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Summary. — Molecular analysis of histological hallmarks (neurofibrillary tangles, neuritic plaques,
neuropil threads and dystrophic neurites) of Alzheimer diseased brain tissues showed that these lesions
contain paired helical filaments. Their major constituent is microtubule associated protein tau that is in an
abnormally hyperphosphorylated and truncated state. These diseased forms of tau protein are unable to
promote full microtubule assembly. Understanding of the molecular basis of the processes leading to the
modifications of tau proteins and paired helical filament formation will form a firm step toward rational
drug development and the cure of the Alzheimer’s disease.
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I. Introduction

Alzheimer’s disease (AD) is the most common cause of
late-life intellectual impairment in countries that have
achieved life expectancies above 70 years. It accounts for
about 60 % of the cases of dementia and its prevalence
increases logarithmically with age (Multhaup et al., 1993).

Demographic changes in the second half of the 20th
century mean that as we approach the next millennium up
to 40% of the population will be over the age of 60 by
2015~ 2020 (Mayer, 1993).

Due to gradual reduction in the numbers of neurones and
synapses, clinical manifestations of AD include progressive
impairments in short-term and - in later stages- in long term
memory, language, behaviour and disorientation in time and
space (McKhann et al., 1986) usually leading to death in a
severely debilitated, immobile state between four and
twelve years after onset. The cost for looking after sufferers
is enormous. For example the cost to American society for
diagnosing and managing AD, primarily for custodial care,
is currently estimated at more than $ 80 billion annually. No
treatment that retards the progression of the disease is

known (Selkoe, 1991). If scientific research does not pro-

-duce discoveries to prevent or cure AD, the number of

individuals affected can be expected to double by the year
2000 (14 million in the USA alone; Rossor,1993) and to
quintuple by 2040 (Igbal, 1991).

In contrast to other unsolved diseases of the human brain,
classical pathology of AD continues to provide fertile basis
that make it particularly amenable to studies of pathogenesis
atthe molecular level. Many molecular advances in research
into AD have been made especially during last 10 years.
Despite this progress, accumulation of the classical hall-
marks, senile plaques and neurofibrillary tangles in the AD
brains, observed 87 years ago by the Bavarian psychiatrist
Alois Alzheimer in 1907, still remains the characteristic of
AD. It is not known how the formation of these pathological
structures occurs and how they contribute to the gradual
reduction in the numbers of synapses and neurons associ-
ated with the cognitive decline typical of this disease.
Understanding of the cellular and molecular biology of
these processes is an essential prerequisite of the develop-
ment of an early diagnostic assay and drugs capable of
preventing steps leading to this neurodegenerative disease.
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treatment and 65 K/nm after treatment (Wischik er ol.,
1988h). The fuzzy region carries all the epitopes recognised
by two different antibodies against microtubule-associated
protein taw and anti-tau reactivity of the kind that has heen
reparted (Wood er al., 1986; Perry et al., 1985) was abol-
ished by this procedure, The My per unit length measure-
ments imply that the three-domain structural subunit of the
core has My about 100 K (Wischik er al., 1988a,b).

The PHF analysis showed that removal of fuzzy outer
domain does not affect the structural morphology of PHI
but sharply changes the immunostaining profiles and i
longer possible to prove if any epitope in the fuzzy coat is
relevant to the inner structure of the PHEF (Wischik er al,
1988a). Therefore we have tried to develop such a marker,
universal probe, which would allow us to identify core PHEs
constituents and would work in immunoelectron mic

115 110

copy, during immunohistological aminations, im-
nd ultimately as an probe for immunobio-
ys for quantification of AR PHF-specific

changes in the AL brain tissues (Movak of af,, 1989). For
immunisation we have used pronase-treated PHES to re-
move outer fuzzy coat which could induce interfering im-
mune responses with our goal to construct ‘wﬂi&r“im:hiwmn
;‘wm:)dw“w monoclonal antibody (MoAb) unequivocally

nising AL core PHE. After two vears of work simul-

Ly deve ying unique techniques for solubilising
the core PHF we have ;“)r’“gmmi hybridoma NOAL

6/66.425.2  which was dertved by using the spleen of a C3H
mouse hym‘:rirr‘n‘mmﬁmf with the core PHF, producing
MoAb 423 o 3. The hybridoma was selected
on the basis of immumwmi decoration of the PHF core
filament seen in the clectron microscope (Novak er af,
1989).

tane oL

MoAb 423 is first and the only phosphorylation-inde-
pendent core PHF-specific probe

Taoidentify the components originating form the pronase-
resistant core PHE we relied on MoAb 423 (Wiwl‘ril«;q et
al. 1988 Novak ef af., 19R9), which labelled PHE cores
strongly, and fuzzy PHEs only at higher mmhmix concen-
trations. Thus MoAh 4273 identifics an epitope that s
intimately associnted with the pronase-resistant core of
the PHE and is oot directed against epitopes present in
the fuzey coat of the PHE ¢ Wischik er af, 1088 b
Novak ef af., 1989), Using formic acid and sonication of
the core PHIE we have succeeded in refeasing MoAb 423
immunoreactivity from the core PHE as an 12 K band
which upon immunoblotting s rong MoAb 423
staining. Sequencing of this band revealed an unknown
sequence (Wischik e «l., 19884y, Part of the protein
sequence Gin-fle-Val-Tyr-Lys-Pro was used to design a
mixture of oligonucleotides that served as a hybridisation

owed st

probe to isolate a cDNA clone that led to its identification
as human tau protein (Wischik er al., 1988a; Goedert et

al., 1988). MoAb 423, which we have used to follow the
{2 K peptide isolations and which decorates the PHF

cores, does not cross-react with the fuzzy outer coat of
PHF (WM ik et al., 1988b). Therefore the 12 K frag-

ment we have characterised as human tau protein that does
not originate from the fuzzy outer material but is irmmatc‘:ly
associated with the protease - resistant core of the PHF
(Wischik e al., 19884).

Tau protein is a major (if not the sole) component of the
core PHF

All known tau isoforms (mouse,
Couchie et al.. 1992: human, Goedert er al., 1988, 1989,
Andreadis et al., 1992 cow, Himmler et a!., 1989, rat, Kosik
et al., 1989 Mori et al., | ‘)?W" Kar al et m‘ 1989 Goedent
et al., 1992) are produced from a sing i
mENA splicing. The hmmm tau g.‘.gcrm: is ()(,,diwd on the long
arm of chromosome 17 at band position 17g21 (Neve et al.,
1986). As mentioned earlier, usage of 7mer oligonu
cleotide probes, derived from the protein sequence of

Lee et al., 1988,
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Fig. 4
Tau isoforms
Six tau isoforms are produced from a single gene through altermative
mRINA splicing, They range from 352 to 441 amino acids and differ from
cach other by the presence or absence of inserts (1 and [2) or one exira
epeat (R2) Taw isoforms L and 2 contain 8 amino acid long nserts. Tau
A and 4 contain N-terminal insert 29 amino acids long and isoforms § and
6 are without this insert. On the basis of the presence of an extrarepeat (R2)
i their microtubule binding region it 1s possible to divide taw isoforms inte
two groups, first (isoforms 1.3 and §) with four repeats (R1,R2,R3,R4), and
second (isoforms 2.4, and 6) having three repeats only (R1, R3, R4).
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weaker than non-phosphorylated tau in promoting capacity
of microtubule assembly (Yamamoto er al., 1983; Lindwall
and Cole, 1984) thus showing that phosphorylation is after
alternative splicing (which results in various tau isoforms)
a second physiological regulatory mechanism modulating
the affinity of tau proteins for microtubules. During foetal
development tau is expressed as a single isoform (shortest)
and is heavily phosphorylated. Phosphorylation disappears
in the early postnatal period (14 days) and multiple iso-
forms start to appear. The main difference is that probably
one or two residues are phosphorylated instead of 17 poten-
tial phosphorylation sites (Fig. 8) which could be phospho-
rylated in vive during intrauterine development. It has been
found that tau is readily phosphorylated in vitro by various
kinases. Since the reappearance of the foetal pattern of
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Fig. 7
Molecular analysis of C-terminal tail of microtubule
Sequence of C-terminal tail is identical in all six isoforms of human tau
protein. Molecular reconstruction of tau truncation at Glu 391 revealed that
downstream flanking region contains domain (N) with high microtubule
assembly promoting capacity. We call this region "fifth" microtubule
binding domain (Novak ef al., 1994a).
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Fig. 8
Microtubule-associated protein tau

A. The bar represents the longest human tau isoform which has 441 residues. The whole molecule can be divided into two main regions, N-terminal and
C-terminal region. There are two inserts (11, 12) near the N-terminus. The C-terminal half harbours microtubule binding domain with four repeats (R1,
R2, R3, R4). Furthermore it contains prolin-rich region and tail. Both regions play important role in microtubule assembly.

B. N-terminal half is acidic (dots) and C-terminal region is basic (arrows). Any alteration of charge could have devastating effect on tau function in vitro.
Truncation of tau significantly alters the balance which in turn is reflected as 60% decrease in microtubule assembly promoting capacity (Novak et al., 19935).
C. Diagram showing the distribution of 17 potential phosphorylation sites of the Ser/Thr-Pro type and one (Ser 262) that does not contain previous motif
and yet is under certain circumstances phosphorylated. Normal adult tau is phosphorylated at only a few of the 17 sites (probably two sites). AD tau is
abnormally phosphorylated, i.e. many more sites are phosphorylated than in normal adult tau. Since phosphorylation-dependent antibodies recognise not
only PHF-derived tau, but also tau from immature brain, some authors suggest that mechanisms underlying the phosphorylation of

tau during development are thus reactivated in AD.

phosphorylation on tau isolated from AD brain tissues in
vitro was recognised, phosphorylation attained major sig-
nificance. /nvitro microtubule-associated protein tau can be

phosphorylated by multifunctional Ca**/calmodulin-de-
pendent protein kinase 1l (CaM kinase) (Yamamoto et al.,
1983) This kinase phosphorylates a single serine residue
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Fig. 10
Schematic representation of the depositions of MoAb 423-positive
truncated tau protein
Schematic representation of the possible evolution of the deposition of
MoAb 6.423 occurring in AD based on histological findings shown in
previous Fig. 9.

to microtubules. It was possible to extract all disabled tau
from the cells after permeabilisation thus confirming the in
vitro results (Novak et al., 19944).

IV. Etiology of AD

The problem of the etiology of AD has not been solved.
1t is completely unknown, Butin the past 10 years there have
been significant extensions of our knowledge of the disease

% and advances in determining the molecular changes under-
‘ lying the disorder. There is now convincing evidence that
the dementia per se is caused by loss of neurons and
synapses, particularly in the neocortex and hippocampus.
The intracellular changes leading to accumulation of PHF
within neurons have been outlined and partially defined.
Modified forms of tau proteins have been identified and
their pathological function characterised (Novak er al.,
1993a,b, 19944, Mandelkow and Mandelkow, 1993). The
molecular aspects of amyloid and its precursor protein have
been defined (Ashall and Goate, 1994). For the first time,
@ putative risk factors can be described in terms of pathogenic

mechanisms. However, the ultimate answers about etiology
of this devastating disease including its possible transmissi-
bility will be provided in the near future only if substantial
advances on the front of cellular and/or animal models will
be achieved.

Risk factors for AD

The major risk factors for AD are age and genetic loci on
chromosomes 14, 19 and 21 (Table 1). Atleast 10 pedigrees
of early-onset, autosomal dominant familial AD exhibit
linkage to missense mutations in amyloid precursor proteins
(APPs) at codons 717 (numbering according to APP-770).
The valine residue at this position is replaced by isoleucine,
phenylalanine or glycine. These mutations occur within the
transmembrane domain of APP, two amino acids down-
stream from the C-terminus of A4 protein (Goate et al.,

Table 1. Classification of AD

Type Chromosome Gene/locus
1. Earlv-onset famitial autosomal 21 APP
dominant

2. Early-onset familial autosomal 14 Unknown
dominant

3. Early-onset familial autosomal Unknown Unknown
dominant (Volga-German)

4. Late-onset familial and sporadic 19 Apod
association

5. Other

1991; Hardy et al., 1991; Chartier-Harlin et al., 1991).

A double mutation of Lys 670-Met 671 to Asp-Leu im-
mediately amino terminal to the B-peptide region occurs in
a Swedish AD family. Mutation of Glu to Gln at position 22
of the B-peptide results in the hereditary cerebral hemor-
rhage with Dutch type amyloidosis (HCHWA-D). Another
mutation, Ala to Gly at position 21 of the B-peptide (692 of
APP), causes AD in some patients and HCHWA-D-like
disease in others (Ashall and Goate,1994). Moreover, recent
studies have also identified a major early-onset locus on the
distal part of chromosome 14 (14924.3) (Schellenberg er al.,
19925 St.George-Hyslop er al., 1992). Another candidate
risk factor is exposure to increased levels of aluminium
(Garruto, 1991). Using tau truncation-specific probe
MoAb 423 (Novak er af., 1989, 1991, 1993a,b.¢) it was
shown that dialysis patients, frequently exposed to higl
doses of aluminium, had increased levels of truncated tau
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and the similarities of their infectious agents. To the same
group belong scrapie, mink encephalopathy, chronic wast-
ing disease with spongiform encephalopathy of captive
mule de er and of captive elk, and bovine spongiform
encephalopathy. Because of massive appearance of amyloid
plaques structurally, ultrastructurally, and histochemically
similar to the amyloid plaques of AD the Kuru disease was
called "galloping senescence of the juvenile" and it was only
after Merz er al. (1983, 1984) demonstrated on ultrastruc-
tural level that even those CID patients without kuru plaques
had amyloid fibrils, that were polymers of the same amyloid
subunit, that it has been realised that all of these infections
were transmissible cerebral amyloidoses (Diringer et al,
1986; Gajdusek, 1985).

The past two decades have witnessed the collection of
numerous experimental results which argue strongly that the
scrapie agent is a novel pathogen. To distinguish the scrapie
and CJD agents from viroids and viruses, the term "prion"
was introduced (Prusiner, 1982). This consists of an abnor-
mal cellular protein, designated the scrapie prion protein
(PrP*). The single copy PrP* gene is located on chromo-
some 20. Transmissible spongiform encephalopathies
(CJD, GSS, and familial fatal insomnia) are caused by
specific mutations in this gene (Prusiner, 1991). Affected
members of some CJD families have point mutations at
codons 178 with change of aspartic acid to asparagine or
200 where glutamic acid changes to lysine (Goldfarb er al.,
1990, 1991; Hsiao er al., 1991). Affected individual in GSS
families have mutations at codon 102, 117, 198, or 217
(Goldgaber et al., 1989; Hsiao ef al., 1989, 1991). One case
has been described with GSS brain showing PrP* deposits
as well as senile plaques and neurofibrillary tangles like in
AD (Hsiao et al., 1992; Ghettietal., 1989). The pathological
hallmarks of transmissible encephalopathies are progressive
vacuolization in the dendritic and axonal processes and cell
bodies of neurons, astrogliosis, and in some combinations
of strains of agent and host, neuritic plaques with amyloid
cores which resemble those in AD (Fraser, 1976; Wis-
niewski et al., 1975). While the nature of the amyloid differs
in scrapie and AD (Prusiner er al., 1983; Masters et al.,
19855h), the analogous pathological lesions of neuritic
plaques and astrogliosis in scrapie and AD could imply
convergent pathogenetic mechanisms. Transmissibility of
encephalopathies is not general. For example Kuru does not
transmit to sheep (Gibbs et al., 1979). In monkeys with
intracerebral inoculation of Kuru agent incubation periods
have ranged from 1 to 12 years. This shows clearly that even
the disease with well established transmissibility has a broad
incubation period. In some cases prion diseases are neither
spongiform (Collinge et al., 1990) nor apparently transmis-
sible (Brown et al., 1991; Goldfarb er al., 1992). The latest
experiments with transmission of AD into monkeys showed
(Baker et al., 1993) that the brains of three marmosets

monkeys injected intracerebrally 6 — 7 years earlier with
brain tissue from a patient with early-onset AD contained
moderate numbers of amyloid plaques with associated ar-
gyrophilic dystrophic neurites and cerebral amyloid
angiopathy. The plaques and vascular amyloid stained posi-
tively with antibodies to B-amyloid protein showing that the
amyloid is of "AD" origin. The brains of three age-matched
control marmosets from the same colony did not show these
neuropathological features neither did 12 further marmosets
who had been injected several years ago with brain tissue
which did not contain f-amyloid. These results show that
cerebral B-amyloidosis of AD type can be induced by the
introduction of exogenous amyloid B-protein.

"Classical” viruses and AD
Viruses have been implicated in several neurological

diseases, for example, measles in subacute sclerosing
panencephalitis (SSPE). Viral etiology has long been sus-
pected for AD (Jamieson et al., 1991). The agent which has
been particularly highly implicated is herpes simplex virus
type-1 (HSV1). Firstly, this is because the virus is known
to have a predilection for residing in a latent state in neurons.
Secondly, the virus is ubiquitous, and the prevalence ap-
pears to be at least 85% by the age 60 years in most
populations studied (Nahmias ef al., 1990). Thirdly, the
regions of the brain particularly affected in herpes encepha-
litis are those which show the main neuropathological fea-
tures in AD, plaques and neurofibrillary tangles. Most pre-
vious attempts to detect HSV1 in AD or normal brain have
proved unsuccessful (Middleton et al., 1980; Pogo er al.,
1987). However, the techniques used were those of blot
hybridisation, and the sensitivity in most studies was such
that the virus would have been detected only if present at a
level of one or more genomes per host cell genome and
therefore this question was reexamined with a more power-
ful detection system, polymerase chain reaction method.
Itzhakiet al. (1993) showed that the presence of HSV1 DNA
sequences in human brain is strikingly dependent on age and
on brain region. HSV1 DNA was detected in two thirds of
the samples from aged normal individuals and in two thirds
of those from the AD patients. The temporal cortex and the
hippocampus were usually HSV-positive and occipital cor-
tex has proved always to be HSV 1-negative. The authors
consider as significant that these HSV-positive and HSV-
negative regions are precisely those most and least affected,
respectively, in AD. The absence of HSV1 DNA sequence
in brain from the middle-aged and from infants suggests that
in general, entry of the virus into the CNS is restricted in
younger individuals but that with increasing age, there is a
decline in host resistance which permits access of the virus
to the CNS. The fact that HSV DNA is present in arelatively
high proportion of brain tissues from aged normal individu-
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als does not preclude a role for the virus in AD. One can
postulate that there are differences in virus or host charac-
teristics between normal aged people and those suffering
from ALY which would lead to a greater extent or greater
frequency of dam in the latter. An analogous situation
oceurs in the case of EBV. Nearly all humans have been
infected with this virus but very few develop naso-
pharyngeal carcinoma or Burkitt's lymphoma-cancers
which have been shown by strong, though only circumstan
tial, evidence, to be caused by the virus. As for the fact Hml
not all brain specimens from AD patients are HSV 1-posi-
tive, this could simply reflect the fact that the AD tissues
have R"wmu taken p(‘whwlru‘ﬂ‘“v‘c‘rm for these types of studies and
that it is at least 4 « 10 years from clinically recognisable
symptoms which could be a further § - 10 years from the
real onset of disease when the virus could play decisive role.
To answaer this important question, carly diagnostic assays
for AL well before first clinical symptoms are recognisable
and/or animal or cellular models for AD are needed. None
of these 1s vet available,

Animal and cetlular models for ALY Prions and tauons

So far no celtular or animal model for AL exists. All
G u‘ 1Y W“ to build such a models by well established groups

the figld have ended in failure. The analogy that without
mmmﬁ model, it will not M* possible provide satisfactory
and conclusive answer about etiology of AD can be drawn
from prion diseases. For example, although the unusual
y‘:»r‘u;»«;%ﬁ“m of the particle causing scrapie were first appreci-
ated in the 1940s (Gordon, 1946), it was not until a mouse
bu(mww was developed by Chandler (1961) that sufficient
data were obtained to suggest that lkm scrapie agent might
not be a virus, bacterium, f’ungtm or parasite (Alper ef al.,
1966: Prusiner ef al., 1979). The problem with animal
models for Al isthatnoeq uw«xlcnt ofthe disease in animals
including non-human primates have been found yet. There-
fore it is our main scientific goal in the future to develop
animal and cellular model(s) for AD which would enable us

to address many relevant problems which we encountered
during our research into the disease. For example it is
essential to explore the possibility that minimal protease-re-
sistant units of the AL pronase-resistant core being self-rep-
licating units "tauons” similar to prions isolated from trans-
missible encephalopathies, and thus basic building blocks
of intrancuronal PHFs that ultim mclv destrov the neurons
in AL (Novak er al., 1993, 1994a). PrP null mice do not
schibi M sheno uww (Hsiao et al., 199 )) but transgenic mice
with the 102 mutation develop disease (Bueler er o/, 1992).
A ic;itwc of prion diseases which is always present is the
‘*»\/I‘!]“lé.‘“%i% and accumulation of protease-resistant PrP*“, the
principal mmpwwn of the Pri umvm d plagues that ocet m
invivo (Kitamoto et al., 1986). Partial proteolysis of Pr
-35 K) generates PrP 27 - 30, which forms mxu\f(M
rads in vitro (McKinley et al., 1991y and 1t is believed that
PrP™is derived from PrP* via a posttranslational conforma-
tonal modification (Prusiner e al., “MU YR (209 amino
acids long) is defined as a form of PrP” that readily forms
protease-resistant aggregates after treatment with deter-
gents. Pri®Cis partially resistant to proteinase K and yields
300142 amino acids long with frayed Neterminus

Pre 27
ranging from residues 73 to 90) after digestion (‘Wuwm JaAnn,
1994). Tauons are minimal pfmmw esistant tau units of
12 K which form the core of the AD PHF Mmmk et al.,
1993a.b, 1994a). They are unlike prions totally resistant ¢
proteinase K and they can be chemically released f“}”m‘n
PHF. Furthermore they are resistant to the broad spectrum
proteage-pronase. Tavons in PHF undergo wH*nw:m[t' Iv via
unknown mechanism(s) within pyramidal cells of the brain
which ultimately completely destroys them. The proposed
candidate posttranslational mechanisms that change normal
tau into pathological one are truncation (Novak er af,
19936, 1994a) and/ or phosphorylation (Mandelkow and
Mandelkow, 1993}, With advance in cellular or animal
models for AD it will be possible to answer question about
their putative "infectivity”. The fact that tauons are not present
in prion diseases suggests that new unknown self-replicating
mechanisms could be involved in formation of PHFs.
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