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Abstract

Recent epidemiological studies revealed inhibitors of the hydroxymethylglutaryl-coenzyme A reductase, so-called statins, to be
effective in lowering the prevalence of Alzheimer’s disease (AD). In vitro, statins strongly reduced the cellular amyloid beta-protein load
by modulating the processing of the amyloid beta precursor protein. Both observations are probably linked to cellular cholesterol
homeostasis in brain. So far, little is known about brain effects of statins. Recently, we could demonstrate that treatment of mice with the
lipophilic compound lovastatin resulted in a discrete reduction of brain membrane cholesterol levels. To follow up these findings, we
subsequently carried out a further in vivo study including lovastatin and simvastatin as lipophilic agents, as well as pravastatin as a
hydrophilic compound, focussing on their efficiency to affect subcellular membrane cholesterol pools in synaptosomal plasma membranes
of mice. In contrast to the hydrophilic pravastatin, the lipophilic lovastatin and simvastatin strongly reduced the levels of free cholesterol in
SPM. Interestingly, lovastatin and pravastatin but not simvastatin significantly reduced cholesterol levels in the exofacial membrane
leaflet. These changes were accompanied by modified membrane bulk fluidity. All three statins reduced the expression of the raft marker
protein flotillin. Alterations in transbilayer cholesterol distribution have been suggested as the underlying mechanism that forces
amyloidogenic processing of APP in AD. Thus, our data give some first insight in the mode of action of statins to reduce the prevalence of

AD in clinical trials.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Strong evidences indicate a functional link between
increased AP generation and intracellular lipid metabolism
during AD [1-10]. In this neurodegenerative disorder,
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extracellular AP plaques [11,12] are assumed to initiate
cytotoxic effects via different signalling cascades that sub-
sequently lead to synaptic loss and neuronal cell death
[13—15]. However, the mechanisms linking neurodegenera-
tion, AP production and cholesterol are only poorly under-
stood [11,12].

The first hint that AD might be causally linked to altered
lipid homeostasis came from the observation that the €4
allele of the ApoE gene, encoding for an extracellular
cholesterol-shuttle protein, is involved in the disease pro-
cess [7]. Furthermore, statins, which are potent inhibitors
of the HMG-CoA reductase and well-established periph-
eral cholesterol-lowering drugs [16], are discussed to exert
some therapeutic potential in AD [17,18].

A retrospective epidemiological study recently demon-
strated that long-term treatment of hypercholesterolaemic
patients suffering CHD with lovastatin and pravastatin
dramatically lowered the risk of developing AD compared
to control subjects receiving other lipid-lowering medica-
tions [17]. Another epidemiological trial confirmed the
possible effectiveness of pravastatin and of simvastatin in
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lowering the prevalence of AD in hyperlipidaemic patients
[18].

While simvastatin and lovastatin as lipophilic lactone
pro-drugs [19] are assumed to affect the central nervous
system by penetrating the BBB [20,21], pravastatin does
not enter the brain [22]. In the periphery, pravastatin utilises
active transport mechanisms for membrane passage [23].
Since the compound is undetectable in the CSF of healthy
subjects [22], one might doubt that similar transport sys-
tems occur at the BBB. Thus, in face of current knowledge
indicating a strict segregation of peripheral and cerebral
cholesterol homeostasis [24] and an in situ brain cholesterol
synthesis that completely satisfies cerebral demand [24],
these findings suggest the existence of a signalling mechan-
ism between peripheral and central lipid pools [25].

In vitro, cholesterol has been identified as an important
parameter regulating the intracellular processing of the A
precursor APP [2-4,6]. Cholesterol depletion either
induced with simvastatin and lovastatin as lipophilic inhi-
bitors of the HMG-CoA reductase alone or in combination
with MBCD induced a significant decrease in cellular AP
load in hippocampal neurons [4,26]. This reduction in A
levels was accompanied by increased ao-secretase activity
[26], suggesting that membrane cholesterol variations are
coupled with an activity shifting of APP-cleaving mem-
brane-bound secretases [27-29]. Cholesterol depletion
thereby possibly favours a non-raft lipid environment in
which B- and y-secretase cleavage of APP does not effi-
ciently work [27-29]. Reversely, amyloidogenic proces-
sing of membranous APP is enhanced under conditions of
high cellular cholesterol load [3]. This amyloidogenic-
cleaving cascade is proposed to occur in cholesterol-rich
functional lipid raft domains floating on the exofacial side
of the membrane bilayer [27-29].

Regarding these in vitro findings, it seemed surprising
that high-dosage treatment of guinea pigs with simvastatin
in vivo led to strong reductions of AB;_40 and APB;_4, levels
in brain homogenates without affecting total brain choles-
terol levels [4]. Nevertheless, cholesterol precursor lathos-
terol in the brain was reduced significantly [4]. Diet-induced
hypercholesterolaemia resulted in an accelerated brain
amyloid pathology in a transgenic mouse model, which
could be prevented by treatment with a peripheral choles-
terol-lowering drug [30,31]. Again, peripheral diet barely
affected cerebral cholesterol levels [30,31]. These findings
indicate that the AD-related pharmacological effects of
statins and other cholesterol-modulating agents in the brain
may not be due to cholesterol-lowering effects within this
compartment.

Actually, the beneficial potential of statins in hyperch-
olesterolaemia as well as in CHD prevention trials
[16,32,33] is not only attributed to their cholesterol-low-
ering properties [34-36]. Downstream blockage of isopre-
noid synthesis might be the clue for pleiotropic, non-lipid-
related statin effects [34-36]. These include i.e. direct anti-
atherosclerotic properties like NOs-mediated restoration of

endothelial dysfunction [34-36]. Such non-cholesterol
effects seem to be more or less pronounced for all statin
compounds [34-36] and might thus contribute to the
differential neuroprotective potential of statins in clinical
trials [17,18,37,38].

Furthermore, intracellular cholesterol homeostasis is
subjected to different stringent regulating mechanisms,
which keep the cellular cholesterol balance in an adjusted
range [39,40]. HMG-CoA reductase as well as ACAT
activity are under strict metabolic control of distinct feed-
back systems [39,40]. Other, mostly unknown mechanisms
determine a non-uniform distribution of cholesterol and its
derivatives within the cell [5,41]. It is suspected that any
external impact on this cellular equilibrium, e.g. by statins,
secondly induces metabolic shiftings within this system
that are crucial for the observed pharmacological effects
and probably imply cholesterol-independent lipid signal-
ling cascades [34-36]. The possible relevance of such
secondary effects is underlined by recent findings of Runz
et al., who demonstrated that subcellular cholesterol dis-
tribution highly affects presenilin localisation and cellular
production of co-localised AP [42]. Reversely, A itself
was shown to alter cellular cholesterol distribution and
cholesterol esterfication rate [43]. Beyond, intracellular
ACAT activity and cholesterol ester levels were directly
correlated with the generation of AP in CHO cells [44].

Recently, we could demonstrate that in vivo treatment of
mice with the lipophilic compound lovastatin clearly
affected the levels of free membrane cholesterol in the
central nervous system [45]. Similar effects can be
assumed for simvastatin, since high-dosage treatment with
this compound induced a strong reduction of plasma 24.S-
hydroxycholesterol (cerebrosterol) levels in patients with
hypercholesterolaemia [46]. Cerebrosterol mainly origi-
nates from the brain [47]. Herein we performed in vivo
studies including lovastatin and simvastatin as lipophilic
agents as well as pravastatin as a hydrophilic compound,
focussing on their efficiency to affect bulk cholesterol
levels and subdomain cholesterol distribution in SPM of
mice. It was reported that SPM isolated from mice carrying
the human ApoE 4 allele exhibit significant changes of the
cholesterol transbilayer distribution [48]. Changes in mem-
brane cholesterol distribution possibly represent a link
between brain cholesterol homeostasis and the pathogen-
esis of AD.

2. Material and methods
2.1. Chemicals

Lovastatin and simvastatin were obtained from MSD
Sharp & Dohme GmbH. Pravastatin was obtained from
SANKYO PHARMA GmbH. Anti-flotillin IgG1 (catalogue
no. F65020) and anti-Na*/K*-ATPase B2 (catalogue no.
N69920) were purchased from Transduction Laboratories.
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Peroxidase-conjugated anti-mouse IgG was purchased from
Calbiochem. The enzyme kit for total cholesterol determi-
nation was obtained from Roche Diagnostics GmbH.
HPLC-grade methanol and acetonitrile were obtained from
Merck KGaA. All other chemicals and reagents were pur-
chased from Sigma.

2.2. In vivo study design

Study design was adapted from [45]. Young (1 month)
female C57BL/6J mice weighing from 16 to 21 g were used.
All mice were obtained from the IFFA-CREDO S.A. Trans-
genic Alliance Department. The animals were tagged and
housed in cages up to eight mice per cage under standard
conditions with standard chow diet and water freely avail-
able during the study. In our experiments, mice were
separately placed according to treatment. The total number
of 92 mice were equally divided into a control and three
statin groups receiving lovastatin, simvastatin or pravasta-
tin, respectively. All experiments were carried out according
to the guidelines of the Deutsches Tierschutzgesetz (BGBI
1998, Part I, No. 30, S. 1105 ff.) by individuals with
appropriate training and experience.

Statin suspension was prepared as follows: Each day,
80 mg of each compound were suspended in 8§ mL of a
0.2% (wlv) aqueous agarose gel giving a final concentra-
tion of 10 mg statin/mL. The suspension was homogenised
and tempered in a water bath of 37° prior to treatment.
Control treatment was prepared by simply tempering 8 mL
of 0.2% (w/v) agarose gel (vehicle). Treatment was given
once a day over a time period of 23 days by oral gavage via
a pharyngeal tube (diameter: 1 mm) with a maximal
application volume of 0.5 mL. Oral application was chosen
as it is the standard administration of statins.

We applied statins at high doses within the upper range
used in animal experiments [49] with the objective to
detect even small pharmacological effects in the brain.
Duration of treatment was estimated to be sufficient to
detect statin-induced effects on brain cholesterol home-
ostasis [24,45]. Lovastatin- and pravastatin-treated mice
received a suspension volume corresponding to a final
concentration of 100 mg statin/kg b.wt. per day. As normal
therapeutical dose of simvastatin is about one-half com-
pared to lovastatin and pravastatin in humans, we decided
to choose a dose of 50 mg statin/kg b.wt. per day in the
simvastatin group. Mice were weighed daily for dose
adjustment. Control mice received the same volume of
0.2% (w/v) agarose gel according to their weight. At the
end of the study, 24 hr after the last treatment, mice were
killed by decapitation. Blood was collected in tubes con-
taining 0.05 mL heparin to avoid coagulation and centri-
fuged at 10,000 g and 4° for 10 min to gain the serum
fraction. Brains were removed on ice and after dissection
of the brainstem and the cerebellum the hemispheres were
used for preparation of synaptosomes immediately. Cere-
bellum crude fraction was prepared according to [45].

2.3. Preparation of synaptosomes

Synaptosomes were prepared as previously described
[50]. Shortly, 3—4 brains were homogenised in sucrose
buffer for membrane preparation and centrifuged for
10 min at 585 g (4°). The supernatant was retained and
the resulting pellet (P1) was re-homogenised and re-cen-
trifuged. Combined supernatants were centrifuged for
10 min at 17,400 g (4°). The resulting pellet that contained
synaptosomes and mitochondria (P2) was re-suspended
and layered over a 7.5 and 14% ficoll solution (w/v). The
gradients were centrifuged for 50 min at 87,300 g (4°).
The material at the interface of the gradient was carefully
removed.

2.4. TNBS labelling of synaptosomes

TNBS labelling was performed according to [51].
Briefly, synaptosomes were suspended in 5 mL of buffer
IV (30 mmol/L NaCl, 120 mmol/LL. NaHCOs3, 11 mmol/L
glucose, 1% (w/v) bovine serum albumin; pH 8.3) and
divided into a control aliquot and a TNBS aliquot. The
TNBS aliquot was incubated with TNBS (2 mmol/L) on
ice at 4° (non-penetrating conditions) or at 37° (penetrating
conditions) for 40 min. During that time, samples were
sealed and darkened. Control aliquots were incubated
analogously without TNBS. At 4°, TNBS covalently links
the amino moieties of phospholipids from the exofacial
leaflet [52] (Fig. SA). At 37°, TNBS penetrates the core
region of the membrane and trinitrophenylates both SPM
leaflets [52]. Samples incubated under penetrating condi-
tions thus indicate absolute quenching. After incubation
time, the reaction was stopped by addition of 2.5 mL of 1%
bovine serum albumin (w/v) in PBS-buffer (136.75 mmol/
L NaCl, 2.68 mmol/LL KCIl, 6.48 mmol/L. Na,HPO,,
1.47 mmol/L. KH,POy; pH 7.4). The samples were cen-
trifuged for 15 min at 17,200 g (4°) in a JA-20 rotor using a
Beckman J-2 centrifuge. The resulting pellets were sus-
pended in 5 mL buffer I and layered over a 7.5 and 14%
ficoll solution (w/v). The gradients were centrifuged for
50 min at 87,300 g (4°) in a SW-28 rotor using a Beckman
L8-70M ultracentrifuge. The material at the interface of the
gradient was carefully removed. After suspension with
buffer I the interface material was centrifuged for
20 min at 48,000 g (4°) in a JA-20 rotor using Beckman
J-2 centrifuge. The resulting synaptosomal pellets were re-
suspended in buffer I and re-centrifuged analogously to
remove remaining ficoll.

2.5. Preparation of SPM

SPM were prepared as previously described [50].
Briefly, control synaptosomes and TNBS-labelled synap-
tosomes were suspended in 15 mL buffer II (5 mmol/L
Tris—HCI; pH 8.5). The synaptosomes were kept on ice for
lysis for 1 hr and were vortexed rigorously every 15 min.
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The suspension was centrifuged for 20 min at 43,000 g
(4°). The pellet was re-suspended in 5 mL of ice-cold
distilled water, laid on the top of 5 mL of sucrose gradient
(0.9 mol/LL sucrose, 10 mmol/LL HEPES, 0.25 mmol/L
EDTA; pH 7.4) and centrifuged for 40 min at 41,000 g
(4°). SPM at the interface of the gradient were carefully
removed, suspended in 5 mL of ice-cold water and cen-
trifuged for 30 min at 48,000 g (4°). SPM pellets were
suspended in 1 mL of PBS-buffer and stored in aliquots at
—20°. The purity of the isolated membrane fraction was
proved by marker enzyme assay. Freshly prepared SPM
were marked by Western blotting analysis and the activity
of Na®/K"-ATPase [50,53]. Marker enzyme protein and
activity were significantly enriched in the SPM fraction
(data not shown).

2.6. Preparation of SUVs

SUV were used as carrier vehicles for the incorporation
of the fluorescent derivative DHE into SPM. The dynamic
and stoichiometric exchange of native membrane choles-
terol and DHE in unlabelled and TNBS-labelled sample
preparations represents one basic principle in the research
of transmembrane sterol distribution that has been
described earlier [51,52]. DHE (from Sigma) was purified
on a HPLC LiChrospher™ 100 RP-18 column (diameter:
5 pm; length: 250 mm; from Merck, Germany) to approxi-
mately 99.9% purity using Varian Star equipment with a
Rainin Dynamay solvent delivery system SD-200 and
Varian Star 5.31 Chromatography Software (Varian
Deutschland GmbH). The solvent system used was
HPLC-grade acetonitrile:methanol 30:70 (v/v) at a flow
rate of 1 mL/min. Samples were injected with a Varian Pro
Star 410 auto sampler. The column eluant was monitored
for absorbance at 215 nm using a Rainin Dynamax absor-
bance detector UV-D II. According to [51], HPLC-grade
DHE (5 mmol/L in ethanol) was mixed with POPC (1 mg/
mL in chloroform) in a molar ratio of 42/58 mol%. The
mixture was evaporated under nitrogen and reduced pres-
sure for 2 hr to yield a thin film. The film was dried for
another 12 hr under nitrogen in the dark. Subsequently,
2mL of buffer V (136.75 mmol/LL NaCl, 2.68 mmol/L
KCl, 8.1 mmol/L Na,HPO,, 1.47 mmol/L KH,POy,, 2 mg/
mL glucose; pH 7.4) were added to the dried film. The
suspension was vortexed for 1 min and then sonicated in a
RK 510-H Sonorex bath sonicator (Bandelin Electronic).
This procedure was repeated twice to yield a turbid mixture.
The mixture was filled up to 4 mL with buffer V and then
sonicated at 4° for 45 min with 40% duty cycle and output
2.5 (30% maximum power) using a B-15P Branson soni-
cator (Branson Ultrasonics Corp.). During sonication, nitro-
gen was blown slowly over the suspension. The suspension
was then transferred to 3.5 mL polyallomer quick seal tubes
(Beckman Coulter) and centrifuged for 1.75 hr at 140,000 g
in a SW-41 rotor using a Beckman L.8-70M ultracentrifuge.
The upper half of the clear solution containing SUV was

removed and stored under nitrogen at room temperature in
the dark for further use.

2.7. DHE incorporation into SPM and determination of
transbilayer cholesterol distribution

For the dynamic exchange of SPM cholesterol and
liposomal DHE, both compounds were placed in the
incubation medium in a 1:1 molar ratio [51,54]. DHE
concentration in SUV was determined spectrometrically.
One hundred microlitres of SUV preparation were mixed
with 900 pL of water, 2 mL of Dole’s reagent (2-propanol/
heptane/water = 4/1/0.1) and 1 mL of heptane, vortex
mixed for 30 s and centrifuged at 2000 g for 10 min at
4° in a Beckman GS-6R centrifuge. The upper heptane
solution was dried under nitrogen in the dark and the dried
film was dissolved in 500 pL of ethanol. An aliquot of this
solution was filled up to 1 mL with water and its fluores-
cence intensity was measured at 37° in a SLM Lumines-
cence Spectrometer Aminco-Bowman® Series 2 (SLM
Aminco) using excitation and emission wavelengths of
324 and 375 nm, respectively. Equivalently, a standard curve
for DHE in a concentration range from O to 100 pg/mL DHE
was generated and used for the determination of total DHE
amount per millilitre SUV preparation according to the
fluorescence intensity signal.

SPM with and without TNBS (200 pg of protein, deter-
mined according to Lowry et al. [55]) were incubated with
the appropriate volume of SUV solution and buffer V (total
volume: 1 mL) for 1 hr at 37° and 1400 rpm in a thermo-
mixer (Thermomixer comfort). Blanks were incubated
without DHE. SPM were then centrifuged at 20,000 g
and 4° for 15 min in a Beckman microfuge R. The pellet
was washed once again with 0.5 mL buffer V and was re-
centrifuged. SPM pellets were suspended in 1 mL of PBS-
buffer and tempered at 37° for 1 min. Fluorescence inten-
sity was directly measured in a SLM Luminescence Spec-
trometer Aminco-Bowman® Series 2 (Ex. 324 nm, Em.
375 nm; Fig. 5B). The detector signal was adjusted to 60%
maximum photomultiplier voltage for the DHE loaded
sample without TNBS. Blanks and TNBS-labelled pre-
parations of the same sample were subsequently measured
at same photomultiplier voltage.

2.8. Determination of SPM leaflet anisotropy

The experimental investigation of individual SPM leaflet
structure is based on a method established by Schroeder
et al. [56]. Plasma membranes are composed of cytofacial
and exofacial membrane leaflets that predominantly differ
in structure and fluidity because of an asymmetric trans-
bilayer distribution of lipids. DPH is located near the
hydrophobic core of the membrane and aligns axial to
the fatty acid chains of membrane phospholipids [57]. It is
equally distributed between both bilayer leaflets. The
rotational flexibility of DPH within this membrane matrix
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expressed as steady-state fluorescence anisotropy gives
information on the surrounding of the lipid environment
of the probe [58]. According to Weber [59], the determina-
tion of the individual DPH anisotropy values of both bilayer
leaflets requires the simultaneous measuring of the DPH
fluorescence intensity F' and the steady-state fluorescence
anisotropy r. In this binary system, both leaflets are not
coupled and mathematically assumed to behave as different
fluorescence compartments that are not equally accessible
to TNBS [59-61], which finds its mathematical equivalent
in Eq. (1) of additive fractional leaflet anisotropies.

. Fere (F—Fore

7 7 (1)

F and F, are the fluorescence intensities of DPH obtained
from SPM preparations pre-incubated without TNBS or
with TNBS at 4°, respectively. The corresponding steady-
state anisotropy values are described with r (total aniso-
tropy) for untreated preparations and r. (cytofacial leaflet
anisotropy) for preparations pre-treated with TNBS at 4°
(non-penetrating conditions). r. as the exofacial leaflet
anisotropy can be calculated from Eq. (1). Thereby, fluor-
escence anisotropy is inversely correlated with membrane
fluidity [57,62].

Each parameter in (1) was individually determined for
each preparation (TNBS-labelled and unlabelled). There-
fore, 100 pL. of SPM membrane suspension (protein con-
centration 30 png/100 pL) were incubated with 900 pL PBS-
buffer and 0.1 pL. of a DPH stock solution (0.1 mg DPH/mL
tetrahydrofurane) for 45 min at 37°. Blanks were incubated
analogously without DPH. Steady-state anisotropy and
fluorescence intensity were directly measured in a SLM
Luminescence Spectrometer Aminco-Bowman® Series 2
using excitation and emission wavelengths of 360 and
450 nm (slits 4 nm), respectively. The detector signal was
adjusted to 80% maximum photomultiplier voltage for the
DPH loaded sample without TNBS. Blanks and TNBS-
labelled preparations of the same sample were subsequently
measured at same photomultiplier voltage.

2.9. Pyrene fluorescence measurements

The compact pyrene molecule is predominantly located
in lipophilic regions in the deep membrane interior [63].
Pyrene diffuses laterally within the hydrocarbon core of the
bilayer [63]. The intra-membranous interaction of two
excited pyrene monomers results in the formation of
defined excimers and consequently in the emission of
discrete fluorescence light. Accordingly, the intensity of
this fluorescence signal is equated with the lateral bulk
fluidity capacities of the membrane.

Pyrene bulk fluorescence measurements were performed
according to [45]. SPM membrane suspension was adjusted
to a protein concentration of about 500 pg/mL with buffer ITI
(Tris—HCI1 5 mmol/L; pH 7.4). One hundred microlitres of
membrane suspension were incubated with 900 pL of buffer

III for 45 min at 37° in a water quench. After incubation
time, 1 pL of a pyrene solution (1 mmol/L in dimethylfor-
mamide) was added. The suspension was vortexed rigor-
ously and incubated for another minute at 37° after which
time fluorescence intensity reached a maximum.

Fluorescence intensity was measured in a SLM Lumi-
nescence Spectrometer Aminco Bowman™® Series 2 using
an excitation wavelength of 334 nm for the determination
of bulk fluorescence. In the recorded emission scans, the
fluorescence intensities of pyrene excimers and monomers
at a wavelength of 482 and 373 nm, respectively, were
noted. In each case, the ratio of excimer to monomer
fluorescence values was calculated, which is termed bulk
fluorescence.

2.10. Western blotting analysis

Flotillin and Na*/K"-ATPase expression in SPM homo-
genate from control and statin-treated mice were deter-
mined using sodiumdodecylsulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) and Western blotting analy-
sis [64]. Proteins (40 pg) were transferred onto polyviny-
lidene difluoride (PVDF) membranes (Millipore) at
constant amperage and subjected to Western blotting.
The bound antibodies against flotillin (catalogue no.
F65020) and Na'/K"-ATPase (catalogue no. N69920)
were detected with a peroxidase-labelled secondary anti-
mouse antibody using ECL reagents (Amersham Pharma-
cia Biotech). Quantification was performed using a den-
sitometer and the Kodak DCIC software package.

2.11. Preparation of MPCD—cholesterol inclusion
complexes

Inclusion complexes were prepared as earlier described
[65]. In brief, cholesterol was re-crystallized with dichlor-
omethane. Subsequently, an excess of crystalline choles-
terol was suspended in 1 mL of a 30 mmol/LL. MBCD
solution to gain saturated complexes. The suspension
was incubated at 50° for 1hr in a thermomixer at
1400 rpm. After this time, the preparation was centrifuged
at 20,000 g at 4° for 10 min. The supernatant was centri-
fuged again and filtered through a Sartorius Minisart SRP
25 PTFE-membrane-filter (pore size 0.45 pum) to gain a
clear solution. Cholesterol determination revealed a molar
ratio for MBCD/cholesterol of 10/1. Complexes were used
for cholesterol modulation immediately after preparation.

2.12. In vitro cholesterol modulation with MBCD and
MBCD-cholesterol complexes

MBCD and MPBCD-cholesterol complexes are valid
tools for the modulation of cellular cholesterol values
[2—4]. MBCD extracts cholesterol from the plasma mem-
brane, whereas MPBCD—cholesterol complexes operate as
vesicular cholesterol donors [65].
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For in vitro studies, middle-aged (10-12 months) female
NMRI mice from Harlan-Winkelmann GmbH were used.
Preparation of synaptosomes was performed as described
above using eight brains at a time. Synaptosomal pellets
were re-suspended in 20 mL of buffer I (0.32 mol/L
sucrose, 10 mmol/L. HEPES, 0.25 mmol/L EDTA; pH
7.4) and divided into two 10 mL aliquots. For cholesterol
depletion, one aliquot was incubated with 1750 pL of
buffer I and 250 pL of an aqueous MBCD-stock solution
(400 mmol/L) giving a final MBCD-concentration of
8.3 mmol/L. For cholesterol enrichment, one aliquot was
treated with 8 mL of the freshly prepared MBCD-choles-
terol complex solution (final concentration 1.3 mmol cho-
lesterol/L). Control aliquots were treated with buffer I only.
The samples were vortex mixed and incubated for 30 min
at 37° in a water quench. Subsequently, samples were
centrifuged for 15 min at 48,000 g (4°) and the resulting
pellets were re-washed in buffer I and re-centrifuged again.
Pellets were then dissolved in 5 mL of buffer IV and
labelled with TNBS. SPMs were prepared as described
above.

2.13. Cholesterol determination

Free cholesterol was determined according to the
CHOD-PAP-method with a special enzyme kit developed
in our laboratory. In brief, the protocol of Auerbach et al.
[66] was slightly modified by using 0.5% (w/v) MBCD in
combination with Brij 35 as an 15% (w/v) aqueous solu-
tion to amplify the extraction of free cholesterol from
membrane material with the aim to increase the sensitivity
of the test. Cholesterol values were measured as triplicates
after 2 hr of incubation at a wavelength of 490 nm in a
micro plate reader (DigiScan, ASYS Hitech GmbH). The
method was proofed to give valid and reproducible results
[45,50,65].

Total cholesterol determination was performed with the
cholesterol kit CHOL no. 2016630 from Roche Diagnostic
GmbH using the CHOD-PAP-method.

2.14. Determination of total phospholipid content

Phospholipids were determined according to Chalvard-
jian and Rudnicki [67]. SPM (attuned to 50 pg protein)
were extracted with 1 mL of chloroform/methanol 2:1 (v/
v) for 5 min at 25° and 1400 rpm in a thermomixer. The
turbid emulsion was centrifuged at 580 g and 4° for 5 min
in a Beckman microfuge R. An amount of 0.5 mL of the
organic phase were removed and evaporated in a block
heater at 100°. After cooling down, 50 pL. of perchloric
acid were added and the liberation of organic phosphorus
was accomplished by setting the heating elements to 180°
for 15 min. After the tubes were cooled, 150 pL of distilled
water were added followed by 1 mL of ammonium molyb-
date malachite green reagent (1 volume of 4.2% (w/v)
ammonium molybdate and 3 volumes of 0.2% (w/v)

malachite green in water, mixed for 30 min) and 40 pL
of a 1.5% (w/v) aqueous solution of Tween 20. A standard
curve for 0-10 pg phosphorus/mL was generated analo-
gously. Blanks were carried throughout the procedure.
Triplicates of samples, blanks and standards were mea-
sured without delay at a wavelength of 620 nm in a micro
plate reader (DigiScan, ASYS Hitech GmbH).

2.15. Statistics

Statistical analysis was performed by one-way ANOVA
combined with the Bonferroni post hoc test or the unpaired
t-test. Correlations were performed according to Pearson
using GraphPad Prism 3.0 software package.

3. Results
3.1. Statin effects on SPM cholesterol levels

Tissue cholesterol levels were measured in SPM and
cerebelli as well as in the peripheral serum fraction.

Lovastatin, simvastatin and pravastatin exert different
effects on SPM cholesterol levels in mice (Fig. 1A,
Table 1). Lovastatin and simvastatin significantly reduce
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Fig. 1. Total levels and transbilayer distribution of unesterfied membrane
cholesterol in SPM of control and statin-treated mice. (A) Levels of
unesterfied cholesterol were determined in SPM of control and statin-treated
C57BL/6J mice according to the CHOD-PAP-method (refer to Section 2).
Data are means + SD (N = 5-6). Statistical significance was estimated by
one-way ANOVA combined with Bonferroni’s multiple comparison post hoc
test. (xx) P < 0.01, (x%x) P < 0.001 significant vs. control. lov, lovastatin;
sim, simvastatin; pra, pravastatin. (B) Cytofacial (cyto) and exofacial (exo)
leaflet cholesterol (CHOL) levels were determined in SPM of control and
statin-treated C57BL/6J mice (lov, lovastatin; sim, simvastatin; pra,
pravastatin). Synaptosomes were labelled according to the TNBS-quenching
technique. Native SPM cholesterol was exchanged by SUV-incorporated
DHE (refer to Section 2). Data are means + SD (N = 5-6). (n.s.): not
significant, (x) P < 0.05, (x*x) P < 0.001 significant vs. control value of the
same leaflet (ANOVA).
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Table 1
Total cholesterol and cholesterol ester levels in SPM and serum of control
and statin-treated mice

SPM Serum total
cholesterol
Total cholesterol Cholesterol ester (mg/dL)
(ng/mg protein)  (pg/mg protein)

Control 204.30 £22.27 2595 4+ 28.86 43.96 £+ 3.64
Lovastatin 184.50 £ 23.02 42.12 £22.92 4946 £+ 6.11
Simvastatin 181.90 £ 12.81 4531 £27.77  49.34 &+ 6.90
Pravastatin 178.50 £ 18.24 24.01 +£33.25 52.76 £+ 1241

Cholesterol levels in SPM and serum of control and statin-treated
C57BL/6J mice were determined enzymatically according to the CHOD-
PAP-method (refer to Section 2). Statin-treated animals received 100 mg/
kg b.wt. lovastatin or pravastatin and 50 mg/kg b.wt. simvastatin, respec-
tively. Controls received vehicle only. Data are means & SD (N = 5-6).
ANOVA analysis revealed no statistical differences over all groups of
treatment for each parameter determined.

free membrane cholesterol levels of about 20% (Fig. 1A).
Pravastatin reduces free cholesterol on the average by 13%,
but this reduction does not reach statistical significance
(Fig. 1A). The reduction of brain cholesterol observed in
our experiments of about 20% suggests effects on brain
cholesterol de novo synthesis, since only 10-15% would be
needed to compensate for the cholesterol efflux out of the
brain, which seems to take pace at a daily rate of about
0.45% of total brain cholesterol [24]. Interestingly, all three
statins reduce total membrane cholesterol, which comprises
free and esterfied cholesterol, by about 10% (Table 1),
although this effect does not reach statistical significance.
Accordingly, lovastatin and simvastatin slightly enhance
the amount of membranous cholesterol esters (Table 1).

We further investigated whether statin treatment affects
SPM total phospholipid content expressed as pmol pho-
sphorus/mg protein. No significant difference was observed
between all groups (ANOVA). The respective mean + SD
values (N = 5-6) are 0.739 + 0.140 for the control group,
0.602 4+ 0.111 for the lovastatin group, 0.683 £ 0.140 for
the simvastatin group and 0.733 =+ 0.138 for the pravastatin
group.

Interestingly, free cholesterol content in the cerebellum
remains unaffected under statin treatment (data not shown),
which confirms earlier findings [45].

Total cholesterol levels in serum of statin-treated mice are
even slightly, although not significantly enhanced compared
to control animals (Table 1), which might be explained by a
compensatory peripheral over-expression of the HMG-CoA
reductase enzyme [68]. Moreover, mice carry cholesterol
mainly in the HDL fraction and have low LDL and VLDL
cholesterol levels [68]. However, our findings are in agree-
ment with several other reports in the mouse [45,68].

3.2. Validity of selective TNBS quenching
The determination of SPM individual leaflet anisotropy

and sterol distribution requires the selective trinitropheny-
lation of the outer membrane leaflet under non-penetrating

conditions (Fig. 5A). Since DPH distributes randomly in
the bilayer [56], quenching values obtained at 4° should
reach about one-half of maximum quenching, which is
used as an indicator for the validity of the method.
Mean + SD values (N = 5-6) for percent quenching of
DPH in the exofacial leaflet are 48.06 =+ 3.38 in the control
group, 46.06 £ 4.10 in the lovastatin group, 46.26 £+ 2.51
in the simvastatin group and 48.48 £ 2.25 in the pravas-
tatin group, respectively. Percent quenching does not sta-
tistically differ among all groups (ANOVA). These values
are in good agreement with the calculated mole percent
fractions of DPH in each leaflet [56]. TNBS incubation of
synaptosomes under penetrating conditions (37°) results in
DPH quenching values greater than 90% (data not shown),
indicating that penetration of TNBS in the cytofacial leaflet
was efficiently prevented at 4°.

3.3. Statin effects on SPM transbilayer cholesterol
distribution

Cholesterol is not uniformly distributed within the PM
[41,69]. About 7/10 of total membrane cholesterol are
located within the cytofacial leaflet. Thereby, the ratio
of exofacial to cytofacial cholesterol is not constant and
increases, e.g. with age [51,54].

Consistent with previous findings [51], in young control
mice approximately 85% of SPM cholesterol is located in
the cytofacial membrane leaflet, whereas exofacial choles-
terol accounts for about 15% of total SPM cholesterol
(Fig. 1B). Pravastatin significantly reduces cholesterol con-
tent in the exofacial leaflet compared to untreated controls,
whereas cytofacial cholesterol levels remain unaffected
(Fig. 1B).
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Fig. 2. DPH leaflet anisotropy values of SPM of control and statin-treated
mice. Individual DPH leaflet anisotropy values as well as total SPM
anisotropy values were determined in SPM of control and statin-treated
C57BL/6J mice. Synaptosomes of control, lovastatin (lov)-, simvastatin
(sim)- and pravastatin (pra)-treated mice were labelled according to the
TNBS-quenching technique (refer to Section 2). (A) Total and individual
leaflet DPH anisotropy values from SPM of control mice (r: total
anisotropy, r.: cytofacial leaflet anisotropy, r.: exofacial leaflet aniso-
tropy). Data are means & SD (N = 5-6). (x%*) P < 0.001 significant vs.
total anisotropy (z-test). (B) Ratios of exofacial (r.) and cytofacial (r.)
anisotropy values were calculated for each group of treatment. ANOVA
analysis revealed no statistical differences between all groups. Data are
means + SD (N = 5-6). According to (A), r. values were significantly
higher ((x*x) P < 0.001), r. values significantly lower ((x**) P < 0.001)
compared to r values (z-test) in each group of treatment.
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Similar to pravastatin, lovastatin also diminishes exo-
facial cholesterol levels. Significant cholesterol depletion
also occurs in the cytofacial membrane leaflet compared to
control mice (Fig. 1B).

Simvastatin-induced depletion of free membrane cho-
lesterol predominantly occurs in the cytofacial membrane
leaflet and only weakly affects exofacial membrane cho-
lesterol levels (Fig. 1B).

3.4. Statin effects on DPH leaflet anisotropy
Anisotropy values of DPH are inversely correlated with

the membrane fluidity in terms of acyl-chain flexibility
[57].

C. Kirsch et al./Biochemical Pharmacology 65 (2003) 843-856

In good agreement with earlier studies [51,54], DPH
anisotropy values in the cytofacial membrane leaflet are
significantly higher compared to the exofacial leaflet,
which is exemplarily shown for membranes of placebo-
treated control mice in Fig. 2A. Also, cytofacial leaflet
anisotropy is significantly enhanced compared to total ani-
sotropy values in all groups of treatment (data not shown).

Despite the cholesterol re-distribution effects of the
statins (Fig. 1), Fig. 2B clearly illustrates that lovastatin,
simvastatin and pravastatin treatment exerts no effect on
individual DPH leaflet anisotropy values in SPM of mice.
Ratio values of exofacial/cytofacial leaflet anisotropy are
similar in all groups of treatment (Fig. 2B). Also total
anisotropy values of SPM remain unaffected under statin
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Fig. 3. Pyrene bulk fluorescence values of SPM of control and statin-treated mice. (A) Pyrene bulk fluorescence values of SPM of control and statin-treated
C57BL/6J mice were measured (lov, lovastatin; sim, simvastatin; pra, pravastatin). The ratio of excimer to monomer fluorescence was used as a marker for
the lateral mobility of the dye within the membrane hydrocarbon core. Data are means = SD (N = 5-6). (x¥) P < 0.05, (xx) P < 0.01 significant vs. control
(ANOVA). (B) Averaged pyrene emission scans of pyrene bulk fluorescence measurements at an excitation wavelength of 334 nm are shown (see A). The
fluorescence maximum of pyrene monomers occurs at 373 nm, while fluorescence emission of pyrene excimers occurs at approximately 480 nm. Pyrene bulk
fluorescence is expressed as the intensity ratio of excimer to monomer fluorescence (F./F,,). Emission scans are shown for SPM of control and statin-treated
mice. Data are means £ SD (N = 5-6). Each data point represents an average of three independent determinations. Inlet: exofacial leaflet cholesterol
contents (pg/mg protein) of SPM of control and statin-treated mice were correlated with the corresponding pyrene bulk fluorescence values (see A). Data are
means = SD, N = 4-6; (xx) P < 0.01 significant correlation (Pearson). No significant correlation was apparent for cytofacial leaflet cholesterol contents

(data not shown).
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Fig. 4. Expression of the raft marker protein flotillin in SPM of control
and statin-treated mice. (A) The expression of the raft marker protein
flotillin in SPM of control and statin-treated C57BL/6J mice was
determined using SDS—-PAGE and Western blotting analysis as shown in
a representative blot (refer to Section 2). lov, lovastatin; sim, simvastatin;
pra, pravastatin. (B) Semi-quantitative analysis of flotillin expression was
performed using the Kodak DC1C and the GraphPad 3.0 software package.
Data are means + SD (N = 5-6). () P < 0.05 significant vs. control, (+)
P =0.07 as compared with control (ANOVA).

treatment (data not shown), confirming earlier studies
[45]. However, DPH total anisotropy values are signifi-
cantly correlated with SPM free cholesterol levels (data not
shown).

3.5. Statin effects on pyrene bulk fluorescence

Pyrene is used as membrane probe to label membrane
bulk fluidity [50]. Very interestingly, the hydrophilic statin
pravastatin induces a significant decrease in pyrene bulk
fluorescence values and thereby alters lateral membrane
properties in SPM (Fig. 3A and B). A similar effect is
observed for lovastatin (Fig. 3), confirming earlier results
from our laboratory [45]. These findings imply that pyrene
is less accessible to form excimers in SPM of lovastatin- and
pravastatin-treated mice. Surprisingly, simvastatin treat-
ment does not affect pyrene excimer formation in SPM
(Fig. 3). Pyrene bulk fluorescence values of simvastatin-
treated mice nearly reach control level (Fig. 3A and B).

Interestingly, lovastatin and pravastatin that significantly
reduce exofacial SPM cholesterol levels (Fig. 1B) strongly
decrease pyrene excimer formation in SPM (Fig. 3).
Thereby, exofacial SPM cholesterol content is significantly
correlated with pyrene bulk fluorescence levels (inlet
Fig. 3B), whereas no such correlation is evident for the
cytofacial SPM cholesterol levels (data not shown).

3.6. Statin effects on flotillin expression

Membrane lipid raft domains probably build up coales-
cent units in the exofacial bilayer leaflet [70,71]. Lipid rafts
are possibly involved in cellular amyloidogenesis [27-
29,70,71]. Expression of the raft marker protein flotillin

Table 2
Effects of MBCD and its cholesterol inclusion complexes on transbilayer
cholesterol distribution in SPM of mice

Percent Percent Q (percent

cholesterol cholesterol cholesterol

cytofacial exofacial exofacial/cytofacial)
Control 72.05 + 2.99 27.95 + 2.99 0.412 + 0.094
CHOL- 7942 + 6.88 20.58 + 6.88" 0.267 + 0.110"
CHOL+  63.61 + 11.49 36.39 4 11.497 0.725 £ 0.142*

Percental cholesterol distribution of the cytofacial and exofacial leaflet
was determined in SPM of control, cholesterol-depleted (CHOL—) and
cholesterol-enriched (CHOL4) NMRI mice. Cholesterol depletion was
performed using MBCD, cholesterol enrichment was performed using
MBCD-cholesterol complexes. Synaptosomes were labelled according to
the TNBS-quenching technique. Native SPM cholesterol was exchanged
by SUV-incorporated DHE (refer to Section 2). Data are means £ SD
(N = 4-5). (¥) P < 0.05 significant vs. control value of the same leaflet, (4)
P = 0.15 as compared with control value of the same leaflet (ANOVA).

The ratio values of exofacial and cytofacial leaflet cholesterol were
calculated for each group of treatment. Data are means = SD (N = 4-5).
(%) P < 0.05 significant vs. control ratio (z-test).

[64] in SPM is strongly decreased by all three statins
(Fig. 4A and B).

3.7. Effects of MCD and its cholesterol inclusion
complexes on SPM transbilayer cholesterol distribution

MPBCD treatment in vitro significantly lowers SPM free
cholesterol levels. Reversely, in vitro treatment using cho-
lesterol inclusion complexes significantly enhances choles-
terol content in SPM. The respective free cholesterol levels
(means £ SD, N =4-5) are given as: 221.70 +31.98
(control), 186.20 &+ 17.57* (depletion), 265.10 £ 25.06*
(enrichment); *P < 0.05 significant vs. control (z-test).

Interestingly, MBCD treatment results in significantly
reduced exofacial percent cholesterol values compared to
controls (Table 2), which is further expressed in decreased
exofacial to cytofacial cholesterol ratio values (Table 2).
Thus, MBCD exclusively extracts exofacial membrane
cholesterol pools. Reversely, cholesterol enrichment
with MBCD-cholesterol complexes induces contrarious
effects. Percent exofacial cholesterol levels in the enrich-
ment group are clearly enhanced compared to controls
(Table 2, "P =0.15, t-test). Accordingly, exofacial to
cytofacial cholesterol ratio values are significantly
increased (Table 2). Thus, exofacial membrane cholesterol
pools are most sensitive to external cholesterol manipula-
tions using MBCD—cholesterol complexes.

4. Discussion

In view of the possible beneficial role of statins in AD,
we report for the first time that lovastatin, simvastatin and
pravastatin affect membranous cholesterol homeostasis in
the brain, although in somewhat different manners. Con-
sistent with our recent findings [45], lovastatin as well as
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simvastatin significantly lowered the levels of unesterfied
cholesterol in SPM, whereas cholesterol reduction was not
significant with the hydrophilic pravastatin. Interestingly,
total SPM cholesterol levels remained unaffected in all
three groups. Accordingly, cholesterol ester levels were
slightly enhanced in the lovastatin and simvastatin
group. As pravastatin was ineffective, this probably repre-
sents a central effect of lovastatin and simvastatin. Our
findings imply that (1) lovastatin and simvastatin shuttle
free plasma membrane cholesterol to the cholesterol ester
pool possibly via an ER cycling route [39] (Fig. 6) and that
(2) net cholesterol balance across the membrane remains
unchanged under statin treatment as cholesterol and its
esters build up a dynamic equilibrium [39,40]. Simvastatin
and pravastatin were previously shown to differentially
affect cholesterol esterfication rate in AcLDL-loaded
macrophages via an isoprenoid-mediated pathway [72].
Further investigations have to clarify whether the lovas-
tatin- and simvastatin-induced cholesterol ester shifting in
SPM is also sensitive for the intracellular cholesterol ester
pool that was recently found to be coupled with cellular AP
generation [44].

Recent findings indicate that excessive cellular A
genesis in AD is probably linked to disturbances in sub-
cellular cholesterol compartmentation and domain sorting
rather than to cellular bulk cholesterol levels [42,73,74].

Concomitantly, total membrane cholesterol levels in
distinct brain regions of AD patients are not changed to
any relevant degree [8,9,75]. The possible relevance of
cholesterol compartmentation within the plasma mem-
brane in AD is underlined by findings that the cholesterol
content within the exofacial leaflet of SPM isolated from
brains of knock-in mice carrying the human ApoE 4 allele
is significantly higher compared to wild-type animals [48].
Moreover, SPM isolated from ApoE knock-out mice exhi-
bit a similar change in exofacial cholesterol levels [76].

All three statins affected transbilayer cholesterol dis-
tribution in SPM, although in different patterns. While the
hydrophilic pravastatin only affected the exofacial leaflet,
the more lipophilic compounds also modulated the cyto-
facial membrane layer. If the latter effect is connected with
the change of the cholesterol esterfication rate is not
known. So far it is unclear how the statins exert these
effects in the brain, especially since the hydrophilic pra-
vastatin does not cross the BBB [22]. It might be specu-
lated that the final central effects are initiated indirectly at
the BBB micro vessel wall [34-36,77,78], e.g. by a “cho-
lesterol-independent™ up-regulation of endothelial NOs
[34-36]. This hypothesis is strengthened by the fact that
AD is often accompanied by vascular pathology and shares
some common risk factors with VD [77-80]. NO is dis-
cussed to be a second messenger system of statins [81],
which is additionally coupled to ApoE metabolism [82].
As lipoprotein receptors are present at the BBB [83],
statin-induced signalling cascades in the endothelium of
brain capillaries may subsequently alter receptor-mediated

ApoE lipoprotein metabolism that possibly functions as a
secondary signal transduction system [24,45,84,85].

Despite the modulation of membranous cholesterol
distribution, none of the statin compounds influenced
membrane microenvironment at level of DPH anisotropy
in our studies, confirming earlier findings that statins affect
cholesterol pools which are insensitive to DPH [45]. Intra-
membranous DPH flexibility might predominantly be
determined by structural non-raft cholesterol pools that
possibly remained unaffected by statin treatment (Fig. SA).

In contrast, pyrene bulk fluorescence seems to be highly
sensitive to statin-induced membrane alterations [45].
Pyrene measurements are based on the collision of two
molecules that diffuse within the membrane [63]. Thereby
it is yet not clear whether the ability for lateral diffusion
and/or the possibility to form localised pyrene aggregates
represents the rate-determining step for pyrene excimer
formation [65]. In both cases the likelihood for excimer
formation within the membrane is probably enhanced
under conditions where monomeric pyrene is sterically
concentrated, i.e. due to increased membrane cholesterol
loading with age [50]. Statin-induced membrane choles-
terol alterations probably have a differential impact on the
membrane parameters sensitive to DPH and pyrene [45].
We report that pyrene bulk fluorescence was significantly
diminished in lovastatin- and pravastatin-, but not in
simvastatin-treated mice. As only the two former com-
pounds significantly lowered exofacial SPM cholesterol,
pyrene bulk fluorescence might be especially sensitive for
cholesterol in the exofacial membrane leaflet. This hypoth-
esis is corroborated by the finding that exofacial SPM
membrane cholesterol levels significantly correlated with
pyrene bulk fluorescence values. Accordingly, as exofacial
membrane cholesterol content increases with age [51],
SPM of aged mice consistently show enhanced pyrene
bulk fluorescence values when compared to young mice
[50].

Several studies reported that the in vitro effects of statins
on APP processing could be mimicked by MBCD. MBCD
is reported to diminish cellular cholesterol and A load,
and to affect raft assembly and structure [2-4,86,87].
Reversely, treatment of cells with MBCD—cholesterol com-
plexes resulted in enhanced cellular bulk cholesterol and
AP levels [2-4]. Our data clearly indicates that MBCD and
its cholesterol inclusion complexes alter the transbilayer
distribution of cholesterol in SPM in a contrary manner. As
MBCD reduced the exofacial cholesterol pool, it probably
shifts raft-associated APP cleavage to the non-amyloido-
genic pathway [27-29]. MBCD-cholesterol complexes
contrary enhanced exofacial cholesterol load in SPM
and thereby might direct the amyloidogenic processing
of APP into raft domains. Thus, MBCD and several statins
not only share the pharmacological capability to reduce
cellular A load, but also to discretely influence membrane
transbilayer distribution of cholesterol, which might thus
be crucial for intracellular AB production (Fig. 6).
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Fig. 5. Plasma membrane micro-domains and DHE fluorescence quenching. (A) Descriptive illustration of plasma membrane cholesterol distribution
according to [69]. Cholesterol is enriched in the cytofacial membrane leaflet and builds up functional domains like transbilayer lipid rafts or non-raft lateral
pools. Raft domains are associated with distinct signalling proteins like cytofacial src-kinase (SRC) or exofacial GPI-anchored proteins (GPI). Anionic
phospholipids with unsaturated fatty acyl chains are predominantly localised in the cytofacial leaflet, neutral phospholipids with saturated fatty acids are
enriched in the outer membrane leaflet. Transmembrane proteins are embedded in the bilayer and surrounded by annular lipids. Determination of the
transbilayer distribution of cholesterol requires a trinitrophenylation reaction using TNBS in SPM conducted at 4°. TNBS covalently links primary amino
moieties of phospholipids in the exofacial leaflet (TNP: trinitrophenyl-residues) and does not penetrate the membrane core region. SUV-incorporated DHE
exchanges with native membrane cholesterol in both leaflets in an equilibrium manner [51]. Fluorescence emission of excited DHE located in the exofacial
leaflet is quenched by TNBS. Thus, DHE fluorescence of the labelled sample refers to the cholesterol content in the cytofacial leaflet. The DHE
fluorescence signal of the unlabelled sample refers to bulk cholesterol levels in SPM. The difference between these signals represents the exofacial
cholesterol content. (B) Chemical structure and fluorescence emission spectrum of DHE in SUV. The fluorophore region is excited at 324 nm, emission

(Em) is recorded at 375 nm.

High levels of exofacial raft cholesterol are suspected to
provide an excellent environment for intra-membranous
amyloidogenic APP cleavage by B- and y-secretases and
hence may enhance this important pathogenetic process in
AD [27-29,70,88]. Recent findings using Asp-2-trans-
fected 293 cells point out that increasing intracellular
cholesterol levels lead to the localisation of the B-secretase
Asp-2 enzyme into cholesterol-rich membrane micro-
domains, while lovastatin treatment causes a more diffuse
enzyme localisation and thereby probably disperses [3-
secretase from its substrate APP [89]. Some evidence
indicates that the PM non-raft cholesterol pool primarily
senses the amount of cellular bulk cholesterol [40]. Raft
destruction, e.g. with sphingomyelinase shuttles choles-
terol into the non-raft pool, which probably flows back to
the ER and thus blocks intracellular SREBP/SCAP trans-
location to the Golgi and further cholesterol synthesis
(Fig. 6) [40,90].

Interestingly, all three statin compounds in our studies
lowered the expression of flotillin, a widely used lipid raft

marker protein [64,86]. Again, as pravastatin is active, the
mechanism might be indirect. Although no purified raft
fractions from SPM were isolated due to the limitation of
available tissue, this finding points to specific statin-
induced alterations in raft structure and distribution.
Recently, inhibition of caveolin expression in the presence
of statins has been demonstrated in endothelial cells,
resulting in an up-regulation of NO release [91].

In conclusion, statins directly and/or indirectly exert
various effects on membrane cholesterol homeostasis in
the central nervous system. Statin-induced disturbances in
the equilibrium of exofacial raft cholesterol and cytofacial
non-raft cholesterol may subsequently change the acces-
sibility of membrane cholesterol pools to the ER sensor
and ACAT [92] as well as to raft-associated proteins like
secretases [26-28] or APP (Fig. 6) [71,88], which might
secondary shift cellular metabolism towards the non-amy-
loidogenic pathway. According to this hypothesis, further
investigations have to clarify whether brain membrane
cholesterol and raft distribution are altered during AD.
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Fig. 6. Putative cellular targets of statins and secondary effects on
intracellular cholesterol homeostasis. Statins directly or indirectly induce
alterations in the equilibrium of transbilayer cholesterol distribution in the
plasma membrane and thereby affect the accessibility of membrane
cholesterol to distinct cellular domains. Exofacial raft cholesterol reveals
to be crucial for membranous signal transduction processes and probably
cellular AB production from its precursor APP. Cytofacial cholesterol in
non-raft pools might act as a sensor domain which can cycle back to the
ER and thus influence intracellular lipid homeostasis and distribution via
the SREBP/SCAP pathway and other feedback cascades like metabolic
control of HMG-CoA reductase or ACAT activity.
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