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Prion protein (PrP), normally a cell surface protein, has been
detected in the cytosol of a subset of neurons. The appearance of
PrP in the cytosol could result from either retro-translocation of
misfolded PrP from the endoplasmic reticulum (ER) or impaired
import of PrP into the ER. Transgenic mice expressing cytoplasmic
PrP (cyPrP) developed neurodegeneration in cerebellar granular
neurons, although no detectable pathology was observed in other
brain regions. In order to understand why granular neurons in the
cerebellum were most susceptible to cyPrP-induced degeneration,
we investigated the subcellular localization of cyPrP. Interestingly,
we found that cyPrP is membrane-bound. In transfected cells, it
binds to the ER and plasma/endocytic vesicular membranes. In
transgenic mice, it is associated with synaptic and microsomal
membranes. Furthermore, the cerebellar neurodegeneration in
transgenic mice correlates with the interaction between cyPrP and
the hydrophobic lipid core of themembrane but not with either the
aggregation status or the dosage of cyPrP. These results suggest that
lipid membrane perturbation could be a cellular mechanism for
cyPrP-induced neurotoxicity and explain the seemingly conflicting
results concerning cyPrP.

Prion diseases are a group of fatal neurodegenerative disorders that are
sporadic, inherited, or transmissible (1). The resistance of PrP2 knock-out
mice topriondisease revealed theessential roleof endogenousPrP indevel-
oping the two characteristics of prion disease, infectivity and neurodegen-
eration (2). In prion disease, a portion of PrP converts from its normal
conformation,PrPC, to an insoluble andprotease-resistantpathogenic con-
formation, PrPSc (1). Compelling evidence supports that PrPSc is the trans-
missible element in prion disease (3–5).
Newly synthesized PrP contains an N-terminal signal sequence,

which directs PrP to be co-translationally imported into the lumen of
the ER. The signal sequence is cleaved within the ER, along with a
C-terminal glycosylphosphatidylinositol signal sequence that is respon-
sible for glycosylphosphatidylinositol anchor addition (6). Once folded
correctly, PrP passes through the ER quality control machinery, matur-
ing along the secretory pathway en route to the cell surface. In addition
to cell surface and luminal localizations, cytosolic localized PrP has also

been detected (7, 8). Recent studies revealed that the cytosolic appear-
ance of PrP could result from two independent but not mutually exclu-
sive pathways. In a variety of cell lines, including primary neurons
expressing endogenous PrP, it has been found that some PrP molecules
misfold in the ER and are retro-translocated to the cytosol for protea-
some degradation via the ER-associated degradation pathway (9–13).
Disease-associated PrP mutants have an increased tendency to misfold
and are subjected to ER-associated degradation (9, 10, 12). An alterna-
tive pathway, the unsuccessful import of PrP because of the insuffi-
ciency of the PrP signal sequence, was revealed by an elegant study in
mammalian cells (14) and by heterologous expression of PrP in yeast
(15). In addition, mutations at the C-terminal globular domain of PrP
have also been found to interfere with PrP import into the ER (16).
We have investigated the biological consequences of PrP in the

cytosol by using a variety of techniques (12, 17–19), and we found that
the cytosolic accumulation of PrP correlates with toxicity in some neu-
ronal cells (19). In transgenic mice expressing cyPrP (mouse PrP23-230
without signal sequences) under the control of the PrP promoter, rapid
cerebellar granular neuron degeneration was observed in one trans-
genic line, 2D1, although neurodegeneration progressed slower in a
separate line, 1D4 (19). The two transgenic lines developed identical
neuropathology in a transgene dosage-dependentmanner (19), demon-
strating the correlation between cyPrP transgene expression and neu-
rodegeneration. Notably, cyPrP was present at a much lower level than
endogenous PrP and sensitive to proteinase K digestion, indicating that
the neurotoxic species is not the PrPSc form.
Interestingly, the subset of neurons in the hippocampus, neocortex,

and thalamus of mouse brain appeared healthy even though cytosolic
localized PrP was detected in these neurons (7, 8). Similarly, conflicting
results on cyPrP-induced toxicity in cultured cells have been obtained
by different groups (11, 14, 19–22). These discrepancies suggest that the
cellular mechanism of cyPrP-induced toxicity is likely to be influenced
by other cellular factors, whichmight include differences in cell types or
growth environments. In this study, we investigated cyPrP in transgenic
mice and in cultured cells in order to understand the cellular mecha-
nism of its toxicity. A specific correlation between cyPrP-induced neu-
rotoxicity and its interaction with the hydrophobic lipid core of mem-
brane was found, suggesting membrane perturbation as the cellular
basis for cyPrP-induced neurotoxicity.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—N2A cells were purchased from the
American Type Culture Collection (ATCC) and cultured according to
ATCC-recommended conditions, with 10% fetal bovine serum (ATCC)
in Eagle’s minimum essential medium (ATCC) media. Penicillin/strep-
tomycin (Invitrogen) was included in the culture media. ExGen 500
reagent (Fermentas) was used to transfect N2A cells.
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Preparation of Post-nuclear Supernatant (PNS)—Fromcultured cells,
one well of transfected cells on a 6-well cell culture plate was scraped
into 350 �l of membrane preparation buffer (8% sucrose, 20 mM Tris-
HCl, pH 8.0, 1 mM EDTA), homogenized, and centrifuged at 1,000 � g
for 5min at 4 °C to remove nuclei and unbroken cells. Formouse brains,
half of the cerebellum or the rest of the brain was homogenized in the
membrane preparation buffer and centrifuged at 1,000 � g for 5 min at
4 °C to remove nuclei and unbroken cells. Protein concentration of the
PNS was determined with the Bio-Rad protein assay. Pools of eight trans-
genic mice brains were used for the membrane extraction experiments.

Separating Membrane and Cytosolic Fractions Using Iodixanol Gra-
dient—PNS containing 100–300�g of protein frommouse brain or 280
�l of PNS from cultured cells was mixed with stock iodixanol solution
(OptiPrep, Axis-Shield PoC, AS) to generate 1ml of 36% iodixanol solu-
tion, and the mixture was loaded at the bottom of an ultracentrifuge
tube. 1 ml of 31% iodixanol solution and 0.4 ml of 5% iodixanol solution
were loaded on top of the sample sequentially. The gradient was centri-
fuged at 199,000 � g for 3 h at 4 °C in a Sorvall micro-ultracentrifuge.
Two hundred-microliter fractions were collected from the top to the
bottom, and proteins in all fractions were precipitated by adding 200 �l
of 40% trichloroacetic acid. Precipitated proteins were sonicated in
SDS-PAGE sample buffer and subjected to electrophoresis on a 14%
SDS-polyacrylamide gel (NOVEXTris-glycine gel; Invitrogen) followed
by immunoblot analysis. For membrane extractions, PNS prepared
fromcerebella or the rest of the brainswas centrifuged at 346,000� g for
30 min at 4 °C. The pellet was resuspended in a solution containing 0.5
M NaHCO3, pH 11, 1 M KCl, 1.5 M KCl, or 1.5 M KCl plus 10 mMNaOH
and loaded on the iodixanol gradient. Fractions were collected from the
top to the bottom, and the presence of cyPrP was determined by immu-
noblot analysis.

Subcellular Fractionation Using Sucrose Gradient—Subcellular frac-
tionation was performed essentially according to the method reported
previously (23). Briefly, cell pellets from two 100-mm cell culture dishes
were homogenized to prepare PNS. The discontinuous sucrose gradient
consisted of PNS in 0.25 M sucrose (�0.8 ml) on top, and (from top to
bottom) 0.5 M (2 ml), 0.8 M (2.5 ml), 1.16 M (2.5 ml), 1.3 M (2.5 ml), 2 M

(1.5 ml) sucrose in 10 mM Tris buffer, pH 7.4. The gradient was centri-
fuged at 36,000 rpm in a TH-641 ultracentrifuge rotor (Sorvall) for 2.5 h
at 4 °C, and 1-ml fractions were collected from top to bottom. Proteins
from these fractions were precipitated by trichloroacetic acid and sub-
jected to the immunoblot analysis.

Determining the Aggregation Status of cyPrP from Transgenic Mouse
Brains—The cerebellum and the rest of the brain were separated and
homogenized in phosphate-buffered saline (1:10, w/v). Protein concen-
tration was determined using Bio-Rad protein assay. Brain lysates used
for determining cyPrP aggregation status are as follows: 10 �g of cere-
bellum lysate from awild-typemouse, 5�g of the rest of the brain lysate
from a wild-type mouse, 50 �g of cerebellum lysate from a transgenic
mouse on the PrP knock-out background, 50 �g of the rest of the brain
lysate from a transgenic mouse on the PrP knock-out background.
These brain lysates were resuspended in 100 �l (final volume) of buffer
containing 150 mM NaCl, 5 mM Tris-HCl, pH 8.0, 2 mM EDTA, 0.5%
Triton X-100, and 0.5% sodium deoxycholate (final concentrations).
After incubation on ice for 10 min, lysates were centrifuged at 16,300 �
g for 30 min at 4 °C. The supernatant was carefully transferred to a new
tube, precipitated with 4 volumes of cold methanol (�20 °C), and incu-
bated at �20 °C for more than 30 min. Pellet fraction and precipitated
supernatant proteins were sonicated in SDS-PAGE sample buffer con-
taining 5% (w/v) SDS. After boiling, samples were separated in 14%
SDS-PAGE followed by immunoblot analysis.

Subcellular Fractionation of Neuronal Structures—Fractionation
of mouse brain homogenate was performed according to published
protocols (24).

Immunoblot Analysis and Antibodies—Samples separated by SDS-
PAGE were transferred to poly(vinylidene difluoride) membrane for
immunoblot analyses. Blots were developed using peroxidase-conju-
gated secondary antibodies (Bio-Rad Laboratories) and ECL-plus rea-
gent (Amersham Biosciences). Quantification was performed on a
Storm PhosphorImager System (Amersham Biosciences). Antibodies
used were as follows: 3F4 monoclonal anti-PrP antibody (Signet Labo-
ratories) at 1:2500; POM1 anti-PrP antibody (25, 26) at 1:2500; anti-
calnexin antibody (StressGen) at 1:2000; anti-Hsp70 antibody (Stress-
Gen) at 1:1000; anti-syntaxin 6 antibody (Santa Cruz Biotechnology) at
1:200, anti-porin antibody (Sigma) at 1:1000; anti-synaptophysin anti-
body (Sigma) at 1:1000; anti-synapsin I (Chemicon) at 1:1000; and anti-
cPLA2 antibody (Santa Cruz Biotechnology) at 1:200.

Immunohistochemical Staining—The tissue processing for immuno-
histochemical staining was performed as described previously (19). The
anti-cPLA2 antibody (Santa Cruz Biotechnology) was used at 1:50. A
rabbit polyclonal anti-GFAP antibody (DAKO) was used at 1:400 for
GFAP staining in the mouse brains. ABC, AKP, and DAB kits were
purchased from the Vector Laboratories.

Preparation of Liposome—One gram of mouse brain was homoge-
nized in 10 ml of methanol for 1 min, followed by addition of 20 ml of
chloroform to themixture and homogenization for an additional 2min.
The homogenate was filtered, and the solid residues were resuspended
in chloroform/methanol (2:1, v/v, 30 ml) and homogenized for 3 min.
After repeating this step oncemore, the combined filtrates were washed
with 0.25 volume of 0.88% KCl in water followed by a wash with 0.25
volume of water/methanol (1:1). The purified lipids in the bottom layer
were collected and dried under nitrogen. To prepare liposomes, 20 mM

Tris buffer, pH 7.5, was added to the dried lipids, and the solution was
sonicated until it became clear.

RESULTS

Higher Level of Cytosolic Phospholipase A2 (cPLA2) in the Degen-
erating Cerebellum—The cPLA2 is a calcium-responsive phospho-
lipase, belonging to a large PLA2 family. It has been implicated as a
contributor to the pathogenesis of a variety of neurodegenerative
disorders, including prion diseases (27–30). We studied the protein
level of cPLA2 in transgenic mice expressing cyPrP under the control
of the PrP promoter (19).
The 2D1 line of transgenicmice developed neurodegeneration with a

synchronized onset. Ultrastructural changes were detected by electron
microscopy at 3 weeks of age, ataxia at 4 weeks, severe loss of granular
neurons at 5 weeks, and overt gliosis at about 7 weeks (19). Taking
advantage of the synchronized onset of neurodegeneration in this trans-
genic line, we asked whether there is a correlation between cPLA2

induction and cyPrP-induced neurotoxicity.
An increase of cPLA2 was detected in the cerebellum of a 3-week-old

transgenic mouse but not in the rest of the brain, nor in the cerebellum
or the rest of the brain of a wild-type littermate (Fig. 1A). Because the
cPLA2 induction correlated with the onset of neurodegeneration (19),
we tested whether the cPLA2 level continued to increase once neurode-
generationwas in progress. Indeed, a higher level of cPLA2was found in
the cerebellum of a 4-week-old transgenic mouse compared with its
wild-type littermate (Fig. 1B). These results indicated that higher level of
cPLA2 was associated with cyPrP-caused neurodegeneration.
Generally, cPLA2 is involved in the production of eicosanoids and is

associated with reactive astrocytes (27, 28). To determine the relationship
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between the increase in cPLA2 and the reactive astrocytes, we performed
immunohistochemical staining with antibodies against both cPLA2 and
GFAP, a marker for reactive astrocytes. Compared with their wild-type
littermates, a clear increase of cPLA2 immunoreactivitywas detected in the
cerebellum of transgenic mice at 4 weeks of age. However, a significant
increase of GFAP immunoreactivity was not detected until mice reached 7
weeks of age (Fig. 1C). This result indicates that the increase of cPLA2
immunoreactivity might not be a direct result of astrogliosis.

CyPrP Is Associated with Membranes in N2A Cells—An alternative
explanation of increased cPLA2 levels could be that cyPrP disrupts lipid
membranes, causing increased cytosolic calcium concentrations and
subsequently an increase of the calcium-responsive cPLA2. If this were
the case, cyPrP should be associated with cell membranes. To test this
possibility, post-nuclear supernatants were prepared from N2A cells
transfected with cyPrP. Iodixanol reagent was mixed with PNS to reach
a final concentration of 36% and loaded at the bottomof a discontinuous
iodixanol gradient (13). In this gradient, membrane fractions float to the
top, which avoids the influence of the aggregation status of cyPrP in
separating membrane and cytosolic fractions. CyPrP from N2A cells
was detected in the top fractions of the gradient, along with the trans-
membrane protein calnexin (Fig. 2A), while the cytosolic chaperone
Hsp70 remained in the bottom fractions (Fig. 2A). When recombinant
PrP23-230 alone was tested in the same gradient, it remained in the
bottom fractions as well. These results indicate that a large part of cyPrP
in N2A cells is membrane-associated.

CyPrP Is Associated with ER and Plasma/Endocytic Vesicular Mem-
branes in N2A Cells—To understand the consequence of cyPrP mem-
brane association, we determined the identity of the subcellular

organelles with which it associated. PNS from N2A cells transfected
with cyPrP was loaded onto a discontinuous sucrose gradient (23). The
migration of subcellular organelles in the gradient was determined by
immunoblot analysis with antibodies raised against specific subcellular
organelle antigens. The transfected cyPrP contains a 3F4 epitope
(sequences derived from human and hamster PrP) that is not present in
murine endogenous PrP from N2A cells. Therefore, cyPrP can be spe-
cifically detected without interference from endogenous PrP. We
found that cyPrP migrated into two peaks in the sucrose gradient
(Fig. 3, cyPrP). One of the peaks co-localized with endogenous glyco-
sylated PrP (Fig. 3, endogenous PrP), indicating that cyPrP was associ-
ated with plasma/endocytic vesicular membranes (6). The second peak
co-migrated with the peak of the ER marker calnexin (Fig. 3, calnexin).
There was some overlap between the first cyPrP peak and the Golgi
marker syntaxin 6, although the highest peak of each protein appeared
in different fractions. No association of cyPrP with the mitochondrial
marker, porin, was detected. Therefore, we concluded that inN2A cells,
cyPrP is mainly associated with either ER or plasma/endocytic vesicular
membranes.

CyPrP Is Associated with Synaptic and Microsomal Membranes in
Transgenic Mice—Transiently transfected cells generally express high
levels of cyPrP. To rule out the possibility that membrane association of
cyPrP is an artifact because of high levels of cyPrP expression, we tested
whether cyPrP is membrane-associated in 1D4 transgenic mice. In this

FIGURE 2. CyPrP is associated with membrane in transfected cells. A, twenty four
hours after transfection with cyPrP, N2A cells were collected, and PNS was separated by
an iodixanol gradient. Fractions were collected from top to bottom. The presence of PrP
was detected by immunoblot analysis with 3F4 antibody. Immunoblot analysis with
anti-calnexin (CNX) antibody or anti-Hsp70 antibody was used to identify membrane and
cytosolic fractions. B, recombinant PrP (rPrP) was subjected to the same iodixanol gradi-
ent separation and detected by immunoblot analysis with POM1 antibody.

FIGURE 3. CyPrP is associated with ER and plasma/endocytic vesicular membranes
in transfected cells. PNS prepared from transfected N2A cells was separated by a dis-
continuous sucrose gradient. Fractions were collected from top to bottom, and the pres-
ence of cyPrP was determined by immunoblot analysis with 3F4 antibody. The separa-
tion of subcellular organelles was determined by immunoblot analysis with antibodies
against calnexin (ER), endogenous PrP (plasma/endocytic vesicular membranes), porin
(mitochondria), and syntaxin 6 (Golgi).

FIGURE 1. Increased cPLA2 immunoreactivity in the neurodegenerative region
prior to overt gliosis. A, equal amounts of total brain lysates (Brain) from 2-week-old
wild-type and 2D1 transgenic littermates or equal amounts of cerebellum (CB) lysates
and the rest of the brain (Brain*) lysates from 3-week-old wild-type and 2D1 transgenic
littermates were used for immunoblot analysis to detect the level of cPLA2. B, equal
amounts of cerebellum lysate from 4-week-old wild-type and 2D1 transgenic littermates
were used for immunoblot analysis to detect the level of cPLA2. C, immunohistochemical
staining of the cerebellar region of wild-type and 2D1 transgenic littermates for cPLA2 by
DAB stain (brown) and GFAP by alkaline phosphatase (red). Nuclei were counterstained
with hematoxylin (blue). WT, wild-type; Tg, 2D1 transgenic; wk, weeks after birth. Arrow-
head indicates the position of cPLA2.
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line of transgenic mice, a very low protein level of cyPrP was detected,
and the progression of neurodegeneration was much slower compared
with 2D1mice (19). Because thesemicewere generated on thewild-type
mouse background and the cyPrP transgene contains no easily recog-
nizable epitope, we crossed cyPrP transgenic mice on to the PrP knock-
out background. The newly generated transgenicmice expressing cyPrP
on the PrP knock-out background developed a phenotype similar to that
of 1D4 transgenicmice, specifically, degeneration of the cerebellar gran-
ular neurons but no detectable degeneration in other brain regions.3

PNS was prepared from the cerebella of these mice and subjected to
iodixanol gradient separation. PrP knock-out mouse brain lysate was
included in the immunoblot analysis as a negative control (Fig. 4A, lane
C). Although it is expressed at a much lower level compared with trans-
fected N2A cells, cyPrP in the transgenic mice was also membrane-
associated, migrating to the top of the gradient (Fig. 4A).
To determine which subcellular membrane cyPrP is associated with in

the transgenicmice, we separated different neuronalmembrane structures
using differential centrifugation (24). Synaptophysin and synapsin I were
used as markers for the separation (Fig. 4B). Synaptophysin is enriched
in the LP2 fraction, representing a synaptic vesicle-enriched fraction
(31). In addition to LP2, synapsin I was also detected in the LP1 fraction,
a fraction enriched with synaptosomal membranes (32). Notably, cyPrP
was detected in both LP1 and LP2 fractions, indicating that it is associ-
ated with synaptic membranes (Fig. 4B). In addition, cyPrP was also
detected in the P3 fraction, a fraction enriched with light membranes
and microsomes (24). Therefore, the localization of cyPrP in transgenic
mice is similar to that in transfected N2A cells, namely the plasma and
ER/microsomal membranes.

Cerebellar Neurodegeneration Caused by cyPrP Does Not Correlate
with Its Expression Level, Aggregation Status, or Membrane Associa-
tion—Next, we investigated the relationship between the biochemical
properties of cyPrP and neurotoxicity. The PrP promoter was used to
drive expression of the cyPrP transgene in mice, and most intriguingly,
despite broad pan-neuronal expression of this promoter (33), the only
detectable pathology occurred in the granular neurons of the cerebel-

lum (19).We reasoned that a comparison between cyPrP in the cerebel-
lum and the rest of the brain might reveal the cellular basis for cyPrP-
induced neurotoxicity.
We first compared the aggregation status of cyPrP to determine

whether it correlates with the development of neurotoxicity. Usingmild
detergent extraction followed by sedimentation, we found that almost
all the endogenous PrP from a wild-typemouse was soluble (Fig. 5A). In
contrast, cyPrP from both the cerebellum and the rest of the brain was
aggregated, appearing in the pellet fraction. This result rules out the
possibility that a specific neuronal environment induces cyPrP aggrega-
tion and leads to neurotoxicity.
An alternative possibility could be that a higher level of cyPrP expres-

sion in the cerebellum is responsible for the rapid neurodegeneration.
By using serial dilutions, we compared the protein level of cyPrP in the
cerebellum to that in the rest of the brain (Fig. 5B). As we reported
previously (19), cyPrP is expressed at a very low level in the brain of these
transgenic mice. Quantification using a homozygous cyPrP transgenic
mouse revealed that the levels of cyPrP expression in the cerebellum
were about 3% of endogenous PrP, whereas cyPrP in the rest of the brain
was about 6% of endogenous PrP. Thus, the expression level of cyPrP
cannot account for the rapid cerebellar granular neuron degeneration,
as cyPrP expression level is notably lower in the cerebellum.3 X. Wang and J. Ma, unpublished results.

FIGURE 4. CyPrP is associated with synaptic and microsome membranes in trans-
genic mice. A, PNS was prepared from the cerebellum of a 1D4 transgenic mouse on the
PrP knock-out background and separated on an iodixanol gradient. Fractions were col-
lected from top to bottom, and the presence of cyPrP in each fraction was determined by
immunoblot analysis using POM1 anti-PrP monoclonal antibody. B, PNS was subjected
to extraction and differential centrifugation. Each fraction contains 5 �g of total proteins,
and the presence of cyPrP was determined by immunoblot analysis with POM1 anti-PrP
monoclonal antibody. Immunoblot analyses of synaptophysin and synapsin I were used
as controls. C indicates a negative control with PNS prepared from a PrP knock-out
mouse. Asterisk indicates a nonspecific band, which is more prominent in aged mice.
Arrowhead indicates the position of cyPrP. P, pellet; S, supernatant.

FIGURE 5. Comparison of the aggregation status, dosage, and membrane associa-
tion of cyPrP from cerebellum and the rest of the brain. A, cerebellum (CB) and the
rest of the brain (B) lysates were prepared from a wild-type mouse and a 1D4 transgenic
mouse on the PrP knock-out background, and subjected to detergent extraction and
centrifugation to separate into supernatant (S) and pellet (P) fractions. The presence of
PrP was determined by immunoblot analysis with POM1 anti-PrP monoclonal antibody.
The amounts of lysates used are as follows: 10 �g for wild-type mouse cerebellum; 5 �g
for wild-type mouse rest of the brain; 50 �g for transgenic mouse cerebellum; 50 �g for
transgenic mouse rest of the brain. B, brain lysates from a wild-type mouse with indi-
cated protein concentrations were compared with cerebellum and the rest of the brain
lysates from a homozygous 1D4 transgenic mouse on the PrP knock-out background
with indicated concentrations. Detergent-insoluble fractions were used for determining
the dosage of cyPrP, and PrP was detected by immunoblot analysis with POM1 anti-PrP
antibody. C, same as Fig. 4A except that PNS prepared from the rest of the brain of a 1D4
transgenic mouse on the PrP knock-out background was used. C represents a negative
control with PNS prepared from a PrP knock-out mouse. Asterisk indicates a nonspecific
band. Arrowhead indicates the position of cyPrP.
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Because cyPrP is membrane-bound, it is possible that cyPrP binds to
the membranes in the cerebellar granular neurons but not in other
neurons, which could explain the cerebellar neurodegeneration in these
mice. However, when PNS prepared from rest of the brain was tested,
cyPrP was again found to be associated with membranes (Fig. 5C). A
small amount of cyPrP remained in the bottom fractions (compare Fig.
5C with Fig. 4A), indicating some cyPrP molecules might not be mem-
brane-bound. But this small difference cannot explain the severe degen-
eration in the cerebellum granular neurons, compared with the almost
absence of degeneration in other brain regions (19).

The Interaction between cyPrP and the Hydrophobic Lipid Core of
Membrane Correlates with cyPrP-caused Cerebellar Neurodegene-
ration—Membrane interactions are divided into interaction with the
hydrophobic lipid core or peripheral membrane association. The latter
is achieved through interaction withmembrane proteins or the charged
head group of phospholipids. Comparedwith a peripherallymembrane-
associated protein, a protein interactingwith the hydrophobic lipid core
is much more likely to cause membrane disruption. Therefore, we
tested the hypothesis that cyPrP interacts with the hydrophobic lipid
core of membrane in cerebellar granular neurons, whereas it is only
peripherally associated with membrane surfaces in other brain regions.
Membranes prepared from either cerebella or rest of the brains were

extracted with 0.5 M NaHCO3 buffer, pH 11, to remove peripheral pro-
teins frommembranes. Notably, all the cyPrP from the rest of the brain
appeared in the bottom fractions after the alkaline extraction (Fig. 6, rest
of the brain). In contrast, part of the cyPrP from the cerebellum resisted
the extraction and remained in the top membrane fractions of the gra-
dient (Fig. 6, cerebellum). Coomassie Blue staining of the blots revealed
that there was no significant difference in the protein distribution pat-
tern between the two, supporting the specificity of the experiment.
Because cyPrP is not an integral membrane protein, extraction with

the 0.5 MNaHCO3 buffer, pH 11, might be too harsh and lead to under-
estimating the amount of cyPrP interacting with the hydrophobic lipid
core of themembrane. To test this possibility, we extractedmembranes
with a series of buffer conditions that were known to release peripheral
proteins. As shown in Fig. 7A, themajority of cyPrP from the cerebellum
remained in the membrane fractions after all these treatments. In con-
trast, the majority of cyPrP from the rest of the brain was removed from
membranes after 1.5MKCl extraction andmigrated to the bottomof the
gradient. When 10 mM NaOH was included to eliminate charge-based
interactions, almost all the cyPrP in the rest of the brain was released

from membranes (Fig. 7A). The PNS used in these experiments con-
tained pools of eight different transgenic mice to ensure that the obser-
vation was not associated with a specific animal. In addition, the fact
that aggregated cyPrP from the rest of the brain remained at bottom of
the gradient after extraction supports the specificity of this assay for
detecting membrane-bound cyPrP.
To verify that cyPrP could bind to mouse brain lipids, the interaction

between recombinant PrP23-230 (identical to cyPrP in amino acid
sequences) and mouse brain lipids was tested. Recombinant PrP did
indeed bind to the liposomes made of mouse brain lipids and migrated
to the top of the iodixanol gradient (Fig. 7B, compare with Fig. 2B).
Moreover, the majority of PrP remained at the top of the gradient after
extraction with 1.5 M KCl or 0.5 M NaHCO3 buffer, pH 11, suggesting
that PrP can interact with the hydrophobic hydrocarbon core of lipid
bilayer.
Together, these results suggest that cyPrP interacts with the hydro-

phobic lipid core of the membrane in the cerebellum but not in the rest
of the brain. The correlation between the interaction of cyPrP with the
hydrophobic lipid core of membrane and neurotoxicity provides an
explanation for the cerebellar neurodegeneration in these mice.

DISCUSSION

We found that cyPrP is associated with lipidmembrane,mainly bind-
ing to ER or plasma/endocytic vesicular membranes in cultured cells
and synaptic and microsome membranes in transgenic mice. More
importantly, we found that the interaction between cyPrP and the
hydrophobic lipid core of membrane correlates with neurotoxicity in
transgenic mice. Previous studies revealed that PrP interacts with lipids
(34–38) and that recombinant PrP can bind and disrupt liposomes com-
posed of negatively charged phospholipids (36). Based on our results and

FIGURE 6. CyPrP interacts with the hydrophobic lipid core of membrane in the cer-
ebellum of transgenic mice. PNS prepared from cerebellum or the rest of the brain of
1D4 transgenic mice on the PrP knock-out background was extracted with 0.5 M NaHCO3

buffer, pH 11, and separated on an iodixanol gradient. Fractions from top to bottom were
collected, and cyPrP was detected using POM1 anti-PrP antibody. The distribution of
proteins on the gradient was shown by Coomassie Blue staining of poly(vinylidene diflu-
oride) membranes. C represents a negative control with PNS prepared from a PrP knock-
out mouse. Asterisk indicates a nonspecific band. Arrowhead indicates the position of
cyPrP.

FIGURE 7. Extraction of PNS with different salt conditions. A, PNS prepared from
cerebellum (CB) or rest of the brain (B) of 1D4 transgenic mice on the PrP knock-out
background was extracted with 1 M KCl, 1.5 M KCl, or 1.5 M KCl plus 10 mM NaOH as
indicated. Extracted membranes were separated on an iodixanol gradient, and fractions
were collected from top to the bottom. CyPrP was detected using POM1 anti-PrP anti-
body. B, recombinant PrP (rPrP) was mixed with liposomes made from total brain lipids.
The untreated, 1.5 M KCl-treated, or 0.5 M NaHCO3-treated PrP lipid mixtures were was
separated on an iodixanol gradient. The presence of cyPrP was detected by immunoblot
analysis with POM1 anti-PrP antibody.
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previous findings, we propose the following model for cyPrP-caused neu-
rotoxicity (Fig. 8).
CyPrP, either from retro-translocation (9–13) or from the impaired

import into the ER (14, 15), is destined for proteasome degradation.
When some PrP escapes proteosome degradation, they can bind to
either protein or membrane lipids. Only if it interacts with the hydro-
phobic lipid core of membrane will PrP lead to the disruption of the
phospholipid bilayer. Aggregation of lipid-bound PrP exacerbates the
membrane disruption, and the change in membrane permeability ulti-
mately causes neuronal death.On the other hand, interactionwith cyto-
solic or membrane proteins may prevent the lethal lipid interaction and
protect cells against toxicity.
According to this model, neuronal cell susceptibility may depend on

the following parameters. First, different proteasome activity in differ-
ent cells will determine the efficiency for removing cyPrP. Second, the
presence of different proteins in certain neurons could bind to cyPrP
and prevent its lethal lipid interaction. Third, different intracellular
environments may determine the aggregation status of cyPrP. Fourth,
different lipid compositions of the membranes may create resistance to
cyPrP-induced membrane perturbation. Fifth, different types of cells
may have different tolerances for the biological consequences caused by
the alteration in membrane permeability.
This model does not require all the cyPrP molecules within a neuron

to interact with the hydrophobic lipid core of membrane in order to
cause toxicity. As long as the interaction is sufficient to alter membrane
permeability, the disturbance of intracellular ion concentrations will
lead to cell death. In addition, thismodel does not exclude the possibility
that the cyPrP bound to the hydrophobic lipid core of membrane can
interact with the transmembrane domains of integral membrane pro-
teins. Actually, this interaction may also contribute to the alteration of
membrane permeability if the integral membrane protein is involved in
regulating ion concentrations.
The observation that cytoplasmic PrP interacts with the hydrophobic

lipid core of membrane in the cerebellum but not in other brain regions
explains the paradoxical results concerning cyPrP-caused toxicity. For
example, it causes rapid neurodegeneration in cerebellar granular neu-
rons (19) but not in a subset of neurons in other brain regions (7, 8).
According to our model, the specific cellular environment in the cere-
bellar granular neurons might be more conducive to the interaction of
cyPrP with membrane lipids. The presence of PrP-binding proteins in
other neurons may prevent the lethal lipid interaction and neurodegen-
eration. Therefore, given a higher dosage and longer time period, cyto-
plasmic PrP should be able to cause neurodegeneration in those neu-
rons as well.
We found that ER and plasma membranes are the main membrane

structures with which cyPrP interacted. Both membranes are known to
regulate intracellular calcium concentrations (39), which are critical for
cell signaling. Disrupting either of these membranes will lead to an
increase in cytosolic calcium concentrations. In an effort to reduce cyto-

solic calcium loads, mitochondria are known to import cytosolic cal-
cium through their membranes (40, 41). An overload of calcium will
cause mitochondrial membrane disruption, which is the earliest patho-
logical change detected in the transgenic mice expressing cyPrP (19).
Moreover, an increase of cytosolic calcium concentration may also
explain the increase of calcium-responsive cPLA2 immunoreactivity in
the region of neurodegeneration (Fig. 1).
An interesting finding was that cyPrP in human primary neurons not

only did not cause toxicity, it also protected these cells against Bax-
induced apoptosis (11). It is known that ER calcium concentration is
critical for apoptosis (42), and lower ER calcium stores will render
cells more resistant to apoptosis. The anti-apoptotic protein Bcl-2
decreases ER calcium stores and protects the cell against apoptosis
(43, 44). It is possible that in human primary neurons cyPrP causes ER
calcium leakage. Although the calcium leakage may not be enough to
cause cell death, the decrease of ER calcium stores could be sufficient to
protect them from Bax-induced apoptosis.
Recent reports have shown that some PrP molecules can be detected

in the nucleus of cultured cells as well (45, 46). Because PNSwas used in
all the experiments described here, we cannot rule out the possibility
that nuclearly localized cyPrPmay also contribute to toxicity. Nonethe-
less, our results reveal that cyPrP is membrane-bound, and its interac-
tion with the hydrophobic lipid core of membrane correlates with neu-
rotoxicity, which provides an explanation for the paradoxical findings
concerning cyPrP. In addition, our model also predicts that it may take
either a higher dosage or a longer time period for cyPrP to cause neu-
rotoxicity in neurons other than cerebellar granular cells. Further inves-
tigation is required to test this prediction.
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