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We previously noted that some aged human cortical
specimens containing very low or negligible levels of
amyloid b-protein (Ab) by enzyme immunoassay
(EIA) provided prominent signals at 6;8 kd on the
Western blot, probably representing sodium dodecyl
sulfate (SDS)-stable Ab dimer. Re-examination of the
specificity of the EIA revealed that BAN50- and BNT77-
based EIA, most commonly used for the quantitation
of Ab , capture SDS-dissociable Ab but not SDS-stable
Ab dimer. Thus, all cortical specimens in which the
levels of Ab were below the detection limits of EIA
were subjected to Western blot analysis. A fraction of
such specimens contained SDS-stable dimer at 6;8
kd, but not SDS-dissociable Ab monomer at ;4 kd, as
judged from the blot. This Ab dimer is unlikely to be
generated after death, because (i) specimens with
very short postmortem delay contained the Ab dimer,
and (ii) until 12 hours postmortem, such SDS-stable
Ab dimer is detected only faintly in PDAPP transgenic
mice. The presence of Ab dimer in the cortex may
characterize the accumulation of Ab in the human
brain, which takes much longer than that in PDAPP
transgenic mice. (Am J Pathol 1999, 154:271–279)

One of the great strides made in recent research on
Alzheimer’s disease (AD) is the generation of transgenic
mice exhibiting AD-like pathology with innumerable dif-
fuse and neuritic plaques throughout the cortex.1–3 In
PDAPP transgenic mice overexpressing b-amyloid pre-

cursor protein (APP) V717F, the levels of amyloid b-pro-
tein (Ab) 42, a longer species of Ab, dramatically in-
crease in the hippocampus and cortex at 4 months of age
and mature plaques appear at 8 months of age.1,4 The
structural alterations surrounding mature plaques are
very similar to those found in AD brains; degenerating
neuronal processes, reactive astrocytes, and activated
microglia are seen in these lesions.5,6 However, there is a
significant difference in Ab accumulation between hu-
mans and the transgenic mice. In the transgenic mouse
brain, it takes only ;14 months for Ab accumulation,
which starts at 4 months, to reach the levels seen in the
occipitotemporal cortex of human brain.4 In humans, it
presumably takes 20 years or more to reach similar levels
of Ab42 in the cortex.7

Ab42, although a minor Ab species, has received par-
ticular attention because (i) it has a higher aggregation
potential than Ab40, a major secreted species,8 (ii) im-
munocytochemistry and two-site enzyme immunoassay
(EIA) have revealed that Ab42 is the initially deposited
species in the brain,9,10 and (iii) all APP mutations, and
presenilin 1 and 2 mutations linked with familial AD (FAD),
accompany increased secretion of Ab42.11–13 In fact,
plasma from FAD pedigrees14,15 and Down syndrome
patients,16 who invariably develop AD pathology in mid-
dle age, contains significantly higher levels of Ab42. In
addition, the proportion of Ab42 in the Ab deposited in
FAD brains is significantly higher than that in sporadic AD
brains.17 Thus, several lines of transgenic mice incorpo-
rating mutant APP and/or presenilin genes may be excel-
lent models of FAD.1–3

However, sporadic AD, which is far more prevalent
than FAD and is believed to be a polygenic disease, is
not associated with increased levels of Ab42 in plasma.14

It is of note that the ApoE4 allele (e4), a strong risk factor
for AD, is associated with neither an increased number of
Ab42-positive plaques nor increased deposition of Ab42
in the brain.18,19 Nevertheless, sporadic AD patients and
a substantial proportion of elderly people exhibit exten-
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sive deposition of Ab42 in the brain.7,20 Thus, it is rea-
sonable to speculate that some unidentified factors other
than increased secretion of Ab42 are involved in Ab
deposition in sporadic AD patients and among the gen-
eral aged population. Consequently, it is of particular
importance to investigate autopsied human brains de-
spite potentially confounding postmortem artifacts.

We previously quantitated the Ab levels in the cortex
and subcortical regions during aging.7,20 There was a
strong tendency toward Ab42 accumulation between the
ages of 50 and 70 years in T4, putamen, and mamillary
body, and a little later in CA1.7,20 Even in cases in which
no senile plaques were immunocytochemically detected,
EIA clearly showed that significant amounts of Ab42 had
already accumulated.7 In contrast to Ab42, Ab40 showed
no apparent age-dependent accumulation, and high lev-
els of Ab40 were found to be associated with AD.7 In the
course of this work, we noted that Ab dimer at 6;8 kd,
but not Ab monomer at ;4 kd, is often prominent on the
Western blot of specimens showing negligible levels of
Ab42 by EIA.20 Further investigation has clarified that (i)
BAN50- or BNT77-based EIA quantitates sodium dodecyl
sulfate (SDS)-dissociable Ab at ;4 kd, but not SDS-
stable Ab dimer at 6;8 kd, and (ii) specimens containing
negligible amounts of Ab as determined by EIA often
contain detectable levels of SDS-stable Ab dimer on the
Western blot. Although we currently do not know the
exact significance of the Ab dimer, it is possible that the
SDS-stable Ab dimer accumulates very slowly and plays
an important role in the initial stages of b-amyloidogen-
esis in human brain.

Materials and Methods

Subjects

The present study is based on autopsies performed (n 5
74; 56 men, 18 women) during the period 1995–97 at the
Tokyo Medical Examiner’s Office (Otsuka, Tokyo), as de-
scribed previously.7,20 The ages at death of the 74 sub-
jects ranged from 24 to 92 years (3 at 20–29 years, 4 at
30–39 years, 17 at 40–49 years, 18 at 50–59 years, 13 at
60–69 years, 10 at 70–79 years, 8 at 80–89 years, and 1
at 92 years). Postmortem delay ranged from 2 to 24
hours. The other source of autopsy cases (n 5 40; 28
men, 12 women) was the Gunma Cancer Center (Ohta,
Gunma); all of these cases had malignant neoplasms.
Their ages at death ranged from 40 to 81 years (5 at
40–49 years, 12 at 50–59 years, 9 at 60–69 years, 13 at
70–79 years, and 1 at 81 years) and postmortem delay
ranged from 1 to 13 hours (see Table 2).

Tissue Preparation

Cortical pieces of CA1 and T4 at the level of lateral
geniculate body, approximately 80–110 mg each, were
sampled from fresh brains at autopsy at the Tokyo Med-
ical Examiner’s Office and stored at 280°C until use. The
attached leptomeninges and vessels were carefully dis-
sected out. At the Gunma Cancer Center, cortical blocks
were obtained from the prefrontal cortex (Brodmann 9,

10, and 11) and stored at 280°C until use. Pieces weigh-
ing approximately 200 mg were processed for EIA and
Western blotting.

PDAPP transgenic mice, aged 9.3–9.7 months,1,4 were
used to examine the effects of postmortem delay on the
molecular form of Ab. After death, two each of 12 mice
were kept at room temperature for 0, 2, 4, 6, 12, or 18
hours, then frozen at 280°C until use. The mouse brains
were similarly processed for EIA and Western blotting.

Tissue Extraction

Each of the sampled pieces was homogenized with a
Dounce homogenizer (20 strokes) in 4 volumes of Tris-
saline (50 mmol/L Tris-HCl, pH 7.6, 0.15 mol/L NaCl)
containing 1 mmol/L EGTA, 0.5 mmol/L diisopropyl flu-
orophosphate, 0.5 mmol/L phenylmethylsulfonyl fluoride,
1 mg/L Na-p-tosyl-L-lysine chloromethyl ketone, 1 mg/L
antipain, 0.1 mg/L pepstatin, and 1 mg/L leupeptin. Each
homogenate was further homogenized with a motor-
driven Teflon/glass homogenizer (20 strokes) and centri-
fuged at 265,000 3 g for 15 minutes on a TL 100.3 rotor
in a TLX centrifuge (Beckman, Palo Alto, CA). For the
cortical blocks from the Gunma Cancer Center, the
Dounce homogenization step was omitted. The resultant
pellet, after being washed once, was further extracted
with more than 100 volumes (with respect to the initial
tissue volume) of 70% formic acid. The homogenate was
centrifuged on a TL 100.3 rotor as mentioned above. The
supernatant was neutralized with NaOH and trizma base
and subjected to the EIA.

Enzyme Immunoassay

The two-site EIA for Ab consisted of a combination of five
monoclonal antibodies: BAN50, BNT77, 4G8, BA27, and
BC05. BAN50, BNT77, or 4G8 (Senetek PLC, St. Louis,
MO; the epitope is located in Ab17–24) was coated as a
capture antibody on a multiwell plate (Immunoplate I,
Nunc, Roskilde, Denmark). BAN50 (the epitope is located
in Ab1–10) presumably captures full-length Ab, whereas
BNT77 (the epitope is thought to be located in Ab11–
16)21 is considered to capture all Ab species truncated
up to position 10, but not p3 which starts at Ab17. Either
BA27 specific for Ab40 or BC05 specific for Ab42 was
used as a detection antibody following conjugation with
horseradish peroxidase.

Aliquots (100 ml) of appropriately diluted formic acid
extracts, as well as a synthetic peptide, Ab1–40 or
Ab1–42 (Bachem, Torrance, CA), dissolved in dimethyl-
sulfonyloxide, were applied to a BAN50-, BNT77-, or
4G8-coated multiwell plate and the loaded plate was
incubated at 4°C overnight. After being rinsed with phos-
phate-buffered saline, the loaded wells were incubated
with horseradish peroxidase-conjugated BA27 or BC05
at room temperature for 6 hours. Bound enzyme activity
was measured using the TMB Microwell Peroxidase Sub-
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strate System (Kirkegaard & Perry Labs, Gaithersburg,
MD). For the insoluble Ab42, the detection limit of EIA
was 12 pmol/g wet weight.22

Western Blotting

Small aliquots (10 ml) of the formic acid extracts of the
insoluble fractions were dried by Speed Vac (Savant
Instruments, Farmingdale, NY), and solubilized with sam-
ple buffer (50 mmol/L Tris-HCl (pH 6.8), 12% glycerol, 2%
SDS, 2.5% mercaptoethanol, 4 mol/L urea). These sam-
ples were subjected to Tris/tricine gel electrophoresis
and the separated proteins were blotted onto a nitrocel-
lulose membrane (pore size 0.22 mm, Schleicher &
Schuell, Dassel, Germany). The blot, after heat treat-
ment,23 was incubated with BAN50, BA27, BC05, or
BC65 (specific for Ab43).24 After washing with Tris-sa-
line-based buffer, the blot was further incubated with
horseradish peroxidase-conjugated goat anti-mouse IgG
(Transduction Laboratories, Lexington, KY). Bound anti-
bodies were visualized using the enhanced chemilumi-
nescence system (Amersham, Buckingham, UK). This
modified version of Western blotting23 detected as little
as 10 pg (2.5 fmol) of Ab1–42 or Ab1–40 per lane.

Besides specimens, synthetic Ab1–40 or 1–42 (10, 20,
50, and 100 pg) was loaded onto each gel for Western
blot quantitation of Ab. SDS-stable Ab dimer was quan-
titated using a standard curve for SDS-dissociable Ab
(synthetic Ab) and the concentration was expressed as
the Ab monomer equivalent. Thus it was postulated that
the blotting efficiency and BA27 or BC05 reactivity of
SDS-stable dimer are the same as those of SDS-disso-
ciable Ab. Quantitation of enhanced chemiluminescence
bands of interest was performed with a model GS-700
imaging densitometer on Molecular Analyst software
(Bio-Rad Laboratories, Hercules, CA).

Ab Immunocytochemistry

The formalin-fixed cortical blocks from the Tokyo Medical
Examiner’s Office were dehydrated and embedded in
paraffin in a routine manner and cut into 6-mm-thick sec-
tions. Sections were immunostained with 4G8 (Senetek
PLC; specific for Ab17–24) by the avidin-biotin method
(Vectastain Elite, Vector Laboratories, Burlingame, CA),
after formic acid treatment.7

The cortical blocks from the Gunma Cancer Center
were sliced to ;5 mm in thickness and fixed in 4%
paraformaldehyde or 10% formalin in phosphate buffer
for 24–48 hours at 4°C. Sections, 6 mm thick, were sim-
ilarly immunostained with Ab polyclonal antibodies.25

Apolipoprotein E Genotyping

Typing of the apolipoprotein E genotype was performed
using the polymerase chain reaction (PCR) as described
previously.26

Results

BAN50- or BNT77-based EIA Quantitates a
Dissociable Molecular Form of Ab40 and Ab42

When Ab is extracted with formic acid from the insoluble
fraction of aged or AD brains, three major molecular
forms of Ab40 or Ab42 were observed on the Western
blot: Ab monomer at ;4 kd, dimer at ;6–8 kd, and larger
oligomers and a smear (Figure 1). The latter two cannot
be dissociated into 4-kd monomer with SDS or other
harsh denaturants including guanidine hydrochloride
(see Figure 2). Although these two Ab species are not yet
fully characterized, our data suggest their interrelation-
ship: when Ab monomer is present on the Western blot of
a given brain homogenate, Ab dimer can be also de-
tected. In the insoluble fraction of human brain homoge-
nate, the amount of SDS-stable Ab dimer usually exceeds
that of the dissociable Ab form (Figure 1).

We have examined whether the EIA used quantitates
the SDS-dissociable form of Ab, the SDS-stable form, or
both. b-Amyloid cores were partially purified from AD
brain according to a previously reported protocol27 and
formic acid-extracted Ab was fractionated in guanidine
hydrochloride on a Superdex 75 column (Pharmacia,
Uppsala, Sweden; HR10/30). By this procedure, disso-
ciable Ab monomer, SDS-stable Ab dimer, and larger
oligomers were readily separated according to their mo-
lecular sizes (Figure 2). BAN50- or BNT77-based EIA was
found to specifically capture dissociable Ab40 and Ab42
species, but not SDS-stable dimer or oligomer (Figure 2).
Thus, the BNT77-based EIA values most likely represent the
levels of SDS-dissociable Ab species, but not of SDS-stable
Ab dimer or oligomer. In contrast, 4G8 captured both dis-
sociable Ab and SDS-stable Ab dimer. This is consistent

Figure 1. Western blots of the insoluble fraction from an aged occipital
cortex. The formic acid extract, together with 100 pg of synthetic Ab1–40 (A,
left lane ) or Ab1–42 (B, left lane), or 5 ng of Ab1–42 (C, left lane), was
subjected to SDS polyacrylamide gel electrophoresis and Western blotting
with BA27 (A), BC05 (B), or BAN50 C. In these three panels, Ab40 or Ab42
monomer is migrated at;4 kd, while Ab40 or Ab42 dimer to ;6 kd, and
trimer to ;12 kd (arrowheads, A-C). In the right lane in B, the lowest band
at ;3 kd presumably represents p3, namely, Ab17–42, as judged by com-
parison of its mobility with that of synthetic Ab17–42 (data not shown). The
broader, somewhat fast-migrating, band in the right lane in B may reflect
various amino-terminal truncations or modifications of Ab42 (see Figure 2).
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with our previous observation that 4G8 preferentially la-
beled SDS-stable dimer on the blot (Shinkai Y, Morishima-
Kawashima M, Ihara Y, unpublished observation).

SDS-Stable Ab Dimer in Specimens in which
Ab is Undetectable by EIA

We examined whether specimens containing negligible
levels (below the detection limit of 12 pmol/g wet weight)
of Ab42 by EIA contain SDS-stable Ab dimer according
to the sensitive Western blotting.23 All these cases from
two facilities showed no immunocytochemically detect-
able senile plaques in adjacent sections, as partly de-
scribed before.7 In a number of such specimens very
prominent bands of Ab dimer at 6;8 kd were seen (Fig-
ure 3, A and B), but Ab monomer at ;4 kd was absent or
scarcely detectable, an observation consistent with the
above-described characteristics of the EIA. Because of
the presence of a trace amount of the Ab dimer in the
sample (Table 1, A and B, and Table 2), we were unable
to microsequence the molecule. However, we consider

that the 6;8-kd band represents Ab dimer because (i)
BAN50, 4G8, and BC05 labeled the band on the blot (see
below), (ii) truly end-specific BA27 (Morishima-Ka-
washima M and Ihara Y, unpublished observations) often
labeled a band at the same position, (iii) occasionally,
above the 6;8-kd band, a 12-kd band was observed,
suggesting the presence of Ab trimer (Figure 1, Figure 3,
A and B), and thus strengthening the argument that the
band at 6;8 kd represents Ab dimer, and (iv) Western
blots of many specimens showed that there is a transition
from 6;8-kd band alone, to appearance of an additional
band at ;4 kd, and finally to the mixture most commonly
seen in aged brain in which the 6;8-kd band is consid-
ered to represent SDS-stable Ab dimer (data not shown;
Figure 1).

In several cases (93137 and 95303 in Table 1A, 94367
in Table 1B, and 21 and 40 in Table 2) in which Ab was
undetectable by EIA, Ab42 monomer was detected on
the blot in addition to the SDS-stable dimer. This may be
partly due to the difference in sensitivity of the two assay
methods: for quantitation of insoluble Ab Western blotting

Figure 2. Western blot analysis and EIA of size exclusion chromatography fractions. The amyloid core-enriched fraction (ie, the SDS-insoluble, formic acid-soluble
fraction) was prepared from AD brains according to a previously reported protocol.27 The formic acid extract was dialyzed against 6 mol/L guanidine
hydrochloride in 10 mmol/L phosphate buffer (pH 6.0), and the dialyzate was applied on a Superdex 75 HR10/30 (1.0 3 30 cm, Pharmacia) column which was
preequilibrated and developed with 6 mol/L guanidine hydrochloride in 10 mmol/L phosphate buffer (pH 6.0) at a flow rate of 0.3 ml/min. Those fractions eluted
at positions at 12 to 2.5 kd were subjected to EIA and Western blotting. For EIA an aliquot from each fraction was diluted with 10 volumes of buffer EC22 and
applied onto a BAN50-, BNT77-, or 4G8-coated plate. Bound Ab was detected with peroxidase-labeled BA27 (C) or BC05 (D). For Western blotting each remaining
fraction was dialyzed against 8 mol/L urea and the dialyzate was subjected to Tris/tricine SDS polyacrylamide gel electrophoresis. Each blot was probed with BA27
(A) or BC05 (B). BAN50-, BNT77-, or 4G8-based EIA values are indicated by a solid line, broken line, or bold line, respectively. Large differences between
BNT77-based and BAN50-based Ab42 values probably indicate great extents of truncations and modifications of Ab42 (D).
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is more sensitive than EIA, which requires a neutralization
step22 that results in extensive dilution of the formic acid
extract.

In T4, 26 cases showed negligible Ab levels by EIA. Six
cases had only Ab40 dimer, 2 cases only Ab42 dimer,
and 5 cases had both; thus, there were 13 cases with
Ab40 or Ab42 dimer (50%; Table 1A). CA1 shows some-
what different characteristics in the Ab accumulation. As
assessed by EIA quantitation, as compared to T4, Ab
accumulation starts a little later.7 There were 32 cases in
which Ab in CA1 fell below the detection limit by EIA.
Among them, 2 cases had only Ab40 dimer, 7 cases only
Ab42 dimer, 6 cases had both; thus, 15 cases had Ab40
or Ab42 dimer (47%; Table 1B).

To exclude the possibility that the dimer is generated
postmortem, cases from a local cancer hospital were
similarly examined (Table 2). These cases were generally
autopsied shortly after death (see Table 2). Even the
specimens frozen very shortly after death contained Ab
dimer, strongly suggesting that the Ab dimer is not an
artifact generated postmortem. In 22 cases, insoluble
Ab42 was below the detection limit. One of these cases
had only Ab40 dimer, 8 cases had only Ab42 dimer, and

6 cases had both; thus, there were 15 cases with Ab
dimer (68%; Table 2).

We also examined PDAPP transgenic mice aged 9.3–9.7
months at death, an age at which amyloid deposition is
apparent (Table 3).4 The transgenic mice were kept at room
temperature up to 18 hours after death. Up to 12 hours, Ab
dimer was barely observed in the transgenic mice (Figure
3C). One of the mice kept for 18 hours was found to contain
larger amounts of Ab dimer than of Ab monomer at 4 kd
(data not shown). Most interestingly, in these transgenic
mice, with the one exception mentioned above, only a trace
amount of SDS-stable Ab dimer was observed, whereas
there was a prominent band at ;4 kd representing SDS-
dissociable Ab on the blot (Figure 3C). This result can also
exclude the possibility that the SDS-stable dimers are gen-
erated during evaporation of formic acid, a step required for
SDS polyacrylamide gel electrophoresis.

Appearance of SDS-Stable Ab42 Dimer May Be
Age-Dependent

We examined whether the appearance of SDS-stable
dimer is age-dependent in the present two autopsy se-
ries. In T4, from the autopsy series at Tokyo Medical
Examiner’s Office, for ages at death , 50 years, SDS-
stable Ab40 and Ab42 dimers were detected in 6 (46%)
and 2 (15%) of 13 cases, respectively. For ages 50–59,
SDS-stable Ab40 and Ab42 dimers were detected in 4
(44%) and 3 (33%) of 9 cases, respectively. For ages
60–69, SDS-stable Ab40 and Ab42 dimers were de-
tected in 2 (67%) and 2 (67%) of 3 cases, respectively.
The incidence of Ab42 dimer, but not Ab40 dimer, tended
to increase with age but was not statistically significant
(Mantel extension test, P , 0.10).

In CA1 from the same series, for ages at death , 50
years, SDS-stable Ab40 and Ab42 dimers were detected
in 2 (15%) and 2 (15%) of 13 cases, respectively. For
ages 50–59 years, SDS-stable Ab40 and Ab42 dimers
were detected in 5 (42%) and 7 (58%) of 12 cases,
respectively. For ages 60–69 years, SDS-stable Ab40
and Ab42 dimer were detected in 1 (17%) and 4 (67%) of
6 cases, respectively. This age-dependent increase in
the incidence of Ab42 dimer but not of Ab40 dimer in
CA1 was statistically significant (Mantel extension test,
P , 0.02).

In the prefrontal cortex from the autopsy series at the
Gunma Cancer Center, for ages at death , 50 years,
SDS-stable Ab40 and 42 dimer were detected in 0 (0%)
and 1 (50%) of 2 cases, respectively. For ages 50–59
years, the SDS-stable Ab40 and Ab42 dimers were de-
tected in 2 (40%) and 2 (40%) of 5 cases, respectively.
For ages 60–69 years, SDS-stable Ab40 and Ab42
dimers were detected in 2 (33%) and 5 (83%) of 6 cases,
respectively. For ages 70–79 years, SDS-stable Ab40
and Ab42 dimers were detected in 3 (50%) and 6 (100%)
of 6 cases, respectively. This age-dependent increase in
the incidence of the Ab dimer in the prefrontal cortex was
statistically significant (Mantel extension test, P , 0.05).
Although the number of cases was small, the presence of
Ab dimer is presumably unrelated to ApoE genotypes
(Table 1, A and B, and Table 2).

Figure 3. Western blots of representative EIA-negative specimens and
PDAPP transgenic mouse brains. A, B: Representative cases showing the
presence of SDS-stables Ab42 (A) and Ab40 (B) dimers. Each left-most lane
is loaded 10 pg of synthetic Ab1–42 (A) or Ab1–40 (B). An upper arrowhead
in A or an arrowhead in B indicate a 12-kd band, presumably representing
Ab trimer. A lower arrowhead in A indicates an ;8-kd band, perhaps
representing anomalously folded Ab42 dimer.36 Small and large arrows in A
and B indicate Ab monomer and Ab dimer, respectively. C: The effects of
postmortem delay on the molecular form of Ab42 in the transgenic mice. The
mice were kept at room temperature for 0 (lane 1), 2 (lane 2), 4 (lane 3), 6
(lane 4), 12 (lane 5), and 18 (lane 6; see text) hours after death and
processed for Western blotting with BC05. No immunoreactivity with BA27
was detected on the blot (data not shown). The leftmost lane is loaded 10 pg
of synthetic Ab1–42. Small and large arrows indicate Ab42 monomer and
Ab42 dimer, respectively.
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Table 1A. Western Blot Data on EIA-negative T4 Specimens from Autopsy Cases at Tokyo Medical Examiner’s Office

Case Age Gender ApoE

Ab40(BA27) Ab42(BC05)

4kd 8kd 4kd 8kd

92726 67 M 3/3 2 2 2 6 2
92818 61 M 2/3 2 2 2 1 1
93023 45 M 3/4 2 2 2 2
93026 57 F 3/3 2 2 2 2
93137 59 M 3/3 2 2 1 1.9* 1 1
93334 48 M 3/3 2 2 2 2
93459 65 M 3/3 2 2 2 6 2
93570 52 M 3/3 2 2 2 2
93650 44 M 3/3 2 21 1 2 2
93666 44 M 3/3 2 1 1 2 1 1
93727 51 M 3/3 2 1 2 2 2
94105 45 M 3/3 2 2 2 2
94364 47 F 3/3 2 1 2 2 2
94367 56 M 3/3 2 1 2 2 6
94417 60 M 3/3 2 1 2 2 2
94530 52 M 3/3 2 1 2 2 2
94684 67 M 3/3 2 1 2 2 2
94760 48 M 3/3 2 1 2 2 2
94939 44 M 3/3 2 2 2 6 1
95094 52 F 3/3 2 2 2 2
95303 52 F 3/4 1 2 21 1 21 1 21 1
95348 40 M 3/3 2 1 2 2 2
95475 42 F 3/3 2 2 2 2
95531 40 M 3/3 2 2 2 2
95639 41 M 3/4 2 2 2 2
95770 47 M 3/3 2 2 2 2

Table 1B. Western Blot Data on EIA-negative CA1 Specimens from Autopsy Cases at Tokyo Medical Examiner’s Office

Case Age Gender ApoE

Ab40(BA27) Ab42(BC05)

4kd 8kd 4kd 8kd

92818 61 M 2/3 2 21 1 2 1 1
93023 45 M 3/4 2 1 1 2 2
93026 57 F 3/3 2 21 1 2 6 1
93033 59 M 3/3 2 2 2 1 1
93137 59 M 3/3 2 2 2 2
93328 56 M 3/3 2 21 1 2 1 1
93334 48 M 3/3 2 2 2 6 1
93459 65 M 3/3 2 2 2 6 1
93545 33 M 3/3 2 2 2 2
93570 52 M 3/3 2 2 2 2
93650 44 M 3/3 2 2 2 2
93727 51 M 3/3 2 2 2 2
94068 55 M 3/3 2 21 1 2 6 1
94105 45 M 3/3 2 2 2 2
94364 47 F 3/3 2 1 2 2 6
94367 56 M 3/3 2 1 1 2 21 1
94417 60 M 3/3 2 2 2 2
94530 52 M 3/3 2 2 2 6 2.2
94651 69 M 3/3 2 2 2 6 1
94684 67 M 3/3 2 1 1 2 6 1
94760 48 M 3/3 2 1 2 2 2
94939 44 M 3/3 2 1 2 2 2
94977 66 M 3/3 2 2 2 2
95005 50 M 3/3 2 2 2 2
95094 52 F 3/3 2 2 2 6 1.8
95303 52 F 3/4 2 2 2 2
95348 40 M 3/3 2 2 2 2
95475 42 F 3/3 2 2 2 2
95531 40 M 3/3 2 2 2 2
95639 41 M 3/4 2 2 2 2
95770 47 M 3/3 2 2 2 2
95848 48 M 3/3 2 2 2 2

2, negative; 6, faint signal; 1, definite signal; 21, strong signal; 2, below the quantitation range; 1, beyond the linear range; *, pmol (Ab
monomer equivalent)/g wet weight.
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Discussion

Although we were unable to microsequence the Ab dimer
for confirmation, it is most likely that this represents the
same Ab dimer that Masters and colleagues originally
found in the purified amyloid core fractions28 and Roher
and colleagues later extensively characterized.29 The lat-
ter group demonstrated that in contrast to dissociable
synthetic Ab, Ab dimer does not assemble into amyloid
fibril but generates granular particles. A further striking
characteristic of the Ab dimer is that in its presence,
microglia kill neurons in culture.29 Roher and colleagues
also showed that such SDS-stable Ab dimer is generated
in vitro when synthetic Ab1–40 or Ab1–42 is incubated for
a long time.29,30 Presumably, the carboxyl third of Ab is
responsible for formation of SDS-stable dimer, because
Ab1–28 does not form SDS-stable dimer by prolonged
incubation.30 Thus formed, Ab dimer is claimed to be
stable in formic acid or guanidine thiocyanate.29,30

The unexpected finding that BAN50 or BNT77 cannot
capture the dimer but 4G8 can raises the possibility that
the 6;8-kd band represents the dimer of p3 (Ab17–42).
However, this is unlikely because the 6;8-kd band in a
number of specimens examined was also labeled with
BAN50 (the epitope is located in Ab1–10; see Figure 1C).
Apparently, this conflicts with its capturing characteristic
in EIA. SDS-denatured Ab dimers on the Western blot
may not take the same conformation as those in diluted
guanidine hydrochloride. Possibly, the latter solution
leads SDS-stable Ab dimers and dissociable Ab to take
more native conformations. Thus, the BAN50 immunore-
activity with the 6;8-kd band on the blot is presumably
created by the use of SDS.

The carboxyl terminus of the SDS-stable Ab dimer is
not uniform; generally, a large proportion of the dimers

reacts with BC05 but not with BA27, whereas a small
proportion of the dimers is labeled with BA27 and not with
BC05. Predominance of BC05 or BA27 immunoreactivity
in each case appears to be unrelated to postmortem
delay. When the dimer in a given specimen is reactive
with both antibodies, usually a fast-migrating part of the
band was BC05-reactive and a slow-migrating part was
BA27-reactive (see Figures 1 and 2). Thus, apparently
there are two forms of the SDS-stable Ab dimer: species
ending at Ab40 or Ab42 exist presumably as homodimer.
At present we do not have a proper explanation for the
presence of two Ab dimers in EIA-negative brains. One
possible explanation would be that the generated SDS-
stable Ab42 dimers are rapidly converted to Ab40 dimers
through cleavage with a specific carboxyl dipeptidase in

Table 2. Western Blot Data on EIA-negative Prefrontal Cortex Specimens from Autopsy Cases at Gunma Cancer Center

Case Age Gender
Postmortem

delay (h) ApoE

Ab40(BA27) Ab42(BC05)

4kd 8kd 4kd 8kd

2 60 F 2.8 3/3 6 2 2 1
3 56 M 0.8 3/3 2 2 2 1 1.2*
5 66 M 2.0 3/3 2 2 2 1
6 71 M 0.8 3/4 2 6 2 2 1 3.3

10 70 M 2.0 3/3 6 2 2 1 0.6
13 79 F 10.3 2/3 2 6 2 2 1 5.1
14 48 F 1.75 3/4 2 2 2 1 1.8
20 44 M 7.7 3/4 2 2 2 2
21 70 M 1.5 3/3 2 2 6 4.0 1 2.0
23 53 M 4.8 3/4 2 2 2 2
24 51 M 1.2 3/3 2 6 2 2 2
25 69 F 10.0 3/3 2 2 2 1 2
26 55 M 2.0 3/3 2 2 2 2
27 65 M 7.5 3/4 2 2 2 2
28 68 M 2.0 3/3 2 6 3.5 2 1 2.6
29 57 M 1.0 3/3 2 21 1 2 1 2
31 75 F 2.0 2/3 2 6 2 2 1 2.3
32 49 M 1.5 3/3 2 6 2 2 1 1.3
36 73 M 8.0 3/3 2 2 2 1 1.9
38 60 M 2.5 3/3 2 2 2 1 1.3
39 40 F 8.4 3/3 2 2 2 1 1.9
40 67 M 0.67 3/3 2 2 1 1 2.0

2, negative; 6, faint signal; 1, definite signal; 21, strong signal; 2, below the quantitation range; 1, beyond the linear range; *, pmol/g wet
weight.

Table 3. Effects of Postmortem Delay on Ab in PDAPP
Mouse Brain

Postmortem
delay (h) Age (m)

EIA (pmol/g wet
weight)

Ab40 Ab42

0 9.7 2 46
0 9.7 13 40
2 9.3 20 68
2 9.3 14 47
4 9.7 16 86
4 9.5 2 100
6 9.7 16 110
6 9.5 2 52

12 9.7 2 55
12 9.7 2 16
18 9.7 2 99
18 9.5 16 17*

2, ,12 pmol/g wet weight. *This transgenic mouse developed the
SDS-stable Ab dimer 18 hours after death.
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some brains, but very slowly in other brains. The activity
of the carboxyl dipeptidase may be relatively high in the
brain because a significant proportion of synthetic
Ab1–42 injected into rat brain is rapidly converted to
Ab40.31 Related to this, one may point to the possibility
that SDS-stable Ab42 dimer is generated from a potential
precursor, Ab43 dimer, by the action of another carboxyl
peptidase. However, we were unable to detect BC65
immunoreactivity on the blot (data not shown). We are still
not certain about whether the formation of Ab42 dimer is
indeed age-dependent, whereas that of Ab40 dimer is
not. To clarify this point, a much larger number of cases
must be carefully studied.

The presence of soluble SDS-stable dimer was previ-
ously reported in CSF,32 and we have independently
confirmed the presence of SDS-stable Ab40 dimer in CSF
by Western blotting in a substantial proportion of aged
control subjects and AD patients (Shinkai Y, Morishima-
Kawashima M, Arai H, Ihara Y, unpublished observa-
tions). This may suggest that only Ab42 dimer, not Ab40
dimer, is pathogenic. It was also reported that the soluble
fraction of AD brain contains SDS-stable Ab dimer and
ApoE complexes.33 On the other hand, some cultured
cells (CHO cells) secrete SDS-stable Ab dimer and tri-
mer34 and transfection of mutant presenilin 1 or 2 to the
cells, compared with that of wild-type presenilins, enhances
SDS-stable oligomerization of the secreted Ab.35,36 A re-
markable characteristic of this in vitro phenomenon is the
oligomerization of Ab at nanomolar or subnanomolar con-
centrations of Ab, very close to physiological concentra-
tions of Ab in the extracellular space.

Although we cannot exclude the possibility that SDS-
stable Ab dimer is produced within the cell and released,
it is attractive to postulate that SDS-stable Ab dimer is
generated in the extracellular space of the brain from
dissociable Ab constitutively secreted from brain cells. It
should be noted that Ab40 (and presumably also Ab42)
exists as dimer under physiological conditions.37,38 In
this context, it is of particular interest that oligomerization
of Ab, including dimerization, is enhanced in conditioned
culture media, and that the addition of Congo red blocks
the oligomerization.36 The conditioned media appear to
contain a factor or factors that enhance oligomerization.
Perhaps one of the factors is Ab42 itself because the
culture media of mutant APP or presenilin 1- or 2-trans-
fected cells that enhance Ab oligomerization are known
to contain increased levels of Ab42.36

Thus, it is possible that SDS-stable dimer and oligomer
are generated from secreted dissociable Ab in the extra-
cellular space under influences of many factors. At the
very initial stage of Ab accumulation the concentrations
of soluble SDS-stable Ab dimer and oligomers may in-
crease. This may be because of increased Ab, particu-
larly Ab42, production and/or decreased Ab degrada-
tion. As the clearance becomes more defective with age,
soluble SDS-stable Ab oligomers reach saturation level
and is deposited, a step which makes clearance or elim-
ination more difficult. An alternative but not mutually ex-
clusive possibility is that SDS-stable Ab dimer may have
a stronger affinity to extracellular matrix in brain. Thus, the
presence of SDS-stable Ab dimer may reflect the unusu-

ally slow process in the Ab accumulation in the human
brain.

In the above context, it is particularly intriguing that a
quite recent report describes the neurotoxicity of diffus-
ible, nonfibrillar (SDS-stable) Ab1–42 oligomers.39 These
oligomers are claimed to show potent neurotoxicity at
nanomolar concentrations, through a particular (as yet
unidentified) cell-surface receptor, and the activation of
fyn, a protein tyrosine kinase of the src family.39 Further-
more, it has been reported that incubation of rat hip-
pocampal slices with these oligomers prevents long term
potentiation before signs of neuronal degeneration ap-
pear.39 Related to this, it is rather surprising to note that
a substantial proportion of CA1 specimens similar to that
of T4 specimens already contain SDS-stable Ab dimers
(Table 1A and B). This indicates that, although CA1 is the
site least affected by the deposition of Ab (SDS-disso-
ciable Ab),7 SDS-stable Ab dimers appear in CA1 as
early as in T4, one of the most affected sites. This may
further suggest that there are two stages for b-amyloid
deposition in humans: initial deposition of SDS-stable Ab
dimers followed by SDS-dissociable Ab. Presumably,
subsequent deposition of SDS-dissociable Ab is signifi-
cantly delayed in CA1 for unknown reasons. If diffusible
Ab42 oligomers were indeed toxic, this might explain why a
number of neurofibrillary tangles in CA1 are already present
in the stage showing no accumulation of SDS-dissociable
Ab as judged by EIA (Funato H and Ihara Y, unpublished
observations). Thus, the major issue is whether the very low
levels of SDS-stable Ab dimer in the transgenic mice is
related to the absence of neuronal loss6 that defines the
degree of dementia in humans.40 Taken together, the find-
ings of the present study suggest the possibility that SDS-
stable dimers play important roles in b-amyloidogenesis in
aged human brain and the neurodegeneration of AD.

Note Added in Proof

The data on the specificity of BA27 have recently been
published (Morishima-Kawashima M, Ihara Y, Biochem-
istry 1998, 37:15247–15253).
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