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Prion diseases are characterized by the conversion of the soluble protease-sensitive host-encoded prion protein (PrPC) into its
aggregated, protease-resistant, and infectious isoform (PrPSc). One of the earliest events occurring in cells following exposure to
an exogenous source of prions is the cellular uptake of PrPSc. It is unclear how the biochemical properties of PrPSc influence its
uptake, although aggregate size is thought to be important. Here we show that for two different strains of mouse prions, one that
infects cells (22L) and one that does not (87V), a fraction of PrPSc associated with distinct sedimentation properties is preferen-
tially taken up by the cells. However, while the fraction of PrPSc and the kinetics of uptake were similar for both strains, PrPSc

derived from the 87V strain was disaggregated more rapidly than that derived from 22L. The increased rate of PrPSc disaggrega-
tion did not correlate with either the conformational or aggregate stability of 87V PrPSc, both of which were greater than those of
22L PrPSc. Our data suggest that the kinetics of disaggregation of PrPSc following cellular uptake is independent of PrPSc stability
but may be dependent upon some component of the PrPSc aggregate other than PrP. Rapid disaggregation of 87V PrPSc by the
cell may contribute, at least in part, to the inability of 87V to infect cells in vitro.

Transmissible spongiform encephalopathies (TSEs), or prion
diseases, are a group of fatal neurological disorders, including

Creutzfeldt-Jakob disease in humans, scrapie in sheep, and bovine
spongiform encephalopathy (BSE) in cattle. A key event associ-
ated with prion diseases is the formation of a pathogenic, pro-
tease-resistant, and insoluble form of prion protein (PrPSc). PrPSc

can propagate in an autocatalytic manner by binding the soluble
and protease-sensitive host cellular prion protein (PrPC) and in-
ducing its conversion into the PrPSc conformer (for a review, see
reference 1). PrPSc aggregates are thought to be the main compo-
nent of the causative agent (or prion) and eventually accumulate
to pathogenic levels in the brain of infected individuals, leading to
clinical prion disease.

The molecular mechanisms underlying prion replication have
been investigated by using various cell models of persistent infec-
tion. These studies have shown that even though PrPC is essential
for propagation of prion infectivity (2), not all cell lines expressing
PrPC are susceptible to prion infection (for a comprehensive re-
view, see reference 3). Thus, PrPC is not the only factor required
for persistent prion infection in vitro (4). Furthermore, not all
prion strains are able to infect cells. For example, the mouse
scrapie strain 87V does not infect cell lines susceptible to other
mouse-adapted scrapie strains, such as 22L or RML (5, 6), even
though it can induce PrPSc formation in cells (6). However, it is
not known what cellular factors other than PrPC, or what charac-
teristics of PrPSc, may influence the efficiency of infection of cells
by prions.

To understand why some prion strains can infect cells and
others cannot, several studies have focused on the earliest events
that occur in cells which have been exposed to an exogenous
source of prions. A previous study employing cells expressing an
epitope-tagged mutant of mouse PrPC demonstrated that, irre-
spective of the scrapie strain, the de novo (i.e., acute) formation of
proteinase K (PK)-resistant prion protein can be detected by im-

munoblotting as early as 4 h after exposure to scrapie infectivity,
suggesting that new PrPSc can be generated very rapidly following
infection (6). However, even though acute PrPSc formation oc-
curred regardless of the scrapie strain and cell type, the establish-
ment of a persistent infection was dependent upon both the
scrapie strain and the cell (6). These data suggested that the inabil-
ity of a prion strain to infect cells was not necessarily due to an
inability to convert the PrPC expressed by the cell but rather due to
other events that occurred after an initial burst of PrPSc formation
(6).

Another early event that must occur during prion infection is
the association of PrPSc with the cell. The kinetics of PrPSc uptake
appear to be largely independent of both prion strain and PrPC

expression by the host cell (7, 8), although PrPC expression may
influence PrPSc uptake for some prion species (9, 10). However,
only some of the available PrPSc is internalized (8, 10), suggesting
that there may be a specific population of PrPSc which is preferen-
tially cell associated. PrPSc, even when purified, is a heterogeneous
mixture of aggregates, and PrPSc aggregate size is known to influ-
ence both the specific infectivity of prion particles (11–13) and the
association of PrPSc with the cell (7, 8). For example, large aggre-
gates of purified, fluorescently labeled PrPSc associate with the cell
surface and are broken down and internalized over a period of
several days (7). In contrast, PrPSc in brain homogenates (10, 14)
as well as smaller aggregates of purified, nonfluorescently labeled
PrPSc (8) are not localized to the cell surface and are internalized
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within a few hours. Thus, PrPSc aggregate size appears to influence
both the kinetics and localization of cell-associated PrPSc. These
data suggest that qualitative differences in the available pool of
PrPSc may influence the interaction of PrPSc with the cell and,
potentially, the establishment of prion infection.

In the current study, we have used discontinuous sucrose gra-
dient centrifugation to determine how PrPSc aggregates with dif-
ferent sedimentation properties interact with the cell. We show
that for a mouse scrapie strain that can infect cells (22L) and one
that cannot (87V), the same preferred fraction of PrPSc associates
with the cells. However, over time, the cell-associated PrPSc be-
comes disaggregated by the cell, a process that is more rapid for
87V PrPSc than for 22L PrPSc. Rapid or efficient disaggregation
of 87V PrPSc by the cell may explain, at least in part, the inability of
87V to establish persistent infection in vitro.

MATERIALS AND METHODS
Cells. The generation of the PrP knockout cell line CF10 (8) and CF10 cells
expressing mouse PrP containing the 3F4 epitope (CF10�Mo3F4 cells)
have been described previously (15). The CF10 cells used for this study
contain the retroviral expression vector pSFF but do not express PrPC. To
generate CF10 cells with the pSFF vector, pSFF was packaged into a non-
replicating mouse retrovirus via transfection into the retroviral packaging
cell lines �2 and PA317 (16). CF10 cells were transduced with the super-
natant harvested from these cells, as described previously (17), and were
not cloned. CF10�Mo3F4 cells express a PrP molecule derived from the
short scrapie incubation time mouse allele Prnpa, which has been mutated
to contain the epitope to the anti-PrP mouse monoclonal antibody 3F4
(15). These cells were also used uncloned. All CF10 cells were maintained
in Opti-MEM (Invitrogen) supplemented with 10% fetal bovine serum
(FBS), 100 U of penicillin, and 100 �g of streptomycin in a humidified
incubator at 37°C with 5% CO2. Throughout the manuscript, cells
expressing the pSFF vector are referred to as CF10 cells, while cells ex-
pressing mouse PrP with the 3F4 antibody epitope are referred to as
CF10�Mo3F4 cells.

Preparation of inoculum. All animal experimental protocols were
reviewed and approved by the Rocky Mountain Laboratories Animal Care
and Use Committee (animal protocols 2003-06 and 2006-03). The Rocky
Mountain Laboratories are fully accredited by the American Association
for Laboratory Animal Care, and this study was carried out in strict ac-
cordance with the recommendations of the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health (18).

C57BL/10 mice infected with 22L scrapie and VMDK mice infected
with 87V scrapie were culled at the clinical stage of disease, and their
brains were harvested and stored at �80°C until use. Brain tissues were
prepared as 10% or 1% (wt/vol) homogenates in phosphate-buffered sa-
line (PBS) by using a Mini-BeadBeater-8 instrument (Biospec). The ho-
mogenized samples were cleared by centrifugation at 500 � g for 3 min
and stored at �20°C until use. On the day of the experiment, the prepared
brain homogenates were thawed and diluted in prewarmed Opti-MEM
without FBS or antibiotics to final concentrations of either 0.5% or 0.25%
(wt/vol) homogenates. Brain homogenates were not sonicated when ini-
tially prepared or prior to use.

Scrapie infection of cells and cellular uptake of PrPSc. CF10�Mo3F4
cells were exposed to a 1:10 dilution of either 22L or 87V mouse scrapie-
infected brain homogenate or normal brain homogenate, as described
previously (15). After 4 h of incubation at 37°C, the homogenate was
removed, and the cells were passaged at least 10 times. After 10 passages,
cells were analyzed for PrPSc by immunoblotting using the 3F4 monoclo-
nal antibody, as described below.

Uptake of PrPSc into CF10 cells was done as described previously (8),
with minor modifications. Briefly, in order to analyze the amount of un-
fractionated PrPSc associated with CF10 cells, cells were plated at a density
of 3.2 � 106 cells per well in 6-well plates, followed by an overnight incu-

bation at 37°C. After removal of the medium, cells were overlaid with 750
�l of the prepared inoculum and incubated at 37°C. After an 8-h incuba-
tion, 1.5 ml of Opti-MEM containing 10% FBS, 100 U of penicillin, and
100 �g of streptomycin was added to the cells, and the cells were incubated
for another 16 h. For some experiments, the brain homogenate was re-
moved after 2 h, and the cells were rinsed 3 to 4 times in medium. Follow-
ing the addition of fresh medium, the cells were then incubated at 37°C for
another 24 h. Cells were removed from the plate by trypsin-EDTA treat-
ment at 2, 8, or 24 h postinfection and were recovered by centrifugation at
5,200 � g for 5 min at 4°C. The cells were lysed in 200 �l lysis buffer (50
mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.5% Triton X-100, 0.5% sodium
deoxycholate, and 5 mM EDTA). Insoluble cellular debris was removed
by low-speed centrifugation, and supernatants were saved for the analysis
of PrPSc by Western blotting.

Cell lysates used for separation of PrPSc by discontinuous sucrose gra-
dient centrifugation were prepared as follows. Cells were plated at a den-
sity of either 3.2 � 106 cells per well in 6-well plates or 8 � 106 cells per
25-cm2 flask and incubated overnight at 37°C. After removal of the me-
dium, 22L or 87V brain homogenate derived from a mouse with clinical
scrapie was added to the cells (750 �l/well in a 6-well plate or 2 ml/25-cm2

flask), and the cells were incubated at 37°C. After 8 h, 1.5 ml (6-well plates)
or 4 ml (25-cm2 flasks) of Opti-MEM with 10% FBS was added to the cells.
Cells were collected as described above and then resuspended in 500 �l of
lysis buffer (2% n-octyl-�-D-glucopyranoside [NOG] in PBS). Cell lysates
were cleared by centrifugation at 3,800 � g for 1 min at 4°C and superna-
tants were saved for fractionation by velocity sedimentation.

In vitro conversion of Mo3F4 PrPC. Cell homogenates from
CF10�Mo3F4 cells and CF10 cells containing the empty pSFF vector, as
well as brain homogenates from mice infected with either 22L or 87V
scrapie, were prepared in PBS– 0.5% Triton X-100 – 0.05% SDS as previ-
ously described (19). For the in vitro conversion reaction, 9 �l of brain
homogenate was mixed with 60 �l of cell lysate, and the reaction mixture
was incubated with agitation at 37°C for 4 days. Samples were then treated
with 100 �g/ml of PK at 37°C for 1 h, followed by the addition of 5 �l of 0.1
M phenylmethylsulfonyl fluoride (PMSF) to stop the PK reaction. Half of
the reaction mixture was analyzed for newly made protease-resistant PrP
by Western blotting using anti-PrP mouse monoclonal antibody 3F4 con-
jugated to biotin (Covance) at a dilution of 1:10,000 followed by strepta-
vidin-conjugated horseradish peroxidase (Cell Signaling Technologies),
at a dilution of 1:250,000. Ten microliters was used to assay the total
amount of PrPSc in the reaction mixture by Western blotting using anti-
PrP mouse monoclonal antibody 6D11 (Covance) at a dilution of
1:15,000 followed by a 1:100,000 dilution of horseradish peroxidase-con-
jugated sheep anti-mouse secondary antibody (GE Healthcare Life Sci-
ences). Blots were developed with the Super Signal West Femto kit
(Thermo Scientific) according to the manufacturer’s instructions.

Discontinuous sucrose gradient centrifugation. Velocity sedimenta-
tion in sucrose step gradients was carried out as described previously (20),
with minor modifications. Briefly, the brain homogenates prepared in
PBS were mixed with an equal volume of 4% NOG in PBS and then
incubated for 30 min in ice. Insoluble debris was removed by centrifuga-
tion at 3,800 � g for 1 min. Brain or cell lysates, prepared as described
above, were incubated for 30 min on ice in the presence of 1% Sarkosyl
and then loaded on top of a 10 to 60% sucrose step gradient also made in
1% Sarkosyl. The fractionation of PrP was achieved by centrifuging sam-
ples for 1 h at 4°C at 46,000 rpm (gaverage � 200,000 � g) in an SW55 rotor
(Beckmann). Eleven fractions of 450 �l were collected from the top of the
gradient and stored at �20°C until use.

Western blot analysis. Samples were digested with 25 �g/ml PK for 1
h at 37°C, followed by the addition of Pefabloc (1 mM final concentration)
to stop PK activity. PK-digested cell lysates were mixed with NuPAGE
sample buffer (Invitrogen) to a final concentration of 1� (141 mM Tris
base, 106 mM Tris HCl, 2% lithium dodecyl sulfate, 0.5 mM EDTA, 10%
glycerol, 0.22 mM SERVA blue G250, and 0.175 mM phenol red) and then
boiled for 10 min. For samples derived from sucrose gradient fractions,
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the volume of the entire sample in each fraction was brought to 1 ml by
adding 550 �l of PBS containing 1% Sarkosyl. Subsequently, 500 �l of
2-butanol and methanol (5:1, vol/vol) was added, and the mixture was
centrifuged at 20,800 � g for 10 min as described previously (21). Pellets
were resuspended in 20 �l of 2� NuPAGE sample buffer (282 mM Tris
base, 212 mM Tris HCl, 4% lithium dodecyl sulfate, 1.02 mM EDTA, 20%
glycerol, 0.44 mM SERVA blue G250, and 0.35 mM phenol red [Invitro-
gen]) and boiled at 100°C for 10 min.

Protein analysis was performed by using the NuPAGE Novex gel sys-
tem (Invitrogen) as previously described (22). Briefly, proteins were sep-
arated in 10% Bis-Tris NuPAGE gels and then transferred onto polyvi-
nylidene difluoride (PVDF) Immobilon-P membranes (Millipore). After
membranes were blocked with 5% (wt/vol) dry milk in TBST (10 mM Tris
HCl [pH 8.0], 150 mM NaCl, and 0.05% Tween 20), the membranes were
probed with a 1:5,000 dilution of mouse monoclonal antibody 6D11,
followed by a 1:40,000 dilution of horseradish peroxidase-conjugated
sheep anti-mouse secondary antibody. The blots were developed on film
by using ECL Plus reagent (GE Healthcare Life Sciences). The developed
films were scanned, and quantitative analysis of the blots was carried out
by using ImageQuant software (version 5.2; Molecular Dynamics).

PrPSc stability assay. Aliquots of 1% brain homogenates prepared
in PBS were mixed with an equal volume of guanidine hydrochloride
(GdnHCl), leading to a range of final guanidine concentrations from 0 to
4 M. After 1 h of incubation at room temperature on a shaking platform,
the final concentration of GdnHCl in each sample was adjusted to 0.4 M in
lysis buffer (50 mM Tris HCl [pH 8.0], 150 mM NaCl, 5 mM EDTA, 0.5%
sodium deoxycholate, and 0.5% Triton X-100). Subsequently, samples
were digested with 25 �g/ml PK for 1 h at 37°C. After PK activity was
stopped by adding Pefabloc to a final concentration of 1 mM, proteins
were precipitated as described above, using a solution of 2-butanol and
methanol (5:1, vol/vol). In some experiments, PK digestion was not done.
Samples (250 �l) were layered over 250 �l of a 5% sucrose–lysis buffer
cushion in a Beckman TL 100.1 centrifuge tube and centrifuged for 45 min
at 20,000 rpm (17,400 � g) (23). Supernatants were carefully discarded,
and pellets were resuspended in 20 �l of 2� NuPAGE sample buffer. After
boiling for 10 min, proteins were analyzed by using the NuPAGE Novex
gel system, as described above.

Immunofluorescence. Analysis of cellular PrPSc uptake was per-
formed as described previously (8), with minor modifications. Briefly,
cells were plated into 8-well chamber slides at a density of 1 � 105cells per
well and kept overnight at 37°C. After removal of the medium, 100 �l of a
1:10 dilution of 10% brain homogenate in Opti-MEM was added to each
well. After 8 h, 200 �l of Opti-MEM containing 10% FBS, 100 U of pen-
icillin, and 100 �g of streptomycin was added. At different time points
postexposure, cells were washed three times in Dulbecco’s PBS (DPBS),
fixed in 3.7% formaldehyde for 30 min, and then permeabilized with 0.2%
Triton X-100 in PBS for 5 min. Subsequently, cells were digested with PK
(10 �g/ml; 200 �l per chamber) for 5 min at room temperature and then
exposed to 3 M guanidine thiocyanate for 5 min. The cells were blocked
with 3% bovine serum albumin (BSA) in PBS for 45 min. To detect PrP,
cells were incubated for 1 h with anti-PrP monoclonal antibody 6D11
prepared at a dilution of 1:200 in blocking solution. Following three rinses
in DPBS, the cells were incubated for 45 min with an Alexa Fluor 488-
conjugated F(ab=)2 fragment of goat anti-mouse IgG (Invitrogen) pre-
pared at a dilution of 1:500 in blocking solution. After three rinses in
DPBS, the chamber walls were removed, and the coverslip was affixed
with ProLong Gold Antifade with 4=,6-diamidino-2-phenylindole
(DAPI) (Invitrogen). Stained cells were observed under fluorescent illu-
mination on a BX51 microscope (Olympus), and images were obtained
with a DP71 digital camera (Olympus) and processed with Microsuite 5
software (Olympus).

RESULTS
Association of 87V and 22L PrPSc with CF10 cells increases over
time. Brain homogenates prepared from either 22L- or 87V-in-

fected mice were diluted in cell culture medium and incubated for
up to 24 h with CF10 cells which contain the retroviral vector pSFF
but do not express PrPC. At different time points postexposure,
cells were lysed, and the lysates were digested with PK and ana-
lyzed by immunoblotting. For both 22L and 87V, PrPSc associated
with cells as early as 2 h postinoculation, with the amount of cell-
associated PrPSc increasing over time (Fig. 1A). By 24 h postexpo-
sure, the amount of PrPSc associated with CF10 cells was �10% of
the input PrPSc added to the cells (Fig. 1A). These results are con-
sistent with a previous report in which the uptake of PrPSc from
three different mouse scrapie strains, including 22L, was exam-
ined by using CF10 cells (8). The kinetics of 87V PrPSc uptake,
which has not been previously reported, was similar to that of 22L
and did not require the expression of PrPC.

PrPSc from 22L and 87V is internalized by cells. In order to
determine whether the PrPSc associated with the CF10 cells was
internalized by the cells, CF10 cells were exposed to 22L and 87V
mouse scrapie brain homogenates and incubated at either 37°C or
4°C, a temperature known to block the endocytosis of PrPSc (10).
As shown in Fig. 1B, the amount of cell-associated PrPSc in CF10
cells exposed to scrapie brain homogenates at 4°C was greatly
reduced compared to that in cells incubated at 37°C. When the
cells were examined by fluorescence microscopy following immu-
nostaining, PrPSc was detectable by as early as 2 h postexposure in
the perinuclear and/or cytoplasmic regions of the cells (Fig. 1C).
Collectively, these data suggested that the majority of cell-associ-
ated 22L and 87V PrPSc was being internalized by the cells.

CF10 cells preferentially internalize a distinct fraction of ag-
gregated PrPSc. Previously, we and others suggested that PrPSc

aggregate size may influence the efficiency of PrPSc internalization
(7, 8). In order to determine if cellular uptake of PrPSc was influ-
enced by the size of the PrPSc aggregate, we compared the sedi-
mentation properties of 22L scrapie PrPSc derived from scrapie-
infected mouse brain to that of PrPSc taken up by the cell. Brain
lysates from 22L-infected mice were fractionated by sucrose step
gradient ultracentrifugation as detailed in Materials and Methods,
the samples were digested with PK, and the sedimentation profile
of PrPSc was analyzed by immunoblotting. As shown in Fig. 2A,
brain-derived 22L PrPSc was found largely in the bottom three
fractions of the gradient, with approximately 20% being detect-
able in the intermediate fractions (fractions 6 to 8) (Fig. 2C). In
contrast, PrPSc recovered from cells following a 2-h exposure to
the 22L brain homogenate was found almost exclusively in frac-
tion 9 of the gradient (Fig. 2B and C). At 8 and 24 h, PrPSc was
detectable in the bottom three fractions, with the majority still
sedimenting in fraction 9 (Fig. 2B and C). Notably, however, at 8
and 24 h, detectable amounts of PrPSc were also present in inter-
mediate fractions 4 to 6, a trend most evident at the 24-h time
point (Fig. 2B). These results were consistent over multiple exper-
iments (Fig. 2C) and suggested not only that there is a population
of PrPSc in fraction 9 that is preferentially taken up by cells but also
that PrPSc internalized by CF10 cells is gradually disaggregated
over time.

Cellular disaggregation of PrPSc following uptake. Our data
suggested that over time, the cells were disaggregating the specific
fraction of PrPSc that they had internalized. However, it was also
possible that the gradual appearance of smaller PrPSc aggregates in
the cell was due to the delayed internalization of less aggregated
PrPSc species that either were present in the scrapie brain homog-
enate or had already been disaggregated by enzymes in the cell
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culture medium. In order to determine the origin of the PrPSc

species found in cellular sucrose fractions 6 to 8 (Fig. 2B), we
recovered the 22L brain homogenate incubated with the cells for
2, 8, and 24 h and analyzed the remaining PrPSc using discontin-
uous sucrose gradient centrifugation. As shown in Fig. 3A, PrPSc

in the cellular supernatants from all three time points was detected
only in the bottom three fractions of the sucrose gradient. These
data suggested that the PrPSc species found in the intermediate
cellular sucrose fractions at 8 and 24 h following exposure to the
brain homogenate were not the result of delayed uptake of either

FIG 1 Uptake of 22L PrPSc and 87V PrPSc by CF10 cells. (A) CF10 cells were exposed to either 22L or 87V scrapie brain homogenate for 2, 8, or 24 h, and the
amount of cell-associated PrPSc was determined by Western blotting using anti-PrP mouse monoclonal antibody 6D11. The relative amount of cell-associated
PrPSc was estimated by comparison to the PrPSc level in 10% of the input inoculum (10% input). Molecular mass markers in kilodaltons are indicated on the left.
(B) CF10 cells were exposed to 22L or 87V scrapie brain homogenate at either 37°C or 4°C for 2 and 8 h, and the amount of PrPSc internalized by the cell was
determined by Western blotting as described above for panel A. Molecular mass markers in kilodaltons are indicated on the left. (C) Cells were incubated with
uninfected brain homogenates (Mock) or 22L or 87V scrapie-infected brain homogenates for 2 to 24 h. After removal of the homogenate, cells were fixed,
permeabilized, digested with PK, and treated with 3 M guanidine thiocyanate. PrPSc was detected by using mouse monoclonal antibody 6D11 and Alexa Fluor
488-labeled goat anti-mouse secondary antibody (green). Nuclei were stained with DAPI (blue).
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slowly migrating PrPSc species from the homogenate or PrPSc that
had been disaggregated in the cell supernatant.

As a further test to determine the origin of the intermediate 22L
PrPSc species in the cells after 24 h, CF10 cells were exposed to the
22L brain homogenate for 2 h, after which the homogenate was
fully removed and the cells were incubated in medium for a fur-
ther 24 h. After 2 h, the majority of cell-associated PrPSc migrated
in fraction 9 of the sucrose gradient (Fig. 3B). However, after 24 h,
the amount of PrPSc in fraction 9 had decreased substantially, and
PrPSc was once again present in the intermediate fractions of the
gradient (Fig. 3B). These results are consistent with the above-
described experiments where the cells were exposed to brain ho-
mogenate for the full 24-h incubation period (Fig. 2). Taken to-
gether, the data strongly suggested that the smaller PrPSc species
present after 24 h were not derived from the input brain homog-
enate but were the result of the fraction of 22L PrPSc taken up by
the cells being disaggregated over time.

Cellular uptake and disaggregation of 87V PrPSc. Scrapie
strain 22L can easily infect various types of cells (3), including
CF10 cells expressing a 3F4 epitope-tagged mouse PrP molecule
(CF10�Mo3F4) (Fig. 4A) (15). In contrast, scrapie strain 87V can
trigger PrPSc formation in cells that are susceptible to other scrapie
prion strains (6) but is unable to establish a persistent infection in
either those cells or CF10�Mo3F4 cells (Fig. 4A). The reasons for
this difference in the abilities of different scrapie strains to infect
cells are unknown, but PrPC sequence, PrPSc conversion effi-
ciency, PrPSc aggregate size, and PrPSc stability could all be con-
tributing factors.

In order to determine if 22L and 87V PrPSc could similarly
convert Mo3F4 PrPC to protease resistance, brain homogenates
from mice infected with either 87V or 22L were incubated with cell
homogenates from either CF10�Mo3F4 or CF10 cells, and the
formation of protease-resistant Mo3F4 was assayed. As shown in
Fig. 4B, 87V PrPSc was able to convert more Mo3F4 PrPC to pro-
tease-resistant PrP than 22L PrPSc (Fig. 4B, bottom), even though
the amount of PrPSc in the 22L brain homogenate was greater than
that in the 87V brain homogenate (Fig. 4B, top). The specificity
of the reaction for Mo3F4 PrPC was confirmed by the lack of
protease-resistant PrP in reaction mixtures where the homoge-
nate from CF10 cells was used as the substrate (Fig. 4B, vector
lanes). Thus, the inability of 87V to infect CF10�Mo3F4 cells does
not appear to be due to an inefficient conversion of Mo3F4 PrPC

by 87V PrPSc. These data suggest that either unknown host factors
or 87V strain-specific characteristics, such as PrPSc uptake, aggre-
gate size, or stability, could be influencing whether or not 87V
infects CF10�Mo3F4 cells.

In order to determine whether the same fraction of 87V PrPSc is
taken up and disaggregated by the cells as 22L PrPSc, we compared
the sedimentation properties of 87V PrPSc derived from scrapie-
infected mouse brain to that of PrPSc taken up by the cells. The
sedimentation profile of brain-derived 87V PrPSc was similar to
that of 22L, with the majority of PrPSc being found in the bottom
three fractions of the gradient (Fig. 5A). As with 22L PrPSc, the
majority of the 87V PrPSc taken up by the cells after 2 h sedimented

FIG 2 A limited population of 22L PrPSc aggregates is preferentially taken up
and disaggregated by CF10 cells. (A and B) The brain homogenate from a 22L
scrapie-infected mouse (A) or cell lysates from CF10 cells exposed to the 22L
brain homogenate for up to 24 h (B) were fractionated by discontinuous su-
crose gradient centrifugation. Eleven fractions (fractions 1 to 11) were col-
lected from the top of the gradient, digested with PK, and analyzed by Western
blotting using anti-PrP mouse monoclonal antibody 6D11. In panels A and B,
molecular mass markers in kilodaltons are indicated on the left. (C) Quanti-
tation of the relative amount of PrPSc in individual sucrose gradient fractions
derived from either the 22L scrapie-infected brain homogenate or CF10 cell

lysates after exposure to the 22L scrapie brain homogenate for 2 h, 8 h, and 24
h. The values represent averages 	 standard errors of the percentage of PrPSc in
each fraction for 4 experiments (brain homogenate) or 4 to 5 experiments (cell
lysate).
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in fraction 9 of the sucrose gradient (Fig. 5B). However, unlike 22L
PrPSc, where the majority of the PrPSc remained in the bottom
three fractions after 24 h, 87V PrPSc taken up by the cells after 24 h
was relatively evenly distributed throughout the gradient, with
only the lightest fractions, fractions 1 to 3, being negative (Fig. 5B).

These results were consistent over multiple experiments (Fig. 5C)
and demonstrated that, on average, approximately 50% of the 87V
PrPSc taken up by the CF10 cells was disaggregated after 24 h (Fig.
5C), versus 30% of the 22L PrPSc (Fig. 2C). Thus, while both 22L
PrPSc and 87V PrPSc were similar in that the same fraction of PrPSc

was preferentially taken up by cells and gradually disaggregated
over time, the two strains were distinguishable based upon the
extent of PrPSc disaggregation.

87V PrPSc is more stable than 22L PrPSc. The observation that
87V PrPSc became disaggregated more rapidly in CF10 cells than
22L PrPSc suggested that it might be conformationally less stable
than 22L PrPSc. We therefore determined the relative stabilities of
87V PrPSc and 22L PrPSc using a conformational stability assay.
Aliquots of 87V and 22L brain homogenates were incubated with
concentrations of guanidine hydrochloride (GdnHCl) ranging
from 0 to 4 M and then digested with PK. Contrary to our expec-
tations based upon the CF10 cell data, 87V PrPSc was found to be
more resistant to guanidine-induced denaturation than 22L PrPSc

(Fig. 6A). While 22L PrPSc became largely susceptible to proteol-
ysis following incubation with 1.75 M GdnHCl, as much as 40% of
87V PrPSc was still resistant to proteolysis even after being exposed
to 3.5 M GdnHCl (Fig. 6B).

PrPSc stability based on PK resistance may vary depending
upon the conformation of the protein, which in turn will influence
how accessible the protein is to different antibodies (21, 24). Fur-
thermore, guanidine hydrochloride-based conformational assays
do not necessarily distinguish between the stability of the tertiary

FIG 3 Smaller PrPSc aggregates present in the cell after 24 h are not derived
from the supernatants of cells exposed to 22L scrapie-infected brain homoge-
nate. (A) Cellular supernatants containing unfractionated 22L scrapie-in-
fected brain homogenates were collected after continuous incubation with
CF10 cells for up to 24 h and were fractionated by discontinuous sucrose
gradient centrifugation. Eleven fractions (fractions 1 to 11) were collected
from the top of the gradient, digested with PK, and analyzed by Western
blotting using anti-PrP mouse monoclonal antibody 6D11. Molecular mass
markers in kilodaltons are indicated on the left. (B) CF10 cells were incubated
for 2 h in 22L scrapie-infected brain homogenates. After 2 h, the homogenate
was completely removed, and the cells were incubated for an additional 24 h in
medium alone. Cells were lysed, and the lysate was fractionated by discontin-
uous sucrose gradient centrifugation. Eleven fractions (fractions 1 to 11) were
collected from the top of the gradient, digested with PK, and analyzed by
Western blotting using anti-PrP mouse monoclonal antibody 6D11. The rel-
ative amount of PrPSc in each fraction was then quantified. The values shown
represent averages 	 standard errors of the percentage of PrPSc in each fraction
for 4 experiments.

FIG 4 87V mouse scrapie does not induce persistent PrPSc formation in
CF10�Mo3F4 cells but can efficiently convert Mo3F4 PrPC to protease resis-
tance. (A) CF10�Mo3F4 cells (15) were exposed to 1% normal mouse brain
homogenate (NBH) or 1% brain homogenates from mice infected with scrapie
strains 22L and 87V. After 12 passages (22L and 87V) or 13 passages (normal
mouse brain homogenate), the cells were analyzed by immunoblotting for
PrPSc using anti-PrP mouse monoclonal antibody 3F4. Only cells exposed to
the 22L mouse scrapie brain homogenate were positive for PrPSc. Molecular
mass markers in kilodaltons are shown on the left. (B) Brain homogenates
from mice infected with 22L or 87V scrapie as well as normal brain homoge-
nate were mixed with homogenates from CF10�Mo3F4 cells (Mo3F4) or
CF10 cells (Vector). After 4 days, the reaction mixtures were treated with PK
and analyzed for total PrPSc by using mouse monoclonal antibody 6D11 (top)
and for newly formed PrPSc by using mouse monoclonal antibody 3F4 (bot-
tom). Molecular mass markers in kilodaltons are shown on the right.
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structure of PrPSc (i.e., protein conformation) and the stability of
the quaternary structure of PrPSc particles (i.e., aggregate stability)
(25). Thus, we measured the resistance of PrP aggregates in 87V
and 22L brain homogenates to GdnHCl solubilization. Aliquots of
87V and 22L brain homogenates were incubated with concentra-
tions of GdnHCl ranging from 0 to 4 M and then centrifuged
without PK treatment in order to recover the detergent-insoluble
fraction of PrP. Similar to the results obtained from the confor-
mational stability assay shown in Fig. 6, PrP aggregates in the 87V
brain homogenate were more resistant to GdnHCl denaturation
than those in the 22L brain homogenate (Fig. 7A). While 
30% of
the PrP aggregates in the 22L brain homogenate were detergent
insoluble following incubation with up to 2 M GdnHCl, almost
100% of the PrP aggregates in the 87V brain homogenate were still
detergent insoluble after incubation with up to 3 M GdnHCl (Fig.
7B). 87V PrPSc was therefore more stable than 22L PrPSc in terms
of both conformation, as determined by its resistance to PK diges-
tion with increasing concentrations of GdnHCl, and aggregation,

FIG 5 A limited population of 87V PrPSc aggregates is preferentially taken up and
rapidly disaggregated by CF10 cells. (A and B) Brain homogenates from an 87V
scrapie-infected mouse (A) or cell lysates from CF10 cells exposed to the 87V brain
homogenate for up to 24 h (B) were fractionated by discontinuous sucrose gradi-
ent centrifugation. Eleven fractions (fractions 1 to 11) were collected from the top
of the gradient, digested with PK, and analyzed by Western blotting using anti-PrP
mouse monoclonal antibody 6D11. In panels A and B, molecular mass markers in
kilodaltons are indicated on the left. (C) Quantitation of the relative amount of
PrPSc in individual sucrose gradient fractions derived from either the 87V scrapie-
infected brain homogenate or CF10 cell lysates after exposure to the 87V scrapie
brain homogenate for 2 h, 8 h, and 24 h. The values represent averages 	 standard
errors of the percentage of PrPSc in each fraction for 3 experiments.

FIG 6 22L PrPSc is conformationally less stable than 87V PrPSc. (A) Brain
homogenates obtained from either 22L or 87V scrapie-infected mice were
prepared in PBS at a concentration of 1% (wt/vol) and incubated with increas-
ing concentrations of GdnHCl for 1 h. After the concentration of GdnHCl was
adjusted to 0.4 M, samples were digested with PK, and proteins were precipi-
tated. Protein pellets were examined by Western blotting using anti-PrP
mouse monoclonal antibody 6D11. Molecular mass markers in kilodaltons are
indicated on the left. (B) Graph showing the amount of PrPSc remaining in the
sample following GdnHCl denaturation and treatment with PK. The values
represent the average values 	 standard errors for 3 independent experiments.
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as determined by its relative detergent insolubility with increasing
concentrations of GdnHCl. Thus, PrPSc stability did not correlate
with the increased disaggregation of 87V PrPSc in CF10 cells.

DISCUSSION

One of the earliest events occurring in cells following exposure to
scrapie brain homogenates is the cellular uptake of PrPSc. This
process can be independent of scrapie strain and cell type (8) but
may be influenced by the size of the PrPSc particle (7, 8). In this
study, we have shown that PrPSc particles with distinct sedimen-

tation properties were taken up preferentially by scrapie-suscep-
tible cells. The fractions of PrPSc taken up by the cells were similar
for scrapie strains 22L and 87V, even though only 22L is able to
infect CF10 cells in vitro (Fig. 4) (15). Thus, while particle size
appears to influence the population of PrPSc that enters the cell, it
does not appear to correlate with the ability of a scrapie strain to
infect cells.

PrPSc particle size influences the converting activity of hamster
PrPSc, with the highest converting activity per unit mass associated
with PrPSc particles of 17 to 27 nm (11). Similarly, the amount of
PrPSc made in neuroblastoma cells exposed to sonicated mouse
PrPSc increases more rapidly with decreasing PrPSc particle size
(12), although prion particles below a certain size poorly induce
the conversion of PrPC to PrPSc (11–13). In contrast, mouse PrPSc

that has been disaggregated by sonication actually takes longer to
induce disease in vivo, even though the PrPSc particle size is smaller
(12), and some data have suggested that the relationship between
PrPSc particle size and infectivity may be strain dependent (26).
Our data suggest one possible explanation for why smaller PrPSc

aggregates may be less efficient at triggering infection (12), even
though they can be more efficient at converting PrPC to PrPSc (11).
Smaller PrPSc particles from the upper fractions of our sucrose
gradients were not taken up efficiently by the cells (Fig. 2 and 5),
suggesting that they might be less able to induce infection. Thus,
fragmentation of PrPSc into smaller particles could lead to ineffi-
cient infection of susceptible cell types and an increase in disease
incubation times in vivo. Similarly, our results may also explain
why PrPSc in brain homogenates associates with the cell more
efficiently than purified PrPSc or PrPSc in microsomes (8), either of
which may contain less of the population of PrPSc aggregates pref-
erentially internalized by the cell. When taken together, the data
suggest that perhaps only a subfraction of PrPSc particles is capable
of both efficiently infecting cells and efficiently triggering the con-
version of PrPC into PrPSc.

While PrPSc in scrapie-infected cells and mice can have a half-
life of �24 h (27–29), multiple studies have shown that cells are in
fact capable of breaking it down. Brain homogenate-derived PrPSc

is degraded over time following uptake by cells (14, 30–34), and
PrPSc in scrapie-infected cells can be degraded by cocultivation
with dendritic cells (35, 36). Our data demonstrate that cells dis-
aggregate PrPSc within the first 24 h following infection with
scrapie. Importantly, despite the fact that the PrPSc particle size
was decreasing, the overall level of PrPSc in the cells continued to
increase over the same 24-h time period. These results suggest that
disaggregation of PrPSc was preceding PrPSc degradation. It is pos-
sible that PrPSc disaggregation, which likely occurs in an acidic
environment such as the lysosome (33, 36, 37), is needed to in-
crease the sensitivity of PrPSc to cellular proteases prior to its deg-
radation by the cell. A similar mechanism has been proposed to
explain how myeloid dendritic cells are able to rapidly degrade
PrPSc (35).

Our data show that 87V PrPSc was disaggregated into smaller
particles more rapidly than 22L PrPSc, suggesting that there may
be prion strain-specific differences in how cells process PrPSc fol-
lowing uptake. Conformational stability of PrPSc has been sug-
gested to contribute significantly to prion disease incubation
times by influencing the rate at which PrPSc is broken down into
smaller aggregates (25, 38–40). However, as with the relationship
between PrPSc particle size and infectivity (26), the correlation
between increased stability and increased incubation time may

FIG 7 PrP aggregates in 22L scrapie-infected brain are less stable than those in
87V scrapie-infected brain. (A) Brain homogenates from either 22L or 87V
scrapie-infected mice were prepared in PBS at a concentration of 1% (wt/vol)
and incubated with increasing concentrations of GdnHCl for 1 h. After the
concentration of GdnHCl was adjusted to 0.4 M, samples were centrifuged for
45 min at 17,400 � g. Protein pellets were analyzed by Western blotting using
anti-PrP mouse monoclonal antibody 6D11. Molecular mass markers in kilo-
daltons are indicated on the left. (B) Graph showing the amount of aggregated
PrP remaining in the sample following GdnHCl denaturation and centrifuga-
tion. The values represent the average values 	 standard errors for 2 indepen-
dent experiments.
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also be prion strain dependent (41). Thus, PrPSc stability might
explain the strain-specific difference in PrPSc disaggregation ki-
netics between 22L and 87V in our experiments. Our results, in
which intracellular disaggregation appears to be more rapid for
87V PrPSc than for 22L PrPSc, even though its stability is greater,
are consistent with the results of Ayers et al., which suggest that
conformationally stable PrPSc may be more prone to fragmenta-
tion (41).

Another possibility is that disaggregation may be related less to
PrPSc stability than to the presence of other molecules in the PrPSc

aggregate. No strain-specific proteins have been found to be asso-
ciated with PrPSc from different mouse scrapie strains (42). How-
ever, multiple nonprotein components, including fatty acids (43),
polysaccharides (44, 45), sphingolipids (46), and nucleic acids
(47, 48), have been found in association with PrPSc, while glycos-
aminoglycans (49–51) and phospholipids (52, 53) are known to
influence PrPSc formation. Some of these molecules may act as a
molecular scaffold for the conversion of PrPC to PrPSc, possibly by
enabling the ordered addition of newly formed PrPSc into a grow-
ing aggregate (12, 44, 45, 51, 54, 55). Strain-specific differences in
these nonprotein cofactors could explain why PrPSc molecules
from 87V mouse scrapie may be more prone to disaggregation
than PrPSc molecules from 22L mouse scrapie. Their removal by
cellular enzymes could lead to the breakdown of PrPSc into smaller
aggregates, yielding PrPSc products that are more unstable and/or
more sensitive to proteolysis and thus potentially less efficient at
converting PrPC to PrPSc. This may also help to explain why, con-
trary to previous studies using purified PrPSc which demonstrated
that smaller PrPSc aggregates have the highest converting activity
per unit mass (11), disaggregation of brain-derived 87V PrPSc into
smaller aggregates did not lead to a more efficient infection of
CF10 cells.

The formation of PrPSc in the first 96 h after exposure of cells to
scrapie-infected brain homogenates does not necessarily lead to
persistent infection, and it remains unclear why some scrapie
strains cannot infect cells susceptible to other scrapie strains (6).
We previously hypothesized that the inability to persistently infect
cells in vitro may be dependent upon events occurring after an
initial burst of PrPSc formation (6). These events would likely
involve scrapie strain- and host-specific factors that enable the
continued production and/or cell-to-cell transmission of PrPSc.
We found strain-specific differences between 87V and 22L both in
their ability to convert Mo3F4 PrPC to protease resistance and in
the rate at which PrPSc is disaggregated. Given that PrPSc from the
87V mouse scrapie strain converts Mo3F4 PrPC more efficiently
than 22L PrPSc (Fig. 4B), it is unlikely that conversion efficiency is
a primary factor in the resistance of CF10�Mo3F4 cells to 87V
infection. However, it is possible that the increased rate of 87V
PrPSc disaggregation that we observed could influence its ability to
establish persistent infection in vitro. The ability of 87V PrPSc to
efficiently convert Mo3F4 PrPC could be negated if the disaggre-
gation of 87V PrPSc led to particles that were too small to effi-
ciently infect cells or induce the conversion of PrPC to PrPSc (11–
13) or that were more easily degraded and cleared by the cell. As
such, the production of new PrPSc may not be able to keep up with
cell division (56), and persistent infection might not be estab-
lished. Thus, it is possible that the rapid disaggregation of 87V
PrPSc by the cell may contribute, at least in part, to the inability of
87V to infect cells in vitro.
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