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The susceptibility of sheep to scrapie is influenced mainly by the prion protein polymorphisms A136V,
R154H, and Q171R/H. Here we analyzed the ability of protein misfolding cyclic amplification (PMCA) to
model the genetic susceptibility of sheep to scrapie. For this purpose, we studied the efficiency of brain
homogenates from sheep with different PrP genotypes to support PrPSc amplification by PMCA using an
ARQ/ARQ scrapie inoculum. The results were then compared with those obtained in vivo using the same
sheep breed, genotypes, and scrapie inoculum. Genotypes associated with susceptibility (ARQ/ARQ,
ARQ/AHQ, and AHQ/ARH) were able to sustain PrPSc amplification in PMCA reactions, while genotypes
associated with resistance to scrapie (ARQ/ARR and ARR/ARR) were unable to support the in vitro
conversion. The incubation times of the experimental infection were then compared with the in vitro
amplification factors. Linear regression analysis showed that the efficiency of in vitro PrPSc amplification
of the different genotypes was indeed inversely proportional to their incubation times. Finally, the rare
ARQK176/ARQK176 genotype, for which no in vivo data are available, was studied by PMCA. No amplifi-
cation was obtained, suggesting ARQK176/ARQK176 as an additional genotype associated with resistance,
at least to the isolate tested. Our results indicate a direct correlation between the ability of different PrP
genotypes to undergo PrPC-to-PrPSc conversion by PMCA and their in vivo susceptibility and point to
PMCA as an alternative to transmission studies and a potential tool to test the susceptibility of numerous
sheep PrP genotypes to a variety of prion sources.

Scrapie is a fatal neurodegenerative disease of sheep and
goats, belonging to transmissible spongiform encephalopathies
(TSEs) or prion diseases. TSEs include bovine spongiform
encephalopathy (BSE) in cattle, chronic wasting disease
(CWD) of cervids, and Creutzfeldt-Jakob disease (CJD) in
humans.

TSEs are characterized by the accumulation of the patho-
logical protease-resistant isoform (PrPSc) of the host-encoded
cellular prion protein (PrPC) mainly in the central nervous
system of affected subjects (36). The abnormal protein may
also accumulate in other tissues, such as in the lymphoreticular
system and variably in other tissues or body fluids.

Classical scrapie is a contagious disease under natural con-
ditions. It has been observed since the 18th century in Europe
and represents the archetype of the TSEs. The susceptibility of
sheep to scrapie depends on several factors but is influenced
mainly by the strain of the agent and the genetic background of
the host, driven primarily by the amino acid sequence of PrP
(20, 24). Nor98 or atypical scrapie, first detected in Norway
in 1998, is a prion disease that shows distinct phenotypic
characteristics compared with classical scrapie, and a spon-

taneous origin, like that of human sporadic CJD, has been
suggested (6).

The ovine PrP gene is highly polymorphic, and several al-
leles have been demonstrated to influence susceptibility to the
disease (4, 5, 8, 19, 31, 45). The most common alleles, ARQ,
VRQ, ARR, ARH, and AHQ, are determined by polymor-
phisms at codons 136, 154, and 171. Knowledge of genotypes
associated with resistance in sheep has been obtained in the
past by experimental transmission of the disease to sheep and
by observational studies (i.e., case-control studies) in the gen-
eral population (4). The ARR allele has always been found to
be associated with protection from scrapie, with very few ex-
ceptions in classical scrapie (25) but with most related to
Nor98 (6). The VRQ allele is significantly linked to short
survival times of experimentally infected sheep and to high
susceptibility to classical scrapie in many breeds in field con-
ditions. In breeds in which the VRQ allele is absent or rare (for
instance, Suffolk or Sarda breeds), the wild-type ARQ allele is
associated with the highest susceptibility to classical scrapie (4,
16). Moreover, using the in vitro cell-free conversion system,
the ARR allele showed the lowest conversion efficiency if com-
pared to ARQ or VRQ (39). The homologous Q171R sheep
polymorphisms introduced in the mouse PrP gene rendered
mouse PrPC inconvertible into PrPSc (37). On the basis of
these findings breeding programs have been implemented in
Europe and in the United States with the aim of reducing and
possibly eradicating scrapie from sheep populations. This will
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be achieved by reducing the frequency of animals carrying
genotypes associated with susceptibility and increasing that of
animals with genotypes associated with resistance to scrapie.
However, several polymorphisms other than those at codons
136, 154, and 171 have been reported (18, 35, 47, 50) as pos-
sibly influencing susceptibility to scrapie. For instance, exper-
imental transmission and case-control studies have shown that
the AT137RQ and the ARQK176 sheep alleles are significantly
associated with resistance to classical scrapie (47, 50). How-
ever, the protective effect of these rare alleles has been docu-
mented only with heterozygous sheep, given the extremely low
frequency of homozygous sheep in the field. The susceptibility
of animals that are homozygous for these alleles still remains
to be evaluated before considering them of interest for breed-
ing programs for resistance.

Using a cell-free system that employs purified 35S-labeled
PrPC (28), the genetic susceptibility of sheep to classical
scrapie has been studied in vitro. A variable propensity of
diverse recombinant PrP variants to undergo conversion to the
protease-resistant form has been observed (7). However, using
the same method, it has also been found that—probably on
account of the absence of some host factor—this in vitro cell-
free conversion method does not always reflect the biological
behavior of prions in vivo (38).

A highly efficient in vitro conversion method, protein mis-
folding cyclic amplification (PMCA), was developed some
years ago (41). This technique speeds up the conversion of
PrPC from healthy brain homogenates by the addition of min-
ute amounts of PrPSc, followed by alternating and repeating
cycles of sonication and incubation. During PMCA all cell
factors that could participate in the conversion event are pres-
ent in the in vitro reaction. Several findings have shown that
PMCA mimics numerous aspects of prion biology. In particu-
lar, it has been shown that PMCA is able to amplify infectivity
(11). In addition, the biological, biochemical, and infectious
properties of distinct prion strains can be faithfully propa-
gated after serial PMCA passages, maintaining their pecu-
liar characteristics (10). Several groups have recently dem-
onstrated the potential of PMCA as a diagnostic tool.
Indeed, it was able to detect PrPSc in the blood of hamsters
(12), sheep (44), mice (43), and deer (40) infected with
prions, in the urine of affected hamsters (21) and deer (23),
and in the saliva of scrapie-affected sheep (34) and CWD-
affected deer (23).

The aim of this study was to investigate whether the in vitro
replication of scrapie prions by PMCA can reproduce the ex-
quisite PrP genetic preferences operating in sheep.

MATERIALS AND METHODS

Source and preparation of substrates. Ten animals of the Sarda breed were
selected from a single flock, with no history of scrapie, on the basis of the PrP
genotype, identified by sequencing the complete coding sequence, as previously
described (49). Two ARQ/ARQ and two ARR/ARR animals, as well as one
animal for each of the following genotypes, ARR/ARQ, ARQ/AHQ, AHQ/ARH
ARQ/AT137RQ, ARQ/ARQK176, and ARQK176/ARQK176, were included in the
study. Animals were perfused with phosphate-buffered saline (PBS) plus 5 mM
EDTA prior to the removal of the brain, and the brain was stored at �80°C.

Ten percent (wt/vol) uninfected cerebral cortex homogenates (substrates)
were prepared in ice-cold conversion buffer (PBS containing NaCl 150 mM, 1%
Triton X-100, 4 mM EDTA, pH 7.4) and mini-Complete protease inhibitor
(Roche). Tissues were homogenized with three passes of 15 s of homogenization
in a glass/Teflon 10-ml potter maintained on ice, using a potter’s (B. Braun

Biotech International) set at 1,200 rpm. Large particulate matter was removed by
centrifugation at 1,000 � g for 1 min. Final homogenates were stored at �80°C
until use.

The scrapie inoculum used for the in vitro study was the same as that used for
the experimental transmission of classical scrapie to Sarda breed sheep (47). It
was prepared by pooling brain tissue from eight fully sequenced ARQ/ARQ
scrapie-affected Sarda sheep as 10% homogenate. A single prion strain which
was indistinguishable from all the other classical scrapie strains from Italy char-
acterized so far was involved in these cases (13).

PMCA. The inoculum was serially diluted in the substrates, depending on the
experiments, from 1:10 (10�2), 1:100 (10�3), 1:1,000 (10�4), 1:10,000(10�5), and
1:100,000 (10�6) (vol/vol). Samples were either frozen at �20°C or immediately
submitted to PMCA. Each sample (50 �l) was inserted in a 200-�l PCR tube and
placed in the plate holder of a microsonicator (Misonix S4000) programmed to
perform cycles, at 37°C, of 30 min of incubation followed by a pulse of 20 s of
sonication set at 80% of amplitude, for 48 h (one PMCA round). In all the
experiments each dilution of the inoculum was tested as a duplicate. Moreover,
two negative controls constituted of 50 �l of substrate were included in each
PMCA experiment.

Western immunoblot analysis of PrPSc. A total of 40 �l of each sample was
diluted 1:1 in conversion buffer and digested with proteinase K at a final con-
centration of 150 �g ml�1 at 38°C for 60 min. An equal volume of a 1:1
butanol-isopropanol mixture was added to the samples, and the samples were
centrifuged at 20,000 � g for 5 min.

The supernatant was discarded, and 20 �l of 1� sample-reducing buffer
(Invitrogen) was added to the pellets, heated at 90°C for 10 min, and centri-
fuged at 10,000 � g for 5 min. A total of 15 �l of each sample was loaded into
NuPAGE 10% Bis-Tris polyacrylamide gel (Invitrogen). After electrophore-
sis and Western blotting on polyvinylidene difluoride membranes (Millipore),
blots were processed using the SNAP i.d. protein detection system (Milli-
pore). PrP was labeled with the anti-PrP monoclonal antibody 12B2 (2.38 �g
ml�1) (30), visualized by the chemiluminescence method (SuperSignal West
Femto; Pierce Biotechnology), and detected by the VersaDoc imaging system
(Bio-Rad). The amount of each PrPSc band was measured by QuantityOne
software (Bio-Rad).

Calculation of amplification factors. The same serial dilution of PrPSc, equiv-
alent to 0.25, 0.5, 1, and 2 mg per lane of scrapie-infected brain tissue, was loaded
in each gel. Quantification of the chemiluminescent signal (QuantityOne soft-
ware; Bio-Rad) for each dilution provided the standard curve used to estimate
the amount of PrPSc in the samples loaded in the same gel, expressed as the
milligram equivalent of infected brain.

The amplification factor was calculated for each genotype by quantifying the
amount of PrPSc in the last quantifiable post-PMCA dilution (y) and in the 10�2

frozen dilution (x), taking into account the different dilution factors between the
last quantifiable post-PMCA dilution and 10�2, using the formula: (y/x) � dilu-
tion factor.

The amplification factor was calculated as the mean value (� standard devi-
ation) of three independent experiments for each substrate. The quantitative
estimation was obtained by using the same standard curve in each Western
blotting (WB) in order to obtain comparable results.

Student’s t test (one side) was used to assess whether the mean value of the
amplification factor for each genotype was statistically significantly greater than
1 (no amplification of prion protein). The same t test (two tailed) was used to test
for the statistical significance of the difference in the mean amplification factor
between substrates.

Statistical analysis. Linear regression analysis was applied to study the rela-
tion between the PMCA efficiency expressed as the amplification factor and the
in vivo host susceptibility, as estimated by survival times of animals (days postin-
fection at death), challenged by intracerebral route. For each genotype, the mean
value of the PMCA amplification factor and the average survival time were
calculated and entered in the regression model as independent and dependent
variables, respectively.

Linear regression function was studied for both the bivariate distributions of
the PMCA amplification factor and survival times for all the available genotypes
after intracerebral inoculation.

Linear regression equation and determination coefficient (R2) were obtained,
and the statistical significance of the model was assessed by testing the regression
coefficient with the t test (df � n � 2) against the null hypothesis Ho: B � 0.

Data management and analyses were performed using XLSTAT.2009.6.01
(Addinsoft SARL, Paris, France).
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RESULTS

PMCA with the ARQ/ARQ substrate. To evaluate the effi-
ciency of sheep brain homogenates as a substrate for PMCA,
we first tested the ARQ/ARQ genotype. The inoculum, a
scrapie brain pool homogenate (10%, wt/vol) already used in
an experimental transmission study of sheep (47), was serially
diluted, from 10�2 to 10�6, in the ARQ/ARQ substrate. Sam-
ples were subjected to a single round of PMCA in duplicate.
When the amount of PrPSc was compared in samples before
and after PMCA, a clear increase in PrPSc was observed (Fig.
1A). PK-resistant PrPSc (PrPres) was detected up to the 10�3

dilution in frozen samples, after prolonged exposure of the
membranes (Fig. 1B, lane 4). However, using the same blot
exposure, it was possible to identify the typical three PrPSc

protein bands up to the 10�5 dilutions in post-PMCA samples
(Fig. 1B, lanes 11 and 12), evidencing an efficient PrPSc am-
plification. Post-PMCA samples showed a similar PrPSc mo-
lecular profile at all dilutions, which was identical to that ob-
served with the inoculum.

Amplification factors for the various PrP genotypes. All
substrates used in PMCA were first tested for the presence of
PrPSc, and none resulted in a positive test. The amount of PrPC in
each substrate was measured, by Western blotting, in order to
exclude a possible difference in PMCA efficiency due to different
PrPC availabilities in substrates. No significant difference in the
quantity of PrPC was observed between all substrates.

In order to make a quantitative comparison of differences in
the amplification efficiency among different genotypes, the in-
oculum was serially diluted, from 10�2 to 10�4, in substrates
derived from two sheep carrying the ARQ/ARQ genotype and
two carrying the ARR/ARR genotype or one carrying the
ARQ/AHQ, AHQ/ARH, ARQ/ARR, ARQ/AT137RQ, ARQ/
ARQK176, and ARQK176/ARQK176 genotypes. Samples were
then submitted to a single round of PMCA.

The ARQ/ARQ and ARQ/AHQ substrates showed the
highest levels of conversion efficiency. Indeed, there was a
clear increase in signal intensity in the post-PMCA samples for

both genotypes (Fig. 2A and B). For these substrates the am-
plification factors were calculated using the 10�3 post-PMCA
dilutions, because the intensity of the PrPSc bands of the 10�2

post-PMCA dilutions fell outside the range of the standard
curve (Fig. 2A and B). The mean amplification factors ob-
tained for the two ARQ/ARQ substrates were 9.9 � 2.8
(mean � SD) and 10.4 � 1.2, respectively. The ARQ/AHQ
substrate gave an amplification factor of 8 � 2.9.

A slight increase in PrPSc intensity was also detected after
the PMCA using the AHQ/ARH substrate. Using this sub-
strate, the PrPSc intensity of the 10�2 post-PMCA samples was
different from those for the previous genotypes included within
the standard curve range (Fig. 2C). The 10�2 dilutions were
then used for amplification efficiency determination. The mean
amplification factor obtained for the AHQ/ARH substrate was
3.6 � 2.0. This amplification factor was significantly lower than
that of ARQ/ARQ (P � 0.002) and marginally lower than that
of ARQ/AHQ (P � 0.090).

In contrast, no significant amplification was observed using the
ARR/ARR, ARQ/ARR, ARQ/AT137RQ, ARQ/ARQK176, and
ARQK176/ARQK176 substrates (Fig. 2D, E, F, G, and H). Indeed,
all of them showed a PrPSc signal intensity for the 10�2 frozen
samples similar to that of the 10�2 samples after one round of
PMCA. The mean amplification factors obtained for the two
ARR/ARR and for the single ARQ/ARR, ARQ/AT137RQ,
ARQ/ARQK176, and ARQK176/ARQK176 substrates were 1.3 �
0.3, 1.6 � 0.6, 1.3 � 0.4, 1.9 � 1.3, 1.3 � 0.2, and 2.0 � 1.6,
respectively. These amplification factors were not significantly
different from 1 (P � 0.05; one tailed), indicating a failure of PrPC

from these brain homogenates to undergo seeded conversion into
PrPSc. Importantly, we found no significant differences between
the two ARQ/ARQ or the two ARR/ARR substrates, indicating
an insignificant individual effect on the level of amplification by
PMCA. All negative controls used in each PMCA experiment
remained negative for PrPSc (data not shown).

Comparison between in vitro and in vivo data. In a previous
study (47), we analyzed the effect of the PrP genotype on the
susceptibility to classical scrapie of sheep experimentally chal-
lenged by the intracerebral or oral route. We observed different
survival times in the ARQ/ARQ, ARQ/AHQ, AHQ/AHQ, and
ARQ/ARH genotypes, indicating a variable degree of suscepti-
bility. In these experiments, all animals carrying at least one ARR
or the AT137RQ and the ARQK176 alleles failed to develop the
disease, clearly indicating a protection from scrapie.

Given that the same sheep breed, PrP genotypes, and
scrapie inoculum were used for the in vivo and in vitro exper-
iments, we tested the correlation between the in vivo genetic
susceptibility and the efficiency of in vitro conversion obtained
by PMCA. A linear regression model was used to analyze the
relationship between the amplification efficiency obtained by
PMCA and the survival time observed following scrapie infec-
tion by intracerebral route (Table 1). The resulting best-fit
linear regression function, indicating the PMCA amplification
factor and days postinfection with x and y, respectively, was y �
�121x � 1,678 (Fig. 3). A negative linear relationship between
amplification efficiency and survival time was observed. The
coefficient of determination (R2) for the association between
PMCA amplification factor and survival time after experimen-
tal infection was R2 � 0.999 for the intracerebral challenge,
with a P value of �0.05. These results show that the regression

FIG. 1. ARQ/ARQ sheep brain homogenate used as substrate in
PMCA. (A) PK-resistant PrPSc from 10�2 to 10�6 serial dilutions of
the inoculum in the substrate, before (�) and after (�) one round of
PMCA (in duplicate), as detected by WB. (B) After a longer exposure
time for the same blot, it is possible to detect PK-resistant PrPSc up to
10�5 dilutions.
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coefficients differ significantly from 0, indicating that the re-
gression models fit the data much better than the null hypoth-
esis (no relationship between the variables) at least within the
range of the observed data.

The absence of incubation times for resistant animals did
not permit the use of additional genotypes for the computation
of the linear regression. However, for these genotypes an am-
plification factor not statistically different from 1 was observed,
indicating a clear correlation of resistance with inability to
sustain replication by PMCA in our experimental setup.

DISCUSSION

Several studies have demonstrated the ability of PMCA to
sustain in vitro conversion of PrPC into PrPSc, using different

TABLE 1. Mean values of the amplification factor by PMCA and
survival times (days postinfection) after oral and intracerebral

scrapie infection, for each genotype

Genotype Amplification factor
(PMCA)

dpia

Oral i.c.

ARQ/ARQ 10.1 833 462
ARQ/AHQ 8 1,115 703
AHQ/AHQ 790
ARQ/ARH �1,550 1,083
AHQ/ARH 3.6 1,252
ARQK176/ARQK176 2
ARQ/AT137RQ 1.9 �1,550
ARR/ARR 1.4 �1,550 �1,450
ARQ/ARR 1.3 �1,550 �1,450
ARQ/ARQK176 1.2 �1,550

a dpi, days postinfection; i.c., intracerebral.

FIG. 2. Comparison of PMCA conversion efficiencies of different substrates. Representative WBs used to calculate the amplification factor for
each genotype are shown. (A) ARQ/ARQ; (B) ARQ/AHQ; (C) AHQ/ARH; (D) ARQ/ARR; (E) ARR/ARR; (F) ARQ/AT137RQ; (G) ARQ/
ARQK176; (H) ARQK176/ARQK176. In each blot the standard curve (S.C) and duplicates of serial dilutions of the inoculum in each substrate are
loaded before (�) and after (�) one round of PMCA.
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mammalian species as the source of substrates and inocula
(17). The PMCA setup in our laboratory was very sensitive,
being able to detect a dilution of 10�5 of the scrapie inoculum
after a single PMCA round. This allowed us to have a wide
range of measurement, permitting us to detect minor differ-
ences in the amplification efficiencies of different substrates.
The high sensitivity was obtained by coupling a single round of
PMCA with a highly sensitive PrPSc detection by Western blot
analysis.

The main aim of our study was to establish whether PMCA
could reproduce the genetic susceptibility of sheep to scrapie.
In a previous study (47), we analyzed the effect of the PrP
genotype on the susceptibility of sheep to experimental chal-
lenge with scrapie. Overall, our data show that the susceptibil-
ity of the genotypes observed in vivo correlates with the con-
version efficiency obtained in vitro by PMCA. Indeed, the
ARQ/ARQ genotype, which was associated with the highest
susceptibility to classical scrapie, was also the most efficiently
converted by PMCA. The ARQ/AHQ genotype showed a
slightly less efficient conversion than ARQ/ARQ, thus reflect-
ing the observation that sheep with the ARQ/AHQ genotype
show, in vivo, longer survival times than ARQ/ARQ sheep.
Moreover, a lower risk has been found to be associated in field
conditions with the ARQ/AHQ than with the ARQ/ARQ ge-
notype (3). In our previous intracerebral challenge with scrapie
(47), sheep carrying the ARQ/ARH genotype showed much
longer survival times than sheep with the ARQ/ARQ, ARQ/
AHQ, and AHQ/AHQ genotypes. Moreover, when the ARH
and AHQ alleles were combined, the incubation time was
longer than that of AHQ/AHQ animals. In PMCA experi-
ments, the amplification factor obtained for the AHQ/ARH
genotype was significantly lower than that of ARQ/ARQ and
marginally lower than that of ARQ/AHQ. These results clearly
suggest that the rank order of susceptibility obtained from the
in vivo study, ARQ�AHQ�ARH, was reproduced also by in

vitro experiments. Linear regression analysis highlighted the
strong correlation between the PMCA amplification factor and
the in vivo susceptibility of different PrP genotypes. The sta-
tistical significance obtained and the good fit of the linear
regression support the ability of PMCA to replicate in vitro the
genotype susceptibility phenomenon observed in vivo. This re-
sult clearly indicates the potential of PMCA as a tool to be
used to predict the genetic susceptibility of sheep and as an
alternative to experimental challenge.

The resistance to classical scrapie conferred by the ARR
allele in an autosomally dominant manner is widely accepted.
In fact, only three classical scrapie cases carrying the ARR/
ARR genotype have been reported to date (22, 25). Accord-
ingly, PMCA detected no evident amplification using ARQ/
ARR and ARR/ARR genotypes. Recent studies indicate that
some rare PrP variant may also confer protection from classical
scrapie (47, 50), and this is of particular interest for scrapie
control strategies, taking into consideration the existence of
sheep breeds in which the ARR allele is rare or absent (1, 46)
and the potential risk deriving from the selection in favor of a
single allele. The control of scrapie in goats, which do not have
the ARR allele, also represents a challenge for health policies,
given that two BSE cases have been detected so far in goats
(15, 26). In our study we included the ARQ/AT137RQ and
ARQ/ARQK176 genotypes, which have recently been shown to
be significantly associated with classical scrapie resistance in
Italy. Indeed, sheep carrying the ARQK176 and AT137RQ al-
leles were resistant to experimental challenge (47), and no
sheep carrying these variants were found to be positive in
outbreaks with a high prevalence of scrapie (50). In our PMCA
experiments, the ARQ/AT137RQ and ARQ/ARQK176 geno-
types were unable to produce newly formed PrPSc, thus repro-
ducing what was observed in vivo. Given the low frequency of
these alleles and the consequent rarity of homozygous sheep,
their protective effect has been studied only with heterozygous
animals. To determine definitively the susceptibility level of
rare alleles and their potential usefulness for scrapie eradica-
tion plans, the susceptibility of homozygous animals needs to
be evaluated. As a matter of fact, it has been reported that in
mice inoculated with some scrapie strains, PrP heterozygous
individuals may be less susceptible than homozygous individ-
uals (9), in accordance with a phenomenon known as over-
dominance of heterozygosis (14). Given the obvious advan-
tages offered by PMCA over expensive and time-consuming in
vivo experiments, we tested the ability of a brain substrate with
the homozygous ARQK176/ARQK176 genotype to support
PrPSc amplification by PMCA. An amplification factor not
significantly different from 1 was observed, thus suggesting that
the ARQK176 confers resistance to the classical scrapie isolate
used in this study in both heterozygosis and homozygosis.

The result of our experiment could have been biased by the
use of a single animal as a donor of substrate for several
genotypes tested. However, the results obtained with ARQ/
ARQ and ARR/ARR genotypes, for which two substrates
were used, clearly indicate that individual variability has a
negligible effect, if compared with genotype, on the PMCA
amplification factor.

Among genotypes for which a significant amplification factor
was observed, the AHQ/ARH genotype is the one with the
lowest value, thus suggesting an association with a low suscep-

FIG. 3. Linear regression models describing the relationship be-
tween amplification factor by PMCA and survival times of sheep in-
fected by intracerebral route: ARQ/ARR (Œ), ARR/ARR (�), AHQ/
ARH (�), ARQ/AHQ (‚), and ARQ/ARQ (E). Light gray
continuous lines indicate confidence bands in the model. Open sym-
bols refer to animals that died of scrapie, filled symbols to animals that
were still alive at the time of follow-up.
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tibility rather than resistance to classical scrapie. However, in
previous experiments we showed that sheep carrying the ARH
allele were susceptible after intracerebral scrapie challenge but
were resistant to oral challenge with the same inoculum (47).
This partial discrepancy between PMCA and in vivo experi-
ments highlights how PMCA reflects the intracerebral better
than the oral challenge. On this point it could be speculated
that PMCA should be able to reflect scrapie replication in the
brain, but not the complex pathogenetic pathway occurring in
vivo, which also involves prion replication in peripheral tissues.
Scrapie replication in tissues other than the brain may indeed
have features which were not modeled by our PMCA condi-
tions, which used brain-derived substrates for prion conver-
sion.

Based on these considerations, it can be assumed that ani-
mals with genotypes having PMCA amplification factors sta-
tistically higher than 1 are more likely to be susceptible to
classical scrapie after experimental challenge by the intracere-
bral route, but not necessarily by the oral route. On the other
hand, the oral route is more similar to natural infection, so
animals with a genotype showing an amplification factor not
significantly different from 1, indicating a low susceptibility
even to intracerebral challenge, should be considered particu-
larly resistant to classical scrapie in field conditions.

In conclusion, PMCA could be a valuable alternative to the
experimental transmission of classical scrapie to sheep, offer-
ing a rapid means to test the susceptibility of different PrP
genotypes to several scrapie sources. In a similar manner the
use of PMCA could be of incomparable value in studying the
association with the resistance or susceptibility of candidate
genotypes in goats, for which a genetic selection plan for
scrapie resistance is still not available (48).

Given the high sensitivity of PrPSc detection by PMCA, this
technique has been envisaged as a powerful in vitro diagnostic
tool (12, 27, 29, 44). The sensitivity obtained in our lab is very
high, and it is therefore predictable that with additional rounds
this technique should be extremely sensitive and able to detect
PrPSc expected in samples such as skeletal muscles, kidneys,
salivary glands, or mammary glands from scrapie-infected
sheep (2, 32, 33, 42, 51).
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