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N-terminal Heterogeneity of Parenchymal and Cerebrovascular Ag Deposits

TiNAa L. TEKIRIAN, BA, TakaoMI C. SAIDO, PHD, WiLLIAM R. MARKESBERY, MD,
MicHAEL J. RUsseLL, PHD, DAvID R. WEKSTEIN, PHD, ELA PATEL, AND JAMES W. GEDDES, PHD

Abstract. The goals of this study were twofold: to determine whether species differences in AR N-terminal heterogeneity
explain the absence of neuritic plaques in the aged dog and aged bear in contrast to the human; and to compare AR N-
terminal isoforms in parenchymal vs cerebrovascular AR (CVA) deposits in each of the species, and in individuals with
Alzheimer disease (AD) vs nondemented individuals. N-terminal heterogeneity can affect the aggregation, toxicity, and sta-
bility of AB. The human, polar bear, and dog brain share an identical AR amino acid sequence. Tissues were immunostained
using affinity-purified polyclonal antibodies specific for the L-aspartate residue of AP at position one (ABN1[D]), D-aspartate
at N1 (ABN1[rD]), and pyroglutamate at N3 (ABN3[pE]) and p3, a peptide beginning with leucine at N17 (ABN17[L]). The
results demonstrate that each AB N-terminal isoform can be present in diffuse plaques and CVA deposits in AD brain,
nondemented human, and the examined aged animal models. Though each AB N-terminal isoform was present in diffuse
plaques, the average amyloid burden of each isoform was highest in AD vs polar bear and dog (beagle) brain. Moreover, the
ratio of ABN3(pE) (an isoform that is resistant to degradation by most aminopeptidases) vs ABN17(L)-x (the potentially
nonamyloidogenic p3 fragment) was greatest in the human brain when compared with aged dog or polar bear. Neuritic plaques
in AD brain typically immunostained with antibodies against ABN1(D) and ABN3(pE), but not ABN17(L) or ABN1(rD).
Neuritic deposits in nondemented individuals with atherosclerotic and vascular hypertensive changes could be identified with
ABNI(D), ABN3(pE), and ABN1(rD). The presence of ABNI(rD) in neuritic plaques in nondemented individuals with ath-
erosclerosis or hypertension, but not in AD, suggests a different evolution of the plaques in the two conditions. ABN1(rD)
was usually absent in human CVA, except in AD cases with atherosclerotic and vascular hypertensive changes. Together, the
results demonstrate that diffuse plaques, neuritic plaques, and CVA deposits are each associated with distinct profiles of A

N-terminal isoforms.
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INTRODUCTION

In the aged human brain, -amyloid (Ap) is associated
with senile plaques and with cerebrovascular angiopathy.
The human brain exhibits at least 3 types of senile
plaques: classical plaques with neurites and amyloid
cores, primitive plaques with neurites and no amyloid
cores, and diffuse plaques without neurites or amyloid
cores (1). Within gray matter, diffuse, amorphous-type
plaques can exist in the absence of mature, neuritic
plaque deposits (2). Diffuse AR deposits are often con-
sidered nontoxic, nonfibrillar, soluble deposits (character-
ized by both random-coil and alpha-helical structure),
while aggregated AP (cored) plaques are more insoluble
and are considered neurotoxic (3-8).

Diffuse plaques can be present in both nondemented
individuals and in those with AD, whereas neuritic de-
posits are associated with AD. AB deposits have also
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been found in the brains of aged dogs, cats, bears, and
nonhuman primates (9-13). The 42-amino acid AP se-
quence of the dog and polar bear is identical to that of
monkey and human (14). In aged dogs, AP is present in
diffuse plaques without neuritic or neurofibrillary pa-
thology as defined by silver stains and tau immunostain-
ing (15-17). The aged polar bear brain has diffuse
plaques and neurofibrillary tangles, but not neuritic
plaques (17). Diffuse and neuritic plaques can also be
found in some aged primates (18-21).

The distribution of A deposits in the human brain and
in the aged animal models appears similar. For example,
a row of plaques is often observed in the outer molecular
layer of the dentate gyrus in AD and in nondemented el-
derly brains (17, 22, 23). In the outer molecular layer of
the dentate gyrus, aged beagles demonstrate diffuse hip-
pocampal clouds of ABx-42, while these AB plaques are
more distinct in the polar bear (17). A similar distribution
of AP has been observed in transgenic mice, which ov-
erexpress a mutant amyloid precursor protein (PDAPP
V717F) and develop advanced AD pathology (24).

In addition to full-length AB1-42, there are several
amino- and carboxyl-terminal truncated AR isoforms.
AR, a 4kD peptide, is produced by proteolytic cleavage
of the B-amyloid precursor protein (APP) by an uniden-
tified B-secretase (N-terminus clip) and y-secretase(s) (C-
terminus clips) (Fig. 1; for review see [25]). The C-
terminus may be modified further by additional proteases,
resulting in the generation of ABx-40 and ABx-42. A 3kD
peptide (p3) that originates at A amino acid 17(L) can
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Fig. 1. N-terminal heterogeneity of B-amyloid. B-amyloid
(AB) is generated from the B-amyloid precursor protein (APP)
by putative B- and -y-secretases that cleave (respectively) at the
amino and carboxyl termini of AB. The amino terminus can be
further modified by racemization (conversion of D to D) or by
proteolysis followed by conversion of the glutamate at position
3 to a pyroglutamate residue. APP can also be cleavad by o-
and vy-secretases, producing a shorter 3kD peptide (p3) that be-
gins at position 17(L) of AB. Antibodies used to distinguish
between these AB isoforms were produced using synthetic pep-
tides DAEFRC (ABNI1[D]); rDAEFRC (ABNI[rD]); and
PEFRHC (ABN3[pE]). The antibody against p3 (N17[L]) was
raised against an AB17-40 peptide and affinity-purified to col-
lect antibodies that specifically recognized p3 and eliminated
regions which may cross-react with full-length AR. Production
and characterization of the antibodies is described by Saido and
colleagues (34, 50).

be formed by the combined actions of a-secretase and ~-
secretase. Biochemical studies have revealed additional
N-terminal A isoforms. The first amino acid of the 4kDD
AP peptide is L-aspartate (ASNI[D]), which can be
isomerized (ABN1[iD]) or racemized (ABN1[rD]) (26).
AP can also begin at position 3 with a glutamate, which
may be converted to pyroglutamate (ABN3[pE]) (27).
The cyclization of a glutaminyl residue into a pyroglu-
tamy] residue is a common step in post-translational pro-
cessing of biologically active peptides such as neuroten-
sin and leuteinizing hormone-releasing hormone (28).
Amino- and carboxyl-terminal truncated AR isoforms dif-
fer in terms of aggregation and toxicity (29-35). In vitro,
truncation at the C-terminal diminishes AR aggregation
and toxicity (e.g. AB1-40 vs 1-42) (4). In contrast, iso-
forms truncated at the N-terminus [AB8-42 and AB17-42
(p3)] aggregate more readily and are more toxic than
AB1-42 (33).

Previous investigations have examined the temporal
and spatial localization of AR C- and N-terminal isoforms
in the human brain. At the C-terminus, a series of studies
have shown that ABx-42 is prevalent in diffuse plaques

4]

while ABx-40 is present in a subset of neuritic (cored)

plaques (32, 36, 37). At the N-terminus, Saido and col-
leagues (34) have observed that ABN3(pE) is more abun-
dant, and may be deposited earlier than ABN1(D). In a
subsequent study, this group indicated that the major de-
posited N-terminal isoforms include ARN1(rD), ABN3(pE),
or ABN11(pE), and that p3 is a minor constituent of se-
nile plaques (38). These investigators neither distin-
guished between isoforms associated with control (non-
demented) vs AD cases nor identified specific
constituents of neuritic vs diffuse plaques. Furthermore,
ABN1(D), ABN3(pE), or ABN11(pE) distribution in ce-
rebrovascular amyloid (CVA) has not been examined in
AD brain. Cordell and colleagues (39) observed that the
p3 is present in diffuse plaques and in some dystrophic
neurites, but not in plaque cores or CVA. Wisniewski and
colleagues (40) have documented that though p3 is prev-
alent in Down syndrome cerebellar diffuse plaques, this
isoform is a minor component of neuritic plaques due to
oxidation. This study also indicated an absence of AB17-
42 in a leptomeningeal amyloid preparation, while a sep-
arate investigation by Wisneiwski and colleagues (15) re-
vealed p3 immunoreactivity in the cerebral vessels and
diffuse plaques of aged dogs. In addition, p3 appears to
exhibit topographic specificity as it is more prevalent in
cerebellar diffuse plaques as compared with deposits in
the cerebral cortex and is sparse or absent in the striatum
(41). Lemere et al (42) have observed ABNI1- and
ABN3(pE)- immunoreactive cerebral vessels in Down
Syndrome brain, but did not examine p3 or ABNI1(rD) in
these tissues. Lastly, Russo and coworkers (43) have in-
dicated that the concentration of ABN3(pE), a dominant
species of soluble AB in AD and Down syndrome (DS)
brains, increases with age in DS and serves as the earliest
marker of AP aggregation.

The reason why neuritic plaques develop in the aged
human and aged primates, but not in other aged mammals,
is unknown. Younkin (44) suggests that ABx-42 deposition
initiates the development of AD pathology. However,
ABx-42 is present in diffuse plaque and cerebrovascular
B-amyloid deposits in the aged dog (beagle) and polar
bear, yet these animals do not develop neuritic plaques
(17). P3 may confer protection against neuritic plaque for-
mation (40) and has been proposed as specific to AD pa-
thology (39). Cyclization of ABN3(E) into ABN3(pE) has
also recently been hypothesized as specific to AD brain
and is believed to play a critical role in the pathogenesis
of this neurodegenerative disorder (43).

The first goal of the present study was to determine if
species differences in AR N-terminal heterogeneity might
help to explain the absence of neuritic plaques in the aged
dog and aged bear in contrast to the human. The second
goal was to compare AP N-terminal isoforms in paren-
chymal vs cerebrovascular AR deposits in each of the
species and in individuals with Alzheimer disease vs non-
demented subjects.

J Neuropathol Exp Neurol, Vol 57, January, 1998

20z Iudy Gz uo 1senb Aq 01.801.92/9./1/.G/IPIHE/UBUl/WOS" dNO"0lWepEDE//:SARY WOl PSPEOJUMOQ



78 TEKIRIAN ET AL

TABLE 1
Cases Examined (Human, Polar Bear, and Canine)

Case Species Age Sex Diagnosis Cause of death/other conditions

1 Human 79 F AD (15 years)

2 Human 74 M AD (12 years) Bronchopneumonia

3 Human 82 M AD (8 years) Hypertension

4 Human 85 M AD (15 years) Bronchopneumonia

5 Human 71 F AD (10 years)

6 Human 67 M AD (5 years) Ischemic/hypoxic injury (hippocampus)
7 Human 81 F AD (3 years) Bronchopneumonia

8 Human 83 M AD (4 years)

9 Human 73 F AD (10 years)
10 Human 58 F AD (7 years) Pulmonary emboli
11 Human 87 M AD (20 years) Cerebral atherosclerosis

1 Human 81 F CONTROL Acute pneumonia

2 Human 88 M CONTROL Multifocal atherosclerosis

(anterior & posterior vascular tree)

3 Human 87 M CONTROL Chronic obstructive pulmonary disease
4 Human 89 F CONTROL Pneumonia, acute myelocytic leukemia, hypertension
5 Human 80 F CONTROL Cerebral atherosclerosis, hypertension

1 Polar bear 25-29 F Euthanized, advanced age

2 Polar bear 35 M Euthanized, lame, back injury

3 Polar bear 35 F Natural advanced age

4 Polar bear 30 F Natural advanced age

5 Polar bear 36 F Euthanized, renal disease, liver complications
6 Polar bear NA Cause of death unknown

7 Polar bear 20 F Hepatic cancer

8 Polar bear 36 F Euthanized, disoriented, ataxic

9 Polar bear 13 F Multifocal myocitis-diaphragm

1 Canine 14.2 M

2 Canine 16.6 M

3 Canine 16.6 F

4 Canine 15 F

5 Canine 14.1 F

6 Canine 13.3 M

7 Canine 14.5 F

8 Canine 17.4 M

9 Canine 14.9 M
10 Canine 16.6 F

MATERIALS AND METHODS

Sixteen human brains, taken from individuals ranging in age
between 58-89, were provided by the University of Kentucky
Alzheimer’s Disease Research Center (ADRC) brain repository
(Table 1). Eleven of these patients (6 male, 5 female) had his-
tories of progressive dementia and met NINCDS-ADRDA clin-
ical criteria for the diagnosis of AD (45); all patients met ac-
cepted neuropathological criteria for the diagnosis of AD (46,
47). Five control subjects were individuals without a history of
dementia, and who lacked other neurologic disorders and sys-
temic disorders affecting the brain. These cases were partici-
pants in a normal volunteer control group who have annual
neuropsychological testing; all had test scores within the normal
range. At autopsy, these individuals demonstrated minimal AD
pathology.

The nine polar bears, aged 13-36, examined in this study
were obtained from 5 different zoos (Denver, Colo; Knoxville,
Tenn; Royal Oak, Mich; Tacoma, Wash; and Toledo, Ohio). The
aged beagle tissues (Table 1) were obtained from the National
Radiobiology Archives, as described previously (17).

J Neuropathol Exp Neurol, Vol 57, January, 1998

Immunohistochemistry

At autopsy, all brain specimens (human, polar bear, and ca-
nine) were immersion fixed in 10% neutral-buffered formalin;
fixation time ranged between 3 days and 3 weeks. After fixa-
tion, the tissues were paraffin-embedded in an identical manner.
Blocks containing the hippocampal formation, parahippocampal
gyrus, temporal cortex, and inferior temporal gyrus were sec-
tioned at 10 pm. All tissue sections were deparaffinized through
graded alcohols and xylenes, pretreated with 90% formic acid
(3 min) (48), pepsin (10 min) (49), and 3% H,0, in methanol
(30 min). Sections were blocked in 15% horse serum, then in-
cubated with primary antibody overnight at room temperature.
Primary antibodies included affinity-purified polyclonal anti-
NI1(D) (1:1000 dilution), anti-N3(pE) (1:1000 dilution), anti-
N1(rD) (1:500 dilution), and anti-N17(L) (1:100 dilution). An-
tibody dilutions were optimized in order to minimize back-
ground staining. The production and characterization of the an-
tibodies has been described previously (34, 50). Standard
Tris-buffered saline (TBS) (145 mmol/L NaCl, 50 mmol/L Tris,
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Fig. 2. Specificity of the anti-Ap N-terminus antibodies.
The specificity of each AB antibody was examined by dot blot
analysis (see Materials and Methods). Serial dilutions of the
corresponding pentapeptide (2-fold serial dilution of 10pg/ml
in distilled water) were reacted with each of the antibodies. The
results illustrate similar specificities of each of the peptides
against the corresponding antigen.

(4) N17(L)

dH,0, pH 7.4) was used in order to rinse the tissue after pre-
treatments, primary, and secondary antibody steps. Following
incubation with primary antibody, sections were treated with a
goat-anti-rabbit IgG biotinylated secondary antibody (Vector
Laboratories, Burlingame, Calif) followed by avidin-biotin
complex (ABC Elite Kit, Vector). Color visualization was at-
tained with 3,3’ diaminobenzidine (Sigma) or metal-enhanced
diaminobenzidene (Pierce, Rockford, IL). Negative controls for
immunolabeling included omission of the primary antibody and
substitution of the primary antibody with normal serum. All
sections were examined and photographed with an Olympus
BH-2 or an Olympus Provis AX70 microscope.

Modified Bielschowsky Staining

Modified Bielschowsky staining was executed according to
the method of Yamamoto & Hirano (51). Averaged neuritic
plaque counts were based upon the mean of ten areas counted
in each hippocampus and temporal cortex while tangle counts
were based upon the mean of 5 areas counted in each of these
regions. Neuritic plaques and neurofibrillary tangles were
counted per 2.35 mm? (Table 4).

In pilot studies, the following fixation conditions were com-
pared with 10% neutral-buffered formalin sections: 4% para-
formaldehyde followed by antigen retrieval citrate buffer
(BioGenex, San Ramon, Calif) and microwaving for 15 min-
utes, and 70% ethanol fixation. Results obtained with formalin

and formic acid pretreatment were similar to 4% paraformal-
dehyde tissues exposed to antigen retrieval. Previous studies
also indicate that formic acid does not negatively affect the
detection of the examined isoforms (34, 50). Both of these con-
ditions revealed more deposits than the 70% ethanol fixation.
The ethanol-fixed sections could not be dipped in formic acid
or microwaved, as these treatments destroyed the tissue.

Congo Red Staining

8-um sections were dried at 40°C in an oven overnight.
Slides were deparaffinized in xylene and hydrated through
graded alcohols to double distilled water. The slides were
stained with Weigert’'s Hematoxylin (1.0 g hematoxylin crys-
tals, 100 ml 95% alcohol, 4 ml ferric chloride [29% aqueous],
95 ml distilled water, and 1 ml hydrochloric acid) for 8 sec-
onds (microwaved), washed in running distilled water for 30
seconds, differentiated in acid alcohol for 30 seconds, rinsed
in water once again, stained in Congo Red solution (0.5 g
Congo Red, 100 ml 50% ethyl alcohol) for 30 seconds, then
rinsed in distilled water for 8 minutes. Next, the slides were
dehydrated in a series of alcohols (70—100%) (two minutes
each dip), cleared in xylene, and mounted with Permount®.
Sections were visualized by polarized light examination (52)
using apple green fluorescence with a dark background as an
indication of tinctorial-positive deposits. Diffuse deposits are
not Congo-red positive in contrast to amyloid deposits, which
are Thioflavin S— and Congo-red stained (53, 54).

Thioflavin Staining

8-pwm sections were mounted on uncoated slides, incubated
40°C overnight, deparaffinized through xylenes and alcohols,
rinsed in distilled water, and placed in Thioflavin S solution
(0.5 g Thioflavin S (Polysciences, Warrington, Pa) in 50 ml
distilled water for 2 minutes. The slides were differentiated 3
times in 80% ethanol, washed in water, then coverslipped with
VectaShield (Vector, Burlingame, Calif) mounting medium.

Image Analysis

For image analysis of the percent area occupied by the var-
ious N-terminal isoforms, images were captured on a Mayo
Biosciences Image Analysis System, consisting of a workstation
(Digital Equipment Corporation Alpha Station 250 4/266),
Quantim software, a Pulnix color CCD camera, and an Olym-
pus Vanox Microscope. The dimensions of each microscopic
field (working display image frame size) measured 525um
(maximum Xx-axis) X 396um (maximum y-axis). Images were
acquired using a 10X objective. The percent area occupied by
AP deposits was determined by automatic thresholding, based
on both intensity and color fractionation (such methodology has
been documented in a previous study [55]). Areas that lacked
cerebrovascular A3 deposits were assessed in the image anal-
yses; hence, the data represent quantitation of strictly paren-
chymal plaques. For each antibody (ABN3[pE], ABNI1[D],
ABNI1[rD] and ABNI7[L]), 3 to 4 fields in 2 separate cortical
regions were evaluated. All cases were imaged within the same
session, maintaining constant illumination parameters.

J Neuropathol Exp Neurol, Vol 57, January, 1998
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TABLE 2
Semi-Quantitative Scoring of AR N-Terminal Isoform Abundance in Parenchymal Plaques
ABN3(pE) ABN1(D) ABNI1(rD) AB17(L)
AD
1 DP +++ CP ++ DP +++ CP ++ DP + DP ++
2 DP +++ CP +++ DP ++ CP ++ DP + DP ++
3 DP +++ CP ++ DP + DP + DP +
4 DP +++ CP + DP ++ CP + DP ++ DP ++
5 DP ++ CP ++ DP + DP + DP +
6 DP ++ CP ++ DP + CP + DP + DP +
7 DP ++ CP + DP ++ CP + DP + DP +
8 DP +++ CP + DP ++ CP + DP ++ DP +
9 DP+ CP+ DP ++ DP + DP ++
10 DP ++ CP + DP +++ DP + DP ++
11 DP ++ CP + DP + DP + DP +
Human control
1 0 0 0 0
2 DP ++ CP + DP ++ CP + DP + CP + DP +
3 DP + DP + 0 0
4 DP ++ CP + DP ++ CP + DP + CP + DP + CP +
5 DP ++ CP + DP ++ CP + DP + CP + DP +
Polar bears
1 DP + DP + DP + DP +
2 0 DP + DP + DP +
3 0 DP + DP + DP +
4 DP + DP + DP + DP +
5 0 DP + DP + DP +
6 0 0 0 0
7 DP + DP + DP + DP +
8 DP + DP + DP + DP +
9 0 0 0 0
Canine
1 DP + DP + 0 DP +
2 DP + 0 0 DP
3 DP + DP + 0 DP +
4 DP + DP + 0 0
5 DP + DP + 0 0
6 0 0 0 0
7 DP + DP + 0 DP +
8 DP + DP + DP + DP +
9 0 0 0 0
10 0 0 0 0
Dot Blot Analysis RESULTS

2 ul of synthetic AR peptide solution (2-fold serial dilution
of 10 pg/ml in distilled water) was spotted on a PVDF (poly-
vinylidene difluoride) membrane and dried at 60°C for 20 min.
After brief (1 to 2 seconds) soaking in methanol, the membrane
was blocked in 20 mM Tris/HCL (pH 7.5) containing 500 mM
NaCl, 0.1% Tween 20, and 10 mg/ml bovine serum albumin
for 1 hour (h) at room temperature. The membrane was then
incubated with the primary antibody (anti-A$ antibodies) di-
luted (1pg/ml) in the Tris/HCL state above for 1 h. After wash-
ing, the immunoreactive signals were visualized employing an
Fab fragment of donkey anti-rabbit IgG antibody conjugated to
peroxidase and visualized using enhanced chemiluminescence
(ECL) (Amersham). Each antibody used in this study was com-
pletely absorbed by the corresponding hapten peptide in dot blot
and immunocytochemical analyses (not shown).

J Neuropathol Exp Neurol, Vol 57, January, 1998

To determine that each antibody was specific for the
corresponding peptides targeted in this study, dot blots
containing serial dilutions of the antigenic peptides were
reacted with each antibody (Fig. 2). The results illustrate
similar specificities of each of the peptides against the
corresponding antigen. The production and characteriza-
tion of each antibody has been described previously (34,
50).

Alzheimer Disease

Neuritic plaque and neurofibrillary tangle (NFT)
counts in the temporal cortex and hippocampus were ob-
tained in order to assess the severity of pathology in each
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Fig. 3. In Alzheimer disease, diffuse plaques were labeled with each of the antibodies against AB N-terminal isoforms. In
an individual with AD (age 85, M), fewer diffuse plaques were immunolabeled with ABNI1(D) (A) than by ABN3(pE) (B).
Immunostaining in adjacent sections with ABN1(rD) (C) and ABN17(L)(D) demonstrated fewer deposits and less robust staining
than that observed with ABN1(D) and ABN3(pE). Scale bar = 50pM.

case (Table 4). Consistent with previous studies that in-
dicate that the presence of abundant cortical NFT corre-
sponds with dementia (for example, [56]), NFT were rare
in the cortex of control cases but abundant in AD cases
examined in this study.

Diffuse deposits were characterized by a faint, cloud-
like, amorphous appearance, whereas mature (cored) de-
posits were distinct and strongly immunostained. Some
cored deposits were surrounded by a diffuse halo. As the
anti-Ap N-terminus antibodies alone do not reveal plaque
neurites, modified Bielschowsky stain was used to spe-
cifically identify neuritic plaques on corresponding sec-
tions.

Each of the 11 AD cases (Tables 1, 2) examined had
numerous diffuse and neuritic (cored) plaques. Although
each human AD case had diffuse deposits which labeled
with each antibody, not all plaques in each of the cases
labeled with all 4 AB N-terminal antibodies. In the tem-
poral cortex, anti-ABN3(pE) revealed the most diffuse
deposits, followed by antibodies against ABN1(D),
ABN17(L), and finally ABN1(rD), which labeled the few-
est deposits. Similar results were obtained in the dentate
gyrus molecular layer, a region that lacks cored deposits.
Antibodies anti-ABN3(pE) and ABN1(D) immunostained
diffuse deposits more robustly than anti-ABN17(L) and
anti-ABN1(D) (Fig. 3).

A distinct pattern of immunostaining was observed in
the cored, neuritic plaques. Cored plaques were labeled
by anti-ABN3(pE) in each of the 11 AD cases, by
ABNI(D) in 6 of the 11 cases, and were not labeled by
ABNI1(ID) or AB17-x in any of the AD cases. Neither

age nor disease duration could explain the differences in
the immunostaining of cored plaques in the examined AD
patients.

Nine of the 11 AD cases were also characterized by
cerebrovascular AR deposits (Table 3). Three of these AD
cases demonstrated evidence of cerebrovascular compli-
cations (vascular hypertensive changes, hypoxia-ischemia,
and cerebral atherosclerosis). In these cases, AR deposits
in both cortical and leptomeningeal vessels were intense-
ly immunoreactive with all 4 antibodies (Figs. 5, 6). The
remaining 6 individuals revealed mild to moderate CVA.
Of these cases, one displayed minor reactivity with all 4
antibodies, and 3 had leptomeningeal vascular deposits
that reacted with 3 of the antibodies (ABN3[pE],
ABNI1[D], and ABNI17[L]). In 2 cases, CVA in lepto-
meningeal vessels was immunostained with antibodies
against N1(D) and ABN17(L). The pattern of the Ap N-
terminal isoforms in the cortical vessels typically paral-
leled that observed in leptomeningeal vessels (Table 3).

Nondemented Elderly

Three individuals (Tables 1, 2) had diffuse plaques that
immunostained with each AB N-terminus antibody. None
of the nondemented elderly controls exhibited dentate gy-
rus outer molecular layer amyloid pathology. In one in-
dividual, diffuse plaques were labeled with only 2 of the
antibodies, ABN3(pE) and ABNI(D). In one case, AR
deposits were not detected with any of the antibodies.
Three of the control cases were characterized by cerebral
atherosclerosis and/or vascular hypertensive changes (Ta-
ble 1). In each of these individuals, neuritic plaques were

J Neuropathol Exp Neurol, Vol 57, January, 1998
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TABLE 3
Semi-Quantitative Scoring Of AR N-Terminal Isoform Abundance in Cerebrovascular Amyloid
ABN3(pE) ABN1(D) ABN1(ID) AB17(L)
AD
1 LM + IM + CV+ 0 LM + CV +
2 0 0 0 0
3 IM +++ LM +++ LM +++ LM +++
CV +++ CV +++ CV +++ CV +++
4 LM + LM + CV+ 0 LM + CV +
5 LM + LM + CV+ 0 IM + CV +
6 LM +++ LM +++ LM +++ LM ++
CV +++ CV +++ CV +++ CV ++
7 0 IM + CV+ 0 LM + CV+
8 0 IM + CV+ 0 LM + CV+
9 LM + CV + LM + CV+ LM + CV + LM + CV +
10 0 0 0 0
11 LM +++ LM +++ LM +++ LM +++
CV ++ CV +++ CV +++ CV ++
Human control
1 LM + LM ++ ILMO LM +
CV +++ CV ++
2 0 0 0 0
3 0 0 0 0
4 LM + CV+ LM + CV + IM + CV+ LM + CV+
5 LM + LM + 0 LM +
Polar bears
1 0 0 0 0
2 0 0 0 0
3 LM + CV+ LM + CV + IM + 0
4 0 0 0 0
5 0 0 0 0
6 0 0 0 0
7 IM + CV+ IM + CV+ 0 IM + CV +
8 LM + CV+ IM + CV+ LM + CV + LM + CV +
9 0 0 0 0
Canine
1 LM + CV + IM + CV + LM + LM + CV +
2 IM + CV + LM + CV + LM + LM + CV +
3 LM + CV + LM+ CV + M + LM+ CV +
4 LM + CV + IM + CV + M + LM + CV +
5 0 0 0 0
6 0 0 0 0
7 LM + CV + IM + CV + LM + CV + IM + CV +
8 LM + CV + IM + CV + 0 LM + CV +
9 LM + CV + IM + CV + 0 LM + CV +
10 LM + CV + LM + CV + 0 LM + CV +

present and immunostained with antibodies against
ABN3(pE), ABN1(D), and ABN1(rD). In one of these 3
individuals, a few cored deposits were also labeled with
anti-ABN17(L) (Fig. 4). This individual was the only
subject, of the 16 human cases examined, in which anti-
ABN17(L) immunostained cored deposits. In addition,
this particular individual (age 89, F) was the oldest in-
dividual examined in this study.

Three of the nondemented control cases demonstrated
leptomeningeal cerebrovascular Af (CVA) deposits (Ta-
ble 3). In one individual, leptomeningeal and cortical
CVA were mildly immunoreactive with each of the 4

J Neuropathol Exp Neurol, Vol 57, January, 1998

antibodies; leptomeningeal cerebrovascular deposits in
another case were labeled with 3 of the N-terminus an-
tibodies (ABNI1[D], ABN3[pE] and ABN17[L]), while
one individual had leptomeningeal vascular deposits
stained with the same 3 antibodies, but lacked cortical
vascular A deposits.

Polar Bears

Seven of the 9 polar bears had diffuse AB deposits in
the temporal cortex that immunostained with each N-
terminal antibody (Fig. 7) (Table 2). While the antibody
against ABN1(rD) labeled diffuse plaques in each of the
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BoABNI(pEYE 7

A ABN1(D)

E. ABN1(rD)

Fig. 4. Classical (cored, neuritic) plaques were evident in AD cases as well as nondemented elderly with cerebrovascular
disorders. In an individual with AD (74, M), ABN1(D) (A) and ABN3(pE) (B) immunostained many cored deposits that were
not recognized by anti-ABN17(L) or anti-ABN1(rD) (not shown). In a nondemented individual with a clinical history of hyper-
tension (89, F), ABN1(D) (C) recognized a cored deposit, also recognized by ABN3(pE) (D), ABN1(rD) (E), and ABN17(L) (F).
Arrows indicate a cored deposit which was immunostained by antibodies in panels C-F Scale Bar = 50 uM.

polar bears, the staining was faint and plaques were not
as numerous as those stained with the other antibodies.
Only 2 of the polar bears had plaques in the dentate gyrus
outer molecular layer. These plaques were stained with 3
antibodies in 1 polar bear (ABN3[pE], ABN1{D], and
ABN17[L]), and 2 antibodies (ABN3[pE] and ABN1[D])
in the second animal.

Three polar bears had leptomeningeal CVA deposits
(Table 3). In one animal, cortical and leptomeningeal vas-
cular AB deposits were immunostained with each N-
terminus antibody, although ABN1(rD) was sparse. In an-
other bear, cortical vascular and leptomeningeal deposits
were labeled with ABN1(D), ABN3(pE), and ABN17(L),
but lacked ABN1(rD) antibody immunostaining. The re-
maining polar bear exhibited leptomeningeal vascular de-
posits that were labeled with ABN1(D), ABN1(rD), and
ABN3(pE), but not ABN17(L). The only polar bears
without deposits were the youngest one examined in this
study and another animal whose age was undetermined

by the zoo of origin. Neither polar bear nor beagle brain
contained neuritic plaques, as assessed by Bielschowsky
staining.

Canine

Seven of the 10 beagles had diffuse plaques (Table 2).
The plaques were less strongly stained (Fig. 7) than those
in the human or polar bear. There was marked individual
variation in the pattein of AR N-terminus staining ob-
served. One dog had diffuse plaques that immunostained
with each N-terminus antibody. Three beagles had de-
posits labeled with 3 antibodies (ABN1[D], ABN17[L],
and ABN3[pE]. ABN1(D)- and N3(pE)-immunopositive
diffuse plaques were revealed in 2 beagles. A single dog
had diffuse deposits that labeled with anti-ABN3(pE) and
anti-ABN17(L). Overall, 6 of the 7 canine cases lacked
ABNI1(rD) in diffuse plaques. In 2 dogs, ABN1(D) and
ABN3(pE) immunostained a broad diffuse band in the
dentate gyrus outer molecular layer (DGOML).

J Neuropathol Exp Neurol, Vol 57, January, 1998
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Fig. 5. Leptomeningeal blood vessels immunolabeled with
each N-terminus antibody in AD cases with marked cerebro-
vascular deposition. An individual with AD (82, M) (A-D)
demonstrated leptomeningeal blood vessels that immunostained
with all of the N-terminal isoforms examined. These include
ABNI(D) (A); ABN3(pE) (B); N1(D) (C); and N17(L) (D).
Scale bar (A-D) = 10 pM. In a polar bear (36, female), lep-
tomeningeal vascular AB deposits were labeled with antibodies
against ABN1(D) (E) and ABN3(pE) (F). ABN1(D) recognized
a lesser amount of amyloid (G), while ABN17(L) immunostain-
ing of leptomeninges was absent in this case (H). In a beagle
(16.6, male), leptomeningeal vascular AR immunostained with
antibodies against ABN1(D) (I) and ABN3(pE) (J). Scale Bar
= 50 pM.
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In contrast to the relatively weak A immunostaining
in canine diffuse plaques, leptomeningeal and cortical
CVA deposits in the dogs were robustly stained (Fig. 5).
Eight of the 10 dogs exhibited cerebrovascular amyloid
(Table 3). The 4 N-terminal antibodies labeled leptomen-
ingeal AB in 5 dogs, and 3 antibodies (ABN3[pE],
ABNI1[D] and ABNI17[L]) stained the leptomeningeal
CVA in 3 dogs. Similar results were observed in cortical
vascular Af deposits, which were detected by the same
3 antibodies in 7 cases, and in all 4 antibodies in the
remaining 1 dog. Cerebrovascular amyloid deposits could
be stained with both Thioflavin S or Congo-Red (Fig. 6),
while diffuse plaques in the dogs and polar bears were
not observed with these stains.

Image Analysis

To quantify the observations, image analysis was used
to determine the relative load of each N-terminus AB
isoform (Table 5) (Fig. 10). In the aged human brain,
the vast majority of cases had a greater load (burden)
of ABN3(pE) as compared with ABN1(D) (Fig. 8). The
mean ABN3(pE) burden in AD brain was 6.0% * 1.0
(standard error of the mean [SEM])) in contrast to a mean
of 3.8 % = 0.6 in control, nondemented brain (Table 5).
This result is similar to that observed by Saido and col-
leagues (34) in a study that assessed the number of
plaques that labeled with each antibody (plaques were
counted; however, plaques in AD vs control brain were
not compared). The relative load of ABN1(D) was great-
er than ABN17(L) in most individuals, and greater than
ABNI1(rD) in all cases examined. The mean ABNI(D)
burden in AD brain was 3.0 % * 0.6, while ABN1(D)
burden in control brain was only 1.6 % * 0.2.
ABN1(rD) burden in AD brain was 1.0 % * 0.4 in con-
trast with 0.4% = 0.2 in nondemented individuals, while
ABN17(L) in AD brain revealed a burden of 1.8 % *
0.4 vs 0.3% = 0.1 in controls (Table 5). Comparison of
ABN17(L) vs ABN1(rD) revealed an equivalent or
greater load of ABN17(L) in all but one of the cases
examined. Similar results for each comparison were ob-
served with plaques in the dentate gyrus molecular layer,
except that the relative load of ABN1(rD) was only 0.1%
* 0.1 (mean * s.e.m.), much less than in temporal cor-
tex where the percent area occupied by ABN1(rD) was
1.0% = 0.4.

Many of the aged nonhuman mammals had a similar
number of plaques immunostained with ABN1(D) and
ABN3(pE) (Fig. 8). However, 3 polar bears exhibited a
greater ratio of ABN3(pE)/ABNI(D), and 4 dogs had
measurable levels of ABN3(pE), but not ABN1(D). Sim-
ilar to the human brain, most brains of other mammals
had a greater abundance of ABN1(D) than ABNI17(L).
All but one of the nonhuman mammal brains had greater
loads of ABN1(D) than ABN1(rD). In most of the aged
nonhuman mammals, ABN17(L) was more abundant than

20z Iudy Gz uo 1senb Aq 01.801.92/9./1/.G/IPIHE/UBUl/WOS" dNO"0lWepEDE//:SARY WOl PSPEOJUMOQ



AB N-TERMINAL HETEROGENEITY 85

A. ABNA (D)

C. ABN1(rD)

#7 _
e

iy "

. D.ABN17(L)

]

B.ABN3(pEg, <

-'g'.'!_'u_'a,.i I" ; i ™ o _.-1 i
i n ¥ I_'_ Fw

t b
N o ok
S, : [
S o i

Fig. 6. Parenchymal, cortical vessels were immunolabeled by each N-terminus antibody in AD cases with marked cerebrovas-
cular amyloid deposition. An 82-year-old male with AD and a history of hypertension displayed cortical vessels containing AR
(serial sections) that were recognized by ABN1(D) (A), ABN3(pE) (B), ABN1(D) (C), and ABN17(L) (D). Scale Bar = 50 uM.

ABNI1(ID). The relative load of the various AB N-terminal
isoforms was similar in aged polar bears and nonde-
mented elderly human individuals.

DISCUSSION
AB N-terminal Isoforms in Plaques

Each of the evaluated AB N-terminal isoforms
(ABNI1[D], ABNI1[rD], ABN3[pE], and ABN17[L] or
[p3]) was present in diffuse plaques in each of the ex-
amined species. These results demonstrate that neither
ABN17(L)-x nor ABN3(pE)-x are specific to AD brain,
in contrast to previous suggestions (39, 43). Though
the 4 examined AB N-terminal isoforms could be pres-
ent in diffuse plaques of each species, the absolute
loads for each isoform were greatest in individuals with
AD. A critical mass of AB may be necessary for its
aggregation into more compact deposits associated
with neuritic plaques. In vitro, AB solubility and ag-
gregation into B-sheet oligomers is influenced by pep-
tide concentration and incubation time (57). In vivo,
diffuse plaques are formed prior to neuritic plaques in
Alzheimer disease (58). The development of diffuse
and neuritic plaques is thought to be accelerated in
Down syndrome due to a gene dosage effect (these in-
dividuals carry 3 copies of chromosome 21, the locus
of the amyloid precursor protein) (59). In addition,
transgenic mice which overexpress a mutant form of
APP have been shown to develop diffuse plaques prior

to the appearance of more highly aggregated deposits
(24, 60, 61). The shorter lifespans of the aged dog and
polar bear, as compared to humans, may account for
their minor accumulation of extracellular AB and lack
of neuritic plaques. However, neuritic plaques have
been documented in aged primates of similar age to the
polar bears in the present study (20).

If a critical mass of total extracellular AR is necessary
for the development of neuritic plaques, the similar total
abundances of AR N-terminal isoforms in the polar bear
vs nondemented elderly individuals suggests that occa-
sional neuritic plaques should be evident in the polar
bear. The absence of neuritic plaques in the polar bear
and presence of neuritic deposits in AD brain may reflect
the abundance of specific AR N-terminal isoforms. AD
brain contains higher levels of ABN3(pE) than nonde-
mented human and polar bear brains, while polar bear
brain contains relatively high levels of p3 [ABN17(L)-x]
in comparison with human control brain.

Pyroglutamate-containing AR peptides are resistant to
major aminopeptidases (34, 50, 62) and are hypothesized
to play a critical role in the formation of neuritic deposits
(43, 50). In contrast, p3 has been considered “nonamy-
loidogenic™ (40, 63). In Down syndrome cerebellum (a
region which precludes neuritic plaque development), p3
is present at relatively high levels in diffuse deposits.
Although p3 may aggregate even more readily than ABI1-
42, p3-immunopositive deposits appear amorphous in

J Neuropathol Exp Neurol, Vol 57, January, 1998
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Fig. 7. Thioflavin S— and Congo red-positive cerebrovasculature in polar bear and dog. Thioflavin S revealed tunica media
amyloid staining in the respective depicted vessels of a dog (14.5 years old, female) (A) and a polar bear (25-29 year old, female)
(B). Tunica media staining was also observed in serial sections with anti-ABN3(pE) (canine[C], polar bear [D]) and anti-ABx-42
(canine [E], polar bear [F]). Antibody characterization and dilution of x-42 is as described previously (17). Congo red staining
in both the dog (G) and the polar bear (H) revealed a Maltese-cross—like pattern of staining. Arrows indicate shared localization
of pathology in the canine (A, C, E) and polar bear cerebrovasculature (B, D, F). Scale Bar = 50 pM.
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TABLE 4
Mean Values of Neurofibrillary Tangles and Neuritic
Plaques in Hippocampus and Temporal Cortex

Neurofibrillary
Neuritic plaques tangles
Temporal Temporal
Case  Hippocampus cortex Hippocampus cortex
Alzheimer disease

1 CA1l 100 N/A 28 21

2 N/A 25 N/A 30
3 CAl 148 14.4 24.4 18.2
4 CAl 45 18.4 14.4 22.6
5 CAl 83 35.3 34 30.6
6 75 75 N/A N/A
7 CA1l 304 15.1 54.4 30.6
8 CAl 46.5 154 25 36.4
9 Dent gyr 50 75 N/A N/A

10 N/A 100 49 25
11 Dent gyr 50 50 N/A N/A

Human control

1 0 0 0 0
2 CA10 17.5 3.6 1.0

3 CA1 0 0 4 0
4 20 4.5 9.4 0.4
5 CAl 269 12.8 3.0 0.8

Demented human (AD) cases exhibited abundant neocortical
neurofibrillary tangles (NFT) in contrast to nondemented con-
trols, which often lacked cortical tangles; this supports the view
that NFT serve as a strong neuropathologic correlate of de-
mentia (56). In both AD and control brain, neuritic plaques
visualized by Bielschowsky stain were also identified with AR
N-terminal antibodies (see Table 2). Bielschowsky-stained NFT
and NP counts depict mean values in 10 microscopic fields in
both the hippocampus and the temporal cortex (see Materials
and Methods). All controls had Mini-Mental State Exam scores
between 26 and 29 (maximum score = 30).

contrast to the fibrils formed by AB1-42 (33, 40). More-
over, p3 lacks the AR region critical for complement ac-
tivation and recruitment of glia to plaques (64), and may
thus play a protective role in diffuse plaques.

If all neuritic plaques arise from diffuse deposits, it
would be expected that similar AR N-terminal isoforms
would be present in both types of plaques. However, dif-
fuse plaques contain all N-terminal isoforms examined,
while AD cored deposits typically lack ABN17(L)-x (p3)
and ABN1(D). The presence of p3 in many diffuse de-
posits, but its absence in most neuritic plaques, suggests
that certain neuritic plaques arise independently of diffuse
deposits, that p3 may be lost from cored deposits, or that
the detection of p3 is prevented in cored deposits through
hindrance by more abundant isoforms. The presence of p3
cored deposits in only the oldest of the 16 cases examined
in this study (89-year-old female) supports the suggestion
of Iwatsubo and colleagues (38) that p3 may accumulate
substantially at only late stages of plaque formation.

An inability to detect ABN1(rD)-x in cored deposits in
the AD brain contrasts with a previous study which dem-
onstrated racemized aspartate in isolated plaque cores (65).
A possible explanation for the different results may be due
to less racemization of aspartate at position one of the
amino-terminus as compared with internal residues of AR.
However, this phenomenon is unlikely, as N-terminal ami-
no acids are expected to undergo more rapid racemization
(66). Tomiyama and colleagues (67) have reported that
racemization of A depends upon the position of the ami-
no acid in question. For instance, racemization of aspartate
at position 23 accelerates AB1-35 peptide aggregation,
while racemization at an aspartate in position 7 slows
down this reaction; these colleagues did not examine a
peptide with racemized aspartate at position 1.

Cored, neuritic deposits in nondemented individuals
with hypertension and atherosclerosis were robustly im-
munostained with the antibody against ABN1(rD). These
ABN1(rD)-immunopositive, cored deposits were in the
same region as neuritic plaques (as determined using
modified Bielschowsky stain) on corresponding sections
from the same tissue blocks, and appeared similar to the
morphology of neuritic plaques in AD cases. The finding

TABLE 5
Mean AB Load Values in Temporal Cortex
ABN3(pEY
Isoform ABN3(pE) ABNI(D) ABNI17(L) ABNI1(rD) ABNI17(L) TOTAL AR
AD 6.0 = 1.0 30 £ 0.6 1.8 £ 04 1.0 £ 04 4.8 0.8 11.8 £ 1.6
Control 38 £0.7 1.6 £ 0.2 03 =01 04 =02 85 £ 3.0 6.1 * 0.9
Polar bear 2.1 £04 2005 14 =05 02 £ 0.1 1.5 = 0.6 57 %08
Canine 0.8 £ 04 03 *05 02 *04 02 x0.1 2.6 £ 0.6 1.5 £ 1.1

The AB burden (mean = SEM) for each N-terminal isoform examined in temporal cortex indicates that AD brain contains
more of each isoform when compared with control human, polar bear, and canine brains. Human control and dog values of
AB17(L) and ABN1(rD) resembled each other, while ABN3(pE) was at least twice as abundant as ABN1(D) in both AD and
control brain. ABN3(pE) load was slightly higher than ABN1(D) in the canine, while similar ABN3(pE) and ABN1(D) values
were exhibited in polar bear brain. The sum total of all AB N-terminal isoforms examined was highest in AD, similar in control
human and polar bear brains, and lowest in the canine brain. Scatterplots that depict the individual amyloid load values of each

AR N-terminal isoform are displayed in Figure 10.

J Neuropathol Exp Neurol, Vol 57, January, 1998
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Fig. 8. [Each N-terminus antibody revealed diffuse deposits in the canine (beagle) as well as the polar bear. In an 17.4-year-
old beagle, ABN1(D) (A) labeled fewer deposits than ABN3(pE) (B). In adjacent sections, ABN1(D) and ABN3(pE)-immuno-
positive plaques barely immunostained with an antibody against ABN1(rD) (C), and labeled very faintly with anti-ABN17(L) (D).
In a polar bear (35, female), a similar number of plaques were labeled by ABN1(D) (E) and ABN3(pE) (F). Many fewer deposits
were faintly stained with antibodies against ABN1(rD) (G) or ABN17(L) (H). Scale Bar = 50 uM.

—_

Fig. 9. Percentage area occupied by AB N-terminal antibodies as calculated via color discrimination—based image analysis.
Plaques in the temporal cortex of an individual affected by Alzheimer disease (79, F) are shown in the top panel (A). The depicted

J Neuropathol Exp Neurol, Vol 57, January, 1998
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plaques (A) were captured, processed, and color thresholded by a Mayo Biosciences Image Analysis System consisting of a
workstation, Quantim software, a Pulnix color CCD camera, and an Olympus Vanox Microscope; the resultant image is depicted
in the bottom panel (B). Working display measurements are documented in the Materials and Methods section. The area of
plaques in image B was calculated as 10.04%. Arrows indicate examples of the specificity of the image analysis method.

J Neuropathol Exp Neurol, Vol 57, January, 1998
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Fig. 10. Relative load of AR N-terminus isoforms in the temporal cortex. The relative load of ABN3(pE) was much greater
than that of ABN1(D) in both nondemented elderly individuals and in those with AD (A). The load of ABN1(D) was typically
greater than that of ABN1(rD) and ABN17(L) (B, ©). In the polar bear, the relative abundance of ABN3(pE) was often similar
to that of ABN1(D) (D), while ABN1(D) was similar in abundance to ABN17(L) (E) and more abundant than N1(rD) (F). In the
canine brain, low loads of each AR N-terminus species were observed.

of ABN1(rD)-x cored deposits in non-AD controls, but
not in AD cases, cannot be explained by technical issues,
since tissue fixation, processing, and pre-treatments were
similar in all cases. The presence of cored deposits in
non-AD tissue is consistent with observations of classical

J Neuropathol Exp Neurol, Vol 57, January, 1998

plaques in nondemented individuals with significant ce-
rebral atherosclerosis (68). Identification of ABN1(rD) in
neuritic plaques in nondemented individuals with vascu-
lar hypertensive or atherosclerotic changes, but not in
AD, suggests a different evolution of the plaques in the

20z Iudy Gz uo 1senb Aq 01.801.92/9./1/.G/IPIHE/UBUl/WOS" dNO"0lWepEDE//:SARY WOl PSPEOJUMOQ



AR N-TERMINAL HETEROGENEITY

2 conditions. Racemization of amino acids is generally
very slow, suggesting that neuritic plaques in these non-
demented individuals may have been present for a longer
duration than the neuritic plaques observed in AD. How-
ever, Saido suggests that amino-terminal modifications,
including racemization, occur prior to AP deposition
(50). Along these lines, the results suggest accelerated
racemization of AR in individuals with vascular disor-
ders, possibly due to local conditions such as pH fluc-
tuations associated with atherosclerosis.

N-terminal AB Isoforms in Cerebrovascular Deposits

Cortical leptomeningeal and cerebrovascular Af de-
posits could be immunostained by each of the four N-
terminus antibodies in the aged human, dog, and polar
bear brain, although there was considerable intersubject
variability (see Results). Intense leptomeningeal and cor-
tical arterial deposition of all 4 AR N-terminal isoforms
was observed in 3 of the AD cases with cerebral ath-
erosclerosis, hypertensive, and hypoxic changes.
ABNI1(rD)-x, which was not detected or sparse in the
CVA of most other cases, was robustly present in these
cases. This observation may reflect the greater abundance
of cerebrovascular AB in the cases with vascular disor-
ders, greater ages of the deposits, or local conditions such
as pH. The detection of ABN17(L)-x in the cerebrovas-
culature of AD brain contrasts with the observations of
Cordell and colleagues (39) who did not detect p3-positive
CVA with a different anti-p3 antibody. However, p3 has
been previously observed in canine CVA (15).

In most of the aged beagles, CVA was prevalent and
was robustly immunostained with each of the N-terminus
antibodies. This result contrasted with faint staining of
diffuse plaques in the same animals. CVA was sparse in
the aged polar bear and the immunostaining of these de-
posits was relatively weak. Our study is the first report
of the examined isoforms (with the exception of p3) in
the aged polar bear and beagle brain and indicates that
the propensity for AP to be truncated and/or modified
into such isoforms is not a human-specific quality.

Source of N-Terminal Isoforms

The relative abundance of N-terminus isoforms in AP
deposits presumably reflects a steady-state of the pro-
cesses of secretion, proteolysis, and additional intra- and
extracellular modifications. Cultured cells can secrete
ABNI-x, AB17-x, x-42, and x-40 (69, 70-74). 4kD AR
is secreted in greater abundance than p3 in cultured hu-
man neurons and astrocytes (75). Whether ABN3(pE)-x
is produced intracellularly and then secreted or is instead
generated by extracellular proteolysis is unknown. Cer-
tain cell types have been linked to the secretion of AB
N-terminal-truncated peptides. For instance, Madin-Darbin
Canine Kidney (MDCK) cells expressing endogenous or

TABLE 6
Distribution of AR C- and N-Terminal Isoforms in AD, Nondemented Human, Aged Beagle and Polar Bear Brain
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ABx-42/43*

AR isoform

All species

All species

Can be observed in all species though

All species

Absent

All species

Diffuse plaques

91

%
*
* 1)
aQ 2
Z 3
&
el =
< <
*
¥
o
=
15}
o
£
< 1773
N
= ]
s &
E: —
= <
- .2
Oé:%‘)
<28'O
>3 -
g4t
Ds-d)
[l _:Q)bb;-
3 =S 838
£ =828
T O o
o0 TE o=
5 28272
= > 4
!—Qm&
= 3 =}
= Z2< g &
2 c x5
[=} -]
L , L
” S oD
Lox 2 0oL 9
* - 7]
0 % £Eg o
2a =£E3s°
34 €838,
£ > 9"-’“3’D=
_— -2 > O
23 L2828
< ﬁE"BTv.D
- P
2

AD & ND***
All species

All species

AD

nondemented

All species

AD & aged

* C-terminal data obtained from (17). ** ABN17(L)-x was observed in neuritic deposits of one human case in this study, the oldest individual examined (89-year-

old female). *** Nondemented individuals with atherosclerotic and/or vascular hypertensive changes.

Cored plaques
Cerebrovascular AB

J Neuropathol Exp Neurol, Vol 57, January, 1998

20z Iudy Gz uo 1senb Aq 01.801.92/9./1/.G/IPIHE/UBUl/WOS" dNO"0lWepEDE//:SARY WOl PSPEOJUMOQ



92 TEKIRIAN ET AL

transfected amyloid B-precursor protein have been asso-
ciated with oligomers enriched with amino-terminal—
truncated AR species beginning at Arg 5 (76). Moreover,
small amounts of SDS-stable AB oligomers enriched in
Arg 5 have also been documented in the culture media
of Chinese Hamster Ovary cells, which express endoge-
nous or transfected APP (77). Furthermore, increased lev-
els of alternatively cleaved N-terminal AP species are
characteristic of cells which express an Ala—>Gly muta-
tion at position 692 of APP770 (78).

ABN1(@D) presumably arises from racemization of ex-
tracellular ABN1(D), although whether this conversion
occurs intra- or extracellularly is also unexamined in
vitro. Though truncated Af N-terminal modifications
have been reported in vitro, the secreted amounts of such
isoforms are low (77). Along these lines, it is logical to
assume that a lengthy timespan is necessary in order to
accumulate N-terminal-truncated isoforms in vivo.

In summary, this study demonstrates that Af N-terminal
isoforms present in diffuse plaques and CVA of the aged
dog and polar bear are similar to those found in the aged
human brain. The absence of neuritic plaques in the aged
dog and polar bear was not accounted for by differences
in the types of AR N-terminal isoforms in diffuse plaques,
as all examined species revealed the same isoforms. A
lower abundance of extracellular N-terminal AB in the
gray matter and the shorter lifespan of these species may
partially explain their lack of neuritic plaques. The data
suggest that each of the examined isoforms is associated
with distinct patterns of deposition. AB17-x (the poten-
tially nonamyloidogenic p3 fragment) was typically
found in diffuse deposits and absent in neuritic plaques.
ABN3(pE) (which is resistant to degradation) was most
abundant in AD brain. A critical mass of this particular
isoform may be necessary for the formation of neuritic
deposits. The ratio of ABN3(pE) vs ABN17(L) is greater
in the human brain than in the aged dog or polar bear.
The polar bear exhibited similar amounts of p3 and less
ABN3(pE) than nondemented human, while the canine
demonstrated extremely low values of each p3 and
ABN3(pE). Nondemented humans had substantially low-
er amounts of ABN3(pE) and p3 when contrasted with
results in AD brain. ABN1(rD) was absent in AD neuritic
plaques, but was present in control brain neuritic deposits
of those affected by atherosclerotic and vascular hyper-
tensive changes. In addition, ABN1(rD) was found in the
CVA of individuals affected by both AD and atheroscle-
rotic/vascular hypertensive changes, though this isoform
was absent in the CVA of those solely affected by AD.
The results provide additional evidence that parenchymal
deposits in the aged dog and polar bear resemble rela-
tively early stages of AP deposition in the human brain,
whereas the CVA deposits in the beagle are similar to
human CVA. The present study complements previous

J Neuropathol Exp Neurol, Vol 57, January, 1998

investigations that have addressed C-terminal heteroge-
neity of AR deposits in diffuse vs neuritic deposits and
cerebrovascular amyloid. In conclusion, the data illustrate
that distinct AR C- and N-terminal isoforms are associ-
ated with diffuse plaques, neuritic plaques, and CVA de-
posits (Table 6).
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