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Several lines of evidence suggest that various cofactors may be required for prion replication. PrP binds to polyanions, and RNAs
were shown to promote the conversion of PrPC into PrPSc in vitro. In the present study, we investigated strain-specific differ-
ences in RNA requirement during in vitro conversion and the potential role of RNA as a strain-specifying component of infec-
tious prions. We found that RNase treatment impairs PrPSc-converting activity of 9 murine prion strains by protein misfolding
cyclic amplification (PMCA) in a strain-specific fashion. While the addition of RNA restored PMCA conversion efficiency, the
effect of synthetic polynucleotides or DNA was strain dependent, showing a different promiscuity of prion strains in cofactor
utilization. The biological properties of RML propagated by PMCA under RNA-depleted conditions were compared to those of
brain-derived and PMCA material generated in the presence of RNA. Inoculation of RNA-depleted RML in Tga20 mice resulted
in an increased incidence of a distinctive disease phenotype characterized by forelimb paresis. However, this abnormal pheno-
type was not conserved in wild-type mice or upon secondary transmission. Immunohistochemical and cell panel assay analyses
of mouse brains did not reveal significant differences between mice injected with the different RML inocula. We conclude that
replication under RNA-depleted conditions did not modify RML prion strain properties. Our study cannot, however, exclude
small variations of RML properties that would explain the abnormal clinical phenotype observed. We hypothesize that RNA
molecules may act as catalysts of prion replication and that variable capacities of distinct prion strains to utilize different cofac-
tors may explain strain-specific dependency upon RNA.

Transmissible spongiform encephalopathies (TSEs), or prion
diseases, are characterized by the accumulation in the brain

and sometimes in the lymphoid tissues (13, 27) of an abnormally
structured form (PrPSc) of the host cellular prion protein (PrPC)
(26). PrPSc is thought to be the only (5, 9, 21, 33) or the major (7,
11, 35) constituent of the infectious agent, the prion. Prions occur
in the form of diverse strains exhibiting specific biological and
biochemical characteristics (1, 4). Different prion strains show
distinct interspecies transmission properties and, in particular,
different pathogenicities for humans (20, 37). The strain phenom-
enon is also important from a fundamental standpoint, as strain-
specific properties of infectious agents have hitherto been encoded
by the nucleic acid genome of the pathogen. In the case of prions,
strain-specific properties might be determined by differences in
PrPSc conformation, by differences in complex glycosylation, or
by a yet-to-be defined informational molecule associated with
PrPSc.

The ability to convert PrP into infectious PrPSc in vitro lends
support to the concept that the prion protein is the major compo-
nent of prions (5, 9, 21, 33). Furthermore, it has been shown that
RNA molecules facilitate in vitro amplification of infectious PrPSc

(9, 15, 33). However, the exact role of RNA in the amplification
process remains unknown. RNA could act as a mere catalyst of the
PrP misfolding process. On the other hand, RNA may be associ-
ated with the infectious particle and contribute to prion strain
characteristics. A recent study showed that the requirement of
RNA for in vitro amplification of PrPSc is species dependent, with
hamster-derived PrPSc being largely dependent on the presence of
RNA in the protein misfolding cyclic amplification (PMCA) reac-
tion mixture, whereas mouse-derived PrPSc does not require RNA
for in vitro amplification (10). Another study showed similar
RNA-dependent amplifications of six hamster prion strains (15).
Other endogenous polyanions such as DNA, heparan sulfates, or

lipids may come into play under conditions of RNA deficiency
(10).

In the present study, we further investigated the possibility of a
strain-specific dependency upon RNA during in vitro PrPSc am-
plification and addressed the role of RNA as a strain-specifying
component of infectious prions. For this purpose, we conducted
PMCA amplification of various mouse prions in RNA-depleted as
well as control reaction mixtures. We studied the role of RNA in
the efficiency of the amplification reaction for each of 9 strains of
mouse prions. We determined RML strain characteristics by bio-
assay after amplification in RNA-depleted versus control PMCA
reactions. We conclude that RNA dependency for in vitro conver-
sion is prion strain specific and that RML prion strain identity is
maintained after in vitro amplification under conditions of RNA
depletion. We propose that RNA molecules may act as strain-
specific catalysts of prion replication.

MATERIALS AND METHODS
Preparation of tissue homogenates. Healthy mice were sacrificed by CO2

inhalation and immediately perfused with phosphate-buffered saline
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(PBS) plus 5 mM EDTA prior to harvesting of the brain. The perfusion
was conducted by inserting a 20-gauge needle directly into the mouse
heart and manually injecting an approximate volume of 30 ml of 5 mM
EDTA in PBS. Terminal prion-infected mice were sacrificed by CO2 in-
halation, and brains were immediately harvested. Mouse brains were ei-
ther homogenized or flash frozen in liquid nitrogen. Brain homogenates
(10%, wt/vol) were prepared in prechilled conversion buffer (PBS con-
taining 150 mM NaCl, 1.0% Triton X-100, and the Complete protease
inhibitor cocktail tablets containing EDTA from Roche Applied Science).
Infected and normal brain homogenates were prepared manually using a
glass Potter-Elvehjem homogenizer. Sample heating was avoided by keep-
ing the homogenizer on ice throughout the process.

Dilutions of prion-infected brain homogenates (IBHs) were done in
normal brain homogenates (NBHs), and they are expressed in relation to
the brain; for example, a 100-fold dilution is equivalent to a 1% brain
homogenate.

Preparation of PMCA substrates. (i) RNase A treatment. Aliquots of
10% normal brain homogenates, prepared as described above, were
treated with 48 �g/ml (120-U/ml final concentration) of RNase A (MP
Biomedicals, Solon, OH) for 1 h at 37°C.

(ii) RNase inhibitor treatment. Aliquots (100 �l) of 10% NBHs were
treated with 5 �l of RNase Out (2,000 U/ml) (Invitrogen, Carlsbad, CA)
for 1 h at 37°C.

(iii) Control substrates. Aliquots (100 �l) of 10% NBHs were mixed
with 5 �l of conversion buffer and incubated at 37°C for 1 h.

(iv) Preparation of PMCA substrates for reconstitution with exoge-
nous RNA. Aliquots (100 �l) of 10% NBHs were treated with 0.86 �g/ml
(2 U/ml) of RNase A for 1 h at 37°C. Then, 2,000 U/ml of RNase Out was
added to these preparations to inhibit RNase A activity and allow sample
reconstitution with exogenous RNA molecules, added to a final concen-
tration of 0.12 �g/�l.

(v) Preparation of PMCA substrates for reconstitution with syn-
thetic polyanions. Aliquots (100 �l) of 10% NBHs were treated with 8.6
�g/ml (20-U/ml final concentration) of RNase A for 1 h at 37°C. Then,
synthetic poly(A) and poly(G) (Sigma, St. Louis, MO) were added to these
preparations to a final concentration of 0.12 �g/�l.

(vi) Preparation of PMCA substrates for reconstitution with dou-
ble-stranded DNA (dsDNA). Aliquots (100 �l) of 10% NBHs were
treated with 8.6 �g/ml (20-U/ml final concentration) of RNase A for 1 h at
37°C. Thereafter, 200- to 500-bp salmon sperm DNA fragments (Trevi-
gen, Gaithersburg, MD) were added to these preparations to a final con-
centration of 0.12 �g/�l.

Prion replication by PMCA. Aliquots of 10% brain homogenates
from prion-infected mice were serially diluted into 10% normal brain
homogenates pretreated as described above and loaded onto 0.2-ml PCR
tubes containing zirconia/silica beads (Biospec Products Inc., Bartlesville,
OK). Tubes were positioned on an adaptor placed on the plate holder of a
microsonicator (model 3000; Misonix, Farmingdale, NY) and pro-
grammed to perform cycles of 30 min of incubation followed by a 20-s
pulse of sonication set at potency of 9. Samples were incubated, without
shaking, immersed in the water of the sonicator bath set at 37°C. The
PMCA reaction was stopped after 24 h (48 cycles) by applying a 20-s
sonication pulse. To avoid formation of amorphous aggregates that inter-
fere with proteinase K (PK) digestion, this treatment was preformed prior
to sample freezing.

For serial automated PMCA (saPMCA), a fraction of the amplified
material specific for each strain (see below) was transferred to a new PCR
tube containing fresh pretreated normal brain homogenate and beads and
amplified under the conditions described above. To avoid generation of
amorphous aggregates and in order to have homogenous samples, this
dilution step was performed right after each PMCA round and prior to
sample freezing. To monitor the amplification efficiency, 18-�l aliquots
were taken prior to each round of PMCA and used as controls. To achieve
similar conversion efficiencies for all prion strains, amplified RML, ME7,

and 22L were diluted 10, 5, and 8 times, respectively, into NBHs to seed
the next round of amplification.

PK digestion. Samples were subjected to incubation in the presence of
PK (100 �g/ml) for 60 min at 56°C with constant shaking at 450 rpm. The
digestion was stopped by addition of NuPAGE LDS sample buffer (Invit-
rogen, Carlsbad, CA), and samples were heated at 100°C for 10 min. The
presence of protease-resistant PrP was revealed by Western blotting.

Na-PTA precipitation. Aliquots of PMCA-generated material were
sodium-phosphotungstic acid (Na-PTA) precipitated as described in ref-
erence 32.

Thermolysin digestion. Samples were subjected to incubation in the
presence of 50 �g/ml thermolysin for 60 min at 70°C, with constant shak-
ing at 450 rpm. The digestion was stopped by addition of NuPAGE LDS
sample buffer (Invitrogen), and samples were heated at 100°C for 10 min.
The presence of protease-sensitive PrPSc was revealed by Western blot-
ting.

Western blotting. Proteins in NuPAGE LDS sample buffer (Invitro-
gen) were fractionated by SDS-polyacrylamide gel electrophoresis, elec-
troblotted onto a polyvinylidene difluoride (PVDF) membrane (Milli-
pore), and probed with D18 antibody, diluted 1:30,000 from a 1-mg/ml
stock, followed by a murine horseradish peroxidase (HRP)-conjugated
anti-human IgG antibody at a 1:15,000 dilution (Southern Biotech, Bir-
mingham, AL). Immunoreactive bands were visualized by incubation
with West Pico (Pierce, Rockford, IL) and imaged using a BioSpectrum
imaging system (UVP, Upland, CA).

RNA purification and fractionation. RNA samples were purified
from mouse brain and liver. Total RNA and large- and small-RNA prep-
arations were purified with the mirVana kit (Ambion, Carlsbad, CA) by
following the manufacturer’s instructions. After total RNA purification,
the samples were treated with DNase and PK to eliminate potential DNA
and protein contamination that could have interfered with the result in-
terpretation. Upon conclusion of these treatments, the samples were re-
purified using the same kit to remove the enzymes. Thereafter, RNA pu-
rification was either finished or continued for further RNA fractionation
into large (�200-nucleotide [nt]) or small (�200-nt) molecules accord-
ing to the mirVana protocol. RNA concentration and size were evaluated
by RiboGreen RNA quantitation (Molecular Probes, Eugene, OR) 1.2%
denaturing agarose electrophoresis (RNA, �800 nt) and Novex 15% de-
naturing polyacrylamide Tris-borate-EDTA (TBE)-urea gels (RNA, 20 to
800 nt) (Invitrogen).

Real-time PCR (RT-PCR). RNA samples were purified from PMCA
substrates after treatment with RNase A or RNase inhibitor or after being
left untreated with the mirVana kit (Ambion). Thereafter, quantification
of the levels of specific microRNAs (miRNAs) (as indicated in Results),
rRNA, and housekeeping RNAs was evaluated with the TaqMan
nicroRNA assays or the TaqMan rRNA control reagents by following the
manufacturer’s instructions.

Mouse bioassay and titrations. The use of animals was conducted
according to institutional guidelines after review of the protocol by the
Institutional Animal Care and Use Committee. Tga20 mice expressing
wild-type PrPC at about 8 times the endogenous levels or wild-type
C57BL/6 mice were used as an experimental model of scrapie. Animals
were 4 to 6 weeks old at the time of inoculation. Mice anesthetized by
isoflurane were injected intracerebrally in the prefrontal cortex area with
20 �l of the sample. They were euthanized by CO2 and then decapitated
when they showed terminal signs of prion disease. Brains were extracted
and analyzed biochemically and immunohistochemically. The right cere-
bral hemisphere was frozen and stored at �80°C for secondary transmis-
sion experiments and biochemical examination of PrPSc using Western
blotting after PK digestion as described above. The left hemisphere was
fixed in Carnoy’s solution and processed as described below.

For inoculum titration, groups of 8 or 6 mice were inoculated as de-
scribed above with limiting dilutions of brain-derived or PMCA-gener-
ated RML or ME7 (where indicated) in the presence or absence of RNase
A and RNase inhibitor. To control the spontaneous generation of prions
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by PMCA, mice were inoculated with unseeded NBHs subjected to the
same rounds of PMCA as seeded reactions. Additional controls included
unseeded NBHs as well as brain-derived RML treated with RNase A and
RNase inhibitor. The 50% lethal dose (LD50) of each inoculum was cal-
culated according to the method of Reed and Muench (28).

Ethics statement. The Institutional Animal Care and Use Committee
(IACUC) of The Scripps Research Institute (TSRI), Scripps Florida, re-
viewed and approved the animal protocol entitled “Role of RNAs in Prion
Replication” (animal protocol number 07-012). TSRI, Scripps Florida,
maintains a centralized animal care and use program registered by the
USDA, assured with the Office of Laboratory Animal Welfare (OLAW)
and accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care, International (AAALAC). Housing and care of
animals are consistent with the Public Health Service (PHS) Policy on
Humane Care and Use of Laboratory Animals, the Animal Welfare Act,
and other applicable state and local regulations.

Scrapie-associated fiber (SAF) purification. One hundred-microliter
PMCA- and brain-derived samples were mixed with 4 �l of Benzonase
(2.5 U/�l, stock 1:10 diluted in PBS to 50 U/ml) plus 1 �l of 0.2 M MgCl2
(final concentration, 1 mM) and incubated for 30 min at 37°C. The sam-
ples were then mixed with 200 �l of buffer T7 (10% NaCl, 10% Sarkosyl,
1% SB 3-14, 2 mM Tris [pH 7.4]) and incubated for 15 min at room
temperature (25°C) in a Thermomixer (Bio-Rad) set at 450 rpm. Follow-
ing this incubation, the preparations were layered over 100 �l of a sucrose
cushion (10% NaCl, 10% sucrose, 0.1% SB 3-14, 2 mM Tris [pH 7.4]) and
spun for 2 h at maximum speed (13,200 rpm, 16,100 relative centrifugal
force) on a benchtop centrifuge (Eppendorf, 5415R) set at 18°C. The
pellets were resuspended by sonication in 100 �l of PBS containing 3
mg/ml of bovine serum albumin (BSA). NBHs (10%) prepared from per-
fused noninoculated C57BL/6 mice were used as negative controls.

Calculation of PrPSc specific infectivity. To calculate the specific in-
fectivity per PrPSc molecule of RML generated by PMCA in comparison
with brain RML, 1:2 serial dilutions of SAF preparations obtained from
PMCA- and brain-derived samples were analyzed by Western blotting

(see Fig. 5A). The band intensity was quantified by densitometry using a
BioSpectrum imaging system (UVP) and expressed in arbitrary pixel
units. The background corresponding to the signal generated by the un-
infected brain homogenate was subtracted from the signals. All gels were
normalized to each other, allowing the comparison of PrP values. In our
experimental setup, we defined the specific infectivity of PrPSc as the re-
ciprocal of the pixel intensity obtained with the sample dilution correspond-
ing to the LD50 measured by bioassay (Tables 1 and 2). Specific infectivity of
PrPSc in the PMCA samples is expressed relative to that of PrPSc in the stan-
dard RML inoculum (the latter therefore has a value of 1).

FIG 1 RNA depletion by RNase A impairs in vitro conversion in a strain-
dependent fashion. Serial replication of mouse prion strains is shown to be
affected by treatment with RNase A. Uninfected brain homogenates (sub-
strate) (10%) treated with RNase A (A) or RNase inhibitor (RNase Out) (O) or
left untreated (C) were inoculated with 10% homogenates of brains of mice
infected with RML, ME7, and 22L (inocula) subjected to the same RNase
treatments. These preparations were amplified by several rounds of PMCA.
After each round, aliquots were PK digested and immunoblotted with the
anti-PrP monoclonal antibody D18. After RNase A treatment, the ME7 PrPSc

signal was significantly reduced from round 2 and disappeared after 4 rounds.
Amplification of 22L prions decreased after 3 rounds in the presence of RNase
A. RML was unaffected until round 9. The experiment was done 5 more times
until round 3, 5, 8, or 10, with comparable results. Molecular mass markers, in
kilodaltons, are indicated on the right side of the Western blots.

FIG 2 The requirement of RNA molecules for in vitro amplification is highly
strain dependent. (A) Brain-derived RML, 79A, ME7, 139A, 22L, and 22F as
well as three in vitro-generated prion strains—303, 766, and 726 —were prop-
agated in RNase A-treated substrates to evaluate RNA dependency. The calcu-
lated reduction of PMCA efficiency under RNA-deficient conditions com-
pared to standard conditions is indicated under each group of Western blots.
Except for 22F and 726, each strain was tested 2 to 4 times; representative blots
are shown. “No PMCA” blots show the levels of PrPSc prior to PMCA conver-
sion. PrPSc serial dilutions: 2 � 10�3, 3.3 � 10�4, 5.6 � 10�5, 9.3 � 10�6, 1.5 �
10�6, 2.6 � 10�7, 4.3 � 10�8, and 7.1 � 10�9. (B) The relative conversion
efficiencies of individual prion strains in normal (open bars) and RNase A-
treated brain homogenates (black bars) were calculated from the blots shown
in panel A relative to the PrPSc signal observed before PMCA amplification.
These results indicate that the sensitivity to RNA depletion is independent of
the intrinsic conversion capacity of each strain.

Saá et al.

10496 jvi.asm.org Journal of Virology

http://jvi.asm.org


Immunohistochemistry. Brains were harvested immediately after eu-
thanasia. The right cerebral hemisphere was frozen and stored at �80°C as
described above. The left hemisphere was fixed in Carnoy’s solution for 48
h before proceeding. Brain tissues were processed using a Leica ASP300
tissue processor (Leica, Buffalo Grove, IL) and embedded using a Leica
paraffin embedding machine. Tissues were mounted in sagittal orienta-
tion and sectioned at 4 �m for immunohistochemistry or 10 �m for
hematoxylin and eosin staining. For immunohistochemistry, sections
were labeled with PrP primary antibody Bar233 (Cayman Chemicals, Ann
Arbor, MI) according to reference 18.

Extended cell panel assay. Cell lines were maintained and the ex-
tended cell panel assay (ECPA) was performed as described in references
3, 22, and 25.

Statistics. The chi-square test was performed to determine whether
the abnormal clinical phenotype observed in treatment groups RML-
PRNaseA and RML-PRNaseOut were statistically different from each other
at a 5% level.

A one-way analysis-of-variance (ANOVA) test was used to determine
statistically significant differences in survival times among treatment
(RML-BRNaseA and RML-BRNaseOut) and control (RML-B) groups. Addi-
tionally, if a difference was found, Scheffe’s test was utilized to identify
exactly which groups were different. A log rank test was also used to
determine if the survival curves for each group were statistically different
from each other.

SAS 9.2 (SAS, Cary, NC) was used for all calculations.

RESULTS
RNA depletion impairs in vitro prion replication in a strain-
specific fashion. To address the role of RNA molecules in prion
pathogenesis, we first evaluated the effect of RNA depletion by
RNase A in in vitro PrPSc amplification reactions. Aliquots of 10%
normal brain homogenates (NBHs) were treated for 1 h with
RNase A or RNase inhibitor (RNase Out) or left untreated, as
described in Materials and Methods. The efficiency of RNA re-
moval was evaluated by real-time quantitative PCR (RT-qPCR)
using specific probes for the brain-specific miRNA miR-124a,
ubiquitous miRNAs like let-7b, and the rRNA 18S (see Fig. S1 in
the supplemental material). Infected brain homogenates (IBHs)
prepared from C57BL/6 mice inoculated with the mouse prion
strains RML, ME7, and 22L were treated with the same enzymes,
added to these substrates, and amplified by serial automated
PMCA (saPMCA). After initial efficient replication in all sub-
strates, the conversion of various prion strains over several rounds
was distinctively affected in the absence of RNAs (Fig. 1). While
RML amplification remained unaffected for up to 9 saPMCA
rounds, ME7 conversion ceased completely after 4 rounds in
RNase A-treated substrates. Strain 22L exhibited an intermediate
behavior, as illustrated by decreased replication efficiency after 3
rounds of saPMCA that was maintained in subsequent rounds

FIG 3 Addition of RNA enhances prion in vitro amplification. (A) Total RNA enhances ME7 conversion efficiency. Normal brain homogenates (NBHs;
10%) were treated with RNase A or RNase Out. After treatment, RNase A was inhibited with RNase Out (parts 2 and 3) and aliquots of this mixture were
either left untreated (part 2) or reconstituted by addition of brain-extracted total RNA (part 3). Serial dilutions of ME7 were performed in these substrates
and amplified by PMCA. Part 1 shows the levels of ME7 PrPSc in the dilution series prior to PMCA amplification (10�3, 2.5 � 10�4, 6.3 � 10�5, and 1.6 �
10�5). The experiment was done 5 times, with similar results. (B) Dose-dependent reconstitution of ME7 conversion by liver RNA independent of RNA
size. Total liver RNA was fractionated into large- and small-RNA fractions. NBHs (10%) were treated with RNase A (parts 1 to 3, 5, and 6). After treatment,
RNase A was inhibited by addition of RNase inhibitor (parts 1 to 3 and 6). Increasing concentrations of total and large- and small-RNA fractions were
added to RNA-depleted substrates (parts 1, 2, and 3, respectively). All substrates were seeded with various quantities of ME7 prions and amplified by
PMCA (parts 1 to 3, 5, and 6). Part 4 shows the levels of ME7 PrPSc in the dilution series prior to PMCA amplification (10�4, 2.5 � 10�5, 6.3 � 10�6, and
1.6 � 10�6). Molecular mass markers, in kilodaltons, are shown for reference. For �PK lanes, undigested normal brain homogenate was used as a
standard. The experiment was done twice, with similar results.
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(Fig. 1). It has been reported that PrPSc becomes sensitive to PK
digestion after RNase A treatment, suggesting that RNA is com-
plexed with PrPSc and that it confers proteinase resistance (17). To
investigate whether the absence of ME7 signal in our PMCA reac-
tion was due to an increased sensitivity to PK or to impaired rep-
lication in the absence of RNA, we evaluated the presence of
PK-sensitive PrPSc (sPrPSc) in our samples. Aliquots of PMCA
material generated in the presence or absence of RNA were Na-
PTA precipitated and thermolysin digested according to previous
reports (8). Even after this treatment, no PrPSc signal could be
detected in ME7 samples generated in the absence of RNA mole-
cules (data not shown).

These findings prompted us to investigate the degree of RNA
dependency for efficient in vitro amplification of several mouse
prion strains. Since the three strains listed above are characterized
by different conversion efficiencies under normal conditions, with
RML being the most efficient, followed by 22L and ME7, we won-
dered whether the observed impaired amplification under RNA-
depleted conditions correlated with replication efficiency. To in-
vestigate this question, we utilized several mouse-propagated
prion strains characterized by different incubation times in the
mouse bioassay, as well as three additional prion strains generated
in vitro by saPMCA (kindly provided by J. Castilla). These samples
were serially diluted into RNA-depleted or control NBHs, and
aliquots of these dilutions were in vitro amplified for one PMCA
round (Fig. 2A). This method highlighted the differential in vitro
amplification capacities of prion strains under normal conditions
(Fig. 2A, control PMCA); the extent to which the seed can be
diluted while still allowing amplification to occur is indicative of
the conversion efficiency of the strain under consideration. Inter-
estingly, RNA depletion of the conversion reaction affected this
parameter differently depending on the strain. These differences
could also be seen between strains with comparable replication
capacities, such as 139A and 766 (Fig. 2). Moreover, lower con-
version efficiency was not necessarily associated with higher RNA
dependency. Strains 139A, 303, and 726 exhibited lower conver-
sion efficiency than RML and 79A, yet their in vitro conversion was
less affected by RNA depletion (Fig. 2). These results indicate that
RNA dependency for in vitro prion replication is strain specific.

Addition of exogenous RNA to RNA-depleted PMCA reac-
tions enhances prion replication. To demonstrate that the inhib-
itory effect of RNase A treatment on PMCA reactions was due to
RNA depletion, we reconstituted RNA-depleted substrates with
brain-extracted total RNA and evaluated the efficiency of ME7
conversion in these samples in comparison with nonreconstituted
substrates. The presence of exogenous RNA enhanced ME7 am-
plification (Fig. 3A). Liver-derived RNA showed an efficiency sim-
ilar to that of brain-derived RNA; moreover, we observed a dose-
dependent reconstitution of prion conversion (Fig. 3B). While
0.01 �g/�l of total RNA was not sufficient to increase prion rep-
lication after RNase A treatment, addition of 0.06 �g/�l and 0.12
�g/�l enhanced ME7 conversion in a dose-dependent manner
(Fig. 3B, parts 1, 5, and 6). We evaluated the levels of RNA in the
substrates after RNase A and RNase inhibitor treatments as well as
after RNA reconstitution, both before and after PMCA (see Fig. S2
in the supplemental material). Addition of 0.12 �g/�l of RNA to
RNase A-treated NBHs brought RNA levels back to those found in
untreated NBH as determined by RiboGreen quantitation (Fig.
S2; compare lanes 3 and 9).

To investigate the size of RNA involved in PrPSc replication,

RNA was purified and size fractionated from mouse livers. Large-
RNA (�200 nt) and small-RNA (�200 nt) samples were added at
different concentrations to aliquots of serially diluted ME7 and
RML on RNA-free substrates. We again observed the dose-depen-
dent effect of RNA in PrPSc conversion. Large and small RNAs
restored PrPSc amplification equally well (Fig. 3B; compare parts
2, 3, 5, and 6 and data not shown for RML). We analyzed the
quality of the RNA after PMCA. A 2:1 ratio for 28S/18S rRNA has
long been considered the benchmark for intact RNA. This ratio
was detected in our RNase inhibitor-treated or reconstituted NBH
samples prior to PMCA amplification (data not shown); however,
similar to the case in a previous study (15), we observed fraction-
ation of large RNA species into smaller fragments (�200 nt) at the

FIG 4 Strain-specific restoration of PMCA conversion efficiency with differ-
ent polyanions. (A) RML and ME7 conversion efficiencies are restored by
adding synthetic poly(A) to the PMCA reaction under RNA-depleted condi-
tions, but only RML conversion is restored by poly(G). RNase A-treated sub-
strates were reconstituted with the synthetic polyanions poly(A) (parts 4 and
9) and poly(G) (parts 5 and 10) and amplified by PMCA. Parts 1 and 6 show
the levels of ME7 and RML PrPSc before conversion. The experiment was done
7 times for RML and 5 times for ME7, with similar results. Molecular mass
markers, in kilodaltons, are shown for reference. The asterisk in part 2 indi-
cates a hand-drawn molecular mass marker. (B) RML, but not ME7, conver-
sion efficiency is restored by adding DNA to the PMCA reaction under RNA-
depleted conditions. RNA-depleted substrates (parts 2 and 7) were
reconstituted with salmon sperm DNA (parts 3 and 8). In parallel experiments,
DNA was added to normal PMCA substrates (parts 5 and 10) and the ampli-
fication yield compared to that for control PMCA reactions (parts 4 and 9).
These preparations were seeded with decreasing concentrations of ME7 and
RML prions and amplified by PMCA. The experiment was done once with
duplicate samples (one is shown) for RML and twice for ME7. ME7 and RML
dilutions are shown in parts 1 and 6, respectively. Molecular mass markers, in
kilodaltons, are shown for reference.
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end of the 48-cycle PMCA round (Fig. S2; compare odd- and
even-numbered lanes).

We evaluated the capacity of synthetic RNA or DNA to reconsti-
tute mouse prion amplification in RNA-depleted substrates. Taking
advantage of the RNase A specificity for pyrimidine nucleoside link-
ages, heteropolymeric preparations of poly(A) or poly(G) acids were
added to aliquots of RNase A-treated substrates in the absence of
RNase Out. Serial dilutions of RML and ME7 prions were prepared in
these substrates and aliquots of these samples amplified by PMCA.
Interestingly, conversion stimulation by poly(A) and poly(G) was
different between the two strains. ME7 amplification was restored to
control levels by poly(A) but not poly(G) (Fig. 4A). PMCA amplifi-
cation of RML, on the other hand, was reconstituted by poly(A) and
poly(G) (Fig. 4A). These results suggested a higher cofactor selectivity
of ME7 than of RML. In line with this hypothesis, the addition of 200-
to 500-bp fragments of DNA to RNA-depleted substrates did not
reconstitute ME7 conversion, whereas it did restore RML amplifica-
tion (Fig. 4B).

RML strain identity is maintained after propagation in RNA-
depleted substrates. The unified theory of prion propagation hy-
pothesizes that nucleic acid molecules may confer specific charac-
teristics on prion strains (35). Our data show that strains differ in
their nucleic acid requirements for propagation in vitro. These
findings prompted us to investigate whether prion amplification

in RNA-depleted substrates affected their strain properties. To
this end, we generated, by in vitro conversion, RML and ME7
preparations devoid of RNA and brain-derived PrPSc molecules
(RML-PRNaseA and ME7-PRNaseA). We performed rounds of
saPMCA until a 10�15 dilution of the infected brain homogenate
(IBH) was achieved according to previous calculations (5). Due to
differences in replication efficiency between strains, dilution fac-
tors of 10 and 5 had to be utilized for RML and ME7, respectively,
to obtain comparable amplification between rounds (Fig. 1), re-
quiring 13 and 18 rounds of saPMCA for RML and ME7, respec-
tively, to achieve a 10�15 dilution of the IBH. As controls, these
strains were serially propagated in untreated (RML-P and ME7-P)
and RNase Out-treated (RML-PRNaseOut and ME7-PRNaseOut)
brain homogenates used as substrates. Similar to the experiment
depicted in Fig. 1, amplification of ME7 in the absence of RNA was
lost after 5 rounds of saPMCA, while RML amplification was un-
changed for up to 8 rounds. Despite a decrease in conversion
efficiency in RNA-depleted substrates, RML conversion was
maintained until round 13 of saPMCA. Propagation of RML and
ME7 in control substrates was efficiently maintained over 13 and
18 rounds, respectively (data not shown).

PrPSc levels of RML prions serially amplified in vitro were eval-
uated by Western blot analysis and compared to brain-derived
RML preparations (Fig. 5A). Intriguingly, the PrPSc glycosylation

FIG 5 Analysis of RML strain characteristics amplified in RNA-depleted reactions. (A) Comparison of electrophoretic mobilities and quantitation of PrPSc levels
in PMCA-generated material (round 13) prior to mouse inoculation. Scrapie-associated fibers (SAFs) were purified from PMCA samples and brain-derived
RML. Serial dilutions of each sample were performed prior to Western blotting to determine the levels of PrPSc inoculated into mice. Molecular mass markers,
in kilodaltons, are shown for reference. The uninfected brain homogenate (uninfected) is shown as a control of the amount of PrPC that is nonspecifically
precipitated during SAF purification. (B) Difference in RML-PRNaseA electrophoretic pattern results from a higher proportion of the PrP C1 fragment. SAF
preparations used for panel A were deglycosylated and analyzed by Western blotting to evaluate the levels of full-length and truncated forms of PrP. Densito-
metric calculations of full-length and truncated PrP, shown in the adjacent graph, demonstrate higher levels of C1 in RML-PRNaseA.
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pattern in RML-PRNaseA samples was more similar to that ob-
served in brain homogenate samples than RML-P and RML-PR

-

NaseOut samples. We performed PrP deglycosylation experiments
to analyze the proportion of truncated PrP species C1 (generated
from PrPC in the absence of prion infection) and C2 (generated
from PrPSc during prion infection) (6, 38). The C1 level was sig-
nificantly higher in RML-PRNaseA than in RML-PRNaseOut and
RML-P samples, whereas brain-derived RML exhibited a high
level of C2 (Fig. 5B). The higher level of C1 or C2 in both prepa-
rations is likely to account for the similar pattern observed in the
complex glycosylated samples in Fig. 5A. Higher C2 levels in the
infected brain homogenate than in PMCA samples is likely due to
the activity of endogenous PrPSc-cleaving enzymes, as described
previously (14, 38), whereas protease inhibitors present in the
PMCA reactions prevent this activity. At this time, we can only
speculate about the reasons underlying the difference in the pro-
portions of full-length PrP to C1 observed between RML-PRNaseA

and the other PMCA samples. Absence of RNA binding to PrP
might lead to a loss of steric protection or to a conformational
change rendering PrP slightly more sensitive to the limited pro-
teolytic cleavage that occurs despite the presence of protease in-
hibitors. To investigate if the absence of RNA during RML con-
version affected its strain-specific characteristics, 1/10 dilutions of
RML-PRNaseA were prepared and titrated by intracerebral inocu-
lation into Tga20 mice. Incubation periods were not statistically
different from those resulting from titration of control samples
performed in parallel (Fig. 6 and Table 1). As expected, none of the
NBH samples treated with either RNase A or RNase Out caused
prion disease in inoculated mice. Likewise, NBHs subjected to 18
rounds of saPMCA in the absence of prion seeds were not infec-
tious to Tga20 mice, ruling out the spontaneous generation of
PrPSc under these conditions (Fig. 6 and Table 1). We did not
detect infectivity in any of the ME7-PRNaseA samples, showing that
the absence of RNA abolished both in vitro PrPSc conversion and
amplification of infectious ME7 prions (Fig. 6). Treatment of
brain-derived RML with RNase A or RNase Out for 1 h at 37°C

prior to mouse inoculation had no effect on the disease incubation
and clinical manifestation (Table 1; compare RML-B 10�5 with
RML-BRNaseA and RML-BRNaseOut 10�5; P � 0.17 as determined
by one-way ANOVA). However, an atypical phenotype character-
ized by forelimb paresis (see movies S1 and S2 in the supplemental
material) was observed in groups RML-PRNaseA (12 out of 22
mice) and RML-PRNaseOut (2 out of 22 mice). The higher incidence
of this phenotype in the RML-PRNaseA group was statistically sig-
nificant (P � 0.0012 as determined by chi-square). The RML-
PRNaseA inoculum produced incubation times in Tga20 compara-
ble to those of RML-PRNaseOut and RML-P inocula (Fig. 5A and
Table 1). We measured specific infectivity of PrPSc in samples
generated with and without RNAs. Our estimations indicated that
PrPSc in RML-PRNaseA samples was associated with 3.5 times more
infectivity than that in control samples (Table 2); however, this
difference cannot be considered significant given the �1 log de-
gree of accuracy of animal bioassays.

To further test the possibility of the emergence of a new RML-
derived prion strain, we performed intracerebral inoculations of
PMCA material amplified in the presence (RML-P) or absence
(RML-PRNaseA) of RNA into wild-type C57BL/6 mice. We evalu-
ated the infectivity of RML-PRNaseA by inoculating the same
amount of PrPSc in those and in PMCA control samples (RML-P)
and comparing disease incubation times. We found clinical end-
points at 159 � 1 days after RML-P inoculation and 154 � 2 days
after RML-PRNaseA injection, and we found classical RML clinical
signs in 100% of the mice (Table 3), suggesting that RML-PRNaseA

and RML-P are the same prion strain. Secondary transmissions in
C57BL/6 or Tga20 mice of RML-PRNaseA propagated in C57BL/6
and Tga20 mice, respectively, were characterized by typical clinical
signs in all mice and incubation periods of 141 � 4 and 66 � 2
days, respectively, very similar to the 144 � 5.5 and 59 days in-
duced by brain-derived RML (Table 4) (18).

To investigate if the forelimb paresis induced by RML-PRNaseA

inoculation reflected a change in neurotropism, we conducted a
blind immunohistochemical analysis of Tga20 and C57BL/6

FIG 6 Curves representing the survival times resulting from the inoculation of PMCA material generated in the presence or absence of RNA for Tga20 mice. One
mouse in each of groups NBHRNaseA and NBH-P died of intercurrent disease. Due to overlapping curves, some data points cannot be observed in the graph.
NBHRNaseA, NBH treated with RNase A; NBHRNaseOut, NBH treated with RNase Out; NBH-P, NBH subjected to 18 rounds of PMCA; RML-PRNaseA, RML
amplified by PMCA in the presence of RNase A; RML-PRNaseOut, RML amplified by PMCA in the presence of RNase Out; RML-P, RML amplified by PMCA under
standard conditions; RML-B, brain-derived RML; ME7-PRNaseA, ME7 amplified by PMCA in the presence of RNase A.
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mouse brains inoculated with RML-PRNaseA as well as RML-P.
Analysis of sections of the hippocampus, cortex, thalamus, cere-
bellum, medulla, and pons from these animals did not reveal any
differences in vacuolation patterns (Fig. 7A and B). We also failed
to detect differences in PrPSc accumulation patterns, suggesting

that RML was not modified by replication in the absence of RNA
(Fig. 7C). In addition, we examined RML properties in vitro in an
extended cell panel assay (ECPA) (3, 22, 25). This assay examines
the capacity of a given prion strain to infect different cell types in
culture and its susceptibility to different pharmacological inhibi-
tors of prion replication. These responses have been shown to vary
from one strain to another and can even be used to distinguish
between “substrains” of prions. PMCA-generated material was
either ultracentrifuged (100,000 � g, 1 h, 4°C) or diluted 2,000-
fold prior to cell inoculation to reduce Triton X-100 levels con-
tained in these preparations that are toxic to cultured cells. Unfor-
tunately, these procedures yielded preparations with very low
titers of infectivity that hindered us from drawing any conclusions
(data not shown). Alternatively, we used Tga20 mouse brain ho-
mogenates infected with RML-PRNaseA, RML-PRNaseOut, and orig-
inal RML. All RML-related inocula showed similar properties in
the ECPA. ME7 and 22L properties in the ECPA are shown for
reference (Fig. 8).

DISCUSSION

In the present study, we showed that RNA enhances in vitro am-
plification of several mouse prions strains: RML, 79A, ME7, 139A,
22L, 22F, 303, 766, and 726 (the last three murine prion strains
were generated by PMCA, a generous gift of J. Castilla). Therefore,
the effect of RNA as a cofactor for PMCA is not restricted to
hamster prions. Deleault et al. previously reported an absence of
effect of RNase treatment on the amplification of RML and 22L
scrapie strains (10). This difference might be due to the fact that
we used an 80-times-higher dose of RNase A and that the PMCA
reaction was performed in the presence of beads, a condition that
was shown to enhance in vitro conversion in general as well as the
RNA stimulating effect on in vitro amplification by a mechanism
that has yet to be determined (15).

However, the extent of reduction of amplification efficacy by
RNA depletion varied from one strain to another. The effect of

TABLE 1 Survival times of Tga20 mice intracerebrally inoculated with
PMCA-generated prions

Inoculuma Dilutionb Incubation (dpic)
No. sick/no.
inoculated

NBHRNaseA 10�2 �240 0/6
NBHRNaseOut 10�2 �240 0/6
NBH-P 10�2 �240 0/6

RML-P 10�1 77 � 1 6/6
10�3 97 � 2 6/6

RML-PRNaseOut 10�1 81 � 2 6/6
10�2 88 � 2 6/6
10�3 95 � 3 6/6
10�4 128 � 9 4/8
10�5 �240 0/8
10�6 �240 0/8

RML-PRNaseA 10�1 78 � 2 6/6
10�2 92 � 4 6/6
10�3 98 � 3 5/6
10�4 157 � 11 5/8
10�5 �240 0/8

RML-B 10�4 77 � 1 6/6
10�5 95 � 2 6/6
10�6 187 1/6
10�7 123 1/8
10�8 105 1/8
10�9 �240 0/8

RML-BRNaseA 10�5 94 � 5 5/6
RML-BRNaseOut 10�5 124 � 20d 6/6
a NBHRNaseA and NBHRNaseOut, NBH treated with RNase A and RNase Out,
respectively; NBH-P, NBH subjected to 18 rounds of PMCA in the absence of seed;
RML-P, PMCA-generated RML; RML-PRNaseOut, PMCA-generated RML in the
presence of RNase Out; RML-PRNaseA, PMCA-generated RML in the presence of RNase
A; RML-B, brain-derived RML; RML-BRNaseA and RML-BRNaseOut, brain-derived RML
treated with RNase A and RNase Out, respectively.
b Dilutions of PMCA-generated inocula are relative to the PMCA sample. Dilutions of
brain-derived inocula are relative to the brain.
c dpi, days postinoculation, expressed as averages � standard errors of the means.
d The high standard error of the mean in this group is due to the presence of an outlier
mouse with a prolonged survival time of 216 days postinoculation.

TABLE 2 Specific infectivity of PMCA-derived PrPSc generated in the
presence or absence of RNA

Inoculum Titer
Specific infectivity
relative to RMLc

RML-PRNaseA 105.8a 3.5
RML-PRNaseOut 105.8a 0.6
RML-B 107.5b 1.0
a Inoculum titer per milliliter of PMCA-generated material.
b Inoculum titer per gram of brain.
c Specific infectivity of PrPSc molecules present in the inoculum relative to brain-
derived RML (RML-B). RML-PRNaseA, PMCA-generated RML under RNA-depleted
conditions; RML-PRNaseOut, PMCA-generated RML in the presence of RNase Out.

TABLE 3 Survival times of C57BL/6 mice intracerebrally inoculated
with RML-P and RML-PRNaseAa

Inoculum Incubation (dpib)
No. sick/no.
inoculated

RML-P 159 � 1 6/6
RML-PRNaseA 154 � 2 6/6
a Densitometric calculations of the Western blots shown in Fig. 5A indicated that
PMCA-generated RML (RML-P) contains 3 times more PrPSc than PMCA-generated
RML under RNA-depleted conditions (RML-PRNaseA); therefore, to inject equal
amounts of PrPSc, we inoculated a 10�1 dilution of RML-PRNaseA and a 3 � 10�2

dilution of RML-P.
b dpi, days postinoculation, expressed as averages � standard errors of the means.

TABLE 4 Survival times after secondary transmission of RML-PRNaseA

in C57BL/6 and Tga20 micea

Mouse strain Inoculum/origin
Incubation
(dpib)

No. sick/no.
inoculated

C57BL/6 RML-PRNaseA/C57BL/6 141 � 4 6/6
Tga20 RML-PRNaseA/Tga20 66 � 2 6/6
a Brain homogenates (1%) of C57BL/6 and Tga20 mice infected with PMCA-generated
RML under RNA-depleted conditions (RML-PRNaseA) were inoculated intracerebrally
into C57BL/6 and Tga20 mice, respectively.
b dpi, days postinoculation, expressed as averages � standard errors of the means.
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RNA depletion on conversion efficiency could be best appreciated
by the serial seed dilution approach. Amplification efficiency was
assessed by the number of 6-fold dilutions of the inoculum that
could be performed while still allowing in vitro conversion. Even
two RML-derived strains, 79A and 139A, exhibited a 2-log differ-
ence in their responses to RNA depletion. Importantly, the sensi-
tivity to RNA depletion was independent of the intrinsic, and
strain-specific, in vitro conversion capacity. For example, RML
and 79A, two strains with high in vitro conversion efficiency, were
more RNA sensitive than the less PMCA-efficient strains 139A,
303, 726, and 22F. Two strains with similar conversion efficien-
cies, namely, 766 and 139A, exhibited different responses to RNA
depletion. The effect of RNA depletion on ME7 could not be
quantitatively assessed due to the low conversion efficiency of this
strain. Similar to previous findings with hamster prions (10, 15),
we could not find a mouse prion strain that is completely unre-
sponsive to RNA depletion. Reconstitution of the reaction mix-
tures with brain or liver RNA restored in vitro amplification. We
did not observe any difference between the effects of large- and
small-RNA populations. Another strain-specific phenomenon
was the capacity to utilize polyanions other than endogenous RNA

for replication. RML amplification in RNA-depleted substrates
was restored by the addition of poly(A), poly(G), or DNA,
whereas ME7 amplification could be restored by poly(A) but not
poly(G) or DNA. A previous study showed that infectious PrPSc

can be generated in vitro from recombinant PrP amplified in the
presence of poly(A) and lipids (34). Our results demonstrate a
strain-specific ability to utilize a variety of cofactors. It is logical to
stipulate that this phenomenon underlies the strain-specific effect
of RNA depletion, with the more promiscuous strains being less
affected than those strictly dependent on RNA or certain RNA
structures for PrPC-to-PrPSc conversion.

The role of cofactors in prion strain determination, although
hypothesized a long time ago (35), has never been specifically
addressed. We exploited the fact that RML could amplify in vitro
in the absence or quasiabsence of RNA to determine if RNA con-
fers strain-specific properties. We amplified ME7 and RML over
18 and 13 rounds, respectively, to a level where no initial inoculum
was present in the sample anymore and inoculated Tga20 as well as
wild-type mice with the amplification product. We cannot ex-
clude the presence of undetectable amounts of RNA in the PMCA
reactions, but these would be out of proportion with the amounts

FIG 7 Comparison of the histopathological features in the brains of mice inoculated with RML prions amplified in vitro in the presence or absence of RNAs. (A
and B) Hematoxylin and eosin staining. The profiles of spongiform degeneration are similar in hematoxylin-eosin-stained sagittal sections prepared from brains
of C57BL/6 mice inoculated with equivalent amounts of RML PrPSc generated by PMCA in the absence (A) and presence (B) of RNAs. Scale bars, 100 �m except
for the sagittal brain section, where the bar is 300 �m. (C) PrPSc staining. The PrPSc accumulation pattern in brains of Tga20 mice inoculated with RML PrPSc

generated by PMCA in the absence (left) or presence (right) of RNA was visualized by staining with the anti-PrP monoclonal antibody Bar233 as described in
Materials and Methods. Scale bar, 100 �m.
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of newly amplified PrPSc. ME7 PMCA samples from RNA-de-
pleted PMCA conditions were devoid of detectable PrPSc and in-
fectivity, showing that loss of PrPSc was accompanied by a loss of
infectivity. In vitro-amplified RML under standard and RNA-de-
pleted conditions exhibited similar incubation periods and histo-
pathological features in either Tga20 or C57BL/6 mice. The simi-
larity between the two types of prions was confirmed using ECPA,
which allows prion strain discrimination in cultured cells by ex-
ploiting the differential capacity of prion strains to replicate in
different cell types and pharmacological conditions (3, 22, 25).

Interestingly, we observed an unusual clinical symptom (forelimb
paresis) with a statistically higher incidence in the group of mice
inoculated with RML amplified under RNA-depleted conditions
than in the standard PMCA group or the group that received RML
brain homogenate. This observation might be an epiphenomenon
or might indicate a slight modification of the RML strain charac-
teristics too small to be considered a strain change and be detected
by the tools used in this study. Recent studies show that prion
strains are not homogenous but are populated by substrains of
prions detectable in vitro. A shift from the main substrain to an-
other may account for a transient change of phenotype of a given
strain under particular replication conditions (36). Since our
PMCA-generated material could not be directly evaluated in the
ECPA, we cannot rule out the possibility that a substrain of RML
had been selected in vitro under RNA-depleted conditions and
reverted to the original strain upon transmission to mice (23).
Nonetheless, our results strongly suggest that RNA is not essential
to maintain strain-specific characteristics of RML prions.

Our study suggests that RNA molecules behave like catalysts of
in vitro amplification of prions, the extent of the catalytic effect
being strain dependent, and that RNA molecules are not required
to specify strain-specific information. Purified PrPSc amplified
with recombinant PrP in the absence of addition of mammalian
cofactor leads to the formation of infectivity at a relatively low
level, as judged by some incomplete transmission rates and vari-
ability of survival times (19), which is in good agreement with the
concept that RNAs constitute prion replication catalysts. As
poly(A) (this study and reference 34) and, for one of two tested
strains, poly(G) can reconstitute PMCA efficacy, it will be of high
interest to evaluate strain characteristics of prions amplified under
conditions of such synthetic catalysts.

The alternative hypothesis to that stipulating that a PrP-asso-
ciated cofactor is strain defining is that strain characteristics are
supported by differences in PrPSc conformation. Direct experi-
mental evidence of strain-specific differences in PrPSc conforma-
tion has been provided (29, 30). Different PrPSc conformations
are likely to result in variable PrPC seeding efficiencies, leading to
different PrPSc amplification kinetics in vitro and replication effi-
ciencies in vivo, and variable degrees of reliance on catalytic activ-
ity. Some PrPSc conformations may require highly specific and
efficient RNA catalysts to overcome the energy barrier to PrPC

conversion, while other PrPSc conformations might be less de-
manding in the type of polyanionic catalyst required, meaning
that “weaker” catalysts might be sufficient for them to trigger
PrPC-to-PrPSc conversion.

The question arises as to the cellular source of RNA able to
catalyze PrPC-to-PrPSc conversion. RNA molecules, in particular
noncoding RNAs, are present in the extracellular environment
and body fluids either associated with proteins (90%) or within
multivesicular bodies like exosomes (12, 40). Extracellular RNA
may interact with PrP present in the outer leaflet of the plasma
membrane and catalyze the conversion of PrPC into PrPSc either in
cholesterol-rich microdomains (16, 31, 39) or along the endo-
somal recycling pathway (2, 24), two sites hypothesized to sustain
prion replication.
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