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Amyloid b Oligomerization Is Induced by
Brain Lipid Rafts
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Abstract Detergent-resistant lipid rafts are required for the generation of Ab as they concentrate not only amyloid
precursor protein (APP), but also the b- and g-secretase that convert APP to Ab. Recently, Ab has been shown to be
oligomerized, which results in neuronal cytotoxicity and synaptic failure. In this study, we have demonstrated that Ab
oligomers appeared immediately after the incubation of Abwith lipid rafts isolated from the brain tissues of rats, andwere
converted into fewAbfibrils, even after longer periods of incubation. TheoligomerizationofAbwasnot abolishedafter the
brain lipid rafts were treated with heat, or with protease K, implying that the lipid raft proteins were determined not to be
prerequisites for Ab oligomerization. The cholesterol present in the lipid rafts might not be essential to Ab oligomerization
because Ab oligomerization was not prevented after the cholesterol was removed from the lipid rafts with methyl-b-
cyclodextrin (MbCD). The Ab oligomerization was accelerated by the application of lipid rafts isolated from ganglioside-
rich cells, C2C12 cells,whereas thiswas not observedwith the lipid rafts isolated fromganglioside-poor cells SK-N-MCand
HeLa cells. In addition, lipid raft-induced Ab oligomerization was shown to be inhibited in CHO-K1 cells which were
defective with regard to ganglioside biosynthesis. This indicates that Ab oligomerization requires gangliosides that are
enriched in the lipid rafts. J. Cell. Biochem. 99: 878–889, 2006. � 2006 Wiley-Liss, Inc.
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Alzheimer’s disease (AD) is a neurodegenera-
tive disease characterized by progressive
impairments in both memory and cognition. A
key feature of AD is the presence of amyloid
plaques within the brain regions involved in
learning and memory, as well as emotional
behaviors. These regions include the entorhinal
cortex, hippocampus, basal forebrain, and
amygdale [Mattson, 2004; Tanzi and Bertram,
2005]. Amyloid plaques consist of extracellular

aggregates of amyloid b peptide (Ab), a 40–42-
amino-acid fragment of the amyloid precursor
protein (APP). Ab is generated from the APP via
the activity of two proteases, b- and g-secretases
[De Strooper et al., 1998; Vassar et al., 1999].
Transgenic mice expressing high levels of
human mutant APP (the Swedish mutation)
have been shown to develop abundant extra-
cellular Ab plaques, and exhibit marked synap-
tic loss. These results indicate that the
generation of Ab is a crucial step in the
development of AD. Indeed, Ab-mediated
synaptic and neuronal dysfunction in mice has
been shown to be alleviated substantially in
cases in which Ab has been neutralized with
anti-Ab antibodies [Monsonego and Weiner,
2003].

An increasing body of evidence supports the
notion that cholesterol increases the incidence
of AD [Kuo et al., 1998; Kivipelto et al., 2001].
Among the genes that result in familial AD, the
ApoE e4 allele is known to play some role in the
elevation of cholesterol levels in the blood
plasma, and hypercholesterolemia is considered
to be a high risk factor for AD [Eto et al., 1988;
Evans et al., 2004]. Thus, the patients who have
taken the statin, a cholesterol lowering drug,
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tend to reduce incidence of AD. This suggests a
profound correlation between cholesterol and
AD [Jick et al., 2000].

Lipid rafts, which are composed of glyco-
sphingolipids and cholesterol in the plasma
membrane, concentrate a host of receptors, as
well as their downstream signaling molecules,
thereby organizing different signal transduc-
tion sets into the specific site [Simons and
Toomre, 2000; Galbiati et al., 2001; Anderson
and Jacobson, 2002; Munro, 2003]. These lipid
rafts are known to play roles in pathogenic
invasion, cholesterol homeostasis, angiogen-
esis, cancer development, and neurodegenera-
tive diseases, in addition to signal transduction
[Carver and Schnitzer, 2003; Dykstra et al.,
2003; Manes et al., 2003]. Since both APP and
APP-cleaving enzymes, including b-secretase
and g-secretase, have been isolated from lipid
raft fractions [Lee et al., 1998; Ehehalt et al.,
2003; Vetrivel et al., 2004], it has been sug-
gested that lipid rafts may be crucial to the
formation of Ab from APP. Consistent with this
hypothesis, the rate of conversion from APP to
Ab is reduced significantly when the lipid rafts
are disrupted by treatment with methyl-b-
cyclodextrin or statin, both of which serve to
reduce cholesterol levels [Simons et al., 1998;
Fassbender et al., 2001; Ehehalt et al., 2003].

The Ab generated from APP aggregated
further to oligomeric and fibril forms [Podlisny
et al., 1995; Yu et al., 2005]. The Ab oligomer
induces brain cell death at physiological con-
centrations, whereas the Ab monomeric and
fibril forms do not [Lambert et al., 1998; Klein
et al., 2001; Walsh et al., 2002; Kim et al., 2003].
The Ab oligomer also induces synaptic failure,
resulting in the inhibition of long-term poten-
tiation [Walsh et al., 2002; Cleary et al., 2005].
Thus, the Ab oligomer might constitute a major
culprit in AD. Because Ab binds strongly with a
various sialic acid-containing gangliosides and
is oligomerized by ganglioside-containing lipo-
somes [McLaurin et al., 1998; Ariga et al., 2001;
Kakio et al., 2002], it has been hypothesized that
the gangliosides in brain cells might be a major
driving force toward the induction of Ab oligo-
merization. Since gangliosides are enriched
predominantly in the detergent-resistant lipid
rafts [Kim et al., 2004a], it is tempting to
speculate that lipid rafts might be critical sites
for the accommodation of Ab oligomerization.
In this study, we have demonstrated that
the Ab oligomer appeared in the detergent-

resistant lipid rafts originating from brain
tissue, but not from the liver. Here, we demon-
strate that gangliosides in the lipid rafts are
the major propulsive force in the formation of Ab
oligomers.

MATERIALS AND METHODS

Material

Amyloid beta 1–42 (Ab42), methyl-b-cyclodex-
trin (MbCD), proteinase K, and the cholera
toxin B subunit conjugated with horseradish
peroxidase (CTB-HRP) were purchased from
Sigma-Aldrich (Sigma, Buchs, Switzerland).
The anti-Flotilin-1 antibody was obtained from
Transduction Laboratories (Lexington, KY), the
anti-Fyn and anti-Clathrin heavy chain anti-
bodies were purchased from Santa Cruz Bio-
technology (SantaCruz, CA), and the anti-Ab42

(6E10) was acquired from SIGNET Labora-
tories, Inc (Dedham, MA). Ab42 (1 mg) was
treated for 1 h with 100% hexafluoro-2-propanol
at room temperature, and was then aliquotted
into a microcentrifuge tube. The hexafluor-2-
propanol was evaporated with a Speed-Vac
(Labconco Corporation, Kansas City, MO), after
which the tubes were stored at �808C. An
aliquot of Ab42 was then dissolved in anhydrous
dimethyl sulfoxide (DMSO) with a final con-
centration to 5 mM. This Ab42 solution was then
immediately utilized for the further experi-
ments.

Cells and Cell Culture

CHO, CHO-K1, SK-N-MC, C2C12, and HeLa
cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA).
CHO and CHOK1 cells were grown in Ham’s
Nutrient Mixture F12 supplemented with 1%
penicillin/streptomycin, and 10% fetal bovine
serum. The murine myoblast cell line, C2C12,
the human neuroepithelioma cell line, SKNMC,
and the human epithelial cell line, HeLa, were
grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 1% penicillin/
streptomycin and 10% fetal bovine serum.

Lipid Raft Isolation

The lipid rafts were isolated as was previously
described, using Triton X-100 [Kim et al.,
2004b]. Rat brain tissue (300 mg) or four 150-
mm dishes of cells at 90% confluence were mixed
with 1 ml of lysis buffer (25 mM HEPES, pH 6.5,
150 mM NaCl, 2% TX-100, 1 mM EDTA, and
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1 mM PMSF) containing a protease inhibitor
cocktail (Roche Molecular Biochemicals, India-
napolis, IN), homogenized 20 times with a tight
Dounce homogenizer (Kontes, Vineland, NJ),
and then incubated for 20 min at 48C. The lysate
was mixed with 1 ml of 80% sucrose, transferred
to an SW41Ti centrifuge tube, then overlaid
with 6.5 ml of 30% sucrose solution, 3.5 ml of 5%
sucrose solution containing 25 mM HEPES and
150 mM NaCl at a pH of 6.5. The discontinuous
sucrose gradients were ultracentrifuged for 18 h
at 48C with an SW41Ti rotor (Beckman Instru-
ments, Palo Alto, CA) at 200,000g. The gradient
was then fractionated into 12 fractions, from the
bottom to the top. These fractions were then
used for the various kinds of experiences.
Alternatively, the floating lipid raft fractions
were collected carefully through peristaltic
pump, diluted with 10 ml HEPES buffer
(25 mM HEPES, pH 6.5, 150 mM NaCl, 1 mM
EDTA, 1 mM PMSF) and centrifuged at 50,000g
for 30 min at 48C, allowing us to obtain a pellet
consisting of detergent-resistant lipid rafts,
which was then utilized in further analyses.

Treatment of Lipid Rafts With Proteinase K and
Methyl-b-Cyclodextrin (MbCD)

The detergent-resistant lipid rafts (0.5 mg
protein/ml) were treated with proteinase K
(100 mg/ml) or 100 mM MbCD for 1 h at 378C.
In order to remove the residual proteinase K or
MbCD from the lipid rafts after incubation,
the protease K- or MbCD-treated lipid rafts
were placed in an ultracentrifuge tube, and then
overlaid with 6.5 ml 30% sucrose and 3.5 ml 5%
sucrose in 25 mM HEPES, pH 6.5. The gradient
was centrifuged for 1 h at 200,000g, at 48C, with
an SW41Ti rotor. After ultracentrifugation, the
buoyant lipid rafts were collected, and incu-
bated with 5 mM of Ab42 for 30 min at 48C. The
MbCD treatment was repeated three times in
order to remove a greater amount of cholesterol
from the lipid rafts. The concentration of
cholesterol in the lipid rafts was determined
with an Amplex1 Red cholesterol assay kit
(Molecular Probe, Carlsbad, CA).

Electrophoresis, Silver Staining, and Immunoblots

The proteins were separated on 15% poly-
acrylamide gel, and then visualized using a
silver staining kit (Amersham Biosciences). For
the immunoblotting, the proteins were trans-
ferred onto a polyvinylidene difluoride (PVDF)
membrane (Millipore, Bedford, MA), using

SEMI-DRY transfer cells (Bio-Rad) with trans-
fer buffers (25 mM Tris, 192 mM glycine, 20%
methanol, 0.5% SDS, pH 8.3). The membranes
were then blocked in 1� TBS, 5% nonfat dry
milk, and 0.5% Tween 20 for 1 h at room
temperature, then allowed to react with a
sequence of primary and secondary antibodies.
The antigen signals were visualized using ECL
reagents (Santa Cruz Biotech).

RESULTS

Ab Is Rapidly Oligomerized in the
Presence of Rat Brain Lipid Rafts

Because lipid rafts may be crucial to the
formation of Ab from APP, and gangliosides are
found predominantly in the detergent-resistant
lipid rafts, it is tempting to speculate that the
lipid rafts might be critical sites for the induc-
tion of Ab oligomerization. In order to address
this issue, the detergent-resistant lipid rafts
were isolated from the brain tissues of rats, on
the basis of detergent insolubility and low
density. The rat brain tissue was extracted with
1% TX-100, and then subjected to sucrose
gradient ultracentrifugation, thus resulting in
the formation of a distinct opaque band repre-
senting the low-density and detergent-resistant
lipid rafts. The sucrose gradient was then
fractionated from bottom to top, and analyzed
via immunoblotting with anti-Flotillin-1, Fyn,
and Clathrin heavy chain antibodies. The gang-
lioside-GM1 was monitored with HRP-conju-
gated cholera toxin B (CTB-HRP). Figure 1A
demonstrates that only the raft fractions con-
tained Flotillin-1, Fyn, and GM1, all of which
are raft markers. In contrast to the raft
markers, the clathrin heavy chain was found
principally in the bottom fractions. Using these
data, we confirmed that the detergent-resistant
lipid rafts were nicely isolated from the brain
tissues.

In order to verify that the detergent-resistant
lipid rafts induce the formation of the Ab42

oligomer, we incubated the Ab42 with different
fractions prepared after the sucrose gradient
ultracentrifugation. After the incubation of
each fraction for 30 min with 5 mM Ab42 at 48C,
each fraction was analyzed via immunoblotting
with anti-Ab antibody. Because the hydropho-
bic interactions within the Ab oligomers and
fibrils are too strong to be broken by SDS, SDS-
resistant Ab oligomers, and fibrils could be
detected by immunoblotting with anti-Ab anti-
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body after SDS–PAGE [Podlisny et al., 1995].
As shown in Figure 1B, the lipid raft fraction
was implicated in the conversion of the Ab
monomer to oligomers, whereas the other
fractions were not. In order to determine
whether the Ab oligomers were associated with
the lipid rafts, the lipid rafts were precipitated
by ultracentrifugation after incubated with

Ab42. The Ab was analyzed from the pellet and
supernatant via immunoblotting. It should be
noted that isolated lipid rafts can be precipi-
tated fairly easily after ultracentrifugation, due
to their membrane structure [Bae et al., 2004].
Figure 1C shows that the Ab oligomers (mainly
tetramer) were observed in the pellets, but not
in the supernatant, demonstrating that the

Fig. 1. Ab is oligomerized in the presence of the rat brain lipid
rafts. A: Detergent-resistant lipid rafts from the rat brain tissues
were isolated based on their detergent-insolubility and low
density. Each fraction from the sucrose gradient was immuno-
blotted with anti-Flotillin-1, Fyn, and Clathrin heavy chain
antibodies, aswell as the cholera toxinB subunit conjugatedwith
horseradish peroxidase (CTB-HRP). P indicates the pellet after
ultracentrifugation. B: Lipid rafts from rat brain tissue were
isolated in thepresenceof TritonX-100. The sucrosegradientwas

fractionated from top to bottom. Eachof the fractions (100ml) was
incubated with 5 mM of Ab42, and then analyzed by immuno-
blotting with anti-Ab antibody. C: Ab42 (5 mM) was incubated
with 20 ml of rat brain lipid rafts (0.5mg protein/ml) at 48C. Thirty
minutes after incubation, the total extract was microcentrifuged
for an additional 20 min at 20,000g. Total extract (T), pellet (P),
and supernatant (S) were analyzed by immunoblotting with anti-
Ab antibody.
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Ab oligomers were associated with the lipid
rafts.

We then attempted to determine whether Ab
oligomerization was dependent on brain-speci-
fic lipid rafts or not. Detergent-resistant lipid
rafts were isolated from both the brain and liver
tissues of rats in the presence of 1% Triton X-
100. Each of the lipid raft sample was then
incubated with Ab42 at the indicated concentra-
tions for 30 min at 48C, and then the levels of Ab
monomers and oligomers were measured by
immunoblotting with anti-Ab antibody. As is
shown in Figure 2, the brain lipid rafts induced
Ab oligomerization to a significant degree, even
at low protein concentrations (0.05 mg/ml
protein), whereas the liver lipid rafts oligomer-
ized Ab only to a minimal degree. These results
indicate that brain lipid rafts have stronger
activity to oligomerize Ab than liver lipid rafts
have.

Stability of Raft-Induced Ab Oligomers

Because the Ab oligomers have been reported
to aggregate further into Ab fibrils, we attemp-
ted to determine the effects of temperature
and time on the stability of the raft-induced Ab
oligomers. The lipid raft samples were incu-
bated with Ab42 for 30 min at 48C, 248C, and
378C, and analyzed by immunoblotting with
anti-Ab antibody. As is shown in Figure 3A, the
raft-induced Ab oligomers did not aggregate
further into the fibrils at any temperatures.

This indicates that the Ab oligomers are
remarkably stable, even at physiological
temperature. We then determined the time-
dependency characteristics in the stability of
the raft-induced Ab oligomers. After the incuba-
tion of the lipid rafts with Ab42 for various times
(0, 0.5, 1, 2, 4, and 24 h), Ab oligomers were
analyzed by immunoblotting. Figure 3B shows
that the Ab oligomers aggregated into few Ab
fibrils, even at longer incubation times. Ab
fibrils were discovered only at minimal levels,
even after 4 days of incubation (data not shown),
indicating that the raft-induced Ab oligomers
are remarkably structurally stable. In addition,
it should be noted that the Ab oligomers
appeared immediately after the incubation of
the lipid rafts with Ab (Fig. 3B).

Next, we found that Ab fibrils were rarely
present, even after the incubation of high
concentrations of Ab (5 mM) with the lipid raft
samples (Fig. 3C), demonstrating that the raft-
induced Ab oligomers were quite stable. More-
over, as shown in Figure 3C, raft-dependent Ab
oligomers were also detected after incubation,
even at low Ab concentrations (as low as
100 nM).

Proteins and Cholesterol in the Lipid Rafts Are not
Required for Ab Oligomerization

In order to characterize the Ab oligomer-
inducing factors within the lipid rafts, we
modified the lipid rafts with various treatments.

Fig. 2. Brain lipid rafts induce Ab oligomerization more strongly than do liver lipid rafts. Lipid rafts were
isolated from rat brain and liver in the presence of Triton X-100. Lipid rafts (20 ml) at different concentrations
(0, 0.05, 0.1, 0.2, 0.4, 0.6, and 1.0 mg protein/ml) were incubated with 5 mM of Ab42 at 48C. Thirty minutes
after incubation, the total extracts were analyzed by immunoblotting with anti-Ab antibody.
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Lipid rafts were boiled for 20 min with or
without 1% SDS for denaturing proteins, or
sonicated 6 times for 10 s with 30 s of intervals
for disrupting lipid raft structure. Modified lipid
rafts were incubated with Ab42 for 30 min at
48C, and then the level of Ab oligomers was
determined by immunoblotting. As shown in
Figure 4A, Ab oligomerization was not affected
by heat, SDS, or sonication, indicating that the
proteins themselves are not the factors that
induce the oligomerization of Ab. Next, the lipid
rafts were treated for 1 h with protease K, in
order to digest all of the lipid raft proteins. The
left panel in Figure 4B shows that the lipid raft
proteins had been digested completely by the
protease K in the silver-stained gel. Interest-

ingly, the degree to which Ab was oligomerized
was not affected when Ab42 was incubated with
lipid rafts treated with protease K (Fig. 4B,
right panel), thus confirming that lipid raft
proteins are not crucial to the oligomerization
of Ab.

In order to characterize the effects of choles-
terol on raft-mediated Ab oligomerization, we
removed the cholesterol from the lipid rafts by
treating the rafts with methyl-b-cyclodextrin
(MbCD). The lipid rafts were treated for 1 h with
100 mM MbCD at 378C. After this MbCD
treatment, the lipid rafts were re-isolated via
sucrose gradient ultracentrifugation. The re-
isolated lipid rafts were then re-treated with
100 mM MbCD two times. Figure 5A shows the

Fig. 3. Brain lipid raft-induced Ab oligomers do not aggregate into Ab fibers even after long incubation
periods at physiological temperature.A: Rat brain lipid rafts (20 ml) (0.5 mg protein/ml) were incubatedwith
5 mM of Ab42 for 30 min at 4, 24, and 378C, respectively. B: Rat brain lipid rafts (20 ml) (0.5 mg protein/ml)
were incubated with 5 mM of Ab42 at 48C for 0, 0.5, 1, 2, 4, and 24 h. C: Rat brain lipid rafts (20 ml) (0.5 mg
protein/ml)were incubatedwith different concentrations of Ab (0, 0.1, 0.5, 1, 2, and 5 mM) for 30min at 48C.
Total mixtures were analyzed by immunoblotting with anti-Ab antibody.
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cholesterol levels observed after treating the
rafts with 100 mM MbCD. The cholesterol
concentration in the lipid rafts decreased dra-
matically from 432 mg/ml to 22 mg/ml after the
lipid rafts had been treated three times with
MbCD. Lipid rafts containing varying choles-

terol contents were then incubated with Ab42,
and analyzed by immunoblotting with anti-Ab
antibody. Figure 5B shows that the rate of raft-
mediated Ab oligomerization was not altered by
the removal of cholesterol by MbCD, thereby
suggesting that cholesterol could be excluded as

Fig. 4. Lipid raft proteins are not essential to Ab oligomeriza-
tion. A: Rat brain lipid rafts (20 ml) (0.5 mg protein/ml) were
boiled for 30 min with or without SDS-sample buffer (lane 2 and
lane 3, respectively), or sonicated six times for 10 s with 30-s of
intervals (lane 4). Lane 1 showed the sample without any lipid
rafts. These lipid rafts were incubated with 5 mM of Ab at room
temperature, and the total proteins were analyzed via immuno-
blotting with anti-Ab antibody. B: Rat brain lipid rafts (20 ml)
(0.5 mg protein/ml) were treated for 1 h with proteinase K

(100 mg/ml) at 378C. After being treated with proteinase K, the
lipid rafts were further separated via discontinuous sucrose
gradient ultracentrifugation. The buoyant lipid rafts were
incubated with 5 mM of Ab42 for 30 min at 48C, and then
analyzed via immunoblotting with anti-Ab antibody (Right
panel). The left panel shows that the lipid raft proteins were
degraded completely after proteinase K treatment, as evidenced
by silver staining. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Fig. 5. Cholesterol in brain lipid rafts is not essential to Ab
oligomerization. A: Cholesterol concentrations in the lipid rafts
after brain lipid rafts had been treated with methyl-b-cyclodex-
trin (MbCD). Rat brain lipid rafts (20 ml) (0.5 mg protein/ml) were
treated for 1 h with 100 mM MbCD at 378C. After the initial
MbCD treatment, the lipid rafts were isolated further via
discontinuous sucrose gradient ultracentrifugation. In order to

remove a greater quantity of cholesterol, the buoyant lipid rafts
were treated with MbCD twice more, as above. The cholesterol
content from each of the lipid raft samples was measured with a
cholesterol assay kit. This experiment was done three times.
B: Brain lipid rafts with different cholesterol contents were
treated with 5 mM Ab42 for 30 min at 48C, then analyzed via
immunoblotting with anti-Ab antibody.
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a factor in the induction of Ab oligomerization
by the lipid rafts.

Gangliosides Are Required for Lipid
Raft-Mediated Ab Oligomerization

Because brain lipid rafts contained much
higher GM1 concentration than liver lipid rafts
do (data not shown), and Ab exhibits a strong
interaction with GM1 [Kakio et al., 2002], it is
tempting to speculate that the gangliosides in
lipid rafts might be required for the raft-
mediated oligomerization of Ab. In order to
address the issue, we selected different cells,
with differing ganglioside contents. For exam-
ple, the premyocyte C2C12 cells harbor abun-
dant gangliosides, whereas the neuroblastoma
(SK-N-MC) and HeLa cells contain a relatively
low level of gangliosides [Gillard et al., 1998].
The lipid rafts from the C2C12, HeLa, and SK-N-
MC cells were incubated with Ab42, and then
analyzed by immunoblotting with anti-Ab anti-
body. Figure 6A shows that the lipid rafts from
the C2C12 cells potently induced Ab oligomer-
ization, whereas the lipid rafts from the HeLa
and SK-N-MC cells did not. This clearly sug-
gests that the gangliosides in the lipid rafts
might be the salient factor with regard to the
raft-mediated induction of Ab oligomerization.
Silver staining data in Figure 6B shows that the
same amounts of raft proteins were loaded in
each of the samples.

In order to firmly verify the involvement of
gangliosides in the raft-mediated oligomeriza-
tion of Ab, the lipid rafts isolated from ganglio-
side-poor CHO-K1 cells were also incubated
with Ab. Because CHO-K1 cells are genetically
deficient with regard to the synthesis of complex
gangliosides, CHO-K1 cells are free of most
gangliosides, including GM1, GM2, GD3, GD1a,
and GT3, although they do harbor some GM3
[Crespo et al., 2002; Rusnati et al., 2002],
Lipid rafts were isolated from the CHO and
CHO-K1 cells, and analyzed by immunoblotting
with anti-Flotillin-1 antibody. As shown in
Figure 6C, both cells had the detergent-resis-
tant lipid rafts with the enrichment of Flotillin-
1. Both lipid rafts were incubated with Ab (0.1
mg/ml raft proteins), and evaluated via immu-
noblotting. Figure 6D demonstrates that Ab
was oligomerized normally by the lipid rafts
isolated from the normal CHO cells. Interest-
ingly, however, the level of Ab oligomers were
reduced in cases in which the lipid rafts used in
the incubations had been isolated from ganglio-

side-poor CHO-K1 cells. This suggests that
gangliosides might be one of the primary factors
in the induction of raft-mediated Ab oligomer-
ization. However, it should also be noted that
the oligomerization of Ab was not completely
abolished by the lipid rafts from the CHO-K1
cells, and this may be due to the fact that
the CHO-K1 cells contain GM3, which can also
bind to Ab. With all of the data shown in
Figure 6, we were able to conclude that the
gangliosides in the lipid rafts were, indeed, the
critical factor in the raft-mediated induction of
Ab oligomerization.

DISCUSSION

The Ab peptide is known to self-aggregate
into Ab fibrils in AD patients. Because Ab fibrils
induce neuronal cell death at mM level concen-
tration, Ab fibrils have long been considered to
be the primary culprit in the development of AD
[Hardy and Higgins, 1992]. However, contro-
versy has raged with regard to the Ab fibril-
induced development of AD. In cases of AD, the
observed sites of neuronal loss do not precisely
match with the amyloid plaques, which pre-
dominantly contain Ab fibrils [Katzman et al.,
1988]. In addition, the Ab load itself does not
appear to result in neuronal damage, nor does it
seem to induce synaptic terminal loss [Klein
et al., 2001]. Therefore, soluble Ab oligomers,
rather than the Ab fibrils, might actually be the
principal causative factor of AD, because they
do induce neuronal cell death in physiological
concentration, and even at pM concentrations
[Lambert et al., 1998; Zhang et al., 2002]. Ab
oligomers are often isolated in AD patients in
whom amyloid plaques cannot be identified.
Moreover, Ab oligomers result in the loss of
long-term potentiation, and also induce disrup-
tions in cognitive functioning [Cleary et al.,
2005; Kayed et al., 2003; Walsh et al., 2002].

Our findings suggest that the monomeric
form of Ab self-aggregates into Ab oligomers in
the presence of detergent-resistant lipid rafts
isolating from the brain tissues of rats. The
monomeric form of Ab is, in fact, converted very
rapidly into the tetrameric form of Ab by the
brain lipid rafts. Ab dimers and trimers have
been observed in many in vitro Ab oligomeriza-
tion experiments, but in our study, the lipid
rafts isolated from the rat brains appeared to
induce the formation of Ab tetramers. Because
the tetrameric form of Ab is encountered
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principally in the brains of AD patients, brain
lipid raft-induced Ab tetramers might also be a
major culprit in the development of AD [Lam-
bert et al., 2001]. It was reported in a study of

the aggregation of Ab in a mixture of Ab and
lipid raft-like liposomes, via circular dichroism
and atomic force microscopy, that Ab was
eventually converted to fibrils, after longer

Fig. 6. Ganglioside levels in the lipid rafts are important
determinants of Ab oligomerization. A: Lipid rafts were isolated
from C2C12, HeLa, and SKNMC cells. It should be noted that
C2C12 is a ganglioside-rich cell, whereas the HeLa and SKNMC
cells are ganglioside-poor cells. Lipid rafts (20ml) (0.5mgprotein/
ml) were incubated for 30 min with 5 mM Ab42 at 48C, and
analyzed by immunoblotting with anti-Ab antibody. In addition,
each raft was blottedwith CTB-HRP (bottom panel) to determine
the concentration of GM1. B: In order to confirm that an equal

amount of lipid raft proteins were loaded, the lipid raft proteins
were electrophoresed and silver-stained. C: The lipid rafts were
isolated from CHO-K1 (ganglioside-poor cells) and CHO cells.
Each fraction from the sucrose gradient was analyzed via
immunoblotting with anti-flotillin. D: Lipid rafts (20 ml) (0.5 mg
protein/ml) from the CHO-K1 and CHO cells were incubated for
30minwith 5mMAb42 at 48C, then analyzedvia immunoblotting
with anti-Ab antibody.
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periods of incubation [McLaurin et al., 1998;
Zhu et al., 2004]. However, in our study, lipid
raft-induced Ab tetramers aggregate into few
Ab fibrils, even after 4 days of incubation.

Because lipid rafts harbor both cholesterol
and gangliosides, lipid raft-dependent Ab oligo-
merization might be resultant from the activ-
ities of both cholesterol [Walsh et al., 2002] and
gangliosides [Yanagisawa and Matsuzaki,
2002]. Since brain lipid rafts had stronger
activity to oligomerize Ab (Fig. 2), and contained
higher ganglioside amount than liver lipid rafts
did (data not shown), gangliosides could be a
strong inducer to oligomerize Ab. Indeed, our
data unambiguously demonstrate that ganglio-
sides, but not cholesterol, might be a major
component in the induction of Ab oligomeriza-
tion, as a lesser amount of Ab oligomers was
formed in the lipid rafts isolated from the
ganglioside-poor cells (Fig. 6), and cholesterol
removal from the lipid rafts had no significant
effects on the oligomerization of the Ab (Fig. 5).
This finding was quite consistent with other
recently reported data, which pointed to a
significant increase in gangliosides and de-
crease in cholesterol levels in the brains of AD
patients [Pitto et al., 2005]. Thus, Ab can be
oligomerized by the increased levels of ganglio-
sides often detected in AD patients, conse-
quently inducing an Ab oligomer-mediated
neuronal loss.

The ganglioside-poor cells used in our study,
the CHO-K1 cells, still evidenced some ability
to oligomerize Ab, suggesting that there might
have a ganglioside-independent mechanism
for Ab oligomerization. Therefore, in order to
determine precisely the effects of gangliosides
on Ab oligomerization, we treated the cells with
fumonisin B1, a ganglioside synthesis inhibitor,
to remove the gangliosides from the cells, which
were then allowed to react with Ab. In this
experiment, however, the rates at which Abwas
oligomerized were not dramatically reduced
(data not shown), thereby suggesting that a
ganglioside-independent Ab oligomerization
mechanism may, in fact, exist. In addition to
the gangliosides, other protein components
have been implicated in Ab oligomerization.
For example, ApoJ, clusterin, and hemoglobin
all appear to induce either Ab oligomerization or
fibrillization [DeMattos et al., 2002; Lambert
et al., 1998; Wu et al., 2004]. However, because
Ab oligomers were clearly formed by the
protease-treated lipid rafts, lipid raft proteins

cannot be the actual components that induce Ab
oligomerization. Instead, specific lipid compo-
nents or carbohydrates in the lipid rafts might
function as potent activators of the conversion
of monomeric Ab to Ab oligomer. Thus, it is
necessary to determine non-protein, and non-
ganglioside components that induce Ab oligo-
merization by further investigation.

ACKNOWLEDGMENTS

This work was supported by a grant from
the Korea Research Foundation (C00074) to
Y.-G. Ko.

REFERENCES

Anderson RG, Jacobson K. 2002. A role for lipid shells in
targeting proteins to caveolae, rafts, and other lipid
domains. Science 296:1821–1825.

Ariga T, Kobayashi K, Hasegawa A, Kiso M, Ishida H,
Miyatake T. 2001. Characterization of high-affinity
binding between gangliosides and amyloid beta-protein.
Arch Biochem Biophys 388:225–230.

Bae TJ, Kim MS, Kim JW, Kim BW, Choo HJ, Lee JW, Kim
KB, Lee CS, Kim JH, Chang SY, Kang CY, Lee SW, Ko
YG. 2004. Lipid raft proteome reveals ATP synthase
complex in the cell surface. Proteomics 4:3536–3548.

Carver LA, Schnitzer JE. 2003. Caveolae: Mining little
caves for new cancer targets. Nat Rev Cancer 3:571–581.

Cleary JP, Walsh DM, Hofmeister JJ, Shankar GM,
Kuskowski MA, Selkoe DJ, Ashe KH. 2005. Natural
oligomers of the amyloid-beta protein specifically disrupt
cognitive function. Nat Neurosci 8:79–84.

Crespo PM, Zurita AR, Daniotti JL. 2002. Effect of gang-
liosides on the distribution of a glycosylphosphatidylino-
sitol-anchored protein in plasma membrane from
Chinese hamster ovary-K1 cells. J Biol Chem 277:
44731–44739.

De Strooper B, Saftig P, Craessaerts K, Vanderstichele H,
Guhde G, Annaert W, Von Figura K, Van Leuven F. 1998.
Deficiency of presenilin-1 inhibits the normal cleavage of
amyloid precursor protein. Nature 391:387–390.

DeMattos RB, O’Dell MA, Parsadanian M, Taylor JW,
Harmony JA, Bales KR, Paul SM, Aronow BJ, Holtzman
DM. 2002. Clusterin promotes amyloid plaque formation
and is critical for neuritic toxicity in a mouse model of
Alzheimer’s disease. Proc Natl Acad Sci USA 99:10843–
10848.

Dykstra M, Cherukuri A, Sohn HW, Tzeng SJ, Pierce SK.
2003. Location is everything: Lipid rafts and immune cell
signaling. Annu Rev Immunol 21:457–481.

Ehehalt R, Keller P, Haass C, Thiele C, Simons K. 2003.
Amyloidogenic processing of the Alzheimer beta-amyloid
precursor protein depends on lipid rafts. J Cell Biol 160:
113–123.

Eto M, Watanabe K, Chonan N, Ishii K. 1988. Familial
hypercholesterolemia and apolipoprotein E4. Athero-
sclerosis 72:123–128.

Evans RM, Hui S, Perkins A, Lahiri DK, Poirier J, Farlow
MR. 2004. Cholesterol and APOE genotype interact to

Lipid Raft-Mediated Ab Oligomerization 887



influence Alzheimer disease progression. Neurology
62:1869–1871.

Fassbender K, Simons M, Bergmann C, Stroick M,
Lutjohann D, Keller P, Runz H, Kuhl S, Bertsch T, von
Bergmann K, Hennerici M, Beyreuther K, Hartmann T.
2001. Simvastatin strongly reduces levels of Alzheimer’s
disease beta-amyloid peptides Abeta 42 and Abeta 40
in vitro and in vivo. Proc Natl Acad Sci USA 98:5856–
5861.

Galbiati F, Razani B, Lisanti MP. 2001. Emerging themes
in lipid rafts and caveolae. Cell 106:403–411.

Gillard BK, Clement RG, Marcus DM. 1998. Variations
among cell lines in the synthesis of sphingolipids in de
novo and recycling pathways. Glycobiology 8:885–890.

Hardy JA, Higgins GA. 1992. Alzheimer’s disease: The
amyloid cascade hypothesis. Science 256:184–185.

Jick H, Zornberg GL, Jick SS, Seshadri S, Drachman DA.
2000. Statins and the risk of dementia. Lancet 356:1627–
1631.

Kakio A, Nishimoto S, Yanagisawa K, Kozutsumi Y,
Matsuzaki K. 2002. Interactions of amyloid beta-protein
with various gangliosides in raft-like membranes: Impor-
tance of GM1 ganglioside-bound form as an endogenous
seed for Alzheimer amyloid. Biochemistry 41:7385–7390.

Katzman R, Brown T, Thal LJ, Fuld PA, Aronson M,
Butters N, Klauber MR, Wiederholt W, Pay M, Xiong RB,
et al. 1988. Comparison of rate of annual change of
mental status score in four independent studies of
patients with Alzheimer’s disease. Ann Neurol 24:384–
389.

Kayed R, Head E, Thompson JL, McIntire TM, Milton SC,
Cotman CW, Glabe CG. 2003. Common structure of
soluble amyloid oligomers implies common mechanism of
pathogenesis. Science 300:486–489.

Kim HJ, Chae SC, Lee DK, Chromy B, Lee SC, Park YC,
Klein WL, Krafft GA, Hong ST. 2003. Selective neuronal
degeneration induced by soluble oligomeric amyloid beta
protein. FASEB J 17:118–120.

Kim BW, Choo HJ, Lee JW, Kim JH, Ko YG. 2004a.
Extracellular ATP is generated by ATP synthase complex
in adipocyte lipid rafts. Exp Mol Med 36:476–485.

Kim K-B, Kim S-I, Choo H-J, Kim J-H, Ko Y-G. 2004b. Two-
dimensional electrophoretic analysis reveals that lipid
rafts are intact at physiological temperature. Proteomics
4:3527–3535.

Kivipelto M, Helkala EL, Laakso MP, Hanninen T,
Hallikainen M, Alhainen K, Soininen H, Tuomilehto J,
Nissinen A. 2001. Midlife vascular risk factors and
Alzheimer’s disease in later life: Longitudinal, popula-
tion based study. BMJ 322:1447–1451.

Klein WL, Krafft GA, Finch CE. 2001. Targeting small
Abeta oligomers: The solution to an Alzheimer’s disease
conundrum? Trends Neurosci 24:219–224.

Kuo YM, Emmerling MR, Bisgaier CL, Essenburg AD,
Lampert HC, Drumm D, Roher AE. 1998. Elevated low-
density lipoprotein in Alzheimer’s disease correlates with
brain abeta 1–42 levels. Biochem Biophys Res Commun
252:711–715.

Lambert MP, Barlow AK, Chromy BA, Edwards C, Freed R,
Liosatos M, Morgan TE, Rozovsky I, Trommer B, Viola
KL, Wals P, Zhang C, Finch CE, Krafft GA, Klein WL.
1998. Diffusible, nonfibrillar ligands derived from
Abeta1–42 are potent central nervous system neurotox-
ins. Proc Natl Acad Sci USA 95:6448–6453.

Lambert MP, Viola KL, Chromy BA, Chang L, Morgan TE,
Yu J, Venton DL, Krafft GA, Finch CE, Klein WL. 2001.
Vaccination with soluble Abeta oligomers generates
toxicity-neutralizing antibodies. J Neurochem 79:595–
605.

Lee SJ, Liyanage U, Bickel PE, Xia W, Lansbury PT Jr,
Kosik KS. 1998. A detergent-insoluble membrane
compartment contains A beta in vivo. Nat Med 4:730–
734.

Manes S, del Real G, Martinez AC. 2003. Pathogens: Raft
hijackers. Nat Rev Immunol 3:557–568.

Mattson MP. 2004. Pathways towards and away from
Alzheimer’s disease. Nature 430:631–639.

McLaurin J, Franklin T, Fraser PE, Chakrabartty A. 1998.
Structural transitions associated with the interaction
of Alzheimer beta-amyloid peptides with gangliosides.
J Biol Chem 273:4506–4515.

Monsonego A, Weiner HL. 2003. Immunotherapeutic
approaches to Alzheimer’s disease. Science 302:834–838.

Munro S. 2003. Lipid rafts: Elusive or illusive? Cell 115:
377–388.

Pitto M, Raimondo F, Zoia C, Brighina L, Ferrarese C,
Masserini M. 2005. Enhanced GM1 ganglioside catabo-
lism in cultured fibroblasts from Alzheimer patients.
Neurobiol Aging 26:833–838.

Podlisny MB, Ostaszewski BL, Squazzo SL, Koo EH,
Rydell RE, Teplow DB, Selkoe DJ. 1995. Aggregation of
secreted amyloid beta-protein into sodium dodecyl sul-
fate-stable oligomers in cell culture. J Biol Chem 270:
9564–9570.

Rusnati M, Urbinati C, Tanghetti E, Dell’Era P, Lortat-
Jacob H, Presta M. 2002. Cell membrane GM1 ganglio-
side is a functional coreceptor for fibroblast growth factor
2.. Proc Natl Acad Sci USA 99:4367–4372.

Simons K, Toomre D. 2000. Lipid rafts and signal
transduction. Nat Rev Mol Cell Biol 1:31–39.

Simons M, Keller P, De Strooper B, Beyreuther K, Dotti
CG, Simons K. 1998. Cholesterol depletion inhibits the
generation of beta-amyloid in hippocampal neurons. Proc
Natl Acad Sci USA 95:6460–6464.

Tanzi RE, Bertram L. 2005. Twenty years of the Alzhei-
mer’s disease amyloid hypothesis: A genetic perspective.
Cell 120:545–555.

Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA,
Denis P, Teplow DB, Ross S, Amarante P, Loeloff R, Luo
Y, Fisher S, Fuller J, Edenson S, Lile J, Jarosinski MA,
Biere AL, Curran E, Burgess T, Louis JC, Collins F,
Treanor J, Rogers G, Citron M. 1999. Beta-secretase
cleavage of Alzheimer’s amyloid precursor protein by the
transmembrane aspartic protease BACE. Science 286:
735–741.

Vetrivel KS, Cheng H, Lin W, Sakurai T, Li T, Nukina N,
Wong PC, Xu H, Thinakaran G. 2004. Association of
gamma-secretase with lipid rafts in post-Golgi and
endosome membranes. J Biol Chem 279:44945–44954.

Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R,
Wolfe MS, Rowan MJ, Selkoe DJ. 2002. Naturally
secreted oligomers of amyloid beta protein potently
inhibit hippocampal long-term potentiation in vivo.
Nature 416:535–539.

Wu CW, Liao PC, Yu L, Wang ST, Chen ST, Wu CM, Kuo
YM. 2004. Hemoglobin promotes Abeta oligomer forma-
tion and localizes in neurons and amyloid deposits.
Neurobiol Dis 17:367–377.

888 Kim et al.



Yanagisawa K, Matsuzaki K. 2002. Cholesterol-dependent
aggregation of amyloid beta-protein. Ann N Y Acad Sci
977:384–386.

Yu W, Zou K, Gong JS, Ko M, Yanagisawa K, Michikawa M.
2005. Oligomerization of amyloid beta-protein occurs
during the isolation of lipid rafts. J Neurosci Res 80:114–
119.

Zhang Y, McLaughlin R, Goodyer C, LeBlanc A. 2002.
Selective cytotoxicity of intracellular amyloid beta pep-
tide1–42 through p53 and Bax in cultured primary
human neurons. J Cell Biol 156:519–529.

Zhu M, Han S, Zhou F, Carter SA, Fink AL. 2004. Annular
oligomeric amyloid intermediates observed by in situ
atomic force microscopy. J Biol Chem 279:24452–24459.

Lipid Raft-Mediated Ab Oligomerization 889


