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Abstract
Previous studies have described that statins (inhibitors of cholesterol and isoprenoid biosynthesis)
inhibit the output of amyloid-β (Aβ) in the animal model and thus decrease risk of Alzheimer's
disease. However, their action mechanism(s) in APP processing and Aβ generation is not fully
understood. Here we report that lovastatin treatment reduced Aβ output in cultured hippocampal
neurons as a result of reduced Aβ precursor protein (APP) levels and β-secretase activities in low
density Lubrol WX (non-ionic detergent) extractable lipid rafts (LDLR). Rather than altering
cholesterol levels in lipid raft fractions and thus disrupting lipid raft structure, lovastatin decreased
Aβ generation through down-regulating geranylgeranyl-pyrophosphate (GGPP) dependent
endocytosis pathway. The inhibition of APP endocytosis by treatment with lovastatin and reduction
of APP levels in LDLR fractions by treatment with phenylarsine oxide (a general endocytosis
inhibitor) support the involvement of APP endocytosis in APP distribution in LDLR fractions and
subsequent APP β-cleavage. Moreover, lovastatin-mediated down-regulation of endocytosis
regulators, such as EEA1, dynamin-I and phosphatidylinositol-3 kinase activity, indicates that
lovastatin modulates APP endocytosis possibly through its pleiotropic effects on endocytic
regulators. Collectively, these data report that lovastatin mediates inhibition of LDLR distribution
and β-cleavage of APP in a GGPP and endocytosis dependent manner.
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Introduction
Accumulation of amyloid-β peptides (Aβ) is one of the “hallmarks” of Alzheimer’s disease
(AD) (Halliday et al. 2000; Gupta and Pansari 2003; McGeer and McGeer 2003). Aβ is
produced from Aβ precursor protein (APP) by sequential action of β-secretase and γ-secretase
which aggregates to generate neurotoxic insoluble Aβ plaques (Halliday et al. 2000; Gupta and
Pansari 2003; McGeer and McGeer 2003). On the other hand, cleavage of APP by α-secretase
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and γ-secretase generates soluble non-toxic products. Recent studies have demonstrated that
the β-secretase- and α-secretase-mediated APP cleavages occur in separate membrane
compartments; β-secretase in lipid rafts (a cholesterol and sphingomyelin rich microdomains)
and α-secretase in non-lipid rafts membrane fractions (Riddell et al. 2001; Wolozin 2001).
According to this model, a high level of cholesterol may favor Aβ production, whereas a
reduced cholesterol level favors the non-amyloidogenic α-secretase pathway. Indeed, a number
of studies have demonstrated that hypercholesterolemia and high cholesterol diet are risk
factors of AD in human and animal models (Refolo et al. 2000; Fassbender et al. 2001;
Buxbaum et al. 2002; Pappolla et al. 2003). Moreover, reduced incident of AD is reported in
patients using statins (inhibitors of HMG-CoA reductase, a rate limiting enzyme in cholesterol
biosynthesis) (Jick et al. 2000; Wolozin et al. 2000; Kojro et al. 2001; Chauhan 2003).
Therefore, the ability of statins to reduce cholesterol synthesis has been suggested as a major
mechanism for their anti-amyloidogenic property (Simons et al. 1998; Refolo et al. 2000;
Fassbender et al. 2001; Kojro et al. 2001; Shie et al. 2002; Pappolla et al. 2003; Parvathy et al.
2004). However, the recent MIRAGE (Multi-Institutional Research in Alzheimer’s Genetic
Epidemiology) trial demonstrated that AD is prevented by statins but not by non-statin
cholesterol-lowering medications (Green et al. 2006), thus suggesting the occurrence of
cholesterol-independent pathways in statin-mediated anti-AD effects. Indeed, statin (i.e.
lovastatin, simvastatin and pravastatin) treatment has been shown to be ineffective on reduction
of cholesterol levels in the brain of guinea pigs (Fassbender et al. 2001; Lutjohann et al.
2004) and in cultured hippocampal neurons up to 40 hrs treatment (Meske et al. 2003). The
very long half life of brain cholesterol (4–6 months in rat) (Serougne-Gautheron and Chevallier
1973; Andersson et al. 1990) and observed inhibition of cholesterol release to peripheral blood
as 24S-hydroxycholesterol (Lutjohann et al. 2004) by statin may contribute towards the
observed unchanged cholesterol levels in statin-treated brain. Therefore, the exact mechanism
for statin-mediated antiamyloidogenic activity is clear.

Recent reports have provided evidence that endosomes are major subcellular compartments
for β-cleavage of APP because of their acidic pH and positive correlation between endocytic
activity and β-cleavage of APP (Koo and Squazzo 1994; Refolo et al. 1995; Soriano et al.
1999; Walter et al. 2001; Bamberger et al. 2003; Ehehalt et al. 2003; Grbovic et al. 2003;
Cataldo et al. 2004). Aβ generation is markedly reduced when endocytosis of APP is inhibited
(Koo and Squazzo 1994; Soriano et al. 1999) but accelerated when endocytosis is stimulated
(Grbovic et al. 2003). In neurons, APP endocytosis is known to be mediated by a clathrin-
dependent pathway (Marquez-Sterling et al. 1997), and several geranylgeranylated small
GTPases (i.e. RhoA and Rab5) are known to be involved in this event (Marquez-Sterling et al.
1997; Symons and Rusk 2003). Very recently, statins were demonstrated to have an inhibitory
effect on endocytosis of cell surface molecules, where statins appear to regulate endocytosis
via regulation of isoprenylation of small GTPases (Sidaway et al. 2004; Verhulst et al. 2004).
Therefore, these studies suggest that statins may regulate APP endocytosis and APP β-cleavage
via inhibition of protein isoprenylation.

This study describes a possible cholesterol-independent mechanism for statin-mediated anti-
amyloidogenic process in primary cultured rat hippocampal neurons. We have observed that
lovastatin reduces APP levels and β-secretase activity in low density lipid rafts (LDLR) as well
as Aβ production in a GGPP dependent manner. The inhibition of APP endocytosis and
reduction in early endosomal distribution of APP by lovastatin treatment and reduction of APP
levels in LDLR fractions by phenylarsine oxide (PAO), an endocytosis inhibitor, suggest that
lovastatin may modulate distribution of APP in LDLR by inhibiting APP endocytosis.
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Materials and Methods
Cell culture and drug treatments

For hippocampal neuron cell culture, E17 Sprague Dawley rat hippocampi were used.
Following treatment of hippocampi with 0.125% trypsin, the dissociated cells were plated on
poly-D-lysine coated culture plates in Neurobasal medium (Invitrogen, San Diego, CA) with
2% B27 supplement (Invitrogen), L-glutamine (0.5 mM; Sigma-Aldrich Co., St. Louis, MO),
L-glutamate (25 µM; Sigma-Aldrich Co.) and antibiotic/antimycotic agent (cocktail of
penicillin, streptomycin and amphotericin B, Invitrogen). The media was completely
exchanged with the same media just after cell attachment (about 3 hr). The cultures were
maintained in 5% CO2 at 37°C for 7 days and exchanged with B27 free Neurobasal medium
for drug treatment. Lovastatin (BioMol, Plymouth Meeting, PA), mevalonate (Sigma-Aldrich),
phenylarsine oxide (Sigma-Aldrich), FTI-276 (Calbiochem, San Diego, CA) and GGTI-298
(Calbiochem) were prepared in dimethylsulfoxide (DMSO; Sigma). Geranylgeranyl-
pyrophosphate (GGPP; Sigma) and farnesyl-pyrophosphate (FPP; Sigma) were prepared as
liposomes as described previously (Sinha et al. 1999). Briefly, 200µl
dipalmitoylphosphatidylcholine (25mM) and 200µl GGPP (200 µg) or 200µl FPP (200 µg) in
methanol were mixed and dried under nitrogen gas flow. The dried lipid film was then dispersed
in 0.5 ml of PBS at 50 °C and liposomes were made by sonication.

Analysis of α- and β-secretase activity and Aβ40/Aβ42 release
The activities of α- and β-secretases in post nuclear cell extract or lipid raft fractions were
measured by using fluorogenic assay kits purchased from R&D Systems Inc. (Minneapolis,
MN). The activities were measured by SPECTRAmax® Gemini XS® fluorimeter with
SOFTmax PRO® software (Molecular Devices, Chicago, IL) with excitation at 345 nm and
emission detection at 500 nm. For quantification of Aβ in media, culture media was centrifuged
(1000xg for 10min at 4°C) and 100µl supernatant was used for colorimetric ELISA assay by
using human Aβ (1–40) and (1–42) assay kits purchased from IBL. Co., Ltd. (Japan) or Wako
chemicals (Japan) which are fully compatible with rat Aβ40 or Aβ42.

Western blot analysis and antibodies
Western blot analysis were performed as described previously (Won et al. 2003) by using
antibody against N-terminal APP695 (22C11, Chemicon, Temecula, CA), C-terminal APP
(Ab18813, Abcam, Cambridge, MA), BACE1 (Chemicon), ADAM10 (SantaCruz Biotech.),
flotillin-1 (SantaCruz Biotech.), clathrin (SantaCruz Biotech.), PrP (SantaCruz Biotech.),
CD71 (SantaCruz Biotech.), Rab5 (SantaCruz Biotech.), RhoA (SantaCruz Biotech.), EEA1
(Abcam), dynamin-1 (SantaCruz Biotech.) or phospho-Akt1 (Cell Signaling Tech. Inc.
Panvers, MA).

Extraction of membrane microdomains
The cells in 150mm culture dish were washed in ice cold PBS twice and lysed in 0.4 ml MBS
buffer [25 mM MES, pH 6.5, 150 mM NaCl, 1 mM Na3VO4 and protease inhibitor cocktail
(Roche, Indianapolis, IN)] containing 0.5 % Triton X-100 (Sigma) or Lubrol WX (ICN
Biochemicals, Cleveland, OH) for 30 min on ice with 10 strokes in a tightly fitted Dounce
homogenizer. The homogenates were centrifuged at 1,000xg for 10min at 4°C and the resulting
supernatants were analyzed for protein quantity. The post-nuclear lysates with the same protein
quantities were mixed with the same volume of 80% Nycodenz (Nycomed Pharma, Roskilde,
Denmark) in MBS buffer with appropriate detergent. The resulting 40% Nycodenz containing
lysate mixtures were overlayed with two volumes of 30% and one volume of 5 % Nycodenz
in MBS with the appropriate detergent. Following centrifugation for 2 hr at 80,000 xg in a
TLV-100 rotor (Beckman, Fullerton, CA), 10 equal volumes of fractions were collected.
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Quantification of cholesterol levels and analysis of cholesterol stability
Cholesterol levels in cellular or each membrane microdomain fraction were measured by using
Amplex® Red Cholesterol Assay Kit (Invitrogen) as described in manufacturer’s instruction.
For the analysis of cholesterol half life, the cells were grown for a week and then labeled with
[4-14C] cholesterol (1 µCi, 50–60 mCi/mmol from American radio labeled Chemicals, Inc)
overnight. After washing three times in B27 free media, the cells were treated with statins for
36 hrs under B27 free condition (exogenous cholesterol free condition) and total lipids were
extracted from cell homogenates using the Folch method as described earlier (Khan et al.
2000). Non-polar lipids were resolved on high performance thin layer chromatography in a
solvent system consists of hexane:ether:acetic acid (75:25:01). Cholesterol was visualized by
iodine and autoradiography and scraped for radioactive counts using LS 6500 multi-purpose
scintillation counter from Beckman Coultier.

Quantification of APP and transferrin endocytosis
Three sets of neuron cell culture on 6 well plates were washed with ice-cold Neurobasal media
and incubated for 20 min at 4°C with human transferrin conjugated with Alexa Fluor® 594
(10 µg/ml; Invitrogen) or anti-APP antibody (22C11; 5 µg/ml) labeled with Alexa Fluor® 594
Fab fragments (Invitrogen) in B27 free Neurobasal media. After another wash with ice-cold
Neurobasal media, the first set of cell cultures were lysed in 200µl of PNT buffer (PBS, 0.2%
NP-40, and 0.2% Triton X-100) and the cell lysates were designated as “total surface binding
(TSB)”. The second set of cell cultures were washed with ice-cold acetate buffer (0.5 M acetate
and 0.5 M NaCl) or acidic PBS (pH2.5) to remove surface bound transferrin or 22C11 antibody,
respectively. Following lysis with PNT buffer, the cell lysates were designated as “acid stable
binding (ASB)”. The third set of cell cultures were incubated for 30 min at 37°C to allow
internalization of fluorescent transferrin or 22C11. The fluorescent transferrin or 22C11 that
remained on the surface was removed by washing with ice-cold acetate buffer or acidic PBS,
respectively. Following lysis with PNT buffer, the cell lysates were designated as “internalized
transferrin or APP (INT)”. The fluorescence in each lysate was measured by SPECTRAmax®
Gemini XS® fluorimeter with SOFTmax PRO® software with excitation at 590 nm and
emission detection at 617 nm with 610nm cut off. The “specific endocytic activity (SEA)” of
transferrin or APP was calculated by “SEA=(INT-ASB)/(TSB-ASB)”.

For immunocytochemical analysis of cellular APP distribution and internalization, the neuron
cells plated on poly-D-lysine coated two chamber slides (Becton, Dickinson and Company,
Franklin Lakes, NJ) were treated with lovastatin for 36 hrs and then incubated with 22C11
anti-APP antibody for 1hr at 4°C. Following washing with PBS, the cells were fixed with 4%
formaldehyde containing PBS for staining of cell surface APP, or were further incubated in
Neurobasal media at 37°C for 2hrs to allow internalization and then washed with acid PBS
(pH2.5) to remove cell surface 22C11 prior to fixing with formaldehyde containing PBS for
staining of internalized APP. The cell surface or internalized 22C11 antibody was visualized
by using Alexa Fluo 488 conjugated Goat anti-mouse antibody (Invitrogen) and fluorescent
microscope and DP70 image system with 40X objective (Olympus, Japan).

Subcellular fraction
The cells in 150mm culture dish were washed in ice cold PBS twice and lysed in sucrose buffer
(20 mM Hepes-NaOH, pH 7.4, 1 mM EDTA, 0.25 M sucrose, 1 mM Na3VO4 and protease
inhibitor cocktail) with 20 strokes in a tight fitted Dounce homogenizer. The homogenates
were centrifuged at 1,000xg for 10min at 4°C and the resulting post nuclear fractions designated
as S1 were further centrifuged at 15,000xg for 20 min at 4°C to pellet mitochondria and broken
membrane fragments (P15). The resulting post mitochondrial fractions (S15) were further
centrifuged at 100,000 xg for 40 min at 4°C to separate cytosolic fractions (S100) and
microsomal fractions (P100). For immunoprecipitation of Rab5 positive microsomal vesicles,
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P100 were dissolved in the sucrose buffer and incubated with anti-Rab5 polyclonal antibody
for 2hr at 4°C. The Rab5 positive vesicles were pulled-down by using protein-G conjugated
with Sepharose (Santa Cruz Biotech.). The APP levels in Rab5 positive P100 vesicles as well
as in S1, P15, S15, P100 and S100 were quantified by Western immunoblot using 22C11 APP
antibody. For subcellular organelle fractionation, the cell lysates were centrifuged at 3,000xg
for 20 min to remove unbroken cells, nuclei and heavy mitochondrial fractions. The resulting
250µl of supernatant were loaded on the top of Optiprep® (Axis-Shield, Oslo, Norway) step
density gradient (0, 1.25, 2.5, 5, 10 and 20%) in 20 mM Hepes-NaOH, pH 7.4, 1 mM EDTA,
0.25 M sucrose. Following centrifugation for 30min at 80,000 xg in a TLV-100 rotor
(Beckman), 10 equal volumes of fractions were collected.

RESULTS
Lovastatin reduced Aβ generation but increased cellular APP levels in primary hippocampal
neurons

To examine the effect of statin on Aβ output in neurons, primary hippocampal neurons in
culture were treated with different concentrations of lovastatin (1, 5 and 10 µM) for 36 hrs. As
reported previously (Wolozin et al. 2000; Fassbender et al. 2001; Kojro et al. 2001), the
lovastatin treatment reduced Aβ40 and Aβ42 output (Fig. 1A-i and -ii) and cellular levels of
C99 (APP C-terminal fragment produced by action of β-secretase) (Fig. 1B) without altering
protein levels of BACE1 (one of β-secretases) and ADAM10 (one of α-secretases) (Fig. 1B)
and cell viability (Fig. 1C). However, lovastatin treatment increased cellular APP levels (Fig.
1B). These results indicate that lovastatin-mediated reduction of Aβ generation may be
mediated by reduced β-secretase-mediated APP cleavage rather than reduction of protein levels
of APP and β-secretase.

Lovastatin reduced APP levels in low-density Lubrol WX extractable lipid raft fractions
The amyloidogenic process of APP is known to be associated with cholesterol and sphingolipid
rich membrane microdomains called “lipid rafts” (Riddell et al. 2001; Wolozin 2001). Since
subsets of rafts and their chemical and physical properties are dependent on types of detergent
used (Madore et al. 1999; Roper et al. 2000; Simons and Toomre 2000; Riddell et al. 2001;
Rouvinski et al. 2003), we studied APP distribution in membrane microdomains prepared with
two types of non-ionic detergents; Triton X-100 and Lubrol WX (Fig. 2A). In 0.5% Triton
X-100, the majority of APP was associated with detergent soluble fractions (CD71 and clathrin
positive fractions; # 8~10) and only a small amount of APP (less than 1%) was associated with
the flotillin positive fractions (fraction # 6) (Fig 2A). On the other hand, in 0.5% Lubrol WX,
APP was broadly distributed in the entire gradient. About 40.1% of APP were distributed in
flotillin positive fractions (#1~6) and 59.9% was in non-lipid raft membrane fractions (#7~10).
These data indicate that significant amounts of APP molecules on the neuronal membranes
may be associated with specific membrane microdomains which are insoluble in Lubrol WX
but soluble in Triton X-100.

Since lipid rafts are the site for β-secretase-mediated APP cleavage (Riddell et al. 2001), we
examined the possible role of lovastatin in the regulation of APP distribution in Lubrol WX
insoluble lipid raft fractions. As shown in the Fig. 2B, we observed that lovastatin treatment
caused selective reduction of APP levels only in low density fractions of Lubrol WX insoluble
lipid rafts (LDLR) (#1~3) which contained higher amounts of cholesterol than other flotillin
positive fractions (Fig. 5B), and were enriched with PrP, a glycosyl phosphatidyl inositol-
anchored protein (GPI-AP) (Fig. 2A). However, APP levels in other lipid raft fractions (# 4~6)
and detergent soluble fractions (#7~10) were not reduced by lovastatin treatment (Fig. 2B). In
contrast to APP, protein levels of flotillin, a caveolae protein, in fractions # 2 and 3 were not
altered by lovastatin treatment under similar conditions (Fig. 2B). Secondly, the same amount
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of control and lovastatin treated cell lysates were charged on the gradients as represented by
equal amounts of β-actin levels in Fig. 2B (denoted by lysate), and equal volumes of fractions
were collected from the respective gradients. Therefore, lovastatin mediated reduction in APP
levels in LDLR fractions is not due to differences in protein loading or general reduction in
membrane associated protein levels. The same experimental procedures for lipid raft
preparation were also performed for data in Fig. 3B, Fig. 4A, Fig. 6A, 6E, Fig. 7G and Fig. 8E
(data not shown), thus, it indicates that the observed changes in APP and BACE1 protein levels
in those figures are not due to differences in protein loading or general reduction in membrane
associated protein levels.

Lovastatin treatment reduced β-secretase activity but had no effect on α-secretase activity
Statin treatment or low cholesterol conditions are known to stimulate α-secretase mediated
production of soluble APP ectodomain (Kojro et al. 2001; Parvathy et al. 2004; Pedrini et al.
2005). In addition, depletion of cellular cholesterol by cholesterol sequester (i.e. β-methyl
cyclodextrin) is known to translocate BACE1 from lipid rafts to non-lipid raft fractions and
thus to reduce its activity (Riddell et al. 2001). To examine the involvement of α- or β-secretase
in anti-amyloidogenic activity of lovastatin, we examined the effect of lovastatin treatment on
protein levels of BACE1 and ADAM10 and associated enzyme activities. We observed that
lovastatin treatment did not alter α-secretase activity significantly (Fig. 3A). However,
lovastatin treatment significantly reduced β-secretase activities in cell lysates (Fig. 3A) and
BACE1 protein levels in LDLR fractions (fraction# 1~3 in Fig. 3B). In addition, the observed
reduction in β-secretase activity in LDLR fraction (#2) (Fig 3C) was well correlated with
reduced protein levels of BACE1 in LDLR fraction (Fig. 3B). Therefore, these data document
that the decrease in Aβ output by lovastatin treatment may be due to the reduction of protein
levels and enzymatic activity of BACE1 in LDLR fractions along with reduction in LDLR
APP levels.

Lovastatin exerted its anti-amyloidogenic role through inhibition of the mevalonate pathway
Statins are a family of inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase and thus down-regulate synthesis of isoprenoids and cholesterol through inhibition
of mevalonate formation. To examine if lovastatin exerts its anti-amyloidogenic activity
through metabolites of the mevalonate pathway, mevalonate was supplemented to lovastatin
treatment. As shown in Fig. 4A-i, mevalonate fully reversed the inhibitory actions of lovastatin
on APP distribution in LDLR fractions (#2~3). Moreover, mevalonate supplementation also
reversed lovastatin-mediated reduction in Aβ output (Fig. 4B) and a β-secretase activity in post
nuclear extracts (Fig. 4C). These results indicate that lovastatin exerts its anti-amyloidogenic
role through inhibition of the mevalonate pathway (HMG-CoA reductase).

Since cholesterol is one of the end products of the mevalonate pathway and an integral
component of lipid rafts mediating APP β-cleavage (Fassbender et al. 2001; Riddell et al.
2001), lovastatin could exert its anti-amyloidogenic actions through depletion of cholesterol
in neurons. However, we observed that lovastatin did not alter cholesterol levels in the post-
nuclear cell lysates (Fig. 5A). To test if lovastatin exerts its role through selective reduction of
cholesterol levels in specific lipid raft fractions, cholesterol levels in lipid raft fractions were
also examined (Fig. 5B). Similar to its effect in post-nuclear extracts, lovastatin treatment did
not alter cholesterol levels in LDLR fractions (# 1~3). Previous reports describe that cholesterol
depletion reduces distribution of caveolae proteins including flotillins and caveolins in lipid
raft fractions (Garcia-Marcos et al. 2005; Gaus et al. 2005; Chintagari et al. 2006). Therefore,
the observed lack of differences in LDLR-associated flotillin levels between control and
lovastatin treated cells (Fig. 2B) suggests no alteration of lipid raft integrity by lovastatin
treatment. Taken together, these data indicate that lovastatin treatment under our experimental
conditions alters neither cholesterol content in lipid raft nor the integrity of lipid raft.
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Cholesterol is one of the stable lipids in the CNS (Serougne-Gautheron and Chevallier 1973;
Andersson et al. 1990). In Fig. 5C, we observed that the inhibition of HMG-CoA reductase by
lovastatin treatment (5µM/36hr) did not alter pre-labeled cholesterol levels in neuronal cells
under cholesterol free media conditions, thus suggesting that cholesterol in in vitro culture of
neurons was also stable up to 36 hrs of lovastatin treatment.

Lovastatin exerted its anti-amyloidogenic effect in a geranylgeranyl-pyrophosphate
dependent manner

Metabolites of the mevalonate pathway such as farnesyl-pyrophosphate (FPP) and
geranylgeranyl-pyrophosphate (GGPP) are utilized by farnesyl-transferase and
geranylgeranyl-transferase, respectively, for isoprenylation of proteins. The role of protein
isoprenylation in statin-mediated anti-amyloidogenesis was recently reported (Pedrini et al.
2005; Ostrowski et al. 2007), where inhibition of geranylgeranylation by statin treatment
induced α-secretase mediated APP ectodomain shedding and reduced Aβ generation. Similar
to this study, we observed that GGPP supplementation, but not FPP, reversed the lovastatin-
mediated reduction of LDLR distribution of APP (Fig. 6A) and Aβ output to media (Fig. 6B).
The role of GGPP in lovastatin-mediated anti-amyloidogenic activity was further supported
by geranylgeranyl-transferase inhibitor (GGTI-298)-mediated reductions of Aβ40 output to
media (Fig. 6C), β-secretase activity (Fig. 6D) and APP levels in LDLR fractions (Fig. 6E).
On the other hand, farnesyl-transferase inhibitor (FTI-276) failed to reduce Aβ40 output to
media (Fig. 6C), β-secretase activity (Fig. 6D) and APP levels in LDLR fractions (#1~3) (Fig.
6E). These results document that inhibition of GGPP synthesis and subsequent inhibition of
protein geranylgeranylation (i.e. small GTPases) are involved in lovastatin-mediated reduction
of APP levels in LDLR fractions and Aβ generation.

Lovastatin-mediated reduction of APP levels in LDLR fractions may be mediated by down-
regulation of APP endocytosis

Since processes of endocytosis and early endosomal targeting of APP are crucial for its β-
cleavage (Roheim et al. 1979; Walter et al. 2001; Bamberger et al. 2003; Ehehalt et al. 2003;
Grbovic et al. 2003; Cataldo et al. 2004), we examined the effect of lovastatin (5µM/36hr) on
cell surface APP endocytosis by fluorometric and fluoromicroscopic analysis. As shown in the
figure 7A, lovastatin induced accumulation of cell surface APP levels but decreased
intracellular APP levels, which reflect 60% decrease in APP endocytosis activity. Similar
results were also observed in microscopic analysis (Fig. 7B), where we observed that lovastatin
treatment for 36hrs increased the intensity of cell surface APP staining but decreased
internalized APP levels.

To examine whether the lovastatin-mediated inhibition of APP endocytosis alters subcellular
APP distribution, post-nuclear cell lysates were fractionated by differential centrifugation and
APP levels in those fractions were analyzed. We observed that lovastatin treatment decreased
APP levels in post-mitochondrial (S15) and microsomal (P100) fractions which contain small
vesicles including endosomes, endocytic and other membrane trafficking vesicles (Fig. 7C).
However, lovastatin did not reduce APP levels in post nuclear (S1) and mitochondrial (P15)
fractions which mainly contain large subcellular organelles (i.e. mitochondria, E.R.,
peroxisomes and Golgi) and broken plasma membrane. These data indicate that lovastatin
selectively reduces APP levels associated with intracellular small membranous vesicles
(microsomal fraction). To examine if the reduction in APP levels in microsomal fractions
results from reduction in APP levels in endosomes and/or endocytic vesicles, the protein levels
of Rab5 in these fractions and colocalization of Rab5 and APP in microsomal fractions were
examined (Fig. 7C and D). Rab5 is a regulator of endosomal targeting of endocytic vesicles
and is normally present in plasma membrane fractions (S1 and P15) as well as in endosomes
and endocytic vesicles (S15 and P100) (Woodman 2000). Interestingly, we observed that
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lovastatin selectively reduced Rab5 protein levels in microsome containing fractions (S15 and
P15) (Fig. 7C). Since Rab5 positive vesicles contained APP as shown in Fig 7D, these results
suggest that the reduced APP levels in microsomal fractions may be associated with reduction
of Rab5 levels and/or Rab5-associated membrane vesicles in those fractions.

To examine whether lovastatin-mediated reduction in APP levels in P100 fractions are
associated with reduction of APP levels in early endosomal fractions, equal amounts of post
heavy mitochondrial fractions (S3), as represented by equal amounts of β-actin levels (Fig. 7E,
denoted by lysate), were subjected to gradient centrifugation. The gradients were fractionated
as equal volume of fractions and the levels of APP and EEA1 (early endosomal protein) in
each fraction were examined by Western immunoblot analysis. As shown in Fig. 7E, lovastatin
treatment reduced APP levels in the early endosomal fractions (#2~4), indicating that
lovastatin-inhibited APP endocytosis causes reduction of APP levels in early endosomes. In
addition, lovastatin treatment also reduced EEA1 levels in early endosomal fractions (Fig. 7E).
Since EEA1 and Rab5 are key regulators in endocytosis process (Mills et al. 1999), the
reduction of these protein levels in endosomes and/or endocytic vesicles may be related to
reduced endocytosis activity and thus reduced APP levels in early endosomes.

To examine whether endocytosis of APP affect its distribution in LDLR fractions, we examined
the effect of endocytosis inhibitor on APP distribution in LDLR fractions. For this, cellular
endocytic activity was inhibited by phenylarsine oxide treatment (PAO; 200nM/18hrs). PAO
is an inhibitor of tyrosine phosphatases and is known to increase β-secretase-mediated APP
shedding by inhibition of APP endocytosis and thus induction of cell surface APP accumulation
(Daukas and Zigmond 1985; Tong et al. 2000; Zeng et al. 2003; Pedrini et al. 2005). As shown
in Fig. 7F, PAO treatment resulted in reduction of Aβ output. Moreover, PAO also reduced
APP levels in LDLR fractions (#1~4) (Fig. 7G). Taken together, this data indicates that APP
endocytosis may be associated with APP distribution in LDLR fractions and subsequent Aβ
output.

Pleiotropic role of lovastatin in down-regulation of endocytosis regulators
Since lovastatin treatment reduced protein levels of microsomal Rab5 and early endosomal
EEA1 (Fig. 7C and E), lovastatin-mediated reduction in APP endocytosis may be due to non-
selective down-regulation of cellular endocytic activity. Therefore, we analyzed the effect of
lovastatin on transferrin endocytosis activity which is mediated by a clathrin-dependent
pathway (Marquez-Sterling et al. 1997; Bonifacino and Traub 2003). As depicted in Fig. 8A-
i, lovastatin treatment dose dependently inhibited transferrin endocytosis activity. Moreover,
similar inhibition in transferrin endocytosis was also observed by GGTI treatment, an inhibitor
of geranylgeranyl-transferase (Fig. 8A-ii). Therefore, these data suggest that lovastatin may
reduce APP endocytosis through inhibition of the clathrin-dependent pathway in a GGPP
dependent manner.

Activation of Rab5, a geranylgeranylated small GTPase, through GTP loading and subsequent
interaction with effecter proteins including Rabaptin-5, phosphatidylinositol 3-kinases (PI3-
K), EEA1 and Rabenosyn-5, are known as rate limiting steps of clathrin-dependent and -
independent endocytosis (Rybin et al. 1996; Zerial and McBride 2001; Pelkmans et al. 2004).
Therefore, inhibition of geranylgeranylation of Rab5 could be one of mechanisms for lovastatin
and GGTI mediated inhibition of clathrin-dependent endocytosis pathway as reported in N2a
neuroblastoma cells recently (Ostrowski et al. 2007). In hippocampal neuron cells, however,
neither lovastatin nor GGTI treatment altered the levels of membrane associated (P100) Rab5
and other geranylgeranylated small GTPases, such as RhoA (Fig. 8B-i and ii). Further,
lovastatin treatment did not alter the isoprenylated Rab5 levels as depicted by unaltered Rab5
levels in Triton X-114 fractions (Fig. 8B-iii), although there was a small increase in Rab5
protein levels in water soluble fractions (unisoprenylated Rab5). These data suggest that the
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geranylgeranyl moiety of Rab5 is stable under our experimental conditions and that the
observed lovastatin-mediated inhibitory role in APP endocytosis may not be through down-
regulation of Rab5 or RhoA geranylgeranylation.

In Fig. 7E, we observed that lovastatin treatment reduced EEA1 protein levels in endosomal
fractions. EEA1 and dynamin are crucial in endocytic vesicle fusion and fission processes
(Mills et al. 1999;Antonny 2004). In Fig. 8C, we observed that lovastatin treatment decreased
protein levels of EEA1 and dynamin in a time dependent manner (Fig. 8C). Moreover,
lovastatin treatment also inhibited the PI3-K pathway, another key regulator of endocytosis
(Zerial and McBride 2001). The observed reduction in phosphorylated Akt (PKB) levels by
lovastatin treatment (Fig. 8D-i) and reductions of Aβ output (Fig. 8D-ii) and LDLR APP levels
(Fig. 8E) by LY294002 treatment (a PI3-K inhibitor; 20µM/24hr) indicate that lovastatin-
induced inhibition of APP endocytosis and subsequent reduction of Aβ output may be mediated
by lovastatininduced down-regulation of EEA1 and dynamin and inhibition of PI3-K pathway.

Discussion
Differential solubilization of membrane microdomains in Triton X-100 at 4 °C has been widely
used for study of lipid raft structure and function (Brown and Rose 1992). However, there are
still many open questions, including the question whether more than one kind of raft domain
exist on the plasma membrane. In support of the existence of different types of rafts, Röper et
al. (Roper et al. 2000) previously identified a cholesterol-rich microdomain that is distinct from
the classical lipid rafts based on its solubility in Triton X100 but its resistance to another non-
ionic detergent, Lubrol WX. Moreover, Vetrivel et al. showed that γ-secretase as well as APP
are placed in distinct membrane microdomains which are characterized by Lubrol WX
insolubility (Vetrivel et al. 2004; Vetrivel et al. 2005). In hippocampal neurons, we observed
that almost half of APP is associated with Lubrol WX insoluble microdomains which were
characterized by colocalization of flotillin-1, a caveolin family protein (Fig. 2A). These
microdomains are distinct from classical Triton X100 insoluble microdomains because of
almost complete absence of APP in Triton X100 insoluble fractions (Fig. 2A). Although the
physical and biochemical differences of Triton X100 and Lubrol WX extractable lipid rafts
are not understood at present, the data described in this study indicate that almost half of cellular
APP is associated with specific lipid boundaries which are distinct from α-secretase containing
Lubrol WX soluble fractions (Fig. 3B) and Triton X100 insoluble lipid raft fractions (Fig. 2A).

Ehehalt et al. reported previously that clustering of β-secretase and APP containing lipid rafts
is crucial for Aβ generation (Ehehalt et al. 2003), thus indicating that simple distribution of
APP or β-secretase (i.e. BACE1) in lipid raft fractions may not be sufficient to mediate APP
β-cleavage. Individual rafts may contain less than 10~30 protein molecules because of their
limited size (~50 nm) (Pralle et al. 2000), thus, two different species of raft proteins would
rarely be expected to be in the same raft. This means not only localization of APP or BACE1
in the lipid raft fractions but also interaction between APP and BACE1 containing lipid rafts
should be required for APP β-cleavage. In this study, we observed that lovastatin selectively
reduced the APP distribution in LDLR fractions (fraction# 1~3 in Fig. 2B, Fig. 4A and Fig.
6A). However, it is not clear whether these LDLR fractions serve as platforms for APP and
BACE1 interaction. Nevertheless, the observed lovastatin-mediated decrease in protein levels
and enzymatic activities of BACE1/β-secretase (Fig. 3B and C) only in LDLR fractions and
their reflection to β-secretase activity in whole cell lysates (Fig. 3A) suggest that lovastatin-
mediated regulation of APP and β-secretase distribution in LDLR fractions may be essential
for amyloidogenic cleavage of APP.

Cholesterol is an essential component for maintaining lipid raft integrity and has been regarded
as a crucial regulatory factor for amyloidogenesis (Simons et al. 2001; Ehehalt et al. 2003).
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Therefore, ability of statin to reduce cholesterol synthesis has been suggested as a major
mechanism for their anti-amyloidogenic activity (Fassbender et al. 2001). However, in cultured
neurons, lovastatin did not alter cholesterol levels in post nuclear cell lysates and lipid rafts
fractions (Fig. 5A and B). Therefore, lovastatin-mediated reductions of LDLR APP levels and
subsequent Aβ generation might be mediated by pathway(s) other than cholesterol depletion-
mediated disruption of lipid raft structure. The observed lack of effects of lovastatin on flotillin
levels in LDLR fractions (Fig. 2B) also supports this hypothesis because distribution of flotillin
as well as caveolin in lipid raft fractions is dependent on membrane cholesterol levels (Garcia-
Marcos et al. 2005; Gaus et al. 2005; Chintagari et al. 2006). Rather than cholesterol depletion,
our data indicates that lovastatin may exert it inhibitory role in APP distribution in LDLR and
Aβ generation through depletion of GGPP (Fig. 6). This data is consistent with a recent study
(Ostrowski et al. 2007) where lovastatin and simvastatin reduced Aβ generation in a
geranylgeranylation dependent manner. However, these studies differ regarding the role of
statins in RhoA/Rab5 membrane association and cellular APP accumulation. Ostrowski et al.
have reported that lovastatin or simvastatin treatment reduced membrane association of Rab5
and RhoA in N2a neuroblastoma cells (Ostrowski et al. 2007). However, in our study using
the rat hippocampal neurons, there were no changes in membrane association and
geranylgeranylation of Rab5 and RhoA by lovastatin treatment, thus suggesting that lovastatin
may exert it anti-amyloidogenic activity through modulating geranylgeranylation of other
protein(s). Although the explanation for the difference in Rab5/RhoA geranylgeranylation
between these experiments is not well understood at present, use of different cell types (N2a
neuroblastoma vs. primary rat hippocampal neurons vs. mouse cortical neurons) or different
experimental conditions (24hrs vs. 36hr treatment with simvastatin vs. lovastatin) may account
for these differences. Rather than modulation of RhoA and Rab5 geranylgeranylation, we
observed that lovastatin treatment modulated protein levels of EEA1 and dynamin-1 and
activity of PI3-kinase, proteins responsible for clathrin-dependent/-independent endocytosis
pathway (Nichols 2003; Pelkmans et al. 2004; Echarri and Del Pozo 2006). These findings
indicate that lovastatin treatment is expected to modulate a broad range of cellular endocytosis
processes rather than selective inhibition of APP endocytosis. Indeed, lovastatin is reported to
inhibit endocytosis of GPI-anchored ecto-5′-nucleotidase, a lipid raft associated protein which
is internalized via a clathrin-independent pathway (Ledoux et al. 2002). Moreover, we observed
that lovastatin inhibited endocytosis of transferrin, a non-lipid raft associated protein which is
internalized via a clathrin-dependent pathway (Fig. 8A). Therefore, lovastatin may exert its
inhibitory role in APP endocytosis through non-specific and global inhibition of cellular
endocytosis activity via down-regulating geranylgeranylation of certain protein(s), rather than
Rab5 and RhoA.

In neurons, the clathrin-dependent pathway is considered as a major pathway for APP
endocytosis (Marquez-Sterling et al. 1997; Bonifacino and Traub 2003). However, APP
internalized in non-lipid raft fractions via clathrin-dependent pathway may not be a favorable
substrate for β-secretase which is associated with lipid raft fractions. Therefore, the internalized
APP would have to relocate to BACE containing lipid raft fractions (i.e. LDLR) for its BACE
mediated processing in endosomes. In figure 7G, we observed that the treatment of neuronal
cells with PAO, a general endocytosis inhibitor, reduced APP levels in LDLR fractions with
inhibiting Aβ generation. Therefore, this data suggests that endocytosis regulates APP
distribution in LDLR fractions. However, whether the APP in LDLR fractions originates from
early endosomes is not clear at present. Further, PAO inhibits protein tyrosine kinases, thus,
expected to affect various cellular physiological functions. Therefore, the exact role of
endocytosis on endosomal APP distribution in LRLR fractions needs further investigation.

At present, the mechanism of APP endocytosis via the clathrin-independent pathway is not
well understood. However, the reported role of cell surface GPI-anchored proteins in APP β-
processing (Sambamurti et al. 1999) and age-dependent increase in neuronal caveolin
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expression and its regulatory role in APP β-processing (Kang et al. 1987) suggests a possible
role of cell surface lipid rafts in APP β-processing. Since lovastatin reduces endocytosis of
GPI-anchored protein as reported previously (Ledoux et al. 2002), there is a possibility that
lovastatin also down-regulates APP endocytosis via inhibition of clathrin-independent lipid
raft endocytosis. Even though APP is internalized through a clathrin-independent pathway as
a part of lipid raft and/or caveolae containing vesicles, APP may not be readily accessible to
BACE due to their localization in separate lipid raft moieties. Ehehalt et al. previously
suggested that endocytosis may induce clustering of APP and BACE containing lipid rafts
(Ehehalt et al. 2003). Under this scenario, if the clustering process lowers the density of lipid
rafts through endosomal metabolism of lipid raft components or through other unknown
pathways, inhibition of APP endocytosis is expected to reduce APP levels in LDLR fractions
as observed in figure 2B.

This study documents a pleiotropic inhibitory role of lovastatin in APP endocytosis by down-
regulation of EEA1, dynamin and PI3-kinase. No alteration in cholesterol content in neurons
by lovastatin treatment (Fig. 5A) and ability of GGPP to reverse the effects of lovastatin on
reduction of Aβ generation and β-secretase activity (Fig. 6A, B and C) support the conclusion
that the anti-amyloidogenic activity of lovastatin is mediated by GGPP, a lipid required for
membrane association of certain signaling proteins such as small GTPases. The observed lack
of difference in membrane association of RhoA or Rab5 following lovastatin treatment
suggests the involvement of other proteins in geranylgeranylation dependent reduction of
EEA1, dynamin and PI3-kinase (proteins associated with endocytosis process) and reduction
of Aβ production. Since a large number of proteins are known to be isoprenylated, different
proteins may have different isoprenylation rates and/or different half lives. The observed
inhibitions of APP endocytosis and its specific distribution in LDLR fractions and reduced
Aβ generation by lovastatin suggest the participation of lovastatin-sensitive APP containing
lipid rafts (LDLR) in neuronal amyloidogenic activity.
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Fig. 1.
Lovastatin reduces Aβ generation but increases cellular APP levels in primary hippocampal
neurons. The primary rat hippocampal neurons were treated with lovastatin (LOVA) for 36hrs,
and secreted Aβ40 and Aβ42 levels (A), cell viability (B) and protein levels of APP695, C99
(β-secretase processed C-terminal fragment of APP; βCTF), BACE1 and ADAM10 (C) were
measured. All experiments were performed at least three times and showed the same tendency.
The vertical bar on each group indicates the standard error of mean (* P < 0.05, ** P < 0.01,
*** p < 0.001 compared to control group).
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Fig. 2.
Lovastatin reduces APP levels in low-density lipid raft fractions. A. To determine the
distribution of APP in membrane microdomains, the lipid raft fractions from rat hippocampal
neurons were extracted by using 0.5% Triton X-100 or 0.5% Lubrol WX and the distribution
of APP in the lipid raft fractions was determined by comparing protein levels of APP and non-
lipid raft markers (CD71 and clathrin), caveolae marker (flotillin-1) or marker for
glycosylphosphatidylinositol-anchored protein containing lipid rafts (prion protein, PrP) by
Western immunoblot analysis. B. To examine the effect of lovastatin on APP levels in lipid
rafts, the neuron cells were cultured for 36 hrs in the presence or absence of lovastatin (5 µM).
Following the extraction of lipid raft fractions in 0.5% Lubrol WX, the protein levels of APP
in each fraction were analyzed by Western immunoblot analysis. As loading control of density
gradient centrifugation, β-actin levels were measured from post nuclear lysates (lysate). In
addition, the lack of correlation between protein levels of APP and flotillin-1 in low density
lipid raft fractions (fraction# 2 and 3) in lovastatin treated and untreated control gradient
fractions indicate that the observed alterations in APP levels are not due to the differences of
protein amounts in each group of fractions. All experiments were performed at least three times
and showed the same tendency.
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Fig. 3.
Lovastatin reduces β-secretase activity without altering α-secretase activity. To examine the
effect of lovastatin on α- and β-secretases, the α- and β-secretase activities were measured from
primary cultured hippocampal neuron cells after treatment with lovastatin (5µM/36hrs) (A).
For the lipid raft distribution of β-secretase, the lipid raft fractions were extracted from post
nuclear fractions by using 0.5% Lubrol WX and enzyme levels of α- and β-secretases (B) and
β-secretase enzyme activity in low density lipid raft fraction (fraction # 2) (C) were measured.
All experiments were done at least three times and showed same tendency. The vertical bar
indicates the standard error of mean (* P < 0.05 compared to control group).
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Fig. 4.
Mevalonate reverses lovastatin-mediated reduction of APP levels in low density lipid raft
fractions, β-secretase activity and Aβ generation. To define the role of metabolites of the
mevalonate pathway in lovastatin-mediated anti-amyloidogenic effects, primary cultured
hippocampal neuron cells were treated with lovastatin (5µM) in the presence or absence of
mevalonate (250µM) for 36 hrs and then APP levels in lipid rafts (A), Aβ40 levels in media
(B) and β-secretase activity in post nuclear cell lysate (C) were measured as described in
materials and methods. For the lipid raft distribution of APP, the lipid raft fractions were
extracted from post nuclear fractions by using 0.5% Lubrol WX and APP levels in lipid raft
fraction were measured (A). As loading control of density gradient centrifugation, β-actin
levels were measured from post nuclear lysates (lysate) by Western immunoblot analysis (A-
ii). All experiments were performed at least three times. VHC (vehicle) represents
dimethylsulfoxide treatment as control. The vertical bar indicates the standard error of mean
(* P < 0.05, ** P < 0.01, *** p < 0.001 compared to control group; + P < 0.05, +++ p < 0.001
compared to lovastatin treated group).
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Fig. 5.
Cellular cholesterol levels were not altered by lovastatin treatment. To examine the
involvement of cholesterol in lovastatin-mediated anti-amyloidogenic effect, the effect of
lovastatin (5µM/36hrs) on the levels of cholesterol in post nuclear whole cell extracts (A) and
in lipid raft fractions (B) were measured. To analyze half life of cholesterol under lovastatin
treatment, the neurons were labeled with [14C]-cholesterol and treated with lovastatin (5µM).
Thirty six hr after, the levels of [14C]-cholesterol were measured as described in Experimental
Procedure (C).
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Fig. 6.
Lovastatin may exert its anti-amyloidogenic effect through inhibition of geranylgeranyl-
pyrophosphate synthesis. To examine the involvement of isoprenoids in lovastatin-mediated
anti-amyloidogenic activity, hippocampal neuron cells were treated with farnesyl-
pyrophosphate (FPP) or geranylgeranyl-pyrophosphate (GGPP) in the presence or absence of
lovastatin (LOVA; 5µM/36hrs), followed by measurement of level of APP in membrane
microdomain fractions (A) and Aβ40 levels in culture media (B) as described in materials and
methods. To examine the involvement of farnesylation and geranylgeranylation in lovastatin-
mediated anti-amyloidogenic activity, the cells were treated with FTI-276 (FTI; a farnesyl-
transferase inhibitor; 5 µM/36hrs) or GGTI-298 (GGTI; a geranylgeranyl-transferase inhibitor;
1 µM), followed by measurement of Aβ40 levels in culture media (C) and β-secretase activity
(D) and APP levels in lipid raft fractions (E). For confirmation of equal amount protein loading
in the process of lipid raft extraction, β-actin levels were measured from post nuclear lysates
(lysate) by Western immunoblot analysis (A and E). All experiments were done at least three
times and showed the same tendency. VHC (vehicle) represents dimethylsulfoxide treatment
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as control. The vertical bar indicates the standard error of mean (* P < 0.05, ** P < 0.01, ***
p < 0.001 compared to control group).
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Fig. 7.
Anti-amyloidogenic activity of lovastatin is mediated via inhibition of APP endocytosis. To
examine the effect of lovastatin on APP endocytosis, hippocampal neuronal cells were treated
with lovastatin (LOVA; 5µM/36hrs) and cell surface and internalized APP levels were
measured by fluorometric (A) or fluoromicroscopic (B) methods. For this the cells were
incubated with APP antibody (22C11) at 4°C and fixed for staining of cell surface APP or
further incubated at 37°C and washed with acid PBS and fixed for staining of internalized APP.
To examine the effect of lovastatin on endosomal APP levels, APP and Rab5 levels in post
nuclear (S1), light mitochondrial (P15), post-light mitochondrial (S15), microsomal (P100)
and post microsomal (S100) fractions were measured by Western immunoblot analysis (C).
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For analysis of APP association with Rab5 in the microsomes, the P100 fractions were
immunoprecipitated (IP) by using anti-Rab5 polyclonal antibody and co-precipitated APP
levels were quantified by Western immunoblot using 22C11 APP antibody (D). For analysis
of subcellular distribution of APP, subcellular organelles were purified by Optiprep® density
gradient centrifugation (E). As loading control of density gradient centrifugation, β-actin levels
were measured from post nuclear lysates (lysate) by Western immunoblot analysis. In addition,
no correlation between protein levels of APP or EEA1 and β-actin in each subcellular fraction
indicated that the observed alteration in APP and EEA1 levels may not due to protein amounts
in each fractions. To examine the involvement of APP endocytosis in the regulation of Aβ40
generation (F) and APP distribution in lipid raft fractions (G), the cells were treated with
phenylarsine oxide (PAO; 200nM/18hrs). For confirmation of equal amount protein loading
in the process of lipid raft extraction, β-actin levels were measured from post nuclear lysates
(lysate) by Western immunoblot analysis. All experiments were performed at least three times.
The vertical bar indicates the standard error of mean (** P < 0.01, *** p < 0.001 compared to
control group; CON).
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Fig. 8.
Pleiotropic roles of lovastatin in the down-regulation of endocytosis may be involved in the
reduction of APP endocytosis. A. To examine the effect of lovastatin on clathrin-mediated
transferrin endocytosis, hippocampal neuron cells were treated with lovastatin (5µM/36hrs)
(i) or GGTI-298 (GGTI; 1µM/36hrs) (ii) and incubated with fluorescent transferrin. The
endocytosis of fluorescent transferrin was measured as described in materials and methods.
B. To characterize the possible involvement of geranylgeranylation small GTPases in
lovastatin-mediated antiamyloidogenesis, hippocampal neuron cells were treated with
lovastatin (i) or GGTI-298 (GGTI) (ii), and the levels of membrane (P100) or cytoplasm (S100)
associated RhoA and Rab5 were measured. For analysis of geranylgeranylated Rab5 protein
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levels, post-nuclear cell lysates were extracted by using Triton X-114 (iii). Rab5 level in water
soluble (Water sol.) or Triton X-114 soluble (TX-114 sol.) represent ungeranylgeranylated or
geranylgeranylated Rab5, respectively. The β-actin levels in post-nuclear cell lysates (PN-
lysate) were analyzed for loading controls of differential centrifugation and TX-114 extraction.
C. To characterize the possible involvement of EEA1 (an early endosomal antigen 1) and
dynamin-I in lovastatin-mediated anti-amyloidogenesis, the levels of these proteins from post-
nuclear fractions were measured after treatment with lovastatin (5µM/36 hrs). To characterize
the possible involvement of phosphatidylinositol 3-kinase (PI3-K)/Akt pathway in lovastatin-
mediated anti-amyloidogenesis, the effect of lovastatin on Akt phosphorylation (D-i) and the
effect of LY294002 (a PI3-K inhibitor; 20µM/24hr) on Aβ40 levels in culture media (D-ii) or
distribution of APP in lipid raft fractions (E) were analyzed. For confirmation of equal amount
protein loading in the process of lipid raft extraction, β-actin levels were measured from post
nuclear lysates (lysate) by Western immunoblot analysis. All experiments were done at least
three times and showed the same tendency. The vertical bar indicates the standard error of
mean (* P < 0.05, ** P < 0.01, *** p < 0.001 compared to control group).
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