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Abstract. Prions are the causative agents of transmissible spon-
giform encephalopathies, such as variant Creutzfeldt-Jakob 
disease in humans. Cellular prion proteins (PrPC) connect 
with cholesterol- and glycosphingolipid-rich lipid rafts through 
association of their glycosyl-phosphatidylinositol (GPI) anchor 
with saturated raft lipids and interaction of their N-terminal 
regions. Our previous study showed that cellular cholesterol 
enrichment prevented PrP(106-126)-induced neuronal death. 
We have now studied the influence of membrane cholesterol 
in PrP(106-126)-mediated neurotoxicity and identified 
membrane domains involved in this activity. We found that 
PrPC is normally distributed in lipid rafts, but high membrane 
cholesterol levels as a result of cholesterol treatment led to 
the translocation of PrPC from lipid rafts to non-lipid rafts. 
Moreover, cholesterol-mediated PrPC translocation protects 
PrP(106-126)-mediated apoptosis and p-38 activation and 
caspase-3 activation. In a mitochondrial functional assay 
including mitochondrial transmembrane potential, cholesterol 
treatment prevented the loss of mitochondrial potential, trans-
location of Bax and cytochrome c by prion protein fragment. 
Our results indicate that modulation of the PrPC location 
appears to protect against neuronal cell death caused by prion 
peptides. The results of this study suggest that regulation 
of membrane cholesterol affects the translocation of PrPC, 
which in turn regulates PrP(106-126)-induced mitochondrial 
dysfunction and neurotoxicity.

Introduction

Prion diseases are a family of neurodegenerative disorders, 
affecting humans and animals, characterized by central 
nervous system (CNS) spongiosis, vacuolation, and neuronal 

loss (1). The main characteristic associated with the patho-
genesis of prion diseases is accumulation of scrapie prion 
proteins (PrPSc), which are abnormally folded isoforms of 
normal cellular prion proteins (PrPC) (2). PrPSc are derived 
from PrPC as a result of conformational changes in the plasma 
membranes of neurons (1,3,4).

The PrPC, glycosylphosphatidylinositol (GPI)-anchored 
cell-surface proteins, are mainly expressed on the cell surface 
of neurons (5). GPI-anchored PrPC are expressed in cholesterol 
and sphingolipid-rich membrane microdomains, including lipid 
rafts and caveolae (6,7). Some reports suggest that the conver-
sion of PrPC to PrPSc takes place in lipid microdomains (8). 
Indeed, PrPC depletion in neurons could prevent PrPsc accumu-
lation and prion disease development (9). In addition, neurons 
from GPI-anchorless-prion-expressing transgenic mice are not 
susceptible to PrPSc (8). The presence of GPI-anchored-PrPC 
in lipid microdomains, thus, is necessary for the progression of 
prion diseases and for the replication of PrPSc within the CNS.

Although the mechanism of PrPSc-mediated neurodegen-
eration is unclear, recent studies suggest that PrPSc induce 
neuronal cell death via a mitochondrial disruption pathway 
dependent on cell surface expression of PrPC and employment 
of a PrPC-caveolin-Fyn signaling pathway (10,11). Indeed, 
in vivo studies demonstrated induction of neurotoxicity in 
scrapie-infected mice through activation of mitochondrial 
apoptosis pathways (12). In addition, PrP(106-126)-mediated 
mitochondrial disruption was blocked by depletion of PrPC 
expression and enhanced by the PrPC/caveolin-1/Fyn signaling 
response in the fully-functional serotonergic 1C115-HT and 
noradrenergic 1C11NE cells (10). It is currently suspected that 
prion pathology involves activation of a mitochondrial apop-
totic pathway, as a result of the conversion of PrPC to PrPSc in 
lipid microdomains.

The synthetic PrP(106-126) contains the amino acid resi-
dues 106-126 of PrPC and possesses many characteristics of 
PrPSc including the ability to cause neurotoxicity in neuronal 
cells which catalyze the aggregation of endogenous PrPC to 
fibril accumulation (13,14). These characteristics are useful for 
the in vitro study of PrPSc pathogenesis (15).

Some reports showed that cholesterol levels influence 
the progression of neurodegenerative diseases, including 
Alzheimer's and prion diseases (16-18). Published articles can 
be divided into those suggesting that cholesterol may hasten 
the onset of neurodegenerative disorders and those that, on 
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the other hand, support the notion that cholesterol may play a 
protective role in neurodegenerative diseases (16,17,19). Some 
studies in particular suggest that statins, cholesterol-lowering 
drugs, prevent neurodegenerative diseases, including prion 
diseases and Alzheimer's, and decrease PrPSc formation 
(20,21). However, other research showed that most statins do 
not cross the blood-brain barrier, and that the clinical benefit 
of statins may be due to their cholesterol-independent effect 
on neurodegenerative disorders (22,23). This observation may 
support the idea that cholesterol may have a protective effect 
against neurodegenerative diseases. Accordingly, a recent 
study suggested that increasing membrane cholesterol contents 
prevents mitochondrial disruptions in Alzheimer's disease 
(19,24,25). The effect of cholesterol on PrPSc-mediated mito-
chondrial dysfunction however, has not been reported.

It has recently been shown that the protective effects of 
cholesterol on neurodegenerative diseases are related to the 
modulation of lipid microdomains in plasma membranes 
(16,19). Indeed, depletion of cholesterol leads to instability of 
lipid rafts and gradual loss of synapses and dendritic spines 
(26,27). In addition, it is known that changing the cholesterol 
level can redistribute membrane proteins in neurons (28); 
however, the effect of cholesterol on the redistribution of PrPC 
in plasma membranes has not been reported.

Thus, the present study focused on the influence of 
cholesterol-mediated redistribution of PrPC and the regula-
tion of the PrP(106-126)-induced mitochondrial apoptotic 
pathway in neuronal cells. Our research showed that neuronal 
cells exposed to cholesterol experienced decreased PrP(106-
126)-mediated neurotoxicity and a redistribution of PrPC to 
non-lipid rafts. The present results suggest that regulation of 
membrane cholesterol affects the translocation of PrPC, which 
consequently regulates PrP(106-126)-induced neurotoxicity.

Materials and methods

Cell culture. A human neuroblastoma cell line (SH-SY5Y) was 
obtained from the American Type Culture collection (ATCC, 
Rockville, MD, USA). Cells were cultured in minimum essen-
tial medium (MEM; Hyclone Laboratories, Logan, UT, USA) 
that contained 10% fetal bovine serum (FBS; Invitrogen-
Gibco, Grand Island, NY, USA) and gentamycin (0.1 mg/ml) 
in a humidified incubator maintained at 37˚C and 5% CO2.

PrP(106-126) treatment. Synthetic PrP(106-126) (sequence, 
Lys-Thr-Asn-Met-Lys-His-Met-Ala-Gly-Ala-Ala-Ala-Ala-Gly-
Ala-Val-Val-Gly-Gly-Leu-Gly) were synthesized from Peptron 
(Seoul, Korea). The peptides were dissolved in sterile dimethyl 
sulfoxide (DMSO) at a 12.5 mM concentration and stored at 
-80˚C.

Annexin V assay. Apoptosis was assessed by the Annexin V 
assay in the detached cells using an Annexin V assay kit 
(Santa Cruz Biotechnology) according to the manufacturer's 
protocol. Annexin V levels were determined by measuring 
fluorescence at 488 nm excitation and 525/30 emission using a 
Guava easyCyte HT System (Millipore).

Terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assay. TUNEL analysis was performed to measure 

the degree of cellular apoptosis using an in situ Apo-BrdU 
DNA Fragmentation assay kit (BioVision, San Francisco, CA, 
USA) following the manufacturer's instructions. Cells were 
washed with phosphate-buffered saline (PBS) and fixed with 
paraformaldehyde for 15 min then pre-incubated with 50 µl of 
DNA-labeling solution (10 µl TdT reaction buffer, 0.75 µl TdT 
enzyme, 8 µl Br-dUTP) for 1 h at 37˚C, then incubated with 
5 µl anti-BrdU-FITC antibody for 0.5 h at room temperature 
(20˚C). Finally, cells were mounted with DakoCytomation 
fluorescent medium and visualized using fluorescence micros-
copy. Cells were counterstained with propodium iodide (PI) to 
show all cell nuclei.

Western blot analyses. After SH-SY5Y cells were lysed 
in buffer (25 mM HEPES; pH 7.4, 100 mM NaCl, 1 mM 
EDTA, 5 mM MgCl2, 0.1 mM DTT, and protease inhibitor 
mixture), proteins were electrophoretically resolved on a 
10-15% sodium dodecyl sulfate (SDS) polyacrylamide gel, and 
transferred to a nitrocellulose membrane. Immunoreactivity 
was detected through sequential incubation with horseradish 
peroxidase-conjugated secondary antibodies and enhanced 
chemiluminescence (ECL) reagents. The antibodies used for 
immunoblotting were PrPc (Millipore), caveolin-1, caspase-3, 
and phospho-p38 (Cell Signaling Technology), phospho-Fyn 
(Abcam), Bax (Santa Cruz Biotechnology), cytochrome c (BD 
Biosciences) and β-actin (Sigma). Images were examined 
using a Fusion FX7 imaging system (Vilber Lourmat).

Isolation of detergent-resistant membranes (DRM). Cells were 
washed twice in Tris-buffered saline (25 mM Tris-Cl, 140 mM 
NaCl, pH 7.5) then lysed in 1 ml of lysis buffer (1% Triton X-100, 
25 mM Tris-Cl, 140 mM NaCl, pH 8.0 and protease inhibitor 
mixture), fractionated on a bottom-loaded discontinuous 
sucrose gradient, and analyzed by Western blotting.

Cellular fractionation. SH-SY5Y cells were resuspended in 
mitochondrial buffer (210 mM sucrose, 70 mM mannitol, 
1 mM EDTA, 10 mM HEPES), broken by a 26-guage needle, 
and subjected to centrifugation at 700 x g for 10 min. The post 
nuclear supernatant was centrifuged at 10,000 x g for 30 min at 
4˚C. The pellet was used as the mitochondrial fraction and the 
supernatant was used as the cytosolic fraction. Total proteins 
were obtained and subjected to Western blotting.

Mitochondrial transmembrane potential (MTP) assay. The 
change in MTP was evaluated by the cationic fluorescent 
indicator JC-1 (Molecular Probes Eugene, OR, USA) which 
aggregates in intact mitochondria (red fluorescence) indicating 
high or normal MTP and low MTP when it remains in mono-
meric form in the cytoplasm (green fluorescent). SH-SY5Y 
cells were incubated in MEM containing 10 µM JC-1 at 37˚C 
for 15 min, washed with PBS and lysed in buffer (25 mM 
HEPES pH 7.4; 100 mM NaCl, 1 mM EDTA, 5 mM MgCl2, 
0.1 mM DTT, and protease inhibitor mixture), then transferred 
to a clear 96-well plate. J-aggregate fluorescent emission was 
measured at 595 nm with an excitation wavelength of 560 nm, 
and JC-1 monomer fluorescence intensity was measured with 
excitation and emission at 485 and 535 nm, respectively using 
a SpectraMax M2 (Molecular Devices). SH-SY5Y cells were 
cultured on coverslips in a 24-well plate, incubated in MEM 
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containing 10 µM JC-1 at 37˚C for 15 min then washed with 
PBS. Finally, cells were mounted with DakoCytomation fluo-
rescent medium and visualized via fluorescence microscopy.

Immunofluorescence. Cell lines cultured on glass coverslips 
were treated with SFN (Sigma) and/or TRAIL, washed with 
PBS and fixed with cold acetone for 90 sec at room temperature. 
Cells were then washed with PBS again, blocked with 5% FBS 
in Tris-buffered saline with Tween (TBST), and incubated with 
anti-caveolin-1 (2 µg/ml) and anti-PrPc (2 µg/ml) monoclonal 
antibodies for 48 h at room temperature. Unbound antibody 
was removed by an additional PBS wash, after which cells 
were incubated with labeled anti-rabbit Alexa Fluor 546 (for 
anti-caveolin-1 and anti-PrPC) and IgG antibodies (4 µg/ml) 
for 2 h at room temperature. Finally, cells were mounted with 
DakoCytomation fluorescent medium and visualized via fluo-
rescence microscopy.

Cholesterol and protein content. Cellular cholesterol and 
protein content were determined in cell extracts (5x106 cells/ml). 
Protein concentrations were measured using a Micro BCA™ 

protein assay kit (Pierce). Cholesterol amounts were measured 
using the Amplex® Red Cholesterol assay kit (Invitrogen), 
according to the manufacturer's instructions. Briefly, cholesterol 
was oxidized by cholesterol oxidase to yield hydrogen peroxide 
and ketones. The hydrogen peroxide reacted with dihydroxy-
phenoxazine to produce highly fluorescent resorufin, which was 
measured at 550 nm excitation and 590 nm emission.

Statistical evaluation. All data are expressed as means ± stan-
dard deviations (SD), and compared using the Student's t-test, 
ANOVA, and Duncan's test with the SAS statistical software. 
Results were considered significant at P<0.05 or P<0.01.

Results

Membrane cholesterol enrichments inhibits PrP(106-126)-
induced apoptotic signaling by translocation of PrPC to 
non-lipid rafts. Previously, we demonstrated that increasing 
cellular cholesterol levels prevents prion-mediated neurotoxicity. 
Because, PrPC-mediated Fyn signaling occurs in lipid rafts/
caveolae, and because we noticed redistribution of plasma 

Figure 1. Cholesterol treatment breaks the linkage of cellular prion pro-
teins (PrPC) to the caveolin-1-Fyn platform when cells are treated with 
cholesterol. (A) SH-SY5Y cells were incubated with the indicated dose 
of cholesterol for 24 h and then membrane cholesterol was extracted. (B) 
SH-SY5Y cells were treated without or with 10 µM of cholesterol for 24 h 
and homogenized in a lysis buffer, as described in Materials and methods. 
After sucrose gradient centrifugation, fractions were subjected to Western 
blotting analysis. (C) SH-SY5Y cells were treated without or with 10 µM 
of cholesterol. The cells were stained using anti-PrPc and anti-caveolin-1 
antibodies, followed by confocal microscopy analysis. Scale bar, 10 µm. (D) 
SH-SY5Y cells were incubated with the indicated dose of cholesterol for 12 h 
and stained using anti-PrPc, followed by confocal microscopy analysis. Scale 
bar, 10 µm. *P<0.05, **P<0.01, significant differences between the control and 
each treatment group.
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membrane proteins following cholesterol treatment, in this 
study we further examined whether cholesterol had a preven-
tative effect on prion-mediated neurotoxicity and whether it 
is associated with PrPC redistribution on plasma membranes. 
First, we checked membrane cholesterol levels after choles-
terol treatment and found the levels to be dose-dependently 
increased in the cholesterol-treated group compared to that of 
the control group (Fig. 1A).

We then examined whether cholesterol treatment affects 
PrPC localization by immunostaining for PrPC and caveolin-1. 
Consistent with previous studies (10) showing that caveolin-1 
is localized to focal adhesions, PrPC and caveolin-1 were 
co-localized to focal adhesion areas in the control cells 
(Fig. 1C). In contrast, PrPC appeared to distribute into the 
whole cell body while, caveolin-1 localization appeared to 
undergo no changes when cells were treated with cholesterol 
(Fig. 1C and D). The PrPC-caveolin-1-Fyn platform was also 
found in caveolae fractions, but levels of caveolae-associated 
PrPC-caveolin-1-Fyn platforms showed a break in the linkage 
of PrPC to the platform when cells were treated with choles-
terol (Fig. 1B).

Activation of Fyn kinase is known to be responsible for 
neurotoxicity associated with prion infections. Thus, to 
determine whether cholesterol enrichment has an effect on 
the levels of Fyn, caspase-3 and p38 proteins, SH-SY5Y cells 
were pretreated with cholesterol in a dose-dependent manner, 
and then exposed to PrP(106-126). Prion peptide-treated cells 
had increased phosphorylated (p)-p38, p-Fyn, and cleaved 
caspase-3 protein levels (Fig. 2). In contrast, cholesterol 
administration was associated with decreased p-p38, p-Fyn, 
and cleaved caspase-3 protein levels in SH-SY5Y cells treated 
with PrP(106-126), in a dose-dependent manner (Fig. 2). 
Collectively, these results are consistent with the idea that 
cholesterol enrichment inhibits PrP(106-126)-induced apop-
totic pathways by regulation of PrPC distribution.

Administration of cholesterol inhibits PrP(106-126)-induced 
neurotoxicity by regulating mitochondrial apoptotic pathways. 
Because mitochondrial dysfunction is known to be responsible 
for neurotoxicity associated with prion diseases, we inves-
tigated whether cholesterol enrichment had an effect on the 
mitochondrial apoptotic pathway. SH-SY5Y cells were pre-
incubated with different concentrations of cholesterol for 12 h 
then exposed to PrP(106-126). After treatment with cholesterol 

and PrP(106-126), cytosolic and mitochondrial fractions 
were prepared as described in Materials and methods and 
subjected to Western blot analysis. PrP(106-126) translocated 
Bax protein from the cytosol to the mitochondria and released 
cytochrome c from the mitochondria to the cytosol (Fig. 3A). In 
contrast, cholesterol treatment inhibited PrP(106-126)-induced 
Bax translocation and cytochrome c release in SH-SY5Y 
cells. We also examined the effect of cholesterol enrichment 
on MTP (Fig. 3B and C). SH-SY5Y cells were pretreated with 
cholesterol for 12 h then exposed to PrP(106-126). Results of 
fluorescence microscopy analysis presented in Fig. 3B show 
cells with green fluorescence after PrP(106-126) treatment 
indicating lower MTP, while the negative control cells and 
PrP(106-126)-treated cells show red fluorescence, indicating 
high MTP values (Fig. 3B and C).

The influence of cholesterol enrichment on PrP(106-126)-
induced apoptosis in SH-SY5Y cells was estimated by the 
Annexin V assay. Cells were exposed to cholesterol with 
or without PrP(106-126). Treatment of SH-SY5Y cells with 
PrP(106-126), but not cholesterol, resulted in neurotoxicity, 
identified by the fact that Annexin V positive cells were 
increased 52.46% after 24 h (Fig. 4A and B). However, 
cholesterol treatment inhibited PrP(106-126)-induced 
apoptosis (Fig. 4A and B). These results were confirmed 
by a TUNEL assay (Fig. 4C) and suggest that cholesterol 

Figure 2. Effects of cholesterol treatment on the PrP(106-126)-mediated neu-
ronal apoptotic pathway. (A) SH-SY5Y cells were pretreated with cholesterol 
(8 h) in a dose-dependent manner and then exposed to 50 µM PrP(106-126) for 
16 h. Treated cells were assessed for p-Fyn, caspase-3, cleaved caspase-3, and 
p-p38 production by Western blot analysis. Results were normalized to β-actin.

Figure 3. Membrane cholesterol enrichment inhibited PrP(106-126)-induced 
mitochondrial dysfunctions in neuronal cells. (A) SH-SY5Y cells were pre-
treated with 10 µM of cholesterol (8 h) and then exposed to 50 µM PrP(106-126) 
for 16 h. The cells were homogenized in a mitochondrial buffer, as described 
in Materials and methods and the separated cytosol and mitochondrial 
extracts analyzed by Western blotting using antibodies against cytochrom c 
and Bax protein. (B) Cells were pretreated with 10 µM of cholesterol (8 h) and 
then exposed to 50 µM PrP(106-126) for 16 h. JC-1 aggregate form (red) and 
mono form (green) were measured in the treated cells by confocal microscopy 
analysis. Scale bar, 50 µm. (C) Bar graph indicates the averages of JC-1 aggre-
gate positive cells and shows mean ± standard error of the mean (SEM; n=3). 
**P<0.01, significant differences between control and each treatment group.
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enrichment attenuates PrP(106-126)-induced apoptosis in 
SH-SY5Y cells.

Discussion

The purpose of this study was to investigate the role of 
membrane cholesterol enrichment in PrP(106-126)-induced 
mitochondrial apoptotic signaling and the influence of 
increased cholesterol in PrPC-caveolin-1-Fyn signaling.

The prion protein fragment, PrP(106-126), serves as a suit-
able model of PrPSc neurotoxicity because it possesses many 
properties of the pathogenic PrPSc. PrPSc or PrP(106-126) 
are known to induce neurotoxicity through increasing p-Fyn, 
activated caspase-3, and p-p38 protein levels. Consistent with 
this knowledge, PrP(106-126) treatment of SH-SY5Y cells 
increased p-Fyn, activated caspase-3, and p-p38 protein levels 
(Fig. 2).

Some studies have suggested that regulation of choles-
terol levels influences the progression of neurodegenerative 
diseases including Alzheimer's and prion diseases (17-19). 
Kempster et al (18) suggested that decreasing cholesterol 
levels using statins prevents PrPSc-induced neuronal cell 
death. Other studies showed that most of the statins do not 
cross the blood-brain barrier, although statin therapy may 
provide protection against neurodegenerative diseases such 
as Alzheimer's (22,23). This observation may suggest that the 
clinical benefit of statins on neurodegenerative diseases may 
not be related to the reduction of cholesterol. Also, a recent 
study suggested that increasing membrane cholesterol prevents 
Aβ-induced oxidative stress through modulation of membrane 
cholesterol in Alzheimer's disease (19). Consistent with this 
information, the PrP(106-126)-induced elevation of p-Fyn, 
activated caspase-3, and p-p38 protein levels were reduced by 

increasing membrane cholesterol using water-soluble choles-
terol treatment (Fig. 2). Taken together, these data suggest 
that membrane cholesterol enrichment protects against prion-
induced neurotoxicity through regulation of p-Fyn, activated 
caspase-3, and p-p38 protein levels.

PrPC/caveolin-1/Fyn signaling is known to be responsible 
for prion-mediated neurotoxicity (29,30). Some reports showed 
that inhibition of Fyn kinase activation in PrPC knock-out cells 
was blocked by PrP(106-126)-induced PrPC/caveolin-1/Fyn 
signaling and prevented PrPSc-mediated neuronal cell death 
(19,30). This observation may suggest that regulation of the 
PrPC/caveolin-1/Fyn platform may be a therapeutic strategy 
for neurodegenerative diseases including prion diseases. 
Also, recent studies suggested that modulation of cholesterol 
regulates distribution of lipid microdomain proteins in plasma 
membranes (28). Consistent with this information, cells treated 
with cholesterol had a break in the linkage of PrPC to the cave-
olin-1-Fyn platform, although activated-Fyn was not changed 
with regard to linkage to caveolin-1 (Fig. 1B and C). Thus, this 
observation supports the hypothesis that increasing membrane 
cholesterol prevents PrP-mediated apoptosis by inhibition of 
PrPC/caveolin-1/Fyn kinase signaling by breaking the linkage 
between PrPC and the caveolin-1/Fyn platform.

The mitochondrial apoptotic pathway is thought to play an 
important role in neurodegenerative diseases and to be related 
to activation of Fyn kinase signaling (31). A recent study 
showed that increasing membrane cholesterol prevents oxida-
tive stress in Alzheimer's disease (19). Also, some reports 
suggested that PrPSc-induced neurotoxicity is blocked by 
inhibition of mitochondrial apoptotic pathways (10-12). Our 
data showed that PrP(106-126) decreased MTP and translo-
cated Bax protein from the cytosol to the mitochondria and the 
release of cytochrome c from the mitochondria to the cytosol 

Figure 4. Membrane cholesterol enrichment protected against PrP(106-126)-induced neurotoxicity. (A) SH-SY5Y cells were pretreated with 10 µM of cho-
lesterol (8 h) and then exposed to 50 µM PrP(106-126) for 16 h. Cell viability was measured by Annexin V assay. (B) Bar graph indicates the averages of 
Annexin V positive cells and the mean ± SEM (n=3). **P<0.01, significant differences between control and each treatment group. (C) Representative immu-
nofluorescence images of TUNEL-positive SH-SY5Y cells 8 h after exposure to 50 µM of PrP(106-126) in the absence or presence of cholesterol. Cells were 
counterstained with propodium iodide to show all cell nuclei. Magnification, x400; scale bar, 100 µm.
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was blocked in cells exposed to cholesterol (Fig. 3). Thus 
these observations support the hypothesis that membrane 
cholesterol enrichment protects against PrP-mediated apop-
tosis by inhibition of mitochondrial apoptotic pathways.

Taken together, these results demonstrate that membrane 
cholesterol enrichment decreased PrP(106-126)-induced 
neuronal cell death and PrP(106-126)-mediated mitochondrial 
dysfunction by regulation of PrPC/caveolin-1/Fyn signaling. 
Furthermore, these research approaches will contribute to the 
understanding of the role of membrane cholesterol in neuro-
degenerative diseases including prion disease.
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