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Prion propagation has been modeled in vitro; however, the low
infectious titer of PrPSc thus generated has cast doubt on the
‘‘protein-only’’ hypothesis. Here we show that prion delivery on
suitable nitrocellulose carrier particles abrogates the apparent
dissociation of PrPSc and infectivity. Misfolded prion protein gen-
erated by protein misfolding cyclic amplification is as infectious as
authentic brain-derived PrPSc provided that confounding effects
related to differences in the size distribution of prion protein
aggregates generated in vitro and consecutive differences in re-
gard to biological clearance are abolished.
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Prion diseases such as Creutzfeldt–Jakob disease and bovine
spongiform encephalopathy are caused by a unique infec-

tious agent termed prion that seems to propagate without a
nucleic acid genome (1). The infectious agent in prion diseases
has been shown to consist mainly, if not exclusively, of an
aggregated protease-resistant conformer of the cellular prion
protein (PrPC) that is present in the brain of infected individuals
and has been designated PrPSc (2). The structural conversion of
PrPC into a misfolded, protease-resistant isoform of PrP (termed
PrPres) has been modeled in vitro (3). However, because of the
low yield, these experiments did not allow a direct proof of
infectivity. Legname et al. (4) were recently able to induce prion
disease in transgenic mice overexpressing PrP by inoculating
amyloid-like aggregates (5) of recombinant PrP; however, the
infectious titer obtained by this approach was very low.

The protein misfolding cyclic amplification (PMCA) reaction
provides a unique opportunity to convert relatively large quan-
tities of PrPC into PrPres (6). Exploiting a mechanism of seeded
aggregation, minute amounts of PrPSc are incubated with an
excess of PrPC in a cyclic process consisting of alternating
incubation and sonication steps. By combining PMCA with serial
passages of the reaction mixture, we have confirmed an auto-
catalytic self-propagation of PrPres as postulated by the ‘‘pro-
tein-only’’ hypothesis (7). Adopting this approach, Castilla et al.
(8) could recently demonstrate the generation of new infectious
units by serial PMCA (sPMCA). However, the phenomenon that
PrPres generated in the test tube by sPMCA is associated with
a considerably lower specific infectivity than authentic PrPSc

generated in vivo has cast doubt on the protein-only hypothesis
of prion propagation and has supported theories invoking ad-
ditional species of infectious PrP or further agent-associated
factors.

Our current experimental investigations have led us to under-
stand this apparent discrepancy between the amount of abnor-
mal PrPres and infectivity, which we could relate to the size
distribution of newly generated prion aggregates. Based on this
insight we were able to design an experimental PMCA setup
yielding in vitro generated prions that are indistinguishable from
prions isolated from scrapie hamster brain in terms of proteinase
K (PK) resistance, autocatalytic conversion activity, and, most
notably, specific biological infectivity.

Results and Discussion
In our previous sPMCA experiments (7) the apparent specific
infectivity of sPMCA-derived PrPres was �10 times lower than
for cerebral PrPSc. This finding is consistent with the data of
Castilla et al. (8), who found a 10- to 100-fold-lower specific
infectivity of PrPres obtained by sPMCA as compared with
brain-derived PrPSc. Although the specific infectivity of sPMCA-
derived PrPres is substantially higher than that of misfolded PrP
obtained from recombinant PrP (4), it is still unclear whether the
lower specific infectivity of sPMCA-generated PrPres in com-
parison to brain-derived PrPSc is due to fundamental differences
in the structure and�or composition of this material. We rea-
soned that, apart from potential conformational differences and
potential cofactors, the specific biological infectivity of PrPres
preparations should, according to theoretical considerations (9)
and experimental findings (10), also depend on the size of PrPres
aggregates. In principle, breaking up infectious PrP aggregates
into smaller units could either increase the infectious titer by
increasing the number of infectious particles or decrease bio-
logical infectivity by reducing aggregate stability and facilitating
clearance from the brain. To address this question, we analyzed
the effect of sonication-induced changes in aggregate size dis-
tribution on the specific infectivity of brain-derived PrPSc in a
murine bioassay using scrapie strain RML (11).

Effect of Aggregate Size on Specific Infectivity. To obtain a robust
measure of changes in aggregate size of PrPSc in brain homog-
enates, we quantified PrPSc in the pellet fraction and in the
supernatant obtained by a centrifugation assay (Fig. 1A). This
assay allowed direct analysis of crude brain homogenates and
avoided a potential distortion of aggregate size distribution
during sample processing. In conditions optimized for PrPSc

analysis (see Fig. 6, which is published as supporting information
on the PNAS web site), PrPSc was found almost exclusively in the
pellet fraction. However, sonication induced a dose-dependent
shift toward smaller aggregate size, as evidenced by the prom-
inent presence of PrPSc in supernatant after 1 min of ultrasonic
treatment (Fig. 1 A, lane 6). When we compared the infectious
titer of samples that contained the same amount of protease-
resistant PrP, albeit with a different size distribution of PrPSc

aggregates, we found that sonication-induced aggregate frag-
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mentation was associated with a pronounced prolongation of
incubation times (Fig. 1B). This finding indicates that, in the used
murine bioassay, measured infectivity decreased with increasing
fragmentation of PrPSc aggregates. This effect could be due to
a lower stability and�or more efficient clearance of smaller
aggregates. Similarly, the relatively low apparent specific infec-
tivity of sPMCA-derived PrPres reported previously (7, 8) may
have resulted from fragmentation of PrP aggregates by ultra-
sonication in the sPMCA reaction. To test this hypothesis, we
used adsorption to suitable carrier particles to modify particle
size distribution.

Adsorption of Proteins to Nitrocellulose (NC) Particles Reduces Bio-
logical Clearance. We reasoned that NC particles, which are
known to firmly retain proteins, might be a suitable inert carrier
for PrP aggregates and that adsorption to NC could reduce
confounding effects on biological clearance that may result from
differences in the size distribution of PrPSc. Using this approach,
we could demonstrate that, in intracerebrally (i.c.) injected
C57BL�6 mice in the presence of NC particles, clearance of
proteins was efficiently reduced (Fig. 2). We compared 35S-
labeled cell lysates extracted from RK13 cells expressing hamster
PrP adsorbed to NC particles to control samples. Whereas
exactly the same amount of radioactivity was retained in the
brains of dead mice (Fig. 2 A), in living animals clearance of
radioactivity was strongly reduced in the presence of NC parti-

cles (Fig. 2B). This effect was even more pronounced in a pellet
fraction enriched for NC-bound proteins.

NC Adsorption and Size Distribution of PrPSc Aggregates in Hamster
Brain Homogenates. For our experiments regarding infectivity of
PMCA-derived PrPres, we used the well established hamster
system (6, 7), which in our experience provides a more efficient
and robust amplification than the mouse system. To analyze NC
adsorption and aggregate size distribution of PrPSc in hamster
brain homogenates, we used the centrifugation assay described
above. Similar to the results obtained for RML scrapie, hamster
PrPSc was found almost exclusively in the pellet fraction (Fig. 3
A and B). This result was unchanged by incubation at 37°C.
However, sonication at a dose similar to the conditions used
during one cycle of PMCA caused a significant shift of PrPSc into
the supernatant fraction, indicating that sonication breaks up
aggregates into smaller units. This finding was even more
pronounced in samples subjected to one cycle of PMCA, which
clearly shows that PMCA causes a shift toward smaller aggre-
gates recovered in the supernatant fraction. The observed effect
may at least in part be due to a more efficient recruitment of
newly formed PrPres by smaller aggregates during the PMCA
reaction, in addition to the effect of sonication itself. Notably, in
the presence of NC particles the sonication�PMCA-induced
shift toward smaller aggregates was diminished (Fig. 3 A and C).
Obviously, PrPSc adsorbed to NC particles, which thwarted the
altered sedimentation behavior of small aggregates. Thus, we
reasoned that adsorption to suitable carriers such as NC particles
might abolish an increased biological clearance of sPMCA
products caused by their relatively small aggregate size. To test
this hypothesis, we used a bioassay of sPMCA-generated PrPres
and appropriate control samples in the presence and absence of
carrier particles.

Bioassay of PrPres Generated by sPMCA. Using 15 cycles of sPMCA,
we achieved a 200,000-fold total amplification of PrPres con-
currently to a 2.514 (373,000-fold) dilution of the initial PrPSc

used to seed the conversion reaction (ref. 12 and Fig. 4A). To
investigate the infectious properties of the newly formed
sPMCA-derived PrPres, we inoculated wild-type hamsters i.c.
with 50-�l aliquots of (i) the initial reaction mixture before
sPMCA (the ‘‘starting material’’ group); (ii) the reaction mixture
after sPMCA (the sPMCA group); (iii) the starting material
diluted 2.514-fold (the ‘‘dilution-only’’ group); and control sam-
ples resulting from sPMCA-like serial passages either (iv) with-
out sonication (the ‘‘no sonication’’ group) or (v) without

Fig. 1. Correlation between aggregate size and biological infectivity of PrPSc

in C57BL�6 mice. A 10% (wt�vol) brain homogenate prepared from RML-
infected mice was digested with PK in the presence of 0.2% (wt�vol) SDS and
then subjected to centrifugation. The supernatant (S1) was collected, and
aliquots of the resuspended pellet (P1) were left unmodified or sonicated for
5 � 1 s or for 1 � 60 s, respectively, before further centrifugation. The
supernatant (S2) was collected, and the pellet (P2) was resuspended. (A)
Western blot analysis of PrPres in the raw homogenate (start), S1, P1, S2 of
unmodified (Ø), 5 � 1 s (5 � 1��), and 1 � 60 s (1�) sonicated samples and in
corresponding P2 samples using 6H4 antibody at a 1:2,000 dilution. In addi-
tion, 100-fold and 1,000-fold dilutions of untreated (Ø), 5 � 1 s (5 � 1��), and
1 � 60 s (1�) sonicated P1 used for bioassay inoculations are shown (Inocula).
Positions of the molecular mass markers are given on the right (in kilodaltons).
(B) Survival curves obtained for untreated (�), 5 � 1 s (Œ), and 1 � 60 s (E)
sonicated P1 samples corresponding to lanes 10, 12, and 14 in A.

Fig. 2. Effect of NC particles on the biological clearance of proteins from
mouse brains. A 35S-labeled cell lysate extracted from RK13 cells expressing
hamster PrPC was centrifuged for 1 min at 1,000 � g. One aliquot of the
35S-labeled cell lysate was left untreated (�NC), and another aliquot was
adsorbed to NC particles (�NC) Additionally, one NC-adsorbed aliquot was
centrifuged for 15 min at 13,400 � g, and the resulting pellet was resuspended
in PBS (�NC P1). Samples (�NC, �NC, and �NC1 P1) of 30 �l were inoculated
i.c. into C57BL�6 mice. The radioactivity retained in the brain was measured in
the brains of dead control mice killed 5 min before inoculation (A) and in the
brains of mice killed 24 h after inoculation (B).
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incubation steps (the ‘‘no incubation’’ group). Thus, groups ii–v
all represent a 2.514-fold dilution of the starting material. How-
ever, because of autocatalytic amplification the amount of
PrPres in the sPMCA sample was �43% of the amount of PrPSc

in the starting material, whereas no PrPres was detectable in
samples iii–v by Western blot analysis (Fig. 4A).

The animals in the starting material group showed an attack
rate of 100% (Fig. 4B) and a mean incubation time to terminal
disease of 90 � 3.7 days (mean � standard deviation), which
corresponds to a mean infectious titer in the inoculum of 1.3 �
104 50% i.c. lethal dose (LD50i.c.) calculated from a dose–
incubation time calibration curve. Because these inocula each
contained 2.5 � 10�5 g of homogenized scrapie-infected hamster
brain, the measured titer is equivalent to 5 � 108 LD50i.c. per
gram of scrapie-infected hamster brain. Only two of nine ham-
sters challenged with the dilution-only sample showed signs of
scrapie 120 and 150 days after inoculation. One of the animals
in the no-incubation group and none of the animals in the
no-sonication group became ill. This finding is consistent with

the titer measured for the starting material group and proves that
diluted control samples, on average, contained well below one
infectious unit per inoculum. The mean incubation time for the
sPMCA sample was 104 � 6.0 days, corresponding to 4.6 � 102

LD50i.c. per inoculum. Because this sample contained the same
amount of scrapie-infected brain material as the diluted control
samples, sPMCA resulted in a clear-cut increase in infectivity by
more than three orders of magnitude. However, in line with
previous data (7, 8), the apparent specific infectivity of sPMCA-
derived PrPres was �10 times lower than for brain-derived PrPSc.

Bioassay of Stabilized PrPres Aggregates. To analyze infectivity of
newly formed sPMCA-derived PrPres with a modified size
distribution and�or stability, we used chemical cross-linking on
one hand and adsorption to suitable carriers on the other hand.
Chemical cross-linking can be used to covalently stabilize ag-

Fig. 3. Analysis of the size distribution of PrPSc aggregates in hamster brain
homogenates before and after adsorption to NC particles. A 10% (wt�vol)
brain homogenate from healthy hamsters was spiked 1:20 with a 10% (wt�vol)
263K brain homogenate and left untreated (start), incubated for 11 h at 37°C
(incub.), subjected to PMCA, or sonicated for 50 � 1 s (sonic.). One aliquot of
each sample was left on ice (unstabilized), and another aliquot was incubated
with NC particles (NC-adsorbed). After centrifugation, the supernatant was
collected, and the pellet was resuspended in PBS containing 0.05% (wt�vol)
SDS and 0.5% (vol�vol) Triton X-100. Then, samples were treated with 100
�g�ml PK for 1 h at 37°C. (A) Western blot analysis of PrPres in the whole
homogenate (Left) and in the supernatant and the pellet before and after
adsorption to NC particles (Right). Positions of the molecular mass markers are
given on the right (in kilodaltons). (B) Quantification of PrPres in the super-
natant (open bars) and the pellet (filled bars) derived from unstabilized brain
homogenates (means of two independent experiments � range). (C) Corre-
sponding quantification in NC-adsorbed samples (means of two independent
experiments � range).

Fig. 4. Western blot analysis of sPMCA-generated PrPres and incubation
times in corresponding bioassay experiments. Aliquots (50 �l) of the starting
material sample (start, �), the sPMCA sample (sPMCA, F), the dilution-only
sample (dilut., ‚), the no-sonication sample (no son., Œ), and the no-
incubation sample (no inc., E) were analyzed before (�) and after (�) diges-
tion with PK. (A) Before inoculation, samples were left unmodified (Left) or
adsorbed to NC particles (Right). All processed samples (indicated by black
bars) represent a 2.514 (373,000-fold) dilution of PrPSc contained in the starting
material. Positions of the molecular mass markers are given on the right (in
kilodaltons). (B) Survival curves for unmodified samples. (C) Corresponding
survival curves for NC-adsorbed samples.
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gregates without significantly affecting size distribution (13).
Cross-linking of the samples did not abolish the difference in the
infectious titers between the starting material and the sPMCA-
derived samples. In contrast, after adsorption of the starting
material and the post-PMCA fraction to metal beads, no signif-
icant difference in infectious titers was observed (see Table 1,
which is published as supporting information on the PNAS web
site). However, handling samples with metal beads is fraught
with the problem of rapid sedimentation, which interferes with
preparation of homogeneous samples for inoculation and re-
sulted in a high standard deviation in these experimental groups.

In the hamster bioassay of inocula adsorbed to NC particles,
the incubation times in the sPMCA group (101 � 4.5 days,
corresponding to 8.8 � 102 LD50i.c.) converged to the starting
material group (96 � 6.0 days, corresponding to 2.8 � 103

LD50i.c.) (Fig. 4C). Notably, the difference in incubation times
was not statistically significant (P � 0.05, two-tailed t test),
whereas for the corresponding unmodified samples incubation
times differed significantly (P � 0.001). Thus, when using
NC-adsorbed samples, sPMCA-derived PrPres exhibited virtu-
ally the same specific infectivity as brain-derived PrPSc. The
incubation times for the starting material with and without NC
were not significantly different. This important control shows
that NC particles only improved the infectious titer of samples
with smaller aggregate size, thus ruling out an unspecific general
effect of NC particles on incubation times.

Characterization of Infected Hamsters. Prion disease was confirmed
in infected animals by Western blot analysis, and no differences
in regard to biochemical strain characteristics such as electro-
phoretic mobility and glycoform pattern were found between the
different experimental groups (Fig. 5A). Additionally, the clin-
ical disease phenotype did not differ between the different

experimental groups. These findings were confirmed by second-
ary passage of brain homogenates from affected animals, which
resulted in incubation times and a disease phenotype indistin-
guishable from the 263K strain used to seed the sPMCA (Fig.
5B). Thus, there is no indication that modifications of prion
strain properties were induced by sPMCA or by adsorption to
NC particles. At 250 days after inoculation, none of the hamsters
challenged with NC-adsorbed samples from the dilution-only
and no-sonication groups had developed clinical disease, and
only two animals in the no-incubation group became ill at 209
and 226 days after infection (Fig. 4C), demonstrating that
adsorption to NC particles without PMCA is not sufficient to
induce disease.

Thus, we conclude that adsorption to NC particles reduces
differences in bioassay-measured infectivity that are primarily
due to variations in the size distribution of PrPres aggregates.
When brain infectivity is assayed after i.c. inoculation, the major
part of infectivity disappears rapidly from the brain (14). The
rate of this clearance is highly variable and influenced by the
particle size and the strain of the inoculum (9, 15). The finding
that PMCA leads to a shift in the size distribution of PrPres
aggregates (as compared with brain-derived PrPSc) toward
smaller particles is in accord with the notion that these aggre-
gates exhibit a higher rate of clearance. Therefore, our findings
indicate that the decreased survival times in the NC-adsorbed
sPMCA-derived samples are caused by reduced clearance from
the brain because of an increase in the size and�or stability of
PrPres aggregates rather than by intramolecular structural al-
terations of PrPres particles induced by adsorption to NC. This
reasoning is supported further by the finding that neither
sPMCA nor adsorption to NC altered the Western blot profile
and the strain properties of PrPSc.

Conclusion
In summary, we have devised a cell-free technique to prepare
and deliver misfolded PrP that exhibits properties indistinguish-
able from PrPSc derived from brains of diseased animals, in-
cluding proteinase resistance, autocatalytic converting activity,
and infectivity in vivo. Thus, in the setting of PrPSc amplified by
PMCA, these findings resolve the apparent discrepancy ob-
served in previous studies on the quantitative relation of infec-
tivity and amount of PrPres without the need to invoke hypo-
thetical molecular species such as PrP* (16), because all essential
properties of the infectious agent can be related to molecular
properties of PrPres, provided that confounding effects related
to differences in the size distribution of PrPres aggregates and
consecutive differences in regard to biological clearance are
abrogated by prion delivery on suitable carrier particles. This
observation in turn rebuts one of the main arguments against the
protein-only hypothesis. Furthermore, our findings do not sup-
port the previously formulated hypothesis of Castilla et al. (8)
regarding potential changes in strain properties during in vitro
amplification of PrPres.

In addition, this technique provides a unique opportunity to
further elucidate the structure and molecular mode of action of
infectious prion particles and the exponential amplification of
prions for diagnostic purposes. Furthermore, the use of NC
carrier particles may provide a novel tool to study prion infec-
tivity and potentially also the effect of other pathological protein
deposits in a more efficient way in the bioassay.

Materials and Methods
Analysis of Size Distribution and in Vivo Infectivity of Mouse PrPSc

After Sonication. A 10% (wt�vol) brain homogenate in PBS with
0.2% (wt�vol) SDS from mice infected with mouse-adapted
scrapie strain RML (11) was digested with PK (100 �g�ml) for
1 h at 37°C and subjected to centrifugation for 15 min at 13,400 �
g. The supernatant (S1) was collected, and the pellet (P1) was

Fig. 5. Western blot analysis of PK-treated brain homogenates from dis-
eased wild-type hamsters. (A) Western blot analysis of brain homogenates
from animals that developed clinical TSE symptoms after i.c. inoculation with
the infectious starting material (start), PrPres generated by sPMCA, and the
initial reaction mixture after 2.514-fold dilution without PMCA (dilut.), respec-
tively, before (unstabilized) and after (NC-adsorbed) binding to NC particles.
(B) Secondary passage from affected animals inoculated with the unstabilized
starting material (start) and the sPMCA-derived PrPres (sPMCA) before (un-
stabilized) and after (NC-adsorbed) adsorption to NC particles, respectively.
The brain samples of the examined animals contained large amounts of
proteinase-resistant PrP identical to that of the 263K strain used to seed the
PMCA reaction in regard to electrophoretic mobility and glycoform pattern.
Positions of the molecular mass markers are given on the right (in kilodaltons).
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resuspended in PBS with 0.2% (wt�vol) SDS. Aliquots of
PK-digested P1 (300 �l each) were left untreated or were
subjected to sonication for 5 � 1 s and 1 � 60 s, respectively, by
using a microsonicator (Sonopuls; Bandelin Electronic, Berlin,
Germany) with power setting at 40%.

For in vivo infectivity assays, samples were diluted 100-fold in
PBS and aliquots of 30 �l were inoculated i.c. into C57BL�6 mice
(Charles River, Sulzfeld, Germany). Control mice received
uninfected C57BL�6 brain homogenate. Inoculated mice were
monitored daily for clinical signs of disease according to the
criteria of Dickinson et al. (17).

To analyze the size distribution of PrPSc aggregates in the
untreated and sonicated P1 samples used for inoculation,
aliquots of these samples were subjected to centrifugation for
15 min at 13,400 � g. The supernatant (S2) was collected and
the pellet (P2) was resuspended in PBS containing 0.2% SDS.
For the quantification of PrPres, 10-�l aliquots were subjected
to Western blot analysis using the 4H11 (18) antibody at a
dilution of 1:2,000. PrP was visualized by enhanced chemi-
luminescence reaction (Amersham Pharmacia, Freiburg,
Germany).

Analysis of the Effect of NC Particles on the Biological Clearance of
Proteins from the Brain. RK13 cells (19) expressing hamster PrPC

were metabolically labeled with [35S]methionine and [35S]cys-
teine (Amersham Bioscience, Freiburg, Germany). Subse-
quently, cells were scraped off the culture dish and lysed by
passing through a syringe with a needle of 0.7-mm diameter. The
lysate was centrifuged for 1 min at 1,000 � g, and the protein
content of the supernatant was adjusted to that of a 1% mouse
brain homogenate. One aliquot of the 35S-labeled cell lysate was
left untreated. and another aliquot was adsorbed to NC particles
(20) for 24 h under constant agitation at 4°C. Briefly, NC sheets
were dissolved in DMSO (1.25 ml�cm2) at room temperature for
10 min. Subsequently, NC particles were precipitated by drop-
wise addition of 1 volume of double-distilled water. The particles
were centrifuged at 1,620 � g for 8 min, washed three times with
PBS, and finally resuspended in PBS (1.25 ml�cm2). NC-bound
samples were diluted 10-fold in the NC suspension before
inoculation.

Additionally, one NC-adsorbed aliquot was centrifuged for
15 min at 13,400 � g, and the resulting pellet was resuspended
in PBS. Samples of 30 �l were inoculated i.c. into C57BL�6
mice. Brains were analyzed 24 h after inoculation by using a
TRI-CARB 2900TR �-counter (PerkinElmer, Rodgau, Ger-
many). As a control, dead mice were inoculated with the same
aliquots.

Analysis of the Size Distribution of Hamster Scrapie Prion Aggregates
in Brain Homogenates. A 10% (wt�vol) brain homogenate from
healthy Syrian golden hamsters was spiked 1:20 with 263K
scrapie hamster brain homogenate. Two-hundred-microliter vol-
umes of the reaction mixture were left untreated, incubated for
11 h at 37°C, sonicated for 50 � 1 s by using a microsonicator
(Sonopuls), or subjected to one cycle of PMCA consisting of 10
rounds of 5 � 1-s sonication and 1-h incubation at 37°C.
Subsequently, the reaction mixture was split, and one aliquot was
left on ice whereas the other aliquot was incubated with NC
particles (1 cm2�ml) for 2 h at room temperature under constant
agitation. After centrifugation for 15 min at 13,400 � g the
supernatant (S1) was collected and the pellet (P1) was resus-
pended in PBS containing 0.05% (wt�vol) SDS and 0.5%
(vol�vol) Triton X-100. For quantification of PrPres, 20-�l
aliquots were treated with 100 �g�ml PK for 1 h at 37°C and
subjected to Western blot analysis as described above.

Serial Transmission PMCA Reactions. Serial transmission PMCA
experiments and control reactions were performed exactly as

described in detail by Piening et al. (12). Brief ly, brain
homogenate (10% wt�vol) from 263K-infected Syrian ham-
sters in terminal stage of disease was prepared according to the
protocol published by Saborio et al. (6) and diluted 1:20 with
similarly prepared brain homogenate extracted from unin-
fected hamsters. Samples of 200 �l were subjected to 5 � 1 s
of sonication by using an ultrasonic microtip probe at 40%
power setting (Sonopuls 2070), followed by 1 h of incubation
at 37°C. After 10 rounds of alternated sonication and incuba-
tion (completing one amplification cycle) the reaction mixture
was passaged by diluting 2.5-fold into normal hamster brain
homogenate. In total, 15 amplification cycles, including 10
PMCA rounds each, with 14 sequential 2.5-fold dilution steps
were performed (150 rounds of PMCA). To avoid microbial
contaminations, all experimental procedures were performed
under sterile conditions. After the 15th passage, aliquots of
100 �l were collected and stored at �80°C until further use,
avoiding any additional freeze–thaw cycles. For control reac-
tions, either the sonication step (incubation only) or the
incubation step (sonication only) was omitted. Additionally,
200-�l aliquots of the initial reaction mixture were subjected
to 14 sequential 2.5-fold dilution steps (dilution only) and
frozen immediately.

PK Digestion, Western Blotting, and Quantification of PrPres. For the
quantification of PrPres, samples were thawed, digested with
PK (100 �g�ml; ratio of total protein:PK � 1:60) for 1 h at
37°C, and subjected to Western blot analysis by using the 3F4
antibody at a dilution of 1:2,000 (21). PrP was visualized by
enhanced chemiluminescence reaction (Amersham Pharma-
cia) and quantified by using a Diana II luminescence imaging
system and the AIDA software package (Raytest, Strauben-
hardt, Germany). Amplification factors were determined as
described (12).

In Vivo Infectivity Studies with Hamsters. Infectivity of sPMCA-
derived PrPres and the corresponding control samples was
analyzed by hamster bioassay. Samples were either diluted 1:10
in PBS (unmodified samples) or adsorbed to NC carrier particles
(20), which also resulted in a 1:10 dilution, before inoculation
into the reporter animals. Six-week-old Syrian hamsters (nine
animals per experimental group) were inoculated i.c. as de-
scribed previously by Kimberlin and Walker (22) with 50-�l
aliquots of the unmodified or NC-bound samples. Inoculation
and clinical monitoring of hamsters were performed by using
blinded sample aliquots. The amount of infectivity (LD50i.c.) in
the inoculated samples was assayed as described (22) by the
observed incubation times (t, in days) until terminal scrapie
disease, using dose–incubation curves (23), when all of the
inoculated animals succumbed to fatal disease. Alternatively,
infectivity titers were calculated according to the method of
limited dilution titration (24) if not all of the inoculated recip-
ients developed lethal disease. For the calculation of infectivity
from incubation times, the following empirical equation was
used: log(LD50i.c.) 	 0.0008 t2 � 0.2575 t � 20.7929 [mean error
of assay: �0.4 log(LD50i.c.)]. To confirm scrapie infection, brains
from terminally diseased animals were collected, tested for PrPSc

by Western blot analysis, and used for secondary passage
inoculations.

Analysis of the Infectivity of Photochemically Cross-Linked and Metal-
Bound Samples. The in vivo infectivity of sPMCA-derived PrPres
and the corresponding control samples was analyzed by ham-
ster bioassay. Samples were diluted 1:10 in PBS and left
unmodified (unstabilized samples), subjected to chemical
crosslinking as described (13), or adsorbed to metal beads
(316L; Hauner, Röttenbach, Germany). Brief ly, 0.1-g metal

15822 � www.pnas.org�cgi�doi�10.1073�pnas.0605608103 Weber et al.



beads and a 1-ml sample were incubated for 90 min at room
temperature under constant shaking. Subsequently, 50-�l ali-
quots of unmodified and metal-adsorbed samples were inoc-
ulated i.c. into the reporter animals (nine animals per group).
Inoculation and clinical monitoring of hamsters were per-
formed by using blinded sample aliquots. The amount of
infectivity (LD50i.c.) in the inoculated samples was assayed as
described by Kimberlin and Walker by the observed incubation
times (t, in days) until terminal scrapie disease, using dose–

incubation curves (23). For the calculation of infectivity from
incubation times, the following empirical equation was used:
log(LD50i.c.) 	 0.0008 t2 � 0.2575 t � 20.7929 [mean error of
assay: �0.4 log(LD50i.c.)].
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