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1. ABSTRACT

The increase in the incidence of Alzheimer’s
disease (AD) in old women may be attributable to
estrogen deficiency, and estrogen replacement therapy
may be useful in preventing or delaying the onset of this
disease. In neuronal membranes, 17p-estradiol interacts
with estrogen receptors (mERSs) located in lipid raft
signalosomes which trigger neuroprotective responses
by anchoring to scaffolding caveolin-1 complexed with
other proteins. We suggest that mER-signalosome
malfunctionsin AD and by menopause due to development
of aberrations in these microstructures. Here, we report
that mER dissociates from a voltage-dependent anion
channel (VDAC), and that progressive dephosphorylation
of VDAC1 enhances neurotoxicity. mER dissociates
from caveolin-1 and other neuroprotective proteins,
including insulin-like growth factor 1 receptor beta.
Similar signalosome disarrangements are observed
in AD patients. Moreover, in AD, lipid rafts exhibit
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SDS-PAGE and two-dimensional gel electrophoresis

Distinct patterns of mERalpha-related signalosome in frontal cortex during menopausal stages

Disruption of mERalpha-related signalosome during menopausal stages and AD
Progressive VDAC dephosphorylation in lipid raft samples from menopausal and AD subjects
Lipid profiles in lipid rafts from pre-menopausal, post-menopausal and AD subjects

alterations in lipid composition, and these changes cause
an increase in liquid-ordered as compared to controls.
Together, the data show that AD and menopause lead to
disruption in the lipid raft structure, and disfunctioning of
ERalpha and other neuroprotectors integrated into these
signalosomes.

2. INTRODUCTION

17p-estradiol plays a crucial role in different
functions related to brain preservation and functionality,
including  neurogenesis, neuronal differentiation,
synaptic plasticity and neuroprotection (1-3). Some of
these actions are initiated at the plasma membrane,
through interaction with estrogen receptors associated
with the neuronal membrane (mER) and, in particular,
within lipid rafts (4,5). Lipid rafts are plasma membrane
microstructures with a distinct lipid composition, and are
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known to be the preferential place of signalling proteins
involved in cell survival (6,7). Estrogen membrane-related
mechanisms, named rapid or non-genomic pathways,
take place through the activation of mERs, triggering
intracellular responses (8,9). Different non-genomic
estrogen mechanisms that exert neuroprotection against
a variety of injuries have been reported (10,11). These
actions may take place through classic ERs (ERo and
ERP) localized at the plasma membrane (5,8,12,13),
although most of the evidences obtained so far suggest
that ERa is the main receptor related to these neuronal
activities (4,14,15). Furthermore, additional estrogen-
binding receptor found at the neuronal membrane is G
protein-coupled estrogen receptor (GPR30), a novel
ER expressed in the brain associated with cognitive
functions (16-18).

The mechanism whereby mERs lacking
transmembrane domains are embedded into the neuronal
membrane is unclear, and appears to involve receptor
S-palmitoylation (19-21). Furthermore, some studies have
demonstrated the presence of these receptors in lipid
rafts, distinct microstructures of the plasma membrane
showing a particular lipid composition that allows the
integration of signalling proteins relevant for neuronal
functions (22-24). In these microdomains, palmitoylated
mERs have been shown integrated in signalosomes,
macromolecular complexes formed by scaffolding
proteins and other signalling molecules to develop
neuroprotective actions (25-27). In particular in cortical
and hippocampal neurons, it has been evidenced that
ERa is associated with anchoring caveolin 1 (Cav-1)in a
macromolecular signalling platform together with, among
others, insulin growth factor-1 receptor beta (IGF-IRB)
and a voltage-dependent anion channel (VDAC) (28-30).
Membrane ER and IGF-IRp interactions are crucial for a
variety of estrogen roles in the brain, including neuronal
survival (31,32). Moreover, increasing evidences
indicate that interactions of ERa in this multicomplex
orchestrate neuroprotective responses against amyloid
beta (AB)-induced toxicity (4,32). Thus, it has been
suggested that estrogen modulation of plasmalemmal
VDAC phosphorylation through mERo interaction
may be a hormone mechanism to reduce AD-related
pathology (33). In line with this, it has been shown in
neuronal cultures that rapid mechanisms of estrogen
bound to mERo promotes channel phosphorylation
through rapid activation of PKA and Src-kinase signal
transduction pathways (34,35). VDAC phosphorylation
induced by estradiol maintains the channel inactivated
and closed (36-38), preventing apoptosis and neuronal
death (35,39). On the contrary, AB exposure induces
plasmalemmal VDAC dephosphorylation in lipid rafts, as
part of a membrane mechanism of neurotoxicity in AD
even at early stages (ADI/Il) (40). Overall, these data
suggest that mER integrated in multimolecular dynamic
signalosomes elicits intracellular signalling cascades
related to brain preservation against AD.

Lipid rafts represent a pivotal target for protein-
lipid interactions at the plasma membrane. In this line of
argument, some work has revealed the importance of the
particular lipid composition of raft microstructures in order
to allow the correct functionality of integrated signalling
platforms for neuronal preservation. Indeed, it has been
demonstrated that aberrant lipid raft lipid alterations
(such as reduction in polyunsaturated fatty acid levels) in
cortical and hippocampal brain areas occur during, both,
AD and Parkinson’s disease (PD) progression (41,42),
even at early stages of these diseases (43,44). It has been
demonstrated that lipid changes in these microdomains
modify their physicochemical properties and alter their
local microenvironment, contributing to rearrangements
of raft integrated proteins (45-48). In this order of ideas,
mER association with plasmalemmal VDAC1 has been
shown to be disrupted in cortical and hippocampal
areas with the progression of AD (28,44), in parallel with
an increase in lipid raft viscosity and liquid order (49).
These findings support that functionality of signalosomes
lays on optimal composition of particular lipid species in
these microdomains. Interestingly, estrogens may act as
regulators of lipid membrane stability, suggesting that
neuroprotective actions at the plasma membrane not
only involve activation of signal transduction but also the
modulation of lipid homeostasis (50-52).

Taking into account these evidences, it is
feasible to hypothesize that estrogen loss occurring
during menopausal stages may indirectly induce changes
in membrane integrity that affect raft functionality and
neuroprotective responses against AD. Here, we have
studied whether estrogen detriment as a consequence
of menopause and ageing may alter ER signalosomes
in human brain cortical areas. This analysis has been
correlated with the results obtained in cortical areas of
AD brains of similar age.

3. EXPERIMENTAL

3.1. Materials

The rabbit polyclonal antibodies against APP,
Flotillin 1, Caveolin 1, ERa, IGF-1Rp were, respectively,
from Abcam (Cambridge, UK, for APP and Flotillin 1)
and Santa Cruz Biotechnologies (Texas, EEUU, for
Caveolin 1, ERa and IGF-1Rf). Mouse monoclonal
antibody directed to VDAC1 antibody was from Abcam.
The monoclonal anti-amyloid beta peptide antibody
and anti-PrPc antibody were purchased from Santa
Cruz Biotechnologies (Texas, EEUU). For detection of
phosphorylated residues, we used phosphoBLOCKER
blocking reagent and phosphoantibody stripping solution
that were purchased from Cell Biolabs, Inc (Madrid,
Spain). Dynabeads® Antibody Coupling Kit was from
Life Technologies. PreCast Mini protean SDS-PAGE and
immobilized pH 3-10 and pH 7-10 nonlinear gradient
strips for two-dimensional gel electrophoresis were from
Bio-Rad Laboratories (Madrid, Spain).

© 1996-2017



Cortical ERalpha signalosome alterations in menopause

Table 1. Summary of cases

Case Age (years) Gender Post-mortem delay | Neuropathological diagnosis | Braak stage

Control samples with age <50 (group C <50)

1 24 F 6h NL 0

2 46 F 9h 35 min NL 0

3 46 F 7h NL 0

4 47 F 7h NL 0
Post-menopausal samples with age >65
(group C >65)

5 65 F 4h NL 0

6 73 F 7h NL 0

7 66 F 8h NL 0

8 69 F 02 h 30 min NL 0

9 71 F 08 h 30 min NL 0

10 81 F 4h NL 0

1 64 F 5h NL 0

12 75 F 3h NL 0

13 78 F 3 h 40 min NL 0

14 82 F 11h NL 0
AD samples (group AD)

15 82 F 10h AD VvC

16 69 F 20 h AD VC

17 86 F 10h AD+AmMA VvC

18 82 F 2 h 30 min AD VC

19 72 F 4 h 15 min AD+AmMA VvC

20 96 F 10h AD VC

27 85 F 12h AD VviC
F: Female; NL: No lesions; AD: Alzheimer disease. V/VI: Refers to Braak and Braak stages of AD-related changes; C: Large numbers of senile
plaques in the neocortex

3.2. Human brain samples

Post-mortem human brain tissues were obtained
from the Institute of Neuropathology Brain Bank (Bellvitge
University Hospital). Samples were manipulated following
legal and ethical guidelines for Biomedical Research
involving human subjects and approval of the local Ethics
Committee. Seven cases were from women suffered
from severe dementia of the Alzheimer type (stage V-VI),
according to Braak and Braak (53,54). Ten cases were
from post-menopausal women of similar age (> 65 years,
indicated as >65 y throughout the text), and four cases
were from pre-menopausal women (<50 years, indicated
as <50 y throughout the text), both groups without any
apparent neurological or neuropathological disorders.
The postmortem delay was between 4 and 20 h. Frontal
cortex (area 8) was dissected free of white matter and
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used for lipid raft isolation. A summary of these cases is
shown in Table 1.

3.3. Lipid raft isolation

Lipid raft fractions were obtained following
previous protocols (55) with minor modifications (41).
Briefly, frontal cortex tissue was homogenized in
buffer A (50 mM Tris-HCI pH 8.0., 10 mM MgCl,, 20
mM NaF, 1mM Na3VO4, 5 mM B-mercaptoethanol,
1 mM PMSF), and processed for sucrose gradients
differential centrifugation. Six fractions of 2 ml were
obtained. Fractions 2 and 3 (F2, F3) were collected
and used as lipid raft fractions and fraction 6 (F6) and
the resulting pellet were used as non-raft fractions.
Characterization of lipid raft and non-raft fractions
was previously performed by immunoblotting with a
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battery of lipid raft and non-raft protein markers (data
not shown).

3.4. SDS-PAGE and two-dimensional gel
electrophoresis

For SDS-PAGE, lipid raft fractions were
resuspended in SDS loading buffer (625 mM Tris-HCI,
1% sodium dodecyl sulphate, 10% glycerol, 5%
B-mercaptoethanol and 0.0.01% bromophenol blue,
pH 6.8.). Equal amount of protein (> 4 ug) was loaded
on 125.% SDS-PAGE using Mini-Protean TGX
Gels (456-1034 Bio-Rad). For two-dimensional gel
electrophoresis, lipid raft and non-raft samples were
resuspended in DeStreak Rehydration Solution (GE
Healthcare) (30 ug of protein/125 pL). Protein samples
were embedded into immobilized pH gradient 7 cm-length
strips (pH 7-10 or pH 3-10), and isoelectrofocused up to
20,000 V/h, following manufacturer’s instructions (Bio-
Rad). Then, isoelectrofocused strips were equilibrated
first in equilibration buffer containing 2% (w/v) ditiothreitol
(DTT) for 10 min at room temperature, followed by
alkylation in equilibration buffer containing 2.5.% (w/v)
iodoacetamide. Strips were processed in 12.5. % SDS-
PAGE for second dimension resolution.

3.5. Immunoblotting

Protein extracts resolved by electrophoresis
were transferred to PVDF membranes, using Trans-
blot Turbo Transfer System (Bio-Rad) following
manufacturer’s guidelines. Then, PVDF membranes
were immersed in Blotting grade blocker diluted in Tris-
buffered saline at 5% (BLOTTO), followed by incubation
with the different primary antibodies used in the study
(overnight at 4°C with gentle agitation). Antibodies
from Abcam were diluted 1:1,000 in BLOTTO, and
antibodies from Santa Cruz biotech were diluted 1:200,
as recommended. The anti-phosphotyrosine antibody
was diluted in 5% phosphate-free bovine serum albumin
(BSA). After washing three times for 5 min in Tris-buffered
saline (TBS) with 0.1.% Tween-20, membranes were
then incubated with horseradish peroxidase conjugated
secondary antibodies (diluted 1:5,000 in BLOTTO) for 2 h
atroom temperature with gentle agitation. Immunospecific
signals were visualized by Clarity Western ECL substrate
kit (Bio-Rad). Chemiluminescent bands were processed
using Chemie-Doc MP Imaging System (Bio-Rad), and
analyzed using Image Lab programme.

3.6. Immunoprecipitation assays

Direct immunoprecipitation assays were
performed in order to study potential interactions
between Caveolin-1, VDAC, Estrogen Receptor-a and
IGF-IRB. Specific anti- Caveolin-1 monoclonal antibody
(Abcam) was linked to magnetic beads using the
Dynabeads® Antibody Coupling Kit (Life Technologies),
following manufacturer’s instructions. 1mg beads per
6 ug antibody were used. Lipid Raft and non-Raft
fractions from the different subjects were resuspended in

cold Immunoprecipitation Buffer (Tris-HCI 50 mm, NaCl
100 mm, EDTA 1 mm, NP40 0.5.% and Protease inhibitor
cocktail Complete (Roche)). Antibody-coated beads were
added to the samples (2 ug antibody to each sample),
and incubated overnight at 4°C with gentle agitation. After
incubation, supernatant was removed out, and beads
were washed 3 times in Tris-NaCl Buffer (Tris 20mM,
NaCl 100mM, pH 7.4.). Beads were finally resuspended
in SDS loading buffer. Protein material unbound to
antibody coated beads (supernatant) was precipitated
in cold (-20°C) acetone (four times the volume of
protein samples) overnight at -20°C. After centrifugation
(15,000 x g for 15 min), precipitated material was
resuspended in SDS in loading buffer. Samples were
then analyzed by SDS-PAGE and immunoblotting.

3.7. Lipid analyses

Lipid analyses was performed as explained
elsewhere (42,44,56). Lipid classes were analyzed
by scanning densitomery on one-dimensional high
performance thin layer chromatography plates. Fatty acids
from total lipids were analyzed by gas chromatography
of fatty acids methyl esters obtained by acid-catalized
transmethylation.

3.8. Statistical analyses

Data were assessed by one-way analysis of
variance (ANOVA-I) followed by Student-Newman-Keuls
t-test or Tukey’s post hoc tests, where appropriate.
Numerical data were represented as mean + SEM.
Statistical significance in Figures is indicated from
p < 0.0.5. Lipid data was further analyzed using a
multivariate approach by means of principal component
analyses (PCA).

4. RESULTS

4.1. Distinct patterns of mERalpha-related
signalosome in frontal cortex during
menopausal stages and AD

Our previous work suggested that the
dynamic of raft protein markers embedded in
mERua-related signalosomes may be at the basis of
neuronal protection against different age-associated
neuropathologies (4,26,52). In this order of ideas,
profound alterations in raft multiprotein complexes have
been shownrelated toAD (44). Moreover, rearrangements
of these signalling platforms may depend on the levels
of extracellular estrogen to modulate intracellular
homeostatic responses (32). To study whether alterations
of circulating estrogen levels occurring during menopause
may affect neuronal mERa signalosomes, we analysed
by immunoblotting in lipid raft fractions from frontal cortex
of post-menopausal subjects (> 65 y) the presence of
different protein markers known to modulate some of
the molecular aspects of AD. For comparison, we also
analysed these same protein patterns in either pre-
menopausal samples or AD samples at late stages (V/VI).
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Figure 1. Distinct protein marker distribution in lipid raft and non-raft
fractions during menopause and AD. Proteins from lipid raft fractions
(F2-F4) and non-raft fraction (NR) from frontal cortex of women below
50 years old without apparent lesions (<50 y WLS), women above 65
years old without apparent lesions (>65 y WLS) and women with AD at
late stages of the disease (ADV/VI) were loaded on 12.5.% SDS-PAGE
for immunoblotting analysis with specific antibodies directed against the
different raft protein markers of the study (see Material & Methods): anti-
amyloid precursor protein (APP), anti-insulin growth factor-1 receptor beta
(IGF-1Rp), anti- estrogen receptor alpha (ERa), anti-Voltage dependent
anion channel (VDAC), and anti-amyloid beta peptide (Af). As a control of
lipid rafts, antibodies against anchoring proteins flotillin 1 (Flot 1), caveolin
1 (Cav-1), and Prion protein (PrPc) were also used. Equal amounts of
proteins were loaded for the different samples. Apparent Molecular
weights expressed in kilodaltons are indicated on the right. Five assays
per group.

Thus, lipid raft fractions and non-raft fractions were
used for immunoblotting with specific antibodies against
the following makers: ERo. and IGF-1Rp, as estrogen
modulators of neuroprotection; APP and VDAC1, known
to be involved in AP formation and toxicity; Flotillin
1 (Flot 1), Caveolin 1 (Cav 1) and PrPc as lipid raft
structural proteins (Figure 1). An antibody against Af
was also used to visualize potential amyloid aggregates.
Results show that, as compared with controls without
lesions (< 50 y), some differences in the dynamic of
VDAC, IGF-1Rp and ERa were observed in > 65 vy
group, observing a progressive trafficking from F2-F4
to P, in particular in the case of VDACH. Interestingly, in
AD samples, both, ERa and IGF-1Rf were absent from
lipid raft fractions, whereas the amount of these proteins
were only represented in non-raft pellets. The reduced
representation of these receptors may be a consequence
of low levels of extracellular ligand (i.e. estrogen and
insulin growth factor-1) availability. A similar trafficking
to non-raft fractions was observed for VDAC. On the
contrary, APP appeared to increase in AD lipid raft
fractions (F2). This is in agreement with previous results,
where APP ftrafficking into lipid rafts was shown to be
a requirement to enhance AP processing (57). Indeed,

here using an antibody against different structures of Ap,
a high amount of different morphological populations of
AP was observed in AD samples, as an indicative of an
enhancement of Af production and aggregation.

Overall, these results indicate that some
rearrangements in ERo-related signalosome may occur
as a consequence of the menopause, these changes
being exacerbated during AD.

4.2. Disruption of mERalpha-related
signalosome during menopausal stages
and AD

Previous data has shown that mERa interaction
with other raft signalling proteins, such as IGF-1Rf3
and VDAGC, is regulated by caveolin 1 which is known
to play a pivotal anchoring role for the interaction of
these protein markers involved in neuroprotection (30).
Moreover, alterations in signalosome interactions,
such as mERa/VDAC associations, appear to promote
neurotoxicity in AD (28). These perturbations are
enhanced during ageing, as a consequence of lipid raft
structural impairment (43). In order to investigate whether
mERa-related signalosome disarrangements may be
reflected during menopausal periods, we performed
immunoprecipitation experiments with anti-caveolin 1
(CAV 1) polyclonal antibody, using lipid raft and non-raft
fractions from the three experimental groups (<50y, >65y,
and ADV-VI) (Figure 2). Immunoprecipitation assays in
lipid raft (LR) fractions induced the coprecipitation of
ERa, IGF-IRB and VDAC in <50 y WLS. However, in
neither >65 y or AD experimental groups, VDAC1 was
absent of these immunocomplexes, thus corroborating
the low levels of VDAC detected in LR fractions. On the
contrary, in these two groups there was a progressive
coprecipitation of APP in LR fractions, suggesting that
the trafficking of this protein into LRs enhances its
association with Cav-1. Conversely, as expected in non-
raft fractions, no apparent coprecipitation with Cav-1 was
observed for any of these markers.

This data indicates that VDAC shifted out of the
lipid raft and then lost its association with Cav-1 during
both menopause and AD development. This phenomenon
may have consequences regarding the regulation of the
channel.

4.3. Progressive VDAC dephosphorylation in
lipid raft samples from menopausal and AD
subjects

Previous findings have demonstrated that
estrogen, through binding to mERa, enhances plasma
membrane VDAC1 phosphorylation, and inactivation,
as part of the alternative mechanisms of neuroprotection
against AP (35,58). Indeed, disruption of mMERa/VDAC
complex has been observed in human cortex of AD brains
(28). In agreement with this, it has been reported that
VDAC1 dephosphorylationis induced by Ap at the neuronal
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Figure 2. Both, menopause and late stages of AD promote the disruption of ERa-related signalosome multicomplex in lipid raft microdomains. (A) Lipid
raft fractions (LR) and non-raft (NR) fractions from the three experimental groups (women below 50 years old without apparent lesions, <50 y, women
above 65 years old without apparent lesions, >65 y, and women at stages ADV/VI) were subjected to immunoprecipitation with anti-caveolin 1 antibody
(IP:Cav-1). The resultant immunoprecipitated material was run on 12.5.% SDS-PAGE, and immunoblotted (IB) with corresponding anti-APP, anti-IGF-
1Rp, anti-ERa and anti-VDAC antibodies. Equal amount of protein extracts were used. As immunoblotting controls, inputs of the different raft and non-raft
extracts were also loaded. Apparent Molecular weights expressed in kilodaltons are indicated on the right. (B) Normalized densitometry values of the
different immunoblotting bands of co-precipitated amyloid precursor protein (APP), insulin growth factor 1 receptor beta (IGF-1), estrogen receptor alpha
(ER) and voltage-dependent anion channel (VDAC) relative to the amount of immunoprecipitated caveolin 1 (Cav-1) values in the different lipid raft (LR)
and non-raft (NR) fractions. The three experimental groups are represented by < 50 (premenopausal subjects below 50 years old), > 65 (menopausal
subjects above 65 years old), and Alzheimer’s disease (AD) group. Four assays per group.

membrane as part of the neurotoxicity mechanism (40).
In view of these results, it is conceivable that estrogen
detriment occurring during menopause may indirectly
affect VDAC1 phosphorylation state, making the channel
more prone to gating, thereby promoting extrinsic apoptosis
(59,60). In an attempt to explore whether the absence
of VDAC in lipid rafts of cortical areas in menopausal
women may promote VDAC dephosphorylation, we have
performed a set of experiments with, both, lipid raft (LR)
and non-raft (NR) fractions by protein isoelectrofocusing
assays and Western blotting. Thus, LR and NR proteins
from the three experimental groups (<50 y, >65 y, ADV/VI)
were processed by two-dimensional gel electrophoresis,
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and immunoblotted with specific anti-VDAC monoclonal
antibody. VDAC1 has been previously reported in lipid
rafts from human cortex and hippocampus to be resolved
by isoelectrofocusing in four distinct spots (isoelectric
points, p/ 7.9., 8.4., 9.5. and 10.0.). Isoforms with p/ 8.4.
and 9.5. corresponded to Tyr-phosphorylated forms, and
p/ 10.0. to unmodified VDAC1 (40). This same pattern
was observed here in control samples <50 y WLS,
using pH 7-10 nonlinear gradient strips (Figure 3A).
However, in >65 y WLS group, there was a progressive
loss of phosphorylated VDAC in lipid raft F2 fraction, in
parallel with a progressive displacing of VDAC isoforms
to non-raft fraction. In AD, VDAC1 was not significantly
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Figure 3. Post-transcriptional pattern of VDAC is altered in cortical lipid rafts in menopausal periods and ADV/VI. (A) Lipid raft (LR) and non-raft (NR)
fractions from the different experimental groups (women below 50 years old without apparent lesions, <50 y, women above 65 years old without apparent
lesions, >65 y, and women at stages ADV/VI) were electrophoresed in two-dimensional gels using pH 7-10 nonlinear gradient strips. Then, strips were
processed on second-dimensional 12.5.% SDS-PAGE, and immunoblotted with monoclonal anti-VDAC specific antibody. Equal amounts of protein
extracts were loaded for the different experimental groups: women below 50 years old without apparent lesions, <50 y, women above 65 years old without
apparent lesions, >65 y, and women at stages ADV/VI. As a control, another set of two-dimensional electrophoresis with the same protein amount were
processed for immunoblotting with anti-flotillin 1 antibody in LR samples, and with anti-actin 1 antibody in non-raft samples. Apparent Molecular weights
are indicated on the right side. (B) Normalized densitometric values of the different VDAC spots relative to flotillin and actin in, respectively, lipid raft and
non-raft samples of the three experimental groups, as resolved in two-dimensional electrophoresis and immunoblotting. Four assays per group.

represented in LR, and VDAC1 spots were only visible in
non-rafts. As a control, the same amounts of the sample
were double run on similar two-dimensional gels using
pH 3-10 nonlinear gradient strips, and immunoblotted with
antibodies directed to flotillin 1 and to actin, as a control
of LR and NR. As expected, flotillin 1 was detected as a
main large spot at approximately p/ 7.0. in LR, whereas
actin was found at p/ 5.5. in NR. Figure 3B illustrates
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the semiquantitative distribution of the distinct VDAC1
isoforms in each experimental group, and the spot's
densitometric values relative to either flotillin 1 (LR) or
actin (NR).

These results suggest that estrogen detriment

during menopause correlates with  progressive
dephosphorylation of VDAC in lipid raft fractions,
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Figure 4.

concomitantly with a trafficking of the porin out of these
microdomains. This phenomenon is exacerbated in late
stages of AD.

4.4. Lipid profiles in lipid rafts from pre-
menopausal, post-menopausal and AD
subjects

Analyses of main lipid classes and fatty acids are
shown in Figure 6. Apparently, there were no significant
differences between control pre- and post-menopausal
women although some trends were observed for
increased 18:1n-9, 22:6n-3 and cerebrosides, and
decreased cholesterol and sphingomyelin. Conversely,
significant differences were detected when comparing
post-menopausal and AD women. All three fatty acids
illustrated (18:1n-9, 20:4n-6 and 22:6n-3) were notably
reduced in AD individuals. The main consequence
of these changes was the significant reduction of
unsaturation index, which suggest that lipid rafts from
AD women are substantially more viscous and liquid-
ordered than in age-matched post-menopausal women.

Regarding lipid classes, no changes were observed for
prototypical lipid raft constituents, namely sphingomyelin
(SM), cholesterol (CHO), saturates, cerebrosides
and sulphatides. However, a significant increase was
detected for lyso-phosphatidylcholine (LPC) and sterol
esters in AD lipid rafts.

Principal component analyses using the
same lipid combination described above, revealed
that PC1, which explains 40.3.% of total variance,
was positively correlated to monounsaturated and
polyunsaturated fatty acids (more abundant in non-AD
women) and negatively to SE and LPC (more abundant
in AD women) (Figure 4A). PC2 explained 21% of total
variance and positively correlated to cerebrosides
and suphatides (which were slightly increased in post-
menopausal women) and negatively to cholesterol and
sphingomyelin (which, in turn, were slightly decreased in
post-menopausal women). Plotting factor scores for the
three groups revealed that AD lipid rafts are segregated
within a single cluster, while non-AD lipid rafts showed
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some overlapping though exhibiting a certain degree
of segregation (Figure 4B). These results indicate that
the biochemical structure of lipid rafts is sufficient to
discriminate between AD and non-AD women and, to
a lesser extent, to differentiate between pre- and post-
menopausal women.

5. DISCUSSION

Increasing evidence reveals the impact
of lipid rafts in neuroprotective actions of estrogen
against different injuries such as AD (4,61,62). These
membrane microstructures are key elements that
facilitate, among others, lipid-protein and signaling protein
interactions to promote brain preservation against AD
neuropathology (63,64). Part of estrogen alternative
mechanisms of neuroprotection occurs through membrane
ERo integrated in these signaling platforms, which interacts
in multimolecular complexes with IGF-1Rf3, VDAC1 and raft
anchoring caveolin-1 to trigger transduction signals (4,32).
Other still poorly characterized members of signalosomes
are membrane glutamatergic receptors (mGIuR), which
have also been shown to interact with mERo. in a complex
with caveolin 1 (64).

Lipid rafts act as scaffolds for signaling receptors
and ion channels that communicate extracellular ligands
tointracellular signaling, inducing dynamic rearrangement
and modulation of these multimolecular entities. In this
sense, integration of mERa in these microstructures
supports the fact that extracellular estrogen availability
is involved in signalosome homeostatic regulation, a
phenomenon which may be relevant in intracellular
signaling mechanisms for neuronal survival. Taking
into account these premises, in this work, we have
demonstrated that lipid rafts from the frontal cortex
of post-menopausal women show alterations in the
compartmentalization and dynamic of proteins residing
in estrogen-responding signalosomes, such as mERq,
IGF-1Rp and VDAC1. Although not the subject of this
study, it is worth mentioning that this protein complex
may also depend on IGF-1 ligand, as both molecules
may cross-talk in these signalosomes to adapt the final
intracellular neuroprotective response against different
types of injuries (32). In line with this, the efficiency of
ERo/IGF-1R interactions also appears to decrease with
aging (65,66).

An observed consequence of menopause is
the disruption of multimolecular mERa/VDAC/IGF-1Rp/
Cav-1 associations. This phenomenon was exacerbated
in similar fractions of age-matched AD samples at late
stages of the disease (ADV/VI). This data suggests that
one of the effects of the decline in estrogen levels after
menopause may be accompanied by disarrangements
of mERa-related signalosome in cortical brain areas,
a phenomenon that may make neurons more prone to
neuropathological events related to aberrant protein
clustering and toxic cell signalling.

One of the main alterations in cortical post-
menopausal lipid rafts observed in this work is the
progressive displacement of VDAC1, which in parallel
increases its presence in non-raft pellets, in correlation
with the dissociation of MERo/VDAC complex. Previous
data has revealed the functional relevance of this
molecular complex in lipid rafts, which participates in the
protection against AB-induced toxicity. Indeed, mERao/
VDAC association anchored to caveolin-1 has been
shown in lipid rafts from frontal cortex, hippocampus
and septum of, both, mouse and human brains (28,58).
In agreement, it has been reported an increase in
Ap-induced toxicity concomitantly with dysfunctioning
of this macromolecular complex (28). Moreover, part
of mERa signalling to promote neuroprotection is
related to the inactivation of VDAC1 by modulation of
channel phosphorylation (34). This estrogen signalling
mechanism involves the rapid activation of, both, PKA
and Src-kinase cascades, the latter phosphorylating
the channel in tyrosine residues, and blocking channel
gating (36,37,67). Hormonal effects on VDAC1 appears
to be specific of physiological estrogens since selective
estrogen receptor modulators (SERMs) known to bind
to ER, such as tamoxifen, induce the opposite effect on
VDAC1, and cause the dephosphorylation in tyrosine
residues of this channel (34).

Endogenous phosphorylation of VDAC1 in
lipid raft fractions appears to be a general phenomenon
as it has been observed in immortalized septal and
hippocampal cell lines, cortical murine areas, and
human cortical and hippocampal areas (34,35,40,60).
Furthermore, toxic AB mechanism triggered at the
plasma membrane induces VDAC1 dephosphorylation,
observing an alteration of VDAC1 phosphoisoforms in
lipid rafts of AD brains since the early stages (40). Similar
results were obtained in this work at stages ADV/VI,
where the porin phosphoisoforms were absent of lipid
rafts. Indeed, anomalous alterations in VDAC pattern
of phosphorylation have also been shown to be related
to synaptic impairment in, both, AD patients and Down
syndrome (68). Therefore, closing of the channel at the
neuronal membrane appears to be crucial for neuronal
preservation against A toxicity. In addition, VDAC1 may
also participate in Af processing, as the porin has been
found associated with APP, gamma-secretase and Af in
human cortical areas (39,44,69). Furthermore, the porin
has been shown to be highly abundant at the vicinity of
senile plaques and neurofibrillary tangles (28,61).

The functional integrity of the brain protein
signalosome depends on the structural stability that
a balanced raft lipid homeostasis provides. Lipid
composition is a crucial parameter to determine
the dynamic and functional properties of these
microdomains (70). Particularly abundant in lipid rafts are
cholesterol, sphingolipids and saturated fatty acids as
key elements of these microdomains, providing peculiar
physicochemical properties distinct from the rest of the

© 1996-2017



Cortical ERalpha signalosome alterations in menopause

plasma membrane (71,72). Although less abundant, it has
been claimed that lipid impairment in these membrane
microdomains may also be a consequence of abnormally
low levels of polyunsaturated fatty acids, in particular
docosahexaenoic acid (22:6n-3, DHA). and arachidonic
acid (20:4n-6, AA), and monounsaturated fatty acids
(mainly oleic acid, 18:1n-9), thereby reducing the
unsaturation index, which leads to increased viscosity and
liquid order, in parallel with a reduction of lateral mobility
and phase transition, that will undoubtedly affect lipid-
protein and protein-protein interactions (49,73,74). Our
univariate analyses revealed that lipid rafts in AD women
exhibit lower levels of polyunsaturated (DHA and AA)
and monounsaturated fatty acids (oleic acid), as well
as increased sterol esters. AD lipid rafts also contained
significant contents of lyso-phosphatidylcholine (LPC),
which were totally absent in non-AD lipid rafts. The
presence of LPC which is generated secondarily (although
not exclusively) by free radical-catalyzed oxidation of
polyunsaturated phosphatidylcholines, and are indicative
of oxidative damage of membrane phospholipids (75).
This finding supports the general notion that oxidative
stress is an essential part of the pathological process
in the progression of AD (76,77). Multivariate analyses
revealed that all these variables are extracted in PC1
and account for a complete segregation of AD group
from non-AD groups. It is known that abnormal lipid
composition in these microstructures may modulate
the formation and aggregation of Af, since it has been
observed that APP and [(-secretase, key elements of
amyloid production, are ftrafficking into lipid rafts from
the early stages of AD (ADI-Il) (44). This phenomenon
enhances interaction between these key elements of
AP production, thus providing a mechanism to increase
toxicity. On the other hand, alterations of raft lipid matrix
appear to occur during normal ageing, although this
trend is accelerated since the first stages of AD, inducing
protein molecular disarrangements that contribute to
neuropathological progression of the disease (43,44,49)
which suggest a mechanistic correlation between lipid
alterations and toxic amyloidogenesis. Furthermore, we
have observed that the main lipid classes represented
in PC2 (including sphingomyelin, cholesterol, sulphatides
and cerebrosides) allow a certain degree of discrimination
between pre- and post-menopausal women. These
observations indicate that although no significant
differences were observed in these lipid species
individually, the whole set of these lipids are subjected to
subtle changes that allow pre- and post-menopausic lipid
rafts to be distinguished, thereby pointing to an effect of
ageing and/or estrogen deprivation.

Interestingly, emerging findings suggest that,
apart from ftriggering rapid signalosome responses,
estrogens may play a crucial role in the homeostatic
modulation of lipid rafts (52,78). These findings represent
a new aspect of estrogen activity in the brain, and may be
highly significant regarding beneficial estrogen actions in
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neurons. So far, very few studies have investigated the
potential modulation of estrogens on brain lipids in AD
brains (50,79-81). In particular, the hormone appears to
regulate brain DHA levels, which is the most abundant n-3
long chain polyunsaturated fatty acid in neural tissues (82).
Although this fatty acid is not particularly abundant in lipid
rafts, it is essential to maintain a high degree of freedom
and molecular disorder in these microstructures to allow
macromolecular interactions (83). In support of this, DHA
detriment in lipid rafts from cortical and hippocampal
brain areas has been reported to increase raft order and
viscosity, which is a main factor in AD development (44,49).
Furthermore, physiological doses of the hormone appear
to be crucial in regulation and bioavailability of brain DHA
levels during pregnancy in rats and, conversely, DHA
may also act synergistically with estrogen to stabilize
brain lipid structure (50,56). This data suggests that an
additional role of estrogens in brain preservation against
AD neurodegeneration is through the preservation of
DHA levels and dynamic in the brain, in particular in
brain areas associated with cognitive activities, such
as the frontal cortex and hippocampus (50,52). Taken
together, these findings point to a dual role of estrogen
in lipid rafts. On the one hand, the hormone may be a
promoter of healthy intracellular responses modulated by
mERa-related signalosomes against AB neuronal. On the
other hand, estrogen may act as a lipostatic modulator to
maintain lipid balance and integrity of these membrane
microdomains (50).

In view of these reports, it is conceivable that
falling estrogen levels that occur after menopause
may be a condition that alters lipid raft functionality
and integrity. To our knowledge, our observation on
ERo-related signalosome disruption and subsequent
VDAC dephosphorylation reported here is the first
demonstration in support of this hypothesis. Indeed,
ERs are widely distributed in different brain regions, and
estrogen signaling in numerous brain functions has been
solidly, including rapid responses (84,85). Numerous
studies have documented that women are protected
against AD and other dementia relative to men, whereas
this tendency is inverted following menopause and
ageing (86-88). Among other factors, circulating estrogen
decline is coincident with brain metabolic dysfunction
and a detriment in bioenergetics may contribute to
age-related cognitive decline, and may compromise
brain health (66,89). The exact impact of low levels of
circulating estrogen that cross the blood-brain barrier
is uncertain since there is also a local production of
endogenous estrogen in the brain (90,91). However,
there is a direct correlation between the fluctuation of
estrogen levels during the menstrual cycle and brain
activity changes (92), thus indicating a direct and
immediate effect of blood estrogen levels on the brain.
Therefore, taking into account the minimal age of post-
menopausal subjects (>65 y old), that was much higher
than the final menstrual period (93,94), it is plausible that
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undetectable levels of estrogen may also be expected in
the brain of postmenopausal subjects used in this work.

Altogether, these data indicate that the decrease
of estrogen occurring during menopause may have
significant consequences on ERo-related signalosomes
in cognitive areas, such as the frontal cortex. The
effects of estrogen detriment on the impairment of these
signaling platforms may be dual. On the one hand, it may
induce protein-lipid and protein-protein rearrangements
and toxic signaling, such as VDAC1 dephosphorylation,
which may promote AB-induced toxicity. On the other
hand, it may provoke alterations in the proportions of
distinct lipid classes in lipid raft composition that may
contribute to the onset and progression of AD. This
information opens up new perspectives in potential
indicators of the disruption of membrane lipid rafts that
may be detected as peripheral biomarkers to identify
women at risk for AD development as a consequence of
estrogen detriment during menopause.

6. ACKNOWLEDGEMENTS

This work was supported by grant SAF2014-
52582-R. A. Canerina-Amaro holds a fellowship from
ACIISI. The authors would like to thank Leslie Beeson for
his assistance in editing the manuscript.

7. REFERENCES

1. DW Brann, K. Dhandapanai, C. Wakade,
VB Mahesh, MM Khan: Neurotrophic and
neuroprotective actions of oestrogen: basic
mechanisms and clinical implications.
Steroids 72, 381-405 (2007)

DOI: 10.1016/j.steroids.2007.02.003

2.  SBPetrovska, Dejanova, V Jurisic: Estrogens:
mechanisms of neuroprotective effects.
J Physiol Biochem 68, 455-60 (2012)
DOI: 10.1007/s13105-012-0159-x

3.  EB Engler-Chiurazzi, M Singh, JW Simpkins:
From the 90's to now: A brief historical
perspective on more than two decades
of estrogen neuroprotection. Brain Res 1633,
96-100 (2015)

DOI: 10.1016/j.brainres.2015.12.044

4. R Marin, J Marrero-Alonso, C Fernandez, D
Cury, M Diaz: Estrogen receptors in lipid raft
signalling complexes for neuroprotection.
Front Biosci (Elite Ed) 4, 1420-1433 (2012)
DOI: 10.2741/e471

5.  JW Simpkins, M Singh, C Brock, AM Etgen:
Neuroprotection and estrogen receptors.
Neuroendocrinology 96, 119-30 (2012)

121

10.

1.

12.

13.

14.

DOI: 10.1159/000338409

CL Schengrund: Lipid rafts: keys to
neurodegeneration. Brain Res Bull 82,
7-17 (2010)

DOI: 10.1016/j.brainresbull.2010.02.013

S Sonnino, MAureli, S Grassi, LMauri, S Prioni,
A Prinetti: Lipid rafts in neurodegeneration
and neuroprotection. Mol Neurobiol 50,
130-148 (2014)

DOI: 10.1007/s12035-013-8614-4

N Vasudevan, DW Pfaff: Non-genomic actions
of estrogens and their interaction with genomic
actions in the brain. Front Neuroendocrinol
29, 238-257 (2008)

DOI: 10.1016/j.yfrne.2007.08.003

ER Levin: Plasma membrane estrogen
receptors. Trends Endocrinol Metab 20,
477-482 (2009)

DOI: 10.1016/j.tem.2009.06.009

R Marin, B Guerra, R Alonso, CM Ramirez,
M Diaz: Estrogen activates classical and
alternative mechanisms to orchestrate
neuroprotection. Curr Neurovasc Res 4,
287-301 (2005)

DOI: 10.2174/156720205774322629

SC Correia, RX Santos, S Cardoso, C
Carvalho, MS Santos, CT Oliveira, PI
Moreira: Effects of estrogen in the brain:
Is it a neuroprotective agent in Alzheimer’s
disease? Curr Aging Sci 3, 113-126 (2010)

AM Pedram, Razandi, ER Levin: Nature
of functional estrogen receptors at the
plasma membrane. Mol Endocrinol 20,
1996-2009 (2006)

DOI: 10.1210/me.2005-0525

BS McEwen, KT Akama, JL Spencer-Segal,
TA Milner, EM Waters: Estrogen effects on
the brain: actions beyond the hypothalamus
via novel mechanisms. Behav Neurosci 126,
4-16 (2012)

DOI: 10.1037/a0026708

DB Dubal, SW Rau, PJ Shughrue, H Zhu, J
Yu, AB Cashion, S Suzuki, L M Gerhold, MB
Bottne, SB Dubal, | Merchanthaler, MS Kindy,
PM Wise: Differential modulation of estrogen
receptors (ERs) in ischemic brain injury: arole
for ERalpha in estradiol-mediated protection
against delayed cell death. Endocrinology
147, 3076-3084 (2006)

DOI: 10.1210/en.2005-1177

© 1996-2017


http://dx.doi.org/10.1016/j.steroids.2007.02.003
http://dx.doi.org/10.1007/s13105-012-0159-x
http://dx.doi.org/10.1016/j.brainres.2015.12.044
http://dx.doi.org/10.2741/e471
http://dx.doi.org/10.1159/000338409
http://dx.doi.org/10.1016/j.brainresbull.2010.02.013
http://dx.doi.org/10.1007/s12035-013-8614-4
http://dx.doi.org/10.1016/j.yfrne.2007.08.003
http://dx.doi.org/10.1016/j.tem.2009.06.009
http://dx.doi.org/10.2174/156720205774322629
http://dx.doi.org/10.1210/me.2005-0525
http://dx.doi.org/10.1037/a0026708
http://dx.doi.org/10.1210/en.2005-1177

Cortical ERalpha signalosome alterations in menopause

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

GE Hoffman, | Merchenthaler, SL Zup:
Neuroprotection by ovarian hormones in
animal models of neurological disease.
Endocrine 29, 217-231 (2006)
DOI: 10.1385/ENDOQO:29:2:217

E Brailoiu, SL Dun, GC Brailoiu, K Mizuo,
LA Sklar, TI Oprea, ER Prossnitz, NJ Dun:
Distribution and characterization of estrogen
receptor G protein-coupled receptor 30 in the
rat central nervous system. J Endocrinol 193,
311-321 (2007)

DOI: 10.1677/JOE-07-0017

ER Prossnitz, JB Arterburn, LA Sklar: GPR30:
A G protein-coupled receptor for estrogen.
Mol Cell Endocrinol 265-266, 138-142 (2007)

R Hammond, RB Gibbs: GPR30 is positioned
to mediate estrogen effects on basal
forebrain cholinergic neurons and cognitive
performance. Brain Res 1379: 53-60 (2011)

F Acconcia, P Ascenzi, A Bocedi, E Spisni,
V Tomasi, A Trentalance, P Visca, M Marino:
Palmitoylation-dependent estrogen receptor
alpha membrane localization: regulation
by 17beta-estradiol. Mol Biol Cell 16,
231-237 (2005)

DOI: 10.1091/mbc.E04-07-0547

M  Marino, P Ascenzi, F Acconcia:
S-palmitoylation modulates estrogen
receptor alpha localization and functions.
Steroids 71, 298-303 (2006)

DOI: 10.1016/j.steroids.2005.09.011

J Meitzen, JI Luoma, M| Boulware, VL
Hedges, BM Peterson, K Tuomela, KA
Britson, PG Mermelstein: Palmitoylation of
estrogen receptors is essential for neuronal
membrane signalling. Endocrinology 154,
4293-4304 (2013)

DOI: 10.1210/en.2013-1172

BA Tsui-Pierchala., M Encinas, J Milbrandt,
EM Johnson Jr: Lipid rafts in neuronal
signalling and function. Trends Neurosci 25,
412-417 (2002)

DOI: 10.1016/S0166-2236(02)02215-4

C Guirland, JQ Zheng: Membrane lipid rafts
and their role in axon guidance. Adv Exp Med
Biol 621, 144-155 (2007)

DOI: 10.1007/978-0-387-76715-4_11

D Lingwood, K Simons: Lipid rafts as a
membrane-organizing principle. Science 327,
46-50 (2010)

122

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

DOI: 10.1126/science.1174621

DA Hicks, NN Nalivaeva and AJ Turner:
Lipid rafts and Alzheimer’s disease: protein-
lipid interactions and perturbation of signaling.
Front Physiol 3, 189-197 (2012)
DOI: 10.3389/fphys.2012.00189

R Marin: Signalosomes in the brain: relevance
inthe development of certain neuropathologies
such as Alzheimer’s disease. Front Physiol 2,
23-27 (2011)

DOI: 10.3389/fphys.2011.00023

K Soltysik and P Czekaj:
Membrane estrogen receptors - is it an
alternative way of estrogen action? J Physiol
Pharmacol 64, 129-142 (2013)

CM Ramirez, M Gonzalez, M Diaz, R Alonso,
| Ferrer, G Santere, B Puig, G Meyer and R
Marin: VDAC and ER« interaction in caveolae
from human cortex is altered in Alzheimer’s
disease. Mol Cell Neurosci42,172-183 (2009)
DOI: 10.1016/j.mcn.2009.07.001

R Marin: Lipid rafts play a crucial role in
protein interactions and intracellular signalling
involved in neuronal preservation against
Alzheimer’s disease. In: Lipids and cellular
membranes in amyloid diseases. Eds:
R Jelinek. Wiley-VCH, Weinheim, Germany.
159-175 (2011)

R Marin, CM Ramirez, A Morales, M
Gonzalez, R Alonso and M Diaz: Modulation
of A7?-induced neurotoxicity by estrogen
receptor alpha and other associated proteins
in lipid rafts. Steroids 73, 992-996 (2008)
DOI: 10.1016/j.steroids.2007.12.007

LM Garcia-Segura, Y Diz-Chaves, M
Perez-Martin and M Darneudéry: Estradiol,
insulin-like growth factor-lI and brain aging.
Psychoneuroendocrinol 32, S57-S61 (2007)

R Marin, M Diaz, R Alonso, A Sanz, MAArévalo
and LM Garcia-Segura: Role of estrogen
receptor ? in membrane-initiated signaling in
neural cells: Interaction with IGF-1 receptor.
J Steroid Biochem Mol Biol 114, 2-7 (2009)
DOI: 10.1016/j.jsbmb.2008.12.014

YL Lan, J Zhao and S Li: Update on
the neuroprotective effect of estrogen
receptor alpha against Alzheimer’s disease.
J Alzheimers Dis 43, 1137-1148 (2015)

JL Herrera, M Diaz, JR Hernandez-Fernaud,
E Salido, R Alonso, C Fernandez, A Morales

© 1996-2017


http://dx.doi.org/10.1385/ENDO:29:2:217
http://dx.doi.org/10.1677/JOE-07-0017
http://dx.doi.org/10.1091/mbc.E04-07-0547
http://dx.doi.org/10.1016/j.steroids.2005.09.011
http://dx.doi.org/10.1210/en.2013-1172
http://dx.doi.org/10.1016/S0166-2236%2802%2902215-4
http://dx.doi.org/10.1007/978-0-387-76715-4_11
http://dx.doi.org/10.1126/science.1174621
http://dx.doi.org/10.3389/fphys.2012.00189
http://dx.doi.org/10.3389/fphys.2011.00023
http://dx.doi.org/10.1016/j.mcn.2009.07.001
http://dx.doi.org/10.1016/j.steroids.2007.12.007
http://dx.doi.org/10.1016/j.jsbmb.2008.12.014

Cortical ERalpha signalosome alterations in menopause

35.

36.

37.

38.

39.

40.

41.

42.

and R Marin: Voltage-dependent anion
channel as a resident protein of lipid rafts:
post-transductional regulation by estrogens
and involvement in neuronal preservation
against Alzheimer’s disease. J Neurochem
116, 820-827 (2011)

DOI: 10.1111/j.1471-4159.2010.06987 .x

JL Herrera, C Fernandez, M Diaz, D Cury, and
R Marin: Estradiol and tamoxifen differentially
regulate a plasmalemmal voltage-
dependent anion channel involved in amyloid-
beta induced neurotoxicity. Steroids 76,
840-844 (2011)

DOI: 10.1016/j.steroids.2011.02.014

M Diaz, MI Bahamonde, H Lock, FJ Mufoz,
SP Hardy, F Posas and MA Valverde: Okadaic
acid-sensitive activation of Maxi CI(-) channels
by triphenylethylene antioestrogens in C1300
mouse neuroblastoma cells. J Physiol 536,
79-88 (2001)

DOI: 10.1111/j.1469-7793.2001.00079.x

V Le Mellay, J Troppmair, R Benz and UR
Rapp: Negative regulation of mitochondrial
VDAC channels by C-Raf kinase. BMC Cell
Biol 3, 14-26. (2002)

R Gupta and S Ghosh:
Phosphorylation of voltage-
dependent anion channel by c¢-Jun

N-terminal Kinase-3 leads to closure of the
channel. Biochem Biophys Res Commun
459, 100-106 (2015)

DOI: 10.1016/j.bbrc.2015.02.077

FP Thinnes: Apoptogenic interactions of
plasmalemmal type-1 VDAC and AR peptides
via GxxxG motifs induce Alzheimer’s
disease - a basic model of apoptosis? Wien
Med Wochenschr 161, 274-276 (2011)

C Fernandez-Echevarria, M Diaz, | Ferrer, A
Canerina-Amaro and R Marin: AB promotes
VDAC1 channel dephosphorylation in
neuronal lipid rafts. Relevance to the
mechanisms of neurotoxicity in Alzheimer’s
disease. Neuroscience 278, 354-366 (2014)
DOI: 10.1016/j.neuroscience.2014.07.079

V Martin, N Fabelo, G Santpere, B Puig, R
Marin, | Ferrer and M Diaz: Lipid alterations
in lipid rafts from Alzheimer's disease
human brain cortex. J Alzheimers Dis 19,
489-502 (2010)

N Fabelo, V Martin, G Santpere, R Marin,
L Torrent, | Ferrer and M Diaz: Severe

123

43.

44.

45.

46.

47.

48.

49.

50.

alterations in lipid composition of frontal
cortex lipid rafts from Parkinson’s disease and
incidental Parkinson’s disease. Mol Med 17,
1107-1118 (2011)

DOI: 10.2119/molmed.2011.00119

N Fabelo, V Martin, R Marin, G Santpere,
E Aso, | Ferrer and M Diaz: Evidence for
premature lipid raft aging in APP/PS1 double-
transgenic mice, a model of familial Alzheimer
disease. J Neuropathol Exp Neurol 71,
868-881 (2012)

DOI: 10.1097/NEN.Ob013e31826be03c

N Fabelo, V Martin, R Marin, D Moreno, |
Ferrer and M Diaz: Altered lipid composition
in cortical lipid rafts occurs at early stages of
sporadic Alzheimer’s disease and facilitates
APP/BACE1 interactions. Neurobiol Aging 35,
1801-1812 (2014)

DOI: 10.1016/j.neurobiolaging.2014.02.005

ML Diaz, N Fabelo and R Marin: Genotype-
induced changes in biophysical properties of
frontal cortexlipidraftfrom APP/PS1 transgenic
mice. Front Physiol 3, 454-466 (2012)

DOI: 10.3389/fphys.2012.00454

R Marin, JA Rojo, N Fabelo, CE Fernandez
and M Diaz: Lipid raft disarrangement as a
result of neuropathological progresses: anovel
strategy for early diagnosis? Neuroscience
245, 26-39 (2013)

A Relini, N Marano and A Gliozzi: Probing
the interplay between amyloidogenic proteins
and membranes using lipid monolayers
and bilayers. Adv Colloid Interface Sci 207,
81-92 (2014)

DOI: 10.1016/j.cis.2013.10.015

D Zhu, BL Bungart, X Yang, Z Zhumadilov,
JC Lee and S Askarova: Role of
membrane  biophysics in  Alzheimer’s-
related cell pathways. Front Neurosci 9,
186-198 (2015)

DOI: 10.3389/fnins.2015.00186

M Diaz, N Fabelo, V Martin, | Ferrer, T Gomez
and R Marin: Biophysical alterations in lipid
rafts from human cerebral cortex associate
with increased BACE1/ABPP interaction
in early stages of Alzheimer’s disease.
J Alzheimers Dis 43, 1185-1198 (2015)

M Diaz, N Fabelo, V Casafas-Sanchez,
R Marin, T Gomez, D Quinto-Alemany, JA
Pérez: Hippocampal Lipid Homeostasis
in APP/PS1 Mice is Modulated by a

© 1996-2017


http://dx.doi.org/10.1111/j.1471-4159.2010.06987.x
http://dx.doi.org/10.1016/j.steroids.2011.02.014
http://dx.doi.org/10.1111/j.1469-7793.2001.00079.x
http://dx.doi.org/10.1016/j.bbrc.2015.02.077
http://dx.doi.org/10.1016/j.neuroscience.2014.07.079
http://dx.doi.org/10.2119/molmed.2011.00119
http://dx.doi.org/10.1097/NEN.0b013e31826be03c
http://dx.doi.org/10.1016/j.neurobiolaging.2014.02.005
http://dx.doi.org/10.3389/fphys.2012.00454
http://dx.doi.org/10.1016/j.cis.2013.10.015
http://dx.doi.org/10.3389/fnins.2015.00186

Cortical ERalpha signalosome alterations in menopause

51.

52.

53.

54.

55.

56.

57.

58.

Complex Interplay Between Dietary DHA
and Estrogens: Relevance for Alzheimer’s
Disease. J Alzheimers Dis 49, 459-481 (2015)
DOI: 10.3233/JAD-150470

M Pellegrini, V Pallotini, R Marin, M Marino:
Role of the sex hormone estrogen in the
prevention of lipid disorder. Curr Med Chem
21, 2734-2742 (2014)

DOI: 10.2174/0929867321666140303123602

R Marin, V Casafias, JA. Pérez, N Fabelo,
CE Fernandez, M Diaz: Oestrogens as

modulators of neuronal signalosomes
and brain lipid homeostasis related to
protection against neurodegeneration.

J Neuroendocrinol 25, 1104-1115 (2013)
DOI: 10.1111/jne.12068

H Braak, E Braak. Temporal sequence of
Alzheimer’s disease-related pathology. In:
Cerebral cortex: Neurodegenerative and age-
related changes in structure and function of
cerebral cortex. Eds: A Peters, JH Morrison.
Kluwer Academic/Plenum Publishers,
New York, Boston, Dordrecht, London,
Moscow. 14, 475-512 (1999)

H Braak, | Alafuzoff, T Arzberger, H
Kretzschmar, K Del Tredici: Staining of
Alzheimer disease-associated neurofibrillary
pathology using paraffin sections and
immunocytochemistry. Acta Neuropathol 112,
389-404 (2006)

DOI: 10.1007/s00401-006-0127-z

A Mukherjee, L Arnaud, JA Cooper: Lipid-
dependent recruitment of neuronal Src to
lipid rafts in the brain. J Biol Chem 278,
40806-40814 (2003)

DOI: 10.1074/jbc.M306440200

N Fabelo, V Martin, C Gonzalez, A Alonso,
M Diaz: Effects of oestradiol on brain lipid
class and Fatty Acid composition: comparison
between pregnant and ovariectomised
oestradiol-treated rats. J Neuroendocrinol 24,
292-309 (2012)

DOI: 10.1111/j.1365-2826.2011.02242.x

R Bhattacharyya, C Barren, DM Kovacs:
Palmitoylation of amyloid precursor protein
regulates amyloidogenic processing in lipid
rafts. J Neurosci 33, 11169-11183 (2013)
DOI: 10.1523/JNEUROSCI.4704-12.2013

R Marin, CM Ramirez, M Gonzalez, E
Gonzalez-Mufioz, A Zorzano, M Camps, R
Alonso, M. Diaz: Voltage dependent anion

124

59.

60.

61.

62.

63.

64.

65.

66.

channel (VDAC) participates in amyloid beta-
induced toxicity and interacts with plasma
membrane estrogen receptor alpha in septal
and hippocampal neurons. Mol Memb Biol
24,148-160 (2007)

DOI: 10.1080/09687860601055559

FP Thinnes: Neuroendocrine differentiation
of LNCaP cells suggests: VDAC in the cell
membrane is involved in the extrinsic apoptotic
pathway. Mol Genet Metab 97, 241-243 (2009)
DOI: 10.1016/j.ymgme.2009.04.010

FP Thinnes: Phosphorylation, nitrosation and
plasminogen K3 modulation make VDAC-1
lucid as part of the extrinsicapoptotic pathway-
Resulting thesis: Native VDAC-1 indispensible
for finalisation of its 3D structure. Biochim
Biophys Acta 1848, 1410-1416 (2015)

DOI: 10.1016/j.bbamem.2015.02.031

| Ferrer: Altered mitochondria, energy
metabolism, voltage-dependent anion
channel, and lipid rafts converge to exhaust
neurons in Alzheimer’s disease. J Bioenerg
Biomembr 41, 425-431 (2009)

DOI: 10.1007/s10863-009-9243-5

R Marin, N Fabelo, C Fernandez-Echevarria,
A Canerina-Amaro, D Rodriguez-Barreto, D
Quinto-Alemany, F Mesa-Herrera, M Diaz:
Lipid Raft Alterations in Aged-Associated
Neuropathologies. Curr Alzheimer Res 13,
1-12 (2016)

R Williamson, C Sutherland: Neuronal
membranes are key to the pathogenesis of
Alzheimer’s disease: the role of both raft and
non-raft membrane domains. Curr Alzheimer
Res 8, 213-221 (2011)

DOI: 10.2174/156720511795256008

J Meitzen, PG Mermelstein: Estrogen
receptors stimulate brain region specific
metabotropic glutamate receptors to rapidly
initiate signal transduction pathways. J Chem
Neuroanat 42, 236-241 (2011)

DOI: 10.1016/j.jchemneu.2011.02.002

LM Garcia-Segura, GP Cardona-Gomez,
JA Chowen, I. Azcoitia: Insulin-like growth
factor-l receptors and estrogen receptors
interact in the promotion of neuronal survival
and neuroprotection. J Neurocytol 29,
425-437 (2000)

DOI: 10.1023/A:1007125626308

JR Rettberg, J Yao, RD Brinton: Estrogen: a

© 1996-2017


http://dx.doi.org/10.3233/JAD-150470
http://dx.doi.org/10.2174/0929867321666140303123602
http://dx.doi.org/10.1111/jne.12068
http://dx.doi.org/10.1007/s00401-006-0127-z
http://dx.doi.org/10.1074/jbc.M306440200
http://dx.doi.org/10.1111/j.1365-2826.2011.02242.x
http://dx.doi.org/10.1523/JNEUROSCI.4704-12.2013
http://dx.doi.org/10.1080/09687860601055559
http://dx.doi.org/10.1016/j.ymgme.2009.04.010
http://dx.doi.org/10.1016/j.bbamem.2015.02.031
http://dx.doi.org/10.1007/s10863-009-9243-5
http://dx.doi.org/10.2174/156720511795256008
http://dx.doi.org/10.1016/j.jchemneu.2011.02.002
http://dx.doi.org/10.1023/A:1007125626308

Cortical ERalpha signalosome alterations in menopause

67.

68.

69.

70.

71.

72.

73.

74.

75.

master regulator of bioenergetic systems in
the brain and body. Front Neuroendocrinol 35,
8-30 (2014)

DOI: 10.1016/j.yfrne.2013.08.001

AK Bera, S Ghosh: Dual mode of gating
of voltage-dependent anion channel as
revealed by phosphorylation. Struct Biol 135,
67-72 (2011)

DOI: 10.1006/jsbi.2001.4399

BC Yoo, M Fountoulakis, N Cairns, G Lubec:
Changes of voltage-dependent anion-
selective channel proteins VDAC1 and VDAC2
brain levels in patients with Alzheimer’s
disease and Down syndrome. Electrophoresis
22,172-179 (2001)

D O [ :
10.1002/1522-2683(200101)22:1<172:AID-
ELPS172>3.0.CO;2-P

JY Hur, Y Teranishi, T Kihara, NG Yamamoto, M
Inoue, W Hosia, M Hashimoto, B Winblad,
S Frykman, LO Tjernberg: ldentification of
novel y-secretase-associated proteins in
detergent-resistant membranes from brain.
J Biol Chem 287, 11991-12005 (2012)

DOI: 10.1074/jbc.M111.246074

S Sonnino, A Prinetti: Membrane domains
and the ‘lipid raft'’concept. Curr Med Chem 20,
4-21 (2013)

K Simons, R Ehehalt: Cholesterol, lipid rafts,
and disease. J Clin Invest 110, 597-603 (2002)
DOI: 10.1172/JC10216390

T Roég, | Vattulainen: Cholesterol,
sphingolipids, and glycolipids: what do we
know about their role in raft-like membranes?
Chem Phys Lipids 184, 82-104 (2014)

M Molander-Melin, K Blennow, N Bogdanovic,
B Dellheden, JE Mansson, P Fredman:
Structural membrane alterations in Alzheimer
brains found to be associated with regional
disease development; increased density
of gangliosides GM1 and GM2 and loss of
cholesterol in detergent-resistant membrane
domains. J Neurochem 92, 171-182 (2005)
DOI: 10.1111/j.1471-4159.2004.02849.x

MLDiaz, N Fabelo, R Marin: Genotype-induced
changes in biophysical properties of frontal
cortex lipid raft from APP/PS1 transgenic
mice. Front Physiol 3, 454-459 (2012)

DOI: 10.3389/fphys.2012.00454

J Choi, W Zhang, X Gu, X Chen, L Hong, JM

125

76.

77.

78.

79.

80.

81.

82.

83.

84.

Laird, RG Salomon: Lysophosphatidylcholine
is generated by spontaneous deacylation of
oxidized phospholipids. Chem Res Toxicol 24,
111-118 (2011)

DOI: 10.1021/tx100305b

WR Markesbery, JM Carney: Oxidative
alterations in Alzheimer’s disease. Brain
Pathol 9, 133-146 (1999)

DOI: 10.1111/j.1750-3639.1999.tb00215.x

DA Butterfield, J Drake, C Pocernich, A
Castegna: Evidence of oxidative damage in
Alzheimer’s disease brain: central role for
amyloid beta-peptide. Trends Mol Med 7,
548-554 (2001)

DOI: 10.1016/S1471-4914(01)02173-6

A Maselli, M Pierdominici, C Vitale, E Ortona:
Membrane lipid rafts and estrogenic signalling:
a functional role in the modulation of cell
homeostasis. Apoptosis 20, 671-678 (2015)
DOI: 10.1007/s10495-015-1093-5

JK Yao, TM Wengenack, GL Curran, JF
Poduslo: Reduced membrane lipids in the
cortex of Alzheimer’s disease transgenic
mice. Neurochem Res 34, 102-108 (2009)
DOI: 10.1007/s11064-008-9673-1

RB Chan, TG Oliveira, EP Cortes, LS Honig,
KE Duff, SA Small, MR Wenk, G Shui, G
Di Paolo: Comparative lipidomic analysis
of mouse and human brain with Alzheimer
disease. J Biol Chem 287, 2678-2688 (2012)
DOI: 10.1074/jbc.M111.274142

MD Ledesma, MG Martin, CG Dotti: Lipid
changes in the aged brain: effect on synaptic
function and neuronal survival. Prog Lipid Res
51, 23-35 (2012)

DOI: 10.1016/j.plipres.2011.11.004

R Crupi,AMarino, S Cuzzocrea: n-3 fatty acids:
role in neurogenesis and neuroplasticity. Curr
Med Chem 20, 2953-2963 (2013)

DOI: 10.2174/09298673113209990140

G Santos, M Diaz, NV Torres: Lipid Raft
Size and Lipid Mobility in Non-raft Domains
Increase during Aging andare Exacerbated in
APP/PS1Mice Model of Alzheimer’s Disease.
PredictionsfromanAgent-Based Mathematical
Model. Front Physiol 7, 90-104 (2016)

DOI: 10.3389/fphys.2016.00090

L Raz, MM Khan, VB Mahesh, RK Vadlamudi,
DW Brann: Rapid estrogen signaling in the
brain. Neurosignals 16, 140-153 (2008)

© 1996-2017


http://dx.doi.org/10.1016/j.yfrne.2013.08.001
http://dx.doi.org/10.1006/jsbi.2001.4399
http://dx.doi.org/10.1002/1522-2683%2528200101%252922:1%253C172:%20AID-ELPS172%253E3.0.CO%253B2-P
http://dx.doi.org/10.1002/1522-2683%2528200101%252922:1%253C172:%20AID-ELPS172%253E3.0.CO%253B2-P
http://dx.doi.org/10.1002/1522-2683%2528200101%252922:1%253C172:%20AID-ELPS172%253E3.0.CO%253B2-P
http://dx.doi.org/10.1074/jbc.M111.246074
http://dx.doi.org/10.1172/JCI0216390
http://dx.doi.org/10.1111/j.1471-4159.2004.02849.x
http://dx.doi.org/10.3389/fphys.2012.00454
http://dx.doi.org/10.1021/tx100305b
http://dx.doi.org/10.1111/j.1750-3639.1999.tb00215.x
http://dx.doi.org/10.1016/S1471-4914%2801%2902173-6
http://dx.doi.org/10.1007/s10495-015-1093-5
http://dx.doi.org/10.1007/s11064-008-9673-1
http://dx.doi.org/10.1074/jbc.M111.274142
http://dx.doi.org/10.1016/j.plipres.2011.11.004
http://dx.doi.org/10.2174/09298673113209990140
http://dx.doi.org/10.3389/fphys.2016.00090

Cortical ERalpha signalosome alterations in menopause

85.

86.

87.

88.

89.

90.

91.

92.

93.

DOI: 10.1159/000111559

EB Engler-Chiurazzi, M Singh, JW Simpkins:
From the 90's to now: A brief historical
perspective on more than two decades of
estrogen neuroprotection. Brain Res 1633,
96-100 (2016)

DOI: 10.1016/j.brainres.2015.12.044

RD Brinton: Estrogen-induced plasticity from
cells to circuits: predictions for cognitive
function. Trends Pharmacol Science 30,
212-222 (2009)

DOI: 10.1016/j.tips.2008.12.006

BB Sherwin, JF Henry: Brain aging modulates
the neuroprotective effects of estrogen on
selective aspects of cognition in women: a
critical review. Front Neuroendocrinol 29,
88-113 (2008)

DOI: 10.1016/j.yfrne.2007.08.002

ME Bailey, AC Wang, J Hao, WG Janssen,
Y Hara, D Dumitriu, P. R. Hof and J.
H. Morrison: Interactive effects of age
and estrogen on cortical neurons: implications
for cognitive aging. Neuroscience 191,
148-158 (2011)

DOI: 10.1016/j.neuroscience.2011.05.045

Y Hara, EM Waters, BS McEwen, JH Morrison:
Estrogen Effects on Cognitive and Synaptic
Health Over the Lifecourse. Physiol Rev 95,
785-807 (2015)

DOI: 10.1152/physrev.00036.2014

GM Rune, M Frotscher:
Neurosteroid synthesis in the hippocampus:
role in synaptic plasticity. Neuroscience 136,
833-842 (2005)

DOI: 10.1016/j.neuroscience.2005.03.056

D Garcia-Ovejero, | Azcoitia, LL Doncarlos,
RC Melcangi, LM Garcia-Segura: Glia-neuron
crosstalk in the neuroprotective mechanisms
of sex steroid hormones. Brain Res Brain Res
Rev 48, 273-286 (2005)

DOI: 10.1016/j.brainresrev.2004.12.018

T Dietrich, T Krings, J Neulen, K Wilimes,
S Erberich, A Thron, W Sturm: Effects of
blood estrogen level on cortical activation
patterns during cognitive activation as
measured by functional MRI. Neuroimage 13,
425-432 (2001)

DOI: 10.1006/nimg.2001.0703

HG Burger, EC Dudley, JL Hopper, N
Groome, JR Guthrie, A Green, L Dennerstein:

126

Prospectively measured levels of serum
follicle-stimulating hormone, estradiol, and
the dimeric inhibins during the menopausal
transition in a population-based cohort
of women. J Clin Endocrinol Metab 84,
4025-4030 (1999)

DOI: 10.1210/jc.84.11.4025

U Bayer, M Hausmann: Sex hormone
therapy and functional brain plasticity in
postmenopausal women. Neuroscience 191,
118-128 (2011)

DOI: 10.1016/j.neuroscience.2011.03.034

94.

Abbreviations: ERo, Estrogen Receptor alpha;
IGF-IRB, insulin growth factor-1 receptor beta;
CSD, caveolar scaffolding domain

Key Words: 17beta-estradiol, Lipid Rafts,
Alzheimer’'s Disease, Menopause, Estrogen
Receptor Alpha, Voltage-dependent Anion Channel,
Caveolin 1, Insulin Growth Factor-1 Receptor Beta,
Membrane Lipids

Send correspondence to: Raquel Marin,
Laboratory of Cellular Neurobiology, Department of
Basic Medical Sciences, Medicine Section, Faculty
of Health Sciences, University of La Laguna,
Santa Cruz de Tenerife, Spain, Tel: 34-922319411,
Fax: 34-922319397, E-mail: rmarin@ull.edu.es

© 1996-2017


http://dx.doi.org/10.1159/000111559
http://dx.doi.org/10.1016/j.brainres.2015.12.044
http://dx.doi.org/10.1016/j.tips.2008.12.006
http://dx.doi.org/10.1016/j.yfrne.2007.08.002
http://dx.doi.org/10.1016/j.neuroscience.2011.05.045
http://dx.doi.org/10.1152/physrev.00036.2014
http://dx.doi.org/10.1016/j.neuroscience.2005.03.056
http://dx.doi.org/10.1016/j.brainresrev.2004.12.018
http://dx.doi.org/10.1006/nimg.2001.0703
http://dx.doi.org/10.1210/jc.84.11.4025
http://dx.doi.org/10.1016/j.neuroscience.2011.03.034
mailto:rmarin%40ull.edu.es?subject=

