
Proc. Natl. Acad. Sci. USA
Vol. 88, pp. 8910-8914, October 1991
Medical Sciences

Alzheimer f8/A4 amyloid precursor protein in human brain:
Aging-associated increases in holoprotein and in a
proteolytic fragment

(proteolysis/dementia)

CHRISTER NORDSTEDT*, SAMUEL E. GANDY*t*, IRINA ALAFUZOFF§, GREGG L. CAPORASO*,
KERSTIN IVERFELDT*, JACK A. GREBB*tt, BENGT WINBLADI, AND PAUL GREENGARD*II
*Laboratory of Molecular and Cellular Neuroscience, The Rockefeller University, New York, NY 10021; tThe Nathan S. Kline Institute for Psychiatric
Research, Orangeburg, NY 10962; tDepartment of Psychiatry, New York University Medical Center, New York, NY 10016; and Departments of §Pathology
and lGeriatric Medicine, Huddinge University Hospital, Karolinska Institutet, S-141 86 Huddinge, Sweden

Contributed by Paul Greengard, July 2, 1991

ABSTRACT Alzheimer (3/A4 amyloid precursor protein
(APP) has been suggested to play a central role in the patho-
genesis of Alzheimer disease. We have measured the content of
different species of APP holoprotein and carboxyl-terminal
fragments in human brains from young individuals, nonde-
mented aged individuals, and aged individuals with Alzheimer
disease. By using an antibody directed against the cytoplasmic
domain of APP, five species were resolved. Three of these, of
molecular masses 106, 113, and 133 kDa, represent presump-
tive immature and mature isoforms of APP holoprotein. Two
smaller proteins, of molecular masses 15 and 19 kDa, represent
presumptive proteolytic carboxyl-terminal fragments of APP.
The 133-, 113-, 106-, and 15-kDa species were found in both
grey and white matter, whereas the 19-kDa species was found
only in grey matter. Total APP immunoreactivity (sum of an
five species) and the levels of the 113-, 106-, and 15-kDa species
were not iantiy different in brain samples from young
individuals, nomdemented aged individuals, and aged individ-
uals with Mzelmer disease. In contrast, the levels of the 133-
and 19-kDa species increased 2- to 3-fold with age. A correla-
tion was observed between the levels of the 133- and 19-kDa
species, suggesting a possible precursor-product relationship.
The size of the 19-kDa fragment indicated that it might have an
intact /A4 domain and therefore be amyloidogenic. The
age-dependent increase either in a mature APP isoform and/or
in a putative amyloidogenic fragment could explain why Alz-
heimer disease is associated with advanced age.

Alzheimer disease (AD) is a common progressive encepha-
lopathy of late life (1, 2). In most cases AD is sporadic, but
familial forms also exist. Typically, the first manifestation of
the disease is a subtle loss of short-term memory. Over the
ensuing 6-20 years, cognitive function is progressively lost.
The end stage of AD is characterized by almost total de-
cortication. At this stage, the patient easily succumbs to
secondary diseases such as infections (2).
The main neuropathological hallmarks of AD are neu-

rofibrillary tangles, amyloid deposits, and neuronal cell death
(2). Neurofibrillary tangles develop inside neurons of the
brain and appear to be composed mainly of the microtubule-
associated protein tau (3). Amyloid deposits, on the other
hand, develop outside cells and are found both in the brain
parenchyma and around meningeal and cerebral blood ves-
sels. The amyloid deposit is relatively homogeneous being
composed primarily ofan =40-amino acid peptide (4, 5). This
peptide, called the "p/A4 peptide," is generated by prote-
olytic cleavage of the Alzheimer P/A4 amyloid precursor

protein (APP), an integral transmembrane protein (6-8).
There are at least three different protein isoforms ofAPP with
695, 751, and 770 amino acid residues (6-11) generated by
alternative splicing of mRNA derived from a single gene
located on the long arm of chromosome 21 (6). When ana-
lyzed by SDS/polyacrylamide gel electrophoresis, APP iso-
forms appear as a group of proteins having apparent molec-
ular masses between 93 and 149 kDa (12-16). APP undergoes
posttranslational modifications (maturation) involving N-
and O-linked glycosylation, tyrosyl sulfation, and phosphor-
ylation (12-17). Maturation of APP decreases its mobility in
SDS/polyacrylamide gels, leading to a higher apparent mo-
lecular mass (12, 14).
There is evidence that APP and the f3/A4 peptide play a

central role in the pathogenesis of AD. It has been reported
that, in cell culture, synthetic P/A4 peptide can be toxic to
mature neurons (18). Genetic studies have shown that familial
AD can be associated with a point mutation in the coding
sequence of the APP gene near the B/A4 domain (19).
Further support for an association of AD with chromosome
21 and the APP gene is provided by the finding that individ-
uals with trisomy 21 (Down syndrome) invariably develop
typical AD pathology in the third or fourth decade of life (20).

In cultured cells, APP is rapidly turned over (14-16), and
the rate of turnover can be increased by agents that either
activate protein kinase C or inhibit protein phosphatases 1
and 2A (16). In the normal pathway of processing, APP is
cleaved within the /3/A4 region and the extracellular domain
is released (21-23). This cleavage precludes amyloidogenesis
and leaves the transmembrane and intracellular domains of
the protein to be degraded by the cell. The proteolytic events
that generate the f/A4 peptide from APP are unknown. It has
been suggested, however, that in hereditary cerebral hem-
orrhage with amyloidosis (Dutch type), mutations close to the
normal APP cleavage site may alter its binding to the proc-
essing enzyme (24). Mutations in the coding region of the
APP gene could thereby alter processing of APP, leading to
production of amyloidogenic fragment(s).

It has been reported that neither aging norAD is associated
with obvious changes in the levels of total APP mRNA or
total APP protein in brain (25-27). Therefore, we undertook
a study to determine whether aging or AD might be associ-
ated with alterations in the amounts of individual isoforms of
APP or in their proteolytic fragments, or both. If such
alterations were observed, they could provide insight into the
age-associated generation of amyloid.

Abbreviations: AD, Alzheimer disease; APP, Alzheimer f/A4 amy-
loid precursor protein; SDS, sodium dodecyl sulfate; AU, arbitrary
unit(s).
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MATERIALS AND METHQDS
The brains used in this study were either from young indi-
viduals (average age, 4.9 years; range, newborn to 18 years;

n = 19), aged individuals with no known neurodegenerative
disease (average age, 75 years; range, 62-86 years; n = 11),
or individuals with AD (average age, 82 years; range 74-89
years; n = 10). The average postmortem interval for the
young individuals was 15.6 hr (range, 3-26 hr), for the aged
individuals with no known neurodegenerative disease was
26.4 hr (range, 3-46 hr), and for the AD patients was 26.2 hr
(range, 3-46 hr). These three groups will be referred to as:
young individuals, aged controls, and AD patients, respec-
tively. The aged controls and AD patients, when analyzed as

a group, will be referred to as combined aged individuals.
Histopathological criteria used for the diagnosis of AD fol-
lowed those outlined by the National Institutes of Health/
American Association of Retired Persons Working Group
(28), and only brains with a histopathological score more than
4 were considered to have AD (29). The rabbit antiserum
against the cytoplasmic domain of human APP used in the
present study has been described in detail elsewhere (16).
The brains were removed at autopsy, frozen, and stored at

-700C. The cerebral cortical grey matter and white matter
from the frontal pole were carefully separated by dissection.
The tissue was solubilized in 1% SDS by sonication for 10 s
at maximal output (Microson ultrasonic cell disrupter, Farm-
ingdale, NY). Sonication was followed by boiling for 5 min.
Protein content was determined with the bicinchoninic acid
method (30) (Pierce) with bovine serum albumin as standard.
If samples were not analyzed immediately, they were stored
at -70oC. After thawing, the samples were sonicated again.
The samples were diluted with SDS sample buffer (31) to a
final protein concentration of 0.60 mg/ml and separated on
SDS/7.5-15% gradient polyacrylamide gels (10 Ag or 30 jug
per lane). The separated proteins were then electroblotted to
nitrocellulose membranes (32), and the membranes were
probed with affinity-purified rabbit antibody against the
human APP-(645-694) fragment corresponding to the car-
boxyl-terminal region of the 695-amino acid APP isoform
(-3.0 AS/ml). After washing in Tris-buffered saline, pH
7.5/0.05% Tween-20, the nitrocellulose membranes were
incubated with horseradish peroxidase-coupled goat anti-
rabbit antibody (Amersham). After extensive washing, the
immunoreactive proteins were visualized by autoradiogra-
phy with a chemiluminescence detection system (ECL, Am-
ersham). The autoradiograms were scanned with a soft-laser
densitometer (Biomed Instruments, Fullerton, CA). The den-
sity of each band was compared with a standard curve that
was obtained with various quantities of brain protein extract
(3-100 ,g per lane). For each APP species, one arbitrary unit
(AU) corresponds to the content in 1 ug ofthe reference brain
protein extract.
Comparisons between different age groups were made with

the nonparametrical Wilcoxson's rank-sum test, where the
groups were compared by relative ranks, Correlations be-
tween the amounts of the different APP fragments and intact
APP holoproteins were determined as described (33).

RESULTS
Composition of APP Immnoreactivity in Human Brain.

The APP immunoreactivity in grey matter was composed of
five protein bands (Fig. 1) of 133, 113, 106, 19, and 15 kDa and
designated APP 133, APP 113, APP 106, APP 19, and APP 15,
respectively. In some individuals, APP 113 appeared as two
closely spaced bands that could not be resolved by densitom-
etry (data not shown). In white matter, protein species with
molecular masses apparently identical to APP 133, APP 113,
APP 106, and APP 15 but not to APP 19 could be detected
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FIG. 1. (Left) APP immunoreactivity detected in samples ofgrey
matter (lane A) and white matter (lane B) obtained from the frontal
cortex of a 62-year-old woman with no known neurodegenerative
disease. (Right) APP immunoreactivity in a sample of grey matter
from the frontal cortices from an 82-year-old woman with AD (lane
C) and a newborn boy (lane D). Each lane contained 30 Fig of total
protein. The molecular mass markers were: myosin (205 kba),
fi-galactosidase (116 kDa), phosphorylase b (97.4 kDa), bovine serum
albumin (66 kDa), egg albumin (45 kDa), glyceraldehyde-3-phosphate
dehydrogenase (36 kDa), carbonic anhydrase (29 kDa), soybean
trypsin inhibitor (20.1 kDa), and a-lactalbumin (14.2 kDa).

(Fig. 1). Samples of grey and white matter from 16 brains
from young individuals, aged controls, and AD patients were
analyzed for APP 19. All 16 samples of grey matter contained
APP 19, whereas none of the 16 samples of white matter
contained APP 19. White matter contained all APP species
other than APP 19 in essentially the same proportions as did
grey matter. When antibody was preabsorbed with the syn-
thetic APP-(645-694) fragment of the 695-amino acid isoform
of APP, none of the five proteins was visualized.
Levl of Total APP Immnoreactivity in Humn Brain. The

total APP immunoreactivity (i.e., the sum ofthe values for all
five bands) in samples of grey matter from human frontal
cortex is shown in Fig. 2. The amount of total APP immu-
noreactivity in samples from combined aged individuals was
not statistically different from that in samples from young
individuals (P > 0.1). Moreover, there was no difference in
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FIG. 2. Levels of total APP immunoreactivity (i.e., sum of all five
species) in young individuals, aged controls, and AD patients. (Left)
Young individuals (o). (Right) Aged controls (e) and AD patients (o).
The mean values are indicated by bars. Mean ages + SD for the two
groups are shown beneath the figure. There was no difference (P >
0.1) between the levels of total APP immunoreactivity when com-
paring young individuals with combined aged individuals or when
comparing aged controls with AD patients.
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Table 1. Comparison of the levels of the various APP species in
young individuals and combined aged subjects

Young individuals, Combined aged,
Species AU ± SEM AU ± SEM Significance
APP 133 1.7 + 0.2 (3.7) 3.5 + 0.3 (5.9) P < 0.001
APP 113 9.7 ± 0.7 (21) 14.0 ± 1.7 (24) NS
APP 106 9.4 ± 1.0 (20) 8.9 ± 1.7 (15) NS
APP 19 3.7 ± 0.4 (8.0) 11.0 ± 1.0 (19) P < 0.001
APP 15 22.0 ± 4 (48) 22.0 ± 3.9 (37) NS
Data in parentheses are the percentage of total APP immunore-

activity (in AU) for young individuals (n = 19) and combined aged
individuals (n = 21). For each APP species, AU values from the two
groups were compared statistically. NS, not significant.

total APP content between AD patients and aged controls (P
> 0.1).

Levels of High Molecular Mass Species of APP in Human
Brain (APP 133, APP 113, and APP 106). The high molecular
mass species ofAPP probably correspond to noncleaved APP
holoprotein isoforms. The brains from the combined aged
individuals contained on average 2.1 times more APP 133
than did brains from young individuals (P < 0.001; Fig. 3A).
When the level ofAPP 133 was plotted against the age of the
individual from which the sample was taken, the correlation
coefficient obtained was 0.605 (P < 0.01). There was not a
significant difference in the level of APP 133 between the
brains from AD patients and those from aged controls. In the
young individuals and in the combined aged individuals, APP
133 represented 3.7% and 5.9% of the total APP immunore-
activity, respectively (Table 1).
The level of APP 113 did not differ statistically in brain

samples from the combined aged individuals compared with
samples from young individuals (P > 0.1; Fig. 3B). More-
over, there was not a significant difference in the level ofAPP
113 between the brains from AD patients and those from aged
controls. APP 113 represented 21% of the total APP immu-
noreactivity in the samples from young individuals and 24%
of the total APP immunoreactivity in the samples from the
combined aged individuals (Table 1).
The level of APP 106 did hot differ statistically in brain

samples from combined aged individuals compared with
samples fronm young individuals (P > 0.1; Fig. 3C). Neither
was there any difference in APP 106 levels between samples
from AD patients and aged controls (P > 0.1). APP 106
represented 20% of the total APP immunoreactivity in the
samples from young individuals and 15% of the total APP
immunoreactivity in the samples from the combined aged
individuals (Table 1).
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FIG. 4. The levels of carboxyl-terminal APP fragments in sam-
ples of grey matter from the frontal cortex from young individuals,
aged controls, and AD patients. (A) APP 19. (B) APP 15. Mean values
are indicated by bars. (Left inA and B) Young individuals (e). (Right
in A and B) Aged controls (0) and AD patients (o). Mean ages ± SD
for the young individuals and combined aged individuals are indi-
cated. Samples from combined aged individuals contained more APP
19 than did samples from the young individuals (P < 0.001). There
was no difference in the levels of APP 15 between the young
individuals and combined aged individuals (P > 0.1).

The levels ofthe high molecular weight APP species did not
correlate with the postmortem intervals (data not shown).

Levels of Low Molecular Mass Species of APP in Human
Brain (APP 19 and APP 15). The antibody used in this study
was directed against the carboxyl-terminal portion of APP.
Therefore, the APP species of 15 and 19 kDa (Fig. 1) probably
correspond to carboxyl-terminal fragments of APP contain-
ing the entire intracellular and transmembrane domains and
part of the extracellular domain of APP.

Brain samples from -the combined aged individuals con-
tained 3.0 times more APP 19 than did samples from young
controls (P < 0.001; Fig. 4A). The correlation coefficient
obtained when levels ofAPP 19 were plotted against the ages
of the individuals from which the samples were obtained was
0.684 (P < 0.01). No difference was seen between levels of
APP 19 in samples from AD patients and aged controls (P >
0.1). APP 19 represented 8% of the total APP immunoreac-
tivity in young individuals and 19% of the total APP immu-
noreactivity in the samples from the combined aged individ-
uals (Table 1).

Levels ofAPP 15 were not different in brain samples from
young individuals compared with the combined aged indi-
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FIG. 3. Levels offull-length APP holoprotein species in samples ofgrey matter from the frontal cortex from young individuals, aged controls,
and AD patients. (A) APP 133. (B) APP 113. (C) APP 106. Mean values are indicated by bars. (Left in A, B, and C) Young individuals (-). (Right
in A, B, and C) Aged controls (e) and AD patients (o). Mean ages ± SD for the young individuals and combined aged individuals are indicated.
Samples from combined aged individuals contained more APP 133 than samples from the young controls (P < 0.001). There was no difference
in the levels of APP 113 and APP 106 between the young individuals and the combined aged individuals (P > 0.1).
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FIG. 5. Correlation between the levels ofAPP 133 and APP 19 in
young individuals (v), aged controls (e), and AD patients (o): r =
0.735, P < 0.001.

viduals (P > 0.1; Fig. 4B). Neither was there any difference
between samples from AD patients and aged controls (Fig.
4B). APP 15 represented 48% of the total APP immunoreac-
tivity in the samples from young individuals and 37% of the
total APP immunoreactivity in the samples from the com-
bined aged individuals (Table 1).
The levels of the low molecular mass APP species did not

correlate with the postmortem intervals (data not shown).
Correlation Between the Levels ofAPP 133 and APP 19. The

levels ofAPP 133 and APP 19 both increased with age. When
the level of APP 19 was plotted against the level of APP 133
for each individual, a clear positive correlation (r = 0.735, P
< 0.01) was obtained (Fig. 5). These results raise the possi-
bility of a precursor-product relationship between the two
immunoreactive species.

DISCUSSION
The major risk factor for AD is advanced age. Therefore, it
is surprising that no consistent relationship, apart from
amyloidosis, has been demonstrated between aging and lev-
els ofAPP in brain (26). Brains from aged individuals and AD
patients have been reported to contain the same amount of
total APP protein as those ofyoung individuals (27), a finding
that was confirmed in the present study. The total APP
immunoreactivity in human brain, measured by using an
antibody against the carboxyl-terminal region of the 695-
amino acid APP molecule in an immunoblotting assay, could
be resolved into at least five different species of APP. Some
of the APP species represented small fractions of the total
APP immunoreactivity. Thus, aging- or AD-related differ-
ences in the levels of minor APP species might not signifi-
cantly affect the total APP immunoreactivity in the samples.
In the present study, the levels of two minor APP species,
APP 133 and APP 19 (which on average corresponded to 4.9%
and 13.5% of the total APP immunoreactivity of all brains
studied), were shown to increase with age without signifi-
cantly altering total APP immunoreactivity.
The molecular mass values for APP species with the three

highest masses (APP 133, APP 113, and APP 106) indicate
that they are full-length APP holoproteins (12-16). Based on
information obtained with cell lines transfected with genes
coding for different isoforms of APP (14, 15), we assign the
following tentative identities to these proteins: APP 106
corresponds to immature 695-amino acid APP, APP 113
corresponds to a nonresolved mixture of mature 695-amino
acid APP and immature 751- and 770-amino acid APP iso-
forms; and APP 133 corresponds to the mature 751- and
770-amino acid APP isoforms.
The brain samples also contained two APP species (APP 15

and APP 19) with considerably lower molecular mass values
than the full-length APP holoproteins. APP 15 and APP 19 are
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FIG. 6. Proposed mechanism for generation of f8/A4 amyloid
from APP in normal aging and AD. Aging increases the level of
mature APP, saturating the "nonamyloidogenic" pathway that gen-
erates APP 15. The mature APP that cannot be degraded by the
"nonamyloidogenic" pathway is instead degraded by an alternative,
"amyloidogenic" pathway that generates APP 19. One difference
between normal aging and AD is that APP 19 is converted more
efficiently into 3/A4 peptide in AD. (Inset) Proposed intra-,//A4
cleavage that generates nonamyloidogenic APP 15 from APP holo-
protein and an alternative cleavage that generates amyloidogenic
APP 19. The precise locus of the cleavage of APP holoprotein that
leads to APP 19 is not known but is postulated to be at or slightly
upstream from the amino terminus of the 18/A4 domain. Boxes
surround species whose levels increase with aging. For further
discussion, see the text.

probably carboxyl-terminal proteolytic fragments of APP**.
The molecular mass value of APP 15 is similar to that of the
carboxyl-terminal APP fragment described by Esch et al.
(23). That fragment was shown to be cleaved between amino
acids Gln-15 and Leu-17 of the f3/A4 region of APP. As a
result of the cleavage in this region, 3/A4 amyloid peptide
could not be produced. The similarity ofthe molecular weight
of APP 15 from human brain and that of the nonamy-
loidogenic fragment of Esch et al. (23) suggests that they may
be cleaved at the same position. Therefore, APP 15 from the
brain would represent the product of a nonamyloidogenic
degradative pathway for APP.

Since APP 19 is 4 kDa larger than the presumably nonamy-
loidogenic APP 15, it is reasonable to hypothesize that APP 19
was generated by cleavage upstream of the f3/A4 domain. With
an intact f3/A4 domain, APP 19 would be a putative amy-
loidogenic fragment. Whereas the level of APP 15 remained
constant with aging, the level of APP 19 was 3-fold higher in
samples from the combined aged individuals compared with
samples from young individuals. Our data indicate that aging
alters the metabolism ofAPP, leading to a substantial increase of
APP 19. Consistent with the possible involvement ofAPP 19 in
amyloidogenesis is the finding that APP 19 is found in grey, but

**The 19-kDa carboxyl-terminal fragment (APP 19) described in this
paper does not comigrate in SDS/PAGE with the 19-kDa fragment
observed in PC-12 cells (16). In the gradient gel system used in this
paper, the 19-kDa fragment in PC-12 cells had an apparent mo-
lecular mass of 16 kDa. However, APP 15 (this paper) and the
15-kDa carboxyl-terminal fragment from PC-12 migrate with iden-
tical apparent molecular mass.
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not white, matter of the brain. This distribution of APP 19
resembles the distribution of amyloid deposits seen in AD (2),
whereas the probably nonamyloidogenic APP 15 is found in both
grey and white matter.
The carboxyl-terminal amino acid residues of the three

isoforms of APP are identical (6-11). Therefore, it is not
possible at present to identify the isoform(s) from which APP
15 and APP 19 are derived. However, the level of APP 133,
which probably represents the mature 751- and 770-amino
acid APP isoforms, increased with age and was positively
correlated with the levels of APP 19 in the brain samples
studied. Thus, it is possible that aging leads to an increase of
APP 133 that subsequently serves as a substrate for the
generation of APP 19.
The five different species of APP shown in the present paper

are also found in regions of the brain other than frontal cortex
(data not shown). Moreover, various APP mRNAs and proteins
have been observed in other nervous and nonnervous tissues of
the body (6-11, 13). It remains to be determined whether the
age-related changes described here can also be observed in other
brain regions and in nonnervous tissues.
The levels of the APP species studied in the present paper

were not different in samples from AD patients and aged
controls. Therefore, it would appear that the increased levels
of APP 133 and APP 19 seen in aging are not sufficient for
generation of the amyloid deposits seen in AD. Our data
suggest that some mechanism that produces 8/A4 (e.g., from
APP 19 or directly from APP 133) may work more effectively
in AD than in normal aging to produce the heavily increased
amounts of amyloid seen in AD. One hypothetical scheme by
which amyloid might be produced in normal aging and AD is
presented in Fig. 6.
Our general conclusions from these findings are that aging

does not significantly affect the level of total APP immuno-
reactivity in human brain, but that it alters the relative
distribution of different species of APP and APP carboxyl-
terminal fragments. These results raise the possibility that, by
increasing the levels of a putative amyloidogenic fragment,
aging sets the stage for amyloid production. In other words,
it is postulated that the formation of APP 19 or a similar
fragment is necessary but not sufficient for the amyloidogen-
esis in AD. Since the levels of the putative amyloidogenic
fragment were not higher in brains from AD patients than in
brains from aged controls, a greater efficiency in the conver-
sion ofAPP 19 to f3/A4 amyloid peptide might be responsible
for the accelerated formation of amyloid in AD.

The postmortem brain tissue from children was provided by Dr.
Hannah C. Kinney, Department of Pathology, Children's Hospital,
Boston. This work was supported by U.S. Public Health Service
Grants AG09464 (to P.G.) and NS10905 (to S.E.G.), the Swedish
Medical Research Council, and The Axel and Margret Ax:son
Johnsons Foundation (to B.W.). C.N. is the recipient of fellowships
from The Axel and Margret Ax:son Johnsons Foundation and The
Swedish Medical Research Council. K.I. is the recipient of a
fellowship from the Swedish Natural Science Research Council.
J.A.G. is the recipient of Research Scientist Development Award
MH00671 from the National Institute of Mental Health.

1. Alzheimer, A. (1907) Allg. Z. Psychiatr. Ihre Grenzgeb. 64,
146-148.

2. Tomlinson, B. E. & Corsellis, J. A. N. (1984) in Greenfield's
Neuropathology, eds. Adams, J. H., Corsellis, J. A. N. &
Duchen, L. W. (Arnold, London), pp. 909-918.

3. Selkoe, D. J. (1991) Neuron 6, 487-498.
4. Glenner, G. G. & Wong, C. W. (1984) Biochem. Biophys. Res.

Commun. 122, 1131-1135.
5. Masters, C. L., Simms, G., Weinmann, N. A., Multhaup, G.,

McDonald, B. L. & Beyreuther, K. (1985) Proc. Nat!. Acad.
Sci. USA 82, 4245-4249.

6. Goldgaber, D., Lerman, M. I., McBride, 0. W., Saffiotti, U. &
Gajdusek, D. C. (1987) Science 235, 877-880.

7. Tanzi, R. E., Gusella, J. F., Watkins, P. C., Bruns, G. A. P.,
St. George-Hyslop, P., van Keuren, M. L., Patterson, D.,
Pagan, S., Kurnit, D. M. & Neve, R. L. (1987) Science 235,
880-883.

8. Kang, J., Lemaire, H. G., Unterbeck, A., Salbaum, J. M.,
Masters, C. L., Grzeschik, K. H., Multhaup, G., Beyreuther,
K. & Muller-Hill, B. (1987) Nature (London) 325, 733-736.

9. Tanzi, R. E., McClatchey, A. I., Lamperti, E. D., Komaroff,
L. V., Gusella, J. F. & Neve, R. L. (1988) Nature (London)
331, 528-530.

10. Ponte, P., Gonzales-DeWhitt, P., Schilling, J., Miller, J., Hsu,
D., Greenberg, B., Davis, K., Wallace, W., Lieberburg, I.,
Fuller, F. & Cordell, B. (1988) Nature (London) 331, 525-527.

11. Kitaguchi, N., Takahashi, Y., Tokushima, Y., Shiojiri, S. &
Ito, H. (1988) Nature (London) 331, 530-532.

12. Dyrks, T., Weidemann, A., Multhaup, G., Salbaum, J. M.,
Lemaire, H.-G., Kang, J., Muller-Hill, B., Masters, C. L. &
Beyreuther, K. (1988) EMBO J. 7, 949-957.

13. Selkoe, D. J., Podlisny, M. B., Joachim, C. L., Vickers,
E. A., Lee, G., Fritz, L. C. & Oltersdorf, T. (1988) Proc. Natl.
Acad. Sci. USA 85, 7341-7345.

14. Weidemann, A., Konig, G., Bunke, D., Fischer, P., Salbaum,
J. M., Masters, C. L. & Beyreuther, K. (1989) Cell 57, 115-
126.

15. Oltersdorf, T., Ward, P. J., Henriksson, T., Beattie, E. C.,
Neve, R., Lieberburg, I. & Fritz, L. C. (1990) J. Biol. Chem.
265, 4492-4497.

16. Buxbaum, J. D., Gandy, S. E., Cicchetti, P., Ehrlich, M. E.,
Czernik, A. J., Fracasso, P. J., Ramabhadran, T., Unterbeck,
A. J. & Greengard, P. (1990) Proc. Natl. Acad. Sci. USA 87,
6003-6006.

17. Gandy, S. E., Czernik, A. J. & Greengard, P. (1988) Proc.
Nat!. Acad. Sci. USA 85, 6218-6221.

18. Yankner, B. A., Dawes, L. R., Fisher, S., Villa-Komarov, L.,
Oster-Granite, M.-L. & Neve, R. L. (1989) Science 245, 417-
420.

19. Goate, A., Chartier-Harlin, M.-C., Mullan, M., Brown, J.,
Crawford, F., Fidani, L., Guiffra, 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. & Hardy, J. (1991) Nature (London) 349,
704-706.

20. Wisniewski, K. E., Dalton, A. J., Crapper-MacLachlan,
D. R., Wen, G. Y. & Wisniewski, H. M. (1985) Neurology 35,
957-961.

21. Palmert, M. R., Siedlak, S. L., Podlisny, M. B., Greenberg,
B., Shelton, E. R., Chan, H. W., Usiak, M., Selkoe, D. J.,
Perry, G. & Younkin, S. G. (1988) Biochem. Biophys. Res.
Commun. 165, 182-188.

22. Sisodia, S. S., Koo, E. H., Beyreuther, K., Unterbeck, A. &
Price, D. L. (1990) Science 248, 492-495.

23. Esch, F. S., Keim, P. S., Beattie, E. C., Blacher, R. W.,
Culwell, A. R., Oltersdorf, T., McClure, D. & Ward, P. J.
(1990) Science 248, 1122-1124.

24. Levy, E., Carmen, M. D., Fernandez-Madrid, I. J., Power,
M. D., Lieberburg, I., Van Duinen, S. G., Bots, G. T., Luy-
endijk, W. & Frangione, B. (1990) Science 248, 1124-1126.

25. Koo, E. H., Sisodia, S. S., Cork, L. C., Unterbeck, A.,
Bayney, R. M. & Price, D. L. (1990) Neuron 2, 97-104.

26. Holtzman, D. M. & Mobley, W. C. (1991) Trends Biochem.
Sci. 16, 140-144.

27. Rumble, B., Retallack, R., Hilbich, C., Simms, G., Multhaup,
G., Martins, R., Hockey, A., Montgomery, P., Beyreuther, K.
& Masters, C. L. (1989) N. Engl. J. Med. 320, 1446-1451.

28. Khachaturian, Z. (1985) Arch. Neurol. 42, 1097-1105.
29. Alafuzoff, I., Iqbal, K., Frieden, H., Adolfsson, R. & Winblad,

B. (1987) Acta Neuropathol. 74, 209-233.
30. Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K.,

Gartner, F. H., Provenzano, M. D., Fujimoto, E. K., Goeke,
N. M., Olson, B. J. & Klenk, D. C. (1985) Anal. Biochem. 150,
76-85.

31. Laemmli, U. (1970) Nature (London) 227, 680-682.
32. Towbin, H., Staehelin, T. & Gordon, J. (1979) Proc. Nat!.

Acad. Sci. USA 76, 4350-4354.
33. Colton, T. (1974) in Statistics in Medicine (Little, Brown,

Boston), pp. 219-227.

Proc. NatL Acad Sci. USA 88 (1991)


