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II1. APOLIPOPROTEIN E-ISOFORM-SPECIFIC
MODULATION OF CHOLESTEROL IN CNS

How is apoE involved in this cascade? Our previous
study showed that the amount of cholesterol released as
HDL particles from apoE3-expressing astrocytes was ~2.5-
fold greater than that from apoE4-expressing astrocytes with
a similar number of molecules of each apoE, indicating that
the ability of apoE to generate HDL particles is isoform-
dependent [16]. In this context, it is possible that the apoE
dependent promotion (apoE4) or prevention (apoE3) of AD
pathologies can be explained by the isoform-dependent
ability of apoE (apoE3>apoE4) to generate HDL-like
particles, which can supply cholesterol to neurons {16, 30]. It
was demonstrated that the level of oligomeric AP increases
with age, which may affect brain cholesterol homeostasis,
lcading to tauopathy. The brain cholesterol homeostasis is
maintained mainly by the HDL cholesterol supply from
astrocytes, but the lower ability of apoE4 than apoE3 to
generate HDL results in the decreased cholesterol supply to
neurons, leading to the subsequent earlier disruption in
cholesterol homeostasis in neurons. This may cause an
carlier development of AD in those possessing apoE4.

In this context, it may also be possible that a decreased
level of HDL in the CNS associated with a decreased level
of serum HDL cholesterol is a risk factor for the
development of AD. Statin treatment may contribute to the
reduction in AD frequency by increasing serum HDL level

[3,6] and subsequently, CSF HDL cholesterol level.
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Interestingly, recent studies showing that the cholesterol-
lowering effect of statin depends on the presence of a
functional apoE [8, 51], may support this notion with an
implication of a role of HDL generation by apoE in the
inhibitory effect of statin on AD development. Further
studies are required to determine cholesterol metabolism in
CSF and brains of humans or animals with or without statin
treatment, and to clarify in more detail the relationship
between cholesterol and AD pathogenesis. The different
viewpoints presented here can provide new insights into the
strategy for elucidating mechanisms underlying the
association between cholesterol and AD. Another notion that
integrates these two ideas is as follows. A high serum
cholesterol level associated with high cellular cholesterol
level enhances A} generation at a very early stage of AD. As
aging and the AD process progress, the amount of released
AP increases and AP aggregation occurs. The accumulation
of AP aggregates (oligomers) affects cellular cholesterol
metabolism by releasing cellular cholesterol to generate
abnormal lipid particles [31] and reducing cholesterol level
[17] (Fig. 1). Moreover, oxysterols, the synthesis of which
increases with aging, strongly inhibits cholesterol synthesis.
The altered cellular cholesterol metabolism in neurons, in
turn lead to tauopathy [11, 23, 40, 41]. ApoE compensates
cholesterol homeostasis; however, the lower ability of apoE4
to generate HDL particles may result in the earlier disruption
of cellular cholesterol homeostasis than apoE3, leading to
taupathy in AD.
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Fig. (1). A hypothetical schema showing a putative role of cholesterol in the amyloid cascade, a part of which may be shared by Alzheimer’s

disease and Niemann-Pick type C disease.
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Abstract

Previously, we found that amyloid -protein (Ap)1—42 exhibits
neurotoxicity, while AB1—40 serves as an antioxidant molecule
by quenching metal ions and inhibiting metal-mediated oxygen
radical generation. Here, we show another neuroprotective
action of nonamyloidogenic AB1-40 against AB1—-42-induced
neurotoxicity in culture and in vivo. Neuronal death was induced
by AB1-42 at concentrations higher than 2 pm, which was pre-
vented by concurrent treatment with AB1-40 in a dose-
dependent manner. However, metal chelators did not prevent
Ap1-42-induced neuronal death. Circular dichroism spectros-
copy showed that Ap1—40 inhibited the B-sheet transformation
of AB1-42. Thioflavin-T assay and electron microscopy analy-
sis revealed that AB1-40 inhibited the fibril formation of AB1-42.
In contrast, AB1-16, AB25-35, and AB40-1 did not inhibit the

fibril formation of AB1—42 nor prevent AR1-42-induced neuronal
death. AB1—42 injection into the rat entorhinal cortex (EC)
caused the hyperphosphorylation of tau on both sides of EC and
hippocampus and increased the number of glial fibrillary acidic
protein (GFAP)-positive astrocytes in the ipsilateral EC, which
were prevented by the concurrent injection of AB1-40. These
results indicate that Af1—40 protects neurons from AB1—42-
induced neuronal damage in vitro and in vivo, not by seques-
trating metals, but by inhibiting the p-sheet transformation and
fibrit formation of AB1-42. Our data suggest a mechanism by
which elevated AB1-42/AB1~40 ratio accelerates the develop-
ment of Alzheimer's disease (AD) in familial AD.

Keywords: Alzheimer's disease, amyloid B-protein, mono-
mer, neuroprotection, oligomer, tau phosphorylation.
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The major component of amyloid deposits in the brains of
Alzheimer’s disease (AD) patients is the 39- to 42-aa
amyloid B-protein (AP) (Glenner and Wong 1984; Masters
et al. 1985a). AB1-40 is the major soluble AP species in
biological fluids, which represents approximately 90% of
the total secreted AR (Vigo-Pelfrey et al. 1993). Although
AB1-42 is a minor soluble species, it is more fibrillogenic
than AB1-40 and accumulates initially and predominantly in
parenchymal plaques (Masters er al. 1985b; Roher et al.
1993; Iwatsubo et al. 1994). GM1 ganglioside-bound Af42,
but not AP40, found in AD brains has been suggested to be a
seed for amyloidogenesis (Yanagisawa et al. 1995). AB1-42
exhibits greater neurotoxicity (Dore et al. 1997; Zou et al.

2002) and produces a greater amount of hydrogen peroxide
through metal ion reduction than Afi1-40 (Huang et al.
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1999a). A toxicity was shown to depend on its aggregation
state (Mattson et al. 1993; Pike et al. 1993; Lorenzo and
Yankner 1994; Walsh ef al. 2002). Familial-AD-linked
mutations of B-amyloid precursor protein (APP) and pres-
enilins increase the relative concentration of Af1-42 (Suzuki
et al. 1994; Borchelt et al. 1996; Scheuner et al. 1996;
Citron ef al. 1997; Eckman et al. 1997, Tomita et al. 1997).
These lines of evidence suggest that AB1-42 plays a critical
role in the development of AD due to its strong amyloid-
ogenic property. Although oligomeric AB1-40 was shown to
affect cellular cholesterol metabolism (Michikawa et al.
2001; Gong et al. 2002) and lose its neuroprotective function
(Zou et al. 2002), AB1-40, in contrast to AB1-42, remains a
monomer under physiological conditions (Zou et al. 2002).

Previous studies showed that AB1—40 has a neurotrophic
effect on differentiating neurons (Yankner et al. 1990) and
APB1-40 inhibits the oxidation of lipoproteins in cerebrospi-
nal fluid and plasma (Kontush e al. 2001). However, the
role of monomeric AB1—40 in the pathophysiology of AD
caused by AB1-42 remains to be completely clarified.
Interestingly, recent studies showed that a high AB1-42/
APB1-40 ratio, and not simply the increase in the Ap1-42
level, is a major determinant for the early onset of AD
(Younkin 1995), familial frontotemporal dementia (Amtul
et al. 2002), and the development of plaques in human APP-
transgenic mice (Mucke ef al. 2000), suggesting an unknown
effect of AB1-40 on the disease-promoting actions of AB1-
42. Recently, we have found that freshly prepared Ap1-40
and AP1—42 exhibit completely opposite actions on neurons;
AP1-40 remains a monomer and prevents neuronal death
induced by oxygen radicals generated in a transition metal-
mediated manner, whereas Af1-42 aggregates immediately
and promotes neuronal death (Zou et al. 2002). These lines
of evidence led us to determine whether A31-40 protects
neurons from APl1-42-induced neurotoxicity in a ratio-
dependent manner. Here, we report the novel function of
AB1-40 other than as a metal chelator, that is, AB1-40
prevents neuronal death in culture, tau phosphorylation and
activation of astrocytes in rat brains by inhibiting the
amyloidogenesis of AB1-42.

Materials and methods

Reagents and preparation

Synthetic human AB1-40 was purchased from Peptide Institute Inc.
(Osaka, Japan; lot numbers 511024 and 510818) and AnaSpec Inc.
(San Jose, CA, USA; lot number 13480-1). AB1-42, AB1-16 and
AP25-35 were purchased from Peptide Institute Inc. AB40-1 was
purchased from Sigma (St Louis, MO, USA). AP peptides were
dissolved as described previously (Zou er al. 2002). In brief,
AB1-40, AB40-1, AP1-42 and AP25-35 were dissolved in
dimethylsulfoxide (DMSO) at 2 mM and then diluted with distilled
water to a concentration of 200 pum. Although, the solution was
clear, it is known that an AP solution contains short fibrils (Naiki

et al. 1998). To remove short fibrils, AP solutions were centrifuged
at 100 000 g for 1 h at 4°C, using a Beckman Optima TLX table
ultracentrifuge and a Beckman TLA-120.2 fixed angle rotor. ABI1—
16 was directly dissolved in water to a concentration of 200 pm.
EDTA was purchased from Eastman Kodak Company (Rochester,
NY, USA). Trans-1,2-diaminocyclohexane-N,N,N'N'-tetra- acetic
acid (CDTA) and diethylenetriamine-N,N,N",N',N'-penta-acetic acid
(DTPA) were obtained from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). The monoclonal antibody PHF-1 was kindly
provided by Dr P. Devies (Albert Einstein College of Medicine).
The monoclonal antibodies, AT-100, AT-8, and T46 were purchased
from Innogenetics (Ghent, Belgium). A polyclonal anti-GFAP
antibody was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

Cell culture and quantification of neuronal survival

All experiments were performed in compliance with existing laws
and the Institute’s guidelines. Cerebral cortical neuronal cultures
were prepared from Sprague Dawley rats at embryonic day 17 as
described previously (Michikawa and Yanagisawa 1998). The
dissociated single cells were suspended in a feeding medium and
plated onto poly p-lysine-coated 12-well plates at a cell density of
5 x 10°. The feeding medium consisted of Dulbecco’s modified
Eagle’s medium (DMEM)/F12 containing 0.1% bovine albumin
fraction V solution (Invitrogen Corp., Carlsbad, CA, USA) and N2
supplements (Bottenstein and Sato 1979). Twenty-four hours after
plating, AB1-42, at concentrations of 2, 3, and 4 um, was added to
neuronal cultures maintained in the N2 medium with or without the
pre-treatment (1 h before the addition of AB1-42) with AB1-40,
EDTA, CDTA, or DTPA at various concentrations. Forty-eight
hours following the commencement of the treatment, photomicro-
graphs were taken and neuronal survival was determined. Neuronal
survival was determined as described previously (Zou et al. 2002).
In brief, phase-contrast photomicrographs were taken before
treatment and at various time points after treatment. Neurons with
intact neurites with a uniform diameter and a cell body with a
smooth round appearance were considered viable, while neurons
with fragmented neurites and/or shrunken cell bodies were
considered non-viable. In a pilot study, cell viability was confirmed
by testing cell membrane permeability using propidium iodide (PI)
or by staining with a viable-cell-specific marker, calcein AM, as
described previously (Michikawa and Yanagisawa 1998).

Circular dichroism (CD) spectroscopy

CD spectra were measured on a Jasco J—720 apparatus interfaced
with an NEC PC9801 microcomputer, using a 2-mm path-length
quartz cell to minimize the absorbance due to buffer components.
The instrument outputs were calibrated with non-hygroscopic ammo-
nium d-camphor-10-sulfonate. Eight scans were averaged for each
sample. The averaged blank spectra were subtracted from each CD
spectra.

Thioflavin-T binding assay for aggregated Ap

Determination of the aggregated state of Af was performed on the
basis of a previously established method (LeVine 1995, 1999). The
incubated AP peptides were centrifuged at 17 000 g for 90 min, the
supernatant was removed and the precipitate was resuspended in
1 mL of 5 pm thioflavin-T in 50 mm glycine-NaOH, pH 8.5. The
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steady-state fluorescence intensities for each sample were deter-
mined as described previously (Zou ef al. 2002).

Electron microscopy

Samples of incubated AP peptides were centrifuged at 17 000 g for
90 min, the supernatant except for 50 pr of the bottom part was
removed. The reaction mixtures were spread on carbon-coated grids,
negatively stained with 1% phosphotungstic acid, pH 7.0 and
examined under a transmission electron microscope (TEM) (Mich-
ikawa ef al. 2001).

Animals

Adult Sprague Dawley rats (230-350 g) were used in this study. The
rats were housed individually, maintained on a 12-h light-dark cycle,
had access to food and water ad libitum, and were habituated to their
environment for at least 1 week prior to surgery.

Surgery

Animals were anaesthetized with ketamine HCl (0.75 mg/kg body
weight) and xylazine (1 mg/kg body weight) prior to surgical
procedures. For in vivo experiments, AP peptides were dissolved in
distilled water to a concentration of 400 pm and kept at 4°C until
use. AB1—42 and/or AB1-40 was injected into the entorhinal cortex
(EC) with the aid of a stereotaxic instrument, following the midline
incision of the scalp skin. The skull was pierced with a biological
electric drill at the bregma (posteriorly, 8.3 mm; laterally, 5.4 mm)
and the needle (30 guage) of a 5-uL. Hamilton syringe was lowered
vertically until it reaches the target areas (depth, 4.5 mm). A total of
5 pL of 200 pm AB1-42 solution, 2.5 uL of 400 pm ABI-42 plus
2.5 pL of 800 pm AB1-40 mixture, or 5 pL of phosphate-buffered
saline (PBS) was injected slowly at the rate of 1 pL per minute.
Then the syringe was removed slowly and surgical wounds were
sutured with wound clips.

Tissue preparation

Most of the rats were allowed to survive a total of 3 days post
injection. All rats were re-anaesthetized in the same manner and
perfused transcardially with 100-200 mL of heparinized saline at
18°C followed by 400 mL of 4% paraformaldehyde-lysine periodate
in 0.1 M sodium phosphate buffer (pH, 7.4). The brains were
removed, placed in the same fixative for 4 h at 4°C, and then
transfered to 20% sucrose/0.1 M phosphate-buffered (PB) solution
until they sink fully at 4°C. The brains were cut in a transverse plane
at 30 pm thick on a freezing microtome and were stored at — 80°C
until use.

Immunohistochemistry

The free-floating tissue sections were processed for immunohist-
ochemical procedure using monoclonal antibodies that specifically
recognize GFAP. Sections were incubated overnight at 37°C with
the polyclonal anti-GFAP antibody diluted at 1: 100 in 0.1 M
sodium PB solution containing 1% normal donkey serum and
0.3% Triton X-100. After washing with PBS, the sections were
incubated with biotinylated goat anti-rabbit IgG (Vector Laborat-
ories, Burlingame, CA, USA, 1:200) for 2 h, rinsed in PBS
three times for 10 min each, and incubated in the avidin-biotin
complex solution (Vector Laboratories, 1 :50). Avidin-biotin
complexes were visualized by reaction with a solution of
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0.003% H,0, and 0.05% 3,3’-diaminobenzidine in 0.1 M PB.
Thereafter, the sections were washed, mounted onto gelatin-coated
slides and coverslipped with polymount. The GFAP-positive cells
were counted in an area between 0 and 500 um from the edge of
the injection scar and in an area between 500 and 1000 pm from
the scar. In order to exclude the GFAP-positive cells arising from
the injection itself, we counted the GFAP-positive cells in an area
from the edge of the injection scar, defined by the loss of GFAP-
positive cells, but not from the centre of the scar. The GFAP-
positive cell number per cm® was then calculated. Each value
represents the means number of GFAP-positive cells/cm? + SEM -
for each treatment.

Western blot analysis

The EC and hippocampus were isolated, homogenized in 10 vol-
umes of Tris saline (50 mm Tris-HCI (pH 7.4), 150 mm NaCl)
containing protease inhibitors (Complete) using a motor-driven
Teflon homogenizer. The homogenates were centrifuged at 19 188 g
(Micro17R, Hanil, Korea) for 15 min at 4°C. The supernatant was
saved for chemical analysis. Protein concentrations were determined
with the BCA method (Pierce, Rockford, IL, USA). Aliquots of the
supernatant containing equal amounts of proteins were subjected to
10% sodium dodecylsulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and the separated proteins were transferred onto a
polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford,
MA, USA). The membrane was incubated for 1 h in 5% (w/v)
skimmed milk in Tris-buffered saline (pH 7.6) containing 0.1%
Tween-20 (TBST) to block non-specific binding sites. After washing
(three times for 10 min each in TBST), the membranes were
incubated with the primary antibodies, AT-8 (1 : 500 dilution), AT-
100 (1 : 500 dilution), T-46 (1 : 500 dilution), and PHF-1 (1 : 250
dilution) in 0.5% skimmed milk/TBST overnight at 4°C. The
membranes were washed, followed by incubation with a secondary
antibody, fluorescein isothiocyanate-conjugated goat anti-mouse
IgG (1 : 5000 dilution) for 1 h at 25°C and visualized with an
enhanced chemiluminescence kit (Amersham Pharmacia Biotech,
Chalfont St. Giles, Bucks, UK).

Statistical analysis

Statistical analysis was carried out using StatView computer
software (Windows version 5.0, Abacus Concepts Inc., Berkeley,
CA, USA), and multiple pairwise comparisons among the sets of
data were performed using aNova and the Bonferoni #test.

Resulis

AP1-40 protects neurons against Ap1-42-induced
neurotoxicity

We studied the effect of AB1-40 on API1-42-induced
neurotoxicity. Rat embryonic cortical neurons were cultured
in the DMEM/F12 medium containing N2 supplements.
Viability assay for neurons was performed 48 h after the
commencement of the incubation with freshly prepared
AB1-42 at various concentrations. Incubation with Af1-42
at concentrations higher than 3 pM induced neuronal death as
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