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a b s t r a c t

The presence of lipid alterations in lipid rafts from the frontal cortex in late stages of Alzheimer’s disease
(AD) has been recently demonstrated. Here, we have isolated and analyzed the lipid composition of lipid
rafts from different brain areas from control and AD subjects at initial neuropathologic stages. We have
observed that frontal cortex lipid rafts are profoundly altered in AD brains from the earliest stages of AD,
namely AD I/II. These changes in the lipid matrix of lipid rafts affected both lipid classes and fatty acids
and were also detected in the entorhinal cortex, but not in the cerebellum from the same subjects.
Paralleling these changes, lipid rafts from AD frontal and entorhinal cortices displayed higher anisotropy
for environment-sensitive probes, indicating that lipid changes in AD lipid rafts increased membrane
order and viscosity in these domains. The pathophysiological consequences of these alterations in the
development and progression of AD were strengthened by the significant, and specific, accumulation of
b-secretase within the lipid rafts of AD subjects even at the earliest stages. Our results provide a
mechanistic connection between lipid alterations in these microdomains and amyloidogenic processing
of amyloid precursor protein.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is a neurodegeneration characterized
by the presence of senile plaques (SP) and neurofibrillary tangles
(NFT) in the brain, leading to a progressive neuronal loss
accompanied by dramatic impairment of cognitive functions
(Duyckaerts and Dickson, 2003; Ferrer, 2012; Serrano-Pozo et al.,
2011). It is widely accepted that the formation of SP occurs as a
consequence of amyloid-beta peptide (Ab) aggregation, a peptide
formed by the amyloidogenic cleavage of the amyloid precursor
protein (APP). During this process, APP is initially cleaved by b-
secretase (BACE) followed by the subsequent intramembrane
ía Animal, Universidad de La
pain. Tel.: þ34 922318343;

ll rights reserved.
proteolysis of the membrane bound C-terminal fragment cata-
lyzed by g-secretase to generate Ab40 and Ab42 peptides. A great
deal of evidence has shown that the amyloidogenic processing of
APP occurs primarily in membrane signaling platforms desig-
nated as lipid rafts (Cordy et al., 2006; Schengrund, 2010). Lipid
rafts are membrane microdomains enriched in cholesterol, gly-
cosphingolipids, and sphingomyelin into which specific subsets of
proteins and lipids partition, to build up signaling platforms that
are essential for a number of neuronal functions (Rushworth and
Hooper, 2011; Tsui-Pierchala et al., 2002). APP is localized in 2
cellular pools, one associated with lipid rafts, in which Aß is
generated. Both b and g-secretases subunits undergo post-
translational S-palmitoylation, which aids their targeting to lipid
raft domains (Hicks et al., 2012; Vetrivel and Thinakaran, 2010).
BACE cleavage of APP has been proposed to occur primarily in
membrane rafts of the plasma membrane and endosomes,
whereas g-secretase cleavage of C99 appears to occur primarily in
rafts located in the endosomes (Beel et al., 2010; Cordy et al.,
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2006; Dislich and Lichtenthaler, 2012; Hicks et al., 2012; Vetrivel
and Thinakaran, 2010).

Systematic anatomic study of cases with AD-related pathology
has prompted a staging classification of sporadic AD. Stages I and II
are defined by the presence of NFTs in the entorhinal cortex (stage I)
and progression to the transentorhinal cortex and mild involve-
ment of the CA1 region (stage II). Limbic stages III and IV implicate
the presence of NFTs in the upper and inner layers of the entorhinal
cortex, transentorhinal cortex, CA1 region of the hippocampus,
subiculum, anterodorsal thalamic nucleus, amygdala, magnocel-
lular nuclei of the basal forebrain (including Meynert nucleus),
tuberomammillary nucleus (stage III), plus associated areas of the
temporal cortex, striatal neurons, raphe nucleus, and locus ceruleus
(stage IV). Neocortical stages V and VI require, in addition, NFTs in
cortical association areas, claustrum, reticular nucleus of the thal-
amus, and substantia nigra (stage V), plus primary sensory areas
(stage VI). Similarly, SP burden and distribution allows the classi-
fication of SP pathology into stages A (basal neocortex including
orbitary and temporal cortices), B (isocortical involvement covering
associated cortices), and C (involving in addition the primary
cortical areas) (Braak and Braak, 1991; Braak et al., 2006; Ferrer,
2012; Serrano-Pozo et al., 2011).

Recent studies published by our research group in lipid rafts
purified from human frontal cortex from normal and advanced
stages of AD, have demonstrated that lipid rafts from AD brains at
stages VeVI, exhibit altered lipid profiles compared with control
brains (Martín et al., 2010). Amongst other alterations, lipid rafts
from AD frontal cortex displayed abnormally low levels of n-3 long-
chain polyunsaturated fatty acids (LCPUFA) as well as reduced
unsaturation and peroxidability indexes. LCPUFA, mainly docosa-
hexaenoic acid (DHA; 22:6n-3), are particularly enriched in cell
membrane phospholipids, especially in neural tissues (Chan et al.,
2012; Fabelo et al., 2012a, 2012b; Uauy et al., 2001) and their
deficiency has been associated with AD (Prasad et al., 1998;
Soderberg et al., 1991, 1992; Young and Conquer, 2005). These
fatty acids have the capacity to influence plasma membrane orga-
nization and activity of resident proteins by modulating the lipid
composition and functionality and thermodynamics of lipid raft
domains (Almansa et al., 2003; Shaikh et al., 2003, 2004; Stillwell
and Wassall, 2003).

The aim of the present study was to examine the progression of
the lipid changes in the composition of lipid rafts from different
brain areas in AD at stages IeII and IIIeIV of NFT pathology with
associated stages 0, A, and B of SP burden, to ascertain whether al-
terations in lipid rafts: (1) occur at initial stages of the neurode-
generative process; (2) occur in regions not already affected by NFTs
as frontal cortex at stages IIIeIV; (3) are associated with b-amyloid
deposition; (4) result in alterations of physicochemical properties of
raft membranes; and (5) modify interactions between APP, BACE,
and g-secretase thus influencing b-amyloidogenesis.

2. Methods

2.1. Human brain tissue

Brain tissues were obtained from the Institute of Neuropa-
thology Brain Bank (Bellvitge University Hospital, Spain) following
the guidelines of the local ethics committee. Eleven cases were
neurologically normal and had no lesions on the neuropathologic
examination; these were considered the control (CTRL) group.
Metabolic diseases, including metabolic syndrome were excluded.
Another 16 cases had not suffered from apparent cognitive
impairment and dementia but had lesions consistent with AD-
related pathology at postmortem examination (Braak et al., 2006).
Cases with combined pathology (i.e., associate vascular pathology,
a-synucleinopathy, argyrophilic grain disease and other tauo-
pathies, and metabolic syndrome) were excluded from the present
series. The postmortem delay was between 1.5 and 7 hours.
Selected cases were classified into 3 categories according to Braak
and Braak (1991): AD stages I/II (AD I/II, average age 64.6 �
8.7 years), AD stages III/IV (AD III/IV, average age 74.6 � 10.4 years),
and control group (CTRL, average age 74.0 � 2.16 years). In every
case, frontal cortex gray matter (area 8) was carefully dissected and
separated from the subcortical white matter immediately at au-
topsy, frozen, and stored at �80 �C until use for lipid rafts isolation.
In some cases, samples of entorhinal cortex and cerebellar vermis
were dissected and processed in the same way for lipid raft isola-
tion. A summary of data from all cases used in the present series are
summarized in Table 1.

2.2. Isolation of lipid rafts and non-raft fractions

Lipid raft fractions were isolated following Mukherjee et al.
(2003) with slight modifications (Martín et al., 2010; Ramírez
et al., 2009). Briefly, 0.1 g samples of nerve tissues were homog-
enized in 1 mL buffer A (50 mM Tris-HCl, pH 8.0, 10 mM MgCl2,
150 mM NaCl), containing 1% Triton X-100% and 5% glycerol, and
supplemented with 20 mM NaF, 1 mM Na3VO4, 5 mM b-mercap-
toethanol, 1 mM PMSF, and a cocktail of protease inhibitors (Roche
Diagnostics, Barcelona, Spain). All steps in the protocol were
performed on ice or in a cold room at 4 �C. Tissue was then
centrifuged at 500g for 5 minutes and the supernatant was
collected and mixed in an orbital rotor for 1 hour at 4 �C. About
800 mL of sample was mixed with an equal volume of 80% sucrose
in buffer A and overlayed with 7.5 mL of a 36% sucrose solution and
2.7 mL of a 15% sucrose solution in buffer A, in 10 mL ultracen-
trifuge tubes (Ultraclear, Beckman, Izasa, Tenerife, Spain). Sucrose
gradients were centrifuged at 150,000g for 18 hours at 4 �C in a
Beckman SW41Ti rotor. Fractions (F1eF6) of 2 mL were collected
from the top to the bottom and the final pellet, corresponding to
the precipitated detergent soluble fractions, that is, non-rafts
fractions, were collected and resuspended in 200 mL of buffer A
and frozen at �80 �C until analyses. Protein contents in each
fraction were determined by the Bradford method.

2.3. Lipid raft protein characterization

For the characterization of proteins associated with lipid rafts,
samples from the 6 fractions obtained were diluted in SDS loading
buffer (625 mM Tris-HCl pH 6.8; 1% SDS, 10% glycerol, 5% b-mer-
captoethanol; 0.01% bromophenol blue), boiled at 95 �C for 5 mi-
nutes, and loaded on 12.5% SDS-PAGE followed byWestern blotting.
Equal volume amounts of the different raft fractions were loaded.
Gels transferred to Hybond P were processed for immunoblotting,
using the following antibodies: rabbit polyclonal anti-caveolin-1
(diluted 1:200; Santa Cruz Biotechnology, Dallas, TX, USA) and
anti-flotillin-1 antibody (diluted 1:1000; Becton Dickinson Bio-
sciences, Madrid, Spain), as markers of raft scaffolding proteins, to
characterize raft-enriched fractions. Other antibodies were used
against non-raft membrane protein markers as controls of lipid raft
purity: mouse monoclonal antibodies against the non-raft mem-
brane proteins a1 subunit of the Naþ/Kþ ATPase (Upstate-Merck
Millipore, Barcelona, Spain), and clathrin (Sigma Aldrich, Madrid,
Spain), both diluted at 1:1000. Additional antibodies were mouse
anti-HSP90 (diluted 1:1000; Stressgen Biotechnologies, Madrid,
Spain), mouse monoclonal OXPHOS (diluted 1:10,000; Mito-
sciences), rabbit polyclonal SOD 2 (diluted 1:2000; Stressgen Bio-
reagents, Zurich, Switzerland), and rabbit polyclonal GRP97 (diluted
1:200; Santa Cruz Biotechnology). All these antibodies were used to
re-blot onto the same membrane. Visualization of antibody labeling



Table 1
Summary of cases

Cases Age Gender Postmortem delay Braak stage Regions

Control
1 78 Men 2 h 15 min 0 FC
2 79 Men 7 h 0 FC
3 85 Men 5 h 45 min 0 FC
4 71 Men 12 h 0 FC
5 70 Men 13 h 0 FC
6 73 Women 5 h 30 min 0 FC
7 82 Women 11 h 0 FC
8 75 Women 3 h 0 FC
9 69 Women 2 h 30 min 0 FC
10 66 Women 8 h 0 FC
11 65 Women 4 h 0 FC
12 40 Men 5 h 10 min 0 FC, ERC, CRB
13 44 Men 6 h 40 min 0 FC, ERC, CRB
14 52 Men 3 h 0 FC, ERC, CRB
15 61 Men 3 h 55 min 0 FC, ERC, CRB

AD IeII
1 54 Men 3 h 10 min I-0 FC
2 69 Men 4 h 15 min II-0 FC
3 75 Women 4 h 55 min II-0 FC
4 76 Women 5 h 45 min II-A FC
5 67 Men 7h 15 min II-0 FC, ERC, CRB
6 61 Men 3h 40 min I-0 FC, ERC, CRB
7 53 Men 6h 15 min I-A FC, ERC, CRB
8 62 Men 5h 45 min I-0 FC, ERC, CRB

AD IIIeIV
1 74 Men 4 h 45 min III-B FC
2 82 Men 5 h 30 min IV-B FC
3 51 Men 3 h 15 min IV-B FC
4 74 Women 7 h 35 min III-A FC
5 83 Women 2 h 30 min III-A FC
6 72 Women 4 h III-A FC
7 80 Women 2 h 45 min IV-A FC
8 66 Men 5 h 45 min III-0 FC, ERC, CRB
9 75 Men 5 h 30 min III-0 FC, ERC, CRB
10 77 Men 6 h 20 min III-0 FC, ERC, CRB
11 81 Women 1 h 30 min III-0 FC, ERC, CRB

Key: CRB, cerebellum; ERC, entorhinal cortex; FC, frontal cortex.
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was obtained by incubation with horseradish peroxidase-
conjugated secondary polyclonal goat anti-mouse, and polyclonal
swine anti-rabbit antibodies (diluted 1:1000; Dako, Barcelona,
Spain), followed by visualization with ECL chemiluminescence kit
(Amersham, GE Healthcare, Madrid, Spain).
2.4. Immunoprecipitation assays

Lipid rafts from cortical brain areas (frontal and entorhinal
cortex) and cerebellum from subjects of the different groups were
diluted in cold immunoprecipitation buffer containing 50 mM Tris-
HCl, pH 7.4; 150 mM NaCl, 10% glycerol, 1% Nonidet-P 40, 1 mM
phenyl methyl sulfonyl fluoride, and proteases inhibitor cocktail
(Roche). For immunoprecipitation of lipid rafts, these fractions
were previously solubilized by adding 2% octyl b-D-glucopyrano-
side, 1 mMNa3VO4, and 1 mM EDTA. These extracts were then used
to immunoprecipitate with an excess (5 mg/mg protein) of specific
rabbit polyclonal anti-APP antibody (Y-188, Abcam, Cambridge,
UK). Samples were incubated overnight at 4 �C with gentle rotation,
followed by incubation with sheep anti-rabbit IgG dynabeads
(Dynal Life Sciences, Madrid, Spain), using 20 mL dynabead sus-
pension/mg protein. The resultant precipitated protein-dynabead
complexes were washed 3 times in PBS, and immunocomplexes
were disrupted using SDS loading buffer and heated at 95 �C for
10 minutes. These immunocomplexes were resolved in 12.5% SDS-
PAGE followed by Western blotting. Proteins transferred to
Hybond-P were blotted with rabbit anti-BACE polyclonal antibody
(diluted 1:500; Chemicon International, Barcelona, Spain), and
rabbit anti-Presenilin 1 antibody (diluted 1:400; Sigma-Aldrich),
followed by incubation with anti-rabbit horseradish peroxidase-
conjugated secondary antibodies (diluted 1:10,000). Visualization
of specific immunosignals was obtained with ECL chem-
iluminescence kit.

2.5. Lipid analyses

Total lipids from lipid rafts and non-raft fractions were extracted
with chloroform/methanol (2:1 vol/vol). The organic solvent was
evaporated under a stream of nitrogen, the lipid content deter-
mined gravimetrically and stored in chloroform and/or methanol
containing 0.01% of butylated hydroxytoluene as antioxidant. Lipid
classes were separated from a fraction of total lipids by 1-
dimensional double development high performance thin layer
chromatography, using methyl acetate/isopropanol/chloroform/
methanol/0.25% (wt/vol) KCl (5:5:5:2:1.8 by volume) as the devel-
oping solvent system for the polar lipid classes, and hexane/
diethylether/acetic acid (22.5:2.5:0.25 by volume) as the devel-
oping solvent system for the neutral lipid classes. Lipid classes were
quantified by charring with 3% (wt/vol) aqueous cupric acetate
containing 8% (vol/vol) phosphoric acid followed by calibrated
scanning densitometry (Olsen and Henderson, 1989). Equal
amounts of total lipids (30 mg) were used in all analyses.

Lipids from lipid rafts and non-raft fractions were subjected to
acid-catalyzed transmethylation with 1% sulfuric acid (vol/vol) in
methanol. The resultant fatty acid methyl esters and dimethylace-
tals (DMAs) were purified by thin layer chromatography and
quantified using a TRACE GC Ultra (THERMO, Madrid, Spain) gas
chromatograph equipped with a flame ionization detector. Helium
was used as a carrier gas. Individual fatty acid methyl esters and
DMAs were referred to proper standards.

2.6. Steady-state fluorescence polarization of lipid rafts

Steady-statepolarizationmeasurementswereperformedusing2
different fluorescent probes: nonpolar 1,6-diphenyl-1,3,5-
hexatriene (DPH, Molecular Probes, Invitrogen, Madrid, Spain) and
polar 1-[4-(trimethylammonio)phenyl]-6-phenyl-1,3,5-hexatriene
(TMA-DPH, Sigma Aldrich). Lyophilized DPH and TMA-DPH were
dissolved in 1:1 tetrahydrofuran:ethanol (vol/vol) and stored as
200 mM stock solutions. Probes were used at 2 mM in TBS (20 mM
TriseHCl buffer, pH 7.5, containing 150 mM KCl) prepared daily and
storedprotected fromlight until used. Lipid raft suspensions (250mL,
50 mg protein/mL) were incubated in 1 mL vials at 37 �C in PBS
labeled solutions for 30 minutes. Fluorescence polarization values
were determined at 37 �C using an Appliskan multiplate reader
(Thermo Scientific, Madrid, Spain) equipped with polarizers using
355 nm excitation filter and 420 nm emission filter. Controls con-
taining the fluorophores alone were concurrently examined to cor-
rect for light scattering and intrinsic fluorescence.

2.7. Statistical analyses

Comparison between groups was assessed either by 1-way
analysis of variance (ANOVA) followed by Tukey post hoc test or
Kruskal-Wallis followed by Games-Howell post hoc test depending
on the homoscedasticity and normality of experimental data. Lipid
datawere arcsin transformed to attain the assumption of normality.
Data from univariate and bivariate statistics are expressed as mean
� standard error of the mean. Statistical significances are indicated
in the figures and tables. Multivariate statistics were performed
using principal component analysis (PCA) and discriminant
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function analysis. All statistical analyses were performed using the
SPSS statistical package.

3. Results

3.1. Biochemical characteristics of lipid rafts

Purity of lipid rafts was established by determination of the
presence of 2 prototypical-scaffolding proteins associated to these
structures, namely flotillin-1 and caveolin-1. Equal volume
amounts of the 6 fractions obtained by sucrose gradients were
loaded on 12.5% SDS-PAGE and processed for immunoblotting
with specific anti-flotillin-1 and anti-caveolin-1 antibodies. The
results shown in Fig. 1A, demonstrated the presence of these
proteins exclusively in fractions 1 and 2. To confirm that these
fractions correspond exclusively to raft material, membranes were
re-blotted with membrane-related non-raft proteins, that is, the
integral membrane Naþ/Kþ ATPase a1 subunit, the membrane
vesicle coated protein clathrin, the mitochondrial proteins ATP
synthase a subunit and complex III core 2 subunit, and endo-
plasmic reticulum GPR97 protein, observing their absence in
fractions 1 and 2 but their presence exclusively in fraction 6.
Similarly, cytosolic protein HSP90 and mitochondrial SOD-2 were
also detected in this fraction. Based on the distribution of these
protein markers, fractions 1 and 2 were pooled together and
designated as the lipid raft fraction, hereafter. Further, we
analyzed the lipid composition of lipid raft fractions from the
same samples where protein markers were assessed, and the re-
sults revealed the expected higher contents in cholesterol,
sphingomyelin, and saturated fatty acids compared with non-raft
fractions (Fig. 1B). Moreover, glycosphingolipid sulphates (sul-
phatides) and monoglycosylceramides (cerebrosides) were
exclusively present in lipid rafts, whereas sterol esters (SE) were
notably enriched in the non-raft fraction (Fig. 1B). All these
biochemical characteristics demonstrate the high purity of lipid
raft fractions used in the present study.

3.2. Lipid composition of lipid rafts from frontal cortex in control
and AD brains

Lipid rafts from control subjects display the lipid characteristics
already described in previous studies (Fabelo et al., 2011, 2012b;
Martin et al., 2010). Thus, besides high levels of sphingomyelin
(SM), cholesterol, and saturated fatty acids, lipid rafts contain high
content of phosphatidylethanolamine (PE), followed by phos-
phatidylcholine (PC), phosphatidylserine (PS), phosphatidylino-
sitol (PI), and phosphatidylglycerol (PG) (Table 2 and Fig. 1B).
Regarding fatty acids, the most abundant fatty acids were palmitic
(16:0) and stearic acids (18:0), which accounted for more than 50%
of total fatty acids. Lipid rafts from control subjects exhibit sig-
nificant contents of monoenes fatty acids (mainly oleic acid, 18:1n-
9) and n-3 and n-6 LCPUFA (10.5%), represented by DHA (22:6n-3)
and arachidonic acid (20:4n-6), respectively (Table 3).

Results shown in Tables 2 and 3 reveal that lipid rafts isolated
from AD I/II and AD III/IV frontal cortices exhibited profound al-
terations in their lipid composition compared with age-matched
control subjects. First, lipid class composition of lipid rafts from
AD I/II and AD III/IV cortices contain significantly lower contents of
cholesterol and sphingomyelin and higher phosphatidylcholine
than in controls (Table 2). Paralleling these changes, levels of SE
were dramatically increased in all AD groups (Table 2). Conversely,
contents of the most abundant phospholipid class, namely phos-
phatidylethanolamine, as well as those of sulphatides and cere-
brosides remained unchanged (Table 2), indicating that lipid
changes in AD groups were class-specific. Altogether, these
changes caused a significant increase in the phospholipid-to-
cholesterol ratio (PL/CHO) in the AD groups. Second, the ana-
lyses of fatty acid composition from lipid rafts revealed significant
reductions in the contents of n-9, and n-3 and n-6 fatty acid series
in AD I/II and AD III/IV groups compared with control subjects
(Table 3). Thus, oleic acid (18:1n-9), the most representative
monoene in lipid rafts was reduced by nearly 40% in the AD
groups. The 2 major long chain polyunsaturated fatty acids of the
n-6 and n-3 series, namely AA and DHA, respectively, as well as the
total n-3 LCPUFA, were all considerably reduced in all AD groups
compared with control subjects (Table 3). Consequently, as the
levels of saturates were not modified, unsaturation and peroxid-
ability indexes were drastically reduced, and the ratios saturates/
n-3 and saturates/n-9 were all increased in AD I/II and AD III/IV
lipid rafts (Table 3). Noticeably, lipid rafts from AD I/II and AD III/IV
groups displayed nearly identical lipid profiles exhibiting only
some differences in minor fatty acids (Tables 2 and 3). This
observation was confirmed by PCA applied to lipid classes and
fatty acids datasets. Fig. 2A shows the results for lipid classes,
which indicate that nearly 60% of total variance may be explained
by the first 2 principal components (PC1 and PC2). PC1 was
negatively related to lipid classes more abundant in CTRL group
(cholesterol and sphingomyelin) and positively to those better
represented in AD groups (phosphatidylcholine and sterol esters).
Score plots of factor 1 demonstrate a significant separation of CTRL
group from the AD groups (ANOVA, p ¼ 0.001) (Fig. 2A, right).
Regarding fatty acids, the multivariate structure of the data set,
showed the 2 PCA components accounted for 67% of variation, of
which nearly 46% of variation was explained by PC1 (Fig. 2B). PC1
separated fatty acids that predominate in CTRL group, that is,
18:1n-9, 20:4n-6, 22:6n-3, 24:1n9, 18:0 DMA (on the right) from
those present at higher values in AD groups, 22:2n-6, 16:1, and
18:1n-7 (on the left). Plotting of scores from PC1 showed 2 groups
were significantly separated (ANOVA, p < 0.001) and identified as
CTRL group and AD groups (Fig. 2B, right). The information from
PCA analyses was used to feed a multivariate model using
discriminant analyses to detect quantitative contributions of the
different variables, and to assess differences between AD groups
(Fig. 2C). The results showed that the first canonical function
accounted for the great majority of the variation between groups
(97.2%). The variables which showed the highest absolute corre-
lation with respect to every canonical function were 18:0 DMA,
SM, 18:1n-9, SE, PC, DHA, and AA. The first discriminant function,
mainly defined by 18:0 DMA and SM, clearly separates CTRL group
from the AD groups (c2 ¼ 66.02, p < 0.001), whereas the second
function (determined by DHA and AA) reasonably separates AD I/II
and AD III/IV groups (c2 ¼ 33.70, p < 0.1).

3.3. Lipid composition of lipid rafts from entorhinal cortex and
cerebellum from normal and AD brains

We next analyzed the lipid composition of lipid rafts isolated
from entorhinal cortex (ERC) and cerebellum (CRB) in a subset of
cases of Table 1. Cases were selected on the basis of the availability
at the brain bank of sufficient amount of brain tissue so as to
perform simultaneous lipid, fluorescence anisotropy, and immu-
noprecipitation analyses.

A summary of the comparative results of lipid contents in lipid
rafts from frontal cortex, entorhinal cortex, and cerebellum in
control brains is shown in Fig. 3A. The analyses revealed that the
lipid matrixes of lipid rafts are notably constant between regions,
and that only minor differences are detectable within the same
individuals, in particular in the entorhinal cortex. Thus, lipid rafts
from ERC contains significantly higher levels of sulphatides, ce-
rebrosides, and DMA and lower contents of 16:0 and total



Fig. 1. Purity of lipid rafts. (A) Brain samples were separated by sucrose density ultracentrifugation. Equal volumes of the 6 resultant fractions (1e6) were subjected to immu-
noblotting with antibodies against lipid raft resident proteins (caveolin-1 and flotillin-1), which were found in fractions 1 and 2. In contrast, non-raft membrane associated proteins
Naþ/Kþ ATPase a1 subunit (ATPase) and clathrin, mitochondrial membrane proteins ATP synthase a subunit and Complex III core 2 subunit and endoplasmic reticulum marker
GPR97, were mainly found in fraction 6. Similarly, cytosolic HSP90 and mitochondrial matrix SOD-2 were only found in this same fraction. (B) Summary of lipid classes in lipid rafts
and non-raft fractions. #, * p < 0.01, and p < 0.05, respectively, compared with lipid raft. Abbreviations: CER, cerebrosides; CHO, cholesterol; PC, phosphatidylcholine; PE, phos-
phatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SE, sterol esters; SM, sphingomyelin; SUL, sulphatides.
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saturates than frontal cortex. Lipid profiles from cerebellum were
very similar to those from FC.

The influence of the neuropathologic stage on lipid profiles in
entorhinal cortex and cerebellum are summarized in Fig. 3B (ERC)
and Fig. 3C (CRB). In ERC, significant reductions of cholesterol
contents and increased PL to CHO ratio were detected in AD brains
from stages I/II, but these changes were absent in the cerebellum
from the same individuals. Distinct from frontal cortex, in ERC and
CRB, levels of SE and SM remained unchanged with the progres-
sion of the pathology. Interestingly, lipid rafts from the 3 areas
analyzed exhibited increased levels of PC in AD brains compared
with control subjects, and this increase was phospholipid
class-specific because it was not observed for other brain
phospholipids, including the major phospholipid component,
Table 2
Lipid classes in frontal cortex lipid rafts from control, AD I/II, and AD III/IV subjects

CTRL AD I/II AD III/IV

Lipid class
Sphingomyelin 9.73 � 0.97a 4.35 � 0.52b 4.96 � 0.38b
Phosphatidylcholine 5.35 � 0.49b 8.66 � 0.96a 10.11 � 1.60a
Phosphatidylserine 6.82 � 0.50 8.10 � 0.57 8.29 � 0.58
Phosphatidylinositol 2.16 � 0.17 2.76 � 0.36 2.40 � 0.35
Phosphatidylglycerol 0.70 � 0.10 1.19 � 0.24 1.12 � 0.28
Phosphatidylethanolamine 20.97 � 0.57 21.75 � 0.87 20.78 � 0.73
Sulphatides 10.56 � 0.68 10.56 � 0.63 9.82 � 1.08
Cerebrosides 5.10 � 0.79 4.58 � 0.50 4.96 � 0.79
Diacylglycerols 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00
Cholesterol 34.51 � 1.06a 26.80 � 1.03b 27.49 � 1.54b
Free fatty acids 2.17 � 0.28 2.60 � 0.31 2.56 � 0.39
Triglycerides 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00
Sterol esters 1.68 � 0.60b 7.91 � 1.76a 7.27 � 2.17a
Neutral Lipids 36.90 � 1.41 37.30 � 1.70 37.31 � 2.74
Polar Lipids 63.09 � 1.41 62.70 � 1.70 62.69 � 2.74
Phospholipid and/or
cholesterol

1.28 � 0.08b 1.80 � 0.09a 1.80 � 0.17a

Results are expressed as mole % and represent means � SEM. Sample size for each
group is indicated in Table 1. Values in the same row bearing different letters are
significantly different (p < 0.05).
Key: CTRL, control; SEM, standard error of the mean.
phosphatidylethanolamine. Related to fatty acids, ERC lipid rafts
displayed disease-associated reductions in DHA and AA contents,
as well as lower unsaturation and peroxidability (not shown) and
higher saturates/n3 indexes. These changes were similar to those
observed in FC, and were not observed in lipid rafts from CRB.
However, though a trend for reduction in DMAs from plasmal-
ogens (in particular for 18:0 DMA) was observed, the differences
with CTRL were not statistically significant. Another important
difference compared with frontal cortex was that levels of 18:1n-9
did not vary between groups and that 22:2n-6 was undetectable in
ERC lipid rafts.
3.4. Steady-state fluorescence anisotropy of lipid rafts

To evaluate the impact of lipid changes in lipid raft composition
on membrane structural order (an indirect measure of membrane
viscosity or fluidity), we assessed the steady-state fluorescence
polarization of lipid raft samples obtained from cerebellum, en-
torhinal cortex, and frontal cortex from the same subjects
analyzed previously. We used 2 different probes, the nonpolar
probe DPH to determine the physical order at the hydrophobic
core of the lipid raft membrane and the polar TMA-DPH to assess
rotational freedom at the membrane surface (Lentz, 1993).
Because membrane order is strongly dependent on the system
temperature, probe anisotropies were measured at 37 �C to mimic
physiological conditions. Results summarized in Fig. 4A show that
both TMA-DPH and DPH anisotropies remained nearly constant in
the cerebellum of the 3 groups. In marked contrast, in the frontal
and entorhinal cortices, a significant increase in DPH and TMA-
DPH anisotropies was observed in both AD groups compared
with CTRL lipid rafts. In the frontal cortex, differences were
already statistically significant in the AD I/II group. These simi-
larities between probes in lipid rafts indicates that AD develop-
ment affects structural order and increases membrane viscosity
both at the core region of the raft membrane and also in the
membrane plane, thereby hindering the lateral movement of
phospholipids and cholesterol.



Table 3
Fatty acid composition of frontal cortex lipid rafts from control, AD I/II, and AD III/IV
subjects

CTRL AD I/II AD III/IV

Fatty acids
14:0 0.52 � 0.04b 0.63 � 0.03ab 0.81 � 0.14a
14:1 0.13 � 0.10 0.06 � 0.04 0.53 � 0.43
15:0 0.91 � 0.14a 0.17 � 0.02b 0.43 � 0.20ab
15:1 0.10 � 0.03 0.11 � 0.06 0.24 � 0.19
16:0 DMA 1.82 � 0.25 1.25 � 0.11 1.30 � 0.28
16:0 24.10 � 1.31 27.65 � 0.79 26.21 � 1.93
16:1a 1.08 � 0.08b 5.39 � 1.66a 5.11 � 1.99a
16:2 0.20 � 0.03a 0.08 � 0.03b 0.00 � 0.00c
17:0 0.31 � 0.01 0.29 � 0.02 0.28 � 0.05
17:1 0.05 � 0.02 0.00 � 0.00 0.07 � 0.07
18:0 DMA 3.47 � 0.11a 1.64 � 0.12b 1.95 � 0.10b
18:1n-9 DMA 0.76 � 0.13b 1.16 � 0.08a 1.23 � 0.07a
18 :1n-7 DMA 1.49 � 0.38a 0.66 � 0.10ab 0.66 � 0.22b
18:0 22.05 � 0.43 22.36 � 0.43 21.77 � 1.00
18:1n-9 17.64 � 1.10a 10.62 � 1.06b 10.81 � 1.05b
18:1n-7 4.99 � 0.32b 8.03 � 0.44a 8.44 � 0.72a
18:2n-6 0.85 � 0.09 0.47 � 0.10 0.44 � 0.10
18: 3n-3 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00
20:0 0.20 � 0.01 0.29 � 0.16 0.19 � 0.03
20:1b 1.08 � 0.19 0.65 � 0.10 0.69 � 0.18
20:2n-9 0.00 � 0.00b 0.28 � 0.06a 0.27 � 0.07a
20:2n-6 0.13 � 0.04 0.12 � 0.04 0.11 � 0.04
20:3n-6 0.53 � 0.02a 0.43 � 0.03ab 0.31 � 0.08b
20:4n-6 3.70 � 0.18a 2.89 � 0.27ab 2.32 � 0.44b
20:5n-3 0.10 � 0.03 0.03 � 0.03 0.00 � 0.00
22:0 0.23 � 0.05a 0.19 � 0.19ab 0.04 � 0.02b
22:1b 0.36 � 0.10a 0.00 � 0.00b 0.00 � 0.00b
22:2n-6 0.68 � 0.09b 2.84 � 0.21a 3.59 � 0.41a
23:0 2.40 � 0.12a 2.03 � 0.09ab 1.92 � 0.25b
22:5n-6 0.46 � 0.06 0.41 � 0.06 0.30 � 0.09
22:5n-3 0.14 � 0.03 0.06 � 0.03 0.13 � 0.03
24:0 0.26 � 0.10a 0.10 � 0.10ab 0.00 � 0.00b
22:6n-3 6.87 � 0.34a 4.67 � 0.74b 3.50 � 0.72b
24:1n-9 1.23 � 0.18a 0.54 � 0.08b 0.72 � 0.17b

Totals
Saturates 53.86 � 1.53 56.60 � 1.20 54.90 � 2.76
Monoenes 28.92 � 1.65 27.68 � 1.58 28.60 � 1.80
n-9 19.63 � 1.26a 11.44 � 1.13b 11.81 � 1.20b
n-3 7.11 � 0.37a 4.75 � 0.78b 3.71 � 0.73b
n-6 6.35 � 0.24 7.32 � 0.40 7.08 � 0.50
n-3 LCPUFA 7.11 � 0.37a 4.75 � 0.78b 3.71 � 0.73b
Monoenes 28.92 � 1.65 27.68 � 1.58 28.60 � 1.80

Ratios
n-3/n-6 1.12 � 0.05a 0.63 � 0.07b 0.52 � 0.08b
18:1n-9/n-3 LCPUFA 2.57 � 0.22 2.69 � 0.49 3.55 � 0.72
Saturates/n-3 7.75 � 0.40b 14.51 � 2.66a 18.27 � 3.37a
Saturates/n-9 2.91 � 0.26b 7.87 � 0.42a 7.88 � 0.30a

Indexes
Unsaturation index 93.73 � 5.07a 79.14 � 5.36b 71.31 � 5.16b
Peroxidability index 73.88 � 3.35a 54.69 � 7.35ab 43.85 � 7.22b

Results are expressed as mole % and represent means� SEM. Values in the same row
bearing different letters are significantly different (p < 0.05). Sample size for each
group is indicated in Table 1.
Key: CTRL, control; DMA, dimethylacetals; LCPUFA, long-chain polyunsaturated
fatty acids; SEM, standard error of the mean.

a Contains n-9 and n-7 isomers.
b Contains n-11 and n-9 isomers.
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We further attempted to explore the relationships between
changes in membrane order and lipid alterations in the same raft
membranes. We performed bivariate relationships between rele-
vant lipid groups and membrane anisotropies recorded for the
same lipid rafts (Fig. 4B). Using regression analyses on whole data
set, we detected the existence of significant positive correlations for
cholesterol contents and probes anisotropies (r ¼ 0.60 for TMA-
DPH, p < 0.005, and r ¼ 0.37 for DPH, p < 0.05). Conversely, mon-
oenes were negatively correlated to steady-state anisotropy rs for
TMA-DPH (r ¼ 0.44, p < 0.05), but not to DPH. Best bivariate re-
lationships were obtained for: (1) n-3 LCPUFA contents, which
inversely correlated to rs (r ¼ 0.55, p < 0.005, for TMA-DPH and r ¼
0.56, p < 0.005 for DPH); and (2) for the ratio saturates/n-3, that
was positively associated to rs (r ¼ 0.48, p < 0.01, for TMA-DPH and
r ¼ 0.57, p < 0.001 for DPH). Altogether these data indicate that it is
primarily the reduction in n-3 LCPUFA (and secondarily in mono-
ene) and the elevation in the ratio saturates/n-3 LCPUFA inside lipid
rafts what provokes the increase in membrane order, an effect that
is partially attenuated by the reduction in cholesterol.

3.5. Physical associations of APP, PSEN, and BACE in lipid rafts

We finally aimed to evaluate the potential effects of physico-
chemical alterations on lipid rafts described previously, on the
status and interactions of key players in the amyloidogenic pro-
cessing of APP, within the same lipid rafts where lipid contents
and anisotropies were determined. Experiments were performed
in lipid raft fractions from cerebellum, and frontal and entorhinal
cortices, belonging to the 3 experimental groups (Fig. 5). First, we
performed immunoprecipitation assays with anti-APP antibody in
CTRL, AD I/II, and AD III/IV groups, using identical protein amount
in the 3 brain areas analyzed. In cerebellar samples, the results
indicated no differences in the total amount of co-precipitated
BACE in either group of subjects (Fig. 5A, left panel). However,
similar immunoprecipitation experiments in the frontal and en-
torhinal cortices from the same subjects revealed a significantly
higher amount of co-precipitated BACE in AD I/II and AD III/IV
groups as compared with CTRL group (Fig. 5A, middle and right
panels). Potential variations of APP levels in the different samples
were tested by immunobloting, using equal protein amounts of
the same lipid raft samples in input controls. We found that the
total amount of APP remained invariable between samples in all
groups (Fig. 5B, right panel). Furthermore, we confirm that total
amount of APP was pulled down in these assays because no signals
were obtained in additional immunoblotting experiments using
the supernatants obtained from the immunoprecipitation assays
(data not shown). These observations allowed us to normalize
BACE immunosignal values relative to total immunoprecipitated
APP, and to quantitatively address the changes in the degree of
physical interaction between APP and BACE. The results shown in
Fig. 5B (middle panel) indicate that APP/BACE interaction in-
creases by 208% and 102% (p < 0.05), in frontal cortex, compared
with CTRL group, and by 146% and 150%, in entorhinal cortex,
compared with CTRL (p < 0.01). Within subject comparisons
revealed that BACE/APP interaction increased by 202%e354% in
frontal and entorhinal cortices, respectively, compared with cer-
ebellum (p < 0.001).

Finally, we also analyzed the physical association of APP and
presenilin (PSEN) in these samples by re-incubating the same
membranes with an anti-PSEN antibody (Fig. 5B, left panel). The
results demonstrated that PSEN was also associated with APP in
lipid rafts, although the amount of co-precipitated PSEN did not
vary in the different samples. Overall, these results suggest that
BACE but not PSEN is differentially recruited within the lipid rafts
of frontal and entorhinal cortical areas of AD brains, even at the
earliest stages of the disease.

4. Discussion

Our present results reveal that lipid alterations in lipid rafts
represent very early events that occur at the beginning of the
neurodegenerative process even in regions lacking mandatory
neuropathologic hallmarks of AD: NFT and SP in the frontal cortex
at stages I/II of Braak and Braak. Moreover, we show that lipid raft
lipid changes specifically affect frontal and entorhinal cortices, 2
brain areas particularly affected during the progression of this



Fig. 2. Multivariate analyses of lipid profiles from lipid rafts isolated from frontal cortex. Principal component analyses for lipid classes (A) and fatty acids (B). Left panels illustrate
factor loadings for PC1 and PC2 with the percent of variance explained for each component. Right panels show the factor score plots for PC1. (C) Scatter plot of the 2 canonical
variables in the discriminant function analyses for CTRL, AD I/II, and AD III/IV groups. Centroids for each group are represented as filled white squares. For details and interpretation
see section 3. Abbreviations: CER, cerebrosides; CHO, cholesterol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; SE,
sterol esters; SM, sphingomyelin; SUL, sulphatides.
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Fig. 3. Lipids in cerebellum and entorhinal cortex. (A) Comparison of representative lipid classes, fatty acids, and indexes in lipid rafts from frontal cortex (FC), entorhinal cortex
(ERC), and cerebellum (CRB). Data are expressed as mol% of total lipid (for lipid classes) or total fatty acids (for fatty acids) and indicated as mean � SEM. Four cases were analyzed for
each brain area and disease stage. * p < 0.05 versus FC. Effect of neuropathologic stage on main lipid classes and fatty acids in entorhinal cortex (B) and cerebellum (C). Data are
expressed as content percent compared with controls (CTRL). * p < 0.05 versus CTRL. Results are indicated as mean � SEM for 4 assays per group. Abbreviations: CER, cerebrosides;
CHO, cholesterol; DMAs, dimethylacetals; n-3 HUFA, n-3 highly-unsaturated fatty acids; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PL/CHO,
phospholipid-to-cholesterol ratio; PS, phosphatidylserine; SE, sterol esters; SEM, standard error of the mean; SM, sphingomyelin; SUL, sulphatides; UI, unsaturation index.
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Fig. 4. (A) Steady-state fluorescence anisotropy of lipid rafts from CTRL, AD I/II, and AD III/IV subjects, as determined for TMA-DPH (left) and DPH (right) probes in different brain
areas. Results indicate mean � SEM for 4 samples per group and brain area. * p < 0.05 versus CTRL. (B) Bivariate relationships for TMA-DPH (red) and DPH (blue) steady-state
anisotropy as dependent variables and contents of relevant lipids or saturates/n-3 LCPUFA index as independent variables, compiled from the cases analyzed in A. Regression
lines (solid) and 95% confidence intervals (dotted lines) are indicated. Pearson correlation coefficients and statistical significance of nonlinear fittings are indicated in the section 3.
Abbreviations: CTRL, control; DPH, 1,6-diphenyl-1,3,5-hexatriene; LCPUFA, long-chain polyunsaturated fatty acids; SEM, standard error of the mean; TMA-DPH, 1-[4-(trimethy-
lammonio)phenyl]-6-phenyl-1,3,5-hexatriene.
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neuropathology, whereas no substantial effects are observed in
the cerebellum from the same subjects. It is worth pointing out
that, at least in the frontal cortex, no astroglial proliferation is
present at stages I/II and very little at stages III/IV and mainly
associated to SP. Therefore, changes in lipid composition in lipid
rafts in the frontal cortex at early stages of AD-related pathology
cannot be explained by modifications in the neuron to astroglia
ratio in this region; rather, they reflect modifications in the lipid
composition of lipid rafts in neurons.

The involvement of lipid alterations in AD brains has beenwell-
established in the last years, in particular with reference to
cholesterol and polyunsaturated fatty acids contents (Chan et al.,
2012; Di Paolo and Kim, 2011; Lutjohann et al., 2000; Prasad
et al., 1998; Skinner et al., 1993; Soderberg et al., 1991, 1992).
However, the extents to which alterations in gross brain lipids are
reflected in lipid rafts lipid structure are largely unknown. We
have recently reported that lipid rafts from the brain cortex of late
stages (V/VI) of AD neuropathology, display abnormally low levels
of n-3 LCPUFA (mainly DHA) and monoenes, which, in turn, are
reflected into lower unsaturation and peroxidability indexes,
higher saturates/n-3, and saturates/n-9 indexes (Martin et al.,
2010). Noticeably, our present data revealed that all these modi-
fications observed in the frontal cortex of AD V/VI are present, and
also at a similar magnitude, at very early stages of the disease.
Further, we have observed that lipid rafts from AD I/II and AD III/IV
frontal cortex also displayed significantly lower arachidonic acid,
sphingomyelin, and cholesterol levels, compared with controls, as
well as increased SE and phospholipid to cholesterol ratio. Thus,
not only lipid rafts from early stages exhibit the anomalies
detected in late stages but also it seems that lipid rafts from early
AD stages are more severely affected than those from late stages.
The reasons for these differences are unknown but it can be
speculated that the advanced disruption of neuronal lipid ho-
meostasis (Bennett et al., 2013; Cordy et al., 2006; Di Paolo and
Kim, 2011; Piccinini et al., 2010) and neuronal metabolic exhaus-
tion (Aso et al., 2012; Ferrer, 2009) in late stages of the disease,
overcomes the ability of recycling and membrane biosynthetic
mechanisms to maintain lipid raft structure, which, in turn, would



Fig. 5. (A) AD neuropathology promotes the increase of APP-BACE co-precipitation in lipid raft microdomains. Lipid raft fractions from cortical (frontal and entorhinal cortex; CF,
and CE, respectively) of control and AD brains were subjected to immunoprecipitation with polyclonal APP antibody (IP:APP). The protein immunocomplexes obtained were run on
12.5% SDS-PAGE, and processed for immunoblotting with antibodies directed to BACE and PSEN. Equivalent samples from cerebellum (relace with CRB) were used as nonpathologic
controls. The figure illustrates a representative immunoblot assay of APP immunoprecipitates after incubation with anti-BACE and anti-PSEN antibodies. APP total amounts as input
controls are shown. (B) Normalized densitometry values of co-precipitated PSEN (left) and BACE (middle) relative to the amount of immunoprecipitated APP in the different
samples. Normalized densitometry values of APP in Western blots from lipid rafts relative to total raft protein. Four assays were performed per group and area (right). Abbreviations:
AD, Alzheimer’s disease; APP, amyloid precursor protein; BACE, b-secretase; PSEN, presenilin.
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relax the thermodynamically unfavorable boundaries between
raft and non-raft domains (Sonnino and Prinetti, 2010).

We extended our lipid analyses in the frontal cortex to other 2
brain areas known to be differentially affected in AD, namely en-
torhinal cortex and cerebellum (Braak and Braak, 1991; Serrano-
Pozo et al., 2011). A second major finding in our present study is
that lipid rafts from entorhinal cortex were also dramatically
altered at stages I/II and III/IV of Braak and Braak, whereas cere-
bellar rafts remained largely unaffected. Lipid changes in lipid
rafts from ERC closely resembled those observed in the frontal
cortex, that is, reduced cholesterol, DHA and arachidonic acid
levels, lower unsaturation index, and augmented PC contents and
PL/CHO and saturates/n3 indexes. Taken together, these data
indicate that alterations in lipid raft lipid structure specifically
occurs in the frontal and entorhinal cortices and represent early
events in the pathogenesis of AD, and are also indicative that
oxidative stress is likely involved in the disruption of membrane
homeostasis (Axelsen et al., 2011), and a seminal condition during
the development of the disease. Noticeably, the fact that frontal
cortex lipid rafts exhibit altered lipid profiles at stages AD I/II in-
dicates that lipid deregulation develops well before the appear-
ance of NFT (Braak and Braak, 1991; Braak et al., 2006).

Further, the presence of aberrant lipid profiles in lipid rafts from
ERC and FC at the earliest stage, provides a link between membrane
lipid destabilization and pathogenic effects of amyloid beta peptides,
because membrane composition and biophysical properties have
been demonstrated to be critical in Ab cytotoxicity. Thus, not only Ab
peptides physically interact with raft lipid components, specifically
gangliosides, cholesterol, and phospholipids (Matsuzaki, 2007;
Matsuzaki and Horikiri, 1999) but also these interactions catalyze
conformational changes (random coil to b-sheet) and accelerate fibril
formation (Askarova et al., 2011; Burke et al., 2013; Matsuzaki, 2007;
Wahlström et al., 2008). We then hypothesize that destabilization of
lipid matrix in lipid rafts occurring during early stages of AD, may
provide a favorable environment through which newly formed Ab
peptidesmay initiate structural changes leading to plaque formation.

Lipid abnormalities in lipid rafts have a profound impact on
membrane physicochemical properties, particularly in relation to
membrane order andmicroviscosity. To the best of our knowledge,
our data provide the first evidence that lipid rafts from AD frontal
and entorhinal cortices exist in more liquid-ordered and packed
state than the control counterparts. Moreover, the steady-state
polarization anisotropy assessments using 2 fluorescent probes
directed to different membrane regions (Kaiser and London, 1998;
Lentz, 1993) indicate that the increase in membrane order extends
all across the membrane axis, affecting both the membrane plane
and its hydrophobic core. Mechanistically, the observed increase
in membrane order must be explained by the reduction in n-3
LCPUFA and increased saturates/n-3 relationship, rather than by
the observed reduction in cholesterol contents, which would in-
crease membrane fluidity above phase transition temperature
(Ohvo-Rekilä et al., 2002). The reduction in n-3 unsaturations and
the proportional increase in saturated fatty acids, together with
the augmented phospholipid to cholesterol ratio in the rafts, result
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in increased density of hydrophobic interactions between satu-
rated hydrocarbon acyl chains of phospholipids within the
membrane plane (Sonnino and Prinetti, 2010). This anomaly leads
to laterally condensed and packed membranes, where physical
order and viscosity are increased in spite of the reduction in
cholesterol. In agreement, we have recently shown that lipid rafts
from neocortex of aged APP/PS1 mice display similar increase in
membrane viscosity secondary to reduced n-3 LCPUFA and
cholesterol levels, as determined by TMA-DPH fluorescence
anisotropy (Diaz et al., 2012). The impact of these biophysical
observations on the dynamics of amyloid aggregation are likely
relevant, especially at early stages of the disease. Indeed, the
interaction of Ab with raft membranes is facilitated by exofacial
cholesterol content and also by the physicochemical state of the
membrane, with liquid-ordered membranes being more suscep-
tible to incorporation of Ab peptides than liquid-disordered
membranes and this association accelerate fibril formation
(Matsuzaki, 2007; Matsuzaki and Horikiri, 1999; Wahlström et al.,
2008; Wood et al., 2002). In addition, studies performed in
different membrane preparations including rat synaptic plasma
membrane and brain tissue from humans with and without AD,
have shown that different Ab peptides reduce membrane fluidity
by partitioning into the hydrophobic core of membranes
(Chochina et al., 2001; Mason et al., 1999; Wood et al., 2002). The
reduction in membrane fluidity induced by Ab peptides is asso-
ciated with increased steady state membrane anisotropy for DPH,
a probe that buries into the hydrophobic core (Wood et al., 2002),
and strongly agrees with our present data for DPH in lipid rafts
from the frontal and entorhinal cortices. Thus, it would appear
that the more viscous nature of lipid rafts from early stages of AD
arises from 2 causes: the reduced contents of n-3 LCPUFA and the
probable increased membrane partition of Ab peptides at initial
stages of amyloid burden.

One potential consequence of altered physicochemical proper-
ties of lipid raft is that these likely modify the dynamic of in-
teractions between raft resident proteins, in particular those
involved in the differential processing of APP. Indeed, a wealth of
studies have demonstrated that amyloidogenic processing of APP
occurs in lipid rafts, and that alteration of membrane lipids,
particularly cholesterol and polyunsaturated fatty acids, affects
APP processing (Abad-Rodriguez et al., 2004; Askarova et al., 2011;
Dislich and Lichtenthaler, 2012; Hicks et al., 2012). We have shown
here that all components involved in amyloidogenic pathway,
namely APP, BACE, and g-secretase (PSEN) are present in lipid rafts
from the 3 brain areas and both in control and AD brains. However,
while the stage of the disease does not alter the level of association
between APP-BACE and APP-PSEN1 in the cerebellum, in the en-
torhinal and frontal cortices, the association between APP and
BACE was considerably augmented. Interestingly, the physical
association of APP and PSEN remained nearly constant between
brain areas and disease staging, indicating that only the interac-
tion of APP with b-secretase was selectively affected by the dis-
ease. These findings are of major relevance because it is known
that b-cleavage of APP by BACE1 is the rate-limiting, and obliga-
tory event, triggering the amyloidogenic pathway in AD pathology
(Askarova et al., 2011; Dislich and Lichtenthaler, 2012; Hicks et al.,
2012). Mechanistically, the convergence of APP and BACE to lipid
rafts, allows a closer interaction between the 2 proteins facilitating
b-cleavage of AbPP and eventually Ab production (Abad-Rodriguez
et al., 2004; Askarova et al., 2011; Das et al., 2013; Dislich and
Lichtenthaler, 2012; Hicks et al., 2012). Recently, Das et al. (2013)
have reported specific trafficking strategies that limit APP/BACE-
1 proximity in physiologic states in cultured hippocampal neu-
rons. Accordingly, while BACE1 is sorted into acidic recycling
endosomes, APP is conveyed in Golgi-derived vesicles. In addition,
it seems that membrane lipids may be determinant factors in
controlling APP/BACE convergence under pathologic conditions
(Abad-Rodriguez et al., 2004; Di Paolo and Kim, 2011; Kaether and
Haass, 2004). Thus, in hippocampal neurons, where an important
fraction of endogenous APP resides outside of lipid rafts, moderate
reductions in cholesterol levels increased Ab production, by dis-
turbing raft architecture and enhancing BACE1 and APP contact
(Abad-Rodriguez et al., 2004; Kaether and Haass, 2004). Our
present data in human brain lipid rafts from early AD stages,
points to moderate reduction in cholesterol being associated with
convergence pathways that routes APP and BACE to lipid rafts. The
concurrent reduction in n-3 unsaturations and the increased
proportions of saturates/n3 and phospholipids/cholesterol in lipid
rafts from entorhinal and frontal cortices render up liquid-ordered
microdomains that likely stabilize the pro-amyloidogenic inter-
action of AbPP and BACE. In this sense, lipids can build an invisible
boundary, corralling the b-secretase-APP complex within the lipid
raft domain, where the pool of g-secretase resides, thus favoring
the sequential amyloidogenic cleavage of APP.

In summary, we conclude that (1) alterations in the lipid matrix
of lipid rafts represent seminal changes in the pathogenesis of AD;
(2) these early changes have a profound impact on physico-
chemical properties of lipid raft; and (3) these alterations provide
a favorable lipid raft microenvironment for the interaction of
secretases with APP and for the amyloidogenic processing of APP.
Though mechanistic insights underlying these alterations in AD
brains are largely unknown, these findings shed new light on how
alterations in brain lipid homeostasis participate in the earliest
events of AD pathogenesis.
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