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PREFACE

This two-volume work contains the full text of the oral and poster
presentations and the general discussion at the round table discussion of
the Second International Conference on Alzheimer's and Parkinson's Diseases:
Basic and Therapeutic Strategies, held at the Kyoto Park Hotel in
Kyoto, Japan, on November 6-10, 1989.

The First Conference was held at the Aviya Sonesta Hotel in Eilat,
Israel, on March 24-27, 1985. The record of this First Conference was
published by Plenum Press in 1986 as Volume 29 in Advances in Behavioral
Biology, under the title "Alzheimer's and Parkinson's Diseases: Strategies
for Research and Development.”" We are happy that the comprehensive texts
of the oral and poster presentations of the Second Conference could again
be published within the framework of this series.

Since the First Conference in 1985, rapid progress has been made in
both basic and therapeutic aspects of these diseases. About 700 scientists
from all over the world participated in the Second Conference, and 300
papers were presented in oral and poster sessions.

Many people and organizations have helped to organize this multi-
disciplinary international conference and hence have contributed to the
scientific quality of these two volumes. We thank the members of the
organizing committee, the organizations that provided financial support,
and the contributing scientists for their enthusiastic participation.

These two volumes follow the same publishing philosophy as the volume
derived from the First Conference. They span a broad spectrum of topics
and bridge preclinical and clinical concepts related to these diseases.
They review the old literature and emphasize new findings. They pose
important questions, which have yet to be answered, as summarized in the
round table discussion in Volume 2.

Alzhéimer's'gnd'Pafkinson‘s diseases are the most frequent age-
related neurodegenerative diseases. The idea of bridging basic and
therapeutic research and of comparing Alzheimer's and Parkinson's dis-
eases is .fascinating. - The two diseases have similarities in etiology,
in clinical and pathological features, and in drug development strategies
like the neurotransmitter-supplementation therapy.

Research on these two most common age-related diseases will present
important clues for the elucidation of the mechanism and therapy of brain
aging in general.



We hope that the two books will mark another milestone on the road
to effective treatment of Alzheimer's and Parkinson's diseases, and that
they will be a valuable addition to the libraries of many students and
scientists interested in these two devastating neuropsychiatric disorders,
in neuroscience in general, and in brain aging in particular.,

Toshiharu Nagatsu
Abraham Fisher
Mitsuo Yoshida
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Functional Principles Implied in Neurological Symptoms

Masao Ito

Frontier Research Program, RIKEN, Waki, Saitama 351-01, Japan

Characteristic symptoms of a neurological disease should reflect a specific
mechanism with which brain tissues normally operate. One may hope that a
rigorous analysis of such symptoms will easily reveal mechanisms of the central
nervous system. However, looking at the history of neurology and neurophysio-
logy, it is clear that this is not an easy task. There are two obvious reasons
for this difficulty. First, to trace from results back to a cause is in general
much harder than to deduce results from a cause. Once a central mechanism is
known, it will be relatively easy to understand symptoms derived from its
disturbance, but without knowing the central mechanism, symptoms would just be
puzzling. Second, central mechanisms causal to neurological symptoms are in fact
highly complex and in most cases, of unknown nature to any field of science.

Control Principles Represented by Cerebellar Symptoms

Dysmetria and incoordination are characteristic symptoms of cerebellar
diseases. Apparently, the cerebellum is normally responsible for orthometria and
coordination. However, how do the cerebellar tissues perform such a task, and
what is the mechanism for it ? These have been puzzling questions, but a
helpful analogy is now available in machine systems. Dysmetria is analogous to
predictive control in which precise control is performed based on preceding
experiences even without ongoing feedback. A normal person can thus accurately
touch his nose with a finger with his eye closed, i.e., without visual feedback.
Coordination signifies that a motor system effectively handles more than one
input and output at the same time, a situation equivalent to multivariable
control. These modern forms of control are all computer-aided. Without a
computer, these could not be achieved. Thus, in analogy with a machine control
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system, the cerebellum may be viewed as a computer helping neural control
mechanisms (Ito, 1979).

Entity of the Cerebellum as a Neural Computer

To say that the brain is a computer may mean little, but characterization of
the cerebellum as a sort of computer has a more concrete basis. The architecture
of the cerebellar machinery has so far been dissected to an extent where we can
grasp its operational principles as a computer (Ito, 1984).

let us assume a major signal flow pathway from the brain stem through a
cerebellar or vestibular nucleus back to the brain stem. A microzone of the
cerebellar cortex is connected to a small cell group in a vestibular or
cerebellar nucleus, and these conjointly form a cerebellar corticonuclear
microcomplex. Signals flowing from the nuclear cell group are also fed to the
cortical microzone via mossy fibers, and after information processing in the
cortical network, Purkinje cells send out inhibitory signals which modulate
the signal flow through the nuclear cells. Thus, mossy fiber signals represent
excitatory input signals driving a nuclear cell group, and at the same time,
these generate inhibitory signals of Purkinje cells which modulate the signal
flow through the nuclear neurons. By contrast, climbing fibers encode errors
produced during the performance of an entire system executed under the control
by a cerebellar corticonuclear microcomplex. Climbing fiber signals induce
long-term depression, a specific type of synaptic plasticity in Purkinje cell
synapses receiving mossy fiber signals via parallel fibers (Ito, 1989). Thus,
the relationship between mossy fiber inputs and Purkinje cell outputs will be
modified so that the dynamic characteristics of the entire system will be
improved toward minimization of the error signals

Concerning operational principles of the cerebellar cortical network, there
are two excellent models so far proposed: three-layered neuronal network models
for processing spatial information (Marr, 1969; Albus, 1971) and temporal
information (Fujita, 1982). The cerebellum is thus viewed as a perceptron-like
or adaptive filter-like neural computer, which endows various control systems of
our body with error-correcting adaptability.

Cerebellum as an Adaptive Feedforward Controller

The actual control function of a cerebellar corticonuclear microcomplex has
been studied in connection with the vestibulo-ocular reflex (Ito, 1982). The VOR
drives eyes in a direction opposite to head movement so that retinal images of
the external world will be stably maintained. Performance of the VOR requires



precision because eyes should be driven by the appropriate amount to just
compensate for head movement. Whenever the VOR performs inadequately, retinal
error signals conveyed by climbing fibers will act to modify signal transfer
characteristics of the flocculus and consequently to improve dynamic character-
istics of the VOR.

In order to interpret the floccular role in VOR, it is important to recognize
the difference between two modes of control, feedback and feedforward. A feed-
forward system lacks feedback, as typically represented by the VOR. Such a
system by itself would only perfom poorly, because its performance is not
corrected by feedback. However, when attached with an adaptive mechanism for
self-correction, as the flocculus is attached to the VOR, it can perform a
precision control. An important conclusion of cerebellar physiology is that a
cerebellar corticonuclear microcomplex constitutes such an adaptive feedforward
control system.

Cerebellar aid of cerebral function

Learning by practice is a characteristic feature of our voluntary motor
control. This feature can be represented by combination of a feedback control
and adaptive feedforward control, both acting on the skeletomuscular system as a
common control object (Ito 1990). Initially, movement is performed in a feedback
mode, but during exercise, the feedforward system would complete adaptation and
take over the feedback control. When this scheme is applied to brain structures,
the feedback system may be located in the cerebral cortex, and the adaptive
feedforward system in the cerebelium. In a learned state, a voluntary movement
would be performed through the cerebellar adaptive system in a feedforward
manner, so that feedforward control such as the finger-to-nose test reveals a
cerebellar disorder.

Probably, the same scheme applies to a mental control, such as silent arith-
metic counting, where one area of the cerebral cortex would act as a controller
and another as a a control object. Here again, the cerebellum is viewed as an
adaptive feedforward controller. A control which is initially performed by a
cerebral cortical area by referring to feedback will gradually be taken over by
the cerebellar feedforward controller adapted through repeated practice.
Contribution of the cerebellum to silent counting has recently been suggested by
a positron emission tomography study (Ingvar, 1989).

Control Principles of Basal ganglia

The basal ganglia act not only upon the brain stem, but also upon the cerebral



cortex as one of the so-called subcortical trio (cerebellum, basal ganaglia and
thalamus). While the cerebellum helps the cerebral cortex by providing an
adaptive feedforward control mechanisms, what role is played specifically by the
basal ganglia ? Do the characteristic symptoms of basal ganglia disorders
imply such a role ?

When akinesia and chorea are taken as characteristic symptoms of basal ganglia
disorders, some stabilizing action of the basal ganglia upon operation of other
brain tissues is suggested. Akinesia may be viewed as an overstabilized state,
while chorea is apparently a less stabilized state. This stabilization concept
may find a counterpart in the active control technology for highly complex
vehicles such as aeroplane or space rocket (Ito, 1986). These complex systems
require augmentation of control, and at the same time augmentation of stabili-
zation. These two purposes cannot be achieved by a single device, and there must
be independent devices dedicated to each purpose. While the cerebellum serves
for augmentation of control, could the basal ganglia be an organ specifically
evolved for augmentation of stabilization of highly complex systems of our
body ? Augmentation of stabilization could be achieved with intensification of
negative feedback. Can one speculate that the basal ganglia are something like
an optimal regulator, as typically represented by Calman filter, utilized for
feedback of an internal state of a complex system ? There is still a large gap
in our current knowledge of the basal ganglia at cellular levels, but such
modelistic consideration on the function of basal ganglia should be more
encouraged.

Limbic System and Dementia

A characteristic feature of dementia is that emotional behavior involving food
and sex becomes abnormal. This reminds us of a conspicuous symptom of destruc-
tion of the limbic system, especially the amygdala. An animal with lesioned
amygdala becomes indifferent to fearful stimuli. He also become hyperactive in
sexual behavior and approaches food as if it is a sexual partner. Biological
values of stimuli appear to be confused in such an animal. Thus, the symptoms of
amygdala lesions would suggest that the amygdala is a specific organ evolved for
biological evaluation of external stimuli. The limbic system also includes the
hippocampus, which apparently plays a key role in cognitive memory and learning.
A recent report that the amygdala and hippocampal regions are atrophied in
dementia patients (Matsuzawa, 1989) is in accordance with these postulated
limbic system functions.

Comment

While diverse symptoms are all products of the elaborate neuronal machinery of



our brain, many of them emerge from mechanisms of unknown scientific nature.
Neurological and psychiatric symptomatology will continue to provide insight
into the profound mechanisms of the brain.
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THE NEUROBIOLOGY OF ALZHEIMER'S DISEASE

Peter Davies
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INTRODUCTION

It is not possible in the space permitted to provide
anything like a complete overview of the neurobiology of
Alzheimer's Disease. I will thus simply attempt to 1dent1fy
the key questions raised by recent advances in this field. A
much more comprehen51ve review of recent developments 1n
selected areas of this research was recently published in
Neurobiology of Aging (1).

AMYIOID

Deposition of amyloid is one part of the formation of
neuritic or senile plaques in Alzheimer's Disease. Other
elements comprising the plaque are degenerating neurocnal
processes, microglial cells and reactive astrocytes (2).
There is now some understandlng of the nature of the amyloid
deposit, following the publication of a partial peptide
sequence (3), and the successful cloning of cDNA's that
encode the sequence (4,5). Alternate sp11c1ng appears to
result in the synthe51s of at least three different mRNA' s,
and hence three possible precursors of the deposited peptide
(6,7, 8) It appears that all three precursors are at least
tran51ently inserted in the cell membrane, and that
proteolytic cleavage may result in the release or secretion
of truncated protelns. Many cell tyres can produce the
potential amyloid precursors, although the shorter form
(called APP695) appears to be present in higher levels in
neurons than in other tissues. An important questlon for
future work is the cellular source of the material which is
deposited in plgques, and the identification of the precursor
(s) that is cleaved or processed to yield the insoluble
deposit.

Recent work show1ng that two forms of the presumed
amyloid precursor include a protease inhibitor domain (6,7,8)
have now been complemented by the suggestion that these are
in fact a previously identified molecule described as
protease nexin II (9). It is obvious that over the next few
years we will see much published work on the possible role of
proteases in the generation of amyloid. The function of nexin
II in the normal brain must now be an important priority, and
special attention to the possible role of this protein in
interactions with growth factors (9) should be informative.
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Perhaps even more important will be studies of the effects of
amyloid deposition on neurons.

It is now clear from immunopathologic studies that
amyloid deposition is much more common and widespread that
was previously apparent. I believe we will have to revise our
definitions of what constitutes a plaque. Certain histologic
techniques do not allow distinction between amyloid deposits
without detectable neuronal degeneration, and more
classically defined neuritic plaques, the letter usually
containing both amyloid and dystrophic neurites (as well as
the glial elements mentioned above). It will be important for
future studies to define plaques on the basis of the elements
present: sensitive immunocytochemical techniques now exist to
allow visualization of amyloid (10,11), the neuritic
components (eg, Alz-50 (12)), as well as glial cells (egq,
GFAP, (11)). These will be especially important given that
the presence of amyloid deposits does no appear to correlate
well with cognitive dysfunction (10), and older histologic
studies demonstrated that several individuals could be found
free of obvious dementia but with numerous senile plaques
(13,14) . As these studies did not classify plaques according
to their composition, it is unclear what precisely was being
included in the total plaque count. As both amyloid
deposition and Alzheimer's Disease both increase in frequency
with age, it is likely that elderly patients will have
amyloid plaques, neuritic plaques, and in some cases,
probably both. The association of these lesions with specific
aspects of cognitive function will need to be evaluated with
immunopathologic techniques. Such studies are in progress at
our institution (eg, 15).

Although recent work suggests that a high proportion of
the elderly develop amyloid plaques, a considerably smaller
percentage develop the neuronal abnormalities and severe
cognitive dysfunction characteristic of Alzheimer's Disease.
There are two ways to interpret this observation. First,
amyloid deposition may be the first detectable sign that
Alzheimer's Disease has begun. After some time period which
is probably lengthy, the amount or location of amyloid would
begin to lead to degenerative changes in neurons,
precipitating the numerous other abnormalities of the
Alzheimer brain. In this scenario, the deposition of amyloid
would be the prime target for therapeutic strategies:
stopping this process would prevent the neuronal involvement.
However, it appears possible that in Alzheimer patients we
are seeing the results of two independent processes; the age
related deposition of amyloid and the deposition as a result
of a neuronal degeneration.

To propose these two different views of the possible
role of amyloid in Alzheimer's Disease without a means to
distinguish which is more likely would be armchair science.
Although the development of testable hypotheses in this area
is difficult, there are a number of different strategies
which might be employed. Rapid and extensive amyloid
deposition might be achieved through the use of transgenic
mice using various constructs of the precursor cDNA's or
genomic fragments from the amyloid precursor gene. A
potential problem might lie in the limited life span of the
mouse: we do not yet know how long amyloid would have to be
present to induce the presumed neuronal pathology. Because we
do not know the cellular source of amyloid, it is unclear
which cells should be induced to over-express the transgene.
Neurons of the cerebral cortex and hippocampus would probably



be the cells of first choice, but not all workers would agree
with that statement (eg, 16). Although little has been
published to date, I am aware of numerous groups attempting
to employ transgenic techniques to address questions in this
area.

Another way to address this question might be more
careful evaluation of the types of lesions present in
patients with Alzheimer's Disease of widely different ages.
If amyloid dep051t10n occurs first in all cases, then it
should be possible to show that the relative number of
amy101d plaques (without a neuritic or gllal component)
remained stable as the age of the patlents increased. This
would imply that all: patients experienced the same basic
process: amyloid deposition followed by neuronal involvement,
regardless of the age of onset. On the other hand, if age and
Alzheimer's disease lead to amyloid deposition by different
mechanisms, one would predict that younger patients would
have fewer amyloid plaques, and the younger the patient, the
greater the percentage of neuritic plaques. In at least some
situations, neuritic plaques can form with much evidence for
amyloid deposition (17). It would be essential to use the
best available antlbody techniques for the above studies,
since hlstologlc techniques rarely allow precise and
sensitive identification of the number or type of lesion
present (see 2).

To summarize this section, the most compelling questions
at present concern the nature and function of the potential
amyloid precursor in normal brain, the processing events
respons1b1e for the formation of amyloid dep051ts in both
aging and Alzheimer's Disease, and the significance of
amyloid de9051t10n for the development of neuronal
abnormalities and cognitive dysfunction. We now have many of
the tools with which to pursue these fundamental questions.

NEUROFIBRILLARY TANGLES

This author regards the presence of a neuroflbrlllary
tangle in a neuron as the penultlmate stage in the process
leadlng to neuronal loss in Alzheimer's Disease. This is best
appreciated in the entorhinal cortex, where numerous neuronal
profiles appear to have tangles, and yet no cytoplasm or
nucleus remains (18). Clearly, these "tombstones" are the
result of the demise of the cell in response to increasin
levels of pathologlc changes. Numerous protein abnormalities
can be v1suallzed both in neurons with neurofibrillary
tangles, and in some cases in neurons and neuronal processes
in which no tangle is detectable. These abnormalities are
prominent in proteins of the cytoskeleton, such as
neurofilaments, microtubule associated proteins, tubulin and
actin (reviewed in 19). It is also apparent that levels of
several neurotransmitters and their associated enzymes are
also markedly abnormal in affected regions of the Alzheimer
brain (20). What is not yet clear is the temporal order of
these numerous abnormalities. As with the formation of the
neuritic plaque, there is a cascade of changes leading to the
production of the 1es1on, but a great deal of uncertalnty
about the sequence in which these occur, and very little
information about mechanisms of lesion formation.

An apparently early event in the development of neuronal
pathology in Alzheimer's Disease is the appearance of
immunoreactivity with the monoclonal antibody Alz-50.



Orlglnally produced using ventral forebrain tissue from cases
of Alzheimer's Disease as the 1mmunogen (12), Alz-50 stains
many neuronal elements in the Alzheimer brain, but
demonstrates little reactivity with the normal adult brain.
Although there may be low levels of reactivity with tissues
from cases of other neurologlc diseases (12,18,21), the
presence of extensive immunoreactivity is, to date, unique to
Alzheimer's Disease.

Alz-50 immunoreactivity is found in neuronal perikarya
contalnlng neuroflbrlllary tangles, in neurites involved 1n
neuritic plaques, and in neurons and neurop11 elements that
do not appear abnormal by other histologic or
1mmunocytochemlca1 methods (12,18,21). There is no react1v1ty
with amyloid deposits, nor w1th tombstone tangles. Light
microscopy suggests that the antigen is present in the
cytoplasm of neurons, throughout both axons, cell bodies and
dendrites, as well as in the dystrophlc processes of neuritic
plaques. This interpretation is supported by studies
demonstratlng the perforant pathway in the Alzheimer brain,
through studies of the cell bodies and terminals making up
this pathway (24). The 1mmunoreact1v1ty appears to be due to
the presence of a protein of apparent molecular weight 68,000
daltons, which we have designated A68. To date, A68 has not
been detected in the normal human brain (12). A68 or a
similar protein may be present transiently during human brain
development (22).

The appearance of A68 in neurons that are not abnormal
by other histologic criteria suggests that 1t appears before
many of the other abnormalities of neurons in Alzheimer's
Disease. We are currently attemptlng to test the validity of
thls hypothesis through studies of Down's Syndrome cases of
various ages. A68 is expressed in older (aged 50 and above)
Down's individuals (20,22), but we do not yet know at what
age 1t first appears. These studies have taught us the valv
of u51ng immunocytochemical technlqueS‘ both amyloid and
neuritic elements are detected with much greater sen51t1v1ty
than with histologic techniques (Mattiace et al, unpublished
data).

We are currently attempting to determine the nature and
p0551b1e role of A68. Although Alz-50 shows some cross-
react1v1ty with tau (23), A68 has very distinct biochemical
properties. A68 has been purlfled to near homogenelty
(Greenberg et al, in preparation), and sequencing studies,
whlle hampered by an apparently blocked N-terminus, are
ongoing. Our goal is to attempt to determine the relationship
between the appearance of A68 and the development of the
other protein abnormalities of Alzheimer's Disease. Perhaps
this early marker is another consequence of dlsordered
neuronal metabolism, or perhaps it is a partlclpant in the
sequence of degeneratlve events. At the least, it allows
identification of neurons that have not progressed far down
the path of changes that ultimately lead to cell death.

In summary, we now know of several spec1flc
abnormalities in neurons of the Alzheimer brain. Many of
these have been discovered in just the last few years. The
challenge now is to determine the temporal sequence of these
changes, and to find either a common mechanlsm by which they
occur, or at least 1dent1fy how these various abnormalities
1nteract to produce neurofibrillary tangles, and ultlmately
result in neuronal loss. It seems likely that understanding
how and why neurons become so disordered will be necessar
for the development of rational therapies for this condition.
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IN NORMAL AND PATHOLOGICAL AGING
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INTRODUCTION

Although the life span of living organisms is ultimately determined by
their genes, environmental factors are also important. The well-known
"squaring off" of human survival curves illustrates this interaction. Also
the general health of aged people appears to improve continuously, and this
includes the mental health (Svanborg et al. 1986). In fact, the picture of
senile dementia, i.e. "second childishness, mere oblivion" (quoted from "As
you like it"), was familiar to William Shakespeare, even though very few
people in his time reached the age when this condition starts to become
prevalent in our time. This is encouraging, because it strengthens the hope
that further environmental improvement as well as therapeutic/prophylactic
measures will prove successful.

When trying to better understand what is going on in the aging brain,
the neurotransmitter strategy has perhaps proven especially fruitful so
far. It may help to identify the mechanisms immediately responsible for
functional deficits and the underlying, long-term processes, and may thus
be used for formulating strategies for treatment as well as prevention. The
successful research on Parkinson's disease is often referred to as a model
in this context.

MECHANISM OF THE AGE-RELATED CONFUSION LIABILITY

The liability to confusion or delirium in response to stress is gene-
rally recognized as a characteristic sign of the reduced vitality of the
aging brain, which may otherwise function normally. In dementia it takes
even less of a stressful impact to induce confusion. The mechanism under-
lying this increased vulnerability is thus of considerable interest. A
starting-point is provided by the fact that confusional/delirious states in
old age are efficiently alleviated by neuroleptics, i.e. predominantly
antidopaminergic agents. Some neuroleptics have, in addition, alpha-adren-
ergic blocking properties (see Carlsson 1978). Although this does not seem
essential for their therapeutic efficacy, it may contribute. In favor of
this assumption is the likely involvement of locus ceruleus and the central
noradrenergic system in stress reactions (see Elam 1985).

The efficacy of the neuroleptics indicates an imbalance involving a
predominance of the dopaminergic system somewhere in the brains of deli-
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rious people. A hyperdopaminergic state in absolute terms is unlikely, as
the level of dopamine goes down with age. In fact, dopaminergic neurons
appear to belong to the most age-sensitive neurons of the human brain (see
Carlsson 1981). The 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 indicated by an
increased HVA/DA ratio (see Carlsson 1988a).

A moderate, age-related involution of the dopaminergic system may, in
fact, be favorable by reducing the risk of confusion or psychosis. This may
be true also of the noradrenergic system, which is also 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 the cholinergic
system can be ruled out because it seems to be more resistant to normal
aging than dopamine (see Carlsson 1981). (However, in Alzheimer's disease
the reduction of the cholinergic system, compared to age-matched controls,
is more severely affected 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 inhibitors.
They observed that citalopram is capable of alleviating certain symptoms,
including confusion, in demented patients (Nyth et al. 1987, 1988). Their
observation is particularly interesting in view of the well-documented,
marked reduction of the serotonergic system in dementia of Alzheimer type
(see Carlsson 1988 a, Arai et al. 1984, Nagatsu and Iizuka 1989). Thus the
increased confusion liability, at least in senile dementia, may be at least
partly due to a serotonergic deficiency. However, recent neuroanatomical
data suggest that other systems should also be considered.

STRIATUM: AN INHIBITORY STRUCTURE CONTROLLED BY THE CEREBRAL CORTEX

The profound action of neuroleptics on cortical functions, as indicated
by their antidelirious and antipsychotic effects, is not necessarily due to
a primary effect of these agents on the cerebral cortex. Both postmortem
and more recent PET data indicate that the level of dopamine and the den-
sity of dopamine D-2 receptors, i.e. the subtype acted upon by most neuro-
leptics, are extremely low in the human cerebral cortex (for references,
see Carlsson 1988b). Thus, not only the extrapyramidal but also the mental
actions of neuroleptic drugs may depend largely 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 struc-
ture (see Nauta, 1989).

There is an increasing awareness of the role of the striatum as an in-
hibitory structure, acting on a variety of both motor and mental functions.
The main targets for the dorsal and ventral striatal complexes, which besi-
des the striatum include their ‘"relay stations", the dorsal and ventral
pallidum, respectively, appear to be the thalamus and the mesencephalic
reticular formation. We have proposed that the inhibitory function of the
striatum is at least partly brought about by restricting the flow of senso-
ry information relayed through the thalamus on its way to the cortex and by
counteracting the 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
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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 tha-
lamus and increase the level of arousal. The noradrenergic and serotonergic
systems, which originate in the mesencephalic reticular formation 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 here,
it will include other endogenous excitatory amino acids and related molecu-
les, such as aspartic acid and quinolinic acid.) This pathway is excitatory
and will thus enhance the inhibitory function of the striatum and counter-
act the dopaminergic influence. Apparently we are dealing here with a nega-
tive feedback loop, arising 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 feed-
back loop the cortex should be able to control the flow of sensory infor-
mation 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 neuroanatomy
of the striatum and its afferent and efferent connections, see Heimer et
al. 1985, Selemon and Goldman-Rakic 1985, Goldman-Rakic and Selemon 1986,
Bjorklund and Lindvall 1986, Alexander et al. 1986, Penney and Young 1986,
Nauta 1989, Albin et al. 1989).

Our hypothesis is supported by the fact that Parkinsonian symptoms can
be alleviated by neurosurgical lesions in the pallidum or in certain tha-
lamic nuclei. Especially impressive are the results reported by Narabayashi
(1988), demonstrating marked improvement of Parkinsonian rigidity and tre-
mors, respectively, following discrete lesions in two adjacent thalamic
structures.

Some recent animal data emphasize the importance of glutamatergic
mechanisms, and more specifically, those mediated via NMDA receptors, for
psychomotor activity (M. Carlsson and A. Carlsson 1989 a and b, M. Carlsson
and Svensson 1990). Blockade of these receptors in mice and rats by the
specific, noncompetitive NMDA antagonist MK-801, exerts a pronounced stimu-
latory action on psychomotor activity, and that this effect, contrary to
earlier belief, is largely independent of catecholaminergic mediation.
Moreover, we find that already a partial blockade of NMDA receptors induces
a marked increase in the responsiveness to the stimulating actions of the
dopaminergic agonist apomorphine, the alpha-2-adrenergic agonist clonidine,
and the muscarinic receptor antagonist atropine. We feel that the corti-
costriatal glutamatergic pathway is a good candidate for the antagonist to
dopamine that we were looking for. Thus, we propose that the age-related
increase in the liability to confusional/delirious states may be due to an
insufficient capacity of the corticostriatal glutamatergic system to coun-
terbalance 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.
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.

Our own experiments are so far limited to systemic drug injections, but
our interpretations concerning the role of the corticostriatal glutamaterg-
ic system are supported by data, showing that stimulation and blockade of
NMDA receptors in the striatum by locally applied specific agonists and
antagonists will inhibit and stimulate psychomotor activity, respectively
(Schmidt and Bury 1988, Raffa et al. 1989).
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LONG-TERM ASPECTS OF THE AGING PROCESS

The last part of this paper will be devoted to the area of oxygen toxi-
city. Even if we are dealing here with a rather special case of oxygen tox-
icity, it may have some general implications and may, in fact, serve as a
model. The study of free oxygen radicals and how they are controlled by the
complex antioxidant system present in tissues and body fluids, is somewhat
elusive, indicating a need for additional experimental models.

The autoxidation of dopamine may be harmful in two respects. Firstly
superoxide anions, that is free radicals, are formed, and secondly dopamine
is converted to 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 occur-
rence of which is thus considered to support the existence of this autox-
idation process, albeit at a low rate. It has been proposed that the autox-
idation process may be responsible for the age-related loss of dopaminergic
neurons as well as for Parkinson's disease. Possibly autoxidation-induced
cell damage can be enhanced by a failure of the protective antioxidant sys-
tem or 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 with glutathione and cysteine. We have identified 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 dopa-
mine is released intraneuronally by reserpine (Fornstedt and Carlsson
1989), but not when it is released into the extraneuronal space by ampheta-
mine. The ratio 5-S-cysteinyl-dopamine/dopamine is higher in the human
brain than in other species investigated. It is also higher in the substan-
tia nigra than in the terminal regions, suggesting at least a partial cor-
relation to the occurrence of neuromelanin. In human brain analyzed post-
mortem 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 (Fornstedt et al.
1989). To examine this phenomenon more closely we calculated the ratio
5-S-cysteinyl-dopamine/DOPAC. The rationale for doing so is that both the
formation of 5-S-cysteinyl-dopamine and DOPAC occur largely, if not exclu-
sively, intraneuronally in the cytoplasm of dopaminergic neurons. Thus a
change in this ratio would indicate a switch from one metabolic process to
another. There appears, in fact to be such a switch. There is a considerab-
le 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 indi-
vidual who had Parkinson's disease, and a few patients who had mild demen-
tia, possibly to be considered normal for the age. Low dopamine levels, and
thus a low number of surviving dopamine neurons, were correlated to a high
5-S-cysteinyl-dopamine/DOPAC ratio and thus apparently to a high rate of
dopamine autoxidation. The highest ratio was found in the Parkinson case.

It is of course impossible to draw any conclusions about causal rela-
tions 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.

CONCLUDING REMARKS
In the search for the mechanisms underlying the aging process and for

approaches to alleviate the resulting functional losses, the neurotransmit-
ter strategy appears to offer great promise. This strategy is based on the
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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 neuro-
transmitters 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 excito-
toxins.
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MOLECULAR GENETICS OF ALZHEIMER'S DISEASE

John Hardy

Department of Biochemistry and Molecular Genetics
St. Mary's Hospital Medical School
London W2 1PG, England

INTRODUCTION

St. George Hyslop and colleagues (1987) reported that familial
Alzheimer's disease was caused by a locus on the long arm of chromosome
21. In a cohort of families with early onset of disorder (<60 years), we
have confirmed this observation (Goate et al., 1989). However, two
groups (Schellenberg et al., 1988, Pericak-Vance et al., 1988) have failed
to find evidence of linkage to chromosome 21 in families they have studied.
The purpose of this article is to discuss possible reasons for this
discrepancy.

GENETIC LINKAGE REPORTS

Persons with Down's syndrome (trisomy 21), apparently inevitably,
devlop the pathological features (beta-amyloid containing plaques and
neurofibrillary tangles) of Alzheimer's disease (Olsson and Shaw 1969).
This observation made chromosome 21 a candidate chromosome for Alzheimer's
disease. St. George Hyslop and colleagues used linkage analysis to
examine the segregation of genetic markers from this chromosome in four
extended pedigrees with early onset (<60 years), autosomal dominant
Alzheimer's disease. They reported that the disease was genetically
linked to two loci on this chromosome (D21S1/S11 and D21S16). We (Owen
et al., 1990) and others (Van Broeckhoven et al., 1988) have mapped the
locus D21S16 as the most proximal polymorphic marker on the long arm of
the chromosome. Genetic and physical mapping of this section of the
chromosome has led to the mapping of several genetic markers in the
interval between D21S1/S11 and D21S16 (Tanzi et al., 1988, Warren et al.,
1989, Van Broeckhoven et al., 1988, Owen et al., 1990). Using some of
these markers (S1/S11, S52, S13 and S16), we were able to demonstrate
linkage to the Alzheimer's disease locus in six families, selected at
random from our cohort of families with an early onset of disorder
(seletion criteria; 3 or more family members affected with a mean onset
of >60 years) (Goate et al., 1989).

Diagram of showing order of genetic loci on proximal long arm

Centromere-S16-S13-559-852-S4-S1/S11-Beta-amyloid- - Telomere

Our genetic analysis confirmed that of St. George Hyslop and
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colleagues (1987), but suggested that the disease locus was more likely
to be centromeric of S1/S11 than telomeric of this locus. Genetic
analysis of two other pedigrees with a very early onset of disorder

(ca. 35 years) by Van Broeckhoven and colleagues (1989 and unpublished)
has suggested that the disease locus may be centromeric of D21S16. If
this localisation of the disease locus relative to the genetic map of
the chromosome is correct (and by the nature of the analysis, this
localisation can only be considered provisional), then the marker S1/S11
is some distance from the disease locus.

Schellenberg and colleagues (1988) and Pericak-Vance and colleagues
(1988) have both used many families with a late onset of illness in
their genetic analyses. In addition, Schellenberg and colleagues used
many families from a cultural isolate, the Volga Germans, who have a
particularly high incidence of Alzheimer's disease, probably due to a
founder effect. 1In both reports, the data derived from outbred families
with an early onset of illness, are consistent with the positive reports
described above. However, niether the families with a late onset of
illness, nor the Volga Germans- showed evidence for linkage to chromosome
21. We too have not been able to find evidence for linkage between
Alzheimer's disease and chromosome 21 markers, if we restricted our
analysis to families with a late onset (greater than 65 years).

Table 1. Linkage analysis of Chromosome 21 markers and late onset
familial Alzheimer's disease.

Genetic Distance 0.00 0.05 0.10 0.20 0.03 0.04
D2181/S11 -6.00 -2.90 -1.93 -0.88 -0.34 -0.09
D21S13/S16 -0.10 0.01 0.06 0.08 0.03 0.04

This analysis was performed on 6 families with Alzheimer's disease
with an onset of greater than 65 years, using a gene frequency for
Alzheimer's disease of 0.0l. If a gene frequency of 0.05 were used, or
a high phenocopy rate, or both, the effect was a flatten out of the
curve. A value of -2.00 is taken as evidence against linkage. On this
basis, the analysis above suggests that the Alzheimer's disease locus
cannot be with a recombination fraction of 10% of D21S1/S1l1. There is
no evidence, either for or against linkage to the D21S13/S16 locus.

The Taql polymorphisms of S11 and S13, the BamHI polymorphism for Sl
and the Xbal polymorphism for S16 were used in the analysis.

Possible reasons for failure to observe linkage to Chromosome 21

There are four possible reasons why linkage between Alzheimer's
disease and markers on chromosome 21 may not be observed:

(1) reports of linkage are incorrect

(ii) non-allelic genetic heterogeneity

(iii) technical reasons (disease locus on chromosome 21 but linkage
not observed)

(iv) aetiological heterogeneity.

(i) Linkage reports are incorrect.

This would seem unlikely, as the original report has been confirmed
(Goate et al., 1989) and others have positive data (Van Broeckhoven
et al., 1988 and in preparation: Heston et al., unpublished).

(ii) Non-allelic genetic heterogeneity
This hypothesis is that cases of familial Alzheimer's disease can be
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caused by genetic loci on cther chromosomes. This hypothesis would be
proved by the observation of such linkage in pedigrees which have not
shown linkage to chromosome 21. However, the fact that four groups have
independently observed linkage (above references), suggests that a large
proportion of other families with a similar phenotype (most cases in the
positive reports have an early onset of illness) must be caused at the
chromosome 21 locus.

(iii) Technical reasons

Much of the data suggesting that familila Alzheimer's disease may not
be caused on chromosome 21 have been derived using D21S1/S1l. However,
as described above, this marker may be some distance from the disease
gene. This may have led to linkage not being observed. The development
of more genetic markers around the previously uninformative D21S16 locus
(Van Broeckhoven et al., 1990, Walker et al., 1990) will allow genetic
linkage to this section of the chromosome to be tested more rigorously.

A particular problem in the application of linkage stratagies to
inbred populations, such as the Volage Germans, is the possible and
unrecognised occcurence of disease homozygotes. If this has occurred,
this too might have led to linkage not being observed, even though the
disease gene was on chromosome 21.

(iv) Aetiological heterogeneity

In our genetic analyses, we assume that the disease is genetic in
aetiology. This is a safe assumption in large pedigrees where the
pattern of autosomal dominance is well established. It becomes less
safe in small pedigrees with few affected members. Here, we assume
autosomal dominant inheritance only by analogy. Furthermore, as the
disease is very common in the elderly, it is possible, even likely,
that if the non-genetic disorder (phenopies) is common, then familial
aggregatin will also be common.

We have analysed how frequently the disease would appear as an auto-
somal dominant in a small nuclear pedigree if it was never genetic in
aetiology. We have postulated a population of families with four
children ascertained by affected proband, and determined how frequently
that both, one of the parents and one further sib would be affected by
disease. Our modelling suggests that the disease would cluster in
families with a mean onset of less than 60 years only once in 50,000
probands; however, in families with a mean onset of 85 years, it would
cluster once in every 16 probands (Hardy et al., 1989). This simple
modelling suggests that Alzheimer's disease in the elderly will
frequently be familial even if it is not genetic. Thus, use of pedigrees
with an onset in the range 65-90 years for linkage analysis makes the
implicit assumption that most or all cases of the disease are genetic in
aetiology. While some groups maintain this to be so (e.g. Breitner etal.,
1988), most workers do not share this view. Further epidemiological
investigations of the familial clustering of Alzheimer's disease in the
old and very old are required to determine the proportion of genetic and
non-genetic cases. Of course, it is also likely that many cases of the
disease are caused by interactions between the genome and the environ-
ment: if this is ture, then it too will complicate linkage analysis.

These four explanations are not mutually exclusive.

DIRECTIONS FOR FUTURE WORK

Before substantive progress can be made toward isolating the genetic
locus causing Alzheimer's disease, the issues relating to apparent
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heterogeneity will have to be resolved. Fine genetic mapping requires the
interpretation of individual recombinant events. If familial Alzheimer's
disease is heterogenous in a non-predictable way, mapping the causative
locus will be very difficult except through the use of the few large
families because in small pedigrees, one will not know whether the
disease is caused by the chromosome 21 locus. The issue of heterogeneity
is likely to be resolved by the development of new polymorphic markers

on the proximal long arm of chromosome 21, by the testing for genetic
linkage elsewhere in the genome and by the joint analysis of all the
available linkage data. Work in these directions is currently in
progress.
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PROTEINS AND PROTEOLYSIS IN THE PATHOGENESIS OF ALZHEIMER'S

DISEASE
George G. Glenner
University of California, San Diego
Pathology Department (M012)
La Jolla, california 92093
INTRODUCTION
Investigations concerning the pathogenesis of

Alzheimer's disease initially focused on neurotransmitters,
enzymes involved in their synthesis and their neuronal
receptors. It eventually became apparent that abnormalities
in neurotransmitter systems were probably not the cause of
Alzheimer's disease, but rather the result of it, i.e. dead
or dying neurons failed to synthesize the neurotransmitters
and receptors found to be depleted in this disease. Since
the major pathological findings in Alzheimer's disease are
neuronal loss, neurofibrillary tangles, senile plaques and
cerebrovascular amyloidosis, a major emphasis on delineating
the nature of these lesions appeared to offer an approach to
the understanding of the nature of this disease. These
studies employing protein chemistry have resulted in new
pathologic concepts and the introduction of molecular
biology in the deciphering of the ©pathogenesis of
Alzheimer's disease.

Proteins and Proteolysis

Earlier studies on amyloidosis had revealed that one of
the mechanisms of formation of the B-pleated sheet fibrils
characteristic of amyloid deposits was by proteolysis of the
protein precursor of the fibril2. Those amyloid deposits
for example composed of the N-terminal variable region of
immunoglobulin light chains in such disorders as multiple
myeloma are created by proteolytic cleavage of the intact
light chain to produce B-pleated sheet (amyloid) fibrils3.
The presence of cerebrovascular amyloidosis in over 90% of
Alzheimer's disease cases prompted us to isolate the
leptomeningeal vessels from such cases and purify from them
the amyloid fibril protein. After extraction in 6 M
guanidine, chromatography on a G-100 Sephadex column and
HPLC reverse phase chromatography, a 4.2 kilodalton protein,
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B protein, was isolated and its amino acid sequence was
found to be unique and previously unreportedS.

Since adult Down's syndrome individuals are known to
have the same lesions as Alzheimer's disease in 100% of
cases, the amyloid protein from the leptomeningeal vessels

of such cases was also purified®. This protein was
essentially identical to the B protein isolated from
Alzheimer's disease patients. It was therefore concluded

that B protein was encoded by a gene on chromosome 216,

Four independent groups have isolated cDNA clones coding
for the amyloid B protein precursor (BPP) by the use of
oligonucleotide probes based on the amino acid sequence of
the B protein. Through the use of somatic cell hybrids the
gene coding for the BPP was localized to chromosome 217. An
analysis of an apparently full-length clone showed the gene
contains an open reading frame coding for 695 amino acids.
A small segment of this putative BPP near the carboxyl
terminus is identical with that of the B protein. It was
suggested that the 695 residue BPP is a glycosylated cell-
surface receptor of approximately 79 kbDa®. The B protein
segment includes part of the membrane-spanning region and
part of the adjacent extracellular domain. Two variants of
BPP having 751 and 770 amino acid residues contain an insert
corresponding to a Kunitz-type inhibitor?. A familial
Alzheimer's disease (FAD) gene marker was also reported on
chromosome 2110 |,

B Protein Antisera Localization

Antisera raised to the B protein were reactive with
intracortical amyloid-laden vessels and with senile
plaquesll. These results strongly suggested that the
amyloid fibrils constituting the vascular deposits
throughout the cerebrum as well as the amyloid core of
senile plaques were composed of a protein sharing antigenic
determinants with B protein. 1In view of the fact that the
vascular amyloid deposits resided in identical morphologic
sites as that seen in systemic amyloidosis such as that of
the AL and AA type in which dissemination of the amyloid
fibril precursor is via the blood stream (3,4), it was
suggested that here too vascular deposition of the B protein

was via the 8PP in the serum. Recent immunochemical
evidence of a protein in the serum reactive to BPP
antibodies lends further support for this mechanisml2. The

reason for the localization of the amyloid deposits solely
to the cerebrum in Alzheimer's disease and Down's syndrome
can be attributed to the difference in the proteolytic
enzyme complement between cerebral and peripheral
endothelial3.

Further application of antibodies to the B protein has
revealed diffuse granular (Type 4) and non-neuritic, non-
amyloidotic plaque-like deposits (Type 3) as one of earliest
lesions in the cerebral tissue in both Alzheimer's disease
and Down's syndrome individualsl>. These lesions do not
shown fibrillar deposits but rather consist of election
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dense sheaves and rodsl®é and apparently represent a
preamyloid stage in plaque formation. It now appears that
there exists a temporal sequence from the B8 protein
immunoreactive granular deposits to ill-defined non-neuritic
and non-amyloid plaques to diffuse plaques containing
amyloid fibrils and finally plaques with a compact amyloid
core. These results and the recent immunohistochemical
evidence that an antiserum to the N-terminal portion of BPP,
which excludes the B protein residues, reacts with diffuse
plaques17 suggests that the BPP enters the neuropil through
an incompetent blood-brain barrier predominantly at the
level of compromised capillariesl® and is proteolytically
cleaved in situ into amyloid fibersl?.

The BP Gene and the Familijial Alzheimer's Disease Gene Marker

The possibility that an increase in the gene dosage of
the B protein ?ene may lead to amyloid fibril formation has
been presentedl®, but not confirmed20. Originally it was
believed that the amyloid B protein gene and the FAD gene
marker on chromosome 2110, were linked; but this has not
been corroborated?l, suggesting that the gene abnormality
associated with the familial form of the disease is distinct
from that of the 8 protein locus.

The Pathogenesis of Alzheimer's Disease

From the present state of our knowledge, a pathogenic
sequence of events leading to cerebrovascular amyloidosis,
plaques and tangles, can be devised. The possibility is
that the amyloid B protein gene encodes a normal BPP which
is abnormally (glycosylated (or otherwise abnormally
processed post-translationally) by an abnormal enzyme
encoded by the FAD marker gene. Assuming the primary source
of cerebral amyloid deposits is in peripheral sites22, the
abnormal B protein is disseminated via the blood stream
where it is acted upon preferentially by cerebral
endothelial cells, the proteolytic enzyme complement of
which cleaves the BPP to amyloid fibers. Accumulation of
these fibers disrupts the blood-brain barrier. This permits
egress of BPP into the neuropil where it is acted upon by
the proteolytic complement of microglia to form senile
plaques. BPP acts as a protein or peptide ligand?2 to block
receptors on the surface of neurons in the neocortex to
perturb their environment and induce the formation of paired
helical filaments. The plaques are destructive to
traversing nerve fibers while the paired helical filaments
prevent neuronal axonal transport and destroy those cells in
which they are deposited.
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INTRODUCTION

Alzheimer's disease (AD) is a progressive neurodegenerative disorder
of the aged and is characterized by cerebral deposits of amyloid B -protein
(8 -AP) comprising about 40 amino acids as senile plaque core and vascular
amyloid.l'2 Since there is a correlation between the number of plaques and
the degree of dementia,3 it has been suggested that the formation of senile
plaque is one of the pathogenetic features of AD. A complementary DNA
(cDNA) clone of a S-AP precursor (APP) has been proved to encode a 695-
amino acid precursor (APP695) having structural features characteristic of
cell surface glycoproteins.

THREE TYPES OF mRNA OF B -AP PRECURSORS

From a cDNA library of a human glioblastoma cell line, we found two
other types of APP mRNA's encoding a 751-amino acid molecule, APP751 ( with
168-bp insert ) and a 770-amino acid one, APP770 ( with 225-bp insert )
(Fig.l).5 APP751°~7 and APP770° bear an identical 56-amino acid sequence
that is highly homologous with the Kunitz-type basic trypsin inhibitors,
and the extract of C0S-1 cells transfected with APP770 cDNA exhibits
inhibitory activity against trypsin.5 Cloning of genomic DNA revealed
that the 225 bp insert in APP770 mRNA is derived from two exons, 168 bp and
57 bp long, and that these three types of APP mRNA are produced by
alternative splicing of the premature APP gene transcripts. These two
exons are the 7th and 8th of the entire 18 exons of APP770.

EXPRESSION OF THE THREE TYPES OF APP mRNA IN HUMAN BRAIN

Conflicting findings have been reported on the relative occurrence of
the three types of APP mRNA. Palmert et al. have found that the
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Fig. 1 Schematic structures of three types of APP's and two APPI's used
as antigens. Open box:transmembrane region. Closed box:8 -AP.
Small letters represent amino acids encoded by the DNA linkers.

expression of APP695 mRNA is twice as strong in the specific region of AD
brain ( neurons of locus ceruleus and nucleus basalis ) as in normal
controls by in situ hybridization.9 On the contrary, by RNA blot analysis
using a probe specific for APP695 mRNA and a probe recognizing both APP751
and 770 mRNA, Johnson et al. have found a twofold increase in the ratio of
[ APP751 plus 770 mRNA ] / [ APP695 mRNA | in AD brain.10:11  Further,
utilizing oligonucleotide probes specific for each type of APP mRNA, we
undertook RNA blot analysis of APP mRNA's obtained from the frontal
cortices of 3 AD patients and 4 controls. Analyzing the density of APP
bands normalized with the 8 -actin band revealed APP695 and APP751 mRNA's
of AD patients to be substantially the same as in age-matched controls, but
APP770 mRNA to be about doubly elevated.12 We also observed a twofold
elevation of APP770 mRNA and a 1.1-1.3 fold increase in APP751 mRNA in AD
brain by an RNase protection assay.

Based on Johnson's and our findings, the proteinase inhibitor regions
of APP (APPI) are likely to foster plaque formation by inhibiting the APP-
catabolizing proteinases.

INHIBITION SPECTRUM OF APPI

It has been suggested that the sequence of APPI is similar in some
respects to that of protease nexin I, a serine proteinase inhibitor
possessing neurite outgrowth activity.l4 From histological study, it is
assumed that the senile plaque has trophic factors that promote aberrant
growth of neurite into the plaque. Therefore, APPI is postulated to
possess an inhibitory spectrum similar to that of protease nexin I and to
be a potential promoter of neurite outgrowth.

As one step toward identification of the target enzyme(s) of APPI in

the brain, which might also be the APP-catabolizing proteinase in vivo, and
thus a step toward elucidation of the physiological role of APPI, we

30



studied the production of APPI in relatively pure and short form and
investigated its in vitro inhibitory activity toward a number of enzymes,
especially those sensitive to protease nexin I.

A TaqI-Aval fragment of APP770 cDNA that encodes APPI-72 (Fig.1l) was
inserted into an expression vector for mammalian cells downstream of the
human tissue plasminogen activator (t-PA) signal sequence for secretion of
APPI-72 into culture medium. The conditioned medium of monkey kidney COS-
1 cells transfected with this expression plasmid was purified by a
sequential acetone-precipitation, followed by affinity chromatography using
immobilized trypsin, to give APPI-72 showing single band in SDS-PAGE.

The inhibitory activity of APPI-72 against various serine proteinases
was measured using fluorogenic synthetic substrates, and a fairly broad
spectrum of inhibition was revealed.15 BPTI, one of the Kunitz-type basic
trypsin inhibitors strongly homologous with APPI, was used as a control to
show the reliability of our measurement. Equilibrium dissociation
constants (Ki) were determined for all of the enzymes highly or moderately
sensitive to APPI-72 (Table 1). A Green and Work plot of trypsin
inhibition by APPI-72 suggests that APPI-72 forms a 1 : 1 complex with
trypsin. The Ki value of APPI-72 for trypsin indicates an extremely

Table 1 Equilibrium dissociation constants ( Ki ) of APPI-72
and BPTI against serine proteinases in comparison with

association rate constants ( gassoc_ ) of protease nexin 116

k

. —assoc
Ki (M) 4580¢C.
(mlgly
Enzymes
Protease
APPI-72 BPTI Nexin I
trypsin (P)1.1x10°10 (p)1.3x10711  (B)4.2x10°
(B)chymotrypsin  5.8x10 7 9.2x1079 no inhibition
factor Xa  (B)1.2x10°®  (B)1.5x1073 (H)7.3x10°
(H)kallikrein 4.7x1077 1.7x10°6 n.d.
(urine)
(H)kallikrein 1.9x10°7 5.7x10°7 n.d.
(plasma)
(H)plasmin 4.6x1078 8.9x10711 1.3x10°
(H)elastase 7.9x10°7 3.7)(10_6 no inhibition
(leukocyte)
(H) thrombin no inhibition no inhibition 6.0x10°
(H)urokinase no inhibition no inhibition 1.5x10°

P, Porcine; B, bovine; H, human. n.d., Not done.
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strong inhibitory activity against this enzyme; that for chymotrypsin,
though some 50 times higher, also indicates very strong inhibition. Those
for other enzymes were some 10“ to 104 times higher: however, they were
still fairly small ( 10'7 M). Table 1 also indicates that APPI inhibits
trypsin and plasmin less strongly than BPTI ( APPI-72 Ki values some 10 and
103 times larger ), and inhibits factor Xa more strongly than does BPTI (
APPI-72 Ki value 103 times smaller ).

The spectrum of APPI-inhibition observed in the present study was
quite different from that of protease nexin I. Although the association
rate constant K, oo, cannot be compared directly with the equilibrium
constant Ki, reTative inhibitory activity described in each parameter may
be comparable (Table 1). Protease nexin I is reported to inhibit thrombin
and urokinase as well as trypsin, plasmin and factor Xa, but not to
inhibit chymotrypsin or leukocyte elastase.16 However, APPI did not
inhibit thrombin or urokinase and clearly inhibited chymotrypsin and
leukocyte elastase. This pattern suggests that physiological roles of
these two inhibitors are quite different. Actually, APPI-72 showed no
effect on survival or neurite outgrowth of neonatal rat cerebral cortical
neurons ( Yoko Uchida, Masanori Tomonaga, et al., personal communication ).
Our results are consistent with the recent findin%s that APP having a
proteinase inhibitor domain is protease nexin II. 7,18

DETECTION OF APPI IN CEREBROSPINAL FLUID (CSF)

Based on the finding of the expression of APP mRNA's in the brain, APP
proteins having APPI would be expected to increase in CSF of AD patients.
There have been several reports on detection of APPI in CSF by immunoblot
analysis. By using a monoclonal antibody against denatured APP-695,
Weidemann and his colleagues have found that both soluble forms of APP,
with APPI (112 KDa) and without APPI (91 KDa), are more abundant in CSF of
AD than in that of controls.19 Palmert et al. also has found that 125-KDa
APP exists both in CSF and in soluble fractions of brain homogenate, and
58-KDa APP fragments are exists in CSF.20

For the diagnostic purpose, the concentration of APPI should be
determined by a quantitative method that can assay many samples at a time
such as the enzyme linked immunosorbent assay (ELISA), rather than
immunoblot analysis. We developed a novel immunochemical method for
detection of proteinase inhibitors.

As Palmert has reportedzo, shorter molecular species of APPI may be
present in CSF or in the brain, so we attempted to detect even the minimum
size of APPI in APP770. The usual sandwich ELISA using an antibody against
the exon 7 product (hatched box in Fig.1) and an antibody against the exon
8 product (dotted box in Fig.1l) was found to be unsuccessful because we
could not obtain a satisfactory antibody to recognize the exon 7 product.
The weak immunogenisity of the exon 7 product may be caused by its high
homology with the counterparts of other mammals. The mouse counterpart of
the exon 7 product is different from human APPI at only one amino acid at
its C-terminal,21 and the rat counterpart differs in two residue.
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On the other hand, APPI has a very small Ki value against trypsin and
other serine proteinases (Table 1). This strong binding ability of trypsin
to APPI is comparable or superior to that of antibodies. The three-
dimensional structure of the exon 7 product was calculated to show a tight
wedge-like form with three disulfide bonds similar to other Kunitz type
basic trypsin inhibitors.22 The BPTI-trypsin complex is analyzed by X-ray
crystallography to reveal that trypsin interacts with only several amino
acids around the reactive site of BPTI. Therefore, the tip (reactive site
Arg301 of APP 770) of the wedge-like APPI may come in contact with trypsin,
and the exon 8 product may be situated opposite the "tip".

Based on this conception, we applied trypsin as the first antigen in
the sandwich ELISA.24 The schema of the new ELISA procedure with a
trypsin-bound plate, trypsin-plate ELISA, is shown in Fig.2. APPI-72 and
APPI-88 (Fig. 1) were used as antigens with or without denaturation.

TP : Trypsin Pl : APPI
AB : anti APP(l) antibody

Fig. 2 Schema of trypsin-antibody sandwich ELISA (trypsin-plate ELISA)

In a preliminary trial to investigate CSF samples by this trypsin-
plate ELISA, we found the APPI concentration in CSF of AD to be elevated
compared with that of multi-infarct dementia (MID) and non-demented
patients.24 These results are consistent with the previous finding that
mRNA's of APP with APPI increase in AD brain compared with their levels in
controls.

Further investigation should be done with more samples of AD at
various stages, MID, other dementias, depression, non-demented patients and
healthy controls to evaluate the usefulness of this method for diagnosis of
AD.
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Deposition of amyloid B-protein in senile plaque cores and cerebral
vessels is one of the characteristic findings in Alzheimer's disease
brain. Complementary DNA (cDNA) encoding the precursor of amyloid B-
protein (APP695) was cloned and sequencedl. The precursor has structural
features characteristic of cell surface receptors. We cloned APP cDNAs
from a cDNA library of a human glioblastoma cell line, and found two

Fig.

1. Proposed structures of three types of APP mRNA

1,2

The precursors have structural features characteri-
stic of cell surface receptors; a large extracellu-
lar domain, a hydrophobic transmembrane domain, and
a small cytoplasmic domain. R-protein is shown in
the solid box, marked by arrowhead.
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more cDNAs encoding APPs (APP751 and APP770) together with APP695 cDNA
previously reported“. APP751 has a 56 amino-acid insert, and APP770 has
an additional 19 amino-acid insert (Fig. 1). These two inserts are
encoded by exons, 7 and 8 2’3, respectively. APP gene exists as a
single copy, indicating that the three types of APP mRNA are produced by
alternative splicing from a common transcript. The amino-acid sequence
encoded by exon 7 is highly homologous to the basic trypsin inhibitor
family. The fact that this APP fragment has actually a protease inhibi-
tor activity was shown by an in vitro expression experiment®.

The existance of protease inhibitor domain in the precursor has
suggested a possibility that this inhibitor might interfere with the
metabolism of APP and lead to amyloid deposition. In order to examine
this possibility, we investigated the expression of various types of APP
mRNA in the brain of AD.

MATERIALS AND METHODS

Postmortem brains were obtained from histologically confirmed AD
patients and non-demented controls. The brains were removed within 3-10
hours after death, and kept frozen at -70°C until use. Total cellular
RNA was prepared from frontal cortex (Brodmann areas 9 and 10) of each
brain by the guanidinium/CsCl method, and poly(A)+RNA was isolated by
the 0ligo(dT)-cellulose chromatography.

Northern blot analysis was performed using four synthetic oligo-
nucleotide probes designed to hybridize with one (or two) specific
type(s) of APP mRNA™. For a quantitative comparison of APP mRNAs expre-
ssion, the autoradiograms were analysed by densitometry.

Ribonuclease protection assay was carried out using anti-sense RNA
probe after Gilman~. The RNA probe was synthesized using pSP64 plasmid
(Promega). This probe contained the sequence complementary to inserts
encoded by exons 7 and 8, and could differentiate three types of APP
mRNAs. The hybrid of sample RNA and probe RNA was treated by ribo-
nucleases A and Tl. Double-stranded portions that were protected from
digestion were denatured, elctrophoresed, and analysed by autoradio-

graphy.

RESULTS

The results of the quantitative analysis of Northern blotting are
shown in Fig. 2. The ratios of the mean value for AD group to that for
control group were 1.12 for APP695 mRNA, 1.11 for APP751 mRNA, and 2.04
for APP770 mRNA. The difference in APP770 mRNA was statistically signi-
ficant (p<0.05, Student t-test); there was no significant change in
APP695 and APP751 mRNAs.

Ribonuclease protection assay clearly revealed that APP695 mRNA was
a major component of APP mRNA in human adult brain, followed by APP751
mRNA (Fig. 3). On the other hand, APP770 was a minor component, occu-
pying less than 10%. In the brain of AD patients, the proportions of
APP770 and APP751 mRNAs increased, while APP695 mRNA decreased. The
ratios of AD to control were 0.81 for APP695 mRNA, 1.31 for APP751 mRNA,
and 2.37 for APP770 mRNA. All these differences between AD and control
were statistically significant (p<0.05, Student t-test).
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Relative amounts of each type of APP mRNA, calcul-
ated from Northern blot analysis~. The mean value
of the control group was taken as unity.

(*p<0.05, student t-test)

CTL: control, AD: Alzheimer's disease.

Proportions of three types of APP mRNA, calculated
from ribonuclease protection assay. Error bars
denote standard deviation.

(*p<0.05, student t-test)
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Normal

Alzheimer’s Disease

Fig. 4. A possible mechanism of amyloid deposition in the
brain of AD,

DISCUSSION

Based on above results, we propose a working hypothesis, as shown in
Fig. 4. Under normal conditions, APP is metabolized efficiently enough
by proteases to match its biosynthesis, whereupon the role of protease
inhibitor is minute. In the case of AD, by contrast, an increased pro-
duction of protease inhibitor built in APP(s) may suppress protease(s)
and interfere with the balance of APP biosynthesis and degradation,
leading to eventually accumulation of incomplete APP metabolite(s) or
amyloid. There might be brain-specific protease(s) engaged in this APP
metabolism and regulated by the APP-derived protease inhibitor. Metabo-
lic processes of APPs and proteases involved will be the next and more
crucial problem in understanding amyloidogenesis of AD.
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INTRODUCTION

The level of mRNA for an amyloid precursor (APP770) containing a
Kunitz—tyge trypsin inhibitor (PI) is elevated in the autopsied Alzheim-
er brain. However, the physiological significance of the augumented
APP770 production has not been clarified thus far.

Alzheimer's disease affects the cholinergic system of the brain,
depleting the cholinergic marker enzymes including choline acetyltrans-
ferase and acetylcholinesterase (AChE). - Moreover, histochemical
study on AChE distribution in the cerbral cortex has revealed a differ-
ence between control subjects and Alzheimer patients. However,
neurochemical studies are required to determine if the AChE depletion is
due to some difference in subcellular distribution or to an effect of
various substances, including AChE inhibitor.

In order to investigate the effect of the protease inhibitor on the
cholinergic system, we studied the abnormal subcellular distribution of
acetylcholinesterase and its mechanism.

MATERIALS AND METHODS
Chemicals

Kunitz-type protease inhibitor (PI), containing 72 amino acids
covering most part of the inserTion peptides of amyloid precursor
protein, was prepared from the supernatant solution of cultured COS-1
cells. Protease-free collagenase, (~ C)acetylcholine, and Q-1-
antichymotrypsin (AAC) were obtained from Advance Biofacture, ICN
Biochemicals, and Calbiochem, respectively.

Brain samples

Autopsied human brains were obtained from 6 patients with non-neuro-
logical diseases and 8 patients with Alzheimer's disease. There was

Basic, Clinical, and Therapeutic Aspects of Alzheimer’s and Parkinson’s Diseases, Volume |
Edited by T. Nagatsu ef a/., Plenum Press, New York, 1990



no significant difference in autopsy delay between the 2 groups. Brains
were cut into 2 hemispheres at autopsy. One hemisphere was fixed in 10%
formalin for pathological examination, and the other was stored at
-80°C. Frozen brain was thawed and the frontal cortex was cut out for
the biochemical study. The diagnosis of patients was made by clinical
and radiological findings, and pathological examinations,

Preparation of subcellular fractions from control brains

The cerebral cortex was minced and gently homogenized in 0.32 M
sucrose-10 mM Tris—acetate (pH 7.3) in the cold. Fractions Pl1, P2, P3,
S3, A, B, and C were prepared by the method of Gray et al.

Preparation of senile plaque-rich fractions

The fraction enriched in senile plaque was prepared from the fron-
tal cortex of autopsied Alzheimer brain according to the method describ-
ed by Candy et al.,8 with modifications. A block (5 g) cut out from
the frozen autopsied brain was homogenized in 25 ml of 0.1 M potassium
phosphate buffer (pH 7.0) for 30 sec in a Polytron homogenizer and
sonicated for 1 min with a sonic oscillator. The homogenate was cen-
trifuged at 20,000 g for 15 min, and the supernatant solution (S'l) was
separated from the pellet (P'l). P'l was suspended in 15 ml of 2%
sodium laurylsulfate and homogenized again for 30 sec. The suspension
was centrifuged at 35,000 g for 45 min and the supernatant solution
(8'2) was separated from its pellet (P'2). The P'2 fraction was sus-
pended in 6 ml of 20% sucrose, and a portion (2 ml) was layered over a
discontinuous sucrose density gradient containing 2 ml of 45% sucrose
and 2.5 ml of 30% sucrose. The gradient was centrifuged at 6,000 g for
15 min. Three fractions were obtained after centrifugation: fraction A’
in the 20% sucrose, fraction B' at the boundary between 30% and 45% su-
crose, and fraction C' at the bottom of the tube. Each fraction was
suspended in 10 ml of 0.01 M potassium phosphate buffer (pH 7.0) and
washed. Fraction B' showed a histological property associated with
senile plague, a green birefringence with congo-red staining.

Extraction of AChE from fraction B' with salt

We applied a differential extraction method10 to the isolated

senile-~plaque rich fraction. The first extraction was carried out with
a low ionic strength buffer (10 mM sodium phosphate buffer, pH 7.0, con-
taining 1% Triton X-100, 5mM N-ethylmaleimide, 2mM benzamidine, and 10
mM EGTA). Fraction B' was homogenized with 10 volumes of low ionic
strength buffer (H1). The centrifugation of H1l at 28,000 g for 30 min
yielded supernatant solution El and pellet H2, A second extraction was
also carried out with the same buffer, yielding supernatant E2 and
precipitate H3. Fractions El1 and E2 have been reported to contain
globular forms of AChE.10 The homogenization of H3 with a high ionic
strength buffer (low ionic strength buffer supplemented with 1.0 M
NaCl) yielded supernatant solution E3 and pellet H4. The same procedure
using H4 produced supernatant solution E4 and the final precipitate H5,
which contained non-extractable AChE. E3 and E4 contained asymmetric
forms of AChE as found in the skeletal muscle.

Digestion with collagenase or proteases

Fraction B', E4, or H5 was incubated with collagenase or protease
(0.2 mg/ml) for 10 min at 37°C. The incubated mixture (0.05 ml) was
diluted with 1.0 ml of cold 0.01 M potassium phosphate buffer, pH 7.0,
and centrifuged at 100,000 g for 60 min to yield supernatant solution
S4 and pellet P4,
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Determinations

We determined the sedimentation coefficient by centrifugation on a

5 - 20% linear sucrose density gradient of 4.5 ml on a 40% sucrose
cushion, both prepared in the extraction buffer. The gradient was cen-
trifuged at 100,000 g for 17.5 hours. The internal marker enzymes used
were alcohol dehydrogenase (4.8 S), catalase (11.7 S), and beta-galac-
tosidase (16.0 S). The_sedimentation coefficient was calculated by the
method of Martin et al.11 AChE activity was measured spectrophoto-
metrically by the thiocholine method.1 The AChE assay was also_per-
formed radiochemically with ("“C)acetylcholine as the_ substrate.
Protein was determined by the method of Lowry et al.

RESULTS

Subcellular distribution and extraction with Triton-NaCl of AChE

The highest specific activity of AChE was observed in the fraction
B' enriched in senile plaque (Fig. 1). We extracted AChE from the con-
trol brain and fraction B' sequentially with Triton and salt. Large
amounts of AChE were recovered in E1 and E2 (low ionic strength buffer).
However, a small amount of AChE was extracted from the fraction B' into
El and E2. The activity of AChE was high in fractions E3, E4, and HS
prepared from the senile plaque-rich fraction.

=

: |
=]

L 60 - n=8

g mean=+SD '
z

E 4wt

[=]

£

=

Z 20f | |
2 |

S | [ﬁ_]

M m_c‘:n

= 0

3]

<

4 Pl S Py A B ¢’
Recovery 63.8 32.1 183 13.8 6.4 5.6 3.2 %

Fig. 1. Activity of AChE in the fraction enriched in senile plaque.

Digestion with collagenase or protease

More than 50% of the AChE activity in fraction B' appeared in the
supernatant solution (S4) after incubation with either collagenase or
protease for 10 min (Fig. 2). A prolonged incubation with collagenase
or protease (40 min) resulted a complete solubilization of AChE,
although the recovery of AChE activity was less than 60%. Congo-red
positive structures were observed in the pellet (P4) after the incuba-

tion for 40 min.

The digestion was also performed in the presence of PI, AAC, or soy-
bean trypsin inhibitor (STI). The solubilization of AChE with col-
lagenase was inhibited by PI or AAC, but not by STI (Fig. 3). PI or
STI decreased the solubilization with trypsin, but AAC did not,
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Additive : H20 collagenase alkaline trypsin

nroteaca

Fig 2. Digestion of Fraction B' with collagenase or proteases.

Collagenase : 50.g/ml
Digestion : 37°C, 30min,

Fig. 3. Effect of protease inhibitors on solubilization of AChE.



Sucrose density gradient centrifugation

We determined by centrifugation on a linear sucrose density gradi-
ent the sedimentation coefficient of AChE in S4 obtained by digestion of
fraction B' with collagenase for 40 min. Most of the AChE activity was
detected in fractions calculated as 10S. Similar results were obtained
with the preparations solubilized from fractions E3 or H5 by the col-
lagenase digestion.

Inhibition of AChE with AChE inhibitors

Physostigmine was added to fractions S3 and B obtained from control
brain and to fractions S'l and B'. AChE activity in fractions S3, B,
and S'l was inhibited at a low concentration (ID50=80 nM), but a higher
concentration (ID50>0.2 mM) was necessary to inhibit AChE in the frac-
tion B'. Other AChE inhibitors including tetrahydroaminoacridine showed
a similar pattern of inhibition.

DISCUSSION

The histochemical distribution of AChE has already been
investigated in brains of patients with Alzheimer's disease. The
location of the enzyme was largely shifted to the senile plaques or
neurofibrillary tan-gles. In the present neurochemical study, a
considerable amount of AChE activity in Alzheimer brain (13.8%) was
recovered in the pellet after solubilization, whereas most of the
activity in control brain (>98%) was detected in the supernatant
solution by the same procedure. The partic-ulate fraction (B') enriched
in senile plagque showed the highest specific activity, which coincided
with the histochemical observation.

AChE was solubilized from isolated fraction B' after incubation
with either protease or collagenase, while amyloid protein was left in
the pellet, as earlier reported. Solubilized AChE mainly showed a
sedimentation coefficient of 10S, which corresponds with that of the G4
isozyme. Solubilization with protease-free collagenase suggests that
AChE in the senile plaque, probably in the amyloid core, would be the A
form possessing a collagen-like tail. The globular G4 isozyme might be
detached from the senile plague by digestion with collagenase.

AChE is produced as an asymmetric form containing a collagen-like

tail. Under normal conditions, this tail is cleaved by proteases, espe-
cially collagenase, and AChE is converted into the globular G4 form.
The G4 form is transported to the nerve ending by axonal flow and exerts
its function related to the cholinergic neurotransmission. In addition
to its well-known esterase activity, AChE has been reported to show also
a trypsin-like activity and the collagen-like tail is supposedly cleaved
by autolysis.

Recently, Kitaguchi et al.6 reported a gene coding for a protease
inhibitor near the locus of amyloid protein in chromosome 21. The
presence of O-l-antichymotrypsin has also been demonstrated in the
Alzheimer brain. The increase in protease inhibitors such as Kunitz-
type trypsin inhibitor or 0-l-antichymotrypsin might prevent the conver-
sion of AChE from an asymmetric form to a globular one as well as the
breakdown of amyloid protein. The collagen-like tail of AChE would have
an affinity for amyloid protein, thus causing precipitation of the
enzyme in the senile plague. The accumulation of AChE in the senile
plaque and the decreased transportable G4 form would lead to a lack of
AChE at the nerve terminals.
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The effect of AChE inhibitor was less remarkable in the isolated
senile plaque-rich fraction than in the soluble or normal particulate
fraction., The present results might be ascribed either to a conforma-
tional change of AChE or to the inaccessibility of the drug. Further
neurochemical studies will evaluate the utility or disutility of AChE
inhibitor for the therapy of Alzheimer's disease.
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INTRODUCTION

In the brain of patients with Alzheimer’s disease (AD), fibrillar amyloid is deposited as
senile plaque core and cerebrovascular amyloid®?. The beta protein or A4 protein is a major
constituent of this amyloid and is now known to be the cleavage product of a larger precursor
protein (BPP) which has features characteristic of glycosylated cell surface receptors®. In
human, at least three species of mRNA coding for the BPP of 695, 751 and 770-amino acid
residues (hBPP695, hBPP751 and hBPP770) were found and the latter two were shown to
encode a protease inhibitor domain®®. The protease inhibitory activity could be related to
aberrant BPP catabolism and eventually to amyloid fibril formation in AD.

Thus to understand the process of AD amyloid formation, it is important to know the
biological functions as well as catabolism of these three species of BPP in detail. Because of
limited availability of human tissue samples for experiments, it may be valuable to develop a
suitable animal model. For this reason, we chose mouse as a model system. We have cloned and
characterized the cDNA for the mouse homolog of hBPP (mBPP) and investigated the
expression of the mBPP gene.

Our results indicate that BPP is highly conserved in mammalian evolution and that
transcripts of the BPP gene are alternatively-spliced in a tissue specific manner in mouse as in
human. Thus the mouse may be a good model system for understanding the expression, function
and degradation of BPP in human.

MATERIALS AND METHODS

Cloning and DNA sequencing

For the isolation of cDNA clones, we screened mouse brain and kidney cDNA libraries
purchased from Clontech (Palo Alto, USA). We also screened a mouse brain cDNA library
constructed in our laboratory. The hBPP695 and hBPP751 cDNAs cloned in our laboratory
were used as probes. A mouse genome DNA library constructed in our laboratory were
screened to isolate the mBPP gene. Insert DNAs were subcloned into pUC plasmids and
sequenced by the dideoxy chain-termination method.
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Northern blot analysi

Total RNA was extracted from various tissues of an adult mouse and brains of mice aged
0 day, 2, 6 and 22 months by the method of Chirgwin et al. Glyoxal-denatured RNAs were
electrophoresed through 1% agarose gel and transferred to Zeta-probe membrane {Bio-Rad,
Richmond, USA). To detect each species of mBPP mRNA specifically, four 40mer oligonu-
cleotides complementary to the junctional sequences arising from four possible exon combi-
nations were used (Fig.2A, HK, IK, 1J, HJ). Northern blots were stripped and rehybridized with
a human beta actin gene (Wako, Osaka, Japan) to ensure the integrity and equal quantity of the
samples, The ratio of intensity of the BPP band versus the beta actin band was calculated by
transmission densitometry of autoradiograms.

RESULTS AND DISCUSSION
Isolation of the mBPP cDNA clones

After screening of the two mouse brain cDNA libraries, we obtained the two overlapping
clones, which covered the whole protein-coding region of mBPP695™. We next screened the
mouse kidney cDNA library. Two other species of cDNA clones containing 225-bp and 168-
bpinserts in addition to the mBPP695 cDNA were obtained. These corresponded to the cDNAs
for hBPP770 and 751, respectively®.

Comparison of the nucleotide and amino acid sequences between mBPP and hBPP

When the nucleotide sequences of the protein-coding region of BPP695 and the 168-bp
insert were compared between mouse and human, they shared high degree of homologies
(89.1% and 93.5%, respectively). Comparison of the deduced amino acid sequences also
revealed high degree of homologies (97.0% and 94.6% for BPP695 and the 168-bp insert,
respectively). Among the amino acid residues of hBPP695, only twenty-one were replaced in
mBPP695. Most of these substitutions appeared not to affect the secondary and tertiary
structures. Three amino acid substitutions, R to G, Y to F, and H to R, were found within the
amyloid beta protein region (Fig. 1). There were also three amino acid substitutions, A to V,
A to V, and M to S, in the protease inhibitor domain (Fig. 1). None of the amino acid
substitutions seem to affect the structural similarity of this region to the Kunitz family of serine
protease inhibitors. These results strongly suggest the functional similarity of BPP in human
and mouse. It should be, however, noted that five amino acid substitutions were found among
19 amino acid residues encoded by the 3' fifty-seven bases of the 225-bp insert. This region
might be evolutionary variable.

beta protein region

mouse DAEFGHDSGFEVRHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

human F T e

inhibitor domain encoded by the 168-bp insert

mouse VCSEQAETGPCRAMISRWYFDVTEGKCVPFFYGGCGGNRNNFD TEEYCMAVCGSVS
human ... ... i i 2 S AM
region encoded by the 57-bp insert

mouse TQSLLKTTSEPLPQDPDKL
human S....... Q...AR..V..

Fig. 1 Amino acid sequences of the domains of mouse and human BPP770. Only
those of hBPP770 replaced in mBPP770 are shown.
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Tissue distribution of the mBPP mRNA

In human, the 225-bp insert is encoded by two exons of 168-bp and 57-bp long and three
mRNA species (hBPP695, 751 and 770) are generated by alternative splicing®. Distribution
of each mRNA species in mouse tissues was analyzed by Northern blot hybridization using 4
oligonucleotide probes HK, IJ, HJ and IK which were complementary to the junctional
sequences of four possible combination of the exons (Fig. 2A). The probes HK, IK and 1J
specifically detected the cDNAs for mBPP695, 751 and 770, respectively. The mBPP695
mRNA was present in the brain, kidney and intestine but most abundantly in the brain. The
mBPP751 and 770 mRNAs were expressed in all the tissues examined but the signal was
strongest in the kidney (Fig. 2B). No signal was, however, detected by the probe HJ in all the
tissues examined (data not shown). Thus, the tissue distributions of individual mRNA species
were markedly different each other. The mRNA for BPP with inhibitor domain is detected in
all the tissues examined and the mRNA for BPP without that domain in some specific tissues.
Thus tissue distribution of each species of BPP mRNA seems to be similar in mouse and
human®. Although the biological significance of the alternative splicing of the BPP mRNA is
still unknown, each species of BPP may play different functional roles in mammalian tissues.

Age-related change of the mBPP expression in the brain

It may be interesting to know whether the pattern of the mBPP gene expression in the
brain is influenced by age. RNAs from the brains of mice of various ages were analyzed by
Northern blot hybridization using HK and IK probes. The amount of the mBPP695 mRNA
detected by the HK probe appeared low at 0 day, increased during the first 2 months, and
remained almost steady thereafter (Fig. 2C). The relative amounts of the mBPP695 mRNA
normalized by the amount of the beta actin mRNA were 0.068 (0 day), 0.583 (2 months), 0.603
(6 months) and 0.463 (22 months). The mBPP751 mRNA level, however, was so low that we
could not obtain enough signal to asses age-related change by the IK probe (data not shown).
Since immunocytochemical localization of BPP suggested a role for this protein in cell
contact®, the expression of BPP in the brain might be related with the maturation of the neuron
network.

HK (695) W (770)

C |

—

mBPPT70

HJ IK {751)

Fig. 2 Expression pattern of the mBPP mRNA. A, Schematic representation of the syn-
thetic oligonucleotide probes. HK, 1J, HJ, IK: probes (40 mer). B. Northern blot analysis of
RNA from various tissues of an adult mouse. C. Age-related change of the mBPP695
mRNA expression in the brain.
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Cloning of the mBPP gene containing the promoter region

In human, the promoter of the BPP gene resembles those of housekeeping genes and
contains several possible regulatory elements’®. Comparison of the promoter sequences
between mouse and human may help to understanding of biological significances of these
regulatory elements. We screened the mouse genome DNA library using the mBPP cDNA and
the promoter of the hBPP gene as probes. Four clones containing the promoter region of the
mBPP gene were isolated. Sequence analysis revealed that the mBPP promoter region lacked
a typical TATA box and had a high GC content. It also contained sequences similar to several
possible regulatory sequences in the human promoter, that is, two AP-1 binding sites, a heat
shock control element and two GC rich elements (Fig. 3). Therefore, the mBPP gene might be
regulated in the same manner as the hBPP one.

In conclusion, we have determined the structure and expression pattern of mouse BPP
mRNAs and characterized the mBPP gene promoter. Since the structure and expression of the
BPP gene are extremely similar between mouse and human, the mouse can offer a unique model
system to investigate the biological function of BPP and its relation to AD pathogenesis.
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INTRODUCTION

Amyloid B protein in Alzheimer's brain is a cleavage product of the precursor
protein (BPP). The sequence analysis of its BPP cDNA showed that BPP resembles a cell-
surface receptor (Kang et al., 1987) and that there are three types of BPP mRNA generated
by alternative splicing, two of which encode a serine-protease inhibitor (serpin) domain
(Kitaguchi et al., 1988, Ponte et al., 1988, Tanzi et al, 1988).

BPP is produced ubiquitously in human tissues but most abundant in the brain and
kidney. It is reported that the amount, localization and type of the BPP mRNA are different
between normal and Alzheimer's brains. These results probably implicate that the BPP
gene regulation has some roles in the pathological process of Alzheimer's disease.

To analyze the regulatory mechanisms of the BPP gene transcription and alternative
splicing, we isolated clones covering all the exons of the BPP gene and analyzed their
structures. In this paper, we discuss the possible roles of the splicing acceptor sequences
in alternative splicing and show that the BPP mRNA is induced by TPA in HeLa cells.

MATERIALS AND METHODS

Construction and screening of human genomic libraries

Several human genomic libraries were screened by plaque hybridization using a
2.8-kb cDNA fragment covering all the 5'-noncoding region and the entire coding region
as a probe. The insert DNA fragments containing the exons were subcloned and their
nucleotide sequences were determined.

Northern blot analysis

When HeLa cells grew to 70% confluence at 37°C, they were stimulated by
addition of TPA to a final concentration of 60ng/ml for 12 hours, or incubated at 43°C for
heat shock. Total RNAs were extracted, and 20mg/lane of them were electrophoresed.
Hybridization was done with a mixture of probes of a 2.8-kb BPP cDNA fragment and B-
actin cDNA. The ratio of the intensity of the BPP band versus B-actin band was determined
by a transmission densitometer.
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RESULTS AND DISCUSSION

Overall structure of the human BPP gene

We obtained a total of 36 positive clones. These clones were organized by
endonuclease mapping. The BPP gene consists of 18 exons and spans more than 170kb
(Yoshikai er al., 1989). The serpin domain is encoded by the 7th exon and additional 18
amino acids by the 8th exon. The amyloid B protein is encoded by the 16th and 17th exons
(Lemire et al., 1989).

Sequence analysis of the intron-exon organization

The BPP gene directs three types of mRNA products generated by alternative
splicing. To speculate the mechanism of the alternative splicing, we analyzed the sequences
of all the exon-intron boundaries (Yoshikai et al., 1989). Figure 1 shows the sequences of
the splicing acceptor site of the 6th, 7th and 8th introns. The consensus sequence of the
branchpoints determined in vetrebrates is
Py(13/16)NPy(16/16)U(14/16)Pu(13/16)A(16/16)Py(15/16) (Krainer and Maniatis,
1988), where the branchpoint is underlined. The branchpoints characterized thus far were
located between -37 and -18 (nucleotides upstream of the acceptor site) (Krainer and
Maniatis, 1988). In the 6th intron, TTTTTCAT or TGCTAAA (6/7 identity to the
consensus) might be the branchpoint. On the other hand, the putative branchpoint sequence
is less similar to the consensus in the 7th intron (TAGTTAT, 5/7 identity) and the region
around this sequence is very T-rich. The lesser similarity to the consensus sequence of the
putative branchpoint within the 7th intron may explain why BPP mRNA containing the 8th
exon sequence is less abundant in all the human tissues. In the 8th intron, TATTAAA (6/7
identity) in -69 to -63 was similar to the consensus but distant from the exon-intron
junction. We could not speculate the reason why BPP mRNA containing the 7th exon is
less abundant in the brain, however, these sequences found within the 6th, 7th and 8th
introns may be related to the alternative splicing. We also analyzed the possible secondary
structures formed by the sequences within -163, -157, -116 bases of the 6th, 7th and 8th
introns, respectively, by using an application computer program, but no stable secondary
structure was found.

Introné6
5'-AAGAAGTAAACGTGTATACATGAACAGAGAGACAGTGCCT (Exon7. serpin)
TTTCATGCTAAATGTGGTTCCCCACATCTCCTCTGATTAG AGGTGT-3'!

Intron7
5'-GTCAGTGGACTCGTGCATTTCACCATCATTCCCATGTTTC (Exon8. 18A.A.)
TCTTTTTGTTTTTAGTTATGTTCTCTTATTTTTTCCATAG TGTCCC-3'

Intron8
5'-ATACGGCTTTCTATTAAACGAGTGGATTATTCTGTTGTTG (Exon9)
TTGGCTTTTTTCTCAAACCTCCTTCTCTTCTACTTTATAG TTCCTA-3'

Figure 1. Sequences of the splicing acceptor sites of the 7th, 8th and 9th intron. Putative
branchpoint sequences are underlined. A.A.,amino acids.

Regulation of the BPP gene transcription

We also cloned the promoter region of the BPP gene, which is identical to the data
published by Salbaum et al. (1988). The promoter is very GC-rich and has multiple
transcription start sites which is the feature of a housekeeping gene, and has two possible
AP-1 binding sites (from -45 to -39, from -350 to -344, nucleotides upstream of the major
transcription start site) and a sequence resembling the heat shock control element (-317 to -
304). We asked whether the mRNA level is related to the altered methylation status in
human tissues but the gross methylation patterns are very similar among tissues and
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Figure 2. Northern blot analysis of BPP mRNA. Cont, control RNA; TPA, RNA
induced by TPA; HS, RNA induced by heat shock.

between normal and Alzheimer's disease (Yoshikai et al., 1989). We also asked whether
the BPP gene transcription is induced by TPA or heat shock. Our results showed that total
BPP mRNA increased 3.7-fold upon TPA stimulation (Figure 2). This suggests that the
BPP gene transcription could be induced by AP-1,v-JUN, or c-FOS and BPP might be
involved in the proliferation or the differentiation of cells. In the case of heat shock
induction, the increase in the BPP mRNA synthesis was too small (1.2-fold) to access its
relation to the stress condition.

In conclusion, we analyzed the sequences of the splicing acceptor sites and
induction of the BPP gene transcription. The results should contribute to the studies on the
regulation of the BPP gene and on the amyloidogenesis in Alzheimer's disease.
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PROTEASE NEXIN 1 IMMUNOREACTIVITY IN SENILE PLAQUES

IN ALZHEIMER DISEASE AND AGED BRAIN

Yoshio Namba, Kazuhiko lkeda, and Masanori Tomonaga

Department of Neuropathology, Institute of Brain Research
Faculty of Medicine, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku
Tokyo 113, Japan

Amyloid B -protein is deposited in senile plaques of Alzheimer and Down
syndrome patients!. This B —-protein is now known to be derived from a larger
precursor protein (APP)2. However, the mechanism whereby the amyloid proteins
are deposited is thus far not clarified. The recent finding that the APP contains a
new domain with structural similarity to the Kunitz family of protease inhibitor®5
has raised the possibility that an imbalance of protease-protease inhibitor interaction
is involved in the aberrant degradation of APP, which may lead to formation of
amyloid 8 —protein. In fact, this domain does have protease inhibitor activity3, and
the amount of two larger versions of APP with a protease inhibitor domain
appears to be elevated in Alzheimer brain. Recently, another completely unrelated
protease inhibitor, al-antichymotrypsin, was demonstrated to be closely associated
with amyloid fibrils®é. This fact also supports the possibility that the imbalance
between protease and protease inhibitor brings about the anomalous degradation of
the APP7.

In the past few years, we have been interested in the astrocyte-derived factors
that have biological activities such as neurite outgrowth—promoting activity. We
have speculated that these factors may contribute to the abnormal thread formation
and amyloid formation that are two of the neuropathological features seen in
Alzheimer and aged brain. Since cultured astrocytes produce a neurite-promoting
factor that has been found to be identical in amino acid sequence to nexin®1° and
since this nexin 1 is a member of the Kunitz family of protease inhibitors, we
focused our attention this protein. Here we report that immunoreactivity of
antibodies against synthetic polypeptides corresponding to different portions of
protease nexin 1 (PN1) is present in senile plaques and reactive astrocytes in
Alzheimer and aged brain. This finding raises the possibility that' protease nexin 1,
which has two major activities protease inhibitoractivity and neurite-promoting
activity!l, contributes to some of the neuropathology of dementia.

The synthetic polypeptides Asp-Gly-Thr-Lys—Ala—Ser—Ala—Thr-Thr-Thr-Ala-Ile-
Leu—Ala-Arg-Ser-Ser-Pro-Pro (peptide T1) and Glu-Leu-Gly-Ser-Thr-Gry-lle-Gln—Val-Phe
(peptide T2) were of identical sequences to the residues 330-349 and 10-20,
respectively, of PN119. The peptides were coupled to keyhole limpet hemocyanin
(KLH) and used to immunize rabbits. Specificity of the antisera were checked by
use of corresponding peptides and the unrelated synthetic peptides. Autopsy brains
from two Alzheimer cases and three aged individuals without neurological disorders
were used in the persent study. The samples were snap frozen inisopentane cooled
by dry ice and kept at -807C . Sections were cut on a cryostatand fixed in cooled
acetone for 15 min. After fixation, the sections were incubated with antiserum
against T1 or T2 (diluted 1:100) at 4C overnight. They were then reacted with
biotinylated antirabbit IgG goat serum (Vector Laboratories; diluted 1:200) at

Basic, Clinical, and Therapeutic Aspects of Alzheimer’s and Parkinson’s Diseases, Volume 1 55
Edited by T. Nagatsu e al., Plenum Press, New York, 1990



37C for 1 hr, followed by peroxidase-conjugated streptoavidin (BioGenex Laboratories;
diluted 1:1000) at 37C for lhr. The reaction product was visualized with 4-chloro-
1-naphtol or diaminobenzidine.

In all the brain sections that were stained with anti-T1 antibody, immunoreactivity
was associated with possible senile plaques (Fig.la). To confirm the association of
PN1 with the plaques, we carried out a succesive immunostaining of the sections
with antibody against the amyloid B-protein after destaining of T1 immunoreactivity.
The Tl-positive structures were stained with B-antibody (Fig.1b). We estimated
that more than two thirds of the 8 —protein—-positive plaques were stained with
antibody to T1. Another finding of the present study was that astrocytes, an
abundant cell type in Alzheimer brain, were positively stained with anti-T1
antibody (Fig.2). Many astrocytes, especially fibrous and protoplasmic ones, were
strongly stained. Neurons, oligodendrocytes, and capillary endothlial cells lacked
immunoreactivity. The antibody against the T2 peptide of PN1 gave a similar
staining pattern, although its intensity was weaker.

Our study thus demonstrated that the immumoreactivity for nexin 1 is
localized in senile plaques and reactive astrocytes. In senile plaques, it appears that
nexin 1 immunoreactivity is associated with amyloid. These results permit us to
consider several points as to the role of nexin 1 in the pathological product
formation in Alzheimer dementia and aged brain. Firstly, nexin 1 may participate
in the processes of amyloidgenesis as a serine protease inhibitor. This notionis
consistent with the protease-protease inhibitor imbalance hypothesis. It is possible
that nexin 1 is associated with amyloid, because this protein has heparin and
dextran sulfate binding activity!?~14¢ and amyloid contains heparin-like proteoglycan.
Secondly, nexin 1 might contribute to the formation of abnormal neurites that are
not only present in the vicinity of senile plaques but also seen as a massive
neuropil in the brains of patients with Alzheimer dementia. So far, neurite
outgrowth-promoting activity of nexin 1 has been demonstrated only in cultured
neural cells of rodent peripheral neurons!!!5. Therefore, it is necessary to see
whether nexin 1 has such an activity for human central nervous system neurons. If
so, nexin 1 may take part in this abnormal neurite formation. Thirdly, it is of
considerable interest to note that nexin 1 binds to y -NGF and inactivates its
function to produce B-NGE!. An increase in the amount of nexin 1 in the brain
might lead to the depletion of B-NGF, which may cause neuronal cell death.

Fig. la Immunohistochemistry of the senile plaques.
PN1 immunoreactivity in the senile plaques visualized with 4-chloro-1-nephthol.
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Fig. 1b Immunohistochemistry of the senile plaques.

8 immunoreactivity in the senile plaques in the same field visualized with
diaminobenzidine.

Fig. 2 PN1 immunoreactivity of Alzheimer brain.
Fibrillary astrocytes were stained.
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MONOCLONAL ANTIBODIES AGAINST SENILE PLAQUE AMYLOID
IN ALZHEIMER'S DISEASE
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INTRODUCTION

Amyloid deposits occur in the forms of senile plaques
(SP's), amyloid angiopathy(AA), and plaque-like vascular
changes in the brains of Alzheimer's disease (Alz) patients.
These pathological changes are important since the occurrence
of these structures is correlated with the severity of the
dementia. A protein consisting of 42-43 amino acids and with
a molecular weight of about 4000 kd, designated as amyloid A4’
or B—proteinf has been isolated as a component of amyloid
protein (Am) from AA in the Alz brain. The same A4 protein as
in AA is also found commonly in various types of SP's in Alz
and Down's syndrome.

Recently, the gene encoding the amyloid precursor
proteins (APP's) has been cloned and it has been elucidated
that three alternative splicings produce three different
APP's composed of 695, 751, and 770 amino acid residues3®
But thus far all the components of amyloid are not known and
the precise mechanism of amyloid deposition in the brain is
not fully understood. In an effort to determine the antigenic
character of Am, we established various monoclonal antibodies
(mcAb's) against epitopes of native Am.

MATERIALS AND METHODS

1.Preparation of immunogen

Detergent-insoluble Am was prepared from pathologicaly
confirmed Alzheimer's brain by modification of the methods of
Masters et al.' and Kitamoto et al.®? Native amyloid was
prepared from Alzheimer's brain according to Yen et al.
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2.Establishment of monoclonal antibodies

McAb's against Am were established by the conventional
method. Spleen cells from Balb/c mice, which were immunized
with detergent-insoluble Am or native Am, were fused with
myeloma cells, either P3-NS1-1-Ag4-1 or P3-X63-Ag8-6.5.3, by
polyethyleneglycol. Hybridomas were selected by culturing in
medium containing HAT. The antibody activities were checked
by immunofluorecsence(IF) with cryostat sections of Alz
brain, and the limiting dilution were performed by two times.
Each positive clone was injected into the peritoneal cavity
of Balb/c mice. McAb's were purified from ascites fluid by
ion-exchange chromatography.

3. Characterization of mcAb's

After establishment of the mcAb's, immunoglobulin class
and subclass were determined by Ouchterlony's method, and
antibody titer were determined by IF. To characterize the
epitopes detected by these mcAb's, we performed
immunohistochemistry, enzyme-linked immunosorbent assay
(ELISA), and Western-blot analysis as follows:

1) Immunohistochemical study. Cryostat sections were
stained by IF. Paraffinized sections were also stained by
modified ABC method(Streptoavidin-biotin complex
peroxidase,BioGenex). Paraffinized sections were pretreated
with formic acid solution for various short periods (3-5min).
Brain sections were obtained from 5 cases of Alz, 3 cases of
Parkinsonism dementia complex of Guam, 3 cases of non-
demented aged, and 3 cases of non-demented youth.

2)ELISA. ELISA was carried out to identify the epitope
seen by each mcAb. Antigens used for ELISA were 3 synthetic
peptides homologous with amyloid precursor protein, B-28 (28
amino .acid residues of N-terminus of the B -peptide), AI-23
(23 amino acid residues of 301-323 of APP 751, inhibitor
domain), AC-24 (24 amino acid residues of C-terminus of APP),
complements, (Clg, Cls, C3, C3b, C4, C4b, C4 binding protein,
cs5, factor B), Kunitz-type protease inhibitors, o l-
antichymotrypsin (Calbiochemistry, o 1-ACT), inter-oa-trypsin
inhibitor (ITI), and serum amyloid P component (SAP, which
was kindly provided by Dr. I. Okubo, Nagoya City University).
Each mcAb was diluted to 1-10 pg/ml. Alkaline phosphatase-
conjugated anti mouse IgG, or IgM (1:3,000-10,000, TAGO) was
used as the secondary antibody.

3) Western-blot analysis. Brain homogenate from Alz
was prepared as antigen according to Selkoe et al.SSecondary
antibody, the same as used in ELISA, was diluted (1:5,000) in
T-TBS.

RESULTS
Ten mcAb's were established that reacted with SP. Eight

of them were IgG(k); and 2, IgM(k). Their titer in ascites
were 5x10°-1x10% by IF.
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1) Immunohistochemical study

All 10 mcAb's stained SP (both classical primitive
types), amyloid angiopathy, and plagque-like vascular change.
The diffuse type of amyloid deposit was stained in gray
matter, and granular deposits were noted in white matter, of
Alzheimer's brain. But there were some differences in
staining property of these mcAb's. Al 304/2 and Al 121/6
stained various forms of amyloid deposition most strongly.
The Al 304/2-positive plaques were not necessarily stained
with Al 121/6. Az 520/3 and Az 172/4 seemed to stain SP's
more strongly than amyloid angiopathy and plagque-like
vascular changes. None of our mcAb's stained neurofibrillary
tangles in the brains of Alz, Parkinsonism dementia complex
of Guam, or the non-demented aged.

2)ELISA (Table 1)

Four out of the 10 mcAb's reacted with the panel of
antigens tested by ELISA. Al 304/2 recognized B-28, and Al
272/6 reacted with AI-23 weakly. Al 121/6 recognized C4, Cdb,
C4bp; and Am 519/8, C3, C3b. None of our mcAb's reacted with
AC-24, al-ACT, ITI, SAP, and other complements (Clg, Cls, C5,
Factor B). The epitopes reacted with 6 of the mcAb's remained
undetermined by ELISA.

3)Western blot analysis

Al 304/2 recognized several bands between 50 kd and 30
kd. Al 67/1 recognized 40kd band, and Az 172/4 recognized 2-3
bands of about 50 kd.

DISCUSSION

Only limited numbers of mcAb's raised against native Am
have been reported.9 In our attempt, 10 mcAb's were
successfully established, and they stained various types Am
in SP, AA, and plaque-like vascular changes. Differences in
staining pattern of the mcAb's suggest that these mcAbs
recognize different epitopes in Am.

Table 1. Results obtained by ELISA

APP ACT ITI _SAP _Complement
mcAbs B-28 AI-23 AC-24 ' C3 c4
Al 67/1 - - - - - - - -
Al 121/6 - - - - - - - +
Al 272/6 - +/- - - - - - -
Al 304/2 ++ - - - - - - -
Am 519/8 - - - - - - ++ -
Am 531/1 - - - - - - - -
Am 567/1 - - - - - - - -
Am 679/6 - - - - - - - -
Az 172/4 - - - - - - - -
Az 520/3 - - - - - - - -

++:strongly positive +/-:weakly positive
+: positive -:negative

61



The epitopes of Am reactive with 4 mcAb's were
determined by ELISA. Al 121/6 and Am 519/8 recognized C4 and
C3, respectively. It was reported earlier that complement
components are involved in amyloid plaques in Alz (Ishii et
al.® , Eikelenboom et al.'' ) Complement Clg, C3, C4 and
activated complement products C3c and C3d were found in
amyloid deposits by an immunohistochemical technique.
Eikelenboom et al. proposed that amyloid fibril formation
triggers complement activation. Our present data added
another piece of evidence that the complement system may play
an important role in amyloidogenesis in Alz.

In the Western blotting experiment Al 304/2 reacted
with B-28, recognizing several bands with molecular weights
of 30-50 kd. Also using Western blot analysis, Selkoe et al.t
reported that antisera raised against synthetic peptides of
APP recognized amyloid precursors of 110-135 kd. Al 304/2 may
recognize proteolytic products of APP.

The epitopes reactive with the other 6 mcAb's remain
undetermined. Among these, 2 mcAb's recognized 40-50 kd bands
in the Western blot analysis. These data suggest that there
is unknown epitope in amyloid in Alz other than g-protein,
Kunitz-type protease inhibitors, SAP, and complement
component.
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INTRODUCTION

Alzheimer's disease (AD) is characterized by the deposition of
amyloid in the brain, especially in senile plaques and neurofibrillary
tangles. Amyloid is thought to arise by abnormal cleavage of various
proteins into self-aggregating fragments. The major component of AD
amyloid is a 4.2-kD polypeptide referred to as the A4 or B-protein, and
it corresponds to a membrane-spanning domain of a putative amyloid
precursor protein (APP). A4 at positions 597 to 638 of the initially
identified APPggs5 is hydrophobic and the C-terminal half of the A4 is
buried in the membrane. The major peptide species in the amyloid plaque
core in AD are peptide A4', which corresponds to Phegpp to Alag3g, and
an A4 peptide.

On the basis of this structure, it has been suggested that the N-
terminal portion of the A4 peptide is first cleaved off from the APP
protein, and then the C-terminal end of A4 is cut off by another
proteinase at the membrane to release the A4 or A4' peptide. To
determine the initial N-terminal-cleaving enzyme for A4 production and
the second C-terminal-splitting proteinase, we synthesized fluorogenic
peptide substrates with cleavage points. Purification from rat tissues
revealed that the N-terminal-splitting enzyme of amyloid A4 peptide is
a multicatalytic proteinase, and that the C-terminal peptide is
efficiently cleaved by a prolyl endopeptidase.

MATERIALS AND METHODS

The peptide substrates Suc-Ala-Glu-MCA (SAE-MCA) and Suc-Ile-Ala-
MCA (SIA-MCA) were synthesized by Peptide Res. Inst., Osaka. Z-Val-Lys-
Met-MCA was kindly provided by Dr. Hisashi Ito, Aoyama Gakuin University.

Standard assay mixtures comprised 50 mM Tris-HCl buffer, pH 7.0,
containing 0.1 mM substrate and proteinase, in a total volume of 0.1 ml.
Incubations were performed for 30 min at 37°C. The cleavage product,
aminomethylcoumarin (AMC), was analyzed, after the reaction was stopped
with 5% SDS, with a Hitachi F-3000 fluorescence spectrophotometer.

The multicatalytic proteinase ingensin was purified from rat liver
according to the method of Ishiura et al. (1985,1986,1989a,1989b).
Antibodies against the enzyme were raised in rabbits.
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Fig. 1. Amino acid sequence of the amyloid A4 peptide.

The amino acid sequence of the A4 polypeptide, which is composed of 42
amino acids, is denoted by arrows. The amino-terminal Asp (D) of the A4
is probable membrane-spanning sequence of the A4 polypeptide. The most
abundant species, which we tentatively named A4', begins at Pheggg (F) of

APP. The model peptide sequence used in the search for the A4-splitting
enzyme is indicated by a heavy underline.

RESULTS AND DISCUSSION

The sequence of the synthetic peptide-MCA is given in Fig. 1. The
N-terminal peptide consists of N-blocked Val-Lys-Met-MCA. The tripeptide
is adjacent to the N-terminal Asp of the A4 peptide. Since the most
abundant amyloid A4 peptide in neurofibrillary tangles is composed of 39
amino acids (A4'), which is devoid of the three N-terminal amino acids
Asp-Ala-Glu (Masters et al., 1985) of the A4 peptide, we synthesized
Suc-Ala-Glu-MCA to identify the proteinase that splits the A4 'peptide.

We also synthesized a model peptide, SIA-MCA, homologous to the C-
terminal portion of the A4 peptide.

Fig. 2. Gel filtration chromatography of rat brain extract.

The crude supernatant of rat brain was applied to an HPLC gel
filtration column (TSK G3000 SW; 0.8 x 60 cm) equilibrated with 0.1 M
phosphate buffer, pH 7.0, containing 5 mM 2-mercaptoethanol, at the flow
rate of 1.0 ml/min. Proteolytic activities were assayed as described
under MATERIALS AND METHODS. The molecular markers were rat brain
multicatalytic proteinase (600-kD) and aminopeptidase M (96-kD) .
(Tsukahara et al., 1988, 1989).
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The crude rat brain extract was subjected to HPLC gel filtration.
ZVKM-MCA-degrading activity was eluted from a G3000 column at a position
corresponding to a molecular weight of 600-kD (Fig. 2). SAE-MCA-
degrading activity coincided with that of ZVKM-MCA (data not shown).

The proteinase was purified from rat liver and brain (Ishiura et al.
1989b). Western blot analysis revealed that antibody against rat liver
multicatalytic proteinase crossreacted with the ZVKM-MCA-degrading or
the SAE-MCA-degrading enzyme. The findings indicate that cytosolic
multicatalytic proteinase is a candidate for the amyloid A4-splitting
proteinase.

The material showing SIA-MCA-degrading activity, on the other hand,
was separated into three entities (Fig. 2). The first, a minor 600-kD
enzyme, coincided with the multicatalytic proteinase. This suggests that
the multicatalytic proteinase has the ability to hydrolyze the C-terminal
substrate, The major second peak material had a molecular weight of 80-
kD. Subsequent chromatographies showed that a prolyl endopeptidase
hydrolyzed the C-terminal portion of the A4 peptide (Ishiura et al., 1989
c). The last minor peak of SIA-MCA hydrolysis activity seemed to
correspond to a cysteine-dependent, Z-Phe-Arg-MCA-degrading cathepsin
with a molecular weight of 25-50 kD.

To investigate the specificity of the purified 80-kD SIA-MCA-
degrading proteinase, various proteinase inhibitors were examined
(Table 1). The activity of the purified sample was strongly inhibited on
the addition of the prolyl endopeptidase-specific inhibitor Z-thiopro-
thiazolidine (Tsuru et al., 1988).

Kunitz-type bovine pancreas trypsin inhibitor and aprotinin
inhibited the rat brain prolyl endopeptidase. An in situ hydridization
experiment reported by Palmert et al. (1988) demonstrated an increased
transcription of APP mRNA lacking the Kunitz-type protease inhibitor

Table 1. Effects of proteinase inhibitor on
the purified C-terminal-splitting
enzyme of amyloid A4 peptide

Proteinase inhibitor Concn. Relative activity (%)

SGPLGP-MCAZ  SIA-MCAP

none 100 100
Z-thiopro-thiazolidine 0.1 nM 100 99
1 nM 92 90

10 nM 59 61

100 nM 24 17

Kunitz BPTIC 10 ug/ml 74 94
100 ug/ml 25 30

Soybean TId 10 ug/ml 100 100
100 ug/ml 100 100

Aprotinin 10 ug/ml 91 40
100 ug/ml 78 38

Bovine serum albumin 10 ug/ml 107 100
100 nug/ml 91 100

8The purified enzyme most efficiently cleaved Suc-Gly-Pro-Leu-Gly-
Pro-MCA (SGPLGP-MCA) in the presence of 2-mercaptoethanol. The
rate of hydrolysis was 400-fold higher than that of SIA-MCA.

brhe SIA-MCA-degrading activity was also activated by the addition
of 2-mercaptoethanol.

CBovine pancreas trypsin inhibitor

dTrypsin inhibitor
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(KPI) domain in nucleus basalis and locus ceruleus neurons. If this KPI
domain physiologically inhibits the A4-generating prolyl endopeptidase,
an increased level of KPI-free APP should increase the rate of A4
production.

The SIA-MCA-degrading proteinase is abundant in the hippocampus,
where large numbers of senile plaques and neurofibrillary tangles are
observed in AD. Since the cleavage of the C-terminal portion of the A4
peptide has been thought to be the final step for the generation of the
free A4 peptide, the enzyme responsible for this cleavage is the most
important proteinase for the deposition of the A4 peptide. Interestingly,
the distribution of the SIA-MCA-degrading enzyme is entirely different
from that of the multicatalytic proteinase. These results suggest that
the relative quantities of the proteinases and APP are important for A4
production and that an imbalance between them may induce nonfibrillar
pre-amyloid deposition in AD. Further in vitro processing experiments on
APP using these proteinases are required to determine if these proteinases
promote the progression of A4 peptide deposition or not.
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INTRODUCTION

In Alzheimer's disease, Down's syndrome and to a lesser extent in normal aging,
abnormal proteinaceous deposits precipitate in the brain. The extracellular deposits, termed
amyloid, are found in the center of senile plaques and in the blood vessel walls of the lepto-
meninges and the brain. In 1984, Glenner and Wong purified the amyloid fibrils from the
meninges of Alzheimer's disease (AD) and Down's syndrome (DS) and sequenced the first 28
amino acids of the 4Kd peptide they named the B-protein (Glenner and Wong, 1984). A
similar, but not identical, peptide was also purified from the amyloid cores of senile plaques
(Masters et al., 1985; Selkoe et al., 1986). The B-protein is a 39-42 amino acid fragment
derived from a larger, 110-135 Kd precursor protein (B-PP) whose gene has been cloned and
sequenced (Goldgaber et al., 1987; Kang et al., 1987; Robakis et al., 1987; Tanzi et al.,
1987a). The finding of multiple transcripts indicates alternative splicing. In addition to the -
protein, the brain amyloid contains a tightly associated serine protease inhibitor, o-
antichymotrypsin (ACT) (Abraham et al., 1988).

Interestingly, two of the B-PP transcripts were shown to contain a domain homologous to
the Kunitz-type of protease inhibitors (Kitaguchi et al., 1988; Ponte et al., 1988; Tanzi et al.,
1988). Today we know that the B-PP is identical to the previously described inhibitor—
protease nexin 2 (PN2) (Van Nostrand et al., 1989; Oltersdorf et al., 1989). Other molecules
that have been detected immunochemically or histologically in the brain amyloid are activated
complement components (Eikelenboom et al., 1989) and heparan sulfate proteoglycans (Snow
et al., 1987). Several serine protease inhibitors of the Kunitz type have binding sites for
heparan sulfate proteoglycans (Guy Salvesen, personal communication).

Studying the enzymes involved in the pathway of proteolytic processing of the -PP is
fundamental to understanding the formation of amyloid deposits, which in turn are believed to
be trophic/toxic to their surroundings (Whitson et al., 1988; Yanker et al., 1989). We searched
for a brain protease which could make the N-terminal of the two cleavages necessary to
generate the B-protein from its precursor. Such a cleavage of B-PP, between a methionine and
an aspartic acid, will release a soluble extracellular protein which lacks the transmembrane and
cytoplasmic domains (Figure 1). Indeed, a protein of 105-125 Kd was detected in the cerebral
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spinal fluid with antibodies to a synthetic peptide from the N-terminus of the B-PP and was also
previously described (then as PN 2) as being secreted into the medium by cultured fibroblasts

( Palmert et al., 1989; Van Nostrand and Cunningham, 1987). Also, a 10 Kd peptide is seen
on Western blots of membrane fractions with antibodies to the C-terminus of the B-PP (Selkoe
et al., 1988). This 10Kd peptide is believed to be the transmembrane plus intracellular domain
and recent evidence indicates that it can be toxic to neurons (Yanker et al., 1989).

In order to find a protease which cleaves in the vicinity of the N-terminus of the B-
protein, we synthesized two peptides according to the B-PP sequence (Figure 1). One peptide
is ten amino acid long, peptide 1 (P1), and the second is eighteen amino acid long (P2). Both
start at the same position in the B-PP, and extend differing distances across the putative cleav-
age site into the B-protein itself. The histidine was added at the N-terminus of the peptides for
the purpose of radio-iodination. Iodinated peptides were used to follow the protease in two
ways. First, the labelled peptide was incubated with the various brain fractions and then the
resulting cleaved peptides separated on thin layer chromatography (TLC). The TLCs were
exposed to film overnight. Second, a novel technique was applied to follow the specific cleav-
age enzymes. Brain fractions were incubated with the iodinated peptide and then treated with
disuccinimidyl suberate (DSS), an agent which can cross-link amino groups that are 11.4
Angstrons apart. Only proteins that were in intimate contact with the peptide, i.e., a protease-
substrate complex, will be cross-linked by DSS and thus radioactively labelled. This method
has been successfully used to bind labelled ligands to receptors (Tsudo et al., 1987), and is
here shown to be useful for identifying and following the enzymes through purification
procedures.

RESULTS

Homogenates of Alzheimer's brain were spun at 10,000g and the supernatant subjected to
ammonium sulfate precipitation, DEAE and CMC columns and finally a gel filtration column.
At each step the ability of the protease to cleave the 'I-P1 was checked by autoradiography
after separating the cleaved products on TLC. The brain fractions were also reacted with both
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iodinated peptides (P1 and P2), cross-linked with DSS, subjected to SDS-PAGE, and the gel
dried and exposed to X-ray film. Both peptides bound to a single band in the fractions tested,
suggesting a single peptide-binding protein.

Specific inhibitors were used to characterize the type of protease that we have purified:
EGTA, a specific inhibitor of calcium-activated proteases, DFP, a specific inhibitor of serine
proteases, and two serine protease inhibitory proteins potentially involved in the proteolytic
degradation of the B-PP: o;-antichymotrypsin (a gift from Jim Travis) and the purified Protease
Nexin 2 from human brain (PN2 or B-PP) which includes two secreted forms, one with and
one without the Kunitz inhibitory domain (a gift from William Van Nostrand and Dennis
Cunningham). All above inhibitors prevented the cleavage of the 1551.p, indicating that the
fraction is enriched in a calcium-activated, serine protease. Protease nexin 1 (a gift from Steve
Wagner) and albumin did not influence the enzymatic activity.

Finally, since we suspected a chymotrypsin-like or a cathepsin G-like enzyme should
cleave between the methionine and the aspartic acid at the N-terminus of the B-protein
(corresponding to the middle of P1) we compared the sequence of the cleaved products gener-
ated by cathepsin G to the ones generated by our protease fraction. Both cathepsin G and our
protease fraction cleaved before and after the methionine, and are thus capable, in principle, of
generating the first cleavage required to release the B-protein from its precursor.

DISCUSSION

Thus far, two protease inhibitors have been described to be involved in the amyloid
deposits of the B-protein type: B-PP (PN2), the B-protein precursor, and, intimately associated
with the amyloid, ACT. In the brain, the two forms of the B-PP, with (751/770 amino acids)
and without (695 amino acids) the protease inhibitory domain, are found in approximately equal
amounts, in contrast to the B-PP in other organs where the inhibitor form prevails. The differ-
ent ratios of the two forms may explain the almost unique accumulation of the B-protein type
amyloid in the brain, although recently it was shown that 3-protein antibodies label skin and
intestine sections (Joachim et al., 1989). The 695/751 ratio was also measured in various parts
of the AD brain and the results suggest that in affected areas the 695/751 ratio is higher than in
unaffected areas (Palmert et al., 1988).

We described a protease inhibitor actually in the AD brain amyloid, i.e., ACT (Abraham
et al., 1988). ACT was also detected in the amyloid of aged humans and monkeys (Abraham et
al., 1989a) and in all brain amyloidoses that have the B-protein as their major component
(Abraham et al., 1989b). It is not known whether ACT, which is a serum protein, gets into the
amyloid from the circulation or from the local synthesizing cells—the astrocytes (Pasternak et
al., 1989). There seems to be a very strong association between the B-protein and ACT in the
amyloid filaments since harsh SDS/B-ME extraction cannot separate these two molecules
(Abraham et al., 1988). We hypothesize that ACT interacts with a region in the B-protein
which resembles the active site of a serine protease (Potter and Abraham, in preparation).

There are many indications that an abnormal post-translational processing of the B-PP
results in the B-protein fragment which can adopt a B-pleated sheet conformation and precipitate
as amyloid. First, unlike a mutated prealbumin protein which can form amyloid deposits in
Familial Amyloidotic Polyneuropathy or a mutated cystatin C which precipitates in Hereditary
Cerebral Hemorrhage of Icelandic type, the B-protein precursor is not mutated (Tanzi et al.,
1987c¢). Nor is its DNA microduplicated as was suggested as a possible explanation for the
excess amyloid deposits in the brains of AD and DS (Podlisny et al., 1987; Tanzi et al., 1987b;
St. George Hyslop et al., 1987). Nor are the amounts of -PP mRNA or protein significally
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different between normal and diseased brain. In summary, it seems that the B-protein is formed
as a result of an abnormal proteolytic degradation of a normal protein. The fact that two of the
amyloid or amyloid-generating components, i.e., the B-PP and the ACT are protease inhibitors
could potentially explain their resistance to degradation. Thus, our finding of a serine protease
that normally degrades B-PP, but is inhibited by both B-PP (PN2) and ACT may shed light on
the abnormal proteolytic processing of the B-PP. It is noteworthy that ACT is an acute phase
protein, strongly induced in the liver by IL-1 (Baumann et al., 1987) and synthesized in
reactive astrocytes (Pasternak et al., 1989). In cell culture B-PP can also be induced by IL-1
(Goldgaber et al., 1989) and recently it was shown that after neuronal injury, astrocytes in the
injured area express high levels of B-PP (Siman et al., 1989). The amounts of IL-1 in AD
brain are also elevated, as judged by immunohistochemistry (Griffin et al., 1989). The levels
of ACT mRNA and protein in AD brain are highly increased (Abraham et al., 1988). When the
amounts of the 3-PP are compared between AD and controls they do not seem significantly
different, but high levels of abnormal degradative forms of B-PP are found in AD neurons and
neurites and on Western blots using B-PP antibodies (Cole et al., 1989). All of the evidence
taken together suggests that an aberrant proteolytic degradation of the B-PP can contribute to all
of the various aspects of AD pathology (see also Abraham, 1989).
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INTRODUCTION

Recent findings have shown that there is a close relationship
between protease inhibitors and amyloid deposits or amyloid precursor pro-
tein. Experimentally, an accumulation of neurofilaments in axon terminals,
suggesting a connection between protease inhibitor and neurofibrillar
pathology, and a prominent accumulation of lipofuscin in neuronal cyto-
plasma have been induced by the cysteine protease inhibitor leupeptin.
These findings indicate that some derangement of protease activity plays
a role in the pathological aging process of the CNS.

We investigated neuronal changes following continuous administration
of leupeptin into the rat lateral ventricle and found a remarkable degen-
eration of neuronal processes and presynaptic terminals in addition to an
accumulation of lipofuscin-like dense bodies in the perikaryon. The pres-
ent findings show that the leupeptin-induced changes in the neuropil, which
consist of aggregates of degenerated neuronal processes and axon terminals,
closely resemble the fine structure of senile plaques in Alzheimer's dis-
ease except for the absence of amyloid deposition, and suggest that the de-
generated neurites and synapses, the important consitituents of senile
plaque, are caused by amyloid protein acting as a protease inhibitor.

MATERIALS AND METHODS

As we described the details of materials and methods elsewhere,lonly
an outline is given here. Sixteen Wistar rats, each weighing about 200g,
were implanted with osmotic minipumps ( Alzet 2002 ) containing leupeptin
dissolved in phosphate buffer solution at 32.5mg/ml; and leupeptin was con-
tinuously infused into the lateral ventricles for two weeks at the daily
dose of 0.47mg. Brains and spinal cords were processed for light and elec-
tron microscopic study according to the usual methods.

RESULTS

Leupeptin-treated rats showed weight loss and decreased motor activity
beginning several days after the start of the experiment. No remarkable
neurological deficit was observed during the initial ten days, but during
the last five days, the rats gradually became inert and ataxic.
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Fig.l. Most neurons in the gyrus dentatus contain abundant, dense
granules; and darkly stained, swollen axons of various sizes
are dispersed beneath the granule cell layer.
1-um Epon section, toluidine blue staining.

Light Microscopic Findings

In H&E-stained sections, numerous eosinophilic spherical structures
were seen in the hippocampus, corpus callosum, and zona incerta. A small
number of the same structures existed in other parts of the cerebral cortex
as well as in the basal ganglia. Cell bodies of cortical neurons were much
more eosinophilic than they normally appear, and a marked predominance of
these neurons was found in the hippocampus. The architecture of the cere-
bral cortex was preserved and no neuronal loss was detectable. In the
cerebellar cortex, however, a decreased population of Purkinje cells showed
severe degeneration and were presumably responsible for the ataxia. In
semi-thin sections stained with toluidine blue ( Fig.l ), dark, spherical
structures corresponding to spheroids were observed with the same distribu-
tion as the eosinophilic, spherical structures, and were especially abun-
dant in the hilus of the dentate gyrus.

Electron Microscopic Findings

Perikaryon and dendrites.. Most neurons of the dentate gyrus, and a
large part of the cerebral cortex, contained numerous electron-dense gran-—
ules resembling lipofuscin, whose existence in neurons is rare for 8-week-
old rats. In spite of the accumulation of dense granules, the other cyto-
plasmic organellae were intact, and active protein synthesis was indicated
by well-developed rough ER, free ribosomes, and an indented nucleus with
distinct nucleolus. The dense granules also appeared in dendrites, and
were distributed not only in the vicinity of the perikaryon, but also in
the distal portion of dendritic processes where they formed small islets
consisting of several granules. Accumulation of granules in dendrites
caused no change in the caliber of the processes.
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Fig. 2. A small cluster of abnomal neurites mingled with glial
processes and filled with degenerated mitochondria and
dense bodies resembles a primitive plaque in Alzheimer's
disease. Bar, lum.

Axons. In the regions where axonal swelling had been detected by light
microscopy, not only in myelinated axons but also in non myelinated ones,
even the smallest axons were variously enlarged and contained numerous
mitochondria and membranous, dense bodies. No microtubules were detected
in the swollen axons, although, rarely, lamellated structures that are
known to appear in dystrophic axons were observed. Dense bodies were iden-—
tical to those in the perikaryon, showing various inner structures seeming
to correspond to the stage of degradation of abnormal products.

Neuropil. The neuropil of the cerebral cortex, especially in the
hippocampus, of leupeptin-treated rats presented an aspect very different
from the normal appearance; namely, numerous degenerated neuronal processes
containing dense bodies, dispersed randomly, were mingled with glial cells
and their processes. Occasionally, we noted small aggregates of degenerated
neurites closely resembling the aggregation of degenerated neurites appear-
ing in neuritic plaques of Alzheimer's disease ( Fig. 2 ). Presynaptic ter-
minals also showed degenerative changes ( Figs. 3 & 4 ). No amyloid fibrils
nor degenerated neurites containing paired helical filaments were detected
in the brains of leupeptin-treated rats.

DISCUSSION

It is generally accepted that senile plaques are composed of masses
of amyloid fibrils, degenerated neurites and synapses, glial cells, and
their processes.? The aggregation of degenerated neuronal processes and
axon terminals in the neuropil induced by leupeptin points out a close
morphological resemblance to the senile plaque of Alzheimer's disease.

Recent studies have demonstrated that the serine protease inhibitor
al-antichymotrypsin is one of the components of Alzheimer's amyloid depos-
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Fig. 3. A degenerated axon terminal observed in the hippocampus
of a leupeptin-treated rat. The axon terminal is enlarged
and contains dense bodies and vacuoles. Bar, lum.

Fig. 4. Compactly agglomerated synaptic vesicles and membranous whorls
are seen in an irregularly distended axon terminal. Bar, Ilum.

its.?® Furthermore, amyloid precursor protein has a domain containing a
protease inhibitor sequence." These findings suggest that protease inhibi-
tors play roles in the mechanism of amyloid deposition by inhibiting normal
degradation of the precursor protein.

Experimental findings concerning the effects of protease inhibitors
on the CNS have been accumulating for several years. Especially, the
changes caused by leupeptin have similarities to the.main characteristics
of the aging process in the CNS.® Taking these facts into consideration,
the present findings are very suggestive that protease inhibitors are in-
volved in the mechanism of senile plaque formation, and they also support
the proposed inhibitor model of aging.® Although the role of protease in-
hibitors in senile plaque formation has not been clarified as yet, it is
possible that protease inhibitors not only take part in the mechanism of
amyloid deposition, but also cause changes in the neurites and synapses
surrounding the amyloid core.
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a 1-ANTICHYMOTRYPSIN INFLUENCES THE SURVIVAL OF NEURONS

Hiroko Kanai, Makoto Tanaka and Shunsaku Hirai

Depertment of Neurology, Gunma University School of Medicine
Maebashi, Gunma-ken, Japan

INTRODUCTION

Alzheimer’s diseases(AD) is a degenerative disorder characterized by
neuronal loss and brain lesions such as senile plaques and neurofibrillary
tangles. In the AD brain, abnormal neuronal sprouting responses occurl. Many
proteases and protease inhibitors have been shown to influence the extent of
neurite outgrowth from several neuronal cell types in vitro 23,4, al-
Antichymotrypsin (ACT), a serine protease inhibitor, is produced in the liver
and its serum levels are elevated in patients with cancer or inflammatory dis-
eases. ACT is associated with senile plaque amyloids® 6. Matsubara reported that
its serum level was elevated in AD patients7. The presence of a functional
Kunitz protease inhibitor domain in the amyloid protein precursor(APP) molecule
carries profound implications for the process of amyloidogenesis in AD®. Thus
we studied the effect of protease inhibitors on cultured neurons.

MATERIALS AND METHODS

Culture of Hippocampal Neuron

Cerebrum was taken from rat embryos on the 18th gestational day and the
hippocampus was isolated, with the hippocampal fissure being regarded as a bor-
der (thus, the hippocampus as used here contained Ammon’s horn but not the den-
tate nucleus and the subiculum). After incubation with 0.125% trypsin and DNase
I (200 Kunitz units / 8 ml) at 37°C for 15 min, the cells were dissociated by
pipetting in the chemically defined medium (50% Dulbecco’s modified Eagle
medium, 50% Ham’s F12 medium, 5x8/ml insulin, 100xg/ml transferrin, 20nM
progesterone, 1004 M putrescine, 30nM selenite). The dissociated neurons were
plated on 24-well culture plates pre-coated with collagen. Various concentra-
tions of protease inhibitors dissolved in the medium were added. The cultures
were maintained for 48 hours in a humidified atmosphere consisting of 95%air-
5%C09 at 37°C.

Culture of Dorsal Root Ganglion Cells

Dorsal root ganglions, taken from 8-week-old male mice, were digested by
2mg/ml collagenase for lhour and pipetting in the chemically defined medium men-
tioned above. Cultures were started by seeding in collagen coated 96-well cul-
ture plate and maintained in the same condition as hippocampal cell culture.
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Quantification of the Number of Neuron with MAP 2 EIA

The cultured cells were fixed with 4% paraformaldehyde at room temperature
for 45 min and washed with PBS (phosphate buffered saline). They were permeabil-
ized with 0.1% Triton X-100 in PBS for 5 min, then followed by incubation with
monoclonal anti-microtuble associated protein (MAP) 2 antibody (Amersham,
1:1000) for 1 hour. The cultures were incubated with biotinylated anti-mouse
sheep 1gG (1:200) for 1 hour, then with streptavidin-biotinylated horseradish
peroxidase complex (1:300) for 30min, and finally incubated with ABTS
(Kirkegaard and Perry Laboratories) for 30min. Color-development was stopped by
the addition of 1.5mM sodium azide, absorbance at 405nm was measured.

We examined the MAP2 level and the number of MAP2-positive cells, and found
the level of anti-MAP2 binding to the culture, quantified by enzyme immunoassay
(EIA) to be correlated with the number of MAP2-positive cells. Thus, the level
of anti-MAP2 binding, primarily reflecting neuronal survival in culture, can he
an arbitrary index of neurotrophic activity (Fig 1).

RESULTS

Fig. 2. shows the cultured hippocampal neurons. As shown in Fig.3, ACT had
neurotrophic activity on hippocampal cells. But ACT for dorsal root ganglion
cells and aprotinin (another protease inhibitor) for hippocampal cells did not
show neurotrophic activity (data not shown), and neurite outgrowth.

DISCUSSION

Neurite outgrowth is a complex and a most important cellular event leading
to differentiation of the neuronal cell and maintaining the features as aneuron
and the cell’s survival. Many substances which increase neural sprouting and
neurite elongation are becoming clear recently.

O.D. 405nm

Number of cells / well

Fig. 1. Correlation between MAP2 level and the number of cells. Hippocampal
neurons were seeded and maintained 48 hours, then fixed and labeled With
a monoclonal antibody to MAP2. The number of MAP2-positive cells on
plate was counted under a microscope. The level of anti-MAP2 was quan-
tified by using EIA and expressed as absorbance at 405nm.
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Fig. 2. Morphological effect of ACT on hippocampal neurons. They were cultured
for 48 hours in the serum-free defined medium. (Left)Control culture,
maintained without ACT to the medium. (Right) 16« g/ml of ACT was added
to the medium.

Fig. 3. Dose-response curve for neurotrophic activity in ACT. Hippocampal cells
were cultured for 48 hours in serum-free chemically defined medium con-
taining ACT at various concentrations. The binding of anti-MAP2 antibody
to the cultures, quantified by EIA was expressed as 0.D. at 405nm. 0.D.
ratio to control cultures was calculated.

81



APP has a Kunitz protease inhibitor domain and the deduced amino-terminal
sequence of APP is identical to the sequence of a cell-secreted protease in-
hibitor, protease nexin-II9. The role of protease and protease inhibitors to
regulate neuronal elongation has become clear.

Atterwill et al.l0 showed that although both normal and AD brain had
neurotrophic factor the AD brain had more. Uchida et al.ll reported that the AD
brain extract had neurotrophic activity, because it lacked the inhibitory fac-
tors, and resulted in a relative increase in neurotrophic activity. Whitson et
al.12 reported amyloid ABprotein enhanced survival of hippocampal neurons.
Yankner et al. opposed to thisl3.

We examined the relationship between trophic effects on neurons and
protease inhibitors. Of the protease inhibitors we tested,
only ACT had neurotrophic activity for cerebral neuron. In addition to being an
associated protein of senile plaque amyloids, ACT may act as a trophic factor in
the AD brain.
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EVIDENCE FOR A NEURONAL ORIGIN OF SENILE PLAQUES IN

DOWN'S SYNDROME BRAINS
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Kamikitazawa, Setagaya-ku, Tokyo 156, Japan

SUMMARY

A newly developed methenamine silver (MS)/Nissl stain was used to
study the relationship of pre-plaques in Down's syndrome (DS) brains with
glial nuclei, capillaries and neuronal perikarya. The larger pre-plaques
often encompassed all of these tissue elements, but the smaller ones were
almost always found immediately adjacent to, or around the cell bodies of
neurons. Thus we consider an early stage of senile plaque (SP) formation to
be the deposition of amyloid substance adjacent to the cell body of a
morphologically normal neuron. We suggest that the amyloid progressively
accumulates around the cell body until the enclosed neuron degenerates.
Finally, the necrotic cell body is replaced by amyloid, resulting in a
stellate formation of amyloid with degenerating neurites in the periphery.
Larger SP may be formed from a cluster of several neurons. Our observations
support the idea of a neuronal origin for SP and for SP amyloid.

INTRODUCTION

The origin of SP has remained an enigma ever since they were first
described, although much progress has been made in the molecular pathology
of SP amyloid. The SP amyloid protein (B-protein or A4) has been isolated
(1) and cDNA clones encoding a larger membrane glycoprotein precursor (APP)
have been identified (2). Recently, attention has been drawn to a type of
SP that is not detected by Congo red or conventional silver stains (3-6).
These '"pre-plaques'" (5) show little or no evidence of degenerating neurites
and can be seen as an area of diffuse immunoreactivity after an immunohisto-
chemical reaction for B-protein (3-6). Numerous pre-plaques in the absence
of mature SP are found in many cases of DS aged 30-40 years, suggesting
that these lesions are indeed the 'forerunners' of mature SP (5-7). We
have observed that pre-plaques in these patients show a particularly close
spatial relationship with the cell bodies of neurons.

MATERTALS AND METHODS
Paraffin-embedded, formalin-fixed sections from the superior temporal

gyrus of 4 cases with DS (table 1) were stained by routine neurohisto-
logical methods, by immunohistochemistry using antibodies to residues
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Table 1. Assessment of senile plaques in Down's syndrome brains

Estimation of plaque Reconstruction of pre-plaques
number (£50pm) from serial sections
Case Age| Congo Immuno- MS Number Number with Number
(sex) red or stain counted 21 neuronal with
silver! cell body capillary
1T 31(M) - + ++ 30 28 15
2 37(F) + 4+ P NC
3  38(F) - +++ +++ 70 65 24
4  42(F) + o+ 4+ NC
Totals 100 93 39

lBielshowsky or Bodian; NC = Not counted; (-) No lesions;
(++) Moderate; (+++) Severe,

8-17 (8) or 1-24 (9) of B-protein, and by a sensitive MS method with cresyl
violet Nissl counterstain. This MS method detects amyloid fibrils, and
possibly "pre-amyloid" substance, with high sensitivity (10). Full details
of the methods will be published elsewhere (11).

RESULTS AND DISCUSSION

In cases 1 and 3 the vast majority of SP were pre-plaques, which were
particularly numerous in case 3; cases 2 and 4 showed many pre-plaques
together with significant numbers of mature SP (table 1).

The larger pre-plaques (50-160 um diameter) usually encompassed many
tissue elements (neuronal perikarya, glial nuclei and capillaries) but a
striking observation was the presence within many of the smaller pre-plaques
of a single, morphologically intact neuronal cell body, often accompanied by
1 or 2 satellite oligodendrocytes. These smaller pre-plaques showed no
obvious, consistent, close spatial relationship with any other tissue
element visualised by the MS/Nissl stain. Many of the very small (presumably
earliest) pre-plaques were found immediately adjacent to a neuronal cell
body, without completely surrounding it. The deposits of MS stain resembled
many fine, interlacing fibres scattered closely around, or adjacent to, the
cell body, seemingly restricted to the proximal dendritic field of the
closely associated neuron. In a few instances, the pattern of MS-positive
fibres resembled the classical shape of the dendritic field of a cortical
pyramidal neuron. Our observations suggest that the amyloid may originate
from the dendrites (and possibly the cell body). A neuronal origin of SP
amyloid has been proposed by others (1), and this is supported by the high
levels of APP mRNA in some cortical neurons (12) and the immunohistochemi-
cal reaction of APP antibodies with the plasma membranes of nerve cell
bodies and dendrites (13) and with the abnormal neurites around SP (9).

The 3-dimensional appearance of 100 smaller ({50 um) pre-plaques was
reconstructed from serial sections of the 2 cases (1 and 3) with only pre-
plaques (table 1). At least one neuronal cell body was found within, or
immediately adjacent to, 93 of the 100 pre-plaques (with 2 or more in 39).
A capillary vessel passed through the area occupied by 39 of the 100
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Figure 1. Possible stages (a,b,c,d) in the morphogenesis of a typical SP
MS/Nissl stain. Note early plaque in (d) indicated by arrow.
(a-c) case 3, (d) case 2. Bar = 10um.

pre-plaques. This is signifiﬁantly less than the proportion of pre-plaques
with a neuronal cell body (X© = 62.5; p <0.001).

From 'cross sectional' observations of pre-plaques and more mature SP
within these 4 patients a series of transitional forms was selected
demonstrating a possible progression of stages in the pathomorphogenesis
of the typical SP (figure 1). The earliest stage consists of a few MS-
positive fibrils (pre-amyloid ?) adjacent to a neuronal cell body (a), and
the amyloid substance continues to accumulate until it surrounds the cell
body (b), sometimes appearing to occupy the entire dendritic field. As the
density of the amyloid increases, the enclosed neuron begins to degenerate
(c), possibly due to problems in the exchange of metabolites. Finally, the
amyloid "core" accumulates at the site of the cell body, which eventually
degenerates and disappears (d). We imagine that the stellate form of the
amyloid in a typical SP may represent the last vestige of the encased
neuronal cell body and dendrites.

The spatial relationship between SP and neurons was not as simple as
figure 1 might suggest. Many SP appear to fuse together, or engulf adjacent
neuronal cell bodies as they expand outwards; some larger SP appear to
originate from aggregates of several neurons. The latter might develop into
the large "amorphous" kind of SP that is particularly common in DS (14).

The derivation of SP from neurons provides a simple and logical expla-
nation for the morphology of SP in various stages, for the correlation
between plaque number and degree of dementia, and for the limited size of
SP. The restricted size may be determined by the neuronal dendritic field.

We conclude that each SP in DS (and by implication in Alzheimer's
disease) may represent the "tombstone" of one or more neurons.
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SERUM AMYLOID P IMMUNOREACTIVITY IN CORTICAL TANGLES, PLAQUES
AND VESSELS IN ALZHEIMER'S DISEASE: IMPLICATIONS FOR
DYSFUNCTION OF THE BLOOD-BRAIN BARRIER?
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INTRODUCTION

Amyloid P component (AP) is an ¢;-glycoprotein found in
almost all types of amyloid deposits, representing 10-20% of
the weight of the amyloid fibrils!'. AP is a normal constituent
of serum (SAP) synthesized gy the liver, the only tissue that
appears to exhibit its mRNA®. Investigators have previously
attempted to demonstrate the immunocytochemical localization
of SAP in brain amyloid deposits of subjects with Alzheimer's
disease (AD). In earlier studies®®, positive SAP antigenicity
was evident only in cerebral vessels of AD subjects and those
of hereditary cerebral hemorrhage with amyloidosis of the
Icelandic type&ﬁ More recently such immunoreactivity has been
demonstrated in senile plaques of AD&G, as well as cerebral
vessels, and in other related disorders exhibiting cerebral
amyloid angiopathy® (CAA). However, with the exception of a
recent preliminary report’, SAP immunoreactivity has not been,
so far, described in neurofibrillary tangles.

To explain the gositive SAP immunoreactivity and that of
other serum proteins®’, previous investigators®’ have implicated
impairment of the blood-brain barrier (BBB) in AD°. However,
recent immunohistochemical studies did not only show evidence
for BBB impairment in AD but some aging controls were equally

affected®’. Despite these findings there appear to be
abnormalities in some BBB proteins specific to AD, particularly
in cases with caAalM?, To address these issues on BBB

permeability and to control for possible failure of antigen
detection by conventional fixation and embedding methods
applied in previous studies®®, we attempted the immunocyto-
chemical localization of SAP in lightly fixed frozen tissue
sections of neocortex and hippocampus from subjects with AD,
Parkinson's disease (PD) and normal controls.

MATERIALS AND METHODS

Fresh samples of hippocampus including the parahippocampal
gyrus, frontal and occipital cortex were obtained at autopsy.
Tissue blocks of about 0.5 cm cube were fixed by immersion in
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3-4% formalin in PBS, for 12-24 h at 4°C, and then transferred
to 30% sucrose solution for an equivalent period, followed by
freezing in dry-ice cooled n-hexane. Thirty to 40 um coronal
sections were cut in a cryostat, incubated free-floating with
primary antiserum (SAPl; 1:500; Dako) containing 0.3 % Triton
X-100 and processed according to the PAP method of Sternberger
with intensification using nickel ammonium sulphate. Sections
were counterstained with H & E. To ensure specificity, serial
sections were immunostained with antiserum to serum amyloid A
(SAA; 1:500), preimmune serum (1:500) and another SAP antiserum
(SAP2; 1:500, Calbiochem) and stained with thioflavin S.

RESULTS AND DISCUSSION

Unlike in previous studies, strong staining was evident
in hippocampal pyramidal neurons of Sommer's sector (CAl) and
the subiculum with tangles and in neurites and fibrils
remaining from degenerated neurons (Figure A and B). The
distribution pattern of the reaction product obtained with the
antisera to SAP was strikingly similar to the pattern of
thioflavin S staining. Both the SAP antisera, SAP1 and SAP2
gave similar staining although as found by immunoblotting
(unpublished results) the Dako antiserum, SAP1 was much
superior. Heavy deposition of reaction product with antisera
to SAP was also evident in tangles and plaques of the neocortex
(Figure C). As previously described staining was also seen in
vessels exhibiting CAA (Figure D). There was no evidence for
staining in either plaques or tangles in any of the cases by
rabbit preimmune serum or antiserum to SAA which is primarily
present in secondary amyloid deposits!. The lack of SAP
reaction product in sections from cases ascribed as controls
remarkably paralleled the general lack of thioflavin S staining
in the same cases.

These observations indicate the presence of SAP
immunoreactivity consistently in all the three types of amyloid

deposits found in AD. The localization of immunoreactivity
was similar to the widely described distinct hippocampal and
neocortical pathology. This supports the contention that

cerebral amyloid deposits in AD are antigenically related®.
Failure by previous investigators®® to detect SAP in all three
types of brain amyloid deposits, particularly tangles, suggests
that conventional tissue fixation in 10% formalin followed by
paraffin embedding are not appropriate for such immunocyto-
chemistry. Here, we used brief fixation periods in a
relatively low concentration of formaldehyde. However, it is
less 1likely that there are antigenic differences in the
antisera. The specificity of our observations is verified by
use of two antisera to the same protein obtained from different
sources and use of antiserum to SAA and preimmune serum. These
observations are in agreement with a recent preliminary report’
describing SAP immunostaining in both tangles and plaques in
cortex of AD subjects. Studies at the ultrastructural 1level
will enable us to assess exact localization of SAP in brain
amyloid deposits.

Given that SAP is only synthesized in the 1liver?, these
observations provide evidence for extravasation of a human
serum protein across the BBB in brains of subjects with AD and
PD. However, expression of the protein by cellular elements
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FlgureJ.A SAP immunostaining of neurofibrillary tangles (NFT)
in Sommer's sector (CAl) in hippocampus from a 79 year
old man with AD. A' demonstrates thioflavin S staining
in the same field (as A) of an adjacent section. B shows
staining in plaques in endplate of Ammon's horn (same
subject as in A) and C, patchy staining in cortical
vessels of an 80 year old AD subject. D, shows staining
of NFT in frontal cortex from a 72 year old woman with
PD. E, demonstrates lack of staining with preimmune
serum (same field as in A). SAP2 (Calbiochem) antiserum
also stained NFT's and SP's but SAA was negative.
Magnification: A-C and E x50; D x125 (before reduction).
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such as macrophages13 or other immune system cells entering the
brain through the barrier (unpublished results) cannot be ruled

out.

Another possibility is that SAP could be expressed by

neurons predisposed to amyloid formation.
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MONOAMINE OXIDASE B ACTIVITY IN SENILE PLAQUE
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INTRODUCTION

Two types of monoamine oxidase (MAO; EC 1.4.3.4), MAO-A and MAO-B, has
been demonstrated on the basis of their inhibitor specificities and substrate
preferences (Johnston, 1968; Knoll and Magyar, 1972; Glover et al., 1977;
Fowler et al., 1980; Garrick and Murphy, 1980). The age related increment of
MAO-B activity has been described in the various regions of human brain,
including the neocortex, hippocampus, basal ganglia and amygdala (Adolfsson
et al., 1980; Oreland and Gottfries, 1986). Increased MAO-B activity has
also been shown in the neocortex and hippocampus of dementia of Alzheimer
type (DAT) (Adolfsson et al., 1980; Oreland and Gottfries, 1986; Reinikainen
et al., 1988).

We studied the extracranially perfused postmortem human brains with MAO
histochemical procedure and demonstrate the expression of MAO-B enzyme
activity in astrocytes in association with senile plaques.

MATERIALS AND METHODS

Four DAT cases and three non-demented controls were studied in the
present study. The DAT cases were clinically diagnosed as DAT and confirmed
pathologically. Neuropathological examinations revealed none or only few
senile plaques in the neocortex of controls. Postmortem human brains were
perfused extracranially within 7 h after death (Beach et al., 1987). Tissue
blocks, including either the insular cortex, basal ganglia, hippocampus,
amygdala and brainstem, were dissected out from the perfusion-fixed brains.
Specimens from three brains (one DAT and two controls) were fixed with 4%
paraformaldehyde in 0.1 M PB for 24-48 h and soaked in the cryoprotectant
containing 15% sucrose in 0.1 M PB for 24 h at 4 C. Tissue blocks from
three brains (three DAT cases and a control) were placed immediately after
perfusion in the cryoprotectant for 24 h at 4 C, Fifty to 80 um thick
sections were cut on a freezing microtome.

The MAO enzyme histochemistry was performed according to the method by
Arai et al., (Arai et al., 1986). To examine the relationship between MAO
activity and astrocytes, glial fibrillary acidic protein (GFAP)
immunohistochemistry was performed. GFAP immunohistochemistry was done as
follows; MAO-stained sections were washed with 0.1 M PBS and incubated in
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0.3% Hy0p in 0.1 M PBS for 30 min at room temperature to block endogenous
peroxidase, and incubated in anti-bovine GFAP serum (DAKO, Denmark) diluted
(1:4000) in 0.1 M PBS containing 0.3 % Triton X-100 (PBST) for 24 h at 4 C.
After washing with PBST, sections were processed for an avidin/biotin
peroxidase system (Vector Labs., California) according to standard
protocols, in which nickel ammonium sulfate was not used in the DAB solution
to give brown colored reaction products. Under the present double staining
procedure, MAO activity was shown as dark blue reaction products and GFAP
immunoreactivity as brown. Some of the MAO stained sections were
counterstained with either thioflavin S, the Bielshowsky's method, or Congo
red to demonstrate senile plagques or amyloid deposits.

As a control, sections were incubated in the reaction medium with the
omission of a substrate. The enzyme inhibition experiment was performed
as follows. Sections were incubated in 0.1 M PBS containing 1073 to 10710 y
L-Deprenyl or 1074 to 10710 u clorgyline for 1 h at room temperature.
Sections were thoroughly washed and stained for MAO histochemistry in the
same way as described above. Since the post-fixation apparently depressed
the staining intensity as described below, the inhibition experiment was
done in sections from tissue blocks without post-fixation.

RESULTS

In control sections, no reaction product was observed. The most
intense staining was observed in sections without post-fixation. A positive
reaction was also observed in sections from blocks of 24-48 h post-fixation,
although only in the sections from the deep part of tissue blocks. 1In this
case, it was assumed that the enzymatic activity of the deep part of the
tissue blocks was not fully destroyed by the immersion of the post-fixative
for up to 48 h.

In the neocortex, no MAO positive neuronal somata was observed.
However, many glial cells were stained in the subcortical white matter (Fig.
1). The glial staining in the subcortical white matter appeared somewhat
more intense around the vessels. The characteristic finding in brains from
four DAT cases was the presence of round or oval shaped MAO-positive mass
(Fig. 2). These masses were 50-200 um in diameter, which appeared to
consist of small cells.. The cell clusters were observed in the insular
cortex, amygdala, hippocampus, putamen and brainstem, although the numerical
density of cell clusters were clearly different among the brain regions
examined. These clusters were most frequently observed in the amygdala,
hippocampus and insular cortex. As shown in Fig. 1, no MAO positive mass
was observed in controls. Careful examination of GFAP immunohistochemically
counterstained sections showed that MAO positive cells were also stained
immunoreactive for GFAP (Fig. 3). As seen in this figure, astrocytes
negative for MAO were also observed. The double staining with Bielshowsky's
method revealed that astrocytic clusters were in or around senile plaques
(Fig. 4). Observation of sections counterstained with either Congo red or
thioflavin S also revealed the close association between the MAO positive
mass and senile plaques (data not shown).

Astrocytic MAO staining in the senile plaque was almost completely
inhibited by pretreatment with L-Deprenyl at a concentration higher than
1075 M (Fig. 5 and 6). At lower concentrations, the inhibition was either
limited or never observed. Preincubation with clorgyline at a concentration
lower than 1072 M did not affect MAO activity in the senile plaque, although
partial inhibition was observed by pretreatment with clorgyline at 1074 M,

DISCUSSION

Ninety to 100% inhibition of type B MAO has been observed with
preincubation by L-Deprenyl at concentrations of 1074 M in the human cortex
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(Garrick and Murphy, 1980). 1In the present study, glial MAO activity was
almost completely inhibited with L-Deprenyl at lower concentrations. Since,
in addition, high concentration of chlorgyline such as 1074 M inhibits MAO-B
activity as well (Knoll and Magyar, 1972; Glover et al., 1977; Fowler et
al., 1980; Garrick and Murphy, 1980), partial MAO inhibition with 1074 M
clorgyline in the present study might be caused by MAO-B inhibition with
clorgyline. Double staining with GFAP immunohistochemistry and MAO
histochemistry has revealed that the MAO positive mass in DAT brain
consisted of astrocytes. Thus, the present results clearly indicate that
the histochemical reaction in glial cells in the present study represents
MAO activity and fibrillary astrocytes in association with senile plaques
contain type B. The recent immunohistochemical study demonstrated that
glial cells in the non human primate and human brain exhibited MAO-like
immunoreactivity of both types (Westlund et al., 1985; Westlund et al.,
1988). Although the reason for this discrepancy between our results and
others has yet to be determined, the immunohistochemical study also showed
that MAO-B staining was much more consistent than MAO-A staining in the
glial cell of the human brain (Westlund et al., 1988).

The increased activity of MAO-B without accompaying MAO-A change has
been shown in Alzheimer's brain (Adolfsson et al., 1980; Oreland and

Figurel (1) MAO staining of the insular cortex of a control. (2) MAO
staining of the insular cortex of a DAT case. (3) Double
staining of MAO and GFAP., (4) Double staining of MAO and the
Bielshowsky's method. (5) MAO staining of the insular cortex of
a DAT case. (6) MAO staining of the neighboring section of (5)
after pretreatment with 1075 M L-Deprenyl. bar=100um
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Gottfries, 1986; Reinikainen et al., 1988). It has been assumed that
increased MAO-B activity in Alzheimer's brain results from the glial
outgrowth (Oreland and Gottfries, 1986; Reinikainen et al., 1988). The
present study indicates that reported MAO-B increment in various regions of
Alzheimer's brain is at least partly due to the occurrence of MAO-B activity
in astrocytes in senile plaques.

The pathophysiological role of MAO-B activity in astrocytes in senile
plagues are yet to be determined. Although dopamine has been reported to be
a substrate for MAO-B in the human brain (Glover et al., 1977), it seems
unlikely that astrocytes in or around senile plaques exhibit MAO-B activity
in order to metabolize dopamine, since the contents of dopamine and its
metabolites have been described to be unchanged or even slightly decreased
in Alzheimer's cortex compared with controls (Yates et al., 1979; Cross et
al., 1983; Reinikainen et al., 1988). It has been understood that MAO-B
deaminates oxidatively the exogenous amines (Fowler, 1982). MAO-B expressed
in senile plaques might be involved in metabolizing extraneous amines within
senile plaques. Further studies are needed to address this assumption.
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INTRODUCTION

Many ultrastructural studies appear to have confirmed the fine struc-
tures of senile plaques(SPs). SPs have been usually classified into three
types:1)typical plaques with amyloid cores surrounded by degenerate neurites,
2)primitive plaques composed of many degenerate neurites and a few amyloid
wisps,and 3)compact plaques consisting of a mass of amyloid without patholo-
gical neurites.Recent advances in staining methods such as S-protein immuno
-histochemistry and the modified periodic-acid methenamine silver (PAM)
method® have offered important information concerning amyloid substance.

In the present study, diffuse plaques(DPs)®,a type of SP,were investigated
light and electron microscopically using various staining methods including

modified-PAM electron microscopy®.Ultrastructural findings characteristical-
ly seen in DPs were similar to those obtained in the superficial layer of

the cerebral cortex and occasionally in peripheral coronas of typical SPs.
Based on these observations we discuss the morphological origin of SP
amyloid.

MATERIALS AND METHODS

The brains used for this study were obtained at autopsy from two(44 and
79 years o0ld) male patients with Alzheimer-type dementia(ATD).Formol-fixed,
paraffin-embedded 5- um serial sections of the cerebral cortex were stained
with the methenamine-Bodian, modified-PAM, and A -protein immunostaining
methods.For electron microscopy,small pieces were cut from the fresh cere-
bral cortex of the two ATD cases and immersed in 2% glutaraldehyde solution.
Some of the tissue was refixed in 1% 0s0. solution and embedded in Araldite
for routine electron microscopic examination. Using the remaining parts of
the tissue,we cut 100- um-thick sections using a vibratome and appropriated
them for the modified-PAM electron microscopic examination, which shows the
specific deposition of silver particles on amyloid substance.®

RESULTS

Diffuse plaques

DPs were,though fainter than SPs, clearly stained by the methenamine-
Bodian method, but were never recognized with the original Bodian method,
which has been widely used to detect SPs. DPs were less argyrophilic than
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Fig.1l. Serial sections of diffuse plaques stained by methenamine-Bodian(4),
PAM(B) and anti- B-protein(C) methods.

Fig.2. DPs revealed by PAM electron microscopy. Note the scattered wisps
with silver granules. x17,500. Inset, x70,000

other types of SPs, and were seen as diffuse and uniform deposits of fine
silver granules.They were irregular in form and variable in size. Large ones
often contained a few neurons(Fig.1-A4).No apparent glial reaction was seen
within or around DPs. The plaques were clearly stained with B-protein
immunostaining(Fig.1-C), as well as with the modified-PAM method(Fig.1-B),
which was proved to stain SP amyloid specifically.® = The predilection sites
of DPs were similar to those of other types of SPs in the cerebrum. By the
modified-PAM electron microscopic examination DPs were revealed as sparse
aggregates of fusiform or bundle-like amyloid-like wisps accompanied by the
deposition of silver granules (Fig.2). At higher magnification, no obvious
amyloid fibrils were confirmed, but weakly electron-dense amorphous sub-
stances were recognized, on which silver granules had been deposited(Fig.2,
inset). Upon routine electron microscopy,DPs were also shown as aggregates
of scattered fusiform or bundle-like wisps (Fig.3) consisting of weakly
electron-dense amorphous and partially fibrous substances (Fig.3, inset).

A few small degenerate neurites and astrocytic processes were occasionally
observed. The ground substance of DPs seemed to be somewhat rough in compar-
ison with the surrounding tissue. Although the amorphous and partially
fibrous amyloid-like wisps seemed to be free in the tissue and it was
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Fig.3. DP:many scattered amorphous but partially fibrous amyloid-like wisps
with only a few degenerate neurites. x17,500. Inset, x87,000.

Fig.4. Subpial amyloid deposits are shown by methenamine-Bodian(A),PAM(B),
and anti- B-protein(C) methods.
Fig.5. Same type of deposits visualized by PAM electron microscopy. x10,000.
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Fig.6.Peripheral coronal part of typical SP:In contrast to par-
tially amorphous amyloid-like wisps(arrows) having close
contact with degenerate neurites, amyloid bundle in the
vicinity have an obvious fibrous structure. x57,000.
Inset, S-protein immunostaining.

difficult to know the morphological relationship between these wisps and
tissue elements,some of amyloid-like wisps were found in close proximity to
postsynaptic endings as well as to unidentifiable cell processes.

Related conditions

Subpial amyloid-1like deposits:In the superficial region of the cerebral
cortex and just beneath the pial membrane, band-shaped weakly argyrophilic
deposits were sometimes found in the methenamine-Bodian, modified PAM, and
B-protein immunostain preparations (Fig.4,A-C). They were similar to DPs in
staining pattern. These deposits were often continuous with perivascular
amyloid deposits. The corresponding finding shown by the modified-PAM elec-
tron microscopy was diffusely scattered small fusiform wisps with fine
silver granular deposits(Fig.5). Though no apparent fibrillar structure was
confirmed, they resembled the amyloid-like wisps of DPs.

Peripheral amyloid-like deposits of typical SPs: By (S-protein immuno-
histochemistry, besides the central amyloid core, S-immunoreactive substance
was observed in the peripheral coronas of typical SPs(Fig.6, inset), where
many degenerate neurites are usually distributed.Examination of the periph-
eral coronas by modified-PAM electron microscopy revealed an intermingling
of scattered degenerate neurites and bundle- or fleck-formed, PAM-positive
wisps.Such wisps were never seen within degenerate neurites,but were found
in close proximity to or free from them. In contrast to obvious fibrous
structures in the central core amyloid and freely present peripheral amyloid
(Fig.6, arrowhead), some of the amyloid-like wisps closely associated with
degenerate neurites were not always fibrous(Fig.6, arrows) when examined by
both PAM and routine electron microscopy. Such an amorphous nature of the
peripheral amyloid-like wisps was like that of DPs.
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DISCUSSION

The purpose of this study was to present detailed wultrastructural
findings of DPs® = and similar structures, and to discuss the origin of SP
amyloid. Hitherto, ultrastructural studies of SP amyloid have been focused
upon fibrillar amyloid structures.Here we closely examined non-fibrillar pre
-amyloid structures. A common ultrastructural characteristic of amyloid-like
wisps in DPs,subpial deposits, and peripheral coronas of typical SPs was the
presence of amorphous structures.The amorphous structures might be in a pre-
stage of amyloid fibril formation and,therefore,be important in relation to
recent biochemical reports of amyloid-precursor protein.”™ ® Some biochemical
and immunohistochemical studies® ” suggest a neuronal origin of SP amyloid.
Our observations support this hypothesis from a morphological aspect in the
following points. Some amyloid-like wisps were closely associated with post-
synaptic endings and unidentifiable processes. In peripheral coronas of
typical SPs amorphous wisps were always in close proximity to degenerate
neurites, while amyloid wisps found just nearby had an apparently fibrous
structures. Subpial amyloid-like deposits were mostly restricted to the Ist
layer of the cerebral cortex, where terminal dendrites of neurons are dis-
tributed. At the same time,however, astrocytic processes were also closely
related to these structures. Although we lean toward a neuronal origin of SP
amyloid, the possibility of astrocytic origin can still not be denied.Further
investigations on this problem are necessary.
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ABSTRACT: Senile plaques (SPs) and NFTs were immunohistochemically studied
in the temporal lobe of 246 autopsy brains from non-demented and demented
old people, using antibodies to synthetic polypeptide (1-24) of B—protein
of cerebrovascular amyloid and to human tau protein. Dementia was present
in 64% of 28 cases with many NFTs, while it was present only 33% of 43
cases in which there were many SPs but a few NFTs. The rate of prevalence
of B-immunoreactive SPs increased with age in both demented and non-
demented subjects. It was not significantly different between non-demented
group (407 of 161 cases), and senile (47% of 19 cases) or vascular (30% of
27 cases) dementia groups. These findings suggest that f-immunoreactive SPs
may be related to aging but may not be closely linked to dementia.

INTRODUCTION

In the previous communication [Kuzuhara et al,1989], we have reported
that tau-immunoreactive neurofibrillary tangles (NFTs) increase with age in
the hippocampus and entorhinal cortex, but not in the temporal lobe
neocortex in non-demented subjects; whereas many NFTs appear in the
neocortex also, in senile dementia of Alzheimer type (SDAT). In the present
study, we report the incidence and distribution of B-amyloid plaques (BAPs)
in non-demented and demented old people.

SUBJECTS AND METHODS Table1. Subjects

Brains from 246
autopsy cases aged between Age non-demented demented total
51-102 years, including 171
non-demented and 75 50s 2 1 3
demented cases were €0s 23 6 29
submitted for the study  70S 61 13 74
(Table). They were fixed in 80s 73 33 106
10% formalin., Coronally-cut 90s 10 =0 30
slices of the brains were 1008 2 2 4

embedded in paraffin, and

cut into 8 pm-thick total 17 75 R46,
sections. Sections of the
temporal lobe through the lateral geniculate body, including the
hippocampus, parahippocampal gyrus, and superior, middle and inferior
temporal gyri were submitted for the immunohistochemical study.
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Fig.1. Rate of prevalence and density of g-protein-
immunoreactive senile plagues

Primary antibodies used for the present study were antiserum to human
phosphorylated tau (anti-tau)[Nukina et al, 1986] and antiserum to
synthetic polypeptide (1-24) of B-protein of cerebrovascular amyloid (anti-
B)[Glenner et al,1984]. The deparaffinized sections were incubated with
diluted primary antibodies ?anti—tau; 1:500, anti-g; 1:200) at room
temperature overnight. For enhancing the immunohistochemical reaction of 8-
protein, the sections were treated with 98% formic acid for 10 minutes
prior to incubation [Kitamoto et al,1987]. The immunoreaction products were
visualized with avidin-biotin-peroxidase complex (ABC) technique
(Vectastain, Vector, USA) as reported previously [Kuzuhara et al,1988]. The
immunostained sections were faintly counterstained with hematoxylin.

RESULTS

1. Immunostained structures. With B-protein immunohistochemistry,
immunostained were senile plaques (SPs) of classic, primitive and diffuse
types, amyloid angiopathy and subpial deposits as shown by previous studies
[Ogomori et al,1988; Wisniewski et al,198%a; Yamaguchi et al,1988]. With
tau immunohistochemistry, immunostained were NFTs, degenerating neurites of
SPs and curly fibersr"{Braak et al, 1986; Thara,1988], a meshwork of
degenerating neurites in the cerebral cortex.
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N :non-demented SD:senile dementia
VD:vascular dementia M :miscellaneous

Fig. 2. Rate of prevalence and density of B-protein-immunoreactive senile
plaques in nondemented and demented subjects.

2. NFTs and dementia. With tau immunohistochemistry, 28 cases showed many
NFTs in the hippocampus, parahippocampul gyrus and temporal lobe neocortex.
Eighteen of them (64.3%) had dementia.

3. Plaques and dementia. In order to study the relationship between BAPs
and dementia, 28 cases with many NFTs and one case with unclear medical
history were excluded. The remaining 217 cases with a few NFTs, or with
considerable NFTs in the hippocampus and parahippocampal gyrus but few or
none in the neocortex were classified into non-demented, SDAT and vascular
dementia groups, according to their medical history, and BAPs of the
hippocampus, parahippocampal gyrus and temporal lobe neocortex were
semiquantitatively studied. As shown in Fig.1, the rate of incidence of
cases showing BAPs increased with age in both demented and non-demented
subjects. The rate of prevalence and density of BAPs were higher in the
temporal lobe neocortex than in the hippocampus and parahippocampal gyrus.
As to the subjects aged between 70 and 99 years, there was not significant
difference in the rate of prevalence between non-demented cases and SDAT or
vascular dementia cases (Fig.2). Out of the 43 cases which showed many BAPs
but a few NFTs, only 14 cases (32.6%) had dementia.

DISCUSSION

SPs together with NFTs have been regarded as one of the most important
pathological hallmarks of dementia of Alzheimer type. SPs are, however,
seen in the brains of non-demented old people also although they are less
dense. In recent years, immunohistochemical techniques using specific
antibodies to B-protein of the cerebrovascular amyloid, paired helical
filaments (PHF) of NFTs [Ihara et al,1983], or tau protein were introduced
in the neuropathological studies of the demented or aged brains, and they
have made NFTs and SPs visible far more sensitively and specifically than
the conventional histological staining techniques [Duyckarts et al,1987;
Wisniewski et al,1989b]. With pretreatment with formic acid, many SPs can
be vesible in the brains of not only demented but also non-demented old
people. Consequently have occurred arguments whether or not BAPs of various
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forms can be regarded as a diagnostic criteria of dementia of Alzheimer
type. Many studies have demonstrated that there is a strong correlation
between the premortem diagnosis of dementia and the presence of numerous
BAPs. The converse, however, does not hold: several studies have reported
that many patients with abundant BAPs did not have premortem dementia
[Davies et al,1988; Deladre et al, 1989]. Furthermore, some studies
[Deladre et al,1989; Dickson et al,1988] have demonstrated that
morphological changes closely linked to premortem dementia of Alzheimer
type are NFTs shown by anti-tau.

In the present study, we excluded the cases with many NFTs in the
hippocampus, parahippocampal gyrus and the temporal lobe neocortex and
investgated the density and distribution of BAPs in the remaining cases,
since our previous study demonstrated close relationship between dementia
and NFTs. The number of cases with BAPs increased with age in both demented
and non-demented subjects, and there was not significant difference of
rates of prevalence between them. Only one third of 43 cases with abundant
BAPs had premortem dementia. These findings suggest that BAPs may be
related to aging but may not be closely linked to premortem dementia
although further studies on the morphology, density and distribution of
cerebral amyloid deposots as well as premortem prostective studies on the
diagnosis of dementia seem necessary to confirm it.
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SUMMARY

A lower level of cystatin C in cerebrospinal fluid (CSF) is one of
the useful diagnostic markers of hereditary cerebral hemorrhage with
amyloidosis in Iceland. Therefore we set up an assay to determine the
level of cystatin C in CSF for diagnosis of cerebral amyloid angiopathy
(CAA) associated with cerebral hemorrhage and cystatin C. We carried out
an sandwich enzyme immunosorbent assay using monoclonal mouse anti-—
cystatin C and polyclonal rabbit anti-cystatin C antibodies. We examined
CSF from nine cases of cerebral hemorrhage and fifty reference cases of
other neurological diseases. Four patients with cerebral hemorrhage showed
a low level of cystatin C and clinical manifestations suggestive of CAA.
Our study showed that ELISA is useful for the diagnosis of CAA associated
with cerebral hemorrhage and cystatin C.

INTRODUCTION

In 1972, Gudmundsson reported families of hereditary cerebral
hemorrhage with amyloidosis in Iceland. The patients frequently develop
cerebral hemorrhage (HCHWA) in their youth and they have marked amyloid
deposition in the cerebral vessels.! Ghiso clearly demonstrated? that the
amyloid protein is a variant of cystatin C (gamma-trace), which is one of
the cysteine proteinase inhibitors. In 1984, Grubb reported3 that
concentrations of cystatin C in CSF of patients with HCHWA were lower than
those of normal subjects. We also reported4 the first case in Japan of CAA
with the deposition of cystatin C. In addition, we reported a non-familial
group of such patients. Maruyama reported5 that cystatin C immunoreactive
substance is important for pathogenesis of CAA with cerebral hemorrhage.
However, a diagnosis of CAA during the patient's lifetime is difficult to
make. At present, the immunohistological method following brain biopsy or
autopsy is the only diagnostic tool available. In the present study, we
determined concentrations of CSF cystatin C by ELISA in patients with
cerebral hemorrhage including subcortical hemorrhage and in patients with
other neurological disorders as the control. As a result developed a
simple and easy diagnostic test for CAA associated with cerebral
hemorrhage and cystatin C.
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MATERIALS

1. Standard antigen

We used cystatin C from patients with chronic renal failure, The protein
was refined at the Otsuka Pharmaceutical company.

2. Antibodies

We used mouse anti-cystatin C monoclonal antibody and rabbit anti-
cystatin C polyclonal antibody both of which were provided by Dr. Grubb,
University of Lund, Malmd, Sweden.

3. Patients

(1) Cerebral hemorrhage group: Nine patients ( multiple cerebral
hemorrhage,1l; lobular-type hemorrhage,2; thalamic hemorrhage,3; putaminal
hemorrhage,2; and corona radiate hemorrhage,l ).

(2) Control group: 50 patients with other than cerebral hemorrhage.

We added preservative solution containing benzamidium to CSF
specimens from all of the patients and froze the fluid immediately,

METHODS

ELISA:We employed double antibody sandwich assay as follows:

(1) Coating of mouse anti-cystatin C monoclonal antibody.

(2) Blocking of immuno plate with 0.5% egg albumin.

(3) Addition of various levels of cystatin C (0 - 10Qug) or the test CSF.

(4) Addition of rabbit anti-cystatin C polyclonal antibody.

(5) Addition of goat peroxidase-labeled anti-rabbit IgG antibody.

(6) Addition of ABTS solution. After color development had occurred we
determined the absorbance (452nm) by microplate spectrometry. Based on
the standard curve, we assayed CSF cystatin C levels.

CONTROL STUDIES

1. We examined the cross reaction of anti-cystatin C antibody with
ALk, AA amyloid protein, or trypsin inhibitor by the same manner as for
cystatin C.

2. To investigate the effect of the part of CSF on this assay system,
we carried out a recovery test of cystatin C by adding 50ul of each
concentration of cystatin C (0 - 1000ng/ml) to a fixed amount (5Qul) of
control CSF.

3. To confirm the enzyme activity of cystatin C used as the standard
antigen, we determined the cystatin C activity in an inhibition activation
test of papain, one of the cysteine proteinases. In brief, we added papain
solution, cystatin C (0-1000ng), and buffer (phosphate buffer with
cysteine ) and then preincubated the solution at 40°C for 5min. Then the
substrate solution (BANA) was added and the mixture incubated at 40°C for
30min. Finally we added the color reagent (Fast Garnet GBC) and determined
the absorbance by spectrophotometry.

RESULTS

As Fig, 1 illustrates, the relation between absorbance and cystatin C
was linear over the concentration range of 10 ng/ml to 10ug/ml. In this
assay system, anti-cystatin C antibody did not show any cross reaction
with ALk, AA or the trypsin inhibitor, thus demonstrating the specificity
of the antibody for cystatin C. When cystatin C was added to CSF for the
recovery test, the recovery rate was nearly 100%. In the enzyme activity
test, the papain inhibition curve was linear, allowing between 100 ng and
750 ng of cystatin C, It allowed us to confirm the inhibitory activity of
the cystatin C used as the standard antigen for ELISA.
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The concentrations of cystatin C in the test CSF are shown in Fig.
2. In the cerebral hemorrhage group, four patients fell in the low-level
group, below 50 ng/ml, and five in the high-level group. The former
patients had subcortical hemorrhage or multiple relapsing cerebral
hemorrhage without hypertension. We highly suspected that these patients
had CAA. Grubb reported that cystatin C concentrations in CSF of patients
with HCHWA were lower than those of normal subjects. 3 Maruyama reported
that cystatin C immunoreactive substance is important for pathogenesis of
CAA with cerebral hemorrhage.5 In this respect, suspecting CAA with
cerebral hemorrhage associated with cystatin C, we clinically examined the
four cases in the low-level group.

Case 1 was a 63-year-old male patient who had left subcortical
hemorrhage without hypertension., We highly suspected CAA. Case 2 was an
8l-year-old female patient who had large cerebral hemorrhage in the left
frontal lobe. Since, this was also a lobular-type cerebral hemorrhage
patient without any previous history of hypertension, we highly suspected
CAA. Case 3 was a 75-year-old female patient who had a total of four
cerebral hemorrhages. MRI revealed a large hematoma in the right putamen
by IR and a high-intensity area in the right cerebral hemisphere and
multiple high intensity areas in the left hemisphere by long SE. There is
a high probability of CAA manifested in a case of relapsing multiple
cerebral hemorrhage without hypertension., Case 4 was an 84-year-old female
patient who experienced hemorrhage of the right thalamus without any
previous history of hypertension.
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Fig. 1. Standard curve for cystatin C, showing linear line over the
concentration range of 10 ng/ml to 10ug/ml. In this assay system, anti-
cystatin C antibodies did not show any cross reaction with ALk, AA or
trypsin inhibitor.

Fig. 2. Cystatin C levels in the test CSF. In the control group, most
values came between around 100 ng/ml and 550 ng/ml. In the cerebral
hemorrhage group, four patients of nine fell in the low-level group, below
50 ng/ml,

DISCUSSION
Ghiso reported2 that the amyloid of HCHWA was a variant of cystatin

C, and Grubb suggested3 that this amyloid was useful for the diagnosis of
HCHWA because of the lower level of cystatin C in CSF of HCHWA patients
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than in that of the controls. Lofberg formulated® the following hypothesis
for the mechanism of action of cystatin C: Cysteine proteinases are
released from the wall of small cerebral vessels of HCHWA patients.
Consequently, cystatin C, one of the cysteine proteinase inhibitors, is
consumed, thus accounting for the drop in the CSF level of the inhibitor.
The inhibitor deposited in the form of amyloid is then having the
structure of a cystatin C variant.

In the present study, we established an assay system for cystatin C
in CSF based on ELISA. We confirmed the specificity of the antibody for
cystatin C and the lack of interference by other substances in the CSF.
also we confirmed the inhibitory activity of cystatin C, the standard
antigen. In addition ,ELISA employed in this study is simpler and easier
than RIA despite the reports by Lofberg et al. Using ELISA, we determined
the CSF cystatin C in nine cases with cerebral hemorrhage and in 50 cases
as the control. As a result, the four cerebral hemorrhage cases showed low
CSF cystatin C levels. They included one case of multiple cerebral
hemorrhage, two of lobular-type cerebral hemorrhage, and one of thalamic
hemorrhage without hypertension. In consideration of the clinical
findings, we strongly suspected CAA associated with cerebral hemorrhage
and cystatin C. This assay for the cystatin C level in CSF can possibly be
useful in the diagnosis of CAA involving cystatin C. Today, in the actual
situation of CAA, no decisive diagnosis can be made during the patient's
lifetime aside from that based on risky brain biopsy, and one must depend
on post-mortem histological diagnosis. The present study findings offer
the possibility that the CSF cystatin C level as assay by ELISA, may prove
to be effective tool for diagnosis of CAA.
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INTRODUCTION

Cerebral amyloid angiopathy (CAA) is one of the important
pathological changes of Alzheimer's disease.l CAA also causes unique
cerebral hemorrhages. In typical cases, recurrent, multiple and lobar
hemorrhages occur in normotensive elderly people and cause consequential
dementia of the vascular type.2 As for the protein nature of the amyloid
of CAA, there are at least two types of amyloid. One is B-protein (BP) and
the other is variant cystatin C (CC). The former is found in CAA and in
senile plaques of Alzheimer's Disease(AD).3:% CAA amyloid of normal
elderly is also BP.2 On the other hand, variant CC is the main component
of CAA amyloid of hereditary cerebral hemorrhage with amyloidosis (HCHWA)
found in Iceland.® Recently, we reported Japanese cases of CAA causin
cerebral hemorrhage, of which amyloid shows the antigenicity of cC.”s8 Two
of them had a family history of possible CAA and the others were
sporadic.8 To characterize the Japanese cases of CAA with the deposition
of CC and to compare them with Icelandic cases, we used the
immunoperoxidase method in combination with anti-BP, conducted biochemical
analyses, and studied the DNA of the CC gene.

MATERIALS AND METHODS
Examined Cases

Clinical and autopsy records of eleven cases of CAA associated with
cerebral hemorrhage were collected from several hospitals in Japan. The
cases comprised five males (average age : 75.5 years old) and six females
(average age : 74.0 years old). We examined conventionally formalin-fixed

and paraffin-embedded tissues.

Immunoperoxidase Method

We applied enzyme immunohistochemistry (avidin: biotinylated enzyme
method) for the detection of CC.’s8:9 Antisera against CC obtained
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Table 1. Results of immunohistochemistry

CASES IMMUNOHISTOCHEMISTRY

NO. AGE SEX DEMENT H.T. F.H. cystatin C B-protein

1 70 F VD - + + +
2 62 F VD - +? + +
3 68 M VD - + +
4 78 M+ - + +
5 73 F + - + +
6 73 M VD + + +
7 8 F VD - + +
8 77 M + +
9 81 M + + - +
10 82 F + + - +
11 77 F VD + - +
HCHWA VD - + -
G.A. 70 M+ - ~ +
A.D. 55 F AD - +

H.T.:hypertension, F,H,:family history

DEMENTIA ( VD:vascular dementia, AD:Alzheimer type )

HCHWA :hereditary cerebral hemorrhage with
amyloidosis of Iceland

G.A.:granulomatous angitis of central nervous system

A.D.:Alzheimer's disease

courtesy of Dr. GrubblO vas used, as well as monoclonal antibody raised
against synthetic peptide consisting of residues 8 to 17 of amyloid BP of
AD, which was donated by Dr. Glenner.l1s12 Control amyloid tissues were
those of HCHWA in Icelandl3, CAA associated with AD, and CAA associated
with granulomatous angitis.i

Biochemical Analysis

Crude amyloid fibrils were extracted from the meninx of the frozen
brain tissue of the gatient reported previously7 by a slight modification
of Gl?gner's methed.” Antigenicity of the fibrils was examined by Western
blot.

DNA Study

We searched for DNA of variant CC by the Southern blot hybridization
method. DNA was extracted from frozen brain tissue of case 1 by SDS-
proteinase digestion followed by phenol/chloroform extraction. The DNA was
digested with Aly I and hybridized with the full-length CC cDNA probe
after blotting.16

RESULTS

Immunoperoxidase Method

Results are summarized and shown in Table 1.

Each antisera reacted specifically with the correspondent control
amyloid tissues. In eight of the eleven cases of CAA, amyloid showed a
positive reaction with anti-CC. And in all eleven cases amyloid reacted
positively with anti-BP, which antibody did not react with the amyloid of
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HCHWA. Not all the BP-positive areas showed a positive reaction for CC.

In the CC-positive cases, the amyloid cores of the senile plaques
(SP) also showed a positive reaction to anti-CC as well as to anti-BP. CAA
amyloid and that of the SP of AD reacted with anti-BP but negatively with
anti-CC,

Although two of the eight CC-positive cases had a family history of
possible CAA, the remaining positive six were sporadic cases. Ten of the
eleven CAA patients had a history of dementia of cerebrovascular origin.,
Seven of the CC-positive cases did not have a history of hypertension,
whereas the three negative cases were hypertensive.

Biochemical Analysis

By immunoblotting, crude extracts of cerebrovascular amyloid from the
patient of CAA with cerebral hemorrhage revealed a band with the
antigenicity of CC at the migration position corresponding to a molecular
weight of about 12,500 daltons.

DNA Study

DNA extracted from our patient (No.l) showed only the 600-bp Alu I
fragment, while DNA of the HCHWA patients have two Alu I fragments, one
630 bp and one 600 bp (Fig. 1).

DISCUSSION

The results suggest the presence of not only familial but also
sporadic cases of CAA with the deposition of CC associated with cerebral
hemorrhage causing vascular dementia in the normotensive elderly.

CAA of the aged without demonstrable Alzheimer-type dementia is
related to BP.,J The average age of our cases was 75 years old. By
immunohistochemistry not all parts of the BP-positive amyloid showed the
antigenicity of CC, and not all the BP-positive cases were positive for
CC. Thus, age-related BP may underlie or precede the deposition of CC
which is related to CAA associated with cerebral hemorrhage.17 Patients
with HCHWA in Iceland may develop CAA with BP if they survive till old
age.

—630
—600

1 2 3 4 5 6 7 8

Fig. 1. Southern blot of cystatin C cDNA from patient No.l (lane 2),
patients with HCHWA (lane 1,3), and from normal controls(4-8). Our
patient had 600-bp Alu I fragment only, while HCHWA patients also
had 630-bp fragment (arrowhead), representing a mutation,
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CAA and SP of HCHWA from the Netherlands are related to BP, and CAA
of them showed only dubious staining for CC immunohistochemically.18 In
contrast, CAA of our cases showed clear antigenicity of CC as well as of
BP. Immunoblotting showed that crude amyloid fibrils from one of our cases
contain CC antigens. We speculate that abnormal metabolism of CC as a
cysteine proteinase inhibitor may play some role in the cause of cerebral
hemorrhage in CAA patients,

A cDNA probe was used to identify a restriction fragment length
polymorphism (RFLP) which detects a loss of an Alu I restriction site
because of a mutation in the codon for the position 68 in the CC
molecule.l6 This gene analysis did not show the same variant of CC gene of
Japanese case as found in the Icelandic HCHWA cases. Further biochemical
analysis of the amyloid fibril protein is necessary to clarify if the
Japanese cases have the different variation of CC or normal CC,
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INTRODUCTION

The appearance of neurofibrillary tangles (NFT) is one of the major structural changes
that occur in neurons during Alzheimer's disease. They are composed almost entirely of paired
helical filaments (PHF), intermixed with some straight filaments. Immunocytochemical studies
of NFT have revealed that they have antigenic determinants in common with noncytoskeletal
elements, neurofilaments (Perry et al., 1984) and microtubule associated tau proteins ( Brion et
al., 1984; Wood et al., 1986; Kosik et al., 1986, 1988a,b; Nukina and Ihara, 1986; Goedert et
al., 1988), while the presence of microtubule-associated protein 2 (MAP2) in NFT has yet to
be established (Rosemblatt et al., 1989). Both MAP2 and tau proteins have been shown to
bind to peptides derived from the carboxyl-terminal region of B-tubulin. In addition, tau
proteins but not MAP2 display a strong interaction with a peptide derived from the amino-
terminal domain of a-tubulin (Littauer et al., 1986). Recently, it was found that tau proteins
contain three 18 amino acid repeated sequences which appear to be involved in the binding to
tubulin (Lee et al., 1988; Goedert et al., 1988, 1989; Lee et al., 1989; Kosik, 1989). It was
also observed that MAP?2 shares the tau repeated regions (Lewis et al., 1988). However, this
is not the case for a recently cloned tubulin binding protein designated neuraxin, which does
not contain the tau and MAP2 repeated sequences. Neuraxin was found to be immunologically
related to MAPS and is perhaps identical to this high molecular weight MAP (Rienitz et al.,
1989).

On the cellular level, MAP2 and tau proteins were found to separate into dendrites and
axons, respectively (cf. Matus, 1988). In Alzheimer's disease, this topographical segregation
is violated. Tau-immunoreactive NFT occur generally in the pyramidal cell soma and the apical
dendrite, regions which are normally devoid of tau proteins but are rich in MAP2 (Kosik et al.,
1986; Wood et al., 1986; Kowall and Kosik, 1987). In this report, we show that the induction
of differentiation in human neuroblastoma and rat pheochromocytoma PC-12 cells can serve as
a model system to study neuronal maturation and examine the expression and reorganization of
the relevant cytoskeletal elements.

RESULTS

Effect of Various Components of the Extracellular Matrix on the Differentiation of Human
Neuroblastoma Cells

The adrenergic human neuroblastoma cell line LA-N1 (Seeger et al., 1979) can be
induced to differentiate to some extent by the addition of retinoic acid, BtcAMP or NGF to the
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culture medium. Various proteins of the extracellular matrix such as laminin, fibronectin or
mixed extracellular matrix will contribute significantly to this process. The induction of
differentiation in human neuroblastoma cells requires priming with a humoral factor such as
NGF for 5 to 10 days prior to the stimulation of cellular receptors for ECM components.
Primed LA-N1 cells extended long neurites on laminin (Kirsch et al., 1988; Ginzburg et al.,
1989), fibronectin and mixed extracellular matrix, whereas collagens I and IV did not exert a
synergistic effect on neurite outgrowth (Fig. 1). The time course of neurite extension varied
among the various components with laminin and fibronectin acting faster than the mixed ECM,
where neurite extension started only 2 to 3 days after replating. In the presence of laminin and
fibronectin substrates, the extension of neurites was triggered within 12 hours after replating
and proceeded for approximately 3 days.

If the priming phase is omitted and the cells are directly grown on any of the neurite
stimulating substrates, only small extensions were observed which retracted after 48 hours,
even in the presence of an inducing agent. Thus, even in the presence of both ECM
components and the inducing agent, the neurites are unstable and eventually retract, unless the
cells were subjected to a previous priming period.

LA-NI1 cells primed with NGF displayed a different morphology than the Bt,cAMP or
retinoic acid primed cells. The NGF induced cells extend only one or two neurites which are
mostly straight and unbranched, whereas BtocAMP induced multiple curved and branched
neurites with varicosities along the axis. It was also noted that the various cell extensions
featured growth cone-like structures at their distal end.

Organization of Cytoskeletal Elements in Differentiating Human Neuroblastoma Cells

The expression and organization of cytoskeletal elements, and the growth associated
protein 43 (GAP43) in differentiating human LA-N1 cells were investigated by
immunocytochemical methods and Western blot analysis. The results are summarized in Table
1. GAP43, which is distributed uniformly throughout the cell body in undifferentiated cells, is
down-regulated upon induction of differentiation. On the other hand, the high and low
molecular weight neurofilament subunits are induced in NGF primed cells. There is a
significant change in the organization of the neurofilament related protein peripherin and
vimentin. These cytoskeletal elements are arranged as perinuclear whorls in uninduced cells,
and are redistributed to the growth cone-like structures upon induced differentiation.

The microtubules (MTs) and their associated proteins are also subject to redistribution
in differentiating neuroblastoma cells. In undifferentiated cells, the MT cytoskeleton consists
mainly of individual filaments. Upon induction of differentiation, MT bundles are formed
which span the entire length of the neurites. On the other hand, MAP2 and tau proteins are
sparse, distributed diffusely, and their expression is not significantly increased by NGF,
Bt,cAMP, or retinoic acid. However, upon induced differentiation, there is a change in their
distribution. In these cells, MAP2 and tau are also found in the proximal part of the neurites.
In addition, MAP2 was also observed in neurite branching points. The distribution of MAPS
also changed during the differentiation period. In the undifferentiated state, its distribution was
similar to that of MAP2 and tau. However, unlike these MAPs, in differentiating cells MAP5
was found throughout the entire length of the neurites.

The molecular events involving MT genes that occur during neurite outgrowth, were
studied in PC-12 cells. Exposure to NGF initiates a cascade of events, one of which is neurite
outgrowth. The formation of the processes involves initially an increase in tubulin and MAP
mRNA levels and de novo protein synthesis. We have shown that NGF and ECM components
can act synergistically in PC-12 cells yielding vigorous neurite outgrowth (Ginzburg et al.,
1989).

The involvement of individual tubulin isoforms in the initial stage of neurite outgrowth

was studied employing antisense oligodeoxynucleotides (Teichman-Weinberg et al., 1988).
Inhibition of neurite outgrowth was observed using a-tubulin specific reagents which allowed
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Table 1. Expression and Organization of Cytoskeletal elements in Human Neuroblastoma

Cells
Cytomatrix Undifferentiated Cells Induced Neurites
Mi ule
Distribution Single Filaments Dense Bundles
MAPS (MAP1B) Diffuse Cytoplasmic Throughout
MAP?2 (70kDa,250kDa,270kDa) Diffuse Cytoplasmic Proximal Part
Tau Sparse Punctuated Sparse, Proximal Part
Intermediate Filaments
Neurofilaments Sparse 68kDa, 200kDA, NGF Induced
Vimentin Perinuclear Whorl Only Growth Cone (Heavy)
Peripherin Perinuclear Whorl Only Growth Cone (Heavy)
GAP43
Distribution Diffuse Cytoplasmic Down-regulated

Fig. 1. The effect of various ECM components on the differentiation of human neuroblastoma
cells. LA-NI cells were primed for 10 days in the presence of 100 ng/ml of NGF in
RPMI medium containing 10% fetal calf serum. The cells were then replated on the
various ECM components for 3 days and then viewed with a phase contrast

microscope. Bar represents 100 pm.



us to conclude that both isoforms are a prerequisite for the differentiation to proceed. This
approach enables us to further study in vivo the involvement and function of endogenous
genes, i.e., MT genes, during the process of MT reorganization and differentiation.

DISCUSSION

The expression and organization of cytoskeletal elements is controlled by a variety of
factors. Humoral factors such as NGF and components of the extracellular matrix, influence
this complex process synergistically, as we could demonstrate for human neuroblastoma cells.

It has been shown (Greene et al., 1982) that neurite outgrowth in rat
pheochromocytoma PC-12 cells can be divided into two distinct phases. In this model, the
NGF dependent priming phase leads to the synthesis of specific mRNA species. On the other
hand, the actual event of neurite extension does not require RNA transcription and will proceed
with little or no lag period, provided the PC-12 cells are plated on a suitable substrate. Unlike
the PC-12 cells, little or no neurite outgrowth was observed when human neuroblastoma cells
were stimulated simultaneously with NGF or other inducing agents and various components of
the ECM. In contrast, the priming phase had to proceed the triggering of neurite outgrowth,
probably involving the stimulation of cellular receptors for the ECM components. LA-N1
cells, in particular, responded well to the stimulation with laminin or fibronectin, but were
neutral on collagen I and IV substrates. Likewise, treatment with either inducing agent or ECM
alone resulted in small and unstable neurites. It is also interesting to note that cell shape and
neurite fine morphology were found to depend on the inducing agent, but not on the ECM
component.

These observations suggest that neurite extension can be divided into two distinct
phases. The first phase involves the priming of the cells with humoral factors such as NGF,
and may include the synthesis or modifications of proteins which are involved in neurite
extension and their stabilization. In the second phase, the actual neurite outgrowth is triggered
by the stimulation of ECM receptors which are likely to be linked to a signaling cascade. It
can, therefore, proceed with little or no lag period. The separation between the two phases is
very pronounced in human neuroblastoma cells, whereas NGF and ECM in PC-12 cells appear
to act simultaneously.

Cytoskeletal elements, namely neurofilaments, and the MT associated tau proteins have
been implicated in the generation of NFT in Alzheimer's disease. It was therefore of interest to
investigate, whether the expression of these proteins and their cellular organization is linked
during neuronal differentiation processes. Differentiating human neuroblastoma cells express a
variety of cytoskeletal elements and appear to be a suitable model for this approach. The
dramatic changes in cell morphology during differentiation corresponded with the
reorganization of the MT cytoskeleton. In particular, the formation of thick MT bundles was
observed spanning the entire length of the neurite and a redistribution of MAP2 and tau
proteins. These polypeptides, although sparse, were found in the proximal part of the neurites,
where they may be involved in MT stabilization and cross-linking to other cytoskeletal
elements. The distal part of the extensions was devoid of these MAPs. By contrast, MAPS
was uniformly distributed along the entire neurite. In view of its close similarity (or identity)
with neuraxin (Rienitz et al., 1989), MAP5 may link the microtubules to membrane associated
proteins. Interestingly, immunostaining for these MAPs is diffuse, which may indicate that not
all of them are associated with MTs.

Vimentin and the neurofilament related peripherin displayed a perinuclear whorl in
undifferentiated cells. Upon NGF induction, the filamentous system was reorganized. The
filaments in the perinuclear space could not be observed; instead, the distal part of the newly
formed neurites and the growth cone-like structures were heavily decorated by the respective
antibodies. Thus, the results would indicate that these cytoskeletal elements may play a
significant functional role in neurite extension.
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As in the case of the Alzheimer's diseased cortex, there was no segregation between
MAP?2 and tau proteins into different cell compartments. Both proteins were observed in the
proximal part of the cell extensions. Other cytoskeletal elements showed a different
distribution. Thus, the distal part of the neurites contained mainly intermediate type filaments,
while microtubules containing MAP5 were distributed along the entire length of the neurites. It
would be of interest, therefore, to follow closely the expression and distribution of all these
cytoskeletal elements in the NFT during the pathogenesis of Alzheimer's disease.
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INTRODUCTION

The aberration of cytoskeletal systems is speculated in the
pathogenesis of Alzheimer's disease (Selkoe,1989). In this
present report, we communicate, 1) the presence of higher titers
of IgG antibody against glial fibrillary acidic protein (GFAP) in
Alzheimer sera than in control sera and further characterization
of the lympocytes from Alzheimer patients, 2) aberration of
vimentin fiber arrangement in Alzheimer fibroblasts, and 3)
characterization - of neurofilament fibers observed in aluminum
encephalopathy in rabbit brain. From these independent findings
about intermediate filaments in the central nervous system, we
also the author will discuss the possible involvement of
intermediate filament aberration in Alzheimer pathogenesis.

METHODS

Assay of Anti-GFAP Antibody. Sera of patients with early-onset
Alzheimer's disease (n=13),late-onset Alzheimer's disease (n=26),
cerebrovascular dementia (n=39), and those of healthy control
subjects (n=219) were assayed for anti-GFAP IgG by ELISA
(Tanaka,1988). For in wvitro experiments, lymphocytes from
Alzheimer patients were obtained by differential centrifugation
in Ficoll-Paque. The Alzheimer lymphocytes were incubated for 7
days in 20% FCS-containing RPMI-1640 medium containing 10 ng/ml
pokeweed mitogen, and the anti-GFAP IgG in the medium was
assayed by ELISA. For the transformation experiment with Epstein-
Barr(EB) virus, lymphocytes were incubated with cyclosporin A (2
ug/ml) and the filtrate of the medium conditioned by EB-infected
B95-8 cells (Kingsley, 1988).The anti-GFAP IgG and anti-
neurofilament 200K protein (NF200P) IgG were assayed in the
culture medium 14 days after the transformation.

Alzheimer Fibroblast Culture. Cutaneous tissue from 2 familial
Alzheimer patients (males, 54 and 69 years old) were obtained by
biopsy and cultured in Dulbecco's minimum essential medium with
10% FCS at 37 C. Cells at 8-12 passage cells were grown on
polylysine-coated cover glasses, fixed with 4% paraformaldehyde,
and immunostained with the first antibody and FITC-labeled second
antibody.
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Production of Experimental Neurofibrillary Change. Adult
rabbits were injected with .25m1 of Holt's adjuvant solution

intracerebrally (Klatzo,1965). Ten days after the injection, the
animals were decapitated and the brain tissue was fixed in 10%
formaldehyde. Tissue sections were prepared and silver-stained
with Bodian's and immunostained with anti-NF200P or anti-
neurofilament 160K protein(NF160P).

RESULTS

Anti-GFAP IgG Production of Alzheimer Lymphocyte. The anti-
GFAP IgG titer was assayed in sera obtained from patients with
early- and late-onset Alzheimer's disease, cerebrovascular
dementia, as well as in samples from a large number of healthy
subjects. The mean O0.D. value of anti-GFAP IgG by ELISA was
0.909+0.363 for early-onset Alzheimer's disease, 0.816+0.332 for
late-onset Alzheimer's disease, 0.559+0.302 for cerebrovascular
dementia, and 0.533+0.260 for the healthy control. The Alzheimer
serum showed the significantly higher titer of anti-GFAP IgG
(Fig.1). When the O0.D. value of the mean plus two standard
deviations of the control was tentatively taken as the value
demarcating positive cases, the ratio of the positive cases was
53.8% with early-onset Alzheimer's disease, 30.8% with late-onset
Alzheimer's disease, 10.8% with cerebrovascular dementia, and
5.5% with the control subjects (Tab. 1).

To characterize the lymphocytes in Alzheimer blood, the
lymphocytes were fractionated and studied in vitro. Alzheimer
lymphocytes were chemically stimulated with pokeweed mitogen, and
the production of anti-GFAP IgG was assayed by -ELISA. The result
showed the higher production of anti-GFAP IgG with Alzheimer
lymphocytes than with control cells (Fig.2). Alzheimer
lymphocytes were also transformed by EB virus, and the production
of anti-GFAP IgG and anti-NF200P IgG was assayed on the 14th day
after the transformation. The results showed that Alzheimer
lymphocytes produce more anti-GFAP IgG than anti-NF200P IgG, and
more of both of these than the control lymphocytes (Table 1).

Fig.l. Anti-GFAP IgG antibody titer by ELISA in sera from
early-onset Alzheimer (AD), late-onset Alzheimer (SDAT),
cerebrovascular dementia (CVD), and healthy control
(Control) subjects.
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Table 1 The frequency of wells producing IgG against GFAP
and NF200P after EB virus transformation

GFAP NF200P
ALZHEIMER 957% 827
CONTROL 487 357

Aberration of Vimentin Array in Alzheimer Fibroblasts
Alzheimer fibroblasts were incubated in serum-free medium for 10
days, and the distribution of cytoskeletal proteins was then
observed. The cells were fluroescently-stained with antibodies
against cytoskeletal proteins, such as vimentin, actin, and
phodrin. When the fibroblasts were stained with anti-actin
antibody, the Alzheimer (Fig.3A) and control fibroblasts showed
similar distribution of microfilaments. Likewise anti-phodrin
antibody staining showed the same distibution pattern of phodrin
between the Alzheimer (Fig.3B) and the control cells. As shown in
Figure 3C, the control fibroblasts showed an even smooth
distribution of vimentin fibers. The Alzheimer cells, however,
showed a unique derrangement of the fibers (Fig.3D). To study the
protein change in the Alzheimer fibroblast, we fractioned the
crude cytoskeletal protein and immunostained with anti-vimentin
and anti-phodrin. The crude cytoskeletal protein fraction from
the Alzheimer cells showed no difference from that of the control
cells (Fig.4A). The immunostaining revealed the same quantity and
size of vimentin molecule from Alzheimer and control cellsb but
the phodrin from the Alzheimer cells showed a higher molecular
weight than that of the control cells.

AD— ~<—Control

Optical Density

o
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Fig.2 Anti-GFAP IgG production by lymphocytes after pokeweed
mitogen stimulation.
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Characterization of Experimental Neurofibrillary Change. The
aluminium-injected rabbit brain showed the proliferation of 10-nm
neurofilament-like fibers in neurons of the cervical spinal cord
and pons. The crude cytoskeletal fraction purified from
aluminium-injected rabbits showed increased intensity of 68 K,
160 K, and 200 K protein bands, which bands correspond to
subunits of neurofilaments. The tissue obtained from the
aluminum-injected rabbit brain was stained with Bodian's to show
the production of experimental neurofibrillary changes (Fig.4A).
Tissue sections were also immunostained with antibodies against
160 K and 200 K neurofilament subunit proteins. The
immunostaining with anti-NF200P as well as with anti-NF160P was
positive in the neurons containing the experimental
neurofibrillary changes (Fig.4B,C).

DISCUSSION

The IgG antibody against GFAP was elevated in the serum of
Alzheimer's disease patients. Since the anti-GFAP IgG titer of
the healthy control subjects was unchanged by age and sex, this
antibody could be a useful biological marker of Alzheimer's
disease. Further, the anti-GFAP IgG titer could be used for
differential diagnosis of Alzheimer and cerebrovascular type of
dementia because the serum from cerebrovascular dementia patients
did not show any increase in anti-GFAP IgG. The in vitro
characterization of Alzheimer lymphocytes indicates the
possibility that GFAP antigenicity is stronger than that of
neurofilament subunit protein in Alzheimer's disease. The finding
that fibroblasts obtained from familial Alzheimer's disease
patients showed an aberrant distribution of vimentin fibers may
correspond to the observed decreased attaching ability of
Alzheimer fibroblasts (data not shown) and/or change in the
phodrin molecules. Regarding the experimental neurofibrillary
changes produced in rabbit brain by aluminium intoxication, the
accumulation of neurofilament filaments in degenerating neurons
was quite evident.

The experimental findings reported above are indicative of
changes in glial, vimentin, and neurofilaments in the
pathogenetic process of Alzheimer's disease. All of these
filaments belong to the class of intermediate filaments in the
central nervous system. Ubiquitin is a protein composing paired
helical filaments (PHF) (Mori,1987) and senile plaque neurites
(Perry,1987) of Alzheimer's disease. Recently ubiquitin was
reported to be incorporated into intermediate filament inclusion
bodies of diverse pathological conditions, such as Lewy bodies of
Parkinson's disease, Pick bodies of Pick's disease, Mallory
bodies of alcoholic liver disease, cytoplasmic bodies of a
specific myopathy, and Rosenthal fibers in astrocytes
(Lowe,1989). These findings support the hypothesis that there is
a common pathological process mediated by ubiquitin conjugation,
which results in the formation of intracellular accumulation of
intermediate filaments. We wish to stress the importance of the
dysfunction of the mechanisms governing the function and the
distribution of intermediate filaments in the pathogenesis of
Alzheimer's disease.
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A UNIFYING HYPOTHESIS ON THE ETIOLOGY OF ALZHEIMER'S DISEASE

Zaven S. Khachaturian
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INTRODUCTION

In recent years, it has become increasingly evident that the
fundamental scientific issues concerning the etiology of Alzheimer's
disease (AD) should focus on the search for mechanisms of cell
dysfunction and selective neuronal loss. It is now well established
that the structural and functional changes in neurons occur in specific
regions of the AD brain.

However, to date we still do not know the precise mechanisms of
cell death in AD or why specific types of cells in particular brain
regions are vulnerable. We do not know what the relationships are, if
any, between the presence of abnormal proteins and neuronal function.
The rapid pace of research, during the last few years, has begun to
provide promising leads concerning several possible mechanisms of
selective neuronal loss in AD. Some of the leading candidates for
causes of cell death include: the presence of amyloid proteins,
infectious agents, toxins, lack of trophic factors, cell membrane
changes, and glucose metabolism.

The presence of large numbers of neuritic plaques and tangle-
bearing neurons is the hallmark of AD. Recently, considerable progress
has been made in understanding the protein chemistry of these
neuropathologic lesions in AD. The location of the gene responsible
for one of the amyloid precursor proteins has been identified, and the
chemistry of paired helical filaments (PHF) is better understood now
then a few years ago. However, it is still not clear whether the
amyloid proteins of the plaques have any direct role to play in the
etiology of AD. The presence of these abnormal proteins is not unique
to AD. It is not clear whether the formation and accumulation of these
abnormal proteins initiate the neuronal degenerative process, or
whether they are the end-product of a disease process caused by some
other agent. It is very likely that they may be coincidental to the
disease process. We still do not know how these proteins affect
cellular function. At present there is no clear or direct evidence
that these abnormal proteins play a role in cell death. If they do, we
need to understand the mechanisms by which this occurs.

At present, no single known etiologic factor under study can
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fully account for the clinical picture of AD and the post mortem
pathological markers of the disease. We propose that, as a working
hypothes1s, the role of any single etiologic factor needs to be
examined in the broader context of other ideas concerning the etiology
of this disorder, e.g.: genetics, infective agent, metabolic disorder,
blood-brain barrier changes, neurochemical deficits exposure to toxins,
and the presence of abnormal proteins. This broader view is necessary
because of the strong possibility that AD may not be due to a single
event or an insult but is brought about by a series of different events
over a long period in the life of the patient.

To understand the etiology of AD, it might be important to
examine evidence showing a relationship between a particular variable,
such as toxins and AD, in the context of other preceding critical
physiological events during the lifetime of the patient, which may have
predisposed the vulnerability of the brain to the disease.

The purpose of this paper is to re-evaluate, in light of new
evidence, the calcium hypothesis of brain aging and Alzheimer's disease
as a possible mechanism for selective neuronal death. In brief, the
calcium hypothesis suggested that oellular mechanisms, which mmtam
the homeostasis of cytosollc [Ca _1 play a key role in brain aging;
and that sustained changes in [(}a ]i homeostasis could provide the
final common pathway for selective cell death in AD (Khachaturian,
1984).

In recent years, it has become increasingly apparent that ca?t
functions as a nearly universal messenger system for extracellular
signals to regulate cell function in a variety of cells (Cheung, 1979;
Carvahlo, 1982; McGraw et al., 1982; Rassmussen, 1986). There is
abundant evidence that this calcium-mediated-signaling system changes
in the aging nervous system (Landfield et al., 1989). The critical
issues for studies of brain aging concern the questions of how and what
cellular changes lead to disruption of calcium-mediated-signal
transduction process and disstablization of calcium homeostasis within
the cytosol. The crucial challenge is to find out the mechanism by
which such changes come about. At present, we do not know how aging
affects the processes that regulate the intracellular concentration of
ca?t. It is not clear whether ca?t concentration change themselves or
are the result rather than a cause of other pathogenic effects. But,
it is clear that any significant and long-lasting change in the normal
functioning of ca2t transport systems, pumps, buffers, or storage
systems that help maintain the homeostasis could influence the delicate
balance of Ca?t concentration in the cytosol with serious consequences.
Many of the age-related changes in brain function, and those associated
with degenerative processes of AD, ultimately have to be accounted for
either on the basis of altered neuronal functioning and or cell death.
The calcium ion mediated signaling system and regulation of calcium ion
homeostasis appear to be the final common pathway for such cellular
changes. The calcium hypothesis is intended to be an alternative
candidate in the search for a unifying explanation of selective cell
loss in AD. It provides a reasonable framework to link a number of
discrete age-related changes observed in the nervous system and AD
associated pathology of the brain.

Normally the restmg intracellular free calcium ion concentration
[Ca2t]; within a neuron is maintained between 1078M and 107/M. Until
recently the idea of studying mechanisms by which intracellular free
ca?t concentration are regulated would have been an unrealistic task.
But important advances in several areas, such as patch—clamp recording,
availability of furo-2 and quin-2 dyes for measuring ca2t , and a better
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understanding of the biochemistry of inositol triphosphate
(IP3)/diacylglycerol (DAG), have made it possible to study the cellular
mechanism of Ca?t regulation (Miller, 1988). It is now well established
that ca?* serves as a signal for numerous neuronal functions such as:
control of neurcotransmitter release, neuronal membrane excitability,
serves as second messenger, and as a third messenger. ca?* can lead to
the induction of a series of genes which encode proteins involved in
transcriptional regulation. In addition, it regulates neuronal
plasticity and growth of soma, neurites, growth cones, and terminal
buttons. It also regulates housekeeping neuronal metabolic activity,
e.g. phosphorylation reaction, axoplasmic flow, and proteolytic
activity. It is also involved in trimming of dendrites and dendritic
spines, possibly other pathological conditions, and neuronal death.

The central role of Ca?t in cellular signal process involves a
vast array of time scales ranging from millisecond, seconds, and
minutes; to hours, days, and years. The longer time periods are
particularly relevant for explai_ning the role of free calcium ion
concentration within cytosol = [Ca2 1i homeostasis in AD and age-
associate changes in neurcnal functioning and cell death. The complex
interaction between the duration of calcium [Ca?t]; change (i.e., A\ T
and the relative amount of the deregulation in the concentration of Ca<t
(i.e.. /\ [ca?t] i ), is critical for age-associated changes in neuronal
functioning. In this revised version of the calcium hypothesis, I
propose that a very small subtle change in free ca?t concentration but
sustained over a long period, i.e. years, is likely to cause the same
neuronal damage as that induced by a large change in [Caz"']i over a
shorter period i.e., minutes or hours. This relationship between
[ca?*]; and time can be expressed as:

/\[Ca2+]j{ X /A T =K

so that when T is small i.e., milliswondsL a large A[Caz"‘]i
has the same consequence as a small /\[Ca? 1i vhen /\ T is large i.e.
years.

large /\[Ca?t]; X small /\ T = small /\[Ca?t]; X large /\T

The hypothesis proposes that a small change of what might appear to be
an insignificant_increase in [Ca?t]; or a sustained but small
disruption in ca?t homeostatic process over the period of several years
may lead to age-associated changes in cell functioning.

The regulation of cytosol free calcium ion, at extremely low
concentration relative to the concentration of calcium ion outside the
cell, is dependent on several complex mechanisms. Disruption or a
change in the efficient operation of any of these calcium homeostasis
maintaining systems could lead to the age-associated changes in the
cytosol [Ca2+]i. There is some evidence that the systems regulating
Ca2t homeostasls include: Ca2t channels (both voltage-sensitive and
receptor-operated types), buffering by calcium binding proteins,
sequestration by cytoskeletal organelle, and energy-dependent calcium
extrusion pumps. Evidence also exists that the efficiency of these
systems is affected by the aging processes (Khachaturian, 1989).

While it was previously known that there are several alternative
mechanisms through which the regulation of cytosolic [ca?*]1 can be
disrupted, this paper suggests that the role of membrane changes in a
cascade of events, which might lead to disruption of [Ca2t]l
homeostasis, is a critical interceding event in cell death and AD
pathology. The mechanisms by which the assembly, structure, and
dynamics of membrane constituents, including proteins, change in aging
and pathological conditions are important topics for understanding
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aging and cellular mechanisms of [Ca?t]l regulation. In addition,
studies of membrane structure, dynamics and function are essential to a
better understanding of the mechanisms by which intracellular
messengers mediate neuromodulation. Critical issues for studies of
brain aging concern questions of how and what cellular changes may lead
to destabilization of calcium homeostasis within the cytosol and/or
disruption of calcium mediated signal transduction processes. A crucial
challenge is to determine the mechanism(s) that produce such changes.

At present, we do not know the precise details of the processes that
regulate intracellular concentration in [ca?t)l pathological conditions.

Studies of membrane molecular structure and dynamics are critical
to our understanding of mechanisms by which cytosol ca2t homeostasis
might be altered as part of the aging process, because maintaining the
delicate balance of Ca2t concentration between 10-8M and 10-M within
the cytosol is dependent on the normal function of various channels,
extrusion pumps, storage, and buffering systems. These complex systems
used by a cell to maintain a low cytosol [ca?t) i require the efficient
operation of highly specific ca?t binding cites on various proteins and
complexes of membrane associated proteins. It is becoming clear that
changes in the synthesis and turn over of the membrane phospholipids can
have a profound effect on the operations of membrane bound proteins. It
is possible that the ca?* disruption in homeostasis are secondary to
changes in membrane structure and dynamics, and energy metabolisms.

The mechanisms by which the assenbly, structure, and dynamics of
membrane constituents, including proteins, change in aging and
pathological conditions are i.mgortant topics for understanding aging
and cellular mechanisms of [Ca "']i regulation. In addition, studies of
membrane structure, dynamics, and function are essential to a better
understanding of the mechanisms by which intracellular messengers
mediate neuromodulation, thus providing the scientific basis for
developing rational treatment strategies for devastating
disorders of aging such as AD.
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INTRODUCTION

Among the numerous neurotransmitter abnormalities described in brains of patients with
Alzheimer's disease (AD), the decrease in the activity of choline acetyltransferase [the acetyl-
choline (ACh)-synthesizing enzyme] was first identified (Bowen et al., 1976) and remains the
most robust. The cholinergic deficit in is strongly correlated with the cell loss (McGeer et al.,
1984) and senile plaques (Perry et al., 1987) characteristic of AD, and probably contributes to
the aimncsia ihai 1> >0 promineni in wis disorder. Brains of patients with Down syndrome (DS)
have pathological features of AD by the fourth decade of life (Coyle et al., 1988, for a recent re-
view) and develop cholinergic deficits similar to those in AD (Yates, 1983); Any theory that at-
tempts to explain the vulnerability of cholinergic neurons in AD or DS should take into account
their unique dual requirement for choline: all cells need choline for incorporation into phos-
phatidylcholine (PC), a structural component of biological membranes, but cholinergic neurons
also need choline for ACh synthesis (Blusztajn and Wurtman, 1983). In disorders like AD,
in which the loss of cholinergic neurons presumably causes localized deficiencies in cholinergic
tone, surviving neurons may undergo a net degradation of their membrane phospholipids in
order to supply sufficient choline to support augmented ACh synthesis and release (Maire and
Wurtman, 1985; Ulus et al., 1989). In support of this hypothesis, we now report that concen-
trations of major metabolites of PC [glycerophosphocholine (GPC)] and of phos-
phatidylethanolamine (PE) [glycerophosphoethanolamine (GPE)] are significantly increased in
AD brains.

MATERIALS AND METHODS
Source of Brain Tissue

Brain tissue was obtained from the Massachusetts Alzheimer's Disease Research Center
(ADRC) Tissue Resource Center (Director, Dr. E. Tessa Hedley-Whyte). Only cases with def-
inite and uncomplicated AD were used [criteria as proposed by Khachaturian (1985)]. Control
brains were from subjects who died without clinical evidence of neurological or psychiatric ill-
ness, and whose brains were normal upon neuropathological examination. All DS brains had
confirmed histopathological characteristics of AD. The ages at death and times from death to
brain collection were similar in both groups (Table 1).
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Tissue from the following regions was used:
1. temporal cortex (area 20/21)
2. parietal cortex (area 40)
3. lateral cerebellar cortex
4. caudate nucleus

The temporal and parietal lobes were selected because they correspond to sites of histo-
logic change in AD and are thought to be involved in some of the behavioral manifestations of
AD. The caudate nucleus and cerebellum were selected because these regions do not exhibit
overt AD-type pathology. Frozen brain tissues from each region were thawed to -20°C and dis-
sected on a cold plate into 100-200 mg. samples.

Table 1. Characteristics of the Control and Alzheimer's disease groups.

Age Postmortem time ~ Males  Females
(years) (hours)
Controls 70.0 = 3.0 170+ 3.8 10 2
Alzheimer's 74.8+2.9 11.2 £ 6.1 8 7
Down's 640+ 3.8 102 £2.1 2 3

Ages and postmortem times are means + SE.

Ti X ion

Each brain sample was weighed and extracted in 20 volumes (w/v) chloroform/methanol
(2:1 v/v). Tissue was initially homogenized in methanol, then chloroform was added and
washed with 2/3 volume 50% methanol/water. The phases were separated by centrifugation,
transferred to separate tubes, and dried under a vacuum.

Determination of GPC

The aqueous phase of the brain extract was reconstituted in water, filtered, and an
aliquot equivalent to 20 mg of tissue subjected to a modification of the HPLC procedure de-
scribed by Liscovitch ez al. (1985). GPC was purified on a normal phase column (Pecosphere-
3C Si, 4.6 x 83 mm; Perkin-Elmer, Norwalk, CT) using a linear gradient elution consisting of 2
buffers: buffer A, containing acetonitrile/water/ethanol/acetic acid/1.0 M ammonium acetate
(800:127:68:2:3 v/v), and buffer B (same components (400:400:68:53:79 v/v) from 0 to 100%
buffer B with a slope of 5%/minute, started 6 minutes after injection with a flow rate of 1.5
ml/min and a column temperature of 55 °C. Fractions with a retention time of 13.5-15 minutes
(GPC) were collected, pooled and dried. GPC samples were reconstituted in 6 M HCI, hy-
drolyzed to free choline at 90 °C for 1 hour and then dried. Dried residues containing choline of
hydrolysates of GPC were assayed for choline as described by Goldberg & McCaman (1973).

Determination of GPE

GPE was measured in aliquots (equivalent to 2-5 mg of tissue) of the aqueous phase
following derivatization with 9-fluorenylmethyl chloroformate (FMOC-CI) (Cunico et al.,
1986). Samples were incubated with 2 mM FMOC solution in 0.1 M sodium bicarbonate pH
8.0 and the excess of FMOC was extracted with pentane. Derivatized compounds were sepa-
rated on a reverse phase HPLC column (Biophase ODS 5 pm, 250 x 4.6 mm; Bioanalytical
Systems, Inc., West Lafayette, IN) using a concave gradient elution consisting of two buffers:
buffer A containing 0.2 M sodium citrate-0.005 M tetramethylammonium chloride (pH 2.85)
and acetonitrile (3:1 v/v), and buffer B containing 0.2 M sodium citrate-0.005 M tetramethylam-
monium chloride (pH 4.5) and acetonitrile (1:3 v/v). The concave gradient (from 0 to 100%
buffer B) commenced at the injection and lasted for 70 min, followed by a 15 min reequilibration
with buffer A. The flow rate was 1.4 ml/min and the column temperature was 30 °C. The de-
rivatives were detected with a spectrofluorometer using 264 nm excitation and 340 nm emission.
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RESULTS

GPC concentrations were increased in all brain regions from AD patients relative to con-
trols (Table 2). This increase ranged from 1.7 to 2.3 fold. GPC levels in brain samples from
DS patients were similar to those of controls (Table 2). Elevations in the amounts of brain GPE
were also observed in samples from AD patients when compared to controls or DS (Table 3).
As in the case of GPC, GPE levels did not differ between DS and controls (Table 3).

Table 2. Glycerophosphocholine in human brain.

Glycerophosphocholine
(nmol/g weight)
Control AD DS
Area 20 661 £126 1510+180 785+ 138
Area 40 640 £ 58 1314+ 145 700% 102
Caudate/Putamen 1014+ 189 1699 +225 891+ 109
Cerebellar Cortex 7321102 1524+160 773t 154

The results are reported as means + SEM. Statistical analyses by
ANOVA and Duncan's multiple range test showed that the values in AD
group were higher than in controls or DS in all brain regions (p<0.05).

Table 3. Glycerophosphoethanolamine in human brain.

Glycerophosphoethanolamine

(nmol/g weight)
Control AD DS
Area 20 701£79 1002184 522469
Area 40 635144 1008161 790+112
Coudate/Dutamen R77+64 1061+62 785195
Cerebellar Cortex 888+64 1154185 740180

The results are reported as means + SEM. Non-parametric statistical
analyses of the data (at 0.05 level) showed that the values in AD group
were higher than DS in all brain regions but area 40 and were higher
than control in all regions but are 20.

DISCUSSION

Comparison of the postmortem concentrations of the metabolites of the two major brain
phospholipids, PC and PE, in control subjects, AD, and DS patients revealed dramatic differ-
ences. Levels of two catabolic intermediates, GPC and GPE, were increased in AD relative to
controls or DS patients. Since the amounts of phosphodiesters (GPC, GPE) have been reported
as stable in human brain tissue postmortem (Perry et al., 1981; Pettegrew et al., 1987), the
changes described here most likely reflect antemortem conditions.

Previous studies have also demonstrated abnormalities in levels of phospholipid precur-
sors and metabolites in AD brains. Elble et al. (1989) reported elevated choline concentrations in
cerebrospinal fluid of AD patients. Using 3!P nuclear magnetic resonance technique, Pettegrew
et al. (1988) found elevated concentrations of phosphomonoesters (i.e. the sum of phospho-
ethanolamine and phosphocholine) in AD brain, however the same authors reported that phos-
phomonoesters levels were inversely correlated with the number of senile plaques and were not
different from those present in control brains in the intermediate to late stages of AD (Pettegrew
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et al., 1988a). [In our preliminary studies, the sums of phosphoethanolamine plus phospho-
choline levels were not significantly different in AD from those in control subjects (data not
shown)]. We found that levels of GPE were higher in AD brains than in age-matched controls.
Our results confirm and extend previous reports, based on 3!P nuclear magnetic resonance
technique, that GPC levels were significantly elevated in several regions of brains of AD patients
(Barany et al., 1985; Pettegrew et al., 1984). Although both GPC and GPE levels are elevated
in AD, increases in GPC concentrations are more pronounced. The elevations in GPC levels
were found in the brain regions rich in senile plaques and neurofibrillary tangles (cortex) as well
as in regions normally devoid of this overt AD-pathology (caudate, cerebellum). Recent stud-
ies, which utilized immunohistochemical techniques, showed, however that accumulation of -
amyloid occurs in the latter regions of AD brains as well (Selkoe, 1989; Ogomori et al., 1989).
Thus our observations suggest that abnormal phospholipid metabolism may be quantitatively
similar in many brain regions while accumulation of abnormal proteins is more pronounced, but
not limited to, cortex. Since neuronal degeneration appears to be more pronounced in the corti-
cal areas as compared to caudate or cerebellum in AD, our data indicate that accumulations of
GPC and GPE are not an epiphenomenon of cell death, but rather a fundamental aspect of
pathophysiology of AD. Increased levels of GPC and GPE might result from decreased activity
of phospholipase D, the enzyme that catalyzes release of choline from PC (Kanfer et al., 1986),
concomitant with increased rates of PC hydrolysis via a phospholipase Ay (PLA3) and
lysophospholipase-mediated pathway which generates GPC and GPE. The recent report by
Farooqui et al (1988) that lysophospholipase activity is increased many-fold, and by Kanfer and
McCartney (1986) that phosphocholine hydrolysis is diminished in AD brains,supports this
hypothesis.

Membrane abnormalities affecting cells within and outside of the central nervous system
have been reported in AD and raise the possibility of a systemic defect in phospholipid
metabolism. [In is worth noting that the f-amyloid precursor peptide is presumed to be a trans-
membrane protein whose proteolytic processing may be aberrant in AD (Selkoe, 1989). This
processing may be affected by abnormal membrane properties], Zubenko et al .(1984) first re-
ported that membrane fluidity in platelets of patients with AD was abnormal; this finding has
been confirmed in a large series of patients (Zubenko et al., 1984; Hicks et al., 1987) and in
studies of hippocampal membranes (Zubenko, 1986). The changes in platelet membrane fluid-
ity were attributed to the proliferation of the internal membrane system (Zubenko et al., 1987),
and associated with a lower cholesterol to phospholipid ratio (Cohen et al., 1987). Abnormal
fluidity in platelet membranes has been observed in a subset of AD patients with characteristic
clinical symptoms (Zubenko et al., 1987). The pattern of this abnormality within families of the
AD probands was consistent with a fully penetrant autosomal dominant trait (Zubenko et al.,
1987;1988). Other evidence for membrane abnormalities in tissues outside of the brain includes:
lack of the normal age-related decline in platelet adenylate cyclase activity (Ebstein et al., 1986);
increases in erythrocyte choline concentrations, accompanied by reductions in choline uptake
(Miller et al., 1986); reductions in colchicine-induced concanavalin A capping in lymphocytes
(Dyjindan-Van den Berge et al., 1986); and increases in total cell calcium, associated with de-
creases in cytosolic free calcium and with reduced spreading in cultured skin fibroblasts
(Peterson and Goldman, 1986; Peterson et al., 1986).

GPC and GPE levels in DS brains were similar to those of age-matched, elderly con-
trols. These data indicate that despite similar cerebral pathological manifestations of AD and DS,
the properties of phospholipid metabolism distinguish these diseases. If, as we hypothesize, the
cholinergic lesion in AD is associated with the abnormal phospholipid metabolism, then similar
lesion in DS may develop without phospholipid involvement by a different mechanism (DS,
which results from the presence in cells of three copies of genes residing on chromosome 21, af-
fects many metabolic pathways throughout patients' lifetime). However it is also possible that
abnormal phospholipid metabolism is present in DS but it is not expressed as accumulations of
GPC and GPE.

Taken together, the data point to a general involvement of cellular membranes in the
pathophysiology of AD, and suggest that the disease process is widespread and not confined to a
subset of CNS neurons. Whether abnormalities in phospholipid metabolism are the primary le-
sion or represent secondary manifestations of the disease is currently unknown. In either case
cholinergic neurons would be especially vulnerable to damage because they alone use choline for
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two purposes, PC and ACh synthesis. Under normal conditions, phospholipid turnover in
cholinergic cells may be faster than in other neurons because they hydrolyze some of their PC to
supply choline for ACh synthesis (Maire and Wurtman, 1985; Ulus et al., 1989; Blusztajn et al.,
1987). Under abnormal conditions in AD, phospholipid degradation mediated via PLA» and
lysophospholipase may be increased. This accelerated catabolism may transcend the cells' abili-
ty to resynthesize membranes and eventually compromise the structural and functional integrity
the neurons. As more cholinergic cells die, some of the surviving neurons may fire faster in
order to maintain cholinergic transmission, perhaps hydrolyzing more PC to supply choline for
ACh synthesis (Wurtman et al., 1985) thus leading to irreversible changes.
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Abstract

A differentiation can be made between the locus coeruleus (LC) in
normal brain, in Alzheimer's disease (SDAT) and Parkinson's disease
(PD) for diagnostic purpose, based on the findings concerning the
morphological alterations of the tyrosine-hydroxylase-immunoreactive
neurons, the topographical distribution of neuron loss within the
length of the LC, and, to some extent, the total reduction in cell
number. A reduction of total neuron numbers of the LC of up to 87.5%
as compared to age-matched controls is found in SDAT. In PD cases, the
neuronal morphology is generally more severely altered than in SDAT
cases. The neuron loss is more severe than in SDAT (up to 94.4%).
Simultaneously there is an increase in peptide containing neurons
(galanin and neuropeptide Y) in SDAT compared to normal controls. The
consequences of these findings will be discussed.

Introduction

Senile dementia of the Alzheimer's type (SDAT) is neuropathologically
characterized by severe cortical atrophy and cell loss as well as a
high index of dementia as measured by numbers of neurofibrillary
tangles (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 suggests involvement of dopaminergic pathways in some
cases. Investigations of the functional role of the Tocus 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 neuromelanin pigment as a marker for NE
neurons have demonstrated a reduction of neuron numbers in the LC in
most cases of SDAT with a high incidence of neuropathologic markers
like NFT, NP and, occasionally, Lewy bodies in the remaining neurons.
Recent studies using catecholamine biosynthetic enzymes have also
demonstrated a loss of LC-NE neurons in SDAT, though with different
results as to the total neuron numbers counted in control and SDAT
cases. This cell Toss from the LC was reported to be topographically
arranged. NE-level, dopamine-beta-hydroxylase (DBH)-activity and the
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Tevels 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 cortical 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 correlation between the severity of dementia and the extent

of LC damage has been demonstrated. A recent study, however, has
shown a positive correlation of the occurrence of depression in SDAT
and the decrease in LC neuron number.

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-Tesions similar to those
found in the disease are caused by the administration of the neuro-
toxin 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 impairment occurs in the course of the disease. Some authors
have reported dementia in more than 50% of cases of PD. According to
the responsiveness to L-dopa treatment it has been postulated that
"two separate disorders can be distinguished in PD: an exclusive motor
disorder occurring 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 fulminant course and a poorer response to L-dopa". There has
been a controversy 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, characterized mainly by aphasia, amnesia, agnosia and apraxia,
can be distinguished from that found in PD patients, where the
dementia is characterized by slowness of mental processing, forget-
fulness, impaired cognition, apathy and depression, while no psycho-
pathological 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 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 occurrence 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 cor-
relation 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 neuropathological examination. Vital data and
selection criteria for all control cases were described in detail (1).
Data assembled in three paradigm control cases in the age group of the
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patients in the Alzheimer's and Parkinson's groups served as control
values for quantitative analyses. Appropriate levels of normal mental
function in patients was shown by results of between 22 and 26 from a
possible 30 points in the Tast 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 prep-
arations. 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 years 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 (P+D/L-dopa nonrespon-
sive). 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 Parkin-
son's disease was confirmed at autopsy by both gross and microscopic
neuropathological examination. The substantia nigra showed consider-
able cell Toss, 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 Tast 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 immunocytochenmistry

The protocols used for fixation of the studied brainstems and immuno-
cytochemistry were described in detail in preceeding papers (1,2).

Computer-assisted quantitative morphological analyses

The computer system and the recording procedures used have been
described in detail (1,2). 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 parameters of TH-immunoreactive LC neurons, and for
the mapping and counting of neurons and the three dimensional recon-
struction procedure for the analysis of neuron distribution in the

LC 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 cal-
culations 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 immunoreactive neurons
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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, L-dopa non-responsive, 82 yr, case (f). The reconstruction
is viewed from dorsal, shifted in a 250 angle from the plane of the
figure. R = right, L = left LC. The outline of the fourth ventricle is
drawn on every fourth section, and eacih 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-re-
sponsive (f) cell loss is present throughout the nucleus.
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stained with the PAP-method. Cell counts were performed 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-immunoreactive 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 LCs of the preceeding

and following sections of the same series. Total neuron numbers were
calculated by the computer for the entire LCs 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 of the reassem-
bled 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 immunocytochemical
demonstration of two NE biosynthetic enzymes, tyrosine hydroxylase
(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 visu-
alization 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 measurements of the neuronal structure parameters soma
size, dendritic arbor length, surface area and volume are given.
Comparison of neuronal morphology in different age groups shows that
even though the soma areas of LC neurons of all four classes are
decreased in older normal adult brain, the dendritic arborization is
equally extensive. Detailed 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 predominate in all parts, but the relative
contribution of larger cells decreases in a rostro-caudal direction.
Small bipolar neurons are the most frequent cells of the caudal part
and display distinct dorsomedial-ventrolateral 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 increased especially
in the rostral LC. No age-dependent decrease in nuclear 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 distribution
of the different morphological neuron classes confirms the observa-
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tions mentioned above, suggesting that especially in the rostral part
of the LCs of older adult brains loss of smaller cells is comparative-
ly nigher than of larger cells. The computer-generated three dimen-
sional reconstruction provides the possibility of visualizing LC

shape and cell distribution closely approximating the situation in

the intact brain and facilitates the detection of morphological
differences of the LCs in individual brains (see Fig. la-f). After

the studies of the controls, a detailed qualitative and quantitative
investigation of the morphology and distribution 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 undertaken. 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 con-
trol LCs. Quantitative analysis confirms the qualitative observations.
The reduction of absolute numbers of LC-NE neurons in paradigm cases
of SDAT and PD as compared to controls are shown in the table below.

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 31.1
P+D 83 f 23.3
P+D/L-dopa

nonresponsive 79 m 2.5

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 compared to controls (13 mm and 14.9 mm respec-
tively). 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 arboriza-
tions are reduced or virtually absent. In the neuropil 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 P+D/L-dopa non-responsive 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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INTRODUCTION

Senile dementia of the Alzheimer's type (SDAT) is diagnosed on the
basis of well known histopathological alterations which are present, but
at a much lesser extent, also in the brain of normal aged people. Since
the difference seems to be only quantitative, some authors support the
contention that subtle neurochemical alterations accumulate in the brain
of old individuals and may wultimately show a clinically evident
pathology (Roth, 1985; Arendt and Bigl, 1987; Bertoni-Freddari, 1988a).
Cellular membranes, while being important permeability barriers, are
also directly involved in several important processes such as active
transport of molecules, hormonal and immunological stimulation,
transmission of the nervous impulse, etc.. During aging, changes in
membrane basic constituents (phospholipids, cholesterol and proteins)
lead to impaired cellular performances and this fact appears to be
particularly true for the membranes of postmitotic cells, like neurones,
which have the same age of the organism to which they belong
(Oestreicher et al., 1986). 1In nerve cells a proper substitution of
damaged molecules at their membranes is a necessary prerequisite to
preserve specific functions such as ion homeostasis and action
potentials, thus any delay and/or mistake in the turnover of altered
constituents of neuronal membrane may result in serious impairments of
cellular performances and in a potential threat to nerve cell longevity.
In the present paper we report the results of a quantitative
morphometric study undertaken to seek changes in synaptic membranes and
mitochondria during physiological aging and SDAT.

SYNAPTIC CHANGES IN A TARGET AREA OF SDAT PATHOLOGY: THE HIPPOCAMPUS

Senile plaques (SP) and neurofibrillary tangles (NFT), the
characteristic hallmarks of SDAT, seem to be more or less widespread in
the demented brain (Hardy et al., 1986), however discrete areas of the
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Fig. 1. E-PTA stained synaptic junctions (arrows) in the cerebellum of
SDAT patient. Bar = 1 um.

CNS (i.e. association areas in the cerebral cortex, hippocampus,
amigdala and the basal nucleus) are so abundant in such alterations that
the postmortem diagnosis of SDAT is based on the numerical density of SP
found in one of these areas (Roth, 1985). 1In addition to such a zone-
specific vulnerability, the cholinergic system appears to be very
sensitive to SDAT histopathological alterations (Perry and Perry, 1980).
Taking into account these well demonstrated changes, the dentate gyrus
supragranular layer, an area of the hippocampal formation receiving
cholinergic inputs from the septum, was investigated. Adult (mean age:
55.8 years), normal old (mean age: 81.4 years) and SDAT (mean age: 83.6
years) right hippocampi from autopsied patients were sampled for our
studies. According to our previous papers (Bertoni-Freddari et al.,
1988b; 1989), glutaraldehyde fixed tissue blocks were stained by means
of the ethanol phosphotungstic acid (E-PTA) technique which represents a
selective procedure to evidentiate synaptic junctions against the
background (Fig. 1). A computer-assisted analysis of the electron
microscopic negatives allowed us to measure the following parameters:
surface density (Sv), i.e. the total area of the synaptic contact zones
in a unit volume of tissue; the average area of a single synapse
considered as a circular disk (S) and the numerical density (Nv) of the
synapses, i.e. the number of contacts in a unit volume of tissue. In the
same samples used for this electron microscopic investigation,
quantitative morphometry was performed in semithin sections to measure
the numerical density of dentate gyrus granular cells. As shown in Table
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TABLE 1. MORPHOMETRIC PARAMETERS OF HIPPOCAMPAL DENTATE GYRI. MEAN (¢ S.E.M.)

SYNAPSES GRANULAR CELLS
Sv 3 S2 Nv 3 Nv 3 Syn./Neur.
(um? /um?) (um?) (No.Syn. /um?) (x103/mn) (%103 /mm3)
ADULT 0.1798 0.1149 1.5991 135.40 11.81
(0.0097) (0.0041) (0.1331) (8.31) (0.83)
OLD 0.1399" 0.1756" 0.8308" 92.19"® 9.96"
(0.0025) (0.0096) (0.0424) (8.13) (0.31)
DEMENTED 0.1083°® 0.1780 0.6270® 102.16 6.14®
(0.0081) (0.0098) (0.0270) (9.10) (0.58)

e Statistically significant vs. the old group.
® Statistically significant vs. the adult group.

1, synaptic ultrastructural features are seriously affected by aging and
SDAT. In a comparison between adult and old group, Nv and Sv
significantly decrease whereas S increases. O0ld and age-matched SDAT
patients showed the same synaptic average size (S), but Nv and Sv were
significantly decreased in the demented patients. The number of granular
cells is stable comparing physiological with pathological aging, but it
is significantly decreased vs. adult value. The synapse to neurone ratio
decreases by 15.6% and 487 in old and demented patients, respectively,
when the adult value is considered 1007%. Since the results regarding the
number of synapses per neurone are independent from actual factors such
as tissue shrinkage due to experimental processing, age and/or
pathology, they help to define synaptic efficacy from a morphological
point of view and support that the reported impairment in the dentate
gyrus synaptic ultrastructure represents per se a prominent feature of
old and demented CNS. In interpreting these data, we want to stress that
synaptic junctions, although well defferentiated areas of the neuronal
membrane, are very dynamic structures capable of adaptive response to
environmental stimuli and experiential framework. Synaptic Nv and S
appear to be inversely related to each other and both contribute to
maintain the constancy of the total synaptic contact area, i.e. Sv
(Hillman and Chen, 1984; Bertoni-Freddari et al., 1988b; 1989). By
considering these three parameters per group of patients, we can get a
reliable index of the morphological rearrangements occurring at synaptic
contact zones in both the conditions investigated. 1In this context, the
increase in S deserves particular interest since it may represent a
compensative phenomenon to balance the decreased Sv brought about by the
consistent reduction of Nv. This assumption, although speculative, finds
support in an analysis of the synaptic population performed by a
percentage distribution of S which excludes the possibility that the
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TABLE 2. MORPHOMETRIC PARAMETERS OF CEREBELLAR GLOMERULI. MEAN (t S.E.M.)

SYNAPSES MITOCHONDRIA
sv s Nv Vv Nv
(um2/um3) (um?2) (No.Syn./um3) (um3/um3)  (No.Mit./um3)
ADULT 0.2095 0.1032 2.0286 0.1381 1.207
(0.0136) (0.0040) (0.0834) (0.0036) (0.0311)
OLD 0.1831 0.1646" 1.1294% 0.1123" 0.533%
(0.0155) (0.0137) (0.0370) (0.0035) (0.018)
DEMENTED 0.1231° 0.1526 0.8303° 0.0888° 0.372°
(0.0118) (0.0066) (0.1033) (0.0029) (0.013)

e Statistically significant vs. the old group.
mStatistically significant vs. the adult group.

expanded contact zones in aging and SDAT undergo perioration and
splitting into smaller junctional areas (Bertoni-Freddari et al., 1989).

SYNAPTIC AND MITOCHONDRIAL CHANGES IN A CNS AREA REPORTED TO BE FREE OF
SDAT HYSTOPATHOLOGY: THE CEREBELLUM

Although in some cases of familial and presenile Alzheimer's
disease amyloid plaques have been found in the cerebellar cortex (Pro et
al., 1980; Azzarelli et al., 1985), this zone of the CNS is largely
reported to be unaffected by SDAT pathology (Roth, 1985). 1In order to
check whether the changes in synaptic ultrastructure observed in the
hippocampus of normal old and SDAT patients, represent ubiquitous
alterations involving the CNS as a whole, the same study on synaptic
contact areas was performed in the cerebellar cortex of the same
patients sampled for the hippocampal investigation. The anatomical model
we chose for this study is the cerebellar glomerulus: a cell free zone
in the granular layer of the cerebellar cortex which is innervated by
mixed fibers (mostly gabaergic, serotoninergic and cholinergic). Since
it is easily identified both at optic and electron microscopic level,
and it is a discrete area in the cerebellar cortex, the glomerulus was
very suitable also to perform morphometric measurements on the
mitochondrial population of nerve endings from the same samples used for
the synaptic studies. The aim of this latter investigation was twofold:
first, to get data on energy-producing cellular organelles subserving
synaptic transmission, and second, to check whether, in addition to
synaptic junctions, membranes of different origin undergo deteriorative
changes as a consequence of aging and SDAT. In the glomerulus the mossy
fiber swells wup and makes synaptic contacts with the dendrites of the
surrounding granular cells, therefore the mitochondria we studied must
be considered as organelles actively participating in energy production
for the svnaptic functions. This is an important point to mention since

150



physiological differences have been demonstrated between mitochondria
from neuronal pericaria and synaptic regions (Harmon et al., 1987).
Cerebellar tissue blocks were processed either as described for the
studies on the hippocampal synapses or according to the conventional
electron microscopic procedures. The mitochondrial parameters calculated
by means of our computer-assisted image analyser were: the volume
density (Vv) i.e. the total volume of mitochondria in a unit volume of
tissue, and the numerical density (Nv), that is the number of
mitochondria per unit volume of tissue. In the cerebellum (Table 2), we
found that the average size of the single contact is the same in old and
SDAT groups, but 1is significantly increased when compared with adult
values. Nv undergoes a significant decrease both during physiological
aging and SDAT. At variance with the hippocampal results, we did not
find a significant difference between adult and old Sv, whereas the 337
decrease between SDAT and age-matched controls was significant. During
physiological aging mitochondrial Vv and Nv underwent a significant
decrease which was also demonstrated comparing SDAT vs. age-matched
control patients. Despite from literature data the cerebellum is
reported to be a CNS area unaffected by SDAT pathology, the present
findings support that synaptic and mitochondrial wultrastructure is
seriously deteriorated in old and demented subjects. According to the
above discussed concepts on hippocampal synaptic plasticity, we envisage
compensative phenomena also in the cerebellar cortex. Namely, the non
significant difference in Sv between adult and normal old group may
represent a successful compensation brought about by S. Although at a
lesser extent, this reactive capacity of the nerve cells appears to be
still present in the SDAT group, but fails to recovery completely Sv.
With regard to the results on synaptic mitochondria, we want to point
out that, at variance with E-PTA stained synapses, postmortem delay in
collecting autoptic samples plays some role in mitochondria
preservation, thus only those organelles displaying well preserved
cristae were scored by our image analyser. The data shown in Table 2
support that changes in mitochondrial morphology are associated or may
contribute to the reported alterations in metabolism related to energy
production during aging and SDAT (Meier-Ruge et al., 1984; Sims et al.,
1987). 1In particular, the decrease in Vv may be interpreted in terms of
a reduced potentiality to produce energy, whereas the decrease in Nv as
a reduced capability to cope with increased energy demands.

CONCLUSION

If we consider synaptic junctions and mitochondria as sensitive
membrane models, our present data support that the deterioration of
neuronal membranes may play a crucial role in the age-related impairment
of brain functions and in the pathogenesis of SDAT. The occurrence of
such alterations in the cerebellar cortex demonstrates that membrane
damage should be considered as a ubiquitous event in the CNS of old and
demented patients. Since in the SDAT group we found that synaptic and
mitochondrial membrane changes proceed far beyond the alterations
observed in the age-matched controls, it is reasonable to postulate the
existence of a neuronal membrane deterioration threshold between normal
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aging and SDAT in the development of the demented state (Bertoni-
Freddari, 1988a). The recent findings on the involvement of a protein
spanning the neuronal membrane in the pathogenesis of senile plaques
(Marx, 1989), lends further support to the above assumption.
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INTRODUCTION

A "tracing circuit" model has been proposed1, where in neuron-
al circuits are maintained by activity-dependent elimination of
ex-circuit synapses and resultant sprouting of in-~circuit axonal
terminals, a process that might correipond to human memory.
Since synaptic and negrgnal degeneration“, even following abnor-
mal synapse formation-’ represents the possible pathogenesis of
the dementia of Alzheimer's disease, the search for unknown
molecules involved in the maintenance and formation of synaptic
contacts is a promising approach to understanding of the disease.

Monoclonal antibodies (MAb) raised against NGF-differentiated
PC-12 cell surface molecules were screened for their effect on
ths formation and maintenance of synaptic contacts. Multi-site
Ca“** fluorometry” revealed that long-term applications of some
MAbs b%ocked synaptogenesis between rat hippocampal neurons in
culture®.

A membrane impermeable protein kinasée inhibitor (K-252b)
appeared to block synapse formation between cerebral cortical
neurons in culture’. This result suggests that a specific phosp-
horylation of surface proteins on the synaptic membrane by an
ecto-protein kinase is involved in the activity-dependent forma-
tion and maintenance of cortical synapses.

MATERIALS AND METHODS

Cells were dissociated agd cultured by a modification of the
method of Banker and Cowan®. Cerebral cortices and hippocampi
were dissected from 18-day fetal rats. Small pieces of the tissue
were digested with 0.02% papain. After dissociating, the cells
were suspended in a medium consisting of 5 % newborn calf serum
(Nakashibetsu Serum Center), 5 % heat-inactivated horse serum
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(Gibco) and 90 % Dulbecco's modified Eagle's medium (DMEM,Gibco).
The final cell suspension was plated on poly-L-lysine coated
coverslips. Cultures were maintained in a 7 % CO, atmosphere at
37°C. The medium was changed every 2-3 days.

Optical monitoring of excitatory synaptic activity was car-
ried out as follows. A small amount of fura-2 AM was applied to
the cultured cells. After washing of unincorporated dye, the
flyorescence intensities from cultured neurons loaded with the
Ca®* indicator were recorded using video-assisted,multi-site

fluorometry equipment15, by a previously described met?gd.

Monoclonal antibodies were chosen from a 1library against
cell surface antigens of nerve growth factor(NGF)-differentiated
pheochromocytoma(PC-12) cells. Protein kinase inhibitor K-252b
was isolated from the culture broth of Nocadiopsis sp. K-290.9
The agent was dissolved in a small volume of dimethyl sulfoxiside
(DMSO) and diluted by the incubation solution.

RESULTS AND DISCUSSION

Synaptic activity of the cultured CNS neurons

Cultured neurons from cerebral cortex and hippocampus of rats
developed spontaneous oscillation of fluorescence intensity
corresponding to excitatory synaptic activity®. After 5 days in
culture, changes of fluorescence intensity become _significant.
This type of spike-like change of intracellular Ca2+ has been
shown to be caused by electrical excitation of neurons. Oscilla-
tion of fluorescence intensity were observed simultaneously in
most of the neurons. As already established in hippocampal neuron
culture”, this oscillation in the culture indicates the formation
of functional synaptic contacts, since application of tetrodotox-
in or of a glutamate receptor antagonist, 2-aminophosphonovaleric
acid (APV), reversibly inhibited the increase of fluorescence
intensity (data not shown). Spontaneous excitation of pace-maker
neurons in culture is transmitted to other neurons through func-
tional synapses, so that all the neurons in the synaptic network
excite almost simultaneously. Therefore, it is quite reasonable
to use synchronization of the oscillations in fluorescence inten-
sity as an indication of synapse formation.

Application of monoclonal antibody during the culture

In preliminary experiments using hippocampal neuron cultures,
clonic application of. a mon?glonal antibody (PCH 47-67) against
PC-12 cell surface antigens'”’ abolished synchronization of the
oscillations in fluorescence intensity (Fig. 1). Most other
monoclonal antibodies at similar concentrations did not interfere
with synapse formation in vitro in control sister cultures. These
data suggest that the gonoclonal antibody inhibited the formation
of functional synapses~ in the culture. The cell surface antigen,
which might be one of the functional molecules for synapse forma-
tion between CNS neurons, is under investigation.

Application of a protein kinase inhibitor during the culture

In control cultures, with or without comparable amount of
DMSO, significant oscillation of the fluorescent intensity was
commonly observed after 6-8 days in culture (Fig. 2,A). In the
continuous presence of protein kinase inhibitor K-252b (0.2 M)
in the sister culture, the oscillation was not observed after "the
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Fig, 1 Effects of a mono- Fig. 2 Effects of a protein
clonal antibody (PCH 47-67) kinase inhibitor(§-252b) on

on synapse formation-. synapse formation’.

same culture period. The frequency of oscillation was lowered
when 0.05 uM K-252b was applied (Fig. 2,B). Since a small number
of neurons showed spike-like increases of fluorescence intensity
in the culture treated with 0.2 uM K-252b, the inhibitor does n9t
seem to inhibit the spontaneous activity of pace-maker neurons’.
The data strongly suggest that the protein kinase inhibitor
blocked synaptogenesis between cerebral cortical neurons.

Recent study has indicated that the inhibitor K-252b does not
permeate cell membrane. This means that the site of action of K-
252b is the outer surface of the cell membrane. It has been
reported that neuronal membrane has an ecto-protein kinase, i.e.
a protein kinase whose substrate site resides on the outer sur-
face of the meTBrane, which phosphorylates N-CAM-like cell adhe-
sion proteins'”. The most probable target of the protein kinase
inhibitor K-252b is this type of ecto-protein kinase. Another
ecto-protein kinase whi?? is regulated by gangliosides has re-
cently been discovered''. The source of substrate for these
enzymes is ATP released in the extracellular space. It has al-
ready been shown that ATP and adenine nucleotides are released
upon stimulation from presynaptic terminals, presumably by exocy-
tosis of synaptic vesicles Y9i$§ contain a high concentration of
ATP as a common constituent'“’ .
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The possible involvement of ecto-protein kinase 1in synapse
formation provides as attractive molecular mechanism for the
selective stabilization of the most heavily used synaptic inputs,
from which a consi?irable amount of ATP is released by high
frequency stimulation This sort of morphological plasticity at
synapses, which can persist for a relatively long period, might
be an important pr?cess in the establishment of long-term memory
in the human brain'.
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INTRODUCTION

Parkinson’s disease (PD) and dementia of Alzheimer type (DAT) are
both progressive neurodegenerative processes. The outstanding characte-
ristics of both diseases are neuron loss in the neurotransmitter
synthesizing areas and a decline in neurotransmitter content in those
areas, which are the targets of these neurons, although degenerations
differ between both diseases.

In the present paper, alterations in the cholinergic and mono-
aminergic systems as well as in the phopholipid (PL) and cholesterol
(Ch) content and changes in thermostability, enthalpy and "membrane
fluidity" in PD and DAT are described. Similarities and differences
between these brain disorders will be outlined. The pathomechanisms
which might underlie the degenerations in PD and DAT are discussed.

MORPHOLOGICAL CHANGES

Brain aging is accompanied by a loss of neurons with concomitant
gliosis of variable extent in different brain regions. In normal brain
aging there appears to be a loss of neurons in cortical areas, including
the neocortex, hippocampus, amygdala and cerebellum (for review see
Coleman and Flood, 1987). Additionally, certain brainstem regions also
lose neurons in aging, i.e. the locus coeruleus, dorsal motor nucleus of
the wvagus, substantia nigra, suprachiasmatic nucleus, medial preoptic
area and the nucleus basalis of Meynert (Coleman and Flood, 1987). The
reduction in neuronal density is in the range of 10 to 60% from early
adulthood to late old age (Coleman and Flood, 1987), while little or no
reduction in cortical neuronal density occurs before the age of 50
(Brody 1955, 1979).

In DAT a much more severe reduction in neurons in both neocortex
and hippocampus is observed (Ball, 1984), with a significant decrease of
40 to 46% in large neurons of various neocortical areas (Schechter et
al.,, 1981). In DAT there is a loss of melanin containing noradrenergic
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neurons of the locus coeruleus by 52 to 80% (Vijayashankar and Brody,
1979; Bondareff et al.,, 1982; Mann et al.,, 1982, 1984, 1986; Chui et
al.,, 1986; Ichimiya et al.,, 1986; Moll et al.,, 1989), a significant
decline in the number of cholinergic neurons in the nucleus basalis of
Meynert by 44 to 75% (Perry et al.,, 1982; Rossor et al., 1982; Arendt et
al.,, 1983; Tagliavini and Pilleri, 1983; Whitehouse et al.,, 1983;
Jellinger and Riederer, 1984; Rogers et al.,, 1985; Chui et al.,, 1986;
Ichimiyya et al., 1986; Mann et al.,, 1984, 1985, 1986; Moll et al.,
1989), a decline in serotoninergic neurons of the dorsal raphe by 56%
(Moll et al.,, 1989), of nucleus tegmentalis dorsalis by 12% (Mann et
al.,, 1984, 1985) and of nucleus centralis superior by 37% (Tabaton et
al., 1985). In substantia nigra reduction of dopaminergic neurons by 6
to 27% (Mann et al., 1984, 1985, 1987; Tabaton et al.,, 1985; Chui et
al.,, 1986; Moll et al.,, 1989) is the lowest one of all neuromediator
sytems observed in DAT. The dopaminergic neurons of the ventral
tegmentum, which are the only dopaminergic neurons which project to
cortex, are reduced by 43 to 61% (Mann et al., 1987).

In PD the tremendous loss of dopaminergic neurons in the substantia
nigra (Tretiakoff, 1919) has long been known, while other neurotrans-
mitter systems like the noradrenergic, serotoninergic, and cholinergic
system are also affected in PD (for review see Jellinger, 1989). The
noradrenaline synthezising area of locus coeruleus shows a depletion of
pigmented neurons ranging from 50 to 80% with 75 to 80% loss of melanin
(Jellinger, 1989). The serotoninergic neurons ascending from dorsal
raphe nucleus decline by about 45% and 4.5% of these neurons contain
Lewy bodies and 6.5% have neurofibrillary tangles (Jellinger, 1987). In
PD cell depletion of nucleus basalis of Meynert, which is the major
cholinergic input into the neocortex, amygdala and hippocampus (Mesulam
and Mufson, 1984), ranges from 32 to 77% with a mean of 50 to 60%
(Jellinger, 1989).

In normal aging and DAT there is a progressive increase in the
number of senile changes, i.e. senile plaques and neurofibrillary
tangles in neocortex and hippocampus, with predilection for the
allocortex (Ball, 1977, 1984). In elderly patients and in many PD
patients, a highly significant correlation has been found betwen the
presence and severity of dementia and the amount of neurofibrillary
tangles, and less significant with the number of senile plaques present
in the neocortex and hippocampus (Ball, 1984, Wilkock and Esiri, 1982,
Boller et al.,, 1979, Hakim and Mathieson, 1979; Riederer and Jellinger,
1983; Jellinger et al., 1983).

NEUROCHEMICAL AND NEUROBIOCHEMICAL CHANGES

As neurotransmitter synthesizing areas are affected in normal aging
as well as in DAT and PD, but with varying degree, one would expect a
decline in neurotransmitter content in target areas, when compensation
mechanisms are not active.

NEUROTRANSMITTER SYNTHESIZING AND METABOLIZING ENZYMES

In normal aged persons, with regard to catecholaminergic functions,
a severe reduction of tyrosine hydroxylase was noted for substantia
nigra (-90%; Coté and Kremzner, 1983), caudate nucleus (-50 to -73%;
Coté and Kremzner, 1983; Birkmayer and Riederer, 1983) and putamen (-
83%; Coté and Kremzner, 1983). During life-span dopamine decreases to
50% of the controls in striatal regions (Carlsson and Winblad, 1976;
Riederer and Wuketich, 1976). Dopa decarboxylase reduces by 70 to 80% in
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striatum, 88% in substantia nigra, 53% in frontal cortex, and 11% in
hypothalamus (Coté and Kremzner, 1983). While monoamine oxidase A (MAO-
A) increases by 18% in striatum, 100% in substantia nigra and 22% in
frontal cortex, the rise in MAO-B activity is even higher with wvalues
60% over controls in caudate nucleus, 80% in putamen, 75% in substantia
nigra and 70% in frontal cortex (Coté and Kremzner, 1983; Kornhuber et
al.,, 1989). Significant increases in caudate nucleus and hypothalamus
have also been reported by Carlsson (1981). While the main metabolite of
the dopamine pathway, homovanillic acid (HVA), was not changed in these
areas (Carlsson, 1981; Gaspar and Gray, 1984), one must conclude that
normal aging 1is associated with a continous increase in the
dopamine(DA)/HVA turnover, which leads to a decline in DA/HVA-ratio for
example in the caudate nucleus between the ages of about 20 to 95 years
from 0.44 to 0.23 (Coté and Kremzner, 1983). This is in contrast to PD
with severe reduction of DA and a smaller decrease in HVA as consequence
of a progressed degeneration process. Here both DA and HVA basically are
correlated to neuronal loss in substantia nigra (Bernheimer et al.,
1973). The HVA/DA-ratio increases up to 290% (Javoy-Agid et al., 1984).

NEUROTRANSMITTER SYSTEMS

Choline acetyltransferase (CAT) was measured as a marker for the
cholinergic system . CAT-activity declines in both PD (54 to 75%;
striatum, hippocampus and neocortex; Ball, 1984) and DAT (up to 91% for
the temporal lobe, Moll et al,, 1989) as compared to normal aged
controls.

Looking upon the dopaminergic system, PD and DAT clearly can be
differentiated when comparing striatal DA content [PD: about 10% of
controls (Hornykiewicz, 1976); DAT: about 90% of controls (Jellinger und
Riederer, 1984)]. In other brain areas the loss in DA in PD varies,
beeing greatest in globus pallidus (-78%; Rinne et al., 1973, 1979;
Birkmayer and Riederer, 1983), substantia nigra (-83%; Javoy-Agid et
al.,, 1984; Rinne et al.,, 1973, 1979; Birkmayer and Riederer, 1983;
Bobkobza et al., 1984), ventral tegmental area (-60%; Javoy-Agid et al.,
1984), thalamus (-35%; Rinne et al., 1973), hypothalamus (-45%; Javoy-
Agid et al.,, 1984; Rinne et al.,, 1973, 1979), nucleus accumbens (-62%;
Javoy-Agid et al.,, 1984; Hornykiewicz, 1980; Bobkobza et al., 1984) and
amygdaloid nucleus (-60%; Javoy-Agid et al., 1984).

In DAT great variations in DA content ranging from 45% over
controls (Yates et al.,, 1979) to a 46% reduction (Winblad et al., 1982)
in caudate nucleus and 30% over controls ( Adolfsson et al.,, 1979) to a
34% reduction (Mann et al.,, 1980) in putamen have been reported, while
our own data (Moll et al.,, 1989) show a reduction in hippocampus by 53%
and amygdaloid nucleus by 51%. The DA metabolite HVA is reduced in
neocortex (frontal lobe: 61%; parietal lobe: 63%; temporal lobe: 60%)
and hippocampus by 55%. The nigrostriatal dopaminergic system, which is
mainly affected in the pathogenesis of PD, is not affected at all in DAT
(caudate nucleus, DA: 113%, HVA: 107%; putamen, DA: 99%, HVA: 94% of
controls).

Noradrenaline has been found to be reduced in PD as compared to
controls in the caudate nucleus, 46% (Birkmayer and Riederer, 1983) to
63% (Rinne et al.,, 1973); putamen, 56% (Birkmayer and Riederer, 1983);
basal ganglia, 40% (Hornykiewicz, 1976) with slight changes in globus
pallidus (79 to 83%; Rinne et al.,, 1973; Birkmayer and Riederer, 1983).
The decrease seems to be similar in substantia nigra (31 to 48% of
controls: Hornykiewicz, 1980; Rinne et al., 1973; Birkmayer and
Riederer, 1983), locus coeruleus (57% of controls: Hornykiewicz, 1980),
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nucleus accumbens (40% of controls: Hornykiewicz, 1980; and 62% of
controls: Birkmayer and Riederer, 1983), hippocampus (39% of controls:
Scatton et al.,, 1983), thalamus (36% of controls: Rinne et al.,, 1973;
and 70% of controls: Birkmayer and Riederer, 1983), hypothalamus (73 to
118% (Javoy-Agid et al,, 1984; Hornykiewicz, 1980; Rinne et al., 1973,
Birkmayer and Riederer, 1983) frontal cortex (22% of controls: Scatton
et al.,, 1983), cerebral cortex (34% of controls: Rinne et al.,, 1973) and
cerebellar cortex (75% of controls: Rinne et al., 1973).

Some observations of neurotransmitter decline were made for the
serotoninergic system, where in PD serotonin (5-HT) declines by 24 to
59% in various brain regions (Javoy-Agid et al.,, 1984; Rinne et al.,
1974; Scatton et al.,, 1983; Birkmayer and Riederer, 1983) and 5-
hydroxyindole acetic acid (5-HIAA) by 11 to 35% (Rinne et al.,, 1974;
Scatton et al.,, 1983; Birkmayer and Riederer, 1983), while sometimes
increase in 5-HIAA content was observed (Birkmayer and Riederer, 1982).
In DAT decline of the serotoninergic system is more pronounced than in
PD. In agreement with the Iliterature (Gottfries et al.,, 1986; Reini-
kainen et al.,, 1988) we found a significant reduction of 5-HIAA in the
hippocampus by 66% as compared to controls (Moll et al.,, 1989). In
cortical regions reduction in 5-HT is 55 to 70% and reduction in 5-HIAA
is about 55% (Moll et al., 1989).

Summarizing the data from morphological and neurochemical changes,
one must conclude that in PD both substantia nigra and locus coeruleus
are heavily damaged to about the same extent, whilst dorsal raphe
nucleus and nucleus basalis of Meynert are only moderately affected. The
degeneration of the substantia nigra is accompanied by a heavy loss of
dopamine, but the decrease in noradrenaline does not adequately reflect
the neuron loss in locus coeruleus when compared to the dopaminergic
degeneration. Loss of serotonin in some brain regions is about the same
as noradrenaline, although cell loss in the dorsal raphe nucleus is
lower as cell loss in locus coeruleus. Moderate cell loss in nucleus
basalis of Meynert is correlated with a moderate decline in CAT activity
in PD.

In contrast only a slight loss of neurons in substantia nigra was
found in DAT. Also degeneration of locus coeruleus, dorsal raphe nucleus
and nucleus basalis of Meynert is moderate with loss of neurons being
slightly more pronounced in the locus coeruleus and nucleus basalis of
Meynert. Neurochemistry is  well-correlated to neuropathological
findings. No significant reduction in dopamine was found, coinciding
with the very moderate damage of substantia nigra. While noradrenaline
deficit mirrors directly the neuron loss in locus coeruleus, serotonin
decline is slightly higher by comparable neuron loss in the dorsal raphe
nucleus. The tremendous decline in CAT activity in DAT is comparable to
the decline of dopamine in PD and here seems to be the outstanding
characteristic of DAT. These findings are not reflected when comparing
the synthezising areas, nucleus basalis of Meynert and substantia nigra.
Neuron Joss in nucleus basalis of Meynert in DAT (70%) is less
pronounced than neuron loss in substantia nigra in PD (90%).

MEMBRANE CONSTITUENTS AND MEMBRANE STABILITY

Nucleus basalis of Meynert, the major cholinergic system projecting
to neocortex, amygdala and hippocampus, was analyzed by differential
scanning calorimetry (Riederer et al.,, 1989). In DAT thermostability
significantly decreases from 81 to 68 °C (p=0.0072; Wilcoxon rank sum
test) as compared to controls, reflecting either neuronal loss and/or
changes in lipid-protein composition within these area. In PD patients

160



substantia nigra shows, as well, a decrease in enthalpy as a reduction
in thermostability as compared to controls ( H:-43.7+16.0 J/g
(controls), +82.3+43.9 J/g (PD), p=0.0095, Wilcoxon rank sum test;
thermostability: 57.9+6.5 ©°C (controls), 48.4+4.0 e°C (PD), p=0.038,
Wilcoxon rank sum test; Riederer et al.,, 1989). Again these alterations
indicate a neuronal loss and/or changes in lipid-protein composition.
They also may reflect increased lipid peroxidation which was found in
substantia nigra of patients with PD by Dexter et al. (1989).

Our analysis of phospholipids (PL), cholesterol (Ch) and lecithin
(PC) content reveal that our conclusions on changes in lipid-protein
composition are in line with these suggestions.

In PD brains (n=8) we analyzed putamen for Ch, PL and PC content.
There was a decrease in PL in this brain region (28.8 + 1.0 mM (44
controls); 22.8 + 0.4 mM (8 PD); p < 0.0033, Wilcoxon RST). However, Ch
and PC were unchanged (all data as mean + s.d.). In DAT there is a loss
of total protein (54% of controls) in the nucleus basalis of Meynert and
in the frontal cortex (78% of controls). The increase of lecithine
(130%), Ch (126%), PL (131%), triglycerides (150%) in this preliminary
study (3 controls matched for age and post mortem time to 3 DAT) is not
significant. Further and extended studies are performed to ensure these
changes. Moreover, a detailed mapping of PL-compounds and fatty acids
may give solid evidences for the observed significant changes in
thermostability and enthalpy of nucleus basalis of Meynert.
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CHARACTERIZATION OF ALZHEIMER NEUROFIBRILLARY TANGLE (NFT) EPITOPES AND THE
BINDING SITE FOR THE REGULATORY SUBUNIT (RII) OF cAMP-DEPENDENT PROTEIN
KINASE II IN HUMAN MICROTUBULE-ASSOCIATED PROTEIN 2 (MAP-2)

Bridget Shafit-Zagardo, Marilyn Dammerman, Heidi Rubino,
Shu-Hui Yen and Jack Erlichman

Albert Einstein College of Medicine
Departments of Pathology, Medicine and Biochemistry
1300 Morris Park Avenue, Bronx, NY 10461 USA

Monoclonal antibodies (mAbs) generated against enriched protein
preparations of Alzheimer neurofibrillary tangles (NFT) have been used as
probes to study the structure of the proteins associated with NFT!. Anti-
NFT antibodies have been found to cross react with purified neurofilaments,
ubiquitin, tau and MAP-2 suggesting that NFT represent a derangement of the
neuronal cytoskeleton. The question remains, however, whether these
proteins are integral components of NFT or have regions of homology with NFT
proteins. To address this question we screened a human brain cDNA
expression library with a pool of mAbs raised against SDS-extracted NFT and
have isolated several cDNA clones?. One of these clones detects 6 kb and
9.5 kb transcripts in human neuroblastoma mRNA preparations?. Sequence
analysis of the cDNA has determined that the 1.7 kb insert encodes 569 amino
acids of the projection arm of MAP-23.

To map the NFT epitopes within the MAP-2 protein the cDNA insert was
subcloned into pATH 11. This vector utilizes the trp E promoter and
expresses a portion of the trp E gene product, anthranilate synthetase,
fused to the MAP-2 peptides. Plasmid-containing E. coli HB10l cultures were
induced with indoleacrylic acid and produced approximately 20% of the total
cellular protein as fusion protein. Expressed proteins were subjected to
electrophoresis in 10% SDS-polyacrylamide gels and transferred to
nitrocellulose. Blots were then incubated with various NFT mAbs. A
polyclonal anti-MAP-2 serum (generously supplied by Dr. Richard Vallee) was
used as a control. Visualization was by 4-chloro-l-naphthol. By subcloning
successively smaller restriction fragments into the pATH 11 vector we were
able to assign the epitopes for four anti-NFT mAbs to a 51 amino acid region
in the projection arm of the MAP-2 protein. The sequence which encodes this
region is located between nucleotides 282 and 438 of the insert and is
flanked by Alu I restriction sites (Figure 1).

As shown in Figure 2, all four anti-NFT mAbs recognize the Alu I-Alu I
encoded fusion protein. The polyclonal anti-MAP-2 antibody did not react

with this fragment. The amino acid sequence of this region is

EPSDQKEKESEKQSKPGEDLKHAALVSQPETTKTYPDKKDMQGTEEEKAPL.
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Figure 1. Restriction map and sizes of c¢DNA clones wused for
expression of human MAP-2 fragments. The restriction map
indicates only those sites used for subcloning and

expression. The restriction sites used are as follows:
E, Eco RI; P, Pvu II; A, Alu I; Ps, Pst I; T, Taq I; R, Rsa
I, D, Dra I. The number above each restriction site

indicates the position of the first nucleotide of the
enzyme recognition sequence. Position 1 is the Eco RI site
in the linker GAATTCCGX, where X indicates the first
nucleotide within the MAP-2 cDNA clone.

The MAP-2 epitopes which bind the anti-NFT mAbs are unique among the
MAP-2 epitopes thus far described in that they are not solubilized by SDS
extraction of tangle preparations and appear to be integral components of
NFT. At least three of these mAbs recognize unique sites within the MAP-2
fusion protein. These epitopes may consist of contiguous amino acid
sequences or possibly of sites generated by secondary structure. The 51
amino acid region in MAP-2 does not have extensive sequence homology with
other cellular proteins sharing epitopes with NFT, such as tau, or any of
the vast array of amino acid sequences filed in the data bases. Although
two of the antibodies, mAb 635 and mAb 636 recognized both MAP-2 and tau®,
two other antibodies, mAb 322 and mAb 39, did not recognize human or bovine
tau, indicating that reactivity with the 51 amino acid region in the MAP-2
fusion protein was not solely due to cross-reactivity with tau. Monoclonal
antibodies 322 and 39 show distinct reactivities. Immunofluorescent staining

Anti - mAb mAb mAb mAb
kd MAP -2 636 322 635 39
220 -
o N 1
68 — - R : =
% - o
.
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Figure 2. Western blots of fusion proteins recognized by anti-NFT
antibodies. Lysates from HB10l/pATH 11 were subjected to
SDS-polyacrylamide gel electrophoresis and transferred to
nitrocellulose. The blots were incubated with the indicated
antibodies and visualized with 4-chloro-1l-naphthol. Lanes
1, 4, 7, 10 and 13, no cDNA inserts; lanes 2, 5, 8, 11 and
14, 1709 bp MAP-2 cDNA; lanes 3, 6, 9, 12 and 15, Alu I-
Alu I (282-438) insert. (Reproduced with the permission
from J. Neurosci. Res.?)
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of Hela cells was seen using mAb 322 but not using mAb 39*. The
determinant in NFT that is recognized by mAb 39 is highly stable to formalin
fixation. 1In contrast, the determinants recognized by the other three mAbs
are destroyed by formalin®.

Prior to this study, mAb 39 had not been observed to recognize any
normal protein and was believed to be specific for NFT. The ability of mAb
39 to recognize the partial human MAP-2 fusion protein under the denaturing
conditions used in the Western blotting suggests that the epitope it detects
may be a feature of the primary sequence of human MAP-2. Monoclonal
antibody 39 did not recognize the human MAP-2 fusion protein under the
non-denaturing conditions used for the detection of bacteriophage clones on
nitrocellulose. It reacted more strongly with the fusion protein containing
the 51 amino acid region than with fusion protein containing the entire 569
amino acids, suggesting that, even under denaturing conditions, the epitope
for mAb 39 may be partially hidden in the larger fusion protein. The
hypothesis that the 51 amino acid region where the NFT epitopes lie is not
exposed in native MAP-2 is consistent with the finding that the polyclonal
anti-MAP-2 antibody fails to recognize this portion of MAP-2, although it
recognizes epitopes on either side of this region?. These findings suggest
that either the conformation of MAP-2 is highly altered in NFT or, more
probably, that only a fragment of MAP-2 is present or exposed.

Our results indicate that the outer region of the human MAP-2 projection
arm shares multiple epitopes with NFT. These epitopes are present in a
large proportion of NFT* and are resistant to detergent extraction. The
epitopes appear to be attributable to the primary sequence of MAP-2, and are
in two cases not detectable in tau and in one case has been localized to
paired helical filaments (PHF) by immunoelectron microscopy®. The data
provide the strongest evidence to date that a portion of the MAP-2 molecule
participates in NFT formation and justify a search for MAP-2 sequences in
future biochemical analyses of PHF.

MAP-2 binds to several cytoskeletal and cytosolic proteins and these
interactions may be involved in regulating normal cellular functions within
neurons. It is possible that changes in the binding characteristics of
MAP-2 to some or all of these proteins occur in brain tissue of individuals
with Alzheimer disease. Immunohistochemical techniques have demonstrated
that the regulatory subunit (RII) of type II cAMP-dependent protein kinase
and MAP-2 co-localize in normal brain®. Chymotryptic digests of MAP-2
protein showed that the projection arm of MAP-2 retained the cAMP-dependent
protein kinase activity’. To better understand the interaction of MAP-2
with cAMP-dependent protein kinase, we have identified the region of the
MAP-2 protein which binds RII. Figure 3 is an autoradiogram of a
nitrocellulose filter containing fragments of MAP-2 protein expressed in
bacteria and probed for RII-binding activity. Binding of RII was seen for
all MAP-2 fragments encoded by clones containing nucleotides 24-120 of the
1.7 kb cDNA (lanes 4-6, 8-11). The sequence of this 31 amino acid region is

DRETAEEVSARIVQVVTAEAVAVLKGEQEKE.
Proteins expressed in bacteria containing only the first 29 amino acids of
the above sequence also bound RII (not shown). This region of MAP-2 is
identical in the human and mouse proteins indicating that the RII-binding
site is evolutionarily conserved. Because MAP-2 is phosphorylated by cAMP-
dependent protein kinase, it is reasonable to assume that MAP-2-RII
complexes are involved in the network of delicately balanced interactions
that regulate cellular functions in neurons. It is not yet known if there
are alterations in the association of RII with MAP-2 or whether there are
changes in the MAP-2 phosphorylation state in NFT. Further studies on the
interaction of RII and MAP-2 in NFT may provide new insights regarding
cytoskeletal structure and function in Alzheimer disease. Supported by NIH
grants AG-6803, AG-1136, DK-27736 and American Cancer Society grant NP-377.
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Figure 3. Autoradiogram of RII binding to MAP-2 fusion proteins. The
MAP-2 restriction fragments were subcloned into pATH 11 or
pUC 9 and transformed into E. coli. Expressed proteins
were resolved in SDS-gels, transferred to nitrocellulose
and sequentially incubated with purified bovine heart RII,
anti-RII mAb 40, rabbit anti-mouse IgG and 2°I-protein A.
Lane 1, MW markers; lanes 2 and 3, pUC 9 and pATH 11, no
insert; lanes 4-6, pATH 11, bases 1-1725, 1-865, 1-508;
lane 7, pUC 9, bases 865-1725; lanes 8-14, pATH 11, bases
1-238, 1-140, 23-158, 24-120, 158-281, 282-438, 438-569.
(Reproduced with permission from Neuron®)
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IDENTIFICATION AND CHARACTERIZATION OF MODIFIED FORMS OF TAU
IN BRAINS WITH ALZHEIMER’S DISEASE

Shu-Hui Yen, Wan-Kyng Liu, and Hanna Ksiezak-Reding

Department of Pathology
Albert Einstein College of Medicine
Bronx, New York 10461 USA

In Alzheimer’s disease affected brain, neurons are characterized by
bundles of paired helical filaments (PHF) in perikarya and neurites (1).
Antibodies raised against PHF enriched preparation were shown to react with
microtubule associated protein tau, and antibodies to tau bind PHF (2,3,4).
With few exceptions most of the antibodies to other cytoskeletal proteins
such as neurofilament proteins or microtubule associated protein 2 have no
reactivity with PHF. These observations lead to the suggestion that tau is a
major antigenic component of PHF (5). PHF enriched preparations prepared by
some methods were insoluble in SDS (6,7), while by other methods were
soluble (8). Peptide fragments generated by proteolytic digestion of PHF
enriched samples contained amino acid sequences similar to the carboxyl
terminal half of the tau proteins (7,9). The reaction of PHF to two
anti-tau antibodies has been demonstrated to require a pretreatment of PHF
with phosphatase (2,10). These findings provided the basis for the
suggestion that tau is a component of PHF and that the phosphorylation of
PHF-related tau is different from normal tau. However, it is uncertain
whether the abnormality of PHF-related tau is limited to phosphorylation,
and if all regions of the tau molecule are incorporated into PHF.

Additional information on the biochemical and immunochemical properties of
PHF proteins is important for studying the abnormality in PHF.

Using a method which requires Sarkosyl treatment of the 15,000 x g
supernatant of brain homogenate (11), a PHF enriched preparation was
prepared. These filaments readily dissolved in 2% SDS and upon gel
electrophoresis separated into several protein bands. Three of these
proteins, which migrated to 60, 64, and 68 kDa, have molecular masses
similar to the PHF polypeptides reported earlier (10). These proteins,
referred to as PHF-related tau, were tested in our studies against various
anti-tau antibodies whose epitopes have previously been determined to be
distributed across a wide region of the tau molecule from near the N
terminus to the C terminus (12). Al1 anti-tau antibodies except a
monoclonal antibody named Tau-1 reacted with the 60, 64 and 68 kDa proteins.
These proteins, unlike normal tau, reacted with Tau-1 antibody only after
incubation of the PHF preparation with alkaline phosphatase. The results
indicate that the entire tau molecule is incorporated into PHF and are in
agreement with previous suggestion that the PHF-related tau differs from
most if not all of the normal tau in phosphorylation.
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Fig. 1. PHF enriched-preparation contains proteins reactive with tau-

reactive antibodies. (A), (B) & (C) are stained with Tau-1.
(D) Stained with Ab 636.7. (A) No enzyme treatment. (B) The
preparation, before electrophoresis, has been treated with
alkaline phosphatase. (C) Blotted proteins have been treated
with phosphatase.

Fig. 2. Immunoblot of two dimensional gel of PHF-related tau with Tau
46.

Besides anti-tau antibodies we found that a monoclonal antibody named
Alz 50 vrecognized PHF-related tau (Fig. 1). Alz 50 was generated by
immunization of mice with Alzheimer brain homogenate (13). Although this
antibody bound poorly to neurons in normal brain, it has been shown in our
previous studies to react with human and animal tau on Western blot (14).
These results raise the possibility that the Alzheimer brain antigen
responsible for eliciting Alz 50 antibody may be derived from PHF-related
tau.

The PHF-related tau migrated slower than normal human tau on gel
electrophoresis. Unlike PHF-tau which appears as three bands on
immunoblots, normal human tau is composed of four to five closely migrating
bands. The difference between the slowest migrating isoform of PHF-related
tau and that of normal tau is about 2-3 kDa in molecular mass. Incubation
of PHF-related tau with alkaline phosphatase, besides uncovered the Tau-1
site, affected the electrophoretic mobility of these proteins. Instead of
three bands, the dephosphorylated PHF-tau appears as four bands (Fig 1),
suggesting that the enzyme treatment may be able to convert the PHF-related
tau to normal tau. Further studies using two dimensional (2-D) gel
electrophoresis, however, indicate this may not be the case. 2-D gel
analysis showed the pI of PHF- related tau between 5.5-6.5 (Fig 2). This is
quite different from the pI of normal tau which ranges from 6.0 to 8.0.
Alkaline phosphatase treatment of PHF preparation had only very little
effect on the pl of PHF-related tau. The failure of restoring the pI of
PHF-related tau raises the possibility that alterations other than
phosphorylation may also be involved in the processing of normal tau to
PHF-related tau. Identification of such changes would be fundamental for
understanding the formation of PHF.

In considering the role of tau in PHF formation there is a question
which concerns the spatial arrangement between different tau regions in PHF,
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and the significance of various tau regions in the structural stability of
PHF. Other investigators, using pronase digestion or CNBr cleavage have
documented the firm association of a region of tau with PHF. This region
corresponded to microtubule binding domains. To study the significance of
other regions, we used immunogold Tabelling method. In preliminary studies
an anti- tau antibody to an epitope at the N terminal region (amino acid
residues 82-120 of fetal human tau) was found to bind poorly to PHF which
had been incubated briefly (2 .min) with chymotrypsin (10 ug/ml1). In
comparison, the binding of an antibody to epitope located at the C terminal
region (amino acid residues 315-352) were only slightly affected (Fig. 3).
Incubation of PHF with a higher concentration of chymotrypsin or trypsin
was able to reduce or abolish the binding of PHF with antibody to the C end
of tau. Both antibodies bound well to the untreated PHF. The enzyme
treated PHF retained the ultrastructural characteristics of PHF. The
results of these studies indicate that the N terminal region of the tau
molecule is more accessible or susceptible to proteolysis and is most Tikely
more peripheral than the C terminal region to the PHF proper. Although the
N and possibly the C terminal regions of tau may not be essential for
maintaining the structural stability of PHF, these regions may play a key
role in determining whether the tau molecule is to function as promoter and
stabilizer for microtubule assembly or for PHF formation. In this regard,
it is interesting to note that more phosphorylated tau is less capable of
?ggmoting microtubule assembly, and is less flexible than normal tau (15,

Fig. 3.  Immunogold labelling of PHF with Tau 14 (A, C, E) and Tau 46
(B, D, F). (C) & (D) Treated with chymotrypsin, (E) & (F)
treated with trypsin.
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PHOSPHORYLATION OF TAU PROTEIN WITH A NOVEL TAU PROTEIN KINASE FORMING

PAIRED HELICAL FILAMENT EPITOPES ON TAU
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Tsuneko Uchida, and Kazutomo Imahori
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11 Minamiooya, Machida-shi, Tokyo 194, Japan

INTRODUCTION

In aged human brain and particularly in Alzheimer's disease brain,
paired helical filaments (PHF's) accumulate in the neuronal cells.
Recently, it was discovered that tau protein is a component of PHF. Tau
protein is one of the brain-specific, microtubule-associated proteins
(MAP's) and promotes the formation of microtubules in vitro and in vivo.
Several groups found using antibodies that the tau in PHF is highly phos-
phorylated. Y. Ihara et al.l showed that anti PHF polyclonal antibodies
contain an antibody reacting with phosphorylated tau (p-tau) but not with
dephosphorylated tau (dp-tau). Grundke-Igbal et al.? reported that
monoclonal antibody to tau, tau-l, reacted with PHF, and reacted even more
strongly with dephosphorylated PHF., Normally, tau is associated with
microtubules and easily solubilized. However, tau in PHF is unusually
insoluble, thus giving rise to the following question: how is tau
incorporated into PHF to become an insoluble form? We assume that the
phosphorylation of tau is the cause of PHF formation. To study the
mechanism underlying accumulation of PHF's, we purified and characterized a
novel protein kinase that phosphorylates tau protein to form PHF epitopes,
and studied properties of tau phosphorylated by the kinase.

PROPERTIES OF THE PROTEIN KINASE

The p-tau in PHF had slower electrophoretic mobility on SDS-
polyacrylamide gel electrophoresis than dp-tau. By detecting the activity
inducing a mobility shift of tau as an index, we partially purified3 the
protein kinase from rat or bovine brain microtubule proteins. Human tau
phosphorylated by the kinase reacted with the antibody to PHF prepared by
Thara et al.l. The kinase specifically phosphorylated tau and MAP2 among
many proteins in the brain extract. The kinase also phosphorylated histone
H1 but not casein. This enzyme is one of the protein serine/threonine
kinases and is independent of well-known second messengers. The phosphory-
lation of tau by this enzyme was stimulated by tubulin under conditions
conducive to microtubule formation, suggesting that the phosphorylation of
tau could occur concomitantly with microtubule formation in brain., Since
this kinase was usually bound to tau but not directly to tubulin, the enzyme
is associated with microtubules through tau. From these properties related
to tau, this kinase is designated as tau protein kinase.
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IDENTIFICATION OF THE PHOSPHORYLATION SITES ON P-TAU

For identification of the phosphorylatlon sites on the p-tau, tau
phosphorylated with this kinase using [y- 32pJaTP as a phosphate donor was
digested by endoproteinase Lys-C to produce three labeled fragments, K1, K2,
and K3, These three fragments were sequenced. The K2 fragment overlapped
with the Tau-1 site4 known to be one of the phosphorylation sites in PHF,
This result further strengthens the possibility that tau protein phosphory-
lated by tau protein kinase is incorporated into PHF, As shown in Fig. 1,
tubulin-binding sites on tau were located between K1 and K3 sites, while the
K2 site was located in the sequence neighbouring the N-terminal side of Kl.
No phosphorylated sites were found on the tubulin-binding domains of tau,
leading us to the idea that the interaction of tau with tubulin could induce
the conformational changes on tau accessible to attack by the kinase.

These phosphorylation sites have a common sequence, SerPro or ThrPro.
Other grougs reported that the phosphorylation site on PHF has a SerPro
sequence Their results correspond to ours. Well-known kinases
recognizing such a sequence are growth—associated histone Hl1l kinase and
neurofilament-specific kinase related to axonal outgrowth.7 We consider tau
protein kinase to be a member of such kinase family, and to play an
important role in neurite outgrowth,

These phosphorylation sites are in homologous sequences between MAP2
and tau8 as shown in Fig.l, indicating the phosphorylation sites are
important for some function of MAP's though the sites are not tubulin-
binding ones. These sites are not in tau fragments easily solubilized from
PHF by proteolysis,9 but the proteolysis-resistant residue reacts with
antibodies against PHF, showing that these sites are quite insoluble even
after proteolysis, The phosphorylation may induce the insolubility.

1608 1618 1628 14638 1648 1658
MAP2 GTPPSYSSRT PGTPGTPSYP RTPGTPKSGI LVPSEKKVAIL IRTPPKSPAT PKQLRLINQP
E REES EE R X} LEEXEEEXE ]
Tau KSGERSGYSS PGSPGTPGSR SRTPSLPTPP TREP-KKVAV VRTPPKSPAS KSRLQTAPVP
121 131 1t 1t 1461 151 160 1 TS 171
K2 K1
1668 1678 1688 14698 1708 1718

LPOLKNVKSK IGSTONIKYQ PKGGQVQIVT KKIDLSHVTS KCGSLKNIRH RPGGGRVKIE

IEEEE R IR X I EE R I SN I 3 * AF RFRIR * 2EFEF FAR AFFFE 2 LA R ER]

HPDLKNVRSK. IGSTENLKHR PGGGKVQIVY KPVDLSKVTS KCGSLGNIHH KPGGGQVEVK

181 191 BO1 211 221 231
1728 1738 1748 1758 1768 1778
SVKLDFKEKA QAKVGSLONA HHVPGGGNVK 10SQKLNFRE HAKARVOMGA EILTQSPSRS
3. 32323  F IR PRERIIE B 33 2 233 + 33 LA E X IR X e +
SEKLOFKDRY_QSKIGSLONI THVPGGGNKK IDTHKLTFRE NAKAKTIDHGA EIVYKSPVVS
241 251 261 274 281 291
1788 1798 1808 1818 1828
SVASPRRLSN VSSSGSINLL ESPQLATLAE DVTAALAKQG L
FEE RER B3RP RS LERERERZ] * F FRERE 3
GOTSPRHLSN VSSTGSIDHV DSPQLATLAD EVSASLAKQG L
301 " 311 321 331 341
K3
Fig. 1. Phosphorylation sites on p-tau. Arrows indicate the phosphory-

lation sites., This figure also shows homology between COOH-terminal
sequences encoding MAP2 and tau.8 Asterisks denote homology. Three 18-
amino acid repeats (tubulin-binding sites) are underlined. The boxed area
corresponds to the sequence of a fragment obtained from pHF, 2
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PROPERTIES OF P-TAU

We also studied certain properties of the p-tau. After phosphory-
lation, the elution position of K3 was retarded on reverse phase-HPLC,
suggesting the phosphorylation of K3 increases its hydrophobicity in spite
of incorporation of phosphate. K3 was further digested by endoproteinase
Asp-N, and the digest was chromatographed on the reverse-phase column.
Three phosphopeptides were eluted at different positions, but their
sequences and phosphorylation sites were identical. This suggests that the
phosphorylation at this site may induce a chemical modification. These
abnormal behaviours might be related to the insolubility of PHF,

DISCUSSION

The biological significance of the formation of the PHF epitope on tau
by this kinase will now be discussed. If the phosphorylation of tau by this
kinase occurs concomitantly with microtubule formation and is stimulated in
AD brain, we can infer that microtubule formation is stimulated in AD brain.
This inference is consisitent with the findings that neurotrophic activity
in AD brain extracts is significantly higher than in control brain
extracts,10 and that sprouting responses occur in AD brain.ll Since this
increased level of neurotrophic activity in AD brain appears not to compen-
sate for neural death, neurite growth in AD brain may be abnormal and ghos-
phorylated tau may be aggregated into PHF's, Moreover, Saitoh et al,l
reported that phosphorylation of a 60-kDa protein is stimulated in AD brain.
It is unknown whether their kinase is the same as our enzyme or not. The
mechanism through which the phosphorylated tau is incorporated into PHF's
remains unknown, but it would appear that this protein kinase plays an
important part in the mechanism,
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INTRODUCTION

The change of cytoskeletal systems in Alzheimer brain has been
speculated (Takeda,1989). In the brain there are three main intermediate
filaments; neurofilaments in the neuron, glial filaments in the astrocyte,
and vimentin fibers in the mesenchymal cell. There are reports suggesting
the change of intermediate filaments in Alzheimer' disease. Neurofilament
protein is over phosphorylated (Sternberger,1985). Neurofilament protein
shares antigenic epitopes with neurofibrillary changes of Alzheimer's
disease (Miller,1986). The experimental neurofibriilary changes produced
by aluminium intoxication in rabbit brains are composed of accumulated
neurofilament fibers (Takeda,1984). Higher serum antibody titer against
glial fibrillary acidic protein is reported with Alzheimer patients. In
this report cultured fibroblasts from Alzheimer patients are studied. The
decreased attaching ability of the <cell to the stratum and the
derrangement of vimentin fibers is studied by fluorescent immunostaining.

MATERIALS AND METHODS

The fibroblasts were cultured from the biopsied cutaneous tissue from
6 Alzheimer's disease patients and the 4-15 passages cells were used. The
diagnosis of Alzheimer's disease was based on clinical observations and
all of the cases are probable Alzheimer's disease according to the
diagnostic guideline developed by the NINCDS-ADRDA Workshop
(McKhann,1984). The cases whose family history disclosed more than three
members of presenile dementia were classified as familial cases.The cells
were maintained in Dulbeccos's modified essential medium with 10% fetal
calf serum under 5% C02 at 37°C. Before the tissue biopsy the nature of
the study was fully explained to the patients or the patients family and
the agreement for the incooperation into the study was confirmed.

Assay for Cell Attaching Efficiency

The fibroblast in the passage of 4-8 were harvested by incubating in
0.02% EDTA and 0.25% trypsig for 8 minutes and the harvested cells were
plated onto the dish (3.0x10°/dish). The number of the floating cells were
counted and the number of the attached cells were calculated after 10, 20,
30, and 60 minutes incubation.

Immunofluorescent Study

The fibroblast grown on polylysine-coated cover glass was fixed by 4%
paraformaldehyde for 10 minutes and immunostained with the first antibody
(anti-vimentin IgG(Amersham), anti-actin IgM (Transformation Res.), anti-
tubulin IgM (Transformation Res.), anti-fodrin IgG(Shinnihon), anti-
fibronectin IgM (Tago) for 2 hours and then with the FITC-labeled anti-
mouse IgG+IgM for 2 hours and observed under Nikon fluorescent microscope.
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Western blotting

Crude cytoskeletal fraction was obtained from harvested fibroblasts,
electrophoresed on 7.5% gel, transfered to nitrocellulose membrane, and
immunostained with the first antibody and then with the second peroxidase-
labeled anti-IgG.

RESULTS

Characteristics of Alzheimer Fibroblast

The Alzheimer fibroblasts showed no difference 1in the appearance
under phase microscope. They showed the same growth curve showing the same
doubling time, 40-48 hours, with the control fibroblast in proliferating
phase (Fig.1). When Alzheimer fibroblasts were maintained in the serum-
depleted medium for more than 10 days, however, they showed difference in
appearance. While the control fibroblast became round and detached from
the dish easily, the Alzheimer fibroblast remained attached to the dish
with abundant protrusions,

Efficiency of Cell Atachment

The efficiency of the cell to attach to the dish withing the 1limited
period was compared between Alzheimer and control fibroblasts. Within 10
minutes 72% of the control fibroblast attached to the dish, while only 27%
of Alzheimer cells has completed attachment (Fig. 2). The difference 1in
the attaching efficiency was observed until 60 minutes 1incubation, but
most of Alzheimer cells attached to the dish after 6 hours incubation.

Immunofluorescent Image of Alzheimer Cytoskeleton

After 1incubating the cells under the serum-depleted medium for more
than 10 days, the fibroblast were immunostained with anti-vimentin, actin,
phodrin, and fibronectin. The immunofluorescent staining with anti-actin
(Fig.3A,B),anti-phodrin (Fig.3C,D), and anti-fibronectin (Fig.3E,F) showed
no different distribution of the corresponding cytoskeleton-related
protein arrangement. The staining with anti-vimentin revealed the
significant difference in the distribution of fibers between Alzheimer and
the control fibroblasts (Fig.3G,H). While the control cells showed the
highly ordered arrangement of vimentin fibers, Alzheimer fibroblast showed
the unique aberration of vimentin fiber arrangement. The even distribution
of vimentin fibers were no more observed and the vimentin fibers were
stained strongly in some regions but week in other regions. The continuity
of the vimentin fibers seemed to be maintained. Colcemide, a
reagent affecting vimentin arrangement, caused the capping of vimentin
fibers in Alzheimer fibroblast as well as in the control cells.

%1a0doriesion 2
1
CELL NUMBER
109
50-
104 ¢ +— CONTROL o——e ALZHEIMER
/ " ALZHEIMER 0——o0 CONTROL
0 10 20 30 ‘ ' 60
4 3 6 9 12 DAYS incubation period minutes

Fig. 1. Growth curve of Alzheimer ( O—O ) and control ( m—m ) fibroblast.

Fig. 2. Attaching efficiency of Alzheimer and control fibroblasts.
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Fig. 3. Cytoskeletal arrangement observed by immunofluorescence of the
control (A,C,E) and Alzheimer fibroblast (B,D,F). A,B: anti-actin.
C,D: anti-phodrin. E,F: anti-fibronectin. G,H: anti-vimentin.
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Fig. 4. Crude cytoskeletal protein from Alzheimer and control fibroblasts.
A: Coomasie brilliant blue staining, B: anti-vimentin immunostain-
ing, C: anti-phodrin immunostaining.

Western Blotting

The crude cytoskeletal protein fraction was electrophoresed and
studied by Western blotting with anti-vimentin and anti-phodrin. Though
vimentin from Alzheimer fibroblast showed the same molecular size with
that of the control cells, the phodrin molecule from Alzheimer fibroblast
showed the higher molecular weight than that of the control cells (Fig4).

DISCUSSION

Under the proliferating phase the Alzheimer fibroblast showed the
same appearance and the same growth rate, but they definitely showed the
difference in the attaching efficiency to the petri dish within the
limited period. The loss of the cell attachment to the plate may indicate
the change in the surface structure of Alzheimer cells. Though Alzheimer
cells showed no difference In vimentin arrangement in the proliterating
phase, they showed the unique derrangement of vimentin fiber distribution
by immunofluorescent staining. This aberration observed may be interpreted
as the attachment sites of vimentin bundles to the plasma membrane is
modified showing some aggragated attaching sites with more concentrated
vimentin density. By Western blotting study, the change in phodrin
molecule was strongly indicated in Alzheimer fibroblast. The change 1in
phodrin molecule is plausible because it is the protein underlying the
plasma membrane connecting the cytoskeletons and the plasma memebrane.
Phodrin is well known to be phosphorylated and the phosphorylation of the
molecule may be functionaly regulating the self-interaction of phodrin
molecules and/or interaction of phodrin to other cytoskeletal proteins.

We speculate the aberration of vimentin fiber distribution observed
in Alzheimer fibroblast may be functionlaaly related with the modified
phodrin molecules in Alzheimer fibroblast. The aberration of Iintermediate
fiber cytoskeleton may be the common underlying pathogenetic process in
Alzheimer's disease.
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INTRODUCTION

The phospholipids constitute the major component of brain lipids accounting for greater than
60 % of total brain lipids. Most of the brain phospholipids are associated with the membrane system
1,2). Phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylinositol (PI), sphingomyelin (SM), and ethanolamine plasmalogen (EP) are the six main
brain membrane phospholipids. The relative ratio of these six phospholipids (phospholipid profile)
is known to exhibit regional specificity (1-4). Gray matter is especially rich in PC, while in white
matter the proportion of PE is increased. While PS and PI are distributed throughout the brain in
relatively even proportions, SM and EP reflect myelin rich structures. The phospholipid profile of the
various regions of the brain are remarkably consistent and alterations in the profile reflect
abnormalities in the membrane system. In this study, we investigated regional membrane
phospholipid profiles of four major cortical areas (frontal, parietal, temporal, and occipital) in four
cases of autopsy proven Alzheimer’s disease using phosphorus-31 (*'P) nuclear magnetic resonance
(NMR) spectroscopy and acidified lipid extraction of brains (3). Proton NMR spectroscopy was also
performed to investigate the relative levels of unsaturated fatty acids.

MATERIALS AND METHODS

Lipid extraction

Four fresh frozen brains of pathologically proven Alzheimer’s disease and normal controls (54
to 71 years old) were obtained from consented autopsy studies. Various cortical regions were blocked
(1 g wet brain each) and homogenized in a Potter-Elvenhjem tissue grinder in 2 ml of ice cold water.
Total lipid extracts were obtained from the homogenate by the modified Folch method with
acidification (3,5,6) as briefed below.

9 ml of chloroform: methanol 2:1 (v/v) was added to the homogenate which was then washed
with 0.3 ml of 6N HCIL. The solution was subsequently vortexed with 14 ml of chloroform for two
minutes and 3 ml of 0.05N KCI for two minutes. After centrifugation at 1,000 rpm for 20 minutes,
the bottom layer was filtered, washed with 3-4 ml upper phase, vortexed for 5 minutes and then
centrifuged at 1,000 rpm for 20 minutes. The upper phase was discarded and the remaining lower
phase was evaporated to dryness under nitrogen to prevent oxidation of polyunsaturated fatty acids.

3P Spectroscopy

The brain extracts dissolved in 2:1 chloroform-methanol were studied using a Nicolet NMR
System NT-360. *'P spectra of each sample contained in a 10 mm NMR tube were obtained at 145.8
MHz using a bilevel proton decoupling sequence at 26°C (recycle time 2.1 sec). Homogeneity over
the sample volume was maximized using a 10 mM sodium phosphate (mono base) standard.
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Subsequently, the shimming conditions of each sample were verified over the proton line width of
the methyl group of methanol. The shimming conditions of the samples which showed an abnormal
phospholipid profile on *'P spectra were re-assessed after data accumulation to ascertain for possible
error due to changes in shimming conditions. Because of the limited number of brains studied and
difficulty in standardizing various variables, a quantitative correlation between the histopathologic
findings and NMR spectroscopic phospholipid profile analysis was not attempted.

Proton_Spectroscopy

The brain extracts dissolved in 2:1 deuterized chloroform-methanol were studied using a Nicolet
NMR System NM-500. Proton spectra of each sample contained in a 5 mm NMR tube were
obtained at 499.88 MHz using a one pulse sequence (recycle time 2 sec) at 25°C. The Lorentzian
corrected heights of each resonance were used for quantification.

RESULTS

The following figure summarizes representative *P spectra of each cortical area in four cases of
Alzheimer’s disease. Spectra of occipital cortex in all four cases showed a normal phospholipid
profile pattern with resonances resolved in appropriately narrow line widths. Spectra of frontal cortex
in cases 1 and 4, parietal cortex in cases 1 and 2, and temporal cortex in cases 3 and 4 showed
significantly decreased signal to noise ratio and severe disruption of the normal phospholipid
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Fig. 1. *P NMR spectra of Alzheimer’s brains.
Phospholipid identification is shown in the spectrum of occipital cortex of case 4. P:
plasmalogen, E: phosphatidylethanolamine, M: sphingomyelin, S: phosphatidylserine, C:
phosphatidylcholine.
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resonance pattern and broadening of resonance lines. Phospholipid contents in these cortices are
thought to be significantly reduced. A spectrum of frontal cortex in case 2, however, showed minor
broadening without significant reduction in signal to noise ratio. Additionally, an unknown resonance
was clearly resolved downfield to the PC resonance (arrow). The latter findings suggest the presence
of abnormal phospholipid species.

The following figure is a representative proton spectrum of acidified lipid extracts of Alzheimer’s
brain. The chemical shifts were referred to TMS. Chemical shift assignments are schematically
shown in the figure. Table I summarizes double to single bond ratios from seven samples of cortical
blocks from Alzheimer’s brain which showed an abnormal *'P spectrum and normal controls. The
double bond to single bond ratio was significantly increased in Alzheimer’s brain (p < 0.001, t-test).

Fig. 2. Proton NMR spectrum of Alzheimer’s brain.
Chemical shifts are assigned schematically to the corresponding fatty acid chain protons.
The double to single bond ratio was determined by the ratio between the Lorentzian
corrected heights of resonance 1 and 8.

Table 1

Double bond to single bond ratio

Normal controls (n=7) 0.025+0.001*
Alzheimer’s cortex (n=7) 0.039+0.002**

*SEM, ** p < 0.001 (t-test)
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DISCUSSION

The P NMR spectroscopic abnormalities presented in this study are qualitative rather than
quantitative.  Nevertheless, the data clearly indicated that significant changes in membrane
phospholipids can occur in the frontal, temporal, and parietal cortices in Alzheimer’s disease. The
phospholipid profile of occipital cortex, which is believed not to be affected in Alzheimer’s disease,
consistently retained a normal profile. As shown in case 1, the gray matter of severely atrophic
cortex in Alzheimer’s disease showed almost complete disruption of the phospholipid profile. Only
a gross resonance pattern enveloping the PC and PE resonances is retained and the signal to noise
ratio is significantly reduced. This broadening and low signal to noise ratio may simply be accounted
for by loss of total phospholipids due to the severe atrophy resulting in lesser NMR sensitivity. On
the other hand, as illustrated in case 2, an unidentified resonance can be resolved in addition to the
diffuse broadening of the resonance line without significant changes in signal to noise ratio. Potential
technical factors contributing to the broadening of resonance lines in NMR spectroscopy were
effectively excluded as the causes of the broadening of the resonance lines in this study (7).
Shimming conditions for each sample were carefully assessed. The extraction method virtually
eliminated the possibility of contamination of the samples by a paramagnetic substance. The solvents
used for each sample were identical between studies therefore eliminating possible solvent effects.
The temperature, spin rate, and decoupler power all remained constant between the studies. The
hardware configuration of the spectrometer used was identical in all the studies. Therefore, the
observed minor broadening and resolution of the unidentified resonance cannot be totally explained
based on a reduction in the total brain phospholipids only. Rather, the findings suggest that the
observed broadening in mildly atrophic cases is in part due to a clustering of multiple resonances
which have chemical shifts similar to those of the corresponding normal phospholipid resonances.
One of the plausible changes in the phospholipids which produces only minimal changes in *'P
chemical shifts, and, therefore, the broadening of 3p spectra as discussed above is alteration in the
side chain fatty acid components. The proton spectroscopic data presented here indicated that an
increase in unsaturated fatty acids may play a role.

Several studies on phosphomonoesters and phosphodiesters in Alzheimer’s disease have shown
changes in the cellular concentration of the intermediary metabolites of membrane phospholipids
in Alzheimer’s brain (8-10). Activities of phospholipase D, one of the catabolic enzymes of
membrane phospholipids, have also been shown to be reduced in Alzheimer’s brain (11). The
present study on regional membrane phospholipid profiles clearly demonstrated region specific
abnormalities in the membrane phospholipids in Alzheimer’s brain. An increase in unsaturated fatty
acids may play a role in the genesis of the membrane phospholipid profile abnormalities. Further
characterization of the membrane phospholipid abnormalities, especially side chain fatty acid profiles,
by conventional quantitative methods such as thin layer chromatography (TLC) and gas liquid
chromatography (GLC) is warranted.
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AGE-RELATED CHANGES IN THE RATE AND COMPOSITION OF THE SLOW AXONAL

TRANSPORT
Yoshiaki Komiya and Tomoko Tashiro
Department of Molecular and Cellular Neurobiology
Gunma University School of Medicine
Maebashi, Japan
INTRODUCTION

In contrast to the fast axonal transport which remains fairly
constant throughout the development and aging of the animal, the rate of
slow axonal transport has been shown to decrease progressively with age
(Komiya, 1980). A parallel decline in the regeneration rate after nerve
injury and a significant elongation of the initial delay before the onset
of active regeneration has also been observed (Komiya, 1981). From the
analysis of transported cytoskeletal proteins in sciatic nerves of young
adult rats, we have shown that these proteins existed in the axon as two
types of polymers, stable and dynamic, which could be distinguished
biochemically (Tashiro & Komiya, 1989). In this study, occurrence of
tubulin in these two forms in the aged animal was investigated in
relation to its transport in order to elucidate the underlying changes in
the organization of the axonal cytoskeleton.

MATERIALS AND METHODS

Radioactive Labelling and Axonal Transport of Cytoskeletal Proteins

Male albino Wistar rats, 7 week-old (young adult) and 80 week-old
(aged), were used. Under ether anesthesia, L-[2®®S]methionine (800-
1400Ci/mmol; New England Nuclear, Boston) concentrated by lyophilization
(25uCi in 0.2ul1) was injected into the anterior horn area of La-Ls spinal
cord twice on each side. One to 12 weeks after injection, sciatic nerve
and ventral root were dissected out, frozen on a plastic plate, and cut
into 6mm consecutive segments.

Fractionation of Labelled Cytoskeletal Proteins

For each time point, a pair of nerves from one animal was processed
together as described in Fig.l1. A pair of 6mm segments from identical
positions was frozen in liquid nitrogen and crushed to fine powder in a
stainless steel mortar with a hammer operated by compressed air, and
homogenized in 2.5ml1 of ice-cold Triton-buffer containing 1% Triton X-100,
50mM Tris (pH 7.5), 25mM KCl, 1mM MgClz, 5mM EGTA and 5mM DTT. The
homogenate was layered onto 3ml of Triton-buffer containing 0.25M sucrose
in addition and centrifuged at 100,000 g for 1hr. Proteins in the
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Fig.1l Fractionation of transported cytoskeletal proteins into dynamic and
stable sub-populations. Result of fractionating the labelled proteins in
the sciatic nerve segments obtained 2w after radioactive labelling of the
spinal cord of a 7w-old rat is shown on the right.

resulting supernatant were precipitated with 10% TCA. Labelled proteins in
both supernatant and precipitate fractions were separated by SDS-PAGE and
visualized by fluorography (Fig.1l). For the measurement of radioactivity,
the bands corresponding to tubulin, actin and three neurofilament subunits
were cut out from stained gels and radioactivity in each gel piece was
determined by 1liquid scintillation counting following extraction with
Soluene 350 (Packard Instrument Inc., Downers Grove, IL).

RESULTS AND DISCUSSION

Axonal Transport of Tubulin i

the 7w-old Rat

As shown in Fig.1l, labelled tubulin and actin were found both in the
soluble and insoluble compartments after extraction with 1% Triton at 4°C.
Tubulin in the insoluble fraction was not only resistant to low
temperature but also to other microtubule depolymerizing conditions such
as mM concentrations of Ca2®*, representing a distinct sub-population of
stabilized polymer specific to the mature axon (Tashiro & Komiya, 1989).
In the motor fibers of the young adult rat, such stably-polymerized
tubulin amounts to 60% of total tubulin. Tubulin in the soluble fraction
was transported apparently faster than the stably-polymerized tubulin.

When transport patterns of soluble and insoluble tubulin were
analyzed separately at different time intervals after labelling as shown
in Fig.2, time-dependent broadening of the tubulin wave and the appearance
of a faster migrating component ahead of the main wave became evident,
especially in the case of soluble tubulin. Separation of these two rate
components was complete at 3 weeks after labelling (Fig.2, middle panel).
The slower main wave contained most of stably-polymerized tubulin together
with neurofilament proteins, while the faster component was enriched in
soluble tubulin.
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Fig.2 Axonal transport of tubulin in the sciatic nerve of
the young adult rat (7w) 2, 3 and 4 weeks after radioactive
labelling of the spinal cord. Radioactivity associated with
stably-polymerized ( ) and dynamic (----- ) tubulin is
as % of total tubulin radioactivity in the whole length of
nerve. Neurofilament(68k)-associated radioactivity ()
is expressed in proportion to that of tubulin.

Two sub-components of slow axonal transport have been defined
originally in the optic nerve; group V or SCa with the slowest rate
containing neurofilament proteins and tubulin, and a slightly faster group
IV or SCb containing actin together with some cytoplasmic proteins
(Willard & Hulebak, 1977; Black & Lasek, 1980; Tytell et al., 1981).
The two rate components observed above seem to correspond to SCa and SCb
in the sciatic motor fibers. Since tubulin and actin were present both in
SCa and SCb, the two components in this system do not correspond to the
movement of two discrete structural networks, the neurofilament-
microtubule network and the actin-based network, as has been proposed.
Rather, differences in solubility of the two components strongly suggest
that they arise from the existence of two interconvertible states in
cytoskeletal polymers, the stably-polymerized state and the dynamic state
(Tashiro & Komiya, 1989).

Slow Axonal Transport in the 80w-old Rat

Two major differences were observed in slow axonal transport in the
aged animal compared to that in the young animal. The first was a large
decrease in transport rates of both stably-polymerized and dynamic forms
of tubulin (Fig.3). Even at later time points (6-12w), the dual wave
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Fig.3 Comparison of tubulin transport in the sciatic nerve
of the aged rat (80w) with that of the young adult rat (7w)
3 weeks after radioactive labelling of the spinal cord.

pattern of tubulin transport did not develop in the aged animal. Migration
of the neurofilament proteins were even more severely retarded so that
they remained almost stationary at segments 4-5 located at the exit of the
motor axon from the backbone. The other feature was a progressive decrease
in the proportion of stable form during the course of transport.

The analysis of rates and solubilities of transported tubulin such as
described above has raised the possibility that subunits or smaller
soluble fragments of cytoskeletal polymers rather than the network of
polymers are the actual transport forms (Tashiro & Komiya, 1989).
Selective inhibition of tubulin transport by the 1local application of
taxol also suggested that the existence of dimer-microtubule equilibrium
was essential for tubulin to be transported (Komiya & Tashiro, 1988). This
was further confirmed by the recent morphological study which demonstrated
that tubulin dimers were transported and added onto pre-existing polymers
at their distal ends (Okabe & Hirokawa, 1988). The present results suggest
that transport in the aged animal is severely retarded possibly due to
impairment of the interconversion between the stable and dynamic forms and
the 1local depolymerization-polymerization cycle.
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ASTROGLIAL GENE EXPRESSION IN THE HIPPOCAMPUS FOLLOWING PARTIAL
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Astrocytes play important roles in the complex neuronal and glial
response to brain injury and pathological neuronal loss. Also referred as
gliosis, this process is usually characterized by extensive astroglial
hypertrophy and proliferation. In addition, reactive astrocytes undergo
numerous cytological, biochemical and histochemical changes, including
accumulation of vimentin, glycogen, increased oxidoreductive enzyme activity
and most notably, increased accumulation of glial fibrillary acidic protein
(GFAP) (Bignami and Dahl, 1976). Reactive astrocytes appear to be involved
in healing responses to neuron injury by scavenging myelin and ‘neuronal
debris (Lee et al., 1977) and by releasing soluble proteins in their
microenvironment which often have neurotrophic properties.

The role played by astroglia during neuronal regeneration in adult
brain appears to be critical to neuronal plasticity. The early increase in
hippocampal GFAP immunoreactivity following entorhinal cortex lesion is a
good example of controlled reactive gliosis (Gage et al., 1988, Poirier et
al., 1988). Neuronal regeneration is especially important in a disease like
Alzheimer’s disease (AD), where compensatory sprouting and reactive
synaptogenesis is known to occur in the hippocampus of certain AD patients
but not in others (Geddes et al., 1985; Hyman et al., 1987; de Ruiter and
Uylings, 1987; Flood and Coleman, 1987). When present, the reorganization
of the neuronal input in the hippocampus of AD patients resembles closely
what has been described in rats with entorhinal cortex lesion (for review,
see Cotman and Anderson, 1987). Consequently, we used the ECL rat model of
reactive synaptogenesis to mimic and characterize the molecular changes that
take place in the hippocampus of AD patients.

Recent studies using in vitro translation assay of total RNA from
control and ECL rats indicate that at least seven hippocampal mRNAs showed
altered prevalence 14 days after ECL (Poirier et al, 1989). The molecular
weight of these translation products varies from 7 to 49 Kd. Among the most
noticeable we noted the presence of the GFAP (with a molecular weight of
48-50 Kd, pI 5.5) and a 35-37 Kd polypeptide (pI 5.6), which has a migration
profile similar to the apolipoprotein E polypeptide reported to be increased
following peripheral nerve injury (Muller et al., 1986). The magnitude of
changes prompted us to construct and differentially screen a cDNA library
of hippocampal RNA extracted at the midpoint of maximal reactive
synaptogenesis in order to isolate and characterize responsive transcripts.
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Fig. 1. Northern blot analysis of hippocampal GFAP (top) and
apo E (bottom) mRNA prevalence following ECL.
C: Control RNA; 2-30 : Lesioned

Seventy thousand plaques containing inserts were screened wusing a
differential hybridization protocol and nine clones showing differential
expression were isolated (Poirier et al., 1989). These 9 clones were
sequenced and identified as either: the glial fibrillary acidic protein, the
alphal-tubulin or more interestingly, the apolipoprotein E (apo E).

The synthesis and accumulation of apo E in periphery during sciatic
nerve degeneration/regeneration (Mahley, 1988) lead us to hypothesize that
apo E mRNA regulation plays a role in determining the ability of CNS axons
to regenerate and/or sprout following injury or neuropathology. Apo E, which
is extremely critical for the transport of cholesterol to regenerating
peripheral neurons (Mahley, 1988), binds to numerous brain cell types of
astroglial origin (Pitas et al.,1987;Boyles et al., 1985) .However, indication
of its presence by immunocytochemistry does not necessarily establish that
apo E is synthesized by immunopositive cells. Thus, to determine the
cellular origin of the apo E mRNA changes in the deafferented hippocampi,
an in situ hybridization for apo E mRNA was combined with
immunocytochemistry for GFAP or macrophages on the same sections. Results
indicate that apo E mRNA was largely restricted to GFAP-labeled astrocytes
present in the denervated molecular layer of the dentate gyrus (not shown),
but not over macrophages. These evidences confirm that astrocytes, in
addition to macrophages in periphery, synthesize apo E.

A time course analysis of the gene expression of apo E and GFAP reveals
rather dissimilar regulations (Fig. 2). Analysis of apo E and GFAP mRNA
induction by Northern analysis shows that GFAP is markedly increased two
days after the lesion (>10 fold) and return to control level by the 30th
day post-lesion. On the other hand, apo E mRNA which lag behind by several
days does not peak until the sixth day post-lesion (>6 fold), returning to
control level by the 30th day post-ECL.
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The hippocampal GFAP induction coincides with the early phase of glia
proliferation and terminal degeneration (0-3 days) (Gall et al., 1979;
Scheff et al., 1980), whereas the apo E increase (around 6 days) appears to
coincide with the accumulation of dendritic polyribosomes in the denervated
hippocampal neuropil, maximal 3H-leucine incorporation in granule cell
dendrites and acute neuronal sprouting (for review, see Steward, 1987).

Apo E

Fig. 2. Northern blot of hippocampal apo E mRNA in Alzheimer’s disease.
Each lane contains 3 ug of pooled total RNA from 3 AD (A) and
3 control (C) individuals. B-TUB: Beta-tubulin.

Ultrastructural studies of the molecular layer of the dentate following
ECL show that throughout the 2-11 days post-lesion astrocytes progressively
engulf both presynaptic terminals and preterminal axons (Lee et al., 1977).
These results suggest that once neuron-derived particles are metabolized by
reactive astrocytes, a large astroglial store of lipids is formed, providing
a convenient and readily retrievable pool for membrane synthesis of
precursors used in the assembly of myelin and neuronal sprouts. In such a
model, it is conceivable that apo E is responsible for the distribution of
cholesterol among sprouting neurons (commissural/associational neurons or
septal neurons) and post-synaptic granule cells.

Preliminary data on apo E mRNA prevalence in the hippocampus of AD
patients show that, unlike the ECL rat model, AD patients are unable to
induce apo E in response to entorhinal and hippocampal neuronal loss
(Fig. 3). These results contrast significantly with the GFAP gene expression
which show, as it is the case for ECL rats, an increase of its mRNA
prevalence in AD (Poirier et al., 1988). These data suggest that while the
brains of AD patients are able to induce astrocytic reactivity in response
to neuronal loss through GFAP increase, those same patients appear unable
to induce the synthesis of apo E in response to deafferentation. The loss
of cholesterol transport in AD could explain why many research’groups failed
to observe hippocampal terminal proliferation and reactive synaptogenesis
in many AD patients (Represa et al., 1988; Flood and Coleman, 1987; de
Ruiter et al., 1987). Studies are underway to characterize the apo E
response in a larger sample of AD and control individuals.
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BLOOD-BRAIN BARRIER DISTURBANCE IN PATIENTS WITH

ALZHEIMER'S DISEASE IS RELATED TO VASCULAR FACTORS
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INTRODUCTION

One of the theories of the pathogenesis of Alzheimer's disease (AD)
is that blood-brain barrier (BBB) dysfunction is the primary event (for
review see 1,2). Also in aging, BBB dysfunction has been suggested (for
review see 2). AD is associated with aging, i.e., it is more frequent
in higher age. Many other diseases are in the same way associated with
aging and thus expected to occur together with AD quite frequently.
Some of these age-associated diseases, for instance hypertension,
diabetes mellitus and various manifestations of arteriosclerosis have
an important effect on the cerebral vasculature and the BBB function
(2,3). Thus, when examining the BBB function in aging and AD, the
coexistence of other diseases suspected of interfering with the BBEB
function should be taken ino account.

MATERIAL AND METHODS

In the study, 118 patients with AD, males/females: 42/76, mean age
(+ SsD) 71.8 £ 7.3 years, with diagnoses according to the NINCDS criteria
(4), were included. The patients underwent a thorough examination,
including CT scans, which in no case revealed other findings than
atrophy (no infarcts were found). 51 patients had early onset AD (onset
before the age of 65), and 67 late onset AD (onset at the age of 65 or
over).

The controls consisted of 50 healthy individuals, males/females: 28/22,
mean age (+ SD) 71.5 £ 10.8 years. Inclusion criterion was "Mini-Mental

State" score of 28-30.

In the AD group, clinical vascular factors were recorded: mild hyper-
tension (n=24), mild non-insulin-dependent diabetes (n=3), and mild
ischemic heart disease (n=27). In all, 44 patients had clinical vascular
factors.

In 41 AD patients, also participating in a study of clinical symptoma-
tology (5), an evaluation of the most pronounced symptomatology was made.
The patients were moderately to severely demented. Patients with mild de-
mentia were not included, since in this stage, no clear regional symp-
tomatology has developed (6). Parietal AD (n=23) was defined as prominent
parietal lobe symptoms (sensory aphasia, visual agnosia, visuospatial
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dysfunction and apraxia). Non-regional AD (n=18) was defined as obvious
clinical evidence of memory impairment and general cognitive involvement
(difficulties in abstract thinking and problem-solving, reduced logi-
cal/analytical ability) without or with only mild parietal symptomatology.
By lumbar puncture, 12 ml of CSF was collected. The albumin ratio (CSF-
albumin/serum-albumin) was used as an indicator of BBB function. For sta-
tistical comparisons between groups, the Wilcoxon 2-sample test was used
for quantitative and the chi-square test for qualitative variables, and
the Spearman correlation coefficient was used for correlations.

RESULTS

The AD group showed significantly (p<0.01) higher mean albumin ratio
than the control group (Table 1). There was no significant difference in
mean albumin ratio between the late onset AD group (n=67), albumin ratio
(+ sb) 7.1 £ 3.1, and the early onset AD group (n=51), albumin ratio
(x sD) 6.5 % 2.5.

In no group did the albumin ratio differ between sexes. In the AD group,
there was no relation between albumin ratio and severity of the disease.
The correlation between age and albumin ratio was 0.22 in the AD group
and 0.26 in the control group.

When AD patients with vascular factors (n=44) were compared with the
group without such factors (n=74), the former were found to have a
significantly (p<0.0001) higher mean albumin ratio (Table 1). When AD
patients without vascular factors (n=74) were compred with controls, no
significant difference in mean albumin ratio was found (Table 1). When
comparing parietal AD (n=23) with controls, no significant difference in
albumin ratio was found, in contrast to the higher (p<0.0001) albumin
ratio in the non-regional AD group (n=18) compared with controls

(Table 2). The non-regional AD group was older, mean age (+ SD)

77.9 £ 6.6 years, than the parietal AD group, mean age (* SD) 60.3 £ 8.6
years (p<0.0001), and had a higher frequency of clinical vascular factors,
10/18 (56%) versus 4/23 (17%) (p<0.05).

Table 1. COMPARISON BEIWEEN AD PATIENTS WITH
AND WITHOUT VASCULAR FACTORS AND CONTROLS

n AIBUMIN RATIO

(mean + SD)
AD 118 6.8 + 2.9
AD-vasc. fact. 44 8.1 £ 3.6
AD-no vasc. fact. 74 6.1+ 2.0
CONTROLS 50 5.7 £ 2.1

AD vs controls; p<0.01

AD~vasc. fact. vs controls; p<0.0001

AD-no vasc. fact vs controls; NS (p=0.21)
AD~vasc. fact. vs AD-no vasc. fact.; p>0.0001
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DISCUSSION

Indirect evidence for defective BBB function in AD has been demon-
strated in some postmortem studies in the form of findings of extra-
vasated plasma proteins in brain parenchyma of AD patients (1,2). Some
CSF studies (7,9) have shown a BBB damage in AD, others have not (9,10).
The finding that AD patients without vascular factors did not differ sig-
nificantly from controls in albumin ratio (Table 1) suggests that AD does
not involve BBB dysfunction. Previous CSF studies of BBB function in AD
have not registered vascular factors, which may explain the inconsistent
findings (7,8,9,10). The frequency of vascular factors does not exceed
what is expected in AD (for review see 11). In the present study the cli-
nical vascular factors in AD patients were of low severity and regarded
as insufficient to produce dementia all by themselves, and no AD patient
had cerebral infarctions.

The absence of correlation between age and albumin ratio in the control
group (aged 52-85) suggests that the BBB function does not decline with
age, at least not within this age range.

In summary, this study suggests that the BBB dysfunction found in AD is
related to vascular factors and not a consequence of the disease itself,
i.e., that neither pure AD nor normal aging is associated with a decline
in BBB function. However, among AD patients fulfilling the NINCDS criteria
for probable AD, a group of patients with mild BBB dysfunction emerge,
characterized by higher age, concomitant vascular disease and less
regional (=less parietal) symptomatology.

The BBB is situated in the brain capillaries, the structural basis

being the tight junctions between the endothelial cells (2). In absence
of other factors explaining BBB-damage (tumours, infarctions, etc.), the
BBB damage found may be related to damage to the small cerebral vessels.

Table 2. COMPARISON BETWEEN PARIETAL AD,
NON-REGIONAL AD AND CONTROLS.

n  ALBUMIN RATIO Sign.
PARIETAL AD 23 6.8 £ 2.4 ns
CONTROLS 50 5.7 £ 2.1
NON-REGIONAL AD 18 8.4 = 3.7 p<0.0001
CONTROLS 50 5.7 £ 2.1
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INTRODUCTION

Neurofibrillary tangle (NFT) is a pathological hallmark of Alzheimer's
disease (1). NFT's are fibrous masses in neuronal perikarya and proximal
neurites, and usualy hematoxylinophilic on H&E stain and very argyrophilic
on silver impregnation (intracellular tangles). They are not static lesions
and show evolutionary changes from intracellular to extracellular location.
Extracellular NFT's are eosinophilic and less argyrophilic, and often are
regarded as tombstones of neurons or ghost tangles (2,3). However, little
has been known about initial changes of NFT formation. In this
communication, we describe that there is an early change of NFT formation
demonstrable by the modified Bielschowsky (Hirano) method.

MATERIAL AND METHOD

The modified Bielschowsky preparation (4) of many aged brains has been
reviewed carefully with special attention to argyrophilic structures.

Two cases (71 and 72 year old men) of diffuse Lewy body disease with
mild senile changes and a case (63 year old woman) of Alzheimer's disease
with marked senile changes were selected for the immunohistochemical study.

Six micron sections of formalin-fixed, paraffin-embedded hippocampus
were dephosphrylated and immunostained with a monoclonal antibody to tau
protein, Tau-1 (5). The bound immunoglobulins were detected by the
avidin-biotin complex method using 3-amino-9-ethylcarbazole as chromogen.
After immunoreactive structures were photographed, bound antibodies were
removed by immersion in glycine-HCl buffer (pH2.2) for 1 hour, and the
sections were restained by the modified Bielschowsky method. Argyrophilic
material was examined carefully and compared with immunoreactive structures.

RESULT

Numerous intracellular and extracellular NFT's were observed in a case
of Alzheimer's disease by the modified Bielschowsky method. In addition to
rare intracellular NFT's, many neurons containing diffuse or finely granular,
argyrophilic material were found in 2 cases of diffuse Lewy body disease
with mild senile changes. Unlike typical intracellular NFT's which showed
strong fibrillary immunoreactivity with Tau-1, these neurons reacted
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Fig. 1 A neuron with finely granular, argyrophilic
material (b) shows diffuse or finely
granular, weak immunoreactivity with Tau-1
(a). (prosubiculum of a case with diffuse
Lewy body disease, a: Tau-1l, b: mod.
Bielschowsky, x100)

weakly with the antibody, and the immunoreaction products were distributed
in a diffuse pattern (Fig. 1). Extracellular NFT's were poorly decorated
with Tau-1.

DISCUSSION

This study demonstrates that in brain from aged subjects, some neurons
have argyrophilic properties different from that of intracellular or
extracellular NFT's. This type of neuron was found more frequently in
brains with fewer NFT's suggesting that it may represent neurons at an early
stage of NFT formation. This possibility was examined by immunostaining
with Tau-1. The antibody has previously been shown to detect epitopes
associated with paired helical filaments, straight filaments, granular
material or ribosomes in Alzheimer brain tissue (6,7). Our finding of
Tau=1 immunoreactivity in the diffuse argyrophilic neurons, therefore,
may be indicative of cytoskeletal changes in these neurons. Weak Tau-1
immunoreactive neurons have recently been observed by other's in Alzheimer
brains, as well (6). According to Bancher et al (6), these neurons contain
"stage 0 tangles". The colocalization of the diffuse argyrophilic
structures and the weak Tau-l positive elements observed in our study
suggests that the modified Bielschowsky method (Hirano) is an useful method
for evaluating the evolutionary changes of NFT's.
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INTRODUCTION

Neurofibrillary tangles (NFT) are one of the most
prominent pathological changes seen in the brains of
Alzheimer's disease (Alz) patients. Under the electron
microscope these NIFT are revealed to be composed of
accumulations of paired helical filaments (PHF). These
structures are also observed in Parkinsonism-dementia complex
of Guam (PD), and some other diseases besides Alz.

The two proteins tau and ubiquitin are reported to be
integral components of PHF. But the nature of the other
constituents of PHF have remained as a matter of controversy.
The difficulty in purifying and solubilizing PHF convincingly
does not allow us to analyze PHF directly.

To elucidate the components of PHF and the process of
PHF formation, we raised monoclonal antibodies (mcAb's)
against native PHF and detergent-insoluble PHF from Alz and
PD, and characterized themn.

MATERIALS AND METHODS

Preparation of immunogen

Detergent-insoluble PHF and amyloid were prepared from
PD or Alz bhrain by the methods of Solkoe et al.' and Masters
et al.? Native PHF were also prepared from Alz brain
homogenate by the method of Yen et al.s

Production of monoclonal antibodies

McAb's against PHF were established by the conventional
method. Balb/c mice were immunized with immunogen prepared by
the above methods. All mcAb's were screened and checked by
immunofluorescence (IF) with frozen sections of Alz brain and
PD brain.
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Characterization of mcAb's

Class of immunoglobulin (Ig) was determined by the
Ouchterlony method and titer of ascites was determined by IF.
To characterize these mcAb's, we performed an immunohisto-
chemical study, enzyme-linked immunosorbent assay (ELISA),
and Western blot analysis as described below.

1) Immunohistochemical study. Immunohistochemical study
was carried out by IF with frozen sections; and a modified
ABC method (ABC), with paraffinized sections of brain. Brain
sections were obtained from 5 cases of Alz, 3 cases of PD, 3
cases of Down's syndrome, and 3 cases of aged-matched healthy
subjects.

2)ELISA. To identify the epitope recognized by each
mcAb, ELISA and Western blot analysis were performed.
Neurofilaments (H,M,L;PROGEN BIOTECHNIK), heat-stable MAPs,
and ubiquitin (SIGMA) were used as antigens for ELTISA. Heat-
stable MAPs were prepared from bovine brain by a modification
of the method of Weingarten et al.

3)Western blot analysis. Brain homogenate, partially
purified PHF, neurofilaments (NF), heat-stable MAPs, and
ubiquitin were used as antigens. Well-characterized anti-NF,
anti-tau, and anti-ubiquitin mcAb's were kindly provided by
Drs. Sternberger, Kosik, and Ihara respectively. They were
used as positive controls for antigen/antibody reactions in
the ELISA and Western blot analysis.

RESULTS

Twenty-one mcAb's against PHF were established. Thirteen
of them were obtained by immunization of Balb/c mice with PHF
from PD; and 8, with PHF from Alz. Their Ig class was IgG(k)
or IgM(k). Antibody activity (IF) was positive up to as 5x10°
-1x10% dilution of ascites.

1) Immunohistochemical study

All these mcAb's stained NFT and they were classified
into 3 groups according to immunostaining property. Group 1
mcAb's stained large NFT and neuritic filaments (Fig a. IF,
frozen section of PD brain stained with GP 1C9 ; Fig b. ABC,
section of Alz brain stained with GP 1C9; degenerated
neurites around senile plaques were also stained). Croup 2
mcAb's stained relatively small NFT, neuritic filaments, and
fine filaments (Fig c. ABC, section of Alz brain stained with
Am 719/1). Group 3 mcAb's reacted with NFT only (Fig d. ABC,
section of Alz brain stained with GP 1D8).

2)ELISA

These mcAb's showed considerable variation in reactivity
with our antigen system. There were several mcAb's that
recognized NF, heat-stable MAPs, or ubiquitin. Some of them
recognized both NF and heat-stable MAPs, and others
recognized either NF or heat-stable MAPs. The epitopes
recognized by 9 of the mclb's remained undetermined by our
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Fig.la-d. Immunostaining of frozen section of PD brain
or paraffin embedded sections of Alz brain with mcAb's.

antigen system. There was a correlation bhetween the three
staining patterns classified by IF and those obtained by
ELISA. McAb's that recognized NF, heat-stahle MAPs, or
ubiguin were classified into Group 1 or 2. The 9 mcAb's, that
reacted with none of the epitopes examined by ELISA, were
classified into Group 3, the one with NFT staining only.

3)Western hlot arnalysis

Findings of Western bhlot analysis using NF and tau were
consistent with results of ELISA. Am 135/1, GP 193/2, and
GP 823/3, whose epitopes remained undetermined by ELISA,
recognized 15 kd, 55 kd, and 60 kd bands, respectively, when
Alz and PD brain homogenate was used as antigen.

DISCUSSION

McAb's against native PHF from PD have been estabklished
for the first time. These mcib's are valuable to analyze the
constituents of PHF in various diseases. Tau and ubiguitin
were identified as components of PHF by immunohistochemical
and biochemical studies.®®’ e have confirmed that tau and
ubiquitin immunoreactivities are in PHF of Alz, PD, and
Down's syndrome.

Whether or not NF are involved in PHEF formation remains
obscure even now. lukina et al.8?® reported that mcAb's
against NI that stained NFT recognized phosphorylated
epitopes of NF and also phosphorylated epitopes of tau due to
crossreactivity. In our study, some mcAb's recognized both NF
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and tau; but, on the other hand, several others recognized
only NF or tau. Although precise epitopes of these mcAb's are
not elucidated, the possibility can not be excluded that NF
is an internal component of PHF,

The epitopes of 9 mcAb's that clearly stained only NFT
remained undetermined. Among these, 3 recognized 15-60 kd
bands in the Western blot analysis. The findings suggest that
these mcAb's recognize unknown epitopes other than tau and
ubigquitin.

Many mcAb's were established in our study. Their
epitopes were variable or are still undetermined. Further
investigation about the detailed epitopes of these mcAb's is
still needed. But these mcAb's seem to be helpful for us to
uncderstand the nature of PHF and the process of PHF formation
in various diseases.
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INTRODUCTION

Of the major neurological diseases that affect the basal ganglia, Parkinson’s disease is by far
the most common. The cause of idiopathic Parkinson’s disease has remained obscure, resisting
attribution to either a genetic or an environmental factor. Yet the hallmark of this condition is well
known: a marked, and often profound, loss of neurons in the substantia nigra pars compacta (Hassler,
1938). Attention accordingly remains focused on searching for characteristics of the nigral pars
compacta neurons that might hold clues to the etiology underlying the development and progression
of Parkinson’s disease. These characteristics include the synthesis and metabolism of dopamine, the
accumulation of large amounts of intraneuronal neuromelanin, and the vulnerability of these neurons,
at least in some experimental conditions, to retrograde degeneration after lesion of their terminals in
the neostriatum (Rosegay, 1944, Bedard et al., 1969; Imai et al., 1988). We focus here on two animal
models that demonstrate a shared vulnerability of the midbrain dopamine-containing neurons and their
striatal projections: the weaver mutation in the mouse, and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) neurotoxicity in the monkey.

THE MUTANT MOUSE WEAVER

Weaver is an autosomal recessive mutation, first characterized by its effects on the cerebellum,
that also leads to a profound loss of dopaminergic mesostriatal neurons beginning in the postnatal
period; dopaminergic neurons of the mesolimbic system are largely, though not entirely, spared
(Schmidt et al., 1982; Roffler-Tarlov & Graybiel, 1984; for review see Roffler-Tarlov & Graybiel, 1987).
By postnatal day 90, the loss of tyrosine hydroxylase (TH)-immunoreactive neurons reaches nearly 70%
in the substantia nigra pars compacta (A9), over 50% in the retrorubral area (A8), but only 26% in the
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ventral tegmental area (A10), as determined by Triarhou et al. (1988) using the nomenclature of
Hokfelt et al. (1984).

The weaver mutation has highly selective effects on the dopaminergic innervation of the
striatum (Graybiel et al., 1990, and references therein). The loss of TH-immunoreactive neuropil
follows a gradient from profound loss in the dorsolateral caudoputamen to relative preservation in the
ventrolateral and ventral caudoputamen, where the remaining TH-immunopositive innervation becomes
contiguous with strong immunostaining of parts of the ventral striatum. This striatal pattern is
consistent with pathologic findings in the mesencephalon. The nigral complex projects to the striatum
proper through a dorso-ventral inversion (Fallon & Moore, 1978). Within cell group A9, the weaver
mouse shows a profound loss of neurons ventrally, and partial preservation of a narrow dorsal tier of
neurons that might be expected to innervate the ventral part of the striatum. There is also partial
preservation of the substantia nigra’s pars lateralis, which provides dopaminergic innervation to the
lateral striatum (Fallon & Moore, 1978), and relative preservation of cell group A10, which projects
most strongly to ventral striatum (Graybiel et al., 1990).

In the normal mouse, TH-immunostaining in the early postnatal period is characterized by
clusters of strongly TH-immunoreactive fibers--the well-known dopamine isiands--which appear in a
weakly stained surround. By maturity the TH-immunostaining of the striatum is nearly uniform.
Remarkably, the islandic pattern appears in young weaver mice despite the later loss of dopamine in
these mutants. In adult weavers, the zones with remaining striatal TH-immunostaining show a
compartmental pattern: although the overall immunostaining is markedly diminished, many pockets of
very faint immunoreactivity appear within the surrounding matrix of TH-immunopositive neuropil. We
have proposed that this pattern reflects differential loss of putative striosome- and matrix-projecting
neurons of the murine nigral complex (Graybiel et al., 1990). This could be accounted for by partial
preservation of the A8 region, and of the lateral and dorsal A9 regions (Gerfen et al., 1987; Jimenez-
Castellanos & Graybiel, 1989), whereas the ventral A9 tier and the cell-dense medial region of the pars
compacta, projecting to striosomes, are nearly completely lost.

The weaver mouse also shows a marked deficit in high-affinity dopamine uptake in
synaptosomal preparations, a defect that appears at postnatal day 7, before any abnormality of
dopamine content is detected in the striatum and before major loss of dopaminergic perikarya is evident
in the mesencephalon (Roffler-Tarlov et al., 1990). This deficit of dopamine uptake is currently the
earliest biochemically detectable marker for the weaver mutation, and further, this deficit is
proportionally more severe than the loss of dopamine. In the adult weaver caudoputamen, dopamine
uptake is reduced to about 20% of control values, while dopamine content is approximately 30% of
control; in the nucleus accumbens, the content of dopamine is unchanged from control values, whereas
high-affinity dopamine uptake in vitro is reduced by 30% (Roffler-Tarlov et al., 1990).

MPTP AS A STRIATAL AND NIGRAL NEUROTOXIN

MPTP, administered systemically, can cause severe and, at high doses, permanent damage to
the mesostriatal dopaminergic system in many higher mammals, including cats, monkeys, and humans
(for review see Langston, 1989). The cascade of events leading to this dopaminergic lesion can be
pharmacologically interrupted at several steps. Conversion of MPTP, which can cross the blood-brain
barrier, to its toxic metabolite 1-methyl-4-phenylpyridine (MPP+), can be blocked by monoamine
oxidase inhibitors such as pargyline and deprenyl. The dopaminergic lesion can also be interrupted by
blockade of dopamine uptake sites, presumably preventing the uptake of MPP+ into dopaminergic
terminals or neurons (for references. see Langston, 1989; Kopin & Markey, 1988). Finally, the
neurotoxicity of MPTP in the primate is partially blocked by administration of chloroquine, which may
interfere with the binding of MPTP or MPP+ to neuromelanin within dopaminergic perikarya and thus
reduce its cumulative toxicity in these neurons (D’Amato et al., 1987).

New evidence, if compiled from studies in several species, suggests that MPTP-induced damage
to striatal terminals shows both overall gradients and local heterogeneity. Turner et al. (1988) have
used classical silver staining techniques to show that, in the dog, MPTP leads acutely to a heterogeneous
distribution of terminal damage in the caudoputamen. Terminal degeneration is found prominently in
the matrix compartment, rather than in striosomes. We have shown that dopamine uptake sites, labeled
autoradiographically with tritiated mazindol in a closely related species, the cat, are preferentially
distributed in the matrix compartment (Graybiel & Moratalla, 1989). Moreover, both in cat and
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primate, uptake-site concentrations were notably higher in the dorsal caudoputamen than in the ventral
caudoputamen or ventral striatum, as first observed in the rat by Marshall (1988). Thus, the early toxin-
induced changes at nigrostriatal terminals show a notable similarity to the regions with the highest
catecholamine uptake-site concentrations in normal monkeys and cats.

Terminal damage, however, as seen by silver staining methods, can only be assessed a week or
more after an initial lesion. Prominently matrical terminal damage might reflect the anterograde effects
of preferential damage to matrix-projecting mesostriatal neurons after MPTP administration, rather than
a direct primary effect of the toxin at mesostriatal terminals. Although the mesencephalic lesions
reported in the primate MPTP literature vary, ventral and medial to middle parts of the nigral pars
compacta seem to be most severely damaged, with intermediate damage in the A8 region, and relative
sparing of the ventral tegmental area (see, e.g., Kitt et al., 1986; Schneider et al., 1987; German et al.,
1988). However, Deutch et al. (1986) reported that nigral cell loss was most severe in the A8 region.
It is not yet clear whether these patterns fit the distribution of early striatal terminal damage, visualized
by silver techniques. In the monkey, however, analysis of TH-immunostaining in the striatum
demonstrates a marked gradient of loss of TH-immunoreactive terminals, with the most severe damage
in the dorsolateral caudate-putamen, and better preservation of TH-immunoreactivity in the
ventromedial caudate-putamen and in the nucleus accumbens (German et al., 1988; Quinn et al., 1990).
Biochemical measurements of dopamine levels in MPTP-treated primates show a concordant pattern,
yielding most severe depletion in the dorsolateral caudate-putamen (Ellsworth et al., 1987a, 1989;
German et al.,, 1988), and in the medial substantia nigra pars compacta (Schneider et al., 1987,
Ellsworth et al., 1987b), with relative sparing of dopamine in the ventral tegmental area and lateral pars
compacta.

A pronounced dorsolateral-to-ventromedial gradient of striatal damage has also been reported
on the basis of the astrocytic reaction observed in the striatum of MPTP-treated cats by
immunohistochemical staining of glial fibrillary acidic protein (GFAP) (Schneider et al., 1988).
Stromberg et al. (1986) found that GFAP induction after MPTP was most pronounced in the dorsal
caudoputamen in the mouse, and found marked GFAP induction in the substantia nigra as well, but
Schneider et al. (1988) reported a homogenous induction of GFAP in the mouse striatum and no
induction in the mouse substantia nigra. It would be interesting to learn whether GFAP-intense striatal
astrocytes were compartmentalized in alignment with the degenerating terminals seen by Turner et al.
(1983); however, the factors triggered by degenerating terminals that mediate astrocyte proliferation
could be sufficiently diffusable to blur compartmental boundaries revealed by silver staining.

COMMENT: WEAVER, MPTP, AND THE MESOSTRIATAL SYSTEM IN PARKINSON’S
DISEASE

Two questions underlie this comparative analysis of the neuropathology of the mesostriatal
dopaminergic system in the weaver mouse and in the MPTP-lesioned animal. First, can common
patterns of vulnerability be found in these models and in Parkinson’s disease? Second, could a common
factor, or combination of characteristics, underlie any shared pattern of vulnerability? The latter
question invokes the possibility of a common final pathway to vulnerability, which might implicate
characteristics of terminals, neuronal perikarya, or other factors in the special vulnerability of the
mesostriatal system in each of these pathologic conditions.

As described above, in both the weaver mutant mouse and the MPTP-treated primate or cat,
the loss of TH-immunoreactivity is most profound in the dorsolateral quadrant of the striatum, and this
loss becomes less severe along a ventromedial axis directed toward the nucleus accumbens. In the
weaver mouse, a defect in dopamine uptake, measured in vitro, is evident before any detectable loss of
striatal dopamine, of striatal TH-immunostaining, or of TH-positive cell bodies in the nigral complex.
The overall pattern of terminal loss in weaver mice parallels the general distribution of dopamine
uptake sites, determined by autoradiography; the greater vulnerability of dorsal than ventral striatum
in MPTP-treated monkeys also corresponds to the dopamine uptake-site distributions in this species;
and the matrical terminal degeneration in the acutely MPTP-treated dog corresponds to the
compartmental distribution of dopamine uptake sites in the cat.

Could a lesion of striatal dopaminergic terminals be the primary insult in both models? In the

MPTP-treated primate, loss of TH-immunostaining can be much more dramatic in the striatum than
in the nigral perikarya, and absolute dopamine deficits are usually more severe (up to 99%) in the
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striatum as well. In the mouse and rat, at least under certain conditions, MPTP can induce a sharp loss
of striatal dopamine, with contrastingly little loss of nigral perikarya (Ricaurte et al., 1986; Willis &
Donnan, 1987; Vacca-Galloway et al., 1988; but see also Heikkila et al., 1985; Heikkila et al., 1989).
It seems likely that MPP+, taken up through the dopamine uptake site, may be directly toxic to the
striatal dopaminergic terminals, and when MPTP is administered directly into the striatum, both
terminal loss and a retrogradely-directed degeneration of nigral perikarya ensue (Imai et al., 1988). It
is still unclear whether a model for Parkinson’s disease based on primary terminal degeneration, and
secondary neuronal degeneration, would apply well to the human mesostriatal system (Graybiel, Hirsch,
& Agid, 1990). On the one hand, Forno (1983) reported relatively little retrograde degeneration is seen
in the human substantia nigra even after massive loss of striatal fibers and target cells by infarction.
On the other hand, there is no reason to doubt that retrograde axonal transport occurs in the human,
so that some forms of retrograde-induced degeneration could occur.

The weaver mutation, the MPTP model in primate or cat, and Parkinson’s discase all reveal
a general pattern of vulnerability in which neurons of the substantia nigra pars compacta are more
severely affected than neurons of the adjacent ventral tegmental area, and further, in which the ventral
pars compacta is more severely affected that its dorsal region (for the human see e.g. Hassler, 1938;
Hirsch et al., 1988; Gibb et al,, 1990). No currently identified marker discriminates this part of cell
group A9 from the adjoining parts of cell groups A8 or A10. Differences in neuromelanin may be
directly important, in that melanized neurons are preferentially lost in these regions in Parkinson’s
disease (Hirsch et al., 1988), and several studies suggest that in normal aging, there is preferential loss
of the most heavily melanized neurons (for review, see Barden, 1981). On the other hand, murine
dopaminergic neurons do not contain detectable neuromelanin (reviewed in Barden, 1981), and Gibb
et al. (1990) have reported that ventral, lightly melanized neurons of A9 are lost earliest in the course
of Parkinson’s disease. A critical point that needs clarifying is whether there is preferential loss of
lightly or heavily melanized TH-positive neurons in the MPTP-treated primate. No such analysis exists,
because, although human dopaminergic neurons are often visibly heavily melanized, cat or monkey
neuromelanin is essentially occult without special stains (Barden, 1981). We have recently developed
a reliable method that combines immunohistochemistry for TH with a sensitive modified Fontana stain
for neuromelanin (Quinn & Graybiel, 1990), and this technique may shed light on whether there is
differential vulnerability of neuromelaninized neurons in the primate MPTP-induced lesion (Quinn et
al., in progress). Finally, markers other than dopamine or melanin may link the nigral subgroups which
are lost in the weaver mouse, MPTP-treated monkey, and the patient with Parkinson’s disease. For
example, two distinct calcium-binding proteins have recently been reported in dopaminergic neurons
of the rat’s substantia nigra, calbindin-28k and protein 10 (Gerfen et al., 1987; Winsky et al., 1989).
The presence or absence of proteins such as these could be a link to the vulnerability of subsets of
nigral dopaminergic projection systems. Clearly, apparent selective vulnerability of neuronal
populations may require a conjunction of several such neuronal characteristics; but the opportunity now
is at hand to screen for such factors both in parkinsonian models and in Parkinson’s disease itself.
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INTRODUCTION

It has been considered that l-methyl-4-phenyl-1,2,3,6-tetrahydropyridi-
ne(MPTP)-induced parkinsonism is the best model available at present of
Parkinson's disease. Elucidation of the mechanism of the neuronal degenera-
tion in this model will contribute to the studies on the pathogenesis of
Parkinson's disease. In this communication, we will present our data on the
mechanism of the neuronal degeneration in MPTP-induced experimental parkin-
sonism and a preliminary observation on Parkinson's disease.

THE MECHANISM OF THE NEURONAL DEGENERATION IN MPTP-INDUCED PARKINSONISM

We notlced a structural similarity between l-methyl-4-phenylpyridinium
ion (MPP* ), a toxic metabolite of MPTP (1), and nicotinamide adenine dinuc-
leotide (NAD ), a cofactor widely used in oxidation-reduction reactlons. We
thought that mpp* might lnterfere with the reactions utilizing NADY. We
first studied the effects of MPP* on the activities of mitochondrial respi-
ratory enzymes. We used mitochondria prepared from whole mouse brains assu-
ming that most of the cerebral mitochondria would behave in a similar way to
MPP . The selectivity of the MPTP- tox1c1ty against the nigral neurons was
shown to depend on the active uptake of vpp* through the dopamine-uptake
site (2). As long as the concentration of neuronal MPP reaches a certain
point, most of the neurons may be damaged.

We prepared mitochondrial suspensions from C57/BL mouse brains accord-
ing to the method of Ozawa et al. (3), and the activities of mitochondrial
Complex I, II, III and IV were assayed as described before (4,5). We found
inhibition of Complex I by MPTP and MPP (Table 1). Rather high concent-
ration of MPTP or MPP' (mM order) was necessary to obtain those amounts of
the inhibition. In animals treated with MPTP, the cerebral concentration of
MPP' was reported to be much lower (mlcromolar order) (6). Therefore, we
thogght initially that this inhibition might not account for the toxicity of
MPP In 1987, Ramsay and Singer (7) reported the presence of an active
uptake mechanism for MPP" in the hepatic mitochondria. Their report
prompted us to investigate the effect+of the preincubation of mitochondria
on the inhibition of Complex I by MPP .

We incubated mitochondria prepared from C57/BL mouse or Fisher 344 rat
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Table 1. The Effect of MPTP and MPP™ on the Activities
of Mitochondrial Complex I, II, III and IV

Control MPTP( 2mM) MPP" (2mM)
Complex I 100 % 34.1 % 59.8 %
Complex II 100 85.3 79.3
Complex III 100 86.5 104.5
Complex IV 100 93.2 95.5

Expressed as % of the activity of the respective controls,
Means of the duplicate assays, Cited from reference (5),

brains with substrates of the TCA cycle and ADP with or without MPP*. We
measured oxygen consumption using a Clark-type oxygen electrode. Then, an
aliquot of the mitochondrial suspension was transferred to a cuvette, and
the activity of Complex I was assayed spectroghotometrically (8,9). 1In this
experiment, a much lower concentration of MPP  (0.05 mM) was found to be
effective to inhibit the mitochondrial respiration and the activity of Com-
plex I. When glutamate and malate were used as the substrates to support
the mitochondrial respjration, the oxygen consumption of the state 3 and the
state 4 respirations were markedly inhibited by MPP* (Table 2). The activi-
ty of Complex I and the amount of ATP formed from ADP were also significant-
ly reduced by MPP*. On the other hand, the mitochondrial respiration sup-—
ported by succinate was not inhibited by MPP . Succinate is oxidized to
fumarate by Complex II. On the other hand, NADH formed from the oxidatioun
of glutamate and malate is oxidized by Complex I. Therefore, the inhibi-
tion of the mitochondrial respiration supported by glutamate and malate
strongly suggests inhibition of Complex I by MPP'. The inhibition of the
activity of Complex I was actually obtained by a low concentration of MPP+,
the concentration which could be found in animals treated with MPTP.

We also studied effects of MPP* on NAD'- or NADP*-linked dehydrogenases
in the TCA cycle (10). Only the alpha-ketoglutarate dehydrogenase complex
was significantly inhibited by MPPt (Table 3). Alpha-ketoglutarate dehy-
drogenase is considered to be the rate-regulating enzyme in the TCA-cycle
(11). Therefore, the inhibition of this enzyme may cause deleterious
effects on the mitochondrial respiration.

Table 2. The Effect of MPP* on the Mitochondrial Respiration,
the Activity of Complex I and the ATP Synthesis

Substrate Glutamate + Malate Succinate + Rotenone
Control mpp* Contro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>