal., 1970), and population-based surveys (Schoenberg
et al., 1987; Lippi et al., 1989) are Alzheimer’s disease (AD) and vascular
dementia, followed by secondary dementias. Jorm (1987) observed that
the relative prevalence of AD and vascular dementia changes across the
countries: vascular dementia being more common in Japanese and Rus-
sian studies, AD in western European countries, while no significant
differences were found in Finnish and American studies. In Italy, AD
seems only slightly more frequent than vascular dementia (Lippi et al.,

1989).
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Descriptive epidemiology of Alzheimer’s disease

In descriptive epidemiology of Alzheimer’s disease important prob-
lems are the choice of the population study and the type of sample, the
methodology for cases ascertainment, and the accuracy of clinical diag-
nosis.

The study population may be obtained from the general population
by randomization or by complete enumeration of the subjects. Other-
wise, in community surveys all the data from hospitals, nursing homes,
and the health authority will be collected. The latter approach was
principally used in north-European surveys (Akesson, 1969; Molsa et al.,
1982). The risk of this methodology is to underestimate the real frequen-
cy of the disease.

To cases ascertainment in population studies, two general strategies
have been proposed: the one- and the two-phase approach. The first is
less expensive, but the latter consents more accuracy in the diagnosis. In
the two-phase approach a brief cognitive test with high sensitivity (the
screening test) is administered to all people to be investigated. Subjects
scoring under the cut-off level at the screening test, are extensively
studied by a clinical point of view to confirm the presense of mental
impairment, to diagnose dementia and classify dementias by types. How-
ever, the definite diagnosis of dementing disorders, especially AD, need
of the pathological examination of the brain.

Several sets of clinical diagnostic criteria have been proposed. Re-
cent population-based surveys utilized the NINCDS-ADRDA criteria
(McKhann et al., 1984). The CAMDEX by Roth et al. (1986) provided
an usefull set of diagnostic criteria for differential diagnosis of mental
disturbances in the eldetly, successfully used in some recent British
surveys (Brayne and Calloway, 1989).

Prevalence of Alzheimer’s disease

Available prevalence ratios (cases per 100 population aged 65 and
over) of Alzheimer’s disease range between 0.6 in the study of Shen et al.
(1987) in China, and 5.8 in the study of Broe et al. (1976) in Scotland.
This variability in the prevalence ratios can be influenced by different
definitions of the disease under study and different case ascertainment
procedures adopted. Some investigations (Akesson, 1969; Molsa et al.,
1982; Sulkawa et al., 1985; Schoenberg etal., 1985) considered only
severe dementia, while in other studies also mild dementia was included
(Kay et al., 1964; Broe et al., 1976). Akesson (1969), who found very low
prevalence ratios, adopted very restrictive diagnostic criteria: constant
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disorientation to time and place was required to make the diagnosis of
dementia. Case-ascertainment procedure also differ in various studies.
Shen et al. (1987) in Beijing, in a small population size, found a low
prevalence ratio, while a more recent Chinese prevalence survey, carried
out in a more representative population sample, yielded a prevalence
ratio of 1.38 per 100 population aged 55 years and over (Zhang et al,,
1990). Molsa et al. (1982) in Finland and Akesson (1969) in Sweden,
which found lower prevalence ratios than other North-European sur-
veys, collected data only from health and social services. Sulkawa et al.
(1985) in a random sample representative of the all Finnish population,
utilizing the doot-to-door approach, found higher prevalence ratios than
previous community based surveys.

All the studies, carried out until now, consistently showed an expo-
nential increase of the ratios with age. In the study of Molsa et al. (1982)
in Finland the prevalence ratio per 100 population increased from 0.025
in the age-class 45—54 to 6.295 in the age-class 85 and over. In an Italian
prevalence survey the prevalence ratio was 6.2 per 100 for subjects aged
60 and over and rose to 8.4 per 100 in those aged 65 and over (Rocca
et al.,, 1990). In China Shen etal. (1987) did not find dementia cases
in the age group 6574, while all cases were observed in the age-group
75 years and over.

In many studies the age-specific prevalence ratios were consistently
higher in women than in men, especially in the older age-groups (Broe
et al., 1976; Molsa et al., 1982; Sulkava et al., 1985). Molsa et al. (1982)
found age-specific prevalence ratio to be higher for men in the age group
45 to 54 and higher for females in the other age groups. Kaneko (1975)
reported in Japan prevalence ratios consistently higher for males, while
a mote recent Japanese survey showed a pattern consistent with those
reported in European and American studies (Karasawa et al., 1982).
Finally, Schoenberg etal. (1985) in a population-based survey carried
out in Copiah County, Mississipi, found consistent higher prevalence
ratios of AD for females and blacks.

Incidence of Alzheimer’s disease

In analogy with the prevalence pattern, the incidence rate for AD
raises exponentially with age. As summarized by Mas et al. (1987) the
incidence rate can be estimated to be about 0.01 per 1000 in the age
group 40—60 years. It raises to 1 per 1000 in the age group 65-74 years
and reaches 10 per 1000 in subjects aged 75 years and over.

Akesson (1969) in Sweden in a community based survey found inci-
dence rates rapidly increasing with age from 0.29 per 1000 in the age
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group 60—069 years to 4.58 per 1000 in the ages over 80. The rates were
consistently higher in females in all age groups. Molsa et al. (1982) in
Finland, in a community based survey, found that the age-specific annual
incidence rates for AD were 0.06 cases per 1000 in the age-class 45—54
and raised to 11.44 per 1000 in the age-group 85 and over. The incidence
rates were higher in females, except for the 45—54 age group. Nilsson
(1984) in Sweden in a sample of 70 to 79 years old people showed a rapid
increase of the incidence rates with age, from 3.6 per 1000 in subjects
aged 70—74 to 13.3 in those aged 7579, and higher rates in men. Treves
et al. (1986) in Israel, using the Israeli National Neurological Register as
source of cases, found lower incidence rates, but increasing with age:
from 0.01 cases per 1000 in the age class 45—-49, to 0.87 per 1000 in
subjects aged 60 years and over. Females showed higher incidence rates
after the age of 59. Moreover, in this study the age-specific indicence
rates were higher in the European-American botn citizens, than in those
Afro-Asian-born.

No significant variations seem to have been in AD incidence rates
across the years. Kokmen (1988) in Rochester, Minnesota, had deter-
mined the age- and sex-specific annual incidence rates for dementing
disorders and AD starting between 1960 and 1974, showing that the
incidence of dementia overall or dementia due to AD had not particular-
ly increased in this 15 years period: Schoenberg and collegues in the
period 1960—1964 in Rochester, found an annual incidence rate of 123.2
per 100000 in the population over 30 years. Kokmen in the period
1970—-1974 using the same methodology found an incidence rate of
147.2 per 100000 in the same age-group. Both the studies showed higher
incidence rates in women than in men.

Analytic epidemiology of Alzheimer’s disease

Our knowledges on risk factors for AD are principally based on
findings derived from case-control studies. In these retrospective studies
one group of subjects with the disease (cases) are compared with one or
more groups of subjects without the disease (controls) in respect to the
exposure, in their previous life, to one or more hypothesized risk factors.
Because demented people suffer from memory impairment, informations
were usually recorded from a surrogate respondent and the same proce-
dure must be used for controls for comparability reasons. Rocca et al.
(1986) assessed the reliability of surrogate respondents to provide data
for the specific items of a case-control study of AD conducted by
Amaducci et al. (1986) in Italy. Per 100 agreement was greater than 80
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for the majority of questions. Lower agreement was observed for alco-
hol consumption and the number of cigarettes per day, and was very
poor for information about antacid drug use.

The case-control studies carried-out until now pointed out as risk
factors for AD a positive family history of dementia and a previous head
trauma in the history of the subject.

In the case-control study by Amaducci et al. (1986) the presence of
dementia in any first-degree relative yielded an odds ratio equal to 5 in
the comparison with hospital controls and over 2 in the comparison with
population controls, while the presence of dementia in any siblings
yielded odds ratios equal to 11 in the comparison with hospital control
and over 5 in the comparison with population controls. Similar findings
were found in other case-control (Heyman et al., 1984; Graves et al.,
1987; Shalat et al., 1987) and comparative studies (Heston et al., 1981;
Whalley et al., 1982; Breitner et al., 1984). Mortimer (1989), using the
Mantel-Haenszel statistical method (Schlesselman, 1982), carried out a
meta-analysis of case control studies of AD. He found a summary odds
ratio (95% C.1.) for the risk factor “family history of dementia” equal
to 3.96 (2.84, 5.52). Indication of the role of genetic factors in the
etiology of AD derived also by pedigree studies, twin studies, and
genetic studies. Rocca and Amaducci (1988) reviewed from an epidemi-
ological point of view all the contributions to the problem of familial
aggregation of AD. The authors suggested that at least 3 types should
be considered regarding occurrence: autosomal dominant, familial and
sporadic. The autosomal dominant type is linked to a genetic defect
located on chromosome 21, at least in the families studied (St. George-
Hyslop et al., 1987). The familial type individuates cases of AD with
familial aggregation, but not with a clear inheritance. These cases could
be have a polygenic origin. Finally sporadic cases could be due to
environmental risk factors or to a combination of genetic and environ-
mental risk factors.

Among hypothesized environmental risk factors for AD, a previous
head trauma in the history of the subject was found significantly associ-
ated with the disease in case-control studies (Heyman et al., 1984; French
et al., 1985; Mortimer et al., 1985; Graves et al., 1987). In some studies
(Amaducci et al., 1986; Chandra et al., 1987 a, b; Shalat et al., 1987) head
trauma was more frequent in cases in respect to the controls, but the
difference not reached the statistical significance. On the other hand,
several studies were not able to find any association between head
trauma and AD. However, Mortimer (1989) observed that the associa-
tion with head trauma is highly significant (p <0.001) when considered
across studies, despite the fact that the majority of studies reported
no-significant associations for this risk factor.
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Other factors found associated with AD in case-control studies are
smoking (Shalat et al., 1987), and exposure to aluminum (Graves et al.,
1987). These associations were negative in all the other case-control
studies (Bharucha et al., 1983; Heyman et al., 1984; French et al., 1985;
Amaducci et al., 1986; Chandra et al., 1987b).
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Summary

We propose a classification of familial Alzheimer’s disease (FAD) based on
our clinical and pathological analysis of 32 kindreds with multigeneration de-
mentia. The classification can briefly be stated as follows I. Early onset FAD
with mean age of onset before 50 years; II. Late onset FAD with mean age of
onset after G0 years; I11. Intermediate/variable onset FAD; I'V. Familial dementia
with atypical Alzheimer changes; V. FAD without multigeneration involvement.

Introduction

Alzheimer’s disease (AD) can be briefly defined as slowly progressive
dementia associated with the neuropathological changes of cortical neu-
ronal loss, A4 amyloid plaques and neurofibrillary tangles (NFT). With-
in this broad definition there is considerable evidence for both clinical
and pathological heterogeneity. Examples of such heterogeneity include
patients with “sporadic” disease, familial disease, early age of onset, late
age of onset, eatly and prominent aphasia, myoclonus, rigidity, primarily
amyloid plaques without NFT, multiple amyloid plaques in the cerebel-
lum and severe congophilic angiopathy. The pathogenetic significance
of these differences remains to be determined. However, the rapidly
accumulating literature on familial Alzheimer’s disease (FAD) lacks a
consistent manner in which various investigators can contrast and com-
pare the various types of kindreds under investigation. The purpose of
the present study is to propose a classification of FAD that will serve as
a guideline for investigators evaluating and reporting the results of
studies concerning a wide variety of FAD pedigrees.
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Methods

We have systematically evaluated 32 kindreds with either classical or atypical
FAD. Additional description of 24 of these families can be found in Bird et al.
(1988, 1989). The major criteria for inclusion in our study were that each family
have at least two generations of individuals affected with dementia and at least
one neuropathological specimen from each family. Therefore, by definition, each
family had a minimum of two demented individuals. When including only those
family members for whom we could estimate an age of onset there were 200 such
demented persons in the 32 families. The number of affected individuals in each
family with an estimated age of onset ranged from 2 to 17 with a mean of 6.25
such demented persons per family. We reviewed 62 neuropathological specimens
or reports from 31 families. A single family (the HD pedigree) has had no
autopsy as yet, but is related to the other Volga German pedigrees in the study
and is included for that reason.

The families in this study were not ascertained at random. They were selected
from more than 100 kindreds seen in our clinics and referred by colleagues in
which a proband with the clinical diagnosis of AD had another family member
with a history of dementia. We were specifically searching for FAD pedigrees.

Clinical criteria for probable AD were generally those suggested by Mc-
Khann et al. (1983) except that complete examination and testing were usually
not available for persons who died many years ago. Individuals were not consid-
ered affected unless the dementia was documented by records or confirmed by
at least two separate family members. Age of onset was determined to be that
age at which family members and records agreed that the individual first began
showing signs of memory loss or behavioral change. Mean age at onset, age at
death and duration of disease were computed for each family. Comparisons
between means for the families were performed using Students t test and the
Newman-Keuls multiple comparison test.

Results

Figure 1 shows the mean age of onset, range in age of onset and mean
age at death for 31 families [1 additional family (EF) is included as
atypical dementia Type IVA noted below]. The ethnic origin of the
families were as follows: British Isles — 10, Scandinavia — 8, Volga
German — 7, German — 2, Eastern Europe — 2, Japanese — 1, French
Canadian — 1, and Unknown — 2.

Several observations can be made from the Figure. It is noted that
some families have a wide range in age of onset, whereas the range in
age of onset is quite small for other families. Duration of disease tends
to be less variable than age of onset, both within and between families.
Mean disease duration for the entire group was approximately 9 years
with a standard deviation of about four years. Even so, the shortest
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ALZHEIMER FAMILIES

Fig. 1. Graph showing mean age of onset (small horizontal bar) with range for 31 families
with FAD. Circle above each range indicates the mean age of death for that family. EF
kindred not included

individual duration was one year and the longest was 23 years. Also, the
total group could be divided into at least two subgroups: one with
generally early onset and one with generally late onset. There also
appeared to be a less well-defined intermediate or variable age of onset
group. A Newman-Keuls multiple comparison test showed this group-
ing to be reasonable (although not unique due to overlap of the groups).
Further, the differences in age of onset between families did not appear
to be the result of differential longevity between the families unrelated
to AD. The rank correlation between family age of onset and family age
of death (excluding affected individuals) was .22 (p=.10). A more care-
ful analysis on a subset of these families, using survival analysis methods
to control for differential longevity, revealed essentially the same group-
ings (Cupples et al., 1989).

Eight families seemed to define an early onset FAD group. The mean
age of onset was 42.9 years+4.9, with a range of 30 to 54 years. The
mean age of death was 50.0 years +5.8, with a mean disease duration of
7.4 years +3.0.

A second group consisted of 12 families with generally late onset. The
mean age at onset was 69.3 years +5.7, with a range of 59 to 83 years.
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Note that there was no overlap in age of onset for any of the individuals
in the early and late groups. Mean age at death in the late group was 77.5
years +5.9, with a mean disease duration of 8.7 years+3.9.

There also appeared to be a less well-defined intermediate or variable
age of onset group. This included 7 Volga German families (Bird et al.,
1988) and 4 other families. The mean age of onset for the 7 Volga
German families was 56.8 years 7.9, with a range of 40 to 75 years. The
mean age at death was 65.4 years +7.3, with a mean disease duration of
9.9 years +4.9. The other four families had a mean age of onset of 57.1
years+11.7, with a range of 36 to 84 years. The mean age at death was
68.5 years+11.0, with a mean disease duration of 9.5 years+5.1. (Note
that in some families there were a few persons for whom only age at
death was known.)

One kindred (the BK family) had familial dementia clinically diag-
nosed as AD. They were atypical in three ways (Sumi et al., 1988; Bird
etal., 1989). First, the disease frequently began with an antisocial person-
ality and a diagnosis of schizophrenia. Second, the disease duration was
greater than 20 years in several individuals. Third, microscopic examina-
tion of the brain in two brothers demonstrated NFT but no amyloid
plaques. The BK family is included in the statistical analysis of the
intermediate onset families but could also be classified as a Type IV
atypical dementia kindred.

The CSF family had late age of onset but also clinical and neuropatho-
logical evidence of indolent anterior horn cell disease (Bird et al., 1989).
Such a family could be classified as either a Type II late onset kindred
or a Type IV atypical family.

The EF family is not included in the Figure but would also be
classified as a Type IV atypical dementia kindred. This family had mul-
tiple generations of individuals affected with slowly progressive demen-
tia but there was eatly and prominent aphasia associated with asymmet-
rical brain atrophy. In addition, neuropathological examination has
demonstrated amyloid plaques without NFT and neuronal degeneration
in several subcortical nuclei including much of the basal ganglia. Al-
though several members of this family had the clinical diagnosis of AD,
they were atypical both clinically and pathologically.

Several small family clusters were seen in which 2 to 4 relatives had
the clinical diagnosis of AD, but multigeneration involvement was not
documented. That is, only siblings or cousins were demented, without
clear parent to child transmission of disease.



A proposed classification of familial Alzheimer’s disease 55
Discussion

The results of our investigation lead us to propose the following
classification of familial Alzheimer’s disease:

1. Early onset FAD

A. Multigeneration involvement with mean age of onset in the family
prior to 50 years with no individuals, or only rare persons, with onset
after the age of 59. (Rare instances of late onset may be seen because
of the coincidental occurrence of “sporadic senile AD” in any given
family.) Amyloid plaques and NFT are documented in cerebral cortex
in at least one person. Because these are only guidelines, a family with
mean age of onset between 50 years and 55 years would probably be
acceptable in this category especially if the majority of the family
members had an onset prior to the age of 50.

B. Same criteria as I A but no available neuropathologic specimen.

I1. Late onset FAD

A. Multigeneration involvement with mean age of onset after 60 years
and no person with onset of dementia prior to age 59. Amyloid
plaques and NFT are documented in cerebral cortex.

B. Same criteria as II A but no neuropathological specimen available.

I11. Intermediatevariable onset F.AD

A. Mean age of onset usually in the 50’s but with a wide range of onset
observed in the family without consistent clustering in early or late
ages. Amyloid plaques and NFT are documented in cerebral cortex.

B. Same criteria as III A but no neuropathological specimen available.

1V, Familial dementia with atypical Alzheimer features
or with additional system involvement

A. Cortical amyloid plaques and/or NFT associated with additional mul-
tisystem degeneration (eg. basal ganglia degeneration). Examples
would be family EF noted above and the family reported by Morris
et al. (1984).

B. Cortical changes of AD associated with lower motor neuron degen-
eration. Example includes the CSF family noted above and in Bird et

al. (1989).
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C. Dementia with cortical NFT but without amyloid plaques. Example
includes the BK family noted above and described in Sumi et al.
(1988) and Bird et al. (1989).

D. Other additional “atypical” kindreds.

V. FAD without multigeneration involyement (eg. sibs or cousins without
clear documentation of affected individuals in two or more generations)

It should be noted that this proposed classification represents guide-
lines and not hard and fast rules. Some of the families falling within Type
IV are so atypical that not all investigators would call them AD, but it
should be noted that this category is carefully designated only as “famil-
ial dementia” with atypical Alzheimer features (not FAD). Excluded
from category IV would be other well-recognized genetic causes of
dementia such as Huntington’s disease, Gerstmann-Straussler disease,
familial CJD and hereditary spinocerebellar degenerations.

This classification has numerous advantages. It takes into consider-
ation clinical, genetic and pathological criteria and is based on a system-
atic and detailed evaluation of 32 kindreds. Additional pedigrees and
variants can be incorporated into the classification as they are reported.
The classification of any given family can be changed as additional
clinical or pathological material becomes available. Also, one or more
categories may become irrelevant and can be incorporated into another
category. For example, Type I1I Intermediate/variable onset FAD repre-
sents the least well-defined group, and early onset FAD and late onset
FAD may eventually prove to be the only useful categories. Neverthe-
less, our family material presently best fits these five subgroups.

A shortcoming of this classification is that it is based on a non-ran-
domly ascertained set of pedigrees. This may lead to various selection
biases which cannot be completely quantified. For instance, there is a
higher probability that families with earlier mean age at onset will be
recognized and included in our sample. Consideration of the method of
ascertainment is especially important in segregation analysis but may
also effect estimates of age at onset (Sobel et al., 1988). For these reasons,
the observed classes reported here cannot be construed as evidence for
true biologic heterogeneity. Rather, the biological significance of this
classification will depend upon accumulating biochemical and molecular
evidence for and against heterogeneity in AD.
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Summary

The diagnosis of Alzheimer’s disease (AD) can made with certainty only by
histological examination of the brain, either on biopsy or at autopsy, using
current criteria that are critically discussed. The morphologic diagnosis of AD
is based on the finding of more than certain minimum age-related numbers of
neuritic plaques (NP) and neurofibrillary tangles (NFT) that may occur indepen-
dently from each other and show specific, often bilaterally symmetrical distribu-
tion patterns. Although both NFT and NP represent useful diagnostic markers
and their concentrations in neocortex correlate reasonably well with certain
mental status tests and some biochemical data, progressive loss of neurons and
synapses in cortex and brainstem appear to be more correlated with both demen-
tia and neuromediator changes, but their causal relationship with amyloid depo-
sition and cytoskeletal lesions is not clear. Cortical atrophy with 40 to 60% loss
of large neurons and 45 to 55% decline of synaptic density in frontal, temporal,
parietal cortex and hippocampus are probable correlates of progressive demen-
tia. Many mediator specific brainstem nuclei show progressive neuronal loss and
presence of NFT with severe involvement of cholinergic nucleus basalis of
Meynert (15 to 90% cell loss and atrophy of large neurons), pedunculopontine
and Westphal-Edinger nuclei, serotonergic dorsal raphe nucleus (10 to 76% cell
loss), noradrenergic locus ceruleus (40 to 80% cell loss in topographic relation
to temporal targets) and, less, the dopaminergic striatonigral system. The mor-
phologic heterogeneity of AD shows overlaps with Parkinson’s, diffuse Lewy
body disease, cerebrovascular and other brain lesions. In autopsy series, the
accuracy rates for clinical diagnosis of AD are about 80 to 85%, but more
standardized morphologic criteria are needed.

Introduction

There is general agreement that histopathologic evaluation of the
brain, either on biopsy or at autopsy, is an essential prerequisite for the
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definite diagnosis of Alzheimer’s disease (AD). The long accepted view
as to the cerebral morphology of AD is that it is featured by extracellular
deposition of amyloid forming part of the neuritic plaques (NP) or in the
cerebral vasculature, preceded by deposition of A4 precursor protein
(A-4P) or f-amyloid peptide (B-AP), and abnormalities of neuronal
cytoskeleton producing neurofibrillary tangles (NFT) formed by paired
helical and straight filaments containing phosphorylated microtubule-as-
sociated tau epitopes. Brain amyloidosis is not necessarily accompanied
by NFT formation, and the development and distribution of NP and
NFT are independent from each other (Moossy et al., 1988; Probst et al.,
1989). The histopathologic diagnosis of AD must be based on the
finding of mote than certain age-related minimum quantities of NP and
NFT in the neocortex and/or hippocampus (Ball, 1989), the quantitation
of which, at least in part, depends on the staining methods used: The
Bielschowsky and other silver techniques and immunostaining methods
have been shown to be most sensitive for detecting both types of AD
markers (Davies et al., 1988; Delaere et al., 1989; Wisniewski et al., 1989;
Braak et al., 1989; Lamy et al., 1989), although not all silver-positive NP
in neocortex contain A-4P (Ferreiro et al.,, 1989).
The present overview will discuss the following problems of AD:

a) Current criteria for the histological diagnosis of AD;
b) Quantitative morphology related to dementia and neurochemistry;
¢) The morphologic heterogeneity or overlaps with other disorders.

a) Diagnostic criteria of AD

Although AD is featured by neocortical, hippocampal and subcor-
tical pathologies, the criteria for the histological diagnosis of AD sug-
gested by the NIH/AARP Working Group are based on age-related
neocortical NP counts and do not include assessment of cortical NFT
numbers for all age groups, since the committee noted that NFT may be
found in individuals of 75 years or older fulfilling the clinical criteria of
AD who had large numbers of neocortical NPs. These morphologic
criteria (Khachaturian, 1985) have been widely but not universally ac-
cepted, since numerous neocortical NP with no or only very few neocor-
tical NFT have been seen in one or two-thirds of non-demented subjects
aged 75 to over 85 years (Katzman et al., 1987; Crystal et al., 1988).
While Tomlinson and Henderson (1976) saw occasional NFT in the
neocortex of 10 to 20% of intellectually normal elderly, they may be
absent in 16 to 30% of demented DAT subjects, most being over age 75
and all showing large numbers of NFT in hippocampus (Terry et al.,
1987; Morris et al., 1988; Joachim et al., 1988). These patients with
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“plaque-only” AD are similar to non-demented eldetly with cerebral
amyloidosis, but do not significantly differ in clinical, other morpholog-
ical and neurochemical data from the more typical cases with both
cortical NP and NFT, although the latter are associated with a tendency
toward greater severity. PHF-type neuritic degeneration is accepted as
a defining feature of AD (Crystal et al., 1988; Dickson et al., 1989;
Delaere et al., 1989), but histopathologic criteria of AD are not uniform
(Ball, 1989). Tierney et al. (1988) suggested those for diagnosis of “pure”
AD excluding cerebrovascular lesions that may occur in 28 to 63% of
AD cases, while concomitant Parkinson’s disease (PD) pathology is seen
in 15 to 85% of definite AD (Joachim et al., 1988; Jellinger, 1989; Mirra
et al., 1989). Hence, more standardized histopathologic criteria for the
diagnosis of definite AD are needed. Both NFT and NP that may occur
independently from each other show a rather specific distribution pat-
tern that is bilaterally symmetrical in most brain regions except for the
density of NFT in hippocampus (Moossy et al., 1988), suggesting
spreading of lesions from mediotemporal-hippocampus via connective
pathways to neocortical midfrontal and parastriatal parietal areas, while
somatosensory and visual cortex remain intact even in late stages of the
disease. The density of NFT and, much less, of the NP correlates reason-
ably well with many mental status tests (Delaere et al., 1989; Lassmann
etal., 1990) and some neurochemical data, e.g. reduction of cortical
choline acetyltransferase (ChAT) ot somatostatin, particularly in young
AD cases, while very old SDAT patients show no or very little differ-
ences towards non-demented controls (Hansen et al., 1988; Katzman et
al., 1988). Consecutive biopsy and autopsy studies show no significant
changes in the density of NP and NFT in frontal and temporal cortex,
but continuing loss of pyramidal cells related to progressive dementia
(Mann et al., 1988). From recent data can be concluded that the demon-
stration and quantification of NP and NFT are useful morphological
markers of AD, but may represent epiphenomena of the disease process
that are of limited value as measures for the clinical or biochemical
deficits. At present, not only the etiology of AD is obscure, but it is not
clear whether and how the pathologic findings of amyloid, NFT and NP,
or some or all of the associated neuronal losses, cause impairment of
memory, cognition and behavior in patients with AD (Tomlinson,
1989).

b) Quantitative morphology changes of AD (see Table 1)
They include 1. a significant reduction of fresh brain weight by 7.5

to 10% of age-matched controls or 16 to 18% of young adults, decrease
of hemispheral volume by 13—18%, with marked atrophy of medial
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temporal lobes and hippocampus, macroscopically prominent in about
25% of the AD cases, less frequently in frontal and parietal lobes, the latter
being particularly involved in rapidly progressive AD. Ventricular vol-
ume is increased by 35 to 55%. Weight loss of cerebral cortex is largest
in parietal lobe (45-58%), amygdala (45%), hippocampus (53—57%)
and temporal cortex (31 -45%), less in striatum (26%), while frontal and
occipital cortex are not reduced. This is associated with decreased thick-
ness of the cortex by 10—12% and loss of large neurons by 43 to 57%
in hippocampus and 40—46% in midfrontal cortex in younger AD as
compared to 25% in very old DAT cases (Katzman et al., 1988). Signif-
icant decrease of middle parts of corpus callosum corresponds to in-
volvement of parietal and temporal commissural fibers (Weis et al.,
1989). 2. In hippocampus, the total loss of neurons is correlated to the
density of NFT (see Ball, 1989). It mainly affects the subiculum with
total loss of the lamina IT and IIT of the entorhinal cortex of the parahip-
pocampal gyrus, the origin of the perforating pathway, the major source
of synaptic terminals in the outer portion of the molecular layer of the
dentate gyrus causing severe synaptic loss in this area (Hamos et al.,
1989). NP formation in this area is related to the severity of neocortical
NP due to deranged input from glutamate-aspartate neurons in the
entorhinal cortex entering the dentate gyrus via the perforant pathway
(Purohit et al., 1989), a major connection to the neocortex. Isolation of
the hippocampus is considered a major cause of cognitive dysfunction in
AD (Hyman et al., 1987; Kalus, 1989). 3. Cortical neuronal loss is
associated with shrinkage of neurons and reduction of DNS, loss of
dendrites and dendritic spines by 17 to 35%, mainly in layers 11T and IV
(Coleman and Flood, 1987), and a fourfold increase of fibrillary astro-
cytes in frontal cortex replacing neuronal losses. Presynaptic axons show
lesions in and around NP, which accumulation of pathologic structures.
While ultrastructural studies showed no decrease in cortical synapsis
numbers (Adams, 1987), recent immunostaining using synaptophysin
demonstrating presynaptic vesicles displayed a constant decline of opti-
cal density of synapses in normal aging, with 45—55% loss of immunore-
activity in layers II-V of midfrontal and parietal cortex in AD (Masliah
et al., 1989). The causes of synaptic loss are unknown, but Wegiel et al.
(1989) suggest that, at least around NP, it may be secondary to synaptic
damage due to amyloid deposition. 4. In the brainstem, many projection
nuclei show progressive cell loss and presence of NFT that often are
related to neuronal loss and AD lesions in cortical target areas and
neuromediator changes.

a) Cholinergic system: Significant neuronal loss with frequent NP and
NFT are seen in nucleus basalis of Meynert INBM) ranging from 15 to 90%
with average overall loss of 15--30% and much greater loss of large
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Table 1. Quantitative morphology of AD/SDAT (for ref. see Jellinger, 1989)

Type of change Reduction in %
Brain weight 7.5-18
Hemispheral volume 13 -18
Ventricular volume 35 -55
Weight cerebral cortex
Inferior parietal 45 —58
Temporal 20 —45
Amygdala 47
Thickness of cortex 10 -15
Numbers of neurons (>90 pm)
Hippocampus 43 -57
Super. Temporal 22 —-40
Frontal 25 —-60
Denderitic spines (n)
Frontal cortex 17
Temporal cortex 36
gt a
Synapses ml.dfrontal 45 55
parietal
Astroglia Frontal cortex plus 400
Subcortical nuclei
N. basalis Meynert N neurons 15/33 —-90
(cholinergic) density
Locus ceruleus N neurons 30 -85
(noradrenergic)
Dorsal raphe nucl. N neurons 36 -77
(noradrenergic)
Dorsal vagal nucl. N neurons 4 +12
(noradrenergic)
Pedunculopent. nucl. N neurons 29 -34
(cholinergic)
Supraoptic nucl. N neurons 65
Substantia nigra N neurons 6 -38
(dopaminergic)

? see Masliah et al. (1989)

neurons in intermediate and posterior parts (Ch4p). It is more severe in
young AD than in old SDAT cases and similar to that in PD, where it
is more severe in demented than in non-demented patients (Table 2).
NBM cell loss shows significant correlation with neuronal loss, density
of NP and NFT and of presynaptic M 2 muscarinic receptors in temporal
cortical target areas suggesting retrograde or anterograde degeneration,
while shrinkage of large NBM neurons suggests reduced enzyme synthe-
sis or failure of transport due to neurotrophic factor dysfunction (Allen
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Table 2. Neuronal loss in nucleus basalis Meynert in AD/SDAT versus age-
matched controls

Disorder N  Mean Neuron Max. cell Authors Year
age loss % density %
AD 1 74.0 90.0 - Whitehouse et al. 1981
5 64.0 75.0 - Whitehouse et al. 1982
3 56.6 62.0 - Wilcock et al. 1982
14 60.9 70.0 54.0 Arendt et al. 1983
4 50.5 57.3 - Tagliavini and Pilleri 1983
? ? 66.0 - Nagai et al. 1983
3 64.0 67.0 - Rogers et al. 1985
7 67.0 59.0 - Jacobs and Butcher 1986
7 67.2 55.8 -~ Ichimiya et al. 1986
15 63.9 69.5 68.0 Jellinger 1987
? ? 64.0 - Rinne et al. 1987
7 70 61.0 (large) Allen et al. 1988
SDAT 3 84.7 38.6 - Wilcock et al. 1982
5 81.0 35.0 - Candy et al. 1983
6 82.0 33.0 - Perry et al. 1983
5 75.6 57.3 - Tagliavini and Pilleri 1983
22 75.4 59.9 - Mann et al. 1984
5 80.0 43.0 - Jacobs and Butcher 1986
10 79.1 50.1 - Mann et al. 1986
43 80.9 46.6 39.3 Jellinger 1987
11 ? 15.0 (total) Vogels et al. 19892
36.0 (Ch4p)
Mix 9 83.8 30.0 - Mann et al. 1986
Parkinson D. 4717 4677 Tagliavini and Pilleri 1984
Rogers et al. 1985
PD (non demented) 32-49 34-49 Jellinger 1986
Ezrin-Waters 1986
PD/SDAT 11 82.6 47.0 - Jellinger (unpubl.)

(for ref. see Jellinger, 1989)
? not included.

et al., 1988). Oyanagi et al. (1989) reported similar loss of large neurons
in NBM and striatum, where many diffuse f-AP plaques are present
(Joachim et al., 1989). Although the basal forebrain heavily projects to
the reticular thalamic nuclei, in AD these show normal cytoarchitecture
with no NP of NFT, but Alz-50 terminal staining that may be related to
forebrain lesions (Tourtellotte et al., 1989). The cholinergic parabrachial
pedunculopontine nuclens, pars compacta, in the dorsolateral part of caudal
mesencephalic tegmentum having major projections from basal ganglia/
thalamus to cortex, in AD shows a 30 to 40% neuronal loss with
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Table 3. Dorsal raphe nucleus: quantitative changes in A.D.

Disease Neuron loss nucleol. vol. NFT Author Year
(percent of controls) % cells (for ref. see Jellinger, 1989)

AD 1744+ 6° 34.4° Mann et al. 1984
36.6 (23—-48) © 14.6 Tabaton et al. 1985

SDAT 6.1+ 1.6 229° Mann et al. 1984
14.6+ 4° (total) 2.25 Curcio and Kemper 1984
273+ 5% (large)
76.9+15°¢ 90.9 Yamamoto and Hirano 1985
21.0° Ichimiya et al. 1986
55.5+ 9°¢ Jellinger 1987
10 restral
15 mid Zweig etal. 1988
36 caudal ©
49.4° Jellinger (unpubl.)

PD 29-43.7 ¢ 4.5 Jellinger 1989

2 p<0.05 ° p<0.01; ° p<0.001

frequent involvement of cells by NFT (Mufson et al., 1988); more severe
damage of this area involved in locomotor activities and regulation of
sleep-waking cycles, is seen in PD and supranuclear palsy (PSP)
(Jellinger, 1989; Zweig et al., 1989). The supraoptic nuclens in AD is
relatively preserved but also has frequent occurrence of NFT that may
cause effects on sleep-waking rhythm (Stopa et al., 1989).

b) In the serotonergic dorsal raphe nucleus, neuronal loss in AD ranges
from 10 to 76%, most severe in the caudal parts with many NFT that
may involve up to 91% of the DRN cells (Table 3).

¢) The noradrenergic locus ceruleus, in AD — less than in PD — shows a
significant 40—80% loss of neurons with most severe involvement and
greatest density of NFT in the rostral or mid part projecting to
hippocampus (Table 4), suggesting retrograde degeneration due to pri-
mary damage to its cortical projection areas (Zweig et al., 1988). Most
severe lesions in LC occur in AD with major depression (Chan-Palay and
Asan, 1989) and 10 to 20 fold decrease of norepinephrine (Zubenko
et al., 1989).

d) The dopaminergic striatonigral system that in PD suffers cell losses
from 63 to 96%, in AD is less involved with neuron losses ranging from
6 to 36% and less reduction of tyrosin hydroxylase immunoreactivity,
while cell loss in ventral tegmental area (V'TA) shows cell loss similar to
PD ranging from 40 to 70% (Table 5). In the brainstem, there is close
relationship between nerve cell losses and the distribution and density of
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Table 4. Locus ceruleus: quantitative changes in Alzheimer disease

Disease N Mean Neuron loss nucleol. vol. Author Year
age (percent of controls)
AD 1 67 79° Tomonaga 1983
7 672 68.6° Ichimiya et al. 1986
1 66 68° 72 central Ingram et al. 1987
15 ventral
22 72 70 © rostral Zweig et al. 1988
81°¢ mid
67 °¢ caudal
1 61.3° Jellinger (unpubl.)
SDAT 15 81 51-56 ¢ Tomlinson 1981
24 74-87 40 ¢ Vijayshankar and 1979
Brody
20 78%+ 7 80 ° Bondareff et al. 1982
19 847 54.4° 823° Mann et al. 1983
22 745 703°  685° Mann et al. 1984
75.6 412  (30-86)° Chui et al. 1986
75.8 33 © (neuron atrophy) Burke etal. 1988
55 © (mitog. activ.)
18 824 50.3 ¢ Jellinger (unpubl.)
376 3.5-87.5 Chan-Palay and Asan 19891
PD 72-85 ¢ Mann et al. 1984
52-74°¢ Jellinger 1989
PD-PD/AD 26-94 Chan-Palay and Asan 19891

® p<0.05 ® p<001; © p<0.001; ? (for ref. see Jellinger, 1989)

NFT that particularly involve nuclei projecting to the cortex, with
following descending order of intensity (German et al., 1987; Jellinger,
1989): raphe nuclei (dorsal raphe/supratrochlear nucl.), central superior
nucl., pedunculopontine nucl., locus ceruleus, nucl. paranigralis pigmen-
tosus and nucleus paranigralis, interpeduncular, magnocellular reticular
nuclei, midline thalamus and lateral hypothalamus, while substantia nigra,
zona compacta, thalamic relais and motor nuclei, trochlear and oculomo-
tor complex (except for the Westphal-Edinger n.), and medullary motor
nuclei are rarely involved. These data suggest secondary involvement of
most brainstem nuclei due to primary cortical AD pathology, while the
distribution of NP does not always coincide with that of NFT; it shows
the following descending order of intensity (Iseki et al., 1989): periaque-
ductal gray, superior colliculi, floor of the third and fourth ventricle,
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Table 5. Substantia nigra: quantitative changes in Alzheimer disease

Disease N Mean Neuron loss nucleol. vol. Author Year
age (percent of controls) (for ref. see Jellinger,
1989)
AD 12 66 11.843.7°2 23.8+4° Mann et al. 1983
4 63 38.1 (18-54)° Tabaton et al. 1985
1 70 47.4°¢ Jellinger 1987
SDAT 19 85 6.313.6 8.4+3.9 Mann et al. 1983
SDAT+ AD 22 745 7.52 13.0° Mann et al. 1984
SDAT+ AD 5 75.6 16 (3-72)° Chui et al. 1986
SDAT 16 82 28.1 (22-48)® Jellinger 1987
SDAT 24 824 25.5 (20-40) ® Jellinger (unpubl.)
SDAT 37 745 25.0°% Gibb and Lees 1989
SDAT 22 727 17.08 Gibb et al. 1989
PD 63-85° Mann and Yates 1983
Bogerts et al. 1983

Gibb and Lees 1987

* p<0.05 * p<0.01; © p<0.001

mamillary bodies and tuberomamillary nuclei, superior central nucl., less
severe in reticular formation, substantia nigra, pontine tegmentum and
inferior olives. The cerebellum is frequently involved by B-AP contain-
ing diffuse NP that differ from PHF-containing NP and amyloid plaques
in spongiform encephalopathies (Yamaguchi et al., 1988; Braak et al.,
1989; Joachim et al., 1989).

¢) Morphologic heterogeneity of AD

The morphologic heterogeneity of AD is increasingly recognized,
and other cytoskeletal and neurodegenerative lesions or brain pathology
may occur in cases fulfilling the histologic criteria of AD. Lewy bodies
(LB), the anatomical hallmark of PD, easily seen by ubiquitin immuncy-
tochemistry (Bancher et al., 1989; Dickson et al., 1989), are found in
varying numbers in both brainstem and cererbral cortex (Table 6): LB
in brainstem, present in 8 to 25% of normal brains over age 60, are found
in 18 to 66% of all cases of AD/DAT with or without considerable nigral
damage. They may represent incidental age-related degeneration, pre-
clinical PD (Gibb and Lees, 1988), AD with incidental LB or true
combination of AD/PD. Concomitant PD pathology, i.e. nigral damage
and LB in various sites, occur in 15 to 85% of definite AD cases
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Table 6. Age-specific prevalence of Lewy bodies (percentage) in controls and
Alzheimer disease

Age Controls (1) Alzheimer disease (2)
group Gibb (1989)  Jellinger Gibb-Lees Jellinger
years (N=210) (N=274) (N=106)  (N=558)

Sub. nigra S.N. L.C. S. nigra S.N. L.C.
30-49 - 0 0 - 100 (3) 100
50-59 3.8 0 0 0 62.5 (24) 66.7
60—69 4.9 3.7 3.7 15.4 58.5 (94) 68.0
70-79 8.3 9.1 27.3 13.9 53.7 (205) 64.9
8089 12.8 15.4 32.3 12.9 61.6 (211) 66.8
90-99 111 12.5 12.5 14.3 42.9 (21) 61.9
> 60 yr 8.2 12.7 24.0 14.0 57.3 (531) 66.1

(1) Comparison: Lipkin (1959) 6.8% > 60 yrs
Woodward (1962) 12% > 60 yrs

(2) Comparison: Morris et al. (1988) 10/ 26 AD = 38%
Joachim et al. (1988)  23/131 AD = 18%
Crystal et al. (1988) 5/ 10 AD = 50%
Dickson etal. (1989) 11/ 21 AD = 52%

S.N. substantia nigra; /..C\. locus ceruleus

(Joachim et al., 1988; Mirra et al., 1989; Morris et al., 1988; Jellinger,
1989), and was present in 32% of a personal autopsy cohort of 564
AD/DAT cases (Table 7). On the other hand, in autopsy series of PD
individuals, the incidence of additional AD markers ranges from 7 to
47%, and was 53.5% in a series of 306 PD cases (Table 7). Cortical LB
are seen in 7—-8% of all AD brains (Mortis et al., 1988) and in 2.3% of
aged controls (Perry et al., 1990). The close relationship between AD
and PD is further confounded by diffuse Lewy body disease (DLBD)
and various subsets of AD showing a variety of overlapping neu-
ropathologic changes, those of PD, DBLD and localized spongiform
changes similar to Creutzfeldt-Jakob disease (JCD) (Burkhardt et al.,
1988; Hansen et al., 1989). Vacuolation in AD may be similar to that in
JCD, but occurs in proximity to NP with f-AP and PHF-filled neurites,
while negative transmission experiments give no evidence for a trans-
missible spongiform encephalopathy.

Widespread LB in both cortex and brainstem occur in DLBD, an
increasingly recognized form of dementia with or without clinical signs
of parkinsonism (Kosaka et al., 1988), often associated with AD lesions
and similar biochemistry with decreased cortical ChAT activity and
somatostatin-like immunoreactivity (Dickson et al., 1989). DLBD, in a
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Table 7. Brainstem and other brain lesions in Alzheimer disease, senile demen-
tia, Parkinson’s disease, and controls

Type of lesion Alzheimer SDAT Parkinson  Controls
disease disease
N=140 N=424 N =306 N=286

Mean age (yr + SEM) 65.0+0.5 81.6+0.6 740409  75.0+0.8
S. nigra (Numbers indicate percent of total cases)
Neuron loss 3+ 8.8 2.8 93.8 0

2+ 6.1 6.6 6.2 2.1

1+ 71.2 81.9 0 27.0
Lewy bodies 66.3 56.2 99.5 6.0
NFT 82.1 73.8 17.6 1.8
L. ceruleus
Neuron loss 100 100 100 13.4
Lewy bodies 66.3 65.7 99.2 18.3
NFT 85.6 84.0 16.7 4.1
N. basalis m. (N =70) (N=276) (N=94) (N=43)
Lewy bodies 8.0 15.0 97.7 7.5
NFT 100 98.6 36.2 7.5
Westphal-Edinger nucl. (N=22) (N=58) (N=30)
Lewy bodies 10.0 11.0 96.7 N.E.
NFT 100 98.3 16.7 N.E.
Pontine tegmentum
N. plaques 87.5 87.4 16.3 1.8
NFT 98.0 87.4 21.3 1.9
Lacunes, Basal 31.3 31.5 20.8
Ganglia 11.4 - - -
Old infarcts 6.0 8.1 8.2 4.6
Amyloid angiopathy 99.6 98.6 12.1 0.9
Cer. hemorrhages 7.2 10.3 5.3 1.0
Large 5.3 7.0 4.3 0
Small (multiple) 1.9 33 1.0 1.0
Cort. Lewy bod. 2.9 1.9 7.0 0
PD/AD 14.9/16.9
(<70 y1s) clin/anat. - 18.6 0
PD/DAT 17.0/9.6
(>70 y1s) - clin/anat. 35.0 0

Values given in percent of total cases; NE not examined; NFT neurofibrill. tangles;
N plaques = neuritic plaques

recent series of 216 degenerative brain diseases, was the second most
frequent cause of primary degenerative dementia after AD (Dickson et
al., 1989), while it is rare in other autopsy series of dementia (Morris et
al., 1988; Joachim et al., 1988; Boller et al., 1989; Jellinger, 1989). Perry
et al. (1990) suggest that senile dementia of Lewy body type may com-
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prise up to 20% of hospitalized demented old people. Most of the DLBD
cases show neocortical plaques with lack of PHF-type neuritic changes
in the gray matter, thus representing “plaque only” AD with extensive
amyloid angiopathy but sparing of the hippocampus, while only a mi-
nority show neocortical NFT, possibly representing combination of AD
and DLBD. Within the disease spectrum including AD, PD and DLBD,
at one end is AD, a cortical degeneration with extensive cytoskeletal
aberration of microtubule-associated tau protein, at the other end is PD,
a subcortical degeneration with neurofilament aberration (Bancher et al.,
1989). DLBD is the broad middle ground with some features of PD and
AD, yet differing from both diseases by having widespread cortical LB
and NP but lack of PHF-type neuritic changes in the neuropil and
sparing of hippocampus despite widespread amyloid deposition that
distinguishes DLDB from true AD/DAT.

The morphologic heterogeneity of AD is further associated with or
superimposed by cerebrovascular lesions: multiple lacunes in the basal
ganglia are seen in about one-third of definite cases of AD and brain
infarcts are present in 8 to 35% of AD brains (Table 7; Joachim et al,,
1988; Morris et al., 1988; Tierney et al., 1988; Mirra et al., 1989), but they
rarely reach the extent of true combination with multiinfarct dementia
(MID), representing mixed type dementia. Cerebral hemorrhages, pres-
ent in 5 to 11% of AD brains (Table 7), are often caused by cerebral
amyloid angiopathy, occurring in up to 100% of all AD cases (Jellinger,
1989). It may also induce cerebral infarctions and leukencephalopathy
(Vinters et al., 1989).

The morphologic heterogeneity of AD, its association with other
brain pathologies and the lack of uniform criteria for the diagnosis of
AD and its distinct separation from “normal’ brain aging are document-
ed by varying coincidence rates for the clinical and pathological diagno-
sis of AD and other degenerative dementias. In various prospective or
retrospective clinico-pathological studies the accuracy rates for the diag-
nosis of AD range from 70 to 100%, with reasonable mean values of 80
to 85% (Table 8). Retrospective clinico-pathological analysis of 675
consecutive autopsy cases of dementia disorders in the aged revealed that
the histologic criteria of AD were fulfilled in 77%, only 60% represent-
ing “pure” forms, while 8% with additional cerebrovascular lesions
represented “mixed” type dementia, and 9% had additional PD markers
(PD/AD). MID pathology was present in 16%; 7% were other entities,
and 0,3% showed nothing abnormal. The general coincidence rates for
clinical and pathologic diagnosis of AD/DAT were 85.2%, for PD/AD
76%, for MID 72%, and for mixed AD/MID only 47% (Jellinger et al.,
1990). These data and the results of other recent studies emphasize the
need for better and more standardized clinical and morphological criteria
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Table 8. Accuracy of clinical diagnosis in autopsy series of demented patients

Author Year N/Cases Agreement AD
(for ref. see Boller etal., 1989)° (Percent)

Retrospective studies

Todorov et al. (1975) 776 (AD) 43
Petl et al. (1984) 26 (AD) 81
Wade et al. (1987) 65 (AD) 85
Alafuzoff et al. (1987) 55 (AD) 63
Kokmen et al. (1987) 32 72
Joachim et al. (1988) 150 87
Boller et al. (1989) 54 63/79.7
Jellinger et al. (1990) 675 (AD) 85.2
Prospective studies

Sulkova et al. (1983) 27 (AD) 82
Molsa et al. (1985) 58 (AD) 71
Neary et al. (1986) 24 (AD) 75
Martin et al. (1987) 11 (AD) 100
Morris et al. (1988) 25 (AD) 100
Crystal et al. (1988) 19 (AD) 85
Sulkova et al. (1989) 53 (AD) 87

AD brains with AD/SDAT alone; no other CNS lesions, i.e. “pure” AD/SDAT (Tierney
etal., 1988)
* not included

for the classification of AD and other dementia disorder of the aged in
order to increase the diagnostic accuracy rates.
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Summary

Dementing disorders are not only caused by grey matter alterations but also
by white matter lesions, either together with grey matter changes or as the sole
change. In dementia of Alzheimer’s type white matter disease in the nature of a
selective incomplete white matter infarction was found in around 60% of cases.
It was regarded as being most likely due to regional hypoperfusion of the white
matter and might therefore be prevented, halted or even partly reversed by
therapy.

Introduction

Dementias are usually thought of as cortical diseases, with a small
group of subcortical dementias affecting basal ganglia or brain stem. The
role of rarely considered or little known white matter diseases remains
disregarded. They seem, however, to be common and may be an impot-
tant component of a syndrome or even the sole disease behind a demen-
tia. However, they are submerged among the rather poorly defined
subcortical dementias. Nevertheless, on the basis of their frequency and
importance they desetve an anatomical plateau of their own, the result-
ing disease logically termed white matter dementia, and are to be regard-
ed as a distinctive part of the subcortical dementias. This definition is
used in the following. Subcortical white matter lesions of the type under
consideration here is the white matter disease encountered in
Alzheimer’s disease.
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Material

The material consists of 50 cases of presenile and senile dementia of
Alzheimer’s type (AD and SDAT respectively) aged 52 to 90 years. For a
comparison were used normal age-matched cases, cases of frontal lobe dementia
of non-Alzheimer type (FLD), (Brun et al., 1987), Pick’s disease, multi-infarct
dementia (MID), Binswanger’s disease, incomplete white matter infarction as
well as occasional cases of Jacob Creutsfeldt’s disease (JC), AIDS and multiple
sclerosis (MS).

Method

In the neuropathological study whole brain semiserial frontal sectioning was
consistently employed. 5-micra thick sections from paraffin-embedded slices
were stained according to a wide variety of methods including hematoxylin and
eosin, Luxol fast Blue for myelin, Naoumenko and Bielschowsky for plaques and
tangles, Kongo red and thioflavine S for amyloid and gliofibrillar acid protein
with PAP-technique for astroglial protein. On templates of such sections the
grey and white matter changes were recorded as to type, distribution and
severity. In this way also non-relevant additional important lesions could be
detected, sometimes disqualifying for inclusion in respective groups. This meth-
od also allowed a close comparison between topography of the various lesions.
As reported earlier (Englund et al., 1987, 1988) 50 small samples were also taken
from the white matter, both normal and pathological, for a small piece in vitro
MR study, analysis of water and myelin lipids as well as microscopical assessment
of type and severity of lesions. The samples where identical for all these studies
which allowed a close correlation between the results.

The primary dementia cases all belong to a large prospective study why
relevant clinical features such as blood pressure variations, dementia symptoms,
regional cerebral blood flow changes and other signs and symptoms could be
derived from the clinical records.

Results

Reported here are only the findings in the white matter of cases with
primary degenerative dementia of the Alzheimer type.

White matter changes were found in 30 out of 50 DAT cases. They
were located in the deep white matter periventricularly, sometimes
spreading to more superficial strata. They were most common frontally
and seen less often parietally and centrally.

The changes were not circumscribed but irregularly and diffusely
outlined with a gradual transition between damaged and non-damaged
areas. On myelin-stained sections they appeared as pale areas. On parallel
sections stained differently these same areas were checked for cellular
reactions: If not present the myelin paling was regarded as an artefact.
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Cell changes found consisted of an attenuation of the tissues with a
partial loss of axons and myelin together with oligodendroglial cells,
accompanied by mild astrocytic gliosis and a few macrophages. There
was no swelling or water increase, no inflammatory changes and no
cavitation or complete loss of axons or myelin sheaths. Vessels within the
changed areas showed fibrohyaline wall thickening with severe narrow-
ing of the lumen but no hypertensive changes. The basomeningeal
arteries displayed only mild arteriosclerosis and amyloid angiopathy was
limited to meningocortical vessels.

The white matter changes were graded with regard to the severity of
loss of normal constituents and appearance of reactive changes. The
severest degree of white matter change was found in Y5 of the material,
slight to moderate degree in %; and no changes in the remaining % . There
was no regional correspondence between the cortical encephalopathy
with plaques and tangles etc. on the one hand and the white matter
changes on the other hand, neither with regard to location nor to
severity.

The small sample study showed an MR T-1 and T-2 time prolonga-
tion and reduction of cerebroside and ganglioside by up to 50%. These
changes parallelled each other and also the microscopical grade of sevet-
ity. Morphological, MR and biochemical changes werte found only with-
in these white matter areas, whereas outside the morphology, MR and
lipid values were normal. Thus there was never any diffuse involvement
of the white matter.

The clinical records showed cardiovascular disorders and hypoten-
sive attacks to be 3 times as common in cases of DAT with white matter
changes as in cases without. Hypertension was rare. From a symptomat-
ological point of view DAT with white matter changes had more symp-
toms such as lack of insight and disinhibition and also mote prominent
symptoms of a cerebrovascular type such as vertigo, fainting spells or
syncope and a fluctuating course, as compared with DAT without white
matter changes. Classical DAT symptoms were rather subdued to some
extent.

Discussion

The white matter changes described may have a component of Wal-
lerian degeneration. They are, however, not mainly of this type since
white matter was normal outside the lesions and the changes may in
non-DAT cases exist as the sole brain disorder and also since there was
no correlation between cortical and white matter changes (Brun et al.,
1986). Neither do the latter appear as part of a generalized metabolic
oligodendroglial disorder since they are focal. They are also clearly
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different from those in multiple sclerosis and from regular complete
infarctions. From a morphological point of view they appear as incom-
plete infarctions with varying attenuation of the tissue and mild cellular
reaction. Against this background they are most likely due to hypoper-
fusion caused by the local vascular changes in combination with general
cardiovascular factors inducing hypotensive attacks. This may be sup-
ported by the partly cerebrovascular type of symptomatology.

The changes are called selective incomplete white matter infarction
(SIWI) due to the microscopical appearance of the changes, the pro-
posed etiology and the fact that the changes selectively engage the white
matter.

The frequent association between DAT and SIWI may indicate a
connection between the two disorders. This connection could be in the
nature of a wide-spread transmitter deficit affecting also the cerebral
vascular innervation or the common meningocortical amyloid angiopa-
thy with consequences for the perfusion of the underlying white matter.

In DAT the white matter lesions may be expected to block the
transport routes for acetylcholine between nucleus basalis Meynert and
the cortex, and might hypothetically in a retrograde fashion cause degen-
erative changes in this nucleus.

The ventricular widening most likely is mainly due to this white
matter disease. A tendency to a frontal accent of the white matter
changes appears to coincide with the frontal component of the symp-
tomatology. Probably only severe changes produce symptoms. Symp-
toms related to the white matter by other authors (Filley et al., 1989)
include inattention, forgetfulness and emotional changes whereas amne-
sia, aphasia and movement disorders are more characteristic of cortical
disorders. The histologic type of the lesions and the reflection in MR
relaxation times may indicate that the changes are visible on MRI as also
proposed by some authors. This is in agreement with a preliminary MR
study of later series of cases in this material (unpublished results), the
frontal white matter bearing the brunt of the SIWI.

A few other groups have since presented similar findings e.g. Gott-
fries et al. (1985) and George et al. (1981). White matter disease is not
unique to Alzheimer’s dementia. Changes, though of a different type, are
found also in Pick’s disease and a leucoencephalopathic form of Jacob
Creutsfeldts’s disease and are also a part of multi-infarct dementia. They
are even more prominent in several other disorders and then in some
instances the main change such as in Binswanger’s disease and progres-
sive subcortical gliosis (PSG). In still other disorders they are the only
change such as in AIDS, multiple sclerosis and some cases affected by
SIWI alone. They may also be the sole or main lesion in alcoholic
dementia, normal pressure hydrocephalus and toluene intoxication (Fil-
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ley et al., 1989). White matter alterations may also be the dominant
change in the ageing brain.

Thus in dementia white matter lesions may arise as an important field
of research and an important correlate to dementing symptoms. If the
white matter lesions in DAT are of a hypoperfusive etiology a preventive
or even partly reversing therapy may be considered.
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Summary

The hallmarks of Alzheimer’s disease are extracellular amyloid deposits and
intraneuronal neurofibrillary changes. The distribution pattern of amyloid is
different from that of neurofibrillary changes. Plaque-like deposits of amyloid
should carefully be distinguished from the well known neuritic plaques. The
brunt of the cortical pathology is botne by the entorhinal region, the hippocam-
pal formation, and the isocortical association areas. The early occurring destruc-
tion of the entorhinal cortex disrupts the transport of information from isocor-
tical association areas to the hippocampal formation.

The cerebral cortex represents the dominating structure of the human
brain. It is divided into the more or less uniformly built isocortex and
the heterogeneously composed allocortex (Braak, 1980, 1984). The phy-
lo- and ontogenetically late developing association areas occupy most of
the total area of the isocortex (Fig. 1a, white areas). The allocortex is
small in comparison to the isocortex. Its central portion is the hippocam-
pal formation. A further component is the entorhinal region that is
located in the anterior portions of the parahippocampal gyrus and the
gyrus ambiens. The entorhinal cortex exhibits a particularly complex
lamination pattern (Stephan, 1975; Braak and Braak, 1985).

Recent investigations in the primate brain have shown that stout fibre
bundles originating from all isocortical association areas converge on the
entorhinal region hereby providing it with abundant somato-motor,
somato-sensory, acoustic, and visual information (Fig. 1a; van Hoesen,
1982; van Hoesen et al., 1972). The outer cellular layers of the entorhinal
region generate the perforant tract which in turn transmits the informa-
tion to the hippocampus (Fig. 1b). This information transfer from iso-



86 H. Braak and E. Braak

cortical association areas — via the entorhinal region — to the hippocam-
pal formation is of significance for maintaining mnestic functions.

All of the three territories under consideration: the isocortical associ-
ation areas, the entorhinal region, and the hippocampal formation exhib-
it characteristic and thoroughgoing structural changes during the course
of Alzheimer’s disease.

A large amount of unsoluble fibrous material that normally does not
occur in the central nervous system is both extracellularly and intraneu-
ronally deposited. The extracellularly located amyloid deposits should
carefully be distinguished from the intraneuronal components which
make up the neurofibrillary changes.

Modern silver techniques which take advantage of physical develop-
ment of the latent image are available for the demonstration of both the
amyloid (Campbell et al., 1987) and neurofibrillary changes (Gallyas and
Wolff, 1986). The sensitivity and specificity of these advanced silver
stains is comparable to that seen in immunostained preparations (Braak
et al., 1989).

Amyloid deposits

In Alzheimer’s disease, large numbers of plaque-like amyloid deposits
are more or less evenly distributed throughout all layers and all areas of
the isocortex. Most of the amyloid plaques remain devoid of patholog-
ically changed argyrophilic neurites. Furthermore, the tissue within the
range of many of these plaques does not reveal any conspicuous neuropil
distortions in Nissl stained material. It has to be emphasized that large
numbers of amyloid plaques occur in layers that never or only occasion-
ally harbour neuritic plaques, among these are the molecular layer and
the multiform layer (Fig. 1 ¢). In addition to that, many amyloid deposits
are also present in the white matter and there even at a considerable
distance to the cortex. Thus, it appears inappropriate to consider the
amyloid plaques as forerunners of neuritic plaques or as structures that

»
»

Fig. 1. a, b Fibre bundles from isocortical association areas converge upon the entorhinal
cortex which in turn projects via the perforant path to the hippocampal formation.
¢ Schematic lamination pattern of an isocortical area (striate area, Brodmann field 17)
and its Alzheimer-related pathology as seen in preparations stained for amyloid and
neurofibrillary changes. Note the difference in the distribution pattern of amyloid plaques
and neuritic plaques. d Distribution of Alzheimer-related cortical changes. The black area
represents the most severely affected region. e Neurofibrillary changes consist of three
kinds of lesions, namely the neuritic plaques, neurofibrillary tangles, and neuropil threads.
f The transport of information from isocortical association ateas to the hippocampal
formation is bilaterally interrupted by destruction of the cells of origin of the perforant
tract
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inevitably transform into neuritic plaques. Figure 1¢ demonstrates the
thoroughgoing differences in the distribution pattern of amyloid plaques
on the one side and neuritic plaques on the other. The conclusion to be
drawn from this comparison is that most amyloid plaques do not corre-
spond to and should carefully be distinguished from the various types
of neuritic plaques (Braak et al., 1989).

The material examined does not contain isocortical areas rich in
neurofibrillary changes and poor in amyloid. However, several areas rich
in amyloid and poor in neurofibrillary changes have been noted — sug-
gesting that the deposition of amyloid precedes the development of
intraneuronal changes (Braak et al., 1989). Nevertheless, it should be
stressed that the extracellular deposition of amyloid does not necessarily
induce the development of intraneuronal changes.

Neurofibrillary changes

Sections stained with a silver technique specific for neurofibrillary
changes reveal the presence of three kinds of lesions, namely neuritic
plaques, neurofibrillary tangles, and neuropil threads (Fig. 1e; Braak and
Braak, 1988a).

Neuritic plaques are partly composed of a dense feltwork of argy-
rophilic neurites (Mann, 1985; Price, 1986). The density of neuritic
plaques changes frequently and it may even change within the
boundaries of a certain cortical area. Moreover, they tend to be particu-
larly crowded in the depth of the sulci and, therefore, the plaque density
appears to be more closely related to the configuration of the sulci than
to architectonic units (von Braunmuhl, 1957; Braak et al., 1989).

Initial stages of neurofibrillary tangles develop within the lipofuscin
deposits of nerve cells. Mature tangles fill large portions of the cell body
and may even extend into the proximal dendrites, however, they will
never extend into an axon. Tangle-bearing cells will ultimately die. After
disintegration of the cell body the extracellular remnant of the tangle is
slowly decomposed by astrocytes (Probst et al., 1982). Within the isocor-
tex, tangle-bearing neurons do all belong to the class of pyramidal cells.
Interneurons appear to resist the development of tangles.

Neuropil threads are loosely scattered throughout the cortical grey
(Braak et al., 1986). Within the isocortex, they were observed within
dendrites of pyramidal cells only (Braak and Braak, 1988b). Interneu-
rons as well as glial cells remain devoid of these specific alterations. In
some areas and layers of the cortex — such as in layer V of the striate area
— a particularly pronounced density of neuropil threads is noted
(Fig. 1c). Neuropil threads represent a substantial part of the total
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amount of neurofibrillary changes and should thus justify more efforts
to elucidate the conditions responsible for their development and pattern
of distribution (Braak et al., 1989).

Distribution pattern

Amyloid deposits, neuritic plaques, neurofibrillary tangles, and neu-
ropil threads are by no means distinguishing features of Alzheimer’s
disease, since they also occur — although in considerably lesser number
—in the brain of the aged and non-demented individual (von Braunmiihl,
1957; Mann, 1985; Price, 1986; Braak and Braak, 1988a). This is also
why the neuropathological diagnosis is only an easy one in severe cases.
Recognition of early stages of the disease is extremely difficult and
requires extended and time-consuming quantitative analyses of a large
number of cortical areas. In this context, it should be emphasized that
the advanced and highly reliable silver techniques mentioned above
permit the processing of numerous preparations such as sections run-
ning through entire hemispheres. All structures containing the patho-
logical material are specifically marked. They ate clearly visible against
an almost unstained background and thereby enable the immediate
recognition — even by the unaided eye — of the pathology and of the
striking differences in the severity of the change.

Figure 1d shows the distribution of the pathological changes, as
compiled from data available in the literature (Brun and Gustafson,
1976; Brun, 1983). Isocortical association areas are particulatly heavily
involved in Alzheimer’s disease, nevertheless the brunt of the pathology
is borne by the allocortex with severe destruction of the entorhinal
cortex and hippocampal formation. The pyramidal cells within the su-
perficial layers of the entorhinal cortex are extremely susceptible to the
development of tangles (Braak and Braak, 1985). Advanced stages of
Alzheimer’s disease show that all projection cells of the second layer are
affected. The projection cells within this layer are also the first cortical
neurons affected by the pathology. When focusing on the initial stages
of the disease, neither the temporal isocortex nor the hippocampal for-
mation show the presence of large numbers of neurofibrillary tangles
and neuropil threads while the second layer of the entorhinal region is
already severely and specifically affected. The projection cells of this
layer generate important portions of the entorhinal-hippocampal con-
nection, the perforant path. Therefore, the transport of isocortical infor-
mation via the entorhinal region to the hippocampal formation becomes
bilaterally hampered or interrupted (Fig. 1f). The lamina-specific de-
structive process leads to a “disconnection syndrome” in the sense of the



90 H. Braak and E. Braak

late american neurologist Geschwind; isocortex and allocortex become
disconnected from each other (Hyman et al., 1984, 1986).

This distuptive process which already occurs in the initial stages of
Alzheimer’s disease might serve as an explanation for the early impair-
ment of intellectual capabilities of individuals suffering from this disor-
der. In the next stage, the hippocampal formation itself as well as the
association areas of the isocortex become gradually destroyed, so that
ultimately, the three cortical regions necessary for maintaining mnestic
functions atre subject to thoroughgoing pathological changes.
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Summary

In a quantitative study on thick frozen sections stained by the Gallyas’ silver
impregnation method neurofibrillary tangles (NFT), neuritic plaques (NP) and
neuropil threads (NT) in the entorhinal as well as transentorhinal area (Braak and
Braak, 1985) have been evaluated. The amount of NT exceeded by far that of
NFT and NP.

Introduction

Since the first description by Alois Alzheimer (1907) there has been
much debate on the significance of neurofibrillary tangles as well as
neuritic plaques. Alzheimer stressed that “within an otherwise normal
looking cell you first find one or more fibrils which impress by their
thickness and impregnability”’. — “Miliar cotes” were mentioned only as
concomitant changes throughout the cortex. Simchowicz (1911) recog-
nized the ammonshorn and the frontal cortex as the predilection areas for
neurofibrillary tangles. Mutrux (1947) estimated the neuritic plaques to be
less significant. Hirano and Zimmerman (1962) noted a special topograph-
ic distribution of neurofibrillary tangles in allocortical areas. Kemper
(1978) stressed the heavy involvement of the lateral entorhinal region,
more precisely described later by Braak and Braak (1985). Blessed, Tom-
linson and Roth (1968) tried to set up a correlation of an overall plaque
count with an overall dementia score (1968) being heavily criticized by
Dayan (1970). Recently Braak et al. (1986) described numerous tubular
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argyrophilic profiles in histologic sections from patients with AD or
SDAT using Gallyas’ silver impregnation. These thread-like processes
representing either fine dendrites or axons were designated neuropil
threads by Braak et al. (1986). The intention in the present study is to
quantify the presence of NFT, NP and NT using a novel method based
on thick sections (500 mikrometer) and a modified Gallyas’ silver im-
pregnation for the demonstration of pathologic fibrils.

Materials and methods

‘Twenty brains from patients older than 60 years at death were fixed in 4%
formalin, embedded in gelatine, frozen, cut into consecutive series of 0.5 mm
thick sections, and stained following the procedure described by Gallyas (1971).
Point-counting was performed, using an ocular grid at 1000 X magnification, on
microscopically identified sections through the Area entorhinalis and Area
transentorhinalis.
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Results

In general, neuropil threads were more frequently encountered than
neurofibrillary tangles or neuritic plaques (cf. Figs. 1, 2) yielding togeth-
er maximal values of 7%. With N'T density up to 2.5% in both regions
(Fig. 1) the density of NT in the transentorhinal region generally exceeds
that in the entorhinal region. N'T densities higher than 2.5% appear to
be distributed equally in both regions. Neuritic plaques have been en-
countered in the two regions under investigation only in cases with the
most massive histological changes. The rostral parts of entorhinal region
which cover the amygdaloid body were crowded with neuritic plaques
in these latter cases. Similar changes were also observed in the adjacent
isocortex, yet not estimated. Two of the control cases showed lesions
confined to the transentorhinal area. Neuropil thread density exceeded
in both cases the density of neurofibrillary tangles. Neuritic plaques were
completely absent.
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Discussion

The present point-counting estimations of argyrophilic tissue in cases
with Alzheimer’s disease, senile dementia and control cases show an
hitherto unexpected excess of neuropil threads. Interpreting our results
one is inclined to designate both forms of dementia principally as a
disease of neuropil threads. Previous quantitative studies emphasized the
number of neurofibrillary tangles and neuritic plaques. By means of new
stereological methods (reviewed by Gundersen et al., 1988) it has be-
come easy to estimate the volume density of small structures like neu-
ropil threads. The second uncommon feature which so far has only been
described by Matsuyama et al. (1978) is the early affliction by senile
changes of the transentorhinal area in subjects with no clinical known
history of dementia. Our results represent an extension of Kemper’s
(1978) description with generally higher concentrations of senile changes
in this latter area in demented subjects. These two observations, the
prevalence and excess of neuropil threads and the time course and
topographical distribution of argyophilic material, are of special interest.
In a previous HRP study in the cat (Room and Groenewegen, 1986) the
transentorhinal region has been shown to represent the main entrance
gate of information coming from the association cortices and passing
towards the hippocampus. In Hyman’s et al. (1984) opinion Alzheimer’s
disease is characterized by deteriorated entorhinal input to the
hippocampus due to cytological pathology of layer II cells in the entorhi-
nal region. Our results are in agreement with Hyman’s conclusions but
we want to emphasize early and massive changes in nerve cells processes
of the transentorhinal region. Point-counting methods together with
serial sectioning and staining with Gallyas’ silver impregnation give us
a potent instrument for the combined topographical, quantitative, neu-
rochemical and psychobiological investigation in Alzheimer’s disease
and senile dementia.
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Neuronal plasticity of the septo-hippocampal pathway
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Summary

Quantitative morphological examination of nerve cell number of the medial
septal nuclei (area CH,) and of the vertical limb of the diagonal band of Broca
(area CH,) and of spine density of fascia dentata dendrites was performed in DAT
and control cases. The data revealed that compensatory axonal sprouting of
surviving axons seems to replace lost cholinergic afference of fascia dentata cells
after degeneration of the basal forebrain nuclei. Changes of fascia dentata inner-
vation may be an additional pathogenetic factor in dementia of Alzheimer’s type.

Introduction

The loss of acetylcholinesterase and choline acetyl transferase in the
cerebral cortex and the loss of cholinergic soutrce neurons within the
basal forebrain nuclei (bfn) (CH,—CH,) are consistent features in cases
of dementia of Alzheimer’s type (DAT). In order to elucidate the influ-
ence of the loss of subcortical cholinergic neurons on postsynaptic
morphology of the cholinergic innervated cortical nerve cells we inves-
tigated the septo-hippocampal pathway (SHP). The fibers originate from
the cholinergic neurons of the nuclei of the medial septum (CH,) and of
the vertical limb of the diagonal band of Broca (CH,) and are believed
to provide a laminar organized cholinergic innervation of the hippocam-
pus and the fascia dentata (FD).

Material and methods

Fourteen brains of autopsied patients were examined. Seven patients had
clinically assessed severe dementia, their age being 91.1 4+ 1.95 years (mean + S.D.).
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Seven age matched controls (age 91.5 +3.60) had been mentally unimpaired. All
had died from internal diseases. Postmortem delay ranged between 2 and 14 h
(mean 7.4+4.9) in DAT and between 3 and 6 h (mean 7.7+4.63) in controls.
The brains were removed and fixed in formaldehyde 4% for more than half a
year.

Tissue blocks containing the area CH, and CH, were embedded in celloidin,
cut in serial coronal sections of 20 pm und stained with Cresyl-fast-violet. At
intervals of 400 pm cell counts were performed. In area CH, all nucleated nerve
cells measuring more than 20 pm and in area CH, all nerve cells measuring more
than 30 um were counted. The total cell number of both nuclei was calculated
by the simple addition of the cell numbers of the separate levels, multiplied by
20, because every 20th section had been counted. Tissue blocks of the hippocam-
pus were stained by a modified Golgi impregnation technique. After staining the
blocks were embedded in paraffin and cut in 75-pm sections.

The total length of the apical dendrites of the granular cells of the FD was
measured. The dendrites were subdivided into 10-pm segments starting from the
soma, and the spines were counted. Twenty 10-um segments were studied so that
a total length of 200 pm was evaluated. Fifteen granular cells of FD per brain,
i.e. 105 cells per group, were examined.

Results

The mean number of neurons in areas CH; and CH, differed signif-
icantly between the two groups. The total length of the dendrites of FD
granular cells was 229425 um in DAT and 238 + 32 um in controls. It
did not differ significantly between the two groups (Mann-Whitney
U-test, P>0.5). Figure 1 shows the spine density per group (n=105
cells) along the apical dendrites of the granular cells of FD as a function

Distance from cell body {p)

Fig. 1. Graphic representation of spine number of dendrites of FD granular cells as 2
function of the distance from the cell body. Filled circles: mean spine number of DAT cases;
open circles: mean spine number of controls. Vertical bars show SD
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of the distance from the cell body. In the most proximal part, spine
density was not significantly different between the two groups (Mann-
Whitney U-test, P>0.05). Starting from the 4th segment, there was,
however, a statistically significant decrease in spine density (by 25.4% on
the average) in the DAT group as compared to controls (Mann-Whitney
U-test, P < 0.001). Spine density was not significantly correlated to nerve
cell number in CH; and CH, (Spearman rank correlation; P >0.05).

Discussion

Our findings of nerve cell loss of CH, and CH, are in agreement with
previous reports on the bFN (Whitehouse et al., 1981; Wilcock et al.,
1983; Lowes-Hummel et al., 1989).

Our data on the total dendritic length of FD granular cells are in part
in agreement with those of Flood et al. (1987) and De Ruiter et al. (1987)
who found a slight tendency for DAT cases to have shorter FD dendrites
than age matched controls. The significant reduction of spine density in
the distal part of the dendrites is probably due to the fact that the source
neurons of the perforant path, i.d. neurons of lamina II of the area
entorhinalis are strongly affected and decreased in SDAT (Hyman et al.,
1984). The perforant path innervates the outer %3 of FD molecular layer.

It is of particular interest that, in the proximal segments, the differ-
ences between DAT and control cases were not statistically significant.

Septo-hippocampal fibers from a dense supragranular innervation
immediately above the granular cell layer (Mosko et al., 1973). The
cholinergic synapses of the hippocampus and FD have shown to be
axodendritic (Shute et al., 1966). There is sufficient evidence that gran-
ular cells are excited by cholinergic boutons mainly located on apical
dendrites near the soma (Fonnum, 1970).

Disappearance of dendritic spines is shown to follow presynaptic
interruption. In cases of specific afferents, spines along only a portion of
the dendrites are affected (Paranavelas et al., 1974). One might therefore
have expected that the reduction of nerve cells in CH; and CH, should
lead to a pronounced reduction of spines in that part of the dendrites
where cholinergic afferents form synapses, i.e. in the most proximal part.
But in this dendritic region, spine density actually remained unchanged.

A possible explanation for our findings might be found in compensa-
tory axonal sprouting of surviving axons (Gertz et al., 1987). It is known
that terminals lost to a structure after injury to one of its afferents are
replaced in part or wholly by sprouting of undamaged input (Cotman et
al., 1981). Our data are consistent with replacement of the lost choliner-
gic afferents in DAT. Two possible mechanisms are suggested: (1) The
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remaining cholinergic neurons of CH; and CH, sprout collaterally to
maintain the number of synapses with the granular cells to the FD. This
is in agreement with the findings that cholinergic muscarinic receptors
do not change in number in DAT (Lang and Henke, 1983). On the other
hand, the loss of the presynaptic marker ChAT in DAT (Henke and
Lang, 1983) may indicate a qualitative change in the axon terminals
rather than a loss of synapses. (2) Decreased cholinergic input to the
hippocampus might have been substituted by a monoaminergic one as
in experimental animals (Crutcher et al., 1981). This suggestion is sup-
ported by the finding that in DAT MAO-B activity is significantly
increased in the hippocampus (Adolfson et al., 1980). MAO-B is accu-
mulated in synaptosomal fractions (Jellinger and Riederer, 1984).

Our findings indicate that neuronal plasticity plays a role in SDAT.

At present it is unclear if collateral sprouting provides additional
stability of neuronal circuits, and leads at least in part to functional
recovery of damaged neurone function.

In case transmitter changes actually occur it cannot be excluded that
neurone plasticity causes additional irritation within the neuronal net-
work and may be an important factor in the pathogenesis of dementia.
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Morphology of neurofibrillary tangles and senile plaques
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Summary

Abnormal filaments (PHF) accumulate in neurons in Alzheimer’s disease in
target areas. They fill the pericaryon but are also found in dendrites and axons.
Their presence is associated with a disappearance of microtubules and neurofil-
aments, and an accumulation of dense bodies, altered mitochondria and smooth
endoplasmic reticulum. Their ultrastructure differs from normal cytoskeletal
fibers but one of their main components are the tau proteins. Senile plaques are
composed of a core of amyloid fibers surrounded by abnormal neurites contain-
ing PHF and accumulations of organelles, reactive astrocytes and microglia.

Introduction

Neurofibrillary tangles and senile plaques are the hallmark neu-
ropathological lesions of Alzheimer’s disease. In quantitative studies,
their number has been repeatedly correlated with the severity of demen-
tia (Blessed et al., 1968; Wilcock and Esiri, 1982; Duyckaerts et al.,
1987). Although their primary role as the causal factors leading to the
dementia syndrome has been questioned (Katzmann et al., 1988) great
numbers of neurofibrillary tangles and plaques - are never observed in
normal people. Unraveling the mechanisms leading to their formation
will undoubtedly provide insight into the etiology of this disease.

Although neurofibrillary tangles and senile plaques were first de-
scribed early this century (Alzheimer, 1907; Fisher, 1907), the mapping
of their distribution in human brain in Alzheimer’s disease was not
investigated in detail until relatively recently. Initial electron microscopy
studies (Kidd, 1963; Terry, 1963) demonstrated especially the unique
ultrastructure of abnormal filaments in tangles; the ultrastructure of
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tangles and plaques has since been investigated by many authors. Nu-
merous biochemical data concerning the composition of neurofibrillary
tangles and the amyloid of senile plaques has also been obtained in the
last years.

Morphological studies, especially in electron microscopy, of
Alzheimet’s brain tissue and immunocytochemical studies of neurofibril-
lary tangles and plaques have been performed in our laboratory and we
present some of these data in this paper.

Material and methods
Photonic microscopy

Brain tissue samples obtained post-mortem are fixed in 4% formaldehyde and
embedded in paraffin. Congo red, Holmes and Bodian’s staining methods are
used to demonstrate neurofibrillary tangles and senile plaques in tissue sections.

Brain biopsies

Six brain biopsies from the frontal lobes of patients with senile dementia of
the Alzheimer type were fixed in 4% glutaraldehyde, post-fixed in 1% osmium
and embedded in Epon. Ultrathin sections were countetstained with uranyl
acetate and lead citrate, and studied by transmission electron microscopy.

Isolation of nemrofibrillary tangles

Neurofibrillary tangles insoluble in sodium dodecyl sulfate were isolated
from post-mortem brain tissue by the method of Thara et al. (1983). Isolated
abnormal filaments were adsorbed on carbon-formvar coated grids and negative-
ly stained with 1% phosphotungstic acid. Abnormal filaments adsorbed on
formvar coated grids were rotatory shadowed with platinium:iridium.

Preparation of antisera

An antiserum was raised using the enriched fraction of neurofibrillary tangles
previously prepared (anti-PHF serum). Other antisera were raised against several
cytoskeletal proteins: the microtubule-associated proteins tau and MAP2, pre-
pared by thermodenaturation of microtubules polymerized in vitro, and separat-
ed on SDS-polyacrylamide gels. A serum was also raised against a f-galactosi-
dase fusion protein corresponding to a MAP2 cDNA. The anti-ubiquitin serum
was prepared in Dr. B.H. Anderton’s laboratory.
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Immunocytochemistry was performed with these sera on paraffin sections
using the PAP method (Sternberger, 1979). The immunogold labeling method
(Demey et al., 1981) was used for labeling isolated PHF for electron microscopy.

Results
Photonic microscopy

Neurofibrillary tangles are observed in the neocortex, hippocampus,
amygdala, Meynert nucleus basalis, locus coeruleus and raphé’s nuclei
(Tomlinson et al., 1981; Mann, 1985). Senile plaques are observed chiefly
in neocortex and hippocampus and occasionally in subcortical areas and
cerebellum. Silver staining (Fig. 1) demonstrates the greatest number of
lesions, but after Congo red staining neurofibrillary tangles and some
plaques can also be observed due to their birefringence when observed
under crossed Nicolls filters.

Ultrastructural observations

The neurofibrillary tangles are made of bundles of 20—25 nm wide
abnormal filaments showing regular constrictions up to 10 nm wide
every 80 nm and are known as “paired helical filaments” (PHF). Elec-
tron microscopy indicates that they are located in the neuronal pericarya,
in axons and in dendrites. They are more frequent in non-myelinated
processes but are also present in myelinated fibers (Fig. 2). Morpholog-
ically normal synapses make contact with these fibers (Fig. 3). A striking
observation in these biopsies is that in the neurites full of PHF, there is
almost a complete disappearance of the normal microtubules (Flament-
Durand and Couck, 1979; Dustin and Flament-Durand, 1982) associated
with accumulation of osmiophilic dense bodies, altered mitochondria
(Figs. 4 and 5), and smooth endoplasmic reticulum (Richard et al., 1989).

After platinium:iridium shadowing of isolated PHE a regular right-
handed twisting is clearly visible (Fig. 7A) (Brion et al., 1984).

The “classical” senile plaque is composed of an extracellular core of
amyloid surrounded by reactive glial cells, microglia and neurites filled
with PHF (Fig. 6). Here also, electron microscopy clearly indicates that
these abnormal neurites contain accumulation of dense bodies, altered
mitochondria and smooth endoplasmic reticulum. The amyloid core is
made of packed 10 nm wide amyloid fibrils which do not show the
regular constrictions of PHFE



108 J. Flament-Durand and J. P. Brion

Fig. 1. Paraffin section. Silver staining demonstrating numerous intraneuronal tangles
and neuritic plaques. X 650
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Fig. 2. Electron microscopy. Myelinated axon filled by paired helical filaments. Dis-
appearance of normal microtubules and neurofilaments. x 48 000
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Fig. 3. Electron microscopy. A morphologically normal synapse makes contact with a
dendrite full of paired helical filaments. x 48 000
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Fig. 4. Electron microscopy. Close to a neurite full of normal microtubules (|) an en-
larged neurite is seen full of paired helical filaments and accumulation of multilamellar
osmiophilic bodies. x 28 800
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Fig. 5. Electron microscopy. Enlarged neurite containing paired helical filaments cut
transversally (x) surrounded by numerous multilamellar osmiophilic bodies and abnormal
mitochondria. X 7650
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Fig. 6. Electron microscopy. Part of a neuritic plaque showing the core of amyloid (A)
surrounded by abnormal neurites containing paired helical filaments and accumulation of
dense osmiophilic bodies. x 5520
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Fig. 7. Electron micrographs of isolated paired helical filaments. A After shadowing with
platinium: iridium, the right-handed helix with a periodic torsion every 80 nm is clearly
demonstrated. x 360 000. B Immunogold labeling with an anti-tau serum. x 120 000
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Fig. 8. Paraffin section. Immunolabelling of neurofibrillary tangles (¥) and plaque neu-

rites () with the anti-PHF serum. A Congo red counterstaining shows the unlabeled

amyloid core (Yk) of the plaque. x 1250 (Reprinted from Flament-Durand J, Brion JP.

In: Interdisciplinary topics in gerontology, vol 26, pp 56—62, with permission of
Karger, Basel)
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Immunobistochemistry

The anti-PHF serum strongly labels NFT in situ and isolated PHE
The abnormal neurites of many plaques are also labeled but not the
amyloid core (Brion et al., 1985a) (Fig. 8). Double-immunolabeling with
this anti-PHF and an anti-GFAP (glial fibrillary acidic protein) demon-
strated that astrocytes are surrounding the neuritic plaque with long
processes embracing its periphery.

The anti-tau serum also strongly labels NFT in situ and after isolation
(Fig. 7B) (Brion et al., 1985b). The serum raised against the MAP2
fusion protein labels a subpopulation of NFT (Brion et al., 1989a), but
not the serum raised against the whole MAP2 protein. The anti-ubiqui-
tin serum labels a subgroup of NFT in situ but most of them after
isolation in presence of SDS (Brion et al., 1989 b).

Discussion
Subcellular distribution of PHF

Our electron microscopy studies of brain biopsies in Alzheimer’s
disease have emphasized the wide distribution of PHF in all neuronal
compartments, i.e. the pericaryon, the dendrites and axons (myelinated
and unmyelinated), and even at the synaptic level. Small neurites filled
with PHF are also observed in electron microscopy, and they could
correspond to the numerous small-sized abnormal neurites described
recently in photonic microscopy (Braak et al., 1986; Kowall and Kosik,
1987).

Disturbances of axoplasmic transports

The accumulation of PHF in neurons and neurites is associated with
a disappearance of microtubules and accumulation of various organelles.
These membranous organelles ate normally transported antero- and
retrogradely along axons and dendrites, this transport belonging to the
“quick axoplasmic flow”; this transport is dependent on the integrity of
the microtubule network. Accumulations of smooth endoplasmic reticu-
lum similar to those observed in PHF-bearing neurons can be experi-
mentally induced by microtubule poisons and acrylamide (Chretien
et al., 1981). Thus these observations strongly suggest that the presence
of PHF is associated with disturbances of axoplasmic flows (Flament-
Durand and Couck, 1979; Dustin and Flament-Durand, 1982; Gray
et al., 1987; Richard et al., 1989), especially the transport of membranous
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organelles. If the formation of PHF directly induces these disturbances
of axoplasmic flows, this would primarily impair neuron metabolism.

The senile plague

In electron microscopy the abnormal neurites surrounding the amy-
loid core of senile plaques show the same accumulation of organelles in
association with PHF and have been observed by other authors (Gonatas
et al., 1967); they suggest the existence of flow disturbances also at the
level of these neurites. According to the classical view some plaques do
not contain amyloid core and others would consist of amyloid without
or with very few abnormal neurites; very “immature plaques” have also
been described recently in light microscopy (Probst et al., 1987). The
exact evolutionary relationship, if any, between these different aspects of
plaques is still hypothetic. We thus do not yet know whether these
abnormal neurites in plaques develop primarily, after amyloid fiber
deposition or simultaneously. Although some neurites cross senile
plaque apparently without being affected, others show morphological
changes which could correspond to “sprouting” phenomena (Probst
et al., 1983).

Ultrastructurally amyloid fibers (6—10 nm wide filaments) are clearly
different from PHE, nor do they shate the same antigenic cross-reactiv-
ities (this volume) and are essentially composed of a 42 aminoacids
polypeptide (A4 polypeptide) (Masters et al., 1985). The same polypep-
tide accumulates in the walls of small cetebral blood vessels (Con-
gophilic angiopathy) (Glenner and Wong, 1984). Amyloid deposits in
plaques could be often in close relationship with vascular amyloid
(Miyakawa et al., 1982).

Substracture of PHF

Initial studies by Kidd (1963) and Terry (1963) indicated that abnor-
mal filaments constituting the neurofibrillary tangle are made of two
filaments intertwined around each other or of a “twisted tubule” or
ribbon (Hirano etal., 1968). Using a goniometric stage, Wisniewski
et al. (1976) confirmed the helicoidal nature of these abnormal filaments.
Differences in the periodicity of PHF constriction and the presence of
straight filaments in Alzheimer’s disease and in other diseases where
neurofibrillary tangles develop (supranuclear palsy, Down’s syndrome)
bave been reported by other authors (Monpetit et al., 1985). These
different types of filaments however keep the same antigenic cross-reac-
tivities.
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A protofilamentous substructure of PHF has been described by some
authors (Brion et al., 1984; Wisniewski et al., 1984). Shadowing of PHF
allowed to demonstrate that these filaments exhibit mainly a right-hand-
ed helix, although a mixture of right- and left-handed PHF has been
reported. In a study using image analysis and reconstruction, Wischik
et al. (1985) and Crowther and Wischik (1985) have proposed a high-def-
inition structural model of PHF: they would be made by the stacking of
globular units aligned perpendicularly to the long axis of the filament
and would give a general shape evoking rather a twisted ribbon. The
volume of the subunit would account for a 100 kDa polypeptide.

All these ultrastructural studies point to the morphological differ-
ences between PHF and the normal microtubules and neurofilaments.

Immunolabeling of nemrofibrillary tangles

Neurofibrillary tangles are labeled by antibodies against several cy-
toskeletal proteins. A detailed account of these immunoreactivities is
presented elsewhere in this volume. The more consistent finding is the
labeling of neurofibrillary tangles, in situ as well as after isolation with
strong detergents, by all antibodies raised against the microtubule-asso-
ciated tau proteins (Brion et al., 1985b; Kosik et al., 1986; Delacourte
and Defossez, 1986). Tau proteins have also been identified as a compo-
nent of PHF by aminoacid sequencing of peptides obtained from pure
preparation of PHF (Goedert et al., 1988). PHF shatre also epitopes with
neurofilament (Miller et al., 1986) and MAP2 (Kosik et al., 1984; Brion
etal., 1989b). Tau proteins incorporated in PHF could be abnormal;
since these proteins are involved in the polymerization and the stability
of the microtubules, they could be unable in PHF-bearing neurons to
participate in microtubule polymerization and turn-over (Igbal et al.,
1986). This would lead to the morphological changes of the cytoskeleton
observed in these neurons.

There is a significant correlation between the number of neurofibril-
lary tangles detected by the anti-PHF and the anti-tau antibodies and the
gravity of dementia (Duyckaerts et al., 1987; Delaére et al., 1989).

In our experience there is no antigenic cross-reactivity between the
amyloid component of plaques and neurofibrillary tangles. Their com-
mon property of birefringence after Congo red staining is related to the
presence of polypeptide chains in f-pleated sheet conformation.

Ubiquitin is also a component of PHEF, at least a proportion of them
(Mori et al., 1987; Perry et al., 1987; Brion et al., 1989a). Since ubiquitin
is involved in a non-lysosomial proteolytic pathway, the presence of this
molecule on PHF could witness an attempt by the affected neurons to
remove these abnormal fibers.
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Summary

We have recently reported that two abnormally phosphorylated Tau proteins
(Tau 64 and 69) were systematically present in Alzheimer brain areas which are
affected by the neurofibrillary degeneration (NFD). We suggest here that these
likely early markers of the NFD might define an in vitro model for the study of
the NFD. A such model might be useful to verify the different etiopathogenic
hypothesis which have been proposed up to here.

Introduction

Alzheimer’s disease (AD) is characterized histopathologically by the
presence of numerous neurofibrillary tangles (NFT) and senile plaques
(SP) in the brain of affected individuals (Hansen et al., 1988). NFT
consist ultrastructurally of the accumulation of bundles of paired helical
filaments (PHF) in the cytoplasm of neurons (Kidd, 1964). Tau proteins,
the promoting factor of microtubule assembly, have been shown to be
the major antigenic component of these PHF (Brion et al., 1985; Dela-
courte and Defossez, 1986; Grundke-Igbal et al., 19862a; Kosik et al.,
1986; Nukina and Ihara, 1986; Wood et al., 1986). Nevertheless, the
reason for the incorporation of these normal cytoskeletal components in
such insoluble structures remains unknown. Indeed, even if an abnormal
phosphorylation of Tau proteins has been suggested (Grundke-Igbal
etal., 1986b; Thara etal., 1986; Wood et al., 1986), this theory is still
discussed (Ksiezak-Reding et al., 1988).

We have reported recently (Flament and Delacourte, 1989), that two
abnormally phosphorylated Tau proteins (Tau 64 and 69) are always
found in Alzheimer brain areas containing NFT and SP. These proteins
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might appear at eatly stages of the disease and the phosphorylation of
Tau proteins might be the trigger that enhance their incorporation into
insoluble PHF structures (Flament and Delacourte, 1989).

We suggest here that using such early markers of the NFD, experi-
mental models for the study of the NFD might be established and that
the different hypothesis about the etiopathogenesis of AD might be
verified.

Material and methods

Clinical datas about the 10 patients with AD and the 10 age-matched controls
have been published (Flament and Delacourte, 1989).

1) Immuno-histochemical studies: one cerebral hemisphere (randomly left or
right) was fixed in formalin and different brain areas were then dissected.
After paraffin embedding, serial sections were cut at a thickness of 7,5 pm
and were examined immunohistochemically for the presence of NFT and SP.

2) Immuno-blot studies: the other cerebral hemisphere was frozen. Brain areas
corresponding to those previously described for histology were dissected and
treated for the analysis by western-blotting as in Flament and Delacourte
(1989).

3) Antisera: the anti-PHF was raised against PHF extracted from the brain of
a patient with AD (Delacourte and Défossez, 1986). For the anti-human Tau
antiserum, the immunogen was a heat-stable preparation of Tau proteins
obtained from a control brain and further purified by preparative SDS-PAGE
(Defossez et al., 1988). These two antisera have identical biochemical and
histochemical properties as shown by numerous studies (Delacourte and
Defossez, 1986; Defossez et al., 1988).

4) Alkaline phosphatase treatment: a heat-stable preparation of Tau proteins
extracted from the temporal cortex of a patient with AD was dialyzed against
adequate buffer and mixed with calf intestine alkaline phosphatase as de-
scribed in Flament and Delacourte (1989). A control was done by addition
of sodium pyrophosphate at 100 mg/ml.

Results

On immunoblots of control brain homogenates, only the normal set
of Tau proteins with molecular weight (MW) ranging from 45 to 62 kDa
was detected by our two antisera. This pattern was found whatever the
area (for example see lane 1 on Fig. 1: temporal cortex), except in the
hippocampus of an eighty years old control where two additional Tau
variants were detected at 64 and 69 kDa. On immunoblots of AD brain
homogenates corresponding to areas such as thalamus, cerebellum or
caudate nucleus (lane 3 in Fig. 1), the Tau staining pattern was quite
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Fig. 1. Immunodetection and characterization of Tau 64,69. Lane 1: temporal cortex from
a control patient; lane 2: temporal cortex from a patient with AD; lane 3: caudate nucleus
from a patient with AD; lane 4: frontal cortex from a patient with AD; lane 5: the same
sample than in lane 4 after four hours of incubation with the alkaline phosphatase; lane 6:
same sample where sodium pyrophosphate was added. In homogenates of Alzheimer brain
areas that are affected by the process of neurofibrillary degeneration, two additional Tau
variants were detected by the anti-PHF at 64 and 69 kDa (arrowheads). After alkaline
phosphatase treatment, Tau 64,69 disappeared whereas the immunostaining profile did not
change when sodium pyrophosphate was added to the sample; their heavy MW is due to
an abnormal phosphorylation. Standard MW markers are expressed in kDa

similar to those usually seen in control brains. In areas such as hippocam-
pus, frontal (lane 4 in Fig. 1) or temporal cortex (lane 2 in Fig. 1), two
additional Tau variants were detected at 64 and 69 kDa.

In order to know if the heavy MW of these pathological Tau variants
was the result of an abnormal phosphorylation (Baudier and Cole, 1987),
we have dephosphorylated a heat-stable preparation of Tau proteins
extracted from the brain of a patient with AD where Tau 64 and 69 had
already been detected (Fig. 1 lane 4). After four hours of incubation with
the calf intestine alkaline phosphatase, the two Tau variants disappeared
while the bands between 45 and 62 kDa were more strongly stained
(Fig. 1 lane 5). In the sample where sodium pyrophosphate had been
added, Tau 64 and 69 were still detected at the end of the incubation time
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Fig. 2. Tau 64,69 and neurofibrillary degeneration. Tissue sections and corresponding
immunoblots stained with the anti-PHE C1: temporal cortex from a 52 years old control;
C2: hippocampus from an 80 years old control; Alz: frontal cortex from a 73 years old
Alzheimer patient; Biopsy: frontal biopsy from a 58 years old patient who began to develop
an unusual dementia. In autopsic pieces, Tau 64 and 69 (arrowheads) are more strongly
detected in areas which contain a much higher density of NFT and SP. In the frontal
biopsic tissue, Tau 64 and 69 are more strongly detected than in the frontal autopsic tissue
though the density of NFT and SP is not higher (compare Alz and Biopsy). Therefore, it
seems that the phosphorylation of Tau proteins might appear before their incorporation in
PHF and that Tau 64 and 69 are early reliable markers of the neurofibrillary degeneration
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(Fig. 1 lane 6). These results demonstrated that the decrease of the MW
of Tau 64 and 69 was due to their dephosphorylation rather than to
proteolysis (proteases often contaminate phosphatase preparations).

When the results of the immuno-histochemical study were correlated
with those of the immuno-blot study, it appeared that the detection of
Tau 64 and 69 closely followed the presence of the neurofibrillary degen-
eration. Indeed, Tau 64 and 69 were only found in areas showing NFT
and SP and were more strongly detected in the regions that are mote
seriously affected during the disease (compare C1, C2 and Alz in Fig. 2).

We had the opportunity to analyze a frontal biopsy from a 52 years
old patient who began to develop an unusual dementia with atypical
clinical signs. Tau 64 and 69 were present at a much higher level than in
all the autopsic brain tissue which were studied up to here (Fig. 2
biopsy). We concluded to the presence of NFD in this area, which was
later confirmed by the histopathologist (Fig. 2 biopsy). Therefore, Tau
64 and 69 have a reliable diagnostic value for the presence of the NFD
in brain tissue.

Discussion

Progress in the etiology of AD are hampered by the lack of either in
vitro or animal models. Indeed, most of the investigations are done on
post-mortem material which reveals only the ultimate stages of the
pathological changes. The discovery of Tau 64 and 69 that are likely
early markers of the NFD (they are always detected in conditions that
are not able to solubilize the PHF — low amounts of SDS — and besides
they are present in higher amounts in the biopsy than in autopsic tissue),
opens up the possibility that experimental models for the study of the
NFD might be established.

At first, the phosphorylation of heat-stable preparations of human
Tau proteins from control brains might be attempted using different
kinases. This further characterization of Tau 64 and 69 will get clues
about the enzymes that are involved in the process of neurofibrillary
degeneration. .

Given such data, it will be attempted to induce as precisely as possible
the formation of Tau 64 and 69 in nerve cell cultures by an activation of
the kinase that is responsible for the decrease of the electrophoretic
mobility of Tau proteins.

Moreover, it will be easy to verify the different etiopathogenic
hypothesis that have already been presented for AD.

Glutamate, an excitatory amino acid neurotransmitter that has been
shown to be implicated in learning and memory (Lynch and Baudry,
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1984), has neurotoxic properties and might be involved in the patho-
physiology of AD (Maragos et al., 1987).

Aluminosilicates are found in SP (Candy et al., 1986) and NFT (Perl
and Brody, 1980) in the brain of patients with AD; hence, it has been
proposed that Aluminium might play a role in the etiopathogenesis of
AD.

Therefore, it will be possible to see if Tau 64 and 69 are produced in
nerve cells growing in a medium containing Glutamate or Aluminium
salts.

All persons with Down’s syndrome who live past the age of 35 years
show within their brains NFT and SP (Mann, 1988). Therefore it is likely
that protein or enzyme changes associated with the additional chromoso-
mal material might be involved in the formation of SP and NFT both
in adult DS and possibly in AD.

For example it has been shown that the genetic locus for the Cu/Zn
dependent superoxide dismutase is situated on the long arm of chromo-
some 21 which is duplicated in DS. Increases in oxidative reactions
catalysed by this enzyme may lead to neuronal damages (Delacourte
et al., 1988).

It has also been shown that the gene coding for the § amyloid A4
precursor was localized on chromosome 21 (Kang et al., 1987). It seems
that amyloid deposits precede the NFD (Duyckaerts et al., 1988). There-
fore, it will be interesting to know if Tau 64, 69 may be produced in
transfected cells with the gene of superoxide dismutase or with those of
protein A4 precursor. Another approach would be to obtain the produc-
tion of Tau 64 and 69 in the brain of transgenic animals for these genes.
A such model might help to spot the first biochemical events that
enhance the abnormal phosphorylation of Tau proteins and later their
accumulation into insoluble PHF structutes leading to neuronal death.
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Summary

Immunocytochemical studies have shown that changes in amyloid process-
ing and in proteoglycan core proteins occur in senile plaques. Western blotting
studies have shown that an extra tau species is present in Alzheimer brain and
tangle-reactive neurofilament antibodies were found to be more selective to-
wards phosphorylated neurofilaments than those that do not recognise tangles.
A fragment of MAP2 was found to be present in tangles.

Introduction

It is now accepted that the microtubule-associated protein, tau, and
the protein ubiquitin are integral components of PHF (Brion et al., 1985;
Grundke-Igbal et al., 1986; Wood et al., 1986; Kosik et al., 1986; Mori
et al., 1987; Perry et al., 1987; Cole and Timiras, 1987; Shaw and Chau,
1988). The presence of other proteins in PHE particularly neurofila-
ments and MAP2, is still controversial (Anderton et al., 1982; Kosik
etal.,, 1984; Miller etal., 1986; Haugh etal., 1986; Lee etal., 1988;
Ksiezak-Reding et al., 1987; Nukina et al., 1987). However, this sug-
gests that there is a cytoskeleton — PHF transition which would have
serious consequences for affected neurones.

Senile plaques display apparent maturational stages. One of us has
described a new type of plaque, possibly representing an eatlier stage
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than previously recognised, which appears as an alteration in neuropil
texture with a central putative microglial cell (Probst et al., 1987). These
plaques, termed plaques A, may be similar to diffuse plaques which are
stained with antibodies to the amyloid A4 or f-protein following pre-
treatment of brain material with formic acid (Tagliarini et al., 1988;
Yamaguchi et al., 1989). Plaque cores also have an inorganic component
of aluminosilicate (Candy etal., 1986) and other proteinacous con-
stituents have been described, including alpha-1-anti-chymotrypsin and
basement membrane heparan sulfate proteoglycan core protein (Abra-
ham et al., 1988; Snow et al., 1988; Dale et al., 1989).

In this article, we describe recent findings concerning cytoskeletal
involvement in neurofibrillary tangles and the immunohistochemical
characterisation of plaques A.

Materials and methods

Immunobistochemical investigation of plaques A

Plaque A-rich tissue sections were stained with a rabbit antiserum to A4
protein (residues 1-42) (kindly provided by C Masters) and a monoclonal
antibody to heparan sulfate proteoglycan core protein. Immunohistochemistry
was performed using the streptavidin-biotin-horseradish peroxidase procedure.

Investigation of phosphate-dependent N'F and tangle epitopes

A synthetic peptide of NF-H was conjugated to keyhole limpet haemocyanin
(KLH) by the method of Liu etal. (1979) and chemically phosphorylated as
previously described (Otvos et al.,, 1988). Antibody binding was assayed by
ELISA, using phosphorylated KLH as a control (Coleman and Anderton, sub-
mitted). To investigate phosphate-dependence of the antibodies some purified
NF-H was dephosphorylated by alkaline phosphatase as in Carden et al. (1985)
and antibody reactivities towards phosphorylated and dephosphorylated NF-H
were compared by ELISA. :

Western blotting

Brain homogenates (in PBS containing 1% w/v SDS, 1 mM DTT) were
heated in a boiling water bath for ten minutes and then spun at 6,500 rpm
(4000 g,,) for 30 minutes (Sorval $S§34 rotor). The resultant supernatants were
then further spun at 100,000 rpm (300,000 g,,) for one hour (Beckman TL100.3
rotor). These final supernatants were used for Western blotting experiments
from 12.5% (w/v) polyacrylamide gels. Nitrocellulose filters were blocked in
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TBS buffer containing skimmed milk powder (6% w/v) and Tween 20 (0.2%
w/v) for eighteen hours at 4°C before probing with a polyclonal antiserum to
tau.

Results and discussion

Neurofilaments and tangles

It is well established that only some antibodies to neurofilaments
label Alzheimer neurofibrillary tangles in situ; those that do label tangles
all preferentially recognise phosphorylated forms of either NF-H and/or
NF-M, the two larger neurofilament triplet polypeptides (Anderton
et al., 1982; Kahn et al., 1987; Sternberger et al., 1984; Miller et al., 1986;
Lee et al., 1988; Haugh et al., 1986). It has been reported that tangle-
reactive neurofilament antibodies also recognise tau and that their stain-
ing of tangles is probably a result of this neurofilament-tau cross-reactiv-
ity (Ksiezak-Reding et al., 1987; Nukina et al., 1987), tau being an undis-
puted component of PHF (Brion et al., 1985; Grundke-Iqbal et al., 1986;
Wood et al., 1986; Wischik et al., 1988). We therefore undertook a study
of the epitope specificity of a panel of neurofilament antibodies some of
which label tangles.

Four monoclonal antibodies which label tangles (RT97, 1215, 8D8
and SMI-31) bound strongly to a serine-phosphorylated synthetic pep-
tide Glu-Ala-Lys-Ser-Pro-Ala (Coleman and Anderton, submitted)
which corresponds to a multiple phosphorylation site in the C-terminal
tail domain of NF-H (Breen et al.,, 1988; Geisler etal., 1987). This
suggests that in tangles the antibodies bind either to an identical se-
quence or to similar Lys-Ser-Pro containing sequences, such as those
occurring in tau (twice) and elsewhere in NF-H (34 times).

Two monoclonal antibodies which do not label tangles (147 and
RS18) also bound strongly to the same phosphorylated synthetic pep-
tide, but there seems to be a subtle difference between how they and the
tangle-reactive antibodies recognise this sequence, since 147 and RS18
bind both the synthetic peptide and NF-H in a less phosphate-dependent
manner than RT97, 1215, 8D8 and SMI-31.

Our results show that of the antibodies investigated, those which
label tangles are more phosphate-dependent than those which do not,
although all antibodies studied are capable of recognising the same
neurofilament epitope. Unfortunately, this does not elucidate why only
some of these antibodies label tangles in situ.
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Western blotting with tau antibodies

Western blots of brain homogenates labelled with a polyclonal anti-tau
serum is seen in Fig. 1. Labelling was predominantly in the 50—60 kD
range. Intensity of tau staining appeared to vary from case to case but
in three of the four Alzheimer cases studied, an extra band of molecular
weight 68 kD was seen (marked with a small arrow in Fig. 1); this band
was not seen in any of the old controls used in the study. A 68 kD band
was seen, however, in the young control case (marked YC in Fig. 1).
This extra band may correspond to A68 described by Wolozin et al.
(1986) using the monoclonal antibody Alz 50. These authors also report-
ed some staining of the antigen in a juvenile brain (Wolozin et al., 1988).
Our results are similar to those of Flament and Delacourte (1989).

MAP 2

Certain antibodies to MAP2 have previously been reported to label
neurofibrillary tangles in situ (Kosik et al., 1984). It has been shown that
MAP2 and tau cross-react and indeed they share sequence homology in
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Fig. 1. Western blot of Alzheimer (A) and control (C) samples using 300,000 gav superna-

tants. The blot was stained using a polyclonal anti-tau antibody. An additional 68 kD

species in 3 of the Alzheimer cases studied as well as in the young control (YC) is marked
with an arrow head. Molecular weight markers are shown on the left of the blot
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Fig. 2. Labelling of isolated, SDS extracted PHF with antiserum to MAP2 fusion protein.
X 48,000
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places (Lewis et al., 1988). These data are reminiscent of those for neu-
rofilaments described above. We have isolated a partial cDNA for rat
MAP2. Sequencing has shown that this cDNA corresponds to nucle-
otides 691-3006 of mouse MAP2 and is a region not showing any
obvious sequence homology with tau (Wang et al., 1988). A polyclonal
antiserum to the fusion protein generated from this cDNA labels den-
drites in rat brain sections like MAP2 antibodies. The antiserum labels
tangles in situ and about 15-20% of isolated PHF (Fig. 2). We conclude
that at least a fragment of MAP2 is a constituent of PHE

Senile plagues A

We have examined plaques A with a polyclonal antiserum to A4
protein and 2 monoclonal antibody to heparan sulfate proteoglycan core
protein. We found that plaques A stained positively with both types of
antibody (Fig. 3). The anti-proteoglycan core protein monoclonal anti-
body besides showing diffuse staining of the plaques A, also gave a
stronger punctuate staining within the plaques A and in the surrounding

Fig. 3. a Plaque A stained with antiserum to A4 protein X% 240 (outlined by arrows).
b Plaque A stained with antibody to heparan sulfate proteoglycan core protein x 240
(outlined by arrows)
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neuropil. The latter may represent abnormal synaptic elements and im-
munoelectron microscopic studies are in progress to investigate this
possibility.

The labelling of classical senile plaques by heparan sulfate proteogly-
can core protein antibodies has been described by others (Snow et al,,
1988). Our results suggest that if plaques A represent very early stage in
senile plaque development other changes in the extracellular matrix,
including cell membrane surfaces, may occur in addition to changes in
the processing of the A4 precursor protein.

It may therefore be more fruitful to look for extraneuronal factors
which may play a role in plaque formation rather than focusing on
neuronal synthesis and processing of A4 precursor. The obvious candi-
date for investigation is the central microglial cell in the plaques A.
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Summary

Macaques develop age-associated cognitive/memory impairments as well as
brain abnormalities (particularly senile plaques) similar to those occurring in the
brains of older humans and individuals with Alzheimer’s disease (AD). Some of
these abnormalities can be clarified by investigations of aged nonhuman pri-
mates. Brain tissues from animals (ranging in age from 4—35 years) were exam-
ined by RNA blotting techniques, in situ hybridization, immunoblotting, and
immunocytochemistry. These approaches allowed analysis of the evolution of
some of the structural/chemical alterations (formation of neurites, amyloid depo-
sition, and neurofibrillary tangles [NFT]) that occur in these animals. These
investigations have relevance for understanding some of the behavioral, neu-
ropathological, and neurochemical abnormalities that occur in older humans and
in individuals with AD.

Introduction

Characterized by the presence of NFT and senile plaques in brain, AD
preferentially affects specific brain regions and certain populations of
nerve cells in the brainstem, basal forebrain, amygdala, hippocampus,
and neocortex (Kemper, 1983; Price et al., 1986). Affected neurons
develop two types of neurofibrillary pathology: enlarged distal axons,
dendrites, and nerve terminals (neurites in plaques); and NFT (Price et
al., 1986; Selkoe, 1989; Kosik, 1989). These two types of neurofibrillary
abnormalities are associated with intracytoplasmic accumulations of fila-
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ments in neuronal processes (neurites) and perikarya (NFT), which
appear to be related to perturbations of the neuronal cytoskeleton,
particularly tau, and, possibly, neurofilaments (Anderton et al., 1982;
Brion et al., 1985; Cork et al., 1986; Grundke-Igbal et al., 1986; Wischik
et al., 19884, b; Kosik, 1989). Associated with neurites in senile plaques
are extracellular deposits of amyloid that contain /A4, a 42—43 amino
acid polypeptide (Glenner, 1983; Masters et al., 1985; Wong et al., 1985)
derived from an amyloid precursor protein (APP) (Kang et al., 1987,
Weidemann et al., 1989) coded for by a gene on chromosome 21
(Goldgaber et al., 1987; Kang et al., 1987; Robakis et al., 1987 b; Tanzi
et al., 1987). At least three APP transcripts exist: APP-695 mRNA codes
for a membrane-spanning glycoprotein (Goldgaber et al., 1987; Kang et
al., 1987; Tanzi et al., 1987; Robakis et al., 1987a, b); and APP-751 and
APP-770 mRNAs code for glycoproteins with a protease inhibitor do-
main (Kitaguchi et al.,, 1988; Ponte et al., 1988; Tanzi et al., 1988).
APP-695 mRNA is enriched in brain (Ponte et al., 1988); APP-751/770
mRNAs are present in brain and in a variety of other organs (Kitaguchi
et al., 1988; Ponte et al., 1988; Tanzi et al., 1988). All APP transcripts are
present in neurons (Bahmanyar et al., 1987; Goedert, 1987; Allsop et al.,
1988; Cohen et al., 1988; Higgins et al., 1988; Koo et al., 1988; Palmert
et al.,, 1988; Shivers et al., 1988; Zimmerman et al., 1988), and APP
isoforms have been identified in nerve cells (see below). Although much
has been learned concerning the brain abnormalities that occur in AD,
the evolution of the pathology (i.e., neurite formation, deposition of
amyloid, and development of plaques and NFT) is not yet well under-
stood.

Because aged nonhuman primates develop some of the brain abnor-
malities that occur in aged humans and in individuals with AD (Wis-
niewski et al., 1973; Schlaepfer and Freeman, 1978; Kurucz et al., 1981;
Struble et al., 1982; Struble et al., 1984; Kitt et al., 19854, b; Selkoe et
al., 1987; Walker et al., 1988 a, b; Abraham et al., 1989; Cork et al., 1989),
these animals can be used to study the temporal and spatial evolution of
these age-associated brain lesions. To illustrate this approach, we outline
our studies of the development of amyloid deposits in senile plaques.
First, we review the results of our investigations of the normal biology
of APP in brain and then we discuss studies of abnormalities of APP that
occur in the cortices of older animals.

Materials and methods

Brain tissues from rhesus monkeys (ranging from 4-35 years of age) were
examined with classical histological techniques, Northern blotting methods,
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RNase S, protection assays, immunoblotting, in situ hybridization, and immuno-
cytochemistry (Struble et al., 1982; Casella et al., 1983; Kitt et al., 1984; Struble
et al., 1984; Kitt et al., 19854, b; Struble et al., 1985; Walker et al., 1985; Walker
et al., 1987; Walker et al., 1988a; Martin et al., 1989; Sisodia et al., 1989; Koo
et al., 1990, in press).

Results
Cortices of young controls

APP-751/770 and APP-695 transcripts were present in cerebral cor-
tices, and the ratio of APP-695 mRNA to APP-751/770 mRNA was ca.
one (Koo et al., 1990). Neurons expressed APP-695 and APP-751/770
mRNAs, and the distribution of different transcripts in cortex was
similar. Immunoblots showed APP-like immunoreactivity in cerebral
cortex, and APP isoforms in brain tissue comigrated with APP synthe-
sized in vitro (i.e., in APP minigene transfected cell lines) (Sisodia et al.,
1989). APP-like immunoreactivity was present in perikarya, proximal
dendrites, and axons of cortical neurons; large pyramidal neurons (layers
11T and IV) showed the highest levels of immunoreactivity. The localiza-
tion of APP within axons is consistent with our recent investigations
demonstrating that APP is catried by rapid anterograde transport in
axons of rat dorsal root ganglia (Koo et al., in press).

Cortices of older animals

Older animals exhibited a variety of age-associated abnormalities of
brain. Abnormal, irregular varicose axons/neurites were visualized by
silver-impregnation methods and by immunocytochemistry with anti-
bodies that recognized several transmitter markers, synaptophysin,
phosphotylated neurofilaments, tau, A68, and APP. Neurites were often
present in proximity to B/A4-positive plaques. p/A4-positive deposits
appeared to cap some of these neurites. The demonstration of APP-like
immunoreactivity in neurites and the presence of f/A4 in immediate
proximity to these neurites are consistent with the concept that neurite-
derived APP may be abnormally processed to form some of the /A4
deposited in the neuropil. Amyloid was also present in the walls of some
blood vessels but, in aged Macaca mulatta, there is not a striking corre-
lation between the presence of amyloid in plaques and blood vessels. In
addition, older animals showed patterns of abnormal immunoreactivities
in cortical perikarya. For example, a number of these animals exhibited
A68 immunoreactivity in some cells. One old animal developed argy-
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rophilic NFT associated with the presence of tau, A68, phosphorylated
neurofilaments, and epitopes of paired helical filaments (PHF) (Cork
et al., 1989).

Discussion

Rhesus monkeys have a potential lifespan of >30 years, and some
older animals are impaired on a range of tasks including visual recogni-
tion memory, spatial memory, habit formation, and visuospatial orienta-
tion (Presty et al., 1987; Walker et al., 1988b). Among animals of the
same age, there were some differences in performance on specific tasks
(Struble et al., 1982; Casella et al., 1983; Kitt et al., 1984; Struble et al.,
1984; Kitt et al., 19854, b; Struble et al., 1985; Walker et al., 1985; Walker
et al., 1987; Walker et al., 1988a; Martin et al., 1989; Sisodia et al., 1989;
Koo et al., 1990, in press).

On the basis of our studies of nonhuman primates (Martin et al,,
1989), we have postulated a possible sequence for the development of
some of the structural abnormalities that appear in the brains of these
animals (Fig. 1). In normal neurons (A), transcription and translation
occur in perikarya; a variety of proteins are then translocated to target
sites by fast and slow transport. For example, APP is rapidly transported
in axons (Koo et al., in press), whereas cytoskeletal elements (neurofila-
ment proteins, tau, tubulin, etc.) are transported slowly. The initial
age-associated structural abnormalities are still uncertain (B). Early man-
ifestations of disease appear to be the formation of neurites (i.e., enlarged
distal axons and nerve terminals) and the appearance of preamyloid
deposits, detected with newly available antibodies to f/A4. The cellular
source of amyloid is not known: some investigators believe that /A4 is
derived from APP synthesized in neurons (Price, 1986; Price et al., 1989);
others suggest that APP and /A4 are derived from the blood stream or
from endothelial cells (Glenner, 1983). Early plaques (C) show both
neurites and amyloid. APP- and phosphorylated neurofilament-im-
munoreactive neurites are observed in a subset of plaques that exhibit
B/A4 immunoreactivity. Some APP-immunoreactive neurites were also
capped by deposits of §/A4 (Martin et al., 1989). The presence of APP-
like immunoreactivity in some neurites within f/ A4-containing classical
plaques (D) provides indirect evidence for a possible neuronal origin of
some of the amyloid deposited in the brains of these aged animals. One
source of parenchymal f/A4 may be abnormally processed neurite-
derived APP. Alterations in levels of proteases or protease inhibitors in
proximity to the surface of neurons in the microenvironment of the
neuropil (associated with nonneuronal cells [i.e., microglia, astrocytes,

etc.]) could play roles in the processing of APP. §/A4 associated with the
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Fig. 1. Hypothetical sequence for the development of some of the structural abnormalities
that appear in the brains of aged nonhuman primates (Figute described in text)

membrane does not appear to self-assemble into fibrils, and it is likely
that self-assembly of amyloid fibrils will only occur when the /A4
fragment is liberated from neuronal membranes. A neuronal origin for
parenchymal deposits of f/A4 is favored by several lines of evidence:
APP mRNAs and isoforms are present in neurons; APP is rapidly
transported to distal nerve terminals; /A4 is deposited in brain (gray
matter, not white matter); amyloid in cortical parenchyma has an
anatomical (laminar) distribution; APP-positive neurites are present in
proximity to fi{A4 deposits (plaques); and there is only a weak correla-
tion between the presence of plaques and the presence of congophilic
angiopathy.

As the degenerative process continues, axons may degenerate (E).
Some plaque neurites are degenerating elements (F), whereas others may
be reactive sprouts (G). End-stage plaques show amyloid cores (H).
Some neurons (I) develop abnormalities in perikarya, including the
presence of tau, phosphorylated neurofilaments, and A68 immunoreac-
tivities. Some cells may become atrophic, and NFT develop in a few cells
(J). The final stage of disease is marked by evidence of neuronal degen-
eration, leaving behind “ghost” tangles (K) and end-stage plaques (H).

It should be emphasized that the evidence for a neuronal origin for
B/A4 is indirect and does not exclude other sources of amyloid (i.e.,
APP) derived, in part, from other cells in brain or from the serum. A
systemic (or endothelial) origin for vascular amyloid is suggested by
several mechanisms: APP mRNA and isoforms are present in vessels and
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some systemic organs; fi{A4 deposits appear outside brain parenchyma
(meningeal arteries); amyloid is deposited in capillary walls at centers of
some plaques; and several circulating proteins (i.e., & -antichymotrypsin,
etc.) are closely associated with /A4 in plaques. In humans, vascular or
serum sources for some B/A4 is suggested by the presence of amyloid
deposits within walls of blood vessels in several disorders, including
hereditary cerebral hemorrhage (Dutch type) (van Duinen et al., 1987),
sporadic cerebral amyloid angiopathy (Castafio and Frangione, 1988),
and cerebral arteriovenous malformations that occur in some older indi-
viduals (Hart et al., 1988). These sources of APP are particularly likely
to contribute to congophilic angiopathy. Thus, amyloid deposits in the
parenchyma may be related to APP synthesized within neurons, whereas
amyloid deposits in blood vessels may be derived from other sources.

In conclusion, the similarities of the brain abnormalities in nonhuman
primates to those that occur in older humans indicate that aged monkeys
can serve as a useful model for future investigations of a variety of
age-associated abnormalities in brain.
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Summary

The morphology, incidence and distribution of plaques and diffuse amyloid
deposits in the brains of seven old dogs (18.5—26.5 years of age) were examined
on tissue sections immunocytochemically stained with two monoclonal anti-
bodies to two distinct epitopes of the beta-protein. Amyloid deposits were
found in all seven brains examined. Amyloid occutred in three morphological
forms: 1. focal amyloid deposits (plaques), 2. large diffuse amyloid deposits and
3. amyloid angiopathy. The number of these deposits was comparable to the
numbers of all three types of amyloid deposits seen in the brains of people with
Alzheimer’s disease. The number and type of morphological forms of the amy-
loid deposits depends on topography and the age of the animals. The number
of plaques was highest in the brains of the animals 18.5-21 years of age. The
oldest animals (21.5, 24 and 26.5 years of age) had a smaller number of amyloid
deposits. With age, the number of plaques decreased in supetficial layers of the
cerebral cortex (II-1II) and increased in the deeper layers (IV—VI). In the oldest
animals, diffuse amyloid deposits in the deeper layers of the cortex predominat-
ed. Our studies suggest that the frequency and the extent of amyloid deposits in
the brains of aged dogs are much wider than so far appreciated. It thus appears
that aged dogs may be suitable as an animal model for the study of pathomech-
anisms involved in beta-protein amyloidogenesis.

* J. M. is a visiting scientist from the Department of Anatomy, Medical Acad-
emy of Gdansk, Poland. C. B. is a visiting scientist from the Neurological
Institute, University of Vienna, Austria. Z. S. Veterinary Faculty of Higher
Agricultural School, Wroclaw, Poland.
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Introduction

Studies on the sequence of changes which lead to neuritic (senile)
plaque (NP) formation in scrapie, Down syndrome and Alzheimer’s
disease (AD) lead us to the conclusion that amyloid deposits initiate the
neuropil pathology and are the nidus of the plaque formation, the cause
of neuronal loss and, in AD, probably also the cause of neurofibrillary
changes. Whether the amyloid deposits in AD destroy the brain in such
a way that the liver and kidneys are destroyed in systemic amyloidosis
or whether beta-protein pathology induces other changes in neuronal
functions remains to be determined. However, in our opinion under-
standing of the sequence of events leading to brain amyloidosis in AD
is of critical importance for future therapy and prevention of this devas-
tating disease. Animal models of human diseases usually bring closer the
day when we can help affected people. The need for an animal model for
AD is particularly pressing considering the number of people who are
suffering or will suffer from this disease. Amyloid deposits similar to
those observed in human brains have been described in aged non-human
primates (Dayan, 1971; Kitt et al., 1984, 1985; Price et al., 1985; Struble
et al., 1985; Walker et al., 1986, 1987; Wisniewski et al., 1973; Wis-
niewski and Terry, 1973). Numerous plaques were also observed in the
brains of aged bears (Cork etal., 1988). Vaughan and Peters (1981)
showed plaques in the cerebral cortex of three aged rats.

Senile plaques and cerebrovascular amyloidosis in the brains of dogs
were observed by von Braunmuhl (1956) and Osetowska (1966). Von
Braunmubhl described structures resembling NPs in the brains of three
out of 20 old dogs between 14 and 20 years of age. In five aged dogs
studied by Wisniewski et al. (1970), occasional NPs were noted. Their
ultrastructure was similar to that of the human plaques. However in
detailed morphological studies of the brains of 25 beagle dogs, varying
in age from one year to over 16 years, Ball et al. (1983) did not find NP.

An immunocytochemical study revealed the presence of NPs in five
species of aged mammals, including dogs, and showed that the amyloid
deposits that are part of these NPs consist of the beta-protein (Selkoe
et al., 1987).

In this paper, we present data on the spectrum of morphological
appearance of amyloid deposits in the brains of aged dogs. This study
shows that the extent of brain amyloidosis in aged dogs is much greater
than previously reported and that the number of amyloid deposits is
comparable to the number of NPs found in the brains of people with
AD. Aged dogs, therefore, may become the animal of choice for study-
ing the genesis of beta-protein amyloidosis, the type of brain amyloidosis
that affects the victims of AD.
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Material and methods

The brains of seven dogs 18.5 to 26.5 years of age were used in this study.
According to information obtained from the owners, in the last months of life,
all dogs had been inactive and the three oldest were almost completely immobi-
lized. All dogs were unable to control stool and urination. Loss of sight was
observed in all animals, and three dogs were completely blind as a result of
bilateral cataracts. Hearing difficulties ranging from poor audition to complete
deafness were also reported.

The brains were fixed in 10% formalin for four to six weeks. Brains were cut
in a coronal plane into 11-12 five-mm thick slabs. The slabs were embedded in
paraffin. Six-pum-thick sections were prepared and stained with cresyl violet,
Bielschowsky’s silver impregnation method and by immunocytochemistry using
monoclonal antibodies (mAbs) raised against the following antigens: (1) A
synthetic peptide corresponding to amino acids 1 to 24 of the amyloid beta-
protein (4G8, IgG, b, 1:4000, Kim et al., 1988; Bancher et al., 1989); the epitope
recognized by this mAb resides of amino acids 17—-24. (2) A synthetic peptide
corresponding to amino acids 1 to 17 of the amyloid beta-protein (6E10, IgG,,
1:4000, Kim et al., unpublished); the epitope recognized by mAb 6E10 is likely
to be located in the vicinity of amino acid 11. (3) Bovine tau (Tau-1, IgG,a,
1:50000, Binder et al., 1985; Grundke-Iqbal et al., 1986); the epitope recognized
by mAb Tau-1 is located between amino acids 131 and 149 of the human tau
sequence, i.e., in the central part of the molecule (Kosik et al., 1988). This mAb
was used to assess the presence of neurofibrillary tangles and PHF-containing
neurites.

Immunocytochemistry was performed using the avidin-biotin method. Sec-
tions were deparaffinized in xylene/graded alcohols, and endogenous peroxidase
was inactivated by 0.2% hydrogen peroxide in methanol for 30 min. Sections
were then incubated in 10% fetal calf serum in PBS/TBS for 30 min, followed
by the primary mAb at the above-mentioned dilutions. As a detection system,
biotinylated species-specific anti-mouse immunoglobulins (Amersham, 1:200)
and horseradish peroxidase-labelled avidin (Extravidin, Sigma, 10 pg/ml) were
employed. Primary antibody incubation was performed at 4°C overnight. All
other incubations were done for 1 hour at room temperature. Peroxidase was
visualized with diaminobenzidine (500 pg/ml in PBS, pH 7.4, 0.01% H,O,).
Sections were counterstained with hematoxylin.

To enhance the immunoreactivity of amyloid deposits on paraffin sections,
the tissue was treated with concentrated formic acid before immunostaining
(Kitamoto et al., 1987). To obtain staining of PHF with the mAb to tau, sections
had to be treated with alkaline phosphatase (Sigma, Type VII-L, 400 pg/ml in
0.1 M Tris-HCI, pH 8, for 2.5 hrs. at 37 °C) before antibody incubation (Grund-
ke-Igbal et al., 1986).

Hemispheric sections (11-13 from one brain) stained for amyloid beta-
protein using mAb 4G8 were used to determine the number of plaques per mm?.
Measurements were performed with a final magnification of 89 X in a projecting
microscope (Pictoval, C. Zeiss). The cortex of one hemisphere was represented
by 260—-300 test areas.
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Results

On sections immunostained with the mAb to the beta-protein, amy-
loid appeared in three morphological forms: focal amyloid deposits
(plaques), diffuse amyloid deposits and amyloid angiopathy. Because
immunohistochemistry for the beta-protein selectively visualizes amy-
loid deposits, comparison with the various types of NP seen with classi-
cal histopathological methods is not always possible. The immunohisto-
chemical staining method used in this study does not label all the struc-
tures that participate in the plaque formation. Thus, it is necessary to
define the terms “focal amyloid deposits” (plaques) and “diffuse amyloid
deposits”, which will be used in the following description.

Focal amyloid deposits (plaques) are usually round or oval circum-
scribed lesions with a diameter ranging from 10—-140 um. They stain
darkly by immunohistochemistry, and the intensity of the reaction de-
creases gradually from the center to the periphery of the plaque. The
morphology of these lesions, as seen by beta-protein immunostaining, is
reminiscent of the primitive and classical type of plaques described in
humans (Wisniewski and Terry, 1973).

In contrast to the focal amyloid deposits (plaques), diffuse amyloid
deposits are usually irregular in shape and much larger in size. The
staining intensity within an individual lesion is even, but it is lower than
that of the plaques.

The number, type (focal or diffuse) and topography of the amyloid
deposits are subject to extensive interindividual variability.

All types of amyloid deposits (plaques, diffuse deposits and amyloid
angiopathy) were visualized with both beta-protein antibodies. The fol-
lowing description is based on observations made on sections immuno-
stained with mAb 4G8. Similar results were obtained with mAb 6E10.
MAD 4G8, but not mAb 6E10, also reacted with neuronal lipofuscin
(Grundke-Igbal et al., 1989; Bancher et al., 1989).

Cerebral cortex

Immunohistochemistry with mAb 4G8 revealed amyloid deposits in
the cerebral cortex of all seven dogs investigated. The most common
form of lesions were focal amyloid deposits (plaques). In every brain
studied, it was possible to find test areas with the number of plaques
exceeding 10/mm? In four brains, the number of plaques exceeded
15/mm? in many test areas. The average number of plaques as detet-
mined in the entire cerebral cortex was more than 14/mm? in three cases
19, 20 and 21 years of age. However, in the three oldest dogs (21.5, 24
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Fig. 1. Gapless serial sections from the cingulate gyrus stained for beta-protein with mAb
4G8 (a) and Bielschowsky’s silver method (b). The number of plaques detected with the
silver method is significantly lower ( x 90)
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and 26.5 years of age), the average number of plaques was below 3.5/
mm?.

When adjacent sections were stained with Bielschowsky’s silver
method, no plaques could be detected in most cases. In only two dogs,
plaques were identified, and their number was significantly lower than
that seen on immunohistochemically stained sections (Fig. 1).

The number and morphological features of the plaques varied in
different cortical layers. In contrast to the human brain, the molecular
layer (layer I) of the cortex was almost free of amyloid deposits
(Figs. 1, 2). Layers 1T and III usually contained numerous relatively small
plaques. On beta-protein immunostaining, they appeared dense and well
demarcated from the surrounding tissue. The deeper cortical layers
(layers IV —VI) were also heavily affected. Often, neighboring plaques
seemed to fuse and to form large aggregates. The density of the im-
munostained material in these aggregates was usually lower than in the
plaques in the superficial layer (Fig. 3).

Fig. 2. Parietal medial gyrus of 19-year-old dog. Beta-protein immunostain. Amyloid

deposits are seen in the form of relatively small primitive plaques in layer II-III and large

plaques in layers IV-VI of the cortex. Confluence of the primitive plaques into large

amyloid deposits (arrows). Darkly stained material within neurons corresponds to lipofus-
cin. Amyloid is also seen in the walls of meningeal vessels ( x 90)
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Fig. 3. Scattered and confluent primitive plaques (a and b) in the putamen of 19-year-old

dog. Granular staining in neurons represents lipofuscin ( x 300). Fusion of the plaques into

large aggregat of amyloid in layers V—VI of the orbital gyrus (c) ( x 150). Large, diffuse
amyloid deposit in layer VI of the suprasylvian gyrus (d) ( x 300)
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Fig. 4. Diffuse amyloid deposits in deeper layers of the cingulate gyrus (a) and piriform
cortex (b) of a 24-year-old dog (% 80)

The second form of amyloid deposits in the cerebral cortex were
diffuse infiltrations of the brain tissue (Fig. 4). These lesions usually
appeared in the deeper cortical layers (layers IV—VI). At this location,
they coexisted with large but relatively scanty focal amyloid deposits
(plaques). The shape of the diffuse deposits was very variable and irreg-
ular. The borders of these lesions were often ill-defined. Generally, they
appeared pale on anti-beta-protein immunostaining, giving them a
cloud-like appearance. The staining intensity with one individual lesion
was relatively homogeneous. These areas contained neurons, glial cells
and blood vessels. The size of the diffuse amyloid deposits varied within
an extremely wide range. Their diameter could reach up to several
hundred pm. Some of these lesions appeared to spread into neighboring
cortical layers. In the deep cortical layers, the diffuse amyloid deposits
occurred together with large focal deposits (plaques). Often, these
plaques seemed to fuse and to form aggregates. The staining density of
these aggregates was decreased. Therefore, it was not always possible to
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Fig. 5. Homogeneous, diffuse (a) and non-homogeneous, diffuse (b) amyloid deposits in
the molecular layer of the hippocampus of an 18.5-year-old dog. Sharp border of the
amyloid deposits between molecular layer and stratum radiale ( x 100)
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make a clear distinction between aggregates of several plaques and
diffuse amyloid deposits. Morphologically, there appeared to be inter-
mediate forms between these two typical lesions.

Hippocampus

In all brains studied, amyloid deposits were observed in the
hippocampus. The predominant form was the diffuse amyloid deposit
(Fig. 5). These deposits were usually homogeneous in texture, had a
ribbon-like shape and filled most of the molecular layer of the hippocam-
pal formation. The border with the stratum radiale (which was always
unaffected) was very sharp (Fig. 6). Within the molecular layer, the
diffuse amyloid deposits were in continuity with regions containing
plaques and aggregates of plaques which seemed to be undergoing
fusion into homogeneous amyloid masses (Fig. 5).

White matter

In the dog brain, plaques in the white matter developed only sporad-
ically. Massive amyloid deposits in the deep layers of the cerebral cortex
appeared to infiltrate the adjacent subcortical white matter. Occasional-
ly, few plaques were observed in the anterior part of the internal capsule.

Basal ganglia

Amyloid deposits in the basal ganglia are usually presented in the
form of plaques. Their number, size and shape were very variable be-
tween different basal ganglia. Great differences could even be observed
within specific nuclei or regions of these structures.

In the caudate nucleus, amyloid deposits were found in six of the
seven brains investigated. Plaques were numerous in the ventrolateral
part (Fig. 7a). Sometimes, they were also present in the dorsolateral and
periventricular parts.

In all brains, plaques were seen in the claustrum. They were especially
numerous in the ventral region of the anterior and central parts
(Fig. 7b).

Amyloid deposits were found in the putamen of five dogs (Fig. 7b),
in the amygdala (usually in the basolateral and basomedial nucleus) of
four and in the globus pallidus of two of the seven dogs examined.
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Fig. 6. Homogeneous diffuse amyloid deposit in molecular layer of the hippocampus.
Note the sharp botrder with stratum radiale ( x 350)

Diencephalon

In three cases, plaques were observed in the thalamus. They were
especially numerous in the ventrolateral nucleus but could also be found
in the mediodorsal and reticular nuclei and the lateroposterior part of the
thalamus. Only sporadically did they occur in the lateral geniculate body.
Plaques in the hypothalamus were very rare.



162 H. M. Wisniewski et al.

Fig. 7. Primitive plaques in caudate nucleus (CN) (a), claustrum (CL) and putamen (P) (b)
of 19-year-old dog. Many nerve cells filled with lipofuscin are also stained ( x 80)

Cerebellum

In the cerebellum, plaques were found in one case only. Most of them
were located in the granular cell layer, but a few were also seen in the
dentate nucleus.

Amyloid angiopathy

Amyloid deposits in the walls of blood vessels were very common in
all investigated brains in both meningeal and parenchymal vessels
(Fig. 8). In the cerebral cortex of the younger dogs, vessels with amyloid
deposits were arranged in clusters. Vessels affected by amyloid angiopa-
thy were seen mainly in areas free of amyloid infiltrates. In the oldest
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Fig. 8. Amyloid angiopathy in parietal medial gyrus of 19-year-old dog. Amyloid deposits
are seen in the walls of meningeal and cortical vessels (arrows) ( x 80)

dogs (24 and 26.5 years of age), the number of affected vessels was
highest. In these cases, they were more diffusely distributed and were
present mostly in areas with focal and diffuse amyloid deposits. With
age, amyloid angiopathy increased not only in the cerebral cortex but
also in the basal ganglia and the thalamus. In the withe matter, amyloid
angiopathy developed only sporadically, generally in the larger vessels.

Nenrofibrillary changes

No immunoreactivity with the mAb to tau could be observed in any
of the seven dog brains investigated. The absence of neurofibrillary
tangles was confirmed by the examination of sections stained with
Bielschowsky’s silver method.

Discussion

Using two mAbs (4G8 and 6E10) to different regions of the beta-
protein molecule, we have shown large numbers of lesions displaying
the morphology of primitive and classical plaques and diffuse amyloid
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deposits in the brains of aged dogs. The immunocytochemical character-
istics of these lesions, combined with their morphological appearance,
suggest a strong similarity to the human type of lesions and make it
likely that, as in the human, the beta-protein (Glenner and Wong, 1984)
or A4 (Masters et al., 1985) is the main proteinaceous constituent of the
plaques and diffuse amyloid deposits found in aged dogs.

Large numbers of NP have been proposed as a diagnostic criterion
for the neuropathological diagnosis of AD (Khachaturian, 1985; Wis-
niewski and Merz, 1985). Application of this criterion to the dog brains
examined in this study would yield a positive diagnosis in four cases.
Two points, however, have to be kept in mind: (1) no neurofibrillary
tangles were detected in the brains investigated and (2) NIH criteria for
diagnosis of AD are based on sections stained with silver. In our expe-
rience, the Bielschowsky stain demonstrates a number of plaques com-
parable to that seen with immunohistochemical methods in human ma-
terial (Wisniewski etal., 1989a). However, in the dog brain, the
Bielschowsky stain showed only few if any plaques. Whether this fact
represents a difference in sensitivity between these two methods or other
differences between the amyloid deposited remains to be determined.
The reported absence of plaques in 25 dogs 1 to 16 years of age studied
by Ball et al. (1983) and the low incidence of plaques in 20 dogs between
14 and 20 years of age studied by von Braunmuhl (1956) are probably
the result of these investigators using silver methods for the detection
of plaques.

The spectrum of morphological appearance of focal (plaques) and
diffuse amyloid deposits in the dogs showed a high degree of similarities
with the lesions found in humans (Wisniewski et al., 1989b). However,
there were also important differences such as presence of few, if any,
classical plaques with a clear central core surrounded by an unstained
zone and peripheral wisps of amyloid fibers. Also, the dog plaques were
negative when the tau antibody was used, indicating that the neurites of
the primitive plaques in the dogs do not contain neurofibrillary aggre-
gates made of paired helical filaments. In this respect, these plaques
resemble the type of lesions found in young cases of Down syndrome
(Mann and Esiri, 1989) and some aged non-demented people (Katzman
et al., 1988; Crystal et al., 1988; Barcikowska et al., 1989) rather than the
type of plaque typically associated with AD (Dickson et al., 1988; Shin
et al., 1989):

The deeper layers of the cortex were more extensively affected in
dogs than in humans. Unlike in humans, the molecular layer in dogs was
almost completely free of amyloid deposits. Plaques in layers IV to VI
were larger and more numerous than in superficial layers. They showed
a tendency to form larger conglomerates mixed with diffuse amyloid
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deposits. In the human cortex, the preferential location of NPs in the
second, third and fifth layers has been noted by several authors (Tomlin-
son et al., 1970; Pearson et al., 1985; Duyckaerts et al., 1986; Rafalowska
et al., 1988).

In dog brains, we found individual differences in the number of
plaques, diffuse amyloid deposits and amyloid angiopathy, e.g., one
21.5-year old dog had many lesions, whereas the other 21-year-old dog
had very few. Of interest was the fact that the three oldest dogs had
fewer plaques and less diffuse amyloid infiltration than the dogs 18.5 to
21 years of age. If confirmed on a larger series of dogs, this observation
may indicate that there are individual or breed differences in susceptibil-
ity to brain amyloidosis or that with age, the rate of parenchymal amy-
loid formation is reduced. On the other hand, with age, there seemed to
be 2 trend for progressive amyloid angiopathy.

The analysis of the distribution of amyloid deposits in the entire
cortical ribbon on 1112 serial slabs showed differences in the density
of lesions in cortical lobes and gyri. Marked differences in density of
lesions between adjacent gyri suggest that cytoarchitectonics may play a
role in determining the distribution of plaques. Some authors observed
that the distribution of NPs changes at the border of cytoarchitectonic
fields (De Lacoste et al., 1989) and varies in cortical lobes (Struble et al.,
1985). The variability observed in the dog cortex probably not only
reflects local anatomical and functional specificity but is also related to
the age of the animals.

In dogs, as in humans, some plaques appeared to be associated with
vessels and others not. There was no correlation between amyloid angio-
pathy and diffuse amyloid deposits.

In summary, the presence of beta amyloid deposits in the form of
numerous plaques, extensive diffuse amyloid deposits and amyloid an-
giopathy in all aged dogs studied, together with the fact that the dog is
more available than aged monkeys, makes this animal an excellent model
for studying beta protein amyloidogenesis.
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Summary

Neurofibrillary tangles in Alzheimer’s disease were analysed by light and
electron microscopic immunocytochemistry using antibodies against cytoskele-
tal antigens and ubiquitin. Our studies indicate that the antigenicity of paired
helical filaments is profoundly changed during the stages of tangle formation and
maturation. In addition, tangle formation may lead to changes in other neuronal
cytoskeletal elements. A comparison of Alzheimer neurofibrillary tangles with
cytoplasmic fibrillary inclusions in other CNS diseases indicates that ubiquitin
binding to abnormal proteins may be a common denominator of such cytopatho-
logical conditions.

Introduction

Neurofibrillary tangles are one of the main pathological alterations in
Alzheimer’s disease (Alzheimer, 1907). They consist of bundles of patho-
logical argyrophilic filaments, located in the cytoplasm of affected neu-
rons. Recent immunocytochemical and biochemical studies have identi-
fied microtubule associated tau protein and ubiquitin as essential compo-
nents of the paired helical filaments (PHF) or straight tubules (ST),
which ultrastructurally build up the neurofibrillary tangles (Brion et al.,
1985; Wischik et al., 1988; Mori et al., 1987; Perry et al., 1987). In PHE,

* The study was partly funded by a grant from the Ministry for Science and Research,
Austria.
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tau proteins appear to be pathologically phosphorylated (Grundke Iqbal
et al., 1986b). In addition to tau and ubiquitin, epitopes of phosphory-
lated neurofilaments (Anderton et al., 1982; Sternberger et al., 1985) and
high molecular weight microtubule associated protein 2 (MAP 2, Kosik
et al.,, 1984) have been identified. Besides these protein components
sulfated glycosaminoglycanes or glycoconjugates were found (Snow et
al., 1987; Szumanska et al., 1987).

It is at present controversial as to what exent other components than
those listed above are constituents of PHE Several “PHF-specific” anti-
bodies have been raised (Ihara et al., 1983; Wang et al., 1984; Wolozin
et al., 1986). However many of them, in the course of a more detailed
immunological characterization, turned out to recognize epitopes of tau
(Nukina et al., 1988) or ubiquitin (Perry et al., 1987, 1989). Furthermore,
the incorporation of amyloid f-peptide into neurofibrillary tangle mate-
rial (Masters et al., 1985) remains controversial.

In the present study we have analysed the antigenic profile of PHF
in the course of tangle formation and maturation by immunocytochem-
istry, focusing on the following specific questions:

1. Are there differences in the antigenic profile between early, mature
and late (extracellular, “ghost™) tangles?

2. Are there changes in the normal neuronal cytoskeletal elements dur-
ing tangle formation and maturation?

3. How do different stages of neurofibrillary tangles quantitatively cor-
relate with the clinical expression of the disease?

4. What is the relationship to other central nervous system diseases with
cytoskeletal pathology?

Material and methods

Our studies on Alzheimer’s disease were based on autopsy material obtained
from a prospective study on clinico-pathological correlations in ageing and
dementia (Fischer et al., 1988). Material from other central nervous system
diseases with cytoskeletal pathology (Parkinson’s disease, diffuse Lewy body
disease, progressive supranuclear palsy) were obtained from the autopsy collec-
tion of the Neurological Institute and the Neurological Department of the City
Hospital Lainz (Bancher et al., 1987, 1989a, b). Paraffin sections were stained
with hematoxylinfeosin, Kluver myelin stain, Bodian and Biclschowski silver
impregnation, Congo red and thioflavin S. Glycosaminoglycanes were visualized
by Alcian blue with different concentrations of magnesium chloride (Snow etal.,
1987).

Immunocytochemical studies were performed on paraffin-embedded materi-
al, fixed in buffered 4% formaldehyde. Polyclonal antibodies against MAP 1,
MAP 2, tau, tubulin and PHF and monoclonal antibodies against tau, PHE,
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phosphorylated and non-phosphorylated neurofilament epitopes and glial fibril-
lary acidic protein were used (Bancher et al., 1989a). The methods of immuno-
cytochemistry, double staining and immune electron microscopy have been
described in detail earlier (Vass et al., 1986; Bancher et al., 19894, b; Brunner et
al., 1989).

Quantitative evaluation was performed in standardized regions of the left
cerebral hemispheres, including frontal, parietal and temporal cortex and
hippocampus. The number of plaques and tangles in different maturation stages
was counted on sections stained with Bielschowsky silver impregnation and with
immunocytochemistry using tau-1 and 3-39 (ubiquitin) monoclonal antibodies.
In total, 15 microscopic fields, covering a total area of 6 mm? were evaluated per
patient and region.

Statistical analysis was performed at the computer center of the University of
Vienna, using Statistical Package for the Social Sciences, procedure NPAR
CORR, which calculated Spearman rank correlation coefficients.

Results

Changes in the antigenic profile during formation and maturation
of Alzheimer neurofibrillary tangles

According to Alzheimer (1911) three stages of tangle maturation can
be distinguished. Early tangles (stage 1) are small granular or rod-like
cytoplasmic inclusions in the pericarya of affected neurons. Mature tan-
gles (stage 2) appear as the classical flame-shaped neurofibrillary masses,
which fill in large parts of the neuronal cytoplasm and extend into the
apical dendrite. Late, extracellular “ghost” tangles (stage 3) are loose
masses of fibrillar material, which by their triangular outline reflect the
shape and location of the degenerated neuron. In addition to these tangle
stages, immunocytochemistry with certain antibodies against tau (Bancher
et al., 1989a) and AD brain homogenates (Alz 50; Hyman et al., 1987)
made it possible to identify very early changes in neurons, reflected by
diffuse accumulation of immunoreactive material in the cytoplasm
(stage 0; Bancher et al., 1989a).

The antigenic profile of tangles at different maturation stages is
summarized in Table 1. Early tangle stages are mainly recognized by
anti-tau antibodies, but show little or no reactivity with the other mark-
ers used. In addition we found characteristic differences in the antigenic
profile between classical intracellular tangles and extracellular “ghost”
tangles. Intracellular tangles are especially well recognized by both, the
polyclonal tau and the monoclonal (Tau-1) antibodies. Reactivity with
the monoclonal PHF/ubiquitin antibody 3-39 was variable. Further-
more, a significant percentage of intracellular tangles reacted with the
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Table 1. Antigenic profile of Alzheimer neurofibrillary tangles at different
stages of maturation

Stage 0 Stage 1 Stage 2 Stage 3
Cytoskeletal AG:
tau (polyclonal) (+) + + (+)
Tau-1 + + + —
SMI 31 - —/(+) —/(+) -
SMI 34 - —/(+) —/(+) -
SMI 33 - — — —
MAP 2 - —I(+) =K+ -
MAP 1 - — — _
tubulin — — — —
GFAP - — - +
PHF/Ubiquitin
3-39 - —/+ —/+ +
S - - RCORE (G
Amyloid
Congo red - — (+) +
thioflavin S — — (+) +
B-peptide — — - — /4 *
Glycosaminoglycanes
Alcian blue (low Mg) — — - +
Alcian blue (high Mg) — — — (+)

—/+ =only some tangles stained
(+) =weak reactivity
— [+ * =exceptional tangels stained

neurofilament antibodies SMI 31 and 34 and with a polyclonal anti-
MAP 2 serum. On the contrary, extracellular “ghost” tangles mainly
reacted with the monoclonal anti-ubiquitin antibody 3-39 and with anti-
GFAP. There was only weak reactivity of “ghost” tangles with poly-
clonal tau and no reaction with monoclonal Tau-1 or neurofilament
antibodies nor with anti-MAP 2 serum.

A similar inverse pattern of reactivity between classical intracellular
and extracellular tangles was also found with silver impregnations and
with reactions for glycosaminoglycanes or amyloid. Interestingly, excep-
tional extracellular “ghost” tangles, but no intracellular tangles reacted
with monoclonal antibodies against the amyloid S-peptide.

Changes of normal cytoskeleton in tangle-bearing neurons

To answer these questions we performed double immunostaining
with anti-tau and anti-MAP 1, anti-MAP 2, anti-tubulin or anti-NF re-
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spectively. Although tangle-bearing neurons frequently showed irregu-
lar, distorted dendrites, the pericaryal and dendritic reactivity of these
neurons for MAP’s or tubulin was not different from that of normal
neurons. However, neurons with early (especially stage 1) tangles fre-
quently revealed cytoplasmic reactivity in the pericaryon and dendrites
with 2 monoclonal antibody against a phosphorylated epitope of neuro-
filaments (SMI 31).

Correlation of neurofibrillary tangles with clinical dementia

A detailed quantitative analysis of tangles and plaques was performed
on 10 cases with variable dementia scores, monitored in the prospective
clinico-pathological study (Table 2). The majority of tangles represented
classical intracellular inclusions (stage 2), whereas only a minority were
classified as stage 0. “Ghost” tangles were found in 5/10 cases in the
subiculum but only in 3/10 cases in cortex. The number of “ghost™
tangles in cortex was low. We found a significant correlation between the
severity of clinical dementia and the number of classical stage 1 and stage
2 tangles in the respective brain areas, which was better than the corre-
lation with senile plaques (Table 2). The correlation between the number
of stage 3 (“ghost”) tangles and the severity of the clinical disease,
although statistically significant in the frontal and parietal cortex, was
difficult to interpret, since only cases with exceptionally severe dementia
showed this alteration.

Table 2. Spearman rank correlation coefficients of senile plaques (core type)
and tangle stages with mini-mental state score

Cortex Hippocampus
Frontal Parietal Temporal CAl CA3
Plaques: —.510 —.630 —.300 —.661 —.462
NFT 0 —.709% —.801° —.505 —.393 —.093
00— 4) (0- 0.2) (0— 3) -7 (0-3)

NFT 1 —.784° —.704 2 —.527 —.667 —.863°
0- 6) (0- 1) (0— 8) (0-13) 0-4)

NFT 2 —.784° —.804% —.586® —.667 —.842°
(0-62) (0—46) (0-32) (0-29) (0-5)
NFT 3 —.621° —.868° —.344 —.647 —.647
(0— 5) (0-13) (0-21) (0 8) (0-3)

2 p0.05 ®° p0.01.

The values in brackets represent minimal and maximal counts/mm?2.
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Relation to cytoskeletal changes in other diseases

As described by others before, reactivity of intracytoplasmic fibrillary
inclusions with antibodies against ubiquitin is not a feature specific for
Alzheimer’s disease. Similar reactivity is found in Pick bodies, Lewy
bodies, Rosenthal fibers and Marinesco bodies. In our material no reac-
tivity of PSP tangles was found with the monoclonal PHF/ubiquitin
antibody 3-39 (Bancher et al., 1987). Although in another study (Manet-
to et al., 1988) ubiquitin was found in PSP tangles, it could only be
demonstrated with one out of the 5 monoclonal antibodies used.

However, besides ubiquitin, several different cytoskeletal elements
appear to be associated with these various inclusions. They include tau
(AD-tangles, PSP tangles and Pick bodies), neurofilaments (Lewy bod-
ies in Parkinson’s disease and diffuse Lewy body disease) and glial
fibrillary acidic protein (Rosenthal fibers).

Discussion

In our present study we confirmed earlier studies by showing that
diffuse cytoplasmic reactivity with anti-tau may be a very eatly cellular
change in the pathogenesis of NFT (Joachim et al., 1987; Bancher et al.,
1989a). Similar results have also been described for the Alz-50 antigen
(Wolozin et al., 1986), which in fact may be antigenically related to tau
(Nukina et al., 1988; Ksiesak Reding et al., 1988a, b).

Of major interest appear to be the changes in the antigenic profile of
neurofibrillary tangles when they are released into the extracellular space
after cell death and become “ghost” tangles. One change is the loss of
reactivity with the Tau-1 monoclonal antibody, which takes place al-
though reactivity with polyclonal tau antibodies is partially preserved.
Studies on chemically isolated, pronase-treated PHF indicate that only
parts of the carboxy terminal of the tau molecule are present in the
undegradable backbone of the fibrils (Wischik et al., 1988). Although
also ubiquitin epitopes have been reported to disappear from extracellu-
lar “ghost” tangles (Joachim et al., 1987) the epitope recognized by the
antibody 3-39 is well preserved in ghost tangles and appeats to be better
accessible compared to intracellular tangles. These results, taken togeth-
er, could indicate that tau/ubiquitin complexes in neurofibrillary tangles
can be partially degraded by extracellular enzymes, leaving the backbone
of PHE which then contains only fragments of tau and ubiquitin.

Another interesting feature of “ghost” tangles is that staining reac-
tions for amyloid (Congo ted and thioflavin S; Defossez and Delacourte,
1987) and for glycosaminoglycanes (Alcian blue) are especially promi-
nent in comparison to that in intracellular PHE Based on the antigenic
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shift NFT undergo during their evolution process and on their different
staining properties, we propose the following sequence of events, which
may take place during the formation and maturation of each of these
lesions: An as yet unknown stimulus leads to an imbalance of the neu-
ronal cytoskeletal phosphorylation/dephosphorylation system. The dif-
fuse intracytoplasmic accumulation of abnormally phosphorylated tau
and the Alz-50 antigen, respectively, precedes the formation of NFT.
These abnormal proteins polymerize into filamentous structures and
associate with ubiquitin, which represents a fruitless attempt of prote-
olytic degradation. Degeneration of the neurons exposes the NFT to the
enzymatic environment of the extracellular space, leading to conforma-
tional changes or, possibly, to partial degradation. Ingrowth of glial cells
is reflected by staining with anti-GFAP (Probst et al., 1982). Some ghost
tangles may form a nidus for the polymerization of the f-peptide into
amyloid fibers or become dressed by glycosaminoglycanes. However,
the very low numbers of “ghost” tangles in areas of severe cortical
atrophy indicates that the CNS tissue has the capacity to completely
degrade the extracellular debris of NFT.

As described by others (Delaere et al., 1989) we found a good corre-
lation between clinical severity of dementia and the number of classical
tangles in the central nervous system. The number of extracellular
“ghost” tangles, however, was low, even in cases with most severe
clinical dementia. Thus, functional impairment of tangle-bearing nerve
cells may, at a certain point of tangle maturation, be so severe that there
is little functional difference between degenerated or severely compro-
mised, but still live neurons. In addition, nerve cell death with formation
of “ghost” tangles may be a very late event in AD pathology and may
be precipitated by additional, for instance ischemic, factors due to amy-
loid angiopathy in the affected regions.

Finally it is interesting to note that the formation of complexes
between cytoskeletal elements and ubiquitin is not a unique feature of
AD tangles but appears to be a mechanism common to many different
neuronal and glial injuries, which leads to accumulation of fibrillar
material in the cytoplasm.
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Summary

Cholinergic fibers and terminals were visualized, with a polyclonal antiserum
to human choline-acetyltransferase (ChAT), in hippocampi of 6 patients with
Alzheimer’s disease (AD) and 4 control brains. The densities of senile plaques
(SP) and neurofibrillary tangles (NFT) differed significantly between subregions
in the AD brains. In contrast, the significant loss of terminals in the AD brains
was homogenous in CA4, CA1 and the subiculum and presumably not related
to the densities of SP and NFT in these subregions.

Introduction

Biochemical and histochemical studies have shown that the activities
of the cholinergic marker enzymes ChAT and acetylcholinesterase
(AChE) decrease in the hippocampus of AD patients (Davies, 1979;
Perry et al., 1980). Hippocampal cholinergic structures have been visual-
ized until now with AChE histochemistry (Perry et al., 1980). This
method stains, however, also non-cholinergic structures. The present
immunohistochemical study was undertaken to describe with a specific
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antiserum to human ChAT (Bruce et al., 1985) the cholinergic system in
the hippocampal formation (hippocampus propet, subiculum, gyrus
dentatus) from patients with AD and controls.

Patients and methods

Four normal control brains and 6 brains of AD patients, exempt from other
diseases, were studied. The clinical diagnosis was based on the criteria of DSM-
IIT and confirmed post-mortem by the presence of numerous senile plaques (SP)
and neurofibrillary tangles (NFT) in the frontal (atea 10) and temporal neocortex
(area 21) (Khatchaturian, 1985). Age (75—92 years in the controls, 67—87 years
in the AD-patients) and post-mottem delay (5—19 hours in the controls, 428
hours in the AD brains) were not statistically different in the 2 groups. The
hippocampi were fixed and cryoprotected (Graybiel et al., 1987), deep-frozen in
powdered dry ice, stored at —80° and cut on a sliding microtome into frontal
40 pm sections. ChAT-immunohistochemistry was performed every 2 mm, with
a polyclonal antiserum against human ChAT (Bruce et al., 1985) diluted 1:200
[double-bridge peroxidase-antiperoxidase method (Graybiel et al., 1987)]. Adja-
cent sections were stained with cresyl violet, hematoxylin-eosine, and Bodian
silver impregnation. Qualitative description was performed on all sections,
quantitative evaluation, on 5 equidistant sections selected from equivalent levels
of each hippocampus, counterstained with thioflavin-S to visualize SP and NFT.

In part one of the study, two independent observers estimated the densities
of ChAT-positive unbeaded fibers in the distal and proximal part of the fimbria
and the alveus at the level of CA2 and CA1 as well as the densities of ChAT-pos-
itive terminals in the stratum pyramidale of subiculum, CA1, CA2, CA3, CA4
and stratum polymorphe and moleculate of the dentate gyrus. The distribution
of these structures was found to be homogenous within the subregions and
along the rostrocaudal extension of the hippocampus (Ransmayr et al., 1989).
Therefore, random microscopic fields (0.1 x 0.14 mm) were chosen to quantify
the densities of unbeaded fibers and terminals in these subregions: In 2 randomly
chosen fields (each 0.1 x 0.14 mm) per subregion and section, all unbeaded fibers
were counted and related to the surface area; punctate immunopositive struc-
tures (= fiber varicosities and axon segments) were counted in 2 random fields
per region and section within 20 elements of a superimposed grid (square
openings of 81 pm each). The densities of ChAT-positive fibers and punctate
structures were homogeneous in the subregions throughout the rostrocaudal
extent of the hippocampus (Kruskal-Wallis ANOVA, H-values <4.6) (Ransmayr
et al., 1989). Therefore, mean regional densities per brain were calculated and the
controls and Alzheimer brains compared with the Student’s t test.

In the second part of the study, thioflavin-S positive SPs and NFTs were
quantified on five sections from 4 control and 5 AD-brains in the whole stratum
pyramidale of CA4, CA1 and the subiculum and related to the surface areas of
these regions. In one control and one AD brain section, the densities of punctate
immunoprecipitates were determined throughout the entire surface of the re-
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gions, field by field (each 0.1 x 0.14 mm), in 4 homogenously distributed square
elements (each 81 pm?) of a grid. The densities of punctate ChAT-positive
elements were homogenous along the radial extent of CA4, CA1 and the subicu-
lum (one factor ANOVA, F <2.0), and were, thus, determined on the remaining
sections only along the axial (circular) extent of these subregions. The densities
of ChAT-positive terminals, SP and NFT in the subregions varied between and
within brains, but were not statistically different along the rostrocaudal extent
of the hippocampus (one-factor ANOVA, F <0.6). Thus, mean regional densities
for each brain were calculated and the AD and control brains compared (Stu-
dent’s t-test).

Results

No ChAT-positive cell bodies were found in the hippocampus of AD
and control brains. ChAT-positive unbeaded fibers projected to the
hippocampus via the fimbria and the white matter of the temporal lobe
and entered the neuronal layers, where networks of fine beaded fibers
and punctate immunoprecipitates were found. In all subregions of the
AD brains, ChAT-positive unbeaded fibers and terminals were found to
be significantly (by 28—-46%) reduced. Means and single standard devi-
ations of the mean regional densities of NFT, SP and terminals in CA,,
CA, and the subiculum (stratum pyramidale) of the AD and the control
brains are visualized in the figure. There were significantly higher den-
sities of SPs and NFTs in the AD brains as compared to the controls; the
loss of ChAT-positive terminals was homogenous in CA4, CAl and the
subiculum (31 to 33%), whereas the densities of SP and NFT differed
considerably in these regions.

Discussion

The hippocampi examined did not contain cholinergic cell bodies,
which contrasts to what was suspected from AChE-histochemistry (Per-
ty et al., 1980). The perikarya of the cholinergic afferences visualized in
the fimbria and the white matter of the temporal lobe are presumably
located in the medial septal nucleus, the diagonal band of Broca and the
nucleus basalis of Meynert (Mesulam et al., 1983). In contrast to an
inhomogenous distribution of NFT and SP (e. g. 4-fold densities of SP
in the subiculum and CA1 as compared to CA4), the cholinergic termi-
nals in the different subregions of the stratum pyramidale were homoge-
nously reduced (by one third) in the AD group as compared to the
controls (Fig. 1). This finding suggests that SP and NFT located in the
hippocampal pyramidal layer of CA4, CA1 and the subiculum might not
be the major factors for the loss of cholinergic terminals in these subre-
gions in AD.
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Fig. 1. Mean densities and single standard deviations of SP, NFT, and ChAT-positive

punctate structures (terminals) in the stratum pyramidale of the Subiculum (Sub), CA1,

and CA4 in the AD (N=5) and the control (Co) group (N=4), as determined in part 2

of the study. Comparison of the 2 groups with the Student’s two-sided t-test (* p<0.05;
**k p<0.01; *** p<0.001)
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Summary

An antibody to the calcium binding protein, calbindin D28k (CaBP), was
used to study the number and size of CaBP immunoreactive (CaBP-Ir) neurones
in the cerebral cortex and the nucleus basalis of Meynert (nbM) of postmortem
human brains from controls and from patients with Alzheimer-type dementia
(ATD).

Compared to the controls, the number and size of CaBP-Ir neurones in the
cerebral cortex and the nbM were reduced in the ATD.

These findings suggest that CaBP containing neurones are damaged in ATD.

Introduction

It is well known that elevated internal Ca* ¥ leads to cell injury
(Campbell, 1985), and that the excessive elevation of intracellular Ca* *
results in cell death (Cotman et al., 1987).

In mammalian brains, a number of neurones contain the calcium
binding proteins such as parvalbumin (PVA) (Heizmann et al., 1987) and
calbindin D28k (CaBP) (Parmentier et al., 1987). These proteins are
believed to be involved in the buffering or transport of internal Ca* *
(Heizmann et al., 1987), and possibly in reducing neuronal vulnerability
to excitotoxic effects of excitatory amino acids (Rothman et al., 1987).

In Alzheimer-type dementia (ATD), we have been investigating the
expression of calcium binding proteins to determine whether neurones
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containing these proteins are damaged in ATD. We recently reported a
specific loss of PVA containing neurones in ATD (Arai et al., 1987). We
have also observed that the number and size of CaBP immunoreactive
neurones in the cerebral cortex (Ichimiya et al., 1988) and the nucleus
basalis of Meynert (nbM) (Ichimiya et al., 1989) are reduced in ATD.

In this paper, we mentioned CaBP immunoreactive neurones in ATD
brain.

Material and methods

Postmortem brains from control patients and neurologically diagnosed ATD
patients were used for our serial immunohistochemical studies. The detail of
these patients was reported previously (Ichimiya et al., 1988, 1989). Blocks of
tissues, including the frontal, temporal and parietal cortices and the nbM, were
taken from formalin fixed brains as reported previously (Ichimiya et al., 1986,
1988). Prior to sectioning, the blocks were transferred to 30% sucrose (w/v) in
0.1 M phosphate buffer saline (PBS) and stored at 4°C until required. 20 pm
sections were cut from the blocks on a freezing microtome.

Calbindin D28k (CaBP) antibodies were raised in rabbit against purified
chick intestinal CaBP. The CaBP antibody was used at a final dilution of 1:500.
In order to visualize CaBP immunoreactivity (CaBP-Ir), peroxidase-antiperoxi-
dase (PAP) and/or immunofluorescence techniques were used. For studies of
possible co-existence of CaBP and cholin acetyltransferase (ChAT), CaBP-Ir was
detected using the rabbit anti-CaBP primary antibody and a FITC labelled sheep
anti-rabbit Ig-G (1:100). After photography the coverslips were removed, sec-
tions washed in PBS and the sections then processed to visualize ChAT im-
munoreactivity using a mouse monoclonal anti-ChAT (Boehringer) (2 pg/ml)
and the PAP technique.

Counts and size of CaBP-Ir neurones were made with the aid of a Quantimet
720 image analyser as reported previously (Mountjoy et al., 1983).

Results

In the controls, CaBP-Ir neurones were observed all layers of the
cerebral cortex with exception of layer I, and almost all the large neu-
rones in the nbM were also CaBP-Ir. Some CaBP-Ir neurones in the nbM
were also ChAT immunoreactive (Fig. 1).

Compared to the controls, the number and the mean size of CaBP-1r
neurones in the cerebral cortex and the nbM were reduced in the ATDs
(Table 1).
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Fig. 1. The co-expression of CaBP and ChAT immunoreactivity in human nbM neurones.
CaBP immunoreactie neurones revealed by immunofluorescence (FITC) (A), are also
positive for ChAT immunoreactivity (B). x 200
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Discussion

CaBP immunoreactivity was well preserved in the cerebral cortex and
the nbM neurones on the controls. Postmortem stability of CaBP has
been previously demonstrated using Western blot analysis (Pochet et al.,
1985).

In ATD brain, a reduction of CaBP content in the cerebral cortex has
been reported by radioimmunoassay (McLachlan et al., 1987). As expect-
ed those observation, the number and size of CaBP-Ir cortical neurones
were decreased in the ATD brains.

Our findings in normal control human nbM are similar to the earlier
observation of CaBP-Ir nbM neurones in monkey brains (Celio et al.,,
1985). Neuropathologically, neuronal loss in the nbM in ATD is well
established (Ichimiya et al., 1986). As expected from the observation on
the ChAT staining of ATD brains (Nagai et al., 1983), the number of
CaBP-Ir nbM neurones was reduced dramatically. The co-expression of
CaBP and ChAT immunoreactivities in some control nbM neurones
suggest that CaBP might co-exist, at least partially, in the nbM choliner-
gic neurones.

These observations suggest that CaBP containing neurones are wide-
ly affected in ATD brain, and that a failure of calcium homeostasis may
be associated with the development of the pathology of ATD.
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Summary

In this paper we report the results of an investigation of lactate production
and of the activity of phosphofructokinase (PFK), lactate dehydrogenase (LDH)
and hexokinase (HK) in skin cultured fibroblasts from familial and sporadic
Alzheimer’s disease patients. We found that the activity of HK was deficient in
some patients with the familial dominant form of Alzheimer’s disease. These
results indicate that some alterations on the energy metabolism are present in
some subjects with the familial Alzheimer’s disease but not in sporadic cases.

Introduction

Alterations in cerebral metabolic rate, cerebral oxygen consumption,
cerebral blood flow and cerebral glucose utilization have been among
the earliest and best documented alterations in dementias (Quastel, 1932;
Sokoloff, 1966). The changes in vivo metabolic rate and the decrease of
neurotransmitter system activities and of energy metabolism markers in
post-mortem samples are well documented in Alzheimer’s disease (AD)
but how and why these changes occur in Alzheimer’s neuronal cells is
still unknown.

Besides these results reduction in the activity of glycolytic enzymes
has been documented in the brain of patients with AD and more recently
an increase of lactate production has been observed in cultured skin
fibroblasts from AD patients. Perry et al. (1980) and Sorbi et al. (1983)
have reported a decreased activity of the pyruvate dehydrogenase com-
plex (PDHC) in affected areas of AD and Huntington brain. Bowen et al.
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(1979) observed that 19 of 37 neuroconstituents examined were reduced
in AD post-mortem brain. Among them the principal decrease was in the
activity of phosphofructokinase (PFK), a key enzyme in glycolysis that
may be the rate-limiting enzyme in cerebral glucose utilization (Lowrey
and Passanneau, 1964). Iwangoff et al. (1980) have also reported a reduc-
tion in PFK activity with age and a marked decrease (90% of age-
matched control values) in Alzheimer cerebral cortex. The abnormality
in PFK observed in post-mortem brain seems to persist, in at least some
patients, in cultured skin fibroblasts even after several passages (Sorbi
and Blass, 1983). Studies on cultured skin fibroblasts have also shown
abnormalities in PDHC and PFK activities in C-21 trisomy Down pa-
tients (Sorbi et al., 1983; Sorbi and Blass, 1983) who are at very high risk
to develop a dementia if they live long enough. Recently Sims et al.
(1985, 1987) have observed an increased lactate production and de-
creased CO, production in cultured skin fibroblasts from AD patients.
Contrasting results have been reported, however, by Peterson and Gold-
man (1986) who failed to observe changes in lactate production in similar
cell cultures from AD patients. Moreover, the study of Peterson and
Goldman (1986) indicate that in cultured skin fibroblasts there is an
overall alteration of cell metabolism. They reported, in fact, changes in
glucose oxidation, calcium content, protein and DNA synthesis in aged
and AD fibroblasts.

To further investigate the involvement and glycolysis in cultured cells
from AD patients we have studied lactate production, PFK, hexokinase
(HK) and lactate dehydrogenase (LDH) activities in cultured skin fi-
broblasts from patients affected by familial Alzheimer’s disease (FAD),
their unaffected relatives, sporadic AD, apparently normal controls and
pathological controls.

Materials and methods

Skin fibroblasts have been studied from 3 FAD patients (2 brothers and a
cousin from the same family), 3 non-blood relatives (spouses) of this family and
6 age-matched unrelated apparently normal controls. Leukocytes were also used
to study PFK and HK in 3 other FAD patients, 5 sporadic AD and 5 apparently
normal age-matched controls.

Fibroblast cell cultures were obtained from forearm skin biopsy. Cells were
grown in Dulbecco’s modified Eagle’s medium, supplemented with 20% FBS
and harvested at confluence, 5 to 7 days after a 3:1 subculture, by mild
trypsinization. Periodic testing revealed no contamination by PPLO. Protein
content and cells numbers were similar in all lines studied as well as passage
numbers. All cell lines were coded and studied in at least 3 different experiments,
at least in triplicate in each experiment. Leukocytes were obtained by 30 ml of



Lactate production and glycolytic enzymes 197

blood collected from over-night fasted patients using a plastic syringe containing
heparin.

PFK activity was measured using the method of Racker (1947) as modified
by Sorbi and Blass (1983).

LDH activity was measured according to Clark and Nicklas (1970). HK
activity was measured according to Racker (1947). Protein concentration was
measured according to Lowry et al. (1951).

Results

Lactate production was comparabe in cultured skin fibroblasts from
FAD affected members of the family studied, their unaffected relatives
and 3 controls (Table 1).

The activities of fibroblast PFK and LDH were comparable in all
groups studied (Table 2).

Fibroblast HK activity was significantly decreased in the FAD pa-
tients compared to the unaffected relatives. All affected members of this
family had HK activity below the lowest of control values.

Leukocyte HK activity was also significantly decreased in patients
with FAD but not in sporadic AD and PFK activity was normal in all
AD patients (Table 3).

Table 1. Lactate production in Alzheimer’s disease

FAD (3) 858 +401
Unaffected relatives (5) 756 +126
Controls (3) 676 +242

Lactate production (Mean + SD) is expressed as nmole/mg prot/hour

Table 2. Fibroblasts PFK, LDH and HK in Alzheimer’s disease

PFK LDH HK
Controls (6) 343411 997 +27 25346
FAD (3) 39.6+11 621+12 19.3+2%
Unaffected relatives (3) 28.8+12 486 +72 29.0+5

® p<0.05
Enzyme activities are expressed as nmol/min/mg prot. All experiments were done in
triplicate in at least three different experiments.



198 S. Sorbi et al.

Table 3. Leukocyte PFK and HK in Alzheimer’s disease

PFK HK
Controls (5) 2711+ 9 55.9+12
FAD (3) 209 + 9 361+ 52
AD (5) 40.5 +19 56.3+24

? p<0.05
Enzyme activities are expressed as nmol/min/mg prot. All experiments were done in
triplicate in at least three different experiments.

Discussion

In vivo studies of cerebral metabolic rate for oxygen and glucose, and
of cerebral blood flow, have consistently disclosed significant reductions
in Alzheimer’s brain. Moreover, there is now evidence that metabolic
changes associated with AD are not confined to the brain.

In this study we have reported evidence of an alteration of the
catalytic activity of the glycolytic rate-limiting enzyme HK in affected
patients with the familial form of AD. Enzyme values were decreased
either versus unaffected relatives or apparently normal unrelated con-
trols. The decrease in HK activity was present in cultured skin fibrob-
lasts and in leukocytes from these patients. However, HK activity was
normal in cells from patients with sporadic AD. In FAD patients lactate
concentration was normal contrasting with results reported by Sims
et al. (1985).

The significance of the finding of abnormalities in peripheral tissues
in AD is not yet clear. It is difficult to assess the role of metabolic
changes in peripheral cells in the pathogenesis of AD. The finding of any
abnormality in cultured cells even after several cell passages should
indicate that such abnormality is independent of exogenous factors and
linked, at least in a broad sense, to the cellular genoma. Moreover, the
finding of a consistent abnormality in peripheral cells may lead to a
biological marker to be used as a test for diagnosis.

Our results suggest a possible heterogeneity within AD patients,
providing evidence that at least a subgroup with FAD have a modifica-
tion in the activity of hexokinase. Further studies are in progress to
evaluate the frequency of this finding among FAD patients and to
characterize that abnormality at a molecular level.
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Summary

In early-onset Alzheimer’s disease, the cerebral glucose metabolism is dis-
turbed in a characteristic manner. Here, we attempted to mimick these alter-
ations by intracerebral injection of the pancreatic islet cell toxin streptozotocin
(STZ) into the rat brain ventricles. This treatment resulted in a reduced arterio-
venous difference (AVD) of glucose, an increased AVD of lactate, whereas the
AVDs of oxygen and carbon dioxide remained unchanged. In addition, learning
and memory functions were impaired. These alterations may be related to a
disturbance of the local action of insulin on the brain. Furthermore, the approach
reported here may provide a model for the study of the early pathogenetic events
of Alzheimer’s disease.

Introduction

In early-onset Alzheimer’s disease, a number of metabolic alterations
of the brain have been observed soon after the onset of initial clinical
symptoms. The cerebral metabolic rate of glucose is reduced in combi-
nation with an increased cerebral release of lactate (Hoyer et al., 1988).
In addition, massive amounts of ammonia, aspartate and glycine are
released from the brain (Hoyer and Nitsch, 1989). This pattern of alter-
ations shares similarities with a number of changes that occur during an
insulin-deficient metabolic state of classical insulin-dependent tissues
like muscle or adipose tissue (cf. Rosen, 1987). The precise role of insulin
in the brain is unclear as yet. However, neuromodulatory effects have
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been reported (Palovcik et al., 1984; Sakaguchi and Bray, 1987) as well
as metabolic actions (Phillips and Coxon, 1976; Pellegrino et al., 1987).
Furthermore, insulin stimulates choline acetyltransferase activity in reti-
na neurons (Kyriakis et al., 1987), inhibits neuronal norepinephrine
uptake (Boyd et al., 1985) and stimulates the release of norepinephrine
and dopamine (Sauter et al., 1983). In addition, the neuronal uptake of
the amino acid neurotransmitter glycine is stimulated by insulin (Yorek
et al., 1987).

From a behavioural point of view, insulin in the brain has been
shown to induce a sleep-promoting effect (Danguir and Nicolaidis,
1984) and to be involved in the central regulation of food intake (Woods
et al., 1979).

Insulin receptors are present throughout the brain in a highly charac-
teristic distribution (Werther et al., 1987; Hill et al., 1986; Corp et al.,
1986; Havrankova et al., 1978). The site of synthesis of cerebral insulin
may be localized within the brain as shown by in situ hybridization of
insulin mRNA in periventricular hypothalamic cells (Young, 1986). Fur-
thermore, neuronal cell cultures have been shown to synthesize
(Schechter et al., 1988) and to release insulin (Clark et al., 1986). More-
over, molluscan neurons were shown to produce the precursor of an
insulin-related peptide (Smit et al., 1988) and transgene experiments
implied that pancreatic endocrine cells are ontogenetically related to
neurons (Alpert et al., 1988). On the other hand, it can not be excluded
as yet, that circumventricular nerve endings take up insulin from the
blood and transport it into deeper regions of the brain (cf. Baskin et al.,
1987).

In experimental animals, the insulin secretion of the pancreas is inhib-
ited by streptozotocin (STZ) (Zucker and Archer, 1988). STZ is a
DNA-methylating agent (Fram et al., 1988) which destroys pancreatic
islet-cells (Kolb-Backofen et al., 1988) and thus causes diabetes mellitus.
In addition, the post-binding autophosphorylation of the insulin recep-
tor kinase is decreased in STZ-diabetes (Kadowaki et al.,, 1984) and
hepatocytes from streptozotocin diabetic animals are insulin-resistant
(Hussin and Skett, 1988). Thus, the metabolic action of insulin may be
suppressed by STZ via an additional defect of the insulin-receptor. In
this study, we injected STZ in a subdiabetogenic dose directly into the
ventricular system of the rat brain in order to inhibit the cerebral insulin-
mediated effects. We show, that the cerebral glucose metabolism is
reduced and that deficits in learning and memory behaviour occur after
intracerebral administration of STZ.
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Materials and methods

Intraventricular injection

One year old male Wistar rats (486 155 g) were anaesthesized with chloral
hydrate (240 mg/kg bw i.p., in a 4% solution). STZ (Sigma, Miinchen, FRG),
in the subdiabetogenic dose of 1-1.5 mg/kg bw was dissolved immediately
before injection in 9 pl of artificial CSF, and injected into the left lateral ventricle
under stereotactical guidance. Control animals received 9 pl of artificial CSF
alone. Artificial CSF consisted of 120 mM NaCl, 3 mM KCl, 1.15 mM CaCl,,
0.8 mM MgCl,, 27 mM NaHCO; and 0.33 mM NaH,PO,, pH adjusted to 7.2 by
5% CO,-insufflation, T=237°C. The injection coordinates were: 2 mm lateral,
0.7 mm caudal and 4 mm ventral, from bregma at the piamatral level.

Cerebral arterio-venous differences

For determination of the cerebral artetio-venous differences (AVDs) of glu-
cose, lactate, O, and CO,, the animals (control: n=13, STZ day 21: n=13, STZ
day 7: n=8) were anaesthesized (Halothan 0.5%, N,/O,:70/30) and artificially
ventilated under controlled conditions (Rhema animal respirator 4600). Arterial
blood gases, pH, HCO;, base excess, blood pressure, heart rate, body tempera-
ture as well as the temperature of the head, were followed up closely and
maintained strictly within the normal range. The superior sagittal venous sinus
was exposed with a straight milling-cutter. A 24G micro-catheter (Braun, Mel-
sungen, FRG), attached to a heparinized gas-tight syringe (Hamilton), was
stereotactically placed into the superior sagittal venous sinus. Cerebro-venous
blood (2.5 ml) from the sinus and the same amount of blood from the catheter-
ized femoral artery were drawn simultaneously at a constant rate (0.625 ml/min).
O,- and CO,-contents in the obtained samples were measured immediately
thereafter (Korning 168 auto-analyzer). Serum was separated and processed for
determination of glucose and lactate using commercial test kits (Boehringer,
Mannheim, FRG). In order to minimize interassay variation of these tests, both
parameters were determined by means of quadruple measurements. Arterio-
venous differences were calculated for each animal individually.

Psychometrical testing

The following tests were carried out on day six after intraventricular injec-
tion:

1. Heidelberg attention test (Mayer et al., 1988; Nemeth et al., 1989): This
procedure tests the attentional behaviour to low extracutaneous electrical
stimuli which cause neither pain nor escape behaviour. The first reaction is
related to sensory attention (SA), the stimulus is located in the sensory
modalities itself. The second reaction is related to cognitive attention (CA),
which adresses higher brain centers and the functioning of the brain as a
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whole. The cognitive attention reaction leads to goal-directed behavioural
patterns which require controlled cognitive processing.

2. Single-trial two-compartment passive avoidance test: In the learning trial,
(one hour after the initial trial) the rat was put into the black compartment
of the test chamber. Twenty seconds later one footshock (50 Hz, 1 mA, 1 sec)
was applied. After 3 minutes the rat was placed into the light compartment
for the retention trial.

Statistical analysis

Statistical analysis of the obtained data was petformed by two-tailed Mann-
Whitney U-test for unpaired samples. Differences between groups wete accepted
as significant at p <0.05. Homogeneity of variances was estimated by the F-test.

Results

Arterio-venous differences

On day 21 after STZ-injection, AVD-glucose was significantly de-
creased by 36% (Fig. 1 A), whereas the AVD-lactate was increased by
factor two (Fig. 1B). On day 7, these alterations were less pronounced
and thus failed to achieve statistical significance. However, the varia-
tions of AVD-glucose and AVD-lactate within the STZ-treated group
were significantly higher (F-test).

AVD-O, as well as AVD-CO, were unchanged on day 7 and on day
21, respectively (Figs. 1C and D).

Peripheral blood levels

The levels of glucose, lactate, ketone bodies, O, and CO, in the
peripheral arterial blood were indifferent between the three groups (data
not shown).

Psychometrical testing

On day 6 after STZ-injection, the values of sensory attention re-
mained unchanged as compared to the control group (Fig. 2A). The
cognitive attention values, however, were significantly elevated in the
STZ-treated group (Fig. 2B). In comparison to controls, a 150% in-
crease of stimulus intensity was necessary to elicit comparable attentive
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Fig. 3. Passive avoidance test. Retention trial 3 minutes after the learning trial. Bars
represent means + SEM; n=38 for each group; * p<0.05 vs. control

states. Furthermore, a high dissociation (p <0.05) between the values of
sensory and cognitive attention was observed after STZ-treatment.

In the passive avoidance task, the STZ-treated animals performed
with a significantly lower latency time in the 3 minutes retention trial as
compared to the control group (Fig. 3), whereas in the initial trial, the
groups were indifferent. It was interesting to observe, that the STZ-
treated animals, although showing anxiety-free behaviour in the light
compartment, entered very soon the dark compartment where they
subsequently showed the immobilizing autonomic response pattern of
state anxiety.

Discussion

The results of the present study clearly show, that intraventricular
injection of streptozotocin in a subdiabetogenic dose (cf. Junod et al.,
1969) impairs the glucose metabolism of the brain, as well as the be-
havioural reaction in learning and memory tasks. None of the treated
animals did exhibit signs of diabetes mellitus like hyperglycaemia or
ketonaemia. Thus, the actual site of action of intracerebral STZ seems
to be limited to the brain itself. Assuming, that the cerebral blood flow
is unaltered by the treatment, the reduced AVD-glucose on day 21 after
intracerebral STZ-injection accounts for a decreased utilization of glu-
cose by the brain. Correspondingly, the increased AVD-lactate reflects
an increased cerebral release of lactate. The onset of the metabolic action
of intracerebral STZ is located around day 7 after injection as shown by
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a significantly greater variation of the AVD-glucose and AVD-lactate
values in the group STZ day 7 (Figs. 1 A and B). The reduced utilization
of glucose and the high release of lactate may be caused by an inhibition
of pyruvate dehydrogenase, an enzyme complex, which is stimulated by
insulin (Rinaudo et al., 1985). A reduction of pyruvate dehydrogenase
activity may result in a reduced glycolytic flux and an accumulation of
unused glucose in brain tissue (unpublished results) with the conse-
quence of a feedback-mediated inhibition of further glucose uptake. It
can not be excluded, however, that the glucose transporter system may
be affected directly by the treatment (cf. Steinfelder and Joost, 1988).
Although the cerebral glucose metabolism is impaired after intraventric-
ular STZ, the overall oxidation and production of CO, by the brain is
maintained normal as shown by unchanged AVDs of O, and CO,. This
implicates, however, that other substrates than glucose are oxidized.
Since keton-bodies were not present in the blood of either controls or
STZ-treated animals, amino acids or phospholipids are likely to be
oxidized. These substitutional substrates may be derived from intrinsic
cerebral sources and thus cause functional and structural damage of
neuronal and glial cells, respectively.

The behavioural findings of this study show that intraventricular
injection is followed by an impairment of cognitive attentional process-
ing. Interestingly, after STZ-injection, the first and second reaction
valued diverged considerably. This is in consistence with previous find-
ings in aged animals (Mayer et al., 1988; Nemeth et al., 1989). Further-
more, the performance of the 3 minutes short-term memory for inhibi-
tory avoidance is decreased after intraventricular STZ-treatment.

Although the results reported here, clearly show that intraventricular
STZ exhibits impairments of biochemical as well as behavioural parame-
ters, the actual site of action remains to be speculative. First, intrinsic
cerebral synthesis and release of insulin (c.f. Young, 1986; Schechter et
al., 1988; Clarke et al., 1986) may be inhibited to argue from analogy to
the highly specific action on pancreatic islet cells were STZ inhibits the
insulin-secretion by 90% (Bolaffi et al., 1987). Second, cerebral insulin
receptor signalling may be impaired, and thus, the action of insulin be
reduced (c.f. Kadowaki et al., 1984). However, in the present state of
investigation, unspecific toxic effects of STZ can not be excluded with
certainty. Thus, further investigations concerning the synthesis of in-
sulin peptide and mRNA, as well as the insulin receptor signalling after
intracerebral STZ are needed.

Taken together, the results obtained in the present study very well
match the alterations of cerebral metabolism observed in early onset
Alzheimer’s disease (Hoyer et al., 1988). Thus, the approach reported
here may provide a model not only for the investigation of the early
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pathogenetic events of Alzheimert’s disease but also for the development
of new strategies of treatment for Alzheimer’s disease.

References

Alpert S, Hanahan D, Teitelman G (1988) Hybrid insulin genes reveal a devel-
opmental lineage for pancreatic endocrine cells and imply a relationship with
neurons. Cell 53:295-308

Baskin DG, Figlewicz DP, Woods SC, Porte D, Dorsa DM (1987) Insulin in the
brain. Ann Rev Physiol 49:335-347

Bolaffi JL, Nagamatsu S, Harris ], Grodsky GM (1987) Protection by thymidine,
an inhibitor of polyadenosine diphosphate ribosylation, of streptozotocin
inhibition of insulin secretion. Endocrinology 120:2117-2122

Boyd FT, Clarke DW, Muther TF, Raizada MK (1985) Insulin receptors and
insulin modulation of norepinephrine uptake in neuronal cultures from rat
brain. J Biol Chem 260:15880 15884

Clarke DW, Mudd L, Boyd FT, Fields M, Raizada MK (1986) Insulin is released
from rat brain neuronal cells in culture. J Neurochem 47:831—-836

Corp ES, Woods SC, Porte D, Dorsa DM, Figlewicz DP, Baskin DG (1986)
Localization of 12’I-insulin binding sites in the rat hypothalamus by quantita-
tive autoradiography. Neurosci Lett 70:17-22

Danguir ], Nicolaidis S (1984) Chronic cerebroventricular infusion of insulin
causes selective increase of slow wave sleep in rats. Brain Res 306:97-103

Fram R]J, Marinus MG, Volkert MR (1988) Gene exptession in E. coli after
treatment with streptozotocin. Mutat Res 198:45-51

Havrankova J, Roth J, Brownstein M (1978) Insulin receptors are widely distrib-
uted in the central nervous system of the rat. Nature 272:827—829

Hill JM, Lesniak MA, Pert CB, Roth ] (1986) Autoradiographic localization of
insulin receptors in rat brain: prominence in olfactory and limbic areas.
Neuroscience 17:1127-1138

Hoyer S, Nitsch R (1989) Cerebral excess release of neurotransmitter amino acids
subsequent to reduced cerebral glucose metabolism in early-onset dementia
of Alzheimer type. ] Neural Transm 75:227 232

Hoyer S, Oesterreich K, Wagner O (1988) Glucose metabolism as the site of the
primary abnormality in early-onset dementia of Alzheimer type? ] Neurol
235:143-148

Hussin AH, Skett P (1988) Lack of effect of insulin in hepatocytes isolated from
streptozotocin-diabetic male rats. Biochem Pharmacol 37:1683—~1689

Junod A, Lambert AE, Stauffacher W, Renold AE (1969) Diabetogenic action
of streptozotocin: relationship of dose to metabolic response. J Clin Invest
48:2119-2139

Kadowaki T, Kasuga M, Akanuma Y, Ezaki O, Takaku F (1984) Decreased
autophosphorylation of the insulin receptor-kinase in streptozotocin diabetic
rats. J Biol Chem 259:14208-14216

Kolb-Bachofen V, Epstein S, Kiesel U, Kolb H (1988) Low-dose streptozotocin-
induced diabetes in mice. Diabetes 37:21-27



Impairment of cerebral glucose metabolism 209

Kyriakis JM, Hausman RE, Peterson SW (1987) Insulin stimulates choline
acetyltransferase activity in cultured embtyonic chicken retina neurons. Proc
Natl Acad Sci USA 84:7463-7467

Mayer G, Nemeth G, Hoyer S (1988) Psychometrie altersabhingiger Aufmerk-
samkeitsverinderungen — Darstellung an der Ratte. Z Gerontol 21:87-92

Nemeth G, Mayer G, Hoyer S (1989) A new psychometric test of attention-re-
lated behaviour in rats; its validity in the aging process. Arch Gerontol
Geriatr 8:29-36

Palovcik RA, Phillips MI, Kappy MS, Raizada MK (1984) Insulin inhibits
pyramidal neurons in hippocampal slices. Brain Res 309:187-191

Pellegrino DA, Miletich D], Albrecht RF (1987) Effects of superfused insulin on
cerebral cortical glucose utilization in awake goats. Am ] Physiol 253 (En-
docrinol Metab 16): E418—-E427

Phillips ME, Coxon RV (1976) Effect of insulin and phenobarbital on uptake of
2-deoxyglucose by brain slices and hemidiaphragms. J Neurochem 27:643—645

Rinaudo MT, Curto M, Bruno R (1985) Effect of insulin on the pyruvate
dehydrogenase complex in the rat brain. Ital ] Biochem 34:229-238

Rosen OM (1987) After insulin binds. Science 237:1452—1458

Sakaguchi T, Bray GA (1987) Intrahypothalamic injection of insulin decreases
firing rate of sympathetic nerves. Proc Natl Acad Sci USA 84:2012-2014

Sauter A, Goldstein M, Engel J, Keta K (1983) Effect of insulin on central
catecholamines. Brain Res 260:330—-333

Schechter R, Holtzclaw L, Sadiq F, Kahn A, Devaskar S (1988) Insulin synthesis
by isolated rabbit neurons. Endocrinology 123:505—513

Smit AB, Vreugdenhil E, Ebberink RHM, Geraerts WPH, Klootwijk J, Joosse
J (1988) Growth-controlling molluscan neurons produce the precursor of an
insulin-related peptide. Nature 331:535—-538

Steinfelder HJ, Joost HG (1988) Inhibition of insulin-stimulated glucose transport
in rat adipocytes by nucleoside transport inhibitors. Febs Lett 227:215-219

Werther GA, Hogg A, Oldfield B], McKinley M], Fidor R, Allen AM, Mendel-
sohn FOK (1987) Localization and chatacterization of insulin receptors in rat
brain and pituitary gland using in vitro autoradiography and computerized
densitometry. Endocrinology 121:1562-1570

Woods SC, Lotter EC, McKay LD, Ponte D Jr (1979) Chronic intracerebroven-
tricular infusion of insulin reduces food intake and body weight of baboons.
Nature 282:503—505

Yorek MA, Dunlap JA, Ginsberg BH (1987) Amino acid and putative neuro-
transmitter transport in human Y79 retinoblastoma cells. J Biol Chem
262:10968-10993

Young WS (1986) Periventricular hypothalamic cells in the rat brain contain
insulin mRNA. Neuropeptides 9:93-97

Zucker PE, Archer MC (1988) Streptozotocin toxicity to cultured pancreatic
islets of the syrian hamster. Cell Biol Toxicol 4:349 357

Correspondence: R. Nitsch, M. D., Department of Pathochemistry and General
Neurochemistry, University of Heidelberg, Im Neuenheimer Feld 220221,
D-6900 Heidelberg, Federal Republic of Germany.



Choline levels, the regulation of acetylcholine and
phosphatidylcholine synthesis, and Alzheimer’s disease

R. J. Wurtman?, I. H. Ulus?, J. K. Blusztajn 3, I. Lopez G.-Coviellal,
M. Logue*, C. Mauronl, and J. H. Growdon*

! Department of Brain and Cognitive Sciences, Massachusetts Institute of Technology,
Cambridge, MA, U.S.A.
2 Department of Pharmacology, Uludag University Medical School, Bursa, Turkey
* Department of Pathology, Boston University School of Medicine, Boston, MA
4 Department of Neurology, Massachusetts General Hospital, Boston, MA, U.S.A.

Summary

Circulating choline is converted to membrane phosphatidylcholine (PC) in all
cells, and, additionally, to acetylcholine (ACh) within cholinergic neurons. Nei-
ther of the enzymes that initiate these processes (choline kinase and choline
acetyltransferase) is substrate-saturated; hence supplemental choline can acceler-
ate the formation of both compounds, as well as acetylcholine release from
physiologically-active neurons. We have found, using a human neuronal cell line
(LA-N-2), that the PC in membranes contributes choline for ACh synthesis.
Moreover, using superfused slices of rat brain, we have shown that, when free
choline is inadequate to sustain ACh synthesis, the use of the PC “reservoir” for
this purpose may deplete membrane PC and other membrane constituents.
Hence choline availability may be rate-limiting for membrane formation, as well
as for ACh synthesis.

The possibility that abnormalities in choline utilization may be involved in
Alzheimer’s disease is demonstrated by the very high levels (twice control) of a
PC breakdown product, glycerophosphocholine (GPC), in samples of Alzhei-
mer’s disease brains. This increase could reflect accelerated PC breakdown or an
impairment in enzymatic processes that allow free choline to be salvaged from
the GPC.

Introduction

Brain slices and minces continue to make and, upon depolarization,
to release large amounts of acetylcholine without exhibiting reductions
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in tissue acetylcholine levels, when perfused with a choline-free medium
(Bhatnagar and Maclntosh, 1967; Collier et al., 1972; Maire and Wurt-
man, 1985; Quastel et al., 1936; Weiler et al., 1979; Weiler et al., 1983).
However, addition to the choline-free medium of hemicholinium-3
(HC-3), a drug which blocks choline’s high-affinity uptake into cholin-
ergic terminals, stops the release of acetylcholine from nerve terminals,
and decrease tissue acetylcholine levels (Maire and Wurtman, 1985). We
interpreted these findings as suggesting that some of the choline used by
the slices for acetylcholine synthesis originated in the PC of neuronal
membranes (Maire and Wurtman, 1985): Depolarization would cause a
net hydrolysis of this PC by accelerating its hydrolysis and/or slowing
its synthesis, and the choline thus released into extracellular fluid would
be taken up into cholinergic terminals for acetylation (Blusztajn and
Wurtman, 1983).

If this explanation were correct, it might be predicted that prolonged
stimulation of cholinergic neurons superfused without choline would
also reduce their PC content; moreover, this reduction might be blocked
by adding choline to the medium. Additional studies using superfused
electrically-stimulated rat brain slices, tested these predictions (Ulus
et al., 1989).

Materials and methods

Slices of striata or cerebella 0.3 mm thick were transferred to a superfusion
chamber (volume 1.0 ml) and placed between two Ag/AgCl, stimulation elec-
trodes. The chamber was maintained at 37°C, and the slices were superfused
(0.6 ml/min) with a physiological solution (mM: NaCl, 120; KCl, 3.5; CaCl,, 1.3;
MgSO,, 1.2; NaH,PO,, 1.2; NaHCO;, 25; glucose, 10; eserine salicylate, 0.02)
continuously bubbled with 95% O, and 5% CO,. Following a twenty minute
equilibration period, some slices were removed for determination of ACh, cho-
line, phospholipids, protein and DNA contents (referred to as “tissue initial”),
and the remaining slices were then superfused for 90 to 340 minutes during
which they were alternately maintained at rest for twenty minutes and stimulated
(amplitude of 30 V), also for twenty minutes, for 2, 4, 6 ot 8 stimulation periods.
Perfusates representing each entire 20-minute rest or stimulation period were
assayed for ACh and choline (Fonnum, 1969; Gilberstadt and Russell, 1984);
slices were taken from the superfusion medium ten minutes after their last
stimulation period and assayed for ACh, choline (Torn and Aprison, 1966;
Spanner et al., 1976; Goldberg and McCaman, 1973), phospholipids (Folch et al.,
1957; Svanborg and Svennerholm, 1961; Touchstone etal., 1980), protein
(Lowry et al., 1951), and DNA (Labarca and Paigen, 1980), (referred to as “tissue
final”).
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Results

The striatal slices released ACh and choline into the medium during
superfusion with the choline-free medium. The rate of ACh release was
4.240.8 pmol/ug DNA/20 min (mean+ SEM, n=11) during the first
collection period; this remained constant for three hours among slices
supetrfused at rest. When the slices were stimulated, ACh release in-
creased about 4-fold, to 15.4 +2.1 pmol/ug DNA/20 min (mean + SEM,
n=11); this quickly returned to basal levels when the stimulation was
terminated.

Initial studies used slices stimulated for four 20-minute periods. Slices
continued to release ACh at the higher rate for all four periods. The rate
of choline efflux was 66.0+ 8.0 pmol/ug DNA/20 min (mean+ SEM,
n=14) during the first collection period; this gradually fell, during the
next three hours, to 40.0 8.0 pmol/pg DNA/20 min (mean+ SEM,
n=4) in unstimulated slices, or to 36.044.0 pmol/pg DNA/20 min
(mean+SEM, n=9) in stimulated slices. The rate of choline efflux
showed a tendency to increase while the tissue was being stimulated;
however, this tendency was not statistically significant.

Cerebellar slices failed to release detectable amounts of ACh into the
superfusate at rest or during periods of electrical stimulation. They did,
however, release free choline at an initial rate of 22.0+2.0 pmol/ug
DNA/20 min (mean+SEM, n=12) and a final rate of 12.0 +2.0 pmol/
ug DNA/20 min (mean+ SEM, n=12). Choline efflux from cerebellar
slices was not altered by electrical stimulation.

Stimulation of the striatal slices for four 20-minute periods signifi-
cantly decreased their contents of phospholipids (by 14%, compared
with phospholipid levels in their tissue initials) and of proteins (by
10.5%). In contrast, stimulation failed to affect the phospholipid or
protein contents of the cerebellar slices. Superfusion alone did not affect
phospholipid levels in either tissue.

When the striatal slices were stimulated for up to eight periods, ACh
release continued at unchanged rates, the tissues liberating during the
340 minutes an amount of ACh about three times their initial ACh levels.
Addition of exogenous choline (10—40 uM) to the superfusion medium
enhanced ACh release, both basally and during stimulation. These in-
creases were concentration-dependent and were statistically significant
in the presence of 20 (105%) or 40 uM (255%) of choline. When the
slices were superfused with a choline-free solution, their total phospho-
lipid contents (examined initially and after 2, 4, 6 or 8 stimulation
periods) declined at the rate of 2.7% per stimulation period. This de-
crease was highly correlated with the number of stimulation periods
(r=-0.98; p<0.0001). Addition of exogenous choline (10—40 pM) to
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the superfusion medium partially or completely protected the slices from
phospholipid depletion, for as many as six stimulation periods (Table 1).
Moreover, the phospholipid contents of the slices were actually in-
creased after two periods of electrical stimulation in the presence of
40 pM choline (Table 1).

The major phospholipids in brain membranes, besides PC, are phos-
phatidylserine (PS) and phosphatidylethanolamine (PE); together, these
three phosphatides account for 85% of total brain phospholipids
(Ansell, 1973). Moreover, the choline in PC represents about 80% of the
total membrane-bound choline in the brain (Ansell, 1973) suggesting
that PC would be the cellular phospholipid reservoir most likely to
provide free choline for ACh synthesis. To determine whether the reduc-
tion in fofa/ brain phospholipids observed when stimulated slices were
superfused without choline was entirely due to PC, or also included
other brain phospholipids, we fractioned and quantified these com-
pounds in tissues obtained before or after two, four, six and eight
stimulation periods.

Stimulation in the choline-free medium was associated with decreases
not only in membrane PC but also, proportionately, in PE and PS
(Table 1). After 4 (or 8) stimulation-rest periods, the levels of total
phospholipid, PC, PE, or PS were 83.24 3.3 (or 77.5£3.9%), 89 £ 5.2 (or
76.6+2.5%), 84.7+7.7 (or 77.3+2.4%) and 89.24+2.3 (or 78.24+1.0%)
of initial values, respectively. In seven separate perfusion studies, the
ratio of PC to the total phospholipid content [or to the sum of the three
main structural phospholipids (PC+PE+PS)] was 0.33+0.04 [or
0.41£0.05] initially and 0.34 4 0.04 [or 0.43 +0.08], subsequent to eight
stimulation periods. Addition of choline to the superfusion medium
protected the slices from the declines in the three phosphatides, i.e., PE
and PS as well as PC (Table 1). The protective effect of choline on each
phosphatide was apparently concentration-dependent. At 20 pM, none
of their levels declined even after as many as six stimulation periods.
Protection was partial and occurred for up to as many as two to six
stimulation periods in the presence of 10 pM choline (Table 1). Addition
of 40 uM choline to the superfusion medium actually zucreased slice levels
of PC, PE and PS by 19%, 24% and 23%, respectively (Table 1), after
two periods of electrical stimulation (i.e., compared with those in con-
trols obtained at the beginning of superfusion). The small but significant
depletion of protein caused by stimulation was also blocked by adding
choline to the superfusion medium (Table 1).
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Table 1. Effects of repeated electrical stimulations on choline, acetylcholine,
phospholipid and protein contents of striatal slices superfused with choline-free

or choline-containing media

Compounds  (pM) TI TF-2 TF-4 TF-6 TF-8
Choline
Choline
0 16+ 3 22+ 6 16+ 5 17+ 3 15+ 2
10 ND ND ND ND ND
20 16+ 3 43+ 8 344 3% 26+ 4 16+ 4
40 ND ND ND ND ND
ACh
0 49+ 3 60113 42411 494+ 9 22+ 3%
10 47+ 3 36+ 8 37412 42412 30+ 14
20 474+ 2 424+ 4 45+ 2 444+ 2 20+ 3*
40 494 3 64+14 54+ 8 39+ 3 254 4%*
Protein
0 65+ 2 62+ 2 61+ 1* 58+ 1* 54+ 1%
10 62+ 2 61+ 2 63+ 2 60+ 5 56+ 2*
20 63+ 2 66t 7 57+ 2 61+ 3 54+ 3%
40 66t 3 61+ 5 63+ 4 61+ 3 524+ 2*
Total Phospholipid
0 735+12 666141 621427%* 585+ 22%* 570+ 31*
10 686+21 672146 650146 716154 574+47*
20 739423  704+37 704+ 31 730+ 46 5734+20*
40 750+ 14  828422*%% 726165 700+ 37 616+21*
Phosphatidylcholine
0 256+14  225424%* 223420% 222+27* 196+ 15*
10 2484+ 9  228+10 237426 243 +16 206+19*
20 246+27 267+12 247415 241+ 8 210+ 8%
40 248+15 295+429*x 264412 2924+ 18** 209+ 14*
Phosphatidylethanolamine
0 248+ 8 206+ 8* 203+12% 201+21* 1874+ 18%
10 243+19 184+30 186+ 11* 204 +24 171+13*
20 251+18 240+20 243+11 245+ 32 175+ 34*
40 242417  304432%+ 2324 9 258 +24 199+ 18*
Phosphatidylserine
0 97+ 8 92+ 8 83+ 8* 78+ 6* 77+ 8*
10 92+ 4 86+ 14 84+13 85+ 6 81+12
20 95+10 98+ 4 9+ 7 92+ 7 82+ 5%
40 92+ 6 1174+ 6** 105+ 5 104+ 6 83+ 6*

Significantly lower (* p 0.05) or higher (** p 0.05) than corresponding TI value

TI — tissue initial content

TF — final tissue content after the number of stimulation periods indicated.
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Discussion

Hence slices from rat striatum continue to make large amounts of
ACh when superfused with a choline-free medium, and under these
conditions tissue contents of PC and other structural membrane phos-
pholipids actually decrease significantly (Table 1). Addition of increasing
concentrations (10—40 pM) of choline to the superfusion medium in-
creases the release of ACh both at rest and during electrical stimulation,
in proportion to the choline concentration. Moreover, the exogenous
choline also protects the slices from losses of PC, PE, PS, and protein
(Table 1).

These results confirm and extend an earlier report from our laborato-
ty (Maire and Wurtman, 1985) showing that ACh release is enhanced by
superfusing striatal slices with choline, both during electrical stimulation
and at rest. Increases in ACh release in the presence of exogenous choline
have also been described in brain slices incubated with high potassium
concentrations, which depolarize the neurons, but not in slices at rest
(Millington and Goldberg, 1982; Weiler et al., 1983). This discrepancy
may result, in the latter studies, from the artefactual accumulation of
exogenous choline, liberated from the slices, in the incubation media;
i.e., this endogenous choline may have raised effective tissue choline
concentrations well above those at which choline acetyltransferase was
capable of responding to additional choline. [Choline concentrations in
the media reportedly rise to 20—40 pM, causing slices to accumulate very
high free choline concentrations (Bhatnagar and Maclntosh, 1967;
Millington and Goldberg, 1982; Weiler et al., 1979; Weiler et al., 1983).]
Under our experimental conditions (using relatively rapid superfusion,
and a small amount of tissue relative to the medium’s volume), the
liberation of choline from the slices elevated choline concentrations in
the superfusate only 0.5 pM, or even less; and the choline contents of the
slices (Table 1) did not exceed those usually seen in vivo.

Brain tissue is known to produce and release free choline in vivo
(Bream et al., 1987; Dross and Kewitz, 1972; Spanner et al., 1976) and
during incubation in vitro (Bhatnagar and Maclntosh, 1967; Collier
etal., 1972; Freeman and Jenden, 1976; Jope and Jenden, 1979; Kosh
et al., 1980; Maire and Wurtman, 1985; Wecker, 1985; Wecker, 19806;
Weiler et al., 1983; Zeisel, 1985). In both situations, the source of the
choline appears to be membrane phospholipids. When we superfused
striatal slices in a choline-free medium, the slices lost a fraction of their
PC, as well as of their PE and PS, during the coutse of the experiments
(Table 1). During the same period, the amount of ACh plus choline
recovered in the superfusate was similar to the amount of choline lost
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from membrane PC, but several orders of magnitude larger than the
intracellular pools of choline and ACh (Table 1).

The release of choline from a lipid-bound form can occur in all areas
of the brain (Kosh et al., 1980): in vitro, the process apparently is more
active in the striatum, which is rich in cholinergic activity, than in cortex
(Jope and Jenden, 1979) or cerebellum. Other studies have suggested,
however, that the release of tissue choline from a bound form is not
related to the extent of its cholinergic innervation (Freeman and Jenden,
1976; Kosh et al., 1980). Also, as shown in the present study, the reduc-
tions in the PC and other membrane phospholipids were not simply
related to the production of free choline but apparently also depended
on an increased demand for free choline to sustain ACh synthesis. When
the striatal slices were superfused with a choline-free medium but not
depolarized, they released choline into the medium without reducing their
phospholipid contents; in contrast, when stimulated electrically, they
released slightly more choline and much more ACh, and in that circum-
stance, levels of PC and other membrane phospholipids fell in propor-
tion to the duration of stimulation (Table 1) — and thus to the total
amounts of ACh released. Moreover, when slices were provided with
adequate free choline and stimulated electrically, they produced and
released even more ACh, but without depleting their membrane of PC
and other phosphatides (Table 1). Electrical stimulation failed to alter
the phospholipid contents of the cerebellar slices, a tissue in which
stimulation was not associated with ACh release.

Consistent with the view that neuronal PC is a reservoir of choline
for ACh synthesis, and that this reservoir can be depleted when more
choline is needed for ACh synthesis, we find that the phospholipid
contents of electrically-stimulated striatal slices do not decline if the
stimulation-induced release of ACh is blocked by tetrodotoxin (unpub-
lished obsetvation), or if the cholinesterase inhibitor eserine is omitted
from the superfusion medium (Ulus and Wurtman, 1988). When cholin-
esterase is active, the breakdown of intrasynaptic ACh generates free
choline that can be re-used for ACh synthesis; this probably reduces the
need for membrane PC to provide free choline. The ability of cholines-
terase inhibitors to potentiate the “autocannibalism” of neuronal mem-
brane phospholipids may have important clinical implications if patients
with Alzheimer’s disease are to receive such drugs for prolonged peri-
ods. Until it is established for sure whether a given cholinesterase inhib-
itor has this effect, it would seem prudent that it be co-administered with
an agent that will provide the brain with supplemental choline.

The possibility that membrane constituents are depleted when neu-
ronal tissues lack adequate free choline is supported by other data show-
ing that PC levels and the number of synaptic vesicles in the cat’s
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superior cervical ganglion fell significantly with stimulation of the pre-
ganglionic nerve trunk if the uptake of exogenous choline was blocked
by hemicholinium-3 (Parducz et al., 1976), or if the ganglia were per-
fused with a choline-free Locke solution (Parducz et al., 1986). The
vesicles reappeared immediately if the stimulated ganglia were provided
with choline for two minutes (Parducz et al., 1986).

The protective effect of exogenous choline on the stimulus-induced
depletion of membrane phosphatides depends on its concentration.
Twenty pM choline in the superfusion medium (which is in the physio-
logical range for plasma choline; Blusztajn and Wurtman, 1983) com-
pletely protected the slices from phospholipid depletion for as many as
six stimulation periods (Table 1), while 10 uM was less effective
(Table 1). In the presence of 40 pM choline, the phospholipid contents
of the slices sometimes actually increased. After four stimulation-rest
cycles, the levels of total phospholipids and of PC or PS in the striatal
slices were highly (r=0.91, 0.99 or 0.94, respectively) and significantly
(p <0.001) correlated with the choline concentration in the medium. It
has recently been shown that the activities of choline kinase (which
catalyzes the phosphorylation of choline to form phosphocholine in the
first step of PC biosynthesis via the CDP-choline pathway) and of
choline acetyltransferase in superior cervical ganglia show reciprocal
fluctuating changes as a function of the extracellular choline concentra-
tions in the incubating medium (Ando et al., 1987). Neuronal depolar-
ization diminishes the activity of choline kinase and increases that of
choline acetyltransferase (Ando et al., 1987), thus possibly shunting the
choline into ACh synthesis. However, when the choline concentrations
in the medium were 40—50 pM, neuronal depolarization diminished
choline acetyltransferase activity and increased that of choline kinase
(Ando et al., 1987). Hence, the main determinant of the choline’s actual
fate in cholinergic neurons may be the relative activities of choline kinase
and choline acetyltransferase which, in turn, depend upon extracellular
choline concentrations. It has been shown that giving supplemental
choline to laboratory animals can increase brain levels of phospho-
choline (Millington and Wurtman, 1982), total phospholipids (Wecker,
1985; Wecker, 1986), and PC (Pendley et al., 1983; Wecker, 1985; Wecker,
1986) while a choline-deficient diet significantly decreases PC levels
(Pendley et al., 1983). Interestingly, the 19% increase in PC levels ob-
served in slices supetfused with 40 pM choline was associated with a
10% increase in total phospholipids (Table 1). Our present results, taken
with these in vivo observations, suggest that PC levels and even, con-
ceivably, the fotal amounts of membrane in cholinergic neurons may be
choline-dependent.
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The above data are compatible with the view that PC’s degradation
provides choline for acetylcholine synthesis, and that this process is
accelerated when neuronal activity is increased, thereby decreasing tissue
phospholipid contents. However, they are also consistent with a slowing
of PC synthesis, which might secondarily suppress the incorporation of
such other constituents as PS, PE and protein into membranes. Little
information is available about the processes that might mediate the
accelerated PC breakdown or slowed PC synthesis. We have recently
shown that PC in 2 human cholinergic cell line (LA-N-2) contributes
choline used for acetylcholine synthesis (Blusztajn et al., 1987). Howev-
er, in striatal slices it is likely that the decrease in PC and other major
membrane phospholipids also reflects changes in membranes of non-
cholinergic cells, perhaps in synaptic contact with cholinergic neurons.
Acetylcholine reportedly can increase the availability of free choline by
a mechanism mediated by muscarinic receptors (Brehm etal., 1987;
Corradetti et al., 1983), and we observe that such receptors activate both
phospholipase C and D in the above cholinergic cell line (Sandmann and
Wurtman, in press).

In vivo, circulating and, presumably, extracellular choline levels are
about 10 pM in fasting animals and humans (Tucek, 1984) but can rise
to 30—40 uM after ingestion of PC-rich foods (Magil et al., 1981; Zeisel
et al., 1980). Administration of choline to laboratory animals elevates
plasma and brain choline levels, and sometimes (Haubrich and Pflueger,
1979; Millington and Wurtman, 1982) but not always (Wecker and
Schmidt, 1980; Weiler etal., 1979) brain ACh; it also enhances
ACh release (Koshimura et al., 1990) and can produce postsynaptic
changes suggestive of enhanced cholinergic neurotransmission
(Haubrich and Pflueger, 1979; Ulus and Wurtman, 1976; Ulus et al,,
1977; Ulus et al., 1978; Wecker and Schmidt, 1979). Our present data
indicate that elevating choline concentrations from the fasting range
(10 pM) to 20—40 pM enhances the release of ACh without changing
tissue ACh levels. Steady-state brain ACh concentrations are known to
decrease when the activity of cholinergic neurons is increased pharmaco-
logically, e.g., after administration of atropine, pentylenetetrazol, or
fluphenazine (Jope, 1982; Schmidt and Wecker, 1981; Wecker, 1985;
Wecker, 1986; Wecker and Schmidt, 1979). Choline, administered either
as the salt or as PC, prevents these decreases (Jope, 1982; Schmidt and
Wecker, 1981; Wecker, 1985; Wecker, 1986; Wecker and Schmidt, 1979).
Moreover, choline administration augments cholinergic transmission
during increased cholinergic activity (Ulus et al., 1978). The most parsi-
monious conclusion from these data is that under conditions of stimulat-
ed ACh release the normal supply of choline may not keep up with the
demand for ACh synthesis, unless it is supplemented by giving choline
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or PC, and that the increased levels of choline present in the extracellular
medium after administration of choline can indeed be utilized to support
ACh synthesis. In this way, cholinergic transmission can increase while
steady-state ACh concentrations are protected from drastic changes.

In the absence of supplemental choline, extracellular free choline
concentrations (10 pM) may not be sufficient to sustain membrane phos-
pholipid levels in frequently-firing cholinergic neurons. This propensity
might be exaggerated in old subjects with diminished choline transport
across the bloodbrain barrier (Mooradian, 1988) or, as indicated above,
among people taking cholinesterase inhibitors (Ulus and Wurtman,
1988).

Cholinergic neurons are unique in that they alone use choline for two
purposes, i.e., the syntheses of their neurotransmitter, ACh, and of
phospholipid constituents of their membranes. The selective vulnerabil-
ity of certain cholinergic neurons in neurodegenerative disorders involv-
ing the brain (e.g., Alzheimer’s disease) or motor neurons may result
from this property, i.e., the over-utilization or slower production of
membrane PC and the shunting of the choline towards ACh synthesis
(Wurtman et al., 1985). Consistent with this conclusion are recent re-
ports describing elevations in the levels of phospholipid breakdown
products within brains of untreated patients suffering from Alzheimer’s
disease (Barany et al., 1985; Miatto et al., 1986). We have measured brain
levels of the PC metabolite glycerophosphocholine (GPC) in cortical and
cerebellar brain samples from 11 patients with Alzheimer’s disease, as
well as in control patients without brain disease (n=7) or Down’s
syndrome (n=5). Average control GPC levels in the Alzheimer’s disease
patients were more than twice those observed in any other group. GPC
levels in cerebellum, a brain region lacking significant cholinergic inner-
vation, were also elevated, suggesting that the disease process is not
restricted to the brain cells most vulnerable to it.

The elevation in brain GPC could reflect accelerated PC breakdown
[and that of glycerophosphoethanolamine (Pettegrew, 1988) accelerated
PE breakdown, compatible with the propensity of “autocannibalism” to
affect all of the membrane constituents (Table 1)], or perhaps an impair-
ment in the enzymes that allow the choline in GPC to be salvaged for
subsequent reutilization. Studies are in progress to determine which
process is operating.
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Summary

The effect of chronic treatment with pyritinol on the phospholipid composi-
tion of synaptosomal membranes has been examined in rats. The treatment does
not significantly change phospholipid content of synaptosomal membranes ob-
tained from the cortex of young rats; in old rats an increase in total phospholipid
content and phosphatidylcholine was observed. The results suggest that the
pyritinol induced increase in cerebral ACH levels does not occur at the expense
of membrane phospholipids.

Introduction

Chronic treatment of old rats with pyritinol has been shown to
increase ACH levels and ACH release in some areas of the CNS (Martin
and Vyas, 1987), suggesting an increase in ACH turnover. Recently
Blusztajn etal. (1987) provided evidence that in cultures of human
cholinergic cells ACH can be synthesized from choline derived from the
degradation of endogenous phosphatidylcholine. The authors point out
that enhanced demand for and inadequate supply of choline might result
in the depletion of cholinephospholipids within cell membranes that
might ultimately compromise membrane viability. We have, therefore,
examined the effects of chronic treatment of rats with pyritinol on the
phospholipid content and composition of synaptosomal membranes ob-
tained from the cortex of both old and young animals.

Material and methods

Male Sprague Dawley rats were used in all experiments. Young rats were
about six months old, old rats were ex-breeding stock between 18 and 20 months
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old. Pyritinol in powder form (200 mg/kg per day) was added to the normal diet
and it was established that all was consumed. After 2—3 weeks of treatment the
animals were killed by decapitation, the brain was removed quickly and cerebral
cortex, mainly the frontal region, and the striatum were dissected out. A crude
synaptosomal fraction was prepared (Gray and Whittaker, 1962), the lipids were
extracted, separated using thin layer chromatography and phosphorous was
determined following the methods described by Stein and Smith (1982).

Results

The effect of pyritinol treatment on the phospholipid content of
synaptosomal membranes is shown in Fig. 1. There is no significant
change in the tissue obtained from young animals but in old rats the
phospholipid content actually shows a small but significant increase,
both in the cortex and in the striatum.

The separation of phospholipids obtained from treated and untreated
old animals yielded the results shown in Fig. 2. Only phosphatidyl-
choline is significantly increased in the treated animals but the data
suggest that the pyritinol induced increase in total phospholipid content
involves an increase in all three major groups of phospholipids. It
appears that the increase in ACH levels found after pyritinol treatment
of old animals is not associated with a decrease in total phospholipids
and does not lead to a selective decrease in phosphatidylcholine, the most
obvious source for choline.

Fig. 1. The effects of treatment with pyritinol on the phospholipid content of crude

synaptosomes obtained from the frontal cortex and the striatum of old and young rats. Ten

to twelve animals were used in each group. The asterisk indicates a difference from the
control at p<0.05
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Fig. 2. The effects of pyritinol treatment on the concentrations of phophatidylcholine,

phosphatidylethanolamine and phosphatidylserine in crude synaptosomes obtained from

the frontal cortex (F.C.) and the corpus striatum (C.S.) of old rats. Ten rats were used in
each group. The asterisk indicates a differnece from the control p<0.05

Our values for the phospholipids of the crude synaptosomal prepara-
tion used (expressed per mg of protein) are lower than those reported in
the literature (Breckenridge et al., 1972) for purified synaptosomal mem-
branes. This probably reflects the different distribution of phospholipids
and proteins: phospholipids are confined almost entirely to the mem-
branes while proteins are also present in the cytoplasm trapped inside the
synaptosomes.

Discussion

The purpose of this investigation was to see whether thete is any
evidence that chronic treatment of old rats with pyritinol, which increas-
es ACH levels and probably ACH release in the CNS, leads to a decrease
in the phospholipid content of synaptosomal membranes. This question
is relevant since Blusztajn et al. (1987) provided direct evidence that in
cultures of human cholinergic cells increased ACH turnover may be
associated with a decrease in membrane bound phosphatidylcholine.
Similarly, Ulus et al. (1989) showed that electrically stimulated rat stri-
atal slices will continue to release ACH over long periods, but that, when
the slices are incubated in the absence of external choline, the ACH
synthesis is associated with a decline in membrane levels of phos-
phatidylcholine. The term “autocannibalism’ was used to describe this
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phenomenon, suggesting that the stimulation of ACH turnover might,
under certain conditions, be detrimental to cell function and cell sut-
vival, especially in neurodegenerative disorders such as Alzheimer’s
disease. The data reported here provide no evidence that “autocannibal-
ism” occurs when ACH synthesis is stimulated by the chronic adminis-
tration of pyritinol. It appears that if there is any increased utilisation of
choline from the choline reservoir in membrane phosphatidylcholine,
then this is compensated for by an increase in the synthesis of the
relevant phospholipids. The in vivo situation examined here is obviously
in many ways different from the in vitro situations in which “autocanni-
balism” was observed. It may be that under our conditions the supply
of choline from the extracellular fluid was sufficient to support an
increased rate of ACH synthesis or that pyritinol increased choline
availability, e.g. by facilitating it’s transport across the blood-brain bat-
rier. Since we observed an actual increase in phosphatidylcholine and
total phospholipids it is also conceivable that stimulation of phospho-
lipid-turnover and -level is the primary event, enabling an increase in
ACH synthesis.
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Summary

Muscarinic full and partial agonists were compared in rats for induction of
hippocampal EEG effects (RSA) and falls in blood pressure and heart rate. Full
agonists induced strong RSA and strong, higher potency, cardiovascular (CVS)
effects. Partial agonists induced weak RSA and weaker, lower potency, CVS
effects. RSA involves the septo-hippocampal cholinergic system which degener-
ates in dementia. It is inferred that partial agonists will cause weaker anti-demen-
tia effects but less undesirable side effects than full agonists.

Introduction

Degeneration of the ascending septo-hippocampal and basal fore-
brain-cortical cholinergic neuronal pathways is a principal feature of
Alzheimer’s dementia. The few attempts at replacement therapy, using
brain penetrating tertiary-amine muscarinic agonists, to compensate for
the loss of the cholinergic neurones, has achieved only very limited
success. A wide range of side effects (e.g. salivation, diaphoresis, miosis,
nausea, emesis, hypotension, bradycardia, dyspnoea, lassitude, depres-
sion, tremor) limits the therapeutic use of muscarinic agonists in demen-
tia. It was possible that some side effects would be less pronounced if
partial agonists rather than full agonists were used (e.g. tremor and
hypothermia were absent or reduced with partial agonists in mice). If
partial agonists were selective for septo-hippocampal or basal forebrain-
cortical effects over other CNS and peripheral effects, then they could
have better therapeutic potential than full agonists. Some full and partial
agonists (Fig. 1) were compared for ability to increase rhythmical slow
wave activity (RSA, theta rhythm) in the hippocampal EEG, and to
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Fig. 1. Chemical structures

depress the cardiovascular system (CVS) in rats anaesthetised with ure-
thane. Muscarinic hippocampal RSA is dependent upon septo-
hippocampal connections in anaesthetised rats whereas conscious
recordings are complicated by movement related non-muscarinic RSA
(Bland, 1986).

Material and methods

Male hooded lister rats (Olac UK) were anaesthetised with urethane i.p. The
femoral vein and carotid artery were cannulated for drug injections and for
recording blood pressure (BP) and heart rate (HR). Concentric bipolar EEG
electrodes (Rhodes Medical Instruments, model NE-100) were inserted into the
dorsal hippocampus at or close to the CA1 pyramidal layer, with fine adjustment
to obtain typical standardised RSA responses (Bevan, 1984). The EEG effects of
drugs were recorded while peripheral effects were blocked by injection of N-
methylatropine (NMA). The EEG was displayed on an oscilloscope and record-
ed digitally via a Cambridge Electronic Design, model 1401 laboratory computer
interface. Effects were analysed quantitatively as power changes in the spectrum.
CVS effects were measured without protection of NMA.

Drugs were also assessed by inhibition of the binding of the muscarinic
ligands 3H-oxotremorine-M (1.88 nM 3H-OXO-M, agonist) and 3H-quinu-
clidinyl benzilate (0.27 nM 3H-QNB, antagonist) in rat cerebral cortex mem-
branes in vitro. Muscarinic full agonists inhibit 3H-OXO-M binding with much
higher potency than for 3H-QNB binding. Antagonists show approximately
equal potency for inhibition of binding of both ligands. Partial agonists show
higher potency for inhibition of binding of 3H-OXO-M than 3H-QNB, but the
ratio is less marked than that shown by agonists. The ratio of IC50’s 3H-QNB/
3H-OXO-M is generally > 100 for full agonists, in the range 2080 for partial
agonists, and near to 1 for antagonists, and thus gives a good indication of the
muscarinic potencies and characters (full, partial agonist, antagonist or inactivi-
ty) of drugs (Brown et al., 1988).



Hippocampal and cardiovascular effects of muscarinic agents 231
Results

The activities of compounds on the EEG and CVS and on inhibition
of ligand binding are summarised quantitatively in Table 1. BRL 47042,
oxotremorine and arecoline, in inhibition of ligand binding, exhibited
results typical of muscarinic full agonists whereas pilocarpine, RS-86 and

Table 1. Activities of muscarinic agonists and partial agonists

RSA® BP® HR® OXO-M*© QNB/OXO-M ¢

Full agonists

BRL 47042 0.00056 0.0002 0.0004 2.8 360
Oxotremorine 0.032 0.009 0.007 17 195
Arecoline 0.1 0.02 0.02 113 227
Partial agonists

BM5 0.32W 0.561 0.561 25 28
Pilocarpine 0.32W 0.561 0.56 334 54

RS-86 0.32 0.32 0.2 430 42

2 Median effective dose mg/kg; ° doses for 50% decrease; © IC50 (nM) for inhibition
of 3H-OXO-M; ¢ ratio of IC50’s (greater ratios denote greater agonist character);
I inactive; W weak effect

CvVs Hz Hz

Fig. 2. Example EEG and CVS effects of oxotremorine and BM5
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BM5 exhibited results typical of muscarinic partial agonists. These mus-
carinic full agonists exhibited high potency in increasing RSA; they
caused large power increases concentrated in the 3—5 Hz band of the
power spectrum. They were even more potent on the CVS where 50%
falls in BP and HR occurred at doses about 4-fold less than for induction
of RSA. The partial agonists generally exhibited low potency weak RSA
effects and even less potent and weaker CVS effects. Typical RSA and
CVS effects of oxotremorine (full agonist) and BM5 (partial agonist) for
example are shown in Fig. 2.

Discussion

The three selected muscarinic full agonists represented widely differ-
ent chemical structures (Fig. 1) and all induced strong RSA and CVS
effects. The CVS effects occurred at lower doses than the CNS effects.
This tendency may have been exaggerated by anaesthesia and i.v. injec-
tion, but it would be of interest for potential anti-dementia therapy if
compounds were identified with greater selectivity for CNS effects. The
three full agonists were relatively lipophilic and showed greater CNS
selectivity than many other less lipophilic tertiary and quaternary amine
muscarinic agonists. These less lipophilic types often caused CVS failure
or fatal dyspnoea at doses not inducing RSA (our unpublished results).

The example partial agonists were also relatively lipophilic tertiary
amines with widely different chemical structures. They generally in-
duced weaker RSA but at greater separation from CVS effects than full
agonists, suggesting that they have a lesser problem of CVS side effects.
Partial agonists also had less tendency in general to induce CNS effects
such as tremor and hypothermia (in mice) but, similarly to full agonists,
they induced conditioned taste aversion in rats and emesis in marmosets
(Clark et al., 1989). However their weaker effect on RSA may indicate
that they have weaker anti-dementia properties than full agonists. Clin-
ical studies in dementia with RS-86 showed some signs of improvement
but side effects also occurred (Wettstein und Spiegel, 1984). The overall
clinical result was similar to that obtained with other cholinergic agents.
This suggests that in order to obtain anti-dementia effects, doses that
also caused side effects were required. Higher doses in other patients
caused nausea and emesis. RS-86 is a relatively high efficacy partial
agonist (near to full agonists) as judged from our in vivo studies in
rodents. Very low efficacy partial agonists (low ratios in the two ligand
binding tests) generally were inactive in inducing RSA. These com-
pounds exhibited some properties like those of muscarinic antagonists
and may exaggerate dementia. Thus the differences shown here between
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the full and partial agonists, as classes, could be crucial to their relative
therapeutic potential in dementia. We suggest that a more selective
profile of the properties described is required in a muscarinic compound
for successful therapeutic use in dementia.
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Summary

The patterns of cholinergic (activity of choline acetyltransferase) and
monoaminergic (concentrations of noradrenaline, dopamine, homovanillic acid,
serotonin and 5-hydroxyindoleacetic acid) neuromediator systems were studied
in postmortem tissue of the cortical lobes in each seven cases of patients with
dementia of Alzheimer type (DAT) and controls. The findings show severe
degenerations of neurons and deficits of neurotransmitters in all neuromediator
systems. These results suggest that a substitutional therapy of only one neuro-
mediator deficiency will not be clinically effective.

Introduction

The rise in life expectancy has led to an increase in the number of
elderly people in most industrialized countries. It is reported that 15%
of the european population is over 65 years (Grundy, 1983), with the
tendency that the percentual part of the elderly in the whole population
is increasing. The consequence is an increasing prevalence of age-related
disorders, which is about 5% in people over 65 years and 20 to 30% in
people over 85 years (Nielsen, 1962; Kay et al., 1970). Dementia of the
Alzheimer type and Parkinson’s disease are the most common types of
age-related progressive degenerative brain disorders. Both are character-
ized by degeneration of certain neuron systems in vulnerable regions
while sparing other cell groups. The neuronal degeneration is accom-
panied by characteristic neurochemical alterations in affected brain
areas.
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In dementia of Alzheimer type (DAT), our neuropathological find-
ings and concerning neurochemical alterations, neuromediators (not-
adrenergic, dopaminergic and serotoninergic systems) and the choliner-
gic synthezising enzyme [choline acetyltransferase (CAT)], will be out-
lined and compared to the findings in the literature.

Material and methods

Seven cases with no clinical and neuropathological signs of dementia and
seven cases with severe neuropathological changes [age-matched (see Table 1),
all cases histologically verified] were selected for investigation.

Number of senile plaques and neurofibrillary tangles were chosen as neu-
ropathological parameters for diagnosis and determination of severity of brain
degeneration. Loss of neurons or decline in neuron density was determined
microscopically (see Table 1).

The activity of the acetylcholine synthezising enzyme choline acetyltrans-
ferase (CAT) was determined by a radioenzymatic method (Fonnum, 1975).

The following neuromediators and related metabolites were determined by
HPLC-ECD: noradrenaline, dopamine, homovanillic acid, serotonin and 5-hy-
droxyindole acetic acid (Sofic, 1986).

For statistic analysis Wilcoxon rank sum test was performed.

Table 1. Composition of groups

n Sex Age (years) Post-mortem delay (h)
Control 7 5f, 2m 75.9+2.7 6.3+2.1
DAT 7 2f, 5m 78.6+2.9 3.71+0.8

No neuroleptics were supplied 3 months prior to death, no prolonged agonal states were
observed

Results and discussion
The cholinergic nenromediator system

The first neurochemical findings showed deficits in the cholinergic
system leading to the “cholinergic hypothesis” of DAT (Bowen et al.,
1976; Davies and Maloney, 1976; Perry et al., 1977). This was supported
by clinical findings of Bartus etal. (1982), who found that memory
functions could be influenced by pharmacologic manipulations of the
cholinergic system.
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The pericarya of neurons of the nucleus basalis Meynert (NbM),
which are embedded in substantia innominata, a basal forebrain struc-
ture, are rich in choline acetyltransferase (CAT) and acetylcholine es-
terase activity. 90% of axones which arise from these pericarya innervate
the neocortex (Mesulam et al., 1983). Therefore deficits in cholinergic
function of the neocortex might result from a loss of neurons in the
NbM.

Compared to an age-matched control group, we found that neuron
density decreased in NbM by 65% (p <0.001) in DAT (see also Table 2).
This is in line with data from the literature (age 60 #o 70: loss of neurons
between 56 to 75% compared to a control group; decrease in neuron
density between 44 to 66%; Arendt et al., 1983; Tagliavini and Pilleri,
1983; Rogers et al., 1985; Ichimiya et al., 1986; Mann et al., 1986; age 70
t0 80: loss of neurons between 42 to 58% and decrease in neuron density
between 33 to 62% compared to a control group; Perry etal., 1982;
Mann et al., 1984, 1985, 1986; Chui et al., 1986). The variation in both
the loss of neurons and neuron density between different authors is due
to the low number of cases and varying composition of groups. In
addition neuropathological data of control groups are often missing and
the area of NbM and its great pericarya is not sufficient determined.
Furthermore, in the most papers, the DAT-group is not defined by
unique clinical and neuropathological criteria.

Summarizing our own data and these from literature, it is evident that
the decline is greatest in patients with an early onset of the degenerative
process (see also Mann et al., 1986).

Most of the neurons of NbM project into the neocortex. There, the
activity of CAT decreases by 86% (p <0.001), with a maximum decrease
in the temporal lobe by 91%. As expected, there is no unique distribu-
tion of CAT-activity over the whole cortex. Moreover, Perry et al.
(1984) showed that CAT-activity differs even within one area, with
maximum activity in cell layers IT and IV.

Table 2. Neuropathological findings

SP, NFT/mm? NbM?* LC® SN® NRD*
Control 0—4 80.6+4.4 778472  87.8+6.8 423478
DAT >15 275440  373+49  67.0+74  18.743.1
% of control 35 *x% 48 *xx 76 ** 44 ***

Mean =+ standard deviation; SP senile plaques; NFT neurofibrillary tangles (Khatchatu-
rian, 1985); LC locus coeruleus; SIV substantia nigra; NRD nucleus raphe dorsalis;
statistic: Wilcoxon rank sum test; ** p<0.01; *** p <0.001; * neuron density; ® cell counts
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The integrity and interconnections of basal forebrain (NbM) and
temporal lobe (regio entorhinalis and hippocampus) play an important
role in memory functions (Damasio etal.,, 1985), and show severe
deficits in DAT patients.

The noradrenergic nenromediator system

The cholinergic system is not the only one involved in the degener-
ative process.

Locus coeruleus (LC) is the most important noradrenaline synthezis-
ing nucleus, containing about half of all noradrenergic pericarya.

Our own data show a decrease in maximum neuron number in LC by
52% (p <0.001) according to the (see also Table 2) data from literature
(age 60 to 70: 47 to 86% reduction in maximum neuron number com-
pared to a control group; Vijayashankar and Brody, 1979; Mann et al.,
1984; Ichimiya et al., 1986; age 70 t0 80: 48 to 71% reduction in maximum
neuron number; Chui etal., 1986; Mann etal., 1982, 1984, 1986). As
observed in NbM, the loss of neurons is dependent on age with severiest
degeneration in early onset cases (see above) and in patients with familiar
Alzheimer’s disease (Etienne et al.,, 1986; Jellinger, 1986; Mountjoy,
1986).

LC is projecting to various areas of the neocortex, gyrus cinguli,
hippocampus, corpus amygdaloideum, nucleus accumbens, thalamus,
hypothalamus, NbM and Nucleus raphe dorsalis (NRD). Therefore
deficits in the noradrenergic function of these areas should result from
loss of neurons in the LC.

Our data show a significant reduction in noradrenaline of 68% in the
parietal lobe (p=0.170) and of 65% in the temporal lobe (p=0.017) and
also in corpus amygdaloideum by 48% (p=0.026). Within the other
projecting areas mentioned above there is no statistically significant
alteration in noradrenaline content. Nearly all investigations reported in
literature demonstrated a decline in noradrenaline in various brain
regions. With statistical significance (student’s t-test) a decrease in nora-
drenaline was reported by Arai et al. (1984) and Rossor et al. (1984) in
gyrus cinguli, by Yates et al. (1983) in corpus mamillare, by Arai et al.
(1984) in thalamus, by Yates et al. (1981, 1983), Mann et al. (1982, 1987)
and Arai et al. (1984) in hypothalamus, by Nyberg et al. (1985) in globus
pallidus, by Mann et al. (1982, 1987) and Nybetrg et al. (1985) in caudate
nucleus and by Adolfsson et al. (1979), Arai et al. (1984), Nyberg et al.
(1985) and Reinikainen et al. (1988) in putamen.

As in the cholinergic system a severe reduction in neuron number in
the synthezising area (L.C) and a decline in neuromediator concentration
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in the iso- and allocortex is observed. In the non-cortical projection areas
mentioned above, there was no evident decrease in noradrenaline con-
centration. This might refer to a primary lesion in the parietal and
temporal isocortex and the amygdaloid allocortex.

The dopaminergic neuromediator system

For a long time the dopaminergic neuromediator system was suspect-
ed to be not involved into the degenerative process.

The most important dopamine synthesizing areas are the cell group
A 9, the zona compacta of substantia nigra (SN), and nearby cell group
A 10 (area of the ventral tegmentum). They mainly contribute in the
dopaminergic innervation of the investigated brain regions, with A 9
projecting into the striatum (caudate nucleus and putamen) and into the
amygdala and A 10 projecting into the frontal cortex, gyrus cinguli,
nucleus accumbens and the entorhinal cortex (Nieuwenhuys et al., 1981).
In SN reduction in neuron density is 24% compared to the control
group. This is the lowest one of all neuromediator synthesizing regions
investigated, according to data from literature (age 60 to 70: 12 to 27%
decline in neuron number as compared to a control group; Mann
et al., 1984, 1987; Tabaton et al., 1985; age 70 70 80: 6 to 17% decline in
neuron number; Mann et al., 1984, 1985, 1987; Chui et al., 1986). Mann
et al. (1987) found that neuron number of ventral tegmentum decreases
by about the same degree as observed in other neuromediator systems
(43 to 61%, depending on age).

The dopamine concentrations are not significantly reduced in any
brain region investigated, but decrease in hippocampus [DA: 53%
(p=0.117)] and corpus amygdaloideum [DA: 51% (p>0.5)] is remark-
able. In contrast, the concentration of the dopamine metabolite ho-
movanillic acid was significantly reduced in frontal (61%; p=0.018),
parietal (63%; p=0.035) and temporal (60%; p=0.011) lobes and in
hippocampus by 55% (p=0.017). The nigrostriatal dopaminergic sys-
tem, which is mainly affected in the pathogenesis of Morbus Parkinson,
is not involved at all in DAT (caudate nucleus: DA 130%; HVA 107%;
putamen: DA 99%, HVA 94%; each p>0.5).

The serotoninergic neuromediator system
The most important serotonin synthesizing nuclei are nucleus raphe

dorsalis (NRD), nucleus tegmentalis dorsalis (NTD) and nucleus cen-
tralis superior (NCS). Compared to NTD (decrease in neuron number by
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12%, Mann et al., 1984, 1985) and NCS (37%; Tabaton et al., 1985),
NRD is mainly affected by reduction of neuron density (56%, p <0.001).

NRD projects to LC, SN, caudate nucleus, putamen, nucleus accum-
bens, globus pallidus, thalamus, corpus mamillare, corpus amyg-
daloideum, hippocampus and neocortex. We could not find reported
decreases in serotonin and 5-HIAA contents in the striatum, globus
pallidus, thalamus, corpus mamillare and gyrus cinguli (Adolfsson et al.,
1979; Arai et al., 1984; Reinikainen et al., 1988). According to Gottfries
et al. (1986) and Reinikainen et al. (1988), we obtained an affection of the
serotoninergic system in the hippocampus (significant reduction in
5-HIAA by 66%; p=0.033) as compared to controls.

In the frontal (5-HT: 70%, p=0.030; 5-HIAA: 54%, p=10.073),
parietal (5-HT: 77%, p=0.002; 5-HIA: 54%, p=0.001) and temporal
(5-HT: 66%, p=0.07; 5-HIAA: 55%, p=10.001) lobes we found a re-
duction in serotonin and in 5-HIAA content. The serotoninergic sys-
tem, which plays an important role in memory and learning processes
(Monadori, 1981; Vachon and Roberge, 1981; Kandel and Schwartz,
1982) is therefore damaged mostly in the cortical and hippocampal
regions (5-HT: 63%, p=0.383; 5-HIAA: 66%, p=0.033).

Conclusions

The cholinergic and all three monoaminergic neuromediator systems
were affected in DAT, predominantly in iso- and allocortical brain re-
gions.

These results suggest that a substitutional therapy of only one neuro-
mediator deficiency will not be clinically effective. Authors who report
a monosystemic therapy especially for the substitution of the cholinergic
system may be right when substituting shortly after onset of degenera-
tion. Our data indicate that they might not succeed in progredient cases
of degeneration. We suggest a combined therapy to maintain and enforce
the function of the involved neuromediator systems, e.g. lecithin/cho-
line, phosphatidylserin, pyritinol, piracetam for the cholinergic system
(Wurtman, 1988), selective MAO inhibitors for the dopaminergic
(1-deptenyl) (Tariot et al., 1987a, b) and noradrenergic systems (moclo-
bemide, brofaromine) and serotoninergic drugs, like precursor amino
acids with or without inhibitors of the peripherally acting aromatic
amino acid decarboxylase or MAO-inhibitors, in order to substitute the
serotoninergic deficiency. Furthermore, agonists should be developed in
order to stimulate postsynaptic receptors independently from presynaptic
degeneration.
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Alterations in catecholamine neurons in the locus
coeruleus in dementias of Alzheimer’s and
Parkinson’s disease

V. Chan-Palay and E. Asan

Neurology Clinic, University Hospital, Ziirich, Switzerland

Summary

A differentiation can be made between the LC in normal brain, in SDAT and
PD for diagnostic purposes, based on the findings concerning the morphological
alterations of the TH-immunoreactive neurons, the topographical distribution of
neuron loss within the length of the LC, and, to some extent, the total reduction
in cell number.

Introduction

Senile dementia of the Alzheimer’s type (SDAT) is neuropathologi-
cally characterized by severe cortical atrophy and cell loss as well as a
high index of dementia as measured by numbers of neurofibrillary tan-
gles (NFT) and neuritic plaques (NP) in neocortex and hippocampus. In
addition, several subcortical afferent projection systems are disturbed in
the disease, namely those based on acetylcholine, norepinephrine (NE)
and serotonin. The occurrence of extrapyramidal signs in SDAT sug-
gests involvement of dopaminergic pathways in some cases. Investiga-
tions of the functional role of the locus coeruleus-NE system in SDAT
have previously focused on the study of the locus coeruleus (LC) cellular
neuropathology and measurements of NE content in the various cortical
projection areas of the LC. Quantitative investigations using the neu-
romelanin pigment as a marker for NE neurons have demonstrated a
reduction in neuron numbers in the LC in most cases of SDAT with a
high incidence of neuropathologic markers like NFT, NP and, occasion-
ally, Lewy bodies in the remaining neurons. Recent studies using cate-
cholamine biosynthetic enzymes have also demonstrated a loss of LC-
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NE neurons in SDAT, though with different results as to the total
neuron numbers counted in control and SDAT cases. This cell loss from
the LC was reported to be topographically arranged. NE-level, do-
pamine-beta-hydroxylase (DBH)-activity and the levels of several other
NE markers have been shown to be decreased in LC projection areas
both in ante-mortem biopsies and in post-mortem brain tissue indicating
a deficiency of the NE-transmission in SDAT. Correlation between cor-
tical plaque formation and cortical NE-levels and LC neuron loss in the
anterior and central regions of the LC known to project to these areas
in animals have been reported. Also, the severity of cortical plaque
incidence and the degree of reduction of LC neuron number has been
observed to be correlated, though no direct cotrelation between the
severity of dementia and the extent of LC damage has been demonstrat-
ed. A recent study, however, has shown a positive correlation of the
occurrence of depression in SDAT and the dectrease in LC neuron num-
ber.

Lesions of brainstem nuclei including the LC, with neuropathologic
changes such as Lewy bodies and NFT in PD have been described many
years ago and Parkinsonian state and LC-lesions similar to those found
in the disease are caused by the administration of the neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in the macaque monkey.
Even though PD is principally a disorder of locomotion, it is now
generally accepted that in a number of patients progressive mental im-
pairment occurs in the course of the disease. Some authors have reported
dementia in more than 50% of cases of PD. According to the responsive-
ness to L-dopa treatment it has been postulated that “two separate
disorders can be distinguished in PD: an exclusive motor disorder occur-
ring in a younger population with a longer and more “benign” course
and a better response to L-dopa; and another, a motor followed by a
cognitive disorder occurring in an older population with a more fulmi-
nant course and a poorer response to L-dopa”. There has been a contro-
versy over the distinction of a “cortical” dementia found in SDAT and
a “subcortical” dementia present in PD patients. Several authors have
claimed that in neuropsychological tests the dementia of SDAT, charac-
terized mainly by aphasia, amnesia, agnosia and apraxia, can be distin-
guished from that found in PD patients, where the dementia is character-
ized by slowness of mental processing, forgetfulness, impaired cogni-
tion, apathy and depression, while no psychopathological difference
between demented PD and SDAT patients was found by others. Some
investigators have suggested that the dementia in PD displays a pattern
of impairment typical for a lesion of the frontal lobe and a laterality of
the disease has been suggested based on the finding that patients with
greater disease involvement on the left side of the body showed greater
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neuropsychological impairment than those more affected on the right
body side. The question whether the incidence of cortical plaques and
tangles is correlated to the severity of dementia in PD is still also
somewhat controversial. Early reports have shown more frequent occur-
rence of NP and NFT in demented PD patients than in non-demented,
suggesting coincidental SDAT in these patients. Other authors could not
demonstrate a positive correlation between NFT and NP formation and
dementia, but reported a severe cell loss in the LC more frequently in
demented PD patients than in those without symptoms of dementia. A
correlation between the coeruleo-cortical NE-system and dementia has
also been suggested based on modifications in the number of adrenergic
receptors in demented PD patients.

Material and methods

Normal controls included the brains of 11 patients, 4 male and 7 female,
ranging in age from 43 to 89 years, with no clinical history of neurological or
psychiatric disease as confirmed by postmortem gross and microscopic neu-
ropathological examination. Vital data and selection criteria for all control cases
were described in detail (Chan-Palay and Asan, 1989a). Data assembled in three
paradigm control cases in the age group of the patients in the Alzheimer’s and
Parkinson’s groups served as control values for quantitative analyses. Appropri-
ate levels of normal mental function in patients was shown by results of between
22 and 26 from a possible 30 points in the last available mini-mental status tests.
In the group of senile dementia of the Alzheimer’s type (SDAT) cases the brains
of 8 patients that had been clinically diagnosed were studied, 2 male and 6 female
cases with ages ranging from 71 to 85 years. Cases of dementia due to other
neurological disorders, such as ischemia, multiple infarcts, Pick’s disease etc.
were excluded. Postmortem delays ranged from 3 to 16 hours, with postmortem
delays of 5 hours and less in 5 of the cases. Counts of neuritic plaques and
neurofibrillary tangles were made on Bodian-silver-stained preparations. For all
cases in this group, the counts yielded moderate to high indices of neurofibrillary
plaques and tangles in the examined areas, which is indicative of SDAT. Seriously
impaired mental function in these patients was indicated by a score of 0 to 5
points in the last available mini-mental status tests.

In the study of cases with Parkinson’s disease 7 diagnosed patients were
included, ranging in age from 76 to 90 years, three male and four female cases.
Clinically, two of the patients had PD responsive to L-dopa treatment without
symptoms of dementia (P—D), five patients had histories of rapidly progressive
dementia, with onset 2~3 yeats before death. Of these five demented patients,
three were responsive to treatment with L-dopa (P +D); two were atypical and
their Parkinsonian symptoms did not respond to L-dopa treatment (P4 D/L-
dopa nontesponsive). The postmortem delays ranged from 3.5 to 21 hours, and
was less than 7 hours in four of the cases. The clinical diagnosis of Parkinson’s
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disease was confirmed at autopsy by both gross and microscopic neuropatholog-
ical examination. The substantia nigra showed considerable cell loss, loss of
pigmentation, numerous Lewy bodies, and gliosis pathognomic of Parkinson’s
disease in every case. Counts of neurofibrillary tangles and neuritic plaques were
performed as described for the SDAT cases and yielded indices slightly higher
than in the age-matched control and non-demented Parkinson’s cases for the
demented Parkinson’s patients. The last available mini-mental status test scores
were 22 to 26 for the non-demented Parkinson’s disease group and 11 to 16 for
the demented patients.

Fixation and immunocytochemistry

The protocols used for fixation of the studied brainstems and immunocyto-
chemistry were described in detail in preceeding papers (Chan-Palay and Asan,
1989a, b; Chan-Palay et al., 1990).

Computer-assisted quantitative morphological analyses

The computer system and the recording procedures used have been described
in detail (Chan-Palay and Asan, 1989a, b). Briefly, the immunocytochemically
stained serial brainstem sections were reassembled in the correct anatomical
order, and the LC outline in the coronal plane, its rostral and caudal borders were
determined, and its rostrocaudal length on both sides of the brainstem was
calculated. For the computer-assisted measurements of morphological parame-
ters of TH-immunoreactive L.C neurons, and for the mapping and counting of
neurons and the three dimensional reconstruction procedure for the analysis of
neuron distribution in the I.C an IBM-AT-mouse based user-interactive image
analysis system with the Cellmate program (Bioquant, Tenn.) was used. Outlines
of individual cell somata and dendritic arbors were recorded for calculations of
soma areas and dendritic arbor length. Plots of these recordings served to
illustrate alterations in individual neuron morphology. To ensure comparability
all quantitative measurements of neuronal parameters were carried out on im-
munoreactive neurons stained with the PAP-method. Cell counts were pet-
formed on all reassembled sections of one TH-immunoreacted series of sections
by cursor-marking the localization of whole cell bodies using different symbols
signifying different morphological classes of cells (see below) in all focus levels
throughout the entire extent of the LCs of both sides of the brainstem. TH-im-
munoreactive cells of the locus subcoeruleus and the pars cerebellaris loci
coerulei were recorded but not counted. Neuron numbers on partially damaged
sections were approximated either from the numbers counted on immediately
adjacent TH-immunoreacted sections or from those counted in the contralateral
LC of the same section and the ipsilateral I.Cs of the preceeding and following
sections of the same series. Total neuron numbers were calculated by the com-
puter for the entire I.Cs and, by their differing recording symbols, differentiated
according to the four neuron classes: Large multipolar (LM), large “bipolar”
(LB), small multipolar (SM) and small “bipolar” (SB) neurons. The recordings
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of the reassembled sections were then aligned to match as closely as possible the
situation in the intact brains, and an image of the three dimensional distribution
of the neurons was created by the computer.

Results

Identification of NE-producing neurons is done by immunocyto-
chemical demonstration of two NE biosynthetic enzymes, tyrosine hy-
droxylase (TH) and DBH, and immunoreactions are visualized by the
peroxidase-antiperoxidase (PAP) and immunogold-silver-staining (IGSS)
methods. It is demonstrated that the reactions with antisera against TH
and DBH yield equivalent results and that both immunocytochemical
visualization methods allow detailed analysis of neuronal morphology.
The neurons of the human LC fall into four distinct classes: large
multipolar neurons with round or multiangular somata (LM), large
elliptical “bipolar” neurons (LB), small multipolar neurons with round
or multiangular somata (SM) and small ovoid “bipolar” (SB) neurons.
Though most of the neurons contain neuromelanin pigment, some of
the neurons of the larger type lack pigmentation. Dendritic arborization
in all neuron types is extensive and computer-assisted quantitative mea-
surements of the neuronal structure parameters soma size, dendritic
arbor length, surface area and volume are given. Comparison of neu-
ronal morphology in different age groups shows that even though the
soma atreas of LC neurons of all four classes are decreased in older
normal adult brain, the dendritic arborization is equally extensive. De-
tailed mapping of the immunoreactive neurons and computer-assisted
three dimensional reconstruction of the LCs are used to analyze the
morphology of the nucleus as a whole. According to cellular distribution
patterns, the LC is divided into rostral, middle and caudal parts with
neurons scattered over a large area rostrally, tightly clustered in the
middle and very densely packed in the caudal part. Small neurons pre-
dominate in all parts, but the relative contribution of larger cells decreas-
es in a rostro-caudal direction. Small bipolar neurons are the most
frequent cells of the caudal part and display distinct dorsomedial-ventro-
lateral orientation. These general morphological characteristics are the
same in all age groups, but cell density in rostral and middle parts is
decreased in old age, while the relative frequency of large cells is in-
creased especially in the rostral LC. No age-dependent decrease in nucle-
ar length is observed. Assessment of neuron numbers documents a cell
loss of 27% to 55% in older adult brains. Cell loss is topographically
arranged, being highest in the rostral part, lower in the middle and
virtually absent in the caudal part. Quantitative assessment of the distri-
bution of the different morphological neuron classes confirms the obser-
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Table 1.
Case Age Sex Neuron number x 103
Control 79 m 47.5
Control 78 f 40.9
SDAT (mild) 78 m 34.0
SDAT (severe) 74 f 18.8
SDAT (severe) 77 f 5.7
P 76 f 311
P+D 83 f 23.3
P+ D/L-dopa non-responsive 79 m 2.5

vations mentioned above, suggesting that especially in the rostral part of
the LCs of older adult brains loss of smaller cells is comparatively higher
than of larger cells. The computer-generated three dimensional recon-
struction provides the possibility of visualizing LC shape and cell distri-
bution closely approximating the situation in the intact brain and facil-
itates the detection of morphological differences of the LCs in individual
brains (see Fig. 1a—f). After the studies of the controls, a detailed qual-
itative and quantitative investigation of the morphology and distribu-
tion of the NE neurons in the human locus coeruleus in two classes of
neurodegenerative disorders involving dementia, the senile dementia of
the Alzheimer’s type (SDAT) and Parkinson’s disease (PD) is undertak-
en. In SDAT, the four basic LC neuron classes found in the normal
human brain are recognizable in the remaining cells, but the cell somata
are generally larger, the cell bodies are swollen and misshapen, and the
dendrites are forshortened and thick and less branched than in neurons
of control LCs. Quantitative analysis confirms the qualitative observa-
tions. The reduction of absolute numbers of LC-NE neurons in
paradigm cases of SDAT and PD as compared to controls are shown in
Table 1.

»

Fig. 1. Three dimensional computer reconstruction of the LC of a younger control case,
55 yr, (a); an older control case, 78 yr, case (b); a case of mild SDAT with comparatively
little cell loss, 78 yr, case (c); a severe SDAT case with extreme cell loss, 77 yr, case (d);
a PD case without dementia, 76 yr, case (e); and a PD case with dementia, I.-dopa
non-responsive, 82 yr, case (f). The reconstruction is viewed from dorsal, shifted in a 25°
angle from the plane of the figure. R=right, L=Ileft LC. The outline of the fourth
ventricle is drawn on every fourth section, and each TH-immunoreactive neuron on all the
recorded sections is marked by a dot. Note the cell loss which occurs mainly in the rostral
part of the older control case (b) as compared to the younger control case (a). Note also
the high neuronal loss present predominantly in the rostral and middle parts in both SDAT
cases (c) and (d). In the PD case with dementia/l.-dopa non-responsive (f) cell loss is
present throughout the nucleus
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A reduction of total neuron numbers of the LC of between 3.5% and
87.5% as compared to age-matched controls is found in SDAT. This
neuron loss is topographically arranged: in the rostral part of the LC, the
reduction is greatest, being more than 28% in the case least affected in
this part, and 97% in the case most severely affected. The middle part
is less, and the caudal part least affected by cell loss in all cases. The
average rostrocaudal nuclear length in SDAT cases is reduced as com-
pared to controls (13 mm and 14.9 mm respectively). In PD cases, the
neuronal morphology is generally more severely altered than in SDAT
cases. The four neuron classes are hardly distinguishable, the cell bodies
are swollen, and frequently contain Lewy bodies. The dendrites are short
and thin, and arborizations are reduced or virtually absent. In the neu-
ropil surrounding the remaining neurons cell remnants and masses of
extraneuronal pigment are found. The neuron loss is more severe than
in SDAT (26.4% —94.4%). While cell reduction varies within each
group, a difference in the topographical arrangement of cell loss can be
recognized between P+D and P+ D/L-dopa non-responsive: in P+D
the rostral part is predominantly affected, while in P4+ D/L-dopa non-re-
sponsive the neuron loss is equally great or greater in the middle and
caudal part. The average rostrocaudal length in PD cases is less than in
SDAT and the controls (12.4 mm).
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Summary

The activities of tyrosine hydroxylase (TH), tryptophan hydroxylase (TPH),
and the concentrations of biopterin (BP) and neopterin (NP) were examined in
postmortem brains from histologically verified patients of senile dementia of
Alzheimer type (SDAT). The results suggest that the reductions in TH, TPH,
and BP may be related to the reduction in monoamine neurotransmitters, due to
destruction of monoaminergic neurons in SDAT, and may be an event indepen-
dent of the cholinergic dysfunction. Serum BP levels were also significantly
reduced in patients with SDAT.

Introduction

A marked loss of presynaptic cholinergic indices in the cerebral
cortex and limbic structures is known to be the main neurochemical
event in senile dementia of Alzheimer type (SDAT) (Bowen et al., 1976;
Davies and Maloney, 1976; Perry et al., 1977; Rossor et al., 1982b). In
parallel with these chemical changes, cholinergic neurons situated in
basal forebrain and projecting to cerebral cortex and limbic structures
were found to be degenerated in SDAT (Whitehouse et al., 1981; Rossor
et al.,, 1982a; Candy et al., 1983; Henke and Lang, 1983).

On the other hand abnormalities of the metabolism of noradrenaline,
dopamine, and serotonin (Adolfsson et al., 1979; Cross et al., 1981, 1983;
Arai et al., 1984) as well as neuropathological abnormalities in the brain-
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stem monoamine-containing nuclei (Hirano and Zimmerman, 1962;
Ishii, 1966; Forno, 1978; Bondareff et al., 1981; Mann and Yates, 1983)
had also been demonstrated.

The cholinergic hypofunction in SDAT could cause reduction in
monoamines. However, the reductions in monoamines in SDAT are not
necessarily linked to the well-established cholinergic hypofunction, but
instead might be an independent event that is related to reductions in
monoamine-synthesizing enzymes associated with monoamines, due to
destruction of monoaminergic neurons. However, there have been only
few reports on the monoamine-synthesizing enzymes in SDAT except
for dopamine B-hydroxylase (Cross et al., 1981).

We have examined tyrosine hydroxylase (TH), tryptophan hydroxy-
lase (TPH), and their biopterin (BP) cofactor in the brains of normal
controls and patients with SDAT in comparison with monoamines and
their metabolites (Sawada et al., 1987). TH (Nagatsu et al., 1964) and
TPH (Lovenberg etal.,, 1976; Ichiyama et al., 1970; Friedman et al.,
1972) are the rate-limiting monooxygenases for the biosynthesis of cate-
cholamines and serotonin and require a tetrahydropterin as a cofactor.
L-erythro-tetrahydrobiopterin (BPH,) is the naturally occurring cofactor
for TH (Brenneman and Kaufman, 1964) and TPH (Lovenberg et al.,
1967). BPH, is synthesized from GTP via p-eryzhro-7,8-dihydroneopterin
triphosphate. BPH, can be measured as total vL-erytbro-biopterin (BP)
after oxidation and D-ery#hre-7,8-dihydro-neopterin triphosphate as total
D-erythro-neopterin (NP) after oxidation and subsequent phosphatase
treatment (Nagatsu et al., 1981, 1984).

Materials and methods
Cases

Human brains were obtained postmortem from patients of SDAT, who are
diagnosed clinically (Arai etal., 1983) and histologically, and from eight age-
matched control subjects without any history of neurological and psychiatric
diseases. Mean values of age of death (years), and postmortem intervals (hours)
of SDAT patients and controls were: 73.5 and 67.8, and 7.3 and 9.2, respectively.
In the postmortem brains of SDAT patients, neuronal loss, Alzheimer’s neu-
rofibrillary tangles, and senile plaques were observed in the cerebral cortex,
subcortical nuclei, and lower brainstem, and therefore the diseases were histolog-
ically diagnosed as advanced stages.

No SDAT patients had been given neuroleptics for at least the last 8 months
before death with the exception of one patient who had been given sulpiride
(100 mg/day) up to 3 days prior to death. Another SDAT patient had been given
benzodiazepine (estazolam) (2 mg/day). None of the patients had received an-
tidepressants or opiates.
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Fresh brains were divided midsagittally; one half of each brain was stored at
—~70°C in a sealed bag for biochemical assays and the other half was fixed in
formalin for neuropathological examination. Brain dissection was performed
using a micro-punching technique (Arai et al., 1984).

TH activity was assayed by the method of Nagatsu et al. (1979) using HPLC
with electrochemical detection: TPH activity was assayed by the method of
Sawada etal. (1985) using HPLC-fluorometric detection. Total vr-erythro-BP
derived from v-erythro-BPH, (Nagatsu et al., 1981) and total p-eryzhro-NP from
D-¢rythro-7,8-dihydro-NP triphosphate (Nagatsu et al., 1984) were determined by
specific radio immunoassays. Protein was assayed by the method of Bradford
(1976).

Total BP and total NP concentrations were also examined in sera from 30
controls and 9 SDAT patients, shown in Table 2. TH and TPH are not present
in serum, but BP and NP are present in serum.

Table 1. Correlation coefficients between tyrosine hydroxylase (TH), tryp-
tophan hydroxylase (TPH), total biopterin (BP), biogenic amines, and their

metabolites
TH TPH BP
DA 0.85° - -
(Pallidum ext. segm.)
HVA 0.84° - 0.772
(Pallidum ext. segm.) (Subs. nigra)
0.69*
(Hippocampus)
SHIAA — 0.72* 0.62*
(Subs. nigra) (Pallidum ext. segm.)
0.76 °
(Hippocampus)

Significance: * p<0.05, ® p<0.01, °© p<0.001
DA dopamine; H174 homovanillic acid; 5§/4/.4.4 5-hydroxyindoleacetic acid.

Table 2. Total biopterin (BP) and total neopterin (NP) in sera from controls and
SDAT patients

Age N BP NP NP/BP
ratio

(pmol/ml serum)

Controls 73+ 8 (62-84) 30 12.7+£3.8 43.61+14.4 3.41+0.80
SDAT 73115 (62—-95) 9 8.4+32° 39.1+£14.9 5.15+2.32*

Mean + SD. Significantly different from controls, * p <0.05.
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Noradrenaline (NA), dopamine (DA), serotonin (SHT), homovanillic acid
(HVA) and 5-hydroxyindoleacetic acid (SHIA A) were determined by HPLC with
electrochemical detection (Arai et al., 1984).

Results and discussion

In various brain regions, significant correlation was observed be-
tween TH and BP, and between TPH and BP. However no significant
correlation was observed between BP and NP. The results suggest some
unknown roles of NP in the human brain besides the role as a precursor
of BP. Table 1 shows the brain regions with high correlation coefficients
between TH and dopamine or homovanillic acid, between TPH and
5-hydroxyindoleacetic acid, and between BP and homovanillic acid or
5-hydroxyindoleacetic acid.

Distribution of TH, TPH, BP, and NP in control brains, and the
mean values (percent of control) in brains of SDAT patients are shown
in Figs. 1-4.

TH activity (Fig. 1) was high in the substantia nigra, caudate nucleus,
putamen, substantia innominata, and nucleus accumbens. High TPH
acitvity (Fig. 2) was found in the raphe nucleus. The BP concentration
(Fig. 3) was high in the caudate nucleus, whereas the NP concentration
(Fig. 4) was high in the locus coeruleus, thalamus, and putamen.

TH activities (Fig. 1) in 12 regions of the brain from SDAT patients
were lower than those of the control brains, but the difference was

Normal controls Brain region SDAT patients (% control)
(pmol/min/mg protein) TH

0.5 + 03 (9) Hippocampus

1.6 + 0.5 (8) Amygdala

3.5 ¢+ 7.5 (6) Sub.innominata

329 + 9.0 (9) Nuc.accumbens

38.8 + 12.0 (9) Caudate

40.1 + 10.7 (9) Putamen

10.0 + 2.2 (9) Globus pall.med.

11.1 + 2.6 (9) Globus pall.lat.

8.3 + 3.5 (6) Hypothalamus

0.06 + 0.03 (9)Thalamus med.nuc.

1.17 + 0.46 (9) Thalamus lat.nuc.

39.4 + 5.4 (6) Locus coeruleus

4.5 + 3.4 (7) Raphe nucleus

46.4 + 10.5 (8) Substantia nigra

Fig. 1. Distribution of tyrosine hydroxylase (TH) in the brains of normal controls and the
mean values of TH in the brains from patients with SDAT. Columns and bars represent
mean + SEM as percent of the mean control values for each region. * p<0.05
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Normal controls Brain region SDAT patients (% control)
(pmol/min/mg protein) TPH

0.08 + 0.05 (9) Hippocampus

0.52 + 0.13 (8) Amygdala

0.39 + C.13 (9) Sub.innominata

0.39 + 0.09 (9) Nuc.accumbens

0.29 3+ 0.08 (9) Caudate

1.07 + 0.50 (9) Putamen

1.37 + 0.35 (9) Globus pall.med.

1.33 + 0.33 (9) Globus pall.lat.

0.64 + 0.24 (6) Hypothalamus

1.58 + 0.66 (9)Thalamus med.nuc.

0.95 + 0.15 (9) Thalamus lat.nuc.

2.50 &+ 0.91 (7) Locus coeruleus

11.3 + 7.2 (8) Raphe nucleus

2.86 + 0.72 (8) Substantia nigra

Fig. 2. Distribution of tryptophan hydroxylase (TPH) in the brains of normal controls
and the mean values of TPH in the brains from patients with SDAT. Columns and bars
represent mean + SEM as percent of the mean control values for each region. * p<0.05

significant only in the substantia nigra. The SDAT values were higher
in the hippocampus and putamen than those of controls, but the differ-
ence was not significant.

TPH activities (Fig. 2) in 11 regions of the brains from SDAT pa-
tients were lower than those of controls, and the values were significant-
ly low in the globus pallidus lateral segment, locus coeruleus, and sub-
stantia nigra, and in the hippocampus, substantia innominata, and hypo-
thalamus, the SDAT values were higher than those of controls, but the
differences were not significant.

BP levels (Fig. 3) were reduced significantly in the substantia nigra
and putamen from SDAT patients, but NP contents (Fig. 4) in various
brain regions from SDAT patients did not change significantly.

More significant reduction of TPH than TH supports the previous
reports which showed the reduction of serotonin and 5-hydroxyin-
doleacetic acid (Cross et al., 1983; Arai et al., 1984), and suggests that the
serotonergic system might be more widely affected than catecholaminer-
gic systems in SDAT.

In the locus coeruleus BP content decreased significantly, and this
may be related to the noradrenergic deficits in the brains of SDAT (Arai
et al., 1984).

It is noteworthy that the decreases of TH, TPH, and BP were ob-
served in the substantia nigra.

TH and TPH are not present in serum, but BP and NP are present
in serum. Thus, serum BP and NP concentrations were measured in
normal controls and patients with SDAT. As shown in Table 2, a signif-
icant reduction was observed only in serum BP, and therefore, the



258 T. Nagatsu et al.

Normal controls Brain region SDAT patients (% control)
{pmol/mg protein) BP

0.42 + 0.13 (9) Hippocampus

1.04 + 0.26 (8) Amygdala

9.21 + 0.77 (8) Nuc.accumbens

215 + 3.1 (9) Caudate

7.29 + 0.72 (9) Putamen

10.2 + 1.3 (9) Globus pall.med.

4.90 + 1.16 (9) Globus pall.lat.

2.70 + 0.54 (6) Hypothalamus

4.71 + 0.61 (9)Thalamus med.nuc.

513 + 0.49 (9) Thalamus lat.nuc.

3.95 + 1.74 (6) Locus coeruleus

8.19 (2) Raphe nucleus

8.18 + 0.73 (8) Substantia nigra

Fig. 3. Distribution of biopterin (BP) in the brains of normal controls and the mean values
of BP in the brains from patients with SDAT. Columns and bars represent mean+ SEM
as percent of the mean control values for each region. * p<0.05

Normal controls Brain region SDAT patients (% control)
(pmol/mg protein) NP

1.20 + 0.28 (9) Hippocampus

1.76 + 0.31 (5) Amygdala

1.66 + 0.36 (9) Nuc.accumbens

2.55 + 0.45 (9) Caudate

5.25 + 1.20 (9) Putamen

2.21 + 0.56 (9) Globus pall.med.

4.18 + 0.86 (6) Globus pall.lat.

1.13 + 0.40 (6) Hypothalamus

5.18 + 1.53 (9)Thalamus med.nuc.

6.20 + 1.85 (9) Thalamus lat.nuc.

9.49 + 2.31 (6) Locus coeruleus

0.98 (2) Raphe nucleus

3.25 + 0.82 (8) Substantia nigra

Fig. 4. Distribution of neopterin (NP) in the brains of normal controls and the mean
values of NP in the brains from patients with SDAT. Columns and bars represent
mean+ SEM as percent of the mean control values for each region

NP/BP ratio was significantly increased in patients with SDAT. The
results suggest that BP synthesis from GTP may also be impaired not
only in the brain but also in peripheral tissues in patients with SDAT.

The results on the reduction of TH, TPH and BP in SDAT patients
suggest that the reduction in monoamines in SDAT may be an event
independent of the cholinergic dysfunction and may be related to reduc-
tion in monoamine-synthesizing enzymes, due to destruction of
monoaminergic neurons.
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Postreceptorial enhancement of neurotransmission
for the treatment of cognitive disorders
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Summary

Based on the assumption that the impairment of cognitive functions in
normal ageing, depression in the elderly, Morbus Parkinson or Morbus Alz-
heimer reflects the gradually different injury of the signal propagation in circum-
scribed neuronal systems due to degenerative and functional deficiencies, it is
proposed to strengthen the signalling function of the remaining intact neurons
in neurodegenerative disorders via manipulation of the intraneuronal availability
of second messengers. This is illustrated for the noradrenergic system where the
therapeutic usefulness of selective neuronal cyclic AMP phosphodiesterase in-
hibitors like rolipram or denbufylline appears particularly promising.

Introduction

The main functional changes of the central nervous system in ad-
vanced age are affective disorders and impaired intellectual performance.
Thus, the incidence of cognitive impairment in connection with mood
disturbances is most frequently observed in normal ageing, depression
in the elderly as well as neurodegenerative disorders like Morbus
Alzheimer and Parkinson’s disease. A constant finding in these condi-
tions is, beside the well known decline in cholinergic neurons in
Alzheimer’s or dopaminergic cells in Parkinson’s disease, the degenera-
tion of noradrenaline (NA) neurons in the locus coeruleus (LC) (Brody,
1976; Mann and Yates, 1979; Yijayashankar and Brody, 1979; Wree et al.,
1980; Tomlinson et al., 1981; Mann et al., 1984; Bondareff and Mount-
joy, 1986; Chan-Palay, 1989). In the present paper the central NA neuro-
transmission is taken as an example to demonstrate the pre- and postsy-
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naptic deficits of signal propagation in age-associated and neurodegener-
ative impairment of cognitive function and to show up the rationale for
treatment strategies aimed at the manipulation of the transmission pro-
cess beyond the first messengers.

Physiological aspects

In the mammalian brain the NA innervation of many subcortical and
cortical structure involved in the regulation of affect and cognition has
its origin in the LC of the brain stem (Lindvall and Bjorklund, 1983;
Levitt et al., 1984; Moore and Card, 1984). The functional significance
of the NA system of the LC has been described in numerous reviews;
according to Olpe et al. (1985) the functions of the LC can be subdivided
into a vegetative-emotional and a cognitive sphere. The former compris-
es the regulation of affects, the latter comprises the regulation of arousal,
vigilance and attention which are important for information processing
and memory.

Pathophysiological aspects
Morphological findings

A progressive loss of NA neurons of the LC takes place in the human
brain in the course of normal ageing (Brody, 1976; Mann and Yates,
1979; Yijayashankar and Brody, 1979; Wree etal., 1980; Tomlinson
et al,, 1981; Bondareff and Mountjoy, 1986) and, more marked, in
Alzheimer’s disease (Tomlinson et al., 1981; Mann et al., 1984) and Mot-
bus Parkinson (Chan-Palay, 1989).

Biochemical findings

In accordance with the loss of LC neurons, reduced NA levels
(Robinson, 1975; Adolfsson et al., 1979; Gottfries, 1980; Pradhan, 1980)
and reduced activity of catecholamine synthesing enzymes (McGeer,
1978) are found in human cerebral tissue in the course of normal aging,
in Alzheimer’s disease (Adolfsson et al., 1979; Perry et al., 1981; Iversen
et al., 1983) and in Parkinson’s disease (Riederer et al., 1977). Studies on
peripheral human tissue suggest that there is a reduction in B-receptor
mediated adenylate cyclase (AC) activation with reduced cAMP accumu-
lation in old age and in patients with Alzheimer’s disease (Ebstein et al.,
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1986). Recently a marked decrease of AC activity has been shown in the
hippocampus of patients with Morbus Alzheimer (Lemmer et al., 1989).

Electrophysiological findings

In senile animals a dramatic decrease was found in the spontaneous
discharge frequency of LC neurons, with a shift towards slow frequen-
cies as compared to juvenile animals (Olpe and Steinmann, 1982). Since
the reduction in the average discharge rate of these neurons is pre-
sumably accompanied by diminished release of NA, these findings sug-
gest a presynaptic reduction in NA turnover in old age. In addition, in
senile animals a reduced responsiveness to NA administered by ion-
tophoresis was found postsynaptically at neurons of the cortex (Jones
and Olpe, 1983) and at pyramidal cells of the hippocampus (Bickford-
Wimer et al., 1988). It was demonstrated both for the pyramidal cells of
the hippocampus and for the NA-sensitive neurons of the cortex that the

NA affect is mediated via cAMP as second messenger (Madison and
Nicoll, 1986).

Pharmacological aspects

On the basis of the findings described so far, the pathophysiological
changes in noradrenergic neurotransmission in age-associated and neu-
rodegenerative disorders are characterised by (a) a guantitative aspect
(loss of NA neurons of the LC) and (b) a gualitative aspect (functional
alterations of NA signal propagation). The functional changes affect
both the presynaptic component of noradrenergic transmission (decrease
in the discharge frequence of the remaining L.C neurons with reduction
of NA turnover) and also the postsynaptic component (decreased respon-
siveness of the effector cell to the first messenger NA and, in addition,
diminished formation of the second messenger cAMP due to reduced
AC activity).

This combination of morphological and functional pre- and postsy-
naptic deficits is thought to result in a2 marked impairment of the func-
tion of cortical and limbic projection areas of the LC which are involved
in the regulation of cognition and mood. In view of the diminished
responsiveness of the effector cells to NA a therapeutic effect of NA
agonists seems unlikely. Therefore, pharmacological manipulations
should aim at improving the deficient response of the effector cell via
mechanisms located beyond the first messenger receptors to increase the
availability of the second messenger cAMP for an appropriate physio-
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logical response (Fig. 1). Conceivable approaches are direct activation of
the catalytic subunit of AC, e.g. by forskolin, to increase the formation
of cAMP, or selective inhibition of neuronal cAMP phosphodiesterase
(PDE), e.g. by rolipram, to prevent cAMP degradation. In addition to
prevention of cAMP catabolism (Wachtel, 1982), rolipram increases the
discharge frequency of LC neurons (Scuvée-Motreau et al., 1987), in-
creases NA turnover in the CNS (Kehr et al., 1985) and stereoselectively
binds with high affinity to a cAMP PDE isoenzyme predominantly
located in hippocampal and cortical areas (Schneider etal., 1986).
Rolipram and a stable analogue of cAMP have previously been shown
to exert antiamnestic effects in animals (Chute et al., 1981; Randt et al.,
1982), indicating the usefulness of this approach for the treatment of
age-associated and neurodegenerative impairment of cognitive function.
Finally, the lack of anticholinergic effects (Ross et al., 1988; Wachtel
etal., 1988) and the clinically established antidepressant activity of
tolipram (Horowski and Sastre-y-Hernandez, 1985; Bobon et al., 1988)
might be useful additional properties for the management of affective
disturbances accompanying cognitive impairment.
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Fig. 1. Effect of rolipram on nenrotransmission in neurodegenerative disorders. Schematic repre-
sentation of the defects in noradrenergic synaptic neurotransmission in ageing and neuro-
degenerative disorders and the influence thereon of selective inhibitors of neuronal cAMP
phosphodiesterase (PDE), e.g. rolipram. Under normal conditions tyrosine is taken up by
neurones of the locus coeruleus (LC) which synthesise noradsrenaline (NA) via DOPA and
dopamine; hydroxylation of tyrosine via tyrosine hydroxylase (TH), an enzyme activated
by cAMP-dependent protein kinase, is the rate-limiting step. Depolarisation of the LC
neurone releases NA into the synaptic cleft. Activation by NA of postsynaptic p-receptors
(B) is transduced via regulatory subunits (s, §, 7) to stimulate the catalytic subunit (C) of
adenylate cyclase (AC), which forms cAMP from ATP. Part of the cAMP activates
cAMP-dependent protein kinases which regulate the cellular response of the effector cell.
Conversion of cAMP to 5-AMP by PDE is the only known enzymatic mechanism for
terminating the action of cAMP; thus PDE plays a crucial role in determining the intensity
and duration of the physiological response to the intracellular signal. Defects in signal
transmission in ageing and neurodegenerative disorders comptise a presynaptic component with
(a) loss of LC neurons, (b) decreased firing rate of the remaining neurons, (c) decreased
NA release and a postsynaptic component with (a) reduced dendritic arborisation, (b)
decreased NA receptor responsiveness, (c) decreased AC activity, (d) decreased cAMP
formation and (e) diminished effector cell response. Defective signal transmission is re-
stored by enhancement of intraneuronal cAMP availability by selective inhibition of cAMP
PDE, e.g. by rolipram: postsynaptically via prolongation of the second messenger stimulus
in the effector cell and presynaptically via (a) increased NA synthesis by cAMP-dependent
activation of TH, (b) increased firing rate of LC neurons and (c) increased NA release
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