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In 1907 Alois Alzheimer, the German neurologist, described the first case of the disease that
bears his name (Alzheimer, 1907). Alzheimer studied the brain of a 51 year old woman who died
with presenile dementia. He took advantage of newly available silver stains to visualize the two
pathologic hallmarks of the disease, namely, the amyloid plaques and the neurofibrillary tangles.
He believed that these two lesions were responsible for the atrophy and progressive loss of function
in the brain.

Figure 1
shows a modern
version of the
senile plaque of
Alzheimer’s
disease (Selkoe,
1995). It is a
dense collection
of fibrillar
material that

stains a
homogenous
pink with

certain  dyes.
This  structure
shows classic
g r e e n
birefringence
when  stained
with Congo red
and seen in
polarized light.
Also seen in this
micrograph are
neurons that stain darkly with silver stains owing to tangles of microtubules within the cytoplasm.
These are called neurofibrillary tangles. The amyloid plaques and the neurofibrillary tangles are the
hallmarks of Alzheimer’s disease.

Figure 1.



Figure 2 shows the
proposed pathway for the
evolution of the senile plaque as
deduced from examination of
brains from subjects with
Down's syndrome, all of whom
develop Alzheimer’s disease if
they live long enough. The
earliest form of the plaque,
shown in a and b, consists of a
diffuse deposit of amyloid
proteins. At this stage there is
no accompanying cellular
degeneration. With time the
plaque condenses and it
develops a dense core as shown
in panels ¢ and d. These
plaques are called “neuritic”
because they frequently contain
trapped neurons within them.

Fig. 2. Plaques from cases of Down syndrome, stained by a sensitive methenamine
silver technique with Niss! counterstain. Note that amyloid or ‘pre-amyloid’ deposits in
diffuse plaques (a, b, ¢) are frequently seen to accumulate around neuronal cell bodies
(asterisks) and dendrites, but show no obvious relationship with capiliary blood vessels
(black arrow). These photographs show a possible progression of stages, the white
arrow in d indicating the dense amyloid core of a fully-developed plaque. Taken from
Alisop, D. et al. (1989) Neuropathol. Appl. Neurobiol. 15, 531-542, with permission.

Figure 2.




Figure 3.
b  shows a
neuritic plaque
with a trapped
neuron (Terry,
1994). In panel
a the same brain
has been stained
with an antibody
against
synaptophysin,
which identifies
synapses. The
large clear areas
devoid of
synapses
surround  the
amyloid
plaques,  and
they also occur
in regions where
no plaques are
visible. This
loss of synapses
correlates best with the degree of dementia in Alzheimer’s disease (Terry, 1991). It is paradoxical
that synapses are lost in regions where no plaques are visible. We will return to this point later.

Figure 3.



Figure 4
shows the
incidence of

Alzheimer’s 0

disease in six O Appignano - Italy
difEssant % B Hisayama - Japan

. 0 | O Stockholm - Sweden
populations as a @ Bronx - NY
function of age O Shanghai- China
(Katzman, 30 ® Miki town - Japan
1994). You can
see the
remarkable
increase as
individuals 10
exceed the age
of 70. By age
85 40% of 0
people in certain 60 65 70 75 80 85 %0 95
populations will Age
have clinically
diagnosed
Alzheimer’s
disease. A
figure this high
has recently been reported from a survey in Boston (Evans, 1989). Thus, Alzheimer’s disease
appears to have a high incidence in all racial and ethnic groups as a function of age. The cases
occurring before age 65 are called pre-senile dementia. The ones occurring after this age are often
called senile dementia. As we will see, all Alzheimer’s disease, whether it occurs early or late, has
the same pathologic mechanism.
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Figure 5
lists the
milestones  in
Alzheimer’s

disease research,

which will form

the  Basiy  of MILESTONES IN ALZHEIMER'’S DISEASE
today’s lecture. 1907 - Description of Disease by Al Alzheimer

1907 - 1984 - Dark Ages

1984 - Isolation and Sequencing of B Amyloid Protein

1987 - Cloning of APP Gene and Mapping to Chromosome 21

1990 - First Mutation in APP Gene - Hereditary Cerebral
Hemorrhage with Amyloidosis - Dutch Type

You can see that
the pace of
discovery  for
this field is

risi1m.g 1991 - Mutation in APP Gene in Two Families with Alzheimer’s
geometrically. 1993 - Association of Apolipoprotein E4 with Late-Onset Disease
As I've already 1995 - June - Mutation in S182 Gene on Chromosome 14
mentioned, the 1995 - Aug - Mutation in STM2 Gene on Chromosome 1

disease was

described by
Alzheimer in
1. 9 0.7
(Alzheimer,
1907).
Unfortunately,
his conclusions
were not universally accepted. Recall that this was the age of bacteria. Most physicians felt that
Alzheimer’s disease was a manifestation of syphilis (Thomas, 1987). It was also the age of Freud.
Psychiatrists believed that Alzheimer’s dementia was functional and secondary to psychosis. In the
1950's another confusion developed. The theory arose that Alzheimer’s disease was a product of
arteriosclerosis and the term “hardening of the arteries” was coined. In fact, arteriosclerosis is a
relatively uncommon cause of dementia in the elderly and Alzheimer’s disease is much more
frequent (Joachim, 1988).

Figure 5.

The 74 year period from 1907 to 1984 can therefore be called the “Dark Ages.” This era
ended in 1984 when Glenner isolated the protein called B-amyloid protein that forms the core of the
amyloid plaque (Glenner, 1984). Glenner did this isolation by taking advantage of the near
indestructibility of the amyloid complex. When isolated amyloid plaques were treated with crude
collagenase, only the B-amyloid protein survived, and this allowed its purification and sequencing.
The B-amyloid protein had a molecular weight of about 4000 daltons and was composed of
approximately 40 amino acids. This was the fundamental breakthrough that opened the field.
Glenner, who was the first person to identify the underlying cause of all amyloidosis, died recently
before he could be honored sufficiently for his revolutionary achievements.



Three years later in 1987, several groups simultaneously cloned the gene for the amyloid
protein and mapped it to chromosome 21 (Kang, 1987; Selkoe, 1994). The gene encoded a precursor
of the amyloid B protein and so it was called the Amyloid Precursor Protein gene or APP. This
mapping immediately stimulated the field. It is well known that all Down’s syndrome patients will
develop Alzheimer’s disease if they live long enough (Oliver, 1986). Down’s patients have an extra
copy of chromosome 21 and therefore the amyloid B protein gene. They produce 50% more amyloid
protein that normal individuals. This correlation was the first evidence that overproduction of the
amyloid protein might be the initiating event in Alzheimer’s disease.

In 1990 the first mutation in the amyloid protein gene was discovered, not in a patient with
classical Alzheimer’s disease, but in a Dutch individual with hereditary cerebral hemorrhage with
amyloidosis (Levy, 1990). These individuals have a few amyloid plaques, but they have much more
prominent amyloid deposits in microvessels of the brain leading to cerebral hemorrhage (vanDuinen,
1987). This is an autosomal dominant disease and affected individuals were shown to have an amino
acid substitution in the amyloid protein gene.

The next progress came from the study of patients with familial Alzheimer’s disease of the
classic type. About 10% of the cases of Alzheimer’s disease are inherited in a clear-cut autosomal
dominant pattern (Selkoe, 1994). The families are easily detected when the disease appears early,
i.e., before the incidence rises in the aged. In 1991 Goate and colleagues in England found two
early-onset families in whom the defect was linked to the amyloid B protein gene (Goate, 1991).
By sequencing the gene in affected relatives, they were able to identify a point mutation in the APP
gene that caused Alzheimer’s disease in these two families. This finding firmly linked the amyloid
protein gene to the pathogenesis of Alzheimer’s disease.

In 1993 a surprising development occurred. Patients with late-onset Alzheimer’s disease
were found to have a very high frequency of the €4 variant of the gene encoding apoE, a secreted
protein of the lipoprotein transport system (Strittmatter, 1993). This remarkable finding has
substantial implications that I will describe in detail. Finally, last summer two papers appeared that
describe mutations in a gene on chromosome 14 and another on chromosome 1 that produce early-
onset autosomal dominant Alzheimer’s disease (Sherrington, 1995; Levy-Lahad, 1995). Although
these mutations are not in the APP gene itself, they nevertheless lead to the deposition of amyloid
B protein, and they produce dementia as early as age 40. The genes on chromosome 14 and 1
produce proteins that are highly related to each other. In the remainder of the talk, I will focus on
what we have learned from these milestones.



N o w
let’s see what
the p-amyloid
protein  looks
like (Figure 6). Extracytoplasmic region Cytoplasmic
The precursor of s region
the P-amyloid g | Membrane
protein is a long St P 8 -Sitrating
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targeting
only present on (GAG)n I
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present on most Secretase il
other cells in the
nervous system
including
astrocytes and
microglia. It is
also present on
nearly every
other cell in the body. This is one of the biggest surprises of Alzheimer’s disease, namely, that the
protein at fault is not a specific product of the brain, but rather is produced in all organs.

Figure 6.

The B-amyloid precursor protein has a signal sequence at the amino terminus that directs it
to the plasma membrane. It also has a hydrophobic sequence that anchors it in the plasma membrane
and forms a transmembrane domain. There is a short sequence that projects into the cytoplasm of
the cell. The precursor protein is synthesized in two major forms owing to alternative splicing of
the messenger RNA. Some copies of the protein contain a short sequence of amino acids that is an
active protease inhibitor of the protease nexin type. Other copies of the protein lack this protease
inhibitor insert. The external domain contains a variety of modifications including heparin-like
glycosaminoglycan carbohydrate chains indicated by the star. It also contains sulfate and phosphate
residues whose positions have not been identified.

The amyloid precursor protein is processed proteolytically in a variety of ways. Under
normal circumstances, much of the protein is cleaved before it reaches the cell surface. Cleavage
is mediated by a protease called secretase-1 which is also known as o.-secretase. This releases a
soluble fragment that is secreted into the extracellular fluid. Notice that secretase-1 cuts within the
fragment that has the potential to form the amyloid deposit. If secretase-1 cleaves the precursor, then
the protein can never form amyloid deposits.



If secretase-1 does not cleave the precursor. then the protein is susceptible to cleavage by
another protease designated P-secretase. Cleavage at this point generates the amino terminus of the
fragment that forms amyloid fibrils. This is called the amyloid P fragment or AB. The aspartic acid
at this point is considered to be residue 1 of the AP peptide. Once this cleavage has been made, a
second protease called secretase-2 cleaves the B protein within the transmembrane segment. This
protease can cleave at one of several sites. Under normal conditions cleavage occurs at a valine
residue to generate a 40-residue peptide, designated AB1-40. Although this peptide can form
amyloid fibrils it does so only rarely. A much more dangerous cleavage occurs at the alanine at
position 42 of the sequence. This produces a 42 residue fragment, designated Ap1-42, that has the
highest potential to form fibrillar amyloid structures. The distinction between whether secretase-2
cuts the protein at residue 40 or 42 is the major determining factor in early-onset Alzheimer’s
disease.

A surprising
finding is that
the 1-40 BAP
fragment is a AP peptides in fluids
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Figure 8

shows the

various TAﬁ1-40 . TA|31-42
mutations in the fi= |

APP gene that -Gly-
give rise to -Gly- -Gin- -Phe-
Alzheimer’s -Asp-Leu- -lle-
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is sufficient to
cause disease in
a dominant
fashion. These
findings indicate
that the
pathology  of
Alzheimer’s disease is caused by a gain-of-function mutant protein and not the loss of function of
the normal protein.

Figure 8.

The effects of APP mutations on the protection of amyloid have been studied in two ways.
First, genes encoding the wild-type or mutant forms of APP have been introduced into normal cells
in tissue culture through DNA transfection techniques. The amounts of AP 1-40 and AP 1-42 have
been measured. Second, cultured fibroblasts from affected patients have been compared with
normals. Normal fibroblasts produce small amounts of AP 1-40 (Haass, 1992). The production of
AP peptides by the mutant fibroblasts is then compared to that produced by the normal cells.

From Figure 8, you will note that all of the mutations that cause Alzheimer’s disease occur
in or around the AP protein sequence. The tissue culture studies reveal that they have different
effects. The first mutations to be discovered were the alanine at 692 changed to glycine and the
glutamic acid at 693 changed to glutamine (Selkoe, 1994). These two different mutations occur in
patients with the Dutch type of hereditary cerebral hemorrhage with amyloidosis. They both
increase the production of the AB1-40 fragment. The second class of mutations, shown on the left
is a double mutation that was originally found in several Swedish families (Citron, 1992). This
mutation changes two amino acids, Lys-Met to Asp-Leu. These two amino acids are immediately
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adjacent to the site of cleavage by the P-secretase that gives rise to the AP peptide. Apparently,
these mutation increase the initial cleavage by the B-secretase (Citron, 1992, 1994; Cai, 1993). The
second site of cleavage occurs at the “normal™ position to produce AB1-40. The net result is a
massive increase in production o f the Ap 1-40 fragment (Citron, 1992, 1994).

The final set of mutations occurs on the other side of the AP sequence. These mutations
occur at residue 717 which is somewhat downstream from the site of cleavage by the y-secretase
(Goate, 1991; Karlinsky, 1992). (Numbering is relative to the sequence of the spliced form of APP
which contains the protease inhibitor sequence.) Three different mutations, all at the same residue,
have been found in different families (Selkoe, 1994). The valine can be changed to an isoleucine,
a phenylalanine or a glycine. In each case the mutation has the same affect. It does not increase the
total amount of B peptide formed. Instead, it changes the site of cleavage by the y-secretase so that
the AP 1-42 fragment is formed instead of the 1-40 fragment (Suzuki, et. al., 1994). As I mentioned
earlier, the 1-42 fragment has a much higher tendency to form amyloid fibrils and therefore these
patients develop Alzheimer’s disease even though the total amount of AP protein is normal. It is
simply the proportion of AP 1-42 that is increased.

In order to
understand  the
mechanism by
which  amyloid
peptides  cause
this disease, we
first have to
understand  the
mechanism  of
amyloid  fibril B.
formation.
Amyloid peptides
not only cause
Alzheimer’s
disease.  Other

S
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proteins in Sllfﬁﬁl/:"'
ree PAQIIENS
addition to AB1- %ﬂ/ﬁl'\::lﬁ"

=

7

42 can form
amyloid w0
structures, and
they all cause

disease in the Figure9.

tissues in which

they are deposited (Sipe, 1992). All amyloid proteins appear to have a similar structure (Benson,
1992). Figure 9 shows the general structure of all amyloid fibrils that have been isolated to date.
They are all polymers of proteins that pack together in a confirmation known as the “p-pleated
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sheet.” The B-pleated sheet configuration is found in the interior of many proteins where they pack
together with other elements of the peptide chain. When these sheets occur on the exposed surface
of proteins they have the capacity to pack together with adjacent protein molecules to form long,
repeating polymers. In the amyloid proteins these molecules are packed in an anti-parallel
orientation: the amino terminus of one peptide chain is adjacent to the carboxy terminus of the next
peptide chain. As polymerization progresses, the chains begin to stack up to form twisted helices.
One characteristic of amyloid chains is that they all bind the dye Congo red in a particular orientation
that is related to the repeating structure of the polymer. Because all of the dye molecules are in the
same orientation they have the ability to refract light. When examined under a polarizing
microscope this gives the classic green birefringence that is characteristic of amyloid.

Many proteins are able to form amyloid polymers, and these produce a variety of diseases.
Amyloid fibrils form under one of two conditions. The first is expression of very high levels of a
normal protein such as occurs when immunoglobulin-light chains are overproduced to form the
amyloidosis of multiple myeloma (Bentson, 1995). A similar phenomenon occurs in the pancreas
where high concentrations of the protein amylin form amyloid plaques in the islets of patients with
Type 2 diabetes.

The second cause of amyloid precipitation is a point mutation in a protein that gives it an
enhanced ability to form amyloid structures (Bentson, 1995). The classic example is a point
mutation in transthyretin, a binding protein that circulates in plasma. The mutant protein has the
propensity to form amyloid fibrils. These deposit around peripheral neurons, causing a peripheral
neuropathy. Neuropathy is not unique to transthyretin. Many amyloid proteins tend to damage
neurons either in the central nervous system or the peripheral nervous system. Neurons seem to be
especially sensitive to toxicity caused by the presence of an amyloid fibril in the immediate
neighborhood.
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T h ®©
kinetics of
amyloid  fibril
formation  are
illustrated in
Figure 10 (Jarrett
and Lansbury,
1993). The first
step is  the
formation of
dimers and
higher order
linear aggregates.
This process is
relatively  slow
because each
step is reversible
and the overall
rate is dictated by
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constants for the

addition of each
monomer.
However, once
the fibril has grown sufficiently to form a helical structure all of this changes. Now the newly added
monomers form multiple contacts with multiple layers of the existing chains. This process is no
longer linear. The dissociation rate of the monomers in markedly reduced and the fibril grows
explosively. A characteristic of this process is the lag phase. When monomers are mixed together
in vitro, one does not initially see the formation of fibrils. This formation occurs only after a lag
phase during which the monomers are assembling to form the first helical structure. This process
is referred to as nucleation. Once nucleation is reached, the further growth of the fibril is explosive.
Moreover, because of the multiple contacts these fibrils are nearly impossible to dissolve. They
resist detergents and they also resist proteases. Indeed, Stanley Pruisner was able to purify the prion
amyloid fibril by digesting brains with powerful proteases and isolating the prion fibrils, which were
the only proteins in the brain that could resist this treatment.

Figure 10.

The same difficulty that scientists have in digesting amyloid fibrils is also faced by the body.
Once the stage of nucleation has been reached and the fibrils adopts their final structure, these
proteins are indigestible. There is no evidence that the body can destroy them (Selkoe, 1994).
However, the body is probably able to destroy the small aggregates that form during the nucleation
phase. If these aggregates can be destroyed before they form a nucleus, then the amyloid fibril
cannot form.
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Figure
11 illustrates the
importance  of
t h 4 &
phenomenon for
Alzheimer’s
disease.
Lansbury
measured  the
formation  of
amyloid fibrils
in__vitro by
measuring  the
turbidity of a
solution
(Lansbury,
1995). On the
right you see the
results  when
they used the
AB1-40 peptide.
There was a lag
of four days in
order for

nucleation to occur. Thereafter, polymerization was very rapid. In striking contrast, the AB1-42
peptide, shown on the left, formed amyloid fibrils within minutes. There was no lag phase. These
findings indicate the difference that only two amino acids can make. The AP 1-42 peptide nucleates
so rapidly that a lag is hardly seen. These in vitro findings would suggest that the AP 1-42 peptide
can be much more dangerous than the A 1-40 peptide in brains of patients. There is no time for the
body to destroy the pre-nuclear phase.

Once the nucleus of the fibril is formed by AB1-42, then A 1-40 can polymerize with it as
fast as AB1-42 (Lansbury, 1995). Small amounts of AB1-42 can therefore seed the deposition of

Aggregation of Amyloid AB Peptides
In Solution
L
0.2 1
F
T
o
3
0.1
AB 1-42
0.0
10
hours
Figure 11.

large amounts of A 1-40.
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T h e
clinical
relevance of
these findings is
illustrated in a
recent study
(Gravina, 1995)
(Figure  1la).
They ground up
whole brains of
individuals who
died of
Alzheimer’s
dementia and
they measured
the absolute
amounts of the
AP 1-40 and the
AB1l-42
peptides.
Control brains
had no
detectible
amounts of

either peptide. Brains from patients with relatively “pure” Alzheimer’s disease which had lots of
plaques and tangles but little vascular involvement, had a massive elevation in the AB1-42 peptide
in the amyloid plaque. There was relatively little of the AB1-40. The amount of AB1-42 was
elevated to the same extent in patients who had substantial amyloid deposits in the microvessels of

Amounts of AR Peptide In Whole Brain

No. AP1-40 Ap1-42 Ap1-42
pmol/g %
Control <7 <7
Minimal angiopathy 9 32 714 96%
Substantial 6 5001 826 24%

angiopathy

From Gravina, et. al., J. Biol. Chem. 270, 7013, 1995

Figure 11a.

the brain. However, in these brains the amount of A B 1-40 was also elevated.

These data are consistent with an emerging model which says that the Ap1-42 peptide is
responsible for the amyloid plaque, whereas the AP 1-40 peptide may have a higher tendency to
precipitate in blood vessels, producing a more vascular type of Alzheimer’s disease. The trouble
with the Gravina study is that the patients were not classified as to the cause of Alzheimer’s disease.
Presumably, these were elderly individuals with late-onset type of disease related to apoE4 (see

below).
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A variety

of in vitro
studies have
shown that

aggregated AP
peptides are
toxic to neurons
in tissue culture
(reviewed  in
Selkoe, 1994).
The sole
requirement is
that the proteins
be aggregated in
amyloid fibrils.
It doesn’t matter
whether the
aggregates are
formed  form
AB1-40 or
APB1-42. Once
the aggregates
form, they are
toxic to neurons.
Figure 12 shows an example of the progressive killing of neurons that have been presented with an
amyloid filament composed of AP fibrils. -

Figure 12.

David Schubert and his colleagues have performed a fascinating series of studies designed
to elucidate the mechanism by which these insoluble fibrils kill neurons (Behl, 1994; Schubert,
1995). These investigators have shown that the presence of AP fibrils causes neurons to produce
large amounts of hydrogen peroxide, a substance that is known to be toxic. The hydrogen peroxide
may be produced by an NADPH oxidase of the flavin type because production can be blocked by
known inhibitors of this class of enzymes. When H,0, production is blocked, toxicity does not
occur. Toxicity can also be eliminated by destruction of the hydrogen peroxide with catalase, or by
the scavenging of free radicals with antioxidants such as Vitamin E.
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Hypothesis: Alzheimer’s As A Digestive Disease

I consider Schubert’s findings to be extremely interesting. The limitation, of course, is
that they have only been performed in the environment of isolated tissue culture. Nevertheless,
they raise interesting questions, and lead to an interesting hypothesis.

How do amyloid fibrils stimulate the NADPH oxidase? Schubert seems to believe that
this is a toxic effect owing to perturbation of membrane lipids (Schubert, 1995). It would be far
more interesting if this effect were regulatory. Is it possible that neurons and other cells in the
brain “intentionally” produce hydrogen peroxide when faced with an indigestible substance such
as an amyloid fibril?

Neutrophils are known to have a classic NADPH oxidase that is induced by exposure to
bacteria (reviewed in Forehand, 1995). This produces H,0, and free radicals that modify the
proteins and lipids of the bacteria so that the organism is killed. Is it possible that neurons have
a related NADPH oxidase that is induced by amyloid proteins and is intended to produce free
radicals that oxidize the amino acids of the B-protein so as to facilitate its ultimate degradation?
Oxidatively damaged proteins are known to be degraded more readily by a variety of proteases
(Forehand, 1995).

If the neuron is attempting to digest the amyloid, then it would make sense that proteases
should be upregulated in addition to oxidases. As far as I can determine, no one has examined
neuronal cultures to determine whether they induce the production of proteases when faced with
amyloid fibrils. However, one study showed that the amounts of the enzyme cathepsin D, a
lysosomal protease, are increased in Alzheimer’s brains (Diedrich, 1991).

All of these considerations lead me to suggest the following purely hypothetical scenario.
In Alzheimer’s disease the increased formation of amyloidogenic peptides is sensed by neurons,
and perhaps other cells in the central nervous system. In response, the cells activate NADPH
oxidases and produce increased amounts of proteases in an attempt to destroy the amyloidogenic
protein. If these mechanisms act soon enough, i.e., before the protein has nucleated to form an
indigestible fibril, then they may be successful. The cells may digest the pre-amyloid proteins,
thereby preventing amyloidosis, but at a terrible price. As an innocent bystander crucial
components of the neurons, including membranes and microtubules, are damaged. Because of
the long lifespan of the neuron this damage is cumulative. Eventually, the neuron dies.

Death of the neuron has two consequences: 1) it decreases the local production of amyloid
B protein by removing one source; and 2) it removes one source of the oxidases and proteases
that are the major protection against amyloid plaque formation. Whether or not a neuritic plaque
forms at that site is dictated by the balance of amyloidogenic as opposed to protective effects of
neuronal death. This scenario would explain the lack of correlation between the sites of amyloid
plaques and the extent of neuronal damage in particular areas of the brain.

It should be possible to test this hypothesis by measuring the activity of oxidases and
proteases in the brains of mice that have been genetically engineered to develop Alzheimer’s

disease.
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Very recently, mutations in two additional genes were found to cause early-onset
Alzheimer’s disease. Both of these genes were described this past summer, and they have enormous
implications for our understanding of this disease.

The new genes reside on chromosome 14 and chromosome 1. The chromosome 14 gene was
described in June by a group in Toronto headed by St.George-Hyslop (Sherrington, 1995). Earlier
workers had identified a locus on chromosome 14 that is linked to early-onset Alzheimer’s disease
with onset as early as age 30. This gene may account for up to 70% of familial early-onset
Alzheimer’s disease (which in turn is 10% of total Alzheimer’s disease) (Schellenberg, 1995).
Sequencing of this gene revealed a different mutation in each of five families. In each family the
mutations segregated 100% with the disease, confirming the causal nature.

The mutant gene on chromosome 14 has been named S182. It encodes a protein that has all
of the sequence features of a membrane protein. It has alternating hydrophobic and hydrophilic
segments, indicating that it has multiple membrane spanning regions. The predicted structure is
most consistent with a membrane channel, although it could be a receptor for a neurotransmitter or
some other ligand. The protein is produced in brain and in most other organs. We do not know the
intracellular location of this protein. All five of the mutations result in amino acid substitutions, and
all five cause disease in a dominant fashion. It appears likely, therefore, that these mutations
represent dominant gain-of-function mutations. They must endow the S182 protein with a new
property that produces the disease.

Almost immediately after the chromosome 14 mutation was described, workers in Seattle
identified a mutation in a gene on chromosome 1 that encodes a protein with high homology to the
S182 protein on chromosome 14 (Levy-Lahad, 1995). The mutation was identified among
individuals known as the Volga Germans. These individuals are descended from a small group of
Germans who moved to Russia and settled in a region around the Volga River in the 18th century.
They did not intermarry with the local population and so they retain the genetic defects of their
founders. Among these is a form of early-onset Alzheimer’s disease that is transmitted as an
autosomal dominant trait. Through linkage studies the Seattle workers mapped this disease to
chromosome 1. After the chromosome 14 gene was described, the Seattle workers searched the
human genome data bank to find a sequenced gene that might be similar to the gene on chromosome
14. Indeed, they found such a gene, and they mapped it to chromosome 1, right in the region they
had previously suspected that the Volga German mutation lay. They then sequenced the
chromosome 1 gene from normal and affected individuals in the Volga German families. They
found a point mutation that substituted an isoleucine for a highly conserved asparagine.

This sequence of events prefigures the future of human medical genetics. The human
genome project is giving us an abundance of sequences along with their map locations. It will soon

be commonplace to use these sequences to find new mutations as was done in this case.

The gene on chromosome 1, which is called STM2, and the gene on chromosome 14, called
S182, encode highly homologous proteins that are 67% identical (Levy-Lahad, 1995). All of the
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mutations in both genes occur in amino acid residues that are conserved between both proteins. It
therefore appears that a dominant gain of function mutation in either STM2 or S182 can produce
early-onset Alzheimer’s disease.

The mutations in S182 and STM2 lead to the accumulation of the same amyloid B-protein
that is found in all other forms of Alzheimer’s disease (Lampe, 1994; Karlinsky, 1992). Moreover,
recent unpublished studies with fibroblasts from patients with the S182 mutation indicate that these
cells overproduce AB1-42 (R. Rosenberg, personal communication). Thus, the abnormal STM2 and
S182 proteins somehow lead to the cleavage of APP to produce the 1-42 fragment which triggers the
disease. But how do these mutations increase the APP processing? We don’t know yet. The
discovery is too new. However, a clue has emerged in the past few weeks from studies in a
microscopic roundworm called Caenorhabditis elegans.
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vagina in  hermaphroditic ﬂ“n
SEL-1z TRLITNREE. ... QEEENVY (A EENRES CRNWETES :: g
i, Most Geopls o BB B R N B
probably don’t know that W
1t SEL-12 HNTI SN R S VREJOBIVEK G L G v Qe - L] H
AP P e IR R P
ave vaginas. Many mutations 54 I e R :
interfere with the formation of T L ——
§is QR Ed m s o
the vulva in these worms. One TR TNy e !tﬁsvs s éﬁ;ﬁﬁw
. . TM4 TME
gene that is required for normal it g e o — s
vulva formation is Sel-12. A ufitt el ] RS R o
few weeks ago this gene was . —nr_
. SEL-12  EENENVEE B . YETNEFIER (° | YR
cloned, and the sequence of its % EgERaL i‘.ﬁ ﬂ:ﬁ R 07 Axveay
encoded protein was found to s e 1
& - = Mas s SRR RN .
be 48% identical to S182, the O e noelTRECEE SiiRnivket iEviiRAEAG BhEveRiel
chromosome 14 gene in R B I S v
Alzheimer’s disease (Levitan PRSI
. - ( 2 SE;;;S smial:a ER GOANF HRHWEE[ENE. .......... ovv e anaeE
1995). This is really a sPEe Suesicoael Magtaiin 22525%.; VRS LPhis KRpATAADAL
remarkable degree of S
i SEL-12 ... L SYE. . -
conservation when one % ;..;ae.;m m. Eﬁ!é?ﬁg %W
considers the billions of years —
; i R R Mg pas nme
of evolution that separate spe-t visTeesTIl BbugvicSt aoMissery comnes -t OO :
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Figure 13 shows a comparison
of these amino acid sequences.
. v indica -
Thc? identities are indicated by Figure 13
solid boxes.
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We don’t know precisely the function of the Sel-12 gene in C. elegans. Recessive loss-of-
function mutations affect vulva development. However, in Alzheimer’s disease the mutations are
dominant gain-of-function mutations that impart a new function to this protein. It will now be
necessary to reproduce these gain-of-function mutations in C. elegans so as to investigate what
happens to the roundworm. The problem is “how will you tell when a roundworm has Alzheimer’s
disease?” Idon’t know, but it might be possible to identify an APP equivalent in C. elegans whose
abnormal processing is accentuated by a gain-of-function mutation in Sel-12. Such a discovery
would open up the biology of Alzheimer’s disease to analysis by powerful genetic methods.

I would now like to turn to an even more surprising set of developments that originated far
away from Princeton in the clinical department of neurology at Duke University. This work
represents a nice example of clinical detective work. It deals with the association of apoE4 and late-
onset Alzheimer’s disease.

Allen
Roses and his
colleagues
b & g FAMILY 757 (M =71 years)
mapping a gene #
for late-onset
Alzheimer’s
disease to the D.76 | D.6®
long arm of
chromosome 19
(Perricak-
Vance, 1991).
This is a
remarkable
achievement
because late- # 4 o |#
o n s e t

*
*
.

Alzheimer’s . ~ - r~ =
disease involves ” / 6 6 D71 D72 75 &4
elderly people.
Alzheimer’s
disease is so
frequent in the
elderly that
genetic studies are extremely difficult. Nevertheless, Roses and colleagues were able to collect 30
families with multiply affected members in which transmission appeared to be occurring through an
autosomal dominant mechanism. Figure 14 shows a pedigree of one of these families.

Figure 14.
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While Roses was trying to figure out how he could actually identify the gene on chromosome
19, a colleague of his, Warren Strittmatter, gave him a disappointing result. Strittmatter had
identified a protein in brain and cerebrospinal fluid that was able to bind the amyloid B-protein in
vitro. After working for a long time he was finally able to purify this protein and he obtained its
amino acid sequence. It turned out to be apolipoprotein E (apoE), a component of the blood
lipoprotein transport system. ApoE circulates in blood bound to plasma lipoproteins and binds to
receptors that remove these lipoproteins from the circulation. The receptors for apoE include the low
density lipoprotein (LDL) receptor and the LDL Receptor Related Protein (LRP). Apo E was
already known to be present in amyloid plaques of Alzheimer’s disease and in many other forms of
amyloidosis. Was apoE relevant to Alzheimer’s?

Roses reacted to this news with great excitement. Earlier, he had noted that the gene for apoE
resides on the long arm of chromosome 19 in the same region that his Alzheimer’s gene was
mapping. Moreover, he knew that apoE came in three varieties, designated apoE2, 3 and 4. The
most common is apoE3, which accounts for 80% of alleles in most populations. ApoE4 accounts
for about 14% of alleles. This was common enough to account for a large percentage of late-onset
Alzheimer’s disease cases. Was apoE4 associated with late-onset Alzheimer’s disease?

Fortunately,
there was
already a simple
gene-based APOE alleles of 83 patients in 30 families with familial
screening Alzheimer disease (FAD)
method to
determine o
whether Allele FAD This work CEPH*
individuals had
the B4 or E3 €2 0.04 0.10 0.08
genes.  Roses 3 0.44 0.73 0.78
immediately
performed this €4 0.52 0.16 0.14
test on affected (n=166) (n=182) (n=2000)
members from
his 30 families. oo No. of chromosomes.
Much to his *Ninety-one unrelated grandparents from the Centre d’Etude du

Polymorphisme Humain.

amazement, he
found a massive
increase in the
incidence of

apoE4 among
affected subjects
(Figure 15).
52% of the alleles in these subjects were the E4 type, whereas these amounted to only 16% of alleles

Figure 15.
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in a control group. Since each individual has two alleles at this locus. the data indicated that more
than 70% of the affected individuals in these families had at least one copy of the apoE4 gene.

These findings were so dramatic that they immediately aroused some degree of skepticism.
How could this gene be making such an enormous contribution to this disease? By now even the
most skeptical of the skeptics has been convinced. Roses’ findings have been replicated in more
than a dozen different studies from nearly every area of the world (Reviewed in Roses, 1995).
Although the allele frequency in late-onset Alzheimer’s may not be as high as 52% in all studies, it
is always at least 40% which represents a nearly three-fold enrichment over the general population.

Figure
16 shows a
recemnt
compilation of

Population No. of Age (yr) €4 P
the Duke data as alleles  (mean -
) frequency
it accumulated Normal Controls
after 1991 CEPH grandparents 182 o 0-16
Duke - White 98 71 013 NS
(Saunders, Duke - Black 86 7 017 NS
1993 X ) v Amyloid diseases
Inspection Creutzfeldi-Jakob
reveals that the Familial amyloidotic 20 010 NS
E4 polyneuropathy 48 : 017 NS
gene
accounts for Down's syndrome 32 . 0-09 NS
about 41% of ;DRCIC'iniC
. robable/possible AD 166 71 0-41 <0-00001*
the alleles in Spouse controls 142 67 0-12 NS
late-.onscit .
Alzheimer’s Ist affected twin 124 72 040 <0-00001*
CH14 or APP mutation 32 47 0-19 NS

disease patients.
It is the same
irrespective  of
whether the
patients have a
family history of
the disease, or
whether they have no family history. The incidence of apoE4 is not increase in early-onset
Alzheimer’s disease, nor is it elevated in other forms of cerebral amyloidosis like Creutzfeld-Jakob
disease, even though apoE is present in these lesions.

Figure 16.
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The extensive amount of
data allowed Roses and
colleagues to construct Kaplan-
Meier plots which estimate the
proportion of individuals with
each genotype who will remain
free of Alzheimer’s disease at
each age (Figure 17). The
striking conclusion is that
individuals with two copies of
the E4 allele have a > 90% risk
of developing Alzheimer’s
disease by age 80.
Heterozygotes with the 3/4
genotype also have a high
incidence of  Alzheimer’s
disease, but it is delayed as
compared with the 4/4
homozygotes. Individuals who
lack E4 also develop
Alzheimer’s disease, but their

Proportion Unaffected

onset is delayed by nearly 10 OO0\ L .1 ),
years when compared with the 60 65 70 75 80 85 90
E4 patients. Notice from this Age (Years)

graph that the presence of the
third allele at this locus,
namely, apoE2 seems to offer
protection against Alzheimer’s
disease (Corder, 1994).
Individuals who have the apoE2/4 genotype have a much later onset of disease than those who have
a 3/4 genotype.

Figure 17.
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How does
apoE influence
Alzheimer’s
disease? We
don’t know, but
one clue comes
from the finding
of apoE in
amyloid
plaques. Figure
18 shows
sections of a
brain of an
Alzheimer’s
disease patient
stained with an
antibody against
apoE (panel B)
and the amyloid
B-protein (panel
C) (Strittmatter,
1993). The
plaques  stain
intensely ~ with

Figure 18.

both antibodies. Interestingly, the intensity of staining with the apoE antibody in each plaque is the
same in E4/4 individuals and E3/3 individuals. However, E4/4 individuals have more plaques than
E3/3 individuals (Schmechel, 1993; Hyman, 1995).
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T h e
apoE4  findings
set off a frenzy of
experiments to try
to find “the”
feature of apoE4
that causes it to
accelerate
Alzheimer’s
disease.  Figure
19 summarizes of
all  of these
findings. Ob-
viously, many of
them are
contradictory.
ApoE4 has been
reported to bind
more tightly than
E3 to amyloid B-
protein
(Strittmatter,
1993). It has also
been found to

APO E4 AND ALZHEIMER’S:
BLIND MEN AND ELEPHANTS
1. E4 binds AP more tightly than E3 (Strittmatter)*
2. E4 binds AB less tightly than E3 (Getz)
3. E4 binds AP equal to E3 (Naslund)
4. Neither E4 nor E3 binds AB in CSF (Roses)*

4. E4 promotes AP filament formation more than E3 (Potter)
5. E4 prevents AP filament formation equal to E3 (Lansbury)

5. E3 binds tau proteins more tightly than E4 (Roses)*
6. E4 inhibits neurite outgrowth (Mahley)

*Allen Roses is co-author

Figure 19.

bind less tightly (LaDu, 1994), equally (Naslund, 1995), or not at all (Schwarzman, 1994). Suffice
it to say that we do not know the mechanism by which apoE4 and apoE3 differ in their ability to
produce Alzheimer’s disease. We do not even know whether E4 has a deleterious effect or whether
the E4 patients suffer because they lack one or two copies of protective E3.
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Figure
20 summarizes
the well-
established facts
about apoE and
Alzheimer’s
disease.
Hopefully, in
the future we
will know more.

SUMMARY: APO E4 AND ALZHEIMER’S
Apo E4 accelerates late-onset Alzheimer’s disease but is not essential
E4 brains have increased number of plaques
Similar amounts of E4 and E3 are found in each plaque

i h € E4 does not affect dominant early-onset Alzheimer’s
most promising E3 and E4 deposit in all forms of amyloidosis, including Prion diseases
arena for the E4 has selective effect only in late-onset Alzheimer’s

elucidation of
Alzheimer’s
disease is
through the use
of gene
manipulated
mice. Last
February, a
group from
biotechnology
company, Athena, reported the first convincing demonstration of amyloid p-protein plaques in
brains of transgenic mice (Games, 1995). They produced a mutant human APP gene with a Phe
substituted for Val at position 717 which is known to increase the proportion of AB1-42 that is
formed. They used a very strong promoter so that this protein would be produced throughout the
body, including the brain. The animals produced 10-fold more precursor protein than do normal
mice. When the mice were killed at 8 months of age, their brains showed classic neuritic plaques
of Alzheimer’s disease. Although the investigators did not report whether there was any cognitive
impairment (how could they tell?), the simple finding of disease pathology will allow these mice to
be used to dissect the process. It should be possible to breed these mice with mice producing apoE4,
or lacking apoE altogether, to determine whether E4 makes a deleterious contribution or whether the
apoE3 is helpful. Even more exciting, now that the mutations on chromosome 1 and chromosome
14 are known, it will be possible to make mutations in these genes in mice. This should lead to a
much more rapid build-up of amyloid deposits.

Figure 20.

In my opinion, there will be two major uses for the Alzheimer’s mice: 1) they will help us
to determine how the brain responds to amyloid B-protein deposition. We will learn whether
oxidases and proteases are upregulated, and whether this upregulation contributes to the tissue
damage that leads to neuronal loss. 2) We will have the first animal model in which to test therapies
that break the cycle and prevent the tissue damage caused by amyloid protein deposition. This is the
hope for the future.

25



ACKNOWLEDGMENT: The author wishes to express his gratitude to Dr. Roger N. Rosenberg for
many helpful discussions and for the generous loan of several slides used in this presentation.

26



10.

11.

12:

REFERENCES
Listed in Alphabetical Order

Alzheimer, A. (1907). Uber eine eigenartige Erkrankung der Hirnrinde. Allgem Zeit
Psychiat. Psych-Gerich Med. 64, 146-148.

Barinaga, M. (1995). New Alzheimer's gene found. Science 268, 1845-1846.

Behl, C., Davis, J.B., Klier, F.G., and Schubert, D. (1994). Amyloid B peptide induces
necrosis rather than apoptosis. Brain Res. 645, 253-264.

Behl, C., Davis, .B., Lesley, R., and Schubert, D. (1994). Hydrogen peroxide mediates
amyloid B protein toxicity. Cell 77, 817-827.

Benson, M.D. (1995). Amyloidosis. /n The Metabolic and Molecular Bases of Inherited
Disease. C.R. Scriver, A.L. Beaudet, W.S. Sly, and D. Valle, eds. (New York:
McGraw-Hill,Inc.), pp. 4159-4191.

Benzing, W.C. and Mufson, E.J. (1995). Apolipoprotein E immunoreactivity within
neurofibrillary tangles: relationship to Tau and PHF in Alzheimer's Disease. Exp. Neurol.
132,162-171.

Boyles, J.K., Notterpek, L.M., and Anderson, L.J. (1990). Accumulation of apolipoproteins
in the regenerating and remyelinating mammalian peripheral nerve. J. Biol. Chem. 2635,
17805-17815.

Bu, G., Maksymovitch, E.A., Nerbonne, J.M., and Schwartz, A.L. (1994). Expression and
function of the low density lipoprotein receptor-related protein (LRP) in mammalian central
neurons. J. Biol. Chem. 269, 18521-18528.

Busciglio, J., Gabuzda, D.H., Matsudaira, P., and Yankner, B.A. (1993). Generation of-
B-amyloid in the secretory pathway in neuronal and nonneuronal cells. Proc. Natl. Acad.
Sci. USA 90, 2092-2096.

Cai, X.-D., Golde, T.E., and Younkin, S.G. (1993). Release of excess amyloid B protein
from a mutant amyloid B protein precursor. Science 259, 514-516.

Carrell, R.W. (1988). Alzheimer's disease - Enter a protease inhibitor. Nature 33/, 478-479.
Castano, E.M., Prelli, F., Pras, M., and Frangione, B. (1995). Apolipoprotein E

carboxyl-terminal fragments are complexed to amyloids A and L. J. Biol. Chem. 270,
17610-17615.



13,

14.

15.

16.

17

19:

20.

Citron, M., Oltersdorf, T., Haass, C., McConlogue, L., Hung, A.Y., Seubert, P.,
Vigo-Pelfrey, C., Lieberburg, 1., and Selkoe, D.J. (1992). Mutation of the f-amyloid
precursor protein in familial Alzheimer's disease increases B-protein production. Nature
360, 672-674.

Citron, M., Vigo-Pelfrey, C., Teplow, D.B., Miller, C., Schenk, D., Johnston, J., Winblad,
B., Venizelos, N., Lannfelt, L., and Selkoe, D.J. (1994). Excessive production of amyloid
B-protein by peripheral cells of symptomatic and presymptomatic patients carrying the
Swedish familial Alzheimer disease mutation. Proc. Natl. Acad. Sci. USA 91,
11993-11997.

Corder, E.H., Saunders, A.M., Risch, N.J., Strittmatter, W.J., Schmechel, D.E., Gaskell,
P.C., Jr.,, Rimmler, J.B., Locke, P.A., Conneally, P.M., Schmader, K.E., Small, G.W.,
Roses, A.D., Haines, J.L., and Pericak-Vance, M.A. (1994). Protective effect of
apolipoprotein E type 2 allele for late onset Alzheimer disease. Nature Gen. 7, 180-184.

Corder, E.H., Saunders, A.M., Strittmatter, W.J., Schmechel, D.E., Gaskell, P.C., Small,
G.W., Roses, A.D., Haines, J.L., and Pericak-Vance, M.A. (1993). Gene dose of
apolipoprotein E type 4 allele and the risk of Alzheimer's disease in late onset families.
Science 261, 921-923.

Diedrich, J.F., Minnigan, H., Carp, R.I., Whitaker, J.N., Race, R., Frey, W., 11, and Haase,
A.T. (1991). Neuropathological changes in scrapie and Alzheimer's disease are associated
with increased expression of apolipoprotein E and cathepsin D in astrocytes. J. Virology
65,4759-4768.

Evans, D.A., Funkenstein, H.H., Albert, M.S., Scherr, P.A., Cook, N.R., Chown, M.].,
Hebert, L.E., Hennekens, C.H., and Taylor, J.O. (1989). Prevalence of Alzheimer's disease
in a community population of older persons. J. A. M. A. 262, 2551-2556.

Evans, K.C., Berger, E.P., Cho, C.-G., Weisgraber, K.H., and Lansbury, P.T., Jr. (1995).
Apolipoprotein E is a kinetic but not a thermodynamic inhibitor of amyloid formation:
Implications for the pathogenesis and treatment of Alzheimer disease. Proc. Natl. Acad.
Sci. USA 92, 763-767.

Forehand, J.R., Nauseef, W.M., Curnutte, J.T., and Johnston, R.B., Jr. (1995). Inherited
disorders of phagocyte killing. In The Metabolic and Molecular Bases of Inherited Disease.
C.R. Scriver, A.L. Beaudet, W.S. Sly, and D. Valle, eds. (New York: McGraw-Hill,Inc.),
pp. 3995-4026.



22

23,

24.

25.

26.

27,

28.

Forstl, H., Hentschel, F., Sattel, H., Geiger-Kabisch, C., Besthorn, C., Czech, C., Monning,
U., and Beyreuther, K. (1995). Age-associated memory impairment and early Alzheimer's
disease - Only time will tell the difference. Arzneim. -Forsch. /Drug Res. 45, 394-397.

Games, D., Adams, D., Alessandrini, R., Barbour, R., Berthelette, P., Blackwell, C., Carr,
T., Clemens, J., Donaldson, T., Gillespie, F., Guido, T., Hagopian, S., Johnson-Wood, K.,
Khan, K., Lee, M., Leibowitz, P., Lleberburg, I, Little, S., Masliah, E., McConlogue, L.,
Montoya-Zavala, M., Mucke, L., Paganini, L., Penniman, E., Power, M., Schenk, D.,
Seubert, P., Snyder, B., Soriano, F., Tan, H., Vitale, J., Wadsworth, S., Wolozin, B., and
Zhao, J. (1995). Alzheimer-type neuropathology in transgenic mice overexpressing V717F
B-amyloid precursor protein. Nature 373, 523-527.

Glenner, G.G. (1989). The pathobiology of Alzheimer's disease. Ann. Rev. Med. 40, 45-51.

Glenner, G.G. and Wong, C.W. (1984). Alzheimer's disease: Initial report of the
purification and characterization of a novel cerebrovascular amyloid protein. Biochem.
Biophys. Res. Comm. /20, 885-890.

Goate, A., Chartier-Harlin, M.-C., Mullan, M., Brown, J., Crawford, F., Fidani, L., Giuffra,
L., Haynes, A., Irving, N., James, L., Mant, R., Newton, P., Rooke, K., Roques, P., Talbot,
C., Pericak-Vance, M., Roses, A., Williamson, R., Rossor, M., Owen, M., and Hardy, J.
(1991). Segregation of a missense mutation in the amyloid precursor protein gene with
familial Alzheimer's disease. Nature 349, 704-706.

Gravina, S.A., Ho, L., Eckman, C.B., Long, K.E., Otvos, L., Jr., Younkin, L.H., Suzuki, N.,
and Younkin, S.G. (1995). Amyloid B protein (AP) in Alzheimer's disease brain.
Biochemical and immunocytochemical analysis with antibodies specific for forms ending
at AB40 or AB42(43). J. Biol. Chem. 270, 7013-7016.

Haass, C., Schlossmacher, M.G., Hung, A.Y., Vigo-Pelfrey, C., Mellon, A., Ostaszewski,
B.L., Lieberburg, I., Koo, E.H., Schenk, D., Teplow, D.B., and Selkoe, D.J. (1992).
Amyloid B-peptide is produced by cultured cells during normal metabolism. Nature 359,
322-325.

Helkala, E.-L., Koivisto, K., Hanninen, T., Vanhanen, M., Kervinen, K., Kuusisto, J.,
Mykkanen, L., Kesaniemi, Y.A., Laakso, M., and Riekkinen, P., Sr. (1995). The
association of apolipoprotein E polymorphism with memory: a population based study.
Neurosci. Letts. 191, 141-144.



29.

30.

31,

32.

34.

35,

36.

37.

38.

Hyman, B.T., West, H.L., Rebeck, G.W., Buldyrev, S.V., Mantegna, R.N., Ukleja, M.,
Havlin, S., and Stanley, H.E. (1995). Quantitative analysis of senile plaques in Alzheimer
disease: Observation of log-normal size distribution and molecular epidemiology of
differences associated with apolipoprotein E genotype and trisomy 21 (Down syndrome).
Proc. Natl. Acad. Sci. USA 92, 3586-3590.

Jarrett, J.T. and Lansbury, P.T., Jr. (1993). Seeding "one-dimensional crystallization" of
amyloid: a pathogenic mechanism in Alzheimer's disease and scrapie? Cell 73, 1055-1058.

Joachim, C.L., Morris, J.H., and Selkoe, D.J. (1988). Clinically diagnosed Alzheimer's
disease: autopsy results in 150 cases. Ann. Neurol. 24, 50-56.

Kamboh, M.1,, Sanghera, D.K., Ferrell, R.E., and DeKosky, S.T. (1995).
APOE*4-associated Alzheimer's disease risk is modified by e1-antichymotrypsin
polymorphism. Nature Gen. /0, 486-488.

Kang, J., Lemaire, H.G., Unterbeck, A., Salbaum, J.M., Masters, C.L., Grzeschik, K.-H.,
Multhaup, G., Beyreuther, K., and Muller-Hill, B. (1987). The precursor of Alzheimer's
disease amyloid A4 protein resembles a cell-surface receptor. Nature 325, 733-736.

Karlinsky, H., Vaula, G., Haines, J.L., Ridgley, J., Bergeron, C., Mortilla, M., Tupler, R.G.,
Percy, M.E., Robitaille, Y., Noldy, N.E., Yip, T.C.K., Tanzi, R.E., Gusella, J.F., Becker,
R., Berg, .M., Crapper McLachlan, D.R., and St.George-Hyslop, P.H. (1992). Molecular
and prospective phenotypic characterization of a pedigree with familial Alzheimer's disease
and a missense mutation in codon 717 of the B-amyloid precursor protein gene. Neurology
42, 1445-1453.

Katzman, R. (1986). Medical Progress - Alzheimer's Disease. New Eng. J. Med. 374,
964-973.

Katzman, R. and Kawas, C. (1994). The epidemiology of dementia and Alzheimer disease.
In Alzheimer Disease. R.D. Terry, R. Katzman, and K.L. Bick, eds. (New York: Raven
Press), pp. 105-122.

Kervinen, K., Savolainen, M.J., Salokannel, J., Hynninen, A., Heikkinen, J., Ehnholm, C.,
Koistinen, M.J., and Kesaniemi, Y.A. (1994). Apolipoprotein E and B polymorphisms -
longevity factors assessed in nonagenarians. Atherosclerosis 105, 89-95.

Kitaguchi, N., Takahashi, Y., Tokushima, Y., Shiojiri, S., and Ito, H. (1988). Novel
precursor of Alzheimer's disease amyloid protein shows protease inhibitory activity. Nature
331,530-532.



39.

40.

41.

42.

43.

44.

45.

46.

47.

L'Hernault, S.W. and Arduengo, P.M. (1992). Mutation of a putative sperm membrane
protein in Caenorhabditis elegans prevents sperm differentiation but not its associated
meiotic divisions. J. Cell Biol. /79, 55-68.

LaDu, M.J., Falduto, M.T., Manelli, A.M., Reardon, C.A., Getz, G.S., and Frail, D.E.
(1994). Isoform-specific binding of apolipoprotein E to f-amyloid. J. Biol. Chem. 269,
23403-23406. '

Lampe, T.H., Bird, T.D., Nochlin, D., Nemens, E., Risse, S.C., Sumi, S.M., Koerker, R.,
Leaird, B., Wier, M., and Raskind, M.A. (1994). Phenotype of chromosome 14-linked
familial Alzheimer's disease in a large kindred. Annu. Neurol. 36, 368-378.

Lansbury, P.T., Jr. (1995). Consequences of the molecular mechanism of amyloid
formation for the understanding of the pathogenesis of Alzheimer's disease and the
development of therapeutic strategies. Arzneim. -Forsch. /Drug Res. 45, 432-434.

Levitan, D. and Greenwald, 1. (1995). Facilitation of /in-12-mediated signalling by sel-12, a
Caenorhabditis elegans S182 Alzheimer's disease gene. Nature 377, 351-354.

Levy, E., Carman, M.D., Fernandez-Madrid, 1.J., Power, M.D., Lieberburg, I., van Duinen,
S.G., Bots, G.T.A.M., Luyendijk, W., and Frangione, B. (1990). Mutation of the
Alzheimer's disease amyloid gene in hereditary cerebral hemorrhage, Dutch type. Science
248, 1124-1126.

Levy-Lahad, E., Wasco, W., Poorkaj, P., Romano, D.M., Oshima, J., Pettingell, W.H., Yu,
C., Jondro, P.D., Schmidt, S.D., Wang, K., Crowley, A.C., Fu, Y.-H., Guenette, S.Y.,
Galas, D., Nemens, E., Wijsman, E.M., Bird, T.D., Schellenberg, G.D., and Tanzi, R.E.
(1995). Candidate gene for the chromosome 1 familial Alzheimer's disease locus. Science
269, 973-9717.

Levy-Lahad, E., Wijsman, E.M., Nemens, E., Anderson, L., Goddard, K.A.B., Weber, J.L.,
Bird, T.D., and Schellenberg, G.D. (1995). A familial Alzheimer's disease locus on
chromosome 1. Science 269, 970-972.

Lorent, K., Overbergh, L., Moechars, D., De Strooper, B., Van Leuven, F., and Van Den
Berghe, H. (1995). Expression in mouse embryos and in adult mouse brain of three
members of the amyloid precursor protein family, of the alpha-2-macroglobulin
receptor/low density lipoprotein receptor-related protein and of its ligands apolipoprotein E,
lipoprotein lipase, alpha-2-macroglobulin and the 40,000 molecular weight
receptor-associated protein. Neurosci. 65, 1009-1025.



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Lowe, J., Blanchard, A., Morrell, K., and et al. (1988). Ubiquitin, protein degradation, and
dynamic neuropathology. The Lancet 319-320.

Lowe, J., Blanchard, A., Morrell, K., Lennox, G., Reynolds, L., Billett, M., Landon, M.,
and Mayer, R.J. (1988). Ubiquitin is a common factor in intermediate filament inclusion
bodies of diverse type in man, including those in Parkinson's disease, Pick's disease, and
Alzheimer's disease, as well as Rosenthal fibres in cerebellar astrocytomas, cytomplasmic
bodies in muscle, and Mallory bodies in alcoholic liver disease. J. Pathology 155, 9-15.

Ma, J., Yee, A., Brewer, H.B., Jr., Das, S., and Potter, H. (1994). Amyloid-associated
proteins ¢,-antichymotrypsin and apolipoprotein E promote assembly of Alzheimer
B-protein into filaments. Nature 372, 92-94.

Mattson, M.P., Barger, S.W., Cheng, B., Lieberburg, I., Smith-Swintosky, V.L., and Rydel,
R.E. (1993). B-Amyloid precursor protein metabolites and loss of neuronal Ca**
homeostasis in Alzheimer's disease. Trends In Neurosci. 16, 409-414.

Mullan, M., Houlden, H., Crawford, F., Kennedy, A., Rogues, P., and Rossor, M. (1993).
Age of onset in familial early onset Alzheimer's disease correlates with genetic aetiology.
Am. J. Medical Genetics 48, 129-130.

Nakagawa, Y., Kitamoto, T., Furukawa, H., Ogomori, K., Tateishi, J., Zerr, 1., Helmhold,
M., Weber, T., Roses, A.D., Saunders, A.M., Strittmatter, W.J., Schmechel, D.E.,
Pericak-Vance, M.A., and Hyman, B. (1994). Apolipoprotein E in Creutzfeldt-Jakob
disease. Lancet 345, 68-69.

Naslund, J., Thyberg, J., Tjernberg, L.O., Wernstedt, C., Karlstrom, A.R., Bogdanovic, N.,
Gandy, S.E., Lannfelt, L., Terenius, I., and Nordstedt, C. (1995). Characterization of stable
complexes involving apolipoprotein E and the Amyloid B peptide in Alzheimer's Disease
Brain. Neuron /5, 219-228.

Oliver, C. and Holland, A.J. (1986). Down's Syndrome and Alzheimer's disease: a review.
Psychological Medicine 16, 307-322.

Oyama, F., Shimada, H., Oyama, R., and Ihara, Y. (1995). Apolipoprotein E genotype,
Alzheimer's pathologies and related gene expression in the aged population. Mol. Brain

Res. 29, 92-98.

Pericak-Vance, M.A., Bebout, J.L., Gaskell, P.C., Jr., Yamaoka, L.H., Hung, W.-Y.,

- Alberts, M.J., Walker, A.P., Bartlett, R.J., Haynes, C.A., Welsh, K.A., Earl, N.L., Heyman,

A., Clark, C.M., and Roses, A.D. (1991). Linkage studies in familial Alzheimer disease:
evidence for chromosome 19 linkage. Am. J. Hum. Genet. 48, 1034-1050.



59.

60.

61.

62.

63.

64.

65.

66.

67.

Poirier, J., Davignon, J., Bouthillier, D., Kogan, S., Bertrand, P., and Gauthier, S. (1993).
Apolipoprotein E polymorphism and Alzheimer's disease. Lancet 342, 697-699.

Querfurth, H.W. and Selkoe, D.J. (1994). Calcium ionophore increases amyloid B peptide
production by cultured cells. Biochem. 33, 4550-4561.

Querfurth, H.W., Wijsman, E.M., St.George-Hyslop, P.H., and Selkoe, D.J. (1995). BAPP
mRNA transcription is increased in cultured fibroblasts from the familial Alzheimer's
disease-1 family. Mol. Brain Res. 28, 319-337.

Roher, A., Gray, E.G., and Paula-Barbosa, M. (1988). Alzheimer's disease; coated vesicles,
coated pits and the amyloid-related cell. Proc. R. Soc. Lond. B 232, 367-373.

Roses, A.D., Saunders, A.M., Corder, E.H., Pericak-Vance, M.A., Han, S.-H., Einstein, G.,
Hulette, C., Schmechel, D.E., Holsti, M., Huang, D., Risch, N.J., Haines, J.L., Goedert, M.,
Jakes, R., Dong, L.-M., Weisgraber, K.H., and Strittmatter, W.J. (1995). Influence of the
susceptibility genes apolipoprotein E-€4 and apolipoprotein E-€2 on the rate of disease
expressivity of late-onset Alzheimer's disease. Arzneim. -Forsch. /Drug Res. 45, 413-417.

Saunders, A.M., Strittmatter, W.J., Schmechel, D., St.George-Hyslop, P.H., Pericak-Vance,
M.A., Joo, S.H., Rosi, B.L., Gusella, J.F., Crapper-MacLachlan, D.R., Alberts, M.J.,
Hulette, C., Crain, B., Goldgaber, D., and Roses, A.D. (1993). Association of
apolipoprotein E allele €4 with late-onset familial and sporadic Alzheimer's disease.
Neurology 43, 1467-1472.

Schachter, F., Faure-Delanef, L., Guenot, F., Rouger, H., Froguel, P., Lesueur-Ginot, L.,
and Cohen, D. (1994). Genetic associations with human longevity at the APOE and ACE
loci. Nature Gen. 6, 29-32.

Schellenberg, G.D. (1995). Genetic dissection of Alzheimer disease, a heterogeneous
disorder. Proc. Natl. Acad. Sci. USA 92, 8552-8559.

Schellenberg, G.D., Bird, T.D., Wijsman, E.M., Orr, H.T., Anderson, L., Nemens, E.,
White, J.A., Bonnycastle, L., Weber, J.L., Alonso, M.E., Potter, H., Heston, L.L., and
Martin, G.M. (1992). Genetic linkage evidence for a familial Alzheimer's disease locus on
chromosome 14. Science 258, 668-671.

Schmechel, D.E., Saunders, A.M., Strittmatter, W.J., Crain, B.J., Hulette, C.M., Joo, S.H.,
Pericak-Vance, M.A., Goldgaber, D., and Roses, A.D. (1993). Increased amyloid B-peptide
deposition in cerebral cortex as a consequence of apolipoprotein E genotype in late-onset
Alzheimer disease. Proc. Natl. Acad. Sci. USA 90, 9649-9653.



68.

69.

70.

71.

2.

3.

74.

155

76.

77.

78.

Schubert, D., Behl, C., Lesley, R., Brack, A., Dargusch, R., Sagara, Y., and Kimura, H.
(1995). Amyloid peptides are toxic via a common oxidative mechanism. Proc. Natl. Acad.
Sci. USA 92, 1989-1993.

Schubert, D., Cole, G., Saitoh, T., and Oltersdorf, T. (1989). Amyloid beta protein
precursor is a mitogen. Biochem. Biophys. Res. Comm. /62, 83-88.

Schwarzman, A.L., Gregori, L., Vitek, M.P., Lyubski, S., Strittmatter, W.J., Enghilde, J.J.,
Bhasin, R., Silverman, J., Weisgraber, K.H., Coyle, P.K., Zagorski, M.G., Talafous, J.,
Eisenberg, M., Saunders, A.M., Roses, A.D., and Goldgaber, D. (1994). Transthyretin
sequesters amyloid B protein and prevents amyloid formation. Proc. Natl. Acad. Sci. USA
91, 8368-8372.

Selkoe, D.J. (1994). Normal and abnormal biology of the B-amyloid precursor protein.
Annu. Rev. Neurosci. /7, 489-517.

Selkoe, D.J. (1994). Cell biology of the amyloid B-protein precursor and the mechanism of
Alzheimer's disease. Annu. Rev. Cell Biol. /0, 373-403.

Selkoe, D.J. (1995). Deciphering Alzheimer's disease: molecular genetics and cell biology
yield major clues. J. NIH. Res. 7, 57-64.

Selkoe, D.J. (1995). Alzheimer's amyloid of another flavour. Nature Med. 1, 998-999.

Seubert, P., Vigo-Pelfrey, C., Esch, F., Lee, M., Dovey, H., Davis, D., Sinha, S.,
Schlossmacher, M., Whaley, J., Swindlehurst, C., McCormack, R., Wolfert, R., Selkoe, D.,
Lieberburg, I., and Schenk, D. (1992). Isolation and quantification of soluble Alzheimer's
B-peptide from biological fluids. Nature 359, 325-327.

Sherrington, R., Rogaev, E.L, Liang, Y., Rogaeva, E.A., Levesque, G., Ikeda, M., Chi, H.,
Lin, C., Li, G., Holman, K., Tsuda, T., Mar, L., Foncin, J.-F., Bruni, A.C., Montesi, M.P.,
Sorbi, S., Rainero, I., Pinessi, L., Nee, L., Chumakov, L., Pollen, D., Brookes, A., Sanseau,
P., Polinsky, R.J., Wasco, W., DaSilva, H.A.R., Haines, J.L., Pericak-Vance, M.A., Tanzi,
R.E., Roses, A.D., Fraser, P.E., Rommens, J.M., and St.George-Hyslop, P.H. (1995).
Cloning of a gene bearing missense mutations in early-onset familial Alzheimer's disease.
Nature 375, 754-760.

Sipe, J.D. (1992). Amyloidosis. Annu. Rev. Biochem. 61, 947-975.

St.George-Hyslop, P., Crapper McLachlan, D., Tuda, T., Rogaev, E., Karlinsky, H., Lippa,
C.F., Pollen, D., Pericak-Vance, M.A., Corder, E.H., Saunders, A.M., Gaskill, P.C.,
Strittmatter, W.J., Roses, A.D., Schmechel, D.E., Small, G.W., and Haines, J.L. (1994).
Alzheimer's disease and possible gene interaction. Science 263, 537

8



79.

80.

82.

83.

84.

85.

86.

St.George-Hyslop, P.H., Haines, J.L., Farrer, L.A., Polinsky, R., VanBroeckhoven, C.,
Goate, A., Crapper McLachlan, D.R., Orr, H., Bruni, A.C., Sorbi, S., Rainero, I., Foncin,
J.-F., Pollen, D., Cantu, J.-M., Tupler, R., Voskresenskaya, N., Mayeux, R., Growdon, J.,
Fried, V.A., Myers, R.H., Nee, L., Backhovens, H., Martin, J.-J., Rossor, M., Owen, M.J.,
Mullan, M., Percy, M.E., Karlinsky, H., Rich, S., Heston, L., Montesi, M., Mortilla, M.,
Nacmias, N., Gusella, J.F., Hardy, J.A., and et al. (1990). Genetic linkage studies suggest
that Alzheimer's disease is not a single homogeneous disorder. Nature 347, 194-197.

Strittmatter, W.J., Saunders, A.M., Goedert, M., Weisgraber, K.H., Dong, L.-M., Jakes, R.,
Huang, D.Y., Pericak-Vance, M., Schmechel, D., and Roses, A.D. (1994). Isoform-specific
interactions of apolipoprotein E with microtubule-associated protein tau: Implications for
Alzheimer disease. Proc. Natl. Acad. Sci. USA 97, 11183-11186.

Strittmatter, W.J., Saunders, A.M., Schmechel, D., Pericak-Vance, M., Enghild, J.,
Salvesen, G.S., and Roses, A.D. (1993). Apolipoprotein E: high-avidity binding to
B-amyloid and increased frequency of type 4 allele in late-onset familial Alzheimer disease.
Proc. Natl. Acad. Sci. USA 90, 1977-1981.

Strittmatter, W.J., Weisgraber, K.H., Huang, D.Y., Dong, L.-M., Salvesen, G.S.,
Pericak-Vance, M., Schmechel, D., Saunders, A.M., Goldgaber, D., and Roses, A.D.
(1993). Binding of human apolipoprotein E to synthetic amyloid B peptide:
isoform-specific effects and implications for late-onset Alzheimer disease. Proc. Natl.
Acad. Sci. USA 90, 8098-8102.

Suzuki, N., Cheung, T.T., Cai, X.-D., Odaka, A., Otvos, L., Jr., Eckman, C., Golde, T.E.,
and Younkin, S.G. (1994). An increased percentage of long amyloid B protein secreted by
familial amyloid B protein precursor (BAPP,,,) mutants. Science 264, 1336-1340.

Tanzi, R.E., McClatchey, A.L., Lamperti, E.D., Villa-Komaroff, L., Gusella, J.F., and Neve,
R.L. (1988). Protease inhibitor domain encoded by an amyloid protein precursor mnRNA
associated with Alzheimer's disease. Nature 337, 528-530.

Tanzi, R.E., St.George-Hyslip, P.H., Haines, J.L., Polinsky, R.J., Nee, L., Foncin, J.-F.,
Neve, R.L., McClatchey, A.I., Conneally, P.M., and Gusella, J.F. (1987). The genetic
defect in familial Alzheimer's disease is not tightly linked to the amyloid B-protein gene.
Nature 329, 156-157.

Terry, R. and Katzman, R. (1983). Senile dementia of the Alzheimer type: Defining a
disease. In The Neurology of Aging. R. Katzman, ed. (Philadelphia: F.A.Davis Co.), pp.
51-84.



87.

88.

89.

90.

91.

92.

93.

Terry, R.D., Masliah, E., Salmon, D.P., Butters, N., DeTeresa, R., Hill, R., Hansen, L.A.,
and Katzman, R. (1991). Physical basis of cognitive alterations in Alzheimer's disease:
synapse loss is the major correlate of cognitive impairment. Ann. Neurol. 30, 572-580.

Thomas, M. and Isaac, M. (1987). Alois Alzheimer: a memoir. TINS 10, 306-307.

Tsai, M.-S., Tangalos, E.G., Petersen, R.C., Smith, G.E., Schaid, D.J., Kokmen, E., Ivnik,
R.J., and Thibodeau, S.N. (1994). Apolipoprotein E: risk factor for Alzheimer disease. Am.
J. Hum. Genet. 54, 643-649.

Van Broeckhoven, C., Genthe, A.M., Vandenberghe, A., Horsthemke, B., Backhovens, H.,
Raeymaekers, P., Van Hul, W., Wehnert, A., Gheuens, J., Cras, P., Bruyland, M., Martin,
J.J., Salbaum, M., Multhaup, G., Masters, C.L., Beyreuther, K., Gurling, HM.D., Mullan,
M.J.,, Holland, A., Barton, A., Irving, N., Williamson, R., Richards, S.J., and Hardy, J.A.
(1987). Failure of familial Alzheimer's disease to segregate with the A4-amyloid gene in
several European families. Nature 329, 153-157.

van Duinen, S.G., Castano, E.M., Prelli, F., Bots, G.T.A.B., Luyenduk, W., and Frangione,
B. (1987). Hereditary cerebral hemorrhage with amyloidosis in patients of Dutch origin is
related to Alzheimer disease. Proc. Natl. Acad. Sci. USA 84, 5991-5994.

Yu, C.-E., Payami, H., Olson, J.M., Boehnke, M., Wijsman, E.M., Orr, H.T., Kukull, W.A.,
Goddard, K.A.B., Nemens, E., White, J.A., Alonso, M.E., Taylor, T.D., Ball, M.J., Kaye,
J., Morris, J., Chui, H., Sadovnick, A.D., Martin, G.M., Larson, E.B., Heston, L.L., Bird,
T.D., and Schellenberg, G.D. (1994). The apolipoprotein E/CI/CII gene cluster and
late-onset Alzheimer disease. Am. J. Hum. Genet. 54, 631-642.

Zubenko, G.S., Stiffler, S., Stabler, S., Kopp, U., Hughes, H.B., Cohen, B.M., and Moossy,
J. (1994). Association of the apolipoprotein E €4 allele with clinical subtypes of
autopsy-confirmed Alzheimer's disease. Am. J. Medical Genetics 54, 199-205.

al/148

10



