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Neurobiology of Disease

A Seed for Alzheimer Amyloid in the Brain
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A fundamental question about the early pathogenesis of Alzheimer’s disease (AD) concerns how toxic aggregates of amyloid 3 protein
(AB) are formed from its nontoxic soluble form. We hypothesized previously that GM1 ganglioside-bound A3 (GAf3) is involved in the
process. We now examined this possibility using a novel monoclonal antibody raised against GA3 purified from an AD brain. Here, we
report that GA3 has a conformation distinct from that of soluble AB and initiates A3 aggregation by acting as a seed. Furthermore, GA3
generation in the brain was validated by both immunohistochemical and immunoprecipitation studies. These results imply a mechanism
underlying the onset of AD and suggest that an endogenous seed can be a target of therapeutic strategy.
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Introduction

The lifelong expression of genetic mutations responsible for fa-
milial Alzheimer’s disease (AD) appears to induce the formation
of neurotoxic aggregates of amyloid 8 protein (AB) by accelerat-
ing cellular A generation (Selkoe, 1997). However, there is cur-
rently no evidence that AB generation is enhanced in sporadic,
late-onset AD, the principal form of the disease. Thus, it is rea-
sonable to assume that AP aggregation in conventional AD may
be induced by unknown posttranslational modification(s) of AB
and/or by altered clearance mechanisms.

We previously identified a novel AB species, characterized by
its tight binding to GM1 ganglioside (GM1), in human brains
that exhibited early pathological changes associated with AD
(Yanagisawa et al., 1995, 1997; Yanagisawa and lhara, 1998). On
the basis of the molecular characteristics of the GM1-bound Af3
(GAB), including its altered immunoreactivity and a strong ten-
dency to form aggregates of Af3, we hypothesized that A adopts
an altered conformation by binding to GM1 and initiates the
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aggregation of soluble AB by acting as a seed (Yanagisawa et al.,
1995, 1997; Yanagisawa and lhara, 1998). Evidence that supports
our hypothesis is growing from in vitro studies by our group and
other groups (McLaurin and Chakrabartty, 1996; Choo-Smith
and Surewicz, 1997; Choo-Smith et al., 1997; McLaurin et al,,
1998; Matsuzaki and Horikiri, 1999; Ariga et al., 2001; Kakio et
al., 2001, 2002).

In the present study, we directly characterize GAS at the mo-
lecular level using a novel monoclonal antibody raised against
GAp purified from an AD brain with the aim of validating our
hypothesis. Here we show that GA has a conformation distinct
from that of soluble AB and initiates AB aggregation by acting as
a seed. Importantly, we successfully verified GAB generation in
the brain by both immunohistochemical and immunoprecipita-
tion methods.

Materials and Methods

Preparation of seed-free AB solutions. A3 solutions were prepared essen-
tially according to a previous report (Naiki and Gejyo, 1999). Briefly,
synthetic AB (AB40 and AB42) (Peptide Institute, Osaka, Japan) was
dissolved in 0.02% ammonia solution at 500 um for AR40. AB42 was
dissolved at 250 um because it has a higher potential to form aggregates
rapidly than AB40. To obtain seed-free Af solutions, the prepared solu-
tions were centrifuged at 540,000 X g for 3 hr using the Optima TL
Ultracentrifuge (Beckman Instruments, Fullerton, CA) to remove undis-
solved peptide aggregates, which can act as preexisting seeds. The super-
natant was collected and stored in aliquots at —80°C until use. Immedi-
ately before use, the aliquots were thawed and diluted with Tris-buffered
saline (TBS) (150 mm NaCl and 10 mam Tris-HCI, pH 7.4). In the present
study, we used the seed-free AS solutions, except in the preparation of
AP fibrils used as the seeds (see below).
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Figure 1. Amyloid fibril formation from soluble ABin the absence or presence of GM1-containing liposomes. a, Kinetics of AB
fibrillogenesis using A3 (A340 and A 342) solutions, with or without removing undissolved peptide aggregates, which can act
as preexisting seeds. A3 solutions were incubated at 50 um and 37°C. Open and fitled ircles indicate ThT fluorescence intensities of
A 342 solutions without and with removing undissolved peptide aggregates, respectively. Open and filled squares indicate ThT fluores-
cence intensities of AB40 solutions without and with removing undissolved peptide aggregates, respectively. b, Kinetics of A3 fibrillo-
genesis. A3 (A340 and A B42) solutions, after removal of undissolved peptide aggregates, were incubated at 50 1 and 37°Cin the
presence of GM1-containing liposomes (filled cirdles) or GM1-lacking liposomes (plus signs) or were incubated in the absence of fiposomes
(open circles). The GM1-containing liposomes alone were also incubated in the absence of AS (triangles). The fluorescence intensity of
thiofiavin T was obtained by excluding background activity at 0 ir. Inset, Semilogarithmic plot of the difference, A — F(1), versusincuba-
tion time (0—24 hr). (1) represents the increase in fluorescence intensity as a function of time in the case of AB incubated with GM1-
containing liposomes, and A is tentatively determined as F (infinity). Linear regression and correlation coefficient values were calculated
{r=0.997).F(#)is described by a differential equation: £ 1) = B — CA(1). ¢, Electron micrographs of the A340 solutions incubated at 50
jum and 37°C for 24 hr with GM1-containing liposomes (left and right top panels) or without liposomes (right bottom panel). The lipo-
somesareindicated by asterisks. Scale bars, 50 nm. d, Western blot of Aj340 solutions incubated at 50 umand 37°Cfor 24 hrin the presence
or absence of GM1-containing liposomes. The incubated A3 solutions were centrifuged at 100,000 X gfor 15 min. Ten nanograms of A3
in the supematant were subjected to SDS-PAGE (4 —20%) after glutaraldehyde treatment. The AS in the gel was detected by Western
biotting using BANDS2. AB oligomers were detected in the AB solution incubated in the presence of GM1-containing liposomes but not
detected in the incubation mixture containing A3 alone.
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Preparation of AB40 seeds. AB40 fibrils used
as exogenous seeds were prepared essentially
according to the method reported previously
(Naiki and Nakakuki, 1996). Briefly, AB40
solution was incubated at 500 uM and 37°C for
72 hr without previous removal of the preexist-
ing seeds. After incubation, newly formed
A 40 fibrils were precipitated by ultracentrifu-
gation. The resultant pellets were subjected to
sonication. Protein concentrations of the solu-
tions containing AB40 fibrils were determined
using a protein assay kit (Bio-Rad, Hercules,
CA) as described previously (Bradford, 1976).
The AB40 solution quantified by amino acid
analysis was used as the standard. Aliquots
of the solution were stored at —80°C until use.

Preparation of liposomes. Cholesterol and
sphingomyelin (Sigma, St. Louis, MO) and GM1
(Wako, Osaka, Japan) were dissolved in chloro-
form/methanol (1:1) at a molar lipid ratio of 2:2:1
to generate GM1-containing liposomes. GM1-
lacking liposomes were prepared by mixing cho-
lesterol and sphingomyelin at a molar lipid ratio
of 1:1. The mixtures were stored at —80°C until
use. Immediately before use, the lipids were resus-
pended in TBS at a GM1 concentration of 2.5 mm
and subjected to freezing and thawing. The lipid
suspension was centrifuged once at 15,000 X gfor
15 min, and the resultant pellet was resuspended
in TBS. Finally, the suspension was subjected to
sonication on ice.

Thioflavin T assay. The assay was performed
according to a method described previously
(Naiki and Gejyo, 1999) on a spectrofluoro-
photometer (RE-5300PC; Shimadzu, Tokyo,
Japan). Optimum fluorescence measurements
of amyloid fibrils were obtained at the excita-
tion and emission wavelength of 446 and 490
nm, respectively, with the reaction mixture
(1.0 ml) containing 5 uM thioflavin T (ThT)
(Sigma) and 50 mwm glycine-NaOH buffer,
pH 8.5. Fluorescence was measured immedi-
ately after making the mixture. The AS (A$340
and AB42) solution described above was incu-
bated at 37°C with liposomes at an A concen-
tration of 50 um at a GM1/AB molar ratio
of 10:1.

Detection of AB oligomers by SDS-PAGE. The
AB40 solution described above was incubated
with liposomes at an A concentration of 50 um
at a GM1/A molar ratio of 10:1 for 24 hr at
37°C and then centrifuged at 100,000 X g for 15
min. The supernatant was subjected to SDS-
PAGE after glutaraldehyde treatment (LeVine,
1995) to stabilize oligomeric AB during SDS-
PAGE. The AB in the gel was detected by West-
ern blotting using BAN052, a monoclonal anti-
body specific to the N terminus of AB (Suzuki et
al,, 1994), as reported previously (Yanagisawa
et al,, 1995).

Experiments using animal models. All experi-
ments using animals were performed in com-
pliance with existing laws and institutional
guidelines. For experiments using nonhuman
primates, animals were anesthetized with pen-
tobarbital (25 mg/kg, i.p.) and killed by drain-
ing blood from the heart.

Cell culture. Cerebral cortical neuronal cul-
tures were prepared from Sprague Dawley rats
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at embryonic day 17 as described previously (Michikawa and Yanagi-
sawa, 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 2.5 X 10°/well. The feeding medium, N2, consisted of
DMEM-F-12 containing 0.1% bovine serum albumin fraction V solu-
tion (Invitrogen, Gaithersburg, MD) and N2 supplements. The reagents
examined, including TBS, AB340, GM1-lacking liposome, and GM1-
containing liposome in the absence or presence of Af340, were prepared
as described above. For treatment, at 24 hr after plating, the culture
medium was changed with fresh N2 medium diluted with the same vol-
ume of each reagent solution. At 48 hr after the commencement of the
treatment, phase-contrast photomicrographs of each culture were taken,
and the cells were stained with propidium iodide, which selectively per-
meates the broken membranes of dying cells and stains their nuclei, and
with a viable cell-specific marker, calcein AM, as described previously
(Michikawa and Yanagisawa, 1998). Photomicrographs were taken by
laser confocal microscopy (Zeiss, Oberkochen, Germany) and the num-
ber of viable neurons on each micrograph was determined in each mi-
croscope field (40X objective). Two hundred to 500 cells were counted
for each determination of cell viability. Statistical analysis was performed
using ANOVA.

Production of 4396C. The IgG monoclonal antibody 4396C was pro-
duced by the genetical class-switch technique (Binding and Jones, 1996)
from IgM hybridomas that were raised against GA 3 purified from an AD
brain. The procedures for the generation and characterization of the
original IgM monoclonal antibody 4396 were reported previously
(Yanagisawa et al., 1997).

Immunoelectron microscopy. GM1-containing and GM 1-lacking lipo-
somes were mixed with soluble AB40 on ice for 5 sec at a weight ratio of
lipid/AB40 at 100:3. The mixtures were immediately ultracentrifuged to
remove unbound AfB40, and liposome pellets were fixed for immuno-
electron microscopy of 4396C or isotype-matched control IgG staining.
They were then incubated with gold-tagged goat anti-mouse IgG. AB40
fibrils formed by the extension reaction of AB40 seeds (10 pg/ml) with
seed-free AB40 (50 uM) as described above, were also subjected to im-
munoelectron microscopy of 4396C, isotype-matched control IgG, or
4G8 (Kim et al., 1988) staining. The first antibodies and control IgG were
diluted at 1:100 using PBS containing 1% bovine serum albumin
(PBS-BSA).

Quantitative binding assay. GM1-containing liposomes and GM1-
lacking liposomes were mixed with soluble AB340 at various concentra-
tions (2.5-25 uM) by vortexing for 60 sec, and the mixtures were ultra-
centrifuged at 540,000 X g for 10 min to remove unbound AB40. Then,
4396C and isotype-matched control IgG, at a concentration of 10 pg/mi
in PBS-BSA, were incubated with the liposomes at room temperature for
60 min. After incubation, the mixtures were ultracentrifuged at
540,000 X g for 20 min, and the resultant pellets were washed with
PBS-BSA to remove the unbound antibody. The levels of IgG bound to
the liposomes were determined after the incubation of liposomes with
peroxidase-conjugated goat anti-mouse [gG using cyanogen bromide
Sepharose CL4B-bound 4396C as the standard.

Dot blot analysis. Liposomes carrying GAB were prepared by mixing
GM 1-containing liposomes with soluble AB (A340 and A342) onice for
5 sec at a weight ratio of lipid/Af at 100:3. The liposomes, and Af and
GM1, in amounts equal to those contained in blotted liposomes (300 and
600 ngof AB; 2and 4 ug of GM1), were blotted. The blots were incubated
with 4396C (1:1000), BANO052 (1:5000), HRP-conjugated cholera toxin
subunit B (CTX) (1:20,000), or the isotype-matched control IgG (1:
1000). The blots incubated with 4396C, BAN052, or control IgG were
then incubated with horseradish peroxidase-conjugated anti-mouse IgG
(Invitrogen). The bound-enzyme activities were visualized with an ECL
system (Amersham Biosciences, Buckinghamshire, UK).

Inhibition assay of AP aggregation. Soluble AB40 (50 uM) was incu-
bated at 37°C with GM1-containing liposomes (GM1/Af molar ratio of
10:1) or preformed AB40 seeds (10 pg/ml), which were prepared as
described above, and an antibody (4396C or 4G8) at various concentra-
tions. A340 aggregation levels in the mixtures were determined by ThT
assay.
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Figure2.  Viability of neurons treated with A340 incubated in the presence of GM1 gangli-
oside. Phase-contrast and calsein AM— ethidium homodimer-stained photographs of cultured neu-
rons were taken after treatment with TBS (, b), A340 (¢, d), GM1-lacking fiposomes (e, f), GM1-
lacking liposomes plus A340 ( g, ), GM1-containing liposomes (7, /3, and GM1-containing liposomes
plus AB40 (k, /). m, Viable cells stained with calcein AM were counted. The data represent means
SE for triplicate samples. *p << 0.003 versus other treatments. Scale bars, 20 tum.
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Figure 3.  Characterization of the binding specificity of 4396C. a, Immunoelectron micro-
graphs of liposomes. GM1-containing and GM1-lacking liposomes were subjected to immuno-
electron microscopy of 4396C or isotype-matched control IgG staining after incubation with
soluble A340. GM1(+), GM1-containing liposomes; GM1{—), GM1-lacking liposomes. Scale
bar, 50 nm. b, Quantitative assay of binding of 4396C to liposomes. GM1-containing liposomes
were incubated with 4396C (diamonds) or isotype-matched control lgG (filled squares) after
their mixing with soluble A 340 at indicated concentrations. GM1-lacking liposomes were also
incubated with 4396C (triangles) or isotype-matched control IgG (X symbols). Ab, Antibody. ¢,
Dot blot analysis. Left, Liposomes carrying GA3 (GA340), A340, and GM1 in amounts equal to
those contained in blotted liposomes (300 and 600 ng of A340; 2 and 4 g of GM1) were
blotted. The blots were incubated with 4396C, BANO52, HRP-canjugated CTX, or isotype-
matched control IgG. Right, Liposomes carrying GAS (GAB40 and GA[342), prepared using
AB40 or AB42, and AB40 and A 842 in amounts equal to those contained in GAB40 and
GA342 {600 ng of each peptide) were blotted. The blots were incubated with 4396C. d, Inhibi-
tion of amyloid fibril formation from soluble A 340 by 4396C. Left, Soluble A 840 was incubated
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Immunohistochemisiry. Sections of cerebral cortices of human brains,
which were fixed in 4% formaldehyde or Kryofix (Merck, Darmstadt,
Germany) and embedded in paraffin, were immunolabeled with 4396C
(10 pg/ml) or 4G8 (1 wg/ml) after pretreatment with formic acid (99%)
or SDS (4%). Sections of cerebral cortices of nonhuman primates at
various ages (4, 5, 17, 19, 20, 30, and 36 years old) were fixed with 1%
paraformaldehyde and subjected to immunohistochemistry with 4396C
(10 pg/ml). For double staining with 4396C and BAN052, we first labeled
4396C with FITC to distinguish its reaction from that of BAN052. The
binding of BAN052 was detected using Alexa 568-conjugated anti-mouse
IgG (Molecular Probes, Eugene, OR). For double staining with 4396C
and CTX, we used a zenon one-mouse IgG2a labeling kit (Molecular
Probes) for the previous conjugation of 4396C with Alexa 568. For GM1
detection, we used FITC-conjugated cholera toxin subunit B (Sigma).
Autofluorescence was blocked by pretreatment with Sudan Black B (To-
kyo Kasei Kogyo Company, Tokyo, Japan).

Immunoprecipitation. Immunoprecipitation of GAB from nonhuman
primate brains was performed as described previously (Yanagisawa and
Thara, 1998). Briefly, cerebral cortices of primates were Dounce homog-
enized with 9 vol of TBS, pH 7.6. Homogenates were subjected to sucrose
density gradient fractionation to obtain the membrane fraction. The
membrane fraction was dried and then directly labeled with 4396C (5
wg/ml) after sonication on ice. After 1 hr incubation, the mixtures were
centrifuged at 15,000 X g for 10 min to remove the unbound antibody.
The pellets were washed with TBS and solubilized in radioimmunopre-
cipitation assay buffer (0.1% SDS, 0.5% deoxycholicacid, and 1% NP-40)
for 5 min and then centrifuged at 15,000 X g for 10 min. Supernatants were
collected and diluted with TBS. Protein G Sepharose (PGS) (Amersham
Biosciences, Piscataway, NJ), which had been precoated with goat anti-
mouse IgG, was added to the supernatants. Finally, PGS pellets were thor-
oughly washed with TBS containing 0.05% Tween 20.

Results
Kinetics of A fibrillogenesis in the presence of
GM1 ganglioside
As reported previously (Naiki et al.,, 1998; Ding and Harper,
1999), the removal of preexisting seeds is critical in the kinetic
study of A fibril formation in vitro. The ThT fluorescence inten-
sity of Af342 solutions without removing undissolved peptide
aggregates, which can act as preexisting seeds, started to increase
as early as 1 hr of incubation at 50 uM and 37°C (Fig. 1a). In
contrast, the ThT fluorescence intensity of seed-free AB42 solu-
tions did not increase aslong as 6 hr of incubation under the same
conditions (Fig. 1a). The ThT fluorescence intensity of AB40
solutions without removing undissolved peptide aggregates
started to increase after 4 d of incubation at 50 uM and 37°C (Fig.
1a); however, the seed-free AB40 solutions incubated under the
same conditions did not show any increase in the ThT fluores-
cence intensity at this point (Fig. 1a). Thus, to investigate the
molecular process of GAB-initiated A3 aggregation, we incu-
bated the seed-free AB (AB40 and AB42) solutions at 50 uM and
37°C under various conditions, as long as 48 and 6 hr for AB40
and AB42, respectively, in the following experiments.

We incubated AB40 solutions in the presence or absence of
GM]1-containing liposomes. The ThT fluorescence intensity in-

P

with GM1-containing liposomes in the absence (filled squares) or presence of an antibody
(4396C or 4G8). The molar ratios of 4396( to saluble A340 were 0.3:50 (triangles), 1.3:50
{circles), and 4:50 (open squares) and that of 4G8 to A 340 was 4:50 (diamonds). Right, Soluble
AB40was incubated with preformed AB40 fibrils in the absence of an antibody (filled squares)
orin the presence of 4396C. The molar ratios of 4396( to soluble A{340 were 0.3:50 {triangles),
1.3:50 (circles), and 4:50 (open squares). e, Inmunoelectron micrographs of preformed A340
fibrils. A340 fibrils were formed by the extension reaction of AB340 seeds (10 pg/mi) with
seed-free A340 (50 pum), as described in Materials and Methods, and subjected to immuno-
electron microscopy of 4396(, 4G8, or isotype-matched control IgG staining. Scale bar, 50 nm.
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Immunohistochemistry of GA3 in sections of human brains. a, immunostaining of
serial sections of the cerebral cortex of an AD brain fixed in Kryofix and pretreated with SDS.
Neurons (arrowheads) were immunostained by 4396C but not by 4G8, whereas plaques (ar-
rows) were immunostained by 4G8 but not by 4396C. The asterisks indicate the same blood
vessel in the serial sections. Scale bar, 50 wm. b, Immunostaining by 4396C of sections of
cerebral cortices of DS (left) and control (right) brains fixed in Kryofix and pretreated with SDS
(DS, 47 years old; control, 65 years old). Scale bar, 50 wm.

Table 1. Neuronal immunoreactivity to 4396C in human cerebral cortices

Score

0 1 2 3 4
Control (22) 4 5 12 1 0
AD(5) 0 2 2 1 0
DS(2) 0 0 0 0 2

tntensities aof netronal immunoreactivity to 4396C were semiquantitatively assessed in cerebral cortices abtained
from nondemented individuals {Control), patients with AD, and those with DS. The numbers in parentheses indicate
the number of cases. 0, Absent; 1, weak; 2, moderate; 3, intense; 4, most intense. Difference in the neuronal
immunoreactivities between contro} and AD pius DS was significant (p << 0.05, Mentel-Haensze! x* test; p << 0.05,
Cochran-Armitage trend test).

creased without a lag phase after the addition of GM1-containing
liposomes to the AB40 solutions (Fig. 1b). In contrast, there was
no increase in the ThT fluorescence intensity of the solutions
containing A340 alone or AB40 plus GM1-lacking liposomes
during an incubation period of as long as 96 hr (Fig. 1b). By a
semilogarithmic calculation, a perfect linear plot (r = 0.997) was
obtained for the experiment using GMI-containing liposomes
(Fig. 15, inset). The fluorescence intensity of ThT also increased
in seed-free AB42 solution after the addition of GM1-containing
liposomes (Fig. 1b). Under an electron microscope, typical amy-
loid fibrils were observed in the AB40 solution after 24 hr incu-
bation at 50 um and 37°C in the presence of GM1-containing
liposomes (Fig. 1¢). These results suggest that AB binds to GM1,
leading to the generation of GAB, and then induces A fibrillo-
genesis in the manner of a first-order kinetic model (Naiki and
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Nakakuki, 1996) by acting as a seed; that s, the extension of fibrils
is likely to proceed via consecutive binding of soluble A first
onto GA and then onto the ends of growing fibrils.

We then investigated whether the formation of Ap oligomers
is also acclerated in the presence of GM1 ganglioside. We per-
fomed SDS-PAGE of the AB40 solutions incubated at 50 pm and
37°C for 24 hr. Notably, A oligomers were detected by Western
blotting of the SDS-PAGE in the incubation mixture with GM1-
confaining liposomes but was not detected in the incubation
mixture containing AB40 alone (Fig. 1d).

Neurotoxicity of A 8 incubated in the presence of

GM1 ganglioside

We then investigated whether A aggregates formed in the pres-
ence of GMI-containing liposomes are neurotoxic. We incu-
bated AB40 solutions in the presence or absence of GMI-
containing liposomes for 24 hr and then applied them to a
primary neuronal culture after dilution with N2 media. In this
experiment conducted 48 hr after the commencement of the
treatment, significant neuronal death was observed only in the
culture treated with the AB340 solution incubated in the presence
of GM1-containing liposomes (Fig. 2).

Molecular characterization of GAf3

To characterize GAS at the molecular level and to clarify the
process of Af3 aggregation in the presence of GM1, we raised a
monoclonal antibody against natural GAS purified from an AD
brain. In an experiment using immunoelectron microscopy, the
antibody (4396C), but not the isotype-matched control 1gG, rec-
ognized artificially generated GAB on liposomes (Fig. 3a). The
specificity of 4396C to GAB was confirmed by quantitative bind-
ing assay (Fig. 3b) and dot blot analysis (Fig. 3¢, left). Notably,
4396C did not recognize the unbound forms of AB40 and GM1,
whereas BAN052, a monoclonal antibody specific to the N termi-
nus of AB (Suzuki et al., 1994), recognized both GAB40 and AP
(Fig. 3¢, left). The 4396C antibody reacted with GM1-bound
forms of two AB isoforms (AB40 and AB42) (Fig. 3¢, right). In the
inhibition assay of AS fibrillogenesis, the increase in the fluores-
cence intensity of ThT of the AB40 plus GM1-containing lipo-
somes was suppressed by 4396C in a dose-dependent manner
(Fig. 3d, left). In contrast, the increase in the fluorescence inten-
sity of ThT was not affected by 4G8, a monoclonal antibody
specific to amino acid residues 17-24 of AB (Kim et al., 1988)
(Fig. 3d, left). We then examined the possibility that AS fibrillo-
genesis proceeds with consecutive conformational alteration of
Ap at the ends of growing fibrils; that is, GAS and A at the ends
of growing fibrils share a specific conformation that is required
for AB fibrillogenesis in the manner of a first-order kinetic
model. We incubated AB40 solutions with 4396C in the presence
of preformed AB40 seeds instead of GM 1-containing liposomes.
Notably, 4396C inhibited the increase in the fluorescence inten-
sity of ThT under this condition in a dose-dependent manner
(Fig. 3d, right). To further examine this possibility, we performed
immunoelectron microscopy using preformed AB40 fibrils. In
this experiment, 4396C bound only to the ends but not to the
lateral sides of the fibrils, whereas 4G8 bound only to the lateral
sides (Fig. 3e).

GAf generation in the brain

Having established the specificity of 4396C, we then aimed to
detect GA in the brain by immunohistochemistry. We first per-
formed routine immunohistochemistry: that is, fixation in form-
aldehyde and enhancement of immunoreactivity by formic acid
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negative results that usually occur when
using formaldehyde-fixed sections (Boon
and Kok, 1991), and we also pretreated
sections with SDS, which is known to im-
prove immunostaining (Barrett et al,
1999). With these procedures, neurons in
the cerebral cortices of AD brains were im-
munostained by 4396C (Fig. 4a). Al-
s s though neuropil staining was  rather
strong, plaques were not recognized by
4396C (Fig. 4a). In contrast to staining by
4396C, 4G8 immunostained plaques but

did not react with neurons (Fig. 4a). We
performed immunohistochemistry of ce-
rebral cortices of 22 nondemented control
individuals (36-91 years old), which in-

agelr)| 4 20 3

1P/blot
4396C/BAN052

4306C/CTX

Figure 5.

blotted and reacted with BAN052 or HRP-conjugated CTX.

or microwave treatment of brain sections. Under these condi-
tions, no immunostaining by 4396C was observed in AD brains
(data not shown), suggesting that the conformation of GAP is
sensitive to the procedures of conventional immunohistochem-
istry. Thus, we used an alternative fixation procedure using Kryo-
fix, because it eliminates the possibility of obtaining false-

immunohistochemistry and immunoprecipitation of GAB in sections of nonhuman primate brains, ¢, Immunostain-
ing by 4396C of sections of the cerebral cortices of primate brains, which were fixed in paraformaldehyde, from animals of different
ages, Scale bar, 50 sm. [nset, Higher magnification. Scale bar, 20 um. b, Double immunostaining of sections of the cerebral cortex
of a36-year-old primate brain, which was fixed in paraformaldehyde, after the blocking of autofluarescence by pretreatment with
Sudan Black B. Colocalization of immunostaining by 4396C and that by BAN052 or CTX is shown in the merged image. Scale bar, 25
wm. ¢, Immunoprecipitation of GA3 by 4396 from cerebral cortices of primates at different ages. immunoprecipitates were

cluded one amyotrophic lateral sclerosis
patient (44 years old) and two Down’s syn-
drome (DS) patients (47 and 52 years old),
in addition to five AD patients (65-96
years old). The most intense neuronal
staining by 4396C was observed in the
brains of both DS patients (Fig. 4b). In the
sections of control brains, neuronal stain-
ing was absent (Fig. 4b) or at comparable
levels with those of AD brains (Table 1).
These results suggest that GAS can be de-
tected by immunohistochemistry, but
neuronal staining by 4396C under these
conditions can also be nonspecifically in-
duced, probably because of changes that
occur during the agonal and/or postmor-
tem state. Thus, to confirm the immuno-
histochemical detection of GAB, we then
examined fresh nonhuman primate (Ma-
caca fascicularis) brains, which naturally
and consistently develop A deposition at
ages >25 years (Nakamura et al., 1998).
Cerebral cortices of seven animals at dif-
ferent ages (4, 4, 5, 17, 19, 30, and 36 years
old) were fixed with paraformaldehyde,
because it also preserves tissue and cell sur-
face antigens (Smit et al., 1974), and were
subjected to 4396C immunostaining with-
out pretreatment with SDS. In the sections
obtained from the two older animals, that
is, 30 years old (data not shown) and 36
years old (Fig. 5a), a number of neurons
were strongly immunostained by 4396C
with a granular pattern (Fig. 54, inset). In
these sections, plaques were immuno-
stained by 4G8 but not by 4396C (data not
shown). In the sections of cerebral cortices
of the five animals at ages <20 years old,
which showed no plaques, the neuronal
staining by 4396C was generally at negligi-
ble levels, and the strong staining was only
occasionally observed in the sections from the 17-year-old (Fig.
5a) and 19-year-old (data not shown) animals. In double immu-
nostaining of the sections obtained from the 36-year-old animal,
intraneuronal staining by 4396C was distinctly colocalized with
that by BANO52 or cholera toxin, a natural ligand specific to GM1
(Fig. 5b). To verify GAf3 generation in the brain, we performed an
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immunoprecipitation study using 4396C. GAS3 was immunopre-
cipitated by 4396C only from the cerebral cortex of the older
animal (Fig. 5¢). These results indicate that GAB is generated in
the brain.

Discussion

In regard to the formation of pathogenic aggregates of constitu-
ent proteins, including AB and prion proteins, the seeded poly-
merization theory was proposed previously (Harper and Lans-
bury, 1997). For the transition of the nontoxic monomeric form
of AB to its toxic aggregated form, the template-dependent dock-
lock mechanism was reported previously (Esler et al., 2000). The
present study supports these possibilities and also indicates that a
seed can be endogenously generated by the binding of an aggre-
gating protein to another molecule as was suggested in the mech-
anism underlying the aggregation of prion proteins {Telling et al,,
1995; Deleault et al., 2003).

To understand the early events in the development of AD and
also to develop tharapeutic strategies, clarification of the time
course of AB fibrillogenesis is fundamentally important. Previ-
ously, Harper et al. analyzed the process of in vitro Af3 assembly
using an atomic force microscope at a fine resolution. They re-
ported that protofibrils, transient species of AB assembly, are
formed during the first week of incubation of AB40 before ma-
ture fibrils are generated (Harper et al., 1997a,b, 1999; Ding and
Harper, 1999). This model of AB assembly was supported by a
recent study of Nichols et al. (2002). In the present study, we
examined the acceleration of Af3 aggregation in the presence of
GM1 ganglioside. In the EM examination of the present study, we
observed mature fibrils in AB40 solutions incubated at 50 um and
37°C for 24 hr, but protofibrils were hardly recognized (Fig. 1¢).
This discrepancy is likely to mainly stem from the presence or
absence of GM 1-containing liposomes and the differences in in-
cubation period and peptide concentrations. Additional careful
examination at a much greater resolution is required; however,
the molecular process of AB fibrillogenesis in the presence of
GM1 ganglioside may be different from that initiated by sponta-
neous nucleation from seed-free A8 solution,

From the results of molecular characterization of GAB in the
present study, it seems likely that A3 adopts an altered confor-
mation at its midportion through binding to GM1 because GA
was readily recognized by BAN052, an antibody specific to the N
terminus of A, and 4396C comparably recognized two Af isa-
forms with different lengths at their C termini. This possibility is
supported by the following: first, 4G8, an antibody specific to the
midportion of AB, failed to react with GAB in the inhibition assay
of AP aggregation; and second, BANO052, but not 4G8, immuno-
precipitated GAS from the cerebral cortex of an AD brain in our
previous study (Yanagisawa and Thara, 1998). The conforma-
tional epitope for 4396C on the AB molecule remains to be de-
termined; however, the results of the present study suggest that
the 4396C-reactive conformation, which is shared by GAS and
AP at the ends of fibrils, is necessary for A fibrillogenesis. Be-
cause amyloid fibrils composed of various proteins share a com-
mon structure that is readily recognized by Congo red, it may be
interesting to study in the future whether the 4396C-reactive
conformation is shared by seed or oligomer of other amyloido-
genic proteins. Regarding this, we must draw attention to a recent
report by Glabe and his colleagues (Kayed et al., 2003): they have
successfully generated an antibody that potentially recognizes the
common structure of soluble amyloid oligomers. Their results
suggest that the oligomers have a conformation that is distinct
from those of soluble monomers and amyloid fibrils.
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In this study, only careful immunohistochemistry alowed us
to visualize seed nmiolecules, suggesting that we may likely fail to
detect some population of seed molecules unless their conforma-
tions are preserved during immunohistochemistry. This may also
be the case with other neurodegenerative diseases in which seed
molecules are likely to play a critical role in the initiation of
aggregation of soluble proteins. In this study, it remains to be
clarified why 4396C did not immunostain plaques in which the
ends of amyloid fibrils were supposed to exist. Possible explana-
tions for this failure are as follows; first, the number of epitopes
that can be recognized by the antibody may be limited, as was
clearly indicated by immunoelectron microscopy using fibrils;
second, we may have lost their immunoreactivities because of
their higher susceptibility to treatment in immunohistochemis-
try than GAf; and third, the ends of amyloid fibrils may have
been masked or modified in the brain (Shapira el al., 1988; Roher
etal., 1993)..

A challenging subject of studies in the future is determining
how and where GAS is generated in the brain. Regarding this
issue, we favor the possibility that GAS is generated in GM1- and
cholesterol-rich microdomains such as lipid rafts (Parton, 1994;
Simons and Ikonen, 1997), because of the following: (1) lipid
rafts contain soluble and insoluble ABs under physiological (Lee
et al., 1998; Morishima-Kawashima and IThara, 1998) and patho-
logical (Sawamura et al., 2000) conditions, respectively; (2) amy-
loidogenic processing of the amyloid precursor protein is associ-
ated with lipid rafts (Ehehalt et al., 2003); and (3) the aggregation
of soluble A is readily induced by its interaction with lipid raft-
like model membranes (Kakio et al., 2003). We found recently
that AB binding to GM1 is markedly accelerated in a cholesterol-
rich environment and that, in such an environment, GM1 forms
a cluster that can be recognized by soluble A B as a receptor (Kakio
etal., 2001). The alteration of cholesterol content in the AD brain
is a controversial issue; however, it is noteworthy that cholesterol
content in the outer leaflet of the synaptic plasma membrane can
be increased in association with risk factors for the development
of AD, including aging (Igbavboa et al., 1996} and the expression
of apolipoprotein E allele e4 (Hayashi et al., 2002). Thus, alto-
gether, one possible scenario may be as follows: GA B is generated
in the lipid rafts or lipid raft-like microdomains in the neuron
because of an increase in the local concentration of cholesterol,
and then, GA initiates its seed activity to accelerate A3 aggrega-
tion after its transport to the neuronal surface and/or shedding
into the extracellular space. Alternatively, GA itself can be nox-
ious per se because it has been reported previously that the dis-
ruption of membranes (McLaurin and Chakrabartty, 1996) and
alteration of bilayer organization (Matsuzald and Horikiri, 1999)
can be induced by the generation of GAJ on the membranes.
Thus, it may also be worthy to examine in future studies whether
GApB causes impairment of neuronal, particularly lipid raft-
related, functions before extraneuronal AB deposition.

Several studies have suggested that therapeutically useful an-
tibodies can be generated (Solomon et al., 1997; Bard et al., 2000;
Hock et al., 2002; McLaurin et al., 2002; Lombardo et al., 2003).
Together with the finding that GAB has a conformation distinct
from that of soluble AB, it may be possible to develop a novel
therapeutic strategy to specifically inhibit the initiation of oli-
gomerization—polymerization of AB in the brain.
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Lipid rafts and their component, cholesterol, modu-
late the processing of B-amyloid precursor protein
(APP). However, the role of sphingolipids, another ma-
jor component of lipid rafts, in APP processing remains
undetermined. Here we report the effect of sphingolipid
deficiency on APP processing in Chinese hamster ovary
cells treated with a specific inhibitor of serine palmi-
toyltransferase, which catalyzes the first step of sphin-
golipid biosynthesis, and in a mutant LY-B strain defec-
tive in the LCB1 subunit of serine palmitoyltransferase.
We found that in sphingolipid-deficient cells, the se-
cretion of soluble APPa (sAPPa) and the generation of
C-terminal fragment cleaved at a-site dramatically in-
creased, whereas B-cleavage activity remained un-
changed, and the e-cleavage activity decreased without
alteration of the total APP level. The secretion of amy-
loid B-protein 42 increased in sphingolipid-deficient
cells, whereas that of amyloid B-protein 40 did not. All of
these alterations were restored in sphingolipid-defi-
cient cells by adding exogenous sphingosine and in LY-B
cells by transfection with cLCBI. Sphingolipid defi-
ciency increased MAPK/ERK activity and a specific in-
hibitor of MAPK kinase, PD98059, restored sAPP« level,
indicating that sphingolipid deficiency enhances sAPP«
secretion via activation of MAPK/ERK pathway. These
results suggest that not only the cellular level of choles-
tercl but also that of sphingolipids may be involved in
the pathological process of Alzheimer’s disease by mod-
ulating APP cleavage.

The amyloid B-peptide (AB)! is the principle constituent of
senile plaques found in Alzheimer’s disease (AD) brains and is
generated by proteolysis of an integral membrane protein, the
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amyloid precursor protein (APP). APP is metabolized via at
least two post-translational pathways, one of which is a
nonamyloidogenic pathway mediated by a-secretase proteolyti-
cally producing soluble APP (sAPPa), the dominant processing
product; this cleavage generates the residual 10-kDa CTF
(CTFa). Previous studies have shown that the activation of
signal transduction pathways including protein kinase C
(PKC) (1-3), mitogen-associated protein kinase (MAPK) (4),
and growth factors (5) alter the relative amounts of sSAPPa and
AB production. The other cleavage is mediated by B-secretase,
generating several proteolytic C-terminal fragments (CTFs),
namely, CTFg and CTFe, and y-secretase, producing either a
40-residue protein (AB40) or a 42-residue protein (AB42) from
CTFB. The cleavages at residues 40-42 are referred to as
y-cleavage, and the cleavage at residues 49-52 are referred to
as e-cleavage (6).

Recent studies revealed that the prevalence of AD is linked
to the serum cholesterol level and that sAPPa secretion and AS
generation are modulated by the cellular cholesterol level (7—
13). It is also suggested that APP processing and A generation
are associated with membrane microdomains, known as lipid
rafts, that are rich in cholesterol and sphingolipids and are also
the principal compartment in which AJ is found (13-18).

The cholesterol content in lipid rafts has been shown to con-
tribute to the integrity of the raft structure and the functions of
the rafts in signaling and membrane trafficking (19-21). In ad-
dition, several studies showed that sphingolipids modulate raft
functions; the reduction in the cellular sphingolipid level renders
glycosyl phosphatidylinositol (GPI)-anchored proteins more sen-
sitive to phosphatidylinositol-specific phospholipase C (22) and
also enhances the solubility of GPI-anchored proteins in Triton
X-100 (23). The blockade of ceramide synthesis was shown to
inhibit folate uptake via GPI-anchored receptors (24) and to
enhance the conversion of the prion protein to its scrapie form
(25-27). These studies indicate that the cellular levels of choles-
terol and sphingolipids modulate the functions of lipid rafts.
Therefore, the evidence that the cholesterol level in lipid rafts can
modulate APP processing reasonably raises the question of
whether cellular sphingolipids also modulate APP processing
and Af generation. However, the participation of sphingolipids
in APP processing remains undetermined.

To address this issue, we examined the alterations in APP
processing and AB generation in sphingolipid-deficient cells
using ISP-1 (myriocin), a potent inhibitor of serine palmitoyl-
transferase (SPT) (28), and a CHO-K1-cell-derived mutant cell
line, the LY-B strain, which has a defect in the LCB1 subunit
of SPT and is therefore incapable of de novo synthesis of any
sphingolipid species (29). Our findings indicate that not only

This paper is available on line at hitp://www.jbc.org
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the cellular cholesterol level but also the sphingolipid level
modulates APP processing.

MATERIALS AND METHODS

Antibodies—The monoclonal antibody 22C11, which recognizes
amino acids 66-81 of the N terminus of APP, was purchased from
Chemicon International (Temecura, CA). The monoclonal antibodies
used were BA27, which is specific for the AB1-40 terminal site; BCO5,
which is specific for the AB42 terminal site; and BNT77, which was
raised against AB11-28 but recognizes AB11-16; all of these antibodies
have been characterized previously (30). The monoclonal antibody 6E10
(raised against AB1-17) was purchased from Senetek PLC (Maryland,
MO). The rabbit polyclonal antibody, UT-18 (raised against APP695-
(676-695)) was used to detect cellular APP and its C-terminal frag-
ments (31). The rabbit polyclonal antibody, G530, which was raised
against rat AB1-16, was used to detect rodent sAPPa (32). The rabbit
polyclonal antibodies that recognize phospho-independent PKCe,
PKCS$, PKCe, and PKCy were purchased from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA).

Cell Culture—The CHO-K1 cell-derived mutant cell line, the LY-B
strain, has been previously established (29). LY-B/cLCB1, a corrected
revertant of the LY-B strain, was previously obtained by the stable trans-
fection of LY-B cells with the ¢cDNA encoding the hamster LCB1 subunit
of SPT (29). Ham’s F-12 medium supplemented with 10% fetal bovine
serum was used as the normal culture medium. CHO-K1 cells stably
expressing APP751 (APP-CHO-K1) were used for determining APP proc-
essing and AB generation. To deplete sphingolipids, APP-CHO-K1 cells
were treated with 1 uM myriosin (ISP-1; purchased from BIOMOL Re-
search Laboratories). The Nutridoma-BO medium (Ham’s ¥-12 medium
containing 1% Nutridoma-SP (Roche Applied Science), 0.1% fetal bovine
serum (FBS), and 10 uM sodium oleate-bovine serum albumin complex)
was used as the sphingolipid-deficient medium. For cultivation in sphin-
golipid-deficient medium, the cells were seeded, incubated in the normal
culture medium at 37 °C for 1 day, and, after washing twice with serum-
free Ham’s F-12 medium, were cultured in the Nutridoma-BO medium for
2 days. In the experiment on the pharmacological inhibition of SPT in
APP-CHO-K1 cells, the Nutridoma-BO medium was supplemented with 1
uM ISP-1, and the levels of sphingolipids were recovered with concurrent
treatment with 1 uM D-erythro-sphingosine (Matreya, Inc., Pleasant Gap,
PA) as described previously (28).

ELISA—Two-site ELISA for AB40 and Ap42 was carried out as
previously described (30, 33). BNT77 was coated as the capture anti-
body, whereas BA27 (for AB40) and BCO5 (for AB42) were used as the
detection antibodies following conjugation with horseradish peroxidase.

Protein Preparation—Cultured cells grown in 10-cm? dishes were
washed twice with ice-cold phosphate-buffered saline and then collected
by scraper. The cells were then centrifuged at 1,000 X g for 10 min, and
the cell pellet was homogenized in Tris saline (60 mm Tris-HCI, pH 7.4,
150 mM NaCl), containing 1% Triton X-100 and protease inhibitors
(Complete), followed by homogenization using a motor-driven Teflon
homogenizer. The homogenates were then centrifuged at 200,000 X g
for 20 min at 4 °C in a TLX ultracentrifuge (Beckman). The superna-
tants were collected for biochemical analyses. Protein concentrations
were determined using the bicinchoninic acid protein assay kit (Pierce).
Aliquots of the supernatant samples containing equal amounts of pro-
tein were subjected to 7.5% or 4-20% SDS-PAGE for immunoblot anal-
ysis as described previously (34).

Lipid Analysis—The metabolic labeling of lipids with [**Clserine in
APP-CHO-K1 cells in the presence or absence of 1 um of ISP-1 was
performed as described previously (35). The rate of lipid labeling was
corrected for each protein concentration.

Inmunoblot Analysis—The proteins separated using SDS-PAGE
were electrophoretically transferred onto a polyvinylidene difluoride
membrane (Millipore, Bedford, MA). Nonspecific binding was blocked
with 5% fat-free milk in phosphate-buffered saline containing 0.1%
Tween 20. The blots were then incubated with primary antibodies
overnight at 4 °C. For the detection of both primary monoclonal and
polyclonal antibodies, appropriate peroxidase-conjugated secondary an-
tibodies were used in conjunction with SuperSignal Chemiluminesence
(Pierce) to obtain images that were saved on film. The primary anti-
bodies used were as follows: monoclonal antibodies; 22C11, at a final
concentration of 5 pg/ml; 6E10, at a final concentration of 5 ug/ml;
polyclonal antibodies, G530, which recognizes rodent sAPPq, diluted at
1:1,000; and UT-18, which recognizes the C terminus of APP, diluted at
1: 500. The membrane fractions were prepared and subjected to immu-
noblot analysis using anti-PKCea, PKC8, PKCe, and PKCy antibodies
diluted at 1:1000.
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Preparation of Membrane Fractions—APP C-terminal fragment gen-
eration was performed in cell-free systems as described previously (36).
CHO-K1 cells were suspended in Buffer H (20 mM HEPES, 150 mM
NaCl, 10% glycerol, 5 mM EDTA, pH 7.4) containing protease inhibitors
(Complete), and thereafter the postnuclear supernatant was collected.
The microsomal membrane was precipitated from the postnuclear su-
pernatant by centrifugation at 100,000 X g for 1 h at 4 °C and resus-
pended in Buffer H containing protease inhibitors and incubated 37 °C
for 2 h to generate CTFe. The aliquots of the samples kept on ice for 2h
were used as negative controls. At the end of the assay, the microsomal
membrane samples were separated into pellet and supernatant frac-
tions by ultracentrifugation at 100,000 X g for 1 h at 4 °C. Each pellet
fraction was suspended in SDS sample buffer, and each supernatant
fraction was diluted with an equal volume of 2X SDS sample buffer to
be used for immunoblot analysis.

PKC Translocation Assay—The PKC translocation assay was carried
out as described previously (37). APP-CHO-K1 cells were incubated for
2 days in the Nutridoma-BO medium in the absence or presence of 1 umM
ISP-1 or 1 um ISP-1 plus 1 puM sphingosine for 48 and 73 h as indicated.
Wild-type CHO, LY-B, and LY-B/cL.LCB1 cells were also incubated in
Nutridoma-BO medium for 48 h. Thereafter, the cells were washed and
seraped into 200 ul of homogenization buffer (20 mM Tris-HCI, pH 7.4,
1 mM EDTA, 1 mm EGTA, protease inhibitors (Complete)), lysed by
homogenizer, and centrifuged at 100,000 X g for 1 h at 4 °C. The pellets
were resonicated in 200 pl of homogenization buffer supplemented with
1% Triton X-100 and centrifuged at 100,000 X g for 1 h at 4 °C, yielding
solubilized particulate fractions. The protein concentration was deter-
mined, and the fractions were analyzed by immunoblotting using anti-
bodies, which recognize phosphorus-independent PKCa, PKCS, PKCe,
and PKCy.

Purification of the Lipid Raft Fraction—The lipid raft fraction was
obtained from each cell line according to an established method previ-
ously reported (33, 38). One milliliter of each fraction was sequentially
collected from the top of the gradient. The extraction of lipids and
subsequent determination of the amount of cholesterol and phospholip-
ids in each sample were carried out according to previously described
methods (39).

Statistical Analysis—Statistical analysis was carried out using Stat-
View computer software (Macintosh, version 5.0; Abacus Concepts Inc.,
Berkeley, CA). A p value < 0.05 was considered to indicate statistical
significance.

RESULTS

Sphingolipid Deficiency Induced by SPT Enhanced sAPPua
Secretion in CHO-K1 Cell Lines—We used CHO-K1 cells stably
transfected with human APP751 ¢DNA (APP-CHO-K1) (40)
and treated these cells with myriosin (designated as ISP-1),
which is a potent inhibitor of SPT. Using this inhibitor, we
obtained the pharmacological cell model of sphingolipid defi-
clency (28). We determined the level of sphingolipid synthesis
in APP-CHO-K1 cells treated with ISP-1 in a sphingolipid-
deficient medium. Fig. 1a shows that the rate of de novo sphin-
gomyelin synthesis in ISP-1-treated APP-CHO-K1 cells de-
creased significantly as previously reported (28, 29). Using this
culture system, we determined APP levels secreted from ISP-
1-treated and nontreated APP-CHO-K1 cells and cellular APP
levels in these cells. Immunoblot analysis using the 6E10 an-
tibody, which recognizes the C terminus of human sAPPq,
showed that the secreted sAPP« level in sphingolipid-deficient
cells is significantly higher (about 3.1-fold) than that in non-
treated cells (Fig. 1, & and ¢). These results indicate that
a-cleavage is activated in CHO-K1 cells treated with ISP-1.
The immunoblot analysis of cellular APP using the 22C11
antibody, which recognizes the N terminus of APP, and the
UT-18 antibody, which recognizes the C terminus of APP,
showed that treatment with ISP-1 does not seem to affect
cellular total APP level but significantly reduces the levels of
the mature forms (N- and O-glycosylated forms) of APP (Fig. 1,
b and c¢). Treatment with ISP-1 does not affect the cellular
a-tubulin level.

Effect of Sphingolipid Deficiency on Generation of CTFa,
CTFB, and CTFe in CHO-K1 Cell Lines—Next, we determined
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Fic. 1. Sphingolipid deficiency reduces the levels of

sAPPareleased from APP-CHO-K1 cells. APP-CHO-K1 cells were
seeded in the 10% FBS containing medium in 10-cm? culture dishes.
Twenty-four hours after plating, the cells were washed twice with
Ham’s F-12, refed with sphingolipid-deficient medium (Nutridoma-BO
medium) in the presence or absence of 1 uM ISP-1, and maintained for
another 2 days. a, using these cells, sphingomyelin incorporation rate
was determined as described under “Materials and Methods.” b, for the
determination of the levels of released sAPPa and cellular APP in
cultured cells with or without treatment, the cultured media were
collected, and the cells were harvested. The levels of secreted sAPPa in
the medium and intracellular APP were determined by immunoblot
analysis using 610 (for sAPPa) and 22C11 and UT-18 (for intracellular
APP). ¢, the immunoreactivities of each sample to the 6E10 antibody in
the medium and to the UT-18 antibody in the cell lysate were quantified
using a Macintosh computer with software (National Institutes of
Health Image) for densitometric analysis. The data represent the
means * S.E. for triplicate experiments. *, p < 0.005 versus ISP-1 (—).
Three independent experiments showed similar results.

the sAPPS levels in the conditioned media of the SPT-treated
and nontreated APP-CHO-K1 cells. We first immunoprecipi-
tated sAPPa in the conditioned media of APP-CHO-K1 cells
using the 6E10 antibody, and the remaining supernatant was
used for sAPPSB detection. The immunoblot analysis of the
remaining supernatant using the 22C11 antibody showed that
ISP-1 treatment does not have any significant effect on sAPPS
levels (Fig. 2a). We next examined whether the level of C-
terminal fragments of APP differ between ISP-1-treated and
nontreated APP-CHO-K1 cells. We prepared microsomal frac-
tions from each cell line and incubated them at 0 or 37 °C for
2 h. In APP-CHO-K1 cells, CTF« was mainly detected at 10
kDa, and CTFB was weakly detected (Fig. 2b). When the cells
were treated with ISP-1, the intensity of the band representing
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Fic. 2. Effect of sphingolipid deficiency on secretion of
sAPPBand generation of CTFs in APP-CHO-K1 cells treated
with ISP-1. APP-CHO-K1 cells were seeded in the 10% FBS-containing
medium in 10-cm? culture dishes. Twenty-four hours after plating, the
cells were refed with the Nutridoma-BO medium, treated with or with-
out 1 uM ISP-1, and maintained for another 48 h. a, the culture media
were harvested to detect sSAPPa and sAPPS as described under “Mate-
rials and Methods.” sAPP« in each culture medium was immunopre-
cipitated with the 6E10 antibody. The resultant supernatant was ana-
lyzed to detect sAPPS by immunoblot analysis using the 22C11
antibody. b, the pellet and supernatant fractions from microsomal
membrane were obtained by further ultracentrifugation as described
under “Materials and Methods.” The generation of CTFa and CTFfB
were detected by immunoblot analysis with the UT18 antibody at ~10
kDa in the pellet fraction sample, and the generation of CTFe was
detected with the UT18 antibody at ~6 kDa in the samples of the
supernatant fraction after 2 h of incubation. ¢, the intensities of the
bands for CTFa at 4 °C (left panel) and CTFe at 37 °C (right panel) after
2 h incubation were determined using a Macintosh computer with
software (National Institutes of Health Image) for densitometric anal-
ysis. The data represent the mean * S.E. for triplicate experiments. *,
p < 0.05 versus ISP-1 (—). Three independent experiments showed
similar results. WB, Western blot; sup, supernatant; ppt, pellet.

CTF« increased significantly at 4 °C (Fig. 2, b and ¢). Compat-
ible with the data shown in Figs. 16 and 2a, these findings
indicate that a-cleavage is activated in CHO-K1 cells treated
with the SPT inhibitor. It was reported that the incubation of
the microsomal fraction generates CTFe detected at ~6.5 kDa,
which migrates below the major APP C-terminal fragments
arising from CTFa and CTFB (6, 36, 41). We also observed that
CTFe was generated in the microsomal membranes of APP-
CHO-K1 cells after a 2-h incubation (Fig. 2b). The level of CTFe
generated in the membrane fraction of the ISP-1-treated APP-
CHO-KI1 cells decreased significantly compared with that of the
nontreated cells (Fig. 2b), and the level of CTFe in the ISP-1-
treated cells decreased to 40% of that of the nontreated cells
(Fig. 2¢). These results indicate that the extent of e-cleavage
decreases in CHO-K1 cells treated with the SPT inhibitor.
Altered Processing of APP Was Restored by Adding Exoge-
nous Sphingosine in ISP-1-treated Cells—To determine that
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F1a. 3. Cellular sphingolipid level modulated sAPPasecretion,
the cellular CTFelevel, and the secretion of AB40 and AB42 in
APP-CHO-K1 cells. Twenty-four hours after plating in the 10% FBS-
containing medium in 10-cm? culture dishes, the culture medium was
changed with the sphingolipid-deficient medium with no ISP-1, 1 um
ISP-1, or 1 pmM ISP-1 plus 1 pMm p-erythro-sphingosine. The cultures
were then maintained for another 48 h, followed by washing with
phosphate-buffered saline twice, and the culture medium was har-
vested, and the microsomal fractions were prepared as described above.
a, SAPPa in the cultured medium was detected by immunoblot analysis
with the 6E10 antibody, and CTFe generated in the membrane pellet
after incubation at 37 °C for 2 h was detected with the UT18 antibody.
Three independent experiments showed similar results. b, the levels of
AB40 and ApB42 were quantified by sandwich ELISA using the BNT77
and BCO5 antibodies. The data represent the means = S.E. for tripli-
cate experiments. *, p < 0.05 versus ISP-1 (—)/sphingosine (—) and
ISP-1 (+)/sphingosine (+).

the increased sAPPa level is due to sphingolipid deficiency, we
examined whether the addition of exogenous sphingosine re-
stores the altered APP level in ISP-1-treated CHO-K1 cells. As
shown in Fig. 3a, when exogenous sphingosine was concur-
rently treated with ISP-1, the sAPPq level decreased to that of
the nontreated cells. Similarly, the CTFe level decreased in the
ISP-1-treated cells, which was also restored by adding exoge-
nous sphingosine (Fig. 3a). There was no difference in the
cellular o-tubulin level between these cultures. We further
determined the levels of AB40 and AB42 in the nontreated and
ISP-1-treated cultures by two-site ELISA, ISP-1 treatment in-
creased AB42 level (about 1.6-fold that of the nontreated cells),
whereas it had no effect on the AB40 level (Fig. 3b). When
exogenous sphingosine was concurrently treated with ISP-1,
the AB42 level in the culture medium was restored to that of
the nontreated cells (Fig. 3b).

MAPK/ERK, but Not PKC Activity Is Involved in the Enhance-
ment of sSAPP« Secretion Caused by Sphingolipid Deficiency—It
has been demonstrated that sAPP« secretion is regulated in
either a PKC-dependent or -independent manner that involves
the activation of tyrosine kinases (1, 2, 42). Moreover, the MAPK
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signaling pathway has recently been implicated in both PKC and
tyrosine kinase receptor regulations of APP processing (4, 43).
We therefore assessed which, if any, of these kinases mediates
the effect of sphingolipid deficiency on sAPP« secretion. We
found that the ERK activity and the sAPPa secretion leve! in-
creased in the APP-CHO cells treated with ISP-1 without a
change in the level of total ERK, and these increases were re-
stored by concurrent treatment with PD98059, a specific inhibi-
tor of MAPK/ERK kinase (Fig. 4a). We also examined the levels
of PKC that translocated into the plasma membrane in sphingo-
lipid-deficient cells and noted that the levels of PKCa, PKCS,
PKCg, and PKCvy translocated into the plasma membrane frac-
tion are not altered in sphingolipid-deficient cells (Fig. 46). Fur-
thermore, we carried out experiments to confirm whether sphin-
golipid deficiency also modulates the processing of endogenous
APP in wild-type CHO cells. As shown in Fig. 4c, the sAPPo
secretion level and ERK activity increased when sphingolipid
level decreased following ISP-1 treatment, without a change in
the level of total ERK; these increases were restored by concur-
rent treatment with PD98059, a specific inhibitor of MAPK/ERK
kinase, and sphingosine

SAPPa Secretion Level Also Increased in CHO-KI1 Cell Mu-
tant Strain (LY-B) Defective in the LCB1 Subunit of SPT—To
confirm whether sphingolipid deficiency induced by ISP-1
treatment is a sphingolipid-specific phenomenon, we further
examined the effect of sphingolipid deficiency on APP process-
ing using the CHO-K1 cell mutant strain, LY-B, defective in
the LCB1 subunit of SPT, which is unable to synthesize any
sphingolipid species de novo (29). Another mutant CHO-K1 cell
line, the LY-B/cL.CB1 strain, which is the complemented trans-
formant of LY-B, was also used (29). Because these cell lines
express only endogenous hamster APP, we used G530 anti-
body, which recognizes rodent APP. When these cells were
cultured in a sphingolipid-deficient medium for 2 days, the
sphingomyelin level in LY-B cells decreased to ~15% of that in
wild-type CHO-K1 cells (44). The sAPPw secretion level signif-
icantly increased in LY-B cells, whereas the total APP level and
the level of co-tubulin, an internal control, remained un-
changed; however, such an increase was not noted in LY-B/
cLCB1 cells (Fig. 5a). We further examined the effect of
PD98059 on the secreted sAPP« level to determine whether the
increase in the sAPP« level is mediated by MAPK/ERK activ-
ity. Similarly to the case of ISP-1-treated cells shown in Fig. 4,
both ERK activity and the sAPPa secretion level increased in
the sphingolipid-deficient cells, LY-B cells, whereas total ERK
levels and the level of a-tubulin, an internal control, remained
unchanged (Fig. 5b). These increases in ERK activity and the
sAPPa level were restored by transfection with cLCB] or treat-
ment with PD98059 or sphingosine (Fig. 5b). These results
indicate that sphingolipid deficiency increases sAPP« secretion
level via ERK activation. In contrast, the levels of PKCa, PKC3,
PKCe, and PKCvy that translocated into the plasma membrane
fraction were not altered in these three cell lines (Fig. 5c¢).

Characterization of Lipid Rafts of Wild-type CHO, LY-B, and
LY-B/cLCB1 Cells and APP Localization in the Lipid Rafts in
These Cell Lines—We finally examined the effect of sphingo-
lipid deficiency on lipid composition in lipid raft fractions and
APP localization in lipid rafts. We treated cell lysate of CHO,
LY-B, and LY-B/cLCB1 cells with Triton X-100, separated
them in a sucrose density gradient (33, 38), and determined the
levels of cholesterol, phospholipids, and GM1, a marker for
lipid rafts, in each fraction. As shown in Fig. 6a, the raft
fraction (fraction 4) enriched in GM1 contained 20 and 18% of
total phospholipids in the wild-type CHO and LY-B/cLCB1
cells, respectively, whereas 12% of total phospholipids was
recovered in fraction 4 of the LY-B cells. In contrast, the dis-



11988

a
APP-CHO-K1

Medium (kDa)
SAPPu. . L 114
(BE10) :

Cell lysate a4
P-ERK - [paz

| paa
Pan-ERK Daz
= v o~ e~ o~
g2 =232 &
O = 0O A N Q
0. (AT [a N
+ 4+
i oa
|2

Translocation of PKC

: oy (KD2)
PKCa. | i g1
PKCS
PKCe
PKCy
ISP-1{— |+ |+ [~ | +|+
Sphingosing|— | —| +§—| —| +
48h 72h
Medium CHO-K1 (kDa)
sAPPo, 114
(G530) ‘
Cell lysate
APP :
- 114

(22G11)

APP
(UT18) 114
_— pa4
P-MAPK| ..o B s A2

e AT sl it -p44
Pan-ERK |ese ws ese wuas [ p4?2
+

ISP-1| — [+ |+
PDO8059| — | — |+
Sphingosing| — | — |~ |+

Fic. 4. Effect of sphingolipid deficiency on MAPK/ERK activ-
ity and PXC translocation in CHO cells, APP-CHO-K1 cells were
seeded in the 10% FBS-containing medium in 10-cm? culture dishes.
Twenty-four hours after plating, the cells were refed with the Nutri-
doma-BO medium and treated with or without 1 um ISP-1 or other
reagent and maintained for another 48 h. Thirty minutes before chang-
ing the medium, PD98059 was added to the cultures, and then the
medium was changed to a fresh Nutridoma-BO medium containing the
indicated reagent(s). @, four hours after the medium change, the culture
medium and the cells were harvested to detect sAPPa, phospho-ERK,
and total ERK as described under “Materials and Methods.” b, the
membrane fractions were prepared and subjected to immunoblot anal-
ysis using anti-PKCa, PKC8, PKCe, and PKCy antibodies as described
under “Materials and Methods.” ¢, six hours after the medium change,
the culture medium and the cells were harvested to detect sAPPa,
phospho-ERK, and total ERK as described under “Materials and
Methods.”
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Fic. 5. Effect of MAPK/ERK activity on the levels of APP se-
creted from wild-type CHO, LY-B, and LY-B/cLCB1 cells. Wild-
type CHO (WT), LY-B, and LY-B/cLCB1 cells were seeded in the 10%
FBS containing medium in 10-cm® culture dishes. Twenty-four hours
after plating, the cells were refed with the Nutridoma-BO medium and
maintained for another 48 h. a, the culture medium was again changed
to a fresh Nutridoma-BO medium. The cultures were then further
incubated for 6 h, and the culture media and the cells were harvested to
detect sAPPa and cellular APP using 22C11 antibody. b, for determi-
nation of the effect of ERK activity on sAPPa secretion, PD98059 was
pretreated 30 min before changing to a fresh Nutridoma-BO medium
containing the indicated reagent(s). Six hours following the medium
change, the culture medium and the cells were harvested to detect
sAPPq, phospho-ERK, and total ERK as described under “Materials
and Methods.” ¢, the membrane fractions were prepared and subjected
to immunoblot analysis using anti-PKCea, PKC8, PKCe, and PKCy
antibodies as described under “Materials and Methods.”

tribution peak of cholesterol in the raft fraction in LY-B cells
remained similar or rather higher levels compared with those
for the other two genotypes (Fig. 6a). These results suggest that
the structure of the raft domain may have been altered, and
thus their function deteriorated. We further determined the
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Fia. 6. The levels of cholesterol, sphingolipids, and APP recov-
ered in lipid rafts of wild-type, LY-B, and LY-B/cLCB1 cells.
Wild-type CHO (WT), LY-B, and LY-B/cLCB1 cells were seeded in the
10% FBS containing medium in 10-cm® culture dishes. Twenty-four
hours after plating, the culture medium was changed with the Nutri-
doma-BO medium, and the cells were maintained for another 48 h. The
cells were then harvested, homogenized in the presence of 1% Triton
X-100, and fractionated by sucrose density gradient centrifugation as
described previously (33, 38). The fractions were collected from the top
gradient, and 12 fractions were obtained. ¢, the levels of cholesterol and
phospholipids in each fraction were determined as described previously
(39). b, for immunoblot analysis using the 22C11 antibody, the cells
were harvested, homogenized, and subjected to immunoblot analysis as
described under “Materials and Methods.” ¢, the intensity of APP signal
in the lipid rafts fraction (fraction 4) of each cell line was analyzed. The
data are the means * S.E. for triplicate experiments. There is no
significant difference between these three lines. a-c, three independent
experiments showed similar results.

APP levels in these fractions by immunoblot analysis using the
monoclonal antibody, 22C11, and the intensities of APP signal
in the raft fraction were quantified by densitometric analysis.
As shown in Fig. 6 (b and ¢), the amount of APP recovered in
the raft fraction of each cell line was at a similar level.

DISCUSSION

In this study, we found that the sphingolipid deficiency in-
duced by the SPT inhibitor enhances a-cleavage of APP with-
out altering the total amount of cellular APP. These alterations
are restored by adding exogenous sphingosine. The enhanced
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a-cleavage of APP caused by sphingolipid deficiency is con-
firmed in cells whose sphingolipid synthesis is genetically de-
fective, indicating that cellular sphingolipid level is a critical
modulator of APP processing to secrete sAPPa. We also found
that MAPK/ERK is activated in sphingolipid-deficient cells and
that the inhibition of MAPK/ERK pathway restores sAPPa
level, suggesting that sphingolipid deficiency enhances sAPP«
secretion via activation of the MAPK/ERK pathway.

It was shown that APP cleavage by a-secretase is dependent
on the cellular cholesterol level (12), and sAPP« secretion and
AB42 generation are determined by the dynamic interactions of
APP with lipid rafts (15, 16, 18), probably because of the alter-
ation of both APP and B-secretase partitioning into lipid rafts
(13, 17). Because cholesterol depletion is postulated to disrupt
raft functions (45), our present results suggest that the deple-
tion of sphingolipids, another major component of lipid rafts,
affects lipid raft functions, thereby altering APP processing as
noted in cholesterol-depleted cells.

A question arises of how sphingolipid deficiency alters APP
processing to enhance sAPPa secretion. Because PKC and ERK
modulate sAPPa secretion (1-4, 43, 46), we examined whether
PKC and ERK are responsible for the increased levels of sSAPP«
secreted from sphingolipid-deficient cells. We found that the
decreased sphingolipid level in sphingolipid-deficient cells en-
hances ERK activity (Figs. 4 and 5) and that the inhibition of
ERK activity by PD98059 restores the increase in sAPPa level
in sphingolipid-deficient cultures, suggesting that increased
levels of ERK activity associated with sphingolipid deficiency
enhance sAPPw secretion. In contrast, we did not observe any
alteration in the amount of PKC that translocated to the
plasma membrane in the sphingolipid-deficient cells. Although
ERK s located in the downstream of the PKC signaling cascade
(4, 43, 46, 47), these results suggest that sphingolipid defi-
ciency activates ERK in a pathway different from the PKC
pathway. The mechanism by which sphingolipid deficiency
causes ERK activation is not yet known; however, it is impor-
tant to note that many raft-associated proteins mediate signal
transduction (20, 45, 48) and that cholesterol depletion also
stimulates ERK activity in neurons (49) and non-neuronal cells
(50, 51). Interestingly, cholesterol deficiency is reported to in-
crease sAPPa secretion level, although it is not clear whether
the MAP/ERK pathway is involved in the cholesterol depletion-
mediated increase in sAPPa secretion level (12). These lines of
evidence suggest that altered levels of cholesterol or phospho-
lipids in lipid rafts may affect the raft-mediated signal trans-
duction pathway, ERK, leading to an increase in the sAPPa
secretion level.

However, the possibility cannot be excluded that cholesterol
and sphingolipid depletion enhances APP a-cleavage in a dif-
ferent manner, because previous reports suggested that disrup-
tion in the formation of lipid rafts and their clustering caused
by the depletion of cholesterol in lipid rafts lead to the inhibi-
tion of APP partitioning into lipid rafts, a decrease in the
B-cleavage activity, and an increase in a-cleavage activity of
APP (7, 13). In contrast, our findings show that under the
conditions in which cellular cholesterol level is unchanged,
lipid raft dysfunctions caused by sphingolipid depletion may
enhance the a-cleavage activity of APP without affecting the
B-cleavage activity of APP or APP level in lipid rafts (Fig. 6b).
These results imply that sphingolipid depletion may enhance
APP o-cleavage activity without shifting the intracellular traf-
ficking of APP from the AB-generating site (lipid rafts) to the
ApB-nongenerating site (outside lipid rafts). These results sug-
gest that cholesterol and sphingolipids play entirely different
roles in determining the properties of lipid rafts. In support of
this notion, the effect of sphingolipid depletion opposite to that
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of cholesterol depletion on the formation of the scrapie prion
protein, which is assumed to occur in lipid rafts, was demon-
strated (27, 52). However, the mechanism(s) underlying the
different effects of cholesterol and sphingolipid depletion on
APP processing remains unclarified, and further studies are
required elucidate the regulation of a-secretase, ADAM 10
(a disintegrin and metalloprotease) (53), based on lipids pres-
ent in rafts and outside lipid rafts.

Recently, it has been shown that ceramide enhances the
biogenesis of A8 by modulating APP p-cleavage (54). It was also
shown that an increased level of cellular ceramide increases
the level of a- and B-APP-CTFs, indicating that the sAPPa
secretion level also increases. In our experiments, sAPPa se-
cretion level increased in the cells in which the levels of sphin-
golipid including ceramide are reduced. One cannot explain
this discrepancy at present; however, it may be possible that
the profiles of the cellular levels of phospholipids in our exper-
iments and others are different. For example, both ISP-1 (our
study) and fumonisine B1 (54) reduce the cellular levels of
ceramide, glycosphingolipids, and sphingomyelin; however, fu-
monisine B1 increases the level of dehydrosphingosine, which
is a precursor of ceramide, whereas ISP-1 reduces its level.
Because dehydrosphingosine has various biological effects on
cells such as PKC activity (55), the different effect of fumo-
nisine B1 from that of ISP-1 on the dehydrosphingosine level
may in part explain the contradictory result of sAPP« secretion
caused by fumonisine B1 to that induced by ISP-1 and SPT
deficiency.

Our data show that an increase in the level of secreted Ap42
is accompanied by a decreased activity of APP e-cleavage in
sphingolipid-deficient cells, supporting in part our previous
finding that AB42-specific elevation accompanied by the signif-
icant reduction of sphingolipids in lipid rafts are noted in the
mutant presenilin 2 transgenic mouse brains (33). Interest-
ingly, the different effects of sphingolipid deficiency on AB42
generation and APP e-cleavage agree with the findings re-
ported in previous studies using cells with PS mutations (56,
57). In those studies, it was shown that an increase in the level
of APP vy42-cleavage is accompanied by a decrease in the
e-cleavage level in various PS1 mutant cells. These data sug-
gest that y-secretase at residue 42 and e-cleavage are likely to
be reciprocally regulated in PS mutant cells and that cellular
sphingolipids may be involved in these regulations. It has been
also shown that the activation of PKC stimulates a-cleavage of
APP at the expense of B-secretase cleavage (58—-60). In con-
trast, other studies demonstrated that PKC activation en-
hances sAPPa release without decreasing AB production (43,
61, 62). Similarly, cholesterol depletion increases sAPPa secre-
tion level and reduces AB production (7, 12, 13), whereas the
data presented here indicate that the phospholipid deficiency-
induced activation of ERK enhances sAPPa secretion, although
it does not inhibit AB generation but rather increases Ap42
secretion level. These different results provide evidence of the
sAPP« production and of AB being derived from distincet met-
abolic pathways that can be differently regulated by cholesterol
or phospholipids.

Finally, our present study raises the caution that not only
cholesterol but also sphingolipids should be focused on when
one discusses the relationship between lipid rafts and AD de-
velopment. Further studies are required to clarify whether PS
mutations alter the sphingolipid metabolism and whether al-
terations in sphingolipid metabolism are associated with spo-
radic AD development. However, our observations in the pres-
ent study provide a new insight into one of the central issues
concerning AD pathogenesis, that is, the relationship between
altered lipid metabolism and the development of AD,

Sphingolipids Modulate APP Processing
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Neurodegenerative Disorders and Cholesterol
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Abstract: 1t has been suggested that a high serum cholesterol level is a risk factor for Alzheimer’s disease (AD), that
treatment with cholesterol-lowering drugs (statins) reduces the frequency of AD development, and that the
polymorpholism of genes encoding proteins regulating cholesterol metabolism is associated with the frequency of AD
development. However, the mechanism by which high serum cholesterol level leads to AD, still remains unclarified.
Several recent studies have shown the results challenging the above notions. Here another notion is proposed, that is, a
low high-density lipoprotein (HDL) level in serum and cerebro-spinal fluid (CSF) is a risk factor for the development of
AD; moreover, the possibility that AD and Niemann-Pick type C disease share a common cascade, by which altered
cholesterol metabolism leads to neurodegeneration (tauopathy) is discussed. In this review, the association between
cholesterol and AD pathogenesis is discussed from different viewpoints and several basic issues are delineated and
addressed to fully understand the mechanisms underlying this relationship.

Keywords: Alzheimer’s disease, cholesterol, Niemann-Pick type C disease, tauopathy, neurodegeneration, HDL,

apolipoprotein E, lipid rafts.

INTRODUCTION

Studies on the metabolism of lipids including cholesterol
have been performed for decades; however, the number of
studies on cholesterol metabolism in the central nervous
system (CNS) has been limited, although the brain is the
most cholesterol-rich organ in the human body. Cholesterol
metabolism in the CNS is segregated from the systemic
circulation by the blood brain barrier; the lipoprotein found
in the CNS is only high-density lipoprotein (HDL) and its
concentration found in the CNS is lower than that in the
systemic circulation. Therefore, one should obtain a better
understanding of cholesterol metabolism and its significant
roles in the CNS before discussing the relationship between
cholesterol and neurodegerenative diseases. Another
important point is that the morphological characteristics of
neurons are markedly different from those of other cell
types, which may allow cholesterol to play a specific and
unique role in neurons. For example, the ratios of the total
surface areas of the soma:dendrite:axon were estimated to be
1:65:845 in spinal motor neurons and 1:28:6 in hippocampal
dentate granule cells, suggesting the importance of
cholesterol circulation mediated by HDL, for example, in the
nerve terminals. The very high turnover in synaptic
remodeling (>20% of postsynaptic density clusters turns
over within 24 h) has been demonstrated in hippocampal
neurons [34] and that HDL cholesterol plays a key role in
synaptogenesis and the maintenance of synapse plasticity in
the hippocampus [27]. These findings suggest the critical
role of HDL in cholesterol transport in the CNS. In this
review article, taking these neuron- and CNS-specific
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characteristics into account, the association between
cholesterol and neurodegenerative diseases including
Alzheimer’s disease (AD) and Niemann-Pick disease type C
(NPC) is discussed.

I. CHOLESTEROL AND ALZHEIMER’S DISEASE

There have been reports linking the prevalence of
Alzheimer’s disease (AD) with the polymorphisms of genes
related to cholesterol metabolism, including apolipoprotein
E (apoFE) [38, 45], ABCAI [52], and CYP46, the gene
encoding cholesterol 34-hydroxylase, [22, 36]. In addition, it
has been reported that the order of serum LDL and total
cholesterol levels in the serum with respect to the apoE
genotype is apoE2<apoE3<apoE4 [4, 5, 7, 15, 24].
Epidemio-logical studies have suggested that an elevated
serum total cholesterol level would be a risk factor for the
development of AD and mild cognitive impairment (MCI)
[20,33]. These findings suggest that those who have the
apok allele 4 develop AD earlier than those with other apo£
genotypes due to the high levels of serum total cholesterol in
these apoE4 carriers. Moreover, since brain cholesterol is
assumed to be converted to 24S-hydroxylcholesterol, an
oxysterol that can diffuse across the blood-brain barrier into
the systemic circulation, it is important to note that the 24-
hydroxyl-cholesterol level in cerebrospinal fluid is elevated
in the early stages of dementia [35] and statin treatment
reduces the level in AD patients [48]. Several studies support
these findings by showing that a reduced cellular cholesterol
level reduces amyloid B-protein (Af) generation and
stimulates the secretion of soluble amyloid precursor protein
(APP) cleaved at the o site of APP (sAPPQ) in vitro [21, 43]
and in vivo [13]. However, these biochemical studies do not
clarify the mechanism underlying the finding of
epidemiological studies that “a high serum cholesterol level
may be associated with a high frequency of AD
development”, because what they have shown is “a reduced

©2004 Bentham Science Publishers Ltd.
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serum or cellular cholesterol level decreases A secretion”.
Since cellular free cholesterol levels are strictly regulated, it
is difficult to increase free cholestero! level in cells. In this
meaning, the finding that cholesteryl-ester levels directly
correlate with A level [39] seems to be relevant to
processes occuring in AD brains. How cholesterol level in
the serum correlates to that in the CNS remains
undetermined, and the molecular mechanism by which a
high serum cholesterol level induces AD pathogenesis in the
CNS has not been fully elucidated. Recently, a large,
population-based cohort study has shown that there is no
significant association between AD development and long-
term average serum cholesterol level [47]. Recently a study
has shown that y-secretase mediated cleavage of APP
required for generating Af occurs in rafts, but its activity is
cholesterol-independent [49]. Previous papers reported that
cholesterol level in the serum has no correlation with that in
the CSF [9], cholesterol-rich diet has no effects on
cholesterol level in CSF [19], and statin treatment does not
decrease A level in CSF although it decreases cholesterol
level in CSF [14]. These findings reasonably raise the
question of how one can explain the mechanism by which a
high serum cholesterol level, which does not affect on
cholesterol level in the CNS, modulates the pathogenesis of
AD in the CNS. The observation that the level of Af in CSF
remains unchanged, while that of cholesterol is decreased in
patients treated with statins [14], suggests that the effect of
statin, if any, of reducing the frequency of AD development
cannot be explained by the reduced level of cholesterol in
CSF and the subsequent inhibition of AP synthesis.

These lines of evidence indicate that many issues should
be clarified before one can determine the association
between cholesterol and AD. It should be noted that almost
all of the studies mentioned above focused on cholesterol
level in the systemic circulation and not that in the CNS.
There should be a distinct difference in cholesterol
metabolism between the systemic circulation and CNS, due
to the separation of these two systems by the blood-brain
barrier. One of the differences is that although several types
of lipoprotein exist in serum, only HDL can be found in the
CNS [9, 37]. It was shown that the levels of HDL cholesterol
in the CNS are apoE-isoform-specific in the order of
apoE2>apoE3>apoE4 [5, 15], which is the reverse order for
the levels of total and LDL cholesterol [4, 5, 7, 24]. This
apoFE specificity can be explained by the isoform-dependent
generation of HDL as a lipid acceptor [16,30]. Although
there are few studies on cholesterol level in CSF, these lines
of evidence suggest that HDL cholesterol levels in CSF of
patients with AD are lower than those of the control.
Previous studies showed that the level of HDL cholesterol in
CSF of patients is lower than that of the control [18, 28],
suggesting that a low HDL cholesterol level in the CSF may
be a risk factor for AD development [29]. It was also
reported that statin enhances HDL generation [1, 3, 6],
supporting this notion. However, recent studies have shown
that the level of serum 24-hydroxylcholesterol is elevated in
patients with AD [35, 42], and that intronic CYP46
polymorphism is associated with AD [36], and that the
single-nucleotide polymorphism of the ABCAI gene is
associated with a low level of CSF cholestero! and a delayed
onset of AD [52], implying that a high cholesterol level in
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the CNS may be involved in AD development. Taken
together, further studies are still required to clarify in detail
how cholesterol metabolism in the serum is associated with
cholesterol metabolism in the CNS, and how altered
cholesterol metabolism in the CNS enhances Af generation
leading to AD development.

II. ROLE OF CHOLESTEROL IN NEURODE-
GENERATION

The formation of neurofibrillary tangles (NFTs)
consisting of the hyperphosphorylation of tau is considered
to be one of the major pathological hallmarks in the AD
brain. However, the mechanisms underlying the accelerated
phosphorylation of tau and the subsequent formation of
NFTs in the AD brain remain unclarified. In this context, it
is interesting to note that an altered cholesterol metabolism
and NFT formation coexist in the brains with Niemann-Pick
type C disease [2, 26, 46] without the deposition of senile
plaques. These lines of evidence suggest that an abnormal
cholesterol metabolism contributes to the development of
tauopathy in the absence of AP aggregation in NPC. We
found that tau in the brains of an NPC mouse model is
hyperphosphorylated in a site-specific manner [41], which is
accompanied by an enhanced activity of mitogen-activated
kinase (MAPK), and that MAPK activation in NPC is
induced by a decreased level of cholesterol in the plasma
membrane and in lipid rafts [40]. This is also the case for
primary cultures neurons [11] and in vivo brain slices [23].
Supporting these findings, a recent study has demonstrated
that the acute depletion of membrane cholesterol results in
the marked increase in the level of pERK1/2 in caveola/raft
lipid domains and the cytosol of human fibroblasts, which is
regulated by phosphatase that dephosphorylates both the
phosphotyrosine and phosphothreonine residues of ERK1/2.
[50]. These results indicate that the tau phosphorylation state
is modulated by cholesterol in specific cellular
compartments such as lipid rafts, leading to an altered
intracellular signaling. Interestingly, a deficiency in cellular
cholesterol or a deficiency in cholesterol supply in neurons
was shown to inhibit dendritic outgrowth [12] and
synaptogenesis [23, 27], and induce neurodegeneration [32],
as well as tauopathy {11, 23, 40, 41]. These findings suggest
that AD and NPC share a common pathological pathway, by
which altered cholesterol metabolism leads to tauopathy
(Fig. 1). In accordance with this notion, a recent review
discussed a similar idea that AP kills neurons by inhibiting
cholesterol synthesis and that statins acting at the neuronal
level could further exacerbate neurodegeneration in AD by
inhibiting the necessary cholesterol synthesis [44].

It is noteworthy that oligomeric A} affects cellular
cholesterol metabolism [25, 31] by generating AB-lipid
particles with a density identical to that of HDL, which
cannot be internalized into cells [31]. Importantly,
oligomeric but not monomeric Af reduces cholesterol level
in neurons [17]. These findings imply the central role of
cholesterol in the amyloid cascade (see review [10]) (Fig. 1);
that is, an increased level of AP oligomers affects cellular
cholesterol metabolism, resulting in the reduction in
cholesterol level in neurons, which in turn induces the
hyperphosphorylation of tau, the impairment of synaptic
plasticity, and finally neurodegeneration.



