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Abstract

Alzheimer’s disease (AD) is characterized by the extensive deposition of amyloid § protein (AB) in the brain cortex. A is produced from B-
amyloid precursor protein (APP) by B-secretase and y-secretase. B-Secretase has been identified as beta-site APP cleaving enzymel (BACE1). We
produced rabbit polyclonal antibodies against the amino and the carboxyl terminals of BACEL. Using these antibodies, BACEL was characterized
in temporal lobe cortices by Western blotting and immunohistochemistry.

Immunohistochemical studies employing anti-GFAP and anti-MAP2 antibodies as well as anti-BACE! antibodies showed that BACEI was

expressed exclusively in neurons but not in glial cells.

Brain samples were directly extracted by 0.5% SDS and analyzed by Western blotting and densitometer. Although the mean level of BACEl/mg
protein in AD brains was not increased, the ratio of BACEI to MAP?2 or to NSE was significantly increased compared with that in control brains.
Taken together, these findings suggest that those neurons that survive in AD brains might generate more BACE1 than normal neurons in control
brains, indicating that increased BACE1 activity could be one of the causes of AD. This could justify the development of anti-BACE1 drugs for AD

treatment.

© 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: Alzheimer’s disease; AB; BACE]

1. Introduction

Alzheimer’s disease (AD) is a major form of senile
dementia. The appearance of senile plaques with B-amyloid
protein (AB) as the main component precedes the various
pathological changes observed in AD brains (Glenner and
Wong, 1984). AB is produced by cleavage of AP precursor
protein (APP) at the amino terminal end by B-secretase and at
the carboxyl terminal end by +y-secretase (Hardy and Allsop,
1991). Part of the AP released outside the cell is degraded and
removed by degradative enzymes; however, increased A
production, reduced activity of the degradative enzymes, or

* Corresponding author. Fax: +81 29 853 3224.
E-mail addresses: haradah@nona.dti.ne jp (H. Harada),
atamaoka@md.tsukuba.ac.jp (A. Tamaoka).

reduced activity of the mechanism for removal of A causes the
formation of senile plaques through the aggregation and
deposition of AB (Selkoe, 1999). Furthermore, aggregated A3
acts against neuronal cells and causes neuronal cell death. It is
also said that AP activates the phosphorylation of tau protein,
causing neurofibrillary degeneration (Rapoport et al., 2002;
King, 2005). Therefore, it is considered that inhibition of AR
production before its deposition, enhancement of AR degrada-
tion, or clearance of deposited AB would be effective in the
prevention and treatment of AD. Two phenotypes of BACE
have been observed: BACE1 and BACE2. BACE1 is considered
to be the major B-secretase because: (1) it exists mainly in the
brain, whereas BACE2 is widely distributed throughout the
body; (2) only small amounts of BACE2 mRNA have been
observed in the brain (Vassar et al., 1999; Bennett et al., 2000;
Vassar, 2004). Furthermore, although AP production is

0168-0102/$ — see front matter © 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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increased when human BACE] is overexpressed in transgenic
mice that express a Swedish variant of APP, it is not observed in
BACE!1 knockout mice (Bodendorf et al., 2002; Luo et al.,
2001). These findings suggest that BACE] inhibitors would
suppress the production of AB and might be useful as new
therapies for AD. To study the localization of BACEI in AD
brains, we prepared anti-human BACEl antibodies and
investigated their reactivity and specificity. We also compared
the quantities of BACE!l between normal and AD brains. In
addition, we analyzed the relationship between the amount of
BACE1 and AR species, as measured by enzyme-linked
immunosorbent assay (ELISA).

2. Methods
2.1. Case selection

We used frozen temporal lobe cortices (Brodmann area 21) preserved in this
hospital and at the Tokyo Metropolitan Institute of Gerontology, including 28
AD cases and 25 normal controls. All AD cases had been diagnosed patho-
logically according to the criteria of the Reagan Institute Working Group/
National Institute on Aging (stages 5 and 6 according to Braak and Braak)
(Braak and Braak, 1991; The National Institute on Aging, and Reagan Institute
Working Group on Diagnostic Criteria for the Neuropathological Assessment of
Alzheimer’s Disease, 1997), having been clinically and pathologically differ-
entiated from dementia caused by other diseases. All control subjects had been
examined clinically and pathologically. Their causes of death were cerebro-
vascular infarction or non-neurological diseases. The temporal, frontal, occi-
pital, and parietal lobes from the control brains had been confirmed as
pathologically normal for age. No significant differences between AD and
control cases were evident concerning distributions of age, gender, or post-
mortem interval (range, 3-12 h).

2.2. Cultured cells as positive controls expressing human BACE]

pcDNA3-hBACEI was prepared by cloning full-length BACEL from the
human brain library and then inserting pcDNA3. Next, the construct was
transiently forced to express itself in HeLa cells and treated in a lysis buffer
(10 mM Tris—HCI [pH 8.0}, 150 mM NaCl, 1% NP40, 1% Triton-X100, 2 mM
EDTA, protease inhibitor cocktail [Roche, Penzberg, Germany], 1 mM PMSF)
on ice for 30 min. The resultant solution was centrifuged at 100 000 x g for
15 min to obtain the lysate, the supernatant of this process.

2.3. Preparation of antibodies

Rabbits were immunized with synthetic peptides of the amino terminal
(45-55, ETDEEPEEPGR) and the carboxyl terminal (485-501,
CLRQQHDDFADDISLLK) of BACE! to prepare polyclonal antibodies,
referred to here as anti-BACEI-N antibody and anti-BACE!-C antibody,
respectively.

2.4. Preparation of brain samples and Western blotting

To determine the solubility of BACEI, brain samples were homogenized in
a buffer (described below) with three times the volume of the sample, and the
whole homogenate was then centrifuged at 100 000 x g for 20 min to separate
the supernatant. Consecutive extraction was performed with TSE (10 mM
Tris—HCl, 150 mM NaCl, 1 mM EDTA), 0.1% Triton-X100/TSE, and 0.5%
SDS/TSE, which were added with the inhibitors of proteolytic enzymes
(Roche).

The samples of each supernatant and the final pellets were heat-blocked for
10 min in a loading buffer (125 mM Tris-HCI, 20% glycerol, 10% 2-mercap-
tethanol, 4% SDS, 0.02% bromophenol blue, pH 6.8) and then subjected to
electrophoresis on a 10-20% Tris—glycine sodium dodecyl sulfate—polyacry-

lamide gel (Real Gel Plate, Biocraft, Tokyo, Japan). The samples were then
electrically transferred to a transfer membrane (Millipore, Billerico, MA) and
blocked for I h in phosphate buffered saline (PBS) containing 10% skim milk
and 0.1% Tween 20. Anti-BACE1-N antibody (1:2000) and anti-BACEI-C
antibody (1:5000) were incubated at 4 °C overnight in a PBS buffer containing
5% bovine albumin. The membrane was rinsed with PBS buffer containing
0.1% Tween 20, incubated with HRP-labeled anti-rabbit IgG (1:5000, Dako-
Cytomation, Glostrup, Denmark) for 3 h, and then stained with the detection
reagents (Amersham, Buckinghamshire, UK).

Subsequently, direct extraction of a control brain was performed with 0.5%
SDS/TSE, which could dissolve more proteins than the other two buffers (TSE
or 0.1% Triton-X100/TS), and Western blotting was performed by using 1132-
N (1:1000) and 1134-C (1:1000) as authentic BACE1 antibodies against amino
acids 45-56 and 487-501, respectively, in addition to anti-BACEI-N antibody
(1:2000) and anti-BACE1-C antibody (1:5000).

To study post-translational glycosidation of BACE], control brain extracts
with 0.5% SDS/TSE were incubated at 37 °C for 14 h using an N-Glycosidase F
Deglycosylation Kit (Roche), and Western blotting was performed by using
anti-BACE1-N antibody and anti-BACE1-C antibody.

To compare total quantities of BACEI, the brains of the 25 normal
controls and 28 AD patients were extracted with 0.5% SDS/TSE. After
protein amounts were measured by the bicinchoninic acid method (PIERCE,
Rockford, IL), concentrations of protein in each sample were adjusted to be
equal. Anti-BACEL-C antibody (1:5000), anti-microtubule-associated pro-
tein 2 (MAP2) antibody (Sigma, St. Louis, MO), and anti-neuron specific
enolase (NSE) antibody (IBL, Gunma, Japan) were used as the primary
antibodies, and HRP-labeled anti rabbit antibody was used as the secondary
antibody for Western blotting. Measurement and comparison were per-
formed with a densitometer (GS-710, Quantity One, Bio-Rad, Richmond,
CA).

2.5. Double immunostaining

Double immunostaining was performed on 6-pm-thick paraffin sections of
the temporal lobes from AD brains. After deparaffinization, blocking was
performed using PBS containing 5% goat serum and 0.1% Tween 20, then
staining was performed with anti-BACE1-C antibody (1:500) as the primary
antibody and anti-rabbit IgG (H +L) Fluor 488 (1:400, Molecular Probes
Europe BV, Leiden, The Netherlands) as the secondary antibody. Double
staining was then performed using anti-MAP2 antibody and anti-GFAP anti-
body (Progen, Heidelberg, Germany) as the first antibodies and anti-mouse IgG
(H + L) Fluor 633 (Molecular Probes Europe BV) as the second antibody.
Confocal images were obtained under a confocal laser microscope (TCS SP2,
Leica Microsystems, Wetzlar, Germany).

2.6. Quantification of AB by sandwich-type enzyme-linked
immunosorbent assay (ELISA)

Species of AR were measured using the same parts of the temporal lobe
cortices that had been used to measure BACEL. Wet tissue (0.5 g) from the
cortex of each patient was finely minced, homogenized in 2 ml of 99%
formic acid, and centrifuged at 100 000 x g for 60 min at 4 °C. The super-
natant was neutralized with 1N NaOH, diluted, and subjected to ELISA for
AR quantitation. To immunochemically identify and quantify different
species of AP in the cortex, we used a sandwich ELISA with BA27 and
BCO5, which respectively are HRP-labeled antibodies capable of distin-
guishing the differing COOH-termini of AR 140 and 1-42. The sandwich
ELISA for AB was carried out as described previously (Tamaoka et al., 1995,
1997). Briefly, 100 .l of a standard peptide to establish antibody specificity
or a prepared patient sample was placed in a microtiter plate wells previously
coated with BNT77, a monoclonal antibody against the NH,-terminal
sequence of AB (1-16). Samples were allowed to react at 4 °C for 24 h.
After washing with PBS, plates were incubated at 4 °C for 24 h with wells
containing HRP-labeled BA27 or BCOS, the secondary antibodies for
differential measurement of AR 40 and AR 42, respectively. HRP activities
bound to antibodies reacting with samples were assayed with a microtiter
plate reader after color development using the TMB microwell peroxidase
system (KPL, Gaithersburg, MD).
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3. Results

3.1. A 70-kDa protein is detected in the cerebral cortex by
anti-BACE]I-C antibody and anti-BACEI-N antibody

Supernatants of consecutive extractions from the temporal
cortex, final pellets, and positive controls were analyzed on
immunoblots with anti-BACE1-C antibody and anti-BACE1-N
antibody. Fractions consecutively extracted with TSE, 1%
Triton-X100/TSE, and 0.5% SDS/TSE revealed a band
migrating at ~70kDa in all supernatants; however, no band
was observed at the same position in the final pellet (Fig. 1a).
Since each consecutively extracted fraction contained ~70 kDa
protein, Western blotting was performed thereafter on prepared
samples obtained by direct extraction of brains with 0.5% SDS/
TSE. All these antibodies detected a band migrating at 70 kDa
in such fractions (Fig. 1b).

‘We considered that we had identified mature BACE], because
we observed a band at 70 kDa with both the anti-BACEI-N
antibody and the anti-BACE1-C antibody, and it comigrated with
a protein with the molecular weight of BACEI, as already
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reported (Haniu et al., 2000). Deglycosylation of the positive
controls with N-glycosidase F resulted in disappearance of the
band at 70 kDa and appearance of a band at 50 kDa. Thus, the
full-length mature BACE1 was confirmed as the glycosylated
form of BACE1 (Fig. 2). Western blotting of control brains with
anti-BACE1-C antibody and anti-BACE1-N antibody revealed a
band at the same position as the deglycosylated form of BACE1
after treatment with N-glycosidase F.

3.2. BACEI is expressed mainly in neurons

To determine whether expression of BACE1 in the AD brain
occurred mainly in neurons or in astrocytes accompanying the
gliosis, we performed double immunostaining of the temporal
lobes of AD and normal brains. Stainings of the cortices of the
temporal lobe and the hippocampus against anti-BACE1-C
antibody were consistent with those for anti-MAP2 antibody.
Astrocytes stained for anti-GFAP antibody were not labeled by
anti-BACE1-C antibody (Fig. 3). These findings led us to
consider that BACE1 was expressed mainly in the neurons, not
in glial cells.

TS Tx SDS PPt P

Fig. 1. (a) Immunoblots of sequential extractions of control brain stained with anti-BACE1-N antibody (left) and anti-BACE1-C antibody (right). The acrylamide gel
gradient was 10-20%. Lanes: TS, supernatant directly extracted by TSE; Tx, supernatant sequentially extracted by 1% Triton-X100/TSE; SDS, supernatant
sequentially extracted by 0.5% SDS/TSE; PPt, final pellet; P, positive control. All brain fractions extracted sequentially by TS, Tx, and SDS were revealed to contain
70 kDa protein (arrow), but PPt did not. (b) Immunoblots of supernatant directly extracted by 0.5% SDS from control brain stained with various anti-BACE1
antibodies. The acrylamide gel gradient was 10-20%. Lanes: 1, 1132-N (1:1000); 2, 1134-C (1:1000); 3, anti-BACE1-N antibody (1:2000); 4, anti-BACE1-C
antibody (1:5000); P, positive control stained with anti-BACE1-C antibody. All antibodies detected 70-kDa protein (arrow).
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Fig. 2. Immunoblots of recombinant BACEI! (positive control) digested by N-
glycosidase F. Lanes; C, supernatant directly extracted by 0.5% SDS from a
control brain (untreated); P(+), positive control digested by N-glycosidase F;
P(-), untreated positive control. Digestion of positive control by N-glycosidase
F altered the molecular weight from 70 (arrow) to 50 kDa (arrowhead), which
was consistent with the molecular weight of BACE] calculated from its amino
acid residues. The 70- and 50-kDa bands were also detected in immunoblots of a
control brain with anti-BACE1-N antibody (left) and anti-BACE1-C antibody
(right).

BACE 1-C MAP2

BAGE 1-C GFAP

3.3. BACEI expression is increased in remaining neurons
in AD brains

Because double immunostaining suggested that BACE] was
expressed mainly in neurons, we performed Western blotting
with anti-BACE1-C antibody as well as with anti-MAP2
antibody and anti-NSE antibody, measuring the amounts of
these proteins (Fig. 4). There were no significant differences in
the total amounts of BACE1 between AD and control brains.
However, significant decreases in the levels of MAP2 and NSE
were observed in the AD group compared with the normal
group: the amount of MAP2 in the AD group as a proportion of
that in the normal group was 0.29 (p < 0.05), and that of NSE
was 0.31 (p < 0.001). These results were assumed to reflect
neuronal loss in the AD brains. The ratios of BACE1 to MAP2
(BACE1/MAP2) and NSE (BACE1/NSE) were 3.0 and 4.6
(both p < 0.05), respectively, in the AD group (Fig. 5). We
considered that these ratios reflected the relative amounts of
BACE1 per neuron. There was a tendency towards an increase
in BACE1 concentration with age in both groups, although this
trend was not significant. This tendency was greater in AD
brains than in the controls (data not shown).

Sandwich ELISA showed that the levels of both AR 40 and
AR 42 were increased in the AD group, as shown previously

BACE 1-C + MAP2

BACE 1-C + GFAP

Fig. 3. Immunohistochemical studies of temporal cortex from AD brain, employing anti-MAP2 antibody (upper row, red) and anti-GFAP antibody (lower row, red) as
well as anti-BACE1-C antibody (green). BACE! was expressed exclusively in neurons but not in astrocytes (bar = 40 pm).
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kDa

Fig. 4. Western blottings using anti-BACEI-C antibody, anti-MAP2, and anti-
NSE in AD and control brains. The samples were extracted with 0.5% SDS/TSE
and the concentration of protein in each sample was adjusted to the same level.

(Tamaoka et al., 1995); however, we observed no correlation
between the concentrations of BACE1 and AR species.

4. Discussion

BACEI is first synthesized as a transmembrane protein with
501 amino acids. The 1-21 amino acid part of the protein
represents a signal peptide and the adjacent 22-45 part
represents a proprotein domain. The remaining 46-501 part is
considered to undergo maturation through endoplasmic
reticulum to become the final 70 kDa mature BACE]1 (Vassar
et al., 1999; Haniu et al., 2000; Vassar, 2004). Several findings
support the identity of the 70-kDa protein recognized by our
antibodies as BACEL. (i) In addition to our two antibodies (anti-
BACEI-N and anti-BACE1-C), 1132-N and 1134-C, poly-
clonal antibodies against carboxyl-terminal of BACEI], also
detected the same 70-kDa protein band. (ii) Few numbers of
extrabands were observed in the Western blottings using anti-
BACEI1-C antibody in AD and control brains. (iii) Both our
novel antibodies against BACE] immunostained recombinant
BACE! as the band migrating at 70 kDa and deglycosylated
recombinant BACE1 at 50 kDa, which is consistent with the
molecular weight of BACE1 calculated from its amino acid

*

oD - mm? i
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C AD
BACE1

C AD C
MAP2 NSE
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composition. In the light of the molecular weight of BACE1
calculated by its amino acid composition, with 46-501 amino
acid residues, we considered the 50 kDa band that appeared
after treatment with N-glycosidase F in the positive controls to
be deglycosylated BACEL. The same deglycosylated forms of
BACEL! could be identified in normal brains. These findings
implied that unmodified BACE1 was present in human brains.

Expression of BACE1 was confirmed by double immuno-
fluorescence staining to occur exclusively in the neurons, as
reported previously (Seubert et al., 1993; Zhao et al., 1996).
Therefore, we measured the amount of BACE1 protein as well
as the amounts of MAP2 and NSE, as neuron-specific proteins,
and then examined the ratios of BACEI/MAP2 and BACEl/
NSE, which we considered to reflect the level of BACEI]
expression per neuron.

We concluded that BACE1 expression per neuron was
increased, although the total amount of BACE! expression in
the cortices of the temporal lobe was not increased. This
observation implied that AP production per neuron might
increase before cell death. Fukumoto et al. reported that the
total amount of BACELI protein in the temporal lobes of AD
brains tended to increase, as measured by sandwich ELISA
using mouse monoclonal anti BACEl carboxyl terminal
antibody and rabbit polyclonal anti BACE] amino terminal
antibody. From the amount of synaptophysin, as measured by
ELISA, they also reported that BACE1 expression per neuron
was increased in AD brains, because the value of the amount of
BACE] divided by the amount of synaptophysin was increased
(Fukumoto et al., 2002). There results are fairly consistent with
ours.

Yang et al. reported elevated BACE1 expression and activity
in sporadic AD. By using Western blotting analysis they
showed that BACEI levels were significantly higher in the
temporal cortex in AD than in non-demented controls. The

C AD C AD
BACE1 BACE1
AP2 NSE

Fig. 5. Protein levels of BACEL, MAP2, and NSE in AD and control (C) brains. The amount of BACE1/mg protein in AD brains was slightly decreased in comparison
with that in control brains. However, in AD, the ratios of BACE1 to MAP2 (BACEI/MAP2) and BACE1 to NSE (BACE1/NSE) were significantly increased
compared with those in control brains (BACE1/MAP2 and BACEI/NSE p < 0.05) ("p < 0.05; *"p < 0.0001).

—107—



H. Harada et al./Neuroscience Research 54 (2006) 24-29 29

differences in results between their study and ours could be due
to several factors. (i) They used rapidly autopsied brains of AD
patients (<3 h), although they did not comment on the
postmortem intervals of the non-demented controls. (ii) They
normalized BACE1 expression against B-actin. (iii) The AD
brain samples that they used might have contained quite large
quantities of neurons, as suggested by their levels of MAP-2
and NSE expression. Further studies using brains examined
after different postmortem intervals and samples from different
brain lesions are needed before we can draw definite
conclusions on BACE1 expression (Yang et al., 2003).

Production of AB is not seen in BACE1 knockout mice, and
no abnormalities are observed in these mice (Luo et al., 2001;
Roberds et al., 2001). On the other hand, y-secretase, which is
the cleavage enzyme at the carboxyl terminal side of APP, is
also involved in the cleavage of other proteins such as Notchl.
Notchl1 is an important substance involved in the differentiation
and transportation of cells during the embryonic period. It is
also known that Notchl is involved in the differentiation of
immune cells in the body, and that inhibition of its cleavage
activity causes immune abnormalities (Petit et al., 2001).
Therefore, we consider that reduction in the amount of BACE1
is less likely to cause side effects than targeting of y-secretase.

Several lines of evidence have led to postulation that AR
accumulation comes from enhancement of its production,
promotion of its aggregation, or inhibition of its degradation or
excretion (Selkoe, 1999; Hardy and Selkoe, 2002; Iwata et al.,
2001). Our results revealed no correlation between the amount
of BACE1 protein and the accumulated amount of Af species,
suggesting that several other factors could cause abnormal
accurnulation of AR in the AD brain. However, BACEI
inhibitors could still provide a new therapy for AD, possibly
through inhibition of additional production of AP. This is
supported by the fact that our study revealed increased
production of BACE] by the surviving neurons in AD brains,
and by a previous report that AR production is not detected in
BACET! knockout mice.
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Abstract

Development of neurofibrillary tangles (NFTs) is a pathological halimark in various neurodegenerative disorders including Alzheimer’s disease
(AD). Recently, we identified a granular tau oligomer having a pre-filamentous structure. To determine the role of this oligomer in NFT formation,
we quantified the amount of granular tau oligomer in 21 frontal cortex samples, each displaying varying degrees of Braak-staged NFT pathology.
Here we report that granular tau oligomer levels in frontal cortex were significantly increased, even in brains displaying Braak-stage 1
neuropathology, a stage at which clinical symptoms of AD and NFTs in frontal cortex are believed to be absent. This suggests that increases
in granular tau oligomer levels occur before NFT's form and before individuals manifest clinical symptoms of AD. Increased granular tau oligomer
levels, therefore, may lead to NFT formation in frontal cortex, eventuaily leading to the development of AD. Thus, increases in granular tau

oligomer levels may represent a very early sign of NFT formation and AD.
© 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: Alzheimer’s disease (AD); Tau; Atomic force microscopy (AFM); Granular tau oligomer; Braak stage; Brain aging

1. Introduction

Tau, a microtubule-associated protein, can aggregate into
filamentous polymer forms (von Bergen et al., 2005). Bundled

tau filaments that deposit in cells are called neurofibrillary

tangles (NFTs), which commonly form in the brain during
normal aging and in Alzheimer’s disease (AD). In AD, NFTs
and neuronal cell loss typically coincide within the same brain
regions (Gomez-Isla et al., 1997). The progressively expanding
anatomical distribution of NFTs reflects progressive brain
dysfunction in disease, suggesting that NFT formation and
neuronal cell loss may share a common mechanism (Ihara,
2001). The recent finding that patients with frontotemporal
dementia and parkinsonism linked to chromosome 17 (FTDP-
17) harbor tau mutations (Reed et al., 2001), strongly suggests

* Corresponding auihor,
E-mail address: kenneth@brain.riken.go.jp (A. Takashima).

that tau dysfunction itself can cause neurodegeneration. Indeed,
the overexpression of tau in various animal models has been
shown to induce neurodegeneration (Lee et al., 2001; Tanemura
et al., 2001, 2002; Tatebayashi et al., 2002). However, others
have observed that neuronal cell loss occurs disproportionately
to the number of NFTs in AD (Gomez-Isla et al., 1997).
Conversely, others have reported neuronal loss in the absence of
NFTs in a tau-overexpressing Drosophila model (Wittmann
et al., 2001), suggesting that the events that lead from tau
accumulation to neurodegeneration may not involve filament
formation. Recently, (Santacruz et al., 2005) reported that
reducing tau overexpression in mutant tau transgenic mice
decreased neuronal cell loss even though filaments continued to
form, suggesting that filament formation may not be the
underlying cause of neuronal cell loss. Therefore, tau may be
involved in neuronal dysfunction even before NFTs are formed.

Using an in vitro tau aggregation system, we identified a
granular-shaped pre-filamentous form of tau — the granular tau
oligomer — composed of about 40 tau molecules (Maeda et al.,

0168-0102/$ — see front matter © 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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unpublished data). We found that increasing the concentration of
granular tau oligomers in vitro causes them to convert into
filaments. The breakdown of PHF into granular tau structure by
continuous AFM imaging has also observed indicating that
granular tau oligomer composes of filament in vivo. In the
present study, to understand the relationship between the levels of
granular tau oligomer and the progression of AD, we quantified
the amount of granular tau oligomer in various brain samples,
each histopathologically confirmed to display different Braak
stages (Braak and Braak, 1991). We then compared the amounts
of granular tau oligomer in each Braak-staged sample using
atomic force microscopy (AFM). We found increased levels of
granular tau oligomer in brain samples at Braak stage I, a stage
indicative of pre-symptomatic AD. Granular tau oligomers were
detected even in samples at Braak stage 0.

2. Materials and methods
2.1. Subjects

Frozen frontal cortex samples from 21 subjects, including 5 patients with
AD (Murayama and Saito, 2004), were obtained from the Tokyo Metropolitan
Institute of Gerontology (TMIG) (Saito et al., 2004). The brains from TMIG
were staged histopathologically according to the Braak staging system (Braak
and Braak, 1991).

2.2. Antibodies

Anti-paired helical filament antibody, PHF-1, was a kind gift from Dr. P.
Davies (Albert Einstein College of Medicine, USA). Anti-tau antibody, JM, was
raised against full-length recombinant tau (Takashima et al., 1998). Anti-tau
antibody, Tau-c, was raised against tau c-terminus polypeptide (amino acids
422-438, according to the longest human tau isoform).

2.3. Purification of granular tau oligomers

Human brain samples (~12 g) were homogenized with three volumes of a
buffer containing 10 mM Tris (pH 7.4), 800 mM NaCl, 1 mM EGTA, 10%
sucrose, and protease inhibitors, and centrifuged at 27,000 x g for 20 min at
4 °C. CHAPS (Dojindo, Kumamoto, Japan) was added to the supernatant to a
final concentration of 1% (w/v), then loaded into an immunoaffinity column
(2 ml bed volume) containing anti-tau antibody JM. The column was washed
with at least 400 ml of buffer containing 10 mM Tris (pH 7.4), 800 mM NaCl,
1 mM EGTA, and 1% CHAPS. After confirming that no aggregates remained in
the wash solution, the column was eluted with 5 ml of 3M KSCN (Jicha et al.,
1999). After exchanging the above buffer to a buffer containing 10 mM Tris (pH
7.4), 800 mM NaCl, and 1 mM EGTA with a NAP-10 column (Amersham
Biosciences), we added N-lauroylsarcosine (Nacalai tesque, Kyoto, Japan) until
achieving a final concentration of 1% (wt./vol.). After 2 h of incubation, 1 mi of
sample was layered onto a sucrose step gradient (50, 40, 30, and 20% sucrose)
and centrifuged for 2 h at 50 K rpm in a MLS50 rotor (Beckman Coulter) using
an Optima MAX-E ultracentrifuge (Beckman Coulter) at 23 °C. We separated
the samples into 1 ml fractions, from top to bottom (fractions 1-5), to eliminate
contamination from lower fractions. We washed the bottom of tubes with buffer
and saved the wash solution as fraction 6. We previously isolated granular tau
oligomer from fraction 3 derived from either in vitro aggregated tau or human
brain samples (Maeda et al., unpublished data). In the present study, we also
found that the granular tau oligomer localized to fraction 3.

2.4. Western blot analysis

Granular tau oligomer fractions were concentrated by adding trichloroacetic
acid to the fractions and setting the mixtures on ice for 2 h. The mixtures were

then centrifuged at 20,000 x g at 4 °C, and supernatants were removed and
dried in a SpeedVac Concentrator (SAVANT). Loading buffer was added to the
dried granular tau oligomers, and this mixture was subjected to SDS-PAGE and
subsequent immunoblotting with anti-tau antibody Tau-c.

Sarcosyl-insoluble fractions were prepared by solubilizing homogenized
brain tissue (see above) in 1% sarcosyl for 2 h at 25 °C, then centrifuging at
50 Krpmina TLA 55 rotor (Beckman Coulter) for 20 min. After removing the
supernatant, loading buffer was added to the pellet, and the insoluble tau was
subjected to SDS-PAGE and immunoblotting with PHF-1 antibody. Immunor-
eactivities were quantified with the software program Image Gauge (Fujifilm).

2.5. Atomic force microscopy

Samples were dropped onto freshly cleaved mica and left in place for 30 min
prior to AFM assessment. After washing the mica with water, we examined the
tau-containing samples in solution using a Nanoscope Illa (Digital Instruments,
Santa Barbara, CA, USA) set at tapping mode (Hansma et al., 1995). OMCL-
TR400PSA (Olympus, Japan) was used as a cantilever. The resonant frequency
was about 9 kHz.

‘We examined four different areas (2 pm x 2 pm each) of the mica surface
covered with granular aggregates. These areas were analyzed with NIH-image
1.63 and summations of four different areas were demonstrated.

2.6. Statistical analysis

The significant difference between each Braak staging was tested with
Mann-Whitney test. Data were analyzed with Prism 4 for Macintosh (Graph-
pad, San Diego, CA, USA).

3. Results
3.1. Purification of granular tau oligomers

We purified granular tau oligomers from human frontal
cortices (Table 1) pathologically classified according to the
Braak staging system (Braak and Braak, 1991) and examined
the oligomers using AFM. Fig. 1 shows representative AFM
images of cortex samples from a Braak-stage 0 brain (non-AD)
and a Braak-stage V brain (AD). Although we detected granular
tau oligomers in both of these samples, the number of oligomers
in the Braak-stage V sample was much greater than that in the
Braak-stage O sample. The size of granular tau oligomers
ranged from 5 to 50 nm. The peak of granular tau oligomer was
around 20 nm in diameter, which is similar with in vitro
generated granular tau oligomer. And granular tau oligomers
derived from in vivo and in vitro were recovered into same
fraction in sucrose centrifugation, indicating the similar
sedimentation coefficient between them. PHF-1 immunoreac-
tivity and similar bands pattern with PHF-tau on immuno-
blotting (Fig. 2b and ¢, Maeda et al., unpublished data)
suggested the hyperphosphorylation in granular tau oligomer.

3.2. Accumulation of granular tau oligomers during early
stages of NFT formation

We quantified the number of granular tau oligomers in
Braak-staged cortex samples examined with AFM using NIH-
image 1.63 (Fig. 2a). In samples staged at Braak stage 0, a stage
at which the brain does not contain NFTs, we detected some,
albeit a few, granular tau oligomers. In samples staged at Braak
stage I (i.e., neuropathology typically seen in normal brain
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Table 1
Demographics and characteristics of cases

Number  Age (years) Gender PMT (h:min) NFT*  Senile plaque
1 52 M 15:51 0 0
2 69 F 11:48 0 A
3 82 F 39:04 0 0
4 87 M 70:10 0 0
5 78 M 2:02 0 0
6 66 F 9:51 0 B
7 81 M 3:00 1 B
8 97 F 2:40 1 B
9 84 M 47:25 I B

10 87 M 4:25 I C

8 93 M 20:49 I C

12 86 F 6:50 I C

13 94 M 13:00 1 C

14 87 F 4:21 I C

15 82 F 10:32 1 C

16 89 F 16:11 HI C

17 90 F 64:07 \Y% C

18 86 F 19:51 v C

19 93 F 13:28 v C

20 70 M 35:42 v C

21 80 F 6:41 v C

Abbreviations: PMT, postmortem time; NFT, neurofibrillary tangle; SP, senile
plaque.

* NFTs and SPs were staged according to the neuropathology staging system
of Braak and Braak (1991).

aging), a stage at which entorhinal cortex but not frontal cortex
contains NFTs, the number of granular tau oligomers present
significantly increased compared to that in the Braak-stage 0
samples (P = 0.0173). In samples staged at Braak stage III, a
stage at which both limbic areas and entorhinal cortex contain
NFTs, the number of granular tau oligomers present also
significantly increased compare to that in the Braak-stage 0
samples (P =0.0087). In samples staged at Braak stage V, a
stage at which neocortex including frontal cortex contain NFTs,
the number of granules increased again significantly compare to
that in Braak-stage 0 samples (P =0.0087). We observed no

significant differences in the number of granular tau oligomers

in stage I, 1II, and V samples.

Braak 7

We confirmed these results by using Western blotting to
assess granular tau oligomer fractions and conventionally
purified sarcosyl-insoluble tau fractions derived from Braak-
staged frontal cortices (Fig. 2b and ¢, respectively). The Tau-c
immunostaining intensity of tau bands derived from the
granular tau oligomer fraction of Braak-stage O samples was
faint (Fig. 2b). Nonetheless, in Braak-stage I, III, and V
samples, we did detect tau smears displaying a immunostaining
pattern characteristic of insoluble tau (Fig. 2b cf. PHF-1
immunostaining pattern in Fig. 2c) (Selkoe et al., 1982; lhara
et al., 1983; Greenberg and Davies, 1990). Linecar regression
analysis revealed a significant correlation between Tau-c
immunoreactivity and the number of granular tau oligomers
(P < 0.0001, = 0.6336). On the other hand, similar statistical
analysis failed to reveal a correlation between PHF-1
immunoreactivity and the number of granular tau oligomers.

Taken together, these results indicate that granular tau
oligomer levels begin to increase in pre-symptomatic stages of
disease, suggesting that granular tau oligomers may form
before NFTs are formed.

4, Discussion

4.1. Granular tau oligomer as a pre-symptomatic marker
for AD

Using silver-stained human brain sections, Braak and Braak
(1991) described seven stages (0—VI) of neuropathology that
are now commonly used to stage the progression of
neurodegenerative diseases. The Braak staging system is based
on the density and distribution of agyrophilic NFTs in the brain
(Braak and Braak, 1991). Stage O is characterized by the
absence of NFTs. Stages I and II are termed transentorhinal
stages, because they are characterized by the presence of NFTs
in the transentorhinal region. Stages I and II are distinguished
by the density of NFTs. Stages III and IV are termed limbic
stages, because they are characterized by the presence of NFTs
in the hippocampus as well as in the transentorhinal region.
Stages V and VI are termed isocortical stages, because they are

Fig. 1. Granular tau oligomers purified from human frontal cortex. Frontal cortex homogenates were fractionated with sucrose gradient centrifugation, and fractions
(fraction 3) containing granular tau oligomers were examined in solution with AFM set to tapping mode. Representative data from the Braak-staged samples indicated
are shown here, Insets contain high magnification AFM images of granular tau oligomers. The height range is 30 nm. The large numbers in the lower left corner of

each panel correspond to the brain identification numbers in Table 1.
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Fig. 2. The distribution of granular tau oligomers observed in different Braak
stages. (a) AFM images of Braak-staged frontal cortex samples were analyzed
with NIH-image 1.63, and the total number of granular aggregates in each
sample were counted and graphed. P < 0.05, P < 0.01. (b) Western blots of
fractions containing granular tau oligomers immunostained with Tau-c anti-
body. (c) Western blots of sarcosyl-insoluble fractions immunostained with
PHF-1 antibody for the detection of tau filaments.

characterized by the extension of NFTs into neocortex,
including frontal cortex.

The density and distribution of NFTs have been shown to
increase with normal aging (Braak and Braak, 1997). Even non-
AD brain specimens from individuals as old as 90 years contain
NFTs. In Braak stage I, NFTs are confined within the
transentorhinal region. Most of these NFTs are not accompanied

by SPs, suggesting that that NFT formation occurring within the
transentorhinal region is independent of SP formation, and thus
may not represent a pathological process linked to AD. In line
with these data is the finding that the anatomical distribution of
NFTs observed in Braak stage I appears to be age dependent
(Braak and Braak, 1997), which is consistent with the premise
that NFT development occurs as part of normal brain aging.

We detected an increased amount of granular tau oligomers
in Braak-stage I frontal cortex samples but not in Braak-stage 0
samples, suggesting that, at a time when NFTs form in the
entorhinal cortex, tau dysfunction, which tau comes up from
microtubule, and forms aggregate, has already started to occur
in the frontal cortex, which should indicate tau dysfunction (Lu
and Wood, 1993; Yoshida and Ihara, 1993). Interestingly, the
level of granular tau oligomers in frontal cortex remained
constant in samples staged at Braak stages II~-V, even though
the density of NFTs increases progressively in these stages. At
this point, however, we cannot explain the incongruity between
the levels of tau oligomers and NFTs. We do not know exactly
how granular tau oligomers affect neuronal vulnerability.

We also investigated the relationship between granular tau
oligomer formation and the density and distribution of senile
plaques (SPs) (data not shown), another neuropathological
hallmark of AD. We found granular tau oligomers in samples
containing SPs in the neocortex (SP-stage B and C). In one
Braak-stage 0 sample from an SP-stage B patient (No. 6 in
Table 1), however, we did not detect a significant increase in
granular tau oligomer levels, suggesting that the extent of SP
pathology may not affect the formation of granular tau
oligomers. Recently, Katsuno and colleagues reported that the
accumulation of AB and tau occurs independently in entorhinal
cortex (Katsuno et al.,, 2005). Therefore, the formation of
granular tau oligomers may not be related to A accamulation
but instead may be related to some other aging-related event that
occurs during Braak stage L. In later Braak stages, AR may
accelerate the formation of granular tau oligomers that ultimately
leads to NFT formation and neuronal loss. Further studies are
required in order to understand the precise biochemical sequence
of events underlying neuronal death, NFT formation, and
granular tau oligomer formation.
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