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Abstract: Several lines of evidence suggest that the initial events of amyloid-p peptide (Ap) oligomerization and deposi-
tion in Alzheimer's disease (AD) involve the interaction of soluble oligomers with neuronal membranes. In this study, we
show that Ap42 oligomers are recruited to lipid rafts, which are ordered membrane microdomains rich in cholesterol and
gangliosides, resulting in lipid peroxidation, Caz* dyshomeostasis and membrane permeabilization in primary fibroblasts
from familial AD patients (FAD) bearing APPValTlTIle, PS-1Leu392Val or PS-1Metl46Leu gene mutations. Moreover,
the presence of significant$ higher levels of lipid peroxidation correlated with greater structural modification in detergent
resistant domains (DRMs) isolated from APP and PS-l fibroblasts, compared to WT fibroblasts from healthy subjects.
Modulation of raft GMl, including modest depletion of GMI content and interference with GMt exposure or negative
chaqge, precluded the interaction of amyloid aggregates with the plasma membrane and the resulting cell damage in FAD
fibroblasts and rat brains cortical neurons. These findìngs suggest a specific role for raft domains as primary mediators of
amyloid toxicity in AD neurons.

Keywords Alzheimer's disease fibroblasts, amyloid aggregate toxicity, calcium dysregulation, membrane GMl, oxidative
stress, primary cortical neurons.

INTRODUCTION

Alzheimer's disease (AD) is a common form of dementia
that results in memory loss and impairment of cognitive
function in the elderly. A major pathological hallmark of AD
is the formation of extracellular senile plaques composed of
aggregated amyloid B-peptide (Al3) tll. Ap is generated by
sequential enzymatic cleavage of the amyloid precursor pro-
tein (APP) by p-secretase and the y-secretase complex,
which displays presenilin activity [2-4]. Although the major-
ity of AD cases (>900ó) occur after the age of 60, a small
proportion (5%) of cases conespond to early-onset (<60
years) familial AD (FAD). Autosomal-dominant forrns of
FAD result from specific mutations in one of three genes:
APP on chromosome 21, presenilin I (PS-l) on chromosome
14 or presenilin 2 (PS-2) on chromosome I [5]. Mutations in
these three genes appear to trigger very similar pathological
mechanisms, which ultimately accelerate Ap aggregation,
deposition and neurotoxicity [6].

Several lines of evidence suggest that soluble oligomers
may be the principal neurotoxic agent f7,8] in AD. lndeed,
amyloid-derived diftusible ligands (ADDLs) are found in the
cerebrospinal fluid of AD patients [9]. Moreover, ADDL
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levels in hrmran brains better correlate with disease severity
than do classical amyloid plaques containing insoluble AB
deposits [10], while fibril-free oligomers have been shown to
be toxic to cultued cells and neurons [11].

Ap42 oligomer toxicity appears to result from their in-
trinsic ability to impair fundamental cellular processes via
interaction with cellular membranes, triggering oxidative
stress and an increase intracellular free Ca2* that eventually
leads to apoptotic or necrotic cell death 112-161.

Cell membrane sînrcture is based on the dynamic cluster-
ing of sphingolipids and cholesterol, which form lipid rafts *
also known as detergent-resistant membrane fractions
(DRMs) * that float freely through the more fluid lipid bi-
layer [17]. These structures are selectively enriched in spe-
cific classes of proteins and lipids, and are thus thought to
play specialized roles in signal transduction, cell-cell recog-
nition processes and vesicular trafficking [8]. Increasing
evidence suggests that Ap can associate with lipid rafts and
components of DRMs isolated from human and rodent
brains, as well as from cultured cells [19-21]. In addition,
recent data suggests a specific role for lipid rafts in mediat-
ing AB-induced oxidative aftack on plasma membranes and
subsequent alteration of cell surface properties }9,221. Ag
has been found to be tightly associated with monosialogan-
glioside GMl, and it was originally postulated that this inter-
action might act as a seed for AB accumulation and aggrega-
tion[23-26].In particular it has been shown that GMI clus-
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ters, promoted by alteration of membrane lipid composition,
are critical for the formation of GMI-Ap complexes [27].
However, no clear mechanistic evidence regarding the rela-
tionship between lipid raft content and amyloid toxicity is
currently available.

In this study, we investigated the specific ability of lipid
rafts to bind soluble AB42 oligomers and the resulting
changes in membrane sffucture in rat brain cortical neurons
and cultured skin fibroblasts from FAD patients bearing
APPValTlTIle, PS-lLeu392Yal or PS-lMetl46leu gene
mutations, compared to age-matched healthy subjects. We
found that lipid rafts/DRMs are primary targets of Ap-
induced physicochemical perturbation at the cell surface,
which triggers increased lipid peroxidation and cytosolic
calcium dyshomeostasis, ultimately resulting in cell death.

MATERIALS AND METHODS

Cell Cultures and Treatment

Nine fibroblast lines were obtained from punch biopsies
of the upper arm, which were taken from three Italian pa-
tients bearing the APPValTlTIle mutation, three Italian pa-
tients bearing PS- I Leu3 92Val or PS- I Metl 46leu mutations,
and three age-matched healthy subjects. Patient clinical as-
sessments were carried out according to published guide-
lines, and the AD diagnosis fulfilled the Diagnostic and Sta-
tistical Manual of Mental Disorders criteria (DSM-IV) [28,
291. The local ethical committee approved the protocol and
written consent was obtained from all subjects or, where
appropriate, their carers. Fibroblasts were cultured in Dul-
becco's Modified Eagle's Medium (DMEM, Sigma, Milan,
Italy) supplemented with l0% fetal bovine serum (FBS,
Sigma), 1% glutamine (Sigma), and a solution of l% penicil-
lin and sheptomycin (Sigma), and subjected to an equal
number ofpassages (ranging from 15 to 20). The release of
endogenous Ap42 into cell culhrre media was quantified
using an Ap42 ELISA kit (Molecular Probes, Eugene, OR,
USA). Fibroblasts were exposed to 1.0 pM AB42 oligomers
(Sigma), obtained according to Lambert's protocol, and
morphologically characterized, by AFM analysis as previ
ously reported [9].

Primary cortical neurons were obtained from embryonic
day (ED)-17 Sprague-Dawley rats (Harlan, Italy). Experi-
mental procedures were in accordance with the standards set
forth in the Guide for the Care and Use of laboratory Ani-
mals (published by the National Academy of Science, Na-
tional Academy Press, Washington, D.C.). Uteri were re-
moved from the gravid rat under anesthesia. Cerebral corti-
ces were dissociated in sterile Dulbecco's phosphate-
buffered saline (D-PBS; Sigma), and neurons isolated in the
same medium containing trypsin (0.5% ít steriie D-PBS) for
l0 min at 37" C. After centrifugation, dissociated neurons
were re-suspended in neurobasal medium (NBM; Gibco,
Invitrogen Corporation, Milan, Italy) supplem etted with 2%o

B-27 (Gibco) and 0.5 mmol/L glutamine (Gibco), and then
seeded in poly-L-lysine-coated 24-well plates at a density of
approximately 4.5 x l0a cells/well. Cultures were maintained
in NBM at 37" C n a 5% COz-humidified atmosphere. Neu-
rons were exposed to 5.0 pM AB42 oligomers 14 days after
seeding.

Evangelìstî el al.

DRM Purification and Structural Analysis

Fibroblasts were dispersed in a l0 mM Tris-HCl buffer,
pH 7.5, containing 150 mM NaCl, 5.0 mM EDTA, 1.0 mM
Na3VOa and loA Triton X-100 (TNE buffer) with protease
inhibitors, disrupted using a Dounce homogenizer and centri-
fuged at 1500 x g for 5 min at 4" C, as previously reported
[9]. The post-nuclear lysate was placed on a sucrose gradi-
ent and centrifuged at 170,000 x g for 22hat 4o C using a
Beckman SW50 rotor. Fractions were then collected from
the top of the gradient as follows: 0.5 ml for fraction I , 0.25
ml for fractions 2 to ll, and I ml for fractions 12 and 13,
while the pellet was dissolved in 0.08 ml TNE buffer (frac-
tion l4). A representative amount of each fraction was sub-
jected to flotillin-l immunoblot analysis by 12% (w/v)
SDS/PAGE, which was subsequently blotted onto a PVDF
membrane and incubated with 1:500 diluted mouse mono-
clonal antibodies (BD Biosciences, San Diego, CA) and anti-
mouse antibodies. Flotillin-l-positive fractions (from 3 to 5)
were pooled as DRMs and extensively dialyzed against TNE
buffer. 50 pl aliquots of purified DRMs were deposited on
freshly cut mica, incubated for I h and then rinsed with
Milli-Q water for contact mode AFM analysis. AIM meas-
urements were perfonned using a Dimension 3100 scanning
probe microscope (Digital Instruments, Veeco, Santa Bar-
bara, CA) equipped with a Nanoscope IIIa controller and a

"G" scanning head (maximum scan size 100 x 100 pm). Im-
ages were acquired in contact mode in liquid by using V-
shaped, non-conductive silicon nitride cantilevers (type
DNP, Veeco; ll5 pm length, nominal spring constant 0.58
N/m) with pyramidal tips (nominal curvature radius in the
20-60 nm range) and a scan rate in the 0.5-2.0 Hz range. The
minimum force used in contact mode imaging was 0.3 nN.
Possible Ap42 oligomer-induced changes in raft morphology
were investigated in samples prepared as described above,
which were then incubated for 30 min in the presence of 1.0
pM oligomers, rinsed with Milli-Q and imaged in liquid.
Fluorescence anisotropy (r) of 1,6-diphenyl- 1,3,5-hexaffiene
(DPH, Sigma) was used to measure the structural order of
the hydrophobic region of purified lipid rafts under steady-
state conditions, using a Perkin-Elmer LS 55 luminescence
spectrometer as previously reported [19]. Lipid rafts were
incubated with 1.0 1tlll4 Apa2 ohgomers for 0, 5, 10, 30 and
60 min and then incubated for 30 min with DPH in a 1:250
probe-to-lipid ratio.

Lipid Peroxidation Analysis

Levels of 8-OH isoprostanes were measured in cell
lysates and DRMs, at 405 nm, using the 8-isoprostane EIA
kit (Cayman Chemical Company, Ann Arbor, MI), as previ-
ously reported t30]. Lipid peroxidation in rat neurons and
human fibroblasts exposed to A$42 oligomers was also ana-
lyzed using the fluorescent probe BODIPY 581/591 C1.
Briefly, cells seeded on glass coverslips were pre-incubated
for 20 min in the absence (-) or presence (+) of l:100 diluted
rabbit polyclonal anti-GMl antibodies (Calbiochem; EMD
Chemicals Inc., Darmstadt, Germany), or 4.5 pglml Alexa
Fluor 647-conjugated cholera toxin subunit B (CTX-B, Mo-
lecular Probes), and then exposed to Ap42 oligomers for 30
min. Dye loading was achieved by adding 5.0 pM BODIPY
(Molecular Probes), dissolved in 0.1% DMSO, to cell culture
media for 30 min at 37o C. Cells were fixed in Zo/obuffercd
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paraformaldehyde for l0 min and levels of lipid peroxidation
determined by simultaneous acquisition of green (ex
485nm/em 520nm) and red BODIPY fluorescence (ex
581nm/em 591nm), using a Leica TCS SP5 confocal scan-
ning microscope (Mannheim, Germany) equipped with an
argon laser source. A series of 1.0 pm-thick optical sections
(1024 x 1024 pixels) were taken through the cell depth (at
intervals of 0.5 pm), using a Leica Plan Apo 63 x oil immer-
sion objective, and then projected as a single composite im-
age by superimposition.

GMl Modulation

ln fibroblasts, an increase in membrane GMI content was
achieved by adding 32 pM bovine brain-derived GMl
(Sigma) to cell culture media for 48 h, while neurons were
treated with 100 pM GMI for 24 h. GMI depletion was
achieved by inhibiting cell glucosylceramide synthase with
25 pM D-threo- I -phenyl-2-decanoylamino-3-morpholino- I -

propanol (PDMP; Maffeya, LLC, PA, USA) for 48 h in fi-
broblasts or for 24 h in neurons. Hydrolysis of the sialic acid
moiety from gangliosides was achieved by exposing cells to
an NAA cocktail (117 mU/ml of V. cholerae NAA and 33
mU/ml of A. ureafaclens NAA, Sigma) for 1.0 h at37" C
[31]. Membrane GMl distribution in cells, seeded on glass
coverslips, was monitored using l:100 diluted rabbit poly-
clonal anti-GMl antibodies and 1:1000 diluted Alexa Fluor
488-conjugated anti-rabbit antibodies. The emitted fluores-
cence was detected following excitation at 488 nm using a
confocal scanning microscope. To quantifli the fluorescence
intensity of Abcrv.1, varying numbers of cells (10 to 22) were
analyzed in each experiment using ImageJ (NIH, Bethesda,
MD, USA). Fluorescent signals were expressed as fractional
changes above the baseline, AFIF, where F (assumed to be
100%) is the average baseline fluorescence in control cells
and AF represents fluorescence relative to baseline levels.

Ap42 Binding to Lipid Rafts

The colocalization of Ap42 oligomers with lipid raft
gangliosides was analyzed in fibroblasts seeded on glass
coverslips, using monoclonal mouse 6El0 anti-AB antibod-
ies (Signet, Dedham, MA) and Alexa Fluor 647-conjugated
CTX-B as previously reported [19], and evaluated by confo-
cal scanning microscopy. GM1-AP42 aggregate colocaliza-
tion at the cell surface was estimated in regions of interest
(10-12 cells) using ImageJ (Ì,ilH, Bethesda, MD, USA) and
JACOP plug-in (rsb.info.nih.gov) softwar e 1321.

Confocal Microscope Analysis of Cytosolic Ca2* Dysregu-
lation and Membrane Permeability

Modulation of GMI content or structure in rat neurons
and human fibroblasts was followed by exposure to Ap42
oligomers for 30 min at 37" C. Cells were treated with 8.8
pM fluo3-AM (i" a 1:1 ratio with pluronic acid F-127
(0.01% w/v), Molecular Probes) resuspended in Hank's bal-
anced saline solution (HBSS), for 30 min at 3'1" C and then
fixed in Zo/obuffered paraformaldehyde for 10 min at room
temperature. Th€ emitted fluorescence was detected after
excitation at 488 nm using the confocal scanning system. To
quantifii fluo3 fluorescence, varying numbers of cells (10 to
22) n each experiment were analyzed using ImageJ QIIIH,
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Bethesda, MD, USA). Fluorescent signals were expressed as

fractional changes above the baseline, AFl4 where F (as-

sumed to be 100%) represents the fluorescence emitted by
Ap42-exposed control cells with basai GMI content ar.d LF
repr€sents fluorescence relative to baseline levels. Fibro-
blasts seeded on glass coverslips, whose GMI content or
structure had previously been modulated, were loaded with
2.0 pM calcein-AM (Molecular Probes) for 20 min af 37" C.
The fluorescence decay was analyzed after cell exposure to
1.0 pM A$42 aggregates for 0 and 30 min at 37' C. Emitted
fluorescence was detected after excitation at 488 nm using
the confocal scanning system.

Cytotoxicity Assay

Aggregate cytotoxicity was assessed in rat neurons and
human fibroblasts seeded in 96-well plates using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Cells whose GMl content or structure had
previously been modulated were exposed to 1.0 pM (fibro-
blasts) or 5.0 pM (neurons) Ap42 aggregates for 24 h, sub-
sequently incubated with a 0.5 mg/ml MTT solution for 4 h
at 37" C and with cell lysis buffer (20% SDS, 50% NN-
dimethylformamide, pH a.fi for 3 h. Absorbance values of
blue formazan were determined at 590 nm. Cell viability was
expressed as a percentage of MTT reduction in treated cells
compared to corresponding unfeated cells.

Statistical Analysis

All data was expressed as mean t standard deviation
(SD). Comparisons between different groups were performed
using ANOVA followed by the Bonferroni t-test. A p-value
less than 0.05 was accepted as statistically significant.

R.ESULTS

Lipid Rafts are Primary Interaction Sites for Ap42 in
FAD Fibroblasts Secreting Enhanced Ap42 Levels

Mutations in presenilin (PS-l and PS-2) or amyloid pre-
cursor protein (APP) genes have been shown to increase
production of Ap42, i.e. the most amyloidogenic form of Ap
[7]. Accordingly, higher levels of A$42 were found in the
culture media of PS-lLeu392Val, PS-lMet146Leu and
APPYalllllle fibroblasts from FAD patients, compared to
WT fibroblasts from healthy subjects (Fig. lA left). APP
fibroblasts, in particular, released significantly more Ap42
than PS-l cells. No significant difference in A$42 produc-
tion was observed in PS-l fibroblasts bearing Leu392Val or
Metl46leu mutations (data not shown). We previously
found elevated amounts of A$42 peptide in neuroblastoma
cells overexpressing APPvyt and APPV717G and in their
culture media as compared to control cells, which results in
greater lipid peroxidation A$42 aggregate recruiùlent to the
plasma membrane [22]. We therefore investigated whether
FAD fibroblasts with altered APP processing display in-
creased oxidative damage. 8-OH isoprostane levels were
significantly higher in PS-l and APP fibroblasts with respect
to WT fibroblasts (Fig. 1A right). Confocal microscope
analysis confirmed the presence of enhanced cell-surface
oxidation in FAD fibroblasts displaying greater basal Ap
production, as assessed using the fluorescent probe BODIPY
581/591C11 @ig. 1B). Moreover, the increase in lipid pero-
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Fig. (1). Lipid rafts mediate Ap42-induced lipid peroxidation. (A) Left, 1iP42 levels in the cell culture media of WT, PS-l and APP fibro-
blasts were measured using a commercial ELISA kit. Left,8-OH isoprostane levels were quantified both in cell lysates and in pooled flotillin-
l-positive fractions (DRMs) purifred from WT, PS-l and APP fibroblasts. The reported values (means t S.D.) axe representative of three
independent experiments carried out in triplicate. The symbols * and $ indicate significant differences relative to WT or PS-l samples, re-
spectively b<0.05). (B) Representative confocal microscope images of lipid peroxidation in WT, PS-l and APP hbroblasts were obtained
using the fluorescent probe BODIPY 581/591C1r.

xidation was higher in DRMs (Fig. 2A left) compared to the
entire membrane component (Fig. lB), pointing to lipid rafts
as a preferential site for Ap42 interaction at the cell surface.
Accordingly, greater Ap42-induced oxidative damage in
FAD fibroblasts was associated with marked alteration of
DRM morphology, as observed by contact mode AFM. In
particular, steps/cavities (white arroìvs), which were absent
from WT DRMs, were found in PS-l and, to a greater extent,
in APP samples (Fig. 2A right). Modification of the plasma
membrane is evident from its granular appearance, where
multiple small defects are formed. The increased membrane
damage observed in APP samples conelates well with their
increased release of Ap42, compared to PS-l samples. Fur-
thermore, exposure of DRMs purified from WT fibroblasts
to AP42 oligomers for 30 min generated several small le-
sions in lipid rafts (Fig. 2B right; white arrows). Accord-
ingly, the fluorescence anisotropy constant (r) of 1,6-
diphenyl- 1,3,5-hexatiene (DPH), which is inversely propor-
tional to the degree of membrane fluidity, was higher in
DRMs from PS-l and APP fibroblasts than that in lipid rafts
from WT fibroblasts (Fig. 28 left). Moreover, DRMs ob-
tained from PS-l and, to a greater extent, APP fibroblasts
showed a greater increase in stiffness when exposed to AB42
oligomers, with respect to rafts purified from WT fibroblasts.
Similar effects were observed in DRMs extracted from SH-
SY5Y neuroblastoma cells overexpressing APP when AFM
and DPH fluorescence analysis were performed|9,22].

GMl Mediates Ap42 Accumulation and Cytotoxicity in
FAD Fibroblasts

Cholesterol and monosialoganglioside GMl are two key
components of lipid rafts, which are increasingly accepted as

playing an important role in stimulating protein aggregation

and forming interactions with protein oligomers 121,23,25,
3ll. Here, we investigated the dependence of Ap42 oli
gomer-induced cytotoxicity on membrane GMI content in
FAD and WT fibroblasts. In particular, we modihed mem-
brane GMI content by incubating FAD and healthy fibro-
blasts in the presence of either bovine brain GMI or PDMP,
a GMI biosynthesis inhibitor. Morphological evaluation of
FAD and healthy frbroblasts by confocal microscopy re-
vealed clear modulation of membrane GMI content under
our experimental conditions (Fig. 3A). As shown in Fig. 3C,
the increase in GMI content riggered a slight increase in
AB42 toxicity compared to that observed in fibroblasts with
basal GMI content. Conversely, PDMP-induced GMI deple-
tion suppressed cell susceptibility to A$42 oligomers (Fig.
3B). Moreover, cell teatment with anti-GMl antibodies
(Abcrtar) or cholera toxin subunit-B (CTX-B) protected fibro-
blasts from AB42 oligomer-induced cytotoxicity. A similar
trend was observed when cells were treated with neuramini-
dase (NAA), which removes the sialic acid moiety from
GMl, suggesting a major role for raft GMI - particularly its
negatively charged head group - in amyloid-induced cyto-
toxicity (Fig. 3B). Accordingly, treatment with NAA re-
duced the number of AB42 oligomer-GMl interactions. We
observed marked colocalization of Ap42 oligomers with
gangliosides in fibroblast membranes following exposure to
A$42 aggregates (Fig. 3C). In particular, where green and
red fluorescent signals were merged, a number of yellow
areas, representing Ap42-GMl colocalization, were evident
in PS-l and APP fibroblasts. Scatter plots of fluorescence
signals, analyzed using Pearson's correlation coefficient and
the overlap coefficient according to Manders, yielded about
65% AP }-GMI colocalization in PS-l and APP fibroblasts,
and, 50o/o in WT fibroblasts obtained from healthy subjects.
Treafrnent with NAA led to fewer interactions between



Lipitl Rafn ìn Alzheímer's Dkease pathogenesís

AB42 oligomers and GMl, resulting in about 20yo colocali-
zation in FAD frbroblasts and 15% colocalization in WT
cells, compared to cells where GMI charge was unaltered
(Fig.3C).
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out in triplicate. *p10.05, significant difference ys relative control
cells with basal GMI levels. @) Aggregate cytotoxicity in FAD
and WT fibroblasts was assessed using the MTT assay. Cells were
GMl-enriched (GMl), GMl-depleted (PDMP) or incubated in rhe
absence or presence of Ab6y1, CTX-B or NAA, prior to treatment
with 1.0 pM Ap 2 aggregates for 24 h at 37oC. Cell viability was
expressed as a percentage of MTT reduction in heated cells com-
pared to corresponding untreated cells, where it was assumed to be
100%. The reported values are means + S.D. of three independent
experiments, each carried out in triplicate. *p<0.05, significant
difference ys relative control cells. (C) Representative confocal
microscope images showing Apa2 colocalization with GMl (yel-
low) in WT, PS-l and APP hbroblasts, under basal conditions (up-
per panel) or following treatment with NAA (lower panel). WT,
PS-l and APP fibroblasts were treated with 1.0 pM AB42 for 30
min and then labeled with mouse monoclonal 6El0 anti-AB42 and
fluorescein-conjugated anti-mouse antibodies (green), while GMI
was stained with fluorescently-conjugated CTX-B (red). Scatter
plots compare Ap42-GMl colocalization in WT, PS-l and APP
fibroblasts under basal conditions. Pixels were plotted as a function
of red (x axis) and, green (y axis) fluorescence intensity, resulting in
partial A$42-GM I colocalization.

GMI Mediates Ap42-Induced Ca2* Dyshomeostasis,
Lipid Peroxidation and Cytotoxicity in Rat Cortical Neu-
rons

Perturbation of ion distribution across the plasma mem-
brane is one of the earliest modifications displayed by cells
exposed to toxic amyloid aggregates 112,33,341. We there-
fore investigated the effects of AP42 oligomers on intracellu-
lar Cat* content and membrane lipoperoxidation in cultured
rat cortical neurons displaying varying GMI content. A
moderate increase in membrane GMI content, as assessed by
confocal microscopy using Ab6y1 antibodies (Fig. 4A), re-
sulted in a sharper increase in cytosolic Ca'- (Fig. 48) and
membrane oxidation (Fig. aC) in neurons, compared to that
observed in Ap42-exposed cells with basal GMI content
(Fig. 4B,C). In contrast, following PDMP-induced GMI
depletion the binding of AbcMr to raft monosialoganglioside
and sialic acid hydrolysis by NAA precluded the increase in
intracellular Ca2* (Fig. 4B) and membrane lipoperoxidation

fig. aC). In particular, GMI enrichment resulted in a sig-

nificant increase (by - 30%) of the oligomer-induced cytoso-
lic Ca2* rise with respect to control A1342-treated cells,

whilst, GMI deptetion, Ab6y1 binding or sialic acid hydroly-
sis determined a smaller (by - a5%) rise in cytosolic Ca'-
with respect to control cells with basal GMl content and

exposed to A$42 oligomers, as assessed by fluorescence
intensity signals analyses. This suggests a specific role for
lipid rafts, particularly GMl, in mediating Ap-induced cal-

"irr- Oysúó-eostasis. No change in cytósolic Ca2* levels
was observed when rat neurons, in the absence of Ap42 oli-
gomers, were pre-treated so as to modulate GMI content,
exposure or charge. Moreover, m€mbrane oxidation was
prevented by culturing cells in a Ca'--ftee medium, suggest-
ing that the influx of exnacellular C** is involved n AP42
oligomer-induced lipid peroxidation (Fig. aC)' Next, we
investigated whether changes in cytosolic calcium levels and

membrane lipoperoxidation also resulted in neurotoxicity' As
shown in Fig. 4D, AP42 oligomers caused a marked de-
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crease in MTT reduction compared to untreated cells.
Moreover, an increase in GMI content triggered a slight in-
crease in AB42 toxicity relative to that observed in neurons
with basal GMI content. In contrast, membrane GMI deple-
tion and GMI charge modification improved neuronal viabil-
ity, confnming the role of GMI raft domains in amyloid-
induced cytotoxicity.

A Basal GMI PDMPfII
B Basal GMI PDI\4P Abr;ivr NAA

C Basal Ag42 -Ca2'

D
! r:o

5?roo
iixrr

J=?ir'o
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Basal GMI PDI\4P Abr;ivr NAA

III
GMI PDMP Abe;nt NAA*-TIII

Fig. (at GMI depletion reduces Ap42-induced Ca2* dyshomeosta-

sis, membrane lipoperoxidation and cytotoxicity in rat cortical nzu-

rons. (A) Representative confocal microscope images of GMI con-

tent in neurons under basal conditions, or following treatrnent with
100 pM GMI or 25 pM PDMP for 24 h at 37"C. (B) Representa-

tive confocal microscope ìmages of cytosolic Ca2* levels in neu-

rons, under basal conditions or following treatment with GMl'
PDMP, Ab6s1 or NAA, exposed to 5.0 pM Ap42 aggregates for 0
(-) or 30 (+) min at 37"C. Cells were then heated for 30 min with

8.8 pM fluo-3-AM. (C) Representative confocal microscope images

of lipid peroxidation in cells under basal conditions or pre-

incubated with GMl, PDMP; Ab6y1 or NAA, and subsequently

exposed to 5.0 pM Ap42 oligomers (+) for 30 min. As a control,

."i1, rv".. also exposed to AF42 aggregates in a Caz*-free medium.

Lipid peroxidation was analyzed usìng the fluorescent probe

BODIPY 581/59lC1. (D) MTT reduction assay carried out in cells

pre-treated with GMl, PDMP, Ab6y1 or NAA, prior to treatment

with 5.0 pM Ap42 aggregates for 24 h et 37"C. Cell viability was

Basal Atì42 (;rl l PDMP Ahr;vt NAr\
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expressed as a percentage of MTT reduction in úeated cells com-
pared to corresponding unheated cells, where it was assumed to be
100%. The reported values are means f S.D. of three independent
experiments, each carried out in triplicate. *pS0.05, significant
difference vs relative control cells.

GMl Mediates Ap42-Induced Ca2* Dyshomeostasis,
Lipid Peroxidation and Membrane Permeabilization in
FAD Fibroblasts

Consistent with our findings in rat neurons, a sharp in-
crease in cytosolic Ca2* was observed in FAD and WT fibro-
blasts exposed to Ap42 oligomers (Fig. 5A). In particular,
the increase in intracellular Ca'- Ievels in PS-l and APP fi-
broblasts was greater than that observed in WT cells. Fur-
thermore, GMI enrichment triggered a greater increase (by -
60%) in cytosolic Ca2* levels upon oligomrr exposure rela-
tive to basal cells, while no change in Ca'* levels was ob-
served when fibroblasts were treated with GMI (or PDMP)
in the absence of Ap42 oligomers (Fig. 5B). In confrast, a
decrease in membrane GMl, following cell treatment with
PDMP (Fig. 3A), resulted in reduced (by - 50%) Ap42 oli-
gomer-induced Catn spikes (Fig. 5A) with respect to basal
cells; similar results were observed following cell treafment
with Ab6y1, CTX-B or NAA prior to AB42 exposure. Ac-
cordingly, GMl binding with Ab6y1 and CTX-B prevented
the shaqp increase in membrane oxidation (Fig. 5C). Moreo-
ver, BODIPY-loaded FAD fibroblasts showed a greater shift
to green fluorescence than WT cells when exposed to AF42
aggregates. However, this fluorescence shift was precluded
by culturing cells in a C**-free medium, confirming that the
influx of eitracellular Ca2* is involved in the lipid peroxida-
tion process induced by Apa2 ofigomers. Accordingly, the
presence of AS42 aggregates in the cell culture medium trig-
gered a sharp decrease in calcein fluorescence, indicating
that A$42 oligomers figger loss of membrane integrity and
membrane permeabilization in fibroblasts (Fig. 6). Greater
calcein leakage was observed in APP and PS-l fibroblasts
compared to WT controls, suggesting extensive Ap42 aggre-
gate-induced membrane permeabilization in the former. In-
deed, calceinloaded APP and PS-l fibroblasts fluoresced
less tlan WT fibroblasts even prior to exogenous addition of
Ap42 aggregates (Fig. 6), perhaps reflecting greater amy-
loid-induced membrane damage in FAD cells, which display
enhanced Af3 production (Fig. 1A). No decrease in calcein
fluorescence was observed n AF42 oligomer-exposed,
GMl-depleted fibroblasts. In confrast, in GMl-enriched fi-
broblasts, marked calcein leakage was observed upon expo-
sure to Ap42 oligomers. Accordingly, the binding of Ab6y1
and CTX-B to raft GMI attenuated A1342-induced membrane
permeabilization (as shown by decreased calcein leakage), as

did heatrnent with NAA.

DISCUSSION

AD pathogenesis, with regards PS and APP mutations,
has been athibuted to toxic effects associated with the over-
production and aggregation of Ap peptides, particularly the
more hydrophobic AB42 [7]. This hypothesis was originally
based on the premise that pathogenic mutations increase
Ap42 production by favoring proteolytic processing of APP
by p- or T-secretase, and by heightening the self-aggregation
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of AB into amyloid fibrils [35, 36]. In this study, fibroblasts
from FAD patients carrying APPVal7l7lle, PS-1leu392Val
or Metl46leu gene mutations secreted elevated amounts of
A$42 and displayed greater membrane permeabilization and
lipid peroxidation compared to WT fibroblasts from healthy
subjects, suggesting partial disruption of membrane integrity
and chronic oxidative sffess associated with enhanced Ap
production. These findings Íìre in agreement with several
other studies, which also show that lipid peroxidation is as-
sociated with AP deposits in APP/PS-1-mutant AD brains
and mice Í16,371. Oxidativg damage may further increase
Ap binding to the cell surface: indeed, Ap is reported to ac-
cumulate faster in membranes containing oxidatively dam-
aged phospholipids than in membranes containing only
unoxidized or saturated phospholipids [15]. Our results also
showed that lipoperoxidation levels were higher in detergent-
resistant membranes (DRMs) compared to the entire plasma
membrane, pointing to lipid rafts as preferential sites for
AS42 nlsraction at the cell surface. Indeed, as observed by
contact mode AFM, the increased release of A$42 in FAD
fibroblasts was associated with marked alteration of lipid raft
morphology, resulting in the formation of steps/cavities in
PS-l and, to a greater extent, in APP DRMs. Our observa-
tions are in agreement with AFM data obtained in reconsti-
tuted planar lipid bilayers, in which Ap42 treatment resulted
in the formation of multimeric channel-like structures [38].
Conversely, other AFM studies have shown that the amyloi-
dogenic peptide amylin induces small defects across the
whole lipid surface and trigger lipid loss, rather than forma-
tion of discrete protein pores [39]. We also found that AB
treaÍnent promoted greater aggregate-ganglioside colocali-
zation and alteration of DRM structure in FAD fibroblasts
compared to WT controls. Our approach allowed us to study
îhe role of lipid rafts in Ap-induced cytotoxicity in cells dis-
playing genetic defects. Indeed, FAD-mutant fibroblasts dis-
played enhanced raft damage, suggesting that modified mo-
lecular stucture is a common feature of cells displaying
these genetic mutations. This evidence strengthens the claim
that lipid rafts are important plasma membrane targets for
Ap42 oligomers. In agreement with our observations, Ap has

been shown to be highly concentrated in lipid rafts in the
brains of T92576 transgenic mice [40]. Aging and ApoE4
expression cooperatively accelerate Ap aggregation in the
brain by increasing GMI levels in neuronal membranes [41].
Moreover, an increase in GMI was found in cell membranes
purified from AD patients, relative to healthy controls [42].
In addition, an age-dependent local increase in ganglioside
density and loss of cholesterol has been reported, with high-
density GMI clustering at presynaptic neuritic terminals
shown to be a critical step for AB deposition in AD [27, 43]
and for the subsequent increase in membrane lateral pressure

[44]. Our study shows that GMI plays a key role in deter-
mining the susceptibility of FAD fibroblasts to Ap42, modu-
lating the binding of amyloid oligomers to lipid rafts and the
toxic effects they induce. However, we cannot rule out the
possibility that membrane GMl clustering is involved in this
process. Indeed, it has been reported that GMI clusters, de-
tected in synaptosomes prepared from aged mouse brains by
the specific binding of p3 peptide, are necessary for gangli-
oside-bound Al3 complex generation, which acts as a seed

for AB assembly in AD brain [27l.ln addition, it has been
demonstrated that alterations in membrane lipid composition,
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neurons with either anti-GMl antibodies or NAA has been
shown to prevent Ca2" spikes and protect against salmon
calcitonin oligomer-induced neurotoxicity, likely modi$ing
the plasma membrane region that is susceptible to the forma-
tion of pore-like structures [3 l]. On the other hand, GMI has

been shown to protect against AP25-35 toxicity in hippo-
campa-l slices [45]. We also found a sharp increase in cytoso-
lic Caz* levels and extensive alteration of mernbrane perme-
ability in FAD and WT fibroblasts exposed to Ap42 oli-
gomers. The increase in cytosolic Ca2* content was milder in
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including cholesterol enrichment and sphingomyelin deple-
tion, enhanced high-density clustering of GMI 126,271.We
found that, even in rat cortical neurons, membrane GMI
content influences Ap42 toxicity and intracellular Ca2* ho-
meostasis, corroborating our hypothesis at the neuronal level.
In particular, cell treatment with NAA, an enzyme that
leaves the content and structure of GMI unchanged except
for the rernoval of the negatively charged sialic acid moiety,
almost completely precluded Ap42 binding to the cell sur-
face. In agreement with our observations, pre-ffeatrnent of
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Fig. (5). GMI depletion reduces Ap42-induced Ca2* dyshomeostasis in FAD fibroblasts. Representative confocal microscope images of cyto-

solic Ca2* levels in untreated or 1.0 pM Ap42-exposed WT, PS-l and APP fibroblasts, (A) under basal conditions or following treatrnent with
GMl, PDMP, Abq,ar, CTX-B or NAA. (B) Cells were also enriched with GMl or PDMP in the absence of Ap42 oligomers. Cells were then

treated for 30 min with 8.8 pM fluo-3-AM. (C) Representative confocal microscope images of lipid peroxidation in untreated fibroblasts or
fibroblasts pre-incubated for 20 min with Ab6yl or CTX-B, and subsequently exposed to 1.0 pM AB42 oligomers for 30 min. As a control,

cells were also exposed to AS42 aggregates in a Ca2*-free medium. Lipid peroxidation was atalyzed using the fluorescent probe BODIPY
581/591Cr1.
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Fig. (6). GMI depletion prevents Ap42 oligomer-induced membrane permeabilization. Representative confocal microscope images showing
fibroblasts enriched in GMI (GMl), depleted of GMI (PDMP), or pre-heated witì Ab6y1, CTX-B or NAA. Cells were then loaded with 2.0
pM calcein-AM for 20 min and subsequently exposed to 1.0 pM Ap42 aggregates for 30 min at 37oC.
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GMl-depleted fibroblasts exposed to amyloid oligomers
than in similarly treated control cells with basal GMI con-
tent. In contrast, GMI enrichment triggered a greater in-
crease in cytosolic Ca2* levels and membrane permeabiliza-
tion. Besides the physicochemical feahres of cell mem-
branes, including fluidity, electrostatic potential, curvature
and lateral pressure [46], the presence of specific membrane
receptors, such as the receptor for advanced glycation end
products (RAGE) [47] and several other cell surface pro-
teins, including voltage- [48] and ligand-gated calcium
channels [49], could in part explain the variable amyloid-
induced intracellular calcium dyshomeostasis seen in neu-
rons and fibroblasts. Moreover, pre-treatment of fibroblasts
with anti-GMl antibodies, cholera toxin subunit B - a spe-
cific GMI ligand - or NAA completely suppressed Ap-
induced Ca'* spikes and membrane damage, suggesting that
the negative charge on GMI is a key factor in determining
calcium dyshomeostasis and membrane permeabilization.
These effects could be due to oligomer-induced GMI clus-
tering, as reported for fibrils of the yeast prion Sup35p,
which was shown úo interact with lipid raft GMl, impairing
its mobility at the membrane surface and triggering its clus-
tering [50]. Our data also showed that AB42-induced lipop-
eroxidation is inhibited by depletion of extracellular calcium,
suggesting that 

^oligomer-induced 
membrane oxidation is

supported by Ca'- uphke, which ultimately disrupts calcium
homeostasis and activates signaling cascades that lead to
cellular degeneration. The idea that calcium overload might
be the final toxic insult to brain neurons in AD fits with nu-
merous observations. The three major mechanisms of Ap
interaction with cell membranes that have been proposed
involve binding to endogenous calcium-permeable channels,
disruption of mernbrane lipid integrity and the formation of
calcium-permeable channels by Ap 112,33,341. Our find-
ings suggest that oligomers first increase Ca'" uptake, possi-
bly via amyloid channel formation, resulting in membrane
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pore formation and/or generalized thinning of the phosphol-
ipid bilayer that eventually leads to non-specific alteration of
membrane permeability. From this point of view, modulation
of membrane charge by sialic acid hydrolysis may specifi-
cally influence the binding of Ap42 oligomers, their inser-
tion into the phospholipid bilayer and their ability to oxidize
membrane lipids, tiggering cell death. However, t}re possi-
bility that intracellular calcium overload is in part due to the
interaction of oligomers with endo genous calcium-permeable
channels cannot be ruled out. Intracellular Caz* stores have
also been implicated in Ca2* dysregu-lation. When presenilins
are mutated, their function in ER Ca2* leak is disrupted, con-
tributing to cytosolic Ca2* dysregulation [51, 52]. Greater
knowledge of neuronal calcium dysregulation is needed, as
calcium signaling modulators are targets of potential AD
therapeutics. In conclusion, our findings obtained in two
important model of AD such as primary neurons exposed to
Ap42 oligomers and FAD fibroblasts strongly suggest that
the binding of Ap42 oligomers úo the plasma membrane and
the resulting disruption of membrane permeability is medi-
ated by lipid raft microdomains, in particular by GMI expo-
sure and charge. Indeed, FAD-mutant fibroblasts displayed
enhanced raft damage, suggesting that modified molecular
struchrre is a common feature of cells displaying these ge-
netic mutations.
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