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The amino- and carboxyl-terminal properties of
the amyloid-(3 (A(8) peptides deposited in diffuse
plaques, one ofthe earliestforms ofA (deposition,
were examined in the brains of patients with
Down's syndrome and Al*heimer's disease and in
aged individuals without dementia by immunocy-
tochemistry. this was done using a panel of anti-
bodies that specifically discriminate the terminal
structures and modifications at the amino and car-
boxyl termini ofAf3. Diffuse plaquesfound in the
cerebral and cerebeUar cortex, neostriatum, and
hypothalamus of Down's syndrome, Alxheimer's
disease, and nondemented brains were strongly
immunoreactiveforA(NIJ(L-Asp), A(NI(L-isoAsp),
ANI(D-Asp), andA(W3(pyroGlu) and weaklypos-
itiveforA(3NII(pyroGlu) andA,BNI 7(Leu). Diffuse
plaques also were positivefor A,842(43) but nega-
tive for A(340, using carboxyl-terminal-specifc
anti-A (3 antibodies. These results suggest that the
amino termini of the A(8 species that initially
deposit in diffuse plaques begin with A (IN (Asp)
with or without structural modifications (isomer-
ization and racemization), as weUl as with
A(V3(pyroGlu), and terminate preferentially at

A (342(43) rather than A(340. (Am J Pathol 1996,
149:1823-1830)

The deposition of amyloid-,B (A:) peptides as senile
plaques (SPs) and in the walls of blood vessels is
one of the most prominent pathological features of
the Alzheimer's disease (AD), the Down's syndrome
(DS), and the aging brain, and these deposits are
considered to be closely related to the pathogenesis
of the dementia in AD.1-3 A,B peptides are 39- to
43-amino-acid-long peptides that are proteolytically
cleaved from 3-amyloid protein precursors (,BAPPs).
This results from the activity of as yet unidentified
proteases (designated as ,B-secretase and y-secre-
tase) that cleave the amino (N) terminus and the
carboxyl (C) terminus of A,B, respectively.4 Two ma-
jor C-terminal variants of AP3, ie, Af40 ending at
Val40 and Af342(43) ending at Ala42 or Thr43, are
found in the amyloid deposits of AD brains,5'6 and
soluble forms of these A,B peptides are secreted
from cells.7 Whereas the major species of secreted
A,B is Af40,8'9 Af342(43) is the initially and predom-
inantly deposited species in the amyloid plaques of
AD10 and DS brains11 as well as in the brains of
nondemented aged individuals.12 One of the most
significant biochemical differences in the C-terminal
properties of these two forms of AP3 is considered to
be their susceptibility to form aggregates. For exam-
ple, as Af42(43) aggregates more readily than
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Af340,13 this suggests a critical role of the e-cleav-
age in amyloid formation. However, (3-cleavage,
which produces the N terminus of A(3, also is thought
to be a crucial rate-limiting step in the production of
AP3, because it is likely to precede y-cleavage of AP
to form the potentially amyloidogenic C-terminal
fragment of ,BAPP starting from the N terminus of
A,B.4 Indeed, the increase in the production of AP
that results from the double mutations at j3APP670/
671 is accompanied by an increase in the amount of
C-terminal fragments of f3APP.14,15 It has been
shown that the N terminus of the A,B peptides that are
deposited as amyloid in AD brains harbors several
different modifications including ragged N termi-

6,1617 8ni, pyroglutamation,17'18 isomerization, and race-
mization.5 Moreover, it has been suggested that the
major AP species deposited in diffuse plaques (DPs)
is A,317-42,19 which is produced by an entirely dif-
ferent mode of ,BAPP processing (ie, a-cleavage)
and is thought to preclude amyloid formation.4 How-
ever, little is known about the N-terminal properties of
AP3, including their chronological and morphological
contributions to the formation of brain amyloid in situ.
Considering the importance of (3-cleavage in the
production of A,B, it is extremely critical to determine
the N-terminal properties of the A,B peptides that
initially and predominantly accumulate as amyloid to
develop therapeutic methods to reduce the produc-
tion of A,B and the formation of amyloid deposits in
AD. For this reason, we have systematically investi-
gated the N-terminal as well as the C-terminal prop-
erties of AP3 deposited as different types of the Af3
peptides that form different types of AP deposits in
the brains of patients with DS and AD as well as in
nondemented aged individuals. This was done using
a panel of well characterized antibodies to AP3 that
discriminate the terminal sequence or structure of
various truncated forms of Af3 as well as different
modified forms of AP3. Furthermore, our studies fo-
cused on the molecular nature of AP3 in DPs, as DPs
are considered to be one of the earliest types of A,B
deposits in the human brain.20

Materials and Methods

Cases
Samples from seven patients with DS (cases 1 to
7) and five with AD (cases 8 to 12) as well as
samples from four nondemented individuals with
some neocortical SPs (cases 13 to 16) were used
in this study. All of the AD and DS patients (except
case 6) had pathologically confirmed AD based on
the consensus criteria of the National Institute of

Aging,21 and the pathological features of all seven
DS brains have been previously described.' 1'22 At
autopsy, small blocks from middle frontal and su-
perior temporal neocortices, cerebellar hemi-
sphere, corpus striatum (caudate nucleus), and
hypothalamus were collected and immersed in
70% ethanol (EtOH) containing 150 mmol/L so-
dium chloride for 24 hours and then embedded in
paraffin as previously described.22 24 Serial sec-
tions were cut at 6 ,um thickness and immuno-
stained with the antibodies described below. Ad-
ditionally, sections from the middle frontal cortices
of two patients with DS (cases 6 and 7) fixed
in 10% formalin for more than 2 weeks and then
embedded in paraffin11 were similarly immuno-
stained for comparison with the tissues fixed
in EtOH. Clinicopathological information on the
cases included in this study is summarized
in Table 1.

Antibodies and Immunocytochemistry
Six different antibodies that specifically recognize
distinct N-terminal structures of A,B were used.
These included antibodies to A(3N1(L-Asp)(9204),
A,BN1 (L-isoAsp), ABN1 (D-Asp), A,BN3(pyroGlu),
A(3N1 1 (pyroGlu), and Af3N1 7(Leu). Production and
characterization of these antibodies are described
elsewhere.18,25 Briefly, each antibody was raised by
immunizing rabbits with synthetic 5- or 6-amino-acid-
long peptides with modified or unmodified N-termi-
nal residues and conjugated to keyhole limpet he-
mocyanin at the C terminus and then affinity purified
using columns conjugated with each peptide im-
munogen. 18,25 Anti-A3N 1 7(Leu) antibody was raised
to a A,B17-40 peptide and affinity purified with sev-
eral synthetic A(3 peptides so as to collect antibodies
that specifically recognize A,B beginning with
AP3N17(Leu) and eliminate those cross-reacting with
full-length Ap3.25 The specific reactions of each anti-
body exclusively to full-length A,B peptides with a
given A,B N terminus (A,Bn-40 or -42) have been
rigorously characterized by dot- or immunoblotting
as described elsewhere.1825 Two sets of monoclo-
nal and polyclonal antibodies, ie, BA27 and BC05
(monoclonal antibodies specific for the C termini of
A,B40 and Af42(43), respectively71 0-12) and anti-
A,BC40 and anti-AfC42 (affinity-purified rabbit
polyclonal antibodies raised against Af336-40 and
Af338-42, respectively18) were used as specific
immunoprobes for the C terminus of A(3. Epitope
locations of the A,B N- and C-terminal-specific anti-
bodies used in this study are schematically shown
in Figure 1. After deparaffinization, serial sections
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Table 1. Summary of the Clinicopathological Features of the Cases Included in This Study

Age
Diagnosis (years)

DS
DS
DS
DS
DS
DSt
DSt
AD
AD
AD
AD
AD
ND
ND
ND
ND

62
54
58
57
53
36
57
79
80
74
82
80
91
60
67
71

Duration
of

PMI dementia
Sex (hours) (years)

M

M

F
F
M

M

F
M

M

M

F
F
M

F
M

6
14
13
6
10
13.5
42
11
23
11
16.5
19
13
14
5.5
13

2
10
2
0

0

?t
2

1 1
7
10
8
0

0

0

0

Cerebral cortex*

DPs MPs

1+
2+
2+
1+
3+
3+
2+
3+
3+
2+
3+
4+
2+
3+
3+
3+

4+
3+
3+
4+
2+

3+
3+
2+
3+
2+
1 +
1+

1+
3+

'SPs

Cerebellum

DPs MPs

3+
3+
3+
3+
1+

3+
1+
1+

2+

1+
1+
1+
1+
1+

1+

1+

Hypo-
Striatum, thalamus,
DPs DPs

4+
4+
4+
4+
3+

4+
4+
4+
4+
4+
4+

3+
3+
3+
3+
2+

3+
NA
3+
2+
3+
3+

The number of SPs was counted in a 1.5-mm2 area with highest SP density and evaluated semiquantitatively. PMI, postmortem interval;
MPs, mature plaques; M, male; F, female; ND, nondemented individuals with neocortical SP; NA, not available. Scoring was as follows: -,
absent; 1+, few SPs in some microscopic fields; 2+, 1 to 10 SPs/mm2 in every microscopic field; 3+, 10 to 50 SPs/mm2; 4+, >50
SPs/mm2.

*Middle frontal cortex.
tFormalin-fixed, paraffin-embedded materials.
tDemented, but duration is unknown.

were immunostained with each primary antibody
in the following sequence: 9204, AfN1(L-isoAsp),
Af3N1(D-Asp), A,BN3(pyroGlu), A,BN11(pyroGlu),
A,3N17(Leu), BA27 (or anti-AfC40), and BC05 (or
anti-A,3C42). This was followed by a standard avidin-
biotin complex procedure using Tris-buffered saline
(50 mmol/L Tris/HCI, 150 mmol/L NaCI, pH 7.6) for
dilution of the antibodies and wash of the specimens
and then visualization using 3,3'-diaminobenzidine
as chromogen. As antibody 9204 could show weak
cross-reaction with isomerized and racemized
AfN1(Asp) under 150 mmol/L NaCI conditions on

dot-blots,25 sections were also immunostained with
AI3N1(Asp) antibodies under 500 mmol/L NaCI con-

ditions, which completely abolished these cross-re-

actions. Sections were stained with or without formic
acid pretreatment.

Results

In the cerebral neocortices of AD and DS brains
fixed in EtOH, numerous DPs as well as mature
SPs were observed, and virtually all of these
plaques were strongly positive for 9204 (Figure 2A,
row 1), Af3N1(L-isoAsp) (Figure 2A, row 2),
A,1N1(D-Asp) (Figure 2A, row 3), A,BN3(pyroGlu)
(Figure 2A, row 4), and A,342(43) (Figure 2A, row

8). In contrast, A,N11 (pyroGlu) (Figure 2A, row 5)
and AfN17(Leu) (Figure 2A, row 6) were only
weakly or hardly positive in DPs but were positive,
especially in the core portions, of mature SPs (up-
per part of the figures). Af340 was also preferen-
tially detected in mature SPs in the cerebral neo-

cortices (Figure 2A, row 7). Cerebral cortices from
nondemented individuals showed scattered ma-

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIAT
N17(Leu) BA27, C40

I'

N3(pyroGlu): N11(pyroGlu) C42

N1(L-Asp) (9204) :PCO5
N1(L-isoAsp)
N1(D-Asp)

Figure 1. Schematic representation of the epitope location and specificities of the Af3 N- and C-terminal antibodies. The N or C termini of variouisly
truncated A3 u'ith or uwithout modifications that are specifically recognized by evach antibody are indicated by arrows below the sequence of A)3.

Case

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
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Figure 2. Immunostaining patterns ofAP deposits in Down's syndrome brains with ADpathology. Patterns ofimmunostaining ofvarious types ofAP3
deposits including DPs, MPs, and vascular amyloid deposits in DS brains were examined with AP3 N- and C-terminal antibodies. In the middlefrontal
neocortex (A, case 1), all SPs were strongly positive for 9204 (anti-A3N1(L-Asp); row 1), Af3NI(L-isoAsp) (row 2), APN1(D-Asp) (row 3), and
A/NN3(pyroGlu) (row 4) as well as for BC05 (Af342(43); row 8), whereas immunoreactivities for Af3NJJ(pyroGlu) (row 5) and Af3N17 (Leu)
(row 6) were exclusively detectable in the core portions ofMPs in the upper half of thefield, which were more intensely immunostained with BA27
(row 7 ). DPs in the cerebellum (B, case 1 ), striatum (C, case 4), and hypothalamus (D, case 4; paraventricular nucleus) showed similar staining
properties to those in neocortex (A), ie, relatively strong immunostaining for 9204 (row 1), Af3N(L-isoAsp) (row 2), A,fN1(n-Asp) (row 3), and
Af3N3(pvroGlu) (row 4) as well as for BC05 (A,B42(43); row 8), exceptfor modest staining in B2 (arrows). However, DPs in these regions were
negativeforA3NIl(pyroGlu) (row 5) andAIN1 7(Leu) (row 6) or onlyfaintlypositivefor these epitopes (B and C, rows 5 and 6, arrows). In contrast,
vasciular amnloid deposits were strongly positivefor all Af3 N- and C-terninal antibodies examined (A, left end, and B). Magnifications, X 41 (A),
X52(B), and x66(C and D).
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ture SPs and many DPs that exhibited cotton-wool-
like homogeneous staining patterns with ill defined
boundaries, which were similar to those seen in
comparable areas of young DS patients.10'11
These DPs were also intensely immunostained with
the three types of A,BN1(Asp) and A,3N3(pyroGlu)
antibodies (Figure 3, A-D) as well as with anti-
A,BC42 (Figure 3H), but they were weakly positive
for A,BN11(pyroGlu) (Figure 3E), variably or equiv-
ocally positive for A,BN17(Leu) (Figure 3F), and
entirely negative for A,B40 (Figure 3G). In most of
the AD and DS cases, DPs were found in the
molecular layer of the cerebellar cortex (Figure
2B), corpus striatum (Figure 2C), and hypothala-
mus (Figure 2D). The DPs in each of these regions
also showed immunostaining patterns that were
very similar to DPs in the neocortex of the AD, DS,
and nondemented individuals. Specifically, they
were positive for 9204 (Figure 2, row 1), A,BN1(L-
isoAsp) (Figure 2, row 2), AP3N1(D-Asp) (Figure 2,
row 3), A,3N3(pyroGlu) (Figure 2, row 4), and
A,B42(43) (Figure 2, row 8) but weakly or equivo-
cally positive for A,BN11 (pyroGlu) (Figure 2, row 5)
and A,BN17(Leu) (Figure 2, row 6), and they were
negative for A,340 (Figure 2, row 7). Vascular amy-
loid deposits were strongly positive for all antibod-
ies examined, ie, those for A,3N1(Asp) (Figure 2,
A and B, rows 1 to 3), A,BN3(pyroGlu) (Figure 2,
row 4), A,BN11(pyroGlu) (Figure 2, row 5),
A,BN17(Leu) (Figure 2, row 6), A,B40 (Figure 2, row
7), and Af342(43) (Figure 2, row 8). Furthermore,
the antibodies to A,N1(L-isoAsp), Aj3N1(D-Asp),
AI3N3(pyroGlu), and A,3N11(pyroGlu) as well as
9204 all immunostained these EtOH-fixed sec-
tions equally well regardless of the use of formic
acid pretreatment. In contrast, immunostaining for
AP3N17(Leu), A,B40, and Af342(43) was weaker
without this pretreatment. Immunostaining with
9204 and other AI3N1(Asp) antibodies under 500
mmol/L NaCI conditions gave essentially the same
results as with 150 mmol/L NaCI, except that anti-
A/3N1(L-isoAsp) labeled slightly fewer numbers of
SPs under 500 mmol/L NaCI conditions (data not
shown).
On routinely prepared, formalin-fixed, paraffin-em-

bedded sections, immunostaining of SPs for 9204,
A/3N1(L-isoAsp), and Af3N1(D-Asp) was markedly di-
minished (Figure 3K). Furthermore, core portions of
mature SPs and vascular amyloid deposits and a
small number of DPs were positively stained with
9204 (Figure 3K), whereas anti-AI3N1(L-isoAsp) and
AP3N1(D-Asp) stained occasional amyloid cores and
vascular amyloid but no DPs. Anti-AI3N3(pyroGlu)
stained some DPs (Figure 3J), but the number and

extent of the immunostained DPs were less com-
pared with the A,B42(43)-positive DPs (Figure 31) and
compared with the DPs in EtOH-fixed sections
stained with anti-A,BN3(pyroGlu) (Figure 3D). Nota-
bly, the immunoreactivity of these antibodies could
not be restored by formic acid pretreatment or with
hydrated autoclaving26 (data not shown). In contrast,
the immunostaining patterns for A,B40 and A,B42(43)
on formic-acid-treated sections were almost the
same as in EtOH-fixed specimens (Figure 31).

Discussion
In the present study, we have clearly shown by im-
munocytochemistry 1) that A,B peptides deposited in
DPs in a wide variety of locations in the brains of AD
and DS patients as well as nondemented individuals
are largely composed of full-length A,B species be-
ginning with the N1(Asp) residue at the N terminus
with or without structural modifications, including
isomerization and racemization, as well as of those
beginning with pyroglutamate-modified N3(Glu)
(N3(pyroGlu)), 2) that A,B species beginning with
N11(pyroGlu) or N17(Leu) are scant in DPs but
present in mature SPs and vascular amyloid depos-
its together with other A,B42(43) species, and 3) that
the C terminus of AO3 in these DPs is A,B42(43) and
not A,B40.
The question of the N-terminal extent of AP3 that is

deposited initially in DPs is an important one be-
cause it may provide important information to facili-
tate the identification of the ,B-secretase(s) involved
in this rate-limiting step of A,B production. Previous
protein chemical studies have shown that 0-amyloid
deposits in human brains are composed of AP3 pep-
tides with different N termini,5'6 although it has been
difficult to localize the origin of each molecular spe-
cies of AP3 to specific types of amyloid lesions. It has
been shown by immunocytochemistry using routine
formalin-fixed and paraffin-embedded specimens
that Af3N3(pyroGlu) sometimes predominates over
ANIN1(L-Asp) in SPs of AD and nondemented indi-
viduals.18'27 Alternatively, in young DS brains, a con-
siderable number of DPs have been shown to be
negative for both ANN1(L-Asp) and AI3N3(pyroGlu),
suggesting that the f-cleavage site for the initially
deposited AP3 species takes place at residues other
than these positions.27 Although we confirmed these
findings for many AP deposits in routinely pro-
cessed, formalin-fixed specimens, virtually all SPs
and DPs showed strong positive immunostaining for
AI3N 1 (L-Asp), A,BN 1 (L-isoAsp), Af3N 1 (D-Asp), and
A,3N3(pyroGlu) in EtOH-fixed sections. Hence, it is
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Figure 3. Immunostaining patterns of diffuse plaques in the neocortex of nondementced individuals and a young DSpatient. Tbe immunostaining
patterns ofDPs in the middlefrontal corte-x ofa nondemented individual (case 15, EtOHfixed) with AP3 N- and C-terminal-specific antibodies were

compared uvith those in a young DSpatient (case 6) routinelyfixed in 10%0formalin. In the EtOH-fixed specimens, all DPs were strongly positivefor
9204 (anti-Af3N1(L-Asp); A), Af3NA(L-isoAsp) (B), Af3N(D-Asp) (C), AfNN3(pyroGlu) (D), and AP3C42 (H), whereas they were less intensely positive
JbrAf3N11(pyroGlu) (E),fainitlypositit'eforAJ3N1 7Leu) (F), and entirely negativeforAf3C40(G). In theformalin-fixed specimens; DPs are strongly
positive for Af3C42 (I), of which a limited number and area are positive Jbr Af3N3(pyroGlu) (J), in sharp contrast to D and H, which showed a
comparable extent ofDP staininzg on EtOH-fixed sections. A(3N1(L-Asp) uas onlyfaintly positive in a feuw DPs (K). Magnification, X 63.

quite possible that these A,B N-terminal epitopes are

especially sensitive to prolonged aldehyde fixation
and that aldehyde fixation results in epitope masking
for these N-terminal A,B antibodies.

In sharp contrast to the previous biochemical
data suggesting that A,B17-42 (a longer form of the
p3 fragment of ,BAPP that is produced by a-cleav-
age at the N terminus) is the major molecular
species of AP3 in DPs,19 our findings imply that Af3
fragments beginning with N17(Leu) are detectable
in mature SPs and vascular amyloid. Thus, p3 may

not be the predominant AP3 species initially depos-
ited in SPs, but it may accumulate substantially
only at later stages of plaque formation. However,
we cannot completely exclude the possibility that

the DPs in neocortex, cerebellum,22 striatum,28
and hypothalamus29 of AD as well as of elderly DS
patients are not identical in their biochemical char-
acteristics to the DPs in young DS brains, which
are believed to be the most representative exam-
ples of early AP3 deposits. Nonetheless, in specific
areas outside cerebral cortex (ie, cerebellum, stri-
atum, and hypothalamus), DPs are the sole or
nearly exclusive form of A,B deposit even in ad-
vanced stages of AD.22 28'29 Moreover, DPs in the
cerebral cortex of nondemented aged individuals
are morphologically indistinguishable from DPs in
young DS patients, and they also show very similar
A,B N-terminal properties. Thus, we conclude that
our present findings can be generalized to apply
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to all situations in which DPs occur and that DPs
probably represent the initial stages of A,B depo-
sition.

Furthermore, our data indicate that AP3 peptides
beginning with A,BN1 (Asp) and Af3N3(Glu) (including
modifications) may be the major molecular species
in DPs. This may suggest that ,B-secretase activated
at the early stages of A,B deposition cleaves the
,BAPP between N - 1(Met)/N1(Asp) and N2(Ala)/
N3(Glu). Considering the biochemical data that AP3
beginning with Af3N3(pyroGlu) predominates in AP3
deposits,18'25 it is possible that A,BN3(pyroGlu)-42 is
the major molecular species of early A,B deposits.
Thus, it will be important to determine whether
A,BN3(pyroGlu)-42 or Af3N3(Glu)-42 is present in a
soluble state and whether it is readily incorporated
into insoluble deposits, or alternatively, whether
A3l1-42 is initially deposited and then cleaved by two
residues. Moreover, it is important to determine
whether pyroglutamation at the Glu residues as well
as the isomerization and racemization at the N 1 (Asp)
occur before or after the deposition of AP. Regard-
less, it is plausible to consider that these modifica-
tions at the N terminus of Aj3 may hamper proteolytic
attack on these peptides by aminopeptidases,
thereby contributing to the stabilization of A,B depos-
its in stable plaques.

Although the present findings add substantially to
our understanding of the molecular species of A,B
found in DPs, it is still difficult to determine the pre-
cise chronology for the deposition of various A,B
species using data obtained from postmortem hu-
man brains, as each brain represents only a single
point in the course of AD/DS, which progresses at a
variable rate in each patient. Thus, studies of the
time course of AP3 deposition in the transgenic mice
that develop AP plaques30 using the same panel of
A,B antibodies could provide a better understanding
of the chronological sequence in which various spe-
cies of AP3 become incorporated in amyloid plaques
in the AD brain, although the N-terminal properties of
A,B deposits in mouse brain could be somewhat
different from those in human brains because of the
differences in proteases that produce A,.
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