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ABSTRACT: The abnormal deposition of amyloids by amyloid-β protein
(Aβ) is a pathological hallmark of Alzheimer’s disease (AD). Aged rodents
rarely develop the characteristic lesions of the disease, which is different
from the case in humans. Rodent Aβ (rAβ) differs from human Aβ (hAβ)
only in the three substitutions of Arg to Gly, Tyr to Phe, and His to Arg at
positions 5, 10, and 13, respectively. Understanding the reason why rodent
Aβ does not form amyloids is important to revealing factors that cause the
abnormal aggregation of Aβ under pathologic conditions. We have
proposed that the binding of Aβ to membranes with ganglioside clusters
plays an important role in the abnormal aggregation of Aβ. In this study, we
compared hAβ and rAβ in terms of aggregation on neuronal cells, on raftlike
model membranes, and in buffer. We found that rAβ formed amyloid fibrils similar to those of hAβ in buffer solution. In contrast,
on cell membranes and raftlike membranes, hAβ formed toxic, mature amyloid fibrils, whereas rAβ produced less toxic
protofibrils that were not stained by the amyloid-specific dye Congo red. Thus, our ganglioside cluster-mediated amyloidogenesis
hypothesis explains the immunity of rodents from cerebral Aβ amyloid deposition, strengthening the importance of ganglioside
clusters as a platform of abnormal Aβ deposition in the pathology of AD.

One of the pathological hallmarks of Alzheimer’s disease
(AD), a progressive neurodegenerative disease, is the

deposition of senile plaques in the brain, the major component
of which is fibrillar aggregates of amyloid-β protein (Aβ).
Therefore, the conversion of the soluble, nontoxic Aβ
monomer to aggregated toxic Aβ rich in β-sheet structures is
considered a key step in the onset of AD.1−3 There have been
many controversies regarding the toxic species (oligomers or
amyloid fibrils) and the mechanisms of toxicity (e.g., pore
formation).3,4 Recently, both oligomers and fibrils have been
thought to be involved in the pathogenesis of AD.4 Aged
rodents, including rats, rarely develop the characteristic lesions
of AD, which is different from the case in humans.5 Rodent Aβ
(rAβ) differs from human Aβ (hAβ) only in the three
substitutions of Arg to Gly, Tyr to Phe, and His to Arg at
positions 5, 10, and 13, respectively (Figure 1). Understanding
why rAβ does not form amyloids is important for revealing
factors that cause the abnormal aggregation of Aβ under
pathologic conditions.
Metal ions have been shown to accelerate the aggregation of

hAβ.6 Bush et al. reported that submicromolar concentrations
of Zn2+ ions induced amyloid formation by hAβ, whereas rAβ
was immune to this effect.7 Cu2+ ions also induce limited
aggregation by hAβ, but not by rAβ, which is enhanced by
slightly acidic conditions.8 The His13 residue present only in
hAβ is crucial for these interactions.8,9 The metals also enhance
the disruption of phospholipid bilayers by Aβ.10

Not only the binding of metal ions by Aβ but also the
binding of Aβ to cell membranes, especially to ganglioside-
containing ones, has been reported to play an important role in

the aggregation of Aβ.11−14 On the basis of the discovery of a
monosialoganglioside GM1-bound form of Aβ in the brains of
AD patients,15 we have proposed the following scenario for the
membrane-catalyzed abnormal aggregation of Aβ. Soluble Aβ
with an unordered structure specifically binds to lipid raft
membranes containing GM1 clusters, the formation of which is
induced by cholesterol.16 The membrane-bound Aβ changes its
conformation from a random coil to an α-helix-rich structure at
a lower protein density. Above a threshold Aβ/GM1 value, the
helical form is in equilibrium with a β-sheet-rich conformation
composed of approximately 15 Aβ molecules. When the Aβ/
GM1 ratio exceeds a second critical value, the β-sheet form is
converted to a second β-sheet-rich species that can serve as a
seed for the formation of amyloid fibrils.17 The fibrils are more
toxic than those formed in aqueous solution18 and may have
antiparallel β-sheets.19

In this paper, we compare hAβ and rAβ in terms of
aggregation on neuronal cells, on raftlike model membranes,
and in buffer. We found that rAβ formed amyloid fibrils similar
to those of hAβ in buffer solution. In contrast, on cell
membranes and raftlike membranes, hAβ formed toxic, mature
amyloid fibrils whereas rAβ produced less toxic protofibrils that
were not stained by the amyloid-specific dye Congo red. The
importance of GM1 clusters in facilitating Aβ aggregation in the
brain will be discussed.
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■ MATERIALS AND METHODS

Aβs. hAβ-(1−40) and rAβ-(1−40) were produced as
ubiquitin extensions20 and purified as described in detail
elsewhere.21 The purity (>95%) and identity of the protein
were confirmed by analytical reverse phase high-performance
liquid chromatography (HPLC) and electrospray ionization
mass spectroscopy. The protein was dissolved in 0.02%
ammonia on ice, and any large aggregates that may have
acted as a seed for aggregation were removed by ultra-
centrifugation in 500 μL polyallomer tubes at 540000g and 4
°C for 3 h. The protein concentration of the supernatant was
determined in triplicate by the Micro BCA protein assay
(Pierce, Rockford, IL). The supernatant was collected and
stored at −80 °C prior to being used. Just before the
experiment, the stock solution was mixed with an equal volume
of double-concentrated PBS [16.0 g/L NaCl, 0.40 g/L KCl, 2.3
g/L Na2HPO4, and 0.4 g/L KH2PO4 (pH 7.4)]. Aβs assumed a
monomeric state under these conditions.22

Small Unilamellar Vesicles (SUVs). GM1 from bovine
brain was purchased from Larodan (Malmö, Sweden).
Cholesterol and N-acyl-D-sphingosine-1-phosphocholine from
bovine brain (SM) were obtained from Sigma (St. Louis, MO).
GM1/cholesterol/sphingomyelin (1/1/1) SUVs were prepared
in PBS as described previously.17 The vesicles have been
characterized in terms of size and lamellarity.23 The
concentration of vesicles was determined on the basis of the
concentration of GM1, which was determined at least in
triplicate by the resorcinol−hydrochloric acid method,24

because the lipid composition of vesicle preparations was
very close to the expected value, within a margin of error of
10%.23

Cell Culture. Human SH-SY5Y neuroblastoma cells were
obtained from ECACC and cultured in D-MEM/F-12
containing 10% FBS, 100 units/mL penicillin, and 0.1 mg/
mL streptomycin. After being plated at a density of 9000−
10000 cells/well onto a coverglass base, optical bottom 96-well
microplate (Nunc, Roskilde, Denmark), the cells were
incubated for more than 24 h at 37 °C with 5% CO2 to
allow cell attachment.25

Staining of Live Cells and Amyloid Fibrils. Cells were
incubated with freshly prepared hAβ and rAβ (50 μM) in
medium at 37 °C with 5% CO2. The live cells and amyloid
fibrils were stained with 0.1 μM calcein AM (excitation at 488
nm; emission at BP 500−550 nm) and 20 μM Congo red
(excitation at 561 nm; emission at BP 575−615 nm),
respectively, for 30 min at room temperature.25 Before and
after the staining step, the cells were rinsed twice with PBS
containing 0.01% calcium and 0.01% magnesium (PBS+). The
cells were visualized using the CFI Plan Apochromat VC 60×
WI/1.20 objective of a C1si confocal laser scanning microscope
(Nikon, Tokyo, Japan).
Thioflavin T (Th-T) Assay. hAβ and rAβ (50 μM) were

incubated in PBS or with raftlike GM1/cholesterol/SM (1/1/
1) SUVs (50 μM GM1) at 37 °C. Aggregation of Aβs was
monitored by the Th-T assay. The sample (final Aβ
concentration of 0.5 μM) was added to a 5 μM Th-T solution

in 50 mM glycine buffer (pH 8.5). Fluorescence at 490 nm was
measured at an excitation wavelength of 446 nm at 25 °C.26,27

The blank fluorescence (buffer or SUV suspension) was
subtracted.

Transmission Electron Microscopy (TEM). TEM experi-
ments were conducted by the Ultrastructure Research Institute
of Hanaichi Co. Ltd. (Okazaki, Japan). Samples were spread on
carbon-coated grids, negatively stained with uranyl acetate, and
examined under a JEOL JEM-2000EX electron microscope
with an acceleration voltage of 100 kV.

Congo Red Binding. Aggregated Aβs were also stained
with Congo red and observed by a Nikon total internal
reflection fluorescence microscope (TIRFM), as described
elsewhere.25

Cytotoxicity. hAβ and rAβ (50 μM) were incubated with
raftlike GM1/cholesterol/SM (1/1/1) SUVs (50 μM GM1) at
37 °C for 2 days. The incubated Aβ sample containing SUVs
was mixed with an equal volume of medium (final
concentration of 25 μM), and a 100 μL portion of the solution
was applied to each well and incubated for 24 h at 37 °C with
5% CO2. Fifty microliters of 3 μM ethidium homodimer-1 in
PBS was added to each well (final concentration of 1 μM)
without removing the sample solution.22 Ethidium homodimer-
1 enters cells with damaged membranes and produces
fluorescence in dead cells. Fluorescence was measured on a
Wallac Envision instrument (PerkinElmer, Waltham, MA).
Linearity between the number of dead cells and fluorescence
intensity of ethidium homodimer-1 (excitation at 531 nm;
emission at 620 nm) was confirmed. The fluorescence intensity
of cells treated with only SUVs was defined as a positive control
(100% viability), and the fluorescence intensity of those treated
with 70% (v/v) methanol for 30 min was defined as a negative
control (0% viability). The statistical analysis was performed
using one-way analysis of variance (n = 6).

Binding of Aβ to Raftlike SUVs. hAβ and rAβ (50 μM)
were mixed with raftlike SUVs and equilibrated for 5 min at 37
°C. The free Aβ monomers and SUV-bound Aβ were separated
by ultracentrifugation at 200000g and 37 °C for 3 h. The
peptide concentration in the supernatant was determined by
analytical HPLC, which was performed using a COSMOSIL
Packed Column 5C18-AR-II [4.6 mm (inside diameter) × 150
mm] (Nacalai Tesque, Kyoto, Japan) eluted with a linear
gradient of CH3CN (from 25 to 50% over 30 min) in 0.1%
aqueous trifluoroacetic acid at a flow rate of 1 mL/min.17 The
protein was detected by measuring the UV absorbance at 220
nm.

Circular Dichroism (CD) Spectra. hAβ and rAβ (15 μM)
were mixed with various concentrations of raftlike SUVs. CD
spectra were recorded on a Jasco (Hachioji, Japan) J-820
apparatus at 37 °C, using a 1 mm path length quartz cell to
minimize the absorbance due to buffer components. Eight scans
(scan rate of 20 nm/min; wavelength range of 195−250 nm)
were averaged for each sample, and the blank spectra (buffer or
SUV suspension) were subtracted.17

Fourier Transform Infrared (FTIR) Spectra. Amyloid
fibrils were collected by centrifugation (20000g for 10 min) and
washed with water five times. Protofibrils formed by rAβ in the

Figure 1. Amino acid sequences of hAβ and rAβ. Substitutions are highlighted.
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presence of raftlike membranes were precipitated with vesicles
by ultracentrifugation (200000g and 37 °C for 3 h). Dry films
of aggregates were prepared by spreading the pellets on a
germanium attenuated total reflection (ATR) plate (80 mm ×
10 mm × 4 mm) under a stream of nitrogen gas. The residual
water was removed on P2O5 under vacuum overnight.
Trifluoroacetic acid originating from Aβ, which gives
absorption in the amide I region,28 was completely eliminated
by this procedure.19 FTIR-ATR measurements were taken on a
Bruker (Ettringen, Germany) TENSOR 27 spectrometer
equipped with a Hg−Cd−Te detector and a PIKE horizontal
ATR attachment. The total reflection number was 10 on the
film side. The spectra were measured at a resolution of 2 cm−1

and an angle of incidence of 45° and derived from 256 co-
added interferograms with the Happ−Genzel apodization
function. Subtraction of the gently sloping water vapor was
conducted to improve the background prior to frequency
measurement. For ATR correction, refractive indexes of 4.003

and 1.7 were used for germanium and protein, respectively. In
the case of rAβ protofibrils, spectra of SUVs were subtracted.

■ RESULTS
Formation of Fibrils by Aβs on Living Cell Mem-

branes. The formation of amyloid fibrils on living cell
membranes was visualized using the amyloid-staining dye
Congo red and calcein AM.25 Calcein AM is a membrane-
permeable dye that is cleaved by intracellular esterases to
produce the membrane-impermeable fluorophore calcein in
viable cells. The cell viability was calculated from the number of
calcein-positive cells divided by the total number of cells (100−
200). When cells were incubated with 50 μM hAβ (Figure 2A),
the cell viability remained 98% at 24 h. The formation of
Congo red-positive amyloid fibrils on cell membranes was
detected at 48 h, and the cells started to die (viability of 84%).
After 72 h, significant cell death was observed (viability of 70%)
and the cell debris was covered with substantial amounts of
amyloid fibrils. In contrast, when cells were incubated with 50

Figure 2. Fibril formation by (A) hAβ and (B) rAβ on neuronal cell membranes. SH-SY5Y cells were incubated with each Aβ (50 μM) at 37 °C for
24, 48, or 72 h. Live cells and Aβ fibrils on cell membranes were simultaneously visualized with calcein AM and Congo red, respectively. DIC, calcein
AM, Congo red, and merged images are shown from left to right, respectively. The scale bar is 50 μm.

Figure 3. Formation of fibrils by Aβs in PBS. hAβ (●) and rAβ (■) were incubated at 37 °C without agitation (50 μM Aβ). (A) Fibril formation was
monitored by the Th-T assay (mean ± standard error; n = 2). The morphology of (B) hAβ fibrils and (C) rAβ fibrils was observed by TEM. The
scale bars are 50 nm. (D) hAβ fibrils and (E) rAβ fibrils were also observed by a TIRFM after Congo red staining. The scale bars are 10 μm.
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μM rAβ, neither significant Congo red-positive amyloid fibrils
nor cell death was observed even after 72 h (Figure 2B). The
cell viability was 99, 96, and 92% at 24, 48, and 72 h,
respectively.
Formation of Fibrils by Aβs in PBS. Aggregation of Aβs

in PBS was monitored as an increase in Th-T fluorescence
intensity (Figure 3A). Both hAβ and rAβ aggregated after a
long lag time (1.5 days), and the aggregation kinetics were
similar. The morphology of the fibrils was observed by TEM
(Figure 3B,C). Both hAβ and rAβ formed similar typical
amyloid fibrils with widths of 7.9 ± 0.6 and 8.0 ± 0.4 nm,
respectively. The two types of fibrils were observed by a
TIRFM after Congo red staining (Figure 3D,E). Both were
stained by the amyloid-specific agent.
Formation of Fibrils by Aβs in the Presence of Raftlike

SUVs. We performed similar experiments in the presence of
raftlike GM1/cholesterol/SM (1/1/1) SUVs, which mimic
lipid raft microdomains on cell membranes. Both types of Aβ
aggregated without a lag time, but the aggregation kinetics were
different; rAβ aggregated faster than hAβ did (Figure 4A).
TEM images revealed that the morphology of the aggregates
was also different; hAβ formed mature amyloid fibrils with a
width of 12.9 ± 0.7 nm (Figure 4B) that are thicker than the
fibrils formed in buffer (Figure 3B), whereas rAβ formed short
protofibrillar aggregates with a width of 8.1 ± 0.5 nm (Figure
4C). The latter aggregates could not be spun down even at
20000g, the conditions under which the hAβ fibrils could be
centrifuged.18 The two types of aggregates were observed by a
TIRFM after Congo red staining (Figure 4D,E). Only hAβ
fibrils were stained by the amyloid-specific agent. These results
indicate that the formation of fibrils by Aβs was significantly
affected by the presence of raftlike SUVs; interestingly, rAβ did
not form mature amyloid fibrils.
Toxicity of Fibrils against Cells. We have previously

shown that hAβ fibrils generated in buffer were nontoxic after a
24 h incubation with 25 μM aggregates.19 To characterize hAβ
fibrils and rAβ protofibrils formed in the presence of raftlike

SUVs, we examined the toxicity of these aggregates against
neuronal cells under the same conditions. The toxicity of hAβ
fibrils and rAβ protofibrils was determined by using ethidium
homodimer-1 (Figure 5).22 The rAβ protofibrils were almost
nontoxic. In contrast, cell viability in the presence of hAβ fibrils
was significantly lower than that of the rAβ sample.

Binding of Aβs to Raftlike SUVs. The binding of Aβs to
raftlike SUVs was directly assessed by a combination of
ultracentrifugation and analytical HPLC.17 The amount of
membrane-bound Aβ per GM1 in the outer leaflet of
liposomes, x (moles per mole), was plotted as a function of
the free Aβ concentration, Cf (Figure 6). The binding
equilibrium could be phenomenologically expressed by
Langmuir’s equation:17

=
+

x
x KC

KC1
max f

f (1)

Figure 4. Formation of fibrils by Aβs in the presence of raftlike SUVs. hAβ (●) and rAβ (■) were incubated with raftlike GM1/cholesterol/SM (1/
1/1) SUVs at 37 °C without agitation (50 μM Aβ and GM1/Aβ ratio of 1). (A) Fibril formation was monitored by the Th-T assay (mean ±
standard error; n = 2). The morphology of (B) hAβ fibrils and (C) rAβ fibrils was observed by TEM. The scale bars are 50 nm. (D) hAβ fibrils and
(E) rAβ fibrils were also observed by a TIRFM after Congo red staining. The scale bars are 10 μm.

Figure 5. Cytotoxicity of preformed Aβ fibrils. The viability of SH-
SY5Y cells in the presence of 25 μM hAβ fibrils and rAβ protofibrils
was estimated with the fluorescence intensity of ethidium homodimer-
1 after a 24 h incubation at 37 °C (mean ± standard error; n = 6; *p <
0.001 between hAβ and rAβ). The sample without fibrils (SUVs only)
was used as a control for 100% viability.
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The maximal x values (xmax) and the binding constants (K) are
summarized in Table 1. The xmax values were similar between

hAβ and rAβ, indicating that both types of Aβ bind to the same
binding site, i.e., the GM1 cluster. On the other hand, rAβ
exhibited a binding affinity 3-fold higher than that of hAβ.
CD. The secondary structures of Aβs in the presence and

absence of SUVs were estimated from CD spectra at 37 °C.
The CD spectra of membrane-bound Aβ were obtained by
subtracting the contributions from free Aβ.17 The fraction of
free Aβ, f, was calculated using the following equations:

=C C ftot (2)

=
−

=
+

x
f
C

x KC
KC

2(1 )
[GM1]/ 1tot

max f

f (3)

where Ctot represents the total concentration of Aβ.
The mean residue molar ellipticity of membrane-bound Aβ

([θ]bound) was calculated as follows:

θ
θ θ

=
−
−

f
f

[ ]
[ ] [ ]

1bound
obs free

(4)

The mean residue molar ellipticities of Aβ determined in the
presence and absence of SUVs are denoted by [θ]obs and [θ]free,
respectively.
Although hAβ and rAβ formed different types of aggregates

in raftlike membranes, both Aβs exhibited similar structural
changes from α-helix-rich structures to β-sheet-rich structures
as the x value increased (Figure 7A,B). However, the α-helix-
rich structures and β-sheet-rich structures were not identical
beween hAβ and rAβ. At lower x values, rAβ exhibited a mean
residue molar ellipticity around 222 nm less negative than that
of hAβ, indicating that rAβ contained less α-helical structure
than hAβ did (Figure 7C). At higher x values, rAβ exhibited a
minimum at a wavelength longer than that of hAβ, indicating
that rAβ assumed a β-structure different from that of hAβ
(Figure 7C).

FTIR. The secondary structures of Aβ aggregates formed in
the presence of raftlike membranes were estimated by FTIR.
Mature fibrils formed by hAβ and protofibrils formed by rAβ
exhibited major bands at 1630 and 1626 cm−1, respectively,
concomitant with minor absorptions at ∼1695 cm−1 (Figure 8),
suggesting the possible presence of some antiparallel β-
sheets,29−31 although this band may not be unique to
antiparallel β-sheets.32

■ DISCUSSION
Both types of Aβs have been less extensively compared,
especially in terms of membrane interaction, although the
following facts suggest that the primary structure of Aβ itself
determines whether the animal suffers from AD-like pathology.
First, not only humans but also aged lower primates and other
mammals, such as dogs, form cerebral Aβ amyloid deposits.33

Figure 6. Binding isotherm of Aβs at 37 °C. The binding of hAβ (●)
and rAβ (■) to GM1/cholesterol/SM (1/1/1) SUVs was directly
assessed by ultracentrifugation and analytical HPLC. The amount of
SUV-bound Aβ per GM1 in the outer leaflet, x, is plotted as a function
of the free Aβ concentration, Cf. The curves are best fits to Langmuir’s
equation. The fitting parameters are summarized in Table 1.

Table 1. Parameters for the Binding of Aβs to GM1/
Cholesterol/SM (1/1/1) SUVs at 37 °C

Aβ xmax [Aβ/GM1 (mol/mol)] K (×105 M−1)

hAβ-(1−40) 0.0976 ± 0.0034 1.99 ± 0.25
rAβ-(1−40) 0.0956 ± 0.0042 5.88 ± 1.19

Figure 7. CD spectra of Aβs. Observed CD spectra of 15 μM (A) hAβ and (B) rAβ in the absence or presence of raftlike GM1/cholesterol/SM (1/
1/1) SUVs were measured at 37 °C. The overall Aβ/GM1 ratios (x values) are (A) 0, 0.0083 (0.0156), and 0.1 (0.0652) and (B) 0, 0.0083 (0.0163),
and 0.05 (0.0696) for traces 1−3, respectively. (C) Comparison of secondary structures of membrane-bound hAβ (traces 1 and 2) and rAβ (traces 3
and 4) at similar x values. Membrane-bound spectra were calculated from panels A and B of Figure 8 by the use of binding isotherms. The x values
are 0.0156, 0.0652, 0.0163, and 0.0696 for traces 1−4, respectively.

Figure 8. FTIR spectra of (A) hAβ fibrils and (B) rAβ protofibrils
formed in the presence of raftlike membranes.
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The Aβs of these plaque-developing animals have an amino
acid sequence identical to that of hAβ, and that of the plaque-
free mouse is the same as that of rAβ. Second, transgenic mice
producing excess hAβ34 and the exogeneous administration of
hAβ in rodents35 have been widely used as animal models for
AD. Interestingly, a similar human versus rat issue is also
present for the amyloidogenic amylin peptide related to type II
diabetes.36,37

In PBS, both hAβ and rAβ aggregated with similar kinetics
and formed mature amyloid fibrils with similar morphology and
Congo red staining (Figure 3), indicating that the three amino
acid substitutions essentially do not affect amyloidogenesity, at
least in the absence of metals. In contrast, hAβ and rAβ
behaved differently in the presence of raftlike membranes. The
binding affinity of Aβ is proportional to the slope of the
isotherm close to the origin, where the protein assumed the
helical form. The rAβ more strongly bound to the bilayers than
hAβ did (Figure 6), despite the fact that rAβ was less helical
(Figure 7C). This can be explained as follows. The interaction
of hAβ with GM1 micelles was reported to be localized to its
N-terminal region, particularly residues His13−Leu17, which
became more helical when bound.38 The α-helical conforma-
tions of hAβ have also been determined in sodium dodecyl
sulfate39−41 and lyso-GM1 micelles42 by nuclear magnetic
resonance (NMR). The protein had two helical regions, and
the first one (residues 15−24,39,41 10−24,40 or 14−2442)
contained or was adjacent to the His13 residue. The helical
wheel representation of residues 10−24 (Figure 9) suggests

that this region, especially residues 13−24, potentially forms an
amphipathic helix with the His13 residue embedded in the
hydrophobic face. The introduction of a positive charge by the
His-to-Arg substitution at this site is expected to destabilize the
amphipathic helix, thus decreasing the helicity. However, the
increased net charge of this membrane-binding region will
strengthen the binding of the protein to the negatively charged
membranes. Although an NMR study suggested a possible
interaction between Arg5 of hAβ and GM1,38 this residue
appears not to be significantly involved in the binding: the N-
termini of both Aβs have the same net charge.
rAβ exhibited neither amyloid formation on neuronal cells

nor cytotoxicity (Figure 2). The fact that the protein formed
Th-T-positive but Congo red-negative protofibrils (Figure 4)
without cytotoxicity (Figure 5) in the presence of raftlike
liposomes suggests that rAβ also formed nontoxic protofibrils

on neuronal cells that could not be detected with Congo red.
Th-T could not be used for the detection of protein aggregates
on living cells because of strong background staining.43 Both
Congo red and Th-T are considered to bind to a side-chain
groove running roughly parallel to the fibril axis, although the
molecular mechanisms by which these dyes recognize various
types of amyloid fibrils are not well understood. The fact that
Congo red recognizes a longer order may explain the failure of
the dye to stain protofibrils by rAβ. The negatively charged
sulfate groups of Congo red bind to two positively charged
residues separated by a distance of 19 Å,44 whereas the head-to-
tail length of Th-T is ∼15 Å.45 Furthermore, Th-T also binds to
hydrophobic pockets in globular proteins.45

FTIR spectra suggested that both hAβ and rAβ aggregates, at
least partly, may contain some antiparallel β-sheet structures.
For a detailed discussion, see ref 19. Although the minor band
at ∼1695 cm−1 was obscure for hAβ, preliminary experiments
using chemical cross-linking, isotope-edited FTIR, and solid-
state NMR support this conclusion. The presence of
antiparallel β-sheets has been reported to correlate closely
with the cytotoxicity of various amyloid fibrils and soluble
oligomers.46,47 However, the absence of cytotoxicity for rAβ
protofibrils (Figure 5) indicates that this emerging rule of
thumb does not always hold.
Any aggregation mechanisms leading to AD pathology

should address the following questions: (1) Does the
mechanism explain major risk factors for AD, such as aging
or the apo E4 allele?48 (2) Does the mechanism explain the
region-dependent deposition of Aβ in the AD brain? (3) Was
the hypothesis verified in vivo?
With regard to question 1, the amount of cholesterol, which

facilitates GM1 clustering,16 in the exofacial leaflets of the
synaptic plasma membrane increases in aged49 as well as
apolipoprotein E4-knock-in50 mice. Age-dependent GM1
clustering occurs at presynaptic neuritic terminals in mouse
brains,51 at which Aβ deposition likely starts.52,53 With regard
to to question 2, the region-dependent deposition of Aβ could
be explained by the local ganglioside species for several familial
AD-related variant Aβs.54,55 Several lines of evidence answer
question 3. Antibody 4396C raised against GM1-bound Aβ
bound to membrane fibrils and also immunostained the
cerebral cortex of AD brains, but not control brains.56

Furthermore, the peripheral administration of cell-penetrating
peptide-modified Fab fragments of 4396C to transgenic mice
expressing a mutant APP gene substantially suppressed Aβ
deposition in the brain.57

The study presented here reveals that AD-developing hAβ
formed toxic, mature amyloid fibrils, whereas AD-immune rAβ
produced less toxic protofibrils on membranes containing GM1
clusters. We conclude that, in addition to the metal-catalyzed
amyloid formation mechanism, our GM1 cluster-mediated
amyloidogenesis hypothesis also explains the observation that
aged rodents rarely develop the characteristic lesions of AD,
strengthening the importance of ganglioside clusters as a
platform of abnormal Aβ deposition in the pathology of AD.
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