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Progressive cerebral deposition of the amyloid
p-protein (APP) occurs in Alzheimer's disease and
during aging ofcertain mammals (eg human, mon-
key, dog) but not others (eg mouse, rat). The authors
cloned and sequenced a full-length cDNA encoding
the P-protein precursor (IAPP) of cynomolgus mon-
key. The predicted amino acid sequence of the 695-
residue protein is completely homologous to that of
human The alternatively transcribed exons encod-
ing the Kunitz protease inhibitor region in monkey
were cloned, showing only a single conservative
amino acid substitution in the 751-residue form of
PAPP and four substitutions in PAPP77, Immuno-
blots of cerebral cortex with antibodies to various
IAPP domains showed highly similar PAPPpolypep-
tides in human and monkey, in contrast to those of
mouse and rat. The latter differences reflect sequence
substitutions, transcriptional regulation, and possi-
bly post-translational modifications that may de-
crease the amyloidogenic potential of rodent pAPP.
Immunocytochemistry of aged cynomolgus brain
showed APP deposited in blood vessels and diffuse
and compacted plaques closely resembling those of
humans and the presence of P-amyloid-associated
proteins (ac,-antichymotrypsin; complements C1q
and C3c) characteristic of APP deposits in Alzbei-
mer's disease. The authors'findings demonstrate that
cynomolgus monkey and perhaps other primates
provide a close animal model for examining the
early transcriptional andpost-translational process-
ing of PAPP thatprecedes AfPP deposition during ag-
ing and in Alzheimer's disease. (Am J Pathol 1991,
138:1423-1435)

Growing evidence indicates that altered proteolytic pro-
cessing of the amyloid ,-protein precursor (,BAPP) and
progressive accumulation of a -40-residue fragment, the
amyloid p-protein (ApP), is an early pathogenetic event in
Alzheimer's disease (AD). This process also occurs to a
limited extent in virtually all aged humans, suggesting that
the complete biosynthetic and catabolic pathways nec-
essary to produce stable APP fragments are normally
present. Understanding the biology of PAPP, which is
encoded by a gene on human chromosome 21,1- and
the molecular mechanism of APP deposition in AD,
should thus shed light on a prominent feature of cerebral
aging in general. In this regard, we and others have pre-
viously shown that aged primates, dogs, and certain
other mammals develop microvascular and plaquelike
ApP deposits in cerebral cortex that closely resemble
those found in aged humans and patients with AD.5 9

It is widely acknowledged that the rigorous molecular
analysis of AD, a chronic, slowly evolving brain disorder,
is hampered by the lack of an appropriate animal model
of the disease. Virtually all of the advances in understand-
ing the neuropharmacology, biochemistry, and molecu-
lar biology of AD in recent years have emerged from
studies of human brain tissue taken at autopsy. The lim-
itations of biochemical studies conducted on postmortem
brain obtained at the end of the disease make the iden-
tification of an animal model of the early pathogenetic
features of AD important. Amorphous deposits of APP
(referred to as 'diffuse' or 'preamyloid' deposits) are
found in the brains of younger subjects with trisomy 21
(Down's syndrome) before the other cytopathologic fea-
tures of AD that these patients invariably develop.1011
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Such diffuse APP deposits also occur in aged humans
and patients with AD.12,13 In view of this evidence that
A,BP deposition may precede the characteristic brain le-
sions of AD, we have pursued comparative studies of the
molecular characteristics of ,BAPP in species that are ei-
ther prone or resistant to cerebral 1-amyloidosis during
aging. Here we report the complete nucleotide and de-
duced amino acid sequences of the homologs in cyno-

molgus monkey of all three major transcripts of human
13APP: APP695 (subscript indicates number of amino
acids),1 13APP751 14,15 and IAPP77O.16 Furthermore we

characterize the detailed patterns of ,BAPP polypeptides
in cynomolgus brain and compare them with those in the
human and those in the rat and mouse, species that do
not undergo APP deposition with age. We also demon-
strate many APiP deposits in aged cynomolgus brain that
have the morphology and immunochemical reactivities of
those found in aged humans and patients with AD, in-
cluding diffuse plaques. Taken together, our data recom-

mend the cynomolgus monkey and perhaps other
shorter-lived primates as a close model for the dynamic
study of the transcriptional and post-translational pro-

cessing of ,BAPP that precedes APiP deposition and se-

nile plaque formation in cerebral aging and AD.

Materials and Methods

Cloning of Cynomolgus Monkey PAPP695
cDNA

pGEM-4 cDNA libraries from cortex or cerebellum of
adult cynomolgus monkey (Macaca fascicularis)17 were

screened with cDNA fragments of human ,BAPP. Probes
were B6 (0.7 kb),18 corresponding to bases 1797 to 2451
of 13APP695; pFB5 (provided by R. Tanzi), corresponding
to bases 158 to 1795; and pFB5 digested with Pstl (FB5/
Pst; bases 243 to 1217). High-density plasmid
screening19 of 3 x 106 colonies was conducted using 5
ng of the plasmid library transformed into 0.5 ml of DH5 or

HB101 competent cells (BRL). All probes were gel puri-
fied and labeled with a32P-dCTP using random primers20
to a specific activity of -4 x 108 cpm/,ug; hybridization
was carried out at -1 x 107 cpm/ml. Hybridization con-

ditions were 5X Denhardt's/6X saline sodium citrate
(SSC)/0.3% sodium dodecyl sulfate (SDS)/100 ,ug/ml
ssDNA at 650 for 12 to 16 hours. Filters were washed at
420C for 30 minutes each in 3X SSC/0.1% SDS, 2X SSC/
0.1% SDS, 1 X SSC/0. 1% SDS, and 0.5X SSC/0. 1%
SDS, and were dried and exposed to Kodak XAR-5 film
for 12 to 48 hours with an intensifying screen. Duplicate
positive colonies were selected, replated at low density,
and gridded in microtiter dishes21 for secondary screen-

ing and purification. Duplicate filters were differentially

screened with ,BAPP fragments specific for the 3' region
(16 0.7 kb) and the 5' region (pFB5 or FB5/Pst). cDNAs
positive with both 3' and 5' probes were analyzed further
by restriction mapping, and the longest clones sub-
cloned into M13 for sequencing. ssDNA was
sequenced-- using the sequenase kit (USB) with either
the universal primer or synthetic 16- to 20-base oligonu-
cleotide primers specific for human 1APP. All subclones
were overlapping, and 90% of the 3.1-kb 13APP695 full-
length cDNA was sequenced on both strands.

Cloning of Inserted Exons in 1APP75, and
,APP770 by PCR

Total RNA was purified from 50 mg of cynomolgus heart
and kidney tissue using RNasol B (Cinna/Biotecx, Hous-
ton, TX), extracted with phenol and phenol/chloroform,
ethanol precipitated in the presence of sodium acetate,
and resuspended in 10 mmoVI (millimolar) TRIS/1 mmol/l
ethylenediaminetetra-acetic acid (EDTA), pH 7.6. First-
strand cDNA synthesis used a PAPP-specific primer
(KPI-R), corresponding to the reverse of Kang bases
921-901, with a BamHl site at the 5' end (GGCGGATC-
CAGGTG-TCTEGAGATACTTGT). The 20-,I reaction
contained 1 ,ug RNA, 100 ng KPI-R primer, 2 ,ul RNasin
(Promega), 1 ,l. (19.5 U) AMV Reverse transcriptase
(Lifesciences), 1.25 mmoVI dNTPs in 1 x Taq reaction
buffer (Perkin-Elmer Cetus) and was incubated at 420C
for 1 hour. The reaction was stopped by addition of 180 RuI
H20 and the products were used directly in the polymer-
ase chain reaction (PCR). The forward primer used in
PCR was KPI-F, corresponding to Kang bases 834 to 853
with an EcoRI site at the 5' end (GGCGAATTCCACCA-
CAGAGTCTGTGGAAG), and the reverse primer was
KPI-R. Polymerase chain reactions (100 RI) contained 20
,ul diluted cDNA products, 1 ,umol/l (micromolar) each
KPI-F and KPI-R primers, 200 ,umol/l deoxynucleoside
5'-triphosphate (dNTP), 1 ,ul Taq polymerase (Cetus) in
1X Taq buffer overlayed with 3 drops mineral oil. Sam-
ples went through 30 cycles of 940C for 1 minute; 550C for
2 minutes; 720C for 3 minutes, followed by a 10-minute
extension at 720C. The reaction was chloroform extracted
to remove the mineral oil and phenol-extracted four times
to remove the Taq polymerase. The final aqueous layer
was ethanol precipitated in 2.5 molA (molar) ammonium
acetate, and the resulting pellet resuspended in water
and digested with EcoRI and BamHl for 1 hour at 37°C.
The reaction was run on a 4% GTG-agarose (FMC) gel in
TAE buffer, stained with ethidium bromide, and the 320-
bp and 280-bp bands corresponding to the PAPP751 and
13APP770 inserted exons, respectively, were cut out and
purified by phenol extraction and ethanol precipitation.
Each insert was ligated to gel-purified BamHI and EcoRI
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double-digested M13 vector for 3 hours at 140C and
transformed into XLI Blue (Stratagene) competent cells.
Fragments were sequenced and analyzed as described
above.

Antibodies
Three carboxyl terminal antisera, aC1, 23 aC7, and aC8
were raised against synthetic peptide C: PAPP732-751
(numbering of Ponte et al, 198814). Three amino terminal
antisera, aN1 24 aN2,24 and aN3 were raised against syn-
thetic peptide N (PAPP45 62). Antisera aKPI1 to
PiAPP300 315, and aKP1225 to P3APP324336, both specifi-
cally recognize the KPI domain in 3APP7.1 and I3APP770.
Rabbits aC7, aC8, and aN3 were each initially injected
with 2 mg peptide conjugated to keyhole limpet hemo-
cyanin. At 3-week intervals, each rabbit was boosted with
1 mg or 0.25 mg peptide conjugated to rabbit serum
albumin to minimize the production of antibodies to the
carrier protein. Rabbits developed titers to unconjugated
peptide of more than 1:100,000 (aC7 and aC8) or more
than 1:25,000 (aN3) as measured by dot blots. aKPI2,
aN1 and aN2 were generously provided by M. Palmert
and S. Younkin (Case Western Reserve School of Medi-
cine). aBS26 is an affinity-purified polyclonal antiserum
made to a recombinantly expressed construct compris-
ing I3APP50a 648. aB5 and aKPI1 were provided by D.
Schenk and T. Oltersdorf (Athena Neurosciences). Stan-
dard dilutions used were as follows: aB5, 1:2500; aC7,
1:1500; aC8, 1:750; aN3 and aKPI1, 1:500; aC1, aN1,aN2,
and aKPI2, 1:300.

Antiserum A27 was raised against native A,BP purified
by high-pressure liquid chromatography (HPLC) from
amyloid-rich fractions of AD cerebral cortex. Antiserum
y28 was raised against a synthetic peptide of APP1 38.
Both antisera specifically recognize A,3P deposits without
formic acid pretreatment. Antiserum p,8 raised to PHF-
rich fractions of AD cortex, and antiserum DJ,29 raised to
heat-stable microtubule-associated proteins (including
tau) from fetal human brain, both strongly label neurofi-
brillary tangles (NFT) and the paired helical filament
(PHF)-containing neurites of human senile plaques.
RT9730 and SMI 34 (Sternberger-Meyers) are monoclo-
nal antibodies to the neurofilament high molecular weight
protein. Anti-a1-antichymotrypsin (ICN, Dako, and Atlan-
tic), aCl q (Accurate), aOC3c (Accurate), and anti-glial
fibrillary acidic protein31 also were used. A standard di-
lution of 1:250 was applied for all these antisera except Y
(1:500) and SM134 (1:10,000).

The specificities of all synthetic peptide antisera were
checked by peptide absorption. Specificity of antiserum
A was checked by absorption with SDS-purified amyloid
core fractions27 or with APP synthetic peptides. Typically
15 to 45 ,ug of the relevant unconjugated peptide per ,ul

of undiluted antiserum was incubated (overnight at 40C,
or 3 hours at 250C) at 1:250 to 1:1500 dilution in phos-
phate-buffered saline (PBS) containing 1% bovine serum
albumin and 0.02% NaN3. A control, nonabsorbed ali-
quot of the antiserum was treated idehtically, with the ex-
ception that water was added instead of synthetic pep-
tide. After absorption, samples were centrifuged at
1 6,000g for 20 minutes, and the supematants were used
as primary antisera.

Immunoblotting
Homogenates of frozen brain, kidney, adrenal, or heart
from adult cynomolgus monkey, human, mouse, or rat
were essentially prepared as described previously.23
Briefly, tissue aliquots (-0.2 to 1 g wet weight) were pul-
verized in liquid nitrogen and homogenized at 40C in 2
volumes of isotonic buffer containing protease inhibitors.
Homogenates were analyzed either directly by Western
blotting or, in some cases, further fractionated at
200,000g and the pellets solubilized in 2% Triton X-1 00.23
Freshly drawn EDTA-treated plasma samples from aged
rhesus monkeys and humans (AD and normal patients)
were selectively precipitated by extensive dialysis
against 50 mmol/l TRIS, pH 7.6, in the presence of pro-
tease inhibitors and resolubilized in PBS as described
previously.32 Human kidney 293 cells transfected with
,APP cDNAs have previously been described232533
and were provided by T. Oltersdorf. Equal protein loading
was determined in duplicate by the dye-binding assay
(Biorad).34 Samples were electrophoresed3 on 5% tc
20%, 10% to 25%, or 7.5% polyacrylamide 8-cm minigels
and blotted' onto Immobilon-P (Millipore). Immunode-
tection used goat anti-rabbit gamma G immunoglobulin
(IgG) coupled to alkaline phosphatase (Promega) al
1:7500 dilution.

Immunocytochemistry
Formalin-fixed coronal slices from the frontal cortex ol
three 19-year-old female cynomolgus monkeys were em-
bedded in paraffin, cut into sequentially numbered 6-p
sections, and immunostained using the avidin-
biotin-peroxidase system (Vector) with hematoxylin coun-
terstaining. All staining runs included sections of AD oc-
cipital cortex run in parallel as positive controls.

Results

cDNA Cloning and Sequencing of
Cynomolgus 1APP695 Shows Complete
Amino Acid Homology to Human
Two pGEM-4 cDNA libraries from cynomolgus monkey
cortex or cerebellum17 were screened with various frag-
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ments of human ,BAPP cDNA. Initially, the cortex library
was screened with a mixture of a 3' fragment (36'18) and
a 5' fragment (pFB5; provided by R. Tanzi). A 1.7-kb
cDNA corresponding to bases 1279 through 2955 and
amino acids 427 through 695 of human 1APP6951 was

isolated. All 268 deduced amino acids of this 3' clone
were homologous to the human protein. The cerebellar
library then was probed with a 5' fragment of pFB5 and
yielded a 3.1 kb cDNA (Mcm2), which was shown by
sequencing to correspond to nucleotides - 143 to 2955
of human 13APP695 (Figure 1). Sequence comparison of
this full-length clone with human ,BAPP showed 97% nu-
cleotide homology overall, and 98% nucleotide homol-
ogy within the coding region. The deduced amino acid
sequence was 100% homologous to human 1APP695
(Figure 1).1 This identity contrasts to the 18- and 22-
amino acid substitutions, respectively, reported in
13APP695 of rat37 and mouse' (Table 1). The APP region
itself has three substitutions in rat and mouse but is com-
pletely conserved in monkey (Table 1).

Cloning of the Alternatively Spliced Exons
in PAPP751 and 3APP770 of Cynomolgus
Shows Few Amino Acid Substitutions

13APP751 and 13APP770 are alternatively spliced tran-
scripts, containing either 168- or 225-bp fragments in-
serted at nucleotide 865 of human PAPP695. The resulting
56- and 75-amino acid inserts contain a region homolo-
gous to the Kunitz family of serine protease inhibi-
tors.1116 Homologous fragments were amplified from
cynomolgus cDNA using PCR.3940 Oligonucleotide
primers were synthesized to 19 base sequences flanking
the insert site. Polymerase chain reaction with these prim-
ers should produce 106-, 274-, and 331-bp fragments
derived from 13APP695, fAPP751, and 1APP770, respec-

tively. Reactions performed on the cDNA libraries from
cynomolgus brain showed the 106-bp band but did not
contain the 274- or 331 -bp fragments (data not shown).

Because kidney and heart are known to contain
13APP751 and PAPP77Q mRNA and proteins,3,23 total RNA
was isolated from frozen cynomolgus heart and kidney.
The cDNA synthesized from this RNA was used in PCR,
which yielded the 106-, 274-, and 331 -bp fragments. Se-
quence analysis of two independent clones containing

the 274- and 331-bp fragments showed 99.3% and
98.4% nucleotide homology, corresponding to 1 and 4
amino acid substitutions, respectively, within the 56- and
75-residue inserts of 13APP751 and 13APP770 (Figure 2).
The single amino acid substitition in 13APP751 was outside
of the active site of the Kunitz protease inhibitor (KPI)
domain. Cynomolgus 13APP751 and 13APP770 proteins are

99.9% and 99.5% homologous, respectively, to the cor-

responding human PAPPs (Table 1).

1APP Polypeptides Show Highly Similar
Electrophoretic Patterns in Human and
Monkey But Not Rodent Brain

Using antibodies to various regions of ,BAPP (Figure 3),
homogenates of cynomolgus monkey brain were com-

pared on Western blots with those of humans, which de-
velop A13P deposits during brain aging, and those of rat
and mouse, which do not. All ,BAPP antibodies detected
a polypeptide pattern in monkey brain that was highly
similar to that previously reported in human brain.2324
Three antisera to a carboxy-terminal synthetic peptide,
1APP732-751 (numbering of PAPP751), specifically la-
beled proteins in monkey cortical homogenates migrat-
ing at 106 to 139 kd and at 1 1 kd (Figure 4A). Homoge-
nates of monkey kidney, adrenal gland, and heart con-

tained a qualitatively similar set of 13APP isoforms.
Subcellular fractionation demonstrated the presence of
these proteins in the Triton-solubilized membrane fraction
(data not shown). Further analyses on 7.5% and 10% to
25% gradient polyacrylamide gels showed discrete
bands migrating at 139, 127, 116, 111, 106, 12, and 10
kd. These polypeptides were compared with the well-
characterized 1APP proteins overexpressed in kidney
293 cells transfected with PAPP751 or PAPP695 human
cDNAs.232533 The overexpressed N- plus 0-

glycosylated and N-glycosylated ,3APP isoforms migrat-
ing at 127 and 106 kd, respectively, in 1APP695-trans-
fected cells and at 139 and 116 kd, respectively, in
13APP751-transfected cells comigrated with the corre-

sponding bands in monkey and human brain homoge-
nates (Figure 4B; lanes 1 through 4). The 111 -kd band in
the brain homogenates did not comigrate with any over-

expressed protein in the cell lines. The 10- to 12-kd C-
terminal-reactive peptides in monkey and human brain
comigrated with ,BAPP fragments overexpressed in both

Figure 1. Nucleotide and deduced amino acid sequence ofcynomolgus monkey PAPP695 cDNA compared with human flAPP695 cDNA The
nucleic acidsequence ofafull-length cDNA encoding monkey 3APP695 is shown in the second line. Nucleotide substitutionsfound in human
fAPP695 are indicated in thefirst line. The deduced amino acid sequence in monkey is shown in the third line and is completely homologous
to that ofhuman.' The region comprising the 40-amino acidAl3Pfragment in humans6' is boxed. The arrow (nucleotide 865) indicates the
site at which additional exons are inserted in 13APP75, and APP770 Large asterisks indicate potential N-glycoslylation sites and the bracket
indicates apotentialphosphorylation site.62 Thefirst ofthe two polyadenylation sites (underlined)found in human cDNAs was used in both
monkey cDNAs sequenced Sequence translation and alignments were done on the University of Wisconsin Sequence Analysis software
package.'3
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Table 1. Amino Acid Substitutions in Monkey, Rat, and Mouse IAPP Compared withHuman

APP695 APP751 APP770
No. subs. % homol. No. subs. % homol. No. subs. % homol.

Monkey 0 100 1 99.9 4 99.5
Rat 18 97.4 20 97.3 23 97.0
Mouse 22 96.8 25 96.7 30 96.1

Human DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGW
Monkey
Rat G F R
Mouse G F R

The protein sequence homologies of monkey, rat37.50 and mouse38 42 PAPPs are compared with that in human." 416 The number of amino
acid substitutions and the resulting percent homology are shown for each of the three major ,3APP transcripts: PAPP695, PAPP751, and PAPP770.
The location of the substitutions in mouse IAPP751 are diagramed in Figure 3. Three amino acid substitutions in mouse and rat occur within the
A,P region itself, as is shown in the lower half of the table. The histidine at residue 13, which in rat and mouse is changed to arginine, has been
postulated to be important in forming the characteristic p-pleated sheet structure of ApP.51

cell lines and represent membrane-retained C-terminal
fragments of PAPP after proteolytic cleavage.23'41

In contrast to the highly similar PiAPP pattern in mon-
key and human, rat and mouse brain showed a distinc-
tive pattern of immunoreactive proteins. Robust bands at
106 to 121 kd and a faint band at 127 kd were specifically
labeled by the C-terminal antisera in rodent brain ho-
mogenates (Figure 4B; lanes 5 and 6). The presence of
only very low levels of the 127-kd band (N- plus 0-
glycosylated IAPP6,9) in rodent brain, and the detection
of an additional 121-kd PiAPP isoform in rodent but not
primate brain (Figure 4B, lanes 3 through 6) suggest that
different post-translational modifications of PAPP65 oc-
cur in rodent than in primate brain. Antibodies to the KPI
domain did not specifically label any proteins in rat and
mouse brain; the virtual absence of the 13APP751 poly-
peptides (139 and 116 kd) in the rodent homogenates
(Figure 4B, lanes 5 and 6) is consistent with the low level
of ,APP751 mRNA reported in mouse and rat brain.42,43
These differences between primate and rodent fiAPP iso-
forms observed with the C-terminal antisera were con-

HUMAN
MONKEY
MONKEY
HUMAN

HUMAN
MONKEY
MONKEY
HUMAN

HUMAN
MONKEY
MONKEY
HUMAN

HUMAN
MONKEY
MONKEY
HUMAN

I G
GTTCGAGAGGTGTGCTCTGAACAAGCCGAGACGGGGCCATGCCGAGCAATGAI
V R E V C S E Q A E T G P C R A M I

TGGTACTTTGATGTGACTGAAGGGAAGTGTGCCCCATTCTTTTACGGCGGAT(
W Y F D V T E G K C A P F F Y G G C

AACCGGAACAACTTTGACACAGAAGAGTACTGCATGGCCGTGTGTGGCAGCGI
N R N N F D T E E Y C M A V C G S V

A

T A G I
CAAAGTTTACGCAAGACTACCCGGGAACCTCTTACCCGAGATCCTGTTAAAC1
Q S L R K T T R E P L T R D P V K L

L Q A

firmed with three antisera to the N-terminal synthetic pep-
tide, PAPP452 (data not shown). The 10- to 12-kd C-
terminal fragments were detected similarly in rodent and
primate brains.

Comparative immunoblotting of primate and rodent
tissue homogenates with aB5 (an affinity-purified antise-
rum to a midregion construct, PAPP500 648) demon-
strated striking species differences. In monkey and hu-
man brain, aB5 labeled the full-length, membrane-
associated IAPP polypeptides (Figure 4C; lanes 1 and
2). aB5 also specifically identified cytosolic forms of
iAPP that migrated from -95 to 125 kd and were not
detected by C-terminal antisera (Figure 4C; lanes 1 and
2). In contrast, aB5 detected no forms of ,BAPP in rat and
mouse brain (Figure 4C; lanes 3 and 4). Similarly, aB5
failed to label PiAPP isoforms detected by our C-terminal
antisera in rat non-neural tissues and in the rat adrenal-
derived cell line, PC12 (data not shown). These results
suggest that the I3APP50a 648 region containing the aB5
epitope has a distinct conformation in rodent versus mon-
key and human, due to the rodent amino acid substitu-

Figure 2. Nucleotide and deduced amino
acid sequences of alternatively spliced exons
in cynomolgus I3APP75, and 13APP770 com-
pared with human .APP770, The alternative
transcripts, PAPP75, and IAPP770, contain

TCTCCCGC 918 168-bp and 225-bp fragments encoded on
S R 306 one or two exons, respectively, which are in-

serted into r3APP695 at nucleotide 865 (Figure
1). The nucleic acid sequence for monkey
PAPP770 (beginning at nucleotide 859) is

G'TCCCGC 978 shown in the second line, with nucleotidesub-
C G 326 stitutionsfound inhuman fAPP770shown in

the first line (numbering according to
Kitaguchi'6). The deduced amino acid se-

c 1 quence in monkey is shown in the third line,
TCATCTCC 1038 and the amino acidsubstitutionsfound in the
M S 346 human are shown in thefourth line. Arrows

depict the borders of the two alternatively
spliced exons. The second exon (nucleotides
1034-1090) is not present in 3APP751. Resi-

TTCCTACA 1098 dues 291-342 encode a Kunitz protease in-
P T 366 hibitor doMainl'46 and are completely ho-

mologous in monkey and human.
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Figure 3. Schematic diagram ofprimate f1APP75, depicting the epitopes of antibodies used in this study and the location of amino acid
substitutions in the mouse. The bold black line represents IAPP75,; the extramembraneous amino-terminus (NH2) containing a 1 7-residue
signal sequence and the cytoplasmic carboxyl-terminus (COOH) are indicated. The putative transmembrane domain is depicted by the
vertical hatched bar.' Theproposed 40-amino acidAPP region is shown by the white box. The arrow depicts the IAPP constitutiveproteolytic
cleavage site (defined in transfected 293 cells4') within the APP region, resulting in a large, glycosylated N-terminalfragment, which is
secreted, and a -10 kd C-terminalfragment, which is retained in the membrane. The 56-amino acid insert encoding the Kunitzprotease
inhibitor (KPI) is depicted by the lined box. CHO indicatesputative N-linkedglycoslylation sites. The location ofeach amino acid substitution
in mouse F3APP75138,42 is represented by dots directly below the line. The lower lines represent the epitopes ofthe antibodies used in this study;
antibodies were raised to synthetic peptides (aN, aWKlI,, aKPI2, and aC) or to a bacterial construct (aB5) (see Materials and Medtods).

tions or different post-translational modifications in this
portion of the molecule, which contains the two consen-

sus sequences for N-glycosylation (Figure 3).

Human and Monkey Plasma Contain
Soluble KPI-positive Forms of PAPP
Migrating at ~-125 and -105 kd
Plasma obtained from two aged rhesus monkeys and
from humans was extensively dialyzed and the resulting

A

precipitate examined on immunoblots. A strongly immu-
noreactive -125-kd band was specifically detected in
monkey plasma by anti-I3APP4562 (Figure 5, lane 2), the
KPI antisera (Figure 5, lane 6), and isB5 (not shown), but
not by any C-terminal antiserum. Human plasma is
known to contain an immunochemically identical
protein32that comigrates with the monkey isoform (Figure
5, lanes 1 and 5). In addition, monkey plasma and some

human plasma samples contained two to three tightly

B.Aa-

Figure 4. Immunoblots of cerebral cortex in various species using region-specific pAPP antisera. A: Homogenates of adult cynomolgus

monkey cortex (50 jig/lane) labeled by a C-terminal antiserum (aC7 to fkAPP732-751). Lane 1, CtC7 (1:1500); lane 2, aC7 after absorption with

peptide C(30 j±gpeptide/pJundiluted antiserum). Molecularuweight (MW) markers (bars): 195, 106, 71, 44,27, 18, 14, and 6kd. Thbel06-139
kd f3APPpolypeptides includel106andl127 kdbands (dots) representing theN- and theN pluso0-glycolsylatedforms of 13AP695,respectively,
and 116 and 139 kd bands (arrows) representing the N- and the N-plu-s 0-glycolsylatedformzs of j3APP75.1 respectively (see 4B). All of these

full-lengthformzs and the 11 kdfragment (arrowhead) were specifically labeled by this and two other C antisera. Bands migrating at -30

and 18 kd were specifically labeled only by aC7 and were not overexpressed in P.APP-transfected cells; they presumabl~y represent unrelated

proteins that cross-react with this synthetic peptide antiserm. Five to twenty percent polyacrylamide gradient minigels. B: Homogenates of

primate and rodent cortex (50 jig protein/lane) and kidney 293 cells transfected with human (3APP cDNAs (12 pig/lane) laheled with aCtC.

Lanes: 1, 293 cells transfected with P3APP695; 2, 293 cells transfected with P.APP751; 3 and 7, human cortex; 4 and 8, cynomolgus monkey

cortex; 5 and9, rat cortex; 6 and 10, mouse cortex. Staining in lanes 1-6 aC7 (1 :1500); lanes 7-10, aC7 after absorption with peptide C.

Thbe 106-139 kdfull-length r3APP polypeptides (dots: PAPP695; arrows: P3APP7,5) and the -11 kdfragment (arrowhead) are indicated as in

A; these bands were specifically labeled by this and two other C-terminal antisera. MW markers as in A. Five to twentypercentpolyacrylamide
gradient gel. C: Homogenates ofprimate and rodent corte-x (50 jig protein/lane) labeled with affinity-purlfied aBS (P3APP500-648 1:2500).

Lanes: 1, human cortex; 2, cynomolgus monkey cortex; 3, rat cortex; 4, mouse cortex. Bracket indicates I3APPformis detected in human and

monkey, but not rodent brain; in some blots ofrodent brain, veryfaint bands were visible. A monoclonal antibody (JG5) mtade to the same

bacterial construct as aB_ produced an identical immunostaining pattern.

1
NH2

aN 1 2

ocKPI

.. ...0n a ........a . 5
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MW 1 2 3 4 5 6 7 8
Figure 5. Immunoblots of monkey and human plasma labeled
with N-terminal and KPI-specific P.APP antisera. Plasma proteins
were concentrated by dialysis-inducedprecipitation32 and electro-
phoresed (40 pg/lane concentrated from -0.25 ml plasma) on
7.5% acrylamide minigels. Lanes: 1, 3, 5, and 7, normal human
plasma; 2, 4, 6, 8, rhesus monkeyplasma. Staining in lanes: 1 and
2, a!V3 (gIAPP45-62; 1.500); 3 and 4, aN3 after absorption with

peptideN(45 pg/4l);5 and 6, oLKPI1 (I3APP300-315; 1.500); 7and 8,
aKPI, after absorption with peptide KPI, (15 pg/p). The constitu-
tively secreted PAPPform migrating at --125 kd (arrowhead) and
the additional KPI-containing -105 kdformns (dot) were also spe-
cifically labeled by aN,, cN2 and aKPI2 but not by C-terminal
antibodies. aB5 only recognized the -125 kd form (data not
sbown). MW markers: 199, 105, and 71 kd

spaced bands migrating at -105 kd that were specifi-
cally recognized by our three N-terminal and two KPI an-

tisera (Figure 5), but not by aB5 or the C-terminal antis-
era. These KPI + 105-kd bands were not found in
PAPP751-transfected cells. The size and immunoreactiv-
ity of these novel KPI + polypeptides suggest that they
either derive from proteolytic truncation of PAPP751 or

PAPP770 isoforms, or represent the previously unidenti-
fied polypeptide produced by the IAPP563 alternative
transcript.44

Immunocytochemistry of Aged Cynomolgus
Cortex Shows AI3P Deposits Similar to
Those in Humans

Because AiP deposits had not previously been de-
scribed in cynomolgus monkey, we characterized the
neuropathologic changes found in three aged (19 years

old) cynomolgus brains (Ml, M2, M3). Immunostaining of
formalin-fixed cortical sections with A,P antisera showed
AiP deposits in two of the three brains. Ml had abundant
microvascular and plaquelike A,P deposits scattered
throughout the cortical neuropil (Figure 6A). The deposits
were intensely and specifically labeled by both antiserum
A, raised to native APP purified from AD cerebral cortex,
and antiserum Y, raised to a synthetic ApP1 3, peptide.
The morphology of the plaques included diffuse, finely

granular deposits that were not compacted, as well as
deposits that had a compacted center and a peripheral
halo of immunoreactivity and thus resembled mature or
"classical" senile plaques in AD cortex. In addition, AiP
was deposited in the walls 6f some capillaries (Figure 6B)
and in some larger microvessels that appeared to be
arterioles. Within a single cortical gyrus in monkey Ml,
this entire morphologic spectrum of APP deposits could
be observed. Similar cortical deposits were immunola-
beled in aged nondemented humans (Figure 6D), and to
a much greater extent, in patients with AD (Figure 6E). M2
had far fewer A,BP deposits; these were usually located
around microvessels, although a few small, partially com-
pacted plaques were found in certain cortical regions
(Figure 6C). Although Thioflavin S staining labeled the
majority of monkey AI3P deposits, reaction with Congo
red detected very few of them. Silver staining with a mod-
ified Bielschowsky method showed some but not all of
the APP-immunoreactive plaques. Only a few plaques in
monkey Ml contained small numbers of linear, silver-
positive profiles resembling the dilated neurites found
around some A,P plaques in rhesus monkey78 and in
the neuritic plaques of AD cortex.

Antibodies to PHF and human tau, which detect neu-
rofibrillary tangles and some of the dystrophic neurites of
senile plaques in AD brains, demonstrated no similar le-
sions in these 19-year-old cynomolgus brains. We also
were unable to demonstrate staining with the neurofila-
ment antibodies, RT97 and SMI 34, in cynomolgus cor-
tex, although these monoclonals detect dystrophic neu-
rites in the mature cortical plaques of AD patients and
rhesus monkeys.8 Antibodies to glial fibrillary acidic pro-
tein labeled reactive astrocytes immediately surrounding
some of the cortical AfiP deposits in monkey Ml (data not
shown).

Serial sections of Ml and M2 were further examined
with antisera to a1-antichymotrypsin (caACT), and com-
plement components C3c and Clq, all of which have
been shown to be associated with APP deposits in AD
brain.4546 We found that all of these antisera faintly
stained a subset of the plaques detected by antisera Y
and A in monkey brain (Figure 6F, G, H). a1-Antichymo-
trypsin recognized the greatest number of APP-positive
plaques. There were no obvious morphologic differences
between APP deposits that did or did not react with these
antisera to ,B-amyloid-associated proteins.

Discussion

The identification of a close animal model of the early
neuropathologic changes of AD would enable rigorous
examination over time of the molecular and cellular alter-
ations that precede the classical amyloid-bearing senile
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Figure 6. Immunocytochemistry ofaged cynomolgus cortex compared with aged humian and Alzheimer's disease cortex. A: Representative
field ofsenileplaques in thefrontal cortex ofa 19-year old cynomolgus monkey (Ml) specifically labeled by antiserum Y(1 500) to synthetic
A13P13e B: Antiserum Y also detected AI3P deposits in the walls of cortical capillaries and in pericapillaiy plaques in Ml. C: Another
19yvear-old cynomolgus monkey (M2) had a small number of tightly clustered cortical AI3P deposits, usually in microvessels (arrowheads).
Some of the microvessel deposits were associated with plaques (arrow). Antiserum A (1250) to native AI3P purifiedfrom AD cerebral cortex.
D: Diffuseplaques in occipital cortex ofnormal aged human labeled by antiserum A (1250) were morphologically similar to diffuseplaques
in the monkey. E: Alzheimer's disease occipital cortex containing multiple AIM'deposits indiffuse and compacted senileplaques and in blood
vessel walls (arrowhead) were specifically labeled by antiserum A (1:250). F-H: Cortical plaques in cynomolgus monkey Ml stained by
antibodies to: F, etl-antichymotrypsin (caACT, 1:250); G: complementfactor, C-3c (1250); and H: complementfactor, Clq (1250). More than
50% of the cynomolgus plaques detected by AI3P antibodies were labeled by aACT A smaller percentage ofplaques was detected by ctC3c or
aClq (Bars 0i4i).

plaques and neurofibrillary lesions of AD. Recent obser-
vations from several laboratories indicate that deposition
of A,BP in the form of 'diffuse' plaques can occur before or
in the absence of detectable structural changes in sur-
rounding neurons or glia.113'47-49 Thus diffuse A,BP de-
posits appear to represent the earliest histologic change
yet detected in the brains of patient's with Down's syn-
drome or AD. Changes in the transcription, translation, or
post-translational processing of PiAPP are likely to play a
role in the excessive A,P formation found in AD and
Down's syndrome. Such changes are difficult to detect
and study in postmortem human brain. Rats and mice
have not been found to develop AfiP-containing brain
lesions with age. The data presented here, however,
demonstrate that aged monkeys provide a highly rele-
vant model for the study of ,B-amyloidosis in AD.
We have sequenced a full-length cDNA encoding the

non-KPI-containing form of ,APP from cynomolgus mon-
key and found 100% amino acid homology to the human.
Furthermore, sequencing of the KPI-containing insert of

PAPP751 shows only a single conservative substitution
(val for ala) at the last of the 56 amino acids in this exon,
ie, not affecting the active site of the inhibitor. Within the
additional 19-amino acid insert found in PAPP770, we de-
tected three substitutions in cynomolgus, suggesting less
evolutionary pressure for conservation of this exon. The
essentially complete homology of PAPP695 and PAPP751
in monkey and human contrasts with the 22 and 18
amino acid substitutions, respectively, found in mouse
and rat PAPP695 and the 25 and 20 substitutions, respec-
tively, found in mouse and rat ,APP751 .38,42,37,50 These
changes in the primary structure of rodent ,APP (see
Figure 3) may alter post-translational modifications, par-
ticularly proteolytic cleavage sites, thereby making ro-
dent ,BAPP less prone to release of the amyloidogenic
AiP fragment. Furthermore there are three amino acid
changes within rodent A,BP itself (Table 1) that could af-
fect its polymerization into cross--pleated sheet
filaments51 or its catabolism in brain.

The homologous primary structures of IAPP695 and
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pAPP751 in monkey and human deduced from their cD-
NAs are reflected in the immunoblot pattern of the poly-
peptides themselves. Human and monkey brain ho-
mogenates contain a complex group of 106- to 139-kd
membrane-associated, full-length ,BAPP isoforms that are
highly similar in the two species. Rat and mouse brain
homogenates show a different profile. The rodent 116-
and 139-kd bands, representing the N- and the N- plus
0-glycosylated PAPP751 forms, respectively, are very
faint or absent. This is consistent with the reduction of
PAPP751 mRNA42'43 and protein43 reported in rodent
brain. An additional, strongly immunoreactive protein at
-121 kd in rat and mouse brain homogenates is not de-
tected in human and monkey brain. Although the nature
of this KPI-minus ,APP isoform is currently unknown, the
weak labeling in rodent compared with monkey brain of
the 1 27-kd, N- plus 0-glycoslylated 1APP695 protein sug-
gests that different post-translational modifications of ro-
dent PAPP695 may result in the 121 -kd polypeptide. Sim-
ilarly antibodies to PAPP_90a 648, a region containing two
consensus sequences for N-glycosylation,1 fail to recog-
nize ,BAPP in rat and mouse brain and rat PC12 cells.
Deglycosylation experiments are needed to clarify
whether carbohydrate side chains are responsible for this
lack of aB5 immunoreactivity. These data support the
hypothesis that differences in the primary structure of ro-
dent PiAPP result in changes in its proteolysis and other
enzymatic modifications that could account in part for the
absence of detectable APP deposition in rodents. Differ-
ences in the expression of fAPP alternative transcripts43
or in PAPP-modifying enzymes, including proteases, also
may contribute to the lack of 0-amyloidosis in rodents.
These considerations have important implications for cur-
rent attempts to produce a transgenic mouse showing
AiP deposition.

In addition to full-length ,BAPP, we have detected cy-
tosolic, C-terminal truncated isoforms ranging from -95
to 125 kd in monkey brain (Figure 4C); similar bands are
found in human tissue and fluids.24 25'52 Monkey plasma
contains a large 1APP751 N-terminal fragment of --125 kd
(Figure 5) with identical immunoreactivities to that found
in human plasma.32 This soluble form of ,APP (ie, PN-
1126) presumably contains the amino-terminal portion of
A,BP, as has been dem<>stra& immunochemically in
human CSF53 and by direct sequencing in the media of
3APP-transfected cells.41 In contrast, the novel --1 05-kd

KPI-containing polypeptides we have detected in mon-
key plasma and some human plasma samples (Figure 5)
may arise from an alternate cleavage amino-terminal to
APP that could leave the APP intact as part of an -20-kd
C-terminal fragment. Some C-terminal ,BAPP antisera
have detected an -20-kd band in tissue homog-
enates.23 Alternatively, the 1 05-kd fragment could derive
from the alternate transcript, I3APP563, which lacks the
carboxy-terminal 208 residues of the 1APP751 form.

Regarding C-terminal-containing ,APP fragments,
monkey brain contains membrane-associated 10- to 12-
kd peptides reactive with all of our C-terminal antisera.
We originally described a similar doublet of 10- and 12-
kd proteins in human brain'membrane fractions that con-
tained the C-terminus and presumably part or all of the
A,BP region.23 The 1 0-kd peptide has subsequently been
shown to represent the stable C-terminal fragment re-
tained in cells after constitutive ,APP cleavage and se-
cretion, and it contains only the carboxyl-terminal portion
of APP.33'41 The 12-kd peptide, which is of lower abun-
dance, may derive from cleavage at a more amino-
terminal site, resulting in a fragment with an intact A,P
region; further study of the relevance of this peptide to the
genesis of A,BP can now be undertaken in the monkey.

Immunocytochemistry of cynomolgus cerebral cortex
is consistent with the homology of monkey and human
,BAPPs demonstrated in the DNA and protein studies.
Two of three 19-year-old monkeys had microvascular
and plaquelike deposits of A,BP closely resembling those
of aged humans and patients with AD or Down's syn-
drome. Most of the plaques were spherical areas of finely
granular immunoreactive material similar to the diffuse
A,BP deposits abundantly present in AD brain.12'13 Far
fewer plaques showed compacted centers characteristic
of the so-called 'mature' or 'classical' senile plaques of
humans, perhaps because the cynomolgus brains we
obtained were only from late middle-aged animals. Sim-
ilarly the 19-year-old animals we studied had very little
evidence of silver-positive dystrophic neurites surround-
ing the AwBP deposits. Thioflavin S detected a majority of
plaques, whereas the less sensitive Congo red stain la-
beled only a few. This staining profile is consistent with
that used to define preamyloid or diffuse plaques in hu-
mans. In accord with previous studies of aged monkey

6,8brain, no neurofibrillary tangles or neurites reactive with
antibodies to PHF were detected.

Another shared property of human and cynomolgus
plaques is the presence of certain 3-amyloid-associated
proteins, ie, aACT and the complement factors, C1 q and
C3c. a1-Antichymotrypsin has previously been shown in
humans to be associated with ,B-amyloid and not other
types of amyloid,45 5 and has been localized to the A,P
deposits of aged rhesus monkeys.9 Complement Clq
and C3c have been immunochemically detected in hu-
man plaques.46 In our study, only a subset of cynomol-
gus APP deposits showed reaction with antibodies to
aACT and the two complement components. This finding
is again consistent with analyses of human plaques,
which suggest that only -50% of neuritic plaques and
-30% or 10% of diffuse plaques in AD patients are
labeled by aACT or complement antibodies, respec-
tively.56

The very close similarity of monkey and human ,APP
and AI3P that we document here indicates that aged non-
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human primates undergo a proteolytic processing of
PiAPP into stable APP fragments that is qualitatively highly
similar to that occurring in early stages of Down's syn-
drome, AD, and cerebral aging in humans. Cynomolgus
monkeys, and perhaps other shorter-lived primates, thus
provide a compelling animal model of a principal and
early pathogenetic feature of AD. Several kinds of ques-
tions can be approached in non-human primates that
would be difficult to study rigorously in postmortem AD
brain. For example, the sequence of cellular responses
(eg, microglial activation, astrocytosis, neuritic dystrophy)
that apparently follow the formation of diffuse APP depos-
its can be assessed over time in monkeys maintained for
other experimental reasons and perfused at intervals dur-
ing middle and late life. Also, sensitive analyses of fiAPP
mRNA levels in fresh monkey brain using S1 nuclease
protection assays57 or in situ hybridization will help clarify
the currently conflicting data about which, if any, PAPP
transcripts are expressed differently during cerebral
3-amyloidosis. Fresh monkey tissue also would be an

excellent source for purification of candidate proteases
involved in the alternative processing of ,BAPP that gen-
erates an intact AiP-containing fragment. Finally the fo-
cal microinjection of A,P (or ,APP fragments containing
A,P) into the association cortex of the monkey, a species
that undergoes spontaneous age-related ,B-amyloidosis,
could lead to a manipulable model of the cellular and
molecular changes underlying senile plaque formation in
AD. The latter experiment is of particular interest in light of
recent studies demonstrating that synthetic A,P may in-
duce trophic5&0 or toxic6s responses in cultured rat
neurons.

Acknowledgments

The authors thank G. Lee, C. Joachim, L. Orecchio, and M.
Schlossmacher for helpful suggestions and discussions. B. Os-
taszewski assisted in the characterization of certain antisera on
immunoblots. They also thank G. Travis (Scripps Institute) for
cynomolgus cDNA libraries, R. Tanzi (Massachusetts General
Hospital) for pFB5, B. Madras (New England Primate Center) for
frozen monkey tissue, and Bowman Gray School of Medicine
(NIH grant RR00919) for fixed aged cynomolgus cortex. The
sequences of the cynomolgus cDNAs reported in this work can
be accessed in Genbank as M58727 for 3APP695 and as
M58726 for the IAPP770 insert.

References

1. Kang JK, Lemaire HG, Unterbeck A, Salbaum JM, Masters
CL, Grzeschik KH, Multhaup G, Beyreuther K, Mueller-Hill B:
The precursor of Alzheimer's disease amyloid A4 protein
resembles a cell-surface receptor. Nature 1987, 325:733-
736

2. Goldgaber D, Lerman Ml, McBride OW, Safiotti V, Gajdusek
DC: Characterization and chromosomal localization of a
cDNA encoding brain amyloid of Alzheimer's disease. Sci-
ence 1987, 235:877-880

3. Tanzi RE, Gusella JF, Watkins PC, Bruns GAP, St George-
Hyslop RH, Van Keuren ML, Patterson D, Pagan S, Kumit
DM, Neve RL: Amyloid 1-protein gene: c-DNA, mRNA dis-
tribution, and genetic linkage near the Alzheimer locus. Sci-
ence 1987, 235:880-884

4. Robakis NK, Ramakrishna N, Wolfe G, Wisniewski HM: Mo-
lecular cloning and characterization of a cDNA encoding
the cerebrovascular and the neuritic plaque amyloid pep-
tides. Proc Natl Acad Sci USA 1987, 84:4190-4194

5. Wisniewski HM, Johnson AB, Raine CS, Kay WJ, Terry RD:
Senile plaques and cerebral amyloidosis in aged dogs: A
histochemical and ultrastructural study. Lab Invest 1970,
23:287-296

6. Wisniewski HM, Ghetti B, Terry RD: Neuritic (senile) plaques
and filamentous changes in aged rhesus monkeys. J Neu-
ropathol Exp Neurol 1973, 32:566-584

7. Struble RG, Price DL Jr, Cork LC, Price DL: Senile plaques
in cortex of aged normal monkeys. Brain Res 1985,
361:267-275

8. Selkoe DJ, Bell DS, Podlisny MB, Price DL, Cork LC: Con-
servation of brain amyloid proteins in aged mammals and
humans with Alzheimer's disease. Science 1987, 235:873-
877

9. Abraham CR, Selkoe DJ, Potter H, Price DL, Cork LC:
a1 -Antichymotrypsin is present together with the ,B-protein in
monkey brain amyloid deposits. Neuroscience 1989,
32:715-720

10. Giaccone G, Tagliavini F, Linoli G, Bouras C, Frigerior L,
Frangione B, Bugiani 0: Down patients: Extracellular
preamyloid deposits precede neuritic degeneration and se-
nile plaques. Neurosci Lett 1989, 97:232-238

11. Rumble B, Retallack R, Hilbich C, Simms G, Multhaup G,
Martins R, Hockey A, Montgomery P, Beyreuther K, Masters
CL: Amyloid A4 protein and its precursor in Down's syn-
drome and Alzheimer's disease. N Engl J Med 1989,
320:1446-1452

12. Tagliavini F, Giaccone G, Frangione B, Bugiani 0: Preamy-
loid deposits in the cerebral cortex of patients with Alzhe-
imer's disease and nondemented individuals. Neurosci Left
1988, 93:191-196

13. Yamaguchi H, Hirai S, Morimatsu M, Shoji M, Harigaya Y:
Diffuse type of senile plaques in the brains of Alzheimer-type
dementia. Acta Neuropathol 1988, 77:113-119

14. Ponte P, Gonzalez-DeWhitt P, Sabilling J, Miller J, Hsu D,
Greenberg B, Davis K, Wallace W, Lieberburg I, Fuller F,
Cordell, B: A new A4 amyloid mRNA contains a domain
homologous to serine proteinase inhibitors. Nature 1988,
331:525-527

15. Tanzi RE, McClatchey Al, Lamperti ED, Villa-Komaroff LL,
Gusella JF, Neve RL: Protease inhibitor domain encoded by
an amyloid protein precursor mRNA associated with Alzhe-
imer's disease. Nature 1988, 331:528-530

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



1434 Podlisny, Tolan, and Selkoe
AJPJune 1991, Vol. 138, No. 6

17. Travis GH, Sutcliff JG: Phenol emulsion-enhanced DNA-
driven subtractive cDNA cloning: Isolation of low-
abundance monkey cortex-specific mRNAs. Proc Natl
Acad Sci USA 1988, 85:1713-1717

18. Podlisny MB, Lee G, Selkoe DJ: Gene dosage of the amy-
loid P precursor protein in Alzheimer's disease. Science
1987, 238:669-671

19. Hanahan D, Meselson M: Plasmid screening at high colony
density. Methods Enzymol 1981, 100:333-468

20. Feinberg AP, Vogelstein B: A technique for radiolabeling
DNA restriction endonuclease fragments to high specific
activity. Anal Biochem 1983,132:6

21. Gergen JP, Stern RH, Wensink PC: Filter replicas and per-
manent collections of recombinant DNA plasmids. Nucleic
Acids Res 1979, 7:2115-2136

22. Sanger F, Nickleu S, Coulson AR: DNA sequencing with
chain-terminating inhibitors. Proc Natl Acad Sci USA 1977,
74:5463-5467

23. Selkoe DJ, Podlisny MB, Joachim CL, Vickers EA, Lee G,
Fritz LC, Oltersdorf T: P-Amyloid precursor protein of Alzhe-
imer's disease occurs as 1 1 0- to 1 35-kilodalton membrane-
associated proteins in neural and nonneural tissues. Proc
Natl Acad Sci USA 1988, 85:7341-7345

24. Palmert MR, Podlisny MB, Witker DS, Oltersdorf T, Younkin
LH, Selkoe DJ, Younkin SG: Antisera to an amino-terminal
peptide detect the amyloid protein precursor of Alzheimer's
disease and recognize senile plaques. Biochem Biophys
Res Commun 1988, 156:432-437

25. Palmert MR, Podlisny MB, Witker DS, Oltersdorf T, Younkin
LH, Selkoe DJ, Younkin SG: The 0-amyloid protein precur-
sor of Alzheimer disease has soluble derivatives found in
human brain and cerebrospinal fluid. Proc Natl Acad Sci
USA 1989, 86:6338-6342

26. Oltersdorf T, Fritz LC, Schenk DB, Lieberburg I, Johnson-
Wood KL, Beattie EC, Ward PJ, Blacher RW, Dovey HF,
Sinha S: The secreted form of the Alzheimer's amyloid pre-
cursor protein with the Kunitz domain is protease nexin-ll.
Nature 1989, 341:144-147

27. Selkoe DJ, Abraham CR, Podlisny MB, Duffy LK: Isolation of
low molecular weight proteins from amyloid plaque fibers in
Alzheimer's disease. J Neurochem 1986, 46:1820-1834

28. Joachim CL, Mori H, Selkoe DJ: Amyloid p-protein deposi-
tion in tissues other than brain in Alzheimer's disease. Nature
1989, 341:226-230

29. Kosik KS, Joachim CL, Selkoe DJ: Microtubule- associated
protein tau (T) is a major antigenic component of paired
helical filaments in Alzheimer's disease. Proc Natl Acad Sci
USA 1986, 83:4044-4048

30. Anderson BH, Breinburg D, Downes MJ, Green PJ, Tomlin-
son BE, Ulrich J, Wood JN, Kahn J: Monoclonal antibodies
show that neurofibrillary tangles and neurofilaments share
antigenic determinants. Nature 1982, 298:84-86

31. Dahl D, Bignami A: Glial fibrillary acidic protein from normal
human brain. Purification and properties. Brain Res 1973,
57:343-360

32. Podlisny MB, Mammen AL, Schlossmacher MG, Palmert
MR, Younkin SG, Selkoe DJ: Detection of soluble forms of

the ,B-amyloid precursor protein in human plasma. Biochem
Biophys Res Commun 1990, 167:1094- 1101

33. Oltersdorf T, Ward PJ, Henriksson T, Beattie EC, Neve R,
Lieberburg I, Fritz LC: The Alzheimer amyloid precursor pro-
tein. Identification of a stable intermediate in the biosyn-
thetic/degradative pathway. J Biol Chem 1990, 265:4492-
4497

34. Bradford MM: A rapid and sensitive method for the quanti-
tation of microgram quantities as protein utilizing the princi-
pal of protein-dye finding. Anal Biochem 1976, 72:248-254

35. Laemmli UK: Cleavage of structural proteins during the as-
sembly of the head of the bacteriophage T4. Nature 1970,
227:680-685

36. Towbin H, Staehelin T, Gordon J: Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets:
Procedure and some applications. Proc Natl Acad Sci USA
1979, 76:4350-4354

37. Shivers BD, Hilbich C, Multhaup G, Salbaum M, Beyreuther
K, Seeburg PH: Alzheimer's disease amyloidogenic glyco-
protein: Expression pattem in rat brain suggests a role in cell
contact. EMBO J 1988, 7:1365-1370

38. Yamada T, Sasaki H, Furuya H, Miyata T, Goto I, Sakaki Y:
Complementary DNA for the mouse homolog of the human
amyloid beta protein precursor. Biochem Biophys Res
Commun 1987,149:665-671

39. Saiki RK, Bugawan TL, Horn GT, Mullis KB, Erlich HA: Anal-
ysis of enzymatically amplified 3-globin and HLA-DQa DNA
with allele-specific oligonucleotides. Nature 1985, 324:163-
166

40. Golde TE, Estus S, Usiak M, Younkin LH, Younkin SG: Ex-
pression of ,B amyloid protein precursor mRNAs: Recogni-
tion of a novel alternatively spliced form and quantitation in
Alzheimer's disease using PCR. Neuron 1990, 4:253-267

41. Esch FS, Keim PS, Beattie EC, Blacher RW, Culwell AR,
Oltersdorf T, McClure D, Ward PJ: Cleavage of Alzheimer's
3-amyloid peptide during constitutive processing of its pre-

cursor. Science 1990, 248:1122-1124
42. Yamada T, Sasaki H, Dohura K, Goto I, Sakaki Y: Structure

and expression of the alternatively-spliced forms of mRNA
for the mouse homolog of Alzheimer's disease amyloid beta
protein precursor. Biochem Biophys Res Commun 1989,
158:906-912

43. Anderson JP, Refolo LM, Wallace W, Mehta P, Krishna-
murthi M, Gotlib J, Bierer L, Haroutunian V, Perl D, Robakis
NK: Differential brain expression of Alzheimer's amyloid pre-
cursor protein. EMBO J 1989, 8:3627-3632

44. de Sauvage F, Octave JN: A novel mRNA of the A4 amyloid
precursor gene coding for a possibly secreted protein. Sci-
ence 1989, 245:651-653

45. Abraham CR, Selkoe DJ, Potter H: Immunochemical identi-
fication of the serine protease inhibitor al -antichymotrypsin
in the brain amyloid deposits of Alzheimer's disease. Cell
1988, 52:487-501

46. Eikelenboom P Stam FC: Immunoglobulins and comple-
ment factors in senile plaques: An immunoperoxidase
study. Acta Neuropathol (Berl) 1982, 57:239-242

47. Joachim CL, Morris JH, Selkoe DJ: Diffuse senile plaques



3APP Homology in Monkey and Human 1435
AJPJune 1991, Vol. 138, No. 6

occur commonly in the cerebellum in Alzheimer's disease.
Am J Pathol 1989, 135:309-319

48. Motte J, Williams RS: Age-related changes in the density
and morphology of plaques and neurofibrillary tangles in
Down syndrome brain. Acta Neuropathol (Berl) 1989,
77:535-546

49. Itagaki S, McGeer PL, Akiyama H, Zhu S, Selkoe D: Rela-
tionship of microglia and astrocytes to amyloid deposits of
Alzheimer disease. J Neuroimmunol 1989, 24:173-182

50. Kang J, Mueller-Hill B: The sequence of the two extra exons
in rat preA4. Nucleic Acids Res 1989,17:2130

51. Kirschner DA, Inouye H, Duffy LD, Sinclair A, Lind M, Selkoe
DJ: Synthetic peptide homologous to 1 protein from Alzhe-
imer disease forms amyloid-like fibrils in vitro. Proc Natl
Acad Sci USA 1987, 84:6953-6957

52. Weidemann A, Konig G, Bunke D, Fischer P, Salbaum JM,
Masters CL, Beyreuther K: Identification, biogenesis, and
localization of precursors of Alzheimer's disease A4 amyloid
protein. Cell 1989, 57:115-126

53. Palmert MR, Siedlak S, Podlisny MB, Greenberg B, Shelton
ER, Chan HW, Usiak M, Selkoe DJ, Perry G, Younkin SG:
Soluble derivatives of the 1 amyloid protein precursor of
Alzheimer's disease are labeled by antisera to the 1 amyloid
protein. Biochem Biophys Res Commun 1989, 165:182-
188

54. Abraham CR, Shiraham T, Potter H: al -Antichymotrypsin is
associated solely with amyloid deposits containing the
1-protein. Amyloid and cell localization of
al-antichymotrypsin. Neurobiol Aging 1990,11:123-129

55. Rozemuller JM, Eikelenboom P, Stam FC, Beyreuther K,
Masters CL: A4 protein in Alzheimer's disease: Primary and

secondary cellular events in extracellular amyloid deposi-
.tion. J Neuropathol Exp Neurol 1989, 48:674-691

56. Verga L, Frangione B, Tagliavini F, Giaccone G, Migheli A,
Bugiani 0: Alzheimer patients and Down patients: Cerebral
preamyloid deposits differ ultrastructurally and histochemi-
cally from the amyloid of senile plaques. Neurosci Left 1989,
105:294-299

57. Koo EH, Sisodia SS, Cork LC, Unterbeck A, Bayney RM,
Price DL: Differential expression of amyloid precursor pro-
tein mRNAs in cases of Alzheimer's disease and in aged
nonhuman primates. Neuron 1990, 2:97-104

58. Whitson JS, Selkoe DJ, Cotman CW: Amyloid 3 protein en-
hances the survival of hippocampal neurons in vitro. Sci-
ence 1989, 243:1488-1490

59. Whitson JS, Glabe CG, Shintani E, Abcar A, Cotman CW:
P-amyloid protein promotes neuritic branching in hippocam-
pal cultures. Neurosci Lett 1990, 110:319-324

60. Yankner BA, Duffy LK, Kirschner DA: Neurotrophic and neu-
rotoxic effects of amyloid P protein: reversal by tachykinin
neuropeptides. Science 1990, 250:279-282

61. Joachim CL, Duffy LK, Morris JH, Selkoe DJ: Protein chem-
ical and immunocytochemical studies of meningovascular
1-amyloid protein in Alzheimer's disease and normal aging.
Brain Res 1988, 474:100-111

62. Gandy S, Czernik AJ, Greengard P: Phosphorylation of
Alzheimer disease amyloid precursor peptide by protein ki-
nase C and Ca2+/calmodulin-dependent protein kinase 11.
Proc Natl Acad Sci 1988, 85:6218-6221

63. Devereux J, Haeberli P, Smithies 0: A comprehensive set of
sequence analysis programs for the Vax. Nucleic Acids Res
1984, 12:387-395


